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Abstract Physical frailty and sarcopenia (PF&S) is a
prototypical geriatric condition characterized by re-
duced physical function and low muscle mass. The
aim of the present study was to provide an initial selec-
tion of biomarkers for PF&S using a novel multivariate
analytic strategy. Two-hundred community-dwellers,
100 with PF&S and 100 non-physically frail, non-
sarcopenic (nonPF&S) controls aged 70 and older were
enrolled as part of the BIOmarkers associated with
Sarcopenia and Physical frailty in EldeRly pErsons
(BIOSPHERE) study. A panel of 74 serum analytes
involved in inflammation, muscle growth and remodel-
ing, neuromuscular junction damage, and amino acid

metabolism was assayed. Biomarker selection was ac-
complished through sequential and orthogonalized co-
variance selection (SO-CovSel) analysis. Separate SO-
CovSel models were constructed for the whole study
population and for the two genders. The model with the
best prediction ability obtained with the smallest num-
ber of variables was built using seven biomolecules.
This model allowed correct classification of 80.6 ±
5.3% PF&S participants and 79.9 ± 5.1% nonPF&S
controls. The PF&S biomarker profile was characterized
by higher serum levels of asparagine, aspartic acid, and
citrulline. Higher serum concentrations of platelet-
derived growth factor BB, heat shock protein 72
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(Hsp72), myeloperoxidase, and α-aminobutyric acid
defined the profile of nonPF&S participants. Gender-
specific SO-CovSel models identified a “core” biomark-
er profile of PF&S, characterized by higher serum levels
of aspartic acid and Hsp72 and lower concentrations of
macrophage inflammatory protein 1β, with peculiar
signatures in men and women.

SO-CovSel analysis allowed identifying a set of po-
tential biomarkers for PF&S. The adoption of such an
innovative multivariate approach could help address the
complex pathophysiology of PF&S, translate biomarker
discovery from bench to bedside, and unveil novel
targets for interventions.

Keywords Inflammation . Cytokines . Amino acids .

Geroscience .Multivariate .Muscle

Introduction

Physical frailty and sarcopenia (PF&S) is a reversible
risk condition for physical disability, characterized by
the triad of weakness, slowness, and poor balance
coupled with reduced appendicular lean mass (aLM)
(Cesari et al. 2017a,b). PF&S has a multifaceted patho-
physiology that recapitulates all major hallmarks of
aging (López-Otín et al. 2013; Sierra 2016; Justice
et al. 2018) and may therefore be envisioned as a pro-
totypical geroscience condition (Sierra 2016). As a cor-
ollary to this, a single biomarker will hardly be able to
capture the intrinsic complexity of PF&S (Cohen et al.
2018; Justice et al. 2018). The quest for biomarkers for
PF&S, as for other complex geriatric conditions, is also
hampered by the non-linear and often non-monotonic
relationship between process-specific biomarkers, their
strong interdependence, and their organization into
complex regulatory networks (Cohen et al. 2018). Dif-
ferences in aging biology between genders further hin-
ders the identification ofmeaningful biomarkers for age-
related conditions (Nakamura and Miyao 2008;
Berghella et al. 2014). For instance, gender-specific
inflammatory profiles have been described in several
age-associated conditions (Ostan et al. 2016), including
PF&S (Marzetti et al. 2019). Moreover, some circulat-
ing markers of sarcopenia show different patterns be-
tween genders (Drey et al. 2013; Chew et al. 2019).

To cope with the PF&S complexity, we have pro-
posed innovative approaches for biomarker identifica-
tion and validation, moving from the “one fits all”

paradigm to multivariate methodologies (Calvani et al.
2015). In preliminary proof of principle works, we
showed that patterns of circulating inflammatory cyto-
kines were able to classify older persons with varying
habitual walking speed (Marzetti et al. 2014b). More-
over, defined relationships among muscle imaging pa-
rameters, circulating biomolecules, and measures of
functional status were found to characterize people of
different ages and various physical performance levels
(Calvani et al. 2017).

In the present study, we sought to add a new piece to
this complex puzzle. After a thorough review of existing
literature and based on previous evidence on similar
populations (Lorenzi et al. 2016; Calvani et al. 2018
a,b; Marzetti et al. 2019; Picca et al. 2020), a comprehen-
sive set of candidate biomarkers for PF&S linked to age-
related decline of muscle mass and function was selected.
Afterwards, a novel analytical approach was applied
based on sequential and orthogonalized covariance selec-
tion (SO-CovSel) analysis (Biancolillo et al. 2020). This
innovative analytical strategy is particularly suited for
dealing with multi-block datasets, i.e., experimental set-
tings in which variables are assayed using different plat-
forms and/or at different time points (Biancolillo et al.
2020). SO-CovSel allowed selecting the variables of
interest for PF&S among a large number of highly cor-
related candidate biomarkers. The existence of gender-
specific biomarker profiles was also explored. A stringent
cross-validation process was adopted to evaluate the clas-
sification ability of the identified biomarkers.

