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Background: We studied whether musclin function in humans is related to glycemic control, body composition, and cardiorespira-
tory capacity.

Methods: A cross-sectional study was performed in sedentary adults with or without metabolic syndrome (MS). Serum musclin was
measured by enzyme-linked immunosorbent assay. Insulin resistance (IR) was evaluated by the homeostatic model assessment
(HOMA-IR). Body composition was determined by dual-energy X-ray absorptiometry and muscle composition by measuring car-
nosine in the thigh, a surrogate of fiber types, through proton magnetic resonance spectroscopy. Cardiorespiratory capacity was as-
sessed through direct ergospirometry.

Results: The control (n=29) and MS (n=61) groups were comparable in age (51.5£6.5 years old vs. 50.7£6.1 years old), sex
(72.4% vs. 70.5% women), total lean mass (58.5%=%7.4% vs. 57.3%16.8%), and peak oxygen consumption (VOzpex) (31.0£5.8
mL O./kg.min vs. 29.246.3 mL O,/kg.min). Individuals with MS had higher body mass index (BMI) (30.6+4.0 kg/m* vs. 27.4+
3.6 kg/m?), HOMA-IR (3.5 [95% confidence interval, CI, 2.9 to 4.6] vs. 1.7 [95% CI, 1.1 to 2.0]), and musclin (206.7 pg/mL [95%
CI, 122.7 to 387.8] vs. 111.1 pg/mL [95% CI, 63.2 to 218.5]) values than controls (P<0.05). Musclin showed a significant relation-
ship with HOMA-IR (B=0.23; 95% CI, 0.12 to 0.33; P<0.01), but not with VOxyax, in multiple linear regression models adjusted for
age, sex, fat mass, lean mass, and physical activity. Musclin was significantly associated with insulin, glycemia, visceral fat, and re-
gional muscle mass, but not with BMI, VCO:pear, maximum heart rate, maximum time of work, or carnosine.

Conclusion: In humans, musclin positively correlates with insulinemia, IR, and a body composition profile with high visceral adi-
posity and lean mass, but low body fat percentage. Musclin is not related to BMI or cardiorespiratory capacity.
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INTRODUCTION

Skeletal muscle is a major regulator of metabolic glycemic con-
trol in healthy humans and in individuals with metabolic diseas-
es, such as metabolic syndrome (MS): (1) both muscle contrac-
tion and insulin stimulate the transport of glucose into skeletal
muscles [1-3]; (2) regional and global skeletal muscle mass and
strength are inversely associated with the development of insu-
lin resistance (IR) and MS [4-8]; and (3) muscles secrete myo-
kines that are involved in regulating glucose transporter 4
(GLUT#4) traslocation, glucose uptake, and fat oxidation in
muscle, as well as hepatic glucose production [9-11].

Although many myokines may play a role in glycemic control
in humans, and in the development of metabolic alterations as-
sociated with MS [12-14], musclin has recently attracted signifi-
cant interest. It reduces glucose uptake and glycogen synthesis
in myotubes and murine soleus muscles [11,15] by impairing
the expression and phosphorylation of proten kinase B [10] and
the regulation of GLUT4 [15]. Musclin is mainly produced by
fast fiber types in murine models [16], the fiber type predomi-
nant in humans with conditions classically related to IR [17].
Noticeably, musclin is upregulated by palmitate and a high-fat
diet [15,18,19] and is downregulated by aerobic training in mu-
rine models [19,20], an intervention known to improve glyce-
mic metabolism in humans. The evidence, then, suggests that
musclin may be involved in glycemic control and its alteration
may have a role in the pathophysiology of IR in humans with
MS. Information about the function of musclin in humans, nev-
ertheless, is severely lacking.

More recently, it has also been proposed that this protein
serves as an enhancer of physical capacity and a trophic factor
for skeletal muscle [21,22], and that it is upregulated by high-
intensity interval training [23] in mice, which itself is expected
to protect against metabolic alterations and IR. This apparent
controversy further encourages the need for further research to
make progress on elucidating the role of musclin in humans.

In this study, we aimed to evaluate whether musclin is related
to glycemic control, IR, and an altered body composition or to
cardiorespiratory and physical capacity in humans with and
without MS. Our aim is to offer new insights into the function
of musclin in humans while addressing the apparent controversy
raised by some murine studies. We hypothesize that musclin is
related to variables indicating metabolic alterations and is in-
creased in subjects with MS, but is not directly associated with
parameters of cardiorespiratory endurance.
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METHODS

Study design

This cross-sectional study recruited individuals of both sexes
who were 40 to 60 years old. Volunteers were excluded if they
were on vitamin D supplementation, received insulin or insulin-
secretion—promoting drugs, had diseases that prevented them
from performing an ergospirometry test, history of cardiovascu-
lar or cerebrovascular events, chronic respiratory diseases, sys-
temic inflammatory conditions, diabetes mellitus, cancer, or
were vegetarian or pregnant.

