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Abstract
The Geroscience aims at a better understanding of the biological 
processes of aging, to prevent and/or delay the onset of chronic 
diseases and disability as well as to reduce the severity of 
these adverse clinical outcomes. Geroscience thus open up 
new perspectives of care to live a healthy aging, that is to 
say without dependency. To date, life expectancy in healthy 
aging is not increasing as fast as lifespan. The identification 
of biomarkers of aging is critical to predict adverse outcomes 
during aging, to implement interventions to reduce them, and 
to monitor the response to these interventions. In this narrative 
review, we gathered information about biomarkers of aging 
under the perspective of Geroscience. Based on the current 
literature, for each hallmark of biological aging, we proposed a 
putative biomarker of healthy aging, chosen for their association 
with mortality, age-related chronic diseases, frailty and/or 
functional loss. We also discussed how they could be validated 
as useful predictive biomarkers.

Key words: Biomarkers, biological age, healthy aging, frailty, 
geroscience. 

Geroscience from lifespan to healthy aging

The emerging field of Geroscience aims at a better 
understanding of the biological processes of 
aging, in order to reduce the burden of age-

related diseases, slow functional decline and promote 
healthy aging (1–3). Human life expectancy remarkably 
increased worldwide during the past century and this 
rise is projected to continue (4). This is accompanied by 
an increasing prevalence of chronic diseases, including 
diabetes, cardio-vascular, neurodegenerative or kidney 
diseases and cancer, which share age as a common strong 
risk factor (5). Another critical challenge to societies is 
the amount of disability generated by these changes 
(6). Thus, healthy aging, the portion of life free of major 
chronic disease and disability, is not increasing to the 
same extent as lifespan. Indeed, recent increase in life 

expectancy is thought to be mainly due to prolonged 
survival with chronic disease(s) and/or disability, rather 
than to healthy aging. Therefore, the compression of 
comorbidity (7), i.e. delaying chronic diseases as close 
as possible to natural death, has become a major goal 
to achieve. Another major obstacle to increase healthy 
aging is the decline in physiological (including physical 
and cognitive) functions that occurs with aging, with a 
strong negative impact on quality of life, independency 
and survival. Functional decline may be a consequence 
of chronic diseases, but may also occur independently of 
them (8). Thus, delaying, minimizing or even preventing 
functional decline are also major aims for Geroscience.  

The need for biomarkers of healthy aging

“If you cannot measure it, you cannot improve it”, 
stated William Thomson, the great Irish physicist better 
known as Lord Kelvin. Following this principle, the 
identification of biomarkers of healthy aging is critical 
to predict adverse outcomes in late life, to implement 
interventions aiming at increasing healthy aging, and 
monitor the response to these interventions. 

We especially need biological biomarkers that could 
capture the inter-individual variability of biological 
processes of aging before it becomes clinically detectable. 
Indeed, interventions to promote healthy aging might be 
more effective in people at risk for functional decline than 
in those already engaged in the disability process (9,10) 
Targeting proper interventions on people at risk would 
also reduce unnecessary health care costs on healthy 
individuals. For clinical trials, risk stratification based on 
biology would also be helpful to reduce sample size and 
study time period, through selection of participants with 
a high risk of clinical adverse outcomes. Furthermore, 
research on the biology of aging is probably more likely 
to identify shared molecular and cellular mechanisms 
of multiple age-related diseases and functional loss, 
thereby paving the way to targeted and personalized 
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interventions (1,2,11).
One of the difficulties in identifying biomarkers of 

aging is that there is no consensus about an operational 
definition of biological aging. The American Federation 
of Aging Research (AFAR) defined 3 criteria that a 
biomarker of aging should ideally meet: mark the 
individual stage of aging and predict mortality better 
than chronological age; monitor aging in a range 
of systems and not the effects of diseases; and allow 
longitudinal non-invasive tracking in animals and 
humans (12). Then, which event(s) should be predicted 
by an ideal biomarker or set of biomarkers? Death is 
obviously a significant outcome, but can be preceded by a 
long period of multi-morbidity and disability, so time-to-
death per se is not a relevant outcome for a biomarker of 
healthy aging. Age-related diseases are to be considered 
but this disease-centered approach may focus research on 
a specific organ or on one limited physiological system. 
Frailty, conceptually defined as an age-associated state of 
increased vulnerability to stressors, can be considered as 
a clinical metric of biological aging. Indeed, operational 
definitions of frailty were widely validated as predictive 
of hospitalizations, disability, and death (13). There is 
also growing interest in measuring intrinsic capacity, a 
composite of all the physical and mental capacities of an 
individual (14), as a key determinant of functional ability. 

