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randomized controlled trials
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Background: Coaches and athletes are increasingly interested in understanding
athletes’ serum vitamin D levels, their impact on strength, physical performance,
and athletic outcomes. Previous meta-analyses were reported with limited
sample size and no significant overall effect was found. Hence, it is crucial to
conduct a thorough and up-to-date systematic examination and meta-analysis
to elucidate the potential advantages of supplementing with vitamin D3 in
enhancing muscle strength for athletes.

Methods: We performed a thorough investigation, spanning three databases
(PubMed, EBSCO, and Cochrane Library), seeking randomized controlled trials
(RCTs) in all languages. These trials delved into the influence of vitamin D3
supplementation on the changes of pre- and post-intervention muscle strength
in healthy athletes. Our systematic examination and meta-analysis took into
account serum 25(OH)D levels exceeding 30 ng/mL as a marker of adequacy.

Results: Ten RCTs, comprising 354 athletes (185 in the vitamin D3 group and
169 in the placebo group), fulfilled the inclusion criteria. During the study, 36
athletes were lost to follow-up, leaving 318 athletes (166 in the vitamin D3
group and 152 in the placebo group) with documented complete results. In
comparison with the placebo group, there is a significant increase between the
changes of pre- and post-intervention serum 25(OH)D levels among athletes
following a period of vitamin D3 supplementation (MD 14.76, 95% Cl: 8.74
to 20.77, p<0.0001). Overall effect of four strength measurements including
handgrip, one repetition maximum Bench Press (1-RM BP), vertical jump, and
quadriceps contraction was not significantly improved (SMD 0.18, 95% ClI: —0.02
to 0.37, p=0.08), but there was a significant increase in quadriceps contraction
(SMD 0.57, 95% CI: 0.04 to 1.11, p = 0.04).

Conclusion: This updated meta-analysis indicates the potential benefits of
vitamin D supplementation for enhancing muscle strength in athletes when
analyzing its quantitatively synthesized effects. With limited available studies for
the quantitative synthesis, it cannot warrant significant overall enhancements in
muscle strength when athletes attain adequate serum 25(OH)D levels through
supplementation.
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1 Introduction

Vitamin D constitutes a vital group of substances essential for
upholding optimal body functions of living creatures (1). Its primary
role lies in facilitating calcium absorption, a fundamental element for
bone health (2). Over the past century, extensive research has
illuminated the detrimental consequences of vitamin D deficiency,
including conditions like osteoporosis (1-3), muscle discomfort, and
weakness (4). Lately, there has been a noticeable surge of interest in
the examination of vitamin D within the realm of sports science,
owing to its purported beneficial impacts on physical fitness, the
integrity of skeletal structure, and muscular function (5, 6).

Whether obtained from diet, exposure to sunlight, or through
supplementation, both vitamin D2 and D3 can undergo conversion
into 25-hydroxyvitamin D [25(OH)D] within the liver, and
subsequently, its concentration is assessed in the bloodstream (7). This
25(OH)D can further undergo a conversion process, resulting in the
formation of the biologically active compound called calcitriol
[1,25(0OH)2D], which occurs in the kidneys (8). 1,25-dihydroxyvitamin
D3 [1,25(0OH)2D3] assumes a critical role in augmenting the
absorption of calcium and phosphate in the intestines and stimulating
the generation of neogenesis bone tissue (8, 9). Research involving
animals has shown that mice deficient in the vitamin D receptor
(VDR) exhibit compromised bone health and diminished muscle
function, underscoring the significance of VDR in living
organisms (9).

In this investigation, we adhered to the guideline which deems a
serum concentration of 25(OH)D above 30ng/mL as satisfactory,
aligning with established recommendations (10, 11). It is widely
believed that maintaining adequate serum 25(OH)D levels can have a
positive impact on athletic performance (12). Nevertheless, attention
has been raised regarding the possibility of toxicity when the serum
concentration of 25(OH)D surpasses 100 ng/mL (13). The precise
mechanism by which it enhances athletic performance continues to
be a subject of ongoing research. A suggested mechanism revolves
around the increased presence of 1,25(OH)2D and the presence of
vitamin D receptors (VDR) within muscle cells, which could
conceivably impact the efficiency of calcium binding during muscle
fiber contractions (12). In the long run, 1,25-dihydroxyvitamin D may
potentially contribute to the enlargement and multiplication of fast-
twitch muscle fibers (14, 15) and accelerate the process of lipolysis
within the tricarboxylic acid (TCA) cycle (16).

Reports have suggested that athletes frequently experience a
notable prevalence of vitamin D insufficiency. This can be attributed
to factors such as their heightened metabolic rate, year-round indoor
training, limited exposure to ultraviolet rays from sunlight, and a lack
of proper measures to monitor and uphold adequate serum 25(OH)D
levels because of their strenuous physical activities (17-20). Coaches,
athletes, athletic trainers, and healthcare professionals in the realm of
sports are growingly preoccupied with the sufficiency of vitamin D in
athletes and its potential connection to strength, conditioning, and
their overall athletic performance. Previous systematic examinations
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of vitamin D status and its influence on muscle strength have usually
encompassed small-scale trials characterized by relatively modest
effect sizes (21-23). Furthermore, most of the existing reviews
summarized the impact of vitamin D on muscle function and its
relevance to the performance of athletes rather than based on
quantitatively synthesis method (24, 25). Based on our previous
systematic review and meta-analysis of randomized controlled trials
(RCTs) published up until May 2019 (26), it’s crucial to highlight that
once serum concentrations of 25(OH)D reach adequate levels through
supplementation, there are no noteworthy enhancements in muscle
strength with limited sample size at that time. Nonetheless, the
correlation between serum vitamin D levels and strength, physical
performance, and athletic results remains a subject of significant
interest for experts in this field. To offer the most recent and thorough
evaluation of the potential influence of vitamin D3 supplementation
on muscle strength in athletes, we have carried out a contemporary
review and meta-analysis. This builds upon our previous systematic
review from 2019 (26) and introduces new parameters for evaluating
muscle strength, including vertical jump and grip strength.

2 Materials and methodology
2.1 Research design

To ensure a robust methodology and comprehensive reporting,
this systematic review and meta-analysis rigorously followed the
guidelines set forth in the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analysis) statement (27).

2.2 Eligibility criteria

Our study employed the PICO approach as follows: Population
(P) encompassed healthy male and female athletes aged 10-45 years
old engaged in various sports. Intervention (I) involved administering
vitamin D3 orally, without specifying dosage or duration. Comparison
(C) entailed comparing the intervention group with a placebo group.
The outcomes (O) of interest were the Vitamin D3 supplementation
impacts on serum 25(OH)D levels and muscle strength.

Our inclusion criteria were limited to RCTs involving athletes,
while exclusion criteria encompassed non-randomized trials, studies
lacking complete text, trials involving non-athletes, the use of vitamin
D2, trials without assessments of muscle strength, and trials involving
multivitamin supplementation. Additionally, we excluded studies that
involved Paralympic athletes and athletes with medical conditions that
could potentially affect their serum 25(OH)D levels or influence their
responses to vitamin D3 supplementation. Furthermore, studies were
excluded if they incorporated interventions that could influence
serum 25(OH)D levels apart from vitamin D3, if they lacked adequate
quality-related information, or if they presented incomplete
outcome data.
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2.3 Approaches employed to locate
relevant research papers

We performed a comprehensive literature search across the
PubMed, EBSCO SPORTDiscus, and Cochrane Library databases,
encompassing articles from their inception through September 27,
2023. The search utilized a combination of terms and medical subject
headings (MeSH), which included various forms of vitamin D,
supplementation, muscle-related keywords, and terms associated with
athletic performance. To ensure the quality of the results, duplicates
were eliminated during the initial title and abstract screening phase.

2.4 Assessment of eligibility, selection of
studies, and evaluation of study quality

The screening, selection, and quality assessment of trials were
carried out using the PRISMA flow diagram and the Cochrane risk of
bias (ROB) assessment tool. The studies were initially screened
following the PRISMA checklist, involving an independent review of
titles and abstracts by two authors to determine eligibility. Subsequently,
two independent authors meticulously assessed the full texts of these
articles, taking into account their methodological quality, outcomes,
and the possibility of duplication. Any discrepancies that emerged were
resolved through mutual agreement or consensus between the authors.