Methods

Participants

The study protocol was approved by the Ethics Com-
mittee of the Università Cattolica del Sacro Cuore
(Rome, Italy; protocol number: 8498/15), and all proce-
dures were performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki
and its later amendments. Participants were recruited in
the context of the BIOmarkers associated with
Sarcopenia and Physical frailty in EldeRly pErsons
(BIOSPHERE) project (Calvani et al. 2018a). BIO-
SPHERE was designed as a cross-sectional, case-
control study, aimed at identifying and validating a
panel of biomarkers for PF&S (Calvani et al. 2018a).
The study protocol and the procedures adopted for
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participant recruitment are described in detail elsewhere
(Calvani et al. 2018a; Marzetti et al. 2019). In brief, after
obtaining written informed consent, 200 older persons,
100 community-dwellers with PF&S and 100 non-
physically frail, non-sarcopenic (nonPF&S) controls
aged 70 years and older were enrolled. Inclusion and
exclusion criteria have been detailed previously
(Calvani et al. 2018a). Participants were diagnosed with
PF&S according to the operational definition elaborated
within the Sarcopenia and Physical fRailty IN older
people: multi-componenT Treatment strategies
(SPRINTT) project (Marzetti et al. 2015, 2018). Candi-
date participants were enrolled in the PF&S group when
showing (a) reduced physical performance, operational-
ized as a summary score on the short physical perfor-
mance battery (SPPB) (Guralnik et al. 1994) between 3
and 9; (b) low aLM, according to the cut-points pro-
posed by the Foundation for the National Institutes of
Health (FNIH) sarcopenia project (Studenski et al.
2014); and (c) absence of major mobility disability
(i.e., candidates had to be able to complete a 400-m
walk test) (Newman et al. 2006).

Measurement of appendicular lean mass by dual X-ray
absorptiometry

Whole-body dual X-ray absorptiometry (DXA) scans
were acquired on a Hologic® Discovery A densitometer
(Hologic, Inc., Bedford, MA, USA) according to the
manufacturer’s directions. Criteria for low aLM were as
follows: (a) aLM to body mass index (BMI) ratio
(aLMBMI) < 0.789 and < 0.512 in men and women,
respectively; or (b) absolute aLM < 19.75 kg in men
and < 15.02 kg in women (Studenski et al. 2014).

Blood sample collection and processing

Fasting blood samples were collected by venipuncture of
the median cubital vein using commercially available
collection tubes (BD Vacutainer®; Becton, Dickinson
and Co., Franklin Lakes, NJ, USA). Blood samples were
left at room temperature for 20 min. Serum was then
separated by centrifugation at 1000×g for 10 min at 4 °C.
Serum aliquots were stored at −80 °C until analysis.

Measurement of candidate circulating biomarkers

After a thorough review of the literature, a panel of 74
candidate biomarkers was identified. Biomolecules were

selected based on their involvement in pathways and
processes related to PF&S pathophysiology (i.e., inflam-
mation, muscle growth and remodeling, neuromuscular
junction damage, and amino acid metabolism). A detailed
description of the candidate biomarker selection process
can be found elsewhere (Calvani et al. 2018a, b). A panel
of 27 inflammatory markers, growth factors, and
chemokines was measured simultaneously in serum
through a magnetic bead-based immunoassay on a Bio-
Plex® System with Luminex xMAP® Technology (Bio-
Rad Laboratories Inc., Hercules, CA, USA), as previously
described (Ponziani et al. 2018, 2019). The cytokine panel
comprised interleukin (IL) 1-β, IL1 receptor agonist (IL1-
ra), IL2, IL4, IL5, IL6, IL7, IL8, IL9, IL10, IL12, IL13,
IL15, IL17, fibroblast growth factor (FGF) basic, granu-
locyte colony-stimulating factor (G-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), inter-
feron (IFN) γ, C-Cmotif chemokine ligand (CCL) 2 [also
known as monocyte chemoattractant protein 1 (MCP-1)],
CCL3 [also known as macrophage inflammatory protein
1α (MIP-1α)], CCL4 (also known as MIP-1β), CCL5,
CCL11, C-X-C motif chemokine ligand (CXCL) [also
known as IFN-γ-induced protein 10 (IP-10)], platelet-
derived growth factor (PDGF) BB, and tumor necrosis
factor alpha (TNF-α).

Thirty-seven amino acids and derivatives (1-
methylhistidine, 3-methylhistidine, 4-hydroxyproline,
α-aminobutyric acid, β-alanine, β-aminobutyric acid,
γ-aminobutyric acid, alanine, aminoadipic acid,
anserine, arginine, asparagine, aspartic acid, carnosine,
citrulline, cystathionine, cystine, ethanolamine,
glutamic acid, glycine, histidine, isoleucine, leucine,
lysine, methionine, ornithine, phenylalanine,
phosphoethanolamine, phosphoserine, proline,
sarcosine, serine, taurine, threonine, tryptophan, tyro-
sine, and valine) were measured in serum through an
ultraperformance liquid chromatography/mass spec-
trometry (UPLC/MS) validated methodology, as de-
scribed elsewhere (Calvani et al. 2018b).