Bibliography methodological approch

For this narrative review, our search for putative 
biomarkers of healthy aging was based on the following 
criteria: 

(I) In the absence of a consensual operational 
definition of biological aging, we searched for biomarkers 
associated with survival, several aging-related diseases, 
frailty and/or functional loss.

(II) Putative biomarkers should have been studied 
in humans. Whenever available, animal data were also 
considered.

(III) To cover the main domains of aging biology, 
we chose to report at least one putative biomarker of 
healthy aging for each of the nine hallmarks of aging 
proposed by Lopez-Otin et al. (15): genomic instability, 
telomere attrition, epigenetic changes,  loss of 
proteostasis, deregulated nutrient sensing, mitochondrial 
dysfunction, cellular senescence, stem-cell exhaustion 
and altered intercellular communication. In Lopez-Otin 
et al.’s review, which was focused on mammals, each 
hallmark should ideally fulfill the following criteria: it 
should manifest during normal aging, its experimental 
aggravation should accelerate aging and its experimental 
amelioration should delay the normal aging process 
and thus increase healthy aging. Thus, there is causal 
evidence for the implication of these biological 
mechanisms in the aging process, and associated 
therapeutic potential.

(IV) In a feasibility purpose, we chose only non-

invasive biomarkers. 
(V) In a discovery purpose, we focused on the 

literature published after the review by Lopez-Otin et al. 
(2013). 

The search was performed on PubMed in April 2019 
using the following terms: “biomarker” and (“aging” or 
“frailty” or “functional decline” or “genomic instability” 
or “telomere attrition”, or “epigenetic changes” or “loss 
of proteostasis” or “deregulated nutrient sensing” or 
“mitochondrial dysfunction” or “cellular senescence” 
or “stem-cell exhaustion” or “inflammaging”). The 
nine latter keywords were selected based on the nine 
hallmarks of aging proposed by Lopez-Otin et al. (15). 

We selected biomarkers that fulfilled criteria (I) 
(association with at least one cited outcome), (II), (III) 
and (IV). Criterion (V) was optional, because we found 
relevant literature published before 2013.

Putative biomarkers of healthy aging

The results of our search are summarized in the Table. 
Only blood-based biomarkers met our selection criteria. 
We present below putative biomarkers for each hallmark 
of aging.

Genomic instability: Micronucleus assay

Genetic damage accumulates with aging, due to 
extrinsic and intrinsic factors, and genomic instability 
results from the imbalance between DNA damage and 
repair (16,17). Chromosome damage can be assessed with 
the micronucleus assay, which measures chromosome 
loss and breakage (18). Micronuclei are formed from 
chromosome fragments or whole chromosomes left out 
during cell division. From a minimum of 2000 cells, 
the percentage of micro-nucleated cells is measured 
via automatic microscope scoring and reviewed by 
an experienced scorer (19). Due to their non-invasive 
availability, peripheral blood and exfoliated buccal cells 
are the preferred material for this assay. The percentage 
of micro-nucleated cells increases with age, cancer, 
neurodegenerative diseases, tobacco use, and decreases 
with fruit consumption (20,21). 

In 257 persons aged 65 and older from Galicia (Spain), 
Sanchez-Flores et al. recently reported a cross-sectional 
association between frailty and the micronucleus 
assay performed in peripheral blood lymphocytes 
(22). Interestingly, in this study, a higher micronucleus 
frequency was associated with 4 over 5 criteria of Fried 
frailty phenotype (except unintentional weight loss), 
with malnutrition or risk of malnutrition according to the 
Mini Nutritional Assessment score and with cognitive 
impairment according to the Mini-Mental Status 
Examination score. Longitudinal studies are required 
to validate the micronucleus assay as a healthy aging 
biomarker. In animals, the micronucleus assay has been 
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widely used as a genotoxicity test (23), but not as a 
biomarker of healthy aging.

Telomere attrition

Some chromosome regions are particularly susceptible 
to age-related damage: telomeres are repetitive DNA 
sequences capping chromosomes, which shortens every 
time cells divide. It is probably the most studied hallmark 
of aging, with more than 8000 publications referenced 
in PubMed to date. The two main historical methods 
used to measure telomere length are the Southern blot 
(measuring the size of enzymatically-cleaved telomere 
fragments (24) and the quantitative polymerase chain 
reaction (qPCR), which reports a telomere/single copy 
gene signals ratio (25). 

