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Abstract: Metabolic syndrome (MetS) pathogenesis involves oxidative stress associated with mito-
chondrial dysfunction, which triggers integrated stress responses via various compensatory metabolic
modulators like mitokines and hepatokines. However, the regulatory mechanisms underlying the
exercise-derived benefits with respect to mitokines and hepatokines (potential MetS biomarkers)
are unknown. Thus, we investigated the effects of exercise training on MetS biomarkers and their
associations with clinical parameters. In this single-center trial, 30 women with MetS were randomly
assigned to 12-week supervised exercise or control groups (1:1) and compared with 12 age-matched
lc‘r;’e(;:gtz); healthy volunteers. All participants completed the study except one subject in the control group.
Expectedly, serum levels of the mitokines, fibroblast growth factor-21 (FGF21), growth differentia-
tion factor-15 (GDF15), and the hepatokine, angiopoietin-like 6 (ANGPTL6), were higher in MetS
patients than in healthy volunteers. Moreover, their levels were markedly attenuated in the exercise
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Metabolic syndrome (MetS) refers to a cluster of interrelated risk factors for type

2 diabetes (T2DM) and atherosclerotic and non-atherosclerotic cardiovascular diseases
(CVD) [1-3]. These include central obesity, impaired glucose homeostasis, dyslipidemia,
and elevated blood pressure [4]. The pathogenesis of MetS involves metabolic stress and
mitochondrial dysfunction associated with obesity and insulin resistance [5,6]. Chronic
overnutrition and physical inactivity result in an accumulation of fat in the muscle, liver,
and adipose tissues and lead to insulin resistance [7,8], causing the production of reactive
oxygen species (ROS) in the cells. Subsequently, this oxidative stress further aggravates
ROS overproduction from mitochondria and endoplasmic reticulum (ER), resulting in
serious mitochondrial damage and ER stress.
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status, and enhanced antioxidant defense system. These integrated stress responses (ISR)
improve metabolic and mitochondrial flexibilities, consequently contributing to the ame-
lioration or delay of the onset of metabolic diseases. ISR may be elicited by mitokines
which are cell autonomous and non-autonomous signals induced by mitochondrial stress.
Fibroblast growth factor 21 (FGF21) and growth differentiation factor 15 (GDF15), promi-
nently expressed in liver and muscle tissues involved in glucose and lipid metabolism,
are notably upregulated and secreted following mitochondrial stress and disorders [9-12].
Indeed, these mitokines play protective roles against mitochondrial injury and metabolic
exacerbation [13,14]. High circulating levels of FGF21 and GDF15 are induced upon expo-
sure to sustained and uncompensated metabolic stress to restore metabolic homeostasis.
Thus, serum mitokine levels may prove to be potential biomarkers reflecting the extent of
metabolic disturbance attributable to mitochondrial stresses.

Among several insulin-sensitive tissues susceptible to metabolic disorders, liver is
evidently recognized as an endocrine organ and target of metabolic fitness that releases
hepatokines. Angiopoietin-like 6 (ANGPTL6) is a hepatokine that has the potential to en-
hance insulin sensitivity, increase energy expenditure, and protect against diet-induced obe-
sity [15]. Despite its beneficial effects on metabolic profiles, clinical studies have consistently
shown paradoxical upregulation of circulating ANGPTL6 in patients with metabolic disor-
ders [16,17]; thus, similar to the mitokines FGF21 and GDF15, ANGPTL6 may also be consid-
ered a candidate biomarker reflecting a compensatory mechanism against metabolic stress.

Exercise is one of the most potent lifestyle modalities that prevents and mitigates
chronic metabolic diseases such as MetS, T2DM, and cardiovascular diseases [18]. Enhanced
physical fitness and improved body composition through exercise training may contribute
to the alleviation of metabolic and oxidative stresses, leading to the restoration of the aber-
rant serum levels of the relevant biomarkers. Although some reports on the biomarker
level alterations occurring in response to acute exercise regimens or in adaptation to ex-
ercise training exist, the effect of exercise in metabolic disorders patients remains unclear.
Therefore, in this study, we aimed to examine the changes in the serum levels of FGF21,
GDF15, and ANGPTLS elicited by long-term exercise intervention in MetS patients. Our
preliminary observations comprised an age-matched comparison of baseline levels between
MetS patients and healthy individuals. In addition, we assessed the effects of exercise inter-
vention on kinanthropometric parameters and blood metabolic profiles and analyzed their
relationship with the metabolic stress biomarkers. Here, we show that exercise intervention
helped decrease the levels of these modulators of metabolic stress in addition to improving
physical fitness in MetS patients.

2. Materials and Methods
2.1. Study Design and Ethical Approval

This study is a single-center randomized controlled trial and was registered at the In-
ternational Clinical Trial Registry Platform of the World Health Organization (KCT 0004951).
The Institutional Review Board of Wonju Christian Hospital approved the study design
(IRB No. CR316057) and all participants provided written informed consent. The study was
performed in accordance with the principle of the Declaration of Helsinki and the guideline
of Consolidated Standards of Reporting Trials (CONSORT) (Table S1).

