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Exercise training-induced changes
in immunometabolic markers
in youth badminton athletes
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Thomas Reichel®, Karsten Kriiger®, Fabio Santos Lira®>7 & Luciele Guerra Minuzzi®>’

The aim of this study was to investigate the metabolic and inflammatory fluctuations in two

seasonal phases of badminton training, and the ability of youth badminton athletes to respond to

an inflammatory challenge given by acute exercise on these markers. Thirteen youth badminton
athletes who participated in national and international competitions were recruited. Metabolic and
cytokine profile were measured at rest and in response to a maximal exercise intermittent test, in the
pre- and final phases of a badminton annual season. At rest, glucose (-7.58 mg/dL; p=0.045) and HDL-
cholesterol (HDL-c) (-26.87 mg/dL; p <0.0001) decreased at final-season. The variation of HDL-c in
response to a maximal exercise test increased at final-season in comparison to pre-season (+10.20 mg/
dL p=0.042). Similarly, delta changes of IL-10 (+ 3.41 pg/ml; p=0.047) and IL-1Ra (+ 141.3 pg/ml|;
p=0.031) were greater at final-season. In addition, a significantly greater variation of the anti-
inflammatory IL-10/IL-17 ratio was observed at final-season (+0.37; p=0.010). In conclusion, our
results showed a major responsivity of IL-10 and IL-1Ra to a maximal exercise even at the end of an
entire season. The major responsivity of these cytokines at this time point suggests a more effective
acute inflammatory response in youth badminton athletes. Therefore, the results of this study may be
applied by coaches, trainers and sport nutritionist for proper training management.

Badminton is an Olympic racket sport composed of short- and high-intensity actions with fast and explosive
movements'. During the annual season, badminton athletes are regularly exposed to exhaustive training loads
and insufficient recovery periods. This in turn can lead to a loss in performance and increased risks of injury,
overreaching and potential overtraining syndromes® For example, Santos et al. showed that the period of the
season directly impacts some physiological and psychological factors, in which the decrease of serum BDNF
levels, sleep time and carbohydrate intake were observed at the end of the season®. These data raised the pos-
sibility that changes in immunometabolic responses could be also observed throughout an entire competitive
season in youth badminton athletes.

Both acute exercise and regular exercise training stress energy metabolism are accompanied by an exercise-
induced immune response as evidenced by changes in circulating plasma cytokines®. While the general immu-
nometabolic response to exercise has been well studied, the metabolic and immune responses specific to racket
sports players is poorly investigated. In a previous analysis, inflammatory and muscle damage markers were
increased in badminton players after a habitual training microcycle®. It was also suggested that their inflam-
matory profile was altered in response to different recovery-stress states®. Furthermore, large interindividual
differences®®, testing” and opposite outcomes in inflammatory markers between badminton athletes has been

limmunometabolism of Skeletal Muscle and Exercise Research Group, Department of Physical Education,
Federal University of Piaui (UFPI), Teresina, PI, Brazil. 2Graduate Program in Science and Health, Department
of Physical Education, Federal University of Piaui (UFPI), “Ministro Petrénio Portella” Campus, Teresina,
Pl 64049-550, Brazil. 3Facultad de Deportes Campus Ensenada, Universidad Auténoma de Baja California Mx,
Mexicali, Mexico. “Department of Exercise Physiology, University of Lynchburg, Lynchburg, VA, USA. SExercise
and Immunometabolism Research Group, Postgraduation Program in Movement Sciences, Department of
Physical Education, Universidade Estadual Paulista (UNESP), Presidente Prudente, Brazil. ®Department of Exercise
Physiology and Sports Therapy, Institute of Sport Science, Justus-Liebig-University GielRen, 35394 Giel3en,
Germany. "Research Center for Sport and Physical Activity, Faculty of Sports Science and Physical Education,
University of Coimbra, Coimbra, Portugal. “*email: fabriciorossi@ufpi.edu.br

Scientific Reports |

(2022) 12:15539 | https://doi.org/10.1038/s41598-022-19591-w nature portfolio


http://orcid.org/0000-0002-0594-2529
http://orcid.org/0000-0003-4361-2560
http://orcid.org/0000-0002-5251-0518
http://orcid.org/0000-0002-9732-1489
http://orcid.org/0000-0002-9645-1003
http://orcid.org/0000-0002-9342-5563
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-19591-w&domain=pdf

www.nature.com/scientificreports/

also observed®. Thus, the lack of reference data for inflammatory markers in badminton athletes does not allow
an adequate screening of muscle recovery throughout the annual competitive calendar®.