The neuromuscular junction-derived peptide C-
terminal agrin fragment (CAF), P-selectin, high-
temperature requirement serine protease A1 (HtrA1),
heat shock protein 72 (Hsp72), procollagen III N-
terminal peptide (P3NP), and insulin-like growth factor
1 (IGF-1) were measured by commercial ELISA kits
(CAF: Neurotune AG, Schlieren-Zurich, Switzerland;
all other biomolecules: R&D Systems Inc., Minneapo-
lis, MN, USA). Finally, C-reactive protein (CRP),
myeloperoxidase (MPO), FGF21, and brain-derived
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neurotrophic factor (BDNF) were measured using com-
mercially available kits on an ELLA™ automated im-
munoassay system (Bio-Techne, San Jose, CA, USA).

Sequential and orthogonalized covariance selection

Some datasets are “intrinsically” multi-block, since the
experiments fromwhich they are generated produce sets
of different matrices. For instance, a number of variables
may be measured on the same samples using different
analytical platforms or at different time points (or both).
In such circumstance, multi-block methodologies allow
extraction of relevant information from all blocks at the
same time, instead of building separate models for indi-
vidual datasets (Westerhuis et al. 1998). In the present
study, four matrices were populated based on the tech-
nology used for their determination. The multi-platform
dataset was analyzed through a multi-block method
called SO-CovSel coupled with linear discriminant anal-
ysis (LDA) to obtain the classification model. SO-
CovSel is a multi-platform regression method devel-
oped to handle multi-block datasets like the one under
investigation in the present study (Biancolillo et al.
2020). This approach was realized by combining some
aspects of a well-known data fusion method, sequential
and orthogonalized partial least squares (SO-PLS) (Naes
et al. 2011; Biancolillo et al. 2015; Biancolillo and Naes
2019), with a feature regression approach called covari-
ance selection (CovSel) (Roger et al. 2011). SO-PLS is a
multi-block method where the information contained in
each data matrix is sequentially incorporated into the
regression model. SO-CovSel shares with SO-PLS the
presence of an orthogonalization step prior to the inclu-
sion of any data block, leading to the removal of redun-
dancies across different datasets. CovSel, instead, is a
feature selection approach conceived to identify which
variables are the most relevant in a regression context. In
other words, given a data matrix X used to predict the
response Y, CovSel selects (through the estimation of
covariances between each X-feature and the response)
the X-variables contributing the most to Y description.

Starting from this scenario, SO-CovSel is a sequen-
tial regression method (like SO-PLS) where the infor-
mation contained into distinct data blocks is extracted
via CovSel. The SO-CovSel algorithm is quite easy
from a computational point of view and does not pose
any limit in terms of number of handled data blocks. The
rationale behind this method is that the information is
sequentially extracted by each data block and used to

predict the response Y. CovSel selects the variables of
interest from all blocks (which are orthogonalized with
respect to one another, in order to remove possible
redundant information). Eventually, the selected vari-
ables are used to predict the response Y. Among the
different available multi-block methods, SO-CovSel
was chosen for the present study because it ensures an
extremely parsimonious selection of biomarkers, while
retaining excellent prediction rates.

Due to the complex nature of the condition of interest
and the substantial number of variables considered, the
study population was not large enough for external
validation of the models. All calculations were therefore
run in a double cross validation (DCV) procedure and
verified by randomization tests (Westerhuis et al. 2008).
Model parameters (i.e., the order of blocks and the
number of selected variables) were defined in a global
strategy on the internal loop of the DCV procedure
(Biancolillo et al. 2020). More in detail, at each DCV
run, the order of blocks and the optimal model complex-
ity (i.e., the number of variables to be selected from each
block) were chosen as the ones leading to the lowest
classification error on the inner cross-validation loop.
However, if a model with a lower number of variables
provided a classification error numerically slightly
higher, but not statistically different than the minimum
error, a more parsimonious solution would have been
preferred. All analyses were performed using in-house
routines running under MATLAB R2015b environment
(The MathWorks, Natick, MA, USA). More details
about the SO-CovSel algorithm may be found in spe-
cialized literature (Biancolillo et al. 2020).

Results

Study population

Two-hundred older community-dwellers, 100 partici-
pants with PF&S, and 100 nonPF&S controls were
enrolled in the study. Table 1 reports the main charac-
teristics of the study population according to PF&S
status and gender. Men and women with PF&S were
older and had higher BMI than their respective
nonPF&S counterparts. As per the study design, the
SPPB summary score was lower in people with PF&S
than in controls. Likewise, aLM either absolute or ad-
justed by BMI was lower in PF&S participants com-
pared with nonPF&S peers. No differences between
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groups were observed with regard to number of diseases
and medications.

Biomarker selection through SO-CovSel analysis
in the whole study sample

Serum concentrations of candidate biomarkers were
organized into four matrices according to the analytic
platform used for their measurement (Table 2). Several
SO-CovSel models were built using different sequential
combinations of the four data matrices. Among the SO-
CovSel models tested, we selected the one that allowed
the best classification performance [i.e., the one provid-
ing the lowest number of misclassifications (NMC)]
with the smallest number of variables. This approach
was elected to meet specific requirements for bio-
markers to be used in the clinical setting (e.g., their
determination must be reliable and feasible also from
an economic point of view) (Sprott 2010; Justice et al.
2018). This “parsimonious” model was built using only
seven markers (one from matrix 1, four from matrix 4,
and one from matrices 2 and 3) (Table 3).

