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Sea urchins exhibit a very different life history from humans and short-lived model animals and therefore provide the
opportunity to gain new insight into the complex process of aging. Sea urchins grow indeterminately, regenerate dam-
aged appendages, and reproduce throughout their lifespan. Some species show no increase in mortality rate at advanced
ages. Nevertheless, different species of sea urchins have very different reported lifespans ranging from 4 to more than
100 years, thus providing a unique model to investigate the molecular, cellular, and physiological mechanisms underlying
both lifespan determination and negligible senescence. Studies to date have demonstrated maintenance of telomeres,
maintenance of antioxidant and proteasome enzyme activities, and little accumulation of oxidative cellular damage with
age in tissues of sea urchin species with different lifespans. Gene expression studies indicate that key cellular pathways
involved in energy metabolism, protein homeostasis, and tissue regeneration are maintained with age. Taken together,
these studies suggest that long-term maintenance of mechanisms that sustain tissue homeostasis and regenerative capacity
is essential for indeterminate growth and negligible senescence, and a better understanding of these processes may sug-
gest effective strategies to mitigate the degenerative decline in human tissues with age.
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Aging in humans and other animals is a well-defined
process characterized by a progressive functional decline
and increasing mortality over time. However, there are a
number of different animals that show negligible senes-
cence, with no increase in mortality rate or decrease in
fertility, physiological function, or disease resistance with
age (Finch 1990; Finch and Austad 2001; Bodnar 2009).
Studying these animals may suggest effective defenses
against the degenerative process of aging, and sea urch-
ins provide an ideal model to investigate mechanisms of
longevity and negligible senescence.

Sea urchins have served as model organisms for sci-
entific research for more than a century and have con-
tributed significantly to our understanding of many
biological processes including gene regulation, molecular
embryology, fertilization biology, cell biology, evolution-
ary biology, population genetics, and toxicology. Part of
their value as a model organism is their close phyloge-
netic relationship to humans. Sea urchins (Phylum: Echi-
nodermata) are nonchordate deuterostomes and are more
closely related to humans than other common inverte-
brate model organisms such as worms (e.g. Caenorhab-
ditis elegans) and flies (e.g. Drosophila melanogaster).
Sequencing the genome of Strongylocentrotus purpuratus
confirmed the close genetic relationship between sea
urchins and humans, revealing that sea urchins have an
estimated 23,300 genes including representatives of most
vertebrate gene families (Sodergren et al. 2006). Sea

urchins are commercially fished, and there are consider-
able data available regarding their growth, survival, lon-
gevity, susceptibility to disease, and reproductive
patterns as this information is essential for effective fish-
eries management (Lawrence 2007). From these data, it
has been noted that different species of sea urchins exhi-
bit very different natural lifespans, and some have
extreme longevity and negligible senescence. For exam-
ple, the red sea urchin Strongylocentrotus franciscanus is
one of the earth’s longest living animals, living in excess
of 100 years with no age-related increase in mortality
rate or decline in reproductive capacity (Ebert and
Southon 2003; Ebert 2008). In contrast, Lytechinus
variegatus has an estimated lifespan of only 4 years
(Moore et al. 1963; Beddingfield and McClintock 2000),
while the most widely studied species of sea urchin,
S. purpuratus, has an estimated maximum lifespan of
more than 50 years (Ebert 2010). Comparisons between
long-, intermediate-, and short-lived species may provide
insight into mechanisms involved in lifespan determina-
tion and negligible senescence. Thus, sea urchins repre-
sent an interesting alternative model for aging research
(Bodnar 2009).

Aging is a complex and multifactorial process, and
many theories have been proposed to explain this phe-
nomenon at the molecular, cellular, systemic, and evolu-
tionary levels (Weinert and Timiras 2003). These
theories should not be considered mutually exclusive,

*Email: andrea.bodnar@bios.edu

© 2014 The Author(s). Published by Taylor & Francis.
This is an Open Access article. Non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly attributed, cited, and is not
altered, transformed, or built upon in any way, is permitted. The moral rights of the named author(s) have been asserted.

