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Background & aims: Regular and planned physical activity can diminish the risk of numerous illnesses.
However, school children and teenagers often exercise intermittently and for brief periods, restricting
potential benefits. Furthermore, previous studies mainly focused on body composition, without
providing molecular mechanisms elucidating the role of physical activity in muscle tissue and inflam-
matory signalling. The objective of this study was to determine the effect of a vigorous physical activity
intervention on endocrine muscle function and cytokine output in children.
Methods: 103 boys were divided into two groups: control (n = 51, did not perform additional physical
activity) and exercise (n = 52, performed vigorous physical activity). Body composition measurements,
endocrine muscle function and inflammatory signalling biomarkers were assessed at enrolment and
after 6 months of intervention.
Results: No statistical significance was found for fractalkine, oncostatin, EGF, TNF-a and eotaxin. How-
ever, LIF, FBAP3, IL-6, FGF21 and IL-15 increased in the exercise group at the end of the protocol, though
myostatin got decreased. In contrast, IFN-y was increased in the exercise group at the beginning and end
of the exercise protocol, IL-10 was also increased in this group, IL-1a decreased in the exercise group
before and after the exercise protocol, and IP-10 and MCP-1 also decreased in the exercise group.
Conclusion: It can be affirmed that a physical activity programme for boys was shown to produce
changes in body composition (decreased fat mass, increased lean mass) and in markers of endocrine
muscle function and cytokine release. It is possible that these changes, if sustained, could reduce the risk
of chronic disease.

© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Regular and planned physical activity diminishes the risk of

numerous illnesses, including hypertension, diabetes, overweight

Exercise is possibly the best approach to forestall physiological
maladjustments, especially those related to cardiovascular health.
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and obesity [1]. According to this, physical inactivity in children and
adolescents, together with other factors causes overweight, which
leads to a poor level of cardiovascular health and increases the
possibility of developing hypertension and raised cholesterol in this
group of population. These conditions may additionally prompt the
appearance of persistent illnesses such as hypertension and dia-
betes, during adulthood [2]. Owing to the connection between
physical activity and well-being in children and teenagers that also
contributes to overall health, physical activity should be regularly
performed so as to maintain clinical benefits, vigorous exercise
providing greater benefit [3]. In this sense, the World Health
Organisation (WHO) [4] suggests moderate-to-vigorous physical
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activity for children and teenagers (around 60 min each day).
Nevertheless, physical activity levels have begun to diminish along
with the appearance of new devices and leisure alternatives,
including cell phones, PCs, tablets, computer games and web-based
entertainment [1].

Physical inactivity is one of the main elements involved in
the appearance and worsening of risk factors associated with
obesity [5,6]. Interventions orientated to increased physical ac-
tivity are effective and low-cost methods that help improve
weight control, as well as with other clinical conditions such as
bone and muscle reinforcement, rest and sleep, emotional well-
being, also leading to a decrease in the risk of cardiovascular
diseases [3,7]. In a longitudinal study performed on 6000 seven
years old children performing planned physical activity, it was
reported that physical activity level was related to muscle/fat
ratio measured four years later (when children were 11 years
old) [8]. Additionally, studies conducted on youngsters between
4 and 18 years old showed that regular physical activity induces
clinical improvements, including the amelioration of bone
turnover, blood pressure and cardiorespiratory capacity [3,9]. It
is important to remark that, during physical activity perfor-
mance, skeletal muscle releases several endocrine factors called
myokines into the bloodstream [10—12] some of which have
beneficial effects on metabolism and body composition by pro-
moting an increase in insulin sensitivity, glucose tolerance and
thermogenesis.

Guidelines by sports medicine authorities recommend physical
activity protocols in children and adults. However, despite its
benefits, school children and teenagers often exercise intermit-
tently and for brief periods, restricting potential benefits and, sur-
prisingly, poorly documented [13]. In addition, results of previous
studies were mainly focused on body composition, without
providing the molecular mechanisms that help elucidate the role of
physical activity in muscle tissue and inflammatory signalling.
Taking all the mentioned above into consideration, the objective of
this study was to determine the effect of a vigorous physical activity
intervention on endocrine muscle function and cytokine output in
children.

