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Biological aging is a complex and multifactorial process
driven by genetic, environmental, and stochastic factors
that lead to the physiological decline of biological systems.
In humans, old age is the most important risk factor for
the development of degenerative diseases, some of which
are severe (e.g., dementia, cancer). Understanding the basic
mechanisms of aging is essential to the development of effec-
tive therapeutic interventions against age-related diseases.

Mechanisms of aging have been extensively investigated
in various model organisms and systems. Although results
obtained from studies with any model system should be
viewed with caution when translated to human aging, much
of the current understanding of conserved pathways involved
in aging and lifespan control was obtained from studies that
employed experimentally tractable models. Aging research
has now reached a stage where it is possible to move from
a reductionist approach studying individual factors towards
a more global analysis. With the recent development of
technologies that allow for the generation and computational
analyses of large data sets, the ultimate goal is to unravel
the various interacting molecular pathways governing aging
and thus elaborate a holistic understanding of this complex
process.

This special issue on was compiled with the following
aims: (i) to enhance our understanding of basic mechanisms
of aging and (ii) to investigate potential interventions into
aging processes. Both original research articles as well as

review articles provide an overview of current research and
the status of experimentally accessible aging models.

A number of contributions describe the molecular path-
ways that are part of the network controlling aging and
longevity. S.-H. Lee and colleagues analyzed the effect of
overexpressing the two main components of fatty-acid β-
oxidation and report that this genetic manipulation leads
to lifespan extension of the corresponding Drosophila trans-
genic strains. They also show that the extension of lifespan
mediated by caloric restriction (CR) becomes reduced in
the newly investigated strains. This appears to be related to
the activation of the dFOXO transcription factor, a known
regulator involved in longevity control.

In an original research article S. Makpol and col-
leagues address the molecular mechanism of γ-tocotrienol
(GTT) in preventing aging, focusing on its antiapoptotic
effects in stress-induced premature senescence (SIPS) of
human diploid fibroblasts (HDFs). Their results show that
SIPS cells exhibit senescent-phenotypic characteristics that
include increased expression of senescence-associated β-
galactosidase and G0/G1 cell cycle arrest accompanied by
telomere shortening and decreased telomerase activity. Their
findings suggest that GTT inhibits apoptosis and delays
cellular senescence of HDFs by inhibiting the intrinsic
mitochondria-mediated apoptotic pathway.

In a review article, R. Gredilla and colleagues discuss the
latest research on DNA repair in eukaryotes and its relevance
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for aging. Their focus is on research using selected model
systems and the role they can play in unraveling conserved
pathways relevant to aging of mammals, including normal
human aging and diseases arising from impairment of repair
functions. In this paper the different pathways involved in
repair of different kinds of lesions of both nuclear as well as
mitochondrial DNA are covered.

A review article by J. C. Conde-Pérezprina and colleagues
continues on the topic of DNA repair with a focus on
highly conserved mismatch repair systems that are important
for maintaining cellular homeostasis. A research article
by S. Ohshima explores the interesting phenomenon of
centrosome amplification, which occurs in replicatively aged
fibroblasts and is often detected in cancer cells as well. This
study describes a previously unknown link between supernu-
merary centrosomes and the tumor suppressor p53. A paper
by M. Suzuki and colleagues addresses questions relevant to
the amplification of DNA damage signals recently detected
by the authors in irradiated normal human fibroblasts.
Their study establishes connections between DNA damage
signal amplification, sustained activation of ATM-p53 DNA
damage response pathways, and replicative senescence.

The DNA damage response protein PARP1 is an impor-
tant player in chromatin remodeling, DNA repair, telomere
maintenance, resolution of replicative stress, and cell cycle
control. A. Mangerich and A. Bürkle review in their paper
the molecular mechanisms underlying the role of PARP1 in
longevity and aging with special emphasis on cellular studies.

Some papers in this special issue describe new insights
obtained from research aimed at understanding the impact
of environmental effects on aging and longevity. This includes
specific interventions on aging processes that involve the
application of different compounds and environmental
manipulations (such as CR) that affect the ability of indi-
viduals to survive long periods of environmental stress. The
paper by L. Váchová and colleagues reviews the impact
of processes occurring in colonies of the unicellular aging
model Saccharomyces cerevisiae, which in the past was mostly
viewed in the context of individual cells and as such, has
been investigated as a model for replicative and chronological
aging. In their paper the authors discuss the adaptive
potential of a yeast population growing as a colony and the
cellular processes that allow them to survive long periods of
stress.

V. Palermo and colleagues also used the unicellular aging
model S. cerevisiae to determine the effects of apples and
their components, such as flesh, skin, and polyphenolic
fractions on aging and oxidative stress. Their data point to a
cooperative role of all apple components in promoting yeast
chronological lifespan extension.

A review article by Y. Dong and colleagues explores the
potential of therapeutic interventions designed to mitigate
aging and age-related diseases using nutraceuticals from
various plants. Their paper describes how these compounds
modulate signaling pathways and can be effective in coun-
teracting the development of various diseases. In their
treatise they focus on knowledge gained from investigations
with short-lived invertebrate models such as Caenorhabditis
elegans and Drosophila species and discuss the need for

more extensive research to unravel the mechanistic basis
of the observed beneficial effects. They also emphasize that
translational research directed toward demonstrating effects
in humans is necessary.

In a review article, S. Ribaric discusses CR, a key
environmental manipulation that has been shown to extend
lifespan in a variety of aging model systems. The author has
focused on adaptive stress responses and increased resistance
to stress elicited by CR. These coordinated and adaptive
stress responses act at the cellular and whole-organism level
by modulating epigenetic mechanisms, signaling pathways
regulating cell growth, and aging and cell-to-cell signaling
molecules.

J. Santos and colleagues discuss in a review article the role
of nutrient/energy signaling pathways in the regulation of
yeast chronological lifespan. In particular, the authors focus
on extrinsic factors that impact cellular longevity, such as
culture medium, products of fermentation, and ammonium.
How the modulation of TOR, Sch9, and Ras/protein kinase
A nutrient signaling pathways is involved in longevity
regulation by CR (glucose or amino acid), ethanol, acetic
acid, and ammonium is also covered.

A number of contributions have addressed the role of
reactive oxygen species (ROS) in the regulation of aging. P.
Back and colleagues discuss in a review article recent findings
relevant to the role of ROS in aging of the C. elegans model
organism. The authors report on accumulating evidence
that argues against the oxidative stress theory of aging and
present an alternative theory, namely the redox signaling
theory of aging. This theory proposes that ROS may promote
longevity through the modulation of redox-sensitive proteins
that control cellular metabolism and stress responses. The
progressive prooxidizing shift in the redox state of the cell
disrupts redox-regulated signaling mechanisms, leading to
aging.

In a review article, N. Sampson and colleagues discuss
current evidence highlighting the therapeutic potential of
targeting the pro-oxidant shift in redox homeostasis for the
treatment of age-related diseases associated with myofibrob-
last dysregulation. The prooxidant shift in redox homeostasis
is mainly due to elevated production of NADPH oxidase 4-
(NOX4-)derived hydrogen peroxide and is supported by a
concomitant decrease in nitric oxide/cGMP signaling and
ROS scavenging enzymes.

For years it has been known that in humans, physical
exercise can duplicate the effects of CR, including the
activation of oxidative stress defenses that ultimately lead to
reduced levels of ROS and oxidative damage. G. Corbi and
colleagues review the literature describing the underlying
mechanisms, including those in which sirtuins that promote
longevity play important roles.

In their original research article, M. Baraibar and
colleagues describe an in silico approach to identifying
molecular actors and cellular pathways affected by protein
damage. A database of proteins modified by carbonylation,
glycation, and lipid peroxidation products during aging and
in age-related diseases was developed and compared to lists
of proteins identified during cellular replicative senescence
in vitro. Common cellular pathways that include enzymes
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involved in intermediate metabolism were found to be
targeted by these modifications.

In the view of the editors, the high quality contri-
butions published in this special issue illuminate many
important aspects of aging that have emerged from studies
that employed a variety of cellular models in numerous
laboratories in recent years. We are grateful to the authors for
their contributions and for the opportunity to present their
data and ideas in this issue. We hope that readers find these
contributions as interesting and informative as we did while
preparing this issue for publication.

Paula Ludovico
Heinz D. Osiewacz

Vitor Costa
William C. Burhans
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The mechanisms that concern DNA repair have been studied in the last years due to their consequences in cellular homeostasis.
The diverse and damaging stimuli that affect DNA integrity, such as changes in the genetic sequence and modifications in gene
expression, can disrupt the steady state of the cell and have serious repercussions to pathways that regulate apoptosis, senescence,
and cancer. These altered pathways not only modify cellular and organism longevity, but quality of life (“health-span”). The DNA
mismatch repair system (MMR) is highly conserved between species; its role is paramount in the preservation of DNA integrity,
placing it as a necessary focal point in the study of pathways that prolong lifespan, aging, and disease. Here, we review different
insights concerning the malfunction or absence of the DNA-MMR and its impact on cellular homeostasis. In particular, we will
focus on DNA-MMR mechanisms regulated by known repair proteins MSH2, MSH6, PMS2, and MHL1, among others.

1. Introduction

Throughout their lives, organisms are exposed to many
different environmental and internal stimuli that affect or
modify their functionality. Aging has been considered an
important phenomenon that is promoted or altered by
these factors. The aging theory, proposed by Harman [1],
establishes that unrepaired oxidative damage to biomolecules
caused by free radicals and accumulated during an organ-
ism’s lifetime, might bring on the aging process. Based on
in vitro and in vivo analysis, it has been established that
cellular metabolic pathways, like mitochondrial respiration,
generates oxidants that can induce biomolecules oxidation
[2]. Prolonged exposure to pollutants, metals, toxic com-
pounds, and ionizing radiation, can also induce degenerative
processes associated with premature aging [3, 4]. When
oxidative damage occurs, in particular DNA damage, it
creates a cascade of events that may contribute to aging
and disease [5]. However, cells have different mechanisms
to maintain DNA biochemical integrity and stability. One
of them is the base excision repair (BER) system, a cellular
mechanism that repairs damaged bases in the DNA sequence

originating from deamination, oxidation, and alkylation.
Nucleotide excision repair (NER) is another DNA repair
mechanism which differs from BER. While BER repairs
individual damaged bases, the NER system corrects larger
portions of DNA damage by removing the strand section
that contains a major nucleotide lesion [6–8]. Both BER
and NER systems are constantly active in the cell, repairing
DNA damage as it is detected. However, there are other
mechanisms that are activated during specific cellular stages,
such as DNA mismatch repair system (MMR).

2. DNA Mismatch Repair Proteins

DNA MMR is an evolutionarily conserved process that
corrects base mismatches generated during DNA replica-
tion that have escaped the proofreading process [9]. This
is accomplished through the interaction of protein het-
erodimers with the DNA sequence containing the mismatch.
Other dimers (e.g., MutL or MutH) are then recruited
and interact with the DNA to initiate the repair signaling.
When DNA structural integrity is compromised, specific
genes and proteins are activated. One of such groups is
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the MutS family of proteins, integrated by MSH2, MSH3,
and MSH6. These proteins are highly conserved between
species and were originally found in Escherichia coli [10];
they have received great attention in recent years due to
their relationship with several degenerative and pathologic
diseases in humans. MSH proteins recognize errors in
the genome sequence during replication, preventing the
duplication of the damaged strand and repairing single
strand breaks [11, 12]. MSH2 either binds to MSH6 in the
presence of base mispairing and other mismatches forming
the MutSα heterodimer (MSH2-MSH6), or it binds to MSH3
in the presence of base deletions, generating the MutSβ
heterodimer (MSH2-MSH3) [13, 14] (Figures 1(a) and
1(b)). The MutSα heterodimer then binds to the altered
region and recruits the MutL family proteins, such as MLH1
and PMS2 (as a MutLα heterodimer). MLH1 and PMS2 in
turn engage the enzymes needed for the DNA mismatch
repair (Figure 1(c)). The DNA-MMR complex initiates the
signaling process to replace the DNA altered region through
the action of DNA polymerase δ and DNA ligase I [15, 16]
(Figure 1(d)). The mechanism that recruits MMR proteins is
ATP dependent [17].

Additionally, the activity of the two MutS dimers at the
DNA mismatch site is dependent on interactions with the
proliferating cell nuclear antigen (PCNA) [18, 19], which
is an important cofactor that participates in both DNA
replication and repair mechanisms. PCNA interacts with the
MutSα dimer through its MSH6 domain and the MutSβ
dimer binds with it at a region near the domain of MSH3
[20] (Figure 1(C)). When the basic human MMR system was
reconstituted, the components purified were recombinant
MutSα or MutSβ, MutLα, Exonuclease I (EXOI), PCNA,
replication factor C (RFC, which loads PCNA onto DNA),
the single-strand binding factor replication protein A (RPA),
polymerase δ, and DNA ligase I [21, 22]. In this system,
the 5′-to-3′ mismatch-directed strand excision required only
MutSα, EXOI, and RPA, whereas processing of substrates
carrying a 3′ nick required also MutLα, PCNA, and RFC [23].

3. Experimental Models Related
with DNA MMR Deficiency

MSH2 deficiency has been associated with frame-shift muta-
tions known as microsatellite regions. These are specific DNA
regions of tandem repeated units from one to six nucleotides.
Microsatellites are found in centromeres, telomeres, promot-
ers, and transcribed genes segments, causing DNA instability
by inserting their repeated units and expanding the genomic
sequence. This change in the original DNA sequence due
to microsatellites can induce mutations within the genetic
sequence, when mismatch bases are not corrected and copied
to during DNA replication. Hence, microsatellite instability
(MSI) has been widely used as a biochemical marker in
clinical and laboratory tests for aging-related diseases and
malignancies [24, 25].

MMR pathways have been studied in recent years because
of their medical importance in several degenerative and
pathological diseases in humans [26]. A positive correlation

between MMR proteins deficiency, MSI and the malfunction
of different processes, and regulatory mechanisms in cells has
been established [27, 28].

4. DNA MMR System and Cell Cycle
Arrest Process

Post-replicative DNA-MMR systems are critical during the
response against diverse damaging stimuli that affect DNA
fidelity, such as oxidative stress, xenobiotics, radiation, and so
forth [28]. It has been corroborated that MSH2 participates
in cell cycle arrest and apoptosis by different pathways,
depending on the extent of DNA damage. Experiments
conducted in msh2−/− nontumor human lymphoblastoid
cell lines have shown that the MMR system promotes G2/M
arrest after UV-B induced DNA damage, and that a defi-
ciency in MSH2 leads to a decrease in the induction of G2/M
cell cycle checkpoint following this type of radiation. MSH2
proficient human lymphoblastoid cell lines cells also increase
cell cycle checkpoint proteins levels such as CHK1, CDC25C,
and CDC2, when compared with MSH2-deficient cells,
after UV-B radiation treatment [29]. These proteins, when
phosphorylated at specific amino acidic residues (Ser345,
Ser216, Tyr15, and Thr14), regulate cell cycle control and
inhibit cells from dividing until the DNA alterations are
corrected, in accordance with MMR system’s capacity to
induce arrest in proliferative cells [30, 31]. In another
study, it was shown that MSH2 deficient nonmalignant
mouse fibroblasts were partially resistant to UV-B-induced
apoptosis and showed reduced S-Phase accumulation; when
msh2 was modified by a point mutation that affected its
expression, it was unable to participate in UV-B-induced
apoptosis [32].

It has also been shown that UV-B induced DNA damage
increases MSH6 protein levels in a p53 nondependent
pathway. But in msh6−/− primary mouse embryonic fibrob-
lasts cells repair response to this type of damage was
found to be significantly less sensitive to UV-B radiation
cytotoxic effects as explained by a reduction in MSH6 protein
levels. Therefore, MSH6 deficient cells were significantly
less sensitive to the UV-B radiation cytotoxic effects and
underwent significantly less apoptosis following irradiation
than MSH6 proficient cells, thus indicating that UV-B-
induced apoptosis was partially dependent on MSH6 levels
[33]. These experiments suggest that MSH2 modulates both
cell cycle regulation and apoptosis through independent and
uncoupled mechanisms.

MMR proteins are also able to repair DNA through
homologous recombination, a mechanism that repairs
double-strand breaks using perfectly matched nucleotide
sequences between two DNA strands. Both genomic and
mitochondrial DNA sequences are exchanged through break-
ing and rejoining by specific protein complexes. The effi-
ciency of homologous recombination depends on the length
of uninterrupted sequence identity, as well as on the per-
centage of sequence identity within the region of homology
[34]. These experiments suggest that MSH2 modulates both
cell cycle regulation and apoptosis, through independent and
uncoupled mechanisms.
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Figure 1: General DNA repair mechanisms mediated through MMR proteins MSH2, MSH6, and MSH3. Depending on the specific type of
lesion in the genomic sequence, MSH protein family can initiate repair signaling pathways for maintaining genome integrity and fidelity.
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5. MMR Deficiency Associated with
Aging and Senescence

When deficient DNA repair pathways, such as MMR system,
do not detect altered DNA sequences, cell signaling pathways,
as well as cell homeostasis, become unstable because DNA
fidelity is compromised. Recent data have established a rela-
tionship between damaging stimuli, DNA lesions, and aging,
with the absence or decrease in DNA repair systems [35].
It has been determined that MSH2 and MLH1 respond to
oxidative DNA damage induced by UV-A radiation [36], and
that MSH2 malfunction promotes degenerative conditions
that increase with age and affect cell cycle and viability.

MMR efficiency has been studied in the detection of
DNA-induced damage through cytotoxic compounds, such
as cisplatin, used for chemotherapy in cancer patients,
and it has been suggested that MSH2, besides its repair
function, is able to induce programmed cell death, reducing
abnormal cells in organisms. MSH2’s role in signaling DNA
damage-induced apoptosis has been recently demonstrated
by Negureanu and Salsbury, along with confirmation that
MMR defects alone can trigger tumorigenesis [37]. Stage
II-III colorectal cancer patients, whose tumors retain DNA
MMR activity, have shown benefits and better prognosis
when 5-fluorouracil, a cytotoxic compound that induces
DNA damage, is used; but patients with tumors that lost
MMR activity do not [38]. In another study, MSH2 activity
was tested on Trypanosoma cruzi and Trypanosoma brucei
msh2-mutant strains, and it was shown that MMR system
can also repair DNA lesions caused by oxidative stress [39].
Mutant NER-deficient XP-A fibroblasts were shown to have
an increase in CG > TT transitions in methylated CpG
islands as a result of prolonged oxidative stress, compared
with control fibroblasts with an active NER system [40].
Estes and collaborators [41] using a Caenorhabditis elegans
msh2 knock-out model demonstrated that both fertility and
survival rate were severely compromised; the life expectancy
of these mutants also decreased significantly due to irre-
versible physiological damage. In another animal model,
using CD-1 female mice, physiological stress related to breed-
ing, methylation levels increased in msh2 promoter region
associated to age, ending ultimately in the accumulation of
DNA damage markers due to MSH2 reduced expression [42].
All the previous evidence supports the idea that proficiency
of MMR-system protects the cells from the early tumor
occurrence.

Besides apoptosis, premature senescence has been pro-
posed as another way in which cellular homeostasis is
maintained. Damaged cells that undergo senescence do
not proliferate and therefore the cellular damage can be
stopped. However, studies that correlate MMR systems with
the phenomenon of senescence are few. Some experiments
conducted in young and senescent colonic and human
embryonic lung fibroblast cell lines (CCD-18Co and IMR90,
respectively) showed that MMR activity was significantly
reduced in the senescent phenotype. In particular, MSH2 and
MSH6 proteins were markedly downregulated in senescent
cells. However, purified MSH2 and MSH6 extracts that were
added to senescent cells led to the restoration of MMR

activity. Semiquantitative RT-PCR analyses also showed that
MSH2 mRNA levels were reduced in senescent cells from
the same fibroblast cell lines mentioned before [43]. This
evidence suggests that MMR system activity decreases during
the senescent state, which could be interesting while studding
other processes related to the aging process [44].

6. Telomere Shortening and Senescence
Related with MMR Deficiency

Classic replicative senescence involves cell cycle arrest due to
telomere shortening. Telomeres are protective structures at
the ends of chromosomes that consist of tandem TTAGGG
repeats bound to a protein complex known as shelterin
[45]. Mouse embryonic fibroblasts (MEFs) deficient in msh2
expression showed a significant increase in chromosome
aneuploidy, centrosome amplification, and defective mitotic
spindle organization and unequal chromosome segregation
[46]. Studies conducted in several models demonstrate
that MMR system can regulate telomere maintenance and,
therefore, alter cell senescence. In msh2 knock-out mouse
tissues and primary MEFs there was no apparent change
in telomerase activity, telomere length, or recombination
at telomeres. However, msh2 knockout MEFs presented
chromosome ending without detectable telomeric DNA
which correlated with an increase in chromosome end-to-
end fusions [47]. Interestingly, it was reported that mutations
in MMR proteins in yeast, particulary MSH2, rescued
telomerase-deficient strains survival, apparently by allowing
telomere stabilization through an independent telomerase
mechanism known as “alternating lengthening of telom-
eres” (ALT), which uses recombination-based pathways to
maintain telomere length [48]. However, when this was
studied in a mammalian in vivo model, by generating
double mutant mice for telomerase and PMS2 (a MutL
homolog), the previously proposed role for MMR genes
in controlling telomere recombination and telomere length
was not observed [49]. Similar results were reported in
experiments with human colorectal, endometrial, and ovar-
ian tumors, with or without MMR activity, indicating that
in mammals the ALT mechanism is not essential during
telomere maintenance [47, 49]; nevertheless MMR may be
important in detecting DNA damage induced by radiation,
cytotoxic compounds, and oxidative stress, and depending
on the damage extent, might be linked to cellular fate
determination, leading either to apoptosis or to senescence,
and therefore is important during tumorogenesis [50].

7. Pathologies Related to MMR
System Failure in Humans

As discussed above, the MMR system is responsible for
preserving DNA integrity and stability upon exposure to
different damaging stimuli. If the MMR system fails, cell
structure and functions will probably be affected, resulting in
immortalization, malignant transformation, tumorigenesis,
and/or degenerative diseases. One of such diseases is the
Muir-Torre syndrome, a rare autosomal dominant disorder,
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which is characterized by the predisposition to both seba-
ceous neoplasms and internal malignancies. This condition
is caused by an inherited germ-line mutation in one allele of
MMR genes msh2 and mlh1, leading to MMR deficiency. This
condition causes MSI which in turn leads to DNA mutations
[51–53].

Approximately 15% of colorectal cancers display MSI in
one or more MMR genes: mlh1, msh2, msh6, or pms2 [54].
Lynch syndrome, also called non-polyposis colorectal cancer
and the most common form of inherited colorectal cancer, is
a good example of a malignant disease associated to MSI. It
develops in 60% of the patients with MMR gene mutations,
commonly before 50 years of age [51, 55]. Muir-Torre, as
well as Lynch syndrome, is a condition caused by decreased
DNA-MMR activity. Both diseases are characterized by high
levels of MSI, supporting the fact that microsatellites are
considered excellent markers to detect failures in DNA
integrity maintenance [56].

The Ontario Familial Colorectal Cancer Registry is a
population-based study of Lynch syndrome occurrence in
relation to age, sex, and mutated genes [57]. This study
indicated that the cumulative risk for colorectal cancer rose
in patients of 70 years old or more, compared with the
risk found in patients between 30 to 50 years old. This
increase of cumulative risk was correlated with an increase in
MSH2 and MLH1 mutations in 70 years patients. The male
patients in this particular study presented more mutations
in the mlh1 gene compared with the female patients in all
3 age-dependent groups. However, female patients showed
increased mutation levels in the msh2 gene compared with
the male patients, once again in all 3 age-dependent groups.
These observations suggest that when genes responsible for
maintaining DNA integrity, such as msh2 and mlh1, are
mutated, and their capacity to repair DNA decreases, the
accumulation of mutations and strand breaks may lead to
aging and disease. In other words, when the organisms fail
to maintain their homeostasis, they become susceptible to
aging and degenerative diseases. Although some of these
mutations may be inherited, exposure to toxic and damaging
insults like ROS, chemicals, and radiation can abruptly alter
or accelerate their formation.

Cell-microorganism interactions can further generate
failure of MMR system activity. One example is the mucosa-
associated bacteria that significantly contribute to the colonic
environment in humans. Enteropathogenic Escherichia coli
(EPEC) carry the eae gene, which encodes the bacterial
adhesion protein intimin; this protein enables bacteria to
attach to the intestinal epithelium by using a type III
secretion system which translocates effector proteins into
host cells. These bacteria can influence molecular pathways
involved in colorectal tumorigenesis. The ability of EPEC
to downregulate DNA-MMR proteins such as MSH2 and
MLH1 demonstrates that environmental factors can increase
tumorigenesis in colonic epithelial cells [58]. Other tumori-
genic processes resulting from MMR system failure are
melanoma and breast cancer. MSI and mutations in MMR
genes contribute significantly to both conditions in human
patients, confirming MMR potential role in carcinoma
susceptibility [59, 60]. Another gene associated with MMR

defects that has been extensively studied is the tumor-
suppressor gene BRCA1 [61] related to breast cancer. BRCA1
encodes a protein that repairs damaged DNA and initiates
the apoptotic process. Errors in BRCA1 expression result in
unrepaired DNA [62]. Such mutations cause uncontrollable
cell growth resulting in tumor formation. In experimental
trials, the role of the BRCA1 protein in modulating a 6-
thioguanine (6-TG) induced MMR damage response was
studied, using an isogenic human breast cancer cell line
model, including a BRCA1 mutated cell line (HCC1937).
The results showed that the tumor cells were more resistant
to chemotherapeutic drugs, like 6-thioguanine, as mani-
fested by a reduced G2/M arrest and decreased apoptosis
[63]. In this context, BRCA1-mutant cells are more resistant
to damage by this drug, than BRCA1-positive cells. This
might suggest a probable mechanism by which the MMR
system may regulate cell cycle and apoptosis, in correlation
with the functionality of tumor suppressing genes like
BRCA1 [64].

8. The Use of MMR to Study Aging:
The Bats Example

As mentioned before, the accumulation of DNA damage
is known to induce alterations in the cell’s mechanisms
and structure that might lead to aging; and since DNA-
MMR system is highly conserved between species, our group
decided to determine the importance of this system during
the aging process in a different animal model. Bats (class:
Mammalia, order: Chiroptera) are an interesting model due
to their high longevity and particular resistance to adverse
environmental factors [65], and therefore, the levels of MMR
proteins MSH2 and MLH1, as well as microsatellite markers
were quantified, in liver, lung, and brain of young, adult, and
old bats, both female and male. Individuals of two different
wild bats species were used: Myotis velifer and Desmodus
rotundus. Catalase, glutathione peroxidase, and superoxide
dismutase were also analyzed to determine if the antioxidant
protection negatively correlated with DNA damage [66]. The
first species, the cave Myotis, is an insectivorous bat that has
an average lifespan of 8 to 12 years (11.3 years in the field)
based on mark-recapture studies and an average adult weight
of 10.1 g [67] which migrates to higher altitudes to mate and
hibernate [68, 69]. On the other hand, the vampire bat D.
rotundus has an average lifespan of 12 to 20 years [70] and
an average adult weight of 32.2 g [67]. Vampire bats feed on
the blood of stock animals and do not undergo hibernation
[71, 72]. The study conducted determined that M. velifer
(the short lived species) presented decreased levels of MSH2
and MLH1 with increased MSI (Figure 2(a)) and reduced
antioxidant activity as these insectivorous bats became older.
However, in the case of D. rotundus (the long lived species),
there was a reduced MSI in the vampire bats from adult to old
age, compared with the young control bats, which correlated
with reduced levels of MSH2 and MLH1 (Figure 2(b)) along
with improved antioxidant activities in the old bats that
matched the activities seen in the adult groups from the
other species [66]. An important feature of this study was
the demonstration that the analysis of MMR deficiency and
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Figure 2: Comparisons between MLH1 levels and microsatellite instability. The figure shows the correlations between MSI and MLH1
protein levels, found in the female (F) and male (M) bat lung samples. The correlations were performed considering the relative optical
densities (RODs) obtained from the densitometries of the PCR products from DNA microsatellite sequences (MS3EO2 for M. velifer and
DESMO1 for D. rotundus), and the MLH1 protein levels were determined by Western Blot analysis in both species. Young bats were given
the arbitrary value of one, in order to compare them with the other age groups. Each age group consisted of 5 invidious (n = 5) either
male or female bats. One-way ANOVA tests, followed by Tukey-Kramer variance analyses, were used to compare among groups, by sex and
age. A 0.05 level of probability was used as a minimum criterion of significance in all analyses. The figures correspond to: (a) Myotis velifer
(MS3EO2 versus MLH1) and (b) Desmodus rotundus (DESMO1 versus MLH1).

the variations of MSI are an excellent model that can be used
in aging studies to correlate Harman’s theory of aging with
processes related to DNA damage.

9. Final Considerations

Although most of the studies related to the MMR deficiency
and genomic alterations are associated with carcinogenic
processes, there is a high prospective in using these tools for
aging and senescence studies. Studying MMR impairment
could also be used to correlate cancer and aging. It is
known that cancer predisposition is more frequent when
DNA repair is deteriorated in the elderly, which correlates
with DNA damage accumulation (e.g., MSI) throughout
lifetime, and it might explain the origin of these diseases
as proposed by Harman [1, 73]. However, mutations in
MMR proteins have been related with other malignancies
found not only in elderly patients, but also in children,
such as haematological malignancies, brain tumors, Lynch
syndrome, and neurofibromatosis [74, 75]. Therefore it
would be important to determine which of these malignant
conditions are exclusively age-dependent processes or solely
DNA damage/mutation-dependent. Another issue to con-
sider is the interaction with other proteins complexes that
could assist in the MMR system. It was recently determined
in msh2-knockout mouse embryonic fibroblasts, HEK, and
HeLa cell lines that MSH2 is also in charge of the recruitment
of the ATR protein, which is in charge, along with ATM
protein, of the DNA damage response signaling, frequently

associated with cell death by apoptosis. According to this
study ATR is recruited by two different pathways: one of
which is mediated by RPA (replication protein A) and relays
a signal to the Chk1 protein, whereas the other pathway
depends on MSH2 and is responsible for Chk2 activation
[76]. Further investigations could be benefited from exper-
iments based on correlations between MMR deficiencies,
DNA damage markers in new models such as bats, since
they have prolonged longevities that might increase our
understanding of MSH2 pathways, revealing new processes
that regulate cellular homeostasis by maintaining DNA
integrity.
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[20] F. J. López de Saro, “Regulation of interactions with sliding
clamps during DNA replication and repair,” Current Genomics,
vol. 10, no. 3, pp. 206–215, 2009.

[21] Y. Zhang, F. Yuan, S. R. Presnell et al., “Reconstitution of 5′-
directed human mismatch repair in a purified system,” Cell,
vol. 122, no. 5, pp. 693–705, 2005.

[22] N. Constantin, L. Dzantiev, F. A. Kadyrov, and P. Modrich,
“Human mismatch repair: reconstitution of a nick-directed
bidirectional reaction,” Journal of Biological Chemistry, vol.
280, no. 48, pp. 39752–39761, 2005.

[23] L. Dzantiev, N. Constantin, J. Genschel, R. R. Iyer, P. M.
Burgers, and P. Modrich, “A defined human system that sup-
ports bidirectional mismatch-provoked excision,” Molecular
Cell, vol. 15, no. 1, pp. 31–41, 2004.

[24] Y. Lin and J. H. Wilson, “Diverse effects of individual
mismatch repair components on transcription-induced CAG
repeat instability in human cells,” DNA Repair, vol. 8, no. 8,
pp. 878–885, 2009.

[25] H. Alazzouzi, E. Domingo, S. González et al., “Low levels
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Myofibroblast activation plays a central role during normal wound healing. Whereas insufficient myofibroblast activation impairs
wound healing, excessive myofibroblast activation promotes fibrosis in diverse tissues (including benign prostatic hyperplasia,
BPH) leading to organ dysfunction and also promotes a stromal response that supports tumor progression. The incidence of
impaired wound healing, tissue fibrosis, BPH, and certain cancers strongly increases with age. This paper summarizes findings
from in vitro fibroblast-to-myofibroblast differentiation systems that serve as cellular models to study fibrogenesis of diverse
tissues. Supported by substantial in vivo data, a large body of evidence indicates that myofibroblast differentiation induced
by the profibrotic cytokine transforming growth factor beta is driven by a prooxidant shift in redox homeostasis due to
elevated production of NADPH oxidase 4 (NOX4)-derived hydrogen peroxide and supported by concomitant decreases in nitric
oxide/cGMP signaling and reactive oxygen species (ROS) scavenging enzymes. Fibroblast-to-myofibroblast differentiation can
be inhibited and reversed by restoring redox homeostasis using antioxidants or NOX4 inactivation as well as enhancing nitric
oxide/cGMP signaling via activation of soluble guanylyl cyclases or inhibition of phosphodiesterases. Current evidence indicates
the therapeutic potential of targeting the prooxidant shift in redox homeostasis for the treatment of age-related diseases associated
with myofibroblast dysregulation.

1. Myofibroblast Biology

The myofibroblast is a specialized cell type that combines
the extracellular matrix (ECM)-producing characteristics of
fibroblasts with the cytoskeletal and contractile properties
of smooth muscle cells (SMCs) as reviewed recently [1].
Defined by (i) their de novo expression of alpha-smooth
muscle cell actin (α-SMA, encoded by the gene ACTA2) in
stress fibers and (ii) contractile force, myofibroblasts play a
critical role during normal wound healing and thereby in
maintaining tissue integrity [2]. In addition, myofibroblasts
secrete growth factors that attract epithelial cells for sub-
sequent wound closure (reepithelialization) [3–5]. Normal
tissue function and architecture is restored upon completion
of reepithelialization via massive apoptosis of myofibroblasts

and vascular cells followed by their subsequent clearance
from the wound site [6]. Whilst relatively poorly understood,
induction of cellular senescence via telomere-dependent and
-independent mechanisms may also facilitate completion
of wound healing [7–10]. For example, upon tissue injury
telomerase activation is thought to enable cell proliferation
for repair of local tissue damage [9]. However, its subsequent
downregulation appears to be required for downstream
induction of cellular senescence, cessation of wound healing,
and cell clearance by the immune system [7, 10].

Dysregulation of the wound healing response has sig-
nificant pathological consequences. On the one hand, a
major clinical problem in the elderly is impaired wound
healing, whereby wound repair is temporally delayed and
all phases of wound healing exhibit characteristic changes
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[11]. By contrast, excessive and/or persistent myofibroblast
activity results in continued synthesis of ECM, dysregulation
of growth factor signaling and consequently to tissue fibrosis
and organ dysfunction [12]. This paper focuses on grow-
ing evidence indicating that redox signaling downstream
of dysregulated transforming growth factor beta (TGFβ)
promotes myofibroblast differentiation and the develop-
ment/progression of several age-related fibrotic diseases.
Findings from cellular fibrosis models are highlighted, which
have improved our understanding of the molecular mecha-
nisms underlying such disorders.

2. Myofibroblast Origin and Induction

Although cell types other than fibroblasts, (e.g., vascular
SMCs, pericytes, bone marrow-derived fibrocytes, resident
epithelial cells via epithelial-to-mesenchymal transition, and
endothelial cells via endothelial-to-mesenchymal transition)
have been reported to undergo differentiation into myofi-
broblasts in vitro, the extent of their contribution to the
in vivo myofibroblast pool remains controversial [12, 13].
Rather, it is widely considered that myofibroblasts predomi-
nantly originate from the differentiation of local tissue fibro-
blasts [13].

Following injury or during chronic inflammation, fibro-
blast-to-myofibroblast differentiation occurs via a two-step
process, initiated by changes in mechanical tension of the
ECM that are transmitted to the fibroblast cytoskeleton
via RhoA/ROCK signaling [14]. Consequently, fibroblasts
adopt an “activated” phenotype (referred to as “proto-
myofibroblast”) and deposit new ECM components [15].
Soluble factors and cytokines produced by platelets and
infiltrating leukocytes play a major role in the differen-
tiation to the α-SMA-expressing myofibroblast phenotype.
In particular, the combined action of the splice variant
ED-A of cellular fibronectin and TGFβ, especially TGFβ1,
that initially is secreted by platelets and phagocytic cells
at the wound site [15]. However, proto-myofibroblasts and
myofibroblasts also secrete and activate TGFβ1 thereby
generating an autocrine feed-forward loop further driving
myofibroblast differentiation [3, 16].

TGFβ1 is a key inducer of myofibroblast differentiation
in cells of diverse histological origin, including breast, skin,
prostate, kidney, heart, lung, and liver [17–23]. TGFβ1 exerts
its effects via transcriptional events downstream of Smad2/3
activation and Smad-independent regulation of mitogen-
activated protein kinase (MAPK) and PI3 kinase/Akt path-
ways [1, 3, 24]. Collectively, activation of these pathways
results in the deposition of ECM and secretion of paracrine-
and autocrine-acting growth factors [3, 25]. Importantly, the
ECM can directly bind to and release growth factors, such
as heparan sulfate binding to fibroblast growth factor 2 [26].
Such interactions can serve to sequester and protect growth
factors from degradation and/or enhance their activity [27].
In addition, indirect interactions are required for signal
transduction of some growth factors, for example, integrin
binding is necessary for induction of angiogenesis by vascular
endothelial cell growth factor [28]. Thus, maintaining ECM

homeostasis is critical to regulate not only tissue architecture
but also cellular signaling cascades.

3. Aging, Dysregulation of Myofibroblast
Differentiation, and Fibrosis

Dysregulation of the wound healing response, particularly
in association with chronic inflammation and injury (e.g.,
in the liver due to viral infection, in the lung from chronic
obstructive pulmonary disease, in the heart following myo-
cardial infarction) can result in excessive myofibroblast
activation and organ fibrosis [29]. It is perhaps therefore
not surprising that the incidence of many fibrosis-associated
diseases increases sharply with advancing age, for example,
cardiovascular disease, fibrosis of the liver, lung and kidney,
and benign prostatic hyperplasia (BPH), a classic age-
related fibrotic-like disease characterized by fibroblast to
myofibroblast differentiation and ECM deposition [24, 30–
35]. Fibrosis is also observed in the stromal response to
many tumors, including liver and prostate cancer, both of
whose incidence is strongly linked with aging and chronic
inflammation [36–39]. Myofibroblasts in the tumor-adjacent
stroma (termed “reactive stroma”) not only actively promote
tumorigenesis and angiogenesis via ECM deposition and
mitogen secretion but also support cancer cell invasion and
metastasis by producing ECM remodeling enzymes [40–44].

Tissue and organ fibrosis are thought to arise from
failure of the wave of myofibroblast apoptosis during wound
healing, resulting in persistent myofibroblast activation,
excessive ECM deposition, altered growth factor signaling
and cellular proliferation [12, 45]. In addition, failure of
the timely induction of cellular senescence and dysregulation
of telomere biology may also lead to organ fibrosis [7–10].
Consistently, shortened telomeres and telomerase mutations
have been observed in familial and idiopathic pulmonary
fibrosis [46, 47]. However, cell senescence also ameliorates
fibrosis via telomere-independent mechanisms [8] and may
partially explain discrepancies observed in rodent fibrosis
models, whereby telomere deficiency had no effect on
chemical-induced fibrosis [48]. The contribution of cellular
senescence and telomere biology to age-related fibrosis
pathologies remains to be fully investigated.

Given its potent myofibroblast differentiating effects and
ability to promote myofibroblast survival in an autocrine
manner, TGFβ1 is considered a key molecule underlying the
pathophysiology of fibrotic disease [29, 49, 50]. Interestingly,
the TGFβ signaling intermediate Smad3 is a direct repressor
of telomerase reverse transcriptase [51, 52], a key enzyme
required for telomerase activity, suggesting that autocrine
TGFβ signaling by myofibroblasts may override the protec-
tive mechanism of cellular senescence further exacerbating
tissue fibrosis. Consistent with its central role in age-
associated fibrogenic pathologies, elevated TGFβ1 levels and
signaling are observed in BPH and preneoplastic prostatic
lesions, tumor-associated reactive stroma, cardiovascular
remodeling, renal interstitial fibrosis, chronic obstructive
pulmonary disease, idiopathic pulmonary fibrosis (IPF), and
in chronic liver disease [44–52].
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4. Cellular versus Animal Model Systems for
Studying Age-Associated Fibrosis

Several animal models for fibrotic diseases such as systemic
sclerosis, pulmonary, liver, cardiac, and renal fibrosis have
been established [53–58]. Whilst such models can be valuable
tools to understand disease pathology and evaluate novel
therapeutic strategies, fibrosis does not normally develop
spontaneously in these animals and typically has to be
artificially induced, for example by chemical means [53–58].
Moreover, there may be species-specific differences in organ
anatomy, physiology, and disease susceptibility. A notable
example is the prostate gland [32, 59, 60]. Significant anato-
mical differences between rodents and humans also have to
be considered in other organs for example, lung and skin
[61, 62]. In addition, whilst favorable for experimental repro-
ducibility, the use of genetically identical inbred strains does
not recapitulate the heterogeneity of human pathologies.
Furthermore, animal models are costly and time-consuming
and thus not suitable for high throughput drug screening.

Fibrotic diseases are often associated with inflammation,
thus it is difficult to dissect if fibrosis suppression in animal
models is due to direct antifibrotic effects of a drug or due
to indirect anti-inflammatory effects. Cellular in vitro model
systems to investigate specific cellular or molecular responses
can be very useful to elucidate inflammation-independent
antifibrotic targets. Moreover, cellular in vitro models offer
the significant advantage that human-derived cells can be
analyzed. In addition, they are less costly, deliver more rapid
results than animal models, can be easily genetically manip-
ulated and are amenable for high throughput screening.

Numerous in vitro models of fibrosis have been success-
fully devised. In vitro culture of fibroblasts in 3D collagen-gel
matrices leads to progressive contraction of the gel over the
course of several days mimicking wound contraction [63].
This model has been widely used to investigate the con-
tractility of fibroblasts/myofibroblasts derived from various
tissues affected by fibrotic disease including skin, mucosa,
lung, cornea, and heart [64–71].

Overwhelming in vitro and in vivo data demonstrate
the central role of TGFβ1 and myofibroblast differentiation
in the etiology of diverse fibrotic disorders (see above).
Thus, an in vitro approach successfully employed by us
and others to model fibroblast-to-myofibroblast differenti-
ation in BPH and prostate cancer reactive stroma applies
TGFβ1 to primary prostatic fibroblasts, which induces their
robust differentiation into myofibroblasts [3, 25, 39, 72, 73]
(Figure 1). This approach has also been extensively employed
to model myofibroblast differentiation of hepatic stellate cells
and of fibroblasts from breast, skin, kidney, heart, and lung
[20, 21, 23, 74–77]. Myofibroblast differentiation can be
subsequently monitored at the molecular level by the induc-
tion of molecular markers such as α-SMA and collagens as
well as at the morphological level whereby the thin and
elongated phenotype characteristic of fibroblasts changes to
the flattened, less light refractive myofibroblast phenotype,
which is accompanied by the appearance of contractile actin
bundles (Figure 1). The validity of this in vitro model system
is highlighted by numerous molecular and cellular parallels

with animal models and patient specimens that collectively
reveal a central role of dysregulated redox signaling by
NADPH oxidase 4 (NOX4) and nitric oxide (NO)/cyclic
guanosine monophosphate (cGMP) in the development of
age-related fibrotic disease.

5. NADPH Oxidase-Derived Reactive
Oxygen Species in the Regulation of
Myofibroblast Differentiation

Accumulation of nonspecific oxidative damage by high levels
of free radicals is thought to be a major contributor to organ-
ismal aging [78]. However, when produced in a regulated
manner, reactive oxygen species (ROS), NO, and reactive
nitrogen species (RNS) can act as biological second messen-
gers in a variety of signal transduction pathways, including
myofibroblast differentiation [79].

The NADPH oxidase (NOX) enzyme family, comprising
seven members, catalyzes the transfer of electrons across
biological membranes from NADPH to oxygen thereby gen-
erating superoxide (O2

•−) [80]. The NOX family is thereby
unique as ROS production is their primary function and not
a byproduct as is the case for other ROS-producing enzyme
systems, such as xanthine oxidase, mitochondrial respiratory
chain, lipid peroxidases, or uncoupled endothelial NO
synthase [81].

NOX4 is unique among NOX enzymes in that it is
constitutively active with primary regulation occurring at
the transcriptional level [82, 83]. Moreover, whilst other
NOX enzymes produce superoxide, NOX4 is associated with
constitutive hydrogen peroxide (H2O2) production, however
whether this occurs via superoxide dismutation or direct
H2O2 production remains controversial [82, 84, 85]. The
greater stability but lower reactivity of H2O2 compared to
superoxide is consistent with a signaling function of NOX4-
derived ROS as underscored by observations that sustained
and elevated NOX4-derived ROS levels induced by cytokines
and growth factors do not induce oxidative damage [3, 86,
87].

Critically, several growth factors, in particular TGFβ1,
and stimuli implicated in the pathogenesis of fibrotic disease
induce NOX4 expression in diverse cell types as reviewed
recently [88]. Consequently, NOX4-derived ROS have been
implicated in the pathophysiology of fibrotic disorders,
including BPH, IPF, cardiac remodeling, renal, and liver
fibrosis, tumorigenesis and the stromal response to prostate,
breast and liver cancers [3, 20, 74, 89, 90].

Using in vitro model systems, NOX4-derived ROS have
been shown to be essential downstream inducers of TGFβ1-
mediated myofibroblast differentiation in a myriad of cell
types of diverse histological origin. For example, we demon-
strated using NOX4 silencing and antioxidants that induc-
tion of NOX4-derived ROS in response to TGFβ1 drives
myofibroblast differentiation of prostatic fibroblasts [3].
Similarly, TGFβ1-induction of NOX4-derived ROS was
required for fibroblast-to-myofibroblast differentiation in in
vitro models of cardiac, pulmonary, renal, and adventitial
fibrosis [20, 21, 74, 75, 91]. Besides inducing differentiation



4 Oxidative Medicine and Cellular Longevity

IGFBP3

GAPDH

bFGF

bFGF

V
im

en
ti

n
Te

n
as

ci
n

bFGF

(a)

(b) (c)

Skin Prostate

bFGF

Sk
in

P
ro

st
at

e

TGFβ1

TGFβ1TGFβ1

TGFβ1

α
-S

M
A

α-SMA

Figure 1: In vitro modeling of fibroblast-to-myofibroblast differentiation. Fibroblast-to-myofibroblast differentiation is induced following
incubation of fibroblasts for at least 24 hours with 1 ng/mL transforming growth factor beta 1 (TGFβ1) in RPMI-1640 media supplemented
with 1% steroid hormone-depleted charcoal-treated bovine calf serum (ctBCS). Steroid hormone depletion is particularly important
for fibroblasts derived from endocrine tissues such as the prostate, since androgens attenuate TGFβ signaling and vice versa [32].
Similar to commercial formulations of fibroblast growth media, the fibroblast phenotype of mock control cells is maintained with
1 ng/mL basic fibroblast growth factor (bFGF) and serves to inhibit differentiation-inducing stimuli (e.g., TGFβ) in serum. Myofibroblast
differentiation can be monitored at the morphological level by phase contrast microscopy (a) and molecular level by Western blotting
(b) or immunofluorescence (c). (a) Primary human dermal fibroblasts (top left) and prostatic fibroblasts (lower left) exhibit a typical
thin, elongated, and light refractive phenotype, whereas upon differentiation with TGFβ1 for 24 hours dermal (top right) and prostatic
myofibroblasts (lower right) display a flattened, less light refractive phenotype. (b) TGFβ1 induces the expression of myofibroblasts
markers α-smooth muscle cell actin (α-SMA) and insulin-like growth factor binding protein 3 (IGFBP3) [25] in primary human dermal
(left) and prostatic (right) fibroblasts as determined by Western blotting. GAPDH served as loading control. (c) TGFβ1 treatment of
primary human prostatic fibroblasts induces the expression of myofibroblast markers tenascin and filamentous α-SMA as determined
by immunofluorescence and confocal laser scanning microscopy. Both myofibroblasts and fibroblasts express the mesenchymal marker
vimentin. Nuclei were counterstained with SytoxGreen. (c) Adapted from [25], used with permission.

of fibroblasts, NOX4 was shown to play a role in TGFβ1-
mediated cytoskeletal remodeling of vascular endothelial
cells and in maintaining the differentiated phenotype of
vascular SMCs [92, 93]. Moreover, induction of NOX4
by TGFβ1 is required for hepatic stellate cell activation
and their subsequent transdifferentiation into myofibroblasts
[22]. Interestingly, NOX4 induction was also required for
insulin-induced adipocyte differentiation of preadipocytes
[94]. Collectively, these data suggest a broader role of NOX4
in regulating differentiation in response to changes in the
cellular environment.

These findings from in vitro fibroblast-to-myofibroblast
differentiation model systems are supported by several in vivo
data. We demonstrated that NOX4 mRNA levels specifically
correlated with the myofibroblast phenotype in benign pro-
static tissue [3]. NOX4 expression was higher in pulmonary

fibroblasts from patients with IPF compared with controls
and correlated with mRNA levels of the myofibroblast
markers α-SMA and procollagen I α1 [75]. Consistently,
NOX4 is expressed in situ in fibroblastic foci in the lung of
IPF patients and two mouse models of pulmonary fibrosis.
Moreover, targeting NOX4 via siRNA or a nonspecific NOX
inhibitor diphenylene iodonium attenuated lung fibrosis in
two murine models of lung injury [74]. NOX4 may also be
involved in vascular remodeling associated with IPF [95].
In animal models of diabetic nephropathy, treatment of
diabetic rats with NOX4 siRNAs attenuated renal fibrosis
strongly implicating a causative role of NOX4-derived ROS
in the fibrogenic response to renal injury [96]. Recently,
high levels of NOX4 were found in liver biopsy samples
from patients with autoimmune hepatitis, which colocalized
with α-SMA. Moreover, liver fibrosis could be attenuated in
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mouse models via genetic deletion of NOX4 or application of
a dual NOX1/NOX4 inhibitor GKT137831 [22], indicating a
direct role of NOX4 in the pathogenesis of fibrosis.

NOX4 induction does not appear to contribute to fibro-
genesis via direct oxidative stress but rather by chronic
dysregulation of downstream signaling pathways. NOX-
derived ROS mediate their signaling functions via reversible
oxidation of thiol groups of low pKa cysteine residues
in target proteins, including transcription factors, MAPKs,
protein tyrosine phosphatases (PTPs), and protein tyrosine
kinases (PTKs) [87]. Typically, thiol oxidation results in PTP
inactivation but kinase activation thus promoting phospho-
rylation signaling cascades [87]. Only a small proportion
of cysteines exhibit the necessary close proximity to basic
amino acids to undergo transition to a sulfenic acid, thereby
providing a basis for specificity of thiol redox signaling which
reversibly regulates biological function by (i) chemically
altering active site cysteines, (ii) altering macromolecular
interactions, and (iii) modifying allosteric Cys [97].

The precise oxidative target(s) of NOX4-derived ROS
that culminate in myofibroblast differentiation in response to
TGFβ remain largely unknown. However, in lung fibroblasts
TGFβ1 induced NOX4-derived ROS directly oxidatively
inactivate MKP1, a nuclear dual-specificity MAPK phos-
phatase that targets JNK, and p38, leading to sustained acti-
vation of JNK and p38 MAPKs [98]. Similarly, in prostatic
fibroblasts, NOX4-derived ROS were required for sustained
phosphorylation of JNK whose activity in turn was essential
for downstream α-SMA induction, and myofibroblast dif-
ferentiation [3]. By contrast, NOX4 mediates TGFβ-induced
myofibroblast differentiation of renal fibroblasts via ERK1/2
[21], whereas angiotensin II-induction of NOX4-derived
ROS and fibronectin/ECM deposition in renal mesangial
cells occurred via Src activation [99]. Thus, it is likely that
the oxidative target(s) of NOX4-derived ROS are tissue-, cell-
type, and/or context-specific.

In summary, whilst acute induction of NOX4 may be
beneficial in inducing the myofibroblast phenotype for
wound repair, the persistence of myofibroblasts together
with autocrine TGFβ signaling may result in chronic NOX4
activation and dysregulation of signaling pathways culmi-
nating in myofibroblast differentiation, fibrosis, and organ
dysfunction.

The cellular redox status and thus signaling potential
of NOX4-derived ROS is regulated by antioxidant systems.
Concomitant to TGFβ1-mediated induction of NOX4 during
prostatic myofibroblast differentiation, a number of ROS-
scavenging enzymes were downregulated, including the
selenium transporter SEPP1 and selenium (Se)-containing
ROS scavenging enzymes such as glutathione peroxidase 3
(GPX3) and thioredoxin reductase 1 (TXNRD1) [3]. The
essential trace element Se is an integral component of GPX3
and TXNRD1 enzymes being incorporated as selenocysteine
(Sec) at their active site and is critical for correct protein
folding/function [100]. Consistent with the role of SEPP1
in delivering Se to peripheral tissues for selenoprotein
biosynthesis [101, 102], supplementation of prostatic fibrob-
lasts with exogenous Se restored expression of GPX3 and
TXNRD1 as well as TXNRD1 enzyme activity, depleted

TGFβ1-induced ROS downstream of NOX4 induction and
inhibited myofibroblast differentiation [3].

Given the central role of elevated TGFβ1 in fibrogenesis
and that SEPP1 is a direct transcriptionally-suppressed target
of TGFβ1 [103, 104], it is plausible that dysregulation of Se-
dependent antioxidant systems occurs not only in BPH and
the stromal response to prostate cancer but also in other
fibrotic disorders. Indeed, the antifibrotic potential of Se
is not restricted to prostatic stromal cells since exogenous
Se also inhibited TGFβ-mediated myofibroblast transdiffer-
entiation of hepatic stellate cells [105]. Moreover, in a rat
model of thyroid fibrosis, Se deficiency promoted thyroid
fibrosis in a TGFβ-dependent manner [106], whereas Se
supplementation decreased hepatic fibrosis in mice [107].
Consistent with in vitro findings, SEPP1 was specifically lost
in the periglandular tumor-associated stroma of prostate
cancer patients [3]. These findings are consistent with a large
body of animal and human clinical data that Se deficiency
or supplementation increases or reduces tumor incidence,
respectively [108–111]. Moreover, a recent dose-response
meta-analysis revealed that overall prostate cancer risk was
15–25% (for advanced PCa: 40–50%) lower in men with
plasma/serum Se levels between 135–170 ng/mL compared
with 60 ng/mL [112].

Collectively, data from in vitro fibroblast-to-myofibro-
blast differentiation models together with in vivo findings
indicate that myofibroblast differentiation in fibrotic disor-
ders and tumor-reactive stroma is driven by a prooxidant
shift in intracellular redox signaling caused by elevated ROS
and/or reduced antioxidative potential. NOX4 appears to
be the major source of elevated ROS and central mediator
of TGFβ-induced myofibroblast differentiation in diverse
tissues. Thus, restoring cellular redox homeostasis, for exam-
ple by (i) targeting NOX4, (ii) Se supplementation, and/or
(iii) application of antioxidants may represent a promising
therapeutic strategy for fibrotic disease.

6. Nitric Oxide/cGMP Signaling in the
Regulation of Myofibroblast Differentiation

The free radical NO is an important signaling molecule in a
variety of biological processes. In vivo NO is biosynthesized
from L-arginine by nitric oxide synthases (NOS), involving
the oxidation of NADPH and the reduction of molecular
oxygen. NO activates soluble guanylyl cyclase (sGC), which
generates the second messenger cGMP. cGMP exerts multiple
effects, for example it regulates cGMP-dependent protein
kinases such as protein kinase G (PKG), cyclic nucleotide
phosphodiesterases (PDEs), and cation channels and may
have other unknown effects [113].

PDEs comprise a superfamily of phosphohydrolases that
regulate cellular cGMP and cyclic adenosine monophosphate
(cAMP) levels. PDE type 5 (PDE5) specifically hydrolyzes
cGMP and is the major therapeutic target in erectile dysfunc-
tion (ED), whereby PDE5 inhibitors increase intracellular
cGMP levels to enhance NO/cGMP signaling and thereby
promote vasodilation [114].

Besides treatment of ED, PDE5 inhibitors are employed
in the treatment of pulmonary arterial hypertension and
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BPH [115, 116]. Noticeably, patients treated with PDE5
inhibitors for ED exhibited beneficial effects on lower urinary
tract symptoms (LUTS) secondary to BPH [117, 118]. These
effects were thought to be due to changes in prostatic
smooth muscle tone [119–121]. However, our data implicate
a direct role of PDE5, which is predominantly expressed
in the stromal compartment of the prostate in vivo, and
NO/cGMP signaling in myofibroblast differentiation [73].
Pharmacological or genetic inhibition of PDE5 significantly
attenuated TGFβ1-induced myofibroblast differentiation of
prostatic fibroblasts in vitro, indicating that enhancing intra-
cellular cGMP levels inhibits myofibroblast differentiation
[73]. Consistently, stimulating the generation of intracellular
cGMP by the soluble NO donor sodium nitroprusside (SNP)
dose-dependently inhibited TGFβ1-induced differentiation
and additional blocking of cGMP hydrolysis by the PDE5
inhibitor tadalafil synergistically enhanced this effect [73].

These findings are consistent with numerous studies
implicating an inhibitory role of the NO/cGMP pathway in
fibroblast-to-myofibroblast differentiation in other tissues.
On the one hand, treatment of human dermal fibroblasts
with TGFβ1 significantly reduced NOS activity and NO
levels, whereas restoring cGMP signaling downstream of
NOS using SNP and the cell-permeable cGMP analog 8-
bromo-cGMP significantly suppressed TGFβ1-induced col-
lagen production [122]. Furthermore, the NOS inhibitor
Nω-nitro-L-arginine methyl ester (L-NAME) synergistically
potentiated TGFβ1-induced collagen production in dermal
fibroblasts [122]. In addition, increasing cGMP levels using
the PDE5 inhibitor sildenafil alone or in combination with
the sGC activator BAY 58-2667 attenuated myofibroblast
differentiation of fibroblasts from human Peyronie’s dis-
ease plaques or lung, respectively [23, 123]. In a similar
approach, 8-bromo-cGMP inhibited TGFβ1-induced myofi-
broblast differentiation of cardiac fibroblasts isolated from
wild-type mice [76]. Likewise, the sGC stimulator BAY
41-2272 elevated intracellular cGMP levels and inhibited
myofibroblast differentiation in cardiac fibroblasts [77] and
dermal fibroblasts from healthy individuals and patients with
systemic sclerosis [124].

In addition to the documented improvement of LUTS
secondary to BPH by PDE5 inhibitors [117, 118], beneficial
effects of enhancing NO/cGMP signaling have also been
reported in several fibrosis models in vivo. For example,
attenuating NO signaling by inhibition of inducible NOS
(iNOS) activity in rats with TGFβ1-induced fibrotic plagues
of tunica albuginea (a model of Peyronie’s disease) resulted in
increased myofibroblast abundance and collagen I synthesis
in the plaques [125]. Similarly, fibrosis in the penile cor-
pora cavernosa upon streptozotocin-induced diabetes was
intensified in iNOS knockout mice compared with wild
type [126]. Consistently, stimulating NOS activity in rats
via oral administration of the NOS substrate L-arginine
resulted in an 80–95% reduction in both plaque size and
collagen: fibroblast ratio in PD-like plaques induced by
TGFβ1 [123]. Similar effects were observed in parallel groups
that received the competitive nonselective PDE inhibitor
pentoxifylline or PDE5-selective inhibitor sildenafil [123].
Likewise, promoting NO synthesis via administration of the

NOS substrate L-arginine, significantly elevated endothelial
NOS expression but decreased TGF-β1 expression and
ultimately ameliorated renal interstitial fibrosis, which was
markedly aggravated by L-NAME administration in rats with
unilateral ureteral obstruction [127].

Alternative approaches to increase cGMP production
and NO/cGMP signaling by stimulating sGC activity exhibit
similar antifibrotic effects. The sGC stimulator BAY 41-
2272 significantly limited progression of anti-Thy-1-induced
chronic renal fibrosis in rats [128]. Likewise, BAY 41-2272
reduced the number of myofibroblasts and decreased colla-
gen accumulation in hypertension-induced cardiac fibrosis
in rats [77]. Another sGC stimulator riociguat (BAY 63-
2521) exerted similar inhibitory effects on cardiac and renal
interstitial fibrosis in two rat models of hypertension [129]
and attenuated fibrotic tissue remodeling in the myocardium
and renal cortex of Dahl salt-sensitive rats [130]. Fur-
thermore, BAY 41-2272 prevented the development of
bleomycin-induced dermal fibrosis and skin fibrosis in Tsk-1
mice [124]. Interestingly, NO-independent activation of sGC
by BAY 60-2770 also attenuated liver fibrosis in rats [131].

Many studies investigating NO/cGMP signaling in fibro-
tic disease exploit the specific hydrolytic activity of PDE5 for
cGMP to indirectly enhance cGMP levels and thereby pro-
mote NO signaling. However, an active role of PDE5 in fibro-
genesis via altered enzyme activity has also been reported.
Glomerular PDE5 expression was increased during anti-
Thy1-induced mesangial proliferative glomerulonephritis in
the rat kidney in vivo, and PDE5 inhibition by vardenafil
increased glomerular cGMP levels leading to subsequent
inhibition of mesangial cell proliferation and ECM accumu-
lation [132].

Collectively, findings from in vitro and in vivo model sys-
tems indicate that myofibroblast differentiation is associated
with reduced NO/cGMP signaling, suggesting the potential
therapeutic benefit of enhancing NO/cGMP signaling (by
stimulating sGC activity, and/or preventing cGMP degrada-
tion via PDE5 inhibition) in fibrotic disease.

7. Potential Interplay of ROS and
NO/cGMP Signaling in Regulating
Myofibroblast Differentiation

NOX4-derived ROS play a key role in driving myofibroblast
differentiation in response to TGFβ1, whereas increasing
NO/cGMP signaling attenuates TGFβ1-induced fibroblast-
to-myofibroblast differentiation. This raises an interesting
possibility that crosstalk between NO/cGMP and NOX4-
derived ROS signaling may coordinately regulate myofibrob-
last differentiation.

Crosstalk between superoxide and NO signaling has
been extensively documented, in particular the ability of
superoxide to reduce NO levels by direct chemical scavenging
or by NOS uncoupling. For example, superoxide can react
with NO generating peroxynitrite (ONOO−), thereby deplet-
ing NO levels [133]. In addition, superoxide can oxidize
the critical nitric oxide synthase (NOS) cofactor tetrahy-
drobiopterin (BH4) leading to NOS uncoupling, which
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results in superoxide generation rather than NO production
[134]. However, TGFβ-induced fibroblast-to-myofibroblast
differentiation is associated with induction of NOX4 and
thus presumably generation of H2O2 [84, 85], which unlike
superoxide does not appear to react directly with NO. Thus,
any opposing regulation of myofibroblast differentiation by
NO/cGMP signaling and NOX4-derived H2O2 presumably
occurs via distinct mechanism(s).

