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Abstract

Background Sarcopenia is the progressive generalized loss of skeletal muscle mass, strength, and function that occurs with
aging. This study was undertaken to identify new biomarkers of sarcopenia by proteomics analysis of female sera.
Methods A case–control study was set up, for which 19 sarcopenic subjects and 20 control subjects, according to the
European Working Group on Sarcopenia Older People criteria published in 2010 (EWGSOP1), were enrolled. All the subjects
were at least 65 years old and in majority female. Biomarker screening was performed by a comparative mass spectrometry
analysis. Protein expression levels between the two groups were compared. One of the identified biomarkers, cathepsin D,
was measured by immunoassay on the serum of the full sample set (n = 39). Its diagnostic performance was evaluated with
a receiver operating characteristic curve (ROC curve).
Results Two biomarkers were identified: fructose‐biphosphate aldolase A (P ≤ 0.05) and cathepsin D (P ≤ 0.05). The levels of
all of them were higher in sarcopenic patients. It was confirmed by immunoassay that cathepsin D levels in serum were sig-
nificantly higher in the sarcopenic group of patients (P = 0.038). An inverse correlation (�0.385) was observed between ca-
thepsin D levels in serum and gait speed. The area under the ROC curve measurement (AUC = 0.696) demonstrated that
cathepsin D levels could discriminate between sarcopenic and non‐sarcopenic subjects. A predictive model including cathepsin
D, age, and body mass index was established to improve the diagnostic performance (AUC = 0.908).
Conclusions Cathepsin D has been identified as a diagnostic biomarker of sarcopenia.

Keywords Sarcopenia; Proteomics; Cathepsin D; Muscle; Diagnosis; Biomarker

Received: 14 March 2020; Revised: 3 August 2020; Accepted: 31 August 2020
*Correspondence to: Yves Henrotin, Artialis Group SA, GIGA Tower, Avenue de l’hôpital, 4000 Liège, Belgium. Email: yhenrotin@uliege.be

Introduction

Sarcopenia is a disease of the elderly, whose physiopatholog-
ical mechanisms are still poorly understood. Sarcopenia is
characterized by low skeletal muscle mass and low muscle
strength, which is occurring gradually with aging. Among
other consequences, sarcopenia is causing a reduction of
walking speed and loss of balance, affecting patient mobility
and rising their risk of falls. Therefore, sarcopenia is associ-
ated with poor quality of life,1 an increased risk of depen-
dence, and mortality.2 Prevalence of sarcopenia correspond
to about 5–10% of persons over 65. It increases with age

and can be over 50% for persons above 80 years old.3 Preva-
lence estimation depends on definition of sarcopenia
considered.4

In the past, sarcopenia was not always considered as a dis-
ease but rather as a disorder associated to some chronic dis-
eases affecting the elderly. Now and for few years, it has a
disease status, although there is no specific treatment yet,
only preventive measures such as diet supplements (proteins,
collagen peptides, and vitamin D) and/or physical
exercises.1,5 In 2010, representatives (researchers and clini-
cians) of 13 European institutes, gathered in a Special Interest
Groups (SIG) within the European Society of Clinical Nutrition
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and Metabolism (ESPEN), published a consensus definition of
sarcopenia.6 Criteria were a low muscle mass, that is, a per-
centage of muscle mass ≥2 standard deviations below the
mean measured in young adults of the same sex and ethnic
background; and a low gait speed, for example, a walking
speed below 0.8 m/s in the 4 m walking test or another geri-
atric assessment. The same year, a more detailed consensus
definition of sarcopenia was published by the European
Working Group on Sarcopenia in Older People (EWGSOP).7

