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Aging poses one of the greatest challenges for modern medicine, as it 
is a major risk factor for chronic diseases such as cancer, cardiovascu-
lar and neurodegenerative diseases. As the global population contin-
ues to age, there is an urgent need to develop effective interventions 

and diagnostic tools to prevent illness and extend a healthy lifespan, 
thereby reducing the burden of age-related diseases on healthcare 
systems.1 In the United States, it is estimated that healthcare spend-
ing for individuals over 65 years of age is three to five times higher 
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Abstract
We are facing a growing aging population, along with increasing pressure on health 
systems, caused by the impact of chronic co-morbidities (i.e. cancer, cardiovascular and 
neurodegenerative diseases) and functional disabilities as people age. Relatively simple 
preventive lifestyle interventions, such as dietary restriction and physical exercise, are 
important contributors to active and healthy aging in the general population. However, 
as shown in model organisms or in 'in vitro' conditions, lifestyle-independent inter-
ventions may have additional health benefits and can even be conceived as possible 
reversers of the aging process. Thus, pharmaceutical laboratories, research institutes, 
and universities are putting more and more effort into finding new molecular path-
ways and druggable targets to develop gerotherapeutics. One approach is to target 
the driving mechanisms of aging, some of which, like cellular senescence and impaired 
autophagy, we discussed in an update on the biology of aging at AgingFit 2023 in Lille, 
France. We underline the importance of carefully and extensively testing senothera-
peutics, given the pleiotropism and heterogeneity of targeted senescent cells within 
different organs, at different time frames. Other druggable targets emerging from new 
putative mechanisms, like those based on transcriptome imbalance, nucleophagy, pro-
tein phosphatase depletion, glutamine metabolism, or seno-antigenicity, have been 
evidenced by recent preclinical studies in classical models of aging but need to be vali-
dated in humans. Finally, we highlight several approaches in the discovery of biomark-
ers of healthy aging, as well as for the prediction of neurodegenerative diseases and 
the evaluation of rejuvenation strategies.
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than that for the younger population.2 Furthermore, the number of 
people over the age of 65 is expected to double by 2050 (to 2.1 bil-
lion), leading to a projected increase in healthcare costs of over 50%.3 
In Europe, it is estimated that the annual cost of care for the popula-
tion over 65 years of age will reach €1.5 trillion by 2050.4

Most basic research on aging is focused on identifying mech-
anisms contributing to this trait. Several hallmarks/pillars of aging 
have been defined and summarize the main processes underlying 
aging.5 Although these definitions are still suboptimal,6 they provide 
a nice framework used by many groups in the field to define which 
aspects of aging their research is focused on. Other scientists use 
more holistic approaches to study aging by, for example, investigat-
ing the interaction with the environment (mostly diet and exercise) 
or the loss/gain of function of certain genes contributing to multiple 
hallmarks at once. These studies have demonstrated that aging is a 
malleable process and that relatively simple lifestyle-based interven-
tions, such as dietary restriction, are likely a good starting point to 
improve healthy aging in the general population.7 However, research 
in model organisms has shown that targeting aging using lifestyle-
independent interventions may have additional health benefits.8 
Therefore, many laboratories from universities and pharmaceutical 
companies are specifically focusing on identifying druggable targets 
and new molecular pathways for developing anti-aging therapies.

One approach is to target the driving mechanisms of aging, like 
impaired autophagy and senescence. Inactivation of the mTOR 
pathway by interventions such as dietary restriction or with small 
molecule inhibitors like rapamycin (sirolimus), results in autoph-
agy de-repression and lifespan extension (in fruit flies, worms, and 
mice).9 Specific mTORC1 inhibitors (rapamycin analogs/‘rapalogs’, 
i.e. temsirolimus, tacrolimus, everolimus, etc) were developed as 
immunosuppressants and anticancer drugs, although they have 
proven to only be effective in few types of cancers. However, ex-
tensive data suggest that rapamycin and rapalogs may have positive 
effects on age-related conditions and possibly on human longevity.10 
For instance, the randomized, double-blind, placebo-controlled trial 
PEARL (NCT04488601/www.Clini​calTr​ials.gov) was recently initi-
ated in the U.S. to assess the long-term efficacy of rapamycin in re-
ducing clinical outcomes associated with declining health and aging 
in healthy old adults. Biotech companies like Calico and Samsara 
Therapeutics are developing lead molecules that target the lyso-
some, an important cellular component of the autophagy cycle, with 
potential utilization in neurodegenerative diseases (www.calic​olabs.
com; www.samsa​rathe​rapeu​tics.com/our-scien​ce/the-lysos​eeker​
-platform).

Other therapeutic options appear as new molecular targets in-
volved in the autophagic process are discovered. It is the case of the 
cardiac acyl-CoA binding protein (ACBP), an extracellular inhibitor of 
autophagy, and subsequently, a promotor of heart aging in humans. 
Its depletion with monoclonal anti-ACBP antibodies in mice decel-
erated the degradation of cardiomyocyte function during aging11, 
which indicates a new gero-druggable pathway.