2.5 Data retrieval

Two authors independently carried out the extraction of data, with
any discrepancies being resolved through consensus. The extracted
information encompassed several aspects, including the athletes’
baseline characteristics such as age, gender, living latitude, and sports
Additionally, details
supplementation were collected, including units, dosages, product

activities. regarding the vitamin D3
used, and duration. For consistency, the varied dosages of vitamin D3
supplementation across trials were converted to a daily dosage in
international units (IU), with the conversion of 100IU being equivalent
to 2.5 pg. Serum 25(OH)D levels, originating from different trials, were
consistently reported in ng/mL, where 1ng/mL is equivalent to
2.5nmol/L. Standard deviation (SD) data were obtained from various
sources, including ranges, standard errors, confidence intervals (Cls),
or p-values, in cases where they were not explicitly reported.

2.6 Data segmentation and subdivision

During the data extraction process, it came to our attention that
nine trials were carried out during the winter, a period characterized
by minimal sunlight exposure, while only one trial took place during
the fall. The durations of interventions in various studies ranged
approximately from 1 to 12 weeks. To ensure consistency, we stratified
the trials based on the athletes’ baseline vitamin D status to observe
the effects of vitamin D3 supplementation on serum 25(OH)D levels.
Moreover, due to the utilization of various methods for measuring
muscle strength in the included RCTs, we created subgroups for
muscle strength outcomes, categorizing them according to the specific
muscle strength tests employed.
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2.7 Data synthesis

Our analysis involved several steps. Initially, we examined the
baseline mean differences (MD) between the vitamin D3 group and
the placebo group before supplementation. For comparing the baseline
25(OH)D levels between these two groups, we utilized a random-
effects model and applied the inverse variance method to compute the
MD in serum 25(OH)D levels. During the post-supplementation
intervention phase, we utilized a random-effects model to compute the
results. When assessing the results of muscle strength tests, we applied
a random-effects model and utilized the inverse variance method to
calculate the standardized mean differences (SMDs) between the
vitamin D3 supplementation group and the placebo group for various
indicators. To assess heterogeneity among studies, we employed
Cochran’s Q test, with a significance level of presenting heterogeneity
set at p<0.10, where I” values less than 40% were considered as low
heterogeneity, values between 40 and 60% as moderate, and values
exceeding 60% as indicating substantial heterogeneity. We conducted
these analyses using Review Manager 5.4 software (28), and generated
funnel plot to access the presence of public bias. The statistical
significance of overall effect was set at p <0.05.

3 Results

3.1 Assessment of eligibility and selection
of articles

Figure 1 provides an overview of the search and selection process.
Initially, a total of 1,929 titles and abstracts were reviewed.
Subsequently, 39 articles were chosen for a comprehensive full-text
article review. Out of these 39 articles, 10 RCTs satisfied the inclusion
criteria and were consequently incorporated into this meta-analysis.

3.1.1 Publication bias

Figure 2 displays the funnel plots, visually depicting baseline
serum 25(OH)D levels between the intervention and placebo groups
at the outset of each trial (29-38). On the horizontal axis, the MD
values stands for mean difference of serum 25(OH)D. The outcomes
of the comprehensive heterogeneity assessment for all the chosen trials
reveal minimal heterogeneity (I?=0%, p=0.55). This implies that the
likelihood of selection and publication bias exerting an impact on the
results of this systematic review and meta-analysis is minimal.

3.1.2 Assessment of bias risk

Figure 3 illustrates the methodological quality of the trials and the
possible risk of bias. Notably, all 10 of the included studies in this
analysis share common features, such as a placebo-controlled design
and double-blinded methodology, which contributes to the overall
robustness of the research.

3.2 Details about the trials and the baseline
characteristics of the participants

The baseline characteristics of subjects from all the RCTs included

in the analytical and quantitative synthesis are delineated in both
[ables 1, 2. The mean age of subjects varied across the trials, ranging
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FIGURE 2

Presents a funnel plot that visualizes the publication bias of baseline serum 25(OH)D levels between different studies.
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FIGURE 3
The Cochrane risk of bias assessment.

from 14 years old in swimmers (35) to 29 years old in judo athletes (30).
Likewise, there was considerable diversity in the daily dosage of
vitamin D3 supplementation, with values ranging from a minimum of
20001U administered over 12weeks (35) to a maximum of 18,7501U
delivered over 8 days (in the form of a bolus of 150,000IU) (30).

In the study conducted by Wyon et al. (30), male Judo athletes were
administered a solitary dose of 150,000 IU vitamin D3 tablets. The time
interval between their post-intervention and pre-intervention
assessments was 8 days. Close et al. conducted two distinct studies that
included male athletes from soccer, football, and rugby players (29, 33).
In one of the studies, participants were categorized into three groups
and administered vitamin D3 capsules for a duration of 12 weeks, and
the dosages used were 20,000IU per week, 40,000IU per week, and a
placebo (29). In another investigation by Close et al. (33), male soccer
players were given a daily dose of 5,0001U vitamin D3 capsules for a
period of 8 weeks. Jung et al. (31) carried out their study enrolling both
male and female Taekwondo athletes for 4 weeks with 5,000 IU vitamin
D3 supplementation on a daily basis. Fairbairn et al. (32) carried out an
investigation involving male athletes who ingested 3,570 IU vitamin D3
tablets each day for a duration of 11 to 12 weeks. Brzezianski et al. (34)
conducted an 8-week nutritional intervention administering a weekly
dosage of 40,000 IU of vitamin D3 to male soccer players. Dubnov-Raz
etal. (35) reported recruiting both male and female swimming athletes
who were assigned a daily dosage of 2000IU of vitamin D3 droplets for
a duration of 12 weeks. Jastrzebska et al. (36, 37) carried out two studies,
both focusing on the winter supplementation of vitamin D3 droplets
in soccer players. One study (37) published in 2016 lasted for 8 weeks,
while another study (36) published in 2022 had a duration of 12 weeks.
Todd et al. (38) included male and female soccer athletes and provided
them with a daily supplementation of 3,000IU of vitamin D3 solution
for a duration of 12 weeks.

3.3 Strength tests

The total sample size for this study comprises 318 individuals (with
a total of 554 observations), encompassing both the intervention and
placebo groups. Table 3 offers a summary of the disparities in strength
between vitamin D3 supplementation and placebo regarding one
repetition maximum bench press (1-RM-BP) (also in Figure 4A),
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maximal quadriceps contraction (also in Figure 4B), vertical jump (CM]J)
(also in Figure 4C), and handgrip (HG) strength (also in Figure 4D).

Figure 4 forest plots were created to present the results of various
indicators based on different strength tests. In accordance with the
available evidence, our study’s findings suggested that there were no
substantial improvements observed in 1-RM-BP (SMD —0.15, 95%
CIL: —0.57 to 0.26, p=0.47), vertical jump (SMD 0.21, 95% CI: —0.09
to 0.50, p=0.17), and handgrip strength (SMD 0.21, 95% CI: —0.23 to
0.64, p=0.35). However, there was significant enhancement in
maximal quadriceps contraction (SMD 0.57, 95% CI: 0.04 to 1.11,
p=0.04). Meanwhile, the pooled analysis suggested that the overall
strength tests demonstrated no significant improvement (SMD 0.18,
95% CI: —0.02 to 0.37, p=0.08).

3.4 Concentrations of serum 25(0OH)D

3.4.1 The influence of vitamin D3
supplementation on the status of serum 25(OH)D
in the included research studies

Tables 4, 5 present a comprehensive summary of the average
serum 25(OH)D concentrations at the baseline and the post-
intervention of each study. Remarkably, in cases where athletes initially
had serum 25(OH)D levels below 25ng/mL, the administration of
vitamin D3 supplements (at doses varying from 2000 to 18,750 IU/day
and durations ranging from 1 to 12 weeks) has been shown to improve
their vitamin D status. To be more precise, Fairbairn (32) and
Brzezianski (34) noted that athletes with initially adequate vitamin D
status exhibited a rise in serum 25(OH)D levels when given daily doses
of 3,5701U and 5,714 1U, respectively, in contrast to the placebo group
(see Table 4). Additionally, it is worth mentioning that in their study,
Wyon (30) provided their participants with a single bolus of 150,000 IU
of vitamin D3 supplementation. Even though the average serum
25(OH)D levels stayed below 30ng/mL on the eighth day after the
administration of the dose, there was an enhancement in the changes
of serum 25(OH)D status when compared to the placebo group. In
comparison with the placebo group, there is a significant increase in
serum 25(OH)D levels among athletes following a period of vitamin
D3 supplementation (MD 14.76, 95% CI: 8.74 to 20.77, p<0.0001).
The details of serum 25(OH)D changes were illustrated in Figure 5.
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TABLE 1 Characteristics of the included randomized controlled trials.