Furthermore, ensuring effective training involves a complex process of controlling the imposed training load
and monitoring the immunometabolic response to the stimulus across the competitive season. Hence, the regular
measurement of metabolic and inflammatory markers, such as cytokines, may be used as an indicator of acute
and chronic training stress associated with training adaptation or, in the worst-case scenario, the development of
overtraining. Although basal concentrations of serum cytokines show interindividual variability, being produced
in a transient nature in response to exercise, regular monitoring for chronic changes in resting concentrations
provide insight into the interaction between training load, recovery, and readiness of the athlete®.

In addition, the inflammatory stimulus given by acute exercise trigger anti-inflammatory responses after
one bout of exercise’, where exercise-induced muscle damage and energy imbalance increase the synthesis
and subsequent release of Interleukin (IL)-6 from contracting muscles. IL-6 is a cytokine featuring pleiotropic
responses, inducing both pro- and anti-inflammatory responses'’. It has been reported that the increase in IL-6 in
the bloodstream stimulates the production of antagonistic receptor of IL-1 (IL-1Ra), IL-10 and tumour necrosis
factor alpha (TNF-a)'%2. Chronically, these transient changes in immune and inflammatory markers evoked
by a single bout of exercise may be linked to the improvement of the athletic performance and health benefits of
regular exercise in badminton players. Therefore, to understand the influence of a competitive season on mark-
ers of stress and recovery, measuring the metabolic and inflammatory markers in youth badminton athletes is
necessary to provide important information for coaches about athlete responses to different training loads and
competitions in badminton athletes.

Compared to previous studies, which mostly analysed resting values after an entire tournament season® or
short-term responses after acute bouts of exercise®'?, in the present study we are primarily interested in detecting
whether potential immunometabolic responses can be consistently observed in two contrasting season phases
(early and late) in youth badminton athletes. Mostly important, whether badminton training modifies the acute
cytokine response to an inflammatory stimulus given by acute exercise during different periods of the competitive
season. Our hypothesis is that these athletes would present an increase in metabolic and inflammatory markers
at the end of season. Thus, is expected that the immune-inflammatory and metabolic responses would change
with training load, with badminton athletes showing an elevation in metabolic and inflammatory markers during
the annual season as a “residual effect” regarding the demands on the sport accrued through the annual season.

Therefore, the aim of the study was to investigate the metabolic and inflammatory fluctuations in two seasonal
phases using resting values in youth badminton athletes. Furthermore, the ability of the athletes to respond to
an inflammatory challenge given by maximal acute aerobic test on these parameters were compared between
the two seasonal phases and tested for differences.

Methods

Participants and training routine. Thirteen youth badminton athletes (5 males: age=16.8+1.8 years
and 8 females: age =16.3 + 1.8 years) who participated in national and international competitions were recruited.
Exclusion criteria included the use of medication or presence of metabolic disturbances that might affect blood
analysis. The study was carried out between pre-season (January) and at final-season (November) of annual
badminton training before the pandemic of Covid-19. Athletes trained six times per week, in a total of approxi-
mately 24 h, and their routine included general strength and endurance training in addition to basic technique
work at pre-season. At final-season, athletes trained six times per week (18 h/week), with their routine involving
a higher volume of technical and tactical skills as well as sport specific capacity exercises.

Blood sampling and physical fitness assessment. The procedures of blood sampling and the physi-
cal fitness assessment were performed as previously reported®. Briefly, food intake was recorded for three non-
consecutive days and the database of Brazilian food composition table (TACO) was used to calculate the dietary
intake of all participants. Sleep periods were also identified using the Actilife software from Actigraph (Pensa-
cola, FL, USA) (version 6.13.0.). Habitual physical activity and training routine were monitored using Actigraph
GT3 accelerometers (ActiGraph, Ft. Walton Beach, United States).