Invertebrate Reproduction & Development, 2015
Vol. 59, No. S1, 23–27, http://dx.doi.org/10.1080/07924259.2014.938195

mailto:andrea.bodnar@bios.edu
http://dx.doi.org/10.1080/07924259.2014.938195


but an interconnected network of processes that contrib-
ute to the overall progression of aging. Nevertheless,
they provide a useful framework from which we can
begin to understand the fundamental differences between
key processes in animals that age and those that show
negligible senescence. This mini-review will present
studies characterizing the biology of sea urchins in the
context of these well-established theories of aging.

Telomere loss theory

The telomere loss theory states that telomere attrition
contributes to both cell and organismal aging (Weinert
and Timiras 2003). At a cellular level, shortened telo-
meres can lead to replicative senescence or genomic
instability whereas maintenance of telomeres, through
the activity of telomerase, confers immortality on cells.
At an organismal level, aging is accompanied by telo-
mere attrition in humans, dysfunctional telomeres accel-
erate aging in mice and humans, and reactivation of
telomerase can delay aging in telomerase-deficient mice
(López-Otín et al. 2013). Telomere biology has been
investigated in the tissues of three species of sea urchin:
short-lived L. variegatus, long-lived S. franciscanus, and
Echinometra lucunter lucunter which has an intermediate
lifespan, estimated to be about 40 years (Ebert et al.
2008). There was no evidence of telomere shortening
when terminal restriction fragment (TRF) lengths were
compared between tissues of young and old sea urchins
or between somatic and germ tissues within adult ani-
mals (Francis et al. 2006; Ebert et al. 2008). Telomerase
activity was detected in the investigated tissues suggest-
ing a mechanism for telomere maintenance (Francis
et al. 2006; Ebert et al. 2008). Maintenance of telomeres
in tissues of species with different lifespans suggests a
lack of telomere-directed senescence in sea urchins.
Although the levels of telomerase activity were not quan-
tified in the tissues of species used in these studies, it is
interesting to note that TRF length was inversely
correlated with life expectancy such that short-lived
L. variegatus had the longest mean TRF length. This
suggests that telomere length is not a determinant of
maximum lifespan of sea urchin species and is consistent
with the observation that average telomere length across
species does not generally correlate with interspecific
variation in maximum lifespan (Monagham 2012).

Oxidative stress or free radical theory

The oxidative stress or free radical theory is one of the
most studied hypotheses for the molecular basis of aging.
This theory proposes that the accumulation of cellular
damage caused by reactive oxygen species (ROS) plays
a key role in the aging process, as well as in determining
organismal longevity (Weinert and Timiras 2003).

Oxidative stress results from an imbalance between the
production of ROS and the cell’s ability to mitigate dam-
age through antioxidant pathways or mechanisms that
repair or eliminate damaged molecules. Although many
studies have shown that oxidative damage increases with
age in the cells and tissues of a variety of organisms
(Martin and Grotewiel 2006), it is not yet clear whether
this is a cause or effect of aging. A general age-related
increase in markers of oxidative damage was not
observed in sea urchin tissues from three species with
different lifespans: L. variegatus, S. purpuratus, and
S. franciscanus (Du et al. 2013). Levels of protein
carbonyls and 4-hydroxynonenal measured in tissues
(muscle, nerve, esophagus, gonad, coelomocytes, and
ampullae) and 8-hydroxy-2′-deoxyguanosine measured in
cell-free coelomic fluid showed no general increase with
age. The fluorescent age-pigment lipofuscin measured in
muscle, nerve, and esophagus did increase with age;
however, it was not evenly distributed and not punctate
as one would expect if it was confined to lysosomes, but
often appeared as patches of autofluorescence in areas
devoid of nuclear staining (Du et al. 2013). This extra-
cellular staining suggests that export of damaged material
from cells may be a protective mechanism; however,
how this affects tissue function remains to be deter-
mined. Comparisons between species with different life-
spans indicated that markers of oxidative damage (protein
carbonyls and 4-hydroxynonenal) were generally higher
in the tissues of short-lived L. variegatus compared to
long-lived S. purpuratus and S. franciscanus at all ages,
and lipofuscin was higher in L. variegatus than the other
two species at comparable ages (Du et al. 2013). It is
tempting to speculate that levels of oxidative damage
contribute to the maximum lifespan potential of sea urch-
ins; however, the sea urchins used in this study were col-
lected from different geographic locations and variable
environmental factors (e.g. temperature, light, and pollu-
tion) can stochastically modify the production of ROS
and the accumulation of damage (Tully et al. 2000;
Lesser 2006). Therefore, differences across species may
not be solely related to lifespan, and further studies are
required to explore the relationship between oxidative
damage and longevity in sea urchins.

