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Invertebrate and vertebrate models in aging research
Manoj Kumar Chaudhary, Syed Ibrahim Rizvi

Therapeutic interventions that can delay age associated diseases and ensure a longer health-span is a major goal of 
aging research. Consequent to understanding that aging is a modifiable trait, a large number of studies are currently 
being undertaken to elucidate the mechanism(s) of the aging process. Research on human aging and longevity is dif-
ficult, due to longer time frame, ethical concerns and environmental variables. Most of the present day understanding 
about the aging process comes through studies conducted on model organisms. These provide suitable platforms for 
understanding underlying mechanism(s) which control aging and have led to major discoveries that emphasize the 
evolutionarily conserved molecular pathways as key players that respond to extra and intracellular signals. This is a re-
view of various invertebrate and vertebrate models including yeast, Drosophila, C. elegans, rodents, naked mole rat, and 
birds, currently used in aging research with emphasis on how well they can mimic aging in higher animals and humans. 
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INTRODUCTION

A major part of biological research on aging has 
largely focused on healthspan and lifespan extension. 
The reduced morbidity and unprecedented increase in 
human life expectancy were major breakthroughs of the 
past century which was achieved due to elimination of fa-
tal infectious diseases through development of antibiotics 
and vaccines along with improved health care systems and 
better hygiene. However, despite achievements in lifespan 
extension, the precise underlying mechanism(s) which 
control aging remain largely elusive1,2. 

Although many theories suggest the aging process 
was a function of natural selection in favor of evolution-
ary benefits, the data from studies of model organisms 
have established that the rate of aging exhibits plasticity 
and that the rate of oxygen free radical generation during 
cellular respiration determines the rate of aging3. It has 
been suggested that oxidative stress is the casual factor 
in the loss of telomere which plays a major role in the 
longevity of a species4,5. Besides these, knowledge from 
studies in yeast, worms and flies have revealed several 
evolutionary conserved genetic pathways and biochemical 
processes through which oxidative stress influences the 
rate of aging6. In particular, these responses are mediated 
by nutrient and stress sensors which respond to numer-
ous environmental and physiological signals. The best 
known of these signals is caloric restriction (CR), which 
is known to extend the lifespan in many species, from 
yeast to primates7. Besides these, certain organisms like 
hydra and lobsters bear exceptionally high proliferative 
capacity and thus retain tissue integrity or reproductive 
capacity with increasing chronological time thereby escap-
ing aging phenomena8,9. 

Using a human model to study aging is complicated 
by several factors including longer time frame, ethical 
concerns and the influence of environmental factors. 
Aging research therefore relies heavily on model organ-
isms which have significantly contributed to our present 
knowledge in dissecting evolutionary conserved pathways 
known to play important roles in human aging. 

Yeast as a model of aging
Saccharomyces cerevisiae (S. cerevisiae), commonly 

known as brewer’s yeast, is a unicellular eukaryotic fungi 
frequently used to study basic eukaryotic cellular process-
es including DNA repair and cell cycle, intracellular traf-
ficking, and protein folding regulation10. In recent years, 
yeast has emerged as a powerful tool to study the aging 
mechanism(s) of eukaryotic organism. Due to its genetic 
simplicity of having only 6000 genes11, very small propaga-
tion time of 1.5–3 h, uncomplicated genetic approach, and 
easy accessibility to Saccharomyces Genome Database, 
yeast is used in aging research12. 

