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ARTICLE INFO ABSTRACT

Keywords: According to the Geroscience concept that organismal aging and age-associated diseases share the same basic
Biomarkers of aging molecular mechanisms, the identification of biomarkers of age that can efficiently classify people as biologically
Frailty

older (or younger) than their chronological (i.e. calendar) age is becoming of paramount importance. These
people will be in fact at higher (or lower) risk for many different age-associated diseases, including cardiovas-
cular diseases, neurodegeneration, cancer, etc. In turn, patients suffering from these diseases are biologically
older than healthy age-matched individuals. Many biomarkers that correlate with age have been described so far.
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Inflammaging
Artificial Intelligence

Abbreviation: AD, Alzheimer’s Disease; Al, Artificial Intelligence; AIS, Acute Ischemic Stroke; ALS, Amyotrophic Lateral Sclerosis; ARD, Age-Related Diseases;
BMI, Body Mass Index; CAD, Coronary Artery Disease; CJD, Creutzfeldt-Jakob isease; CKD, Chronic Kidney Disease; CRP, C-Reactive Protein; CoViD-19, Corona Virus
Disease-19; CSF, Cerebrospinal Fluid; CVD, Cardiovascular Disease; DAMP, Damage-Associated Molecular Pattern; DL, Deep Learning; DNAm, DNA Methylation; ER,
Endoplasmic Reticulum; EWAS, Epigenome Wide Association Studies; EVs, Extracellular Vesicles; FGF21, Fibroblast Growth Factor 21; FTD, Frontotemporal De-
mentia; GDF15, Growth Differentiation Factor 15; GM, Gut Microbiota; gp130, Glycoprotein 130; HCT, Hematopoietic Cell Transplantation; HD, Huntington’s
Disease; HF, Heart Failure; HMGB1, High Mobility Group Protein B1; HN, Humanin; HUVECs, Human Umbilical Vascular Endothelial Cells; iAge, Inflammatory Clock
of Aging; IL, Interleukin; IFN-y, Interferon Gamma; MACE, Major Adverse Cardiovascular Events; MAPT, Multidomain Alzheimer Preventive Trial; MCI, Mild
Cognitive Impairment; miRNA, microRNAs; ML, Machine Learning; MMSE, Mini Mental State Examination; MS, Multiple Sclerosis; mtDNA, mitochondrial DNA;
MWAS, Methylation Wide Association Studies; NETs, Neutrophil Extracellular Traps; Nfs, Neurofilaments; NfL, Neurofilament Light Chain; OP, Osteoporosis; PCR,
Polymerase Chain Reaction; PD, Parkinson Disease; PGRN, Progranulin; RA, Rheumatoid Arthritis; ROS, Reactive Oxygen Species; STNFR1, Soluble Tumor Necrosis
Factor Alpha Receptor 1; SASP, Senescence-Associated Secretory Phenotype; SCD, Subjective Cognitive Decline; SCFA, Short Chain Fatty Acids; ST2, Suppression of
Tumorigenicity 2; T2D, Type 2 Diabetes; TBI, Traumatic Brain Injuries; TMAO, Trimethylamine N-Oxide; TNFa, Tumour Necrosis Factor alpha; UPRmt, Mito-
chondrial Unfolded Protein Response; WMH, White Matter Hyperintensity.

* Corresponding author at: Department of Medical and Surgical Science, University of Bologna, Bologna, Italy.

E-mail address: stefano.salvioli@unibo.it (S. Salvioli).

https://doi.org/10.1016/j.arr.2023.102044

Received 19 July 2023; Received in revised form 24 August 2023; Accepted 25 August 2023

Available online 28 August 2023

1568-1637/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:stefano.salvioli@unibo.it
www.sciencedirect.com/science/journal/15681637
https://www.elsevier.com/locate/arr
https://doi.org/10.1016/j.arr.2023.102044
https://doi.org/10.1016/j.arr.2023.102044
https://doi.org/10.1016/j.arr.2023.102044
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Salvioli et al.

Ageing Research Reviews 91 (2023) 102044

The aim of the present review is to discuss the usefulness of some of these biomarkers (especially soluble,
circulating ones) in order to identify frail patients, possibly before the appearance of clinical symptoms, as well
as patients at risk for age-associated diseases. An overview of selected biomarkers will be discussed in this regard,
in particular we will focus on biomarkers related to metabolic stress response, inflammation, and cell death (in
particular in neurodegeneration), all phenomena connected to inflammaging (chronic, low-grade, age-associated
inflammation). In the second part of the review, next-generation markers such as extracellular vesicles and their
cargos, epigenetic markers and gut microbiota composition, will be discussed. Since recent progresses in omics
techniques have allowed an exponential increase in the production of laboratory data also in the field of bio-
markers of age, making it difficult to extract biological meaning from the huge mass of available data, Artificial
Intelligence (AI) approaches will be discussed as an increasingly important strategy for extracting knowledge
from raw data and providing practitioners with actionable information to treat patients.

1. Introduction

A growing interest for biomarkers related to the aging process has
emerged in the last years (Biirkle et al., 2015; Moreno-Villanueva and
Biirkle, 2019), and many have been identified and validated, including
epigenetic clocks (Horvath, 2013b; Hannum, Gensous et al., 2013, 2022;
Belsky et al., 2022), N-glycome changes (Vanhooren et al., 2007; Van-
hooren et al., 2010; Paton et al., 2021; Fan et al., 2023), and miRNA
(Olivieri et al., 2017). Beside the indisputable importance of identifying
markers able to correlate with either chronological (i.e. calendar age) or
biological age, it is likewise important to understand whether and to
what extent these biomarkers of age have a diagnostic/prognostic value
for patients affected by age-related diseases. This query stems as a
consequence of the Geroscience concept (Sierra, 2016). Based on this
theoretical model, aging process is the main culprit of age-related dis-
eases development and progression (Fulop et al., 2018). Geroscience
shifted the focus away from specific diseases and their role in mortality,
toward an assessment of overall health in which the individual’s phys-
iology will determine his/her overall risk for chronic diseases, irre-
spective of which disease is more likely to affect the individual based on
genetic and/or environmental factors (Sierra et al., 2021). According to
this conceptualization, circulating biomarkers related to the aging pro-
cess should be significantly associated with several different age-related
diseases and conditions (Franceschi et al., 2018). Many biomarkers
studied so far fit with this requirement, however, this makes them not
very specific. In this framework, in contrast with single blood marker
analysis, the multi-biomarker approach, by using traditional or new
circulating molecules, might have the potential to enhance the risk
stratification in elderly patients affected by chronic diseases and capture
subtle nuances such as biological age and pace of aging (Belsky et al.,
2015). These composite biomarkers include as an example the so-called
inflammatory clock of aging (iAge), a metric for chronic inflammation
derived from the level of circulating immune proteins likely reflecting an
individual’s inflammatory burden (Sayed et al., 2021). However, these
composite biomarkers are usually derived from one or more
high-throughput techniques that make them quite expensive and not so
easy to analyze. So far, these shortfalls have limited their
bench-to-bedside translation.

In this review we will discuss recent research developments on age
biomarkers with special regard for their involvement in frailty and
multimorbidity. We will not list and describe all possible biomarkers of
age, rather we will focus on specific ones, emerging as important or
promising for a number of conditions strictly linked to frailty, such as
inflammaging, mitochondrial dysfunction, neurodegeneration, osteo-
porosis and sarcopenia. We will finally discuss the new frontier of
Artificial Intelligence (AI) as a tool to identify new pathways/mecha-
nisms/markers related to frailty and multimorbidity in old age.

2. Markers of inflammaging
Inflammaging, defined as a state of chronic low-grade systemic

inflammation, constitutes one of the main biological features of human
aging (Franceschi et al., 2018). The upstream driver of this process is

likely immunosenescence, the age-related dysregulation of immune
response, which determines i. the repeated activation of inflammatory
pathways, ii. the accumulation of senescent cells characterized by the
so-called senescence-associated (pro-inflammatory) secretory pheno-
type (SASP) (Coppé et al., 2008); iii. the increased production of
“cellular garbage” due to the missed clearance of aged/damaged cells
that in turn activate pro-inflammatory innate immune response (‘“‘gar-
b-aging”, Franceschi et al., 2017). Since the definition of these complex
biological phenomena in the early 2000 s (Franceschi et al., 2000), the
scientific community has produced a considerable effort in the search for
biomarkers potentially related to inflammaging and its regulatory
counterpart, anti-inflammaging. Various molecules have been proposed
to date, however the results have not always been satisfactory and
sometimes are conflicting, making it impossible to reach a broad
consensus (Al Saedi et al., 2019). Nonetheless, it is possible to identify
interleukin-6 (IL-6), IL-1, C-reactive protein (CRP) and tumour necrosis
factor alpha (TNFa) as the most relevant circulating markers related to
inflammaging.

The production and release of IL-6 and TNFa from the inflammatory
acute-phase cells have been associated with typical geriatric syndromes,
such as frailty and its predisposing conditions: sarcopenia, reduced
functional capacity and mood disorders (Darvin et al., 2014; Maes et al.,
1997; Soysal et al., 2016; Visser et al., 2002). Notably, both cytokines
stimulate the liver expression of CRP, another widely shared and easily
measurable inflammatory biomarker of unsuccessful aging. In fact, high
levels of CRP have also been associated with frailty and its components
(Samson et al., 2019). Contrarywise, other research groups have found
no significant difference in the concentrations of these pro-inflammatory
markers in frail subjects (Alberro et al., 2021). Furthermore, they seem
unable to predict transition of older adults from robustness to different
degrees of frailty (Baylis et al., 2013), thus concurring to fuel scepticism
about the usefulness of IL-6, TNFo and CRP in screening, early identi-
fication, and prevention of older adults at increased risk of frailty.
Indeed, the major limitation of these biomarkers is their non-specificity
within a context of frailty, as their levels are affected by a plethora of
stimuli, including inflammatory, neoplastic and infectious diseases.
Importantly, they cannot provide information about the specific un-
derlying stimuli which led to their release, thus complicating their
interpretation. Moreover, it should be noted that the studies in which the
interplay between inflammaging and frailty has been investigated are
not homogenous in terms of study participants and design, tools for
frailty assessment and the techniques employed to measure biomarkers
(Saedi et al., 2019). However, it is also to be considered that inflam-
maging is a complex phenomenon always accompanied by a regulatory
counterpart aimed at modulating or limiting its effects, the so-called
anti-inflammaging (Franceschi et al., 2007; Morrisette-Thomas et al.,
2014), and that it is not yet clear the importance and interindividual
variability of such anti-inflammaging, not to mention the fact that is
almost always neglected in the studies on frailty, or at least not
considered together with inflammaging. To this regard, the best-known
examples of inflammaging and anti-inflammaging are in fact IL-6 and its
soluble receptors, as well as IL-1 family and its antagonistic receptors. In
order to obtain consistent and meaningful results on the association of
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such molecules with pathological conditions, including frailty, it is more
than likely that anti-inflammatory partners of such molecules must be
taken in consideration, too.

2.1. IL-6, sIL-6R alpha and gp130: the triplet of inflammation or anti-
inflammation

IL-6 was discovered as a growth factor of B cells, then defined as a
pro-inflammatory cytokine of innate immune system, in particular
produced by monocytes/inflammatory macrophages. In early 1990 s, it
became clear that besides controlling many other immune cells, IL-6 is
also important in the regulation of hepatocytes, hematopoietic progen-
itor cells, skeleton, cardiovascular system, placenta and the nervous and
endocrine systems (Kishimoto et al., 1995). In addition, IL-6 may be
expressed and produced by various cellular types other than immune
cells, such as fibroblasts, keratinocytes, endothelial cells, mesangial
cells, and several kinds of tumor cells (Naka et al., 2002).

The IL-6 membrane receptor complex consists of the IL-6-specific
alpha receptor (IL-6Ralpha, alpha chain, gp80, CD126) and the signal
transducing subunit glycoprotein 130 (gp130, beta chain, CD130). IL-6
first binds to IL-6Ralpha with low affinity. The IL-6:IL-6Ralpha complex
subsequently builds a high affinity complex with gp130 molecule, likely
forming a final membrane hexamer (Singh and Jois, 2018). The for-
mation of this complete receptor complex induces the subsequent acti-
vation of intracellular signaling pathways (the so-called classical
signaling), leading to IL-6-dependent gene expression and
IL-6-dependent cellular responses such as proliferation, migration,
expression of other molecules or metabolic changes (Heinrich et al.,
2003). IL-6 cellular response tightly depends on the cell type, thus is not
necessarily related to inflammation. Accordingly, IL-6 is also expressed
and released by both type I and type II muscle fibers where it exerts
autocrine effects, in particular, through the classical signaling it has
anti-inflammatory effects, leading to the activation of different anabolic
pathways, increased glucose uptake and fat oxidation, and promoting
the proliferation of satellite cells (Forcina et al., 2022).

Importantly, IL-6Ralpha and gp130 proteins may be secreted and
circulate in the blood upon cleavage by membrane enzymes such as
sheddase family members (Rose-John et al., 2017). Thus, IL-6, sIL-6-
Ralpha and the soluble (s) molecule gp130 are currently considered
three key molecules able to differently mediate the states of activatio-
n/inhibition, according to their different combination as follows. Solu-
ble IL-6 is able to activate the classical signaling only when it binds the
complete membrane receptor, which is expressed only in few tissues/-
cell types. On the other hand, the sIL-6:IL-6Ralpha complex may activate
IL-6 trans-signaling by binding the membrane-bound gp130, which is
ubiquitously expressed. Noteworthy, this trans-signaling seems to be the
driver of inflammatory status at systemic level. Concomitantly, elevated
sgp130 may act as a decoy receptor that inhibits IL-6 classical signaling
by sequestering free IL-6 into IL-6:IL-6Ralpha:sgp130 complex (Jostock
et al., 2001; Garbers et al., 2011; Reeh et al., 2019; Forcina et al., 2022).
Overall, this evidence indicates that the reciprocal interactions of these
three molecules are crucial to determine the type of IL-6 signaling.
Actually, in healthy physiological conditions, IL-6 concentrations are
undetectable or very low, such as 1-6 pg/ML (depending on chrono-
logical age), while sgp130 and sIL-6Ralpha are three orders of magni-
tude higher (ng/ML), thus they are able to buffer the IL-6 effects at
systemic level (Rose-John, 2012; Forcina et al., 2022).

Since 2000, IL-6 has also been considered as one of the most
important cytokines that fuel inflammaging. In this perspective, a
striking amount of data has been published indicating that IL-6 is
associated with a spectrum of age-related conditions, including cardio-
vascular diseases, osteoporosis, osteoarthritis, sarcopenia, macular
degeneration, neurodegeneration, Type 2 Diabetes (T2D), certain can-
cers, periodontal disease, post-operative delirium in elderly, functional
decline and frailty (Ferrucci et al., 2005; Leng et al., 2005; Maggio et al.,
2006; Ferrucci and Fabbri, 2018; Stenholm et al., 2011; Lin et al., 2014;
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Capri et al., 2014; Sluiman et al., 2022; Costantini et al., 2023). Not
unexpectedly, the condition of multimorbidity is characterized by high
levels of pro-inflammatory cytokines, and the different spectrum and
number of morbidities may affect the level of systemic inflammation. In
fact, a recent study on the incidence, prevalence, risk factors, and fluid
and imaging biomarkers of mild cognitive impairment in old people has
revealed that patients in the higher multi-morbidity percentiles had
significantly higher IL-6 and TNF-alpha levels compared with those in
the lower multi-morbidity percentiles (St Sauver et al., 2022). Similarly,
the condition of frailty, often associated with multimorbidity, is char-
acterized by a pro-inflammatory phenotype, including high level of IL-6
(Fabbri et al., 2015; Ferreira et al., 2018; McKechnie et al., 2022).
Accordingly, the frailty phenotype is characterized by biomarker pat-
terns reflecting inflammation (e.g. high level of systemic IL-6) or muscle
catabolism in multimorbid patients (Kochlik et al., 2023). Surprisingly, a
relatively low number of papers has been focused on the IL-6 triplet and
frailty status, even if a seminal study was conducted in InCHIANTI
project, where many different pro- and anti-inflammatory markers were
assessed, including IL-6 and sgp130, that were significantly correlated
with aging, except sIL-6Ralpha (Morrisette-Thomas et al., 2014). On the
other hand, a recent study on frailty and inflammatory markers has
shown a significant association between the sIL-6R and frailty with
worsening function supporting a potential increased risk of hip fractures
(Langmann et al., 2017). These results are in agreement with a previous
larger study in which IL-6Ralpha was also assessed and its increased
blood level was associated with an increased risk of hip fracture in a
median follow-up of 7 years (Barbour et al., 2012).

Similarly, a relatively low number of papers reports the assessment
of the IL-6:sIL-6Ralpha:sgp130 triplet in age-related conditions. It is
reasonable to think that most of them could be characterized by a sys-
temic pro-inflammatory condition likely mediated by IL-6 trans-
signaling, among other cytokines and mediators. Interestingly, this
mechanism has been demonstrated in severe cases of Corona Virus
Disease (CoViD)— 19 (Rodriguez-Hernandez et al., 2022). In this
context, the sIL-6:IL-6Ralpha complex may have a pleiotropic effect on
all the cells expressing gp130, thus stimulating a pro-inflammatory
response in different cells and tissues. A study has reported a signifi-
cant increase of both sgp130 and sIL-6Ralpha in post-menopause
women, even if the ratio gp130:IL-6Ralpha remained quite constant,
and the different concentration between IL-6 (picograms) and sgp130
(nanograms) makes IL-6 classical signaling the most achievable (Kangas
et al.,, 2014). In other conditions, serum concentration of sgp130 has
been associated with disease severity. In particular, in patients with
stable coronary artery disease (CAD), sgp130 is inversely correlated to
the level of coronary damage and authors suggest the adoption of low
sgp130 level as an additional indicator of coronary atherosclerosis
severity (Korotaeva et al., 2018). In the same direction, a recent work
has shown that sIL-6Ralpha:sgp130 levels were lower in T2D patients
than controls, whereas IL-6 was high and inversely correlated with
sIL-6Ralpha. Moreover, low levels of sIL-6Ralpha:sgp130 and high levels
of IL-6 were found in patients with T2D or T2D plus atherosclerosis
(Aparicio-Siegmund et al., 2019). sgp130 was also increased in patients
with metabolic syndrome, in correlation with insulin resistance, likely as
a homeostatic effect to buffer the concomitant increase of IL-6 (Zuliani
et al.,, 2010). Therefore, it is a straight-forward hypothesis that the
evaluation of the ratio between sIL-6Ralpha:sgp130 and IL-6 (physio-
logically from 3:1-8:1) and the level of sgp130 could help in making
clearer the difference between patients with different levels of multi-
morbidity, as they can be a measure of the capability of the body to
buffer IL-6 production.

Overall, further studies should be conducted on the complete triplet
IL-6:sIL-6Ralpha:sgp130 and their combination, since high levels of
sgp130 may inhibit both trans- and classic signaling as both the soluble
complex sIL-6Ralpha:sgp130 and sgp130 alone are able to buffer and
neutralize IL-6. Longitudinal studies should be the best experimental
design to test the modification of the triplet concentration and
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combination, likely suggestive of the homeostasis alteration leading to
the IL-6 pro-inflammatory signaling establishment along aging process
and disease onset.

As far as the strategy for counteracting IL-6 effects is concerned, a
growing attention to ad hoc drugs/therapies has been emerging during
the last decade. The role of IL-6 and its alpha chain receptor in some
autoimmune diseases including arteritis and Rheumatoid Arthritis (RA)
has been demonstrated through the successful therapeutic adoption of
Tocilizumab, the humanized monoclonal antibody approved against IL-
6Ralpha, as antagonist of IL-6 classical and trans-signaling (Salvarani
et al., 2012; Rose-John et al., 2017; Marsal Barril et al., 2022). Some
positive effects have also been observed in patients with severe
CoViD-19, even if the literature is discordant, since final effects of
Tocilizumab have been associated with the severity level of the disease
(Ghosn et al., 2021; Jain et al., 2022).

In this view, the systemic level of IL-6 may be reduced by physical
exercise also in condition of morbidity, for example in T2D (Garcia--
Hermoso et al., 2023; Papagianni et al., 2023). Interestingly, master
athletes show lower levels of IL-6 and sIL-6R and higher IL-10 and
IL-10/IL-6 ratio compared to age-matched untrained controls (Aguiar
et al., 2020), but in this context sgp130 has not been measured.

2.2. IL-1 superfamily members: focus on IL-33 and its soluble receptor
sST2

IL-1 is the first interleukin which was discovered in 1979 (Mizel and
Farrar, 1979), even if the first information on proteins acting as
endogenous pyrogenic biomolecules goes back to 1940 s and 1950 s
(Menkin, 1943; Atkins, Wood, 1955). IL-1 plays a crucial role in innate
immune system response and inflammation modulation, acting in fever
induction and acute-phase response (Rea et al., 2018). IL-1 is currently
recognized as a large family including 11 members, consisting of seven
agonists (IL-1a, IL-1p, IL-18, IL-33, IL-360, IL-36f, and IL-36y), three
antagonists (IL-1Ra, IL-36Ra, and IL-38) and one anti-inflammatory
cytokine (IL-37). The IL-1 family is the prototypical example of leader-
less secretory proteins, a growing list of products that are delivered
extracellularly despite lacking an endoplasmic reticulum (ER)-targeting
leader sequence typically required for secretion. To reach the extracel-
lular space, leaderless proteins exploit strategies collectively referred to
as unconventional secretion (Garlanda, Dinarello and Mantovani, 2013;
Cavalli and Cenci, 2020). In addition to proteins with established
extracellular roles (e.g., cytokines), unconventionally secreted products
include proteins with still unrecognized extracellular functions (e.g.,
ferritin), as well as proteins with established intracellular roles whose
extracellular release generates new functions, which include high
mobility group protein B1 (HMGB1), the archetypal damage-associated
molecular pattern (DAMP) molecule. The extracellular roles of most
hitherto recognized unconventionally secreted proteins point to
inflammation as a conserved functional common denominator (Cavalli
and Cenci, 2020; Sitia and Rubartelli, 2020). Notably, the diverse
secretory routes affording IL-1f secretion are shaped by autophagic
genes and mechanisms that inhibit or stimulate IL-1p synthesis and
release depending on the severity of inflammatory stimuli (Claude--
Taupin et al., 2018; Cavalli and Cenci, 2020).

The highly inflammatory cytokines IL-1p and IL-1a are usually pre-
sent in circulation at very low levels, and their activity is effectively
regulated by several decoy receptors and soluble antagonists. Extensive
investigations have demonstrated that the complex IL-1 family plays a
broader role shaping and orienting innate immunity and inflammation
in response to different microbial or environmental challenges (Man-
tovani et al., 2019).

IL-33 and its unique receptor, named suppression of tumorigenicity 2
(ST2), are attracting the interest of researchers as biomarkers of aging
and age-related diseases (Schmitz et al., 2005). IL-33 and ST2 are
expressed in multiple types of cells, including endothelial cells, epithe-
lial cells, smooth muscle cells, and immune cells. Two patterns of IL-33
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expression were highlighted: constitutive and induced (Guo et al.,
2022). In the steady state, IL-33 is constitutively expressed as a
full-length protein located in the nucleus, where it binds to chromatin
via the tails of histones H2A and H2B and regulates gene expression
(Roussel et al., 2008). Cellular damages or different types of stressors
can enhance IL-33 expression and promote IL-33 release by immune and
non-immune cells. In this context IL-33 acts as an “alarmin” (alarm
signal) activating inflammatory and immune responses (Cayrol and
Girard, 2014). Once full-length IL-33 is released by cells, the serine
proteases cathepsin G and elastase, produced by neutrophils and mast
cells, can shear full-length IL-33 to produce highly active IL-33
(Lefrancais et al., 2012). Due to structural similarity of cytokine
domain and their receptors between IL-33 and IL-1, early studies have
focused on IL-33 similarity to IL-1 in inflammation and immune
response. However, [L-33 is a pleiotropic cytokine and its functions
appeared very complex and contexts-dependent. Generally, in physio-
logical conditions IL-33 induces ThO cells to differentiate into Th2 cells,
induces M2-like macrophage polarization, promotes the formation of
neutrophil extracellular traps (NETs) in models of infection, enhances
NK cell aggregation at inflammatory sites and promotes the production
of inflammatory cytokines TNF-a and Interferon (IFN)-y (reviewed by
Guo et al., 2022). Paradoxically, it has been recently demonstrated in
animal models that IL-33 can promote immunosuppression by inducing
thymic involution-associated naive T cell dysfunction, suggesting that
targeting IL-33 or ST2 could be a promising strategy to rejuvenate T cell
immunity to better control severe infection (Xu et al., 2022). Overall,
IL-33 can play both pro- and anti-inflammatory effects, playing dual
roles in the progression of several diseases including metabolic diseases
(Nesic et al., 2022), neurodegenerative diseases (Rao et al., 2022) and
cancers (Liu et al., 2023). Circulating IL-33 levels were investigated as
biomarkers of mortality or diseases severity. Notably, low circulating
levels of IL-33 were associated with increased mortality risk in critically
ill patients (Krychtiuk et al., 2018), or with large infarction volume and
greater stroke severity in patients affected by acute ischemic stroke (AIS)
(Qian et al., 2016). Increased IL-33 circulating levels have been
observed in asthma, atopic dermatitis, multiple sclerosis, rheumatoid
arthritis, and Sjogren’s syndrome, whereas it seems to be protective in
atherosclerosis, suggesting different roles in immune-regulated diseases
(reviewed in Theoharides et al., 2015).

In 1989, ST2 was first identified by 2 independent laboratories
working on growth-stimulated fibroblasts, but the function of this pro-
tein has remained unclear for several years (Werenskiold et al., 1989;
Tominaga, 1989). In the following years, IL-33 was identified as the
ligand of ST2. The soluble form of this receptor, sST2, is the most
important antagonist of IL-33 identified so far. As a soluble receptor,
sST2 binds to IL-33 to prevent ST2-IL-33 binding, consequently blocking
downstream signaling and immune response. sST2 is produced mostly
by alveolar cells and vessel wall cells, and to a lower extent by cardiac
fibroblasts and cardiomyocytes. A few studies have uncovered the
complex roles of IL-33/sST2 in physiological and pathological condi-
tions. Several studies highlighted the prognostic relevance of sST2 in
heart failure (HF). In the Framingham Heart Study, sST2 levels predicted
death, incident HF, and major cardiovascular events independently from
standard cardiovascular risk factors and other biomarkers (Wang et al.,
2012). Studies evaluating the prognostic significance of sST2 in acute HF
have confirmed that this biomarker helps refine risk stratification. A
meta-analysis showed that sST2 levels measured both on admission and
at discharge, predict all-cause and cardiovascular mortality (Aimo et al.,
2017). Overall, sST2 is a strong predictor of outcome in HF and its
prognostic value is additive to natriuretic peptides (Aimo et al., 2019).
Interestingly, a huge amount of data suggested that IL-33 and sST2 have
clinical relevance as prognostic biomarkers not only for HF but also for
different cardiovascular diseases (CVD) (Cardellini et al., 2019; Sun
et al., 2021; Li et al., 2021; Jia et al., 2023). A recent study highlighted
sex and age differences in serum sST2 levels depending on CVDs (Beetler
et al., 2023). Notably, elevated sST2 levels were associated with
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unplanned hospital admission due to major adverse cardiovascular
events (MACE) within 1 year (Chen et al., 2023). Two studies on large
cohorts of patients examined serum levels of sST2 to determine whether
sex-specific cutoffs would enhance determination of risk for hospitali-
zation or death (Harmon et al., 2021; Vergaro et al., 2022).

In addition to HF and others CVD, the prognostic role of sST2 was
highlighted in several others age-related acute and chronic conditions,
including acute distress (Erfurt et al., 2022), stroke (Krishnamoorthy
et al., 2023), systemic sclerosis (Giinther et al., 2022), neurodegenera-
tive diseases (Saresella et al., 2020; Tan et al., 2023) T2D (Caporali et al.,
2012; Sabbatinelli et al., 2022), metabolic syndrome (Roy et al., 2023),
cancers (Akimoto et al., 2016; Cui et al., 2015; Jou et al., 2022), chronic
kidney disease (CKD) (Guo et al., 2021), hypertension (Yin et al., 2019),
chronic obstructive pulmonary disease (Urban et al., 2021), and critical
ill patients (Krychtiuk et al., 2018). sST2 was studied also in the context
of infectious diseases, such as CoViD-19 (Zeng et al., 2020; Omland
etal., 2021; Park et al., 2023) and chronic hepatitis B (Yuan et al., 2020).
sST2 was also established as a prognostic biomarker of nonrelapse
mortality when measured early after allogeneic hematopoietic cell
transplantation (HCT) and as a biomarker of pretransplantation
vulnerability (Gjeerde et al., 2023). Notably, sST2 was identified as an
independent predictor of total mortality in a few population studies
(Pfetsch et al., 2017; Filali et al., 2021; Ip et al., 2021). Overall, sST2 is
currently considered a useful biomarker mainly for HF, since it is a
strong predictor of outcome in HF and its prognostic value is additive to
natriuretic peptides (Aimo et al., 2019). The analytical characteristics of
sST2 assay are discussed in dedicated publications (Mueller and Jaffe,
2015). However, IL-33 and sST2 meet some criteria as biomarker of
aging and age-related diseases: accurate measurements are available at a
reasonable cost, and the biomarkers provides information not already
available from clinical assessment. sST2 has been proposed as a marker
for frailty but not convincingly tested so far (Cardoso et al., 2018; Sato
et al., 2022).

3. Markers of mitochondrial dysfunction: focus on mitokines

Beyond inflammaging, and strictly related to it, another pillar of
aging is the mitochondrial dysfunction. Indeed, besides energy genera-
tion, mitochondria also mediate other fundamental cellular processes,
such as apoptosis, calcium signaling, amino acid and nucleotide syn-
thesis, and reactive oxygen species (ROS) production. It is thus clear that
a dysfunction of mitochondria can play a crucial role in aging process.
Notably, mitochondrial dysfunction is listed among the “antagonistic”
hallmarks of aging, as it can be beneficial when present at low intensity
and can turn detrimental at high intensity (Lopez-Otin et al., 2013). In
fact, it is known that mitochondrial dysfunction (in the form of pro-
duction of ROS or mitochondrial DAMPs) is perceived by molecular
sensors related to the inflammatory response such as NF-kB, TLRO,
cGAS-Sting, NLRP3, etc. (Vitale, Salvioli and Franceschi, 2013; Zanini
et al., 2023). Unmodulated inflammatory activation resulting from
mitochondrial oxidative damage has been demonstrated to contribute to
unsuccessful aging, as consequent overproduction of ROS quickens
cellular senescence and increases the secretion of SASP components
(Kim et al., 2022). This process is particularly relevant for the homeo-
stasis of the organism, and its measurement may represent a marker of
aging and frailty (Bencivenga et al., 2023), which is considered a state of
increased vulnerability to develop adverse outcome in response to stress
(Clegg et al., 2013). On the other side, during evolution, mitochondria
have developed several pathways to limit cellular damage in response to
stress (Lima et al., 2022). These stress responses are indeed beneficial for
the whole organism and may promote longevity. Among these stress
responses, the mitochondrial unfolded protein response (UPRy,) is a
conserved quality-control transcriptional system that maintains mito-
chondrial protein homeostasis through a coordinated network of chap-
erones and proteases (Shpilka, Haynes, 2018). The UPRy,; promotes cell
survival and lifespan extension through several metabolic adaptations,
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and defects in this process have been described in several human
age-related diseases, such as sarcopenia (Migliavacca et al., 2019) and
Alzheimer’s disease (AD) (Beck et al., 2016; Sorrentino et al., 2017).
Various molecular actors of the UPR,,; have been associated with
longevity.

With these premises in mind, especially from the innovative
perspective of Geroscience, it is not surprising the growing interest in
research for biomarkers useful in the assessment of the degree of mito-
chondrial dysfunction in relation to frailty (Goncalves et al., 2022;
Guerville et al., 2019). In this context, some soluble mitochondrial
stress-induced molecules, known as mitokines, have been investigated,
in particular fibroblast growth factor 21 (FGF21), growth differentiation
factor 15 (GDF15) and Humanin (HN) (Conte et al., 2019).

Several studies have reported an increase of GDF15 levels with aging
and an association of chronically elevated levels of GDF15 with several
age-related diseases, including geriatric syndromes, cardiovascular
conditions and metabolic disorders (Conte et al., 2022). Although its
role is still not fully understood, with evidence reporting opposite
functions, there is agreement that this molecule is involved in the pro-
cess of mitohormesis, representing an adaptive reaction to stress (Conte
et al., 2022). According to this fascinating theory, in the mechanism of
body resources allocation, this mitokine counteracts the damage
resulting from systemic inflammation due to intrinsic and environ-
mental stressors, as also demonstrated in the context of cardiovascular
homeostasis (Bencivenga et al., 2023). As GDF15 is linked to lipid and
energy metabolism as well as to cachexia, it is also not surprising that it
has been found associated to frailty (Arauna et al., 2020; Alcazar et al.,
2021), muscle waste and decreased force and poor physical function
(Nakajima et al., 2019; Conte et al., 2020; Oba et al., 2020; Merchant
et al., 2023).

