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Background: Despite the protective effects of stromal cell-derived factor 1 (SDF-1) in stimulating muscle regeneration shown in
experimental research, there is a lack of clinical studies linking circulating SDF-1 concentrations with muscle phenotypes. In order
to elucidate the role of SDF-1 as a potential biomarker reflecting human muscle health, we investigated the association of plasma
SDF-1 levels with sarcopenia in older adults.

Methods: This cross-sectional study included 97 community-dwelling participants who underwent a comprehensive geriatric as-
sessment at a tertiary hospital in South Korea. Sarcopenia was defined by specific cutoff values applicable to the Asian population,
whereas plasma SDF-1 levels were determined using an enzyme immunoassay.

Results: After accounting for sex, age, and body mass index, participants with sarcopenia and low muscle mass exhibited plasma
SDF-1 levels that were 21.8% and 18.3% lower than those without these conditions, respectively (P=0.008 and P=0.009, respec-
tively). Consistently, higher plasma SDF-1 levels exhibited a significant correlation with higher skeletal muscle mass index (SMI)
and gait speed (both P=0.043), and the risk of sarcopenia and low muscle mass decreased by 58% and 55% per standard deviation
increase in plasma SDF-1 levels, respectively (P=0.045 and P=0.030, respectively). Furthermore, participants in the highest SDF-1
tertile exhibited significantly higher SMI compared to those in the lowest tertile (P=0.012).

Conclusion: These findings clinically corroborate earlier experimental discoveries highlighting the muscle anabolic effects of SDF-
1 and support the potential role of circulating SDF-1 as a biomarker reflecting human muscle health in older adults.
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INTRODUCTION

Sarcopenia, a term used to describe progressive decline in skel-
etal muscle mass and function due to the imbalance between
protein breakdown and synthesis, has received heightened atten-
tion in the field of geriatrics, particularly over the past decade
[1,2]. The pathophysiology of sarcopenia is complex, arising
from biological changes in muscle structure, disruptions in hor-
mone levels, and external factors like inadequate energy intake
or reduced physical activity [3,4]. While sarcopenia has tradi-
tionally been considered an inevitable consequence of aging,
there has been growing recognition that increasing knowledge
about muscle metabolism makes skeletal muscle deterioration
possibly reversible and thus sarcopenia is now perceived as a
disease to be overcome [4,5]. Importantly, sarcopenia is intri-
cately tied to negative outcomes, such as falls, frailty, and di-
minishing functionality [6,7], all of which compromise the abil-
ity of older adults to maintain their independence. Consequently,
early detection of individuals prone to sarcopenia with reliable
biomarkers and prevention of this condition through effective
intervention are essential to enhance overall health and well-be-
ing during the later stages of life.

Stromal cell-derived factor 1 (SDF-1), also referred to as C-
X-C motif chemokine ligand 12 (CXCL12), exerts its biologic
effects by interacting with the C-X-C chemokine receptor type
4 (CXCR4) or CXCRT7 present on target cells [8,9]. In addition
to its primary function as a chemoattractant that influences cell
migration and homing [10], SDF-1 play a pivotal role in numer-
ous physiological processes, such as angiogenesis, hematopoie-
sis, tissue regeneration, and immune modulation [11-13]. Im-
portantly, a growing body of evidence indicates that SDF-1 is
implicated in muscle metabolism as well. In detail, in vivo ex-
periments using genetically engineered mice demonstrated that
the signaling pathway of SDF-1-CXCR4 takes place within the
limb mesenchyme during the early stages of development, di-
rectly contributing to the formation of muscles of appropriate
size [14]. Furthermore, both CXCR4 and CXCR?7 are enriched
in muscle fibers [15,16], and SDF-1 is known to promote not
only the myogenic differentiation but the migration of satellite
cells and myoblasts [16-19]. However, despite the protective ef-
fects of SDF-1 in stimulating muscle regeneration shown in ex-
perimental research, there is a lack of clinical studies linking
circulating SDF-1 concentrations with muscle phenotypes.
Therefore, in order to elucidate the role of SDF-1 as a potential
biomarker reflecting human muscle health, we investigated the
association of plasma SDF-1 levels with sarcopenia, as defined
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by all the recommended diagnostic criteria, in a cohort of older
Asian adults.