2. Materials and methods
2.1. Subjects

One hundred and twenty-two boys were invited to take part
in the research. Of those, 14 students declined to join, primarily
because they were already involved in extracurricular sporting
activities several days a week after school hours, and one of
them had a chronic illness (diabetes). Furthermore, five ado-
lescents who consented to participate in the study eventually
dropped out because their parents failed to sign the informed
consent form. All other parents signed it. With regards to
Sample Size Calculation, a minimum sample size of 40 children
per intervention is required, per prior findings [14], to detect
differences in physical activity across groups with a power of
80% and a = 0.05. Thus, 80 participants in total are needed, 40
in each group. A total of 103 students were enlisted in order to
account for a 25% possibility of follow-up loss. 103 children
(boys), were randomly separated into two groups based on their
baseline weight. The control group (n = 51) did not engage in
any additional physical activity, while the exercise group
(n 52) engaged in a vigorous physical activity. Boys were
enrolled at a Primary and Secondary Education Center (Malaga,
Spain) during the second semester of the academic course. The
mean age in the control group was 11.21 + 0.17 years, while in
the exercise group, the mean age was 11.16 + 0.18 years. The
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study was accepted by the Ethics committee (ref. 29/01/2018/2/
2018). After receiving the boys' acceptance to participate in the
study, all parents provided signed approval to participate in this
study after receiving informed consent. To eliminate a signifi-
cant confounder, we conducted a three-day diet questionnaire,
including one weekend day, to examine the nutritional condi-
tions of the participants. Nutritional software was used to
analyse the data collected in this survey. Blood samples were
taken from all participants, and they completed a physical ac-
tivity questionnaire.

2.2. Physical exercise performance protocol

The detailed exercise protocol and sessions, along with specific
exercises, can be found elsewhere [14].

Schoolchildren in the exercise group participated in a
concurrent-training program during six months consisting of a
combination of aerobic-resistance exercises of moderate-to-
vigorous intensity. The exercise routine was created in collabora-
tion with an expert group of sports and physical activity scientists.
At the start of the study, all of the participants (control and exer-
cise groups) completed three 1-h training sessions per week, each
consisting of three sections (A + B + C): A) Light-intensity warm-
up (10 min): children start with light-intensity movements (e.g.,
wrist rotations; leg swings). B) Technique exercises (15 min):
passes, catches, feints, dribbles, shots on goal, control exercises,
skill circuits. Tactic drills (15 min): rounds, defence drills, attack
drills, counterattacks, set plays, superior attack, ball possession
drills, pressures, field positions, lines, set pieces. Real game situ-
ation “match” (15 min). C) Stretching to cool down (5 min). The
intervention period took place during the second semester of the
academic course (from January to June). For the six months of
the trial, control subjects followed the same routine. However, the
exercise group participated in a six-month physical activity pro-
gram led by a physical education teacher, that included an increase
in time and days of activity per week, as well as in activities, in a
progressive manner, so during the last two months of the study,
the exercise protocol consisted of 100 min a day, 5 days. A com-
plete and more detailed protocol can be found in the Supporting
Information.

2.3. Blood sampling

Two blood samples were collected from the subjects in each
group: when enrolled in the study (T1, basal value), and after 6
months (T2). An aliquot od the blood was used for the measure-
ment of hematological parameters and the rest of the blood was
centrifuged at 1750xg for 10 min at 4 °C in a Beckman GS-6R
refrigerated centrifuge (Beckman, Fullerton, CA, USA) using hepa-
rin as anticoagulant to separate plasma from cells to assess
biochemical parameters and the endocrine function of the muscle
tissue biomarkers (see Supporting Information for a detailed
description).