Participants were recruited between March 2017 and Febru-
ary 2019, in Medellin, Colombia. All of them underwent a com-
plete medical history and physical examination, as well as bio-
chemical tests. Based on that, the subjects were classified as
having MS or not (controls), according to the internationally ac-
cepted criteria [24]. The waist circumference cutoff points were
set according to the recommendation for the Colombian popula-
tion [25]. All subjects with MS had IR, as defined by a homeo-
static model assessment of insulin resistance (HOMA-IR)
greater than 2.25 [25]. Most patients with MS also participated
in the intraining-MET clinical trial [26].

After being assigned into study groups, the volunteers under-
went cardiorespiratory fitness, body composition, and muscle
composition studies, evenly scheduled at 3-day intervals over a
period of 2 weeks (Fig. 1). All researchers performing the tests
were blinded to the groups.

Ethics approval

All interventions were approved by the Research Ethics Com-
mittee of the Faculty of Medicine at the University of Antioquia
(minutes 013 of September 26, 2013) and the Research Ethics
Committee at IPS-Universitaria (minutes 097 of June 22, 2016)
in Medellin (Colombia), in accordance with the Ethical Princi-
ples for Medical Research Involving Human Subjects outlined
in the Declaration of Helsinki in 1975 and Resolution no. 8430
by the National Ministry of Health of Colombia issued in 1993.
All participants gave written informed consent.

Experimental procedures

Complete medical history and physical examination
Information regarding personal and familial clinical history, in-
cluding nutritional aspects, habits, and socioeconomical condi-
tions was recorded. Subjects were not enrolled in formal or
structured physical activity programs in their leisure time, as ver-
ified using the Global Physical Activity Questionnaire (GPAQ)
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Participants

Two weeks

Fig. 1. Schematic representation of the study protocol. Participants were interviewed by two physicians and a complete medical history was
recorded (1). If the participants did not meet any exclusion criteria, they were then scheduled for biochemical tests, including serum samples
for musclin, all under fasting conditions (2). After being classified as with or without metabolic syndrome (MS) according to clinical and
biochemical criteria, the participants underwent direct ergospirometry to evaluate their cardiorespiratory capacity (3). During the second
week, after complete recovery from the physical test, they underwent dual-energy X-ray absorptiometry (4) and proton magnetic resonance

spectroscopy (5) tests, to assess their body and muscle composition, respectively.

[27]. Blood pressure was measured in sitting and standing posi-
tions with a Welch Allyn DS44-11 manual sphygmomanometer
(Welch Allyn, Skaneateles Falls, NY, USA) according to interna-
tional recommendations [28]. Height was measured with a Seca
2013 stadiometer (Seca, Hamburg, Germany), and body weight
was measured with an Omron HBF-510LA scale (Omron Health-
care Inc., Lake Forest, IL, USA) with an accuracy of 0.1 kg.
Body mass index (BMI) was calculated as weight (kg)/height
(m)?. Waist circumference was measured with a fiberglass an-
thropometric tape at the intermediate point between the lower
edge of the last rib and the iliac crest, in the horizontal plane.

Biochemical tests

Fasting venous blood samples were collected using serum sepa-
rator tubes (BD Vacutainer 367815, BD, Franklin Lakes, NJ,
USA). The samples were centrifuged at 1,300 X g for 15 minutes
at room temperature (Rotofix 32, Hettich, Westphalia, Germa-
ny). Fresh serum was used to measure circulating triglycerides,
high-density lipoprotein, and glucose by spectrophotometry. In-
sulinemia was measured by direct chemiluminescence with an
ADVIA Centaur CP Immunoassay System (Siemens, Munich,
Germany). HOMA-IR was used to estimate IR since this mini-
mally invasive technique was validated against the euglycemic
clamp [29] and is widely used in clinical studies [30-32].

Serum aliquots were kept at —80°C until processing. Fasting
serum musclin was measured using a human musclin enzyme-
linked immunosorbent assay (ELISA) kit with a detection range
between 15.6 and 1,000 pg/mL (catalog number LS-F7799,

Copyright © 2021 Korean Endocrine Society

LifeSpan BioSciences Inc., Seattle, WA, USA). The sensitivity
is 6.7 pg/mL and it showed complete specificity for human re-
combinant musclin when tested against rat musclin, and human
bone sialoprotein and bone morphogenetic protein 1. Spike-
and-recovery assays with serum samples showed a recovery
range between 93% and 101%, according to the provider. Sam-
ples were brought to room temperature just before starting the
assays, without using extra heat, and 100 pL was loaded in du-
plicate into the wells of the microplate. The kits were always
balanced with samples of subjects with and without MS and
were processed by an investigator blinded to the group coding,
according to the provider’s instructions. The optical density of
each well was determined on a plate reader (Varioskan Lux,
Thermo Scientific, Waltham, MA, USA) at 450 nm. The final
values were reported in pg/mL of musclin. Our standard curves
always showed a fit with an R* over 0.98, and our measure-
ments had an intra-assay coefficient of variation (CV) of <10%
with a coefficient of intraclass correlation of 0.98. A subset of
six samples was evaluated twice with a mean of 13 months in
between, giving an inter-assay CV of 8.1% and further demon-
strating the stability of the samples over time.

