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Abstract

Background: Vitamin D deficiency is associated with impaired muscle strength, endurance, and
recovery. Variants of the GC gene, particularly the rs2282679 polymorphism, influence circulating 25-
hydroxyvitamin D and may affect exercise performance.Methods: This study examined the effects of the GC
rs2282679 polymorphism on performance outcomes in 62 active adult men (AA=35, AC=24, CC=3).
Genotyping was performed from oral swab samples. Aerobic performance was assessed using the Yo-Yo
Intermittent Recovery Test Level 2 (Yo-Yo IR2) before and after a 6-week training program.
Results: At baseline, Yo-Yo IR2 means were 612.0+£199.9 m for AA and 636.7+212.1 m for AC (p=0.651).
Height differed significantly between AA (178.7£10.9 cm) and AC (184.7+11.8 cm,; p=0.047), while weight
and BMI showed no significant differences (p>0.05). Pre—post comparisons revealed significant
improvements in Yo-Yo IR2 in both AA (p<0.001) and AC (p=0.003) groups. The CC group (n=3) was
reported descriptively only. Conclusion: The GCrs2282679 polymorphism was not associated with baseline
Yo-Yo IR2 performance but may influence training-related adaptations. These findings suggest a potential
role for vitamin D-related genotypes in modulating aerobic capacity in active men. Further studies with
larger CC samples are warranted.
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Introduction

Vitamin D, essential for athletic performance, plays a key role in muscle health, bone integrity, and
immune system function. In circulation, vitamin D is bound and transported by Vitamin D Binding Protein
(DBP), which enables the storage, distribution, and delivery of vitamin D metabolites such as 25-
hydroxyvitamin D [25(OH)D] to tissues (Cannell et al., 2009). Adequate vitamin D levels are necessary for
muscle protein synthesis, fiber type regulation, strength, and recovery, and deficiency has been associated
with impaired coordination, muscle weakness, and reduced performance (Girgis et al., 2013; Nikooyeh &
Neyestani, 2022).

One of the key genes involved in vitamin D metabolism is the GC gene (group-specific component),
which encodes DBP (Ahn et al., 2015; Wang et al., 2010). Located on chromosome 4q13.3, the GC gene
is essential for vitamin D transport and metabolism (Daiger & Cavalli-Sforza, 1977). Through DBP, the
GC gene indirectly affects calcium homeostasis and bone health by regulating vitamin D availability in
tissues (Powe et al., 2013).

Polymorphisms in the GC gene, particularly rs2282679, result in variations in circulating 25(OH)D. The
1$2282679 polymorphism involves an adenine-to-cytosine substitution, producing the AA, AC, and CC
genotypes. While AA is generally associated with normal vitamin D levels, carriers of the C allele (AC,
CC) are more likely to exhibit vitamin D deficiency and lower plasma DBP concentrations (Wang et al.,
2010; Montenegro, 2019; Shan et al., 2022). This genetic variation is therefore considered to influence
vitamin D bioavailability and, indirectly, muscle function, bone health, and exercise adaptation mechanisms
(Kémpe et al., 2019).
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Polymorphisms at the GC rs2282679 gene can influence vitamin D levels depending on genetic
composition, altering the body’s ability to transport and utilize vitamin D (Wang et al., 2010). This variation
has downstream effects on muscle function, bone metabolism, and exercise adaptation mechanisms, largely
mediated through differences in vitamin D bioavailability (Kdmpe et al., 2019).

The rs2282679 polymorphism involves an adenine-to-cytosine substitution, giving rise to AA, AC, and

CC genotypes. While individuals with the AA genotype generally present normal vitamin D status, carriers
of the C allele (AC or CC) show reduced plasma concentrations of vitamin D—binding protein (DBP) and
circulating 25(OH)D (Montenegro, 2019; Shan et al., 2022). In particular, Shan et al. (2022) demonstrated
that the CC genotype is associated with approximately a 2.5-fold higher risk of vitamin D deficiency
compared with AA carriers. These findings indicate that GC rs2282679 variants significantly influence
vitamin D metabolism, providing a genetic basis for interindividual differences in 25(OH)D status.
Given these associations, examining GC rs2282679 in the context of physical performance is relevant. The
primary aim of this study was to determine whether GC rs2282679 polymorphism is associated with aerobic
performance and training-related adaptations, as assessed by the Yo-Yo IR2 test. Secondary aims included
comparing anthropometric characteristics across genotypes, analyzing correlations between BMI and Yo-
Yo IR2 performance, and evaluating within-genotype pre—post improvements.