Similar to GDF15, it is still uncertain whether FGF21 exerts a bene-
ficial or harmful role in aging and related conditions, as its release ap-
pears to determine opposite biological effects in short- or long-term
(Conte et al., 2019, 2021). Anyhow, as shown in pre-clinical studies, this
mitokine is involved in the regulation of age-related thymic involution,
thus allowing to speculate on its role in the immunomodulation, related
to mitochondrial dysfunction. The anti-apoptosis and -inflammation
activities of FGF21 are also mediated by reduced expression of the cy-
tokines TNF-a, and IL-6 (Yu et al., 2016); furthermore, circulating
FGF21 levels increase with chronological age, especially in centenarians
(Conte et al., 2019). At variance with GDF15, the association with frailty
and diseases is not clear. In some cases, it seems that FGF21 levels are
associated with decreased muscle force (Roh et al., 2021), while in
others do not contribute to identify sarcopenic patients (Picca et al.,
2022); in some cases, FGF21 levels have been found decreased in the
plasma of AD patients (Conte et al., 2021), while in others FGF21 has
been proposed as a biomarker of mitochondrial disorders (Scholle et al.,
2018). As a whole, it seems that more studies are needed to clarify the
role of FGF21 as a marker of frailty and diseases. However, although
their crucial role in the interplay among aging, immunity and inflam-
mation needs to be further investigated, to date it seems that a chronic
upregulation of FGF21 and GDF15 determines adverse effects that
exceed beneficial ones deriving from controlled acute release.

HN can be considered an anti-inflammatory molecule, exerting a
cytoprotective role through different signalling pathways, including
anti-apoptotic activity (Thummasorn et al., 2018). Its protective activity
against oxidative stress and inflammation has been confirmed by
different evidence reporting a beneficial effect in several
frailty-associated conditions, including cardiovascular diseases and
neurodegenerative disorders. Interestingly, even if not fully clarified,
the neuroprotective activity of HN seems to be partially due to an
interference mechanism with the aforementioned inflammatory cyto-
kines (Conte et al., 2020). While it is clear that HN is associated with
healthy lifespan (Yen et al., 2020), increased HN levels are actually
found in old age, likely reflecting an increased level of mitochondrial
stress (Conte et al., 2019; Conte et al., 2021); quite surprisingly, no data
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are available on the possible value of HN as a biomarker of frailty, even
though an inverse correlation between HN and frailty could be expected.

It is still a matter of debate whether mitokines can be considered as
produced exclusively in response to mitochondrial dysfunction or rather
to many types of stress, including ER and lysosomal stress, therefore
casting some legitimate doubts on the specificity and biological meaning
of these biomarkers. Other possible markers of mitochondrial dysfunc-
tion are plasma levels of cell-free mitochondrial DNA (mtDNA). The
circulating levels of mtDNA were found to increase gradually after the
fifth decade of life and correlate with serum inflammatory markers such
as TNF-a and IL-6 (Pinti et al., 2014), supporting a role of circulating
mtDNA in age-associated low-grade inflammation. In some studies, the
levels of circulating mtDNA have been associated with frailty and in-
flammatory markers (in particular, CRP, soluble TNF-a receptor 1
[STNFR1], and IL-6) in old people (Jylhava et al., 2013; Nidadavolu
et al., 2023). The usefulness of circulating mtDNA (and maybe nuclear
DNA) as a marker to detect/predict frailty and multimorbidity is not yet
very clear, as studies are sparse and the measurement is not yet stan-
dardized, is very operator- and protocol-sensitive and finally its bio-
logical meaning is still unclear, even though a role in inflammaging has
been proposed, being mtDNA among the ligands for natural immune
receptors (Franceschi et al., 2017).

4. Markers of neurodegeneration: focus on neurofilament light
chain

There is an urgent need for sensitive biomarkers that allow for early
detection of neurodegenerative processes and are sensitive to disease
progression (Outeiro et al., 2023). Current diagnostic criteria for Alz-
heimer and Parkinson disease mainly rely on the manifestation of car-
dinal cognitive or motor symptoms but it is now well established that
neuronal dysfunction and loss begins well before the development of
clinical manifestations. Early detection is going to be critical for disease
modification especially in light of the registration of two monoclonal
antibodies in AD by the FDA and numerous ongoing clinical trials in
Parkinson’s Disease (PD) (Jeremic et al., 2023). Neurofilament light
chain (NfL) is a neuronal cytoplasmic protein, highly expressed in large
caliber myelinated axons (Barro, Chitnis and Weiner, 2020; Khalil et al.,
2018). NfL is a subunit of Neurofilaments (Nfs), proteins classified as
Intermediate filaments (IF) exclusively located in the soma of neurons,
which together with glial filaments are the main constituent of neuronal
cells. NfL is the backbone of Nfs and their most abundant component.
Also, it is the best candidate among the Nfs subunits to be measured
because it is the most soluble one (Gafson et al., 2020; Herrmann and
Aebi, 2016; Yuan et al., 2017). High NfL levels in biofluids, such as
cerebrospinal fluid (CSF) and blood, are indicative of axonal damage
and neuronal death as NfL concentration rises proportionally to the
degree of axonal injury and degeneration. For these reasons, NfL is
considered a valid biomarker of neurodegeneration, useful for diagnosis,
prognosis and treatment response monitoring (Delaby et al., 2022; Dutta
et al., 2023; Gaetani et al., 2019a; Hansson, 2021; Wang et al., 2019). In
particular, its usefulness as biomarker has been investigated in many
proteinopathies such as AD, Frontotemporal dementia (FTD) (Forgrave
et al., 2019; Staffaroni et al., 2022), PD and synucleinopathies (Aamodt
et al., 2021; Canaslan et al., 2021), Creutzfeldt-Jakob disease, Hun-
tington’s disease (HD) (Jeromin and Bowser, 2017), Amyotrophic
lateral sclerosis (ALS) (Ingannato et al., 2021), Multiple sclerosis (MS)
(Jeromin and Bowser, 2017). Recent studies have demonstrated that NfL
levels can be used to discriminate between different preclinical stages of
disease like Subjective Cognitive Decline (SCD) and Mild Cognitive
Impairment (MCI) (Giacomucci et al., 2022) or traumatic brain injuries
(TBI) and stroke (Heiskanen et al., 2022; Wu et al., 2022).

In testing NfL to assess cognitive decline, one must consider whether
such decline results from either acute events or a chronic neurodegen-
erative condition (Fig. 1). In case of cognitive impairment after an acute
neuronal event such as stroke (ischemic or hemorrhagic), blood NfL
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Fig. 1. NfL as marker for neurocognitive decline. After an axonal damage,
resulting from either an acute event or a chronic neurodegenerative disorder,
NfL levels increase in biofluids. Since cognitive decline follows neuro-
degeneration, then NfL is a promising biomarker of cognitive decline. Abbre-
viations: Alzheimer’s disease (AD), Amyotrophic lateral sclerosis (ALS),
Creutzfeldt-Jakob disease (CJD), Frontotemporal dementia (FTD), Hunting-
ton’s disease (HD), Multiple sclerosis (MS), Parkinson’s disease (PD), Traumatic
Brain Injury (TBI).

increases during the first days and remains elevated over 3-6 months
(Gattringer et al., 2017; Shahim et al., 2016; Tiedt et al., 2018). Blood
NfL levels were reported to be proportional to the lesion burden
(Duering et al., 2018). At variance, during neurodegenerative disorders
NfL levels increase in biofluids proportionally with neurodegeneration
and cognitive impairment (Checkoway, Lundin and Kelada, 2011; Lin
et al., 2019; Preische et al., 2019). Studies on AD or other forms of de-
mentia showed that higher NfL concentration corresponded to poorer
Mini Mental State Examination (MMSE) performance and was associ-
ated with the cognition domains of memory, language, attention, ex-
ecutive and visuospatial functions (Bos et al., 2019; Lewczuk et al.,
2018; Mattsson et al., 2016; Preische et al., 2019; Rolstad et al., 2015;
Steinacker et al., 2018). A correlation between NfL levels and cognition
was found also in other tauopathies, such as Progressive Supranuclear
Palsy and corticobasal degeneration with a deterioration in global
cognition (Marchegiani et al., 2019). An inverse relationship with
attention and processing speed was reported in HD (Byrne et al., 2017).
Studies on patients affected by MS established an association with high
NfL levels and a decreased cognition, in particular in executive function,
working memory, attention control, verbal fluency, verbal episodic and
semantic memory (Gaetani et al., 2019b; Kalatha et al., 2019; Mattioli
et al., 2020). Contrasting results were reported for PD and its relation-
ship with cognition, measuring specific domains of verbal fluency and
perception speed (Backstrom et al., 2015; Hall et al., 2015; Mollenhauer
et al., 2019). With regards to ALS, a positive relationship between the
magnitude of annual MMSE score loss and NfL concentration was re-
ported (Olsson et al., 2019), as well as a correlation with the age at
onset, allowing the discrimination between bulbar or spinal onset
(Ingannato et al., 2021). The most important application of NfL as a
biomarker is related to the utility in preclinical stages of cognitive
decline. Higher plasma NfL concentration was related to an increased
risk to develop dementia (de Wolf et al., 2020). Studies reported that
plasma NfL can predict AD and MS up to 6 years before clinical mani-
festation. Instead, in faster neurodegenerative diseases with a short
pre-symptomatic stage, such as ALS, plasma NfL increases in the tran-
sition from the preclinical to clinical phase, with a fast acceleration as
symptoms loom (Gaetani et al., 2021). Studies on pre-symptomatic pa-
tients showed different NfL. dynamics based on type of disease and ge-
netic mutation carried. With regard to ALS, in FUS (Fused in Sarcoma)
and C9orf72 (chromosome 9 open reading frame 72) gene mutation
carriers, elevated plasma NfL levels were observed 2 and 3.5 years,
respectively, before ALS onset (Benatar et al., 2019). In SOD1 (super-
oxide dismutase 1) mutation carriers, NfL increased only 12 months
before ALS onset (Benatar et al., 2018). Regarding FTD, the GENFI
(Genetic Frontotemporal dementia Initiative) study showed that NfL
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began to be altered 30 years prior to FTD onset in C9orf72 mutation
carriers and 15 years before disease onset in those who carry a mutation
in GRN (Granulin). MAPT mutation carriers showed higher NfL con-
centration only close to symptom onset (Staffaroni et al., 2022; Van Der
Ende et al., 2019; Wilke et al., 2022). With regard to AD, in PSEN1
(Presenilin 1), PSEN2 (Presenilin 2) and APP (amyloid precursor pro-
tein) pathogenic mutation carriers, NfL could predict AD 16 years before
first clinical manifestation, with plasma levels significantly higher in
mutation carriers compared to non-carriers (Weston et al., 2019).
Moreover, NfL can be a useful biomarker to monitor cognitive decline in
preclinical stages of AD, discriminating SCD to MCI and AD. Plasma NfL
levels rise in stage-dependent manner and are correlated with amyloid
biomarkers in CSF (Giacomucci et al., 2022).

With regards to frailty, recently, researchers have further noted that
plasma concentration of NfL is dependent on kidney function, so that
interpretation of frailty in patients suffering from CKD, which can affect
the clearance of proteins, should be taken with caution (Ladang et al.,
2022). A recent study failed to find associations of circulating NfL and
progranulin (PGRN) levels with frailty among community-dwelling
older adults in adjusted analyses (Kaloostian and Shil, 2022; Lu et al.,
2022). The study included 507 older adults (mean [standard deviation]
age, 76.7 [4.5] years) with plasma NfL. and PGRN measurements from
the Multidomain Alzheimer Preventive Trial (MAPT). The time point of
biomarker measurements, either 12 or 24 months after study enroll-
ment, was defined as the baseline for each participant. Frailty phenotype
(robust, pre-frail, and frail) was assessed at 12, 24, 36, 48, and 60
months by Fried’s frailty criteria. The cross-sectional associations be-
tween plasma neurodegenerative biomarkers and frailty severity were
examined using logistic regressions. According to authors, whether
plasma neurodegenerative markers serve as potential biomarkers of
frailty requires further investigation.

With regards to Multimorbidity, NfL levels are influenced by aging-
related medical conditions. In normal physiological conditions, low
quantities of NfL are constantly released in interstitial fluid, increasing
linearly with aging. NfL and age show a positive association. Compared
to 20-years old subjects NfL levels are twofold and sixfold higher in 50-
years old and 80-years old individuals, respectively (Gaetani et al.,
2019a). Aging comorbidities such as multiple cardiovascular conditions
(atrial fibrillation, myocardial infarction), psychiatric conditions
(depression and anxiety), T2D, CKD, could explain some of the age as-
sociations. In a study conducted on a small-scale sample of septuage-
narians in Gothenburg, plasma NfL. was seen to be associated with a
smaller hippocampal volume and larger ventricular volumes, detecting
aging pathophysiological changes (Dittrich et al., 2022). Meeker et al.
(2022) reported a statistically significant correlation between higher
NfL levels and greater white matter hyperintensity volume (WMH),
reflecting aging and brain matter damage. NfL concentration can also be
influenced by body-mass-index (BMI), T2D, and hypertension (Barro
et al., 2020). In particular, a higher BMI was correlated with lower NfL
in plasma. A positive correlation was found with cardiovascular condi-
tions (Polymeris et al., 2020). Among cognitively unimpaired in-
dividuals, aged 51-95 years, NfL correlated with age and comorbidity
variables, in particular higher plasma levels were related to higher
Charlson Comorbidity Index and CKD (Syrjanen et al., 2022). CKD is
characterized by a low glomerular filtration rate and, in consequence, by
areduced clearance of proteins in the blood. Indeed, CKD was associated
with a higher plasma NfL concentration (Xu et al., 2021). In the normal
aging population, NfL correlated with cystatin C concentration, esti-
mated glomerular filtration rate, and comorbidities such as cardiovas-
cular diseases, neurological disorders or history of fracture (Ladang
et al., 2022), however, the impact of other variables, such as plasma
protein composition, blood cell counts, liver and renal clearance, pres-
ence of comorbidities and therapies was not investigated (Palermo et al.,
2020).

Ageing Research Reviews 91 (2023) 102044
5. Next generation biomarkers i.e. extracellular vesicles

Extracellular vesicles (EVs) comprise a heterogeneous population of
vesicles (sized 50-1000 nm) that originate from cellular membrane
budding in both physiological and pathological conditions. EVs are
pivotal mediators of intercellular communication that influence coagu-
lation, inflammation, endothelial function, and angiogenesis (Liu and
Wang, 2023). Many cell types release EVs that have been isolated in
peripheral and cord blood, urine, saliva, cerebrospinal fluid, sputum,
bronchoalveolar lavage fluid, atherosclerotic plaques, ascites, post-
operative drainage fluid, chyloid fluid, vitreous eye liquid, and synovial
liquid (Liu and Wang, 2023). Under homeostatic conditions, constitutive
ectocytosis leads to a permanent process of vesiculation. EV shedding is
influenced by hormones (e.g. progesterone, estrogen, insulin), fatty
acids, ROS (e.g. hydrogen peroxide), and by the overall cell status: for
example, both stimuli that cause programmed cell death via apoptosis
and those leading to survival by autophagic induction influence the
extent of EV generation and the characteristics of the EVs that are
released.

EVs retain antigens from their parental cells. These molecules in-
fluence EV uptake by target cells as well as target cell behaviour. EVs
carry diverse types of cargo, including proteins, bioactive lipids, and
nucleic acids (coding and noncoding RNAs, DNA fragments) that can be
transferred to target cells (Turchinovich, Drapkina and Tonevitsky,
2019). Recent studies showed that EVs carry diverse types of RNA,
including mRNAs, microRNAs (miRNA), small interfering RNAs, long
non-coding RNAs, transfer RNAs, piwi-interacting RNAs, small nucleolar
RNAs, etc., all of which may play relevant functional roles in recipient
cells (Lunavat et al., 2015; O’Brien et al., 2020). In particular, EVs play a
role in the horizontal transfer of genetic information, since EV-borne
mRNAs and miRNA can be translated and modify gene expression in
target cells (Valadi et al., 2007). Additionally, EVs may contain DNA
molecules such as mtDNA and single- and double-stranded DNA frag-
ments (Guescini et al., 2010; Cai et al., 2013; Manni et al., 2023).

In the blood, platelet-derived EVs are usually more abundant than
those released by monocytes, other leukocytes, endothelial cells, and
erythrocytes (Liu and Wang, 2023), possibly reflecting the role of
platelets as guardians of endothelial integrity. For example,
platelet-derived EVs accumulate in systemic sclerosis, a condition
characterized by early and persistent activation and damage of the
endothelial cells within the microcirculation, and reproduce microvas-
cular damage and fibrosis when injected in experimental animals
(Manfredi et al., 2022; Maugeri et al., 2018). The total detectable
amount of circulating EVs is determined by their formation and clear-
ance rates. Clearance mechanisms are manifold and most have not been
fully elucidated yet, but this field is gaining increasing attention: a role
for opsonins in regulating the fate of vesicles released systemically as a
consequence of localized tissue damage has been advocated (Zhou et al.,
2018). Flow cytometry is the gold standard method to study EVs in as-
sociation with Western blotting and proteomic approaches to evaluate
their cargo. It can be envisaged that EVs can become useful biomarkers
for both senescence or specific age-associated conditions, as briefly
summarized below. Interestingly, the best characterized moiety
involved in EV clearance, MFGES8 (lactadherin) has been implicated in
the sensitivity to coronary atherosclerosis on the one hand (Ruotsalai-
nen et al., 2022), and on the other, the medin amyloid, consisting of a
fragment of MFGES, is found in the aging human vasculature and in
patients with AD within vascular amyloid-p deposits with MFGES8
expression levels that are associated with cognitive decline (Wagner
et al., 2022).

5.1. EVs in aging
Cell senescence is associated with increased release of EVs carrying

specific cargos (Urbanelli et al., 2016), including miRNAs. For example,
the expression of miR-146a, miR-21 and miR-223 is higher in EVs
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derived from senescent cells that accumulate in the plasma of old mice
(Alibhai et al., 2020). The generation of EVs may have evolved as a
strategy to eliminate unnecessary components from cells undergoing
senescence. Whatever their teleology, senescent EVs have distinct
biochemical contents and can transmit senescence signals to neigh-
boring cells and tissues, promoting organismal aging and the patho-
genesis of age-related diseases (Franceschi et al., 2017). Riquelme et al.
(2020) induced senescence in human umbilical vascular endothelial
cells (HUVECs) and observed increased production of small EVs by se-
nescent cells. A greater release of small EVs enriched in miR-21-5p and
miR-217 from senescent HUVEC cells was also reported and shown to
induce epigenetic and pro-senescent changes in recipient cells (Mensa
et al., 2020).

Aging has been associated with specific miRNA profiles in EVs in
several body fluids, including serum, plasma, follicular fluid, and saliva.
Alibhai et al. (Alibhai et al., 2020) found several miRNAs to be differ-
entially expressed in circulating EVs in young and old mice. Specifically,
miR-146a, miR-21, miR-22, miR-223, miR-145, and let-7a were found to
be increased in EVs from old animals, while miR-212 and miR-455
exhibited higher expression in young EVs. Similarly, in small EVs
collected from the plasma of healthy subjects aged 40-100 years the
content of miR-21-5p was age-dependent (Mensa et al., 2020).
CD81 + small EVs displayed lower levels of miR-16-5p, miR-214-3p,
and miR-449a, but higher levels of miR-125b, miR-155-5p, and
miR-372 in human follicular fluid from aged individuals (Battaglia et al.,
2020). EVs miR-24-3p was found to increase with aging in human saliva
(Machida et al., 2015). Other nucleic acid molecules such as mtDNA and
telomere fragments are present in circulating EVs (Lazo et al., 2021;
Lanna et al., 2022). At least for mtDNA, their levels have been found to
be influenced by age (Lazo et al., 2021), while it is not yet clear whether
also telomere fragment levels may change according to the age of the
donors.

EVs can also carry mRNAs encoding pro-inflammatory cytokines,
and their quantities were demonstrated to be increased with aging in
humans and in EVs derived from macrophages exposed to pro-
inflammatory stimulants (Mitsuhashi et al., 2013; Shah, Patel and
Freedman, 2018; Lananna and Imai, 2021). Interestingly, EVs can both
mitigate and aggravate inflammatory conditions. Exosomes derived
from miR-140-5p-overexpressing human synovial mesenchymal stem
cells limited osteoarthritic damage and induced cartilage regeneration
in rats (Tao et al., 2017). Furthermore, EVs derived from endothelial
progenitor cells and adipose stem cells have pro-angiogenic and anti-
apoptotic effects (Deregibus et al., 2007; Lai et al., 2010; Cavallari et al.,
2017), mediated by the delivery of specific cargo, including mRNA and
miRNAs, which activate signaling pathways involved in angiogenesis
and tissue repair. For instance, miR-214, known to control endothelial
cell function and angiogenesis, plays a crucial role in exosome-mediated
signaling between endothelial cells (van Balkom et al., 2013). Cardiac
progenitor cell-derived exosomal miRNAs were shown to play crucial
roles protecting the myocardium from oxidative stress (Xiao et al.,
2016). EVs can also target the brain and contribute to neurological
diseases (Williams et al., 2019; Clement and Omar, 2012).

Additional evidence implicates EVs in aging and age-related dis-
eases. For example, the transfer of senescence-associated miRNAs
though EVs promotes the loss of bone marrow stem cells and adipo-
genesis (Shouzu et al., 2000), thus possibly favouring the development
of myelodysplasia. EVs are involved also in the impairment of bone
formation (Davis et al., 2017) and osteoporosis and promote sarcopenia
by restricting muscle satellite cells’ function (Dai et al., 2022). EVs
contribute to atherosclerosis by increasing vascular calcifications and
higher levels of platelet-, erythrocyte- and leucocyte-derived EVs were
found in old people with cognitive impairment compared to
age-matched controls with normal cognitive performance (A Magalhaes
et al., 2019). In general, platelet- and erythrocyte-derived EVs accu-
mulate in older individuals. It has been postulated that this increase may
be underpinned by the remodelling of cell membranes related to the
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aging process (Urbanelli et al., 2016), but defects in their clearance
might contribute as well (see above). Endothelial EVs do not apparently
accumulate in old people but their procoagulant activity under stress
conditions is higher than in younger individuals (Karlaftis et al., 2014).

The unique cargo carried by circulating EVs during aging and disease
progression offers a great opportunity to use EVs and their content as
non-invasive markers of aging (Kalluri and LeBleu, 2020; Prattichizzo
etal., 2019). In addition, the observation that changes in miRNA content
in aged individuals can be partially rescued with senolytic treatment
(Jeon et al., 2019; Alibhai et al., 2020), combined with the emerging
causal role played by cell senescence in aging, raises confidence that EVs
might soon serve as valuable tools also to monitor individual responses
to aging-related therapeutic interventions.

5.2. EVs in frailty

The number of total EVs was fond not to differ significantly between
frail and non-frail individuals. However, frail people had an increased
concentration of phosphatidylserine-exposing EVs compared with non-
frail older adults (Arauna et al., 2021). Since exposed phosphatidylser-
ine is a typical eat-me signal rapidly eliminated by tissue resident
phagocytes, those EVs may result from defective clearance. The role of
EV phosphatidylserine is unclear, however, it may be involved in pro-
moting atherothrombosis, a condition that characterizes frailty
(Alonso-Bouzon et al., 2014). Of interest, EVs in the blood of frail pa-
tients even in pre-geriatric age are enriched in endogenous intracellular
moieties associated with inflammaging, in particular mtDNA, which is
associated with chemokines and other inflammatory proteins (Byappa-
nahalli et al., 2023). Strikingly, the economic conditions of the patients,
poverty in particular, affects the inflammatory cargo contained within
EVs (Byappanahalli et al., 2023). EVs derived from microglia accumu-
late in the plasma of frail patients with cognitive impairment, and might
directly cause neurotoxicity (Visconte et al., 2023). Moreover, EVs and
cell-free mtDNA accumulate in the plasma of old adults living with HIV
and are both associated with cognitive dysfunction (Johnston et al.,
2023), further connecting the above observations.

5.3. EVs in obesity and diabetes

In age-associated conditions such as obesity, insulin resistance, and
diabetes, EVs can serve as biomarkers and regulators of metabolic pro-
cesses (Pardo et al., 2018; Lananna and Imai, 2021). The adipose tissue
is a bona fide endocrine organ that influences energy balance, glucose
metabolism, vascular and immune functions also via adipokines and
cytokines incapsulated in EVs (Kranendonk et al., 2014). EVs are
generated from adipocytes and adipose tissue macrophages and are
increased in obese subjects (Kranendonk et al., 2014). Endothelium-,
platelet- and leucocyte-derived EVs are elevated too, and possibly
determine the hypercoagulation state typical of obesity (Campello et al.,
2015). However, the majority of circulating miRNAs transported by EVs
apparently derive from adipocytes, suggesting that the majority of
circulating EVs are of adipocytic origin (Thomou et al., 2017). In T2D, a
condition typically associated with obesity, a higher EV concentration
was observed as compared with healthy controls, and insulin resistance
measured through the HOMA-IR resulted significantly associated with
EV concentration (Freeman et al., 2018). EVs connect the adipose tissue
with other organs, such as the lung, playing an instructive role in asthma
associated to obesity and in cachexia caused by lung cancer (Miethe
et al., 2023). Of interest, adding to complexity, both detrimental and
protective effects of adipose tissue-derived EVs on the asthmatic lung
have been described (Miethe et al., 2023).

5.4. EVs in cardiovascular diseases

It has been demonstrated that EVs are augmented in patients
suffering from hypertension and cardiovascular diseases (Shantsila
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et al., 2010). Furthermore, EVs were found elevated also in first-degree
relatives of patients with premature coronary artery disease, whereas
people without a positive family anamnesis did not have elevated levels
of EVs (Bulut et al., 2009). EVs released by the adipose tissue (see above)
are apparently preferentially taken up by the heart, possibly justifying
the plethora of cardiovascular effects in which they are involved, such as
diabetic cardiomyopathy, facilitated heart ischemia, pressure overload
(Michel, 2023). EVs levels correlate with the degree of endothelial
dysfunction, which is an early alteration that precedes atheroma for-
mation (Shantsila et al., 2010). Moreover, EVs correlate with the degree
of cardiovascular disease severity (Shantsila et al., 2010) and their
accumulation correlates with intima-media carotid artery thickness
(Chironi et al., 2010).

EVs and their cargo might thus play an active role in driving the
inflammation which underpin the development and progression of
atherosclerosis (Collura et al., 2020), and considering their association
with both early and advanced phases of cardiovascular disease, they
could become a biomarker of plaque vulnerability and a predictor of
future major ischemic events. Conversely, the cardiovascular protection
associated to regular physical exercise on the visceral accumulation of
lipids, atherosclerosis progression etc. might be related to the biological
action at distant sites of EVs of skeletal muscle origins (Wang et al.,
2023).

6. Next generation biomarkers ii. DNA methylation and
epigenetic clocks

Epigenetic variation, an umbrella term encompassing reversible
changes in the genome, is located at the interface between genes and
environment and includes chemical changes at specific sites in the
genome, that represent the result of gene-by-environment interactions
(Hiils and Czamara, 2020; Nabais et al., 2023). Among epigenetic
modifications, DNA methylation (DNAm) represents by far one of the
most investigated variations. Indeed, there are millions of sites in the
genome — called CpG dinucleotides — where the addition of a methyl
group can affect the transcriptional regulation of one or more genes
nearby, especially when it occurs at the level of promoters, enhancers
and other important genomic regions (Reale et al., 2022). Such CpG sites
can be methylated at different levels across cell types and individuals,
representing a natural source of epigenetic variation. This variation is
typically measured as the proportion of cells in a tissue that are meth-
ylated at a given CpG site, the so called CpG methylation fraction (or
state) (Li, Koch and Ideker, 2022). This fraction is frequently assessed
through techniques such as pyrosequencing or methylation microarrays.
Pyrosequencing detects the methylation levels of individual CpG sites in
a small polymerase chain reaction (PCR) product (usually 150-200 bp)
obtained with primers common to methylated and unmethylated se-
quences after bisulfite conversion (Poulin et al., 2018). C and T nucle-
otides at individual sites are converted to amounts of released
pyrophosphates by the primer extension method, and their amounts are
accurately quantified bioluminometrically with a Pyrosequencer system
(Li, 2021). Methylation arrays enable quantitative interrogation of
selected methylation sites across the genome, offering high-throughput
capabilities that minimize the cost per sample. These arrays contain
collections of different oligonucleotides fixed on a solid substrate that
can hybridize to complementary DNA strands (Campagna et al., 2021).
Of note, the use of methylation arrays has spread more and more in the
last two decades to investigate the epigenetic underpinnings of many
complex disorders and traits, in Methylation (or Epigenome) Wide As-
sociation Studies (MWAS, or EWAS) (Campagna et al., 2021), which
helped clarifying at least in part the epigenetic basis of many complex
disorders. However, there are other, and potentially more powerful
predictors of disease risk based on the use of epigenetic data resulting
from methylation arrays, like methylation scores and epigenetic clocks.
The former are computed as the weighted sum of the product of each
CpG’s methylation level by the epigenetic association of that CpG with
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the same phenotype, taken from an independent (training) MWAS, and
can be conceived as sort of polygenic scores built upon epigenetic rather
than genetic variation (Hiils and Czamara, 2020). However, to the best
of our knowledge, the use of these tools is still scarce and prevalently
limited to a low number of prevalent health conditions, lifestyles and
mortality so far (Nabais et al., 2023; Yousefi et al., 2022; Huan et al.,
2022).

DNA methylation age estimators — better known as epigenetic clocks
- represent instead an increasingly used tool for the prediction of many
complex disorders (Gensous et al., 2017). These tools are based on the
existence of a very well-known epigenetic phenomenon, namely that
many CpG sites across the genome show a consistent hypo- or hyper-
methylation trend as the organism ages. This property makes possible to
estimate the age of an individual based on the degree of methylation of
these CpGs, with a relatively high accuracy, exploiting machine learning
algorithms like penalized and Elastic Net regressions (Li, Koch and
Ideker, 2022; Yang et al., 2023), but also through deep learning models
(Galkin et al., 2021). Using these algorithms, more than twenty epige-
netic clocks have been proposed in the recent years, which can be
divided into three generations of clocks, based on the rationale at their
bases (Bergsma and Rogaeva, 2020). First generation (chronological)
clocks — like the pioneering Hannum and Horvath clocks - are aimed at
estimating chronological age as accurately as possible (Horvath et al.,
2013; Hannum et al., 2013), while second generation (biological) clocks
— like the most recent DNAm PhenoAge and GrimAge - are built to
accurately predict aging-related phenotypes and risks, like mortality
(Levine et al., 2018; Lu et al., 2019). Both types of clocks return a DNAm
age estimation —i.e. an index of the actual underlying age of an organism
— which is fundamental to compute DNAm aging, defined as the
discrepancy (or difference) between biological and chronological age of
an organism (the higher the discrepancy, the more accelerated is the
biological aging). This discrepancy has proven to be a useful predictor of
many clinical risks, such as mortality for all and specific (mostly cancer
and cardiovascular) causes (Christiansen et al., 2016; Perna et al., 2016;
Jylhava et al., 2019; Marioni et al., 2018), healthy aging markers like
walking speed, cognitive performance and other frailty measures
(McCrory et al., 2021). Finally, third generation clocks are conceived to
compute the rate of biological aging — or aging pace — in an organism,
based on repeated longitudinal epigenetic measures, like DunedinPoAm
(Belsky et al., 2020), and DunedinPACE (Belsky et al., 2022). These
clocks — which should be interpreted as years of biological aging per year
of chronological aging (with values > 1 suggesting an accelerated pace
of aging), well predict all-cause mortality risk, morbidity, disability and
aging-related decline, sometimes even independently on other epige-
netic clocks (Belsky et al., 2020; Belsky et al., 2022).

