[image: image1]Relationship Between Metabolites of Vitamin D, Free 25-(OH)D, and Physical Performance in Indoor and Outdoor Athletes

		ORIGINAL RESEARCH
published: 08 July 2022
doi: 10.3389/fphys.2022.909086


[image: image2]
Relationship Between Metabolites of Vitamin D, Free 25-(OH)D, and Physical Performance in Indoor and Outdoor Athletes
Anna Książek1*, Aleksandra Zagrodna1, Małgorzata Słowińska-Lisowska1 and Giovanni Lombardi2,3
1Department of Biological and Medical Basis of Sport, Faculty of Physical Education and Sports, Wroclaw University of Health and Sport Sciences, Wroclaw, Poland
2Laboratory of Experimental Biochemistry & Molecular Biology, I.R.C.C.S. Istituto Ortopedico Galeazzi, Milano, Italy
3Department of Athletics, Strength and Conditioning, Poznań University of Physical Education, Poznań, Poland
Edited by:
Hassane Zouhal, University of Rennes 2—Upper Brittany, France
Reviewed by:
Jedrzej Antosiewicz, Medical University of Gdansk, Poland
Stephen Paul Ashcroft, University of Copenhagen, Denmark
* Correspondence: Anna Książek, anna.ksiazek@awf.wroc.pl
Specialty section: This article was submitted to Exercise Physiology, a section of the journal Frontiers in Physiology
Received: 01 April 2022
Accepted: 30 May 2022
Published: 08 July 2022
Citation: Książek A, Zagrodna A, Słowińska-Lisowska M and Lombardi G (2022) Relationship Between Metabolites of Vitamin D, Free 25-(OH)D, and Physical Performance in Indoor and Outdoor Athletes. Front. Physiol. 13:909086. doi: 10.3389/fphys.2022.909086

The potential effects of vitamin D in athletes have received considerable attention in the literature. However, little is known about vitamin D metabolites and their association with physical performance in athletes. Therefore, the aim of our study was to determine the relationship between metabolites of vitamin D, vitamin D binding protein (VDBP), free, bioavailable 25-(OH)D, and physical fitness tests in athletes. A total of 40 indoor and outdoor players (16 judoists and 24 football players) participated in the study. Vitamin D metabolites (25-(OH)D, 24,25-(OH)2D3, 3-epi-25-(OH)D3, and 1,25-(OH)2D) were assessed using LM-MS/MS. Free 25-(OH)D concentration was evaluated by calculation using serum albumin and VDBP levels. Athletic performance was assessed using handgrip and vertical jump. Our study showed a significant correlation between vitamin D metabolites and handgrip strength and vertical jump variables in indoor players. It demonstrated a significant association between 3-epi-25-(OH)D3 and vertical jump parameters in outdoor players. The results of our study showed relationship between free, bioavailable 25-(OH)D, and vertical jump variables in indoor players. In conclusion, we provide novel information on the vitamin D metabolites and athletic performance in athletes. Based on the results of our study, we concluded that vitamin D metabolites might be involved in skeletal muscle function in relation to athletic performance.
Keywords: vitamin D, 24,25-(OH)2D3, 3-epi-25-(OH)D, 1,25(OH)2D, VDBP, vertical jump, physical performance
1 INTRODUCTION
During the last few decades, interest has increased in vitamin D research because studies frequently evidence vitamin D deficiency/insufficiency among athletes worldwide (Valtueña et al., 2014; Krzywanski et al., 2016; Lombardi et al., 2017). Findings from a meta-analysis of 23 studies, on a total of 2,313 athletes, demonstrated that 56% of those practicing both indoor and outdoor activities had insufficient vitamin D concentrations (Farrokhyar et al., 2015). Further, for athletes living at latitudes above 40°N, the risk of vitamin D inadequacy significantly increases during wintertime (Farrokhyar et al., 2015).
