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Aging
Aging is commonly characterized as a 
progressive, generalized impairment of 
function, resulting in an increasing 
vulnerability to environmental challenge 
and a growing risk of disease and death. It 
is also usually accompanied by a decline 
in fertility. Thus, aging is associated with 
major age-related losses in Darwinian 
fitness, posing the puzzle of why it has not 
been more effectively opposed by natural 
selection. 

"It is remarkable that after a seemingly 
miraculous feat of morphogenesis, a 
complex metazoan should be unable to 
perform the much simpler task of merely 
maintaining what is already 
formed" (Williams, 1957)

How long shall we live?
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US Census Bureau Middle Series: life expectancy in 2050 will be ~82 
years for both sexes in the US 

US Social Security Administration: life expectancy of 78.1, 80.4 and 
83.5 years for both sexes in 2066 on three alternative assumptions 

G7 Industrialized Countries: life expectancy in 2050 with a maximum of 
90.9 in Japan and a minimum of 82.9 years in USA

Life expectancy at birth in developed countries



Maximum life span for the human species (unchanged 
in the last 100,000 years): 125 years 
The longest-lived human being is Jeanne Calment (122.5 years), died in France, 
in August 1997

Shall we live forever?

Rat: 3 years 
Squirrel: 25 years 
Sheep: 12 years 
Turtle: 150 years 
Dog: 15-30 years 
Fly: 3 months 
Canary 15 years 
Bat 50 years

Maximum life span in other species:
In animal studies, maximum life span is often 
taken to be the mean life span of the most long-
lived 10% of a given cohort. By another 
definition, however, maximum life span 
corresponds to the age at which the oldest 
known member of a species or experimental 
group has died. Calculation of the maximum life 
span in the latter sense depends upon initial 
sample size.

EXISTENCE OF A 
BIOLOGICAL CLOCK?

Why do we age?
Final part of the developmental program 
(aging selected because provides advantage to the species?)

Exhaustion of the proliferative or 
functional capacity of all or some 
somatic cells (eg. in stem cells?) 
Changes in biochemical composition 
of tissues (increased adipose tissue, 
lipofuscin deposit, increased ECM 
component cross-linking, increased 
glycation products)

How do we age?

• Increased mortality with 
age maturation 

• Increased susceptibility 
and vulnerability to 
disease (centenarians 
live >90% of their lives in 
very good health and with 
high level of 
independence - marked 
morbidity compression 
toward the end of life)

Age-related diseases are degenerative in 
nature and compressed at the end of our life

Nature 2018

Theories of Aging
1. Somatic mutation theory or Loose cannon theory or Free 

radical theory of aging. Damage produced by free radicals, 
glucose, or other agents slowly disrupt cellular 
macromolecules. This causes an age-related increase in 
somatic mutation and other forms of DNA damage 

2. Telomere loss theory. A decline in cellular division capacity 
with age linked to the progressive shortening of telomeres as 
cells divide 

3. Mitochondrial theory. Accumulation of mitochondrial DNA 
mutations with age 

4. Altered proteins theory and waste accumulation theory. 
Accumulation over time of damaged proteins (e.g. Alzheimer's 
disease, Parkinson's disease, cataract, etc.). Linked to 
functional declines of proteasomes and chaperones 

5. Antagonistic pleiotropic theory. Pleiotropic genes exist having 
opposite effects on fitness at different ages: they are beneficial 
in early life, when natural selection is strong, but harmful at later 
ages, when selection is weak 

6. Mutation accumulation theory. Since late-acting alleles, 
arising by de novo germline mutation, are not efficiently 
selected by natural selection, over successive generations they 
accumulate within the genome. 

7. Rate of living theory. Metabolic rate is inversely correlated with 
longevity. Smaller mammals tend to have high metabolic rates 
and thus tend to die at an earlier age than larger mammals 

8. Weak link theory. A specific physiologic system (e.g. the 
neuroendocrine or the immune system) is particularly 
vulnerable over time and its dysfunction accelerates 
senescence of the whole organism

9. Error catastrophe theory. Errors in DNA transcription 
or RNA translation eventually lead to genetic errors that 
promote senescence 

10. Master clock theory. Aging is under genetic control 
(gene that controls telomere shortening? or cell 
division? or DNA repair? 

11. Disposable soma theory. Since the metabolic 
resources of an organism are limited (chiefly: energy), 
the organism should optimally allocate them between 
the maintenance and repair of its soma and the other 
functions that it must carry out in order to maximise its 
Darwinian fitness (growth, reproduction,...) 

12. Combined network theories of aging. Multiplicity of 
aging mechanisms (e.g.: a gradual accumulation of 
mtDNA mutations might lead to a steady increase in the 
production of ROS and a gradual decline in energy 
production

The Molecular Players of Aging

DNA damage Cell metabolism

Telomeres
GenesRos and 

mitochondria



We use oxygen to 
generate energy!

Oxidative phosphorylation:  
The metabolic pathway in mitochondria in 
which energy released by the oxidation of 

nutrients is used to reform ATP
red: mitochondria

In a cardiomyocyte, the are ~10,000 mitochondria, which occupy 
~30% of the cytoplasm

Reactive oxygen species (ROS)

superoxide anion 
hydroxyl radical 
hydrogen peroxide 
nitric oxide

ROS are produced in 
multiple 
compartments: 

mitochondria (90%) 
NADPH oxidases on the 
plasma membrane 
lipid metabolism in the 
peroxisomes 
cytosolic enzymes such 
as cyclooxygenases 
cytochrome P450 
enzymes 

0.2-2% of total oxygen 
consumption is funneled 
to ROS generation

O2- 
.OH 
H2O2 
NO

The "free radical theory of aging" 
(Harman, 1956)

Aging and its associated degenerative diseases 
can be attributed to deleterious effects of free 
radicals on various cell components 

Now better called "Oxidative stress theory of 
aging" (many ROS are not free radicals) 

Mitochondria are the main source of ROS

Mitochondrial mutations and aging
The mutation rate in mitochondria is 10-20 times faster than the 
nuclear DNA mutation rate  

Specific mutations in mitochondria could lead to defects in 
energy production and production of ROS by faulty electron 
transport 

Age-dependent declines in mitochondrial function are seen 
in many species including humans 

Inherited mitochondrial DNA variants are associated with 
aging and longevity (the J haplogroup is more represented in 
centenarians in Northern Italy than in younger subjects) 

Knock-in mice expressing a proof-reading deficient form of a 
nuclear-encoded mitochondrial DNA polymerase exhibit an 
increased mitochondrial mutation rate, appearance of a number 
of age-related phenotypes - including hair loss, kyphosis, and 
reduced fertility -, and shortened life span

C. elegans mutants, oxidative 
stress and aging

isp-1 mutants are long-lived (missense mutation in a 
component of complex III of the respiratory chain in 
mitochondria) 
A systematic RNAi screen sought to inactivate over 5600 
random C. elegans genes screening for long-lived animals: 
~15% of the identified genes regulate mitochondrial activity 
mev-1 mutants (mutation in a subunit of complex II) have 
increased ROS generation and are short lived; mice 
heterozygous for mitochondrial SOD2: increased incidence 
of nuclear DNA damage and tumor formation 
clk-1 mutants are long-lived (lack an enzyme required in 
the biosynthesis of ubiquinone (coenzyme Q), an electron 
acceptor for both complex I and II-dependent respiration - 
NB: although coenzyme Q is sold as a life-extending anti-oxidant, its 
withdrawal from the diet of wt worms increases life span by 60%!!!

UV irradiation
D. melanogaster mutants, 
oxidative stress and aging

Indy (I'm not dead yet): 50% increase in life span. Indy encodes a 
protein with sequence homology to mammalian sodium 
dicarbocylate cotransporters, which import Krebs cycle 
intermediates into cells. Indy  is expressed in the midgut and the 
fat body, the fly functional equivalent of mammalian liver and 
white adipose tissue. Indy mutations create a metabolic state 
similar to that found in dietary restriction. 
Mth (methuselah): 25% increase in life span. Family of the 
seven transmembrane spanning GTP-binding protein-
coupled receptors (GPRC). The cognate ligand is the 
product of the stunted gene, encoding for a subunit of the 
F1F0-ATP synthase of the electron transport chain (!)

You can live longer if you 
have mutations that makes 

the mitochondrion less 
functional and thus able to 
generate lower amount of 

ROS



Oxidants and antioxidant 
therapies in aging

In humans, meta-analysis of randomized controlled trials

showed that selenium and vitamin C have no effect while 
standard antioxidant supplementation (vitamins A and E and 
beta-carotene) actually increases mortality

The Molecular Players of Aging

DNA damage Cell metabolism

Telomeres
GenesRos and 

mitochondria

ROS cannot be all...

Germ cells are immortal Animal cloning is possible

Various evidences go against the ROS theory of aging 

Why do not they age? Do they have special 
mechanisms to protect themselves from ROS?
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Summary

 

Oxidative stress is reputed to be a significant contributor
to the aging process and a key factor affecting species
longevity. The tremendous natural variation in maximum
species lifespan may be due to interspecific differences in
reactive oxygen species generation, antioxidant defenses
and/or levels of accrued oxidative damage to cellular
macromolecules (such as DNA, lipids and proteins). The
present study tests if the exceptional longevity of the
longest living (> 28.3 years) rodent species known, the
naked mole-rat (NMR, 

 

Heterocephalus glaber

 

), is associ-
ated with attenuated levels of oxidative stress. We com-
pare antioxidant defenses (reduced glutathione, GSH),
redox status (GSH/GSSG), as well as lipid (malondialde-
hyde and isoprostanes), DNA (8-OHdG), and protein
(carbonyls) oxidation levels in urine and various tissues
from both mole-rats and similar-sized mice. Significantly
lower GSH and GSH/GSSG in mole-rats indicate poorer
antioxidant capacity and a surprisingly more pro-oxidative
cellular environment, manifested by 10-fold higher levels
of 

 

in vivo

 

 lipid peroxidation. Furthermore, mole-rats
exhibit greater levels of accrued oxidative damage to
lipids (twofold), DNA (~two to eight times) and proteins
(1.5 to 2-fold) than physiologically age-matched mice,
and equal to that of same-aged mice. Given that NMRs
live an order of magnitude longer than predicted based
on their body size, our findings strongly suggest that

mechanisms other than attenuated oxidative stress explain
the impressive longevity of this species.
Key words: DNA damage; glutathione; longevity; maximum
lifespan; naked mole-rats; oxidative stress.

 

Introduction

 

Insights into molecular mechanisms involved in aging can be
obtained from studies exploiting the large natural variation in
lifespan among species. Similarly, the validity of current theories
of aging can be tested in comparative studies that focus pri-
marily upon species that deviate dramatically from the allometric
relationship between body mass and maximum lifespan.
Surprisingly, few comparative studies in aging research are
designed this way, or include naturally long-living species, even
though these animals generally exhibit slow rates of age-related
deterioration in physiological capacity, reproductive potential,
and/or disease resistance (Finch 

 

et al

 

., 1990). Indeed, species
with exceptional life expectancies could provide unique
appraisal of mechanisms of aging and processes that promote
longevity, which are not readily available from more conven-
tional, short-lived animal models for aging research. We report
the results of a study testing a widely accepted paradigm of
aging – the Oxidative Stress theory (Harman, 1956) – in the
longest living rodent, the naked mole-rat (NMR, 

 

Heterocephalus
glaber;

 

 Buffenstein & Jarvis, 2002). The reported maximum
lifespan of NMRs (> 28.3 years) diverges by more than two
standard deviations from the allometric relationship based upon
more than 500 mammalian species and this deviation is even
more pronounced when only rodents are examined (Buffen-
stein, 2005). Indeed, NMRs live ten times longer than predicted
by body mass (Prothero & Jugrens, 1987), and their longevity
even exceeds that of all other long living, much larger rodents
such as porcupines, squirrels and beavers (Buffenstein, 2005).
A low extrinsic species mortality, associated with an existence
in a protected subterranean habitat, may have led to the evo-
lution of physiological and biochemical mechanisms promoting
somatic maintenance and extended fecundity in these rodents.
Naked mole-rats routinely survive into their third decade and
show little age-related impairment to physiological (O’Connor

 

et al

 

., 2002) or reproductive function (Sherman & Jarvis, 2002;
Buffenstein, 2005).