Cardiorespiratory fitness

Participants were familiarized with a treadmill previous to the
maximal test. On the day of the test, they arrived at the exercise
physiology laboratory in the afternoon wearing sports clothes,
were connected to the gas analyzer and rested until their oxygen
consumption (VO) values were below 4 mL O./kg-min, in or-
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der to start all protocols from a similar condition close to basal
metabolism. In a ramp ergospirometry treadmill protocol, par-
ticipants warmed up for 3 minutes, walking at a speed of 3.5
miles/hr, with an inclination angle of 1%. Following this, the
speed of the treadmill was increased by 0.5 miles/hr every min-
ute until exhaustion. Peak VO, (VOazpeax) and carbon dioxide
production (VCOxpeax) Were directly measured using an open
circuit spirometer (Oxycon Delta; Jaeger, VIASYS Healthcare
GmbH, Hochberg, Germany), while the electrocardiogram and
heart rate (HR) were continuously recorded. A maximum test
was defined when (1) there was a plateau in VO, despite an in-
crease in work or a respiratory exchange ratio (RER) equal to or
greater than 1.10 being observed; and (2) the participants
reached the expected maximum HR. The HR at minutes 1 and 5
of the recovery period was recorded.

Body composition

Dual-energy X-ray absorptiometry (DXA) was used to evaluate
global and regional body composition [33,34]. Subjects arrived
in the morning, in fasting conditions but well hydrated, as veri-
fied by a urinary specific gravity between 1,000 and 1,025,
measured with a Brixco refractometer. DXA was performed in
subjects wearing minimal clothes, using a Discovery Wi DXA
system (Hologic, Middlesex County, MA, USA) and the Ho-
logic APEX v4.5.3 software (Hologic). Visceral adipose tissue
(VAT) was determined by subtracting the subcutaneous adipose
tissue (SAT) from the total abdominal fat, as previously de-
scribed [35]. Total abdominal fat was acquired from a rectangu-
lar region of interest, located between two horizontal lines
placed at the L3-L4 space and the superior rib of the iliac crest
as the upper and lower limits, respectively. DXA has shown ex-
cellent accuracy for measuring VAT in obese subjects of both
sexes, compared to computed tomography [35] and magnetic
resonance imaging as the gold standards [36]. Muscle mass of
the right thigh was measured in an area located between two
horizontal lines placed at the lowest point of the ischial tuberos-
ity and at the knee joint as the upper and lower limits, respec-
tively [37]. Other parameters reflecting global lean and fat mass
were also obtained, as indicated in the Results section.

Muscle composition

The proportion of the area occupied by type II muscle fibers
was estimated based on the quantification of carnosine in the
right vastus lateralis muscle (VLM) using proton magnetic reso-
nance spectroscopy [38] and a flexible coil [39], following the
recommendations of the international consensus on spectrosco-
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py in skeletal muscle [40]. The VLM plays an important role in
glycemic control and is associated with the development of
metabolic diseases in humans [6,41]. Carnosine is a surrogate of
muscle composition in humans, as validated in biopsied athletes
[38] and obese/diabetic subjects [42].

Each individual arrived at the radiology service in the morn-
ing, and was placed in supine position on the spectroscopy table,
with the lower limbs extended and supported on a 5-cm cushion
in the popliteal region. A 3-T Magnetom Skyra magnet, with an
SC Flex large 4-channels, 3T receive-only, 516X224 mm, coil
interface, and the SyngoMR D13 program (Siemens Healthcare,
Erlangen, Germany), were used to position a voxel of 15X 15X
35 mm’ in the right VLM (between the middle of the externally
facing thigh and the middle third and distal junction of the same
thigh), using a T1-weighted gradient-echo sequence in the three
planes. The spectra were acquired using a point-resolved single
voxel spectroscopy sequence with and without water saturation
to evaluate the carnosine and water signals, respectively. The
acquisition parameters were as follows: TE of 33 ms, TR of
3,000 ms, averages of 192 for carnosine and 4 for water, 2,048
spectral data points, and a spectral bandwidth of 1,200 Hz. For
signal processing, the J]MRUI 5.1 software was used, with phase
correction, Gaussian apodization, adjustment of the water refer-
ence to 4.7 ppm and subtraction of water, lipids and other me-
tabolites within the signal. Next, water and C2-H carnosine res-
onance integrals were estimated using the Advanced Method for
Accurate, Robust and Efficient Spectral Fitting algorithm [43].
The absolute quantification of intramuscular carnosine concen-
tration was performed following a published equation [44].

Statistical analyses

We used G*Power v3.1.9.7 (University of Disseldorf, Diissel-
dorf, Germany) to calculate the sample size. Assuming a differ-
ence in musclin of 20% between groups, with a standard devia-
tion (SD) of 25% within each group, an allocation ratio of 2, an
a of 0.05, and a power of 85%, we needed to enroll 27 subjects
without and 55 with MS.

