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Abstract

Vitamin D has historically been known to play a significant
role in the regulation of mineral and bone metabolism. It is,
however, increasingly recognized that vitamin D deficiency
may also be relevant to various extraskeletal diseases. This
may be of clinical significance when considering that the
majority of the general population has 25-hydroxyvitamin D
(25[OH]D) levels below the target concentration of at least
30 ng/mL (75 nmol/L). In this review, we briefly summarize
available data on the association of vitamin D with cancer,
cardiovascular, renal, and autoimmune diseases and we dis-
cuss further emerging fields of vitamin D research. Finally,
we give some practical guidance for vitamin D treatment. In
summary, the available evidence is still insufficient for gen-
eral compelling recommendations for vitamin D treatment
of extraskeletal diseases. However, in our opinion the high
prevalence of vitamin D deficiency, the gradually accumulat-
ing knowledge on multiple health benefits of vitamin D, and
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the safety of vitamin D supplementation suggest that public
health strategies should aim to improve the vitamin D status
in the general population.
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Zusammenfassung

Vitamin D ist historisch gesehen fiir seine Rolle in der
Regulation des Mineral- und Knochenstoffwechsels bekannt.
Eswird jedochzunehmend erkannt, dass ein Mangel an Vitamin
D auch von Relevanz fiir extraskelettale Erkrankungen ist. Das
konnte von klinischer Bedeutung sein, wenn man bedenkt,
dass der Grofiteil der Allgemeinbevolkerung 25-hydroxy-
vitamin D (25[OH]D)-Konzentrationen unter dem Zielwert
von zumindest 30 ng/mL (75 nmol/L) hat. In diesem Uber-
sichtsartikel fassen wir kurz die bekannten Zusammenhénge
von Vitamin D mit Krebs, kardiovaskuldren und renalen
Erkrankungen sowie Autoimmunerkrankungen zusammen
und wir diskutieren neu aufkommende Gebiete der Vitamin
D-Forschung. Schliellich geben wir auch praktische Rat-
schldge fiir die Vitamin D-Behandlung. Zusammenfassend
ist die derzeitige Evidenzlage zwar noch unzureichend fiir
generelle und zwingende Empfehlungen zur Vitamin D-
Behandlung von extraskelettalen Erkrankungen. Wir sind
jedoch davon iiberzeugt, dass die hohe Privalenz des Vitamin
D-Mangels, die allmihlich zunehmenden Erkenntnisse iiber
multiple gesundheitsfordernde Effekte von Vitamin D und
die Sicherheit einer Vitamin D-Behandlung daraufhin deuten,
Public-Health-Strategien darauf auszurichten, den Vitamin
D-Status in der Allgemeinbevolkerung zu verbessern.

Schliisselworter: empfehlungen; epidemiologie; richtlinien;
tibersichtsartikel; vitamin D.

Introduction

Vitamin D deficiency is considered a public health problem,
because beyond its classic association with musculoskeletal
disorders such as osteoporosis, fractures, and falls, a poor
vitamin D status has also been associated with various other
chronic diseases [1—4]. This is of particular concern when
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considering that the majority of the general population has an
insufficient or deficient vitamin D status [1, 2, 5]. In this brief
review, we summarize and discuss the current knowledge
and the clinical implications of vitamin D with regard to its
associations with extraskeletal diseases. We start with a short
overview on the assessment and classification of the vitamin
D status and outline the role of vitamin D in cancer, cardiovas-
cular, and renal diseases, as well as in autoimmune disorders
and further emerging fields of vitamin D research. Finally, we
give some practical advice for vitamin D treatment.

Determination and classification of vitamin D
status

Vitamin D is mainly generated by endogenous, sunlight
[ultraviolet B (UV-B)] induced vitamin D synthesis in the
skin. Vitamin D intake by natural foods usually only plays
a minor role as a source of vitamin D [1, 2, 4]. Vitamin D3
(cholecalciferol) is the major form of vitamin D derived from
skin synthesis and non-plant sources, and vitamin D2 (ergo-
calciferol) is produced and derived from plants and yeast.
Considering that these two main forms of vitamin D are
generally comparable regarding their biological effects and
metabolism, we refer to vitamin D without differentiating D2
and D3 in this review.

Vitamin D itself is biologically hardly active and is hydroxy-
lated to 25-hydroxyvitamin D (25[OH]D) in the liver. Then,
25(0OH)D is further hydroxylated to 1,25-dihydroxyvitamin
D (1,25[OH]2D), which is the most active vitamin D meta-
bolite since it possesses the highest affinity for the almost
ubiquitously expressed vitamin D receptor (VDR) [2]. For a
long-time, it was believed that the conversion of 25(OH)D
to 1,25(0OH)2D can only be done by the kidney, but recent
studies demonstrated that many extra-renal tissues express
the enzyme lo-hydroxylase and are thus able to produce
1,25(0OH)2D. Compared to 1,25(0OH)2D, serum levels of
25(OH)D are up to 1000-fold higher in their concentrations,
have a much longer half life (3—4 weeks vs. 6-8 h) and serve
as a rate limiting precursor for the local tissue production of
1,25(0OH)2D. Hence, serum levels of 25(OH)D are measured
to determine the vitamin D status.