6.1. Epigenetic clocks as markers of neurodegenerative disorders

In spite of their very good performance as biological aging and age-
related clinical risk predictors (see above), epigenetic clocks have been
relatively scarcely investigated for an association with neurodegenera-
tive disorders, with partly contrasting and partly concordant findings
(see Yang et al., 2023, for a comprehensive review). Blood DNAm clocks
have been initially suggested as biomarkers of both dementia (of which
AD represents 70% of all cases) and Mild Cognitive Impairment. How-
ever, associations were not always robust and consistent across studies
(Fransquet et al., 2018; Zhou et al., 2022), in spite of some suggestive
evidence that accelerated aging was associated with worse cognitive
performance (Zhou et al., 2022). More recently, third generation clocks
were reported to be associated with both dementia/MCI and cognitive
tests commonly used to screen for these disorders (Sugden et al., 2022),
suggesting that these clocks may be more useful to predict cognitive
decline progression. Moreover, current evidence suggests that epige-
netic clocks trained on brain tissues show a better performance than
their blood-based counterparts in predicting AD endophenotypes like
cognitive decline (Sugden et al., 2022; Levine et al., 2015) and related
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neuropathological traits, including p-amyloid load, tau protein and
Lewy body pathology (Levine et al., 2015; Grodstein et al., 2021).
Recently, a novel brain age predictor (PCBrainAge) based on the
application of principal component analysis and regularized regression
to methylation data from different brain regions has been demonstrated
to be more strongly associated with clinical AD dementia, pathologic
AD, and APOE ¢4 (risk allele) carrier status, than previous epigenetic age
predictors (Thrush et al., 2022). This may be explained by different
reasons, such as brain’s unique methylation profile, heterogeneity
across specialized neuronal and glial cell types, and distinct develop-
mental patterns, suggesting PCBrainAge as a promising tool to predict
brain aging patterns, AD risk and resilience (Thrush et al., 2022).

As for PD, the evidence supporting a potential application of DNAm
clocks in its risk prediction is limited to blood-based markers and based
on a very scarce quantity of manuscripts published in the field. A case-
control analysis reported PD patients to have a higher DNAm age based
on different epigenetic clocks (Horvath, Ritz, 2015; Paul et al., 2021),
some of which were also associated with a faster cognitive decline and
motor symptoms progression within patients (Paul et al., 2021). How-
ever, this association was not replicated in another longitudinal PD
patient cohort (Tang et al., 2022), where only a strong positive associ-
ation between Horvath DNAm age and an increased incident risk of PD
was observed, along with an inverse association with age-at-onset. This
finding was in line with two PD case-control studies analyzing different
epigenetic age acceleration markers, including Horvath’s (Horvath,
Ritz, 2015) and DNAm PhenoAge clocks (Levine et al., 2018).

Overall, although these associations look promising, evidence
available makes it difficult to establish epigenetic clocks as robust pre-
dictors of neurodegenerative risk in the general population, for many
reasons. First, the scarcity of studies available, which is especially pro-
nounced for PD. Second, the prevalent use of blood-based DNAm age
markers, which likely suffer from a notable discrepancy from typical
brain methylation patterns. Third, the heterogeneity of study designs
and in particular the case-control setting of many studies, which do not
allow to establish clear directions of effects, nor to rule out potential
reverse causality biases between neurodegeneration and epigenetic
aging. In the future, these limitations may be overcome through two key
steps. First, further studies in longitudinal population cohorts are war-
ranted to establish the accuracy of such aging clocks in predicting
incident neurodegenerative risk, onset and progression. Second, the
spread of in silico tools to interpret findings made on blood DNAm levels
in the landscape of brain cells (e.g. the Blood-Brain Epigenetic Concor-
dance platform) (Edgar et al., 2017) may allow us to translate
blood-based observations and prediction on brain tissues, so to make
epigenetic tools for clinical risk prediction useful and effective also for
neurodegenerative and other central nervous system disorders.

7. Next generation biomarkers iii. Gut microbiota as potential
marker for osteoporosis and sarcopenia

Osteoporosis (OP) and sarcopenia are two conditions strictly related
to aging and frailty. Both OP and sarcopenia are complex phenomena
whose diagnosis is usually posed with imaging or functional tests but not
circulating biomarkers, despite the fact that some of them are used (or
proposed) for clinical screening, such as Procollagen type 1 N-terminal
propeptide, total or bone-specific alkaline phosphatase, C-terminal
telopeptides of Type I collagen, C-terminal Agrin Fragment. Emerging
evidence indicates that gut microbiota (GM) modifications are a po-
tential contributing cause for these conditions, and there are many
studies indicating that some of such modifications are age-dependent
(Collino et al., 2013; Biagi et al., 2016). Therefore, it is interesting to
consider the possibility that the abundance of specific microbial strains
can represent not only a sign of aging but also a risk factor for the
development of OP and sarcopenia and thus, sensu lato, a biomarker for
these conditions.

OP is considered the most frequent metabolic skeletal disorder and is
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characterized by increased skeletal fragility owing to a decrease in bone
quantity and/or quality and a higher risk of fractures (Lu et al., 2021;
Ohlsson and Sjogren, 2015; Aspray and Hill, 2019). Fractures due to
osteoporosis represent a significant health concern and lead to a
considerable economic burden on healthcare systems (Ohlsson and
Sjogren, 2015). It is known that different inflammatory disorders are
associated with osteoporosis and that high levels of inflammatory
markers are associated with a low bone mineral density, high bone
resorption, bone loss, and augmented fracture risk (Steves et al., 2016).
Interestingly, these inflammatory markers are influenced by alterations
in GM (Steves et al., 2016). Since GM is easily malleable, this might have
an important therapeutic impact (Steves et al., 2016). In particular, the
relevance of GM on bone mass in health and disease has been explored
(Ohlsson and Sjogren, 2015) and it has been suggested that alterations in
GM could represent a potential novel biomarker of bone metabolic ac-
tivity and a potential novel therapeutic target for osteoporosis and
fracture prevention (Hernandez et al., 2016; Ohlsson and Sjogren,
2015). Moreover, GM represents a biological gateway among bone
health and external environment as well as the bridge that connects the
skeleton with different other systems, such as the digestive system, the
immune system, and the endocrine system (Lu et al., 2021).

GM can affect skeletal homeostasis by influencing host metabolism,
immunity, hormone secretion, and gut-brain axis (Behera et al., 2020).
Interestingly, it has been suggested that GM can stimulate bone forma-
tion by affecting the intestinal metabolism of short-chain fatty acids
(SCFA) (Behera et al., 2020). Clarifying the specific regulatory effects of
GM on bone homeostasis and identifying the mechanisms involved via
metagenomics and metabolomics approaches could be an interesting
area of research (Lu et al., 2021). In addition to probiotics, prebiotics
and fecal microbiota transplantation (already used in clinic), another
possible therapeutic strategy, possibly safer and more effective, could be
the administration of different beneficial bacteria according to the pa-
thology and profile of the individual’s GM (Lu et al., 2021).

Of note, the discovery and isolation of bacterial strains or metabo-
lites that exert positive effects on bone and the formulation of individ-
ualized Dbacteriotherapy based on the different pathological
characteristics could represent a promising therapeutic approach for
osteoporosis treatment (Lu et al., 2021).

Recent studies have focused on the potential link between GM
composition and the risk of fracture associated with OP. In particular,
Ozaki et al. have studied the relationship between GM composition and
osteoporosis/fracture risk in postmenopausal Japanese women (Ozaki
et al., 2021). Interestingly, they have shown that gut bacteria can in-
fluence the bone mineral density and the risk of fracture (Ozaki et al.,
2021). The results from this study suggest that the abundance of Bac-
teroides and Lachnospiraceae could have a positive effect on bone meta-
bolism and fracture risk, whereas Rikenellaceae may have a negative
effect (Ozaki et al., 2021). Moreover, Liu et al. have analyzed the serum
levels of a gut microbial metabolite named Trimethylamine N-Oxide
(TMAO) in postmenopausal Chinese women with hip fracture (Liu et al.,
2020). Of note, the authors have shown that higher TMAO serum levels
were associated with high risk of hip fracture, thus indicating that the
rise of TMAO could play a role in osteoporosis and fracture in post-
menopausal women (Liu et al., 2020). Further studies aimed to analyze
the potential role of specific GM species in the increase of bone strength
and in the prevention of fractures are needed to discover novel potential
approaches for OP and fracture prevention (Ozaki et al., 2021). More-
over, additional studies are warranted to evaluate the potential of TMAO
as a novel therapeutic target for OP and fracture (Liu et al., 2020). In
addition, studies aimed to compare the intestinal microbiota composi-
tion in healthy subjects and patients with OP, with and without frac-
tures, could identify microbiota alterations predisposing to bone loss
and fracture, and can tell us whether microbiota sequencing can
represent a potential novel biomarker for OP (Pacifici, 2018).

Sarcopenia refers to the age-related loss of skeletal muscle mass,
strength, and function (Beaudart et al., 2014). It is a complex condition
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influenced by various factors, including lifestyle, nutrition, hormonal
changes, and physical activity. There is convincing evidence that sar-
copenic subjects have higher risk of falls, fractures and mortality (Wong
etal., 2019). While the exact mechanisms underlying sarcopenia are still
being explored, emerging research suggests that GM may play a role in
its development and progression (Liu et al., 2021). Several studies have
investigated the association between GM and sarcopenia and frailty. A
change in GM diversity was observed in sarcopenic and frail subjects, in
particular species like Firmicutes, Akkermansia, Ruminococcus and
F. prausnitzi appeared decreased. In general, bacterial species involved
in the production of SCFA and in blunting inflammation seem to be
protective against sarcopenia and frailty, while an increase in dysbiotic
species, lipopolysaccharide and peptidoglycan seem to be detrimental
(reviewed in Chew et al., 2023). SCFA indeed play a role in energy
metabolism and muscle function (Fan and Pedersen, 2021) and can
rescue muscle mass and strength in germ-free mice (Lahiri et al., 2019).
Moreover, changes in GM composition, such as an increase in patho-
genic or pro-inflammatory bacteria may contribute to inflammaging
(O’Toole and Jeffery, 2015), and inflammation is a known contributor to
muscle wasting and loss of muscle function (Ticinesi et al., 2019). On the
other side, dietary intervention-mediated modifications of GM are
associated with improvement of frailty and inflammation (Ghosh et al.,
2020). Further mechanisms linking GM and skeletal muscle may be
present and affect muscle protein synthesis, as some GM bacteria pro-
duce metabolites that can affect muscle protein synthesis pathways and
potentially impact on muscle mass. In particular, GM species can pro-
duce metabolites like imidazole propionate (a trigger for insulin resis-
tance) (Koh et al., 2018), indoxyl sulfate (involved in muscle atrophy)
(Enoki et al., 2016), and urolithin A, an enhancer of mitophagy in
skeletal muscle (Ryu et al., 2016). As the analysis of GM composition is
not yet on the current clinical practice for neither OP, sarcopenia nor
frailty, owing to the complexity of methodologies and absence of stan-
dardized and accepted signatures of bacterial species, it is proposed that
these metabolites or other bacterial products may be used as surrogate
biomarkers for a “good” or “bad” GM composition in terms of their ef-
fects on OP, sarcopenia and frailty and can add to the current biomarkers
for these conditions with the additional advantage of providing infor-
mation about possible therapeutic targets. Future studies are needed to
fully understand the complex interplay between GM, inflammation,
nutrient metabolism, and muscle health. The manipulation of GM
through dietary interventions or the use of probiotics and prebiotics or
via fecal transplantation holds promise as a potential strategy to miti-
gate OP or sarcopenia, but more research is required to determine the
effectiveness of such approaches.

8. Artificial intelligence as a new perspective for aging research

The analysis and the optimal management of huge amounts of data
generated by high-throughput techniques require adequate computational
approaches such as machine learning (ML) and deep learning (DL) tech-
niques — the principal components of artificial intelligence (AI) (Reel et al.,
2021). Namely, ML is the capacity of systems to learn from
problem-specific training data to automate the model building process and
to solve related tasks, while DL is an ML concept based on artificial neural
networks (Janiesch, Zschech and Heinrich, 2021). The most used Al
methods can be classified in three main groups according to the under-
lying aims: i) understanding and learning based on the available infor-
mation, ii) discovering new information, and iii) reasoning on the
available information to extract conclusions (Contreras and Vehi, 2018).
The first group is probably the most common one, as Al methods are
usually employed to learn on data (by training and validating the data)
and the main modalities to acquire knowledge are supervised, unsuper-
vised, and reinforcement learning (Lan et al., 2018; Sidey-Gibbons and
Sidey-Gibbons, 2019). Among the most important techniques there are:
ML/DL, artificial neural networks, support vector machines, random for-
est, regression algorithms and decision trees. None of these methods is
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superior, as their performance is strongly related to the quantity and
quality of the data. As far as the second group (knowledge discovery), the
main aim is to create algorithms to retrieve valid and potentially useful
information from the data. The overall process usually requires six steps (i.
e., business understanding, data understanding, preparation, modeling,
model evaluation, final deployment). Among these, the ‘data modeling’
step is probably the most critical and technical, as the applied techniques
originate from statistics and learning algorithms, aimed at detecting
anomalies, identifying dependencies between variables, applying re-
gressions, clustering, and classifications to the data. The more relevant
techniques are k-means, k-nearest neighbor algorithm, hierarchical clus-
tering, and principal component analysis. Regarding the third group
(reasoning from knowledge), the ultimate goal is to create inferences in a
robust way, involving the use of logical techniques such as deduction and
induction, to generate conclusions from the available knowledge. The core
part is the direct comparison between the knowledge base and the new
obtained information. Overall, this process facilitates reasoning and helps
to build new solutions based on previous cases, or to deal with ambiguous
concepts and uncertainty. Representative techniques include:
rule-based/case-based reasoning and fuzzy logic.

Al has revolutionized medical technologies and considering its
ability to deal with complex problems in areas with a huge amount of
data, one can expect promising results also in the field of aging and
longevity. In the review by Zhavoronkov et al. (2019), advances and
opportunities offered by Al for aging biomarkers development and
anti-aging drugs discovery are overviewed. Despite Al-specific technical
requirements, the computational methods used for these tasks can be
integrated within the workflow to optimize several steps of aging
research — ranging from the identification of aging biomarkers (e.g.,
imaging, ‘omics’, multi-modal, epigenetic biomarkers) and potential
pharmaceutical targets, to the generation of ad hoc molecules with
desired properties, but also of synthetic data by producing new data
when patient-specific datasets are scarce (Zhavoronkov et al., 2019). In
the next paragraph, the potential role of Al in the discovery and/or
validation of biomarkers in the context of multimorbidity and frailty will
be briefly discussed (Vetrano et al., 2019).

8.1. Al role in multimorbidity

Multimorbidity has a high prevalence worldwide, involving more
than half of the population over 60 years (Chowdhury et al., 2023);
however, currently there are no guidelines to address multimorbidity
problems in terms of patient-centered solutions to predict specific out-
comes and determining personalized treatments (Muth et al., 2018).
This is due to the fact that no methodological framework has been
developed that adequately manages the complexity of multimorbidity. A
potential solution to this challenge involves the application of Al
methods, which can be an alternative approach to better tackle the
complex temporal dynamics of multiple interactions that characterize
multimorbidity. A recent systematic review summarized the capability
of ML and explainable AI techniques in predicting multimorbidity
(Alsaleh et al., 2023). In particular, diabetes, hypertension, and
depression were among the ten most prevalent comorbidities associated
with the risk of morbidity (Alsaleh et al., 2023). The authors also
identified some shortcomings related to the application of Al, the most
relevant being the different phenotype categorization methods that
hampered studies’ comparability. By contrast, a great potential of Al
may lie in its ability to capture dynamic changes over time; in this re-
gard, a 12-year longitudinal study, by applying an ML approach (i.e., the
fuzzy c-means cluster analysis), was able to track over time the clinical
trajectories of older adults with multimorbidity, despite their great
dynamism and complexity (Vetrano et al., 2020). In line with these
observations, Table 1 summarizes potential advantages as well as dis-
advantages of using AI methodologies in this context.

A crucial advantage that makes the Al-research technologies favor-
able for studying multimorbidity over classical statistical methods, is the
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Table 1

The pros and cons of using Al-approaches in the research field of multimorbidity

(Flores et al., 2023; Majnari¢ et al., 2021).

PROS

CONS

1.

Managing heterogeneous data in
terms of complexity and diversity

. Linking and integrating data of

multiple types and sources (e.g.,
‘omic, clinical and non-strictly medi-
cal data)

. Allowing for ‘hidden knowledge’ (the

black box concept) to be extracted
from data

. To capture the real-world scenario

through the analyses of real-world
data

. Allow to move from ‘disease-only’ to

‘multimodal’ phenotypes presentation

. Learn from data to predict the

behavior of the analyzed system

. Identification of patterns and

temporal trends of the patterns
(temporal dynamics)

. Different applications in the

- Availability of large and high-quality
datasets to test and train the model

- Complete datasets without missing
observations

- Enough time for model generation
(training and testing phase)

- Limited transferability of the results
in the clinical practice

- Limited interpretation and
explainability of the Al-model results

- More accurate quantitative measures
to evaluate the utility and privacy
preservation are needed

- Insufficient validation for clinical
practice

- High error-susceptibility

multimorbidity research field

1. Involvement of an expert figure,
mostly in the result interpretation
phase

ability of Al to reveal potential latent variables/factors and time trends
within the data, irrespectively of data structure. Indeed, problems
associated with multimorbidity have a complex data structure, arising
from multiple and overlapping disorders, causing factors, biological
determinants, and external sociodemographic variables, in addition to
the multiple interactions over time that drive the internal dynamics of
multimorbidity (Alsaleh et al., 2023; Hassaine et al., 2020). Hassaine
et al. (2020) stressed that most of the previous evidence on multi-
morbidity has been cross-sectional, which makes them unsuitable for
studying and characterizing how a disease progresses over time, while
considering how the trajectory interacts within a broader context (e.g.,
patient’s medical history, drug treatments, and presence of multiple
disorders) can be very informative. Yet, previous investigations have
been focused on a reduced subset of conditions and small samples sizes,
hampering their ability to capture the disease clusters and phenotypes. A
model to predict multimorbidity has been developed by using a ML
approach (with random forest based classifiers) (Polessa Paula et al.,
2022). According to this model, using a small set of features and pa-
rameters that are easy to collect in clinical practice — BMI, blood pres-
sure, sex, age — is possible to predict multimorbidity. To encourage its
use, a web application is also available online," wherein prediction
models can be used practically and intuitively by the general public,
since it does not require prior knowledge of ML or programming. Alto-
gether, Al technologies can be useful to identify multimorbidity clusters
and their evolution over time, as well as patients at risk of progression
into multimorbidity, and could help improving clinical decisions for
these patients at every health care level.

8.2. Al role in frailty

Frailty, by definition, manifests itself as a multidimensional syn-
drome, hence the application of Al approaches can offer a potential
solution to improve its screening and identification (Ambagtsheer et al.,
2020), especially in light of the AI’s ability to create systems that can
analyze and manage complex information. Previous studies suggest that
the use of a machine learning-based predictive model could be useful in

1 Web application link: https://danielapaula.shinyapps.io/Multilabel Tool/
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detecting future frailty conditions and a higher hospitalization risk, by
using both clinical and socioeconomic variables (Mohanty et al., 2022;
Tarekegn et al., 2020). In this regard, Septlveda et al. (2022) reported
that several biomarkers associated with inflammation, oxidative stress,
skeletal/cardiac muscle, and platelet function were identified as prom-
ising frailty markers, although none of them alone was sufficient to di-
agnose and predict the presence of frailty. Considering all these
biomarkers together, the application of AI methods can possibly
improve the capability to detect frailty both in terms of sensitivity and
specificity, given that frailty involves multiple biological systems
(Septlveda et al., 2022). Yet, despite the significant potential of Al to
support frailty identification, this remains poorly investigated in the
literature, whereas more research that integrates the aforementioned
biomarkers together with clinical, nonmedical information, as well as
sociodemographic variables (usually available in the health centers re-
cords) is needed and represents a promising method to strengthen frailty
diagnosis. In this regard, a first attempt has been conducted by six
studies, analyzed in the systematic review by Oliosi et al. (2022), which
reviewed state-of-the-art literature dealing with frailty screening
through innovative Al-methodologies, such as ML approach. Support
vector machine was the most frequently used ML method, which seems
to be able to identify several risk factors to predict frailty as well as
pre-frail stages (Oliosi et al., 2022). Hence, this first evidence suggests
that the potential of applying ML techniques to identify frailty bio-
markers is immense. According to Al models, old age, being females,
clinical conditions (such as arthritis, hypertension, osteoporosis, and
diabetes), high use of healthcare utilization, and adverse health out-
comes (such as fractures, prolonged length of hospital stay, and number
of hospitalizations) were the most significant predictive variables for the
screening outcomes in frail persons. Indeed, these findings confirm that
Al techniques should be considered as a valuable clinically practical
application in frailty screening, as they can support clinical specialists
and foster personalized health (Mohanty et al., 2022). Similarly, ML
methods seem to be useful also to predict pre-frailty in middle-aged and
older adults, with higher BMI, lower muscle mass, poorer grip strength,
balance and quality of sleep, higher levels of distress, breath, and in-
continence as relevant factors to be included in targeted health assess-
ments aimed at identifying pre-frailty (Sajeev et al., 2022). Lastly, a new
frontier about the frailty management that needs to be mentioned con-
sists in the implementation of Al technologies, namely the development
of digital platforms that support care coordination and shared care
planning of frail elderly (Kouroubali et al., 2022).

9. Conclusions

A great and continuously growing number of biomarkers is reported
in the scientific literature, including age biomarkers. A detailed and
exhaustive discussion of these latter is outside the possibilities of a single
review paper. Instead, we decided to focus on a limited number of them
and discussed their established or potential usefulness as biomarkers for
frailty and age-associated diseases/multimorbidity. In particular, since
frailty and multimorbidity as well as old age are characterized by
chronic sterile inflammation, decline in cognitive and physical function,
we focused on selected parameters that are involved in inflammaging,
mitochondrial dysfunction (and the response that it elicits), neuro-
degeneration, and sarcopenia/osteoporosis.

The idea that age biomarkers can help identifying frail and multi-
morbid patients stems from the Geroscience concept that aging and age-
related diseases share the same molecular mechanisms, therefore, it is a
straight-forward hypothesis that biologically older people are also at risk
of being frail and/or multimorbid, and, vice-versa, frail and multi-
morbid patients are likely biologically older than age-matched healthy
people. In this review we have tried to collect evidence or suggestions
that support this hypothesis (graphically summarized in Fig. 2) for a
selected number of biomarkers of age, even though for some of them
(GM, EVs) there is still a lack of sufficient evidence and more studies are
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Fig. 2. Biomarkers of age can be also biomarkers for frailty and multimorbidity. According to Geroscience, basic molecular mechanisms are shared between aging
and age-related diseases (ARD). We have considered in this review some selected biomarkers related to those mechanisms, and discussed available evidence that they

can be useful also to identify frail or multimorbid patients.

required. However, many of these biomarkers lack specificity (i.e. many
tissues can be a source), and sometimes predictive capacity is not
elevated, due to a great interindividual variability, therefore, in order to
implement both features, the combination of many biomarkers should
be pursued, as mentioned in the introduction. To further increase the
diagnostic/prognostic power of composite biomarker panels, the inclu-
sion in each panel of epigenetic regulators such as miRNAs/IsomiRs
(Morsiani et al., 2021; Olivieri et al., 2021a; Olivieri et al., 2017),
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circular RNAs (Debes et al., 2023), tRNAs-derived fragments (Yuan
et al., 2021) and cell free DNA with different methylation pattern
(Fox-Fisher, Shemer and Dor, 2023) should be also considered. In fact,
blood-borne, cell-free nucleic acids appear to be very promising in this
regard, and some biosensors for miRNA are under implementation (Miti
et al., 2020). To this regard, it is to note that for many of these
next-generation biomarkers, and in particular those obtained from
omics techniques, the normality reference intervals have not yet been
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determined, limiting the usefulness of these biomarkers, also in the light
of the “FAIR” principles (data should be findable, accessible, interop-
erable and re-usable). What are the best biomarkers and in what com-
bination can be complicate to determine, as the number of biomarkers
(and consequently of their possible combinations) is growing exponen-
tially. Al methods can help in this task, by also adding the possibility to
include clinical and socioeconomical parameters, which represent a
further layer of complication but, at the same time, a still largely un-
explored added value as far as the capability to identify frail and/or
multimorbid patients and, even more important, subjects at risk for such
conditions before their clinical onset.

An ethical caveat should be also considered when studying these age
biomarkers, especially in the light of Al implementations. In fact, data
obtained measuring these biomarkers can potentially provide sensitive
information on every single person subjected to analysis, even routinely.
If a combination extracted post-hoc from an Al program of simple bio-
markers obtained for check-up purposes was in fact predictive of a
person’s biological age, this could become important information that
goes well beyond the scopes and intentions of the prescriber and may
thus pose a serious issue of privacy and data availability. This is likely to
be something policymakers need to consider in the near future, espe-
cially in light of the notion that older biological age equals higher risk of
disease, as mentioned. Anonymization, ad hoc informed consent from
patients and limitations for off-label use of these data will be likely
warranted in order to safeguard patient’ rights.

Geroscience has revolutionized the approach to aging and age-
associated diseases. Anti-aging therapies are on the verge of clinical
practice, however, the subjects (or patients) who would benefit more
from this approach and these therapies can be efficiently identified and
monitored only by a standardized use of biomarkers of age, likely
including (some of) those that have been discussed in this review. At the
same time, these age biomarkers may have in many cases the double
advantage of being able to identify not only biologically older people,
but also frail and multimorbid patients, therefore the bench-to-bedside
translation of such biomarkers is going to be one of the medical chal-
lenges of the next future.

Declaration of Competing Interest
The authors declare no conflict of interest.
Data Availability

No data was used for the research described in the article.

Acknowledgements

The authors acknowledge co-funding from Next Generation EU, in
the context of the National Recovery and Resilience Plan, Investment
PE8 - Project Age-It: “Ageing Well in an Ageing Society”. This resource
was co-financed by the Next Generation EU [DM 1557 11.10.2022]. The
views and opinions expressed are only those of the authors and do not
necessarily reflect those of the European Union or the European Com-
mission. Neither the European Union nor the European Commission can
be held responsible for them.

References

Aamodt, W.W., Waligorska, T., Shen, J., Tropea, T.F., Siderowf, A., Weintraub, D.,
Grossman, M., Irwin, D., Wolk, D.A., Xie, S.X., Trojanowski, J.Q., Shaw, L.M., Chen-
Plotkin, A.S., 2021. Neurofilament light chain as a biomarker for cognitive decline in
parkinson disease. Mov. Disord. 36, 2945-2950. https://doi.org/10.1002/
mds.28779.

Aguiar, S.S., Sousa, C.V., Deus, L.A., Rosa, T.S., Sales, M.M., Neves, R.V.P., Barbosa, L.P.,
Santos, P.A., Campbell, C.S., Simoes, H.G., 2020. Oxidative stress, inflammatory
cytokines and body composition of master athletes: the interplay. Exp. Gerontol.
130, 110806 https://doi.org/10.1016/j.exger.2019.110806.

14

Ageing Research Reviews 91 (2023) 102044

Aimo, A., Januzzi, J.L., Bayes-Genis, A., Vergaro, G., Sciarrone, P., Passino, C.,

Emdin, M., 2019. Clinical and prognostic significance of sST2 in heart failure: JACC
review topic of the week. J. Am. Coll. Cardiol. 74, 2193-2203. https://doi.org/
10.1016/j.jacc.2019.08.1039.

Aimo, A., Vergaro, G., Ripoli, A., Bayes-Genis, A., Pascual Figal, D.A., de Boer, R.A.,
Lassus, J., Mebazaa, A., Gayat, E., Breidthardt, T., Sabti, Z., Mueller, C., Brunner-La
Rocca, H.-P., Tang, W.H.W., Grodin, J.L., Zhang, Y., Bettencourt, P., Maisel, A.S.,
Passino, C., Januzzi, J.L., Emdin, M., 2017. Meta-analysis of soluble suppression of
tumorigenicity-2 and prognosis in acute heart failure. JACC Heart Fail 5, 287-296.
https://doi.org/10.1016/j.jchf.2016.12.016.

Akimoto, M., Maruyama, R., Takamaru, H., Ochiya, T., Takenaga, K., 2016. Soluble IL-33
receptor sST2 inhibits colorectal cancer malignant growth by modifying the tumour
microenvironment. Nat. Commun. 7, 13589. https://doi.org/10.1038/
ncomms13589.

Al Saedi, A., Feehan, J., Phu, S., Duque, G., 2019. Current and emerging biomarkers of
frailty in the elderly. CIA Volume 14, 389-398. https://doi.org/10.2147/CIA.
$168687.

Alberro, A., Iribarren-Lopez, A., Sdenz-Cuesta, M., Matheu, A., Vergara, I., Otaegui, D.,
2021. Inflammaging markers characteristic of advanced age show similar levels with
frailty and dependency. Sci. Rep. 11, 4358. https://doi.org/10.1038/541598-021-
83991-7.

Alcazar, J., Frandsen, U., Prokhorova, T., Kamper, R.S., Haddock, B., Aagaard, P.,
Suetta, C., 2021. Changes in systemic GDF15 across the adult lifespan and their
impact on maximal muscle power: the Copenhagen Sarcopenia Study. J. Cachex-.-.
Sarcopenia Muscle 12, 1418-1427. https://doi.org/10.1002/jcsm.12823.

Alibhai, F.J., Lim, F., Yeganeh, A., DiStefano, P.V., Binesh-Marvasti, T., Belfiore, A.,
Wilodarek, L., Gustafson, D., Millar, S., Li, S., Weisel, R.D., Fish, J.E., Li, R., 2020a.
Cellular senescence contributes to age-dependent changes in circulating extracellular
vesicle cargo and function. Aging Cell 19. https://doi.org/10.1111/acel.13103.

Alonso-Bouzén, C., Carcaillon, L., Garcia-Garcia, F.J., Amor-Andrés, M.S., El Assar, M.,
Rodriguez-Manas, L., 2014. Association between endothelial dysfunction and frailty:
the Toledo Study for Healthy Aging. Age 36, 495-505. https://doi.org/10.1007/
s11357-013-9576-1.

Alsaleh, M.M., Allery, F., Choi, J.W., Hama, T., McQuillin, A., Wu, H., Thygesen, J.H.,
2023. Prediction of disease comorbidity using explainable artificial intelligence and
machine learning techniques: a systematic review. Int. J. Med. Inform. 175, 105088
https://doi.org/10.1016/j.ijmedinf.2023.105088.

Ambagtsheer, R.C., Shafiabady, N., Dent, E., Seiboth, C., Beilby, J., 2020. The application
of artificial intelligence (AI) techniques to identify frailty within a residential aged
care administrative data set. Int. J. Med. Inform. 136, 104094 https://doi.org/
10.1016/j.ijmedinf.2020.104094.

Aparicio-Siegmund, S., Garbers, Y., Flynn, C.M., Waetzig, G.H., Gouni-Berthold, I.,
Krone, W., Berthold, H.K., Laudes, M., Rose-John, S., Garbers, C., 2019. The IL-6-
neutralizing sIL-6R-sgp130 buffer system is disturbed in patients with type 2
diabetes. Am. J. Physiol. Endocrinol. Metab. 317, E411-E420. https://doi.org/
10.1152/ajpendo.00166.2019.

Arauna, D., Chiva-Blanch, G., Padré, T., Fuentes, E., Palomo, 1., Badimon, L., 2021. Frail
older adults show a distinct plasma microvesicle profile suggesting a prothrombotic
and proinflammatory phenotype. J. Cell Physiol. 236, 2099-2108. https://doi.org/
10.1002/jcp.29996.

Arauna, D., Garcfa, F., Rodriguez-Manas, L., Marrugat, J., Séez, C., Alarcén, M.,
Wehinger, S., Espinosa-Parrilla, Y., Palomo, 1., Fuentes, E., 2020. Older adults with
frailty syndrome present an altered platelet function and an increased level of
circulating oxidative stress and mitochondrial dysfunction biomarker GDF-15. Free
Radic. Biol. Med. 149, 64-71. https://doi.org/10.1016/j.
freeradbiomed.2020.01.007.

Aspray, T.J., Hill, T.R., 2019. Osteoporosis and the ageing skeleton. Subcell. Biochem.
91, 453-476. https://doi.org/10.1007/978-981-13-3681-2_16.

Atkins, E., Wood, W.B., 1955. Studies on the pathogenesis of fever. J. Exp. Med. 102,
499-516. https://doi.org/10.1084/jem.102.5.499.

Béckstrom, D.C., Eriksson Domellof, M., Linder, J., Olsson, B., Ohrfelt, A., Trupp, M.,
Zetterberg, H., Blennow, K., Forsgren, L., 2015. Cerebrospinal fluid patterns and the
risk of future dementia in early, incident parkinson disease. JAMA Neurol. 72,
1175-1182. https://doi.org/10.1001/jamaneurol.2015.1449.

Barbour, K.E., Boudreau, R., Danielson, M.E., Youk, A.O., Wactawski-Wende, J.,
Greep, N.C., LaCroix, A.Z., Jackson, R.D., Wallace, R.B., Bauer, D.C., Allison, M.A.,
Cauley, J.A., 2012. Inflammatory markers and the risk of hip fracture: the Women’s
Health Initiative. J. Bone Min. Res 27, 1167-1176. https://doi.org/10.1002/
jbmr.1559.

Barro, C., Chitnis, T., Weiner, H.L., 2020. Blood neurofilament light: a critical review of
its application to neurologic disease. Ann. Clin. Transl. Neurol. 7, 2508-2523.
https://doi.org/10.1002/acn3.51234.

