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1 |  INTRODUCTION

Obesity is a chronic disease considered one of the most im-
portant risk factors associated with the development of several 

non-communicable cardiometabolic diseases.1-3 Several studies 
have been shown an elevated prevalence of obesity among chil-
dren and adolescents, with approximately 30% being classified 
as overweight or obese. As a consequence of the global obesity 
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Obesity is an important risk factor associated with non-communicable cardiometa-
bolic diseases. Previous studies have indicated that children and adolescents with a 
predisposed genetic risk for obesity could benefit from an active lifestyle, but there 
are no studies investigating whether physical fitness moderates the association of 
genetics and obesity. The aim of this study was to verify the moderating role of 
physical fitness in the relationship between genetic risk score (GRS) and body mass 
index (BMI) in children and adolescents. This cross-sectional study was carried out 
with 1471 children and adolescents, aged between 6 and 17 years from Santa Cruz 
do Sul, Brazil. Weight and height were assessed to determine BMI. Physical fitness 
components (cardiorespiratory fitness [CRF], lower limb strength [LLS], upper limb 
strength, and abdominal strength) were evaluated. The GRS was based on previously 
associated obesity single-nucleotide polymorphism rs9939609 (FTO), rs6548238 
(TMEM18), and rs16835198 (FNDC5). Moderation analyses were tested using 
linear regression models, and the interactions were represented by physical fitness 
components X GRS (categorical variable). All analyses were adjusted for skin color/
ethnicity, sex, and sexual maturation. Significant interactions for CRF (P = 0.041), 
LLS (P = 0.041), and abdominal strength (P = 0.046) X 5 and 6 risk alleles with BMI 
were found only in adolescents. In addition, there was evidence that fitness compo-
nents attenuated the high genetic predisposition to high BMI. Physical fitness com-
ponents are moderators in the relationship between GRS and BMI in adolescents. 
These findings highlight the need for interventions targeting to improve this aspect, 
which is an important health indicator in all ages.
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pandemic, children and adolescents have shown early devel-
opment of type 2 diabetes, hypertension, metabolic syndrome, 
depression, and other risk factors associated.1,4,5

A global public health challenge is to understand the key 
causes of the early development of overweight and obesity.2 
Unhealthy behaviors play an essential role as modifiable de-
terminants of obesity, such as sedentary behavior, sleep ab-
normalities, low engagement in daily physical activity, and 
socio-environmental factors such as parents and peers.5,6 
These behaviors could be primary determinants of early 
obesity incidence.3,7 Conversely, genetic predisposition to 
obesity is the a non-modifiable risk factor in obesity develop-
ment with a heritability ranging from 40% to 70%.8,9

Previous studies have indicated that children and adoles-
cents with a predisposed genetic risk for obesity could bene-
fit from a healthy and active lifestyle.8,9 Additionally, youth 
without genetic predisposition could become obese with poor 
lifestyle behaviors.8,9 Within this context, adequate levels of 
physical activity could be important effect modifiers because 
of the dose-response association with obesity prevalence.10,11 
Physical fitness has a dose-response relationship with physical 
activity engagement and is considered an essential physical 
characteristic for the protection against the development of dis-
eases across the lifespan.12 Recently, many authors have high-
lighted the relevance of obesity and physical fitness as a primary 
risk factor associated with several diseases in children.12

Among the genetic aspects of obesity, genetic polymor-
phisms have been previously associated with the early devel-
opment of obesity, accelerating weight gain over childhood, 
including rs9939609 (FTO), rs6548238 (TMEM18), and 
rs16835198 (FNDC5).8,9 In adults, physical fitness attenu-
ated the influence of genetic predisposition on obesity risk.13 
However, according to our knowledge, there are no studies 
investigating these inter-relationships in children and ado-
lescents. Although, evidence indicates that FTO polymor-
phism is associated with obesity and that physical activity 
reduces the risk of obesity even in the presence of genetic 
risk factors.14,15

Thus, considering the role of lifestyle behaviors on the ge-
netic predisposing of obesity and the consequences of early 
obesity development in children and adolescents, the aim of 
this study was to examine the potential moderating role of 
physical fitness in the relationship between a genetic risk 
score and body mass index (BMI) in a sample of Brazilian 
children and adolescents.