Cellular senescence is another potentially druggable mecha-
nism that has been much ‘in focus’ to try to prevent or treat many 

age-associated pathologies, including cardio/cerebrovascular, neu-
rodegenerative, metabolic, and malignant diseases. Accumulated 
senescent cells (SenC) have deleterious effects due to the induced 
proinflammatory microenvironment that supports chronic low-
grade inflammation (‘inflammaging’) and possible tumor develop-
ment, and accelerate other aging mechanisms which will progress 
concomitantly (‘the geroscience hypothesis’).12 In 2011, Baker et al. 
reported for the first time that inducible clearance of p16Ink4a ex-
pressing SenC in aged mouse tissues is beneficial in delaying sev-
eral aging–associated phenotypes.13 The depletion of SenC in aged 
organisms, either via genetic ablation or pharmacologically with 
senolytics, may have therapeutic benefits by alleviating a series of 
age-associated comorbidities and thus improving healthspan and 
even lifespan, as shown in lower organisms. However, recent studies 
have shown the presence of highly senescent cells (p16+; p21+) in 
many young tissues where they may fulfill regeneration tasks and 
therefore, their ablation can trigger tissue damage in a young or-
ganism. For instance, ablation of ‘sentinel’ p16+ mesenchymal cells 
in the lungs of young mice leads to impaired restoration of the air-
way barrier upon injury14 and the removal of the highly senescent 
liver sinusoids within the middle-aged hepatocytes, triggers collagen 
deposition and liver fibrosis in experimental animals.15 This posi-
tive face of senescence is most likely an extension of its primordial 
beneficial functions in embryo development, tissue regeneration or 
wound healing, or limitation of tumor development in young organ-
isms.16 Altogether, this points out that the development of senolyt-
ics (and other senescence-related interventions) has to be carefully 
conducted and tested in validated preclinical models and then in 
large, randomized clinical trials to prove their safety and benefits, 
including the pace and routes of administration. The most tested 
senolytics in clinical trials are either repurposed drugs, like dasati-
nib (an inhibitor of tyrosine kinase receptor used in the treatment 
of certain forms of leukemia), or plant flavonoids, such as quercetin 
and fisetin, alone or in combination with dasatinib (they interfere 
with the PI3K/Akt/mTORC1 pathway), which have previously shown 
a good safety profile (see the review of Chaib et al. for an update on 
senolytics in clinical trials).12 Newer classes of senolytics target the 
anti-apoptotic proteins of the BCL-2 family (i.e. navitoclax) and pro-
teasomal degradation of this pro-apoptopic family (the ‘spymicins’). 
A second generation has resulted from High Throughput Screening 
(HTS) and includes for instance galactose-modified prodrugs and 
nanoparticles targeting the lysosomes.17

Also, some repurposed drug molecules have demonstrated new 
seno-modulator characteristics, besides their classical mechanism 
of action. For example, the psychostimulant and anti-depressant 
methylphenidate (MPH); its primary action is to activate dopamine 
release, but it is also able to activate the protein phosphatase 2A 
(PP2A), a neuronal protein whose activity decreases in the aging 
brain of zebrafish and mice.18 Activated PP2A has anti-senescent 
properties in the neurons of these two species but might be also 
related to the fact that polymorphisms of the PP2A gene predispose 
human subjects to mental illness and cognitive impairment19 that 
can be attenuated by MPH treatment at advanced ages.20 From this 

http://www.clinicaltrials.gov
http://www.calicolabs.com
http://www.calicolabs.com
http://www.samsaratherapeutics.com/our-science/the-lysoseeker-platform
http://www.samsaratherapeutics.com/our-science/the-lysoseeker-platform
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point of view, PP2A remains a promising gero-target but the real ef-
fects of its activation in preventing neuronal aging in humans are yet 
to be better documented.

Targeting particular seno-antigens at the surface of SenC opens 
the possibility of developing senolytic vaccines with systemic effects 
in aged organisms. We hereby mention the glycoprotein nonmet-
astatic melanoma protein B (GPNMB). This seno-antigen is critical 
for the survival of senescent human vascular endothelial cells,21 
highly present in pathologies associated with vascular dysfunction, 
like atherosclerosis. This finding opened the possibility of target-
ing GPNMB–positive endothelial SenC to eliminate them, similar to 
senolytic therapy. Suda et al. provided evidence that this approach 
was indeed feasible when they immunized mice against GPNMB and 
found an improvement of vascular function in models of atheroscle-
rosis, together with lifespan extension in progeroid mice.22

However, we should not forget about the other arm of seno-
therapy – the senomorphics, molecules that inhibit the production 
and secretion of SASP (senescent-associated secretory phenotype) 
by SenC. Unlike the senolytics, the senomorphics need to be con-
tinuously administered, which might induce more side effects. On 
the other hand, targeting only SenC displaying SASP can be more 
finely adjustable than targeting the entire SenC population, which 
may also include beneficial SenC. Actual clinical trials are oriented 
towards testing small molecules which interfere with the main tran-
scriptional regulators/pathways of SASP (e.g. mTOR, TNFα, NF-κB 
or JAK/STAT inflammatory pathways),23 which also make them use-
ful in the treatment of aging-associated pathologies like cancers and 
chronic inflammatory diseases (Figure 1).

Because senescent cells rely mainly on the glutamine catabo-
lism for survival and the biosynthesis of SASP24, targeting the key 

enzyme GLS1 glutaminase with small inhibitory molecules (i.e. CB-
839, SP600125) could also restore age-associated phenotypes, as 
demonstrated by Choudhury et al. in a progeroid mouse model.25 
Another way to interfere with the SASP biosynthesis emerged from 
observations in patients infected with HIV under long active antiret-
roviral therapy, including certain protease inhibitors like atazanavir; 
such molecules (which target the ZMPSTE24 mammalian protease) 
cause accelerated premature senescence in these patients but treat-
ment cessation seems to revert the senescent features and SASP 
production, as demonstrated in animal models.26