Battaglia, R., Musumeci, P., Ragusa, M., Barbagallo, D., Scalia, M., Zimbone, M., Lo
Faro, J.M., Borzi, P., Scollo, P., Purrello, M., Vento, E.M., Di Pietro, C., 2020. Ovarian
aging increases small extracellular vesicle CD81+ release in human follicular fluid
and influences miRNA profiles. Aging 12, 12324-12341. https://doi.org/10.18632/
aging.103441.

Baylis, D., Bartlett, D.B., Syddall, H.E., Ntani, G., Gale, C.R., Cooper, C., Lord, J.M.,
Sayer, A.A., 2013. Immune-endocrine biomarkers as predictors of frailty and
mortality: a 10-year longitudinal study in community-dwelling older people. Age 35,
963-971. https://doi.org/10.1007/511357-012-9396-8.

Beaudart, C., Rizzoli, R., Bruyere, O., Reginster, J.Y., Biver, E., 2014. Sarcopenia: burden
and challenges for public health. Arch. Public Health 72, 45. https://doi.org/
10.1186/2049-3258-72-45.


https://doi.org/10.1002/mds.28779
https://doi.org/10.1002/mds.28779
https://doi.org/10.1016/j.exger.2019.110806
https://doi.org/10.1016/j.jacc.2019.08.1039
https://doi.org/10.1016/j.jacc.2019.08.1039
https://doi.org/10.1016/j.jchf.2016.12.016
https://doi.org/10.1038/ncomms13589
https://doi.org/10.1038/ncomms13589
https://doi.org/10.2147/CIA.S168687
https://doi.org/10.2147/CIA.S168687
https://doi.org/10.1038/s41598-021-83991-7
https://doi.org/10.1038/s41598-021-83991-7
https://doi.org/10.1002/jcsm.12823
https://doi.org/10.1111/acel.13103
https://doi.org/10.1007/s11357-013-9576-1
https://doi.org/10.1007/s11357-013-9576-1
https://doi.org/10.1016/j.ijmedinf.2023.105088
https://doi.org/10.1016/j.ijmedinf.2020.104094
https://doi.org/10.1016/j.ijmedinf.2020.104094
https://doi.org/10.1152/ajpendo.00166.2019
https://doi.org/10.1152/ajpendo.00166.2019
https://doi.org/10.1002/jcp.29996
https://doi.org/10.1002/jcp.29996
https://doi.org/10.1016/j.freeradbiomed.2020.01.007
https://doi.org/10.1016/j.freeradbiomed.2020.01.007
https://doi.org/10.1007/978-981-13-3681-2_16
https://doi.org/10.1084/jem.102.5.499
https://doi.org/10.1001/jamaneurol.2015.1449
https://doi.org/10.1002/jbmr.1559
https://doi.org/10.1002/jbmr.1559
https://doi.org/10.1002/acn3.51234
https://doi.org/10.18632/aging.103441
https://doi.org/10.18632/aging.103441
https://doi.org/10.1007/s11357-012-9396-8
https://doi.org/10.1186/2049-3258-72-45
https://doi.org/10.1186/2049-3258-72-45

S. Salvioli et al.

Beck, J.S., Mufson, E.J., Counts, S.E., 2016. Evidence for mitochondrial UPR gene
activation in familial and sporadic Alzheimer’s disease. Curr. Alzheimer Res 13,
610-614. https://doi.org/10.2174/1567205013666151221145445.

Beetler, D.J., Bruno, K.A., Di Florio, D.N., Douglass, E.J., Shrestha, S., Tschope, C.,
Cunningham, M.W., Krej¢i, J., Bienertova-Vaska, J., Pankuweit, S., McNamara, D.M.,
Jeon, E.-S., Van Linthout, S., Blauwet, L.A., Cooper, L.T., Fairweather, D., 2023. Sex
and age differences in sST2 in cardiovascular disease. Front. Cardiovasc. Med. 9,
1073814. https://doi.org/10.3389/fcvm.2022.1073814.

Behera, J., Ison, J., Tyagi, S.C., Tyagi, N., 2020. The role of gut microbiota in bone
homeostasis. Bone 135, 115317. https://doi.org/10.1016/j.bone.2020.115317.

Belsky, D.W., Caspi, A., Houts, R., Cohen, H.J., Corcoran, D.L., Danese, A.,

Harrington, H., Israel, S., Levine, M.E., Schaefer, J.D., Sugden, K., Williams, B.,
Yashin, A.L, Poulton, R., Moffitt, T.E., 2015. Quantification of biological aging in
young adults. Proc. Natl. Acad. Sci. USA 112, E4104-E4110. https://doi.org/
10.1073/pnas.1506264112.

Belsky, D.W., Caspi, A., Corcoran, D.L., Sugden, K., Poulton, R., Arseneault, L.,
Baccarelli, A., Chamarti, K., Gao, X., Hannon, E., Harrington, H.L., Houts, R.,
Kothari, M., Kwon, D., Mill, J., Schwartz, J., Vokonas, P., Wang, C., Williams, B.S.,
Moffitt, T.E., 2022a. DunedinPACE, a DNA methylation biomarker of the pace of
aging. Elife 11, €73420. https://doi.org/10.7554/eLife.73420.

Belsky, D.W., Caspi, A., Arseneault, L., Baccarelli, A., Corcoran, D.L., Gao, X., Hannon, E.,
Harrington, H.L., Rasmussen, L.J., Houts, R., Huffman, K., Kraus, W.E., Kwon, D.,
Mill, J., Pieper, C.F., Prinz, J.A., Poulton, R., Schwartz, J., Sugden, K., Vokonas, P.,
Williams, B.S., Moffitt, T.E., 2020. Quantification of the pace of biological aging in
humans through a blood test, the DunedinPoAm DNA methylation algorithm. Elife 9,
e54870. https://doi.org/10.7554/eLife.54870.

Benatar, M., Wuu, J., Andersen, P.M., Lombardi, V., Malaspina, A., 2018. Neurofilament
light: a candidate biomarker of presymptomatic amyotrophic lateral sclerosis and
phenoconversion. Ann. Neurol. 84, 130-139. https://doi.org/10.1002/ana.25276.

Benatar, M., Wuu, J., Lombardi, V., Jeromin, A., Bowser, R., Andersen, P.M.,
Malaspina, A., 2019. Neurofilaments in pre-symptomatic ALS and the impact of
genotype. Amyotroph. Lateral Scler. Front. Degener. 20, 538-548. https://doi.org/
10.1080/21678421.2019.1646769.

Bencivenga, L., Strumia, M., Rolland, Y., Martinez, L., Cestac, P., Guyonnet, S.,
Andrieu, S., Parini, A., Lucas, A., Vellas, B., De Souto Barreto, P., Rouch, L., MAPT/
D. S. A. group, 2023. Biomarkers of mitochondrial dysfunction and inflammaging in
older adults and blood pressure variability. Geroscience 45, 797-809. https://doi.
org/10.1007/s11357-022-00697-y.

Bergsma, T., Rogaeva, E., 2020. DNA methylation clocks and their predictive capacity for
aging phenotypes and healthspan, 2633105520942221 Neurosci. Insights 15.
https://doi.org/10.1177/2633105520942221.

Biagi, E., Franceschi, C., Rampelli, S., Severgnini, M., Ostan, R., Turroni, S.,
Consolandi, C., Quercia, S., Scurti, M., Monti, D., Capri, M., Brigidi, P., Candela, M.,
2016. Gut microbiota and extreme longevity. Curr. Biol. 26, 1480-1485. https://doi.
org/10.1016/j.cub.2016.04.016.

Bos, 1., Vos, S., Verhey, F., Scheltens, P., Teunissen, C., Engelborghs, S., Sleegers, K.,
Frisoni, G., Blin, O., Richardson, J.C., Bordet, R., Tsolaki, M., Popp, J., Peyratout, G.,
Martinez-Lage, P., Tainta, M., Lled, A., Johannsen, P., Freund-Levi, Y., Frolich, L.,
Vandenberghe, R., Westwood, S., Dobricic, V., Barkhof, F., Legido-Quigley, C.,
Bertram, L., Lovestone, S., Streffer, J., Andreasson, U., Blennow, K., Zetterberg, H.,
Visser, P.J., 2019. Cerebrospinal fluid biomarkers of neurodegeneration, synaptic
integrity, and astroglial activation across the clinical Alzheimer’s disease spectrum.
Alzheimers Dement 15, 644-654. https://doi.org/10.1016/j.jalz.2019.01.004.

Bulut, D., Tiins, H., Miigge, A., 2009. CD31+/Annexin V+ microparticles in healthy
offsprings of patients with coronary artery disease. Eur. J. Clin. Invest 39, 17-22.
https://doi.org/10.1111/j.1365-2362.2008.02058.x.

Biirkle, A., Moreno-Villanueva, M., Bernhard, J., Blasco, M., Zondag, G., Hoeijmakers, J.
H.J., Toussaint, O., Grubeck-Loebenstein, B., Mocchegiani, E., Collino, S., Gonos, E.
S., Sikora, E., Gradinaru, D., Dollé, M., Salmon, M., Kristensen, P., Griffiths, H.R.,
Libert, C., Grune, T., Breusing, N., Simm, A., Franceschi, C., Capri, M., Talbot, D.,
Caiafa, P., Friguet, B., Slagboom, P.E., Hervonen, A., Hurme, M., Aspinall, R., 2015.
MARK-AGE biomarkers of ageing. Mech. Ageing Dev. 151, 2-12. https://doi.org/
10.1016/j.mad.2015.03.006.

Byappanahalli, A.M., Noren Hooten, N., Vannoy, M., Mode, N.A., Ezike, N.,
Zonderman, A.B., Evans, M.K., 2023. Mitochondrial DNA and inflammatory proteins
are higher in extracellular vesicles from frail individuals. Immun. Ageing 20, 6.
https://doi.org/10.1186/5s12979-023-00330-2.

Byrne, L.M., Rodrigues, F.B., Blennow, K., Durr, A., Leavitt, B.R., Roos, R.A.C., Scahill, R.
1., Tabrizi, S.J., Zetterberg, H., Langbehn, D., Wild, E.J., 2017. Neurofilament light
protein in blood as a potential biomarker of neurodegeneration in Huntington’s
disease: a retrospective cohort analysis. Lancet Neurol. 16, 601-609. https://doi.
0rg/10.1016/51474-4422(17)30124-2.

Cai, J., Han, Y., Ren, H., Chen, C., He, D., Zhou, L., Eisner, G.M., Asico, L.D., Jose, P.A.,
Zeng, C., 2013. Extracellular vesicle-mediated transfer of donor genomic DNA to
recipient cells is a novel mechanism for genetic influence between cells. J. Mol. Cell
Biol. 5, 227-238. https://doi.org/10.1093/jmcb/mjt011.

Campagna, M.P., Xavier, A., Lechner-Scott, J., Maltby, V., Scott, R.J., Butzkueven, H.,
Jokubaitis, V.G., Lea, R.A., 2021. Epigenome-wide association studies: current
knowledge, strategies and recommendations. Clin. Epigenetics 13, 214. https://doi.
org/10.1186/s13148-021-01200-8.

Campello, E., Zabeo, E., Radu, C.M., Spiezia, L., Gavasso, S., Fadin, M., Woodhams, B.,
Vettor, R., Simioni, P., 2015. Hypercoagulability in overweight and obese subjects
who are asymptomatic for thrombotic events. Thromb. Haemost. 113, 85-96.
https://doi.org/10.1160/TH14-02-0156.

Canaslan, S., Schmitz, M., Villar-Piqué, A., Maass, F., Gmitterova, K., Varges, D.,
Lingor, P., Llorens, F., Hermann, P., Zerr, 1., 2021. Detection of cerebrospinal fluid

15

Ageing Research Reviews 91 (2023) 102044

neurofilament light chain as a marker for alpha-synucleinopathies. Front. Aging
Neurosci. 13, 717930 https://doi.org/10.3389/fnagi.2021.717930.

Caporali, A., Meloni, M., Miller, A.M., Vierlinger, K., Cardinali, A., Spinetti, G.,

Nailor, A., Faglia, E., Losa, S., Gotti, A., Fortunato, O., Miti¢, T., Hofner, M.,
Noehammer, C., Madeddu, P., Emanueli, C., 2012. Soluble ST2 is regulated by p75
neurotrophin receptor and predicts mortality in diabetic patients with critical limb
ischemia. ATVB 32. https://doi.org/10.1161/ATVBAHA.112.300497.

Capri, M., Yani, S.L., Chattat, R., Fortuna, D., Bucci, L., Lanzarini, C., Morsiani, C.,
Catena, F., Ansaloni, L., Adversi, M., Melotti, M.R., Di Nino, G., Franceschi, C., 2014.
Pre-operative, high-IL-6 blood level is a risk factor of post-operative delirium onset
in old patients. Front Endocrinol. 5, 173. https://doi.org/10.3389/
fendo.2014.00173.

Cardellini, M., Rizza, S., Casagrande, V., Cardolini, I., Ballanti, M., Davato, F., Porzio, O.,
Canale, M.P., Legramante, J.M., Mavilio, M., Menghini, R., Martelli, E.,
Farcomeni, A., Federici, M., 2019. Soluble ST2 is a biomarker for cardiovascular
mortality related to abnormal glucose metabolism in high-risk subjects. Acta
Diabetol. 56, 273-280. https://doi.org/10.1007/s00592-018-1230-z.

Cardoso, A.L., Fernandes, A., Aguilar-Pimentel, J.A., de Angelis, M.H., Guedes, J.R.,
Brito, M.A., Ortolano, S., Pani, G., Athanasopoulou, S., Gonos, E.S., Schosserer, M.,
Grillari, J., Peterson, P., Tuna, B.G., Dogan, S., Meyer, A., van Os, R.,
Trendelenburg, A.-U., 2018. Towards frailty biomarkers: candidates from genes and
pathways regulated in aging and age-related diseases. Ageing Res. Rev. 47, 214-277.
https://doi.org/10.1016/j.arr.2018.07.004.

Cavallari, C., Ranghino, A., Tapparo, M., Cedrino, M., Figliolini, F., Grange, C.,
Giannachi, V., Garneri, P., Deregibus, M.C., Collino, F., Rispoli, P., Camussi, G.,
Brizzi, M.F., 2017. Serum-derived extracellular vesicles (EVs) impact on vascular
remodeling and prevent muscle damage in acute hind limb ischemia. Sci. Rep. 7,
8180. https://doi.org/10.1038/541598-017-08250-0.

Cavalli, G., Cenci, S., 2020. Autophagy and Protein Secretion. J. Mol. Biol. 432,
2525-2545. https://doi.org/10.1016/j.jmb.2020.01.015.

Cayrol, C., Girard, J.-P., 2014. IL-33: an alarmin cytokine with crucial roles in innate
immunity, inflammation and allergy. Curr. Opin. Immunol. 31, 31-37. https://doi.
0rg/10.1016/].c0i.2014.09.004.

Checkoway, H., Lundin, J.I., Kelada, S.N., 2011. Neurodegenerative diseases. IARC Sci.
Publ. 407-419.

Chen, D., Untaru, R., Stavropoulou, G., Assadi-Khansari, B., Kelly, C., Croft, A.J.,
Sugito, S., Collins, N.J., Sverdlov, A.L., Ngo, D.T.M., 2023. Elevated soluble
suppressor of tumorigenicity 2 predict hospital admissions due to major adverse
cardiovascular events (MACE). JCM 12, 2790. https://doi.org/10.3390/
jem12082790.

Chew, W., Lim, Y.P., Lim, W.S., Chambers, E.S., Frost, G., Wong, S.H., Ali, Y., 2023. Gut-
muscle crosstalk. A perspective on influence of microbes on muscle function. Front.
Med. 9, 1065365 https://doi.org/10.3389/fmed.2022.1065365 (Lausanne).

Chironi, G.N., Simon, A., Boulanger, C.M., Dignat-George, F., Hugel, B., Megnien, J.-L.,
Lefort, M., Freyssinet, J.-M., Tedgui, A., 2010. Circulating microparticles may
influence early carotid artery remodeling. J. Hypertens. 28, 789-796. https://doi.
org/10.1097/HJH.0b013e328335d0a8.

Chowdhury, S.R., Chandra Das, D., Sunna, T.C., Beyene, J., Hossain, A., 2023. Global and
regional prevalence of multimorbidity in the adult population in community
settings: a systematic review and meta-analysis. eClinicalMedicine 57, 101860.
https://doi.org/10.1016/j.eclinm.2023.101860.

Christiansen, L., Lenart, A., Tan, Q., Vaupel, J.W., Aviv, A., McGue, M., Christensen, K.,
2016. DNA methylation age is associated with mortality in a longitudinal Danish
twin study. Aging Cell 15, 149-154. https://doi.org/10.1111/acel.12421.

Claude-Taupin, A., Bissa, B., Jia, J., Gu, Y., Deretic, V., 2018. Role of autophagy in IL-1p
export and release from cells. Semin Cell Dev. Biol. 83, 36-41. https://doi.org/
10.1016/j.semcdb.2018.03.012.

Clegg, A., Young, J., lliffe, S., Rikkert, M.O., Rockwood, K., 2013. Frailty in elderly
people. Lancet 381, 752-762. https://doi.org/10.1016/50140-6736(12)62167-9.

Collino, S., Montoliu, I., Martin, F.-P.J., Scherer, M., Mari, D., Salvioli, S., Bucci, L.,
Ostan, R., Monti, D., Biagi, E., Brigidi, P., Franceschi, C., Rezzi, S., 2013. Metabolic
signatures of extreme longevity in northern Italian centenarians reveal a complex
remodeling of lipids, amino acids, and gut microbiota metabolism. PLoS One 8,
e56564. https://doi.org/10.1371/journal.pone.0056564.

Collura, S., Morsiani, C., Vacirca, A., Fronterre, S., Ciavarella, C., Vasuri, F., D’Errico, A.,
Franceschi, C., Pasquinelli, G., Gargiulo, M., Capri, M., 2020. The carotid plaque as
paradigmatic case of site-specific acceleration of aging process: The microRNAs and
the inflammaging contribution. Ageing Res. Rev. 61, 101090 https://doi.org/
10.1016/j.arr.2020.101090.

Conte, M., Martucci, M., Chiariello, A., Franceschi, C., Salvioli, S., 2020. Mitochondria,
immunosenescence and inflammaging: a role for mitokines? Semin Immunopathol.
42, 607-617. https://doi.org/10.1007/s00281-020-00813-0.

Conte, M., Giuliani, C., Chiariello, A., lannuzzi, V., Franceschi, C., Salvioli, S., 2022.
GDF15, an emerging key player in human aging. Ageing Res Rev. 75, 101569
https://doi.org/10.1016/j.arr.2022.101569.

Conte, M., Martucci, M., Mosconi, G., Chiariello, A., Cappuccilli, M., Totti, V.,

Santoro, A., Franceschi, C., Salvioli, S., 2020. GDF15 plasma level is inversely
associated with level of physical activity and correlates with markers of
inflammation and muscle weakness. Front Immunol. 11, 915. https://doi.org/
10.3389/fimmu.2020.00915.

Conte, M., Ostan, R., Fabbri, C., Santoro, A., Guidarelli, G., Vitale, G., Mari, D., Sevini, F.,
Capri, M., Sandri, M., Monti, D., Franceschi, C., Salvioli, S., 2019. Human aging and
longevity are characterized by high levels of mitokines. J. Gerontol. A Biol. Sci. Med
Sci. 74, 600-607. https://doi.org/10.1093/gerona/gly153.

Conte, M., Sabbatinelli, J., Chiariello, A., Martucci, M., Santoro, A., Monti, D.,

Arcaro, M., Galimberti, D., Scarpini, E., Bonfigli, A.R., Giuliani, A., Olivieri, F.,


https://doi.org/10.2174/1567205013666151221145445
https://doi.org/10.3389/fcvm.2022.1073814
https://doi.org/10.1016/j.bone.2020.115317
https://doi.org/10.1073/pnas.1506264112
https://doi.org/10.1073/pnas.1506264112
https://doi.org/10.7554/eLife.73420
https://doi.org/10.7554/eLife.54870
https://doi.org/10.1002/ana.25276
https://doi.org/10.1080/21678421.2019.1646769
https://doi.org/10.1080/21678421.2019.1646769
https://doi.org/10.1007/s11357-022-00697-y
https://doi.org/10.1007/s11357-022-00697-y
https://doi.org/10.1177/2633105520942221
https://doi.org/10.1016/j.cub.2016.04.016
https://doi.org/10.1016/j.cub.2016.04.016
https://doi.org/10.1016/j.jalz.2019.01.004
https://doi.org/10.1111/j.1365-2362.2008.02058.x
https://doi.org/10.1016/j.mad.2015.03.006
https://doi.org/10.1016/j.mad.2015.03.006
https://doi.org/10.1186/s12979-023-00330-2
https://doi.org/10.1016/S1474-4422(17)30124-2
https://doi.org/10.1016/S1474-4422(17)30124-2
https://doi.org/10.1093/jmcb/mjt011
https://doi.org/10.1186/s13148-021-01200-8
https://doi.org/10.1186/s13148-021-01200-8
https://doi.org/10.1160/TH14-02-0156
https://doi.org/10.3389/fnagi.2021.717930
https://doi.org/10.1161/ATVBAHA.112.300497
https://doi.org/10.3389/fendo.2014.00173
https://doi.org/10.3389/fendo.2014.00173
https://doi.org/10.1007/s00592-018-1230-z
https://doi.org/10.1016/j.arr.2018.07.004
https://doi.org/10.1038/s41598-017-08250-0
https://doi.org/10.1016/j.jmb.2020.01.015
https://doi.org/10.1016/j.coi.2014.09.004
https://doi.org/10.1016/j.coi.2014.09.004
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref51
https://doi.org/10.3390/jcm12082790
https://doi.org/10.3390/jcm12082790
https://doi.org/10.3389/fmed.2022.1065365
https://doi.org/10.1097/HJH.0b013e328335d0a8
https://doi.org/10.1097/HJH.0b013e328335d0a8
https://doi.org/10.1016/j.eclinm.2023.101860
https://doi.org/10.1111/acel.12421
https://doi.org/10.1016/j.semcdb.2018.03.012
https://doi.org/10.1016/j.semcdb.2018.03.012
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1371/journal.pone.0056564
https://doi.org/10.1016/j.arr.2020.101090
https://doi.org/10.1016/j.arr.2020.101090
https://doi.org/10.1007/s00281-020-00813-0
https://doi.org/10.1016/j.arr.2022.101569
https://doi.org/10.3389/fimmu.2020.00915
https://doi.org/10.3389/fimmu.2020.00915
https://doi.org/10.1093/gerona/gly153

S. Salvioli et al.

Franceschi, C., Salvioli, S., 2021. Disease-specific plasma levels of mitokines FGF21,
GDF15, and Humanin in type II diabetes and Alzheimer’s disease in comparison with
healthy aging. Geroscience 43, 985-1001. https://doi.org/10.1007/s11357-020-
00287-w.

Contreras, 1., Vehi, J., 2018. Artificial intelligence for diabetes management and decision
support: literature review. J. Med Internet Res 20, e10775. https://doi.org/10.2196/
10775.

Coppé, J.-P., Patil, C.K., Rodier, F., Sun, Y., Munoz, D.P., Goldstein, J., Nelson, P.S.,
Desprez, P.-Y., Campisi, J., 2008. Senescence-associated secretory phenotypes reveal
cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS
Biol. 6, 2853-2868. https://doi.org/10.1371/journal.pbio.0060301.

Costantini, E., Sinjari, B., Di Giovanni, P., Aielli, L., Caputi, S., Muraro, R., Murmura, G.,
Reale, M., 2023. TNFq, IL-6, miR-103a-3p, miR-423-5p, miR-23a-3p, miR-15a-5p
and miR-223-3p in the crevicular fluid of periodontopathic patients correlate with
each other and at different stages of the disease. Sci. Rep. 13, 126. https://doi.org/
10.1038/541598-022-26421-6.

Cui, G., Qi, H., Gundersen, M.D., Yang, H., Christiansen, I., S¢rbye, S.W., Goll, R.,
Florholmen, J., 2015. Dynamics of the IL-33/ST2 network in the progression of
human colorectal adenoma to sporadic colorectal cancer. Cancer Immunol.
Immunother. 64, 181-190. https://doi.org/10.1007/500262-014-1624-x.

Dai, H., Zheng, W., Luo, J., Yu, G., Song, C., Wu, Y., Xu, J., 2022. Inhibiting uptake of
extracellular vesicles derived from senescent bone marrow mesenchymal stem cells
by muscle satellite cells attenuates sarcopenia. J. Orthop. Transl. 35, 23-36. https://
doi.org/10.1016/j.jot.2022.06.002.

Darvin, K., Randolph, A., Ovalles, S., Halade, D., Breeding, L., Richardson, A.,
Espinoza, S.E., 2014. Plasma protein biomarkers of the geriatric syndrome of frailty.
J. Gerontol. A Biol. Sci. Med Sci. 69, 182-186. https://doi.org/10.1093/gerona/
glt183.

Davis, C., Dukes, A., Drewry, M., Helwa, 1., Johnson, M.H., Isales, C.M., Hill, W.D.,
Liu, Y., Shi, X., Fulzele, S., Hamrick, M.W., 2017. MicroRNA-183-5p increases with
age in bone-derived extracellular vesicles, suppresses bone marrow stromal (Stem)
cell proliferation, and induces stem cell senescence. Tissue Eng. Part A 23,
1231-1240. https://doi.org/10.1089/ten.TEA.2016.0525.

Debes, C., Papadakis, A., Gronke, S., Karalay, 0., Tain, L.S., Mizi, A., Nakamura, S.,
Hahn, O., Weigelt, C., Josipovic, N., Zirkel, A., Brusius, L., Sofiadis, K.,

Lamprousi, M., Lu, Y.-X., Huang, W., Esmaillie, R., Kubacki, T., Spath, M.R.,
Schermer, B., Benzing, T., Miiller, R.-U., Antebi, A., Partridge, L., Papantonis, A.,
Beyer, A., 2023. Ageing-associated changes in transcriptional elongation influence
longevity. Nature 616, 814-821. https://doi.org/10.1038/541586-023-05922-y.

Delaby, C., Bousiges, O., Bouvier, D., Fillée, C., Fourier, A., Mondésert, E., Nezry, N.,
Omar, S., Quadrio, 1., Rucheton, B., Schraen-Maschke, S., van Pesch, V., Vicca, S.,
Lehmann, S., Bedel, A., 2022. Neurofilaments contribution in clinic: state of the art.
Front Aging Neurosci. 14, 1034684. https://doi.org/10.3389/fnagi.2022.1034684.

Deregibus, M.C., Cantaluppi, V., Calogero, R., Lo Iacono, M., Tetta, C., Biancone, L.,
Bruno, S., Bussolati, B., Camussi, G., 2007. Endothelial progenitor cell-derived
microvesicles activate an angiogenic program in endothelial cells by a horizontal
transfer of mRNA. Blood 110, 2440-2448. https://doi.org/10.1182/blood-2007-03-
078709.

Dittrich, A., Ashton, N.J., Zetterberg, H., Blennow, K., Simrén, J., Geiger, F.,
Zettergren, A., Shams, S., Machado, A., Westman, E., Scholl, M., Skoog, I., Kern, S.,
2022. Plasma and CSF NfL are differentially associated with biomarker evidence of
neurodegeneration in a community-based sample of 70-year-olds. Alzheimers
Dement (Amst. ) 14, €12295. https://doi.org/10.1002/dad2.12295.

Duering, M., Konieczny, M.J., Tiedt, S., Baykara, E., Tuladhar, A.M., Leijsen, E., van,
Lyrer, P., Engelter, S.T., Gesierich, B., Achmiiller, M., Barro, C., Adam, R., Ewers, M.,
Dichgans, M., Kuhle, J., de Leeuw, F.-E., Peters, N., 2018. Serum neurofilament light
chain levels are related to small vessel disease burden. J. Stroke 20, 228-238.
https://doi.org/10.5853/j0s.2017.02565.

Dutta, S., Sklerov, M., Teunissen, C.E., Bitan, G., 2023. Editorial: Trends in biomarkers
for neurodegenerative diseases: current research and future perspectives. Front
Aging Neurosci. 15, 1153932. https://doi.org/10.3389/fnagi.2023.1153932.

Edgar, R.D., Jones, M.J., Meaney, M.J., Turecki, G., Kobor, M.S., 2017. BECon: a tool for
interpreting DNA methylation findings from blood in the context of brain. Transl.
Psychiatry 7, e1187. https://doi.org/10.1038/tp.2017.171.

Enoki, Y., Watanabe, H., Arake, R., Sugimoto, R., Imafuku, T., Tominaga, Y., Ishima, Y.,
Kotani, S., Nakajima, M., Tanaka, M., Matsushita, K., Fukagawa, M., Otagiri, M.,
Maruyama, T., 2016. Indoxyl sulfate potentiates skeletal muscle atrophy by inducing
the oxidative stress-mediated expression of myostatin and atrogin-1. Sci. Rep. 6,
32084. https://doi.org/10.1038/srep32084.

Erfurt, S., Hoffmeister, M., Oess, S., Asmus, K., Patschan, S., Ritter, O., Patschan, D.,
2022. Soluble IL-33 receptor predicts survival in acute kidney injury. J. Circ.
Biomark. 11, 28-35. https://doi.org/10.33393/jcb.2022.2386.

Fabbri, E., An, Y., Zoli, M., Simonsick, E.M., Guralnik, J.M., Bandinelli, S., Boyd, C.M.,
Ferrucci, L., 2015. Aging and the burden of multimorbidity: associations with
inflammatory and anabolic hormonal biomarkers. J. Gerontol. A Biol. Sci. Med Sci.
70, 63-70. https://doi.org/10.1093/gerona/glul27.

Fan, J., Sha, J., Chang, S., Zhao, H., Niu, X., Gu, Y., Gu, J., Ren, S., 2023. Generalized low
levels of serum N-glycans associate with better health status. Aging Cell, e13855.
https://doi.org/10.1111/acel.13855.

Fan, Y., Pedersen, O., 2021. Gut microbiota in human metabolic health and disease. Nat.
Rev. Microbiol. 19, 55-71. https://doi.org/10.1038/541579-020-0433-9.

Ferreira, G.D., Simoes, J.A., Senaratna, C., Pati, S., Timm, P.F., Batista, S.R., Nunes, B.P.,
2018. Physiological markers and multimorbidity: a systematic review,
2235042X18806986 J. Comorb 8. https://doi.org/10.1177/2235042X18806986.

16

Ageing Research Reviews 91 (2023) 102044

Ferrucci, L., Fabbri, E., 2018. Inflammageing: chronic inflammation in ageing,
cardiovascular disease, and frailty. Nat. Rev. Cardiol. 15, 505-522. https://doi.org/
10.1038/541569-018-0064-2.

Ferrucci, L., Corsi, A., Lauretani, F., Bandinelli, S., Bartali, B., Taub, D.D., Guralnik, J.M.,
Longo, D.L., 2005. The origins of age-related proinflammatory state. Blood 105,
2294-2299. https://doi.org/10.1182/blood-2004-07-2599.

Filali, Y., Kesaniemi, Y.A., Ukkola, O., 2021. Soluble ST2, a biomarker of fibrosis, is
associated with multiple risk factors, chronic diseases and total mortality in the
OPERA study. Scand. J. Clin. Lab. Investig. 81, 324-331. https://doi.org/10.1080/
00365513.2021.1904518.

Flores, J.E., Claborne, D.M., Weller, Z.D., Webb-Robertson, B.-J.M., Waters, K.M.,
Bramer, L.M., 2023. Missing data in multi-omics integration: Recent advances
through artificial intelligence. Front. Artif. Intell. 6, 1098308. https://doi.org/
10.3389/frai.2023.1098308.

Forcina, L., Franceschi, C., Musaro, A., 2022. The hormetic and hermetic role of IL-6.
Ageing Res Rev. 80, 101697 https://doi.org/10.1016/j.arr.2022.101697.

Forgrave, L.M., Ma, M., Best, J.R., DeMarco, M.L., 2019. The diagnostic performance of
neurofilament light chain in CSF and blood for Alzheimer’s disease, frontotemporal
dementia, and amyotrophic lateral sclerosis: a systematic review and meta-analysis.
Alzheimers Dement (Amst. ) 11, 730-743. https://doi.org/10.1016/j.
dadm.2019.08.009.

Fox-Fisher, 1., Shemer, R., Dor, Y., 2023. Epigenetic liquid biopsies: a novel putative
biomarker in immunology and inflammation. Trends Immunol. 44, 356-364.
https://doi.org/10.1016/j.it.2023.03.005.

Franceschi, C., Garagnani, P., Vitale, G., Capri, M., Salvioli, S., 2017. Inflammaging and
“Garb-aging.”. Trends Endocrinol. Metab. 28, 199-212. https://doi.org/10.1016/j.
tem.2016.09.005.

Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., De
Benedictis, G., 2000. Inflamm-aging. An evolutionary perspective on
immunosenescence. Ann. N. Y Acad. Sci. 908, 244-254. https://doi.org/10.1111/
j.1749-6632.2000.tb06651.x.

Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A., Grignolio, A.,
Monti, D., Capri, M., Salvioli, S., 2018. The continuum of aging and age-related
diseases: common mechanisms but different rates. Front. Med. 5, 61. https://doi.
org/10.3389/fmed.2018.00061.

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., Panourgia, M.P.,
Invidia, L., Celani, L., Scurti, M., Cevenini, E., Castellani, G.C., Salvioli, S., 2007.
Inflammaging and anti-inflammaging: a systemic perspective on aging and longevity
emerged from studies in humans. Mech. Ageing Dev. 128, 92-105. https://doi.org/
10.1016/j.mad.2006.11.016.

Fransquet, P.D., Lacaze, P., Saffery, R., McNeil, J., Woods, R., Ryan, J., 2018. Blood DNA
methylation as a potential biomarker of dementia: a systematic review. Alzheimers
Dement 14, 81-103. https://doi.org/10.1016/j.jalz.2017.10.002.

Freeman, D.W., Noren Hooten, N., Eitan, E., Green, J., Mode, N.A., Bodogai, M.,
Zhang, Y., Lehrmann, E., Zonderman, A.B., Biragyn, A., Egan, J., Becker, K.G.,
Mattson, M.P., Ejiogu, N., Evans, M.K., 2018. Altered extracellular vesicle
concentration, cargo, and function in diabetes. Diabetes 67, 2377-2388. https://doi.
org/10.2337/db17-1308.

Fulop, T., Witkowski, J.M., Olivieri, F., Larbi, A., 2018. The integration of inflammaging
in age-related diseases. Semin. Immunol. 40, 17-35. https://doi.org/10.1016/j.
smim.2018.09.003.

Gaetani, L., Parnetti, L., Calabresi, P., Di Filippo, M., 2021. Tracing neurological diseases
in the presymptomatic phase: insights from neurofilament light chain. Front
Neurosci. 15, 672954 https://doi.org/10.3389/fnins.2021.672954.

Gaetani, L., Blennow, K., Calabresi, P., Di Filippo, M., Parnetti, L., Zetterberg, H., 2019a.
Neurofilament light chain as a biomarker in neurological disorders. J. Neurol.
Neurosurg. Psychiatry 90, 870-881. https://doi.org/10.1136/jnnp-2018-320106.

Gaetani, L., Salvadori, N., Lisetti, V., Eusebi, P., Mancini, A., Gentili, L., Borrelli, A.,
Portaccio, E., Sarchielli, P., Blennow, K., Zetterberg, H., Parnetti, L., Calabresi, P., Di
Filippo, M., 2019b. Cerebrospinal fluid neurofilament light chain tracks cognitive
impairment in multiple sclerosis. J. Neurol. 266, 2157-2163. https://doi.org/
10.1007/s00415-019-09398-7.

Gafson, A.R., Barthélemy, N.R., Bomont, P., Carare, R.O., Durham, H.D., Julien, J.-P.,
Kuhle, J., Leppert, D., Nixon, R.A., Weller, R.O., Zetterberg, H., Matthews, P.M.,
2020. Neurofilaments: neurobiological foundations for biomarker applications.
Brain 143, 1975-1998. https://doi.org/10.1093/brain/awaa098.

Galkin, F., Mamoshina, P., Kochetov, K., Sidorenko, D., Zhavoronkov, A., 2021.
DeepMAge: a methylation aging clock developed with deep learning. Aging Dis. 12,
1252-1262. https://doi.org/10.14336/AD.2020.1202.

Garbers, C., Thaiss, W., Jones, G.W., Waetzig, G.H., Lorenzen, 1., Guilhot, F., Lissilaa, R.,
Ferlin, W.G., Grotzinger, J., Jones, S.A., Rose-John, S., Scheller, J., 2011. Inhibition
of classic signaling is a novel function of soluble glycoprotein 130 (sgp130), which is
controlled by the ratio of interleukin 6 and soluble interleukin 6 receptor. J. Biol.
Chem. 286, 42959-42970. https://doi.org/10.1074/jbc.M111.295758.

Garcia-Hermoso, A., Ramirez-Vélez, R., Diez, J., Gonzdlez, A., Izquierdo, M., 2023.
Exercise training-induced changes in exerkine concentrations may be relevant to the
metabolic control of type 2 diabetes mellitus patients: a systematic review and meta-
analysis of randomized controlled trials. J. Sport Health Sci. 12, 147-157. https://
doi.org/10.1016/j.jshs.2022.11.003.

Garlanda, C., Dinarello, C.A., Mantovani, A., 2013. The interleukin-1 family: back to the
future. Immunity 39, 1003-1018. https://doi.org/10.1016/j.immuni.2013.11.010.

Gattringer, T., Pinter, D., Enzinger, C., Seifert-Held, T., Kneihsl, M., Fandler, S.,
Pichler, A., Barro, C., Grobke, S., Voortman, M., Pirpamer, L., Hofer, E., Ropele, S.,
Schmidt, R., Kuhle, J., Fazekas, F., Khalil, M., 2017. Serum neurofilament light is
sensitive to active cerebral small vessel disease. Neurology 89, 2108-2114. https://
doi.org/10.1212/WNL.0000000000004645.


https://doi.org/10.1007/s11357-020-00287-w
https://doi.org/10.1007/s11357-020-00287-w
https://doi.org/10.2196/10775
https://doi.org/10.2196/10775
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.1038/s41598-022-26421-6
https://doi.org/10.1038/s41598-022-26421-6
https://doi.org/10.1007/s00262-014-1624-x
https://doi.org/10.1016/j.jot.2022.06.002
https://doi.org/10.1016/j.jot.2022.06.002
https://doi.org/10.1093/gerona/glt183
https://doi.org/10.1093/gerona/glt183
https://doi.org/10.1089/ten.TEA.2016.0525
https://doi.org/10.1038/s41586-023-05922-y
https://doi.org/10.3389/fnagi.2022.1034684
https://doi.org/10.1182/blood-2007-03-078709
https://doi.org/10.1182/blood-2007-03-078709
https://doi.org/10.1002/dad2.12295
https://doi.org/10.5853/jos.2017.02565
https://doi.org/10.3389/fnagi.2023.1153932
https://doi.org/10.1038/tp.2017.171
https://doi.org/10.1038/srep32084
https://doi.org/10.33393/jcb.2022.2386
https://doi.org/10.1093/gerona/glu127
https://doi.org/10.1111/acel.13855
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1177/2235042X18806986
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1182/blood-2004-07-2599
https://doi.org/10.1080/00365513.2021.1904518
https://doi.org/10.1080/00365513.2021.1904518
https://doi.org/10.3389/frai.2023.1098308
https://doi.org/10.3389/frai.2023.1098308
https://doi.org/10.1016/j.arr.2022.101697
https://doi.org/10.1016/j.dadm.2019.08.009
https://doi.org/10.1016/j.dadm.2019.08.009
https://doi.org/10.1016/j.it.2023.03.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.3389/fmed.2018.00061
https://doi.org/10.3389/fmed.2018.00061
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1016/j.jalz.2017.10.002
https://doi.org/10.2337/db17-1308
https://doi.org/10.2337/db17-1308
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.3389/fnins.2021.672954
https://doi.org/10.1136/jnnp-2018-320106
https://doi.org/10.1007/s00415-019-09398-7
https://doi.org/10.1007/s00415-019-09398-7
https://doi.org/10.1093/brain/awaa098
https://doi.org/10.14336/AD.2020.1202
https://doi.org/10.1074/jbc.M111.295758
https://doi.org/10.1016/j.jshs.2022.11.003
https://doi.org/10.1016/j.jshs.2022.11.003
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1212/WNL.0000000000004645
https://doi.org/10.1212/WNL.0000000000004645

S. Salvioli et al.

Gensous, N., Bacalini, M.G., Pirazzini, C., Marasco, E., Giuliani, C., Ravaioli, F.,
Mengozzi, G., Bertarelli, C., Palmas, M.G., Franceschi, C., Garagnani, P., 2017. The
epigenetic landscape of age-related diseases: the geroscience perspective.
Biogerontology 18, 549-559. https://doi.org/10.1007/510522-017-9695-7.

Gensous, N., Sala, C., Pirazzini, C., Ravaioli, F., Milazzo, M., Kwiatkowska, K.M.,
Marasco, E., De Fanti, S., Giuliani, C., Pellegrini, C., Santoro, A., Capri, M.,
Salvioli, S., Monti, D., Castellani, G., Franceschi, C., Bacalini, M.G., Garagnani, P.,
2022. A targeted epigenetic clock for the prediction of biological age. Cells 11, 4044.
https://doi.org/10.3390/cells11244044.

Ghosh, T.S., Rampelli, S., Jeffery, I.B., Santoro, A., Neto, M., Capri, M., Giampieri, E.,
Jennings, A., Candela, M., Turroni, S., Zoetendal, E.G., Hermes, G.D.A., Elodie, C.,
Meunier, N., Brugere, C.M., Pujos-Guillot, E., Berendsen, A.M., De Groot, L.C.P.G.M.,
Feskins, E.J.M., Kaluza, J., Pietruszka, B., Bielak, M.J., Comte, B., Maijo-Ferre, M.,
Nicoletti, C., De Vos, W.M., Fairweather-Tait, S., Cassidy, A., Brigidi, P.,
Franceschi, C., O’Toole, P.W., 2020. Mediterranean diet intervention alters the gut
microbiome in older people reducing frailty and improving health status: the NU-
AGE 1-year dietary intervention across five European countries. Gut 69, 1218-1228.
https://doi.org/10.1136/gutjnl-2019-319654.

Ghosn, L., Chaimani, A., Evrenoglou, T., Davidson, M., Grana, C., Schmucker, C.,
Bollig, C., Henschke, N., Sguassero, Y., Nejstgaard, C.H., Menon, S., Nguyen, T.V.,
Ferrand, G., Kapp, P., Riveros, C., Avila, C., Devane, D., Meerpohl, J.J., Rada, G.,
Hrobjartsson, A., Grasselli, G., Tovey, D., Ravaud, P., Boutron, 1., 2021. Interleukin-6
blocking agents for treating COVID-19: a living systematic review. Cochrane
Database Syst. Rev. 3, CD013881. https://doi.org/10.1002/14651858.CD013881.

Giacomucci, G., Mazzeo, S., Bagnoli, S., Ingannato, A., Leccese, D., Berti, V.,
Padiglioni, S., Galdo, G., Ferrari, C., Sorbi, S., Bessi, V., Nacmias, B., 2022. Plasma
neurofilament light chain as a biomarker of Alzheimer’s disease in subjective
cognitive decline and mild cognitive impairment. J. Neurol. 269, 4270-4280.
https://doi.org/10.1007/500415-022-11055-5.

Gjerde, L.K., Ostrowski, S.R., Schierbeck, F., Andersen, N.S., Friis, L.S., Kornblit, B.,
Petersen, S.L., Schjgdt, L., Sengelgv, H., 2023. Pretransplantation plasma ST2 level as
a prognostic biomarker of 1-year nonrelapse mortality in allogeneic hematopoietic
cell transplantation. e1-97.e6 Transplant. Cell. Ther. 29 (97). https://doi.org/
10.1016/j.jtct.2022.11.009.

Gongalves, R.S.D.S.A., Maciel, A.C.C., Rolland, Y., Vellas, B., De Souto Barreto, P., 2022.
Frailty biomarkers under the perspective of geroscience: a narrative review. Ageing
Res. Rev. 81, 101737 https://doi.org/10.1016/j.arr.2022.101737.

Grodstein, F., Lemos, B., Yu, L., Klein, H.-U., Iatrou, A., Buchman, A.S., Shireby, G.L.,
Mill, J., Schneider, J.A., De Jager, P.L., Bennett, D.A., 2021. The association of
epigenetic clocks in brain tissue with brain pathologies and common aging
phenotypes. Neurobiol. Dis. 157, 105428 https://doi.org/10.1016/j.
nbd.2021.105428.

Guerville, F., De Souto Barreto, P., Ader, 1., Andrieu, S., Casteilla, L., Dray, C.,
Fazilleau, N., Guyonnet, S., Langin, D., Liblau, R., Parini, A., Valet, P., Vergnolle, N.,
Rolland, Y., Vellas, B., 2019. Revisiting the hallmarks of aging to identify markers of
biological age. J. Prev. Alz Dis. 1-9. https://doi.org/10.14283/jpad.2019.50.

Guescini, M., Genedani, S., Stocchi, V., Agnati, L.F., 2010. Astrocytes and Glioblastoma
cells release exosomes carrying mtDNA. J. Neural Transm. 117, 1-4. https://doi.org/
10.1007/500702-009-0288-8.

Giinther, F., Straub, R., Hartung, W., Luchner, A., Fleck, M., Ehrenstein, B., 2022.
Increased serum levels of soluble ST2 as a predictor of disease progression in
systemic sclerosis. Scand. J. Rheumatol. 51, 315-322. https://doi.org/10.1080/
03009742.2021.1929457.

Guo, G., Huang, A., Huang, X., Xu, T., Yao, L., 2021. Prognostic value of soluble
suppression of tumorigenicity 2 in chronic kidney disease patients: a meta-analysis.
Dis. Markers 2021, 1-11. https://doi.org/10.1155/2021/8881393.

Guo, H., Bossila, E.A., Ma, X., Zhao, C., Zhao, Y., 2022. Dual immune regulatory roles of
interleukin-33 in pathological conditions. Cells 11, 3237. https://doi.org/10.3390/
cells11203237.

Hall, S., Surova, Y., Ohrfelt, A., Zetterberg, H., Lindgvist, D., Hansson, O., 2015. CSF
biomarkers and clinical progression of Parkinson disease. Neurology 84, 57-63.
https://doi.org/10.1212/WNL.0000000000001098.

Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., Klotzle, B.,
Bibikova, M., Fan, J.-B., Gao, Y., Deconde, R., Chen, M., Rajapakse, ., Friend, S.,
Ideker, T., Zhang, K., 2013. Genome-wide methylation profiles reveal quantitative
views of human aging rates. Mol. Cell 49, 359-367. https://doi.org/10.1016/j.
molcel.2012.10.016.

Hansson, O., 2021. Biomarkers for neurodegenerative diseases. Nat. Med 27, 954-963.
https://doi.org/10.1038/5s41591-021-01382-x.

Harmon, D.M., AbouEzzeddine, O.F., McKie, P.M., Scott, C.G., Saenger, A.K., Jaffe, A.S.,
2021. Sex-specific cut-off values for soluble suppression of tumorigenicity 2 (ST2)
biomarker increase its cardiovascular prognostic value in the community.
Biomarkers 26, 639-646. https://doi.org/10.1080/1354750X.2021.1956590.

Hassaine, A., Salimi-Khorshidi, G., Canoy, D., Rahimi, K., 2020. Untangling the
complexity of multimorbidity with machine learning. Mech. Ageing Dev. 190,
111325 https://doi.org/10.1016/j.mad.2020.111325.

Heinrich, P.C., Behrmann, 1., Haan, S., Hermanns, H.M., Miiller-Newen, G., Schaper, F.,
2003. Principles of interleukin (IL)-6-type cytokine signalling and its regulation.
Biochem J. 374, 1-20. https://doi.org/10.1042/BJ20030407.

Heiskanen, M., Jaaskeldinen, O., Manninen, E., Das Gupta, S., Andrade, P., Ciszek, R.,
Grohn, O., Herukka, S.-K., Puhakka, N., Pitkdnen, A., 2022. Plasma neurofilament
light chain (NF-L) is a prognostic biomarker for cortical damage evolution but not for
cognitive impairment or epileptogenesis following experimental TBI. IJMS 23,
15208. https://doi.org/10.3390/ijms232315208.

17

Ageing Research Reviews 91 (2023) 102044

Hernandez, C.J., Guss, J.D., Luna, M., Goldring, S.R., 2016. Links Between the
Microbiome and Bone. J. Bone Miner. Res. 31, 1638-1646. https://doi.org/
10.1002/jbmr.2887.

Herrmann, H., Aebi, U., 2016. Intermediate filaments: structure and assembly. Cold
Spring Harb. Perspect. Biol. 8, a018242. https://doi.org/10.1101/cshperspect.
a018242.

Horvath, S., 2013b. DNA methylation age of human tissues and cell types. Genome Biol.
14, R115. https://doi.org/10.1186/gb-2013-14-10-r115.

Horvath, S., Ritz, B.R., 2015. Increased epigenetic age and granulocyte counts in the
blood of Parkinson’s disease patients. Aging (Albany NY) 7, 1130-1142. https://doi.
org/10.18632/aging.100859.

Huan, T., Nguyen, S., Colicino, E., Ochoa-Rosales, C., Hill, W.D., Brody, J.A.,
Soerensen, M., Zhang, Y., Baldassari, A., Elhadad, M.A., Toshiko, T., Zheng, Y.,
Domingo-Relloso, A., Lee, D.H., Ma, J., Yao, C., Liu, C., Hwang, S.-J., Joehanes, R.,
Fornage, M., Bressler, J., van Meurs, J.B.J., Debrabant, B., Mengel-From, J.,
Hjelmborg, J., Christensen, K., Vokonas, P., Schwartz, J., Gahrib, S.A.,
Sotoodehnia, N., Sitlani, C.M., Kunze, S., Gieger, C., Peters, A., Waldenberger, M.,
Deary, 1.J., Ferrucci, L., Qu, Y., Greenland, P., Lloyd-Jones, D.M., Hou, L.,
Bandinelli, S., Voortman, T., Hermann, B., Baccarelli, A., Whitsel, E., Pankow, J.S.,
Levy, D., 2022. Integrative analysis of clinical and epigenetic biomarkers of
mortality. Aging Cell 21, e13608. https://doi.org/10.1111/acel.13608.

Hiils, A., Czamara, D., 2020. Methodological challenges in constructing DNA methylation
risk scores. Epigenetics 15, 1-11. https://doi.org/10.1080/
15592294.2019.1644879.

Ingannato, A., Bagnoli, S., Mazzeo, S., Bessi, V., Mata, S., Del Mastio, M., Lombardi, G.,
Ferrari, C., Sorbi, S., Nacmias, B., 2021. Neurofilament light chain and intermediate
HTT alleles as combined biomarkers in Italian ALS patients. Front. Neurosci. 15,
695049 https://doi.org/10.3389/fnins.2021.695049.

Ip, C., Luk, K.S., Yuen, V.L.C., Chiang, L., Chan, C.K., Ho, K., Gong, M., Lee, T.T.L.,
Leung, K.S.K., Roever, L., Bazoukis, G., Lampropoulos, K., Li, K.H.C., Tse, G., Liu, T.,
2021. Soluble suppression of tumorigenicity 2 (sST2) for predicting disease severity
or mortality outcomes in cardiovascular diseases: A systematic review and meta-
analysis. IJC Heart Vasc. 37, 100887 https://doi.org/10.1016/j.ijcha.2021.100887.

Jain, V., Kumar, P., Panda, P.K., Suresh, M., Kaushal, K., Mirza, A.A., Raina, R., Saha, S.,
Omar, B.J., Subbiah, V., 2022. Utility of IL-6 in the diagnosis, treatment and
prognosis of COVID-19 patients: a longitudinal study. Vaccines 10, 1786. https://
doi.org/10.3390/vaccines10111786.

Janiesch, C., Zschech, P., Heinrich, K., 2021. Machine learning and deep learning.
Electron Mark. 31, 685-695. https://doi.org/10.1007/s12525-021-00475-2.

Jeon, O.H., Wilson, D.R., Clement, C.C., Rathod, S., Cherry, C., Powell, B., Lee, Z.,
Khalil, A.M., Green, J.J., Campisi, J., Santambrogio, L., Witwer, K.W., Elisseeff, J.H.,
2019. Senescence cell-associated extracellular vesicles serve as osteoarthritis disease
and therapeutic markers. JCI Insight 4, €125019. https://doi.org/10.1172/jci.
insight.125019.

Jeremic, D., Navarro-Lépez, J.D., Jiménez-Diaz, L., 2023. Efficacy and safety of anti-
amyloid-p monoclonal antibodies in current Alzheimer’s disease phase III clinical
trials: a systematic review and interactive web app-based meta-analysis. Ageing Res
Rev., 102012 https://doi.org/10.1016/j.arr.2023.102012.

Jeromin, A., Bowser, R., 2017. Biomarkers in neurodegenerative diseases. Adv.
Neurobiol. 15, 491-528. https://doi.org/10.1007/978-3-319-57193-5_20.

Jia, Y., Li, D., Yu, J., Jiang, W., Liu, Y., Li, F., Li, W., Zeng, R., Liao, X., Wan, Z., 2023.
Prognostic value of interleukin-33, sST2, myeloperoxidase, and matrix
metalloproteinase-9 in acute aortic dissection. Front. Cardiovasc. Med. 9, 1084321.
https://doi.org/10.3389/fcvm.2022.1084321.

Johnston, C.D., de Menezes, E.G.M., Bowler, S., Siegler, E.L., Friday, C., Norris, P.J.,
Rice, M.C., Choi, M.E., Glesby, M.J., Ndhlovu, L.C., 2023. Plasma extracellular
vesicles and cell-free mitochondrial DNA are associated with cognitive dysfunction
in treated older adults with HIV. J. Neurovirol. 29, 218-224. https://doi.org/
10.1007/513365-023-01122-6.

Jostock, T., Miillberg, J., Ozbek, S., Atreya, R., Blinn, G., Voltz, N., Fischer, M.,
Neurath, M.F., Rose-John, S., 2001. Soluble gp130 is the natural inhibitor of soluble
interleukin-6 receptor transsignaling responses. Eur. J. Biochem 268, 160-167.
https://doi.org/10.1046/j.1432-1327.2001.01867.x.

Jou, E., Rodriguez-Rodriguez, N., McKenzie, A.N.J., 2022. Emerging roles for IL-25 and
IL-33 in colorectal cancer tumorigenesis. Front. Inmunol. 13, 981479 https://doi.
org/10.3389/fimmu.2022.981479.

Jylhéva, J., Nevalainen, T., Marttila, S., Jylha, M., Hervonen, A., Hurme, M., 2013.
Characterization of the role of distinct plasma cell-free DNA species in age-associated
inflammation and frailty. Aging Cell 12, 388-397. https://doi.org/10.1111/
acel.12058.

Jylhéva, J., Hjelmborg, J., Soerensen, M., Munoz, E., Tan, Q., Kuja-Halkola, R., Mengel-
From, J., Christensen, K., Christiansen, L., Hagg, S., Pedersen, N.L., Reynolds, C.A.,
2019. Longitudinal changes in the genetic and environmental influences on the
epigenetic clocks across old age: evidence from two twin cohorts. EBioMedicine 40,
710-716. https://doi.org/10.1016/j.ebiom.2019.01.040.

Kalatha, T., Arnaoutoglou, M., Koukoulidis, T., Hatzifilippou, E., Bouras, E.,
Baloyannis, S., Koutsouraki, E., 2019. Does cognitive dysfunction correlate with
neurofilament light polypeptide levels in the CSF of patients with multiple sclerosis?
J. Int Med Res 47, 2187-2198. https://doi.org/10.1177/0300060519840550.

Kalluri, R., LeBleu, V.S., 2020. The biology, function, and biomedical applications of
exosomes. eaau6977 Science 367. https://doi.org/10.1126/science.aau6977.

Kaloostian, C., Shil, M.B., 2022. Comment on: The associations of plasma neurofilament
light chain (NfL) and progranulin (PGRN) with frailty in older adults. J. Am. Geriatr.
Soc. 70, 2167-2168. https://doi.org/10.1111/jgs.17780.

Kangas, R., Polldnen, E., Rippo, M.R., Lanzarini, C., Prattichizzo, F., Niskala, P.,
Jylhava, J., Sipila, S., Kaprio, J., Procopio, A.D., Capri, M., Franceschi, C.,


https://doi.org/10.1007/s10522-017-9695-7
https://doi.org/10.3390/cells11244044
https://doi.org/10.1136/gutjnl-2019-319654
https://doi.org/10.1002/14651858.CD013881
https://doi.org/10.1007/s00415-022-11055-5
https://doi.org/10.1016/j.jtct.2022.11.009
https://doi.org/10.1016/j.jtct.2022.11.009
https://doi.org/10.1016/j.arr.2022.101737
https://doi.org/10.1016/j.nbd.2021.105428
https://doi.org/10.1016/j.nbd.2021.105428
https://doi.org/10.14283/jpad.2019.50
https://doi.org/10.1007/s00702-009-0288-8
https://doi.org/10.1007/s00702-009-0288-8
https://doi.org/10.1080/03009742.2021.1929457
https://doi.org/10.1080/03009742.2021.1929457
https://doi.org/10.1155/2021/8881393
https://doi.org/10.3390/cells11203237
https://doi.org/10.3390/cells11203237
https://doi.org/10.1212/WNL.0000000000001098
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1038/s41591-021-01382-x
https://doi.org/10.1080/1354750X.2021.1956590
https://doi.org/10.1016/j.mad.2020.111325
https://doi.org/10.1042/BJ20030407
https://doi.org/10.3390/ijms232315208
https://doi.org/10.1002/jbmr.2887
https://doi.org/10.1002/jbmr.2887
https://doi.org/10.1101/cshperspect.a018242
https://doi.org/10.1101/cshperspect.a018242
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.18632/aging.100859
https://doi.org/10.18632/aging.100859
https://doi.org/10.1111/acel.13608
https://doi.org/10.1080/15592294.2019.1644879
https://doi.org/10.1080/15592294.2019.1644879
https://doi.org/10.3389/fnins.2021.695049
https://doi.org/10.1016/j.ijcha.2021.100887
https://doi.org/10.3390/vaccines10111786
https://doi.org/10.3390/vaccines10111786
https://doi.org/10.1007/s12525-021-00475-2
https://doi.org/10.1172/jci.insight.125019
https://doi.org/10.1172/jci.insight.125019
https://doi.org/10.1016/j.arr.2023.102012
https://doi.org/10.1007/978-3-319-57193-5_20
https://doi.org/10.3389/fcvm.2022.1084321
https://doi.org/10.1007/s13365-023-01122-6
https://doi.org/10.1007/s13365-023-01122-6
https://doi.org/10.1046/j.1432-1327.2001.01867.x
https://doi.org/10.3389/fimmu.2022.981479
https://doi.org/10.3389/fimmu.2022.981479
https://doi.org/10.1111/acel.12058
https://doi.org/10.1111/acel.12058
https://doi.org/10.1016/j.ebiom.2019.01.040
https://doi.org/10.1177/0300060519840550
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1111/jgs.17780

S. Salvioli et al.

Olivieri, F., Kovanen, V., 2014. Circulating miR-21, miR-146a and Fas ligand
respond to postmenopausal estrogen-based hormone replacement therapy-a study
with monozygotic twin pairs. Mech. Ageing Dev. 143-144, 1-8. https://doi.org/
10.1016/j.mad.2014.11.001.

Karlaftis, V., Attard, C., Summerhayes, R., Monagle, P., Ignjatovic, V., 2014. The
microparticle-specific procoagulant phospholipid activity changes with age. Int J.
Lab Hematol. 36, e41-43. https://doi.org/10.1111/ijlh.12144.

Khalil, M., Teunissen, C.E., Otto, M., Piehl, F., Sormani, M.P., Gattringer, T., Barro, C.,
Kappos, L., Comabella, M., Fazekas, F., Petzold, A., Blennow, K., Zetterberg, H.,
Kuhle, J., 2018. Neurofilaments as biomarkers in neurological disorders. Nat. Rev.
Neurol. 14, 577-589. https://doi.org/10.1038/s41582-018-0058-z.

Kim, H.J., Kim, W.J., Shin, H.R., Yoon, H.I., Moon, J.I., Lee, E., Lim, J.M., Cho, Y.D.,
Lee, M.H,, Kim, H.G., Ryoo, H.M., 2022. ROS-induced PADI2 downregulation
accelerates cellular senescence via the stimulation of SASP production and NFkB
activation. Cell Mol. Life Sci. 79, 155. https://doi.org/10.1007/500018-022-04186-
5.

Kishimoto, T., Akira, S., Narazaki, M., Taga, T., 1995. Interleukin-6 family of cytokines
and gp130. Blood 86, 1243-1254.

Kochlik, B., Franz, K., Henning, T., Weber, D., Wernitz, A., Herpich, C., Jannasch, F.,
Aykag, V., Miiller-Werdan, U., Schulze, M.B., Grune, T., Norman, K., 2023. Frailty is
characterized by biomarker patterns reflecting inflammation or muscle catabolism in
multi-morbid patients. J. Cachex-.-. Sarcopenia Muscle 14, 157-166. https://doi.
org/10.1002/jecsm.13118.

Koh, A., Molinaro, A., Stdhlman, M., Khan, M.T., Schmidt, C., Manneras-Holm, L.,

Wu, H., Carreras, A., Jeong, H., Olofsson, L.E., Bergh, P.-O., Gerdes, V., Hartstra, A.,
de Brauw, M., Perkins, R., Nieuwdorp, M., Bergstrom, G., Backhed, F., 2018.
Microbially produced imidazole propionate impairs insulin signaling through
mTORCL1. e17 Cell 175, 947-961. https://doi.org/10.1016/j.cell.2018.09.055.

Korotaeva, A.A., Samoilova, E.V., Chepurnova, D.A., Zhitareva, L.V., Shuvalova, Y.A.,
Prokazova, N.V., 2018. Soluble glycoprotein 130 is inversely related to severity of
coronary atherosclerosis. Biomarkers 23, 527-532. https://doi.org/10.1080/
1354750X.2018.1458151.

Kouroubali, A., Kondylakis, H., Logothetidis, F., Katehakis, D.G., 2022. Developing an Al-
enabled integrated care platform for frailty. Healthcare 10, 443. https://doi.org/
10.3390/healthcare10030443.

Kranendonk, M.E.G., Visseren, F.L.J., van Balkom, B.W.M., Nolte-’t Hoen, E.N.M., van
Herwaarden, J.A., de Jager, W., Schipper, H.S., Brenkman, A.B., Verhaar, M.C.,
Wauben, M.H.M., Kalkhoven, E., 2014. Human adipocyte extracellular vesicles in
reciprocal signaling between adipocytes and macrophages. Obes. (Silver Spring) 22,
1296-1308. https://doi.org/10.1002/0by.20679.

Krishnamoorthy, S., Singh, G., Sreedharan, S.E., Damayanthi, D., Gopala, S., Uk, M.,
Sylaja, P.N., 2023. Soluble ST2 predicts poor functional outcome in acute ischemic
stroke patients. Cereb. Dis. Extra. https://doi.org/10.1159/000529512.

Krychtiuk, K.A., Stojkovic, S., Lenz, M., Brekalo, M., Huber, K., Wojta, J., Heinz, G.,
Demyanets, S., Speidl, W.S., 2018. Predictive value of low interleukin-33 in critically
ill patients. Cytokine 103, 109-113. https://doi.org/10.1016/j.cyt0.2017.09.017.

Ladang, A., Kovacs, S., Lengelé, L., Locquet, M., Reginster, J.-Y., Bruyere, O., Cavalier, E.,
2022. Neurofilament light chain concentration in an aging population. Aging Clin.
Exp. Res 34, 331-339. https://doi.org/10.1007/540520-021-02054-z.

Lahiri, S., Kim, H., Garcia-Perez, 1., Reza, M.M., Martin, K.A., Kundu, P., Cox, L.M.,
Selkrig, J., Posma, J.M., Zhang, H., Padmanabhan, P., Moret, C., Gulyas, B.,
Blaser, M.J., Auwerx, J., Holmes, E., Nicholson, J., Wahli, W., Pettersson, S., 2019.
The gut microbiota influences skeletal muscle mass and function in mice. eaan5662
Sci. Transl. Med 11. https://doi.org/10.1126/scitranslmed.aan5662.

Lai, R.C., Arslan, F., Lee, M.M., Sze, N.S.K., Choo, A., Chen, T.S., Salto-Tellez, M.,
Timmers, L., Lee, C.N., El Oakley, R.M., Pasterkamp, G., De Kleijn, D.P.V., Lim, S.K.,
2010. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury.
Stem Cell Res. 4, 214-222. https://doi.org/10.1016/].scr.2009.12.003.

Lan, K., Wang, D., Fong, S., Liu, L., Wong, K.K.L., Dey, N., 2018. A survey of data mining
and deep learning in bioinformatics. J. Med Syst. 42, 139. https://doi.org/10.1007/
$10916-018-1003-9.

Lananna, B.V., Imai, S., 2021. Friends and foes: extracellular vesicles in aging and
rejuvenation. FASEB BioAdv. 3, 787-801. https://doi.org/10.1096/fba.2021-00077.

Langmann, G.A., Perera, S., Ferchak, M.A., Nace, D.A., Resnick, N.M., Greenspan, S.L.,
2017. Inflammatory markers and frailty in long-term care residents. J. Am. Geriatr.
Soc. 65, 1777-1783. https://doi.org/10.1111/jgs.14876.

