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Effects of weight loss rate on
myostatin and follistatin
dynamics in patients with obesity
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Background: Exercise-induced cytokines involved in controlling body
composition include myostatin (MST) and follistatin (FST), both of which are
influenced by physical activity. This study investigated changes in body
composition and physical activity during a weight loss program, as well as the
impact on serum MST and FST levels at various weight loss rates.

Methods: A total of 126 patients with obesity who completed a 6-month weight loss
program were divided into three groups based on weight loss rate (%): low (< 3%),
middle (3-10%), and high (>10%). The International Physical Activity Questionnaire
was used for assessing physical activity, whereas dual X-ray absorptiometry was used
to determine body composition. Serum MST and FST levels were measured using
the enzyme-linked immunosorbent assay.

Results: The middle and high groups showed a significant decrease in percent
body fat and a significant increase in percent lean body mass and physical activity.
Serum MST levels increased significantly in all three groups, although FST levels
reduced significantly only in the middle group. After adjusting for sex and body
composition, changes in peak oxygen intake (B = -0.359) and serum FST levels
(B = -0.461) were identified as independent factors for the change in MST levels in
the low group. Sex (B = -0.420) and changes in MST levels (B = -0.525) were
identified as independent factors for the change in serum FST levels in the low
group, whereas in the high group, sitting time ( = -0.600) during the weight loss
program was identified as an independent factor for change in serum FST levels.

Conclusion: Serum MST levels in patients with obesity increased significantly
following the weight loss program, independent of weight loss rate. In contrast,
serum FST levels reduced significantly only in the 3-10% weight loss group.
These findings indicate that MST and FST secretion dynamics may fluctuate in
response to physical activity, while also reflecting feedback regulation of body
composition and metabolism during weight reduction.
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1 Introduction

Obesity is a risk factor for cardiometabolic diseases such as
hypertension, diabetes, ischemic heart disease, and stroke (1, 2).
Obesity is normally treated with diet and exercise therapy; however,
weight loss often leads to a decline in skeletal muscle mass as well as
a reduction in body fat mass. One explanation for this phenomenon
is that lower physical load caused by weight reduction reduces the
absolute quantity of skeletal muscle necessary for physical activity,
increasing the risk of muscle atrophy. Moreover, weight loss due to
extreme energy restriction is expected to reduce muscle protein
synthesis (3). Another factor that has garnered attention is the
modulation of skeletal muscle mass by myokines or exercise-
induced cytokines (exerkines) released by skeletal muscles (4).

Myostatin (MST) and follistatin (FST) are widely recognized
exerkines involved in the regulation of skeletal muscles (5). MST,
also known as growth differentiation factor 8, is a member of the
transforming growth factor beta superfamily, and is secreted
primarily by skeletal muscles. It acts as a negative regulator of
muscle mass and inhibits muscle growth (6). Inhibition of MST
contributes to suppression of muscle atrophy and reduction in fat
accumulation (7). In contrast, FST, secreted by the skeletal muscle,
liver, gonads, and adipose tissue, binds to MST and promotes
skeletal muscle anabolism by inhibiting the myostatin/activin-
ActRIIB pathway (8, 9). FST levels have been reported to increase
with exercise (10). Additionally, FST expression increases in non-
alcoholic fatty liver disease and plays a protective role against
hepatic steatosis (11). Increased FST levels in individuals with
obesity are suggested to stimulate skeletal muscle anabolism and
alleviate fatty liver disease.

In our previous studies, we reported that appendicular lean
mass adjusted for body weight was a positive predictor of serum
MST levels and that MST significantly increased following weight
loss (12, 13). We also reported that serum FST levels were positively
correlated with percent body fat and negatively correlated with
percent lean body mass (LBM); MST and exercise tolerance were
significant negative predictors of serum FST levels (14). These
findings suggest that the secretion kinetics of MST and FST may
be regulated to maintain systemic homeostasis, presumably
influenced by complex factors, such as changes in body
composition and physical activity (15).

Variations in MST and FST kinetics could serve as potential
markers for early detection and prevention of muscle atrophy
during weight loss. However, given that changes in body fat and
skeletal muscle vary depending on the extent of weight loss, the
effect of MST and FST kinetics, along with physical activity, in
response to changes in body composition remains unclear.
Although previous studies have reported tissue-derived MST and
FST Kkinetics, studies using serum samples from patients with
obesity undergoing weight loss therapy are limited.

Therefore, this study aimed to investigate changes in body
composition and physical activity following a weight loss program
as well as their effects on serum MST and FST levels at various
weight loss rates.
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2 Materials and methods
2.1 Participants

The study included 126 patients with obesity who visited the
obesity outpatient clinic at the Kansai Medical University Hospital
between June 2014 and September 2020, and completed a 6-month
weight loss program. The exclusion criteria were history of cardiac
pacemaker implantation, pregnancy, severe liver dysfunction, renal
disease, secondary causes of obesity owing to endocrine disorders, and
wasting disease with extreme weight loss within the past 6 months.

The study was conducted in accordance with the principles of
the Declaration of Helsinki, and all procedures were approved by
the Ethics Committee of the Kansai Medical University (approval
no. 2019092). Written informed consent was obtained from all
participants before commencing the study.

2.2 Study protocol

This was a retrospective, observational study (Supplementary
Figure 1). The participants finally included in the weight loss
program were divided into three groups based on their weight loss
rates (%): Low group, < 3%; the middle group, between > 3% and <
10%; and high group, > 10%. Data regarding clinical characteristics
and past medical histories were collected from medical records. At
the initial visit, lifestyle factors such as current smoking status,
regular alcohol consumption, and exercise habits were determined.
An exercise habit was defined as engaging in exercise for at least
150 min per week. This study compared changes in body
composition, physical function, vascular function, physical activity,
energy intake, and blood samples in the three groups at the end of a
6-month weight loss program. Additionally, indices associated with
changes in serum MST and FST levels were analyzed for each group.