Nevertheless, findings from evidence-based medicine have 
changed some paradigms around the beneficial effect of SASP in-
hibition. For a long-time, aspirin was suggested to be a potential 
senomorphic drug, due to its anti-oxidant and anti-inflammatory 
properties. However, recent data from the ASPREE large clinical trial 
found that daily low-dose aspirin in healthy older adults without pre-
vious cardiovascular events does not prolong healthy and indepen-
dent living, but surprisingly, might predispose to higher mortality by 
cancer.27 Based on this finding, the guidelines of the American Heart 
Association recommend against the routine use of low-dose aspirin 
in this category of old adults.28

Overall, a more detailed characterization of each SAPS pheno-
type and SenC subpopulation which produces it seems to be pivotal 
in initiating personalized anti-aging approaches. In addition, a still 
unsolved problem is how to specifically quantify senescence and 
senolytic/senomorphic effect in individual organs in order to estab-
lish the right intervention. Lastly, SenC could, at least hypothetically, 
be reprogrammed with senoreverter molecules to re-enter the cell 
cycle and ‘rejuvenate’ tissues via the iPSCs obtained from senes-
cent and centenarian cells.23 In fact, the iPSCs (inducible pluripotent 

F I G U R E  1  Senomorphic molecules (and their targets) tested in clinical trials in old adults (>65 years) for: breast cancer, colorectal 
cancer, Covid-19, etc. (apigenin, kaempferol); age-related sarcopenia, heart failure, transplantation, solid tumors, longevity, etc. (rapamycin); 
rheumatoid arthritis, various types of cancers, Covid-19, etc. (tocilizumab); cytokine storm (in Covid-19), lymphoma, gout, CKD, heart 
failure, T2D, pancreatic cancer, etc. (anakinra); glaucoma, inflammatory bowel disease, psoriasis, rheumatoid arthritis, etc. (infliximab); 
prostate cancer, HCC, leukemia, etc. (ruxolitinib). www.Clini​calTr​ials.gov. SASP, senescent-associated secretory phenotype (comprising pro-
inflammatory cytokines, chemokines, growth factors, and extracellular matrix proteases); SenC, senescent cell.

http://www.clinicaltrials.gov


2646  |    POPESCU et al.

stem cells) approach is based on the results obtained first in adult 
mouse and human fibroblasts that have been reverted in vitro to an 
undifferentiated, highly proliferative stem cell state (iPSCs) by the 
forced expression of four critical transcription factors – Oct4, Sox2, 
Klf4 and c-Myc, called Yamanaka reprogramming factors.29 Then, 
this in vitro approach was translated in vivo by several laboratories. 
For instance, researchers used injected adenoviruses to express the 
Yamanaka reprogramming factors in a progeria and glaucoma mu-
rine model and reversed the epigenetic age, additionally to retina 
regeneration.30 However, while very efficient in vitro to reverse the 
biological age to that of the embryo, the full reprogramming to iPSCs 
can be tumorigenic in vivo. This is why partial reprogramming is con-
sidered more appropriate to avoid tumorigenesis while preserving 
cellular identity.

Chemical rejuvenation with reversal of transcriptomic age inde-
pendent of iPSCs induction was also described.31

Interesting findings of several recent pre-clinical studies suggest 
new putative pathways and molecular targets for the development 
of geroprotectors. However, we have to keep in mind that most of 
these findings were obtained in the classical animal models of aging, 
so more studies are needed in human tissues and cells to determine 
their translatability.

A recent elegant study identified the nuclear RNA-Pol II as a pos-
sible therapeutic target, starting from the interesting observation 
that the transcriptional elongation speed of the enzyme is increased 
with aging across multiple species, including Caenorhabditis elegans, 
Drosophila melanogaster, mice and rats, and certain human cell lines.32 
As a consequence, genotoxic stress consisting of transcriptional er-
rors, modifications in splicing, and the appearance of inefficient RNA 
forms, might occur and impact the function and lifespan of affected 
cells.33 Interestingly, the expression-enrichment analysis showed 
that the genes with a high Pol II speed are those preponderantly 
involved in metabolic and catabolic processes, but there are many 
differences between their expressions in humans versus other spe-
cies. Therefore, several strategies for slowing down the elongation 
speed of the enzyme and increasing the lifespan (demonstrated in 
worms and fruit flies) were finally proposed by Debes et al.: dietary 
restriction and lowering the signaling of the insulin-IGF1 somatotro-
pic axis (two lifespan-extending interventions), genetic modification 
of the speedy Pol II by gene-editing (with CRISPR-Cas9) or, another 
demonstrated possibility, the overexpression of certain histones (e.g 
H3 and H4) to increase the nucleosomal density.32

Mammalian nesprins are another example of nuclear targets for 
geroprotection. These proteins anchored in the nuclear envelope of 
cells promote autophagic recycling of the nuclear components (“nu-
cleophagy”) and control nuclear architecture and nucleolar size,34  
a determinant of longevity.35 An active, enhanced nucleophagy 
delays aging in mice and nematodes while a deficient one, due to 
nesprin-2 (the ANC-1 ortholog in C. elegans) impairment for instance, 
predisposes to tumorigenesis in germline organs, in the same spe-
cies36; additionally, nesprin-2 polymorphisms were associated with 
ovarian cancer and endometrioses in women.37 Thus, strategies to 
stabilize nesprins (that can be perturbed by stress) or enhance their 

activity could at least hypothetically, promote rejuvenation and a 
healthy span of tissues like gonads and ovaries.