2.4. Body composition measurements

The assessment of body composition described [14] was carried
out by electrical bioimpedance (EIB) and is shown in more detail in
Supplementary Digital Content. A multifrequency TANITA MC-
980MA equipment (Biolégica Tecnologia Médica S.L., Barcelona,
Spain) with software Suite Bioldgica 7.1 (Version 368) was used,
following the protocol previously described. Age and gender-
specific standardised child body mass index (BMI) (kg/m?) z-
score was also recorded (see Table S1 in Supporting Information for
seeing the Anthropometric characteristics).
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2.5. Physical activity measurement

The IPAQ-C questionnaire [15] was used to calculate the number
of metabolic equivalents of task (MET) and the physical activity
level during the last 7 days as previously described [14], which is
shown in a Table S1 in Supporting Information.

2.6. Nutritional assessment

A three-day diet questionnaire was carried out, which is a
retrospective method to calculate the nutrient intake. Data from
the food consumption recall survey were processed through the
Nutriber computer program (Nutriber, v1.1.1.5.r5, FUNIBER, Barce-
lona, Spain, 2005) as previously described [14]. For further details
of how the questionnaire was carried out, please see Supporting
Information. The results of the nutritional intake analyses and diet
composition are shown in Table S2 in Supporting Information.

2.7. Endocrine function of the muscle tissue

Fractalkine, cytokine leukaemia inhibitory factor (LIF), Inter-
leukin (IL)-15, Myostatin, Fatty acid binding protein 3 (FABP3),
Oncostatin, IL-6 and Fibroblast growth factor 21 (FGF21) were
determined using the HMYOMAG-56K MILLIPLEX MAP Human
Myokine Magnetic Bead Panel assay (Millipore Corporation, Mis-
souri, USA), based on immunoassays on the surface of fluorescent-
coded beads (microspheres), following the specifications of the
manufacturer (50 events per bead, 50 ul sample, gate settings:
8000—15000, time out 60 s). Plates were read on LABScan 100
analyzer (Luminex Corporation, Texas, USA) with XPONENT soft-
ware for data acquisition. Average values for each set of duplicate
samples or standards were within 15% of the mean. All the analytes
in plasma samples were determined by comparing the mean of
duplicate samples with the standard curve for each assay.

2.8. Inflammatory parameters

Epidermal growth factor (EGF), Eotaxin, Interferon gamma
(IFN-v, Interleukin (IL)-10, IL-1«, Interferon-y-Inducible Protein 10
(IP-10), Monocyte chemoattractant protein-1 (MCP-1), Tumour
necrosis factor alpha (TNF-o) were determined using the
HCYTOMAG-60K Millipore MILLIPLEX MAP Human Cytokine/Che-
mokine Magnetic Bead Panel (Millipore Corporation, Missouri,
USA), as previously described.

2.9. Statistical analysis

Results are reported as mean values with their standard errors.
All variables were tested for the criteria of normality and homo-
geneity, making use of the Kolmogorov-Smirnoff's and Levine's
tests, respectively. To compare general attributes of the subjects in
both groups, unpaired Student's t test was utilised. In order to
compare the differences between periods, data were analysed with
the t-test for paired samples. Finally, statistical analyses were car-
ried out through the SPSS computer program (version 26.0, 2021,
SPSS Inc., Chicago, IL).

3. Results

No statistically significant differences were found for age, height
and bone mass between both groups. Weight, BMI and z-score BMI
were lower in the exercise group in comparison with the control
group (P < 0.05) at the end of the intervention. Fat mass was much
lower in the exercise group compared to the control group
(P <0.001). Accordingly, lean mass and total water was increased in
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the exercise group in comparison with the control group at the end
of the study (P < 0.01). Physical activity noticeably increased in the
exercise group after the exercise protocol compared to the baseline
(P <0.001)(Table S1). Regarding energy intake and macronutrients,
no statistically significant differences between both groups were
found (see Table S2).

Endocrine function parameters of muscle tissue are shown in
Fig. 1. No statistical significance was found for fractalkine and
oncostatin. However, LIF, FBAP3 and IL-6 increased in the exer-
cise group at the end of the protocol (P < 0.01 for LIF and
P < 0.001 for FABP3 and IL-6). FGF21 decreased in the control
group after the 6 months follow-up (P < 0.001), though it
increased in the exercise group after the exercise protocol
(P < 0.01). IL-15 increased in the exercise group compared to the
control group after the 6 months follow-up (P < 0.01) and in the
exercise group after the physical activity protocol (P < 0.01).
Regarding myostatin, it decreased in the exercise group after the
protocol (P < 0.001).

