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Abstract Sarcopenia and frailty are associated with
several important health-related adverse events,
including disability, loss of independence, institution-
alization and mortality. Sarcopenia can be considered
a biological substrate of frailty, and the prevalence of
both these conditions progressively increases with
age. Telomeres are nucleoprotein structures located at
the end of linear chromosomes and implicated in
cellular ageing, shorten with age, and are associated
with various age-related diseases. In addition,
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telomere length (TL) is widely considered a molecu-
lar/cellular hallmark of the ageing process. This
narrative review summarizes the knowledge about
telomeres and analyzes for the first time a possible
association of TL with sarcopenia and frailty. The
overview provided by the present review suggests that
leukocyte TL as single measurement, calculated by
quantitative real-time polymerase chain reac-
tion (QRT-PCR), cannot be considered a meaningful
biological marker for complex, multidimensional age-
related conditions, such as sarcopenia and frailty.
Panels of biomarkers, including TL, may provide
more accurate assessment and prediction of outcomes
in these geriatric syndromes in elderly people.

Keywords Telomere length - Oxidative stress -
Inflammation - Sarcopenia - Frailty - Ageing - Age-
related diseases

Introduction

Sarcopenia is a geriatric syndrome characterized by
progressive age-related decline in skeletal muscle
mass, function, and quality (Fielding et al. 2011).
Sarcopenia might represent one key determinant of
frailty, which is defined as a decreased reserve,
vulnerability to stressors, and increased risk of adverse
health outcomes such as mortality, morbidity, disabil-
ity, hospitalization and  institutionalization
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(Rodriguez-Manas et al. 2013). The physical frailty
(PF) phenotype, proposed by Fried et al. (2001), is the
most widely used model to identify frailty, and it
explores the physical domain of the frailty syndrome.
An alternative approach to the assessment of frailty in
elderly has been proposed by Rockwood et al. (2005),
which is based on the count of a number of health
“deficits” that an individual has, leading to the
calculation of a frailty index (FI). PF is strongly
linked to muscle mass and function, and therefore the
occurrence of this condition can be mediated by
sarcopenia (Cesari et al. 2014). Indeed, sarcopenia is
often considered to be a biological substrate of
physical frailty (Landi et al. 2015), and impaired
physical function is the core feature shared by the two
syndromes (Marzetti et al. 2012). To date, several
imaging, functional, and biological parameters have
been proposed as biomarkers for sarcopenia and
frailty. Most of the available tissue or circulating
biological markers are typically associated with
skeletal muscle mass, strength, and function (Fougere
et al. 2015) and oxidative stress, genomic instability
and DNA damage and repair biomarkers have also
been proposed to be linked to frailty (Sanchez-Flores
et al. 2017). The identification of a panel of comple-
mentary biomarkers, belonging to different classes,
through multivariate analysis (Calvani et al.
2015, 2017) will allow the characterization and
follow-up of elderly people with sarcopenia and
frailty, also in response to interventions.
Considerable research effort has been devoted to
finding clinical and biological markers that reflect
biological ageing and can be better indicators of
individual’s functional and health status than chrono-
logical age (Sprott 2010). Telomeres are implicated in
cellular ageing, shorten with age, and are associated
with various age-related diseases; as such telomere
length (TL) is widely considered a senescence
biomarker (Fossel 2012). The present review is unique
because it differs from the previous ones above
mentioned for its particular study of the available
literature describing the possible role of leukocyte TL
as a biological marker for sarcopenia and frailty. To
accomplish this aim, an overview of telomere biology
and the available techniques used to measure TL will
be also evaluated and thoroughly discussed, as well as
the role of lifestyle factors, which are known to
influence the onset of sarcopenia and frailty, on
determining TL. A section reviewing the literature
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examining skeletal muscle specific TL will also be
included.