METHODS

Study participants

This cross-sectional study was conducted among a group of
older adults living in the community in South Korea. These in-
dividuals underwent a comprehensive functional assessment at
the outpatient geriatric clinic of Asan Medical Center, a teach-
ing hospital in Seoul, between March 2019 and February 2021.
Their visits to the clinic were either for managing chronic con-
ditions like osteoporosis, osteoarthritis, hyperlipidemia, and hy-
pertension, or for evaluating common nonspecific symptoms
associated with aging, such as fatigue and loss of appetite. None
of the participants were admitted to hospitals or nursing homes;
they were all able to move around independently, with or with-
out walking aids. Individuals with conditions like end-stage re-
nal failure requiring dialysis, symptomatic heart failure, or a life
expectancy of less than 1 year due to cancer were not included
in the study. All 97 eligible participants agreed to have their blood
samples collected and were enrolled in the research after provid-
ing written informed consent. The Institutional Review Board of
Asan Medical Center (IRB no. 2020-0259) approved the study,
and it adhered to the ethical guidelines for human experimenta-
tion outlined in the Declaration of Helsinki.

Evaluation of sarcopenia

Experienced nurses conducted interviews and analyzed medical
records to gather demographic information and medical histo-
ries. Body composition, including muscle mass, were assessed
using bioelectrical impedance analysis (InBody S10, InBody,
Seoul, Korea) at frequencies of 1, 5, 50, 250, 500, and 1,000
kHz. Appendicular skeletal muscle mass (ASM), representing
the combined muscle mass of the upper and lower extremities,
was calculated. Additionally, the skeletal muscle mass index
(SMI) was computed by dividing ASM by the square of the in-
dividual’s height (kg/m?). Handgrip strength of the dominant
arm was measured with a hand dynamometer (Patterson Medi-
cal, Warrenville, IL, USA) [20]. Participants were instructed to
sit comfortably, bend their elbows at a 90° angle, and grasp the
dynamometer as firmly as possible. Two measurements of grip
strength were taken, with at least one minute between measure-
ments, and the maximum value was recorded. Gait speed was
determined over a 4-m distance, and the time needed to com-
plete five chair stands was documented [21]. The short physical
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performance battery (SPPB) was administered, encompassing
assessments of repeated chair stands, standing balance, and gait
speed [22].

The 2019 consensus guidelines from the Asian Working Group
for Sarcopenia were employed to establish the definition of sar-
copenia [23]. Sarcopenia was diagnosed when individuals pre-
sented with low muscle mass combined with weak muscle
strength and/or poor physical performance. Low muscle mass
was characterized by an SMI <7.0 kg/m* for men and <5.7 kg/
m? for women. Weak muscle strength was indicated by a hand-
grip strength of less than 28 kg for men and less than 18 kg for
women. Poor physical performance was identified as a gait speed
below 1.0 m/sec, a completion time of 12 seconds or more for
the five-time chair stand test, or an SPPB score of 9 points or
less.

Measurement of plasma SDF-1

Blood samples were drawn from the antecubital veins of all par-
ticipants after an overnight fast. Subsequently, the samples were
centrifuged at 3,000 rpm for 5 minutes at 4°C, and the superna-
tant was carefully separated to eliminate cellular components.
Samples exhibiting signs of hemolysis or clotting were exclud-
ed from the analysis. The plasma samples were then stored at
—80°C until the measurement of plasma SDF-1 concentrations
was performed using the Quantikine enzyme-linked immuno-
sorbent assay (ELISA) reagent (Cat. No. DSA00; R&D Sys-
tems, Minneapolis, MN, USA; Aviscera Bioscience Inc., Santa
Clara, CA, USA), following the manufacturer’s instructions.
The ELISA kit had a lower limit of detection of 47 pg/mL, with
intra-assay and inter-assay coefficients of variation both below
3.9% and 13.4%, respectively.

Statistical analysis

Data were displayed as the mean=standard deviation (SD), as
well as numbers and percentages. To compare the baseline char-
acteristics of participants with and without sarcopenia, continu-
ous variables were analyzed using the Student’s ¢ test and cate-
gorical variables were assessed using the chi-square test. Analy-
sis of covariance (ANCOVA) was applied to compare the ad-
justed means of plasma SDF-1 levels with respect to sarcopenia
status and related parameters, while adjusting for sex, age, and
body mass index (BMI). Pearson and partial correlation analy-
ses were performed to evaluate the associations between plasma
SDF-1 levels and specific muscle parameters relevant to sarco-
penia before and after controlling for sex, age, and BMI, respec-
tively. Logistic regression analysis was conducted to calculate
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the odds ratios (ORs) for the risk of sarcopenia and adverse
muscle outcomes according to SD increase in plasma SDF-1
level. ANCOVA was employed again to compare the adjusted
means of the sarcopenia parameters among plasma SDF-1 ter-
tiles. All statistical analyses were carried out using R software
version 3.6.3 (R Foundation for Statistical Computing, Vienna,
Austria), and statistical significance was determined at a two-
sided P value of <0.05.