It describes different stages: presarcopenia, sarcopenia, and
severe sarcopenia. Cut‐off values by gender are reported
for the main diagnostic techniques (Table 1). This definition
was subsequently represented by the EWGSOP1 acronym
and following a longitudinal study, was found in 2016 to be
a good predictor of subsequent disability, hospitalization,
and death.8 Despite these results, the EWGSOP revised the
2010 definition to reach a new consensus definition in
2019, EWGSOP2,9 in which the main diagnostic criterion is
low muscle strength confirmed by imaging techniques. Phys-
ical performance that was used to being part of the diagnos-
tic criteria in 2010 is now categorizing the severity of
sarcopenia. To standardize measurement and diagnosis, mus-
cle strength and physical performance are evaluated with
several well‐described physical and functional tests such as
‘6 min walking test (6MWT)’, hand test, gait speed, or the
Tinetti mobility test. This latter test was shown to be related
to muscle mass and strength,10 whereas imagery techniques
are used to measure the muscle mass. Dual‐energy X‐ray ab-
sorptiometry (DXA) became the gold standard technique in
clinical trials studying sarcopenia. The computed tomography
and magnetic resonance imaging, more expensive, are other
imaging techniques also used to assess the muscle mass.11,12

The muscle mass loss characterizing sarcopenia goes along
with a modification of the muscle morphology. This includes a
decrease in size and number of type II fibres (fast twitch fi-
bres), while there is an increase in fat deposits as well as in
connective tissues.13,14 As written by Larsson et al.15 and sug-
gested previously by others,16,17 these muscle transforma-
tions could be the consequence of the progressive loss of
motoneurons, which was indeed previously observed.18 Pro-
teins involved in this muscle morphology changes, which
would end up in the blood general circulation or in urine,
could be potential biomarkers for sarcopenia.

Biomarkers are useful in several ways. They can be assayed
either to perform a diagnosis, avoiding more costly examina-
tion, to predict disease progression or to indicate a subgroup
of patients sensitive to a specific treatment, or to follow‐up
on a treatment efficiency. A combination of biomarkers could
be required for diagnosis, and this combination could be dif-
ferent from early stage to late stage of the disease. For
sarcopenia, circulating biomarkers would be particularly use-
ful for early stage as there is currently no blood test for this
disease.

Likewise, other skeletal muscle‐specific proteins entering
in the blood circulation following a tissue damage,19 α‐actin,
which is released in serum after skeletal muscle damage,20

could be a potential biomarker. Procollagen‐3 NH2 terminal
peptide (P3NP), is an example of biomarkers associated with
muscle anabolism to hormonal response.21,22 However, these
muscle proteins might not be specific enough to differentiate
sarcopenia from other muscle diseases. A 2015 review re-
ports some circulating biomarkers for sarcopenia23 including
well‐known proteins of the inflammatory response such as
the C‐reactive protein, interleukin 6, and tumour necrosis
factor‐α. Furthermore, in 2018, the creatinine (Cr)/cystatin
C (CysC) ratio has been evaluated among a group of 677 rural
elderly Japanese without severe renal deficiency and pro-
posed as a predictor of sarcopenia.24 Correlation studies were
performed, but performance of these markers for diagnosis
was not checked. The same year, a study, on 21 potential se-
rum biomarkers,25 reported that the levels of four proteins
(interleukin 6, secreted protein acidic and rich in cysteine,
macrophage migration inhibitory factor, and insulin‐like
growth factor 1), measured using immunoassays, were statis-
tically significantly different between normal subjects and pa-
tients with moderate sarcopenia (according to EWGSOP1).
Diagnostic performance evaluated with receiver operating
characteristic (ROC) curves showed area under the curve
(AUC) below 0.7. Combination of these four markers in a lo-
gistic regression model resulted in an AUC of 0.763. This re-
sult indicates that the performance of the method is good
but may be not enough for diagnostic purposes. Therefore,
new biomarkers have to be identified. In this work, we com-
pared the proteome of female serum coming from sarcopenic
and non‐sarcopenic subjects to identify new discriminating
biochemical markers.