Telomeres and senescence

Telomeres are gene-poor chromosomal regions
located at the end of linear chromosomes (Varela
and Blasco 2009). They are nucleoprotein structures
made of a repetitive DNA sequence of six nucleo-
tides—TTAGGG—which in human extends at birth
around 10-15 kilobases (Blackburn 2001). Leukocyte
TL is mostly heritable (Broer et al. 2013) and
associated with ethnic group (Hunt et al. 2008) and
gender (Aviv et al. 2005). Telomeres end in a 150-200
nucleotide long single-stranded overhang of the G-rich
strand (Blasco 2005). The G-strand overhang can fold
back and anneal with the double-stranded region of the
TTAGGG repeats to form a large telomeric loop
known as the T loop (Nikitina and Woodcock 2004).
The closed three-dimensional (3D) structure of the
T-loop protects telomere ends to be recognized as
DNA-double-strand breaks (Blasco 2007), thus pre-
venting the activation of the DNA damage response
cascade that induces apoptosis and/or cellular senes-
cence (Campisi 2013). In in vitro somatic cell cultures,
telomeres shorten by 50-100 base pair at every cell
division since the replication machinery does not copy
fully to the ends, a phenomena referred to as the end-
replication problem (Proctor and Kirkwood 2002).
Therefore, telomeres act as a mitotic clock that
“records” the number of divisions a cell has under-
gone. After a defined number of doublings, a critically
short TL is reached, leading to telomere dysfunction,
loss of telomere end-protection and chromosomal
instability, causing cells to enter cellular senescence or
apoptosis (Kong et al. 2013). Telomere erosion, due to
a progressive loss of TTAGGG repeats, explains the
Hayflick limit or replicative senescence, which is the
maximum number of population doublings an in vitro
culture of somatic cells may undergo (Hayflick and
Moorhead 1961).

The number of telomere-driven senescent cells in
tissues increases with age, resulting in an aged pheno-
type with impaired function (de Magalhdes 2004).
Telomere attrition and dysfunction are also associated
with many age related diseases, including cancer, type2
diabetes mellitus, cardiovascular disease, osteoarthritis,
dementia, and immunosenescence, where the rate of
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shortening seems to accelerate, playing a synergistic
role with ageing (Xi et al. 2013). Some studies have
also reported an association between TL and mortality
in people between 60 and 75 years (Cawthon et al.
2003) but not in persons aged over 80 years (Martin-
Ruiz et al. 2005). Therefore, TL is widely considered an
ageing biomarker, although the question of whether
shortening is the cause or consequence of physiological
ageing and age-related diseases is still open. Therefore,
it might be hypothesized that TL represents a biomarker
of age-related phenomena such as sarcopenia and
frailty.

Telomerase and shelterin: suite of proteins
involved in telomere maintenance

In contrast to that of somatic cells, telomerase helps to
maintain TL homeostasis, overcoming the end-repli-
cation problem (Bodnar et al. 1998), in cells with high
mitotic activity such as in human reproductive cells,
stem cells (Wright et al. 1996), and tumor cells (Kim
et al. 1994; Shay and Bacchetti 1997). Telomerase is a
ribonucleotide complex, which synthesizes and adds
new telomere repeats to the chromosome ends,
following DNA replication (Shay et al. 2001). It is a
reverse transcriptase encoded by the fert (telomerase
reverse transcriptase) gene which elongates the 3'-OH
group of the overhang using an RNA molecule
encoded by the ferc (telomerase RNA component)
gene (Collins et al. 1995) as a template. Telomerase
knockout mice (knockout for fert and terc) have been
used as models for age-related diseases, like cardio-
vascular diseases (Wong et al. 2009). Reactivation of
tert in aged tert-deficient mice, mitigates the ageing
process underlying the crucial role of telomere system
in ageing and in age-associated diseases (Jaskelioff
et al. 2011).

Telomerase activity is influenced by the proteins of
the telomere binding protein complex called shelterin.
Shelterin binds telomere DNA in a tightly regulated
stoichiometry and functions to monitor TL by con-
trolling the access of telomerase to telomeres (Nan-
dakumar and Cech 2013) and protecting DNA
telomere ends from being recognized by DNA damage
sensing proteins and nucleases (Palm and de Lange
2008). Shelterin folds the G-strand overhang back into
the three-dimensional structure of the T-loop, proba-
bly representing a mechanism for chromosome end-

protection and restricting the access of telomerase to
telomeres (Griffith et al. 1999). Shelterin consists of
six proteins. Three molecules interact directly with
telomere DNA: telomere-repeat binding factors 1 and
2 (TRF1 and TRF2) (Smogorzewska et al. 2000) and
protection of telomeres 1 (POT1) (Nandakumar and
Cech 2013); the other three proteins interact with the
three telomere DNA-binding proteins (de Lange
2005). Studies of gain and loss of function have
shown the importance of these proteins in the regu-
lation of TL (de Lange 2010; Smogorzewska et al.
2000).