In a recent meta-analysis of twenty-five studies 
(n=121749, 21763 deaths) telomere attrition was 
predictive of all-cause mortality: subjects with telomere 
length in the lowest quartile had a 26% (95% CI 15-38%) 
higher hazard of death (26). The relation with frailty is 
less clear: in a meta-analysis of nine studies (n=10079 
older subjects), Araujo-Carvalho et al. reported a 
borderline positive association between telomere attrition 
and Fried frailty phenotype (standard mean difference 

-0.56, 95% IC -1.12 to 0.00) and a statistically significant 
but weak positive association between telomere attrition 
and frailty index (standard mean difference 0.06; 95% IC 
-0.10 to -0.01) (27). The authors concluded that telomere 
length may not be a meaningful biomarker for frailty. 

Nevertheless, attrition is not the only telomere 
modification observed during aging. Indeed, data from 
human and mice suggest a contribution of telomere 
damage to lung and cardiomyocyte aging, independently 
of telomere length (28,29). Interestingly, these works 
highlight molecular links between several hallmarks 
of aging: telomere damage is driven by mitochondrial 
dysfunction (through reactive oxygen species) and 
contributes to cellular senescence. Further investigations 
are needed to assess if telomere damage, detected 
noninvasively, could predict health outcomes during 
aging. 

Epigenetic alterations: DNA methylation clocks

Changes in DNA sequence are not the only age-
related genomic alterations. Epigenetic modifications 
such as DNA methylation, histone modification, 
chromatin remodeling, that influence gene expression, 
are also features of aging (15). Among them, changes 

Table 1. Putative biomarkers of healthy aging
Hallmark of aging Putative biomarker Association with Study design Species References

Genomic instability Micronucleus assay Cancer, neurodegenerative diseases 
Frailty, malnutrition, cognition

Cross-sectionnal
Cross-sectionnal

Humans
Humans

(20,21)
(22)

Telomere attrition Telomere length Mortality
Frailty phenotype (borderline significant), frailty index 
(significant but weak)

Longitudinal
Cross-sectionnal

Humans
Humans

(26)
(27)

Epigenetic alterations DNA methylation clocks Mortality
Cognition, physical function

Longitudinal
Cross-sectionnal

Humans
Humans

(33,34)
(35)

Loss of proteostasis Clusterin Coronary artery disease
Alzheimer’s disease (GWAS)
MCI, cognition
Hippocampal volume, atrophy of the entorhinal cortex
Alzheimer’s disease progression, amyloid burden
Alzheimer’s disease model, b-amyloid load

Cross-sectionnal
Cross-sectionnal
Cross-sectionnal
Cross-sectionnal
Longitudinal
Cross-sectionnal

Humans
Humans 
Humans
Humans 
Humans
Mice

(39)
(42,43)
(41)
(40)
(40)
(40)

Deregulated nutrient 
sensing

Sirtuin 1 MCI/Alzheimer’s disease
Frailty phenotype
Malnutrition risk

Cross-sectionnal
Cross-sectionnal
Cross-sectionnal

Humans
Humans 
Humans

(48)
(49)
(46)

Mitochondrial dysfunction Growth Differentiation 
Factor 15

Apelin

Cancer-associated weight loss
Mortality (cardio-vascular, cancer and all-cause)

MCI/dementia
Mortality

Sarcopenia
Physical performance response to physical activity
Sarcopenia

Cross-sectionnal
Longitudinal

Longitudinal
Longitudinal

Cross-sectionnal
Longitudinal
Longitudinal

Humans
Humans

Humans
Mice

Humans
Humans
Mice

(55)
(57,58)

(59)
(56)

(60)
(60)
(60)

Cellular Senescence P16INK4A Age-related diseases (GWAS) Cross-sectionnal Humans (67)

Stem cell exhaustion Circulating osteogenic 
progenitors

Frailty, physical performance, disability Cross-sectionnal Humans (73)

Altered intercellular com-
munication

Inflammasomes

IMM-AGE score

Mortality, hypertension, arterial stiffness
Hippocampal degenerescence, neuroinflammation, cogni-
tive and physical decline
Mortality

Longitudinal
Longitudinal

Longitudinal

Humans
Mice

Humans

(79)
(78, 81)

(87)

MCI, mild cognitive impairment. GWAS, genome-wide association studies
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in methylation of CpG islets are major regulators of 
gene expression. Based on these changes, relatively 
constant between individuals, several groups identified 
“DNA methylation clocks” that accurately predicts the 
chronological age of the donor (30,31). The clock by 
Hannum et al., developed from whole blood DNA and 
measuring methylation fraction of 25000 CpG islets, has a 
correlation coefficient with age >0.9 and an average error 
in age prediction <5 years. Nevertheless, a healthy aging 
biomarker should measure biological age rather than 
chronological age. Interestingly, DNA methylation clocks 
are considered as hybrid measurement, involving both 
chronological and biological elements (32). 