Lanna, A., Vaz, B., D’Ambra, C., Valvo, S., Vuotto, C., Chiurchit, V., Devine, O.,
Sanchez, M., Borsellino, G., Akbar, A.N., De Bardi, M., Gilroy, D.W., Dustin, M.L.,
Blumer, B., Karin, M., 2022. An intercellular transfer of telomeres rescues T cells
from senescence and promotes long-term immunological memory. Nat. Cell Biol. 24,
1461-1474. https://doi.org/10.1038/541556-022-00991-z.

Lazo, S., Noren Hooten, N., Green, J., Eitan, E., Mode, N.A., Liu, Q., Zonderman, A.B.,
Ezike, N., Mattson, M.P., Ghosh, P., Evans, M.K., 2021. Mitochondrial DNA in
extracellular vesicles declines with age. Aging Cell 20. https://doi.org/10.1111/
acel.13283.

Lefrancais, E., Roga, S., Gautier, V., Gonzalez-de-Peredo, A., Monsarrat, B., Girard, J.-P.,
Cayrol, C., 2012. IL-33 is processed into mature bioactive forms by neutrophil
elastase and cathepsin G. Proc. Natl. Acad. Sci. U. S. A 109, 1673-1678. https://doi.
org/10.1073/pnas.1115884109.

Leng, S., Xue, Q.-L., Huang, Y., Semba, R., Chaves, P., Bandeen-Roche, K., Fried, L.,
Walston, J., 2005. Total and differential white blood cell counts and their
associations with circulating interleukin-6 levels in community-dwelling older
women. J. Gerontol. A Biol. Sci. Med Sci. 60, 195-199. https://doi.org/10.1093/
gerona/60.2.195.

Levine, M.E., Lu, A.T., Bennett, D.A., Horvath, S., 2015. Epigenetic age of the pre-frontal
cortex is associated with neuritic plaques, amyloid load, and Alzheimer’s disease

18

Ageing Research Reviews 91 (2023) 102044

related cognitive functioning. Aging 7, 1198-1211. https://doi.org/10.18632/
aging.100864.

Levine, M.E., Lu, A.T., Quach, A., Chen, B.H., Assimes, T.L., Bandinelli, S., Hou, L.,
Baccarelli, A.A., Stewart, J.D., Li, Y., Whitsel, E.A., Wilson, J.G., Reiner, A.P.,
Aviv, A., Lohman, K., Liu, Y., Ferrucci, L., Horvath, S., 2018. An epigenetic
biomarker of aging for lifespan and healthspan. Aging (Albany NY) 10, 573-591.
https://doi.org/10.18632/aging.101414.

Lewczuk, P., Ermann, N., Andreasson, U., Schultheis, C., Podhorna, J., Spitzer, P.,
Maler, J.M., Kornhuber, J., Blennow, K., Zetterberg, H., 2018. Plasma neurofilament
light as a potential biomarker of neurodegeneration in Alzheimer’s disease. Alz Res
Ther. 10, 71. https://doi.org/10.1186/513195-018-0404-9.

Li, A., Koch, Z., Ideker, T., 2022. Epigenetic aging: biological age prediction and
informing a mechanistic theory of aging. J. Intern Med 292, 733-744. https://doi.
0rg/10.1111/joim.13533.

Li, M., Duan, L., Cai, Y., Hao, B., Chen, J., Li, H., Liu, H., 2021. Prognostic value of
soluble suppression of tumorigenesis-2 (sST2) for cardiovascular events in coronary
artery disease patients with and without diabetes mellitus. Cardiovasc Diabetol. 20,
49. https://doi.org/10.1186/512933-021-01244-3.

Li, Y., 2021. Modern epigenetics methods in biological research. Methods 187, 104-113.
https://doi.org/10.1016/j.ymeth.2020.06.022.

Lima, T., Li, T.Y., Mottis, A., Auwerx, J., 2022. Pleiotropic effects of mitochondria in
aging. Nat. Aging 2, 199-213. https://doi.org/10.1038/543587-022-00191-2.

Lin, C.-H., Li, C.-H., Yang, K.-C., Lin, F.-J., Wu, C.-C., Chieh, J.-J., Chiu, M.-J., 2019.
Blood NfL: a biomarker for disease severity and progression in Parkinson disease.
Neurology 93, €e1104-e1111. https://doi.org/10.1212/WNL.0000000000008088.

Lin, H., Joehanes, R., Pilling, L.C., Dupuis, J., Lunetta, K.L., Ying, S.-X., Benjamin, E.J.,
Hernandez, D., Singleton, A., Melzer, D., Munson, P.J., Levy, D., Ferrucci, L.,
Murabito, J.M., 2014. Whole blood gene expression and interleukin-6 levels.
Genomics 104, 490-495. https://doi.org/10.1016/].ygeno.2014.10.003.

Liu, C., Cheung, W.H., Li, J., Chow, S.K., Yu, J., Wong, S.H., Ip, M., Sung, J.J.Y., Wong, R.
M.Y., 2021. Understanding the gut microbiota and sarcopenia: a systematic review.
J. Cachexia Sarcopenia Muscle 12, 1393-1407. https://doi.org/10.1002/
jesm.12784.

Liu, X., Li, Z., Ren, J., Cui, G., 2023. IL-33-expressing microvascular endothelial cells in
human esophageal squamous cell carcinoma: implications for pathological features
and prognosis. Microvasc. Res. 147, 104506 https://doi.org/10.1016/j.
mvr.2023.104506.

Liu, Y., Guo, Y.L., Meng, S., Gao, H., Sui, L.J., Jin, S., Li, Y., Fan, S.G., 2020. Gut
microbiota-dependent Trimethylamine N-Oxide are related with hip fracture in
postmenopausal women: a matched case-control study. Aging 12 (11),
10633-10641. https://doi.org/10.18632/aging.103283 (Albany NY), Jun 1.

Liu, Y.-J., Wang, C., 2023. A review of the regulatory mechanisms of extracellular
vesicles-mediated intercellular communication. Cell Commun. Signal 21, 77.
https://doi.org/10.1186/512964-023-01103-6.

Lépez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The
hallmarks of aging. Cell 153, 1194-1217. https://doi.org/10.1016/j.
cell.2013.05.039.

Lu, A.T., Quach, A., Wilson, J.G., Reiner, A.P., Aviv, A., Raj, K., Hou, L., Baccarelli, A.A.,
Li, Y., Stewart, J.D., Whitsel, E.A., Assimes, T.L., Ferrucci, L., Horvath, S., 2019. DNA
methylation GrimAge strongly predicts lifespan and healthspan. Aging (Albany NY)
11, 303-327. https://doi.org/10.18632/aging.101684.

Lu, L., Chen, X., Liu, Y., Yu, X., 2021. Gut microbiota and bone metabolism. FASEB J. 35,
€21740 https://doi.org/10.1096/fj.202100451R.

Lu, W., Giudici, K.V., Guyonnet, S., Aggarwal, G., Nguyen, A.D., Morley, J.E., Vellas, B.,
Souto Barreto, P., MAPT/DSA Group, 2022. Associations of plasma neurofilament
light chain and progranulin with frailty in older adults. J. Am. Geriatr. Soc. 70,
1236-1243. https://doi.org/10.1111/jgs.17604.

Lunavat, T.R., Cheng, L., Kim, D.-K., Bhadury, J., Jang, S.C., Lasser, C., Sharples, R.A.,
Lépez, M.D., Nilsson, J., Gho, Y.S., Hill, A.F., Lotvall, J., 2015. Small RNA deep
sequencing discriminates subsets of extracellular vesicles released by melanoma cells
— Evidence of unique microRNA cargos. RNA Biol. 12, 810-823. https://doi.org/
10.1080/15476286.2015.1056975.

Machida, T., Tomofuji, T., Ekuni, D., Maruyama, T., Yoneda, T., Kawabata, Y.,
Mizuno, H., Miyai, H., Kunitomo, M., Morita, M., 2015. MicroRNAs in salivary
exosome as potential biomarkers of aging. IJMS 16, 21294-21309. https://doi.org/
10.3390/ijms160921294.

Maes, M., Bosmans, E., De Jongh, R., Kenis, G., Vandoolaeghe, E., Neels, H., 1997.
Increased serum il-6 and il-1 receptor antagonist concentrations in major depression
and treatment resistant depression. Cytokine 9, 853-858. https://doi.org/10.1006/
cyt0.1997.0238.

Magalhaes, A., C, M Campos, F., M G Loures, C., G Fraga, V., de Souza, L.C., C
Guimaraes, H., T G Cintra, M., A Bicalho, M., G Carvalho, M., P Sousa, L.,
Caramelli, P., B Gomes, K., 2019. Microparticles are related to cognitive and
functional status from normal aging to dementia. J. Neuroimmunol. 336, 577027
https://doi.org/10.1016/j.jneuroim.2019.577027.

Maggio, M., Guralnik, J.M., Longo, D.L., Ferrucci, L., 2006. Interleukin-6 in aging and
chronic disease: a magnificent pathway. J. Gerontol. A Biol. Sci. Med Sci. 61,
575-584. https://doi.org/10.1093/gerona/61.6.575.

Majnari¢, L.T., Babi¢, F., O’Sullivan, S., Holzinger, A., 2021. Al and big data in
healthcare: towards a more comprehensive research framework for multimorbidity.
JCM 10, 766. https://doi.org/10.3390/jcm10040766.

Manfredi, A.A., Ramirez, G.A., Godino, C., Capobianco, A., Monno, A., Franchini, S.,
Tombetti, E., Corradetti, S., Distler, J.H.W., Bianchi, M.E., Rovere-Querini, P.,
Maugeri, N., 2022. Platelet phagocytosis via P-selectin glycoprotein ligand 1 and
accumulation of microparticles in systemic sclerosis. Arthritis Rheuma 74, 318-328.
https://doi.org/10.1002/art.41926.


https://doi.org/10.1016/j.mad.2014.11.001
https://doi.org/10.1016/j.mad.2014.11.001
https://doi.org/10.1111/ijlh.12144
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1007/s00018-022-04186-5
https://doi.org/10.1007/s00018-022-04186-5
https://doi.org/10.1002/jcsm.13118
https://doi.org/10.1002/jcsm.13118
https://doi.org/10.1016/j.cell.2018.09.055
https://doi.org/10.1080/1354750X.2018.1458151
https://doi.org/10.1080/1354750X.2018.1458151
https://doi.org/10.3390/healthcare10030443
https://doi.org/10.3390/healthcare10030443
https://doi.org/10.1002/oby.20679
https://doi.org/10.1159/000529512
https://doi.org/10.1016/j.cyto.2017.09.017
https://doi.org/10.1007/s40520-021-02054-z
https://doi.org/10.1126/scitranslmed.aan5662
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1007/s10916-018-1003-9
https://doi.org/10.1007/s10916-018-1003-9
https://doi.org/10.1096/fba.2021-00077
https://doi.org/10.1111/jgs.14876
https://doi.org/10.1038/s41556-022-00991-z
https://doi.org/10.1111/acel.13283
https://doi.org/10.1111/acel.13283
https://doi.org/10.1073/pnas.1115884109
https://doi.org/10.1073/pnas.1115884109
https://doi.org/10.1093/gerona/60.2.195
https://doi.org/10.1093/gerona/60.2.195
https://doi.org/10.18632/aging.100864
https://doi.org/10.18632/aging.100864
https://doi.org/10.18632/aging.101414
https://doi.org/10.1186/s13195-018-0404-9
https://doi.org/10.1111/joim.13533
https://doi.org/10.1111/joim.13533
https://doi.org/10.1186/s12933-021-01244-3
https://doi.org/10.1016/j.ymeth.2020.06.022
https://doi.org/10.1038/s43587-022-00191-2
https://doi.org/10.1212/WNL.0000000000008088
https://doi.org/10.1016/j.ygeno.2014.10.003
https://doi.org/10.1002/jcsm.12784
https://doi.org/10.1002/jcsm.12784
https://doi.org/10.1016/j.mvr.2023.104506
https://doi.org/10.1016/j.mvr.2023.104506
https://doi.org/10.18632/aging.103283
https://doi.org/10.1186/s12964-023-01103-6
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.18632/aging.101684
https://doi.org/10.1096/fj.202100451R
https://doi.org/10.1111/jgs.17604
https://doi.org/10.1080/15476286.2015.1056975
https://doi.org/10.1080/15476286.2015.1056975
https://doi.org/10.3390/ijms160921294
https://doi.org/10.3390/ijms160921294
https://doi.org/10.1006/cyto.1997.0238
https://doi.org/10.1006/cyto.1997.0238
https://doi.org/10.1016/j.jneuroim.2019.577027
https://doi.org/10.1093/gerona/61.6.575
https://doi.org/10.3390/jcm10040766
https://doi.org/10.1002/art.41926

S. Salvioli et al.

Manni, G., Buratta, S., Pallotta, M.T., Chiasserini, D., Di Michele, A., Emiliani, C.,
Giovagnoli, S., Pascucci, L., Romani, R., Bellezza, I., Urbanelli, L., Fallarino, F., 2023.
Extracellular vesicles in aging: an emerging hallmark? Cells 12, 527. https://doi.
org/10.3390/cells12040527.

Mantovani, A., Dinarello, C.A., Molgora, M., Garlanda, C., 2019. Interleukin-1 and
related cytokines in the regulation of inflammation and immunity. Immunity 50,
778-795. https://doi.org/10.1016/j.immuni.2019.03.012.

Marchegiani, F., Matacchione, G., Ramini, D., Marcheselli, F., Recchioni, R., Casoli, T.,
Mercuri, E., Lazzarini, M., Giorgetti, B., Cameriere, V., Paolini, S., Paciaroni, L.,
Rossi, T., Galeazzi, R., Lisa, R., Bonfigli, A.R., Procopio, A.D., De Luca, M.,
Pelliccioni, G., Olivieri, F., 2019. Diagnostic performance of new and classic CSF
biomarkers in age-related dementias. Aging 11, 2420-2429. https://doi.org/
10.18632/aging.101925.

Marioni, R.E., Harris, S.E., Shah, S., McRae, A.F., von Zglinicki, T., Martin-Ruiz, C.,
Wray, N.R., Visscher, P.M., Deary, 1.J., 2018. The epigenetic clock and telomere
length are independently associated with chronological age and mortality. Int J.
Epidemiol. 45, 424-432. https://doi.org/10.1093/ije/dyw041.

Marsal Barril, S., Martin-Martinez, M.A., Blanco-Garcia, F.J., Fernandez-Nebro, A.,
Garcia de Vicuna, R., Tornero-Molina, J., Sanchez-Alonso, F., Novella-Navarro, M.,
Escudero-Contreras, A., Alegre-Sancho, J.J., Urruticoechea-Arana, A., Bustabad-
Reyes, M.S., Trenor-Larraz, P., Pérez-Sandoval, T., Tevar-Sanchez, M.I., Sanchez-
Costa, J.T., Raya-/\lvarez, E., 2022. Effectiveness and safety of tocilizumab in
monotherapy in biologic-naive and non-naive patients with rheumatoid arthritis in a
real-world setting. Reum. Clin. (Engl. Ed. ) 18, 567-573 https://doi.org/10.1016/j.
reumae.2021.12.004.

Mattioli, F., Bellomi, F., Stampatori, C., Mariotto, S., Ferrari, S., Monaco, S.,
Mancinelli, C., Capra, R., 2020. Longitudinal serum neurofilament light chain (sNfL)
concentration relates to cognitive function in multiple sclerosis patients. J. Neurol.
267, 2245-2251. https://doi.org/10.1007/s00415-020-09832-1.

Mattsson, N., Insel, P.S., Palmgqvist, S., Portelius, E., Zetterberg, H., Weiner, M.,
Blennow, K., Hansson, O., the Alzheimer’s Disease Neuroimaging Initiative, 2016.
Cerebrospinal fluid tau, neurogranin, and neurofilament light in Alzheimer’s disease.
EMBO Mol. Med 8, 1184-1196. https://doi.org/10.15252/emmm.201606540.

Maugeri, N., Capobianco, A., Rovere-Querini, P., Ramirez, G.A., Tombetti, E., Valle, P.D.,
Monno, A., D’Alberti, V., Gasparri, A.M., Franchini, S., D’Angelo, A., Bianchi, M.E.,
Manfredi, A.A., 2018. Platelet microparticles sustain autophagy-associated
activation of neutrophils in systemic sclerosis. eaao3089 Sci. Transl. Med 10.
https://doi.org/10.1126/scitranslmed.aao3089.

McCrory, C., Fiorito, G., Hernandez, B., Polidoro, S., O'Halloran, A.M., Hever, A., Ni
Cheallaigh, C., Lu, A.T., Horvath, S., Vineis, P., Kenny, R.A., 2021. GrimAge
outperforms other epigenetic clocks in the prediction of age-related clinical
phenotypes and all-cause mortality. J. Gerontol. A Biol. Sci. Med Sci. 76, 741-749.
https://doi.org/10.1093/gerona/glaa286.

McKechnie, D.G.J., Patel, M., Papacosta, A.O., Lennon, L.T., Ellins, E.A., Halcox, J.P.J.,
Ramsay, S.E., Whincup, P.H., Wannamethee, S.G., 2022. Associations between
inflammation, coagulation, cardiac strain and injury, and subclinical vascular
disease with frailty in older men: a cross-sectional study. BMC Geriatr. 22, 405.
https://doi.org/10.1186/512877-022-03106-3.

Meeker, K.L., Butt, O.H., Gordon, B.A., Fagan, A.M., Schindler, S.E., Morris, J.C.,
Benzinger, T.L.S., Ances, B.M., 2022. Cerebrospinal fluid neurofilament light chain is
a marker of aging and white matter damage. Neurobiol. Dis. 166, 105662 https://
doi.org/10.1016/j.nbd.2022.105662.

Menkin, V., 1943. Studies on the isolation of the factor responsible for tissue injury in
inflammation. Science 97, 165-167. https://doi.org/10.1126/science.97.2511.165.

Mensa, E., Guescini, M., Giuliani, A., Bacalini, M.G., Ramini, D., Corleone, G.,
Ferracin, M., Fulgenzi, G., Graciotti, L., Prattichizzo, F., Sorci, L., Battistelli, M.,
Monsurro, V., Bonfigli, A.R., Cardelli, M., Recchioni, R., Marcheselli, F., Latini, S.,
Maggio, S., Fanelli, M., Amatori, S., Storci, G., Ceriello, A., Stocchi, V., De Luca, M.,
Magnani, L., Rippo, M.R., Procopio, A.D., Sala, C., Budimir, I., Bassi, C., Negrini, M.,
Garagnani, P., Franceschi, C., Sabbatinelli, J., Bonafe, M., Olivieri, F., 2020. Small
extracellular vesicles deliver miR-21 and miR-217 as pro-senescence effectors to
endothelial cells. J. Extracell. Vesicles 9, 1725285. https://doi.org/10.1080/
20013078.2020.1725285.

Merchant, R.A., Chan, Y.H., Duque, G., 2023. GDF-15 is associated with poor physical
function in prefrail older adults with diabetes. J. Diabetes Res 2023, 2519128.
https://doi.org/10.1155/2023/2519128.

Michel, L.Y.M., 2023. Extracellular vesicles in adipose tissue communication with the
healthy and pathological heart. Int J. Mol. Sci. 24, 7745. https://doi.org/10.3390/
ijms24097745.

Miethe, S., Potaczek, D.P., Bazan-Socha, S., Bachl, M., Schaefer, L., Wygrecka, M.,
Garn, H., 2023. The emerging role of extracellular vesicles as communicators
between adipose tissue and pathologic lungs with a special focus on asthma. Am. J.
Physiol. Cell Physiol. 324, C1119-C1125. https://doi.org/10.1152/
ajpcell.00057.2023.

Migliavacca, E., Tay, S.K.H., Patel, H.P., Sonntag, T., Civiletto, G., McFarlane, C.,
Forrester, T., Barton, S.J., Leow, M.K., Antoun, E., Charpagne, A., Seng Chong, Y.,
Descombes, P., Feng, L., Francis-Emmanuel, P., Garratt, E.S., Giner, M.P., Green, C.
0., Karaz, S., Kothandaraman, N., Marquis, J., Metairon, S., Moco, S., Nelson, G.,
Ngo, S., Pleasants, T., Raymond, F., Sayer, A.A., Ming Sim, C., Slater-Jefferies, J.,
Syddall, H.E., Fang Tan, P., Titcombe, P., Vaz, C., Westbury, L.D., Wong, G.,
Yonghui, W., Cooper, C., Sheppard, A., Godfrey, K.M., Lillycrop, K.A., Karnani, N.,
Feige, J.N., 2019. Mitochondrial oxidative capacity and NAD+ biosynthesis are
reduced in human sarcopenia across ethnicities. Nat. Commun. 10, 5808. https://
doi.org/10.1038/541467-019-13694-1.

Miti, A., Thamm, S., Miiller, P., Csaki, A., Fritzsche, W., Zuccheri, G., 2020. A miRNA
biosensor based on localized surface plasmon resonance enhanced by surface-bound

19

Ageing Research Reviews 91 (2023) 102044

hybridization chain reaction. Biosens. Bioelectron. 167, 112465 https://doi.org/
10.1016/j.bios.2020.112465.

Mitsuhashi, M., Taub, D.D., Kapogiannis, D., Eitan, E., Zukley, L., Mattson, M.P.,
Ferrucci, L., Schwartz, J.B., Goetzl, E.J., 2013. Aging enhances release of exosomal
cytokine mRNAs by Ap 1-42 -stimulated macrophages. FASEB J. 27, 5141-5150.
https://doi.org/10.1096/fj.13-238980.

Mizel, S.B., Farrar, J.J., 1979. Revised nomenclature for antigen-nonspecific T-cell
proliferation and helper factors. Cell Immunol. 48, 433-436. https://doi.org/
10.1016/0008-8749(79)90139-4.

Mohanty, S.D., Lekan, D., McCoy, T.P., Jenkins, M., Manda, P., 2022. Machine learning
for predicting readmission risk among the frail: Explainable Al for healthcare.
Patterns 3, 100395. https://doi.org/10.1016/j.patter.2021.100395.

Mollenhauer, B., Zimmermann, J., Sixel-Doring, F., Focke, N.K., Wicke, T.,

Ebentheuer, J., Schaumburg, M., Lang, E., Friede, T., Trenkwalder, C., on behalf of
the DeNoPa Study Group, 2019. Baseline predictors for progression 4 years after
Parkinson’s disease diagnosis in the De Novo Parkinson Cohort (DeNoPa). Mov.
Disord. 34, 67-77. https://doi.org/10.1002/mds.27492.

Moreno-Villanueva, M., Biirkle, A., 2019. Epigenetic and redox biomarkers: novel
insights from the MARK-AGE study. Mech. Ageing Dev. 177, 128-134. https://doi.
org/10.1016/j.mad.2018.06.006.

Morrisette-Thomas, V., Cohen, A.A., Fiilop, T., Riesco, E., Legault, V., Li, Q., Milot, E.,
Dusseault-Bélanger, F., Ferrucci, L., 2014. Inflamm-aging does not simply reflect
increases in pro-inflammatory markers. Mech. Ageing Dev. 139, 49-57. https://doi.
org/10.1016/j.mad.2014.06.005.

Morsiani, C., Terlecki-Zaniewicz, L., Skalicky, S., Bacalini, M.G., Collura, S., Conte, M.,
Sevini, F., Garagnani, P., Salvioli, S., Hackl, M., Grillari, J., Franceschi, C., Capri, M.,
2021. Circulating miR-19a-3p and miR-19b-3p characterize the human aging process
and their isomiRs associate with healthy status at extreme ages. Aging Cell 20.
https://doi.org/10.1111/acel.13409.

Mueller, T., Jaffe, A.S., 2015. Soluble ST2-analytical considerations. Am. J. Cardiol. 115,
8B-21B. https://doi.org/10.1016/j.amjcard.2015.01.035.

Muth, C., Blom, J.W., Smith, S.M., Johnell, K., Gonzalez-Gonzalez, A.I.,, Nguyen, T.S.,
Brueckle, M.-S., Cesari, M., Tinetti, M.E., Valderas, J.M., 2018. Evidence supporting
the best clinical management of patients with multimorbidity and polypharmacy: a
systematic guideline review and expert consensus. J. Intern. Med. JOIM 12842.
https://doi.org/10.1111/joim.12842.

Nabais, M.F., Gadd, D.A., Hannon, E., Mill, J., McRae, A.F., Wray, N.R., 2023. An
overview of DNA methylation-derived trait score methods and applications. Genome
Biol. 24, 28. https://doi.org/10.1186/513059-023-02855-7.

Naka, T., Nishimoto, N., Kishimoto, T., 2002. The paradigm of IL-6: from basic science to
medicine. Arthritis Res. 4 (Suppl 3), $233-242. https://doi.org/10.1186/ar565.

Nakajima, Toshiaki, Shibasaki, I., Sawaguchi, T., Haruyama, A., Kaneda, H.,

Nakajima, Takafumi, Hasegawa, T., Arikawa, T., Obi, S., Sakuma, M., Ogawa, H.,
Toyoda, S., Nakamura, F., Abe, S., Fukuda, H., Inoue, T., 2019. Growth
differentiation factor-15 (GDF-15) is a biomarker of muscle wasting and renal
dysfunction in preoperative cardiovascular surgery patients. J. Clin. Med. 8, 1576.
https://doi.org/10.3390/jcm8101576.

Nesic, J., Ljujic, B., Rosic, V., Djukic, A., Rosic, M., Petrovic, 1., Zornic, N., Jovanovic, L.
P., Petrovic, S., Djukic, S., 2022. Adiponectin and interleukin-33: possible early
markers of metabolic syndrome. J. Clin. Med. 12, 132. https://doi.org/10.3390/
jem12010132.

Nidadavolu, L.S., Feger, D., Chen, D., Wu, Y., Grodstein, F., Gross, A.L., Bennett, D.A.,
Walston, J.D., Oh, E.S., Abadir, P.M., 2023. Associations between circulating cell-
free mitochondrial DNA, inflammatory markers, and cognitive and physical
outcomes in community dwelling older adults. Inmun. Ageing 20, 24. https://doi.
org/10.1186/s12979-023-00342-y.

O’Brien, K., Breyne, K., Ughetto, S., Laurent, L.C., Breakefield, X.0., 2020. RNA delivery
by extracellular vesicles in mammalian cells and its applications. Nat. Rev. Mol. Cell
Biol. 21, 585-606. https://doi.org/10.1038/s41580-020-0251-y.

Oba, K., Ishikawa, J., Tamura, Y., Fujita, Y., Ito, M., lizuka, A., Fujiwara, Y., Kodera, R.,
Toba, A., Toyoshima, K., Chiba, Y., Mori, S., Tanaka, M., Ito, H., Harada, K.,
Araki, A., 2020. Serum growth differentiation factor 15 level is associated with
muscle strength and lower extremity function in older patients with cardiometabolic
disease. Geriatr. Gerontol. Int. 20, 980-987. https://doi.org/10.1111/ggi.14021.

Ohlsson, C., Sjogren, K., 2015. Effects of the gut microbiota on bone mass. Trends
Endocrinol. Metab. 26, 69-74. https://doi.org/10.1016/j.tem.2014.11.004.

Oliosi, E., Guede-Fernandez, F., Londral, A., 2022. Machine learning approaches for the
frailty screening: a narrative review. IJERPH 19, 8825. https://doi.org/10.3390/
ijerph19148825.

Olivieri, F., Prattichizzo, F., Giuliani, A., Matacchione, G., Rippo, M.R., Sabbatinelli, J.,
Bonafe, M., 2021a. miR-21 and miR-146a: the microRNAs of inflammaging and age-
related diseases. Ageing Res Rev. 70, 101374 https://doi.org/10.1016/j.
arr.2021.101374.

Olivieri, F., Capri, M., Bonafe, M., Morsiani, C., Jung, H.J., Spazzafumo, L., Vina, J.,
Suh, Y., 2017. Circulating miRNAs and miRNA shuttles as biomarkers: perspective
trajectories of healthy and unhealthy aging. Mech. Ageing Dev. 165, 162-170.
https://doi.org/10.1016/j.mad.2016.12.004.

Olsson, B., Portelius, E., Cullen, N.C., Sandelius, A, Zetterberg, H., Andreasson, U.,
Hoglund, K., Irwin, D.J., Grossman, M., Weintraub, D., Chen-Plotkin, A., Wolk, D.,
McCluskey, L., Elman, L., Shaw, L.M., Toledo, J.B., McBride, J., Hernandez-Con, P.,
Lee, V.M.-Y., Trojanowski, J.Q., Blennow, K., 2019. Association of cerebrospinal
fluid neurofilament light protein levels with cognition in patients with dementia,
motor neuron disease, and movement disorders. JAMA Neurol. 76, 318. https://doi.
org/10.1001/jamaneurol.2018.3746.

Omland, T., Prebensen, C., Jonassen, C., Svensson, M., Berdal, J.E., Seljeflot, I., Myhre, P.
L., 2021. Soluble ST2 concentrations associate with in-hospital mortality and need


https://doi.org/10.3390/cells12040527
https://doi.org/10.3390/cells12040527
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.18632/aging.101925
https://doi.org/10.18632/aging.101925
https://doi.org/10.1093/ije/dyw041
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
http://refhub.elsevier.com/S1568-1637(23)00203-9/sbref200
https://doi.org/10.1007/s00415-020-09832-1
https://doi.org/10.15252/emmm.201606540
https://doi.org/10.1126/scitranslmed.aao3089
https://doi.org/10.1093/gerona/glaa286
https://doi.org/10.1186/s12877-022-03106-3
https://doi.org/10.1016/j.nbd.2022.105662
https://doi.org/10.1016/j.nbd.2022.105662
https://doi.org/10.1126/science.97.2511.165
https://doi.org/10.1080/20013078.2020.1725285
https://doi.org/10.1080/20013078.2020.1725285
https://doi.org/10.1155/2023/2519128
https://doi.org/10.3390/ijms24097745
https://doi.org/10.3390/ijms24097745
https://doi.org/10.1152/ajpcell.00057.2023
https://doi.org/10.1152/ajpcell.00057.2023
https://doi.org/10.1038/s41467-019-13694-1
https://doi.org/10.1038/s41467-019-13694-1
https://doi.org/10.1016/j.bios.2020.112465
https://doi.org/10.1016/j.bios.2020.112465
https://doi.org/10.1096/fj.13-238980
https://doi.org/10.1016/0008-8749(79)90139-4
https://doi.org/10.1016/0008-8749(79)90139-4
https://doi.org/10.1016/j.patter.2021.100395
https://doi.org/10.1002/mds.27492
https://doi.org/10.1016/j.mad.2018.06.006
https://doi.org/10.1016/j.mad.2018.06.006
https://doi.org/10.1016/j.mad.2014.06.005
https://doi.org/10.1016/j.mad.2014.06.005
https://doi.org/10.1111/acel.13409
https://doi.org/10.1016/j.amjcard.2015.01.035
https://doi.org/10.1111/joim.12842
https://doi.org/10.1186/s13059-023-02855-7
https://doi.org/10.1186/ar565
https://doi.org/10.3390/jcm8101576
https://doi.org/10.3390/jcm12010132
https://doi.org/10.3390/jcm12010132
https://doi.org/10.1186/s12979-023-00342-y
https://doi.org/10.1186/s12979-023-00342-y
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1111/ggi.14021
https://doi.org/10.1016/j.tem.2014.11.004
https://doi.org/10.3390/ijerph19148825
https://doi.org/10.3390/ijerph19148825
https://doi.org/10.1016/j.arr.2021.101374
https://doi.org/10.1016/j.arr.2021.101374
https://doi.org/10.1016/j.mad.2016.12.004
https://doi.org/10.1001/jamaneurol.2018.3746
https://doi.org/10.1001/jamaneurol.2018.3746

S. Salvioli et al.

for mechanical ventilation in unselected patients with COVID-19. Open Heart 8,
€001884. https://doi.org/10.1136/openhrt-2021-001884.

O’Toole, P.W., Jeffery, I.B., 2015. Gut microbiota and aging. Science 350 (6265),
1214-1215. https://doi.org/10.1126/science.aac8469. Dec 4.

Outeiro, T.F., Alcalay, R.N., Antonini, A., Attems, J., Bonifati, V., Cardoso, F.,
Chesselet, M.F., Hardy, J., Madeo, G., McKeith, 1., Mollenhauer, B., Moore, D.J.,
Rascol, O., Schlossmacher, M.G., Soreq, H., Stefanis, L., Ferreira, J.J., 2023. Defining
the riddle in order to solve it: there is more than one "Parkinson’s Disease". Mov.
Disord., Epub Print. https://doi.org/10.1002/mds.29419.

Ozaki, D., Kubota, R, Maeno, T., Abdelhakim, M., Hitosugi, N., 2021. Association
between gut microbiota, bone metabolism, and fracture risk in postmenopausal
Japanese women. Osteoporos. Int. 32 (1), 145-156. https://doi.org/10.1007/
s00198-020-05728-y. Jan.