And also related to ovarian aging, we should mention another 
promising target, the bridge integrator 2 (BIN2) protein, a regulator 
of the mTOR pathways, enriched in ovaries and oocytes. Deletion 
of BIN2 in ovaries improved ovarian function and fertility in aged 
mice,38 most likely via mechanisms of phosphorylation, resulting 
in the derepression of nicotinamide nucleotide transhydrogenase, 
a ROS scavenger. Inhibition of BIN2 phosphorylation with a BIN2-
penetrating peptide preserved the ovarian function in aging mice or 
after chemotherapy.38

Studies performed in the vascular endothelium suggested that 
deterioration of vascular function is the driving factor of organis-
mal aging39 because of the positive role played by VEGF signaling in 
most organs and tissues.40 Experiments of loss of function or gain 
of function of VEGF in aged mice demonstrated that optimal VEGF 
signaling is necessary to counteract age-related multi-organ chronic 
inflammation and maintain healthy (and non-tumoral) aging pheno-
types in many tissues (adipose, liver, muscle, bone), resulting in the 
extension of lifespan.39

The Imidazoline type 1 receptor (I1R) is another potential sur-
face molecular target that can be exploited in pharmacological 
geroprotection at advanced ages. This was suggested after it was 
determined by HTS that its agonist, the antihypertensive drug ril-
menidine, induces a transcriptional profile similar to caloric restric-
tion in C. elegans and in the liver and kidney of mice.41 However, it is 
not yet clear if the longevity benefit of rilmenidine in these animal 
models is entirely dependent on the imidazoline receptor activity or 
if other independent mechanisms, like activation of key autophagy 
genes, are involved.

A summary of these putative molecular targets for the develop-
ment of geroprotectors is presented in Table 1.

There has been a lot of effort in identifying hallmark-overarching 
markers that are predictive of age-related morbidity and mortal-
ity, i.e. the so-called biomarkers of healthy aging. These biomark-
ers could subsequently be used to identify vulnerable individuals 
in society before the development of age-related diseases, so this 
can still be prevented, and to predict the outcome of interventions 
targeting aging. A perfect biomarker of healthy aging should (1) be 
inexpensive and minimally invasive to measure and show high repro-
ducibility and accuracy, (2) predict age-related disease and mortality 
more accurately than chronological age, and (3) ideally work equally 
well in humans and model organisms to increase translatability.43 
Over the last couple of years, several blood-based biomarkers have 
been identified in epidemiological studies based on different types 
of omics-based measurements.44,45 Much attention was given to the 
prediction of neurodegenerative diseases and a couple of interest-
ing tracks are to be explored for the prediction of early cognitive 
impairment and dementia in older adults: the decline of the sense 
of smell,46 the level of toxic beta-amyloid oligomers in the blood,47 
or neuronal extracellular vesicles containing phosphorylated tau and 
alpha-synuclein.48 From a broader perspective, the most promising 
biomarkers are those created based on clinically relevant outcomes, 
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such as mortality, instead of chronological age.49,50 As a next step, 
these biomarkers now need to be tested in more clinically relevant 
settings, such as in individuals visiting the hospital or general prac-
titioners, to see if they (1) can indeed be used to identify vulnera-
ble individuals on their way to develop age-related diseases and (2) 
outperform or complement currently used health-related markers 
for older adults in the clinic, such as the comprehensive geriatric 
assessment.

Our healthcare systems have been developing services capable 
of preventing adverse health outcomes for several life-threatening 
events in aged populations, especially for complications of chronic 
diseases such as diabetes, hypertension, and obesity.51 Growing ev-
idence shows that self-management support interventions improve 
patient–level outcomes, especially when deployed in primary and 
community settings,52 and integrated with the modification of life-
styles.53 Despite the extension of the lifespan, the quality of life of 
older adults in terms of independent living and functionality is still 

far from being optimal, and this is largely caused by inadequate ad-
herence to healthy lifestyles earlier in life, for which it is important 
to make changes at the individual level.54 Aging is a lifetime pro-
cess, and lifestyle factors in midlife can predict successful aging 
20 years later,55 thus providing a broad window of opportunity for 
interventions that can be personalized, especially when supported 
by innovative digital solutions.56 Indeed, lifestyles play a key role 
among non-genetic factors affecting health and lifespan, especially 
food intake and activities stimulating physical and mental wellness, 
which deeply influence the molecular and physiological mechanisms 
underpinning major age-related diseases.57 Pre-symptomatic inter-
ventions and preventive care may be particularly effective in reduc-
ing frailty and extending a healthy lifespan.

By now, research and development in the biology of aging have 
moved to the mainstream with initiatives by large pharmaceutical 
companies and funds, highlighting the growing interest in gerosci-
ence and the development of interventional gerotherapeutics. For 

TA B L E  1  New putative molecular targets, their underlying mechanisms involved with aging, and possible gero-interventions.

New targets holding 
promise for therapeutic 
development Evidence

Possible intervention 
(Observations) Reference

RNA polymerase II (Pol II) The speed of Pol II-driven transcription increases 
with age, leading to more transcriptional errors 
in aged organisms (in Drosophila, C. elegans, 
mice and rats and in several human cell lines).

Slowing down Pol II elongation 
speed (?)

Debès et al.32

Imidazoline type 1 
receptor (I1R)

The antihypertensive drug rilmenidine induces 
transcriptional changes similar to caloric 
restriction, improving the lifespan (in C. elegans 
and mice).

Agonists of I1R Bennett et al.41

Nesprin-2 Enhancing nuclear autophagy (‘nucleophagy’) 
delays aging (in C. elegans and mice).

Inducers/stabilizers of nesprins (?) Papandreou et al.36

Protein phosphatase 2A 
(PP2A)

Aging brain is associated with a decline of PP2A 
activity (in zebrafish and mice).

