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Background: The C-C motif chemokine ligand 11 (CCL11) has been receiving attention as a potential pro-aging factor. According-
ly, it may be involved in muscle metabolism and sarcopenia, a key component of aging phenotypes. To clarify this potential, we in-
vestigated the effects of CCL11 on in vitro muscle biology and its clinical relevance for sarcopenia parameters in older adults.
Methods: Myogenesis was induced in mouse C2C12 myoblasts with 2% horse serum. Human blood samples were collected from
79 participants who underwent a functional assessment. Thereafter, CCL11 level was measured using a quantikine ELISA kit. Sarco-
penia was defined using the Asian-specific guideline.

Results: Recombinant CCL11 treatment significantly stimulated myogenesis in a dose-dependent manner, and consistently in-
creased the expression of myogenic differentiation markers. Among the C-C chemokine receptors (CCRs), CCRS5, not CCR2 and
CCR3, was predominantly expressed in muscle cells. Further, the CCRS5 inhibitor blocked recombinant CCL11-stimulated myogen-
esis. In a clinical study, serum CCLI11 level was not significantly different according to the status of sarcopenia, low muscle mass,
weak muscle strength, and poor physical performance, and was not associated with skeletal muscle index, grip strength, short physi-
cal performance battery score, gait speed, and time to complete 5 chair stands, after adjusting for sex, age, and body mass index.
Conclusion: Contrary to expectations, CCL11 exerted beneficial effects on muscle metabolism at least in vitro system. However, its
impact on human muscle health was not evident, suggesting that circulating CCL11 may not be a useful biomarker for sarcopenia
risk assessment in older adults.
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INTRODUCTION dent functional decline that occurs across multiple organ sys-
tems, resulting in increased vulnerability to death [1,2]. This
Aging is characterized by a universal, progressive time-depen-  multi-step deterioration represents the main risk factor for sev-
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eral debilitating pathologies, including cardiovascular diseases,
cancer, neurodegeneration, and osteoporosis [3,4]. Importantly,
the increased number of adults in the elderly population and im-
provements in healthcare and sanitary conditions have led to
worldwide interest in the discovery of effective measures to
slow or reverse the aging process. Although several contribu-
tors, such as cellular senescence, oxidative stress, and dysregu-
lation of energy homeostasis, are known to be involved in age-
associated physiologic changes [5,6], heterochronic parabiosis
experiments have highlighted the critical role of circulating fac-
tors in the aging process [7-9]. In detail, the exposure of old
mice to young blood rejuvenated aged organs and tissues
[10,11], whereas an exchange with old blood rapidly inhibited
the physiologic functions of young mice [12]. Based on these
backgrounds, researchers in this field continue to dedicate their
efforts to identifying pro-youthful or pro-aging factors in blood
[9,13].

Sarcopenia corresponds to a gradual and generalized skeletal
muscle disorder that involves the accelerated loss of muscle
mass and function [14-16]. Among the multifactorial causes,
cellular and molecular changes during aging contribute to an
imbalance between the anabolic and catabolic pathways of
muscle protein, and this condition commonly occurs in older
people [17]. Sarcopenia is thus considered to be a key compo-
nent of aging phenotypes. Although sarcopenia has long been
considered as an unavoidable outcome of aging, the perception
that it should be overcome has been increased due to advances
in knowledge (i.e., skeletal muscle homeostasis might be re-
versible) [18,19]. Importantly, sarcopenia is strongly associated
with increased vulnerability to falls, frailty, and death [17,20].
Consequently, the identification of factors affecting muscle me-
tabolism has become the focus of intense research to extend
health span in old age.