2.2. Participants
2.2.1. Patients with Metabolic Syndrome

Women previously diagnosed with MetS via health examination were recruited from
February to June 2019 at the Center for Exercise Medicine (Yonsei University Wonju College
of Medicine, Gangwon-do, Korea). Thirty women with MetS were initially enrolled, but
twenty-nine subjects completed the present intervention. MetS was defined according to the
criteria of the International Diabetes Federation [4]: central obesity (waist circumference >
80 cm) and the presence of at least 2 of the following components: (1) serum triglycerides >
150 mg/dL or specific treatment for hypertriglyceridemia, (2) serum high-density lipopro-
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tein (HDL) cholesterol < 50 mg/dL or specific treatment for hypo-HDL cholesterolemia, (3)
systolic blood pressure (BP) > 130 mmHg or diastolic BP > 85 mmHg or treatment for pre-
viously diagnosed hypertension, and (4) fasting plasma glucose > 100 mg/dL or previously
diagnosed as T2DM. Women who (i) had participated in regular exercise or sports activity
more than 2 times per week within the last 3 months, (ii) had exercise intolerance due to
various medical conditions including cardiovascular and musculoskeletal injury, or (iii) did
not wish to continue participating in the randomly assigned intervention program, were
excluded from the study.

2.2.2. Age-Matched Healthy Volunteers

For comparison of baseline data of the primary outcome between MetS patients and
healthy persons, 12 age-matched metabolically healthy women volunteers were recruited
in the initial phase of the present study.

2.3. Randomization and Blinding

After pre-intervention assessment, 30 MetS women were randomly assigned 1:1 into
either an exercise training or a usual care control group using a computer-generated random
number table with sealed envelopes. Outcome measurements were conducted by research
technicians blinded to subject allocation. The study statistician was also unaware of the
group allocations until after data analysis.

2.4. Intervention Study
2.4.1. Exercise Intervention Group

The exercise training program was designed using guidelines on optimal exercise inten-
sity, frequency, time, and type given in the American College of Sports Medicine’s Exercise
Management for Persons with Chronic Diseases and Disabilities [19]. To maximize the physi-
cal and metabolic benefits from exercise training, we adopted a combined endurance and
strength exercise regimen. We used a 12-week intervention program which enhanced physi-
cal fitness, as well as metabolic improvements were shown [20,21]. Participants performed a
50 min exercise routine that combined step aerobics using height-adjustable platforms and
progressive strength training using various body weights and elastic bands (Thera-Band,
Hygenic Co., Akron, OH, USA). Each exercise session began with a warm-up, consisting of
5 min stretching and bare gymnastics, and finished with a cool-down comprising of 5 min
mild to moderate walking and stretching of the exercised muscles. The aerobic exercise
training was conducted at the beginning with individual’s ratings of perceived exertion
(RPE) intensities within 11-13 and was progressively encouraged at every 4-week interval
until reaching a rating of 14-16. The aerobic exercises consisted of basic step-ups (front,
side, lateral, multi-directional), modified step-ups and side steps with knee raise, low kicks,
hop and jack, or row and lift, side leg swings, crossovers on step, alternative toe touches,
and jack exercises (step/side/march/jumping). The resistance exercises incorporated shoul-
der press/pull-down, Blackburn, push-up, biceps curl, triceps kickback, abdominal curl-up,
plank, squat, lunge, and calf raise, and participants were encouraged to finally complete three
sets for each training session of 10-12 repetitions to volitional fatigue. The elastic-resistance
of Thera-band was determined by the OMNI Resistance Exercise Scale (OMNI-RES) ratings
of perceived exertion and the 2 for 2 rule for increasing training loads [22,23]. The elastic
resistance training was conducted within ranges from 7 to 8 on the OMNI-RES. If subjects
could complete more than 13 repetitions in the last session and appeared to be lower than
6 (somewhat hard) on the OMNI-RES, the elastic-resistance of her band was increased to
the next level. The exercises using body-weight were progressively made more challenging
by adjusting the repetition and set numbers performed for each exercise in line with each
subject’s improvement. To raise training attendance rate, the exercise classes that consisted
of the same programs under the instruction of an exercise specialist were held twice every
weekday, and the participants were encouraged to attend either of the two classes more than
three days weekly during the 12-week intervention period.
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2.4.2. Usual Care Control Group

Subjects in the usual-care control group were instructed to sustain their routine lifestyle
including leisure and occupational physical activities, but not to take part in any new phys-
ical training programs for 12 weeks. Post-study, the control subjects, who undertook both
pre- and post-intervention assessments, were provided the opportunity of participating in
the same exercise programs as the exercise intervention group.

2.5. Outcome Measures

The primary outcome measured was serum levels of FGF21, GDF15, and ANGPTLS.
The secondary outcome measured included kinanthropometric profiles (i.e., anthropomet-
ric and body composition indices, physical fitness parameters) and routine biochemical
markers in patients with metabolic disorders. All measurements were obtained at baseline
and after 12 weeks, at the end of the study period.

2.5.1. Blood Collection and Biochemical Measurements

Blood samples after overnight fasting (>10 h) were drawn from the antecubital vein for
analyses for biochemical parameters and novel biomarkers of metabolic diseases. The sepa-
rated sera were immediately stored at —80 °C until assay. Baseline and post-intervention
blood samples were collected at least 2 days before the intervention and 2 days after the
last exercise session, respectively. Serum concentrations of biomarkers were quantified by
the enzyme-linked immunosorbent assay (ELISA) using commercial kits targeting FGF21
(DF2100), GDF15 (DGD150), leptin (DLP00) (R&D System, Minneapolis, MN, USA), and
ANGPTL6 (AG-45A-0016Y) (Adipogen, Seoul, Korea) according to the manufacturer’s
instructions. Biochemical tests for gluco-lipid profiles and hepatocellular enzymes in serum
were performed using an automated clinical chemistry analyzer (Roche Cobas® 8000) with
the manufacturer’s reagents and calibrators (Roche, Mannheim, Germany). The homeostasis
model of assessment of insulin resistance (HOMA-IR) was calculated using the following
formula: (fasting insulin (uU/mL) x fasting glucose (mg/dL))/405 and (360 x fasting
insulin (nU/mL))/ (fasting glucose (mmol/L) — 63), respectively [24].