RESULTS

The baseline characteristics of the study population are outlined
in Table 1. Among the 97 participants, fourteen individuals ful-
filled the criteria for sarcopenia. The mean age of participants
with sarcopenia was 72.5+5.1 years, which was slightly higher
than the mean age of those without sarcopenia (69.016.3 years),
though this difference did not reach statistical significance. Par-
ticipants with sarcopenia tended to be female (P=0.084) and
exhibited lower measurements for weight, height, BMI, ASM,
and SMI (all P<0.001). Moreover, they displayed weaker grip
strength, slower gait speed, and lower SPPB scores in compari-

Table 1. Baseline Characteristics of the Study Participants ac-
cording to Their Sarcopenia Status

B Sarcopenia No sarcopenia o
Variable (n=14) (n=83) P value
Sex 0.084

Female 10(71.4) 37 (44.6)

Male 4(28.6) 46 (55.4)
Age, yr 72.5£5.1 69.0£6.3 0.051
Weight, kg 56.1£6.7*  69.7£9.8" <0.001*
Height, cm 155.5+£2.8*  161.1+£9.4* <0.001*
BMI, kg/m* 232+£2.9° 26.842.8" <0.001*
ASM, kg 13.2+£1.4* 19.4+£5.1* <0.001*
SMI, kg/m? 5444+0.52* 7.35+£1.33*  <0.001*
Grip strength, kg 23.5+£6.5*  30.8+£9.4* 0.006*
Gait speed, m/sec 0.78+£0.29*  1.034+0.30° 0.004*
Chair stand, sec 16.1£13.9 10.8+4.5 0.176
SPPB score (range, 0—12) 9.1+3.0° 10.8£1.6° 0.048*
Values are expressed as number (%) or mean+standard deviation. The
Student’s 7 test was employed to compare continuous variables between
the two groups, while the chi-square test was used for categorical vari-
ables.
BMI, body mass index; ASM, appendicular skeletal muscle mass; SMI,
skeletal muscle mass index; SPPB, short physical performance battery.
*Statistically significant values.
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son to controls without sarcopenia (P=0.004 to 0.048). While
participants with sarcopenia had longer chair standing times
than those without sarcopenia, this variance was not statistically
meaningful. The normal distribution of plasma SDF-1 levels is
depicted in Supplemental Fig. S1 as a histogram, and this pat-
tern was validated by the Kolmogorov-Smirnov test (P=0.939).
The median plasma SDF-1 level for the entire participant group
was 1,622.2 pg/mL (interquartile range, 1,321.2 to 1,849.9), and
the minimum and maximum values were 555.0 and 2,942.7 pg/
mL, respectively.

A total of 97 participants were categorized based on the pres-
ence of sarcopenia, low muscle mass, weak muscle strength,
poor physical performance, and their circulating SDF-1 concen-
trations were compared with those of each respective control
group by ANCOVA (Fig. 1). In the crude analyses, participants
with sarcopenia and low muscle mass exhibited plasma SDF-1
levels that were 32.1% and 26.0% lower than those without
these conditions, respectively (both P<0.001). Moreover, these
differences remained statistically significant after adjustment for
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sex, age, and BMI (P=0.008 and P=0.009, respectively). How-
ever, there were no significant differences in plasma SDF-1 lev-
els observed between participants with or without weak muscle
strength and poor physical performance, regardless of adjust-

Table 2. Associations of Plasma SDF-1 Levels with Muscle-Re-
lated Parameters by Correlation Analyses

) Unadjusted Sex, age, and BMI adjusted
Variable
¥ P value e P value
SMI 0.446° <0.001¢ 0.210¢ 0.043¢
Grip strength 0.253¢ 0.012¢ 0.028 0.787
Gait speed 0.301¢ 0.003¢ 0.210° 0.043¢
Chair stand —0.124 0.227 —0.039 0.713

The analysis did not include the short physical performance battery
score due to its non-normal distribution.

SDEF-1, stromal cell-derived factor 1; BMI, body mass index; SMI, skel-
etal muscle mass index.