C C motif chemokine ligand 11 (CCL11), also denoted as eo-
taxin-1, exerts biologic effects via C-C chemokine receptors
(CCRs) [21]. CCL11 is well known as a potent chemoattractant
for eosinophils and is thus mainly implicated in allergic re-
sponses [22,23]. Accumulating evidence indicates that CCL11
may also play a pivotal role in age-related degeneration. Com-
parison of young isochronic and heterochronic cohorts revealed
that plasma CCL11 level was markedly higher in heterochronic
parabionts [8]. Consistently, a positive correlation was found
between circulating CCL11 concentration and chronological
age in both mice and humans, and systemic CCL11 injection
decreased neurogenesis and cognitive performance in young
mice [8]. Further, exogenous CCL11 disturbed bone remodeling

456 www.e-enm.org

by stimulating preosteoclast migration and resultant bone re-
sorption [24]. In addition to the secreted feature of CCL11,
these results suggest that this protein could be a potential sys-
temic pro-aging factor and could be involved in muscle metabo-
lism and age-associated sarcopenia. To clarify this possibility,
we examined the effects of CCL11 on in vitro muscle biology
and its clinical relevance for sarcopenia parameters in older
adults.

METHODS

Cell culture and reagents

Mouse C2C12 myoblasts were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 20 mM hydroxy-
ethyl piperazine ethane sulfonic acid, 2 mM L-glutamine, 100
U/mL penicillin, and 0.1 mg/mL streptomycin (Life Technolo-
gies Corp., Carlsbad, CA, USA) at 37°C in a humidified atmo-
sphere containing 5% CO.. To induce myogenesis, cells were
grown to 90% confluency in maintenance media and switched
to differentiation media (DMEM with 2% horse serum) for 3 or
4 days of culture. Recombinant CCL11 was purchased from
R&D Systems (cat. no. 420-ME-100; Minneapolis, MN, USA).

Immunofluorescence

Differentiated C2C12 cells were fixed in 4% paraformaldehyde
for 15 minutes, washed twice with phosphate buffered saline
(PBS), permeabilized in 0.01 M sodium citrate buffer contain-
ing 0.1% Triton X-100 for 10 minutes, and washed twice with
PBS. The cells were blocked with 2% bovine serum albumin
(BSA) in PBS for | hour and subsequently incubated with anti-
myosin heavy chain (MyHC) antibody (MF20; Developmental
Studies Hybridoma Bank, lowa City, IA, USA) at 4°C over-
night. Cells were incubated with Alexa Flour 555-conjugated
secondary antibodies (Cell Signaling, Danvers, MA, USA;
1:1,000 dilution) for 1 hour and washed with PBST (0.2%
Tween-20 in PBS). Thereafter, they were incubated with 4,6-di-
amidino-2-phenyindole (DAPI; Sigma-Aldrich, St. Louis, MO,
USA; 1:10,000 dilution) for 2 minutes and washed with PBS.
The samples were mounted using Fluoromount G (Southern
Biotech, Birmingham, AL, USA) and images were captured us-
ing a fluorescence microscope (Carl Zeiss, Jena, Germany). The
area of the MyHC-stained myotubes was calculated using the
ZEN 2 (blue edition) software (Carl Zeiss). Fusion index (%)
was calculated using the following equation: 100Xnumber of
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nuclei in MyHC™ myotubes per total number of nuclei in
MyHC" myocytes and myotubes.

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton
X-100, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene
glycol tetraacetic acid, 0.1% sodium dodecyl sulfate [SDS], 1%
sodium deoxycholate, | mM Na;VOs, 1 mM sodium fluoride, 1
mM phenylmethylsulfonyl fluoride, and protease inhibitor
cocktail). After a 30-minute incubation on ice, the lysates were
centrifuged at 14,000 rpm for 20 minutes at 4°C. The protein
concentration was measured with a bicinchoninic Acid (BCA)
protein assay kit (Pierce Chemical Co., Rockford, IL, USA).
Protein samples were separated by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to a polyvinylidene fluoride
membrane, and immunoblotted with antibodies [25]. The pri-
mary antibodies were: MyHC (MF20); myogenin (sc-12732)
and CCRS (sc-178933) (Santa Cruz Biotechnology, Dallas, TX,
USA); and B-tubulin (T2200; Sigma-Aldrich).

