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University, USA Vitamin D and its extraskeletal effects has been the subject of recent research
*Corresponding author: Lynn Cialdella-Kam, in the general population, but in the athletic community, research is scarce. In
Department of Nutrition, Case Western Reserve athletes, vitamin D may help to reduce infections and illnesses and improve
University, School of Medicine-WG 48, 10900 Euclid muscle health. In this review article, we examined vitamin D insufficiency in the
Avenue, Cleveland, OH 44106, USA context of athletes with low energy availability (EA), defined as dietary energy

intake (El; kcal/day) less exercise energy expenditure (EEE; kcal/day). In
female athletes, EA is considered optimal at >45 kcal/kg of fat free mass (FFM)/
day and associated with menstrual disturbances at ~30 kcal/kg of FFM/day.
Adverse health outcomes in female athletes have been associated with low EA
including hormonal alterations, abnormal menses, and compromised immune
function and musculoskeletal health. Research is limited in male athletes with
low EA, but similar health concerns have been reported. To treat low EA in
athletes, current guidelines include increasing El (e.g., inclusion of energy
dense foods) or decreasing EEE (e.g., including a day off from training) and
ensuring adequate intake of the bone building nutrients, calcium and vitamin
D (i.e., meet the recommended dietary allowance (RDA) of 1,000 mg/day and
600 IU/day, respectively). Given vitamin D’s role as an immunomodulator and
potential ergogenic aid for skeletal muscle, higher intakes of vitamin D (i.e.,
>RDA) may be justified as a preventive measure against injuries and illnesses
typically associated with low EA; however, further research is warranted.
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Abbreviations penetrate the skin, and provitamin D3 (7-dehydrocholesterol) is
converted into previtamin D3 as a result [6]. The body’s heat then
causes isomerization of this compound into cholecalciferol (vitamin
D3), which is further converted into 25(OH)D in the liver and finally
into the active form, 1,25(OH) vitamin D, in the kidney [6]. However,
regular sun exposure may be limited for a variety of reasons including
living in high latitude, adhering to skin cancer prevention guidelines,
training primarily indoors, and wearing clothing that covers skin
for religious reasons [2,7]. In general, athletes who participate in
outdoor sports (e.g., tennis, soccer, cross country, track and field,
football, and cycling) have been shown to have higher 25(OH)D
levels when compared to those who train indoors (e.g., swimming,
basketball, dancing, gymnastics, volleyball, and wrestling) [3,8-
Introduction 12]. Therefore, vitamin D must be obtained from fortified foods
and dietary supplements. Dietary sources and supplements provide
vitamin D either as ergocalciferol (vitamin D2) or cholecalciferol
(vitamin D3) [13], which is absorbed from the intestine into the
bloodstream via chylomicrons [6]. In circulation, vitamin D binds
to vitamin D-binding protein (VDBP) and is transported to the liver
vitamin D needs based on serum 25-hydroxyvitamin D (25(OH) where it is converted to 25(OH)D and then to 1,25(OH)D in the

D) leve1§ [3]. Vitamin D levels are considered to be deficient in kidney [6]. In both synthesis pathways, the active form, 1,25(OH)D,
athletes if serum 25(OH)D levels are <50 nmol/L (20 ng/mL) and is responsible for the associated roles of vitamin D such as immune
insufficient if levels are between 50 and 75 nmol/L (20-30 ng/mL) 4 e uloskeletal health [13].

[4]. As with the general population, athletes should strive to meet

the recommended dietary allowance (RDA) for vitamin D of 600 IU/ Vitamin D is a particularly important micronutrient for female
day [4,5]. Sun exposure is the primary form of obtaining vitamin D athletes with low energy availability (EA) [14]. EA refers to the calories
given that dietary sources are limited [6]. Ultraviolet (UV) B rays  remaining after exercise (i.e., dietary energy intake (EL kcal/day) less