Current studies indicate that vitamin D plays a role in skeletal muscle function. Calcitriol [1α,25-(OH)2D] stimulates the myogenic differentiation of mesenchymal stem cells and upregulates the insulin growth factor (IGF)-II and follistatin expression (Garcia et al., 2011). It downregulates, instead, IGF-I and myostatin protein expression (Di Luigi et al., 2020). 1α,25-(OH)2D can enhance the sensitization of calcium binding sites at the sarcoplasmic reticulum level (Girgis et al., 2013) and influence muscle cell growth and differentiation, particularly of the fast-twitch type II fibers (Halfon et al., 2015). In addition, vitamin D increases insulin sensitivity, energetic substrate metabolism, and oxidative capacity by regulating mitochondrial respiration (Antinozzi et al., 2017; Ashcroft et al., 2020). 1α,25-(OH)2D exerts different non-classic biological effects that are supposed to influence health status, exercise, and sport performance in athletes (Owens et al., 2018).
Recent advances in mass spectrometry (MS)-based detection of plasma metabolites have allowed for the accurate detection of 1,25-(OH)2D, 24,25-(OH)2D, a major catabolic metabolite of 25-(OH)D, and 3-epi-25-(OH)D. Although only calcitriol has defined biological activities, there is interest in the other vitamin D metabolites. For instance, studies involving animal models demonstrated that 24,25-(OH)2D exerts a crucial role in the maintenance of bone integrity, healing, and function (Seo et al., 1997; Seo and Norman, 1997). Furthermore, 24,25-(OH)2D modulates growth plate chondrocyte physiology and parathyroid gland function (Herrmann et al., 2017). In turn, 3-epi-25-(OH)D levels are directly associated with the cardiovascular risk profile, and 3-epi-1α,25(OH)2D, a derivative of 3-epi-25-(OH)D, effectively reduces blood parathyroid hormone (PTH) without affecting calcium levels (Brown et al., 2005; Lutsey et al., 2015). To our knowledge, there are only few studies, especially intervention ones, related to the status of different vitamin D metabolites (Hassan-Smith et al., 2017; Mieszkowski et al., 2020; Mieszkowski et al., 2021).
Circulating levels of calcidiol [25-(OH)D] are currently used as the indicator of vitamin D status (Bikle et al., 2017; Tsuprykov et al., 2018). Recently, there has been speculation as to whether just measuring total 25-(OH)D is appropriate for the assessment of vitamin D status in different physiological and pathophysiological conditions (Bikle et al., 2017). Around 85%–90% of the total circulating 25-(OH)D and 1α,25-(OH)2D is bound to vitamin D binding protein (VDBP). About 10%–15% is bound to albumin, in contrast to free 25-(OH)D [bioavailable 25-(OH)D], which accounts <1% of total circulating vitamin D (Bikle et al., 2017; Owens et al., 2018). According to the “free hormone” hypothesis (Chun et al., 2014), current studies have shown that only the non-bound fraction of vitamin D is able to enter cells and to exert biologic effects (Bikle and Schwartz, 2019). It has been documented that the bioavailable fraction of circulating 25-(OH)D displays a stronger association with bone mineral density (BMD) than total levels, in healthy adults (Powe et al., 2011), and with intact PTH levels (iPTH) (Shieh et al., 2016).
More recently, the relationships between total 25-(OH)D concentration and performance-related factors in athletes have been observed in many studies (Seo et al., 2019; Kim et al., 2020; Most et al., 2021; Wilson-Barnes et al., 2021). Although the importance of vitamin D for athletes in regard to health and performance was emphasized, the studies found inconsistent results. A main issue is represented by the fact that those studies did not consider the metabolites of vitamin D and the amount of free or bioavailable 25-(OH)D, important to muscle function. Considering the role of vitamin D in skeletal muscle and athletic performance, there is a need to assess such factors among this population. Therefore, the primary aim of our study was to assess circulating vitamin D metabolites, VDBP, free, bioavailable 25-(OH)D concentration in athletes by considering the behavior of their training, either indoor or outdoor. A secondary aim was to determine the relationship between metabolites of vitamin D, VDBP, free, bioavailable 25-(OH)D, and physical fitness tests in athletes.