Although aging is a multicausal complex process, the Oxida-
tive Stress theory proposed in 1956 is currently the most widely
accepted mechanistic theory of aging (Sohal & Weindruch,
1996; Harman, 1998; Finkel & Holbrook, 2000; Melov 

 

et al

 

.,
2000). This theory posits that the somatic deterioration that
occurs with increasing age is due to the progressive accrual
of oxidative damage to cellular macromolecules (e.g. DNA,
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Potential targets for ROS in aging

The DNA Damage Response: 
senescence, checkpoints, cell proliferation 

and cancer



Aging: the price for tumor 
suppression?

A fine equilibrium between the anti-
neoplastic and pro-aging effects of p53 
may lead to the optimal lifespan for an 
organism

Cellular senescence might have evolved as a 
mechanism of tumor suppression. Therefore, 
ageing would be an antagonistically 
pleiotropic manifestation of evolutionary 
pressure to prevent malignant transformation

... but turtles can live up to 150 years

... do they form more tumors than other species?

van Gent, DC, et al. (2001). Nat Rev Genet 2, 196-206.

Double stranded DNA break repair 
by non-homologous end-joining

van Gent, DC, et al. (2001). Nat Rev Genet 2, 196-206.

Human progeroid 
syndromes

Werner syndrome

14 y 48 y

Werner syndrome is genetic recessive disorder. It is a type of 
progeria disease that occurs in adults ages twenty to thirty. 
People who are affected start to age rapidly beginning in their 
twenties and thirties and look as though they are twenty or more 
years older that what they actually are. Along with looking older 
patients develop other types of diseases and disorders that 
occur with normal aging. Werner's strikes about three in every 1 
million people worldwide, although it is slightly more common in 
Japan.

The Molecular Players of Aging

DNA damage Cell metabolism

Telomeres
GenesRos and 

mitochondria



Cellular senescence
Normal human cells have a limited 
ability to proliferate in vitro (Hayflick, 
1965) 
Growth potential of a primary cell 
declines 0.2 population doublings per 
year of life 
Correlation between the number of 
senescent cells in vivo and age of 
donor 
Cells from progeria syndrome patients 
have limited doubling potential 
Association with several molecular 
changes 
Overexpression of telomerase 
overcomes senescence; 
overexpression of ras induces 
senescence

Senescent cells accumulate with age and 
contribute to age-related disease

LETTER
https://doi.org/10.1038/s41586-018-0543-y

Clearance of senescent glial cells prevents  
tau-dependent pathology and cognitive decline
   Tyler J. Bussian1,3, Asef Aziz2,3, Charlton F. Meyer2, Barbara L. Swenson2, Jan M. van Deursen1,2 & Darren J. Baker1,2*

Cellular senescence, which is characterized by an irreversible cell-
cycle arrest1 accompanied by a distinctive secretory phenotype2, 
can be induced through various intracellular and extracellular 
factors. Senescent cells that express the cell cycle inhibitory protein 
p16INK4A have been found to actively drive naturally occurring 
age-related tissue deterioration3,4 and contribute to several 
diseases associated with ageing, including atherosclerosis5 and 
osteoarthritis6. Various markers of senescence have been observed 
in patients with neurodegenerative diseases7–9; however, a role for 
senescent cells in the aetiology of these pathologies is unknown. 
Here we show a causal link between the accumulation of senescent 
cells and cognition-associated neuronal loss. We found that the 

MAPTP301SPS19 mouse model of tau-dependent neurodegenerative 
disease10 accumulates p16INK4A-positive senescent astrocytes 
and microglia. Clearance of these cells as they arise using INK-
ATTAC transgenic mice prevents gliosis, hyperphosphorylation 
of both soluble and insoluble tau leading to neurofibrillary tangle 
deposition, and degeneration of cortical and hippocampal neurons, 
thus preserving cognitive function. Pharmacological intervention 
with a first-generation senolytic modulates tau aggregation. 
Collectively, these results show that senescent cells have a role in 
the initiation and progression of tau-mediated disease, and suggest 
that targeting senescent cells may provide a therapeutic avenue for 
the treatment of these pathologies.

1Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN, USA. 2Department of Pediatric and Adolescent Medicine, Mayo Clinic, Rochester, MN, USA. 3These authors 
contributed equally: Tyler J. Bussian, Asef Aziz. *e-mail: baker.darren@mayo.edu
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Fig. 1 | Senescent astrocytes and 
microglia that accumulate in the brains 
of MAPTP301SPS19 mice can be removed 
using the INK-ATTAC transgene. a, RT–
qPCR analysis of p16Ink4a expression in the 
hippocampus (left) and cortex (right) of wild-
type (WT) and MAPTP301SPS19 mice. The 
number of mice for each column are indicated 
in parentheses in the left-hand graph, 2 
independent experiments; normalized to 
the three-month wild-type group. b, Study 
design for the clearance of senescent cells in 
PS19;ATTAC mice. Veh., vehicle. c, RT–qPCR 
analysis of the expression of senescence 
markers in the hippocampus (left) and cortex 
(cortex) of six-month-old male mice, treated 
with either vehicle (–AP) or AP20187 (+AP). 
n = 5 mice per group; normalized to the 
ATTAC –AP group. d, Electron micrograph 
showing an X-Gal-positive astrocyte (left) 
and microglia (right) after SA-β-Gal staining, 
from a six-month-old vehicle-treated 
PS19;ATTAC male mouse. e, Quantification 
of cells containing X-Gal crystals in the 
hippocampus (left) or the cortex (right) of 
six-month-old male mice. n = 3 male mice per 
group, 2 independent experiments; the bars 
are coloured as in c. Scale bars, 1 µm (d) and 
200 nm (d, insets). Data are mean ± s.e.m. 
*P < 0.05; **P < 0.01; ***P < 0.001 (unpaired 
two-sided t-tests with Welch’s correction (a) 
and one-way ANOVA with Tukey’s multiple 
comparisons test (c, e)). Exact P values can be 
found in the accompanying Source Data.

N A T U R E | www.nature.com/nature
© 2018 Springer Nature Limited. All rights reserved.

LETTERRESEARCH

Senescent cells accumulate with ageing and have been shown to con-
tribute to tissue dysfunction11, although their role in neurodegenerative 
disease is still unknown. To address this key open question, we selected 
the transgenic mouse line MAPTP301SPS19 (hereafter PS19), which—
under the regulation of the mouse prion promoter—expresses high 
levels of mutant human tau specifically in neurons10. The model is char-
acterized by gliosis, neurofibrillary tangle (NFT) deposition, neurode-
generation and loss of cognitive function. Pathology typically initiates 
in the hippocampus and radiates outwards to the neocortex10. First, we 
performed quantitative PCR with reverse transcription (RT–qPCR) for 
p16Ink4a (also known as Cdkn2a) on isolated hippocampi and cortices 
from wild-type and PS19 littermates. A significant increase in p16Ink4a 
expression was seen in the PS19 mice beginning at four months of age 
in the hippocampus and at six months of age in the cortex (Fig. 1a), 
which precedes the onset of NFT deposition10. Importantly, increased 
expression of p16Ink4a correlated with the expression of widely estab-
lished senescence markers (Extended Data Fig. 1), indicating that 
senescent cells accumulate at sites of pathology in the PS19 model.

To investigate the role of senescent cells in the development of  
disease, we crossed the INK-ATTAC transgene (hereafter ATTAC) to the 
PS19 strain to eliminate p16Ink4a-expressing senescent cells through the 
twice-weekly administration of AP20187 (hereafter AP)3,4 from weaning  
age (Fig. 1b). Hippocampi and cortices isolated from six-month-old 
vehicle-administered PS19;ATTAC mice displayed an increased level of 
the ATTAC transgene, as measured by the expression of Casp8 and Gfp 
(Fig. 1c, Extended Data Fig. 2). Levels of senescence indicators, includ-
ing the cell-cycle regulators p16Ink4a, p19Arf (also known as Cdkn2a) and 
p21Cip1/Waf1 (also known as Cdkn1a) and the pro-inflammatory genes 
Pai1 (also known as Serpine1), Il6 and Il1b, were also increased (Fig. 1c,  
Extended Data Fig. 2). Administration of AP to PS19;ATTAC mice 

maintained the expression of these genes at a level comparable to that 
of control mice (Fig. 1c, Extended Data Fig. 2). Importantly, treatment 
of ATTAC mice that lacked the PS19 transgene with AP had no effect 
on the expression of these markers (Extended Data Fig. 2). Thus, AP 
administration effectively and selectively cleared senescent cells in the 
hippocampus and cortex of PS19;ATTAC mice.

To understand the mechanistic contribution of senescence to 
tau-mediated pathology, we sought to identify the specific cell 
types that were becoming senescent. First, we stained cortices and  
hippocampi from six-month-old vehicle-treated ATTAC and 
PS19;ATTAC mice and AP-treated PS19;ATTAC mice for  
senescence-associated-β-galactosidase (SA-β-Gal)12 and screened for 
cells that contained 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside  
(X-Gal) crystals by transmission electron microscopy13. We found that 
cells that clearly and morphologically resembled astrocytes or micro-
glia contained X-Gal crystals, irrespective of the treatment group from 
which they arose (Fig. 1d). By contrast, no crystals were found in any 
clearly identifiable neurons (Extended Data Fig. 3). Compared with 
control mice, vehicle-treated PS19;ATTAC mice had nearly double the 
number of cells containing X-Gal crystals in both the hippocampus 
and the cortex (Fig. 1e), whereas AP-treated PS19;ATTAC mice had a 
similar incidence of X-Gal crystals as control mice (Fig. 1e). To validate 
that senescence was affecting astrocytes and microglia, we performed 
fluorescence-activated cell sorting (FACS) on six-month-old wild-type  
and PS19 mice (Extended Data Fig. 4a). Isolated astrocytes and 
microglia had increased expression of senescence-associated genes, 
including p16Ink4a (Extended Data Fig. 4b, c). A similar induction 
was not observed in oligodendrocytes or neuron-enriched CD56+ 
cells (Extended Data Figs. 4d, e, 5), supporting the conclusion that 
senescence occurs primarily in astrocytes and microglia of PS19 mice. 
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Fig. 2 | Senescent cells promote insoluble tau aggregates. a, Representative  
western-blot analysis of the whole brain of six-month-old mice for soluble 
tau (top), soluble phosphorylated tau (S202/T205; middle) and insoluble 
phosphorylated tau (S202/T205; bottom). ≥3 independent experiments. 
b, Immunostaining and quantification of cortex sections from six-month-
old mice for phosphorylated tau (S202/T205) protein aggregates. n = 6 
mice per group, 3 independent experiments. c, Thioflavin-S staining 

and quantification of neurofibrillary tangles located within the dentate 
gyrus of eight-month-old mice. n = 6 mice per group, 2 independent 
experiments; normalized to the ATTAC + AP group. The bar graph is 
coloured as in b. ROI, region of interest. Scale bars, 100 µm (b) and 50 µm 
(c). Data are mean ± s.e.m. **P < 0.01; ***P < 0.001 (one-way ANOVA 
with Tukey’s multiple comparisons test). Exact P values can be found in the 
accompanying Source Data. For gel source data, see Supplementary Fig. 1.
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Senescent cells (SnCs) accumulate in many vertebrate 
tissues with age and contribute to age-related pathologies1–3, 
presumably through their secretion of factors contributing to the 
senescence-associated secretory phenotype (SASP)4–6. Removal 
of SnCs delays several pathologies7–9 and increases healthy 
lifespan8. Aging and trauma are risk factors for the development 
of osteoarthritis (OA)10, a chronic disease characterized by 
degeneration of articular cartilage leading to pain and physical 
disability. Senescent chondrocytes are found in cartilage 
tissue isolated from patients undergoing joint replacement 
surgery11–14, yet their role in disease pathogenesis is unknown. 
To test the idea that SnCs might play a causative role in OA, 
we used the p16-3MR transgenic mouse, which harbors a 
p16INK4a (Cdkn2a) promoter driving the expression of a fusion 
protein containing synthetic Renilla luciferase and monomeric 
red fluorescent protein domains, as well as a truncated form of 
herpes simplex virus 1 thymidine kinase (HSV-TK)15,16. This 
mouse strain allowed us to selectively follow and remove SnCs 
after anterior cruciate ligament transection (ACLT). We found that 
SnCs accumulated in the articular cartilage and synovium after 
ACLT, and selective elimination of these cells attenuated the 
development of post-traumatic OA, reduced pain and increased 
cartilage development. Intra-articular injection of a senolytic 
molecule that selectively killed SnCs validated these results in 
transgenic, non-transgenic and aged mice. Selective removal 
of the SnCs from in vitro cultures of chondrocytes isolated from 
patients with OA undergoing total knee replacement decreased 
expression of senescent and inflammatory markers while also 
increasing expression of cartilage tissue extracellular matrix 
proteins. Collectively, these findings support the use of SnCs as  
a therapeutic target for treating degenerative joint disease. 

