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Abstract: Exercise performance is influenced by genetics. However, there is a lack of knowledge
about the role played by genetic variability in the frequency of physical exercise practice. The objective
was to identify genetic variants that modulate the commitment of people to perform physical exercise
and to detect those subjects with a lower frequency practice. A total of 451 subjects were genotyped
for 64 genetic variants related to inflammation, circadian rhythms, vascular function as well as
energy, lipid and carbohydrate metabolism. Physical exercise frequency question and a Minnesota
Leisure Time Physical Activity Questionnaire (MLTPAQ) were used to qualitatively and quantitatively
measure the average amount of physical exercise. Dietary intake and energy expenditure due to
physical activity were also studied. Differences between genotypes were analyzed using linear and
logistic models adjusted for Bonferroni. A significant association between GCKR rs780094 and the
times the individuals performed physical exercise was observed (p = 0.004). The carriers of the
minor allele showed a greater frequency of physical exercise in comparison to the major homozygous
genotype carriers (OR: 1.86, 95% CI: 1.36-2.56). The analysis of the GCKR rs780094 variant suggests a
possible association with the subjects that present lower frequency of physical exercise. Nevertheless,
future studies are needed to confirm these findings.
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1. Introduction

Physical exercise and energy intake are fundamental factors in the energy balance equation and in
body weight management [1]. Knowledge about the factors associated with physical activity practice
and energy expenditure as well as the potential mechanisms involved in fuel homeostasis is essential
in order to understand human thermodynamics [1].

The energy used during physical performance is the most variable component of total energy
expenditure [2]. This feature depends on different factors such as body composition, intensity and
duration of the physical activity, and the individual genetic profile [3,4]. Also, the sport aptitude has a
strong genetic component [5,6]. However, there is a lack of research about the role that genetic variability
plays in the motivation for practicing any physical exercise, the adherence to it and the related efficiency.
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Multiple metabolic and physiological processes have been related to physical training [7]. The
study of genetic variants occurring in genes associated with the regulation of such metabolic processes
could help determine how these processes are implicated in the practice of physical exercise. Although
there are Genome-wide association studies (GWAS) linking specific locus with exercise and, also,
reviews determining associations between SNPs with sports performance, there is scarce evidence on the
relationship between obesity and metabolism-associated polymorphisms with physical exercise [8-11].
Further studies may be of interest to establish more precise relationships between genes related to
metabolism and how they affect the practice of physical exercise.

Thus, genes related to inflammation such as those encoding interleukins, or the C-reactive protein
have been linked to athletic performance [12]. In turn, genes associated with energy metabolism such as
FTO and POMC, as well as with circadian rhythms like CLOCK and PER?2 gene, have been related to the
muscular system or the response to sport and exercise [13-16]. In the case of vascular function, genes such
as the NOS3 gene, whose effect is modified by the practice of physical exercise, or the GNB3 gene, known
to be associated with elite athletes, have also been investigated [17,18]. Moreover, studies of genetic
variants involved in lipid metabolism such as apolipoproteins or peroxisome proliferator-activated
receptors (PPARs) and in carbohydrate metabolism such as ADIPOQ, have been associated with sports
practice, which could also influence predisposition to the practice of physical exercise [19-21].

In this context, the study of the glucokinase regulatory protein (GCKR) gene, involved in lipid
and carbohydrate metabolism, can be of interest as it might also interfere with the amount of physical
exercise performed [22]. The GCKR gene, located on chromosomal region 2p23.2-3, modulates
glucokinase (GCK) that is a key regulatory enzyme of glucose metabolism and storage, and potentially
implicated in energy utilization [23,24]. Thus, a hypothetical mechanism behind a physically active or
sedentary behaviour may lie on the greater or lesser availability of energy substrates, as well as the
signals these substrates exert at the brain level.

Recently, the single nucleotide polymorphism rs780094, located in an intronic region of the
GCKR gene, was found to be related with triacylglycerides (TAG) and fasting plasma glucose
concentrations [23]. Specifically, the major allele (C) of GCKR rs7800094 is associated with decreased
TAG, but increased fasting plasma glucose, while minor allele (T) is associated with lower levels of
fasting plasma glucose and insulin, and higher levels of TAG [25]. In this regard, it is interesting to
point out that GCKR has been identified in the same brain area than GCK, what could modulate the
feeding behavior and energy balance [26]. GCKR and GCK, which act as glucose-level sensors, might
interact with appetite-regulating peptides and interfere in the individual feeling of satiety [27].

Information about genetic variants that modulate energy intake and expenditure through the
adherence to physical exercise performance can be useful to detect those subjects with lower frequency
of exercise practice and those less prone to maintain an adequate energy balance to maintain a healthy
status, to prevent overweight and obesity, and to personalize loss weight strategies. In this context, the
aim of the present study was to identify genetic variants that modulate the amount of physical activity
and exercise performed to detect those subjects that exercise less, with the goal to prevent overweight.

2. Materials and Methods

2.1. Subjects and Study Protocol

A total of 557 subjects (155 men and 402 women, aged from 18 to 65 years), who participated
in a GENYAL Platform (Platform for Clinical Trials in Nutrition and Health) observational study;,
encompassed this investigation. Participants were recruited in Cantoblanco Campus (Autonomous
University of Madrid, Madrid, Spain), being almost entirely of Caucasian origin. Inclusion criteria
were: free-living adults aged from 18 to 70 years that gave written informed consent to be contacted
to perform clinical trials and nutritional intervention studies. Exclusion criteria were: To suffer from
any serious illness (kidney or liver diseases or other condition that affects lifestyle or diet), to present
dementia or impaired cognitive function and to be pregnant or breastfeeding. Of the total of the
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participants, it was not possible to obtain all the data. Thus, only 490 were evaluated for physical
activity and exercise practice while only 451 were genotyped. The study was conducted according to
the guidelines laid down in the Declaration of Helsinki, and all procedures involving human subjects
were approved by the Research Ethic Committee of Autonomous University of Madrid (CEI 27-666).
Written informed consent was obtained from all subjects.