25(OH)D: 25-hydroxyvitamin D; AMP: Antimicrobial Protein
Secretion; BMD: Bone Mineral Density; BSAP: Bone Specific
Alkaline Phosphatase; EA: Energy Availability; EEE: Exercise Energy
Expenditure; EI: Energy Intake; EAR: Estimated Average Requirement;
IFN-y: Interferon-y; IL: Interleukin; IgM: Immunoglobulin M; IGF-
1: Insulin-like Growth Factor-1; NTx: N-telopeptide; SIgA: Secretory
Immunoglobulin A; Th: T helper; TNF-a: Tumor Necrosis Factor-a;
RDA: Recommended Dietary Allowance; RED-S: Relative Energy
Deficiency in Sport; URTIL: Upper Respiratory Tract Infections; UV:
Ultraviolet; VDBP: Vitamin D-binding Protein; WBC: White Blood
Cell

Vitamin D, a key bone nutrient, has been implicated in a variety
of domains important to athletic performance including immune
function, inflammatory responses, and skeletal muscle function [1,2].
However, only ~44% of athletes have been reported to meet their
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exercise energy expenditure (EEE; kcal/day)) for daily living activities
and metabolic processes [14]. Females with an EA of <45 kcal/kg
of fat free mass (FFM) per day are considered to have suboptimal
EA and are at an increased risk for stress fractures, musculoskeletal
injuries, and immunosuppression [14]. Furthermore, low EA has
been associated with menstrual dysfunction at levels of ~30 kcal/
kg of FEM per day based on energy restriction studies conducted in
sedentary women [15,16]. However, EA assessment requires accurate
measurements of both EI and EEE [17]. In addition, adverse health
consequences such as menstrual dysfunction occur in some women
with EA >30 kcal/kg of FFM per day [18]. Females have primarily
been the focus of low EA, particularly with regard to the female athlete
triad, which describes the interrelationship among EA, bone health,
and menstrual function [14]. Relative Energy Deficiency in Sport
(RED-S) was recently introduced with the goal of including both
female and male athletes and recognizes a diverse array of health and
performance effects associated with low EA [19]. Such effects extend
beyond the previously recognized components of the female athlete
triad and include disruptions in metabolic rate, immunity, protein
synthesis and cardiovascular health [19]. The purpose of this review
article is to describe the health and sports performance implications
of vitamin D insufficiency in the context of athletes with low EA.

Low energy availability and vitamin D

Athletes in sports in which low body fat confers a competitive
advantage such as running, cycling, and gymnastics are at increased
risk for low EA [4]. In female athletes, low EA has been linked to poor

bone health, menstrual dysfunction, hormonal disruptions (i.e., low
thyroid, insulin-like growth factor-1 (IGF-1), and leptin levels, and
high cortisol levels), compromised immune function, and increased
risk of musculoskeletal injuries [14,19]. Key nutrition interventions
include improving EA by increasing EI (e.g., energy dense snacks)
or decreasing EEE (e.g., incorporating a day off from training) and
by ensuring that athletes meet the RDA for the key bone nutrients,
calcium and vitamin D [18-21]. To our knowledge, no studies have
examined whether athletes with low EA have a higher prevalence
of vitamin D insufficiency compared to normal controls, but a few
studies have reported dietary intake and circulating 25(OH)D levels
in athletes with low EA or EI [18,22,23]. Viner, et al. (2015) assessed
dietary intake via 3-day food logs male and female cyclists (n=10),
70% of whom were classified as having low EA (defined as < 30 kcal/
kg FFM/day) across the season. All cyclists were reported to have
inadequate food intake of vitamin D (i.e., < RDA). Although, 90% of
the cyclists reported taking calcium (500-1,000 mg/day) and vitamin
D supplements (400-5,000 IU/day) due to insufficiencies [23]. In a
6-month carbohydrate-protein intervention in endurance-trained
female athletes (8 with exercise-induced menstrual dysfunction and
9 eumenorrheic controls), Cialdella-Kam, et al. (2014) reported that
slightly over half had dietary vitamin D intakes less than the Estimated
Average Requirement (EAR) of 400 IU/day as determined by analysis
of 7-day weighed food records. Only 3 individuals with menstrual
dysfunction had low EA (<30 kcal/kg FEM/day) and mean EA was
similar in eumenorrheic and oligo/amenorrheic athletes (~37-38 kcal/
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Figure 1: Theoretical Implications of Vitamin D Insufficiency in the Context of Low Energy Availability. Energy Availability (EA) is a term used in athletes to quantify
how much energy (kcal/day) is available for metabolic processes and daily living activities and is calculated by subtracting exercise energy expenditure (kcal/day)
from energy intake (kcal/day). In female athletes, EA is considered to be reduced at <45 kcal/kg of fat free mass (FFM) per day and low at <30 kcal/kg of FFM
per day [9]. Low EA has been associated with hormonal disruptions, impaired musculoskeletal health, and immunity as depicted in the figure and other health
consequences such as menstrual dysfunction and endothelial dysfunction [9]. The implications of vitamin D insufficiency (defined as <50 nmol/L) [4] in athletes with
low EA has not been well-documented. However, the theoretical implications are as follows: 1) increased bone resorption resulting in further decreases in bone
mineral density (BMD) and increased risk of stress fractures, 2) increased inflammation and suppression of immune function leading to increased risk of upper
respiratory tract infections (URTI) and delayed recovery from injuries and illnesses, and 3) potentially altered muscle metabolism. The net result is suboptimal
sports performance and general health. Further research is needed to elicit the implication of vitamin D insufficiency in athletes with low EA.
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Table 1: Studies on Vitamin D Supplementation and Strength and Performance Outcomes in Athletes.