Data were analyzed using IBM SPSS software version 21.0
(IBM Corp., Armonk, NY, USA) and graphed in R packages
(BoxPlotR and Corrplot). The Shapiro-Wilk test was performed
to evaluate if data were normally distributed. Continuous vari-
ables were summarized using mean+ SD for normally distribut-
ed data and median (interquartile range [IQR]) for variables
with a skewed distribution. Percentages were used for categori-
cal variables. The Mann-Whitney U or Student’s ¢ test was used
to compare groups with and without MS, according to the data
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distribution. A logarithmic transformation was performed for
musclin and HOMA-IR, and multiple linear regression models
evaluating the relationship between the natural logarithm (In) of

musclin and In(HOMA-IR) or VOspeak, adjusted for age, sex, fat
percentage, total lean mass, and physical activity, were carried
out. Pearson correlation coefficients were used to evaluate the

Table 1. Demographics and Clinical Characteristics of the Subjects of the Study

Variable With metabolic syndrome (n=61)  Without metabolic syndrome (n=29) P value®
Demographic
Female sex 43 (70.5) 21(72.4) 0.851
Age, yr 50.7+6.1 51.5+6.5 0.691
Anthropometrics
Body mass index, kg/m? 30.64.0 27.4%3.6 <0.010
Body fat percentage, % 38.8+£7.0 373+7.7 0.252
Total lean mass/body massx 100, % 57.316.8 58.5+7.4 0.444
Thigh lean mass/body mass < 100, % 6.2+0.8 6.2+0.8 0.935
Visceral adipose tissue, g 812.1+£252.1 587.6+184.9 <0.010
Waist circumference, cm 94.2 (90.5-102.6) 88.0(76.1-97.5) <0.010
Cardiovascular
Systolic blood pressure, mm Hg 120.5+13.8 119.4+15.7 0.665
Diastolic blood pressure, mm Hg 76.7£10.0 72.4+9.5 0.047
Peak oxygen consumption, mL O»/kg - min 29.2+6.3 31.0+5.8 0.235
Habits
Smoking 4(6.6) 3(10.3) 0.531
Alcohol consumption last month 10 (16.4) 2(6.9) 0.215
Physical activity, MET/hr/week 8(2-17) 4.3 (0.4-32.6) 0.340
Biochemical tests
Triglycerides, mg/dL 182.7(136.8-219.9) 106.9 (86.0-132.5) <0.010
High density cholesterol lipoprotein, mg/dL 4474103 509 £11.6 0.035
Glycemia, mg/dL 98.9+8.7 92.0+10.6 0.029
Insulin, mIU/L 14.5(11.4-19.3) 7.0(5.1-8.2) <0.010
Insulin resistance (HOMA-IR) 3.5(2.9-4.6) 1.7 (1.1-2.0) <0.010
Muscle composition
Carnosine, mmol/kg - ww 3.8£1.6 33£1.5 0.250
Area occupied by fibres type I1, % 48.7+21.8 41.7+£19.7 0.250
Medications
ACEI or ARATI 20(32.8) 3(10.3) 0.023
Beta-blockers 6(9.8) 0 0.080
Calcium antagonists 2(3.3) 0 0.324
Diuretics 11 (18.0) 1(3.4) 0.057
Aspirin 2(3.3) 0 0.324
Statins 10 (16.4) 0 0.021
Metformin 2(3.3) 0 0.324

“Unpaired ¢ test.

Values are expressed as number (%), mean+standard deviation, or median (interquartile range).
MET, metabolic equivalent of task; HOMA-IR, homeostatic model assessment of insulin resistance; ww, wet weight; ACEI, angiotensin converting en-
zyme inhibitor; ARA I, angiotensin II receptor blocker.
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relationship among In(musclin) and other variables. In all analy-
ses, a two-sided P<0.05 was considered to indicate statistical
significance.

RESULTS

Comparisons between groups

We included a total of 90 subjects, of whom 29 were controls
and 61 had MS (Table 1). The groups were comparable across
age, sex, indexes of lean mass, blood pressure, VOapeak, Smok-
ing, alcohol consumption, and weekly physical activity levels
(P>0.05). Although the participants with MS had higher carno-
sine content, and therefore a higher estimated area of type II fi-
bers, the difference was not significant. The group with MS had
higher BMI, VAT, waist circumference, triglyceridemia, glyce-
mia, insulinemia, and HOMA-IR values (P<0.05).

Serum musclin

The subjects with MS had higher median serum musclin values
than the controls (206.7 pg/mL [IQR, 122.7 to 387.8] vs. 111.1 pg/mL
[IQR, 63.2 to 218.5], P<0.05), as shown in Fig. 2.

This figure also shows that both groups partially overlapped
at values around 50 to 300 pg/mL, but there was a subgroup of
individuals with MS who showed serum musclin concentrations
over 300 pg/mL. In order to better characterize this high-mus-
clin subgroup, the whole sample was divided into tertiles ac-
cording to the musclin concentrations and several variables
were compared (Table 2). The subjects with higher musclin

were those with higher HOMA-IR, visceral adiposity, and lean
mass, but a lower body fat percentage. There were no differenc-
es regarding BMI, VOnpea, or level of physical activity.