Several examples of opposing interaction between H2O2

and NO/cGMP signaling have been reported. For example,
incubation of isolated rat hepatocytes with an NO donor
prevented H2O2-induced cell death, presumably via cGMP-
activated downstream signaling since the prosurvival effect
of NO was ablated by cycloheximide indicating the require-
ment of de novo protein synthesis [135]. Conversely, H2O2

impaired NO production in porcine aortic endothelial cells,
possibly via direct oxidative inactivation of eNOS cofac-
tors [136]. Moreover, H2O2 eliminates the endothelium-
dependent vasodilatory response to acetylcholine, a potent
inducer of NO synthesis [137].

There are several potential mechanisms by which NOX4-
derived H2O2 and NO/cGMP signaling may interact to elicit
opposing functions during myofibroblast differentiation. For
example, both NOS and NOX require NADPH as an electron
donor for enzyme activity. NOX4 induction is an early event
during TGFβ1-mediated differentiation [3, 20], whereas
enhancing cGMP levels inhibits/reverses prostatic fibroblast-
to-myofibroblast differentiation without impairing NOX4
mRNA induction by TGFβ1 (our unpublished observations)
[138], indicating that NO/cGMP signaling acts downstream
of NOX4-derived H2O2 production. Thus, NADPH con-
sumption/depletion due to elevated NOX4 activity may
attenuate NO-dependent cGMP production and thereby im-
pair NO/cGMP-mediated inhibition of differentiation.

A further potential mode of opposing interaction may
occur via mutually exclusive modification of NOX/NO
target proteins. For example, NO upregulates the activity of
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) via S-
glutathiolation on cysteine 674 [139]. Interestingly, TGFβ1-
mediated induction of NOX4 in aortic SMCs resulted in
SERCA oxidation of the same thiol group, inhibited NO-
mediated S-glutathiolation, and attenuated NO inhibition
of SMC migration [140, 141]. Similar effects were observed
upon exposure of vascular SMCs to H2O2 or high glucose,
which induced NOX4 levels leading to SERCA oxidation,
inhibition of NO-induced S-glutathiolation and migration.
Moreover, NOX4 knockdown decreased SERCA oxidation
and restored the inhibition of SMC migration by NO [142].

NOX4-derived H2O2 may also attenuate NO signaling
by downregulating sGC expression/activity and consequently
NO-dependent cGMP generation. H2O2 decreased sGC
expression and NO-dependent cGMP generation in pul-
monary arterial SMCs from lambs with persistent pulmo-
nary hypertension of the newborn [143]. Moreover, incuba-
tion of rat aortic SMCs or freshly isolated vessels with ROS-
generating agents (including H2O2) significantly decreased
sGC expression and reduced SNP-induced cGMP formation
in the SMCs [144]. In addition, PTP inhibitors or H2O2

promoted tyrosine phosphorylation of the beta 1 subunit

of sGC, most likely via Src-like kinases [145]. Subsequent
studies revealed that cGMP levels are cross-regulated via a
mechanism that involves c-Src-dependent phosphorylation
of sGC, which attenuates sGC activity and cGMP formation
[146]. These studies suggest that elevated NOX4-derived
H2O2 during myofibroblast differentiation may oxidatively
inactivate protein tyrosine phosphatases and/or activate Src
kinase, which in turn promote inhibitory phosphorylation of
sGC leading to reduced cGMP signaling.

Interactions between TGFβ and NO signaling have also
been reported. For example, the NO donor S-nitroso-
N-acetyl-penicillamine or treatment with 8-bromo-cGMP
decreased TGFβ3 mRNA levels in neonatal rat cardiac fibrob-
lasts, whereas TGFβ1 mRNA levels were modestly increased
[147]. Furthermore, S-nitroso-N-acetyl-penicillamine and
ROS, most likely H2O2, both increased TGFβ1 release from
human epithelial alveolar cells [148]. On the other hand,
TGFβ1 decreased sGC and PKGI expression in pulmonary
artery and aortic SMCs from adult rats and mice and a TGFβ-
neutralizing antibody prevented the reduction of sGC and
PKGI protein expression in chronic oxygen-induced lung
injury in mouse pups [149].

Thus, similar to reciprocal inhibition of superoxide and
NO, H2O2, and NO also appear to interact in a function-
ally opposing manner during myofibroblast differentiation.
However, rather than direct radical quenching as observed
for superoxide and NO, the basis of reciprocal inhibition
between H2O2 and NO apparently occurs at multiple indirect
levels. Cumulatively, such interplay would be expected to lead
to downregulation of NO/cGMP signaling upon TGFβ1-
mediated induction of NOX4-derived H2O2 and thereby
promote fibroblast-to-myofibroblast differentiation. Consis-
tent with this hypothesis, TGFβ1 significantly decreased NO
production in dermal fibroblasts, whereas increasing NO
signaling by stimulating sGC generation and/or inhibiting
cGMP degradation counteracted ROS-mediated inactivation
of NO signaling and prevented myofibroblast differentiation
[122]. Inhibition of differentiation can also be achieved
by treatment with 8-bromo-cGMP [122], indicating that
suppression of myofibroblast differentiation by enhanced
NO signaling is mediated by downstream cGMP-dependent
mechanisms and not via the NO radical per se.

8. Reversal of Myofibroblast Differentiation
and Clinical Implications

Tissue fibrosis is thought to arise from failure of the
myofibroblast apoptotic wave during wound healing [12, 45].
Thus, whilst inhibition of myofibroblast differentiation may
be suitable to prevent disease progression, curative treat-
ments would also require targeting of preexisting myofibro-
blasts. Although some promising data for such approaches
exist [150], extensive fibroblast heterogeneity and the lack
of a consensus “myofibroblast-specific” surface marker mean
that tissue- and even disease-specific targeting strategies will
be required.

An alternative approach to clear the fibrotic myofibrob-
last pool envisages inducing their dedifferentiation to the
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Figure 2: Selenium reverses myofibroblast differentiation of prostatic fibroblasts. Therapeutic targeting of myofibroblast dysregulation in
fibrotic disease may be accomplished by promoting myofibroblast dedifferentiation to the nonactivated fibroblast/progenitor phenotype.
(a) Methodology outline of selenium (Se)-mediated reversal of fibroblast-to-myofibroblast differentiation in primary human prostatic
fibroblasts. Myofibroblast differentiation was induced with 1 ng/mL TGFβ1 or bFGF as mock control. After 72 hours, fresh media was added
containing bFGF or TGFβ1 as before but supplemented with selenium (Se) as sodium selenite or vehicle equivalent. Cells were incubated for a
further 48 hours before harvesting. Reversal of myofibroblast differentiation of primary human prostatic fibroblasts treated as outlined in (a)
was verified by (b) Western blotting for the myofibroblast markers, α-SMA, and IGFBP3 and (c) morphological analysis using phase contrast
microscopy. (b) Induction of myofibroblast differentiation by TGFβ1 in the absence of Se (0 nM) is indicated by increased production of
myofibroblast markers. However, both α-SMA and IGFBP3 levels are reduced in the presence of Se in a dose-dependent manner. (c) At the
morphological level, Se restores the thin, elongated and light refractive phenotype to cells predifferentiated with TGFβ1 (far right), whereas
cells treated with TGFβ1 alone (center panel) exhibit the typical enlarged and flattened myofibroblast phenotype with visible actin-like
filaments. (b-c) Images are representative of three independent experiments using primary cells isolated from different donors.

nonactivated fibroblast/progenitor phenotype. It has long
been considered that fibrosis and fibroblast-to-myofibroblast
differentiation are irreversible processes. However, recent
data from in vitro and in vivo models indicate that tissue
fibrosis and fibroblast-to-myofibroblast differentiation can
indeed be reversed. For example, we observe that exogenous
Se or PDE5 inhibition restore morphological and molecular
characteristics typical of the fibroblast phenotype to in
vitro differentiated prostatic myofibroblasts even in the
continued presence of the TGFβ differentiation-inducing
stimulus (Figure 2) [138]. Our data are supported by studies
employing myofibroblasts from IPF patients and a three-
dimensional coculture model of porcine skin fibrosis that
similarly demonstrate the potential utility of ROS scav-
enging in promoting myofibroblast dedifferentiation [151,
152]. Moreover, treatment of in vitro differentiated corneal
myofibroblasts with fibroblast growth factor in combina-
tion with heparin decreased expression of α-SMA, TGFβ
receptors, and cadherins, indicating reversal of myofibroblast
differentiation to a fibroblast-like phenotype [153]. Recently,
pharmacological inhibition of NOX4 after induction of
liver fibrosis in mice was shown to reduce ROS levels and
significantly attenuate fibrosis [22].

The principle of enhancing NO/cGMP signaling to
induce myofibroblast to fibroblast reversal has also been
successfully demonstrated in animal models. Treatment
with the PDE5 inhibitor vardenafil reduced myofibroblast

numbers and total size of preformed TGFβ1-induced Pey-
ronie’s disease plaques in rats [154]. Moreover, BAY 41-2272
reduced established fibrosis in a modified mouse model of
bleomycin-induced skin fibrosis and in Tsk-1 mice [124].

Collectively, these findings and those discussed above
suggest that signaling via ROS and local growth factors (such
as TGFβ and fibroblast growth factor) play key roles not
only in driving fibroblast-to-myofibroblast differentiation
but also in subsequently maintaining the myofibroblast
phenotype. Thus, we hypothesize that high NO/cGMP sig-
naling and low NOX4-derived ROS production coordinately
maintain the fibroblast phenotype, whereas differentiation
into the myofibroblast phenotype may proceed upon ele-
vated NOX4-derived ROS signaling and/or concomitant
inactivation of NO/cGMP signaling (Figure 3).

The observation that fibroblasts and myofibroblasts are
interconvertible phenotypes rather than terminally differ-
entiated cell types has significant clinical implications for
potential curative therapy of advanced fibrotic disease. In
this respect, pharmacological regulation of redox signaling
via NOX4 inhibitors, antioxidants, and/or enhancement
of NO/cGMP signaling provides a promising option to
modulate the fibroblast/myofibroblast ratio at multiple levels
in several pathological conditions (Figure 3). For example,
local activation of myofibroblast differentiation may provide
a means to overcome impaired wound healing in the elderly,
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Figure 3: Potential therapeutic targeting of myofibroblast differentiation in the treatment of age-associated fibrotic disease. Myofibroblast
differentiation induced by TGFβ1 plays a central role in the etiology of numerous age-related fibrotic disorders. In particular, TGFβ induces
a prooxidant shift in intracellular redox homeostasis via the induction of NOX4-derived ROS (in particular H2O2), which modulates
downstream phosphorylation signaling cascades and transcriptional events that culminate in myofibroblast differentiation. The concomitant
downregulation of selenium-dependent ROS scavenging enzymes by TGFβ further potentiates NOX4-derived ROS signaling, which also
downregulates NO/cGMP signaling and thereby relieves inhibition of myofibroblast differentiation by NO. Fibroblast-to-myofibroblast
differentiation and subsequent tissue fibrosis are reversible processes (broken horizontal arrow). Thus, pharmacological interference of these
redox signaling processes to redress redox homeostasis and thereby restore the physiological fibroblast: myofibroblast ratio offers a promising
therapeutic strategy for the treatment of age-related pathologies associated with myofibroblast dysregulation. Such pharmacological targeting
may succeed at multiple levels. For example, targeting NOX4 directly via NOX4 inhibitors (NOX4i) or indirectly by ROS scavenging with Se
or antioxidants would attenuate NOX4-derived ROS signaling and restore the inhibitory effects on differentiation by NO/cGMP signaling.
Enhancing NO/cGMP signaling is also sufficient to prevent and reverse fibroblast-to-myofibroblast differentiation and may be achieved by
(i) sGC stimulation using the NO donor sodium nitroprusside (SNP) and/or direct sGC stimulators/activators (BAY), (ii) promoting cGMP
synthesis via administration of natriuretic peptides that bind to and activate transmembrane guanylyl cyclase natriuretic peptide receptors
(NPRs), or (iii) by inhibiting phosphodiesterase (PDE)-mediated cGMP hydrolysis using PDE inhibitors (PDEi).

whereas inhibiting fibroblast-to-myofibroblast differentia-
tion and restoring the fibroblast phenotype may represent a
therapeutic strategy for fibrotic disease and also serve as a
stromal-targeted chemotherapy approach for solid tumors,
such as breast, liver, and prostate cancer.

Despite its critical role in the pathogenesis of fibrosis,
TGFβ is not considered a direct clinical target due to its
critical function in diverse biological processes and home-
ostatic maintenance [155]. As central downstream compo-
nents of TGFβ signaling during fibroblast-to-myofibroblast
differentiation, targeting NOX4-derived ROS and NO/cGMP
might also be expected to elicit broad and undesirable effects.
However, PDE5 inhibitors have a successful history in the
treatment of ED, pulmonary arterial hypertension, and BPH
[114–116]. Moreover, it should be noted that (i) none of the
published Nox4 knockout animals display an obvious basal
phenotype, (ii) a dual NOX1/NOX4 inhibitor (at doses that
reduced liver fibrosis in mice) does not exert toxic effects
in animal models, and (iii) the same inhibitor was also well
tolerated in phase I clinical trials [22, 81]. This likely reflects
observations that NOX4 does not mediate all of the signaling
functions of TGFβ, as illustrated by the delayed temporal
induction of NOX4 expression and ROS production (∼2
hours following TGFβ1 treatment) compared to the rapid
induction of phosphorylation cascades, such as phosphory-
lation of Smad2/3 and ERK1/2 that occurs within 5 minutes

of TGFβ treatment [3, 20, 83]. Thus, selective modulation of
NOX4, PDE5, and/or sGC activities may permit continued
physiological ROS/NO signaling due to the presence of
multiple NOX, PDE, and GC isoforms. Moreover, the fact
that these enzymes belong to multimembered families may
be clinically exploited to selectively target those isoforms
underlying pathology in a given tissue or disease state. For
example in the heart, PDE1A appears to play a critical role
in cardiac fibrosis and its selective targeting in rats and mice
led to regression of cardiac remodeling that is associated with
various cardiac diseases [156].

9. Conclusions

Myofibroblast activation and differentiation are central pro-
cesses of normal wound healing. However, these beneficial
effects of myofibroblasts are dysregulated in fibrotic disor-
ders and in the reactive stromal response that promotes
tumorigenesis and metastasis. Whilst TGFβ plays a key
role in initiating myofibroblast differentiation and ECM
deposition during normal wound healing, failure of myofi-
broblast clearance together with their autocrine produc-
tion of TGFβ leads to ECM accumulation, fibrosis, and
ultimately organ dysfunction. A large body of data from
in vitro fibroblast-to-myofibroblast differentiation models
indicates that TGFβ1-induced myofibroblast differentiation
is mediated via induction of NOX4-derived H2O2, which
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modulates downstream phosphorylation signaling cascades
and transcriptional events that culminate in cytoskeletal
remodeling and myofibroblast differentiation. In addition,
NOX4-derived H2O2 appears to downregulate NO/cGMP
signaling via multiple mechanisms and thereby relieves
inhibition of myofibroblast differentiation by NO. Findings
from these in vitro cellular models of fibrosis are supported
by extensive in vivo data, underscoring the value of in
vitro models in defining molecular mechanisms underlying
fibrogenic disease and serving as screening platforms for the
discovery of novel therapeutics. Targeting NOX4 directly via
NOX4 inhibitors or indirectly by ROS scavenging with Se,
antioxidants or enhancing NO/cGMP signaling by sGC stim-
ulation, and/or inhibition of cGMP degradation attenuates
TGFβ1-induced differentiation and inhibits myofibroblast
activation. Moreover, these agents induce the dedifferenti-
ation/reversal of preexisting myofibroblasts to a quiescent
fibroblast phenotype. Thus, pharmacological interference of
these redox signaling processes to restore the physiological
fibroblast: myofibroblast ratio offers a promising therapeutic
strategy not only for the treatment of fibrotic diseases but
also for managing tumor invasion and metastasis at the level
of stromal remodeling.
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75252 Paris Cedex 05, France

Correspondence should be addressed to Bertrand Friguet, bertrand.friguet@snv.jussieu.fr

Received 30 July 2012; Accepted 14 September 2012

Academic Editor: Paula Ludovico

Copyright © 2012 Martin A. Baraibar et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Protein damage mediated by oxidation, protein adducts formation with advanced glycated end products and with products of lipid
peroxidation, has been implicated during aging and age-related diseases, such as neurodegenerative diseases. Increased protein
modification has also been described upon replicative senescence of human fibroblasts, a valid model for studying aging in vitro.
However, the mechanisms by which these modified proteins could impact on the development of the senescent phenotype and the
pathogenesis of age-related diseases remain elusive. In this study, we performed in silico approaches to evidence molecular actors
and cellular pathways affected by these damaged proteins. A database of proteins modified by carbonylation, glycation, and lipid
peroxidation products during aging and age-related diseases was built and compared to those proteins identified during cellular
replicative senescence in vitro. Common cellular pathways evidenced by enzymes involved in intermediate metabolism were found
to be targeted by these modifications, although different tissues have been examined. These results underscore the potential effect
of protein modification in the impairment of cellular metabolism during aging and age-related diseases.

1. Introduction

Hayflick and Moorhead established the concept that primary
cells isolated from mammalian tissues undergo only a
finite number of divisions when grown in culture, with-
out spontaneous transformation [1, 2]. On reaching their
replicative limit, such cells were termed “senescent” and
were viewed as aged cells. Since then, replicative senescence
has been considered as a cellular model of aging that may
provide insight into organismal aging [3–5]. More recently,
different studies have shown the occurrence of cellular
senescence in vivo [6, 7]. These senescent cells are causally
implicated in generating age-related phenotypes, and their
removal can prevent or delay tissue dysfunction and extend
healthspan [8]. Indeed, whether and how cellular senescence
is related to organismal aging, age-related diseases, frailty,
and dysfunction is one of the major open questions in the
biology of aging field.

A hallmark of aging both at the cellular and organismal
level is the accumulation of damaged macromolecules due

to increased oxidative stress and failure of protein repair
and maintenance systems [9, 10]. Reactive oxygen species
(ROS) are routinely produced as a byproduct of aerobic
metabolism and oxidative phosphorylation. In addition,
ROS production and accumulation are usually increased
during disease pathogenesis (i.e., in particular age-related
diseases) [11]. Low concentrations or transient exposure to
ROS induce cell proliferation and regulate the activation
of several signaling pathways [12]. However, unneutralized
ROS cause oxidative damage to lipids, proteins, and nucleic
acids, thus leading to aberrant molecular activities [13, 14].
Protein oxidation is particularly detrimental as the resulting
damages and/or induced conformational changes to protein
structures can render oxidized proteins inactive and lead to
cellular functional abnormalities [15, 16].

Various types of protein oxidative modifications are
induced directly by ROS or indirectly by reactions with
secondary products of oxidative stress [17]. Cysteine and
methionine residues are particularly prone to oxidative
modifications, but they might not be directly linked to
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protein damage, since they also participate in cellular sig-
naling events [18]. On the other hand, irreversible oxidation
products of other residues are most frequently hydroxylated
and carbonylated amino acid side chain derivatives. The
exponential rate accumulation of carbonylated proteins
during life span both at the cellular and organismal level
and their particular increase in organs affected by age-
related diseases, imply that this “Oxi-proteome” (i.e., the
restricted set of proteins targeted by oxidation) may be
a potential molecular substratum for many of the cellu-
lar dysfunctions described. Protein carbonylation includes
aldehydes and ketones formed via different mechanisms:
(i) direct oxidation of the polypeptide backbone leading
to truncated peptides; (ii) side chains oxidation of lysine,
arginine, proline, and threonine; (iii) reaction of histidine,
cysteine, and lysine amino acid residues with aldehydes, for
example, produced by lipid peroxidation; and (iv) glycation
(nonenzymatic glycosylation) of lysine residues forming
Amadori and Heyns rearrangements products (advanced
glycated end products: AGE) [19–21]. Carbonylated proteins
are generally less active, less thermostable and are exposing
hydrophobic amino acids at their surface. Since oxidative
modifications that give rise to carbonyl groups generally
cause loss of catalytic or structural function in the affected
proteins, it has been proposed that the increased level of
oxidatively modified proteins observed during aging and age-
related disease could have deleterious effects on cellular and
organ function.

Increased levels of protein carbonyls have been observed
in age-related diseases, such as neurodegenerative diseases
(amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and
Huntington’s diseases), cataractogenesis, systemic amyloi-
dosis, muscular dystrophy, progeria, Werner’s syndrome,
rheumatoid arthritis, and respiratory distress syndrome [22–
24]. Elevated levels of proteins modified by lipid oxidation
products (4-hydroxy-2-nonenal: HNE, malondialdehyde)
are associated with neurodegenerative diseases, iron-induced
renal carcinogenesis, cardiovascular disease, as well as ele-
vated levels of protein glycation/glycoxidation end products
(AGE) are associated with diabetes mellitus, neurodegen-
erative diseases, atherosclerosis, and Down’s syndrome.
Significant advances in the past recent years have been
made towards the identification of proteins targeted by these
modifications, although their possible causative role in the
pathogenesis of these diseases has not yet been determined.

Previous studies have addressed the identification of
accumulated carbonylated proteins, as well as proteins modi-
fied by glycation and conjugation with the lipid peroxidation
product HNE in senescent human WI-38 embryonic fibrob-
lasts [25, 26]. Herein, by using in silico approaches, we have
extended our analyses of modified proteins to those reported
during in vivo aging and age-related diseases. Over than 180
proteins have been reported in the literature as increasingly
modified, that are involved in key cellular pathways such as
inflammatory response, energy metabolism, protein folding,
and free radical scavenging. We found that several proteins
(35%) identified in senescent fibroblasts were also found
during organ aging and age-related diseases and when
grouped into cellular function and canonical pathways they

showed a close relationship. Taken together, these results
indicate the particular susceptibility of certain proteins to
detrimental posttranslational modifications, suggesting that
protein modification is not a random process and is likely to
be implicated in the molecular bases of aging and age-related
diseases.

2. Material and Methods

Functional and canonical pathways grouping of the identi-
fied modified proteins as well as network analyses were gen-
erated using the Ingenuity pathway analysis (IPA) software
(version 2.0, Ingenuity Systems, Mountain view, CA, USA).

2.1. Functional Analysis of the Entire Data Set. The functional
analysis identified the biological functions and/or diseases
that were most significant to the data set. Molecules from
the data set that were associated with biological functions
in the Ingenuity Knowledge Base were considered for the
analysis. Right-tailed Fisher’s exact test was used to calculate
a P-value determining the probability that each biological
function and/or disease assigned to that data set is due to
chance alone.

2.2. Canonical Pathways Analysis. Canonical pathways anal-
ysis identified the pathways from the IPA library of canonical
pathways that were most significant to the data set. Molecules
from the data set that were associated with a canonical
pathway in the Ingenuity Knowledge Base were considered
for the analysis. The significance of the association between
the data set and the canonical pathway was measured in two
ways. (1) A ratio of the number of molecules from the data
set that map to the pathway divided by the total number of
molecules that map to the canonical pathway is displayed. (2)
Fisher’s exact test was used to calculate a P value determining
the probability that the association between the genes in the
dataset and the canonical pathway is explained by chance
alone.

2.3. Network Generation. A data set containing gene (or
chemical) identifiers and corresponding expression values
was uploaded into the application. Each identifier was
mapped to its corresponding object in the Ingenuity
Knowledge Base. These molecules, called Network Eligible
molecules, were overlaid onto a global molecular network
developed from information contained in the Ingenuity
Knowledge Base. Networks of Network Eligible Molecules
were then algorithmically generated based on their con-
nectivity. Molecules are represented as nodes, and the
biological relationship between two nodes is represented
as an edge (line). All edges are supported by at least one
reference from the literature, from a textbook, or from
canonical information stored in the Ingenuity Knowledge
Base. Human, mouse, and rat orthologs of a gene are stored
as separate objects in the Ingenuity Knowledge Base but are
represented as a single node in the network.
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3. Results and Discussion

3.1. Characterization of Carbonylated Proteins in WI-38
Fibroblasts upon Replicative Senescence. The identified mod-
ified proteins in senescent fibroblasts reported previously
[26] were classified by cellular localization and grouped by
functional correlations, canonical pathways, and potential
interactions (Figure 1). The subcellular location of the mod-
ified proteins indicated that the modified proteins are found
in two major fractions: mitochondria (44%) and cytosol—
including cytoskeletal proteins—(28%), underlying the high
level of protein damage within mitochondria in senescent
fibroblasts, especially when taking into account that proteins
from this organelle represent only 5–10% of total cellular
protein lysates (Figure 1(a)).

Data mining on molecular relationships was performed
with the aim of detecting the cellular pathways potentially
perturbed upon replicative senescence. Major categories
include key cellular processes such as mitochondrial dys-
function; citrate cycle; butanoate; carbohydrate; lipids and
pyruvate metabolism; oxidative phosphorylation; arginine
and proline metabolism (Figure 1(b)). At the functional
level, a decrease in the mitochondrial capability of ATP
regeneration has been described during aging [27]. Notably,
mitochondrial proteins were particularly targeted by oxida-
tion during replicative senescence in WI-38 fibroblasts, such
as the iron-sulfur subunit of complex I and subunit alpha of
ATP synthase. In addition, HNE has been previously found
to inhibit the activity of many respiratory chain complexes
in vitro [28], and mitochondrial respiration is also affected
by incubation of mitochondria with the AGE inducer
methylglyoxal [29]. Enzymes like malate dehydrogenase,
2-oxoglutarate dehydrogenase E1 component, glycerol-3-
phosphate dehydrogenase, glycerol kinase, and glutaminase
were found increasingly modified upon replicative senes-
cence. These findings suggest that modification of proteins
responsible for energy metabolism may participate in the
impairment of mitochondrial function observed in senescent
cells.

To obtain further insights into the cellular pathways
potentially affected during the development of the senescent
phenotype, a protein interaction analysis was performed
(Figure 1(c)) using the Ingenuity Pathways Analysis software.
This analysis showed interrelationships that involve the
modified proteins within a defined network. The obtained
network shows that peroxisome proliferator-activated recep-
tor gamma (PPARγ), tumor necrosis factor (TNF), and
insulin growth factor (IGF1) are central nodes to this
network. Interestingly, all three proteins have been previously
implicated in cellular senescence. For instance, PPARγ is
a member of the nuclear receptor superfamily of ligand-
activated transcription factors and regulates gene expression
of key proteins involved in glucose/lipid metabolism, vascu-
lar inflammation, and proliferation. Previous studies have
shown that PPARγ activation promotes cellular senescence
in WI-38 fibroblasts through the induction of p16 expression
[30]. Furthermore, protein modifications may also result in
the alteration of the interactome of targeted proteins, hence,
affecting the normal function of other nonmodified proteins.

For example, four proteins that are increasingly modified
during replicative senescence, are interacting with the sterol
regulatory element-binding transcription factor 1 (SREBF1),
also involved in cellular senescence [31], making it a likely
target for impaired connections with these proteins.

3.2. In Silico Analysis of Carbonylated Proteins Identified
during In Vivo Aging and Age-Related Diseases. We next
addressed whether the proteins identified as increasingly
modified during in vitro aging of WI-38 fibroblasts were also
identified in either human or mammalian animal models
during aging and age-related diseases (neurodegenerative
diseases, cancer, and diabetes), where increased protein
carbonylation has been consistently evidenced. For that pur-
pose, a specific search was performed for proteins identified
as increasingly carbonylated or modified by AGE or HNE
in articles published in peer-reviewed journals. Modified
proteins identified in humans, but also in mammalian
models of diseases (rodents), were selected. A total of 183
proteins were listed (supplementary Table 1, see Supplemen-
tary Materials available online at doi:10.1155/2012/919832).
Modified proteins were identified in brain, cerebellum, spinal
cord, skeletal muscle, liver, eyes, and cerebrospinal and
bronchoalveolar fluids. Of note is that most of the proteins
identified as increasingly modified belong from the brain due
to the high number of studies addressing the importance
of protein carbonylation in the pathogenesis of several
neurodegenerative diseases, such as amyotrophic lateral
sclerosis (ALS), Alzheimer’s, Parkinson’s and Huntington’s
diseases. However, several proteins have been identified
consistently modified in different organs systems such as
central nervous system, liver, and eyes, indicating that the
spectrum of proteins targeted by these modifications is
conserved. Conditions of acute oxidative stress have not been
included in this study, but we have recently shown in human
myoblasts that even under high concentrations of hydrogen
peroxide, only a restricted set of proteins are targeted by
oxidation [32]. Interestingly, these carbonylated proteins are
not necessarily the most abundant and differ largely with
those proteins that exhibit changes at the expression level in
the total cellular proteome [32].

Annotation of subcellular location of referenced proteins
was performed based on information deposited in the
human protein reference database (HPRD). Cytoplasmic
proteins were predominant, followed by proteins from
mitochondria, nucleus, endoplasmic reticulum and plasma
membrane, respectively (Figure 2(a)). However, it is impor-
tant to note that most of the studies were performed in total
tissue soluble extracts, where mitochondrial and membrane
proteins are clearly underrepresented when compared to
total cellular proteins.

Functional annotation was also performed using Inge-
nuity Knowledge Base. Proteins were mainly distributed by
biological processes such as inflammatory response, cellular
metabolism, free radical scavenging, and protein synthesis
and folding (Table 1). In addition, some proteins belonged
to different functional families, hence their participation in
other crucial cellular processes cannot be ignored.
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Figure 1: Cellular pathways and network analysis of proteins reported to be increasingly modified in senescent WI-38 human fibroblasts. (a)
Primary subcellular location of modified proteins previously reported in senescent fibroblasts. Rare primary localization terms were grouped
as Other representing less than 6% of total identifications. (b) Proteins were grouped by canonical pathways through the use of Ingenuity
Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com/). The bars represent the canonical pathways identified, named in the x-
axis. The y-axis shows the −log of the P value calculated based on Fisher’s exact test. The dotted line represents the threshold above which
there are statistically significantly more genes in a biological function than expected by chance. (c) Protein networks were obtained using
Ingenuity Pathway. Proteins in red correspond to some of the proteins identified as increasingly modified in senescent fibroblasts. White
open nodes indicate proteins not identified in this analysis, but associated with the regulation of some of the proteins identified. Information
about the analysis of biological functions and pathways as well as network interactions is available at the Ingenuity Pathway Analysis website.
A line denotes binding of proteins, whereas a line with an arrow denotes “acts on.” A dotted line denotes an indirect interaction.
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Figure 2: Cellular localization and functional grouping of modified proteins identified during aging and age-related diseases. (a) Primary
subcellular location of the identified modified proteins. (b) Functional grouping of modified proteins through the use of Ingenuity Pathways
Analysis. The bars represent the biological functions identified, named in the x-axis. The dotted line represents the threshold above which
there are statistically significantly more genes in a biological function than expected by chance.

Concerning proteins involved in the inflammatory
response, it is important to note that physiological aging is
associated with a chronic subclinical systemic inflammatory
response, also referred as to “inflamm-aging”, characterized
by elevated levels of serum proinflammatory cytokines such
as interleukin 6 (IL-6), TNFα and acute phase proteins
such as C-reactive protein (CRP) [33]. Inflammation is now
accepted as a key pathogenic factor in the development
of several age-related pathologies including cardiovascular
disease, type 2 diabetes and neurodegenerative diseases [33].
Importantly, the inflammatory environment is highly oxida-
tive, and increased protein oxidation has been described,
generating a positive feedback process. Proteins involved
in energy metabolism were also evidenced in the modified

proteins referenced. The most significant canonical pathways
across the entire dataset included: glycolysis/gluconeogenesis,
citrate cycle, pyruvate metabolism, amino acids degradation,
mitochondrial dysfunction, cell death, butanoate metabolism,
NRF-2 oxidative stress response, and cellular function and
maintenance (Figure 2(b)).

3.3. Comparison of Carbonylated Proteins in Senescent
Fibroblasts with those Identified during In Vivo Aging and
Age-Related Diseases. Twelve proteins (heat shock cognate
71 KDa protein, vimentin, actin, tubulin, glyceraldehyde-3-
phosphate dehydrogenase, ATP synthase, proteasome sub-
unit 11, elongation factor Tu, cytochrome b-c1 complex,
annexin A5, proteasome subunit alpha type-2, and malate
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Figure 3: Common cellular functions across the two data sets after comparison analysis. The bars represent the biological functions
identified, named in the x-axis. The y-axis shows the −log of the P value calculated based on Fisher’s exact test. The dotted line represents
the threshold above which there are statistically significantly more genes in a biological function than expected by chance. The differences
observed in the P-values for each function in between the two groups are due to differences in the number of proteins assigned and reference
data set.

Table 1: Functional categories of proteins identified as increasingly modified in aging and age-related diseases. Fisher exact test was used
and the P value refers to the probability that each biological function assigned is due to chance alone.

Function P value Modified proteins

Inflammatory response 3.7E − 28
ACO2, ACTB, ALDH2, ALDOA, ARG1, ENO1, GAPDH, HSPA5, P4HB, PDIA3,
PRDX1, PRDX6, SELENBP1, TKT, TPI1

Carbohydrate metabolism 6.0E − 11 ALDOA, ENO1, ENO2, FBP1, GAPDH, PGAM1, PGK1, PKLR, PKM2, TPI1, ACADM

Nucleic acid metabolism 1.4E − 10 ACOT8, ALDH2, ATP5A1, ATP5B, CKM, DPYSL2, GNB1, SCP2, SUCLA2, MDH2

Cell death 1.0E − 9
ACAT1, ANXA2, ARG1, ATP5A1, G6PD, G5TM5, HSPD1, SLC1A2, PIN1, PRDX2,
PARK7, TUBA1A

Lipid metabolism 6.9E − 7 MDH1, MDH2, SDHA, SDHB, OGDH, SUCLA2, ACOT8, FABP4, GSTP1, SCP2

Free radical scavenging 1.1E − 7 ALB, SOD1, SOD2, PRDX1, PRDX2, PRDX6, VDAC1, ALDH2, GPX1

Protein folding 6.9E − 6 HSP90AA1, HSPA1A, ERP29, HSPD1, HSPA8, HSP90AB1

Amino acid metabolism 5.4E − 6 ARG1, DDAH1, IVD, OAT, PAH, CKM, PLOD3

Protein synthesis 5.8E − 5 EEF2, GNB2L1, RPS6KB1, TUFM, WARS, CCDC92

Cell migration 8.0E − 4 AP2M1, FSCN1, GNB1, TPM1, VIM, ACTB, TAGLN2

dehydrogenase), which correspond to about one third of
the proteins identified during replicative senescence of WI38
fibroblasts in vitro, have been also identified as increasingly
modified in other models of aging and age-related diseases.

Comparison of these two data sets indicates a similarity
in the proteins targeted by these modifications to some

extent. It is important to note that the majority of the studies
has been achieved on brain, where the protein expression
profile could differ significantly from the one of fibroblasts
cultured in vitro. Further studies should address this issue
by using senescent cells from different tissues. Of particular
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interest would be human senescent stem cells since they
develop both chronological and replicative aging.

IPA comparison analysis and functional grouping of pro-
teins identified in senescent fibroblasts and those reported in
the literature were performed. The analysis showed several
common molecular and cellular functions involved in both
datasets (Figure 3). Important cellular functions, like energy
production, carbohydrate metabolism, protein synthesis,
folding, and degradation may be implicated since they are
directly targeted by modification of proteins implicated in
those cellular pathways. In both cases, underlying common
mechanisms are involved, although these in silico analyses are
rather predictive and should be confirmed by experimental
data.

Common processes are suggested to be causally involved
or at least contribute to aging and age-related diseases,
including increased oxidative stress, accumulation of protein
damage, and general metabolic dysfunction. However, these
processes have been mostly seen as independent events.
An important outcome of the present study is that sev-
eral enzymes that catalyze intermediate metabolism, such
as glycolysis, gluconeogenesis, the citrate cycle, and fatty
acid metabolism have been found to be modified. These
results indicate a potential effect of protein modification
on the impairment of cellular energy metabolism. Future
studies should address this important issue by combining
metabolomics and targeted proteomic analysis during cellu-
lar and organismal aging.
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Centrosome overduplication or amplification has been observed in many human cancers and in premalignant tissue, but the
mechanisms leading to such centrosome aberrations are not fully understood. We previously showed that abnormal mitotic
cells with supernumerary centrosomes increase with replicative senescence in human fibroblasts, especially in a polyploid
subpopulation. This study examines localization of p53 protein at centrosomes in mitotic cells, which is often observed in
association with DNA damage response, to investigate a possible association between p53 localization and numerical centrosome
aberrations induced by cellular senescence. Cultures at later passages or the 4th day after exposure to H2O2 showed increased
frequencies of mitotic cells with supernumerary centrosomes, especially in a polyploid subpopulation. Immunohistochemical
analysis frequently showed p53-positive foci in mitotic cells, and some were localized at centrosomes. The number of p53-positive
foci in mitotic cells and its localization to centrosomes increased with replicative and premature senescence. Supernumerary
centrosomes showed higher frequencies of p53 localization compared to normally duplicated centrosomes. Centrosome-associated
p53 protein was phosphorylated at Ser15. These data suggest a possible association between localization of p53 protein and
numerical centrosome aberrations in replicatively or prematurely senescent cells.

1. Introduction

Centrosome overduplication or centrosome amplification
has been observed in many human cancers and in pre-
malignant tissue [1–5]. Centrosome aberrations have been
linked to genomic instability during tumour progression,
because centrosomes dysfunction may cause abnormal spin-
dle assembly and chromosome missegregation, leading to
chromosome aneuploidy [1, 3, 5]. Some studies showed
that genetic manipulations that cause centrosome amplifi-
cation in vivo can induce tumor development [6, 7]. The
mechanisms leading to centrosome aberrations have been
studied extensively but still are not fully understood. How-
ever, DNA damage-induced centrosome aberrations such
as inactivation, amplification, or fragmentation have been
reported. For example, inhibitors of DNA replication such
as aphidicolin or hydroxyurea cause centrosome inactivation
or centrosome splitting, leading to spindle defects [8–10].
Deficiency of Rad51 recombinase, which is essential for DNA

repair, causes supernumerary centrosomes [11]. Radiation
causes centrosome amplification in tumour cells and in p53-
inactivated or ATR-deficient human cells [12–14]. Several
studies have suggested that centrosomal abnormalities result-
ing from DNA damage response cause mitotic errors and
cell death, thus preventing the propagation of damaged cells
that might be transformed into malignant cells. However,
it is still not clear whether centrosome aberrations are part
of the defence mechanism that inhibits carcinogenesis or
undesirable pathological phenomena.

Our previous study showed that abnormal mitotic cells
with supernumerary (>2/cell) centrosomes increase with
replicative senescence in human fibroblasts, especially in a
polyploid subpopulation [15]. Moreover, such numerical
centrosome aberrations correlated significantly with chro-
mosome misalignment in metaphase cells, suggesting that
chromosomal instability with aging might be attributable
to centrosome aberrations that are induced with cellular
aging.
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Recent studies have shown that several proteins involved
in the DNA damage response, such as BRCA1, ATM, and p53,
localize at centrosomes and regulate cell cycle or centrosome
duplication [16–19]. P53 localizes at centrosomes during
mitosis, and Ser15 phosphorylation of p53 by ATM, which
is a DNA damage response, is required for this localization
[20]. Centrosomally localized p53 regulates centrosome
duplication in a manner independent of its transactivation
function [17]. This study investigated a possible associa-
tion between p53 localization and numerical centrosome
aberrations in senescent cells by examining the localization
of p53 protein at centrosomes in mitotic cells from young
and near-senescent human fibroblasts. In particular, the
effect of polyploidization during cellular senescence on
centrosome aberrations and centrosomal localization of p53
was investigated.

2. Materials and Methods

TIG-1 normal human fibroblast cells (21 population
doubling levels) were obtained from the Health Science
Resources Bank (Tokyo, Japan) and grown in minimum
essential medium with α modification (MEM-α; Sigma-
Aldrich Co., St. Louis, MO, USA) supplemented with
heat-inactivated 10% (v/v) fetal bovine serum. Cells were
incubated in a 5% (v/v) CO2 atmosphere at 37◦C and
passaged every 3 or 4 days, so that cells never exceeded
subconfluent density. For immunofluorescence studies, cells
were seeded onto sterile glass slides, placed into culture
dishes, and incubated for 2 days.

Replicative senescence was achieved by serial passaging
until cells stopped proliferation. Premature senescence was
induced by brief exposure of the cells to 200 μM H2O2 diluted
in Hanks Balanced Salt Solution. The senescent phenotype
was evaluated based on the doubling time by counting
the cell number at each passage. In some experiments,
expression of senescence-associated β-galactosidase (SA-β-
gal) was examined using a Senescence Detection Kit (BioVi-
sion, CA, USA) to confirm the phenotype. To examine cell
cycle profiles, DNA content of the cells was analyzed using
CycleTEST Plus (Becton Dickinson Bioscience, USA) and a
flow cytometer (FACSCanto II, Becton Dickinson Bioscience,
USA).

To detect the localization of centrosomes and p53
protein, cells were fixed with 2% (v/v) formaldehyde,
permeabilized with 0.25% (v/v) Triton X-100, and incubated
for 1 h at room temperature with specific primary antibodies
diluted in PBS containing 2% (w/v) BSA. Primary antibodies
were mouse anti-α-tubulin (clone DM1A, 1 : 500 dilution,
Sigma, T9025), rabbit anticentrin-2 (N-17, 1 : 800 dilution,
Santa Cruz Biotechnology, SC-27793-R), mouse anti-p53
(clone DO-7, 1 : 100 dilution, Santa Cruz Biotechnology,
SC-47698), mouse anti-p53 phosphorylated (pSer15), (clone
261352, 1 : 100 dilution, R&D Systems, MAB 1839), and
rabbit anti-γ-H2AX (pSer139) (1 : 200 dilution, R&D Sys-
tems, AF2288). For fluorescent microscopy, cells treated with
primary antibodies were incubated with Alexa Fluor 488-
conjugated goat antimouse IgG (Molecular Probes, 1 : 500

dilution) and Alexa Fluor 555-conjugated goat antirabbit
IgG (Molecular Probes, 1 : 500 dilution) for 1 h at room
temperature. Cells were treated with RNase (1 mg/mL) for
30 min, and cell nuclei were counterstained with 5 μg/mL
DAPI. Multiple slides were made from the same culture
because the number of mitotic cells decreases as cells
approach senescence. The specificity of the primary anti-
bodies was confirmed by comparing it to the reaction with
isotype control antibodies. In some experiments, another
monoclonal antibody for p53, mouse anti-p53, clone DO-
1 (Santa Cruz Biotechnology, SC-126), was also used to
confirm the specificity of the reaction to p53 protein. Mouse
monoclonal anti-p53 antibodies clone DO-7 and DO-1
are widely used and specificity of the antibodies has been
established [21].

Cell cycle profiles were obtained by the use of a
laser scanning cytometer (LSC-2, Olympus, Japan). DNA
content was measured by DAPI fluorescence using violet
(405 nm) laser excitation and a blue channel filter (460–
485 nm), then subpopulations of interest were recalled,
and localization of chromosomes, centrosomes, and p53
protein in mitotic cells was observed by DAPI, Alexa Fluor
555, and Alexa Fluor 488 fluorescence using appropriate
filter sets, respectively. Centrosome number per mitotic
cell and frequencies of centrosomal localization of p53 in
mitotic cells were analyzed by preparing multiple slides
from the same culture to obtain as many mitotic cells as
possible.

3. Results

TIG-1 human fibroblasts showed growth retardation after
70 population doubling levels (PDLs) and entered a state
of replicative senescence after 80 PDLs. Growth-arrested
cells showed typical senescent phenotypes, such as enlarged
size and β-galactosidase expression (Figure 1(a)). Cells
exposed to 200 μM H2O2 showed the same phenotypes
at the 4th day after exposure, indicating that prema-
ture senescence was induced by oxidative damage. Cell
cycle analysis showed increased frequencies of polyploid
cells (with 8C DNA) concomitant with replicative senes-
cence and premature senescence (Figures 1(a), 1(b), and
1(c)).

Most diploid mitotic cells at early passages had two
centrosomes, each of which consists of two centrioles
recognized by anticentrin-2 antibody, with bipolar spindles.
More than 60% of the polyploid mitotic cells (8C DNA or
more) at early passages also had two centrosomes, although
all other polyploid cells had more than two centrosomes
(Figures 2(a) and 2(b)). In contrast, cells at later passages
or the 4th day after exposure to H2O2 showed increased
frequencies of mitotic cells with supernumerary (>2/cell)
centrosomes, especially in a polyploid subpopulation (Fig-
ures 2(a) and 2(b)). These cells often showed incomplete
spindles and misaligned chromosomes (Figure 2(a)). Most
of the extra centrosomes with incomplete spindles also
had two centrioles similar to centrosomes with bipolar
spindles.
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Figure 1: Polyploidization associated with cellular senescence in TIG-1 cells. (a) Differential interference contrast images overlaid with
colouring reaction by senescence-associated β-galactosidase. (b) DNA histograms obtained by flow cytometer. (c) Change in frequencies of
polyploid cells (with 8C DNA) by population doubling levels in serially passaged cells (left panel) and in cells exposed to 200 μM H2O2 (right
panel).

Immunohistochemical analysis showed that p53-positive
foci were frequently present in mitotic and in interphase
cells. Some foci were localized at centrosomes, and others
were on the chromosomes (Figure 3(a)). P53 at centrosomes
was always recognized as a single focus and appears to
localize in the PCM (pericentriolar material) or on one of
two centrioles in a centrosome. The mean number of p53-
positive foci per cell was higher in the polyploid subpopu-
lation compared to the diploid subpopulation (Figure 3(b)).
Mitotic cells at the 4th day after exposure to H2O2 showed
an increased number of p53-positive foci per cell in both
subpopulations compared to untreated early passage cells

(Figure 3(b)). The frequency of centrosomes with associated
p53 protein was about 10% in untreated early passage
cells regardless of DNA ploidy, while mitotic cells at later
passages showed increased frequencies of p53-associated
centrosomes, especially in diploid subpopulations (Figure
3(c)). Interestingly, supernumerary centrosomes showed
higher frequencies of p53 localization compared to normally
duplicated (2 centrosomes/cell) centrosomes, especially in
diploid subpopulations irrespective of cell condition (Figure
3(d)). Centrosome-associated p53 foci were consistently
recognized by antibody against p53 phosphorylated at
Ser15 (Figure 4), while p53 foci on chromosomes were not
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Figure 2: Numerical centrosome aberrations associated with cellular senescence. (a) Upper left panel shows a representative mitotic cell with
normal morphology in a diploid subpopulation from early passage, and upper middle and upper right panels show abnormal mitotic cells
with supernumerary centrosomes in a polyploid subpopulation from late passage and the 4th day after exposure to H2O2. Small red arrows
indicate localization of centrosomes. Chromosomes, centrosomes, and mitotic spindles are labelled with DAPI (blue), anticentrin2 antibody
(red), and anti-α-tubulin antibody (green), respectively. Lower panels show corresponding LSC data. (b) Histograms showing frequencies
of mitotic cells with different centrosome numbers in a diploid subpopulation (4C) and a polyploid subpopulation (≥8C).

phosphorylated at Ser15. These p53 foci on chromosomes
were observed more often in the polyploid subpopulation
compared to the diploid subpopulation, and they were often
colocalized with phosphorylated histone H2AX (γ-H2AX)
foci (data not shown).

4. Discussion

This study showed that mitotic cells with supernumerary
(>2/cell) centrosomes increase with cellular aging induced by
exposure to H2O2 as well as by serial passaging, especially
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Figure 3: Localization of p53 protein in mitotic cells. (a) Representative mitotic cells showing localization of centrosomes and p53-positive
foci from early passages (upper panels), late passages (middle panels), and the 4th day after exposure to H2O2 (lower panels). Arrows indicate
centrosomes with p53 proteins. Chromosomes (blue) and centrosomes (red) are labelled as in Figure 2, and p53 protein is labelled with anti-
p53 antibody (green). (b) Mean numbers of p53-positive foci in mitotic cells. Each column is the mean of at least 50 mitotic cells from 4 to
6 experiments. ∗∗P < 0.01 with unpaired t-test. (c) Mean frequencies of p53-positive centrosomes. Each column is the frequency calculated
using pooled data from 4 to 6 experiments. ∗∗P < 0.01 with Chi-square test. (d) Mean frequencies of p53-positive centrosomes according
to centrosome numbers per cell. Each column is the frequency calculated using pooled data from 4 to 6 experiments. ∗∗P < 0.01 with
Chi-square test.
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Figure 4: Localization of p53 phosphorylated at Ser15. Representative mitotic cells showing centrosomal localization of phosphorylated
p53 (pSer 15) from early passages (upper panels), late passages (middle panels), and the 4th day after exposure to H2O2 (lower
panels). Chromosomes (blue) and centrosomes (red) are labelled as in Figure 2, and phosphorylated p53 (pSer 15) is labelled with
antiphosphorylated p53 (pSer 15) antibody (green).

in a polyploid subpopulation. Because cellular senescence
is defined as permanent growth arrest by telomere attri-
tion (replicative senescence) or various stresses (premature
senescence) [22–24], the changes associated with cellular
senescence in mitotic cells may have occurred in a near-
senescent state. Recent studies have shown that cellular
senescence is triggered by the DNA damage response
induced by telomere attrition or oxidative DNA damage
[23–26]. Therefore, cells in a near-senescent state may have
extensive DNA damage that causes centrosome aberrations.
Supernumerary centrosomes (>2 centrosomes/cell) could
be formed due to several different mechanisms including
overduplication in diploid cells, reduplication in the course
of polyploidization, centrosome fragmentation, or centriole
separation. However, supernumerary centrosomes observed
in this study are not considered to be formed mainly by
centrosome fragmentation or centriole separation, because
most of the extra centrosomes consisted of two centrioles as
recognized by anticentrin-2 antibody. The point of note is
the relationship between numerical centrosome aberrations

and DNA ploidy. Because centrosomes are duplicated in
synchrony with DNA duplication, endoreduplication of
DNA in polyploid cells may result in multiple centrosomes
[5, 27]. However, more than 60% of polyploid mitotic
cells at early passages had only two centrosomes, while the
majority of polyploid mitotic cells formed in association
with cellular senescence had more than two centrosomes
(Figure 2(b)). In this point, we have recently shown that
proliferative tetraploid cells established from normal human
fibroblasts had only two centrosomes with bipolar spindles
and grew at the same rate as diploid parent cells [28].
Therefore, mechanisms leading to the formation of bipolar
spindles with two centrosomes in polyploid cells should exist.
Mechanisms other than polyploidization may also be respon-
sible for the numerical centrosome aberrations induced by
cellular aging. Centrosome overduplication during cell cycle
arrest by DNA damage response should also be consid-
ered as a possible mechanism for numerical aberrations
of the centrosomes, as suggested by other investigators
[11, 29, 30].
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The present study shows that p53 protein localizes at
centrosomes as shown by others [16, 17, 20, 31, 32], although
its role is still not clear. The most significant finding of the
present study is that the centrosomal localization of p53
correlated with numerical centrosome aberrations. Super-
numerary centrosomes showed consistently higher frequen-
cies of p53 localization compared to normally duplicated
centrosomes, although statistical significance was observed
only in diploid subpopulations. This correlation suggests that
the centrosomal localization of p53 in human fibroblasts
may be significantly associated with numerical centrosome
aberrations. Moreover, Ser15 phosphorylation of p53 local-
ized at centrosomes suggests that this may be associated
with the DNA damage response, because p53 is known
to be phosphorylated at Ser15 by ATM in DNA damage
response after radiation [33, 34]. Although the significance
of p53 localization at supernumerary centrosomes is not
clear, it is possible that this localization may be promoted
by DNA damage response. However, results of this study are
somewhat inconsistent with other studies. The frequency of
centrosomes with p53 protein in untreated cells was relatively
lower compared to those reported in other studies. But the
cells used in other studies were mouse cells in which human
p53 genes were introduced [17, 32] or a lymphoblastoid cell
line [16, 20, 35]. Therefore, the difference in the frequency
of p53 positive centrosomes in untreated cells between
this study and other studies might be cell- or species-
specific. But the validity of this assumption is not certain,
because the frequency of p53 localization to centrosomes in
normal human fibroblasts has not been reported so far. It
is also possible that sensitivity of the immunofluorescence
procedure employed in this study was not sufficient for
the complete detection of p53 protein on centrosomes. The
majority of signals showing p53 protein on centrosomes were
relatively weak.

Another point that needs to be considered is the role
of p53 phosphorylation in p53 localization at centrosomes
during mitosis. The studies using a lymphoblastoid cell line
have shown that ATM-dependent phosphorylation of p53
at serine 15 is required for centrosomal localization of p53,
and this phosphorylated p53 is rapidly dephosphorylated
upon association with centrosomes [16, 20]. They showed
that treatment of cells with serine-phosphatase inhibitor
NaF before immunostaining is necessary to detect Ser
15 phosphorylated endogenous p53. In our experiments,
however, centrosome-associated p53 foci seemed to be
consistently phosphorylated at Ser15 in the absence of phos-
phatase inhibitors irrespective of DNA ploidy or whether
centrosomes were normally duplicated or overduplicated.
Although the reason for this discrepancy is not clear, it
is possible that ATM-dependent Ser 15 phosphorylation of
p53 in DNA damage response promoted localization of p53
at supernumerary centrosomes. Furthermore, we speculate
that p53 protein localized at supernumerary centrosomes
inactivates their function as the microtubule organizing
centres, although this speculation lacks supporting data.
Some studies published recently have shown that p53 is
necessary to ensure bipolar mitosis and maintain chromo-
somal stability of tetraploid cells, which would otherwise

cause multipolar mitosis due to supernumerary centro-
somes [36, 37]. These observations regarding p53 func-
tion in maintaining chromosomal stability favor the above
hypothesis.

The centrosome function in regulation of cell cycle and
mitosis is increasingly being recognized, and many proteins
implicated in such regulation have been shown to localize at
centrosomes [19, 38–43]. They include cell cycle regulators
such as cyclin-dependent kinases or cyclins, mitotic regula-
tors such as Aurora kinases or TACC (transforming acidic
coiled-coil), and mitotic checkpoint kinases such as BubR1
or Mad2. Expression and localization of those regulators may
be affected directly or indirectly by p53 activation in DNA
damage response, leading to control of cell cycle and mitosis.
On the other hand, deregulation of those factors may activate
p53 and p21 as well, causing premature cellular senescence
to minimize chromosomal instability [44, 45]. Functions of
centrosomes in regulating cell cycle and mitosis are not fully
understood, however, and the significance of p53 localization
at centrosomes should be defined more clearly in the near
future.

Genetic instability of polyploid cells, which could lead
to the formation of aneuploid cells, is well known [27, 46,
47], and an increase with age of polyploid cells in vivo
and in vitro has been reported [48–51]. Therefore, age-
associated chromosomal instability and tumorigenesis might
be attributable to an increased frequency of polyploid cells
with age. Results of the present study reveal that numerical
centrosome aberration in polyploid cells is significantly
associated with cellular aging induced by oxidative stress
as well as repeated DNA replication. This association
may lead to age-associated chromosomal instability and
tumorigenesis. In addition, p53 protein activated during
the DNA damage response is suggested to be associated
with supernumerary centrosomes during mitosis, which may
contribute to maintain chromosomal stability.
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Knowledge about the different mechanisms underlying the aging process has increased exponentially in the last decades. The fact
that the basic mechanisms involved in the aging process are believed to be universal allows the use of different model systems, from
the simplest eukaryotic cells such as fungi to the most complex organisms such as mice or human. As our knowledge on the aging
mechanisms in those model systems increases, our understanding of human aging and the potential interventions that we could
approach rise significantly. Among the different mechanisms that have been implicated in the aging process, DNA repair is one of
the processes which have been suggested to play an important role. Here, we review the latest investigations supporting the role
of these mechanisms in the aging process, stressing how beneficial the use of different model systems is. We discuss how human
genetic studies as well as several investigations on mammalian models and simpler eukaryotic organisms have contributed to a
better understanding of the involvement of DNA repair mechanisms in aging.

1. Introduction

Our cells are constantly exposed to endogenous and exoge-
nous agents that induce damage to the cellular macromole-
cules such as DNA, RNA, proteins, and lipids. The sources
of this damage include a broad range of agents such as
industrial chemicals and combustion products present in our
environment, UV radiation from the sun, and endogenous
metabolic byproducts. In contrast to damaged lipids and
proteins, damaged DNA, which carries the inherited genetic
information of the cell, cannot be replaced. Therefore,
formation of DNA lesions can have profound consequences
for genomic stability due to the effect that these lesions can
have on polymerase fidelity and processivity. Spontaneous
reactions, such as hydrolysis, are the major sources of DNA
damage. They can lead to deaminated bases and abasic sites
in the DNA. Another very prominent type of endogenous
DNA damage, oxidative DNA damage, is caused by reactive
oxygen species (ROS), which are formed continuously as a

consequence of normal aerobic metabolism during mito-
chondrial respiration but also by inflammatory responses.
ROS can also be formed by a number of external fac-
tors including UV- and ionizing radiation and chemical
mutagens. DNA repair mechanisms have evolved to remove
the majority of all DNA lesions, but if these mechanisms
are not sufficiently efficient, it will lead to DNA damage
accumulation, which is likely to result in mutations and
cellular dysfunction. Due to close proximity of the mito-
chondrial DNA to the inner mitochondrial membrane, the
mitochondrial genome is more heavily exposed to ROS
than the nuclear DNA and therefore also more likely to
experience DNA damage. Thus, the mitochondrial free
radical theory of aging [1] postulates that organisms age
due to the accumulation of DNA damage and mutations
in the mitochondrial DNA, leading to mitochondrial and
eventually cellular dysfunction. This paper explores some of
the recent research, which has been performed in order to
uncover the relationship between DNA damage, DNA repair
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mechanisms, and the aging process, and emphasis is given to
the use of eukaryotic model systems for this area of research.

2. DNA Damage and Aging

Among the wide variety of known DNA lesions, 8-oxo-
deoxyguanosine (8oxoG) has received a lot of attention due
to its mutagenicity and because of the possible correla-
tion between its accumulation and pathological processes
like cancer, degenerative diseases, and aging. However, an
increasing number of studies also include other types of DNA
lesions. Numerous studies report measurement of DNA
damage in nuclear and mitochondrial DNA from tissues of
young and old organisms, with variable outcomes. Although
still controversial, several careful studies do show that 8oxoG
accumulates with age. Thus, in a recent study Gan and
coworkers used a sensitive LC-MS/MS method to demon-
strate that 8oxoG increases with age in DNA in a number
of different mouse tissues, with the largest age-dependent
increase in brain [2]. Likewise, it was shown in another
recent study that the oxidative DNA lesion 8,5′-cyclopurine-
2′-deoxynucleoside accumulates with age in a tissue spe-
cific manner in mouse [3]. Using a high-performance
liquid chromatography—electrochemical—detector Lee and
coworkers showed a positive correlation between the level
of 8oxoG in DNA and age in human gastric tissue [4].
Importantly, Hudson and coworkers have shown that 8oxoG
increases three-fold with age in mitochondrial DNA of rat
heart [5] and a number of other studies have reported
similar results for mitochondria of other tissues including
postmitotic tissues (reviewed in [6]).

Beside being exposed to endogenous ROS, the DNA
of for example skin cells may also be heavily exposed to
environmental factors such as UV irradiation due to sun light
exposure. Photodamage leads to thymine dimers, 6–4 pho-
toproducts, and ROS that damage genomic DNA and give
rise to mutations in coding or regulatory DNA sequences of
critical genes. The protective repeated DNA sequences at the
end of our chromosomes, the telomeres, are disproportion-
ately damaged by both UV and ROS, due to their greater
proportion of target TT and G bases compared with the chro-
mosomes overall. Such damage is postulated to disrupt the
telomeric loop, expose the TTAGGG overhang, and promote
aging (reviewed in [7]). UV radiation produced ROS may
also activate cell surface receptors, which eventually leads
to reduced dermal matrix formation. In dermal fibroblasts,
UV irradiation also induces mitochondrial DNA deletions,
leading to compromised synthesis of mitochondrial proteins,
further increase of reactive oxygen species (ROS), and de-
creased ability of the cell to generate energy.

Epidemiological studies suggest that smoking is another
important environmental factor in skin aging. Exposure to
tobacco smoke causes DNA single-strand breaks, aromatic
adducts, and oxidative damage to DNA, chromosome aber-
rations, and micronuclei (reviewed in [8]). ROS in tobacco
smoke also increases the expression of matrix metallopro-
teinases, and the elevated enzyme levels are suggested to lead
to the degradation of collagen and elastic fibers in the skin

[9]. Finally, DNA double strand breaks pose severe problems
for cells and this type of DNA damage also seems to increase
with age in various tissues [10, 11].

3. Nuclear and Mitochondrial DNA
Repair Pathways

Due to the serious consequences that DNA damage accumu-
lation may have on cellular function and survival, different
pathways of DNA repair have evolved in order to prevent it.
DNA repair pathways have mainly been investigated in the
nucleus; however, some of the known pathways have also
been described in mitochondria (Figure 1).

3.1. Nucleotide Excision Repair (NER). In nuclear DNA, the
NER mechanism can remove numerous types of helix dis-
torting and bulky lesions. Additionally, NER is central for
the repair of DNA cross-links. Briefly, the NER pathway
includes damage recognition, opening of the DNA helix,
incision of the nucleotides surrounding the lesion, gap filling
replication, and ligation. NER has two subpathways with
different ways of detecting lesions: the global genome (GG)
NER and transcription coupled (TC) NER.

Damage recognition of the NER is accomplished through
sequential actions of multiple proteins. For GG-NER destabi-
lization of the base pairing is detected by xeroderma pigmen-
tosum complementation group C (XPC) protein in complex
with the human homologue Rad23B (hHR23B) protein,
which is suggested by many studies to be the first protein fac-
tor to arrive at the lesion, and it ensures a broad spectrum
of substrate specificity. Additionally, UV-damaged DNA-
binding protein (UV-DDB) recognizes particular types of
lesions, such as UV-induced photoproducts, thereby recruit-
ing XPC and extending the substrate specificity [12]. For
TC-NER, damage recognition is believed to be caused by
the blockage of the transcribing RNA polymerase II on
the damaged DNA template. TC-NER is then initiated by
the Cockayne Syndrome complementation group B (CSB)
protein, later followed by the CSA gene product. In both GG-
NER and TC-NER, the lesion recognition step is followed
by recruitment of TFIIH. The XPB and XPD helicases from
the 10-subunit TFIIH complex unwind the DNA around
the lesion. The initial open complex is stabilized by XPG
and XPA, verifying the lesion, and by RPA, which binds the
opposite intact single-stranded DNA. The structure-specific
endonucleases XPG and ERCC1/XPF cleave 3′ and 5′of the
lesion, respectively. The resulting 24–32 nucleotide fragment,
containing the lesion, is removed and the remaining single-
strand gap filled by the replication machinery and the
resulting nick is sealed by ligase I or ligase III [13, 14]. NER
does not seem to take place in mitochondria (reviewed in
[15]).

3.2. Base Excision Repair (BER). The BER pathway is respon-
sible for the repair of a broad spectrum of DNA base adducts.
BER takes place both in nuclei and mitochondria and is
therefore the main guardian against endogenously derived
DNA lesions in the nucleus as well as the mitochondria
[16, 17]. Thus, the BER pathway is very critical for the
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4 Oxidative Medicine and Cellular Longevity

maintenance of genomic stability [18]. As described in the
introduction, one of the most prominent theories of aging,
the mitochondrial free radical theory of aging, states that
free radicals generated in mitochondria are involved in the
intrinsic aging process, mainly due to the accumulation of
oxidative damage and derived mutations in mtDNA [19, 20].
The relevance of BER mechanisms have been highlighted by
studies in yeast and animal models reporting that defects
in BER enzymes shorten chronological life span and are
associated with aging or age-related diseases [21, 22].