Navitoclax (classic senolytic) or 
PP2A activators (i.e. MPH)

Xing et al.18

Acyl-CoA binding protein 
(ACBP)

ACBP has a pro-aging function (in yeasts, mice and 
humans).

Monoclonal anti-ACBP antibodies 
(?)

Montégut et al.11

ZMPSTE24 (mammalian 
protease)

Treatment with certain protease inhibitors in 
patients living with HIV can cause premature 
aging.

Boosters of ZMPSTE24 (?) Kuehnemann et al.26

FOXM1 FOXM1 expression declines during aging and an 
increase of its transcriptional activity delays 
organismal senescence and extends lifespan (in 
mice).

[FOXM1 is also an oncogene so its 
induction to drive longevity must 
be considered with caution]

Ouchi et al.42

GLS1 glutaminase, 
Glutamine 
metabolism

Glutamine metabolism sustains the viability of 
senescent cells and the biosynthesis of SASP.

Inhibitors of glutaminolysis (i.e. 
CB-839, SP600125)

Johmura et al.24, 
Choudhury et al.25

Glycoprotein 
nonmetastatic 
melanoma protein B 
(GPNMB)

GPNMB is a seno-antigen in senescent vascular 
endothelial cells.

Senolytic vaccine targeting the 
GPNMB

Suda et al.22

Bridge integrator 2 
protein (BIN2)

Deletion of BIN2 in ovaries improves ovarian 
function and fertility in aged mice.

Cell-penetrating peptides 
inhibitors of BIN2

Zhu et al.38

Vascular endothelial 
growth factor–A 
(VEGF-A)

A moderate increase of VEGF-A in the circulation 
leads to a notable lifespan extension (in mice).

Recombinant VEGF-A (?) Grunewald et al.39
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example, in 2023, Pfizer Ventures joined VitaDAO to fund longevity 
research projects and foster the spinouts of companies that conduct 
research in the area of longevity (https://www.vitad​ao.com/blog-
artic​le/vitad​ao-close​s-4-1m-fundr​aisin​g-round​-with-pfize​r-and-shine​
-capital). Meanwhile, on the financing side, players like Altos and Hev-
olution have entered the field, looking to deploy massive amounts of 
capital to accelerate research and commercial product development 
(https://altos​labs.com/; https://hevol​ution.com). These initiatives re-
flect the increasing recognition of the potential commercial impact of 
anti-aging therapies on healthcare and society.

Finally, why do we age? This question, which has so many facets 
— philosophical, spiritual, social, scientific, continues to trouble all 
those who hope one day we'll find the ‘fountain of youth’. Multiple 
theories of aging have been formulated based on individual aging 
effectors (i.e. genetic instability, ROS, mitochondrial damage, repli-
cative senescence, etc.) but scientists are more and more convinced 
about the tight interconnection between the fundamental pathways 
of aging, undelaying a possible Unitary Theory of Fundamental 
Aging.58 This is raising the question of whether a therapeutic in-
tervention on one mechanism would not negatively impact another 
one within the aging network. Experiments in worms and mice often 
demonstrated that one can make organisms live longer (by caloric 
restriction, for instance) but at the expense of some inherited dys-
functions or unhealthy lifespans.59,60 In humans, centenarians and 
super-centenarians may offer clues about the conditions necessary 
for slowing down the aging pace and living a long and healthy life. 
For instance, compared to old non-centenarians, centenarians seem 
to display a unique, adapted peripheral immune profile (‘immune re-
silience’) that enables them to better recover from infections during 
their lives.61 However, it is not clear whether this adaptation of the 
immune system is the cause or the effect of the slow aging in cente-
narians. A ‘transcriptome imbalance ’ has been recently described as a 
cause of aging in both mice and humans.62 This is based on the abun-
dance of short RNA transcripts over the long transcripts in many 
aged tissues, which implies a shift towards the transcription of small 
genes during aging; this process can be reversed by several gero-
therapeutics in mice but a causal relationship with the transcription 
shift was not demonstrated yet.

Thus far, there is no evidence that human aging at the organismal 
level can be stopped and reversed, as was shown in lower organisms 
and laboratory animals. Based on the documented epigenetic mod-
ifications during aging63 (i.e. DNA methylation, post-translational 
modifications of histones, heterochromatin alteration), that most 
likely drive over the genetic determinants, cellular reprogramming 
with Yamanaka factors and epigenetic resetting 64,65 are the most 
promising possibilities to reverse aging in mammals. These ap-
proaches could reverse the biological age, at least in certain organs/
tissues, if not at the systemic level.66

Another still debated problem around the rejuvenation strate-
gies is how well currently used biomarkers of healthy aging can ac-
tually quantify aging and rejuvenation. So far, the epigenetic clocks 
based on DNA methylation at specific CpG sites have proven to be 
the most promising in estimating both the health state of organs 

and tissues67 and the mammalian biological age after longevity 
interventions.68

Ultimately, Covid-19 and its systemic complications (especially those 
of ‘long Covid’) can induce modifications in the onset and evolution of 
several chronic diseases in aged individuals69,70 and also on epigenetic 
aging (as assessed by DNA methylation).71 Therefore, efforts to study 
the impact of SARS-CoV-2 infection (and also of other related coronavi-
ruses) on the mechanisms of aging are to be considered in future studies.

Identifying new pathways (‘pillars’) of such a complex process like 
aging and druggable targets as possible therapeutic interventions, 
will remain a very hot area for personalized medicine and human 
well-being. However, most likely, these interventions will need to be 
applied together with personalized and digitally supported measures 
to enhance lifestyles, like healthy eating and physical exercise, to 
open the way, if ever, to “the fountain of youth”.

