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What is the nature of the molecular and cellular mechanisms that drive the aging process is a puz-
zling unsolved enigma that has been under debate for decades. Several prominent theories have
been proposed to explain the mechanistic basis of aging. Late in the nineteenth century, the German
biologist August Weismann noticed that the lifespans of different species, which live in similar envi-
ronments, differ greatly. Based on this observation he predicted that the duration of an animal’s life
is set by internal organismal components rather than external factors (Weismann, 1889). In modern
terms this theory suggests that the pace of aging is governed by the activity of biological mechanisms
such as signaling cascades that control the expression of gene networks, post-translational modifi-
cations or epigenetic factors. The rationale underlying this theory suggests that aging is a regulated,
programmed process which is amenable to the activity of specialized mechanisms.

The idea that aging is a regulated process has been challenged by alternative models which
proposed that aging results from a constant accumulation of molecular damage that impairs cellu-
lar functions and leads to functional decline. According to this theory, aging-promoting damage
ensues from the formation of hazardous metabolic byproducts such as reactive oxygen species
(ROS) (Harman, 1956) which attack macromolecules. Later it was proposed that ROS are released
by mitochondrial respiration (Harman, 1972). The damage accumulation theory proposes that
aging is driven by stochastic events and thus, progresses randomly.

The postulation that genes regulate the aging process prompted researchers to search for muta-
tions that extend lifespan. Several long-lived strains of the nematode Caenorhabditis elegans (C. ele-
gans) were isolated by Michael Klass who exposed worms to chemical mutagenesis and recorded
the lifespans of their offspring (Klass, 1983). Later, the Johnson laboratory further characterized
these strains and found that one strain carries a mutation in a kinase, which they termed “age-1,
and exhibits mean lifespan of approximately 40% longer than the mean lifespan of their wild-type
counterparts (Friedman and Johnson, 1988). This finding provided an apparent indication that
indeed, aging is regulated by gene products. Nevertheless, the authors reported in the same arti-
cle that the lifespan variations within isogenic worm populations are not hereditable, proposing
that the duration of an individual animal’s life is concurrently amenable to stochastic events and
regulatory mechanisms.

Over the years, mutations in numerous genes and metabolic manipulations have been found to
affect lifespans of different animals. “age-1” was found to be a component of the insulin/insulin-
like growth factor 1 (IGF-1) signaling (IIS) cascade. Reducing the activity of this highly con-
served pathway by RNA interference (RNAi) or mutation extends lifespans of worms (Kenyon
et al., 1993), flies (Giannakou and Partridge, 2007), mice (Holzenberger et al., 2003), and prob-
ably humans (Suh et al, 2008). The IIS negatively regulates the activity of key transcription
factors that govern the expression of gene networks which modulate aging and lifespan (Lee
et al., 2001; Hsu et al., 2003; Tullet et al., 2008), mediate resistance to various stress conditions
(Murakami and Johnson, 1996; Honda and Honda, 1999) and preserve proteostasis of worms
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(Morley et al., 2002; Cohen et al., 2006) and mice (Cohen et al.,
2009; Freude et al., 2009). Similarly, the lifespan extension that
emanates from reduced food intake (McCay et al., 1989 “dietary
restriction” or “DR”) is dependent upon the activity of transcrip-
tion factors (Bishop and Guarente, 2007; Panowski et al., 2007)
that mediate stress resistance and promote improved proteosta-
sis (Steinkraus et al., 2008). The ablation of germ cells is an
additional manipulation that extends lifespan (Hsin and Kenyon,
1999) in a transcription factors-dependent manner (Berman and
Kenyon, 2006) and confers proteostasis robustness (Shemesh
et al,, 2013). Reduction in the activity of the mitochondrial
electron transport chain (ETC) was also identified as an inter-
ference that extends lifespan (Feng et al, 2001; Dillin et al.,
2002).

Collectively, the discoveries that the manipulation of different
biological mechanisms extends lifespan and slows the progres-
sion of aging-associated phenotypes, such as proteostasis deteri-
oration and stress sensitivity, supported the idea that aging has
regulated aspects which are programmed within the organism.
But to what extent and how these mechanisms regulate the aging
process remained largely obscure.