Rates of correct classification were 80.6 ± 5.3% and
79.9 ± 5.1%, for PF&S and nonPF&S participants, re-
spectively (80.3 ± 3.8% in the whole study population).
The model showed that serum concentrations of three
amino acids (asparagine, aspartic acid, and citrulline)
were greater in older persons with PF&S, while higher
circulating levels of PDGF-BB, Hsp72, MPO, and α-

aminobutyric acid characterized nonPF&S participants
(Table 3).

To rule out the possibility that age or BMI could
confound biomarker selection, multivariate PLS regres-
sion models were built against age and BMI. No signif-
icant influence on biomarker selection was found for
either age or BMI (Table 4). To evaluate possible asso-
ciations between the identified biomarkers and PF&S
severity, multivariate PLS regression models relating
serum biomarker concentrations to SPPB scores, aLM,
and aLMBMI were built and validated. PLS analyses
showed that none of the candidate biomarkers selected
by SO-CovSel was significantly associated with any of
the variables considered (Table 4).

Gender-specific SO-CovSel models

Gender-specific differences in biomarker profiles be-
tween PF&S and nonPF&S participants were explored
through separate SO-CovSel models for men and wom-
en. A common, gender-independent biomarker “core”
was found in older adults with PF&S. This core includ-
ed aspartic acid (higher in PF&S) and Hsp72 and MIP-
1β (higher in nonPF&S) (Table 5).

The SO-CovSel model built for men correctly clas-
sified 64.5 ± 12.2% of PF&S participants and 66.9 ±
8.5% of nonPF&S controls. The rate of correct classifi-
cation for the whole male sample was 65.7 ± 8.2%. The
model included the three core biomolecules plus aspar-
agine, CAF, and FGF21, which were higher in the

Table 1 Main characteristics of study participants according to physical frailty and sarcopenia (PF&S) status and gender

PF&S NonPF&S

All (n = 100) Men (n = 25) Women (n = 75) All (n = 100) Men (n = 50) Women (n = 50)

Age, years 77.6 ± 5.1* 79.6 ± 5.5* 76.9 ± 4.8* 74.8 ± 3.9 75.3 ± 4.0 74.4 ± 3.8

BMI, kg/m2 30.0 ± 5.0* 29.3 ± 4.5* 30.2 ± 5.0* 27.4 ± 2.9 27.1 ± 2.8 27.7 ± 3.0

SPPB summary score 7.2 ± 1.2* 7.4 ± 1.0* 7.1 ± 1.3* 11.4 ± 0.8 11.5 ± 0.8 11.3 ± 0.8

aLM, kg 16.2 ± 3.0* 20.1 ± 2.7* 14.9 ± 2.0* 20.1 ± 4.1 23.7 ± 2.6 16.7 ± 1.6

aLMBMI 0.54 ± 0.11* 0.69 ± 0.08* 0.49 ± 0.08* 0.76 ± 0.19 0.88 ± 0.08 0.64 ± 0.20

Number of disease conditions§ 2.3 ± 1.8 2.1 ± 1.9 2.5 ± 2.0 2.1 ± 1.6 2.1 ± 1.6 2.0 ± 1.7

Number of medications# 3.6 ± 2.1 3.8 ± 2.2 3.5 ± 2.4 3.2 ± 2.0 3.3 ± 1.9 3.1 ± 2.4

Data are shown as mean ± standard deviation. *p < 0.05 vs. nonPF&S
§ Includes hypertension, coronary artery disease, prior stroke, peripheral vascular disease, diabetes, chronic obstructive pulmonary disease,
and osteoarthritis
# Includes prescription and over-the-counter medications

aLM, appendicular lean mass; aLMBMI, appendicular lean mass adjusted by body mass index (BMI); nonPF&S, non-physically frail, non-
sarcopenic; SPPB, short physical performance battery
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PF&S group, and α -aminobutyric acid and
phosphoetanolamine, which both were higher in
nonPF&S participants (Table 5). In women, the best
SO-CovSel model showed remarkable classification
performance (86.9 ± 5.4% for PF&S, 79.7 ± 7.5% for
nonPF&S, 84.1 ± 4.4% for the whole female sample).
Besides the three shared biomolecules, SO-CovSel also
selected PDGF-BB andMPO, which both were lower in
PF&S participants (Table 5). The classification perfor-
mance of gender-specific models was confirmed by
DCV and by means of randomization tests (p < 0.05).

Multivariate PLS regression models relating serum
biomarkers selected by gender-specific SO-CovSel
models to potential confounders or to muscle-specific,
and functional parameters were built and validated. PLS
analyses showed that circulating levels of the selected
biomarkers were not significantly associated with any of
the variables considered in either gender (Table 4).