References Country Latitude Season Sports

activity

Randomized
(n=

10.3389/fnut.2024.1381301

Intervention Duration Product

54) vitamin D

dosage IU
(ng)

Brzezianski et al. Poland 51.5°N Winter Soccer 12/13 40,000 (1000)/ 8weeks Not Decristol, Sun-
(34) week vs. PL reported | Farm Sp. z 0.0,
Lomianki,
Poland
Close et al. (29) UK 53°N Winter Football 10/10/10 20,000 (500)/week | 12weeks D, Biotech
and Rugby vs. 40,000 (1000)/ capsules | Pharmacal Inc.,
week vs. PL Phoenix, AZ,
USA
Close et al. (33) UK 53° N Winter Soccer 5/5 5,000 (125)/day 8weeks D, Biotech
vs. PL capsules | Pharmacal Inc.,
Phoenix, AZ,
USA
Dubnov-Raz Israel 31.9-32.7° | Winter Swimming 27/26 2000 (50)/day vs. 12 weeks Ds CTS Chemical
etal. (35) N PL droplets | Industries Ltd.,
Isreal
Fairbairn et al. New 45-46.5°S  Autumn Rugby 28/29 3,5701U (89 pg)/ 11-12 weeks D, Cal.D.Forte,
(32) Zealand day tablets PSM Healthcare,
Auckland,
New Zealand
Jastrzebska et al. Poland 50.1-54.5° Winter Soccer 20/16 5,000 (125)/day 8weeks D, Vigantol, Merck,
(37) N vs. PL droplets | Germany
Jastrzebska et al. Poland 54.5°N Winter Soccer 18/17 5,000 (125)/day 12 weeks D, Vigantol, Merck,
(36) vs. PL droplets | Germany
Jung et al. (31) Korea 333°N Winter Taekwondo 22/22 5,000 (125)/day 4weeks D, Bio-Tech
vs. PL capsules | Pharmacal, Inc.
(Arkansas, USA)
Todd et al. (38) UK 55° N Winter Soccer 22/20 3,000 (75)/day vs. 12 weeks D, BetterYou, Ltd.,
PL solution | Barnsley, UK
Wryon et al. (30) UK 52.3°N Winter Judo 11/11 150,000 (3750)/ 8days D, Not reported
one time vs. PL tablets

Data are means unless stated otherwise; PL Placebo. 2013a, 30 football and rugby athletes were recruited in reference (29); 2013b, 10 soccer players were recruited in reference (33).

3.4.2 An analysis of sensitivity regarding the
impact of vitamin D3 supplementation on serum
25(OH)D status

A sensitivity analysis was performed by excluding trials in which
attrition, defined as the loss of more than 15% of participants between
the initial assessment and the study’s conclusion, occurred. Four
studies [Close et al. (29) —16.7%, Jastrzebska et al. (36) —25.7%, Jung
etal. (31) —20.45%, Todd et al. (38) —16.67%] reported attrition rates
exceeding 15% of participants at the conclusion of the study. However,
systematically removing these four studies does not have a
the
Supplementary material). The evidence continues to endorse the

significantly ~ impact  on overall findings  (see

overall positive impact of vitamin D3 supplementation on serum
25(OH)D levels.
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4 Discussion
4.1 Main findings overview

Based on the results from our updated meta-analysis, we can infer
that vitamin D3 supplementation, when administered for a duration
of 4-12weeks at a daily dose surpassing 20001U, is significantly
effective in elevating athletes’ serum 25(OH)D concentrations from
insufficient to sufficient levels, especially during the winter season. The
advantageous effects of vitamin D3 supplementation on muscle
strength were demonstrated majorly through quadriceps strength,
however, the overall effect sizes for combining vertical jump,
quadriceps contraction, vertical jump, and 1-RM-BP did not show a
significant improvement.
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TABLE 2 Baseline measurements of the included randomized controlled trials.

References Analyzed VD3 daily Males Mean age = 25(OH)D 25(0OH)D 25(OH)D Lost to
(n =354) dosage IU (VA] years (ng/mL) (nmol/L)  method of follow-up
ENEIWAS
Brzezianski et al. 12 5,714 100 17.5+£0.7 27.9+10.79 69.75+26.97 Elecsys Vitamin D Total 0
(34) 11
13 PL 25.5+9.52 63.75+23.8 (Roche Diagnostics
GmbH, Germany)
Close et al. (29) 10 5,714 100 21+1 20.4+£10.4 51+£26 HPLC-MRM 5
10 2,857 222 21.2+10.4 53+26 (Becton Dickinson, UK) —16.70%
10 PL 211 20.8+10.8 5227
Close et al. (33) 5 5,000 100 18+5 11.6£10 29+25 HPLC-MRM (Becton 0
Dickinson, Oxford, UK)
5 PL 21.2+11.6 53+£29
Dubnov-Raz 27 2000 62% (33/53) 13.9+1.6 24.4+49 61+12.25 RIA 6
etal. (35)
26 PL 14.1+1.8 24.8+4.6 (Diasorin, Minnesota, —11.30%
Us)
Fairbairn et al. 28 3,570 100 21.5+2.8 37.2+7.6 93+19 LC-MS/MS at 0
(32) Canterbury Health
29 PL 20.9+2.8 38+6.8 95+17 New Zealand
Jastrzgbska et al. 20 5,000 Not 17.5+0.6 19.4+3.44 48.5+8.6 Not reported 0
(37) reported
16 PL 19+6.48 47.5+£16.2
Jastrzebska et al. 18 5,000 Not 17.2x1.16 24.1£5.23 60.25+£13.07 CMIA 9
(36) reported
17 PL 24.8+4.77 62+11.92 (Liaison XL, DiaSorin, —25.70%
Saluggia, Italy)
Jungetal. (31) 22 5,000 60% (21/35) 20.1+0.15 10.9+2.35 27.3+5.88 CLIA analyzer 9
22 PL 12.4+3.75 30.9+9.38 (Liaison XL, Dasorin, —20.45%
Italy)
Todd et al. (38) 22 2000 23% (18/24) 20+2 17.8+5.3 44.49+13.35 LCMS-MS 7
20 PL 202 16.4+8.9 40.93+22.09 (API 4000; AB SCIEX) —16.67%
Wyon et al. (30) 11 18,750 100 29+10.6 13.2+£3.8 32.8+9.4 ECLIA 0
11 PL 26+7.4 16.3+2.7 40.7+6.8 (Tecan Infinite F500,
Mannedorf,
Switzerland)

Data are mean + standard deviation unless stated otherwise. CLIA, Chemiluminescent immunoassay; ECLIA, Electrochemiluminescent immunoassay; HPLC-MRM, High-performance liquid
chromatography tandem multiple reaction mode; HPLC-MS, High-performance liquid chromatography-tandem mass spectrometry; LC-MS/MS, Liquid chromatography mass spectrometry;
PL Placebo, RAT Radioimmunoassay. 2013a, 30 football and rugby athletes were recruited in reference (29); 2013b, 10 soccer players were recruited in reference (33).

4.1.1 Muscle strength

In order to ensure consistency in the pooled mean difference
between the vitamin D3 supplementation and placebo groups, each
subgroup included two or more observations that contributed to the
aggregation of SMDs for strength measurements. Although there were
no significant improvements observed in 1-RM BP (SMD 0.15, 95%
CI: —0.57 to 0.26, p=0.47), handgrip strength (SMD 0.21, 95% CI:
—0.23 to 0.64, p=0.35), and vertical jump (SMD 0.21, 95% CIL: —0.09
to 0.50, p=0.17), a significant enhancement was observed in maximal
quadriceps contraction (SMD 0.57, 95% CI: 0.04 to 1.11, p=0.04). It
is noteworthy that with increased sample size from our previous meta-
analysis accomplished in 2019, there is still no significant increase
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been observed in the overall strength test (SMD 0.18, 95% CI: —0.02
to 0.37, p=0.08) combining the four indicators mentioned above.

the
supplementation on muscle strength were demonstrated through

Therefore, advantageous effects of vitamin D3
quadriceps strength. However, the overall effect sizes for combining
vertical jump, handgrip, quadriceps contraction, and 1-RM-BP did
not show a significant improvement. Additionally, it is important to
note that the quantitative synthesis of either the handgrip test or
quadriceps contraction test was conducted based on a limited
number of subjects from only two included studies. This limitation
highlights the need for future meta-analyses to further investigate

this aspect.
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TABLE 3 Strength outcome measures.