At the day of the experimental test, a regular breakfast was provided to all participants before the aerobic
exercise test (1h30min). For standardization, energy intake of breakfast on the testing day was fixed at 25% of
the estimated daily energy need of each participant, consisting of 15-20% protein, 50-60% carbohydrates and
25-30% fat'*. Resting blood samples (20 ml) were collected in a non-fasted state, with venous blood obtained
from the antecubital vein into tubes containing EDTA (Gel BD SST" II Advance’). The Yo-Yo Endurance Test
2, a high-intensity and intermittent exercise test, was applied since it measures the capacity to perform intense
intermittent exercise with a large anaerobic component in combination with significant aerobic contribution'.
Thus, Yo-Yo test simulates the badminton training as well as evokes an inflammatory challenge, making it pos-
sible to investigate how young badminton athletes respond to the inflammatory stimulus. The maximal oxygen
consumption (VO,,,,) was calculated using the equation proposed by Léger et al.: 24.4 + 6 x [final velocity (km
h™1)] for athletes aged > 18 years or 31.025 + (3.238 x final velocity)—(3.248 x age) + 0.1536 X (final velocity x age)
for athletes aged < 18 years'®. Another blood sample was obtained following the Yo-Yo test, and the tubes were
centrifuged (Becton Dickinson, BD, Juiz de Fora, MG, Brazil) at 1308g for 15 min at 4 °C, and serum samples
were stored at —40 °C until analysis.

Metabolic and inflammatory profile. Metabolic and cytokine profile were analysed before and imme-
diately after the aerobic exercise test during both season phases. Triglycerides (TAG), total cholesterol (TC) and
high-density lipoprotein cholesterol (HDL-c) were analysed with commercial colorimetric kits (Labtest, Bra-
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zil), and Non-HDL cholesterol was calculated by subtracting HDL-c concentration from TC. Glucose content
was obtained with a colorimetric kit (Labtest’, Brazil). The concentrations of IL-6, IL-10, TNF-a were acquired
by the enzyme-linked immunosorbent assay (ELISA) with commercial kits (Quantikine R&D System, Min-
neapolis, USA) with ranges between 3.13-100 pg/mL, 7.8-500 pg/mL and 15.6-1000 pg/mL, respectively. Adi-
ponectin, leptin, IL-1Ra, IL-17, interferon-gamma (IFN-y), monocyte chemoattractant protein-1 (MCP-1) and
macrophage inflammatory protein-1 alpha (MIP-1a) concentrations were analysed using a Duoset’ ELISA assay
(R&D System, Minneapolis, MN, USA), with ranges between 62.5-4000 pg/mL, 31.2-2000, 39.1-2.500 pg/mL,
15.6-1000 pg/mL, 15.6-1000 pg/mL, 15.6-1000 pg/mL and 7.81-500 pg/mL, respectively. All the assays were
performed following the manufacturer 's guidelines. The intra- and inter-assay variations (%) and the sensitivity
of the enzymatic kits are presented in the Supplementary Table 1.

The relationships between adiponectin and leptin, TNF-a and IL-10, and IL-17A and IL-10 are presented as
metabolic (Adip/Lep), anti-inflammatory (IL-10/TNF-a; IL-10/IL-17), and inflammatory (TNF-a/IL-10, IL-17/
IL-10) ratios.

Statistical analyses. Data distribution was tested by the Shapiro-Wilk test. Paired student t-test (para-
metric) or Wilcoxon test (nonparametric) were used to verify differences between groups for resting values.
Data are presented in values of mean and standard deviation or median and interquartile range, respectively,
with the Confidence interval (CI) set at 95%. The absolute (delta) and relative (fold) changes were calculated at
pre-season and final-season (delta = post-exercise minus pre-exercise; fold = post-exercise/pre-exercise) and the
comparison between delta was conducted. The Pearson correlation was calculated between delta cytokine and
delta VO,,,,,. The SAS’ 26 and GraphPad Prism 9.1.2 software packages were used to analyse all data. The level
of significance was set at p <0.05.