Indeed, biological age may be reflected by the 
difference between true chronological age and DNA 
methylation age (i.e. age predicted by a DNA methylation 
clock). In four cohorts of older persons from Scotland 
and USA (n=4658), this difference (Δage) was found 
predictive of mortality: a 5-year Δage was associated with 
a 16% increase in mortality risk, independently of age, 
education, social class and comorbidity (33). A simpler 
score, based on methylation of only 10 CpG sites, was 
also reported predictive of all-cause, cardio-vascular 
and cancer mortality in two independent cohorts (34). 
Furthermore, in 1091 septuagenarians participating in 
one of the Scottish cohort cited above (LBC1936), Marioni 
et al. reported a cross-sectional negative association 
between Δage, cognition (6 tests from the Wechsler 
Adult Intelligence Scale-III) and physical function 
(grip strength) (35). Nevertheless, neither Δage, nor its 
longitudinal change, were found predictive of cognitive 
or physical decline. 

Loss of proteostasis: Clusterin

Intracellular protein homeostasis, or proteostasis, is 
maintained through several quality control mechanisms: 
protein refolding by chaperone proteins and degradation 
by the ubiquitin-proteasome system or lysosomal 
pathways (autophagy). Due to cellular stress increasing 
protein misfolding, and/or failure of quality control 
mechanisms, aggregation of misfolded proteins are 
features of aging and age-related diseases, such as 
Alzheimer’s (36, 37)

The soluble form of Clusterin (sCLU, also known as 
Apolipoprotein J) protects from protein aggregation and 
precipitation (38). Using different techniques, several 
groups reported associations between Clusterin and age-
related diseases. 

Using ultracentrifugation or gel filtration, Riwanto 
et al. isolated serum HDL-associated Clusterin and 
reported a decreased level in patients with coronary 
artery disease compared to healthy controls from 
Switzerland (39). In an elegant biomarker discovery 
report, Thambisetty et al. provided more insight about 
the potential role of Clusterin in Alzheimer’s disease 
(40). In the discovery phase of the study, proteomic 

analyses revealed a positive association between serum 
Clusterin and (a) hippocampal atrophy measured with 
MRI in 44 subjects with mild cognitive impairment 
(MCI) or mild to moderate AD from the KCL-ART study 
(London), and (b) disease progression speed according 
to the clinical ADAS-cog scale in 51 AD patients from 
the AddNeuroMed European cohort. In the validation 
phase, serum Clusterin (as measured by an ELISA 
technique) was positively associated with atrophy of the 
entorhinal cortex (as measured with MRI), severity of 
cognitive impairment and speed of progression in AD (as 
measured with MMSE before or after blood sampling) in 
689 participants of the KCL-ART or the AddNeuroMed 
study. Furthermore, in 60 non-demented participants 
of the Baltimore Longitudinal Study of Aging, serum 
Clusterin was positively associated with fibrillar amyloid 
burden in the entorhinal cortex, as measured with 
PET imaging 10 years after blood sampling. Finally, 
in a mouse model of AD, serum Clusterin was higher 
than in wild-type mice, cortical plaques contained both 
Amyloid-β protein and Clusterin, and the cortical loads 
of the 2 proteins were highly positively correlated. 

Using an APO multiplex bead f luorescence 
immunoassay technique in 664 participants (257 with 
MCI) of the Sydney Memory and Aging Study, Song et 
al. reported higher levels of serum Clusterin/APOJ in 
subjects with MCI, and a negative correlation between 
APOJ levels and cognitive scores (41). 

In two genome-wide association studies (>14000 
people in France, Belgium, Italy, Finland and Spain and 
16000 people in UK, Germany and USA), polymorphisms 
in the clusterin gene were found strongly associated with 
Alzheimer’s disease (AD), as was the well-established 
susceptibility locus APOE (42,43).

However, given the opposite direction of associations 
between serum Clusterin and coronary artery disease and 
AD, further research is needed to determine if Clusterin 
could be a biomarker of healthy aging. 