References Daily N=318 1-RM 2Quadriceps Vertical Handgrip (kg)
dosage Contr. (N-m) jump
(cm)
18] Pre Post Change Pre Post Change Pre Post Change Pre Post Change
Brzezianski et al. 5714 12 423+388 4324367 | 09+378
G4 0 13 454448 | 447%417  —07+4.52
Close et al. (29) 5714 6 91422 90+20 | —1+21.07 471467 | 495483 | 24%7.63
2,857 10 90+13  92+15 | 2+14.11 49.1+7.1 492489 | 0.1%815
0 9 79417 | 79418 | 0+17.52 456+68 = 477+61 | 214648
"Close et al. (33) 5,000 5 82+14  885+14  6.5+14
0 5 82414 | 845+14 | 25+14
Dubnov-Raz 2000 25 120+48 139450 14.6+17.5
etal. (35) 0 2 109+42 117445 9.7+16.8
Fairbairn et al. 3,570 28 126+17 = 122+15 | —4+16.09
(2) 0 29 12217 123+16 | 1£1652
Jastrzebska et al. 5,000 20 41.2+5.2 45.7+5.2 45+2.3
G7) 0 16 43449 464+49 | 34422
Jastrzebska et al. 5,000 12 43.7+4.91 44.2+3.66 0.5+4.42
(56) 0 14 4475495 | 4494426 | 02+4.64
Jung et al. (31) 5,000 20 323.6+32.7 (60°) 350.4+33.5 26843311 | 541+461 5724461 = 3.1+4.61
0 15 329.9+24.4 (60°) 339.2+25.7 9.3+25.08 5394501 = 547+501 | 0.8+501
3502.2+790.02 (180°) = 3782.1+878.12 | 280+837.55
3576.9+980.36 (180°) = 3549.4+980.36 = —27.5+980.36
Todd et al. (38) 2000 17 31714832 32154891 | 0.44+8.63 36.78+10.04 36.77+11.05 | 0.18+5.64
0 18 27364649 28.85+699 | 149+6.75 = 29.71+11.56 (left) = 32.98+11.30 = 3.56+6.69
39.29+10.57 39.51410.76 = —0.03+5.51
30.54+11.33 (right)  30.07+11.30 | 3.3+598
Wyon et al. (30) 18,750 11 232+37.4 (30°) 265+45.6 33+42.1
0 11 239+65.9 (30°) 239+63.7 0+64.83
163 +28.25 (200°) 18343297 20+30.88
145+29.27 (200°) 148+28.21 342875

*Did maximal quadriceps contraction at 30°/s, 60°/s, 180°/s and 200°/s; "Baseline measured from an average from 10 participants.
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Vitamin D3 Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1IV. Random, 95% CI IV. Random, 95% CI
A 11-RM-BP
Close 2013a -1 21.07 6 0 17.52 5 2.7% -0.05[-1.23, 1.14]
Close 2013a 2 1411 10 0 17.52 4 2.9% 0.12[-1.04, 1.29]
Close 2013b 6.5 14 5 25 14 5 2.5% 0.26 [-0.99, 1.51]
Fairbairn 2018 -4 16.09 28 1 16.52 29 141% -0.30[-0.82, 0.22 = e
Subtotal (95% CI) 49 43 22.2% -0.15 [[-0.57, 0.26]] i
Heterogeneity: Tau? = 0.00; Chi? = 0.98, df =3 (P = 0.81); 2= 0%
Test for overall effect: Z=0.72 (P = 0.47)
B 2 Quadriceps contr.
Jung 2018 26.8 33.11 20 9.3 25.08 15  8.2% 0.57 [-0.11, 1.25] I =
Wyon 2016 33 421 1 0 64.83 11 5.2% 0.58 [-0.28, 1.44] -1 -
Subtotal (95% Cl) 31 26 13.5% 0.57 [0.04, 1.11] —l—
Heterogeneity: Tau? = 0.00; Chi? = 0.00, df = 1 (P = 0.99); I> = 0%
Test for overall effect: Z=2.11 (P = 0.04)
C 3 Vertical jump
Brzezianski 2022 09 378 12 -0.7 452 13  6.1% 0.37 [-0.42, 1.16] - -
Close 2013a 0.1 8.15 6 21 648 4  24% -0.24 [-1.51, 1.03]
Close 2013a 24 763 10 21 648 5 3.3% 0.04 [-1.03, 1.11]
Jastrzebska 2016 45 22 20 34 23 16  8.6% 0.48[-0.19, 1.15] - -
Jastrzgbska 2022 0.5 4.42 12 02 464 14 6.5% 0.06 [-0.71, 0.84] —
Jung 2018 3.1 461 20 0.8 5.01 15 8.3% 0.47 [-0.21, 1.15] -1 =
Todd 2016 0.44 863 17 149 6.75 18  8.7% -0.13[-0.80, 0.53] - P
Subtotal (95% Cl) 97 85 44.0% 0.21 [-0.09, 0.50] A
Heterogeneity: Tau? = 0.00; Chi? = 3.08, df = 6 (P = 0.80); I = 0%
Test for overall effect: Z=1.38 (P = 0.17)
D 4 Handgrip
Dubnov-Raz 2015 146 175 25 9.7 16.8 22 11.6% 0.28 [-0.30, 0.86] 1=
Todd 2016 022 564 17 -0.47 6.69 18 8.7% 0.11[-0.55, 0.77] - |
Subtotal (95% CI) 42 40  20.3% 0.21 [-0.23, 0.64] ‘
Heterogeneity: Tau? = 0.00; Chi? = 0.15, df =1 (P = 0.70); I* = 0%
Test for overall effect: Z = 0.93 (P = 0.35)
Total (95% Cl) 219 194 100.0% 0.18 [-0.02, 0.37] ‘
Heterogeneity: Tau? = 0.00; Chi? = 8.80, df = 14 (P = 0.84); I* = 0% y t t t
Test for overall effect: Z = 1.77 (P = 0.08) A4 05 0 05 1
) i Favours [Placebo] Favours [Vitamin D3]
Test for subgroup differences: Chi? = 4.60. df = 3 (P = 0.20). > = 34.7%
FIGURE 4
Forest plot for vitamin D3 supplementation effects on muscle strength. (A) 1-RM-BP; (B) Quadriceps contraction; (C) Vertical jump; (D) Handgrip
strength test.

4.1.2 Serum 25(OH)D levels

The results depicted in Figure 5 suggests that vitamin D3
supplementation yields a favorable effect on the average serum
25(OH)D concentrations compared to placebo supplementation.
Furthermore, the administration of 5,000IU of vitamin D3 for a
duration of 4 weeks successfully increased the serum 25(OH)D levels
of participants from a state of deficiency to sufficiency, particularly at
a latitude of 33.3° N during the winter (31). In conclusion, there
exists a substantial body of evidence consistently supporting the
advantageous impact of vitamin D3 supplementation on serum
25(OH)D levels in comparison to placebo supplementation.

4.2 Strengths and weaknesses

The study adhered to the PRISMA criteria, which are commonly
applied in Cochrane reviews, to guarantee the quality and rigor of the
methodology. The selection and review processes were carried out
independently by two reviewers, thereby enhancing the reliability of
the study’s conclusions. In addition, it should be emphasized that the
study’s conclusions are grounded in the latest and officially published
RCTs that are available, further strengthening the credibility and rigor
of this systematic review and meta-analysis.
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Although this updated meta-analysis includes two additional
measures to evaluate muscle strength compared to the 2019
quantitative synthesis, it is important to acknowledge the limited
availability of data for certain evaluation measures, such as grip
It’s
acknowledge that this study incorporates various supplementation

strength and quadriceps contraction. important to
dosages, outcome measurements, sports, and training routines,

which may introduce potential confounding variables
and heterogeneity.

It is regrettable that our study possesses inherent limitations
commonly associated with systematic reviews and meta-analyses,
and it is essential to acknowledge and consider these limitations.
For example, sports that involve year-round indoor training, such
as Judo and Taekwondo, may potentially result in a notable decrease
in serum 25(OH)D levels when compared to outdoor sports.
Furthermore, the importance of muscle strength can fluctuate
among various sports, with certain athletes, such as those in
Taekwondo and Judo, prioritizing strength enhancement to a
higher degree compared to athletes in sports like soccer. These
factors introduce complexity and potential variability into the
study’s findings. Due to the limited number of RCTs available for
examining the effects of vitamin D3 supplementation on muscle

strength, it becomes challenging to account for various variables
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TABLE 4 Baseline and follow-up Serum 25(OH)D concentrations.