Two distinct patterns of aging are evident in yeast, 
the replicative life span (RLS) and chronological lifespan 
(CLS). The RLS refers to number of times a mother cell 
undergoes a mitotic cell division to produce virgin daugh-
ter cells and is marked by gradual loss of its reproductive 
capabilities13. The replicative life span of these organism 
is analogous to replicative cellular senescence observed 
in dividing cells of higher eukaryotes, such as stem cells, 
fibroblasts and lymphocytes, which show cessation of 
population growth when maintained in culture11,14. The 
CLS is defined as the time through which the cells retain 
viability in their post-replicative state. Yeast chronological 
aging corresponds to the aging of non-dividing mamma-
lian cells such as neurons15.
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Previous studies have shown that aging exhibits 
plasticity and an array of genetic and non-genetic fac-
tors influence the rate of aging. One of the most ex-
tensively studied interventions known to delay aging in 
wide range of species is CR which equally influence the 
rate of aging in yeast. In response to reduced concentra-
tion of glucose in the culture medium, the replicative 
life span of yeast is reported to be extended by 20 to 
40% (ref.16,17). CR in yeast has been reported to affect 
various nutrient-responsive signaling pathways includ-
ing target of rapamycin (TOR), protein kinase A (PKA), 
and Sch9 kinases18. These highly conserved pathways 
coordinate a number of cellular phenomena including 
stress responses, protein turnover, cell growth, and ribo-
some biogenesis. Decreased activity of TOR signaling 
pathway is an important mediator of both replicative as 
well as chronological life span and mutations leading to 
down regulation of this pathway is known to extend both 
replicative as well as chronological life span in yeast18,19. 
Interestingly, decrease in TOR activity has also been re-
ported to the increase life span in both worms and flies, 
which provides evidence for an evolutionarily conserved 
role for TOR as a regulator of aging20. Apart from this, 
the mutations that decrease the activity of the nutrient-
sensitive kinase Sch9 or adenylate cyclase, an activator of 
the cyclic AMP-dependent protein kinase, also increases 
CLS (ref.21). These proteins are normally activated in the 
presence of substantial amounts of nutrients, especially 
glucose, and Sch9 and PKA are thought to signal parallel 
pathways that increase glycolysis, ribosome biogenesis, 
growth, and cell cycle progression, and to inhibit stress 
response pathways22,23. 

Several pathways involved in age associated degen-
erative diseases in higher animals are well conserved in 
yeast including impaired mitochondrial function, tran-
scriptional dysregulation, vesicular trafficking defects and 
loss of proteasomal function as well as protein folding and 
degradation, autophagy, and apoptosis24. Genetic studies 
confirm about 17% of the S. cerevisiae genes (approxi-
mately 1000 genes) are members of the orthologous gene 
families associated with various human diseases25. The 
role of reactive oxygen species (ROS) as a contributor 
to aging has been well established26,3. Yeast shows simi-
larities in oxidative stress response to mammalian cells in 
terms of their production sites and antioxidant defense 
mechanisms27. The importance of yeast as a model in 
research on Huntington disease (HD) is recognised. It 
has helped in the elucidation of mechanistic features of 
mHTT cytotoxicity and has established the potential of 
yeast as a platform for screening for pharmacological 
agents against HD (ref.28).

Drosophila as a model of aging
Drosophila melanogaster (D. melanogaster), commonly 

known as fruit or vinegar flies, has a long history of use 
as a model organism which dates back to the early 1900s 
when Morgan laboratory at Columbia University intro-
duced it for genetic studies29. It is now a favorite model 
organism for geneticists, because of its relatively short 
lifespan of about 60–80 days and a generation time of 

9-10 days at controlled temperature (25 °C) which allows 
easy breeding6,30. 

The D. melanogaster genome has been fully sequenced 
with intact genome size of about 180 Mb including ap-
proximately 120 Mb of euchromatin and 60 Mb of het-
erochromatin. The size of annotated genome sequence 
of this organism constitute only 5% of the size of typical 
mammalian genome, however they conserve most of the 
gene families and pathways expressed in mammals31,32. 
Apart from this, D. melanogaster is also known to express 
approximately 77% of the genes involved in human diseas-
es including those observed for Alzheimer disease (AD) 
such as amyloid precursor protein, presenilin and tau pro-
tein30 and their genome shows least genetic redundancy, 
thus providing a suitable model to study gene function33.

Drosophila exhibits gender specific difference in lifes-
pan. Although, the exact mechanism(s) are still not fully 
understood, asymmetric inheritance of mitochondrial 
genomes, hormonal and metabolic differences, and ma-
ternal effects may be the contributing factors34. Thus both 
male and female populations are required to be studied 
separately.