2.2. Anthropometric Measures and Dietary Intake

Anthropometric and body composition variables, such as height, weight, fat mass percentage
and waist circumference, were measured by standard validated techniques [28]. Body weight and fat
mass percentage were assessed using the body composition monitor BF511 (Omron Healthcare UK
Ltd., Kyoto, Japan). BMI was calculated as the body weight divided by the squared height (kg/m?).
Waist and hip circumferences were measured using a Seca 201 non-elastic tape (Quirumed, Valencia,
Spain). A 72-h food record was collected from all participants. DIAL (2.16 version, Alce Ingenieria, Las
Rozas, Madrid, Spain) Software was used to analyze the energy intake, macro and micronutrients of
the collected records [29].

2.3. Physical Activity Measures

The frequency of physical exercise practice on a regular basis (“exercise” variable), was quantified
by a specific question in order to define how many times per week they used to practice physical
exercise: 0,1,2,3,4 or 5 and > 5 times. A dichotomized version of this variable was created (“exercise
classification”) as follows: (1) Subjects who practiced physical exercise 0 times per week and (2) subjects
who practiced physical exercise at least one day per week. This classification was made in order to
better split the sample in terms of exercise practice: those who did not practice at all vs. those who
practiced some exercise.

In addition, Minnesota Leisure Time Physical Activity Questionnaire (MLIPAQ) was used to
quantitatively measure the average physical activity practice (kcal/day) by the volunteers [30]. Based on
the Compendium of physical activities, Energy Expenditure in Physical Activity (EEPA) was estimated
as follows: EEPA =1 x N x T; where “I” represents the degree of intensity for each physical activity in
kilocalories / minute; “N”, the number of times that physical activity was developed; and “T”, the time
in minutes spent in each session [31].

2.4. Biochemical Measurements

Blood samples were taken early in the morning at IMDEA Food after a 12-h overnight fast and
stored at 4 °C to 6 °C until analysis (always performed within 48 h) by Laboratory CQS Consulting.
This laboratory integrates preanalytical, analytical and post-analytical processes. Total cholesterol
(TC), high-density lipoprotein (HDL) and low-density lipoprotein cholesterol (LDL), triacylglycerols
(TAG) and glucose were determined by enzymatic spectrophotometric assay using an Architect CI8200
instrument (Abbott Laboratories, Chicago, IL, USA). The triglyceride-glucose index (TyG index) was
calculated as the natural logarithm (Ln) of the product of plasma glucose and TAG according to the
following formula: Ln (TAG (mg/dL) X glucose (mg/dL))/2 [32].

2.5. DNA Isolation and Genotyping

A total of 64 genetic variants related to inflammation (7 genes; 9 SNPs), circadian rhythms
(2 genes; 6 SNPs), vascular function (8 genes; 10 SNPs) as well as energy (11 genes; 17 SNPs, lipid
(9 genes; 15 SNPs) and carbohydrate metabolism (3 genes; 7 SNPs), were analyzed. The selection was
based on a previous study in accordance with the allelic frequency and TagMan® probe (Applied
Biosystems, Waltham, MA USA) availability [22]. Blood samples were taken and stored at —80 °C
until DNA extraction. Genomic DNA from each participant was isolated from whole blood using the
QIAamp DNA Blood Mini Kit (Qiagen Sciences, Inc., Germantown, MD, USA) and recovered in 100 mL
of nuclease-free water. Its concentration and quality were then measured in a nanodrop ND-2000
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spectrophotometer (ThermoScientific, Waltham, MA, USA). The mean concentration of the samples
was 80 to 90 ng/mL. Genotyping was performed using the QuantStudio_ 12 K Flex Real-Time PCR
System (Life Technologies Inc., Carlsbad, CA, USA) with a TagMan OpenArray plates following the
manufactured instructions (Real-Time PCR Handbook and education center of Applied Biosystem) [33].
The results were analyzed using TagMan Genotyper software (V 1.3, Applied Biosystems, Waltham,
MA USA). The proportion of genotypes not passing the quality threshold was <5%.

2.6. Statistical Analysis

Statistical analysis was performed with the R software, version 3.4.1 (R Foundation for Statistical
Computing, Vienna, Austria) [34]. Deviations from Hardy-Weinberg equilibrium of genotype
frequencies at individual loci were assessed using standard x2 tests. Descriptive analyses were
implemented for different continuous and categorical variables by sex, SNP (single nucleotide
polymorphism) rs780094 and exercise classification. p-Values were obtained using one-way ANOVA
for continuous variables, and Fisher exact test for categorical variables. Associations between the
two variables, exercise variable and energy expenditure due to physical activity per week, were
assessed by computing the Pearson correlation coefficient (r) and the corresponding statistical test.
Identification of significant SNPs was performed by deriving logistic model vs. SNPs, adjusted by sex,
age and additional appropriate covariables when necessary. Model assumptions were checked in all
the cases. Three logistic genetic models were evaluated: Additive, dominant and codominant. These
genetic models refer to the dominant or recessive character of each of the alleles. Thus, the additive
model indicates a multiplicative effect depending on the number of rare alleles. In the dominant
model, the less frequent allele is considered dominant (common homozygous vs. heterozygous + rare
homozygous), and the codominant model considers each genotype individually, with independent
genetic effects. The Bonferroni method was used to correct the p-values for multiple test (64 SNPs).
Significance level was set to = 0.05 adjusted after Bonferroni correction. No power analysis could be
conducted as there was no idea of the variability of the responses analyzed in advance, and the sample
used was the largest available.