Ethics approval. Subjects signed the free and informed consent form as their parents or guardians signed
the informed and clarified consent form, both previously approved by the Ethics and Research Committee of
the Federal University of Piaui (Protocol number: 2.552.506). This study was performed according to the 2013
Revision of the Declaration of Helsinki.

Results

Metabolic and inflammatory profile of the athletes at rest. The first purpose of this study was to
examine the metabolic and inflammatory profiles of the athletes at rest, comparing the two chosen seasonal
phases. Figure 1 shows the differences of resting values for metabolic parameters and Supplementary table 2
presents the mean and standard deviation of raw data for metabolic and inflammatory markers before and after
badminton season. The concentrations of non-fasted glucose (-7.58 [-20.40 to -0.26] mg/dL; p=0.045; Fig. 1A)
and HDL-cholesterol (-26.87 [-31.69 to -20.79] mg/dL; p <0.0001; Fig. 1D) decreased at the end of the season.
Athletes showed a tendency to increased non-HDL-c concentration (9.30 [-2.92 to 33.86] mg/dL; p=0.091;
Fig. 1E) in the final-season, when compared to pre-season. No changes were observed for TAG and total choles-
terol (Fig. 1B,C). Badminton athletes exhibited a high interindividual variability in the resting serum cytokine
levels between the seasonal points in time. No differences in IL-6, adiponectin and leptin (metabolic), IL-1Ra
and IL-10 (anti-inflammatory), TNF-qa, IL-17A and IFN-y (inflammatory), MCP-1 and MIP-1 (migratory) lev-
els were observed in all participants (Suppl. Figure 1). No changes were found in metabolic, pro-inflammatory
and anti-inflammatory ratios at rest (Suppl. Figure 2).

Exercise-response differences between seasonal phases. The second purpose of this study was to
compare the metabolic and cytokine response to maximal exercise test between the two seasonal phases. In
order to do this, the absolute and fold changes from pre- to post-exercise measurements for metabolic and
inflammatory parameters were calculated at beginning and at the end of the season.

There was a significant higher HDL-c variation in response to the maximal test at final-season in comparison
to pre-season (+10.20 [-1.53 to 39.42] mg/dl; p=0.042; Fig. 2) as illustrated in Fig. 2. No differences in the delta
and fold changes for other metabolic parameters were observed between pre- and post-exercise for both seasonal
phases (Fig. 2; Suppl. Figure 3).

Figure 3 shows the differences in cytokine levels at rest between the two seasonal time points. The absolute
variation of IL-10 in response to the maximal exercise was greater at the end of the annual badminton season
(+3.41 [0.31 to 5.89] pg/ml; p=0.047; Fig. 3D). We observed a 1.4-fold yet IL-10 increase at final-season com-
pared to 0.7-fold change at pre-season (p =0.066; Suppl. Figure 5). This result was supported by a significant and
positive relationship between delta IL-10 and delta VO,,,,, (r=0.62, p=0.03). A similar response was observed for
IL-1Ra, with a larger delta change at final season (+ 141.3 [27.35 to 314.0] pg/ml; p=0.031; Fig. 3E), representing
a2.9-fold increase (p=0.093; Suppl. Figure 4). The opposite was observed for TNF-a variation, as the TNF-a delta
change seemed to be lower at the end of the season (-24.38 [-61.27 to 3.40] pg/ml; p=0.081; Suppl. 3F). No
differences in IL-6, adiponectin, leptin, IL-17, IFN-y, MCP-1 and MIP-1a were observed in relation to the rest-
ing value obtained on pre- and final-season (Fig. 3). The increased exercise-induced IL-10 variation associated
with the maintenance of IL-17 delta change, revealed a significant greater delta change in the IL-10/IL-17 ratio
at final-season (+0.37 [0.11 to 1.54]; p=0.010; Fig. 4). No differences were observed in the other metabolic and
pro-inflammatory ratios (Fig. 4; Suppl. Figure 5).
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Figure 1. Resting metabolic values before and after badminton season for all individual participants. Individual
data points (dots) for the total participants cohort (n=13) (A) glucose, (B) triacylglycerol, (C) total cholesterol,
(D) HDL-cholesterol (n=12), (E) non-HDL-cholesterol (n=12). *P-values indicate differences relative to pre-
season resting values.