Drosophila is morphologically different with refer-
ence to mammals, yet they share significant anatomical 
and physiological features. They have evolved assemblies 
which show functional similarities with mammalian tis-
sues such as fat bodies which are considered equivalent 
to the mammalian adipose tissue and liver35. In addition 
to this, Drosophila also exhibits functional similarity with 
mammals with reference to nervous system defects. The 
shaker phenotype is observed in flies due to mutation of 
Sh (shaker) gene. This gene encodes a voltage-sensitive 
potassium channel in the nervous system and is the func-
tional homologue of human KCNA3 gene which medi-
ates the voltage-dependent potassium ion permeability 
of excitable membranes through expression of potassium 
voltage-gated channel subfamily. Mutation in this gene 
causes multiple sclerosis in human with features similar 
to the shaker phenotype36. 

Drosophila actively responds to environmental factors 
such as nutritional status, oxidative stress and the factors 
promoting inflammation37. The homozygous mutant of 
Drosophila involving insulin receptor substrate, Chico, is 
known to exhibit life span increase of approximately 50%, 
which explains the importance of insulin-like growth fac-
tor signaling pathway38. In addition to this, inhibition of 
mTORC signalling pathway in Drosophila through mTOR 
mutation, rapamycin administration or mutation of S6K 
(the fly homologue of yeast Sch9) significantly lengthens 
the lifespan39. It is worth mentioning that a recent report 
has provided new insight into the effect of diet and gene 
expression on metabolism which is expected to clarify link 
between metabolism and lifespan/aging40. The importance 
of Drosophila melanogaster, as a model for aging and cir-
cadian interactions has recently been highlighted41. The 
findings are expected to facilitate the rapid advancement 
of research in this area and provide mechanistic insights 
for targeted investigations in mammals.

Conventionally, oxidative stress has been anticipated 
as a major contributor to aging and age related diseases. 
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Drosophila has been effectively used as a model to es-
tablish the role of oxidative stress in aging. Studies have 
demonstrated the age-dependent increased levels of oxi-
dized bio-molecules such as 8-oxo-guanine and protein car-
bonyls42. Besides this, Drosophila has also been effectively 
modeled to study immune senescence and inflammatory 
responses in aging and age related diseases43,44.

Caenorhabditis elegans (C. elegans) as a model of aging
C. elegans as model organism for biological study was 

first introduced by Brenner in 1960s45. The landmark his-
tory of aging biology was established with elucidation of 
genes responsible for modulation of lifespan. The identi-
fied gene in C. elegans affecting the lifespan was age-1 
that encoded phosphatidyl inositol 3-kinase46. C. elegans 
is an aging model of preference for gerontological studies 
because it offers several advantages including shorter life 
span of few weeks in cultured medium at 20 °C with a 
completely sequenced and annotated genome47.

The development of RNA interference and availabil-
ity of RNA-mediated interference library, comprising 
approximately 80% of the genes in the genome, has con-
tributed much to genomic study of functional genes in C. 
elegans including those regulating the aging process48,49. 
Additionally, this organism exhibits several aging features 
including sluggish movement particularly due to muscle 
degeneration, accumulation of lipofucin pigment, and 
presence of vacuole like structures50. In addition to this, 
age-dependent increase in oxidized proteins are also re-
ported51. They also respond to adverse environmental con-
ditions including nutritional deficiency or high population 
density. In response to such hazards, the worms activate 
an alternative developmental program that leads to forma-
tion of the highly stress-resistant dauer larvae52.

In addition to environmental factors, genetic factors 
also play important roles in the regulation of the life span 
of C. elegans53. Insulin-like growth factor (IGF)-1 signaling 
(IIS) pathway is known to regulate aging and longevity 
in many organisms, ranging from simple invertebrates to 
mammals54. In this organism, many components of the IIS 
pathway are evolutionarily conserved. Specifically, daf-2 
and age-1 encode the nematode’s sole insulin/IGF-1 re-
ceptor and phosphatidylinositol-3-OH kinase respectively, 
which are two key upstream components of IIS pathway55. 
Besides these, C. elegans also exhibit other well conserved 
genetic pathways including the AMPK pathway, the TOR 
pathway and SREBP pathway which is regulator of lipid 
homeostasis56,57. 

Rodents as a model of aging 
Rodents are major laboratory animals and have con-

tributed much in the progress of biomedical research. 
Mice and rats find preference in aging research because of 
their small size, fast reproduction rate, easy maintenance 
and average short life span of 2 years for mice and 3 years 
for rats58,59. Moreover, they are mammals and exhibit close 
proximity to humans with reference to their physiology 
and cellular functions60. 