Deregulated nutrient sensing: Sirtuins 

Mammals’ somatotrophic axis comprises the growth 
hormone and the insulin-like growth factor (IGF-1), 
which shares downstream intracellular pathway with 
insulin, thereby signaling nutrient abundance and 
anabolism. Decline in this axis is one of the major features 
of metabolic aging (44). Besides the insulin and IGF-1 
signaling pathway, sirtuins are other nutrient sensors 
with an opposite effect: they signal nutrient scarcity and 
catabolism. Thus, activation of sirtuins mimics calorie 
restriction and improves lifespan and health in animals 
(45). 

Performing RT-PCR on whole blood cells from 
350 community-dwellers participating to the Toledo 
Study for Healthy Aging, El Assar et al. recently tested 
the association between the transcription of 21 genes 
involved in response to stress and malnutrition risk 
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assessed with the Mini-Nutritional Assessment score. The 
expression of sirt1, coding for sirtuin-1, was negatively 
associated with malnutrition risk, independently of 
age, comorbidity, frailty and diet (46). No associations 
were found between other genes and malnutrition risk. 
In addition, sirt1 plays a central role in survival and 
regeneration of skeletal muscle cells, as reviewed by 
Sharples et al. (47). 

Sirtuin-1 was originally described as a nuclear 
protein, but was more recently reported detectable in 
human serum using ELISA, surface plasmon resonance 
and Western blot (48). In this first study, lower serum 
sirtuin-1 levels were found in healthy older (n=22) 
individuals and in MCI (n=9) or AD (n=40) patients 
than in young controls (n=22). In 200 Indian outpatients 
of a Geriatric Medicine Department, the same group 
reported lower serums sirtuins 1, 2 and 3 (as measured 
with surface plasmon resonance and Western blot) as 
independently associated with Fried frailty phenotype. 
A better diagnostic accuracy was found for sirtuin-1 
(receiver operating characteristic’s area under curve = 
0.9) (49). Despite external replication of the detection 
of sirtuin-1 in human serum (50), it is still unknown 
how and why this nuclear protein is released in the 
extracellular compartment.

M i t o c h o n d r i a l  d y s f u n c t i o n :  G r o w t h 
Differentiation Factor 15 and Apelin

Human aging is generally linked to a progressive 
mitochondrial dysfunction (51). Among the important 
parameters involved in this dysfunction, the decrease in 
the efficacy of the respiratory chain observed in aging is 
characterized by increased reactive oxygen species (ROS) 
production, mitochondrial integrity defects and reduced 
mitochondrial biogenesis (controlled, among others, by 
sirtuins). Nevertheless, higher mitochondrial oxidative 
stress increases lifespan in rodents. These paradoxical 
effects of ROS on aging can be harmonized if their 
production is seen as a stress-compensatory mechanism 
to maintain survival, which becomes detrimental if 
excessive and sustained (52).

Growth differentiation factor 15 (GDF-15) is a stress-
induced cytokine and member of the transforming 
growth factor β superfamily. GDF-15 has emerged as 
a biomarker of cellular stress than can be produced 
by a number of organs such as lung, kidney and liver 
(53). It is also considered as a diagnostic marker for 
inherited mitochondrial diseases, and potentially as a 
marker of mitochondrial dysfunction (54). GDF-15 has 
negative effects on appetite and weight in mice and is 
associated with weight loss in patients with cancer (55). 
Furthermore, its overexpression increases lifespan in 
mice, especially on a high-fat diet (56). In two Swedish 
cohorts (n=1200), higher GDF-15 serum levels (measured 
by ELISA) was associated with cardio-vascular, cancer 
and all-cause 5- and 12-year mortality, independently 

of telomere length, IL-6 and CRP (57). Measured by 
an immunoradiometric assay in frozen plasma in 
1000 septuagenarians participants of the PIVUS study 
(Sweden), longitudinal increase in GDF-15 levels was 
associated with a 4-fold increase in the 5-years mortality 
hazard (58). Finally, in 1037 non demented community-
dwellers >70 yo participants to the Sydney Memory 
and Aging Study, higher serum GDF-15 (measured by 
ELISA) was associated with MCI/dementia incidence, 
independently of cardiovascular comorbidity, APOE 
genotype and inflammation parameters (59). Even if 
expression and secretion of GDF-15 are increased in 
response to deterioration of energy metabolism 
in a cellular model of mitochondrial disease (54), the 
physiological link between GDF-15 and mitochondrial 
dysfunction, especially during aging, remains to be 
determined.