A possible explanation proposes that the aforementioned,
aging-altering metabolic manipulations increase the organism’s
ability to resist environmental insults, thereby reducing the rate
of damage accumulation. Indeed, subsets of genes that protect
from stress were identified as targets of aging-controlling path-
ways.For example, IIS reduction elevates the expression levels
of members of the super oxide dismutase (sod) gene family as
well as of catalase (Murphy et al.,, 2003), which are known to
detoxify ROS. Similarly, IIS reduction elevates the expression
levels of genes that encode molecular chaperones that play key
roles in the maintenance of proteostasis (Murphy et al., 2003).
DR also induces the expression of certain sod family members
(Panowski et al., 2007). These correlations suggested that aging-
regulating pathways slow aging by elevating the organism’s ability
to resist stress conditions and by promoting the maintenance of
proteostasis; however, the idea that sensitivity to stress conditions
promotes aging has been seriously challenged by several recent
studies. First, the deletion of all five sod genes hyper-sensitized
worms to oxidative stress but did not affect the lifespans of
unstressed animals (Van Raamsdonk and Hekimi, 2012). In addi-
tion, stress resistance and lifespan are not necessarily coupled
(Maman et al,, 2013; Volovik et al., 2014). Finally, the exposure
of nematodes to low ROS concentrations increased their lifespan
suggesting that these molecules serve as messengers that can slow
the progression of aging (Lee et al., 2010; Yang and Hekimi, 2010).
These findings imply that accumulation of oxidation-mediated
damage cannot be the sole driving force behind the aging
process.

If not beneficial for stress resistance, why would animal har-
bor genes that promote aging and how such genes contribute to
the organism’s fitness? An early theory, known as the “antago-
nistic pleiotropy hypothesis” proposes that some genes encode
proteins that are advantageous early in life but deleterious in late
life stages. In such case, the natural selection process is expected
to favor benefit early in life despite the late-life damage (Williams,
1957). Recently, an additional theory, which doubts the concept

that aging is a programmed process, has been proposed. This
hypothesis, which was named the “hyper-function theory,” elab-
orates on the trade-off theory of Williams (1957) suggesting that
since the chances of a wild animal to reach old age are slim, as
it will most probably die due to external events (such as preda-
tion or infection), it is irrational for the organism to invest its
limited resources in maintenance. Thus, aging results from a set
of maladies that emerge as a result of loose regulation of path-
ways that are crucial for growth, maturation and reproduction
early in life but cause damage in late life stages (Blagosklonny,
2006). This model implies that the inhibition of these hyper-
functioning pathways reduces the rate of damage accumulation
and slows the rate of aging. An example of such mechanism is
the production of yolk in the nematode C. elegans, which plays
important roles during reproduction but causes damage in post-
reproductive stages. Interestingly, yolk production is reduced by
IIS inhibition, correlating the hyper-function of this mechanism
to the aging-controlling features of the IIS pathway (reviewed
in Gems and Partridge, 2013). The hyper-function theory pro-
poses that the aging process is not programmed but results from
a gradual accumulation of damage. Although this theory pro-
vides explanations to some of the open questions in the field
(Blagosklonny, 2007), it fails to explain key observations. If the
hyper-function of the IIS causes damage in late stages of life it
is predicted that its activity would affect lifespan solely during
adulthood, after the animal completed development. Neverthe-
less, the heat shock factor 1 (HSF-1), a transcription factor that
is required for IIS reduction-mediated lifespan extension (Hsu
etal., 2003) is foremost needed for longevity assurance during lar-
val development (Volovik et al., 2012). This study indicates that
IIS reduction also affects lifespan and aging early in life, during
development.