2.5.2. Kinanthropometric Profiles

Body weight and height were measured in duplicates and used to calculate body mass
index (BMI). Waist circumference was measured at the midway between the lowest rib
and the superior border of the iliac crest. Body composition variables including body fat
mass and percentage, and appendicular lean mass (ALM) were measured using a multi-
frequency bioelectrical impedance analyzer (Inbody 720, Biospace, Seoul, Korea). Subjects
were evaluated for health-related components of physical fitness such as muscular power,
strength, endurance, agility, aerobic capacity, and flexibility through the assessments of
standing long jump, handgrip strength, sit-ups, 10 m shuttle run, 20 m pacer, and sit-and-
reach tests, respectively.

2.6. Statistical Analysis

Using a sample size calculator (Available online: https://clincalc.com/stats/samplesize.
aspx (accessed on 27 July 2019)) with anticipated mean and standard deviation (SD) of
GDFI15 levels in the baseline of 893.6 & 252.3 pg/mL [25], anticipated percent difference in
outcomes of exercise group of 30%, type 1 error rate of 5%, and power of 80%, we found
that a sample size of at least 14 subjects per study arm was needed in order to detect the
change between baseline and after intervention in both groups. Therefore, we found that
30 subjects were enough for statistical analyses. Data were analyzed using SPSS 25.0 soft-
ware (IBM Corp., Armonk, NY, USA). A 2-sided p-value of <0.05 was considered statistically
significant. Continuous data were tested for normality using Shapiro-Wilk tests and are
presented as mean =+ standard deviation (for parametric variables) unless otherwise noted,
or median with interquartile ranges (for non-parametric variables). Categorical data were
expressed as frequencies with proportion. Comparisons of continuous variables between
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groups were conducted using the independent t-test or Mann—-Whitney U test, whereas
within-group changes from baseline to 12 weeks were assessed using the paired ¢-test
or Wilcoxon signed-rank tests, as appropriate. Categorical variables were analyzed using
the Fisher’s exact test. The relationships between the metabolism-related biomarkers and
other clinical parameters were assessed by Spearman’s correlation coefficient (r). All graphs
were generated using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego,
CA, USA).

3. Results
3.1. MetS Women Have Higher Serum FGF21, GDF15, and ANGPTL6 Levels Than Age-Matched
Healthy Women

Independent t-test indicated no significant difference in mean age (mean + SD;
58.3 & 6.0 vs. 59.4 & 10.3 years, p = 0.54) between MetS patients and healthy controls. The
age-matched healthy women had similar ALM and muscular strength as the MetS subjects
(Appendix A Table Al). MetS women showed significantly higher serum levels of FGF21
(215.0 £ 120.6 vs. 126.2 + 91.5 pg/mL) and GDF15 (585.3 & 243.7 vs. 427.0 £ 114.6 pg/mL)
than the age-matched healthy women. In addition, serum ANGPTLE6 levels were also signif-
icantly higher in MetS women than in healthy controls (34.7 £ 11.6 vs. 26.9 & 6.5 ng/mL)

(Figure 1).
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Figure 1. Serum levels of (a) fibroblast growth factor 21 (FGF21), (b) growth differentiation factor 15
(GDF15), and (c) angiopoietin-like 6 (ANGPTL6) between metabolic syndrome (MetS) patients and
age-matched healthy controls (HC). Circles are individual values.

3.2. Characteristics and Disposition of the Participants with Metabolic Syndrome

A CONSORT diagram of participation throughout the study is detailed in Figure 2. Of
the 67 participants, 30 eligible MetS patients were randomly divided equally between control
and exercise groups. All subjects in the exercise group completed the recommended exercise
training program with an average attendance rate of 93% (range 82-100%) for all sessions.
However, one subject in the control group was excluded from the final analysis because
she remained uncontactable during follow-up measurements. Baseline demographic and
clinical characteristics of the randomized MetS patients are shown in Tables 1 and 2. There
were no baseline differences between the control and exercise groups for each component
of MetS. In addition, no statistically significant differences in body composition, physical
fitness variables, and blood biochemical parameters were found between the groups.

Table 1. Changes in kinanthropometric parameters from baseline to 12 weeks.

Control Group (n = 14) Exercise Group (n = 15)

Variables
Baseline After 12 Weeks Baseline After 12 Weeks
Age (years) 575+122 - 60.2 £7.9 -
Height (cm) 156.3 £5.1 - 154.8 £5.1 -
Weight (kg) 67.1 £11.7 66.3 £11.6 63.8 £ 8.6 59.4 +£8.3
Body mass index (kg/m?) 295+ 44 29.1 £43 289 £3.0 267 £29*
Waist circumference (cm) 91.7+74 89.7+75 89.6 +5.5 84.1 +4.3*
Body fat (%) 376 £6.0 383 +£5.38 373+£55 349 +53*
BEM (kg) 256 +7.8 258 +7.7 214 £538 209 £5.6
ALM (kg) 169 £ 0.8 163+ 0.7* 151+ 0.6 155+ 0.5
ALM/BFM ratio 0.700 £ 0.185 0.669 + 0.184 * 0.718 £+ 0.168 0.753 + 0.155 *
Systolic blood pressure (mmHg) 132.6 £ 114 1353 £ 14.2 131.3 £12.1 129.0 £13.5
Diastolic blood pressure (mmHg) 85.3 £10.6 854 £12.6 83.8 £10.6 823 £11.1
Handgrip strength (kg) 272 4+4.8 275443 27.3 + 39 28.7 +4.2*
Long jump (cm) 124.7 + 23.1 118.3 £ 26.0* 116.1 + 185 1171+ 104
Sit-up (/30 sec) 114+77 127+ 7.8 9.3+9.38 13.1+83*
10 m shuttle run (sec) 165+ 19 164+ 2.6 16.4 +£2.1 15.7 £ 1.0
20 m pacer (n) 102+ 3.7 10.8 £ 4.4 94 +3.1 125+ 3.4%
Sit-and-reach (cm) 139 +5.0 133 £33 139 + 8.3 161 +7.1*

BEM, body fat mass; ALM, appendicular lean mass. Variables are presented as mean =+ standard deviation (SD) and compared using the
paired t-test (* p < 0.05 vs. baseline).
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Table 2. Changes in biochemical profiles and the number of metabolic syndrome components from baseline to 12 weeks in

control and exercise groups.