2 |  METHODS

2.1 | Study design and sample

This cross-sectional study was carried out with 1471 chil-
dren and adolescents, aged between 6 and 17 years, which 

were randomly selected from 25 schools from Santa Cruz do 
Sul, Rio Grande do Sul, Brazil. The selected children and 
adolescents belonged to the Schoolchildren's Health study: 
Phase III, conducted between 2014 and 2015. This study is a 
lifestyle education program developed by a multidisciplinary 
team of nutritionists, nurses, pharmacists, physiotherapists, 
and physical educators from University of Santa Cruz do 
Sul (UNISC). This study meets the ethical standards estab-
lished by the Declaration of Helsinki and was approved by 
the Research Ethics Committee of the UNISC (number 714 
216/14). Also, parents or guardians signed the free and in-
formed consent form.

2.2 | Measures

Data were collected between 2014 and 2015 in the facilities 
of UNISC. Students and/or parents were interviewed face-to-
face, and a questionnaire was completed. The questionnaire 
comprised of items regarding students’ demographic data (ie, 
age, skin color/ethnicity, and sex). Brazil is a country with 
great admixture.16 For this reason, participants’ color/ethnic-
ity determination was based on an evaluation of the following 
phenotypic characteristics: skin color in the medial part of 
the arm; color and texture of hair; and the shape of the nose 
and lips.17

Height and weight were measured on the anthropometric 
scale with a coupled stadiometer (Filizola®). BMI was cal-
culated by dividing body mass (in kilograms) by height (in 
square meters). Tanner´s criteria were considered to evaluate 
sexual maturation.18 The researcher explained the pictures 
with the different stages and the children/adolescents indi-
cated the picture accordingly to their current stage, consid-
ering breast development (girls), genital development (boys), 
and pubic hair (both). Therefore, five stages of sexual mat-
uration were considered and subsequently categorized into 
four classes: pre-pubertal (stage I), initial development (stage 
II), continuous maturation (stages III and IV), and matured 
(stage V).

The evaluation of physical fitness was applied according 
to the procedures of Projeto Esporte Brasil,19 which consists 
in a battery applied to determine physical fitness compo-
nents in children and adolescents, widely used in Brazil.20,21 
Cardiorespiratory fitness (CRF) was assessed by the six-min-
ute walk/run test. Children and adolescents were instructed 
to achieve the greatest number of turns, running or walking, 
in a six-minute period. The test was conducted on an outside 
sports track with the perimeter marked with cones and the 
floor indicating the distance (in meters) that was traveled. 
The number of laps successfully completed and the additional 
distance achieved for the ones unable to complete a full lap at 
the end of the test was calculated. CRF was then determined 
by multiplying the number of laps by meters covered. The 
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sit-up test was used to assess abdominal strength, in which 
the total number of sit-ups performed for 1-minute was ver-
ified. Lower limb strength (LLS) was assessed through the 
long jump test. For the LLS, a measuring tape fixed to the 
floor was used, in which the individual positioned behind the 
starting point with joined feet should jump as far as possible. 
The better of two attempts was recorded. To evaluate upper 
limb strength (ULS), a measuring tape was fixed to the floor. 
Participants were positioned seated, with legs together, lean-
ing their body against the wall, after flexing their arms they 
were instructed to throw the medicine ball as far as possi-
ble. Two attempts were made and the longest distance was 
recorded.

2.3 | Genetic risk score

EDTA-anticoagulated whole blood was used for DNA extrac-
tion by the salting-out method.22 DNA was then quantified 
using a NanoDrop 2000c spectrophotometer unit (Thermo 
Scientific). The genotyping of polymorphisms TMEM18 
rs6548238, FTO rs9939609, and FNDC5 rs16835198 was 
performed using Taqman™ allelic discrimination assays 
(Applied Biosystems) in StepOne Plus® equipment, ac-
cording to the manufacturer's instructions. TaqMan™ as-
says C__29311887_10 (rs6548238), C__30090620_10 
(rs9939609) and C__34204885_10 (rs16835198) and 
Master Mix PCR Universal were purchased from Applied 
Biosystems. The genetic risk score (GRS) was based on 
previously associated obesity single-nucleotide polymor-
phism (SNP) rs9939609 (FTO), rs6548238 (TMEM18), and 
rs16835198 (FNDC5).23 The unweighted GRS was con-
structed using a genotypic score based on the number of un-
favorable alleles (those associated with higher levels of BMI 
Z-score and waist circumference) that were carried by each 
subject for each of the three SNP.24