Methods for measuring TL

Multiple methods have been developed for the study
of telomeres and the two commonly used techniques
include quantification of TL by terminal restriction
fragmentation (TRF) and quantitative real-time poly-
merase chain reaction (QRT-PCR).

TRF was the earliest tool proposed for TL assess-
ment (Moyzis et al. 1988; Allshire et al. 1989) and,
hence, is often described as the “gold standard”
method. It is still a widely used technique to measure
TL by southern blotting or in-gel hybridization and it
provides mean length measure of the whole cell
population in kilobases, but not recognition of indi-
vidual short telomeres or ends lacking a telomere. The
limitation of the technique is that it requires large
amount of DNA, is labour- intensive, and subtelomeric
polymorphisms can impact data. The TRF method is
not suitable for assessing TL in epidemiological
studies (Aubert et al. 2012).

Cawthon’s (2002, 2009) gqRT-PCR technique is the
most frequently used method by investigators. TL was
quantified by comparing the amount of the telomere
amplification product (T) to that of a single-copy gene
(S). The T/S ratio was calculated to obtain a value that
correlates with the average TL without providing
absolute kilobase length estimate. The PCR-based
method is less labor intensive, requires smaller
amounts of DNA, is relatively low cost, and is well
suited for large epidemiological studies. However, it
provides mean TL measure of the 92 telomeres of the
specimen to be evaluated and not allow recognition of
individual short telomeres or ends lacking a telomere.

Single Telomere Length Analysis (STELA) (Baird
et al. 2003; Bendix et al. 2010) is a qPCR-based
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method to provide single TL analysis for a subset of
chromosomes. STELA analysis identifies critically
short telomeres and needs only a small sample,
making it suitable for very rare specimens rather than
for screening patients. A limitation of this method is
that it is labor intensive, technically challenging
(Aubert et al. 2012), and sensitive to the amount of
template DNA added (Bendix et al. 2010).

Fluorescence In situ Hybridization (FISH) methods
are based on their ability to measure TL in cell
suspensions or histological sections using digital
fluorescence microscopy (Q-FISH) (Poon and Lans-
dorp 2001) and flow cytometry (Flow-FISH) (Baer-
locher et al. 2006). An advantage of the Q-FISH
approach is that it allows the estimation of sizes for
each of the individual 92 telomeres in humans and is
not limited to an average or small telomeres. More-
over, this method allows the recognition of “telomere
free” ends. Q-FISH is suitable for measuring TL in
rare specimens but it needs cells to be mitotically
active with a low proliferative rate. The technique is
labor intensive, costly, and it is not well suited for
epidemiological studies. The flow-FISH approach
allows sorting cells into subpopulations and is suited
for determining mean TL in hematopoietic cell
subtypes. It can be used as a clinical diagnostic tool,
primarily for use with fresh blood samples (Aubert
et al. 2012), but provides a mean telomere value.

Lifestyle factors affecting TL

Telomere shortening and dysfunction are a record of
the replicative history of a cell and may also be due to
the chronic exposure to DNA damaging agents such as
inflammation and oxidative stress (von Zglinicki
2000; Houben et al. 2008; Wolkowitz et al. 2011),
which are important contributors of several age-
related diseases. Indeed, studies have shown that
telomere attrition is associated with greater risk of
various chronic diseases, including hypertension,
diabetes, cardiovascular diseases, and cancer (Samani
et al. 2001; van der Harst et al. 2007; Demissie et al.
2006; Reuter et al. 2010; Zhang et al. 2014; Zhao et al.
2013; Fyhrquist and Saijonmaa 2012).