2.3 Weight loss program

The weight loss program was initiated once the pre-intervention
evaluation was completed following the initial visit. The program,
conducted under the supervision of a physician specializing in
obesity, was a comprehensive 6-month program consisting of
physician supervision, exercise instruction, nutritional guidance,
and psychological counseling. Supervised exercise therapy was
based on weekly sessions of a 60-min regimens that included
stretching, 30 min of aerobic exercise at anaerobic metabolic
threshold intensity, and resistance training using body weight for
two sets of 10 repetitions each of three different types (lower
extremity and trunk muscle). In principle, patients were
instructed to perform the program, including home-based
exercises, three times per week. Home-based exercise emphasized
aerobic exercise and encouraged the need for greater physical
activity with the goal of increasing energy expenditure. A health
fitness programmer planned and instructed these workout
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regimens. A professional dietitian and psychotherapist provided
dietary guidance and counseling on a monthly basis. The dietitian
provided monthly nutritional guidance, eating behavior instruction,
and dietary advice based on dietary records. The psychotherapist
provided monthly counseling based on cognitive behavioral
therapy, with an emphasis on self-monitoring and efficacy.

2.4 Measurement

2.4.1 Body composition

A few days following the initial visit, body composition was
measured using dual-energy X-ray absorptiometry (DXA; DPX-NT
System; GE Healthcare, Buckinghamshire, UK). The measurement
parameters included body weight, body fat mass, and LBM (whole
body, upper extremities, trunk, and lower extremities). The percentage
of body fat mass and LBM were determined by dividing by the body
weight. Computed tomography and fat scan analysis software (East
Japan Technology Tokyo Laboratory, Tokyo, Japan) were used to
measure the umbilical visceral fat area and subcutaneous fat area.

2.4.2 Physical function and arterial stiffness

Physical function was assessed based on exercise tolerance and
lower limb strength. A symptom-limited cardiopulmonary test (CPX)
employing a ramp protocol was performed using a cycle ergometer
(AEROBIKE 75XL; Combi Co., Ltd., Japan). This regimen included an
initial 4-min rest period on the ergometer, followed by 4-min warm-up
at a 20-watt load, and a full workout with the load raised by 1 watt
every 3-6 s to be completed within 10 min. This CPX was carried out
with all patients pedaling at 50 revolutions per min. Oxygen uptake
(VO,), carbon dioxide output, and minute ventilation on a breath-by-
breath basis were measured using an expired gas analyzer (AE-300s
and 310s; Minato Medical Science Co. Ltd., Japan). The anaerobic
threshold was determined using the V-slope method (16). Peak VO,
and heart rate were defined as peak values during incremental exercise.
Lower limb strength was measured twice, based on uniform rotating
leg muscle strength using Strength Ergo (Mitsubishi Electric
Corporation, Tokyo, Japan). The maximum value was recorded, and
the weight adjustment value (N.m/kg) was used.

Arterial stiffness was assessed by measuring brachial-ankle
pulse wave velocity (baPWV). After 10 min of rest in the supine
position, the baPWV was measured using a pulse pressure analyzer
(BP-203RPE; Omron Colin Co. Ltd., Japan). Measurements were
taken twice every 2 min, and the mean value from the right and left
arms was considered to be the final baPWV.

2.4.3 Physical activity

Physical activity was self-reported using the shortened version
of the International Physical Activity Questionnaire (IPAQ) (17).
The questionnaire consisted of seven questions that assessed
physical activity in the past week. Metabolic equivalent (MET)
values for physical activity were classified as light (3.3MET),
moderate (4.0MET), and high (8.0MET). Daily physical activity
and walking time were calculated by combining physical activity,
including walking for more than 10 min, with average frequency
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and intensity. Sitting time was defined as the average sedentary time
per day between waking up to sleeping. The cutoff for evaluating the
prognosis of sitting time was 480 min (18).

2.4.4 Energy intake

The dietary survey consisted of self-administered food records
and corresponding photographs taken over five consecutive days
each month, during the weight loss program, along with interviews
about dietary details. Professional dietitians recorded the names of
the dishes for typical breakfasts, lunches, dinners, and snacks as well
as the ingredients, weights, seasonings, and cooking methods used
in those dishes. Additionally, they checked the nutritional content
of the commercially procured products. From these surveys, a
dietitian counted the total number of units, with 80 kcal of
energy as one unit, based on Food Exchange Lists and Standard
Table of Food Composition in Japan 2020 (19, 20). Daily energy
intake was calculated with the formula, total units x 80 kcal.

2.4.5 Blood sampling

Fasting blood samples were collected to determine the serum
levels of aspartate aminotransferase, alanine aminotransferase,
gamma-glutamyl transpeptidase, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, triglycerides,
glucose, glycosylated hemoglobin, C-reactive protein, and serum
insulin. The homeostasis model assessment of insulin resistance was
calculated based on the fasting blood insulin levels at early morning,
following fasting, (homeostasis model assessment of insulin
resistance = [fasting serum insulin x fasting plasma glucose]/405).
Blood samples were stored at —80°C. Serum exerkine (FST and
MST) levels were measured using a human Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The intra- and inter-assay
coefficients of variation were 2.0-2.7% and 7.9-9.2% for FST and
1.8-5.4% and 3.6-6.0% for MST, respectively.

2.5 Statistical analyses

Continuous data are expressed as mean * standard deviation or
median (interquartile range), depending on the presence or absence
of a normal distribution; categorical data are expressed as incidences
and percentages. The Shapiro-Wilk test was used to determine the
normality of the data. Comparisons between the three groups were
performed using the one-way analysis of variance, Kruskal-Wallis
test, or chi-squared test. The Bonferroni correction was performed as
a post-hoc analysis. Comparisons of before and after the weight loss
program were analyzed using the paired ¢-test or Wilcoxon signed-
rank test, and comparisons between two groups were performed
using the unpaired ¢-test. Pearson’s correlation coefficient was used to
determine the relationship between changes in MST and FST,
followed by multiple regression analysis. The independent variables
were selected by considering the correlation and adjustment factors.
All statistical analyses were performed using SPSS version 26.0 J for
Windows (IBM Corp., Armonk, NY, USA), and P-values < 0.05 were
considered statistically significant.
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3 Results
3.1 Patient characteristics

The characteristics of the patients at the initial visit in the three
groups are shown in Table 1. There were no significant differences
in age, sex, body composition, or medical history between the three
groups. The use of oral hypoglycemic agents in the low group was
significantly higher than that in the other groups; however, there
were no significant differences in terms of other medications and
lifestyle habits.