Discussion

The identification of reliable biomarkers of aging and
age-related conditions has long been a chimera for
biogerontologists (Justice et al. 2018). The main reason
for the several hypes and falls in this task resides in the
unquestioningly complex nature of aging itself. Indeed,
during organismal aging, multiple overlapping process-
es co-occur, resulting in a multitude of different and
stochastically determined phenotypes (Kirkwood
2011). Recently, the biological drivers of aging, the
so-called hallmarks of aging, have been pinpointed
(López-Otín et al. 2013). According to the geroscience
hypothesis, perturbations in these mechanisms increase
the susceptibility to most chronic diseases, functional
loss, and eventually death (Sierra 2016). As a conse-
quence, these biologic pillars represent ideal targets for
interventions to foster healthy aging (Newman et al.
2016; Kaeberlein 2017). It follows that the biomarker
discovery process should move from the traditional
“one disease/one biomarker” approach to a more

Table 2 Composition of matrices used for sequential and orthogonalized covariance selection (SO-CovSel) analysis

Data block Number of variables Variables

Matrix 1 27 IL1-β, IL1-ra, IL2, IL4, IL5, IL6, IL7, IL8, IL9, IL10, IL12, IL13, IL15, IL17, FGF basic,
G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1α, MIP-1β, CCL5, CCL11, IP-10, PDGF-BB, TNF-α

Matrix 2 4 CRP, MPO, FGF-21, BDNF

Matrix 3 6 CAF, P-Selectin, HtrA1, Hsp72, P3NP, IGF-1

Matrix 4 37 1-methylhistidine, 3-methylhistidine, 4-hydroxyproline, α-aminobutyric acid, β-alanine,
β-aminobutyric acid, γ-aminobutyric acid, alanine, aminoadipic acid, anserine, arginine,
asparagine, aspartic acid, carnosine, citrulline, cystathionine, cystine, ethanolamine,
glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, ornithine,
phenylalanine, phosphoethanolamine, phosphoserine, proline, sarcosine, serine, taurine,
threonine, tryptophan, tyrosine, valine

BDNF, brain-derived neurotrophic factor; CAF, C-terminal agrin fragment; CCL, C-C motif chemokine ligand; CRP, C-reactive protein;
FGF, fibroblast growth factor;G-CSF, granulocyte colony-stimulating factor;GM-CSF, granulocyte-macrophage colony-stimulating factor;
Hsp72, heat shock protein 72; HtrA1, high-temperature requirement serine protease A; IFN, interferon; IGF-1, insulin-like growth factor 1;
IL, interleukin; IL1-ra, IL1 receptor agonist; IP, IFN-γ-induced protein;MCP-1, monocyte chemoattractant protein 1;MIP-1α, macrophage
inflammatory protein 1α; MIP-1β, macrophage inflammatory protein 1β; MPO, myeloperoxidase; P3NP, procollagen III N-terminal
peptide; PDGF-BB, platelet-derived growth factor BB; TNF-α, tumor necrosis factor alpha

Table 3 Serum concentrations of discriminant biomolecules
identified by sequential and orthogonalized covariance selection
(SO-CovSel) analysis in the whole study sample. Matrices are
ordered according to the sequence in which they were entered in
the model

PF&S
(n = 100)

NonPF&S
(n = 100)

Matrix 1 PDGF-BB (ng/mL) 2.8 (1.7) 3.3 (2.0)

Matrix 4 α-aminobutyric
acid (μmol/L)

18.8 (5.8) 21.9 (7.4)

Asparagine (μmol/L) 89.3 (19.15) 77.7 (15.5)

Aspartic acid (μmol/L) 24.0 (7.4) 16.4 (4.3)

Citrulline (μmol/L) 42.3 (19.3) 37.6 (16.5)

Matrix 3 Hsp72 (ng/mL) 1.3 (0.9) 2.3 (1.8)

Matrix 2 MPO (ng/mL) 237.6 (204.4) 367.3 (463.6)

Data are shown as median and interquartile range

Hsp72, heat shock protein 72; MPO, myeloperoxidase; PDGF-
BB, platelet-derived growth factor BB
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comprehensive, multivariable landscape that incorpo-
rates as many contributing factors as possible (Calvani
et al. 2015; Jylhävä et al. 2017).

In the present study, we tested a new way in the
uncharted waters of biomarker discovery in geroscience.
To this aim, we selected a newly operationalized age-
related condition, PF&S, which embodies in its complex
pathophysiology all biological “pillars” of aging
(Calvani et al. 2015). Notably, PF&S has received initial
endorsement by the European Medicines Agency
(EMA) as a prototypical geriatric/geroscience condition
(Marzetti et al. 2018). Then, we applied an innovative
analytical method, SO-CovSel, for biomarker selection.
This approach allowed highlighting some distinctive
features of PF&S as well as possible gender-specific
pathways of interest (Fig. 1). Among the different SO-
CovSel models tested, we selected those with the best
classification performance using the smallest set of
analytes. This choice was pursued to meet obvious
requirements in biomarker implementation (e.g.,

economic feasibility) and to speed up biomarker use in
the clinical arena (Sprott 2010; Justice et al. 2018).

