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Preface

Vitamin D, a fat-soluble vitamin also known as the ‘sunshine vitamin’, is derived mostly
from sun exposure and food. For normal activation, it has to undergo two hydroxylation
reactions. Vitamin D affects more than 2000 genes in the body. A serum concentration of
25(OH) D indicates the ideal level of vitamin D in our bodies. The primary function of vita‐
min D is to regulate calcium and phosphorous absorption. Vitamin D deficiency leads to
several diseases. From the therapeutic point of view, vitamin D helps in the treatment of
many diseases. Lifestyle has an impact on our bodies’ systems of getting sufficient amounts
of vitamin D. In this context, due to industrialization and also changes in the environmental
factors, any further study or work on vitamin D would be helpful for our society. I believe it
offers a more than ample opportunity for me to present this book, A Critical Evaluation of
Vitamin D - Basic Overview, to the audience.

The book targets physiological, biochemical and immunological aspects of vitamin D, includ‐
ing principles, mechanisms and clinical significance. This book has four sections: ‘Vitamin D
on Physical and Physiological Activities’, ‘Vitamin D on Biochemical and Immunological Ac‐
tivities’, ‘Vitamin D on the Musculoskeletal and Neurological Systems’ and ‘Vitamin D on the
Reproductive System’. Each of these sections is interwoven with the theoretical aspects and
experimental techniques of basic and clinical science. This book will be a significant resource
for students, scientists, physicians, healthcare professionals and other members of the society
who are interested in exploring the role of vitamin D in human life.

In the first section, the authors have revealed the diverse effects of vitamin D on physical
performance in athletic and nonathletic populations—the role of vitamin D3 as a potent reg‐
ulator of oxidative pathways and vitamin D signalling and the multiple effects of vitamin D
concerning pathological progress and diseases. In the second section, the authors have dis‐
closed the importance of CYP24A1 mutations in diagnosis; mass spectrometric approaches
to quantifying vitamin D metabolites and their distributions in various human diseases; the
biological effects of sphingolipids, 1,25(OH)2D3, and its structural analogues in bone and
neural disorders; the role of vitamin D pathways in the regulation of the function of both
innate and adaptive immune systems and the role of vitamin D in ageing, allergies and con‐
ditions like cancer, diabetes mellitus, asthma and various autoimmune diseases. In the third
section, we can find information on the multiple signalling pathways of vitamin D and their
contribution to myogenesis, the beneficial effects of vitamin D on the skeletal system and
other organs, including the cardiovascular system, and the effectiveness of optimization
strategies of vitamin D levels following hip fracture and its implication on public health. The
last section focuses on the role of vitamin D in female reproduction throughout the different
reproductive ages and male fertility and the impact of vitamin D deficiency on the female
reproductive system diseases.
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Abstract

Vitamin  D  is  synthesized  in  the  skin  following  exposure  to  ultraviolet  radiation,
producing cholecalciferol, while only a small percentage of the circulating vitamin D is
of exogenous origin deriving from food. Following two sequential hydroxylations, in
the liver and in the kidneys, vitamin D is fully activated. Although its role in bone
physiology and calcium homeostasis is well documented, there is emerging evidence
that vitamin D exerts a plethora of additional effects on most tissues regulating the
musculoskeletal, cardiovascular, and immune systems as well as energy homeostasis.
Its deficiency/insufficiency poses a major public health problem observed in all age
groups and regardless of latitude and insolation. In muscles, vitamin D deficiency is
associated with  a  decline  in  neuromuscular  function including muscular  strength,
walking speed,  balance,  jumping and sprinting performance,  and aerobic capacity,
although the evidence is still weak regarding its effects in the young and the athletes.
Supplementation counteracts the negative effects of vitamin D deficiency on perform‐
ance although in individuals with adequate levels of vitamin D, additional supplemen‐
tation does not appear to enhance further physical capabilities. The aim of this chapter
is to review our current understanding of diverse effects of vitamin D in physical
performance in athletic and nonathletic populations.

Keywords: vitamin D, Physical activity, athletes, musculoskeletal system, cardiovas‐
cular system, immune system

1. Introduction

Vitamin D is synthesized in the skin from 7‐dehydrocholesterol following exposure to ultra‐
violet radiation (cholecalciferol or D3), and only a small percentage is exogenous originating
from food (ergocalciferol, D2) [1–3]. Following to sequential hydroxylations in the liver and
the kidneys, vitamin D is activated (Figure 1).  Vitamin D plays a crucial role in calcium

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



homeostasis in addition to its multiple effects in a plethora of tissues [3]. Indeed, vitamin D
receptors (VDRs) are present in most tissues affecting the transcription of many genes [4–7].
Vitamin D is transported in the blood via vitamin D‐binding protein [8, 9]. Vitamin D plays a
role in the mineralization of type I collagen matrix in the skeleton [10]. Vitamin D and its
nuclear receptor affect the expression of more than one thousand genes acting as a transcrip‐
tion factor [11]. Non‐genomic effects of vitamin D have also been described [12–19].

2. Vitamin D deficiency

A surprisingly high prevalence of vitamin D insufficiency has been recently reported world‐
wide (Table 1) regardless of their insolation [20–23]. In Canada, 30–50 % of children and adults
are vitamin D deficient and need vitamin D supplementation [24]. Similar data have been
reported in Africa, Australia, Brazil, Middle East, Mongolia, and New Zealand documenting
a high risk for vitamin D deficiency in adults and children [24–26]. Cross‐sectional studies of
vitamin D status in adolescents have found deficiency in 17–47 % with an increased risk in
black and Hispanic teenagers [24–26]. It should be noted here that there are fewer reports
regarding the prevalence of vitamin D in athletes. A high prevalence of vitamin D deficiency
has been documented in athletes in both outdoor and indoor sports. For instance, it has been
reported that more than 42 % of distance runners in Baton Rouge, Louisiana, were vitamin D
insufficient or deficient [21]. Indeed, athletes may be more vulnerable to vitamin D deficiency
than age‐matched non‐athletes even in regions with insolation. A recent meta‐analysis pooling
23 studies composed of 2313 athletes found that 56 % of athletes had inadequate vitamin D [23].
In addition, a sizeable number of athletes do not meet the US dietary reference intake for
vitamin D in addition to their inadequate endogenous synthesis when they train indoors [27].
In a recent study, Morton et al. [26] examined the prevalence of seasonal variation in vitamin
D levels in 20 FA Premier League soccer players residing at a latitude of 53°N. Serum 25‐

Figure 1 Biochemical pathways of vitamin D production after exposure to UVB.
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hydroxyvitamin D (25(OH)D) levels decreased in winter to insufficient levels in 65 % of the
soccer players (<50 nmol/L). Koundourakis et al. [28] showed that professional Greek soccer
players’ training at a latitude of 35.9°N had insufficient vitamin D levels, while nearly identical
levels were reported in American national football league players [29], in elite gymnasts in
Australia [30], and in young Hawaiian skateboarders [31] and a variety of other athletes
worldwide [32–35]. These findings were observed irrespective of sun exposure. In a recent
study conducted in Israel in a favorable latitude (31.8°N) for insolation, 73 % of the athletes
were vitamin D deficient. In Qatar, 84 % of soccer players were vitamin D insufficient. Fur‐
thermore, vitamin D deficiency in regions of high sunlight (high insolation) may be due to
clothing, air pollution, and failure to meet the dietary reference intake for vitamin D in addition
to their inadequate endogenous synthesis when they train indoors. Indeed, high prevalence
of low vitamin D levels has been reported in the general population in the United Arab
Emirates, India, and Egypt [36, 37].

Study Population Indoor/
outdoor

Season Country,
latitude

Vitamin D levels

Lovell [30] 18 female gymnasts, age = 13.6
± 1.2 y

Indoor Spring Australia,
35.27°S

Insufficient 83.33 %,
deficient 33.33 %

Constantini et
al. [35]

98 Israeli male and female
athletes and dancers, age = 14.7
± 3.0 y

Outdoor/
indoor

Winter Israel, 31°N Insufficient 73 %,
insufficiency was higher
in dancers (94 %),
basketball players (94 %),
Tae Kwon Do fighters
(67 %), athletes from
indoor sports

Kopeć et al. [32] 24 Caucasian male Polish
professional soccer players
26.24±3.41 y

Outdoor Summer
Winter

Poland,
51.10°N
Cyprus,
30.11°N

Insufficient 37.5 %,
deficient 12.5 %
Insufficient 45.8 %,
deficient 37.5 %

Morton et al. [26] 20 FA Premier League soccer
players

Outdoor/
indoor

Winter United
Kingdom,
53°N

Insufficient 65 %

Galan et al. [40] 28 male soccer players, 26.7
± 3.6 y

Outdoor/
indoor

Winter Spain, 37°N Deficient 64 %

Koundourakis et al.
[28]

67 Caucasian male professional
soccer players, age = 25.6 ± 6.2 y

Outdoor Spring Greece, 35.9°
N

Insufficient 55.22 %

Halliday et al. [34] 93 male athletes (football,
handball, shooting, squash,
cycling, body building, martial
arts), age = 21.3 ± 6.5 y

Outdoor/
indoor

Spring,
summer

Middle East
29°N

Insufficient 91.39 %,
deficient 8.60 %

Willis et al. [33] 19 male and female endurance‐
trained runners, age = 28.3 ± 3.4
y

Outdoor N/A United States,
30°N

Insufficient 42.10 %,
deficient 10.52 %

Close et al. [211] 61 male athletes of soccer,
rugby, jockeys, age = 24.3
± 4.8 y

Outdoor/
indoor

Winter United
Kingdom,
50°N

Deficient 62 %

Close et al. [214] 30 male soccer and rugby
athletes, age = 21.3 ± 1.3 y

Outdoor/
indoor

Winter United
Kingdom,
53°N

Deficient 57 %

Insufficient: vitamin D levels <30 ng/ml [75 nmol/L]; deficient: vitamin D levels < 20 ng/ml [50 nmol/L]; y = years.

Table 1. Vitamin D levels in various athletic populations.

Vitamin D and Physical Activity
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Generally speaking, vitamin D insufficiency is defined (Table 2) as levels <30 ng/ml (80 nmol/
L), whereas levels below 20 (50 nmol/L) and 10 ng/mL (25 nmol/L) represent deficiency and
severe deficiency, respectively [7]. Levels between 40 and 60 ng/mL are the preferred range,
while vitamin D intoxication usually does not occur until 25(OH)D3 reaches levels higher that
150 ng/ml [24].

Status 25-hydroxyvitamin D (ng/ml) 25-hydroxyvitamin D (nmol/L)

Severe deficiency <10 <25

Deficiency <20 <50

Insufficiency 20–30 50–75

Sufficiency >30 >75

Toxicity >150 >375

Table 2. Classification of vitamin D (25‐hydroxyvitamin D) levels.

3. Seasonal variation of vitamin D levels

Seasonal variation of vitamin D is a well‐documented phenomenon [38]. In the winter months,
endogenous vitamin D production is drastically reduced, as a result of reduced exposure to
UVB radiation, while in summer exposure to UVB radiation is adequate for vitamin D synthesis
by the skin [5]. Similar variations have been reported for athletes. In soccer players, the levels
of 25(OH)D3 are normal in 50 % of the athletes, while this number drops to 16.7 % in winter
[32]. A study performed in a high latitude (Laramie, WY 41.3°N) revealed vitamin D insuffi‐
ciency of 63 % in winter compared to only 12 % in autumn and 20 % in spring in both indoor
and outdoor athletes [38]. Similar findings were reported in a study conducted at higher
latitudes (Ellensburg, WA 46.9°N), using exclusively outdoor athletes. The authors reported
that a percentage of 25–30 % of the athletes were vitamin D insufficient from fall to winter [39].
Morton et al. [26] also reported a significant drop of serum levels of 25(OH)D3 in a group of
professional soccer players of the English Premier League at the latitude of 53°N between
summer and winter. In agreement with these data were findings in professional soccer players
in Spain that have been training at a latitude of 37°N showing a statistically significant
reduction in serum levels of 25(OH)D3 between October and February [40].

Seasonal variation of athletic performance has been found to parallel that of the seasonal
fluctuation of vitamin D levels. Indeed, athletic performance peaks when vitamin D levels are
the highest, i.e., during summer [41]. Koch and Raschka [42] reviewed the German literature
on the seasonality of physical performance. They reported that early studies indicated that
strength and maximal oxygen uptake peaks (VO2max) in late summer. Comparable findings
have been reported by Erikssen and Rodahl [43]. More specifically, in a population of 1835
Norwegian men, physical performance exhibited seasonal variability peaking in summer.
Similar data were reported for the Swedish national track and field teams where VO2max was
observed in summer [44].

A Critical Evaluation of Vitamin D - Basic Overview6
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Most authors explain the enhanced athletic performance in summer to the higher vitamin D
levels. However, other authors disagree [41]. According to Moran et al. [26], the higher physical
performance in summer is a consequence of outdoor physical activity in the warmer weather
which also results in exposure of athletes to UAV, i.e., these authors see the two phenomena
as parallel but independent. Athletes participating in athletic events such as track and field
competitions have to be in their best conditioning in the summer since most major competitions
take place at this time period. As a consequence, enhanced training and competition in summer
would result in both better athletic performance and higher vitamin D levels [1, 45]. In contrast,
participants in other sports such as soccer, American football, or basketball attain their best
performance in winter while in summer recuperate resulting in a reduction and/or cessation
of their training and to a deterioration of exercise performance and capacity [28]. Nevertheless,
even when controlling for seasonal fluctuations in time spent exercising, variation in wrist
flexor strength and muscle trainability still correlated with seasonal variations of vitamin
25(OH)D levels [41].

4. Effects of vitamin D in calcium absorption and bone physiology

Vitamin D plays an essential role in calcium homeostasis and the mineralization of bones [46,
47]. In the small intestine, vitamin D augments calcium uptake via an energy‐dependent
transcellular pathway and by a passive paracellular pathway through tight junctions [24, 48].

Insufficient levels of circulating vitamin D cause an increase of serum parathyroid hormone
(PTH) due to secondary hyperparathyroidism, i.e., in a desperate effort of the body to keep
circulating levels of calcium normal borrowing them from bones via an increase of bone
turnover and increased bone resorption [26]. In chronic vitamin D‐deficient states, individuals
are susceptible to osteopenia, osteoporosis, and increased incidence of bone fractures [49, 50].
Administration of vitamin D is recommended as a first‐line strategy reducing the incidence of
osteoporotic fractures [51]. Indeed, low 25(OH)D levels in women could be viewed as a general
marker of impaired health as the Malmö study has documented correlating with increased
overall mortality [52].

Furthermore, low serum vitamin D is associated with cortical bone porosity indicative of
increased bone fragility [53]. Vitamin D also enhances the activity of insulin‐like growth factor
1 (IGF‐1) via an induction the expression of its receptor, an affect crucial in bone formation
both in vitro and in vivo [54].

4.1. Implications of these data on physical activity and exercise performance

Low vitamin D levels are related with osteoporosis and the risk of fractures in elderly indi‐
viduals. Data from cross‐sectional and longitudinal studies report that vitamin D insufficiency
impairs bone health [4, 7]. As a result of this deterioration in bone health, the increased incident
of falls in the elderly can easily result to bone fractures. However, recent evidence indicates
that this is also evident in young physically active individuals. A study on Finish military
recruits reported that those with insufficient vitamin D levels (<30 ng/mL) were susceptible
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with a significant risk of developing stress fracture [55]. Similar findings have been reported
in a number of other studies [56] including athletes [57, 58]. Deterioration in bone strength
could be a problem apart from non‐athletes, also in athletic populations. Hypothetically,
athletes with low bone mineral density are predisposed to skeletal injury especially in contact
individual and/or team sports [4, 7]. The latter could have several implications for the athletic
performance especially in professional athletes. Notably the association between the incident
of fractures and low vitamin D levels in athletes has not yet been determined, and there are
also a number of studies in nonathletic populations that failed to support the hypothesis that
high adequate vitamin D levels protect against stress fractures [4].

5. Effects of vitamin D on the skeletal muscle

The potential association between vitamin D and muscle function was also based on early
clinical descriptions that myopathy was strongly associated with severe vitamin D deficiency
[59]. Currently, vitamin D has been shown to be a potent modulator of skeletal muscle
physiology [5]. Although the expression of the vitamin D receptors in the skeletal muscle tissue
was questioned [60], recent data strongly indicate that they are also expressed in the skeletal
muscle [61]. As we mentioned earlier, 1,25(OH)2D by binding to its nuclear receptor augments
the transcription of key muscular proteins [5–7]. It should be noted here that both genomic
and non‐genomic effects of vitamin D are crucial for muscular performance. Indeed, vitamin
D affects muscular calcium and phosphate transport across cell membranes, phospholipid
metabolism, and muscle cell proliferation and differentiation [62]. In addition, vitamin D
downregulates the expression of myostatin (a negative regulator of muscle mass) and upre‐
gulates the expression of follistatin and insulin‐like growth factor 2 (IGF‐2) [5–7, 63]. Exposure
of skeletal muscles to 1,25‐dihydroxyvitamin D3 induces the expression of several myogenic
markers and transcription factors [63]. A 10‐day incubation of muscle cells with 1,25‐dihy‐
droxyvitamin D3 induces myosin heavy chain (MHC) type II, a late myogenic marker, while
the mean diameter and width of muscular fibers increase compared to parallel controls.
Indeed, vitamin D increases the size of MHC type II‐positive myotubes [61, 64] and the cross‐
sectional area (CSA) of skeletal muscle fibers [65]. Vitamin D signaling has been also reported
to alter the expression of C2C12 myotube size [5, 61], indicating a direct positive effect on the
contractile filaments and thus muscle strength. In addition, it affects the diameter and number
of type II muscle fibers [5–7] and in particular type IIa fibers [61]. In severe vitamin D deficiency,
a proximal myopathy is observed characterized by type II (fast twitch) muscle fiber atrophy
[5, 61]. A recent vitamin D supplementation study showed that in young male populations, a
significant increase in the percentage of type IIa fibers was evident in the vitamin D group
compared to the placebo group, demonstrating a positive effect on the muscle fiber type
morphology, calcium transport, and regulation of intracellular calcium [61].

5.1. Implications of these data on physical activity and exercise performance

The data presented above suggest that vitamin D exerts beneficial effects on skeletal muscles
and thus may improve physical performance capacity in both physically nonathletic individ‐
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uals and athletes. The documented vitamin D‐mediated induction of muscle protein synthesis
and myogenesis could result in muscles of higher quality and quantity. This could be in turn
translated into increased muscle strength since it is well documented that there is a strong
linear associations between muscle mass and strength [66]. In addition the association between
vitamin D levels and muscle anabolism could also be related with another positive effect, which
is particularly important for athletic populations in that it could accelerate muscle recovery
from the stress of intense exercise [26]. This hypothetically could be of major importance in
periods of continues competitions since it could enable them to maintain their performance
capacity at a better level. In the elderly on the other hand, low vitamin D levels could cause a
reduced muscular anabolism, sarcopenia, and thus negatively altered muscle mass which in
turn leads to a negative effects in the sense of balance, strength, and stability. In addition, in
vitamin D‐insufficient states, active individuals may not have adequate energy provisions to
sustain a moderate‐ to high‐intensity muscular effort. Lastly, hypertrophy of type II muscle
fibers could result in enhanced neuromuscular performance [4, 66]. These types of fibers are
a major determinant of the explosive type of human movements resulting in high‐power
output. It is well documented that type II muscle fibers display a markedly faster muscle
contraction velocity and thus higher force than type I muscle fibers [67]. Therefore the
anaerobic maximal‐intensity short‐burst activities, such as jumping, sprinting, acceleration,
deceleration, and change of direction, which are of crucial importance for the majority of the
athletic events, are highly related with the type II muscle fibers. Interestingly, apart from
athletes the importance of type II muscle fibers is highlighted also on the elderly. Reversal of
type II fiber atrophy as a result of vitamin D supplementation is thought to account for
approximately 20 % lower risk of falling [68]. Vitamin D deficiency apart from the atrophy of
type II fibers in these individuals enables fat infiltration and consequently fibrosis (fibrosis is
observed in different tissues including the muscle due to excess fat accumulation) which are
important factors underpinning muscle quality and also may be a predictor of muscle function
in older adult [69]. In closing, based on the available literature, we propose that vitamin D is
beneficial for individuals since it increases muscle protein synthesis, adenosine triphosphate
(ATP) concentration, strength, jump height, jumping and sprinting velocity and power, and
aerobic and anaerobic exercise capacity. Physical performance could be significantly enhanced
and/or preserved with adequate vitamin D. Vitamin D also prevents muscular degeneration
and reverses myalgia [68, 70].

6. Effects of vitamin D on the cardiovascular system

Vitamin D receptors are expressed in human myocardium as well as in vascular smooth
muscles and the endothelium [5, 6]. The activated form of vitamin D, i.e., 1,25(OH)2D,
participates in the structural remodeling of cardiac muscles and vascular tissues [71] and
results in improvements in flow‐mediated dilation and blood pressure [72]. Improved cardiac
muscle function has been reported in patients with severe vitamin D deficiency following
treatment [71]. In addition, animal studies have demonstrated that 1,25(OH)2D directly alters
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myocyte contractility with accelerated relaxation, which is crucial in the normal cardiac
diastolic function [6]. Vitamin D has been also found to regulate the function of calcium
channels in cardiac myocytes, providing a rapid influx of calcium into cells promoting myocyte
contractility [73]. Data from both animal and human studies show that vitamin D can act as a
negative regulator of the renin‐angiotensin‐aldosterone system (RAAS) [6]. It is well docu‐
mented that the RAAS maintains vascular resistance since it is a strong vasoconstrictor agent,
due to angiotensin II synthesis, blood pressure, electrolyte, and intravascular fluid volume
homeostasis. Vitamin D has the ability to decrease RAA activity by suppressing renin gene
expression resulting to the downregulation of the RAA system [6, 45]. This is a vital mechanism
that is regulated by vitamin D since it has been observed that the elevation in renin synthesis
is highly related with left ventricular hypertrophy and the development of hypertension [45].
Another mechanism via which vitamin D insufficiency may induce left ventricular hypertro‐
phy is by affecting and in particular elevating PTH levels. Observational studies have sug‐
gested that apart from hypertension, elevated PHT levels also result to left ventricular
hypertrophy [74]. Vitamin D insufficiency has been found to be related with increased arterial
stiffness and endothelial dysfunction in the conductance and resistance blood vessels in
humans [75, 76]. Vitamin D has also some antiatherogenic functions by promoting HDL
transport and inhibiting cholesterol uptake by the macrophages and the formation of foam
cells [77], while its deficiency stimulates systemic and vascular inflammation, enabling
atherogenesis [78]. In contrast, vitamin D has been shown to suppress inflammation via several
pathways, such as inhibition of prostaglandin and cyclooxygenase pathways, upregulation of
anti‐inflammatory cytokines, decrease of cytokine‐induced expression of adhesion molecules,
reduction of matrix metalloproteinase, and downregulation of the RAA [45].

The presence of vitamin D receptors in the vascular wall suggests that it plays a role in vascular
physiology and pathophysiology [74]. Among individuals with peripheral arterial disease,
low vitamin D status has been associated with a faster decline of functional performance [79].
Severe vitamin D deficiency results in a disrupted adaptive immune response and an inflam‐
matory milieu, promoting vascular dysfunction, insulin resistance, and arteriosclerosis [45, 80].

In addition, recent evidences indicate that severe vitamin D deficiency is strongly associated
with sudden cardiac death [81, 82]. Furthermore, Vitamin D has been found to be a useful
biomarker for the prediction of mortality when obtained at admission for chest pain [83]. The
mechanisms via which vitamin D exert beneficial effects on human myocardium are as follows:
vitamin D inhibits the proliferation of cardiomyoblasts by promoting cell‐cycle arrest and
enhances the formation of cardiomyotubes without inducing apoptosis. Vitamin D also
attenuates left ventricular dysfunction in animal models and humans [84]. However, a group
of researchers were unable to find any association between vitamin levels and risk of cardio‐
vascular disease [85]. It should be noted though that analyzed data from more than 13,000
adults in the Third National Health and Nutrition Examination Survey (NHANES III) found
a strong association between low vitamin D levels and key cardiovascular risk factors (i.e.,
hypertension, diabetes, overweight, and hypertriglyceridemia, but not hypercholesterolemia)
after adjustment for multiple variables [86].
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6.1. Implications of these data on physical activity and exercise performance

As per the available literature presented above, vitamin D plays an important role in the
cardiovascular system [75]. Vitamin D affects several aspects of vascular health, including
arterial stiffness and endothelial function which are crucial components of aerobic and
anaerobic exercise performance and even the ability to perform daily activities. It should be
noted that there is a linear association between vascular health and arterial stiffness to
endurance capacity [80]. In addition, it is well documented that the most accurate measurement
of aerobic capacity, i.e., that of VO2max, is regulated by cardiac output, arterial oxygen content,
shunting of blood to active muscle, and extraction of oxygen by muscles. Since low serum
vitamin D levels may result in pathological myocardial hypertrophy, increased blood pressure,
and endothelial dysfunction [87], these converging lines of evidence could support the idea
that inadequate vitamin D levels could negatively influence cardiorespiratory fitness and the
ability to perform efficiently during exercise. Thus, vitamin D affects aerobic capacity and
VO2max, cardiac output, vascular tone, and supply of oxygen and nutrients to the exercising
muscles.

7. Effects of vitamin D on the nervous system

Vitamin D affects the central and peripheral nervous systems. Vitamin D receptors are present
throughout the brain including the primary motor cortex, the region coordinating movement
[88–91]. Specifically, VDRs have been identified in neuronal and glial cells in several brain areas
including the cortex, deep gray matter, cerebellum, brainstem nuclei, spinal cord, and the
ventricular system [90]. Furthermore, the enzyme 1α‐hydroxylase, the activator of vitamin D
precursors, is also present in the brain [89–93]. Vitamin D levels are associated with the
conductance velocity of motor neurons and neurotransmission mediated by dopamine,
serotonin, acetylcholine, GABA, and the catecholamines [92, 93]. Vitamin D also affects
neuronal differentiation, maturation, and growth, its levels correlating to the levels of several
neurotrophic factors including nerve growth factors (NGF) and that of neurotrophins, which
play crucial roles in the maintenance and growth of neurons [94, 95]. In addition, vitamin D
exerts direct neuroprotective effects via the synthesis of proteins binding calcium (Ca2+) ions
which are important in neuronal function including transmission. Proper levels of neuronal
calcium are critical since their excess may result in the formation of reactive oxygen species
(ROS) which lead to neuronal damage. Indeed, vitamin D levels are inversely associated with
oxidative stress which damages the brain leading to neuronal apoptosis or necrosis [96].
Vitamin D also affects neuroplasticity, a process via which neural synapses and pathways are
adapted to the needs of environmental and behavioral demands adjusting the brain to noxious
stimuli diseases or environmental cues [90, 97, 98]. The VDRs in glial cells play in the uptake
and release of neurotransmitters, including that of GABA neurotransmission within the motor
cortex [99]. GABAergic function is the principal “brake” within the brain affecting muscle
relaxation via the corticospinal neurons [100].
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7.1. Implications of these data on physical activity and exercise performance

The data described above suggest that vitamin D exerts major effects on several aspects of brain
function. The effects of vitamin D on GABAergic tone and on serotonin and dopamine are
crucial for muscular coordination and avoidance of central fatigue, a condition associated with
the synaptic concentration of several neurotransmitters [101]. A high ratio of serotonin to
dopamine affects exercise performance because of its effect on the general feeling of tiredness
and the perceptions of effort [102].

Another mechanism via which vitamin D affects the brain and athletic performance may
involve the nocireceptors or nociceptors, i.e., the sensory nerve cell that responds to noxious
stimuli by sending signals to the spinal cord and brain. The nociceptors are replete in VDRs
and 1α‐hydroxylase [103, 104]. When these receptors transfer pain signals to the brain, an
inhibitory physical response takes place [104]. The relevance of this mechanism and vitamin
D and physical activity/performance is based on the recent findings in animal studies that
vitamin D depletion could result in nociceptive hyperinnervation and hypersensitivity within
deep muscle tissue and a loss of balance without affecting muscle strength or the cutaneous
nociceptive response [103]. Based on this finding, we could speculate that nociceptive hyper‐
innervation and hypersensitivity within deep muscle tissue could result to a false onset of
myalgia during physical activity which in vitamin D‐deficient individuals could result to a
reduction in performance. The beneficial effects of vitamin D‐mediated effects of the nervous
system on physical activity and exercise performance are further supported by the findings of
Dhesi et al. [105]. Reaction times deteriorate with age [105] and play an important role in
neuroprotective responses [106]. In cross‐sectional work, we identified a correlation between
vitamin D status and reaction times, suggesting a neuroprotective role of this vitamin [105].
However, it is still unknown whether the latter mechanisms could be attributed also to young
healthy individuals or athletic population.

8. Effects of vitamin D on pulmonary function

Vitamin D affects pulmonary function and health. Vitamin D insufficiency has been associated
with impaired pulmonary function, asthma, and chronic obstructive pulmonary disease
(COPD) [107, 108]. It should be noted that vitamin D deficiency may harm the lungs not only
via its well‐known immune effects. The Third National Health and Nutrition Examination
Survey (NHANES III) reported a strong positive association between serum 25(OH)D and
forced expiratory volume (FEV1) and forced vital capacity (FVC). These effects of vitamin D
may be mediated through surfactant, a substance maintaining alveolar structural integrity
[109], lung compliance, and oxygen exchange. It should be stressed that lung compliance,
FEV1, FVC, and cardiopulmonary oxygen transfer are linearly related with physical perform‐
ance [110]. Indeed, vitamin D induces the synthesis of alveolar surfactant and plays a critical
role in epithelial‐mesenchymal interactions during lung growth [111]. Vitamin D plays a role
in COPD and more specifically in smooth muscle proliferation in the airways [112, 113]. Zosky
et al. [114] have provided evidence supporting a direct role of vitamin D on lung growth in
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vivo, while vitamin D deficiency results in lung volume deficits [115]. Finally, vitamin D
insufficiency correlates with multiple indices of compromised lung function and increased
airway reactivity [115].

8.1. Implication of these data on physical activity and exercise performance

The data described above provide evidence implicating vitamin D in alveolar structural
integrity, lung compliance, vital capacity, cardiopulmonary oxygen transfer, airway smooth
muscle proliferation, and lung remodeling. Regarding athletes, exercise performance and
aerobic capacity (VO2max) depend on all these lung functions [28]. Adequate VO2max levels are
needed in all sporting disciplines. Vitamin D appears to affect all components of VO2max

adequacy.

9. Effects of vitamin D on immunity

Vitamin D affects the innate and adaptive immunity via VDRs [116–118]. Vitamin D enhances
monocyte/macrophage activity. Vitamin D directly activates the transcription of several
antimicrobial substances including defensin β2 (DEFB) and cathelicidin [118, 119]. Human
cathelicidin (hCAP18) causes destabilization of microbial membranes [120]. In college athletes
vitamin D insufficiency is associated with higher frequency of illnesses including common
colds, influenza, and gastroenteritis [27]. Furthermore, vitamin D affects both T and B cells
[121]. Under resting conditions the expressions of VDRs are low in both T and B cells, but they
are upregulated in infectious diseases, suggesting a crucial role in adaptive immunity [122–
125]. Indeed, vitamin D affects B‐cell function, including inhibition of memory‐ and plasma‐
cell generation and apoptosis.

It is also known for years that immune cells can activate vitamin D to 1,25(OH)2D via 1α‐
hydroxylase, an effect resulting in several beneficial paracrine effects including modulation of
T‐cell function [126]. Vitamin D upregulates the expression of several antimicrobial peptides
(AMP) while at the same time downregulates the expression of inflammatory cytokines
including that of tumor necrosis factor α (TNFα) and interleukin (IL) 6 [126]. Low levels of
vitamin D in the general population and in athletes (especially following intense exercise)
result in IL6 and TNFα increase. Vitamin D ameliorates this inflammatory response.

Several studies have also documented a negative association between vitamin D levels and
upper respiratory tract infections (URTIs) in young and elderly adults [127–129]. In athletes,
the incidence of respiratory illnesses is higher (especially at the elite level) because of the high
dements on the lungs during prolonged exercise [130]. This could lead to increased exposure
to viral and bacterial pathogens from the external environment, increasing the risk of URTIs.
Li and Gleeson [131] have suggested that low vitamin D levels may exaggerate the vulnera‐
bility of athletes to URTIs, while individuals with higher vitamin D levels exhibit a lower
propensity to URTI [132, 133]. It has been suggested that vitamin D prevents the development
of URTIs by affecting the activation of toll‐like receptors (TLRs) [134]. Vitamin D interferes
with the activation of TLR signaling by microbial antigens via cathelicidin and β‐defensin
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[134]. Cathelicidin enhances the microbicidal capability of monocytes/macrophages by
increasing the oxidative burst of these phagocytic cells, an effect also depended on vitamin D
[134].

9.1. Implications of these data on physical activity and exercise performance

It is reasonable to suggest that the well‐documented association between optimal vitamin D
levels and the well‐being and the proper function of the immune system combined with the
anti‐inflammatory effects of this vitamin D may improve athletic performance. The observation
that low vitamin D levels may result in increased pro‐inflammatory cytokine levels, such as
TNFα and IL6, following periods of intense exercise training may suggest that this pro‐
inflammatory period may be ameliorated by vitamin D [68]. This effect may accelerate the
recovery phase from the stress of intense exercise. High IL6 and TNFα levels may partially
explain age‐related skeletal and muscular failings in vitamin D‐deficient older individuals.
Reduction of TNFα levels following vitamin D supplementation may be crucial to combat the
“overtraining syndrome” in athletes [135]. Furthermore, the cytokines IL‐10 and IL‐13 have
been shown to promote muscle regeneration and prevent skeletal muscle damage [136, 137].
Regarding the effects of vitamin D on the URTIs, its negative association with URTIs has been
addressed by He et al. [138] who reported a higher proportion of subjects who experienced
one or more URTI episodes in the vitamin D‐deficient state during the 4‐month study period
than the optimal vitamin D group [138]. In closing, since vitamin D has been shown to affect
the inflammatory response and prevent URTIs, its use may be of practical significance in the
athletes.

10. Effects of vitamin D on the adipose tissue

Vitamin D plays a crucial role in the physiology of adipocytes. VDRs and the 25‐hydroxyvi‐
tamin D 1α‐hydroxylase (CYP27B1) genes are all expressed in human adipocytes [139].
Vitamin D levels are inversely related to obesity including body fat percentage (BFP), body
mass index (BMI), and waist circumference [140, 141]. Vitamin D supplementation for 16 weeks
reduces visceral fat in overweight and obese adults [142]. Drincic et al. [143] identified body
weight as the single strongest predictor of 25OHD levels followed by fat mass. The loss of
weight results in an elevation of vitamin D levels [144]. Epidemiologically, vitamin D levels
are negatively associated with BFP in non‐athletes [19, 145, 146]. Interestingly, a high BFP in
winter months has been found correlating with indoor athletic activities and low vitamin D
levels [146].

10.1. Implications for physical activity/exercise performance

The close association between vitamin D levels and adiposity could affect athletic performance.
It should be noted that neuromuscular performance capacity including sprinting ability,
jumping performance, agility, acceleration, aerobic capacity, and deceleration is inversely
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Vitamin D plays a crucial role in the physiology of adipocytes. VDRs and the 25‐hydroxyvi‐
tamin D 1α‐hydroxylase (CYP27B1) genes are all expressed in human adipocytes [139].
Vitamin D levels are inversely related to obesity including body fat percentage (BFP), body
mass index (BMI), and waist circumference [140, 141]. Vitamin D supplementation for 16 weeks
reduces visceral fat in overweight and obese adults [142]. Drincic et al. [143] identified body
weight as the single strongest predictor of 25OHD levels followed by fat mass. The loss of
weight results in an elevation of vitamin D levels [144]. Epidemiologically, vitamin D levels
are negatively associated with BFP in non‐athletes [19, 145, 146]. Interestingly, a high BFP in
winter months has been found correlating with indoor athletic activities and low vitamin D
levels [146].

10.1. Implications for physical activity/exercise performance

The close association between vitamin D levels and adiposity could affect athletic performance.
It should be noted that neuromuscular performance capacity including sprinting ability,
jumping performance, agility, acceleration, aerobic capacity, and deceleration is inversely
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associated with BFP [147]. These data suggest that high BFP in conjunction with low vitamin
D levels exerts a detrimental effect on exercise performance in athletes as well as in the general
population. It should be noted that increased BFP is associated with the development of a
systemic chronic low‐grade inflammation and insulin resistance, a characteristic of obesity,
which also negatively affect exercise performance [148].

11. Effects of vitamin D on the electron transport system

Vitamin D has been also suggested to be related with the production of adenosine triphosphate
(ATP) via the aerobic pathway. In particular, this speculation has been based on the observa‐
tions that vitamin D appears to affect electron transport. Vitamin D receptors are present
within mitochondria. Silencing of vitamin D receptors in several cell lines results in growth
inhibition accompanied by an increase in mitochondrial membrane potential sensitizing cells
to oxidative stress [149]. Vitamin D plays a role on mitochondrial respiratory chain activity
acting as a facilitator of the diversion of acetyl‐CoA from the energy‐producing TCA cycle
toward biosynthetic pathways that are essential for cellular proliferation. These effects of
vitamin D on aerobic energy production during exercise are needless to say crucial for exercise
performance.

12. Insolation and vitamin D on athletic performance

Early studies on collegiate athletes and students showed that cardiovascular fitness, muscle
endurance, and speed were enhanced following exposure to ultraviolet radiation [150–152].
In particular, in 1938 Russian authors [151] reported that a course of ultraviolet irradiation
improved speed in the 100 m dash in four students compared with matched controls. The
authors observed that the experimental group (i.e., under UAV treatment) had a 7.4 % increase
in 100 m dash times compared to only 1.7 % of the control group. Notably both groups were
undergoing the same training schedule throughout the study. Supportive evidence came from
a study by German researchers in 1944 [152]. A treatment under UV irradiation twice a week
for a period of 6 weeks resulted in a 13 % improvement in performance on a bike ergometer.
No alteration was evident in the control group. Enhanced performance parameters were also
reported by Allen and Cureton [150] as a result to UAV treatment in college students. The
authors observed that a period of 10 weeks under UV treatment resulted in improvements in
both cardiovascular fitness and muscular endurance. UV increased cardiovascular fitness by
19.2 % compared to only 1.5 % improvement in the controls. In 1956, Sigmund [153] examined
the effects of UV radiation on reaction times on adolescents and adult individuals. UV
treatment improved by 17 % the reaction time compared to controls. In another study in the
late 1960s, a single dose of UV irradiation beneficially affected the strength, speed, and
endurance of college women [154]. Interestingly, the beneficial effect was evident in white
participants but not in African American females, suggesting a different skin response to UV.
A follow‐up study from the same team [155] observed that the same amount of UV managed
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to improve aerobic performance in the same population. Enhanced performance was also
observed by another study in a 30‐yard dash of 15 college women after 6‐minute exposure in
UV light [156].

13. Vitamin D deficiency in athletes versus non-athletes

It is increasingly apparent that athletes need higher levels of vitamin D because of the higher
demands of the daily strenuous training exercise which they undergo [157]. Indeed, experi‐
mental findings suggest a major role of vitamin D in muscle mass, strength, and function.
Vitamin D affects significantly the athletic ergometrics [158]. Furthermore, athletic perform‐
ance appears to show a seasonal variability peaking when vitamin D levels peak and declining
as they decline reaching nadir when vitamin D levels are at their lowest. It should be noted
that vitamin D administration improves athletic performance in vitamin D‐deficient athletes
[41].

14. Vitamin D in non-athletes

Overwhelming evidence demonstrates the association between vitamin D levels and the ability
of non‐athletes to perform their daily physical activities and/or exercise (Table 3). Early on,
myopathy and muscle weakness were attributed to the most obvious consequence of vitamin
D deficiency, i.e., that of rickets and osteomalacia [159]. To date, several cross‐sectional
observations and longitudinal studies have reported a close association between vitamin D
and several parameters of physical performance. The majority of the studies have been
performed on elderly subjects although similar data have been reported in adults below the
age of 65 years [160] and in young individuals [161, 162].

Author Participants Physical performance parameters

tested

Results

Ward et al.

[161]

99 adolescent girls, 12–14

y

Jump power, countermovement

jump(CMJ) height, and velocity,

Esslinger Fitness Index, force

Positive relationship between vitamin D

levels and jump velocity, jump height,

power, Esslinger Fitness Index, and

force

Foo et al.

[162]

301 healthy Chinese

adolescent girls, age 15.0

± 04 y

Handgrip strength, physical

activity levels

Adequate vitamin D status had greater

handgrip muscle strength than deficient

Gerdhem et

al. 155

1044 elderly women, 75 y

old (range 75.0–75.9

y old)

30 m gait, knee extension, knee

flexion, Romberg balance, self‐

estimated activity level

Positive relationship between vitamin D

levels and gait speed, Romberg balance
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Author Participants Physical performance parameters

tested

Results

test, self‐estimated activity level, and

thigh muscle strength

Houston et

al. [166]

988 elderly males and

females, age 85.2 ± 3.6 y

SPPB test (standing balance,

repeated chair stands, 3 m walk

[gait speed]), grip and knee

extensor strength

Significantly poorer SPPB in deficient

individuals versus those in sufficient

state. No relationship between vitamin

D levels and absolute grip and knee

extensor strength. Older adults with

deficient 25(OH)D levels had

significantly lower muscle strength

indicating poorer muscle quality

Visser et al.

[167]

1260 elderly males and

females >65 y old

Physical activity (30, 30–59, or 60

min/day), timed walking test, and

a repeated chair stand test

Vitamin D‐deficient and vitamin D‐

insufficient individuals had poorer

physical performance in all tests

Bischoff‐

Ferrari et al.

[168]

4100 elderly males and

females >60 y old

8‐foot walk test and sit‐to‐stand

test

Vitamin D levels between 40 and

94 nmol/L were associated with better

musculoskeletal function in the lower

extremities than concentrations of

40 nmol/L. Significant positive

association between vitamin D levels

and the 8‐foot walk test, the sit‐to‐stand

test

Tieland et al.

[169]

127 pre‐frail and frail

elderly people, ≥65 y old

Short physical performance battery

(SPPB) test, maximum strength

(one repetition maximum)

Significant positive associations were

observed between vitamin D levels and

gait speed and chair rise

Houston et al.

[174]

1155 elderly individuals,

aged 65–102 y old

Short physical performance battery

(SPPB), handgrip strength

Significant positive associations were

observed between vitamin D levels and

SPPB score in men and handgrip

strength in men and women

Wicherts et

al. [177]

1234 elderly men and

women, age 79.8 ± 5.9 y

Time taken to walk 3 m, turn 180°,

and walk back (walking test); time

taken to rise five times from a

kitchen chair with arms folded in

front of the chest (chair stands); the

ability to stand with the heel of the

one foot directly in front of, and

touching the toes of, the other foot

for at least 10 s (tandem stand)

Vitamin D levels were associated with

physical performance which was poorer

in participants with levels < 10 ng/ml

and levels of 10–20 ng/ml

Mastaglia et

al. [178]

44 postmenopausal

women, age 71 ± 4 y

Walking‐speed test, standing

balance, and sit‐to‐stand tests.

Women with vitamin D levels ≥ 20 ng/ml

scored higher on the muscle function
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Author Participants Physical performance parameters

tested

Results

Lower extremity muscle strength

was determined using a manual

dynamometer

tests and had stronger knee extensor

and hip abductor muscles

Ceglia et al.

[181]

1219 males, age 4.9 ± 12.8

y

Timed walking test, chair stand

test, grip strength

No association was evident between any

physical performance test and vitamin D

levels

Matheï et al.

[182]

367 elderly males and

females, age 84.7 ± 3.6 y

old

Balance, grip strength, and gait

speed

No significant relation between vitamin

D levels and balance, gait speed and

grip strength, and serum

y, years

Table 3. Vitamin D levels and physical performance in non‐athletes.

In the elderly vitamin D deficiency has been associated with myopathy, reduced muscle mass
and strength, low exercise performance, and an increased risk of falling [163]. The rise of
vitamin D levels has been associated to improved balance [164], reduced frailty and disability
[165, 166], independence [167], and better mobility [168, 169]. Improved balance and mobility
independent of muscle function may partly explain the association of vitamin D with the
reduced risk of falls in older adults. It is well documented that the maintenance of muscle
strength and power in this population is also related with the ability to perform all types of
physical activities and therefore well‐being and functional performance. In the elderly,
mobility limitations have been defined as the self‐reported inability to walk a mile, climb stairs,
or perform heavy housework [170]. This is dependent on multiple components such as
muscles, bones, and the cardiovascular system, and vitamin D has been found to play a crucial
role in the functionality of these tissues. The impairment in any of these tissues could lead to
reduced mobility that in turn could cause accelerated functional decline and disability. Given
that both muscle strength and power are related to the functional activities in older adults [161,
171], it could be argued that assessing the potential parameters that could affect muscle
strength or power and even muscle quality would identify ways to avoid impaired mobility
and functional performance. In addition, proper cardiovascular function is essential to perform
adequately all types of activities. In this context, it could be suggested that vitamin D is
involved in the regulation of strength and power (as a product of strength) and affects the
proper cardiovascular function and also the quality of the muscles (fat infiltration in vitamin
D‐deficient state). The latter is related with vitamin D since in the deficient state, it has been
reported that there is increased fat infiltration in the muscle. This physiological mechanism is
associated with lower levels of muscle strength and physical performance, independent of
muscle mass [172]. To date, a number of organizations recognize that vitamin D is directly
related with the falls in the elderly, including the International Osteoporosis Foundation, the
Endocrine Society, and the US Preventive Services Task Force [173]. In accordance are the
observations of Gerdhem et al. [164]. The authors evaluated the association between 25‐
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hydroxyvitamin D levels (25OHD), fall‐associated variables (including tests of functional
performance), and fracture in ambulatory women. A low 25OHD was associated with lower
physical activity, gait speed, and balance. Vitamin D levels below 20 ng/ml have been associ‐
ated with an increased risk of fractures. It has been suggested that the minimum level of
25OHD required to maximize the reduction of falls and fractures appears to be in the order of
60 nmol/L. Any increases above this do not appear to have any additional beneficial effect in
lowering the risk of falling [173].

Regarding physical performance per se, several cross‐sectional studies indicate a positive
association between physical performance and serum vitamin D in the elderly. In the In‐
CHIANTI study, a representative sample of 976 persons aged 65 years or older at study baseline
was examined [174]. Physical performance was assessed. A significant association between
low levels of vitamin D and poor physical performance as assessed by the handgrip strength
test and a short physical performance battery (SPPB) test (which included ability to stand from
a chair and ability to maintain balance in progressively more challenging positions) was
documented. It was found that individuals with serum vitamin D levels < 25 nmol/L performed
worse than those with levels above 25 nmol/L. Muscle strength using a handgrip test was also
significantly greater in subjects with vitamin D levels higher than 50 nmol/L than those with
lower levels [174]. The use of grip strength as a tool is relatively straightforward to stratify
adults at risk of impaired mobility. It has been shown in elderly individuals that higher levels
of vitamin D correlated with better lower extremity muscle performance compared to age‐
matched individuals with lower levels [169]. Similar data have been shown in the Rancho
Bernardo Study cohort [175]. Likewise in a longitudinal survey of community‐dwelling
Japanese, older women showed that those with higher levels of vitamin D responded better in
a 3‐month exercise program than those with lower vitamin D levels [176].

Wicherts et al. [177] examined the association of serum 25‐hydroxyvitamin D levels to physical
performance and its decline with age. The authors reported that after adjustment for age,
gender, chronic diseases, degree of urbanization, body mass index, and alcohol consumption,
a relationship was evident between vitamin D levels and physical performance indices.
Physical performance was inferior in individuals with low vitamin D compared to age‐
matched individuals with serum 25OHD levels higher than 30 ng/ml. Thus 25OHD levels
below 20 ng/ml appear to be associated with poorer physical performance and a greater decline
in physical performance in older men and women.

In another study on elderly females aged over 65 years, the authors examined the association
between vitamin D levels and muscle function and strength. Performance was evaluated by a
walking‐speed test, standing balance, and a sit‐to‐stand test [178]. It was observed that vitamin
D levels above 50 nmol/L were related with higher levels of muscle strength. The authors also
reported that the individuals with the lowest 25OHD levels (i.e., below 20 nmol/L) had the
poorest values in strength. Stockton et al. [179], based on the observations from their meta‐
analysis, concluded that vitamin D had no significant effect on lower extremity muscle strength
except in individuals with starting serum 25OHD levels <25 nmol/L. In support to this
suggestion are the findings of Pramyothin et al. [180]. In a study performed in older Hawaiian
women of Japanese ancestry, which are known for its very low rate of falls, a high dietary intake
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in vitamin D, and a large exposure to sunlight, their mean vitamin D level was 80 nmol/L,
while no individuals were in a vitamin D‐deficient state. The authors failed to observe any
association between vitamin D levels and all the measured performance parameters, i.e.,
physical strength test (except for the quadriceps), falls, and daily activities. It was concluded
that the absence of a relationship was due to the very high level of vitamin D that these women
had at baseline. Mastaglia et al. [178] suggest that there is a limit below which vitamin D
insufficiency may affect physical performance. In agreement to this hypothesis are the findings
of a recent study [181]. The authors reported that in a population‐based sample of adult men
with a broad age range (mean age is 47 years), there was no association between serum
25(OH)D concentration and lean body mass, muscle strength, and physical function after
controlling for multiple lifestyle factors. However, only 20 % of the subjects had a vitamin D
level below 50 nmol/L. This observation is giving further support to the cause‐effect hypotheses
of “sufficient” or “insufficient” vitamin D levels on several indices on human physiology
including physical function and athletic performance. However confusing findings have been
reported by Matheï et al. [182] in elderly individuals (>80 years) with an 80 % prevalence of
vitamin D insufficiency where no correlation was evident between vitamin D levels and
physical performance, as assessed by gait speed, handgrip test, and a static balance test. The
authors suggest that this absence of association could be at least partly due to age‐related
downregulation of the VDR in muscles [182]. On the other hand, Ward et al. [161] reported
that in vitamin D‐insufficient young adolescent girls, there was a correlation between vitamin
D levels and muscle power, force, velocity, and jump height. Similarly, Foo et al. [162] found a
positive association between vitamin D serum levels and handgrip strength in a population of
301 vitamin D‐sufficient adolescent girls. However, studies in young women failed to verify
any association between vitamin D status and muscle performance, handgrip strength [183],
or any other physical performance parameter [184]. These discrepancies may be partially
explained by differences in the experimental protocols, accuracy of vitamin D serum meas‐
urements, age of the participants, muscle fitness, health state, gender, and other variables. In
summary, most published data suggest an association of vitamin D levels greater than 50 nmol/
L with muscle fitness. Vitamin D‐associated improvement of balance and mobility are
independent variables form muscle function and may partially explain the beneficial effect of
vitamin D supplementation on the rate of falls in older individuals [185].

15. Vitamin supplementation in non-athletes

Vitamin D levels in the blood are increasingly recognized as an important factor in muscular
well‐being and functional performance. As a consequence, it was speculated that vitamin D3
supplementation may exert beneficial effects on physical activity. Indeed, several major trials
have demonstrated that vitamin D supplementation lower the risk of falling (Table 4). Prince
et al. [186] in a randomized, controlled trial in Australia evaluated women with at least one
fall in a 12‐month period and with a plasma 25‐hydroxyvitamin D level <24.0 ng/mL. The
authors suggested that elderly with a history of falling and vitamin D insufficiency living in
sunny climates benefit from ergocalciferol supplementation resulting in a 19 % reduction in
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the relative risk of falling, mostly in winter. Pfeifer et al. [187] demonstrated a reduction in falls
of 27–39 % in community‐dwelling seniors supplemented with 800 IU vitamin D and calcium
daily versus calcium alone. This drop in falls was correlated with an improvement in quadri‐
ceps strength and in the timed up and go (TUG) test. Similarly, Zhu et al. [188] reported an
enhanced muscular strength and TUG test in the individuals within the lowest vitamin D
quartile. These results are consistent with another study that showed a 49 % reduction of falls
in elderly women from a geriatric ward supplemented with 800 IU per day of vitamin D [189].
Bischoff‐Ferrari et al. [189] evaluated several studies involving men and women with an
average age of 70 that vitamin D supplementation resulted in a significant 22 % decrease in
fall risk.

Study Quality Participants Intervention Parameters measured Results

Prince et

al. [186]

Double‐blind,

randomized

controlled

trial

302 community

‐dwelling

ambulant older

women, aged

70–90 y old

1000 mg/day of

calcium for 1 year

combined with 1000

IU/day of

ergocalciferol or

identical

Risk of falling Ergocalciferol

supplementation

resulted in a 19 %

reduction in the relative

risk of falling

Zhu et al.

[188]

Randomized

controlled

trial

302 community

‐dwelling

ambulant

elderly women;

mean age:

76.9 ± 4.5 y

1000 IU/day of

vitamin D2 or

identical placebo;

calcium citrate (1 g

calcium/day) in both

groups

for 1 y

Timed up and go (TUG)

test, ankle dorsiflexion,

knee flexor, knee extensor,

hip abductor, hip flexor, hip

extensor, and hip

adductor strength were

assessed

Significant ↑ in knee

flexor strength and all

hip muscle strength and

TUG in both groups.

Ankle dorsiflexion

strength significantly↓ in

both groups, no change

in knee extensor

strength after 12 months

Bunout

et al.

[191]

Randomized

double‐blind

controlled

trial

96 healthy

elderly subjects

aged > 70 y

Participants were

randomized to a

resistance training or

control group. Trained

and control groups

were further

randomized to receive

vitamin D 400 IU plus

800 mg of calcium per

day or calcium alone

for 9 months

Handgrip strength,

Isometric quadriceps

maximum voluntary

strength, endurance,

general physical fitness,

measuring the timed up

and go (TUG), short

physical performance

battery (SPPB)

Timed up and go ↑ more

in trained subjects

supplemented with

vitamin D. At the end of

the follow‐up, gait

speed was ↑ among

subjects supplemented

with vitamin D (whether

trained or not)

Bischoff

et al.

Randomized

double‐blind

controlled

122 elderly

women, mean

age = 85.15 ±

Calcium 1200 mg and

800 IU/day vitamin D

TUG test, grip a strength,

knee flexor strength, knee

↓Risk of falls and in 62

women with complete

for all strength test,
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Study Quality Participants Intervention Parameters measured Results

[192] trial 6.8 y versus calcium 1200

mg/day for 12 weeks

extensor strength, risk of

falls

there was significant ↑ in

all measured parameters

Moreira‐

Pfrimer

et al.

[193]

Randomized

double‐blind

controlled

trial

46 individuals

(11 males and

35 females), age

= 77.6 8 ± 8.2 y

6‐month period: daily

calcium + monthly

placebo or daily

calcium + oral

cholecalciferol (150,000

IU once/month the first

2 months, 90,000 IU

once/month until the

end)

Maximum isometric

strength of hip flexors

(SHF) and knee extensors

(SKE)

SHF ↑ in the calcium/

vitamin D group by 16.4 

% and SKE ↑ by 24.6 %

Pfeifer et

al. [194]

Randomized

double‐blind

controlled

trial

242 community

‐dwelling

elderly women

and men, mean

age 77 ± 4 y

1000 mg of Ca or

1000 mg of Ca plus

800 IU of vitamin D

per day for 12 months,

followed by an 8‐

month treatment‐free

observation period

Timed up and go (TUG)

test, maximum isometric

leg extensor strength

Vitamin D resulted in a

significant ↓ falls of 27 %

at month 12 and 39 % at

month 20 and in

significant ↑ and ↓in

quadriceps strength and

time to perform the TUG

test, respectively

Janssen

et al.

[196]

Randomized

double‐blind

placebo‐

controlled

trial

70 female

geriatric

patients >65 y

old

400 IU/day of

cholecalciferol + 500

mg/day of Ca or a

placebo +500 mg/day

of Ca for 6 months

Handgrip strength, leg

extension power, get up

and go (GUT) test,

modified Cooper test

No significant

improvements in

strength and physical

activity measures

Brunner

et al.

[197]

Randomized,

double‐blind,

placebo‐

controlled

trial

33,067 women

aged 50–79 y

old

1000 mg calcium

carbonate plus 400 IU

vitamin D‐3 or

matching placebo in a

regimen of two pills

per day

Grip strength, chair stand

test, timed walk test,

physical activity status,

physical function (self‐

report), physical activity

(self‐report)

No evidence of

treatment effects on

measures of any kind of

physical functioning,

activity, and strength

were observed

Gupta et

al. [200]

Randomized,

double‐blind,

placebo‐

controlled

trial

40 healthy

males and

females, age

31.5 ± 5.0 y

60,000 IU of vitamin

D3/w for 8 weeks

followed by 60,000

IU/m for 4 months

with 1 g of Ca daily or

dual placebos for 6

months

Handgrip and gastro‐

soleus dynamometry,

pinch‐grip strength,

respiratory pressures,

6 min walk test

All measured physical

performance parameters

↑ significantly in the

treatment group
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Study Quality Participants Intervention Parameters measured Results
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Study Quality Participants Intervention Parameters measured Results

Owens et

al. [201]

Placebo‐

controlled

trial

29 male

participants,

mean age =

22.7 ± 3 y

Oral dose of 10,000

IU/day vitamin D3 or

a visually identical

placebo for 3 months

Lower limb muscle

function, isokinetic torque,

percutaneous isometric

electromyostimulation

No significant changes

in any of the measured

performance indices

y, years; ↑, increase; ↓, decrease

Table 4. Vitamin supplementation in nonathletic population.

Recent studies on elderly populations support the data regarding the beneficial effect of
vitamin D supplementation on neuromuscular performance improving strength [9] and
force production [190]. Furthermore, a significant linear association between vitamin D levels
and muscular strength, body sway, and physical performance is evident [106, 191, 192]. In
addition, Moreira‐Pfrimer et al. [193] reported that vitamin D supplementation results in
improved isometric muscle strength following a 6‐month supplementation of daily cholecal‐
ciferol resulting in an increase of strength of hip flexors (SHF) and strength of knee exten‐
sors (SKE).

In addition to the strength of lower extremities, upper extremity strength also benefits from
vitamin D supplementation. However, regarding grip strength, a tool that is relatively
straightforward to stratify adults at risk of impaired mobility, the results are confusing. In a
recent review of the literature, it was reported that grip strength does not seem to respond to
vitamin D supplementation in males [194]. The failure to observe any association between grip
strength in the male population is in agreement with others. Effects of vitamin D treatment on
handgrip strength have been evaluated in several studies, none of them showing significant
effects in contrast to women [191, 194–197]. This could be related with the gender of the
participants in the studies. A recent research suggests that there are gender differences in the
vitamin D that affect functional performance [198].

In an attempt to examine the effects of vitamin D supplementation concomitantly with
resistance training, Agergaard et al. [61] performed a study in young and elderly untrained
males. The participants of this study were randomized to a daily supplementation of vitamin
D plus calcium or just calcium for a period of 16 weeks. The study took place during a period
and at latitude of low sunlight (December–April, 56°N). All individuals followed a progressive
resistance training program of the quadriceps muscle during the last 12 weeks of the study.
Measurements of muscle hypertrophy (defined as changes in CSA) and quadriceps isometric
strength levels were performed. Muscle biopsies were analyzed for fiber type morphology,
expression of VDR, and Myostatin [61]. The authors failed to observe any difference between
the groups in quadriceps CSA and isometric strength despite the observed increase in strength
that was evident in both groups compared to baseline. Vitamin D intake and strength training
increased both strength and CSA in elderly individuals compared to the young group. In the
young vitamin D group, the authors observed that the experimental period resulted in an
increase in fiber type IIa percentage and a lower Myostatin mRNA expression compared to
the control group. No additive effect of vitamin D intake during 12 weeks of resistance training
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could be detected on either whole muscle hypertrophy or muscle strength. The authors
attributed this lack of response to vitamin D supplementation to the fact that the participants
in their study were vitamin D sufficient, compared to the findings of studies that have observed
enhanced performance to vitamin D supplementation that have employed individuals in a
deficient state [191–193, 196, 199, 200]. They suggest that the muscular performance benefits
may be relevant only for individuals with vitamin D deficiency. However, a recent study using
insufficient young males failed to report improvements to performance via vitamin D treat‐
ment [201]. The authors observed that despite the elevation in vitamin D levels (>120 nmol/L),
no effect was observed in performance parameters (muscle strength evaluated by isokinetic
dynamometry and percutaneous isometric electromyostimulation). The latter study suggests
that other parameters apart from vitamin D levels are responsible for the effect on performance
such as age, type of vitamin D that was given, period of supplementation, and amount of
supplementation.

A recent review of the literature which included controlled and randomized controlled trials
that have measured muscle strength and serum vitamin concentration in 18–40‐year‐old
participants reported that the outcome of the available evidence is that vitamin D supplemen‐
tation increases upper and lower limb strength in young and healthy individuals [200, 200,
202]. However, this increase seems to be dependent on the supplementation treatment
employed. According to Tomlinson et al. [202], studies that have reported individual signifi‐
cant increases in muscle strength employed a total dosage of between 60,000 and 14,000 IU
vitamin D/week over 6–4 months. Another study prescribed a daily dose of 2000 IU vitamin
D as per previously published systematic reviews which suggested that daily dosages are more
beneficial than larger, staggered doses. However, adding to the contradiction, Gupta et al.
[200], who also reported significant results, used a large, weekly dose of vitamin D, 60,000 IU
D3/week for the first 8 weeks followed by 60,000 IU/month for 4 months. The findings of these
studies contradict previous evidence that suggested larger weekly, monthly, or one‐off doses
of vitamin D are not as effective in producing an improvement in muscular strength. According
to Tomlinson et al. [202], the inconsistencies in the literature are partly the result of different
dosages of vitamin D and different treatment regimens.

16. Vitamin D levels, Athletes, and exercise performance

The first evidence regarding the possible association between vitamin D and performance
comes from early studies [41]. It have been reported that cardiovascular fitness, muscle
endurance, and speed were enhanced after exposure to ultraviolet radiation [41].

To date there is a growing number of evidence (Table 5) to support the association between
this secosteroid and exercise performance indices in athletic and physically active populations.
A recent study from our laboratory [28] reported a linear relationship between vitamin D levels
and muscle strength as evaluated by squat jump (SJ) and countermovement jump (CMJ),
sprinting ability (10 m and 20 m), and VO2max in non‐supplemented professional soccer players.
Our results are comparable with others showing that vitamin D levels are related with
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comes from early studies [41]. It have been reported that cardiovascular fitness, muscle
endurance, and speed were enhanced after exposure to ultraviolet radiation [41].