3.2 Changes in physiological parameters
due to the weight loss program

The changes due to the weight loss program are shown in Table 2,
Supplementary Table 1. There were no significant differences in the
baseline values between the three groups. Body weight, body fat mass,
visceral fat area, and subcutaneous fat area significantly decreased in
the middle and high groups after 6 months. The percent LBM
significantly increased in the middle and high groups but
significantly decreased in the low group. Furthermore, the blood
pressure significantly decreased in the middle and high groups, and

TABLE 1 Patients characteristics at initial visit.

10.3389/fendo.2024.1418177

the baPWV significantly improved. Peak VO,, lower limb strength,
daily physical activity, and walking time significantly increased in the
middle and high groups, whereas there was significant decrease in
energy intake in all groups. Aspartate aminotransferase, alanine
aminotransferase, and C-reactive protein levels significantly
decreased in all groups, and insulin resistance improved in the
middle and high groups but worsened in the low group.

The changes in serum MST and FST levels are shown in
Figure 1. Serum MST levels significantly increased in all groups
(median, low: 2236.4 to 2519.8, middle: 2187.3 to 2484.8, high:
2279.1 to 2675.7 pg/mL) after 6 months (P < 0.05). However, serum
FST levels (median, low: 838.4 to 945.3, middle: 926.1 to 759.0, high:
776.7 to 965.2 pg/mL) and F/M ratio (median, low: 0.35 to 0.28,
middle: 0.38 to 0.28, high: 0.36 to 0.32) significantly decreased only
in the middle group (P < 0.05). There were no significant differences
in the rate of change in MST, FST, or F/M ratio between the groups.

3.3 Relationship between serum MST and
FST dynamics and changes in body
composition and physical activity

Indicators that demonstrated a significant correlation with the
rate of change in serum MST and FST levels are shown in Figure 2.
During the weight loss program, the rate of change in MST level in

Alln = 126 Low group Middle group High group P-value
n=32 n=67 n=27

Age (years) 459 + 139 44.8 134 473 %154 43.8 £ 102 0.483
Men, n (%) 41 (32.5) 11 (34.4) 18 (26.9) 12 (44.4) 0.250
Height (cm) 161.8 + 8.4 161.8 + 8.2 161.1 + 8.3 163.7 + 8.8 0.412
Body weight (kg) 99.2 +232 98.9 +22.5 97.3 +23.7 104.0 +22.8 0.457
Body mass index (kg/m?) 37.7+7.6 37.5+ 6.4 374 + 8.0 388 7.7 0.708
Medical history

Hypertension, n (%) 59 (46.8) 15 (46.9) 32 (47.8) 12 (44.4) 0.958

Dyslipidemia, n (%) 35 (27.8) 9 (28.1) 19 (28.4) 7 (25.9) 0.971

Diabetes mellitus, n (%) 29 (23) 12 (37.5) 11 (16.4) 6 (22.2) 0.066
Medication

A ntihypertensives, n (%) 46 (36.8) 13 (40.6) 23 (34.8) 10 (37.0) 0.856

Hypolipidemic agent, n (%) 31 (25.0) 9 (28.1) 16 (26.4) 6 (22.2) 0.868

Insulin, n (%) 2 (1.6) 2(6.3) 0 (0.0) 0 (0.0) 0.054

Sr(i/lo)h ypoglycemic agent, 26 (20.8) 12 (37.5)* 8 (12.1) 6(222) 0.014
Lifestyle

Current smoker, n (%) 9 (7.6) 5(16.7) 2(3.2) 2 (7.4) 0.073

Alcoholic drinks, n (%) 38 (31.9) 10 (33.3) 21 (32.8) 7 (28.0) 0.892

Exercise habits, n (%) 42 (36.8) 12 (37.5) 22 (33.8) 8 (29.6) 0.817

Data are expressed as mean + standard deviation or median (interquartile range).
*P < 0.05 vs. Middle group.
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TABLE 2 Changes due to weight loss program in each group.