3. Results

Out of all the genetic variants studied, only one significant statistical association between GCKR
rs780094 polymorphism and the frequency of physical activity performed was found, when adjusted
for multiple corrections. Considering the number of polymorphisms studied and the obtained results,
only the related ones to this association will be discussed.

Descriptive statistics concerning gender, exercise classification and GCKR rs780094 data showed
several differences regarding population characteristics (Table 1). This table shows anthropometric
measures, biochemical variables, dietary intake and physical activity and exercise characteristics,
according to gender, exercise classification (inactive vs. active subjects, see above) and genotype
GCKR rs780094.

The analysis showed significant differences concerning gender for the total anthropometric
variables. Thus, males presented significantly higher values of body weight, height, BMI, lean mass
percentage, visceral fat, waist circumference and waist-hip ratio than females. On the other hand, fat
mass in males resulted in significantly lower values than females. Several biochemical parameters
were also significantly different concerning gender. Hence, women had higher total cholesterol and
HDL cholesterol levels while triglycerides/glucose index, Total Cholesterol/HDL and LDL/HDL were
of lower values. Besides, men consumed and expended statistically significant more calories, as well
as performed more times of physical exercise per week than women.

Concerning exercise classification (inactive subjects who never practiced any kind of physical
exercise per week vs. active subjects who did once or more times per week), significant differences for
several anthropometric variables were expected (Table 1). Indeed, BMI (p = 0.005), fat mass (p = 0.001),
visceral fat classification (p = 0.049), and waist circumference (p = 0.042) were more elevated in inactive
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individuals as compared to active subjects. Moreover, water intake resulted in statistically significant
differences according to exercise classification variable, where active subjects consumed more water
compared to inactive subjects (p = 0.001). Likewise, energy expenditure due to physical practice
(calories were calculated from the METs, metabolic equivalents of task, results for the physical activity
practice registered in the MLTPAQ) resulted in statistically significantly differences in terms of exercise
classification (p < 0.001). No significant differences were found for biochemical parameters.

The association between energy expenditure by physical activity and exercise variable, has a
Pearson correlation of r = 0.37 (p = 8 X 1071, indicating a significant, although moderate, association
between these two variables.

Concerning the genotype analyses, for GCKR rs7800094, genotype frequencies were in
Hardy-Weinberg equilibrium (p = 0.116). No significant differences were found in anthropometric
variables (Table 1), although there were significant differences regarding total cholesterol (p = 0.041).
Total caloric value of fat intake resulted in statistically significant differences since rare homozygous
carriers consumed more amount of fat in contrast to mayor allele carriers (p = 0.036). In this sense, a
tendency for a different energy intake has been observed (p = 0.074), where rare homozygous carriers
consumed more total energy than mayor allele carriers. At the same time, there were significant
differences in exercise variable (Table 1). Particularly, rare homozygous carriers practiced physical
exercise a greater amount of times per week compared to major allele carriers who presented lower
physical exercise per week (p = 0.016). There were no significant differences with respect of energy
expenditure attributed to physical activity practice concerning genotype (p = 0.582).

In this study, the association between the above described 64 genetic variants and exercise
classification, were tested by developing logistic regression models adjusted by sex, age and BMI. Of
the total of the polymorphisms analyzed, only GCKR rs780094 was found to be significantly associated
with exercise classification after correction for multiple tests. Thus, Table 2 shows the distribution of
our sample with regards to rs780094 genotype and exercise classification. It displays the corresponding
odds ratios and p-values of the three logistic models: Codominant, additive and dominant. Statistically
significant differences were found for the three designs. Within the exercise classification variable:
active subjects, there was a higher percentage of rare homozygous carriers in comparison with mayor
homozygous carriers. Thus, Figure 1 shows the sample distribution of the exercise classification
variable according to the genotype. Almost 40% of common homozygote carriers did not perform any
physical exercise per week, compared to the homozygous variants where the percentage of no-active
people was much lower (14%). Most heterozygous carriers (86%), performed at least some type of
exercise once a week (p = 0.004).

100
80
60
X
40
20
0
CC n=149 CT n=199 TT n=86
GCKR rs780094
p =0.004
W0 times/week >1 times/week