To explore potential mechanisms for the lack of
accumulation of oxidative damage, the activity of a vari-
ety of cellular antioxidant systems and proteasome
enzyme activities was investigated (Du et al. 2013).
Superoxide dismutase activity and total antioxidant
capacity (measured by the ability of cell and tissue
extracts to reduce Cu2+ to Cu+) were generally main-
tained in sea urchin tissues with age, and there was little
difference between species with different lifespans (Du
et al. 2013). The degradation of oxidized proteins by the
proteasome pathway constitutes another important part of
the cell’s defense against oxidative stress (Löw 2011).
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There is evidence that proteasome activity decreases with
age in human tissues and short-lived model organisms
(i.e. flies and worms) contributing to the process of
aging (Löw 2011). In contrast, there was no age-related
decrease in the activity of proteasome enzymes (trypsin-,
chyomotrypsin-, and caspase-like activities) in most tis-
sues of L. variegatus, S. purpuratus, and S. franciscanus
(Du et al. 2013). This suggests a general maintenance in
proteasome function with age which may contribute to
the lack of increase in protein carbonyls and perhaps sus-
tained protein homeostasis. These results suggest that
maintenance of antioxidant capacity and proteasome
enzyme activities may be important mechanisms to miti-
gate the accumulation of oxidative damage in the tissues
of animals with negligible senescence. However, antioxi-
dant and proteasomal activities were not generally higher
in the tissues of long-lived species, and it may be impor-
tant to investigate interspecific differences in ROS pro-
duction to explain the higher levels of oxidative damage
in L. variegatus.

Gene regulation theory

The gene regulation theory of aging proposes that senes-
cence results from changes in gene expression (Weinert
and Timiras 2003). Although many genes show changes
in expression with age and certain genes have been
shown to affect longevity, the idea that aging is a pro-
grammed mechanism directly governed by genes is
widely debated. Nevertheless, there have been many
studies characterizing changes in gene expression that
accompany aging in flies, worms, mice, and humans
(Weindruch et al. 2002; McCarroll et al. 2004; Zahn
et al. 2006). These studies have revealed distinct tran-
scriptional profiles in different tissues and various organ-
isms; however, comparison of gene expression patterns
across tissues of a species or across divergent species
has identified some common biological processes that
are altered with age. Comparison between C. elegans
and D. melanogaster shows changes in transcription of
genes involved in mitochondrial metabolism, DNA
repair, catabolism, peptidolysis, and cellular transport
(McCarroll et al. 2004). In humans, the common aging
signature in different tissues involves six genetic path-
ways including genes encoding subunits of the mito-
chondrial electron transport chain, components of the
extracellular matrix, components of the cytosolic ribo-
some, factors involved in complement activation, cell
growth, and chloride transport (Zahn et al. 2006). Com-
parisons of gene expression data from humans, mice,
and flies found that components of the electron transport
chain decrease in expression with age suggesting that
this may be a general marker for aging across species
(Zahn et al. 2006). Using a microarray and qRT-PCR,
age-related changes in gene expression were examined in

three tissues (muscle, esophagus, and nerve) of the sea
urchin S. purpuratus (Loram and Bodnar 2012). Results
indicated age-related changes in gene expression involv-
ing many key cellular functions such as the ubiquitin–
proteasome pathway, DNA metabolism, signaling path-
ways, and apoptosis. Although there were tissue-specific
differences in gene expression profiles, there were some
characteristics that were shared between tissues, and
some aspects that differ from short-lived model organ-
isms, providing insight into potential mechanisms that
promote lack of senescence in sea urchins. For example,
S. purpuratus did not show an age-related decline in
expression of genes involved in energy production as
has been described as a hallmark of aging across a num-
ber of species (McCarroll et al. 2004; Zahn et al. 2006).
In fact, there was an age-related increase in expression
of several mitochondrial genes including components of
the electron transport chain in radial nerve tissue of
S. purpuratus suggesting maintenance of energy produc-
tion with age (Loram and Bodnar 2012). In addition, in
contrast to the age-related decline in the function of the
ubiquitin–proteasome pathway in some tissues of mam-
mals, flies, and worms (Löw 2011), an up-regulation in
expression of several components of the proteasome
pathway was observed in radial nerve and muscle of
S. purpuratus with age which may contribute to mainte-
nance of protein homeostasis (Loram and Bodnar 2012).