Low group n = 32 Middle group n = 67 High group n = 27
. P- . P- .
Baseline = 6-months Baseline  6-months Baseline = 6-months
value value
Body weight (kg) 98.3 + 21.9 97.6 + 22.5 0.096 96.6 + 23.6 902 £225% | <0001  102.6 225 = 89.5+195* | <0.001
Body fat mass (kg) 44.0 + 13.0 44.0 +14.0 0.99 44.7 + 147 39.6 +143% | <0001 453 +119 353+ 129% | <0.001
Percent body fat mass(%) 444 +62 445+ 67 0.730 459 + 6.3 434 + 7.0 <0.001 44.0 + 62 38.8 + 9.3 <0.001
LBM (kg) 534+ 11.1 52.6 + 10.9* 0.015 515+ 11.7 50.7 + 12.7 0.063 57.1 + 132 545+ 11.5 0.054
Percent LBM (%) 549 + 6.6 546+ 6.7 0.326 538 + 6.2 56.6 + 7.1% <0.001 55.8 + 6.5 61.9 + 12.4% 0.001
Visceral fat area (cm?) 187.5 + 60.1 178.7 + 60.1 0.172 1761 + 644 1533553 <0001 = 193.6+98.0 | 1458 +89.0"% | <0.001
Subcutaneous fat area (cm?®) = 461.4 + 195.4 4449 +193.3 0.329 427.9 £ 165.3 3934 0.001 455.1 + 183.5 3696 < 0.001
cous A S : S + 154.6% ' S + 1551 '
Systolic blood
135.9 + 143 133.1 + 16.1 0.215 140.7 +18.0 | 1340 +173* <0001 = 137.9 + 182 1231+135 | <0.001
pressure (mmHg)
Diastolic blood
787 + 83 770+ 7.5 0.232 83.8 + 12.1 778 £109% | <0001 823 +128 75.3 + 9.1% <0.001
pressure (mmHg)
Rest HR (bpm) 71.8 + 14.3 69.5 + 12.2 0.107 72.8 + 122 67.7 +10.1% | <0001 750 +10.8 62.7 + 9.5% <0.001
1344.6 1306.0 1366.0 1329.2 1311.0 1250.0
baPWV 0.097 0.018 0.001
aPWV (em/sec) +2207 +2262 +2124 +230.2¢ +189.4 + 1745¢
2000 1640 1925 1670 1795 1513
E intake (kcal/d: 0.001 <0.001 0.014
nergy intake (keal/day) (1713,2346) | (1479, 1900)* | (1650, 2450) | (1350, 2050)** (1500, 2344) | (1288, 1975)*
Physical function
AT (ml/kg/min) 11.0 £ 1.9 10.8 + 1.7 0.524 113+18 11.7 + 2.1 0.063 122+29 13.0 + 4.1 0.086
Peak VO, (ml/kg/min) 17.9 + 4.1 180 + 3.7 0.903 182 +37 19.7 + 4.2%¢ <0.001 202 +53 222 + 6.8% 0.002
Peak HR (bpm) 142.8 + 22.1 1463 +21.9 0.210 1483 + 18.0 147.5 + 215 0.614 1482 + 174 147.8 +17.8 0.859
Peak RER 1.06 + 0.08 1.10 + 0.09* 0.032 1.06 + 0.09 1.09 + 0.09% 0.029 1.06 + 0.09 1.05 +0.10 0.631
Lower limb strength
(Nm/kg) 144 +0.26 1.46 + 0.30 0.306 1.48 +0.36 155 +0.39% | <0001 146 +0.34 1.64 + 040" | < 0.001
Physical activity
Daily physical activity 104.0 173.5 1234 176.5 100.5 246.3
0.523 0.001 0.022
(kcal/day) (20.0, 523.9) (67.7, 301.1) (31.0,287.9) | (72.2, 398.1)** (0.0,276.1) | (99.6, 650.9)*
257 286 25.7 32.1 20.7 543
Walking ti in/d 0.268 <0.001 0.005
alking time (min/day) |, ; g5 7) (14.0, 66.4) (57,400) | (140, 69.7)* (0.0,493) | (187, 100.7)*
Sitting time (min/day) 300 390 0.936 450 420 0.439 >10 >10 0.082
& ¥ (180, 600) (180, 585) ‘ (300, 705) (240, 600) : (300, 840) (210, 720) '

Biochemical examination

AST (mg/dL) 23 (18, 37) 20 (16, 30)** 0.004 26 (19, 38) 20 (16, 26)** < 0.001 25 (19, 35) 19 (17, 22)** 0.001
ALT (mg/dL) 30 (20, 56) 24 (17, 42)** 0.012 31 (23, 54) 23 (15, 30)** < 0.001 22 (17, 60) 15 (13, 23)** < 0.001
Y-GPT (mg/dL) 34 (20, 53) 30 (20, 52) 0.265 34 (25, 52) 26 (17, 36)** < 0.001 34 (17, 54) 20 (12, 32)** < 0.001
HDL-cholesterol (mg/dL) 433 +£82 50.4 + 10.1** < 0.001 44.7 £ 11.6 53.2 £ 14.0% < 0.001 451 +94 49.9 + 13.0* 0.012

LDL-cholesterol (mg/dL) 107.9 £ 17.7 115.8 + 17.0%* 0.006 115.9 + 30.1 119.3 + 28.8 0.130 122.3 £ 36.8 119.9 + 34.6 0.529

Triglycerides (mg/dL) 107 (84, 143) | 102 (91, 125) 0214 | 112(79,164) = 94 (70,135)* | <0.001 97 (74,129) 78 (62, 123)* 0.029
Fasting glucose (mg/dL) 1109 + 322 110.3 +31.3 0.922 100.2 + 17.0 974+ 108 0.101 98.8 + 203 883 + 11.8 0.008
HbAlc (%) 59 (56,66) = 59 (55,63) 0.230 57 (55,61) | 56 (54,59 <000l 56(5661) @ 55(53,57)* <0001

(Continued)
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TABLE 2 Continued

Low group n = 32

Middle group n = 67

10.3389/fendo.2024.1418177

High group n = 27

. P- . . -
Baseline @ 6-months Baseline  6-months Baseline = 6-months
value value
Biochemical examination
13.9 155 16.1 12,5 127 8.7
Insulin (uU/mL 0.013 0.092 0.005
nsulin (WU/mL) (8.6, 19.6) (8.4, 22.3)* (11.0, 19.7) (8.8,19.7) (6.7, 16.6) (6.7, 13.7)**
HOMA-IR 36 (24,49)  39(18,63) 0.059 36(2.5,50) 3.0 (2.1,52)* 0038  28(1548)  1.9(1.2,28* 0006
0.23 0.15 0.21 0.15 0.37 0.26
RP (mg/dL 0.019 0.019 0.025
CRP (mg/dL) (0.10,0.64)  (0.07, 0.40)* (0.08, 0.50) (0.05, 0.46)* (0.13,057) | (0.07, 040)*

Data are expressed as mean + standard deviation or median (interquartile range).
**P < 0.01, *P < 0.05 vs. significant change from baseline in each group.

LBM, lean body mass; HR, heart rate; baPWV, brachial-ankle pulse wave velocity; AT, anaerobic threshold; VO,, oxygen consumption; RER, respiratory exchange ratio; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; y-GPT, gamma-glutamyl transpeptidase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbAlc, glycated hemoglobin; HOMA-

IR, homeostasis model assessment of insulin resistance; CRP, C-reactive protein.

the low group was negatively correlated with the rate of change in
peak VO, (r = -0.444), whereas the rate of change in FST level was
positively correlated with sitting time (r = 0.408). The rate of change
in FST level in the middle group was positively correlated with the
rate of body fat mass (r = 0.275) and percent body fat (r = 0.247).
Conversely, the rate of change in FST levels in the high group was
negatively correlated with the rate of change in the visceral fat area
-0.521) and sitting time (r = -0.571) during the weight
loss program.