Mice (Mus musculus)
Mice (Mus musculus) are a commonly used model to 

study the biological process of aging. The immunological 
and endocrine responses as well as digestive and musculo-
skeletal system of mice show functional and structural re-
semblance to humans61,62. Apart from this, mice have also 
been modeled to study cardiac function and age-related 
changes in the liver. However, in comparison to the hu-
man brain, the mice brain is less complex, yet they show 
the functional similarities at molecular and cellular level63. 
Inbred mouse strains are preferred because they maintain 
genetic homogeneity. The C57BL/6 mice strain is most 
popularly used in aging studies and bears short lifespan of 
approximately 2 years64. The choice for these strains pro-
vide added benefits as they have defined genomes, stable 
phenotypes, and freely available data from published stud-
ies and other databases such as mouse genome informat-
ics and mouse phenome database65,66. Premature loss of 
vision or hearing capacity is an important marker of aging 
in the inbred strain67. The inbred mice, however show lim-
ited pathologies, for example C57BL/6 mice are vulner-
able to metabolic dysregulation and show high incidence 
of lymphoma68. Due to genetic homogeneity, the inbred 
strains do not represent the human population. Contrary 
to this, the out bread strains are comparatively long lived 
and show heterosis. These are genetically undefined but 
exhibit high degree of disease resistance and closely rep-
resent the human population. It has been shown that ra-
pamycin fed both early and late in life extends life span 
in genetically heterogeneous mice69. A recent study on 
mouse model of aging has been instrumental in providing 
proof-of-principle that interventions aimed at rejuvenat-
ing stem cells are among the most effective strategies to 
modulate longevity and healthspan70.

Rats (Rattus norvegicus domesticus) 
Apart from mice, the rats have also been extensively 

used in the laboratory for age-related diseases including 
cardiovascular disease, neurological disorders, neurobe-
havioral studies, cancer susceptibility, and renal disease, 
as well as for behavioral studies of cognition. The inbred 
rat strain such as Fischer 344 (F344) rats and other genet-
ically defined (F1 hybrids) are frequently used rat models 
used in aging research. Three different breed, the F344, 
Brown-Norway (BN), and F1 hybrid of F344 X BN strains 
are available as model of study under National Institute 
on Aging64.

Much of the excitement in recent aging research has 
come from discoveries that aging can be postponed in 
mice or rats. These rodents respond to CR and demon-
strate lifespan extension like worm and flies. The lifespan 
extension effect of CR is assumed to involve mTORC1 
pathway and possibly also the sirtuins71. The growing in-
terest on aging studies in rodents has been stimulated in 
recent years probably by the sequencing of mouse and 
human genomes. This has provided an added advantage 
to model most of the human genetic diseases by altering 
equivalent genes in these small animals. Through targeted 
genetic manipulation, several genetic lines of mice have 
been produced that model diseases such as Alzheimer’s 
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disease, Werner’s syndrome (premature aging), diabetes 
mellitus, atherosclerosis, immune dysfunctions, oxidative 
stress, musculoskeletal disorders, and other medical con-
ditions associated with aging72–74. 

Use of naked mole rats in aging research
Naked mole rats are one of the most interesting rodent 

species with reference to gerontological studies, particu-
larly because they have an exceptionally long lifespan of 
more than 30 years when compared to other common 
laboratory rodents with a maximum life span of 4 years75. 
These rats do not follow the rate of living hypothesis rule 
and usually survive five times longer than expected based 
on their size76. One of the most interesting facts is that 
they are the only mammal showing eusocial behavior, liv-
ing in large colonies. Both male and female animals carry 
out communal tasks, live in colonies of up to 295 individu-
als, and restrict reproduction to one breeding female and 
1 to 3 breeding males75. The natural habitat of naked mole 
rats are the hot, arid and semiarid regions of the north-
western Horn of Africa (Kenya, Ethiopia, and Somalia) 
where they maintain subterranean existence and rely on 
plant storage parts found below the ground for food77. 