Recent findings suggest that apelin, an exercise-
induced myokine, may also be considered as a putative 
biomarker of healthy aging related to mitochondrial 
dysfunction (60). Among 61 participants of the French 
MAPT study aged 70 and older, baseline serum apelin 
(measured with ELISA) was positively associated 
with muscle mass (measured using dual energy X-ray 
absorptiometry), independently of age, sex and BMI. 
Moreover, increase of serum apelin over 6 month was 
positively correlated to physical function improvement 
(SPPB score) in 34 participants >70 yo of the physical 
activity LIFE-P trial. In the same work, apelin production 
by muscle declined with aging in mice while sarcopenia 
was exacerbated in apelin-deficient mice and was 
reversed by apelin supplementation or overexpression. 
In those experiments, apelin enhanced muscle function 
through mitochondriogenesis, but also other pathways 
related to hallmarks of aging: autophagy, inflammation 
and muscle stem cells. It remains to be determined 
whether apelin could predict other outcomes than 
sarcopenia and response to exercise, such as Alzheimer’s 
disease (61), and could be considered as a broader 
biomarker of healthy aging.

Cellular senescence: p16Ink4A

Cellular senescence is a state of stable arrest of the 
cell cycle coupled to phenotypic changes, including 
the production of several molecules (especially matrix 
metalloproteases and pro-inflammatory cytokines) 
collectively known as the senescence-associated secretory 
phenotype (SASP) (62). The SASP mediates senescence 
spreading to adjacent cells, inflammation, and tissue 
dysfunction. Seen as a compensatory mechanism aimed 
at avoiding proliferation of damaged cells, cellular 
senescence is induced by age-associated stimuli: 
telomere attrition, DNA damage and excessive mitogenic 
signaling, particularly by the p16Ink4a tumor suppressor 
protein, upon epigenetic de-repression of the ink4/ark 
locus (63). 
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p16Ink4A positively correlates with age in various 
tissues in mice and in human skin (64,65). Measured by 
RT-PCR in peripheral blood T lymphocytes from 170 
donors of 2 independent US cohorts, the transcription of 
p16Ink4a was positively associated with age, tobacco use 
and physical inactivity (66). Moreover, in a meta-analysis 
of 372 GWAS studies aiming at identifying susceptibility 
polymorphisms for age-associated diseases, the ink4/
ark locus was linked to the highest number of diseases, 
including Alzheimer’s, cardio-vascular diseases, cancer 
and type 2 diabetes (67).

To our knowledge, an association between a marker 
of cellular senescence and functional loss, frailty or 
aging phenotype has not yet been reported. As recently 
suggested, a set of biomarkers would be more efficient to 
capture the accumulation of senescent cells during aging 
(68). Given the central role of the SASP in consequences 
of cellular senescence, a systemic measurement of key 
components of the SASP in an available sample (like 
blood) would be, if associated with functional loss or an 
aging phenotype, an interesting biomarker of healthy 
aging. In view of the association between senescent 
cells accumulation and several age-associated diseases, 
removing senescent cells from tissues is a promising 
pharmacological target (69).

Stem cell exhaustion: Circulating osteogenic 
progenitors

The repair and regenerative potential of many tissues 
declines with aging, due to functional attrition in several 
stem cell compartments (e.g. hematopoietic, neural, 
mesenchymal and intestinal epithelial stem cells, as 
well as satellite cells in muscles). Adult stem cells are 
present in every tissues and organs after development 
and regenerate damaged tissues throughout life. During 
aging, the function of stem cells decline (70). Stem cell 
exhaustion is seen as an integrative consequence of 
several hallmarks of aging described above, including 
DNA damage, epigenetic alterations,  telomere 
shortening, cellular senescence and mitochondrial 
dysfunction (15). 