The results of the multiple regression analysis to determine the
changes in serum MST and FST levels for the three groups are
shown in Table 3. The changes in peak VO, (B = -0.359) and FST
levels (B = -0.461) were identified as independent factors affecting

(r =

the change in MST level in the low group, even after adjustment for
sex and body composition. No significant independent factors for
changes in MST levels in the middle and high groups were detected.
Sex (B = -0.420) and changes in MST level (B = -0.525) were
identified as independent factors affecting the change in FST level in
the low group, whereas sitting time (§ = -0.600) during the weight
loss program was an independent factor affecting the change in FST
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* *k *
o 2500
6000
o
s000 T T _ 2000
3 b
£ 000 £
2 S 1500
b= =
2 3000 (14
1000
2000
500
1000 1
0 0
Low Middle High Low

FIGURE 1

levels in the high group. No significant independent factors for
changes in FST levels in the middle group were identified.

The MST, FST, and F/M ratio were compared by classifying the
sitting time of each group with a 480 min cutoff, revealing that the
serum FST levels in the high group were significantly increased
with < 480 min of sitting (Figure 3).

4 Discussion

This was a retrospective study conducted in patients with
obesity who completed a 6-month weight loss program, and
examined the dynamics of serum MST and FST levels under
conditions confirming changes in body composition and
metabolism, similar to previous reports on weight loss effects
(21). The results showed that serum MST levels significantly
increased, regardless of the extent of weight loss, whereas serum
EST levels significantly decreased only when the weight loss was 3—
10%. Together with variations in the exerkine levels, LBM in the low
group significantly decreased, whereas the middle and high groups

** P<0.01, *P<0.05 vs. Baseline

* *k

F/M ratio

L 0 -

Middle High Low Middle High

Changes in serum myostatin and follistatin levels and F/M ratio. Serum MST levels significantly increased in all three groups. Serum FST levels and the
F/M ratio significantly decreased only in the middle group. FST, follistatin; MST, myostatin.
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FIGURE 2

Correlation with changes in serum myostatin and follistatin levels. Significant correlations between changes in serum MST and FST levels and
changes in body composition and physical activity observed within each group. FST, follistatin; MST, myostatin.

showed no significant change. Additionally, the middle and high
groups experienced a significant increase in LBM percentage. The
exercise regimen in this study was not sufficient to increase the total
amount of LBM during weight loss, however the increase in LBM

TABLE 3 Multivariate analysis to identify factors predicting changes in serum MST and FST levels.
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percentage in the middle and low groups may be attributed to the
reduction in fat mass associated with weight loss. Although serum
MST levels significantly increased in all the groups after the weight
loss program, these changes may have different underlying

Low group Middle group High group
P-value P-value P-value

Sex -0.307 0.072 1212 0.037 0.810 1.313 0.099 0.737 1.347
Percent body fat (%) 0.460 0.071 2.684 0.204 0.153 1132 0.227 0.520 1.897
Percent LBM (%) 0.169 0.453 2.253 -0.030 0.834 1.176 0.157 0.632 1.660
Peak VO, (%) -0.359 0.044 1.303 0.113 0.401 1.010 -0.111 0.690 1.193
Sitting time (min/day) -0.055 0.781 1.751 0.192 0.172 1.103 -0.005 0.988 1.907
FST (%) -0.461 0.017 1.462 -0.005 0.973 1.098 -0.166 0.636 1.904
B. FST

Low group Middle group High group

B P-value VIF B P-value VIF B P-value VIF

Sex -0.420 0.018 1.079 0.044 0.776 1312 0.282 0.202 1.204
Percent body fat (%) 0.155 0.581 3.102 0.154 0.290 1.152 0438 0.092 1.586
Percent LBM (%) -0.088 0.715 2.301 -0.139 0.337 1.155 -0.120 0.637 1.661
Peak VO, (%) -0.266 0.175 1.450 -0.039 0.776 1.023 -0.168 0.427 1152
Sitting time (min/day) 0.260 0.208 1.627 0.142 0.321 1122 -0.600 0.013 1.209
MST (%) -0.525 0.017 1.664 -0.005 0.973 1.119 -0.099 0.636 1.129

B standardize partial regression coefficient.
Sex: men = 1, women = 2.

VIF, variance inflation factor; LBM, lean body mass; VO,, oxygen consumption; FST, follistatin; MST, myostatin.
Percent body fat, percent lean body mass, peak VO,, FST and MST were input as percent changes before and after the program.
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FIGURE 3

Changes in serum myostatin and follistatin levels and F/M ratio due to sitting time. Changes in serum MST and FST values and F/M ratio were
compared by classifying the daily sitting time of each group as 480 min. FST, follistatin; MST, myostatin; NS, not significant.

mechanisms. The low group showed almost no changes in body
composition or physical activity, whereas their insulin resistance
tended to worsen. Individuals with obesity have been reported to
show a positive association between high MST and high serum
insulin levels, regardless of skeletal muscle mass, suggesting that the
effects of worsening insulin resistance may be a part of the
mechanism underlying the increase in MST levels in the low
group (22). We also found that the change in peak VO, was a
negative independent factor for the change in MST levels in the low
group. In a previous study, regular aerobic training, whereas
adjusting dietary intake to prevent changes in body composition,
significantly decreased MST levels and increased exercise tolerance
(23). Regular exercise has been reported to contribute to a decrease
in MST levels, whereas physical inactivity may contribute to skeletal
muscle atrophy by inducing an increase in MST levels (24, 25).
Therefore, the increase in MST level in the low group was thought
to be influenced by worsening insulin resistance and physical
inactivity. The middle and high groups showed significant
decreases in percent body fat and insulin resistance, coupled with
notable increases in percent LBM, physical activity, and exercise
tolerance. Although increased physical activity contributes to a
decrease in MST levels (24-27), MST is also expected to inhibit
skeletal muscle synthesis to maintain homeostasis in response to
successful weight loss and increased percent LBM. Our previous
study also reported a positive association between high MST levels
and high appendicular lean mass in patients with obesity (12). This
suggests that the increase in MST levels observed in the middle and
high groups may be attributable to an inhibitory response of muscle
synthesis heightened skeletal muscle mass relative to body weight.
Changes in body composition, particularly percent LBM, may have
greater impact on MST dynamics in individuals with obesity than
physical exercise.