Correlation between serum musclin and IR

A significant correlation was found between In(musclin) and
In(HOMA-IR) in a multiple linear regression model (3=0.228;
95% confidence interval [CI], 0.121 to 0.334; P<0.01) (Table 3)
adjusted for age, sex, adiposity, lean mass, and level of physical

activity.
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Fig. 2. Box plot showing the distribution of the serum musclin con-
centration in controls and subjects with metabolic syndrome. Each
dot corresponds to a subject. The thicker horizontal lines corre-
spond to the medians, whose values are presented in the text.
*P<0.05 using the Mann-Whitney U test.

Table 2. Tertiles of Musclin in Relation to Variables of Body Composition and Peak Oxygen Consumption
Tertil 1 Tertil 2 Tertil 3
(low musclin) (intermediate musclin) (high musclin) - r V?I‘UC, .
63.9 pe/mL (453-91.4) 173.1 pe/mL (147-212.3) 489 pe/mL (334.4-716) (12 VS T1FT2)
Age, yr 49 (43.3-53.8) 52.5(47.8—57) 53 (48.3-58) 0.08
HOMA-IR 22(1.4-3.1) 3.3(2.1-4.5) 3.3(2.5-5.1) 0.04
Body mass index, kg/m? 29.6(27.3-31.4) 29.8 (25.4-32.6) 28.8(26.5-32.8) 0.76
Body fat percentage, % 41.7 (37.7-452) 40.3 (37.2-45) 352 (27.5-42.4) <0.01
Visceral adipose tissue, g 623.5 (509.3-730.8) 755 (536.3-962.8) 758.5 (610.5-995.3) 0.04
Waist circumference, cm 88.5(82.9-97.9) 92 (84.3-102.9) 95.4(92.2-104.1) <0.01
Total lean mass corrected for stature, kg/m? 22.6(21.3-24.6) 22.4(21.5-24.1) 26.2 (23.3-28.5) <0.01
Total lean mass corrected for body mass, kg/kg 0.5 (0.5-0.6) 0.6 (0.5-0.6) 0.6 (0.5-0.7) <0.01
VOspear, mL Oo/kg - min 29.2(23.8-32.1) 28.6(25.6-32.3) 30.9 (25.6-37.6) 0.10
Physical activity, MET/hr/week 3.67(0.33-11.0) 7.3 (3.4-16.7) 7.33 (1.33-36.0) 0.66
Values are expressed as median (interquartile range).
HOMA-IR, homeostatic model assessment of insulin resistance; VOzpeax, peak oxygen consumption; MET, metabolic equivalent of task.

1060 www.e-enm.org

Copyright © 2021 Korean Endocrine Society



Musclin in Adults E n M

Lack of correlation between serum musclin and
cardiorespiratory capacity

There was no correlation between In(musclin) and VOazpea in a
multiple linear regression model (B=-0.287; 95% CI, —1.337 to
0.762; P>0.05) (Table 4) adjusted for age, sex, adiposity, lean
mass, and level of physical activity. The association was not
significant even when using the VOapear corrected for total lean
mass (VOazpea/kg).

Pearson correlations
We constructed two Pearson correlation matrices to further ex-
plore the relationship between musclin and metabolic (Fig. 3) or

cardiorespiratory fitness (Fig. 4) variables. In agreement with
the results shown in Tables 2, 3, In(musclin) showed significant
positive correlations with In(HOMA-IR), In(insulin), glycemia,
waist circumference, VAT, and thigh lean mass/total body mass
(P>0.05). Ln(musclin) did not correlate with the BMI or the
area of type II fibers in the VLM. There were significant nega-
tive correlations between In(musclin) and fat percentage and fat
mass/stature squared index (P>0.05) (Fig. 3).

Since the lack of correlation between musclin and BMI was
noteworthy, we further explored the relationship between ter-
tiles of BMI with cardiorespiratory capacity variables and se-
rum musclin. The results confirmed that the tertile with the most

Table 3. Multiple Linear Regression Model Showing Associations between Musclin and HOMA-IR?

Dependent variable Ln insulin resistance

(HOMA-IR) (n=90) B t Pvalue 95% CI
Constant —5.866 —4.604 <0.001 —8.401 to-3.331
Age, yr —0.004 —0.462 0.645 —0.021 t0 0.013
Female sex 0.345 1.585 0.117 —0.088t0 0.779
Fat percentage, % 0.050 4.228 <0.001 0.027 to 0.074
Total lean mass corrected for stature, kg/m? 0.154 5.068 <0.001 0.094 t0 0.215
Physical activity, MET/hr/week 0.000 0.275 0.784 —0.002 to 0.002
Ln musclin, pg/mL 0.228 4.261 <0.001 0.121t0 0.334

HOMA-IR, homeostatic model assessment of insulin resistance; CI, confidence interval; MET, metabolic equivalent of task.