One major finding of our investigation was the defi-
nition of a reduced number of inflammatory biomole-
cules associated with PF&S. In the whole study sample,
the inflammatory contribution may be recapitulated by
only two mediators, MPO and PDGF-BB, which were
both lower in participants with PF&S. In both gender-
specific models, MIP-1β was also selected among the
most relevant biomarkers for the discrimination between
PF&S and control participants. Recently, we described a
frailty “cytokinome” in older adults with PF&S (Marzetti
et al. 2019). This “core” inflammatory profile was de-
fined by higher serum levels of P-selectin, CRP, and
IFN-γ-induced protein 10 (IP-10) and lower levels of
MPO, IL8, MCP-1, MIP-1α, and PDGF-BB. SO-

Table 4 Results of partial least squares regressionmodels relating
SO-CovSel-selected biomarker concentrations in serum to age,
anthropometry, body composition, and physical performance in
the whole study sample and in the two genders

R2 Q2

Whole study sample

Age 0.21 0.10

BMI 0.28 0.15

SPPB summary score 0.53 0.43

aLM 0.20 0.05

aLMBMI 0.25 0.15

Men

Age 0.37 0.04

BMI 0.35 0.08

SPPB summary score 0.48 0.28

aLM 0.31 0.07

aLMBMI 0.56 0.34

Women

Age 0.14 0.02

BMI 0.25 0.13

SPPB summary score 0.49 0.35

aLM 0.37 0.27

aLMBMI 0.22 0.08

aLM, appendicular lean mass; aLMBMI, appendicular lean mass
adjusted by body mass index (BMI); SO-CovSel, sequential and
orthogonalized covariance selection; SPPB, short physical perfor-
mance battery

Table 5 Serum concentrations of discriminant biomolecules
identified by gender-specific sequential and orthogonalized co-
variance selection (SO-CovSel) analysis

Men (n = 75)

PF&S
(n = 25)

NonPF&S
(n = 50)

Matrix 1 MIP-1β (ng/mL) 144.0 (88.0) 189.4 (58.4)

Matrix 4 α-aminobutyric acid
(μmol/L)

18.7 (5.4) 23.4 (6.1)

Asparagine (μmol/L) 92.1 (14.3) 76.6 (20.2)

Aspartic acid
(μmol/L)

24.6 (14.3) 16.4 (5.2)

Phosphoetanolamine
(μmol/L)

0.9 (0.3) 1.4 (0.8)

Matrix 3 CAF (ng/mL) 0.2 (0.1) 0.1 (0.1)

Hsp72 (ng/mL) 1.3 (0.6) 2.1 (1.5)

Matrix 2 FGF21 (ng/mL) 535.2 (362.9) 275.2 (340.9)

Women (n = 125)

PF&S
(n = 75)

NonPF&S
(n = 50)

Matrix 1 PDGF-BB (ng/mL) 3.1 (1.8) 3.9 (2.5)

MIP-1β (ng/mL) 175.6 (72.4) 176.2 (76.7)

Matrix 4 Aspartic acid
(μmol/L)

23.9 (4.9) 16.4 (3.6)

Matrix 3 Hsp72 (ng/mL) 1.4 (1.0) 2.5 (1.7)

Matrix 2 MPO (ng/mL) 227.5 (182.3) 667.3 (593.4)

Matrices are ordered according to the sequence in which they were
entered in the model. Bolded analytes are common to the two
genders; gender-specific discriminant biomolecules are unbolded.
Data are shown as median and interquartile range

CAF, C-terminal agrin fragment; FGF21, fibroblast growth factor
21; Hsp72, heat shock protein 72; MIP-1β, macrophage inflam-
matory protein 1β; MPO, myeloperoxidase; PDGF-BB, platelet-
derived growth factor BB
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CovSel analysis allowed us further restricting the num-
ber of mediators required to describe the contribution of
inflammation to PF&S. Pro-sarcopenic/pro-disability ef-
fects have traditionally been attributed to inflamm-aging
(Bano et al. 2017; Wilson et al. 2017; Franceschi et al.
2018; Furman et al. 2019). Besides the increase in single
canonical pro-inflammatory cytokines (e.g., CRP, IL6),
alterations in anti-inflammatory pathways and in the
composition/function of immune cell subsets have been
associated with detrimental changes in body composi-
tion and reduced physical performance (Soysal et al.
2016; Wilson et al. 2017; Furman et al. 2019). In this
context, the reduced circulating levels of MPO observed
in PF&S participants may be interpreted as a specific
immunosenescence marker for this condition. Indeed,
among the perturbations of immune function that have
been described in the context of frailty and sarcopenia,
neutrophil dysfunction may lead to reduced MPO secre-
tion (Butcher et al. 2000; Wilson et al. 2017). Decreased
MPO levels may also be secondary to micronutrient
inadequacies that are common in frail older people
(Busti et al. 2014). Specifically, iron deficiency may
impair MPO biosynthesis (Maggini et al. 2007).

Participants with PF&S also showed lower circulating
levels of PDGF-BB andMIP-1β. PDGF-BB belongs to a
family of growth factors that possess several biological
functions, including regulation of proliferation,

differentiation, and migration of cells of mesenchymal
origin (Andrae et al. 2008). In particular, PDGF-BB plays
a crucial role in platelet-mediated regeneration of skeletal
muscle by stimulating proliferation of satellite cells and
myoblasts (Scully et al. 2018, 2019). The reduced serum
levels of PDGF-BB observed in older adults with PF&S
may therefore suggest a defective muscle regenerative
capacity as a possible contributing factor to PF&S devel-
opment (Brzeszczyńska et al. 2018). This idea is also
supported by the presence of MIP-1β among the selected
biomarkers in both gender-specific models. MIP-1β is a
member of CC family chemokines that directly regulate
myoblast behavior in response to muscle injury
(Yahiaoui et al. 2008). Lower circulating levels of MIP-
1β may be indicative of perturbation in macrophage
polarization, a process relevant for efficient skeletal mus-
cle regeneration (De Santa et al. 2019).