“Pearson’s correlation coefficient; "Partial correlation coefficient; °Sta-
tistically significant values.
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Fig. 1. Differences in plasma stromal cell-derived factor 1 (SDF-1) levels based on sarcopenia status and the related parameters. (A) Unad-
justed analysis. (B) Sex, age, and body mass index adjusted analysis. The estimated means with 95% confidence intervals were generated

and compared using the analysis of covariance.
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ment models. age, and BMI (P<0.001 to 0.043). However, the positive associ-

The Pearson and partial correlation analyses were conducted  ation between circulating SDF-1 concentrations and grip strength
to explore the relationship of plasma SDF-1 levels with specific ~ was only evident in the univariate model (P=0.012), with statis-
muscle parameters relevant to sarcopenia (Table 2). Higher plas-  tical significance diminishing upon adjustment for potential con-
ma SDF-1 levels exhibited a significant correlation with higher ~ founding factors. Furthermore, no significant correlation was
SMI and gait speed, both before and after accounting for sex,  found between plasma SDF-1 levels and chair standing times

Table 3. Logistic Regression Analyses to Determine the Odds Ratios for Sarcopenia and the Related Parameters according to the In-
crease in Plasma SDF-1 Levels

Unadjusted Sex, age, and BMI adjusted
Variable OR (95% CI) per SD increment in plasma Pvalue OR (95% CI) per SD increment in plasma P value
SDF-1 SDF-1
Sarcopenia 0.23 (0.11-0.49)* <0.001* 0.42 (0.18-0.98)" 0.045
Low muscle mass 0.31(0.17-0.57) <0.001* 0.45 (0.22-0.93) 0.030°
Weak muscle strength 0.80(0.44-1.47) 0.477 1.01 (0.40-2.04) 0.981
Poor physical performance 0.75 (0.50-1.14) 0.180 0.91 (0.57-1.47) 0.706

SDF-1, stromal cell-derived factor 1; BMI, body mass index; OR, odds ratio; CI, confidence interval; SD, standard deviation.
“Statistically significant values.
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Fig. 2. Differences in sarcopenia components based on plasma stromal cell-derived factor 1 (SDF-1) tertiles. (A) Unadjusted analysis. (B)
Sex, age, and body mass index adjusted analysis. The estimated means with 95% confidence intervals were generated and compared using
the analysis of covariance. Plasma SDF-1 tertiles: T1=555.0-1,431.5 pg/mL; T2=1,431.6-1,758.9 pg/mL; and T3=1,759.0-2,942.7 pg/mL.
SMI, skeletal muscle mass index; SPPB, short physical performance battery.
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across any of the adjustment models.

Logistic regression analyses were performed to investigate the
risk of sarcopenia and adverse muscle outcomes based on plas-
ma SDF-1 levels (Table 3). Prior to accounting for confounding
variables, the ORs for sarcopenia and low muscle mass per SD
increase in plasma SDF-1 level were 0.23 and 0.31, respectively
(both P<0.001). In addition, the reduced risk of these conditions
with elevated plasma SDF-1 levels was still significant even af-
ter adjustment for sex, age, and BMI (P=0.045 and P=0.030,
respectively). Conversely, the ORs for plasma SDF-1 levels on
weak muscle strength and poor physical performance were in-
significant in either unadjusted or adjusted analyses.

In order to ascertain whether there is a threshold effect rather
than a gradual effect in the link between circulating SDF-1 con-
centrations and muscle phenotypes, the participants were divided
into three groups according to their plasma SDF-1 levels (Fig. 2).
Participants in the highest SDF-1 tertile (T3) exhibited 23.2%
and 10.2% higher SMI compared to those in the lowest tertile
(T1), both before and after adjustment for sex, age, and BMI, re-
spectively (P<0.001 and P=0.012, respectively). On the other
hand, no significant differences in grip strength, gait speed, chair
standing times, or SPPB scores were observed among the tertile
groups in any of the adjustment models.

When testing whether any association between circulating
SDEF-1 levels and muscle phenotypes could be influenced by
sex, we found no evidence of interactions between plasma SDF-
1 levels (expressed as a continuous variable) and sex (coded as
0 and 1 for men and women, respectively, and treated as cate-
gorical variables) in relation to their impact on muscle mass,
strength, and physical performance (P for tests of interaction=
0.876 to 0.939). As a result, we did not separate men and wom-
en, and refrained from conducting further analyses based on
Sex.