Material and Methods
Participants and study design

A research group was formed by 59 male students (aged 19-24) voluntarily who were students of
Lokman Hekim University Faculty of Sports Sciences. Sample size determined to be 59 subjects for the
study as per mean scores in relevant literature, with a 95% confidence interval by using G* Power 3.1
(Cing1, 1994). The research was carried out with the foundation by Declaration of Helsinki and has obtained
the approval of Lokman Hekim University Non-Interventional Clinical Research Ethics Committee,
decision no. 2024/156.

Inclusion criteria were: (I) being male, aged 19-24 years, (II) enrolled as a student at the Faculty of
Sports Sciences, (III) actively training in sport at the time of study, (IV) free of acute or chronic disease,
and (V) providing written informed consent. Exclusion criteria were: (I) current injury or musculoskeletal
disorder, (II) history of chronic illness or medication affecting vitamin D metabolism, (III) use of vitamin
D or other dietary supplements during the study, and (IV) inability to complete training or testing protocols.

Data collection tools

The students from the Faculty of Sports Sciences, who are active athletes in several sports disciplines
and constituted the case group for the study, received comprehensive theoretical and practical instruction
regarding the test application procedure. Participants provided consent using the "Informed Voluntary
Consent Form". Samples were collected from study participants to ascertain gene polymorphism prior to
the test and to obtain swabs from the intraoral epithelial tissue (referred to as Buccal Swab) for analysis.
The Yo-Yo Intermittent Recovery 2 test was utilized to assess aerobic power, anaerobic performance, and
recovery levels. Participants engaged in conventional warm-up activities, including five minutes of
moderate-paced running, followed by three minutes of active lower extremity stretching and specific
exercises at a reduced intensity before the testing. Participants were allotted three minutes for respite
following the warm-up before executing the tests. Participants completed 6 micro cycles (6 weeks) of
fitness-enhancing anaerobic/aerobic threshold training (long-term tempo running) and muscular endurance
training (cyclic training) three times per week, with each session lasting 75-90 minutes.

Yo-Yo intermittent recovery test 2 (Yo-Yo IR2)

The Yo-Yo IR test is a key tool in sports science for evaluating the capacity to repeatedly perform high-
intensity exercise by engaging both aerobic and anaerobic energy systems. Widely used in competitive
sports due to its specificity and practicality, the Yo-Yo IR 2 test involves 40-meter shuttle runs (2 x 20
meters) at increasing speeds, interspersed with 10-second active recovery intervals, guided by auditory
signals. Participants continue until they fail to maintain the required pace twice consecutively. The test,
lasting 5-15 minutes, measures the ability to perform repeated high-intensity efforts with significant
anaerobic energy involvement, assuming adequate training. Extensively applied in team sports since its
introduction, the Yo-Yo IR 2 test was administered to all participants in this study as previously described
(Krustrup et al., 2006; Leger et al., 1982).
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GCrs2282679 polymorphism analysis

The molecular approach employed in this study adhered to the principles outlined in the Declaration of
Helsinki. Buccal swab samples were obtained from the study group members after securing informed
consent. All genetic tests of the mouth swab samples from the students of the Faculty of Sports Sciences
participating in the study were performed in conjunction with the Damagen Medical Genetics Laboratory.
Genomic DNA was isolated from swab samples using the Buccalyse DNA Extraction Kit from Isohelix,
adhering to the manufacturer's instructions. The DNA concentration was quantified with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA). Epithelial cell samples were collected from all
subjects via the signing of consent forms. The operational processes were conducted in compliance with
the principles of the Helsinki Declaration II. Genotyping of forty-three single nucleotide polymorphisms
(SNPs) was performed utilizing the KASP genotyping method (LGC Genomics). This genotyping employs
competitive allele-specific PCR to enable bi-allelic scoring of single nucleotide polymorphisms (SNPs) and
insertions and deletions (Indels) at specified loci. The primary SNP is identified as the GC gene rs2282679.
The KASP assay mixture consists of three assay-specific unlabeled oligonucleotides, two allele-specific
forward primers, and one common reverse primer (LGC Genomics). The KASP Master blend (2X) is
obtained pre-prepared, utilizing the Rhodamine X (ROX) dye as a positive control, in conjunction with the
universal fluorescent dyes FAMTM and VICTM. A PCR reaction was performed using the 7500 Real-time
PCR System (Applied Biosystems) by incorporating the SNP-specific KASP Primer mixture and universal
KASP Master mixture into DNA samples, followed by fluorescence measurement and subsequent data
analysis (He et al., 2014).