Briefly, the BER pathway is initiated by removal of the
modified base by a lesion-specific mono- or bifunctional
DNA glycosylase, which leaves an apurinic/apyrimidinic site
(AP site). AP sites are incised by AP endonuclease 1 (APE1)
generating single-strand breaks (SSBs). End processing of
SSBs is necessary, since they contain obstructive 3′ or 5′

termini, and this is performed by polymerase β (Polβ), APE1,
or polynucleotide kinase 3′-phosphatase (PNKP) depending
on the specific terminus. Completion of the BER pathway is
performed by either of two subpathways: short-patch BER
or long-patch BER [23]. In the nucleus, the final steps of
the short-patch BER pathway include filling of the single
nucleotide gap by Polβ assisted by the scaffold protein
XRCC1, and subsequently ligation by ligase 3α. In the long-
patch BER pathway, one or two polymerases (Polβ and
Polδ/ε) fill in the 2–13 nucleotides gap assisted by additional
proteins (PCNA, RFC, and Fen1) followed by ligation by
ligase I. Recently, both subpathways have been described to
take place in mitochondria as well [24, 25]. In mitochondria,
the only polymerase in charge of the gap filling is the
polymerase γ (polγ) (reviewed in [18]).

3.3. Mismatch Repair (MMR). Mismatched nucleotides
cause genomic instability and are generated when errors of
DNA polymerase escape their proofreading activity or, for
example, polymerase slippage occurs at repetitive sequences.
The MMR pathway was previously considered exclusively to
take place in the nucleus, but several reports have indicated
some form of mitochondrial MMR activity (reviewed in
[15]). Briefly, the eukaryotic nuclear MMR pathway can
be divided into four consecutive steps. (i) Recognition
and binding of a mismatch by either a MSH2-MSH6
or MSH2-MSH3 heterodimeric ATPase complex. MSH2-
MSH6 preferentially recognizes base-base mismatches and
insertion-deletion loops of 1-2 nucleotides while MSH2-
MSH3 has preference for larger insertion-deletion loops. The
mismatch-bound MSH2-MSH6 (or MSH2-MSH3) complex
recruits the MLH1-PMS2 complex in order to form a ternary
complex. A proliferating cell nuclear antigen (PCNA) clamp
recruits MMR proteins to the replication fork while the
clamp loader replication factor C (RFC) loads PCNA. A
strand-specific nick or gap, which may reside either 5′ or
3′ to the mismatch, is sufficient to direct repair in 5′- and
3′-directed MMR, respectively. (ii) Excision is performed by
the exonuclease EXO1 in both 3′- and 5′-directed MMR.
RPA binds to protect the single-stranded DNA during the
excision and to facilitate the following DNA repair synthesis.
(iii) Repair synthesis is accurately performed by Polδ. (iv)

Ligation of the remaining nicks after DNA synthesis is
performed by ligase I (reviewed in [26]). MMR proteins
have been identified in yeast and coral mitochondria but
MMR complexes, as we know them from the nucleus, have
not yet been detected in human mitochondria. Still, human
mitochondria do seem to have mismatch-repair activity,
which involves proteins distinct from nuclear MMR. One of
these proteins is the repair factor YB-1 [27].

3.4. Recombinational Repair. DNA double-strand breaks
(DSBs) are some of the most hazardous DNA lesions, since
they can lead to genome rearrangements. The DSB repair
pathway is regulated by several phosphorylation events, start-
ing immediately after DSB formation, where large numbers
of the histone protein H2AX are phosphorylated (γH2AX)
and accumulate in the chromatin around the break [28, 29].
Several DSB damage response proteins accumulate in foci
around DSBs and send signals via signal transducers to a
set of downstream effectors, which affect events like DNA
repair, cell cycle checkpoints, telomere maintenance, and
transcription. Two major mechanisms exist to repair DSBs:
homologous recombinational repair (HRR) and nonhomol-
ogous end joining (NHEJ). The main difference between the
two major DSB repair pathways is the error-prone nature of
NHEJ in contrast to the error-free HRR. The balance between
the DSB repair pathways differs among species, cell types,
and during the phases of the cell cycle [30].

The NHEJ pathway takes place throughout the cell cycle,
whereas HRR repairs DSBs during the S and G2 phase of
the cell cycle [31]. Recognition of DSBs in NHEJ is per-
formed by the Ku70/80 heterodimer, which also recruits
DNA PKcs forming a DNA PK complex on both sides of
the DSB [32, 33]. The DNA ends are processed followed by
autophosphorylation of DNA PKcs that regulates the final
ligation [34]. HRR uses homologous sequences in sister
chromatids to repair DSBs, especially those formed at col-
lapsed replication forks. Phosphorylation of BRCA1 (by
ATM, ATR, and CHK2) regulates the MRN end processes.
Then the 3′ssDNA ends are bound to RPA, and following
several phosphorylation steps and the action of different
enzymes (Rad52, BRCA2, and CDKs), the 3′ssDNA ends
are bound to Rad51 leading to the formation of a nucleo-
protein filament that invades a homologous sequence. The
invading and complimentary strands extend and once all
intermediates are repaired, the HRR pathway is terminated.
DSBs are believed to contribute to mtDNA rearrangements
observed during aging [35]. Although some reports have
suggested mitochondrial recombinational repair in model
organisms (yeast and Drosophila melanogaster) [36–38], our
knowledge of mammalian mtDNA recombination is still
limited (reviewed in [39]).

4. Human Aging and Single-Nucleotide
Polymorphisms (SNPs) in Genes Related to
DNA Repair Mechanisms

The involvement of genetic factors on longevity has been
investigated by heritability studies using twin cohorts. The
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concept of heritability is valuable for identifying to which
extend individual genetic differences contribute to observed
individual differences for a specific trait in a study population
[40]. Several of those heritability studies have suggested that
additive genetic factors account for a quarter to one-third
of the variation in human lifespan [41–43]. Thus, epidemi-
ological geneticists have been searching for genes involved
in longevity, and recent population studies have investigated
correlations of numerous single-nucleotide polymorphisms
(SNPs) with longevity in order to identify longevity genes.
One gene that has been described to strongly relate to
longevity is the forkhead box O3A (FOXO3) [44, 45], which
is a transcription factor involved in apoptosis and protection
from oxidative stress [46]. Additionally, FOXO3 regulates the
stress resistance of cells by facilitating the repair of damaged
DNA [47].

Similar studies with other genes have led to the con-
clusion that it may be possible to identify genetic variants
that affect lifespan, inspiring human geneticists to investigate
different candidate genes that may be involved in human
longevity. Genes related to the maintenance of DNA stability
are among those candidate genes.

Initial findings were obtained by analyzing single or a few
SNPs in selected candidate genes. The human exonuclease 1
(EXO1) gene was identified as a potential longevity candidate
gene by investigating SNPs in approximately 400 German
and French centenarians [48]. EXO1 is a 5′-3′ exonuclease
participating in MMR and homologous recombination [49].
Interestingly, EXO1 also interacts with the WRN protein. As
will be described in more detail later, WRN protein is crucial
for the maintenance of genomic stability [50]. Additionally,
an association study on SNPs in the WRN gene suggested
associations between WRN polymorphisms, longevity, and
age-associated diseases in Mexican and Finnish populations
[51]. Hence, WRN is suggested to be a longevity candi-
date gene. The antioxidant enzymes superoxide dismutases
(SOD1 and SOD2) are responsible for converting superoxide
radicals, which are harmful to macromolecules and to oxygen
and hydrogen peroxide. Variations in SOD1 and SOD2 were
shown to influence human longevity, and thus also suggested
as candidate genes for longevity [52].

Despite that some studies suggest central DNA repair
and antioxidant genes as candidate longevity genes, it has
been difficult to replicate these findings in independent
study populations. Thus, identification of universal longevity
polymorphisms is a difficult task, due to the fact that genetics
of longevity seems to be extremely complicated.

It is now widely accepted that complex traits, such as
longevity, are determined by numerous genes with small
effects, and results from single SNP analysis provide limited
biological insight. Instead of analyzing single SNPs, recent
studies have investigated combined effect of a group of SNPs
located in genes involved in the same biological pathway.
Successive to the HapMap project [53], the tagging SNP
approach is considered a stronger approach than investigat-
ing few gene variations, since the most common gene varia-
tions in the entire gene is covered. The most comprehensive
study of large collections of longevity candidate variations

to date has identified novel SNPs to be associated with
human longevity [54]. By a case control design, including
1089 oldest-old and 736 middle-aged, Danes, Soerensen and
coworkers investigated several rare allele variants in genes
involved in DNA metabolism, such as BER genes (NTHL1,
Polβ, and WRN) and DSB repair genes (RAD52, H2AFX,
XRCC5, and WRN). By a longitudinal study approach, SNPs
located in genes coding for DNA repair and antioxidant
gene products were identified to associate with longevity
[54]. Rare allele variants of MLH1, involved in MMR, and
XRCC5, involved in DSB repair, as well as rare allele variants
of XDH and TXNRD1, pro- and antioxidant enzymes, were
advantageous, whereas the presence of rare allele variants in
H2AFX, related to nucleosome formation and DNA damage
signaling, appeared disadvantageous for longevity. Together,
the studies suggest new candidate variations for human
longevity located in pro-/antioxidant, DNA damage signal-
ing and DNA repair genes, and highlight the importance
of functional studies of the molecular effects of these newly
presented candidate variants [54].

Increased telomere length has been associated with
longevity in human leukocytes [55], and decreased telomere
length in leukocytes has been associated with increased
mortality [56]. At the telomere ends, T-loops are formed,
which stabilize the telomeric region and prevent the ends
from being recognized as DNA breaks by DNA repair
proteins. The shelterin complex holds the T-loop together,
protecting the telomeres [57]. Absence of T-loops will allow
NHEJ at the telomeric ends, resulting in chromosomal
fusion. The telomere length is regulated by telomerases and
associated factors [58]. Recent studies have investigated the
associations between telomere length and SNPs in telom-
erase and shelterin genes [55, 59–62]. The most promising
results have been reported in relation to TERC and TERT
genes; interestingly two of these studies have also described
associations between the TERT and TERC genes and human
longevity [55, 61].

5. Age Regulation of DNA Repair in
Human Population Studies

Previous studies investigating SSBR in peripheral blood
mononuclear cells (PBMCs) from differently aged donors
suggest minor or no effect of age [63–66]; however, the
endogenous level of SSBs was found to be significantly higher
at old age [67–69]. An age-related decline of NHEJ functions
in brain tissue has been suggested from animal studies [70,
71]. In line with these results, PBMCs from elderly humans
showed reduced nuclear localization and DNA binding of
the NHEJ specific Ku70/80 complex compared to PBMCs
from young humans [72]. In another study, PMBCs showed
an age-related decline of Ku70 levels [73], and a different
study reported declining levels of Ku80 with age [74]. Using a
host cell reactivation assay, Wei and coworkers found that the
human NER capacity in PMBCs declines with approximately
0.6% per year [75]. Together, these studies suggest biological
changes in DNA repair with age, while powerful functional
studies are missing.
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6. Animal Models as a Useful Approach to
Human Aging

As previously described, DNA repair pathways have evolved
as important systems for maintenance of DNA stability and
cell survival. Proteins in the main DNA repair pathways are
highly conserved [76, 77], and such high degree of conser-
vation indicates that DNA repair pathways are fundamental
mechanisms in cell survival. As observed in other DNA repair
pathways, many of the genes involved in the BER pathway are
highly conserved from bacteria to humans [78–80].

Since aging mechanisms have been proposed to be uni-
versal [81], animal models have become an excellent tool for
investigation of the molecular mechanisms involved in the
human aging process, including DNA repair pathways. One
of the main advantages of animal models is that most of them
have relatively short life span and that genetic modification
is possible. Along with mammalian models, aging research
studies and DNA metabolism include unicellular organ-
isms and multicellular eukaryotes such as D. melanogaster,
Caenorhabditis elegans, [82–85], or filamentous fungi like
Podospora anserina [80, 86]. Investigations in these models
have contributed notably to the understanding of the role
of DNA repair mechanisms in the aging process in humans,
particularly those taking place in mitochondria.

One of the first studies using mammalian models for
investigating the relation between aging and DNA repair
mechanisms was the one performed by Hart and Setlow
[87]. They investigated the repair of UV-light induced
DNA damage in fibroblasts of different mammalian species,
reporting that DNA repair activity was inversely correlated
to the maximum life span potential (MLSP) [87]. In a
similar recent investigation on C. elegans strains showing
different longevities, long-lived strains showed higher rates
of UV-induced DNA damage repair than the wildtype nema-
todes [83]. Comparative studies using different mammalian
species have also been used in order to investigate the
correlation between BER mechanisms and MLSP. Brown and
Stuart reported no correlation, when nuclear BER activities
were analyzed in mammalian dermal fibroblasts [88]. Up
to now, no investigation has been performed analyzing the
correlation between mitochondrial BER and MLSP.

Compiling evidence supports that during aging alter-
ations in BER capacity occur, age-related deficiencies in those
mechanisms play an important role in cell function and
survival, particularly in postmitotic tissues. As mentioned
above, the mtBER pathway is highly conserved among mam-
malian species, and mice are widely used for investigating
the role of mtBER in the aging process. Mitochondrial BER
capacity has been described to be organ-specific, with the
brain being one of the tissues with the lowest capacity
[89]. Various studies have investigated the role of changes
in mitochondrial BER in age-related functional decline,
showing tissue specific age-related changes. Although some
studies have observed a reduction in mtBER with aging
in rat liver mitochondria [90], most of the investigations
in murine mitochondria from hepatic and cardiac tissues
have reported increases in APE1 activity and increases or no
changes in DNA glycosylase activities during aging [91–93].

On the other hand, a general decline in DNA glycosylase
activity has been observed in brain cortical mitochondria in
rats [94] and mice [95, 96]. These results support the idea
that mtBER plays a critical role in the maintenance of the
central nervous system during aging [97]. We have reported
significant differences in mtBER among various mouse
brain regions during aging. Thus, we found that in cortical
mitochondria, DNA glycosylase activities peaked at middle
age followed by a significant drop at old age. However, only
minor changes were observed in hippocampal mitochondria
during the whole lifespan of the animals. Mitochondrial
AP endonuclease activity increased in old animals in both
brain regions [96]. The cortical region and the cerebellum
have been described to accumulate less mtDNA lesions
with aging and to be more resistant to oxidative stress
conditions [98–100]. Interestingly, those regions showed
higher BER capacity than hippocampus, which has been
described to be a much more vulnerable region in the brain
[98, 99]. A recent investigation also supports the relevance
of mtBER in brain aging and stresses the importance of
the central nervous system heterogeneity in these processes,
since the age-related decline in brain mtBER seems to occur
specifically at the synapses [101]. Although investigations
on mtBER in humans are scarce, results obtained on mito-
chondrial, nuclear, or total BER from central nervous system
cell cultures or even postmortem neuronal human tissue
suggest that the results obtained from mouse studies can be
transferred into humans. Thus, increasing Ogg1 activity in
mitochondria from oligodendrocytes after targeting hOGG1
into mitochondria increases cell survival and protects against
induced-oxidative stress [102]. Moreover, Weissman and
coworkers reported that a significant decline in total BER
takes place in the cortical area of Alzheimer’s patients [103].
Postmitotic tissues are specially affected during aging, and
an age-related decline has also been reported in mtBER in
skeletal muscle [104], which has been suggested to contribute
to age-related sarcopenia. Studies in the aging model P.
anserina have also shown that aging is associated with a
decrease in mitochondrial BER [80], likely contributing to
the observed mtDNA instability in the aged fungi [105].

An important approach in the study of the role of DNA
repair in the aging process is the development of several
knockout (KO) mice. Among them, those models being
deficient in essential enzymes in the BER pathway have
resulted in embryonic lethality, such as APE1 or Polβ or ligase
III [106–108], revealing the importance of these enzymes in
cellular survival. Since DNA glycosylases have a certain grade
of overlapping activity, KO mice for these enzymes generally
result in elevated levels of DNA lesions but no apparent aging
phenotype, although some KO mice show higher incidence
of cancer [109–111].

Mice mutated in Ku70 or Ku80, proteins involved in
repair of DSBs, display an early aging phenotype [112], and
are therefore an interesting model for studying the role of
NHEJ in aging. Also, Ercc1 and Xpf mutant mice, with a
defect in NER and cross-link repair, display reduced lifespan
and a broad range of aging-associated changes at an early age,
and thus provides another valuable model for studying the
role of DNA repair mechanisms in aging [113]. Mice carrying
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a specific XPD point mutation found in several patients
suffering from trichothiodystrophy (TTD) recapitulate the
human disorder to a great extent, but in addition they display
pathology consistent with accelerated aging (reviewed in
[114]).

A mouse model developed in the last decade, the mito-
chondrial mutator mouse, appears as an interesting model
in which to investigate the causative link between mtDNA
mutation accumulation and aging, and the role that mtBER
may play in the process [115, 116]. Moreover, the generation
of this knock-in mouse expressing proof-reading deficient
Polγ, but conserved replicative function, is considered by
some authors as an important support of accelerated mtDNA
mutation rate resulting in increased aging rate [117, 118].
In various tissues of this mouse model, mtDNA point
mutations as well as mtDNA deletions accumulate at a much
higher rate than in the wildtype mice [115, 116]. However,
whether it is the accumulation of mtDNA deletions or point
mutations that drive the premature aging phenotype and the
precise mechanisms are still discussed [119, 120].

Some animal models have also been used in order to
investigate the role of DNA repair mechanisms on age-
related diseases, mainly age-related neurodegenerative dis-
eases. Thus, different mouse models have been created in
attempts to elucidate the underlying molecular mechanisms
for disorders such as Alzheimer’s (AD), Parkinson’s (PD),
or Huntington’s disease (HD), and some of them have been
used to investigate the potential role of DNA repair in
those disorders [14, 121]. Investigations of age-related neu-
rodegenerative diseases on humans are normally limited to
postmortem tissue samples; consequently, animal models of
those diseases are very valuable. However, the results ob-
served in animal models do not always match those found in
humans. For instance, although a general decline in BER has
been described in postmortem cortical tissue in AD patients
[103], no changes have been observed in BER mechanisms
when the investigations have been performed in the APP
and 3xTgAD mouse models [101, 122]. Interestingly, these
particular models, unlike humans, do not display neurode-
generation despite the fact that both amyloid-β plaques
and neurofibrillary tangles accumulate. Two well-established
mouse models for HD have related DNA repair mechanisms
with the progression of the disease. Whereas investigations
on the HdhQ111 knock-in mice have supported the role
of mismatch repair proteins in HD [123, 124], studies on
R6/1 mice have revealed the contribution of BER enzymes,
particularly OGG1, to CAG expansion in somatic cells that
takes place in HD [121]. A recent report suggests that CSB
may also be involved in promoting CAG repeat expansion in
HD [125, 126].

7. Premature Aging Syndromes

Finally, another important approach to human aging is the
study of genetically inherited premature aging syndromes.
Such syndromes have been widely used as valuable tools
in understanding the normal aging process [127]. Similarly
to age-related neurodegenerative diseases, the investigation
of human tissues in these syndromes is limited due to

scarcely available tissue samples. Thus, research on mouse
models and established human cell lines has been critical
for understanding some of the mechanisms involved in
premature aging syndromes and furthermore increased the
understanding of the normal aging process in humans.
The DNA repair defective disease Cockayne syndrome
(CS), which is a segmental premature aging syndrome, is
associated with severe developmental deficiencies and neu-
rodegeneration. Although transcription coupled NER (TC-
NER) is a prominent DNA repair pathway affected in this
syndrome, an increasing number of investigations indicate
that BER is affected as well [128]. In the last years, the
investigations that have been carried out on different models
of CS, particularly on the models of CSB, have dramatically
improved our knowledge about this syndrome and the
several roles that the CSB protein plays in genomic stability
and cellular survival. Along with the alterations in TC-
NER, deficiency in the repair of 8oxoG was initially reported
both in whole cell extracts [129] and in mitochondria from
mammalian CSB-deficient cells [130]. Moreover, CSB seems
to play a role in general mitochondrial maintenance [131].
In accordance, the CSB protein, which was thought to be
present exclusively in the nucleus, has recently been shown
to localize to mitochondria [132]. This investigation suggests
that CSB protein plays a direct role in mtBER by interacting
and stabilizing BER proteins in the protein-DNA complexes
associated with the inner mitochondrial membrane when
mtDNA repair takes place. In addition, it has recently been
reported that CSB-deficient cells show higher free radical
production and accumulation of damaged mitochondria
together with altered mitochondrial autophagy [133]. Thus,
the authors suggest that CSB may act as an mtDNA damage
sensor, inducing mitochondrial autophagy in response to
stress.

Werner syndrome (WS) is another genetically inherited
premature aging syndrome, which has been studied intensely
with regard to the molecular role of the affected gene
product, WRN. The syndrome is characterized by premature
graying and thinning of hair, cataracts, diabetes mellitus,
osteoporosis, and a number of other typical age-associated
deficiencies. The affected WRN protein is a member of
the so-called RecQ helicases and orthologs exist in a
wide variety of organisms such as Saccharomyces cerevisiae,
Schizosaccharomyces pombe, C. elegans, and Xenopus laevis
(reviewed in [134]). Based on cellular and biochemical
studies of WRN-deficient cell lines, the WRN protein has
been suggested to have multiple roles in DNA repair. Hence,
the protein interacts with several DNA repair proteins,
which are involved in BER, NHEJ, or HHR. This is in
agreement with the fact that WS cells show phenotypes
such as nonhomologous chromosome exchanges and large
chromosomal deletions, caused by deficiency of DSBR [135],
and accumulation of, for example, Fapy lesions, which are
induced by ROS [136].

In conclusion increasing evidence suggests that DNA
repair mechanisms are involved in the aging process. Addi-
tional studies using various model systems will help us gain
an even better understanding on the functional relationship
between these associations.
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Aging is a multifactorial process that depends on diverse molecular and cellular mechanisms, such as genome maintenance and
inflammation. The nuclear enzyme poly(ADP-ribose) polymerase 1 (PARP1), which catalyzes the synthesis of the biopolymer
poly(ADP-ribose), exhibits an essential role in both processes. On the one hand, PARP1 serves as a genomic caretaker as it
participates in chromatin remodelling, DNA repair, telomere maintenance, resolution of replicative stress, and cell cycle control.
On the other hand, PARP1 acts as a mediator of inflammation due to its function as a regulator of NF-κB and other transcription
factors and its potential to induce cell death. Consequently, PARP1 represents an interesting player in several aging mechanisms
and is discussed as a longevity assurance factor on the one hand and an aging-promoting factor on the other hand. Here, we review
the molecular mechanisms underlying the various roles of PARP1 in longevity and aging with special emphasis on cellular studies
and we briefly discuss the results in the context of in vivo studies in mice and humans.

1. Genomic Stability, Inflammation, and Aging

Aging has been defined as a progressive postmatura-
tional decline in physiological capacity, accompanied by an
increased susceptibility to disease and an increased mortality
risk. Mechanisms to maintain genomic stability are thought
to counteract the aging process, whereas inflammation is
considered a driving force of human aging [1].

A large body of evidence supports the theory that genom-
ic instability acts as a causative factor in the aging process,
which is evident from the fact that most mouse models of
premature aging as well as human progeria syndromes are
related to defects in mechanisms of genomic maintenance
[2]. This may be attributed to the fact that DNA serves as
a blueprint of all cellular RNAs and proteins. Any acquired
change in its sequence, which may arise from molecular
damage, is permanent and thus may have irreversible con-
sequences. For this reason nature invested in a sophisticated
network of various mechanisms (i) to maintain genome
integrity, such as DNA repair and cell cycle control, and
(ii) to withdraw heavily damaged cells from the body, such

as apoptosis and cellular senescence. However, even if these
mechanisms may be very efficient they cannot cope with all
the insults induced in the genome, leading to a gradual accu-
mulation of DNA damage and mutations, thus contributing
to organismic aging [2].

On the other hand, a direct relationship exists between
physiological aging and increasing incidence of chronic
inflammatory diseases. In its acute form, inflammation
acts as a protective mechanism in response to pathogen
invasion or tissue damage and helps to restore physiolog-
ical integrity and function. However, in its chronic form,
inflammation can exert detrimental effects on the cellular
as well as the organismic level. Chronically inflamed tissue
is characterized by infiltration of immune cells, neovascu-
larization, fibrosis, and often tissue damage and necrosis
[3]. The innate immune system, especially the mononu-
clear phagocyte system, is the most important mediator
of chronic inflammation. Monocytes originate from the
myeloid hematopoietic cell lineage in bone marrow. In the
blood stream, monocytes are recruited by specific stimuli
into different tissues, where they differentiate into phagocytic
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macrophages. Macrophages participate in the killing of
invading microorganisms and emerging tumor cells through
the production of reactive oxygen or nitrogen species (ROS
and RNS). In addition, macrophages secrete cytokines, which
play a key role in the regulation of multiple immune
functions, especially inflammatory responses [3]. During
aging, the continuous pressure on the immune system caused
by repeated antigen stimulation, such as infections, food
antigens, allergens, and self antigens, leads to an increase in
activated cells and secretion of proinflammatory cytokines,
such as TNFα [4]. These circulating proinflammatory factors
may keep the immune system in a state of chronic low-
level activation, a phenomenon described as “inflammaging”
[5, 6]. Eventually, this causes “immunosenescence,” that is,
an age-related decline in the capacity of adaptive immunity,
consisting of more specific responses carried out by B and
T cells [7]. Thus, with advanced age, the immune system
undergoes a gradual remodeling in the attempt to reestablish
a new balance that assures survival, however, favoring the
development of chronic inflammatory conditions [5, 6, 8, 9].

DNA damage and inflammation are inevitably linked by
the production of reactive chemical species, such as ROS and
RNS. Cellular ROS and RNS production occurs constantly
under physiological as well as pathophysiological conditions
as a consequence of electron leakage of the mitochondrial
electron transport chain and via enzymes such as NADPH
oxidase, nitric oxide synthases, and xanthine oxidase. The
“free radical theory of aging” posits that aging and its
related diseases are the net consequence of free radical-
induced damage and the inability to counterbalance these
changes by antioxidative defenses and sufficient DNA repair
[10]. Chronic inflammation results in the generation of a
broad spectrum of ROS and RNS by activated macrophages
and neutrophils, which damage cellular macromolecules
including DNA [11, 12]. Conversely, the generation of ROS
and RNS activates redox sensitive transcription factors, such
as NF-κB, resulting in the generation of proinflammatory
molecules. Moreover, DNA damage can induce cellular
senescence, a tumor suppressive mechanism that is also asso-
ciated with aging, leading to the secretion of inflammatory
cytokines, a paracrine effect known as senescence-associated
secretory phenotype (SASP) [5, 13]. Altogether, this can
trigger a positive feedback loop that amplifies the processes
of inflammation, damage, and destruction in target cells and
organs, leading to an organismic decline and death over time.
For example, chronic inflammation has been associated with
an age-related decline in the function of hematopoietic and
mesenchymal stem cells [14, 15] and has been implicated as a
mediator of almost all of the aging-associated diseases, such
as vascular diseases, diabetes, neurodegenerative diseases,
and cancer [3, 5, 6, 9].

As discussed below, the nuclear enzyme PARP1 repre-
sents a factor that works at the interface between genomic
maintenance and inflammation. Therefore, PARP1 may act
in an antagonistic pleiotropic way, that is, functioning as a
longevity assurance factor at younger age or in physiological
conditions and as an aging-promoting factor at older age
or in pathophysiological conditions. In this paper, we will
discuss the numerous cellular functions of PARP1 in the

context of mechanisms of longevity and aging and will put
this into an organismic perspective by briefly summarizing
in vivo studies in mice and humans.

2. PARP1 and Poly(ADP-ribosyl)ation

Poly(ADP-ribosyl)ation is a posttranslational modification
of proteins that occurs in most eukaryotic organisms. The
reaction is carried out by enzymes of the family of poly(ADP-
ribose) polymerases (PARPs) by using NAD+ as a substrate
to synthesize the linear or branched biopolymer poly(ADP-
ribose) (PAR), which consist of up to 200 ADP-ribose
subunits (Figure 1) [16]. PARP activation leads to covalent
modification of various proteins with PAR including PARPs
themselves, as some of them catalyze their automodification.
Covalent linkage is mediated either through attachment
on glutamate, aspartate, or lysine residues of the acceptor
proteins [16]. Apart from covalent modification, some
proteins can also bind preexisting ADP-ribose chains in a
noncovalent fashion, and this binding is mediated via at least
three different PAR binding motifs. Those include (i) a 20
amino acid motif, (ii) distinct macrodomains, and (iii) a
PAR-binding zinc finger, all of which fulfill diverse cellular
functions [17–22]. Whereas the PAR-binding macrodomains
and zinc fingers are present in a limited number of human
proteins (<50), the 20-aa motif has been identified in
several hundred human protein sequences [17, 18]. This
weakly conserved motif consists of (i) a cluster rich in basic
amino acids and (ii) a pattern of hydrophobic amino acids
interspersed with basic residues [17, 18]. Most of the putative
PAR-binding proteins identified are involved in a wide
spectrum of cellular mechanisms such as genomic main-
tenance, chromatin remodeling, transcription, replication,
RNA metabolism, inflammation, cell cycle control, and cell
death [18]. In general, poly(ADP-ribosyl)ation modulates
target protein function by modifying enzymatic activities or
interactions with other macromolecules such as DNA, RNA,
or proteins [23].

Importantly, the cellular existence of PAR is transient,
since the polymer is rapidly hydrolyzed by PARPs catabol-
ic counterpart, poly(ADP-ribose) glycohydrolase (PARG).
PARG possesses both exo- and endoglycosidic activities and
is encoded by a single gene giving rise to at least five different
splice variants with distinct subcellular localizations [24–26].
In addition, a second enzyme was identified with weak PARG
activity, that is, ADP-ribose-arginine protein hydrolase 3
(ARH3), with evidence that this enzyme is associated with
PAR degradation in mitochondria [27, 28].

The PARP gene family consists of 17 homologues in the
human genome [16]. PARP1 is the founding member of
the gene family. It exhibits key roles in the regulation of
nuclear and cellular functions and can be activated either
by DNA damage, posttranslational protein modifications, or
potentially by direct protein-protein interactions [29]. The
strongest stimulation of PARP1 activity is mediated by its
binding to DNA strand breaks which induces its catalytic
activation as a monomer or dimer by several hundred-
fold [30–33]. Under these conditions, PARP1 accounts for
>75% of the overall cellular poly(ADP-ribosyl)ation capacity
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Figure 1: Poly(ADP-ribosyl)ation. PARPs cleave the glycosidic bond of NAD+ between nicotinamide and ribose followed by the covalent
modification of acceptor proteins with an ADP-ribosyl unit. PARPs also catalyze an adduct elongation, giving rise to linear polymers with
chain lengths of up to 200 ADP-ribosyl units, characterized by their unique ribose (1′′ → 2′) ribose phosphate-phosphate backbone. At least
some of the PARP family members also catalyze a branching reaction by creating ribose (1′′′ → 2′′) ribose linkages.

[34, 35]. Apart from direct DNA damage-dependent PARP1
activation, its activity is also regulated by posttranslational
modifications such as phosphorylation, acetylation, and
sumoylation [36–40]. Moreover, PARP1 activity is subject to
regulation by direct protein-protein interactions [41–43].

Three nonexclusive mechanisms of the cellular functions
of PARP1 can be distinguished: (i) functions that rely on
the enzymatic activity of PARP1 and the subsequent covalent
modification or noncovalent interaction of nuclear proteins
with PAR; (ii) direct interactions of proteins with PARP1
via protein-protein interaction, for example, via the BRCT
domain; (iii) intervention in the cellular NAD+ metabolism
by excessive PARP1 stimulation and potential signaling
functions of free PAR or its derivatives. The consequences
of these actions with regard to modulation of genomic
maintenance, chromatin structure, inflammation, and cell
death are discussed below.

3. PARP1 in Genomic Maintenance

It is estimated that thousands of DNA damage lesions occur
in a mammalian cell per day, all of which need to be repaired
to ensure genomic stability and longevity. In mammals,
at least six major DNA repair pathways exist, that is, O6-
methyl guanine methyltransferase (MGMT), base excision
repair (BER), nucleotide excision repair (NER), mismatch
repair (MMR), and DNA double-strand break (DSB) repair

including the subpathways homologous recombination (HR)
and nonhomologous end-joining (NHEJ) [2].

Except for the MGMT and MMR pathways, there is
evidence that PARP1 is involved in all of these repair
mechanisms, and therefore, PARP1 is considered a general
caretaker of genomic stability [29]. Of note, the recruitment
of PARP1 to sites of DNA damage and the subsequent
production of PAR can occur within seconds and is one
of the fastest DNA damage responses [44, 45]. Apart from
this direct involvement in several DNA repair mechanisms,
PARP1 participates in genomic maintenance through its role
as a regulator of chromatin structure and cell cycle regulation
(Figure 2).

Several cellular studies support a role of PARP1 as a gen-
eral cell survival factor upon genotoxic stimuli: transdomi-
nant inhibition of PARP1 by overexpression of its DNA bind-
ing domain potentiates cytotoxicity upon treatment of cells
with alkylating agents and ionizing radiation [46]. Moreover,
PARP1-deficient cells exhibit an enhanced sensitivity to
alkylating agents [47, 48] and show increased frequencies of
sister chromatid exchanges, both under basal conditions and
upon treatment with alkylating agents [49, 50]. Consistent
with this, overexpression studies demonstrated that PARP1
acts as a negative regulator of alkylation-induced sister
chromatid exchange [51], and ex vivo supplementation of
human PBMC with the NAD+ precursor nicotinic acid
enhances cellular poly(ADP-ribosyl)ation and improves cell
viability upon induction of genotoxic stress [52].
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Figure 2: PARP1, some interaction partners, and their role in genomic maintenance. ATM indicates ataxia telangiectasia mutated; Bub3,
budding uninhibited by benzimidazoles 2; Cenpa/b, centromeric protein a/b; CSB, Cockayne syndrome type B; DEK, DEK oncogene; DNA-
Polβ, DNA polymerase β; DNA-PKCS, DNA-activated protein kinase catalytic subunit; HMGB1, high mobility group box 1; Ku70/80, Ku
antigens 70/80 kDa subunit; MRE11, meiotic recombination 11; p21, cyclin-dependent kinase inhibitor 1A; p53, tumor suppressor protein
p53; PCNA, proliferating cell nuclear antigen; TRF2, telomeric repeat binding factor 2; WRN, Werner syndrome protein; XRCC1, X-ray
repair complementing defective in Chinese hamster 1; XPA, xeroderma pigmentosum complementation group A.

3.1. PARP1 and Chromatin Regulation. Chromatin is a com-
plex of DNA and proteins with a dynamic structure and is
involved in replication, transcription, and other fundamental
cellular processes. Structural and functional alterations of
chromatin are widely associated with aging from yeast to
mammals [53]. The molecular mechanisms leading to chro-
matin disturbances in aging are largely unknown, but may
be related to accumulation of unrepaired DNA damage. On
the other hand, alterations in chromatin structure increase
the susceptibility to DNA damage, suggesting the presence of
a positive feedback mechanism of DNA damage leading to
chromatin rearrangements which, in turn, sensitizes DNA as
a substrate for further damage. Moreover, there is evidence
that chromatin defects lead to alterations in transcriptional
programs thereby contributing to the aging process [53].

PARP1 acts as a structural and regulatory component
of chromatin, both in undamaged cells and upon genotoxic
stress. It may either regulate chromatin structure directly
by poly(ADP-ribosyl)ation of chromatin components, or
indirectly by controlling the recruitment of chromatin
remodeling factors [54]. Many PAR acceptor and binding
proteins contribute to chromatin and nuclear architecture
such as histones, lamins, high-mobility group (HMG) pro-
teins, heterochromatin protein 1 (HP1), and the DEK protein

[54–59]. It was proposed that PARP1 induces a histone-
shuttling mechanism, based on findings that poly(ADP-
ribosyl)ation of polynucleosomes causes relaxation of chro-
matin structure and that activity of PARG degrades PAR
from modified histones [60–63]. According to this model,
DNA-bound histones dissociate from DNA upon poly(ADP-
ribosyl)ation, causing an open chromatin structure and
guiding repair factors to sites of DNA damage. Upon
degradation of PAR by PARG, DNA reassociates with his-
tones, thereby restoring the condensed chromatin structure.
Moreover, upon DNA damage, PARP1 activation leads to
the recruitment of the histone variant macroH2A1.1 to
the site of the damage, which transiently causes chromatin
rearrangements and dynamically modulates the DNA dam-
age response [22]. Kim et al. reported that PARP1 itself
can function as a component of chromatin [64], that is,
histone H1 and PARP1 bind in a competitive and mutually
exclusive manner to nucleosomes in vitro. Thereby, PARP1
promotes the local compaction of chromatin into higher
order structures, which are associated with transcriptional
repression. The authors suggested that PARP1 modulates the
chromatin architecture and gene transcription through its
intrinsic enzymatic activity in a DNA damage-independent
manner; that is, PARP1 activation and automodification
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trigger its release from chromatin, thereby facilitating chro-
matin decondensation and gene transcription by RNA poly-
merase II. Subsequent cellular studies demonstrated that
PARP1 could replace histone H1 at RNA polymerase II-tran-
scribed promoters, which was associated with actively tran-
scribed genes [65].

Apart from a functional interplay between PARP1 with
histones, an interesting physical and functional interaction
exists between PARP1 and DEK. The DEK protein is a major
nonhistone chromatin component with functions in DNA
metabolism and repair on a cellular, and carcinogenesis and
autoimmunity on an organismic level. DEK is often found
to be upregulated in tumor tissue, and high levels of DEK
favor cell immortalization by inhibiting senescence and
apoptosis. Consistently, DEK deficient cells are prone to
induction of senescence in the response to genotoxic stress
[66]. We and others have shown that PARP1 poly(ADP-
ribosyl)ates DEK. Moreover, DEK interacts with PAR in
a non-covalent manner which regulates its DNA binding
affinity and multimerization with possible implications in
response to genotoxic stress and gene transcription. In terms
of gene transcription, DEK is released from chromatin upon
poly(ADP-ribosyl)ation to permit transcriptional initiation
[56, 59, 67]. Whether DEK itself or its interplay with PARP1
has a direct role in aging mechanisms remains to be clarified.

PARP1 activation is also necessary for the exchange of
histone H1 with high-mobility group B (HMGB) proteins,
which are non-histone chromatin-associated proteins that
bend DNA and recruit transcription factors to their DNA
targets [68]. Interestingly, during inflammation, HMGB1
can be secreted by activated cells, where it inhibits phagocytic
uptake of dying cells by macrophages. HMGB1 secreted
upon specific stimuli, that is, TLR4 stimulation is highly
poly(ADP-ribosyl)ated, which enhances the inhibitory effect
of HMGB1 on macrophage-dependent phagocytosis. This
indicates a regulatory role of PAR in such inflammatory
mechanisms with potential implications in mechanisms of
aging as discussed below [69].

Importantly, not only structural components of the chro-
matin are regulated by poly(ADP-ribosyl)ation, PAR also
serves as an important factor in the regulation of chromatin
remodeling factors, such as ALC1 and NURD [21, 70–72].
For example, the recruitment of the NURD chromatin
remodeling complex to sites of DNA lesions depends on the
synthesis of PAR. Interestingly, this complex was identified
as an important modulator of aging-associated chromatin
defects, and loss of several NURD components and function
was evident during human premature aging [73].

The role of PARP1 in gene transcription and chromatin
remodeling was impressively demonstrated in a Drosophila
study [74]. The authors revealed that PARP1 is crucial
for puff formation in giant polytene chromosomes. Puff
formation arises from local relaxation of the chromatin
structure and is associated with actively transcribed regions
[74]. Ju et al. provided interesting mechanistic evidence
linking PARP1-dependent initiation of transcription and its
function in DNA binding [68]. According to this work,
PARP1 acts in concert with another binding partner, that
is, topoisomerase II. Topoisomerase II introduces a transient

double strand break at the promoter, which leads to PARP1
binding and activation. The subsequent rapid but transient
poly(ADP-ribosyl)ation triggers chromatin relaxation and
initiation of transcription.

Together, these findings suggest a functional interplay of
PARP1 with chromatin components and associated remod-
eling factors, implying an active role of PARP1 in chromatin
function and transcriptional regulation during the aging
process. Gene profiling data support such a hypothesis,
since PARP1 deficiency alters expression of genes involved
in cell cycle progression, DNA replication, oxidative stress,
cancer initiation, and aging [75, 76]. The detailed spatial
and temporal characteristics of these mechanisms, however,
remain to be determined.

3.2. PARP1 in DNA Repair. As discussed above, a substantial
body of evidence demonstrates a causative role of DNA
repair and genome maintenance mechanisms in mammalian
longevity.

Base excision repair (BER) is the major DNA repair path-
way that acts on damage that occurs during cellular me-
tabolism including damage from ROS, methylation, deam-
ination, and hydroxylation. The levels of many of these
lesions increase with age including the well-studied lesion
8-oxoguanine. Moreover, BER activity decreases with age
in multiple tissues [77]. The core BER reaction is initiated
by a DNA single-strand break (SSB) upon excision of the
damaged bases by DNA glycosylases [78]. PARP1 detects
such SSB via its second zinc finger (ZFII), thus triggering
its enzymatic activation [79, 80]. Moreover, PARP1 physi-
cally cooperates with 8-oxoguanine-DNA glycosylase, which
further stimulates PARP1 activity [81]. Importantly, the
recruitment of the BER loading platform X-ray repair com-
plementing factor 1 (XRCC1) is completely dependent on
poly(ADP-ribsosyl)ation [82, 83]. Thus, PARP1 and PAR are
required for the assembly and stability of XRCC1 nuclear
foci after DNA damage [83]. Furthermore, XRCC1 and
PARP1 interact with DNA polymerase-β and DNA ligase III,
forming a multiprotein complex consisting of the major BER
factors [84–86].

The finding that PARP1-deficient cells still synthesized
PAR led to the identification of an additional nuclear PARP,
that is, PARP2, which is also activated upon genotoxic stimuli
[34, 35]. PARP1 and PARP2 homo- and heterodimerize
and work at least partially in a redundant fashion, since
only double-knockout mice show embryonic lethality [87,
88]. This notion is supported by the fact that PARP2 also
participates in BER and interacts physically and functionally
with XRCC1, DNA polymerase-β, and DNA ligase III.
Recruitment studies indicate a role of PARP2 in later
steps of BER repair, as proposed by the following model
for spatiotemporal accumulation of BER factors: SSBs are
detected by the DNA binding domain of PARP1, leading to
its activation, production of PAR, and chromatin relaxation.
Subsequently, additional PARP1 molecules are attracted,
causing amplification of the signal. At the “point of repul-
sion,” PARP1 then dissociates from the DNA, enabling the
recruitment of the BER loading platform XRCC1, PARP2,
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and further DNA repair factors. This triggers resealing of the
DNA lesion and reestablishment of genomic integrity [89].

Nucleotide excision repair is responsible for the removal
of bulky helix-distorting DNA adducts, which are caused by
UV irradiation and endogenous metabolites [78]. The func-
tional role of the NER as a longevity assurance mechanism is
impressively represented by the fact that patients with defects
in a subset of NER proteins, that is, CSA and CSB (Cockayne
syndrome) and XPB, XPD, TTDA (trichothiodystrophy), as
well as corresponding mouse models, show in some tissues a
strong premature aging phenotype [2]. Although the role of
PARP1 in NER is not very well established, at least two NER
factors, the DNA-dependent ATPase Cockayne syndrome
group B (CSB) protein and the DNA lesion recognition
protein xeroderma pigmentosum group A (XPA), were
identified as PAR binding factors [17, 90, 91]. CSB also
physically interacts with PARP1 and its ATPase activity
is inhibited by poly(ADP-ribosyl)ation. Consistently, there
is some evidence from cell culture studies that PARP1 is
involved in NER of UV photo-damage products [92, 93].

DNA double strand breaks (DSBs) arise from ionizing
radiation, free radicals, chemicals, or during replication of
a SSB through collapsed replication forks. They represent
the most cytotoxic form of DNA damage and, if unre-
paired, they can trigger apoptosis, senescence, or genomic
instability. Mammalian cells repair DSBs via two mecha-
nisms: homologous recombination (HR) utilizes the sister
chromatid or chromosome for error-free repair of the
DSB, whereas nonhomologous end-joining (NHEJ) simply
reattaches free DNA ends without using a template. For
this reason, NHEJ is prone to microdeletions or insertions
which can cause frameshift mutations [78]. Whether HR
or NHJE is employed depends on the species, cell type,
and cell cycle phase [94]. In both pathways, PARP1 already
participates at very early stages. PARP1 and the DSB sensing
complexes MRN (MRE11/Rad50/NBS1) (involved in HR)
and Ku70/80 (involved in NHEJ) were shown to interact
with and compete for binding at free DNA ends, with
PARP1 potentially guiding these proteins to the damaged site
[44, 95]. PARP1 also physically and functionally interacts
with two phosphatidyl inositol 3-like protein kinases ATM
(involved in HR) and DNA-PKcs (involved in NHEJ), which
are crucial for DSB signaling [96–99]. It was suggested that
PARP1 serves as a general DNA-damage-detecting molecule,
which potentially mediates a switch between the NHEJ and
the HR pathways [94]. Consistent with this, PARP1 functions
in a NHEJ back up pathway [95, 100], and several reports
demonstrated an antirecombinogenic activity of PARP1
[101–103]. Some information on the role of PARP1 in DSB
repair was obtained from studies investigating the possible
use of PARP inhibitors as anticancer drugs following the
concept of synthetic lethality. According to this concept,
PARP1 inhibition alone shows no cytotoxic effect on HR
proficient cells, but causes cytotoxicity in HR-defective cells,
for example, BRCA mutant cancer cells. This cytotoxicity
is thought to be induced by accumulation of unrepaired
SSBs, which are converted to DSBs by collisions with the
replication machinery which cannot be repaired due to the
lack of HR, ultimately triggering cell death [104]. A recent

study challenged this view by presenting an alternative model
based on the finding that coinactivation of NHEJ rescued
the synthetic lethal effect in BRCA1-deficient cells indicating
that PARP1 catalytic activity regulates NHEJ activity, thus
preventing NHEJ components from binding to sites of DNA
damage [105]. Yet another study reported that loss of PARP1
activity itself can inhibit HR by suppressing the expression of
BRCA1 and RAD51, two key factors in HR [106]. Moreover,
PARP1 is activated at stalled forks to mediate Mre11-
dependent replication restart by HR [107]. Another level
of complexity is added by recent work demonstrating that
SIRT6, a mammalian homolog of the yeast Sir2 deacetylase
which functions as a longevity regulator in yeast, is recruited
to sites of DSBs. There, SIRT6 appears to stimulate DSB
repair via NHEJ and HR. Of note, SIRT6 interacts with
PARP1 and stimulates its activity thereby enhancing DSB
repair upon oxidative stress [108]. It is important to note
that the results mentioned above are not necessarily mutually
exclusive, but more work is necessary to define the exact
molecular mechanisms by which PARP1 participates in DSB
repair and which role this may have during aging.

3.3. PARP1, Telomere Maintenance, and the WRN Protein.
Telomeres are repetitive sequences at the end of the chro-
mosomes and function as a buffer to prevent loss of coding
sequences during DNA replication. They are capped by a
protein complex known as shelterin, which tightly regulates
the telomeric structure by interaction with several DNA
repair proteins and the telomere-elongating reverse tran-
scriptase, telomerase. Deterioration of telomeres represents
an important factor during human aging [109].

The role of PARP1 in the regulation of telomere length
is well established. In vivo, a substantial loss of telomeric
DNA by 30% was observed in the first generation of
Parp1−/− mice [110]. Gomez et al. reported that PARP1
is dispensable for the capping of normal telomeres, but is
specifically recruited to eroded telomeres, where it might
help to protect chromosomes against end-to-end fusions
and genomic instability [111]. Our group demonstrated in
various cell culture systems that pharmacological inhibition
of poly(ADP-ribosyl)ation or PARP1 knockdown via RNA
interference leads to a rapid decrease in telomere length and
stabilization at a lower level. Importantly, neither the length
of the single-stranded telomeric overhang nor telomerase
activity was affected by PARP1 inhibition. Interestingly,
release from PARP inhibition led to a fast regain in telomere
length in telomerase-positive cells indicating that PARP1
activity is an important determinant in telomere length
regulation [112]. On a molecular level, the function of
PARP1 in telomere length regulation presumably depends
on its interaction with the telomeric repeat binding factor 2
(TRF2). TRF2 is a key component of the shelterin complex
and is responsible for telomeric stability, length regulation,
and suppression of unscheduled activity of the double-strand
break repair machinery by maintaining the t-loop [113].
PARP1 interacts with and modifies TRF2, and the poly(ADP-
ribosyl)ation of TRF2 affects its binding to telomeric DNA
[111, 114].
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Figure 3: Interaction map between PARP1 and Werner syndrome
protein (WRN). The two proteins share many overlapping inter-
action pathways. There is a reciprocal interaction with DNA-PK
(double-headed arrow) and p53, stimulation of base excision repair
(BER, one-headed arrow), and inhibition of TRF2-DNA binding
(blocked arrow). PARP1 also inhibits WRN functions if in an
unmodified state (reproduced from [113]).

Another PARP1 interaction partner that is involved
in telomere regulation is the RecQ helicase WRN [115].
Patients with the rare autosomal recessive disorder Werner
syndrome, in which the WRN gene is mutated, display
genomic instability and telomere shortening on the cellular
and premature aging on the organismic level with symptoms
resembling normal human aging in many aspects including
cataracts, graying of hair and alopecia, atherosclerosis, osteo-
porosis, and higher cancer incidence. The premature aging
phenotype of these patients appears to be at least partially
dependent on telomere length, since human symptoms were
only recapitulated in mice with short telomeres, that is,
WRN/telomerase double-knockout mice [115, 116]. (N.B.
Mice usually exhibit considerably longer telomeres (∼40 kb)
than humans (5–15 kb)). On a cellular level, fibroblasts
derived from WS patients display genomic instability and a
reduced replicative lifespan. This phenotype is in accordance
with experimental data demonstrating that WRN is involved
in multiple aspects of DNA metabolism, such as DNA
replication, genomic maintenance, and telomere regulation
[115]. WRN functions as a 3′-5′ helicase and additionally
as a 3′-5′ exonuclease. Proper enzymatic activity of WRN
seems to be crucial for maintaining genomic integrity,
since pharmacological inhibition of WRN’s helicase activity
causes DSBs and apoptosis [117]. WRN and PARP1 directly
interact with each other physically and PARP1 modulates
WRN’s exonuclease and helicase activities [118, 119]. Upon
automodification of PARP1, the inhibition of WRN’s exonu-
clease and helicase activities is released suggesting that
PARP1 regulates the timing of WRN activity towards its
substrates [113]. The regulation of PARP1 and WRN appears
to be reciprocal, because poly(ADP-ribosyl)ation is impaired
in WRN deficient cells indicating that WRN is required
to regulate PARP1-dependent poly(ADP-ribosyl)ation [120].
Moreover, other factors than PARP1 and WRN are involved
in these mechanisms, because WRN and PARP1 share

many interaction partners, including DNA-PK, P53, and
TRF2 (Figure 3). For example, PARP1, WRN, and DNA-PK
(including Ku70/80 and DNA-PKcs) can form a complex, in
which PAR-modified Ku70/80 inhibits WRN [121]. Further-
more, both PARP1 and WRN have positive impact on telom-
ere length, presumably by regulating the binding of TRF2 to
the t-loop. Genetic cooperation between PARP1 and WRN
was demonstrated in vivo, because mice with deficiencies
in both proteins display higher rates of chromatid breaks,
chromosomal rearrangements, and cancer than each of the
single-mutant mice [122]. Moreover, double mutants appear
to have reduced median and maximum lifespan, despite the
fact that these mice were on a telomerase-positive genetic
background and telomere lengths of single-mutant MEFs
did not differ significantly from the double-mutant MEFs.
This finding suggests that telomere-independent functions of
WRN and PARP1 exist in the mouse to maintain organismic
longevity. (N.B. In contrast, wild-type MEFs showed 30–
40% longer telomeres). In conclusion, since PARP1 and
WRN share many interaction partners and both proteins
participate in other DNA repair pathways such as BER and
NHEJ, they probably synergistically collaborate to maintain
overall genomic stability and ensure longevity.

3.4. PARP1 during DNA Replication, Mitosis, and Cell Cycle
Control. The WRN helicase also participates in the response
to replicative stress, a cellular stressor that was linked to
mammalian aging due to its ability to drive cells, includ-
ing stem cells, into senescence and apoptosis [123, 124].
Replication forks contain several proteins such as helicases
and polymerases, forming the so-called replisome. Usu-
ally, progression of the replication fork continues until it
encounters a replication fork barrier such as DNA-protein
complexes or SSBs. In this case, the replicative helicase
progresses much more slowly, so that the fork is “stalled.”
If this goes along with the disassembly of the replisome the
fork “collapses” and a DSBs is formed [125]. WRN and
PARP1 are involved in the reactivation of stalled replication
forks. Specifically, PARP1 binds to and is activated at stalled
replication forks and mediates the recruitment of Mre11, a
key component of the MRN complex. Mre11 may collaborate
with WRN helicase to resect DNA ends for RAD51 loading
and subsequent HR repair to promote replication fork restart
after release from replication blocks [44, 107, 125, 126]. In
accordance with these data, a recent study demonstrated
that PARP activity is required for effective replication fork
restart upon treatment of cells with sublethal dosis of
the replication stress-inducing topoisomerase 1 inhibitor
camptothecin [127].

After DNA replication is completed, proper mitotic reg-
ulation is crucial to ensure genomic integrity [128]. During
mitosis, the spindle pole formation requires the centrosome,
whereas the centromere is the chromosomal region that
organizes the kinetochore, thus enabling the attachment of
the mitotic spindle microtubules. First, evidence for a role of
poly(ADP-ribosyl)ation in spindle regulation was obtained
from a study with Xenopus laevis egg extracts showing that
PAR is a component of the mitotic spindle and is required for
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its assembly and function, although this was attributed to the
enzymatic activity of another PARP family member, that is,
tankyrase-1 [129, 130]. With regards to PARP1, it was shown
that haploinsufficiency for PARP1 is related to centrosome
duplication and chromosomal instability [131]. Consistent
with this, PARP1 localizes to the centrosome [132, 133].
Moreover, PARP1 and PARP2 are present at centromeres and
interact with the constitutive centromere proteins Cenpa,
Cenpb and the spindle check point protein Bub3 [134,
135]. The physical and functional relationship of PARP1
to the centrosome and the centromere links DNA damage
surveillance to the mitotic spindle checkpoint. The notion
that mitotic spindle checkpoint proteins play an important
role to ensure mammalian longevity is supported by studies
demonstrating that mice with low levels of the mitotic
checkpoint protein BubR1 and mice haploinsufficient for
Bub3 and Rae1—another mitotic checkpoint gene—age
prematurely (N.B. A complete knockout of these genes
results in embryonic lethality in the mouse) [136, 137].

Because severe DNA damage or mitotic misregulation
can cause genomic instability leading to tumor formation, a
complex cellular security network has evolved to counteract
carcinogenesis. This signaling network can stop the cell cycle
at different stages, thereby either inducing DNA repair, or
eradicating or neutralizing heavily damaged cells by apop-
tosis or senescence, respectively. To this end, apoptosis and
senescence are powerful tumor-suppressive mechanisms, but
on the other hand, both pathways can lead to depletion of the
regenerative cell pool, thus promoting tissue degeneration
and organ failure, which are hallmarks of aging [138]. One
of the most important regulators of cell cycle progression and
induction of senescence/apoptosis is the transcription factor
P53. Consequently, mouse studies demonstrated that P53
deficiency leads to premature death due to tumor develop-
ment, whereas constantly active P53 protects against cancer
at the cost of a premature aging phenotype [138]. Consistent
with the role of PARP1 and P53 as caretakers and guardians
of the genome, respectively, PARP1 and P53 synergistically
cooperate in vivo in telomere and chromosomal mainte-
nance as well as in tumor suppression [139–143]. Many
functional interactions between PARP1 and P53 during DNA
damage response and apoptosis exist, such as delayed P53
transactivation potential in PARP1-deficient cells [144–147].
In addition to its function as a positive regulator of gene
expression, P53 also acts as a gene-specific transcriptional
transrepressor. Interestingly, P53-mediated transrepression
of the MTA1 gene (MTA1, metastasis associated protein 1),
a component of a nucleosome remodeling complex which is
associated with very aggressive tumor phenotypes, depends
on functional poly(ADP-ribosyl)ation of P53 [148]. On the
other hand, poly(ADP-ribosyl)ation of P53 is also able to
inhibit its binding to its transcriptional consensus sequence,
indicating that multifaceted regulatory mechanisms exist
between PARP1 and P53 [149, 150]. Kanai et al. suggested a
mechanism of PARP1-dependent regulation of P53 activity.
According to this study, poly(ADP-ribosyl)ation induces
structural changes in P53 that mask its nuclear export
sequence, resulting in an accumulation of P53 in the nucleus,
where it exerts its transactivational functions. Accordingly,

a P53 mutant in which acceptor sites were mutated was
localized to the cytoplasm to a greater extent than wildtype
P53 [151].

In conclusion, there is ample evidence that PARP1
modulates P53 stability, intracellular localization, and tran-
scriptional activity with likely implications in the induction
of apoptosis and senescence on a cellular and therefore aging
and longevity on an organismic level. However, studying the
combined role of PARP1 and P53 in the aging process is com-
plicated by the situation that mouse models with deficiencies
in both tumor-suppressor genes show cancer-dependent
premature death unrelated to other signs of premature aging.
The development of sophisticated conditional mouse models
with spatiotemporal-controlled expression of PARP1 and
P53 may represent an approach to overcome these hurdles.

3.5. PARP1 as a Longevity Assurance Factor. As discussed in
the preceding sections, PARP1 acts as a general caretaker
of genomic stability and is associated with various factors,
whose involvement in mechanisms of aging and longevity are
well established. This indicates a potential role of PARP1 as
a longevity assurance factor which is supported by in vivo
studies as briefly discussed in the following.

There is a large body of evidence showing a positive cor-
relation of poly(ADP-ribosyl)ation capacity and mammalian
longevity. Previously, we demonstrated that poly(ADP-
ribosyl)ation capacity in peripheral blood mononuclear cells
(PBMCs) of 13 mammalian species strongly correlates with
their maximum lifespan, for example, maximum poly(ADP-
ribosyl)ation levels were five times higher in humans than in
rodents [152]. Interestingly, these differences in poly(ADP-
ribosyl)ation are not associated with different enzyme
levels, but are rather influenced by an higher poly(ADP-
ribosyl)ation capacity of the human PARP1 enzyme in com-
parison to its mouse ortholgue [153]. Moreover, poly(ADP-
ribosyl)ation capacity in PBMCs declines with age in humans
and rodents [152, 154]. Interestingly, humans exhibiting
an exceptional long lifespan, that is, centenarians, display
a significantly higher poly(ADP-ribosyl)ation capacity than
the average population [155], which is comparable to those
of young subjects [156].

Apart from these correlative studies, studies with
Parp1−/− mice indicate a role of PARP1 as a longevity assur-
ance factor. Thus, Parp1−/− mice and cells derived thereof
are hypersensitive to DNA-damaging agents and Parp1−/−

cells display increased spontaneous genomic instability as
measured by the frequency of sister chromatid exchanges,
chromosome aberrations, and micronuclei formation, which
confirmed that PARP1 functions as a general caretaker of
the genome [157]. In support of the view that PARP1
counteracts the aging process is the finding that Parp1−/−

mice age is moderately faster compared to wild-type control
animals [158]. Moreover, this and various other studies
supported the notion that PARP1 acts as a tumor-suppressor
gene, since PARP1 deficiency enhances carcinogenesis during
aging and upon induction by DNA damaging agents [143,
158–161]. Consistently, data from human studies showed
that a hypomorphic PARP1 polymorphism (V762A) serves
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as a risk factor in the development of some types of human
cancers [162–166].

In conclusion, PARP1 participates in various genome
maintenance mechanisms, such as chromatin remodeling,
DNA repair, reactivation of stalled replication forks, telomere
maintenance, and cell cycle control. Consistent with its
role as a general caretaker of the genome, there is strong
evidence from in vivo studies indicating that PARP1 indeed
functions as a longevity assurance factor. On the other hand,
the interaction of PARP1 with key regulators of immune
function, such as NF-κB, and its potential to induce cell
death may contribute to aging-promoting mechanisms as
discussed in the following sections.

4. PARP1 in Inflammation and Cell Death

First, evidence that PARP1 contributes to inflammation
and the development of related pathologies was revealed
by genetic studies in Parp1−/− mice, because these animals
are protected from several inflammation and cell death-
associated pathologies such as ischemic infarction, collagen-
induced arthritis, and LPS-induced septic shock [157, 167].
Moreover, Parp1−/− animals are resistant to MPTP-induced
Parkinson’s disease and streptozotocin-induced diabetes
mellitus [168–171]. The molecular and cellular mechanisms
underlying these phenotypic results and their possible impli-
cations in mechanisms of aging and longevity are discussed
below.

4.1. PARP1, NF-κB, and Inflammation. Various studies dem-
onstrated that PARP1 participates in the regulation of tran-
scriptional processes, either via general chromatin remodel-
ing or through specific interaction and regulation of a wide
range of transcription factors [171, 172].

Maybe the best studied interaction is that of PARP1
with NF-κB. The transcription factor NF-κB is considered
a master regulator in controlling gene expression upon
proinflammatory stimuli. NF-κB is composed of dimeric
combinations of Rel family members with the major subunits
p65 and p50. In nonstimulated cells, NF-κB is located
in the cytoplasm via the binding to the inhibitory IκB
proteins. Upon proinflammatory stimuli, IκB proteins are
phosphorylated by IκB kinases (IKKs), which cause their
degradation by the ubiquitin/proteasome system. Subse-
quently, NF-κB is translocated to the nucleus, where it can
activate the transcription of a number of genes, especially
inflammatory genes [173]. Apart from the regulation of NF-
κB by its subcellular localization, its action is tightly regulated
within the nucleus by posttranslational modifications and
interaction with transcriptional cofactors. Importantly, NF-
κB-dependent gene expression is associated with aging in the
mouse as well as in humans [174]. Recently, it was shown that
hyperactive NF-κB signaling contributes to premature aging
in the mouse [175], and blocking of NF-κB in aged mice was
sufficient to reverse some features of skin aging [174, 176].
In accordance with these studies, pharmacological inhibition
of NF-κB prolongs lifespan of Drosophila melanogaster by
∼15% [177]. Cellular studies showed that NF-κB-dependent
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gene transcription can be induced by genotoxic stress and
gene transcription studies in conditionally immortalized
human fibroblast suggested that NF-κB signaling plays a
causal role in the development of senescence [178]. In
addition, NF-κB signaling was implicated in maintaining cel-
lular senescence, because NF-κB-deficient fibroblasts escape
senescence earlier and immortalize at a faster rate [179].
On the other hand, NF-κB-dependent gene transcription
can be induced by genotoxic stress and is required for the
transcription of many SASP factors [5]. In summary, there is
substantial evidence that NF-κB plays a crucial role in aging
and age-related diseases [180].