DISCUSSION

In this cross-sectional study involving older adults, participants
with sarcopenia exhibited 21.8% lower levels of circulating
SDF-1 compared to those without sarcopenia, and the risk of
sarcopenia decreased by 58% per SD increase in plasma SDF-1
levels after adjusting for sex, age, and BMI. Among the various
muscle phenotypes examined, plasma SDF-1 concentrations
showed a significant association with muscle mass rather than
muscle strength and physical performance. This study represents
the first investigation in humans to determine a difference in
plasma SDF-1 levels based on sarcopenia status, and is clinically
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meaningful in that it supports the potential role of circulating
SDF-1 as a biomarker for human muscle health.

SDF-1 is a chemokine protein that plays various roles in an-
giogenesis, hematopoiesis, neurogenesis, inflammation, cancer
metastasis, and human immunodeficiency virus infection [10-
13]. Many lines of evidence from in vitro and animal experi-
ments indicate that SDF-1 could be implicated in muscle ho-
meostasis as well. Upregulation of SDF-1 within muscles expe-
riencing cachexia led to a 20% augmentation in fiber area, af-
fording protection against deterioration [24]. Likewise, myo-
tubes undergoing atrophy and treated with SDF-1 exhibited
higher overall protein content, stemming from diminished deg-
radation of long-lived proteins [24]. This particular chemokine
also had a beneficial effect on muscle regeneration by stimulat-
ing the migration of myoblasts through mechanisms reliant on
CXCR4 [17]. Moreover, Bobadilla et al. [19] demonstrated that
treatment with recombinant SDF-1 enhanced the recovery of
injured muscles, while the inhibition of SDF-1 or CXCR4 hin-
dered muscle regeneration. Taken together, these findings pro-
vide compelling evidence of the advantageous contribution of
SDF-1 to postnatal myogenesis. The current study, which dem-
onstrates reduced risks of sarcopenia in older adults with elevat-
ed plasma SDF-1 levels, holds significant clinical implications.
It not only corroborates earlier experimental discoveries high-
lighting the muscle anabolic effects of SDF-1 but also establish-
es a foundation that supports the potential of SDF-1 as a viable
target molecule for the diagnosis and treatment of sarcopenia.

A particularly interesting finding in our study is that plasma
SDF-1 level was mainly related to muscle mass and has little
correlation with muscle strength and physical performance
among the diagnostic criteria for sarcopenia. In fact, muscle
mass, muscle strength, and physical performance each provide
distinct insights into different facets of muscle health. Muscle
mass signifies the quantity of muscular tissue present, reflecting
structural composition [25]. Muscle strength represents the
force-generating capacity of muscles, indicating their functional
prowess [26]. Meanwhile, physical performance encompasses a
range of abilities such as coordination, endurance, and power,
reflecting the integrated efficiency of muscle groups during ac-
tivities [27]. The diverse nature of these parameters highlights
that the effects on muscle mass might not inherently extend to
influencing muscle strength or physical performance. Therefore,
it is plausible that SDF-1 might predominantly impact a specific
aspect of muscle health while maintaining no discernible con-
nection to others, and this observation underscores the complex-
ity and multifaceted nature of muscular physiology.
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While this study possesses several strengths, such as the inte-
gration of various indicators of muscle health, it is crucial to ac-
knowledge its limitations. Most importantly, as a cross-sectional
study, it cannot establish causal relationships. Secondly, the in-
clusion of participants from a single medical center may con-
strain the generalizability of our findings. Hence, future investi-
gations should encompass multiple centers. Thirdly, the utiliza-
tion of bioelectrical impedance analysis represents an indirect
approach to assess muscle mass, potentially affecting measure-
ment accuracy [28]. Therefore, it is imperative to employ alter-
native methods, such as the D3-creatine dilution technique,
which offers enhanced precision in measuring muscle mass.
Lastly, while we made efforts to account for several confound-
ing factors in our analyses, we cannot dismiss the possibility
that the observed association could have arisen due to uncon-
trolled factors influencing SDF-1 and/or muscle variables, such
as cancers, cardiovascular diseases, and a history of fractures.

In conclusion, elevated plasma SDF-1levels exhibited a sig-
nificant correlation with a reduced risk of sarcopenia and lower
muscle mass among older adults, even after adjustment for con-
founding variables. These findings imply that the measurement
of plasma SDF-1 levels could offer supplementary insights for
evaluating muscle health in the elderly population. To ascertain
the precise role of circulating SDF-1 levels as a blood-based
biomarker for sarcopenia, further meticulously designed large-
scale longitudinal studies are imperative.
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