In contrast, serum FST levels decreased significantly only in the
middle group after the weight loss program. The FST level is known
to increase with exercise, which contributes to its beneficial effects.
FST is secreted by the liver and has been recognized for its potential
therapeutic effects in fatty liver disease. It can help improve liver
function and reduce liver fat accumulation, enhancing
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compensation in fatty liver conditions (11, 23, 28). We reported
higher serum FST levels in patients with severe obesity than in those
with obesity defined as a body mass index <35 kg/m?* (14). Other
studies have also reported elevated FST levels in individuals with
obesity compared with healthy individuals (29). Since the low group
in this study did not demonstrate any changes in body composition
or physical activity, it is expected that fatty liver and hepatic insulin
resistance due to obesity did not improve. Thus, serum FST levels in
the low group was unlikely to exhibit any significant difference after
the weight loss program. Serum FST levels in the middle group
exhibited a positive correlation with body fat and improved liver
function while also showing a significant increase in physical
activity and exercise tolerance. The details of the mechanism are
unclear; however, it is possible that the compensatory increase in
FST levels was reduced by improvements in fatty liver and increased
physical activity associated with weight loss. Our results for the
middle group are consistent with those of previous studies that
demonstrated decrease in FST levels with weight loss and reduction
in FST being associated with changes in body fat (30). However, the
serum FST levels in the high group were not significantly different
after the weight loss program. The high group experienced a
significant weight loss (>10%), and the decreasing FST, like the
trend shown in the middle group, may have reappeared due to other
causes. The high group exhibited a more strongly optimized body
composition and liver function than the low and middle groups and
had increased physical activity and exercise tolerance. In addition,
the multivariate analysis showed that an increase in FST levels in the
high group was associated with sedentary time during the weight
loss program. Long periods of sitting are likely to have an impact on
exerkine kinetics since muscle activity during sedentary behavior is
lower than during standing and walking (31). Though the IPAQ
used in this study may have low reliability in assessing walking and
overall physical activity levels, and may not be able to assess detailed
activities within 10 min, the assessment of sitting time has been
reported to be moderately reliable (32). When weight reduction is
successful and the weight loss rate is high, even low-intensity and
brief muscle stimulation that is not reflected in the physical activity
questionnaire may have a positive effect on serum FST levels. These
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findings suggest that the compensatory increase in FST levels in
patients with obesity may decrease with weight loss and that further
improvement in body composition and physical activity may lead to
the desired increase in FST levels.

The strength of this study was its ability to confirm the
variability in serum MST and FST levels at various weight loss
rates. Earlier studies reported either no change, or a decrease in
MST levels and an increase in FST levels with exercise therapy (24—
27,33). In contrast, our findings indicate an overall increase in MST
levels before and after the weight loss program. Since this weight
loss program was a combination of exercise and diet therapy, it is
difficult to attribute these findings solely to the effects of exercise or
physical activity on exerkines. It is more likely that the effects of
exercise and physical activity are modified by concurrent changes in
body composition. An important finding of this study is that
physical activity, particularly changes in exercise tolerance, has a
direct effect on MST and FST dynamics under conditions where
there are no changes in body composition. However, it is
challenging to explain the variations in MST and FST solely
based on physical activity because of feedback regulation resulting
from changes in body fat and skeletal muscle when the weight loss
is > 3%. MST and FST are exerkines that regulate skeletal muscle
mass, and it has been suggested that they orchestrate changes in
body composition, metabolism, and physical activity. Although
there are numerous challenges in understanding skeletal muscle
anabolism and catabolism based on the dynamics of MST and FST
during weight loss, these exerkines may serve as potential early
indicators for promoting optimal weight loss.

This study had several limitations. First, patients were
retrospectively classified into three groups according to weight
loss rate, and changes in serum MST and FST levels due to
stepwise weight loss within the same patients could not be
evaluated. Previous studies have reported the effects of rate of
weight loss on skeletal muscle mass and MST (30). Therefore,
longitudinal observations of the changes in MST and FST secretions
associated with the changes in body weight are required in future
research. Second, this study evaluated MST and FST using serum
samples, and the detailed mechanisms remain unknown because
the serum is a mixture of secretions from various organs in addition
to skeletal muscle. However, longitudinal studies of human muscle
tissue are ethically challenging. Hence, it is important to elucidate
variations in myokines involved in skeletal muscle regulation in
response to changes induced by serum. Third, we could not exclude
sex-related differences. Previous studies have reported sex
differences in MST and FST (34), indicating the importance of
increasing the sample size and conducting separate analyses for
men and women in future studies. Fourth, the study did not include
a control group owing to ethical concerns regarding not
implementing a weight loss program for these patients with
obesity. Although there was no statically significant difference in
baseline value between the three groups, a range of values was
observed. This could be due to the complex influence of contextual
factors, including the duration of obesity, treatment experience,
education, and personality. Finally, detailed assessments of dietary
intake such as protein intake were not performed. Nevertheless, no
significant differences in energy intake were observed among the
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three groups, suggesting that the extent of weight loss was
predominantly influenced by physical activity and exercise.

In conclusion, serum MST levels in patients with obesity
significantly increased before and after the weight loss program,
regardless of the rate of weight loss. However, serum FST levels
significantly decreased only when the weight loss rate was between
3-10%. These changes in myokines may have different implications
for the different rates of weight loss. Specifically, in situations in
which the body composition of individuals with obesity remains
unchanged, this may reflect the influence of physical activity and
exercise. However, when changes in body composition are
accompanied by weight loss, feedback regulation resulting from
alterations in body fat mass, skeletal muscle mass, and metabolism
may also play a role in addition to physical activity, suggesting a
potential impact on these secretion dynamics.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
committee of the Kansai Medical University. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

SK: Writing - original draft, Writing - review & editing,
Conceptualization, Data curation, Formal Analysis, Investigation,
Methodology. KO: Data curation, Formal Analysis, Validation,
Writing - review & editing. TM: Investigation, Project
administration, Writing - review & editing. KT: Investigation,
Supervision, Writing - review & editing. YK: Conceptualization,
Investigation, Methodology, Project administration, Supervision,
Writing - review & editing.

Funding
The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study

was supported by the Japan Society for the Promotion of Science
(JSPS), KAKENHI (Grant Number JP 22K17842).