2.4 | Statistical analysis

Descriptive data are presented as means, standard deviations, 
and frequencies for count data. Independent two-tailed t tests 
were used to examine differences between boys and girls and 
between children and adolescents. The effect size (Cohen's d) 
was also calculated. Moderation analyses were tested using 
multiple linear regression models, through the PROCESS 
macro for the Statistical package for Social Sciences (spss) 
version 24.0 (IBM Corp). The following models were ap-
plied: (a) associations between physical fitness components 
(CRF, LLS, ULS, and abdominal strength) with BMI; (b) as-
sociations between genetic risk scores with BMI; (c) interac-
tions between physical fitness components and genetic risk 
scores (3-4 risk alleles; ≥5 risk alleles). This interaction is 

the result of multiplication between the effects of independ-
ent and moderator variables, presented in our work as ge-
netic risk score categories X physical fitness components, 
respectively.

The genetic risk score was fitted into the regression mod-
els as a categorical variable, and the category  ≤  2 risk al-
leles were considered the reference group for all analyses. 
Additionally, the Johnson-Newman technique was applied 
to establish the moderation point, in which physical fitness 
components were classified according to tertiles. Thus, this 
technique indicates the relationship between the indepen-
dent (genetic risk score) and dependent (BMI) variables in 
the low, medium, and high levels of the moderator variable 
(physical fitness). All analyses were adjusted for skin color/
ethnicity, sex, and sexual maturation. The probability value 
P < 0.05 was considered to be significant for all analyses.

Multiple linear regression was used as a statistical test 
for sample calculation on G* Power 3.1 program (Heinrich-
Heine-Universität), considering the following parameters: 
test power (1-β) = 0.95, a significance level of α = 0.05, and 
effect size of 0.03. The number of predictors considered was 
six, and the minimum sample size was established as 702 in 
each age group (children and adolescents).

3 |  RESULTS

Table 1 presents the characteristics of the sample. Boys pre-
sented more favorable BMI scores than girls. Also, children 
and adolescents’ males presented a better performance in all 
physical fitness components than females. Adolescents pre-
sented higher mean values for all continuous variables com-
pared to children.

The moderator role of physical fitness in the relationship 
between genetic risk score and BMI in adolescents is pre-
sented in Table 2. An inverse association between CRF and 
BMI was observed in children (P < 0.001) and adolescents 
(P < 0.001). Also, adolescents with ≥ 5 risk alleles were more 
likely to present a high BMI, compared to those with ≤ 2 risk 
alleles (P = 0.002). Regarding interactions, it was found to 
be significant between CRF, LLS, and abdominal strength 
X ≥ 5 risk alleles with BMI only in adolescents, indicating 
that these components of physical fitness are moderators in 
the relationship between genetic risk score and BMI.

For a better comprehension of interactions, we applied 
the Johnson-Newman technique in order to establish the 
level of CRF that adolescents should achieve to attenuate 
the positive relationship between BMI and the genetic risk 
alleles (Figure 1). It was found a significant association be-
tween ≥ 5 risk alleles and BMI in low (742.40 m) and me-
dium (909.00 m) CRF (Figure 1A), low (1.13 m) and medium 
(1.37 m) LLS (Figure 1B), and in low (17 repetitions) and 
medium (25 repetitions) abdominal strength (Figure  1C). 
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Additionally, adolescents that accomplished the CRF and 
LLS test more than 1150  m and 1.70  m, respectively, and 
executed more than 34 repetitions on abdominal strength 
test, had their BMI scores attenuated. Since that was no in-
teraction between CRF and genetic risk score in children, 
Johnson-Newman technique was not applied.