Inflammatory signalling is summarised in Fig. 2. No statistical
significance was found for EGF, TNF-a and eotaxin. In contrast, [FN-
v increased in the exercise group at the beginning and end of the
exercise protocol (P < 0.001). IL-10 increased in the exercise group
in comparison with the control group after the 6 months follow-up
(P < 0.01), and after the 6 months protocol (P < 0.001). IL-1a
decreased in the exercise group before and after the exercise pro-
tocol (P < 0.05). IP-10 decreased in the exercise group compared
with the control group after the 6 months protocol, also decreasing
after the protocol in the exercise group compared to the baseline
(P < 0.01). Finally, MCP-1 decreased in the exercise group when
compared with the control group after the 6 months follow-up
(P <0.01).

4. Discussion

Although previous interventions have been carried out in order
to promote physical activity in children [16—19] no previous study
has examined the influence of exercise on the endocrine muscle
function and inflammatory signalling as the current study does. As
previously reported [14], this protocol intended to boost the ad-
vantages of physical activity and limit the possibility of injury, with
a minimal expense and a simple implementation, making use of
scant equipment and facilities.

In the current study, LIF concentration increased in the exercise
group at the end of the physical activity protocol. This is a
contraction-induced myokine whose production gets augmented in
human skeletal muscle after vigorous physical activity, stimulating
satellite cell proliferation for muscle regeneration and hypertrophy,
and increasing skeletal muscle strength and mass [20]. This would
explain the increased lean mass recorded in the exercise group at
the end of the exercise protocol [14]. The cytokine is induced by
acute exercise (aerobic and resistance) and improves bone turnover
[21], which is noteworthy during the rapid growth in the peri
adolescence period. However, no differences were recorded in bone
mass between groups [14], probably due to the short period of
intervention (6 months follow-up).

FABP3 decreased in the control group and increased in the ex-
ercise group after the 6 months tracking. This myokine improves
the transport of intracellular fatty acids from the cell membrane to
mitochondria for oxidation. Results agree with previous reports,
revealing that physical activity increases the expression of this
molecule [22]. On the other hand, FABP3 shows a positive corre-
lation with maximal oxygen uptake and skeletal muscle type I fi-
bres ratio, revealing a key role for this myokine in muscle aerobic
metabolism [23]. It has also been correlated with body weight and
glucose uptake via activation of AMP-activated protein kinase,



J. Diaz-Castro, D. Reyes-Olavarria, ].M. Toledano et al. Clinical Nutrition 43 (2024) 936—942

A Fractalkine B LIF C IL-15 D Myostatin
300 10 5
Bd
A Bd
- 8 T 4
200
- - 6 3 -
E £ E A E
o o o =
a a 4 €2 c
100
2 1
0 0 0
T T2 T T2 T T2
= Control Group Hm Control Group Hm Control Group mm Control Group
= Exercise Group =3 Exercise Group =3 Exercise Group 3 Exercise Group
E FABP3 F Oncostatin G IL-6 H FGF21
15 Bd
2000 Bd 5
4 bd
1500
A 10 a
T | - 3
E 1000 E £ =
B k-] D
- c 2 o
5
500 1
0 [ 0
™ T2 ™ T2 T T2 T T2

mm Control Group
= Exercise Group

mm Control Group
=3 Exercise Group

mm Control Group
= Exercise Group

mm Control Group
=3 Exercise Group

Fig. 1. Endocrine function parameters of the muscle tissue from the control and exercise groups. Mean values among groups with different letters differ (P < 0.05) (a,b for T1 and A,B

for T2 by Student's t test between different groups; d for T1 vs. T2 in the same group by t-test for paired samples). (A) Fractalkine, (B) LIF, (C) IL-15, (D) Myostatin, (E) FABP3, (F)
Oncostatin, (G) IL-6, (H) FGF21.