However, stem cell exhaustion is difficult to 
measure non-invasively before the onset of its clinical 
consequences, such as anemia and other cytopenias 
for hematopoietic stem cells, but also sarcopenia for 
muscle stem cells/satellite cells, and decreased 
intestinal function for intestinal epithelial stem cells. 
So far, data is scarce on potential biomarkers for this 
hallmark of aging. Circulating osteogenic progenitors 
(COP) cells were proposed as a surrogate marker of 
the mesenchymal stem cell population within the bone 
marrow (71). Their ability to differentiate, not only 
into bone, but other mesenchymal tissues, including 
muscle, offers perspectives in regenerative medicine for 
musculoskeletal diseases (72). In 77 participants of the 
Nepean osteoporosis and Frailty study older than 65 

yo, the proportion of COP cells among peripheral blood 
mononuclear cells was measured using flow cytometry, 
as double positive cells for CD45 (an hematopoietic 
marker) and osteocalcin (a marker of bone formation). 
COP cell percentage was inversely correlated with age. 
Lower COP cell percentages were associated with frailty, 
lower physical performance (measured by grip strength 
and gait speed) and disability, independently of age 
and comorbidity (73). Nevertheless, there is currently 
no consensual phenotype to specifically identify these 
cells in blood (72) and no longitudinal associations with 
lifespan or healthy aging have so far been reported.

 
Altered  interce l lular  communicat ion : 
Inflammasomes and IMM-AGE score

Aging is associated with changes in communications 
between cells, mainly driven by a chronic low-grade 
systemic inflammation named inflammaging (15,74). 
This inflammation is seen as a consequence of several 
hallmarks of aging described above, including cellular 
senescence (through the SASP) and loss of proteostasis, 
because misfolded proteins constitute a danger signal 
that triggers the innate immune response (75). A large 
body of literature links inflammaging to age-associated 
diseases, functional decline, and frailty (76).

One of the major pathways of inflammaging is the 
inflammasome pathway. Firstly described in innate 
immune cells (77), the inflammasome describes a complex 
system of intracellular proteins that assembly upon 
detection of stress/danger signals and trigger maturation 
and release of pro-inflammatory cytokines (namely 
interleukin-1β and interleukin-18). Mouse models lacking 
the NLRP3 inflammasome exhibit less inflammaging, 
glucose intolerance, hippocampal degenerescence, 
neuroinflammation, cognitive and physical decline (78). 
In participants of the Stanford-Ellison cohort aged 60 to 
>90 yo, inflammasome activation (measured by nlcrc4 
and nlrc5 genes expression in whole blood cells and 
interleukin-1β production) was positively associated 
with hypertension and arterial stiffness and negatively 
associated with personal and familial longevity (79). As 
cholesterol crystals and β-amyloid proteins can trigger 
assembly of inflammasome complexes, this pathway is 
involved in atherosclerosis lesion progression (80) and 
neuro-inflammation in AD (81,82). Thus, inflammasome 
inhibitors are promising drugs in age-related diseases 
(83–85).

B e y o n d  i n f l a m m a g i n g ,  i m m u n o s e n e s c e n c e 
encompasses quantitative and functional changes of 
multiple actors of both the innate and adaptive arms 
of the immune system (86). Immunosenescence may 
aggravate the aging process related to hallmarks of 
aging described above, notably because of the failure 
to eliminate pathogens, but also pre-malignant cells, 
senescent cells and misfolded proteins (15,75). Using an 
integrative and longitudinal “multi-omics” approach 
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from peripheral blood, Alpert et al. recently captured 
the immune system trajectories in 135 healthy older 
individuals (87). Moreover, they derived a simplified 
“IMM-AGE” score based on baseline expression of 57 
immune genes that predicted all-cause mortality over 7 
years, independently of cardio-vascular risk factors and 
disease, in >2000 participants of the Framingham Heart 
Study. Survival was far more significantly associated 
with the IMM-AGE score than with the DNA methylation 
age in the same population. This work provides major 
contributions, especially regarding inter-individual 
variability of immunosenescence trajectories and their 
prognostic value. 

Conclusions and perspectives

To date, no (set of) biomarker(s) has been reported 
to fulfill ideal criteria for biomarkers of healthy aging: 
measuring aging in a range of systems, non-invasively 
in humans and animals, predicting mortality, age-
related diseases and loss of functions. Nevertheless, we 
report here several putative blood biomarkers that were 
shown predictive of mortality and/or associated with 
age-related chronic diseases and/or functional decline. 
Some of them (e.g. DNA methylation clocks) were 
externally validated, but most of them were not. Above 
all, associations between these putative biomarkers and 
frailty or loss of functions are mostly cross-sectional. 
Therefore, there is a major need for longitudinal studies 
with repeated measures of physical and mental functions 
in participants of a wide range of age and health status. 
Especially, cohorts including middle-aged persons would 
allow the identification of early biomarkers of healthy 
aging, whereas such biomarkers could be missed in 
studies focusing on older people, due to selection bias. 
Longitudinal assessment of putative biomarkers would 
also allow studying their dynamic. This would certainly 
provide more insight in the biological processes of aging 
and their heterogeneity across individuals (87).