The expression and activation patterns of PARP1 and
NF-κB are remarkably similar in various tissues. A direct
role of PARP1 in NF-κB-mediated transcription was empha-
sized by the finding that expression of NF-κB-dependent
proinflammatory mediators, such as TNFα, IL6, or iNOS,
is impaired in Parp1−/− mice [167, 181]. PARP1 physically
interacts with both major subunits of NF-κB, that is, p65 and
p50, and is required for NF-κB-dependent gene transcription
(Figure 4) [182]. Moreover, PARP1 is acetylated by the his-
tone acetylase p300/CBP upon inflammatory stimuli, leading
to a stronger association with NF-κB [39]. Subsequent
expression of proinflammatory mediators such as iNOS
leads to the production of highly reactive chemical species
that, in turn, cause extensive DNA damage in the target
cell, potentially supporting a positive feedback mechanism.
Importantly, in this study neither the DNA binding nor
the enzymatic activity of PARP1 was necessary for direct
transcriptional activation of NF-κB [183]. On the other
hand, inhibition of PARP’s enzymatic activity is sufficient
to decrease the expression of iNOS, IL6, and TNFα in
cultured cells and to reduce the expression of inflammatory
mediators in mice [184]. This is consistent with a recent
study demonstrating that the PARP1-dependent activation
of NF-κB occurs at two levels (Figure 4). Thus, in addition
to the nuclear coactivator function of PARP1 on NF-κB
activity, this study identified PARP1 as a trigger for the
translocation of NF-κB from the cytoplasm into the nucleus
upon genotoxic stress (Figure 4) [185]. According to this
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model, PARP1 is recruited to DNA strand breaks and is
automodified with PAR. Upon dissociation into the nucle-
oplasm, PARP1 then rapidly forms a signalosome composed
of the SUMO1 ligase PIASy, IKKγ (NEMO), and ATM. The
signalosome is stabilized by a network of direct protein-
protein interactions as well as by PAR binding of PIASy
and ATM through PAR binding motifs. PAR degradation
by PARG causes subsequent destabilization of the signalo-
some, resulting in IKKγ SUMOylation, translocation to the
cytoplasm, phosphorylation of IκB proteins, and NF-kB
activation. This mechanism directly links the DNA-damage-
signaling functions of PARP1 to its role in inflammation-
related mechanisms. Interestingly, PARP1-NF-κB signaling
seems also to contribute to the activation and maintenance
of the secretory phenotype of senescent cells [186]. In
consequence, the associated secretion of proinflammatory
factors possibly changes the tissue microenvironment and
forms a site of low-level chronic inflammation with tumor
and aging-promoting properties.

4.2. PARP1 and Its Role in Cell Death. Historically, two major
mechanisms of mammalian cell death are distinguished, that
is, apoptosis and necrosis. Apoptosis is considered as the
default pathway, where cell death occurs in a controlled
manner resulting in the elimination of cells by macrophages
without secondary damage of the surrounding cells. In con-
trast, necrosis is considered an uncontrolled process which
leads to disruption of cells promoting tissue inflammation
[187]. Several transition states between the two pathways
exist such as apoptosis inducing factor-(AIF-) dependent cell
death [188]. Cell death is an important factor contributing
to organismic aging, because apoptosis can lead to depletion
of the regenerative cell pool and necrosis can cause chronic
inflammatory conditions. PARP1 is involved in necrosis as
well as in apoptosis, depending on the cell type and the
intensity of DNA damage. Excessive DNA damage, as it can
be triggered by pathophysiological stimuli and during NF-
κB-dependent inflammatory responses, leads to an overac-
tivation of PARP1, which induces the depletion of cellular
NAD+ pools and subsequently of ATP pools [189]. This
could affect energy-dependent cellular functions resulting
in necrosis, which in turn reinforce tissue inflammation
leading to a vicious cycle of PARP1 activation, necrosis, and
inflammation. The role of PARP1 in apoptosis is manifold
depending on the cell cycle state. Two major types of
apoptosis exist: caspase-dependent and caspase-independent
apoptosis. On the one hand, in proliferating cells, PARP1
contributes to classical caspase-dependent apoptosis through
its regulatory activity on P53. Here, after an initial synthesis
of PAR, PARP1 is cleaved by caspases 3 and 7 in a 24 kD
and an 89 kD fragment [190]. This occurs potentially to
inactivate PARP1 and to preserve cellular ATP pools for
the apoptosis program [191–193]. On the other hand, it
was shown that PARP1 contributes to caspase-independent
apoptosis by releasing AIF from the mitochondria [194, 195].
PAR itself acts as a signaling molecule between nucleus
and mitochondria, where it binds to AIF in a non-covalent
manner and then triggers its release. AIF then translocates to

the nucleus, where it causes chromatin condensation, large-
scale DNA fragmentation, and finally cell death [196–198].

In conclusion, three interconnected cellular mechanisms
have been proposed to be responsible for the involvement
of PARP1 in cell death and inflammation-related, age-
related pathologies. First, PARP1 overactivation by severe
DNA damage upon an initial pathological insult can lead
to NAD+ and subsequent ATP depletion causing necrotic
cell death due to energy depletion [189]. Second, such an
initial pathological insult or secondary necrotic disruption of
cells can trigger an inflammatory response leading to further
damage of the surrounding tissue. This process can be stim-
ulated by the action of PARP1 as an essential transcriptional
coactivator of the proinflammatory transcription factor NF-
κB. Products of NF-κB regulated genes, for example, iNOS,
participate in the production of ROS and RNS, which could
support the aforementioned vicious cycle of DNA damage,
subsequent PARP1 activation, and cell death potentiating
inflammation and tissue damage. Third, the PAR-dependent
release of apoptosis-inducing factor (AIF) from the mito-
chondria resulting in caspase-independent apoptosis may
contribute to some extent to PARP1-dependent pathologies
in particular neurodegenerative disorders [194, 197, 198].
Over time, these mechanisms can contribute to aging and the
development of age-related pathological conditions.

4.3. PARP1 as an Aging-Promoting Factor. Evidence support-
ing a role of PARP1 as a driving force of inflammation
on an organismic level is given by the fact that Parp1−/−

mice are protected from several inflammation- and cell-
death-associated diseases and that Parp1−/− mice and cells
display lower expression levels of a whole spectrum of proin-
flammatory cytokines, adhesion molecules, and enzymes
[167]. Consequently, given the role of inflammation during
mammalian aging, PARP1 was postulated to act as an aging-
promoting factor [199]. In line with this concept, PARP
inhibition or ablation of gene transcription has beneficial
effects on several age-related diseases, including aging-
associated cardiac and vascular dysfunctions [184, 200, 201].
Apart from its functions as a regulator of NF-κB-dependent
gene transcription, PARP1 competes with the family of type
III histone deacetylases of sirtuins (i.e., in humans and
mice SIRT1-7) for the same substrate, that is, NAD+. In
addition, PARP1 and SIRT1 interact physically and show
an antagonistic interplay on a functional level [71, 202].
Sirtuins regulate the energy homeostasis by controlling
the acetylation status and activity of various enzymes and
transcriptional regulators and have been identified to act
as longevity factors in various species [203]. Moreover,
consumption of NAD+ links PARP1 and sirtuins to energy
metabolism, which plays a fundamental role in aging mech-
anisms. In vivo studies showed that SIRT1-overexpressing
mice are leaner, metabolically more active, show improved
glucose tolerance, exhibit less inflammation, and are resistant
to intestinal cancer development [204–208]. Parp1−/− mice
exhibit increased NAD+ content and enhanced SIRT1 activity
in brown adipose and muscle tissue. Consequently, Parp1−/−

mice phenocopy many aspects of SIRT1 activation, such as a
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higher mitochondrial content, increased energy expenditure,
reduced body weight, and protection against metabolic
disease [209].

Conversely, this phenotype is mirrored by the pheno-
type of mice with ectopic expression of hPARP1 [210].
These mice develop sporadic obesity and show impaired
glucose tolerance. Furthermore, hPARP1-expressing mice
exhibit impaired survival rates, which are accompanied by
premature development of several inflammation and age-
associated pathologies, such as nephropathy, dermatitis,
pneumonitis, myocardiopathy, and hepatitis. In support of
this hypothesis, hPARP1 mice develop normocytic, nor-
mochromic anemia and show an increase in the fraction
of circulating monocytes, which is suggestive of anemia of
chronic inflammatory disease [211, 212]. Moreover, hPARP1
mice show typical signs of premature aging, such as early
development of kyphosis and impaired hair regrowth. In
addition to a potentially altered interplay between PARP1
and sirtuins in these mice, the pathological phenotype of
hPARP1 mice might be related to an altered PARP1-NF-
κB interaction leading to a continuous low-level increase in
pro-inflammatory stimuli. Consistently, expression of NF-
κB-dependent target genes, such as TNFα, IL1, and IL6, is
dysregulated in hPARP1 animals. This may contribute to
the premature development of typical age-related chronic
diseases in these mice [210].

5. Summary

Aging is a complex process which cannot be explained by
a single pathway or even a set of closely related pathways.
More likely, many diverse cellular functions will contribute
to aging and they will do so in a highly interdependent
manner [53]. As summarized here, this complexity is already
represented at the level a single enzyme, that is, PARP1.
PARP1 is a factor that connects DNA damage response
and inflammatory mechanisms, both of which are closely
associated with mammalian aging. Thus, under physiological
conditions and mild genotoxic stress, PARP1 is thought to
play an important role in genomic maintenance (Figure 5).
On the other hand, under pathophysiological conditions,
reactive chemical species are generated by activated immune
cells potentially inducing DNA damage in an autocrine

and paracrine fashion. If exceeding a threshold, DNA
damage and the subsequent signaling can force cells into
senescence. Senescent cells, in turn, possess the potential to
secrete proinflammatory cytokines thereby reinforcing tissue
inflammation. PARP1 is involved in these processes due to
its close interplay with NF-κB at different stages during NF-
κB activation. In addition, severe DNA damage can trigger
overactivation of PARP1 resulting in cell death by apoptosis
or necrosis (Figure 5). Debris of necrotic cells is phagocy-
tosed by macrophages, thereby triggering a proinflammatory
response, again inducing the generation of reactive chemical
species. Interestingly, there is some evidence that chronic
intestinal inflammation can induce systemic genotoxicity,
for example, in leukocytes and hepatocytes, suggesting that
local sites of inflammation can affect genomic stability and
homeostasis even at an organismic level [213]. Over time,
inflammation, senescence, and cell death contribute to the
depletion of the regenerative cell pool and tissue dysfunction
accumulating in the aging process.

There is ample evidence supporting a role of PARP1 as
a longevity assurance factor on the one hand, but also as
an aging-promoting factor on the other hand.The dual role
of PARP1 in longevity and aging might be reflected in the
moderate premature aging phenotype observed in cohorts of
Parp1−/− mice [158]. Thus, it is reasonable to assume that
overall aging in these mice is kept nearly in balance, due to
comprised genomic integrity on the one hand, but reduced
inflammatory status on the other hand. The generation of
Parp1−/− mice with tissue specific reconstitution of PARP1
expression may be a suitable model to test such a hypothesis.
Tissue-specific reexpression of PARP1 in cells of the innate
immune system on an otherwise Parp1−/− background
may lead to a more drastic accelerated aging phenotype,
since PARP1-overexpressing cells of the innate immune
system are expected to exhibit an enhanced inflammatory
status, while cells of the remaining Parp1−/− tissues are
genomically unstable. Another possibility explaining the
moderate premature aging phenotype of Parp1−/− mice may
be that alternative mechanisms are able to compensate for
the PARP1 deficiency. Such potential backup mechanisms
rely most likely on PARP2 which shares some redundancy
to PARP1, as it is evident by the finding that Parp1/Parp2
double-deficient mice are not viable. The generation of
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conditional and inducible double-knockout mice may help
to test this hypothesis.

Many theories of aging exist. Most of these are not
mutually exclusive and although none of these is probably
able to explain all characteristics of human aging, in all
probability there is some truth in many of them. The “antag-
onistic pleitropy” theory of aging postulates the existence of
pleiotropic genes and mechanisms having opposite effects on
fitness at different stages of age. Thus, a gene or mechanism
may be beneficial for survival in early life, when natural
selection is strong, but harmful at later ages, when selection is
weak or absent [214]. Mechanisms of DNA damage response
as well as inflammation may support such a theory. DNA
damage response, with its final end points, DNA repair,
senescence, and apoptosis, is clearly beneficial at young age,
as these mechanisms prevent cancer development. However,
at older age, this may become detrimental, as depletion of the
regenerative cell pool by senescence or apoptosis may con-
tribute to tissue degeneration and aging. The same holds true
for inflammation. At young age, inflammatory responses
most likely fulfill beneficial functions, for example, acting as
a first line defense against infections. (N.B. This is supported
by the finding that some mouse models with deficiencies
in NF-κB signaling are hypersensitive to infectious diseases
[215]). However, at older age, continuous pressure on the
immune system caused by repeated antigen stimulation leads
to remodeling of the immune system with pro-inflammatory
properties reinforcing the aging process and the development
of age-related disease. Because PARP1 fulfills key roles in
mechanisms of DNA damage response and inflammation, it
is conceivable that functions of this gene act in some aspects
in an antagonistic pleiotropic way, with beneficial functions
in the youth and detrimental functions at old age.

In conclusion, PARP1 and the synthesis of poly(ADP-
ribose) are emerging as central factors in general cellular
stress response with functions in a plethora of molecular
mechanisms, such as chromatin remodeling, transcription,
DNA damage signaling, DNA repair, cell cycle regulation,
cell death, and inflammation. As reviewed here, there is
ample evidence that PARP1 fulfills numerous direct as well
as indirect roles in mechanisms of aging and longevity which
renders it an interesting factor to study in order to better
define mechanisms of the aging process.
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Foci of phosphorylated histone H2AX and ATM are the surrogate markers of DNA double strand breaks. We previously reported
that the residual foci increased their size after irradiation, which amplifies DNA damage signals. Here, we addressed whether ampli-
fication of DNA damage signal is involved in replicative senescence of normal human diploid fibroblasts. Large phosphorylated
H2AX foci (>1.5 μm diameter) were specifically detected in presenescent cells. The frequency of cells with large foci was well corre-
lated with that of cells positive for senescence-associated β-galactosidase staining. Hypoxic cell culture condition extended replica-
tive life span of normal human fibroblast, and we found that the formation of large foci delayed in those cells. Our immuno-FISH
analysis revealed that large foci partially localized at telomeres in senescent cells. Importantly, large foci of phosphorylated H2AX
were always colocalized with phosphorylated ATM foci. Furthermore, Ser15-phosphorylated p53 showed colocalization with the
large foci. Since the treatment of senescent cells with phosphoinositide 3-kinase inhibitor, wortmannin, suppressed p53 phospho-
rylation, it is suggested that amplification of DNA damage signaling sustains persistent activation of ATM-p53 pathway, which is
essential for replicative senescence.

1. Introduction

It is well known that normal human somatic cells have a finite
replicative life span, which resulted from permanent cell cycle
arrest caused by persistent activation of DNA damage check-
point [1]. Therefore, it is presumed that unreparable and sus-
tained DNA damage could be the trigger of replicative senes-
cence. It has been widely accepted that shortened telomeres
cause persistent activation of DNA damage checkpoints [2].
Telomeres generally form looped structure, otherwise, the
telomeric DNA-ends might be sensed as DNA double-strand
break (DSB) [3]. Experimentally, the relationship between
telomere dysfunction and replicative senescence has been
investigated by using dominant-negative TRF2 proteins. Col-
lapse of telomere loop exposes telomeric DNA-ends, which

resulted in senescence induction in normal human fibrob-
lasts [4, 5]. Thus, it is clear that telomere dysfunction is the
primary cause of replicative senescence.

As telomere dysfunction activates DNA damage check-
point factors, DNA damage signaling could be critical for
replicative senescence [6]. For example, phosphorylated
H2AX foci, which are often referred to as γH2AX foci, have
been treated as a surrogate marker for DNA damage signal
activation, and the formation of phosphorylated H2AX foci
are commonly observed in replicative senescence [7, 8]. In
addition, immuno-FISH analysis, which is the combination
of immunofluorescent detection of foci and telomere FISH
revealed foci formation detected with telomere FISH signals
in senescent cells, suggesting telomere in senescent cells
causes DSB. Moreover, two genome-wide studies revealed
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enrichment of H2AX phosphorylation as well as another
DNA damage checkpoint factor, 53BP1, at the end of chro-
mosome in senescent normal human fibroblasts [7, 9]. Thus,
DNA damage signals triggered by telomere dysfunction
appear to be critical for replicative senescence.

It is quite evident that various external stresses causing
DNA damage prematurely induce senescence-like features in
normal human fibroblasts. For example, ionizing radiation
has been reported to induce senescence-like growth arrest
(SLGA) [10]. It has been shown that persistent unreparable
DSBs result in SLGA, which seems to be equivalent to DSBs
located at telomere ends in replicative senescent cells [11].
In fact, we previously found persistent foci in different size
in cells inducing SLGA [12]. The initial foci, which were
detected immediately after irradiation, were tiny, and most
initial foci rapidly disappeared thereafter. In contrast, sus-
tained foci especially for over several days following irradi-
ation are quite large in size, and the large foci are observed
in cells underwent SLGA. Because large foci continuously
amplify DNA damage signal, prolonged activation of DNA
damage checkpoint should play a critical role in irreversible
growth arrest. Therefore, we here addressed whether ampli-
fication of DNA damage signal is involved in replicative
senescence of normal human diploid fibroblasts.

2. Materials and Methods

2.1. Cell Culture and Reagent. Normal human diploid fibrob-
last, HE49, was exponentially grown in Eagle’s minimum
essential medium (Nissui, Tokyo, Japan) supplemented 10%
fetal bovine serum (Thermo Trace Ltd., VIC, Australia). Nor-
moxic cell culture was performed at 37◦C in a humidified
incubator with 5% CO2 and 95% air, and hypoxic cell culture
was performed in a humidified incubator (Ikeda Scientific
Co., Ltd., Tokyo, Japan) with 5% CO2, 2% O2, and 93%
N2 by supplying nitrogen gas from a nitrogen gas generator
(Kojima, Kyoto, Japan). Population doubling level (PDL) was
calculated by the following equations

n = log(N/N0)
log 2

,

PDL =
∑

n,

(1)

“N” or “N0” indicate the counted cell number following cell
culture or the seeding cell number at the plating. “n” repre-
sents population doubling level of each passage.

2.2. Immunofluorescence Staining. Cells grown on coverslips
at indicated PDL were washed once with cold PBS−, and then
fixed with 4% paraformaldehyde/PBS− solution for 10 min at
room temperature followed by permeabilization with 0.5%
Triton X-100/PBS− solution for 5 min on ice. Alternatively,
preextraction treatment which excluded chromatin-free
nuclear protein was performed by the sequential treatments
as follows, permeabilization with 0.5% Triton X-100 in cyto-
skeleton, CSK, (10 mM HEPES-KOH, pH 7.4, 300 mM
Sucrose, 100 mM NaCl, 3 mM MgCl2-6H2O) buffer for

2 min on ice, fixation with 4% paraformaldehyde/CSK buffer
for 20 min at room temperature, and then 0.5% NP-40/CSK
buffer-treatment for 5 min at room temperature. The pri-
mary antibody was treated for 2 h at 37◦C with following
listed antibodies; mouse monoclonal antiphosphorylated
H2AX at Ser139 antibody and rabbit polyclonal antiphos-
phorylated H2AX at Ser139 antibody (Upstate Biotechnol-
ogy, NY, USA), rabbit polyclonal antiphosphorylated ATM at
Ser1981 antibody (Rockland, PA, USA), mouse monoclonal
anti-p53 (Lab Vision, CA, USA), and rabbit polyclonal
antiphosphorylated p53 at Ser15 (Cell Signaling Technology,
MA, USA). Following the primary antibody treatment, Alexa
Fluor 488-conjugated goat antimouse or rabbit antibody or
Alexa Fluor 594-conjugated antimouse or rabbit antibody
(Molecular Probes, OR, USA) was treated as secondary
antibody for 1 h at 37◦C. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI, 10 ng/mL; Molecular
Probes, OR, USA) or propidium iodide, PI. Images were
acquired with an Olympus fluorescence microscope and then
analyzed with IP Lab software (Scanalytics, VA, USA).

2.3. Immuno-FISH. Immuno-FISH assay was performed as
described previously [13]. Briefly, cells were fixed, perme-
abilized, and stained with antiphosphorylated histone H2AX
antibody as described above. After immunofluorescence
staining step, labeled protein was cross-linked with 4% para-
formaldehyde/PBS− for 20 min at room temperature. The
samples were then dehydrated in 70%, 90%, and 100%
ethanol for 3 min each and air-dried, and DNA was dena-
tured for 30 min on a hotplate at 80◦C. After hybridization
with a telomere-PNA probe for 5 h, the cells were washed
three times with 70% formamide/10 mM Tris, pH 6.8, for
15 min, followed by a 5-min wash with 0.05 M Tris/0.15 M
NaCl, pH 7.5/0.05% Tween 20 and a 5-min wash with PBS−.
Microscopic analysis was performed as described in the sec-
tion of immunofluorescence assay.

2.4. Senescence Associated β-Galactosidase Staining. SA-β-gal
staining was carried out as described previously [14]. Briefly,
cells were plated into 35 mm dish and on the following day,
it was fixed with 2% paraformaldehyde containing 0.2%
glutaraldehyde for 5 min at room temperature. After fixa-
tion, cells were washed extensively with PBS− and were then
incubated with stain solution (40 mM citric acid/sodium
phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2)
containing 1 mg/mL 5-bromo-4-chloro-3-indolyl β-D-gal-
actopyranoside, X-gal, (Wako Pure Chemical Industries,
Ltd., Osaka, Japan).

2.5. Cell Cycle Analysis. Cells grown on the coverslip were
fixed with ice-cold 70% ethanol for 5 min at room temper-
ature. Following extensive wash process with PBS−, samples
were treated with PI (50 μg/mL) stain solution containing
200 μg/mL RNase for 30 min at 37◦C. Cell cycle analysis
was performed using a laser scanning cytometer (LSC-101,
Olympus, Tokyo).
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2.6. Immunoblotting. Whole cell extracts were prepared in
radioimmune precipitation assay buffer (50 mM Tris-HCl,
pH 7.2, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
and 0.1% SDS) containing 1x protease inhibitor. The mem-
brane that transferred proteins separated by SDS-PAGE was
probed with primary antibody for 2 h at room temperature
followed by biotinylated antimouse or -rabbit IgG antibodies
(Amersham Pharmacia Biotech, UK) as secondary antibody,
the bands were visualized using alkaline phosphatase detec-
tion system (Amersham Pharmacia Biotech, UK) by addition
of nitroblue tetrazolium/5-bromo-4-chloro-3′-indolyl phos-
phate (Roche Diagnostic, USA).

3. Result

3.1. Foci Growth of Phosphorylated H2AX in Replicative Senes-
cence. DNA damage signal amplification in replicative senes-
cence of normal human diploid fibroblasts were examined
by immunofluorescence staining of phosphorylated histone
H2AX at Ser139 at different PDLs (Figure 1(a)). Histone
H2AX underwent phosphorylation and formed dotted foci
in nearly 10% of cells at PDL12, when cells exponentially
proliferated and most cells were negative for SA-β-gal stain-
ing (Figures 1(a), 1(b) and 2(a)). The frequency of the cells
gradually elevated with increasing PDL, and it reached to
nearly 80% at PDL 61, when approximately 60% of cells was
positive for SA-β-gal. According to our previous criteria [15],
the foci with more than 1.5 μm in diameter were judged as
large foci in replicative senescence. No large foci formation
was observed at PDL 12. Then, the frequency of large foci
positive cell was slightly elevated over the culture days up to
PDL 55, and they were formed in nearly 60% of cells at PDL
61. Approximately 65% of positive cells for H2AX phos-
phorylation showed large foci. The frequency of SA-β-gal
positive cells was well correlated with those of the cells with
large foci over culture days. These data indicate that large foci
formation of DNA damage checkpoint factor correlates well
with the induction of replicative senescence.

Localization of large foci was investigated by Immuno-
FISH analysis that combined immunofluorescent detection
of H2AX phosphorylation with telomere FISH (Figure 1(c)).
Whereas large foci did not colocalize with telomere signals
at PDL 21, large foci associated with telomere signals were
observed in 25% at PDL 61 (Figure 1(d)). It should be
mentioned that large foci were completely colocalized with
foci of phosphorylated ATM, that is, active form of ATM,
at any PDLs (Figure 1(e)). These data indicate that ATM-
dependent DNA damage signal is amplified at the site of
large foci in senescent cells, indicating that not only dysfunc-
tional telomeres but also interstitial DNA breaks could be
associated with senescence induction.

3.2. Extension of Replicative Life Span Delayed Large Foci
Formation of Phosphorylated H2AX. The link between senes-
cence induction and large foci formation was further exam-
ined in cells cultured under 2% of hypoxic condition which
extended replicative life span [16]. The cells used for this

study were originally cultured under normoxic condition
up to PDL 21 before they were moved to hypoxic culture
condition. Then, they were divided into two different culture
conditions, hypoxia and normoxia. Therefore, we set day 0 in
culture at PDL 21. Both cell groups were individually main-
tained and subcultured at the same day. PDL of both cells was
equally elevated at the initial culture period, however, cell
growth was completely stopped under normoxic condition
approximately at 65 days, while the cells in hypoxic condition
continued proliferation for more than 8 cell division, and
finally arrested approximately at 80 days (Figure 2(a)). Cell
cycle analysis of S phase demonstrated that growth arrest was
much delayed under hypoxic condition (Figures 2(b) and
2(c)). For example, the fractions of S phase, at day 13, were
similarly detected under normoxia and hypoxia, respectively.
It was markedly diminished to 5% under normoxia, while
the fraction still detected in 16% under hypoxia at day 59
and eventually diminished to 4% at day 93. In hypoxic
condition, large foci formation was similarly observed as
shown in Figure 1, however, they were detected much later
compared with the cells cultured in normoxic condition
(Figure 2(d)). Therefore, these data demonstrated that large
foci were generated by endogenous oxidative stress, and the
formation of large foci was strongly correlated with senes-
cence induction.

3.3. Activation of ATM-p53 Pathway at the Large Foci of Phos-
phorylated H2AX. We next examined whether ATM-p53
pathway is involved in persistent activation of cell cycle arrest
in senescent cells. In replicative senescence of HE49, accu-
mulation of p53 accompanied with phosphorylation at Ser15
and transactivation of p21 was observed over the culture
time. Especially, p53-p21 pathway was persistently upreg-
ulated when p16 was also induced (Figure 3(a)). p53 was
then visualized by immunofluorescence staining following
formalin fixation at indicated PDLs (Figure 3(b)). Approx-
imately 20% of cells at PDL 21 weakly expressed p53 in
nuclear (indicated as “+” in Figure 3(c)), and others were
under detection level of p53. Increase of p53-expressing cells
was observed at PDL 61 as detected in western blotting
(Figure 3(a)), and p53 highly accumulated in 30% at PDL
61 (indicated as “+++” in Figure 3(c)). Interestingly, accu-
mulated p53 formed colocalized foci with phosphorylated
ATM foci (Figure 3(b)). p53 was also visualized in the
cells receiving preextraction treatment followed by formalin
fixation (Figure 3(d)). Preextraction removed chromatin-
free nuclear protein and accumulating p53 in nuclear
disappeared, while aggregated p53 was still detected at the
sites formed large foci of phosphorylated ATM. Furthermore,
Ser15-phosphorylation form of p53 was also detected at the
large foci of phosphorylated ATM following preextraction
(Figure 3(e)). Furthermore, the effect of ATM kinase inhi-
bition on p53 phosphorylation at Ser15 in senescent cells
revealed suppression of phosphorylation level especially at
lower doses (Figure 3(f)), suggesting ATM is involved in
p53 activation in replicative senescence. These data indicate
ATM-p53 pathway persistently activated at the site of large
foci in senescent cells.
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Figure 1: Foci growth of phosphorylated H2AX in replicative senescence. (a) Visualization of phosphorylated H2AX foci (green) at the
different PDLs indicated by the numbers. Nuclear counterstain was performed with PI (red). (b) Induction frequency of senescent cell
(closed circle), H2AX phosphorylation (closed triangle), and large foci formation (open triangle). At least 300 cells and 100 cells were
analyzed for senescent induction and foci diameter, respectively. Statistical analysis of the frequency between SA-β-gal (+) and large foci
(+) was performed by Welch’s test. (∗P < 0.01) (c) Each Immuno-FISH image represented a cell with phosphorylated H2AX foci (red) in
the absence (a) or the presence (b) of colocalization with telomere FISH signal (green). Arrowhead in (b) represents the phosphorylated
H2AX focus accompanied with telomere FISH signal. (d) The frequency of cells in which large foci were detected with (+) or without (−)
telomere signal. The data was analyzed with the cells detected large foci in both PDLs of 21 (closed bar) and of 64 (open bar (b)). At least
100 cells were investigated in both PDLs. (e) Colocalization of phosphorylated H2AX (green) and phosphorylated ATM (red) in replicative
senescence. Nuclear counterstain was performed with DAPI (blue).
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Figure 2: Extension of replicative life span correlated with delayed large foci formation of phosphorylated H2AX. (a) HE49 was cultured
under normoxic or hypoxic condition and then PDL was calculated. (b and c) Cell cycle distribution under normoxic (line in c) and hypoxic
(dotted line in c) conditions was analyzed by LSC at the indicated time points. Cell cycle data shown in (b) was graphed in (c). The symbols of
circle, triangle, and diamond represent the frequency in G1, S, and G2 phase, respectively. The data was obtained from more than 6,000 cells.
(d) Phosphorylated histone H2AX status was classified into H2AX phosphorylation negative (open bar), H2AX phosphorylation positive
(dotted bar), and large foci formation (closed bar) and the frequency of each status were investigated in replicative senescence under nor-
moxic (red) and hypoxic (blue) condition. NT indicated “not tested.” At least 100 cells were analyzed in each condition.

4. Discussion

The present study demonstrates that persistent amplification
of DNA damage signal is involved in replicative senescence.

It has been generally thought that prolonged activation
of DNA damage response at dysfunctional telomere results
in irreversible cell cycle arrest in replicative senescence [17].
Indeed, foci formation at telomeres is detected in senescent
cells [7, 8]. Our current study extends such observation and
adds the evidence that DNA damage signals at dysfunctional
telomeres are mostly amplified.

Our previous findings demonstrate that amplification of
DNA damage signal relates to persistent activation of ATM-
p53 pathway sufficient for executing irreversible G1 arrest

in response to ionizing radiation [11, 12]. We also demon-
strated that increase in foci size was essential for amplifi-
cation of DNA damage signals. In fact, residual foci, which
sustain for over several days following irradiation, are larger
foci, which are indispensable for proper activation of p53
[15]. The present study clearly demonstrated that formation
of large foci also takes place in replicative senescent cells
(Figure 1(a)). Our results are the following: (1) increase of
cells with large foci is well correlated with the senescence
induction (Figure 1(b)), and (2) hypoxic cell culture, which
extends replicative life span, delays the formation of large
foci (Figure 2), indicate mutual relationship between ampli-
fication of DNA damage signals and induction of replicative
senescence.
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Figure 3: Activation of ATM-p53 pathway at the large foci of phosphorylated H2AX. (a) Investigation of factors relating to G1 checkpoint
machinery in replicative senescence was performed by western blotting. “p-p53” indicated Ser15-phosphorylated p53. (b) p53 accumulation
in cells formed phosphorylated ATM foci (p-ATM) in replicative senescence. (c) The cells detected different p53 level was scored at both PDL
of 21 (closed bar) and of 64 (open bar) (n ≥ 1, 000). “−”, “+”, and “+++” indicated p53 negative, positive, and strong positive, respectively.
Representative cells of p53 positive or strong positive were shown in upper or lower image in (b). (d and e) The cells were preextracted to
remove chromatin-free nuclear protein, and then detected indicated proteins. (f) p53 phosphorylation at Ser15 was examined in senescent
cells treated with a series of concentration of wortmannin.

It has been thought that telomere dysfunction results in
activation of DNA damage response. Dysfunctional telomere
is able to be detected by foci formation of DNA damage
checkpoint factors which accompanied with telomere FISH
signal, so called telomere-induced foci (TIF) [8, 13], and we

also detected TIF in 25% of senescent cells (Figure 1(c)). It is
generally thought that TIF represents uncapped telomere
exposing telomeric DNA-ends. Therefore, it is assumed
that unreparable DSBs causes prolonged activation of DNA
damage response [8]. On the other hand, our previous data
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represent localization of phosphorylated H2AX foci not only
at DSB site but also on dicentric chromosome [18, 19]. It
has also been demonstrated that telomere-telomere fusion-
mediated dicentric chromosomes were formed in senescent
normal human fibroblasts of MRC-5 and WI-38 [20, 21],
suggesting another possibility that TIF might be reflected
the region on dicentric chromosome derived from telomere
fusion. Our immuno-FISH analysis indeed demonstrated
that large foci without telomere-FISH signal in 75% of senes-
cent cells (Figure 1(c)). Nakamura et al. precisely analyzed
foci formation with metaphase chromosome spreads of
presenescent WI-38 and BJ normal human fibroblasts [22].
They found localization of foci at the end of chromosome
which lacked telomere-FISH signal in more than 50% of
foci detected in presenescent metaphase spreads. Therefore,
large foci formation without telomere-FISH signal in our
telomere-FISH analysis might involve such foci. Alterna-
tively, following telomere-telomere fusion, Fusion-Bridge-
Breakage (FBB) cycle might initiate DSBs at interstitial chro-
matin region [23]. Once dysfunctional telomeres are fused
and generate dicentric chromosome, two centromeres are
pulled in opposite directions during anaphase. Such a chro-
mosome regionally gets a tension, eventually, DNA break is
initiated at interstitial chromatin region of dicentric chro-
mosome. On the basis of the model, dysfunctional telomeres
might be in the one mechanism of large foci formation in
replicative senescence, but interstitial chromatin region
could also be the candidate to serve DNA ends.

Formationof large foci activates ATM-p53 pathway,
which triggers p21 transactivation. It has been represented
that p53-p21 pathway as well as p16 is associated with
irreversible growth arrest in senescent cells, especially p16
expression is elevated at late senescent stage [24]. We also
confirmed induction of both pathways in replicative senes-
cence (Figure 3(a)). We found that lower concentration of
wortmannin treatment in senescent cells significantly sup-
pressed Ser15-phosphorylation of p53 (Figure 3(f)). Previ-
ous reports demonstrated that IC50 of wortmannin treat-
ment for ATM was approximately 5 μM [25], and ATM,
but not DNA-PK, is known as a major factor for Ser15-
phosphorylation of p53 in vivo in response to DSB [26].
Thus, it can be concluded that ATM-dependent p53 activa-
tion is amplified at large foci.

In conclusion, our data presented here provide strong
correlation between large foci formation of DNA damage
checkpoint factors and replicative senescence induction.
Large foci could be formed at dysfunctional telomeres as well
as at interstitial chromatin regions, which ensures persistent
activation of DNA damage response. Thus, persistent ampli-
fication of DNA damage signals via ATM-p53 pathway plays
a critical role in replicative senescence.
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Aging is a multifactorial process resulting in damage of molecules, cells, and tissues. It has been demonstrated that the expression
and activity of antioxidant systems (SOD, HSPs) are modified in aging, with reduced cell ability to counteract the oxidant
molecules, and consequent weak resistance to ROS accumulation. An important mechanism involved is represented by sirtuins,
the activity of which is reduced by aging. Physical activity increases the expression and the activity of antioxidant enzymes,
with consequent reduction of ROS. Positive effects of physical exercise in terms of antioxidant activity could be ascribable to a
greater expression and activity of SOD enzymes, HSPs and SIRT1 activity. The antioxidant effects could increase, decrease, or
not change in relation to the exercise protocol. Therefore, some authors by using a new approach based on the in vivo/vitro
technique demonstrated that the highest survival and proliferation and the lowest senescence were obtained by performing an
aerobic training. Therefore, the in vivo/vitro technique described could represent a good tool to better understand how the exercise
training mediates its effects on aging-related diseases, as elderly with heart failure that represents a special population in which the
exercise plays an important role in the improvement of cardiovascular function, quality of life, and survival.

1. Aging and Oxidative Stress

Aging is a multifactorial process resulting in damage of
molecules, cells, and tissues, leading to a reduced efficacy
of functions with different pathophysiological consequences
and a variety of clinical phenotypes. It is characterized
by altered regulation of many genes implicated in stress
resistance and processes of tissue regeneration and repair.
In particular, old animals are intrinsically less resistant to
oxidative stress [1, 2].

Several studies have shown that advanced age is associ-
ated with abnormalities in cardiac performance and struc-
ture, such as a decline in early diastolic left ventricular filling
[3] and increases in wall thickness, but also by changes
in vascular and cardiac beta-receptor function [4]. Abete
et al. [5] demonstrated that changes in response to stress,

induced by intracoronary infusion of hydrogen peroxide
were pronounced in old rats. In fact they found that cardiac
release of oxidized glutathione (an index of the ability of
the heart to inactivate oxygen metabolites) was significantly
lower in old hearts than in younger animals, and that this
finding was associated with decreased cardiac concentrations
of the scavenger enzymes glutathione peroxidase and Mn-
superoxide dismutase. The authors concluded that in rat
heart metabolic and functional tolerance toward oxidative
stress decreases with age. These observations indicate that
the heart undergoes anatomic and functional changes over
aging, the interaction of which may eventually result in
excessive risk for cardiovascular diseases.

In elderly patients, in addition to age-related changes
in function and anatomy of the cardiovascular system, a
progression of coronary artery disease and organ damage
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associated with hypertension, diabetes, and often compli-
cated by heart failure are found.

Abnormalities in mitochondrial function, calcium han-
dling, electrolytes alterations, hormones, oxidative stress,
and cardioprotective signaling have all been proposed as
potentially implicated [6]. Effects of high levels of insulin,
involved in many age-related diseases, on the cardiovascular
function are well studied, even if conflicting data are reported
in literature about the effects of insulin on myocardial
contractility [7]. In a model of isolated rats papillary muscles,
it was demonstrated that insulin-induced modulation of
contractility is calcium independent and that insulin leads
to a supersensitization on the beta1-adrenoceptors [8],
involved in pathogenesis of age-related cardiac diseases,
such as heart failure [9]. It has been demonstrated that
one of the pathophysiological mechanisms involved in the
genesis of heart failure is represented by a persistent beta1-
adrenoceptors stimulation, that evokes a multitude of cardiac
toxic effects, including myocyte apoptosis and hypertrophy,
as showed in vivo on rodent hearts and in vitro on cultured
cardiomyocytes [10–13].

Regarding the effects of electrolytes changes implicated
in the regulation of myocardial function, for instance,
it has been demonstrated that magnesium interferes on
failed cardiac contractility [14], by modifying sarcoplasmic
reticular Ca2+ transport systems with a calcium antagonism
mechanism based on competition between Mg2+ and Ca2+

for the same binding sites on key myocardial contractile
proteins, such as troponin C, myosin, and actin [15] that
could explain the opposite effects of Mg2+ and Ca2+ on
myocardial contractility [16].

Furthermore, the aging is characterized by an impaired
responsiveness to stress and by a reduced efficiency of
endogenous protective mechanisms (i.e., ischemic precon-
ditioning and postconditioning), which results in increased
vulnerability to injury [17, 18].

A greater myocardial dysfunction induced by ischemia-
reperfusion injury [19] represents another feature of aging
process, then reinforcing the association with oxidative
stress. The oxidative stress has been suggested to be also
responsible for some metabolic changes.

In particular, old animals show increased release of
glutathione and decreased release of oxidized glutathione,
suggesting that cardiac oxidative tolerance (considered as
the ability of heart to suffer oxidative insults without
crucial effects) decreases with age [5]. Ferrara et al. [20]
also demonstrated that impairment of systolic and diastolic
functions, induction of arrhythmias, release of glutathione,
and other abnormalities caused by oxidant exposure can be
prevented through antioxidants administration. The oxida-
tive stress that is responsible for these changes, represents
an imbalance between production of reactive oxygen species
(ROS) (such as nitrogen, superoxide anion, and hydrogen
peroxide) and antioxidants cellular systems unable to cope
with the excess of oxidants. ROS are continuously formed
during life as result of the metabolism of oxygen, and
their production is increased during some pathological
processes. Mitochondrial respiration is a physiological source
of ROS and impairment in this system has been related

to dysfunction of several homeostatic processes, such as
membrane lipid peroxidation, enzymes inactivation, and
nucleic acid bases damage. The protective systems involved
in antioxidant cellular defense are principally represented
by peroxidase, superoxide dismutases (SOD), and heat
shock proteins (HSPs). The SOD catalyze the dismutation
of superoxide into oxygen and hydrogen peroxide during
physiological and pathological conditions, including aging. It
has been demonstrated that the expression and activity of the
SOD system are modified in aging, with reduced cell ability
to counteract the oxidant molecules, and consequent weak
resistance to ROS accumulation [21]. Obviously, cytotypes
with limited replication ability, such as brain and heart,
are particularly vulnerable to this phenomenon, suggesting
that it could explain, at least in part, high prevalence of
cardiovascular and neurological disorders in old people [22].
In fact it is widely known that oxidative stress and reduced
antioxidant defense have negative effects on cardiac structure
and function [23], and they are also involved in lipid
membrane oxidation and other heart age-related conditions.
Rinaldi et al. [21] showed that high levels of cardiac lipid
peroxidation in sedentary old rats were not paired by
increased SOD expression. These findings suggested that
aging could be associated with increased oxidants without
significant changes in antioxidant activity [24]. HSPs are
another system of cellular defense against oxidative stress.
These “stress-induced proteins” are ubiquitous and highly
conserved chaperones, important in the folding of new
synthesized or damaged proteins. Moreover HSPs mediate
mitochondrial protection against oxidative stress and some
of those such as HSP70 have been associated with myocardial
protection. Martin et al. [25] showed an increased sur-
vival in HSP70-transfected cardiomyocytes and consequent
increased expression of the HSP70 enzyme against ischemic
cardiac damage. The Rinaldi’s study [21] suggested that aging
adversely affects HSP70 protein expression with increased
levels of HSP27.

Snoeckx et al. [26] showed doubled HSP27 levels during
the first 16 hours after heat shock. It is probable that many
different aspects of the aged heart are at least partially
caused by accumulation of oxidative damage. It has been
found that cardiac fibrosis and size of myocytes increase
with aging, while the number of myocytes decreases and
ventricular hypertrophy is almost a constant finding in the
aging rat heart [27–29]. All these findings may be related
to oxidative stress, change of calcium homeostasis, with
reference to the prolonged calcium transient and contrac-
tion, and decreased calcium sequestration by sarcoplas-
mic reticulum, characteristics of senescent heart. Another
important mechanism involved in cellular aging process
is represented by family of sirtuins, a cluster of proteins
composed by seven homologues that regulate cellular biology
and metabolism through deacetylation of histones and other
cellular factors such as NFkB, HSF1, p53, FOXOs, and PGC-
1. SIRT1, the human homologous of the family, is involved
in many functions of human physiology, including DNA
repair, cell cycle regulation, apoptosis, gene expression, and
aging [30]. By FOXO3 acetylation and/or phosphorylation
oxidative stress induces arrangement of SIRT1-FOXO3a,
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complex indispensable for cell cycle arrest and induction
of DNA repair [31]. SIRT1 can modulate the cellular stress
response directly deacetylating some proteins and regulating
their expression [32]. In fact SIRT1 inhibition determines
transcription suppression of genes activated by exposure
to heat shock. On the contrary, SIRT1 activation byagents
such as resveratrol, or SIRT1 overexpression enhances the
heat shock response [33]. Furthermore, SIRT1 modulates
the threshold of cell death in the setting of exogenous
stress, including oxidative damage, interacting with p53,
inhibits Bax-induced apoptosis by deacetylation of Ku70, and
regulation of other targets linked to cell death [34]. Then the
ability of SIRT1 to modulate stress resistance is multifaceted
and it is not only linked to oxidative stress, but also to other
stressful stimuli that play a role in the cellular aging, such as
telomere shortening and other types of genotoxic stress.

2. Physical Activity and Oxidative Stress

The physical activity increases the expression and the activity
of antioxidant enzymes, with consequent reduction of ROS.
In part, it seems that positive effects of the physical exercise
on senile heart in terms of antioxidant activity could be
ascribable to a greater expression and activity of SOD and
HSPs.

Rinaldi et al. [21] showed that a physical training
program induced high levels of SOD and increased HSP70
and of HSP27 expression in trained old rats compared to
sedentary old and young rats. This finding was in accordance
with other studies where training protocols were able to
increase SOD activity in sedentary old rats [24].

Physical activity has been demonstrated able to reduce
generation of oxidants during ischemia-reperfusion damage
and to have a calcium-protective role via activation of the
ROS scavenger MnSOD. This better oxidative status conse-
quent to a correct program of physical activity is partially
responsible for some benefits (such as decreased arterial
stiffness, improved endothelial function and metabolic and
clotting setting, and reduced body weight).

The relation between aging and accumulation of oxida-
tively damaged proteins, lipids, and nucleic acids explains
how a high resistance to the oxidative stress is associated
with increased lifespan, as suggested by many studies in
various model organisms [35, 36]. An 8-week training
period has been shown to reduce body weight and cardiac
abnormalities characteristic of senescence heart, such as
structural changes, ventricular systolic pressure, left ventricle
weight/body weight ratio, and heart rate [37], suggesting that
exercise training antioxidant effects might be also mediated
by mechanisms involving metabolic pathways.

Other findings derived from clinical studies show that
regular physical activity decreases cardiovascular comorbid-
ity and mortality in adult and in elderly by restoring the
protective effect of ischemic preconditioning [38] and par-
tially contrasting loss of antioxidant defense in the aged heart
[37]. In particular, it has been demonstrated that the physical
activity in the heart failure works at cardiac level increasing
angiogenesis and at levels of adrenal medulla restoring

the GRK2-alpha 2 adrenergic receptor axis which regulates
the production of catecholamines [39, 40], and therefore
it is able to increase norepinephrine release in response
to a preconditioning stimulus [41]. This phenomenon has
been suggested to be also involved in the cardioprotective
effects of exercise training and caloric restriction. In fact,
it has been demonstrated that exercise training and food
restriction produce together total preservation of ischemic
preconditioning in the aging heart, and that one of the
mechanisms responsible for early ischemic preconditioning
conservation in the aging heart maybe the restoration
of norepinephrine release in response to preconditioning
stimulus, as confirmed by the absence of the protection by
reserpine administration [42, 43]

Thus physical activity delays the damage accumulation
and consequent physiological dysfunction characteristic of
aging process.

An interesting observation is that both exercise training
and caloric restriction improve the antioxidant system, and
this could also explain the analogy between benefits derived
by these tools.

By observation that caloric restriction induces increased
lifespan by induction of sirtuins activity and that both
exercise training and caloric restriction share many benefits
it has been hypothesized that SIRT1 is also involved in
the physical activity effects, whereas only caloric-restricted
subjects showed an increased lifespan [1].

SIRT1 has been implicated in many different pro-
cesses, such as glucose metabolism and fat mobiliza-
tion/metabolism. It is possible that SIRT1 mediates skeletal
muscle adaptations to endurance exercise by regulating
cytosolic NAD+/NADH ratio changes during muscular con-
traction. It has been shown that physical activity is able
to increase activity of SIRT1 in aged old rats [22], and
this finding could be linked to increased NOS expression
in skeletal muscle after contraction induced by electrical
stimulation in vivo [44].

3. Cellular Models of Physical
Activity and Aging

Physical activity is one of the best methods in treatment of
age-related chronic-degenerative diseases and in prevention
of changes associated with aging.

The selection of exercise program is also important,
in fact it has been noticed that antioxidant effects could
increase, decrease, or not change in relation with the exercise
protocol [37]. Recommendable physical activity should be
aerobic, with constant and regular exercise training, not vig-
orous or intense and planned adjusting the physical activity
to the characteristics of subject in order to avoid injuries
and to represent useful means of prevention in the elderly.
Although the beneficial effects of the exercise are well known
in terms of pathophysiology and hemodynamics, very little
is known about the molecular bases that are responsible for
the effectiveness of physical activity in humans, as previously
mentioned. Moreover all studies carried out to investigate
this topic have been performed “in vivo” on humans or by
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using “in vitro/in vivo” animal models. In particular, study
on human sera is not able to show the cellular changes
induced by physical activity, such as in vivo experiments in
animal model could not be translated to human experience.
A demonstration of the controversial debate on this topic is
provided by the recent review by Lee et al. [45] that reported
that in-human oxidative stress represents a key feature in all
stages of cardiovascular disease. In particular, the authors
underline the importance of in-human measurement of
oxidative stress circulating biomarkers, some of them with
predictive value in cardiovascular disease, but Lee et al. also
concluded that these biomarkers do not necessarily reflect
intravascular oxidative stress and therefore cannot be used as
therapeutic targets or markers to monitor pharmacological
treatments in clinical settings.

On the other hand, in animal models several studies
demonstrated the molecular basis underlining the physical
activity effects. Yang et al. [46] showed that training induces
a significant enlargement of collateral vessels in striated
ischemic muscle and that these effects were lost upon
inhibition of NO production. Eksakulkla et al. [47] suggested
that physical activity could improve endothelial dysfunction
in aged rats by increasing NO bioavailability. Moreover,
Ferrara et al. [37] demonstrated that exercise training, which
significantly increases SIRT1 activity, could counteract age-
related systems impairment, by activation of antioxidant
systems and DNA repair and disability [48], suggesting
therefore a possible role of exercise training in conditioning
lifespan (Figure 1).

Although studies in animal models help to examine
the changes induced by exercise both at the molecular and
functional level, they may not accurately represent what
happens in humans in their entirety and complexity during
aging.

Obviously, in order to better understand the changes
induced by exercise in the elderly, it is necessary to first define
“normality” of such modifications, by studying what physical
activity induces on blood and cells in healthy young subjects.

An interesting approach is represented by that one used
by Conti [49]. Based on Allard’s paper [50] in which the
authors examined the effects of sera from calorie-restricted
subjects on cultured cells, Conti et al. investigated the effects
of sera collected from three groups of athletes characterized
by different types of sports (aerobic, anaerobic, or mixed)
on human endothelial cells [49]. After determination of
some antioxidant enzymes activities and levels of oxidants
in the sera, they used the same sera to treat cellular lines.
In particular human endothelial cell lines EA.hy 926 (ECs)
and primary human umbilical vein (HUVEC) were used
for the in vitro experiments. The method consisted in
growing EA.hy 926 and HUVEC in an endothelial growth
medium supplemented with the athletes’ sera and exposed
or not to oxidative stress. On these cultures the levels of
different enzymes and oxidants molecules, and parameters
of survival, senescence, and viability were determined. By
these experiments the authors demonstrated that survival
and proliferation rates were higher in ECs supplemented
with serum of athletes performing an aerobic training than in
ECs treated with sera of a athletes performing an anaerobic or

Exercise training

↑ SIRT1 activity 

↓ Acetylation transcription factors

↑ Mn-SOD
↑ Catalase

↓ Cyclin D2
↑ GADD45a

↑ Riparo DNA 

Longevity

↓ MDA

Figure 1: Mechanism of exercise training through SIRT1 activity
on antioxidant enzymes and factors involved in cell cycle. Exercise
training induces increased SIRT1 activity that is responsible both of
raised activation of antioxidants system (by MnSOD and Catalase)
and cell cycle arrest to promote DNA repair. These phenomena
could induce extended lifespan.

mixed sport. Moreover, by the evidence that changes in many
functional aspects of cell behavior, including proliferation,
are closely related to NO bioavailability [51, 52] and that
NO production is strongly limited in senescent ECs [53].
In Conti’s paper [49] the highest survival and proliferation
rates and the lowest senescence observed in endothelial cells
conditioned with aerobic serum, both at baseline and after
stress induction, suggest that these changes could depend,
at least in part, on high NO bioavailability in the aerobic
exercise serum. Therefore, the high NO bioavailability in
serum from athletes undergoing aerobic training produces
favorable effects on human endothelial cells. Finally they
concluded that different types of exercise training induced
different molecular effects in terms of survival, morphology,
and antioxidant system efficiency [49].

The in vivo/vitro technique used in this paper is inter-
esting because for the first time connects the physiological
effects of physical activity on the blood cells to molecular
changes induced by the same blood cells on endothelial cells,
by helping to shed light on the molecular basis of effects
of long-term physical activity in humans. The issue of how
exercise may favorably affect the modifications related to
aging is even more complex. In fact, in aging investigation
it is difficult to discern the effects of senescence “per se”
from those produced by conditions highly prevalent, such
as hypertension, diabetes, and atherosclerosis [54, 55]. Based
on these data, that represent the basis to understand the
“normal” response of different sera in these “in vitro/vivo”
experiments we have planned a similar study.

Cardiac rehabilitation, including physical exercise as
an integral part, has been recognized as a fundamental
component in the continuum of care for patients with heart
failure. Advancements in the understanding of oxidative
metabolism, the effects of physical activity on oxidative stress
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[56], the intracellular energy transfer in both skeletal and
cardiac muscle, and mechanisms of endothelial dysfunction
provide possible explanations of the pathophysiologic factors
involved in the development of exercise intolerance in
chronic heart failure patients [57], but again they are not suf-
ficient to represent a molecular target for treatment. Exercise
training promotes SIRT1 activity [22] in animal models and
it improves cardiovascular function and enhances endothe-
lial homeostasis in patients with cardiovascular diseases.
However, also the study on aging and heart failure and
their connections are addressed only on pathophysiology or
cellular aspects, because the limitation in the available tools.
By all of the evidence, the elderly with heart failure may
represent the population that may derive more benefits from
an understanding of these processes. From this point of view
the technique used by Conti et al. [49] could represent a good
tool to better understand how the exercise training mediates
its effects on aging-related diseases, in particular in elderly
with heart failure.
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A better understanding of the aging process is necessary to ensure that the healthcare needs of an aging population are met.
With the trend toward increased human life expectancies, identification of candidate genes affecting the regulation of lifespan
and its relationship to environmental factors is essential. Through misexpression screening of EP mutant lines, we previously
isolated several genes extending lifespan when ubiquitously overexpressed, including the two genes encoding the fatty-acid-binding
protein and dodecenoyl-CoA delta-isomerase involved in fatty-acid β-oxidation, which is the main energy resource pathway in
eukaryotic cells. In this study, we analyzed flies overexpressing the two main components of fatty-acid β-oxidation, and found that
overexpression of fatty-acid-β-oxidation-related genes extended the Drosophila lifespan. Furthermore, we found that the ability
of dietary restriction to extend lifespan was reduced by the overexpression of fatty-acid-β-oxidation-related genes. Moreover, the
overexpression of fatty-acid-β-oxidation-related genes enhanced stress tolerance to oxidative and starvation stresses and activated
the dFOXO signal, indicating translocation to the nucleus and transcriptional activation of the dFOXO target genes. Overall, the
results of this study suggest that overexpression of fatty-acid-β-oxidation-related genes extends lifespan in a dietary-restriction-
related manner, and that the mechanism of this process may be related to FOXO activation.

1. Introduction

The trend towards increased life expectancy demands a
greater understanding of the aging process to ensure that
healthcare needs of an aging population are met. This goal
requires identification of the so-called “longevity candidate
genes,” which are potential genes important to the regulation
of lifespan, as well as appropriate understanding of how the
effects of these genes are modulated by environmental factors
such as diet. Numerous longevity candidate genes have
been identified in model systems using extended longevity
mutant phenotypes, offering important insights into the
mechanisms of aging and lifespan determination [1–5].
Insulin/insulin-like growth factor (IGF) signaling (IIS), a
major nutrient-sensing pathway, is a well-characterized age-
related pathway. The loss of IIS function by mutations
affecting insulin/IGF receptor, phosphatidylinositol-3 kinase
(PI3K), Akt, and forkhead box (FOXO) has been found to

extend the lifespan of C. elegans, Drosophila, and mammals
[3, 6–11]. In addition, energy-sensing pathways such as
those associated with sirtuins, target of rapamycin (TOR)
and AMP-activated protein kinase (AMPK) signaling are
well known to be linked to the aging process [3–5, 12]. As
nutrient-sensing pathways are linked to aging, the reduction
of dietary intake, namely dietary restriction, also extends
the lifespan of various model systems [13–16]. Furthermore,
the ecdysteroid hormone pathway is known to modulate
organismal lifespan [17, 18].

While investigating longevity candidate genes, we pre-
viously conducted misexpression screening of EP lines
containing 14 copies of upstream activator sequence (UAS)
to which Gal4 binds, allowing conditional overexpression
or knockdown of genes of flanking genomic DNA located
downstream of the basal promoter dependent on its insertion
orientation [19]. In that study, we preliminary selected 40
EP lines to demonstrate the lifespan extension, including
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the two EP lines (EPCG6783, EPCG13890) targeting fatty-acid-β-
oxidation-related genes (CG6783, CG13890), but they were
excluded from further investigation since they were induced
in the absence of Gal4 driver [19]. It has long been suggested
that lipid metabolism plays a central role in regulation of
the metazoan lifespan. One of the well-known longevity-
candidate genes, AMPK, was reported to regulate fatty-
acid synthesis and oxidation through the phosphorylation of
acetyl-CoA-carboxylase [20]. In addition, calorie restriction
and IIS mutation has been reported to promote fatty-acid
β-oxidation [21, 22]. However, there has been no direct
evidence of lifespan extension through the modulation of
fatty-acid β-oxidation to date, except for our previous study
[19], in which we did not investigate the relationship with
dietary restriction and its underlying mechanisms.

In the current study, we analyzed EP lines that over-
expressed two main components of fatty-acid β-oxidation
and found that the overexpression of fatty-acid β-oxidation
related genes extended their lifespan in a dietary-restriction-
related manner, increased their stress resistance, and acti-
vated the FOXO transcription factor.

2. Materials and Methods

2.1. Fly Stocks and Food Preparation. Drosophila melano-
gaster were cultured and reared at 25◦C. Cantonized white
(CS10 [23]) was used as wild-type control. The EPCG6783

(GX62810) and EPCG13890 (GX4385) lines, which carry the
P-element mediated upstream activator sequence (UAS) on
the 5′ untranslated region of the CG6783 or CG13890 genes,
respectively, were obtained from GenExel Inc. (KAIST Bio
Medical Research Center, Korea). To generate UAS-CG6783
flies, the full open reading frame of fabp-RA from RH46282
(Drosophila Genomics Resource Center, Bloomington, USA)
was cloned into pUAST using EcoRI/BglII sites. Standard
germline transformation into a w 1118 background was then
performed for transgenic lines. Corn meal-sugar-yeast (CSY)
media (5.2% cornmeal, 11% sucrose, 2.4% yeast, 0.8%
agar, and 0.2% methyl-4-hydroxybenzoate (Sigma-Aldrich,
St. Louis, MO, USA)) was used for larval development and
routine culture. In the dietary restriction (DR) experiment,
the concentration of yeast in the media fed to separate groups
of flies was 2, 4, 8, 12, and 16%.

2.2. Lifespan Assays. Newly eclosed F1 generations were
collected over 48 hours and the males were randomly
assigned to 500 mL demography cages to achieve a final
density of 100 male flies per cage. Food vials containing SY
diet (10% sucrose, the indicated concentration of yeast, 0.2%
methyl-4-hydroxybenzoate, and 0.8% agar) were affixed to
separate cages and changed every two days, at which time the
dead flies were removed and recorded. Three replicate cages
were established for this experiment.

2.3. Stress-Resistance Assay

Oxidative Stress. Ten-day-old flies (20 males per vial) were
fed SY medium supplemented with 18 mM paraquat (methyl

viologen dichloride hydrate, Sigma-Aldrich). The flies were
transferred into fresh vials containing paraquat solution
every six hours, and the dead flies were scored after each
transfer. Fifteen replicates were established.

Starvation Stress. Newly eclosed flies were kept in vials (20
males per vial) containing 1% agar and transferred into fresh
vials containing agar every six hours. Dead flies were scored
after each transfer. Fifteen replicates were established.

2.4. Immunostaining of the Larval Fat Bodies. Dissected
third instar larvae were fixed with 4% paraformaldehyde
(USB Corp., Cleveland, OH, USA) for 30 min, washed with
phosphate-buffered saline/0.1% Triton X-100/2% bovine
serum albumin (PBST-BSA), and then incubated overnight
with primary antibodies in PBST-BSA at 4◦C. Samples
were then washed in PBST-BSA, incubated with Alexa488
(Molecular Probes, Eugene, OR, USA) for 1 hour at 25◦C,
and washed and mounted with Vectashield (Vector Labs, CA,
USA). The resulting images were analyzed using a Confocal
Laser Scanning Microscope (LSM510 META, Carl Zeiss Inc.,
Germany). Anti-dFOXO antibody (a gift from O. Puig) was
diluted to 1 : 300 in 2% BSA solution. DAPI was used to
counterstain the nuclei.

2.5. Real-Time qPCR. Five-day-old adults were frozen in
liquid nitrogen and stored at −80◦C until analysis. Total
RNA from homogenized whole-body lysates was prepared
with RNAiso reagent (TAKARA, Japan). Next, total RNA
(5 μg) was reverse-transcribed using PrimeScript RT Reagent
Kit (TAKARA) and real-time qPCR was performed on
an ABI Prism 7000 Sequence Detection System (Applied
Biosystems, USA) using SYBR Premix Ex-Taq II (TAKARA).
Mean induction folds were calculated from the values of 3–
6 independent experiments and statistically evaluated by a
Student t-test.

2.6. Statistical Analysis. Data are presented as the mean ±
SEM. Statistical analyses for the demographic data were
carried out using standard survival models in the JMP
statistical package (SAS, Cary, NC, USA).

3. Results

3.1. Overexpression of Fatty-Acid β-Oxidation Components
Extended Lifespan in a Dietary-Restriction-Dependent Man-
ner. In the previous study, we selected long-lived EP lines,
which extend lifespan when crossed to da-Gal4 driver [19].
Among them, the two EP lines (GX62810, GX4385) target-
ing fatty-acid-β-oxidation-related genes (CG6783, CG13890)
were of interest, however, they were excluded to further
investigation in the previous study because they were
induced in the absence of Gal4 driver [19]. CG6783 encodes
the fatty-acid-binding protein (FABP), which facilitates
the intracellular movement of fatty acids, thus permitting
the initiation of fatty-acid oxidation [24], while CG13890
encodes the dodecenoyl-CoA delta-isomerase (DCI) local-
ized in the inner mitochondria where it catalyzes the



Oxidative Medicine and Cellular Longevity 3

TCA cycle

Fatty acid

β-oxidation

(mitochondria)

CG6783
: fatty acid binding protein

Acyl-CoA

Ketoacyl-CoA

Hydroxyacyl-CoA

cis-enoyl-CoA

GX4385
CG13890
: dodecenoyl-CoA

delta-isomerase

Acyl-CoA

trans-enoyl-CoA

GX62810

Acetyl-CoA

(a)

0

5

10

15

20

25

30

N
or

m
al

iz
ed

 e
xp

re
ss

io
n

da/+

CG6783 CG13890

∗∗∗

∗∗

GX62810 GX4385

da > EP

(b)

Figure 1: Overexpression of fatty-acid β-oxidation-related genes
using EP lines. (a) Schematic representation of fatty-acid β-
oxidation. CG6783 encodes the fatty-acid-binding protein, which
mediates the transportation of acyl-CoA to cellular organelles.
CG13890 encodes dodecenoyl-CoA delta-isomerase, which mod-
ifies cis-enoyl-CoA to trans-enoyl-CoA, a common substrate for
enoyl-CoA hydratase in the β-oxidation cycle of saturated fatty
acyl-CoA esters. (b) Overexpression of CG6783 or CG13890 using
EP lines (GX62610, GX4385) and da-Gal4. The mRNA of CG6783
or CG13890 was analyzed in the whole body RNA extract from
da > EP (black bars) and da/+ (gray bars) flies. Significance was
determined via a t-test (∗∗P < 0.001, ∗∗∗P < 0.0001).

degradation of long-chain fatty acids during fatty-acid β-
oxidation [25, 26] (Figure 1(a)). We confirmed that the EP
lines overexpressed CG6783 or CG13890 when crossed with
the da-Gal4 driver compared to da/+ flies via real-time qPCR
(Figure 1(b)).