Discussion

The results of this study show that metabolic responses are altered at the end of an annual badminton season in
youth athletes, as evidenced by the reduction in the non-fasting glucose and HDL-c values at the final-season
when compared to the pre-season measurement. No differences were found in the resting circulating levels of
pro- and anti-inflammatory cytokines. However, IL-10 and IL-1Ra response to a maximal intermittent exercise
was higher at the end of the season. A trend towards a reduction in TNF-a was also found. We speculate a better
synchronism of the immunometabolic input by the scheduled exercise training, as well as an adequate recovery
period at the end of the season may explain these fluctuations. Keeping these points in mind, the most recent
and relevant literature concerning the outcomes of the present study is discussed below.

In the current study, badminton athletes showed higher fasting HDL-c concentrations (near to 90 mg-dL™).
HDL-c plays a critical role in the reverse cholesterol transport process—removing cholesterol from circulation
to further transport to the liver for recycling and disposal'”'8. Thus, higher HDL-c values may reflect an increase
in lipid transfer in athletes'®. Nassef and colleagues conducted an extensive association analysis of aerobic and
badminton exercise on HDL-c levels in a large sample size of Taiwanese adults®’. The participants were catego-
rized based on their exercise status—no exercise (n =8345), aerobic exercise (n=4111), and badminton training
(n=49). The authors founded a positive association between HDL-c values and both exercise modalities, with the
badminton group being more significant®. As far as the association of badminton with HDL-C is concerned, the
possible mechanisms underlying these associations remain to be clarified. Most importantly, improvements in
HDL function following exercise training are often found in the absence of significant changes in HDL-C levels?'.

It is worth nothing that badminton athletes showed a significant reduction in fasting HDL-c levels in the
final-season compared to pre-season in the present study (—26.24 +8.57 mg/d]; Fig. 1). Nevertheless, the exercise-
induced HDL-c variation in badminton athletes was greater in the final-season. Thus, we believe that the modu-
lation in HDL-c values at the end of the season are an adaptative training response, suggesting an efficiency in
lipid-related mechanisms (such as the cholesterol efflux), enhanced by regular exercise training. Together with
a better efficiency in glycaemic homeostasis observed in these athletes, it seems reasonable to suggest that such
metabolic efficiency should have a positive impact upon training status and effectiveness. Thus, these markers
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Figure 2. Delta change in metabolic parameters relative to the resting value obtained before and after
badminton season. Individual data points (dots) for the total participants cohort (n=13) (A) glucose, (B)
triacylglycerol, (C) total cholesterol, (D) HDL-cholesterol, (E) non-HDL-cholesterol. *P-values indicate
differences relative to pre-season.

could be an additional tool to support routine testing techniques for proper training management by coaches.
Further studies are needed to prove this hypothesis.

A preceding study conducted by our research team revealed a reduction in the total calorie and carbohydrate
intake by badminton athletes over the season’. In the present study, a reduction in resting glucose values was
observed at the end of the season, which can be interpreted in different ways. By reducing carbohydrate intake;
the level of blood glucose may drop in these athletes. Statically, we did not find any association (r2=0.029,
P =0.404) between carbohydrate intake and blood glucose levels. Moreover, the reduction in blood glucose
concentration could be due to energy demand induced by strenuous and long-duration exercise??, supported
by the fact that all participants ate the same breakfast at two seasonal points. More than diet habits, the lower
glucose likely could be the result of the taper in training volume®**,

During the annual season the athletes are exposed to exhaustive training loads, schedules with successive
games that demand high cognitive and physiological performance and consequently insufficient recovery periods,
which may increase the risk of overreaching. Ziemman et al. observed that TNF-a concentration remains elevated
after the competitive season among high professional tennis players?, reflecting a sustained overreaching, which
could have resulted from insufficient recovery after the competitive season. In our study, the badminton athletes
decreased serum BDNF levels, sleep time and their total physical activity along the season, the total vigorous
activity time and VO,,,,, were similar between pre- and final-season®. Thus, we can infer that this group of bad-
minton athletes did not experience overtraining.