To test whether SnCs contribute to OA pathogenesis, we first asked 
whether SnCs develop after articular joint injury in mice by following  

the expression of p16INK4a (also known as cyclin-dependent kinase 
inhibitor 2a; encoded by the Cdkn2a locus), a frequently used biomar-
ker for SnCs8,17–19. We induced post-traumatic OA by ACLT in 
p16-3MR transgenic mice, in which p16INK4a-positive SnCs can be 
noninvasively monitored15,16 (Supplementary Fig. 1a). Luminescence 
in the articular joint region of the p16-3MR mice increased after ACLT 
surgery (Fig. 1a,b), peaking 2 weeks after injury and decreasing there-
after to a low-level steady state that remained above the background 
level (Supplementary Fig. 1b). The mRNA level of Cdkn2a increased 
and then decreased with kinetics similar to those of the luminescence 
(Fig. 1c and Supplementary Fig. 1c). The mRNA levels of Cdkn1a 
and Il6, encoding the SASP marker IL-6 (ref. 20), were also higher 
in vehicle-treated ACLT mice than in sham-operated controls 28 d 
after ACLT, further corroborating the development of SnCs in the 
injured joint (Supplementary Fig. 1d). OA disease and cartilage 
degeneration after ACLT were confirmed histologically and through 
pain assessment. ACLT-mediated injury reduced safranin O staining 
of proteoglycans and resulted in cartilage thinning, surface irregulari-
ties and induction of type II collagen degradation (Supplementary 
Fig. 1e,f). Behavioral assessment of OA-induced pain showed that 
ACLT surgery caused decreased weight bearing on the injured leg 
and an increased latency period required for the injured hindlimb to 
reach a pain threshold after the mouse was placed on a 55 °C platform 
(Supplementary Fig. 1g).

To localize SnCs in the articular joint, we performed immunostain-
ing for p16INK4a protein and high-mobility-group box 1 (HMGB1)—an 
extracellular alarmin whose nuclear expression precedes the secretion of 
SASP components in cells undergoing senescence21,22. In vehicle-treated 
ACLT mice, p16INK4a protein was largely restricted to the superficial 
zone, where 66% of cells were positive for p16INK4a, and 65% of cells 
had little to no nuclear HMGB1 staining in articular cartilage (Fig. 1e,f). 
In contrast, in sham-operated controls, there were fewer cells positive 
for p16INK4a staining and HMGB1 was largely nuclear. We found that 
vehicle-treated p16-3MR ACLT mice, when compared to mice without 
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Senescent cells (SnCs) accumulate in many vertebrate 
tissues with age and contribute to age-related pathologies1–3, 
presumably through their secretion of factors contributing to the 
senescence-associated secretory phenotype (SASP)4–6. Removal 
of SnCs delays several pathologies7–9 and increases healthy 
lifespan8. Aging and trauma are risk factors for the development 
of osteoarthritis (OA)10, a chronic disease characterized by 
degeneration of articular cartilage leading to pain and physical 
disability. Senescent chondrocytes are found in cartilage 
tissue isolated from patients undergoing joint replacement 
surgery11–14, yet their role in disease pathogenesis is unknown. 
To test the idea that SnCs might play a causative role in OA, 
we used the p16-3MR transgenic mouse, which harbors a 
p16INK4a (Cdkn2a) promoter driving the expression of a fusion 
protein containing synthetic Renilla luciferase and monomeric 
red fluorescent protein domains, as well as a truncated form of 
herpes simplex virus 1 thymidine kinase (HSV-TK)15,16. This 
mouse strain allowed us to selectively follow and remove SnCs 
after anterior cruciate ligament transection (ACLT). We found that 
SnCs accumulated in the articular cartilage and synovium after 
ACLT, and selective elimination of these cells attenuated the 
development of post-traumatic OA, reduced pain and increased 
cartilage development. Intra-articular injection of a senolytic 
molecule that selectively killed SnCs validated these results in 
transgenic, non-transgenic and aged mice. Selective removal 
of the SnCs from in vitro cultures of chondrocytes isolated from 
patients with OA undergoing total knee replacement decreased 
expression of senescent and inflammatory markers while also 
increasing expression of cartilage tissue extracellular matrix 
proteins. Collectively, these findings support the use of SnCs as  
a therapeutic target for treating degenerative joint disease. 

To test whether SnCs contribute to OA pathogenesis, we first asked 
whether SnCs develop after articular joint injury in mice by following  

the expression of p16INK4a (also known as cyclin-dependent kinase 
inhibitor 2a; encoded by the Cdkn2a locus), a frequently used biomar-
ker for SnCs8,17–19. We induced post-traumatic OA by ACLT in 
p16-3MR transgenic mice, in which p16INK4a-positive SnCs can be 
noninvasively monitored15,16 (Supplementary Fig. 1a). Luminescence 
in the articular joint region of the p16-3MR mice increased after ACLT 
surgery (Fig. 1a,b), peaking 2 weeks after injury and decreasing there-
after to a low-level steady state that remained above the background 
level (Supplementary Fig. 1b). The mRNA level of Cdkn2a increased 
and then decreased with kinetics similar to those of the luminescence 
(Fig. 1c and Supplementary Fig. 1c). The mRNA levels of Cdkn1a 
and Il6, encoding the SASP marker IL-6 (ref. 20), were also higher 
in vehicle-treated ACLT mice than in sham-operated controls 28 d 
after ACLT, further corroborating the development of SnCs in the 
injured joint (Supplementary Fig. 1d). OA disease and cartilage 
degeneration after ACLT were confirmed histologically and through 
pain assessment. ACLT-mediated injury reduced safranin O staining 
of proteoglycans and resulted in cartilage thinning, surface irregulari-
ties and induction of type II collagen degradation (Supplementary 
Fig. 1e,f). Behavioral assessment of OA-induced pain showed that 
ACLT surgery caused decreased weight bearing on the injured leg 
and an increased latency period required for the injured hindlimb to 
reach a pain threshold after the mouse was placed on a 55 °C platform 
(Supplementary Fig. 1g).

To localize SnCs in the articular joint, we performed immunostain-
ing for p16INK4a protein and high-mobility-group box 1 (HMGB1)—an 
extracellular alarmin whose nuclear expression precedes the secretion of 
SASP components in cells undergoing senescence21,22. In vehicle-treated 
ACLT mice, p16INK4a protein was largely restricted to the superficial 
zone, where 66% of cells were positive for p16INK4a, and 65% of cells 
had little to no nuclear HMGB1 staining in articular cartilage (Fig. 1e,f). 
In contrast, in sham-operated controls, there were fewer cells positive 
for p16INK4a staining and HMGB1 was largely nuclear. We found that 
vehicle-treated p16-3MR ACLT mice, when compared to mice without 
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Senescent cells (SnCs) accumulate in many vertebrate 
tissues with age and contribute to age-related pathologies1–3, 
presumably through their secretion of factors contributing to the 
senescence-associated secretory phenotype (SASP)4–6. Removal 
of SnCs delays several pathologies7–9 and increases healthy 
lifespan8. Aging and trauma are risk factors for the development 
of osteoarthritis (OA)10, a chronic disease characterized by 
degeneration of articular cartilage leading to pain and physical 
disability. Senescent chondrocytes are found in cartilage 
tissue isolated from patients undergoing joint replacement 
surgery11–14, yet their role in disease pathogenesis is unknown. 
To test the idea that SnCs might play a causative role in OA, 
we used the p16-3MR transgenic mouse, which harbors a 
p16INK4a (Cdkn2a) promoter driving the expression of a fusion 
protein containing synthetic Renilla luciferase and monomeric 
red fluorescent protein domains, as well as a truncated form of 
herpes simplex virus 1 thymidine kinase (HSV-TK)15,16. This 
mouse strain allowed us to selectively follow and remove SnCs 
after anterior cruciate ligament transection (ACLT). We found that 
SnCs accumulated in the articular cartilage and synovium after 
ACLT, and selective elimination of these cells attenuated the 
development of post-traumatic OA, reduced pain and increased 
cartilage development. Intra-articular injection of a senolytic 
molecule that selectively killed SnCs validated these results in 
transgenic, non-transgenic and aged mice. Selective removal 
of the SnCs from in vitro cultures of chondrocytes isolated from 
patients with OA undergoing total knee replacement decreased 
expression of senescent and inflammatory markers while also 
increasing expression of cartilage tissue extracellular matrix 
proteins. Collectively, these findings support the use of SnCs as  
a therapeutic target for treating degenerative joint disease. 

To test whether SnCs contribute to OA pathogenesis, we first asked 
whether SnCs develop after articular joint injury in mice by following  

the expression of p16INK4a (also known as cyclin-dependent kinase 
inhibitor 2a; encoded by the Cdkn2a locus), a frequently used biomar-
ker for SnCs8,17–19. We induced post-traumatic OA by ACLT in 
p16-3MR transgenic mice, in which p16INK4a-positive SnCs can be 
noninvasively monitored15,16 (Supplementary Fig. 1a). Luminescence 
in the articular joint region of the p16-3MR mice increased after ACLT 
surgery (Fig. 1a,b), peaking 2 weeks after injury and decreasing there-
after to a low-level steady state that remained above the background 
level (Supplementary Fig. 1b). The mRNA level of Cdkn2a increased 
and then decreased with kinetics similar to those of the luminescence 
(Fig. 1c and Supplementary Fig. 1c). The mRNA levels of Cdkn1a 
and Il6, encoding the SASP marker IL-6 (ref. 20), were also higher 
in vehicle-treated ACLT mice than in sham-operated controls 28 d 
after ACLT, further corroborating the development of SnCs in the 
injured joint (Supplementary Fig. 1d). OA disease and cartilage 
degeneration after ACLT were confirmed histologically and through 
pain assessment. ACLT-mediated injury reduced safranin O staining 
of proteoglycans and resulted in cartilage thinning, surface irregulari-
ties and induction of type II collagen degradation (Supplementary 
Fig. 1e,f). Behavioral assessment of OA-induced pain showed that 
ACLT surgery caused decreased weight bearing on the injured leg 
and an increased latency period required for the injured hindlimb to 
reach a pain threshold after the mouse was placed on a 55 °C platform 
(Supplementary Fig. 1g).