Table 1 Sarcopenia diagnostic criteria published in 2010 (EWGSOP1)

Stage Muscle mass Muscle strength Performance

Normal (S1)
Presarcopenia (S2) ↓
Sarcopenia (S3) ↓ AND ↓ OR ↓
Severe sarcopenia (S4) ↓ AND ↓ AND ↓
Main technique DXA (muscle mass index) Handgrip strength Gait speed
Cut‐off Men ≤7.25 kg/m2 Men <30 kg <0.8 m/s

Women ≤5.67 kg/m2 Women <20 kg

The subgroups considered for our study are S1: normal subjects with all criteria normal; S2: presarcopenic with lower muscle mass only;
S3: sarcopenic patients; and S4: severe sarcopenic patients. DXA, dual‐energy X‐ray absorptiometry.
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Materials and methods

Subjects and groups

A prospective and multi‐centre study was set up to enrol sub-
jects aged 65 or older, in two main groups (controls and
sarcopenic). According to the definition of the European
Working Group on Sarcopenia in Older People published in
2010 (EWGSOP1)7 (Table 1), four subgroups were possible:
control (S1), presarcopenia (S2), sarcopenia (S3), and severe
sarcopenia (S3) (Table 2). However, as no fundamental clini-
cal difference between groups was observed, subgroups were
pooled to end up with 20 subjects considered as controls (S1
and S2) and 19 considered as sarcopenic patients (S3 and S4).
Their muscle mass was evaluated by measuring the Skeletal
Mass Index (SMI) corresponding to appendicular lean mass
using the DXA technique, while their muscular function
(strength and performance) was estimated using validated
methods (handgrip strength test and 6 m walk test) and ac-
cording to standardized procedures.26–28 A blood sample
and a urine sample were collected from enrolled patients.
Clinical data were extracted from medical records, and results
of routine laboratory tests were collected during study visits.
Other data were collected via patient questionnaires: Nutri-
tional Status Assessment, evaluation of protein consumption,
lifestyle, history of falls and fractures, level of physical activ-
ity, assessment of cognitive function with the Mini‐Mental
State Examination (MMSE) score, and other functional evalu-
ations. Data were encoded in paper Case Report Forms.

Cachexia was part of exclusion criteria [Mini Nutritional As-
sessment (MNA) score < 17/30; body mass index
(BMI) < 17 kg/m2]. Subjects whose muscle strength and/or
walking speed were lower than normal but whose DXA
showed a muscle mass above the sarcopenia threshold did
not belong to either the control group or the sarcopenia
group. Provided that they had not presented an exclusion cri-
terion, the samples of these subjects were kept, but results
were not reported in this article.

Proteomic analyses

Serum samples from 10 female control subjects and 10 fe-
male sarcopenic subjects were analysed by mass spectrome-
try (MS) as described in the succeeding text. Protein
content of serum samples was determined using the ‘RC