To date there is a growing number of evidence (Table 5) to support the association between
this secosteroid and exercise performance indices in athletic and physically active populations.
A recent study from our laboratory [28] reported a linear relationship between vitamin D levels
and muscle strength as evaluated by squat jump (SJ) and countermovement jump (CMJ),
sprinting ability (10 m and 20 m), and VO2max in non‐supplemented professional soccer players.
Our results are comparable with others showing that vitamin D levels are related with
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neuromuscular performance capacity and aerobic endurance in young physically active
individuals and athletes [202–205]. However, these findings are not universal. Others have
failed to find an association between exercise performance and vitamin D levels [206]. Vitamin
D status was not associated with grip strength or swimming performance in adolescent
swimmers [207] nor with isokinetic peak torque during knee flexion and extension after
adjusting for total body mass and lean mass in Qatar soccer players [208]. Hamilton et al. [208]
reported that vitamin D levels were not related with lower limb isokinetic muscle function in
soccer players. According to the authors, the lack of an association was most probably a result
of the different modes of exercise used in their study. They hypothesized that vitamin D could
preferentially affect muscle groups that were not evaluated in the study. In this study, soccer
players with vitamin D levels <50 nmol/L exhibited significantly lower torque in hamstring
and quadriceps muscle groups, suggesting that low vitamin D levels are associated with
impaired muscular function during exercise. However, no association was observed between
performance and vitamin D levels in hockey players [206]. Indeed, low explosive strength
during jumping was not associated with vitamin D levels neither status nor power production
during the Wingate anaerobic test [206].

Study No. of
participants

Sport Study loca-
tion/period

Parameters
measured

Results

Koundourakis
et al. [28]

67 male
professional
players, age 25.6
± 6.2 y

Soccer 6‐week off‐
season
transition
period, June–
July, 35.9°N
latitude

Squat jump (SJ),
countermovement jump
(CMJ), 10m sprint, 20 m
sprint, maximal oxygen
consumption (VO2max)

Significant associations
between vitamin D
levels and all the
measured performance
indices

Fitzgerald et al.
[206]

53 junior and
collegiate male ice
hockey players, age
20.1 ± 1.5 y

Hockey Off‐season
period, 44.9°N
latitude

Grip strength, Wingate
anaerobic test, squat jump
(SJ)

Significant associations
between vitamin D
levels and grip
strength, time to half
peak force but not
Wingate test and SJ

Forney et al.
[205]

39 males and
females, physically
active individuals,
age 23.26 ± 0.7 y

Various
types of
physical
activity

July and
September,
30.46°N
latitude

Maximal oxygen
consumption (VO2max),
Wingate test, vertical and
horizontal jump, sit and
reach test, maximum
muscle strength of bench
press, leg curl, leg extension,
upright row, bicep curl,
triceps pushdown

Significant positive
associations between
vitamin D levels and
VO2max, but not for any
measures of strength
and power

Dubnov‐Raz
et al. [207]

80 competitive
adolescent
swimmers from
both sexes, age 14
± 1.6 y

Swimming Israel, located
between
latitudes
32.40°N and
31.55°N

Grip strength, balance, and
swimming performance at
several speeds

No significant
associations between
vitamin D levels and
any measures of
performance

y, years

Table 5. Vitamin D levels and athletes.
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Regarding VO2max and aerobic capacity, evidence from large epidemiologic cross‐sectional
investigations indicate that 25(OH)D concentration is associated with cardiovascular fitness.
Mowry et al. [204] found a positive correlation between baseline cardiorespiratory fitness
VO2max and serum 25(OH)D levels in 16‐ to 24‐year‐old healthy women. Similarly, Ardestani
et al. [209] reported that there was evident a strong association between 25(OH)D levels and
VO2max in men and women (20–73 years old) over a broad range of 25(OH)D levels (10–82 ng/
mL). Interestingly, this correlation was also evident in subjects with low levels of physical
activity after adjusting for age, gender, BMI, and moderate to vigorous physical activity. Early
studies have shown that exposed to sun athletes showed improved aerobic fitness compared
to controls [28]. A recent study in professional soccer players reported that VO2max was
significantly related to vitamin D status [28]. Similar findings were reported in young physi‐
cally active individuals [205]. The authors also reported that the individuals who had 25OHD
levels above the recommended limit of 35 ng/mL, which was used as a cut‐off value indicating
vitamin D sufficiently in their study, were found to have significantly higher VO2max values
(20 %) than individuals below this cut‐off point. On the contrary, it was reported that vitamin
D status was not associated with neither the VO2peak, as a measure of cardiorespiratory fitness,
nor the end stage completed during a skating treadmill GXT in junior and collegiate male
hockey players [206]. The authors suggested that these findings could be the result of the fact
that none of their players were vitamin D deficient. According to Wilson et al. [210], worsening
in aerobic capacity could result only as in vitamin D‐deficient individuals. In the study by
Fitzgerald et al. [206], the authors reported that although 37.7 % of their athletes had insufficient
25(OH)D levels, levels at the deficiency range are necessary for a compromise of cardiovascular
fitness to ensue.

17. Vitamin D supplementation and athletes

Few published studies have reported that vitamin D supplementation benefits neuromuscular
and aerobic performance capacity (Table 6). Indeed, a randomized placebo‐controlled study
examined the effects of vitamin D3 supplementation (5000 IU per day) for 8 weeks on mus‐
culoskeletal performance [211] in highly trained male professional soccer players. Approxi‐
mately 62 % of the athletes on supplementation and 73 % of the controls exhibited serum total
25(OH)D < prior to treatment at 50 nmol/L. Vitamin D supplementation increased serum total
25(OH)D from a mean baseline of 29–103 nmol/L, whereas the placebo group showed no
significant change. The authors found that vitamin D supplementation increased 10 m sprint
time and vertical jump compared to the placebo group. Similar data were found in another
study where athletes living at northerly latitudes (the United Kingdom = 53°N) had low
vitamin D levels (<50 nmol/L). Additionally these data suggest that inadequate vitamin D
levels are detrimental to musculoskeletal performance in athletes, while supplementation may
increase both sprinting capacity and jumping ability of the soccer players. In support to these
findings, Wyon et al. [212] reported enhanced neuromuscular performance in a different type
of athletic population, i.e., in elite classical ballet dancers in a study which employed a 4‐month
oral supplementation of vitamin D3. Isometric muscular strength and vertical jump height
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were measured pre‐ and post intervention. A significant increase of isometric strength (18.7 
%) and vertical jump (7.1 %) was observed. The intervention group also sustained significantly
less injuries than the controls during the study period. In agreement with these data are the
findings of another study from the same group [213]. The authors examined the acute effects
of vitamin D supplementation on muscle function using isokinetic dynamometry. White adult
male national‐level judoka athletes who were involved in full‐time training participated in the
study and were randomly allocated to the treatment (150,000 IU vitamin D3) or placebo and
given blinded supplements by an independent researcher. Participants were tested twice, 8
days apart, on a Monday morning before the start of judo training and after 2 days of rest. A
5–7 mL of blood sample was collected followed by isokinetic concentric quadriceps and
hamstring. The treatment group had a significant increase in serum 25(OH)D3 levels (34 %)
and muscle strength (13 %). However, other studies were unable to document any benefit
following vitamin D supplementation in athletes with adequate or moderately deficient levels
of vitamin D prior to supplementation. Close et al. [214] examined the effects of vitamin D3
supplementation on serum 25[OH]D concentrations and on several exercise performance
indices in club‐level athletes. Participants were randomized into those receiving placebo,
20,000 or 40,000 IU per week of oral vitamin D3 for a 12‐week period. At baseline 57 % of the
participants were found to be almost vitamin D deficient (mean 51 nmol/L). In the two
supplementation groups, the following 6‐week and 12‐week period either with 20,000 IU
vitamin D levels increased to 79 and 85 nmol/l, respectively, or with 40,000 IU vitamin D3 to
98 and 91 nmol/l, respectively. Despite the different supplementation dosages, all individuals
managed to reach levels greater than the suggested deficiency limit of 50 nmol/l. However,
despite the observed increase in vitamin D serum levels, neither group exhibited an improve‐
ment of their exercise performance compared to controls [214]. The inability of the authors to
document any beneficial effect of vitamin D on athletic performance may be due the fact that
the participants of their study were not vitamin D deficient. It has been shown that the
beneficial effects of vitamin D supplementation take place in individuals with significant
vitamin D deficiency [158]. The lack of any beneficial effect of vitamin D supplementation was
also reported in another study involving football players [215]. A placebo group and one
receiving 5000 IU/day of vitamin D were examined. Both groups followed the same high‐
intensity training regime and had total work, sprint performance (5, 10, 20, 30 m), and jumping
ability (squat jump and countermovement jump) measured. No significant differences were
evident at baseline between the two groups for any of the measured parameters. The authors
reported that although all examined performance indices, apart from the 30 m sprint value,
were significantly higher as a result of the high‐intensity interval training regime, the mean
change scores (obtained values at the end of the study minus those of baseline) did not differ
significantly between the two groups, an outcome suggesting that vitamin D supplementation
did not had any beneficial effect. It should be noted here that the baseline vitamin D levels of
the majority soccer players in this study were deficient. Therefore the proposed mechanism
by Dahlquist et al. [158] was not applicable in this study. The authors suggest that other factors
apart of vitamin D levels play a pivotal role including their initial training status. It is true
though that the studies evaluating the effects of vitamin D supplementation on aerobic capacity
in athletes are few and between. Jastrzebski et al. [216] have examined the effects of vitamin
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D supplementation on VO2max. The treatment group was composed of 14 elite lightweight
rowers having sufficient 25(OH)D concentrations (>30 ng/mL). They were put under vitamin
D supplementation of 6000 IU per day for an 8‐week period. The authors found a significant
increase in VO2max following vitamin D supplementation. Thus, it was concluded that 8 weeks
of vitamin D supplementation during the training cycle of the same period of time resulted in
enhanced aerobic metabolism in this type of athletes. However, since this is the only study that
has examined vitamin D supplementation in athletes, these results cannot be generalized to
all sporting disciplines. Furthermore, the low sample size of the study is another limiting factor
regarding these findings.

Study Quality Sports Participants Intervention Parameters measured Results

Close et al.
[211]

Placebo‐
controlled
trial

Soccer 11 male soccer
players, age =
18 ± 5 y

8 weeks,
supplementation of
5000 IU/day of vitamin
D3 or a cellulose
placebo

1RM bench press and
back squat, 10 m and
30m sprint, Illinois
agility test, vertical
jump

Significant ↑ in
vertical jump
height, 10m sprint
times, and a trend
for ↑ bench press
and back squat
1RM

Wyon et al.
[212]

Controlled
trial

Ballet 24 elite male
and female
classical ballet
dancers, age 28
± 3.85 y

4‐month
supplementation of
vitamin D3 (2000 IU
per day)

Isometric muscular
strength and vertical
jump height

Significant ↑ in
isometric
muscular strength
and vertical jump
height

Wyon et al.
[213]

Randomized
controlled
double‐blind
trial

Judoka 22 white male
national‐level
judoka athletes.
27.5± 4 y

Acute effects, 1 week,
one single dose of 150
000 IU vitamin D3 or
placebo

Isokinetic concentric
quadriceps, hamstring
muscle strength

Significant ↑ in all
measured
strength‐related
indices

Close et al.
[214]

Randomized
controlled
trial

Various
sports

30 club‐level
athletes

Three groups receiving
a placebo (PLB) either
20,000 or 40,000 IU/
week of oral vitamin
D3 for 12 weeks

RM bench press, leg
press, vertical jump
height

Neither dose
given for 12
weeks improved
the examined
measures of
physical
performance

Jastrzebski,
[216]

Randomized
controlled
trial

Rowing 14 elite
lightweight
rowers

8 weeks of 6000 IU/day
of vitamin D3 in
sufficient athletes
(>30 ng/mL)

Maximal oxygen
consumption (VO2max)

Significant ↑ in
VO2max

Jastrzębska
et al. [215]

Controlled
trial

Soccer 36 young soccer
players, age:
17.5 ± 0.6 y

Treatment: around
5000 IU/day
placebo— sunflower
oil

Wingate test. 5, 10, 20,
and 30 m sprint, squat
jump (SJ),
countermovement
jump (CMJ)

No significant
difference in any
of the measured
exercise
performance
parameters

y, years; ↑, increase

Table 6. Vitamin D supplementation and athletes.
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of vitamin D supplementation during the training cycle of the same period of time resulted in
enhanced aerobic metabolism in this type of athletes. However, since this is the only study that
has examined vitamin D supplementation in athletes, these results cannot be generalized to
all sporting disciplines. Furthermore, the low sample size of the study is another limiting factor
regarding these findings.

Study Quality Sports Participants Intervention Parameters measured Results

Close et al.
[211]

Placebo‐
controlled
trial

Soccer 11 male soccer
players, age =
18 ± 5 y

8 weeks,
supplementation of
5000 IU/day of vitamin
D3 or a cellulose
placebo

1RM bench press and
back squat, 10 m and
30m sprint, Illinois
agility test, vertical
jump

Significant ↑ in
vertical jump
height, 10m sprint
times, and a trend
for ↑ bench press
and back squat
1RM

Wyon et al.
[212]

Controlled
trial

Ballet 24 elite male
and female
classical ballet
dancers, age 28
± 3.85 y

4‐month
supplementation of
vitamin D3 (2000 IU
per day)

Isometric muscular
strength and vertical
jump height

Significant ↑ in
isometric
muscular strength
and vertical jump
height

Wyon et al.
[213]

Randomized
controlled
double‐blind
trial

Judoka 22 white male
national‐level
judoka athletes.
27.5± 4 y

Acute effects, 1 week,
one single dose of 150
000 IU vitamin D3 or
placebo

Isokinetic concentric
quadriceps, hamstring
muscle strength

Significant ↑ in all
measured
strength‐related
indices

Close et al.
[214]

Randomized
controlled
trial

Various
sports

30 club‐level
athletes

Three groups receiving
a placebo (PLB) either
20,000 or 40,000 IU/
week of oral vitamin
D3 for 12 weeks

RM bench press, leg
press, vertical jump
height

Neither dose
given for 12
weeks improved
the examined
measures of
physical
performance

Jastrzebski,
[216]

Randomized
controlled
trial

Rowing 14 elite
lightweight
rowers

8 weeks of 6000 IU/day
of vitamin D3 in
sufficient athletes
(>30 ng/mL)

Maximal oxygen
consumption (VO2max)

Significant ↑ in
VO2max

Jastrzębska
et al. [215]

Controlled
trial

Soccer 36 young soccer
players, age:
17.5 ± 0.6 y

Treatment: around
5000 IU/day
placebo— sunflower
oil

Wingate test. 5, 10, 20,
and 30 m sprint, squat
jump (SJ),
countermovement
jump (CMJ)

No significant
difference in any
of the measured
exercise
performance
parameters

y, years; ↑, increase

Table 6. Vitamin D supplementation and athletes.
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18. Conclusion

This chapter describes the role of vitamin D in athletic performance. It describes the effect of
vitamin D in several systems involved in exercise performance and physical activity in both
athletes and non‐athletes.

Vitamin D undoubtedly has a key role in the osseous health of both athletes and non‐athletes.
A growing body of evidence suggests that vitamin D is strongly related with the cardiovas‐
cular, immune, and neuromuscular systems. It is now clear that vitamin D plays an important
role in the ability to perform efficiently during the normal daily activities, while its deficiency
may result in poorer exercise performance. It should be mentioned that the vast majority form
the evidence regarding vitamin D and exercise come from non‐athletes. A growing number of
studies have suggested that vitamin D exerts a beneficial effect on exercise performance,
particularly in older adults and those with lower levels of circulating vitamin D. Regarding
the optimum levels of vitamin D, the current evidence suggests that value levels above 30 ng/
mL are needed. The majority of the vitamin D supplementation studies indicate that it may
beneficially affect physical activity, frailty, muscular tone, stability, mobility in the elderly, and
performance in physically active individuals or athletes only when pretreatment levels are
within the insufficiency range (<30 ng/ml). Specifically for athletes, although the results of
performance trials are not yet convincing enough to support vitamin D as a direct performance
enhancer, obtaining optimal 25(OH)D levels can reduce the risk of debilitating musculoskeletal
injury, and due to the active role in muscle, resolution of vitamin D insufficiency has the
potential to impact performance.
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Abstract

The data described in this chapter consider some new information about the benefits of
vitamin D3 comparing the results obtained by the authors on the effects of vitamin D3

during oxidative stress with other works available in the literature. In particular, vitamin
D3  can  induce  a  concentration-dependent  increase  in  endothelial  NO  production
through eNOS activation consequential to the phosphorylation of p38, AKT, and ERK.
Additional information obtained by the author is about the ability of vitamin D3 to
prevent the endothelial cell death through modulation of interplay between apoptosis
and autophagy.  This  effect  is  obtained by inhibiting  superoxide  anion generation,
maintaining mitochondria function and cell viability, activating survival kinases (ERK
and Akt), and inducing NO production. The results also describe that vitamin D3 causes
human endothelial  cell  proliferation  and  migration  in  a  3-D matrix  through  NO-
dependent mechanisms. These findings support the role of vitamin D3 in the human
angiogenic process, suggesting new applications for vitamin D3 in tissue repair and
wound healing. Finally, that the authors have demonstrated the ability of vitamin D3 to
counteract negative effects of oxidative stress in brain cells. These data suggest the
potential therapeutic use of vitamin D to treat or prevent degenerative brain diseases.

Keywords: active vitamin D, extraskeletal function, oxidative stress, endothelial cells,
neuronal cells

1. Introduction

Vitamin D, discovered as an essential nutrient for the prevention of rickets, is required for
optimal absorption of dietary calcium and phosphate [1]. Vitamin D plays an essential role
in  calcium  and  phosphate  metabolism  and  maintains  mineral  homeostasis  to  ensure
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metabolic functions and bone mineralization. The calcium requirement of the organism is
firstly  satisfied  by  dietary  calcium  intake  and,  when  this  is  not  sufficient,  by  calcium
mobilization from bone and renal reabsorption. Classical vitamin D–responsive tissues are
bones, intestine, kidney, and parathyroid glands [1–3] and in this case, vitamin D induces
skeletal effects. In addition many other organs respond to vitamin D, such as prostate, breast,
immune cells, skeletal muscle, cardiac tissue, parathyroid glands, skin, and brain; all these
organs express vitamin D receptor (VDR) and the enzyme 1α-hydroxylase and vitamin D
exert extraskeletal  effects [4].  Vitamin D exerts its  activity through two mechanisms: the
hormone signaling, in which the biologically active form reaches target cells through the
bloodstream; and the autocrine/paracrine signaling, in which locally produced-vitamin D3

affects the surrounding cells [5].

A variety of research results from recent years have shown that vitamin D in its hormonally
active form, 1α,25-dihydroxyvitamin D [1α,25(OH)2D; calcitriol] is not only a regulator of
calcium and phosphate homeostasis, but has numerous extraskeletal effects. These include the
significant impact of the vitamin D hormone on the cardiovascular system, central nervous
system, endocrine system, and immune system as well as on cell differentiation and cell
growth [4]. The term “vitamin D” refers to two different forms playing an important role in
humans: vitamin D2 (ergocalciferol), which is made in some plants but largely in fungi [6],
and vitamin D3 (cholecalciferol), which is made by human skin when exposed to sunlight via
the UV irradiation of 7-dehydrocholesterol [6]. This photo-production is influenced by several
factors including ethnicity (skin pigmentation), UV exposure (latitude, season, use of
sunscreens, and clothing), and age. All these factors may reduce the ability to synthesize the
bioactive form of vitamin D. Moreover, low outdoor activity and unhealthy lifestyle habits are
also cause for a scarce vitamin D3 production. Conversely, excessive exposure to sunlight
degrades pre-vitamin D and vitamin D3 into inactive photoproducts. Many organs participate
in the synthesis of the bioactive form of vitamin D [7, 8]. Vitamin D3 needs two hydroxylation
steps in liver and kidney for its activation. The final product, hormonally active 1α,25-
dihydroxyvitamin D3 (calcitriol), arrives via the circulation to its target tissues and acts in a
genomic or nongenomic manner [9].

All genomic actions of vitamin D are mediated by the VDR. VDR is a transcription factor and
a member of the steroid hormone nuclear receptor family. VDR binding to its vitamin D
response elements (VDREs) causes the recruitment of coregulatory complexes required for its
genomic activity. These complexes can be both gene and cell specific, enabling the selectivity
of vitamin D3 action from cell type to cell type [8]. The profile of VDR binding sites and genes
activated by vitamin D3 varies from cell to cell with some albeit far from total overlap especially
when results with different time durations of vitamin D3 exposure are compared [10]. More-
over, these VDR binding sites can be anywhere in the genome, often many thousands of base
pairs away from the gene to be regulated. Generally, these sites are associated with binding
sites for other transcription factors [11, 12].

Vitamin D3 is also able to activate very rapid nongenomic mechanisms [8], lasting from seconds
to 10 minutes [13]. This mechanism involves signal transduction pathways including activation
of adenylyl cyclase-cAMP-protein kinase A and phospholipase C-diacylglycerol-inositol
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(1,4,5)-trisphosphate-protein kinase C signal transduction pathways [14]. Particularly, the
second messengers Raf (rapidly accelerated fibrosarcoma)/MAPK play an important role
because they may engage in cross-talk with the nucleus to modulate gene expression [13]. This
firstly identified nongenomic activation is associated with the rapid stimulation of intestinal
calcium transport called “transcaltachia” [15]. Successively, this effect was identified in the
chondrocytes of the bone growth plate [15] and in keratinocytes of the skin [16]. Identification
of the receptor for vitamin D3 has focused on the VDR itself albeit in a different configuration
to identify agonists able to induce nongenomic effects [17]. Interaction between vitamin D3 and
membrane-associated rapid response steroid binding protein (MARRS) has been studied as
well. These receptors are located in the membrane within caveolae/lipid rafts [18] where they
are poised to activate kinases, phosphatases, and ion channels.

The aim of this paper is to illustrate the most recent findings about the role of vitamin D3 as a
potent regulator of oxidative pathways.

2. Relevant extraskeletal applications

In a recent study, Berridge suggests the idea that vitamin D plays a crucial activity in keeping
the integrity of cell signaling pathways coining the term of “custodian of phenotypic stability”
[19]. The hypothesis supported is that a loss of this integrity could be explained by vitamin D
deficiency, and this represents a risk factor for different diseases. This role assigned to vitamin
D may depend on the regulation of the expression of nuclear factors involved both in physio-
logical control of ROS and in calcium signaling [19]. The hormonally active form of vitamin
D, 1α25(OH)2D3, influences the expression of various genes, whose products not only are
involved in the control of calcium and phosphate homeostasis, but are also able to interact with
a wide range of organs and target tissues different from those involved in calcium metabolism
[20]. Most experimental studies and meta-analysis showing a large amount of information
concluded that vitamin D supplementation is associated with a decrease in total mortality [21].
In effect, vitamin D3 is involved in a fine balance among organs and tissues that contributes to
the maintenance of the homeostasis of the human organism. For example, an important
function of vitamin D3 is to maintain normal parathyroid status, preventing proliferation of
parathyroid gland cells. Patients with renal failure-dependent vitamin D3 deficiency, in
presence of adequate calcium levels, may be affected by parathyroid hypertrophy with
consequent secondary hyperparathyroidism [22]. Moreover, vitamin D3 acts as a negative
endocrine regulator of the renin-angiotensin system. It enters the bloodstream and downre-
gulates renin production and stimulates insulin secretion from β-cells of the pancreatic islets
[1, 3]. Vitamin D3 is thought to possess positive effects on muscles, affecting the calcium
handling in the cells and promoting de novo protein synthesis. Vitamin D3 maintains calcium
balance in cultured muscle cells initially via inositol triphosphate induced-rapid ion release
from the sarcoplasmic reticulum and then through ion channels that allows calcium influx
from the extracellular compartment. Recently, vitamin D3 deficiency has been connected with
sarcopenia (age-related loss of muscle mass) mainly of type II skeletal muscle fibers. Vitamin
D supplementation reduces incidence of fractures, actually decreasing the number of falling
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[4, 7]. Sarcopenia was initially defined as “disease of the elderly” and a degenerative conse-
quence of ageing, but successively it can be also diagnosed at younger age [23]. Except for
ageing, risk factors for sarcopenia include female gender, low physical activity, low protein
intake, and vitamin D deficiency in both older and younger populations [23, 24]. Vitamin D
levels decline with age and cutaneous vitamin D levels are up to four times lower in older than
in younger individuals [25, 26]. Low vitamin D levels result in atrophy predominantly of the
type 2 muscle fibers and it has been associated with an increase in sarcopenia [27]. Finally, the
serum level of calcitriol is different in younger and elder people and it is related to incidence
of sarcopenia.

Vitamin D3 is a potent immunomodulator. For example, after a skin lesion, keratinocytes that
compose the mucocutaneous barrier upregulate VDR and 1α-hydroxylase expression in order
to improve immune defenses. Monocytes and macrophages act in the same way after a
Mycobacterium tuberculosis infection or exposure to lipopolysaccharides. An increased
cathelicidin and α-defensin 2 production results in all cases and these two proteins could
display their antimicrobial effects, promoting innate immunity. It has been hypothesized that
monocytes or macrophages may also release self-produced-vitamin D3 to act locally on
activated T and B lymphocytes, which are able to regulate cytokine and immunoglobulin
synthesis, respectively [3, 28]. The large number of effects of vitamin D3 regulating the immune
system plays a very important role in fighting infectious diseases [29]. Vitamin D3 enhances
the innate immunity against various infections [30], especially tuberculosis, influenza, and
viral upper respiratory tract infections [29]. Evidence exists about the potential antimicrobial
activity of vitamin D and its deficiency has deleterious effects on general well-being and
longevity. Vitamin D reduces the risk of infection in different manner: by modulating produc-
tion of antimicrobial peptides, by regulating local immune and immunoinflammatory
response, and by enhancing clearance of invading organisms. In addition, vitamin D consti-
tutes an inexpensive prophylactic option and possibly a therapeutic product either by itself or
as a synergic agent to the traditional drugs [31]. Ecological studies have shown that the
prevalence of certain autoimmune diseases was associated with latitude, suggesting a potential
role of sunlight exposure, and consequently vitamin D3 production, on the pathogenesis of
type 1 diabetes mellitus, multiple sclerosis and Crohn’s disease. The increased prevalence at
higher latitudes has been shown for multiple sclerosis (MS), inflammatory bowel disease,
rheumatoid arthritis, and type 1 diabetes [32–36]. In children with asthma, vitamin D levels
also seem to correlate positively with asthma control and lung function, and inversely with
corticosteroid use [37–39].

Many experimental data show that calcitriol stimulates apoptosis and differentiation and
inhibits angiogenesis and proliferation in tumor cells. Numerous association studies suggest
that serum vitamin D levels are inversely associated with the risk of many types of cancer.
Furthermore, in some studies of patients with cancer, an association between low vitamin D
levels and poor prognosis has been observed [40–42]. In breast, colon, and prostate cancer,
vitamin D3-VDR complex could arrest cell cycle in the G1-G0 transition, inducing p21 and p27
synthesis and/or stabilization, blocking cell growth and promoting cell differentiation. In TGF-
α/EGFR-dependent tumor, vitamin D3 can inhibit the growth inducing the recruitment of the

A Critical Evaluation of Vitamin D - Basic Overview50



[4, 7]. Sarcopenia was initially defined as “disease of the elderly” and a degenerative conse-
quence of ageing, but successively it can be also diagnosed at younger age [23]. Except for
ageing, risk factors for sarcopenia include female gender, low physical activity, low protein
intake, and vitamin D deficiency in both older and younger populations [23, 24]. Vitamin D
levels decline with age and cutaneous vitamin D levels are up to four times lower in older than
in younger individuals [25, 26]. Low vitamin D levels result in atrophy predominantly of the
type 2 muscle fibers and it has been associated with an increase in sarcopenia [27]. Finally, the
serum level of calcitriol is different in younger and elder people and it is related to incidence
of sarcopenia.

Vitamin D3 is a potent immunomodulator. For example, after a skin lesion, keratinocytes that
compose the mucocutaneous barrier upregulate VDR and 1α-hydroxylase expression in order
to improve immune defenses. Monocytes and macrophages act in the same way after a
Mycobacterium tuberculosis infection or exposure to lipopolysaccharides. An increased
cathelicidin and α-defensin 2 production results in all cases and these two proteins could
display their antimicrobial effects, promoting innate immunity. It has been hypothesized that
monocytes or macrophages may also release self-produced-vitamin D3 to act locally on
activated T and B lymphocytes, which are able to regulate cytokine and immunoglobulin
synthesis, respectively [3, 28]. The large number of effects of vitamin D3 regulating the immune
system plays a very important role in fighting infectious diseases [29]. Vitamin D3 enhances
the innate immunity against various infections [30], especially tuberculosis, influenza, and
viral upper respiratory tract infections [29]. Evidence exists about the potential antimicrobial
activity of vitamin D and its deficiency has deleterious effects on general well-being and
longevity. Vitamin D reduces the risk of infection in different manner: by modulating produc-
tion of antimicrobial peptides, by regulating local immune and immunoinflammatory
response, and by enhancing clearance of invading organisms. In addition, vitamin D consti-
tutes an inexpensive prophylactic option and possibly a therapeutic product either by itself or
as a synergic agent to the traditional drugs [31]. Ecological studies have shown that the
prevalence of certain autoimmune diseases was associated with latitude, suggesting a potential
role of sunlight exposure, and consequently vitamin D3 production, on the pathogenesis of
type 1 diabetes mellitus, multiple sclerosis and Crohn’s disease. The increased prevalence at
higher latitudes has been shown for multiple sclerosis (MS), inflammatory bowel disease,
rheumatoid arthritis, and type 1 diabetes [32–36]. In children with asthma, vitamin D levels
also seem to correlate positively with asthma control and lung function, and inversely with
corticosteroid use [37–39].

Many experimental data show that calcitriol stimulates apoptosis and differentiation and
inhibits angiogenesis and proliferation in tumor cells. Numerous association studies suggest
that serum vitamin D levels are inversely associated with the risk of many types of cancer.
Furthermore, in some studies of patients with cancer, an association between low vitamin D
levels and poor prognosis has been observed [40–42]. In breast, colon, and prostate cancer,
vitamin D3-VDR complex could arrest cell cycle in the G1-G0 transition, inducing p21 and p27
synthesis and/or stabilization, blocking cell growth and promoting cell differentiation. In TGF-
α/EGFR-dependent tumor, vitamin D3 can inhibit the growth inducing the recruitment of the

A Critical Evaluation of Vitamin D - Basic Overview50

activated receptor into early endosomes, and reducing growth signaling [21]. In monocytes
and osteoblast culture, it seems that the biologically active form of vitamin D3 could enhance
the expression of a suppressor of the oncogenic cyclin D1 and C/EBPβ. Moreover, vitamin D3

is able to regulate apoptosis. It could induce this process, like in breast cancer cells for example,
where it may modulate Bcl2 and Bax contents. However, it could also show antiapoptotic
effects, essential in normal tissue development and function. For instance, it protects kerati-
nocytes from UV-irradiation or chemotherapy-induced apoptosis and melanocytes from TNF-
α-mediated apoptosis. In normal keratinocytes, vitamin D3 induces cell differentiation and
maintains a calcium gradient necessary for the integrity of the permeability barrier of the skin.
Vitamin D3 represses tumor invasion and metastasis reducing matrix metalloproteinase
activity (MMP) and enhancing the expression of molecules with adhesive properties such as
E-cadherin [43]. However, calcitriol is a multifunctional steroid hormone able to regulate
signaling pathways related to cancer development and progression. In preclinical studies, it
was shown that vitamin D can promote cell differentiation and inhibit proliferation, angio-
genesis, and cell migration. Inconsistent results are found in epidemiological studies and in
early trials regarding clinical effects of vitamin D supplementation and cancer in terms of
prevention and impact in cancer-related mortality [44]. Vitamin D also exerts its effects on
cancer through nongenomic factors, modulating inflammatory cytokine expression. This is a
common element for cancer and neurodegeneration.

Figure 1. Vitamin D and cardiovascular risk (adapted from [48]).

Another important feature of vitamin D is the mitochondrial detoxification, well known as
antioxidant activity. Especially, vitamin D and polyphenols, seem to be promising therapeutic
tools for inhibiting radical oxygen species (ROS) formation and arresting cytokine-mediated
inflammation [45].
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Vitamin D status varies with age [46]. Serum levels of calcitriol are normal from 75 nM,
insufficient from 50 to 75 nM, and deficient if less than 50 nM [47]. These serum concentrations
depend on sunlight exposure, dietary intake, capacity of the skin, and influence various human
diseases (cardiovascular and neurological), as reported in this manuscript (Figures 1 and 2).

Figure 2. Vitamin D and neurological diseases (adapted from [49]).

2.1. Cardiovascular and cerebral risk

In humans, the relationship among low levels of vitamin D3, hypercalcemia, osteoporosis,
vascular calcification, and cardiovascular diseases has been extensively studied. Vitamin D3

deficiency is significantly associated with cardiomyopathy and increased risk of cardiovascu-
lar disease with consequent mortality in humans [8]. The prospective Intermountain Heart
Collaborative Study revealed that vitamin D3 blood levels below 15 ng/mL compared to
vitamin D3 above 30 ng/mL are associated with significant increases in the prevalence of type
2 diabetes mellitus, hypertension, hyperlipidemia, and peripheral vascular disease, coronary
artery disease, myocardial infarction, heart failure, and stroke, as well as with incident death,
heart failure, coronary artery disease/myocardial infarction, and stroke [50].

Several data are available from studies in mouse animal model. Heart-VDR null mice show
myocardial hypertrophy, while VDR and CYP27B1 null mice develop hypertension as well
and display increased production of renin, contributing probably to early atherosclerosis
onset [51]. Vitamin D3 may protect against atherosclerosis inhibiting macrophage cholesterol
uptake and foam cell formation, and reducing vascular smooth muscle cell proliferation and
expression of adhesion molecules in endothelial cells. Recently, elevated levels of PTH emerged
as a possible risk factor for cardiovascular diseases since they could promote development of
hypertension; in addition, hyperparathyroidism could cause heart hypercontractility and
calcification of the myocardium. Vitamin D3 could overcome these processes, promoting, for
example, synthesis of anti-inflammatory cytokines [4]. Severe vitamin D3 deficiency in humans
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is associated with cardiomyopathy [52], and in a number of large epidemiologic studies, the
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shown for the first time. Altogether, these findings demonstrated the direct effects of vitamin
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atherosclerosis. Endothelial cells are capable of synthesizing vitamin D3 as results from the
expression of mRNA and protein for the enzyme 25(OH)D3-1α-hydroxylase [75]. Moreover,
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of the key biosynthetic enzyme 25 (OH)D3-1a-hydroxylase [74]. Because of the presence of both
vitamin D3 and VDR in endothelial cells and the key role of nitric oxide (NO) in the endothelial
physiology, it is possible to hypothesize an interaction between vitamin D3 and NO capable of
influencing proliferation and migration of endothelial cells [75]. Although the relationship
among vitamin D3, endothelium, and cardiovascular disease is well established, little is known
about the effect of vitamin D3 on endothelial NO production. In addition, several recent studies
have postulated anti-inflammatory, immunomodulatory, and neuroprotective functions for
vitamin D3. A meta-analysis examining the association between vitamin D3 status and the risk
of cerebrovascular events, including more than 1200 stroke cases, found that the pooled relative
risk for stroke was 52% higher when comparing 25(OH)D levels ≤12.4 ng/mL with 25(OH)D
levels >18.8 ng/mL [77].

As concerned to cerebral effects, the observed widespread distribution of 1α-hydroxylase and
the nuclear VDR in both neurons and glial cells suggest that vitamin D3 may have autocrine
and paracrine properties in the brain [78, 79]. VDR is highly expressed in multiple brain
regions [80] in the animal [81] and human [82] brain, particularly in the pontine-midbrain area,
cerebellum, thalamus, hypothalamus, basal ganglia, hippocampus, olfactory system, and the
temporal, orbital, and cingulate areas of brain cortex [83]. Mounting evidence indicates that
vitamin D3 and its receptors play an important role in the brain, ranging from neuroprotection
to immunomodulation [84]; cells proliferation and differentiation [85], and plays an important
role both in developing [86] and adult brain [80]. Vitamin D3 can exert these effects since it is
able to cross the blood-brain barrier and can bind to VDR within the brain [87, 88]. Upon
binding, VDR undergoes a conformational change to form a complex with a retinoid X receptor
that controls genic expression [89, 90]. More recent papers demonstrate that gestational
vitamin D3 deficiency induces long-lasting alterations in the brain structure, including changes
in volume, cell proliferation and reduction in the expression of nerve growth factors (NGF),
glia-derived neurotrophic factor (GDNF) and neurotrophins 3 and 4 [80, 83, 91]. Moreover,
vitamin D3 protects neurons against NMDA, glutamate, 6-hydroxydopamine, and reactive
oxygen species [92, 93]. It has been hypothesized that vitamin D3 exerts its neuroprotective
effects via the modulation of neuronal Ca2+ homeostasis, in particular through the downregu-
lation of the L-type voltage-sensitive Ca2+ channel in hippocampal neurons against excitotoxic
insults [80], accompanied by an increase in VDR density. Vitamin D3 is able to inhibit proin-
flammatory cytokine and NOS [94] typically increased during various insults or disorders,
such as ischemia and reperfusion, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
and experimental autoimmune encephalomyelitis. Early vitamin D3 deficiency may be
considered as a risk factor for a number of neurological disorders including schizophrenia,
autism [88, 95], multiple sclerosis, Parkinson’s disease, and stroke [77, 89]. Vitamin D3

deficiency is associated with reduced cognitive function, which is an important issue for stroke
patients [96]. Moreover, in the rat model of stroke, vitamin D3 supplementation has been found
to reduce brain damage [97] and consequent seizures [77] and oxidative stress [98]. For this
reason, it should be very important to study the role of vitamin D3 in counteracting negative
effects of oxidative stress in vitro brain, also in association with stem cell. So, vitamin D3 may
be considered as a potential drug for the treatment of neurodegenerative disorders.
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3. Oxidative stress and injury

Xiang et al. [99] showed the ability of vitamin D3 to stimulate endothelial cell proliferation and
to inhibit apoptosis by increasing endothelial nitric oxide synthase (eNOS) expression and
nitric oxide (NO) production. NO plays a key role in cardiovascular physiology [100], and its
production in the heart by eNOS phosphorylation represents an important regulating factor
of both myocardial perfusion after ischemia and myocardial contractility. This has important
effects on cardiac cell functions such as oxygen consumption, hypertrophic remodeling,
apoptosis, and myocardial regeneration [101–103]. The discovery of NO as a signaling
molecule in the cardiovascular system was published in 1998 [104] and it is now recognized
as an endogenous vasodilator and an antioxidant factor able to regulate the vascular endo-
thelium supporting its anticoagulant and antithrombogenic capacities, maintaining vascular
tone and preventing vascular smooth cell proliferation [105]. NO acts as a signaling molecule
by binding to ferrous heme within metalloproteins (such as soluble guanylate cyclase, sGC,
cytochrome c oxidase, and hemoglobin). The most important action mechanism of NO is the
interaction with heme of the sGC in smooth muscle cells adjacent to the endothelium, cata-
lyzing the conversion of guanosine triphosphate (GTP) to cGMP [106]. cGMP-dependent
protein kinases promote the opening of calcium-dependent potassium channel and determine
hyperpolarization of the cell membrane of smooth muscle, thus inhibiting cytosolic calcium
influx and promoting cell relaxation and vasodilation. Alternatively, NO can determine
molecular modifications. Since it is a highly diffusible molecule in tissues and physiological
fluids with a very short half-life (few seconds), it rapidly reacts with superoxide anion (O2−) to
form peroxynitrite (ONOO−). ONOO− oxidizes DNA, proteins, lipids, and BH4, uncouples
eNOS and limits NO production. ONOO− directly influences the dilatory capabilities of the
arteries and disrupts NO-induced sGC-mediated signal transduction [107]. Nevertheless, NO
could be transported by protein carriers or stored locally and cause remote and long-lasting
effects in the cardiovascular system [108, 109]. In addition NO is able to enhance endothelial
cell survival, proliferation, and migration [110, 111]. Furthermore, NO signaling depends on
its own concentration. Thomas and colleagues demonstrated in MCF7 cells (human breast
adenocarcinoma cell line) that NO levels ranging from 10 to 30 nM lead to extracellular signal-
regulated kinases (ERK) phosphorylation. This effect is due to a cGMP-dependent process,
mediating proliferative and protective effects. It has been demonstrated that low NO levels,
below 1 nM, are sufficient to obtain this response in endothelial cells. When the NO concen-
tration is between 30 and 60 nM, Akt phosphorylation occurs. This antiapoptotic mechanism
depends on Bad and caspase-9 phosphorylation. Hypoxia-inducible factor-1α (HIF-1α) is
stabilized when NO is at a high concentration (about 100 nM) and protects against tissue injury,
while at 400 nM p53 is posttranslationally modified, resulting in growth arrest or apoptosis.
Signal transduction cascades react accordingly to NO not only in terms of concentration but
also in terms of duration of exposure with different threshold sensitivities, resulting in distinct
phenotypic responses. Indeed, HIF-1α is an immediate but transient responder and protein
disappears when the NO concentration falls under the minimum threshold. On the contrary,
p53 has a delayed response that takes several hours to occur but is sustained long after NO
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exposure [112]. Despite the differences in clinical manifestations and neuronal vulnerability,
the pathological processes appear similar in neurodegenerative pathways as well.

Cell death and neurodegenerative conditions have been linked to oxidative stress and
imbalance between generation of free radicals and antioxidant defenses. Multiple sclerosis,
stroke, and neurodegenerative diseases have been associated with the reactive oxygen species
and nitric oxide [113]. Recent findings about the production of the reactive oxygen and nitrogen
species by NADPH oxidases and nitric oxide synthases and the essential role of glutathione
(γ-glutamyl-l-cysteinylglycine) in redox homeostasis demonstrate the importance of these
substances in neuronal degeneration. Redox signaling has a profound impact on two tran-
scription factors that modulate microglial fate, nuclear factor kappa-light-chain-enhancer of
activated B cells, and nuclear factor (erythroid-derived 2)-like 2, master regulators of the pro-
inflammatory and antioxidant responses of microglia, respectively. The relevance of these
proteins in the modulation of microglial activity and the interplay between microglia and
oxidation has been described. Finally, the relevance of ROS in altering blood-brain barrier
permeability is reported. ROS originates in the mitochondrial electron transport chain (mETC)
or are produced by NADPH oxidases (NOX) by an incomplete one-electron reduction of
oxygen. Three major ROS exist: superoxide anion (O2−), hydrogen peroxide (H2O2), and
hydroxyl radical (OH). In cellular respiration, most of O2 generates H2O2 through enzymes of
the superoxide dismutase (SOD) family, enclosed copper-zinc superoxide dismutase (SOD1 or
Cu, Zn-SOD) present in the intermembrane space and in the cytosol, manganese superoxide
dismutase (SOD2 or Mn-SOD) present in the mitochondria matrix, and SOD3 present in the
extracellular matrix. Hydrogen peroxide could subsequently be converted to the hydroxyl
radical by ferrous, or a final reducing step could convert it to water by catalase, glutathione
peroxidase, and peroxyredoxin III activity.

In endothelial cells, ROS into the cytosol could stimulate further ROS production by NOX2
through redox-sensing protein kinase C (PKC) isoforms and Src family kinases activation [114,
115]. Recent examples of the importance of these findings about ROS and NO in the onset or
progression of neurodegenerative diseases are also showed [116]. Three NO-synthase isoforms
could produce NO: (1) NO-synthase I (or neuronal, nNOS, NOS-1) expressed in neurons and
skeletal and smooth muscle; (2) NO-synthase II (or inducible, iNOS, NOS-2) in immune cells;
and (3) NO-synthase III (or endothelial, eNOS, NOS-3) in cardiomyocytes and platelets and,
predominantly, in endothelial cells [109, 117]. NOS isoforms generate NO at different rates:
eNOS and nNOS produce a low concentration of NO, leading to physiological processes
regulation, while iNOS generates a high NO concentration in response to inflammatory
stimuli, such as in activated macrophages, to establish cytotoxic effects and antipathogen
reactions [118]. eNOS is a Ca2+/calmodulin dependent enzyme and contains an N-terminal
oxygenase and a C-terminal reductase domain, linked by a calmodulin binding sequence. It
works as a homodimer to synthesize NO and L-citrulline from L-arginine and oxygen. In the
presence of several cofactors, such as nicotinamide adenine dinucleotide phosphate (NADPH),
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme, tetrahydrobiopterin
(BH4), and zinc, it catalyzes a five-electron oxidation of one of the guanidino nitrogens of L-
arginine. Since it is a gas, NO then diffuses to the vascular smooth muscle cells and reacts with
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sGC, leading to cGMP-mediated vasodilatation. In endothelial cells, after enzymatic acylation,
myristoylation and reversible palmitoylation, eNOS is predominantly located in the plasma
membrane and in the Golgi apparatus associated with caveolin-1 located in caveolae, whose
binding inhibits the activity of the enzyme [108, 109]. Two mechanisms leading to eNOS
activation and involving G protein coupled receptors and heterotrimeric G protein have been
explained: intracellular Ca2+ mobilization through phospholipase C (PLC) pathway, and
phosphatidylinositol-3-kinase (PI3K)/Akt pathway [119, 120]. An increase in intracellular
calcium concentration, indeed, is a critical determinant that causes eNOS dissociation from
caveolin-1, leading to the activation of the enzyme. Moreover, serine, threonine, and tyrosine
phosphorylation regulate eNOS activity, either enhancing or suppressing it, depending on the
residue and the domain that are involved. Several eNOS agonists such as VEGF, bradykinin,
and adenosine triphosphate (ATP) promote the activation of phosphorylation. eNOS expres-
sion and activation is also sensitive to shear stress caused by blood flow; low shear stress
determines lower NO production, increasing atherosclerotic plaque formation [108, 109].
Endothelial dysfunction should be considered as endothelial activation from a quiescent
phenotype and it is identified as an initial step in the development of CVD. This is characterized
by reduced NO bioavailability that predisposes to vasoconstriction and thrombosis [121].
Several factors can contribute to this process, such as decreased eNOS expression, presence of
eNOS antagonist, low L-arginine or BH4 concentration, increased NO degradation or ROS
production, exposure to inflammatory cytokines and growth factors [95]. Indeed, the funda-
mental change is a switch in the signaling from an NO-mediated silencing of cellular processes
toward activation by redox signals. The generation of hydrogen peroxide that could react with
cysteine groups in proteins alters their function, determining transcriptional factor phosphor-
ylation, induction of nuclear chromatin remodeling, and protease activation. eNOS, normally
involved in the maintenance of the quiescent state of the endothelium, could be uncoupled, in
the case of substrate L-arginine deficiency. Consequently, superoxide formation occurs if the
key cofactor tetrahydrobiopterin is not present, or hydrogen peroxide production is establish-
ed. The mitochondria are a source of ROS during hypoxia or conditions of increased substrate
delivery, such as in obesity-related metabolic disorders or type II diabetes, which are charac-
terized by hyperglycemia and increased circulating free fatty acids. The interaction between
ROS and NO results in further endothelial activation and inflammation [122].

4. Protective effects of vitamin D

Although the relationship among vitamin D3, endothelium, and cardiovascular disease is well
established, until recently little was known about the effect of vitamin D3 on endothelial NO
production. NO plays a key role in cardiovascular physiology [100], and its production in the
heart by eNOS phosphorylation represents an important regulator of both myocardial
perfusion after ischemia and myocardial contractility and has important effects on cardiac cell
functions such as oxygen consumption, hypertrophic remodeling, apoptosis, and myocardial
regeneration [101–103]. In addition, NO is able to enhance endothelial cells survival, prolifer-
ation, and migration [123]. In recent works, cells proliferation has been evaluated in low serum
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conditions to synchronize cell culture after 24 or 48 h in starvation medium in the presence or
absence of vitamin D (1–10–100 nM) for porcine aortic endothelial cells (PAE) [123] and human
umbilical vein endothelial cells (HUVEC), respectively [124, 125]. Vitamin D3 induces a
significant dose-dependent increase in cell growth at all concentrations tested. The maximal
effect is reached by stimulating PAE cells with 10 nM vitamin D3, while at the highest concen-
tration tested (100 nM) the vitamin D3 effect on cell proliferation is less potent (p < 0.05). The
observed cellular density is almost doubled compared to control samples for PAE cells (690
± 210 cells/mm2 vs 354 ± 84 cells/mm2, p < 0.01) and HUVEC. Proliferation assays were also
performed in the presence of L-NAME, the arginine analog inhibiting NO synthesis, in order
to evaluate NO involvement. In these conditions, vitamin D3 is no more able to induce cell
proliferation, in all cell types. The presence of L-NAME does not alter control cell proliferation,
whereas it completely reverts vitamin D-induced cell proliferation. The effective involvement
of VDR in these effects has been demonstrated as well. HUVEC were stimulated with the VDR
ligand ZK159222. Under these conditions, a significant decrease in vitamin D–induced cell
proliferation has been observed, confirming the role of VDR in the effects mediated by
vitamin D3. In addition, an increase in cell mitosis has been observed only in vitamin D3 treated
specimens and not in samples with L-NAME. Cell migration has been evaluated in a three-
dimensional model by an anionic hydrogel made of gelatin and polyglutamic acid, which has
previously been described as a good substrate for cell growth [126, 127] and was lean on 70%
confluent cell monolayers. PAE migration, evaluated by counting the cells migrated in the 3-
D matrix for 7 days, increases significantly only in the presence of 100 nM vitamin D3 (p < 0.05).
HUVEC migration increases significantly only in the presence of 10 nM and 100 nM vitamin
D3 (p < 0.05 and p < 0.01 respectively). L-NAME treatment does not affect control cell migration,
while it significantly reduces vitamin D-induced hydrogel invasion and ZK159222 reduces the
vitamin D-induced migratory effect. Extracellular matrix degradation is one of the main steps
in cell migration; for this reason, vitamin D affects on MMP-2 expression in the conditioned
medium of cells migrating into the 3-D hydrogel matrix after 7 days has been evaluated by
gelatin zymography. Vitamin D3 addition to PAE culture medium increases MMP-2 production
in a dose-dependent manner. In HUVEC, gelatin zymography demonstrates a statistically
significant increase in MMP-2 activity in all the vitamin D-treated samples. This effect is more
evident in samples stimulated with 100 nM vitamin D3 (p < 0.01). The increase in MMP-2
expression appears to be NO dependent, as L-NAME treatment totally abrogates vitamin D3

effects on MMP-2 expression, according to the above described results for cell migration. In
this context it is very important verify the effect of vitamin D3 in HUVEC on NO production
and the intracellular pathways activated by vitamin D3 leading to eNOS activation.

Vitamin D3 is able to stimulate NO production in HUVEC in a dose-dependent manner
accompanied by a significant increase in the level of phosphorylation of intracellular kinases.
The administration of vitamin D3 induced the highest production of NO, acutely increased the
phosphorylation of eNOS, p38, AKT, and ERK, which are known to be involved in the
intracellular signaling leading to NO production [128]. The effects were prevented by L-NAME
or specific protein kinase inhibitors such as SB203580, wortmannin, and UO126 related to p38,
AKT, and ERK in endothelial cells [129]. Another important finding is the demonstration of
the involvement of VDR in vitamin D-induced endothelial NO production [76]. This fact is
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AKT, and ERK in endothelial cells [129]. Another important finding is the demonstration of
the involvement of VDR in vitamin D-induced endothelial NO production [76]. This fact is
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shown by VDR antagonist ZK159222 and by VDR agonist ZK191784. These data on the role of
VDR ligands on endothelial NO production add new information on the possible therapeutic
role of these substances. VDR plays an important role in modulating cardiovascular function
and early interventional studies in humans demonstrated that VDR analogs therapy seems to
be more effective than native vitamin D supplementation in modulating cardiovascular disease
risk factors [130]. It is noteworthy that vitamin D3 response occurs within seconds and, for this
reason, it appears to be a nongenomic effect. This fact about the role of the concentration of
vitamin D3, is also important to explain same data reported in the literature about the ability
of vitamin D3 to prevent myocardial ischemia in patients with a decreased serum vitamin D3

concentration as reported in a case-control study in 1990 on 179 patients [131] in which the
odds of having a myocardial infarction increased along. In another study, Giovannucci et al.
[132] demonstrates that men with vitamin D3 deficiency had a higher risk of myocardial
infarction compared with those with normal vitamin D3 concentration.

Recent investigations on cardiac myocytes showed that ROS produced by mitochondrial and
oxidative stress can cause multiple changes in the cell structure and the function that are
associated with a failing heart [133] and apoptosis [134] or autophagy [135]. On the other hand,
ROS, along with NO, show antiapoptotic effects involving several signaling pathways; for
example, not only activates proapoptotic signals [135] but also potently induces autophagy
[136]. The functional role of autophagy during ischemia/reperfusion is complex, because its
pathophysiological functions depend on the severity and duration of ischemia (hypoxia) and
the consequent tissue damage during reperfusion in the heart. The level of autophagy may
determine whether autophagy itself is protective or detrimental in response to ischemia/
reperfusion injury in the heart [137]. Vitamin D3 is able to induce autophagy in various human
cell types. The signaling pathways regulated by vitamin D3 include, for example, Bcl-2, beclin
1, and mammalian target of rapamycin (mTOR) [138]. The interplay between autophagic and
apoptotic pathways is a crucial point to determine the initiation of programmed cell death and
whether the members of the beclin 1 and Bcl-2 family were involved. Beclin 1 directly interacts
not only with Bcl-2 but also with other antiapoptotic Bcl-2 family proteins such as Bcl-xl, and
Bcl-2 was able to inhibit the beclin 1-dependent autophagy [139]. It has been clearly demon-
strated that administration of vitamin D3 to endothelial cells before induction of an oxidative
stress can improve cell viability [20]. The mechanisms involved include the prevention of free
oxygen radical release and the modulation of the interplay between apoptosis and autophagy.
These effects were also accompanied by NO production and preservation of mitochondrial
function. HUVEC cultures received an oxidative stress by means of H2O2. This method is
widely used to reproduce a cellular damage similar to what occurs in myocardial ischemia/
reperfusion injury [20]. In light of these data, a cardioprotective role of vitamin D3 against the
ischemic injury can be hypothesized. As observed in NO production and MTT tests, the effect
induced by VDR agonist ZK191784 is greater than the one observed after vitamin D3 alone.
Moreover, the combined administration of the two VDR agonists (Vit D and ZK191784)
induced an amplified effect. These beneficial effects were observed when VDR agonists were
administered before the induction of oxidative stress. This fact supports the hypothesis that
vitamin D3 is able to counteract the negative effects of the oxidant event on endothelial cells,
increasing cell viability. In addition, NO release induced by vitamin D3 during oxidative stress
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is able to protect cells from death. This result is demonstrated by the observation that the rate
of NO production was below 2¼M/s. This threshold prevents the opening of the mitochondrial
transition pore and the release of cytochrome C and avoids mitochondrial collapse leading to
cell death [140]. The antiapoptotic effects of NO and ROS involved several signaling pathways,
and the interplay between autophagic and apoptotic pathways is a crucial point to determine
the starting of programmed cell death. Another important finding is that pretreatment with
vitamin D3, alone or in combination with ZK191784, is able to reduce the apoptosis-related
gene expression (Bax, caspase-3, caspase-9, caspase-8, and cytochrome C), involving both
intrinsic and extrinsic pathways. These findings were confirmed by immunohistochemistry
analysis of annexin V and TUNEL assay in which we observed a signal reduction. At the same
time, activation of pro-autophagic beclin 1 and the phosphorylation of ERK1/2 and Akt,
members of the reperfusion injury salvage kinase pathway, have been shown, indicating a
modulation between apoptosis and autophagy. Moreover, vitamin D3, alone or in combination
with ZK191784, administered before the oxidative stress, is able to prevent the loss of mito-
chondrial potential and the consequent cytochrome C release and caspase activation. In
addition, vitamin D3 alone or in combination with ZK191784 was able to prevent the MPTP
opening caused by H2O2. These findings depend on changes of mitochondria-trapped calcein
intensity and on effects of cyclosporin A, which inhibits MPTP opening, modulating the
cyclophilin D activity [141].

Oxidative stress and the consequent mitochondrial fragmentation are involved in several
neurodegenerative disorders as well [142–144]. Oxidative stress results from Fenton reaction,
which generates ROS and consequently induces irreversible damage to DNA, RNA, proteins,
and lipids [145]. Thus, there is compelling evidence that the neuroprotective action of vita-
min D3 is revealed through neuronal calcium regulation, antioxidative pathway, immunomo-
dulation, and detoxification. Vitamin D3 along with its metabolites influences directly or
indirectly almost all metabolic processes such as proliferation, differentiation, apoptosis,
inflammatory processes, and mutagenesis. Such multifactorial effects of vitamin D3 can be a
profitable source of new therapeutic solutions for two radically divergent diseases, cancer and
neurodegeneration [146]. The role of vitamin D3 to prevent iron damage in neuroblastoma cells
BE(2)M17 has been recently studied [147]. In this research, the mechanisms involved in
neurodegeneration, such as cell viability, ROS production, and the most common intracellular
pathway have been studied. The BE(2)M17 cell line is an alternative neuronal cell model widely
used in neuroscience research [148]. The beneficial effect of vitamin D3 consists of a significant
decrease in iron accumulation and ROS production, two important co-factors of neurodegen-
eration [149]. The effects of vitamin D3 have been observed in BE(2)M17 cells through the
activation of the VDR receptor and for this reason, the mechanisms underlying the protective
effects of vitamin D3 may be hypothesized to have genomic origin. Moreover, under these
conditions, the survival pathway (ERKs) was also activated in presence of vitamin D3. In
addition, in these experiments Fe3+-dependent activation of principal neurodegenerative
biomarkers, such as p53 [150], Ki67 [151] and c-Myc [152], has been confirmed. A novel finding
is represented by the demonstration that pre-treatment with vitamin D3 is able to significantly
counteract tumoral biomarker activation.
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5. Conclusions

The results described herein highlight that vitamin D3 stimulates endothelial cell proliferation
and migration in a 3-D matrix and that these phenomena depend on NO production. Further-
more, this work adds new information to the debate on the benefits of vitamin D3 supplemen-
tation. Indeed, it has been shown for the first time that vitamin D3 may prevent endothelial cell
death through the modulation of the interplay between apoptosis and autophagy. This effect
is obtained by inhibiting superoxide anion generation, maintaining mitochondria function and
cell viability, activating survival kinases, and inducing NO production. In the recent years, the
knowledge about vitamin D3 has improved and its implications have extended beyond its
classical role in bone health in either fields of basic research as well as in human clinical trials,
showing the relevance of the vitamin D3 system. Until now, the available data are significant
and confirm its essential role in several physiological and preventive functions. A greater
understanding of vitamin D3 system will shed new light on the use of vitamin D3 supplemen-
tation in very promising fields such as tissue repair, wound healing, and prevention of the
human angiogenic process. The former shows that the association between vitamin D3 status
and cardiometabolic outcomes is uncertain and that no clinically significant effect of vitamin
D3 supplementation at the dosages given is found. The latter suggests that vitamin D3 dietary
supplements at moderate to high doses may reduce cardiovascular disease risk. Vitamin D3

along with its metabolites influences directly or indirectly almost all metabolic processes such
as proliferation, differentiation, apoptosis, inflammatory processes, and mutagenesis. Such
multifactorial effects of vitamin D3 can be a profitable source of new therapeutic solutions for
two radically divergent diseases as cancer and neurodegeneration [134]. The discussed results
could be relevant in the light of the use of vitamin D3 to promote supplementation or to adjust
therapeutic strategies in neurodegenerative disorders.
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Abstract

Vitamin D is a kind of steroid hormone and is well known for its important role in regu‐
lating the levels of calcium (Ca) and phosphorus (P) as well as in mineralization of bone 
in body. But the vitamin D signaling also exhibits multiple effects, such as anti‐inflam‐
mation effects, anticancer effect, and cardiovascular‐ and kidney‐protective effects. From 
a practical point of view, vitamin D deficiency participates in many pathological pro‐
gressions and diseases. In some diseases, the administration of vitamin D or vitamin D 
receptor agonist (VDRA) could rescue the clinical symptoms and improve outcomes. In 
this review, we briefly deal with these topics, limiting ourselves to comment on some 
novelty studies about vitamin D signaling, which might help us to understand the mul‐
tiple effects of vitamin D in some pathological progresses and diseases, which are all 
worth to be studied further.

Keywords: vitamin D, vitamin D receptor, renal disease, inflammation

1. Introduction

Vitamin D is a kind of steroid hormone and presents naturally in very few foods. However, 
a number of foods have been fortified and sun exposure produces vitamin D in the skin. The 
final hormonal form of vitamin D was generated by undergoing two hydroxylation steps, the 
first to produce 25(OH)D3 in the liver and then second in the kidney to create the hormonal 
form, 1,25(OH)2D3, after consumed or made in the skin.

Vitamin D has been known for its important role in regulating the levels of calcium (Ca) and 
phosphorus (P) as well as in mineralization of bone in the body. But vitamin D deficiency has 
become a major health problem worldwide, which was thought to be related with several fac‐
tors according to many researches, such as gender, age, sunlight exposure, cultures, dietary, 
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and so on. In 2012, the 25(OH)D of 2327 (1744 females and 583 males) healthy Caucasian outpa‐
tients were tested in the North‐East of Italy. The results showed that the 25(OH)D values had no 
significant differences between females and males. A nonsignificant variation of 25(OH)D val‐
ues was also found throughout four age cohorts (<21, 21–40, 41–60, and >60 years), in both gen‐
ders. In each age group, the values of 25(OH)D did not significantly differ between genders [1].

But in 2016, a single‐center analysis of patients from 136 countries showed that 82.5% of the 
studied patients (57.5% were female and 42.5% were male) have vitamin D deficiency to insuf‐
ficiency; 26.4% of females and 18.4% of males have extreme deficiency of 25(OH)D. There was 
higher variability of vitamin D in the group of females than males according to coefficient of 
variation. The prevalence of hypovitaminosis D is significantly high among population of 
UAE, Saudi Arabia, and many Middle Eastern countries, especially among women, despite 
abundant sunshine. This study considered the difference between female and male [2].

Vitamin D deficiency also existed in Europe. According to an alternate suggested definition of 
vitamin D deficiency (<50 nmol/L), the prevalence was 40.4%. Dark‐skinned ethnic subgroups 
had much higher (3‐ to 71‐fold) prevalence of serum 25(OH)D <30 nmol/L than did white 
populations [3]. In Sweden, about 56.4% people, 25‐OHD, were under 50 nmol/L, which was 
related to several unfavorable health outcomes [4].

Disorders in mineral metabolism and bone disease are common complications of chronic 
kidney disease (CKD). In 2009, the board of directors of kidney disease, improving global 
outcomes (KDIGO), published a new guideline for the treatment of patients of CKD and 
CKD‐related mineral and bone disorders (CKD‐MBD). The levels of 25(OH)D (calcidiol) were 
suggested to be measured and repeated testing determined by baseline values and interven‐
tions in patients with CKD stages 3–5 with CKD–MBD or CKD stages 1–5. And vitamin D 
deficiency and insufficiency should be corrected by using treatment strategies recommended 
in the general population [5].

However, an increasing amount of data has suggested a possible involvement of vitamin D 
activity in a great number of different pathophysiological fields not exclusively associated 
with mineral metabolism, such as modulation of inflammation and immune response, cell 
proliferation and differentiation, gene expression, and so on [6]. The functions of vitamin D 
have been widely found to be dependent not only on a widespread ability of different tissues 
to synthesize the active form of vitamin D but also on the almost ubiquitous distribution of 
the specific vitamin D receptor (VDR), which then translocates to the nuclei of target cells. In 
this review, we briefly deal with these topics, limiting ourselves to comment on some novelty 
studies about vitamin D signaling, which might help us to understand the multiple effects of 
vitamin D in some pathological progresses and diseases.