References Latitude Vitamin D3 Baseline 1 Week 4 Weeks (LS 8 Weeks 12 Weeks
daily dosage (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
U
Brzezianski et al. (34) 51.5°N Jan-Mar 5,714 27.9+£10.79 12 47.4+12.21
0 25.5+9.52 13 27.2+12.06
Close et al. (29) 53°N Jan-Apr 5,714 20.4+10.4 6 39.3£5.6 36.5+9.6
2,857 21.2+10.4 10 31.7£5.6 34.1+4.0
0 20.8+10.8 9 148472 16.4+8.8
Close etal. (33) 53°N Nov-Jan 5,000 11.6%10.0 5 41.3%10.0
0 2124116 5 29.6+9.6
Dubnov-Raz et al. (35) 31.9-32.7°N Nov-Jan 2000 244+49 25 29.6+6.5
0 24.8+4.6 22 20.3+4.2
Fairbairn et al. (32) 45-46.5°S Mar-May 3,570 37.247.6 28 444472 456+7.6
0 38+6.8 29 34+6.8 32484
Jastrzebska et al. (37) 50.1-54.5° N Jan-Mar 5,000 19.4+3.44 20 42.52+34
0 19+6.48 16 17.4%11.6
Jastrzebska et al. (36) 54.5°N Jan-Mar 5,000 24.1+5.23 12 26.6+6.35
0 24.8+4.77 14 26.2+4.52
Jung etal. (31) 33.3°N Jan-Feb 5,000 10.9+2.35 20 38.4+7.04
0 12.4%3.75 15 13.1+3.87
Todd et al. (38) 55° N Nov-Apr 2000 17.8%523 17 32.8+13.5
0 16.4%8.9 18 18.6+10.3
Wyon et al. (30) 523°N Feb 18,750 132438 11 16.8+3.2
0 163427 11 16.3+2.6

Data are mean + standard deviation unless stated otherwise. Measurements are in ng/mL.
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TABLE 5 Baseline and end-point mean 25(OH)D concentrations in vitamin D and placebo.

References Latitude  Vitamin D daily Weeks
dosage (IU)

Vitamin D Supplementation® Placebo?®
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Vitamin D <25 ng/mL (N°=272/236)

Pre

Post

Change

Pre

Post

Winter (N°=297/261)

Close et al. (29) >45°N 5,714 12 10/6 20.4+10.4 36.5+£9.6 16.1+10.02 10A/9A7 20.8+10.8 16.4+8.8 —4.4+9.95
"Close et al. (29) >45°N 2,857 12 10 21.2+10.4 34.1+4.0 12.9+£9.09 10A/9A 20.8+10.8 16.4+8.8 —4.4+9.95
Close et al. (33) >45°N 5,000 6 5 11.6+10.0 41.3+10.0 29.7+10 5 21.2+11.6 29.6+9.6 8.4+10.74
Dubnov-Raz et al. (35) <45°N 2000 12 27/25 24.4+49 29.6+6.5 52+5.87 26/22 24.8+4.6 20.3+4.2 —4.5+4.41
Jastrzebska et al. (37) >45°N 5,000 8 20 19.4+3.44 42.5+3.4 23.1+£3.42 16 19+6.48 17.4x11.6 —-1.6+10.07
Jastrzebska et al. (36) >45°N 5,000 12 18/12 24.1+5.23 26.6+6.35 2.5+5.87 17/14 24.8+4.77 26.2+4.52 1.4+4.65
Jungetal. (31) <45°N 5,000 4 22 10.9+2.35 38.4+7.04 27.5+6.21 22/15 12.4+3.75 13.1+£3.87 0.7+3.81
Todd et al. (38) >45°N 3,000 12 22/17 17.8+£5.3 32.8+13.5 15+12.94 20/18 16.4+8.9 18.6+£10.3 2.44+9.57
Wyon et al. (30) >45° N 18,750 1 11 13.2+3.8 16.8+£3.2 3.6+3.54 11 16.3+2.7 16.3£2.6 0£2.65
Vitamin D >25ng/mL (N=82)

Autumn (N=57)

Brzezianski et al. (34) >45°N 5,714 8 12 27.9+10.79 47.4+12.21 19.5+11.57 13 25.5+£9.52 27.2+12.06 1.7+11.01
Fairbairn et al. (32) >45°S 3,570 12 28 37.2+7.6 44.4+7.2 7.2+7.41 29 38+6.8 34+6.8 —4+6.8

“Presented in ng/mL. *Close et al. compared multiple doses with one control group. ‘Number of baseline/post-intervention. A Indicates findings are from one study.

TOLT8ET 202 INU3/68¢5 0T


https://doi.org/10.3389/fnut.2024.1381301
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Han et al.

10.3389/fnut.2024.1381301

Vitamin D3 Placebo Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Brzezianski 2022 19.5 11.57 12 1.7 11.01 13 8.5% 17.80[8.93, 26.67]
Close 2013a 16.1 10.02 10 -4.4 9.95 5 7.8% 20.50[9.79, 31.21] s
Close 2013a 12.9 9.09 10 -4.4 9.95 4 7.6% 17.30[6.04, 28.56]
Close 2013b 29.7 10 5 84 10.74 5 7.0% 21.30[8.44, 34.16] ——
Dubnov-Raz 2015 5.2 5.87 25 -4.5 441 22 10.1%  9.70[6.75, 12.65] =
Fairbairn 2018 7.2 741 28 -4 6.8 29 10.0% 11.20[7.50, 14.90] .
Jastrzebska 2016 23.1 3.42 20 -1.6 10.07 16 9.7% 24.70 [19.54, 29.86] —
Jastrzebska 2022 2.5 5.87 12 1.4 4.65 14 9.9% 1.10 [-3.02, 5.22] [
Jung 2018 27.5 6.21 22 0.7 3.81 15 10.1% 26.80 [23.57, 30.03] =
Todd 2016 15 11.78 17 2.2 9.68 18 9.1% 12.80[5.63, 19.97] —_—
Wyon 2016 3.6 3.54 11 0 2.65 11 10.2% 3.60 [0.99, 6.21] =
Total (95% CI) 172 152 100.0% 14.76 [8.74, 20.77] -

itvge 2 _ 5 2 _ _ D12 y 1 L ’
Heterogeneity: Tau® = 90.70; Chi* = 179.89, df = 10 (P < 0.00001); I = 94% 50 10 0 10 0

Test for overall effect: Z = 4.81 (P < 0.00001)

FIGURE 5

Favours [Placebo] Favours [Vitamin D3]

Forest plot for vitamin D3 supplementation effects on serum 25(OH)D status.

and factors that might influence the outcomes. This scarcity of
RCTs can limit the ability to conduct more detailed and
comprehensive analyses that consider multiple factors and potential
confounders. These variables could include the timing of
measurements during different seasons of the year, the specific
characteristics of sports professionals, sunlight exposure, specific
age groups, gender differences, dietary factors (such as
Mediterranean diet, vegan diet, Ketogenic diet), and more. These
complexities make it challenging to account for all potential
confounding factors in our analysis.

Our study reveals that vitamin D3 has presented positive impact
on muscle strength, particularly evident in the quadriceps strength.
Indeed, the study recognizes the relatively modest sample size and the
difficulties associated with stratifying athletes to achieve improved
control during outcome aggregation and summarize. This suggests
that elevating serum 25(OH)D concentrations can be achieved with
the correct dosage and duration of vitamin D supplementation, and
there is some evidence indicating an enhancement in muscle strength
as a consequence.

It is important to emphasize that the trials included in this analysis
is indeed featured with small sample sizes, spanning from 10 to 57
participants, and there was a discernible disparity in baseline serum
25(OH)D levels among the studies (29-38). Furthermore, this study
included individuals from various sports professions with diverse
nationalities, living in different latitudes, and in one case, a study with
only 5 athletes who received vitamin D3 intervention (33). These
factors contribute to the complexity and heterogeneity of the data, and
they should be considered when interpreting the results. These factors
contribute to the overall complexity and heterogeneity of the data.
Nevertheless, the RCTs included in our analysis exhibit a high level of
consistency in these aspects. It is noteworthy that 70% of the trials
were conducted in higher latitude regions such as the UK and Poland.
Moreover, apart from the research conducted by Fairbairn (32), the
remaining nine studies were carried out during the winter season,
which is characterized by reduced sunlight exposure. Furthermore, it
is worth mentioning that 70% of the studies included participants who
were outdoor athletes engaged in various sports, such as soccer and
rugby. This variation in the types of sports and outdoor activities may
also introduce additional complexity and diversity into the
study population.
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Sunlight exposure plays a pivotal role in the synthesis of vitamin
D in the human body (39). Athletes who follow weight management
protocols (40) and experience restricted sunlight exposure, as
observed in sports like figure skating (41) and ice hockey (42-44),
are recognized for having an elevated incidence of vitamin D
deficiency. This highlights the significance of obtaining adequate
sunlight exposure to sustain sufficient vitamin D levels, particularly
for individuals involved in indoor or cold-weather sports. Based on
the aforementioned evidence, future research should explore more
comprehensive outcomes of vitamin D3 supplementation, thereby
enhancing the practical relevance of future meta-analysis results.