Statistical analysis

Data were analyzed using IBM SPSS 26.0 and R software. Descriptive statistics were calculated, and
normality of variables was checked using Shapiro—Wilk tests. Depending on distribution, group
comparisons were performed with one-way ANOVA or Kruskal-Wallis tests, with post-hoc comparisons
where applicable. Hardy—Weinberg equilibrium of genotype distributions was tested. Associations between
anthropometric variables and Yo-Yo IR2 performance were examined with Pearson or Spearman
correlation. Training effects (pre—post Yo-Yo IR2) were analyzed using paired-sample t-tests and repeated-
measures ANCOVA, adjusting for covariates (age, height, weight). Effect sizes (n*) were reported, and
permutation-based models were used to confirm robustness of parametric results. Statistical significance
was set at p<0.05.

Results

Table 1 shows the descriptive statistics of Yo-Yo IR2 performance and anthropometric variables by
genotype. The AA group had a Yo-Yo IR2 mean of 612.00 (200-980), a height of 178.65cm (160-207), a
weight of 75.14kg (48—114), and a BMI of 23.40 (16.61-28.40). The AC group had a Yo-Yo IR2 mean of
636.66 (240-1160), a height of 184.70cm (165-208), a weight of 80.45kg (54—116), and a BMI of 23.36
(18.25-28.71). The CC group (n=3) is reported descriptively only.

Table 1. Descriptive statistical findings of parameters.

Variables Averages SS Min-Maks
AA AC AA AC AA AC
Yo-Yo IR2 612,00 636,66 199,95 212,12 200-980 240-1160
Length (cm) 178,65 184,70 10,85 11,77 160-207 165-208
Body Weight (kg) 75,14 80,45 14,09 15,77 48-114 54-116
BMI (kg'm2) 23,40 23,36 3,01 2,56 16,61-28,40 18,25-28,71

Table 2. Comparison of Yo-Yo IR2 performance with genotype groups.

Genotype N X s t sd p
Yo-Yo IR2 e 35 612,00 77 _454 57 651
AC 24 636,66 212,12
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Table 2 shows the comparison of Yo-Yo IR2 performance between genotypes. The AA group had a
mean of 612.00+£199.95, while the AC group had a mean of 636.66+£212.12. The difference between groups
was not statistically significant (p=0.651). The CC group (n=3) is not included in the test due to insufficient
sample size.

Table 3 shows the comparison of height between genotypes. The AA group had a mean of 178.65 +
10.85 cm, while the AC group had a mean of 184.70+11.77 cm. The difference was statistically significant
(p=0.047). The CC group (n=3) is reported descriptively only.

Table 3. Comparison of height with genotype groups.

Genotype N X S t sd p
AA 35 178,65 10,85

Length (cm) -2,033 57 ,047
AC 24 184,70 11,77

Table 4 shows the comparison of body weight between genotypes. The AA group had a mean of
75.14+14.09 kg, while the AC group had a mean of 80.45+15.77 kg. The difference was not statistically
significant (p=0.181). The CC group (n=3) is reported descriptively only.

Table 4. Comparison of genotype groups and weight.

Genotype N X s t sd P
. AA 35 75,14 14,09
Weight (kg) -1,356 57 ,181
AC 24 80,45 15,77

Table 5 shows the comparison of BMI between genotypes. The AA group had a mean of 23.40+3.01,
while the AC group had a mean of 23.36+2.56. The difference was not statistically significant (p=0.957).
The CC group (n=3) is reported descriptively only.

Table 5. Comparative analysis of genotype groups and body mass index (BMI).

Genotype N X s t sd p
AA 35 23,40 3,01

BMI ,054 57 957
AC 24 23,36 2,56

Table 6 presents the within-genotype correlations between BMI and Yo-Yo IR2 performance. The
correlation coefficients were =0.081 for the AA group and r=0.256 for the AC group; neither was
statistically significant (p>0.05). The CC group (n=3) was not analyzed due to insufficient sample size.

Table 6. The relationship between BMI and Yo-Yo IR2 in genotype groups.

AA 1.BMI 2.Yo-Yo IR2
1.BMI R 1 ,081

AC

1.BMI T 1 ,256

Table 7. Yo-Yo distance test 2 pre-test-post-test comparisons by genotypes

Yo-Yo N X s t sd p
Pre-Test 35 4485714 184,98240
AA Last Test 35 557,7143 218,96932 4,536 34 ;000
AC Pre-Test 24 692,5000 149,76068 135 - 003
Last Test 24 719,1667 137,36390 o ’
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Table 7 shows the within-genotype pre—post comparisons of Yo-Yo IR2 performance. Both AA
(p<0.001) and AC (p=0.003) groups demonstrated statistically significant improvements from pre-test to
post-test. The CC group (n=3) was not analyzed due to insufficient sample size.