2. The effects of vitamin D

2.1. The effects of vitamin D in inflammation and immune response

Inflammation and immune response are the body's immediate responses to damage to its 
tissues and cells by pathogens, noxious stimuli such as chemicals, or physical injury. Recent 
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studies have suggested that vitamin D signaling played critical roles in controlling inflamma‐
tion and immune responses [7–9].

Immune cells such as activated CD8 (highest concentration), CD4 lymphocytes, and mac‐
rophages express VDR [10], which indicated that vitamin D signaling takes part in these 
cells‘functional modulation [11]. Vitamin D signaling potently inhibited antigen‐ and mito‐
gen‐induced T‐cell proliferation and cytokine production. Several key cytokines in T cells are 
direct targets of vitamin D signaling, in particular Th1 cytokines, such as IL‐2 (interleukin‐2) 
and IFN‐g (interferon‐gamma). Active vitamin D inhibits IL‐2 secretion via impairment of 
transcription factor NF‐AT (nuclear factor of activated T cells) complex formation, because the 
ligand‐bound VDR complex itself binds to the distal NF‐AT‐binding site of the human IL‐2 
promoter. IFN‐g has been found to be directly inhibited by vitamin D through interaction of 
the ligand‐bound VDR complex with a VDRE (vitamin D‐responsive element) in the promoter 
region of this cytokine [12]. In 2016, it was reported that 1α,25(OH)2 vitamin D3 modulates 
avian T lymphocyte functions without inducing cytotoxic T lymphocyte (CTL) unresponsive‐
ness [13]. Another study, a cross‐sectional study was from the National Health and Nutrition 
Examination Survey (NHANES) 2003–2006, showed sexually active women with cervicovagi‐
nal human papillomavirus (HPV) infection status and serum 25‐hydroxyvitamin D (25(OH)
D) levels (ng/mL) (n = 2353). Associations between serum 25(OH)D levels (continuous and 
categorical forms) and cervicovaginal HPV infection (high‐risk HPV or vaccine‐type HPV) 
were estimated using weighted logistic regression. The results showed that cervicovaginal 
HPV prevalence is associated with less‐than‐optimal levels of serum vitamin D [14].

Besides these, there are still some critical proteins through which vitamin D plays the modula‐
tion effect in inflammation and immune responses.

2.1.1. Toll‐like receptor‐9

The Toll‐like receptor 9 (TLR9) expression could be downregulated by vitamin D in monocytes. 
In response to decreased TLR9, these cells subsequently secreted less IL‐6 as a downstream 
functional effect. This phenomenon may have significant biological relevance and maybe a fac‐
tor in the association of vitamin D deficiency with susceptibility to autoimmune disease [15].

2.1.2. Nuclear factor kappa‐B

The antagonism between VDR and NF‐кB is mutual since overexpression of p65 but not p50 
subunit of NF‐кB inhibited VDRE‐mediated transcription in transfected cells. Similar NF‐кB‐
dependent mechanism has also been implicated in the inhibition of IL‐8 promoter expression 
by vitamin D signaling [16].

2.1.3. Tumor necrosis factor‐α

Tumor necrosis factor‐alpha (TNF‐α) is a pleiotropic inflammatory cytokine produced by 
activated immune cells as well as stromal cells. It was also reported that vitamin D inhibits 
TNF‐α in mycobacteria‐infected macrophages and peripheral blood mononuclear cells from 
pulmonary tuberculosis patients. The vitamin D analog cholecalciferol reduces the circulating 
level of TNF‐α in patients with ESRD (end‐stage renal disease) [17].
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Vitamin D signaling also inhibited the induced production of pro‐inflammatory cytokines, 
IL‐1α, IL‐6, and IL17 [18]. These activities form the basis of vitamin D‐mediated modulation 
of immune responses and inflammation.

2.2. The effect of vitamin D in cell proliferation and differentiation

Vitamin D has been demonstrated to alter cellular proliferation through multiple mechanisms 
in highly cell‐specific manners. One of the most important mechanisms was the slowing of 
cell cycle progression induced by vitamin D, typically due to inhibition of advancement from 
the G1 to the S phase of the cell cycle. Many key regulators, which influence gene transcrip‐
tion and protein stability, including p21waf1, p27kip1, cyclin D1, and others, are taken effect 
on by vitamin D. The ligand‐activated VDR directly or indirectly influences the cell cycle, 
apoptosis, and/or differentiation by interacting with important transcriptional regulators or 
cell‐signaling systems [19, 20].

Anti‐proliferative effects of vitamin D signaling are often, but not always, linked to the pro‐
motion of cellular differentiation. Vitamin D and the VDR also have important interactions 
with other transcriptional regulators and cell‐signaling systems. In many cell lines includ‐
ing cancer cells, 1,25(OH)2D3 and vitamin D analogs upregulate the expressions of TGF‐β 
receptor type I protein or androgen receptors, and downregulate the expressions of estrogen 
receptors or IGF (insulin‐like growth factor I). Vitamin D analogs also induce the expression 
of E‐cadherin, promoting translocation of β‐catenin from the nucleus to the cell membrane, to 
control cell growth and differentiation [19]. In our study, we found that VDR could be down‐
regulated by high glucose and take part in the epithelial‐epithelial‐mesenchymal transition of 
podocyte in mice [21].

3. Vitamin D and diseases

3.1. Vitamin D and kidney diseases

Kidney is the major site of the synthesis of 1, 25‐(OH)2D3, the active form of vitamin D, under 
physiologic conditions. Additionally, the vitamin D receptor, which binds to, and mediates 
the activity of 1, 25‐(OH)2D3, is widely distributed in the kidney. Thus, the kidney is essential 
not only for the maintenance of normal calcium and phosphorus homeostasis but also for the 
activation of vitamin D. There is close relationship among vitamin D, VDR, and the kidney. 
Any problem of kidney may lead to the vitamin D‐signaling deficiency, and vitamin D‐signal‐
ing deficiency always causes the abnormal function of kidney [22].

3.1.1. Chronic kidney disease

It was reported that when the glomerular filtration rate declines below 60 mL/min, chronic 
kidney disease (CKD) was always associated with increased cardiovascular events and 
mortality. One of the most important reasons was that the reduction/absence of kidney α1‐
hydroxylase, which mediates the final hydroxylation step of 25(OH)D to 1,25‐(OH)2D, could 
lead to the vitamin D deficiency in CKD patients. Vitamin D deficiency causes parathyroid 
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hyperplasia and increased parathyroid hormone; the consequent hyperparathyroidism 
and hyper‐phosphatemia are important risk factors for mortality in CKD patients [23, 24]. 
Accordingly, vitamin D treatment is associated with a reduced rate of cardiovascular diseases 
(CVDs) and mortality [25].

It has been shown that calcitriol (the active form of vitamin D) decreases the glomeruloscle‐
rosis index and albumin excretion in subtotally nephrectomized rats (SNX rats). Those mice 
lacking the VDR were more susceptible to hyperglycemia‐induced renal injury [26], which 
may be related to podocyte loss. And the scientists also found that the expression of renin 
could be inhibited by calcitriol, and a larger decrease in renal glomerulosclerosis in experi‐
mental CKD could be found for the combination use of enalapril and paricalcitol (VDR ago‐
nist, VDRA), which may be because of the decreased TGF‐β expression and macrophage 
infiltration [27].

In CKD patients treated with paricalcitol, proteinuria decreased after 23 weeks, indepen‐
dently of glomerular filtration rate, blood pressure, or angiotensin‐converting enzyme (ACE) 
inhibitor [28].

3.1.2. Diabetic nephropathy

Diabetic nephropathy (DN) is the most common renal complication of diabetes mellitus and a 
leading cause of end‐stage renal disease (ESRD). Intervention of DN remains a medical chal‐
lenge despite some success.

In recent years, renin‐angiotensin system (RAS) inhibitors have been used as the mainstay 
treatment for DN because the renin‐angiotensin system (RAS) was considered as a major 
mediator of progressive renal injury in DN. But the compensatory renin increase caused by 
the disruption of renin feedback inhibition becomes one major problem which limit the effi‐
cacy use of the RAS inhibitors. These most recent data demonstrate that vitamin D and its 
analogs have renoprotective and therapeutic potentials in DN through targeting the RAS. 
Vitamin D negatively regulates the RAS by suppressing renin expression and thus plays a 
renoprotective role in DN [26, 29]. The molecular mechanism underlying this regulation is that 
1,25(OH)2D3 disrupted the cAMP‐signaling pathway, a major regulatory pathway involved 
in renin biosynthesis [30]. It was reported that vitamin D analog therapy could increase long‐
term survival, reduces heart and kidney weights, and prevents overt renal tissue damage in 
mouse models. Combination therapy with a RAS inhibitor and a vitamin D analog was found 
to markedly improve renal injuries in the diabetic vitamin D receptor null‐mutant mice which 
developed more severe renal injuries because of more robust RAS activation [30]. Another 
study found that combined therapy with losartan and paricalcitol completely reduced pro‐
teinuria in a model of experimental diabetic nephropathy, suggesting that the combination 
of an ACE inhibitor or an ANG II receptor blocker plus a VDRA may be a good therapeutic 
option [23, 24].

Results from two clinical trials have provided some initial insight into the benefit of vita‐
min D therapy in diabetic nephropathy patients. Selective vitamin D receptor activation with 
paricalcitol for the reduction of albuminuria in patients with type 2 diabetes (VITAL study) 
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investigated an active vitamin D analog exclusively in diabetic nephropathy patients. These 
patients were all the type 2 diabetics with a stable dose of angiotensin‐converting enzyme 
(ACE) inhibitors or angiotensin receptor blockers (ARBs). The 281 patients were randomized 
into three groups: a single dose of placebo, 1 μg paricalcitol or 2 μg paricalcitol each day in 
a double‐blind fashion. After 4 months of treatment, a significantly greater reduction in 24‐h 
albumin excretion (measured by percent change from baseline) was found in the 2‐μg pari‐
calcitol group compared to placebo patients [31]. The second study about the measurement 
of the impact of vitamin D repletion with cholecalciferol on urinary albumin, MCP‐1, and 
TGF‐β1 was recently published by Kim and colleagues measured [32].

3.1.3. Immunoglobulin A nephropathy

The renoprotective effect of vitamin D was also investigated in immunoglobulin A (IgA) 
nephropathy. An open‐label, non‐placebo‐controlled, randomized study about the effect of 
vitamin D and urinary protein excretion in 50 IgA nephropathy patients was operated on 
by using calcitriol. Patients who receive two doses (0.5 mg) of calcitriol per week or no treat‐
ment for 48 weeks were randomly assigned (1:1). The urinary protein excretion >0.8 g/d after 
renin‐angiotensin system‐inhibitor treatment for at least 3 months was considered as the main 
criterion for inclusion. The changes of 24‐h urinary protein excretion from baseline to last 
measurement during treatment were compared and considered as the primary end point. 
The results showed that there was a significant decrease in proteinuria in the calcitriol‐treated 
group compared with the control group (difference between groups, 41%; 95% confidence 
interval (CI), 5–79%; P = 0.03) the primary end point. At least a 15% decrease in proteinuria 
was set as the secondary end point. And the result were 7 of 24 (29%) controls and 17 of 26 
(65%) of those treated with calcitriol (P = 0.02). These two groups showed the similar inci‐
dence of recorded adverse events, but had no significant differences in the decrease of esti‐
mated glomerular filtration rate and change in blood pressure. The conclusion was that the 
addition of calcitriol to a renin‐angiotensin system inhibitor resulted in a safe decrease in 
proteinuria in patients with IgA nephropathy [33].

3.1.4. Other renal diseases

Vitamin D also play renoprotective role in other renal diseases. For example, cholecalcif‐
erol (vitamin D analog) treatment significantly increased serum 25‐hydroxy vitamin D and 
decreased parathyroid hormone levels with no adverse effects in 25‐hydroxy vitamin D‐defi‐
cient renal‐transplant patients [34]. Vitamin D receptor agonist doxercalciferol modulates 
dietary fat‐induced renal disease and renal lipid metabolism [35].

Most of these studies have been reviewed recently and support the idea that vitamin D has 
therapeutic potential in slowing the progression of nephropathy. But these researches have 
their own limitations. The protection and mechanism of vitamin D need further study.

3.2. Vitamin D and cardiovascular disease

Cardiovascular disease (CVD) is the leading cause of death among patients with chronic 
kidney disease, with left ventricular hypertrophy (LVH) being a strong, independent risk 
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factor. LVH is also a major risk factor for coronary ischemia, congestive heart failure, and 
cardiac arrhythmias [24].

There is a growing body of evidence linking vitamin D signaling and CVD in both experi‐
mental animals and humans. For instance, animals lacking the VDR or having vitamin D 
deficiency always show cardiovascular abnormalities, such as hypertension and LVH [36]. 
Cardiomyocytes isolated from VDR knockout mice developed contractile abnormalities, such 
as accelerated contraction and relaxation rates [37]. In humans, studies found that vitamin 
D deficiency is prevalent in neonates with congenital cardiac defects, and lower postopera‐
tive 25(OH)D levels are associated with the need for increased inotropic support in neonates 
undergoing cardiac operations. Low serum 25(OH)D level could also increase the incidence 
of sudden cardiac death both in healthy people and in hemodialysis patients. Some research 
showed that vitamin D deficiency may play a role in myocardial injury and postoperative 
recovery. Furthermore, two studies demonstrated that individuals with lower levels of active 
vitamin D were at a higher risk of developing hypertension [38, 39]. Vitamin D also was 
found to modulate the growth, hypertrophy, and differentiation of cardiomyocytes, point‐
ing to a direct role for VDR agonists (VDRA) in cardiac physiology. These findings support 
that vitamin D deficiency is associated with poor cardiovascular outcomes in experimental 
animals and humans.

There were some reports about the improved cardiac function, which could be found in 
experimental animals or patients with administration of vitamin D or VDRAs. For example, 
after the treatment of paricalcitol, hypertensive rats showed a prevention of LVH and LV 
dysfunction accompanied with lower levels of brain natriuretic peptide and atrial natriuretic 
factor. VDRA therapy revealed similar results in another experimental model of LVH, the Cp/
rat model. Moreover, vitamin D is able to modulate contractility of cardiomyocytes in vitro by 
changing the distribution of the myosin chains and modulating Ca entry into cardiac muscle 
cells. In patients, the use of VDRA has been associated with improvements in left ventricular 
function and reductions in LVH [24].

Results from interventional trials, using either nutritional vitamin D or VDR agonists, sup‐
ported the idea that VDR activation was beneficial for improving the underlying factors of 
CVD such as hypertension, endothelial dysfunction, atherosclerosis, vascular calcification, 
and cardiac hypertrophy.

3.3. Vitamin D and inflammatory bowel disease

Immune‐mediated diseases such as inflammatory bowel diseases (IBDs) have increased 
in developed countries over the last 50 years. Scientists did much research to explain the 
increased incidence of IBD. They found that changing vitamin D status especially in prenatal 
as well as childhood could affect the development of the resultant immune response and the 
development of IBD.

There are reasons to believe that vitamin D could be an external factor that may play a role in 
the development of IBD. Animal models of experimental IBD had been used to explore the rela‐
tionship between vitamin D signaling and IBD. The results showed that in IL‐10 KO mice, the 
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development of IBD symptoms could be accelerated by vitamin D deficiency [40]. Additionally, 
a fulminating form of IBD resulted in ulceration of the intestine and the premature mortality of 
the double VDR and IL‐10 KO mice within a very short time frame (3–5 weeks of age).

Vitamin D receptor knockout or vitamin D‐deficient mice always have T cells deficient that 
have been implicated in the pathology of IBD. Actually, the active form of vitamin D directly 
and indirectly suppresses the function of these pathogenic T cells while inducing several reg‐
ulatory T cells that could suppress IBD progressing [18].

People found that 1, 25(OH)2D and analogs of 1,25(OH)2D could suppress IBD in the IL‐10 
KO mice which required adequate dietary calcium, suggesting that 1,25(OH)2D may directly 
and indirectly control immune function through calcium regulation in vivo. Many evidences 
from multiple different animal models suggested that the increased susceptibility of mice to 
experimental IBD could be caused by vitamin D and VDR deficiency, which could be sup‐
pressed by 1,25(OH)2D [41].

Although at present there has not been a causal relationship between vitamin D status and 
IBD established in the clinic, there have been some clinic reports that show the influence of 
vitamin D in IBD. They found most of children and young adult patients in IBD had low 
vitamin D status (serum 25(OH)D concentration ≤15 ng/mL). Additionally, a randomized, 
controlled clinical trial from November 2007 to June 2010 at the Clinical and Translational 
Study Unit of Children's Hospital in Boston showed that most of the 71 patients (age 5–21) in 
IBD had low vitamin D status in serum (less than 20 ng/mL). A treatment of oral doses of 2000 
IU vitamin D3 daily or 50,000 IU vitamin D2 weekly for 6 weeks could raise serum 25(OH)D 
concentration obviously and the basic conditions of children and adolescents with IBD could 
be improved. The change in serum PTH concentration did not differ [42].

Overall, the available data do suggest that vitamin D status and analogs would be useful for 
normalizing T cell function and in the prevention and treatment of human IBD. But there are 
still many problems that need to be studied, such as which mechanism of the vitamin D medi‐
ated occur in human cells and IBD patients.

3.4. Vitamin D and cancer

Numerous studies have suggested that lower vitamin D level is a risk factor for human can‐
cers, and vitamin D deficiency linked with the incidence and mortality of many types of can‐
cers, including breast, colon, and prostate cancers [43, 44].

Beneficial effects of vitamin D have been observed in experimental cancers induced by various 
chemical carcinogens or genetic mutations, and in studies using human cancer cells implanted 
in nude mice. The anticancer effects of vitamin D included alterations in cell growth, angio‐
genesis, tumor invasion and metastatic potential, and immune surveillance. Many studies 
have demonstrated that vitamin D signaling inhibited the growth of many cancer‐derived cell 
lines in vitro, by inhibiting progression through the cell cycle, inducing apoptosis, and driv‐
ing the cells to a more differentiated phenotype. VDR also played important role in antican‐
cer effect. Some preliminary data suggested that VDR polymorphisms were more frequently 
associated with tumor genes which are Fok1, Bsm1, Taq1, Apa1, EcoRV, and Cdx2 [43–45]. 
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And another study showed that vitamin D receptor expression is linked to potential markers 
of human thyroid papillary carcinoma [46].

Trials in clinic also have shown the potential therapeutic effects of vitamin D in different kinds 
of cancers. For example, in a pilot study of patients with recurrent prostate cancer, oral calcitriol 
(starting with 0.5 mg/day and escalating the maximum dose to 2.5 mg/day) for 6–15 months 
resulted in a significant decrease in the rate of prostate‐specific antigen (PSA) rise during ther‐
apy (in comparison to PSA increase before therapy) in six out of seven patients [43]. In another 
research, scientists provided evidence indicating that vitamin D signaling protected the skin from 
cancer formation by controlling keratinocyte proliferation and differentiation, facilitating DNA 
repair, and suppressing activation of the hedgehog (Hh) pathway following UVR exposure [47].

Although the anticancer effect of vitamin D signaling has been discovered, there are still prob‐
lems that need to be discussed both in experimental and in clinical trials. In vitro and in vivo 
studies have clearly demonstrated the antitumor effects of vitamin D. But the mechanisms of 
antigrowth effects of vitamin D are quite variable in different cell types, and even in different 
cell lines derived from the same type of cancer. In clinic, the results of vitamin D and cancer 
mortality were inconsistent and even oppositive associations. The majority of studies in can‐
cer patients showed that patients with higher vitamin D levels had a decreased risk of mortal‐
ity. But there were some other voice against this. In conclusion, the relationship of vitamin D 
status and anticancer effect is still unclear and warrants further studies.

3.5. Other diseases

There are many more reports and studies about vitamin D and its receptor which were found 
to play crucial role in many fields, such as vitamin D and obstructive sleep apnea in polycystic 
ovary syndrome (PCOS) patients [44], serum 25‐hydroxy vitamin D levels in middle‐aged 
women in relationship to adiposity and height trajectories [48], and vitamin D deficiency 
impairs skeletal muscle function in a smoking mouse model [49]. In engender, vitamin D 
deficiency and low ionized calcium are linked with semen quality and sex steroid levels 
in infertile men [50]. The same result was also found in subfertile women [51]. In cognitive 
behavior, low vitamin D levels were frequent in depression patients, especially 25‐OH D lev‐
els <50 nmol/L were associated with cognitive/affective‐depressive symptoms, and anhedonia 
symptoms in particular [52]. Vitamin D supplementation could prevent depression and poor 
physical function in older adults [53]. Some reports found that the concentration of vitamin 
D in the plasma of patients with metabolic syndrome was significantly lower than its recom‐
mendations [54], and a relationship was detected between vitamin D concentration and expo‐
nents of metabolic syndrome [55, 56]. But a randomized controlled trial for 1 year in a Chinese 
population found that the correction of hypovitaminosis D did not improve the metabolic 
syndrome risk profile [57].

4. Conclusion

It is now well recognized that vitamin D is involved not only in the control of bone health and 
mineral metabolism but also in many other physical progresses, such as the control of immune 
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responses, responses to infectious agents, and cell‐proliferative mechanisms, particularly in 
cancer cells. The vitamin D signaling also exhibits multiple effects, such as anti‐inflammation 
effects, anticancer effect, and cardiovascular‐ and kidney‐protective effects. From a practical 
point of view, vitamin D deficiency participates in many pathological progression and dis‐
eases. In some diseases, the administration of vitamin D or VDRA could rescue the clinical 
symptoms and improve outcomes. In conclusion, vitamin D has many potential therapeutic 
effects and multiple roles in different diseases, physical and pathological progressions, which 
are all worth to be studied further.
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Abstract

The CYP24A1  gene encodes 1,25-hydroxyvitamin-D3-24-hydroxylase,  a key enzyme
responsible for the catabolism of active vitamin D (1,25-dihydroxyvitamin D3). Loss-of-
function mutations in CYP24A1 lead to increased levels of active vitamin D metabolites.
Clinically, two distinct phenotypes have been recognised from this: infants with CYP24A1
mutations  present  with  infantile  idiopathic  hypercalcaemia,  often  precipitated  by
prophylactic  vitamin D supplementation.  A separate phenotype of  nephrolithiasis,
hypercalciuria and nephrocalcinosis often presents in adulthood. CYP24A1 mutations
should be suspected when a classical biochemical profile of high active vitamin D
metabolites, high or normal serum calcium, high urine calcium and low parathyroid
hormone is detected. Successful treatment with fluconazole, a P450 enzyme inhibitor, has
been shown to be effective in individuals with CYP24A1 mutations. Although CYP24A1
mutations are rare, early recognition can prompt definitive diagnosis and ensure treatment
is commenced.

Keywords: CYP24A1, vitamin D, hypercalcaemia, idiopathic infantile hypercalcaemia,
nephrolithiasis

1. Introduction

The supplementation of formula milk with vitamin D3 (cholecalciferol) prompted a rise in
infants presenting with symptomatic hypercalcaemia in the United Kingdom during the
1950s [1]. While this public health initiative was proving highly successful in preventing
rickets, for the small cohort of infants presenting with failure to thrive, dehydration and
nephrocalcinosis, the consequences of their hypercalcaemia were at times fatal. A diagnosis
of  idiopathic  infantile  hypercalcaemia  was  given  to  many  in  this  cohort.  The  apparent

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



increased susceptibility of this minority group to vitamin D toxicity prompted research into
a genetic predisposition. Fifty-nine years later, CYP24A1 mutations were identified demon‐
strating  loss-of-function  mutations  encoding  1,25-hydroxyvitamin  D3  24-hydroxylase,  an
enzyme with a key role in vitamin D metabolism [2].

More recently, CYP24A1 mutations have been recognised in an adult population of patients
presenting with calcium-containing renal stones. On investigation, these patients typically
displayed hypercalciuria, nephrocalcinosis and occasionally chronic kidney impairment.
Vitamin D supplementation was not a feature in all cases [3], demonstrating a clinically
significant phenotype manifesting from normal dietary vitamin D intake. Importantly, some
patients had been symptomatic for many years, undergoing extensive investigations before a
diagnosis was made. A continuing focus on preventative medicine, including oral vitamin D
supplementation for maintenance of bone health and during pregnancy, is likely to continue
to risk triggering manifestations of vitamin D toxicity in individuals carrying biallelic muta‐
tions in CYP24A1. As diagnostic tests and successful treatments are starting to emerge, it is
important to recognise clinical presentations which should prompt screening for CYP24A1
deficiency [4–6].

2. CYP24A1 and the vitamin D pathway

The crucial role of vitamin D in calcium and phosphate homeostasis means excessive levels of
its active form can precipitate symptomatic hypercalcaemia. The activation of vitamin D takes
place in two stages. The first stage takes place in the liver: vitamin D3 is converted to 25-
hydroxyvitamin D3, a reaction catalysed by 25-hydroxylase (CYP2R1). The second stage occurs
in the kidney, when 25-hydroxyvitamin D3 is hydroxylated to 1,25-dihydroxyvitamin D3, the
active form. This stage is catalysed by 1α-hydroxylase, an enzyme encoded by the CYP27B1 [2].

Figure 1. Vitamin D metabolism pathway. Activation of Vitamin D: 1. Stage 1 occurs in the liver. Vitamin D3 is convert‐
ed to 25-hydroxyvitamin D3 by the enzyme 25-hydroxylase. The CYP2R1 gene encodes 25-hydroxylase. 2. Stage 2 oc‐
curs in the kidney. 25-hydroxyvitamin D3 is converted to 1,25-dihydroxyvitamin D3 by the enzyme 1α-hydroxylase.
The CYP27B1 gene encodes 1α-hydroxylase. 1,25-dihydroxyvitamin D3 is the physiologically most active form of vita‐
min D3 which binds to the vitamin D receptor. Inactivation of Vitamin D: Several hydroxylation steps occur in the ca‐
tabolism of 1,25-dihydroxyvitamin D3 to calcitroic acid. The first of these steps is catalysed by the enzyme 1,25-
hydroxyvitamin-D3-24-hydroxylase, which is encoded by the CYP24A1 gene.
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The inactivation of vitamin D metabolites relies upon two pathways which both include steps
catalysed by 1,25-hydroxyvitamin-D3-24-hydroxylase; CYP24A1 encodes this mitochondrial
enzyme which is part of the cytochrome P450 system [6]. The enzyme is present in vitamin D
target cells, predominantly located in the intestine and kidneys (Figure 1) [5].

2.1. Phenotypes

2.1.1. Idiopathic infantile hypercalcaemia

The first recognised phenotype of CYP24A1 mutations was in infants diagnosed with idio‐
pathic infantile hypercalcaemia. These individuals presented with vomiting, dehydration,
fevers and failure to thrive. On investigation, a typical biochemical profile of high serum
calcium and suppressed parathyroid hormone levels emerged. Renal ultrasound often
demonstrated nephrocalcinosis, deposition of calcium salts within the kidney. It was not
initially known whether the underlying pathophysiology of idiopathic infantile hypercalcae‐
mia (IIH) was due to excess production of vitamin D metabolites, or an inability to inactivate
vitamin D. A candidate gene approach was used to investigate families with typical presen‐
tations of idiopathic infantile hypercalcaemia. This research revealed a recessive loss-of-
function mutation, in which patients with CYP24A1 mutations were unable to inactivate
vitamin D as they were deficient in the enzyme catalysing this pathway (1,25-hydroxyvitamin-
D3-24-hydroxylase). Affected children presented either after sustained low-dose vitamin D
prophylaxis or directly following bolus doses of vitamin D. One sibling in which vitamin D
prophylaxis was avoided was proven to carry the same mutation but had remained clinically
silent. This supported evidence directly linking exogenous vitamin D supplementation with
precipitation of symptomatic hypercalcaemia [2].

2.1.2. Adult nephrolithiasis

Hypercalciuria is the most common cause of calcium-containing kidney stones. The recogni‐
tion that 40–45% of patients with idiopathic hypercalciuria have at least one relative with
nephrolithiasis implicates a genetic predisposition in many cases [4]. CYP24A1 mutations
have now been proven in a cohort of adults presenting with nephrolithiasis, hypercalciuria,
nephrocalcinosis and intermittent hypercalcaemia [4]. These patients had undergone exten‐
sive investigations before the cause of their nephrolithiasis was known, and multiple stone
episodes and nephrocalcinosis may lead to progressive chronic kidney disease (CKD) [7].
This is important in highlighting the potential clinical spectrum of the phenotype, which
may manifest without the trigger of vitamin D exposure. A typical biochemistry profile was
found within this phenotype group, with normal/high serum calcium levels, suppressed
parathyroid hormone, high levels of active vitamin D metabolites (25-hydroxyvitamin D3

and 1,25-dihydroxyvitamin D3) and low levels of inactivated vitamin D (24,25-dihydroxyvi‐
tamin D3). A recent study screening patients with known calcium nephrolithiasis for
CYP24A1 mutations did not identify any biallelic variants in a cohort of 166 patients, sug‐
gesting CYP24A1 mutations are a rare cause of idiopathic nephrolithiasis [8]. However, giv‐
en our increased understanding of this phenotype, it is imperative that recognition of the
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typical biochemical pattern (suppressed PTH, hypercalcaemia, hypercalciuria) in any pa‐
tients with nephrolithiasis prompts investigation for CYP24A1 mutations [4, 6, 8]. Establish‐
ing a molecular diagnosis in this small cohort of patients can facilitate correct treatment and
lifestyle modification (Table 1) [9].

Clinical features Biochemical profile

Idiopathic infantile hypercalcaemia:

• Vomiting

• Dehydration

• Failure to thrive

• Fever

• Adult presentation:

• Nephrolithiasis

• Nephrocalcinosis

• ↑ 25-hydroxyvitamin D3

• ↑ 1,25-dihydroxyvitamin D3

• ↓ 24,25-dihydroxyvitamin D3

• ↑ or high normal serum calcium

• ↑ urine calcium

• ↓ parathyroid hormone

Table 1. Key features of CYP24A1 mutation phenotypes.

2.1.3. Investigation

In patients with CYP24A1 mutations, an elevation in total vitamin D levels is typically seen.
In particular, 1,25-dihydroxyvitamin D3 levels are increased, but this assay is not routinely
performed in many laboratories. Conversely, serum 24,24-dihydroxyvitamin-D3 levels are
sometimes low or undetectable in patients with CYP24A1 mutations. A blood test that
calculates the ratio between vitamin D metabolites could be utilised in future clinical practice
as a screening tool for CYP24A1 mutations in those patients presenting with a typical bio‐
chemical profile. In the first study of this, Molin et al. used liquid chromatography–tandem
mass spectrometry to calculate the ratio of active to inactive vitamin D metabolites: Molar ratio
(R) of 25-hydroxyvitamin-D3: 24,25-dihydroxyvitamin D3. A large increase in the ratio of active
to inactive vitamin D metabolites, usually R > 80, was demonstrated in subjects who had
biallelic mutations resulting in loss of function of CYP24A1. Importantly, through use of a ratio
calculation, this test can avoid misleading results in patients who might have low 24,24-
dihydroxyvitamin-D3 levels due to vitamin D deficiency [6].

2.2. CYP24A1 variants

Several different loss-of-function mutations have now been identified within the CYP24A1
gene. The mutations are reported to be inherited in an autosomal recessive pattern, although
it is not yet clear whether partial penetrance or environmental factors may alter manifesta‐
tion of a recognised phenotype. One study showed individuals with biallelic mutations pre‐
sented with the clinically recognised phenotype and that heterozygous carriers were not
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sufficient to manifest clinical disease. However, it was hypothesised that infants with hap‐
loinsufficiency/heterozygous variants may be more sensitive to hypercalcaemia during
childhood while the kidney is still developing, and this could become relevant in consider‐
ing additional vitamin D supplementation which might overwhelm the 1,25-hydroxyvita‐
min-D3-24-hydroxylase enzyme pathway in this cohort (Table 2) [4, 6].

Year mutation 
reported

Age at
presentation

Phenotype CYP24A1 mutation  Reference

2011 6 months IIH A475fsX490 homozygote Schlingmann et al. [2]

2011 6 months IIH delE143 and E151X Schlingmann et al. [2]

2011 Asymptomatic Identified on family
screening

delE143 and E151X Schlingmann et al. [2]

2011 8 months IIH L409S and R396W Schlingmann et al. [2]

2011 Asymptomatic Identified on family
screening

L409S and R396W Schlingmann et al. [2]

2011 11 months IIH delE143 and R159Q Schlingmann et al. [2]

2011 7 months IIH E322K and R396W Schlingmann et al. [2]

2011 3.5 months IIH E322K and R396W Schlingmann et al. [2]

2011 7 weeks IIH R396W homozygote Schlingmann et al. [2]

2011 5 weeks IIH Complex deletion Schlingmann et al. [2]

2012 10 months IIH Homozygous delE143 Dauber et al. [10]

2012 44 years Intermittent
hypercalcaemia,
hypercalciuria,
nephrolithiasis

2 canonical intron-exon
splice junction mutations
(IVS5 +1G>A and IVS6
-2A>G)

Tebben et al. [11]

2013 4 months IIH Homozygous R396W Fencl et al. [12]

2013 9 years Nephrocalcinosis,
nephrolithiasis

Homozygous delE143 Dinour et al. [4]

2013 19 years Nephrolithiasis,
nephrocalcinosis, bladder
calcification

Compound
heterozygous
L409S and W268X

Dinour et al. [4]

2013 13 years Nephrolithiasis,
nephrocalcinosis,
hypercalcaemia,
hypercalciuria

Compound
heterozygous
L409S and W268X

Dinour et al. [4]

2013 9 years Nephrocalcinosis,
hypercalciuria

Compound
heterozygous
delE143 and L148P

Nesterova et al. [5]

2013 25 years Nephrolithiasis,
hypercalcaemia,
hypercalciuria

Compound
heterozygous
delE143 and L409S

Nesterova et al. [5]

2013 4.5 months IIH Homozygous R396W Skalova et al. [13]
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Year mutation 
reported

Age at
presentation

Phenotype CYP24A1 mutation  Reference

2013 3 months IIH followed by adult
presentation with
nephrocalcinosis, CKD,
hypercalcaemia and
hypercalciuria

Homozygous W210R Meusburger et al. [14]

2014 ~20 years Nephrolithiasis,
hypercalcaemia,
hypercalciuria

Homozygous delE143 Jacobs et al. [15]

2015 10 years Nephrolithiasis,
hypercalcaemia,
hypercalciuria

Homozygous delE143 Sayers et al. [7]

2015 45 years Nephrocalcinosis,
hypercalcaemia,
hypercalciuria

Compound
heterozygous
G469Afs*22 and P21R

Figueres et al. [19]

2015 32 years Nephrolithiasis,
nephrocalcinosis,
hypercalcaemia,
hypercalciuria

Compound
heterozygous L409S and
R157W

Figueres et al. [19]

2015 28 days IIH Compound
heterozygous
R157W and M374T

Figueres et al. [19]

2015 2 months IIH Compound
heterozygous
L409S and R396W

Figueres et al. [19]

2015 6 months IIH Homozygous L409S Figueres et al. [19]

2015 2 months IIH Compound
heterozygous
R396W and R396G

Figueres et al. [19]

2015 6 months IIH Compound
heterozygous
delE143 and L409S

Figueres et al. [19]

2015 1 day Hypercalcaemia, apnoea Heterozygous M374T Molin et al. [6]

2015 3 days Infection, hypercalcaemia,
suppressed PTH

Heterozygous M374T Molin et al. [6]

2015 11 days Prematurity,
hypercalcaemia,
suppressed PTH

Heterozygous G322A Molin et al. [6]

2015 4 days Prematurity,
hypercalcaemia,
suppressed PTH

Heterozygous R439C Molin et al. [6]

2015 13 days Small for gestational age,
hypercalcaemia,
suppressed PTH

Heterozygous M374T Molin et al. [6]
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Year mutation 
reported

Age at
presentation

Phenotype CYP24A1 mutation  Reference

2015 24 years Hypercalcaemia,
suppressed
PTH,
nephrocalcinosis,
CKD

Homozygous delE143 Jobst-Schwan et al. [3]

2015 Asymptomatic Identified on family
screening

Homozygous delE143 Jobst-Schwan et al. [3]

2015 26 years Nephrocalcinosis,
hypercalcaemia,
hypercalciuria

Homozygous delE143 Tray et al. [16]

2015 21 years Nephrocalcinosis,
nephrolithiasis,
hypercalcaemia

Heterozygous delE143
and R396W

Tray et al. [16]

2015 5 months IIH Compound
heterozygous
R396W and W134G

Dinour et al. [17]

2015 9 months IIH Compound
heterozygous
G315X and W134G

Dinour et al. [17]

2015 5 months IIH Homozygous delE143 Dinour et al. [17]

2015 35 years Nephrolithiasis,
nephrocalcinosis
and hypercalcaemia
during
pregnancy

Homozygous delE143 Dinour et al. [17]

CKD, chronic kidney disease; IIH, idiopathic infantile hypercalcaemia; PTH, parathyroid hormone.

Table 2. Identified mutations in CYP24A1.

2.3. Treatment

CYP24A1 mutations lead to calcium stone formation, and conventional treatments for calcium
stones are recommended. These would include maintaining a high fluid intake and avoiding
excess dietary sodium. Specific measures would include avoiding dietary vitamin D supple‐
ments (in foods and drinks) and avoidance of excessive sunlight exposure [7]. Ketoconazole
was first demonstrated as an effective treatment for reducing the effects of vitamin D toxicity
in patients with CYP24A1 mutations. As a non-specific P450 enzyme inhibitor ketoconazole
inhibits the enzyme catalysing production of 1,25-dihydroxyvitamin D3, (1α-hydroxylase),
thereby decreasing levels of active vitamin D3. However, CYP24A1-deficient individuals
require lifelong treatment as they will always lack the enzyme to inactivate vitamin D, and the
side-effect profile of ketoconazole, which includes hepatotoxicity, hypogonadism and adrenal
insufficiency, makes it unsuitable for this purpose [4]. More recently, low-dose fluconazole,
also acting as a P450 enzyme inhibitor, has been shown to reduce serum calcium levels and
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urinary calcium excretion in a patient with CYP24A1 mutation. It is likely that this drug,
alongside lifestyle modifications such as avoiding excess sun exposure and following a low
calcium and oxalate diet, will become the main treatment offered to patients diagnosed with
CYP24A1 mutations (Figure 2) [7, 18, 19].

Figure 2. Chemical structures of ketoconazole, an imidazole antifungal agent, and fluconazole, a triazole antifungal
agent. Azole agents are cytochrome inhibitors primarily used as antifungal agents. They are heterocyclic ring com‐
pounds and are generally classified as either imidazoles (e.g. ketoconazole) or triazoles (e.g. fluconazole), containing
two or three nitrogen atoms, respectively, in the azole ring. They exhibit their antifungal action through inhibition of
lanosterol 14-α demethylase, a cytochrome P450 enzyme important for the synthesis of a fungal plasma membrane
constituent.

2.4. Evidence for genetic heterogeneity of idiopathic infantile hypercalcaemia

Since the discovery of CYP24A1 mutations underlying idiopathic infantile hypercalcaemia
(IIH) in 2011, a cohort of IIH patients has been identified without CYP24A1 mutations. In 2015,
a new loss-of-function mutation in SLC34A1, which encodes the renal sodium–phosphate
cotransporter 2A (NaPi-IIa), was recognised in this group [20]. These patients presented with
a classical IIH phenotype, with symptoms of hypercalcaemia. Importantly, however, their
symptoms did not resolve with removal of vitamin D supplementation. Instead, their hyper‐
calcaemia corrected rapidly after commencing phosphate replacement, highlighting the
different mechanism driving the hypercalcaemia. In patients with SLC34A1 mutations, renal
phosphate wasting leads of inappropriately high levels of 1,25-dihydroxyvitamin-D3, which
in turn causes hypercalcaemia. It is crucial to distinguish between patients carrying mutations
in CYP24A1 versus SLC43A1, as different intervention is required to successfully treat their
hypercalcaemia [20]. As SLC34A1 mutations have also been identified as a cause of nephroli‐
thiasis, there is overlap between SLC34A1 and CYP24A1 mutation phenotypes in both
paediatric and adult presentations [21].
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3. Conclusions

Overall, CYP24A1 mutations are rare and account for a small proportion of symptomatic
hypercalcaemia or nephrolithiasis cases. However, a greater awareness of their phenotypes
will increase clinical suspicion in patients presenting with a typical biochemical profile. Testing
for mutations in CYP24A1 can establish a definitive diagnosis, avoiding protracted further
investigations and allowing treatment to commence. Alongside dietary and lifestyle advice,
aimed at minimising vitamin D intake, fluconazole is proving a promising lifelong treatment
to prevent effects of vitamin D toxicity.
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Abstract

This chapter provides an overview of versatile and efficient chemical  syntheses of
vitamin  D  derivatives  by  application  of  either  linear  or  convergent  synthesis  ap‐
proaches. Synthesis of the most relevant naturally occurring vitamin D metabolites and
their  deuterated counterparts  to use as calibration and reference standards in LC‐
MS/MS assays is also shown. The chapter then summarizes the most important mass
spectrometric  approaches  to  quantify  important  vitamin  D  metabolites  in  human
biofluids. In addition, new developments are described that are aimed at the pathobio‐
logical interpretation of the measured vitamin D metabolite distributions in various
human diseases.

Keywords: vitamin D deficiency, biomarkers, low abundant vitamin D metabolites,
assay development, LC‐MS/MS, diagnosis, disease risk prediction

1. Introduction

Vitamin D is mostly known for its role in the regulation of calcium and phosphorous homeo‐
stasis [1–3]. Consequently, vitamin D deficiency may cause various disorders related to bone
mineralization [4].  Drugs based on vitamin D analogs are commonly used to treat bone
diseases (osteoporosis,  osteomalacia,  and rickets)  or psoriasis.  More recently,  it  has been
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suggested that vitamin D deficiency is also connected to a wide range of other diseases beyond
bone mineralization, such as diabetes, autoimmune diseases, cardiovascular diseases, and
cancer,  as  various  clinical  and  epidemiological  studies  have  shown [5–9].  However,  the
development of drugs for treatment of these diseases based on appropriate vitamin D analogs
has mostly failed, either due to their rapid metabolic clearance or their calcemic effects. Vitamin
D analogs are usually hormonally active compounds with pleiotropic functions and their
levels in the body are strictly regulated by the hormonal system. In cases of oversupply, they
are enzymatically degraded to avoid harmful effects such as calcemia, leading mainly to
inactivation  and  conversion  into  water  soluble  degradation  products  suitable  for  renal
clearance. Consequently, prevention of vitamin D deficiency rather than therapy of a vitamin
D‐related disease is a promising approach. Due to low concentration and short half‐life of the
active  metabolite,  1α,25‐dihydroxyvitamin  D3  (1,25(OH)2D3,  calcitriol)  (4)  in  serum,  the
biosynthetic precursor 25‐hydroxyvitamin D3 (25(OH)D3) (3) is usually measured as a marker
of vitamin D status. Additionally, more than 50 naturally occurring but low abundant vitamin
D metabolites of mostly unknown physiological  function have been identified. Common
assays, particularly ELISA and radio‐immunoassays (RIA), are often restricted to 25(OH)D3

because of sensitivity and specificity limitations [10–12]. Fortunately, recent mass spectrometry
advances have permitted reaching deeper into the metabolic cascade of vitamin D, including
low abundant species [13–17]. Consequently, a wide variety of naturally occurring metabolites
of potential biological activity can be analyzed simultaneously by liquid chromatography‐
tandem mass spectrometry (LC‐MS/MS), which is currently considered the “gold standard”
technique. However, this method has suffered in the past from the limited availability of the
required vitamin D metabolites needed as calibration and reference standards. Consequently,
as a prerequisite, all metabolites of interest have to be available for chemical synthesis, as
described in this chapter.

2. Metabolism of vitamin D

Vitamin D3 (2) is mainly synthesized in the skin from 7‐dehydrocholesterol (1) by UV irradi‐
ation and subsequent thermal isomerization of the intermediate product previtamin D3.
Vitamin D3 is then hydroxylated in the liver to 25(OH)D3 (3), followed by further oxidation in
the kidneys to 1,25(OH)2D3 (calcitriol) (4), which is usually considered the biologically active
metabolite (Scheme 1). Calcitriol 4 is metabolized via CYP24 to other oxidative products,
mainly 1α,24(R),25‐trihydroxyvitamin D3 (1,24,25(OH)3D3) (5), followed by subsequent
enzymatic oxidation and degradation of the carbon side chain to water soluble calcitroic acid
[1, 18] for final clearance from the body. 25(OH)D3 (3) is degraded in an analogous manner via
24(R),25‐dihydroxyvitamin D3 (24,25(OH)2D3) 6. Alternatively, 25(OH)D3 (3) and 1,25(OH)2D3

(4) can be metabolized to their corresponding 26,23‐lactones (7,8) [19]. Vitamin D metabolites
also have the potential to be metabolized through a C‐3 epimerization pathway, leading to C‐3‐
epi‐metabolites such as 9‐12, with an inversion of the stereogenic center at position C‐3 [20,
21]. These reactions lead to products that are believed to be inactive. Since high concentrations
of 3‐epi‐25‐hydroxyvitamin D3 (3‐epi‐25(OH)D3) (10) were found in infants [22], it was initially
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assumed that this pathway is only a consequence of an immature vitamin D metabolism. It
has also been shown, however, that the epimerization pathway is favored if, for any reason,
side chain degradation by CYP24 is inhibited [23].

Scheme 1. Metabolic pathways of vitamin D.

Finally, the corresponding metabolites of vitamin D2 (13) also have to be considered [18],
because food from plant origin (in particular mushrooms) and food supplements may contain
vitamin D2. Vitamin D2 metabolites have similar physiological function as compared to their
corresponding vitamin D3 analogs, although their potency is apparently lower [24]. A detailed
comparison of the metabolism of vitamin D2 and D3 [18] reveals that 25(OH)D3 (3) and
1,25(OH)2D3 (4) are preferentially metabolized at their side chains, particularly at C‐23, C‐24,
and C‐26, leading to metabolites susceptible to further oxidation, which is similar for vitamin
D2, even though there are slight differences as a consequence of the C‐22/23 carbon double
bond and a methyl group at C‐24. Thus, C‐24 hydroxylation of vitamin D2 may occur initially,
leading to 24‐hydroxyvitamin D2, following by C‐1 hydroxylation in the kidneys, giving 1,24‐
dihydroxyvitamin D2, which is subsequently oxidized in the side chain. Furthermore, 1,25‐
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dihydroxyvitamin D2, formed in an analogous manner to its D3 counterpart, may be
metabolized by side chain oxidation either to C‐1,24,25 or C‐1,25,26 trihydroxylated vitamin
D2, again followed by further side chain oxidation. Each of these both pathways again leads
to calcitroic acid as final metabolite.

3. Synthesis of low abundant vitamin D metabolites

The commercial unavailability of many relevant vitamin D3 and D2 species has limited the
scope of LC‐MS/MS assays in the past. For use as reference standards, vitamin D3 and D2

metabolites, as well as their corresponding stable isotopes (labeled with 2H (D) or 13C), have
to be synthesized by application of a versatile and cost‐effective methodology. A large variety
of chemical syntheses of vitamin D derivatives has been developed in the last few decades by
several academic and commercial groups [1, 25–27], mainly with the aim of synthesizing new
analogs for drug discovery and development purposes. These efforts have resulted in a large
number of more than 3000 synthesized compounds [28]. Critical evaluation of these methods
reveals, however, that only a few of them are suitable to reproducibly generate metabolites of
interest in gram quantities at reasonable costs within short time frames. In this chapter, we will
review some of the more suitable strategies that have been successfully applied and optimized
in our laboratory.

The synthesis of deuterated vitamin D3 and D2 metabolites is mostly accomplished using the
same procedures as those developed for nondeuterated metabolites.

The biosynthetic and technical synthesis (starting from an appropriate steroid precursor (an‐
alog to 1) is not favorable, due to low yields reached in the photochemical ring‐opening re‐
action. It usually fails if a 1‐hydroxy substituent is present. By far the most suitable methods
for synthesis of vitamin D3 and D2 metabolites start with readily available Vitamin D2 (13).
Two alternative strategies are applied, either by keeping the vitamin D skeleton intact dur‐
ing the course of the reaction sequence (linear synthesis) (Scheme 2), or by first cleaving the
molecule to obtain the A‐ring and the CD‐ring building block, and subsequently reconnect‐
ing both molecules after separate appropriate chemical modifications (convergent synthesis)
(Scheme 3) [1, 26, 27, 29, 30].

3.1. Linear synthesis of vitamin D metabolites

Following a linear synthesis (Scheme 2), the cis‐diene moiety of vitamin D2 (13) is protected
by sulfur dioxide after silylation of the hydroxyl group at C‐3 as a tert‐butyldimethylsilyl ether,
leading to the SO2 adduct 14. Labeling with deuterium at C‐6,19,19 can be carried out conven‐
iently by treatment with D2O or deuterated alcohol (e.g., isopropanol). Finally, thermal removal
of SO2 and photochemical isomerization leads to threefold deuterated vitamin D2 (d‐13). This
simple and convenient method to obtain C‐6,19,19 deuterated metabolites [31] can also be
applied to a wide variety of other vitamin D3 and D2 derivatives. In order to obtain metabolites
of the corresponding C‐3‐epi series of vitamin D3 or D2 metabolites, the configuration of the C‐3
OH group of vitamin D2 (13) can be epimerized under the so‐called “Mitsunobu conditions”
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[32], by treatment with an aromatic acid and an azodicarboxylate, resulting in the correspond‐
ing ester 15 with concomitant inversion of the stereogenic center at C‐3 (orientation of the
substituent has changed from β to α). The ester is finally cleaved by saponification with
potassium hydroxide or by reduction with lithium aluminum hydride to afford C‐3‐epi
vitamin D2 (16), which can be used to synthesize a wide variety of C‐3 epimers, including 3‐
epi‐25‐hydroxyvitamin D3 (3‐epi‐25(OH)D3) (10, d‐10) and 3‐epi‐1α,25‐dihydroxyvitamin D3 (3‐
epi‐1,25(OH)2D3) (11, d‐11). Yields are only moderate due to the favored formation of a
C‐3,4‐5,6‐7,8 all‐trans triene system by elimination. To further proceed with the synthesis, the
C‐22/23 double bond in the side chain of SO2 adduct 14 is cleaved by ozonolysis, leading to
alcohol 17 after reductive workup with sodium boronhydride, which can be used to add a
wide variety of modified side chains as appropriate. For instance, 17 can be converted to an
iodide, which is coupled in a nickel‐zinc‐mediated reaction with ethyl acrylate after prior
removal of the SO2 protective group to afford 18. At this stage, an allylic oxidation by selenium
dioxide can be carried out, leading to a 1α‐hydroxy series of metabolites, such as 19 as
appropriate precursor. Silylation of the newly generated hydroxyl group, followed by
Grignard reaction with methylmagnesium bromide, leads to 1α,25‐dihydroxy metabolites. If
a deuterated Grignard reagent, labeled with 3 deuterium atoms at their methyl groups, is
employed, the corresponding sixfold deuterium labeled metabolite is obtained, containing 3
deuterium atoms at C‐26 and C‐27, respectively. Finally, the C‐5/6 double bond has to be
isomerized photochemically, and the silyl protective groups have to be removed, ending up
with nondeuterated or deuterated 25(OH)D3 (3, d‐3) or 1,25(OH)2D3 (4, d‐4) [33], as shown in
Scheme 2. If 3‐epi‐vitamin D2 (16) is employed in this sequence, 3‐epi‐25(OH)2D3 (10, d‐10) is
obtained. 3‐epi‐1,25(OH)2D3 (11, d‐11) is obtained, if 1α‐hydroxylation by selenium dioxide
was carried out, and the resulting C‐1‐OH‐group is epimerized by oxidation and final
reduction.

Vitamin D2 metabolites are synthesized by application of analogous strategies as applied for
their corresponding D3 counterparts, although they are more challenging to synthesize, for
two reasons: vitamin D2 metabolites contain an olefinic double bond in C‐22/23‐position, which
has to be arranged in trans geometry during the course of a suitable coupling reaction of a CD‐
ring precursor and an alternated side chain building block by olefination. Most synthetic
olefination methods yield a mixture of cis and trans double bonds, leading to product mixtures
that are difficult to separate due to their similar polarity. If the reaction conditions are too basic,
C‐20 epimerization can also occur, leading to even more complex product mixtures. Addi‐
tionally, vitamin D2 metabolites contain a chiral methyl group in C‐24 position that has to be
ranged in a defined configuration. When a suitable building block bearing this methyl group
is employed in the synthesis, epimerization of the chiral center may occur under basic reaction
conditions, along with the risk for epimerization at C‐20 in the coupling reaction. Thus, alcohol
17 is converted to its corresponding phenylsulfone, which is coupled by olefination with
aldehyde 20, a method originally invented by Julia [34]. Note that 20 can be synthesized in a
few routine steps from commercially available (S)‐(+)‐3‐hydroxyisobutyric acid methyl ester,
which is submitted to a Grignard reaction with methyl‐magnesium bromide. Analogously to
the synthesis of the other sixfold deuterated metabolites labeled at C‐26/27, the addition of
deuterated Grignard reagent in the course of the reaction leads to sixfold deuterated vitamin
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D2 metabolites. Finally, the double bond at C‐5/6 of 21 has to be photochemically isomerized
and the silyl protective groups have to be removed, leading to nondeuterated or deuterated
25(OH)D2 (22, d‐22) [35].

Scheme 2. Linear synthesis of vitamin D metabolites. TBDMSCl: tert‐butyldimethylsilyl chloride, SO2: sulfur dioxide,
O3: ozone, NaBH4: sodium borohydride, iPrOD: deuterated isopropanol, Bu4NF: tetra‐n‐butylammonium fluoride,
NaHCO3: sodium hydrogen carbonate, TsCl: p‐toluenesulfonyl chloride, PhSH: thiophenol, MCPBA: 3‐chloroperben‐
zoic acid, I2: iodine, PCC: pyridinium chlorochromate, D3CMgBr: deuterated methylmagnesium bromide, SeO2: seleni‐
um dioxide, DIAD: diisopropyl azodicarboxylate, PPh3: triphenylphosphine, KOH: potassium hydroxide, LiAlH4:
lithium aluminium hydride.

3.2. Convergent synthesis of vitamin D metabolites

Alternatively, a convergent approach can be applied (Scheme 3), which is more versatile than
a linear synthesis and allows for more harsh reaction conditions and wider scope of suitable
substrates and reagents. In a classical and widely applied strategy, vitamin D2 (13) is submitted
to ozonolysis, leading to Inhoffen‐Lythgoe diol 23 and allylic alcohol 24 after reductive workup
with sodium boronhydride. After appropriate chemical modification of the CD‐ring precursor,
this compound is coupled with an A‐ring building block. Two strategies can be distinguished.
In the most common approach, invented by Lythgoe and further developed by the Hoffmann‐
La Roche group [36], allylic alcohol 24 is converted via an allylic chloride 25 in diphenylphos‐
phine oxide 26, which is coupled with a C‐8 ketone by a Wittig‐Horner olefination. The A‐ring
diphenylphosphine oxide 26 can be coupled before or after appropriate alteration of the side
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chain at the CD‐ring building block. To employ an A‐ring diphenylphosphine oxide such as
26 is favourable, if no further substituents except a C‐3 OH group and a C‐10 exo‐methylene
group in the A‐ring are needed, as it is already present in vitamin D2 (13). As example for an
efficient application of this strategy, the synthesis of 24,25(OH)2D3 (6) and its deuterated
counterpart (d‐6), their 3‐epi‐analogs (9/d‐9) and 1α‐analogs (5/d‐5), is shown in Scheme 3 [37].
Here, diol 23 is converted to its corresponding iodide, which is coupled with enone 27 (obtained
in a few routine steps from (R)‐(‐)‐lactic acid using a zinc‐copper‐catalyzed reaction mediated
by ultrasound, leading to 28. By Grignard reaction of 28 with nondeuterated or deuterated
methyl‐magnesium bromide, 29 or d‐29 are obtained. The 1,2‐diol moiety is protected as
isopropylidene ether, followed by oxidation with pyridinium chlorochromate to obtain ketone
30/d‐30, which can be coupled with diphenylphosphine oxide 26 to obtain d‐24,25(OH)2D3

(d‐6) after removal of silyl‐ and isopropylidene protective groups. To access the corresponding
C‐3‐epi‐analog, vitamin D2 is first bis‐hydroxylated at C‐7/8 using potassium permanganate.
Inversion of the stereogenic center at C‐3 under “Mitsunobu‐conditions” using picolinic acid
leads to the corresponding C‐3‐epi‐triol 31. The yields of this reaction are much higher as
compared to the synthesis of 16 used in the linear synthesis, because an elimination reaction
leading to a favored C‐3,4‐5,6‐7,8‐all‐trans system is avoided [38]. Silylation and cleavage of
the diol moiety of triol 31 by lead tetraacetate and reductive workup with sodium boronhy‐
dride lead to the CD‐ring fragment 32 and C‐3‐epi allylic alcohol 33, which can be used after
conversion to the corresponding diphenylphosphine oxide 34. Note that 34 is coupled to d‐30
to obtain d‐3‐epi‐24,25(OH)2D3 (d‐9) or its corresponding nondeuterated counterpart 9. 3‐epi‐
diphenylphosphine oxide 34 can be used as a versatile A‐ring building block to be employed

Scheme 3. Convergent synthesis of 24,25(OH)xD metabolites. TBDMSCl: tert‐butyldimethylsilyl chloride, O3: ozone,
NaBH4: sodium borohydride, I2: iodine, Cu: copper, Zn: zinc, D3CMgBr: deuterated methylmagnesium bromide,
Me2CO: acetone, PCC: pyridinium chlorochromate, KMnO4: potassium permanganate, DIAD: diisopropyl azodicar‐
boxylate, NCS: N‐chlorosuccinimide, LiPPh2: lithium diphenylphosphide, H2O2: hydrogen peroxide. BuLi: n‐butyllithi‐
um, Bu4NF: tetra‐n‐butylammonium fluoride, Pb(OAc)4: lead tetraacetate, SeO2: selenium dioxide.
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in a Wittig-Horner reaction for the synthesis of a wide variety of 3-epi vitamin D3 and D2

metabolites, by connection with appropriate CD-ring building blocks with modified side chain,
as shown for the synthesis of 3-epi-24,25(OH)2D3 (9, d-9) as representative example. Finally,
permanganate oxidation of vitamin D2 (13) leads to triol 35, which is converted in a few routine
steps, including a stereoselective 1α-allylic oxidation with SeO2 via 36 to diphenylphosphine
oxide 37, which is then coupled with d-30 to afford 1,24,25(OH)3D3 (5/d-5).

Two other low abundant metabolites, 23(S),25(R)-dihydroxyvitamin D3 26,23-lactone 7 and
1α-1,23(S),25(R)-trihydroxyvitamin D3 26,23-lactone 8, are synthesized in an analogous
manner [29] (Scheme 4), by coupling a CD-ring ketone carrying an appropriate side chain with
diphenylphosphine oxide 26 or 37. Here CD-ring-building block 32 obtained from vitamin D2

13 is used, which is converted to aldehyde 38. In order to prepare an appropriate modified
side chain, isopentenol 39 is converted using a few routine steps to sulfone 40, which is then
coupled with 38 by a Julia olefination to afford 41. Removal of the isopropylidene protective
group, oxidation to an unsaturated α-hydroxy carboxylic acid and subsequent iodolactoniza-
tion leads to ketone 44 via 42 and 43, which is coupled with diphenylphosphine oxide 26 or
37, respectively, to give 7 and 8.

Scheme 4. Convergent synthesis of 23,26(OH)x-lactone metabolites. TBDMSCl: tert-butyldimethylsilyl chloride, O3:
ozone, LDA: lithium diisopropylamide, Na: sodium, Hg: mercury, PPTS: pyridinium p-toluenesulfonate, DMSO: di-
methyl sulfoxide, Py: pyridine, SO2: sulfur dioxide, I2: iodine, KOH: potassium hydroxide, Bu3SnH: tributyltin hydride,
Bu4NF: tetra-n-butylammonium fluoride, PCC: pyridinium chlorochromate, BuLi: n-butyllithium.

3.3. Convergent Palladium-catalyzed synthesis of vitamin D metabolites

The A-ring building block is preferably synthesized de novo, if further substituents apart from
a C-3-OH group and a C-10 exo methylene group in the A-ring (already present in vitamin
D2) are needed. This is particularly valuable for synthetic analogs containing substituents at
C-2, which were developed in the past as new drugs [30]. However, natural metabolites may
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Scheme 4. Convergent synthesis of 23,26(OH)x-lactone metabolites. TBDMSCl: tert-butyldimethylsilyl chloride, O3:
ozone, LDA: lithium diisopropylamide, Na: sodium, Hg: mercury, PPTS: pyridinium p-toluenesulfonate, DMSO: di-
methyl sulfoxide, Py: pyridine, SO2: sulfur dioxide, I2: iodine, KOH: potassium hydroxide, Bu3SnH: tributyltin hydride,
Bu4NF: tetra-n-butylammonium fluoride, PCC: pyridinium chlorochromate, BuLi: n-butyllithium.
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The A-ring building block is preferably synthesized de novo, if further substituents apart from
a C-3-OH group and a C-10 exo methylene group in the A-ring (already present in vitamin
D2) are needed. This is particularly valuable for synthetic analogs containing substituents at
C-2, which were developed in the past as new drugs [30]. However, natural metabolites may
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also contain additional substituents in the A‐ring, such as 4β,25‐dihydroxy vitamin D3 [39]. In
these cases, Pd catalyzed tandem reactions can be applied (Scheme 5). Initially invented by
Trost [40], an acyclic enyne 46 is coupled with a CD‐ring vinyl bromide 47 obtained by Peterson
olefination from the corresponding ketone. Closure of the A‐ring and its connection with CD‐
ring is preferably carried out in one pot. Alternatively, the corresponding triflate 48 can be
employed in a Zn‐mediated reaction, which was invented by Negishi [41]. Additionally, CD‐
ring alkene boranates 49 can be used via an analogous coupling method originally invented
by Suzuki [42]. Finally, a cyclic A‐ring enynes, such as 50, can be coupled with CD‐ring triflate
50, a coupling method invented by Sonogashira [43]. In all these cases, the CD‐ring vinyl
bromide 47, boranate 49, or triflate 51 are usually carrying the modified side chain already,
before coupling with the acyclic or cyclic A‐ring enyne. A major drawback of these methods
is the fact that synthesis of acyclic or cyclic enynes or other A‐ring building blocks not derived
from vitamin D2 involves many synthesis steps, and in some cases separation of diastereomeric
mixtures is also necessary to obtain enantiomerically and diastereomerically pure product.
However, the suitable starting materials can usually be obtained from the natural chiral pool
(i.e., terpenes such as carvone [44], malic acid [45], quinic acid [43], or carbon hydrates such as
D‐glucose [46] or D‐xylose [47]), which are usually readily available. A wide range of substrates
are tolerated. Consequently, these advanced strategies involving Pd catalyzed reactions have
widely been applied in recent years and are by now well established.