4 |  DISCUSSION

The main findings of the present study indicate that CRF, 
LLS, and abdominal strength are moderators in the rela-
tionship between a genetic risk score and BMI in adoles-
cents. Also, it was found a significant association between 

T A B L E  1  Participants’ characteristics

Age (children, y)

Total (n = 1471) Boys (n = 645) Girls (n = 826)
Effect 
sizeMean (SD)

9.27 (1.43) 9.24 (1.43) 9.30 (1.43) 0.04

Age (adolescents, y) 14.10 (1.56) 14.01 (1.61) 14.16 (1.52) 0.10

Height (children, m) 1.40 (0.10) 1.40 (0.10) 1.40 (0.11) <0.01

Height (adolescents, m) 1.62 (0.10)a 1.65 (0.11) 1.60 (0.08) 0.53

Weight (children, kg) 38.08 (11.05) 37.18 (10.06) 38.81 (11.75) 0.15

Weight (adolescents, kg) 57.17 (14.14)a 59.02 (16.36) 55.75 (12.00) 0.23

BMI (children, kg/m2) 19.23 (3.81) 18.93 (3.44) 19.48 (4.07) 0.14

BMI (adolescents, kg/m2) 21.71 (4.46) 21.49 (4.61) 21.88 (4.34) 0.09

CRF (children, m) 838.69 (160.29)a 904.57 (173.18) 785.07 (125.87) 0.80

CRF (adolescents, m) 929.66 (205.03)a 1047.92 (213.37) 838.12 (142.09) 1.19

LLS (children, m) 1.18 (0.22)a 1.24 (0.22) 1.13 (0.20) 0.53

LLS (adolescents, m) 1.41 (0.29)a 1.59 (0.28) 1.27 (0.22) 1.29

ULS (children, m) 2.34 (0.72)a 2.42 (0.62) 2.27 (0.78) 0.21

ULS (adolescents, m) 3.55 (0.95)a 4.08 (1.05) 3.15 (0.61) 1.12

AS (children, rep) 21.51 (7.91)a 23.25 (7.96) 20.12 (7.60) 0.40

AS (adolescents, rep) 25.87 (9.13)a 30.83 (9.14) 22.12 (7.11) 1.08

n (%)

Genetic risk score

≤2 risk alleles 398 (27.1) 169 (26.2) 229 (27.7) —

3-4 risk alleles 926 (63.0) 416 (64.5) 510 (61.7) —

≥5 risk alleles 147 (10.0) 60 (9.3) 87 (10.5) —

Sexual maturation

Pre-pubertal 309 (21.2) 140 (21.7) 169 (20.5) —

Initial development 371 (25.5) 151 (23.4) 220 (26.6) —

Continuous maturation 
(stages III and IV)

652 (44.3) 294 (45.6) 358 (43.3) —

Maturated 124 (8.4) 53 (8.2) 71 (8.6) —

Skin color

White 1088 (74.1) 483 (74.9) 605 (73.2) —

Black 123 (8.4) 53 (8.2) 70 (8.5) —

Brown/mulatto 234 (15.9) 93 (14.4) 141 (17.1) —

Others 24 (1.6) 14 (2.1) 10 (1.2) —

Note: Effect size for the difference between children and adolescents scores: Age (Total: 3.22; Boys: 3.12; Girls: 3.28); Height (Total: 2.20; Boys: 2.37; Girls: 2.11); 
Weight (Total: 1.49; Boys: 1.58; Girls: 1.42); BMI (Total: 0.59; Boys: 0.62; Girls: 0.57); CRF (Total: 0.49; Boys: 0.73; Girls: 0.39); LLS (Total: 0.15; Boys: 1.38; 
Girls: 0.66); ULS (Total: 1.42; Boys: 1.89; Girls: 1.27); AS (Total: 0.51; Boys: 0.88; Girls: 0.27).
Bold denotes differences between children and adolescents scores using the independent t test (P < 0.05).
Abbreviations: AS, abdominal strength; BMI, Body mass index; CRF, Cardiorespiratory fitness; LLS, Lower limb strength; SD, Standard deviation; ULS, Upper limb 
strength.
aDenotes differences between boys and girls scores using the independent t test (P < 0.05). 
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T A B L E  2  Moderation of physical fitness in the relationship between genetic risk score and body mass index in children and adolescents