Figure 1. Percentage of the population classified according to the number of times that they perform
physical exercise according to the genotype. p-Value of an additive model adjusted by 64 SNPs is
also shown.
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Table 1. Descriptive characteristics of the study participants (Mean, SD).
Gender Exercise Classification Genotype (rs780094)
- .. Common Rare
Ariables Male Female No Activity Activity Heterozygous
_ _ _ _ 4 Homozygous 7 Homozygous 4
n =155 emphn = 402 n =150 n =340 (C/C) n = 155 (C/T) n =204 (T/T) 1 = 92
Nutritional status
Body Weight (kg) 84.29 (14.70) 67.69 (13.45) <0.001 73.83 (17.63) 71.23 (14.64) 0.117 73.39 (16.73) 71.99 (15.27) 70.51 (14.34) 0.375
Height (cm) 17626 (6.44) 16230 (6.36)  <0.001  164.69 (8.19) 16652 (9.11)  0.029  166.87 (9.45)  165.77 (8.51)  164.54 (8.85)  0.164
BMI (kg/m?) 27.18 (4.78)  25.72 (4.84) 0.003 27.09 (545)  25.65 (4.54) 0.005 2626 (5.06) 2618 (491)  26.04 (4.76) 0.949
Fat mass (%) 2487 (7.96)  36.66(8.34)  <0.001  3574(9.45)  32.66(9.73) 0001  3293(10.24)  34.01(9.53)  34.38(1045)  0.495
Lean mass (%) 3576 (493) 2657 (358)  <0.001  27.92(4.87)  29.39 (5.92) 0.004 2961 (595)  2855(559)  28.62(5.97) 0.214
Visceral fat classification 9.75 (5.30) 6.32 (2.80) <0.001 7.78 (4.59) 6.93 (3.58) 0.049 7.27 (4.04) 7.26 (3.98) 6.93 (3.17) 0.715
Waist circumference (cm) 94.39 (14.07)  84.41(13.71) <0.001 89.12 (15.76) 86.05 (13.80) 0.042 87.07 (14.49) 87.51 (14.81) 85.98 (13.39) 0.695
Waist-Hip ratio 0.89 (0.08) 0.81 (0.08) <0.001 0.83 (0.10) 0.82 (0.09) 0.283 0.82 (0.08) 0.83 (0.09) 0.82 (0.08) 0.493
Biochemical parameters
Glucose (mg/dL) 88.58 (16.94)  86.77(10.92) 0358  88.00(16.38)  87.76 (10.36)  0.891  86.94(10.37)  88.92(14.23)  89.37 (12.56)  0.311
Total-C (mg/dL) 194.77 (38.67)  202.75 (35.42) 0.048 199.06 (36.05)  200.81 (37.74) 0.659 194.93 (38.07)  205.79 (35.93)  203.17 (35.73) 0.041
HDL-C (mg/dL) 4657 (10.84)  58.34 (14.04)  <0.001  55.65(15.59)  55.83(13.79) 0912 5459 (15.05)  57.44 (14.06)  55.00(12.05)  0.185
LDL-C (mg/dL) 126.77 (32.68)  126.41 (29.87) 0.916 125.55 (30.67)  126.85 (31.19) 0.704 122.37 (29.96)  128.84 (31.27)  127.98 (30.70) 0.185
TAG (mg/dL) 103.39 (50.34)  95.53 (46.27)  0.138  99.06 (46.20)  96.28 (47.60)  0.585  90.92 (39.11)  98.95(50.78)  102.33 (53.76)  0.151
TyG Index 4.56 (0.24) 448 (0.23) 0.009 4,51 (0.23) 4.49 (0.23) 0,543 4.46 (0.21) 4,51 (0.25) 4.54 (0.24) 0.072
Total-C/HDL-C 4.43 (1.30) 3.69 (1.03) <0.001 3.86 (1.11) 3.83 (1.14) 0.808 3.83 (1.20) 3.81(1.14) 3.82 (0.90) 0.988
LDL-C/HDL-C 2.87 (0.99) 2.3(0.81) <0.001 2.46 (0.92) 2.41 (0.86) 0.629 2.41 (0.88) 2.40 (0.89) 2.43 (0.78) 0.962
Dietary intake
Energy (TCV: kcal/day) 2325 (650) 2037 (719) <0.001 2121 (842) 2150 (674) 0.714 2176 (809) 2049 (580) 2260 (929) 0.074
CHO (TCV%) 37.79 (6.99) 38.48 (6.30) 0.311 38.42 (6.51) 38.34 (6.42) 0.911 39.03 (6.16) 38.30 (6.36) 37.13 (6.91) 0.108
Proteins (TCV%) 17.23(327)  17.28 (3.51) 0.894 17.22 (3.29) 17.14 (3.41) 0.808 17.01 (3.12) 17.38 (3.54) 17.04 (3.30) 0.549
Fats (TCV%) 39.98 (6.38) 40.04 (6.38) 0.927 40.59 (5.99) 39.72 (6.50) 0.163 39.56 (5.92) 39.74 (6.35) 41.52 (5.90) 0.036
Water intake (mL) 1495 (622) 1454 (727) 0.522 1320 (738) 1568 (694) 0.001 1544 (798) 1450 (667) 1476 (687) 0.511
Physical activity performance
Exercise (times/week) 2.34 (1.67) 1.73 (1.50) <0.001 0.00 (0.00) 2.72 (1.13) N.A. 1.79 (1.69) 1.85 (1.53) 2.31(1.37) 0.016
Energy expenditure physical 5751 0434 2038 (1676) 0007 1504 (1656) 2533 (1948)  <0.001  2222(1935) 2199 (1899)  1975(1811) 0582

activity/week (kcal)

BMI, Body mass index; CHO, carbohydrates; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein; N.A., not applicated; TyG Index, Triglycerides/glucose index;
SD, standard deviation; TCV, total caloric value, Total-C, total cholesterol. No activity, 0 times of physical activity performance per week. Activity, one or more times of physical activity
performance per week. p-values were obtained from one-way ANOVA for continuous variables, and Fisher exact test for categorical variables. Significance level p < 0.05.
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Table 2. Association of exercise classification performance and genotype according to genetic models.

No Activity Activity
Major Allele Minor Allele ~ Major Allele Minor Allele 1
Model Homozygote Heterozygote Homozygote Homozygote Heterozygote Homozygote OR (CD p-Value
1 (%) n (%) 1 (%) n (%) n (%)
Codominant 57 (38.30) 59 (29.60) 12 (14.00) 140 (70.40) 74 (86.00) 152 Eggi:égg/ 4.02 0.012
Additive 57 (38.30) 59 (29.60) 12 (14.00) 140 (70.40) 74 (86.00) 1.86 (1.36-2.56) 0.004
Dominant 57 (38.30) 71 (24.90) 214 (75.10) 3.18 (1.70-6.46) 0.012

! Adjusted by sex, age and BML. p-value was corrected by multiple SNP comparisons (Bonferroni). Significance level p < 0.05. No activity, 0 times of physical activity performance per

week. Activity, 1 or more times of physical activity performance per week.
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4. Discussion

Physical exercise provides a plethora of health benefits, whereas sedentary lifestyle is considered
to be a main risk factor in the development of multiple chronic diseases [35]. Currently, there is a
scarcity of knowledge about the mechanisms that trigger the practice of physical exercise and energy
expenditure. However, this knowledge in the area could lead to personalized strategies focused on
people prone to weight gain [36], even before overweight manifests itself [22]. Therefore, research on
the mechanisms that modulate energy expenditure could be useful to reduce the overweight rates of
the population.