Acknowledgments

We thank the staff and patients at the Health Science Center of
Kansai Medical University Hospital for their cooperation.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1418177
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Kurose et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Yatsuya H, Toyoshima H, Yamagishi K, Tamakoshi K, Taguri M, Harada A, et al.
Body mass index and risk of stroke and myocardial infarction in a relatively lean
population: Meta-analysis of 16 Japanese cohorts using individual data. Circ Cardiovasc
Qual Outcomes. (2010) 3:498-505. doi: 10.1161/CIRCOUTCOMES.109.908517

2. Hruby A, Hu FB. The epidemiology of obesity: A big picture. Pharmacoeconomics.
(2015) 33:673-89. doi: 10.1007/540273-014-0243-x

3. Hector AJ, McGlory C, Damas F, Mazara N, Baker SK, Phillips SM. Pronounced
energy restriction with elevated protein intake results in no change in proteolysis and
reductions in skeletal muscle protein synthesis that are mitigated by resistance exercise.
FASEB J. (2018) 32:265-75. doi: 10.1096/£j.201700158RR

4. Pedersen BK. Muscle as a secretory organ. Compr Physiol. (2013) 3:1337-62.
doi: 10.1002/cphy.c120033

5. lizuka K, Machida T, Hirafuji M. Skeletal muscle is an endocrine organ.
J Pharmacol Sci. (2014) 125:125-31. doi: 10.1254/jphs.14R02CP

6. McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in mice by a
new TGF-beta superfamily member. Nature. (1997) 387:83-90. doi: 10.1038/387083a0

7. Camporez JP, Petersen MC, Abudukadier A, Moreira GV, Jurczak MJ, Friedman
G, et al. Anti-myostatin antibody increases muscle mass and strength and improves
insulin sensitivity in old mice. Proc Natl Acad Sci U S A. (2016) 113:2212-7.
doi: 10.1073/pnas.1525795113

8. Welt C, Sidis Y, Keutmann H, Schneyer A. Activins, inhibins, and follistatins:
From endocrinology to signaling. A paradigm for the new millennium. Exp Biol Med
(Maywood). (2002) 227:724-52. doi: 10.1177/153537020222700905

9. Lee SJ, Lee YS, Zimmers TA, Soleimani A, Matzuk MM, Tsuchida K, et al.
Regulation of muscle mass by follistatin and activins. Mol Endocrinol. (2010) 24:1998-
2008. doi: 10.1210/me.2010-0127

10. Domin R, Dadej D, Pytka M, Zybek-Kocik A, Ruchata M, Guzik P. Effect of
various exercise regimens on selected exercise-induced cytokines in healthy people. Int
J Environ Res Public Health. (2021) 18:1261. doi: 10.3390/ijerph18031261

11. Tong J, Cong L, Jia Y, He BL, Guo Y, He J, et al. Follistatin alleviates hepatic
steatosis in NAFLD via the mTOR dependent pathway. Diabetes Metab Syndr Obes.
(2022) 15:3285-301. doi: 10.2147/DMS0.S380053

12. Kurose S, Onishi K, Takao N, Miyauchi T, Takahashi K, Kimura Y. Association of
serum adiponectin and myostatin levels with skeletal muscle in patients with obesity: A
cross-sectional study. PloS One. (2021) 16:¢0245678. doi: 10.1371/journal.pone.0245678

13. Takao N, Kurose S, Miyauchi T, Onishi K, Tamanoi A, Tsuyuguchi R, et al. The
relationship between changes in serum myostatin and adiponectin levels in patients
with obesity undergoing a weight loss program. BMC Endocr Disord. (2021) 21:147.
doi: 10.1186/s12902-021-00808-4

14. Kurose S, Onishi K, Miyauchi T, Takahashi K, Kimura Y. Serum follistatin levels
are independently associated with exercise tolerance in patients with obesity. Endocr
Res. (2023) 48:120-8. doi: 10.1080/07435800.2023.2253452

15. Li F, Li Y, Duan Y, Hu CA, Tang Y, Yin Y. Myokines and adipokines:
Involvement in the crosstalk between skeletal muscle and adipose tissue. Cytokine
Growth Factor Rev. (2017) 33:73-82. doi: 10.1016/j.cytogfr.2016.10.003

16. Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic
threshold by gas exchange. J Appl Physiol. (1986) 60:2020-7. doi: 10.1152/
jappl.1986.60.6.2020

17. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE,
et al. International physical activity questionnaire: 12-country reliability and validity.
Med Sci Sports Exerc. (2003) 35:1381-95. doi: 10.1249/01.MSS.0000078924.61453.FB

18. van der Ploeg HP, Chey T, Korda RJ, Banks E, Bauman A. Sitting time and all-
cause mortality risk in 222 497 Australian adults. Arch Intern Med. (2012) 172:494-500.
doi: 10.1001/archinternmed.2011.2174

Frontiers in Endocrinology

10.3389/fendo.2024.1418177

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2024.1418177/
full#supplementary-material

19. The Japan Diabetes Society and Tokyo, Bunkodo. Food exchange lists-dietary
guidance for persons with diabetes, 7th Edition. (2013).

20. Ministry of Education, Culture, Sports, Science and Technology. Standard tables
of food composition in Japan 2020 (2020). Available online at: https://www.mext.go.jp/
a_menu/syokuhinseibun/mext_01110.html (Accessed May 28, 2024).