*After adjusting for age, sex, fat percentage, total lean mass corrected for stature and physical activity, musclin was significantly associated with HOMA-
IR. These variables were selected according to biological plausibility and our results. The model showed an R=0.397. The analysis of variance showed
that at least one coefficient was different from 0 (F=8.87; P<0.001). The tolerance (>0.1) and variance inflation factor (<5) showed that there was no
collinearity between the independent variables. The analysis of the residuals showed adherence to the assumptions of normality, homoscedasticity
(Breusch-Pagan test; P>0.05) and no autocorrelation (Durbin—Watson d=1.80).

Table 4. Multiple Linear Regression Model Showing the Lack of Associations between Musclin and Peak Oxygen Consumption®

Dependent variable Peak oxygen consumption

(mL Oy/kg/min) (n=90) p ! value sl
Constant 88.106 7.010 <0.001 63.099to 113.114
Age, yr —0.045 —0.532 0.596 —0.211 to 0.122
Female sex —4.271 —-1.986 0.050 —8.549 10 0.008
Fat percentage, % —0.717 -6.131 <0.001 —0.949 to —0.484
Total lean mass corrected for stature, kg/m? —1.000 -3.335 0.001 —1.597 to —0.404
Physical activity, MET/hr/week 0.001 0.151 0.881 —0.017 to 0.020
Ln musclin, pg/mL —-0.287 —0.545 0.587 —-1.337t00.762

CI, confidence interval; MET, metabolic equivalent of task.

*After adjusting for age, sex, fat percentage, total lean mass corrected for stature and physical activity, musclin was not significantly associated with peak
oxygen consumption. The variables incorporated in the model were selected according to biologic plausibility and our results. The model showed an
R*=0.397. The analysis of variance showed that at least one coefficient was different from 0 (F=14.23; P<0.001). Tolerance (>0.1) and the variance in-
flation factor (<5) showed that there was no collinearity between the independent variables. The analysis of the residuals showed adherence to the as-
sumptions of normality, homoscedasticity (Breusch-Pagan test; P>0.05) and no autocorrelation (Durbin—Watson d=2.37).
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Fig. 3. Pearson correlation heatmap to assess the relationship between musclin and biochemical and body composition variables in humans.
Ln(musclin) showed positive and significant correlations with biochemical variables such as In(homeostatic model assessment of insulin re-
sistance [HOMA-IR]) (r=0.34), In(insulin) (»=0.32) and fasting blood glucose (FBG, mg/dL) (»=0.23). It also showed positive correlations
with the parameters of abdominal obesity, waist circumference (WC, cm) (#=0.25), and visceral adipose tissue (VAT, g) (r=0.22). The cor-
relation of musclin and parameters of global adiposity such as body fat percentage (fat %) (r=—0.33) and FM (»=-0.25) was negative. Mus-
clin showed a positive correlation with a measure of lean mass, thigh lean mass corrected for body mass (TLM/BM, kg/kg) (r=0.26), but
not to muscle fiber type composition, area of type II fibers (FT I, %) (»=0.05). There was no correlation between musclin and body mass
index (BML, kg/m?). Other significant correlations are also highlighted. The strength of each association is indicated by the intensity of the
color grades, according to the key shown on the right. FM h?, fat mass corrected for stature (kg/m*); LM h?, total lean mass corrected for

-1

stature (kg/m?). *All * indicate P<0.05.

obese subjects showed the lowest VOapeak and the lowest maxi-
mum time of work, but did not show musclin concentrations
different from those of the other tertiles (P>0.05) (not shown).

In accordance with the above results, there were no correla-
tions between In(musclin) and VOazpeak, VOazpeax corrected for
body mass or lean mass, VCOzpea, maximum HR, maximum ve-
locity, maximum time of work, RER, or recovery HR (P>0.05)
(Fig. 4). There was also no correlation between In(musclin) and
weekly physical activity levels (not shown).

DISCUSSION

One view regarding the function of musclin proposes that it reg-
ulates glycemia and induces IR and metabolic alterations, while
the other suggests that it improves physical performance without
inducing metabolic disorders. The comparison between humans
with and without MS has emerged as a testing ground to evalu-
ate which of these two different views is more plausible from a
physiological standpoint. We found that: (1) subjects with MS

1062 www.e-enm.org

and IR had higher fasting serum musclin levels than subjects
with neither MS nor IR; (2) serum musclin was positively corre-
lated with IR and a body composition profile with high visceral
adiposity and lean mass, but low body fat percentage; and (3)
musclin did not correlate with BMI or any variable of cardiore-
spiratory fitness collected during an ergospirometry test.

Musclin is higher in subjects with MS

Muscle mass, muscle composition, and endocrine function have
clear implications for the understanding of the pathophysiology
of chronic metabolic diseases such as MS [13,14]. In terms of
endocrine function, the physiological role of musclin in mam-
mals has been the subject of controversy. Moreover, the study of
the function of musclin in humans has lagged significantly
when compared to studies in murine models.