DC™’ kit from Bio‐Rad (Brussels, Belgium); 1800 μg proteins
were treated using the ProteoPrep immunodepletion plasma
kit (Sigma, St. Louis, USA) according the protocol of the man-
ufacturer. The final flow through was aliquoted and stored at
�20°C until further analysis. One‐third of the sample was
used for protein assay (RC DC kit from Bio‐Rad); 3 μg of each
depleted sample were reduced, alkylated, and reduced again.
Removal of impurities incompatible with MS analysis was per-
formed using a 2D Clean‐Up Kit (GE) according the manufac-
turer’s recommendations. Protein pellets were solubilized in
bicarbonate ammonium of 50 mM. Protein samples were
then digested with trypsin (16 h at 37°C) with trypsin/total
proteins ratio (W/W) of 1/10 and 3 h at 37°C with a ratio of
1/20 in 80% acetonitrile. The reaction was stopped by addi-
tion of trifluoroacetic acid. The samples were dried in a speed
vacuum. Samples were dissolved in water 0.1% formic acid
and then aliquoted; 0.7 g of protein digest was purified using
a Zip‐Tip C18 high capacity according to the manufacturer’s
recommendations. Samples were dried in a speed vacuum
and solubilized in 100 mM ammonium formate (pH 10) at
0.067 μg/μL; 9 μL of sample was spiked with an internal con-
trol corresponding to a MassPREP™ Protein Digestion Stan-
dard Mixtures (MPDSMIX) from Waters (Milford, USA),
containing four digested proteins, at a quantity of 150 fmol
of Alcohol DeHydrogenase (ADH) digest per injection. More
precisely, the MassPREP™ Protein Digestion Standard Mix-
tures (MPDSMIX) from Waters consists of two standard mix-
tures (MPDS Mix 1 and MPDS Mix 2). Mix 1 and Mix 2 contain
the same standard proteins but in different molecular ratio.
Mix 2 contains twice the amount of Mix 1 for enolase, which
allow to have a positive control for difference in quantities.
Mix 1 was spiked into control samples and Mix 2 in
sarcopenic sample. The liquid chromatography method was
a 2D liquid chromatography method with three steps of
180min at high pH with increasing percentage of acetonitrile.
The eluted peptides were loaded on the low pH column
[5 min gradient from 99% of A (0.1% formic acid) to 93% of
B (acetonitrile) followed by a 135 min gradient from 93% of
A to 65% of B]. The mass spectrometer method is a
TopN‐MSMS method where N was set to 12, meaning that
the spectrometer acquired one full MS spectrum, selected
the 12 most intense peaks in this spectrum (singly charged
precursors excluded), and made a full MS2 spectrum of each
of these 12 compounds. The parameters for MS spectrum ac-
quisition were mass range from 400 to 1750 m/z, resolution
of 70 000, AGC target of 1e6, or maximum injection time of
200 ms. The parameters for MS2 spectrum acquisition were
isolation window of 1.6 m/z, collision energy (NVE) of 25, res-
olution of 17 000, AGC target of 1e5, or maximum injection
time of 50 ms. The database searches and quantitative anal-
yses were performed with MaxQuant software version
1.5.2.8.29 Protein identifications were considered significant
if proteins were identified with at least two peptides per pro-
tein taking into account only a false discovery rate < 0.01.

Table 2 Subgroup description

Subgroup Median age Female count Male count

S1 77.5 7 1
S2 77 10 2
S3 83 7 2
S4 77.5 9 1

Age and sex distribution among the subgroups.
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Cathepsin D measurement in serum

Cathepsin D in serum was assayed by sandwich
enzyme‐linked immunosorbent assay (ELISA) with the Human
Cathepsin D ELISA Kit from Abcam, Cambridge, USA
(# ab213470).

Statistical analysis

Perseus software version 1.6.2.3 was used to do a statistical
comparative analysis of the proteomic data of the two groups
of samples. Student’s t‐tests are performedwith 250 permuta-
tions to adjust the P value (α = 0.05). Visualization of the t‐tests
results was performed with a volcano plot.30

For the other data analyses and graphical representations,
R software version 3.5.1 (2018‐07‐02) was used. Statistical
significance was also set to a P value < 0.05 (α = 0.05). The
non‐parametric Mann–Whitney–Wilcoxon test was applied
when comparing two groups. The R Package ‘pROC’ was used
to plot the ROC curve and calculate the AUC. A multivariate
logistic regression was performed to establish a predictive
model with the logit function. The Akaike information crite-
rion (AIC) and the analysis of deviance were used to compare
nested models.

Results

Subject and subgroup characteristics

Sixty‐two subjects were enrolled. Among them, 4 showed
screening failures and 19 had a decrease of muscle strength
without a decrease of muscle mass, which was not a
sarcopenia condition as defined by the EWGSOP1 (Table 1).
Therefore, data from the remaining 39 patients were studied.