2 METHODS
2.1 Participants
Forty injury-free male athletes (16 judoists and 24 football players) were included in the study. All participants were Caucasians with white skin, and none of them was a regular sunbed user. None of the subjects used any food supplements containing vitamin D and calcium. Participants’ characteristics are shown in Table 1. The study was carried out in Wrocław (Poland), which is situated at the latitude of 51°10’ N. It was conducted during the general preparatory period in the 2nd Polish national football team and academic judo team. Athletes within sport discipline had similar exercise loads. Data were collected during 2 weeks at the turn of February and March 2021.
TABLE 1 | Athletes’ characteristic and physical performance parameters.
[image: Table 1]Measurements were performed under the fasting state. Height was measured by an anthropometer accurate to up to 1·10–3 m (GPM Siber Hegner Machinery Ltd., Zurich, Switzerland). The body mass was measured with the use of an electronic scale accurate up to 102 g (Fawag, Lublin, Poland).
Skinfold thickness was measured at seven sites (biceps, triceps, subscapular, suprailiac, abdominal, thigh, and calf) with a Harpenden skinfold calliper (British Indicators, Burgess Hill, United Kingdom). Each measurement was taken by the same person, 3 times, and the mean value was used for calculation. Percentage body fat was assessed using the formula (Withers et al., 1987; Siri, 1993).
2.2 Biochemical Analyses
Athletes were instructed to visit laboratory between 7.00 and 10.00 a.m., after 10-to-12-h fasting and 24-h abstinence from training. Blood samples were collected into plain tubes, containing a clot activator (Vacutest, Kima, Italy). Blood was kept at room temperature for 1 h and then centrifuged at 1300 g, for 10 min, at 22°C. Serum was aliquoted and stored at −80°C until assayed.
iPTH in blood serum was determined by the electro-chemiluminescence assay (ECLIA) on an Elecsys analyzer (Roche, Switzerland) according to the manufacturer’s protocol and specific assay laboratory quality control procedures. The intra- and inter-assay coefficients of variation (CVs) were 4.5% and 4.8%, respectively, and the limit of detection was at 1.20 pg/mL (0.127 pmol/L).
Total calcium (Ca) was determined, in serum, by a colorimetric assay using the Konelab 60 system from bioMérieux (France).
Albumin was assayed on a Siemens Dimension Xpand Plus clinical chemistry system (Siemens, Germany).
Albumin-adjusted calcium (ACa) was calculated using the formula
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2.3 Vitamin D Metabolite Levels
The vitamin D metabolite [25-(OH)D3, 25-(OH)D2, 24,25-(OH)2D3, 3-epi-25-(OH)D3, and 1,25-(OH)2D3] levels were determined by quantitative analysis via liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS; QTRAP®4,500 (Sciex) coupled with an ExionLC HPLC system), with minor changes according to a previously published method (Rola et al., 2020).
2.4 Free Vitamin D via Vitamin D Binding Protein
VDBP was measured by the enzyme-linked immunosorbent assay (ELISA, R and D Systems, Minneapolis, MN, United States) according to the manufacturer’s instructions. The intra-assay CV ranges between 5% and 7%, and the inter-assay CV ranges between 5% and 8%.
The levels of free 25-(OH)D were calculated from total measured 25-(OH)D, VDBP, and serum albumin concentrations by using the equations by Bikle et al. (1986) (Method 1—M1),
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Moreover, free, bioavailable 25-(OH)D concentration was calculated using equations adapted from those described by Vermeulen et al. (1999) (Method 2—M2). Vermeulen equations were adapted by replacing the variables for testosterone, SHBG, and albumin and their respective binding constants with those of 25-(OH)D, VDBP, and albumin,
[image: image]
where Kt is the association constant of SHBG for T and N=KaCa+1. This yields a second degree equation that can be solved for either FT or SHBG (Vermeulen et al., 1999).