The selected RCTs revealed a range of findings concerning the
influence of vitamin D supplementation. In particular, nine studies
(45-53) indicated that vitamin D supplementation successfully raised
serum 25(OH)D levels, although they did not establish a definitive
connection between vitamin D3 supplementation and muscle
strength. Interestingly, three studies (49-51) demonstrated that
vitamin D2 supplementation notably increased serum 25(OH)D2
levels but decreased serum 25(OH)D3 levels, resulting in no
significant impacts on strength assessments. In mouse models that
were exclusively provided with either vitamin D2 or vitamin D3 in
their diet, it was observed that by week 16, vitamin D2-fed mice
exhibited improved bone health in comparison to vitamin D3-fed
mice (54). However, different researchers have reported that vitamin
D2 supplementation is less efficient than vitamin D3 in sustaining
optimal serum 25(OH)D levels (55-59). Moreover, findings from the
Longitudinal Aging Study Amsterdam (60) suggest that lower
vitamin D levels and increased parathyroid hormone levels may act
as indicators of muscle strength decline. These divergent findings
emphasize the intricate and multifaceted nature of the interplay
between vitamin D supplementation, serum levels, and
muscle strength.

Indeed, there are many reports indicating that vitamin D3
supplementation can improve physical fitness (60-63), and our
updated meta-analysis conducted on high-quality RCTs aimed to
provide substantial evidence support this rationale specifically
focusing on vitamin D3 supplementation for athletes. Unfortunately,
with increased sample size for quantitative meta-analysis, there is still
no overall significant effect (p=0.08) been observed compared to no
intervention control group.
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4.3 Implications for further research and
practical applications

This meta-analysis investigates the recent effects of vitamin D3
supplementation on serum 25(OH)D levels and muscle strength,
using data obtained from randomized controlled trials. It serves as an
extension of a previous systematic review and meta-analysis
conducted in 2019. This supplementation regimen aims to maintain
sufficient serum 25(OH)D concentrations, thereby enhancing muscle
strength and improving athletic performance. The advantageous
effects of vitamin D3 supplementation on muscle strength,
particularly through quadriceps strength, lacks sufficient support
from the results. The present analysis, while suggestive of a potential
trend, falls short of providing conclusive evidence. Moreover, the
uncertainty is further heightened by the limited number of studies
specifically examining quadriceps strength, alongside the variability
observed in studies analyzing 1-RM-BP and Vertical Jump. These
factors underscore the necessity for additional research to establish
firmer conclusions.

5 Conclusion

Although, potential benefit of vitamin D supplementation for
enhancing muscle strength was found in athletes with limited available
studies for the quantitative synthesis, it cannot warrant significant
overall enhancements in muscle strength when athletes attain
adequate serum 25(OH)D levels through supplementation.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

QH: Writing - original draft. MX: Formal analysis, Methodology,
Software, Validation, Visualization, Writing - original draft. NA:

References

1. Paxton GA, Teale GR, Nowson CA, Mason RS, McGrath JJ, Thompson MJ, et al.
Australian and New Zealand bone and mineral society.; osteoporosis Australia. Vitamin
D and health in pregnancy, infants, children and adolescents in Australia and New Zealand:
a position statement. Med ] Aust. (2013) 198:142-3. doi: 10.5694/mjal1.11592

2. Cherniack EP, Levis S, Troen BR. Hypovitaminosis D: a widespread epidemic.
Geriatrics. (2008) 63:24-30.

3. Winzenberg T, Jones G. Vitamin D and bone health in childhood and adolescence.
Calcif Tissue Int. (2013) 92:140-50. doi: 10.1007/500223-012-9615-4

4. Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem with health
consequences. Am J Clin Nutr. (2008) 87:1080S-6S. doi: 10.1093/ajcn/87.4.1080S

5. Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T, Dawson-Hughes B.
Estimation of optimal serum concentrations of 25-hydroxyvitamin D for multiple health
outcomes. Am ] Clin Nutr. (2006) 84:18-28. doi: 10.1093/ajcn/84.1.18

6. Tomlinson PB, Joseph C, Angioi M. Effects of vitamin D supplementation on upper
and lower body muscle strength levels in healthy individuals. A systematic review with
meta-analysis. J Sci Med Sport. (2015) 18:575-80. doi: 10.1016/j.jsams.2014.07.022

Frontiers in Nutrition

10.3389/fnut.2024.1381301

Funding acquisition, Project administration, Supervision, Writing -
review & editing. QT: Formal analysis, Writing - review & editing.
JS: Formal analysis, Writing - original draft. QW: Funding
acquisition, Project administration, Supervision, Writing — review &
editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by National Key R&D Program of China 2019YFF0301700.

Acknowledgments

The authors would like to express their gratitude to all the
participants and individuals who were involved in the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1381301/
full#supplementary-material

7. Thacher TD, Clarke BL. Vitamin D insufficiency. Mayo Clin Proc. (2011) 86:50-60.
doi: 10.4065/mcp.2010.0567

8. DeLuca HE. Overview of general physiologic features and functions of vitamin D.
Am J Clin Nutr. (2004) 80:1689S-96S. doi: 10.1093/ajcn/80.6.1689S

9. Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K, Yoshihara Y, et al. Mice
lacking the vitamin D receptor exhibit impaired bone formation, uterine hypoplasia
and growth retardation after weaning. Nat Genet. (1997) 16:391-6. doi: 10.1038/
ng0897-391

10. Institute of Medicine. Dietary reference intakes for calcium and Vitamin D.
Washington, DC: The National Academies Press (2011).

11. Holick ME, Binkley NC, Bischoft-Ferrari HA, Gordon CM, Hanley DA, Heaney
RP, et al. Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine
Society clinical practice guideline. J Clin Endocrinol Metab. (2011) 96:1911-30. doi:
10.1210/jc.2011-0385

12. Ogan D, Pritchett K. Vitamin D and the athlete: risks, recommendations, and
benefits. Nutrients. (2013) 5:1856-68. doi: 10.3390/nu5061856

frontiersin.org


https://doi.org/10.3389/fnut.2024.1381301
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1381301/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1381301/full#supplementary-material
https://doi.org/10.5694/mja11.11592
https://doi.org/10.1007/s00223-012-9615-4
https://doi.org/10.1093/ajcn/87.4.1080S
https://doi.org/10.1093/ajcn/84.1.18
https://doi.org/10.1016/j.jsams.2014.07.022
https://doi.org/10.4065/mcp.2010.0567
https://doi.org/10.1093/ajcn/80.6.1689S
https://doi.org/10.1038/ng0897-391
https://doi.org/10.1038/ng0897-391
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.3390/nu5061856

Han et al.

13. Holick ME Vtamin D is not as toxic as was once thought: a historical and an up-
to-date perspective. Mayo Clin Proc. (2015) 90:561-4. doi: 10.1016/j.mayocp.2015.03.015

14. Francesca MT, Paola C, Marta AS, Purrello F, Musumeci G, et al. Impact of
Western and Mediterranean diets and vitamin D on muscle fibers of sedentary rats.
Nutrients. (2018) 10:10. doi: 10.3390/nu10020231

15. Oku Y, Tanabe R, Nakaoka K, Yamada A, Noda S, Hoshino A, et al. Influences of
dietary vitamin D restriction on bone strength, body composition and muscle in rats
fed a high-fat diet: involvement of mRNA expression of MyoD in skeletal muscle. ] Nutr
Biochem. (2016) 32:85-90. doi: 10.1016/j.jnutbio.2016.01.013

16. Chang E, Kim Y. Vitamin D decreases adipocyte lipid storage and increases NAD-
SIRT1 pathway in 3T3-L1 adipocytes. Nutrition. (2016) 32:702-8. doi: 10.1016/j.
nut.2015.12.032

17. Farrokhyar F, Tabasinejad R, Dao D, Peterson D, Ayeni OR, Hadioonzadeh R, et al.
Prevalence of vitamin D inadequacy in athletes: a systematic-review and meta-analysis.
Sports Med. (2015) 45:365-78. doi: 10.1007/540279-014-0267-6

18. Holick ME. The vitamin D epidemic and its health consequences. J Nutr. (2005)
135:2739S-48S. doi: 10.1093/jn/135.11.2739S

19. Nykjaer A, Dragun D, Walther D, Vorum H, Jacobsen C, HerzJ, et al. An endocytic
pathway essential for renal uptake and activation of the steroid 25-(OH) vitamin D. Cell.
(1999) 96:507-15. doi: 10.1016/S0092-8674(00)80655-8