AUTHOR CONTRIBUTIONS
Iuliana POPESCU: Conceptualization (lead); project administration 
(lead); supervision (lead); visualization (lead); writing – original draft 
(lead); writing – review and editing (lead). Joris Deelen: Writing – 
review and editing (equal). Maddalena Illario: Writing – review and 
editing (equal). Jan Adams: Writing – review and editing (equal).

ACKNO​WLE​DG E​MENTS
The authors would like to thank Marion Loizurot and Mathilde 
Wozniak, part of the organizing team of AgingFit 2023 Conference.

FUNDING INFORMATION
This work was not supported by any particular fund.

CONFLIC T OF INTERE S T S TATEMENT
I.P., J.D. and M.I. declare no conflict of interest. J.A. is a Partner at 
Apollo Health Ventures, which has a financinal interest in Samsara 
Therapeutics.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were 
generated or analysed during the current study.

ORCID
Iuliana Popescu   https://orcid.org/0000-0001-9908-9241 

R E FE R E N C E S
	 1.	 United Nations DoEaSA, population division. World Population 

Ageing 2019. (ST/ESA/SER.A/444) 2020.
	 2.	 National Institute on Aging. Why population aging matters: a global 

perspective. 2007.
	 3.	 National Institute on Aging, WHO. Global health and aging. 2011.
	 4.	 European Commission. The 2018 ageing report: Underlying as-

sumptions and projection methodologies. 2017.
	 5.	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 

Hallmarks of aging: an expanding universe. Cell. 2023;186(2):243-278.
	 6.	 Gems D, de Magalhães JP. The hoverfly and the wasp: a cri-

tique of the hallmarks of aging as a paradigm. Ageing Res Rev. 
2021;70:101407.

https://www.vitadao.com/blog-article/vitadao-closes-4-1m-fundraising-round-with-pfizer-and-shine-capital
https://www.vitadao.com/blog-article/vitadao-closes-4-1m-fundraising-round-with-pfizer-and-shine-capital
https://www.vitadao.com/blog-article/vitadao-closes-4-1m-fundraising-round-with-pfizer-and-shine-capital
https://altoslabs.com/;
https://hevolution.com
https://orcid.org/0000-0001-9908-9241
https://orcid.org/0000-0001-9908-9241


    | 2649POPESCU et al.

	 7.	 Dorling JL, van Vliet S, Huffman KM, et al. Effects of caloric re-
striction on human physiological, psychological, and behav-
ioral outcomes: highlights from CALERIE phase 2. Nutr Rev. 
2021;79(1):98-113.

	 8.	 Zhang W, Qu J, Liu GH, Belmonte JCI. The ageing epigenome and 
its rejuvenation. Nat Rev Mol Cell Biol. 2020;21(3):137-150.

	 9.	 Sharp ZD, Strong R. Rapamycin, the only drug that has been consis-
tently demonstrated to increase mammalian longevity. An update. 
Exp Gerontol. 2023;176:112166.

	10.	 Mannick JB, Lamming DW. Targeting the biology of aging with 
mTOR inhibitors. Nat Aging. 2023;3:642-660.

	11.	 Montégut L, Joseph A, Chen H, et al. High plasma concentrations of 
acyl-coenzyme a binding protein (ACBP) predispose to cardiovas-
cular disease: evidence for a phylogenetically conserved proaging 
function of ACBP. Aging Cell. 2023;22(1):e13751.

	12.	 Chaib S, Tchkonia T, Kirkland JL. Cellular senescence and senolyt-
ics: the path to the clinic. Nat Med. 2022;28(8):1556-1568.

	13.	 Baker DJ, Wijshake T, Tchkonia T, et al. Clearance of p16Ink4a-
positive senescent cells delays ageing-associated disorders. Nature. 
2011;479(7372):232-236.

	14.	 Reyes NS, Krasilnikov M, Allen NC, et al. Sentinel p16(INK4a+) cells 
in the basement membrane form a reparative niche in the lung. 
Science. 2022;378(6616):192-201.

	15.	 Grosse L, Wagner N, Emelyanov A, et al. Defined p16(high) senes-
cent cell types are indispensable for mouse Healthspan. Cell Metab. 
2020;32(1):87-99.e6.

	16.	 Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO. Cellular se-
nescence: the good, the bad and the unknown. Nat Rev Nephrol. 
2022;18(10):611-627.

	17.	 Guerrero A, Guiho R, Herranz N, et al. Galactose-modified duocar-
mycin prodrugs as senolytics. Aging Cell. 2020;19(4):e13133.

	18.	 Xing J, Chen K, Gao S, et al. Protein phosphatase 2A activators re-
verse age-related behavioral changes by targeting neural cell se-
nescence. Aging Cell. 2023;22(3):e13780.

	19.	 Backx L, Vermeesch J, Pijkels E, de Ravel T, Seuntjens E, van Esch 
H. PPP2R2C, a gene disrupted in autosomal dominant intellectual 
disability. Eur J Med Genet. 2010;53(5):239-243.

	20.	 Mintzer J, Lanctôt KL, Scherer RW, et al. Effect of methylphenidate 
on apathy in patients with Alzheimer disease: the ADMET 2 ran-
domized clinical trial. JAMA Neurol. 2021;78(11):1324-1332.

	21.	 Suda M, Shimizu I, Katsuumi G, et al. Glycoprotein nonmetastatic 
melanoma protein B regulates lysosomal integrity and lifespan of 
senescent cells. Sci Rep. 2022;12(1):6522.