EWGSOP1 definition implies that sarcopenic patients (S3,
Table 1) had a low handgrip strength (<30 kg for men and
<20 kg for women) or a decreased walking speed (<0.8 m/s)
combined to a low skeletal mass index (SMI; ≤7.25 kg/m2 for
men and ≤5.67 kg/m2 for women). Regarding severe
sarcopenic patients (S4, Table 1), measurements of these
three criteria were lower than normal.

Under these conditions, our sarcopenic S3 subgroup in-
cluded nine patients with handgrip strength or walking speed
lower than the EWGSOP1 cut‐off (Table 2). In addition, there
were 10 severe sarcopenic patients with handgrip strength
and walking speed below the EWGSOP1 cut‐off (S4 subgroup,
Table 2). All 19 patients (S3 plus S4) were also having low SMI.
Moreover, eight subjects were normal for all characteristics
considered (S1 subgroup, Table 2). The remaining 12 patients
with low muscle mass but no decrease in handgrip strength
and gait speed were classified as part of the S2 subgroup. All
subgroups were composed mainly of women (Table 2).

For all patients, some other clinical measurements were
collected, such as the MNA, the MMSE, the Tinetti mobility,
and balance score or the Dijon Physical Activity Score. Sub-
groups were compared statistically on clinical criteria (Table 3)
with α = 0.05. Based on these results, it was not possible to
conclude about Mental State association with sarcopenia.
The most different subgroups seemed to be S1 and S4. In-
deed, it was for the comparison S1 vs. S4 that most criteria
were statistically different. Not as many clinical criteria were
shown to be different between S3 and S4 subgroups as only
the performance of the 6MWT was statistically different. S1
and S2 differ by definition on the SMI and consequently on
the BMI (Table 3). This indicated that S1 and S2 subgroups
were clinically close together. Likewise, S3 and S4 subgroups
were also clinically close. Because numbers in each subgroup
were small and because we could observe clinically related
subgroups, it was decided to pool S3 patients with S4 patients
to constitute our sarcopenic group of 19 patients for further
studies. These patients were compared with a control group

Table 3 Subgroup comparison

P value

S1 vs. S2 S1 vs. S3 S1 vs. S4 S2 vs. S33 S2 vs. S4 S3 vs. S4

BMI 0.0171 0.0171 0.0171 0.5329 0.8898 0.9048
SMI 0.0065 0.0187 0.0033 0.8078 0.5474 0.3642
Left hand strength test 0.7855 0.0271 0.0022 0.0204 0.0013 0.3679
Right hand strength test 0.7063 0.0241 0.0058 0.0058 0.0058 0.7746
6 min walking test 0.5890 0.1377 0.0009 0.5065 0.0005 0.0009
Tinetti score 0.5722 0.4816 0.0314 0.4816 0.0062 0.1849
Dijon score 0.3142 0.6290 0.3142 0.1900 0.0543 0.3142
MNA score 0.2390 0.1059 0.0048 0.2390 0.0119 0.2247
MMSE score 0.5183 0.5183 0.5183 1.0000 0.5183 0.5183

Results of index measurements, tests, and scores for the different factors considered are compared between subgroups. The P values are
calculated by pairwise comparisons between group levels with corrections for multiple testing using R software and pairwise Wilcoxon
rank sum tests. BMI, body mass index; MMSE, Mini‐Mental State Examination; MNA, Mini Nutritional Assessment; SMI, skeletal muscle
index. Bold corresponds significant P value.
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of 20 control subjects corresponding to S1 subjects pooled
with S2 ones.