Control Group (n = 14)

X Exercise Group (n = 15)
Variables
Baseline After 12 Weeks Baseline After 12 Weeks
Triglyceride (mg/dL) 116.0 (71.0-165.0) 119.0 (87.0-155.0) 139.5 (93.3-188.3) 122.0 (82.8-174.0)
Total cholesterol (mg/dL) 200.6 +29.4 195.2 + 28.3 190.3 + 26.8 176.5 + 23.5
HDL-cholesterol (mg/dL) 45.0 (37.0-56.0) 48.5(41.0-53.5) 42.5 (40.0-45.5) 51.0 (40.0-60.0)
LDL-cholesterol (mg/dL) 141.8 +22.7 131.3 +24.8 130.6 + 38.7 116.0 + 39.0

Fasting glucose (mg/dL)
Fasting insulin(uIU)
HOMA-IR
HOMA-B (%)

HbA1c (%)

HbA1. (mmol/mol)
Aspartate aminotransferase (IU/L)
Alanine aminotransferase (IU/L)
y-glutamyltransferase (IU/L)
Highly sensitive C-reactive protein (mg/L)
Uric acid (mg/dL)

Leptin (ng/mL)

Number of components of MetS
0

= W N =

Q1

P value

90.5 (85.0-104.8)
5.80 (3.75-7.53)
1.21 (0.86-1.74)
69.4 (35.1-96.8)
5.55 (5.38-5.73)

374436
215 (16.8-25.3)
20.0 (14.5-24.0)
21.0 (15.3-27.3)

0.86 + 0.45

5.10 + 1.26
10.09 (5.89-17.19)
4.2 (3.8-4.6)

2 (1_4.3)
7 (50.0)
5 (35.7)

95.5 (90.5-105.5)
6.35 (4.9-11.3)
1.62 (1.09-2.83)
69.2 (45.6-144.9)
5.65 (5.48-5.93)
388 +35
24.0 (19.5-26.3)
21.0 (18.3-25.8)
27 (16.5-34.5) *
149 +1.06*
488 +£1.32
9.86 (6.89-20.37)
3.9 (3.3-4.4)

1(7.1)
4(28.6)
5 (35.7)
4 (28.6)

0.306

96.0 (88.0-109.0)
5.30 (4.50-8.20)
1.22 (1.06-1.96)
56.3 (46.4-79.5)
5.60 (5.406.00)

39.3 £5.1
22.0 (20.0-26.0)
18.0 (14.0-22.0)
20.0 (11.0-25.0)

1.23 £2.35

474 +1.39
7.83 (4.77-11.92)
4.1 (3.6-4.6)

5 (3_3.3)
4(26.7)
6 (40.0)

94.0 (89.0-103.0)
5.20 (4.00~7.50)
1.14 (0.92-1.74)
59.6 (52.4-78.3)
5.50 (5.10-5.90) *
3744+49%
22.0 (18.0-23.0)
15.0 (14.0-17.0)
16.0 (10.0-23.0)
1.02 4 0.81
445 +1.06
7.60 (3.57-9.03) *
3.1(24-37)*

HDL, high-density lipoprotein; LDL, low-density lipoprotein;, HOMA-IR and HOMA-3, homeostatic model assessment of insulin resistance
and beta cell function. Continuous variables are presented as mean & SD or median (interquartile range) and compared using paired
t-test or Wilcoxon signed-ranks test (* p < 0.05 vs. baseline). Nominal variables (number of components) are expressed as sample size
(proportion) and analyzed by t Fisher’s exact test.

Enrollment

Assessed for eligibility (n = 67)

Excluded
.| Not meeting inclusion criteria (n = 8)

Declined to participate (n = 10)
Other personal reasons (n = 19)

Randomized (n = 30)

v Allocation v

Allocated to control group (n = 15)
Received allocated intervention (n = 15)
Did not receive allocated intervention (n = 0)

Allocated to exercise group (n = 15)
Received allocated intervention (n = 15)
Did not receive allocated intervention (n = 0)

v Follow-Up v

Lost to follow-up (n = 1)
- Not contactable
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

l Analy

l

Analysed (n = 14)
Excluded from analysis (n = 1)

Analysed (n = 15)
Excluded from analysis (n = 0)

Figure 2. CONSORT flow chart of the exercise intervention study.
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3.3. Effect of Exercise Intervention on the Study Outcomes