2.5 Physical Fitness Tests
2.5.1 Hand Grip Strength
Hand grip strength was measured by a manual dynamometer (T.K.K.5001, Takei Scientific Inst. Co., Ltd., Niigata, Japan) at a resolution of 102 g and an accuracy of 5·102 g. Prior to testing, each subject was instructed on the correct performance of the measurements. Each subject was asked to comfortably hold the dynamometer with their fingers and palm tight on the device. They then lowered their upper limb along the trunk, while keeping a certain distance, so that neither the elbow nor the hand touched the body, and gripped the dynamometer using maximum muscle power. Throughout the test, subjects were asked to stand with their feet apart and the other upper limb freely along the body. Measurements were taken in kilograms (kg).
2.5.2 Vertical Jump
The maximum power, force, velocity, reactive strength index—modified (RSImod), and propulsive force/power of the lower limbs were determined by the vertical jump test using a dual single-axis force platform system (Pasco PS 2141 plates, Pasco Scientific Inc., Roseville, CA, United States) with a sampling frequency of 1,000 Hz, unfiltered (Owen et al., 2014). Participants were instructed to stand with one foot on each platform with their hands on their hips. Athletes were asked to stand still for a period of 3 s to allow the system to ascertain body weight and the onset of movement threshold (Owen et al., 2014; McMahon et al., 2018). Once the system had recorded body weight, the participant was instructed to jump as high as possible while keeping their hands on their hips. For each jump, the athlete was required to return to the “quiet standing” position with the hands remaining on the hips. Three attempts were given for each athlete.
2.5.3 Aerobic Fitness
Aerobic fitness was determined using standardized 30–15 intermittent fitness test (30-15IFT). The test consisted of 30 s of shuttle runs with 15 s of passive recovery (Buchheit, 2008). The test starting velocity was set at 8 km/h, and the speed was increased by 0.5 km/h every 30 s. Participants run back and forth between two lines (40 m apart) at a pace directed by a pre-recorded audible signal. Subjects ran until voluntary exhaustion or when subjects could no longer maintain the required running speed were asked to stop the test. The distance covered at that point was recorded as the test result.
2.6 Statistical Analysis
Descriptive statistics were presented using mean standard deviations. The normality of data was assessed using the Shapiro–Wilk test and homogeneity of variance using the Levene test. The difference in athletes’ characteristic and physical performance tests between both groups of athletes was analyzed using the Welch two sample t-test.
In addition, the effect size was determined by Cohen’s d with 95% confidence interval. The effect size was defined as small if < 0.2, medium if between 0.2 and 0.5, large if between 0.5 and 0.8, and very large if > 0.8.
Multiple regression was performed to analyze association between iPTH, Ca, ACa, and vitamin D metabolites levels. Moreover, we used this analysis to check relationship between vitamin D metabolites levels and athletic performance. Statistically significant models were adjusted for age, body mass, and body fat.
All analyses were performed with R for Windows, version 4.1 (R Foundation for Statistical Computing, Vienna, Austria). p < 0.05 was selected as the significance threshold.
3 RESULTS
We included forty participants in this study. Athletes competed in two sport’s discipline: judo (classified as indoor) and football (classified as outdoor) (Table 1). Indoor athletes’ weekly training hours were significantly higher than outdoor (15.1 ± 1.4 vs. 11.0 ± 1.1 h, p < 0.001). VO2max was significantly higher in outdoor than in indoor players (53.4 ± 3.5 vs. 50.9 ± 2.1 ml/kg/min, p < 0.02).
Assuming serum total 25-(OH)D levels in the range of 30–50 ng/mL to be the physiological norm 17.5% (n = 7) of athletes achieved this level. We found that 42.5% (n = 17) of the participants had a total 25-(OH)D concentration of below 20 ng/ml, which is defined as vitamin D deficiency (Table 1) (Pludowski et al., 2018).
There was no statistical difference in vitamin D metabolites [total 25-OH)D, 25-(OH)D3, 25-(OH)D2, 24,25-(OH)2D3, 3-epi-25-(OH)D3, 1,25-(OH)2D3], VDBP, free 25-(OH)D (M1, M2), and bioavailable 25-(OH)D between the indoor and outdoor player group (Table 1).