Scheme 5. Convergent Pd‐catalyzed synthesis of vitamin D metabolites via de novo‐A‐ring synthesis. Pd: palladium,
ZnCl2: zinc chloride.
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4. LC-MS/MS assays for vitamin D metabolites

In the second part of this chapter, an overview of the mass spectrometric analysis of vitamin
D metabolites in biological samples is presented. Because of the chemical nature of these
secosteroidal molecules, liquid chromatography‐tandem mass spectrometry (LC‐MS/MS)
currently provides the optimum analytical platform for analysis of vitamin D metabolites.
While mass spectrometry assays are often not as rugged and more expensive than most non‐
mass spectrometric assays (in particular immunoassays), they provide the ability to capture
multiple metabolites simultaneously at very low concentration levels. Immunoassays measure
the 25(OH)D3 and 25(OH)D2 metabolites only and have limitations with respect to detection
sensitivity as well as selectivity and specificity issues.

In most published assays, the metabolites are determined from serum or plasma matrices.
Other biological matrices have rarely been used, although vitamin D metabolites have
successfully been quantified in saliva [48] and various soft tissues [49]. In the following
sections, we discuss the requirements and characteristics of LC‐MS/MS of vitamin D metabo‐
lites; that is, chromatographic separation, ionization, m/z analysis, interferences and accuracy
issues, multimetabolite screening applications, and the clinical role of vitamin D fingerprinting
methods.

4.1. Liquid chromatographic separation of vitamin D metabolites

Due to the hydrophobic structure, vitamin D metabolites are generally easily separated on
reversed‐phase liquid chromatography stationary phases (e.g., octadecyl C18) materials
utilizing hydrophobic interactions. The vitamin D metabolites generally elute in the order
trihydroxylated < dihydroxylated < monohydroxylated metabolites, that is, for vitamin D3‐
related molecules, the order of chromatographic retention is 1,25(OH)2D3 < 25(OH)D3 < D3.
Between corresponding D2 and D3 analogs, the D2 metabolites elute marginally later than the
D3 versions. For the two important isomers of dihydroxylated vitamin D metabolites,
24,25(OH)2D3 and 1,25(OH)2D3, the order of retention is 24,25(OH)2D3 < 1,25(OH)2D3.

Possibly more interesting—from a chromatography point of view—are the biochemically
formed isomers after stereochemical reversal (β→α) at C‐3; for example, the epimers
25(OH)D3 and 3‐epi‐25(OH)D3. The subtle diastereomeric differences between these species
can be distinguished using specialized columns, such as combined C18/chiral [50], pentafluor‐
ophenyl (PFP) [51–53], and cyano (CN) [54–57].

4.2. Ionization of vitamin D metabolites for mass spectrometric analysis

Mass spectrometric determination of vitamin D metabolites using liquid chromatography‐
mass spectrometry (LC‐MS) is not trivial because of the structural limitations that the analytes
provide with respect to attaching a charge to the molecules. Gas chromatography‐mass
spectrometry techniques have been used in the past for qualitative analysis and structure
determinations, but these methods have been almost completely replaced by modern LC‐MS
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methods. While analysis of transformation products such as vitamin D sulfates is relatively
easy by LC‐MS as the metabolites can be simply analyzed as deprotonated molecules, ionizing
the relatively nonpolar vitamin D metabolites is not straightforward. For LC‐MS, electrospray
ionization (ESI) or atmospheric pressure chemical ionization (APCI) are the most common
ionization techniques, which usually result in the formation of [M+H]+ ions for most biological
molecules. APCI has been successfully applied to steroids, as gas‐phase chemical ionization
often efficiently transfers a proton to these types of molecules. ESI usually relies on a charging
mechanism in the liquid phase and one would therefore expect ESI to be less efficient than
APCI for vitamin D metabolites. In reality this is not the case, however, and both techniques
have equally been applied to vitamin D analysis, with the analytical figures of merit being
quite similar between the two ionization techniques. There appears to be a slight trend toward
application of ESI rather than APCI in recent years.

An important, often neglected consideration in the choice of ionization source is the (usually
detrimental) impact of coionized sample components that coelute with vitamin D metabolites
from the LC column. Here, ionization suppression effects caused by these coeluting molecules
may impact the outcome even stronger than the differences seen in ionization efficiencies
between ESI and APCI [58, 59]. However, no systematic comparison of ionization efficiency/
ionization suppression effects between ESI and APCI has been performed yet. Furthermore,
coionization of coeluting components also leads to the formation of isobaric interferences when
sample matrices such as plasma or serum are analyzed, which will be discussed in more detail
below.

Another useful ionization technique is atmospheric pressure photoionization (APPI). This
technique is very common in fields such as petroleum analysis, but surprisingly, it is virtually
unknown in the clinical community. To our knowledge, only one study has systematically
compared APPI with APCI and shown that APPI generated significantly higher ion currents
for 25(OH)D3 than APCI [60]. A second study applied APPI to quantification of 25(OH)D3

without comparison to ESI or APCI [61].

Finally, another option to overcome problems of ionization efficiency and resulting problems
with detection sensitivity is derivatization of vitamin D metabolites, to convert them into better
responding transformation products. Such procedures are now quite common in the vitamin
D analytical field; they comprise introduction of a chemical group that is readily ionized or is
permanently charged. Cookson‐type triazoline‐diones and triazoline‐dione‐related reagents
(e.g., 4‐phenyl‐1,2,4‐triazoline‐3,5‐dione [PTAD]) are most often applied, which utilize the
reaction of the reagent’s dienophile with the cis‐diene group at C‐5/C‐6 and C‐10/C‐19 of
vitamin D (Diels‐Alder [4+2] reaction) (Scheme 6).

Several promising PTAD assays have been described in the literature [39, 49, 62–64]. The
advantage of using the cis‐diene moiety is that all vitamin D metabolites contained in the
sample are converted when the reagent is present at sufficient concentrations (i.e., in large
excess quantities) as all relevant vitamin D metabolites possess this structural motif. Ionization
efficiency of 25(OH)D‐PTAD has been reported to be 100‐fold higher than the nonderivatized
molecules in ESI mode [65]. A structural variation in PTAD includes a permanently charged
quaternary ammonium moiety, which enhances detection sensitivity even further [66]. This
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reagent is commercially available. A recent chemotyping assay for multiple vitamin D
metabolites has shown detection limits in the fg/mL range for vitamin D metabolites from
human serum (see discussion below).

Scheme 6. Diels‐Alder [4+2] derivatization of vitamin D metabolites using PTAD.

4.3 Mass analyzers for vitamin D analysis

Most clinical applications for vitamin D utilize quadrupole‐based mass analyzers with low
resolving powers. Because these mass spectrometers measure m/z signals at “unit mass
resolution,” they cannot be operated in full scan mode for the accurate quantification of vitamin
metabolites when complex sample matrices such as serum are analyzed. Serum contains
multiple components of identical nominal molecular mass to vitamin D metabolites, several
of which have been shown to coelute during High Performance Liquid Chromatography
(HPLC) [67]. The coeluting metabolites then generate so‐called “isobaric” ions in the mass
spectra after ESI, which cannot be distinguished from the vitamin D target molecules using
low resolution MS. Therefore, tandem mass spectrometry (MS/MS) is implemented, which
activates the ionized species further and forces them to undergo collision‐induced dissociation
(CID) for generating structure‐specific product ions. The metabolite‐specific product ions are
then measured and their response used for quantification of the target metabolites.

By far the most common low resolution tandem mass spectrometer for vitamin D analysis in
clinical laboratories is the triple quadrupole (QqQ) instrument. In a QqQ mass spectrometer,
the [M+H]+ ions of vitamin D metabolites are selected in the first quadrupole, fragmented in a
quadrupole collision cell, and the products analyzed in the final quadrupole mass analyzer.
The acquisition mode that is almost always applied is the so‐called selected reaction monitor‐
ing (SRM) mode. In this mode, the [M+H]+ precursor ion is isolated in Q1 (e.g., m/z 401 for
25(OH)D3), dissociated in q2, and one specific product ion selected in Q3 (e.g., m/z 383). The
quality of the precursor/product ion selection determines the selectivity of analysis; that is, the
product ion structure should ideally directly reflect the chemical structure of the chosen
precursor ion for maximum specificity. For vitamin D metabolites, the selection of an appro‐
priate product ion is surprisingly difficult because of some inherent structural limitation of the
precursor structure, leading primarily to simple dehydration reactions at low collision
energies, which turn into complex mass spectra at higher collision energies (Figure 1) [68].
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Unfortunately, because of multiple, overlapping series of fragmentation reactions, leading to
“picket fence” type product ion spectra, fragment ions for vitamin D metabolites in the
diagnostic m/z range often resemble each other.

Figure 1. Collision‐induced dissociation (CID) spectrum of the [M+H]+ ion of 1,25(OH)2D3 (spectrum after fully com‐
pleted dehydration reactions after electrospray ionization and CID; m/z analysis by Fourier‐transform ion cyclotron
resonance, FTICR).

A few studies also report the use of a low resolution quadrupole ion trap (IT) [69, 70] in
MS/MS mode for 25(OH)D3 and 25(OH)D2, but these instruments are rarely implemented in
clinical environments. IT instruments are often not fit for purpose for quantitation of low
abundant biological molecules, because of the large detrimental contributions of acquisition
time overhead to the duty cycle, thus limiting detection sensitivity. There is also a general
decline of this instrument type in modern mass spectrometry labs.

The most anticipated future development for vitamin D analysis is the introduction of high
resolution mass spectrometry (HRMS), which is now firmly established in many other fields
of modern mass spectrometry, in particular, in pharmaceutical applications and the proteomics
field [71]. This trend is mostly due to the availability of robust quadrupole‐quadrupole‐time‐
of‐flight (QqTOF) and orbitrap mass analyzers in recent years, which have transformed many
analytical approaches to mass spectrometry. The use of mass defect as metabolite‐specific
property, for example, is now an integral part of many metabolite identification routines for
drug metabolites [72]. While the number of applications of HRMS in the vitamin D field is still
limited, the existing work has clearly demonstrated the potential of HRMS for vitamin D
analysis. For example, orbitrap mass spectrometers in full scan [73, 74] and MS/MS [75, 76]
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modes have been applied successfully to the analysis of 25(OH)D3 in human serum and
analytical performance has been shown to be equivalent or better than triple quadrupole and
immunoassays. The important role of HRMS in the separation of isobaric interferences will be
shown below.

4.4. Interferences during LC-MS/MS

The LC‐MS/MS analysis of vitamin D metabolites is affected by various sources of error, which
can affect both precision and accuracy. As with any other LC‐MS/MS analysis from biological
samples, ion suppression by coeluting sample components or chemical modifiers from the
sample preparation or chromatography can lead to reduced analyte signals. There are several
options to assess whether or not ion suppression is present, which have been summarized in
many review articles, e.g., by Matuszewski et al. [77]. Stable isotope standards of vitamin D
metabolites (mostly deuterated analogs) can usually correct for accuracy errors from ion
suppression effects, as long as it is guaranteed that protein binding for the isotope standard is
the same as for the endogenous analyte, which requires implementation of a careful incubation
routine [78]. Importantly, deuterated isotope standards are commercially available for most of
the relevant vitamin D metabolites but unfortunately not for all.

A second important source of analytical error originates from isobaric noise; that is, endoge‐
nous or exogenous metabolites that coelute with the vitamin D analytes and erroneously
contribute to the analytical signal, if unspecific ions are used for mass spectral analysis. This
has recently been described in detail by Qi et al. [67], who clearly demonstrated the presence
of multiple isobars of 25(OH)D3 in human serum. The isobars have to be carefully removed in
low resolution mass spectrometry, by application of appropriate MS/MS or ion mobility
spectrometry routines [67]. A number of exogenous and endogenous molecules have been
identified as relevant metabolites in serum samples [50, 67, 79].

Many of these interferences can be eliminated by application of high resolution mass spec‐
trometry using sufficiently high resolving powers; for example, through implementation of
orbitrap or Fourier‐transform ion cyclotron resonance (FTICR) mass spectrometers. For
example, Liebisch and Matysik demonstrated that the orbitrap MS instrument in their study
was able to separate an isobaric interference of 25(OH)D3 in the MS/MS domain; this interfer‐
ence was caused by fragmentation of the d6‐25(OH)D2 isotope standard [75].

Importantly, the issues relating to isobaric noise have only been studied for the 25(OH)D3

analyte; other metabolites will likely be affected by similar interferences, the impact of which
during quantification, in particular, in multimetabolite assays (see below), remains unknown.

4.5. Method accuracy and certified reference materials

The vitamin D analytical community is supported through the Vitamin D External Quality
Assessment Scheme (DEQAS), a nonprofit organization that evaluates the performance of
analytical assays of member laboratories for 25(OH)D3 and 1,25(OH)2D3 [80] through round‐
robin analyses. DEQAS has clearly demonstrated that analytical performance of vitamin D
analysis has greatly improved over the years between 1994 and 2009 [81].
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The United States National Institute of Standards and Technology (NIST) provides certified
standard solutions for 25(OH)D3 and 25(OH)D2. Furthermore, the NIST and the National
Institutes of Health (NIH) Office of Dietary Supplements (ODS) have established the Vitamin
D Metabolites Quality Assurance Program (VitDQAP), for interlaboratory comparison of
measurement of 25(OH)D2, 25(OH)D3, and 3‐epi‐25(OH)D3 in serum and plasma and provide
method‐appropriate control materials.

A number of commercial reference, calibration, and quality control materials are available from
several companies that allow rapid implementation and validation of vitamin D analytical
methodologies.

4.6. Vitamin D multimetabolite assays

One of the most important advantages of LC‐MS/MS assays over clinical immunoassays is the
ability to determine multiple vitamin D species independently and simultaneously. As a result,
there are now several very capable LC‐MS/MS assays described in the literature that provide
the capability for profiling the most relevant vitamin D metabolites at the same time, within a
single analytical run, and with sufficient dynamic range to allow measuring the required
physiological levels, down to the picomolar range. The topic has recently been reviewed in
detail and the interested reader is referred to Ref. [82]. Briefly, most of these multimetabolite
assays utilize derivatization techniques that transform all vitamin D species into better
responding analogs (vide supra). This procedure in turn permits analysis of both high and low
abundant vitamin D species with similar analytical figures of merit [62, 83].

The simultaneous acquisition of all important metabolite levels then provides the possibility
of using these vitamin D metabolite distributions (“chemotypes”) as complex diagnostic or
prognostic biomarkers for correlation with disease phenotype or clinical outcome of treatment.
A few examples for such correlations are summarized in the last section.

5. Vitamin D fingerprints (chemotypes) in clinical applications

A number of recent studies have gone beyond the usual determination of 25(OH)D3—as
marker for vitamin D status [84]—and 1,25(OH)2D3—for diagnosis of renal diseases, hyper‐
calcemic syndromes, and disorders of 25(OH)D3 metabolism [85]. These broader profiling
techniques are aimed at discovering dynamic effects of metabolites and catabolites, which are
located further downstream the 25(OH)D3 metabolic cascade. Current studies highlight
24,25(OH)2D3 as important diagnostic marker, which was previously only considered a
clearance product of vitamin D without activity. In fact, it has been shown that 24,25(OH)2D3

has crucial roles in bone metabolism [86] and renal diseases [87].

Capturing multiple vitamin D species and their dynamic changes allows for a better under‐
standing of interindividual variations after vitamin D supplementation. Müller et al. recently
demonstrated an inverse linear correlation between baseline 25(OH)D3 and response to
supplementation for patients with chronic liver disease [83]. The study also showed that lower
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baseline 24,25(OH)2D3 levels were linked to larger changes of 25(OH)D3 levels, and that those
patients who exhibited greater response to vitamin D supplementation had lower levels of 3‐
epi‐25(OH)D3 (Figure 2).

Berg et al. implemented the ratio of 24,25(OH)2D3 and 25(OH)D3 as a novel status marker for
vitamin D [88]. Wagner et al. used the same ratio and demonstrated that it was predictive of
25(OH)D3 response to supplementation [89]. Binkley et al. measured multiple vitamin D
species and developed a model to describe interindividual variation of 25(OH)D3 levels after
supplementation [90]; the authors highlighted the role of absorption (as measured by the
nonmetabolized vitamin D3 species) and degradation (via the 24,25(OH)2D3 species) and
presented a treat‐to‐target regime for tailored serum levels of 25(OH)D3 [90].

Figure 2. Nonparametric correlations between baseline vitamin D metabolites and response to vitamin D supplementa‐
tion for patients with chronic liver diseases after 6‐month treatment: (a) the relative change in serum 25(OH)D3 (in re‐
sponse to vitamin D supplementation) correlated inversely with baseline 25(OH)D3 concentrations; (b) similarly, an
inverse correlation between relative change in serum 25(OH)D3 and baseline 24,25(OH)2D3 was observed; (c) baseline
24,25(OH)2D3 concentrations were nonsignificantly higher in women as compared to men; (d) patients with lower 3‐
epi‐25(OH)D3 concentrations at baseline tended to have a larger response to vitamin D supplementation (reprinted
with permission from Ref. [83]).

Other important studies include the work by Bosworth et al. [87] and Stubs et al. [91], who
utilized multimetabolite LC‐MS/MS methods to characterize chronic kidney disease (CKD).
Similarly, Duan et al. [64] studied patients with multiple sclerosis and observed comparable
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vitamin D [88]. Wagner et al. used the same ratio and demonstrated that it was predictive of
25(OH)D3 response to supplementation [89]. Binkley et al. measured multiple vitamin D
species and developed a model to describe interindividual variation of 25(OH)D3 levels after
supplementation [90]; the authors highlighted the role of absorption (as measured by the
nonmetabolized vitamin D3 species) and degradation (via the 24,25(OH)2D3 species) and
presented a treat‐to‐target regime for tailored serum levels of 25(OH)D3 [90].

Figure 2. Nonparametric correlations between baseline vitamin D metabolites and response to vitamin D supplementa‐
tion for patients with chronic liver diseases after 6‐month treatment: (a) the relative change in serum 25(OH)D3 (in re‐
sponse to vitamin D supplementation) correlated inversely with baseline 25(OH)D3 concentrations; (b) similarly, an
inverse correlation between relative change in serum 25(OH)D3 and baseline 24,25(OH)2D3 was observed; (c) baseline
24,25(OH)2D3 concentrations were nonsignificantly higher in women as compared to men; (d) patients with lower 3‐
epi‐25(OH)D3 concentrations at baseline tended to have a larger response to vitamin D supplementation (reprinted
with permission from Ref. [83]).

Other important studies include the work by Bosworth et al. [87] and Stubs et al. [91], who
utilized multimetabolite LC‐MS/MS methods to characterize chronic kidney disease (CKD).
Similarly, Duan et al. [64] studied patients with multiple sclerosis and observed comparable
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levels of 25(OH)D3 in the healthy control subjects and the patients; however, serum levels for
1,25(OH)2D3 and 24,25(OH)2D3 were lower in patients than controls.

6. Conclusions

The availability of assays for simultaneous capturing multiple vitamin D metabolites com‐
bined with reliable techniques for synthesis of the required metabolite standard compounds
makes accurate measurement of metabolite distributions and subsequent correlation with
disease phenotype readily possible; the outcome of these strategies is expected to be useful for
diagnosis and risk prediction for various diseases. It may also allow for specific supplemen‐
tation strategies in the future, which consider patient‐specific dosage requirements and use of
selected vitamin D metabolites or analogs.
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Abstract

1-Alpha,25-dihydroxyvitamin D3 (1,25(OH)2D3) is known to play an important physio-
logical role on growth and differentiation in a variety of nonmalignant and malignant cell 
types through classical actions, mediated by its specific receptor (VDR), and nongenomic 
actions resulting in the activation of specific signalling pathways. Due to the broad dis-
tribution of Vitamin D Receptor (VDR) in many tissues and the ability of 1,25(OH)2D3 to 
regulate fundamental processes, such as cell proliferation and differentiation, this steroid 
hormone has been suggested in the treatment of different diseases, from cancer to neuro-
degenerative diseases. In fact, structural 1,25(OH)2D3 analogues, with weaker collateral 
effects, have recently entered in clinical trials. Other interesting molecules due to their 
pleiotropic actions are the bioactive sphingolipids (SLs), in particular ceramide (Cer) and 
sphingosine 1-phosphate (S1P). Cells maintain a dynamic balance of these metabolites 
since Cer and sphingoid bases mediate cell death, while S1P exerts mitogenic effects and 
promotes differentiation of several cell types including osteogenic and neural cells. The 
biological actions of 1,25(OH)2D3 and SLs, in particular S1P, share many common effec-
tors, including calcium regulation, growth factor expression, inflammatory cytokines, 
etc., but whether they could act synergistically is still unknown and deserves further 
investigation.

Keywords: vitamin D, sphingosine 1-phosphate, ceramide, neurodegeneration, bone

1. Introduction

1-Alpha,25-dihydroxyvitamin D3 (1,25(OH)2D3), a known regulator of calcium and phospho-
rus homeostasis, has also important physiological effects on growth and differentiation in 
a variety of nonmalignant and malignant cell types [1–4] and a central role in host defense 
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against infections [5]. The classical actions of 1,25(OH)2D3 start with the hormone binding to the 
1,25(OH)2D3 receptor/retinoic X receptor (VDR/RXR) heterodimeric complex to specific DNA 
sequences, whereas the rapid nongenomic actions result in the activation of specific signal 
transduction pathways [6, 7]. The broad distribution of VDR in the human body and the ability 
of 1,25(OH)2D3 to control cell growth and differentiation make this hormone a potentially useful 
agent in the treatment of diseases, including cancer and neurodegenerative diseases. However, 
the systemic application of 1,25(OH)2D3 is limited because of its hypercalcemic side effects [8]. 
Therefore, 1,25(OH)2D3 analogues, with potent cell regulatory effects, but with weaker effects 
on calcium metabolism, have recently been obtained and some of them have entered in clinical 
trials [9, 10]. Sphingolipids (SLs) constitute a biologically active lipid class that is significantly 
important from both structural and regulatory aspects [11–14]. Indeed, they regulate funda-
mental cellular processes that are important in determining cellular fate, such as proliferation, 
apoptosis senescence, and inflammation [15–19]. Cells maintain a dynamic balance of distinct 
SL metabolites [20, 21], with ceramide (Cer) and sphingoid bases acting in opposite manner 
with respect to sphingosine 1-phosphate (S1P) that exerts mitogenic effects and promote dif-
ferentiation of several cell types including skeletal muscle cells [22, 23] and neural cells [24–27]. 
The manipulation of SL metabolism is currently being studied as a novel strategy to regulate 
cell proliferation/inflammation [18, 19, 28, 29]. Interestingly, S1P can be released from many cell 
types including neuronal cells and osteoblasts, thus, acting as ligand of specific S1P receptors, 
triggers paracrine and autocrine signalling [13, 19, 30]. In the present chapter, we review the 
potential contribution of the biological effects of sphingolipids, 1,25(OH)2D3 and its structural 
analogues in bone and neural disorders.

2. Vitamin D in bone physiology, osteogenesis, and osteoporosis

2.1. Bone remodelling

Bone remodelling consists in the balance between the elimination of bone due to osteoclast 
death and the formation of new bone by osteoblast proliferation [31]. The migration of mes-
enchimal stem cells (MSCs) to areas of new bone formation is also a fundamental process 
for skeleton maintenance. In fact, in these functional locations, MSCs, under the influence 
of bone morphogenetic protein, differentiate into osteoblasts. The majority of osteoblasts 
become osteocytes, the fully differentiated cells, within the bone matrix, where they also help 
in tissue repair [32]. Osteoclasts are multinucleated cells, abundant in mitochondria, vacuoles, 
and lysosomes [33, 34]. These cells derive from the fusion of preosteoclasts through a mech-
anism that is regulated by the dendritic cell-specific transmembrane protein (DC-STAMP) 
and the osteoclast-stimulatory transmembrane protein (OC-STAMP) [35, 36]. Osteoclasts are 
characterized by a ruffled border in contact with the bone surface, where the vacuolar H+-
ATPase, responsible of the maintenance of acid pH that favors the dissolution of the bone 
minerals, is localized. The zone beneath the ruffled borders is called resorption lacunae and 
is isolated from the surrounding by the sealing zone of osteoclasts that attaches the cells to 
the bone surface. Cathepsin K, MMP9, and tartrate resistant-acid phosphatase (TRAP), the 
main enzymes responsible for the degradation of bone matrix, are released in the resorption 
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lacunae. Matrix degradation products are endocytosed from the central portion of the ruffled 
border, packaged into transcytotic vesicles and secreted from the functional secretory domain 
[37]. The bone matrix represents an important storage of factors secreted by the osteoblasts 
during bone formation. Among them are the transforming growth factor β (TGFβ), the bone 
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), etc. They are stored in the 
bone matrix and serve as osteoblast-promoting components once liberated and activated by 
the osteoclasts.

In 1981, Rodan and Martin [38] observed that osteoblasts, but not osteoclasts, express the recep-
tors of bone-resorbing factors, such as Parathyroid hormone (PTH) and prostaglandin E2, and 
proposed that osteoblasts may interfere in the process of osteoclastic resorption. Experimental 
evidence of the role of the microenvironment provided by osteoblastics for cell differentiation 
of splenic precursors, confirms this hypothesis [39]. In response to bone-resorption stimulating 
factors, osteoblasts produce Receptor Activator of Nuclear Factor kappa-B Ligand (RANKL), a 
membrane associate factor that, by binding to its receptor constitutively expressed on the sur-
face of osteoclast precursors, stimulates cell differentiation and the activation of bone resorp-
tion. Another potential physiological regulator of bone mass is the prolin/arginine-rich end 
leucine-rich repeat protein (PRELP), a heparin/heparan sulfate-binding protein expressed in 
developing bone, cartilage, and basement membranes. PRELP inhibits osteoclast formation 
with a mechanism that affects the RANKL-dependent late stage of osteoclastogenesis, and its 
administration is reported to reduce bone loss in ovariectomized and tumor-bearing mice [40].

2.2. Effect of vitamin D on calcium homeostasis and bone remodeling

1,25(OH)2D3 was historically discovered as an anti-rachitic agent due to its effects on the 
demineralization process carried out by osteoclasts and intestinal calcium absorption [41]. 
The hormonally active form is the dihydroxylated metabolite 1,25-dihydroxyvitamin D3, or 
1,25(OH)2D3. It is generated by two enzymatic hydroxylation reactions, which occur first in 
the liver to produce 25-hydroxyvitamin D3 and second in the kidney, where both 1,25(OH)2D3 
and its sister metabolite 24,25-dihydroxyvitamin D3 (24,25[OH]2D3) are produced. Thus, most 
tissues have the ability to convert 1,25(OH)2D3 into its active form, which, in turn, will bind 
to hormone nuclear receptor (VDR) [42]. The presence of the VDR in many tissues that are 
not involved in mineral metabolism indicates a wider physiological role for 1,25(OH)2D3 able 
to positively or negatively influence target gene expression via binding of the hormone/VDR 
complex to specific receptor response elements, i.e., RANKL gene [43]. 1,25(OH)2D3 ability to 
maintain serum calcium homeostasis is due to VDR-mediated signaling affecting bone physi-
ology and intestinal calcium absorption.

In the intestine, 1,25(OH)2D3-mediated processes can occur by two different mechanisms: 
(a) the paracellular pathway predominates when dietary levels of calcium are high, and it is a 
passive, nonsaturable diffusion process [44], calcium is transported through tight junctions, 
and involves several claudins proteins upregulated by 1,25(OH)2D [45]; (b) the transcellular 
pathway occurs in the jejunum and duodenum in circumstances of low calcium dietary 
intake. It requires an active transport of calcium through the thickness of the enterocytes, 
and it is regulated by the subsequent involvement of transient receptor potential vanilloid 
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6 (TRPV6), calcium-binding protein calbindin D9k (CaBP-9K), and a calcium ATPase. The 
transcription of these proteins is stimulated by the 1,25(OH)2D signal [46]. When intestinal 
calcium absorption decreases, the transcellular transport in the kidney, a process similar to 
the active transport through the enterocytes, increases calcium reabsorption. This pathway 
is also stimulated by 1,25(OH)2D3 [44].

In addition, in hypocalcemia conditions, parathyroid glands release PTH which, in the kid-
ney, stimulate the production of the active form of 1,25(OH)2D3. Whenever intestinal and 
renal calcium fluxes are insufficient to maintain the correct calcium levels in the serum, the 
bone represents an additional pool of calcium and the bone-resorbing process permits to 
adjust serum calcium concentration.

1,25(OH)2D3 activates multiple signaling pathways in bone precursor cells [42]—nongenomic 
pathways that involve: (a) the activation of voltage-sensitive calcium channels located at plasma 
membrane; (b) the release of calcium from intracellular stores; (c) a shift in the charge state 
of the matrix protein osteopontin (OPN)—a classical nuclear receptor-mediated event that leads 
to the upregulation of the OPN gene at 48 h after hormone addition. Nanomolar concentra-
tion of 1,25(OH)2D3 is necessary for the nonclassical effects, while physiological 1,25(OH)2D3 
serum concentrations are necessary in the picomolar range [42].

Calcium balance and cell differentiation stage affect VDR action in osteogenic cells. In fact 
during a positive calcium balance, 1,25(OH)2D3 signaling acts in a different way in osteoblasts 
at diverse differentiation stage: in immature osteoblasts, the hormone causes an increase in 
RANKL expression leading to a catabolic function on bone mass [47], whereas in mature 
osteoblasts, VDR stimulation produces a decrease in RANKL expression and an increase 
in the production of the osteoclastogenic inhibitor osteoprotegerin (OPG), which inhibits 
RANKL-RANK interaction [48].

During a negative calcium balance, the high RANKL/OPG ratio and the increased levels of 
mineralization inhibitors, such as OPN, are the two events that permit the mobilization of cal-
cium from the bone to the serum in response to 1,25(OH)2D3 and PTH signaling. By increas-
ing calcium absorption, hormone signaling indirectly preserves bone mass mineralization. In 
osteocytes, VDR signaling upregulates the transcription of the bone-derived fibroblast growth 
factor-23 (FGF23) that stimulates TRPV5 expression, thus, increasing renal phosphate excre-
tion [49]. Notably, FGF23 also decreases renal CYP27B1 activity, the enzyme that catalyzes 
the hydroxylation of 25(OH)2D3 to 1,25(OH)2D3 [42], avoiding overstimulation of the hormone 
pathway.

Osteoporosis is a systemic skeletal disease characterized by a reduction of bone mass and 
microarchitectural deterioration that leads to increase in bone fragility and susceptibility to 
fracture [50]. Osteoporosis results from the imbalance between bone resorption and bone for-
mation, and 1,25(OH)2D3 can regulate both aspects of bone turnover. Nearly in all studies, 
the treatment with 1,25(OH)2D3 or its precursor, 1α(OH)D3, is found to increase bone min-
eral density [51, 52]. More recently, the combination of 1α(OH)D3 with an anti-resorptive bis- 
phosphonate (alendronate) enhanced bone mass with fewer falls and fractures [53].
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2.3. Vitamin D deficiency and supraphysiological dose

The lack of 1,25(OH)2D3 has obvious implications for human diseases. Severe 1,25(OH)2D3 
deficiency causes nutritional rickets in children [54] that can easily be prevented and cured by 
1,25(OH)2D3 supplementation [55]. Moreover, deficiency of 1,25(OH)2D3 or reduced level of 
VDR can lead to osteomalacia disease and the recovery of a normal hormone level can resolve 
the disease [56]. Less severe 1,25(OH)2D3 deficiency produces an increased bone turnover 
and an accelerated bone loss and it is associated with osteoporosis. A correlation between the 
sun exposure and bone physiology in regions insufficiently exposed to sunlight may involve 
1,25(OH)2D3 deficiency [57]. However, since 1,25(OH)2D3 insufficiency is widespread, it is dif-
ficult to provide evidence regarding the direct role of sunlight on osteogenesis and osteoporo-
sis without taking into account many other variables, such as personal bone physiology, age, 
weight, clothing habits, medication, and others.

Supraphysiological doses of the 1,25(OH)2D3 induce calcemic side effects. In order to preserve 
or augment the beneficial effects of the hormone and to minimize its collateral consequences, 
structural analogues of 1,25(OH)2D3 have been synthesized by introducing chemical modifi-
cations in the A-ring, central CD-ring region, or side chain of the hormone [58].

Some of these analogues have tissue-specific actions, exert prodifferentiating and antipro-
liferative effects on keratinocytes, and also possess important anti-inflammatory properties. 
The recently approved eldecalcitol (1a,25[OH]2-2b-(3-hydroxypropyloxy)vitamin D3; ED-71; 
Edirol®) is an orally administered analogue of calcitriol that binds to VDR [59]. Edirol® is 
available for the treatment of osteoporosis [60]. The effects of this compound on bone metabo-
lism have been reported in a randomized, open-label study in postmenopausal women, in 
which reductions in the markers of bone reabsorption were observed [61]. Similarly, in a 
randomized, noncomparative study of patients with osteoporosis, the structural analogue 
suppresses the biochemical markers of bone turnover in a dose-dependent manner.

Another 1,25(OH)2D3 analogue with some effects on bone is ZK191784, a compound char-
acterized by 22,23-double bond, 24R-hydroxy group, 25-cyclopropyl ring, and 5-butyloxa-
zole-group [10]. It has been shown to exert therapeutic potential in T cell-mediated immune 
disorders and to significantly counteract acute and chronic intestinal inflammation [62]. While 
the 1,25(OH)2D3 agonist effect of ZK191784 in kidney and antagonistic effect in intestine were 
clear, its effect on bone is still Ongoing: preliminay analyses appeared to suggest a tendency 
toward restoration of the reduced bone thickness in mice lacking the renal epithelial calcium 
channel TRPV (Trpv5−/−) [37].

Another 1,25(OH)2D3 analogue, Seocalcitol, is able to reduce the number and growth of metas-
tasis originating from various types of cancer cells, such as bone metastasis originating from 
intracardially injected breast cancer cells [63]. Since 1,25(OH)2D3 and its analogues possess 
cytostatic properties, many in vivo studies have focused on hormone analog cancer treat-
ment combined with radiotherapy and/or chemotherapy. However, while the combination of 
Seocalcitol, with radiotherapy in a xenograft model for breast cancer, lead to more effective 
anti-cancer effects [64, 65], the combination of the analogues with chemotherapy does not 
always result in additive or synergistic effects. In view of the promising results that certain 
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hormone analogs show against cancer in vitro and in vivo animal models, some of them have 
been tested in cancer patients, such as Seocalcitol, which however has given rather insufficient 
results in clinical trials.

2.4. Animal model for bone remodeling study

Several animal models have been developed and used to understand the pathogenesis of 
osteoporosis and osteogenesis for the preclinical testing of new treatment options [66]. Only 
few of them were used in combination with 1,25(OH)2D3. treatment.

The senescence accelerated mouse (SAM/P6) is a mouse model for severe osteoporosis that 
has low level of bone mass and develops fractures in old age [67]. It is a unique model for the 
study of age-related osteopenia and severe osteoporosis mimicking many aspects of the age-
related changes seen in bones of humans and offering the opportunity to study relevant genes 
that contribute to this process.

Other studies have been performed in ovariectomy (OVX) on rats for either osteoporotic 
induction or fracture healing. Notably, an additive effect on bone loss was reported by com-
bined OVX-deficient calcium or OVX-deficient 1,25(OH)2D3. In addition, the rat model sub-
jected to ovariectomy and multideficiency diet (depletion of 1,25(OH)2D3, calcium, vitamin 
K, and phosphorus), and, thus, characterized by increased bone turnover could contribute 
to the study of bone- and energy metabolism in early and late stages of osteoporosis. Several 
ovariectomized large animals might be also used as models of osteoporosis, such as the dog, 
the pig, the sheep, and the nonhuman primates [68]. In particular, the sheep is also well estab-
lished as a model for human bone loss/osteoporosis in orthopedic research [69]. Some limits 
can be the largeness in size and the difficulty to manage relatively expensive experiments.

Mouse can be a reliable animal model of glucocorticoid-induced osteopenia/osteoporosis and 
mimic the changes seen in humans [70]. Mice receiving glucocorticoid for a week showed an 
early increase in bone resorption, decreased bone mineral density, and bone mass.

Transgenic mice showing bone alterations have been also developed. Klotho mouse is a trans-
genic mouse model obtained by an insertion mutation that disrupts the Klotho gene locus. 
Klotho is a gene encoding a transmembrane protein that forms a complex with multiple fibro-
blast growth factor receptors and functions as coreceptor for FGF23, an osteocyte-derived 
hormone that induces negative phosphate balance. Defects in either Klotho or FGF23 gene 
expression result in osteopenia [71]. In these animals, similarly to what occurs in human senile 
osteoporosis, the reduction in bone formation occurs faster than bone resorption. TghuRANKL 
(Tg5519) is a transgenic mouse overexpressing human RANKL resulting in the spontane-
ous development of osteoporosis similar to human pathology [71, 72]. The overexpression 
of huRANKL results in the spontaneous development of early onset osteoporosis character-
ized by lack of trabecular bone, increased osteoclastogenesis, increased bone remodeling, and 
decreased bone strength. Another model, already mentioned in this paragraph is TRPV5−/− 
mice that display hypercalciuria due to a primary renal failure to reabsorb calcium and hyper-
vitaminosis D, leading to calcium hyperabsorption in the intestine and reduced bone mass 
[37, 73]. Other models are useful to evaluate osteocyte functions. They have been obtained, 
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for example, by osteocyte-specific disruption of gap junction protein, Gja1. Osteocyte-specific 
Gja1 conditional knockout mice show an increase in apoptosis of osteocytes [74].

Animal models for disused osteoporosis were also developed. Methods to reduce skeletal 
biomechanical loading include nerve, spinal cord, or tendon resections, casting, bandaging of 
one limb or suspension of both hindlimbs in rats. Immobilization-induced osteopenia/osteo-
porosis in rat skeletal model with the highly predictable pattern of bone loss and the hormone 
in plasma is significantly decreased [75].

Regarding osteogenesis, most of the studies have focused on osteogenesis imperfecta (OI), 
an autosomal dominant disorder caused by mutations in type I collagen, the most abundant 
protein of bone, skin, and tendon extracellular matrices. OI is characterized by increased bone 
fragility and low bone mass. Tansgenic mice expressing a premature stop codon or glycine 
substitution in the COL1A1 gene encoding the chains of type I collagen are good model for OI 
[76]. Very recently, the effect of high dose of hormones on bone density in OI patients has been 
reported [77]. Notably, new genes implicated in autosomal recessive forms of OI have been 
described and one of each is sphingomyelin phosphodiesterase (SMPD3), the gene encoding 
for neutral sphingomyelinase [78].

Some conflicting results are reported in literature, but the animal models developed so far 
have given valuable information on the pathogenesis of osteoporosis as well as on other path-
ological conditions of the skeleton and bone. The development of new animal models will 
help to better understand what have been poorly investigated in the past.

3. Vitamin D in nervous system physiology, neuroprotection,  
and neurogenesis

VDR is expressed in both neurons and glial cells (i.e., microglia, astrocytes, and oligoden-
drocytes) in different regions of the nervous system [3]. Vitamin D Response Element (VRE)   
response elements modulate gene expression. For example, it increases the expression genes 
codifying growth factors such as Nerve growth factor (NGF), glial cell line–derived neuro-
trophic factor (GDNF), NT3, and enzymes involved in the synthesis of neurotransmitters 
(tyrosine hydroxylase, tryptophan hydroxylase 2, and glutamate decarboxylase), whereas it 
decreases expression of voltage-dependent calcium channel [3, 79]. VDR is also expressed in the 
caveolae and induces nongenomic effects that include activation of cAMP-dependent protein 
kinase (PKA), Ca2+/calmodulin-dependent protein kinase, phosphatidylinositol 3-kinase, and 
mitogen-activated protein kinase p38 leading to phosphorylation of neurofilaments, modula-
tion of chloride, potassium, and voltage-dependent calcium channel in rat cortical neurons [80]. 
In addition, 25-hydroxylase and 1-a-hydroxylase activity are also found in the nervous tissue.

The combination of in vitro, ex vivo, and animal model data provides compelling evidence 
that 1,25(OH)2D3 has a crucial role in neuronal proliferation, differentiation, neurotrans-
mission, neuroplasticity, and neuroprotection. Increasing evidence derived from studies of 
1,25(OH)2D3 deficiency and from VDR polymorphisms implicates 1,25(OH)2D3 as a  candidate 
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in influencing susceptibility to a number of psychiatric and neurological diseases, such as 
schizophrenia, autism, Parkinson disease (PD), amyotrophic lateral sclerosis, epilepsy, 
Alzheimer disease (AD), and is especially strong for multiple sclerosis (MS) [8, 81, 82]. In 
epigenetic studies, maternal dietary deprivation of 1,25(OH)2D3 has induced vitamin D defi-
ciency (VDD) in rats prior to mating and maintained it during pregnancy. The 1,25(OH)2D3-
deficient rats showed modifications in brain morphology including increased overall brain 
size and larger lateral ventricles. Interestingly, some changes persist despite the addition of 
1,25(OH)2D3 to the diet of the pups. In adult life, these rats tend to demonstrate subtle altera-
tions in learning and memory and impaired attentional processing [81]. Prenatal VDD induces 
similar alterations in fetal mouse brain morphology and mouse behavior [83, 84]. Notably, it 
has been reported that maternal 1,25(OH)2D3 insufficiency during pregnancy in humans is 
also significantly associated with offspring’s language impairment [85]. Interestingly, prena-
tal 1,25(OH)2D3-depleted rats showed a significant impairment of latent inhibition, a feature 
often associated with schizophrenia [81].

The neuroprotective effect of 1,25(OH)2D3 has been recently reported in cognitive decline of 
aging rats [86], and it has been extensively studied in the animal model of MS and the experi-
mental allergic encephalomyelitis (EAE). The hormone prevents onset and reversibly blocks 
progression of clinical signs, but such a protective effect is absent in VDR knockout mice 
[81]. The effect of 1,25(OH)2D3 might not be due exclusively to its neuroimmunomodulatory 
properties [81] since recently it has been reported that the hormone enhances neural stem cell 
proliferation and differentiation into neurons and oligodendrocytes, the myelinating cells of 
central nervous system [4, 87]. Neural stem cells constitutively express VDR, which can be 
upregulated by 1,25(OH)2D3 [4].

1,25(OH)2D3 regulates the expression of many AD-related genes. It attenuates Aβ peptide 
accumulation by stimulating phagocytosis of Aβ peptide probably by modulating transcrip-
tion of Toll-like receptors and cytokines together with enhancing brain-to-blood efflux trans-
port by increasing P-glycoprotein expression [88].

Adult neurogenesis is limited to specific brain regions in the mammalian brain, such as the 
hippocampal dentate gyrus and the subventricular zone. Alterations in adult neurogenesis 
appear to be a common hallmark in different neurodegenerative diseases including PD and 
AD [89]. Therefore, factors that stimulate neurogenesis have been indicated as possible treat-
ments of neurodegenerative disorders. The antiproliferative and prodifferentiating effects 
of 1,25(OH)2D3 in neural cells were described more than 10 years ago [90, 91]. 1,25(OH)2D3 
decreases the expression of G1/S and G2/M cellular gatekeeper components, such as cyclins 
D1 and B1 [91, 92] and decreases the percentage of cultured hippocampal cells undergoing 
mitosis in conjunction with increases in both neurite outgrowth and NGF production [90]. 
Recently, ceramide kinase signalling pathway has been involved in the antiproliferative 
action of 1,25(OH)2D3 human neuroblastoma cells [18]. Accumulated evidence indicates that 
1,25(OH)2D3 has complex effects on neurogenesis of neural stem cells. Cui et al. [93] have 
investigated the effect of Developmental vitamin D (DVD) deficiency on neuroprogenitor for-
mation in the neonatal brain, and they have shown an increase in the number of neurospheres 
formed in cultures from the neonatal subventricular zone. Exogenous 1,25(OH)2D3 added to 
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the culture medium reduced neurosphere number in control (in agreement with the puta-
tive antiproliferative effect of 1,25(OH)2D3), but not in cultures from the deprived pups [93]. 
In contrast, neurogenesis in adult subgranular zone of the hippocampus is decreased [94].  
In another model of 1,25(OH)2D3 deficiency, Zhu et al. [95] have reported increased prolifera-
tion, but decreased survival of newborn neurons in the dentate gyrus of adult mice lacking 
1,25(OH)2D3, the 1α-hydroxylase knockout mice [95]. The different effects probably depend 
on the time window of exposition and/or the different sensibility to the hormone of distinct 
neurogenic niches.

The neuroprotective effect of high intake of 1,25(OH)2D3 has been confirmed in some AD tri-
als, but not in others [88]. It is not clear whether hypovitaminosis D triggers AD or it removes 
protection in the Central nervous system (CNS) against AD. However, the combination of 
antineurodegenerative drugs with 1,25(OH)2D3 supplementation might be useful. Indeed, the 
supplementation of the combination nemantidine plus 1,25(OH)2D3 has been shown to pre-
vent cognitive decline more efficiently than that of the single compounds [96].

4. Sphingolipids

Sphingolipids (SLs) have long been regarded as inactive and stable structural components of 
the membrane, but they are biologically active molecules [11–14, 17, 19]. They are formed by the 
attachment of different polar headgroups at the primary alcohol group of a ceramide molecule. 
As reported in Figure 1A and B, there are two main pathways of Cer production: (1) de novo bio-
synthesis and (2) hydrolysis of sphingolipids, such as Sphingomielin (SM). Which of these path-
ways dominates depends on the cell type, stimulus, and developmental stage of the cell [97].

SLs are the main components of specific membrane platforms that function in membrane 
signaling and trafficking, named lipid rafts [98, 99]. The most studied SLs are the bioactive 
lipid S1P and Cer [14], even if in the last few years relevant role has been demonstrated also 
for ceramide 1-phosphate (C1P) [18, 99, 100] and Cer species [101].

S1P plays a crucial physiological function. In fact, it is present at different concentrations in 
plasma as well in tissues, constituting a gradient that drives the trafficking of various immune 
cells [102]. The S1P gradient is due to the constitutive activity of Sphingosine-1-phosphate 
lyase (SPL) in the cells, leading to a low concentration of S1P in most tissues (0.5–75 pmol/
mg) and low-micromolar range in plasma (0.2–0.9 μM) where S1P, produced and released by 
platelets and erythrocytes, is complexed with albumin and lipoproteins, particularly High-
density lipoprotein (HDL) [103]. Of note, it has been proposed that cell fate is regulated by the 
ratio between S1P and Cer/Sphingosine (Sph) described the first time by Cuvillier et al. [20]. 
(Figure 1C) S1P enhances cell growth and survival, whereas its precursors, Cer and Sph, are 
generally associated with cell growth arrest and death. However, recent results indicate that 
Cer species (short or long chain Cer) have different functions [104].

S1P has a peculiar mechanism of action. In fact, S1P, produced inside the cell, can act as intra-
cellular mediator or can be exported outside by the putative transporter Spinster 2, spns2 
[105, 106]. Outside the cells, S1P can act as ligand of specific G-protein-coupled receptors. Five 
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S1P specific named EDG/S1PR1–5 have been described to mediate S1P signaling [11, 13, 14, 19]. 
S1P1, S1P2, and S1P3 show broad tissue gene expression, while S1P4 shows gene expression 
primarily in immune system cells, and S1P5 is primarily expressed in the spleen (natural 
killer cells and other lymphocytes) and central nervous system [107]. Regarding the intracel-
lular S1P effects, the bioactive lipid induces calcium release from the ER, alters the function of 
intracellular proteins, such as E3 ligase activity of TNF receptor associated factor 2 (TRAF2), 
binds the mitochondrial protein, and regulates mitochondrial assembly and function. When 
produced in the nuclei, S1P modulates gene expression inhibiting histone deacetylases [107].

4.1. Sphingolipids in bone physiology

Various SLs play a crucial role in the development of normal skeletogenesis acting in three 
different skeletal cell types: chondrocytes in cartilage and osteoblasts and osteoclasts in bone. 
Abnormal tissue development of genetically modified animal models, such as mouse  lacking 

Figure 1. Schematic representation of sphingolipid metabolism pathways and rheostat model. (A) Cers are produced 
from Sphyngomyelin (SM) by activation of sphingomyelinase (SMase/SMPD) that produces Cer and phosphocholine. 
The reverse reaction is catalyzed by SM synthase (SMS). Ceramides can also be phosphorylated by ceramide kinase 
(CerK) to form ceramide-1-phosphate (C1P). S1P is derived by Cer deacylation by ceramidases (CDase) to Sph 
followed by its phosphorylation by Sph kinases (SphK). The degradation of S1P requires S1P phosphatases activity that 
produces Sph, and by S1P lyase (Spl) that produces hexadecenal and phosphoethanolamine. (B) De novo synthesis of 
SLs. The de novo synthesis is initiated at the cytosolic membranes of the endoplasmatic reticulum and in mitochondria, 
via the condensation of l-serine with palmitoyl-CoA to form 3-keto-dihydrospingosine, and it is catalyzed by serine 
palmitoyltransferase (SPT). The product of SPT is reduced by a hydroxyl by 3-keto-dihydrosphingosine reductase in 
a NADPH-dependent manner producing dihydrosphingosine that is subsequently N-acylated to dihydroceramide 
(dhCer) by ceramide synthases (CerS). In mammals, CerS is encoded by six distinct genes, and each enzyme has a 
distinct, but overlapping acyl CoA preference. Dihydroceramide desaturase converts the DHSph backbone within Cer 
into Sph. (C) Sphingolipids rheostat model.
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sphingomyelin phosphatase 3 (SMP3) also named sphingomyelinase 2 (SMase2), have been 
reported [108]. As described in the first part of this chapter, SMase are a family of different 
isoenzymes. Among them, the nSMSase2/SMPD3 is largely expressed in bone and cartilage, 
and it is involved in Cer-mediated signaling events [109]. In other studies, the role of SLs in 
bone have been performed by using synthetic analogues of ceramide (i.e., C2-Cer), specific 
inhibitors of the rate limiting enzyme (i.e., SphK), and agonists and antagonists that mimic 
or inhibit, respectively, the function of S1P, as ligand, of specific receptor subtypes. In this 
paragraph, we examine the involvement of Sph/S1P and Cer/C1P axis in the remodelling and 
physiology of bone.

4.1.1. S1P—sphingosine

Several studies demonstrate that osteoblasts at different stages of differentiation may respond 
differently to SLs [110]. S1P has been shown to promote the proliferation of rat primary chon-
drocytes, whereas in preosteoblast MC3T3-E1, it negatively regulates the synthesis of the 
osteoblast marker osteocalcin [111, 112]. Notably, S1P can be released by osteoclasts [113] and 
secreted S1P can promote bone formation by enhancing the differentiation of osteoblast pre-
cursors to functional osteoblasts and by the recruitment of MSCs leading to high bone mass 
phenotype [114]. Recently, Keller et al. [115] report that the release of S1P by osteoclasts is reg-
ulated by calcitonin. S1P induces the upregulation of osteoptotegerin and osteoblast differen-
tiation markers in two osteoblast-like cell lines promoting the  translocation of β-catenin [116].

In the same cell type, Sph and S1P induce intracellular calcium release [117, 118] and in rat  
osteoblasts and in human osteosarcome cells; both sphingoids prevent the apoptotic process 
elicited by serum deprivation [119]. A functional cross talk exists between S1P and plate-
let-derived growth factor (PDGF) signaling. In fact, S1P limits, whereas PDGF promotes the 
migration of preosteoblasts, and it is the balance between these two bioactive molecules that 
allow only the differentiated osteoblasts to reach the site of bone formation. Very recently, it 
has been confirmed that in humans the detrimental effects of S1P on bone metabolism depend 
on the S1P gradient between blood and bone marrow cavity and on S1P receptor subtypes, 
mainly S1P1 and S1P2, play a crucial role in this control [112, 120]. In particular, S1PR1 exerts 
positive chemotaxis action on an S1P gradient, whereas S1PR2 counteracts this positive effect 
[121]. The deletion of S1PR2 led to moderate osteopetrosis by affecting the homing of osteo-
clast precursors into bone [112, 120]. Higher circulating S1P levels are associated with lower 
bone mineral density, higher levels of bone resorption markers, and higher prevalence and 
severity of osteoporotic vertebral fracture in Koreans [122]. Therefore, S1P appears to be an 
important osteoclast-derived anabolic factor that couples bone resorption to bone formation, 
but it preferentially influences bone resorption rather than bone formation in humans.

Notably, increase in the secretion of BMP-2, OPN, and osteocalcin as well as highest extra-
cellular matrix mineralization and osteonodules formation were observed when MSCs are 
cultured on thin titania dioxide coatings (TiO2) on stainless steel substrate doped with S1P 
[TiO2/S1P(CIIm)] [123]. Therefore, S1P, also in an appropriate combination with other sphin-
goid, such as C1P, may find wide application in regenerative medicine, particularly in bone 
regeneration with the use of MSCs [123].
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4.1.2. C1P—ceramide

Abnormal cartilage development and bone mineralization defects are observed in animal 
models in which the enzyme inactivation is generated by gene targeting (Smpd3−/− model) or 
chemically induced deletion in the Smpd3 locus (fro/fro model) [124, 125]. Several evidence 
underlines the importance of phosphocholine in bone mineralization [126]; however, at pres-
ent no experimental data directly links Cer or choline to Extracellular matrix (ECM) mineral-
ization. Studies in animal models are in some way in conflict with studies performed in cell 
culture: the inhibition of nSMase2/SMPD3 by GW4869 accelerates the mineralization of chon-
drogenic ATDC5 cultures [127], whereas either the fro/fro mice or mice lacking choline kinase 
presents an expansion of hypertrophic zone likely due to a delay in apoptosis of hypertrophic 
chondrocytes [128]. The role of Cer in bone tissue has been examined by other approaches 
leading also to conflicting results, such as short-chain synthetic cell-permeable forms of Cer, 
preferentially C-2 Cer [129]. In fact, it is not clear whether exogenous Cer has the same cel-
lular targets as the endogenous species and the dose used in cell culture may not relate to 
the endogenous levels found under physiological or pathological conditions. Therefore, it is 
reported that Cer may be able to promote cell apoptosis or cell survival, and it may depend 
on the dose and cell type used. The treatment of cells with high-dose of C-2 Cer (1–10 μM) 
leads to apoptosis of mouse primary osteoblasts. Contrary, the low-dose treatment (10 time 
less or more) of C-2 Cer promotes an antiapoptotic effect in other cells [130]. Regarding cell 
types, C-2 Cer treatment leads to increased apoptosis in both osteoblasts and chondrocytes, 
while there was no effect on the apoptosis of rabbit osteoclasts [131]. Recently, it has been 
demonstrated that short-chain C-6 Cer induces anti-osteosarcoma activity in vitro and in vivo 
[132]. In other studies, Cer has been shown to be mitogenic in preosteoblast MC3T3-E1 cells 
[133]. Recently, Cer species, in particular long-chain Cer (C-22 and C-24 Cer), have been dem-
onstrated to mediate the proapoptotic effect of sodium nitroprusside, a nitric oxide donor, in 
MC3T3-E1 cells [134], suggesting that the controversial results may also be due to different 
levels of Cer species. Detectable increase of endogenous Cer levels is observed when cells 
are induced to apoptosis by TNF-alpha [135]. This upregulation leads to the modulation of 
NF-kappa B localization and function [136]. Different intracellular signaling pathways are 
involved in osteoblast death and survival: Cer induces osteoblast apoptosis through protein 
phosphatase 1 and protein kinase C (PKC) δ [137, 138], whereas the ability of Cer to promote 
osteoblast survival is prevented by PKC ζ inhibitor. At present, it is not clear whether Cer 
acts up- or downstream to or independently of caspases [139]. Interestingly, in mice lacking 
the enzyme that converts dihydroceramide to ceramide (dihydroceramide desaturase 1) Cer 
reduction does not lead to bone defects, indicating that the maintenance of Cer levels is not 
essential for normal bone mineralization. Recently, it has been found a role also for C1P in 
the osteogenesis of multipotent stromal cells derived from MSCs. C1P can affect the growth 
and expanded intercellular connections, thereby, increasing the proliferative activity, acting 
in opposite manner of S1P. Therefore, it has been suggested that an appropriate combination 
of C1P and S1P may be a useful strategy in bone regeneration with the use of MSCs [123].

4.2. Sphingolipids in nervous system physiology

SLs are particularly abundant in the central nervous system. Mutations in genes coding for 
enzymes involved in their metabolism cause sphingolipidosis many of which show  alterations 
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in the nervous system (reviewed by Sabourdy et al. [140]). In addition, modifications in SL 
metabolism are found in neurodegenerative diseases, such as AD, PD, Huntington disease 
(HD), MS, and major depression [141–146]. Various SLs are crucial in regulating  neural physi-
ological functions, including cell survival, apoptosis, differentiation, inflammation, excitabil-
ity, and neurotransmitter release [15, 137–149].

4.2.1. S1P—sphingosine

Like Cer, Sph acts as a proapoptotic signal as well as an inhibitor of several enzymes such 
as protein kinase C (PKC), phospholipase D, and of the transcription factor SF-1 [15, 150]. 
Sph also directly modulates voltage-activated calcium channels in pituitary cells and  several 
components of the melastatin-like transient receptor potential channel subfamily, such as 
Transient receptor potential cation channel subfamily M member 3 (TRPM3) [151, 152]. Sph 
alters the integrity of membranes and induces the release of lysosomal cysteine proteases, such 
as cathepsins and of cytochrome c, which in turn activates the intrinsic pathway of apoptosis. 
Increasing evidence indicates that Sph regulates vesicle fusion and trafficking and, therefore, 
the strength and reliability of synaptic transmission [153, 154]. In addition, Sph is a competi-
tive antagonist of the type 1 cannabinoid receptors (CB1Rs) [155] and possibly it contributes 
to SL regulation of nociception [156]. S1P modulates survival, proliferation, differentiation, 
cell migration, calcium homeostasis, neurite retraction, angiogenic vascular maturation, and 
cytoskeleton dynamics [13, 107, 149]. The bioactive lipid can also induce neuroprotection 
through many mechanisms that include production of growth factors, decrease of oxidative 
stress, increase of Mitogen-activated protein kinase (MAPK) activation, activation of PI3K/
AKT pathway, modulation of antiapoptotic proteins, pigenomic effects by direct inhibition 
of deacetylases, and affecting mitochondrial functionality (for a recent review see Ref. [149].

S1P receptors are expressed in CNS cells (neurons, oligodendrocytes, astrocytes, and microg-
lia) and their expression levels change during development. The role of S1PR depends on cell 
types and on their different expression and localization during development or following 
stimulation. The studies of knockout mice with deficits in both Sphk1 and Sphk2 highlight 
the importance of S1P in the development of the nervous system. These mice show severely 
disturbed neurogenesis, including neural tube closure and angiogenesis, and they die at an 
early embryonic stage [157]. Migration of neural stem progenitor cells toward injury sites is 
promoted by S1P via S1P1 [158] and inhibited on the oligodendrocyte progenitor cells via 
S1P5 [159]. S1P receptors are expressed in CNS cells (neurons, oligodendrocytes, astrocytes, 
and microglia) and their expression levels change during development. Analogously to the 
double SphK knockout, the S1P1 knockout mouse shows altered neurogenesis and angiogen-
esis, while the knockout of the other receptors have less severe consequences. Maclennan et 
al. [160] reported that mice lacking S1P2 show significant increase in excitatory postsynaptic 
potentiation, resulting in spontaneous seizures. The role of S1PR depends on their different 
expression and localization during development or following stimulation. For example, acti-
vation of S1P5 causes activation of Rho and retraction of processes in immature oligodendro-
cytes and survival in mature cells [161]. NGF induces differentiation in PC12 cells through a 
relocalization of S1P receptors; S1P1 that induces neurite growth is expressed at the plasma 
membrane, while S1P2 is internalized [162] becoming unable to cause cell rounding and loss 
of neurites. S1P and neurotrophic factors have mutual effects on expression of each other: 
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NGF and GDNF are able to stimulate S1P generation, and S1P increases GDNF production 
by astrocytes [144]. S1P plays different roles in synaptic transmission. It increases glutamate 
release in hippocampus via S1P3 [163], it enhances excitability in rat sensory neurons trough 
S1P1 and S1P3 [155, 158, 164], and it is involved in the recruitment of vesicles in the presynap-
tic membrane [165] and also in endocytic membrane trafficking [166].

4.2.2. C1P—ceramide

Cer regulates cell growth, differentiation, apoptosis, inflammation, exosome release, and 
neural excitability [15, 157, 158, 167, 168]. Accumulating evidence indicates that different Cer 
species might have different functions [169]. Cer 18:0 is synthesized by CerS1, an enzyme 
abundant in the brain, and appears to have a protective role [167, 168]. Serum deprivation 
that increases apoptosis in embryonic hippocampal cells increases Cer 16:0 and decreases Cer 
24:0 content [27]. Cer has been involved in synaptic regulation and plasticity [170, 171]. For 
example, Cer is able to increase dopamine release and uptake [172] and to modulate excitatory 
postsynaptic currents by controlling the insertion and clustering of NMDA receptors [173]. 
Moreover, SMase2 inhibition delays formation of spatial memory in mice [174]. Regarding 
inflammation, astrocytes display increased Cer following ischemia/reperfusion leading to gen-
eration of pro-inflammatory cytokines [175]. Recently, it has been reported that Cer induces 
ciliogenesis, a critical step in differentiation in embryonic stem cells and neural progenitors 
[176]. CerK, the enzyme generating C1P, was first observed in brain synaptic vesicles [177] 
and found to be highly expressed in brain [178] suggesting a role of C1P in neurotransmitter 
release. C1P induces proliferation or survival in several types of cells including macrophages 
and fibroblasts [179] while inhibition or downregulation of CerK decreases proliferation in 
human neuroblastoma cells [18]. C1P plays a regulatory role in inflammation since it directly 
binds and activates α-type cytosolic phospholipase A2 stimulating arachidonic acid release 
[180]. Recently, it has been demonstrated that C1P plays an important role in recruitment of 
stem/progenitor cells to damaged organs [181]. Whether C1P is also released from the injured 
nervous system or whether it induces migration in nervous stem cells is unknown.

5. Cross talk between vitamin D and sphingolipid metabolism:  
a potential role in Alzheimer’s disease

1,25(OH)2D3 and SL metabolism cross talk at different levels. For example, 1,25(OH)2D3 modu-
lates the expression of genes involved in S1P degradation, such as Sphingosine-1-phosphate 
phosphatase 2 (SGPP2) [182] and of growth factors involved in differentiation and neuropro-
tection, such as NT-3, Brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic fac-
tor (CNTF) [3, 4]. On the other hand, many neuroprotective actions of 1,25(OH)2D3 have been 
reported to be due to stimulation of SphK and increased levels of S1P [183, 184]. In addition, 
1,25(OH)2D3 also is able to decrease the expression of CerK, the enzyme that generates C1P 
[18]. C1P activates directly Secretory PLA2 enzymes (sPLA2) [180], producing arachidonic acid 
that can be further metabolized to proinflammatory mediators. C1P and S1P have a crucial 
role in migration. C1P is released from damaged cells and chemoattracts bone marrow-derived 
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multipotent stromal cells, endothelial progenitor cells, and very small embryonic-like stem 
cell. The migration of osteoclast precursors is controlled by S1P and, recently, it has been found 
that 1,25(OH)2D3 reduces the expression of the chemorepulsive receptor S1P2 on circulating 
precursors [185]. AD is a neurodegenerative disorder of the central nervous system and the 
most common form of dementia [186]. The pathogenic hallmarks of AD include extracellular 
amyloid-containing plaques, intracellular neurofibrillary tangles consisting of hyperphosphor-
ylated tau protein and death of cholinergic neurons of the basal forebrain. Amyloid plaques are 
mainly formed by aggregated amyloid beta peptide (Aβ). Alterations in the enzymes involved 
in SL metabolism and content have been observed in brains and cerebrospinal fluid of AD 
patients [187–192], leading to an increase of Cer and loss of S1P. Many studies in culture cells 
and animal models have demonstrated that Aβ affects SL metabolism. For example, Aβ42 
directly binds and activates nSMase in vitro decreasing SM content [193]. In addition, Aβ can 
activate both neutral and acidic SMases through increased ROS accumulation via Nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase activation and glutatione (GSH) depletion 
[194]. Increased Cer could then induce apoptosis [186, 195, 196]. In addition, Cer increases sta-
bility of β-amyloid precursor protein cleaving enzyme (BACE1) activity [197], while S1P binds 
to and increases proteolytic activity of BACE1 [189] and SM decreases Aβ production by inhi-
bition of the γ-secretase [193]. Summarizing, some SLs might be protective by enhancing Aβ 
clearance or decreasing Aβ production, others increase Aβ toxicity or Aβ oligomerization and 
at the same time, amyloid precursor protein processing also affects lipid metabolism, resulting 
in complex regulatory feed-back cycles, which appear to be dysregulated in AD. It is worth 
noting that recently, a novel mechanism of Cer-enriched exosomes released by Aβ-treated 
astrocytes has been proposed to be responsible for Aβ-induced  apoptosis [167].