To localize SnCs in the articular joint, we performed immunostain-
ing for p16INK4a protein and high-mobility-group box 1 (HMGB1)—an 
extracellular alarmin whose nuclear expression precedes the secretion of 
SASP components in cells undergoing senescence21,22. In vehicle-treated 
ACLT mice, p16INK4a protein was largely restricted to the superficial 
zone, where 66% of cells were positive for p16INK4a, and 65% of cells 
had little to no nuclear HMGB1 staining in articular cartilage (Fig. 1e,f). 
In contrast, in sham-operated controls, there were fewer cells positive 
for p16INK4a staining and HMGB1 was largely nuclear. We found that 
vehicle-treated p16-3MR ACLT mice, when compared to mice without 
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Senolytic drugs contrast aging 
phenotypes

Senolytic drugs: drugs 
that preferentially kill 
senescent cells 
In old mice, or mice 
‘aged’ with senescent 
cells, as senolytic drugs 
(dasatinib and 
quercetin) increase 
remaining lifespan by 
36%, enhance 
healthspan, reduce frailty 
and delay age-related 
diseases

Senolytics improve physical function and increase lifespan in old age, Nature Medicine, August 2018

Replicatively senescent: 
≥ PDL 45 
≥ 90 d in culture 
≥ 50 % SA-betaGal positive 
≤ 10 % proliferation

High throughput screening to identify microRNAs 
bypassing cellular senescence

Nadja Ring

High throughput screening identifies microRNAs 
bypassing cellular senescence

8 miRNAs ≥ 3-fold proliferation increase

31 miRNAs ≥ 2-fold proliferation increase 

442 miRNAs ≥ 3-fold proliferation decrease

Screening results: top hits



Telomeres are shortened during cellular 
senescence

Vertebrate telomeres are 
long stretches (1-50 kb) 
of dsDNA containing the 
repetitive sequence 
TTAGGG, which 
terminate in 100-200 
bases of ss TTAGGG at 
the 3’ end. 
This 3’ overhang circles 
back end embed in the 
duplex DNA

The extended telomeric cap helps 
maintain the stability of the genome

Chromosome

DNA

Telomeres uncapping causes a DNA 
damage response

Telomere uncapping (disruption of the proper structure of the protective cap) 
seems to be recognised as a dsDNA break, activating the DNA damage 
machinery.

Senescent telomeres 
lose some of their 
single-stranded portion 
- the telomeric 
overhang - which is 
crucial for the 
maintenance of the T-
loop and the 
subsequent formation 
of the cap

In normal human cells, at every replication 
cycle the telomere looses its terminal part 
and gets shortened

Telomeres

Cells age if telomeres are shortened but 
senescence is delayed if the telomerase is 
produced and telomeres can be restored

Short telomeres are associated to senescence but there is no 
proof that telomere shortening is causative in aging

The Molecular Players of Aging

DNA damage Cell metabolism

Telomeres
GenesRos and 

mitochondria

Is longevity controlled by a 
genetic (biologic) program?

C. elegans: at 20°C it lives, on average, 17 days, 
with a maximum of 25 days; in conditions of high 
density and food, it transforms into a larval form 
(dauer), which that does not reproduce and lives 60 
days 
Social insects: queens and workers are born from 
the same eggs fertilized by the same drone; 
workers live a few weeks in summer and a few 
months in winter; queens live several years 

Some animals (turtles, deep water fishes, american 
lobster) age very slowly; these animals show no limit 
to body mass increase



Fertile queens and sterile workers are alternative forms of the adult female 
honeybee that develop from genetically identical larvae following differential 
feeding with royal jelly.
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Epigenetic control of longevity 
and reproductive status

Other interesting organisms
Semelparous organisms (once-only reproducing 
species; e.g. Pacific salmon, marsupial male rat; 
also called "Big Bang animals"). Die 
immediately after mating. Most probably, the 
mechanism is not active, and due to the fact that 
natural selection has evolved that a massive 
effort is made to mobilize all available resources 
to maximize reproductive success, even if this 
leaves the adult so severely depleted or 
damaged that death ensues. This is most likely to 
occur where ecological circumstances decree 
that the chance of surviving to breed again are 
very small (an extreme example of the 
"disposable soma theory"). 
Hydra. Show slow or negligible rate of 
senescence. These organisms are capable of 
undergoing complete regeneration from almost 
any part of their structure, implying that germ 
cells permeate the body that there is no true 
distinction between germline and somatic tissue.

The "genes of 
aging"

Mutation in single genes 
decrease life span

Mutants in the IIS pathway with 
extended lifespan in the mouse

Ames and Snell Dwarf mice: miss 
the growth hormone-IGF-1 axis and 
other pituitary hormones due to 
mutations in the pit-1 gene 
Little mice: mutations in the GH-
releasing hormone receptor  
KO mice for ligands (insulin, IGF1, 
IGF2) 
KO mice for receptors (IR, IFG1R, 
GHR) 
KO mice for immediate 
downstream signaling molecules 
(IRS proteins and other adaptor 
molecules including p66Shc)

Cell growth and 
proliferation

Glucose uptake 
and metabolic 

activity

Dwarf mice with mutations that delete the 
IGF-1 receptor or the GH receptor, which 
reduces functioning of the insulin/IGF-1 
signaling pathway, live longer than normal mice.

There is a complex relationship between size and longevity in mammals: 

Larger species live longer, whereas 
the opposite is true within a 

species

The ‘rate of living’ theory of aging



The Molecular Players of Aging

DNA damage Cell metabolism

Telomeres
GenesRos and 

mitochondria

Genetic studies indicate that the 
major genetic determinant of 
replicative life span in yeast is 
SIR2 (loss-of-function mutations 
shorten life span, increased gene 
dosage extend it). 
The SIR2 ortholog in C. elegans is a 
key determinant of life span in this 
animal. 
The fact that yeast and C. elegans 
diverged from a common ancestor 
about one billion years ago 
suggests that all the descendants of 
that ancestor (including mammals) 
will possess SIR2-related genes 
involved in regulating their life span.

Sir2 genes and aging

Sirt1



Resveratrol

3,4',5-trihydrody-trans-stilbene 
a phytoalexin produced naturally by several 
plants, including berries and grape, especially 
when under attack by pathogens such as 
bacteria or fungi 
Activates SIR2 in yeast and Sirt1 in mammals 
Extends life span in yeast, worm and flies (Baur 
& Sinclair, 2006)
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hyperacetylation of the pro-autophagic transcriptional factor
Foxo1 has been observed in aged mouse hearts (Ren et al.,
2017). Moreover, CR deacetylates histones H3 and H4 in mouse
fat pads (Xu et al., 2015) and reduces the levels of biotin, which
acts as an endogenous inhibitor of SIRT1 (Xu et al., 2015). Both
histone deacetylation and deacetylation of cytosolic proteins
may affect the expression and activity, respectively, of auto-
phagy-relevant proteins (Eisenberg et al., 2009; Mariño et al.,
2014). Both in mice and in humans, acute starvation causes a
reduction of the acetylation of cytoplasmic proteins in peripheral
blood mononuclear cells (Pietrocola et al., 2017). However,
every-other-day fasting increases histone acetylation in the
mouse retina (Guo et al., 2016), and acetylation is reduced in
aged mouse livers, a phenomenon that is reversed by CR, which
causes hepatic protein hyperacetylation (Sato et al., 2017). This
is at odds with chronic alcohol abuse, which leads to NAD+

depletion and SIRT inhibition, resulting in hyperacetylation of
multiple proteins in the liver (such as AMPK, b-catenin, histone
H3, and the transcription factors SREBB2, PPARa, FOX01,
NFkB, and NFAT) (French, 2016). Therefore, the impact of CR
on acetylation might depend on tissue, cell type, and the precise
protein species. Indeed, one study reports that CR causes
hyperacetylation of mitochondrial proteins in the liver and re-
duces acetylation in brown adipose tissue, yet it fails to affect
the acetylation of mitochondrial proteins from other tissues
(Schwer et al., 2009).

CR Mimetics
Despite the uncontestable health-promoting effects of CR, most
individuals are unable to observe a CR lifestyle, likely explaining

some failures in observational clinical studies (Redman et al.,
2018). Although long-term compliance may be improved by
periodic fasting regimens, pharmacological approaches that
induce autophagy without the subjective discomfort linked to
CR or periodic fasting are warranted. Indeed, several CR
mimetics (CRMs) improve health parameters in rodents and
humans (see below). We previously defined CRMs as com-
pounds that activate autophagy by promoting the deacetylation
of cellular proteins (Madeo et al., 2014), by (1) depleting AcCoA,
(2) inhibiting acetyltransferases, and/or (3) stimulating deacety-
lases (Figure 2).
This definition reflects the fact that protein acetylation usually

inhibits autophagy, while protein deacetylation favors auto-
phagy. For instance, starvation is coupled to the inhibition of
the acetyltransferase EP300 (due to the depletion of AcCoA),
as well as to the activation of the deacetylase SIRT1 (due to
the increase of the NAD+/NADH ratio and the activation of
AMPK). This results in the deacetylation of hundreds of cellular
proteins (Morselli et al., 2011), reflecting multipronged regulatory
effects on cell metabolism and the autophagic cascade. A
systematic screen for KATs, the inhibition of which would induce
autophagy, led to the identification of EP300 as a major negative
regulator of autophagy that acts epistatic to starvation (Mariño
et al., 2014).
Interestingly, EP300 is subjected to activating phosphorylation

by mTORC1 (Wan et al., 2017), while conversely, inhibition of
EP300 generally results in mTORC1 inhibition (Pietrocola et al.,
2015), suggesting that both regulatory systems are intertwined.
Similarly, protein deacetylation may be connected to the activa-
tion of AMPK, a potent autophagy inducer. Thus, deacetylation

Figure 2. Mechanistic Targets of Known and Potential CRMs
The displayed compounds (known CRMs shown in red, potential CRMs in black) converge in protein deacetylation via acetyl-CoA depletion, inhibition of
acetyltransferases, or stimulation of deacetylases, ultimately resulting in autophagy activation. Moreover, AMP-activated protein kinase (AMPK) andmechanistic
target of rapamycin (mTOR) represent further targets of CRMs, the pro-autophagic activity of which is intertwined with protein deacetylation processes. ACLY,
ATP citrate lyase; BECN1, Beclin 1; CA, caffeic acid; CAEA, caffeic acid ethanolamide; CAPE, caffeic acid phenyl ester; EGCG, Epigallocatechin-3-gallate; GA,
gallic acid; HCA, hydroxycitric acid; KATs, lysine acetyltransferases; KDACs, lysine deacetylases; NMN, nicotinamide mononucleotide; NR, nicotinamide
riboside; PI3K-3, phosphatidylinositol 3-kinase catalytic subunit type 3.
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PerspectiveAMPK activation promotes authophagy
healthspan in numerous model organisms, including mice
(Eisenberg et al., 2009). As a catabolic process, autophagy is
induced upon nutrient deprivation and plays an important role
in the beneficial effects exerted by CR and fasting regimens.
CR modulates several molecular key players involved in the
regulation and execution of autophagy, nutrient signaling, and
energy metabolism (Figure 1). For instance, CR activates
AMP-activated protein kinase (AMPK) (Cantó and Auwerx,
2011). AMPK is an energy sensor that inhibits the kinase activity
of mechanistic target of rapamycin (mTOR), an autophagy
repressor, under CR. Furthermore, CR directly and indirectly ac-
tivates sirtuins (SIRTs), which are nicotine adenine dinucleotide
(NAD+)-dependent lysine deacetylases (KDACs) and play central
roles during aging and autophagy (Guarente, 2007). SIRT1 and
AMPK may engage in a positive feedforward loop to amplify
the response to CR.
Protein acetylation is a major regulator of autophagy. The