TL may be affected by lifestyle factors that
influence oxidative and inflammatory responses. Diet-
ary intake of components with antioxidative and anti-
inflammatory effects, like omega-3 fatty acids,
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vitamin E and C, and beta-carotene is associated with
reduced rate of telomere shortening, whereas a lack of
these constituents correlates with increased telomere
attrition rates (Farzaneh-Far et al. 2010; Shen et al.
2009). Some studies have demonstrated a positive
association between serum 25-hydroxyvitamin D and
leukocyte TL (Richards et al. 2007; Liu et al. 2013)
and show that vitamin D supplementation contributes
to preserve TL (Zhu et al. 2012; Borras et al. 2012). A
diet rich in fruit, vegetables, fiber, and whole grains,
which are dietary factors with antioxidant and anti-
inflammatory effects, may be associated with longer
leucocyte TL, while a diet high in polyunsatured fatty
acids and processed meat, inducing inflammatory and
oxidative stress, would be associated with shorter
leucocyte TL (Cassidy et al. 2010). Exercise also
seems to be associated with reduced oxidative stress,
elevated expression of telomerase activity, and
reduced telomere shortening (Ludlow et al. 2008;
Cherkas et al. 2008; Werner et al. 2009). Even
smoking and obesity are associated with increased
oxidative stress, which can accelerate telomere short-
ening and ageing (McGrath et al. 2007; Valdes et al.
2005). All the above mentioned factors (diseases, diet,
and exercise) might play a role in the onset of
sarcopenia and frailty, providing a need to investigate
the association of TL with these conditions.

Skeletal muscle TL dynamics

As already mentioned, the clinical framing of frailty,
as PF, is likely to overlap with sarcopenia, and both
ageing conditions are related to muscle atrophy
(Cesari et al. 2014). Among the mechanisms that
may contribute to muscle wasting in ageing, such as
apoptosis (Dupont-Versteegden 2006) and protein
degradation pathways (Bechet et al. 2005; Du et al.
2004; Bodine et al. 2001), reduced satellite cell
function plays a critical role (Barberi et al. 2013).
Skeletal muscle is considered postmitotic, with only
the satellite cells actively dividing in response to
stimuli of growth, remodeling, and muscle injury
(Morgan and Partridge 2003) and incorporating new
myonuclei into skeletal muscle fibers with shorter
telomeres over time. Satellite cell activation and
proliferation are enhanced in trained muscles and
can be associated with changes in TL. This is
consistent with the findings that TL is shorter in
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skeletal muscle from long-term exercise-trained ani-
mals compared with young and age-matched seden-
tary animals (Ludlow et al. 2012). Besides, when
satellite cells are heavily recruited for regenerative
events as in the skeletal muscle of athletes, TL has
been found to be either dramatically shortened or
maintained and even longer than in non-trained
individuals (Kadi and Ponsot 2010). This suggests
the existence of mechanisms allowing the mainte-
nance of TL even in muscles with a high turnover.
About that, telomerase activity has been reported in
many normal tissues such as skeletal muscle (Radak
et al. 2001). Contrary to most tissues, TL of skeletal
muscle is stable with ageing, due to the lower
regenerative potential of its satellite cells (Garcia-Prat
et al. 2013; Jang et al. 2011; Chakkalakal and Brack
2012). Indeed the literature, despite mixed results
(Wernig et al. 2005; Decary et al. 1997), reports a lack
of association between TL of skeletal muscle in vivo
and ageing (Gardner et al. 2007; Ponsot et al. 2008).
However, it is worth considering that skeletal muscle
is exposed to reactive oxygen species (ROS) during
ageing, which could induce oxidative DNA damage
and telomere shortening (Ludlow et al. 2014).

Telomeres and sarcopenia

As shown in Table 1, only three studies have assessed
the association of TL with sarcopenia and muscle
related measures (i.e. muscle strength and mass).
Marzetti et al. (2014) examined the cross-sectional
association between TL and sarcopenia in 142 com-
munity dwelling persons aged 65 years and over
referred to a geriatric outpatient clinic. Presence of
sarcopenia was determined according to the European
Working Group on Sarcopenia in Older People
(EWGSOP) criteria (Cruz-Jentoft et al. 2010). TL
was evaluated in PBMCs using qRT-PCR and calcu-
lated by T/S method (Cawthon 2002). PBMC TL
resulted significantly shorter in sarcopenic individuals
when compared to non-sarcopenic persons, and it was
significantly  associated  with  skeletal mass
index (SMI) but not with measures of muscle perfor-
mance (handgrip strength and gait speed). The authors
concluded that age-related telomere erosion and
muscle atrophy were affected by common age-related
pathological conditions; indeed, long-term exposure
to oxidative stress and chronic inflammation,

occurring during ageing, are the cause of both
telomere shortening (Richter and von Zglinicki
2007; O’Donovan et al. 2011) and muscle atrophy
(Marzetti et al. 2009; Visser et al. 2002). Ludlow et al.
(2014) were the first to demonstrate that oxidative
stress exposure results in telomere shortening in
isolated adult skeletal muscle fibers of mice. Also
the absence of an association between TL with
measures of muscle performance has been explained,
taking into account that muscle mass and function
decline occur during ageing at different speeds
(Delmonico et al. 2009). Indeed, the single PBMC
TL might be a reliable marker of muscle mass, but not
an adequate marker of more complex and multi-organ
phenomena such as those underlying the muscle
performance (Finkel et al. 1995).