The neuroprotective action of SL analogues, such as FTY720, has been tested in some neu-
rodegenerative diseases. FTY720 is a prodrug that is converted to an analogue of S1P when 
phosphorylated by SphK. It has been approved for the treatment of multiple sclerosis (MS) 
and acts both as an immunomodulatory drug and on different cells of the CNS (neurons, 
astrocytes, oligodendrocytes, and microglia), all of which express S1P receptors [198]. 
Administration of FTY720 in a rat model of AD obtained by injection of Aβ decreases death 
in hippocampus and cortex and increases memory compared with control rats [199, 200]. 
FTY720 decreases production of Aβ in cultured neuronal cells [189]. Increasing evidence 
derived from epidemiological studies indicate that 1,25(OH)2D3 deficiency and VDR poly-
morphisms influence susceptibility to AD [201], whereas Aβ may disrupt the hormone-VDR 
pathway and cause defective utilization of 1,25(OH)2D3 by suppressing the level of the VDR 
and elevating the level of 24OHase [202]. In addition to neuroprotective effects involving 
calcium, Reactive Oxygen Species (ROS), and inflammation, 1,25(OH)2D3 is able to exert other 
specific effects important for AD, by regulating the expression of many AD-related genes. 
It attenuates Aβ peptide accumulation by stimulating phagocytosis of Aβ peptide probably 
by modulating transcription of Toll-like receptors and cytokines together with enhancing 
brain-to-blood efflux transport by increasing P-glycoprotein expression and likely by altering 
Amyloid Precursor Protein (APP) processing [88] and prevents the acetylcholine defect by 
increasing the activity of choline acetyltransferase (thus acetylcholine synthesis) in the brain 
[203]. Part of VDR is also located in lipid microdomains in the nuclear membrane [2], and 
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this  localization is modified by altering SL metabolism and has been associated with embry-
onic hippocampal cell differentiation. Neuroprotective actions of SLs, in particular S1P, and 
1,25(OH)2D3 include many common effectors such as calcium regulation, synaptic modula-
tion, growth factor expression, regulation of inflammation, etc., but whether 1,25(OH)2D3 and 
SLs, in particular S1P, could act synergistically on neuroprotection and/or neurogenesis in AD 
is still unknown and deserves further investigation. A study in our lab indicates that the cross 
talk between SLs and 1,25(OH)2D3 leads to a specific balance between neurodegeneration/neu-
roprotection in neuronal cells [204]. The neuroprotective effect of high intake of 1,25(OH)2D3 
has been found in some AD trials, but not in others [88]. It is not clear whether hypovitamino-
sis D triggers AD or it removes protection in the CNS against AD. However, the combination 
of antineurodegenerative drugs with 1,25(OH)2D3 supplementation might be useful. In fact, 
the supplementation with nemantidine plus 1,25(OH)2D3 has been shown to prevent cogni-
tive decline more efficiently than that with the single compounds [96]. Regarding MS, very 
limited evidence suggests a potential benefit of 1,25(OH)2D3 supplementation for the preven-
tion of MS and this needs to be further verified by future studies [3].
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Abstract

The discovery that  many cells  express vitamin D receptors and the recognition of
widespread vitamin D insufficiency has stimulated interest in the potential  role of
vitamin D in nonskeleton conditions. There is an increasing evidence to support the role
of vitamin D pathway in the regulation of the function of both innate and adoptive
immune systems. Vitamin D regulates immune function by inhibiting the differentiation
and maturation of human dendritic  cells,  enhancing interleukin (IL)-10 and tumor
growth factor-β (TGF-β) secretion and inhibiting T-cell functions. Vitamin D has the
ability  to  suppress  inflammatory  cytokines,  such  as  tumor  necrosis  factor  (TNF),
interleukin-1  (IL-1),  interferon  gamma  (IFN-γ),  and  interleukin-2  (IL-2),  while  it
increases  the  generation of  anti-inflammatory cytokines  IL-4  and IL-10.  In  B cells,
vitamin D3 has also been shown to suppress immunoglobulin E (IgE) antibody class
switch partly through the inhibition of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB).

Keywords: allergic diseases, vitamin D, vitamin’s D role, methabolism, implication on
immune system

1. Introduction

Vitamin D deficiency has been proposed as a potential contributing factor in patients with allergic
diseases. It has been shown that serum levels of vitamin D correlate with pulmonary function,
asthma onset, and the development of allergic diseases. Based on clinical and observational

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



data, the plasma level of 25-hydroxyvitamin D may serve as a “marker” to detect or define a
subclinical deficiency of vitamin D.

Its possible role in immunotherapy has also been studied. Natural activity of vitamin D seems
to be highly attractive in the context of the mechanism and clinical effect of subcutaneous
immunotherapy (SIT); however, its role in sublingual immunotherapy (SLIT) is still unde-
fined. Vitamin D enhances interleukin (IL)-10 production by CD4+ T cells and enhances
sublingual immunotherapy efficacy in a murine asthma model. Recently, Heine et al. showed
that 25-hydroxvitamin D3 promotes the long-term effect of specific immunotherapy in a
murine allergy model; their findings were paralleled by reduced Th2 cytokine expression in
the lungs. They observed that vitamin D deficiency promotes the development of type I
sensitization and correction of its serum concentrations enhances the benefit of specific
immunotherapy.

2. Vitamin D metabolism

Vitamin D refers to a group of fat-soluble corticosteroids responsible for enhancing intestinal
absorption of calcium, iron, magnesium, phosphate, and zinc. In humans, the most important
compounds in this group are vitamin D3 (also known as cholecalciferol) and vitamin D2
(ergocalciferol).

There are two ways in which vitamin D3 (cholecalciferol) is normally provided to human body:

1. It may be produced in the skin as a result of ultraviolet irradiation of 7-dehydrocholesterol
(previtamin D), which is slowly isomerized to vitamin D3 [1, 2].

2. It is also derived from the diet in fish (vitamin D3) and in plants (mainly vitamin D2);
vitamin D2 is derived from irradiation of ergosterol, which occurs to some degree in
plankton or plants under natural conditions [1].

Both vitamin D3 and vitamin D2 are inactive in many biological systems and must undergo a
series of metabolic transformations before exerting effects in target tissues [1–3].

The prohormone vitamin D3 is produced in the skin through ultraviolet irradiation of 7-
dehydrocholesterol, than to make it biologically active the prohormone vitamin D is trans-
ported in the blood by the vitamin D binding protein (DBP) to the liver, where it is metabolized
to 25-hydroxyvitamin [4]. In the liver, vitamin D is hydroxylated at C-25 by cytochrome P 450
vitamin D 25- hydroxylases, resulting in the formation of 25-hydroxyvitamin D (25(OH)D3).
This is the major circulating metabolite of vitamin D in plasma, and its measurements are used
to provide an index of vitamin D nutritional status [2, 3]. Based on the evidence in the clinical
trials and meta-analyses, the workgroup concluded that a serum 25 hydroxyvitamin D
concentration of 30 ng/mL (75 nmol/L) should be a minimum goal to achieve in adults and
children [5–7]. The best outcomes were seen with 25(OH) levels from 36 to 40 ng/mL (90–100
nmol/L) [6–8].
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However, 25(OH)D3 itself is metabolically inactive and must be modified before function [3].
On the next metabolic step, 25(OH)D3 is transported by DBP to the kidney, where in the
proximal renal tube it is hydroxylated at the position C1 (position of carbon 1), resulting in
the hormonally active form of vitamin D 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), which is
responsible for most of the biological actions of vitamin D [4]. As a result of 1 and 25
hydroxylation, the prohormone vitamin D is being structurally transformed into an active
hormone.

The best known target organ effects of 1,25(OH)2D3 are on the intestine to stimulate absorption
of calcium and phosphate, next on bone to cause release of calcium and phosphate. It has been
proved that there exists a negative feedback mechanism with the hormonal systems (parathy-
roid hormone, prolactin, and growth hormone) and the effect of 1,25 (OH)2D3 [1, 2].

Beside 1,25(OH)2D3, the kidney can also produce 24,25 dihydroxyvitamin D3 (24,25(OH)2D3),
a relatively inactive metabolite comparing to 1,25 (OH)2D3. The metabolite 24,25 (OH)2D3 is
produced by 24 hydroxyvitamin D3 24 hydroxylase from both substrates: 25(OH)D3 and 1,25
(OH)2D3 [4, 9]. This enzyme 24(OH)D3 24 hydroxylase limits the amount of 1,25(OH)2D3 in
target tissues by accelerating the catabolism of 1,25 (OH)2D3 and by decreasing the amount of
25(OH)D3 available to 1 hydroxylation [4]. Summarizing the main role of 24(OH)lase is vitamin
D inactivation.

3. The mechanism of action of vitamin D

The vitamin D functions through a single vitamin D receptor (VDR). It is classified as a steroid
hormone, related to the retinoic acid receptors and as most of the receptors has a DNA-binding
domain (called C-Domain), a ligand-binding domain (called E-domain), and finally activating
domain (called F-domain) [1]. It has been proved that a single receptor mediates all of the
functions of vitamin D. This receptor is a 427 amino acid peptide and acts through vitamin D-
responsive elements (VDREs), which are placed on the start site of the target gene [1].

VDR was proved to be found in almost all tissues and cells. It has been established that the
diverse biological actions of 1,25-dihydroyxyvitamin D3 are initiated through precise changes
in gene expression, which are mediated by an intracellular VDR. Activation of the VDR
through direct interaction with 1,25(OH)2D3 prompts the receptor’s rapid binding to regula-
tory regions of target genes, where it acts to nucleate the formation of large protein complexes
whose functional activities are essential for directed changes in transcription. When VDR
interacts with the ligand, the repressor is no longer able to bind the receptor and the receptor
changes conformation, forming heterodimer at the VDREs [1, 10]. At the same time, it binds
several other proteins required in the transcription complex and acquires an activator [1, 10].
Once the complex is formed, DNA bends, biochemical processes take place, and transcription
is either initiated or suppressed depending on the gene [1, 10, 11]. These responses are tissue-
specific and range from highly complex actions essential for homeostatic control of mineral
metabolism to focal actions that control the growth, differentiation, and functional activity of
numerous cell types including those of the immune system, skin, the pancreas, and bone.
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4. Physiological effects of vitamin D

Vitamin D is well known as a hormone involved in mineral metabolism and bone growth. Its
main effect is to facilitate intestinal absorption of calcium; however, it also stimulates absorp-
tion of phosphate and magnesium ions. In cases when there is a lack of vitamin D, dietary
calcium is not absorbed efficiently. Vitamin D stimulates the expression of a number of proteins
involved in transporting calcium from the lumen of the intestine, across the epithelial cells and
into blood. The best studied of these calcium transporters is calbindin, an intracellular protein
that carries calcium across the intestinal epithelial cell [12].

Vitamin D-dependent calcium-binding proteins (calbindin-D) are the major proteins involved
in intracellular calcium transport in the intestine and the kidneys. In mammals there are two
classes of calbindin-D: the 9000-dalton calbindin (calbindin-D9k) and the 28,000-dalton
calbindin (calbindin-D28k). First identified in the intestine, calbindin-D9k is also expressed in
the kidneys, the placenta, the yolk sac, and the lungs. The expression of calbindin-D9k and
calbindin-D28k in the intestine and kidneys has been shown to be regulated by 1,25-(OH)2D3

in animal models as well as in cell and organ cultures [13].

In several studies it has been shown that the regulation of calbindin-D9k and calbindin-28k by
1,25-(OH)2D3 involve both transcriptional and posttranscriptional mechanisms [12, 13]. It can
also be found in other tissues (brain, placenta, and lungs); however, calbindin-D genes have
not been shown to be regulated by 1,25-(OH)2D3 [14], suggesting that the regulation of
calbindin-D gene expression by 1,25-(OH)2D3 involves tissue-specific factors.

There is evidence that calcium may also modulate the actions of 1,25-(OH)2D3 on calbindin
gene expression. In vitro experiments demonstrate that the induction of renal calbindin-D28k
by 1,25-(OH)2D3 is enhanced by high levels of extracellular calcium [12–14]. In vivo studies of
the receptor-dependent actions of 1,25-(OH)2D3 on calbindin-D gene expression have been
complicated by the inability to differentiate the effects of hormone deficiency from those of
hypocalcemia.

Vitamin D response elements have been found in both the murine calbindin-D9k and calbin-
din-28k genes [12, 14]; however, Chun Li et al. demonstrated that the VDR dependence of
calbindin-D28k gene expression varies among the tissues examined. Consistent with the
observation that the kidney and lung express the VDR, calbindin-D28k mRNA levels in these
tissues were induced in the control mice treated with 1,25-(OH)2D3.

There is evidence in the literature on the effects of vitamin D on bone tissue. As a transcriptional
regulator of bone matrix proteins, it induces the expression of osteocalcin and suppresses
synthesis of type I collagen. In cell cultures, vitamin D stimulates differentiation of osteoclasts.
The crucial effect of vitamin D on bone is to provide the proper balance of calcium and
phosphorus to support mineralization [12].

It turns out that vitamin D receptors are present in most if not all cells in the body. Additionally,
experiments using cultured cells have demonstrated that vitamin D has potent effects on the
growth and differentiation of many types of cells. These findings suggest that vitamin D has
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physiologic effects much broader than that of a role in mineral homeostasis and bone function.
This is an active area of research and a much better understanding of this area will likely be
available in the near future [12].

5. Polymorphisms of the vitamin D receptor

It is known that there exist interindividual differences in the vitamin D endocrine system. This
is due to the influence of variations in the DNA sequence of important proteins of this system
[14]. For example, different mutations in VDR gene may cause obesity, 1,25-dihydroxyresistant
rickets, or cancer [14–16]. The interpretation of VDR polymorphic variations is quite difficult,
because the VDR gene is a large one, and the most of these are anonymous restriction fragment
length polymorphisms (RLFP) that have unknown functional effect. It is believed that in the
population there exist a lot of different mutations, some of them linked with the so-called
complex diseases (as osteoporosis), other clinically insignificant or just unexplored [14].

To understand the mechanisms underlying in the associations, it is necessary to study the
genomic organization of VDR locus, to determine haplotypes across the gene, and to analyze
their relationship with RFLP and finally with a disease.

The VDR gene contains several polymorphisms, including three single nucleotide polymor-
phisms (SNPs) located near the 39 untranslated region are identified by their restriction
endonuclease sites: Apa1 [15, 17], Bsm [15, 18], and Taq1 [15, 19]. The Apa1 and the Bsm1
polymorphisms of the VDR gene are considered to be silent single nucleotide polymorphisms
and do not change the amino acid sequence of the end-coded protein but can affect gene
expression through regulation of mRNA stability [15]. Analyzing the polymorphism of Taq1,
it has been shown that depending on the presence or absence of Taq1 restriction site in each
allele, products are described as follows: T allele—absence of the restriction site, and t—
presence of the restriction site. According to this individuals are classified as TT, Tt, and tt. The
TT genotype has been shown to be associated with lower circulating levels of active vitamin
D3 [15].

6. The role of vitamin D in the immune system- lymphocytes T and B

There is evidence in the literature that there is an important role for vitamin D (more specifi-
cally, calcitriol) in the body’s immune system. Most of these researches have been done in
cultured cells and in animals with either severe vitamin D deficiency or whose genes have been
altered to “knock out” proteins that control vitamin D metabolism or active vitamin D action.
Vitamin D receptor is found in significant concentrations in the lymphocyte T and macro-
phages populations, but the highest concentration is observed in the immature immune cells
of the thymus and the mature CD-8 T lymphocytes. This suggests that phagocytes may
communicate with T and B cells through calcitriol [20, 21]. When vitamin D is present, it blocks
the features of the adaptive immune system that would lead to autoimmunity. Animal studies
show that when calcitriol is absent, the cells of the immune system are more likely to attack
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the healthy cells of the body (autoimmunity) [20]. There are two ways that vitamin D influences
the immunity. First is by avoiding to trigger and arm the T cells during autoimmunity. Vitamin
D can stimulate production of transforming growth factor (TGF)-β1 and interleukin (IL)-4,
which may suppress inflammatory T cells activity. Blocking the production of these cells results
in diminished ability of T cells to recognize the native protein as foreign. This leads to decrease
in killer T cells production [20–22]. In other words, the presence of adequate levels of vitamin
D and calcitriol keeps the T cells from attacking the body’s own tissues. Second, as the number
of T cells decreases, calcitriol also diminishes the role of B cells in producing chemicals to
destroy native tissue. What is more, vitamin D inhibits B cell proliferation and blocks its
differentiation and immunoglobulin secretion [21–23]. These mechanisms are considered to
be involved in triggering/suppressing the autoimmune process in rheumatoid disease,
diabetes type I, and systemic lupus erythematosus [21, 22].

The microenvironment in which naive Th cells develop determines which of the two subtypes
(Th1 or Th2) will predominate. In normal immune response, both subtypes balance. Th1
produce INF-α, IL-2, and tumor necrosis factor (TNF)-α, and this response is strongly ad-
dressed to tumors or intracellular pathogens as viruses [24]. Th2 lymphocytes produce mainly
TGF-β1and IL-4 and IL-5, and these mediators are linked with extracellular pathogens as
bacteria and parasites [24]. It has been proved that Th1 and Th2 are targets of 1,25 (OH)2D3.
1,25 (OH)2D3 decreases the production of , IL-2, and IL-5, and in Th2 cells it increases the
production of IL-4 [24, 25]. In conclusion, vitamin D additionally suppresses T cell proliferation
and results in shift from a Th1 to a Th2 phenotype [23].

7. The effect of vitamin D on monocytes/macrophages and dendritic cells

In the beginning of the century, several investigators concluded that VDR can be found also
on the promyelocytes and that vitamin D can suppress proliferation of promyelocytes and
cause their differentiation to monocytes [24]. What is more, it inhibits monocyte production
of inflammatory cytokines such as IL-1, IL-6, IL-8, IL-12, and TNF-α [23, 26]. It additionally
inhibits dendritic cell (DC) differentiation and maturation, directing to immature phenotype.
The inhibition of DC differentiation and maturation plays a crucial role in the developing of
the autoimmune processes and self-tolerance to own tissues. When mature DC presents an
antigen to a T cell, it directs the immune response against the antigen. In reverse, when the
antigen is presented by an immature DC it facilitates tolerance [23]. A decreased concentrations
of vitamin D have been reported from different researchers concerning autoimmune diseases
as bowel inflammatory disease and diabetes mellitus type I [22–24].

8. Association of allergic sensitization and vitamin D

Epidemiological and laboratory investigations have convincingly shown that vitamin D
deficiency is associated with several common diseases, including rickets and other bone
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diseases, diabetes, cardiovascular diseases, autoimmune diseases, tuberculosis, and cancer.
Sensitization to food allergen is a precursor and a risk factor for the development of allergic
diseases later in life, which is why earliest possible detection and modification of risk indicators
for food allergen sensitization might prevent the development of allergic diseases [27–29].

Vitamin D deficiency has been proposed as a potential contributing factor in patients with
allergic diseases. It has been shown that serum levels of vitamin D correlate with pulmonary
function, asthma onset, and the development of allergic diseases. Based on clinical and
observational data, the plasma level of 25(OH)D may serve as a “marker” to detect or define
a subclinical deficiency of vitamin D [30]. It has recently been demonstrated that lower levels
of vitamin D are associated with reduced asthma control. Several studies confirmed that
vitamin D interfere favorably with bone turnover as shown by a significant reduction in serum
phosphorus of our patients. It is a well-known fact that asthmatic people with lower serum
vitamin D concentrations do not respond as well to inhaled glucocorticosteroids therapy as
those with optimal vitamin D concentrations. In several studies [31–33], it was proved that
supplementation of vitamin D has a beneficial effect on glucocorticosteroids therapy response
in patients with severe asthma. A work of Chen Wu et al. in children has supported a role for
vitamin D in preventing asthma exacerbations in children in the CAMP trial, especially those
children treated with inhaled corticosteroids [34]. Another study found that children with
asthma who are deficient in vitamin D levels have less improvement in prebronchodilator
FEV1 over the course of 1 year when treated with inhaled corticosteroids as compared with
children who are sufficient in vitamin D [35]. These findings support the hypothesis that
vitamin D supplementation may enhance the anti-inflammatory function of corticosteroids in
patients with asthma, and what is more, we can use vitamin D concentrations as a “marker”
concerning the potential effect of treatment in allergic diseases.

Sutherland et al. [36] also found that reduced vitamin D levels are associated with impaired
lung function, especially in adults who are not being treated with inhaled corticosteroids. The
authors suggested that vitamin D supplementation could be especially beneficial in patients
who are not treated with inhaled corticosteroids [36].

9. Vitamin D and atopic dermatitis

The symptoms of atopic dermatitis do not always coincide with the levels of sensitization. To
this date, the mechanism of how the vitamin D status is related to the development of atopic
dermatitis stays unclear. However, there are two pathophysiological mechanisms in the
development of atopic dermatitis: first, immunological mechanisms that influence the Th1/Th2
adaptive immune responses; vitamin D receptor agonists have been shown to impact on Th1
and Th2 cell function, suppress allergen-specific IgE synthesis, inhibit dendritic cell maturation
and induce tolerogenic dendritic cells, and finally to induce regulatory CD4+CD25+25Foxp3+T
cells. Second, injury of the skin barrier function [26, 29, 31]. Several recent studies have shown
that infants with high level of sensitization had a decreased concentration of 25(OH)D levels
[27, 29, 37]. What is more, the severity of atopic dermatitis was independently influenced by

Immunomodulatory Effect of Vitamin D in Children with Allergic Diseases
http://dx.doi.org/10.5772/65072

167



the serum 25(OH)D levels and by food allergen sensitization. Promising results of improved
eczema symptoms have been found using oral vitamin D supplementation (1000 IU vitamin
D for 30 days) in children between 2 and 17 years in two double-blinded placebo-controlled
studies performed during wintertime [38, 39].

The prevalence of food allergy has increased dramatically over the past decade and has now
reached epidemic levels in countries like Australia or United States, with up to 10% of 12-
month-old infants having a clinically confirmed food allergy. As food allergies have increased,
vitamin D levels in the population appear to have concurrently decreased. There is no strict
evidence in the literature that food allergens could react with vitamin D; however, vitamin D3
supplements have the potential to trigger an allergic reaction in some people, usually when
the body mistakenly recognizes the vitamin D3 as a potentially harmful chemical and mounts
an immune response against it.

10. Vitamin D and asthma

Maternal vitamin D intake during pregnancy has previously been associated with asthma
symptoms in several childhood epidemiological studies [40, 41], while variants in the vitamin
D receptor have been associated with asthma in genetic studies [42, 43].

The results of some, but not all, epidemiological studies suggest that vitamin D deficiency is
associated with increased risk of wheezing, respiratory tract infections, and asthma symp-
toms [31–33].

In the past decade of twentieth century there was evidence that there is higher incidence of
recurrent respiratory tract infection and nutritional rickets [48, 49]. The evidence that the peak
of viral infection is in the winter time when synthesis of vitamin D across the skin is naturally
impaired supported that association. In addition, other studies have proved that vitamin D
deficiency in pregnant women may result in increased risk of respiratory tract infections in
their infants [44–49]. The majority of immune cells express VDRs, mainly after they themselves
have been stimulated [40, 41, 48]. The mechanism by which vitamin D regulates inflammation
and immunity is complicated. It controls macrophage and dendritic cell activities and various
Toll-like receptor mediated events in neutrophils [40, 41], and it diminishes the function of
human dendritic cells by decreasing maturation, antigen presentation, and the production of
cytokines such as interleukin (IL)-12 and IL-23 [42, 48].

Furthermore, treating macrophages with vitamin D result in the expression of various
cytokines and chemokines, including CXCL8, IL-6, and IL-12, and tumor necrosis factor-α [48].
Additionally, vitamin D induces the expression of two antimicrobial peptides—cathelicidin
and β-defensin—that are widely expressed in the body and play a key role in innate immunity
owing to their chemotactic action and toxin neutralization [48].

The allergic phenotype of asthma is determined by an increased activity of Th2 cells resulting
in the production of IgE and inflammatory cytokines causing airway hyperresponsiveness
with a predominantly eosinophilic inflammation. Vitamin D would also modulate various
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cytokine-induced effects through different cells of the immune system with dose-dependent
action. Moderate doses of vitamin D can inhibit the production of both Th1 and Th2 cytokine
response, while high concentrations may intensify the Th2 response [49]. Airway inflammation
and hyperreactivity are contributed mainly by the regulatory T cells through the production
of cytokines such as IL-10 and TGF-β.

What is more, there is evidence in the literature that vitamin D can affect remodeling of the
airways in asthma through a direct effect on the proliferation of smooth muscle cells, influence
their growth, and contractility [50].

In a study from 2010, it was shown that there exists an association between low levels of vitamin
D and impaired lung function, increase of airway hyperresponsiveness, and reduction of
glucocorticosteroid response in patients with moderate or severe asthma [51].

Acute lower respiratory tract infections are well-known factor leading to wheezing and
asthma-like symptoms. It concerns mainly to bronchiolitis caused by respiratory syncytial
virus (RSV). An in vitro study has shown that vitamin D can increase the inflammatory response
of airway epithelial cells to RSV infection [52], what is more, there is evidence that genetic
polymorphisms in VDR are associated with hospitalization due to acute bronchiolitis in
infancy [53].

Meta-analysis of randomized controlled trials confirmed the fact that prophylactic supple-
mentation of vitamin D in children significantly reduces the odds of contracting respiratory
tract infections [54]. These findings were supported by another study to demonstrate that a
higher maternal intake of vitamin D during pregnancy may decrease the recurrent wheeze in
early childhood [55]. Additionally, cord blood concentrations of 25(OH)D in neonates corre-
lated with increased risk of lower respiratory tract infections in the first 2 years of life [56].

Vitamin D is also considered to play a big role in allergy and asthma treating as influencing
the immunotherapy.

Studies have documented the efficacy and safety of sublingual immunotherapy in pediatric
patients with allergies to grass pollen [57–60]. However, an important issue in mucosal
immunotherapy is how to improve efficacy. There are a few studies on assessing modification
of the effectiveness of sublingual immunotherapy in children. In two studies from Poland [32,
33] reduction in combined symptom-medication score, nasal symptoms in children receiving
vitamin D supplementation to SLIT was observed compared to those receiving SLIT and
placebo, as well as lower asthma symptoms.

Up to this date, there is evidence in the literature that vitamin D supplementation has a
beneficial effect on allergy treatment. It has been proved that vitamin D supplementation in
patients with allergic rhinitis treated with SLIT results in overall clinical improvement;
however, vitamin D supplementation is more effective in the reduction of nasal and asthma
symptoms and improvement in symptoms observed during SLIT were fairly clearly correlated
with the serum level of vitamin D [31]. In a different study of Stelmach et al., it was shown that
clinical and immunological efficacy of allergen-specific immunotherapy in children with
asthma allergic to house dust mites was correlated with 25(OH)D serum concentration [32].
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Another study of Stelmach et al. demonstrated that combined administration of a systemic
corticosteroid and allergen extract suppressed early clinical and immunological effects of SIT
and that vitamin D3 prevented this “adverse” effect of corticosteroids. Therefore, a favorable
effect of vitamin D in immunotherapy is very encouraging [31]. Since there is an evidence that
the efficacy of allergen-specific immunotherapy correlates with 25(OH)D serum concentration,
it seems to be reasonable to monitor the serum level of 25(OH)D in children undergoing
allergen immunotherapy, especially in those at risk of vitamin D insufficiency. It seems that
the serum level of 25(OH)D above 30 ng/mL facilitates the optimal effect of allergen immuno-
therapy. In a study of Stelmach et al. [31–33], administration of 1000 IU vitamin D once daily
with SLIT significantly reduced phosphorus in serum of children, which suggests its beneficial
effect on calcium-phosphorus metabolism and on collagen turnover in children. Therefore, the
clinical implication of that study suggests that the supplementation of SLIT with vitamin D
should be recommended for treatment of allergic rhinitis in children.

11. Recommendations

In different countries there exist different recommendations concerning vitamin D supple-
mentation. Currently, European Food Safety Authority (EFSA) proposed a daily intake of 100
mcg (equal to 400 IU) vitamin D for adults including pregnant and breastfeeding women, 50
mcg for children 11–17 years, and 25 mcg for infants [61, 62]. The institute of Medicines
Committee in its report from 2011 recommended at least 600 IU for infants with maximum
upper limit of 2500 IU for children 1–3 years and 3000 IU for children 4–8 years and 4000 IU
for 9 years and older [61]. By this date, it is common practice for all physitians to supplement
vitamin D under the verification of 25(OH)D concentration. The last recommendations for
vitamin D supplementation in Central Europe state that 30–50 ng/mL are considered as
optimal [62].

Based on its review of data of vitamin D needs, a committee of the Institute of Medicine
concluded that persons are at risk of vitamin D deficiency at serum 25(OH)D concentrations
<30 nmol/L (<12 ng/mL). Some are potentially at risk for inadequacy at levels ranging from 30
to 50 nmol/L (12–20 ng/mL). Practically, all people are sufficient at levels ≥50 nmol/L (≥20 ng/
mL); the committee stated that 50 nmol/L is the serum 25(OH)D level that covers the needs of
97.5% of the population. Serum concentrations >125 nmol/L (>50 ng/mL) are associated with
potential adverse effects [63].

Intake reference values for vitamin D and other nutrients are provided in the Dietary Reference
Intakes (DRIs) developed by the Food and Nutrition Board (FNB) at the Institute of Medicine
of The National Academies (formerly National Academy of Sciences) [63].

The FNB established an RDA for vitamin D representing a daily intake that is sufficient to
maintain bone health and normal calcium metabolism in healthy people. RDAs for vitamin D
are listed in both International Units (IUs) and micrograms (mcg); the biological activity of 40
IU is equal to 1 mcg (Table 1). Even though sunlight may be a major source of vitamin D for
some, the vitamin D RDAs are set on the basis of minimal sun exposure [63].
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Age Male Female Pregnancy Lactation

0–12 months* 400 IU (10 mcg) 400 IU (10 mcg)

1–13 years 600 IU (15 mcg) 600 IU (15 mcg)

14–18 years 600 IU (15 mcg) 600 IU (15 mcg) 600 IU (15 mcg) 600 IU (15 mcg)

19–50 years 600 IU (15 mcg) 600 IU (15 mcg) 600 IU (15 mcg) 600 IU (15 mcg)

51–70 years 600 IU (15 mcg) 600 IU (15 mcg)

>70 years 800 IU (20 mcg) 800 IU (20 mcg)

*Adequate intake (AI).

Table 1. Recommended dietary allowances (RDAs) for vitamin D [63].
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Abstract

Vitamin D, also known as “sunshine vitamin”, has long been established as an essential
component for the maintenance of adequate bone health. Large number of studies are
available which demonstrate the various biochemical pathways of vitamin D in bone
physiology and its important role in musculoskeletal health. In last five decades, data
regarding the non‐bone effects of vitamin D have started to emerge, and now many
important non‐bone physiological processes are explained by the biochemical pathways
and functions of vitamin D. However, majority of the data regarding extra‐skeletal
effects of vitamin D are available regarding adult population. In this chapter, we try to
focus on the role of vitamin D in aging and various diseases which are frequently seen
in children, adolescents, and young adults such as cancer, type 1 diabetes mellitus,
allergies, asthma, and various autoimmune diseases.

Keywords: vitamin D, autoimmune disease, aging, diabetes, cancer, children

1. Introduction

Vitamin D, also known as “sunshine vitamin”, is considered essential for maintenance of bone
health along with many other key roles in metabolic processes of the body. About 10,000–
20,000 IU of vitamin D3 is produced in our skin from the sun's ultraviolet light (UVB) after
full body exposure for 15 min [1]. Complexion or skin phototype, use of sunblock, smog, cloud
cover, latitude, time of day (10:00 am to 02:00 pm), and season are some of the factors that affect
our body's ability to produce vitamin D [2]. Latitudes from 0 to 35° north or south allow
yearlong production of vitamin D in our body, but as latitude increases the amount of vitamin
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D production will decrease [3]. The latitude of Pakistan is 32.0162°N which is suitable for
yearlong production of vitamin D.

Recommended daily intake of vitamin D in the first year of life is 400 IU and 600 IU for everyone
above 1 year of age [4]. Vitamin D is essential for proper bone growth and bone remodeling
by the action of osteoblasts and osteoclasts [5]. Vitamin D insufficiency or deficiency can lead
to osteoporosis by decreasing calcium absorption from intestine and kidney [6]. Harinarayan
et al. have showed that normal homeostasis of bone has been seriously affected by decreased
intake of calcium and vitamin D in diet [7]. In children, inadequate mineralization of the
growing skeleton leading to rickets is an established fact [8]. Välimäki et al. discussed that
vitamin D deficiency is common in young men, especially in winter, and this deficiency may
have detrimental effects on the acquisition of maximal peak bone mass [9]. Gait disturbances
and myopathy have also been associated with severe vitamin D deficiency [10]. Discovery of
the vitamin D receptor (VDR) expressed in the cell nuclei of muscle cells and its association
with muscle cell contractility has been documented by Bischoff‐Ferrari et al [11]. Meta‐analysis
done by Papadimitropoulos et al. concluded that adequate levels of vitamin D decrease the
rate of vertebral and non‐vertebral fractures [12].

1.1. Prevalence of vitamin D deficiency

Studies from around the world have shown pandemic of vitamin D deficiency or insufficiency
[13]. In last decade, various studies from Pakistan have found critically low levels of vitamin
D in diverse groups of population. Work done by Siddiqui and Rai [14] in Hazara division of
Pakistan showed that nutritional rickets resulting from vitamin D deficient diet is a predis‐
posing factor for different childhood illnesses such as pneumonia, diarrhea, and delayed motor
milestones. They attributed lack of sun exposure, malnutrition, and various antenatal factors
as important causes for vitamin D deficiency. Similarly, Anwar et al. [15] found that 99.5% of
women and 97.3% of neonates from urban population sample and 89% of women and 82% of
neonates from rural population sample had below 50 nmol/l levels of vitamin D. Jamal et al.
[16] and Qamar et al. [17] have also found insufficient/deficient vitamin D levels in more than
90% children included in their studies. A study done in our laboratory including 5‐ to 11‐year‐
old children with intellectual disability also showed extremely low levels of vitamin D (12.08 
± 9.06 ng/ml) in 85% of study sample. These numbers are consistent with another population‐
based study done in Karachi by Iqbal et al. [18] who found that vitamin D was deficient in
73.7% and insufficient in 13.8% study subjects.

In last two decades, lot of studies came out from around the world reporting lower or deficient
levels of vitamin D; however, few questions remained ambiguous: How much vitamin D is
needed to achieve desirable health outcomes and how much of vitamin D is too much? In 2011,
a new public health report on dietary intake requirements for calcium and vitamin D authored
by the committee from the Institute of Medicine (IOM) gave their recommendations regarding
above queries. The committee concluded that serum 25OHD levels of 16 ng/ml (40 nmol/l)
cover the requirements of approximately half of the population, and levels of 20 ng/ml (50 
nmol/l) cover the requirements of at least 97.5% of the population. The IOM committee also
highlighted the fact that data for the upper cutoff limit were scarce and long‐term effects of
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chronically high concentrations of vitamin D, and a margin of safety for public health recom‐
mendations was prudent. Thus, serum 25OHD levels above 50 ng/ml (125 nmol/l) should raise
concerns among clinicians about potential adverse effects [4].

1.2. Vitamin D status and skin complexion

Complexion or skin phototype is another important factor that determines amount of vitamin
D production in our body. Individuals with darker complexion have higher chances of
developing vitamin D deficiency than fair‐skinned people [19]. The deficiency in circulating
levels of 25‐hydroxyvitamin D in individuals with darker skin complexion is mediated largely
by melanin which protects the skin from ultraviolet light rays. By blocking the sun's ultra violet
rays, melanin greatly reduces the skin's ability to convert 7‐dehydrocholesterol to cholecalci‐
ferol, the precursor of 25(OH)D, in the skin [20]. In 2011, Signorello et al. investigated the
association between 94 single nucleotide polymorphisms (SNPs) in five vitamin D pathway
genes (GC, VDR, CYP2R1, CYP24A1, CYP27B1) and serum 25‐hydroxyvitamin D (25(OH)D)
levels among 379 African American and 379 Caucasian participants, and they found that
common variation in vitamin D pathway genes predicts circulating 25‐hydroxyvitamin D
levels among African Americans having darker complexion [21].

Vitamin D supplementation is considered as an important factor in improving the poor bone
health of people with both fair and dark skin complexions. Studies have shown that people
with both dark and white skin color appear to have similar capacities to synthesize vitamin D
in the skin, but vitamin D synthesis is less efficient among blacks at usual levels of sun exposure
as compared to white people [22]. Recently, a study done by Gallagher et al. demonstrated that
despite having lower levels of vitamin D at baseline, the increase in serum vitamin D after
supplementation in African American women was similar to that seen in the Caucasian
women. Furthermore, 97.5% of both dark‐ and white‐colored women on 800 IU/daily for 12 
months reached a level of 20 ng/ml. They also concluded that because absorption and metab‐
olism of oral vitamin D are similar in both dark and fair complexioned people, lower levels of
serum 25OHD in African Americans must be due to lower production of vitamin D in skin [23].

1.3. Is Vitamin D synthesis gender specific?

Data regarding the association of gender with vitamin D synthesis are inconsistent and scarce.
There are number of conflicting hypotheses which indicate that differences in the amount of
adipose tissue in males and females and in their skins may lead to the variation in vitamin D
synthesis. Number of studies has demonstrated decreased bioavailability of fat soluble vitamin
D3 from cutaneous and dietary sources because of its deposition in body fat [24–27]. This may
point toward decreased vitamin D levels in women because of their excessive adiposity as
compared to men. On the other hand, it has also been hypothesized that the lighter color of
female skin permits synthesis of relatively higher amounts of vitamin D3 during pregnancy
and lactation [28]. On the contrary, data from a recent study in mice have demonstrated that
androgens decrease the synthesis of vitamin D induced by ultraviolet rays in the skin of a male
mice by an enzymatic mechanism [29].
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1.4. Physiology of non‐bone effects of vitamin D

Initially, it was thought that vitamin D has a restricted role in calcium homeostasis, but it is
only now that the pleiotropic actions of vitamin D with their clinical significance are becoming
apparent. Recently, 2776 genomic positions occupied by the vitamin D receptor (VDR) and 229
genes showing significant changes in expression in response to vitamin D have been identified
[30]. VDR has been identified in wide variety of tissues other than small intestine, kidneys, and
bone such as brain, heart, stomach, pancreas, activated T and B lymphocytes, skin and gonads
[31]. One hydroxylase activity has also been identified in cultured cells from skin, colon,
prostate, breast, lung, and brain [1, 32, 33]. Addition of vitamin D in our diet in the form of
supplementation or food fortification can reduce the risk of asthma, influenza, respiratory tract
infections, autoimmune diseases, diabetes, and cancer and improve bone and overall health
[2]. This evidence points to the diverse functions of vitamin D and its implicated role in various
diseases related to wide distribution of vitamin D receptors in many tissues.

In the following sections of this chapter, recent review of literature regarding physiological
role of vitamin D in various non‐bone effects is given.

2. Vitamin D and aging

It has been long known that aging decreases the capacity of human skin to produce vitamin
D3 (7‐dehydrocholesterol). This is evident from the classic study done by McLaughlin and
Holick in 1985 in which they exposed the skin samples from various age groups to ultraviolet
rays and compared the amount of previtamin D3 produced in the skin samples from 8‐ to 18‐
year‐old subjects with the amount produced in the skin samples from 77‐ to 82‐year‐old
subjects. The results revealed that aging can decrease the capacity of the skin to produce
previtamin D3 by greater than twofold [34].

In humans, aging represents the accumulation of changes in a human being over time,
encompassing physical, psychological, and social change. Telomeres, the DNA‐protein
structures located at the ends of chromosomes, have been proposed to act as a biomarker of
aging [35]. A cross‐sectional analysis of the Nurses’ Health Study (NHS) data done by Liu et
al. [36] demonstrated the association between vitamin D and telomere length in peripheral
blood leukocytes by using plasma biomarkers of both 25(OH)D and 1,25(OH)2D. They found
that higher plasma 25(OH)D levels are associated with longer telomeres, and this association
may be modified by calcium intake. The difference in telomere length between those with high
(vitamin D sufficient) and low (vitamin D insufficient) levels of vitamin D corresponded to 5 
years of aging. The shortening of telomeres is thought to be caused by decreasing inflammatory
mediators and cell proliferation [37]. Changes in the expression of VDR leading to vitamin D
resistance with aging have also been elaborated in recent literature. Several studies have
reported association of aging with decrease in the expression of VDR in bone, intestine, and
muscle tissues [38–40]. Various factors that decrease with aging have been identified to
influence VDR such as estrogen, growth hormones, and vitamin D itself [11, 41]. On the other
hand, the expression of TNF alpha which increases with aging has been shown to downregu‐
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al. [36] demonstrated the association between vitamin D and telomere length in peripheral
blood leukocytes by using plasma biomarkers of both 25(OH)D and 1,25(OH)2D. They found
that higher plasma 25(OH)D levels are associated with longer telomeres, and this association
may be modified by calcium intake. The difference in telomere length between those with high
(vitamin D sufficient) and low (vitamin D insufficient) levels of vitamin D corresponded to 5 
years of aging. The shortening of telomeres is thought to be caused by decreasing inflammatory
mediators and cell proliferation [37]. Changes in the expression of VDR leading to vitamin D
resistance with aging have also been elaborated in recent literature. Several studies have
reported association of aging with decrease in the expression of VDR in bone, intestine, and
muscle tissues [38–40]. Various factors that decrease with aging have been identified to
influence VDR such as estrogen, growth hormones, and vitamin D itself [11, 41]. On the other
hand, the expression of TNF alpha which increases with aging has been shown to downregu‐
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late the expression of VDR [42, 43]. An animal study has also demonstrated a decrease in
number of vitamin D receptors in addition to decreased binding of active metabolite of vitamin
D with VDR in aged rat intestinal subcellular fractions [44]. Association of premature aging
phenotype with too high and too low vitamin D levels has also been demonstrated in mice [45].
A recent study found that individuals in the highest quartile of serum vitamin D had the
longest lifespan compared to those in the lowest quartile [46]. Above evidence and already
established associations of several common aging‐associated diseases such as osteoporosis,
hypertension, and diabetes with vitamin D deficiency point us to consider vitamin D levels as
a biomarker for aging.

3. Cancer in children

Although cancer in children is rare, it is the leading cause of death by disease past infancy
among children in the United States. The most common types of cancer diagnosed in children
and adolescents are leukemia, brain and other central nervous system tumors, lymphoma,
rhabdomyosarcoma, neuroblastoma, Wilms tumor, bone cancer, and gonadal (testicular and
ovarian) germ cell tumors [47]. Pakistan is a developing country with a population of about
180 million people out of which 39% are under 15 years of age. Although malnutrition and
communicable diseases are still the major killers, cancer is becoming an important cause of
morbidity and mortality in children. Cancer among children is fortunately less common than
in adult accounting for 3–5% of all cancers. Based on Karachi Cancer Registry, it is estimated
that about 7000–7500 children get cancer every year in Pakistan [48]. A limited number of small
studies have examined the vitamin D status of pediatric oncology patients, and the results
indicate an increased prevalence of hypovitaminosis D [49, 50].

3.1. Role of vitamin D in cancer

Specific vitamin D receptors found in nearly all tissues produce 1,25(OH)2D in the presence
of 25(OH)D. This 1,25(OH)2D is recognized to cause activation of VDR resulting in heterodi‐
merization with the retinoid X receptor and binding to cognate vitamin D response elements
(VDREs) in target genes involved in cellular differentiation, cell growth, apoptosis, inflamma‐
tion, and immune modulation [51, 52]. Formation of 1 alpha hydroxylase enzyme in cancer
cells has also been demonstrated [53, 54]. In last decade of twentieth century, number of studies
came out that highlighted the association of decreased vitamin D levels in individuals living
at high latitudes and increased risk of dying of colon, breast, prostate, and ovarian cancer [55–
57].

Polymorphism of VDR gene has been associated with high risk of cancer. Women with
mutations of VDR gene have higher risk of breast cancer [58]. Results of a hospital‐based case‐
control study conducted by our department demonstrated that the BsmI polymorphism in the
VDR gene may be associated with an increased breast cancer risk in Pakistani women nega‐
tive for BRCA1/2 germline mutations [59].
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Vitamin D‐liganded VDR displays antiproliferative activities in many tumor types, as do
activated members of the p53 family, through the induction of cell cycle arrest, senescence,
differentiation, and apoptosis [60]. Several metabolites of vitamin D which do not cause
hypercalcemia show antitumor activity in a subset of cancer patients with high VDR expression
and are associated with good prognosis [61]. Some transcription factors repress VDR gene
expression in human colon cancer cells. In human colon cancers, elevated expression of
transcription factors correlates with downregulation of VDR [62]. The malignant cells are
capable of annulling the antiproliferative activity of vitamin D by increasing the expression of
transcriptional factors.

Several preclinical trials have demonstrated the antiproliferative effects of active form of
vitamin D in various tumor types. The mechanisms by which vitamin D can exert antitumor
effects may include inhibition of tumor angiogenesis, induction of apoptosis, regulation of
different signaling pathways in tumor cells, and arrest of tumor cells in G0/G1 phase of cell
cycle. Preclinical data indicate that maximal antitumor effects are seen with pharmacological
doses of 1α,25(OH)2D3 and can be safely achieved in animals using a high‐dose, intermittent
schedule of administration [60]. Some clinical trial data indicate that 1α,25(OH)2D3 is well
tolerated in cancer patients within a proper dosing schedule. Data support the hypothesis that
vitamin D compounds may have an important role in cancer therapy and prevention, and merit
further investigation [63].

Despite the presence of wealthy data regarding vitamin D and cancer, only a handful of studies
have assessed vitamin D status in pediatric patients with malignancy, and all included
relatively small numbers of patients [50]. This may point to the need of continuing elaborative
research to identify the role of vitamin D in cancer, especially in populations with younger age
groups.

4. Diabetes and vitamin D

Vitamin D deficiency and diabetes have one major trait in common: both are pandemic. The
International Diabetes Federation estimated the number of people with diabetes worldwide
to be nearly 415 million out of which three‐quarters (75%) live in low‐ and middle‐income
countries. In Pakistan, prevalence of diabetes is 8.1%, whereas number of new cases of type 1
diabetes per 100,000 children per year is 0.5 [64]. Studies from different populations throughout
the globe have reported high rates of vitamin D deficiency in children with type 1 diabetes [65–
70]. Also several studies suggest that vitamin D deficiency correlates with the severity and
frequency of type 1 diabetes in children as well as that vitamin D supplementation may reduce
the risk of developing type 1 diabetes in younger age groups [71–73]. An analytical cross‐
sectional study conducted in our department demonstrated that offsprings of type 2 diabetics
were severely deficient in vitamin D and its levels were inversely correlated with most of the
components of metabolic syndrome [74]. Researchers have also explored the geographical
variation in childhood diabetes. In study done by Mohr et al. in 2008, incidence rates of type
1 diabetes in children aged <14 years during 1990–1994 in 51 regions worldwide were assessed

A Critical Evaluation of Vitamin D - Basic Overview182



Vitamin D‐liganded VDR displays antiproliferative activities in many tumor types, as do
activated members of the p53 family, through the induction of cell cycle arrest, senescence,
differentiation, and apoptosis [60]. Several metabolites of vitamin D which do not cause
hypercalcemia show antitumor activity in a subset of cancer patients with high VDR expression
and are associated with good prognosis [61]. Some transcription factors repress VDR gene
expression in human colon cancer cells. In human colon cancers, elevated expression of
transcription factors correlates with downregulation of VDR [62]. The malignant cells are
capable of annulling the antiproliferative activity of vitamin D by increasing the expression of
transcriptional factors.

Several preclinical trials have demonstrated the antiproliferative effects of active form of
vitamin D in various tumor types. The mechanisms by which vitamin D can exert antitumor
effects may include inhibition of tumor angiogenesis, induction of apoptosis, regulation of
different signaling pathways in tumor cells, and arrest of tumor cells in G0/G1 phase of cell
cycle. Preclinical data indicate that maximal antitumor effects are seen with pharmacological
doses of 1α,25(OH)2D3 and can be safely achieved in animals using a high‐dose, intermittent
schedule of administration [60]. Some clinical trial data indicate that 1α,25(OH)2D3 is well
tolerated in cancer patients within a proper dosing schedule. Data support the hypothesis that
vitamin D compounds may have an important role in cancer therapy and prevention, and merit
further investigation [63].

Despite the presence of wealthy data regarding vitamin D and cancer, only a handful of studies
have assessed vitamin D status in pediatric patients with malignancy, and all included
relatively small numbers of patients [50]. This may point to the need of continuing elaborative
research to identify the role of vitamin D in cancer, especially in populations with younger age
groups.

4. Diabetes and vitamin D

Vitamin D deficiency and diabetes have one major trait in common: both are pandemic. The
International Diabetes Federation estimated the number of people with diabetes worldwide
to be nearly 415 million out of which three‐quarters (75%) live in low‐ and middle‐income
countries. In Pakistan, prevalence of diabetes is 8.1%, whereas number of new cases of type 1
diabetes per 100,000 children per year is 0.5 [64]. Studies from different populations throughout
the globe have reported high rates of vitamin D deficiency in children with type 1 diabetes [65–
70]. Also several studies suggest that vitamin D deficiency correlates with the severity and
frequency of type 1 diabetes in children as well as that vitamin D supplementation may reduce
the risk of developing type 1 diabetes in younger age groups [71–73]. An analytical cross‐
sectional study conducted in our department demonstrated that offsprings of type 2 diabetics
were severely deficient in vitamin D and its levels were inversely correlated with most of the
components of metabolic syndrome [74]. Researchers have also explored the geographical
variation in childhood diabetes. In study done by Mohr et al. in 2008, incidence rates of type
1 diabetes in children aged <14 years during 1990–1994 in 51 regions worldwide were assessed

A Critical Evaluation of Vitamin D - Basic Overview182

by using multiple regression. This study found an association between low ultraviolet B
irradiance and high incidence rates of type 1 childhood diabetes after controlling for per capita
health expenditure. Incidence rates of type 1 diabetes approached zero in regions worldwide
with high UVB irradiance, adding new support to the concept of a role of vitamin D in reducing
the risk of the disease [75]. Similarly, data from sixth edition of diabetes atlas showed that
incidence of type 1 diabetes is higher in countries that are located furthest from the equator as
compared to countries located closest to equator. Staples et al. in their another study, which
specifically examined the latitude gradient within Australia's territories, found childhood
diabetes to be positively related to latitude. There was a strong threefold increase in prevalence
of type 1 diabetes moving from the most northern territory to the most southern territory of
Australia [76]. The above discussion positively points toward the association of incidence of
childhood type 1 diabetes with latitudinal location.

Type 1 diabetes mellitus results from a cellular‐mediated autoimmune destruction of the beta
cells of the pancreas [77]. Studies on mice suggest that vitamin D inhibits IL‐12 production and
pancreatic infiltration of T helper cells along with the increase in number of CD4 positive and
d CD25 positive regulatory T cells in pancreatic lymph nodes which may help in limiting the
immunological progression and preventing the clinical onset of type 1 diabetes [78, 79]. There
is evidence that vitamin D is important in the prevention of islet cell death and might be useful
in improving the survival of islet cell grafts [80]. The presence of VDR and vitamin D‐
dependant calcium binding protein on beta cells of pancreas has also been reported. The effects
of vitamin D on beta cells may be by its regulation of extracellular calcium and calcium flux
through the beta cell or through calcium‐independent pathways. Vitamin D deficiency may
also impair insulin secretion through its associated increase in parathormone levels. It may
reduce insulin resistance by its immunomodulatory and antiinflammatory effects [61]. Above
evidence suggests that vitamin D may play a role in the prevention and treatment of type 1
diabetes mellitus in children; however, definitive and conclusive evidence regarding the
potential role of vitamin D in alleviating the increasing menace of diabetes needs to be further
studied through its action on systemic inflammation, insulin secretion, and resistance.

5. Allergies and asthma in children

Asthma and allergies are common chronic diseases in developed world [81–83]. CDC reports
from national surveys in United States show the prevalence of asthma in children as 8.3% in
2013. The highest rates were observed among children aged 5–14 years, boys of less than 18 
years, and people below 100% of poverty level [84]. Epidemiology of allergies and asthma is
not well documented in Pakistan. A survey conducted in the city of Karachi among school
children of age 3–16 years reported the prevalence of asthma at 15.8% and that of allergic
rhinitis at 28.50% [85]. Another two‐stage community‐based representative cross‐sectional
survey conducted in Karachi from March 2012 to April 2013 reported overall prevalence of
asthma among study participants as 10.2% [86].
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5.1. Role of vitamin D in allergies and asthma in children

Many potential reasons have been reported in literature that could account for the pattern of
increased burden of allergic diseases and asthma in developing as well as developed world.
In last couple of decades, several studies have proposed pandemic of vitamin D deficiency as
an important candidate that could explain a significant proportion of increased prevalence of
allergic disease and asthma [87]. Potential mechanisms of how vitamin D can affect the risk of
developing asthma and allergies include genetic pathways, role of vitamin D in prevention of
bacterial infections, immune system effects, and effects on lung development and functions
[88]. Significant associations between polymorphisms in the VDR gene and asthma have been
reported by number of studies [89–91]. It has been proposed that asthmatics with bacterial and
viral infections are at higher risk of more severe symptoms [92, 93]. Vitamin D induces the
production of the antimicrobial polypeptide cathelicidin which has both antibacterial and
antiviral effects [94, 95], and supplementation with vitamin D in asthmatics demonstrated
decreased incidence of cold or influenza symptoms [96]. Studies done in mice have shown that
vitamin D deficiency in utero leads to decreased lung volumes by affecting lung development
[97]. Similarly, vitamin D also appears to affect in utero immune system development that
begins to exert its effects in early life. Work done by Chi et al. [98] showed that cord blood
vitamin D levels were inversely associated with the proportions of CD25(+), CD25(Bright), and
CD25(+) FoxP3 cells to total CD4(+) T cells. While the clinical consequence of this inverse
association remains unclear, it supports the notion that in utero vitamin D levels affect immune
development and may influence immune regulation early in life. The number of studies has
shown that maternal supplementation with vitamin D during pregnancy may eventually
decrease the risk of allergies and wheezing in their children [99–101]. Other studies have
investigated the association between vitamin D levels and asthma and allergies in the post‐
partum period. Several case‐control studies from different parts of the world have found
greater prevalence of vitamin D deficiency among asthmatic children than in controls [102–
104]. In a recent work done in our department, an inverse relation of vitamin D levels with
severity of asthma has been found (Lone Unpublished data).

Although more studies have shown a beneficial effect of vitamin D on asthma and allergies
than studies showing negative results, definitive clinical trials are lacking and the optimal dose
and level of vitamin D for decreasing the burden of asthma and allergies in children remain
unknown.

6. Autoimmune diseases in children and vitamin D

There are at least 80 recognized human autoimmune diseases with new diseases frequently
added to the list [105]. Autoimmune diseases are generally rare in children; however, when
they occur, they can be challenging to diagnose and difficult to treat because most of the
autoimmune diseases that are common in children have not cured yet. Besides type 1 diabetes
mellitus, other autoimmune diseases which commonly occur in children include celiac disease,
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lupus (SLE), juvenile dermatomyositis, scleroderma, juvenile idiopathic arthritis (JIA), and
multiple sclerosis (MS) [106].

The effects of vitamin D in the immune system translate into an enhancement of innate
immunity associated with a multifaceted regulation of acquired immunity [107]. Vitamin D
supplementation is considered as an appealing therapy in pediatric autoimmune diseases. The
diverse effects of vitamin D may minimize disease‐related comorbidities resulting from bone
weakening and infections in addition to attenuation of immune hyperactivation that is
characteristic of pediatric SLE [108]. The SLE Disease Activity Index scores were found to be
significantly higher in children who had 25(OH)D level less than 20 ng/ml [109]. Work done
by Robinson et al. [110] demonstrated that low serum 25(OH)D level in children with SLE is
associated with proteinuria and urinary vitamin D binding protein. Animal models have also
shown that vitamin D and calcium supplementation can inhibit lupus activity [111, 112]. An
incidental finding of an association between vitamin D deficiency and SLE nephritis has also
been reported [113], but studies evaluating this relationship are lacking. Juvenile dermato‐
myositis (JDM) is a photosensitive rheumatic disease, treated commonly with sun avoidance,
corticosteroids, methotrexate, and hydroxychloroquine. JDM shares many similarities with
pediatric SLE in photosensitivity and methods of treatment, but it is not associated with
proteinuria, making this an ideal comparison group for SLE. Robinson et al. [110] also reported
that vitamin D deficiency is associated with disease activity in children with JDM.

Multiple sclerosis is an autoimmune disease of the central nervous system characterized by
inadequate recognition of autoepitopes in myelinated nerve fibers by cells of the acquired
immune system, generating an inflammatory immune response mediated by lymphocytes and
macrophages, resulting in localized areas of inflammation and demyelination [114]. Some
studies have also demonstrated the association of vitamin D deficiency and MS and its role
not only in the reduction of relapse rates, but also in the prevention of its development [115,
116]. In MS, allelic variation in the MHC class II region exerts the single strongest effect on
genetic risk. Environmental factors act at a population level. Sunlight or vitamin D is a key
environmental factor in etiology and might interact with inherited factors in the MHC class II
region [61]. A single MHC vitamin D response element (VDRE) gene has been identified as
HLA‐DRB1*15 haplotypes. In a subgroup of individuals genetically predisposed to multiple
sclerosis, deficiency of vitamin D may cause non‐activation of histocompatibility genes
necessary for differentiating between self and foreign proteins [117].

Despite the compelling evidence of low levels of vitamin D and its association with various
autoimmune diseases, recently studies are coming out that challenge the assumption that
serum levels of 25OH vitamin D are a sensitive marker of the autoimmune disease state [118].
Now many commentators are also advocating clinicians to stop costly measurements of 25OH
vitamin D in asymptomatic patients [119–121]. The consideration of vitamin D as a marker for
autoimmune diseases requires further sensitive evidence from randomized controlled clinical
trials. The results then may elaborate the status of vitamin D as a marker for autoimmune
diseases in future. Although more epidemiologic studies are needed to better understand the
theory of vitamin D deficiency and its association with various auto immune diseases in
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children, the compelling data pointing to a role for vitamin D in immune regulation suggest
that special attention should be paid to these at‐risk populations.

6.1. Role of sunlight in autoimmune diseases

The ultraviolet radiation in sunlight can induce the onset of, or exacerbate, the symptoms of
certain autoimmune diseases. Work done by Fraser et al. suggested that ultraviolet light
exposure triggers production of reactive oxygen species as normal by‐products. If the cell does
not quickly eliminate the reactive oxygen species, however, the buildup can cause cellular and
DNA damage. The GSTM1 gene normally codes for an enzyme, glutathione S‐transferase,
which rids the body of reactive oxygen species. Individuals who have the GSTM1 null
genotype and are missing the enzyme may, therefore, be at an increased risk of DNA damage
and can induce the onset of lupus [122]. Work done by Love et al. to study the distribution of
myositis phenotypes and ultraviolet radiation exposure in the United States showed that
ultraviolet radiation may modulate the clinical and immunological expression of autoimmune
disease in women [123]. The above evidence points toward the stimulation and exacerbation
of autoimmune process in specific disease, whereas, on the other hand, ultraviolet radiations
can also prevent or reduce the symptoms of other autoimmune diseases by vitamin D forma‐
tion in skin as elaborated in various parts of this chapter.

7. Conclusion

In last decade, the number of studies that have investigated the non‐bone effects of vitamin D
has increased tremendously. Many studies from around the globe have measured circulating
25‐hydroxyvitamin D as a determinant of vitamin D status. However, several queries
regarding the definitive place of 25OH vitamin D as a biomarker of vitamin D status and the
exact level of 25OHD that determines optimal vitamin D status in children for majority of non‐
bone effects of vitamin D still remain elusive. Although the committee from Institute of
Medicine has recommended that a 25OHD level of 50 nmol/l (20 ng/ml) should be considered
sufficient, this recommendation was mainly based on studies of bone health and the committee
acknowledged that studies in other disease states are sorely lacking [4]. There are number of
authors who have dissenting opinion regarding the IOM recommendations of optimal vitamin
D levels [124]. Furthermore, there are data that suggest that optimal circulating levels
regarding adequate bone health as well as other non‐bone effects are much higher than the
current IOM recommendations [125]. Most of the studies done in children have only measured
vitamin D level once at one point in time. It is known that vitamin D levels vary over seasons
and likely over time. Future studies need to measure 25OHD at multiple time points in relation
to the outcome of interest. Finally, there is a continuing need for further conclusive studies to
define appropriate levels of vitamin D status and recommended daily allowance regarding
adequate bone health and other non‐bone effects of vitamin D, especially in children,
adolescents, and young adults.
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Abstract

The secosteroid,  1α,25-dihydroxyvitamin D3  [1α,25(OH)2D3]  plays  a  crucial  role  in
regulating bone formation, remodeling and repair. Beyond its well-established role in
skeletogenesis, gene-targeting studies support a physiological role for 1α,25(OH)2D3 in
muscle development. There is evidence for expression of vitamin D receptor/vitamin D
synthesizing enzyme/transport protein, local production of 1α,25(OH)2D3 and uptake
of 25(OH)D3, implying the existence of vitamin D-endocrine system in myogenic cells.
Recently, much interest has been devoted to the effects of 1α,25(OH)2D3 on myogenesis.
Simply stated, 1α,25(OH)2D3 has potent antiproliferative activity on myoblasts and
inhibits myoblast differentiation. Intriguingly, recent studies suggest that 1α,25(OH)2D3

may stimulate protein synthesis in myotubes and have a role in self-renewal of muscle
stem  cells.  1α,25(OH)2D3  regulates  myogenesis  probably  through  its  genomic  or
nongenomic actions. Understanding how vitamin D signaling contributes to muscle
homeostasis may provide a valuable insight into an effective intervention strategy for
muscle disorders. In this review, we summarize the current knowledge about a possible
role of vitamin D in myogenesis.