EGF B Eotaxin
304 80 —_—
— 60
20+
E E
40
2 E
10+
20
0- 0-
™ T2 T T2
Hm Control Group mm Control Group
= Exercise Group = Exercise Group
E F IP-10

ng/mL

ng/mL

™

T2

m

T2
mm Control Group
=3 Exercise Group

mm Control Group

B Exercise Group

Cc IFN-y D IL-10
60 501
B Bd
40+
40
= - 30 =
i 2 || 2
o
£ € 20+
20+
10
0- 0
™ T2 T T2
mm Control Group mm Control Group
= Exercise Group = Exercise Group
G MCP-1 H TNF-a
400 25
A -
20
300 Bd
ol =15
£ £
200+
2 B0
100 5
0- 0
T T2 ™ T2

mm Control Group mm Control Group

B3 Exercise Group B Exercise Group

Fig. 2. Cytokines from the control and exercise groups. Mean values among groups with different letters differ (P < 0.05) (a,b for T1 and A,B for T2 by Student's t test between
different groups; d for T1 vs. T2 in the same group by t-test for paired samples). (A) EGF, (B) Eotaxin, (C) IFN-y, (D) IL-10, (E) IL-1a, (F) IP-10, (G) MCP-1, (H) TNF-c..

providing a first link between physical activity and reduced insulin
resistance [24].

An increase in IL-6 concentration within the exercise group was
also recorded. This cytokine has been previously linked to pro-
inflammatory signalling and insulin resistance. However, when
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released after exercise periods, it releases without any sign of
muscle damage, exerting a beneficial anti-inflammatory and
insulin-sensitising effect, which suggests that this cytokine has a
role in metabolism in spite of its role in inflammation [25,26]. In
addition, IL-6 has a key role in the loss of visceral adipose tissue
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induced by physical activity, increasing glucagon-like peptide 1
[27]. IL-6 also stimulates sympathetic nervous system, increasing
white adipose tissue lipolysis and brown adipose tissue thermo-
genesis [28]. By doing this, it also delivers a metabolic response to
exercise in skeletal muscle [29] which improves glucose disposal
and muscle utilisation of free fatty acids derived from visceral ad-
ipose tissue lipolysis. This would explain the reduction of fat mass
previously recorded in children performing physical activity [ 14]. In
addition, an increase of IL-10 in the exercise group compared with
the control group after the 6 months follow-up, and in the exercise
group after the 6 months protocol has been recorded in the current
study. It has been documented that well trained individuals have
higher IL-10 production, which is linked to higher circulating T
regulatory cell levels, revealing an anti-inflammatory response to
challenge when facing training [30]. This can be correlated with the
higher concentration of IL-6 recorded in the current study, results
that are in agreement with previous studies [31].

FGF21 concentration decreased in the control group after the 6
months follow-up, although they increased in the exercise group
after the exercise protocol. It is a myokine which gets increased by
exercise in lean subjects [32], being involved in the regulation of
energy homeostasis, lipid metabolism and insulin sensitivity, also
acting as a stress-responsive endocrine factor which improves the
stress adaptation by promoting gluconeogenesis, ketogenesis and
adaptive thermogenesis [33,34]. In the adipose tissue, FGF21 pro-
motes insulin-independent glucose uptake, regulates lipolysis and
increases mitochondrial biogenesis [33,35].

IL-15 showed to be increased in the exercise group after the
protocol. This cytokine stimulates protein accretion and myosin
heavy chain accumulation in differentiated myocytes [36] and
myotubes [37], while reducing protein degradation [38]. The in-
crease of IL-15 features an anabolic mechanism in muscle growth,
linked to decreased proteolysis [39] and apoptosis [40]. In addition,
IL-15 plays a key role in muscle-adipose tissue interaction [41],
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reducing adipose mass [42,43]. These findings reveal that IL-15
functions in a muscle-to-fat endocrine axis that modulates body
composition and insulin sensitivity [44], explaining once more, the
benefits in BMI recorded in the exercise group [14].