In addition, it's important to mention that athletes can experience short-term performance decrement,
without severe psychological, or other lasting negative symptoms like altered inflammatory markers. The data
presented herein reveal that the annual badminton season had no impact on resting TNF-a level—a marker
of inflammation—corroborating previous results observed in tennis players where TNF-a was unchanged®?.
Interestingly, the variation pre- to post-exercise in TNF-a levels was 1.0-fold in pre-season and only 0.5-fold
at final-season. Zurek and co-authors showed that TNF-a levels were decreased in highly ranked Polish ten-
nis players towards the end of a preparative training period while controlling workload, diet, and sleep during
programmed camps®. Because tennis players are not exposed to the same stresses as badminton players, it is

Scientific Reports|  (2022)12:15539 | https://doi.org/10.1038/s41598-022-19591-w nature portfolio



www.nature.com/scientificreports/

A c Metabolic
IL-6 Adiponectin Leptin
54 5 10+
E 0 onPage- et ---- g B s
o o 0
28 -5 °8 23 o
a g <8 <t
s & -10 s5 5 25 5
=) o S
8 .15 s g -10-
o S 104 o
-20 -154
25- -15- -20-
E Anti-inflammatory
IL-1Ra
400 *
@ k7
& £ 2004
2 IR .
&8 28 0 -pysty-Boes...
£t sf [T
o [=)] .
§ § -200 J
400 o
-15- -600 -
F TNF-a G IL17 H IFN-y Inflammatory
. 0.0747 . =
& £ & 504
e 2 0 2
e 3 [ ° 3
a 'S fil] &S O g B
c o cQ c O
38 5% 50 <8
2 2 2 50+
8 g 8
° ¢ s - ® 1004
150 -150-
Migrato
I MCP-1 J MIP-1c gratory
100 o 100 -
B %
- 0 F!,‘r- € g
23 — Leo! S8
P 3 Py AzT, & 2 3
£ % -100 - - £ % 0_........
S S
- -
S 2004 & O -50-
-300- -100-

—o— Pre-season —o— Final-season

Figure 3. Delta change in cytokine levels relative to the resting value obtained before and after badminton
season. Individual data points (dots) for IL-6 (n=13; A), adiponectin (n=13; B), leptin (n=13; C), IL-10 (n=13;
D), IL-1ra (n=6; E), TNF-a (n=12; F), IL-17 (n=13; G), IFN-y (n=13; H), MCP-1 (n=9; I), MIP-1a (n=13;

J). For display purposes one participant with high variable fold change values is not included in (A) (pre-season:
0.00 pg/ml, final-season: —19.18 pg/ml). *P-values indicate differences relative to the pre-season.

conceivable that repeated and transient rises in TNF-a concentration, as a result of each acute exercise session
in the badminton training program, mediates a training-induced equillibrium (and maybe a balance) in TNF-a
values. These findings let us suggest that the balance between exercise and rest in a competitive badminton season
could effectively ameliorate the acute inflammatory response in athletes.

Nonetheless, it may be possible that TNF-a failed to increase due to the improved IL-10 and IL1-Ra response
at final-season, which antagonizes the secretion of TNF-a%. Anti-inflammatory cytokines such as IL-10 and
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Figure 4. Delta change in metabolic and inflammatory ratios relative to the resting value obtained before

and after badminton season. Individual data points (dots) for Adip/Lep ratio (n=11; A), IL-10/TNF-a ratio
(n=10; B), IL-10/IL-17 ratio (n=13; C); TNF-a/IL-10 ratio (n=10; D), IL-17/IL-10 ratio (n=13; E). For display
purposes one participant with high values is not included in (A) (pre-season: 11.67, final-season: —1.13); (B)
(pre-season: —0.18, final-season: -8.89), (C) (pre-season: 3.58, final-season: —388.84), (E) (pre-season: 158.3,
final-season: 20.41). *P-values indicate differences relative to the pre-season.
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IL-1Ra plays an important role in orchestrating the inflammatory response, inhibiting pro-inflammatory activi-
ties of various cytokines. Herein, the mean concentration of the two cytokines remained unchanged at resting
condition or after acute-exercise in badminton athletes, regardless of the season time-points studied. Interest-
ingly, our results revealed that exercise-induced IL-10 and IL-1Ra variation are different between pre- and final-
season. Hence, one may speculate that the largest IL-10 and IL-1Ra variation in response to the Yo-Yo test could
reflets more responsivity of these cytokines to the maximal exercise at this time point in badminton athletes.
The mechanisms underlying this difference remain to be clarified.