20. Orysiak J, Mazur-Rozycka J, Fitzgerald J, Starczewski M, Malczewska-Lenczowska
J, Busko K. Vitamin D status and its relation to exercise performance and iron status in
young ice hockey players. PLoS One. (2018) 13:€0195284. doi: 10.1371/journal.
pone.0195284

21. Chiang CM, Ismaeel A, Griffis RB, Weems S. Effects of vitamin D supplementation
on muscle strength in athletes a systematic review. J Strength Cond Res. (2017)
31:566-74. doi: 10.1519/jsc.0000000000001518

22. Farrokhyar E, Sivakumar G, Savage K, Koziarz A, Jamshidi S, Ayeni OR, et al.
Effects of vitamin D supplementation on serum 25-Hydroxyvitamin D concentrations
and physical performance in athletes: a systematic review and meta-analysis of
randomized controlled trials. Sports Med. (2017) 47:2323-39. doi: 10.1007/
540279-017-0749-4

23.Sist M, Zou L, Galloway SDR, Rodriguez-Sanchez N. Effects of vitamin D
supplementation on maximal strength and power in athletes: a systematic review and
meta-analysis of randomized controlled trials. Front Nutr. (2023) 10:1163313. doi:
10.3389/fnut.2023.1163313

24. Dahlquist DT, Dieter BP, Koehle MS. Plausible ergogenic effects of vitamin D on
athletic performance and recovery. J Int Soc Sports Nutr. (2015) 12:33. doi: 10.1186/
512970-015-0093-8

25. Tenforde AS, Sayres LC, Sainani KL, Fredericson M. Evaluating the relationship
of calcium and vitamin D in the prevention of stress fracture injuries in the young
athlete: a review of the literature. PM R. (2010) 2:945-9. doi: 10.1016/j.pmr;j.2010.05.006

26. Han Q, Li X, Tan Q, Shao J, Yi M. Effects of vitamin D3 supplementation on serum
25(OH)D concentration and strength in athletes: a systematic review and meta-analysis
of randomized controlled trials. J Int Soc Sports Nutr. (2019) 16:55. doi: 10.1186/
512970-019-0323-6

27. Moher D, Liberati A, Tetzlaft ], Altman DGPRISMA Group. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. Int ] Surg.
(2010) 339:8. doi: 10.1136/bmj.b2535

28. The Cochrane Collaboration. Review manager (RevMan)[Computer program].
Version 5.4. (2020).

29. Close GL, Leckey J, Patterson M, Bradley W, Owens DJ, Fraser WD, et al. The
effects of vitamin D3 supplementation on serum total 25{OH]D concentration and
physical performance: a randomised dose-response study. Br J Sports Med. (2013)
47:692-6. doi: 10.1136/bjsports-2012-091735

30. Wyon MA, Wolman R, Nevill AM, Cloak R, Metsios GS, Gould D, et al. Acute
effects of vitamin D3 supplementation on muscle strength in judoka athletes: a
randomized placebo-controlled, double-blind trial. Clin ] Sport Med. (2016) 26:279-84.
doi: 10.1097/JSM.0000000000000264

31.Jung HC, Seo MW, Lee S, Jung SW, Song JK. Correcting vitamin D insufficiency
improves some, but not all aspects of physical performance during winter training in
taekwondo athletes. Int | Sport Nutr Exerc Metab. (2018) 28:635-43. doi: 10.1123/
ijsnem.2017-0412

32. Fairbairn KA, Ceelen IJ, Skeaff CM, Cameron CM, Perry TL. Vitamin D3
supplementation does not improve Sprint performance in professional Rugby players: a
randomised, placebo-controlled double blind intervention study. Int J Sport Nutr Exerc
Metab. (2018) 28:1-9. doi: 10.1123/ijsnem.2017-0157

33. Close GL, Russell ], Cobley JN, Owens DJ, Wilson G, Gregson W, et al. Assessment
of vitamin D concentration in non-supplemented professional athletes and healthy
adults during the winter months in the UK: implications for skeletal muscle function. J
Sports Sci. (2013) 31:344-53. doi: 10.1080/02640414.2012.733822

34. Brzezianski M, Migdalska-S¢k M, Czechowska A, Radziminski £, Jastrzebski Z,
Brzezianska-Lasota E, et al. Correlation between the positive effect of vitamin D
supplementation and physical performance in young male soccer players. Int ] Environ
Res Public Health. (2022) 19:5138. doi: 10.3390/ijerph19095138

Frontiers in Nutrition

14

10.3389/fnut.2024.1381301

35.Dubnov-Raz G, Livne N, Raz R, Cohen AH, Constantini NW. Vitamin D
supplementation and physical performance in adolescent swimmers. Int ] Sport Nutr
Exerc Metab. (2015) 25:317-25. doi: 10.1123/ijsnem.2015-0180

36. Jastrzebska J, Skalska M, Radziminski £, Lopez-Sanchez GE, Weiss K, Hill L, et al.
Changes of 25 (OH) D concentration, bone resorption markers and physical
performance as an effect of sun exposure, supplementation of vitamin D and lockdown
among young soccer players during a one-year training season. Nutrients. (2022) 14:521.
doi: 10.3390/nu14030521

37.Jastrzebska M, Kaczmarczyk M, Jastrzebski Z. The effect of vitamin d
supplementation on training adaptation in well trained soccer players. J Strength Cond
Res. (2016) 30:2648-55. doi: 10.1519/JSC.0000000000001337

38. Todd JJ, McSorley EM, Pourshahidi LK, Madigan SM, Laird E, Healy M, et al.
Vitamin D 3 supplementation using an oral spray solution resolves deficiency but has
no effect on VO 2 max in Gaelic footballers: results from a randomised, double-blind,
placebo-controlled trial. Eur J Nutr. (2017) 56:1577-87. doi: 10.1007/s00394-016-1202-4

39. Holick ME, Matsuoka LY, Wortsman J. Age, vitamin D, and solar ultraviolet.
Lancet. (1989):2. doi: 10.1016/S0140-6736(89)91124-0

40. Angeline ME, Gee AO, Shindle M, Warren RF, Rodeo SA. The effects of vitamin
D deficiency in athletes. Am ] Sports Med. (2013) 41:461-4. doi:
10.1177/0363546513475787

41. Ziegler PJ, Nelson JA, Jonnalagadda SS. Nutritional and physiological status of U.S.
National Figure Skaters. Int J Sport Nutr. (1999) 9:345-60. doi: 10.1123/ijsn.9.4.345

42. Fitzgerald JS, Orysiak J, Wilson PB, Mazur-Roézycka J, Obminski Z. Association
between vitamin D status and testosterone and cortisol in ice hockey players. Biol Sport.
(2018) 35:207-13. doi: 10.5114/biolsport.2018.74631

43. Fitzgerald JS, Peterson BJ, Warpeha JM, Johnson SC, Ingraham SJ. Association
between vitamin D status and maximal-intensity exercise performance in junior and
collegiate hockey players. J Strength Cond Res. (2015) 29:2513-21. doi: 10.1519/
JSC.0000000000000887

44. Mehran N, Schulz BM, Neri BR, Robertson WJ, Limpisvasti O. Prevalence of
vitamin D insufficiency in professional hockey players. Orthop ] Sports Med. (2016) 4:4.
doi: 10.1177/2325967116677512

45. Backx EM, Tieland M, Maase K, Kies AK, Mensink M, van Loon L, et al. The
impact of 1-year vitamin D supplementation on vitamin D status in athletes: a dose-
response study. Eur ] Clin Nutr. (2016) 70:1009-14. doi: 10.1038/ejcn.2016.133

46. Guillemant J, le HT, Maria A, Allemandou A, Pérés G, Guillemant S. Wintertime
vitamin D deficiency in male adolescents: effect on parathyroid function and response
to vitamin D3 supplements. Osteoporos Int. (2001) 12:875-9. doi: 10.1007/
5001980170040

47.He CS, Fraser WD, Tang ], Brown K, Renwick S, Rudland-Thomas J, et al. The
effect of 14 weeks of vitamin D3 supplementation on antimicrobial peptides and proteins
in athletes. J Sports Sci. (2016) 34:67-74. doi: 10.1080/02640414.2015.1033642

48.Lewis RM, Redzic M, Thomas DT. The effects of season-long vitamin D
supplementation on collegiate swimmers and divers. Int J Sport Nutr Exerc Metab. (2013)
23:431-40. doi: 10.1123/ijsnem.23.5.431

49. Shanely RA, Nieman DC, Knab AM, Gillitt ND, Meaney MP, Jin F, et al. Influence
of vitamin D mushroom powder supplementation on exercise-induced muscle damage
in vitamin D insufficient high school athletes. J Sports Sci. (2014) 32:670-9. doi:
10.1080/02640414.2013.847279

50. Nieman DC, Gillitt ND, Shanely RA, Dew D, Meaney MP, Luo B. Vitamin D2
supplementation amplifies eccentric exercise-induced muscle damage in NASCAR pit
crew athletes. Nutrients. (2013) 6:63-75. doi: 10.3390/nu6010063

51. Stephensen CB, Zerofsky M, Burnett DJ, Lin YP, Hammock BD, Hall LM, et al.
Ergocalciferol from mushrooms or supplements consumed with a standard meal
increases 25- hydroxyergocalciferol but decreases 25-hydroxycholecalciferol in the
serum of healthy adults. ] Nutr. (2012) 142:1246-52. doi: 10.3945/jn.112.159764

52. Silk LN, Greene DA, Baker MK, Jander CB. Tibial bone responses to 6-month
calcium and vitamin D supplementation in young male jockeys: a randomised controlled
trial. Bone. (2015) 81:554-61. doi: 10.1016/j.bone.2015.09.004

53.Storlie DM, Pritchett K, Pritchett R, Cashman L. 12-week vitamin D
supplementation trial does not significantly influence seasonal 25(OH)D status in male
collegiate athletes. Int ] Health Nutr. (2011) 2:8-13.