N 3-acetylation of lysines is a phylogenetically conserved, post-
translational protein modification that is catalyzed by lysine
acetyltransferases (KATs) and reversed by KDACs. N 3-acetyla-
tion regulates multiple metabolic enzymes, facilitating the adap-
tation to nutrient availability. Of note, N 3-acetylationmay occur in
a non-enzymatic fashion in the presence of AcCoA, especially at
an acidic pH (James et al., 2017). There are four ways to diminish
N 3-acetylation of proteins: (1) by reducing the concentration of
cytosolic AcCoA, the sole donor of acetyl groups used by
KATs, e.g., via inhibition of its synthesis from glycolysis, b-oxida-
tion of fatty acids, or the catabolism of branched amino acids, or
via increase of its consumption, for instance by carnitine acetyl-
transferases that transfer AcCoA acetyl groups on carnitine; (2)
by degrading S-acetyl glutathione by mitochondrial thioesterase
glyoxalase 2, GLO2, or cytosolic GLO1, thus reducing intermedi-

ates for non-enzymatic N 3-acetylation; (3) by activating specific
KDACs, mostly SIRTs; and (4) by inhibiting KATs such as E1A-
binding protein p300 (EP300). Notably, SIRT1 activity is low in
aged and obese mice. This correlates with the inhibitory hyper-
acetylation of SIRT3, and transgenic activation of SIRT3 may
improve the hepatic consequences of obesity including glucose
intolerance (Kwon et al., 2017). Moreover, in mice, transgene-
enforced overexpression of SIRT6 (Kanfi et al., 2012) or brain-
specific expression of SIRT1 (Satoh et al., 2013) is sufficient to
extend lifespan. In an earlier study, however, whole-body over-
expression of SIRT1 did not extend lifespan (Herranz et al.,
2010). Similarly, another report observed no lifespan extension
upon overexpression of the SIRTs sir-2.1 and dSir2 in the
nematode Caenorhabditis elegans and the fruit fly Drosophila
melanogaster, respectively (Burnett et al., 2011), thus contradict-
ing previous results (Bauer et al., 2009; Rogina et al., 2002;
Tissenbaum and Guarente, 2001). While it seems clear that
SIRTs exert important functions related to healthy aging, their
specific role in promoting longevity remains to be clarified
(Dang, 2014).
Interestingly, autophagy and protein acetylation are subjected

to circadian fluctuations (Sato et al., 2017). This oscillation is lost
with aging and has been proposed as a modulatory target of CR
(Sato et al., 2017). The maintenance of rhythmic (de)acetylation
by CR is hypothetically linked to increased NAD+ levels, coupled
to SIRT1 activation and rhythmic changes in the inhibitory acet-
ylation of acetyl-CoA-generating acyl-CoA synthase short-chain
family member 1 (ACSS1) (Sato et al., 2017). In aged flies, protein
acetylation is increased, a phenomenon that can be attenuated
by reducing the AcCoA-generating enzyme ATP citrate lyase
(ACLY) or by mutating the KAT Chameau, resulting in an
extended lifespan (Peleg et al., 2016). Similarly, the inhibitory

Figure 1. Physiological and Molecular Effects of Caloric Restriction
Caloric restriction reverses aging-derived effects by igniting numerous pathways involved in the improvement of health parameters. AMPK, AMP-activated
protein kinase; CVD, cardiovascular disease; mTOR, mechanistic target of rapamycin; TNFa, tumor necrosis factor alpha; QOL, quality of life.
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And so, what 
can we do?

According to tradition, the natives of Hispaniola, Puerto 
Rico and Cuba told the early Spanish that in Bimini 
(Beniny), a land to the north, there was a river, spring or 
fountain where waters had such miraculous curative 
powers that any old person who bathed in them would 
regain his youth. About the time of Columbus's first 
voyage, says the legend, an Arawak chief named 
Sequene, inspired by the fable of the curative waters, had 
migrated from Cuba to southern Florida. It seems that other 
parties of islanders had made attempts to find Bimini, 
which was generally described as being in the region of 
the Bahamas. 

Juan Ponce de Leon (1460-1521), who had been with 
Columbus on his second voyage in 1493 and who had 
later conquered and become governor of Puerto Rico, is 
supposed to have learned of the fable from the Indians. 
The fable was not new, and probably Ponce de Leon was 
vaguely cognizant of the fact that such waters had been 
mentioned by medieval writers, and that Alexander the 
Great had searched for such waters in eastern Asia. A 
similar legend was known to the Polynesians, whose 
tradition located the fountain of perpetual youth in Hawaii.

Antiaging therapies
(i) In mice, modest effects with some antioxidants and no effects 

with α-lipoic acid (antioxidant) or coenzyme Q10 (which 
increases electron transport and has antioxidant activities) 

(ii) Resveratrol (sirtuin activator) 
(iii) AMPK activators (aspirin?) 
(iv) Antinflammatory agents (aspirin and nitroflurbiprofen) 
(v) 4-hydrody-phenyl-N-ter-butyl nitrone (free radical scavenger) 
(vi) Nordihydroguarietic acid (lipoxygenase inhibitor with structural 

similarity to resveratrol) 
(vii) Drugs that regulate cholesterol metabolism (genetically, a 

relationship exists between exceptional longevity and variants of 
several genes affecting lipoprotein metabolism) 

(viii) Rapamycin and other mTOR inhibitors 
(ix) Ongoing genetic screens in C. elegans, Drosophila and 

mammalian cells aimed at the identification of drugs, siRNAs 
and microRNAs that increase life span

Dietary restriction extends lifespan in S. cerevisiae, C. elegans, D. 
melanogaster, rodents and primates. 
CR = 60-70% of what an animal would eat at libitum
In rodents CR results in as much as a 50% increase in rodent longevity 
Physiological effects of CR: acute phase  followed by an adaptive period 
of several weeks to reach a stable, altered physiological state 
characterized by lower body temperature (possible marker for metabolic 
rate), lower blood glucose and insulin levels and reduced fat and weight. 
The CR animals are more resistant to external stressors, including heat 
and oxidative stress; organs are typically smaller (except for the brain) 
CR may represent an adaptation to scarcity in a boom and bust cycle; any 
organism that could slow aging and reproduction in times of scarcity and 
remain able to reproduce when food reappeared would enjoy a 
competitive advantage. Extremes examples are the formation of spored in 
microbes and dauer larvae in C. elegans 
CR animals are resistant to disease, including cancer and infections

Caloric restriction (CR) is the most effective environmental 
method to increase lifespan (and to prevent late-onset 
diseases!)



Caloric restriction (undernutrition without 
malnutrition)
Slows multiple age-related changes, delays the onset of 
cancer and multiple other age-related pathologies, and 
extends life span 
Periodic food deprivation (every-other-day intermittent feeding) 
may induce similar physiologic effects even when average 
caloric intake is not different from ad libitum intake 

CALERIE (Comprehensive Assessment of Long-term Effects of 
Restricted Intake of Energy Intake) trial: has tested effects of 
2-3 years of CR (20-30% reduction) in young and middle-aged 
nonobese persons
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640 kcal lunch, and 190 kcal dinner) experienced more 
weight loss and higher glucose tolerance and insulin 
sensitivity than control women randomly assigned to an 
isocaloric diet with a later meal pattern (190 kcal break-
fast, 640 kcal lunch, and 980 kcal dinner)35. However, 
although preliminary findings from these interven-
tions are promising, further well- conducted RCTs are  
warranted to understand their real clinical applicability.

Macronutrient composition and diet quality . Dietary 
composition, and in particular protein and fat intake 
from animal sources, can also affect metabolic health and 
the risk of developing CVD. In contrast to the widespread 
and unsupported belief that high- protein diets combat 
obesity and its associated health conditions, accumulat-
ing evidence points instead to a restriction of protein or 
specific amino acids in the diet as an important factor 
in increasing health span and metabolic health2,36. In 
mice, both methionine restriction and a reduction of the 
protein:carbohydrate ratio increase health and lifespan 
by up to 30%37,38. Methionine restriction, even when 
implemented in mice aged 12 months, causes a decrease 
in visceral fat and improves glucose tolerance and insu-
lin sensitivity in both lean and diet- induced obese mice 
by increasing hepatic expression levels of the insulin- 
sensitizing hormone fibroblast growth factor 21 and 
reducing hepatic lipogenic gene expression37,39.

Data indicate that selective reduction of branched- 
chain amino acids (BCAAs) has a crucial role in regu-
lating insulin sensitivity as well. The circulating levels of 
BCAAs are higher in insulin- resistant humans and in  
several rodent models of diet- induced obesity, and 
BCAA supplementation impairs insulin sensitivity40. 
By contrast, restriction of dietary BCAAs is as effective 
as reduction of dietary protein in improving glucose tol-
erance, alleviating β- cell metabolic stress, and reducing 
adiposity in both mice and humans41. Indeed, selective 
restriction of the BCAAs can completely restore meta-
bolic health in diet- induced obese mice consuming an 

unhealthy Western diet42. In RCTs of individuals who are 
overweight or obese, a high- protein diet, which involved 
increased consumption of dairy and meat products and 
whey protein supplementation for 6–18 weeks, decreased 
insulin sensitivity43,44. Moreover, another trial indi-
cated that adding whey protein to the low- calorie diet  
(to increase protein intake from 0.8 g/kg per day to 1.3 g/kg  
per day) of postmenopausal women with obesity com-
pletely prevented the beneficial effect of 10% weight loss 
on insulin- mediated glucose disposal, measured using 
the hyperinsulinaemic–euglycaemic clamp procedure45.

Excessive consumption of food of animal origin can 
affect cardiovascular health in several other ways. For 
example, many epidemiological studies have shown that 
limiting the intake of saturated fatty acids from animal 
foods is associated with lower serum LDL- cholesterol 
concentration and lower incidence of coronary heart 
disease. Replacing 5% of energy intake from saturated 
fat with an equivalent quantity of energy from poly-
unsaturated fats, monounsaturated fats, or carbohydrates 
from whole grains is estimated to be associated with 
a 25%, 15%, and 9% reduced risk of coronary heart 
disease, respectively46. By contrast, substituting refined 
carbohydrates for saturated fats is linked to an increased 
risk of CVD46. Data from several RCTs have shown that 
substituting vegetable polyunsaturated fat for saturated 
fat decreases CVD by roughly 30%47. Nutritional modu-
lation of gut microbiome structure and function also  
seems to have a role in shaping metabolic and cardiovas-
cular health48,49. For example, trimethylamine- N-oxide,  
a gut bacteria derivative metabolite of l- carnitine and cho-
line, which are abundant in red meat, eggs, and cheese, 
increases platelet aggregation, vascular inflammation, 
endothelial dysfunction, and cardiovascular mortality50.

The consumption of a variety of foods rich in fibre, 
vitamins, and phytochemicals, which is typical of the tra-
ditional Mediterranean diet, can exert additional cardio-
metabolic benefits51–53. For example, nutrients contained 
in nuts and seeds, such as ω6 and ω3 polyunsaturated 
fatty acids and plant sterols, might have a substantial role 
in lowering LDL- cholesterol level. Data from multiple 
epidemiological studies suggest that consuming five serv-
ings of nuts per week is linked with a 40–60% decrease in 
major CVD events, and in a clinical trial, consuming a 
range of cholesterol- lowering foods (such as nuts, plant 
sterol ester, soy protein, and viscous fibres from grains and 
psyllium) caused a significant 13% reduction in serum 
LDL- cholesterol level54,55. Indeed, phytosterols and water- 
soluble fibre, which can be found in high concentrations 
in beans, whole grains, nuts, and fruits, can limit the  
(re) absorption of bile acids and cholesterol in the small 
intestine and consequently increase the liver uptake of 
LDL56,57. The traditional Mediterranean diet, which is 
characterized by a low consumption of animal products 
and high intake of vegetables, minimally processed grains, 
beans, nuts, seeds, fruits, and extra- virgin olive oil, and a 
moderate intake of red wine, is very high in antioxidant and 
anti- inflammatory compounds, such as vitamin E, vitamin 
C, β- carotene, selenium, and flavonoid phytochemicals51. 
In the PREDIMED primary prevention RCT58,59, individ-
uals at high cardiometabolic risk randomly assigned to a  
Mediterranean diet, supplemented with extra- virgin olive 
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adrenal activity
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Fig. 1 | Unhealthy lifestyles and disease risk. Unhealthy lifestyle effectors, including 
excessive calorie intake, unhealthy diet, sedentary lifestyle, mental stress, and smoking, 
modulate important metabolic and hormonal factors associated with the development 
of the most common age- associated chronic diseases. IGFBP1, insulin- like growth 
factor- binding protein 1; NAFLD, nonalcoholic fatty liver disease; SHBG, sex  
hormone- binding globulin.
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Unhealthy lifestyle and disease risk

Most prevalent chronic diseases share a common metabolic substrate

640 kcal lunch, and 190 kcal dinner) experienced more 
weight loss and higher glucose tolerance and insulin 
sensitivity than control women randomly assigned to an 
isocaloric diet with a later meal pattern (190 kcal break-
fast, 640 kcal lunch, and 980 kcal dinner)35. However, 
although preliminary findings from these interven-
tions are promising, further well- conducted RCTs are  
warranted to understand their real clinical applicability.