Recent developments in the research of aging further chal-
lenge the hyper-function theory. If aging was solely the result
of deleterious hyper-function in late stages of life, it would be
expected that proteostasis would gradually deteriorate in post
reproductive stages. De facto, it was found that in C. elegans,
proteostasis collapses within a very narrow time window right
after the animal’s transition to adulthood and entry to the repro-
ductive period (Ben-Zvi et al., 2009; Labbadia and Morimoto,
2014), when according to the theory it should exhibit opti-
mal functionality. Moreover, neglected hyper-function is not
expected to be actively controlled by inter-tissue communi-
cation. However, the lifespans of nematodes are regulated by
neuronal signaling mechanisms that orchestrate the activity of
aging-governing mechanisms in distal tissues. Neuronal signal-
ing mechanisms were found to plays key roles in ETC-mediated
longevity (Durieux et al.,, 2011), DR-controlled lifespan exten-
sion (Bishop and Guarente, 2007) and in the activation of IIS-
regulated transcription factors (Zhang et al., 2013). Furthermore,
the hyper-activation of the endoplasmic reticulum’s unfolded
protein response (UPRER)—regulating transcription factor XBP-
1 in neurons, activates this mechanism in distal tissues and
extends lifespan rather than causing lifespan-shortening damage
(Taylor and Dillin, 2013).

So, what are the driving forces behind the aging process?
Is it a regulated or stochastic process? The insights that were
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obtained during decades of aging research strongly suggest
that aging is a multifaceted process which is driven by a
nexus of mechanisms and probably cannot be explained by
a single theory. Some aspects of aging are clearly stochas-
tic, explaining the variability in lifespans within popula-
tions. Other aspects are regulated in cell-autonomous and
non-autonomous manners, underlying the orchestration of
proteostasis at the organismal level and the extension of

References

Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of proteostasis rep-
resents an early molecular event in Caenorhabditis elegans aging. Proc. Natl.
Acad. Sci. U.S.A. 106, 14914-14919. doi: 10.1073/pnas.0902882106

Berman, J. R., and Kenyon, C. (2006). Germ-cell loss extends C. elegans life span
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. Cell
124, 1055-1068. doi: 10.1016/j.cell.2006.01.039

Bishop, N. A., and Guarente, L. (2007). Two neurons mediate diet-restriction-
induced longevity in C. elegans. Nature 447, 545-549. doi: 10.1038/nature05904

Blagosklonny, M. V. (2006). Aging and immortality: quasi-programmed senes-
cence and its pharmacologic inhibition. Cell Cycle 5, 2087-2102. doi:
10.4161/cc.5.18.3288

Blagosklonny, M. V. (2007). Paradoxes of aging. Cell Cycle 6, 2997-3003. doi:
10.4161/cc.6.24.5124

Cohen, E., Bieschke, J., Perciavalle, R. M., Kelly, J. W., and Dillin, A. (2006). Oppos-
ing activities protect against age-onset proteotoxicity. Science 313, 1604-1610.
doi: 10.1126/science.1124646

Cohen, E., Paulsson, J. F., Blinder, P., Burstyn-Cohen, T., Du, D., Estepa, G, et al.
(2009). Reduced IGF-1 signaling delays age-associated proteotoxicity in mice.
Cell 139, 1157-1169. doi: 10.1016/j.cell.2009.11.014

Dillin, A., Hsu, A. L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H., Fraser,
A. G, et al. (2002). Rates of behavior and aging specified by mitochon-
drial function during development. Science 298, 2398-2401. doi: 10.1126/sci-
ence.1077780

Durieux, J., Wolff, S., and Dillin, A. (2011). The cell-non-autonomous nature
of electron transport chain-mediated longevity. Cell 144, 79-91. doi:
10.1016/j.cell.2010.12.016

Feng, J., Bussiere, F., and Hekimi, S. (2001). Mitochondrial electron transport is
a key determinant of life span in Caenorhabditis elegans. Dev. Cell 1, 633-644.
doi: 10.1016/S1534-5807(01)00071-5

Freude, S., Hettich, M. M., Schumann, C., Stohr, O., Koch, L., Kohler, C,, et al.
(2009). Neuronal IGF-1 resistance reduces Abeta accumulation and pro-
tects against premature death in a model of Alzheimer’s disease. Faseb J. 23,
3315-3324. doi: 10.1096/1j.09-132043

Friedman, D. B., and Johnson, T. E. (1988). A mutation in the age-1 gene
in Caenorhabditis elegans lengthens life and reduces hermaphrodite fertility.
Genetics 118, 75-86.