Handgrip strength (L) was higher in judoists (p = 0.018) than in football players. There were no changes observed between groups for handgrip strength (R), vertical jump parameters, and VO2max (Table 1).
Multiple regression analyses demonstrated association between iPTH, Ca, ACa, and vitamin D metabolites, VDBP, free (M1, M2), and bioavailable 25-(OH)D in both groups with no intergroup differences.
We performed multiple regression analyses to explore possible association between vitamin D metabolites and the athletic performance parameters in indoor (Table 2) and outdoor players (Table 3). Furthermore, we performed multiple regression analysis also to determine relationship between VDBP, free (M1, M2), bioavailable 25-(OH)D, and the physical fitness tests for both groups (Table 4).
TABLE 2 | Association of athletic performance with vitamin D metabolites by multiple regression analyses* in indoor players (n = 16).
[image: Table 2]TABLE 3 | Association of athletic performance with vitamin D metabolites by multiple regression analyses* in outdoor players (n = 24).
[image: Table 3]TABLE 4 | Association of athletic performance with VDBP, free, and bioavailable 25-(OH)D concentration by multiple regression analyses* in indoor players (n = 16).
[image: Table 4]Table 2 presents the association of vitamin D metabolites with athletic performance by multiple regression analyses in indoor players. Multiple regression analysis demonstrated that total 25-(OH)D, 24,25-(OH)2D3, and 3-epi-25-(OH)D3 were significantly associated with jump height, peak velocity, peak power, RSImod, propulsive force, and power. There was also significant correlation between 3-epi-25(OH)D3 and handgrip strength (L, R). Multiple regression analysis indicated that 1,25(OH)2D significantly associated with handgrip strength (R), peak power, and propulsive power.
There was significant correlation between free 25-(OH)D (M1, M2) and handgrip strength (L) in indoor players. Analysis showed that free 25-(OH)D (M1,M2) and bioavailable 25-(OH)D significantly associated with jump height, peak velocity, power, RSImod, propulsive force, and power (Table 4).
In the group of outdoor players, multiple regression analysis showed that peak power was significantly associated with serum total 25-(OH)D and 3-epi-25-(OH)D3. The association between peak force, propulsive force and power, and 3-epi-25-(OH)D3 was observed (Table 3).
Table 5 presents the association of VDBP, free (M1, M2), and bioavailable 25-(OH)D with athletic performance by multiple regression analyses in outdoor players. According to our results, there was no significant correlation between VDBP, free (M1, M2), bioavailable 25-(OH)D, and physical performance parameters in outdoor athletes.
TABLE 5 | Association of athletic performance with VDBP, free, and bioavailable 25-(OH)D concentration by multiple regression analyses* in outdoor players (n = 24).
[image: Table 5]4 DISCUSSION
This study represents a picture of the entire set of vitamin D metabolites in athletes. In this study, the enrolled athletes were classified into two groups, train indoor and outdoor. The aim of our study was to determine the relationship between metabolites of vitamin D, VDBP, free, bioavailable 25-(OH)D, related blood parameters (iPTH, Ca, and ACa), and physical fitness tests in athletes.
Physical activity can affect vitamin D metabolism and, hence, the final level of 25-(OH)D, main indicator of vitamin D status, and the other metabolites, all having important physiological roles. Further, it is possible that vitamin D metabolism is differently affected by different kinds of physical activity (in terms of muscle action and sun exposure). Thereby, it is interesting to compare these two situations.
Skeletal muscles express, other than the VDR, CYP27B1 (the gene encoding for 1alpha-hydroxylase, the enzyme that hydroxylates 25-(OH)D into 1,25-(OH)2D. Therefore, skeletal muscles are able to activate vitamin D (Latham et al., 2021). Although the biological relevance of the expression of this enzymatic activity is not well defined, it has been hypothesized that it is related to mitochondrial function and muscle regeneration, at least in rodents (Latham et al., 2021). Further, 1alpha-hydroxylase expression is decreased in denervation, in rats (Mori et al., 2020), while it is increased in muscle biopsies from amyotrophic lateral sclerosis patients (Si et al., 2020). Therefore, although the unclear mechanisms underlying its regulation, evidences suggest a direct connection between the muscle activity and vitamin D metabolism.