Macronutrient composition and diet quality . Dietary 
composition, and in particular protein and fat intake 
from animal sources, can also affect metabolic health and 
the risk of developing CVD. In contrast to the widespread 
and unsupported belief that high- protein diets combat 
obesity and its associated health conditions, accumulat-
ing evidence points instead to a restriction of protein or 
specific amino acids in the diet as an important factor 
in increasing health span and metabolic health2,36. In 
mice, both methionine restriction and a reduction of the 
protein:carbohydrate ratio increase health and lifespan 
by up to 30%37,38. Methionine restriction, even when 
implemented in mice aged 12 months, causes a decrease 
in visceral fat and improves glucose tolerance and insu-
lin sensitivity in both lean and diet- induced obese mice 
by increasing hepatic expression levels of the insulin- 
sensitizing hormone fibroblast growth factor 21 and 
reducing hepatic lipogenic gene expression37,39.

Data indicate that selective reduction of branched- 
chain amino acids (BCAAs) has a crucial role in regu-
lating insulin sensitivity as well. The circulating levels of 
BCAAs are higher in insulin- resistant humans and in  
several rodent models of diet- induced obesity, and 
BCAA supplementation impairs insulin sensitivity40. 
By contrast, restriction of dietary BCAAs is as effective 
as reduction of dietary protein in improving glucose tol-
erance, alleviating β- cell metabolic stress, and reducing 
adiposity in both mice and humans41. Indeed, selective 
restriction of the BCAAs can completely restore meta-
bolic health in diet- induced obese mice consuming an 

unhealthy Western diet42. In RCTs of individuals who are 
overweight or obese, a high- protein diet, which involved 
increased consumption of dairy and meat products and 
whey protein supplementation for 6–18 weeks, decreased 
insulin sensitivity43,44. Moreover, another trial indi-
cated that adding whey protein to the low- calorie diet  
(to increase protein intake from 0.8 g/kg per day to 1.3 g/kg  
per day) of postmenopausal women with obesity com-
pletely prevented the beneficial effect of 10% weight loss 
on insulin- mediated glucose disposal, measured using 
the hyperinsulinaemic–euglycaemic clamp procedure45.

Excessive consumption of food of animal origin can 
affect cardiovascular health in several other ways. For 
example, many epidemiological studies have shown that 
limiting the intake of saturated fatty acids from animal 
foods is associated with lower serum LDL- cholesterol 
concentration and lower incidence of coronary heart 
disease. Replacing 5% of energy intake from saturated 
fat with an equivalent quantity of energy from poly-
unsaturated fats, monounsaturated fats, or carbohydrates 
from whole grains is estimated to be associated with 
a 25%, 15%, and 9% reduced risk of coronary heart 
disease, respectively46. By contrast, substituting refined 
carbohydrates for saturated fats is linked to an increased 
risk of CVD46. Data from several RCTs have shown that 
substituting vegetable polyunsaturated fat for saturated 
fat decreases CVD by roughly 30%47. Nutritional modu-
lation of gut microbiome structure and function also  
seems to have a role in shaping metabolic and cardiovas-
cular health48,49. For example, trimethylamine- N-oxide,  
a gut bacteria derivative metabolite of l- carnitine and cho-
line, which are abundant in red meat, eggs, and cheese, 
increases platelet aggregation, vascular inflammation, 
endothelial dysfunction, and cardiovascular mortality50.

The consumption of a variety of foods rich in fibre, 
vitamins, and phytochemicals, which is typical of the tra-
ditional Mediterranean diet, can exert additional cardio-
metabolic benefits51–53. For example, nutrients contained 
in nuts and seeds, such as ω6 and ω3 polyunsaturated 
fatty acids and plant sterols, might have a substantial role 
in lowering LDL- cholesterol level. Data from multiple 
epidemiological studies suggest that consuming five serv-
ings of nuts per week is linked with a 40–60% decrease in 
major CVD events, and in a clinical trial, consuming a 
range of cholesterol- lowering foods (such as nuts, plant 
sterol ester, soy protein, and viscous fibres from grains and 
psyllium) caused a significant 13% reduction in serum 
LDL- cholesterol level54,55. Indeed, phytosterols and water- 
soluble fibre, which can be found in high concentrations 
in beans, whole grains, nuts, and fruits, can limit the  
(re) absorption of bile acids and cholesterol in the small 
intestine and consequently increase the liver uptake of 
LDL56,57. The traditional Mediterranean diet, which is 
characterized by a low consumption of animal products 
and high intake of vegetables, minimally processed grains, 
beans, nuts, seeds, fruits, and extra- virgin olive oil, and a 
moderate intake of red wine, is very high in antioxidant and 
anti- inflammatory compounds, such as vitamin E, vitamin 
C, β- carotene, selenium, and flavonoid phytochemicals51. 
In the PREDIMED primary prevention RCT58,59, individ-
uals at high cardiometabolic risk randomly assigned to a  
Mediterranean diet, supplemented with extra- virgin olive 
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Fig. 1 | Unhealthy lifestyles and disease risk. Unhealthy lifestyle effectors, including 
excessive calorie intake, unhealthy diet, sedentary lifestyle, mental stress, and smoking, 
modulate important metabolic and hormonal factors associated with the development 
of the most common age- associated chronic diseases. IGFBP1, insulin- like growth 
factor- binding protein 1; NAFLD, nonalcoholic fatty liver disease; SHBG, sex  
hormone- binding globulin.
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Cardiovascular ageing is a biological phenomenon 
caused by the accumulation of cellular, tissue, and organ 
damage with time leading to a progressive decline in 
function and structure. Some build- up of molecular 
damage with advancing age is inevitable. For example, 
our arteries and heart become stiffer and more fibrotic, 
and our maximal heart rate declines linearly as we grow 
older. However, ageing does not itself cause cardiovas-
cular disease (CVD). Instead, a persistent exposure to 
unhealthy lifestyles (including excessive calorie intake, 
poor nutrition, sedentary lifestyle, psychological stress, 
and smoking) accelerates cardiovascular functional deteri-
oration and drastically increases the risk of developing 
one or more of the following conditions: coronary heart 
disease, stroke, heart failure, aortic aneurysm, periph-
eral artery disease, vascular dementia, chronic nephro-
pathies, nonalcoholic fatty liver disease, and some of the 
most common types of cancer. For example, excessive 
energy intake and central adiposity cause insulin resist-
ance, type 2 diabetes mellitus (T2DM), inflammation, 
dyslipidaemia, elevated blood pressure, oxidative stress, 
and many other metabolic and hormonal alterations 
that trigger a number of detrimental molecular and 
cellular adaptations leading to functional and structural  
CVDs1 (FIG. 1).

This Review discusses findings from experimental and 
human studies indicating that calorie restriction (CR) with 

adequate nutrition is a powerful intervention not only for 
the prevention of CVD but also for slowing the accumu-
lation of molecular damage leading to accelerated ageing. 
Data indicate that both intermittent fasting and adjusted 
diurnal rhythm of feeding, lowered intake of protein and 
specific amino acids, and the nutritional modulation of 
the microbiome can also be important2. Furthermore, 
we discuss a number of other nondietary interventions, 
such as regular physical activity, mindfulness- based stress- 
reduction exercises, and some CR- mimetic drugs, that 
have been shown to have a role in preventing CVD.

Nutritional modulation
Calorie restriction. CR without malnutrition is the most 
powerful intervention for slowing ageing and for pre-
venting multiple age- associated chronic diseases, includ-
ing cardiomyopathy, nephropathy, neurodegeneration, 
cancer, and autoimmune diseases in rodents and other 
model organisms3,4. In particular, CR has a striking effect 
in preventing the typical and dramatic accumulation of 
cardiomyopathic degenerative fibrotic and thrombotic 
lesions that occurs in ad libitum- fed rodents with time5.  
Although nearly all mouse strains are resistant to athero-
sclerosis even when fed an atherogenic diet, data from 
genetic murine models of atherosclerosis (such as Apoe−/− 
mice and Ldlr−/− mice) indicate that animals placed on a 
40% CR diet have 33–75% smaller athero sclerotic lesions 
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oil or nuts, had a significant reduction in circulating levels 
of oxidized LDL and inflammatory markers and, over a 
median follow- up of 4.8 years, had an approximately 30% 
reduction in incidence of major cardiovascular events. 
Other compounds found in fish and extra- virgin olive 
oil, such as ω3 fatty acids and oleocanthal, might exert 
additional anti- inflammatory and platelet antiaggregant 
activities by inhibiting the NLRP3 inflammasome and 
cyclooxygenase activity, respectively60,61.

Exercise- induced modulation
Physical exercise is essential for cardiovascular health 
because mammalian evolution occurred in the con-
text of vigorous physical activity. Selective pressures 
dictated by the hunter–gatherer lifestyle shaped the 
human genome over ~2 million years. Not surprisingly, 
numerous epidemiological studies have shown that 
reduced physical activity and low aerobic capacity are 
strong and independent predictors of CVD mortality, 
although higher levels of physical exercise do not elim-
inate the higher risk of death associated with excessive 
adiposity62,63. For example, in women, brisk walking for 
30 min daily (5 days per week) lowers the risk of devel-
oping CVD by 30% and reduces the use of medications 
for hypertension, T2DM, and hypercholesterolaemia64,65. 
Moreover, data from a meta- analysis support a role of 
extended sedentary time in increasing risk of develop-
ing and dying from CVD, independent of the number of 
exercise sessions per week66.

Aerobic endurance exercise . Experimental data show 
that regular endurance exercise has a powerful effect on 
improving metabolic and cardiovascular health, even if 
it seems not to slow ageing per se. Indeed, in a number of 
experiments conducted by Holloszy and colleagues, exer-
cise in the form of voluntary wheel running increased 

average lifespan but did not increase maximal lifespan 
despite decreasing availability of energy for growth, cell 
proliferation, and other processes and despite having a 
greater protective effect against body fat accumulation 
and development of insulin resistance with advancing 
age than CR that caused a similar decrease in availabil-
ity of energy67 (FIG. 4). Multiple mechanisms mediate the 
beneficial effects of endurance exercise on cardiometa-
bolic health, including a protective effect against abdom-
inal obesity by increasing mitochondrial biogenesis and 
the consumption of oxygen and calories14,68,69; increase 
in muscle insulin sensitivity and insulin responsive-
ness as a consequence of increased expression of the 
insulin responsive glucose transporter type 4 (GLUT4; 
also known as SLC2A4) and in glycogen synthase 
activity14,69–71; improved glucose tolerance despite lower 
insulin levels because of the augmented insulin sensi-
tivity of the active muscles and increased adiponectin 
induced by visceral fat loss14,70,71; elevated expression of 
lipoprotein lipase in skeletal muscle, with a reduction 
in serum triglyceride levels and an increase in HDL- 
cholesterol levels72–75; and reduced systolic and diastolic 
blood pressure, particularly in patients who are over-
weight and hypertensive76,77. However, the enhancements 
in fat catabolism and glucose tolerance in response to 
regular endurance exercise training is dose- dependent, 
and quickly decline when training stops, and completely 
dissipate within several weeks of inactivity69,78.

Data from animal and human RCTs indicate that 
regu lar aerobic exercise training can also improve both 
the functional and structural health of the arterial 
walls79. For example, chronic aerobic exercise training 
has been consistently shown to enhance endothelium- 
dependent dilatation, coronary blood flow responses 
to intracoro nary administration of acetylcholine, and 
coronary blood flow reserve to adenosine infusion, 
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Fig. 2 | Effects of calorie restriction. Schematic model of the metabolic and physiological adaptations to chronic calorie 
restriction in humans that contribute to the prevention of multiple cardiovascular diseases. IGFBP1, insulin- like growth 
factor- binding protein 1; SHBG, sex hormone- binding globulin; T3, triiodothyronine.
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Caloric restriction humans results in sustained 
beneficial effect on most CVD risk factors

Intermittent fasting and meal time 

Both intermittent fasting and time-
restricted feeding extend lifespan up 
to 30% in mice

Eating at breakfast and lunch results 
in better metabolic adaptation 
(weight loss, glucose tolerance and 
insulin sensitivity) compare to a later 
meal pattern 
Clinical Science (2013) 125, 423–432 (Printed in Great Britain) doi: 10.1042/CS20130071

Effects of caloric intake timing on insulin
resistance and hyperandrogenism in lean
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Abstract
In women with PCOS (polycystic ovary syndrome), hyperinsulinaemia stimulates ovarian cytochrome P450c17α

activity that, in turn, stimulates ovarian androgen production. Our objective was to compare whether timed caloric
intake differentially influences insulin resistance and hyperandrogenism in lean PCOS women. A total of 60 lean
PCOS women [BMI (body mass index), 23.7 +− 0.2 kg/m2] were randomized into two isocaloric (∼1800 kcal; where 1
kcal≈4.184 J) maintenance diets with different meal timing distribution: a BF (breakfast diet) (980 kcal breakfast,
640 kcal lunch and 190 kcal dinner) or a D (dinner diet) group (190 kcal breakfast, 640 kcal lunch and 980 kcal
dinner) for 90 days. In the BF group, a significant decrease was observed in both AUCglucose (glucose area under the
curve) and AUCinsulin (insulin area under the curve) by 7 and 54% respectively. In the BF group, free testosterone
decreased by 50% and SHBG (sex hormone-binding globulin) increased by 105%. GnRH (gonadotropin-releasing
hormone)-stimulated peak serum 17OHP (17α-hydroxyprogesterone) decreased by 39%. No change in these
parameters was observed in the D group. In addition, women in the BF group had an increased ovulation rate. In
lean PCOS women, a high caloric intake at breakfast with reduced intake at dinner results in improved insulin
sensitivity indices and reduced cytochrome P450c17α activity, which ameliorates hyperandrogenism and improves
ovulation rate. Meal timing and distribution should be considered as a therapeutic option for women with PCOS.