To further assess the EP lines, they were crossed with
da-Gal4 driver or wild-type control stock to produce the
da/EP and two controls (EP/+ and da/+) after backcrossing
eight times to rule out heterosis. Consistent with previous
reports [19], the overexpression of these two fatty-acid β-
oxidation-related genes using the da-Gal4 driver increased
lifespan. In media containing 16% yeast, the median lifespan

of CG6783- or CG13980-overexpressing flies was extended
to nearly 58 or 42 days, respectively, from the 32 days
observed for the da/+ control flies (Figure 2(a)). In addition,
the EP line overexpressing CG6783 also showed extended
maximum lifespan (closed-square line in Figure 2(a)), and
the two EP lines consistently reduced mortality rate across
adult ages (Figure 2(b)). However, it should be noted that the
EP/+ control cohorts without the Gal4 driver showed longer
lifespans than the parental cohorts (open-square line and
open-triangule line, Figure 2(a)), which could be considered
to be the side effect of EP insertion to express the target genes
under control of the basal promoter possessed in the EP.

To further confirm the extension of lifespan by the β-
oxidation-related gene, we used the UAS-CG6783 transgenic
line, which was generated by standard germ line trans-
formation using a pUAST-CG6783 construct, and analyzed
the lifespan when the transgene was driven in adults with
the conditional Gene Switch (GS) driver system [27] to
produce cohorts of identical genetic background. Female off-
spring of the Act-GS-Gal4 > UAS-CG6783 genotype showed
increased median lifespan compared to uninduced control
(Figure 2(c)), indicating that the extension of lifespan by
the β-oxidation-related gene occurs independently from the
insertion site and the genetic background.

To investigate whether or not the mechanistic basis of
dietary restriction has an effect on fatty-acid β-oxidation in
association with lifespan extension, flies overexpressing fatty-
acid oxidation components were fed an SY diet ranging from
2-to-16% yeast. The median lifespan of the control cohorts
increased with decreasing yeast concentration [13, 28]. While
control flies showed a 31.4% increase in lifespan upon 2%
SY compared to 16% SY conditions (circular lines, Figures
2(d) and 2(e)), the flies expressing CG6783 or CG13890
showed a reduction in the lifespan extension with dietary
restriction (12% or 15%, respectively, Figures 2(d) and 2(e)).
These results indicated that the promotion of fatty-acid β-
oxidation extends lifespan via a mechanism similar to dietary
restriction.

3.2. Overexpression of Fatty-Acid β-Oxidation Components
Increased Resistance to Oxidative and/or Starvation Stress. A
positive relationship between stress tolerance and longevity
has been well defined [29, 30], and long-lived organisms
tend to be resistant to various forms of environmental stress
[31]. Thus, we investigated the effects of overexpressed fatty-
acid β-oxidation-related genes on stress resistance. To induce
oxidative stress, flies overexpressing fatty-acid-β-oxidation
components were subjected to feed dosed with 18 mM
paraquat. We found that both of the flies overexpressing
each fatty-acid-β-oxidation component showed substantial
resistance to oxidative stress (Figures 3(a) and 3(b)). In
addition, when subjected to nutrient deprivation, flies over-
expressing CG13890 showed more resistance to starvation
than the control (Figure 3(d)), whereas the survival rate
of the flies overexpressing CG6783 was not significantly
altered by starvation (Figure 3(c)). These results indicated
that overexpression of fatty-acid β-oxidation-related genes
increases lifespan and stress tolerance.
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Figure 2: Overexpression of CG6783 or CG13890 throughout the whole body extends lifespan, which is associated with diet restriction. (a)
Flies exhibiting overexpression of EP CG6783 (closed-square line) and EP CG13890 (closed-triangule line) fed 16% SY media display increased
median and/or maximum lifespan when compared to the da-Gal4 driver alone (open-circular line). Significance was determined via a log-
rank test (CG6783, P < 0.001 to da/+, P = 0.6 to EP CG6783/+; CG13890, P < 0.1 to da/+, P < 0.05 to EP CG13890/+). (b) Flies overexpressing
CG6783 using UAS-CG6783 and Act-GS-Gal4 showed increased median lifespan in response to feeding with RU486-containing food from
day 3 of adulthood (RU+, closed-symbol line) when compared to the uninduced control (RU−, open-symbol line). Significance was
determined via a log-rank test (P < 0.0001). (c) Mortality curves of the flies that overexpressed CG6783 or CG13890. The natural log of the
mortality rate was plotted using the Gompertz mortality model. Red lines indicate linear regressions for each category. (d) Overexpression
of CG6783 or CG13890 throughout the whole body reduced the lifespan extension with dietary restriction. Survival curves of the flies that
overexpressed CG6783 (square line) or CG13890 (triangular line) fed 2% or 16% SY media. (e) Dietary restriction in adult Drosophila when
CG6783 or CG13890 are overexpressed throughout the whole body. The median lifespan was calculated from Kaplan-Meier survival analysis
of the EP lines fed a range of yeast concentrations. Red dashed lines indicate linear regressions for each line.
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Figure 3: Overexpression of CG6783 or CG13890 increases resistance to stresses. Flies expressing CG6783 or CG13890 exhibited elevated
resistance to oxidative stress (a, b) and starvation (c, d) when compared to the control (da/+, open-circule lines). Significance was determined
via a log-rank test (∗P < 0.01, ∗∗∗P < 0.0001).

3.3. Overexpression of Fatty-Acid-β-Oxidation Components
Activated the dFOXO Signal. Forkhead box (FOXO) is a
key mediator of the aging-related pathway that is regulated
by signaling pathways including IIS/PI3K/Akt, JNK, AMPK,
MST1, CBP, and Sirt1 [12, 32–36]. In addition, dFOXO
activation in Drosophila fat body is reportedly associated
with physiological traits such as aging, stress resistance,
and lipid metabolism [15, 37, 38]. To determine whether
lifespan extension and stress resistance produced by the
overexpression of fatty-acid-β-oxidation components were
associated with dFOXO activation, we immunostained larval
fat bodies with anti-dFOXO antibody. In the control fat
bodies, an endogenous dFOXO signal was detected in the
cytoplasm of all cells and the nuclei of some of the cells
(Figure 4(a)). However, the dFOXO signal increased in the
nuclei of the fat body as a result of overexpression of the fatty-
acid-β-oxidation components (Figure 4(a)).

To further assess whether the fatty-acid β-oxidation-
related genes activate dFOXO in adults, we analyzed the
expression level of the dFOXO transcriptional target gene
l(2)efl and 4E-BP in adult whole bodies. The mRNA
level of l(2)efl and 4E-BP in the adult whole bodies
increased in response to overexpression of the fatty-acid β-
oxidation component (Figure 4(b)). These results indicated

that increased fatty-acid β-oxidation leads to the activation
of FOXO signaling, suggesting that fatty-acid-β-oxidation-
induced lifespan extension is linked to FOXO activation.

4. Discussion

In this study, we demonstrated that the overexpression of
fatty-acid-β-oxidation-related genes extended median and
maximum lifespan and increased stress resistance, suggesting
that the level of fatty-acid β-oxidation regulates lifespan.
Consistent with our results, many investigations have sug-
gested fatty-acid β-oxidation as a lifespan determinant.
One of the well-known longevity-candidate genes, AMPK
reportedly regulates fatty-acid synthesis and oxidation [20].
Moreover, calorie restriction and IIS have been reported
to promote fatty-acid β-oxidation [21, 22]. In addition,
enigma mutant, which exhibits oxidative stress resistance
and a longevity phenotype, was found to encode a fatty-
acid-β-oxidation related enzyme [39]. A mutant of Withered,
which contains the carnitine palmitoyltransferase activity
used to import long-chain fatty acids into the mitochon-
dria, was found to be hypersensitive to oxidative and
starvation stresses [40]. Furthermore, the mutant fly for
mitochondria trifunctional protein containing three kinds of
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Figure 4: Overexpression of CG6783 or CG13890 activates dFOXO.
(a) Overexpression of CG6783 or CG13890 induced the transloca-
tion of dFOXO to the nucleus. The fat bodies of the third instar
larvae expressing CG6783 or CG13890 under da-Gal4 were stained
with anti-dFOXO (green) and DAPI (blue). White arrows indicate
dFOXO-negative cells and red arrows indicate dFOXO-positive
cells. Original magnification is 200x. (b) Overexpression of CG6783
or CG13890 increased the expression of dFOXO target genes. The
mRNA of l(2)efl and 4E-BP was analyzed in the whole body RNA
extract from da > EP (black or dark gray bars) and da/+ (gray
bars) flies. Significance was determined via a t-test (∗P < 0.01, ∗∗P
< 0.001).

enzyme activities associated with fatty-acid β-oxidation, was
recently reported to have a shortened lifespan and decreased
locomotion and fecundity [41]. However, the present study
is the first to provide direct evidence that the modulation of
fatty-acid-β-oxidation components extends lifespan.

Our data showed that lifespan extension by dietary
restriction decreased with the overexpression of fatty-acid β-
oxidation-related genes, indicating that lifespan extension by
fatty-acid-β-oxidation components is associated with dietary
restriction. It was previously reported that calorie restriction
increased whole-body-fat oxidation [21]. Energy deprivation
subsequent to calorie restriction activates AMPK, which
subsequently enables the increase of fatty-acid oxidation
necessary to utilize the energy resource. These findings
suggested that fatty acid oxidation and dietary restriction
are related by same underlying mechanisms. However, it
should be noted that flies expressing fatty-acid-β-oxidation-
related genes still responded to dietary restriction, especially
in the lowest-yeast-feeding group. This result suggests that
the flies have gained longevity through changes in the fatty-
acid-β-oxidation-related genes and also other mechanism(s)
unrelated to fatty-acid-β-oxidation in the dietary restriction
condition.

Overexpression of the two fatty-acid-β-oxidation com-
ponents showed similar effects, such as the extension of
lifespan, mortality, stress resistance and dFOXO activation,
throughout current study. However, flies overexpressing
FABP (CG6783) were more resistant to oxidative stress,
while DCI (CG13890) expressing flies were more resistant
to starvation when compared to each other. FABP facilitates
the intracellular movement of fatty acids, thus permitting the
translocation of fatty acids to the mitochondria for fatty-acid
oxidation and to the nucleus for activation of transcription
of the FABP target gene via the fatty-acid nuclear receptors
[42]. Therefore, the different effects of the two components
on stress resistance may be caused by distinct functions of
FABP and DCI.

In this study, we showed that the enhancement of fatty-
acid oxidation components activates FOXO transcription
factor, suggesting that fatty-acid-β-oxidation-induced lifes-
pan extension is associated with FOXO activation. Fasting
DCI homozygous mutants have been found to deposit
large amounts of triglycerides in their hepatocytes and
accumulated unsaturated fatty acyl groups in their ester
lipids [25]. Surprisingly, our data showed that overexpression
of FABP and DCI genes led to a mild increase in triglycerides
levels (data not shown). This finding was likely the result
of activation of FOXO by FABP or DCI overexpression, as
it was recently reported that constitutively nuclear FOXO1
in mouse liver produces increased triglyceride accumulation
[43]. As a mediator of aging-related signaling pathways,
dFOXO is known to be regulated by several factors, including
AMPK, JNK, MST1, Sir2, and IIS [12, 32–36]. Thus, further
investigations are needed to determine whether the FOXO
activation is required for longevity and stress resistance in
flies overexpressing fatty acid oxidation-related genes and
which signaling pathways are associated with fatty-acid-β-
oxidation-related FOXO activation.
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[17] M. Gáliková, P. Klepsatel, G. Senti, and T. Flatt, “Steroid
hormone regulation of C. elegans and Drosophila aging and

life history,” Experimental Gerontology, vol. 46, no. 2-3, pp.
141–147, 2011.
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Aging is a complex and inevitable biological process that is associated with numerous chronically debilitating health effects.
Development of effective interventions for promoting healthy aging is an active but challenging area of research. Mechanistic
studies in various model organisms, noticeably two invertebrates, Caenorhabditis elegans and Drosophila melanogaster, have
identified many genes and pathways as well as dietary interventions that modulate lifespan and healthspan. These studies have
shed light on some of the mechanisms involved in aging processes and provide valuable guidance for developing efficacious aging
interventions. Nutraceuticals made from various plants contain a significant amount of phytochemicals with diverse biological
activities. Phytochemicals can modulate many signaling pathways that exert numerous health benefits, such as reducing cancer
incidence and inflammation, and promoting healthy aging. In this paper, we outline the current progress in aging intervention
studies using nutraceuticals from an evolutionary perspective in invertebrate models.

1. Introduction

Aging is associated with a gradual decline of physiological
and cognitive functions [1]. Age is a major risk factor for
numerous diseases, such as diabetes, cancer, and various
degenerative diseases, including Alzheimer’s, Huntington’s,
and Parkinson’s diseases [2, 3]. A major challenge to health
care systems around the world is how to encourage and
maintain a healthy lifespan in large and increasing popula-
tions of elderly individuals [1]. Significant progress has been
made over the past two decades in elucidating the molecular
mechanisms of aging [4–7]. Hundreds of genetic factors,
called longevity-related genes, have been identified to mod-
ulate lifespan and healthspan in model organisms ranging
from yeast, worms, flies, and rodents. A number of the lon-
gevity-related genes fall into three conserved nutrient sensing
pathways: target-of-rapamycin (TOR), insulin/IGF-1-like
signaling (IIS), and sirtuin pathways [7–9]. These pathways
primarily sense cellular amino acid, glucose, and NAD+ or
NAD+/NADH levels, respectively, (Figure 1). Genome-wide

association studies have linked some longevity-related genes
discovered in model organisms to human longevity, such as
insulin-like growth factor receptor (IGF1R) and forkhead
transcription factor (FOXO3a) in the IIS pathway [10–14].
Mechanistic studies of aging have led to the proposal of a
number of hypotheses of aging. Perhaps the most prominent
is the free radical hypothesis of aging, which states that
free radicals, such as reactive oxygen species, generated from
metabolism inflict oxidative damage to macromolecules,
including protein, DNA, and lipid. Accumulation of such
oxidative damage with age causes biological aging and
eventually results in death [15, 16]. However, numerous
studies have now shown that this simplified version of
free radical hypothesis of aging is not necessarily sufficient
to explain the mechanisms underlying aging processes.
Another is the hormesis hypothesis of aging, which has been
frequently used to interpret the prolongevity effects induced
by nutraceuticals. Hormesis theory states that mild stress-
induced stimulation of defense response at the organismal
level results in biologically beneficial effects and extends
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Figure 1: Nutrient sensing signaling and stress response pathways in C. elegans and D. melanogaster. Dietary interventions promote healthy
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lifespan and healthspan. The defense response involves many
protective mechanisms and influences with gene expression
and metabolism [16–18]. Therefore, significant efforts in
developing interventions for promoting healthy aging have
been devoted to identify effective ways to modulate metabo-
lism and stress [8].

Dietary restriction (DR) by modest reduction of all
macronutrients or protein content is one of the most
effective environmental interventions for promoting healthy
aging [19–25]. However, it is challenging to implement
dietary restriction in humans. A number of genes, including
components in the conserved nutrient sensing pathways,
have been identified to mediate lifespan extension induced

by DR [9, 26]. As an alternative to DR, many studies have
been devoted to the identification of pharmacological and
nutraceutical reagents that extend lifespan and healthspan,
some of which may mimic the effect of DR [27, 28]. Due
to their short lifespan and rich genetic resource, Drosophila
melanogaster and Caenorhabditis elegans, have been in the
forefront of research on aging interventions. In this paper,
we focus on aging interventions in invertebrate models
using nutraceuticals, which refer to extracts made out of
edible fruits, vegetables, and herbs. Interventions with phar-
macological reagents, such as resveratrol, metformin, and
rapamycin, have been discussed in numerous comprehensive
reviews elsewhere [28–33], and will not be described in this
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paper. Here we attempt to integrate the findings from studies
on the mechanisms of aging and nutraceutical interventions
with an evolutionary perspective.

2. Dietary Botanicals and Phytochemicals

Numerous studies have demonstrated the effects of nutra-
ceuticals from fruit or plant extracts in reducing oxidative
damage and promoting healthy aging in invertebrate models.
The active ingredients in nutraceuticals that are generally
produced by plants as “secondary compounds” appear to
help plants overcome stressful conditions [34–36]. The ben-
eficial properties of nutraceuticals can be attributed to the
varieties of phytochemicals, such as flavonoids, anthocyanin
glycosides, triterpenoids, and proanthocyanidin oligomers
[37–39]. In this section, we will describe the antiaging
properties of several nutraceuticals made from fruits, spices,
and teas, which are commonly consumed by humans in daily
life.

2.1. Ginkgo biloba Extract (EGb 761). Ginkgo is widely used
as an ancient Chinese medicine due to its benefits to the
health of the elderly [40]. The ginkgo biloba extract has
been proposed to help prevent Alzheimer’s disease (AD). The
herbal extract EGb761 made from Ginkgo biloba is rich in
flavonoids and terpenoids, which improves the functions of
platelet and nerve cells and the blood flow to the nervous sys-
tem and brain, probably due to its antioxidant properties [41,
42]. In wild type worms, EGb761 extends lifespan by ∼10%,
reduces accumulation of oxidative damage, and represses
expression of thermal stress-response protein hsp-16.2 [43–
46]. In addition, EGb 761 inhibits Aβ oligomerization and
alleviates Aβ-induced paralysis in the C. elegans model of
AD [47]. Aβ oligomerization is a hallmark of AD [48].
However, it remains to be determined whether ginkgo biloba
can promote longevity in other models, such as Drosophila.
Nevertheless, combined with studies demonstrating the
neuroprotective function of EGb 761 in mammalian cells
[49, 50], findings in worms suggest that the beneficial effect
of EGb761 in prevention and treatment of AD could at least
partially be due to its capacity to resist oxidative stress and
reduce detrimental protein aggregation.

2.2. Blueberry. Blueberry contains a wide array of polyphe-
nols and offers a host of health benefits [51]. Supplemen-
tation of blueberry preserves learning and memory in aged
F344 rats by improving neuronal function [52]. Polyphe-
nols from blueberry significantly increase the lifespan of
C. elegans [53]. In C. elegans, blueberry supplementation
decreases age-related accumulation of the intracellular level
of lipofuscin, a biomarker for age-related cellular damage,
and reduces the level of 4-Hydroxynonenal level, a biomarker
for lipid peroxidation. In addition, blueberry polyphenols
improve the pharyngeal pumping rates of the aged worms
and increase thermotolerance, suggesting that blueberry
improves worms’ healthspan. Mechanistic studies indicate
that blueberry supplementation reduces mRNA levels of
heat shock proteins and requires OSR-1/UNC-43/SEK-1,
components of the osmotic stress resistance pathway [53],

to promote longevity in C. elegans. A recent study has
demonstrated that blueberry extracts extends mean lifes-
pan by approximately 10% in Drosophila [54]. Associated
with lifespan extension, blueberry increased expression of
several antioxidant genes, including superoxide dismutase 1
(SOD1), SOD2, and catalase (CAT) in Drosophila. Further
genetic studies are needed to establish whether any of the
antioxidant genes are required for lifespan extension induced
by blueberry in Drosophila. These findings in invertebrates
suggest that antioxidant machinery and/or osmotic stress
pathway may play a pivotal and common role in mediating
lifespan extension induced by blueberry.

2.3. Oregano and Cranberry. Cranberry and oregano pos-
sess multiple medicinal properties, such as antimicrobial,
antiviral, antimutagenic, antiangiogenic, and antioxidation
functions [55, 56]. A mixture of oregano and cranberry (OC)
extract increased lifespan in Mexican fruit flies (mexfly) in
a diet composition dependent manner [57]. OC extended
lifespan in mexflies fed diets with a relatively higher sugar to
protein ratio, but not in mexflies fed diets with a lower sugar
to protein ratio. OC supplementation did not compromise
the lifetime reproductive output, a parameter of healthspan.
In addition, OC supplementation in middle age was suffi-
cient to promote longevity [58]. However, lifespan was not
increased when OC was supplemented only in young age or
old age. These findings point out the importance of consider-
ing diet composition and implementing time in developing
an efficacious aging intervention.

We have recently assessed the effect of cranberry extract
alone on lifespan and healthspan in C. elegans. Our data
indicate that the cranberry extract alone is sufficient to
prolong lifespan in C. elegans [59]. The cranberry-mediated
lifespan extension was suppressed almost completely by the
absence of DAF-16, a forkhead transcription factor in the
IIS. Cranberry supplementation did not further extend the
lifespan of DAF-2 or AGE-1 mutants, either. DAF-2 and
AGE-1 are insulin-like receptor and phosphatidylinositol 3
kinase (PI3 K) in the IIS pathway of C. elegans [60, 61]. Cran-
berry is high in antioxidants and phytochemicals, including
proanthocyanidins and vitamin C, which may neutralize free
radicals and reduce oxidative damage, and more importantly
modulating signaling transduction pathways [51, 62]. Our
findings suggest that IIS and DAF-16 play an important role
in cranberry mediated prolongevity in C. elegans. Further
studies are warranted to determine to what extent the
prolongevity effect of cranberry attributes to its antioxidant
properties.

2.4. Nectarine and Açai. Nectarine is a globally consumed
fruit [63], and açai is a fruit indigenous to the Amazon
River area [64]. Both fruits contain various kinds of bioactive
phytochemicals [2, 3, 65]. Nectarine supplementation can
extend lifespan in flies fed standard, DR, and high-fat diets.
The lifespan extension induced by nectarine is associated
with increased lifetime reproductive output and reduced
lipid oxidation [66]. In contrast, supplementation of açai
pulp promotes survival in Drosophila fed a high-fat but not
a standard diet [67]. The diet composition dependent effect
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of açai is also evident in the mexfly. Açai supplementation
promotes the survival of the mexfly fed a high-fat and high-
sugar diet but not other nonfat diets [68]. Along with the OC
study described above, the importance of diet composition
is also evident in aging intervention studies using pharma-
cological agents, such as resveratrol. Studies in Drosophila,
mexfly, and mice have shown that the prolongevity effects
of resveratrol depend on diet composition [69–71]. These
studies again stress the importance of diet composition in
modulating the health benefits of nutraceuticals. Moreover,
both nectarine and açai can promote the survival of flies with
sod1 deficiency. sod1 deficient flies have a short lifespan and
experience high levels of oxidative damage. These findings
suggest that nectarine and açai possess antioxidant activities
at the organismal level [26, 67, 72]. However, it remains to
be determined the mechanisms underlying the prosurvival
effects of nectarine and açai.

2.5. Rosa damascena. A hybrid rose species, Rosa damascena,
is traditionally used to make rose oil and water in cosmetic
and food industries [73, 74]. Extracts from R. damascena
contains numerous volatile organic compounds including
various terpenes such as citronellol, heneicosane, and dis-
iloxane, and also polyphenols, such as quercetin, myricetin,
kaempferol, and gallic acid [75]. R. damascena extracts
have been shown to possess biological properties that are
protective against microbial infection, seizures in rats, and
toxicity of amyloid beta in neurons, a biomarker of AD [76–
79]. An R. damascena extract has been found to increase both
mean and maximum lifespan in Drosophila. This extract also
enhances flies’ resistance to oxidative stress and low iron
stress, but paradoxically increases flies’ sensitivity to heat
stress. Molecular studies indicate that the rose extract reduces
the heat-induced expression of a major heat shock protein
HSP70 and a small mitochondrial heat shock protein HSP22
[80]. Therefore, it has been proposed that R. damascena
extract extends lifespan by protecting flies against iron-
induced stress.

2.6. Cocoa Polyphenols. Numerous polyphenols with high
antioxidant activities, such as flavonoids, have been isolated
from cocoa [81]. Flavonoid-enriched cocoa powder reduces
oxidative stress in C. elegans [82]. Moreover, the flavonoid-
enriched cocoa powder also significantly increases the lifes-
pan of wild type N2 worms [82]. This lifespan extension
was dependent on both SIR-2.1 and DAF-16. In addition,
the flavonoid-enriched cocoa powder failed to exert any
longevity effect on daf-2 mutants, indicating that cocoa
powder-mediated lifespan extension may also act through
the IIS. Considering the mechanism by which SIR-2.1 and IIS
modulates lifespan, cocoa polyphenols may promote longev-
ity by reducing oxidative stress, influencing metabolism, and
altering chromatin structure.

2.7. Green Tea. Green tea contains polyphenolic catechins
that have been reported to have a number of health benefits,
including prevention of AD, Parkinson’s disease, and heart
disease [83]. Green tea can protect against angiogenesis and
tumor formation [84]. The health benefits of green tea are

mainly attributed to bioactive properties of its phytochemical
constituents [85, 86]. A number of polyphenolic catechins,
including epicatechin (EC), epicatechin-3-gallate (ECG),
epigallocatechin (EGC), epigallocatechin-3-gallate (EGCG),
catechin, and gallocatechin (GC), are abundant in green tea
[83]. Among these, EGCG is perhaps the most abundant
catechin in green tea, and has been reported to induce antiox-
idant enzymes, including glutathione peroxidase, catalase,
and glutathione S-transferase, in mice [87]. Similar results
were obtained in worms and flies. Supplementation with
green tea catechins increases the antioxidant enzymatic activ-
ity of superoxide dismutase and catalase in Drosophila [88,
89]. Green tea extends median lifespan by 36% and mean
lifespan by 16% in flies [89]. In C. elegans, EGCG treatment
significantly reduces ROS levels under both normal culture
and oxidative stress conditions, and increases the expression
of sod-3 and hsp-16.2 [90, 91]. Administration of EGCG
significantly extends the lifespan of C. elegans under heat
stress and oxidative stress [90, 91]. In addition, a recent study
demonstrated that l-theanine, a unique amino acid partic-
ularly enriched in green tea, promoted the survival of C.
elegans in the presence of paraquat [92]. l-theanine has been
reported to provide broad health benefits, such as antitumor,
AD prevention, and blood pressure reduction [93–96].
Together, these findings suggest that green tea increases
lifespan and stress resistance partially through its antioxidant
properties.

2.8. Olive Oil. Numerous studies have demonstrated that
consumption of olive oil has multiple beneficial effects on
health and longevity in humans [97–101]. The abundance
of phenolic compounds present in olive oil is considered
to play an important role in exerting these healthy effects.
Lastest studies have revealed that the tyrosol, one of the most
abundant phenols in olive oil [102], significantly promotes
the longevity of C. elegans, as well as the resistance to
thermal and oxidative stress [103]. IIS/DAF-16 and HSF-1
are required in tyrosol-mediated prolongevity in C. elegans.
hsp-12.6, a coregulated target gene of DAF-16, and HSF-1
[104], is significantly upregulated in adult worms after the
tyrosol treatment. It has been reported that small heat shock
proteins, including HSP-12.6, can extend lifespan and delay
polyglutamine protein aggregation in C. elegans [104]. HSF-
1 is critical for maintaining protein homeostasis. Together,
these studies suggest that tyrosol in olive oil extends lifespan
by increasing oxidative stress resistance and thermotolerance
as well as improving protein homeostasis [103].

2.9. Quercetin and Tannic Acid. Quercetin (3,3′,4′,5,7-penta-
hydroxyflavone) is one of the most important dietary fla-
vonoids present in a wide array of foods. Numerous health
benefits are linked to consumption of fruits and vegetables
containing a high content of quercetin [105]. Quercetin has
been shown to dramatically increase the lifespan of C. elegans
[106–109]. However, the studies on the molecular basis
yielded conflicting results. One study indicates that lifespan
extension induced by quercetin supplementation requires
DAF-2 and AGE-1, the components of C. elegans insulin/IGF
signaling [106]. Quecertin induces nuclear translocation of
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DAF-16 [110]. This study suggests that the IIS pathway
mediates the prolongevity effect of quercetin. However, this
hypothesis has been challenged by another study, which
indicates that quercetin mediated lifespan extension does not
depend on DAF-16 [107]. Additional studies are warranted
to resolve the conflicting observation and understand the
mechanisms underlying the prolongevity effect of quercetin.

Tannic acid (TA) belongs to tannins, which are secondary
metabolites of plants with many health effects. TA has
the biological activities to prevent neurodegeneration [111],
pathogen infection [112, 113], carcinogenesis [114, 115], and
oxidative damage [116, 117]. In addition, TA significantly
increases the lifespan of worms [108]. The IIS pathway and
DAF-16 are not essential for the prolongevity effects of TA.
Only SEK-1, one component of the p38 MAPK pathway,
has been shown to be essential for TA-induced lifespan
extension.

Transcriptome studies indicate that quercetin affects
expression of genes in the TGF-β signaling, insulin-like sig-
naling, and p38 MAPK pathways, while TA changes expres-
sions of genes in the TGF-β and the p38 MAPK pathways
as well as the amino acid metabolism. Together, these studies
suggest that TGF-β and p38 MAPK pathways play crucial
roles in mediating the prolongevity effects of quercetin and
TA [118].

2.10. Caffeic Acid and Rosmarinic Acid. Caffeic acid (3-(3,4-
dihydroxyphenyl)-2-propenoic acid; CA) and Rosmarinic
acid (α-o-caffeoyl-3, 4-dihydroxyphenyl lactic acid; RA) are
abundantly present in a variety of fruits, vegetables, and
herbs. CA and RA have anticarcinogenesis, antioxidant,
antimicrobial, anti-inflammatory, and antirheumatic prop-
erties [119–123]. CA and RA can prolong the healthy lifespan
of C. elegans [124]. DAF-16, SIR-2.1, OSR-1, UNK-43, and
SEK-1 are required for RA triggered lifespan extension.
Similar results have been obtained for CA mediated lifespan
extension except that DAF-16 does not appear to play a
pivotal role in this lifespan extension. Together, these findings
suggest that CA and RA promote lifespan extension through
overlapping pathways involved in metabolism and stress
response.

2.11. Spermidine. Spermidine is an important polyamine
presented in citrus fruit and soybean, and has effects on
epigenetic modifications, autophagy, and necrosis [125, 126].
Polyamine concentrations and autophagy have been shown
to decline in various organisms, including humans [127,
128]. Supplementation of spermidine prolongs the lifespan
of C. elegans and Drosophila by 15% and 30%, respectively
[125]. A growing number of evidence shows that autophagy
plays an essential role in the regulation of lifespan mediated
by the TOR pathway [129–131]. Autophagy is required for
spermidine-mediated lifespan extension in both worms and
flies. It will be interesting to see if spermidine and its
derivatives can confer lifespan extension in humans by, at
least in part, enhancing the autophagy.

2.12.Curcumin and Thioflavin T. Curcumin (diferuloylmeth-
ane) is the pharmacologically active substance in turmeric

(Curcuma longa), and has been widely used as a herbal medi-
cine in Asia. A large body of evidence indicates that curcumin
possesses many biological activities, such as antioxida-
tive, anti-inflammatory, anticancer, chemopreventive, and
antineurodegenerative properties [132–136]. With its pleio-
tropic activities, curcumin has been considered as a potential
aging intervention compound. Studies in Drosophila and
C. elegans have demonstrated that curcumin can delay
aging and prolong the lifespan [137, 138]. Curcumin-treated
flies exhibited enhanced resistance against to oxidative
stress, improved locomotor activity, and higher tolerance
to chemotherapy drugs. Curcumin reduces expression of
Methuselah, a longevity gene, and genes in the IIS and
JNK pathways. Curcumin-induced lifespan extension has
been shown to be mediated by the OSR-1/UNC-43/SEK-1
pathway and possible the members of the IIS and SKN-1
pathways in C. elegans.

Protein homeostasis is an essential lifespan modulator
of animals [139]. Dysfunctional protein homeostasis results
in protein misfolding and aggregation, which is a hallmark
of aging and age-related diseases [140]. ThT is a com-
pound known to bind and inhibit aggregation of amyloids,
which leads to various neurodegenerative disorders [141].
Flavonoid thioflavin T (4-(3,6-dimethyl-1,3-benzothiazole-
3-ium-2-yl)-N,N-dimethylaniline chloride, ThT) has been
shown to promote longevity in C. elegans [142]. Treatment
with 50 μM ThT, a concentration conferring a largest increase
of lifespan, significantly suppresses the protein aggregation
mediated paralysis in worms. The prolongevity effect of ThT
depends on HSF-1 and SKN-1, but independent of the IIS.
Importantly, the beneficial effects of ThT require an intact
machinery for maintaining protein homeostasis. Like ThT,
curcumin also has the ability to bind and inhibit protein
aggregates [142]. Treatment of both ThT and curcumin
does not yield synergistic effects on longevity. ThT and
curcumin may act through similar mechanisms, for example,
improving protein homeostasis, to modulate aging and age-
related disorders.

3. Concluding Remarks

Nutraceuticals made from widely-consumed plant products
represent both opportunities and challenges in aging inter-
ventions. On the one hand, nutraceuticals from plant extracts
can promote longevity and improve healthspan through
multiple mechanisms, such as reducing oxidative stress, alter-
ing signaling pathways, influencing metabolism, and main-
taining protein homeostasis (Figure 1). Nutraceuticals that
promote longevity in invertebrate models are often made
from edible and relatively easily accessible fruits, vegetables,
spices, and other plant products. Thus, when appropriately
implemented nutraceutical interventions can be efficient and
cost-effective ways for promoting healthy aging in humans.

On the other hand, major challenges remain to be
addressed in implementing nutraceutical interventions.
First, nutraceuticals contain numerous bioactive phytochem-
icals. It is a daunting task to determine which phytochemicals
are the active ingredients for promoting health benefits, or
determine how the beneficial effects are mediated through
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synergistic actions among multiple ingredients. Second,
more research is needed to elucidate the molecular mech-
anisms underlying the actions of nutraceuticals, in order
to better assess the effects of nutraceutical supplementation
on the health of animals. For instance, more recent studies
have revealed that ROS plays a physiologically vital role in
signal transduction, gene regulation, and redox regulation
[143]. The previous concept of the “free radical hypothesis
of aging” has been modified and diversified ROS a messenger
role in addition to its toxicity. Thus, it would be harmful
to eliminate ROS completely. In the context, although many
nutraceuticals have antioxidant properties, we need more
careful exams to unravel the molecular basis rather than
simply attribute to their ability to scavenge free radicals. It
is in line with this notion that some nutraceuticals, such as
quercetin and blueberry polyphenols, modulate lifespan by
activating molecular pathways independent to their direct
antioxidant capacity [53, 107]. Third, it is essential to investi-
gate the impact of both short-term and long-term nutraceu-
tical interventions on healthspan. A recently developed
behavioral monitoring system capable of recording lifetime
behavioral changes at a high resolution represents an exam-
ple of a useful tool for assessing healthspan in invertebrates
[144]. Lastly, an important and challenging issue is to further
understand how the effects of nutraceuticals depend on
diet composition and genetic background. The prolongevity
effects of several nutraceuticals have been shown to depend
on the timing of supplementation and the composition of
diet [143, 145–148]. The diet composition-dependent effects
will have a significant impact on the increasing demand for
personalized nutritional intervention. The individual and
synergistic effects of nutraceuticals as a component of dietary
composition will require further study and scientific scrutiny,
particularly since little regulatory oversight regarding their
sale for human consumption currently exists.

We have highlighted how nutraceuticals prevent and
protect against aging and stress in invertebrate models.
Some of nutraceuticals and their synthetic derivatives are
being tested for their therapeutic potential [149]. Numerous
promising results have been obtained in model organ-
isms that suggest evolutionarily conserved mechanisms are
involved in their beneficial effects. Much progress has been
made to decipher the molecular mechanisms of aging shared
among multiple species, which provide valuable guidance
for aging interventions. However, further extensive studies
will be required to demonstrate whether any nutraceuticals
or pharmaceuticals can effectively delay aging or age-related
disease in humans. A wider range of additional assays should
be considered to help us better understand aging processes
and improve the quality and quantity of human life in the
foreseeable future.
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Sapienza Università di Roma, Piazzale Aldo Moro 5, 00185 Roma, Italy

2 Food Quality and Nutrition Department, Research and Innovation Centre, Fondazione Edmund Mach, Via E. Mach 1,
38010 San Michele all’Adige, Italy

3 Dipartimento di Chimica e Tecnologie del Farmaco, Istituto Pasteur-Fondazione Cenci Bolognetti,
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In recent years, epidemiological and biochemical studies have shown that eating apples is associated with reduction of occurrence
of cancer, degenerative, and cardiovascular diseases. This association is often attributed to the presence of antioxidants such as
ascorbic acid (vitamin C) and polyphenols. The substances that hinder the presence of free radicals are also able to protect cells
from aging. In our laboratory we used yeast, a unicellular eukaryotic organism, to determine in vivo efficacy of entire apples and
their components, such as flesh, skin and polyphenolic fraction, to influence aging and oxidative stress. Our results indicate that
all the apple components increase lifespan, with the best result given by the whole fruit, indicating a cooperative role of all apple
components.

1. Introduction

During the last years, consumption of fruits and vegetables
has received growing interest because many epidemiological
and biochemical studies have demonstrated that they possess
beneficial effects on human health. It is assumed that the
cultivation of the apple tree goes back to prehistoric times
and has developed with the formation of the M. × domestica
gene pool from M. sieversii, originary of Thien Shan region,
in Central Asia [1].

Apples can be eaten in countless ways, such as fresh and
as juice that can be processed into cider, apple vinegar, or
distilled.

Apples also contain nutrients and other compounds of
interest, including high levels of polyphenols [2]. These
compounds have biological activity and they can influence
different mechanisms of fundamental relevance in cancer
prevention [3]. The peel also contains high levels of triter-
penoids, whereas red apples contain anthocyanins [4, 5].

The most studied molecules of this fruit are phenolic com-
pounds that are distributed in the skin, in the core, and in the
flesh. The composition of these compounds is quite variable
depending on the environment of growth, period, and year
of harvest. Generally, the average total polyphenol content
of the most commonly consumed apples varies between
0.66 g/kg and 2.1 g/kg of fresh weight [6]. Apple polyphenols,
and in particular the oligomeric proanthocyanidins, give
the largest contribution to the antioxidant activity of apple
extracts [7].

Numerous studies undertaken in recent years have shown
that apples and their derivatives may have a wide range of
biological activities, particularly useful in cases of asthma,
cardiovascular disorders, polmonar disfunction and cancer.
Studies in human models have shown that apples extracts
may have a role in preventing several types of cancer. It has
also been amply demonstrated beneficial effects on aging in
mammalian skin [8].
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Apple (sp. Malus domestica), is also rich in minerals,
vitamin B, citric, and malic acid that can contribute to the
welfare of the body, promoting digestion and maintaining
the acidity of the digestive system.

It has been proposed that anticancer action of apple is
due to the presence of vitamin C and pectin, which, during
its fermentation, produce butyric acid, a substance used in
some experimental drugs to treat cancer [9].

It was also shown that polyphenolic-rich apple extracts
may inhibit the activity of cytosolic PKC and have a role
in the suppression of human cancer cell growth in vitro [8]
indicating that apple’s polyphenols could be of interest in
cancer prevention [2, 3].

Yeast has been extensively used as a model organism
for the study of complex phenomena that occur in higher
eukaryotes. The use of yeast compared to mammalian cell
culture, lies in the ease of manipulation and the large degree
of homology between yeast and human genes.

Yeast is also used as a model to study aging as the
principal pathways are conserved during evolution [10]. In
recent years, several homologues of classical cell-death regu-
lators have also been identified and characterized and yeast
mutants that show an accelerated/delayed aging associated
with early/late cell death are available to study the effect of
molecules [11–13] on cell proliferation.

To test the effect of a substance on aging, cells are
maintained in the presence of the substance to be tested and
their ability to form colonies over the time is measured.

An increase in cell viability in cultures containing a
substance, compared to the control, is a clear indicator of the
effectiveness of such substance on the aging process.

To make a more sensitive analysis, in this work we used a
peculiar mutant (Kllsm4Δ) that shows premature aging and
cell death [14–16]. We cultivated such strain in the presence
of apple extracts from skin, flesh, the entire fruit and the
partially purified polyphenols fraction and we found that
all of these components were able to increase lifespan at
different extents, with the best results given by the whole
fruit, indicating that the latter contains additional important
substances. In view of future practical applications, we also
verified the effectiveness of apple solutions included in
ointment, pointing to this kind of preparation as a base for
the prevention of skin aging.

2. Results

2.1. The Antiaging Power of Apples. To better understand the
antiaging effects of apples, we followed the chronological
aging of a Saccharomyces cerevisiae mutant that shows a very
premature aging [16] in the presence of apple raw extracts
from the entire fruit, flesh, skin and also in the presence of a
purified polyphenols fraction. This mutant, named Kllsm4Δ,
is mutated in the LSM4, a key gene of mRNA degradation,
and shows a marked stabilization of mRNA accompanied by
rapid loss of viability during aging [14, 17, 18].

The comparison of the viability of the cells treated
with different apple’s extracts with the control cultures, can
furnish a clear measure of their effectiveness on the aging
process.
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Figure 1: Apple components can recover premature aging of a
yeast early-aging mutant. Cells of strain MCY4/Kllsm4::KanMX4
were grown in synthetic dextrose medium (SD) in the presence of
extracts from whole apple, skin, flesh, and polyphenolic fractions.
Acetone 7% was used as a control. Viability was monitored
as percentage of microcolony forming units (CFU). Standard
deviation was obtained from three independent experiments.

Apple’s extracts consisting of freshly prepared, cen-
trifuged and sterile filtered apple juice resuspended into
70% acetone (See Section 4) were added, prior ten time
dilution, to Kllsm4Δ1 cultures at the concentration of about
26 mg/mL, and the chronological aging during stationary
phase of yeast samples was followed for 21 days.

As shown in Figure 1, the death kinetics of the Kllsm4Δ1
strain grown in synthetic medium containing only 7%
acetone is much faster compared to the cultures containing
apple extracts. This difference, clearly evident since the early
days, increases with time and we observed the complete loss
of viability of control cultures after ten days of treatment.

In contrast, cultures containing the extracts from flesh
and peel completely lost viability after 11 and 14 days,
respectively, while in the presence of the whole apple extract
viability ceased after twenty-one days, with an extension
of more than 100% compared to control cultures. Also
polyphenols extracts exerted a marked effect in prolonging
lifespan, conferring an extension of viability of 60%.

It has been suggested that reactive oxygen species (ROS)
are the main cause of cellular aging as they can damage and
cross-link DNA, proteins, and lipids.

For this reason, we looked by dihydrorhodamine (DHR)
123 staining at the accumulation of ROS in yeast exponential
and stationary (aged) cells grown in the presence of apple
components.

As previously demonstrated [19] and shown in Figure 2,
DHR staining revealed that in the absence of external
oxidative stress, Kllsm4Δ1 cells accumulated ROS during
exponential phase (a) which increased with aging (b). The
presence of apple components prevented ROS accumulation
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in both exponential and stationary phase cells, with the
exception of the apple flesh.

This component, unexpectedly, seems to increase the
production of ROS since the percentage of cells showing ROS
was higher than in control cultures both in exponential and
stationary phase (Figure 2(c)).

We then checked the effect of apple extracts on cell
survival following an oxidative stress such as the treatment
of cultures with hydrogen peroxide. The presence of flesh
or skin extracts could not protect cells from such a stress
in that viability was comparable to that of control cultures
(Figure 3), and, at the concentration of 0,8 M H2O2, viability
was unclearly even lower.

On the contrary, both the polyphenols and the whole
extracts conferred to the cells higher resistance to hydrogen
peroxide treatment. As shown in Figure 3, at the highest
H2O2 concentration tested (3 mM) cells of control cultures
showed a viability of 15%, while in the presence of whole
apple and polyphenolic extracts showed a viability of
28% and 20%, respectively, suggesting that these extracts
contained antioxidant activity having an important role in
preventing damage from oxidative stress.

Then we wanted to confirm the results obtained with
the purified extracts using formulation containing a solution
from homogenates of flesh, skin, or the whole apple added
to ointment base. This kind of ointment might represent the
basis for a cosmetic use of apple for skin care.

We first evaluated the chronological aging of 10 mL
yeast cultures grown in the presence of 1 gr of formulation
containing the apple solutions. As can be seen in Figure 4(a),
compared to the control, flesh and peel creams extended
lifespan of about 7% and 28,5%, respectively. The most strik-
ing result was obtained with the whole apple homogenate
that extended cell viability of about 78,5%.

We also performed an additional test (viability spot
assay) based on serial dilutions of treated cultures followed
by cell plating on rich medium containing glucose as carbon
source. We incubated the plates at 28◦C and we then
followed the growth of strain Kllsm4Δ1 for 15 days on plates
containing rich medium (YPD) at intervals of three days. As
shown in Figure 4(b) after 20 days of growth at 28◦C, only the
culture containing the whole apple survived better until the
third dilution, confirming the data on chronological aging.

We also evaluated the capacity of the creams containing
the different apple components to contrast the oxidative
stress induced by treatment with hydrogen peroxide.

As shown in Figure 4(c), the cream added with the
whole apple solution showed the best protective effect against
oxidative stress in the presence of 0.8 mM H2O2 while, at
increasing concentrations the compound, cell grown with
whole apple and skin containing creams showed the highest
protection.

The apple extracts, which were prepared containing a
similar concentration of apple (see Section 4), clearly differ
in their concentration of total polyphenols, ranging from a
minimum (ca. 138 mg/l) in apple flesh and in the partially
purified polyphenols, to intermediate values (189 mg/l) in
the whole apple extract, up to much higher concentration
(584 mg/l) in the apple skin extract. In conclusion, the total

polyphenols ranged in our extracts as follows: skin � whole
apple > flesh.

The apple extracts were screened also with an untar-
geted LCMS method, in order to provide an unbiased,
semiquantitative fingerprint of their composition. These
data can be useful to estimate the relative concentration
of known compounds, as well as for extracting additional
information useful for the design of future metabolomics
experiment. The major apple phenolics according to the
literature [6] were assessed and their presence in the extracts
is reported in Figure 5. The extracts were screened for the
presence of the most representative flavanols (catechin and
epicatechin), procyanidin (procyanidin B2), dihydrochal-
cones (phloridzin), cynnamic acids (chlorogenic acid), and
flavonols (quercetin glycosides).

The qualitative composition of these extracts was
expected to vary in light of the specific localization of
apple polyphenols in the different tissues [20]. In Golden
Delicious apple the quercetin glycosides, and in particular
the quercetin hexosides, are more concentrated in the
skin cell layers lying just below the cuticle, while in the
pericarp they are located mainly in correspondence with the
vascular system, and the core is relatively rich in quercetin-
rhamnoside [21]. Once the not edible part (the core) is
removed, the apple flesh is almost devoid of flavonols
(Figure 5). Also the procyanidins B2, are more concentrated
in the cell layers, ca. 150 micron thick, just below the cuticle
while its concentration decreases inside the fruit [21] and
this is reflected in the composition of the extract in flavonols
(Figure 5).

In summary and in agreement with the literature, apple
flavonols were almost absent in the flesh extract, and ca. 3
times more concentrated in skin extract in respect of both
whole apple and purified polyphenols extracts. The major
flavonols (epicatechin and procyanidin B2), and phloridzin
were 2 times higher in skin versus the other extracts. Both
catechin and chlorogenic acid were contained in similar
concentrations in all the extracts, including the flesh.

3. Discussion

Besides health care, more and more products prolonging
youth and acting against aging come to market each year. For
most of them, clear scientific demonstration of effectiveness
is insufficient or even absent.

In vivo tests with cell cultures are expensive, as well those
with animals that, in addition, are rejected by an increasing
part of the society for ethical aspects.

For many years yeast has been used as a simple model
for the study of basic mechanism underlying the complex
phenomena occurring in higher eukaryotes.

Among many other advantages, the knowledge of the
entire genome and the availability of mutants in each of the
near six thousand genes render this organism a powerful tool
for basal as well as for applicative studies.

In this respect, we successfully used yeast to evaluate
the toxicity of new arylthioindoles (ATIs), which are potent
tubulin assembly inhibitors [22, 23].
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Figure 2: Effect of apple components on the production of intracellular ROS during aging. MCY4/Kllsm4::KanMX4 yeast cells were
grown in the presence of extracts from the peel, flesh, or entire apple and the polyphenolic fraction. Acetone was used as a control. Cells
from exponential (EXP; (a)) and stationary (STAT; (b)) cultures were incubated with DHR123 and after 3 h observed at the fluorescence
microscope. In (c) is reported the percentage of ROS positive cells. Average and standard deviations, obtained from three independent
experiments, are also indicated.
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Figure 3: Effect of apple components on the oxidative stress
resistance. Viability of the MCY4/Kllsm4Δ1 strain was measured
after exposure of cells to H2O2 at the indicated concentration
for 4 h in the presence of acetone (control) or extracts from
whole apple, skin, flesh, and polyphenolic fractions. Average and
standard deviations, obtained from three independent experiments,
are indicated.

In another work, by the use of a particular strain of S.
cerevisiae, mutated in the LSM4 gene and showing premature
aging and loss of viability, we demonstrated that carnitines,
in particular acetyl-L-carnitine (ALC), are able to prolong
lifespan, to protect cells from oxidative stress and prevent
mitochondrial fragmentation [13].

LSM4 is an essential gene encoding a subunit of the
Lsm complex involved in mRNA decapping and splicing
[17]. In previous works we demonstrated that S. cerevisiae
strains not expressing the endogenous Lsm4p recovered
viability when transformed with Kllsm4, the hortolog gene
from Kluyveromyces lactis, as well with a truncated form of
this gene (Kllsm4Δ1) still containing the Sm-like domains
The Kllsm4Δ1 mutants showed accumulation of mRNA
degradation intermediates, the increase of intracellular ROS,
undergo cell death prematurely during stationary phase and
show the typical markers of apoptosis. A quite normal
cell viability observed in one of these mutants (lsm4) was
recovered following the deletion of the yeastmeta-caspase
YCA1 gene, suggesting that caspase activity is required for
apoptosis induced by increased mRNA stability [16, 24, 25].

The short lifespan and the high sensitivity to oxidative
stress of Kllsm4Δ1 mutants, compared to wild-type yeast
strains, render them good candidates to test the ability of
substances to prevent aging and cell death.

In this paper, we used this particular mutant to study the
capability of apple’s solution and derived fractions to increase
viability and oxidative stress resistance in yeast cells.

Our result show that solutions of entire apples can
prolong cellular life span by 100%, more than any single
apple fractions. In fact, while flesh showed a modest effect,

skin increased life span by 40%, probably due to its content
of antioxidant polyphenols, as also suggested by the 60%
increase of viability observed with cultures treated with
purified polyphenol fractions. The fact that the purified
polyphenols had a quite high activity, speaks in favour of
an important role of apple polyphenols. However, since
the whole apple extract had superior activity in spite of a
much lower content of polyphenols in respect of the skin
extract suggested that compounds other than polyphenols
are contributing to the observed extension of the cellular life
span.

Similarly, more than skin and polyphenols, entire apples
strongly reduced ROS production in both exponential and
stationary aging cells. In contrast, apple flesh strongly
increased ROS production, especially in stationary phase
cells.

Since flesh shows a very low positive effect on cell
viability, one can conclude that the potential toxicity of the
observed increase of ROS is in some way neutralized by other
components present in the entire apple.

Whole apple extracts, closely followed by the polyphenol
fraction, can also protect cells efficiently from hydrogen
peroxide treatments while skin and pulp have a minor effect
slightly varying with H2O2 concentration.

These results, in their substance, were confirmed when
the same fractions were included into a creamy matrix, with
the entire apple homogenate showing the best protection.

These findings are in agreement with Vanzani et al.
[7] who reported that the antioxidant efficiency of the
pure apple compounds was lower than that of the apple
extracts, and that the higher efficiency of apples appears to be
strictly related to the overwhelming presence of oligomeric
proanthocyanidins.

In conclusion, the wide knowledge of yeast and the
availability of genetic, biochemical and molecular biology
tools make this organism a simple system useful for assaying
in vivo the effects, among others, of anti-aging molecules.
The promising results of this preliminary study provide the
basis to plan further researches aimed to precisely identifying
the apple compounds capable to modulate the life-extending
properties of apple on yeasts.

4. Materials and Methods

4.1. Yeast Strains and Growth Conditions. We used the S.
cerevisiae strains MCY4/KlLSM4::kanMX4 (MAT α, ade1-
101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23, pRS416/
Kllsm4Δ1) [14] and MCY4/313Kllsm4Δ1 (Mat α, ade1-
101, his3-Δ1, trp1-289, ura3, LEU2-GAL1-SDB23, pRS313/
Kllsm4Δ1) [16].

Cells were grown in YP (1% yeast extract, 2% peptone)
supplemented with 2% glucose (YPD) at 28◦C with the
addition of or in SD (yeast nitrogen base without amino acids
and auxotrophic requirement as needed). Solid media were
supplemented with 2% Bactoagar (Difco, Detroit, MI, USA).

4.2. Cell Viability. The determination of chronological lifes-
pan was done as described in Palermo et al., 2007 [26].
Briefly, cell suspensions (5 μL) containing approximately
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Figure 4: Effect of apple solutions included in ointment. (a) Cells of strain MCY4/Kllsm4::KanMX4 were grown in YPD+G418 antibiotic to
prevent contaminations. Ointment base Essex was used as a control. Viability was monitored as percentage of microcolony forming units.
Standard deviation was obtained from three independent experiments. (b) 10-fold serial dilutions of each cell culture described above were
spotted onto YPD plates (1% bactopeptone, 1% yeast extract, 2% glucose, and 2% bacto agar) and incubated 2 days before recording. (c)
Cells of strain MCY4/Kllsm4::KanMX4 were grown in YPD + G418 antibiotic in the presence of apple solutions in ointment and exposed to
H2O2 at the indicated concentration for 4 h. Average and standard deviations, obtained from three independent experiments are indicated.

6 · 106 cells mL−1 were poured on a thin layer of YPD agar on
a microscope slide. A cover slip was placed over the samples
and, after 24 h, viable and unviable cells were scored on the
basis of their ability to form microcolonies.

Cells were grown at 28◦C in minimal medium (0,67%
yeast nitrogen base without amino acids) containing 2%
glucose (SD) supplemented with 20 microg/mL of the appro-
priate nutritional requirements according to the genotype of
the strains, or in YPD + G418.

For the viability spot assay, cell suspensions at the
concentration of 107 cells/mL were transferred in microtiter
plates, serially ten-fold diluted and spotted onto YP plates
(1% yeast extract, 2% peptone) supplemented with 2%

glucose (YPD). Plates were incubated at 28◦C for five days
before recording.

4.3. H2O2 Sensitivity. To determine the sensitivity to oxygen
peroxide, cells growing exponentially were exposed to 0.8,
1.2, and 3 mM H2O2 at 28◦C for 4 h. Cell viability was
determined by counting the formation of microcolonies.

4.4. ROS Detection. Dihydrorhodamine 123 (Sigma) was
added at a concentration of 5 μg/mL of cell culture from a
2.5 mg/mL stock solution in ethanol and cells were viewed
without further processing through a rhodamine optical
filter after 3 h incubation [27].
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Figure 5: Comparison of the average concentrations (expressed as
chromatographic area) of some characteristic apple polyphenols in
the extracts used for the viability tests. The vertical bars represent
the standard deviation of the measure.

4.5. Sample Preparation

Extracts. Apples, from the cv. Golden Delicious, produced in
Trentino, Italy, were purchased directly from the producers
in June 2009, and extracted as described in Vrhovsek [6]. To
limit the enzymatic oxidation and chemical reactions, both
the apples and the extraction solution were cooled to 4◦C.
Each sample was prepared out of three fruits. The core was
removed with a corer, in order to study only the edible part.

Whole Apple Extract. Each apple was cut into equal slices.
Three slices (cortex + skin) from the opposite side of each
fruit (total weight 400 g) were used for the preparation of
aqueous acetone extracts. The sample was homogenized in
a blender Osterizer mod. 847–86 at speed one in 1500 mL of
mixture acetone/water (70/30 w/w), to produce a raw extract
corresponding to 26.7 g of fresh apple in 100 mL.

Whole Apple Polyphenols. An aliquot of 750 mL of the
above extract, corresponding to 200 g of apple, was used to
prepare a partially purified extract, containing most apple
polyphenols. Acetone was removed by evaporation under
reduced pressure at 35◦C, from a volume of 200 mL of
apple polyphenols extract, which was brought to 100 mL
with water. This extract was loaded on a preparative column
containing 20 g of Isolute ENV + resin (Biotage, Uppsala,
Sweden), previously activated with 300 mL MeOH and
400 mL water. All the hydrophilic compounds were washed
with 300 mL of water, then the polyphenols were eluted with
400 mL of methanol. After the whole extract was processed,
the methanol was removed by evaporation under reduced
pressure, and the purified fraction was redissolved into
750 mL of acetone/water (70/30 w/w).

Skin Extract. Each apple was manually peeled. An aliquot
of 40 g of apple skins was extracted with 166 mL of the
mixture acetone/water (70/30 w/w), to produce a raw extract
corresponding to 24.0 g of apple skins in 100 mL.

Flesh Extract. Each apple was manually peeled. An aliquot of
200 g of apple flesh (cortex) was extracted with 750 mL of the
mixture acetone/water (70/30 w/w), to produce a raw extract
corresponding to 26.7 g of apple cortex in 100 mL.

The centrifuged extracts were stored at−20◦C for the cell
viability trials and analysis of total polyphenols.

Ointments. Fresh apples were crushed and filtered. The clear
liquid (20 mL) was added to ointment base Essex (80 g) while
stirring.

4.6. Chemical Analyses

Spectrophotometric Analysis of Total Polyphenols. The total
amount of polyphenols was quantified with an optimized
Folin-Ciocalteu method [28] according to which interfering
compounds such as sugars, amino acids, and ascorbic acid
were removed by cleanup on a C-18 cartridge (0.5 g, Sep
pak, Waters) from the sample reconstituted in water as
described above. The results are expressed as equivalent of
(+)-catechin, mg/kg of FW.

Fingerprinting of the Extracts by LCMS. Analysis was carried
out using a Waters Acquity UPLC, coupled to a Synapt
HDMS QTOF-MS (Waters, Manchester, UK) via an electro-
spray interface (ESI), operating in W-mode. The software
used was Masslynx 4.1. The reverse phase method was
performed on a ACQUITY UPLC 1.8 μm 2.1 × 150 mm HSS
T3 (Waters) column, maintained at 30◦C for 30 min using
0.1% formic acid in water as solvent A and 0.1% formic acid
in methanol as solvent B with the following gradient: until
6 min isocratic at 100% A, then increasing linearly to 100% B
at 26 min and held isocratic at 100% B till 30 min. After each
run, the column was brought the initial conditions (30% of
solvent A) in 3 min.

Spectra were collected in negative ESI mode over a mass
range 50–3000 amu with a scan duration of 0.3 s in centroid
mode. The transfer collision energy and trap collision energy
were set at 4 and 6 V, respectively. The source parameters
were: capillary 2.5 kV, sampling cone 25 V, extraction cone
3 V, source temperature 150◦C, desolvation temperature
500◦C, desolvation gas flow 1000 l/h, and nebulizer gas flow
50 l/h. External calibration of the instrument was performed
at the beginning of each batch of analysis by direct infusion
of a sodium formate solution (10% formic acid/0.1 M
NaOH/Acetonitrile at a ratio of 1/1/8) by controlling the
mass accuracy (less than 5 ppm) and mass resolution (over
14000 FWHM). LockMass calibration was applied using a
solution of leucine enkephaline (0.5 mg/L, m/z 556.2771 for
positive and 554.2620 for negative ion mode) at 0.1 mL/min.

Each extract was analysed 10 times. The relative concen-
tration of major apple polyphenols in the extracts are given
in Figure 5.
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[27] F. Madeo, E. Fröhlich, M. Ligr et al., “Oxygen stress: a regulator
of apoptosis in yeast,” Journal of Cell Biology, vol. 145, no. 4,
pp. 757–767, 1999.

[28] A. Rigo, F. Vianello, G. Clementi et al., “Contribution of
proanthocyanidins to the peroxy radical scavenging capacity
of some Italian red wines,” Journal of Agricultural and Food
Chemistry, vol. 48, no. 6, pp. 1996–2002, 2000.



Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2012, Article ID 608478, 14 pages
doi:10.1155/2012/608478

Review Article

ROS in Aging Caenorhabditis elegans: Damage or Signaling?

Patricia Back, Bart P. Braeckman, and Filip Matthijssens

Laboratory for Aging Physiology and Molecular Evolution, Department of Biology, Ghent University,
K. L. Ledeganckstraat 35, 9000 Ghent, Belgium

Correspondence should be addressed to Bart P. Braeckman, bart.braeckman@ugent.be

Received 16 May 2012; Accepted 3 July 2012

Academic Editor: Vitor Costa

Copyright © 2012 Patricia Back et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Many insights into the mechanisms and signaling pathways underlying aging have resulted from research on the nematode
Caenorhabditis elegans. In this paper, we discuss the recent findings that emerged using this model organism concerning the role
of reactive oxygen species (ROS) in the aging process. The accrual of oxidative stress and damage has been the predominant
mechanistic explanation for the process of aging for many years, but reviewing the recent studies in C. elegans calls this theory
into question. Thus, it becomes more and more evident that ROS are not merely toxic byproducts of the oxidative metabolism.
Rather it seems more likely that tightly controlled concentrations of ROS and fluctuations in redox potential are important
mediators of signaling processes. We therefore discuss some theories that explain how redox signaling may be involved in aging
and provide some examples of ROS functions and signaling in C. elegans metabolism. To understand the role of ROS and the redox
status in physiology, stress response, development, and aging, there is a rising need for accurate and reversible in vivo detection.
Therefore, we comment on some methods of ROS and redox detection with emphasis on the implementation of genetically
encoded biosensors in C. elegans.

1. Oxidative Stress Theory of Aging and
Correlation of Oxidative Stress with Age

More than fifty years ago, Harman [1] postulated in his
free-radical theory of aging that aging results from the
accumulation of molecular damage caused by byproducts
of the normal oxidative metabolism, called reactive oxygen
species (ROS). The discovery of the superoxide dismutase
enzyme, which detoxifies the superoxide anion [2], and the
detection of the ROS hydrogen peroxide (H2O2) in vivo
[3] further gave credibility to the free-radical theory of
aging. Harman refined his theory to highlight the role of
mitochondria in aging since mitochondria are considered as
the main source of ROS [4]. Because there are many ROS
that are not free-radicals and that can also cause oxidative
damage, the free-radical theory of aging is now referred to as
the oxidative stress theory of aging [5]. This new name for
the theory also implies that oxidative stress can occur due
to an imbalance between ROS production and removal. This
imbalance leads to a progressive accumulation of oxidative
damage with age, resulting in a decline of the functional

efficiency of various cellular processes. Since its formulation,
the oxidative stress theory of aging has been the most broadly
tested theory of aging. Despite the tremendous effort to verify
this theory, experimental studies do not support or remain
inconclusive on whether oxidative damage is responsible
for aging [6–10]. During the last years, many studies have
yielded new insights on the role of ROS in aging. Many of
these studies have been performed using the model organism
Caenorhabditis elegans and will be discussed in this paper.