Study |Athletes Examined Intervention Groups Vitamin D Status Performance Outcomes
57% of participants had baseline
Male club-level athletes 40,000 IU/day (n=10)  2O(OH)D levels <50 nmol/L. . .
. . No improvements realized for 1-RM bench press, 1-RM
[40] |including soccer and rugby 20,000 IU/day (n=10) L )
lavers Placebo (n=10) At 12-wk, plasma levels were leg press, vertical jump, and 20m sprints.
play higher in 20,000 1U/day and
40,000 IU/day vs. placebo group.
70% of participants had baseline | Improvements realized for vertical jump (~3 cm mean
25(OH)D levels <50 nmol/L. increase) and 10m sprint (~0.03 sec mean decrease) in
5,000 IU/day (n=5) supplement group with no improvement in placebo group.
[40]  Male soccer players Placebo (n=5) Plasma levels were higher at 8-wk
in the supplement group but not in |No improvements realized for 1-RM bench press, 1-RM
the placebo group. back squat, 30m sprint, and lllinois agility test.
61% had baseline 25(OH)D levels
<50 nmol/L. . ' .
Male soccer players who _ No improvements realized for 30-s wingate test,
s . 5000 IU/day (n=20) ) )
[41]  underwent high intensity sprints at 5m, 10m, 20m, and 30m, squat jump, and
) . Placebo (n=16) At 8-wk, plasma levels were :
interval training (HIIT) for 8 wk . . countermovement jump.
higher in supplement vs. placebo
group.
72% had baseline 25(0OH)D levels
. <50 nmol/L.
Collegiate male and female 3000 IUrday de!lvereti by No improvements realized for handgrip strength, vertical
[42] oral spray solution (n=22) . . . )
soccer players _ At 12-wk, plasma levels were jump, and maximal aerobic capacity (VO2 max).
Placebo (n=20) ) .
higher in supplement vs. placebo
group.