3.3.1. Primary Outcomes: Exercise Suppresses Serum FGF21, GDF15, and ANGPTL6
Levels in MetS Women

Individual and mean changes in serum FGF21, GDF15, and ANGPTL6 levels are
shown in Figure 3. A 12-week exercise intervention elicited noteworthy reductions in
the serum levels of FGF21 (baseline vs. after 12 weeks, mean + standard error of the
mean (SEM), 219.7 &+ 32.2 vs. 176.3 + 28.7 pg/mL) and GDF15 (642.6 &+ 65.0 vs. 570.3 +
56.1 pg/mL), whereas no changes were detected in the control group (FGF21: 208.2 & 33.3
vs. 230.2 £ 48.4 pg/mL, p = 0.625; GDF15: 516.3 & 62.3 vs. 520.5 + 61.9 pg/mL, p = 0.829).
Similarly, serum ANGPTL6 levels were also reduced in the exercise group (37.2 + 3.4 vs.
32.2 £ 2.3 ng/mL), but no significant change occurred in the control group (31.8 £ 2.2 vs.
33.2 £3.2ng/mL, p = 0.807).
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Figure 3. Individual and mean changes in circulating levels of (a) fibroblast growth factor 21 (FGF
21), (b) growth differentiation factor 15 (GDF15), and (c) angiopoietin-like 6 (ANGPTL6) elicited by a
12-week exercise training in metabolic syndrome patients. Circles and bars represent individual data
and the means, respectively. p-values were determined by Wilcoxon signed-rank test (for FGF21 and
ANGPTLS) or Student’s paired t-test (for GDF15). N.S., not statistically significant.

3.3.2. Improved Kinanthropometric Parameters in Exercising MetS Women

The 12-week exercise training resulted in noticeable enhancement of the kinanthropo-
metric parameters, as shown in Table 1. The exercise group, but not the control group, dis-
played significant 6.2% and 6.5% reductions in waist circumference and body fat percentage
respectively, with a 4.6% increase in the ALM/BFM ratio, which represents relative muscle
mass and is predictive of MetS development [26]. Likewise, significant improvements in
the health-related physical fitness components were observed only in exercise-trained MetS
women. Moreover, sit-up and handheld dynamometer tests showed that exercise training
significantly enhanced muscular endurance and strength (40.9% and 5.1% enhancement,
respectively). Furthermore, the 20 m pacer and the sit-and-reach tests revealed that aerobic
capacity and flexibility increased by 33.0% and 15.8%, respectively. However, agility and
muscular power remained unaltered during the intervention period.

3.3.3. Blood Biochemical Profiles and the Number of Metabolic Syndrome Components

The number of MetS components was noticeably decreased after exercise training,
whereas the change in the non-exercise control group was not significant (Table 2). Serum
leptin levels were also reduced in the exercise group (baseline vs. after 12 weeks, mean +
SEM, 8.7 £ 1.1 vs. 7.3 = 1.2 ng/mL, p = 0.041), but no significant change was observed in
the control group (12.1 £ 2.0 vs. 12.5 + 1.9 ng/mL, p = 0.433). Post-intervention, a modest
decrease from the baseline level of glycated hemoglobin Alc was observed in the exercise
group (p = 0.029). Although not significant, exercise intervention had a dampening effect
on biochemical variables such as triglyceride levels (p = 0.069), y-glutamyl transferase
levels (p = 0.064), HOMA-IR (p = 0.084), and high-sensitivity C-reactive protein levels
(p = 0.067), which reflected metabolic disorders; contrastingly, HDL-cholesterol levels
seemed to increase (p = 0.078).

3.3.4. Relationship between Changes in Metabolism-Related Humoral Factors and
Clinical Parameters

The relationship between the intervention-induced changes in primary outcomes
and the kinanthropometric and biochemical parameters was determined by Spearman’s
correlation analyses using the difference, A, of each variable (post-intervention value —
baseline value). Significant positive associations were observed between A FGF21 and
A glucose, A insulin, A HOMA-IR, A triglyceride, and A leptin (Figure 4). Moreover, a
positive relationship existed between A ANGPTL6 and A glucose and A leptin. (Figure 5).
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Meanwhile, A GDF15 levels negatively correlated with only the changes in absolute and
relative values of ALM during the intervention period (Figure 6).
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— r=0.419, p =0.024
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Figure 4. Correlations of A FGF21 level with (a) A glucose, (b) A insulin, (c¢) A HOMA-IR, (d) A
triglyceride, and (e) A leptin levels before and after the intervention. Correlation coefficient (r),
corresponding regression and 95% confidence interval (CI) lines, and p-values are represented in the
respective panels. Blue-filled circles are individual values.
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Figure 5. Correlations of A ANGPTLS6 level with (a) A glucose and (b) A leptin levels before and after
the intervention. Correlation coefficient (r), corresponding regression and 95% CI lines, and p-values
are represented in the respective panels. Green-filled circles are individual values.
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Figure 6. Correlations of A GDF15 level with (a) A appendicular lean mass (ALM) glucose and
(b) A ALM to height ratio (ALM/ht2) before and after the intervention. Correlation coefficient (r),
corresponding regression and 95% CI lines, and p-values are represented in the respective panels.
Red-filled circles are individual values.

4. Discussion

To our knowledge, this is the first randomized controlled trial examining the effects of
exercise training on serological molecules associated with metabolic disorders. Here, the
beneficial effects of exercise on clinical parameters and metabolism-related biomarkers were
clearly manifested. Moreover, the changes in the biomarker levels were correlated with the
changes in the clinical parameters used to measure cardio-metabolic diseases or age-related
diseases risks. These findings may provide novel insights into the understanding of the
beneficial effects of exercise on MetS, whose global prevalence can be estimated to be about
one-quarter of the world population and has been gradually increasing [27,28].

Aberrant circulating levels of metabolism-related humoral factors indicate metabolic
burden and inflexibility. Unresolved metabolic stress may disturb homeostasis and lead to
the development and progression of chronic diseases. Thus, our baseline data are consistent
with the evidence from previous clinical studies showing that each of the three biomarkers
are markedly elevated in MetS patients [17,25,29]. Furthermore, possessing potential as
independent predictors of new-onset MetS, these stress markers may be useful in the
screening and prediction of individuals at high risk of acquiring metabolic disorders, and
in making early intervention decisions during pre-clinical stages [30,31].