Gems, D., and Partridge, L. (2013). Genetics of longevity in model organ-
isms: debates and paradigm shifts. Annu. Rev. Physiol. 75, 621-644. doi:
10.1146/annurev-physiol-030212-183712

Giannakou, M. E., and Partridge, L. (2007). Role of insulin-like sig-
nalling in Drosophila lifespan. Trends Biochem. Sci. 32, 180-188. doi:
10.1016/j.tibs.2007.02.007

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry.
J. Gerontol. 11, 298-300. doi: 10.1093/geron;j/11.3.298

Harman, D. (1972). The biologic clock: the mitochondria? J. Am. Geriatr. Soc. 20,
145-147.

Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even, P. C., et al.
(2003). IGF-1 receptor regulates lifespan and resistance to oxidative stress in
mice. Nature 421, 182-187. doi: 10.1038/nature01298

Honda, Y., and Honda, S. (1999). The daf-2 gene network for longevity regulates
oxidative stress resistance and Mn-superoxide dismutase gene expression in
Caenorhabditis elegans. Faseb J. 13, 1385-1393.

lifespan by the activation of neuronal components. Additional
aspects may stem from the hyper-function of developmental
pathways.

Acknowledgments

This work was generously supported by the European Research
Council (ERC) (EC#281010).

Hsin, H., and Kenyon, C. (1999). Signals from the reproductive system regulate the
lifespan of C. elegans. Nature 399, 362-366. doi: 10.1038/20694

Hsu, A. L., Murphy, C. T., and Kenyon, C (2003). Regulation of aging and age-
related disease by DAF-16 and heat-shock factor. Science 300, 1142-1145. doi:
10.1126/science.1083701

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. ele-
gans mutant that lives twice as long as wild type. Nature 366, 461-464. doi:
10.1038/366461a0

Klass, M. R. (1983). A method for the isolation of longevity mutants in the nema-
tode Caenorhabditis elegans and initial results. Mech. Ageing Dev. 22, 279-286.
doi: 10.1016/0047-6374(83)90082-9

Labbadia, J., and Morimoto, R. I. (2014). Proteostasis and longevity: when does
aging really begin? F1000Prime Rep. 6:7. doi: 10.12703/P6-7

Lee, R. Y., Hench, J., and Ruvkun, G. (2001). Regulation of C. elegans DAF-16 and
its human ortholog FKHRLI by the daf-2 insulin-like signaling pathway. Curr.
Biol. 11, 1950-1957. doi: 10.1016/S0960-9822(01)00595-4

Lee, S. J., Hwang, A. B., and Kenyon, C. (2010). Inhibition of respiration extends
C. elegans life span via reactive oxygen species that increase HIF-1 activity. Curr.
Biol. 20, 2131-2136. doi: 10.1016/j.cub.2010.10.057

Maman, M., Carvalhal Marques, F., Volovik, Y., Dubnikov, T., Bejerano-Sagie, M.,
and Cohen, E. (2013). A neuronal GPCR is critical for the induction of the
heat shock response in the nematode C. elegans. J. Neurosci. 33, 6102-6111.
doi: 10.1523/J]NEUROSCI.4023-12.2013

McCay, C. M., Crowell, M. F., and Maynard, L. A. (1989). The effect of retarded
growth upon the length of life span and upon the ultimate body size. Nutrition
5,155-171, discussion: 172.

Morley, J. F., Brignull, H. R., Weyers, J. J., and Morimoto, R. I. (2002). The thresh-
old for polyglutamine-expansion protein aggregation and cellular toxicity is
dynamic and influenced by aging in Caenorhabditis elegans. Proc. Natl. Acad.
Sci. U.S.A. 99, 10417-10422. doi: 10.1073/pnas.152161099

Murakami, S., and Johnson, T. E. (1996). A genetic pathway conferring life
extension and resistance to UV stress in Caenorhabditis elegans. Genetics 143,
1207-1218.