Pacifici, R., 2018. Bone Remodeling and the Microbiome. Cold Spring Harb. Perspect.
Med. 8 (4), a031203 https://doi.org/10.1101/cshperspect.a031203. Apr 2.

Palermo, G., Mazzucchi, S., Della Vecchia, A., Siciliano, G., Bonuccelli, U., Azuar, C.,
Ceravolo, R., Lista, S., Hampel, H., Baldacci, F., 2020. Different clinical contexts of
use of blood neurofilament light chain protein in the spectrum of neurodegenerative
diseases. Mol. Neurobiol. 57, 4667-4691. https://doi.org/10.1007/512035-020-
02035-9.

Papagianni, G., Panayiotou, C., Vardas, M., Balaskas, N., Antonopoulos, C.,
Tachmatzidis, D., Didangelos, T., Lambadiari, V., Kadoglou, N.P.E., 2023. The anti-
inflammatory effects of aerobic exercise training in patients with type 2 diabetes: a
systematic review and meta-analysis. Cytokine 164, 156157. https://doi.org/
10.1016/j.cyt0.2023.156157.

Pardo, F., Villalobos-Labra, R., Sobrevia, B., Toledo, F., Sobrevia, L., 2018. Extracellular
vesicles in obesity and diabetes mellitus. Mol. Asp. Med. 60, 81-91. https://doi.org/
10.1016/j.mam.2017.11.010.

Park, M., Hur, M., Kim, H., Lee, C.H., Lee, J.H., Kim, HW., Nam, M., Lee, S., 2023.
Soluble ST2 as a useful biomarker for predicting clinical outcomes in hospitalized
COVID-19 patients. Diagnostics 13, 259. https://doi.org/10.3390/
diagnostics13020259.

Paton, B., Suarez, M., Herrero, P., Canela, N., 2021. Glycosylation biomarkers associated
with age-related diseases and current methods for glycan analysis. IJMS 22, 5788.
https://doi.org/10.3390/ijms22115788.

Paul, K.C., Binder, A.M., Horvath, S., Kusters, C., Yan, Q., Rosario, L.D., Yu, Y.,
Bronstein, J., Ritz, B., 2021. Accelerated hematopoietic mitotic aging measured by
DNA methylation, blood cell lineage, and Parkinson’s disease. BMC Genom. 22, 696.
https://doi.org/10.1186/5s12864-021-08009-y.

Perna, L., Zhang, Y., Mons, U., Holleczek, B., Saum, K.-U., Brenner, H., 2016. Epigenetic
age acceleration predicts cancer, cardiovascular, and all-cause mortality in a German
case cohort. Clin. Epigenetics 8, 64. https://doi.org/10.1186/513148-016-0228-z.

Pfetsch, V., Sanin, V., Jaensch, A., Dallmeier, D., Mons, U., Brenner, H., Koenig, W.,
Rothenbacher, D., 2017. Increased plasma concentrations of soluble ST2
independently predict mortality but not cardiovascular events in stable coronary
heart disease patients: 13-year follow-up of the KAROLA study. Cardiovasc Drugs
Ther. 31, 167-177. https://doi.org/10.1007/s10557-017-6718-1.

Picca, A., Calvani, R., Coelho-Junior, H.J., Marini, F., Landi, F., Marzetti, E., 2022.
Circulating inflammatory, mitochondrial dysfunction, and senescence-related
markers in older adults with physical frailty and sarcopenia: a BIOSPHERE
exploratory study. Int J. Mol. Sci. 23, 14006. https://doi.org/10.3390/
ijms232214006.

Pinti, M., Cevenini, E., Nasi, M., De Biasi, S., Salvioli, S., Monti, D., Benatti, S.,
Gibellini, L., Cotichini, R., Stazi, M.A., Trenti, T., Franceschi, C., Cossarizza, A.,
2014. Circulating mitochondrial DNA increases with age and is a familiar trait:
Implications for “inflamm-aging.”. Eur. J. Immunol. 44, 1552-1562. https://doi.org/
10.1002/€ji.201343921.

Polessa Paula, D., Barbosa Aguiar, O., Pruner Marques, L., Bensenor, I., Suemoto, C.K.,
Mendes Da Fonseca, M.D.J., Griep, R.H., 2022. Comparing machine learning
algorithms for multimorbidity prediction: an example from the Elsa-Brasil study.
PLoS ONE 17, e0275619. https://doi.org/10.1371/journal.pone.0275619.

Polymeris, A.A., Coslovksy, M., Aeschbacher, S., Sinnecker, T., Benkert, P., Kobza, R.,
Beer, J., Rodondi, N., Fischer, U., Moschovitis, G., Monsch, A.U., Springer, A.,
Schwenkglenks, M., Wuerfel, J., De Marchis, G.M., Lyrer, P.A., Kiihne, M.,
Osswald, S., Conen, D., Kuhle, J., Bonati, L.H., and for the Swiss-AF Investigators,
2020. Serum neurofilament light in atrial fibrillation: clinical, neuroimaging and
cognitive correlates. fcaal66 Brain Commun. 2. https://doi.org/10.1093/
braincomms/fcaal66.

Poulin, M., Zhou, J.Y., Yan, L., Shioda, T., 2018. Pyrosequencing methylation analysis.
Methods Mol. Biol. 1856, 283-296. https://doi.org/10.1007/978-1-4939-8751-1_
17.

Prattichizzo, F., Giuliani, A., Sabbatinelli, J., Mensa, E., De Nigris, V., La Sala, L., De
Candia, P., Olivieri, F., Ceriello, A., 2019. Extracellular vesicles circulating in young
organisms promote healthy longevity. J. Extracell. Vesicles 8, 1656044. https://doi.
org/10.1080/20013078.2019.1656044.

Preische, O., Schultz, S.A., Apel, A., Kuhle, J., Kaeser, S.A., Barro, C., Graber, S., Kuder-
Buletta, E., LaFougere, C., Laske, C., Voglein, J., Levin, J., Masters, C.L., Martins, R.,
Schofield, P.R., Rossor, M.N., Graff-Radford, N.R., Salloway, S., Ghetti, B.,
Ringman, J.M., Noble, J.M., Chhatwal, J., Goate, A.M., Benzinger, T.L.S., Morris, J.
C., Bateman, R.J., Wang, G., Fagan, A.M., McDade, E.M., Gordon, B.A., Jucker, M.,
Dominantly Inherited Alzheimer Network, 2019. Serum neurofilament dynamics
predicts neurodegeneration and clinical progression in presymptomatic Alzheimer’s
disease. Nat. Med 25, 277-283. https://doi.org/10.1038/541591-018-0304-3.

Qian, L., Yuanshao, L., Wensi, H., Yulei, Z., Xiaoli, C., Brian, W., Wanli, Z., Zhengyi, C.,
Jie, X., Wenhui, Z., Tieer, Y., Hong, W., Jincai, H., Kunlin, J., Bei, S., 2016. Serum IL-

20

Ageing Research Reviews 91 (2023) 102044

33 is a novel diagnostic and prognostic biomarker in acute ischemic stroke. Aging
Dis. 7, 614. https://doi.org/10.14336/AD.2016.0207.

Rao, X., Hua, F., Zhang, L., Lin, Y., Fang, P., Chen, S., Ying, J., Wang, X., 2022. Dual roles
of interleukin-33 in cognitive function by regulating central nervous system
inflammation. J. Transl. Med 20, 369. https://doi.org/10.1186/512967-022-03570-
Ww.

Rea, .M., Gibson, D.S., McGilligan, V., McNerlan, S.E., Alexander, H.D., Ross, O.A.,
2018. Age and age-related diseases: role of inflammation triggers and cytokines.
Front. Immunol. 9, 586. https://doi.org/10.3389/fimmu.2018.00586.

Reale, A., Tagliatesta, S., Zardo, G., Zampieri, M., 2022. Counteracting aged DNA
methylation states to combat ageing and age-related diseases. Mech. Ageing Dev.
206, 111695 https://doi.org/10.1016/j.mad.2022.111695.

Reeh, H., Rudolph, N., Billing, U., Christen, H., Streif, S., Bullinger, E., Schliemann-
Bullinger, M., Findeisen, R., Schaper, F., Huber, H.J., Dittrich, A., 2019. Response to
IL-6 trans- and IL-6 classic signalling is determined by the ratio of the IL-6 receptor a
to gp130 expression: fusing experimental insights and dynamic modelling. Cell
Commun. Signal 17, 46. https://doi.org/10.1186/512964-019-0356-0.

Reel, P.S., Reel, S., Pearson, E., Trucco, E., Jefferson, E., 2021. Using machine learning
approaches for multi-omics data analysis: a review. Biotechnol. Adv. 49, 107739
https://doi.org/10.1016/j.biotechadv.2021.107739.

Riquelme, J.A., Takov, K., Santiago-Fernandez, C., Rossello, X., Lavandero, S., Yellon, D.
M., Davidson, S.M., 2020. Increased production of functional small extracellular
vesicles in senescent endothelial cells. J. Cell Mol. Med 24, 4871-4876. https://doi.
0rg/10.1111/jemm.15047.

Rodriguez-Herndndez, M.A., Carneros, D., Ntfiez-Ntnez, M., Coca, R., Baena, R., Lopez-
Ruiz, G.M., Cano-Serrano, M.E., Martinez-Telleria, A., Fuentes-Lopez, A., Praena-
Fernandez, J.M., Garbers, C., Hernandez-Quero, J., Garcia, F., Rose-John, S.,
Bustos, M., 2022. Identification of IL-6 signalling components as predictors of
severity and outcome in COVID-19. Front Immunol. 13, 891456 https://doi.org/
10.3389/fimmu.2022.891456.

Roh, E., Hwang, S.Y., Yoo, H.J., Baik, S.H., Cho, B., Park, Y.S., Kim, H.J., Lee, S.-G.,
Kim, B.J., Jang, H.C., Kim, M., Won, C.W., Choi, K.M., 2021. Association of plasma
FGF21 levels with muscle mass and muscle strength in a national multicentre cohort
study: Korean Frailty and Aging Cohort Study. Age Ageing 50, 1971-1978. https://
doi.org/10.1093/ageing/afab178.

Rolstad, S., Berg, A.L, Eckerstrom, C., Johansson, B., Wallin, A., 2015. Differential
impact of neurofilament light subunit on cognition and functional outcome in
memory clinic patients with and without vascular burden. JAD 45, 873-881.
https://doi.org/10.3233/JAD-142694.

Rose-John, S., 2012. IL-6 trans-signaling via the soluble IL-6 receptor: importance for the
pro-inflammatory activities of IL-6. Int J. Biol. Sci. 8, 1237-1247. https://doi.org/
10.7150/ijbs.4989.

Rose-John, S., Winthrop, K., Calabrese, L., 2017. The role of IL-6 in host defence against
infections: immunobiology and clinical implications. Nat. Rev. Rheuma 13,
399-409. https://doi.org/10.1038/nrrheum.2017.83.

Roussel, L., Erard, M., Cayrol, C., Girard, J., 2008. Molecular mimicry between IL-33 and
KSHV for attachment to chromatin through the H2A-H2B acidic pocket. EMBO Rep.
9, 1006-1012. https://doi.org/10.1038/embor.2008.145.

Roy, L, Jover, E., Matilla, L., Alvarez, V., Fernandez-Celis, A., Beunza, M., Escribano, E.,
Gainza, A., Sddaba, R., Lopez-Andrés, N., 2023. Soluble ST2 as a new oxidative stress
and inflammation marker in metabolic syndrome. IJERPH 20, 2579. https://doi.org/
10.3390/ijerph20032579.

Ruotsalainen, S.E., Surakka, I., Mars, N., Karjalainen, J., Kurki, M., Kanai, M., Krebs, K.,
Graham, S., Mishra, P.P., Mishra, B.H., Sinisalo, J., Palta, P., Lehtiméki, T.,
Raitakari, O., Estonian Biobank Research Team, Milani, L., Biobank Japan
Project, Okada, FinnGen, Y., Palotie, A., Widen, E., Daly, M.J., Ripatti, S., 2022.
Inframe insertion and splice site variants in MFGE8 associate with protection against
coronary atherosclerosis. Commun. Biol. 5, 802. https://doi.org/10.1038/542003-
022-03552-0.

Ryu, D., Mouchiroud, L., Andreux, P.A., Katsyuba, E., Moullan, N., Nicolet-Dit-Félix, A.
A., Williams, E.G., Jha, P., Lo Sasso, G., Huzard, D., Aebischer, P., Sandi, C.,
Rinsch, C., Auwerx, J., 2016. Urolithin A induces mitophagy and prolongs lifespan in
C. elegans and increases muscle function in rodents. Nat. Med 22, 879-888. https://
doi.org/10.1038/nm.4132.

Sabbatinelli, J., Giuliani, A., Bonfigli, A.R., Ramini, D., Matacchione, G., Campolucci, C.,
Ceka, A., Tortato, E., Rippo, M.R., Procopio, A.D., Moretti, M., Olivieri, F., 2022.
Prognostic value of soluble ST2, high-sensitivity cardiac troponin, and NT-proBNP in
type 2 diabetes: a 15-year retrospective study. Cardiovasc Diabetol. 21, 180. https://
doi.org/10.1186/512933-022-01616-3.

Saedi, A.A., Feehan, J., Phu, S., Duque, G., 2019. Current and emerging biomarkers of
frailty in the elderly. Clin. Inter. Aging 14, 389-398. https://doi.org/10.2147/CIA.
5168687.

Sajeev, S., Champion, S., Maeder, A., Gordon, S., 2022. Machine learning models for
identifying pre-frailty in community dwelling older adults. BMC Geriatr. 22, 794.
https://doi.org/10.1186/s12877-022-03475-9.

Salvarani, C., Magnani, L., Catanoso, M., Pipitone, N., Versari, A., Dardani, L.,
Pulsatelli, L., Meliconi, R., Boiardi, L., 2012. Tocilizumab: a novel therapy for
patients with large-vessel vasculitis. Rheumatol. (Oxf. ) 51, 151-156. https://doi.
org/10.1093/rheumatology/ker296.

Samson, L.D., Boots, A.M.H., Verschuren, W.M.M., Picavet, H.S.J., Engelfriet, P.,
Buisman, A.-M., 2019. Frailty is associated with elevated CRP trajectories and higher
numbers of neutrophils and monocytes. Exp. Gerontol. 125, 110674 https://doi.org/
10.1016/j.exger.2019.110674.

Saresella, M., Marventano, I., Piancone, F., La Rosa, F., Galimberti, D., Fenoglio, C.,
Scarpini, E., Clerici, M., 2020. IL-33 and its decoy sST2 in patients with Alzheimer’s


https://doi.org/10.1136/openhrt-2021-001884
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1002/mds.29419
https://doi.org/10.1007/s00198-020-05728-y
https://doi.org/10.1007/s00198-020-05728-y
https://doi.org/10.1101/cshperspect.a031203
https://doi.org/10.1007/s12035-020-02035-9
https://doi.org/10.1007/s12035-020-02035-9
https://doi.org/10.1016/j.cyto.2023.156157
https://doi.org/10.1016/j.cyto.2023.156157
https://doi.org/10.1016/j.mam.2017.11.010
https://doi.org/10.1016/j.mam.2017.11.010
https://doi.org/10.3390/diagnostics13020259
https://doi.org/10.3390/diagnostics13020259
https://doi.org/10.3390/ijms22115788
https://doi.org/10.1186/s12864-021-08009-y
https://doi.org/10.1186/s13148-016-0228-z
https://doi.org/10.1007/s10557-017-6718-1
https://doi.org/10.3390/ijms232214006
https://doi.org/10.3390/ijms232214006
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1371/journal.pone.0275619
https://doi.org/10.1093/braincomms/fcaa166
https://doi.org/10.1093/braincomms/fcaa166
https://doi.org/10.1007/978-1-4939-8751-1_17
https://doi.org/10.1007/978-1-4939-8751-1_17
https://doi.org/10.1080/20013078.2019.1656044
https://doi.org/10.1080/20013078.2019.1656044
https://doi.org/10.1038/s41591-018-0304-3
https://doi.org/10.14336/AD.2016.0207
https://doi.org/10.1186/s12967-022-03570-w
https://doi.org/10.1186/s12967-022-03570-w
https://doi.org/10.3389/fimmu.2018.00586
https://doi.org/10.1016/j.mad.2022.111695
https://doi.org/10.1186/s12964-019-0356-0
https://doi.org/10.1016/j.biotechadv.2021.107739
https://doi.org/10.1111/jcmm.15047
https://doi.org/10.1111/jcmm.15047
https://doi.org/10.3389/fimmu.2022.891456
https://doi.org/10.3389/fimmu.2022.891456
https://doi.org/10.1093/ageing/afab178
https://doi.org/10.1093/ageing/afab178
https://doi.org/10.3233/JAD-142694
https://doi.org/10.7150/ijbs.4989
https://doi.org/10.7150/ijbs.4989
https://doi.org/10.1038/nrrheum.2017.83
https://doi.org/10.1038/embor.2008.145
https://doi.org/10.3390/ijerph20032579
https://doi.org/10.3390/ijerph20032579
https://doi.org/10.1038/s42003-022-03552-0
https://doi.org/10.1038/s42003-022-03552-0
https://doi.org/10.1038/nm.4132
https://doi.org/10.1038/nm.4132
https://doi.org/10.1186/s12933-022-01616-3
https://doi.org/10.1186/s12933-022-01616-3
https://doi.org/10.2147/CIA.S168687
https://doi.org/10.2147/CIA.S168687
https://doi.org/10.1186/s12877-022-03475-9
https://doi.org/10.1093/rheumatology/ker296
https://doi.org/10.1093/rheumatology/ker296
https://doi.org/10.1016/j.exger.2019.110674
https://doi.org/10.1016/j.exger.2019.110674

S. Salvioli et al.

disease and mild cognitive impairment. J. Neuroinflamm. 17, 174. https://doi.org/
10.1186/512974-020-01806-4.

Sato, R., Vatic, M., da Fonseca, G.W.P., von Haehling, S., 2022. Sarcopenia and frailty in
heart failure: is there a biomarker signature. Curr. Heart Fail Rep. 19, 400-411.
https://doi.org/10.1007/511897-022-00575-w.

(St) Sauver, J., Rocca, W., LeBrasseur, N., Chamberlain, A., Olson, J., Jacobson, D.,
McGree, M., Mielke, M., 2022. Inflammatory biomarkers, multi-morbidity, and
biologic aging, 3000605221109393 J. Int Med Res 50. https://doi.org/10.1177/
03000605221109393.

Sayed, N., Huang, Y., Nguyen, K., Krejciova-Rajaniemi, Z., Grawe, A.P., Gao, T.,
Tibshirani, R., Hastie, T., Alpert, A., Cui, L., Kuznetsova, T., Rosenberg-Hasson, Y.,
Ostan, R., Monti, D., Lehallier, B., Shen-Orr, S.S., Maecker, H.T., Dekker, C.L., Wyss-
Coray, T., Franceschi, C., Jojic, V., Haddad, F., Montoya, J.G., Wu, J.C., Davis, M.M.,
Furman, D., 2021. An inflammatory aging clock (iAge) based on deep learning tracks
multimorbidity, immunosenescence, frailty and cardiovascular aging. Nat. Aging 1,
598-615. https://doi.org/10.1038/543587-021-00082-y.

Schmitz, J., Owyang, A., Oldham, E., Song, Y., Murphy, E., McClanahan, T.K.,
Zurawski, G., Moshrefi, M., Qin, J., Li, X., Gorman, D.M., Bazan, J.F., Kastelein, R.A.,
2005. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related
protein ST2 and induces T helper type 2-associated cytokines. Immunity 23,
479-490. https://doi.org/10.1016/j.immuni.2005.09.015.

Scholle, L.M., Lehmann, D., Deschauer, M., Kraya, T., Zierz, S., 2018. FGF-21 as a
potential biomarker for mitochondrial diseases. Curr. Med Chem. 25, 2070-2081.
https://doi.org/10.2174/0929867325666180111094336.

Septilveda, M., Arauna, D., Garcia, F., Albala, C., Palomo, 1., Fuentes, E., 2022. Frailty in
aging and the search for the optimal biomarker: a review. Biomedicines 10, 1426.
https://doi.org/10.3390/biomedicines10061426.

Shah, R., Patel, T., Freedman, J.E., 2018. Circulating extracellular vesicles in human
disease. New Engl. J. Med 379, 958-966. https://doi.org/10.1056/NEJMral704286.

Shahim, P., Gren, M., Liman, V., Andreasson, U., Norgren, N., Tegner, Y., Mattsson, N.,
Andreasen, N., Ost, M., Zetterberg, H., Nellgard, B., Blennow, K., 2016. Serum
neurofilament light protein predicts clinical outcome in traumatic brain injury. Sci.
Rep. 6, 36791. https://doi.org/10.1038/srep36791.

Shantsila, E., Kamphuisen, P.W., Lip, G.Y.H., 2010. Circulating microparticles in
cardiovascular disease: implications for atherogenesis and atherothrombosis.

J. Thromb. Haemost. 8, 2358-2368. https://doi.org/10.1111/j.1538-
7836.2010.04007 .x.

Shouzu, A., Nomura, S., Hayakawa, T., Omoto, S., Shimizu, H., Miyake, Y., Yonemoto, T.,
Fukuhara, S., Iwasaka, T., Nishikawa, M., Inada, M., 2000. Effect of sarpogrelate
hydrochloride on platelet-derived microparticles and various soluble adhesion
molecules in diabetes mellitus. Clin. Appl. Thromb. Hemost. 6, 139-143. https://doi.
org/10.1177/107602960000600304.

Shpilka, T., Haynes, C.M., 2018. The mitochondrial UPR: mechanisms, physiological
functions and implications in ageing. Nat. Rev. Mol. Cell Biol. 19, 109-120. https://
doi.org/10.1038/nrm.2017.110.

Sidey-Gibbons, J.A.M., Sidey-Gibbons, C.J., 2019. Machine learning in medicine: a
practical introduction. BMC Med Res Method. 19, 64. https://doi.org/10.1186/
s12874-019-0681-4.

Sierra, F., 2016. The emergence of geroscience as an interdisciplinary approach to the
enhancement of health span and life span. Cold Spring Harb. Perspect. Med 6,
a025163. https://doi.org/10.1101/cshperspect.a025163.

Sierra, F., Caspi, A., Fortinsky, R.H., Haynes, L., Lithgow, G.J., Moffitt, T.E.,
Olshansky, S.J., Perry, D., Verdin, E., Kuchel, G.A., 2021. Moving geroscience from
the bench to clinical care and health policy. J. Am. Geriatr. Soc. 69, 2455-2463.
https://doi.org/10.1111/jgs.17301.

Singh, S.S., Jois, S.D., 2018. Homo- and heterodimerization of proteins in cell signaling:
inhibition and drug design. Adv. Protein Chem. Struct. Biol. 111, 1-59. https://doi.
org/10.1016/bs.apcsb.2017.08.003.

Sitia, R., Rubartelli, A., 2020. Evolution, role in inflammation, and redox control of
leaderless secretory proteins. J. Biol. Chem. 295, 7799-7811. https://doi.org/
10.1074/jbc.REV119.008907.

Sluiman, A.J., McLachlan, S., Forster, R.B., Strachan, M.W.J., Deary, 1.J., Price, J.F.,
2022. Higher baseline inflammatory marker levels predict greater cognitive decline
in older people with type 2 diabetes: year 10 follow-up of the Edinburgh Type 2
Diabetes Study. Diabetologia 65, 467-476. https://doi.org/10.1007/500125-021-
05634-w.

Sorrentino, V., Romani, M., Mouchiroud, L., Beck, J.S., Zhang, H., D’Amico, D.,
Moullan, N., Potenza, F., Schmid, A.W., Rietsch, S., Counts, S.E., Auwerx, J., 2017.
Enhancing mitochondrial proteostasis reduces amyloid-f proteotoxicity. Nature 552,
187-193. https://doi.org/10.1038/nature25143.

Soysal, P., Stubbs, B., Lucato, P., Luchini, C., Solmi, M., Peluso, R., Sergi, G., Isik, A.T.,
Manzato, E., Maggi, S., Maggio, M., Prina, A.M., Cosco, T.D., Wu, Y.-T., Veronese, N.,
2016. Inflammation and frailty in the elderly: a systematic review and meta-analysis.
Ageing Res. Rev. 31, 1-8. https://doi.org/10.1016/j.arr.2016.08.006.

Staffaroni, A.M., Quintana, M., Wendelberger, B., Heuer, H.W., Russell, L.L., Cobigo, Y.,
Wolf, A., Goh, S.-Y.M., Petrucelli, L., Gendron, T.F., Heller, C., Clark, A.L.,

Taylor, Jack Carson, Wise, A., Ong, E., Forsberg, L., Brushaber, D., Rojas, J.C.,
VandeVrede, L., Ljubenkov, P., Kramer, J., Casaletto, K.B., Appleby, B., Bordelon, Y.,
Botha, H., Dickerson, B.C., Domoto-Reilly, K., Fields, J.A., Foroud, T., Gavrilova, R.,
Geschwind, D., Ghoshal, N., Goldman, J., Graff-Radford, J., Graff-Radford, N.,
Grossman, M., Hall, M.G.H., Hsiung, G.-Y., Huey, E.D., Irwin, D., Jones, D.T.,
Kantarci, K., Kaufer, D., Knopman, D., Kremers, W., Lago, A.L., Lapid, M.L, Litvan, I.,
Lucente, D., Mackenzie, L.R., Mendez, M.F., Mester, C., Miller, B.L., Onyike, C.U.,
Rademakers, R., Ramanan, V.K., Ramos, E.M., Rao, M., Rascovsky, K., Rankin, K.P.,
Roberson, E.D., Savica, R., Tartaglia, M.C., Weintraub, S., Wong, B., Cash, D.M.,
Bouzigues, A., Swift, I.J., Peakman, G., Bocchetta, M., Todd, E.G., Convery, R.S.,

21

Ageing Research Reviews 91 (2023) 102044

Rowe, J.B., Borroni, B., Galimberti, D., Tiraboschi, P., Masellis, M., Finger, E., Van
Swieten, J.C., Seelaar, H., Jiskoot, L.C., Sorbi, S., Butler, C.R., Graff, C., Gerhard, A.,
Langheinrich, T., Laforce, R., Sanchez-Valle, R., De Mendonga, A., Moreno, F.,
Synofzik, M., Vandenberghe, R., Ducharme, S., Le Ber, 1., Levin, J., Danek, A.,
Otto, M., Pasquier, F., Santana, I., Kornak, J., Boeve, B.F., Rosen, H.J., Rohrer, J.D.,
Boxer, AdamL., Frontotemporal Dementia Prevention Initiative, (F.P.1.)
Investigators, Investigators, A.L.L.F.T.D., Apostolova, Barmada, L., Boeve, S.,
Boxer, B., Bozoki, A.L., Clark, A., Coppola, D., Darby, G., Dickson, R., Faber, D.,
Fagan, K., Galasko, A., Grant, D.R., Huang, .M., Kerwin, E., Lapid, D., Lee, M.,
Leger, S., Masdeux, G., McGinnis, J.C., Mendez, S., Onyike, M., Pascual, C.,
Pressman, M.B., Rademakers, P., Ramanan, R., Ritter, V., Seeley, A., Syrjanen, W.W.,
Taylor, J., Jack, C., Weintraub, S., Investigators, G.E.N.F.I., Esteve, A.S., Nelson, A.,
Greaves, C.V., Thomas, D.L., Benotmane, H., Zetterberg, H., Nicholas, J., Samra, K.,
Shafei, R., Timberlake, C., Cope, T., Rittman, T., Benussi, A., Premi, E.,

Gasparotti, R., Archetti, S., Gazzina, S., Cantoni, V., Arighi, A., Fenoglio, C.,
Scarpini, E., Fumagalli, G., Borracci, V., Rossi, G., Giaccone, G., Di Fede, G.,
Caroppo, P., Prioni, S., Redaelli, V., Tang-Wai, D., Rogaeva, E., Castelo-Branco, M.,
Freedman, M., Keren, R., Black, S., Mitchell, S., Shoesmith, C., Bartha, R., Poos, J.,
Papma, J.M., Giannini, L., Van Minkelen, R., Pijnenburg, Y., Nacmias, B., Ferrari, C.,
Polito, C., Lombardi, G., Bessi, V., Veldsman, M., Andersson, C., Thonberg, H.,
Oijerstedt, L., Jelic, V., Thompson, P., Lladé, A., Antonell, A., Olives, J., Balasa, M.,
Bargalld, N., Borrego-Ecija, S., Verdelho, A., Maruta, C., Ferreira, C.B.,
Miltenberger, G., Simoes Do Couto, F., Gabilondo, A., Gorostidi, A., Villanua, J.,
Canada, M., Tainta, M., Zulaica, M., Barandiaran, M., Alves, P., Bender, B., Wilke, C.,
Graf, L., Vogels, A., Vandenbulcke, M., Van Damme, P., Bruffaerts, R., Poesen, K.,
Rosa-Neto, P., Gauthier, S., Camuzat, A., Brice, A., Bertrand, A., Funkiewiez, A.,
Rinaldi, D., Saracino, D., Colliot, O., Sayah, S., Prix, C., Wlasich, E., Wagemann, O.,
Loosli, S., Schonecker, S., Hoegen, T., Lombardi, J., Anderl-Straub, S., Rollin, A.,
Kuchcinski, G., Bertoux, M., Lebouvier, T., Deramecourt, V., Santiago, B., Duro, D.,
Leitao, M.J., Almeida, M.R., Tabuas-Pereira, M., Afonso, S., 2022. Temporal order of
clinical and biomarker changes in familial frontotemporal dementia. Nat. Med 28,
2194-2206. https://doi.org/10.1038/541591-022-01942-9.

Steinacker, P., Anderl-Straub, S., Diehl-Schmid, J., Semler, E., Uttner, 1., Von Arnim, C.A.
F., Barthel, H., Danek, A., Fassbender, K., Fliessbach, K., Foerstl, H., Grimmer, T.,
Huppertz, H.-J., Jahn, H., Kassubek, J., Kornhuber, J., Landwehrmeyer, B.,

Lauer, M., Maler, J.M., Mayer, B., Oeckl, P., Prudlo, J., Schneider, A., Volk, A.E.,
Wiltfang, J., Schroeter, M.L., Ludolph, A.C., Otto, M., 2018. Serum neurofilament
light chain in behavioral variant frontotemporal dementia. Neurology 91,
e1390-e1401. https://doi.org/10.1212/WNL.0000000000006318.

Stenholm, S., Metter, E.J., Roth, G.S., Ingram, D.K., Mattison, J.A., Taub, D.D.,
Ferrucci, L., 2011. Relationship between plasma ghrelin, insulin, leptin, interleukin
6, adiponectin, testosterone and longevity in the Baltimore Longitudinal Study of
Aging. Aging Clin. Exp. Res 23, 153-158. https://doi.org/10.1007/BF03351078.

Steves, C.J., Bird, S., Williams, F.M., Spector, T.D., 2016. The Microbiome and
Musculoskeletal Conditions of Aging: A Review of Evidence for Impact and Potential
Therapeutics. J. Bone Miner. Res. 31, 261-269. https://doi.org/10.1002/jbmr.2765.

*Sugden, K., Caspi, A., Elliott, M.L., Bourassa, K.J., Chamarti, K., Corcoran, D.L.,
Hariri, A.R., Houts, R.M., Kothari, M., Kritchevsky, S., Kuchel, G.A., Mill, J.S.,
Williams, B.S., Belsky, D.W., Moffitt, T.E., Alzheimer’s Disease Neuroimaging
Initiative*, 2022. Association of pace of aging measured by blood-based DNA
methylation with age-related cognitive impairment and dementia. Neurology 99,
e1402-e1413. https://doi.org/10.1212/WNL.0000000000200898.

Sun, Y., Pavey, H., Wilkinson, I., Fisk, M., 2021. Role of the IL-33/ST2 axis in
cardiovascular disease: a systematic review and meta-analysis. PLoS One 16,
€0259026. https://doi.org/10.1371/journal.pone.0259026.

Syrjanen, J.A., Campbell, M.R., Algeciras-Schimnich, A., Vemuri, P., Graff-Radford, J.,
Machulda, M.M., Bu, G., Knopman, D.S., Jack, C.R., Petersen, R.C., Mielke, M.M.,
2022. Associations of amyloid and neurodegeneration plasma biomarkers with
comorbidities. Alzheimer’s Dement. 18, 1128-1140. https://doi.org/10.1002/
alz.12466.

Tan, Y.J., Siow, L, Saffari, S.E., Ting, S.K.S., Li, Z., Kandiah, N., Tan, L.C.S., Tan, EK.,
Ng, A.S.L., 2023. Plasma soluble ST2 levels are higher in neurodegenerative
disorders and associated with poorer cognition. JAD 92, 573-580. https://doi.org/
10.3233/JAD-221072.