Circulating FGF21 is predominantly derived from the liver and produced in the mus-
cles, pancreas, and adipose tissues [32]. It’s signaling is propagated via the activation of
the preformed heterodimeric FGF receptors (FGFR) and co-receptor (3-klotho complex [33].
Physiologically, FGF21 mainly maintains energy balance via the regulation of gluco-lipid
metabolism. FGF21 exerts pleiotropic metabolic benefits through insulin-sensitizing effects,
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lipolysis promotion, fatty acid oxidation, and/or via stimulating insulin-independent glu-
cose uptake in hepatic and peripheral tissues [34]. Nevertheless, clinical studies have shown
that levels of circulating FGF21 are often elevated, notably in pathophysiological states,
including T2DM [35], fatty liver diseases [36,37], and coronary heart diseases [38]. More-
over, elevated FGF21 level has recently emerged as an independent predictor for both the
prevalence and incidence of MetS, regardless of age, gender, and race/ethnicity [39]. Like-
wise, habitually active individuals have lower circulating FGF21 concentration alongside
better glucose tolerance and insulin sensitivity than the age- and sex-matched sedentary
individuals [40]. Like in other hormones associated with obesity-related disorders such
as insulin and leptin, these paradoxical discrepancies have led to the interpretation of
the elevation of circulating FGF21 in patients with cardio-metabolic diseases as being a
compensatory increase or resistance [29,35]. Accordingly, we observed significant correla-
tions of the serum FGF21 level with fasting glucose and insulin levels, and HOMA-IR in a
cross-sectional analysis (Appendix A Table A2), consistent with previous findings [29,41].
Given the insulin-mediated induction [41] and the progressive increase of serum FGF21
level with extent of impaired glucose-tolerance [42], these findings imply that insulin
resistance is substantially associated with the elevated serum FGF21 concentration or the
presence of FGF21 resistance.

Meanwhile, FGF21 has been identified as an exercise-responsive humoral factor in
both rodents and humans. Acute and short-term exercises transiently resulted in several
fold increase in circulating FGF21 concentration [43,44]. However, the impact of long-term
exercise on FGF21 responses varies depending on the participants” characteristics and
exercise protocols [41,45,46]. Here, we found that long-term exercise intervention reduces
serum FGF21 levels in MetS patients. This is consistent with the phenomenon previously
demonstrated in obese individuals and T2DM patients [45,47], as well as obese mice [48].
Interestingly, the reduction in the FGF21 levels of the study subjects during the intervention
period showed positive correlations with the alterations in HOMA-IR as well as in glucose,
insulin, and triglyceride levels. The elevation of FGF21 levels in metabolic disorders has
been inferred as a compensatory response to attenuate glucose and lipid dyshomeostasis
via exerting insulin-sensitizing [49] and triglyceride-lowering effects [50]. Additionally,
the expression of FGFRs and f3-klotho in metabolic target tissues is notably lower under
obesity and T2DM conditions [41] but could be markedly reversed by exercise training in
diet-induced obese mice [48]. Thus, our findings imply that aberrant serum FGF21 levels
can be reduced by alleviating metabolic stress burden, thereby suggesting that exercise
intervention may decrease the compensatory requirement of FGF21 via improving glucose
and lipid metabolism in patients with MetS.

GDF15, a divergent member of the transforming growth factor 3 superfamily, is an
emerging biomarker comparable to FGF21, as its circulating levels are noticeably increased in
various disease conditions including cancer, metabolic diseases, and aging-related disorders,
as well as MetS [51]. In addition, age, smoking, drugs, environmental factors, and prolonged
nutritional stressors are other triggers that may alter GDF15 levels [52]. Thus, it has also
been referred to as a stress-responsive hormone. Here, we observed that aberrantly elevated
serum GDF15 concentrations in MetS have inverse correlations with muscle mass and
function as well as a positive correlation with age (Appendix A Table A2). These results
agree with the findings of previous cross-sectional studies in elderly women [53] and
in patients with non-alcoholic fatty liver disease (the liver manifestation of MetS) [54].
Consistently, basal circulating GDF15 levels were higher in physically inactive patients
with impaired mobility causing chronic walking or exercising inabilities. Contrarily, basal
circulating GDF15 levels were lower in active cyclists when compared to age-matched
control counterparts [55]. Taken together, these findings imply a link between the systemic
response to mitochondrial stress and the muscle-mediated metabolic fitness.

As a novel exercise-responsive factor, circulating GDF15 is markedly elevated by both
maximal and submaximal acute exercise regimens. However, this transient increase in
response to a strenuous bout of physical activity is short-lived, returning to near basal
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levels within 48 h [55,56]. This phenomenon has been interpreted as an anti-inflammatory
response to exercise-induced alterations in pro-inflammatory cytokines, which is similar
to that present in patients with low-grade systemic inflammation [55]. Further, training-
induced adaptation and its benefits may be attributable to the cumulative effects of each
acute exercise bout, but there may be different manifestations of acute response and chronic
adaptation to exercise, especially in stress-responsive biomarkers. Although the acute
response of GDF15 level has not been investigated, here, we infer that a brief increase in
the level of circulating GDF15 may have occurred following exercise sessions, probably
contributing to the reinforcement of ISR. Accumulating evidence has shown that exercise
training protects against mitochondrial dysfunction and improves mitochondrial biogen-
esis and respiration [57,58], suggesting the beneficial effects of chronic and prolonged
exercise. Consequently, the diminished GDF15 levels in the basal state may be attributable
to the mitochondrial flexibility-improving and metabolic stress-relieving actions of cu-
mulative long-term exercise combined with ISR, thereby reflecting alleviated metabolic
burden. However, other studies addressing the promotion of weight loss in obese adults
and/or elderly individuals have reported that a lifestyle-modifying intervention combining
exercise and diet restriction increased the levels of circulating GDF15 [59,60]. These dis-
crepancies can be explained by differences in the study designs and subject characteristics.
Moreover, dietary restriction itself is a potent trigger, causing an increase in the levels of
circulating GDF15 [52]. Thus, it is difficult to determine whether the upward adaptation
of GDF15 release at basal state is mainly attributable to diet or exercise. In this regard,
results obtained here, under the conditions of unchanged routine dietary intake, allow us to
objectively study the influence of long-term exercise on the basal-state levels of circulating
GDF15 in MetS patients.