Comparison of clinical characteristics of the control
group vs. the sarcopenic group

Subject characteristics for some clinical variables were sum-
marized in Figure 1 by box plots. The variables shown corre-
spond to two physical characteristics of the individuals (age
and BMI) and seven characteristics more specific to
sarcopenia (skeletal mass index, hand strength, mobility or
physical performances, and nutrition). In most cases, data
were not normally distributed, so the control group was com-
pared with the sarcopenic group using the Mann–Whitney–
Wilcoxon non‐parametric test (Figure 1). It could be observed
that age distribution was not the same between control and
sarcopenic patients. Regarding strength (right or left hand),
mobility (Tinetti test), physical performance (Dijon score), or
gait speed (6MWT), they were significantly lower in the
sarcopenic group compared with the control group (all the
P values being below 0.05). This was also the case of the
BMI, the skeletal mass index (SMI), and the MNA score. How-
ever, no significant difference was observed for the MMSE
score between the control and sarcopenic groups (not
shown). To summarize the overall variations, as age in-
creased, variables related to strength, mobility, and physical
performance, characterizing sarcopenia status, decreased sig-
nificantly as expected. In addition, sarcopenic patients have a
lower BMI as well as a lower skeletal mass index. The control
group had a satisfactory nutritional status while some
sarcopenic patients showed a risk of malnutrition without be-
ing undernourished (too low BMI was an exclusion criterion).

Proteomic analysis

Serum proteins were identified and quantified by MaxQuant
analysis of the MS data. Then a comparison of the levels of
serum proteins between the two groups of samples
(sarcopenic vs. control) was performed with Perseus software
by applying t‐tests with corrections for multiple hypotheses.
Statistical significance in protein levels between sarcopenic
and controls was plotted in a volcano plot (Figure 2) to visu-
alize results. Among the six significant proteins, three had un-
identified protein and gene names (Perseus). Nevertheless,
the Fasta header allows the following identifications:
P02769 protein ID was from bovine serum albumin, which is
part of the MassPREP Digestion Standard Mixtures;
CON__Q3SZR3 protein ID was identified as alpha‐1‐acid gly-
coprotein precursor from Taurus, a potential contaminant;
and P00489 protein ID corresponds to RABIT Glycogen phos-
phorylase also part of the Standard Mixtures. Then the three
other significant proteins identified with their protein names

were Enolase 1 from Saccharomyces cerevisiae, which is an
MS positive control; then the two sample‐specific proteins
with significant but modest different levels between the
two groups were fructose‐bisphosphate aldolase A and CTSD
(cathepsin D). Main proteomic information regarding these
two likely biomarkers was summarized in Table 4. For infor-
mation in the MassPREP Digestion Standard Mixtures, there
is a fourth protein (ADH from S. cerevisiae), which level is
not different between the two mixes and was identified as
a protein with no significant difference in its level between
sarcopenic and control samples.

Cathepsin D levels measured by immunoassay in
serum

The level of cathepsin D (ng/mL) has been assayed by ELISA in
all the serum samples. Like for the other variables, a box‐plot
representation was performed to compare the data distribu-
tion between the non‐sarcopenic and sarcopenic groups
(Figure 3). The median level of cathepsin D was higher in the
sarcopenic group (364.0 ng/mL) than in the control group
(314.7 ng/mL). The calculated P value being 0.038.

To better understand the link between cathepsin D and
sarcopenia, correlation coefficients between cathepsin D
and other variables (6MWT, Tinetti test, strength hand test,
MNA score, MMSE score, SMI, and Dijon score) specific of
sarcopenia were calculated. A t‐test on the slope was com-
puted to test for slopes different from zero. The highest cor-
relation and also the only significant one was with the result
of the 6MWT (Pearson coefficient = �0.385; P = 0.0155) as
shown in Figure 4A. This weak inverse correlation implies that
as gait speed decreases, the level of cathepsin D increases.
Another way to represent this correlation was with a box plot
(Figure 4B). One can observe that the highest CTSD levels
were associated with the lowest gait speed patients
(P = 0.038).