Discussion

Genetic variables are primary drivers of athletic performance, directly influencing athletes' physical
attributes such as strength, endurance, speed, and flexibility. Studies indicate that genetic variants influence
athletic performance by affecting physiological characteristics, including muscle strength, energy
metabolism, and muscle fiber type distribution (Semenova et al., 2023). Key elements contributing to the
performance of elite athletes encompass environmental adaptation, appropriate training loads, and
unpredictable genetic combinations. Genetic profiles provide critical insights for optimizing training loads,
assessing athletes' responses to training, managing rest and recuperation, guiding nutrition, and evaluating
injury risks in competitive settings (Cerit et al., 2020; da Silva Felipe et al., 2017; Papadimitriou et al.,
2016).

Cohort studies indicate that athletes with vitamin D insufficiency have a notable decline in muscle
strength and endurance performance attributable to compromised muscle energy metabolism [10]. Research
investigating the impact of insufficient vitamin D levels on muscular function (strength and recovery
capacity) in athletes indicates that performance deteriorated, maybe linked to its beneficial effect on
anaerobic glycolysis-related muscle fatigue [21]. Furthermore, it has been documented that muscle
glycogen reserves are optimized subsequent to the consumption of vitamin D supplements in trained
individuals (Abushamma, 2022).

Linked polymorphisms associated with vitamin D insufficiency shown a negative correlation with
muscle strength and performance (Bulgay et al., 2023). The GC rs2282679 gene polymorphism may
indirectly affect muscle function and exercise performance by modulating vitamin D levels. The energy
utilization capacity of muscles, oxygen uptake, and muscle fiber adaptation during exercise may be
influenced by vitamin D. Polymorphic variants of the GC rs2282679 gene are believed to indirectly
influence exercise performance and post-exercise recovery through their impact on vitamin D levels
(Kédmpe et al., 2019) and may also inform individualized exercise and nutrition regimens.

The GC rs2282679 gene polymorphism may indirectly influence bone health and muscle function in
athletes by impacting the carrying capacity and bioavailability of vitamin D. In those susceptible to vitamin
D insufficiency, this polymorphism is anticipated to adversely affect musculoskeletal health, perhaps
diminishing athletes' physical performance levels. No studies too far have demonstrated a link between the
GC rs2282679 gene polymorphism and exercise. This study is the inaugural investigation into the impact
of polymorphism variations of this gene on exercise performance. In this context, the examination of the
GC rs2282679 gene polymorphism in active adult males revealed genotype distributions of 59.30% for the
AA genotype and 40.70% for the AC genotype, with no participants exhibiting the CC genotype (Tables 1-
2). The study by Lazaro et al. (2023) including 50 male elite athletes revealed that 38% possessed AA
genotypes, 44% had AC genotypes, and 18% exhibited CC genotypes. The study concluded that people
with CC and AC genotypes exhibited lower 25(OH)D concentrations than those with AA genotypes.
Moreover, differences in alleles have been found to influence the plasma levels of vitamin D in athletes
(Lazaro et al., 2023). A subsequent study conducted by Nissen et al., (2014) investigated 201 parents and
their offspring residing in Denmark. The study included 414 individuals from the adult cohort. Among
these, 219 individuals exhibited the AA genotype, 156 individuals possessed the AC genotype, and 34
individuals had the CC genotype (Nissen et al., 2014). The research conducted by Santos et al., (2019)
examined the correlation between the GC gene rs2282679 polymorphic variations and plasma vitamin D
levels, revealing that 39.7% of adult women (n=443) possessed the CC genotype, 51.8% had the AA
genotype, and 39.8% exhibited the AC genotype.

The study findings indicated that vitamin D insufficiency was more prevalent among individuals with
the CC genotype (Santos et al., 2019). Zhang et al., (2013) conducted a study with a sample size of 3108,
concluding that the C allele may result in reduced protein concentrations of DBP. A separate study revealed
analogous results, involving 25 elite athletes in the general preparation phase who performed nearly
identical workouts; vitamin D deficiency was identified in 80% of the participants. The study's findings
indicated a statistically significant positive link between the concentration of 25(OH)D and vertical jump
power (Ksigzek et al., 2018; Wicinski et al., 2019). Although our findings did not demonstrate significant
genotype—performance associations, they align with previous evidence suggesting that GC polymorphisms
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influence vitamin D metabolism and bioavailability, which in turn may affect long-term exercise
adaptations (Santos et al., 2019; Zhang et al., 2013). Similar trends have been reported for vitamin D
receptor polymorphisms and endurance outcomes (Owens et al., 2018), highlighting that vitamin D-related
genetic variation may contribute to interindividual variability in athletic performance.