In another study, the association between TL and
sarcopenia was examined in a five-year prospective
study of 2006 older community-dwelling Chinese
persons (976 men and 1030 women) aged 65 years and
over (Woo et al. 2014). Diagnosis of sarcopenia was
made according to the Asian Working Group for
Sarcopenia (AWGS) algorithm (Chen et al. 2014) and
dual-energy X-ray absorptiometry was used to mea-
sure body composition. TL was measured in leuko-
cytes by qRT-PCR according to T/S method proposed
by Cawthon (2002). Longer TL was associated only
with slower decline in grip strength, but no significant
association was observed with sarcopenia, muscle
mass, or other measures of physical performance,
including walking speed and the chair stand test.
Batsis et al. (2017) evaluated the association of TL
with sarcopenia in 2672 subjects from the 1999-2002
NHANES aged 60 years and over. Sarcopenia was
defined using the two Foundation for the National
Institute of Health definitions: reduced appendicular
lean mass (ALM) or ALM divided by body mass index
(BMI). TL was assessed in peripheral blood mononu-
clear cells (PBMCs) by qRT-PCR according to T/S
method (Cawthon 2002). No adjusted differences
were observed in TL in those with/without sarcopenia.

Telomeres and frailty
Few studies have evaluated the association between
TL and frailty (Table 1).

Woo et al. (2008) assessed the association between
frailty, measured by FI (Mitnitski et al. 2001), and TL
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Table 1 Association studies of telomere length (TL) with sarcopenia and frailty

Reference  Study Measures examined Sample Age  DNA Method of Main findings
design size source TL
measurement
Sarcopenia
Marzetti  Cross- Sarcopenia 142 > 65 PBMCs® gRT-PCR? TL is associated with
et al. sectional (EWGSOP* sarcopenia and SMI but not
(2014) criteria), SMI°, grip with grip strength and gait
strength and gait speed
speed
Wooetal. Prospective Sarcopenia (AWGS'T 2,006 > 65 PBMCs ¢RT-PCR TL is associated with slower
(2014) study criteria), gait speed, decline in grip strength, but
(5 years grip strength, chair not with sarcopenia and other
FU®) stand test measures of physical
performance
Batsis Cross- Sarcopenia 2672 > 60 PBMCs ¢RT-PCR TL is not associated with
et al. sectional (Foundation for the sarcopenia
(2017) National Institute of
Health), ALM® and
ALM:BMI"
Frailty
Wooetal. Prospective FI' 2,006 > 65 PBMCs ¢RT-PCR TL is not associated with frailty
(2008) study
(5 years
FU)
Collerton  Cross- PF and FI 845 >85 PBMCs ¢RT-PCR TL is not associated with frailty
et al. sectional
(2012)
Marzetti Cross- PF and FI 142 > 65 PBMCs ¢RT-PCR TL is not associated with frailty
et al. sectional
(2014)
Saum Cross- FI 3,537 50-75 Whole qRT-PCR TL is not associated with frailty
et al. sectional blood
(2014)
Yuetal. Prospective PF 2,006 > 65 PBMCs ¢RT-PCR TL is not associated with frailty
(2015) study
(5 years
FU)
Breitling  Cross- DNA methylation age 1,820 50-75 Whole qRT-PCR DNA methylation age is
et al. sectional and FI blood associated with frailty but not
(2016) with TL