Genetic factors could play an influential role in the behavior of individuals regarding their
physical exercise [5]. In this context, the GCKR gene which regulates glucokinase activity in the liver,
influences the regulation of lipid metabolism and hepatic glucose, so that it is strongly associated with
fasting TAG and glucose levels [37]. Specifically, it has been observed that the minor T allele of GCKR
rs780094 is associated with metabolic traits including higher levels of TAG, even though glycemia
levels were adequate [38]. This involvement in metabolism may interfere in the frequency of physical
exercise performance.

Our results revealed that total cholesterol levels are significantly different concerning genotype,
which may lead to possible influence of this polymorphism on cholesterol metabolism. Likewise
studies of other GCKR polymorphisms show similar outcomes [39]. Even so, it is necessary to consider
that the differences observed in our study concerning lipid profile, showed significant differences
depending also on gender. Although the differences observed on HDL levels between men and women
are in line with the existing bibliography, minority allele carriers who presented higher levels of
cholesterol, also tended to consume more dietary fat [40,41]. This fact could influence the levels of
blood cholesterol so further studies are needed to be conducted in this respect.

Conversely to results found in previous researches, our analyses show no significant differences
for glucose and TAG according to rs780094 GCKR polymorphism [38]. Understanding the regulatory
mechanisms of CGK activity is a complex issue. On the one hand, GCK glucokinase activity is
regulated by fructose 6-phosphate (F6P), and fructose 1-phosphate (F1P) whose presence enhances and
reduces GKRP-mediated inhibition, respectively [42]. On the other hand, several studies suggested
that nuclear interaction with GKRP plays an important role in establishing and regulating GCK protein
concentration, a fact that is essential for the maintenance of glucose homeostasis [42].

Regarding physical exercise practice and genetic association, it has been found that around
40% of common homozygous genotype (CC) carriers do not perform any type of exercise per week,
compared to 86% of homozygous variants (TT) that perform at least some physical exercise once a
week. Involvement of GCKR in lipid and glucose metabolism, support the idea about the existence of
an influence on the capability to perform more frequently physical exercise. However, according to
Alfred et al. (2013) no evidence about cognitive and physical capability has been found at this moment
concerning this genotype [43].

In this study we used the exercise classification variable as a measure of the exercise practice
of the individuals. There are alternatives, and complementary, measures of physical activity like
the Minnesota questionnaire. In fact, we observed a significant correlation of exercise variable and
energy expenditure by this questionnaire (see above), although we did not find a significant association
between the rs780094 SNP and the energy expenditure (Table 1). This could be due to the Minnesota
questionnaire being a more comprehensive measure of «total» physical activity during the day, while
our exercise variable would be more focused on physical exercise or sports practice, that is, extra
physical activity performed after work hours. In this way, the rs780094 SNP could be associated to this
fraction of the total physical exercise of the individual.

Although the genetic factor seems to be associated with a predisposal to a greater practice of
physical exercise, it is crucial to take into account other multiple factors that may condition this attitude.
These factors may depend on aptitudes, preferences, incentives or other aspects that might influence
the level of difficulties of the physical activities performed [44]. Therefore, it is important to implement
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new studies to determine the genetic load on other possible factors involved in the frequency of
physical exercise practice. A possible predisposition must be always validated in studies where all the
conditioning variables are included. Regarding this, it is necessary to note that in the current study, all
factors associated with this possible behavior have not been taken into account. Therefore, on the basis
of this consideration, this study could be considered a starting point for developing future studies
addressing this issue by including in the criteria these factors.

Since GCKR is a gene involved in the regulation of carbohydrates and lipids metabolism, it would
be reasonable to assume that this gene may be also implicated in the genetic disposition to perform
more frequently physical exercise. Among genes associated with adherence to physical activity practice
we might also encounter the dopamine receptor 1 (DRD1), as well as the helix-loop-helix 2 (NHLH2),
which are involved in eating behavior [45]. In addition, genetic variants of the MC4R and LEPR genes
have also been shown to be associated with levels of physical activity according to their genotype [45].
The GCKR gene, is implicated in coding molecules involved in lipid and glucose turnover which refer
to the fundamental pathways in body homeostasis during the practice of physical exercise.

GCK enzyme in humans is involved as a “glucose sensor” in liver, that permits to regulate the
changes in plasma glucose concentrations [46]. GCK activity is potently controlled by GCKR, which is
encoded by the GCKR gene. During fasting, GKRP is bound to GCK inhibiting its activity and locating
in the nucleus. In this way, glycogenolysis and gluconeogenesis take place, and glucose is exported to
the circulation for use by peripheral tissues. In postprandial state, GKRP releases GCK by glucose and
F1P. GCK then binds to glucose, adopt the closed (catalytically active) conformation and exit from the
nucleus to generate glucose-6-phosphate for triglycerides and glucose disposal and storage (glycogen
synthesis). Alterations of the GCKR gene cause high levels of regulation of the metabolism of lipids
and glucose and, this could determine a different frequency of physical exercise predisposition. In the
case of the T/T genotype (rs780094 GCKR), it has been reported that insulin and blood glucose levels
could remain better regulated [38], which may improve the use of substrates during physical exercise.
In turn, increased levels of triglycerides in blood may favor the use of this substrate during exercise
practice, and therefore preventing obesity.

Interestingly, results from this study revealed that minor genotype (TT) carriers have a higher
fat consumption and tend to have greater energy intake although they are also more predisposed
to perform more exercise. These outcomes would explain why anthropometric parameters were
no modified, although their cholesterol levels are significantly higher. In this context, a greater
motivation to perform more physical exercise, for major genotype carriers (majority of the European
population), could benefit them. In the case of rare genotype carriers, recommendations could be
aimed at monitoring blood cholesterol levels based on their fat intake.