	22.	 Suda M, Shimizu I, Katsuumi G, et al. Senolytic vaccination improves 
normal and pathological age-related phenotypes and increases 
lifespan in progeroid mice. Nat Aging. 2021;1(12):1117-1126.

	23.	 Zhang L, Pitcher LE, Yousefzadeh MJ, Niedernhofer LJ, Robbins PD, 
Zhu Y. Cellular senescence: a key therapeutic target in aging and 
diseases. J Clin Invest. 2022;132(15):1-13.

	24.	 Johmura Y, Yamanaka T, Omori S, et al. Senolysis by glutaminoly-
sis inhibition ameliorates various age-associated disorders. Science. 
2021;371(6526):265-270.

	25.	 Choudhury D, Rong N, Ikhapoh I, et al. Inhibition of glutaminolysis 
restores mitochondrial function in senescent stem cells. Cell Rep. 
2022;41(9):111744.

	26.	 Kuehnemann C, Hughes JB, Desprez PY, Melov S, Wiley CD, 
Campisi J. Antiretroviral protease inhibitors induce features of cel-
lular senescence that are reversible upon drug removal. Aging Cell. 
2023;22(1):e13750.

	27.	 McNeil JJ, Nelson MR, Woods RL, et al. Effect of aspirin on all-cause 
mortality in the healthy elderly. N Engl J Med. 2018;379(16):1519-1528.

	28.	 Arnett DK, Blumenthal RS, Albert MA, et al. 2019 ACC/AHA 
guideline on the primary prevention of cardiovascular disease: 
a report of the American College of Cardiology/American Heart 
Association task force on clinical practice guidelines. J Am Coll 
Cardiol. 2019;74(10):e177-e232.

	29.	 Takahashi K, Yamanaka S. A decade of transcription factor-
mediated reprogramming to pluripotency. Nat Rev Mol Cell Biol. 
2016;17:183-193.

	30.	 Lu Y, Brommer B, Tian X, et al. Reprogramming to recover 
youthful epigenetic information and restore vision. Nature. 
2020;588(7836):124-129.

	31.	 Yang JH, Petty CA, Dixon-McDougall T, et al. Chemically in-
duced reprogramming to reverse cellular aging. Aging (Albany NY). 
2023;15(13):5966-5989.

	32.	 Debès C, Papadakis A, Grönke S, et al. Ageing-associated 
changes in transcriptional elongation influence longevity. Nature. 
2023;616(7958):814-821.

	33.	 Vermulst M, Denney AS, Lang MJ, et al. Transcription errors in-
duce proteotoxic stress and shorten cellular lifespan. Nat Commun. 
2015;6:8065.

	34.	 Rajgor D, Shanahan CM. Nesprins: from the nuclear envelope and 
beyond. Expert Rev Mol Med. 2013;5(15):e5.

	35.	 Tiku V, Jain C, Raz Y, et al. Small nucleoli are a cellular hallmark of 
longevity. Nat Commun. 2017;30(8):16083.

	36.	 Papandreou ME, Konstantinidis G, Tavernarakis N. Nucleophagy 
delays aging and preserves germline immortality. Nat Aging. 
2023;3(1):34-46.

	37.	 Engqvist H, Parris TZ, Rönnerman EW, et al. Transcriptomic and ge-
nomic profiling of early-stage ovarian carcinomas associated with 
histotype and overall survival. Oncotarget. 2018;9(80):35162-35180.

	38.	 Zhu FY, Wang LL, Meng TG, et al. Inhibiting bridge integrator 2 
phosphorylation leads to improved oocyte quality, ovarian health 
and fertility in aging and after chemotherapy in mice. Nat Aging. 
2021;1(11):1010-1023.

	39.	 Grunewald M, Kumar S, Sharife H, et al. Counteracting age-related 
VEGF signaling insufficiency promotes healthy aging and extends 
life span. Science. 2021;373(6554):eabc8479.

	40.	 Le Couteur DG, Lakatta EG. A vascular theory of aging. J Gerontol A 
Biol Sci Med Sci. 2010;65(10):1025-1027.

	41.	 Bennett DF, Goyala A, Statzer C, et al. Rilmenidine extends lifes-
pan and healthspan in Caenorhabditis elegans via a nischarin I1-
imidazoline receptor. Aging Cell. 2023;22(2):e13774.

	42.	 Ouchi Y, Sahu SK, Izpisua Belmonte JC. FOXM1 delays senescence 
and extends lifespan. Nat Aging. 2022;2(5):373-374.

	43.	 Lara J, Cooper R, Nissan J, et al. A proposed panel of biomarkers of 
healthy ageing. BMC Med. 2015;13:222.

	44.	 Kudryashova KS, Burka K, Kulaga AY, Vorobyeva NS, Kennedy BK. 
Aging biomarkers: from functional tests to multi-omics approaches. 
Proteomics. 2020;20(5–6):e1900408.

	45.	 Lu AT, Quach A, Wilson JG, et al. DNA methylation GrimAge 
strongly predicts lifespan and healthspan. Aging (Albany NY). 
2019;11(2):303-327.

	46.	 Tian Q, An Y, Kitner-Triolo MH, et al. Associations of olfaction with 
longitudinal trajectories of brain volumes and neuropsychological 
function in older adults. Neurology. 2023;100(9):e964-e974.

	47.	 Shea D, Colasurdo E, Smith A, et al. SOBA: development and testing 
of a soluble oligomer binding assay for detection of amyloidogenic 
toxic oligomers. Proc Natl Acad Sci U S A. 2022;119(50):e2213157119.