To evaluate the performance of cathepsin D to discrimi-
nate between sarcopenic and non‐sarcopenic patients, a
ROC curve was plotted based on the cathepsin D results.
Specificity and sensitivity were displayed for the optimal
threshold calculated by the software (Figure 5A). At the opti-
mal threshold (338 ng/mL), the sensitivity was 63.2% and the
specificity was 75%. The AUC was about 0.7. To improve the
method, a model including cathepsin D and other variables
was investigated. Logistic regression fit well diagnostic pur-
poses, and a logit model was chosen. To start with, a logit
model with only cathepsin D was looked at (not shown). In
that case, the coefficient for cathepsin D was not significant
(P = 0.0571), and the AIC for the model was 52.505. Another
more complex model was evaluated, which included cathep-
sin D, age, BMI, and age by BMI interactions (Table 5). The
AIC of this more complex model is 40.39 and was lower than
a model with cathepsin D only. Therefore, this latter model
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Figure 1 Sample data characteristics. Data distribution of nine numeric variables by group (control vs. sarcopenic) following EWGSOP1 diagnostic
criteria. Significant difference between the two data samples was evaluated using the non‐parametric Mann–Whitney–Wilcoxon test with R software.
The P value is displayed above each graph. The control group is composed of 20 subjects (8 normal + 12 presarcopenic), and the sarcopenic group is
composed of 19 subjects (9 sarcopenic + 10 severe sarcopenic).
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seemed to be better. The odds ratio for cathepsin D would be
just above 1 (1.01). The values predicted by this model re-
sulted in a ROC curve with an AUC of 0.908 (Figure 5B), which
was better than the one coming from cathepsin D biomarker
on its own. It also indicated a good ability of the model to dis-
criminate between sarcopenic and non‐sarcopenic subjects.
At the optimal threshold (0.559), the specificity was 85%
and the sensitivity was 89.5%. The importance of cathepsin
D contribution to the chosen model was checked by remov-
ing CTSD from this model. The new model was therefore cal-
culated with age, BMI, and age by BMI interactions (data not
shown). The analysis of variance comparing the two models
(with or without CTSD) showed a statistically significant dif-
ference (P = 0.009). Moreover, the AIC of the model without
CTSD increased to 45.14 indicating a relatively worse model.
As a result, the AUC of the ROC curve was smaller (0.858),
the sensitivity being 73.7%.

Discussion

The main aim of our study was to uncover new potential bio-
markers of sarcopenia out of proteomic analyses. To start
with, patients were enrolled in a case–control study and allo-
cated to the control group or to the sarcopenic group, depend-
ing on their characteristics (clinical evaluation of several tests)
and accordingly to the main sarcopenia definition published in
2010 by a group of experts in the field. New criteria were

proposed in 2019, which could not be applied to our popula-
tion sample, even in a post hoc analysis, as recruitment started
in 2015. Therefore, we cannot anticipate that similar results
would be obtained by using the new 2019 criteria. Regardless
of sarcopenia clinical definition, included sarcopenic patients
were different to control subjects. Indeed, sarcopenic patients
were weaker, showing lower physical performance. This was
associated to a lower BMI, lower skeletal mass index, and a
higher risk of being undernourished.

A proteomic method with MS technology, which is a
high‐throughput way, was used for screening for new bio-
markers in serum samples. The level of only two proteins
was found significantly higher in sarcopenic patients than in
the control group: fructose‐bisphosphate aldolase A and
modestly cathepsin D. However, our sample size might not
be large enough to identify more proteins. Moreover, despite
that the proteomic analysis was performed on only female
samples, the biomarkers uncovered are not necessarily spe-
cific to women. Mainly female subjects were enrolled. There
were not enough men to study by stratification the effect
of gender on biomarkers either in the proteomic analysis or
in the immunoassay analysis. Sex was not a variable part of
the ones we studied. The enrolled male subjects were kept
in the immunoassay analysis.