We showed that in the group of indoor judoists there was a significant correlation between total 25-(OH)D and vertical jump parameters (jump height, peak velocity, peak power, RSImod, and propulsive force and power). The relationship between total 25-(OH)D and physical performance levels of male athletes has been described in several studies (Fitzgerald et al., 2015; Kim et al., 2020; Most et al., 2021). Our study also showed the relationship between 24,25-(OH)2D3, 3-epi-25-(OH)D3, 1,25-(OH)2D, and vertical jump variables in indoor players. A small number of studies have assessed correlations between serum concentrations of 1,25-(OH)2D. Other vitamin D metabolites such as 24,25-(OH)2D3 and 3-epi-25-(OH)D3 have not been previously studied in relation to physical performance in athletes. Hassan-Smith et al. (2017) observed a statistically significant association between 1,25-(OH)2D and jump height-peak power in a group of 116 healthy human volunteers (79 women and 37 men; aged 20 ± 74 years). The authors demonstrated that 25-(OH)D3 and 24,25-(OH)2D3 were associated with efficiency (a measure of the relationship between maximum jump force and power, with the less force required to generate the same power, the more efficient the jump) in the studied group (Hassan-Smith et al., 2017). 24,25-(OH)2D3 is not considered to be physiologically active although studies involving animal models demonstrated that it plays an important role in normal bone integrity, function, and healing (Seo et al., 1997; Nemere et al., 2006).
We showed that in the group of outdoor players there was a significant association between serum total 25-(OH)D and peak power. Other studies demonstrated a positive association between 25-(OH)D levels and jump height in male soccer players (Koundourakis et al., 2014) and university-level outdoor athletes (Wilson-Barnes et al., 2020). We also showed the association between 3-epi-25-(OH)D3 and peak power, force, propulsive force, and power in outdoor athletes. Mieszkowski et al. (2020) demonstrated that serum 25-(OH)D3, 24,25-(OH)2D3, and 3-epi-25-(OH)D3 levels significantly increased after the ultra-marathon in control and supplemented group. C-3 epimerization is a common metabolic pathway of major metabolites of vitamin D3. 25-(OH)D3 undergoes epimerization, and 3-epi-25-(OH)D3 is the most prevalent form (Singh et al., 2006). The biological function of 3-epi-25-(OH)D3 is not well understood. To the best of our knowledge, this is the first paper reporting relationship between physical performance indicators and 24,25-(OH)2D3, 3-epi-25-(OH)D3 levels in athletes. Therefore, it is pivotal to study the effects of vitamin D metabolites’ action on skeletal muscle function in relation to athletic performance.
The free hormone hypothesis postulates that only the non-bound fraction (the free fraction) of hormones, which otherwise circulate in blood bound to their carrier proteins, is able to enter the cells and to exert their biologic effects (Bikle and Schwartz, 2019). Studies suggest that some functions of vitamin D may be more closely related to the free or bioavailable fraction of vitamin D than to total serum 25-(OH)D concentrations (Bikle et al., 2017; Owens et al., 2018).
Therefore, we considered whether the free fraction of 25-(OH)D correlates with musculoskeletal functions in relation to physical performance in athletes. To the best of our knowledge, there are no studies designed to assess VDBP, free, and bioavailable vitamin D status in athletes and its correlation to athletic performance. The impact of vitamin D on muscle strength, especially lower muscle strength in athletes, was evident in most studies (Hamilton et al., 2014; Koundourakis et al., 2014; Książek et al., 2016; Książek et al., 2018) and was physiologically explained by different vitamin D receptor expressions in various muscle groups (Bischoff et al., 2001; Hassan-Smith et al., 2017). Vitamin D affects the number and diameter of type II muscle fibers, which mainly regulate the ability to perform short high-power exercises (Dzik and Kaczor, 2019). Therefore, we used a vertical jump to check athletic performance in studied groups. A vertical jump is one of the essential motor skills that requires complex motor coordination, and it has been identified as one of the fundamental movement skills. Therefore, vertical jump test is used to evaluate simple lower limb muscular strength and complex tasks, such as sprint deceleration, sprint acceleration, throwing, and change of direction (Petrigna et al., 2019), which reflect physical effort during judo and football match.