Significant changes in expression of key regulatory
genes have been reported in humans and model animals
during aging, but the complex interplay of the various
signaling pathways in normal aging is not fully under-
stood (Carlson et al. 2008). It is interesting that there
was increased expression of genes encoding components
of the Notch signaling pathway with age in muscle,
nerve, and esophagus of S. purpuratus (Loram and
Bodnar 2012). The Notch signaling pathway is known to
play a role in development and organogenesis but is also
important in adult tissue regeneration and repair (Conboy
et al. 2003; Carlson et al. 2009). A decrease in Notch
signaling accompanies aging in some mammalian tissues
which may be responsible for the age-related loss of tis-
sue regenerative potential (Carey et al. 2007). The
increased expression of components of the Notch signal-
ing pathway in tissues of S. purpuratus with age sug-
gests a mechanism to retain tissue regenerative potential.
Some studies have revealed a functional antagonism
between the Notch and Wnt signaling pathways, and oth-
ers have demonstrated that continuous or increased Wnt
exposure promoted accelerated aging in mouse models
and cultured cells (Brack et al. 2007; Liu et al. 2007). It
is therefore interesting that Wnt1 gene expression was
significantly down-regulated in S. purpuratus nerve
and muscle tissue with age. Further, proteomics analy-
sis indicated that the ectodomain of low-density
lipoprotein receptor-related protein 4, an antagonist of
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Wnt-signaling, was increased with age in coelomic fluid
of sea urchins suggesting a more general suppression of
the Wnt signaling pathway (Bodnar 2013). The interplay
between the Notch and Wnt pathways may be an impor-
tant mechanism to maintain regenerative potential with
age in sea urchin tissues. Continual replacement of dam-
aged cells and the sustained ability to regenerate tissues
would ensure life-long growth and homeostasis and may
be an important property of animals with indeterminate
growth and negligible senescence (Vogt 2011).

Echinoderms are known to have tremendous regener-
ative capacity and can regenerate both external append-
ages and internal organs (Carnevali 2006). Regeneration
in echinoids (i.e. sea urchins) is less well studied than
other Echinoderm classes; however, they are known to
regenerate spines and pedicellariae (Dubois and Ameye
2001). Current work is focused on understanding regen-
erative potential in sea urchin tissues and how this pro-
cess is affected by age. Quantitative analysis of cell
proliferation (BrdU incorporation) and apoptosis
(assessed by TUNEL and the Apo ssDNA™ assays) in
sea urchin tissues (muscle, nerve, esophagus, and coe-
lomocytes) indicate a low level of tissue renewal that is
maintained with age in sea urchin species with different
lifespans (S. franciscanus, S. purpuratus, and L. variega-
tus) (Bodnar laboratory, unpublished data). Regenerative
capacity, assessed by measuring the regrowth of ampu-
tated spines and tube feet (motor and sensory append-
ages) in L. variegatus, is maintained with age (Bodnar
laboratory, unpublished data). This result is contrary to
what is observed in mammals where regenerative pro-
cesses decline with age (Ho et al. 2005). As the decline
in regenerative potential in mammals is linked to decline
in stem cell function, it stands to reason that animals
with a high regenerative potential either have an abun-
dance of stem cells or can dedifferentiate specialized tis-
sue cells into stem or progenitor cells (Ho et al. 2005).
There is currently no evidence for the existence of true
stem cells and distinct stem cell niches in non-reproduc-
tive organs of echinoderms (Vogt 2011). However, there
is evidence for the potential to produce multipotent pro-
genitor cells by dedifferentiation in various tissues (Vogt
2011). Further study is needed to understand the mecha-
nisms of regeneration in these animals and how these
processes are maintained with age.