kg FFM/day) [18]. All participants, including the three individuals
with low EA and menstrual dysfunction, had adequate blood levels of
25(OH)D (average levels=~105 nmol/L) with 40% reporting using a
vitamin/mineral supplement [18]. In adolescent female cross country
runners (n=39), Barrack, et al. (2010) examined the relationship
among energy deficiency (defined as <2000 kcal/day), elevated
bone turnover, and vitamin D levels. Runners with elevated bone
turnover exhibited a profile of energy deficiency and had lower serum
25(OH)D levels (n=13; mean=80.6 nmol/L) compared to those with
normal bone turnover (n=26, mean=91.6 nmol/L) [22]. Prevalence
of inadequate dietary vitamin D intake (<RDA) was similar for both
groups (39% and 46% for normal and elevated bone turnover groups,
respectively) [22]. Based on these few studies, vitamin D insufficiency
does not appear to be more prevalent in those with low EA vs. normal
controls, but further research in this area is warranted. Moreover, low
EA has been associated with decreased bone mineral density (BMD)
and increased risk of stress fractures [14]. Athletes are classified as
vitamin D deficienct at serum 25 (OH)D levels between 50-70 nmol/L;
however, higher serum 25(OH)D levels (i.e., up to 125 nmol/L) have
been proposed to prevent stress fractures and to optimize adaptations
from training [4,24,25]. In addition, intensive exercise training and/
or low EA can lead to chronic stress, inflammation, and impaired
immunity and musculoskeletal health (Figure 1) [26-28]. As discussed
below, vitamin D is involved in immunomodulation and possibly
helps to maintain skeletal muscle health [1,2,29]. Thus, higher levels
of vitamin D (>RDA) may be warranted in athletes with low energy
availability to protect against injuries and illnesses and to optimize
sports performance [4,24,25,29].

Inflammation and immunity

Immunomodulating properties of vitamin D have been well
documented in animal and cellular studies [30] with only a few,
however, examining the relationship between vitamin D status and
inflammatory and immune markers in athletes [31-34]. In elite male
(n=51) and female (n=19) athletes, Cox, et al. (2008) examined the
relationship among upper respiratory tract infections (URTI), white

blood cell (WBC) counts, immunomarkers, and circulating 25(OH)
D levels. In this study, athletes with upper respiratory symptoms
were classified as “infectious” (n=21) if they had a bacterial or viral
infection, “suggestive” (n=19) based on differential WBC counts,
and “unknown” if they had symptoms of unknown origins [32].
WBC and neutrophil counts were lowest in the unknown group and
serum 25(OH)D concentrations were approximately twofold higher
(mean=168.1 nmol/L) when compared to the infectious (mean=79.2
nmol/L) and suggestive (mean=76.9 nmol/L) groups [32]. In
agreement with Cox, et al. (2008), He, et al. (2013) reported that male
and female endurance-trained athletes (average training load=10h/
week) with low circulating 25(OH)D levels (n=18, <30 nmol/L)
experienced more URTI symptoms over the course of 16 weeks of
winter training than those with optimal levels (n=11, >120 nmol/L).
In addition, plasma concentrations of the antimicrobial peptide
cathelicidin was positively correlated with plasma 25(OH)D levels in a
subset of athletes examined (n=80), and Secretory Immunoglobulin A
(SIgA) secretion rate was higher in the optimal group vs. other groups
[31]. SIgA is a critical antibody in protecting oral cavities, lungs,
and guts from invading pathogens, and suppressed levels have been
associated with URTT independent of vitamin D status in endurance-
trained athletes [35]. Further evidence for the relationship among
immune function, cytokine concentrations, and vitamin D status is
provided by He, et al. (2014). Blood samples from a subset (n=43)
of the previously defined study population [31] were analyzed for
circulating cytokine concentrations. The anti-inflammatory cytokine,
IL-10 and the pro-inflammatory cytokine, IFN-y, were reported to be
elevated in the high vitamin D group (>80 nmol/L) compared to the
low vitamin D group (<40 nmol/L) [33]. Both of these cytokines play
a role in viral defense, and thus higher circulating 25(OH)D levels
may be protective against viral infections [33].