	48.	 Blommer J, Pitcher T, Mustapic M, et al. Extracellular vesicle bio-
markers for cognitive impairment in Parkinson's disease. Brain. 
2023;146(1):195-208.

	49.	 Deelen J, Kettunen J, Fischer K, et al. A metabolic profile of all-
cause mortality risk identified in an observational study of 44,168 
individuals. Nat Commun. 2019;10(1):3346.

	50.	 Veronese N, Custodero C, Demurtas J, et al. Comprehensive geri-
atric assessment in older people: an umbrella review of health out-
comes. Age Ageing. 2022;51(5):afac104.

	51.	 Smith SM, Wallace E, O'Dowd T, Fortin M. Interventions for 
improving outcomes in patients with multimorbidity in pri-
mary care and community settings. Cochrane Database Syst Rev. 
2021;1(1):Cd006560.



2650  |    POPESCU et al.

	52.	 Reynolds R, Dennis S, Hasan I, et al. A systematic review of chronic 
disease management interventions in primary care. BMC Fam Pract. 
2018;19(1):11.

	53.	 Lewis TJ, Huang JH, Trempe C. Reduction in chronic disease risk 
and burden in a 70-individual cohort through modification of health 
behaviors. Cureus. 2020;12(8):e10039.

	54.	 Schermer EE, Engelfriet PM, Blokstra A, Verschuren WMM, Picavet 
HSJ. Healthy lifestyle over the life course: population trends and 
individual changes over 30 years of the Doetinchem cohort study. 
Front Public Health. 2022;10:966155.

	55.	 Bosnes I, Nordahl HM, Stordal E, Bosnes O, Myklebust T, Almkvist 
O. Lifestyle predictors of successful aging: a 20-year prospective 
HUNT study. PloS One. 2019;14(7):e0219200.

	56.	 Chatterjee A, Prinz A, Gerdes M, Martinez S. Digital interventions 
on healthy lifestyle management: systematic review. J Med Internet 
Res. 2021;23(11):e26931.

	57.	 Guo J, Huang X, Dou L, et al. Aging and aging-related diseases: 
from molecular mechanisms to interventions and treatments. Signal 
Transduct Target Ther. 2022;7(1):391.

	58.	 Tchkonia T, Palmer AK, Kirkland JL. New horizons: novel approaches 
to enhance Healthspan through targeting cellular senescence and 
related aging mechanisms. J Clin Endocrinol Metab. 2021;106(3):e14
81-e1487.

	59.	 Brown-Borg HM, Borg KE, Meliska CJ, Bartke A. Dwarf mice and 
the ageing process. Nature. 1996;384(6604):33.

	60.	 Dhillon RS, Qin YA, van Ginkel PR, et al. SIRT3 deficiency decreases 
oxidative metabolism capacity but increases lifespan in male mice 
under caloric restriction. Aging Cell. 2022;21(12):e13721.

	61.	 Karagiannis TT, Dowrey TW, Villacorta-Martin C, et al. Multi-
modal profiling of peripheral blood cells across the human lifes-
pan reveals distinct immune cell signatures of aging and longevity. 
EBioMedicine. 2023;90:104514.

	62.	 Stoeger T, Grant RA, McQuattie-Pimentel AC, et al. Aging is asso-
ciated with a systemic length-associated transcriptome imbalance. 
Nat Aging. 2022;2(12):1191-1206.

	63.	 Pal S, Tyler JK. Epigenetics and aging. Sci Adv. 2016;2(7):e1600584.
	64.	 Yang JH, Hayano M, Griffin PT, et al. Loss of epigenetic information 

as a cause of mammalian aging. Cell. 2023;186(2):305-26.e27.
	65.	 Ocampo A, Reddy P, Martinez-Redondo P, et al. In vivo ameliora-

tion of age-associated hallmarks by partial reprogramming. Cell. 
2016;167(7):1719-33.e12.

	66.	 Ji S, Xiong M, Chen H, et al. Cellular rejuvenation: molecular mech-
anisms and potential therapeutic interventions for diseases. Signal 
Transduct Target Ther. 2023;8(1):116.

	67.	 Abderrahmani A, Yengo L, Caiazzo R, et al. Increased hepatic 
PDGF-AA signaling mediates liver insulin resistance in obesity-
associated type 2 diabetes. Diabetes. 2018;67(7):1310-1321.

	68.	 Petkovich DA, Podolskiy DI, Lobanov AV, Lee SG, Miller RA, 
Gladyshev VN. Using DNA methylation profiling to evaluate biolog-
ical age and longevity interventions. Cell Metab. 2017;25(4):954-60.
e6.

	69.	 Tayeri K, Asadollahi K, Madani N, Haghjooy JS. Does COVID-19 
escalate aging process?A possible concern. Adv Biomed Res. 
2022;11:106.

	70.	 Popescu I, Bumgardner C, Iancu D, et al. Analysis of mortality and 
cardio-metabolic comorbidities in Covid-19 patients from Eastern 
European region. Diabetes Res Clin Pract. 2022;186:109380.

	71.	 Cao X, Li W, Wang T, et al. Accelerated biological aging in COVID-19 
patients. Nat Commun. 2022;13(1):2135.

How to cite this article: Popescu I, Deelen J, Illario M,  
Adams J. Challenges in anti-aging medicine–trends in 
biomarker discovery and therapeutic interventions for a 
healthy lifespan. J Cell Mol Med. 2023;27:2643-2650. 
doi:10.1111/jcmm.17912

https://doi.org/10.1111/jcmm.17912

	Challenges in anti-­aging medicine–­trends in biomarker discovery and therapeutic interventions for a healthy lifespan
	Abstract
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