54. Chun RE, Hernandez I, Pereira R, Swinkles L, Huijs T, Zhou R, et al. Differential
responses to vitamin D2 and vitamin D3 are associated with variations in free
25-Hydroxyvitamin D. Endocrinology. (2016) 157:3420-30. doi: 10.1210/en.2016-1139

55. Armas LA, Hollis BW, Heaney RP. Vitamin D2 is much less effective than vitamin
D3 in humans. J Clin Endocrinol Metab. (2004) 89:5387-91. doi: 10.1210/jc.2004-0360

56. Houghton LA, Vieth R. The case against ergocalciferol (vitamin D2) as a vitamin
supplement. Am ] Clin Nutr. (2006) 5:84. doi: 10.1186/1476-511X-5-25

57.Jones G. Extrarenal vitamin D activation and interactions between vitamin D3,
vitamin D2, and vitamin D analogs. Annu Rev Nutr. (2013) 33:23-44. doi: 10.1146/
annurev-nutr-071812-161203

58. Logan V, Gray A, Peddie M, Harper MJ, Houghton LA. Long-term vitamin D3
supplementation is more effective than vitamin D2 in maintaining serum

frontiersin.org


https://doi.org/10.3389/fnut.2024.1381301
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.mayocp.2015.03.015
https://doi.org/10.3390/nu10020231
https://doi.org/10.1016/j.jnutbio.2016.01.013
https://doi.org/10.1016/j.nut.2015.12.032
https://doi.org/10.1016/j.nut.2015.12.032
https://doi.org/10.1007/s40279-014-0267-6
https://doi.org/10.1093/jn/135.11.2739S
https://doi.org/10.1016/S0092-8674(00)80655-8
https://doi.org/10.1371/journal.pone.0195284
https://doi.org/10.1371/journal.pone.0195284
https://doi.org/10.1519/jsc.0000000000001518
https://doi.org/10.1007/s40279-017-0749-4
https://doi.org/10.1007/s40279-017-0749-4
https://doi.org/10.3389/fnut.2023.1163313
https://doi.org/10.1186/s12970-015-0093-8
https://doi.org/10.1186/s12970-015-0093-8
https://doi.org/10.1016/j.pmrj.2010.05.006
https://doi.org/10.1186/s12970-019-0323-6
https://doi.org/10.1186/s12970-019-0323-6
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1136/bjsports-2012-091735
https://doi.org/10.1097/JSM.0000000000000264
https://doi.org/10.1123/ijsnem.2017-0412
https://doi.org/10.1123/ijsnem.2017-0412
https://doi.org/10.1123/ijsnem.2017-0157
https://doi.org/10.1080/02640414.2012.733822
https://doi.org/10.3390/ijerph19095138
https://doi.org/10.1123/ijsnem.2015-0180
https://doi.org/10.3390/nu14030521
https://doi.org/10.1519/JSC.0000000000001337
https://doi.org/10.1007/s00394-016-1202-4
https://doi.org/10.1016/S0140-6736(89)91124-0
https://doi.org/10.1177/0363546513475787
https://doi.org/10.1123/ijsn.9.4.345
https://doi.org/10.5114/biolsport.2018.74631
https://doi.org/10.1519/JSC.0000000000000887
https://doi.org/10.1519/JSC.0000000000000887
https://doi.org/10.1177/2325967116677512
https://doi.org/10.1038/ejcn.2016.133
https://doi.org/10.1007/s001980170040
https://doi.org/10.1007/s001980170040
https://doi.org/10.1080/02640414.2015.1033642
https://doi.org/10.1123/ijsnem.23.5.431
https://doi.org/10.1080/02640414.2013.847279
https://doi.org/10.3390/nu6010063
https://doi.org/10.3945/jn.112.159764
https://doi.org/10.1016/j.bone.2015.09.004
https://doi.org/10.1210/en.2016-1139
https://doi.org/10.1210/jc.2004-0360
https://doi.org/10.1186/1476-511X-5-25
https://doi.org/10.1146/annurev-nutr-071812-161203
https://doi.org/10.1146/annurev-nutr-071812-161203

Han et al.

25-hydroxyvitamin D status over the winter months. Br J Nutr. (2013) 109:1082-8. doi:
10.1017/S0007114512002851

59. Trang HM, Cole DE, Rubin LA, Andreas P, Shirley S, Reinhold V. Evidence that
vitamin D3 increases serum 25-hydroxyvitamin D more efficiently than does vitamin
D2. Am J Clin Nutr. (1998) 68:854-8. doi: 10.1093/ajcn/68.4.854

60. Visser M, Deeg D], Lips P. Low vitamin D and high parathyroid hormone levels as
determinants of loss of muscle strength and muscle mass (sarcopenia): the longitudinal
aging study Amsterdam. J Clin Endocrinol Metab. (2003) 88:5766-72. doi: 10.1210/
jc.2003-030604

Frontiers in Nutrition

15

10.3389/fnut.2024.1381301

61. Andresen CJ, Moalli M, Turner CH, Berryman E, Pero R, Bagi CM. Bone
parameters are improved with intermittent dosing of vitamin D3 and calcitonin. Calcif
Tissue Int. (2008) 83:393-403. doi: 10.1007/s00223-008-9187-5

62. Koundourakis NE, Androulakis NE, Malliaraki N, Margioris AN. Vitamin D and
exercise performance in professional soccer players. PLoS One. (2014) 9:e101659. doi:
10.1371/journal.pone.0101659

63. Sinha A, Hollingsworth KG, Ball S, Cheetham T. Improving the vitamin D status of
vitamin D deficient adults is associated with improved mitochondrial oxidative function
in skeletal muscle. J Clin Endocrinol Metab. (2013) 98:E509-13. doi: 10.1210/jc.2012-3592

frontiersin.org


https://doi.org/10.3389/fnut.2024.1381301
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1017/S0007114512002851
https://doi.org/10.1093/ajcn/68.4.854
https://doi.org/10.1210/jc.2003-030604
https://doi.org/10.1210/jc.2003-030604
https://doi.org/10.1007/s00223-008-9187-5
https://doi.org/10.1371/journal.pone.0101659
https://doi.org/10.1210/jc.2012-3592

	Effects of vitamin D3 supplementation on strength of lower and upper extremities in athletes: an updated systematic review and meta-analysis of randomized controlled trials
	1 Introduction
	2 Materials and methodology
	2.1 Research design
	2.2 Eligibility criteria
	2.3 Approaches employed to locate relevant research papers
	2.4 Assessment of eligibility, selection of studies, and evaluation of study quality
	2.5 Data retrieval
	2.6 Data segmentation and subdivision
	2.7 Data synthesis

	3 Results
	3.1 Assessment of eligibility and selection of articles
	3.1.1 Publication bias
	3.1.2 Assessment of bias risk
	3.2 Details about the trials and the baseline characteristics of the participants
	3.3 Strength tests
	3.4 Concentrations of serum 25(OH)D
	3.4.1 The influence of vitamin D3 supplementation on the status of serum 25(OH)D in the included research studies
	3.4.2 An analysis of sensitivity regarding the impact of vitamin D3 supplementation on serum 25(OH)D status

	4 Discussion
	4.1 Main findings overview
	4.1.1 Muscle strength
	4.1.2 Serum 25(OH)D levels
	4.2 Strengths and weaknesses
	4.3 Implications for further research and practical applications

	5 Conclusion
	Data availability statement
	Author contributions

	References