Keywords: skeletal muscle, proliferation, differentiation, vitamin D, myogenesis

1. Introduction

The biologically active metabolite of vitamin D, 1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3]
functions by binding to vitamin D receptor (VDR) [1]. Thus, accurate identification of VDR in
tissues is critical to understand the physiological and pathological significance of vitamin D [2].
The VDR has shown to be expressed in a wide variety of tissues, including bone, bronchus,
intestine, kidney, mammary gland, pancreas, parathyroid, pituitary gland, prostate gland,
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spleen, testis and thymus [2]. However, in skeletal muscle, some controversies have existed [3–
9]. Despite conflict, gene-targeting studies suggest a physiological role for 1α,25(OH)2D3 in
muscle development. VDR null-mutant mice exhibit impaired muscle development [10, 11].
Intriguingly, there is evidence for expression of vitamin D receptor/vitamin D synthesizing
enzyme/transport protein [6, 9, 12–16], local conversion of 25(OH)D3 to 1α,25(OH)2D3 [6, 15] and
uptake of 25(OH)D3 [17], implying the existence of vitamin D-endocrine system in myogenic
cells.

Recently, much interest has been devoted to the effects of 1α,25(OH)2D3 on myogenesis. It has
been generally supposed that 1α,25(OH)2D3 exerts its effects through binding to VDR, inducing
genomic or nongenomic actions. A genomic action occurs through nuclear transportation of
1α,25(OH)2D3-VDR complex [1]. VDR heterodimerizes with 9-cis-retinoic acid receptor (RXR),
which modulates gene expression via binding to specific target gene promoter regions, known
as vitamin D response elements (VDREs) [1]. The very large number of genes (estimated at
approximately 3% of the mouse or human genome) is regulated, directly and/or indirectly, by
vitamin D-endocrine system [18]. A nongenomic response to 1α,25(OH)2D3 is characterized by
a rapid (the seconds to minutes range) activation of signaling cascades and an insensitivity to
inhibitors of transcription and protein synthesis [19]. Although a consensus cannot be
developed about how the nongenomic actions are initiated [1], several data suggest that
nongenomic actions begin at the plasma membrane and occur through a putative plasma
membrane-associated receptor [VDR(mem)] present in a caveolae [20] and a 1α,25(OH)2D3-
membrane-associated rapid response steroid (1α,25D3-MARRS) binding protein [21]. Al-
though relative contribution of genomic and nongenomic action to myogenesis is currently
unknown, 1α,25(OH)2D3 appears to have antiproliferative effect on myoblasts [9, 12–15] and
inhibits myoblast differentiation [9, 16, 18]. Some hypotheses are currently proposed that 1α,
25(OH)2D3 may have anabolic effects on protein metabolism in myotubes [12, 15] and may be
involved in self-renewal of muscle stem cells [9].

Better characterization of effects of vitamin D in myogenic cells will help to provide a valuable
insight into an effective intervention strategy for muscle disorders such as sarcopenia,
myopathy and neuromuscular diseases. Here, we will summarize the current evidence for a
role of vitamin D in myogenesis.

2. VDR expression in skeletal muscle and myogenic cells

2.1. Animal studies

Although a number of studies have been published on the expression of VDR in skeletal
muscle by immunohistochemistry, the specificity of various commercially available VDR
antibodies used is called into question by Wang et al. [22]. They systematically characterize
these antibodies in terms of their specificity and immunosensitivity using negative control
samples from VDR knockout mice. For example, despite widely used for immunohistochem-
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ical studies, the rat monoclonal antibody (9A7, Affinity BioReagents) that recognizes an
epitope between amino acid residues 89 and 105 of human VDR has been shown to bind the
VDR but nonspecifically cross-react with other unidentified proteins from mice [22]. They
identify the mouse monoclonal VDR antibody against the C-terminus of human VDR (D-6,
Santa Cruz Biotechnology), which possesses high specificity, high sensitivity and versatility
[22]. They show that VDR protein is not detected in muscle fibers from 6- to 7-week-old C57BL/
6 mice [8]. In contrast, Girgis et al. [6] demonstrated that VDR protein is localized to nuclei of
muscle fibers from 3-week-old C57BL/6 mice using the same antibody. These data suggest that
VDR expression level may be dependent on the age of animal because its expression is
progressively decreased with advancing age [6]. However, intriguingly, VDR has shown to be
re-expressed in the regenerating muscle fibers from 12-week-old C57BL/6 mice [13]. Immu-
nohistochemical analysis using a rabbit polyclonal antibody demonstrated that VDR is clearly
detected in the central nuclei of newly formed regenerating muscle fibers but not in noninjured
muscle fibers, suggesting that vitamin D signal via VDR may be involved in muscle regener-
ation irrespective of age. Besides immunohistochemical evidence, Srikuea et al. [13] provide
strong evidence for the presence of VDR in mouse C2C12 cells, by combining PCR-based
cloning and DNA sequencing. The full-length VDR mRNA transcript could be isolated from
myoblasts and myotubes.

2.2. Human studies

Costa et al. [23] initially identify 1α,25(OH)2D3 binding protein in cloned human skeletal
muscle cells derived from patients undergoing orthopedic surgery by a radiolabelled-ligand
binding assay. The cloned human myogenic cells have a binding protein compatible with
classical 1α,25(OH)2D3 receptors and functionally responded to 1α,25(OH)2D3 at physiological
concentrations [23]. Bischoff et al. [3, 4] report the nuclear localization of VDR in muscle fibers
from middle-aged and older female patients with osteoarthritis/osteoporosis or undergoing
surgery using a rat monoclonal antibody (9A7). Ceglia et al. [5] investigate VDR expression in
skeletal muscles from healthy postmenopausal women aged 65–85 years using a mouse
monoclonal VDR antibody (H4537, R&D systems) whose accuracy is confirmed by immuno-
blot analysis using a mouse monoclonal VDR antibody (D-6). They report that VDR is detected
in the nuclei of muscle fibers without relation to muscle fiber subtype. Ryan et al. [7] demon-
strate that VDR is detectable in human muscle fibers by immunohistochemistry and immu-
noblot analysis using a polyclonal antibody against the human VDR. However, Olsson et al.
[9] show that VDR is undetectable in muscle fibers from healthy individuals of age 20–27 years
by immunoblot analysis using a mouse monoclonal VDR antibody (D-6). Overall, we cannot
rule out the possibility of VDR expression in both animal and human muscle fibers at low
levels. However, conflicting data should be carefully discussed because the detection of VDR
expressed in muscle fibers may be dependent on the methodology for protein extraction and
primary antibody. Indeed, Girgis et al. [6] note that the importance of specific conditions in the
detection of VDR proteins expressed at low levels in skeletal muscle.
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3. Vitamin D metabolism

3.1. Vitamin D metabolism in the liver and kidney

The process of 1α,25(OH)2D3 synthesis is highly regulated. Vitamin D, in the form of vitamin
D3, is nonenzymatically synthesized from 7-dehydrocholesterol in the skin through the action
of ultraviolet irradiation [24]. Alternatively, vitamin D, in the form of either vitamin D2 or
vitamin D3, can also be taken in the diet [24]. A biologically active form, 1α,25(OH)2D3, is
synthesized from vitamin D3 through two hydroxylation steps [24]. Vitamin D3 is converted
to 25-hydroxyvitamin D3 [25(OH)D3] in the liver by 25-hydroxylases (encoded by the gene
CYP27A1) [24]. The generated 25(OH)D3 is further hydroxylated to 1α,25(OH)2D3 by 25-
hydroxyvitamin D3 1α-hydroxylase (encoded by the gene CYP27B1) in the kidney [24]. The
synthesis of 1α,25(OH)2D3 from 25(OH)D3 is stimulated by parathyroid hormone (PTH) and
suppressed by calcium, inorganic phosphate and 1α,25(OH)2D3 itself [1]. As just described, it
is generally recognized that vitamin D is metabolized sequentially in the liver and kidney.
However, CYP27B1 seems to be more widely distributed in several extrarenal tissues than
previously expected, such as skin, placenta, colon, pancreas, vasculature and brain [25–27].
Several lines of evidence suggest that myogenic cells have the ability to internalize circulating
25(OH)D3 into the cell cytoplasm and subsequently locally convert it to 1α,25(OH)2D3. In the
following section, we will briefly summarize our understanding of the uptake of 25(OH)D3

and local synthesis of 1α,25(OH)2D3 occurred in myogenic cells.

3.2. Uptake of 25(OH)D3 in myogenic cells

Vitamin D metabolites are lipophilic molecules with low aqueous solubility that must be
transported in the circulation bound to plasma proteins [28]. The most important of these
carrier proteins is the vitamin D-binding protein (DBP) [29]. Almost all circulating vitamin D
metabolites are bound to DBP, to a lesser extent, to albumin and lipoproteins [28], providing
a major impact on their pharmacokinetics. DBP-bound vitamin D metabolites restrict access
to target cells [29] and, therefore, are less susceptible to hepatic metabolism and subsequent
biliary excretion, leading to a longer circulating half-life [28]. 25(OH)D3 does not simply diffuse
into the cells. In the kidney proximal tubule, uptake of the 25(OH)D3-DBP complex by epithelial
cells occurs depending on receptor-mediated endocytosis via the multiligand megalin/cubilin
tandem receptor [30]. Both receptors are expressed primarily in polarized epithelial cells [28].
Once internalized by epithelial cells, DBP is degraded in lysosomes, releasing 25(OH)D3 for
activation to 1α,25(OH)2D3 by CYP27B1 [30]. Intriguingly, it seems likely that muscle fibers
endocytose 25(OH)D3 through a similar mechanism. In support of this idea, megalin and
cubilin are expressed in muscle fibers [17]. Uptake of 3H-labeled 25(OH)D3 into C2C12
myotubes was drastically reduced by megalin inhibitor [17]. These data suggest that
25(OH)D3 may be internalized through megalin/cubilin-mediated endocytosis in myogenic
cells.
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3.3. Conversion of 25(OH)D3 to 1α,25(OH)2D3 in myogenic cells

Several studies demonstrate that myogenic cells express key components of the vitamin D-
endocrine system, including VDR, CYP27B1, CYP24A1 and DBP [6, 12–16]. It is supposed
therefore that localized, muscle-specific, conversion of 25(OH)D3 to 1α,25(OH)2D3 might
drive many of the recognized effects of vitamin D. Srikuea et al. [13] report that C2C12 cells
express the full-length CYP27B1 mRNA transcript and CYP27B1 protein is detected in the
cytoplasm of myoblasts, exhibiting partially overlapping with the mitochondria to which
CYP27B1 has been reported to be typically localized [31]. Girgis et al. [6, 15] confirm this
possibility using a luciferase reporter assay system. In this system, luciferase activity results
from 1α,25(OH)2D3 binding to GAL-4-VDR and subsequent activation of the UASTK-lucifer-
ase gene through its GAL4 promoter. The assay system show a dose-dependent increase in
luciferase activity after 24 hours treatment with 25(OH)D3, indicating the intracellular con-
version of 25(OH)D3 to 1α,25(OH)2D3 by CYP27B1 and the subsequent activation of lucifer-
ase expression through 1α,25(OH)2D3-bound GAL4-VDR [6, 15]. Although the functional
importance of CYP27B1 in myogenic cells has not been fully understood, these data provide
evidence that this enzyme is biologically active and mediates to convert 25(OH)D3 to 1α,
25(OH)2D3.

4. Vitamin D signaling

4.1. Genomic pathway

Microarray analysis in squamous cell carcinoma treated with 1α,25(OH)2D3 identifies many
genes including cell adhesion, cytoskeleton, extracellular matrix, growth factors/receptors,
signal transduction, transcription factors, cell cycle and channels/transporters [32–34].
Profiling data provide insight into a much broader range of action for 1α,25(OH)2D3. With
respect to several genes related to myogenesis, we will describe them in more detail. A con-
sensus DR3-type VDRE has been identified in the dysferlin (DYSF) promoter [34], which
plays a crucial role in membrane repair in skeletal muscle [35]. 1α,25(OH)2D3 increases dys-
ferlin expression in human myotubes from carriers of one mutation in the DYSF gene proba-
bly through the binding of VDR to promoter of the DYSF gene [36]. FOXO1 has also the
same element in the promoter [34]. Foxo1 is a member of the Foxo subfamily of forkhead/
winged helix family of transcription factors, governs muscle growth, metabolism and myo-
blast differentiation. Foxo1 physically and functionally interacts with Notch by promoting
corepressor clearance from DNA-binding protein, CSL [CBF1/RBPjk/Su(H)/Lag-1], leading
to inhibition of myoblast differentiation through activation of Notch target genes [37].
Integrin β3 has a consensus sequence (−–756/−770) in the immediate 5′-flanking region [38].
The integrins are heterodimeric cell surface receptors, formed by the combination of 18 α-
subunits and 8 β-subunits, mediate adhesion to the extracellular matrix [39]. Deficiency of
integrin β3 in myoblast decreases Rac1-GTPase activity, downregulates myogenin expres-
sion, disrupts focal adhesion formation and interrupts actin organization, resulting in im-
paired myoblast migration and fusion [40]. Similarly, a β3-integrin-neutralizing antibody
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blocks myotube formation [40]. Consistent with in vitro studies, integrin β3 null-mutant
mice reveals a defective muscle regeneration [40]. Id (inhibitor of differentiation) gene is al-
so known as target of 1α,25(OH)2D3 [41]. 1α,25(OH)2D3 exerts its negative effect on Id1 gene
transcription via the 57 bp upstream response sequence (−1146/−1090) [41]. Id proteins (Id1,
Id2, Id3 and Id4) dimerize and neutralize the transcriptional activity of basic helix-loop-he-
lix proteins [42]. Id inhibits MyoD activity either by forming transcriptionally inactive com-
plexes of MyoD-Id or by forming heterodimers with E-proteins and effectively blocking the
formation of active MyoD/E-protein complexes [43]. VDR null-mutant mice show no differ-
ences in expression levels of Id1 and Id2 in skeletal muscle [44]. Finally, expression of insu-
lin-like growth factor binding proteins (IGFBPs) is known to be under the control of
multiple VDREs [45]. The IGF system includes not only three ligands (insulin, IGF-I and
IGF-II), three receptors [the insulin receptor (IR), the IGF-I receptor (IGF-IR) and the man-
nose-6-phosphate IGF-II receptor (M6P/IGF-IIR)] but also six IGFBPs. IGFs through its re-
ceptor signal can stimulate both myoblast proliferation and differentiation, which are two
mutually exclusive biological events during myogenesis [46]. In the circulation, IGFBPs act
as carrier proteins for the IGFs and regulate IGFs turnover, transport and half-life [47]. At
the local level, they function as modulators of IGF activity [48]. Of six human IGFBP genes,
IGFBP-1, -3 and -5 have been shown to be primary 1α,25(OH)2D3-target genes [45]. IGFBP-5
is the major IGFBP secreted by skeletal muscle and appears to mediate IGF-II expression via
an autoregulatory loop mechanism [46]. In belief, the induction of IGFBP-5 occurs earlier
than the induction of IGF-II in early stages of myogenesis. IGFBP-5 located on the cell sur-
face binds to autocrine IGF-II and potentiates its interaction with IGF-IR, leading to the en-
hanced activation of the IGF-IR-PI3K-Akt signaling pathway. Consequently, IGF-II
expression is further increased, promoting myoblast differentiation [49]. Besides the regula-
tion of IGF bioavailability, IGFBP-5 directly regulates the transcriptional response of osteo-
blasts to 1α,25(OH)2D3. IGFBP-5 interacts with VDR and prevents VDR:RXRα
heterodimerization, probably leading to impair vitamin D-stimulated transcription and cell
cycle arrest [49].

Recently, Ryan et al. [7] report that 1947 mRNAs are differentially expressed in human
myogenic cells following treatment of 1α,25(OH)2D3. The most significantly increased or
repressed mRNA are CYP24A1 (>25,000-fold) or calpain 11 (0.1-fold), respectively. Messenger
RNAs encode proteins involved in muscle relaxation (Parvalbumin), protein synthesis (Ig-like,
fibronectin type III domain-containing 1), cytoskeletal dynamics [Rho Guanine Nucleotide
Exchange Factor (GEF) 16], RNA and nucleotide binding (Tudor domain-containing protein
10), cellular energy metabolism (insulin-like growth factor 3), apoptosis (Fas apoptotic
inhibitory molecule 2) and nucleosome function (Histone cluster 1, H3j) are significantly
upregulated, whereas messenger RNAs encode proteins involved in cell migration (Podocan)
and cellular proliferation (WAP four-disulfide core domain 1) are significantly downregulated
[7]. Very little is currently known about the direct 1α,25(OH)2D3-target genes in myogenic cells,
it is to be hoped that future research will clarify this issue.
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4.2. Nongenomic pathway

After short-term treating (1–10 min) chick myoblasts with 1α,25(OH)2D3, translocation of VDR
from the nucleus to the plasma membrane rapidly occurs [50]. Microtubule-depolymerizing
agents block the translocation [50]. The translocation depends on intact caveolae that are
specialized plasmalemmal microdomains [51]. Methyl-beta-cyclodextrin, which disrupts the
caveolae structure, abolishes 1α,25(OH)2D3-dependent VDR translocation to the plasma
membrane [52]. In addition, chemically-induced disruption of caveolae and small-interfering
RNA (siRNA)-mediated silencing of caveolin-1 suppress 1α,25(OH)2D3-dependent activation
of proto-oncogene, c-Src [52]. Caveolin-1 colocalizes with c-Src near the plasma membrane
under basal conditions [52]. After treating with 1α,25(OH)2D3, the colocalization is disrupted
and they are redistributed into cytoplasm and nucleus [52]. Therefore, it can be hypothesized
that (1) interaction caveolin-1/c-Src inactivates the kinase under basal conditions and (2) when
1α,25(OH)2D3 stimulates VDR translocation to the plasma membrane, it dissociates the
caveolin-1/c-Src complex, allowing c-Src activation [52]. The initial activation of c-Src by 1α,
25(OH)2D3 is assumed to be a gateway to the nongenomic actions in myogenic cells [53, 54].
1α,25(OH)2D3 can potentially activate multiple signaling pathways, including cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA), PKC, calmodulin/calmodulin-dependent
kinase, protein kinase B (PKB/Akt) and multiple mitogen-activated protein kinases (MAPKs),
including extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 and c-Jun NH2-termi-
nal 1 and 2 [53]. For example, short hairpin RNA (shRNA)-mediated silencing of VDR in C2C12
myoblasts reduces activation of c-Src, ERK1/2, p38, and Akt induced by 1α,25(OH)2D3 [55,
56], suggesting that 1α,25(OH)2D3 exerts nongenomic actions through VDR in myogenic cells.
It should be noted, however, that their relative contribution to myogenesis remains to be
established. For further details on nongenomic pathways in myogenic cells, excellent reviews
are available [53, 54].

The rapid nongenomic effect observed in myogenic cells is likely to be mediated, at least in
part, by VDR-independent mechanisms. Indeed, studies using myoblasts lacking VDR
demonstrates that ERK1/2 and Akt phosphorylation by 1α,25(OH)2D3 is only partially
suppressed [55, 56]. A putative membrane-associated receptor for 1α,25(OH)2D3, 1,25D3-
MARRS has been purified from chick intestinal basal lateral membranes [21], cloned and
sequenced [57]. A full-length cDNA of 1,25D3-MARRS is identical to that previously described
as glucose-regulated thiol-disulfide oxidoreductase protein precursor, ERp57, as it has also
been referred to as GRP58, ERp60/61, PDI-Q2 and PDIA3 [58]. Studies using neutralizing
antibodies [59, 60], ribozyme technology [58] and Cre/loxP technology [61, 62] demonstrate that
1,25D3-MARRS mediated at least some nongenomic actions of 1α,25(OH)2D3. A rapid activa-
tion of PLC and PKC by 1α,25(OH)2D3, which is normally observed in chondrocytes derived
from the growth zone, is not reduced in cells from VDR null-mutant mice [59]. However, these
responses are blocked by rabbit polyclonal antibody against the N-terminal sequence of the
1,25D3-MARRS [59]. Although no experimental data are currently available, 1α,25(OH)2D3,
possibly through 1,25D3-MARRS, may act directly on the muscle cell membrane.
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5. Role of vitamin D signaling in muscle development

5.1. VDR null-mutant mice

Gene knockout mice provide an excellent possibility to investigate complex regulatory systems
that cannot be modeled in cell culture systems in vitro. In two independent laboratories [63,
64], VDR null-mutant mice are generated by gene targeting. Yoshizawa et al. [63] disrupt exon
2 of the VDR gene, which encodes the first zinc finger motif in the DNA-binding domain
essential for the biological functions of VDR, whereas Li et al. [64] ablate a VDR fragment
spanning exons 3–5, which encode the second zinc finger motif in the DNA-binding domain.
Both VDR null-mutant mice are phenotypically normal at birth and grow properly until
weaning, but thereafter show various pathological conditions including hypocalcemia,
hypophosphatemia, secondary hyperparathyroidism and osteomalacia, as a typical feature of
human vitamin D-dependent rickets type II [63, 64]. This phenotype is progressively exacer-
bated until VDR null-mutant mice are fed a rescue diet containing the high-calcium, -phos-
phorus and -lactose [65].

5.2. Muscle morphology and gene expression in VDR null-mutant mice

At the age of 3 week, no significant differences are observed between VDR null-mutant mice
[63] and wild-type mice in body weight or serum concentrations of calcium, phosphate, al-
kaline phosphatase and vitamin D metabolites [10]. At the cellular level, the skeletal muscle
from VDR null-mutant mice has already begun to atrophy (approximately −20%, regardless
of muscle fiber types) compared with the wild-type mice [10], implying that muscle atrophy
observed in 3-week-old VDR null-mutant mice occurs independent of secondary systemic
metabolic changes. By 8 weeks of age, the morphological changes further progress probably
because of the absence of VDR or the systemic metabolic changes that had not been present
at 3-week [10]. The morphological abnormalities are observed in VDR null-mutant mice fed
a rescue diet [10], suggesting that the absence of VDR is likely to be a major cause rather
than the secondary systemic metabolic changes. Finally, neither degenerative nor necrotic
changes are observed in skeletal muscle from VDR null-mutant mice [10]. Similar results are
obtained with biceps femoris, medial gastrocnemius, anterior tibial and soleus muscles [10].
Therefore, the skeletal muscle abnormalities in VDR null-mutant mice may occur diffusely
spread throughout the body. At the gene level, Myf5, myogenin, E2A, embryonic and neo-
natal myosin heavy chain (MyHC) genes, which should have already been downregulated
in wild-type mice, are still expressed in VDR null-mutant mice [10]. These data suggest two
possibilities as to impaired muscle development. One possibility is that the absence of VDR
affects myogenesis during embryonic stage. In favor of the first possibility, it is noteworthy
that VDR is primarily expressed in chick skeletal muscle at embryonic stage rather than at
adult stage and VDR-binding activity gradually decreased between embryonic and perina-
tal stages to levels that is equal to low activity observed in adult stage [66]. Consistent with
VDR null-mutant mice, newborn rats from vitamin D-deficient mothers have smaller muscle
fibers compared to newborn rats from vitamin D-adequate mothers [67]. When VDR expres-
sion is suppressed by siRNA in myoblasts, they failed to differentiate into myotubes [16].
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Taken together, impaired muscle development may be a consequence of defective myogene-
sis during embryonic and fetal stages. On the other hand, if overall myoblast differentiation
occurred normally as the authors noted [10], another possibility should be taken into ac-
count. Vitamin D-deficient rats show a decrease in type II muscle fiber size concomitantly
with an increase in protein degradation and decrease in protein synthesis [68]. Vitamin D
deficiency leads to upregulation of muscle-specific E3 ubiquitin ligases, muscle atrophy F-
box (MAFbx)/Atrogin-1 and/or muscle ring-finger protein 1 (MuRF1) [11, 68] that are tran-
scriptionally increased before and at the onset of muscle wasting [69] and subsequently
activated ubiquitin-proteasome pathway [68]. MAFbx/Atrogin-1 targets MyoD for degrada-
tion in several models of skeletal muscle atrophy [70], whereas MuRF1 is involved in degra-
dation of MyHC protein in dexamethasone-treated skeletal muscle [71]. More recently, some
ubiquitin-proteasome-related genes are shown to be upregulated in skeletal muscle of new-
born rat from vitamin D-deficient mothers compared with that of newborn rat from vitamin
D-adequate mothers [67]. The newborn rats show smaller muscle fiber size than the control
rats [67]. Therefore, impaired muscle development may result from an imbalance between
protein synthesis and degradation. To more effectively address the issue, tissue-specific de-
letion of VDR at early or late stage of muscle development or conditional postnatal deletion
may help to clarify the role of VDR.

6. Effects of vitamin D on myogenesis in vitro

6.1. Myoblast proliferation

Some studies show that 1α,25(OH)2D3 stimulates myoblast proliferation. Giuliani et al. [72]
report that 1α,25(OH)2D3 (0.13 nM) increases cell density of chick myoblasts. Drittanti et al. [73]
show the biphasic effects of 1α,25(OH)2D3 (0.1 nM) that exhibited a mitogenic effect during the
stage of myoblast proliferation. In contrast, most studies suggest that 1α,25(OH)2D3 or
25(OH)D3 has antiproliferative effect on myogenic cells [9, 12–16]. 1α,25(OH)2D3 (1–100 nM)
inhibits proliferation of C2C12 myoblasts in a dose-dependent manner [11–13] without
inducing necrotic and apoptotic cell death [9, 15]. To elucidate the mechanism by which 1α,
25(OH)2D3 exerts its antiproliferative effect, Okuno et al. [14] perform cell cycle analysis using
flow cytometry. 1α,25(OH)2D3 arrests the cells in the G0/G1 phase concomitantly with induc-
tion of cyclin-dependent kinase (CDK) inhibitors, p21WAF1/CIP1 that facilitates cell cycle with-
drawal [74] and p27Kip1 that inhibits a wide range of CDKs essential for cell cycle progression
[75]. Girgis et al. [4] also report the increased expression of genes involved in G0/G1 arrest
including Rb (retinoblastoma protein) and ATM (ataxia telangiectasia mutated) and decreased
expression of genes involved in G1/S transition, such as c-myc and cyclin D1. Hypophos-
phorylated Rb protein is decreased [15] that is active form, blocks entry into S-phase by
inhibiting the E2F transcriptional program [76, 77]. Overall, these data support the antiproli-
ferative role of 1α,25(OH)2D3 in myogenic cells.
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6.2. Myoblast differentiation

Some studies [78, 79] report that 1α,25(OH)2D3 (0.1 or 1 nM) has inhibitory effects on DNA
synthesis in differentiating chick myoblasts, with an increase in MyHC expression, an
increase in myofibrillar and microsomal protein synthesis and an elevation of creatine kinase
activity. Garcia et al. [12] report that prolonged treatment of C2C12 myoblasts with 1α,
25(OH)2D3 (100 nM) enhanced myoblast differentiation by inhibiting cell proliferation and
modulating the expression of promyogenic and antimyogenic growth factors. 1α,25(OH)2D3

downregulates insulin-like growth factor-I (IGF-I) and myostatin expression and upregulates
IGF-II and follistatin expression [12]. Follistatin antagonizes myostatin-mediated inhibition
of myogenesis [80]. Intriguingly, inhibition of myostatin is characterized by increased
expression of IGF-1 and IGF-II [81–86], which are known to be potent stimulus of myogenesis
[45, 87]. Therefore, it can be hypothesized that 1α,25(OH)2D3 may contribute to myogenesis
by inducing IGF-II expression through modulation of myostatin-follistatin system. It should
be noted, however, that only small thin myotubes with few nuclei are observed until day 10
[12]. This may not recapitulate normal C2C12 myoblast differentiation as previously reported
[88].

In general, C2C12 myoblasts normally proliferate and are mononucleated when kept
subconfluently in high-mitogen medium (e.g., 10–20% fetal bovine serum). To initiate cell
cycle exit and myogenic differentiation, by switching from high-mitogen medium to low-
mitogen medium (e.g., 2% horse serum), they fuse and differentiate into postmitotic,
elongated and multinucleated myotubes. Using this C2C12 myoblast differentiation system,
Buitrago et al. [89] show that 1α,25(OH)2D3 (1 nM) enhanced the expression of MyHC and
myogenin at 72 h after treatment. Okuno et al. [14] examine the effects of 1α,25(OH)2D3 (1–
100 nM) on differentiating and differentiated stage of C2C12 myoblasts. In differentiating
phase, 1α,25(OH)2D3 treatment downregulates the expression of neonatal MyHC and
myogenin and inhibits myotube formation in a dose-dependent manner [14]. The expression
of fast-type MyHC isoforms is increased when fully differentiated myotubes are treated with
1α,25(OH)2D3 [14, 16]. Girgis et al. [15] investigate the prolonged treatment of 1α,25(OH)2D3

(100 nM) on C2C12 myoblast differentiation. When myoblast is treated with 1α,25(OH)2D3

throughout proliferative, differentiating and differentiated stages, myotube formation is
delayed by day 10 concomitantly with downregulation of Myf5 and myogenin [15]. However,
myotubes treated with 1α,25(OH)2D3 exhibited larger cell size than nontreated myotubes [15].
These results suggest that 1α,25(OH)2D3 may biphasically act in the process of early and late
myoblast differentiation. They show that 1α,25(OH)2D3-mediated hypertrophic effect on
myotubes is accompanied with downregulation of myostatin [15]. Several studies have
provided evidence that myostatin acts as a negative regulator of the Akt/mammalian target
of rapamycin (mTOR) signaling pathway [90–93], which plays a key role in the regulation of
protein synthesis [94]. For example, Trendelenburg et al. [92] show that myostatin reduces
Akt/mTOR signaling complex 1 (TORC1)/p70 S6 kinase (p70S6K) signaling, inhibiting
myoblast differentiation and reducing myotube size. Intriguingly, 1α,25(OH)2D3 sensitizes
the Akt/mTOR signaling pathway to the stimulating effect of leucine and insulin, resulting
in a further activation of protein synthesis in C2C12 myotubes [95]. Recently, however, Olsson
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myoblast differentiation. They show that 1α,25(OH)2D3-mediated hypertrophic effect on
myotubes is accompanied with downregulation of myostatin [15]. Several studies have
provided evidence that myostatin acts as a negative regulator of the Akt/mammalian target
of rapamycin (mTOR) signaling pathway [90–93], which plays a key role in the regulation of
protein synthesis [94]. For example, Trendelenburg et al. [92] show that myostatin reduces
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in a further activation of protein synthesis in C2C12 myotubes [95]. Recently, however, Olsson

A Critical Evaluation of Vitamin D - Basic Overview210

et al. [9] report that myostatin expression remains unchanged in response to 1α,25(OH)2D3

in human muscle precursor cells. These conflicting results may be due to the variable methods
of analysis and to the species differences. Therefore, further studies are required to clarify
whether 1α,25(OH)2D3 affects myoblast differentiation by modulating myostatin/Akt/mTOR
signaling. Olsson et al. [9] report that 1α,25(OH)2D3 inhibits myotubes formation with
concomitant downregulation of myogenic regulatory factors, myocyte enhancer factor 2
(MEF2) transcription factors and muscle structural proteins including MyHCs, myosin light
chains (MyLCs), troponin and titin. They suggest the possibility that 1α,25(OH)2D3 may play
a role in the promotion of self-renewal and maintenance of the satellite stem cell pool, through
the modulation of the FOXO and Notch signaling pathways [9]. The proposed concept
regarding the direct effects of 1α,25(OH)2D3 on myogenesis is intriguing because FOXO3
promotes quiescence in muscle stem cells by activating Notch signaling [96], which is
required to maintain quiescent state in myogenic stem cells [97, 98]. Notch signaling inhibits
myoblast differentiation [99]. For example, Notch signaling activated Hes1, which inhibits
MyoD expression [100] and the ability of MEF2C to cooperate with MyoD and myogenin to
activate myogenesis [101]. Further studies will be required to fully elucidate the molecular
mechanisms of 1α,25(OH)2D3 actions on myogenesis.

7. Conclusion

This review highlighted the role of 1α,25(OH)2D3 in myogenesis. Although VDR null-mutant
mice exhibit impaired muscle development, the precise mechanisms remains to be elucidated.
However, they provide insight into the physiological roles of vitamin D in muscle develop-

Figure 1. Proposed effects of 1α,25(OH)2D3 on myogenesis based upon in vitro data. Illustration of myogenesis was
cited from Zammit et al. [102] with minor modifications. 1α,25(OH)2D3 modulates expression of key components of the
vitamin D-endocrine system in myoblasts/myotubes. Potential effects of 1α,25(OH)2D3 are shown (dashed lines). 1α,
25(OH)2D3 has antiproliferative effect and inhibits myoblast differentiation.
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ment. Myogenic cells appear to retain vitamin D-endocrine system. 1α,25(OH)2D3 regulates
myogenesis probably through genomic and nongenomic actions. Figure 1 shows proposed
effects of 1α,25(OH)2D3 on myogenesis. Simply stated, 1α,25(OH)2D3 has potent antiprolifer-
ative activity on myoblasts and inhibits myoblast differentiation. Further studies will be
required to clarify whether 1α,25(OH)2D3 enhances protein synthesis in myotubes and
promotes self-renewal of muscle stem cells. Although the effects of 1α,25(OH)2D3 on
myogenesis have gradually come to be known, several questions remain unanswered and
clouded. For example, what are the genes specifically induced by 1α,25(OH)2D3? How does
multiple signaling pathways activated by 1α,25(OH)2D3 contribute to myogenesis? What are
the molecular events underlying the cross-talk that occurs between genomic and nongenomic
pathways and how, ultimately, are these pathways regulated? Given the beneficial role of 1α,
25(OH)2D3 in myogenesis, answering these questions will be critical if we want to develop
vitamin D therapy to treat muscle disorders.
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Abstract

Vitamin D exerts its principal actions on bone metabolism, so it has important benefits
on the skeleton. Serum 25(OH)D is directly related to bone mineral density (BMD), so
subjects with lower levels have lower BMD and higher prevalence of osteoporosis and
fractures, mainly hip and non-vertebral fractures. But, vitamin D has also many other
beneficial effects, and its deficit has been associated with a great variety of diseases, such
as  asthma,  cancer,  diabetes,  hypertension and other  cardiovascular  diseases,  some
inflammatory and autoimmune diseases, infections and some liver diseases. It is also
remarkable its direct effect on muscle strength, so patients with vitamin D deficiency
have higher risk of falls. Supplementation with vitamin D in patients with low 25(OH)D
levels has shown a favourable effect not only on bone and muscle, reducing the risk of
fracture, but also on inflammation, cell proliferation or immune system, reducing the
risk of other diseases and complications. However, observational studies are needed
with larger numbers of patients and well-designed randomized clinical trials,  with
baseline vitamin D determination and accurate monitoring to establish a cause-effect
relationship between vitamin D deficiency and some diseases.

Keywords: vitamin D, benefits, skeletal, extraskeletal, osteoporosis

1. Introduction

The main vitamin D metabolite (1,25-dihydroxyvitamin D or 1,25(OH)2D) exerts its biological
actions through binding to Vitamin D receptor (VDR). VDR is a ligand-induced nuclear receptor
that regulates the expression of over 900 genes throughout the genome. 1,25(OH)2D dissociates
from serum vitamin D-binding protein (VDBP) and enters the cell and binds to and activates
the VDR, leading to the promotion and modulation of the expression of the targeted genes [1].
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VDR is found not only in the organs responsible for calcium homeostasis (bone, kidney,
intestine and parathyroid) but also in many other tissues such as immune system cells, muscle
and myocardium, which explains the extraskeletal effects of this vitamin (Figure 1) [1].

Figure 1. Principal targets and actions of vitamin D.

Serum determination of 1,25(OH)2D does not have much interest, as it has a very short half-
life and its levels are highly regulated by some hormones such as parathyroid hormone (PTH),
so subjects with vitamin D deficiency can have normal 1,25(OH)2D levels. Therefore, the best
assessment of vitamin D status is provided by serum 25(OH)D levels and thus should be the
only vitamin D assay typically performed, since its half-life is about 2 weeks.

2. Skeletal benefits of vitamin D

Vitamin D exerts its principal action on bone metabolism regulating the intestinal absorption
of calcium and bone remodeling [2]. This vitamin is essential for the normal development of
the skeleton in utero and during childhood and adolescence and also to maintain bone health
in adults. Optimal levels of vitamin D are needed to achieve a proper balance of calcium and
phosphorus for a normal bone mineralization. A longstanding vitamin D deficiency has been
associated with growth retardation and rickets in children, and osteoporosis or, in the most
severe cases, osteomalacia in adults [3].
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Serum 25(OH)D in both sexes and in all races is directly related to bone mineral density (BMD),
so that people with lower levels have lower BMD and higher prevalence of osteoporosis and
fractures [4]. This is, in part, because a sustained decrease in 25(OH)D induces a higher
secretion of PTH (secondary hyperparathyroidism), with an increase in osteoclast differentia-
tion and bone resorption over bone formation.

Levels of 25(OH)D are inversely associated with the risk of non-vertebral and hip fracture [5]
(Figure 2), so patients with lower levels of vitamin D have higher risk of fracture.

Figure 2. Risk of fracture, according to quartile of baseline 25-hydroxyvitamin D level [5].

Larrosa et al. described an association between vitamin D deficiency and the severity of hip
fracture [6]. Patients with more severe femoral neck or intertrochanteric fractures (Garden III–
IV and Kyle III–IV) have higher prevalence of vitamin D deficiency (74%) and lower levels of
25(OH)D (20 ± 15 ng/ml) than patients with less severe fractures (57% and 26 ± 21 ng/ml).

The supplementation with vitamin D has shown to improve the skeletal health reducing the
risk of fracture.

A meta-analysis conducted by Bischoff-Ferrari et al. [7] revealed that supplementation with
700–800 IU/day of vitamin D reduced up to 23% the risk of non-vertebral fractures and 26%
the risk of hip fracture, while doses <400 IU had no effect. The minimum levels of 25(OH)D to
reduce the risk of hip fracture are 29.6 ng/ml. These data have served as the basis for the
International Osteoporosis Foundation (IOF) to set as “optimal” 25(OH)D ≥ 30 ng/ml.

More recently, the same group conducted another meta-analysis involving more than 30,000
subjects and showing that only supplementation with high doses of vitamin D (800–2000 IU/
day) had an effect in the reduction in the risk of fracture (30% for hip and 14% for non-
vertebral) [5], in population over 65 years regardless of whether they were institutionalized
or not.

It is controversial whether the association of calcium with vitamin D contributes to a more
efficacy. In fact, in the last meta-analysis [5], patients supplemented with less calcium (<1000
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mg/day) had lower fracture risk than those receiving higher doses (≥1000 mg/day). Further-
more, in another meta-analysis, the authors found that supplementation with calcium alone
(without vitamin D) could even increase the risk of hip fracture. However, they recommend
taking this data with caution as participants included in some trials had been receiving more
dietary calcium than usual in the normal population. So, it cannot be ruled out that supple-
mentation with calcium is most beneficial in patients with poor dietary intake.

Despite this controversy, there is sufficient evidence of benefit of calcium supplementation
(preferably from diet) and vitamin D in osteoporosis patients, especially when receiving
antiresorptive treatment, so that clinical practice guidelines recommend the use of combined
calcium (1000–1200 mg/day) and vitamin D (800–1000 IU/day), and if not are achieved with
diet should be in the form of supplements [8].

3. Extraskeletal benefits of vitamin D

In addition to its main benefits on bone health, vitamin D has many other beneficial effects and
its deficit has been associated with a great variety of diseases.

3.1. Vitamin D and asthma

Vitamin D regulates certain key genes for lung growth during embryonic development, and
a deficiency can lead to a change in the structure and lung function.

It has been reported that the forced vital capacity in children of both sexes is strongly associated
with maternal 25(OH)D and that vitamin D deficiency in mothers is associated with an
increased incidence of asthma in children [9].

The anti-inflammatory effect of vitamin D (inhibits interleukin-6 and Tumor Necrosis Factor),
its immunomodulation of both the innate and adaptive immune systems and its potential
antimicrobial action also contribute to explain the protective effect of vitamin D in asthma [10].

Vitamin D also enhances the response of asthmatic patients to treatment and could have a
synergistic effect with steroids [11].

Some authors have even been suggested that vitamin D deficiency may be responsible in part
for the increased prevalence of asthma worldwide and that 25(OH)D levels could be a
potentially modifiable marker of severe asthma [12].

3.2. Vitamin D and cancer

The antitumour activity of vitamin D has been shown in a variety of malignancies, and these
seem to be the main mechanisms by which this action is exerted:

– Inhibition of cell proliferation. Vitamin D inhibits the phosphorylation of some proteins,
leading to inhibition of a series of genes responsible for the progression of cellular cycle [13].

– Apoptosis. Vitamin D induces cell death in some tumours through inhibition of antiapoptotic
factors and/or stimulation of proapoptotic factors, depending on the cell type [14].

A Critical Evaluation of Vitamin D - Basic Overview224



mg/day) had lower fracture risk than those receiving higher doses (≥1000 mg/day). Further-
more, in another meta-analysis, the authors found that supplementation with calcium alone
(without vitamin D) could even increase the risk of hip fracture. However, they recommend
taking this data with caution as participants included in some trials had been receiving more
dietary calcium than usual in the normal population. So, it cannot be ruled out that supple-
mentation with calcium is most beneficial in patients with poor dietary intake.

Despite this controversy, there is sufficient evidence of benefit of calcium supplementation
(preferably from diet) and vitamin D in osteoporosis patients, especially when receiving
antiresorptive treatment, so that clinical practice guidelines recommend the use of combined
calcium (1000–1200 mg/day) and vitamin D (800–1000 IU/day), and if not are achieved with
diet should be in the form of supplements [8].

3. Extraskeletal benefits of vitamin D

In addition to its main benefits on bone health, vitamin D has many other beneficial effects and
its deficit has been associated with a great variety of diseases.

3.1. Vitamin D and asthma

Vitamin D regulates certain key genes for lung growth during embryonic development, and
a deficiency can lead to a change in the structure and lung function.

It has been reported that the forced vital capacity in children of both sexes is strongly associated
with maternal 25(OH)D and that vitamin D deficiency in mothers is associated with an
increased incidence of asthma in children [9].

The anti-inflammatory effect of vitamin D (inhibits interleukin-6 and Tumor Necrosis Factor),
its immunomodulation of both the innate and adaptive immune systems and its potential
antimicrobial action also contribute to explain the protective effect of vitamin D in asthma [10].

Vitamin D also enhances the response of asthmatic patients to treatment and could have a
synergistic effect with steroids [11].

Some authors have even been suggested that vitamin D deficiency may be responsible in part
for the increased prevalence of asthma worldwide and that 25(OH)D levels could be a
potentially modifiable marker of severe asthma [12].

3.2. Vitamin D and cancer

The antitumour activity of vitamin D has been shown in a variety of malignancies, and these
seem to be the main mechanisms by which this action is exerted:

– Inhibition of cell proliferation. Vitamin D inhibits the phosphorylation of some proteins,
leading to inhibition of a series of genes responsible for the progression of cellular cycle [13].

– Apoptosis. Vitamin D induces cell death in some tumours through inhibition of antiapoptotic
factors and/or stimulation of proapoptotic factors, depending on the cell type [14].

A Critical Evaluation of Vitamin D - Basic Overview224

– Inhibition of angiogenesis. Vitamin D inhibits proliferation of endothelial cells and some
angiogenic factors, such as transforming growth factor alpha (TGFα), the epidermal growth
factor (EGF) and vascular endothelial growth factor (VEGF) [15]. Vitamin D also reduces the
migration and invasiveness of tumour cells.

3.2.1. Breast cancer

Breast cancer is probably the most studied cancer in regard to vitamin D status. In a cohort of
American women with breast cancer, authors found that women with optimal levels of
25(OH)D were up to 63% lower risk to present a breast cancer [16]. However, in prospective
studies, it has not succeeded in showing any relationship between 25(OH)D and breast cancer
[17]. Peppone et al. [18] in a retrospective study of 224 women with non-metastatic breast
cancer concluded that vitamin D deficiency is associated with poor prognosis and quality of
life. With these data, it seems reasonable to determine 25(OH)D levels in women with breast
cancer and supplement those with vitamin D deficiency.

3.2.2. Prostate cancer

When we analyse the association between vitamin D and prostate cancer, the literature is more
controversial. A meta-analysis published in 2014 that included 21 studies concluded that
higher concentrations of 25(OH)D were associated with an increased risk of developing
prostate cancer [19]. However, a more recent study has described a 30% higher risk in patients
with 25(OH)D in the lowest quartile than patients in the highest quartile [20].

The use of calcitriol combined with conventional treatment in patients with prostate cancer
has been proved to be effective, both in vitro and in vivo, so vitamin D enhances the antitumour
effect of the conventional treatment [21]. A clinical trial of 63 patients showed that patients
with prostate cancer treated with 4000 IU of vitamin D3 for one year had a lower tumour
progression than controls (38 versus 63%) [22]. However, to date, there is no such randomized
clinical trial with a greater number of patients that can confirm these results.

3.2.3. Colon and rectal cancer

Colon and rectal cancer have also been associated with vitamin D deficiency, especially rectal
cancer. Several meta-analysis have described an inverse association between 25(OH)D and the
incidence of colorectal cancer [23]. Patients with 25(OH)D in the highest quartile have 33%
lower risk of developing this cancer than patients with 25(OH)D in the lowest quartile [24].

At the moment, there is no evidence that vitamin D influences in the progression of colorectal
cancer, although it seems to have a protective effect on mortality [25].

3.3. Vitamin D and cardiovascular disease

Vitamin D deficiency has been associated with inflammation and endothelial and platelet
dysfunction, which favours the risk of cardiovascular complications [26].
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1,25(OH)2D has a direct action on myocardial cells, smooth muscle fibres and vascular
endothelial cells stimulating the calcium ATPase activity, promoting the calcium transfer to
the intracellular space [1]. Vitamin D also regulates blood pressure by decreasing gene
expression of renin and aldosterone synthesis. All these explain why vitamin D deficiency has
been associated with cardiovascular disease, including hypertension, ischemic heart disease
and heart failure [27].

Patients with hypertension and vitamin D deficiency have two-fold increased risk of cardio-
vascular complications [28] and up to 52% more risk of stroke [29]. In these patients, supple-
mentation with vitamin D could reduce blood pressure by decreasing the activity of renin and
angiotensin II values, although this effect has not been demonstrated in all studies.

A multicenter study [30] showed that 96% of patients with myocardial infarction (MI) had
25(OH)D < 30 ng/ml. On the other hand, it is reported that 25(OH)D is an independent predictor
of cardiovascular complications in patients with MI and that the risk is 40% higher in patients
with levels <7.3 ng/ml [31].

However, one of the effects of vitamin D is the increase in phosphate levels and a high amount
of phosphorus increases vascular calcification and, consequently, may increase morbidity and
mortalidad [32]. It is, therefore, important to keep vitamin D levels in a safe threshold, where
the benefits outweigh the risks.

3.4. Vitamin D and diabetes

Vitamin D also has receptors in pancreatic cells and exerts a regulatory action on glucose
metabolism.

A meta-analysis revealed that vitamin D supplementation in children reduces the risk of
developing type 1 diabetes (odds ratio: 0.71) [33] and also seems to prevent the development
of type 2 diabetes, as evidenced by a meta-analysis published in 2012. In this study, vitamin D
deficiency was associated with a 43% higher incidence of diabetes and 62% more progression
of prediabetes to diabetes [34].

3.5. Vitamin D in inflammatory and autoimmune diseases

Vitamin D has been linked to many other autoimmune diseases, beyond type 1 diabetes.

Some studies have reported a higher prevalence of some autoimmune diseases at higher
latitudes, suggesting that sun exposure and, therefore, the production of vitamin D may play
a role in the pathogenesis of some diseases such as type 1 diabetes, multiple sclerosis and Crohn
disease [33].

In patients with vitamin D deficiency has been described a higher incidence of Crohn’s disease,
so, in addition to its immunomodulatory effect, vitamin D promotes the function of the
intestinal barrier and stimulates the synthesis of antimicrobial peptides, all of them protective
factors for the development of inflammatory bowel disease (IBD) [35]. A prospective study
found that vitamin D deficiency could be a risk factor for developing IBD, and higher 25(OH)D
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seemed to be associated with a significant reduction in the incidence of Crohn’s disease, but
not ulcerative colitis [36].

Supplementation with vitamin D does not seem to improve significantly the clinical course of
Crohn’s disease, but it can decrease relapse in some patients.

The risk of developing multiple sclerosis is also associated with lower levels of 25(OH)D. When
we analyse the association between 25(OH)D and flare-up in patients with multiple sclerosis
before and after supplementation with 3000 IU/day of vitamin D, a strong negative association
was found between the incidence of flares and 25(OH)D levels (p < 0.0001) [37].

Vitamin D seems to have a protective role in rheumatoid arthritis (RA). In a prospective cohort
of nearly 30,000 women aged 55–69 years, authors found that the incidence of RA was 33%
lower in patients receiving more vitamin D [38].

Low vitamin D levels have also been associated with an increased incidence and/or relapses
of other autoimmune diseases such as systemic lupus erythematosus, partly due to VDR gene
polymorphisms [39].

3.6. Vitamin D and infections

Vitamin D has a protective role against infections by stimulating the production of cathelicidin
(antimicrobial peptide) and modulating the production of cytokines and the inflammatory
cascade during the infection [40], so vitamin D deficiency has also been associated with an
increased risk of infections, especially those of the respiratory tract, including tuberculosis [41].

3.7. Vitamin D and liver disease

It has also been suggested that vitamin D may play a role in the development of some chronic
liver diseases such as non-alcoholic fatty liver disease, cholestatic disease and autoimmune
liver disease; and that supplementation with vitamin D could improve the patient response to
antiviral therapy in hepatitis C [42].

3.8. Vitamin D and falls

Vitamin D has a direct effect on muscle strength through its action on specific receptors on the
muscle.

Vitamin D deficiency has been associated with type II muscle fibres atrophy, which leads to
impaired muscle function and disability, increasing the risk of falls, especially in the elderly
[43].

Supplementation with vitamin D at doses of 700–1000 IU/day reduces the risk of falls up to
34%, contributing to the antifracture effect [44]. This reduction in the risk of falls seems
apparent already in the first 6 months of treatment with vitamin D.

Levels of 25(OH)D > 24 ng/ml are needed to achieve a significant reduction in the risk of falls
(relative risk [RR]: 0.77; confidence interval [CI]: 95%, 0.65–0.90), while lower values do not
seem sufficient (RR: 1.35; 95% CI: 0.98–1.84) [45].
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4. Summary and conclusions

Besides the well-known benefits on the skeleton, especially as regards on reducing the risk of
non-vertebral and hip fracture, vitamin D also has other favourable effects on many organs.
Its immunomodulatory, anti-inflammatory, antitumour and antimicrobial effects, as well as
their effects on glucose metabolism, cardiovascular system and muscle, are remarkable.

Although the association of vitamin D deficiency with many diseases, as well as the benefits
of supplementation, seems clear, it is not easy to establish a cause-effect relationship. Obser-
vational studies with larger numbers of patients and well-designed randomized clinical trials
are needed with accurate determination and close monitoring of vitamin D.
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Abstract

Older people presenting with hip fractures requiring surgery have a high prevalence of 
hypovitaminosis D, which is an important modifiable risk factor for falls and fractures. 
Inadequate sun exposure is the main reason for vitamin D deficiency in older people. 
Vitamin D supplements, with or without calcium, have been shown to reduce falls and 
fracture risk in this population. A small number of randomised controlled trials (RCTs) 
have shown that increased 25-OHD levels with a loading dose of vitamin D may improve 
falls and fractures. It is not previously known whether oral vitamin D replenishment 
using a loading dose is effective, and if it is, what is the interplay this is with patient 
characteristics, in particular lower limb mobility and 25-OHD levels. The results of a 
recent multisite randomised controlled trial (REVITAHIP) provide early evidence of the 
benefits of an early loading-dose oral vitamin D replenishment on functional mobility, 
falls, fractures, grip strength, health-related quality of life and mortality.

Keywords: Fragility fractures, femoral fractures, cholecalciferol, aged care, osteoporosis, 
rehabilitation, trauma surgery

1. Introduction

Hip fractures and related disabilities are important public health issues for older people 
around the world. Despite the age-adjusted hip fracture rates reducing in countries such 
as Australia, Italy, France, Japan and the United States, the actual numbers of fractures are 
increasing steadily due to the increasing proportion of the elderly population [1]. Outcomes 
for people who survive hip fracture are of concern, with more than one-quarter dying within 
a two-year period [2] and most not recovering their previous level of function. For example, 
around half of the people surviving a hip fracture require long-term help with routine activi-
ties and cannot walk unaided, one quarter require full-time nursing-home care [3] and 16% 
reporting depressive symptoms [4]. Given that people require assistance to recover from a 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



hip fracture, personal and societal costs are often incurred following surgery due to the need 
for rehabilitation, outpatient visits for follow-up treatment, temporary residential aged care 
facility placement if required and assistance with activities of daily living at home during the 
recovery period. Given these factors, the quest in improving function after a hip fracture has 
the potential to be of enormous benefit to elderly people by reducing disability and improv-
ing quality of life. This can then reduce direct treatment costs and costs of long-term com-
munity or residential aged care services. The ability to mobilise is the key activity underlying 
functioning and quality of life.

Low vitamin D levels are commonly associated with hip fracture in older people [4] and occur 
because of multiple factors such as decreased sun exposure with reduced skin production of 
vitamin D and low dietary D2/D3 intake. More importantly, the relationship between vita-
min D and frailty is postulated to be largely mediated via the development of sarcopenia, a 
condition characterised by a combination of the reduction in muscle mass, plus either muscle 
strength or performance.

Whilst an independent relationship has not been established on vitamin D and frailty in 
observational studies, there is a dearth of interventional studies yielding a positive effect on 
frailty using supplemental vitamin D, mainly via improvements in the physical performance 
parameters [5]. Further, vitamin D replacement (with calcium) has been used successfully 
to prevent fractures as well as falls among older people [6], and those living in the commu-
nity [7]. However, in the absence of preventive treatment, hypovitaminosis D following hip 
fracture may result in proximal muscle weakness, pain, reduced dynamic balance and per-
formance speed [8] affecting mobilisation during the acute postoperative and rehabilitation 
periods. Further, there had been concerned from one RCT with the safety data of ‘megadose’ 
vitamin D increasing the risk of falls and fractures in the first 3 months of treatment [9].

A pilot study examining the efficacy and effectiveness of moderate dose oral vitamin D ther-
apy in maintaining 25-hydroxyvitamin D (25-OHD) levels following a hip fracture found that 
vitamin D levels significantly fall in the first 14 days following hip fracture despite regular 
oral vitamin D treatment (1000 IU daily) [10]. Whilst 1000 IU of cholecalciferol is an accepted 
dosage for maintenance therapy, this study found that the dose only raised levels by a small 
amount and took a longer timeframe to do so compared with loading doses.

As a further concern, mild but especially severe hypovitaminosis D can contribute to and exac-
erbate symptomatic hypocalcaemia occurring rarely but significantly following intravenous 
bisphosphonate (zoledronic acid), a first-line recommended treatment following hip fracture 
[11]. Whilst rare, hypocalcaemia may be life threatening and require immediate resuscitation 
and evaluation, often requiring hospitalisation to prevent additional morbidity and mortality 
risk from seizures, tetany, refractory hypotension or arrhythmias. Therefore, optimisation of 
vitamin D levels after hip fractures in older people can improve osteoporosis by providing 
an optimal environment for medications to act on the bone matrix, as well as improving non-
skeletal factors such as ensuring adequate muscle function and controlling pain. The ability 
to simultaneously improve skeletal and non-skeletal factors using vitamin D replenishment 
techniques, therefore, has enormous potential to improve mobility and functional during the 
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post-acute and rehabilitation periods, as well as to prevent falls and further fractures in the 
medium and long term.

The REVITAHIP multisite randomised controlled trial was conducted over three sites in 
Sydney and the Central Coast of Australia, evaluating the effect of an initial loading dose of 
vitamin D to improve rehabilitation outcomes following hip fractures. The study examined 
the impact of a loading dose of the vitamin D on physical performance measures designed to 
measure mobility-related disability. The results of this trial in relationship to other available 
trials on the effectiveness of optimisation strategies of vitamin D levels following hip fracture 
and its implication on public health will be discussed in this chapter.

2. Hypovitaminosis D, hip fracture surgery and old people

2.1. Vitamin D synthesis (in older people)

Vitamin D is recognised to have a wide role as a prohormone, with many cells in the body 
having receptors for its active form. The key source of vitamin D in humans is its synthesis 
from sunlight, and dietary sources are less significant. The daily recommended dietary allow-
ance (RDA) of vitamin D is 600 IU (International Units) for children and adults less than 70 
years of age and 800 IU for those aged over 70 years [12].

Vitamin D from diet and the skin is metabolised to 25-hydroxyvitamin D (25-OHD) in the 
liver, and it is in this form that 25-OHD is used to determine one’s vitamin D status. Then in 
the kidneys, 25-OHD is metabolised by the enzyme 25-OHD-1α-hydroxylase (CYP27B1) to 
its active form 1,25-dihydroxyvitamin D (1,25-OHD). The renal production of 1,25-OHD is 
regulated tightly by plasma parathyroid hormone (PTH) levels, as well as serum calcium and 
phosphorus levels [6, 7]. Furthermore, there is a strong negative feedback regulation by 1,25-
OHD itself in its own production (Figure 1). Inadequate sun exposure is the main reason for 
vitamin D deficiency in older people [13].

Humans obtain vitamin D from exposure to sunlight, from their diet and from dietary sup-
plements (as above). Whilst theoretically a diet rich in oily fish helps to improve 25-OHD 
levels and prevents vitamin D deficiency, in reality this is challenging to achieve, in particu-
lar for older people and those with dietary restrictions. Solar ultraviolet B radiation (wave-
length, 290–315 nm) traverses the skin and converts 7-dehydrocholesterol to previtamin D3, 
which is rapidly converted to vitamin D3. Because any excess previtamin D3 or vitamin D3 
is destroyed by sunlight, there is also reversible conversion to inactive sterols in the skin, 
and excessive exposure to sunlight does not cause vitamin D3 intoxication [14]. Despite this, 
practical attempts for supervised ‘sunlight therapy’ in residential aged care have only pro-
duced mild 25-OHD improves, did not reach optimal levels and depended on the season of 
exposure [15]. On a pragmatic level, excessive ultraviolet exposure is the main cause of skin 
cancer, including cutaneous malignant melanoma, basal cell carcinoma and squamous cell 
carcinoma [16], and the general advice is ‘avoid too much sun. Use sun protection. Do not 
use sunbeams’.
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Age is the most important factor in vitamin D synthesis. The capacity of older people to syn-
thesise vitamin D after UVB exposure has been investigated in laboratory and clinical stud-
ies. MacLaughlin and Holick [17] showed decreasing concentrations of 7-dehydrocholesterol 
with age and when irradiated, ageing skin had decreased capacity to produce previtamin D. 
With the ageing process, the ability to synthesise vitamin D from sunlight is reduced. Further, 
the ability of vitamin D to be activated to 1,25-OHD in the kidney also decreases with age. 
Finally, elderly people (especially those who stay mainly at home) are less likely to engage in 
regular exercise in the outdoor setting.

2.2. Definition of vitamin D deficiency

The optimal level of vitamin D has been subject to considerable debate, but a serum 25-OHD 
level of ≥50 nmol/L at the end of winter (with a 10–20 nmol/L higher level at the end of  summer 

Figure 1. Synthesis and metabolism of vitamin D in the regulation of calcium, phosphorus and bone metabolism (from 
Holick [8]).
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to allow for the winter decrease) is required for optimal musculoskeletal health. 25-OHD 
levels are inversely associated with PTH levels until the former reach 30–40 ng/mL (75–100 
nmol/L), at which point PTH levels begin to level off (at their nadir) [18]. The Working Group 
recommended that although higher levels are likely to play a role in other diseases, ‘there is 
insufficient evidence from randomised controlled trials to recommend higher targets’ [19]. 
The Working Group also defined vitamin D status according to levels of serum 25-OHD:

• Vitamin D adequacy: ≥50 nmol/L (at end of winter).

• Mild vitamin D deficiency: 30–49 nmol/L.

• Moderate vitamin D deficiency: 12.5–29 nmol/L.

• Severe vitamin D deficiency: <12.5 nmol/L.

2.3. Prevalence of vitamin D deficiency following hip fracture surgery

The reported prevalence of vitamin D deficiency following hip fracture, dependent on racial 
groups and gender, ranges from 65.8 to 96.7% [20, 21] and, in up to 32% of cases, is compli-
cated by secondary hyperparathyroidism (PTH > 5.25 pmol/L in the presence of hypovitamin-
osis D). Furthermore, soon after hip fracture surgery (at 2 weeks), 25-OHD levels can decrease 
after hip fracture despite standard oral vitamin D treatment (of 1000 IU daily) compared with 
higher replacement doses (Figure 2 [10]).

2.4. Correction of vitamin D deficiency in older people following hip fracture surgery

There have been several studies looking at the optimal method in replenishing 25-OHD levels 
following hip fracture surgery. A moderate oral dose (4000 IU daily) replacement approach 
can significantly improve and maintain 25-OHD levels within 2 weeks after a hip fracture, 
with a mean vitamin D increase in 22.4 ± 18.3 nmol/L and up to 88.9% of participants with 
optimal 25-OHD levels [10]. de Jong et al. [22] found that substitution with 50,000 IU oral cho-
lecalciferol daily for 7 days increased 25-OHD levels rapidly, safely and consistently. Finally, 

Figure 2. Differences in 25-hydroxyvitamin D levels 14 days after hip fracture according to daily oral vitamin D protocol 
(n = 66); 37.5% of participants on 1000 IU vitamin D reduced 25-OHD levels, from Mak et al. [10].
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Lyles et al. [23], in the Health Outcomes and Reduced Incidence with Zoledronic Acid Once 
Yearly (HORIZON) Recurrent Fracture Trial, successfully utilised the strategy of a loading 
dose of either vitamin D3 or D2 (at a dose of 50,000–125,000 IU given orally or intramuscu-
larly) 14 days before first infusion of a study drug. This was followed by daily supplemen-
tation with oral calcium (1000–1500 mg) and vitamin D (800–1200 IU). Whilst these studies 
highlight the various strategies that can utilised to replenish vitamin D (oral/intramuscular), 
loading dose followed by regular daily or interval dosing, there has been a sparsity of out-
comes data including lower limb function, falls and fractures and mortality.

3. REVITAHIP Study

The Replenishment of Vitamin D in Patients with Hip Fracture (REVITAHIP) Trial was a 
multicenter, randomised, double-blind and placebo-controlled trial involving patients with 
recent hip fracture [24]. Patients were randomly assigned to receive either an oral loading 
dose of cholecalciferol (at a dose of 250,000 IU vitamin D3) or placebo, followed by daily sup-
plementation with oral vitamin D (800 IU) and calcium (600 mg). Deviation from this protocol 
occurred for any participants with an initial serum 25-hydroxyvitamin D level of 10 nmol/L 
or less due to the known risks. Such cases received a 14-day loading dose of vitamin D3 (at a 
dose of 4000 IU given orally), continuing on as per other patients for the remainder of the trial. 
Patients were monitored for up to 26 weeks with telephone interviews or clinic/home visits 
at 2, 4, 12 (telephone interview only) and 26 weeks. All study procedures were approved by 
the local institutional review board at each participating site (HREC Number 10/HARBR/14).