Giving the complexity of the aging process, the 
probability that a single biomarker will ever meet 
those ideal criteria seems very low. At the opposite, 
the availability of “omics” approaches now allows 
hypothesis-free identification of potential biomarkers, 
not only among genes, transcripts and proteins, but also 
among non-coding RNA and metabolites (88–90). How 
to integrate, with a physiological perspective, hypothesis-
driven approaches focused on a single biological pathway 
and multi-omics approaches is probably one of the major 
challenge for future research on biomarkers of healthy 
aging. In that purpose, artificial intelligence has already 
been used to provide biological age prediction tools and 
its convergence with Geroscience is expected to grow 
(91). Another major, often underestimated, challenge 
in biomarker development is to meet the standards for 
widespread use in laboratory medicine (92,93). 

We chose to focus on the nine hallmarks of aging 

proposed by Lopez-Otin et al. (15), but new hallmarks 
may emerge. For example, all the studies described 
above concentrated their efforts on investigating host 
biomarkers of healthy aging. A growing field related to 
the identification of microbial strains (bacteria, virus, 
parasites, fungi) could soon add more candidates to the 
list of possible healthy aging biomarkers. Most work thus 
far has been rather descriptive. Gut microbiota dysbiosis 
has been associated with a number of diseases, but also 
with aging (94,95). Recent studies using turquoise killifish 
demonstrated that transfer of the gut microbiome from 
young to middle-aged killifish resulted in an increase 
in lifespan and a delayed behavioral decline, compared 
to fish that received the microbiota from middle-aged 
fish (96). The composition of human gut microbiome 
changes heavily from one individual to another and is 
also sensitive to many environmental factors, including 
diet or medication, which are important actors in aging 
individuals. Further experimental and clinical studies are 
needed to explore the role of microbiome (from the gut, 
but also potentially from the skin or the mouth) in aging, 
and to identify microbial healthy aging markers. This is 
a completely unexplored domain for the moment, which 
could well complement the search of host healthy aging 
biomarkers.

The use of animal models that age faster than humans 
and are more suitable for experimental modification 
of biologic pathways or life conditions is essential for 
biomarker discovery and validation. The five main 
model organisms used in aging-related research are 
budding yeast Saccharomyces cerevisiae, nematodes 
Caenorhabditis  elegans,  fruit  f l ies Drosophila 
melanogaster, fishes Nothobranchius furzeri and 
laboratory mice Mus musculus. Numerous studies on 
these different animal models have identified several 
orthologous genes that modulate longevity in the same 
way over a long evolutionary distance (97). Of note, some 
vertebrates, like the African Killifish, age even faster 
than mice and are useful models to study the biology 
of aging (11). Each of these species has its limits and 
strengths as a model for human aging, and it is important 
to consider the way they look alike but also how they 
differ in physiology, longevity, and aging traits. 

Efforts are needed to reduce differences between 
animal lab life and human real life. Indeed, lab animals 
usually have a homogeneous or even identical genetic 
background and live in pathogen-controlled conditions. 
Working on inbred or outbred mice to study biological 
processes of aging remains an open question (98). Their 
food intake has often been modified to influence the 
aging process (99), contrarily to their physical activity, 
despite possible effects on healthy aging (100). Finally, 
the development of preclinical models of frailty is an 
extremely important step in Geroscience research. 
Despite efforts in this direction in mice (101–103), 
translational studies on the mechanisms of aging in 
animals and humans have yet to be conducted.
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Several non-pharmacological interventions, including 
diet and exercise, may influence lifespan and healthy 
aging through effects on several hallmarks of aging 
(99,104–106). It will be useful to take those parameters 
into account in human and animal studies designed 
to discover and validate biomarkers of healthy aging. 
A better understanding of the biology of aging also 
paves the way to potentially promising pharmacological 
interventions linked to several hallmarks of aging, 
including senolytics (69), inflammasome inhibitors (84), 
metformin (107), rapamycin (108), resveratrol  (109,110) 
and mesenchymal stem cells (111). One could argue that 
improving the detection of frailty and functional loss and 
the implementation of personalized non-pharmacological 
interventions is more likely to increase healthy aging 
in populations than new or repurposed drugs (112). 
Biomarkers of healthy aging could nevertheless become 
useful as complementary tools to stratify the risk of 
functional loss and to monitor response to lifestyle 
interventions. 
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