Tang, X., Gonzalez-Latapi, P., Marras, C., Visanji, N.P., Yang, W., Sato, C., Lang, A.E.,
Rogaeva, E., Zhang, M., 2022. Epigenetic clock acceleration is linked to age at onset
of Parkinson’s disease. Mov. Disord. 37, 1831-1840. https://doi.org/10.1002/
mds.29157.

Tao, S.-C., Yuan, T., Zhang, Y.-L., Yin, W.-J., Guo, S.-C., Zhang, C.-Q., 2017. Exosomes
derived from miR-140-5p-overexpressing human synovial mesenchymal stem cells
enhance cartilage tissue regeneration and prevent osteoarthritis of the knee in a rat
model. Theranostics 7, 180-195. https://doi.org/10.7150/thno.17133.

Tarekegn, A., Ricceri, F., Costa, G., Ferracin, E., Giacobini, M., 2020. Predictive modeling
for frailty conditions in elderly people: machine learning approaches. JMIR Med Inf.
8, 16678 https://doi.org/10.2196/16678.

Theoharides, T.C., Petra, A.L, Taracanova, A., Panagiotidou, S., Conti, P., 2015.
Targeting IL-33 in autoimmunity and inflammation. J. Pharm. Exp. Ther. 354,
24-31. https://doi.org/10.1124/jpet.114.222505.

Thomou, T., Mori, M.A., Dreyfuss, J.M., Konishi, M., Sakaguchi, M., Wolfrum, C., Rao, T.
N., Winnay, J.N., Garcia-Martin, R., Grinspoon, S.K., Gorden, P., Kahn, C.R., 2017.
Adipose-derived circulating miRNAs regulate gene expression in other tissues.
Nature 542, 450-455. https://doi.org/10.1038/nature21365.

Thrush, K.L., Bennett, D.A., Gaiteri, C., Horvath, S., Dyck, C.H., van, Higgins-Chen, A.T.,
Levine, M.E., 2022. Aging the brain: multi-region methylation principal component
based clock in the context of Alzheimer’s disease. Aging (Albany NY) 14,
5641-5668. https://doi.org/10.18632/aging.204196.


https://doi.org/10.1186/s12974-020-01806-4
https://doi.org/10.1186/s12974-020-01806-4
https://doi.org/10.1007/s11897-022-00575-w
https://doi.org/10.1177/03000605221109393
https://doi.org/10.1177/03000605221109393
https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.2174/0929867325666180111094336
https://doi.org/10.3390/biomedicines10061426
https://doi.org/10.1056/NEJMra1704286
https://doi.org/10.1038/srep36791
https://doi.org/10.1111/j.1538-7836.2010.04007.x
https://doi.org/10.1111/j.1538-7836.2010.04007.x
https://doi.org/10.1177/107602960000600304
https://doi.org/10.1177/107602960000600304
https://doi.org/10.1038/nrm.2017.110
https://doi.org/10.1038/nrm.2017.110
https://doi.org/10.1186/s12874-019-0681-4
https://doi.org/10.1186/s12874-019-0681-4
https://doi.org/10.1101/cshperspect.a025163
https://doi.org/10.1111/jgs.17301
https://doi.org/10.1016/bs.apcsb.2017.08.003
https://doi.org/10.1016/bs.apcsb.2017.08.003
https://doi.org/10.1074/jbc.REV119.008907
https://doi.org/10.1074/jbc.REV119.008907
https://doi.org/10.1007/s00125-021-05634-w
https://doi.org/10.1007/s00125-021-05634-w
https://doi.org/10.1038/nature25143
https://doi.org/10.1016/j.arr.2016.08.006
https://doi.org/10.1038/s41591-022-01942-9
https://doi.org/10.1212/WNL.0000000000006318
https://doi.org/10.1007/BF03351078
https://doi.org/10.1002/jbmr.2765
https://doi.org/10.1212/WNL.0000000000200898
https://doi.org/10.1371/journal.pone.0259026
https://doi.org/10.1002/alz.12466
https://doi.org/10.1002/alz.12466
https://doi.org/10.3233/JAD-221072
https://doi.org/10.3233/JAD-221072
https://doi.org/10.1002/mds.29157
https://doi.org/10.1002/mds.29157
https://doi.org/10.7150/thno.17133
https://doi.org/10.2196/16678
https://doi.org/10.1124/jpet.114.222505
https://doi.org/10.1038/nature21365
https://doi.org/10.18632/aging.204196

S. Salvioli et al.

Thummasorn, S., Shinlapawittayatorn, K., Khamseekaew, J., Jaiwongkam, T.,
Chattipakorn, S.C., Chattipakorn, N., 2018. Humanin directly protects cardiac
mitochondria against dysfunction initiated by oxidative stress by decreasing
complex I activity. Mitochondrion 38, 31-40. https://doi.org/10.1016/j.
mito.2017.08.001.

Ticinesi, A., Nouvenne, A., Cerundolo, N., Catania, P., Prati, B., Tana, C., Meschi, T.,
2019. Gut microbiota, muscle mass and function in aging: A focus on physical frailty
and sarcopenia. Nutrients 11 (7), 1633. https://doi.org/10.3390/nu11071633. Jul
17.

Tiedt, S., Duering, M., Barro, C., Kaya, A.G., Boeck, J., Bode, F.J., Klein, M., Dorn, F.,
Gesierich, B., Kellert, L., Ertl-Wagner, B., Goertler, M.W., Petzold, G.C., Kuhle, J.,
Wollenweber, F.A.,, Peters, N., Dichgans, M., 2018. Serum neurofilament light: a
biomarker of neuroaxonal injury after ischemic stroke. Neurology 91, e1338-e1347.
https://doi.org/10.1212/WNL.0000000000006282.

Tominaga, S., 1989. A putative protein of a growth specific cDNA from BALB/c-3T3 cells
is highly similar to the extracellular portion of mouse interleukin 1 receptor. FEBS
Lett. 258, 301-304. https://doi.org/10.1016/0014-5793(89)81679-5.

Turchinovich, A., Drapkina, O., Tonevitsky, A., 2019. Transcriptome of extracellular
vesicles: state-of-the-art. Front Immunol. 10, 202. https://doi.org/10.3389/
fimmu.2019.00202.

Urban, M.H., Stojkovic, S., Demyanets, S., Hengstenberg, C., Valipour, A., Wojta, J.,
Burghuber, O.C., 2021. Soluble ST2 and all-cause mortality in patients with chronic
obstructive pulmonary disease—a 10-year cohort study. JCM 11, 56. https://doi.
0rg/10.3390/jcm11010056.

Urbanelli, L., Buratta, S., Sagini, K., Tancini, B., Emiliani, C., 2016. Extracellular vesicles
as new players in cellular senescence. Int J. Mol. Sci. 17, 1408. https://doi.org/
10.3390/ijms17091408.

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J.J., Lotvall, J.O., 2007. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat. Cell Biol. 9, 654-659. https://doi.org/10.1038/
ncb1596.

van Balkom, B.W., de Jong, O.G., Smits, M., Brummelman, J., den Ouden, K., de Bree, P.
M., van Eijndhoven, M.A., Pegtel, D.M., Stoorvogel, W., Wiirdinger, T., Verhaar, M.
C., 2013. Endothelial cells require miR-214 to secrete exosomes that suppress
senescence and induce angiogenesis in human and mouse endothelial cells. Blood
121, 3997-4006. https://doi.org/10.1182/blood-2013-02-478925.

Van Der Ende, E.L., Meeter, L.H., Poos, J.M., Panman, J.L., Jiskoot, L.C., Dopper, E.G.P.,
Papma, J.M., De Jong, F.J., Verberk, .LM.W., Teunissen, C., Rizopoulos, D.,

Heller, C., Convery, R.S., Moore, K.M., Bocchetta, M., Neason, M., Cash, D.M.,
Borroni, B., Galimberti, D., Sanchez-Valle, R., Laforce, R., Moreno, F., Synofzik, M.,
Graff, C., Masellis, M., Carmela Tartaglia, M., Rowe, J.B., Vandenberghe, R.,
Finger, E., Tagliavini, F., De Mendonga, A., Santana, 1., Butler, C., Ducharme, S.,
Gerhard, A., Danek, A., Levin, J., Otto, M., Frisoni, G.B., Cappa, S., Pijnenburg, Y.A.
L., Rohrer, J.D., Van Swieten, J.C., Rossor, M.N., Warren, J.D., Fox, N.C.,
Woollacott, 1.0.C., Shafei, R., Greaves, C., Guerreiro, R., Bras, J., Thomas, D.L.,
Nicholas, J., Mead, S., Van Minkelen, R., Barandiaran, M., Indakoetxea, B.,
Gabilondo, A., Tainta, M., De Arriba, M., Gorostidi, A., Zulaica, M., Villanua, J.,
Diaz, Z., Borrego-Ecija, S., Olives, J., Lladd, A., Balasa, M., Antonell, A., Bargallo, N.,
Premi, E., Cosseddu, M., Gazzina, S., Padovani, A., Gasparotti, R., Archetti, S.,
Black, S., Mitchell, S., Rogaeva, E., Freedman, M., Keren, R., Tang-Wai, D.,
Oijerstedt, L., Andersson, C., Jelic, V., Thonberg, H., Arighi, A., Fenoglio, C.,
Scarpini, E., Fumagalli, G., Cope, T., Timberlake, C., Rittman, T., Shoesmith, C.,
Bartha, R., Rademakers, R., Wilke, C., Karnath, H.-O., Bender, B., Bruffaerts, R.,
Vandamme, P., Vandenbulcke, M., Ferreira, C.B., Miltenberger, G., Maruta, C.,
Verdelho, A., Afonso, S., Taipa, R., Caroppo, P., Di Fede, G., Giaccone, G., Prioni, S.,
Redaelli, V., Rossi, G., Tiraboschi, P., Duro, D., Rosario Almeida, M., Castelo-
Branco, M., Joao Leitao, M., Tabuas-Pereira, M., Santiago, B., Gauthier, S.,
Schonecker, S., Semler, E., Anderl-Straub, S., Benussi, L., Binetti, G., Ghidoni, R.,
Pievani, M., Lombardi, G., Nacmias, B., Ferrari, C., Bessi, V., 2019. Serum
neurofilament light chain in genetic frontotemporal dementia: a longitudinal,
multicentre cohort study. Lancet Neurol. 18, 1103-1111. https://doi.org/10.1016/
S1474-4422(19)30354-0.

Vanhooren, V., Desmyter, L., Liu, X.-E., Cardelli, M., Franceschi, C., Federico, A.,
Libert, C., Laroy, W., Dewaele, S., Contreras, R., Chen, C., 2007. N-glycomic changes
in serum proteins during human aging. Rejuvenation Res. 10, 521-531a. https://doi.
org/10.1089/rej.2007.0556.

Vanhooren, V., Dewaele, S., Libert, C., Engelborghs, S., De Deyn, P.P., Toussaint, O.,
Debacg-Chainiaux, F., Poulain, M., Glupczynski, Y., Franceschi, C., Jaspers, K., Van
Der Pluijm, I., Hoeijmakers, J., Chen, C.C., 2010. Serum N-glycan profile shift during
human ageing. Exp. Gerontol. 45, 738-743. https://doi.org/10.1016/j.
exger.2010.08.009.

Vergaro, G., Gentile, F., Aimo, A., Januzzi, J.L., Richards, A.M., Lam, C.S.P., De Boer, R.
A., Meems, L.M.G., Latini, R., Staszewsky, L., Anand, L.S., Cohn, J.N., Ueland, T.,
Gullestad, L., Aukrust, P., Brunner-La Rocca, H., Bayes-Genis, A., Lupdn, J.,
Yoshihisa, A., Takeishi, Y., Egstrup, M., Gustafsson, 1., Gaggin, H.K., Eggers, K.M.,
Huber, K., Gamble, G.D., Ling, L.H., Leong, K.T.G., Yeo, P.S.D., Ong, H.Y.,
Jaufeerally, F., Ng, T.P., Troughton, R., Doughty, R.N., Devlin, G., Lund, M.,
Giannoni, A., Passino, C., Emdin, M., 2022. Circulating levels and prognostic cut-offs
of sST2, hs-cTnT, and NT-proBNP in women vs. men with chronic heart failure. ESC
Heart Fail. 9, 2084-2095. https://doi.org/10.1002/ehf2.13883.

Vetrano, D.L., Roso-Llorach, A., Fernandez, S., Guisado-Clavero, M., Violan, C.,

Onder, G., Fratiglioni, L., Calderén-Larranaga, A., Marengoni, A., 2020. Twelve-year
clinical trajectories of multimorbidity in a population of older adults. Nat. Commun.
11, 3223. https://doi.org/10.1038/s41467-020-16780-x.

Vetrano, D.L., Palmer, K., Marengoni, A., Marzetti, E., Lattanzio, F., Roller-

Wirnsberger, R., Lopez Samaniego, L., Rodriguez-Manas, L., Bernabei, R., Onder, G.,

Ageing Research Reviews 91 (2023) 102044

Joint Action ADVANTAGE WP4 Group, 2019. Frailty and multimorbidity: a
systematic review and meta-analysis. J. Gerontol.: Ser. A 74, 659-666. https://doi.
org/10.1093/gerona/gly110.

Visconte, C., Golia, M.T., Fenoglio, C., Serpente, M., Gabrielli, M., Arcaro, M.,
Sorrentino, F., Busnelli, M., Arighi, A., Fumagalli, G., Rotondo, E., Rossi, P.,
Arosio, B., Scarpini, E., Verderio, C., Galimberti, D., 2023. Plasma microglial-derived
extracellular vesicles are increased in frail patients with Mild Cognitive Impairment
and exert a neurotoxic effect. Geroscience. https://doi.org/10.1007/s11357-02.3-
00746-0.

Visser, M., Pahor, M., Taaffe, D.R., Goodpaster, B.H., Simonsick, E.M., Newman, A.B.,
Nevitt, M., Harris, T.B., 2002. Relationship of interleukin-6 and tumor necrosis
factor- with muscle mass and muscle strength in elderly men and women: the health
ABC study. J. Gerontol. Ser. A: Biol. Sci. Med. Sci. 57, M326-M332. https://doi.org/
10.1093/gerona/57.5.M326.

Vitale, G., Salvioli, S., Franceschi, C., 2013. Oxidative stress and the ageing endocrine
system. Nat. Rev. Endocrinol. 9, 228-240. https://doi.org/10.1038/
nrendo.2013.29.

Wagner, J., Degenhardt, K., Veit, M., Louros, N., Konstantoulea, K., Skodras, A., Wild, K.,
Liu, P., Obermiiller, U., Bansal, V., Dalmia, A., Hasler, L.M., Lambert, M., De
Vleeschouwer, M., Davies, H.A., Madine, J., Kronenberg-Versteeg, D., Feederle, R.,
Del Turco, D., Nilsson, K.P.R., Lashley, T., Deller, T., Gearing, M., Walker, L.C.,
Heutink, P., Rousseau, F., Schymkowitz, J., Jucker, M., Neher, J.J., 2022. Medin co-
aggregates with vascular amyloid-p in Alzheimer’s disease. Nature 612, 123-131.
https://doi.org/10.1038/541586-022-05440-3.

Wang, S.-Y., Chen, W., Xu, W., Li, J.-Q., Hou, X.-H., Ou, Y.-N,, Yu, J.-T., Tan, L., 2019.
Neurofilament light chain in cerebrospinal fluid and blood as a biomarker for
neurodegenerative diseases: a systematic review and meta-analysis. JAD 72,
1353-1361. https://doi.org/10.3233/JAD-190615.

Wang, T.J., Wollert, K.C., Larson, M.G., Coglianese, E., McCabe, E.L., Cheng, S., Ho, J.E.,
Fradley, M.G., Ghorbani, A., Xanthakis, V., Kempf, T., Benjamin, E.J., Levy, D.,
Vasan, R.S., Januzzi, J.L., 2012. Prognostic utility of novel biomarkers of
cardiovascular stress: the Framingham Heart Study. Circulation 126, 1596-1604.
https://doi.org/10.1161/CIRCULATIONAHA.112.129437.

Wang, Y., Liu, Y., Zhang, S., Li, N., Xing, C., Wang, C., Wang, J., Wei, M., Yang, G.,
Yuan, L., 2023. Exercise improves metabolism and alleviates atherosclerosis via
muscle-derived extracellular vesicles. Aging Dis. 14, 952-965. https://doi.org/
10.14336/AD.2022.1131.

Werenskiold, A.K., Hoffmann, S., Klemenz, R., 1989. Induction of a mitogen-responsive
gene after expression of the Ha-ras oncogene in NIH 3T3 fibroblasts. Mol. Cell Biol.
9, 5207-5214. https://doi.org/10.1128/mcb.9.11.5207-5214.1989.

Weston, P.S.J., Poole, T., O’Connor, A., Heslegrave, A., Ryan, N.S., Liang, Y., Druyeh, R.,
Mead, S., Blennow, K., Schott, J.M., Frost, C., Zetterberg, H., Fox, N.C., 2019.
Longitudinal measurement of serum neurofilament light in presymptomatic familial
Alzheimer’s disease. Alz Res Ther. 11, 19. https://doi.org/10.1186/513195-019-
0472-5.

Wilke, C., Reich, S., Swieten, J.C., Borroni, B., Sanchez.-Valle, R., Moreno, F., Laforce, R.,
Graff, C., Galimberti, D., Rowe, J.B., Masellis, M., Tartaglia, M.C., Finger, E.,
Vandenberghe, R., Mendonga, A., Tagliavini, F., Santana, 1., Ducharme, S., Butler, C.
R., Gerhard, A., Levin, J., Danek, A., Otto, M., Frisoni, G., Ghidoni, R., Sorbi, S.,
Bocchetta, M., Todd, E., Kuhle, J., Barro, C., Genetic Frontotemporal dementia
Initiative (GENFI), Afonso, S., Almeida, M.R., Anderl-Straub, S., Andersson, C.,
Antonell, A., Archetti, S., Arighi, A., Balasa, M., Barandiaran, M., Bargalld, N.,
Bartha, R., Bender, B., Benussi, A., Benussi, L., Bessi, V., Binetti, G., Black, S.,
Borrego-Ecija, S., Bras, J., Bruffaerts, R., Canada, M., Cantoni, V., Caroppo, P.,
Cash, D., Castelo-Branco, M., Convery, R., Cope, T., Di Fede, G., Diez, A., Duro, D.,
Fenoglio, C., Ferrari, C., Ferreira, C.B., Fox, N., Freedman, M., Fumagalli, G.,
Gabilondo, A., Gasparotti, R., Gauthier, S., Gazzina, S., Giaccone, G., Gorostidi, A.,
Greaves, C., Guerreiro, R., Heller, C., Hoegen, T., Indakoetxea, B., Jelic, V.,
Jiskoot, L., Karnath, H., Keren, R., Langheinrich, T., Leitao, M.J., Lladé, A.,
Lombardi, G., Loosli, S., Maruta, C., Mead, S., Meeter, L., Miltenberger, G.,
Minkelen, R., Mitchell, S., Moore, K., Nacmias, B., Nicholas, J., Oijerstedt, L.,
Olives, J., Ourselin, S., Padovani, A., Panman, J., Papma, J.M., Peakman, G.,
Pievani, M., Pijnenburg, Y., Polito, C., Premi, E., Prioni, S., Prix, C., Rademakers, R.,
Redaelli, V., Rittman, T., Rogaeva, E., Rosa-Neto, P., Rossi, G., Rosser, M.,
Santiago, B., Scarpini, E., Schonecker, S., Seelaar, H., Semler, E., Shafei, R.,
Shoesmith, C., Tabuas-Pereira, M., Tainta, M., Taipa, R., Tang-Wai, D., Thomas, D.L.,
Thompson, P., Thonberg, H., Timberlake, C., Tiraboschi, P., Van Damme, P.,
Vandenbulcke, M., Veldsman, M., Verdelho, A., Villanua, J., Warren, J.,
Woollacott, I., Wlasich, E., Zetterberg, H., Zulaica, M., Rohrer, J.D., Synofzik, M.,
2022. Stratifying the presymptomatic phase of genetic frontotemporal dementia by
serum NFL and PNFH: a longitudinal multicentre study. Ann. Neurol. 91, 33-47.
https://doi.org/10.1002/ana.26265.

Williams, A.M., Dennahy, 1.S., Bhatti, U.F., Halaweish, 1., Xiong, Y., Chang, P.,
Nikolian, V.C., Chtraklin, K., Brown, J., Zhang, Y., Zhang, Z.G., Chopp, M., Buller, B.,
Alam, H.B., 2019. Mesenchymal stem cell-derived exosomes provide
neuroprotection and improve long-term neurologic outcomes in a swine model of
traumatic brain injury and hemorrhagic shock. J. Neurotrauma 36, 54-60. https://
doi.org/10.1089/neu.2018.5711.

de Wolf, F., Ghanbari, M., Licher, S., McRae-McKee, K., Gras, L., Weverling, G.J.,
Wermeling, P., Sedaghat, S., Ikram, M.K., Waziry, R., Koudstaal, W., Klap, J.,
Kostense, S., Hofman, A., Anderson, R., Goudsmit, J., Ikram, M.A., 2020. Plasma tau,
neurofilament light chain and amyloid-p levels and risk of dementia; a population-
based cohort study. Brain 143, 1220-1232. https://doi.org/10.1093/brain/
awaa054.

Wong, R.M.Y., Wong, H., Zhang, N., Chow, S.K.H., Chau, W.W., Wang, J., Chim, Y.N.,
Leung, K.S., Cheung, W.H., 2019. The relationship between sarcopenia and fragility


https://doi.org/10.1016/j.mito.2017.08.001
https://doi.org/10.1016/j.mito.2017.08.001
https://doi.org/10.3390/nu11071633
https://doi.org/10.1212/WNL.0000000000006282
https://doi.org/10.1016/0014-5793(89)81679-5
https://doi.org/10.3389/fimmu.2019.00202
https://doi.org/10.3389/fimmu.2019.00202
https://doi.org/10.3390/jcm11010056
https://doi.org/10.3390/jcm11010056
https://doi.org/10.3390/ijms17091408
https://doi.org/10.3390/ijms17091408
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1182/blood-2013-02-478925
https://doi.org/10.1016/S1474-4422(19)30354-0
https://doi.org/10.1016/S1474-4422(19)30354-0
https://doi.org/10.1089/rej.2007.0556
https://doi.org/10.1089/rej.2007.0556
https://doi.org/10.1016/j.exger.2010.08.009
https://doi.org/10.1016/j.exger.2010.08.009
https://doi.org/10.1002/ehf2.13883
https://doi.org/10.1038/s41467-020-16780-x
https://doi.org/10.1093/gerona/gly110
https://doi.org/10.1093/gerona/gly110
https://doi.org/10.1007/s11357-023-00746-0
https://doi.org/10.1007/s11357-023-00746-0
https://doi.org/10.1093/gerona/57.5.M326
https://doi.org/10.1093/gerona/57.5.M326
https://doi.org/10.1038/nrendo.2013.29
https://doi.org/10.1038/nrendo.2013.29
https://doi.org/10.1038/s41586-022-05440-3
https://doi.org/10.3233/JAD-190615
https://doi.org/10.1161/CIRCULATIONAHA.112.129437
https://doi.org/10.14336/AD.2022.1131
https://doi.org/10.14336/AD.2022.1131
https://doi.org/10.1128/mcb.9.11.5207-5214.1989
https://doi.org/10.1186/s13195-019-0472-5
https://doi.org/10.1186/s13195-019-0472-5
https://doi.org/10.1002/ana.26265
https://doi.org/10.1089/neu.2018.5711
https://doi.org/10.1089/neu.2018.5711
https://doi.org/10.1093/brain/awaa054
https://doi.org/10.1093/brain/awaa054

S. Salvioli et al.

fracture-a systematic review. Osteoporos. Int. 30, 541-553. https://doi.org/
10.1007/500198-018-04828-0.

Wu, J., Wu, D., Liang, Y., Zhang, Z., Zhuang, L., Wang, Z., 2022. Plasma neurofilament
light chain: a biomarker predicting severity in patients with acute ischemic stroke.
Medicine 101, €29692. https://doi.org/10.1097/MD.0000000000029692.

Xiao, J., Pan, Y., Li, X.H., Yang, X.Y., Feng, Y.L., Tan, H.H., Jiang, L., Feng, J., Yu, X.Y.,
2016. Cardiac progenitor cell-derived exosomes prevent cardiomyocytes apoptosis
through exosomal miR-21 by targeting PDCD4. e2277-e2277 Cell Death Dis. 7.
https://doi.org/10.1038/cddis.2016.181.

Xu, H., Garcia-Ptacek, S., Trevisan, M., Evans, M., Lindholm, B., Eriksdotter, M.,
Carrero, J.J., 2021. Kidney function, kidney function decline, and the risk of
dementia in older adults: a registry-based study. Neurology 96, €2956-e2965.
https://doi.org/10.1212/WNL.0000000000012113.

Xu, L., Wei, C., Chen, Y., Wu, Y., Shou, X., Chen, W., Lu, D., Sun, H., Li, W., Yu, B.,
Wang, X., Zhang, X., Yu, Y., Lei, Z., Tang, R., Zhu, J., Li, Y., Ly, L., Zhou, H., Zhou, S.,
Su, C., Chen, X., 2022. IL-33 induces thymic involution-associated naive T cell aging
and impairs host control of severe infection. Nat. Commun. 13, 6881. https://doi.
org/10.1038/541467-022-34660-4.

Yang, T., Xiao, Y., Cheng, Y., Huang, J., Wei, Q., Li, C., Shang, H., 2023. Epigenetic
clocks in neurodegenerative diseases: a systematic review. J. Neurol. Neurosurg.
Psychiatry JNNP 2022-330931. https://doi.org/10.1136/jnnp-2022-330931.

Yen, K., Mehta, H.H., Kim, S.-J., Lue, Y., Hoang, J., Guerrero, N., Port, J., Bi, Q.,
Navarrete, G., Brandhorst, S., Lewis, K.N., Wan, J., Swerdloff, R., Mattison, J.A.,
Buffenstein, R., Breton, C.V., Wang, C., Longo, V., Atzmon, G., Wallace, D.,
Barzilai, N., Cohen, P., 2020. The mitochondrial derived peptide humanin is a
regulator of lifespan and healthspan. Aging 12, 11185-11199. https://doi.org/
10.18632/aging.103534.

Yin, X., Cao, H., Wei, Y., Li, H.-H., 2019. Alteration of the IL-33-sST2 pathway in
hypertensive patients and a mouse model. Hypertens. Res 42, 1664-1671. https://
doi.org/10.1038/5s41440-019-0291-x.

Yousefi, P.D., Suderman, M., Langdon, R., Whitehurst, O., Davey Smith, G., Relton, C.L.,
2022. DNA methylation-based predictors of health: applications and statistical
considerations. Nat. Rev. Genet 23, 369-383. https://doi.org/10.1038/541576-022-
00465-w.

Yu, Y., He, J,, Li, S., Song, L., Guo, X., Yao, W., Zou, D., Gao, X., Liu, Y., Bai, F., Ren, G.,
Li, D., 2016. Fibroblast growth factor 21 (FGF21) inhibits macrophage-mediated

23

Ageing Research Reviews 91 (2023) 102044

inflammation by activating Nrf2 and suppressing the NF-«B signaling pathway. Int.
Immunopharmacol. 38, 144-152. https://doi.org/10.1016/j.intimp.2016.05.026.

Yuan, A., Rao, M.V., Veeranna, Nixon, R.A., 2017. Neurofilaments and neurofilament
proteins in health and disease. Cold Spring Harb. Perspect. Biol. 9, a018309. https://
doi.org/10.1101/cshperspect.a018309.

Yuan, W., Mei, X., Zhang, Y., Zhang, Z., Zou, Y., Zhu, H., Liu, Y., Wang, J., Qian, Z.,
Lu, H., 2020. High expression of interleukin-33/ST2 predicts the progression and
poor prognosis in chronic hepatitis B patients with hepatic flare. Am. J. Med. Sci.
360, 656-661. https://doi.org/10.1016/j.amjms.2020.06.023.

Yuan, Y., Li, J., He, Z., Fan, X., Mao, X., Yang, M., Yang, D., 2021. tRNA-derived
fragments as new hallmarks of aging and age-related diseases. Aging Dis. 12, 1304.
https://doi.org/10.14336/AD.2021.0115.

Zanini, G., Selleri, V., Lopez Domenech, S., Malerba, M., Nasi, M., Mattioli, A.V.,

Pinti, M., 2023. Mitochondrial DNA as inflammatory DAMP: a warning of an aging
immune system. Biochem. Soc. Trans. 51, 735-745. https://doi.org/10.1042/
BST20221010.

Zeng, Z., Hong, X.-Y., Li, Yunhui, Chen, W., Ye, G., Li, Yirong, Luo, Y., 2020. Serum-
soluble ST2 as a novel biomarker reflecting inflammatory status and illness severity
in patients with COVID-19. Biomark. Med. 14, 1619-1629. https://doi.org/
10.2217/bmm-2020-0410.

Zhavoronkov, A., Mamoshina, P., Vanhaelen, Q., Scheibye-Knudsen, M., Moskalev, A.,
Aliper, A., 2019. Artificial intelligence for aging and longevity research: recent
advances and perspectives. Ageing Res. Rev. 49, 49-66. https://doi.org/10.1016/j.
arr.2018.11.003.

Zhou, A., Wu, Z., Zaw Phyo, A.Z., Torres, D., Vishwanath, S., Ryan, J., 2022. Epigenetic
aging as a biomarker of dementia and related outcomes: a systematic review.
Epigenomics 14, 1125-1138. https://doi.org/10.2217/epi-2022-0209.

Zhou, Y., Cai, W., Zhao, Z., Hilton, T., Wang, M., Yeon, J., Liu, W., Zhang, F., Shi, F.-D.,
Wu, X., Thiagarajan, P., Li, M., Zhang, J., Dong, J.-F., 2018. Lactadherin promotes
microvesicle clearance to prevent coagulopathy and improves survival of severe TBI
mice. Blood 131, 563-572. https://doi.org/10.1182/blood-2017-08-801738.

Zuliani, G., Galvani, M., Maggio, M., Volpato, S., Bandinelli, S., Corsi, A.M., Lauretani, F.,
Cherubini, A., Guralnik, J.M., Fellin, R., Ferrucci, L., 2010. Plasma soluble gp130
levels are increased in older subjects with metabolic syndrome. role Insul. Resist.
Atheroscler. 213, 319-324. https://doi.org/10.1016/j.atherosclerosis.2010.08.074.


https://doi.org/10.1007/s00198-018-04828-0
https://doi.org/10.1007/s00198-018-04828-0
https://doi.org/10.1097/MD.0000000000029692
https://doi.org/10.1038/cddis.2016.181
https://doi.org/10.1212/WNL.0000000000012113
https://doi.org/10.1038/s41467-022-34660-4
https://doi.org/10.1038/s41467-022-34660-4
https://doi.org/10.1136/jnnp-2022-330931
https://doi.org/10.18632/aging.103534
https://doi.org/10.18632/aging.103534
https://doi.org/10.1038/s41440-019-0291-x
https://doi.org/10.1038/s41440-019-0291-x
https://doi.org/10.1038/s41576-022-00465-w
https://doi.org/10.1038/s41576-022-00465-w
https://doi.org/10.1016/j.intimp.2016.05.026
https://doi.org/10.1101/cshperspect.a018309
https://doi.org/10.1101/cshperspect.a018309
https://doi.org/10.1016/j.amjms.2020.06.023
https://doi.org/10.14336/AD.2021.0115
https://doi.org/10.1042/BST20221010
https://doi.org/10.1042/BST20221010
https://doi.org/10.2217/bmm-2020-0410
https://doi.org/10.2217/bmm-2020-0410
https://doi.org/10.1016/j.arr.2018.11.003
https://doi.org/10.1016/j.arr.2018.11.003
https://doi.org/10.2217/epi-2022-0209
https://doi.org/10.1182/blood-2017-08-801738
https://doi.org/10.1016/j.atherosclerosis.2010.08.074

	Biomarkers of aging in frailty and age-associated disorders: State of the art and future perspective
	1 Introduction
	2 Markers of inflammaging
	2.1 IL-6, sIL-6R alpha and gp130: the triplet of inflammation or anti-inflammation
	2.2 IL-1 superfamily members: focus on IL-33 and its soluble receptor sST2

	3 Markers of mitochondrial dysfunction: focus on mitokines
	4 Markers of neurodegeneration: focus on neurofilament light chain
	5 Next generation biomarkers i.e. extracellular vesicles
	5.1 EVs in aging
	5.2 EVs in frailty
	5.3 EVs in obesity and diabetes
	5.4 EVs in cardiovascular diseases

	6 Next generation biomarkers ii. DNA methylation and epigenetic clocks
	6.1 Epigenetic clocks as markers of neurodegenerative disorders

	7 Next generation biomarkers iii. Gut microbiota as potential marker for osteoporosis and sarcopenia
	8 Artificial intelligence as a new perspective for aging research
	8.1 AI role in multimorbidity
	8.2 AI role in frailty

	9 Conclusions
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