GDF15 relieves metabolic stress by reducing appetite and enhancing energy expendi-
ture [61,62]. The metabolic effects of GDF15 have recently been revealed by the discovery
that glial-derived neurotrophic factor (GDNF) family receptor o-like (GFRAL) binds ex-
clusively to GDF15 with high affinity, and a complex with rearranged during transfection
(RET)—a tyrosine kinase co-receptor—is necessary to induce intracellular signaling [61,62].
However, unlike the broad expression of GDF15 in several tissues, GFRAL expression
was found to be restricted to the area postrema and nucleus of the solitary tract of the
hindbrain [61,62]; thus, the physiological actions of GDF15 on the peripheral tissues, which
cannot be explained through GFRAL-mediated anorexigenic effect, have not been clearly
elucidated [51]. A recent study showed that human adipose tissue is a possible site of
GFRAL expression [62]. Thus, further research on the peripheral tissue cognate receptors of
GDF15 is warranted to verify the metabolic benefits accrued by the compensatory /resistive
GDF15 increase occurring as an adaptation to exercise training.

As key regulators of MetS pathogenesis, hepatokines have recently emerged as po-
tential biomarkers and therapeutic targets [63]. Among them, ANGPTL6 is regarded as a
metabolically beneficial hepatokine since it exerts anti-obesogenic and insulin-sensitizing
effects [15]. However, paradoxically, elevated serum ANGPTL6 concentrations have been
found prior to MetS onset (in a prospective cohort study) in addition to being found in
MetS patients (a cross-sectional study) [17,31]. Hence, we have suggested that circulat-
ing ANGPTL6 levels have a strong predictive potential and diagnostic value for MetS.
Consistently, our preliminary data confirmed that the levels of circulating ANGPTL6 are
characteristically higher in MetS participants than in age-matched healthy volunteers.
Moreover, the basal ANGPTLE6 level correlates with insulin resistance as well as fasting
insulin levels (Appendix A Table A2). As part of a mechanistic study for ANGPTL6 regula-
tion, we have previously found that exercise training lowers serum ANGPTL6 levels in
sedentary subjects not having a medical history of metabolic diseases, and its alteration is
linked to leptin [64]. However, the reason for the consistent achievement of these exercise
training-induced adaptations even in patients with metabolic disorders is still unclear.
Thus, our finding that the ANGPTL6 alteration during the exercise training period is no-
tably related to changes in leptin levels even in MetS patients is a notable one in this regard.
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Hepatic ANGPTL6 expression is regulated by leptin and the exercise training-induced
reductions in their serum levels are correlated with each other. Thus, our results strongly
indicate that hepatic metabolism can be modulated by exercise-mediated alteration of
adipokines, particularly leptin. Also, these findings suggest ANGPTL6 as a potential novel
exercise-reducible hepatokine, reflecting the extent of metabolic improvements attributable
to exercise training.

There are several limitations to the applications of the findings of the present study.
This was a single-center trial involving a relatively small sample size, thereby constraining
the generalizability of its results. Further, the short exercise intervention duration and the
absence of follow-ups during the detraining period limit our ability to comment on the long-
term sustainability of the impressive changes observed in response to exercise. Thus, the
individual contribution of each of these exercise modalities in causing the exercise-derived
beneficial effects is not clear. The different exercise modalities may be acting synergistically
or singly. Therefore, further research determining the individual contributions of different
exercise modalities in the alleviation of metabolic burden/disorders via studying their
effects on relevant biomolecules (including mitokines and hepatokines) is warranted to
develop exercise routines aimed at mitigating metabolic stress conditions.

Exercise prescriptions based on endurance, aerobic interval, and /or muscular-strength-
ening exercises have been used for improving physical and metabolic parameters in
MetS [20,21] as well as prevention [65]. This study showed the effect of a combined ex-
ercise modality consisting of endurance and resistance training regimens on the circulating
biomarker levels of mitochondrial stress along with improved physical fitness and alleviated
cardio-metabolic risks. Therefore, we present additional rationale for exercise training in
metabolic syndrome.

5. Conclusions

A 12-week combined exercise training attenuated the circulating levels of FGF21,
GDF15, and ANGPTL6 and improved physical fitness in MetS patients. Alterations in
FGF21 and GDF15 levels were mainly associated with decreased insulin resistance and
increased skeletal muscle mass index, respectively. ANGPTL6 exhibited alterations similar
to those observed with FGF21, and these alterations were correlated with the changes in
leptin levels. Therefore, these findings suggest that the therapeutic application of exercise
training can reduce the needs for the compensatory metabolic modulators.
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Appendix A

Table Al. Baseline demographic and clinical characteristics of the study participants.