Quantitative reverse-transcription polymerase chain
reaction

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
After first-strand cDNA synthesis with the Superscript III First-
Strand Synthesis System (Invitrogen) using oligo dT primers,
quantitative reverse-transcription polymerase chain reaction
was performed in triplicate on a Light Cycler 480 SYBR Green
I Master (Roche, Mannheim, Germany) [26]. The primers for
myogenin (NM_031189.2) and MyHC (NM_001013397.2)
were obtained from Applied Biosystems (Foster City, CA,
USA). The threshold cycle (Ct) value for each gene was nor-
malized to the Ct value of the 18S rRNA (NR_003278.3).

Ligand and receptor binding assay

Recombinant CCL11 was coated onto the wells of maxisorp 96-
well microtiter plates and incubated for 18 hours at 4°C. Each
well was washed three times with PBST (0.2% Tween-20 in
PBS). Thereafter, the plates were blocked with 2% BSA in
PBST for 2 hours. Cell lysates were added to the plates and in-
cubated for 2 hours. The wells were then washed three times
[27]. Preparations of the CCRS antibody (Santa Cruz Biotech-
nology) in blocking solution were added to the plates and al-
lowed to react for 2 hours. After washing, horseradish peroxi-
dase (HRP)-linked antibody (Cell signaling Technology) was
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added and the lysates were incubated for 2 hours; this was fol-
lowed by five rounds of washes. The reaction was developed
with 100 pL tetramethylbenzidine (TMB) substrate solution and
stopped with 100 pL of 1 N H,SOs. The absorbance in the mi-
crotiter plates was measured at 450 nm using a microplate read-
er (Infinite 200 PRO; Tecan Life Sciences, Ziirich, Switzer-
land).

Study participants

We consecutively recruited Koreans who visited the Division of
Geriatrics, Department of Internal Medicine, Asan Medical
Center (AMC, Seoul, Korea) to undergo a comprehensive geri-
atric assessment between July 2019 and April 2020 [28]. Partic-
ipants whose life expectancy was expected to be less than 1 year
owing to end-stage renal failure, symptomatic heart failure, or
malignancy were excluded. After the exclusion of ineligible
participants, blood samples were collected from 79 eligible par-
ticipants with their consent. This study was approved by the
AMC Institutional Review Board (no. 2020-0259). Written in-
formed consent was obtained from all enrolled participants.

Functional status and sarcopenia assessment

Experienced nurses were charged with collecting participants’
information, such as demographic characteristics and surgical
or medical histories, through detailed interviews and reviews of
medical records. Handgrip strength of the dominant side was
measured using Jamar hydraulic hand dynamometer (Patterson
Medical, Warrenville, IL, USA) [29]. Participants were instruct-
ed to sit comfortably, bend their elbow at 90 degrees, and hold
the dynamometer as tightly as possible. The maximum value
was adapted after all tests were conducted twice at intervals of 1
minute or more. Time to complete 5 chair stands (s) and usual
gait speed (m/sec) from a 4-m walk were assessed [30]. The
short physical performance battery (SPPB) consists of gait
speed, standing balance, and repeated chair stands [31]. In the
standing balance test, including tandem stance, semi-tandem
stance, and side-by-side stance, the participants were instructed
to stand for up to 10 seconds. Ranging from 0 to 12 points, a
higher SPPB score indicates better lower extremity function.

A bioelectrical impedance analyzer (InBody S10; InBody,
Seoul, Korea) with measuring frequencies of 1, 5, 50, 250, 500,
and 1,000 kHz was used to evaluate the body compositions, in-
cluding muscle mass (whole body lean body mass minus bone
mineral content) [32]. Appendicular skeletal muscle mass (ASM)
was defined as the sum of the muscle mass of both arms and legs.
Skeletal muscle mass index (SMI) was calculated by adjusting the
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ASM to the height squared to achieve an objective comparison
of muscle mass between participants [33]. Lastly, sarcopenia was
classified according to the 2019 Consensus Guidelines from the
Asian Working Group for Sarcopenia [34]. Briefly, older patients
with low muscle mass (SMI <7.0 kg/m* in men, <5.7 kg/m’ in
women), weak muscle strength (handgrip strength <28 kg in
men, <18 kg in women), and/or poor physical performance (5-
time chair stand test =12 seconds, gait speed <1.0 m/sec, or
SPPB score <9 points) were diagnosed with sarcopenia.