5. Conclusions

The analysis of GCKR rs780094 variant may be useful to feature those subjects less prone to
physical exercise. Thus, common allele carriers could benefit from personalized intervention strategies
that would consider increasing the frequency of physical exercise. Likewise, this knowledge could
contribute to prevent and manage overweight and obesity in the subjects with lower frequency of
physical exercise. In the same way, in the case of minor genotype carriers, recommendations could be
aimed at monitoring blood cholesterol levels based on their fat intake. Nevertheless, future studies
will be needed to confirm these findings since the use of genetic information for the identification of
individuals at risk of a given condition requires replication and a complete validation process.

Author Contributions: Conceptualization, 1.E.-S. and J.A.M.; methodology, V.L.-K. and S.M.; validation, G.C.
and S.M.; formal analysis, G.C.; investigation, LE.-S., V.L.-K. and A.R.d.M.; resources, S.M., A.R.dM. and G.R;;
data curation, LE.-S.; writing—original draft preparation, LE.-S.; writing—review & editing, L.E.-S., G.C., R.d.LL,
JJAM.,, VL.-K. and A.R.d.M,; visualization, LE.-S.; supervision, R.d.1.L., VL.-K., A.R.d.M. and J.A.M.; project
administration, G.R. and A.R.d.M.

Funding: This work was supported by IMDEA Food Institute.



Genes 2019, 10, 570 10 of 12

Acknowledgments: We thank the members of the management team, and the participants for their management
and contribution to this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to

publish the results.

References

1. Hill, J.O.; Wyatt, H.R,; Peters, J.C. Energy Balance and Obesity. Circulation 2012, 126, 126-132. [CrossRef]
[PubMed]

2. Westerterp, K.R. Physical activity and physical activity induced energy expenditure in humans: Measurement,
determinants, and effects. Front. Physiol. 2013, 4, 4. [CrossRef] [PubMed]

3. Hills, A.P; Mokhtar, N.; Byrne, N.M. Assessment of Physical Activity and Energy Expenditure: An Overview
of Objective Measures. Front. Nutr. 2014, 1, 1. [CrossRef] [PubMed]

4. Huppertz, C.; Bartels, M.; Jansen, LE.; Boomsma, D.I.; Willemsen, G.; Moor, M.H.M.; de Geus, E.J.C.
A Twin-Sibling Study on the Relationship Between Exercise Attitudes and Exercise Behavior. Behav. Genet.
2014, 44, 45-55. [CrossRef] [PubMed]

5. Herring, M.P; Sailors, M.H.; Bray, M.S.; Herring, M. Genetic factors in exercise adoption, adherence and
obesity. Obes. Rev. 2013, 15, 29-39. [CrossRef] [PubMed]

6. Santos, D.M.D.V.E.; Katzmarzyk, P.T.; Seabra, A.F.T.; Maia, J.A.R.; Santos, D.M.V.E. Genetics of Physical
Activity and Physical Inactivity in Humans. Behav. Genet. 2012, 42, 559-578. [CrossRef] [PubMed]

7. Radak, Z. The Physiology of Physical Training, 1st ed.; Academic Press: San Diego, CA, USA, 2018; ISBN
978-0-12-815137-2.

8. Hara, M.; Hachiya, T.; Sutoh, Y.; Matsuo, K.; Nishida, Y.; Shimanoe, C.; Tanaka, K.; Shimizu, A.; Ohnaka, K;
Kawaguchi, T.; et al. Genomewide Association Study of Leisure-Time Exercise Behavior in Japanese Adults.
Med. Sci. Sports Exerc. 2018, 50, 2433-2441. [CrossRef]

9. De Moor, M.H; Liu, Y.-J.; Boomsma, D.I,; Li, ].; Hamilton, J.J.; Hottenga, J.-J.; Levy, S.; Liu, X.-G; Pei, Y.-F;
Posthuma, D.; et al. Genome-wide Association Study of Exercise Behavior in Dutch and American Adults.
Med. Sci. Sports Exerc. 2009, 41, 1887-1895. [CrossRef]

10. Eynon, N.; Hanson, E.D.; Lucia, A.; Houweling, PJ.; Garton, F.; North, K.N.; Bishop, D.J. Genes for Elite
Power and Sprint Performance: ACTN3 Leads the Way. Sports Med. 2013, 43, 803—-817. [CrossRef]

11.  Ahmetov, LI; Fedotovskaya, O.N. Current Progress in Sports Genomics. Adv. Clin. Chem. 2015, 70, 247-314.

12. Jones, N.; Kiely, J.; Suraci, B.; Collins, D.].; De Lorenzo, D.; Pickering, C.; Grimaldi, K.A. A genetic-based
algorithm for personalized resistance training. Boil. Sport 2016, 33, 117-126. [CrossRef]

13.  Kraemer, W.J.; Rogol, A.D. The Endocrine System in Sports and Exercise; John Wiley & Sons: Hoboken, NJ, USA,
2008; ISBN 978-0-470-75780-2.

14. Schroder, E.A.; Esser, K.A. Circadian Rhythms, skeletal muscle molecular clocks and exercise. Exerc. Sport
Sci. Rev. 2013, 41, 224-229. [CrossRef]

15. Heffernan, S.M.; Stebbings, G.K.; Kilduff, L.P; Erskine, R.M.; Day, S.H.; Morse, C.I; McPhee, J.S.; Cook, C.J.;
Vance, B.; Ribbans, W.J.; etal. Fat mass and obesity associated (FTO) gene influences skeletal muscle phenotypes
in non-resistance trained males and elite rugby playing position. BMC Genet. 2017, 18, 4. [CrossRef]

16. Lee, H.; Ash, G.I,; Angelopoulos, T.J.; Gordon, PM.; Moyna, N.M.; Visich, P.S.; Zoeller, R.F,; Gordish-
Dressman, H.; Thompson, P.D.; Hoffman, E.P; et al. Obesity-related Genetic Variants and Their Associations
With Physical Activity. Med. Sci. Sports Exerc. 2015, 47, 79. [CrossRef]