As organisms age, a number of behavioral, reproductive,
morphological, and biochemical changes occur [11]. Previ-
ous studies have shown an age-related increase of oxidative
damage in a variety of molecules (DNA, proteins, and lipids)
in organisms ranging from invertebrates to humans [5, 12–
14]. This finding is in accordance with the oxidative stress
hypothesis of aging. In C. elegans, there is an increase
in single-strand DNA breaks, 5-methylcytosine [15], and
protein carbonyls accumulate with age [16, 17]. However, as
in many other invertebrates [18, 19], in subsequent tests on
extensively purified DNA of C. elegans, no cytosine methyla-
tion was detected during development and senescence [20].
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Melov et al. [21] reported an increase in mitochondrial
DNA deletions with age. However, these results could not be
confirmed in our research group [22].

One way to investigate the role of ROS in aging is
to examine oxidative stress resistance in long-lived strains.
Two major interventions that greatly influence lifespan are
the regulation of insulin/IGF-1 signaling (IIS) and dietary
restriction. The IIS pathway is an evolutionary conserved
pathway that regulates aging in organisms ranging from
nematodes to mammals. In C. elegans, it comprises an
insulin-like receptor (daf-2), which negatively regulates a
downstream FOXO transcription factor, DAF-16. A reduc-
tion of function of daf-2 doubles the lifespan of C. elegans,
and this lifespan extension is fully dependent on daf-16.
Many of the transcriptional targets of DAF-16 are also
activated in the dauer larvae, a special developmental stage
of C. elegans that can survive harsh environmental conditions
for several months, while the average lifespan of an adult C.
elegans is about 2-3 weeks. The IIS pathway and pathways
related to IIS and/or DAF-16 are induced by various environ-
mental cues (nutrients, heat, UV, heavy metal, and oxidative
stress) [23–26]. These pathways promote oxidative stress
resistance and longevity and regulate the expression of ROS
detoxification genes. Although oxidative stress resistance is
increased in these long-lived strains, this does not mean
that increased stress resistance is an essential prerequisite
for longevity. To test this, the expression of sod genes
was reduced in long-lived daf-2 mutants. Although isolated
mitochondria of daf-2 mutants produce more superoxide
compared to wild type [27], the loss of sod genes has little
or no effect on daf-2 longevity and in some cases, it even
further increases lifespan of daf-2 [28–31]. Thus, increased
antioxidant defenses in daf-2 do not significantly contribute
to the extended lifespan of daf-2 mutants.

A reduction of food intake by 40–60% without mal-
nutrition, called dietary restriction (DR), has remarkable
benefits for health and lifespan in many different species,
including C. elegans [32]. It was long believed that DR would
reduce metabolic rate and thereby decrease ROS production
and ROS-induced damage, resulting in extended lifespan
[33]. Measurement of the oxygen consumption and heat
production rather shows an increase in metabolism in food-
restricted worms, however [34, 35]. ROS production in
worms imposed to at least one type of DR is not different
from wild type [27]. Dietary restriction enhances SOD and
catalase activity [36] and increases sod expression (sod-1, sod-
2, sod-4, and sod-5), regulated by the FOXA transcription
factor PHA-4 [37]. Although diet-restricted worms show
increased antioxidant defense and oxidative stress resistance
[36, 38], sod deletion does not reduce lifespan in two different
types of DR [39, 40]. This suggests that enhanced antioxidant
defense may not be essential for DR-induced longevity.

2. Evaluation of the Oxidative Stress
Theory in C. elegans

Conform to the oxidative stress theory of aging, oxidatively
damaged biomolecules accumulate with age in C. elegans.

Moreover, it is often found that manipulations that slow
down aging, such as dietary restriction, hormesis (dis-
cussed below), or reduced IIS, also increase oxidative stress
resistance. Although such observations provide correlative
evidence for the oxidative stress theory of aging, they do
not allow concluding that this theory is correct. Long-lived
strains are resistant to other types of stresses than oxidative
stress, such as heat, UV, and pathogenic bacteria. Various
studies show that enhanced oxidative stress resistance is
not essential for the extended lifespan in long-lived strains
[38]. The most conclusive approach to test the causal
relation between ROS and aging is to change the antiox-
idant defense system and to examine the effect on aging.
Antioxidant defenses can be altered by genetic (mutation or
overexpression of antioxidant enzymes) or pharmacological
interventions (SOD/catalase mimetics, vitamins).

2.1. Pharmacological Interventions. Numerous studies have
examined the effect of exogenous antioxidant compounds on
lifespan in C. elegans [41]. Various noncatalytic antioxidants,
such as vitamin E and C, trolox, α-tocopherol, and N-
acetylcysteine, affected lifespan differently in distinct studies
[42–47]. In some cases, these compounds increased oxida-
tive stress resistance without changing the lifespan [48].
The variability in the outcome of these reports may be
explained by differences in dose, experimental conditions,
and method of delivery. In C. elegans, the uptake of many
drugs is rather poor as they are excluded by the thick
cuticle [49]. The use of liposomes ameliorates the uptake
of hydrophilic antioxidants, such as ascorbic acid, N-acetyl-
cysteine, and reduced glutathione, and prolongs lifespan,
while conventional delivery methods do not [50]. It should
be noted that this lifespan extension was dose-independent
and that liposomes can affect the fat metabolism of the
worms, however.

The effect of the SOD/catalase mimetics EUK-8 and
EUK-134 on lifespan in C. elegans has been tested by
various research groups. Administration of these compounds
increases SOD activity in vivo, primarily in the mitochondria,
and it also enhances paraquat resistance [51–53]. EUK-8
and EUK-134 treatment extended lifespan in one study [54].
However, other groups detected no increase in lifespan for
doses that protect the worm against paraquat [51, 53, 55]. In
fact, they even found a dose-dependent decrease in lifespan
at higher doses of EUK-8 and EUK-134. This toxic effect
might be due to enhanced ROS production when EUK-
8 is administered at high doses [56]. Thus, EUK-8 and
EUK-134 clearly exhibit antioxidant activity in vivo and
can enhance oxidative stress resistance, but without causing
lifespan extension.

2.2. Genetic Interventions. C. elegans contains numerous an-
tioxidant genes, and the effect on aging by deleting or
overexpressing many of these genes has been examined
recently. While most eukaryotes contain 2 or 3 different
superoxide dismutase (sod) genes, C. elegans possesses at
least six isoforms [64]. sod-1 and sod-5 encode for the
cytosolic CuZnSODs [65, 66], while the sod-4 gene expresses
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Table 1: Overview of the effect sod knockdown/out or overexpression of C. elegans superoxide dismutases on ROS levels, oxidative damage,
and lifespan under stressed and unstressed condition (paraquat or hyperoxia). OE: overexpression; ND: not determined; PQ: paraquat; J:
juglone; DR: dietary restriction.

sod gene ROS levels Oxidative damage Effect on lifespan
Effect on stress
survival

Effect on lifespan
long-lived worms

Knockdown/out

sod-2
Increased [57]
or no effect [27]

Increased [30, 40]

No effect
[29–31, 39] or
increased
[27, 40, 57]

Decreased (PQ)
[29–31, 40] (J) [40]
or no effect
(hyperoxia) [29]

No effect (daf-2)
[29, 30, 40] (DR)
[39] or decreased
(daf-2) [31] or
increased (clk-1)
[30, 40]

MnSOD sod-3 Increased [57] ND
No effect
[29, 31, 39, 40] or
increased [57]

Decreased
(pathogenic
bacteria) [58]
(PQ-J) [40] or no
effect
(PQ-hyperoxia)
[29, 31] or
increased [39]

No effect (daf-2)
[29] (DR) [39, 40]
or increased
(daf-2) [31] or
decreased (isp-1)
[40]

sod-2;
sod-3

Increased [59]
or decreased
[60]

No effect [29, 60]
No effect [29, 31]
or increased [40]

Decreased
(PQ-hyperoxia)
[29, 31, 40] (J) [40]

Increased (daf-2)
[31]

sod-1 Increased [61]
Increased [30] or
no effect [29]

Decreased
[29, 39, 61] or no
effect [30, 39, 40]

Decreased (PQ)
[29, 30, 39, 40, 61]
(J) [40]
(hyperoxia) [29]

Decreased (daf-2)
[29] or no effect
(DR) [39] or
increased (daf-2)
[30]

sod-4 ND ND
No effect
[29, 31, 39, 40]

No effect [29] or
increased [39]

Increased (daf-2)
[29] or no effect
(DR) [39]

CuZnSOD
sod-5 ND ND

No effect
[29, 39, 40]

No effect [29, 39]
No effect (daf-2)
[29] (DR) [39]

sod-1;

sod-4; ND ND Decreased [29] ND ND

sod-5

SOD sod-12345 ND No effect [62] No effect [62] Decreased [62] ND

OE

MnSOD sod-2 ND No effect [63] Increased [63] ND ND

CuZnSOD sod-1 Increased [63] Increased [63] Increased [29, 63]
Decreased (PQ)
[29]

ND

two extracellular CuZnSODs that are products of alternative
splicing [67] and are either membrane bound or extracel-
lular. sod-2 and sod-3 encode MnSOD enzymes that are
localized in the mitochondrial matrix [68, 69]. SOD-1 and
SOD-2 contribute to most of the SOD activity during normal
development [29, 65], whereas the secondary SODs sod-
3 and sod-5 are clearly upregulated in dauers [29, 70], in
daf-2 mutants [71] and under oxidative stress [72]. Very
recently, a number of groups has examined the effect of
sod deletion and overexpression on lifespan and oxidative
stress resistance in C. elegans [27, 29–31, 39, 40, 57, 60,
61, 63]. An overview of these studies is represented in
Table 1.

Loss of sod-1 lowers the resistance to oxidative stress
[29, 30, 39, 40, 61]. Although SOD-1 contributes to 80% of
the total SOD activity in C. elegans [29], its deletion only
slightly reduces lifespan [29, 39, 61] or even not at all in other
studies [30, 39, 40]. Reduced sod-1 expression increases ROS
levels and oxidative damage in some studies [30, 61] but it
did not in another one [29]. These contradicting results may
reflect that the impact of sod-1 reduction on oxidative stress
is relatively subtle and difficult to detect. In contrast to sod-
1, loss of sod-4 or sod-5 does not alter the lifespan under
stressed or unstressed conditions [29, 31, 39, 40]. Unex-
pectedly, sod-4 deletion prolongs lifespan in daf-2 mutants
[29]. Conform to the findings in mammalian studies [73],
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it has been proposed that sod-4 may stimulate IIS through the
H2O2-dependent inactivation of the phosphatases [6]. This
suggests that CuZnSOD is involved in the redox regulation
of IIS. Consistent with this statement, mutation of sod-4 or
sod-5 enhances dauer larva formation [29]. To resume, loss
of CuZnSOD has little negative effect on oxidative stress and
lifespan and it may regulate IIS via redox signaling.

While the loss of sod-2, sod-3 or both, reduces oxidative
stress resistance in most cases [29–31, 39, 40], it does not
shorten lifespan under unstressed conditions [29–31, 39, 40],
and in some studies it even increases lifespan [27, 40, 57].
Diminished MnSOD enhances ROS levels and oxidative
damage to a minor extent in some reports [30, 40, 57, 59]
but not in others [27, 29, 60]. MnSOD knockout/down
experiments demonstrated that MnSOD is not required for
lifespan extension in long-lived daf-2 mutants and diet-
restricted worms [29–31, 39, 40]. In contrast, abolished sod-
2 expression largely extends the lifespan of long-lived clk-1
mutants [30, 40]. Consistent with this, sod-2 mutation results
in a Clk phenotype, that is, slow growth and defecation rate,
and reduced and delayed fecundity [29, 40]. Thus, MnSOD is
required for oxidative stress resistance, but it does not limit
the lifespan of wild type or long-lived strains. The fact that
loss of MnSOD enhances oxidative stress and concurrently
prolongs lifespan in certain studies, contradicts a causal role
for mitochondrial superoxide in the aging process.

Worms completely devoid of both Mn- and CuZnSOD
have been recently obtained and are highly sensitive to
multiple stresses (oxidative stress, heat, and osmotic stress),
they develop slower and have a reduced brood size [62].
Remarkably, this total loss of SOD activity has no effect on
lifespan at all. This lack of effect on lifespan can be explained
by a counterbalance between superoxide toxicity on the
one hand and an adaptive response to reduced superoxide
detoxification on the other hand [62]. Most importantly, it
shows that oxidative stress per se has no profound effect on
aging in C. elegans.

If the oxidative stress hypothesis of aging is correct, an
increase in SOD-1 should result in a decrease in oxidative
damage and an extended lifespan. Overexpression of sod-1
indeed prolongs lifespan [29, 63]. But instead of decreasing
oxidative stress as expected by the oxidative stress hypothesis,
sod-1 overexpression does not reduce lipid oxidation and
glycation and actually increases ROS levels and protein
oxidation levels [63], and it increases paraquat sensitivity
[29]. On the other hand, the lifespan extension of sod-1 over-
expressors is DAF-16- and partially HSF-1-dependent and
sod-1 overexpression enhances hsp-4 and hsp-6 expression,
suggesting an unfolded protein response (UPR) [63]. This
idea is further confirmed by the observation that knocking
down genes involved in UPR, partly suppresses longevity
of sod-1 overexpressors. The exact mechanism by which
sod-1 overexpression increases lifespan through DAF-16
remains unclear, however. Like sod-1, sod-2 overexpression
also prolongs lifespan in a DAF-16-dependent manner, but
it does not change the protein carbonylation levels [63].
These results imply that overexpression of sod-1 or sod-2
extends lifespan, not by reducing oxidative stress, but instead
by activating longevity-related transcription factors, such as

DAF-16. Therefore, lifespan extension by SOD overexpres-
sion does not support the oxidative stress hypothesis. The
fact that sod-1 overexpression increases oxidative damage
and prolongs lifespan at the same time, even contradicts this
hypothesis.

C. elegans contains three catalase enzymes with highly
similar sequences in a tandem array: ctl-3, ctl-1, and ctl-2
[74]. The peroxisomal catalase, CTL-2 [75], contributes to
∼80% of the total catalase activity and a knockout of ctl-2
can reduce mean lifespan by 16% while decreasing egg-laying
capacity [74]. Remarkably, protein carbonyl levels increase
more slowly with age in ctl-2 mutants compared to wild type
[74]. Moreover, overexpression of all three catalase genes
reduces lifespan [29].

C. elegans contains three peroxiredoxins, two 2-Cys
peroxiredoxins prdx-2 (CePrx2), and prdx-3 (CePrx1), and
one 1-Cys peroxiredoxin prdx-6 (CePrx3). Prdx-3 is probably
mitochondrial, and only deletion of prdx-2 results in an
altered phenotype, displaying a reduced size, fertility, and
oxidative stress resistance [76]. At 25◦C, the lifespan of prdx-
2 mutants is not reduced, but at 15◦C and 20◦C prdx-2
knockout worms live shorter than wild-type worms [76–
78]. prdx-2 is expressed in pharyngeal neurons and in the
reproductive system [76, 78]. Interestingly, overexpression of
prdx-2 in the intestine increases oxidative resistance but it
does not prolong lifespan [78], indicating that the oxidative
stress resistance obtained by tissue-specific prdx-2 expression
does not determine lifespan.

Analysis of the C. elegans genome reveals four glutare-
doxins (GLRXs), at least eight thioredoxins (TRXs), and
two thioredoxin reductases (TRXRs). Deletion of the cytoso-
lic trx-1, expressed in specific pharyngeal neurons and
the intestine, decreases lifespan with 19% and increases
paraquat sensitivity [79, 80]. Furthermore, trx-1 deletion
partially suppresses lifespan extension in daf-2 mutants and
completely suppresses longevity induced by two forms of
dietary restriction [81]. Overexpression of trx-1 results in a
moderate lifespan increase [80]. Deletion of mitochondrial
trx-2 and/or trxr-2, expressed in muscles, intestine, and
neurons, does not affect lifespan in wild type and daf-2
mutants and has no effect on heat shock and oxidative
stress resistance [82]. Deletion of the methionine sulfoxide
reductase, encoded by msra-1, reduces paraquat resistance
and shortens lifespan of wild type and daf-2 mutant worms
[83].

C. elegans contains 57 genes that encode for glutathione-
S-transferase (GST). gst-4 is upregulated by oxidative stress,
and although its overexpression enhances oxidative stress
resistance, it does not extend lifespan [84]. GST-10 catalyzes
the detoxification of the lipid peroxidation end-product
HNE. gst-10 overexpressors are more resistant to various
forms of stress (heat, UV, and oxidative stress) and have an
increased lifespan [85]. RNAi of 5 of the 26 tested gst genes
causes an increase in HNE-mediated damage, while RNAi of
only 2 of these gst genes (gst-5 and gst-10) decreases lifespan
[86]. This suggests that an increase in HNE-induced damage
is not sufficient to reduce lifespan.

Iron-catalyzed ROS generation can increase protein dam-
age and reduce oxidative stress resistance without affecting
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lifespan [87]. Similarly, overexpression of the iron storage
protein ferritin, ftn-1, reduces protein carbonylation and
enhances oxidative stress resistance, but does not increase
lifespan. These results suggest that high iron levels can
increase oxidative stress, but iron levels under standard
culture conditions do not limit lifespan. Moreover, deletion
of ftn-1 even increases lifespan and dauer formation of daf-2
mutants, indicating a role for ferritin in IIS.

In general, deletion of some but not all antioxidant
genes shortens lifespan to a minor extent. In some cases,
loss of antioxidant enzymes can increase oxidative stress
sensitivity without affecting lifespan and in some reports,
it can even enhance longevity. Overexpression of a few
antioxidant genes can moderately increase lifespan, but not
necessarily increases oxidative stress resistance. In other
instances, overexpression of antioxidant enzymes reduces
lifespan. Therefore, genetic interventions in antioxidant
defenses do not generally support the oxidative stress theory
of aging in C. elegans.

Does this limited effect of antioxidants on aging in C.
elegans support studies in higher model organisms, such
as Drosophila melanogaster and mice (for review, see [7,
88])? Similar to worms, mice display a slightly reduced
lifespan upon loss of CuZnSOD [89], while in the fruit fly,
loss of CuZnSOD dramatically reduces lifespan [90, 91].
Heterozygous CuZnSOD+/− Drosophila has an unaltered
lifespan, however [90]. Unlike C. elegans, loss of MnSOD is
lethal to mice and flies [92–94], but heterozygotic MnSOD
mutation has no effect on aging in mice. Interestingly,
these heterozygous mice show a 100% increase in tumor
incidence [95]. Thus, antioxidant genetic alteration can
induce oxidative stress and pathology without affecting
lifespan. Overexpression of CuZnSOD, MnSOD, catalase,
and glutathione peroxidase does not prolong lifespan in
mice, although oxidative stress resistance is increased [88,
96]. It was verified with various parameters, such as mean
and maximum lifespan, body weight, and fecundity, that the
mice were maintained under optimal health conditions, to
avoid stress conditions which may affect lifespan of mice
with altered antioxidant defense. In flies, lifespan is not
changed or increased in SOD overexpressors, depending
on the study [97–102]. This discrepancy between studies
can be a result of artifacts, such as transformation method
or genetic background [103, 104]. To conclude, like in C.
elegans, antioxidant studies in other model organisms do not
generally support the oxidative stress theory of aging.

2.3. Redox Signaling Theories on Aging in C. elegans. Since
evidence against the oxidative stress theory of aging is
accumulating, a few theories have been recently proposed
to explain the correlation between ROS and aging. One
alternative for the oxidative stress theory of aging is the redox
stress hypothesis, which proposes to include a signaling role
for ROS in the aging process. It states that functional loss
during aging is caused by a progressive pro-oxidizing shift
in the redox state of the cell. This leads to overoxidation
of redox-sensitive proteins and consequently the disruption
of redox-regulated signaling mechanisms [10]. Figure 1

represents an overview of signaling pathways regulated by
ROS that we describe below in more detail.

While high concentrations of the O2
•− generators

juglone and paraquat are lethal, a life-long exposure to
low concentrations of these compounds can extend lifespan
[27, 105, 106]. Exposure to low doses of juglone enhances
an antioxidant defense (increased GSH levels, SOD, catalase
activity, and sod-3 and hsp-16.2 expression). In accordance
with these findings, DAF-16, SIR-2.1, and 14-3-3, proteins
involved in stress response, are required for the lifespan
extension in worms exposed to low concentration of juglone
[106]. In short, these results indicate that increased ROS
production promotes a stress response, mediated by DAF-16,
SIR-2.1 and the redox-dependent transcription factor SKN-
1, and thereby extends lifespan. This phenomenon is called
hormesis [107] and has also been observed in worms with
decreased glucose metabolism, where it is described as mito-
hormesis more specifically [46]. Reduced glycolysis increases
mitochondrial ROS production, which in turn increases
oxidative stress resistance and catalase activity, prolonging
lifespan [46]. However, pretreatment with antioxidants and
vitamins prevents this lifespan extension, demonstrating
that the increased ROS formation is an essential signal to
activate lifespan extension. Consistent with these findings
and the redox stress hypothesis, inhibition of glycolysis
enhances stress resistance in C. elegans by activating the
pentose phosphate pathway, which is crucial for maintaining
the reducing cytosolic NADPH concentration [108]. More
recently, it was found that impairment of daf-2 reduces
glucose uptake and induces a transient drop in ATP levels,
thereby activating the energy sensor AAK-2. In its turn,
AAK-2 mediates the generation of a transient ROS signal
that ultimately promotes L-proline catabolism and partially
extends lifespan. As a result, oxidative phosphorylation is
enhanced and ROS levels are increased. This increase in ROS
levels induces adaptive response that is partially mediated
by the Nrf/SKN-1 transcription factor, resulting in enhanced
stress resistance and extended lifespan [109].

Mitohormesis also plays a role in longevity of mutants
with an impaired mitochondrial metabolism, or mit
mutants. Some mit mutants (clk-1, isp-1, and nuo-6) show
increased ROS production [27, 105, 110], an enhanced
sod expression [30, 111, 112], and catalase activity [113].
While the increase in antioxidant defenses is dispensable
for their long lifespan [30, 74], the increase in ROS
levels is a prerequisite for isp-1 and nuo-6 [27] longevity,
perhaps by provoking an adaptive response. The hypoxia-
inducible transcription factor HIF-1 is activated by mild
increases in ROS and HIF-1 is required for the extended
lifespans of clk-1 and isp-1 mutants [105]. Thus, HIF-1
appears to link respiratory stress in the mitochondria to
a nuclear transcriptional response that promotes longevity.
Recently, it was shown that inhibition of mitochondrial
respiration triggers the mitochondrial unfolded protein
response (UPRmito), increasing hsp-6 expression [112]. This
response is needed for the longevity in mit mutants and
acts through unidentified signaling molecules, maybe ROS,
between different tissues [114]. Like in mit mutants, UPR
is essential for the longevity in sod-1 overexpressors [63].
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Figure 1: Schematic representation of signaling pathways regulated by ROS in C. elegans. PPP: pentose phosphate pathway; CAC: citric acid
cycle; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; Sp: spermatheca.

To conclude, according to the (mito)hormesis theory, ROS
can be regarded as a molecular signal that triggers a hormetic
effect, inducing an overall increase in stress resistance and
longevity. The specific antioxidant response may be im-
portant to maintain a reduced environment that remains
sensitive to subsequent ROS signals.

Mammalian studies have reported that ROS (H2O2)
activates the regulator of cell growth and proliferation,
TOR, and its target S6 kinase [115, 116]. Moreover, TOR
activation increases ROS production [117], whereas TOR
inhibition reduces ROS production [118]. According to the
TOR-centric model of aging, these multiple links between
ROS and TOR indicate that ROS is a messenger molecule
rather than a toxic byproduct, that accumulates life-limiting
damage [119]. This TOR-centric model postulates that TOR
is necessary during development, but that it is not switched
off in adults. As a result, cells become hypertrophic and
hyperactive. This hyperfunction causes cellular damage and
age-related diseases [120]. According to this model, TOR
limits lifespan by accelerating age-related diseases before
oxidative damage accumulation can cause death.

2.4. Mechanisms of Redox Signaling in C. elegans. While the
theories above can explain how ROS influence aging in
another way than by causing oxidative damage, they do not
provide details on how ROS can transfer a signal in a cellular
environment. A few specific mechanisms of ROS or redox
signaling has been described in C. elegans and are discussed
below.

Protein-tyrosine phosphatases (PTP) contain a reduced
cysteine residue that is a well-characterized target of ROS.
PTP is oxidized by H2O2 to the sulfenic (–SOH) inac-
tive form, which can be reversed by cellular thiols. The
oxidized sulfenic acid rapidly reacts with amide nitro-
gen of its protein backbone generating inactive sulfenyl-
amide, to prevent further irreversible oxidation to sulfonic
(–SO2H) and sulfinic species (–SO3H). Inactivation of
phosphatases can also occur by glutathionylation. Reac-
tivation of the glutathiolated PTP may be catalyzed by
glutaredoxin (GLRX) [73]. Other potential redox-sensi-
tive phosphatases are the PTEN homolog DAF-18, the
PP2A homolog PPTR-1, and the MKP-1 homolog VHP-1
[73].
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In mammalian studies, insulin is found to stimulate
H2O2 production by NADPH oxidase [121, 122]. H2O2

inactivates phosphatases which in turn negatively regulate
insulin signaling. This leads to a positive feedback loop: ROS
generated in response to insulin facilitate insulin signaling. In
C. elegans, loss of sod-4 enhances longevity and loss of either
sod-4 or sod-5 enhances dauer formation in daf-2 mutants
[29], providing evidence for redox-sensitive regulation of
IIS in C. elegans. Moreover, sod-5 is specifically expressed in
neurons involved in dauer formation in a daf-16-dependent
manner [6, 96]. SOD-4 and SOD-5 generate extracellu-
lar and cytosolic H2O2, respectively, which can inactivate
phosphatases, such as protein tyrosine phosphatase (PTP),
thereby promoting IIS [73]. Therefore, SOD-4 and SOD-
5 may facilitate a rapid exit from the dauer larvae stage to
ensure further development and offspring during optimal
conditions.

Another study that indicates a possible signaling func-
tion for ROS in C. elegans, describes redox changes in a
limited set of proteins upon H2O2 treatment. A short-term
H2O2 treatment causes immediate and reversible behavioral
changes, such as reduced mobility, pharyngeal pumping,
and reproduction, as well as decreased growth rate, and
decreased ATP levels [77]. By using the redox proteomic
technique OxICAT, 40 different proteins with redox-sensitive
cysteines were identified which are involved in mobility and
feeding (oxidative inactivation of MYO-2), protein transla-
tion (oxidative inactivation of EFT-1), protein homeostasis
(oxidative activation of HSP-1), and ATP regeneration.
Proteins involved in glycolysis are oxidatively inactivated,
thus, redirecting glucose to the pentose phosphate pathway,
which results in enhanced NADPH levels. These observations
coincide with the finding that reduced glycolysis enhances
oxidative stress resistance [46, 108]. Thus, oxidative stress
induces oxidative modifications of specific redox-sensitive
proteins to reduce energy consuming processes which are not
essential for survival, such as protein synthesis and move-
ment, thereby saving energy to restore redox homeostasis.

2.5. Functional Roles for ROS in C. elegans. Rather than being
purely harmful, it has been established that ROS can also
play an important role in metabolism. Here we provide a few
examples of how ROS contribute to C. elegans metabolism,
and therefore may be crucial for maintaining a normal
lifespan.

Most organisms, including humans, D. melanogaster, and
plants, produce ROS in phagocytic and nonphagocytic cells
via NADPH oxidase in response to microbial infection [123–
125]. C. elegans also produces extracellular ROS by a dual
NADPH oxidase (CeDuox-1) in response to exposure to gut-
infecting pathogenic bacteria Enterococcus faecalis or yeast
[58, 126–128]. These studies suggest that C. elegans produces
ROS in the intestine in response to pathogens while an
oxidative stress response mediated by DAF-16 and the redox
sensitive transcription factor SKN-1 is induced to protect
neighbouring tissues. [58].

Another function for ROS in C. elegans metabolism,
mediated by NADPH oxidase, is cuticle biogenesis. C. elegans

encodes two dual oxidases, Ce-Duox1 (bli-3) and Ce-Duox2,
which contain a NADPH oxidase domain and a peroxidase
domain. The NADPH oxidase domain generates extracellular
superoxide which dismutates spontaneously or by SOD-4 to
H2O2. This peroxide is then used by the peroxidase domain
for the cross-linking of tyrosine residues in collagen to create
the cuticle of the worm [129].

The redox state of the cell has also been shown to
regulate physiological processes during development, such
as proliferation and differentiation [130]. Generally, a more
reducing environment is associated with proliferation and
an oxidizing environment initiates differentiation [131].
Consistent with mammalian studies, where GSH content
is high during gametogenesis and fertilization [132], we
find that in the spermatheca, where the oocytes are fer-
tilized, GSSG/GSH levels are low [133]. Moreover, in vivo
H2O2 levels are low and sod-1 is highly expressed in the
spermatheca (unpublished data). It was also reported that
protein carbonylation levels are low in spermatheca as they
are abruptly reduced by enhanced proteasome activity in
the ovaries at the time of oocyte maturation [134]. Before
oocytes can be fertilized in the spermatheca, they need to
mature, a process that is characterized by their transition
into the meiotic metaphase I [135]. The major sperm
protein (MSP) secreted by the sperm in the spermatheca
promotes ROS production in the most proximal oocytes,
which augments MPK-1 activity, essential for this oocyte
maturation. SOD-1 is found to inhibit MPK-1 activation
[136]. Thus, ROS can act as a secondary messenger for oocyte
maturation necessary for fertilization, while these oocytes
are cleared from oxidative damage by enhancing proteasomal
activity [134].

3. ROS and Redox Detection

A major challenge in establishing the exact function of
ROS in metabolism and aging is their accurate detection.
Because redox signaling acts through small, local, and
transient changes, redox detection should ideally be selective,
sensitive, instantaneous, reversible, compartment-specific,
noninvasive, and applicable in vivo. Most conventional
redox measurements are nonspecific, disruptive (which may
create oxidation artifacts), irreversible (which precludes
dynamic measurements), and some probes can generate
ROS by themselves upon radiation (e.g., H2DCF-DA) [137–
139]. These exogenous chemical absorbent, fluorescent or
luminescent probes need to be taken up by the biolog-
ical model. This uptake is rather poor and variable in
C. elegans, making comparison between samples compli-
cated. In addition, the uptake of these chemical reporter
molecules may not be identical for each subcellular com-
partment. Recently, small-molecule probes were designed
to be targeted to the mitochondria to ensure the probe
uptake into the mitochondria [140–142]. An extensive
review on these chemical probes can be found elsewhere
[137–139].

Many of the limitations of conventional redox probes
were overcome by the development of genetically encoded
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redox sensors based on the green fluorescent protein GFP.
Generally, these chimeric proteins contain a regulatory
domain that will specifically and reversibly bind the ROS or
metabolite of interest, resulting in a conformational change
altering the fluorescent properties of the biosensors. As a
result, the fluorescent properties of the molecules are a direct
measure of the levels of the ROS or metabolite in vivo. A
major advantage of these genetically encoded sensors is that
they can be targeted to specific tissues, cells or subcellular
locations [143]. Hence, when choosing an accurate promoter
for expression of the biosensor, real-time and in vivo analysis
ranging from a specific single cell to a whole organism
can be easily performed. Because of its genetic amenability
and its transparency, Caenorhabditis elegans is ideally suited
for such approaches, while its size allows analysis by both
microplate fluorometry and confocal microscopy. A few
examples of genetically encoded sensors that we successfully
implemented to measure H2O2 levels and GSH in C. elegans
will be further discussed.

H2O2 has emerged as a widespread, physiologically
relevant and selective signaling molecule [144–146], and it is
relatively, abundant (1–100 nM) [145] and stable compared
to other ROS. These features allow H2O2 to serve as an
important second messenger. HyPer is a H2O2 (hydrogen
peroxide)-specific intracellular biosensor. This sensor con-
sists of a circularly permutated yellow fluorescent protein
(cpYFP) inserted into the H2O2-sensitive regulatory domain
of the Escherichia coli transcription factor OxyR (OxyR-RD)
[147]. HyPer is a H2O2-sensitive, selective, and reversible
biosensor, and its fluorescence ratio reflects the balance
between H2O2-mediated oxidation and a GLRX/GSH-
mediated reduction. Like most cpYFP’s, HyPer fluorescence
is influenced by pH (6–10): acidification decreases the
500 nm/420 nm excitation ratio [147]. HyPer has already
been used in various cell culture [147–151] and zebra-fish
[152] studies. Using HyPer, we identified local cells or tissues
with distinct in vivo H2O2 levels in C. elegans. For example,
we found that, consistent with the role of hypodermal cells in
cuticle biogenesis, H2O2 levels are particularly high in these
cells [133] (Figure 2).

The redox state of the cell is determined by the redox
state of multiple redox pairs in the cell. Because of the
high intracellular GSH concentration (1–11 mM) and the
high GSH/GSSG ratio (≥100) [131], the redox state of
the glutathione couple is a good proxy for the total redox
state of the cell. The new generation of redox-sensitive
sensors are the redox-sensitive GFP’s (roGFP), such as
roGFP2. These biosensors are ratiometric by excitation, thus
minimizing measurement errors due to variable in vivo probe
concentrations and photobleaching [153]. They are able
to detect small changes in GSSG within a highly reduced
glutathione pool (GSH/GSSG ≥ 100) [131]. The fusion of
human glutaredoxin-1 (Grx1) to roGFP2 makes the redox
response of the probe faster and more glutathione specific
[154, 155]. Ubiquitous overexpression of this sensor in C.
elegans shows a reduced state (low levels of GSSG/GSH) of
the spermatheca (Figure 3).

Consistent with the redox hypothesis of aging, both
Hyper and Grx-roGFP2 strains show an increase in H2O2

(a)

(b)

Figure 2: (a) Intensity normalized ratio image of a HyPer trans-
genic worm. Color represents oxidized/reduced HyPer ratio values,
while color saturation represents fluorescence intensities. Hypoder-
mal nuclei clearly show increased levels of H2O2. (b) Corresponding
brightfield image. Construction of transgenic strains, confocal
microscopy, and image analysis was performed as described in
[133].

and GSSG/GSH with age. In dietary restricted populations,
this increase is attenuated [133].

The fusion of the yeast peroxidase Orp1 (also known
as Gpx3) to roGFP2 converts roGFP2 into a specific probe
for H2O2 [156]. H2O2-specific oxidation of Orp1 induces
the formation of a disulfide bridge in roGFP2. roGFP2-
Orp1 can be selectively and reversibly oxidized by H2O2

[156] and reduced by thioredoxin (TRX) or glutaredoxin
(GLRX) [155]. Like all other roGFP-based probes, this probe
is independent of pH (5.5–8.0) [157]. roGFP2-Orp1 has been
already applied in cell cultures [156] and D. melanogaster
[158].

The last few years, many more in vivo ROS, redox, and
metabolic sensors have been developed [147, 154, 156, 159–
164], and their use and limitations have been reviewed
recently [155]. It is very likely that this booming research
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(a)

(b)

Figure 3: (a) Intensity normalized ratio image of a Grx1-
roGFP2 transgenic worm. Color represents oxidized/reduced Grx1-
roGFP2 ratio values, while color saturation represents fluorescence
intensities. Spermatheca show clearly reduced GSSG/GSH ratios.
(b) Corresponding brightfield image. Construction of transgenic
strains, confocal microscopy, and image analysis was performed as
described in [133].

field will yield more accurate, sensitive, and selective redox
sensors in the near future.

4. General Conclusion

In recent years, there is mounting evidence against the
oxidative stress theory of aging in Caenorhabditis elegans.
Many intervention studies altering its antioxidant system
have been performed, and most of them failed to support
this theory. Gradually, it has become clear that a general
increase in oxidative stress does not limit lifespan in this
model organism. However, in the stressful conditions of its
natural habitat oxidative stress resistance might be important
to ensure a normal lifespan and reproduction. Although it
cannot be ruled out that specific targets (proteins, lipids, or
nucleic acids) accumulate some type of damage over age,

and thereby contribute to the aging process, a global rise in
oxidative damage is clearly not a major factor determining
lifespan. In contrast, there is a growing body of evidence
that ROS and redox signaling may be important in the
aging process, and that ROS may exert essential functions in
metabolism. However, to fully understand the mechanisms
of ROS and redox signaling, it is crucial that the molecular
details, the localization, and the regulation of the specific
reactive oxygen species involved can be analyzed accurately.
This will allow a critical validation of the latest aging theories
that try to explain the correlation between ROS and aging.
To this end, the recent development and implementation of
genetically encoded biosensors is a promising tool that we
believe will be highly valuable to further explore ROS and
redox biology in aging C. elegans.
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[81] J. C. Fierro-González, M. González-Barrios, A. Miranda-
Vizuete, and P. Swoboda, “The thioredoxin TRX-1 regulates
adult lifespan extension induced by dietary restriction in
Caenorhabditis elegans,” Biochemical and Biophysical Research
Communications, vol. 406, no. 3, pp. 478–482, 2011.

[82] B. Cacho-Valadez, F. Munoz-Lobato, J. R. Pedrajas et al., “The
characterization of the Caenorhabditis elegans mitochondrial
thioredoxin system uncovers an unexpected protective role
of thioredoxin reductase 2 in beta-amyloid peptide toxicity,”
Antioxidants & Redox Signaling, vol. 16, no. 12, pp. 1384–
1400, 2012.

[83] A. N. Minniti, R. Cataldo, C. Trigo et al., “Methionine
sulfoxide reductase a expression is regulated by the DAF-
16/FOXO pathway in Caenorhabditis elegans,” Aging Cell, vol.
8, no. 6, pp. 690–705, 2009.

[84] B. Leiers, A. Kampkötter, C. G. Grevelding, C. D. Link, T.
E. Johnson, and K. Henkle-Dührsen, “A stress-responsive
glutathione S-transferase confers resistance to oxidative stress
in Caenorhabditis elegans,” Free Radical Biology and Medicine,
vol. 34, no. 11, pp. 1405–1415, 2003.

[85] S. Ayyadevara, M. R. Engle, S. P. Singh et al., “Lifespan and
stress resistance of Caenorhabditis elegans are increased by
expression of glutathione transferases capable of metaboliz-
ing the lipid peroxidation product 4-hydroxynonenal,” Aging
Cell, vol. 4, no. 5, pp. 257–271, 2005.

[86] S. Ayyadevara, A. Dandapat, S. P. Singh et al., “Life span
and stress resistance of Caenorhabditis elegans are differen-
tially affected by glutathione transferases metabolizing 4-
hydroxynon-2-enal,” Mechanisms of Ageing and Development,
vol. 128, no. 2, pp. 196–205, 2007.

[87] S. Valentini, F. Cabreiro, D. Ackerman et al., “Manipulation
of in vivo iron levels can alter resistance to oxidative
stress without affecting ageing in the nematode C. elegans,”
Mechanisms of Ageing and Development, vol. 133, no. 5, pp.
282–290, 2012.
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Nutrition has important long-term consequences for health that are not only limited to the individual but can be passed on to
the next generation. It can contribute to the development and progression of chronic diseases thus effecting life span. Caloric
restriction (CR) can extend the average and maximum life span and delay the onset of age-associated changes in many organisms.
CR elicits coordinated and adaptive stress responses at the cellular and whole-organism level by modulating epigenetic mechanisms
(e.g., DNA methylation, posttranslational histone modifications), signaling pathways that regulate cell growth and aging (e.g.,
TOR, AMPK, p53, and FOXO), and cell-to-cell signaling molecules (e.g., adiponectin). The overall effect of these adaptive
stress responses is an increased resistance to subsequent stress, thus delaying age-related changes and promoting longevity. In
human, CR could delay many diseases associated with aging including cancer, diabetes, atherosclerosis, cardiovascular disease, and
neurodegenerative diseases. As an alternative to CR, several CR mimetics have been tested on animals and humans. At present, the
most promising alternatives to the use of CR in humans seem to be exercise, alone or in combination with reduced calorie intake,
and the use of plant-derived polyphenol resveratrol as a food supplement.

1. Introduction

Nutrition has important long-term consequences for health.
It is one of the lifestyle factors that contribute to the develop-
ment and progression of chronic diseases including cardio-
vascular diseases, diabetes, and cancer [1]. The prevention
or management of chronic diseases is a global priority since
they account for more than half of the deaths worldwide
[2]. The effects of nutrition on heath are not limited to the
individual but can be passed on to the next generation. This
observation has been confirmed by epidemiological studies
and animal experiments. Epidemiologic observations linked
smaller size or low weight at birth or during infancy to
increased rates of coronary heart rate disease, type 2 diabetes
mellitus, or adiposity in adult life [3–7]. In an animal model,
for example, prenatal undernutrition reduced the offspring’s
life span [8] or lead to inadequate development of nephrons
that increased the development of chronic kidney disease in
later life [9].

2. Epigenetic Modifications by Dietary Factors

The effects of nutrition on the body are also mediated by epi-
genetic mechanisms [1]. The three known, closely interacting

mechanisms are DNA methylation, histone modification,
and noncoding microRNAs (miRNAs) as reviewed by McKay
and Mathers [1]. Nutritional factors may induce epigenetic
changes via three pathways: (a) a direct influence on gene
expression, (b) activation of nuclear receptors by ligands,
and (c) modification of membrane receptor signaling cas-
cades [10]. Therefore, epigenetic mechanisms provide the
organism with a robust, and time-responsive system for
adapting gene expression that is (a) tissue-type specific, (b)
appropriate for the developmental state of the organism,
and (c) responsive to signals from the external and internal
environment [1].

2.1. DNA Methylation by Diet. DNA methylation is tissue
specific and is regulated by the enzyme DNA methyl-
transferase (DNMT) that modifies a cytosine base at the
CpG dinucleotide residue with a methyl group to form 5-
methylcytosine [11]. Examples of processes that are con-
trolled by DNA methylation are X chromosome inactivation,
imprinting, and silencing of germline-specific genes, car-
cinogenesis, and long-term memory formation [12]. Tradi-
tionally, DNA methylation was associated with suppression
of gene expression. Thus, DNA methylation either physically
impedes the binding of transcriptional proteins to the gene,
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or the methylated DNA binds to proteins known as
methyl-CpG-binding domain proteins that recruit addi-
tional proteins to the locus—such as histone deacetylases—
that modify histones into compact, inactive chromatin as
reviewed in [13, 14]. However, in some patients with cancer,
both global DNA-hypomethylation and localized DNA-
hypermethylation are present [15, 16].

Dietary constituents that are known to modulate DNA
methylation are, for example, folate, vitamin B12, sele-
nium, green tee polyphenols (e.g., epigallocatechin-3-gallate
(EGCG), epicatechin, ganistein), and bioflavonoids (quer-
cetin, fisetin and myricetin). Folate and vitamin B12 pro-
mote global DNA-methylation, whereas selenium, green
tee polyphenols, and bioflavonoids reduce global DNA-
methylation as reviewed in Davis et al. [17]. However,
the local effect of these constituents on DNA methylation
can differ from their global one. For example, long-term
selenium consumption increases exon-specific DNA methy-
lation of the p53 gene in rat liver and colon mucosa [18].

2.2. Histone Modification by Diet. Eukaryotic cell nuclei
contain alkaline proteins (due to highly positively charged
N-terminus with many lysine and arginine residues) called
histones, that package and order the DNA into structural
units called nucleosomes. Histones act as spools around
which DNA winds and play a role in gene regulation, since
genes that are active are less bound to histones; inactive
genes are highly associated with histones [19]. The histones
N-terminus (i.e., the histone tail) or the side chains at the
globular histone core are the sites of epigenetic modifications
[20].

Posttranslational modification of histones is significantly
more diverse then DNA methylation. Some of the best under-
stood histone modifications are methylation, acetylation,
phosphorylation, ribosylation, ubiquitination, sumoylation,
or biotinylation [20]. Examples of enzymes involved in
posttranslational modification of histones are histone acetly-
transferases (HATs), methyltransferases (HMTs), deacety-
lases (HDACs), and demethylases (HDMs). The effects of
diet on histone posttranslational modification were recently
reviewed by Link et al. [21]. For example, polyphenols from
garlic or cinnamon inhibit HDAC; green tea polyphenols and
copper inhibit HAT; EGCG inhibits HMT.

Histone methylation can modulate DNA methylation
patterns, and DNA methylation might serve as a template for
some histone modifications after DNA replication [20, 22].
It has been suggested that these interactions could be accom-
plished via direct interactions between histone and DNA
methyltransferases [20, 22]. Such DNA-histone interactions
could also be initiated or modulated by diet.

2.3. miRNA Modification by Diet. miRNAs are a family of
approximately 22-nucleotides long noncoding RNAs in
eukaryotic cells. miRNAs are posttranscriptional regulators
and bind to complementary sequences on target messen-
ger RNA transcripts (mRNAs) leading to posttranscrip-
tional gene silencing due to mRNA translational repres-
sion or increased RNA degradation. However, miRNAs can
also cause histone modification and DNA methylation of

promoter sites thus regulating the expression of target genes
by an alternative pathway. [23, 24]. The human genome
encodes over 1000 miRNAs, which target more than 50% of
mammalian genes in many human cell types [25–30]. Thus,
miRNAs influence the expression of many transcription
factors, receptors and transporters [31]. Recent evidence
from experiments in human and in animal models suggests
that nutrition (e.g., the consumption of fat, protein, alcohol
or vitamin E) effects the expression of many miRNA [32].

Polyphenols (e.g., anthocyanin, curcumin and querce-
tin,) at nutritional doses modulate the expression of liver
miRNA in mice in vivo [33]. Dietary modulation of miRNA
expression could contribute to the cancer protective effects of
genistein, curcumin, retinoic acid, or fish oil. Genistein (an
isoflavone) inhibits uveal melanoma cell growth in a time
and dose-related manner by inhibiting the of miRNA-27a
expression [34]. Curcumin treatment upregulates miRNA-22
and downregulated miRNA-199a in a pancreatic cancer cell
line [35] and also upregulates the expression of miRNA-15a
and miRNA-16 in breast cancer cells [36]. Patients with acute
promyelocytic leukemia that were successfully treated with
chemotherapy and all-trans-retinoic acid had a downregula-
tion of miRNA-181b and an upregulation of several miRNAs
[37]. miRNA-10a downregulation, induced by treatment
with retinoic acid, prevented pancreatic cancer metastasis
in xenotransplantation experiments in zebrafish embryos
[38]. Fish oil reduced the number of differentially expressed
miRNAs in experimental animals and may be useful in
prevention of colon carcinoma [39]. Indol-3-carbinol down-
regulated the expression of several miRNAs (i.e., miRNAs
-21, -31, -130a, -146b and -377) in mice with induced mouse
lung tumors [40]. Inadequate nutrition can also modulate
miRNA expression. For example, dietary deficiency of folate
was associated with significant overexpression of miRNA
-222 in human with low folate intake [41]. Also, rats
on a folate-methionine-choline deficient diet developed
hepatocellular carcinoma with concurrent overexpression of
miRNAs -17 to -92, -21, -23, -130, and -190 [42].

2.4. TOR Signaling Pathway and Nutrition. TOR (target of
Rapamycin) is a protein kinase that functions as a central
controller of cell growth and aging as reviewed elsewhere
[43, 44]. Inactivation of the TOR signaling pathway promotes
autophagy and prolongs life span [45]. Its function was
first characterized in yeast but was also identified in other
eukaryotes including mammals (hence mammalian TOR or
mTOR). In vivo, mTOR exists in two multiprotein com-
plexes, the mTORC1 and mTORC2. The mTORC1 functions
as a nutrient-energy-redox sensor and modulates protein
synthesis. Therefore, the upstream factors that stimulate the
activity of this complex are insulin and other growth factors,
amino acids (e.g., leucine), and stress (temperature change,
caffeine, oxidative stress). Caffeine, hypoxia, and DNA
damage inhibit mTORC1 activity. The upstream regulators
of TORC1 activity are the AGC family of kinases (e.g., PKA;
PKG and PKC) that are activated by phosphorylation [46].
In mammals, mTORC1 targets are S6 K1 and the eukary-
otic initiation factor (4E-BP1) [47–52]. mTORC1-mediated
phosphorylation of S6 K1 promotes protein synthesis and
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4E-BP1 phosphorylation promotes localization of ribosomes
to the cap structure of mRNAs. The phosphorylating activity
of mTORC1 is regulated through its association with the
RAPTOR (regulatory-associated protein of mTOR) protein
[53, 54]. High nutrient or ATP levels activate mTORC1
by phosphorylating and thus inhibiting the TSC1-TSC2
complex as reviewed by Loewith and Hall [43]. This complex
is a GTPase activating protein that modifies a second GTPase
RHEB into a GTP bound state. RHEB, in the GTP bound
state, directly binds and activates mTORC1 thus allowing
mTORC1 to phosphorylate downstream targets [55]. Low
cellular energy (high AMP levels) or low nutrient levels, in
association with the tumor suppressor kinase LBK1, activate
AMPK and an activated AMPK phosphorylates both TSC2
and RAPTOR thus inhibiting mTORC1 activity by two
pathways [56]. In yeast, TORC1 promotes protein synthesis,
ribosome biogenesis, regulates the relationship between cell
cycle and cell size, promotes cell growth by inhibiting stress
responses, stimulates autophagy, and regulates the signaling
of mitochondrial dysfunction to the nucleus via the negative
regulator of RTG1-dependent transcription [43, 44]. At the
organ and whole body levels, the TORC1/S6 K1 signaling
pathway regulates glucose homeostasis, insulin sensitivity,
adipocyte metabolism, body mass and energy balance, tissue
and organ size, learning, memory formation, and aging
[57]. For example, the S6 K1 modulates the differentiation of
mesenchymal stem cells into adipocytes. Overstimulation of
the mTORC1/S6 K1 signaling pathway by excessive quantities
of leucine in infant milk formulas could be the cause of
increased adipogenesis and early childhood obesity [58].

The best understood functions of mTORC2 are the con-
trol of cell cycle-dependent polarization of actin cytoskele-
ton, endocytosis, and sphingolipid biosynthesis [43, 59, 60].
The upstream regulators of mTORC2 are insulin and IGF1
[44, 61]. The ribosome maturation factor Nip7 is required
for mTORC2 kinase activity in yeast and mammalian cells
[44, 61] and the substrates of mTORC2 are the AGC family
of kinases including AKT, SGK1, and PKC [44, 62]. For
example, mTORC2 promotes cell survival via AKT [63, 64]
and also regulates hepatic glucose and lipid metabolism via
insulin induced AKT signaling [62].

Although the signaling pathways of TORC1 and TORC2
are to some extent distinct they have a cooperative function
to coordinate growth, mitosis, and cell size control. For
example, TORC2 activates TORC1 via the AKT signaling
pathway. TORC1 activation stimulates anabolic cellular
pathways and TORC1 inhibition stimulates catabolic cellular
pathways [65]. As a general rule, the sensitivity of the TORC1
and TORC2 signaling pathways could be not only cell-tissue
specific but also TORC isoform dependent. For example, the
activity of mTORC2 depends on the type of mammalian
stress-activated protein kinase interacting protein (mSin1)
isoform that constitutes this multiprotein-complex [66].

3. Nutrition and Aging

The possibility that mammalian life span could be signifi-
cantly extended by diet modification was demonstrated in
a rodent study published by McCay and coworkers. in 1935

[67]. Rats, as opposed to primates, have the ability to grow
their entire life. One of the objects of this study was to
determine the effect of retarding growth on the total length
of life of rats of both sexes. Growth was retarded by limiting
the intake of diet to the quantity necessary for maintaining
the rats at fixed levels of body weights at the time of weaning
or 2 weeks after weaning. At the same time, care was taken to
provide adequate levels of all other diet constituents. Animals
of both sexes, subject to diet restriction, had a prolonged total
lenght of life. However, the effect of diet restriction on life
span was more pronounced in male than in female rats [67].
In summary, this seminal experiment suggests that life span
can be extended by diet restriction without malnutrition as
opposed to diet restriction with malnutrition that can have
an opposite effect as discussed elsewhere [1].

The standard protocol for studying the positive effects
of a limited food intake is the use of caloric restriction,
or calorie restriction (CR) diet that does not lead to
malnutrition (due to lack of vitamins, minerals or essential
biomolecules). CR means limiting calorie intake by 10–
30% compared to the base line unrestricted intake for the
studied life form and has been shown to improve health at all
ages and also to slow the aging process in many eukaryotes
[68]. The relevance of CR life span prolonging effects for
primates was explored in a 20-year longitudinal adult-onset
CR study in rhesus monkeys. The animals’ baseline intake
of calories was reduced progressively by 10% per month to
a final 30% reduction that was maintained for the duration
of the experiment. The effect of CR, compared to control,
was evaluated by comparing the delay in mortality and the
onset of some age-associated conditions most prevalent in
humans (e.g., diabetes, cancer, cardiovascular disease, and
brain atrophy). The conclusions of the study were that
CR lowered the incidence of aging-related deaths (50% in
control fed animals versus 20% in CR-fed animals) and
also lowered the incidence of diabetes, cancer, cardiovascular
disease, and brain atrophy [68].

4. Caloric Restriction Effects in Humans

The fundamental assumption, that caloric restriction can
extend the average and maximum life span and delay the
onset of age-associated changes, has been proven in many
organisms from yeast, worms, and flies to mammals [69–
71]. In higher mammals, CR delays many diseases associ-
ated with aging including cancer, diabetes, atherosclerosis,
cardiovascular disease, and neurodegenerative diseases [68,
72–74]. The incidence of these diseases increases with age
and they contribute significantly to mortality. Therefore, CR
could increase life span by increasing the body’s general
state of health and providing a nonspecific, resistance to
chronic diseases and metabolic derangements [68, 72–74].
However, the ultimate question, how does CR effect the
human body, was studied in a limited number of experiments
[73–93]. The study of CR effects on human longevity faces
ethical and logistical challenges since the average life span is
close to 80 years for the population in developed countries.
Therefore, human studies are focused on measuring the
CR-related changes that could slow the aging process and



4 Oxidative Medicine and Cellular Longevity

the progression of chronic diseases thus increasing life span.
The most convincing evidence that CR could have a positive
effect in humans was provided by experiments by Fontana
and coworkers, by the Comprehensive Assessment of Long-
Term Effects of Reducing Calorie Intake (CALERIE Phase
1), and by data obtained on the members of the Caloric
Restriction Society (as discussed below).

Fontana and coworkers evaluated the effect of a 6-year
long CR diet on risk factors for atherosclerosis in adult male
and female adults (age range 35–82 years) and compared
them to age-matched healthy individuals on typical Ameri-
can diets (control group). The total serum cholesterol level
and low-density lipoprotein (LDL) cholesterol levels, the
ratio of total cholesterol to high-density lipoprotein choles-
terol (HDL), triglycerides, fasting glucose, fasting insulin, C-
reactive protein (CRP), platelet-derived growth factor AB,
and systolic and diastolic blood pressures were all markedly
lower in the CR group. The HDL cholesterol was higher
after CR. Medical records of individuals in the CR group
indicated that, before they began CR, they had serum lipid-
lipoprotein and blood pressure levels in the expected range
for individuals on typical American diets, and similar to
those of the comparison group. The conclusion of the study
was that long-term CR can reduce the risk factors for
atherosclerosis [74].

The effect of fat loss induced by either (a) a long-term
20% CR or (b) a 20% increased energy expenditure (IEE)
by exercise on coronary heart disease (CHD) risk factors
was evaluated in a one-year randomized, controlled trial on
48 nonobese male and female subjects. The CR or exercise
induced reductions in body fat were quantitatively similar
and were accompanied by similar reductions in most of the
major CHD risk factors, including plasma LDL-cholesterol,
total cholesterol/HDL ratio, and CRP concentrations. The
authors concluded that long-term CR or IEE of the same
magnitude lead to substantial and similar improvements
in the major risk factors for CHD in normal-weight and
overweight middle-aged adults [83].

The effects of a 1-year, 20% CR regime or 20% IEE
by exercise, on the oxidative damage of DNA and RNA,
was evaluated by white blood cell and urine analyses in
normal-to-overweight adults. Both interventions signifi-
cantly reduced oxidative damage to both DNA and RNA in
white blood cells compared to baseline. However, urinary
levels of DNA and RNA oxidation products did not differ
from baseline values following either 1-year intervention
program. The conclusion of the study was that either CR
or IEE by exercise reduce systemic oxidative stress which
is reflected in a decreased DNA or RNA oxidative damage
[85].

CALERIE is a research program initiated by the National
Institute on aging that involves three research centers. The
Phase 1 of CALERIE included three pilot studies to deter-
mine whether long-term (6–12 months) effects of 20–25%
CR in free-living, nonobese humans could be investigated
and to evaluate the adaptive responses to CR. The con-
clusions of this randomized, controlled, clinical trial were
that CR subjects had a lower body weight, a decreased

whole body and visceral fat, a reduced activity energy expen-
diture, improved fasting insulin levels, improvements in
cardiovascular disease markers (LDL, total cholesterol to
HDL ratio, and CRP), and no change in bone density com-
pared to controls [76, 77, 83, 86, 92]. The objective of the
ongoing CALERIE Phase 2 is to test if 2 years sustained 25%
CR of ad libitum energy intake, results in beneficial effects
that would be similar to those observed in animal studies
[91].

Members of the Caloric Restriction Society (CRS) restrict
food intake with the expectation that this would delay the
disease processes responsible for secondary aging and to slow
the primary aging process. Compared to age-matched indi-
viduals eating typical American diets, CRS members (average
age 50 ± 10 yr) had a lower body mass index, a reduced body
fat, significantly lower values for total serum cholesterol, LDL
cholesterol, total cholesterol/LDL, and higher HDL choles-
terol. Also fasting plasma insulin and glucose values were
significantly lower than in the age-matched control group.
Left ventricular diastolic function in CRS members was
similar to that of about 16 years younger individuals. Chronic
inflammation was reduced by CR and this was reflected in
significantly lower levels of plasma CRP and tumor necrosis
factor alpha (TNFα) [74, 78, 84].

Aging is associated with a progressive reduction in heart-
rate-variability (HRV)—a measure of declining autonomic
function—and also a worse health outcome. The effect of a
30% CR on heart autonomic function was assessed by 24-
hour monitoring of HRV in adults on self-imposed CR for
3 to 15 years and compared with an age-matched control
eating a Western diet. The CR group had a significantly
lower heart rate and significantly higher values for HRV.
Also, HRV in the CR individuals was comparable to
published norms for healthy individuals 20 years younger.
The authors suggest that CR reset the balance between the
sympathetic/parasympathetic modulation of heart frequency
in favor of the parasympathetic drive thus increasing the
circadian variability of heart rate [93].

5. Cellular Mechanisms of Caloric Restriction

Most age-related changes in gene expression are less then two
folds and are tissue specific [94]. Yet despite tissue-specific
differences in the effect of age on gene transcription, the rate
of aging across tissues appears to be coordinated, suggesting
a role for systemic factors in coordinating the aging process
at a whole body level [95]. The most common age-related
changes include increased expression of genes involved in
inflammation and immune responses, and reduced expres-
sion of genes involved in mitochondrial (MTH) energy
metabolism and CR prevents the majority of these age-
associated changes in gene expression [96, 97]. CR is sug-
gested to counteract the age-associated changes by modu-
lating the mTOR signaling pathway, IGF1/insulin signaling,
adiponectin expression, DNA methylation, and histone
acetylation and deacetylation.

5.1. Adiponectin Secretion in Caloric Restriction. A consistent
change during CR is a reduction in body fat (i.e., a reduction
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in white adipose tissue). White adipose tissue is not only a
storage site for lipids but has an important role in blood
glucose homeostasis, immune, and inflammatory responses
that are mediated by adipocyte-derived, cell-to-cell, signaling
molecules adipokines (e.g., adiponectin) [98, 99]. Therefore,
adipose tissue could be an important factor for aging and
CR-related metabolic changes.

The secretion of adiponectin is increased by reduced cal-
orie intake (e.g., CR) and reduced by both insulin and IGF1
that decrease its synthesis. Cross-sectional studies demon-
strate a consistent inverse relationship between plasma insu-
lin and adiponectin concentrations. An increase in adipocyte
size will also reduce the secretion of adiponectin [100].
Adiponectin promotes fatty acid oxidation in adipose tis-
sue and reduces lipid accumulation in other peripheral
tissues [101]; CR is associated with increased levels of ad-
iponectin [102]. In humans, this hormone suppresses
metabolic derangements that may lead to type 2 dia-
betes, obesity, atherosclerosis, or metabolic syndrome [103–
105]. Adiponectin regulates mitochondrial energy produc-
tion via AMPK. AMPK has many functions, it up-regulates
cellular uptake of glucose, β-oxidation of fatty acids, expres-
sion of glucose transporter 4 (GLUT4), and mitochondrial
energy production. The enzyme has an “energy-sensing
capability” and responds to fluctuations in the intracellular
AMP/ATP ratio. For example, adiponectin treatment of
human myotubes leads to an AMPK-dependent increase in
MTH biogenesis and reduces reactive oxygen species (ROS)
production [106]. AMPK regulates MTH energy produc-
tion by activating peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1-α) directly, or through
the endothelial nitric oxide synthase (eNOS) and NAD-
dependent-deacetylase sirtuin1 (i.e., SIRT1 or silent mating
type information regulation 2 homolog 1) signaling pathway.
Increased AMPK activity during CR has also a cardiopro-
tective effect, which is abolished in transgenic adiponectin
antisense mice or in mice treated with an AMPK inhibitor
[102]. Increased AMPK activity also stimulates eNOS activity
thus reducing the chances of cerebral ischemic injury
[107]. Additional cardioprotective effects that are mediated
by increased secretion of adiponectin during CR are (a)
inhibition of TNFα release and (b) inhibition of synthesis
of adhesion molecules in endothelial cells. The latter sup-
presses the attachment of monocytes to the endothelial cells
and delays the progression of atherosclerosis. Adiponectin
modulated inflammatory responses are due to inhibiting
the secretion of TNFα (a cytokine involved in systemic
inflammation) from monocyte/macrophages and foam cells
[108–110]; this may explain the reduced plasma concentra-
tion of inflammatory protein CRP in humans subjected to
CR.

