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Abstract
Ageing is a risk factor for chronic diseases including cancer, cardiovascular diseases, neurodegenerative disorders, and metabolic
syndrome. Among others, senescence mechanisms have become a target of huge research on the topic of the ageing process.
Cellular senescence is a state of an irreversible growth arrest that occurs in response to various forms of cellular stress and is
characterized by a pro-inflammatory secretory phenotype. Multiple studies showed that cellular senescence occurs in both
physiological and pathophysiological conditions. Senescent cells accumulate with ageing and can contribute to age-related decline
in tissue function. Obesity is a metabolic condition that can accelerate the ageing process by promoting a premature induction of the
senescent state of the cells. In contrast, caloric restriction without malnutrition is currently the most effective non-genetic intervention
to delay ageing, and its potential in decreasing the cellular senescent burden is suggested. Here, it will be highlighted the cellular and
molecular mechanisms involved in cellular senescence and discussed some of the research that is being done about how
environmental conditions such as diet can affect the accumulation of senescent cells.
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Introduction

Ageing is an inevitable and multi-factorial biological process that
promotes a progressive deterioration across multiple organ
systems, resulting in tissue dysfunction.1 Therefore, age is a risk
factor for chronic diseases including cancer,2 cardiovascular
diseases,3 neurodegenerative disorders,4 and metabolic syn-
drome.5 Despite the available evidence, there is yet a lot to be
known about the ageing mechanisms and the specific molecular
traits involved in this process. The identification of so-called
ageing hallmarks was an asset on ageing research once it allowed
the delaying of multiple age-related diseases by targeting ageing
process.6 Among all of the ageing hallmarks, cellular senescence
mechanisms are considered the key factor in the complexity of
ageing, which explains the huge research that recently is being
done about this topic.7,8 Thus, this review focuses on cellular
senescence process, in some of the stress mechanisms that drive
this cellular state and its consequences to cell homeostasis. Also,
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the influence of some metabolic conditions, like obesity, in the
increment of the senescent cell burden and the beneficial effects of
caloric restriction (CR) and resveratrol, a caloric restriction
mimetic (CRM), in the prevention of the accumulation of
senescent cells will be discussed.

Cellular senescence—What is it?

Senescence is a cellular state characterized by a cell cycle division
arrest in response to a variety of cellular stresses, including
telomere shortening and oxidative stress, which involves
chromatin remodelling and metabolic reprogramming
(Fig. 1).9,10 In contrast with apoptosis, in which phagocytes
are released to remove damaged cells without causing inflamma-
tion, senescent cells survive due to the stimulation of the
inflammatory environment, caused by activation of senescence-
associated secretory phenotype (SASP) factors.11

Senescence was first described by Hayflick and Moorhead
(1961) during serial passage of human fibroblasts. Thus, it was
establish that, in normal cell cultures, replicative senescence
occurs after a limited number of population doublings, the so-
called Hayflick limit.12 Besides fibroblasts, cellular senescence is
described in other cell types, including epithelial and endothelial
cells, lymphocytes, and possibly even post-mitotic cells, like
neurons or glial cells.13 Multiple studies demonstrated that
cellular senescence occurs in both physiological and pathophysi-
ological conditions. For instance, senescence can be engaged
during development and is also essential for tissue remodelling.14

Also, transient induction of senescent cells is observed during
wound healing and contributes to its resolution.15 Senescence can
also play a protective stress response. For example, senescence is
best known as a potent anticancer mechanism.16 However, with
age, senescent cells can accumulate. Senescent cells limit the
regeneration of metabolic tissues and through the SASP, modify
tissue architecture, and cause sterile inflammation. This leads to a
disruption of the metabolic homeostasis, causing age-related
diseases.17
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Figure 1. Senescence as a key factor of ageing. Telomere shortening, DNA damage by ROS, and cell cycle arrest are some of the stimuli that mediate damage
during ageing. These drivers of damage are known to be involved in the cellular senescence initiation. Senescence is a cellular state characterized by some
phenotypic alterations and during ageing, the increase of the cellular senescence burden causes sterile inflammation. pRB = protein of retinoblastoma; SA-b-gal =
senescence-associated b-galactosidase.
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Cells undergoing cellular senescence have a stable growth
arrest, are usually enlarged, and report some morphology
alterations but are metabolically active.18 The most common
marker to detect senescent cells in vitro is the senesce-associated
b-galactosidase (SA-b-gal), which is an isoform of beta-
galactosidase enzyme and whose activity is increased in
lysosomes of senescent cells.19
Factors driving senescence