Contrary to the previous studies [31-33], Willis, et al. (2012)
reported no relationship between serum 25(OH)D levels and the
immunomodulating cytokines, IFN-y and IL-4, nor with the anti-
inflammatory cytokine IL-10, in male (n=9) and female (n=10)
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endurance-trained runners (mean miles/week=30.8 to 34.7). However,
cytokines can be affected by a variety of factors including diet, time of
day, and exercise [36]; in the study by Willis, et al. (2012), no direct
markers of immunity were assessed [34]. Tumor Necrosis Factor- o
(TNF-a), which at high levels can negatively impact musculoskeletal
health, was found to be inversely correlated with serum 25(OH)D
levels, suggesting that vitamin D deficiency may increase the risk
for injuries in runners [36]. In male and female collegiate athletes
of various indoor and outdoor sports (n=41), Halliday, et al. (2011)
reported mixed findings on the association between vitamin D status
and documented illnesses (i.e., common cold, flu or other URTI),
noting a correlation between status and illness in the spring season
only. However, cytokines and immune markers were not assessed
[11]. Of the athletes who participated, ~88% had sufficient vitamin
D levels (>80 nmol/L) in the fall, ~36% in winter, and 80% in spring
[11]. Taken together, conflicting evidence exists regarding the impact
of vitamin D status on the incidence of illness in athletes [11,31-34],
but vitamin D may modulate cytokine expression and immune cell
function [31-33]. Additional research in athletes is necessary in order
to determine optimal levels of vitamin D for immune function [1]
and possibly for the prevention of URTIL The combination of vitamin
D insufficiency, suppressed immune function, and low EA may have
negative implications on athletes’ recovery, especially in sports with
multiple training sessions per day or among those with high volume
competition schedules. Thus, in athletes with low EA, vitamin D
should be assessed, and supplementation should be considered for
those with vitamin D insufficiency.

With regard to vitamin D supplementation in athletes, research is
lacking related to immune function. In a randomized, double-blind,
placebo-controlled study, Lewis, et al. (2013) examined the effects of
season-long vitamin D supplementation in male and female collegiate
swimmers and divers (n=32). The athletes were assigned to either 4,000
IU vitamin D per day (n=19) or placebo (n=13) for 6-months [37].
All athletes had sufficient 25(OH)D (>32 ng/mL) levels at baseline;
however, the vitamin D group had lower baseline levels (mean=~130
nmol/L) compared to the placebo group (mean=160 nmol/L) [37].
At 6-months, four individuals in the placebo group and one in the
vitamin D group had levels <80 nmol/L [37]. Over the course of the
intervention, only one athlete reported anillness (i.e., URTT, influenza,
gastroenteritis, or common cold), and 13 athletes experienced at least
one injury (i.e., bone, connective, or muscle) [37]. Serum 25(OH)D
levels were not associated with markers of bone turnover (i.e., bone
specific alkaline phosphatase (BSAP) and N-telopeptide (NTx)),
inflammatory cytokines (TNF-a, IL-6 and ILI1-B), or injuries and
illnesses [37]. Nevertheless, 77% of injuries were associated with a
decline in 25(OH)D levels (range: 27-117 nmol/L) [37]. Given that
all athletes had sufficient 25(OH)D levels at baseline, high vitamin D
reserves at the beginning of the season may help to protect athletes
from experiencing connective tissue and muscle injuries during the
season. While no injuries to bone were reported, this may be due to
the nature of the sports assessed (i.e., swimming and diving). Future
research in this area should include more intervention-based studies
with larger sample sizes of diverse populations in order to more
clearly define optimal 25(OH)D concentrations necessary for health
and sports performance preservation.

The mechanism by which vitamin D exerts its effects on immunity

is still under investigation. Briefly, both the inactive form (25(OH)
D) and the active form (1,25(OH)D) have been found to impact the
immune system via intracrine, paracrine and endocrine functions
(see He, et al. 2016) [1]. In innate immunity, the actions of include
stimulating antimicrobial protein secretion (AMPs) and regulating
epithelial cells and lymphocytes (i.e., natural killer cells, T cells, and
B cells), thereby promoting increased cytokine production, T helper
(Th) cell regulation, and a stronger epithelial barrier [1]. The role of
vitamin D in adaptive immunity is less researched, but vitamin D
may possibly regulate cytokine production [31,33]. In sum, adequate
vitamin D levels are needed to support immune function. Thus,
vitamin D assessment and monitoring over the course of the season
is recommended, particularly in athletes at risk for low EA and/or
among those who experience frequent injuries and illnesses.