Measurement of CCL11 in human serum

Blood samples were collected from the antecubital vein of each
participant. After sample centrifugation at 3,000 rpm for 5 min-
utes at 4°C, the supernatants were carefully collected to exclude
cell components. All samples that displayed clotting or hemoly-
sis were discarded. Prior to determining the serum concentra-
tions, the serum samples were stored at —80°C. Serum CCLI11
level was measured using a quantikine enzyme-linked immuno-
sorbent assay (ELISA) kit (Cat. No. DTX00; R&D Systems) in
accordance with the manufacturer’s instructions. The lower lim-
it of detection of the kit was 5 pg/mL, and the intra- and inter-
assay coefficients of variation were less than 5.3% and 11.5%,
respectively.

Statistical analysis

The in vitro data are expressed as mean = standard error of mean
of at least three independent experiments conducted with tripli-
cate measurements, unless otherwise specified. The Mann-
Whitney U test and the analysis of variance (ANOVA) with post
hoc analysis via Tukey’s honest significance test were used to
evaluate the significance of the differences between two groups
and between =3 groups, respectively.

The clinical data are presented as mean=standard deviation
or numbers and percentages, unless otherwise specified. The
Student’s ¢ tests for continuous variables and chi-square tests for
categorical variables were used to compare the baseline charac-
teristics of the study participants according to sarcopenia status.
Kolmogorov-Smirnov testing revealed that serum CCL11 con-
centrations were normally distributed (P=0.302). The relation-
ship between age and serum CCL11 level was investigated us-
ing Pearson correlation analysis. Before and after adjustments
for sex, age, and body mass index (BMI), analysis of covariance
(ANCOVA) was used to generate and compare the estimated
means with 95% confidence intervals (Cls) in serum CCL11
level according to the status of sarcopenia and the related pa-
rameters. The association between serum CCL11 level and sar-
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copenia parameters was examined using a linear regression
analysis. ANCOVA was also used to generate and compare the
estimated means with 95% CIs in sarcopenia parameters ac-
cording to the serum CCLI11 quartiles. All statistical analyses
were performed using the SPSS version 18.0 (SPSS Inc., Chica-
go, IL, USA). P<0.05 was considered statistically significant.

RESULTS

In vitro effects of recombinant CCL11 on muscle
differentiation
To determine the potential role of CCL11 in muscle biology, we
treated C2C12 myoblasts with recombinant CCL11 in vitro.
While recombinant CCL11 did not affect proliferation or viabili-
ty of myoblasts (data not shown), it significantly increased myo-
tube area, myotube area per myotube, nuclei number per myo-
tube, and fusion index in a dose-dependent manner, thereby re-
vealing the CCL11-stimulated myogenesis (Fig. 1 A). Consistent-
ly, the protein and mRNA expression levels of the myogenic dif-
ferentiation markers, such as myogenin and MyHC, were mark-
edly increased by recombinant CCL11 (Fig. 1B, C, respectively).
Among the potential receptors mediating the action of CCL11
on different types of cells [35,36], only CCRS5 (i.e., not CCR2
or CCR3) was strongly expressed in both myoblasts and myo-
tubes (Fig. 2A). A binding affinity experiment using ELISA also
showed that the amount of CCL11-associated CCR5 increased
as the amount of C2C12 myoblast lysate increased (Fig. 2B),
indicating that CCL11 directly interacts with CCRS in muscle
cells. Aligning with these results, treating C2C12 myoblasts
with CCRS5 inhibitor completely attenuated recombinant
CCLI11-induced myogenesis (Fig. 3C). Such findings suggest
that CCR5 mediates the effects of CCL11 on myogenic differ-
entiation.