Oxidative stress

Reactive oxygen species (ROS), natural by-products of normal
oxygen metabolism, are considered to regulate several physio-
logical functions such as signal transduction, gene expression,
and proliferation. However, high ROS content is associated with
a decreased lifespan and with the rise and maintenance of the
senescent phenotype.20 The balance between oxidant generation
and antioxidant processes is kept in healthy tissues due to a
predominance of various antioxidants but, with age, this balance
is disrupted, which causes damage in macromolecules (DNA,
proteins, and lipids).21
2

Endogenous or exogenous sources of ROS, such as UV and
ionizing radiation or environmental toxins, stimulate the cellular
senescent phenotype by mechanisms that involve the response to
DNA damage, epigenetic regulation and tumour suppression
pathway activation (mostly the ones involved in cell cycle control:
p53 (cellular tumour antigen p53), p21 (cyclin-dependent kinase
inhibitor 1), Rb (retinoblastoma protein)). ROS together with
SASP factors release stimulate a positive feedback loop that
results in increased ROS production, especially in mitochondrial,
which increases intracellular ROS and contributes to the
maintenance of the senescent phenotype by telomere shortening
and dysfunction.22,23
Telomere shortening

Telomeres are highly repetitive DNA specialized structures
located at the end of chromosomes, composed of several
kilobases (kb) of simple repeats (TTAGGG)n. The biological
function of telomeres is to protect the chromosomes from end-to-
end fusions, harmful rearrangements, and chromosome loss.24

The length of telomeres is intimately related to the replicative
ability of cells, and thus it can be used as a predictor of cellular
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senescence. DNA polymerases cannot synthesize DNA without a
template, and the end-replication problem in telomeres is a
consequence of this. This means that telomere shortening occurs
in every cell cycle division.25 In youth, it is estimated that the
length of the telomere is around 11 to 15kb and about 4 to 7kb in
the elderly.26 During normal ageing, the shortening of the
telomeres is controlled by the telomerase. However, under some
pathological conditions, there is an imbalance between telomere
shortening and the counteracting by telomerase, which results in
accelerated senescence.
Tumour suppressors and cell cycle inhibitors

Nowadays, several suppressors and cell cycle inhibitors are
known. Activation of p16INK4A, p53, and p21 pathways occurs
during senescence and is triggered by DNA damage. Telomere
shortening can trigger a permanent DNA damage response
(DDR) in human cells. This event leads to the recruitment of the
damage sensor ataxia telangiectasia mutated (ATM) to uncapped
telomeres, resulting in the upregulation of p53 and the p53
transcriptional target p21. In this setting, p21 inhibits cyclin-
dependent kinase 2 (CDK2)-mediated inactivation of RB,
preventing cells to enter the S phase of the cell cycle. DNA
damage by oxidative stress can also support the ATM-p53-p21
axis. Another barrier to proliferation is p16Ink4a, which prevents
CDK4- and CDK6-mediated inactivation of RB, resulting in cell
cycle arrest. Depending on stress or cell type, this mechanism can
act either alone or in combination with the p53-p21 pathway
(Fig. 2).27

A typical essay that is normally used to verify if cells have
exited the cell cycle is the measurement of the expression levels of
the CDKIs p16 and p21.28
Consequences of cellular senescence