Regarding the identified proteins, fructose‐bisphosphate al-
dolase A is a glycolytic enzyme. It is mainly found in heart, skel-
etal muscles, and erythrocytes and can be associated with
skeletal muscle disorders.31 Aldolase A is released in the

Figure 2 Proteomic analysis of serum proteins showing significant differences in protein levels between sarcopenic patients and control patients. Re-
sults were displayed in a volcano plot: significance (�log(P)) vs. protein quantity difference. To illustrate the table of results, the significant proteins
with unidentified protein or gene names are in black. Fasta sequence information indicated that P02769 protein ID was bovine serum albumin and
P00489 protein ID was RABIT Glycogen phosphorylase. Both were peptides from the MassPREP Digestion Standard Mixtures. The third protein ID,
CON__Q3SZR3, was identified as alpha‐1‐acid glycoprotein precursor from Taurus, a potential contaminant. Identified gene names are indicated in
red: ENO1 is the yeast Enolase 1 (another positive control), CTSD is cathepsin D, and ALDOA is fructose‐bisphosphate aldolase A. These two latest pro-
teins are proteins with significant higher levels in sarcopenic samples.
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bloodstream upon muscle damage. Thus, high level of Aldol-
ase A in serum can indicate muscle disorders such as
Duchenne muscular dystrophy. Aldolase A is also a potential

biomarker for osteoarthritis.32 Cathepsin D is a lysosomal en-
zyme. High levels of this enzyme can be associated with a state
of growth or with enhanced autophagy. Cathepsins in general
are involved in lysosomal death pathways, autophagy, and ag-
ing mostly in neurodegenerative disorders.33 Cathepsin B, for
example, is involved in myoblast differentiation,34 and cathep-
sin D is present in atrophied muscles and apoptotic
myofibers.35 In summary, from what is already known, these
two proteins could be involved in muscle energy metabolism
and apoptosis of myoblasts.

Our biological data analyses have confirmed that cathep-
sin D is a promising biomarker for sarcopenia when consid-
ering EWGSOP1 criteria, which is in part likely due to some
inverse correlation with gait speed. Although to get a good
diagnostic performance, this biomarker needs to be associ-
ated with age and BMI. Age is an important variable as it is
one of the main characteristics of sarcopenia although a
possible confounding variable. Like age, it is also probable
that BMI brings complementary information to cathepsin
D on sarcopenia making the prediction with the logit model
stronger.

In conclusion, we have set up a case–control study for
sarcopenia according to the definition published in 2010
by the EWGSOP group of experts. We have identified two
potential biomarkers by proteomic analysis. One of them
is cathepsin D, whose levels in serum were slightly but sig-
nificantly higher in sarcopenic patients than in control sub-
jects, confirming its biomarker status. In addition, cathepsin
D levels were showing some inverse correlation with gait
speed. Finally, we have established a good predictive model
for sarcopenia when cathepsin D is combined to age
and BMI.

Figure 4 Inverse correlation between cathepsin D levels and speed gait. (A) Plot representation of the inverse correlation between cathepsin D levels
and the results of the 6 min walking test (6MWT). Data points from sarcopenic patients are represented by ‘S’ letter, and data points from control
patients are represented by ‘C’ letter. The Pearson correlation coefficient is�0.385, and the t‐test on the slope indicates that it is significantly different
from zero (P value = 0.0155). (B) Discrimination between normal and low gait speed patients with cathepsin D. Significant difference between the two
data samples was evaluated using the non‐parametric Mann–Whitney–Wilcoxon test with R software. The P value (0.038) is displayed above the graph.

Figure 3 Cathepsin D levels (ng/mL) distribution per group (control vs.
sarcopenic) according to EWGSOP1 criteria. Significant difference be-
tween the two data samples was evaluated using the non‐parametric
Mann–Whitney–Wilcoxon test with R software. The P value is displayed
above the graph. The control group is composed of 20 subjects
(8 normal + 12 presarcopenic), and the sarcopenic group is composed
of 19 subjects (9 sarcopenic + 10 severe sarcopenic).
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