While IL-10 is a cytokine with a potent anti-inflammatory properties, IL-17 is the signature pro-inflammatory
cytokine secreted by Th17 cells, and might reflect muscle damage®®. Hacker et al. investigated a larger number
of blood-based biomarkers and their regulation with regard to different recovery states in male badminton and
soccer athletes’. A recovered state was attributed to a minimum one day of rest after a habitual loading microcy-
cle, while the analyses of biomarkers after the last training session was the non-recovered condition in athletes.
The authors founded an elevated IL-17A concentrations in athletes at the non-recovered compared to recovered
condition®. Here, no change in IL-17 values was observed at baseline and after to the maximal exercise test,
contradicting our initial hypothesis that these athletes would show an elevation in the immune-inflammatory
and metabolic responses, as an “residual effect” in relation to the training load and demands on the sport in the
annual season.

Furthermore, in training and competition conditions, it is important to maintain a balance between pro- and
anti-inflammatory responses. Keeping this in view, inflammatory ratios are strong indicators to appropriately
reflect habitual inflammatory status. In addition, adiponectin/leptin ratio is an important parameter that reflects
the functionality of the adipose tissue and it was speculated that the rise in Adip/Lep ratio could be a compensa-
tory response to systemic inflammation. In the present study, a greater exercise-response in IL-10/IL-17 ratio
was reported at final-season, while no differences in the Adip/Lep and other metabolic and pro-inflammatory
ratios were observed. We speculate that favourable metabolic environment and possible improvement in anti-
inflammatory response observed in the present study, may be the reason why we found no changes in this setting.
Otherwise, the ability of young athletes to respond the inflammatory stimulus given by acute exercise even at the
end of an entire season, could maintain an “inflammatory balance”, avoiding the physiological and metabolic
consequences of the pro-inflammatory status.

In the present study, we provide evidence that an entire season of badminton training impacts the immuno-
metabolic responses; however, metabolic and inflammatory markers were changed differently in two contrast-
ing—early and late—season phases in youth badminton athletes. Although fasting metabolic parameters are
influenced by badminton season, the inflammatory challenge imposed by maximal exercise seems to be more
important than resting values to verify the actual effect of a training season in badminton athletes, being a
relevant piece of information in terms of immune adaptation. For the first time our results showed an elevated
IL-10 and IL-1Ra variation in response to a maximal exercise even at the end of an entire season. The major
responsivity of these cytokines at this time point suggests the ability of young badminton athletes to respond the
inflammatory stimulus given by acute exercise. Herein, we can speculate that such time window improved the
immunometabolic efficiency of these athletes and that they became more effective in their substrate expenditure
and acute inflammatory response. Such efficiency should have a positive impact upon training effectiveness
and maintenance of the cardio-metabolic health of the athletes. Accordingly, a sport-practical relevant advice
on training management is that at the end of a season, compared to the beginning of a season, the same load is
much more strenuous and more inflammatory. In conclusion, coaches should reduce the training load at the
end of the season in order to reduce or avoid high inflammatory processes in badminton players, also looking
to interindividual variability of these markers. Therefore, the results of this study may be applied by coaches,
trainers and sport nutritionist for proper training management.

Despite the importance of the data here presented, some considerations should be mentioned. For example,
we only measured the metabolic and inflammatory parameters at two time-points (pre- vs. final-season) during
the entire season. As such, increasing the number of measurements should be considered in the future studies
to improve temporal profiling. While the small number of participants in this study could be considered a limi-
tation, especially to verify the potential difference between season time-points, its reflects an entire badminton
time which mitigates this drawback. The menstrual cycle was not tracked in the female athletes. Furthermore,
comparisons by genders and other recovery-stress biomarkers, such as hormones and physiological factors
should be considered in future studies.

Data availability
The data that support the findings of this study are available from the corresponding author upon request.
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