17.  Sawczuk, M.; Maciejewska-Kartowska, A.; Cieszczyk, P.; Leoriska-Duniec, A. IS GNB3 C825T Polymorphism
Associated with Elite Status of Polish Athletes? Biol. Sport 2014, 31, 21-25. [CrossRef]

18. Groentved, A.; Andersen, L.B.; Franks, PW.; Verhage, B.; Wareham, N.J.; Ekelund, U.; Loos, R.J.E,; Brage, S.
NOS3 variants, physical activity, and blood pressure in the European Youth Heart Study. Am. J. Hypertens.
2011, 24, 444-450. [CrossRef]

19. Leonska-Duniec, A.; Grzywacz, A.; Jastrzebski, Z.; Jazdzewska, A.; Luliniska-Kuklik, E.; Moska, W.;

Leznicka, K.; Ficek, K.; Rzeszutko, A.; Dornowski, M.; et al. ADIPOQ polymorphisms are associated with
changes in obesity-related traits in response to aerobic training programme in women. Biol. Sport 2018, 35,
165-173.


http://dx.doi.org/10.1161/CIRCULATIONAHA.111.087213
http://www.ncbi.nlm.nih.gov/pubmed/22753534
http://dx.doi.org/10.3389/fphys.2013.00090
http://www.ncbi.nlm.nih.gov/pubmed/23637685
http://dx.doi.org/10.3389/fnut.2014.00005
http://www.ncbi.nlm.nih.gov/pubmed/25988109
http://dx.doi.org/10.1007/s10519-013-9617-7
http://www.ncbi.nlm.nih.gov/pubmed/24072598
http://dx.doi.org/10.1111/obr.12089
http://www.ncbi.nlm.nih.gov/pubmed/24034448
http://dx.doi.org/10.1007/s10519-012-9534-1
http://www.ncbi.nlm.nih.gov/pubmed/22426782
http://dx.doi.org/10.1249/MSS.0000000000001712
http://dx.doi.org/10.1249/MSS.0b013e3181a2f646
http://dx.doi.org/10.1007/s40279-013-0059-4
http://dx.doi.org/10.5604/20831862.1198210
http://dx.doi.org/10.1097/JES.0b013e3182a58a70
http://dx.doi.org/10.1186/s12863-017-0470-1
http://dx.doi.org/10.1249/01.mss.0000476618.67747.71
http://dx.doi.org/10.5604/20831862.1083275
http://dx.doi.org/10.1038/ajh.2010.265

Genes 2019, 10, 570 11 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

Petr, M.; Stastny, P; Zajac, A.; Tufano, J.J.; Maciejewska-Skrendo, A. The Role of Peroxisome
Proliferator-Activated Receptors and Their Transcriptional Coactivators Gene Variations in Human
Trainability: A Systematic Review. Int. ]. Mol. Sci. 2018, 19, 1472. [CrossRef]

Raichlen, D.A.; Alexander, G.E. Exercise, APOE genotype, and the evolution of the human lifespan. Trends
Neurosci. 2014, 37, 247-255. [CrossRef]

Espinosa-Salinas, ML.I. Identificacion de SNPs Implicados en la Diferente Respuesta a Componentes de la
Dieta y Asociaciéon con Enfermedades Relacionadas con la Alimentacion: Estudios Nutrigenéticos. Ph.D.
Thesis, Universidad Auténoma de Madrid, Madrid, Spain, 2017.

Sotos-Prieto, M.; Guillén, M.; Sorli, J.V.; Portolés, O.; Guillem-Saiz, P.; Gonzalez, ].I.; Qi, L.; Corella, D. Relevant
associations of the glucokinase regulatory protein/glucokinase gene variation with TAG concentrations in a
high-cardiovascular risk population: Modulation by the Mediterranean diet. Br. J. Nutr. 2013, 109, 193-201.
[CrossRef]

Irwin, D.M.; Tan, H. Evolution of glucose utilization: Glucokinase and glucokinase regulator protein.
Mol. Phylogenet. Evol. 2014, 70, 195-203. [CrossRef]

Fesinmeyer, M.D.; Meigs, J.B.; North, K.E.; Schumacher, ER.; Btizkova, P; Franceschini, N.; Haessler, J.;
Goodloe, R.; Spencer, K.L.; Voruganti, V.S,; et al. Genetic variants associated with fasting glucose and insulin
concentrations in an ethnically diverse population: Results from the Population Architecture using Genomics
and Epidemiology (PAGE) study. BMC Med. Genet. 2013, 14, 98. [CrossRef]

Fernandez, E.B. Contribution of metabolic sensors on feeding behaviour and the control of body weight.
Anales de la Real Academia Nacional de Medicina 2012, 129, 541-563.

Fernandez, E.B. Molecular aspects of a hypothalamic glucose sensor system and their implications in the
control of food intake. Anales de la Real Academia Nacional de Medicina 2003, 120, 513-522.

Durnin, J.V.; Fidanza, F. Evaluation of nutritional status. Bibl. Nutr. Dieta 1985, 35, 20-30.