The SASP

An important feature of senescent cells is the SASP. Despite the
specific combination of secreted factors may depend on the cell
type, many of the key effectors of the SASP and his regulatory
mechanisms seemed to be shared. The proinflammatory nuclear
factor-kB (NF-kB) and CCAAT/enhancer-binding protein beta
(CEBP/ b) are the key transcriptional SASP regulators.29 DNA
damage, mTOR signalling, Jak2/Stat3 pathway, and mitochon-
drial dysfunction can also contribute to the release of SASP
factors.30,31 The SASP is mainly composed by an increased
secretion of a range of factors, such as pro-inflammatory
cytokines, especially interleukin-1 (IL-1), interleukin-6 (IL-6)
and interleukin-8 (IL-8), chemokines (eg, MCP-1), growth
factors, like insulin-growth factor (IGF), tumour necrosis
factor-alpha (TNF-a) and metalloproteinases. Due to its
complexity, the SASP is responsible for both positive and
negative biological functions.32 Themajor function of the SASP is
to recruit the immune system to destroy senescent cells, by
stimulation of adaptive and innate immune cells.33 On the other
hand, factors secreted by senescent cells can drive both
differentiated cells and stem cells into the senescent phenotype,
exacerbating the cellular senescence burden during ageing. Also,
some of the SASP factors can modify the extracellular matrix
(ECM) components and be involved in the epithelial-to-
mesenchymal transition in susceptible cells. Thus, with age,
the accumulation of senescent cells amplifies the SASP signal,
which changes the cellular microenvironment and results in
3

chronic inflammation (Fig. 3). This persistent chronic inflamma-
tion that occurs during ageing, also known as inflammaging, is
responsible for the development of various age-related patholog-
ical conditions.34

Metabolic shift

In physiological conditions, cells maintain a balance between
cell division and cell metabolism to preserve the optimal building
of cell components and the cellular energy levels for cell division
activity. On the other hand, when cells undergo senescence, they
are in a permanently arrested state of cell growth and seem to
exhibit an altered metabolism.35 Some studies report a shift to a
more glycolytic state and a less energetic one, in cells under
replicative senescence, in culture.36 However, in a contradictory
way, it is also described that, during senescence, the AMP: ATP
and ADP: ATP ratios increase, resulting in AMPK dephosphor-
ylation and activation of its signalling pathway.31 The AMPK
acts as a sensor of reduced energetic cellular state, consequently
promoting catabolic pathways activation, like b-oxidation,
while inhibiting biosynthetic ones. During senescence, AMPK
can be activated in an ATM-dependent manner in response to
genotoxic stress. This will result in direct phosphorylation of
p53 and the increase of p21 transcription. Also, AMPK can
inhibit Hu antigen R (HuR), which increases the stability of the
p21 and p16 mRNAs, factors involved in the unleash of the
cellular senescent process by increasing the activity of the pRB
tumour suppressor. p53 is known to regulate cellular metabo-
lism by inhibiting glycolysis37,38 and promoting the tricarbox-
ylic acid (TCA) cycle, oxidative phosphorylation, and
b-oxidation, yet pRB seems to promote glucose uptake and
glycolysis (Fig. 4).39,40

While there is strong evidence that correlates senescence and
glycolysis, the precise mechanisms involved in this metabolic shift
are unclear. One possible explanation could be related to the
demands of the SASP promoting considerable macromolecular
biosynthesis. Thus, it is possible that senescence cells, in a similar
manner to cancer cells, enhance the glycolytic process due to its
ability to provide precursors for producing protein, lipids, and
other cellular components.41

Mitochondrial dysfunction and mTOR activation are also
responsible for some metabolic changes in senescent cells.
Mitochondrial dysfunction-associated senescence (MiDAS) acti-
vates AMPK, reducing TCA cycle activity and NAD+ content,
which are both involved in the cellular senescence phenotype.42

Moreover, mTOR signalling decreases autophagy, influencing
the protein metabolism homeostasis.43
Extracellular matrix remodelling