Participants with PF&S were also characterized by
specific amino acid fingerprints. In a preliminary anal-
ysis involving a smaller group of BIOSPHERE partici-
pants, we identified a distinct profile of circulating ami-
no acids in older adults with PF&S (Calvani et al.
2018b). In particular, the combination of nine amino
acids (i.e., α-aminobutyric acid, asparagine, aspartic
acid, citrulline, ethanolamine, glutamic acid, methio-
nine, sarcosine, and taurine) was able to correctly pre-
dict the presence of PF&S in about 75% of cases

Fig. 1 Candidate biomarkers for physical frailty and sarcopenia
(PF&S) identified in the whole study sample through sequential
and orthogonalized covariance selection (SO-CovSel) analysis

and their putative roles in PF&S pathophysiology. Hsp72, heat
shock protein 72; MPO, myeloperoxidase; PDGF-BB, platelet-
derived growth factor BB. Marzetti (2020)
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(Calvani et al. 2018b). The implementation of the SO-
CovSel algorithm allowed us reducing the number of
amino acids requested to distinguish older adults with
PF&S from nonPF&S controls. A lower serum concen-
tration of α-aminobutyric acid was the first feature that
spotted the serum amino acid profile of PF&S. Alpha-
aminobutyric acid is a non-essential amino acid deriving
from the catabolism of methionine, threonine, and serine
(Matsuo and Greenberg 1955). A role for α-
aminobutyric has been demonstrated in the regulation
of glutathione biosynthesis (Irino et al. 2016). Following
oxidative stress, the glutathione biosynthetic pathway is
stimulated to compensate for its increased consumption
(Meister and Anderson 1983). The activation of gluta-
thione synthesis initiates the parallel production of its
analogue ophthalmic acid from α-aminobutyric (Soga
et al. 2006). Alpha-aminobutyric acid was shown to
modulate glutathione homeostasis in the myocardium,
and its oral administration efficiently increased circulat-
ing and myocardial glutathione levels in mice (Irino
et al. 2016). The reduced serum levels of α-
aminobutyric acid found in PF&S participants may thus
indicate increased oxidative stress and/or a perturbation
in the glutathione biosynthetic pathway. Noticeably,
glutathione metabolism shows sexual dimorphism in
both rodents and humans (Wang et al. 2020), with males
exhibiting more evident age-associated changes in glu-
tathione content and oxidative damage than females in
several tissues, including muscle (Pansarasa et al. 2000;
Wang et al. 2003). These observations may, at least
partly, explain the differential classification power of
α-aminobutyric acid determined in gender-specific
SO-CovSel analysis.

Collectively, the presence of asparagine, aspartic ac-
id, and citrulline among the best predictors of PF&S
may be indicative of disturbances in several muscle-
specific and interorgan processes modulating whole-
body energy metabolism, cellular anabolic pathways,
and nitrogen/glutamine homeostasis. Asparagine and
aspartic acid are among the amino acids that are metab-
olized in resting muscles (Wagenmakers 1998a,b).
These amino acids provide both the amino groups and
the carbon skeleton required for the synthesis of gluta-
mine and tricarboxyl acid cycle intermediates (Owen
et al. 2002). Notably, asparagine, that is structurally
similar to glutamine, exerts several important functions
in muscles. Indeed, asparagine may (a) be used as a
preferred nitrogen source to support protein synthesis,
(b) inhibit muscle protein degradation through its action

on muscle protein kinase B and AMP-activated protein
kinase, and (c) reduce the expression of muscle pro-
inflammatory cytokines through toll-like receptor 4
and nucleotide-binding oligomerization domain protein
signaling (Wang et al. 2016; Pavlova et al. 2018).
Aspartic acid and citrulline are intermediates of the urea
cycle, one of the major processes regulating whole-body
nitrogen homeostasis. Alterations in urea cycle interme-
diates and nitrogen metabolic pathways have been de-
scribed in aging and age-related chronic conditions,
including frailty and type 2 diabetes (Prior et al. 1996;
Mangoni et al. 2019; Calvani et al. 2020). Besides its
role in nitrogen homeostasis, citrulline may has also
stimulate muscle protein synthesis through its purported
ability to activate the mechanistic target of rapamycin
complex 1 and by reallocating mitochondrial fuel to the
protein synthesis machinery (Le Plénier et al. 2012;
Goron et al. 2019). For all these properties, citrulline
has been suggested as a possible agent to contrast
sarcopenia (Breuillard et al. 2015; Martone et al. 2015,
Papadia et al. 2017). Serum citrulline levels may in-
crease with aging due to the progressive decline of liver
and renal function (Sarwar et al. 1991; Pitkänen et al.
2003; Kouchiwa et al. 2012; Chaleckis et al. 2016).
However, kidney and liver function were not different
between PF&S and nonPF&S participants.