Key words: breakfast, hyperandrogenism, leuprolide, oral glucose tolerance test, polycystic ovary syndrome (PCOS)

INTRODUCTION

PCOS (polycystic ovary syndrome) affects 6–10 % of women of
reproductive age and is the most common cause of infertility
[1]. PCOS is typified by chronic anovulation and hyperandro-
genism. Regardless of body mass, the majority of obese as well
as lean PCOS women have hyperinsulinaemia and insulin resist-
ance, which play a central role in the pathogenesis by both stim-
ulating ovarian androgen production [2–9] and decreasing serum
SHBG (sex hormone-binding globulin) concentrations [10,11],
leading to increased levels of circulating free testosterone.

Women with PCOS have increased ovarian cytochrome
P450c17α activity, as evidenced by an elevated serum 17OHP
(17α-hydroxyprogesterone) response to stimulation by GnRH
(gonadotropin-releasing hormone) agonists [12]. Ovarian cyto-

Abbreviations: AUC, area under the curve; BAI, body adiposity index; BF group, breakfast diet group; BMI, body mass index; D group, dinner diet group; DHEA-S,
dehydroepiandrosterone sulfate; FAI, free androgen index; GnRH, gonadotropin-releasing hormone; HOMA-B, homoeostasis model assessment index of β -cell function; HOMA-IR,
homoeostasis model assessment index of insulin resistance; ISI, insulin sensitivity index; IU, international units; LS, least-squares; MANOVA, multivariate ANOVA; OGTT, oral glucose
tolerance test; SHBG, sex hormone-binding globulin; 17OHP, 17α-hydroxyprogesterone; PCOS, polycystic ovary syndrome.

Correspondence: Professor Daniela Jakubowicz (email daniela.jak@gmail.com) or Professor Oren Froy (email oren.froy@mail.huji.ac.il).

chrome P450c17α appears to be stimulated by insulin in PCOS as
reducing insulin release with metformin [8], rosiglitazone [13] or
weight loss [9] ameliorates ovarian P450c17α activity resulting,
in turn, in reduced free serum testosterone, improved menstrual
cyclicity and increased ovulation [9,14,15]. However, interven-
tions, such as weight loss and rosiglitazone treatment, are not
good therapeutic options for lean PCOS women.

Previously, we have shown that meal timing and feeding
schedule exert strong entraining effects on peripheral oscillat-
ors [16,17]. In addition, meal timing has crucial implications for
mass, appetite and insulin resistance [18–23]. Moreover, circa-
dian disruption in hormone secretion has been reported in PCOS
patients [24,25]. Thus resetting the circadian clock by scheduled
meals and, as a result, ameliorating insulin sensitivity and hor-
mone secretion may have beneficial effects in PCOS patients.

www.clinsci.org 423

D. Jakubowicz and others

Figure 2 Effect of timing of caloric intake on 17OHP levels after
leuprolide stimulation
Leuprolide stimulation test was performed at baseline (A) and after
90 days (B) of follow up during the follicular phase (progesterone
<2 ng/dl). 17OHP was determined immediately before and 16, 20 and
24 h after 10 µg of leuprolide/kg of body mass was administered. A
two-way ANOVA (time ×treatment) was performed and a least-significant
difference Student’s t test post-hoc analysis was used for comparison
between the treatments at each time-point. AUC (C) was calculated and
for the comparison of end point (day 90) to baseline (day 0) within a diet,
a MANOVA for repeated measurements was performed. An LSMEans
Tukey–Kramer post-hoc analysis was performed for multiple comparis-
ons. Values are means +− S.E.M. *P<0.01 between meal plans at the
same time (baseline or end point);∼P<0.01 between times (baseline
compared with end point) within a meal plan.

leads to greater initial and sustained feeling of fullness, increased
satiety and reduced concentrations of the appetite-regulating
hormone ghrelin [34–36]. The high protein content used in this
diet was similar in its concentration (1.4 g/kg) to other studies in
the field [34]. Indeed, the compliance rate was high and showed
no significant preference between the BF or D meal plans, as in

Figure 3 Ovulation incidence
Serum progesterone was measured weekly and ovulation was presumed
to have occurred if serum progesterone were >2 ng/ml. (A) Percent-
age of ovulating women in each group was calculated every 4 weeks.
(B) Patients in each group were categorized according to the number
of ovulations (0, 1 or 2) during 90 days of follow-up. Two-way tables
were used to compare categorical data and the statistical significance
of differences was assessed by the χ2 test.

the BF group only 7% dropped out and from the D group only
10 % dropped out.

The improvement in insulin resistance indices in the BF group
is consistent with previous reports that showed that the morning
period is most critical in terms of maintaining optimum meta-
bolism. Previous epidemiological studies have shown that high-
calorie breakfast is related to lower daily energy intake, reduced
BMI, improved nutrient intake [37,38] and lower serum cho-
lesterol concentrations [39]. The reduction in insulin resistance
indices in the BF group is also congruent with a recent study that
showed that increasing carbohydrate intake at breakfast could
be protective against long-term development of the metabolic
syndrome [40]. In addition, a meal tolerance test in the evening
showed that the levels of both glucose and insulin were higher in
the D group compared with the BF group (results not shown).

Meal timing and feeding schedule have been shown to ex-
ert strong entraining effects on peripheral oscillators [16,17] and
it was recently shown that the meal timing and circadian mis-
alignment of the time of food intake is able to adversely affect
several hormones involved in the control of metabolic processes
including fasting serum insulin and glucose and the response to
OGTT [18–23]. Thus the improvement of insulin resistance in-
dices found in the BF group suggests that the high caloric intake
in the morning might represent a schedule more synchronized
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SUMMARY

The fundamental questions of what represents a
macronutritionally balanced diet and how this main-
tains health and longevity remain unanswered.
Here, the Geometric Framework, a state-space nutri-
tional modeling method, was used to measure inter-
active effects of dietary energy, protein, fat, and
carbohydrate on food intake, cardiometabolic
phenotype, and longevity in mice fed one of 25 diets
ad libitum. Food intake was regulated primarily by
protein and carbohydrate content. Longevity and
health were optimized when protein was replaced
with carbohydrate to limit compensatory feeding
for protein and suppress protein intake. These con-
sequences are associated with hepatic mammalian
target of rapamycin (mTOR) activation and mito-
chondrial function and, in turn, related to circulating
branched-chain amino acids and glucose. Calorie re-
striction achieved by high-protein diets or dietary
dilution had no beneficial effects on lifespan. The re-
sults suggest that longevity can be extended in ad
libitum-fed animals by manipulating the ratio of mac-
ronutrients to inhibit mTOR activation.

INTRODUCTION

Resolving the effects of dietary macronutrients on aging and
health remains a fundamental challenge, with profound implica-

tions for human health. As in much of nutrition research, the
focus has mainly concerned the effects of individual macronutri-
ents, with proponents of fat, sugar, and protein each claiming
primacy in the search for explanations for the global increase
in rates of obesity and metabolic disease and dietary solutions
for their prevention and treatment. There is, however, growing
evidence from studies on a wide range of species that, rather
than macronutrients acting singly, it is their interactive effects
(i.e., their balance) that are more important for health and aging.
In particular, it has emerged that the balance of protein to
nonprotein energy in the diet is especially significant, influencing
total energy intake, growth and development, body composition,
reproduction, aging, gut microbial ecology, the susceptibility to
obesity and metabolic disease, immune function, and resistance
to infectious diseases (Blumfield et al., 2012; Gosby et al., 2011;
Huang et al., 2013; Lee et al., 2008; Mayntz et al., 2009; Piper
et al., 2011; Ponton et al., 2011; Simpson and Raubenheimer,
2009, 2012).
Defining what represents a balanced diet—and the conse-

quences of not attaining such balance—is a high priority in nutri-
tion research. Progress has been impeded, however, by the
logistical challenges involved in designing dietary experiments
able to disentangle the individual and interactive influences of
multiple nutrients on the phenotype. The development of the
Geometric Framework for nutrition (GF) now provides a platform
for taming this complexity (Lee et al., 2008; Mayntz et al., 2005;
Piper et al., 2011; Simpson and Raubenheimer, 2009, 2012). GF,
a state-space modeling approach that explores how an animal
responds to the problem of balancing multiple and changing
nutrient needs in amultidimensional and variable nutritional envi-
ronment, has been successful in solving and reconciling diverse
and often conflicting conclusions about how nutrition influences
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Highlights
• Food intake is regulated primarily by 
dietary protein and carbohydrate
• Low-protein, high-carbohydrate diets are 
associated with the longest lifespans
• Energy reduction from high-protein diets or 
dietary dilution does not extend life
• Diet influences hepatic mTOR via 
branched-chain amino acids and glucose

Caloric restriction or dietary restriction?



The beneficial effects of chronic resistance exercise 
are not limited to body composition and metabolic 
health but extend also to the cardiovascular system. Data 
from older adults who are overweight or obese (aged 
65–79 years) indicate that anaerobic exercise training 
combined with CR increases large- artery elasticity99. 
For example, 6 months of supervised resistance exercise 
training induced changes in artery size and function 
and decreased carotid artery intima–media thickness, 
which is expected to translate to decreased cardiovas-
cular risk100. However, some other studies indicate  
that chronic resistance training might reduce central 
arterial compliance; therefore, resistance training must 
always be combined with aerobic exercise for optimal 
cardiovascular health with ageing87,101.

Mindfulness and stress control
Persistent psychological stress (such as work- related 
stress, marital stress, caring for a sick relative, and 
chronic stress- related psychological states) and nega-
tive emotions have deleterious effects on cardiovascular 
health and increase vulnerability to arrhythmias, inde-
pendent of other risk factors102,103. Clinical studies of 
patients with implantable defibrillators demonstrate that 
anger can potentially trigger lethal polymorphic ven-
tricular arrhythmias104. In the INTERHEART study105, 
a large, international, standardized, case–control study, 
psychosocial factors (such as perceived stress, depres-
sion, locus of control, and life events) were the third most 
important risk factors for myocardial infarction, after 
smoking and elevated apolipoprotein B:apolipoprotein 
A- I ratio. Data from a meta- analysis indicate that depres-
sion after myocardial infarction increases the risk of a 
poorer cardiovascular prognosis by almost twofold106.

The mechanisms linking persistent psychological 
stress, negative emotions, and depression with CVD are 
unclear but might include alterations of the hypothalamic– 
pituitary–adrenal axis and autonomic nervous sys-
tem, leading to elevated circulating stress hormones  

(such as corticosteroids and catecholamines), which in 
turn can alter blood pressure, platelet responsiveness,  
and the immune response and increase inflammation and 
oxidative stress102,103,107,108. Acute mental stress induces a 
powerful activation of the sympathetic nervous system 
accompanied by an elevated secretion of adrenaline, with 
a twofold to sixfold increase in cardiac noradrenaline 
spillover109. Moreover, cortisol hypersecretion together 
with low- grade chronic inflammation has been shown 
to downregulate endothelial nitric oxide synthase and 
reduce nitric oxide production110,111. Indeed, depressed 
patients have high levels of inflammatory markers and 
impaired endothelial function, and sertraline treat-
ment significantly reduces the circulating levels of  
C- reactive protein and IL-6 and improves flow- dependent 
endothelium- mediated dilatation in patients with 
 coronary heart disease and symptoms of depression112.