Myostatin decreased in the exercise group after the 6 months
exercise intervention, which coincides with previous reports
revealing that it is the only myokine downregulated by acute and
chronic physical activity [45]. Its expression is elevated in over-
weight subjects, and it is strongly linked to insulin resistance
because it downregulates glucose transporter type 4 (GLUT4)
expression and decreases insulin receptor substrate 1 (IRS1)
phosphorylation [46]. On the other hand, inhibition of myostatin
upregulates oxidative metabolism in skeletal muscle [45]. The
decrease of myostatin during exercise results in increased gene
expression of enzymes and transcription factors involved in lipol-
ysis, mitochondrial fatty acid oxidation, and white adipose tissue
browning, as well as decreased visceral adipose tissue mass [47].
This can be correlated with the improvement of body mass index,
increase in lean mass and reduction of fat mass previously recorded
in children performing physical activity [14].

IFN-y was increased in the exercise group at the end of the
protocol. Itis a cytokine with multiple physiological roles, including
antiviral gene stimulation and contribution to barrier against mi-
crobial attack [48]. IFN-y also stimulates macrophages, which play
an essential role in muscle regeneration, also having a direct impact
on skeletal muscle cells [49]. In addition, IFN-y increases immune
and inflammatory responses, favouring myogenesis [48], which can
be correlated with the higher lean mass measured in the exercise
group [14].

IL-1a. concentration decreased in the exercise group after the
protocol. It is a proinflammatory cytokine [50] released after cell
damage [51]. This molecule also regulates autocrine and paracrine
cytokines within active skeletal muscles, favouring their perfor-
mance and its glucose homeostasis [52]. In the present study, the
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Fig. 3. Main attained results of muscle endocrine function and inflammatory signalling in school children after the implementation of a validated physical activity programme.
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reduction of IL-1a concentration indicate that glucose homeostasis
is functionally sufficient for glucose disposal and utilisation during
physical activity [52], and also that, although the exercise protocol
is vigorous, no skeletal muscle cells damage has taken place.

IP-10 decreased in the exercise group before and after the ex-
ercise protocol. This molecule induces apoptosis in several cell
types through activation of caspase-3 [53], and it is an angiostatic
factor which suppresses angiogenesis, as it antagonises the activ-
ities of other fibroblast growth factors and vascular endothelial
growth factor [54,55]. It has been previously reported that exces-
sive glucose and saturated fatty acids induce oxidative stress and
IP-10 expression [56], and as mentioned above, FABP3 increased in
the exercise group, fact that favours the transport of intracellular
fatty acids from cell membranes to mitochondria for oxidation [22],
which explains the reduction of the cytokine observed in the cur-
rent study.

Finally, MCP-1 remarkably decreased in the exercise group in
comparison with the control group after the 6 months follow-up.
This cytokine is a monocyte chemoattractant, mainly produced by
monocytes, macrophages and dendritic cells, inducing adhesion
molecules expression, inflammation and insulin resistance [57].
Within the physiological range, MCP-1 is the only cytokine secreted
by the adipose tissue capable of impairing insulin signalling and
glucose metabolism in skeletal muscle [58]. In this sense, a
decrease of this cytokine during physical activity improves insulin
sensitivity [59].

5. Conclusions

Considering the previously mentioned results (Fig. 3) and the
fact that the muscular system is found throughout the body, its role
as an endocrine organ may be an important contributing factor for
children's growth and development during this critical period. The
physical programme developed in male schoolchildren modifies
the myokine and cytokine profiles studied; in particular, this pro-
tocol of physical activity increased LIF, IL-6 and FABP3, which could
induce a better development of lean mass and an ergogenic
advantage, due to the improvement of the transport of intracellular
fatty acids for oxidation and decreased the concentration of IP-10,
IL-1o and MCP-1, revealing a better insulin sensitivity and glucose
homeostasis and improving angiogenesis compared to control
group. Taking all these findings together, a physical activity pro-
gramme for boys was shown to produce changes in body compo-
sition (decreased fat mass, increased lean mass) and in markers of
endocrine muscle function and cytokine release. It is possible that
these changes, if sustained, could reduce the risk of chronic disease.
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