Recently, it was suggested that cells under senescence promote an
altered expression of adhesion molecules (AMs) and, conse-
quently, remodelling in the extracellular matrix (ECM). AMs are
pro-inflammatory proteins involved in cell-cell/cell-matrix inter-
actions, which are required for the inflammation process and the
immune response. E-selectin, P-selectin, vascular cell adhesion
molecule 1 (VCAM-1), and intercellular adhesion molecule 1
(ICAM-1) are the major players in this process. They are
maintained at low levels in endothelial cells, in normal biological
conditions, but under stress (inflammation or oxidative stress),
there is an increased content of these molecules in the plasma. The
high levels of soluble AMs in plasma have been used as a vascular
risk factor for many cardiovascular abnormalities, including
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Figure 2. Molecular pathways involved in the senescence-associated growth arrest. A spectrum of stressors induces senescence-associated growth arrest. Cell
cycle arrest is mediated through 2 main pathways, p16INK4a/pRb and p53/p21CIP1. Both collide in the activation of the pRB, which prevents cells to enter the S
phase of the cycle. ATM = ataxia telangiectasia mutated; ATR = ATM and Rad3-related; CDK = cyclin-dependent kinase; DDR = DNA damage response; p16 =
cyclin-dependent kinase inhibitor 16; p21 = cyclin-dependent kinase inhibitor 21; p53 = tumour suppressor p53 protein; pRB = tumour protein of the
retinoblastoma.
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peripheral arterial disease, coronary heart disease, stroke, and
other conditions that may occur with age.44

During ageing, cells lose their ability to synthesize the correct
matrix components. The proportion of ECM components, like
collagen fibers, fibronectin, or laminin increase with age.45 The
changes that occur in the ECM are involved in the impairment of
cell attachment and changes in cellular morphology. For instance,
it was observed that, during the senescence process, the ECM
becomes less soluble and proteolytically digestible, which can
emerge as a consequence of the formation of age-related
intermolecular cross-links.46
4

Conditions that accelerate and exacerbate cellular
senescence

Obesity

Obesity is a metabolic disease caused by an unbalance between
the nutrient consumption and the energy expenditure, considered
to be a major risk factor for chronic diseases, including
cardiovascular diseases, type 2 diabetes, cancer, osteoarthritis,
and sleep apnea.47 Recently, some studies have associated the
obese condition with a decrease in lifespan and it is thought that
its impact in cellular mechanisms can be similar to the ageing



Figure 3. The senescence-associated secretory phenotype (SASP) as an important mediator of the pathological functions of senescence. Schematic
representation of some of the consequences of the senescence cells to the organism mediated by SASP factors release.
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process.48 As a matter of fact, nutrient excess may promote a
premature induction of cellular senescence by accelerating
intrinsic, age-related causes of the senescence process. For
example, some studies have reported telomere attrition in obese
adult.49 Also, increased metabolic loading is associated with
mitochondrial dysfunction, causing an uncoupling in the
mitochondrial respiration, impaired electron transport chain
function, and increased production of ROS.50 Indeed, increased
markers of ROS damage have been identified in samples of
adipose tissue, cardiovascular tissue, and liver of obese humans
and mice.51 In addition, markers of DNA damage, one of the
stimuli that are involved in the activation of the senescent profile,
have been found in obese humans with type 2 diabetes. Finally,
obesity is also associated with metabolic changes, including
glucose uptake and the activation of the biosynthetic pathways,
which can promote the activation and maintenance of the
senescent state of the cells.52

Caloric restriction as a cellular senescence
modulator

Caloric restriction

CR is a well-established intervention for reducing age-associated
chronic diseases and enhancing lifespan, which typically involves
reducing caloric intake by 30% to 40% while maintaining
adequate nutrition. The beneficial effects of CR for extending
healthspan and lifespan were observed in multiple animal
models, including yeast, fruit flies, worms, and rodent.53 In
mice, the reduction of dietary calories by 20 up to 50% promotes
a significant extension of both average and maximal lifespan.
5

Also, many of the typical age-associated chronic diseases can be
prevented or delayed. For example, the incidence of cancer is
drastically reduced in animals under CR; plus similar reduction
or slowing down of disease progression was observed for
neurodegenerative disorders, cardiovascular diseases, and meta-
bolic syndrome.54 There is also some interesting data reporting
the benefits of CR in non-human primates. In rhesus monkeys, 2
differently designed studies showed distinct results on lifespan
but similar health benefits improvements and delayed onset of
ageing phenotypes.55 In humans, CR with adequate intake of
vitamins and minerals seems to counteract several of the
mechanisms involved in age-associated diseases. Non-obese,
healthy adults following continuous CR (15%–25%) for
24months demonstrated improvements in the quality of life
and reduced body mass (mostly).56 Many aspects, including
fasting insulin levels, resting energy expenditure, thyroid axis,
oxidative stress, inflammation markers, and cardiometabolic risk
factors were significantly reduced under CR.57–59 In obese
humans, CR improves general health and has a significant impact
on weight loss.60
Molecular mechanisms underlying CR effects