Muscle strength and performance

Vitamin D deficiency has long been associated with muscle
weakness, particularly in aging populations in which ~50% worldwide
are estimated to be deficient [38]. However, only a few studies
have examined the relationship between vitamin D and muscle
strength and athletic performance [39-46] (Table 1). Only Close,
et al. (2013b) reported any performance improvements related to
vitamin D supplementation [40] with most studies finding no effect
[39,41,42]. All of the studies presented in Table 1 included athletes
from intermittent team sports; thus, findings may not be applicable
to endurance-based sports such as running, cycling, and swimming
and other sporting events. A few studies have been conducted
in weight-sensitive sports [43,44], specifically classical ballet and
judoka. In a randomized, placebo-controlled, double-blind trial,
Wyon, et al. (2015) reported that a single bolus dose (i.e., 150,000
IU) of vitamin D3 in national level judoka athletes (n=22) was
associated with a 13% increase in quadriceps and hamstring strength,
whereas no improvements were observed in the placebo group. In
ballet dancers, Wyon, et al. (2014) reported an improvement in
vertical jump and isometric quadriceps strength with vitamin D3
supplementation (2,000 IU/day for 4-months). However, the link
with vitamin D status was not well delineated in this study. Finally,
in Nascar pit crew members (n=28) and high school athletes (n=33),
the effect of vitamin D2 supplementation on muscle function and
exercise-induced muscle damage was examined with no association
found [45,46]. Future research should investigate the relationship
between vitamin D supplementation and muscle health and strength
in endurance-based sports and in athletes at risk for low EA. Different
treatment approaches may be warranted in those with acute vs.
chronic deficiency and may vary by sport and season of year.

To our knowledge, Cialdella-Kam, et al. (2014) is the only study
that has examined the impact of low EA and skeletal muscle strength
and power. In this study, no difference in muscle strength and power
was observed during a 6-month intervention aimed at improving
EA and restoring menses [18]. The relationship between vitamin
D status and muscle strength and power was not evaluated in this
study; however, all individuals had sufficient plasma 25(OH)D levels
[18]. Insufficient vitamin D and low EA cause bone and muscle to
be susceptible to injury and degradation. If an injury is experienced,
recovery may be impaired as a result of significant endocrine crosstalk
among muscle and bone [47,48]. The role of vitamin D in this context
requires further research, but it is reasonable to suspect that vitamin
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D is necessary for optimal biochemical communications between
muscle and bone.

Conclusions

Vitamin D plays a vital role in general health, particularly for
bone health and immune function. It also may be important for
optimal sports performance by reducing the incidence and severity
of URTI, preventing musculoskeletal injuries such as stress fractures,
and aiding in recovery from exercise training and injuries. In athletes
with low EA, vitamin D insufficiency may further increase the risk
of low BMD, stress fractures, and compromised immune function.
However, research in athletes is needed to better understand vitamin
D’s roles in these realms and to determine appropriate supplement
strategies for athletes who are vitamin D deficient. In addition, the
optimal plasma level of 25(OH)D has not yet been ascertained with
regard to optimizing immune and musculoskeletal health in athletes.
For example, the Endocrine Society recommends that plasma
25(OH)D levels >75 nmol/L are needed for optimal bone health (52),
whereas current recommendations for athletes are >50 nmol/L [4].
He, et al. (2016) suggest >75 nmol/L may be optimal for immune
function. Additional research is needed to determine optimal levels,
which may vary by sport (e.g., indoor vs. outdoor, endurance vs.
intermittent sports) and season. Intense exercise training may require
higher levels of vitamin D intake to prevent injuries and optimize
training adaptations; however, further research on the relationship
between exercise training and serum 25(OH)D is warranted. In sum,
while sensible sun exposure and dietary sources such as fatty fish and
fortified foods (e.g., fluid milk, ready-to-eat breakfast cereals) are
acceptable methods for increasing serum 25(OH) D levels, current
evidence suggests that athletes may require increased amounts,
thereby potentially warranting personalized supplementation
regimens.
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