Body mass index (kg/m2)

Children Adolescents

β CI (95%) P β CI (95%) P

Cardiorespiratory fitness

CRF (m) −0.007 −0.010 to −0.003 <0.001 −0.006 −0.008 to −0.003 <0.001

Genetic risk score

≤2 risk 
alleles

Ref Ref

3-4 risk 
alleles

1.730 −1.599 to 5.059 0.308 −1.775 −5.004 to 1.454 0.281

≥5 risk 
alleles

1.097 −3.704 to 5.897 0.654 7.238 2.586 to 11.890 0.002

CRF x 3-4 
risk alleles

−0.002 −0.006 to 0.002 0.376 0.002 −0.001 to 0.006 0.204

CRF x ≥ 5 
risk alleles

−0.001 −0.007 to 0.004 0.680 −0.005 −0.010 to −0.001 0.041

Lower limb strength

LLS (m) −3.941 −6.381 to −1.501 0.002 −4.190 −6.246 to −2.134 <0.001

Genetic risk score

≤2 risk 
alleles

Ref Ref

3-4 risk 
alleles

2.293 −1.188 to 5.773 0.196 −0.699 −4.085 to 2.687 0.685

≥5 risk 
alleles

0.481 −4.938 to 5.901 0.862 7.864 2.645 to 13.083 0.003

LLS x 3-4 
risk alleles

−1.611 −4.528 to 1.305 0.278 0.664 −1.693 to 3.020 0.581

LLS x ≥5 
risk alleles

−0.268 −4.528 to 4.330 0.909 −3.837 −7.541 to −0.160 0.041

Upper limb strength

ULS (m) 1.450 0.479 to 2.422 0.003 1.496 0.840 to 2.152 <0.001

Genetic risk score

≤2 risk 
alleles

Ref Ref

3-4 risk 
alleles

0.994 −1.563 to 3.551 0.446 −0.813 −3.484 to 1.856 0.550

≥5 risk 
alleles

2.328 −0.894 to 5.549 0.156 4.617 0.454 to 8.780 0.030

ULS x 3-4 
risk alleles

−0.340 −1.415 to 0.736 0.535 0.279 −0.460 to 1.018 0.459

ULS x ≥ 5 
risk alleles

−0.972 −2.281 to 0.338 0.146 −0.548 −1.620 to 0.524 0.316

Abdominal strength

AS 
(repetitions)

−0.174 −0.243 to −0.105 <0.001 −0.118 −0.184 to −0.051 0.001

Genetic risk score

≤2 risk 
alleles

Ref Ref

(Continues)
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5-6 genetic alleles and BMI only in adolescents with low 
and medium CRF, LLS, and abdominal strength. This 
suggests that BMI scores were attenuated among those 
adolescents with high levels of specific physical fitness 
components, even considering the genetic predisposition 
to obesity. Therefore, it was found that adolescents should 
accomplish more than 1150 m on the CRF test, 1.70 m in 
the LLS test, and perform more than 34 repetitions in the 
abdominal strength test.

To our knowledge, there are no data investigating the 
moderating role of physical fitness in the relationship be-
tween a genetic risk score and BMI in children and ado-
lescents. The present findings highlight the relevance of 
achieving an appropriate physical fitness in youth, espe-
cially for adolescents that present a genetic predisposition 
to obesity. The results indicated that physical fitness was 
not capable of attenuating higher BMI in younger children, 
probably because in this phase they cannot achieve a high 
level of CRF, LLS, and abdominal strength. Indeed, the 
guidelines from which the procedures of the tests were fol-
lowed classify the subjects in a healthy zone according to 
age and sex. According to this guideline, the appropriate 
levels for health on CRF, LLS, and abdominal strength are 
only achieved in adolescents.19

Systematic reviews have indicated that youth obesity is 
an independent risk factor for several well-established adult 
cardiometabolic risk factors, such as high levels of blood 
pressure and cholesterol.25 Also, adiposity levels seem to 
highly track from childhood and adolescence to adulthood.26 
Our results clearly state the role of higher physical fitness 
on attenuating adiposity development on those with genetic 
susceptibility to excess weight, which may lead to positive 
effects throughout life.