CR interventions are associated with several age-associated
pathophysiological changes, including reduction of metabolic
rate and oxidative damage, enhanced cellular turnover and
protein homeostasis and improvement of chronic metabolic
disorders. The specific mechanisms underlying the benefits of CR
are not fully understood, however, some potential target
pathways have been suggested, including the activation of
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Figure 4. Metabolic changes in cellular senescence. Activation of the key signalling pathways that act as metabolic switches to regulate senescence. ADP =
adenosine dinucleotide; AMP = adenosine mononucleotide; AMPK = AMP-activated protein kinase; ATP = adenosine trinucleotide; HuR = Hu antigen receptor;
mRNA = messenger RNA; mTORC1 = mammalian target of rapamycin complex 1; NAD+ = oxidized nicotinamide adenine dinucleotide; NADH reduced
nicotinamide adenine dinucleotide; p16 = cyclin-dependent kinase inhibitor 16; p21 = cyclin-dependent kinase inhibitor 21; p53 = tumour suppressor p53 protein;
pRB = tumour protein of the retinoblastoma.
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AMP protein kinase (AMPK) and sirtuins (SIRTs), inhibition of
insulin-like growth factor-1 (IGF-1) signalling, and the inhibition
of the mechanistic target of rapamycin (mTOR) (Fig. 5).61

CR implies a decrease in the energy intake that will increase
AMP to ATP ratios. This promotes AMPK activation, which
triggers repair and somemetabolic changes: in a short time frame,
there is an increase in glycolysis and fatty acid oxidation that will
be replaced by an increase inmitochondrial content and the use of
mitochondrial substrates as an energy source. AMPK activation
leads with Acetyl-CoA and nicotine amide adenine dinucleotide
(NAD+) formation, which serve as cofactors for epigenetic
modifiers and SIRTs. SIRTs deacetylate forkhead box Os
(FOXOs) and peroxisome proliferator-activated receptor Y
coactivator 1a (PGC-1a), factors respectively involved in stress
resistance and mitochondrial biogenesis.62 Production of ketone
bodies like b-hydroxybutyrate from b-oxidation can act as
endogenous histone deacetylase (HDAC) inhibitors and its
contribute to epigenetic control of gene expression, DNA repair,
and genome stability, is suggested.63 Ketogenesis also promotes
synaptic plasticity and neurogenesis by increasing the expression
of brain-derived neurotrophic factor (BDNF).64

CR has also impact in IGF-1 pathway. After a few hours of
fasting, there is a down-regulation of the IGF-1 signalling
pathway, which represses the activity of mTOR and its
downstream effector, the ribosomal protein S6 kinase beta-1
(S6K). This mechanism inhibits global protein synthesis and
promotes the recycling of macromolecules by stimulation of
autophagy. Autophagy is an important mechanism for the
6

removal of dysfunctional organelles, amyloid, and other protein
aggregates that interfere with normal cell function.65

Additionally, recent studies proved that CR promotes the
expression and activity of NRF2, which induces several
antioxidative and carcinogen-detoxifying enzymes.66
CR and cellular senescence

Recent studies have shown that CR reduces senescence markers in
differentmouse organs and human colonmucosa.67–69 The precise
mechanisms involved in the delaying of cellular senescence by CR
are yet poorly understood, however, that are some targets that can
be distinguished. One of the main inducers of senescence is cellular
damage.Thereby, it is proposed thatCRcanprevent the damage to
occur, reducing the generation of senescent cells by 2 different
mechanisms. CR can protect against cellular senescence by
interfering with the source of damage (oxidative stress or
inflammation), or repairing/eliminating already present damage,
perhaps by increasing autophagy.57,70,71
Caloric restriction mimetics

Despite the benefits of CR in lifespan and healthspan, most
people cannot follow such a severe diet program, especially in the
long term. This raises the need for the development of natural or
synthetic molecules that can mimic the effects of CR, without
reducing food intake. Such compounds are identified as CR
mimetics (CRM) and their beneficial effects were observed in