Our results showed that subjects with MS had higher values
of serum musclin. Furthermore, musclin showed positive corre-
lations with IR and VAT, but negative correlations with indica-
tors of total body fat. Total adiposity, as indicated by fat mass

Copyright © 2021 Korean Endocrine Society
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Fig. 4. Heatmap of Pearson correlations to assess the relationship between musclin and variables of physical capacity in humans. There was
no correlation between In(musclin) and any of the variables related to physical endurance and cardiorespiratory fitness obtained during the
ergospirometry test (P>0.05 in all cases). The strength of each association is indicated by the intensity of the color grades, according to the
key shown on the right. VO2p, VOzpeax (ML O2/min); VO2p/BM, VOapear corrected for body mass (mL O»/kg-min); VO2p/LM, VOzpeak cor-
rected for total lean mass (mL O»/kg-min); HRmax, maximum heart rate (bpm); Vmax, maximum velocity (mile/hr); Tmax, maximum time
of work (min); VCO2p, VCOzpeax (ML CO»/min); VCO2p/BM, VCOxpear corrected for body mass (mL CO»/kg - min); RER, respiratory ex-
change ratio, RHR1 and 5, recovery heart rate at minute 1 and 5 (bpm). *Some significant correlations highlighted by the *(P>0.05), dem-

=

onstrate the reliability of the data.

and fat percentage measurements, mainly (approximately 80%)
reflects SAT. Although higher total adiposity is related to meta-
bolic impairment, VAT is the adipose compartment that is more
pathogenic and more strongly related to increased risks of MS
and IR [45-49]. This observation was confirmed in our popula-
tion, in which we observed a positive association between
HOMA-IR and VAT (#=0.58, P<0.05). Then, not only are VAT
and SAT anatomically separated, but most importantly, they are
developmentally and functionally distinct, which gives them
different implications for the development of metabolic diseases
[45-49]. For instance, the removal of VAT in murine models of
obesity reversed IR and modified the profile of serum adipo-
kines [50]. Moreover, mice that received a transplant of SAT
into the VAT area improved insulin sensitivity [51], clearly
demonstrating a different metabolic profile between VAT and
SAT. The differences are further confirmed because VAT has
more potential for inflammation (mainly by producing more tu-
mor necrosis factor alpha, interleukin 6, and monocyte che-
moattractant protein-1), which reduces insulin sensitivity, and is
also the main source of resistin, an adipokine proposed to favor
IR and boost inflammation [46]. VAT has also long been shown

Copyright © 2021 Korean Endocrine Society

to elicit a higher turnover of palmitate [52], which is an impor-
tant marker and inducer of IR in cellular models [53]. Subjects
with MS and IR have greater total free fatty acids and palmitate
than obese subjects without IR [54,55]. Instead, SAT is the main
source of adiponectin, an insulin-sensitizing, anti-inflammatory
adipokine [46]. In subjects with high trunk fat (mainly VAT)
and IR, those who also had large SAT values had higher adipo-
nectin and lower inflammatory markers than those with less
SAT [48]. This confirms that, in contrast to VAT, large amounts
of SAT have favorable effects on adiponectin, inflammatory
markers, IR, and MS risk.

Therefore, the subjects in our study with high SAT (i.e., high
total fat mass and fat percentage), irrespective of their VAT, were
expected to have higher adiponectin, as well as lower palmitate
and inflammatory markers, a profile associated with less IR. In
this manner, the inverse association between musclin and total
fat can be explained if adiponectin inhibits the expression and
secretion of musclin. Conversely, subjects with high musclin
and high VAT, which in our study were those with MS, IR, and
low SAT, were expected to have lower adiponectin levels but
higher levels of resistin, palmitate and inflammatory markers.
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Thus, the fact that musclin was positively associated with VAT
and IR can be explained if resistin, palmitate, and inflammatory
markers (either in isolation or through the concerted action of all
these molecules) favor musclin expression and secretion.

In agreement with this hypothesis, it was recently shown that
palmitate activates the phospho-protein kinase RNA-like ER ki-
nase (PERK)/activating transcription factor 4 (ATF4)/CCAAT/
enhancer-binding protein (C/EBP) signaling pathway in myo-
tubes to increase the transcription of musclin [18], which may
then appear in serum, as serum musclin concentrations seem to
follow musclin intramuscular expression [19,20]. The specific
relationship between musclin and adipokines, other free fatty
acids, and inflammatory markers is an avenue that should be ad-
dressed in future basic and clinical studies.

Musclin positively correlates with IR

In agreement with the above discussion, we found that musclin
correlated with IR after adjusting for age, sex, fat percentage,
and lean mass. This observation agrees with a recent study in
obese people [15]. However, in that paper, the authors did not
assess body composition, lean mass, or muscle composition in
detail. Moreover, the lean patients in that study had a HOMA-
IR over 3, which in our population corresponded to IR.

In the present study, we found that musclin positively corre-
lated with HOMA-IR and visceral adiposity in participants who
were clearly separated as with or without MS and IR (HOMA-
IR over or below the cutoff value of 2.25, respectively), and this
relationship remained consistent after adjusting for variables as-
sociated with body composition.