21. Muramoto A, Matsushita M, Kato A, Yamamoto N, Koike G, Nakamura M, et al.
Three percent weight reduction is the minimum requirement to improve health
hazards in obese and overweight people in Japan. Obes Res Clin Pract. (2014) 8:
€466-75. doi: 10.1016/j.0rcp.2013.10.003

22. Tanaka M, Masuda S, Yamakage H, Inoue T, Ohue-Kitano R, Yokota S, et al.
Role of serum myostatin in the association between hyperinsulinemia and muscle
atrophy in Japanese obese patients. Diabetes Res Clin Pract. (2018) 142:195-202.
doi: 10.1016/j.diabres.2018.05.041

23. Hittel DS, Axelson M, Sarna N, Shearer J, Huffman KM, Kraus WE. Myostatin
decreases with aerobic exercise and associates with insulin resistance. Med Sci Sports
Exerc. (2010) 42:2023-9. doi: 10.1249/MSS.0b013e3181e0b9a8

24. Motahari Rad M, Bijeh N, Attarzadeh Hosseini SR, Raouf Saeb A. The effect of
two concurrent exercise modalities on serum concentrations of FGF21, irisin,
follistatin, and myostatin in men with type 2 diabetes mellitus. Arch Physiol
Biochem. (2023) 129:424-33. doi: 10.1080/13813455.2020.1829649

25. Khalafi M, Aria B, Symonds ME, Rosenkranz SK. The effects of resistance
training on myostatin and follistatin in adults: A systematic review and meta-analysis.
Physiol Behav. (2023) 269:114272. doi: 10.1016/j.physbeh.2023.114272

26. Hjorth M, Pourteymour S, Gorgens SW, Langleite TM, Lee S, Holen T, et al.
Myostatin in relation to physical activity and dysglycaemia and its effect on energy
metabolism in human skeletal muscle cells. Acta Physiol (Oxf). (2016) 217:45-60.
doi: 10.1111/apha.12631

27. Bagheri R, Rashidlamir A, Motevalli MS, Elliott BT, Mehrabani ], Wong A.
Effects of upper-body, lower-body, or combined resistance training on the ratio of
follistatin and myostatin in middle-aged men. Eur ] Appl Physiol. (2019) 119:1921-31.
doi: 10.1007/s00421-019-04180-z

28. Perakakis N, Mougios V, Fatouros I, Siopi A, Draganidis D, Peradze N, et al.
Physiology of activins/follistatins: Associations with metabolic and anthropometric
variables and response to exercise. ] Clin Endocrinol Metab. (2018) 103:3890-9.
doi: 10.1210/jc.2018-01056

29. Maimoun L, Mura T, Attalin V, Dupuy AM, Cristol JP, Avignon A, et al.
Modification of muscle-related hormones in women with obesity: Potential impact on
bone metabolism. J Clin Med. (2020) 9:1150. doi: 10.3390/jcm9041150

30. Bagheri R, Ashtary-Larky D, Elliott BT, Willoughby DS, Kargarfard M, Alipour
M, et al. The effects of gradual vs. rapid weight loss on serum concentrations of
myokines and body composition in overweight and obese females. Arch Physiol
Biochem. (2023) 129:821-8. doi: 10.1080/13813455.2021.1874020

31. Hamilton MT, Hamilton DG, Zderic TW. Role of low energy expenditure and
sitting in obesity, metabolic syndrome, type 2 diabetes, and cardiovascular disease.
Diabetes. (2007) 56:2655-67. doi: 10.2337/db07-0882

32. Balboa-Castillo T, Mufioz S, Seron P, Andrade-Mayorga O, Lavados-Romo P,
Aguilar-Farias N. Validity and reliability of the international physical activity
questionnaire short form in Chilean adults. PloS One. (2023) 18:€0291604.
doi: 10.1371/journal.pone.0291604

33. Oh S, Tsujimoto T, Kim B, Uchida F, Suzuki H, lizumi S, et al. Weight-loss-
independent benefits of exercise on liver steatosis and stiffness in Japanese men with
NAFLD. JHEP Rep. (2021) 3:100253. doi: 10.1016/j.jhepr.2021.100253

34. Fife E, Kostka J, Kroc £, Guligowska A, Piglowska M, Soltysik B, et al.
Relationship of muscle function to circulating myostatin, follistatin and GDF11 in
older women and men. BMC Geriatr. (2018) 18:200. doi: 10.1186/s12877-018-0888-y

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1418177/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1418177/full#supplementary-material
https://doi.org/10.1161/CIRCOUTCOMES.109.908517
https://doi.org/10.1007/s40273-014-0243-x
https://doi.org/10.1096/fj.201700158RR
https://doi.org/10.1002/cphy.c120033
https://doi.org/10.1254/jphs.14R02CP
https://doi.org/10.1038/387083a0
https://doi.org/10.1073/pnas.1525795113
https://doi.org/10.1177/153537020222700905
https://doi.org/10.1210/me.2010&ndash;0127
https://doi.org/10.3390/ijerph18031261
https://doi.org/10.2147/DMSO.S380053
https://doi.org/10.1371/journal.pone.0245678
https://doi.org/10.1186/s12902&ndash;021-00808&ndash;4
https://doi.org/10.1080/07435800.2023.2253452
https://doi.org/10.1016/j.cytogfr.2016.10.003
https://doi.org/10.1152/jappl.1986.60.6.2020
https://doi.org/10.1152/jappl.1986.60.6.2020
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://doi.org/10.1001/archinternmed.2011.2174
https://www.mext.go.jp/a_menu/syokuhinseibun/mext_01110.html
https://www.mext.go.jp/a_menu/syokuhinseibun/mext_01110.html
https://doi.org/10.1016/j.orcp.2013.10.003
https://doi.org/10.1016/j.diabres.2018.05.041
https://doi.org/10.1249/MSS.0b013e3181e0b9a8
https://doi.org/10.1080/13813455.2020.1829649
https://doi.org/10.1016/j.physbeh.2023.114272
https://doi.org/10.1111/apha.12631
https://doi.org/10.1007/s00421-019-04180-z
https://doi.org/10.1210/jc.2018&ndash;01056
https://doi.org/10.3390/jcm9041150
https://doi.org/10.1080/13813455.2021.1874020
https://doi.org/10.2337/db07&ndash;0882
https://doi.org/10.1371/journal.pone.0291604
https://doi.org/10.1016/j.jhepr.2021.100253
https://doi.org/10.1186/s12877-018-0888-y
https://doi.org/10.3389/fendo.2024.1418177
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Effects of weight loss rate on myostatin and follistatin dynamics in patients with obesity
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Study protocol
	2.3 Weight loss program
	2.4 Measurement
	2.4.1 Body composition
	2.4.2 Physical function and arterial stiffness
	2.4.3 Physical activity
	2.4.4 Energy intake
	2.4.5 Blood sampling

	2.5 Statistical analyses

	3 Results
	3.1 Patient characteristics
	3.2 Changes in physiological parameters due to the weight loss program
	3.3 Relationship between serum MST and FST dynamics and changes in body composition and physical activity

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