Figure 5. Molecular mechanisms involved in caloric restriction (CR). The decreased energy intake promoted by CR intervention involves the modulation of mainly 4
signalling pathways: AMP-activated protein kinase (AMPK), insulin-like growth factor-1 (IGF-1), mammalian target of rapamycin (mTOR), and silent mating type
information regulation 2 homolog (SIRTs). AE BP = adipocyte enhancer binding protein; Akt = protein kinase B; AMP = adenosine mononucleotide; AMPK = AMP-
activated protein kinase; ATP = adenosine trinucleotide; FOXO = forkhead box O; mTORC1 = mammalian target of rapamycin complex 1; NAD+ = oxidized
nicotinamide adenine dinucleotide; Nrf2 = nuclear factor erythroid 2-related factor 2; PGC1-a = peroxisome proliferator-activated receptor gamma coactivator 1-
alpha; PI3K = phosphatidylinositol 3-kinase; S6K1 = ribosomal protein S6 kinase beta-1.
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both mice and humans.72–74 The potential CRM under research
acts on the same signalling pathways as CR, including insulin
pathway, activation of AMPK, autophagy stimulus, alpha-lipoic
acid, and other antioxidants.75 In this context, the role of
polyphenols can be highlighted once they are natural compounds
with reported antioxidant and anti-inflammatory activity.76,77 In
addition, natural polyphenols show low toxicity and the absence
of high collateral effects.78
Resveratrol

Resveratrol is one of the most well-known natural polyphenols,
which is particularly abundant in the peel of grapes and in red
wine. Several studies report that its administration can promote
longevity across species and improve some age-related param-
eters in mice.79 Also, resveratrol can protect against metabolic
syndrome, type 2 diabetes, cancer, neurodegeneration, and
cardiovascular diseases.80 Most of the benefic effects of
Resveratrol are associated to its ability to induce autophagy,
however, like other polyphenols, it was found that this CRM is
7

also capable of modulating the expression of pro- and anti-
apoptotic factors, eliminate free radical species, improve
mitochondrial functions and avoid protein aggregation.81

Recently, the role of resveratrol in extending lifespan has been
linked to an increase of SIRT1 activity, which is the same
mechanism suggested for the longevity caused by CR. In a
comparative study regarding the anti-ageing effect of resveratrol
and CR, it is shown that both have similar activities of recovering
SIRT1 mRNA levels, increasing the protein expression of FOXO
3a, AROS and HuR and decreasing p53 and DBC1 levels. Thus,
it is suggested that resveratrol and CR exhibited similar anti-
ageing activities both in vitro and in vivo by regulation of
the SIRT1 pathway, implicating the potential of resveratrol as a
CR mimetic.82
Conclusion

Normal human cells do not divide indefinitely. When cultured in
vitro, cells can undergo only a finite number of divisions before
entering in a nondividing state, the so-called replicative
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senescence. Senescence has been suggested both as contribute anda
consequence of the ageing process and is involved in the
development of many age-related chronic diseases. An increasing
bodyof evidence supports that this cellular process canbe triggered
and exacerbated by nutrient excess.83 Besides, recent studies
shown that CR can reduce senescence in the mouse liver and
intestine.84However, the precisemechanisms underlying the effect
of obesity in the induction of premature cellular senescence are
poorly understood and warrant further investigation. Moreover,
more studies are required to understand how lowering calories
intake reduces cellular senescence burden, and whether this can
directly lower levels of molecules involved in the inflammation
process, like interleukins, which, for instance, could also be
promoted by other variables independently altered by senescence.
Plus, in obesity and ageing studies, the researchers tend to focus on
one specific organ or pathology type, which limits the information
that may be collected about the temporal biological order of
senescence induction. Thus, more in vitro studies are required
especially in cellular model systems that can replicate the
alterations seen during in vivo progression in the ageing process.
So far, most of the in vitro studies involving senescence or data
showing the influence of nutrient excess/deprivation on this
process are presented in fibroblasts as a cellular model. Therefore,
studies in other types of cells, such as endothelial ones, which are
particularly prone to damage and dysfunction, are needed to
elucidate the cellular and molecular mechanisms of cellular
senescence occurring in the endothelium during ageing.
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