In experimental animal studies, chronic stress 
induces profound changes in cardiac function, including 
accumulation of fibrous tissue in the left ventricular 
myocardium, left ventricular diastolic dysfunction, 
maladaptive cardiac hypertrophy, increased plaque 
formation in the coronary arteries in mice susceptible 
to atherosclerosis, changes in the electrical conduc-
tion system of the heart (including reduced myocardial 
refractoriness and impaired conduction), and increased 
susceptibility to cardiac arrhythmias113.

Interventions that decrease psychological stress, 
negative emotions, and symptoms of depression can 
have an important role in the primary and secondary 
prevention of CVD. Data from RCTs indicate that inter-
ventions such as mindfulness- based stress reduction 
and mindfulness- based cognitive therapy are effective 
in reducing psychological and emotional stress, anxiety, 
and depression symptom severity among a wide range 
of patients, as well as healthy young individuals114. 
One trial conducted in 40 young students showed that  
practising meditation for 20 min each day for 5 days 
per week significantly increased attention and reduced 
conflict, anxiety, symptoms of depression, fatigue, and 
cortisol levels115.

Accumulating evidence suggests that meditation 
associated with particular breathing techniques also 
confers some cardioprotection by improving baro-
reflex sensitivity and inducing autonomic shifts towards 
increased parasympathetic tone. For example, slow 
breathing at six breaths per minute can significantly 
increase vagus nerve output and baroreflex sensitiv-
ity and reduce sympathetic activity and chemoreflex 
activation116. In other clinical studies, slow breathing 
significantly increases cardiac–vagal baroreflex sen-
sitivity and heart- rate variability and reduces systolic 
and diastolic blood pressure in healthy individuals and 
patients with hypertension or chronic heart failure117,118. 
Both augmented cardiac–vagal baroreflex sensitivity 
and increased heart- rate variability are good markers of 
cardio vascular health. After a myocardial infarction, low 
values of baroreflex sensitivity and/or heart- rate vari-
ability significantly increase the risk of cardiac death, 
independent of left ventricular ejection fraction and of 
ventricular arrhythmias119. Moreover, stimulation of the 
vagal system has been shown to inhibit inflammation by 

100

80

60

40

20

0
500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500

Su
rv

iv
al

 (%
)

Age (days)

Sedentary
Runners
Calorie restricted

Fig. 4 | Calorie restriction, but not endurance exercise, increases maximal lifespan 
in rats. The survival curve for sedentary control rats is significantly different from that of 
runners (P < 0.02) and calorie- restricted sedentary rats (P < 0.0001). The survival curve for 
runners is also significantly different from that of calorie- restricted sedentary rats 
(P < 0.01). Figure is adapted with permission from REF.67, American Physiological Society.
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Reduced physical activity is a strong and 
independent predictor of CVD mortality although  
exercise do not eliminate the higher risk of death 

associated to visceral adiposity
oil or nuts, had a significant reduction in circulating levels 
of oxidized LDL and inflammatory markers and, over a 
median follow- up of 4.8 years, had an approximately 30% 
reduction in incidence of major cardiovascular events. 
Other compounds found in fish and extra- virgin olive 
oil, such as ω3 fatty acids and oleocanthal, might exert 
additional anti- inflammatory and platelet antiaggregant 
activities by inhibiting the NLRP3 inflammasome and 
cyclooxygenase activity, respectively60,61.

Exercise- induced modulation
Physical exercise is essential for cardiovascular health 
because mammalian evolution occurred in the con-
text of vigorous physical activity. Selective pressures 
dictated by the hunter–gatherer lifestyle shaped the 
human genome over ~2 million years. Not surprisingly, 
numerous epidemiological studies have shown that 
reduced physical activity and low aerobic capacity are 
strong and independent predictors of CVD mortality, 
although higher levels of physical exercise do not elim-
inate the higher risk of death associated with excessive 
adiposity62,63. For example, in women, brisk walking for 
30 min daily (5 days per week) lowers the risk of devel-
oping CVD by 30% and reduces the use of medications 
for hypertension, T2DM, and hypercholesterolaemia64,65. 
Moreover, data from a meta- analysis support a role of 
extended sedentary time in increasing risk of develop-
ing and dying from CVD, independent of the number of 
exercise sessions per week66.

Aerobic endurance exercise . Experimental data show 
that regular endurance exercise has a powerful effect on 
improving metabolic and cardiovascular health, even if 
it seems not to slow ageing per se. Indeed, in a number of 
experiments conducted by Holloszy and colleagues, exer-
cise in the form of voluntary wheel running increased 

average lifespan but did not increase maximal lifespan 
despite decreasing availability of energy for growth, cell 
proliferation, and other processes and despite having a 
greater protective effect against body fat accumulation 
and development of insulin resistance with advancing 
age than CR that caused a similar decrease in availabil-
ity of energy67 (FIG. 4). Multiple mechanisms mediate the 
beneficial effects of endurance exercise on cardiometa-
bolic health, including a protective effect against abdom-
inal obesity by increasing mitochondrial biogenesis and 
the consumption of oxygen and calories14,68,69; increase 
in muscle insulin sensitivity and insulin responsive-
ness as a consequence of increased expression of the 
insulin responsive glucose transporter type 4 (GLUT4; 
also known as SLC2A4) and in glycogen synthase 
activity14,69–71; improved glucose tolerance despite lower 
insulin levels because of the augmented insulin sensi-
tivity of the active muscles and increased adiponectin 
induced by visceral fat loss14,70,71; elevated expression of 
lipoprotein lipase in skeletal muscle, with a reduction 
in serum triglyceride levels and an increase in HDL- 
cholesterol levels72–75; and reduced systolic and diastolic 
blood pressure, particularly in patients who are over-
weight and hypertensive76,77. However, the enhancements 
in fat catabolism and glucose tolerance in response to 
regular endurance exercise training is dose- dependent, 
and quickly decline when training stops, and completely 
dissipate within several weeks of inactivity69,78.

Data from animal and human RCTs indicate that 
regu lar aerobic exercise training can also improve both 
the functional and structural health of the arterial 
walls79. For example, chronic aerobic exercise training 
has been consistently shown to enhance endothelium- 
dependent dilatation, coronary blood flow responses 
to intracoro nary administration of acetylcholine, and 
coronary blood flow reserve to adenosine infusion, 
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Fig. 2 | Effects of calorie restriction. Schematic model of the metabolic and physiological adaptations to chronic calorie 
restriction in humans that contribute to the prevention of multiple cardiovascular diseases. IGFBP1, insulin- like growth 
factor- binding protein 1; SHBG, sex hormone- binding globulin; T3, triiodothyronine.
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mice, of the traditional cardiovascular medications 
listed above, only aspirin had the potential to increase 
lifespan123,124. Excitingly, several other drugs tested in 
the NIA ITP were also shown to increase lifespan125 
(TABLE 2). Of these drugs, the most powerful might be 
rapamycin, a drug used to prevent rejection after organ 
transplantation, to coat coronary stents, and to treat a 
rare lung disease called lymphangioleiomyomatosis. 
Rapamycin, which is an inhibitor of the nutrient- 
sensing pathway mTOR3, increased mean and maximal 
lifespan in both male and female mice when initiated 
at either 9 months or 20 months126,127. Female mice 
responded more robustly than male mice at equivalent 
doses, but in the presence of similar pharmacological 
serum concentrations, the response was approximately 
equivalent in both sexes127. However, the potential 
translational importance of rapamycin as a therapeutic 
agent to slow ageing and prevent age- related cardio-
vascular dysfunction in healthy individuals remains 
uncertain. A major barrier to its widespread use is its 
clinical adverse effects, which include immunosuppres-
sion, dyslipidaemia, insulin resistance, and increased 
incidence of new- onset T2DM128.

The antidiabetic drug acarbose, which is an inhib-
itor of α- glucosidases in the intestine, is the second 

drug that has been shown to increase lifespan in both 
male and female mice in the NIA ITP study129. The 
longevity effect of acarbose, which slows the digestion 
of starches and disaccharides to glucose and therefore 
lowers plasma glucose and insulin levels, was greater 
in male compared with female mice when initiated 
at 4 months, and only male mice responded when 
acarbose was initiated at 16 months129. Acarbose is 
hypothesized to increase lifespan by limiting calories 
because of reduced carbohydrate absorption. However, 
data from the NIA ITP study have shown that acarbose 
increased median lifespan of male mice by ~20% inde-
pendent of body mass and plasma glucose level, and 
new data indicate that acarbose treatment increases 
hepatic mTOR complex 2 (mTORC2) activity; of note, 
inhibition of hepatic mTORC2 activity decreases the 
lifespan of male mice specifically129–131. Interestingly,  
a large RCT has demonstrated that acarbose decreased 
the incidence of CVDs by ~50%, an effect that is seen 
only with acarbose and metformin, and not with other 
antidiabetic drugs132.

Both aspirin and nordihydroguaiaretic acid, two mol-
ecules with anti- inflammatory and antioxidant proper-
ties, have been shown to increase lifespan in male but 
not female mice in the NIA ITP study124,133. In humans, 

Table 2 | Pharmacological interventions tested in the NIA ITP

Pharmacological intervention Maximum 
lifespan

Median lifespan Main mechanism of action

Acarbose Yes Yes ↓ Insulin signalling and ↑ hepatic 
mTORC2

Rapamycin Yes Yes ↓ Nutrient sensing pathways (mTOR)

Aspirin No Yes (only males) ↓ Inflammation and COX1 and COX2 
activities

Nordihydroguaiaretic acid (NDGA) No Yes (only males) ↓ Inflammation and oxidative stress

17α- Oestradiol No Yes (only males) ↑ Hepatic mTORC2 signalling

Protandim No Yes (only males) ↑ NRF2 activity

Caffeic acid phenethyl ester (CAPE) No No ↓ Inflammation and oxidative stress

Curcumin No No ↓ Oxidative stress

Enalapril No No ↓ ACE activity

Fish oil No No ↓ NLRP3 inflammasome

Green tea extract No No ↓ Oxidative stress

Medium- chain triglyceride oil No No ↓ Adipogenic genes and ↑ insulin 
homeostasis

Metformin No Noa ↑ AMPK and ↓ mTOR activities

Methylene blue No No ↓ Oxidative stress

Nitroflurbiprofen (NFP) No No ↓ COX1 and COX2 activities

4-OH- PBN (α- phenyl-N- tert-butyl nitrone) No No ↓ Oxidative stress

Oxaloacetic acid No No ↑ NAD+:NADH ratio

Resveratrol No No ↑ SIRT1 and AMPK activities

Simvastatin No No ↓ HMG- CoA reductase activity

Ursodeoxycholic acid No No ↑ Xenobiotic stress resistance

ACE, angiotensin- converting enzyme; AMPK , 5′-AMP- activated protein kinase; COX, cyclooxygenase (also known as prostaglandin 
G/H synthase); HMG- CoA , 3-hydroxy-3-methylglutaryl- CoA ; mTOR , mechanistic target of rapamycin; mTORC2, mechanistic target 
of rapamycin complex 2; NIA ITP, National Institute on Aging Interventions Testing Program; NLRP3, NOD-, LRR- and pyrin domain- 
containing 3; NRF2, nuclear factor erythroid 2-related factor 2; SIRT1, NAD- dependent protein deacetylase sirtuin 1. aMetformin 
(1,000 ppm) in combination with rapamycin (14 ppm) robustly extended lifespan.
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CR mimetics: the US National Institute on Aging 
Interventions Testing Program (NIA ITP)

A large multi-institutional study investigating treatments with the potential to extend 
lifespan and delay disease/dysfunction in genetically heterogenous (outbread) mice
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