“European working group on sarcopenia in older people
"Skeletal Mass Index

“Peripheral blood mononuclear cell

dQuantitative real-time polymerase chain reaction
“Follow up

Asian Working Group for Sarcopenia

£Appendicular lean mass

"Appendicular lean mass: Body Mass Index

"Frailty Index

JPhysical frailty
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evaluated in 2006 older community-dwelling Chinese
persons (976 men and 1030 women) aged 65 years and
over. TL was measured in PBMCs by gqRT-PCR
according to T/S method (Cawthon 2002). In men, TL
was inversely related to age, but no association with
frailty was observed in either men or women. The lack
of association between FI and TL, and the different
distribution curve of values for the two measures in
either sex, suggested that TL and frailty represent
distinct processes. The authors interpreted these
findings assuming that TL is a specific measure and
biomarker of cellular senescence, while frailty is
multicomponent, due to the cumulative effect of many
deficits occurring in the whole lifespan. The authors
underline that no single biological marker would be
able to track the multitude of environmental factors
responsible for frailty. In this study, women were more
often frail than men, in accordance with previous
studies (Goggins et al. 2005), despite having longer
TL (Aviv et al. 2005; Cherif et al. 2003). These
observations again support the lack of association
between telomeres and frailty. Woo et al. found
positive regulators of telomerase activity in estrogens
(Bayne and Liu 2005), which may be a possible
explanation of the gender difference in TL and of the
absence in women of a negative association between
TL and age. They also suggested that women were
more frail than men because of exposure to different
environmental factors associated with frailty (Markle-
Reid and Browne 2003). In the same population Yu
et al. (2015) assessed the association of TL with
frailty, measured by PF rather than FI, confirming a
lack of association between these two measures.
Using cross-sectional data from the Newcastle 85+
Study, a population-based study of a large cohort
(n = 845) of persons aged 85 years and older (Coller-
ton et al. 2007), Collerton et al. (2012) examined the
association of frailty, measured by both PF (Fried et al.
2001) and FI (Searle et al. 2008), with a range of
biomarkers of inflammation, immunosenescence, and
cellular ageing. The study confirmed the importance of
inflammatory markers in very old frail individuals,
which previously had only been established in the
younger old across different frailty models (Hubbard
et al. 2008, 2009). There was limited evidence
concerning the role of immunosenescence in frailty,
and no association was found between the two
measures of frailty with PBMC TL, determined by
gRT-PCR according to T/S method (Cawthon 2002).

Marzetti et al. (2014) assessed the association between
PBMC TL and frailty status in a sample of 142 persons
aged 65 years and over. Frailty was determined both
by the Fried’s criteria (PF) (Fried et al. 2001) and a
modified Rockwood’s FI (Searle et al. 2008). PBMC
TL was unrelated to either PF or FL

The association between TL and frailty has also
been assessed in a cross-sectional analysis of 3537
community-dwelling older adults aged 50-75 years
from the ESTHER cohort study (Saum et al. 2014).
The authors measured frailty by FI (Mitnitski et al.
2001), and TL was assessed by qRT-PCR using whole
blood DNA and calculated by T/S method (Cawthon
2002). TL was inversely related to age but not
associated with frailty, neither overall nor in different
subgroups defined by sex and age. In addition, women
had longer telomeres than men in line with what has
been previously described (Cherif et al. 2003). The
authors proposed that the reduced rate of telomere
shortening with age in women compared to men was
possibly due to a positive influence of endogenous
hormones on telomerase (Bayne and Liu 2005), and by
the protective role of estrogens from oxidative stress,
already related to telomere shortening (Aviv 2002). In
line with the study by Woo et al. (2008) previously
described, women were more frequently frail than men
despite having longer TL, corroborating the hypoth-
esis that TL cannot be considered a biomarker for
frailty.

Breitling et al. (2016) investigated the correlation
of the epigenetic age acceleration or epigenetic clock,
quantified by the difference between the predicted
methylation age (DNAm age) (Horvath 2013) and
chronological age, with TL and frailty. Indeed, it has
been suggested that the epigenetic clock correlates
with clinically relevant ageing-related phenotypes,
and TL and frailty can be considered major correlates
of age on the genomic and clinical level. This cross-
sectional study included 1820 community-dwelling
older adults aged 50-75 years from the ESTHER
cohort in Germany. Frailty was measured by FI while
TL was determined in whole blood by gqRT-PCR
according to T/S method (Cawthon 2002). The results
of the study pointed out an association of the
epigenetic age acceleration with frailty but not with
TL, suggesting that methylation age acceleration does
not reflect mitotic age (cellular senescence), which is
the major determinant of age-dependent telomere
shortening. Furthermore they hypothesized that the
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lack of correlation was responsible for the inconclu-
sive prior reports about an association of TL with
frailty.