Murphy, C. T., McCarroll, S. A., Bargmann, C. I, Fraser, A., Kamath, R.
S., Ahringer, J., et al. (2003). Genes that act downstream of DAF-16 to
influence the lifespan of Caenorhabditis elegans. Nature 424, 277-283. doi:
10.1038/nature01789

Panowski, S. H., Wolff, S., Aguilaniu, H., Durieux, J., and Dillin, A. (2007). PHA-
4/Foxa mediates diet-restriction-induced longevity of C. elegans. Nature 447,
550-555. doi: 10.1038/nature05837

Shemesh, N., Shai, N., and Ben-Zvi, A. (2013). Germline stem cell arrest inhibits
the collapse of somatic proteostasis early in Caenorhabditis elegans adulthood.
Aging Cell 12, 814-822. doi: 10.1111/acel.12110

Steinkraus, K. A., Smith, E. D., Davis, C., Carr, D., Pendergrass, W. R., Sutphin,
G. L., et al. (2008). Dietary restriction suppresses proteotoxicity and enhances
longevity by an hsf-1-dependent mechanism in Caenorhabditis elegans. Aging
Cell 7, 394-404. doi: 10.1111/j.1474-9726.2008.00385.x

Suh, Y., Atzmon, G., Cho, M. O., Hwang, D., Liu, B., Leahy, D. ], et al.
(2008). Functionally significant insulin-like growth factor I receptor muta-
tions in centenarians. Proc. Natl. Acad. Sci. US.A. 105, 3438-3442. doi:
10.1073/pnas.0705467105

Taylor, R. C., and Dillin, A. (2013). XBP-1 Is a cell-nonautonomous reg-
ulator of stress resistance and longevity. Cell 153, 1435-1447. doi:
10.1016/j.cell.2013.05.042

Frontiers in Genetics | www.frontiersin.org

March 2015 | Volume 6 | Article 80


http://www.frontiersin.org/Genetics
http://www.frontiersin.org
http://www.frontiersin.org/Genetics/archive

Dubnikov and Cohen

The regulation of aging at the organismal level

Tullet, J. M., Hertweck, M., An, ]. H., Baker, J., Hwang, J. Y., Liu, S., et al. (2008).
Direct inhibition of the longevity-promoting factor SKN-1 by insulin-like
signaling in C. elegans. Cell 132, 1025-1038. doi: 10.1016/j.cell.2008.01.030

Van Raamsdonk, J. M., and Hekimi, S. (2012). Superoxide dismutase is dispens-
able for normal animal lifespan. Proc. Natl. Acad. Sci. U.S.A. 109, 5785-5790.
doi: 10.1073/pnas.1116158109

Volovik, Y., Moll, L., Marques, F. C., Maman, M., Bejerano-Sagie, M., and Cohen,
E. (2014). Differential regulation of the heat shock factor 1 and DAF-16
by neuronal nhl-1 in the nematode C. elegans. Cell Rep. 9, 2192-2205. doi:
10.1016/j.celrep.2014.11.028

Volovik, Y., Maman, M., Dubnikov, T., Bejerano-Sagie, M., Joyce, D., Joyce,
E. A, et al. (2012). Temporal requirements of heat shock factor-1 for
longevity assurance. Aging Cell 11, 491-499. doi: 10.1111/j.1474-9726.2012.
00811.x

Weismann, A. (1889). Essays Upon Heredity and Kindred Biological Problems.
Oxford: Clarendon Press.

Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of senes-
cence. Evolution 11, 398-411. doi: 10.2307/2406060

Yang, W., and Hekimi, S. (2010). A mitochondrial superoxide signal triggers
increased longevity in Caenorhabditis elegans. PLoS Biol. 8:21000556. doi:
10.1371/journal.pbio.1000556

Zhang, P., Judy, M., Lee, S. J., and Kenyon, C. (2013). Direct and indirect
gene regulation by a life-extending FOXO protein in C. elegans: roles for
GATA factors and lipid gene regulators. Cell Metabol. 17, 85-100. doi:
10.1016/j.cmet.2012.12.013

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Dubnikov and Cohen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

March 2015 | Volume 6 | Article 80


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics
http://www.frontiersin.org
http://www.frontiersin.org/Genetics/archive

	Proteostasis collapse, inter-tissue communication, and the regulation of aging at the organismal level
	Acknowledgments
	References