Variables Age-Matched Healthy Control Metabolic Syndrome Patients p-Value
N 12 30
Age (year) 583 £6.0 59.4£103 0.541
Body mass index (kg/mz) 237 £2.6 292 £3.8 0.004
Waist circumference (cm) 78.1 £ 6.0 90.7 £9.4 <0.001
Body fat (%) 303 £72 374+59 0.009
ALM (kg) 16.6 = 1.8 16.0 & 2.6 0.442
ALM/ht? 6.56 + 0.36 6.59 £ 0.79 0.876
Handgrip strength (kg) 282441 273 +4.2 0.514
Systolic blood pressure (mmHg) 118.3 £ 10.6 1324 £11.5 <0.001
Diastolic blood pressure (mmHg) 834493 84.8 +10.5 0.729
Triglyceride (mg/dL) 111.0 (81.5-171.5) 126.0 (86.5-183.0) 0.059
Total cholesterol (mg/dL) 162.3 +28.0 195.5 +26.3 0.008
HDL-cholesterol (mg/dL) 59.0 (45.0-67.8) 44.5 (40.0-53.0) 0.019
LDL-cholesterol (mg/dL) 141.8 +£22.7 131.3 +-24.8 0.265
Fasting glucose (mg/dL) 85.5 (75.5-92.8) 102.2 (98.6-109.4) 0.011
AST (IU/L) 21.0 (16.5-23.8) 17.0 (13.8-23.0) 0.253
ALT (IU/L) 15.0 (10.5-19.8) 22.0 (18.5-25.3) 0.023
v-GT (IU/L) 13.0 (10.0-17.3) 20.0 (12.8-27.0) * 0.062

ALM, appendicular lean mass; ALM/ht?, appendicular lean mass to height ratio; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; y-GT, y-glutamyl transferase. Continuous variables are
presented as mean £ SD or median (interquartile range) and compared using independent ¢-test or Mann-Whitney U test (* p < 0.05 vs.
age-matched healthy control).

Table A2. Correlation matrix of baseline serum levels of FGF21, GDF15, and ANGPTL6 with parameters evaluated in the

study.
Variables FGF21 GDF15 ANGPTL6 Variables FGF21 GDF15 ANGPTL6
(pg/mL) (pg/mL) (ng/mL) (pg/mL) (pg/mL) (ng/mL)
Age (year) r —0.067 0.622 —0.159 TG (mg/dL) r 0.525 0.041 0.276
p 0.729 <0.001 0.409 p 0.003 0.834 0.147
BMI (kg/m?) r —0.014 0.026 0.127 TC (mg/dL) r 0.138 —0.041 0.063
p 0.941 0.893 0.513 p 0.477 0.833 0.745
WC (cm) r 0.026 0.008 0.218 HDL-C (mg/dL) r —0.292 —0.144 —0.268
|4 0.893 0.968 0.256 4 0.124 0.457 0.159
Body fat (%) r 0.097 0.129 0.087 LDL-C (mg/dL) r 0.12 —0.035 0.072
p 0.616 0.504 0.652 p 0.534 0.857 0.709
BFM (kg) r 0.073 0.044 0.186 Glucose (mg/dL) r 0.386 —0.043 0.201
p 0.707 0.821 0.333 p 0.039 0.826 0.296
ALM (kg) r —0.027 —0.387 0.242 Insulin(uIU) r 0.461 0.021 0.464
p 0.889 0.038 0.205 P 0.012 0.913 0.011
ALM/BEM r —0.069 —0.201 —0.033 HOMA-IR r 0.509 0.039 0.449
p 0.72 0.295 0.865 p 0.005 0.841 0.014
ALM/ht? (kg/m?) r —0.110 —0.230 0.197 HOMA-B (%) r 0.1 —0.016 0.293
p 0.571 0.23 0.307 p 0.606 0.935 0.123
ALM/BMI r 0.042 —0.424 0.194 HbA. (%) r 0.263 0.147 0.107
14 0.827 0.022 0.313 14 0.168 0.447 0.579
SBP (mmHg) r 0.24 —0.179 0.207 HbA;. (mmol/mol) r 0.259 0.176 0.093
p 0.21 0.352 0.282 p 0.174 0.362 0.631
DBP (mmHg) r 0.331 —0.177 0.179 AST (IU/L) r —0.099 0.136 0.046
4 0.079 0.359 0.353 4 0.61 0.483 0.815
HGS (kg) r —0.132 —0.478 —0.098 ALT (IU/L) r 0.218 —0.097 0.391
p 0.496 0.009 0.614 p 0.257 0.615 0.036
Long jump (cm) r —0.226 —0.368 0.059 v-GT (IU/L) r 0.323 —0.016 —0.101
14 0.299 0.084 0.788 14 0.087 0.936 0.602
Sit-up (/30 sec) r —0.148 —0.258 —-0.117 hs-CRP (mg/L) r 0.016 0.051 0.109
p 0.5 0.235 0.595 p 0.934 0.793 0.573
10 m shuttle run (sec) r 0.127 0.154 0.114 Uric acid (mg/dL) r 0.251 —0.135 0.395
p 0.562 0.483 0.606 p 0.188 0.485 0.034
20 m pacer (1) r —0.129 —0.324 —0.087 Leptin (ng/mL) r 0.033 —0.013 0.266
4 0.558 0.132 0.693 4 0.863 0.947 0.164

FGF 21, fibroblast growth factor 21; GDF15, growth differentiation factor 15; ANGPTLS6, angiopoietin-like 6; BMI, body mass index; WC,
waist circumference; BFM, body fat mass; ALM, appendicular lean mass; ALM/ ht?; appendicular lean mass to height ratio, ALM/BMI,
appendicular lean mass to body mass index ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; HGS, handgrip strength; TG,
triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR,
homeostatic model assessment of insulin resistance; HOMA-f, homeostatic model assessment of 3 cell function; HbA;,, glycosylated
hemoglobin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; y-GT, y-glutamyl transferase; hs-CRP, high-sensitivity
C-reactive protein. Bolded values denote statistical significance at p < 0.05.
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