Physical fitness components can be improved via regular 
physical activity practice and exercise training,27 mainly by 

moderate to vigorous intensities.28,29 Also, intervention pro-
tocols demonstrate that decreased adiposity can be achieved 
by improving physical activity practice and aerobic capac-
ity.30-32 Based on this knowledge, children and adolescents 
should accomplish the guidelines of 60  minutes of moder-
ate to vigorous physical activity per day, whereas activities 
that improve muscular fitness should be engaged in at least 
three times per week.33 Furthermore, evidence indicates that 
improving physical fitness components during childhood 
and adolescence may improve overall health by reducing 
adiposity.34,35

The evidence regarding the associations between car-
diovascular diseases during adulthood and higher adiposity 
during youth is established as evidenced by a longitudinal 
study with more than 1 million men. Here, the authors as-
sessed CRF (via a maximum aerobic capacity workload test) 
and muscular fitness (determined by the knee extension, 
handgrip, and elbow flexion strength) in addition to BMI 
during adolescence and showed that better performance of 
these physical fitness components seems to attenuate the 
odds of suffering a cardiovascular disease disability later 
in life, independent of BMI classification.36 When con-
sidering the genetic influence in adults, the probability of 
obesity was attenuated by individuals who presented higher 
levels of aerobic capacity and muscular endurance (deter-
mined by the maximum number of abdominal crunches per 
minute).13

Our study should mention some limitations. The 
cross-sectional nature of the data does not allow to set con-
clusion about the direction of the association nor does it 
allow for causal inferences to be made. Also, the role of 
potential confounders, such as diet and physical activity 
were not considered. Finally, considering BMI as an ad-
iposity parameter as it does not distinguish between fat 
mass and fat-free mass. Otherwise, the present study has 

Body mass index (kg/m2)

Children Adolescents

β CI (95%) P β CI (95%) P

3-4 risk 
alleles

−0.039 −1.895 to 1.816 0.967 −1.176 −3.249 to 0.898 0.266

≥5 risk 
alleles

−0.397 −2.942 to 2.417 0.759 5.595 2.435 to 8.755 0.001

AS x 3-4 
risk alleles

0.016 −0.065 to 0.098 0.691 0.058 −0.019 to 0.134 0.141

AS x ≥ 5 
risk alleles

0.020 −0.093 to 0.133 0.728 −0.123 −0.244 to −0.002 0.046

Note: All analyses were adjusted for skin color/ethnicity, sex, and sexual maturation.
Abbreviations: AS, Abdominal strength; CRF, Cardiorespiratory fitness; LLS, lower limb strength; m, Meters; Ref, Reference group; ULS, Upper limb strength. Bold 
denotes significant interactions.

T A B L E  2  (Continued)
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important strengths. This is the first study to investigate 
the interactions between physical fitness with a genetic risk 
score and its influence on BMI. Also, the statistical analy-
ses performed allow estimating the level of physical fitness 
components that adolescents must achieve, providing an 
objective recommendation on this issue.

5 |  PERSPECTIVE

Physical fitness components are biological traits that can at-
tenuate higher BMI scores and improve the present and fu-
ture overall health of children and adolescents.12 Thus, our 
findings highlight the need of achieving appropriate levels of 

F I G U R E  1  Moderation of 
cardiorespiratory fitness (A), lower limb 
strength (B), and abdominal strength (C) in 
the relationship between genetic risk alleles 
and BMI in adolescents. The category ≤ 2 
risk alleles were considered the reference 
group for all analyses. Abbreviations: AS, 
Abdominal strength; BMI, Body mass 
index; CRF, Cardiorespiratory fitness; LLS, 
Lower limb strength. All analyses were 
adjusted for sex, skin color/ethnicity, and 
sexual maturation
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physical fitness early in life, especially for those with a ge-
netic predisposition to excess weight. In conclusion, physical 
fitness components (CRF, LLS, and abdominal strength) are 
moderators in the relationship between a genetic risk score 
and BMI in adolescents. These findings provide evidence 
that physical fitness patterns interact with genetic factors to 
influence BMI, highlighting the need for interventions tar-
geting to improve this aspect, which is an important health 
indicator in all ages.
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