5.2. Insulin/IGF1 Signaling in Caloric Restriction. Insulin re-
sistance is a well-known age-related metabolic change in
mammals that can be reversed by CR [94]. CR has been
reported to reduce IGF1 blood levels in mice but not in
humans [111, 112]. Insulin and IGF1 inhibit FOXOs (an O
subclass of the forkhead family of transcription factors) by

a signaling pathway that includes insulin receptor sub-
strate proteins (IRS), 3-phosphoinositide-dependent pro-
tein kinase-1 (PDPK1), and phosphatidylinositol 3-kinase
(PTDINS-3 K), thus translocating FOXOs from the nucleus.
FOXOs regulate the rate of aging in response to dietary cues
and the disregulation of this pathway in mammals is
associated with obesity and insulin resistance [113]. In a cell-
type-specific manner, mammalian FOXO factors control
various cellular functions including apoptosis, cell cycle,
differentiation, and the expression of genes involved in DNA
repair and oxidative stress resistance. These functions are
assumed to be the basis for FOXO’s ability to control life
span [114]. The actions of insulin/IGF1 signaling pathway on
FOXO1a are mimicked by black tea polyphenols [113] and
polymorphisms in the FOXO3a gene were associated with
longevity in humans [115]. CR stimulates SIRT1-mediated
deacetylation of the FOXO3a, preventing nuclear FOXO3a
activity and inhibiting Rho-associated protein kinase-1
expression thus activating nonamyloidogenic α-secretase
processing of APP and lowering Aβ generation. This
reduced Aβ generation is associated with the prevention of
Alzheimer’s disease type amyloid neuropathology and spatial
memory deterioration in a mouse model [114]. The positive
effect of CR on the insulin/IGF1 signaling pathway was also
associated with a reduction in ROS production in MTH
[116].

5.3. mTOR Signaling Pathway in Caloric Restriction. The reg-
ulation of life span by the mTOR signaling pathway is not
completely understood. However, recent experimental work
implies that it plays an important role in the cell’s aging
process [44]. Inhibition of mTOR with rapamycin expands
maximal and median life span in mice. This effect was
observed even when the treatment was initiated late in life,
corresponding roughly to an age of 60 years in humans
[44, 117]. The above mentioned, rapamycin-mediated life
extension was not associated with change in disease patterns
or causes of death suggesting that rapamycin increases life
span by slowing-down age-related tissue and organ degen-
eration [44, 117]. mTORC1 inhibition could prevent tissue
degeneration and extend life span by improving stem cell
function. For example, reducing mTORC1 signaling with
rapamycin restores hematopoietic stem cells self-renewal and
hematopoietic function, improves immunity, and increases
life span in mice [118]. S6 K1 and 4E-BP1 were suggested as
effectors of the mTORC1 signaling pathway that regulates the
aging process. As reviewed in Kapahi et al., reduced S6 K1
activity increases life span in various species including in
mice [119] and overexpression of 4E-BP1 extends life span
under rich nutrient conditions by enhancing mitochondrial
activity in flies [120].

mTORC1 could also influence life span through mech-
anisms that are not associated with modulation of protein
synthesis; for example, stimulation of autophagy, as a conse-
quence of mTORC1 inhibition, could promote longevity by
stimulating degradation of aberrant proteins and damaged
organelles that are accumulating over time and impairing
cellular homeostasis [44]. An example how disregulation of
mTORC1 activity can affect life span is seen in the liver
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of old mice with impaired fasting-induced ketogenesis and
increased mTORC1 activity [121]. This impaired ketoge-
nesis limits the supply of available energy substrates to
the peripheral tissues thus reducing the organism’s chances
of survival during food deprivation.

The age-related decline in MTH function is counteracted
by CR that increases the transcription of nuclear-encoded
genes involved in the electron transport system [69]. The
effects of CR on MTH could also be mediated by the
mTOR signaling pathway since mTOR is necessary for the
maintenance of mitochondrial oxidative function [122].
Two, S6 K1 and 4E-BP1 independent, mTOR/MTH signaling
pathways have been suggested: the TORC1-YY1-PGC-1α
complex [122] demonstrated in a mouse model or the
TORC1-regulated complex of BCL-XL and VDAC1 located
at the mitochondrial outer membrane in a T-cell leukemic
cell model [123].

5.4. DNA Methylation in Caloric Restriction. The aging pro-
cess is associated with a progressively reduced cell home-
ostasis and altered gene expression [124]. Aging causes a
significant change in the distribution of 5-methylcytosine
(the product of DNA methylation) across the genome and
a decrease in global genome DNA methylation [124–130].
However, the promoter regions of some specific genes tend
to switch from unmethylated to methylated status, leading
to gene silencing (e.g., promoters of tumor or aging-related
genes, such as RUNX3 and TIG1 [129, 131]). In summary,
the aging process is associated with globally decreased but
locally increased DNA methylation [132]. CR is assumed
to delay the aging process by reversing aging-related DNA
methylation changes thus increasing genomic stability [133,
134]. For example, CR increased the methylation level of
proto-oncogene RAS in a rat model when compared to ad
libitum fed animals [135]. A hypermethylated gene promoter
is often recognized by transcriptional repressor complexes,
thus leading to silencing the expression of these oncogenes,
which contributes to the cancer prevention effects of CR
[132]. In an in vitro human cell model of CR, the E2F-
1 binding site in the promoter of the p16INK4α gene (a
tumor suppressor and aging-associated gene) was hyper-
methylated. This DNA hypermethylation blocked access of
E2F-1 (an active transcription factor of p16INK4α) to the
p16INK4α promoter, resulting in p16INK4α downregulation,
thus contributing to the CR induced life span extension
[136].

Obesity is an important metabolic disorder in humans
that is closely associated with recognized causes of acceler-
ated aging and increased mortality such as diabetes, hyper-
tension or cancer [137]. Therefore, the antiageing effects of
CR should have an impact on the progression of obe-
sity and are used in clinical weight control interventions
[138]. The practice of CR by obese humans revealed that
hypocaloric diets cause DNA methylation changes in specific
loci ATP10A, WT1, and TNF-α, which could be used as early
indicators of a response to CR [139–141]. Further CR studies
in humans are necessary to characterize the pool of DNA
methylation-controlled candidate genes that could be closely
correlated with metabolic pathways [132].

5.5. Posttranslational Modification of Histones in Caloric Re-

striction

5.5.1. Histone Acetylation/Deacetylation. Histone modifica-
tions are associated with gene activation or gene repres-
sion. The combination of modifications within histone
tails directly changes nucleosomes configuration switching
chromatin to either a compacted (tight-close) or a relaxed
configuration (loose-open) [142]. Therefore, histone mod-
ifications determine the (tight-close: loose-open) ratio of
chromatin and thus the degree of gene activity within a
certain DNA region. For example, a deacetylated histone
lysine residue has the positive charge, which attracts the
negatively charged DNA strands producing a compact chro-
matin state that is associated with transcriptional repression.
Alternatively, histone acetylation removes the positive charge
and results in an open chromatin structure, which promotes
gene transcription [132]. HDAC activity is increased during
CR, therefore, global deacetylation may be a protective
mechanism against nutrition stress and may influence the
aging processes [136]. For example, enhanced activity of
HDAC1 on the promoter regions of the p16INK4α and human
telomerase reverse transcriptase (hTERT) genes, the former
a tumor suppressor in many human cancers and the latter
a key regulator of telomerase activity modified by aging
regulation, leads to beneficial expression changes of these
two genes and contributes to longevity under CR conditions
[136, 143, 144].

Several HDAC families have been identified, including
class III NAD+-dependent HDACs like Sirtuin1. Sirtuin1
(SIRT1 in mammals), and its orthologs in other species (e.g.,
Sirtuin2 in yeast) are important for aging regulation and CR-
related lifespan extension [145–149]. The enzymatic activity
of SIRT1 depends on NAD+/NADH ratio, a key indicator
for oxygen consumption, thus suggesting that this protein
is responsive to the metabolic state of cells. The role of
SIRT1 in mediating CR and lifespan extension is supported
by several animal models, human subjects, and in vitro CR
cellular systems [136, 145, 146, 148–154]. CR induces SIRT1
expression in several tissues of mice or rats [146]. SIRT1 is
assumed to mediate CR-induced metabolic alterations and
subsequent aging retardation by (a) increasing stress resis-
tance by negative regulation of p53 and FOXO [155–159] and
(b) by initiating a series of endocrine responses, including
inhibition of adipogenesis and insulin secretion in pancreatic
β cells by regulation of key metabolism-associated genes such
as peroxisome proliferator-activated receptor G coactivator
1α (PGC-1α) [160, 161]. Although SIRT1 is classified as an
HDAC, it also deacetylates nonhistone substrates [146, 152]
including key transcription factors (e.g., FOXO), regulatory
proteins (e.g., p53, p16INK4α), and DNA repair proteins (e.g.,
Ku70) that are involved in lifespan extension by CR. For
example, downregulation of p53 by SIRT1 deacetylation may
affect lifespan by inhibiting cellular apoptosis and replicative
senescence processes [155–157, 162–164]. FOXO protein can
be directly deacetylated by SIRT1 at lysine residues and its
expression is reduced, thereby repressing FOXO-mediated
apoptosis [158, 159]. The DNA repair protein, Ku70, can
become deacetylated by SIRT1, allowing it to inactivate
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the proapoptotic factor BAX, thus inhibiting apoptosis [165,
166]. p16INK4α is a cyclin-dependent kinase inhibitor, an
important tumor suppressor protein and a potential aging
biomarker since it is significantly accumulated during the
aging processes [167–171]. CR-activated SIRT1 can directly
bind to the p16INK4α promoter and decrease its expression
through a deacetylation effect, which contributes to delaying
the aging process and to life span extension in human cells
in vitro [153]. As stated previously, SIRT1 also regulates the
expression of genes that are involved in metabolic pathways.
PGC-1α is a key regulator of gluconeogenesis and fatty
acid oxidation [160, 161] and is upregulated during CR
by SIRT1-mediated deacetylation, which increases its ability
to coactivate HNF4α, a transcription factor that promotes
the expression of gluconeogenic genes and represses genes
involved in glycolysis [147, 152]. In summary, SIRT1 plays
an important role in the cross-talk between epigenetic and
genetic pathways [132].

5.5.2. Histone Methylation. In contrast to histone acetyla-
tion, associated with open chromatin status and subsequent
gene activation, differentially methylated forms of histones
show unique association patterns with specific proteins that
recognize these markers and thus lead to gene silencing or
activation [132]. Histone lysine residues can be mono-, di-
or, tri-methylated, leading to either activation or repression
depending upon the particular lysine residue that is modified
[172, 173]. For example, CR elicited histone methylation
modifications such as di- or tri-methylated histone H3 at
lysine residue 3 or 4 regulate expression of key aging-related
genes, p16INK4α and hTERT, thereby contributing to CR-
induced lifespan extension of human cells [136, 153].

5.6. miRNA Expression in Caloric Restriction. miRNA expres-
sion patterns change with age; some miRNAs are downregu-
lated and some are upregulated. Expression profile analysis
of 800 miRNAs in human peripheral blood mononuclear
cells revealed that the majority of miRNAs decreased in
quantity including miRNAs involved in cancer development
[174]. Since human tumors are often associated with a
general downregulation of miRNAs, the reported age-related
global decrease in miRNA could increase the frequency of
cellular transformation and tumor genesis thus reducing life
span. The decrease of these latter miRNAs with advanced
age was also associated with an increased expression of
target proteins phosphatidylinositol 3-kinase, stem cell factor
receptor (c-KIT) and histone H2A [174]. Animal studies also
support the role of miRNAs in aging. For example compared
to wild-type controls, C. elegans mutants with deletion of
miRNA-239 have a significantly prolonged lifespan and C.
elegans mutants with deletions of miRNA-71, miRNA-238,
and miRNA-246 have a significantly reduced lifespan [175].
The longevity of Ames dwarf mouse—attributed to their
increased insulin sensitivity, increased stress resistance and
reduced tumor frequency as a result of reduced IGF-1
activity—was associated with liver miRNA-27a suppression
of regulatory proteins ornithine decarboxylase and spermi-
dine synthase that occurred sooner in postnatal life that in
wild-type mice [176].

CR changes miRNA expression profile. In mouse breast
tissue, of animals restricted to 70% of normal diet for 6
months, CR increased the expression of miR-203 that targets
caveolin-1 and p63 important factors affecting growth
and invasive potential of cancer cells [177]. The authors
concluded that CR could reduce the incidence, progression
and metastasis of breast cancer thus contributing to an
increased life span [177]. The brain of CR mice—after an
8-month reduction of calories to 60% of normal ad libitum
intake—shows a decreased expression of miRNA-181a,
miRNA-30e, and miRNA-34a with a concomitant increase
in BCL2 expression and a concomitant decrease in BAX
expression with reduced activities of Caspases 9 and -3.
Decreased activities of Caspases 9 and 3 are associated with a
reduced rate of apoptosis [178]. BAX and Caspase 3 activity
is increased in Alzheimer’s and Parkinson’s disease; therefore,
the progress of these common neurodegenerative diseases
could be delayed by CR thus prolonging life span [179–183].

6. Mimetics of Caloric Restriction

Since long-term CR is necessary to produce beneficial effects
on health and longevity observed in experimental condi-
tions, alternatives have been investigated that could produce
the positive effects of CR without food restriction. An
ideal calorie restriction mimetic (CRM) should (a) elicit
metabolic, hormonal and physiological effects similar to CR,
(b) not require a significant reduction in long-term food
intake, (c) activate stress response pathways similar to CR
and (d) extend life span and reduce or delay the onset of age-
related diseases [184]. To speedup the search for a candidate
CRM the National Institute on Aging established the Inter-
ventions Testing Program as a multi-institutional program
to test substances predicted to “extend lifespan and delay
disease and dysfunction” [185–189].

6.1. Caloric Restriction Combined with Exercise. Male rats are
the favorite animal model to study whether exercise in com-
bination with CR (i.e., CE) potentiates the health-promoting
benefits caused by CR alone, because these animals do not
increase their caloric intake to compensate for their exercise-
induced caloric expenditure [180]. Some studies concluded
that CE does not have health-promoting benefits beyond
those elicited by CR [111, 190–192]; there was no significant
change in oxidative stress levels or pro-inflammatory protein
levels in exercised animals fed an 80% CR diet [191, 192] and
no effect on the animal’s maximal life span [190]. On the
other hand, CE reduced CRP levels to a greater extent than
CR by itself [193] and reduced the chances of developing
both myocardial necrosis and myocardial ischemia [194,
195].

Several human CE studies investigated the effect of a
25% total caloric reduction with 12.5% coming from exercise
induced expenditure and another 12.5% coming from CR.
The majority of them found no significant difference
between CR and CE in respect to fasting insulin levels, DNA
damage, muscle mitochondrial gene expression, triglyceride
levels, and liver lipid content [76, 196–198]. The exceptions
are two studies that reported a further reduction in both
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diastolic blood pressure and LDL cholesterol when CR
with exercise was compared to CR alone [198, 199]. Also,
CE has been shown to increase bone mineral density at
the femoral neck and reduce sTNFR1, an inflammatory
biomarker, in overweight postmenopausal women [200].
The main advantage of combining CR with exercise over CR
alone is that it may be easier for an individual to comply with
a CE regimen where the total energy (i.e., caloric reduction)
is divided between exercise-induced expenditure and calorie
restriction [201].

6.2. Dietary Restriction. Dietary restriction (DR) refers to the
modification of the quantity ratio between protein, fat, and
carbohydrates with or without reducing the total intake of
calories. Neither carbohydrate restriction nor lipid restric-
tion are effective alternatives to CR and both failed to
decrease reactive oxygen species production or oxidative
DNA damage [202–208]. In an animal model, protein DR
seems to be an alternative to CR. Protein DR was reported
to increase the maximum lifespan in rodents by 20% [206].
The life-extending benefits of protein DR were attributed to
a methionine restriction in diet [209–215]. For example, a
40% methionine restriction has been reported to decrease
both mitochondrial reactive oxygen species generation and
oxidative damage in mitochondrial DNA [216, 217]. Evi-
dence that supports the link between methionine restriction
and increased life span includes (a) inverse relationship
between methionine content and maximum life span in
mammals [218], (b) methionine supplementation increases
LDL cholesterol oxidation [219] and (c) increased methio-
nine intake increases plasma homocysteine concentrations,
thus increasing the risk of cardiovascular disease and mor-
tality [219]. Also, it has been demonstrated that a 40%
restriction of all dietary amino acids except methionine
failed to reduce both mitochondrial reactive oxygen species
generation and oxidative damage in mitochondrial DNA
[220]. In summary, animal experiments suggest that about
half of the life extension effect of CR can be attributed
to methionine restriction [206]. Therefore, further work in
humans is justifiable since methionine DR is feasible and
tolerable [221].

6.3. Alternate Day Fasting. Alternate day fasting (ADF)
alternates 24-hour periods of ad libitum intake with partial
or complete restriction of calorie intake. Therefore, ADF
does not necessarily reduce overall caloric consumption
or bodyweight, since subjects may compensate for the
reduced caloric intake during fasting periods by overeating
in the ad libitum intake period [222, 223]. ADF extended
lifespan in animal trials [223–225]. Some authors attributed
the increased life span during ADF to the concomitant
increase in brain-derived neurotrophic factor [215]. ADF
also attenuated or prevented the development of age-related
disease processes, including cardiovascular disease, kidney
disease, cancers, and diabetes [222, 223, 225–230]. Human
trials have established the feasibility of ADF in humans [231].
The preliminary results of ADF-human trials [231–233]
cannot be compared to CR-human trials since the ADF-trial
periods ware relatively short (from a few days to 20 weeks)

compared to the CR-trial periods (6 months to 6 years)
[74, 83, 85]. However, even during such brief trial periods,
some potentially beneficial effects were noted: a decrease in
fasting insulin with no difference in fasting glucose [231] and
an improved bronchial responsiveness to medication [233].
It has been reported that peripheral blood mononuclear cells
of normal weight middle-age male and female subjects on
a 2-month long ADF responded with a reduced capability
to produce cytokines upon stimulation [234]. To date, there
are no reports in regard to changes in biomarkers specific to
blood lipids and oxidative stress in ADF subjects.

6.4. Resveratrol. Resveratrol (RSV), a plant-derived polyphe-
nol in the skins of red grapes, is the most studied caloric
restriction mimetic. RSV is reported to activate Sir2 (SIRT1
homolog) [235], thus mimicking the benefits of CR—
without restricting calorie intake—such as increasing lifes-
pan in yeast, worms, flies, and fish [235–238]. Recently, the
assumption that activation of Sir2 by direct binding with
RSV is responsible for extended lifespan has been chal-
lenged in experiments in multiple organisms [239–248]. For
example, RSV is known to produce a wide array of effects
in mammalian cells, including activation of AMP-activated
protein kinase (AMPK) that is involved in some of the
same pathways as SIRT1 and directly phosphorylates PGC-
1α. [249, 250]. SIRT1 can activate the kinase upstream of
AMPK, but this pathway does not appear to be necessary for
AMPK stimulation by RSV [251]. Recently, it was reported
that SIRT1 is essential for moderate doses of resveratrol to
stimulate AMPK and improve mitochondrial function in
vitro and in vivo [252].

Although the mechanism of RSV-mediated CR-like
effects are not fully understood, it appears that RSV treat-
ment produces a transcriptional response similar to CR
[253], and in the presence of a high-fat diet, both health
and longevity benefits have been reported with RSV use
in a mouse model [249]. The beneficial effects of RSV use
in obese mice were increased insulin sensitivity, improved
motor coordination, and decreased incidence of cataracts
[253, 254]. There was no significant life span increase in adult
mice when RSV was added to a normal diet [254, 255]. This
finding implies that RSV is not a true CRM [256]. A one-
year treatment with RSV increased resting metabolic rate
and total daily energy expenditure in nonhuman primate
with any adverse health effects, implying that long-term use
of RSV is effective and safe [257, 258]. CR, in the same
animal model and experimental protocol, reduced total daily
energy expenditure but did not change resting metabolic rate
[258].

There have been only a few studies on RSV effects in
humans, however the results are encouraging. The use of
0.1 mM RVS in cultures of human mesenchymal stem cells
promotes cell regeneration by inhibiting cellular senescence;
at higher concentrations (5 mM or more) RSV inhibits cell
regeneration by increasing senescence rate, cell doubling
time, and S-phase cell cycle arrest [259]. In human peri-
toneal mesothelial cells RSV delays replicative senescence by
mobilization of antioxidative and DNA repair mechanisms
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as measured by increased expression of proliferating cell
nuclear antigen, augmented fraction of cells in the S phase
of the cell cycle, increased number of divisions, diminished
expression and activity of senescence-associated β-galactos-
idase, upregulated biogenesis of mitochondria, increased
activity of superoxide dismutase and reduced DNA damage
[260]. RSV and other polyphenols have low bioavailability in
humans. However, RSV and its metabolites do accumulate
within human cells in vivo in a tissue-specific and dose-
dependent manner [261]. A six-week supplementation
regime with RSV suppressed the binding of nuclear factor
kappa B (NF-κB), decreased ROS generation, and decreased
the levels of TNFα and interleukin-6 (IL-6) in mononuclear
cells. The plasma levels of TNFα and CRP were significantly
reduced as well. There were no significant changes in fasting
plasma concentrations of cholesterol (total, LDL and HDL),
triglycerides, or leptin in RSV-treated group compared to the
control group of healthy individuals receiving placebo [262].
A high-fat, high-carbohydrate diet induces inflammation
and oxidative stress [263]. Healthy humans on a high-
fat, high-carbohydrate meal, taking a single-dose supple-
ment of RSV and other grape polyphenols, had a signifi-
cantly increased messenger RNA (mRNA) expression of the
NAD(P)H dehydrogenase [quinone] 1 and glutathione S-
transferase-p1 genes—implying a strong anti-oxidant effect.
The single-dose RSV supplement also attenuated the meal-
induced increase of plasma endotoxin and lipoprotein bind-
ing protein concentrations and attenuated the expression of
p47phox, TLR-4, CD14, SOCS-3, IL-1β, and KEAP-1 [264].
Therefore, RSV reduces the oxidative and inflammatory
responses of a high-fat, high-carbohydrate meal, and it
may reduce the risk of atherosclerosis and diabetes [261].
Preliminary results suggest that RSV also improves the
glucose tolerance and insulin sensitivity [265]. The improved
insulin sensitivity was attributed to decreased oxidative stress
[265].

The causal association between red wine and grape juice
consumption and the reduction of risk factors for cardio-
vascular disease (reduced blood flow, increased oxidative
stress and inflammation) is well known [266–269]. RSV
upregulates eNOS, thus promoting nitric oxide mediated
vasodilatation and increased blood flow [270–272]. Also,
RSV attenuates hemostasis-related activation of human
platelets [273]. Increased arterial blood flow, after a single
bolus of RSV, was measured in the brain and arm [274, 275].
However, increased brain blood flow after RSV treatment was
not associated with an enhanced cognitive function [274].

Improved insulin resistance, arterial blood flow, and
decreased oxidative stress and inflammation are associated
with short-term use of RSV but there are no human data
on the long-term health benefits [261]. In summary, further
research is needed to clarify the biochemical pathways of
RSV mediated effects and to establish its long-term effects
in humans [276].

6.5. Rapamycin. Rapamycin (RAP) is an antibiotic and
inhibitor of TOR (target of rapamycin) signaling in cells,
with known immunosuppressive and antiproliferative effects

[277]. TOR is a mediator of nutrient signaling in cells and
is proposed to play a role in aging and the CR response (see
Section 6.3). When RAP was administered to mice at about
20 months of age there was a significant, about 10% increase
in mean life span extension in male and female mice. Since
there were no significant changes in the organ pathology
in the RAP feed mice, compared to control, the authors
suggested that the longevity benefits of RAP could be at least
partially mediated by biochemical pathways independent
of the CR response [117]. The existence of multiple, RAP
activated life-extension biochemical pathways were also
suggested in flies. RAP feed adult drosophila had an increased
life span. The suggested mechanism for this RAP increased
longevity was by the TORC1 branch of the TOR pathway,
with alterations to autophagy and translation. However,
RAP could increase life span of weak insulin/IGF1 signaling
pathway mutants and of flies with life span maximized by
CR, suggesting additional mechanisms for life span extension
[278]. Lifelong administration of rapamycin, administrated
intermittently 2 weeks per month, extended lifespan in nor-
mal inbred female mice. Significantly, rapamycin inhibited
age-related weight gain, decreased aging rate, increased life
span and delayed spontaneous cancer [279]. Adult mice
treated with rapamycin, starting at 2 months of age, perform
significantly better on a task measuring spatial learning and
memory compared to age-matched mice on the control diet.
However, rapamycin did not improve cognition in adult
mice with pre-existing, age-dependent learning and memory
deficits. The rapamycin-mediated improvement in learning
and memory was associated with a decrease in IL-1β levels
and an increase in NMDA signaling. [280]. Since rapamycin
is used as an immunosuppressive, its relevance for longevity
in humans has yet to be established [117].

7. Diet and the Aging Population

An important demographic tendency in the developed world
is a progressive increase in the percentage of the population
over 65 years of age and a simultaneous decline in the
percentage of the working age population. The health impli-
cations of these trends are a shift from acute to chronic and
age related illnesses (e.g., Alzheimer’s disease, osteoporosis,
cardiovascular diseases, and cancer), increasing heath costs
and an increasing economic burden to the society and to
the individual [281–283]. Therefore, any dietary intervention
that has the potential of delaying the progression of chronic
and age-related illnesses could have a significant impact not
only on the individual’s quality of life but also on the society’s
ability to deal with the health and economic implications of
an aging population. There is a body of data suggesting that
CR significantly reduces the rate of age-related changes in
humans [73–93]. However, there is no data that CR promotes
longevity in humans. Studies of people with exceptional
longevity suggest that a family history of longevity and of a
low prevalence of age-related diseases enables a significantly
prolonged life span even when the subjects were obese,
smoked or did not exercise regularly. Therefore, exceptional
longevity in humans could be more dependent on genetics
than lifestyle [284–286].
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8. Conclusions

Caloric restriction or calorie restriction mimetics elicit coor-
dinated adaptive stress responses at the cellular and whole-
organism level by modulating the signaling pathways of
adiponectin, insulin/IGF1, AMPK, mTOR, FOXO, p53, and
sirtuins [287]. Sirtuins could play an important role in the
cross-talk between epigenetic and genetic pathways [132].
The activation of these adaptive stress responses may pre-
vent the initiation of apoptosis by the intrinsic pathway
[288]. Furthermore, it may stimulate autophagy to provide
substrates for energy production and for the anabolic
processes involved in cellular regeneration and synthesis of
antioxidants and heat-shock proteins [287]. A large body
of experimental evidence proves that the overall effect of
these adaptive stress responses is an increased resistance to
subsequent stress, thus delaying age related changes and
promoting longevity. Therefore, CR, alone or in combination
with caloric restriction mimetics, could improve the quality
of life of the aging population.
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CALERIE: Comprehensive Assessment of

Long-Term Effects of Reducing Calorie
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CD14: Cluster of differentiation 14 protein also
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EGCG: Epigallocatechin-3-gallate
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HAT(s): Histone acetlytransferase(s)
HDAC(s): Histone deacetylase(s)
HDAC(s)s: Histone deacetylase(s)
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HDM(s): Histone demethylase(s)
hmdC: 5-hyd0072oxymethyl-2′-

deoxycytidine
HNF4α: Hepatocyte nuclear factor 4 α also

known as nuclear receptor subfamily
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HMT(s): Histone methyltransferase(s)
HNF4α: Hepatocyte nuclear factor 4α
HRV: Heart-rate-variability
hTERT : Gene encoding human telomerase

reverse transcriptase a catalytic
subunit of the enzymetelomerase

IEE: Increased energy expenditure
IGF1: Insulin-like growth factor 1 also

known as somatomedin C
IL-1β: Human interleukin 1β
c-KIT: Proto-oncogene c-Kit also known as

mast/stem cell growth factor receptor,
also known as tyrosine-protein kinase
Kit or CD117

IRS: Insulin receptor substrate
KEAP-1: Kelch-like ECH-associated protein 1
Ku70: Protein encoded in humans by the

gene XRCC6
LBK1: Tumor suppressor kinase enzyme that

activates AMPK
LDL: Low-density lipoprotein
miRNA(s): microRNA(s)
mRNA: Messenger RNA
mSin1: Mammalian stress-activated protein

kinase-interacting protein
MTH: Mitochondrion, mitochondrial
mTOR: Mammalian target of rapamycin
mTORC1: Mammalian target of rapamycin

complex 1
mTORC2: Mammalian target of rapamycin

complex 2
NAD+ : Nicotinamide adenine dinucleotide
NADH: NADH dehydrogenase
NF-κB: nuclear factor kappa B
NIP7: 60S ribosome subunit biogenesis

protein NIP7 homolog
NMDA: N-Methyl-D-aspartic acid or N-Meth-

yl-D-aspartate
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p16INK4a: Gene encoding the tumor suppressor
protein cyclin-dependent kinase
inhibitor 2A or CDKN2A or multiple
tumor suppressor 1 (MTS-1)

PDPK1: 3-phosphoinositide-dependent protein
kinase-1

PGC1-α: Peroxisome proliferator-activated
receptor G co-activator 1α

p53: Tumor suppressor protein p53 also
known as tumor protein 53

p47phox: Subunit of NADPH oxidase, that has to
be phosphorilated for the activation of
NADPH oxidase

PKA: Protein kinase A
PKC: Protein kinase C
PKG: Protein kinase G, or cGMP-dependent

protein kinase
PtdIns-3K: Phosphatidylinositol 3-kinase
RAP: Rapamycin
RAPTOR: Regulatory-associated protein of mTOR
RHEB: RAS homolog enriched in brain

protein, binds GTP
RNA: Ribonucleic acid
ROS: Reactive oxygen species
RSV: Resveratrol
RAS: Protein superfamily of small GTPases
RTG1: Retrograde regulation protein 1
RUNX3: Gene encoding runt-related

transcription factor 3
S6 K1: Ribosomal protein S6 kinase β-1
SGK1: Serum-and glucocorticoid-regulated

kinase; a serine/threonine protein
kinase

SIRT1: NAD-dependent-deacetylase sirtuin1
also known as silent mating type
information regulation 2 homolog 1

SOCS-3: Suppressor of cytokine signaling 3
sTNRF1: Soluble tumor necrosis factor receptor 1
TLR-4: Toll-like receptor 4
TNFα: Tumor necrosis factor α
TOR: Target of rapamycin
TSC1: Tuberous sclerosis protein 1 also known

as hamartin
TSC2: Tuberous sclerosis protein 2 also known

as tuberin
VDAC1: Voltage-dependent anion-selective

channel protein 1
TIG1: Tazarotene-induced gene-1
WT1: Gene encoding Wilms tumor protein
YY1: Transcriptional repressor protein YY1.
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When growing on solid surfaces, yeast, like other microorganisms, develops organized multicellular populations (colonies and
biofilms) that are composed of differentiated cells with specialized functions. Life within these populations is a prevalent form
of microbial existence in natural settings that provides the cells with capabilities to effectively defend against environmental
attacks as well as efficiently adapt and survive long periods of starvation and other stresses. Under such circumstances, the fate
of an individual yeast cell is subordinated to the profit of the whole population. In the past decade, yeast colonies, with their
complicated structure and high complexity that are also developed under laboratory conditions, have become an excellent model
for studies of various basic cellular processes such as cell interaction, signaling, and differentiation. In this paper, we summarize
current knowledge on the processes related to chronological aging, adaptation, and longevity of a colony cell population and of its
differentiated cell constituents. These processes contribute to the colony ability to survive long periods of starvation and mostly
differ from the survival strategies of individual yeast cells.

1. Introduction

The molecular basis of aging has been examined using nu-
merous methods and organisms and is one of the main bio-
logical questions under investigation. A substantial amount
of information on individual gene products, metabolic path-
ways, signal transduction cascades, environmental factors,
and cellular mechanisms impacting aging is available, but a
deeper insight into how all these components interact under
specific conditions and how they contribute to the process
of aging is still unavailable. In addition, aging is tightly
linked with the process of adaptation, through which the
cells adjust to a hostile environment and can reenter the
proliferative state. With metazoans, this potentially leads to
tumor formation and the subsequent death of the organism.

Yeast cells have been used for a long time as a tool for
identifying the genes and pathways involved in basic cellular
processes such as the cell cycle, aging, and stress response.
Two types of lifespan, the replicative and the chronological,
have been defined and studied in the yeast Saccharomyces

cerevisiae [1]. While the replicative (mitotic) lifespan is char-
acterized by the number of divisions that an individual yeast
cell can undergo, the chronological (postmitotic) lifespan
represents a period during which nondividing (stationary
phase, G0) yeast cells remain viable. Various genes and
pathways have been identified as being involved in both types
of lifespan in yeast. For example, several nutrient sensing
pathways affect the chronological lifespan in a way that
their inactivation leads to a longevity phenotype. This was
shown for the TOR (target of rapamycin), protein kinase A,
and Sch9p pathways, as deletions of TOR1, RAS2, SCH9, or
rapamycin treatment increase chronological lifespan in yeast
[2–5].

Moreover, metabolic products can also modulate chron-
ological lifespan. Acetic acid-induced medium acidification
was shown to be a cause of accelerated aging in glucose-
grown yeast cultures [1, 6]. Importantly, these mechanisms
are evolutionary conserved from yeast to mammals, as rapa-
mycin treatment induces longevity in yeast, worms, fruit
flies, and mice [7], and lactate-induced acidification induces
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senescence in human tumor cells [8]. Various high-through-
put screens performed to identify the genes responsible for
long-living versus short-living yeast phenotypes led to the
identification of large collections of genes, which highly
differed between individual screens, however [4, 9]. These
observations indicate that chronological lifespan is depen-
dent on specific environmental conditions (e.g., nutrient
sources), genetic background, and developmental program.
Similarly, many recent results point to the conclusion that
the properties of stationary-phase cells are also dependent
on environmental conditions [10–15]. In other words, there
are different types of chronologically aged (i.e., stationary-
phase) yeast populations under different conditions. In addi-
tion, chronological lifespan analyses in liquid cultivations are
complicated by the facts that cells are heterogeneous and
mutual interactions between the cellular subpopulations are
difficult to analyze.

Various findings suggested that different mechanisms
and regulations can occur in liquid cultivations (where yeast
cells behave as unicellular individuals) and in precisely struc-
tured multicellular colonies. During the past decade, studies
on multicellular yeast colonies have developed in different
directions and indicated that colonies represent a promising
model for studying various aspects of microbial multicellu-
larity. Thus, findings on colony communication, adaptation,
and the differing longevity of cell subpopulations occupying
different colony regions raised an attractive possibility of
using colonies as a model for studies of processes such as
stress defense, aging, adaptation, programmed cell death
(PCD), and longevity, that is, of processes that are important
for any organism and that are linked to each other. In addi-
tion, recent findings on the differentiation of S. cerevisiae
laboratory strain smooth colonies and of structured biofilm
colonies formed by natural isolates of S. cerevisiae showed
that different developmental programs can be realized by
yeast communities growing on solid media [10, 16]. These
programs are dependent on both environmental factors
such as medium composition, and, importantly, also on
phenotypic switching between different colony types that is
reversible and epigenetically regulated in some cases. Thus,
very probably, processes and mechanisms related to aging
and adaptation that have been already identified and that
are discussed in this paper are only a fraction of the
broad capabilities of yeast cells developing within differently
organized colonies.

In this paper, we summarize current knowledge on aging-
related processes that have been described in colonies of the
two different types, those formed by laboratory strains and
those formed by strains isolated from natural settings.

2. Cell Growth and Developmental Phases of
Smooth Colonies Formed by S. cerevisiae
Laboratory Strains

Yeast cells growing in shaken liquid media exhibit a typical
grow profile. After lag phase (adaptation to growth medium),
it begins with an exponential growth phase, which is char-
acterized by rapid growth under conditions of nutrient

abundance, followed by a diauxic phase, which is charac-
terized by slower growth as a consequence of a limitation
of the preferred nutrients and modulation of the cellular
metabolism to utilize alternative nutrients. A typical example
is the shift from fermentative to respiratory growth. These
two phases of growth are followed by a stationary phase when
the growth is significantly reduced or stopped. The duration
of the respective phases differs depending on the type and
amount of nutrient sources and on the yeast population
doubling time. Similarly, early growth of smooth colonies
of S. cerevisiae laboratory strains starts with an exponential
growth phase. On complex glucose medium (YPD), this
phase lasts about 42 hours with a doubling time that is
independent of colony density and similar to the doubling
time of cells growing in YPD liquid medium. The majority
of the cells in a colony divide during this phase [17]. Later,
the number of budding cells drops to about 15% and
the colonies continue to grow more slowly. During this
second “slow-growth” phase, the colony population starts to
diversify. While cell growth continues mostly at the colony
periphery stationary-phase cells appear in the colony center,
as documented by the activation of the expression of the
stationary-phase specific gene SSA3 in the colony center and
growth-specific gene ACT1 at the colony margin. In addition
to preferential cell growth at the colony periphery [17, 18],
cells in the uppermost layers of the colony center continue
to divide efficiently after 3 days of colony growth. Cells in
the lower layers of the colony center enter a stationary phase
at that time [10]. Slowly dividing cells are present in all
marginal regions and in the central uppermost cell layers,
even in older colonies (Figure 1(b)).

In contrast to the typical diauxic shift in liquid cultures
caused by the change from fermentative to respiratory
growth, the shift between the exponential and the slow-
growth phase of colonies was independent of the carbon
source used. Thus, colonies underwent these phases on both
fermentative and respiratory medium, however, the expo-
nential phase was shorter on fermentative (about 2 days)
than on respiratory medium (about 3 days) where cells grow
more slowly [17]. The slow growth phase continued even
after 8 days of growth, while the diauxic slow growth in liquid
cultures was almost stopped after 40 hours (or even earlier)
[17]. These observations are in agreement with the finding
that the biomass of S. cerevisiae giant colonies increases
linearly when growing on complex respiratory medium
during a relatively long interval from day 3 to day 16–18.
In colonies older than 18 days the biomass accrual is reduced,
but not stopped completely [18, 19]. This growth profile is
probably a consequence of two factors: firstly, only a small
subpopulation of cells located in specific colony regions
undergo cell division and proliferate during colony growth,
and secondly, nutrients only reach the cells by the slow pro-
cess of diffusion, creating conditions of the slow continuous
supply of low concentrations of nutrients.

Various data indicate that the entry of colony cell popula-
tion to the slow growing/stationary phase is only the starting
point of various metabolic and other changes that occur
during subsequent colony development. Accordingly, cells
within colonies survive much longer than a yeast population
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Figure 1: (a) Development of colonies formed by laboratory strain of S. cerevisiae. Colonies develop on complex glycerol agar with
Bromocresol purple, pH dye indicator with pKa of 6.3, the color of which changes from yellow at acidic pH to purple at more alkali pH. (b)
Upper part: process of colony differentiation to cells with specific metabolic properties localized in upper (U cells) and lower (L cells) layers
of the colony center, respectively. Viability: percentage of colony-forming cells is given. PCD: programmed cell death. Lower part: presence
of subpopulations of dividing and nondividing cells.

in shaken liquid cultivations. The number of colony forming
cells (CFC) (i.e., the cells that regrow when replated on fresh
media) decreased to about 2–5% after 10 days of cultivation
in liquid complete synthetic glucose medium [20, 21] and to
10% and 30% after a 10-day cultivation in synthetic medi-
um with ethanol and glycerol, respectively, as the carbon
source [5]. Complex medium is much better for population
survival, as 40–70% of the population survive after a 10-
day cultivation in complex glucose medium (YPD) [22, 23],
while respiratory complex medium shows the best results
for long-term survival, as about 50–90% of cells are able
to form colonies after 10 days in liquid glycerol complex
medium [23, 24]. The population of the colony of a relatively
long-living BY4742 strain grown on complex respiratory
medium contained 90% CFC after 10 days of cultivation,
which is almost double the value in liquid cultivations of
the same strain grown in a similar medium [18, 19, 24].
Moreover, during prolonged cultivation the difference in
survival between liquid cultivations and colonies becomes
even more evident. Liquid cultures rapidly lose viability over
time while a colonial population possesses a high fraction of
CFC, even in very old colonies (75% on day 30, 40% on day
50, and 5% on day 135) [19]. Thus, the survival rate in any
liquid cultivation does not reach the survival rate in colonies.
In addition, it seems that cell survival within the colony is
even better, as a subpopulation of resting cells resembling
VBNC (“viable-but-non-culturable”) cells of bacteria [25]
emerges within the colony after day 20 of its development

[19]. Such data indicate that different types of stationary-
phase and slow-growing cells are present within colonies (see
also below).

3. Metabolic Reprogramming and Stress
Defense of Smooth Colonies

In addition to developmental changes related to cell division
and colony growth, metabolic reprogramming has been
observed during the development of both microcolonies and
giant colonies of S. cerevisiae grown on complex respiratory
medium. These metabolic changes are accompanied by
changes in external pH, which shifts from near to alkali to
acidic and vice versa (Figure 1(a)) [26–29]. The so-called
alkali phases are linked with the production of volatile am-
monia that functions as a signal influencing colony metabolic
reprogramming and cell differentiation. The first alkali phase
starts early after giant colonies are inoculated and lasts
until about 24–35 hours, that is, it approximately correlates
with the exponential growth phase described above. Later,
in parallel to colony entry to the slow growth phase
[17], colonies start to intensively acidify their surroundings
[26]. At day 8–10 of colony growth, the second alkali
phase is initiated, that lasts until approximately day 17–20
[30] and is accompanied by expressive metabolic changes.
Linear biomass accrual of colonies continues during this
alkali phase. Only later, when colonies enter the second
acidic phase, linear biomass accrual gradually decreases. The
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metabolic reprogramming that occurs during the second
alkali phase includes the abrupt activation of some metabolic
genes, including those of amino acid metabolism, peroxi-
somal functions (including fatty acid β-oxidation) and of
some alternative branches of carbon metabolism (such as the
methylglyoxylate cycle) [26]. Genes for various transporters
including putative ammonium transporters (e.g., Ato1p) and
transporters that may contribute to pH alterations (e.g.,
phosphate, sulphate and carboxylic acid transporters) are
also strongly induced. In contrast, other cellular functions
are gradually decreased, such as the expression of genes
involved in mitochondrial oxidative respiration and those
belonging to the group of environmental stress response
genes [26]. Moreover, it was shown that the functionality of
some of the stress defense enzymes such as cytosolic super-
oxide dismutase Sod1p, which is crucial for yeast longevity
in liquid cultivations [31, 32], are dispensable in the healthy
development and survival of a colony population [33]. These
findings raised the intriguing possibility that chronologically
aged colonies activate metabolic pathways that may allow
them to exploit some previously released waste products and
that are more economical than the metabolism of young
colonies growing in nutrient abundance. This metabolism,
paralleled with reduced mitochondrial phosphorylation,
subsequently allows the cells to decrease the level of stress
evoked by nutrient depletion within colonies and promotes
population longevity. This adaptation, thus, subsequently
makes stress eliminating systems (e.g., catalases and superox-
ide dismutases) unnecessary. Importantly, colonies formed
by strains defective in ammonia signaling and in the activa-
tion of an adaptive metabolism decrease their vitality over
long periods of starvation [33, 34]. The metabolic changes
activated at the beginning of the second alkali phase partially
persist in the second acidic phase and are supplemented by
additional changes, the function of which is mostly unknown
[30].

4. Smooth Colony Center-Margin
Differentiation and PCD Contribute to
Population Longevity

As indicated above, from the third day of colony growth
on respiratory medium, the colony diversifies, and non-
dividing cells can be found in lower central colony areas
(Figure 1(b)). Subsequently, the number of dividing cells
gradually decreases and, for example, in 7-day old colonies
dividing cells are present mostly at the colony margin and in
the uppermost layer of the colony.

In addition to the localization of dividing/nondividing
cells into distinct colony areas, colony stratification and
the differentiation of chronologically aged nondividing cells
has been discovered to occur later in aging colonies. Such
differentiation is in terms of metabolic differences, stress-
related characteristics and the survival of specifically local-
ized colony cell subpopulations. In the late first acidic phase,
nutrients seem to be exhausted and a level of reactive oxygen
species (ROS) starts to increase in cells randomly distributed
within the colony, including infant cells located at the colony

margin. In parallel with the transition to the second alkali
phase, the colony became differentiated both “horizontally”
and “vertically” (and independently of whether cells are
dividing or not).

When examined in the horizontal direction, central chro-
nologically aging cells maintain higher stress-defense enzyme
activities [30, 33] and a fraction of these cells undergoes
PCD (Figure 1(b)) [18, 33]. On the other hand, relatively
young infant cells at the colony margin activate the adaptive
metabolism and acquire the phenotype of healthy cells with
a low ROS level. This center-margin diversification is depen-
dent on alkalization and ammonia signaling, as colonies
that fail to enter the alkali phase and produce ammonia
contain dying cells spread throughout the colony, including
the margin region [18, 33]. Interestingly, the removal of
central cells from a differentiated colony diminished accrual
at the colony margin [18]. These data showed that a kind
of PCD occurs within the central regions of an aged colony.
PCD is regulated in parallel with medium alkalization and
ammonia production, and is an important factor in the
subsequent longevity and development of cells inhabiting
more propitious areas at the colony margin.

Potentially, dying cells of chronologically aged central
areas may release some compounds that may serve as
nutrients for late colony growth. When compared with
accidental (or regulated) cell lysis, PCD exhibiting apoptosis-
like features prevents the release of various lytic enzymes
(proteases and other hydrolases) that could destroy healthy
cells located in the vicinities of dying cells. As shown by
confocal microscopy, cells are tightly attached within labo-
ratory yeast colonies [35]. Thus, PCD in colonies could have
a similar purpose as the apoptosis of a fraction of the cells
during the development of a real multicellular organism. On
the other hand, while apoptosis in multicellular organisms
depends on a group of evolutionary conserved effectors and
pathways, PCD observed within the colonies is independent
of the presence of the yeast metacaspase Mca1p and the
yeast homologue of apoptosis-inducing factor Aif1p, which
implies that programmed dying in yeast colonies is regulated
independently of these evolutionary conserved factors. As
alternative pathways involved in PCD in yeast are proposed
[36, 37], these could regulate cell dying in yeast colonies.
Such regulated dying contributes to the longevity of the
whole colony by providing nutrients released by the death
of one subpopulation to the benefit of the other subpopula-
tions.

5. Differentiation of Chronologically Aged Cells
in Distinct Smooth Colony Layers

A confocal microscopy study on the localization of GFP-
labeled transporter Ato1p showed that the central colony
population is not homogeneous and that Ato1p is exclusively
produced in the upper cell layers of the colony, that is, this
protein starts to be produced both in the colony margin
and in upper central colony areas during colony entry to
the second alkali phase [35]. The localization of Ato1p-
producing cells in the upper layer of the colony center
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corresponds to the localization of one of the two major cell
subpopulations revealed by a recent study [10]. This study
provided a complex view of the properties of these two cell
subpopulations, the upper and the lower, that form the
colony center. These subpopulations are formed by the dif-
ferentiation of cells of late acidic-phase colonies (approxi-
mately 7-day-old colonies), that is, by the differentiation of
a population composed mostly of chronologically aged cells
with only a negligible fraction of slowly dividing cells in
most upper colony regions. Colony stratification develops
over about the next 3 days and both layers (upper and
lower) are fully developed in colonies more than 10 days
old. Thus, the population of chronologically aged stressed
cells of the colony center differentiates into two prominent
subpopulations that apparently differ from each other as well
as from their ancestors (Figure 1(b)).

Cells in the upper colony layer (U cells) gain a high
resistance to stress and exhibit a longevity phenotype, while
cells in the lower layers (L cells) are sensitive to stress and die
more rapidly [10]. This simple comparison would imply that
U and L cells could resemble so called Q (quiescent) and NQ
(nonquiescent) cells, respectively, described in stationary liq-
uid cultures [38, 39]. However, transcriptomic, microscopic,
and biochemical analyses revealed that the situation within
a colony is more complicated. U cells, although resistant and
long-living, are metabolically active cells that activate various
metabolic pathways controlled by an unusual combination
of nutrient sensing regulators. On the one hand, U cells
activate pathways (including TOR pathway) that are usually
active under nutrient-rich conditions. On the other hand,
the activation of a group of amino acid metabolic genes
indicates that the general amino acid control (GCN) pathway
with transcription factor Gcn4p, a master regulator of amino
acid biosynthetic genes, is active in U cells. Both TOR and
GCN pathways monitor the availability of amino acids [40],
but the GCN pathway usually opposes TOR pathway and is
activated under conditions of nutrient shortage [41]. Thus,
the expression of genes involved in glycolysis, pentose shunt,
and translation indicates the active consumption of nutrients
by U cells, but the expression of amino acid metabolic genes
usually induced by amino acid starvation [41] indicates some
degree of nutrient limitation in U cells. U cells also store
glycogen and activate autophagy; both of these features are
also found in cells entering the stationary phase. A surprising
feature of U cells is the downregulation of the respiratory
function of their mitochondria, which are swollen and con-
tain only a few cristae. All of the above characteristics imply
that U cells develop a unique metabolism that contributes
to their longevity and stress resistance. This metabolism is
dissimilar to that of Q cells identified in stationary liquid
cultivations by Allen et al. [38]. These authors isolated two
subpopulations of aged cells in stationary liquid cultures
and named them Q cells and NQ cells. Q cells are highly
respiring cells [42] and do not exhibit prominent features of
U cells such as the activation of amino acid metabolic genes.
Thus, similarly to the previous indications of the differing
properties of cell populations from colonies and cells from
liquid cultivations [33, 43], the mechanisms of aging and
related metabolic reprogramming also seem to significantly

differ in these two different yeast life-styles. What are the
reasons for such expressive differences? In contrast to the
mixed population of Q and NQ cell types within a liquid
culture, cell subpopulations within colonies possess specific
positions, can mutually interact with their neighbors, and
can form gradients of nutrients and signaling compounds
that affect remote colony subpopulations. Hence, in contrast
to a liquid population, the colony behaves more like an
organized primitive multicellular organism containing spe-
cialized mutually interacting cell types.

Interestingly, upper cells in 8-day-old colonies of diploid
S. cerevisiae strains grown on sporulation acetate medium
exhibit efficient meiosis and sporulation [44]. Sporulating
cells are located in the interior of an unusual stalk-like
structure formed by yeast cells growing from a cavity in the
agar medium [45, 46]. The process of sporulation is tightly
connected with limited nutrient availability and produces
highly stress-resistant spores capable of long-term survival.
Sporulation is thus one of the possible developmental pro-
grams after entering nutrient-limiting conditions, being an
alternative to stationary-phase state.

As indicated above, U cells seem to activate metabolic
pathways that allow them to consume nutrients, possibly
including sugars, although they have developed from chron-
ologically aged stressed cells of acidic-phase colonies, which
grow on complete respiratory medium without glucose [10].
Features of the other subpopulation of a stratified colony, the
L cells, could explain such a paradox. In contrast to U cells,
L cells exhibit typical features of starving cells including a
high level of ROS. These cells are able to effectively consume
oxygen and they activate various degradative mechanisms,
including proteasomal and vacuolar functions. The hypoth-
esis that L cells could release nutrients to feed U cells has
been therefore postulated and supported by the discovery
of extracellular amino acids within a differentiated colony
[10]. In addition to amino acids originating from protein
degradation, carbohydrates arising from gluconeogenesis
(activated in L cells) or partial cell wall degradation could
be released from L cells.

6. Yeast Laboratory-Strain Colonies:
A Model for Studies of Different Types of
Chronologically Aged Cells

The above-mentioned discoveries indicate that the colonies
of S. cerevisiae laboratory strains are an excellent model
for studies of chronological aging. At least three different
types of chronologically aged cells have been identified in
these colonies: stressed cells of acidic-phase colonies, which
are ancestors of the two other cell types: U cells (adapted,
“healthy” chronologically aged cells of the upper colony
layer) and L cells (cells with an enhanced stressed pheno-
type of the lower colony part) (Figure 1(b)). Interestingly,
similar metabolic features to those exhibited by U cells
(i.e., activation of glycolysis and decrease in mitochondrial
respiration) were identified in early stationary populations of
long-living deletants tor1Δ, sch9Δ and ras2Δ when compared
to the wild type [5], indicating that the longevity phenotype
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Figure 2: Development of colonies formed by wild strain of S. cerevisiae. Localization of dividing, young nondividing, and stationary cells
within the colony is shown on vertical colony cross sections. Grey lines: surface of the agar.

is linked to specific metabolic changes. In the colonial
model, however, this longevity phenotype is achieved not
by a genetic manipulation, but rather in a “natural” way,
that is, the process of aging and the formation of these
different types of chronologically aged cells occurs during
spontaneous aging and starvation of the entire colony pop-
ulation. The aging of colonial populations occurs within
a precisely defined multicellular structure that exhibits the
features of a primitive multicellular organism. The existence
of the three major chronologically aged cell subpopulations
enables the analysis of not only temporal but also spatial
changes occurring during chronological aging and analyses
of the interactions and signaling among the two aged U
and L subpopulations including the formation and effects
of gradients of metabolites and signaling compounds. It is
also important that such types of chronologically aged cell
subpopulations can be quickly isolated as relatively homo-
geneous populations, which enables the acquisition of strong
conclusions based on measured data.

7. Structured Biofilm Colonies of
S. cerevisiae Natural Strains

In contrast to most S. cerevisiae laboratory strains that form
smooth colonies with the typical architecture described
above, various natural S. cerevisiae isolates form biofilm colo-
nies that are often noticeably structured [47]. These colonies
resemble those formed by so-called nonconventional yeasts,
such as those of the Candida and Cryptococcus genera.
Studies of the prominent characteristics of structured S.
cerevisiae colonies revealed that these colonies possess some
features typical of yeast biofilms [16]. Such features include
the production of a protective low-permeable extracellular
matrix (ECM), the presence of adhesins, and production
of specifically localized multidrug resistance transporters
(MDR). In contrast to the above-mentioned laboratory
strain colonies, relatively little is known about the aging of
these structured colonies. However, a recent study on struc-
tured colony ultrastructure and differentiation indicated that
the mechanisms regulating the transition from cell growth

to stationary phase differ between smooth and structured
colonies. In contrast to smooth colonies, where dividing cells
are localized to the margin and to the uppermost colony
layer (Figure 1(b)), dividing and stationary-phase cells are
located differently within structured colonies [16] (Figure 2).
Up to approximately 35 hours of growth, the whole of a
structured colony is composed of dividing cells. This timing
approximately correlates with the exponential growth phase
of smooth colonies. Starting at about 40 hours of growth,
a layer of stationary-phase cells appears at the top of the
colony. As nutrients are spread very efficiently throughout
the structured colonies [16], such a cell transition to the
stationary phase is very likely unrelated to nutrient shortage,
as colonies still grow in nutrient abundance. A 72-hour-
old colony is composed of aerial and root structures with
dividing cells detectable at precise locations in the colony
interior and at the tips of the roots invading the agar
(Figure 2). In contrast to smooth colonies, cells in the
uppermost layers over the whole aerial part of the structured
colony occur in stationary phase and new cell generations
are formed within the internal colony cavity, where they are
protected against the environment by various mechanisms
including MDR transporters and the ECM.

When cultivated under laboratory conditions on rich
nutrient media, the natural S. cerevisiae isolates forming
structured colonies can domesticate, that is, they are capable
of a phenotypic switch that results in smooth colony mor-
phology. One can speculate that each of the colony life-styles
(i.e., “biofilm-like” and “smooth”) is adapted to a particular
environment. In natural settings with many threats, nutrient
scarcity and ever changing conditions, the protection of
internal cells is the priority for the population as a whole.
Cells in the outer regions of the colony are exposed to the
hostile environment and enter the stationary phase state,
which is characterized by high resistance to environmental
impacts, as soon as possible. These colonies also invest
resources and energy in the formation of an ECM that can
form a scaffold that keeps distances between the cells (or cell
groups) and helps to form the internal colony cavity that
provides sufficient space for dividing cell progeny. As shown
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in other microorganisms, ECMs can function as a sorptive
sponge that sequesters organic molecules [48] and drugs
[49]. Yeast ECMs also can have nutritional value [16, 50].
ECM in biofilm colony thus may play a dual function, a
protective sequestration barrier and a nutrient pool for the
cell progeny within the cavity. On the other hand, under
stable conditions with rich initial nutrients such as those in
the laboratory, the cells employ a different strategy. They do
not produce an ECM scaffold, but rather form tightly packed
colonies. Cells at the colony margin are those that can expand
from the colony and reach nutrients in locations further away
from the original colony position. In this case, stationary-
phase cells are formed in the central colony regions, while
cells at the margin are dividing. The question of whether
the metabolic adaptive program identified in aged smooth
colonies is also active in aged structured biofilm colonies
remains to be elucidated.

8. Conclusions

Importantly, many genes and regulatory mechanisms are
evolutionarily conserved so that the knowledge gained using
primitive eukaryotes such as yeast can be often extrapolated
to much more complex metazoans. Yeast multicellular colo-
nies arising by the division of one or more of the original cells
followed by a differentiation of nondividing cell population
resemble multicellular organisms not only at the cellular
level, but, to a limited extent, also at the level of tissue or even
the whole organism. Similarly to metazoans, a significant
part of the colony developmental program is likely to be
determined genetically. On the other hand, environmental
conditions can alter colony development and, in extreme
cases, even induce a stable (genetic and/or epigenetic) mod-
ification of the developmental program. Colony “domesti-
cation,” as an example of such modification, leads to the
shift from structured to smooth colony morphology. This
colony morphology switch is reflected in internal colony
organization and differentiation, as well as in distinct ways
of transition of specifically localized cell subpopulations
to the stationary phase. In addition, further develop-
ment of chronologically aged colonies composed of mostly
stationary-phase cells is linked to diversification of these cells
to various subpopulations differing in characteristic proper-
ties and in their subsequent fate. Presumably, development of
these subpopulations is coordinated and includes formation
and function of gradients of metabolites and signaling
compounds between the subpopulations. This variability
of developmental programs and diversity of different types
of stationary-phase cells makes yeast colonies a perspective
model for investigation of different pathways and signaling
compounds involved in chronological aging, some of which
may have their counterparts in metazoans.
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The manipulation of nutrient-signaling pathways in yeast has uncovered the impact of environmental growth conditions in
longevity. Studies using calorie restriction show that reducing glucose concentration of the culture media is sufficient to increase
replicative and chronological lifespan (CLS). Other components of the culture media and factors such as the products of
fermentation have also been implicated in the regulation of CLS. Acidification of the culture media mainly due to acetic acid
and other organic acids production negatively impacts CLS. Ethanol is another fermentative metabolite capable of inducing CLS
reduction in aged cells by yet unknown mechanisms. Recently, ammonium was reported to induce cell death associated with
shortening of CLS. This effect is correlated to the concentration of NH4

+ added to the culture medium and is particularly evident
in cells starved for auxotrophy-complementing amino acids. Studies on the nutrient-signaling pathways regulating yeast aging had
a significant impact on aging-related research, providing key insights into mechanisms that modulate aging and establishing the
yeast as a powerful system to extend knowledge on longevity regulation in multicellular organisms.

1. Cellular Pathways Modulating Aging

Aging is common to most living organisms ranging from
bacteria, a unicellular prokaryotic organism, to multicellular
eukaryotic organisms like humans. It is a complex biological
process that involves accumulation of damage at diverse
components of the organism leading ultimately to the loss
of function and demise [1–3]. In the aging process, cellular
activities compromised are modulated by a network of
nutrient and energy sensing signaling pathways that are
highly conserved among organisms. These pathways include
the insulin/insulin-like growth factor 1 (Ins/IGF-1), the
protein kinase/target of rapamycin (TOR), and adenylate
cyclase/protein kinase A (AC/PKA) pathways [4]. Pioneering
studies using mutations in key genes of these pathways have
shown an increase by threefold or more in the lifespan of
model organisms like yeast [5, 6], fruit flies [7], worms
[8, 9], and mice [10, 11]. Many of these mutations which

extend lifespan decrease the activity of the nutrient-signaling
pathways mimicking a starvation state during which
oxidative stress responses are induced, reducing the levels
of reactive oxygen species (ROS) and oxidative damage to
macromolecules [12]. Accordingly, it has been shown in
different aging models (yeast, flies, worms, fish, rodents,
and rhesus monkeys) that reducing growth factors/nutrients
intake has profound positive effects in extension of lifespan
and also improves overall health by delaying or reducing
age-related diseases in mammals including diabetes, cancer
and cardiovascular diseases (reviewed in [4]). One of the first
models to implicate growth- /nutrient-sensing signaling with
longevity was the nematode worm Caenorhabditis elegans. In
this model it was shown that the recessive mutation in age-I
coding for phosphatidylinositol 3-Kinase (PI3K) extends
lifespan significantly [8]. Also in C. elegans, the insulin/IGF-1
pathway was linked to longevity by the discovery that mutat-
ing the gene coding for an insulin/IGF-1 receptor ortholog,
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DAF-2, doubled its lifespan [9]. This lifespan extension
was dependent on the reduction of activity of Daf-2 and
consequently of its downstream effector PI3K (encoded by
age-1), and the subsequent activation of Daf-16, a Forkhead
FoxO family transcription factor (FOXO), which regulates
several genes involved in stress response, antimicrobial
activity, and detoxification of xenobiotics and free radicals
[4, 9, 13]. Another pathway involved in longevity regulation
in C. elegans is the conserved TOR-S6K (Ribosomal S6
protein Kinase) pathway. This pathway interacts with the
insulin/IGF-1 pathway converging on the worm ortholog of
regulatory associated protein of mTOR, Daf-15, to regulate
larval development, metabolism, and longevity [14] and so
downregulation of its activity results in extended lifespan
[4].

The fruit fly Drosophila melanogaster is a more complex
model, allowing studies based on sex differences. As in C.
elegans, reducing the activity of the insulin/IGF-1 pathway
mediates cellular protection mechanisms and the extension
of lifespan in this organism. Mutations in the insulin-like
receptor favour the extension of lifespan yielding dwarf
sterile flies with females showing up to 85% extension of
adult longevity [15]. Downregulation of the TOR pathway
in flies, similarly to C. elegans, was shown to increase
lifespan when inactivated pharmacologically with rapamycin
or with overexpression of dominant-negative forms of S6K
or TSC1 or TSC2, which encode negative regulators of TOR
[16, 17].

Identical outcomes for genetic or pharmacologic manip-
ulation of insulin/IGF-1 and TOR pathways and for dietary
restriction regimes were observed in D. melanogaster and
C. elegans, as well as in yeasts, establishing the evolu-
tionary conserved roles of these pathways in determin-
ing lifespan and implicating them as mediators of the
protective effects of dietary restriction in different species
[4, 18].

In mammals, hormones of the endocrine system, the
growth hormone, insulin-like growth factor-1 (IGF-1), and
insulin pathways are key players in the hormonal control
of aging in association with an increase of antioxidant
defenses and increased stress resistance (reviewed in [19]).
Deficiency in levels of circulating growth hormone has been
shown to enhance antioxidant defenses and stress resistance,
reduce tumor burden, and to increase insulin sensitivity
(reviewed in [20]). Enhanced insulin sensitivity is a common
feature of long-living mutant mice and in humans, studies of
centenarian populations strongly correlates this increase in
insulin sensitivity with longevity [21, 22]. IGF-1 and insulin
also modulate TOR activity through Akt kinase which is
a downstream effector of the insulin/IGF-1 pathway [23],
and inhibition of mTOR pathway by rapamycin [24] or
deletion of its downstream effector S6K, increases mice
lifespan [25]. The lifespan extension due to the deletion of
S6K was accompanied by slower progression of age-related
pathologies and in particular slower loss of insulin sensitivity
[25].