The most interesting feature of these rats is that they 
are resistant to age-linked diseases including cancer, dia-
betes, and most cardiovascular and neurological patholo-
gies. Besides these, infectious diseases are also rare causes 
of death. Thus, in laboratory conditions, their mortality 
is very low and almost age independent78. The highest 
mortality rate observed in these rats is within the first 2 
months of their life. The homeostatic balance with ref-
erence to body composition, basal metabolic rate, and 
gastrointestinal absorption are maintained for at least 70% 
of their impressive lifespan. They show only slight age-
related changes in all physiological and morphological 
characteristics. Interestingly, the breeding females show 
no decline in fertility even when well into their third de-
cade of life79. The naked mole rats are highly tolerant to 

low oxygen and can sustain at, as low as, 3% oxygen. This 
hypoxia-tolerating characteristic may be connected with 
adaptation to chronic hypoxia associated with the burrow-
dwelling lifestyle80,81. The hypoxia-tolerating capacity in 
these animals is achieved through maintenance of high 
hematocrit value and hemoglobin levels with high oxygen 
affinities82.

The observations with respect to oxidative stress in 
naked mole rats are unusual and appear to challenge the 
Harman’s oxidative stress theory of aging3. Contrary to 
the other laboratory rodents, these rats experience higher 
degree of oxidative stress and have been reported to ex-
hibit three to eight fold higher levels of lipid peroxidation, 
carbonyls, and oxidative DNA damage relative to short 
lived mice83. However these results are in agreement with 
long-lived organisms including birds and bats84,85. The oxi-
dative stress response of naked mole rats has been attrib-
uted to their long evolutionary background wherein they 
have adapted to hypoxic and hypercapnic environment. 
Furthermore, the cellular membrane of these animals 
exclusively contain a larger proportion of n-6 polyunsatu-
rated fatty acids (PUFAs), including arachidonic acid 
whereas similar-sized rodents have membranes predomi-
nantly enriched with n-3 PUFA including docosahexae-
noic acid86. This unique membrane composition does 
not change with age, suggesting that these rats are able 
to efficiently repair or remove damaged phospholipids. 
High levels of oxidative damage to all macromolecules 
suggest that these rats are capable of tolerating such dam-
age throughout their long lives without any ill effect83,87. 

Unlike other organisms, naked mole rats maintain low 
fasting blood glucose levels, but prolonged hyperglyce-
mia in response to external glucose dose indicates some 
degree of insulin deficiency or resistance and reliance on 
alternative fuels such as fatty acids88,89. Moreover, these 
rats exhibit constitutively down-regulated components of 
insulin-signaling and mTOR pathways90. These character-
istics may be attributed to their subterranean habitat with 

Table 1. Lifespan and coding genes in aging model organisms: Comparison with human.

Model organism Vertebrate/
Invertebrate

Life span Number of protein 
coding genes

Studied molecular pathways Ref.

Yeast invertebrate 1.5–3 h ∼6000 genes TOR, PKA, and Sch9 kinase  
pathways

18,22,23

Drosophila  
melanogaster

invertebrate 60–80 days ∼13600 IGF, mTORC, S6K 38,39

C elegans (wild) invertebrates 11.8 days to 20 days ∼19,099 IIS, AMPK, TOR, SREBP  
pathways

55-57

Rodents vertebrates 2–3 years ∼23,317(mouse)
∼22,841  (rat)

mTORC1 pathway sirtuins7 71

Naked mole rat vertebrates 30 years 22,561 Nrf2, IGF1, mTOR 106,107

Birds (Fowl) 
(Gallus gallus)

vertebrates 30 years 20,000-23,000 Ras-Erk-ETS-Signaling 108

Human vertebrates 122 years (max) ∼22,000  IGF, Sirtuins, mTOR 109
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variable food availability. Low mTOR signaling is widely 
regarded as beneficial for extended longevity and may ac-
count for long lifespan in naked mole rats.