3.1. Results of the REVITAHIP Study

The REVITAHIP cohort included 220 participants, with a mean age of 83.9 years (SD 7.1) 
and 77.1% women. The REVITAHIP study [25, 26] found that in these patients following a 
hip fracture (within 7 days, median 3.3), a loading dose of 250,000 IU vitamin D3 compared 
with placebo (the ‘Active’ method) resulted in higher 25-OHD levels and a greater percent-
age with target ‘sufficient’ 25-OHD levels (>50 nmol/L [31]), with no significant differences in 
gait velocity at 4 weeks. A significantly reduced incidence of falls was also noted in the active 
group compared with placebo over the study period. This is surprising because in the study 
cohort the baseline level of 25-OHD is higher than in other studies of patients with hip frac-
ture, and the differences in 25-OHD at weeks 2 and 4, between the active and placebo groups, 
whilst significant, were not large. Further, there was a significant reduction in falls and non-
significant reduction in mortality (Figure 3).

3.2. Limitations to the REVITAHIP trial

There were several limitations to this research. The REVITAHIP study patients were slightly 
younger with less unhealthy than are patients with hip fracture in the general population, 
as suggested by data regarding 1-year mortality. Despite this, patients in our study ranged 
widely in age (up to 101 years), with a significant percentage having cognitive impairment. 
Perhaps due to inclusion and exclusion criteria, there was under-recruitment of people with 
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severe pre-existing disability compared to the usual population with hip fractures: (1) low 
number of participants from residential aged care facility (10%) and (2) participants with 
fewer total comorbidities. The REVITAHIP participants did have relatively good function 
with moderate independence prior to their hip fracture, most likely due to the inclusion and 
exclusion criteria. However, the study team argued that this could be considered a strength, 
as it alerts clinicians to potential problems (e.g. in ADLs, mobility, high psychotropic medica-
tion use) even in a relatively well-functioning cohort.

The REVITAHIP participants had higher levels of baseline 25-OHD compared to previ-
ous cohorts (e.g. the ICHIBAN cohort [26] had a lower baseline 25-OHD levels than the 
REVITAHIP (44.1 ± 23.2 vs 53.1 ± 24.2 nmol/L)), likely owing to a less frail participant popula-
tion. Another limitation was that the planned sample size of 450 could not be achieved due 
to less efficient than expected participant recruitment. Nevertheless, as 25-OHD levels in the 
REVITAHIP trial were higher than usual levels, it may have underestimated its effects on 
falls, fractures and death. It was also noted that the falls reduction effects at week 4 were 
higher than expected from other studies.

Furthermore, due to technical difficulties with obtain accurate fall diaries over a longer 
term, the data for fall rates of participants at week 12 and 26 could not be utilised and were 
therefore not able to be included in the presentation of the data. This is mainly due to the 
limited funds available resulting in limited to no administrative assistance with the trial. 
Documentation of various patient outcomes would have been improved with such help. 
Consequently, results of health services and community service utilisation and the econom-
ics analyses were not reported in the trial as data were incomplete, and analyses were not 
able to be done.

Finally, there was no direct comparison in this study between a loading dose and a high daily 
dose of vitamin D, so absolute conclusions cannot be drawn on optimal dosing regimen. The 
advantages of the loading dose were good compliance and likely rapid increase in 25OHD, 
both of which are likely to be helpful in this setting. But there are some disadvantages of 
loading doses, as opposed to daily doses of vitamin D [27], so the dosing issue is unclear. 

Figure 3. Fall, fractures and deaths over 4 weeks by intervention group in the REVITAHIP trial (p = 0.024).
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Nevertheless, the study appears to indicate that a higher D status in this group of patients is 
beneficial for overall outcomes.

4. Implications of research findings

It has been generally established that vitamin D, usually with calcium supplement, decreases 
falls and fractures in older people from aged care facilities [28] but has not been proven con-
vincingly in post-menopausal women in large meta-analyses. Following a hip fracture, vita-
min D levels are universally low, and its levels may drop as early as 2 weeks following hip 
fracture [10]. Poor adherence to vitamin D therapy has been shown to compromise the effi-
cacy of this treatment for fracture reduction and to increase medical costs [29]; such findings 
have been particularly notable in frail older adults [30]. Vitamin D deficiency is frequently 
observed in older patients and is associated with an increased risk of hypocalcaemia when 
intravenous bisphosphonates are administered before a normal vitamin D level has been 
achieved [8].

The REVITAHIP study was the first to show that treatment with 250,000 IU cholecalciferol 
within 7 days after hip fracture surgery (followed by regular maintenance vitamin D) is associ-
ated with higher percentage of replete 25-OHD and may reduce the rate of falls. However, the 
positive results occurred despite the group of participants having a higher baseline 25-OHD 
(with a resultant smaller than expected gain in 25-OHD levels), and the recruitment numbers 
were smaller than initially planned for a sample size to detect a difference in gait velocity. 
Thus, in practical terms, the use of the Active REVITAHIP vitamin D replenishment method 
would appear to be an efficient (through ease of administration) and effective means of opti-
mising vitamin D levels for the older patients following hip fracture surgery. Indeed, several 
meta-analyses of studies of vitamin D supplementation, usually with calcium supplementa-
tion, have shown an overall benefit on falls and fracture reductions [31]. The intervention also 
had an optimal safety profile (one case of hypercalcaemia) and was relatively inexpensive to 
administer.

5. Recommendations of research findings

Currently, Australia is unique in that it does not have a 50,000 IU oral vitamin D tablet, read-
ily available compared to other countries. Whilst (1) a liquid form of cholecalciferol exists 
(OsteVit-D) which potentially can be administered in higher doses; (2) preparations such as 
Fosamax Plus D (containing a weekly dose of 5600 IU daily); and (3) higher-dose formations of 
vitamin D manufactured from compounding pharmacists, the former (1) may be liable to accu-
rate dosage; (2) may not be practical to administer whilst hip fractured patients are recovering 
in the post-acute period; and (3) the universal reliability of compounding pharmacist cannot 
be guaranteed. The approval of higher-dose vitamin D such as from the Active REVITAHIP 
method should be made readily available through Australian Government subsidies, and vita-
min D manufacturers from overseas be supported to import such products into Australia.
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For most other countries, higher dosage vitamin D formulations are available both in oral and 
injectable formats.

Finally, the author advocates that the outcomes of the Active REVITAHIP method of vitamin 
D replenishment be disseminated, and adaptation into local guidelines be considered.

6. Conclusion

The studies reviewed in this chapter provides an overall positive view on vitamin D replace-
ment (which is deemed necessary) and showed that treatment with 250,000 IU cholecalciferol 
after hip fracture surgery in older patients (followed by regular daily maintenance vitamin D) 
is associated with higher percentage of replete 25-OHD and reduced rate of falls in the short 
term. Recognition of these factors may also improve the delivery of post-hip fracture surgical 
and rehabilitation care in this often vulnerable population. The author recommends further 
confirmation of the results of this latest research using a larger number of participants (with a 
higher diversity in ethnic populations who may be likely to have higher prevalence of hypo-
vitaminosis D) in future studies.
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Abstract

Vitamin D is one of the steroid hormones. The precursor of vitamin D,  7-dehydrocholesterol, 
which is an intermediary for cholesterol pathway, is available in the skin. Ultraviolet B 
(UVB) radiation makes the transformation of 7-dehydrocholesterol to provitamin D3, 
which automatically isomerizes to cholecalciferol (vitamin D3). Vitamin D3 is secreted 
into blood circulation and carried by the vitamin D–binding protein (VDBP). Around 
80–90% of vitamin D is from sunlight-derived production in the skin. A little amount of 
vitamin D is also extracted from foods and/or  additional supplementation. Vitamin D has 
been well known for its function in maintaining  calcium and phosphorus homeostasis 
and promoting bone mineralization. Accumulating evidence from animal and human 
studies suggests that vitamin D also modulates reproductive processes in women and 
men and is involved in many functions of the reproductive system. Vitamin D recep-
tor (VDR) and vitamin D–metabolizing enzymes are found in reproductive tissues of 
women and men. This chapter presents an up-to-date review for describing the function 
of vitamin D in female reproduction throughout reproductive ages from menarche to 
menopause, during pregnancy and lactation, and some disorders affecting women and 
also the role of vitamin D applied to male fertility.

Keywords: vitamin D, vitamin D receptor, metabolism, female reproduction, male 
reproduction
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1. Introduction

1.1. Overview of vitamin D: production, metabolism and action

Vitamin D (VD) is one of the fat-soluble vitamins from steroid hormones family. While 
there are various forms of vitamin D, two main forms are necessary for human body: (i) D2 
(ergocalciferol) and (ii) D3 (cholecalciferol) [1]. In the presence of ultraviolet radiation, vita-
min D2 is derived primarily in plants, yeast, and fungi, and also vitamin D3 is synthesized 
 predominantly by the conversion of 7-dehydrocholesterol, a VD precursor present in the 
skin, under ultraviolet B radiation with only a small amount of this vitamin with around 
<10–20% obtained through diet supplements [2]. VD precursor isomerizes into cholecalcif-
erol. Cholecalciferol is bound to serum vitamin D-binding protein (DBP). To become bio-
logically active, two-step enzymatic pathways are necessary; involving 25-hydroxylase of the 
liver and 1a-hydroxylase (CYP27B1) of the kidney and extra-renal tissues, it is converted to 
the biologically active hormone calcitriol (1α,25(OH)2D3) [3, 4].

Vitamin D secretion is set out in the renal 1α-hydroxylase phase. Parathyroid hormone (PTH) 
upregulates the expression of this enzyme and also 1,25(OH)2D3 could suppress itself [5].

Finally, in the kidneys, both 25(OH) D and 1,25(OH) 2D3 convert into an inactive compound 
of calcitroic acid by 24-hydroxylase, which is water soluble and excreted in bile. Whereas 
1α-hydroxylase is predominantly found in the kidneys, it can also be expressed in different 
extra-renal tissues including bones, colon, breasts, prostate, and placenta. In this respect, it is 
suggested that macrophages could locally produce 1,25(OH)2D3 [6].

Biological roles of vitamin D are mediated by the VD receptor (VDR), a ligand-dependent tran-
scription factor mainly localized in the target cell nuclei that mediate the genomic action of 
1,25(OH)2D3, which influences on the transcription of more than 900 genes [7]. It is widely dis-
tributed in over 38 tissues and organs including skeleton, parathyroid glands, and the reproduc-
tive tissues indicating its potential role in the regulation of numerous metabolic  processes [8].

The regulation of VDR expression is one of the main mechanisms through which target cells 
respond to vitamin D so that polymorphisms of this receptor can change the usual mode of 
functioning [9, 10]. After the linking of vitamin D, vitamin D receptors transform to a het-
erodimer with retinoid x-receptor (RXR) after which this complex binds to specific DNA 
sequences named vitamin D–response elements (VDREs) in the promoter zone of vitamin 
D–responsive genes. So, this trimeric complex of VDR-RXRVDRE acts as a molecular switch 
in nuclear 1,25(OH)2D3 signaling [11].

The genomic response lasts for longer times from a few hours to 1 day for the changes that 
occur in the transcription of gene. However, the nongenomic response is faster, taking only 
seconds to a few minutes due to the interaction that occurs with a cell surface receptor and 
the second messenger [10].

Catabolism of 1,25(OH)2D and 25-OHD to biologically inactive calcitroic acid is mediated by 
24-hydroxylase, in the kidney and liver [4]. It is generally accepted that the serum levels of 
25(OH)D are considered the best indicator of vitamin D status because of its easy measure-
ment and long half-life in circulation (~2–3 weeks) [12, 13].
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The three main steps in vitamin D metabolism, 25-hydroxylation, 1α-hydroxylation, and 
24-hydroxylation, are all performed by cytochrome P450 mixed-function oxidases (CYPs) 
(Figure 1).

These enzymes are located either in the endoplasmic reticulum (ER) (e.g., CYP2R1) or in 
the mitochondria (e.g., CYP27A1, CYP27B1, and CYP24A1). The electron donor for the ER 
enzymes is the reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent 
P450 reductase. The electron donor chain for the mitochondrial enzymes is composed of ferre-
doxin and ferredoxin reductase. These are not specific for a given CYP—specificity lies within 

Figure 1. The main steps in vitamin D metabolism.
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the CYP. Although the CYPs involved in vitamin D metabolism, only CYP2R1 and CYP24A1, 
have been crystallized, it is likely that these enzymes contain a number of common structural 
features. These include 12 helices (A–L) and loops and a common prosthetic group, namely 
the iron-containing protoporphyrin IX (heme) linked to the thiolate of cysteine. The I helix 
runs through the center of the enzyme above the heme where a thr(ser) and asp(glu) pair is 
essential for catalytic activity [14]. CYP2R1, like other microsomal CYPs, contains two extra 
helices that appear to form a substrate channel in the bilayer of the ER [14]. The B′ helix serves 
as a gate, closing on substrate binding. Whether a similar substrate channel exists for the 
mitochondrial CYPs is not clear.

1.2. Physiologic functions of vitamin D

As previously mentioned, once VD is produced in the skin received from the diet, it travels 
to blood circulation and is bound to vitamin D–binding protein. In the liver, it converts to 
25(OH) D as the main circulating form of vitamin D that is measured to determine an indi-
vidual’s vitamin D deficiency. In biological perspectives, 25(OH) D is in an inactive form. 
However, it converts to [1,25(OH)2D] in the kidney as a free form and travels to the target 
tissues and participates in the regulation of calcium and phosphorus metabolism. In the intes-
tine, 1,25(OH)2D is bound to vitamin D receptor to increase the expression of an epithelial 
calcium channel due to increasing the transportation of calcium from the intestinal lumen 
into the absorptive cell [15]. In this respect, 1,25(OH)2D could enhance the expression of a 
calcium-binding protein (calbindin9k) to help the transportation of calcium to the intestinal 
absorptive cell to deposit it into the blood circulation [16]. In addition, 1,25(OH)2D could 
transport to the skeleton which interacts with VDR in the osteoblast to enhance the expression 
of RANKL (receptor activator of NFκB ligand).

Monocytic preosteoclasts express the RANK receptor that interacts with RANKL making 
 signal transduction resulting in the formation of multinucleated osteoclasts which are capable 
of secretion of HCl to save the bone mineral and collagenases to demolish the matrix releas-
ing calcium into the blood circulation.1,25(OH)2D could also directly enhance the calcium 
tubular reabsorption on the kidneys. As such, 1,25(OH)2D and its receptors reversely regulate 
the secretion of parathyroid hormone. In addition, among intestine 1,25(OH)2D induces phos-
phorus absorption. Thus, the main biological functions of vitamin D are to maintain serum 
calcium and phosphorus in physiological border to support metabolic functions of them and 
to save the mineralization of the skeleton [17]. The main factors that control the renal secretion 
of 1,25(OH)2D include PTH, hypocalcemia, and hypophosphatemia that increase its secretion. 
In this respect, fibroblast growth factor 23 (FGF 23) is secreted by osteocytes and osteoblasts 
and decreases the renal secretion of 1,25(OH)2D [18].

The dominant physiologic function of vitamin D is the increase of plasma concentration 
of calcium and phosphate. Both of them are essential for the mineralization of skeleton. 
Furthermore, the increase in the plasma level of calcium to regulate it in normal levels is 
also necessary for the functioning of the neuromuscular junction vasodilatation, nerve trans-
mission, as well as hormonal production. Plasma levels of calcium are remained at a very 
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and decreases the renal secretion of 1,25(OH)2D [18].
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also necessary for the functioning of the neuromuscular junction vasodilatation, nerve trans-
mission, as well as hormonal production. Plasma levels of calcium are remained at a very 
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constant level, in supersaturated bone mineral situation. If its plasma concentration becomes 
lower than saturated level, then mineralization fails, which leads to rickets among children 
and osteomalacia among adults [17].

The vitamin D could increase the serum level of calcium from three separate pathways:

(i) It could induce the proteins related to active intestinal calcium absorption throughout 
the entire length of the intestine, although its greatest activity is in the duodenum and 
jejunum which does not require parathyroid hormone. It is clear that vitamin D directly 
stimulates intestinal calcium and, independently, phosphate absorption, although it 
could stimulate active intestinal absorption of phosphate too.

(ii) In no-calcium diet, vitamin D plays an essential role in the mobilization of calcium from 
bone, a process requiring parathyroid hormone. Vitamin D induces osteoblasts to secre-
tion receptor activator nuclear factor-қ B ligand. RANKL then induces osteoclastogen-
esis and activates resting osteoclasts for bone resorption [19]. So, vitamin D appears to 
be implicated in allowing persons to remove calcium from bone when it is not sufficient 
in the diet [20].

(iii) The distal renal tubule is responsible for reabsorption of the last 1% of the filtered load 
of calcium, and the two hormones interact to stimulate the reabsorption of this last 1% of 
the filtered load. Because 7 g of calcium is filtered every day among humans, this repre-
sents a major contribution to the calcium pool. Both parathyroid hormone and the vita-
min D hormone are required. Calcium physiologic processes are such that a single low 
concentration of the vitamin D hormone stimulates enterocytes to absorb calcium and 
phosphate. If the plasma calcium concentration fails to respond, then the parathyroid 
glands continue to secrete parathyroid hormone, which increases the production of the 
vitamin D hormone to mobilize bone calcium (acting with parathyroid hormone). Under 
normal circumstances, environmental calcium is used first; if environmental calcium is 
absent, then internal stores are used.

Therefore, in general, vitamin D functions on the intestine, bone, and kidney to increase the 
serum concentration of calcium. If the serum calcium concentrations increase, the parathyroid 
hormone secretion decreases. In this respect, if serum concentration of calcium elevates too 
high, the parafollicular cells (“C” cells) of the thyroid produce the calcitonin hormone that 
could block calcium resorption from bone and lead to maintain serum level of calcium within 
the normal range. Vitamin D, through its receptor, suppresses parathyroid gene expression 
and parathyroid cell proliferation, providing important feedback loops that strengthen the 
direct mechanism of elevated serum concentration of calcium.

Also, it is shown that a deficiency of phosphate stimulates CYP27B1 to produce more vita-
min D, which in turn stimulates phosphate absorption in the small intestine, and vitamin 
D can also induce the secretion of fibroblast-like growth factor-23 (FGF23) by osteocytes in 
bone, which results in phosphate excretion in the kidney, as well as feedback on vitamin D 
metabolism [21].
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1.3. Vitamin D deficiency

High prevalence of vitamin D deficiency is present in all races, even in temperate areas. It is 
now recognized that vitamin D deficiency and insufficiency are the most common nutritional 
deficiency/medical condition in the world, with 20–90% of reproductive-age women being 
deficient [22]. The recently revised guidelines of the Endocrine Society of North America 
defined vitamin D deficiency as 25OH-D levels of <20 ng/mL and insufficiency as levels 
of 20–30 ng/mL [23]. These definitions are based in part on provocative testing in healthy 
adults. Intestinal calcium absorption is dramatically decreased when vitamin D deficiency 
occurred. This results in a transient reduction in ionized calcium concentration in the blood 
that is immediately sensed by the calcium sensor in the parathyroid glands leading to the 
enhanced secretion of PTH into the blood. As such, PTH enhances the renal tubular reab-
sorption of calcium and modulates the osteoblasts to increase the expression of RANKL 
which in turn improves the production of osteoclasts to remove calcium stores from the 
skeleton. It also increases the kidney secretion of 1,25(OH)2D which in turn transports to the 
bone and intestine to modulate calcium metabolism. The elevated level of PTH also causes 
internalization of the sodium-phosphorus cotransporter leading to the loss of phosphorus 
into the urine [15, 24].

Vitamin D deficiency among children during childhood leads to poor mineralization of the 
skeletal matrix and contributes to a wide range of skeletal deformities related to rickets such 
as bowed or knocked knees, rachitic rosary, widened epiphyseal plates at the end of the long 
bones, and frontal bossing. In older children, it prevents the attainment of the maximum 
amount of calcium that can be deposited into their skeletons based on their genetic makeup. 
In addition, vitamin D insufficiency among children leads to osteomalacia. Opposite to osteo-
porosis, which is an asymptomatic disease, osteomalacia has symptoms including bone pain 
and muscle weakness that is often misdiagnosed as fibromyalgia, chronic fatigue syndrome, 
or depression. The mineralization defect is due to the phosphaturic influence of PTH. It 
decreases the serum phosphorus level to be in the low normal or low range as a result of 
inadequate calcium-phosphorus secretion for sufficient bone mineralization [25, 26]. In adults, 
vitamin D deficiency and secondary hyperparathyroidism increase the loss of mineral and 
matrix which can cause osteopenia, osteoporosis, and an increased risk of fracture. In addi-
tion, vitamin D has a wide range of actions that include cell differentiation, apoptosis, antip-
roliferation, immunosuppression, and anti-inflammation [18, 27].

Mounting evidence suggests that hypovitaminosis D is linked to an increased risk for auto-
immune diseases, diabetes, and cardiovascular diseases [28], indicating the importance of 
sufficient vitamin D levels. In addition, vitamin D deficiency has been linked to an increased 
risk for several types of cancer including prostate, colon, ovarian, and breast  cancer [29]. 
However, the daily intake of vitamin D for the prevention of those adverse effects is 
recommended.

However, in this chapter, we focus on the role of vitamin D in three important phases of 
reproductive women’s life span including menarche and adolescence, reproductive period, 
and menopause. Then, we discuss the role of vitamin D in male fertility.
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2. Vitamin D status in adolescent

There is mounting evidence that adolescents are at risk for poor vitamin D status. Since vitamin 
D is critical for optimal bone mineral accrual in the developing skeleton, poor vitamin D status 
in adolescence is a matter of concern. In vitamin D deficiency status, calcium homeostasis due 
to parathyroid and renal regulation at the expense of bone is maintained. In a growing child or 
adolescent, the lack of calcium accumulation in the skeleton can have negative impact for the 
attainment of peak bone density [30, 31]. Despite evidence indicating the crucial role of vitamin 
D in many physiological functions, maintaining adequate vitamin D status in adolescents is 
challenging in today’s food and living environment. It is reported that only 50% of girls (aged 
9–13 years) and 32% of girls (aged 14–18 years) are meeting the Dietary Reference Intake (DRI) 
recommendation for vitamin D (200 IU/d or 5 mg/d) [32]. In adolescents, vitamin D deficiency 
leads to decreased dietary calcium absorption, altered formation of the growth plate, and defec-
tive mineralization of the skeleton, resulting in rickets. Also, it has been determined that sub-
clinical vitamin D deficiency may also result in secondary hyperparathyroidism, lower serum 
calcium, increased serum alkaline phosphatase, and increased risk of bone abnormalities [33]. 
A positive correlation between bone mineral density (BMD) and 25(OH)D levels in previous 
studies supports the important role of vitamin D in protecting adolescent bone [34]. In addition, 
obesity is a major health problem among children and adolescents. Interestingly, a number of 
studies have supported the potential role of vitamin D in the modulation of obesity, energy 
metabolism, and insulin resistance in adolescent and children [35].

Also, vitamin D receptor is expressed in calcium-regulated tissues, including the ovary, and 
it appears to be necessary for full ovarian functions which indicate that vitamin D plays a 
key role in estrogen biosynthesis potentially via the maintenance of extracellular calcium 
concentrations and by direct regulation of aromatase gene expression. This point is discussed 
later on.

One needs to be aware of the high prevalence of calcium and vitamin D insufficiency in the 
adolescent age group, and make assessment and management of vitamin D deficiency as the 
component of routine adolescent health care.

2.1. Vitamin D and puberty (the potential role of vitamin D in hypothalamic hypophyseal 
ovarian axis)

Puberty is a time of dramatic developmental changes during which a child’s body progresses 
through a sequential set of stages to reach mature adult reproductive function. Although 
genetic factors play an important role in the timing of puberty, it is well documented that 
environmental factor may have an effect to the current change in pubertal progression [36]. 
In this respect, a geographic north-south-gradient effect on age at menarche [37] was proven; 
young women who live at higher latitudes seem to experience an earlier onset of menses 
than adolescents who live near to the equator [37]. Although, the time of menarche are influ-
enced by temperature, sun light and socioeconomic situation, but this time also related to the 
geographic gradient with the especial sun exposure, coincided with vitamin D status [38]. 

Vitamin D and Human Reproduction
http://dx.doi.org/10.5772/67394

253



Recent studies reported that vitamin D status was associated with the timing of menarche. 
Mechanistic explanations of an effect of vitamin D deficiency on early menarche are specula-
tive. However, it is suggested that vitamin D deficiency is associated with the development 
of adiposity in children [39], and childhood obesity could be a risk factor for early puberty 
[38]. Thus, vitamin D status could indirectly affect the timing of menarche through its effect 
on obesity. Biochemical pathways might involve adipose-derived hormones. Some studies 
indicated that the serum level of leptin increases at early puberty; however, vitamin D is 
negatively associated with leptin concentrations, but it is unclear whether the leptin or other 
adipokines derived from adipose tissue could alter in response to vitamin D supplementation 
[40–42].

Meanwhile, there is possible mechanism involved in the correlation of VD insufficiency with 
early onset of menarche which is not related to obesity. Insulin-like growth factor-1 (IGF-I) 
is one of the growth factors which may regulate the timing of puberty and puberty regres-
sion by inducing the gonadotropin-releasing hormone (GnRH) pulse, gonadotropin, and 
sex hormone [43]. It is showed that IGF-I increased the expression of gonadotropin-releasing 
hormone in vitro [43–45].

However, vitamin D receptors have been shown in different parts of the brain including the 
hypothalamus [46]. Therefore, it is possible that vitamin D plays other unknown roles in the 
neuroendocrine regulation of the gonadotropic axis [47].

In conclusion, vitamin D status was positively related to age at menarche, and vitamin D insuf-
ficiency was associated with earlier menarche. In regard to the serious problems associated 
with early menarche, the simple inexpensive medication such as vitamin D supplementation 
may be essential, which is needed to be studied in a randomized trial.

3. Vitamin D and female reproductive system: health implications of 
vitamin D deficiency in female reproduction

The secosteroid hormone of vitamin D regulates the expression of a large number of genes 
in reproductive tissues implicating a role for vitamin D in female reproduction. Human and 
animal data suggest that vitamin D plays an important role in female reproduction. It is dem-
onstrated that VDR is located in several tissues including the immune system, the endocrine 
system, and the reproductive system [5]. As such, VDR is distributed among nuclei and cyto-
plasm of granulosa cells of human ovaries which shows that vitamin D is involved in the 
physiologic functions of ovarian follicles [48]. Also, it is well documented that VDR mRNA is 
expressed in the ovarian cell and in a purified granulosa cell culture [49]. The expression of 
VDR in female reproductive organ indicates that vitamin D is involved in female reproduc-
tive function.

In this respect, vitamin D deficiency is related to subfertility, endometriosis and polycystic 
ovary syndrome (PCOS), preeclampsia, preterm delivery, gestational diabetes, and bacterial 
vaginosis. However, the definition of optimal vitamin D levels in the reproductive period 
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and the determination of the best dose of vitamin D supplementation need to achieve those 
levels for several actions of vitamin D through a woman’s life are important public health 
implications.

Current research on the role of vitamin D in earlier age at menarche, fertility impairments, 
polycystic ovary syndrome, uterine fibroids, endometriosis, maternal, and neonatal adverse 
outcome even improper semen parameters in the case of in vitro treatments suggests that 
vitamin D deficiency plays an important role in human reproduction processes. Here, in this 
section, we summarize the recent evidence that vitamin D status influences female reproduc-
tive system.

3.1. Vitamin D and ovaries

The physiological role of vitamin D in human reproduction and ovarian steroidogenesis is 
not well understood. There are several animal studies suggesting the importance of vitamin 
D in reproduction. It seems that vitamin D induces secretion of progesterone, estrone, and 
estradiol secretion in ovarian cells independently and, in the case of estradiol, synergistically 
with insulin. Vitamin D also enhances IGFBP-1 secretion. It is described subsequently.

3.1.1. Vitamin D and follicular development

Recently, it has been shown that vitamin D plays an important role in human follicular devel-
opment. Vitamin D could downregulate anti-Müllerian hormone (AMH) gene (as the best 
markers for ovarian reserve) and upregulated FSHR gene expression. An explanation of these 
findings is as follows: During a women's follicular phase, the follicle that contains the most 
number of FSH receptors, therefore that is most sensitive to FSH, emerges as dominant at 
the time of inter-cycle FSH rise during the follicular phase. By inhibiting AMH expression, 
vitamin D may counteract the repressive effects of AMH on granulosa cell differentiation, 
thereby allowing follicles to reach terminal maturation and ovulation. A reason for the con-
flicting results seen between prostate cancer cell line studies (where vitamin D was found to 
downregulate AMH gene) and granulosa cell studies could be explained by differences in sex 
and species. In human luteinized granulosa cells, vitamin D decreased AMHR-II and FSH-
receptor (FSHR) gene expression. Following follicular selection in a women's late follicular 
phase, the follicle becomes less dependent on FSH and more dependent on LH, followed by 
terminal maturation and ovulation. Similar to AMHR-II, FSHR expression in granulosa cells 
has been found to be the highest in small immature follicles and gradually diminishes dur-
ing folliculogenesis. FSHR expression decreases along with the progression of maturation 
of oocytes after human chorionic gonadotropin (hCG) administration. It is not clear if the 
mechanistic effect of vitamin D on FSHR is happening via AMH signaling. It is well docu-
mented that there is an interaction and strong positive correlation between AMHR-II and 
FSHR gene expression in humans. It could be that vitamin D alters common intracellular 
mechanistic pathways involved in the regulation of both AMHR-II and FSHR. Clearly, a com-
plicated interrelationship exists between these parameters. These findings suggest that vita-
min D might promote the differentiation and development of human granulosa cells [50–54].
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Of importance is the fact that there is a seasonal variation in serum AMH (being 18% lower 
in the winter than in the summer) that correlated with changes in seasonal serum 25OH-D. 
Also, 25-dihydroxyvitamin D3 supplements were sufficient to block the seasonal changes in 
both 25OH-D and AMH levels [55].

3.1.2. Vitamin D and steroidogenesis

All sex hormones are derived from cholesterol as the common precursor, which can be obtained 
through dietary sources or synthesized de novo from acetyl CoA. Sex hormone production is 
controlled by multiple enzymes. There are growing literature body suggesting that vitamin D 
affects the expression and activity of some of these enzymes. For example, it is reported that 
the treatment of human granulosa cells with 1,25-dihydroxy vitamin D3 in vitro increased pro-
gesterone production in the presence of the precursor substrate pregnenolone [54]. Also, it has 
been shown that vitamin D increased progesterone, estrogen, estrone, and insulin-like growth 
factor-binding protein 1 production in human ovarian cells. Moreover, 1,25-dihydroxyvita-
min D3 stimulated estrogen and progesterone production in human  placenta [56].

However, two of these steroids are explained particularly as follows:

• 17β-hydroxy steroid dehydrogenase (17β-HSD): the biological active form of androgens and 
estrogens are biologically active in their 17β-hydroxy configuration. As well, 17-oxo de-
rivatives are not capable to bind to their receptors. The ribozymes is the convertor enzyme 
which is one of the 17β-hydroxy steroid dehydrogenase (17β-HSD) families. These isozymes 
modulate intracellular level of steroid hormones in target tissues [57]. However, vitamin D 
application in vitro increased 3β-HSD mRNA levels and progesterone production. These 
suggest that vitamin D may play a role in enhancing certain key steroidogenic enzymes 
such as 3b-HSD. During the normal menstrual cycle, luteinized human granulosa cells usu-
ally form the corpus luteum which produces large amounts of progesterone (and some es-
trogens) and induces endometrial changes such as decidualization to support a pregnancy. 
Literature suggests that 1,25-dihydroxyvitamin D3 may potentiate granulosa cell luteiniza-
tion as reflected by increased progesterone production, thus providing a better endometrial 
environment. Whether this is clinically relevant still needs to be determined in vivo [50].

• Aromatase: Aromatase is an estrogen synthetize, which catalyzes estrogen biosynthesis 
from androgen precursors. Aromatase is found in several tissues including the ovaries, 
liver, breasts, brain, and adipose tissue [58–60].

3.1.3. Vitamin D and ovarian reserve

According to recent evidences, in the serum the positive correlation exists between circulat-
ing vitamin D and ovarian reserve markers, particularly anti-Müllerian hormone as the best 
predictor of ovarian reserve.

Gonadal-specific glycoprotein of AMH is a kind of transforming growth factor (TGF) 
superfamily. In men, sertoli cells produce the AMH during male fetal sex differentiation 
which stimulates the regression of the Müllerian ducts [61]. In women, AMH is secreted by 
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 granulosa cells in growing primary and prenatal follicles but does not produce until near 
birth. Slight variations in AMH concentration during the menstrual cycle and its unique 
secretion by growing ovarian follicles make it a suitable predictive indicator for assisted 
reproductive technology (ART). However, some studies have been reported that environ-
mental factors including vitamin D deficiency may change its expression and serum concen-
tration [54, 62, 63]. The fact that vitamin D supplementation prevented the seasonal changes 
in serum AMH strongly indicates that AMH production in adults may be regulated by vita-
min D. Thus, the assessment of vitamin D status, theoretically, might be considered as part 
of the routine workup in infertile women. Additionally, appropriate supplementation of 
patients with vitamin D deficiency might translate to better ovarian reserve markers and 
better ovarian follicular dynamics. However, most of the studies to date used markers of 
ovarian reserve/function rather than pregnancy as an outcome, which limits the translational 
significance of the findings [50].

3.2. Vitamin D and fertility

A seasonal distribution in human natural conception and birth rates has been consistently 
demonstrated, showing a peak conception rate during summer in northern countries with 
strong seasonal contrast in luminosity [64].

Some studies have demonstrated that the low level of vitamin D leads to a 75% decrease in 
fertility of female rats which is associated with 50% reduction in fecundation and enhance-
ment of the probability of complications during pregnancy [65]. Also, vitamin D deficiency 
may lead to uterine hypoplasia and impaired folliculogenesis [66]. In this respect, vitamin D 
modulates estrogen biosynthesis through the maintenance of calcium homeostasis [65, 67]. 
It is shown that infertility was a secondary consequence of the low level of calcium rather 
than a direct result of the non-functional VDR [67, 68]. The indirect consequence of vitamin D 
deficiency on fertility through the regulation of calcium level in reproductive organ was also 
shown by literature in diet-stimulated vitamin D–deficient animals, in which both vitamin D 
and a diet supplemented with high levels of calcium repaired fertility. As such, some studies 
have been reported that the low level of vitamin D itself and not hypocalcemia is responsible 
for subfertility in vitamin D–deficient rats, exposed to different levels of serum calcium and 
phosphorus [68, 69]. Different studies have examined the role of vitamin D in a spectrum of 
female reproductive system disorders, such as adverse effect on pregnancy, endometriosis, 
and subfertility treated by IVF and PCOS.

3.3. Vitamin D and pregnancy: adaptations and metabolism during gestation

During pregnancy and lactation, there is an increase in the rate of synthesis and plasma 
levels of active form of vitamin D, which presumably functions to increase the intestinal 
absorption of calcium and the mobilization of maternal bone. The human embryos consume 
30 g of calcium. More than 99% of this calcium is contained within the skeleton. Nearly 
150 mg/kg/day of this calcium is transferred by placenta during the last trimester [70]. 
Serum protein-bound and complexed fraction calcium levels decrease during pregnancy 
due to the decrease in serum albumin. This physiological decrease is not an evidence of 
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real  hypocalcemia. The physiologically active form of calcium, ionized calcium, does not 
change during pregnancy. Parathyroid hormone decreases to the lower limit of the normal 
range and can become undetectable. Serum levels of other hormones potentially regulate 
the calcium including estradiol, prolactin, human placental lactogen (hPL), and parathy-
roid hormone-related protein (PTHrP), and they increase during pregnancy [70]. Doubling 
the amount of intestinal calcium absorption starting early in pregnancy seems to meet the 
fetal requirement for calcium. Skeletal resorption can also provide mineral to the blood, 
but evidence is controversial on whether the maternal skeleton contributes considerable 
amounts of calcium to the fetus. In this respect, bone resorption indicators are enhanced 
during pregnancy. The maternal kidneys do not reclaim calcium avidly during pregnancy; 
instead, urinary calcium excretion increases in parallel with the increase in intestinal calcium 
absorption [70]. Ionized calcium levels are stable until third trimester of pregnancy. PTH is 
decreased early in pregnancy but can increase in the third trimester of pregnancy. Skeletal 
mineral enhances in early pregnancy. It is well known that vitamin D deficiency is prevalent 
among pregnant women. Decrease of plasma vitamin D could contribute to the reduction 
in plasma calcium level during pregnancy and may result from increased maternal metabo-
lism or enhanced utilization of vitamin D by the fetus [71]. Moreover, maternal low level of 
vitamin D might be independently correlated with an increased risk for gestational diabetes 
mellitus (GDM), preeclampsia, and small-for-gestational age (SGS) births [72–74] as well as 
with offspring rickets [75]. 25-hydroxyvitamin D [25(OH)D], the storage form of vitamin D, 
easily could pass from placentas in rats [76] and probably crosses the hemochorial human 
placenta easily. As well, the cord blood 25(OH)D levels are similar to or up to 20% lower than 
maternal level [77]. Thus, neonates with an adult level of normal 25(OH)D, their mothers 
have the sufficient level of vitamin D. Maternal transient of 25(OH)D to fetus could decrease 
maternal levels, especially if the mother has normal and adequate vitamin D concentration, 
whereas some studies have been demonstrated that either no change or a modest decrease 
in maternal 25(OH)D levels during pregnancy. The low fetal level of 1,25(OH)2D shows the 
low fetal PTH and high phosphorus level, which suppress renal 1α-hydroxylase. Although 
PTHrP is increased in the fetal blood circulation, it seems to be less able to induce the renal 
1α-hydroxylase than PTH [78, 79].

The total serum level of 1,25(OH)2D doubled or tripled in the maternal circulation start-
ing in the first trimester of pregnancy, but studies have only shown increased free concen-
trations during the last trimester. This elevation is due to maternal synthesis by the renal 
1α-hydroxylase.

In addition, intestinal calcium absorption doubles in humans and rodents early in pregnancy, 
well before free 1,25(OH)2D concentrations increase late in pregnancy [80].

3.4. Vitamin D and maternal outcomes in pregnancy

It is shown that during pregnancy, vitamin D deficiency has been related to increased risks of 
adverse pregnancy outcome including gestational diabetes, recurrent pregnancy loss (RPL), 
preeclampsia, and small-for-gestational-age babies (Figure 2).
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3.4.1. Maternal plasma vitamin D levels and preeclampsia

Preeclampsia is a pregnancy-induced multi-systemic problem characterized by de novo-onset 
hypertension and proteinuria after 20 weeks of gestation which is prevalent in 2–8% of all preg-
nancies. It is one of the major acute and long-term health risks for maternal and perinatal mor-
tality and morbidities [81, 82]. The underlying etiologies of preeclampsia are not completely 
understood. It has been hypothesized that abnormal trophoblastic invasion, oxidative stress, 
inflammatory responses, and endothelial dysfunction are possible contributing factors [83]. 
Maternal low level of vitamin D is so prevalent during pregnancy and is a kind of worldwide 
public health problem [84, 85]. As we state before, vitamin D effects on placental function and 
inflammatory response [86]. Recently, epidemiological studies have demonstrated an association 
between low maternal vitamin D status during pregnancy and the incidence of preeclampsia 
and suggest that vitamin deficiency may be an independent risk factor for preeclampsia [74, 87].

However, the underlying mechanisms remain unknown. Vitamin D deficiency is associated 
with inflammation-linked vascular endothelial dysfunction. Proinflammatory cytokines such 
as tumor necrosis factor-a, interleukin-6, and interferon-c have been reported to be increased 
in pregnancies with vitamin D deficiency. The molecular mechanisms involving hypovita-
minosis D in endothelial dysfunction might be regulated, in part, by proinflammatory tran-
scription factor nuclear factor-қB (NF-қB), as a major proinflammatory nuclear transcription 
factor, and interleukin-6, low VDR, 1α-hydroxylase, and hypocalcemia [88]. The endothelial 
cell expression of NF-қB and interleukin-6 and downregulation of NF-қB were more in the 
low level of vitamin D. Interleukin-6 expression in endothelial cells was strong negatively 
associated with 25(OH)D [89].

Figure 2. Serum level of vitamin D and pregnancy outcome.
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The levels of other circulating proinflammatory cytokines, including tumor necrosis factor-
a33and C-reactive protein (CRP), are inversely associated with serum level of 25(OH)D [90]. 
Oxidative stress is elevated in vitamin D deficiency. Vitamin D supplementation could reverse 
this effect. High levels of thiobarbituric-acid-reactive substances, which indicate lipid peroxi-
dation, have been shown in women with low level of vitamin D [91]. Endothelial cell damage 
or dysfunction appears to be a basic pathophysiological event of the maternal vascular system 
in women with preeclampsia [89, 92]. Maternal low level of vitamin D may influence a pro-
inflammatory response, enhancement of oxidative stress, and lead to endothelial dysfunction 
and finally preeclampsia [93]. As such, some evidence demonstrates that vitamin D affects 
the genes responsible for trophoblast invasion and angiogenesis critical for implantation that 
appears to be implicated in the pathophysiology of preeclampsia [87]. Although calcium and 
vitamin D supplementation in pregnancy was associated with a significant reduction in blood 
pressure, the effect of intervention on the incidence of preeclampsia is controversial. In this 
respect, more research is needed.

3.4.2. Vitamin D and small-for-gestational age

Fetal growth restriction, most often estimated by the incidence of a birth weight that is small-
for-gestational age, is a major public health issue across the globe. Infants suffering from SGA 
have a higher risk for serious neonatal morbidities and mortalities among infancy into adult-
hood. Growth restriction is related to a wide range of maternal factors including nutritional 
status, obesity, age, smoking, and infection, although there are insufficient effective interven-
tions for prevention [94]. Several observational studies have linked maternal 25(OH)D con-
centrations and the risk of SGA in general obstetric populations [95]. It has been shown that 
maternal second trimester vitamin D status was inversely associated with the risk of SGA in 
singleton pregnancies.

The biologic mechanism that may connect maternal vitamin D status to fetal growth remains 
elusive. A plausible mechanism for the impact of maternal vitamin D on fetal growth is 
placental vascularization, which has received considerable attention in its association with 
fetal growth [96, 97]. Vitamin D has several biologically possible roles in fetal growth. In this 
respect, the vitamin D–activating enzyme CYP27B1 and VDR are expressed in human 
 placenta [98]. The active form of vitamin D, 1,25-dihydroxyvitamin D, which acts through the 
VDR and the cAMP/protein kinase A (PKA)-signaling pathway, modulates human chorionic 
gonadotropin production in human syncytiotrophoblast and enhances placental sex steroid 
secretion. Vitamin D is also essential in glucose and insulin metabolism in glucose availability 
for transplacental transport and fetal use. As a regulator of calcium homeostasis and trans-
port, calcitriol also can effect on fetal growth directly due to impacts on skeletal muscle and 
bone growth and development [56, 99].

In addition, several observational studies have connected poor vitamin D status with a higher 
risk of preeclampsia, which, like fetal growth restriction, has placental origins related to 
angiogenesis and uterine blood flow [97]. Vitamin D deficiency makes labyrinth of placental 
vessels narrower, indicating dysregulated vascularization [100].
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Also, it is suggested that fetal VDR gene may play a role in the regulation of fetal growth. It is 
observed that sequence variation in the VDR gene modified the effect of maternal vitamin D 
deficiency on infant size at birth. Low 25(OH)D concentrations were associated with lower-
birth-weight infants only among infants that were either homozygous for the FokI major allele 
or heterozygotes [95].

More basic science research is needed in this area as well as studies with multiple measure-
ments of fetal growth and placental vascularization.

3.4.3. Vitamin D and gestational diabetes mellitus

Gestational diabetes mellitus is one of the most prevalent disorders which have long-term 
consequence for the health of mothers and their children. It can increase the risk of developing 
type 2 diabetes, while their children may be at risk of obesity and diabetes later in life [101].

Polymorphisms of vitamin D have been related to insulin release and glucose tolerance [102]. 
A genetic influence of CYP27B1 polymorphisms may modulate 25(OH)D3 concentration in 
gestational diabetes patients [103]. Recent evidence from meta-analysis indicated a significant 
inverse relation of serum 25OHD and the incidence of GDM [104]. It is reported that 25(OH) 
D3 levels of <50 nmol/l at 16 weeks of gestation before the onset of GDM were associated with 
a 2.7-fold increased risk for the development of GDM later in pregnancy independent of mea-
sured confounders [72]. There are several mechanisms that explain the association between 
vitamin D deficiency and gestational diabetes risk: (i) vitamin D could directly or indirectly 
regulate pancreatic β-cell function and production by binding its circulating active form, 1,25-
(OH)D, to β-cell vitamin D receptor and controlling the balance between the extracellular 
and intracellular β-cell calcium pools [105, 106]. (ii) Vitamin D can stimulate insulin sensitiv-
ity by inducing the expression of insulin receptors and increasing insulin responsiveness for 
glucose transportation. It also controls extracellular calcium to ensure normal calcium entry 
through cell membranes and a sufficient intracellular cytosolic calcium pool, which is crucial 
for insulin-mediated intracellular processes in insulin-responsive organs [72]. Finally, (iii) it 
is probable that the negative association of 25-[OH] D concentration with GDM risk shows 
the impact of other components of major endogenous and exogenous sources of vitamin D on 
glucose homeostasis due to other mechanisms. For instance, endogenous secretion of vitamin 
D in the skin with the sun exposure is a main source of plasma vitamin D. Sun exposure could 
be positively associated with outside home physical activity, a protective factor for insulin 
resistance, impaired glucose tolerance, and GDM [107].

However, randomized controlled trials (RCTs) of vitamin D supplementation, initiated early 
in pregnancy, are now required to demonstrate whether vitamin D supplementation might 
reduce the incidence or severity of GDM.

3.4.4. Vitamin D and spontaneous preterm birth

Spontaneous preterm birth (SPB) happens before 37 weeks of gestation. Intrauterine infec-
tion and inflammation is one of the main factors underlying this disorder. One important 
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factor is bacterial vaginosis, which could disturb the normal balance of vaginal flora with 
enhanced growth of anaerobic bacteria responsible for the secretion of inflammatory cyto-
kines, prostaglandins, and phospholipase A2 [108]. In this respect, studies have shown a 
linear inverse association between maternal vitamin D status and the prevalence of bacte-
rial vaginosis among pregnant women [109–111]. Vitamin D has immunomodulatory and 
anti-inflammatory effects, including the control of the secretion and function of cytokines 
and neutrophil degranulation products that is important and relevant to prevent microbial 
invasion which may have a protective effect on SPB risk [27, 112]. Several cells of the immune 
system express VDRs and are regulated by vitamin D [113]. Although vitamin D function 
adjusts the activation of the acquired immune system in response to autoimmunity, it has 
key role to increase the innate immune system. It is involved in cell-mediated immunity 
by decreasing the secretion of inflammatory cytokines including IL-1, 6 and TNF-α that are 
involved in SPB [114, 115].

Human decidual cells are capable to synthesize the active form of vitamin D. Therefore, some 
studies demonstrated that vitamin D is involved in the modulation of acquired and innate 
immune responses at the fetal-maternal interface across gestation [116]. Vitamin D might 
decrease the risk of SPB also by helping to maintain myometrial quiescence. Myometrial 
contractility is related to calcium within the muscle cell and this process is manipulated by 
vitamin D [117]. The prevalence of SPB was lowest among women who conceived in sum-
mer and fall and was highest among winter and spring conceptions [118] and vitamin D 
supplementation in early pregnancy may protect against preterm birth [119]. More large 
studies are awaited to validate these important findings that might represent vitamin D 
supplementation as a simple and inexpensive method to reduce the risk of this adverse 
pregnancy outcome.

3.4.5. Vitamin D and recurrent pregnancy losses

Recurrent pregnancy loss is a devastating reproductive problem affecting approximately 5% 
of couples trying to conceive [120, 121]. RPL is typically defined as two or three or more 
consecutive pregnancy losses. Genetic, hormonal, metabolic, uterine anatomical, infectious, 
environmental, occupational and personal habits, thrombophilia, or immune disorders were 
reported as possible etiologies [121]. Despite the many etiologies, a majority of women with 
recurrent miscarriage have no discernible cause. It has been postulated that immunologic 
aberrations may be the cause in many of such cases.

Tissue responses to vitamin D include the regulation of hormone secretion, the modulation of 
immune responses, and a control of cellular proliferation and differentiation [122]. Vitamin D 
could inhibit the proliferation of T helper 1 (Th1) cells and limit the secretion of cytokines, such 
as interferon gamma (IFN-g), interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNF-a). Also, 
vitamin D stimulates T helper 2 (Th2) cytokines, such as IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 
[123]. Furthermore, in many studies vitamin D has been presented as a modifiable environmen-
tal factor for Th1-mediated autoimmune disease and appears to be important for susceptibility 
to and severity of the disease. Vitamin D also regulates B-cell immunity. It downregulates the 
proliferation and differentiation of B lymphocytes and inhibits IgG  production [123].

A Critical Evaluation of Vitamin D - Basic Overview262



factor is bacterial vaginosis, which could disturb the normal balance of vaginal flora with 
enhanced growth of anaerobic bacteria responsible for the secretion of inflammatory cyto-
kines, prostaglandins, and phospholipase A2 [108]. In this respect, studies have shown a 
linear inverse association between maternal vitamin D status and the prevalence of bacte-
rial vaginosis among pregnant women [109–111]. Vitamin D has immunomodulatory and 
anti-inflammatory effects, including the control of the secretion and function of cytokines 
and neutrophil degranulation products that is important and relevant to prevent microbial 
invasion which may have a protective effect on SPB risk [27, 112]. Several cells of the immune 
system express VDRs and are regulated by vitamin D [113]. Although vitamin D function 
adjusts the activation of the acquired immune system in response to autoimmunity, it has 
key role to increase the innate immune system. It is involved in cell-mediated immunity 
by decreasing the secretion of inflammatory cytokines including IL-1, 6 and TNF-α that are 
involved in SPB [114, 115].

Human decidual cells are capable to synthesize the active form of vitamin D. Therefore, some 
studies demonstrated that vitamin D is involved in the modulation of acquired and innate 
immune responses at the fetal-maternal interface across gestation [116]. Vitamin D might 
decrease the risk of SPB also by helping to maintain myometrial quiescence. Myometrial 
contractility is related to calcium within the muscle cell and this process is manipulated by 
vitamin D [117]. The prevalence of SPB was lowest among women who conceived in sum-
mer and fall and was highest among winter and spring conceptions [118] and vitamin D 
supplementation in early pregnancy may protect against preterm birth [119]. More large 
studies are awaited to validate these important findings that might represent vitamin D 
supplementation as a simple and inexpensive method to reduce the risk of this adverse 
pregnancy outcome.

3.4.5. Vitamin D and recurrent pregnancy losses

Recurrent pregnancy loss is a devastating reproductive problem affecting approximately 5% 
of couples trying to conceive [120, 121]. RPL is typically defined as two or three or more 
consecutive pregnancy losses. Genetic, hormonal, metabolic, uterine anatomical, infectious, 
environmental, occupational and personal habits, thrombophilia, or immune disorders were 
reported as possible etiologies [121]. Despite the many etiologies, a majority of women with 
recurrent miscarriage have no discernible cause. It has been postulated that immunologic 
aberrations may be the cause in many of such cases.

Tissue responses to vitamin D include the regulation of hormone secretion, the modulation of 
immune responses, and a control of cellular proliferation and differentiation [122]. Vitamin D 
could inhibit the proliferation of T helper 1 (Th1) cells and limit the secretion of cytokines, such 
as interferon gamma (IFN-g), interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNF-a). Also, 
vitamin D stimulates T helper 2 (Th2) cytokines, such as IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 
[123]. Furthermore, in many studies vitamin D has been presented as a modifiable environmen-
tal factor for Th1-mediated autoimmune disease and appears to be important for susceptibility 
to and severity of the disease. Vitamin D also regulates B-cell immunity. It downregulates the 
proliferation and differentiation of B lymphocytes and inhibits IgG  production [123].

A Critical Evaluation of Vitamin D - Basic Overview262

With these immune-regulatory effects of vitamin D, it has been hypothesized that vitamin 
D could regulate immune response during implantation. In early pregnancy, trophoblasts 
secrete and respond to vitamin D, which influences local anti-inflammatory responses and 
stimulates decidualization for successful pregnancy [124]. A dominant Th2 immune response 
is important to maintain maternal-fetal relationship for successful pregnancy. By contrast, 
autoimmunity and dysregulated cellular immune reactions may be responsible for immuno-
logical alterations leading to recurrent pregnancy losses (RPL). High proportion of women 
with RPL has vitamin D deficiency, which is associated with increased cellular and autoim-
munity. Women with RPL have increased prevalence of various autoantibodies, such as APA, 
ANA, and TPO antibody [124]. Vitamin D was shown to prevent autoimmune thyroiditis by 
inhibiting lymphocyte proliferation and secretion of inflammatory cytokines [125].

Low vitamin D appears to be important for autoimmune disease susceptibility and severity 
and vitamin D deficiency was associated with an increased presence of autoantibodies [126] 
via B-cell hyperactivation and autoantibody production [127]. It can be inferred that vitamin 
D plays a role in regulating B-cell proliferation and function during successful pregnancy.

Several studies have reported a link between RPL and altered cytotoxicity and level of periph-
eral natural killer (NK) cells [128]. Preconception evaluation of NK cell activity in women with 
RPL has been reported to predict pregnancy outcome of the subsequent pregnancy [128]. 
Furthermore, elevated peripheral NK cells in pregnant women predict spontaneous abortions 
with normal karyotype in index pregnancy. Recently, increasing evidence supports a novel 
immune-regulatory role of vitamin D [129]. Vitamin D and NK cytotoxicity seem to have a direct 
inverse relationship, which might associate with RPL. Vitamin D may be regulating the NK cell 
population and cytotoxicity. Elevation of NK cell and/or cytotoxicity is risk factor for abortion.

Briefly, the high prevalence of hypovitaminosis D was detected among women with RPL. 
Vitamin D deficiency has immunological function in RPL. Vitamin D is related to B- and 
NK-cell immunity and Th1/Th2 balance, and vitamin D deficiency leads to a tendency to 
develop APA and other autoantibodies, which are associated with autoimmune disease and 
adverse reproductive outcome. Therefore, the assessment of vitamin D status is very impor-
tant in women with RPL and autoimmune or cellular immune abnormalities. As such, vita-
min D–deficient women have significantly increased risk for autoimmune abnormalities that 
is a risk factor for RPL and infertility. NK-cell cytotoxicity and Th1 polarization were sig-
nificantly decreased in vitro by vitamin D, and vitamin D decreased perforin production and 
polarization in NK cells. Also, vitamin D suppressed type 1 cytokine secretion and increased 
type 2 and growth factors from NK cells. So, these results raise the likelihood that vitamin D 
could be available as a new therapeutic choice for RPL and infertility [124]. Further study is 
required to elucidate immune-regulatory function of vitamin D.

3.4.6. Vitamin D and mode of delivery

Serum calcium status, which is regulated by vitamin D, plays a role in smooth muscle func-
tion in early labor [130]. It was speculated that the higher serum calcium levels played a role 
in the mechanism of the initiation of labor [130].
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An inverse association with having a primary cesarean section and vitamin D deficiency is 
shown. Severe vitamin D–deficient women with levels of 25(OH)D3 of <37.5 nmol/l delivered 
nearly four times as often by cesarean section than those with 37.5 nmol/l or greater (odds ratio 
(OR): 3.84) [131]. Because vitamin D is essential for the maintenance of calcium homeostasis, it is 
possible that the low level of vitamin D, which leads to modest lowering of the serum calcium, 
is associated with both skeletal muscle and smooth muscle strength and may have a role in the 
initiation of early labor. Poor maternal vitamin D status might reduce the strength of the pelvic 
musculature and the mother’s ability to push and deliver vaginally [132]. Also, vitamin D status 
is associated with preeclampsia [123] and gestational diabetes [133], which may increase the odds 
of cesarean [134]. It is also suggested that the low level of vitamin D is associated with cesareans 
due to cephalopelvic disproportion or failure to progress, although there is some controversy.

However, it should be noted that intravenous hydration would have diluted the blood and 
artificially imitate the lower level of 25(OH) D. However, the volume of intravenous fluids 
associated with blood loss is essentially the same.

However, vitamin D status and the mode of delivery should be examined and therefore the 
issue needs further investigation.

3.4.7. Vitamin D and fetal programming

Vitamin D stimulates more than 3000 genes. Several of them play a role in fetal growth and 
development [135]. It might be possible that vitamin D may be specifically relevant to the 
fetal programming indicating that vitamin D as an environmental factor may influence the 
genomic programming of fetal and neonatal development and following disease risk in child-
hood and adult life [136]. In this respect, in later life, mother and child who suffered from vita-
min D deficiency during pregnancy suffer more often from chronic diseases such as wheezing 
and asthma [137, 138], schizophrenia [139], multiple sclerosis [140], type 1 diabetes mellitus, 
and insulin resistance [141, 142]. Mechanisms underlying this long-term effect of the intra-
uterine environment are not known [143–145] yet, but epigenetic mechanisms that lead to 
persistent changes in structure and function in endocrine systems are hypothesized [101].

3.4.8. Vitamin D and infertility

Infertility is a complex disorder with significant medical, psychosocial, and economic aspects, 
which affects about 15% of couples [146]. In accordance with preview findings, vitamin D 
deficiency has emerged as a factor that influences female infertility. The role of vitamin D in 
reproduction processes and its significance in infertility therapy covering topics of polycys-
tic ovary syndrome, endometriosis infertility, myoma infertility, male infertility, premature 
ovary failure, and in vitro fertilization (IVF) techniques will be discussed.

3.4.9. Vitamin D and polycystic ovary syndrome

PCOS is one of the most common female endocrinopathies in reproductive-aged women 
[147, 148] which is characterized by elevated ovarian and adrenal androgen production, 
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PCOS is one of the most common female endocrinopathies in reproductive-aged women 
[147, 148] which is characterized by elevated ovarian and adrenal androgen production, 
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 hyperandrogenic symptoms such as hirsutism, acne and/or alopecia, irregular menstruation, 
and polycystic ovaries morphology [149]. Women with PCOS typically produce an increased 
number of oocytes, often of poor quality, resulting in lower fertilization and implantation and 
higher miscarriage rate. In addition, insulin resistance is common in PCOS women who are 
therefore at an increased risk of type 2 diabetes [150, 151]. PCOS is the most common cause of 
anovulatory infertility in women [152].

There might be a relationship between vitamin D deficiency and PCOS phenotype. In this 
respect, several studies have demonstrated that vitamin D deficiency is more common in 
women with PCOS compared with control women [153, 154]. Also, vitamin D deficiency 
might be a contributing factor to insulin resistance, obesity, and metabolic syndrome, all of 
which are commonly observed in PCOS and associated with ovulatory dysfunction [151]. 
Interestingly, vitamin D supplementation might improve menstrual irregularity, follicular 
development, and pregnancy rate in women with PCOS [155, 156]. The mechanisms underly-
ing the association of low 25(OH)D levels with PCOS are not fully understood. It is briefly 
discussed in the subsequent text:

• Vitamin D and insulin resistance and obesity: There is some evidence suggesting that vitamin 
D deficiency might be involved in the pathogenesis of insulin resistance and the metabolic 
syndrome in PCOS [157]. Several studies have shown that there is an inverse correlation 
between 25OH-D and IR, obesity, and free androgen index [154, 158]. Additionally, sev-
eral studies have shown that vitamin D supplementation might improve IR and reduce 
serum androgens [159]. The mechanisms underlying the association of low 25(OH)D lev-
els and insulin resistance are unclear. As obesity is related to insulin resistance in PCOS 
[160], it may contribute to low circulating vitamin D levels by trapping vitamin D in fat 
tissues. There are some mechanisms explaining the correlation between low level of vita-
min D and insulin resistance. Vitamin D may have a positive influence on insulin action 
by inducing the expression of insulin receptors and so increasing insulin responsiveness 
for glucose transport [161]. In addition, vitamin D modulate extracellular and intracel-
lular calcium which is necessary for insulin-mediated intracellular processes in insulin-
responsive organ including skeletal muscle and adipose tissue. Moreover, changes in cal-
cium flux can have negative effects on insulin production, which is a calcium-dependent 
process.

• Vitamin D and sRAGE: Advanced glycation end products (AGEs) have been shown to be 
involved in the pathogenesis of PCOS, and their serum levels are elevated in women with 
PCOS. AGEs accumulate in ovarian theca and granulosa layers of women with PCOS. 
This accumulation may be implicated in worsening ovarian follicular growth [162, 163]. 
However, significant increase in serum 25OH-D following replacement was associated 
with a significant increase in receptor for advanced glycation end product (sRAGE) levels, 
and a significant decrease in the abnormally elevated serum AMH levels that are usually 
observed in PCOS. The increase in sRAGE is usually beneficial because it binds circulat-
ing AGEs and inhibits their inflammatory deleterious effects. Lower serum AMH level in 
PCOS might potentially improve the ovulatory process because it decreases intrafollicular 
androgens and increases follicular sensitivity to FSH [164, 165].
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• Vitamin D receptor polymorphism and PCOS: Vitamin D receptors modulate more than 3% of 
the human genome, including genes that are fundamental for glucose metabolism. In this 
atmosphere, it has been reported that VDR-related polymorphisms (Cdx2, Bsm-I, Fok-I, 
Apa-I, and Taq-I) are associated with vitamin D metabolism and might participate to PCOS 
susceptibility [166, 167]. It seems possible that variants in the VDR through their effect on 
luteinizing hormone, sex hormone-binding globulin (SHBG) levels, and testosterone are 
involved in the pathogenesis of PCOS.

• Vitamin D and gene product of PCOS: Phosphoprotein enriched in diabetes gene product 
(PED/PEA-15), an antiapoptotic protein, has been shown to be overexpressed in insulin 
resistance, DM type 2, and PCOS. Recent data suggested that the low level of vitamin D 
may elevate the serum levels of this antiapoptotic protein, contributing to the impairment 
of the ovarian apoptotic mechanism. In addition, the low level of adiponectin that is pres-
ent in PCOS has been related to vitamin D concentrations, due to body mass index (BMI)-
dependent mechanisms. Further genes involved in vitamin D synthesis, hydroxylation, 
and transport, and their role in PCOS are currently under investigation [168–170].

3.5. Vitamin D and uterine leiomyoma

Leiomyoma (fibroids) are benign tumors that develop in the uterine muscle of premeno-
pausal women. The most common symptoms are pain and bleeding with associated anemia 
[171]. Although fibroids are hormonally dependent, factors that stimulate development are 
largely unknown. Vitamin D status has recently been related to the development of uterine 
leiomyomas, with observations showing that lower 25(OH)D levels correlate with a higher 
risk and a greater volume of uterine [171, 172]. Recent studies showed that both myometrial 
and leiomyoma cells are highly sensitive to the regulatory effect of 1,25-dihydroxyvitamin D3 
[173]. The signaling of 1,25(OH)2D3 is mediated via its ubiquitously expressed nuclear recep-
tor, the vitamin D receptor, which is expressed in both the myometrium and endometrium of 
the human uterus throughout the menstrual cycle [174].