Another pathway involved in longevity regulation is the
AC/PKA pathway that is conserved from yeast to mammals.
Downregulation of the Ras/AC/PKA pathway was first shown

in yeast to have a major effect on lifespan extension [4,
6, 26]. Only recently, studies correlating AC/PKA pathway
with aging and age-related diseases started to emerge in
mammals. Deletion of the mouse AC type 5, which mediates
PKA activity by modulating cAMP levels, was reported to
significantly increase lifespan, as it does in yeast [27], and
improve cardiac stress resistance [28]. Likewise as described
for yeast [26], deletions of PKA subunits in mice have
recently been shown to increase lifespan while protecting
against age-related deleterious changes such as weight gain,
hypertrophic liver, and cardiac dysfunction [29]. Although
the subunits deleted are the regulatory subunits (RIIβ) and
not the catalytic subunits like in yeast (TPK), loss of RIIβ
in mice causes a concomitant and compensatory decrease
in catalytic subunits showing a mechanistic association
between loss of these subunits and lifespan extension [29].
This converging result in such divergent models suggests
a highly conserved role for PKA in longevity and opens
the possibility for new therapeutic targets for aging and
obesity.

In mammals the Ras proteins do not directly signal to
PKA through AC [30] as it occurs in yeast [31]; however,
a recent study reported that homozygous deletion of Ras-
GRF1 promotes both median and maximum longevity in
mice [32]. Ras-GRF1 is a guanine nucleotide exchange factor
(GEF) responsible for activating Ras by favouring its GTP-
bound state [33], suggesting that the cause of longevity
extension of the Ras-GRF1 deletion could be the reduction
of Ras activity [34]. Therefore, the Ras pathway appears
as a conserved pathway in the aging process from yeast to
mammals [34].

Yeast has emerged as a highly exploited model to study
the environmental and genetic factors affecting longevity. In
particular, the genetic tools now available make yeast one
of the best established experimental model organisms for
screening genes involved in the regulation of fundamental
cellular process including the pathways controlling lifespan.
In the following sections we focus on the particular case of
the lifespan in yeast and its modulation triggered by extrinsic
culture medium factors. We start with basic aspects of both
replicative and chronological lifespan in yeast. The subse-
quent sections are dedicated to an overview highlighting the
impact of culture medium and products of fermentation on
the yeast chronological lifespan.

2. Chronological and Replicative
Lifespan in Yeast

Two yeast lifespan models have been characterized: replica-
tive lifespan (RLS) and chronological lifespan (CLS)
(reviewed in [35]). RLS is defined as the total number of
times a single mother cell can undergo a mitotic event and
originate daughter cells before senescence [36]. RLS is accu-
rately measured by moving and counting small daughters
away from the mothers via microscopic manipulation and
simulates aging of mitotically active mammalian cells [35, 37,
38]. On the other hand, CLS defines the length of time non-
dividing yeast cells remain viable [39] thus simulating aging
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of the postmitotic mammalian cells [40, 41]. This viability is
assessed by cells reentering the cell cycle after transfer from
the depleted medium or water to nutrient complete-medium
[35]. In CLS, two types of metabolic yeast cells can be
studied: postdiauxic or stationary phase cells. Both metabolic
state cells are grown in synthetic complete (SDC) medium
but while postdiauxic cells are kept in the culture medium,
the stationary phase ones are transferred to water (extreme
calorie restriction) after 3 days of growth. Some protocols
for postdiauxic cells could also use cells grown in YPD (yeast
extract, peptone, dextrose) medium [35, 42] instead of SDC
medium.

The two paradigms of aging in yeast, CLS and RLS,
have become useful tools to compare the aging process in
proliferating and nonproliferating cells as well as to serve as
models to study the mechanics of the aging process in mitotic
and postmitotic cells of multicellular organisms [38].

The yeast S. cerevisiae divides by budding and therefore
undergoes asymmetrical cell division, with the mother cell
retaining more volume than the daughter cell. In this asym-
metric division mother cells retain most of the age-associated
damage, thus sacrificing individual replicative capacity while
daughter cells retain full replicative potential [43, 44]. One of
the aging factors affecting RLS is the accumulation of extra-
chromosomal ribosomal DNA circles (ERCs) [45]. These
circular DNA molecules are self-replicating units formed in
the nucleus by homologous recombination between adjacent
rDNA repeats which segregate asymmetrically to the mother-
cell nucleus during cell division. During each division ERCs
replicate leading to an exponential accumulation in the
mother cell and consequently to cell senescence [44, 45].
This finding in yeasts came in large part from the study
of important age-related proteins called sirtuins. Sirtuins
are NAD+-dependent protein deacetylases involved in chro-
matin silencing and known to mediate longevity in yeast,
nematodes, flies, and mammals [40, 44, 46]. Deletion of
SIR2 decreases RLS and its overexpression increases RLS
showing that Sir2p mediates RLS in yeast most probably
by regulating rDNA recombination and ERCs formation
[47]. ERCs appear to be an aging factor specific to yeast,
although without relevance in nondividing yeast cells (CLS)
and so far without a role in aging of multicellular eukaryotes
[46, 48].

Another factor known to decrease longevity both in CLS
as RLS is accumulation of oxidative damage due to the
production of reactive oxygen species (ROS). Deletion of
the yeast antioxidant defense enzymes superoxide dismutases
(SOD), reduces significantly CLS [39] and RLS [49]. How-
ever, overexpression of cytosolic (SOD1) and mitochondrial
(SOD2) superoxide dismutases increased longevity of non-
dividing cells [50] while it decreased RLS. Although studies
show several similarities but also major differences between
CLS and RLS mechanistic regulation, these two models are
interconnected as RLS decreases in chronologically aged
cells [48]. In addition, both aging models are regulated
by the nutrient-signaling kinases, as screenings for long-
lived mutants identified the same gene mutations in both
paradigms [27, 51–53].

3. Glucose-Signaling Pathways Involved in
Yeast Longevity

The most common dietary regimes used to study the inter-
action between nutrient-signaling pathways and longevity
include: dietary restriction (DR) in which the intake of
nutrients, but not necessarily calories, is reduced without
causing malnutrition; calorie restriction (CR), a regime in
which only calories are reduced without compromising other
nutrients, for instance amino acids and vitamins [54, 55].

In yeast, when studying both replicative lifespan (RLS)
and chronological lifespan (CLS), several results correlating
environmental growth conditions and longevity emerged.
Many studies, including those using calorie restriction (CR),
showed that reducing the glucose or amino acids concentra-
tions of the culture media is sufficient to increase replicative
and chronological lifespan [56–60]. The composition of
culture media has proven to be an extrinsic factor affecting
chronological lifespan but this is still giving rise to different
interpretations on longevity regulation.

The manipulation of nutrient-signaling pathways for
the study of aging regulating mechanisms, as previously
mentioned, can be accomplished by genetic manipulations
of key components of these pathways or by dietary (DR)
and calorie restriction (CR). In yeast, the vast majority of
protocols for CR are based on the decrease of the glucose
concentration in the medium from the standard 2% to 0.5
or 0.05%. The latter (0.05% glucose) is considered extreme
calorie restriction as well as the one achieved by transferring
cells grown in 2% glucose to water [35, 61].

The first studies to report glucose as an agent affecting
lifespan in yeast were conducted by Granot and coworkers
who showed that addition of glucose to stationary-phase
cells previously transferred to water leads to a reduction of
CLS [62]. The authors further demonstrated that glucose,
in the absence of other complementing nutrients, induces
apoptotic cell death accompanied by an increase in ROS
production [63]. Further studies in yeast have revealed that
the major nutrient-signaling pathways TOR, SCH9, and
Ras/AC/PKA are all involved in longevity regulation by
glucose [6, 46, 58]. These pathways promote cell division and
growth in response to nutrients while inhibiting the general
stress response and autophagy. SCH9 was one of the first
genes to be implicated in CLS [27]. Sch9p is the yeast closest
homolog of the mammalian AKT/PKB and S6K, and its dele-
tion leads to an increase in both CLS and RLS [27, 53]. Sch9p
is a kinase that mediates PKA activation in the fermentable-
growth-medium-(FGM)-induced pathway and also mediates
many of the TOR complex 1 (TORC1) controlled processes
[64–66]. Sch9p was first described as having a partially
redundant role with PKA pathway, since deletion of SCH9
could be compensated by increased activity of PKA and vice
versa [67], and later as a direct target of TORC1 regulation
[65]. More recently, TORC1 was also identified as a target
for regulating longevity in both CLS and RLS [51, 52]. The
TOR pathway responds to nitrogen and carbon sources,
mainly to control cell growth, through the regulation of
processes such as translation initiation, ribosome biogenesis,
mRNA and amino acid permeases stability, transcription of
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nutrient-regulated genes and stress response genes, and actin
cytoskeleton organization and autophagy [68, 69]. Reduction
of TORC1-Sch9p signaling was shown to promote longevity
by increasing the expression of stress-response genes in a
Rim15p-dependent manner [58], as RIM15 deletion reduced
the lifespan extension of the long-lived sch9Δ cells [27].
Alternatively, a recent study proposes a Rim15p-independent
mechanism for lifespan extension in reduced TORC1-Sch9p
signaling [70]. This study shows that in tor1Δ cells, CLS
is reduced if mitochondrial respiration is uncoupled. The
authors suggest that during growth, mitochondrial ROS
signaling downregulates both the mitochondrial membrane
potential and ROS accumulation of stationary phase cells
to promote their longevity [70]. This is in agreement with
previous data showing that preadaptation to respiratory
growth can also promote extension of CLS [71]. CR also
promoted CLS extension by doubling the lifespan of the
long-lived sch9Δ and tor1Δ cells by a Rim15p partially
dependent mechanism. In fact, cells with a triple mutation
in Rim15p downstream transcription factors (msn2Δ msn4Δ
gis1Δ) do not display a reduction of CR promoted CLS
extension when compared to the long-lived sch9Δ and
tor1Δ cells suggesting the involvement of additional Rim15p
independent transcriptional factors [58].

Another pathway involved in aging is the other major
nutrient-signaling pathway Ras/AC/PKA, responsible for the
link between glucose availability and the control of growth,
proliferation, metabolism, stress resistance, and longevity
[6, 27, 50, 72]. Deletion of RAS2 or a reduced activity of
adenylate cyclase (Cyr1p), which is activated by the Ras
proteins, causes lifespan extension and stress resistance [50].
Mutation in the CYR1 gene increases both RLS and CLS
while deletion of RAS2 decreases RLS [53, 73]. Rim15p
also mediates ras2Δ lifespan extension by enhancing cellular
protection against oxidative stress through the activation
of SOD2 [50], indicating that Rim15p is a common
denominator of the pathways Ras/AC/PKA, Sch9p, and
TOR. In addition, deletion of MSN2/4 in ras2Δ cells leads
to lifespan reduction indicating that Msn2p/4p and Gis1p
transcription factors controlled by Rim15p are also required
for CLS extension. Nevertheless, the Rim15p downstream
transcription factors (Msn2p, Msn4p, and Gis1p) appear
to have different roles in sch9Δ and ras2Δ cells given that
only the abrogation of GIS1, and not of MSN2/4, was
shown to almost completely abolish the lifespan expansion
of sch9Δ cells [27, 58]. Therefore, Sch9p and Ras2p seem to
differentially modulate the common downstream effectors,
which is also corroborated by the higher stress resistance and
increased CLS exhibited by ras2Δ sch9Δ double knockout
cells in comparison to the single deletion mutants [58, 74].

More recently, the correlation between glucose signaling,
oxidative stress and aging was further addressed in a study
showing that increasing glucose from the standard 2%
to 10%, promotes a shortening of CLS accompanied by
increased levels of intracellular superoxide anion (O2

•−),
decreased levels of hydrogen peroxide (H2O2), reduced
efficiency of stationary phase G0/G1 arrest, and activation
of DNA damage [12]. On the other hand, CR by reducing
glucose or by deletion of SCH9 or TOR1 extends CLS and

diminishes superoxide anion levels promoting at the same
time a more efficient G0/G1 arrest. These and other results
point to superoxide levels as one of the key factors regulating
aging [75], which is in agreement with the aforementioned
results showing that reduction of signaling pathways leads
to the activation of oxidative stress responses mediated
by Rim15p [12]. Nevertheless, an alternative activation of
oxidative stress responses independent of Rim15p [58] and
mediated by H2O2 has been also reported [12]. Furthermore,
high levels of H2O2, which respond to glucose in an
inversely dose-dependent manner, promotes activation of
SODs, leading to a reduction in superoxide anion levels and
therefore to CLS extension [12, 76].

4. Amino Acid Metabolism in the Regulation of
the Yeast Chronological Lifespan

In nature, yeast cells enter a resting or quiescent state
in the absence of favorable nutritional conditions. When
inadequate carbon, nitrogen, sulfur, or phosphorus levels are
sensed by yeast cells, growth ceases and cell cycle is arrested
as a survival strategy. In natural environments, yeast are
prototrophs capable of synthetizing most of their metabolites
from simple carbon and nitrogen sources, whereas labora-
tory strains commonly have auxotrophic markers that confer
a nutrient-limiting growth phenotype useful for genetic
manipulation. These markers are usually genes involved
in the biosynthesis of specific amino acids or nucleotides.
Amino acids are important nutrients that can also be recycled
by autophagy. This recycling process maintains amino acid
homeostasis and is crucial for cell survival under nitrogen
starvation leading to rapid loss of viability in autophagy-
defective mutants [77] and therefore has been implicated
in CLS regulation. Curiously, it was demonstrated that pro-
totrophic and auxotrophic strains display different responses
to nutrient starvation [78]. Starvation of “natural” nutrients
leads to an arrest in G0/G1 cell cycle phase of prototrophics
cells, while auxotrophic cells failed to arrest the cell cycle
upon starvation of “supplemental” nutrients (auxotrophic
nutrients) [78]. It was also observed that auxotrophic cells
limited for leucine or uracil consume glucose at a much
faster rate, exhausting it from the medium, than prototrophic
cells limited for phosphate, sulfate, or ammonium that
spare glucose [79]. These findings clearly reveal a failure of
auxotrophic cells in regulating nutrient sensing in response
to starvation of “supplemental” nutrients [80]. Furthermore,
limiting levels of auxotrophy-complementing amino acids, in
the growth medium, induce an early arrest in G2/M phase,
negatively affecting chronological longevity and leading to a
premature aging phenotype [81]. In accordance, reduction
of total amino acid levels, including essential ones, in the
medium also decreases CLS [82]. Starvation for leucine in
nondividing leucine auxotrophic cells induces a rapid loss
of viability [80]. Nevertheless, this phenotype is partially
dependent on the carbon source present in the starvation
medium but not in that used in the growth medium. For
example the presence of ethanol/glycerol or galactose in the
starvation medium increases CLS in contrast to starvation
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in glucose [80]. However, not all essential amino acids have
the same effect on CLS. In fact, methionine starvation of
methionine auxotrophic cells has no effect on viability [83].
Another study also reported that from the auxotrophic-
complementing amino acids, lysine, histidine, and leucine,
the latter has a more pronounced negative effect in CLS in
both autophagy-competent and autophagy-deficient strains
[84]. The authors pointed out that the enhanced sensitivity of
yeast cells to leucine starvation is correlated to the high levels
of leucine codon, the most frequent amino acid codon [84].
CLS is extended by the presence of nonessential amino acids,
particularly isoleucine, and its precursors threonine and
valine, via the general amino acid control (GAAC) pathway.
The authors proposed a mechanism for CLS regulation
by the branched side chain amino acids (BCAA) leucine,
isoleucine and valine, in which low levels of these amino
acids induce the GAAC pathway therefore shortening CLS
and vice versa [84].

Starvation for nonessential amino acids was reported to
extend RLS [56] and starvation for preferred amino acids
such as asparagine- or glutamate- induced CLS extension in
direct proportion to the nature of the amino acid removed
[52].

5. Impact of Products of Fermentation in
the Yeast Chronological Lifespan

Ethanol is the main product resulting from alcoholic fer-
mentation and it is used as a carbon source during the
diauxic shift and postdiauxic phase. Nevertheless, ethanol
is known to negatively affect the metabolic activity of the
yeast cells by inhibiting cell growth and fermentation. It
is also known to cause among others the damage of cell
membranes by increasing membrane fluidity [85, 86] and the
inhibition of transport systems across the plasma membrane
[87, 88]. The severity of the effects is dependent on the
alcohol concentration and at high ethanol levels it results
in cell death [89]. Recently, ethanol was described as an
apoptotic inducer [90] and has also been implicated as
an extrinsic factor in aging, significantly decreasing CLS
of severely calorie restricted strains (CR in water), known
for their lifespan extension in this condition [91]. In
contrast to wild type cells, long-lived sch9Δ cells consume
all the ethanol from the medium during chronological
aging, further supporting ethanol as a modulator of aging
[91].

A recent study on the genetic expression profile of long-
lived tor1Δ, sch9Δ, and ras2Δ cells revealed an upregulation
of genes involved in the metabolism of glycerol. In contrast
to wild type cells that accumulate ethanol and rapidly deplete
glycerol, those long-lived mutant cells accumulate glycerol
whereas ethanol was early depleted. These observations
suggest that inhibition of Tor1p/Sch9p mediates a metabolic
switch from biosynthesis and release of ethanol to activation
of glycerol biosynthesis and its consequent release [74].
Glycerol, unlike glucose and ethanol [58, 61, 91], does not
promote aging or cell death and so this metabolic change
extends CLS [74, 92].

In calorie restricted cells, ethanol is completely con-
sumed before the beginning of viability decline. Conversely,
noncalorie restricted cells were unable to completely con-
sume ethanol before viability decline. The authors suggested
a correlation between ethanol accumulation and loss of
peroxisome function in noncalorie restricted cells since
ethanol suppresses the synthesis of certain proteins localized
to peroxisomes [93].

Acetic acid is a byproduct of fermentative metabolism in
yeast accumulating in the medium during fermentation of
glucose to ethanol and is also one factor described to affect
CLS [94, 95]. After sugar is depleted in 2% glucose standard
conditions, a shift in metabolism occurs from fermentation
to respiration and the metabolization of ethanol also leads
to the production and accumulation of acetic acid. Acetic
acid is a well-known inducer of apoptotic cell death leading
to ROS production [96, 97]. In a recent study, Burtner and
coworkers identified acetic acid as an important extracellular
factor affecting CLS in SDC medium [94]. The authors
showed that cells grown for 48 hours under extreme calorie
restriction conditions (0.05% glucose concentration), known
to extend CLS, rapidly loss viability if transferred to cell-
free supernatants of 2% standard glucose-depleted medium,
indicating that cell-extrinsic aging factors were present in
the SDC depleted medium [94]. Although several other
organic acids also accumulate in the culture medium during
chronological aging, only acetic acid was identified as being
sufficient to cause chronological aging [94]. In the same
study it was also shown that buffering of aging cultures to
pH 6 is sufficient to increase CLS, neutralizing the toxic
effect of acetic acid. Actually, the acetate anion is not readily
taken up from the environment by glucose-grown yeast
cells, but the protonated acetic acid can cross the plasma
membrane resulting in intracellular acidification [98]. This
negative effect of acetic acid in CLS was diminished by
mutational inactivation of conserved signaling pathways,
namely deletion of SCH9 and RAS2, conferring resistance
via unknown mechanisms [94]. SCH9 and RAS2 mutant
cells are known to have a more frequent growth arrest
in G1 phase when compared to the wild-type, promoted
by the reduction in growth signaling in these mutants
[99]. In accordance, nutrient-depleted stationary phase cells
are continuously subjected to acetic acid-induced growth
signals, even in the absence of glucose, that promote cell
cycle progression and consequently replication stress due
to the lack of favorable conditions [100]. These and other
results show that acetic acid, as glucose, activates Sch9p
and RAS pathways and seems to mediate cell death by
promoting the accumulation of superoxide anion (O2

•−) in
consequence of downregulation of SODs and other oxidative
stress defenses by the activated pathways [12]. The long-
lived ade4Δ cells (Ade4p is involved in the purine de novo
biosynthetic pathway) do not accumulate acetic acid in the
culture medium when compared to the wild type cells,
while the short-lived atg16Δ cells (Atg16p is involved in
the autophagic process) accumulate acetic acid at higher
concentrations than the wild type cells, inversely correlating
the amount of acid release from cells and the extension
of CLS [101]. Buffering the growth media to pH 6.0 of
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the short-lived atg16Δ cells and the wild type strain, also
dramatically increase CLS to the same levels obtained for
the CR growth condition and for the long-lived ade4Δ cells,
indicating that pH neutralized the toxic effects of acetic acid.
Overall the results demonstrate that acetic acid can have an
important impact on CLS through a cell extrinsic mechanism
that is dependent on media pH.

6. Ammonium Toxicity in Aging Yeast Cells

Ammonium (NH4
+) toxicity has been well described in ani-

mals and plant systems [102]. In yeast, NH4
+ is commonly

used as nitrogen source for growth and it is usually not
toxic having a central role in nitrogen metabolism both
in degradative and biosynthetic pathways [103]. In yeast,
nitrogen sources, prior to their use, need to be converted into
glutamate and glutamine. However not all nitrogen sources
are equally preferred and yeast can select the nitrogen sources
through nitrogen catabolite repression (NCR) mechanism
also known as nitrogen discrimination pathway (NDP). This
pathway enables yeast to repress genes that code for proteins
required for the use of poor nitrogen sources, when in the
presence of sufficient quantities of rich nitrogen sources like
glutamine [104].

Production of ammonia in yeast colonies has even been
described as a mechanism of protection from cell death
during colony development [105]. An excess of ammonium
was found to be toxic for S. cerevisiae, under potassium
limitation, resulting in amino acid excretion similar to
the detoxifying mechanism found in mammals [106]. The
authors described that ammonium toxicity in yeast is related
to a “leak current” of ammonium ions that enter the
cell through potassium channels, in limiting potassium
conditions, and this influx causes an excess of internal
ammonium that becomes toxic for the cell. To cope with
this ammonium excess, cells excrete amino acids possibly
through the Ssy1p-Ptr3p-Ssy5p (SPS)-system of amino acid
transporters, which were found to be strongly upregulated
in this condition, or by directly excreting ammonium via the
Ato (Ammonium Transporter Outward) transporters [106].

Recently, we have reported that ammonium is toxic
for aging cells and acts as an extrinsic factor affecting
CLS [107]. In this study, it was shown that decreasing the
concentration of NH4

+ in the culture medium increases
yeast CLS in amino acid restriction conditions. In contrast,
when the initial (NH4)2SO4 concentration in the culture
medium, either with or without restriction of amino acids,
was increased from 0.5% to 1%, there was a decrease in cell
survival, demonstrating that the toxic effects of ammonium
are correlated with its concentration in the culture medium.
Moreover, after transferring cultured cells to extreme calorie
restriction conditions in water, the addition of ammonium
drastically decreases the CLS, indicating that ammonium
alone could also induce loss of cell viability as observed in
culture media, and providing, for the first time, a role for
ammonium in chronological longevity regulation [107].

Cells starved for auxotrophic-complementing amino
acids are particularly sensitive to ammonium-induced cell

death [107]. Death induced by ammonium in these cells is
mediated through the regulation of the evolutionary con-
served pathways PKA, TOR, and SCH9 and is accompanied
by an initial apoptotic cell death followed by a fast secondary
necrosis. Autophagy, which has been described as essential
for cell survival during nitrogen starvation and regulating
amino acid homeostasis [84], does not seem to have a role
in ammonium-induced cell death.

The ammonium effects were also not dependent on
its metabolism as activity of enzymes involved in the
metabolism of ammonium showed no correlation with
ammonium toxicity and the use of a nonmetabolizable
analog produced the same outcome as ammonium [107].
Even though, ammonium signaling is capable of activating
the PKA pathway in agreement with previous results showing
that the addition of ammonium, in nitrogen starvation
medium, directly signals PKA activation through Mep2p
[108]. In contrast, in aging yeast, although Mep2p is involved
in ammonium-induced death it does not appear to have a
major role in PKA activation. Tor1p and Sch9p were shown
to be necessary for ammonium-induced PKA activation in
amino acid-starvation conditions as deletion of TOR1 and
SCH9 resulted in a decrease of PKA activation. Ammonium
action on both pathways, resulting in the over-activation of
PKA and TOR pathways and inhibition of Sch9p, culminates
in the shortening of CLS [107].

Altogether results support that ammonium induces cell
death in aging cultures through the regulation of evolu-
tionary conserved pathways. They also show that the study
of ammonium toxicity in yeast aging may be a powerful
system to understand longevity regulation in multicellular
organisms.

7. Final Remarks

Yeast has emerged as one of the most important model
organisms to study the environmental and genetic factors
affecting longevity, and its exploitation has made huge
contributions to the progress in understanding aging.
Although some aspects of aging in yeast are specific to
this organism, many of the most important features reveled
in yeast proved to be evolutionarily conserved in higher
eukaryotic organisms. The two paradigms of aging in yeast,
chronological and replicative lifespans, are useful tools to
compare the aging process in proliferating and nonprolif-
erating cells and to study the aging process in mitotic and
postmitotic cells. The pathways controlling yeast lifespan
occur through complex signaling cascades, allowing cells to
stimulate proliferation in optimal conditions and also to
induce cell cycle arrest and enter into a quiescent state in
nutrient exhaustion conditions. In the present paper, we
focused on the particular case of the lifespan in yeast and its
modulation triggered by extrinsic culture medium factors. A
scheme illustrating the current scenario on the regulation of
CLS by different nutrient/energy signalling pathways in yeast
described herein is presented in Figure 1. Major advances
in this research field have come from dietary regimes that
have been shown to increase longevity in organisms ranging
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Figure 1: Scheme illustrating the current scenario on the regulation
of chronological lifespan (CLS) in yeast by the different nutri-
ent/energy signalling pathways described in the present paper (the
detailed description and abbreviations are given in the text).

from yeast to mammals. Altogether, data presented clearly
establishes that the carbon and the nitrogen sources as
well as the products of fermentation, are among the main
extrinsic factors modulating yeast chronological longevity.
Loss of cell viability induced by these environmental factors
in aging cultures is regulated through evolutionary conserved
pathways and their study can provide key insights into
pathways that modulate aging in mammals, being a powerful
system to understand longevity regulation in multicellular
organisms.
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In this study, we determined the molecular mechanism of γ-tocotrienol (GTT) in preventing cellular aging by focusing on its
anti-apoptotic effect in stress-induced premature senescence (SIPS) model of human diploid fibroblasts (HDFs). Results obtained
showed that SIPS exhibited senescent-phenotypic characteristic, increased expression of senescence-associated β-galactosidase (SA
β-gal) and promoted G0/G1 cell cycle arrest accompanied by shortening of telomere length with decreased telomerase activity. Both
SIPS and senescent HDFs shared similar apoptotic changes such as increased Annexin V-FITC positive cells, increased cytochrome
c release and increased activation of caspase-9 and caspase-3 (P < 0.05). GTT treatment resulted in a significant reduction of
Annexin V-FITC positive cells, inhibited cytochrome c release and decreased activation of caspase-9 and caspase-3 (P < 0.05).
Gene expression analysis showed that GTT treatment down regulated BAX mRNA, up-regulated BCL2A1 mRNA and decreased the
ratio of Bax/Bcl-2 protein expression (P < 0.05) in SIPS. These findings suggested that GTT inhibits apoptosis by modulating the
upstream apoptosis cascade, causing the inhibition of cytochrome c release from the mitochondria with concomitant suppression
of caspase-9 and caspase-3 activation. In conclusion, GTT delays cellular senescence of human diploid fibroblasts through the
inhibition of intrinsic mitochondria-mediated pathway which involved the regulation of pro- and anti-apoptotic genes and
proteins.

1. Introduction

Replicative senescence is the final in vitro state reached by
all primary cells in culture and is characterized by decreased
total cell numbers and loss of proliferation capacity, in which
they remain alive and metabolically active [1]. It has been
widely used to identify aging-associated molecular changes
in human cells and correlated with the in vivo aging process
[2]. Recently, the term stress-induced premature senescence
(SIPS) was introduced to represent an irreversible growth
arrest of proliferative cells induced by exogenous oxidative
agents.

The imbalance between cellular oxidants and antioxi-
dants leads to oxidative damage to cellular macromolecules
thus contributing to the decline in cellular functions and
finally progressive organism aging [3]. Vitamin E in par-
ticular alpha-tocopherol protects biological membrane from
oxidation by acting as a radical chain-breaking molecule.
Other biological functions of vitamin E that are unrelated
to its antioxidant properties include its roles in cellular
signaling, gene expression, immune response, and apoptosis
are now considered to be of importance [4].

Recently, an isomer of vitamin E, the tocotrienols have
gained increasing interest due to their stronger antioxidant
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effects and a nonantioxidant activity profile that differs from
tocopherols [5]. Tocotrienols were found not only to have
antioxidant function, but also modulate signal transduc-
tion and gene expression. In cellular aging, tocotrienols
have been observed to decrease biomarkers of senescent
cells, reduced damaged DNA, decreased cells in G0/G1

phase, and promoted cells to enter S phase [6]. However,
the mechanism of action in delaying aging is not fully
understood.

Other reports have also shown that tocotrienol adminis-
tration reduced oxidative protein damage and consequently
extended the mean life span of C. elegans [7]. γ-Tocotrienol at
low concentration protected against H2O2-induced cell loss
in fibroblast cell lines derived from different age groups. γ-
Tocotrienol was also able to protect against H2O2-induced
telomere shortening and telomerase activity loss [8].

Accumulating evidence suggested that dysregulation of
apoptosis is associated with the aging process. Oxidative
stress and DNA damage, both being important factors in the
aging process, induce apoptosis. Previous study had shown
that apoptosis was upregulated during aging in various
cells [9]. Other report showed that apoptotic changes were
increased in senescent endothelial cells [10].

In the present study, we determined the binding of
Annexin V-FITC to phosphatidylserine (PS) on plasma
membrane. FITC-conjugated Annexin V is widely used to
detect apoptotic cells in a diverse range of cell types and in
response to many different proapoptotic stimuli [11]. It has
been reported that PS translocation to the outer leaflet of
plasma membrane is the early and widespread event during
apoptosis of cells from numerous lineages and is inhibited by
overexpression of apoptosis repressor proteins such as Bcl-2
[11, 12].

Caspases are a family of proteases that play major roles
in apoptosis process. Caspase-3, caspase-6, and caspase-7,
known as executioner caspases, are located down stream
of the caspase-8 or caspase-9 activation cascade. Activation
of executioner caspases is responsible for the proteolytic
cleavage of a broad range of proteins [13].

Bax, a member of the Bcl-2 protein family, is involved
in controlling apoptotic events. High level of Bcl-2 inhibits
apoptosis by preventing cytochrome c release while high level
of Bax induces apoptosis by binding to the mitochondrial
membrane and increases membrane permeability allowing
the release of cytochrome c [14]. The mitochondrial outer
membrane permeability induced either by Bax- or Bak-
dependent proapoptotic drugs, or by H2O2 results in the
intracytosolic release of cytochrome c but the subsequent
caspase activation is required to induce the translocation of
apoptosis-inducing factor (AIF) into the cytosol. Therefore,
mitochondrial response to several proapoptotic stimuli was
suggested as a selective process leading to a hierarchical
ordering of the effectors involved in cell death induction [15].

To date, there have been very few studies on the
antiapoptotic effects of tocotrienol on normal fibroblasts in
vitro. In the present study, we first established the SIPS model
of primary HDFs by comparing the cellular senescence
markers between SIPS and replicative senescent HDFs. We
then determined the molecular apoptotic events involved

in SIPS and the effects of γ-tocotrienol in modulating the
apoptosis pathway and thus delaying cellular aging.

2. Results

2.1. Characterization of HDFs Stress-Induced Premature
Senescence (SIPS). Control young HDFs displayed the nor-
mal spindle shape characteristic of fibroblast cells, while pro-
longed exposure to 20 μM H2O2 resulted in HDFs exhibiting
senescence features such as cells were enlarged and flattened
with increased size of nucleus. Less spindle-shaped cells
were present and accumulation of granular cytoplasmic
inclusions was observed in SIPS and control senescent HDFs
(Figure 1(a)). SA-β-galactosidase staining was also positive
in SIPS and control senescent cells (Figure 1(b)). The
percentage of SA-β-gal positive cells was markedly increased
in SIPS and control senescent cells as compared to control
young HDFs (P < 0.05) (Figure 1(c)).

Analysis on cell cycle profile showed that HDFs pop-
ulation in G0/G1 phase was significantly increased while S
phase and G2/M phase cells decreased in SIPS as compared
to control young HDFs (Figures 2(a) and 2(b)) (P < 0.05).
Similar increase and decrease in G0/G1 phase and S phase
cells, respectively, were observed in control senescent HDFs
(P < 0.05).

Shortening of telomere length was observed in SIPS and
control senescent HDFs as compared to young HDFs (P <
0.05) (Figures 3(a) and 3(b)). Similarly, decreased telomerase
activity was observed both in SIPS and control senescent
HDFs (Figures 4(a) and 4(b)).

2.2. Apoptotic Changes Detected by Annexin V-FITC. Fig-
ure 5(a) shows the contour diagram of FITC-Annexin V/PI
double staining by flow cytometry analysis. The three
quadrants represent different cells conditions: the upper
right quadrant (R1) indicates nonviable, late apoptotic, and
necrotic cells (FITC+/PI+), lower left quadrant (R2) indicates
viable cells (FITC−/PI−), and lower right quadrant (R3)
indicates early apoptotic cells (FITC+/PI−) which is demon-
strated by Annexin V binding and cytoplasmic membrane
integrity. The percentage of cells at early apoptotic stage was
significantly increased in SIPS and control senescent cells as
compared to control young HDFs (P < 0.05) (Figure 5(b)).
GTT treatment in SIPS significantly decreased the percentage
of early apoptotic cells as compared to SIPS alone (P < 0.05).

2.3. Activation of Caspase-3, Caspase-8, and Caspase-9. Sig-
nificant activation of caspase-8 and caspase-9 was observed
in SIPS and control senescent cells as compared to control
young and GTT-treated control HDFs (P < 0.05) (Fig-
ure 6(b)) while caspase-3 was significantly activated in SIPS,
but not in control senescent cells. GTT treatment of SIPS
inhibited caspase-3 and caspase-9 activation with no notable
inhibition observed in caspase-8 activation (P < 0.05). In
addition, GTT-treated control HDFs showed suppression of
caspase-9 activation as compared to untreated young HDFs
(P < 0.05).
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Figure 1: Morphological changes in HDFs in culture (a). Senescence-associated β-galactosidase staining. Positive blue stains of SA β-gal
appeared in SIPS and control senescent HDFs as indicated by arrows. Micrographs are shown at 100x magnification (b). Quantitative
analysis of positive β-galactosidase stained cells (c). Data are expressed as means ± SD, n = 6. adenotes P < 0.05 compared to control young.

2.4. Cytochrome c Release. Cytochrome c release was in-
creased in SIPS and control senescent cells as compared to
control young cells and GTT-treated control HDFs (P <
0.05) (Figure 7). SIPS cells released 47.7% of cytochrome
c from the mitochondria into the cytosol as compared
to control young HDFs (1%) and control senescent cells
(79.5%). Cytochrome c release decreased significantly to
36.5% in SIPS treated with GTT as compared to SIPS alone
(P < 0.05).

2.5. Analysis of Apoptotic-Associated Genes Expression.
Proapoptotic gene, BAX was markedly increased in SIPS and
control senescent cells as compared to control young and
GTT-treated control HDFs (P < 0.05) (Figure 8(a)). SIPS
treated with GTT; however, showed a significant downreg-
ulation of BAX (P < 0.05). No significant difference was
observed in the expression of another proapoptotic gene,
BID in all treatment groups (Figure 8(b)).

Analysis of antiapoptotic genes showed that GTT treat-
ment to control HDFs caused a significant upregulation of
BCL2A1 mRNA (P < 0.05) while no change was observed
in other treatment groups (Figure 9(a)). Analysis on the
expression of another antiapoptotic gene, BCL2L1 showed
no significant change observed in all treatment groups
(Figure 9(b)).

2.6. Analysis of Bax and Bcl-2 Protein Expression. The ratio of
Bax/Bcl-2 protein expression in SIPS and control senescent
cells was markedly increased as compared to untreated
control young and GTT-treated control HDFs (P < 0.05)
(Figure 10). Treatment with GTT in SIPS considerably
reversed the effect of H2O2 in Bax/Bcl-2 protein expression
whereby the ratio was significantly decreased as compared to
SIPS alone (P < 0.05).
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Figure 2: Flow cytometry analysis of cell cycle progression in young, SIPS, and control senescent HDFs (a). Quantitative analysis of cell cycle
progression in control young HDFs, SIPS, and control senescent HDFs. Cell population in the G0/G1 phase was significantly increased while
S phase cells decreased in SIPS and control senescent HDFs (b). adenotes P < 0.05 compared to control young HDFs, bP<0.05 compared to
SIPS. Comparison was done between HDFs in the same phase of cell cycle. Data is presented as mean ± SD, n = 6.

3. Discussion

The present study explored the molecular mechanism of
GTT in inhibiting apoptosis and delaying cellular aging
in H2O2-induced premature senescence (SIPS) of HDFs.
Our results confirmed that SIPS demonstrated senescence
characteristics as evidenced by senescent-like morphologi-
cal changes, a significant increase in senescence-associated
marker SA-β-galactosidase activity, promoted G0/G1 cell
cycle arrest, shortening of telomere length, and decreased
telomerase activity. Similar changes were observed for cul-
tures at late stages (replicative senescent cells).

Both SIPS and senescent HDFs shared similar apoptotic
changes as shown by increase in Annexin V-FITC positive
cells, cytochrome c release, and activation of caspase-9 and
caspase-3. These findings were supported by previous studies
which reported that premature senescence of fibroblasts can
be triggered by induction with acute sublethal doses of H2O2

[16, 17] or prolonged low dose of H2O2 [1].

In this study, we exposed young HDFs to prolonged low
dose of H2O2 which mimics the oxidative stress in vivo to
induce premature senescence state instead of acute induction
with sublethal doses of H2O2. Exposure of prolonged low
dose of H2O2 to the embryonic human lung HDFs was found
not only induced irreversible cell cycle arrest and senescent-
like morphology, but also caused accumulation of damaged
DNA accompanied by telomere shortening [1].

The initial step to develop SIPS model is to find doses that
are subcytotoxic to the cells. We found that doses of H2O2

30–80 μM slowed down cells growth rate which leads to cell
death after 1 week culture while concentrations of H2O2

above 100 μM triggered cell death within 24 h culture (data
not shown). Thus, the higher H2O2 concentration used, the
higher the proportion of cells undergoing apoptosis and cell
death was observed. Our results confirmed that induction
of H2O2 for 2 weeks induced the premature senescence
state of young HDFs, where they demonstrated senescence
characteristics as evidenced by senescent-like morphological
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Figure 3: Representative Southern blot analysis of control young
HDFs, SIPS, and control senescent HDFs. Telomeric DNA was
shown as wide smears in all lanes. The telomere length was
represented by mean terminal restriction fragment (TRF) value.
Lane 1; molecular weight marker, lane 2; control young HDFs, lane
3; SIPS, lane 4; senescent HDFs, lane 5; molecular weight marker
(a). Terminal restriction fragment, (TRF length) of young HDFs,
SIPS, and control senescent HDFs. Shortening of telomere length
was observed in SIPS and control senescent HDFs (b). adenotes
P < 0.05 compared to young HDFs, bP<0.05 compared to SIPS.
Data is presented as mean ± SD, n = 6.

changes and a significant increase in senescence-associated
marker SA-β-galactosidase activity which was similar to
replicative senescent cells. Previously, human foreskin fibro-
blasts which were exposed to H2O2 for 7 days demonstrated
positive staining for SA-β-gal [18] indicating cellular senes-
cence. Therefore, based on these findings we decided to use
the dose of 20 μM H2O2 for 2 weeks to induce SIPS in HDFs.

One of the mechanisms mediating the development of
senescent phenotype is telomere shortening. In this study,
we found that both SIPS and senescent cells demonstrated
shortening of telomere length with concomitant reduction
in telomerase activity. We further determined cell cycle
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Figure 4: Representative PCR analysis for telomerase activity of
control young, SIPS, and control senescent HDFs. Lane 1, molecular
weight marker, lane 2, control young, lane 3, control young (heat
treated), lane 4, SIPS, lane 5, SIPS (heat treated), lane 6, control
senescent, and lane 7, control senescent (heat treated). Band at 36 bp
represents the internal control for the assay (a). Telomerase activity
(Total Product Generated, TPG) of control young, SIPS, and control
senescent HDFs. Reduction in telomerase activity was observed in
SIPS and control senescent HDFs (b). adenotes P < 0.05 compared
to control young HDFs. Data is presented as mean ± SD, n = 6.

progression which showed that SIPS cells were mainly
at G0/G1 phase and decrease cell population in S phase
indicating they might enter the irreversible growth arrest
state followed by apoptosis. The reduction in S phase cells
in SIPS suggested a slowing down of cellular proliferation
which was similar to that of senescent cells. Previous in
vitro study reported that H2O2-induced premature senes-
cence and spontaneous senescent fibroblasts activated the
apoptosis pathway as evidenced by activation of caspases in
both groups of fibroblasts [19]. Human fibroblasts showed
increased number of dead cells with increasing passage
and increase in DNA fragmentation and mitochondrial
dysfunction represented by loss of mitochondrial membrane
potential, increased caspase-3, and increased cytochrome c
positive cells [20]. Further identification of the molecular
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Figure 5: Contour diagram of FITC-Annexin V/PI double staining by flow cytometry. The three quadrants represent different cells
conditions: the upper right quadrant (R1); nonviable, late apoptotic and necrotic cells (FITC+/PI+), lower left quadrant (R2); viable cells
(FITC−/PI−), and lower right quadrant (R3); early apoptotic cells (FITC+/PI−) (a). Percentage of cells at early apoptotic stage demonstrated
by FITC+/PI− (b). Data are expressed as means ± SD, n = 6. adenotes P < 0.05 compared to control young, bP<0.05 compared to GTT, and
cP<0.05 compared to SIPS.

apoptotic changes in SIPS and senescent HDFs showed that
Annexin V-FITC positive cells were increased both in SIPS
and replicative senescent HDFs confirming early apoptotic
changes occurred in both groups of cells.

Characterization of the apoptotic events in stress-in-
duced premature senescence of HDFs showed that in SIPS,
caspase-3 was activated not only by the activation of caspase-
9 but also by caspase-8. These findings are consistent with a
study done by Nagase et al. [21] and suggested that apoptosis
pathway is activated during stress-induced cellular aging of
HDFs. The activation of caspase-3, -8, and-9 indicated that
both cell-surface-death receptor pathway and the intrinsic
mitochondrial pathway are involved in inducing cell death
during stress-induced premature senescence of HDFs [19].

We further investigated the involvement of mitochon-
drion-initiated pathway for both SIPS and senescent HDFs
by determining the percentage of cytochrome c release from
the mitochondria to the cytosol. We found that both SIPS
and replicative senescent HDFs displayed significantly high
percentage of cytochrome c release.

The induction of cytochrome c release can be achieved
through various mechanisms, including the involvement of
pro- and antiapoptotic proteins such as Bcl-2 family proteins.
The 2 classes of proteins are localized to intracellular mem-
branes, particularly mitochondria, and have been shown
to interact with each other [22]. Activation of Bax protein
resulted in rapid cell death, and this can be inhibited by
death-inhibiting proteins; Bcl-2 and Bcl-xL.
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Figure 6: Flow cytometry analysis of active caspase-3, caspase-8, and caspase-9 with FITC/PI double staining in HDFs (a). Quantitative
analysis of apoptotic cells population for active caspase-3, caspase-8, and caspase-9. (b). Data are expressed as means ± SD, n = 6. adenotes
P < 0.05 compared to control young, bP < 0.05 compared to GTT, cP < 0.05 compared to SIPS, and dP < 0.05 compared to control senescent
cells.

Further evaluation of the transcriptional and transla-
tional processes involving the expression of Bax and Bcl-2
proteins, the regulators of apoptotic pathway showed that
Bax/Bcl-2 protein ratio was increased in SIPS and senescent
HDFs indicating activation of apoptotic pathway and inhibi-
tion of antiapoptotic pathway with H2O2 induction.

Our data on gene expression analysis showed that BAX
expression was significantly increased in SIPS and senescent
HDFs while another key proapoptotic gene, BID was not
affected by H2O2 induction. As for the antiapoptotic genes

BCL2A1 and BCL2L1, our results did not show any signif-
icant changes in the expression of both genes in SIPS and
cellular senescence of HDFs.

Based on these findings we suggested that both SIPS and
replicative senescent HDFs undergo apoptosis. Therefore,
further study was carried out to determine the specific
stage that GTT intervenes in the apoptosis cascade and thus
delaying aging.

Flow cytometry analysis showed that GTT treatment
decreased the percentage of Annexin V-FITC positive cells
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suggesting the prevention of PS translocation to the outer
layer of cell membrane, thus inhibiting the early apoptotic
changes of HDFs. Besides, GTT treatment to SIPS was
found to inhibit the activation of caspase-9 and subse-
quently caspase-3. Similar effects however were not observed
for caspase-8. These results indicated that GTT possessed
antiapoptotic effects in preventing stress-induced premature
senescence of HDFs which attenuated the key elements of
intrinsic caspases in the mitochondrion-initiated pathway.

The involvement of mitochondrion-initiated pathway
was further investigated to determine the specific stage that
GTT intervenes in the apoptosis cascade. Our results showed
a reduction of cytochrome c release with GTT treatment
indicating inhibition of stress-induced apoptosis by GTT
was probably at the upstream stage in the cascade of events
leading to apoptosis. In addition, GTT may also be involved
in the regulation of pro- and/or antiapoptotic proteins which
induced cytochrome c release from the mitochondria.

Gene expression analysis showed that BCL2A1 was
markedly upregulated in control young HDFs treated with
GTT. Furthermore, GTT was also found to downregulate
BAX in SIPS cells. These findings demonstrated the involve-
ment of GTT in regulating the apoptotic genes expression
particularly BAX and BCL2A1 mRNA in normal diploid
fibroblast cells.

Treatment of SIPS with GTT was also found to decrease
Bax/Bcl-2 protein ratio, suggesting that exogenous antiox-
idants can modulate Bax and Bcl-2 expression in HDFs
exposed to oxidant and thus prevents apoptosis. Several
studies have shown that antioxidants may have antiapoptotic
or proapoptotic properties, depending on the type of cells
and the apoptosis-inducing signal involved, but the trend
showed that antioxidants can prevent apoptosis in healthy
cells and may promote apoptosis of transformed cells [22,
23].

Previously, it had been demonstrated that high levels of
Bcl-2 can prevent the release of cytochrome c and thus
caspase activation in response to a number of apoptosis-
inducing stimuli such as UVB, staurosporine and etoposide

[24, 25]. Therefore, the decrease in Bax/Bcl-2 protein ratio
with GGT treatment is suggestive of its action in preventing
apoptosis in HDFs subjected to oxidative stress. The anti-
apoptotic effects of GTT may be attributable not only to its
potent antioxidant properties but may also attributed to its
nonantioxidant functions.

It is shown that GTT inhibited the apoptosis cascade
leading to the prevention of cell death in SIPS. The ability
of GTT to inhibit caspases and cytochrome c release upon
prolong exposure of H2O2 suggests the underlying mode
of action of this compound in preventing oxidative stress-
induced apoptosis.

4. Materials and Methods

4.1. Cell Culture. This research has been approved by the
Ethics Committee of the Universiti Kebangsaan Malaysia
(Approval Project Code: FF-313-2009). Primary HDFs were
derived from foreskins of three 9- to 12-year-old boys after
circumcision. Written informed consents were obtained
from parents of all subjects. The samples were aseptically col-
lected and washed several times with 75% alcohol and
phosphate buffered saline (PBS) containing 1% antibiotic-
antimycotic solution (PAA, Austria). After removing the
epidermis layer, the pure dermis was cut into small pieces
and transferred into centrifuge tubes containing 0.03%
collagenase type I solution (Worthington Biochemical Cor-
poration, USA). The cells were rinsed with PBS before being
cultured in Dulbecco’s Modified Essential Medium (DMEM)
(Flowlab, Australia) supplemented with 10% bovine fetal
serum (FBS) (PAA, Austria) and 1% antibiotic-antimycotic
solution at 37◦C in a humidified atmosphere at 5% CO2.
Cultures were grown to 80–90% confluency in 75-mm
culture flasks (Nunc, Denmark) with expansion degree 1 : 4.
For subsequent experiments, cells were used at passage 4
(young cells, population doubling; PD < 12) and passage 30
(senescent cell, PD > 55).

4.2. Treatment Protocols. Stress-induced premature senes-
cence model was established by culturing the early passage
cells (passage 6) with culture medium containing 20 μM
H2O2 for 2 weeks which was replaced every 3 days. Treated
cells were preincubated with 1 μM γ-tocotrienol (Malaysian
Palm Oil Board, Malaysia) at passage 4 followed by H2O2

induction at passage 6 for 2 weeks. Untreated control cells
were cultured without any treatment until similar population
doublings were reached.

At the end of the treatment duration, the treated culture
medium was replaced by fresh medium containing 10%
serum for 3 days to ensure that the observed changes to the
cells were not due to lack of mitogenic stimulations [26].

4.3. Morphology Analysis and Senescence-Associated β-
Galactosidase (SA-β-gal) Staining. HDFs positive for SA-β-
gal activity was determined as described by Dimri et al.
[27]. SA-β-gal staining was performed with a senescent
cell staining kit (Sigma, USA) according to the manufac-
turer’s instructions. A total of 1 × 105 cells were seeded
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Figure 8: Relative expression value of proapoptotic genes BAX (a) and BID (b). Data are expressed as means ± SD, n = 6. adenotes P < 0.05
compared to control young, bP < 0.05 compared to GTT, and cP < 0.05 compared to SIPS.
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Figure 9: Relative expression value of antiapoptotic genes BCL2A1 (a) and BCL2L1 (b). Data are expressed as means ± SD, n = 6. adenotes
P < 0.05 compared to control young and bP < 0.05 compared to GTT.

in six-well plates and incubated with fixation buffer (2%
formaldehyde/0.2% glutaraldehyde) for 6–7 min at room
temperature. Cells were then rinsed three times with PBS
and incubated with 5-bromo-4-chloro-3-indolyl β-D-galac-
topyranoside at 1 mg/mL in a buffer containing 40 mM citric
acid/phosphate (pH 6.0), 5 mM K3FeCN6, 5 mM K4FeCN6,
150 mM NaCl, and 2 mM MgCl2 for 4 h at 37◦C in the
absence of CO2. Blue staining was visible after incubation,
and the percentage of blue cells observed in 100 cells under a
light microscope was calculated.

4.4. Cell Cycle Analysis by Flow Cytometry. HDFs were
harvested at desired time points after trypsinization and
were rinsed 3 times with buffer solution with adjusted con-
centration 1 × 106 cells/mL and prepared using CycleTEST
PLUS DNA Reagent Kit (Becton Dickinson, USA) according
to the manufacturer’s instruction. Cell cycle status was
analyzed by flow cytometer using propidium iodide (PI) as a
specific fluorescent dye probe. The PI fluorescence intensity
of 10,000 cells was measured for each sample using a Becton–
Dickinson FACS Calibur Flow Cytometer.
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Table 1

Gene definition Gene symbol Accession no.
Base pair sequences
(RefSeq)

PCR product size
(bp)

Homo sapiens BCL2-associated X protein,
transcript variant alpha, and mRNA

BAX NM 138761
F: 5′acgaactggacagtaacatggag 3′

R: 5′cagtttgctggcaaagtagaaaag 3′
158 bp

Homo sapiens BH3 interacting domain death
agonist, transcript variant 1, and mRNA

BID NM 197966
F: 5′tgtgaaccaggagtgagtcg 3′

R: 5′ctttggaggaagccaaacac 3′
122 bp

Homo sapiens BCL2-related protein A1,
transcript variant 1, and mRNA

BCL2A1 NM 004049
F: 5′tccaaaaagaagtggaaaagaatc 3′

R: 5′gctgtcgtagaagtttcttgatga 3′
189 bp

BCL2-like 1 nuclear gene encoding
mitochondrial protein, transcript variant 1,
and mRNA

BCL2L1 NM 138578
F: 5′gcatatcagagctttgaacaggt 3′

R: 5′taggtggtcattcaggtaagtgg 3′
180 bp

Glyceraldehyde-3- phosphate dehydrogenase,
and mRNA

GAPDH BC 020308
F: ccaagatgccacagatgattg

R: actccttgggtccacctggta
217 bp

Bcl-2

β-actin

Bax
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Figure 10: Representative Western blot of proapoptotic protein
(Bax) and antiapoptotic protein (Bcl-2) in HDFs (a). Comparison
of Bax/Bcl-2 protein ratio and in different treatment groups (b).
Data are expressed as means ± SD, n = 6. adenotes P < 0.05
compared to control young, bP < 0.05 compared to GTT, cP < 0.05
compared to SIPS and dP < 0.05 compared to control senescent
cells.

4.5. Estimation of Telomere Length. Genomic DNA was
isolated using Wizard Genomic Purification Kit (Promega,
USA) and the assay was carried out using TeloTAGGG
Telomere Length Assay kit (Roche, Germany). Three μg of

DNA was digested with 20 units each of Hinf I and Rsa1
for 2 h at 37◦C, electrophoresed on 0.8% agarose gel, and
transferred onto nylon membrane Hybond-N+ (Amersham,
UK) using 20X SSC (3 M NaCl2, 0.3 M sodium citrate,
pH 7.0) transfer buffer. After overnight blotting, DNA
was cross-linked to membrane by UV light (150 mJ) and
prehybridized for 45 min and hybridized for 3 h at 42◦C
with digoxigenin (DIG)-labeled telomeric DNA probes.
Detection of telomeric restriction fragments (TRFs) was
visualized by alkaline phosphatase metabolizing CDP-Star, a
highly sensitive chemiluminescence substrate. Smears on the
membrane were detected by chemiluminescence signal using
Fluorchem FC2 gel documentation system (Alpha Innotech,
USA). Densitometry analysis was carried out using Image-
Master TotalLab v1.11 software (Amersham, Germany) by
comparing signals relative to DNA molecular weight marker.
The mean TRF length was calculated for each sample by
integrating the signal density above background over the
entire TRF distribution as a function of TRF length, using
the formula below:

L =
∑

(ODi × Li)∑
(ODi)

, (1)

where ODi and Li are, respectively, the signal intensity and
TRF length at position i on the gel image, as described in the
manufacturer’s recommendations.

4.6. Estimation of Telomerase Activity. The TRAPeze telom-
erase detection kit (Chemicon, USA) was used as recom-
mended by the manufacturer with minor modifications. For
the PCR reaction, 2 μL of extract (corresponding to 100–
1000 cells) was added to 48 μL reaction mixture and 2 units
of Taq DNA polymerase (Qiagen, USA). A negative control
with an enzyme-inactivated sample (2 μL heat-treated cell
extract, 10 min at 65◦C) was performed parallel to the non-
inactivated samples to confirm specificity of the products.
PCR was performed as follows: primer elongation (30 min,
30◦C), telomerase inactivation (4 min, 94◦C), and product
amplification for 35 cycles (94◦C for 30 s, 59◦C for 30 s,
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72◦C for 1 min). The PCR products were electrophoresed
on 10% polyacrylamide gel using 0.5X TBE buffer. The gel
was further analysed and quantitated using the ImageMaster
TotalLab v1.11 software (Amersham, Germany). Telomerase
activity (total product generated; TPG) was determined as
the ratio of the intensity of telomerase ladders to the intensity
of the 36 bp internal standard based on the formula below:

TPG(unit) = (X − X0)/C × 100
(r − r0)/CR

, (2)

where, X is TRAP product ladder (noninactivated sample);
X0 is TRAP product ladder (enzyme-inactivated sample); r
is quantification control TSR 8 (0.5 μL); r0 is quantification
control TSR 8 (1.0 μL); C is assay internal control/S-IC; CR is
negative control.

4.7. Detection of Caspase-3 Activation. Caspase-3 activation
was determined using the FITC Active Caspase-3 Apoptosis
kit (BD Pharmingen, San Diego, CA, USA) according to
the manufacturer’s instructions. The cells were resuspended
in BD Cytofix/Cytoperm buffer in the provided solution
at a concentration of 2 × 106 cells/mL and were incubated
20 min in ice. After incubation, pellets were washed twice
with BD Perm/Wash buffer and were stained with fluorescein
isothiocyannate (FITC)-conjugated with 20 μL antiactive
caspase-3 antibody for 30 min at room temperature and sub-
sequently analyzed by FACS Calibur Flow Cytometer (Becton
Dickinson, San Jose, CA, USA). Fluorescence was detected
with a FL1 detector and histogram data was generated with
the CellQuest software.

4.8. Measurement of Active Caspase-8 and Caspase-9. Cas-
pase-8 and caspase-9 activation was analyzed using Caspase-
8 Detection Kit and Caspase-9 Detection Kit (Calbiochem,
Germany), respectively, according to the manufacturer’s
instructions. Cells were harvested and incubated with 1 μL
fluorescein-labeled caspase inhibitor (FITC-IETD-FMK for
caspase-8 and FITC-LEHD-FMK for caspase-9) for 1 h at
37◦C in a humidified incubator with 5% CO2. After incu-
bation, cells were centrifuged at 3000 rpm for 5 min. Pellets
were then washed with wash buffer and subsequently ana-
lyzed by FACS Calibur Flow Cytometer (Becton Dickinson,
San Jose, CA, USA). Fluorescence was detected with a
FL1 detector and histogram data was generated with the
CellQuest software.

4.9. Measurement of Annexin V-FITC. Externalization of
phosphatidylserine (PS) at the cell surface of HDFs as
an early apoptotic event was assessed by Annexin V-FITC
Apoptosis Detection Kit II (BD Pharmingen, San Diego,
CA, USA) according to the manufacturer’s instructions. This
method based on cell staining by FITC-labeled Annexin-
V (green flourescein) and propidium iodide (PI) which
distinguished between early apoptotic (Annexin V+/PI−) and
late apoptotic or necrotic cells (Annexin V+/PI+) [28]. Cells
were washed twice with cold PBS and resuspended in 1X
binding buffer. Then 5 μL of Annexin V-FITC and 5 μL of
PI staining solution were added, followed by incubation for

15 min in the dark at room temperature (25◦C). Finally, cells
were suspended in 1X binding buffer and analyzed within
1 h by FACS Calibur Flow Cytometer (Becton Dickinson, San
Jose, CA, USA).

4.10. Measurement of Mitochondria Cytochrome c Release.
The InnoCyte Flow Cytometric Cytochrome c Release Kit
(Calbiochem, Germany) was used to quantify mitochondria-
associated cytochrome c. This method selectively permeabi-
lized the plasma membrane without injuring the mitochon-
drial membrane. Cells were resuspended with 300 μL per-
meabilization buffer and incubated for 10 min in ice. Then,
cells were fixed by adding 300 μL 8% paraformaldehyde in
PBS, incubated for 20 min at room temperature and were
washed with 1 mL 1X wash buffer for 3 times. Cells were
centrifuged and pellets were incubated in 250 μL blocking
buffer for 1 h at room temperature. Anticytochrome c WS
(250 μL) was added and cells were incubated for 1 h at room
temperature followed by incubation with 500 μL anti-IgG
FITC WS in the dark for 1 h at room temperature. Finally,
cells were resuspended in 500 μL wash buffer and analysed by
FACS Calibur Flow Cytometer (Becton Dickinson, San Jose,
CA, USA).

4.11. Primer Design. Primers for human GAPDH, BAX, BID,
BCL2A1, and BCL2L1 were designed with Primer 3 software
and blasted with GeneBank database sequences in order
to obtain primers with high specificity. The efficiency and
specificity of each primer set were confirmed with standard
curve (Ct value versus serial dilution of total RNA) and
melting profile evaluation. Primer sequences for quantitative
gene expression analysis are shown in Table 1.

4.12. Total RNA Extraction. Total RNA from HDFs in
different groups was extracted using TRI Reagent (Molecular
Research Center, Cincinnati, OH, USA) according to the
manufacturer’s instruction. Polyacryl Carrier (Molecular
Research Center) was added in each extraction to precipitate
the total RNA. Extracted total RNA pellet was then washed
with 75% ethanol and dried before being dissolved in RNase
and DNase-free distilled water. Total RNA was stored at
−80◦C immediately after extraction. Yield and purity of
the extracted RNA were determined by Nanodrop (Thermo
Scientific, USA).

4.13. Quantitative Real-Time RT-PCR. The expression level
of BAX, BID, BCL2A1, and BCL2L1 was determined using
iScript One-Step RT-PCR Kit with SYBR Green (Biorad,
USA) and iQ5 Multicolor Real-Time PCR system (Biorad,
USA) with the following reaction profile; cDNA synthesis at
50◦C for 20 min, iScript reverse transcriptase inactivation at
95◦C for 4 min, followed by 38 cycles of denaturation at 95◦C
for 10 sec and primer annealing and extension at 61◦C for
30 sec. Melt curve analysis was carried out at 95◦C for 1 min,
55◦C for 1 min, and 60◦C for 10 sec (70 cycles, increase set
point temperature after cycle 2 by 0.5◦C). The expression
level of each targeted gene was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene as an internal
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reference [29]. Agarose gel electrophoresis was performed for
confirmation of the PCR products. Relative expression value
of target genes was calculated based on the 2−ΔΔCt method of
relative quantification [30] by the following equation:

Relative expression value

= 2Ct value of GAPDH−Ct value gene of interest.
(3)

4.14. Western Blotting Analysis. Determination of protein
expression was carried out by Western blotting using
NuPAGE electrophoresis system (Invitrogen, CA, USA).
Protein (25 μg) from each sample was loaded on a 4–
12% NuPAGE Novex Bis-Tris gel using NuPAGE MES
running buffer followed by dry-blotting of protein using
iBlot Transfer Device for 7 min. WesternBreeze Chemilu-
minescent Kit was used to detect the primary antibod-
ies. After transferring onto nitrocellulose membranes, the
membranes were blocked for 30 min with blocking solution
and probed with antibodies against Bax (1 : 200, overnight),
Bcl-2 (1 : 200, overnight), and β-actin (1 : 1000, 1 h) as an
internal control. All antibodies were purchased from Santa
Cruz Biotechnology Inc., CA, USA. After 3 washing steps of
antibody wash, membranes were incubated with secondary
antibody solution (anti-mouse-IgG) for 1 h. Blots were
developed using chemiluminescence substrate with enhancer
for 7 min. The autoradiographies were scanned using gel
documentation system Fluorchem FC2 (Alpha Innotech,
USA) and band intensities were quantified by Image Master
TotalLab software (Amersham Biosciences, UK).

4.15. Statistical Analysis. Each experiment was carried out in
triplicates. Data were reported as means ±SD. Comparison
between groups was made by Student t-test (two-tailed). P <
0.05 was considered statistically significant

5. Conclusions

In summary, GTT was found to inhibit the translocation
of PS into the outer membrane which is an early event in
the apoptosis pathway. The antiapoptotic effect of GTT was
through the mitochondria-dependent pathway as shown by
GGT preventing the activation of caspase-3 and caspase-9
and reduced the release of cytochrome c from the mitochon-
dria. Genes and proteins expression analysis suggested that
GTT stimulated the signaling in the regulation of apoptotic-
related genes expression, prevented H2O2-induced apoptosis
in HDFs, and delayed cellular aging.

In conclusion, GTT delays cellular senescence of human
diploid fibroblasts through the inhibition of intrinsic mito-
chondria-mediated pathway which involved the regulation of
pro- and antiapoptotic genes and proteins.
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