Association between circulating CCL11 level and
sarcopenia parameters in humans

To investigate the clinical implication of in vitro results in aging-
associated sarcopenia, we measured CCL11 level in the blood
of 79 older adults. The baseline characteristics of the adults are
presented in Table 1. Of the 12 cases with sarcopenia and 67
controls without sarcopenia, nine (75.0%) and 34 (50.7%) were
women, respectively. The mean ages of cases and controls were
72.1£4.3 and 68.81+6.4, respectively. Participants with sarco-
penia had lower weight, height, BMI, ASM, SMI, grip strength,
and gait speed than those without sarcopenia. However, there
were no significant differences in terms of SPPB score and time
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Recombinant C-C motif chemokine ligand 11 (CCL11) stimulates in vitro myogenesis. (A) Mouse C2C12 myoblasts (MBs) were
differentiated into myotubes (MTs) with 2% horse serum after exposure to the indicated concentrations of recombinant CCL11 for 4 days.
MTs were stained with the anti-myosin heavy chain (MyHC) antibody while the nuclei were counterstained with 4,6-diamidino-2-phenyin-
dole (DAPI). Quantitative results per field are presented. Scale bars, 100 um. (B) Western blot and (C) quantitative reverse-transcription
polymerase chain reaction analyses of myogenin and MyHC in C2C12 cells without or with 2% horse serum in the presence of the indicated
concentrations of recombinant CCL11 for 3 days, respectively. Data are expressed as mean+standard error of mean. *P<0.05 vs. control or

MB; °P<0.05 vs. CCL11 1 nM or untreated MT.
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to complete 5 chair stands between the two groups.

Pearson correlation analyses with scatter plots revealed that
age was positively correlated with serum CCL11 level (Supple-
mental Fig. S1).

Differences in serum CCL11 level according to the status of
sarcopenia and related parameters were assessed using ANCO-
VA (Fig. 3). Before and after controlling for potential confound-
ers, such as sex, age, and BMI, serum CCLI11 concentrations
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were not significantly different between participants with and
without sarcopenia, low muscle mass, weak muscle strength,
and poor physical performance.

Linear regression analyses were adopted to investigate the as-
sociation between serum CCL11 level and sarcopenia parame-
ters (Table 2). However, serum CLL11 levels did not correlate
with SMI, grip strength, SPPB score, gait speed, and time to
complete 5 chair stands, regardless of the adjustment models.
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Fig. 3. Differences in serum C-C motif chemokine ligand 11 (CCL11) levels based on the status of sarcopenia and related parameters (A)
before and (B) after adjusting for sex, age, and body mass index (BMI). Analysis of covariance was used to generate and compare the esti-

mated means with 95% confidence intervals.

Table 1. Baseline Characteristics of the Study Participants Ac-
cording to Their Sarcopenia Status
Variabe Sarcopenia Nosarcopenia
Sex 0.120
Male 3(25.0) 33(49.3)
Female 9(75.0) 34 (50.7)
Age, yr 72.1+£4.3 68.8+£6.4 0.094
Weight, kg 59.449.3* 69.4+10.1 0.002°
Height, cm 155.6£2.9° 160.0£9.3* 0.003*
Body mass index, kg/m’ 245+3.8° 27.1£2.9° 0.010°
ASM, kg 12.8+1.2* 18.5+£4.8°  <0.001°
SMI, kg/m? 5.2840.48" 7.10+1.15*  <0.001°
Grip strength, kg 22.8+7.1° 29.2+8.9° 0.022°
SPPB score (range, 0—12) 9.0+3.1 10.9+1.6 0.062
Gait speed, m/sec 0.74+£0.31° 1.09+£0.29° <0.001*
Chair stand, sec 16.7£14.9 10.3£4.3 0.172
Values are expressed as number (%) or mean=standard deviation. The
Student’s #-tests for continuous variables and chi-square tests for cate-
gorical variables were employed for comparisons between two groups.
ASM, appendicular skeletal muscle mass; SMI, skeletal muscle mass
index; SPPB, short physical performance battery.
*Statistically significant values.
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To determine whether the correlation between serum CCL11
levels and sarcopenia parameters might exhibit a threshold ef-
fect rather than a gradual effect, the participants were divided
into quartile groups according to serum CCL11 levels (Fig. 4).
However, there was no significant difference in SMI, grip
strength, SPPB score, gait speed, and time to complete 5 chair
stands among the quartile groups, before and after adjusting for
the confounders.