Ortega, R.; Lopez-Sobaler, A.; Andrés, P.; Requejo, A.; Molinero, L. Programa DIAL Para Valoracion de Dietas y
Gestion de Datos de Alimentacion; Departamento de Nutricion (UCM) Alce Ingenieria: Madrid, Spain, 2004.
Elosua, R.; Garcia, M.; Aguilar, A.; Molina, L.; Covas, M.-L; Marrugat, J. Validation of the Minnesota Leisure
Time Physical Activity Questionnaire in Spanish Women. Med. Sci. Sports Exerc. 2000, 32, 1431-1437.
[CrossRef]

Ainsworth, B.E.; Haskell, W.L.; Whitt, M.C.; Irwin, M.L.; Swartz, A.M.; Strath, S.].; O’brien, W.L.; Bassett, D.R.;
Schmitz, K.H.; Emplaincourt, P.O.; et al. Compendium of Physical Activities: An update of activity codes
and MET intensities. Med. Sci. Sports Exerc. 2000, 32, S498-5516. [CrossRef]

Hosseini, S.M. Triglyceride-Glucose Index Simulation. J. Clin. Basic Res. 2017, 1, 11-16. [CrossRef]
QuantStudio qPCR Product Portfolio. Available online: https://www.thermofisher.com/us/en/home/life-
science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-qpcr-product-portfolio.html (accessed on
21 February 2018).

R: What Is R? Available online: https://www.r-project.org/about.html (accessed on 13 February 2018).
Gonzalez, K.; Fuentes, ].; Marquez, J.L. Physical Inactivity, Sedentary Behavior and Chronic Diseases. Korean J.
Fam. Med. 2017, 38, 111-115. [CrossRef]

Horn, E.E.; Turkheimer, E.; Strachan, E.; Duncan, G.E. Behavioral and environmental modification of the
genetic influence on body mass index: A twin study. Behav. Genet. 2015, 45, 409-426. [CrossRef]
Posthumus, M.; Collins, M. Genetics and Sports; Karger Medical and Scientific Publishers: Basel, Switzerland,
2016; ISBN 978-3-318-03011-2.

Bi, M.; Kao, WH.L.; Boerwinkle, E.; Hoogeveen, R.C.; Rasmussen-Torvik, L.J.; Astor, B.C.; North, K.E.;
Coresh, J.; Kéttgen, A. Association of rs780094 in GCKR with Metabolic Traits and Incident Diabetes and
Cardiovascular Disease: The ARIC Study. PLoS ONE 2010, 5, e11690. [CrossRef]

Teslovich, TM.; Musunuru, K.; Smith, A.V.; Edmondson, A.C.; Stylianou, I.M.; Koseki, M.; Pirruccello, ].P.;
Ripatti, S.; Chasman, D.I; Willer, C.J.; et al. Biological, Clinical, and Population Relevance of 95 Loci for
Blood Lipids. Nature 2010, 466, 707-713. [CrossRef]

Seidell, ]J.C.; Cigolini, M.; Charzewska, J.; Ellsinger, B.-M.; Bjorntorp, P.; Hautvast, ].G.; Szostak, W. Fat
distribution and gender differences in serum lipids in men and women from four European communities.
Atherosclerosis 1991, 87, 203-210. [CrossRef]


http://dx.doi.org/10.3390/ijms19051472
http://dx.doi.org/10.1016/j.tins.2014.03.001
http://dx.doi.org/10.1017/S0007114512000918
http://dx.doi.org/10.1016/j.ympev.2013.09.016
http://dx.doi.org/10.1186/1471-2350-14-98
http://dx.doi.org/10.1097/00005768-200008000-00011
http://dx.doi.org/10.1097/00005768-200009001-00009
http://dx.doi.org/10.18869/acadpub.jcbr.1.1.11
https://www.thermofisher.com/us/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-qpcr-product-portfolio.html
https://www.thermofisher.com/us/en/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-qpcr-product-portfolio.html
https://www.r-project.org/about.html
http://dx.doi.org/10.4082/kjfm.2017.38.3.111
http://dx.doi.org/10.1007/s10519-015-9718-6
http://dx.doi.org/10.1371/journal.pone.0011690
http://dx.doi.org/10.1038/nature09270
http://dx.doi.org/10.1016/0021-9150(91)90022-U

Genes 2019, 10, 570 12 of 12

41.

42.

43.

44.

45.

46.

Pascot, A.; Lemieux, I.; Bergeron, J.; Tremblay, A.; Nadeau, A.; Prud'Homme, D.; Couillard, C.; Lamarche, B.;
Després, J.-P. HDL particle size: A marker of the gender difference in the metabolic risk profile. Atherosclerosis
2002, 160, 399-406. [CrossRef]

Rees, M.G.; Wincovitch, S.; Schultz, J.; Waterstradt, R.; Beer, N.L.; Baltrusch, S.; Collins, ES.; Gloyn, A.L.
Cellular characterisation of the GCKR P446L variant associated with type 2 diabetes risk. Diabetologia 2012,
55,114-122. [CrossRef]

Alfred, T.; Ben-Shlomo, Y.; Cooper, R.; Hardy, R.; Deary, L].; Elliott, J.; Harris, S.E.; Kivimaki, M.; Kumari, M.;
Power, C.; et al. Associations between a Polymorphism in the Pleiotropic GCKR and Age-Related Phenotypes:
The HALCyon Programme. PLoS ONE 2013, 8, €70045. [CrossRef]

National Research Council (US), Committee on Physical Activity, Health, Transportation, and Land Use;
Institute of Medicine. Does the Built Environment Influence Physical Activity: Examining the Evidence—Special
Report 282; National Academies Press: Washington, DC, USA, 2005; ISBN 978-0-309-66498-1.
Moore-Harrison, T.; Lightfoot, ].T. Driven to Be Inactive—The Genetics of Physical Activity. Prog. Mol. Boil.
Transl. Sci. 2010, 94, 271-290.

Matschinsky, FEM. Assessing the potential of glucokinase activators in diabetes therapy. Nat. Rev. Drug Discov.
2009, 8, 399-416. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0021-9150(01)00579-2
http://dx.doi.org/10.1007/s00125-011-2348-5
http://dx.doi.org/10.1371/journal.pone.0070045
http://dx.doi.org/10.1038/nrd2850
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects and Study Protocol 
	Anthropometric Measures and Dietary Intake 
	Physical Activity Measures 
	Biochemical Measurements 
	DNA Isolation and Genotyping 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