Discussion

Leukocyte TL is widely considered a biomarker of
ageing because it is implicated in cellular ageing and
its attrition is found to be important in determining
variations in biological ageing and age-related dis-
eases. Telomeres shortening is the result of the
combined effect of repeated cell replication, oxidative
stress, and inflammation, which are major risk factors
and the common underlying pathogenic mechanisms
of several age-related diseases. Indeed, telomere
attrition is associated with greater risk of various
chronic diseases such as hypertension, diabetes,
cardiovascular diseases, and cancer. To date, only
one paper indicates that PBMC TL is shorter in older
outpatients with sarcopenia when compared with age-
matched controls. This relationship is most likely
driven by muscle mass reduction, given the lack of
correlation between TL and measures of muscle
performance. In another study, an association of TL
with decline in grip strength was described. Moreover,
population-based cross-sectional and longitudinal
analyses have not found any association between TL
and frailty. This result is consistent regardless of the
definition used to identify frailty (FI or PF), and the
characteristics of the study population. In summary,
existing evidence suggests that TL, as single mea-
surement, cannot be considered as a unique biomarker
for describing the life-course multiplicity of the
pathogenic underlying mechanisms of sarcopenia
and frailty where, in addition to inflammation and
oxidative stress, other pathophysiologic processes
play a role (Marzetti et al. 2013; Meng and Yu 2010;
Walston 2012; Inglés et al. 2014; Fried et al. 2009).
Besides, even considering all the circulating biomark-
ers currently available, there is no single biomarker
that can be effectively used to identify the two
conditions, to monitor their progression over time, or
their response to interventions. Indeed, even the most
sensitive biomarkers are specific for single pathogenic
processes and inconclusive for investigating the
clinical outcomes of the two syndromes (Calvani
etal. 2015). It is noteworthy that Mitnitski et al. (2015)
proposed the development of a frailty index based on
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the combination of different biomarker measures
associated with frailty (Biomarker-based Frailty
Index), which collectively can predict adverse out-
comes and mortality better than the individual
biomarkers or the Fried frailty phenotype. Likewise,
because of the intrinsic multi-causal and multi-system
nature of the ageing process, the MARK-AGE study,
which is a recent Large-Scale Integrating Project,
proposed to perform a wide population study aiming to
identify a combination of biomarkers of human ageing
across a range of physiological systems which can
measure biological ageing better than a single
biomarker (Biirkle et al. 2015). Thus, future directions
will develop panels of biomarkers by multivariate
analysis with varied individual sensitivity and speci-
ficity, which may provide a more accurate assessment
and prediction of outcomes, also in response to
interventions such as physical exercise and nutrition
in frail and sarcopenic elderly people.

Further, all the papers reviewed examined average
TL by qRT-PCR. Given that it has been suggested that
a single or small number of critically short telomeres
serve as signals leading to cellular senescence/apop-
tosis (Abdallah et al. 2009; Hemann et al. 2001),
measuring only mean TL may not provide the
complete story regarding whether what is occurring
in cells is related to sarcopenia/frailty. Thus further
study is needed using assays that can detect the length
of specific, individual telomeres and the proportion of
the telomeres which are short, before concluding if TL
is associated more or less with the two syndromes.

Moreover, in all the papers of the review, TL was
usually measured in the DNA extracted from PBMCs.
Blood samples are more accessible tissues for large
population studies and leukocyte TL has been pro-
posed as evaluation of the relative TL of all tissues
(Friedrich et al. 2000). TL in peripheral blood may not
represent the case of telomere biology in skeletal
muscle, the organ most effected by sarcopenia and
likely to lead to frailty. Indeed, there is a very low
correlation between the TL within most tissues and the
TL in blood leukocytes (Dlouha et al. 2014). It also
seems questionable that leukocyte TL, which is
positively correlated with lifespan and is an expression
of the tremendous turnover in peripheral blood cells,
could be used for the age estimation of skeletal muscle
which is a postmitotic tissue. Hence, future perspec-
tives should study mechanisms underlying telomere
shortening in skeletal muscle, which is still largely
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unknown, to confirm or disprove that TL is or is not
related to sarcopenia/frailty. However, TL in skeletal
myofibers cannot be useful as a biomarker in clinical
practice because obtaining muscle biopsies from
sarcopenic/frail patients has practical obstacles.
Indeed, because of the invasiveness of the method,
TL can be measured in a relatively small sample size,
making difficult a longitudinal context.
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