The lack of a correlation between musclin and muscle com-
position and the low magnitude of the correlation between mus-
clin and muscle mass suggest that several circulating musclin
isoforms might exist. Although skeletal muscle is the main
source of musclin [11], this myokine is also produced by the
bones [56] and the heart [23]. Even though it is not currently
possible to distinguish the specific contribution of any of the
isoforms, if they actually exist, we propose that our results
mainly reflect muscle-derived musclin.

The results showed a positive correlation between musclin
and insulinemia, in agreement with earlier experiments con-
ducted in myotubes [11], which suggested that insulin is re-
quired for musclin to induce IR. Thus, it seems that in humans,
the increased insulinemia associated with the presence of IR
drives positive feedback that further favors the IR-inducing role
of musclin.

1064 www.e-enm.org

Musclin does not correlate with cardiorespiratory fitness
In contrast to what could be extrapolated from some recent
studies in mice, we did not find any association between mus-
clin and variables related to cardiorespiratory capacity in un-
trained humans. Some data suggesting that musclin is a physical
endurance enhancer were obtained in untrained musclin knock-
out (KO) mice [21]. Although those mice showed major bone
and muscle parameters similar to the wild type, we speculate
that musclin KO may have unnoticedly affected one or more
cardiovascular, respiratory, musculoskeletal, or neurological
molecular and epigenetic determinants of physical performance
in mammals (including mice). Those determinants include, for
instance, adrenergic signaling, calcium signaling, hemoglobin,
myoglobin, lung reserve, alpha-actinin, mitochondrial function,
cardiac contractile function, and capillary density [57]. Their
single or combined alterations may explain possible differences
in physical performance between wild-type and KO mice with
healthy musculoskeletal development, and may become evident
only under exercise or stress conditions, or through more in-
depth molecular studies.

In agreement with this, the musclin KO mice showed exacer-
bated muscle atrophy only when bearing cancer, indicating that
several other regulators may be affected in this mouse model
[22]. The existence of as yet unknown musclin isoforms, short
forms, or several receptors for one or more isoforms, would also
explain the dual function of this protein. In any case, the results
obtained from musclin KO mice should be interpreted with cau-
tion until more knowledge about musclin-activated signaling
pathways is gained and those animals are better characterized.

Strengths and limitations

We calculated a sample size with an allocation ratio of MS to
control subjects of 2 instead of 1, because control subjects have
narrower ranges of musclin and HOMA-IR, which limits the
power of the multiple and simple linear regression models. The
subjects of both study groups were enrolled at the same time by
the same researchers, and were evaluated by blinded researchers.
Since the sample size was larger than required and the difference
in musclin concentrations between groups was higher in magni-
tude than expected, we could estimate an actual study power of
96%. There are also at least three reasons to argue against the
possibility that the lack of correlations between musclin and car-
diorespiratory capacity variables arose due to insufficient power:
(1) the multiple regression model had a very high P value, and
even after adjustments the 95% confidence interval remained
centered on zero; (2) none of the correlations showed a trend,
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which further suggests that type I errors were not present; and (3)
several known correlations reported in Fig. 4 were significant,
and the most obese subjects showed the worst cardiorespiratory
capacity as expected, serving as quality controls and demonstrat-
ing that the sample was adequate. Thus, our good methodologi-
cal design allowed us to test our hypotheses robustly.

About 3% of participants with MS were on metformin. Since
metformin reduces insulin, HOMA-IR, and IR [58], we specu-
late that metformin might have prevented the serum musclin in
the MS group from being even higher and attenuated the corre-
lations of musclin with insulin and HOMA-IR. Thus, the in-
creased musclin values found in the subjects with MS are not
explained by any known effect of metformin.

Since aging reduces the number, size and satellite cells of
type II fibers [59], which are the main producers of musclin in
mammals [16], we speculate that musclin may be reduced in
older people. However, the effect of aging on musclin is not ex-
pected to affect our results because we: (1) enrolled only adults,
not elderly subjects; (2) adjusted our regression analyses for
age; (3) and matched groups with and without MS for age.

Implications

We provide evidence to show that the role of musclin in humans
is in line with that shown in cell cultures and wild-type mice—
that is, musclin is likely involved in the regulation of glucose
metabolism. Our results indicate that insulin, visceral and total
adiposity, and muscle mass, but not BMI, fiber type, or physical
fitness, are probably novel regulators of musclin in humans. The
data supports a recent model proposed to integrate information
on the role of skeletal muscle mass and its endocrine function in
the pathophysiology of MS [13].

The evidence available up to now also allows us to propose
musclin as a target to be regulated in patients with MS and IR.
New public health policies should always consider and account
for the role of the skeletal muscle as an important player in met-
abolic health issues.

Conclusions

In humans, musclin is positively associated with IR and with a
body composition profile characterized by high visceral adipos-
ity and lean mass, but low body fat percentage. This myokine is
not related to BMI, cardiorespiratory fitness, or physical activity
levels. The fact that most data obtained with cultured cells,
wild-type murine models, and now in humans supports this con-
clusion suggests that the results obtained in KO mice should be
interpreted carefully.

Copyright © 2021 Korean Endocrine Society
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