Conclusion

Studying animals with indeterminate growth and negligi-
ble senescence offers the opportunity to understand the
protective and regenerative processes employed to prevent
the degenerative decline with age. Because they exhibit
life-long growth and the ability to regenerate damaged
tissues, sea urchins are ideally suited to understanding

mechanisms that maintain tissue homeostasis and regener-
ative capacity with age. The occurrence of species with
different lifespans, including some with extreme longevity
and negligible senescence, allows investigation of the role
of these processes in lifespan determination and mitigation
of aging. Long-term maintenance of tissue homeostasis
relies on the accurate regulation of somatic and stem cell
activity to balance growth and repair of damage while at
the same time avoiding overproliferation. As neoplasms
are rarely seen in sea urchins (Jangoux 1987; Bodnar
2009; Robert 2010), they provide an additional unique
opportunity to understand the regulatory factors involved
in long-term tissue homeostasis and regeneration without
conferring predisposition to cancer development.

Acknowledgements
Thanks to Dr Helena Reinardy for helpful comments on this
manuscript. Thanks to the National Institute on Aging and the
organizers of the 13th International Congress of Invertebrate
Reproduction and Development for the opportunity to partici-
pate in the conference and this special issue.

Funding
This work was supported by the National Institute on Aging
[grant number R21AG039761] and a Bermuda Charitable
Trust.

References
Beddingfield SD, McClintock JB. 2000. Demographic charac-

teristics of Lytechinus variegatus (Echinoidea: Echinoder-
mata) from three habitats in North Florida Bay, Gulf of
Mexico. Marine Ecology. 21:17–40.

Bodnar AG. 2009. Marine invertebrates as models for aging
research. Experimental Gerontology. 44:477–484.

Bodnar A. 2013. Proteomic profiles reveal age-related changes
in coelomic fluid of sea urchin species with different life
spans. Experimental Gerontology. 48:525–530.

Brack A, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, Rando
TA. 2007. Increased Wnt signaling during aging alters
muscle stem cell fate and increases fibrosis. Science.
317:807–810.

Carey KA, Farnfield MM, Tarquinio SD, Cameron-Smith D.
2007. Impaired expression of Notch signaling genes in
aged human skeletal muscle. The Journals of Gerontology
Series A: Biological Sciences and Medical Sciences.
62:9–17.

Carlson ME, Silva HS, Conboy IM. 2008. Aging of signal
transduction pathways and pathology. Experimental Cell
Research. 314:1951–1961.

Carlson M, Suetta C, Conboy M, Aagaard P, Mackey A, Kjaer
M, Conboy I. 2009. Molecular aging and rejuvenation of
human muscle stem cells. EMBO Molecular Medicine.
1:381–391.

Carnevali MDC. 2006. Regeneration in echinoderms: repair,
regrowth, cloning. Invertebrate Survival Journal. 3:64–76.

Conboy IM, Conboy MJ, Smythe GM, Rando TA. 2003.
Notch-mediated restoration of regenerative potential to aged
muscle. Science. 302:1575–1577.

26 A.G. Bodnar



Du C, Anderson A, Lortie M, Parsons R, Bodnar A. 2013.
Oxidative damage and cellular defense mechanisms in sea
urchin models of aging. Free Radical Biology and Medi-
cine. 63:254–263.

Dubois P, Ameye L. 2001. Regeneration of spines and pedicel-
lariae in echinoderms: a review. Microscopy Research and
Technique. 55:427–437.

Ebert TA. 2008. Longevity and lack of senescence in the red
sea urchin Strongylocentrotus franciscanus. Experimental
Gerontology. 43:734–738.

Ebert TA. 2010. Demographic patterns of the purple sea urchin
Strongylocentrotus purpuratus along a latitudinal gradient,
1985–1987. Marine Ecology Progress Series. 406:105–120.

Ebert TA, Russell MP, Gamba G, Bodnar A. 2008. Growth,
survival, and longevity estimates for the rock-boring sea
urchin Echinometra lucunter lucunter (Echinodermata,
Echinoidea) in Bermuda. Bulletin of Marine Science.
82:381–403.

Ebert TA, Southon JR. 2003. Red sea urchins (Strongylocentro-
tus franciscanus) can live over 100 years: confirmation with
A-bomb 14carbon. Fishery Bulletin. 101:915–922.