Our study findings indicated that participants with the AC genotype showed numerically higher Yo-Yo
IR2 performance compared to those with the AA genotype; however, this difference was not statistically
significant and should be interpreted cautiously. Furthermore, it was established that the height (cm) and
body weight (kg) of people with the AC genotype exceeded those of participants with the AA genotype
(Table 3-4), and this disparity was deemed statistically significant. Conversely, it was established that the
average BMI of participants with the AA genotype exceeded that of people with the AC genotype (Table
5), but the difference lacked statistical significance. A favorable association was noted between BMI values
and Yo-Yo IR2 test performances of AA and AC genotypes, although it lacked statistical significance
(Table 6). The research findings indicated that individuals with the AC genotype exhibited superior
performance on the Yo-Yo IR2 test compared to those with the AA genotype (Table 7). These data
corroborate the possible influence of genetic differences on athletic performance. Our results align with the
findings of Uitterlinden et al., (2017) regarding GC gene polymorphisms and vitamin D metabolism.
Krasniqi et al., (2021) shown that polymorphisms of the GC gene can influence vitamin D-binding protein
levels, resulting in variations in muscle function. A study conducted by Dahlquist ez al., (2015) emphasized
the influence of vitamin D levels on sports performance. Owens et al., (2018) elucidated the impact of
vitamin D receptor polymorphisms on aerobic capacity, specifically in their investigation of vitamin D's
influence on endurance performance (Owens ef al., 2018). A comparable study conducted by Close et al.,
(2013) on professional athletes shown the beneficial impact of individualized vitamin D administration,
tailored to genetic profiles, on performance (Close ef al., 2013).

According to the findings of another study that investigated the impact of the GC rs2282679
polymorphism on vitamin D metabolism, low serum DBP levels and 25(OH)D deficiency were observed
in adult and postmenopausal women who did not exhibit any clinical signs of disease. This was the case
regardless of the age or basal metabolism index (BMI) values of the CC genotype. Furthermore, an
increased risk of osteoporosis was discovered in individuals who had low plasma vitamin D levels (Rivera-
Paredez et al., 2021). Similarly, the interaction between the GC rs2282679 gene polymorphism and vitamin
D supplementation was investigated in research conducted by Asghari et al., (2022). The study involved
adult participants with a total of 1568 individuals, and the findings indicated that polymorphism did not
have a significant impact on the amounts of vitamin D that were present after supplementation. On the other
hand, it has been discovered that those who have the C allele have a greater likelihood of suffering from
vitamin D deficiency over a period of six months (Asghari ef al., 2022).

It is possible that the effects of genetic polymorphisms on the function of muscles and the production of
energy are directly related to the levels of endurance that individuals possess. For instance, mutations in
the GC gene might result in variances in the efficiency with which the muscles utilize oxygen and the
processes by which they produce energy. These differences grant certain individuals the ability to recover
more quickly or to endure for longer. The GC rs2282679 polymorphism is hypothesized to be a key genetic
marker in the regulation of vitamin D metabolism, according to the findings of several research that were
stated earlier. Nevertheless, the studies on this topic that contradict each other demonstrate that the field of
research is still in its infancy and is constantly evolving.

Conclusions

Within the scope of our research, we investigated the impact of GC rs2282679 gene polymorphisms on
athletic performance. The results indicated that individuals with the AC genotype had higher Yo-Yo IR2
test performance compared to those with the AA genotype, although the difference did not reach statistical
significance. While our findings suggest a potential role of GC rs2282679 in influencing exercise-related
outcomes, they should be interpreted with caution given the limited sample size and the absence of CC
carriers. Further studies with larger cohorts and direct vitamin D measurements are required to confirm
these associations.

This study has several limitations. First, the sample size was relatively small, particularly for the CC
genotype (n=3), which limited statistical comparisons. Second, serum 25(OH)D levels were not measured,
restricting our ability to confirm whether genotype differences translated into actual vitamin D status. Third,
only young male participants were included, which limits generalizability. Finally, potential confounders
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such as dietary intake, sunlight exposure, and seasonal variation were not controlled. These limitations
should be considered when interpreting the findings, and future studies with larger and more diverse
samples are warranted.
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