DISCUSSION

Based on backgrounds that implicated CCL11 in diverse age-
related diseases, we performed experiments to observe CCL11-
induced myogenesis. However, subsequent investigation to un-
derstand its clinical implications revealed no correlation be-
tween circulating CCL1 levels and muscle phenotypes in older
adults. These findings indicate that the effects of CCL11 on in
vitro muscle biology might not translate to humans, and that
blood CCL11 level might not be a useful biomarker for sarcope-
nia risk assessment.

As one of efforts to find out the possible contributors explain-
ing the development of sarcopenia, we have been particularly
interested in the role of CCL11 on muscle metabolism. Previous
studies reported that exogenous CCL11 treatment impaired neu-
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Table 2. Linear Regression Analyses to Determine the Association between Serum CCL11 Level and Sarcopenia Parameters

Unadjusted Sex, age, and BMI adjusted
Unstandardized 3 SE Standardized 8 P value Unstandardized SE Standardized 3 P value
SMI —0.002 0.002 —0.086 0.449 —0.002 0.001 —0.120 0.116
Grip strength —0.017 0.015 —0.123 0.280 —0.015 0.010 —0.107 0.133
SPPB score —0.003 0.004 —0.103 0.369 —0.002 0.004 —0.064 0.582
Gait speed 0.000 0.001 0.001 0.994 0.000 0.001 0.034 0.761
Chair stand 0.003 0.013 0.030 0.797 —0.001 0.013 —0.012 0.918

The Enter method was applied to this model.
CCL11, C-C motif chemokine ligand 11; BMI, body mass index; SE, standard error; SMI, skeletal muscle mass index; SPPB, short physical performance
battery.
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Fig. 4. Differences in the sarcopenia parameters based on the serum C-C motif chemokine ligand 11 (CCL11) quartiles (A) before and (B)
after adjusting for sex, age, and body mass index (BMI). Analysis of covariance was used to generate and compare the estimated means with
95% confidence intervals. Serum CCL11 quartiles: Q1, 46115 pg/mL; Q2, 116-155 pg/mL; Q3, 156-195 pg/mL; and Q4, 196-327 pg/

mL. SMI, skeletal muscle mass index; SPPB, short physical performance battery.

rogenesis, learning, memory, and bone remodeling [8,24]. Inter-
estingly, clinical observations revealed that changes in one or-
gan system, such as the brain, may occur alongside degenerative
changes in other tissues, such as bone or muscle. Specifically,
patients with cognitive dysfunction and Alzheimer’s disease
were more likely to experience loss of bone mass and muscle
strength [37-39]. These observations suggest that CCL11 could
function as a systemic factor related to a simultaneous physio-
logical decline with aging and be also implicated in the patho-
genesis of sarcopenia. However, contrary to expectations, re-
combinant CCL11 promoted the differentiation of mouse
C2C12 myoblasts into mature myotubes in our experiments. In
other words, unlike in the brain or bone, CCL11 exhibited bene-
ficial effects on muscle metabolism at least in vitro. According-
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ly, we surmised that CCL11 may not be the direct cause of sar-
copenia, but rather its level could be increased with aging to
overcome poor muscle health as a compensatory mechanism.
Notably, we found that the action of CCL11 on myogenesis
was mediated via CCRS5, not CCR3. CCL11 is a ligand for the
following CCRs: CCR2, CCR3, and CCRS5 [28,29]. Among
these, CCL11 is known to bind to CCR3 with the highest affini-
ty in several cell types, including eosinophils, basophils, and
airway epithelial cells [35,40]. Accordingly, we opted to initially
focus on the interaction between CCL11 and CCR3 in the mus-
cle. However, CCR3 was not detected in muscle cells while the
CCR3 inhibitor did not change the recombinant CCL11-induced
myogenic differentiation (data not shown). On the other hand,
CCRS was strongly expressed in both myoblasts and myotubes,
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and CCRYS inhibitor completely reversed the myogenic differen-
tiation stimulated by recombinant CCL11. Such results support
the finding that CCRS is the major receptor for CCL11 in skele-
tal muscle.