Birds as model of aging 
“The rate-of-living hypothesis” was proposed a century 

ago based on general observation suggesting that meta-
bolic rate is a key determinant of life expectancy of the 
given species26. Metabolic rate has a close relationship 
to body size. The greater the body size, the slower is the 
metabolic rate and cellular rate of O2 consumption and 
therefore the greater the lifespan91. However, avian aging 
does not obey this rule and it is remarkable that birds 
exhibit 3 times longer life span compared to the mam-
mals of similar size92. The small humming bird and the 
migratory song birds are known to enjoy more than five 
years of life span in the wild and many species of wild 
seabirds exhibit survival of over 50 years. Paradoxically, 
some cockatoos in captivity are known to survive into 
their 60s93,94. Besides these, certain birds such as Northern 
fulmar (Fulmarus glacialis), is even reported to age more 
slowly than humans95. Although, birds exhibit a marked 
difference in life span compared to mammals, they carry 
similar traits of aging associated diseases observed for 
the mammals including cardiovascular disease, cancers, 
cataracts, osteoarthritis and diabetes. However, they show 
delayed progression of such pathologies which correlate 
with their rate of aging94.

A closer insight into the general physiological traits of 
birds is in contrast to their unusual longevity. Compared 
to mammals, birds have been reported to exhibit about 3 
°C higher body temperature and several fold higher blood 
glucose concentrations which favors higher degree of pro-
tein glycol-oxidation94,96. The higher metabolic rates of 
avian species are expected to generate excessive reactive 
oxygen species that could impose higher level of oxidative 
damage97. Moreover migratory birds exhibit exceptional 
flight endurance of up to 200 h non-stop, at a very high 
metabolic rate while fasting. Contrary to this notion, stud-
ies involving isolated mitochondria show lower ROS gen-
eration in birds per unit of O2 consumption compared to 
mammals of equal size98,99. The observed lower ROS gen-
eration has been attributed to reduced activity of complex 
I of the electron transport chain which is the major site 
of superoxide anion formation. Furthermore, the in vitro 
studies involving renal epithelial cell and the fibroblast 
lineage from long lived birds species suggest that they are 
more resistant towards oxidative stress and DNA damag-
ing agents compared to the mouse cell lines100,101. Cultured 
avian cells seem to be more effective than mammalian 
cells at resisting oxidative stresses of various kinds, and 
this resistance appears to require active DNA transcrip-
tion94.

There is also evidence that membranes in bird tissues 
contain less unsaturated lipid than those in rodent tis-
sues102. This might lead to greater resistance to lipid per-
oxidation, one of the key processes among ROS induced 
oxidative damage. Another fact is that birds are uricotelic 
animals and possess raised levels of urates (salts of uric 
acid) in blood. These salts, being natural antioxidants, can 

contribute to the body’s defense against ROS (ref.103). This 
property of birds show marked similarity with Hominoid 
primates. Humans with exceptional longevity also have 
evolved a mutation in the urate oxidase (uricase) gene, 
however such mutation is absent in other mammals104,105.

CONCLUSION

The complexity of human aging necessitate further 
research to reveal the underlying causes, however the fea-
sibility of human as model of aging research remain pro-
vocative particularly due to ethical issues, longer lifespan 
and issues governing control variables. Thus, alternate 
animal model systems provide important tool for aging 
research. Although vast diversity exists among the various 
models, at molecular level these model systems share the 
common pathways and the invertebrate models including 
yeast, worm and flies provide much contribution in dis-
secting these pathways. Additionally certain organisms 
such as naked mole rats which demonstrate exceptional 
lifespan exhibit certain peculiar characteristics including 
low blood sugar with maximum energy demand met by 
fatty acid oxidation. These features have been assumed 
to be evolutionarily acquired as adaptation toward their 
survival in hypoxic and hypercapnic environment. 

The discovery of TOR pathway which is modulated 
by an abundance of nutrient has been found to have been 
evolved universally across the biological system and the 
activity of this pathway plays a major influence on life 
span of organisms. Since rodents show more proximity to 
humans with reference to anatomy and physiology, they 
have been model of choice for aging research.

Search strategy and selection criteria 
The literature for this review was collected after ex-

tensive search on PUBMED. Initially the search was 
undertaken with general terms: model+aging. Through 
a thorough perusal of the available literature we could 
narrow down the list of organisms to be potential can-
didates for inclusion in this review. Once the decision 
to include yeast, Drosophila, C. elegans, rodents, naked 
mole rat, and birds was achieved, we undertook search 
on PUBMED with specific key words. Overall there ex-
ists a huge amount of literature on each model of aging 
which we shortlisted. Our strategy to include information, 
which we have presented in this review, was dictated by 
the relative importance of the report/finding with respect 
to current understanding of aging and lifespan.
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