The pathogenesis of fibroids has been hypothesized to involve a positive feedback loop 
between extracellular matrix production and cell proliferation, and vitamin D might act to 
block the positive feedback [175]. Vitamin D deficiency may stimulate cell proliferation [176]. 
The vitamin D [1,25(OH)2D3]-induced antiproliferative action is mediated predominantly 
through a G1/S phase block of the cell cycle. Because 1,25(OH)2D3 regulates many of the 
cell cycle–regulatory genes and reduces or increases the kinase activities of cyclin-dependent 
kinases (CDKs), this results in a decreased number of cells in the S phase and an accumula-
tion of cells in the G0–G1 phase [177]. The cyclin-dependent kinase inhibitors p21 and/or p27 
are genomic targets of the 1,25(OH)2D3-VDR complex in many cell types. Also, 1,25(OH)2D3 
blocks mitogenic signaling, including that of estrogen, epidermal growth factor (EGF), and 
insulin-like growth factor 1, and upregulates growth inhibitors such as transforming growth 
factor β (TGF-β) [178]. In addition, 1,25(OH)2D3 activates VDR-mediated apoptosis [179].

Myometrial and leiomyoma cells are clearly target cells of 1,25(OH)2D3. The data are consis-
tent with the observed expression of VDR protein in the myometrial and leiomyoma tissues 
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and cultivated cells and with our previous description of VDR mRNA expression in myome-
trial biopsies [180]. The punctuate pattern of expression within the nuclei of cultured cells has 
also been observed in other cell types and may display specific binding sites of VDR to target 
genes [181].

More research is needed to find out whether women with hypovitaminosis D also have more 
uterine leiomyomas than women with efficient vitamin D supplies.

3.6. Vitamin D and endometriosis

Endometriosis is one of the estrogen-dependent inflammatory problems characterized 
by the expression of endometrial tissue outside the uterine related to chronic pelvic pain 
and subfertility. The prevalence of this disorder is 10% of all women and 40% of infer-
tile women. Although endometriosis is not a malignant disorder, disturbances in cellular 
proliferation, cellular migration, cellular invasion, and neoangiogenesis are common [182]. 
Endometriosis is dependent on a following complex interaction of immunologic, hormonal, 
genetic, and environmental factors; however, the etiology of endometriosis is not com-
pletely understood [182].

It is documented that the regulatory network of vitamin is involved in the pathogenesis of 
endometriosis [69]. The higher 25(OH)D levels in women with endometriosis are detected. 
The proposed associations of vitamin D status and endometriosis are as follows:

I: it has been shown that the VDR and 1a-hydroxylase are expressed in the endometrium [24], 
suggesting that endometrium is an extra renal site of vitamin D synthesis and vitamin D action 
which leads to overexpressing of them [183]. It has been shown that VDR and 1α-hydroxylase 
are expressed in both the orthotopic and ectopic endometria [183].

II: Genetic variation in the VDR could be involved as a potential link between the vita-
min D–regulatory network and endometriosis pathogenesis. VDR polymorphism has been 
investigated as a potential link between vitamin D–regulatory network and endometrio-
sis pathogenesis. It was indicated that VDR dysregulation compromises innate immune 
response, involving VDR in the pathogenesis of endometriosis. DNA methylation and 
transcriptional repression signaling have been suggested as the most affected pathways 
involving VDR dysregulation in women with endometriosis [69]. In this respect, the expres-
sions were the highest in the endometria of women with endometriosis involving the epig-
enome of steroid hormone response in the pathogenesis of the disease, and also VDRmRNA 
expression has the upregulation of VDRmRNA expression in the ovarian tissue of patients 
with endometriosis [184]. DNA methylation and transcriptional repression signaling have 
been suggested as the most affected pathways involving VDR dysregulation in women with 
endometriosis, involving the epigenome of steroid hormone response in the pathogenesis 
of the disease.

III: Vitamin D is involved in the regulation of the immune system, which may be speculated 
about an influence of vitamin D in the local immune suppression and development of endo-
metriosis. This finding may be explained by an influence of vitamin D on the local activity 
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of immune cells and cytokines maintaining endometriosis and an insufficiency to activate 
macrophage’s phagocytotic function in those carrying the GC*2 polymorphism.

However, the hypothesis of a beneficial effect of vitamin D supplementation in the treatment 
of patients with endometriosis has not yet been clinically tested.

3.7. Vitamin D and assisted reproductive technologies

Vitamin D has also been shown to be involved in the pathophysiology of some disorders of 
women of childbearing age that are most commonly encountered among women undergoing 
in vitro fertilization procedures [185].

The issue of whether vitamin D levels are reliable predictors of ART outcomes is still contro-
versial. In some studies, among infertile women undergoing IVF, women with higher serum 
concentration of vitamin D and follicular fluid were significantly more likely to achieve clini-
cal pregnancy following IVF, and also high serum vitamin D concentration was significantly 
related to improved parameters of ovarian hyperstimulation [186].

The mechanism by which vitamin D affects fertility is unclear. However, vitamin D acts 
through the endometrium to influence IVF success and is supported by biological evidence. 
Postulated mechanisms include its effect on ovarian steroidogenesis and implantation [186, 
187]. In addition, vitamin D signaling is involved in the cross-talk between the embryo and 
endometrium; in response to interleukin (IL)-1B secreted by the blastocyst, endometrial den-
dritic cells and macrophages produce 1-alpha hydroxylase and calcitriol (the active form of 
vitamin D) [188]. Calcitriol binds to the vitamin D receptor in the endometrium to regulate 
target genes such as calbindin, osteopontin, and HOX10A, genes critical for embryo implan-
tation and placentation [189]. Endometrial HOX10A expression parallels that of the vitamin 
D–signaling pathway; both increase mid-cycle shortly before expected implantation, at the 
time of maximal endometrial differentiation [189]. Vitamin D also has immunomodulatory 
effects that may contribute to implantation [190]. Calcitriol attenuates decidual T-cell func-
tion. Decidual natural killer cells treated with calcitriol show decreased synthesis of cytokines 
CSF2, IL1, IL6, and TNF. Calcitriol has also been shown to interfere with the production of 
cytokines in whole endometrial cells isolated from women with a history of recurrent mis-
carriage, leading some investigators to hypothesize that vitamin D could play a role in the 
treatment for recurrent miscarriage [191]. VDR and 1-alpha hydroxylase expression continue 
to increase in the first and second trimesters. In cultured syncytiotrophoblasts, calcitriol regu-
lates hCG expression and secretion, and it stimulates E2 and P secretion from trophoblasts 
in a dose-dependent manner [99]. Abnormal expression of 1-alpha hydroxylase has been 
observed in pregnancies complicated by preeclampsia, suggesting that calcitriol may regu-
late placental development. Thus, the impact of vitamin D deficiency may extend to the entire 
placental-decidual unit.

Further research is needed to elucidate the mechanism by which vitamin D acts to influence 
IVF success and to determine whether repleting one's vitamin D stores will improve preg-
nancy rates.
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3.8. Vitamin D and fetal outcomes

Although research into fetal origins of disease in later life remains in its infancy, there is 
increasing suspicion that gestational nutritional sufficiency may be a determinant of health 
in later life. Vitamin D deficiency has been related to various adverse maternal, fetal, and 
postnatal outcomes.

Recent research has focused on the role of gestational vitamin D status in modulating intra-
uterine growth, body composition, skeletal development, immune development, and respira-
tory health of the offspring:

• Intrauterine growth

It is shown that low vitamin D levels during pregnancy may account for reduced fetal growth 
and for altered neonatal development [192]. Variation in the maternal VDR gene polymor-
phisms contributes to vitamin D–related disparities in fetal growth [193]. Maternal VDR 
 genotype was significantly and independently associated with the risk of SGA, with impli-
cated SNPs differing in white and black women. In this respect, single VDR SNP (rs7975232) 
has association with birth weight. rs7975232, an anonymous polymorphism, is part of a VDR 
gene haplotype associated with variation in mRNA stability. mRNA stability can directly 
affect the amount of protein produced, thus directly affecting vitamin D levels and calcium 
homeostasis [194]. In early pregnancy, more than 300 genes were differentially expressed in 
women indicating a role of vitamin D in the genetic regulation of processes contributed in 
fetal development [195]. Further research identifying the functionality of VDR gene polymor-
phisms in pregnant women will improve our understanding of the underlying mechanisms 
influencing birth weight.

• Body composition

Increasing evidence that vitamin D affects cell development and differentiation in tissues 
including bone, muscle, and fat suggests that the in utero vitamin D environment may influ-
ence body composition and cardiovascular disease risk factors in the offspring [196]. In this 
respect, greater adiposity was found for men and women born in winter-spring, possibly 
reflecting fetal exposure to low vitamin D during the second or third trimester of pregnancy 
[196]. Vitamin D deficiency is also emerging as a risk factor for the metabolic syndrome in 
adults. The evidence supports an inverse relationship between serum 25OHD and compo-
nents of the metabolic syndrome, including blood glucose concentration, insulin resistance, 
dyslipidemia, raised blood pressure, and abdominal obesity [197]. The highly active form of 
vitamin D, 1,25(OH)2D3, exerts a coordinated control over lipogenesis and lypolysis [198]. 
Given current concerns about childhood obesity and the increasing prevalence of vitamin D 
deficiency with urbanization, it is important to explore the hypothesis that maternal vitamin 
D level may affect later body size and composition.

• Skeletal development

Advances in bone assessment technology have prompted research on gestational vitamin D 
status and offspring skeletal development. It is reported that maternal serum 25(OH)D was 
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inversely correlated with fetal femoral distal metaphyseal cross-sectional area and splaying 
index. Fetal femoral splaying is analogous to that seen in childhood rickets, suggesting that 
effects of vitamin D deficiency on bone development may initiate early in gestation [199]. 
Because bone size is related to bone strength, it is hypothesized that lasting differences in fem-
oral distal metaphyseal cross-sectional area may have implications on future fracture risk [35].

• Immune development

The role of prenatal vitamin D status in fetal and neonatal immune development comprises 
a growing area of research. Cord blood gene expression of tolerogenic immunoglobulin-like 
transcripts 3 and 4 (ILT3 and ILT4) was significantly higher when mothers were supplemented 
with vitamin D during pregnancy [200]. Also, a researcher showed that there is a weak but 
significant positive correlation between cord plasma 25(OH)D and cord blood mononuclear 
cell release of IFN-ɣ, a cytokine that plays a key role in Th1 cell development, upon stimula-
tion with lipopolysaccharide [200]. It suggests that prenatal vitamin D status could influence 
immune development and predisposition for allergy [201]. A recent body of work has begun 
to suggest that lower gestational vitamin D levels may also be associated with higher rates 
of pediatric atopic disease [202], food sensitivities [203], atopic dermatitis, eczema, asthma, 
impaired lung function, allergic disease, and other conditions frequently characterized by a 
hypersensitive immune state [204–206]. It appears that fetal vitamin D levels may play a mod-
ulating role in immune functions involved in atopic disorders. As hypersensitivity outcomes 
may also be seen in those children born to mothers contaminated with assorted xenobiotics 
in pregnancy [207, 208], however, it is not known whether the immune dysregulation and 
hypersensitivity may be the consequence of a primary gestational insufficiency of vitamin D, 
or whether various chemical toxicants might play a role by impairing vitamin D uptake, renal 
synthesis, and assimilation [209] while at the same time inducing immune compromise and 
hypersensitivity through other mechanisms [210].

• Respiratory health

Earlier findings of an inverse correlation between maternal intake of vitamin D during preg-
nancy and incidence of wheeze or asthma in the offspring [137] have raised interest in the 
role of vitamin D in childhood respiratory health. It is reported that maternal vitamin D defi-
ciency increases the risk of both respiratory and general infections in the first 3 months of life, 
and also cord blood vitamin D status was inversely associated with wheeze during the first 
5 years of life [211]. Similarly, infants born to mothers with a vitamin intake during pregnancy 
had significantly lower odds of developing wheeze or eczema [212]. It seems that vitamin D 
plays an essential role in myriad genes that encode for health and well-being in the offspring, 
it behooves the medical and public health community to endeavor to secure vitamin D ade-
quacy in the gestational period.

3.9. Vitamin D and lactation

Near-exclusive breastfeeding for 6 months leads, on average, to maternal calcium loss four 
times higher than in pregnancy because lactation can require 150–300 mgCa/kg/day. Vitamin D 
goes across easily into breast milk, but 25(OH)D passes very poorly, and 1,25(OH)2D does not 
seem to pass at all [213]. 1,25(OH)2D level decreases quickly after pregnancy and are normal 
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during lactation [213]. 25(OH)D concentrations were decreased during lactation [214]. In lactat-
ing rats and mice, 1,25(OH)2D levels remain elevated until weaning [213].

Studies have generally shown that providing vitamin D to lactating mothers increases their 
25(OH)D concentrations but has no significant effect on any other maternal outcome [215, 216]. 
Animal studies showed that skeletal resorption prepared most of the calcium required during 
lactation, irrespective of dietary calcium intake. The obligatory increase in PTHrP and decrease 
in estradiol program the lactational loss of skeletal calcium content, and vitamin D status does 
not affect this loss. Increasing calcium and vitamin D intake during lactation might simply 
increase urinary calcium and, thereby, increase the kidney stone risk [70].

4. Vitamin D and menopause

During menopause, the estrogen deprivation results in elevated bone turnover, reduction 
in bone mineral density, and increase in the risk of fracture. Musculoskeletal discomfort 
may impair health-related quality of life. Moreover, body composition changes including 
increased fat mass and decreased lean mass, which may be related to elevated risk of VD 
deficiency. However, we discuss the adverse health outcomes related to both menopause and 
VD deficiency and the possible interaction of both risk factors in these conditions.

4.1. Vitamin D and vasomotor climacteric symptoms

Hot flashes are the most common menopausal symptom. Although their exact pathophysi-
ological mechanism is unclear, estrogen deprivation is suggested to cause stimulation in nor-
adrenergic hyperactivity, which leads to a heat loss response and the sensation of warmth 
throughout the body followed by sweats [217]. There are several lines of evidence indicating 
shared complications of women affected by vasomotor climacteric symptoms and vitamin D 
deficiency such as accelerated bone turnover, increased loss of bone mass, hypertension, and 
depression. Also, it is suggested that decline in serotonin, as a neurotransmitter with known 
effects on thermoregulation, is an alternative underlying mechanism in vasomotor climacteric 
symptoms. In this respect, vitamin D can protect against experimental serotonin depletion; 
one proposed mechanism for symptom alleviation is the prevention of serotonin decline in 
menopause [218]. RCTs investigating the effect of VD supplementation using adequate doses 
in peri- or early postmenopausal women are warranted.

4.2. Vitamin D, obesity, and menopause

Some studies demonstrated that menopause is related to obesity and changed body fat distri-
bution. Obesity occurs because fat-free mass was lost after menopause, due to lesser exercise 
and greater increases in fat mass [219]. This could increase the risk of cardiometabolic disease, 
cancer, and consecutive mortality [220]. It has been related to estrogen effects on lipolysis and 
lipogenesis in visceral adipocytes [221] and the SHBG-lowering effect of estrogen deficiency 
resulting in elevated free testosterone levels. Hyperandrogenemia is related to visceral fat accu-
mulation [221]. Although the serum level of estrogens and androgen levels decrease during 
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menopause, but the more pronounced decrease in estrogen levels might result in increased vis-
ceral fat accumulation [219]. In addition, estrogen deprivation may also effect on energy balance, 
metabolic rate, fat oxidation, and total body weight [219]. It is well documented that obesity is 
associated with vitamin D deficiency. It is demonstrated that a higher degree of obesity leads 
to lower 25(OH)D, whereas any effects of lower 25(OH)D increasing BMI are likely to be small. 
Interestingly, vitamin D supplementation decreases body fat mass without any change in body 
weight or waist circumference [222]. Further, physical activity and thus sun exposure, which is 
essential for vitamin D production in the skin [223], decline during menopause [224].

4.3. Vitamin D, cardiovascular disease, and menopause

Cardiovascular diseases are not common among premenopausal women. Sex difference 
between cardiovascular outcomes in female and male may be associated with protective effects 
of endogenous estrogens. The estrogen deprivation during menopause may be related to the 
unfavorable changes of lipid and carbohydrate metabolism during menopause leading to the 
increased incidence of cardiovascular events [220]. There is large evidence from observational 
studies linking low vitamin D levels with cardiovascular risk factors as well as with cardiovas-
cular events [225]. Vitamin D has been suggested to be involved in insulin resistance, type 2 
diabetes, and the MetS in premenopausal as well as in postmenopausal women [225]. This asso-
ciation might in part be caused by the relation of hypovitaminosis D with obesity (Figure 3).

Figure 3. Menopause, low serum vitamin D, and cardiovascular diseases.
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There are, however, mechanisms beyond obesity such as a beneficial VD effect on insulin 
action and VD-related genetic variants are associated with insulin resistance and insulin sensi-
tivity [153]. Hypovitaminosis D has also been associated with hypercholesterolemia in several 
studies [226]. As low VD levels are associated with an unhealthy lifestyle such as few physical 
outdoor activities, a sedentary lifestyle, and obesity, it is difficult to interpret these findings.

4.4. Vitamin D, musculoskeletal disease, and menopause

Estrogen deprivation in menopause has been suggested as risk factor developing musculo-
skeletal symptoms such as aches and pain, joint pain, muscle stiffness, and skull and neck 
aching [227, 228]. Accelerated loss of bone mass occurs during the menopause as a result of 
naturally decreasing estrogen levels, putting women at risk of osteoporosis and fracture. 
Lifestyle advice including adequate calcium and VD intake, physical activity, encourag-
ing nonsmoking, and only moderate alcohol consumption has been recommended for bone 
health in postmenopausal women [224]. It has been demonstrated that vitamin D has a dual 
effect on the musculoskeletal system: (i) on the bone mass, bone density, and bone quality 
and also (ii) on the muscle mass, muscle strength, and muscle function. In addition, adequate 
vitamin D status decreases the risk of falling in older individuals, due to improved neuro-
muscular function [225]. Hypovitaminosis D myopathy is a prominent symptom of vitamin 
D deficiency, and severely impaired muscle function may be present even before biochemi-
cal signs of bone disease develop [229]. There is evidence showing that hormones includ-
ing VD as well as sex hormones modulate the functional relation between bone and muscle 
tissues. Also, there is evidence suggesting a relationship between osteoporosis, cardiovas-
cular disease, and mortality, and low VD levels may be an underlying mechanism that are 
associated with increased bone turnover and increased risk of mortality and mortality [230]. 
Meanwhile, as both menopause and low level of vitamin D are related to musculoskeletal 
symptoms, it is suggested that vitamin D supplementation may benefit for joint pain, muscle 
mass, and function in peri- and postmenopausal women. Moreover, vitamin D supplementa-
tion might recover muscle function which leads to better bone mineral density and a lower 
risk of falling. Also, it has a positive effect on impaired cognitive function and depression, 
which may per se decrease the risk of falling [225]. Thus, randomized trials investigating 
vitamin D effects in peri- and early postmenopausal women on musculoskeletal symptoms 
and diseases are highly needed.

4.5. Vitamin D, cancer, and menopause

The incidence of cancer rises in women with increasing age. Besides other factors, this is 
aggravated by several lifestyle aspects such as reduced physical activity, a sedentary lifestyle, 
increased caloric intake, as well as obesity [224]. There is accumulating evidence suggesting 
that the low level of vitamin D is one of important risk factors for cancer and cancer-related 
mortality [231]. High 25(OH)D levels are related to reduction in mortality in patients suffering 
from colon, lung, and breast cancer [232, 233]. The underlying pathophysiology is not com-
pletely understood, but it is suggested that antiproliferative and apoptotic effects of vitamin 
D on cancer cells, inhibition of metastatic distribution and tumor invasion, and promotion of 
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sensitivity to radiation and chemotherapy influence on decreased mortality in cancers [233]. 
Since the increased risk of hypovitaminosis D in peri- and early postmenopausal women as 
well as the fact that underlying risk factors are also associated with an increased risk of cancer, 
one might speculate that an adequate vitamin D levels in those women might also be helpful 
regarding the risk of cancer.

4.6. Vitamin D, menopause, and mood disorders

It is well documented that women are more at a higher risk compared to men who develop 
psychological problems such as mood disorders and depression, which has been related to 
the effect of estrogen fluctuation during reproductive cycle. As well, some studies reported 
an increased prevalence of depression and anxiety in women across the menopausal transi-
tion [234]. It has been suggested that vitamin D may affect mood and cerebral function and 
the low level of vitamin D is related to vascular neuropathology [225]. Increased phagocy-
tosis of amyloid plaques, antioxidative effects, modulation of neurotrophins, neuronal cal-
cium regulation, immunomodulation and vascular protection [235], and changes in calcium 
homeostasis [236] are observed. Vitamin D deficiency and the decline in estrogens during 
menopausal transition are conditions associated with an increased risk of mood disorders 
such as depression. In this respect, more research is needed.

5. Vitamin D and male fertility

There is extensive evidence demonstrating that calcium is essential in the male reproductive 
system, where it is crucial for spermatogenesis, sperm motility, and acrosome reaction [237]. In 
this respect, the role of vitamin D, as an important modulator of calcium metabolism, in semen 
quality and spermatogenesis is not completely understood.

The basis of the interplay between vitamin D and reproduction lays on the presence of both 
VDR and 1α-hydroxylase (CYP27B1) in various tissues of the reproductive system in both 
sexes. VDR expression has been shown in the testis of rat [238]. Human studies demon-
strated that vitamin D receptors are found in testis, epididymis, prostate, seminal vesicles, 
and Leydig cells. The level of expression differs, which is higher in epididymis and seminal 
vesicles compared to others [239]. Vitamin D receptors were also expressed in normal and 
abnormal sperm [239]. Acrosomal region, head, especially the nucleus, and the neck of the 
sperm are the sites with the most numerous mRNA VDR expression [240].

The precise role of vitamin D receptors in the sperm nucleus is unclear. It has been shown that 
it has a protective genomic factor, which is essential for the proper control of sperm DNA integ-
rity and maintenance of genome stability [240]. The 1,25 (OH) 2D3 molecules seem to regulate 
cholesterol efflux in human sperm, affect tyrosine and threonine phosphorylation of sperm 
proteins, and enhance sperm bioavailability. Further, it increases intracellular calcium levels, 
sperm mobility, and acrosin activity, and decreases triglyceride in sperm to contribute in fertil-
izing capacity within the female reproductive system [241]. Vitamin D receptors are also found 
in the cytoplasm of epithelial cells of the epididymis and ductal prostate epithelium [242].
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Meanwhile, it is shown that the mRNA encoding CYP2R1 [243] and CYPB1 is presented in 
all tissues of the reproductive tract [243]. The exact role of CYPR1 is unclear, but it has been 
suggested that it is related to vitamin D functions, as its expression progressively reduces 
in testicular damage [243]. Vitamin D appears to be implicated in amino acid accumula-
tion, which is achieved either through its genomic effect, triggered by protein kinase A and 
C (PKC), or by a rapid, nongenomic effect, contributing in calcium/potassium channels in 
the plasma membrane [244]. The cyclic AMP/PKA complex is a mediator of 1,25(OH)2D3 
in both genomic and nongenomic actions. As such, 1,25(OH)2D3, membrane depolarization 
occurs, inducing the opening of L-calcium channels and entry of calcium [241]. However, 
in sertoli cells, vitamin D could induce calcium uptake through an unknown receptor activ-
ity [245]. Further, vitamin D acts on sertoli cells through chloride channel activation, which is 
mediated through a PKA/PKC-dependent, nongenomic pathway [246]. Vitamin D enhances 
gamma-glutamyl transpeptidase activity, an enzyme contributed in the synthesis of pro-
teins produced by sertoli cells. Literature supported a protective effect of vitamin D from 
oxidative stress and cellular toxicity, as well as maintenance of the number and motility of 
sperm [247]. Lastly, it has been suggested that vitamin D induces the expression of calcium-
binding protein CaBP28k in testis, which is contributed in the process of spermatogenesis 
and  steroidogenesis [248].

Recent literature suggested that men suffering from severe hypospermatogenesis or idio-
pathic sertoli cell-only syndrome (SCOS), despite normal levels of total testosterone and 
estradiol, had lower plasma 25(OH)D concentrations, higher concentrations of bone resorp-
tion markers, and lower T-scores both in femoral neck and in lumbar spine compared to 
healthy controls [240, 249]. Researchers showed that there are positive correlation of 25(OH)
D serum levels with sperm motility and progressive motility. Moreover, men with vitamin 
D  deficiency (<10 ng/ml) had a lower proportion of motile, progressive motile, and morpho-
logically normal spermatozoa [250]. Further investigations are needed to evaluate the positive 
role of vitamin D supplementation in men’s infertility.

6. Vitamin D supplementation

There are no specific guidelines regarding vitamin D supplementation for women or men 
affected by endocrine disturbances. Thus, according to positive vitamin D effects on bone 
health, the Institute of Medicine [251] and the Endocrine Society [22] suggest a vitamin D 
level of at least 50 nmol/l (20 ng/ml). Based on the Recommended Daily Allowance (RDA, 
covering requirements of R97.5% of the population), the daily intake of vitamin D should 
be 600 IU/day for each person up >70 years and 800 IU/day for older adults. The Endocrine 
Practice Guidelines Committee [22] recommend a daily intake of 1500–2000 IU vitamin D3 
daily for adults older than 18 years up to 70 years in order to raise the blood level of 25(OH)
D to more than 30 ng/ml. It is documented that vitamin D supplementation with 1000 IU/day 
increases 25(OH)D levels/10 ng/ml [133]. However, in severe vitamin D deficiency, higher 
doses of vitamin D 50,000 IU weekly for up to 8 weeks are recommended. Notably, vitamin D 
intoxication, which leads to hypercalcemia, renal damage, and vascular calcification, occurred 
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in 25(OH)D levels to more than 150 ng/ml [18]. Regarding several adverse effects of the low 
level of  vitamin D on different health aspects, vitamin D supplementation in order to reach an 
adequate vitamin D level is highly recommended.
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Abstract

Vitamin D deficiency has an impact on the reproduction of more than 40% of repro‐
ductive age women globally.  Fibroids are more common among African‐American
females  owing  to  their  decreased  milk  consumption  and  reduced  absorption  of
ultraviolet  rays,  supporting the relation between vitamin D deficiency and fibroid
development. Vitamin D has an inhibitory effect on leiomyoma cells by suppression of
proliferation  cell  nuclear  antigen  (PCNA),  BCL‐2,  BCL‐w,  CDK1,  and  catechol‐O‐
methyltransferase (COMT) protein levels. A growing evidence support the relationship
between vitamin D deficiency and endometriosis through overexpression of vitamin D
recseptor (VDR) and α‐hydroxylase enzyme, however, it is still unclear if the endome‐
triosis patients could benefit from vitamin D supplementation. Effect of vitamin D
supplementation on the metabolic outcomes of polycystic ovary (PCO) has been studied
and  reveled  that  it  is  negatively  correlated  with  fasting  glucose,  fasting  insulin,
triglycerides, C‐reactive protein, free androgen index, and Dehydroepiandrosterone
(DHEAS) and positively associated with quantitative insulin sensitivity check index
(QUICKI), high density lipoprotein cholesterol (HDL‐C), and sexual hormone binding
globulin (SHBG), whereas its impact on the ovarian function is still unclear. Vitamin D
deficiency may worse the obstetrical outcomes, including preeclampsia, gestational
diabetes, low birth weight, increased cesarean section rate, neonatal asthma, seizures,
and preterm labor. The relationship between serum levels of 25‐hydroxy‐vitamin D
(25(OH) D) and pregnancy rates in ART is still debatable, with the need to conduct more
clinical trials toward it. The in vitro antiproliferative and prodifferentiative effect of
vitamin D might find a role in control of hyperplastic overactive bladder. Several studies
support that vitamin D deficiency constitutes a risk factor for development of many
types of cancer such as breast, ovarian, and colorectal.
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1. Introduction

Over the past decade, a global pandemic of vitamin D deficiency has grown among all racial
groups. Based on the National Health and Nutrition Examination Survey analysis, the overall
revalence rate of vitamin D deficiency was 41.6%, with the highest rate detected in blacks
(82.1%), followed by Hispanics (69.2%) [1].

Vitamin D is a naturally occurring steroidal hormone whose primary role in the human body
is calcium homeostasis, keeping bones healthy and strong. However, a recent body of research
strongly indicates that vitamin D’s relevance and significance extend well beyond just keeping
bones healthy and strong but rather plays a more pivotal role in the body’s overall health,
including its role or lack thereof in chronic diseases such as diabetes, obesity, autoimmune
disease(s), cardiovascular disease, and cancer [2]. This is largely attributed to vitamin D’s
ability to affect different types of cells by turning genes within these cells “on and off”; thereby
playing a major role in controlling cellular growth, function, and death [3].

Many studies have recently investigated the relationship between levels of vitamin D levels
and cancer [3]. Low levels of vitamin D have been associated with a 30–50% increased risk of
colon, prostate, and breast cancer [4]. Indeed, vitamin D’s growing role in human immunity
might provide a logical explanation for these disease manifestations. However, data that
support a definitive causal relationship between vitamin D deficiency and these cancers, as
well as, further elucidate the associated benefits of vitamin D supplementation are extremely
limited [4].

In female reproduction, the importance of vitamin D was initially appreciated in vivo, as mice
who were either deficient in vitamin D or lacked the vitamin D receptor (VDR), suffered from
underdeveloped uteri and an inability to form normal mature eggs, which in turn lead to
infertility [5]. In humans, VDR, a member of the nuclear receptor family, is expressed in many
female organs, including the ovaries (granulosa cells), uterus (endometrium and myometri‐
um), and placenta [6]. These receptors are targeted by the active form of vitamin D (calcitriol
= 1, 25 dihydroxy vitamin D) and produce an array of effects in female reproduction. For
example, calcitriol regulates genes involved in estrogen synthesis [6]. It also controls several
genes involved in embryo implantation [7].

Poor vitamin D status has been associated with a wide array of obstetrical complications and
gynecological diseases [6, 7]. Furthermore, vitamin D has also played a progressive role in
assisted reproductive techniques such as in vitro fertilization [8, 9]. In this chapter, we critically
summarize the most recent data regarding the impact of vitamin D deficiency on female
reproduction and related disorders.
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Poor vitamin D status has been associated with a wide array of obstetrical complications and
gynecological diseases [6, 7]. Furthermore, vitamin D has also played a progressive role in
assisted reproductive techniques such as in vitro fertilization [8, 9]. In this chapter, we critically
summarize the most recent data regarding the impact of vitamin D deficiency on female
reproduction and related disorders.
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2. Vitamin D and uterine fibroids

Uterine fibroids (AKA: leiomyoma) are the most common hormone‐dependent gynecologic
tumors, affecting up to 70% of reproductive aged women. They arise from the proliferation of
smooth muscle cells, forming a mass surrounded by a pseudocapsule of compressed muscle
fibers [10, 11].

They are often asymptomatic, discovered incidentally in routine bimanual pelvic and/or
ultrasound examination. Nevertheless, some leiomyomas may be complicated by a variety of
symptoms including abnormal uterine bleeding, pelvic pressure, and pain, increased urinary
incontinence, bowel disturbance, and are associated with infertility and recurrent abortion [12,
13]. Consequently, surgery represents the main treatment modality for symptomatic cases [11].

Hysterectomy is usually an option for women who have completed childbearing; however,
many women may prefer to be treated with other conservative therapies as myomectomy to
preserve her future fertility [14]. No definitive medical treatment has been established and can
be used for short‐term therapy. Evolving agents might have a role in the near future, such as
vitamin D, green tea extract, and elagolix (oral GnRH antagonist). Furthermore, agents, such
as selective E receptor modulators (SERMs) and gestrinone, can be used to decrease leiomyoma
size with minimal side effects [15].

Sabry and Al‐Hendy [15] have studied the potential effect of epigallocatechin‐3‐gallate
(EGCG), one of the major green tea components, on the human leiomyoma cells. They found
that EGCG inhibits the proliferation of these cells and induces apoptosis.

The pathophysiology behind the development of uterine fibroids is still not completely
understood, growing evidence has supported the fact that both estrogen and progesterone
play major roles in fibroid growth [16]. Al‐Hendy group studied the Med12 gene somatic
mutations in females with symptomatic uterine fibroids from the southern United States. They
found four novel somatic mutations in the Med12 gene in uterine fibroids in this population,
whereas, no mutations were identified in the Med12 gene in normal myometrium in these
women [17].

Several studies revealed a two‐ to threefold higher incidence of uterine fibroids in African‐
American females as compared with other racial types, including Caucasians, Hispanics, and
Asians [18]. This is supported by finding of uterine leiomyomas in 75% of hysterectomies
performed on African‐American women [19].

Analysis of leiomyoma phenotype performed by Baird et al. revealed that 73% of African‐
American females had multiple leiomyoma on ultrasound, whereas only 45% of Caucasian
females pretended this phenotype [18]. The cumulative incidence of development of fibroid
among African‐American females is 80% by age 50 years, with annual incidence of 3% during
their reproductive period [20, 21].

There are several dietary sources of vitamin D, such as fatty fish, fish oils, fortified foods, and
vitamin supplements; however, sunlight exposure remains the main source of vitamin D [22].
High melanin concentrations in African‐Americans have largely contributed to decreases the
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absorption of ultraviolet rays from the sun. Furthermore, decreased milk consumption due to
lactose intolerance diminishes the levels of vitamin D as well [23, 24].

Al‐Hendy et al. have addressed a correlation between lower serum vitamin D levels and an
increased risk of uterine leiomyoma in 2013 in a cohort of black and white females from North
Africa. In addition, they revealed a significant inverse association between vitamin D serum
levels and the severity of fibroids among African‐American females [16].

These findings were supported by Baird et al. when they determine that women with sufficient
levels of vitamin D were less likely to develop uterine fibroids and found that levels of vitamin
D was 10% of African‐Americans and 50% of Caucasians, with an adjusted odds ratio of 0.68
[25]. Also, Paffoni et al. found that women with vitamin D deficiency were more likely to have
uterine fibroids, with an adjusted odds ratio of 2.4 [26].

The exact mechanism of uterine leiomyoma development is still unclear; however, there are
several contributing factors, including clonal smooth muscle cell proliferations, chromosomal
abnormalities, hormonal deregulation, and growth and angiogenic factors [27–30]. Catherino
et al. have postulated that protein encoding genes from the extracellular matrix (ECM) were
overexpressed in leiomyomas. Consequently, analysis of the ECM in leiomyoma tissue
revealed a disturbed orientation of collagen fibril with reduction of its binding protein, which
is called dermatopontin. Nevertheless, the latter was associated with an increase in transform‐
ing growth factor (TGF)‐b3 messenger RNA levels [31].

Currently, TGF‐b3 represents the only growth factor found to be overexpressed in leiomyoma
samples during the secretory phase [32]. Recent COMT (catechol‐O‐methyltransferase) and
ER‐α (E receptor‐α) polymorphism analyses in women from different ethnic groups was
performed by Al‐Hendy et al. and concluded that females with a high expression genotype
for COMT were 2.5 times more likely to develop leiomyomas than females with other geno‐
types. That points to the vital role of submicroscopic genetic anomalies in formation of
leiomyoma in African‐American females [33].

Blauer et al. studied the role of vitamin D3 in the regulation of uterine leiomyomas growth
and demonstrated that bioactive 1a, 25(OH) 2D3 inhibits the growth of both leiomyoma and
myometrial cells derived from human tissues of premenopausal females undergoing hyster‐
ectomy. This growth inhibition was found to be a concentration dependent, being a concen‐
tration of 100 nM‐the physiological level, sufficient to produce that inhibition [34, 35]. Baird et
al. addressed that women with uterine leiomyomas have lower levels of serum vitamin D3
compared to their healthy counterpart women [25]. Moreover, serum levels of vitamin D3 are
inversely proportional to leiomyoma sizes, supporting that vitamin D3 deficiency could be a
potential risk factor for the development of uterine leiomyoma [26].

Al‐Hendy group studied the mechanism of action of vitamin D on human uterine leiomyoma
cell proliferation. Cells were treated with vitamin D3, followed by measurement of prolifera‐
tion cell nuclear antigen (PCNA), BCL‐2, BCL‐w, CDK1, and COMT protein levels. They found
a downregulation of PCNA, CDK1, and BCL‐2 and suppression of COMT expression in human
leiomyoma cells, favoring that vitamin D3 inhibits growth and induces apoptosis in cultured
leiomyoma cells. In the following study, they tested the effect of vitamin D3 on TGF‐b3–
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induced fibrosis-related protein expression in human cells and concluded the suppressant
effect of vitamin D3 onTGF-b3 in human leiomyoma cells [34].

Wei et al. conducted a study to verify the ethnic differences in tumorigenic factors of uterine
leiomyomas. They identified selective genes by performing tissue microarray analyses and
specific immunohistochemistry procedures involved in the development of leiomyomas and
compared the results with matched myometrial tissue. They revealed that P receptor PR-A
was upregulated in fibroid tissue of African-American females in comparison to other ethnic
groups. Moreover, the E receptor, ER-a, was elevated in both the normal myometrial and
leiomyoma tissues of African-American females when compared with other ethnic groups [35].

Recently, Al-Hendy et al. assessed the effect of vitamin D3 on leiomyoma growth in the Eker
Rat model of uterine fibroids. They found that treatment with vitamin D3 significantly
minimize leiomyoma size by inhibiting cell growth, proliferation-related genes (PCNA, cyclin
D1 [Ccnd1], c-Myc, CDK1, CDK2, and CDK4), antiapoptotic genes (BCL2 and BCL-xl), and E
receptor ER-a, and P receptors PR-A and PR-B [36]. Similarly, they found that paricalcitol, an
analog of 1, 25-dihydroxyvitamin D3, significantly decreased fibroid tumor size in female nude
mice as compared with placebo [37].

3. Vitamin D and endometriosis

Endometriosis is a chronic gynecological disorder affecting 5–10% of female population of
reproductive age, with increased prevalence up to 30–40% among infertile women [38]. It can
be defined as the presence of endometrial tissue in ectopic locations including ovaries, bladder,
and bowel. The most common symptoms are dysmenorrhea, dyspareunia, chronic pelvic pain,
and infertility [39].

The exact pathogenesis of the endometriosis is still questionable; however, several theories
have been suggested. One of the most supporting theories is the development of immune
system dysfunction, which leads to a state of chronic inflammation [40, 41].

A series of immunologic changes have been reported leading to endometriosis development,
including a reduction in T -cell cytotoxicity, a functional deficit of natural-killer lymphocytes
and higher concentration of activated macrophages in the peritoneal fluid, which consequently
trigger a cascade of cytokines and vascular endothelial growth factors promoting proliferation
of endometrial cells and angiogenesis [42, 43]. Genetic predisposition may play a role in
incidence of endometriosis. It has been reported that first degree relatives have a three- to
fivefold increased risk of endometriosis development [44].

Furthermore, there are several recognized endometriosis susceptibility genes, which are
associated with steroid hormone action, immune response, oxidative stress, glucose homeo-
stasis, vascular and tissue remodeling, and apoptosis [45, 46].

Several investigators studied the potential correlation between endometriosis and vitamin D.
Viganò et al. addressed that the endometrium expresses the VDR and 1α -hydroxylase enzyme
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irrespective of the menstrual cycle. Furthermore, they found that 1α‐hydroxylase is expressed
both in the eutopic and in the ectopic endometrial cells of women affected by endometriosis
and that the enzyme expression is higher in the proliferative phase of the menstrual cycle [43].

Agic et al. supported these results and found an elevation of 24‐hydroxylase in patients with
endometriosis, indicated a very active metabolic process of vitamin D in the endometrium.
These studies propose a local paracrine action of vitamin D, that could be involved either in
the regulation of the immune system activity and in the cytokine production [47].

However, it is very hard to determine whether the endometriosis patients may benefit from
Vitamin D supplementation, as the relationship between vitamin D and endometriosis seems
to be more complicated. Hartwell and colleagues tested for the first time the metabolism of
vitamin D in 42 women with endometriosis. They discovered that levels of 25(OH) D in the
serum were normal, whereas the levels of 1, 25(OH) 2D3 were increased compared to the
control group [48]. Lasco et al. conducted a prospective study, to examine the effect of a
singleloading dose of cholecalciferol (300,000 IU) on primary dysmenorrhea; they found a
significant reduction of pain in the supplemented group compared with the placebo group (P
< 0.001) [49].

Somigliana et al. showed that the levels of 25(OH) D were significantly increased in the group
of women with endometriosis, whereas the levels of 1, 25(OH) 2D3 and calcium were the same
compared to the control group [50].

A prospective study was conducted by Harris et al. They reviewed 70,556 women, including
1385 with endometriosis and 69,171 matched controls regarding age, season, race, geographical
region, alcohol intake, and physical activity. They found an inverse association between serum
values of 25(OH) D and endometriosis: women in the highest predicted 25(OH) D quintile and
highest intake of vitamin D from food had respectively a 24% and 21% lower risk of endome‐
triosis compared with those in the lowest quintile. These results support the hypothesis that
low levels of vitamin D are associated with an increased risk of endometriosis [51].

4. Vitamin D in polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in the reproductive
age women, with a prevalence of 6–19% in the general population [52–56]. The etiology of the
syndrome remains largely unknown. Key characteristics of PCOS include ovulatory dysfunc‐
tion, hyperandrogenism, and polycystic ovaries [57–59].

Insulin resistance (IR), yet another key feature of PCOS, plays a significant role in the devel‐
opment of metabolic complications such as type 2 diabetes mellitus, dyslipidemia, abdominal
obesity, and increased risk of cardiovascular disease (CAD) [60, 61].

Current evidence supports the important role of vitamin D in energy metabolism and homeo‐
stasis. Animal studies have demonstrated that vitamin D signaling is directly involved in
transcriptional activation of the insulin receptor gene [62] and inhibits pro‐inflammatory
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cytokines. Thus, the metabolic disarrangements observed in IR among PCOS patients may
have a connection to the suboptimal Vitamin D level [63].

A recent systematic review and meta‐analysis summarized the relationship between serum
level of vitamin D and metabolic outcomes in women with PCOS, as well as determined the
effects of vitamin D supplementation [64]. A pooled estimate of five observations revealed no
significant difference in 1, 25(OH) 2D levels among PCOS patients as compared to the controls
(SMD: 0.18; 95%CI: −0.10 to 0.45) [64].

Interestingly, vitamin D deficient PCOS patients were found to have lower HDL‐C, higher
fasting glucose, fasting insulin, HOMA‐IR, HOMA‐β, and FAI [64]. Serum levels of 25(OH) D
were negatively correlated with fasting glucose, fasting insulin, triglycerides, C‐reactive
protein, free androgen index, and DHEAS among PCOS patients [62]. Moreover, vitamin D
was found to be positively associated with QUICKI, HDL‐C, and SHBG [64].

Studies addressing pretreatment and post‐treatment with vitamin D supplementation have
shown only significant decreases in triglyceride levels −0.45 (−0.73, −0.17) [64]. Furthermore,
supplementation with vitamin D did not demonstrate any significant difference in metabolic
parameters, androgen levels, and serum levels of 25(OH) D as compared to placebo [64].

In summary, clinical data support that vitamin D status is related to metabolic dysfunctions in
PCOS. Moreover, vitamin D deficiency may worsen existing metabolic disarrangement in
PCOS [64]. However, limited clinical evidence found no improvement of those disarrange‐
ments with a standard vitamin D supplementation. Over the past several years, there has been
significant interest to vitamin D’s effect on ovarian function in PCOS [65–71].

Clinical data demonstrate that 25OHD3 deficiency can be negative predictor of follicle
development with clomiphene citrate stimulation [65]. However, the exact mechanism of
vitamin D action on mammalian ovaries is not clearly understood. A vitamin D receptor has
being identified in ovarian granulosa cells [66, 67], and animal studies suggest that the
promoter for Anti‐Müllerian hormone (AMH) is under vitamin D downregulation [67].

It is also well‐known now that excessive ovarian production of AMH, secreted by growing
follicles is an important feature of PCOS [68]. Taken into account that vitamin D signaling can
modify the expression of AMH in ovaries, it is highly probable that vitamin D supplementation
may also affect ovarian physiology in PCOS and possibly improve folliculogenesis. Surpris‐
ingly, there have been very few studies published. Thys‐Jacobs et al. reported a study with 13
oligomenorrheic normocalcemic PCOS women who received vitamin D and calcium. Two
months of treatment resulted in normalized menstrual cyclicity for 7 of 13 women [68].

In a more recent small clinical trial, 60 infertile PCOS patients were randomized into three
groups: [1] vitamin D with calcium; [2] metformin only; and [3] combination of both [69]. The
combination group demonstrated the higher number of dominant follicles at second‐ and
third‐month follow‐up visits [69]. In another study of 67 vitamin D deficient women with and
without PCOS, vitamin D supplementation was associated with decreased serum levels of
AMH in PCOS patients, which suggests a possible improvement in ovarian physiology [70].
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In conclusion, the results of basic research and several small clinical studies suggest that
vitamin D has a positive effect on ovarian function in PCOS women; however, further clinical
trials are needed.

5. Vitamin D and pregnancy

The role of vitamin D in pregnancy outcomes has recently gathered much attention. Pregnancy
is a state of increased calcium demand and fetal/neonatal vitamin D status is dependent on
the maternal level of vitamin D [71, 72].

Observational studies have shown consistent associations between obstetrical clinical out‐
comes and poor maternal vitamin D status, including preeclampsia, gestational diabetes, low
birth weight, increased cesarean section rate, neonatal asthma, seizures, and preterm labor [73–
75].

Although vitamin D deficiency in pregnancy is documented to be common by CDC (Center
of Disease Control and Prevention) and the WHO (World Health Organization), a clear
consensus for screening and management of vitamin D deficiency in pregnancy has not yet
been adopted, owing to a paucity of research data regarding the role of vitamin D in pregnancy
biology and limited clinical trials on the use of vitamin D supplementation to improve
obstetrical outcomes [73, 76].

Studies have showed that vitamin D supplementation impacts inflammatory markers,
contractile‐associated proteins, estrogen receptor α, and progesterone receptor A/B ratio in
human uterine smooth muscle cells. Vitamin D prevents inflammation‐induced changes in
myometrial cells mediated through the nuclear factor (NF)‐κB pathway [77]. Deficient or low
levels (hypovitaminosis) of vitamin D during pregnancy might be a risk factor for preterm
birth [78, 79].

There is increasing evidence that corticotropin releasing hormone (CRH) plays a pivotal role
in the control of human pregnancy and parturition. During human pregnancy, the placenta
and fetal membranes produce large amounts of CRH, which steadily increases in concentration
with advancing pregnancy [80]. It has been shown that CRH promotes myometrium quies‐
cence during most of pregnancy, whereas it facilitates myometrial contractility after the onset
of parturition. However, the mechanisms by which CRH exerts such dual effects remain
unclear [81].

Vitamin D and CRH might interact during pregnancy through a number of pathways. The
activation of CRH receptors initiate a variety of subsequent signals including protein kinase
C (PKC) pathway that increase vitamin D receptor expression [82]. CRH synthesis is partly
regulated through a noncanonical NF‐κB pathway, which might be affected by vitamin D status
[82]. A poor understanding of spontaneous preterm birth (PTB) or its risk factors and a lack of
reliable biomarkers contribute to the difficulty in prevention, early diagnosis, and treatment
of PTB [83].
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6. Vitamin D and reproduction

Evidence from both animal and human studies strongly suggests a potential role of vitamin
D in human reproduction. Assisted reproductive technology (ART) has been presented as a
valuable model to study the effect of vitamin D deficiency on specific aspects of human fertility
as it allows the separate evaluation of the various step of the reproductive process, including
sperm function, folliculogenesis, and embryo implantation [84].

In vitro studies, it has been shown that vitamin D receptors are expressed in murine endome‐
trium and ovary throughout the estrous cycle, whereas knockout experiments have shown
that vitamin D receptor null mice experience uterine hypoplasia and impaired folliculogene‐
sis [85].

Whereas, in vivo data supporting a role for vitamin D in female fertility and embryo implan‐
tation are still not conclusive. Some studies have revealed findings showing that maternal
vitamin D deficiency is associated with lower pregnancy rates and others demonstrating that
vitamin D deficiency does not affect the final reproductive outcome. Multiple studies investi‐
gated the association between serum levels of 25‐hydroxy‐vitamin D (25(OH) D) and preg‐
nancy rates in ART with controversial results [84].

It is observed that serum 25 (OH)D levels were significantly related to implantation, clinical
pregnancy, and live birth rates, although opposite trends were found according to patients
ethnicity being critical in non‐Hispanic whites but not in Asian ethnicity. In a second study,
the same authors examined serum 25(OH) D concentration among recipients of oocyte
donation, finding a positive association between vitamin D status and clinical pregnancy rate
and suggesting the specific effect of 25(OH)D levels on ART outcomes to be mediated by
endometrial receptivity rather than by ovarian stimulation or embryo parameters [85].
Interestingly, both cyclic and early pregnancy endometrium represent an extrarenal site of
vitamin D synthesis; thus, the effect of vitamin D at the uterine level is thought to be exerted
via the vitamin D receptor (VDR) through either the regulation of target genes or the hormonal
effects on the local immune response [84].

A recent study has evaluated the influence of vitamin D deficiency on pregnancy rates among
women undergoing In Vitro Fertilization/Intracytoplasmic Sperm Injection (IVF/ICSI) and day
5 single embryo transfer (SET). A total of 368 consecutive infertile women treated within a
period of 15 months were included in the study. Serum vitamin concentration was measured
retrospectively in all included patients. They found that clinical pregnancy rates were
significantly lower in women with vitamin D deficiency compared with those with higher
vitamin D values. Finally, even when restricting the analysis to women undergoing elective
SET, vitamin deficiency was again independently associated with pregnancy rates [84].

In a cross‐sectional analysis, a cohort of 1072 women with a mean age of 36.3 attending an
academic infertility center were used to examine serum 25‐hydroxy‐vitamin D 25(OH)D) levels
in relation to demographic characteristics, seasons, and general health risk factors. They found
that median 25(OH) D concentration was below 30 ng/ml for 89% of the entire year. Over the
whole year, 6.5% of patients had 25(OH) D levels </‐ 10 ng/ml, 40.1% </‐20 ng/ml, and 77.4%
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</‐30 ng/ml. Global solar radiation was weakly correlated with 25(OH) D levels. Multivariate
data analysis reveals that, 25(OH) D levels were inversely associated with basal metabolic rate
(BMI); conversely, 25(OH) D levels were positively associated with height and endometriosis
history. Serum 25(OH) D levels are highly deficient in women seeking medical help for couple’s
infertility. Levels are significantly associated with body composition, seasonal modification,
and causes of infertility. Importantly, this deficiency status may last during pregnancy with
more severe consequences [84].

In another cross‐sectional study, Paffoni et al. investigated the IVF outcome in women with
deficient 25(OH) D serum levels <20 mg/ml. They included 154 women with serum 25(OH)D
<20 ng/ml and 181 women with levels of >/‐20 ng/ml. They found that the clinical pregnancy
rates were 20% and 31%, respectively, with an adjusted odds ratio of 2.15 for clinical pregnancy
in women with vitamin D >/‐20 ng/ml. Furthermore, a subgroup analysis revealed that the
group with the highest serum level of vitamin D (>30 ng/ml) resulted in the highest chances
of pregnancy [85].

More recently, Dressler et al. conducted a retrospective cohort study at two centers in Germany
to investigate the prevalence of vitamin D deficiency among women with impaired fertility
and to identify the risk factors associated. They found that 98.2% of women at center 1 and
81.3% of women at center 2 had deficient or insufficient vitamin D levels. Moreover, they found
that overweight BMI and limited exposure to sun (winter, spring, and autumn trimester) were
associated with vitamin D deficiency [86].

In an observation case‐control study, Al‐Jaroudi et al. compared the dietary vitamin D and
calcium intake among subfertile women and pregnant (control) women to determine vitamin
D levels. They found that vitamin D levels were significantly higher in the subfertile group
compared to the control group (59.0% vs 40.4%; P<0.01) [87].

In Contrast, Franasiak et al. showed that vitamin D status was unrelated to pregnancy
outcomes in women undergoing euploid blastocyst transfer [88].

They attempted to characterize the relationship between serum 25‐hydroxy vitamin D (25‐OH
D) levels and implantation and clinical pregnancy outcomes in 517 women undergoing a
euploid blastocyst embryo transfer. They concluded that serum vitamin D ranges and preg‐
nancy outcomes did not correlate. However, their results may not apply to the patients who
do not undergo extended embryo culture, blastocyst biopsy for comprehensive chromosome
screening and euploid embryo transfer [88]. In a prospective cohort study, vitamin D (25OH‐
D) serum and follicular fluid levels were analyzed in 82 infertile women undergoing ART.
They found that fertilization rate decreased significantly and the implantation rate increased
(not significantly) with increasing levels of 25OH‐D [89]. Using the same approach, Farzadi et
al. reported a correlation between follicular fluid 25(OH) D concentration and assisted
reproductive outcomes in an Iranian population [90].

In a retrospective study, serum and follicular levels of 25‐OH vitamin D were collected from
80 infertile female candidates for IVF/ICSI to investigate the possible association of vitamin D
with assisted reproductive outcome. They found a statically significant positive correlation
between 25‐OH vitamin D levels with patient age and implantation rate [91].
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Although optimization of vitamin D levels is encouraged for the general reproductive health
but more research is needed to understand the impact on reproductive potential. Most studies
have small sample sizes, heterogeneous experimental design, and great confounders, such as
obesity. Prospective studies are needed to confirm causal relationship and to investigate the
potential therapeutic benefits of vitamin D supplementation in this population. Vitamin D
deficiency has been shown to impair pregnancy rates in women undergoing single blastocyst
transfer. Future prospective confirmatory studies are needed; preferably randomized control‐
led trials of vitamin D supplementation with an appropriate assessment of pregnancy
outcomes.

7. Vitamin D and overactive bladder

Overactive bladder syndrome (OBS) is a highly prevalent condition, affecting 17% of the
population worldwide, with more than 17 million people affected in the United States and
more than 22 million adults affected in Europe [92–94].

Being a recently defined syndrome, its risk factors have not been determined yet; however, it
is believed to be multifactorial. Zhang et al. concluded that the contributing risk factors are
advanced age, menopause, parity >2, constipation, Hx of episiotomy, and high basal metabolic
rate (BMI) [95].

Different drugs directed toward the central, peripheral sympathetic, parasympathetic, or
sensory nervous pathways, as well as the detrusor muscle itself, have been studied and
described [96]. Antimuscarinics have become the standard therapy for OAB, but their tolera‐
bility is limited by several adverse events, often leading to poor compliance and drug discon‐
tinuation [97].

Consequently, because the need for new drugs that provide similar or even greater clinical
efficacy but with fewer side effects is evolving, those patients with OAB consistently require
long‐term therapy to control their symptoms [97, 98]. OBS shares epidemiological and
pathophysiological features with preterm birth. Our recently published work suggests that
vitamin D deficiency is a novel risk factor for preterm birth, a condition about four times more
prevalent in African‐Americans; who also have higher prevalence of vitamin D deficiency; as
compared to their Caucasian counterparts. Furthermore, we have shown that vitamin D elicits
a robust anti‐inflammatory response in human myometrial cells [99]. Coyne et al. has dem‐
onstrated the prevalence of OBS in the total United States population and found that black
women had a higher prevalence (32.6%), compared to Hispanic (29%) and white women
(29.4%) [100].

This finding was supported by many studies as well [101, 102]. Vitamin D3 functions through
the nuclear vitamin D receptor (VDR) and acts on VDR target genes. This vitamin D‐mediated
gene activation requires a VDR/retinoid X receptor heterodimer complex [102]. Recent studies
have examined the expression of vitamin D receptors (VDRs) in the human bladder [102].
Bladder cell overgrowth and smooth muscle overactivity have been implicated in the initial
steps of bladder decompensation and lower urinary tract symptoms (LUTS) [103].
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The hyperplastic overactive bladder could represent an ideal candidate for treatment with
paricalcitol in view of its antiproliferative and prodifferentiative effects on bladder cells in
culture, which probably contribute to the control of smooth muscle cell overactivity, as well as
considering the strong association of a high dietary intake of vitamin D with a decreased risk
of overactive bladder [104].

Schroder et al. used a rat model of partial bladder outflow obstruction and found that VDR
agonists reduced the incidence of spontaneous bladder contractions during filling through the
inhibition of RhoA/Rho‐kinase activity [105].

8. Vitamin D deficiency and risk of gynecological cancer in women

A number of studies have shown its association with risk of several types of cancers [106,
107]. Higher prevalence of vitamin D deficiency, together with the increased risks of certain
types of cancer in those who are deficient in vitamin D3, suggesting that vitamin D deficiency
may account for several thousand premature deaths from colorectal [108], breast [109],
ovarian [110], and prostate [111] cancer annually [112]. People exposed to sunlight were noted
to be less likely developed cancer. Thus, these findings inspired us for ensuring adequate
vitamin D intake in order to reduce the risk of several gynecological cancers such as breast,
ovarian, endometrial, and cervical cancers.

8.1. Vitamin D and breast cancer risk

Several case‐control and laboratory tests have demonstrated an important role of vitamin D
in the prevention of breast cancer. Low vitamin D intake is associated with increased risk of
breast cancer in premenopausal women [106].

Daily vitamin D intake of greater than 500 IU had been shown significantly reduced breast
cancer risk than those were consumed less of vitamin D [107, 113].

In a study by Lin et al. showed that higher intake of vitamin D and calcium were able to reduce
the risk of premenopausal breast cancer [114]. 1,25(OH)2D3 exerts its antiproliferative effects
on breast cancer cells by a number of ways, including by altering the expression of oncogenes
and tumor suppressor genes, several cyclins, and cyclin‐dependent kinase inhibitors
p21WAF‐1/CIP‐1 and p27kip1 [114, 115]. 1,25(OH)2D3 also induce apoptosis in breast cancer
cells by stimulating Ca2+ release from intracellular stores that result in rising cytosolic Ca2+
which triggers calpain‐mediated caspase‐independent programmed cell death [115]. This
synergistic actions of calcium and vitamin D are probably the cause why high intake of low‐
fat dairy products is associated with a reduced risk of breast cancer in premenopausal women
[116, 117].

Studies have shown that breast cancer death rates tend to be higher in low winter sunlight
levels, whereas it is lower in sunny areas [118]. Women who are regularly exposed to sunlight
and ingest sufficient amounts of vitamin D had significantly lower prevalence of breast cancer
[119]. It has also been shown that women in the lowest quartile of serum levels of 1,25(OH)2D3
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had a five times higher risk of breast cancer than those in the highest quartile [120]. Low levels
of 1,25(OH)2D3 were also associated with faster progression of metastatic breast cancer [121].
Studies showed that high intake of vitamin D and calcium markedly reduced the incidence of
mammary cancer in experimental mice and rats that were given high‐fat diets [122–123].
Furthermore, high levels of vitamin D and calcium intake was able to reduce the incidence of
mammary cancer in rats [123].

8.2. Vitamin D and ovarian cancer risk

Ovarian cancer is the fifth leading cause of cancer death among women in the United States
[124]. Low levels of serum vitamin D was reported in ovarian cancer patients [125–127], and
that low concentrations of 25(OH)D3 was associated with lower overall survival rate, whereas
higher 25(OH)D3 concentrations significantly associated with longer survival among women
with ovarian cancer [128].

This observation indicates that severe vitamin D deficiency may play a role in the development
of more aggressive ovarian cancer. Several epidemiological studies have identified higher
mortality rates of ovarian cancer in areas of higher latitude and lower levels of solar irradiation
[110, 128, 130].

Most of these studies have also shown a lower mortality rate of premenopausal ovarian cancer
in sunny regions [128, 129]. These findings have been supported by observational studies of
dietary intake of vitamin D [131] and of pre‐diagnostic serum 25(OH) D3 [132]. A study had
shown that the lower level of pre‐diagnostic serum 25(OH) D3 was associated with high risk
of ovarian cancer in overweight women, whereas that was not the case for thinner women [132].

It is also recommended that serum 25(OH) D3 measurement could be a standard procedure
that might be helpful to diagnose ovarian cancer patients with worse prognosis. In addition,
supplementation of vitamin D3 at moderate doses achieving 25(OH) D3 serum concentrations
of 30–80 ng/ml could be beneficial for reducing the risk of developing ovarian cancer.

8.3. Vitamin D and cervical cancer risk

An independent study in China and France also showed inverse correlation between solar
UVB indices and cervical cancer incidence rate [133, 134].

In addition, a case‐control study in Japan showed significant reduction of cervical cancer risk
with increasing oral vitamin D intake [135]. Moreover, a recent case report indicated that
patient suffering with abdominal pain due to cervical cancer‐related treatment was improved
after vitamin D replacement therapy [136].

These studies suggest that vitamin D deficiency might play risk for cervical cancer develop‐
ment that can be prevented by oral intake of vitamin D.

8.4. Vitamin D and endometrial cancer risk

A case–control study from seven cohorts evaluated the inverse association between serum
concentrations of vitamin D3 and the risk of development of endometrial cancer [137–139].
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It is recommended to measure serum concentrations of vitamin D3 that permits to estimate
the risk of association with endometrial cancer, and proper levels of vitamin D intake could
reduce the risk of development of endometrial cancer.

8.5. Vitamin D and cancer prevention

A number of epidemiological studies have demonstrated the association between vitamin D
deficiency and risk of several types of cancers. Strong evidence also indicates that vitamin D3
intake is associated with reduced incidence and death rates of colon, breast, prostate, and
ovarian cancers [140].

Evidence also proved that vitamin D3 intake of 2000 IU/day would lead to the reduction of
breast cancer and colon cancer incidence [140]. Thus, vitamin D3 supplementation could
address the high prevalence of vitamin D deficiency and could prevent many deaths from
breast and colorectal cancers in the United States [140].

The measurement of serum concentrations of vitamin D3 is important to assay the risk of
various cancers, and an intake of recommended levels of vitamin D3 per day could be very
beneficial to prevent many deaths from cancers in the United States.

9. Conclusions and future directions

In strictly seasonal breeders, an increase in photoperiod (longer day time, more sun) affects
pineal gland, which in turn alter melatonin secretion, affect gonadotropin secretion, and finally
place animal in or out of estrus [141].

Humans are continuous but probably still partial seasonal breeder. The sunshine hormone
(vitamin D) may have something to do with it. As female human emerge from the cloudy/rainy
winters, vitamin D rises and female reproduction is optimized (effects on ovary, egg quality,
endometrium (implantation), and myometrium), beside potential central effects of vitamin D
on hypothalamic‐pituitary axis [142].

Conception occurs soon and delivery takes place about 9 months later by early autumn, which
is also optimal as it is harvest season and there is abundance of food to support the nursing
mom to take care of the hungry baby. In fact, CDC life birth rates support such model and
consistently show highest rates in late summer and early fall month [143]. Clearly, such innate
breeding pattern in human has been influenced and largely muted by various ever evolving
religious, cultural, and social traditions and etiquettes in human civilization on this planet.

The future research focusing on translational applications of various fundamental observation
described in this review will likely to have major positive impact on women reproductive
health. Both pharma and academia have synthesized many highly potent and safe VDR
agonists that will soon undergo rigorous preclinical and subsequent clinical evaluation for
utility in various female reproductive disorders. Furthermore, more clinical research should
examine the possible association of vitamin D deficiency with additional adverse reproductive
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outcomes. Clearly, future effort will be utilized in patients’ counseling regarding screening for
vitamin D status and appropriate vitamin D supplementation when indicated for overall
health benefits, including bone health, reproductive health, and chronic disease risk reduction.
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