To expand on the experimental results revealing the beneficial
effects of recombinant CCL11 on myotubes in vitro, we would
like to elucidate its role in human muscle health. Because inter-
ventional trials cannot be conducted in humans without preclini-
cal data confirming the safety verification, the roles of candidate
factors in human muscle metabolism should be extrapolated
from observational studies, which was the motivation for the
present clinical study. However, an association between circu-
lating CCL11 concentration and muscle mass, muscle strength,
and physical performance was not recognized in older adults.
Although the exact cause of this discrepancy could not be con-
firmed herein, we speculate that the physiologic CCL11 con-
centration in humans may not be high enough to exert the phe-
notypic changes expected. Specifically, CCL11 effectively pro-
moted in vitro myogenic differentiation when administered at a
dose of 10 nM (84,000 pg/mL), whereas the mean serum
CCLI11 level in all participants and the difference in mean se-
rum CCLI11 level between the lowest (Q1) and highest (Q4)
quartiles were 159 and 165 pg/mL, respectively. Because of the
relatively low concentration of circulating CCL11 in humans,
the clinical relevance of CCL11 for sarcopenia may not be ob-
served. Furthermore, there is a chance that ligands for CCR5
other than CCL11 could bias the human results which were
somewhat inconsistent with those of the in vitro experiments.

Since proteomics analyses by Villeda et al. [8] found that
CCL11 concentrations were increased in the blood of humans
and mice during normal aging, this molecule has been receiving
increased attention as a potential pro-aging factor. In the present
study, we recapitulated this positive association between chron-
ological age and circulating CCL11 levels. However, although
CCLI11 is known to be produced in various types of cells in-
cluding chondrocytes, keratinocytes, fibroblasts, eosinophils,
epithelial cells, and endothelial cells [22,24,41], the specific
mechanisms underlying age-related systemic increase of CCL11
remain unclear. To fully understand the biologic role of CCL11
in age-related diseases, this question needs to be addressed by
additional research.

The major strength of this study is our assessment of all re-
quired parameters for clinical research on sarcopenia, including
muscle mass, handgrip strength, SPPB, 5-time chair-stand test,
and gait speed, which enhance the reliability of the results
[17,34]. Moreover, we diagnosed sarcopenia by adopting Asian-
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specific cut-off points, because muscle phenotypes can vary ac-
cording to cultural backgrounds, lifestyle, ethnicities, and body
size [34]. Despite the above strengths, several limitations should
be considered when interpreting the data. First, we could not
examine the role of blood CCL11 in the prediction of sarcope-
nia due to the study’s cross-sectional design. Second, our study
population was exclusively Koreans. Thus, our results may not
be applicable to other populations. Third, our bioelectrical im-
pedance analysis methodology might not provide valid esti-
mates of total body water when hydration states are altered (e.g.,
ascites, edema, and fluid loss), potentially leading to errors in
the muscle mass assessments. Finally, uncontrolled factors that
influence muscle metabolism and/or serum CCL11 level, such
as 25-hydroxyvitamin D, may bias the observed findings.

In conclusion, although recombinant CCL11 stimulated in vi-
tro myogenic differentiation, serum CCL11 concentration was
not significantly different based on sarcopenia and the related
parameters in older adults. Further animal interventional and
clinical prospective studies are necessary to confirm the exact
role of CCL11 in muscle metabolism.
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