In men, lower serum levels of phosphoethanolamine
characterized the biomarker profile of PF&S.
Phosphoethanolamine is an intermediate of the CDP-
e t h a n o l am i n e p a t hway , a ma i n r o u t e i n
glycerophospholipid metabolism and biological mem-
brane turnover (Patel and Witt 2017; van der Veen et al.
2017). Alterations in the CDP-ethanolamine pathway
and skeletal muscle phospholipid metabolism have been
associated with insulin resistance, myofiber damage,
perturbed muscle mitochondrial integrity, and muscle
wasting (Funai et al. 2016; Selathurai et al. 2019). In
addition, we recently showed that this pathwaymay also
be involved in the disabling cascade in frail older per-
sons with type 2 diabetes mellitus (Calvani et al. 2020).

FGF21 was among the SO-CovSel-selected bio-
markers in male-specific model. FGF21 is a myokine
with pleiotropic functions that is secreted by muscles
upon different stimuli, including fasting, endoplasmic
reticulum stress, metabolic disorders, and mitochondrial
dysfunction (Tezze et al. 2019). In rodents, FGF21
promotes muscle atrophy through (dys)regulation of
mitophagy and anabolic/catabolic balance (Oost et al.
2019). In humans, circulating FGF21 levels increase
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with age and in the setting of various metabolic condi-
tions, including obesity, insulin resistance, and type 2
diabetes mellitus (Zhang et al. 2008; Chavez et al. 2009;
Conte et al. 2019). Though, in the present study, no
relationships were found between FGF21 and age or
anthropometric and functional parameters.

CAF is generated from the proteolytic cleavage of
agrin, a critical component of the neuromuscular junc-
tion (Stephan et al. 2008). Increased CAF levels in the
circulation have been associated with neuromuscular
damage and sarcopenia in old mult imorbid
community-dwellers and in hip-fractured patients
(Marzetti et al. 2014a; Landi et al. 2016). The relevance
of CAF as a discriminant molecule in men with PF&S
may reflect a gender-specific role for neuromuscular
damage in the development of sarcopenia, as previously
described by others (Drey et al. 2013).

The last relevant finding of the present study was the
determination of lower serum Hsp72 levels in partici-
pants with PF&S compared with controls. Hsp72 is an
almost ubiquitous protein that is upregulated in response
to a variety of stressors (Johnson and Fleshner 2006). At
the skeletal muscle level, Hsp72 induction preserves
muscle architecture and function, increases mitochon-
drial number and oxidative capacity, reduces inflamma-
tion, and protects against obesity-induced insulin resis-
tance (Chung et al. 2008; Gehrig et al. 2012; Henstridge
et al. 2014). Circulating Hsp72 levels ramp up in re-
sponse to several stress stimuli, including disease con-
ditions such as renal and cardiovascular disease
(Johnson and Fleshner 2006). Extracellular Hsp72 pos-
sesses potent protective modulatory effects on innate
and acquired immunity (Johnson and Fleshner 2006).
Recently, Hsp72 has been proposed as a sarcopenia
biomarker, since its plasma concentrations were associ-
ated with low muscle mass and function in older adults
(Ogawa et al. 2012).Moreover, circulating Hsp72 levels
were reduced after a 16-week exercise program in older
sarcopenic men, albeit no correlation among Hsp72
concentrations, muscle mass, or inflammatory markers
was found (Perreault et al. 2016). Together with low
levels of MPO, PDGF-BB and MIP-1β, reduced serum
concentrations of Hsp72 in people with PF&S may
result from perturbations in hormetic signals needed to
preserve muscle mass and function in late life
(Calabrese et al. 2015; Calabrese and Mattson 2017).

Some limitations of the present study should be ac-
knowledged. First, although the study population was
appropriately selected and characterized, the sample

was relatively small and the number of variables ana-
lyzed was quite large. However, SO-CovSel is especial-
ly suited for handling matrices where strong interdepen-
dence is present among biomarkers and variables are
organized in multi-block datasets (Biancolillo and Naes
2019; Biancolillo et al. 2020; Picca et al. 2020). Only
Caucasian older people were enrolled in the present
study; thus, our findings need to be validated in other
ethnic groups. Both physical activity and nutritional
habits may impact serum levels of several biomolecules
assayed. Although only physically inactive, non-
malnourished persons were enrolled in the study, phys-
ical activity levels and diet composition were not
assessed. The investigation followed a cross-sectional
design, which does not allow establishing definite
mechanistic and temporal relationships between chang-
es in circulating mediators and PF&S. Finally, although
a large number of biomolecules was assayed, we could
not analyze all possible mediators involved in PF&S.
Hence, the presence of more powerful biomarkers of
PF&S cannot be excluded.

In conclusion, SO-CovSel analysis allowed selecting
and evaluating the classification performance of a panel
of candidate biomarkers for PF&S as well as suggesting
gender-specific fingerprints. As opposed to traditional,
monodimensional biomarker discovery strategies, SO-
CovSel is a promising tool to cope with the complex
network of pathways underlying age-related phenomena
(Calvani et al. 2015; Cohen et al. 2018; Justice et al.
2018, Picca et al. 2020). The longitudinal implementa-
tion of such a novel analytical framework could allow
definite identification of biomarkers possessing the re-
quirements for their application in the clinical arena (e.g.,
reliability, feasibility, predictive ability toward relevant
health outcomes, responsiveness to interventions).
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