We demonstrated associations between free and bioavailable 25-(OH)D levels and aspects of physical performance (handgrip strength L, vertical jump variables); this was, however, only observed within the indoor group. The differences in the obtained result between indoor and outdoor athletes may be due to the baseline individual training profile, different kinds of physical effort related to sport discipline, and hence activation of different muscle groups. This might explain the lack of significant association between VDBP, free, bioavailable 25-(OH)D, and physical performance variables in our outdoor players.
As a homeostatic perturbation, exercise and training affects calcium metabolism. Thereby, the measurement of PTH and calcium is relevant to assess the athlete’s health status as well as to contextualize the change observed in vitamin D metabolites (Lombardi et al., 2020). The results of our study showed that iPTH, Ca, and ACa were associated with and vitamin D metabolites, VDBP, free and bioavailable 25-(OH)D in both groups. However, we did not find differences in these associations between indoor and outdoor athletes. However, studies in this field are limited. In a recent study conducted at the British university athletes, we compared the seasonal effects (fall vs spring) of discipline, specific training, either indoors or outdoors on bone indices, and vitamin D status. Seasonal variation of serum 25-(OH)D was found independent from training modality (indoor vs outdoor) and PTH resulted negatively associated with the vitamin D status in the combined groups, indoor group, and more significant in the outdoor group during the spring term (Wilson-Barnes et al., 2020). In military recruits, a 32-week training program reduced vitamin D status (25-(OH)D < 50 nmol/L) and enhanced concentrations of PTH associated with the occurrence of stress fractures (Davey et al., 2016). Similarly to our study, instead, PTH resulted unaffected by an 8-week repeated sprint training regimen in young active men (Sansoni et al., 2018) and by 13 weeks of military training (O'Leary et al., 2019), despite the changes in bone indexes.
4.1 Limitations and Strengths of the Study
Some limitations should be considered when evaluating the result of this analysis: first, the limited sample size, so further research on a larger group of athletes is needed, and second, there was a lack of a non-sportive control group. Furthermore, our data are associational and no causal links between the vitamin D metabolites and physical performance can be drawn from this study. A notable strength of our investigation is, instead, the homogeneity within each cohort of experienced male athletes sharing the same age and anthropometry. We performed blood drawing and physical performance test in the same period (within two weeks) for both cohorts and strong pre-analytical phase.
5 CONCLUSION
Our study showed a significant correlation between vitamin D metabolites [total 25-(OH)D, 24,25-(OH)2D3, 3-epi-25-(OH)D3, and 1,25-(OH)2D] and handgrip strength and vertical jump variables in indoor players. It also showed a significant association between 3-epi-25-(OH)D3 and vertical jump parameters in outdoor players. The results of our study demonstrated the relationship between free, bioavailable 25-(OH)D, and vertical jump variables only in the group of indoor players.
In conclusion, this is the first study demonstrating the relationship between vitamin D metabolites, free and bioavailable 25-(OH)D, and physical performance in athletes. These observations imply that vitamin D metabolites might be involved in skeletal muscle function. However, more work is needed to explore the role of vitamin D metabolites in relation to athletic performance.
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“Statisticall significant variables were adjusted for age, body mass, and body fat; 5, unstandardized coefficient; 95% Cl, confidence interval; VDBP, vitamin D binding protein; VOzma.
maximal oxygen uptake; L, left; R, right; CMJ, countermovement verticaljump; AVG, average; M1, equations by Bikl et al. (1986); M2, equations by Vermeulen et a. (1999). Bold values
are statistically significant.
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