Finch CE. 1990. Longevity, senescence, and the genome. Chi-
cago (IL): University of Chicago Press; p. 206–226.

Finch CE, Austad SN. 2001. History and prospects: symposium
on organisms with slow aging. Experimental Gerontology.
36:593–597.

Francis N, Gregg T, Owen R, Ebert T, Bodnar A. 2006. Lack
of age-associated telomere shortening in long- and short-
lived species of sea urchins. FEBS Letters. 580:4713–4717.

Ho AD, Wagner W, Mahlknecht U. 2005. Stem cells and aging.
EMBO Reports. 6:S67–S62.

Jangoux M. 1987. Diseases of Echinodermata. IV. Structural
abnormalities and general considerations on biotic diseases.
Diseases of Aquatic Organisms. 3:221–229.

Lawrence JM. 2007. Edible sea urchins: biology and ecology.
2nd ed. Amsterdam: Elsevier.

Lesser M. 2006. Oxidative stress in marine environments: bio-
chemistry and physiological ecology. Annual Review of
Physiology. 68:253–278.

Liu H, Fergusson MM, Castilho RM, Liu J, Cao L, Chen J,
Malide D, Rovira II, Schimel D, Kuo CJ, Gutkind JS,
Hwang PM, Finkel T. 2007. Augmented Wnt signaling in a
mammalian model of accelerated aging. Science.
317:803–806.

López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer
G. 2013. The hallmarks of aging. Cell. 153:1194–1217.

Loram J, Bodnar A. 2012. Age-related changes in gene expres-
sion in tissues of the sea urchin Strongylocentrotus purpu-
ratus. Mechanisms of Ageing and Development.
133:338–347.

Löw P. 2011. The role of ubiquitin-proteasome system in age-
ing. General and Comparative Endocrinology. 172:39–43.

Martin I, Grotewiel MS. 2006. Oxidative damage and age-
related functional declines. Mechanisms of Ageing and
Development. 127:411–423.

McCarroll SA, Murphy CT, Zou S, Pletcher SD, Chin C-S, Jan
YN, Kenyon C, Bargmann CI, Hao L. 2004. Comparing
genomic expression patterns across species identifies shared
transcriptional profile in aging. Nature Genetics.
36:197–204.

Monagham P. 2012. Telomeres and longevity. Aging. 4:76–77.
Moore HB, Jutare T, Bauer JC, Jones JA. 1963. The biology of

Lytechinus variegatus. Bulletin of Marine Science.
13:23–53.

Robert J. 2010. Comparative study of tumorigenesis and tumor
immunity in invertebrates and nonmammalian vertebrates.
Developmental and Comparative Immunology. 34:915–925.

Sodergren E, Weinstock GM, Davidson EH, Cameron RA,
Gibbs RA, Angerer RC, Angerer LM, Arnone MI, Burgess
DR, Burke RD, et al. 2006. The genome of the sea urchin
Strongylocentrotus purpuratus. Science. 314:941–952.

Tully O, O’Dovovan V, Fletcher D. 2000. Metabolic rate and
lipofuscin accumulation in juvenile European lobster
(Homarus gammarus) in relation to simulated seasonal
changes in temperature. Marine Biology. 137:1031–1040.

Vogt G. 2011. Hidden treasures in stem cells of indeterminately
growing bilaterian invertebrates. Stem Cell Reviews and
Reports. 8:305–317.

Weindruch R, Kayo T, Lee C-K, Prolla TA. 2002. Gene
expression profiling of aging using DNA microarrays.
Mechanisms of Ageing and Development. 123:177–193.

Weinert BT, Timiras PS. 2003. Theories of aging. Journal of
Applied Physiology. 95:1706–1716.

Zahn JM, Sonu R, Vogel H, Crane E, Mazan-Mamczarz K,
Rabkin R, Davis RW, Becker KG, Owen AB, Kim SK.
2006. Transcriptional profiling of aging in human muscle
reveals a common aging signature. PLoS Genetics.
2:1058–1069.

Invertebrate Reproduction & Development 27


	Abstract
	 Telomere loss theory
	 Oxidative stress or free radical theory
	 Gene regulation theory
	 Conclusion
	Acknowledgements
	Funding
	References