There is still no general consensus on 25(OH)D cut-
offs for the clinical assessment of the vitamin D status.
The most widely accepted definition of a normal vitamin
D status (vitamin D sufficiency) is based on the consid-
eration that disturbances in mineral metabolism emerge
at 25(OH)D levels below 30 ng/mL (75 nmol/L, mul-
tiply by 2.496 to convert ng/mL to nmol/L) [1]. These
are characterized by reduced intestinal calcium absorp-
tion and subsequently low serum calcium levels which,
in turn, stimulate the release of parathyroid hormone
(PTH) to maintain a normal calcium homeostasis. Vita-
min D insufficiency is commonly diagnosed if 25(OH)D
serum levels range between 20 and <30 ng/mL, whereas
levels below 20 ng/mL indicate vitamin D deficiency. There
is, however, an ongoing debate on the threshold for vitamin
D deficiency with proposed cut-offs ranging from 10 to 20

ng/mL [6]. Optimal target levels for 25(OH)D seem to
range from 30 to 40 ng/mL [3]. A 25(OH)D level of 100
ng/mL can be considered as a safe upper limit of normal,
and vitamin D toxicity, which is characterized by hypercal-
cemia, does not occur until levels of 150 ng/mL [1, 3, 4, 6].

Differences between 25(OH)D assays should be considered
when determining vitamin D status, but this issue extends the
scope of the present review. It should, however, be acknowl-
edged that previous epidemiologic data on vitamin D status
were generally based on the DiaSorin radioimmunoassay [7].
Increasing interest in vitamin D during the last few years has
prompted the development of various automated immuno-
assays which should be critically evaluated in clinical routine,
with particular attention to the relatively high inter-laboratory
variation of 25(OH)D measurements [4, 7].

The majority of the general population has 25(OH)D levels
below the normal range of 30 ng/mL and a significant part is
even vitamin D deficient. This has recently been shown by
Mithal et al. who presented an overview of the global vitamin
D status [5]. This high prevalence of vitamin D deficiency and
its related adverse health outcomes have already prompted
some national health authorities to initiate food fortification
with vitamin D (e.g., in the US or Finland) in order to reduce
the burden of vitamin D deficiency.

Vitamin D and cancer

Observations at the beginning of the last century showed
that high sunlight exposure is associated with reduced risk
of cancer mortality [8, 9]. It has meanwhile been established
that UV-B exposure, which induces vitamin D synthesis in
the skin, is associated with reduced risk of overall cancer
incidence and cancer mortality [10]. Studies in humans have
partially, but not consistently, confirmed that higher serum
concentrations of 25(OH)D are associated with reduced risk
of cancer mortality [11, 12]. There are, in addition, various
studies which have almost consistently shown that in cancer
patients, low 25(OH)D levels are an independent risk fac-
tor for increased mortality [11]. Whereas there are partially
inconsistent data for many specific cancer sites, recent sys-
tematic reviews and meta-analyses support the notion that
vitamin D may protect against colorectal cancer [13]. This
is in line with various molecular effects of vitamin D which
suggest anti-carcinogenic properties of vitamin D [2]. These
include induction of differentiation and cancer cell apoptosis,
inhibition of metastasis, proliferation and angiogenesis, anti-
inflammatory effects as well as increased sensitivity to radia-
tion therapy and chemotherapy [2]. Interventional trials in this
field are sparse and are often limited by the fact that vitamin D
doses were too low to produce relevant increases of 25(OH)D.
Importantly, one study among 1179 postmenopausal women
has already shown that vitamin D (1100 International Units
[IU] per day) plus calcium (1500 mg/day) supplementation
is associated with a significantly reduced risk of cancer inci-
dence when compared to placebo (relative risk RR: 0.40;
95% CI: 0.20-0.82) [14]. Hence, there are promising data
on vitamin D and cancer which have already lead to some
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recommendations for vitamin D supplementation (i.e., Cana-
dian Cancer Society) to protect against cancer. Other large
organisations such as the International Agency for Research
on Cancer (IARC) have concluded that there is still insuffi-
cient evidence for the use of vitamin D in the prevention and
treatment of cancer and recommended further studies in this
field [15]. Interestingly, data on cancer and vitamin D, which
may even protect against melanoma, have also gained much
interest in the field of dermatology and have lead to initia-
tives to reconsider the “no sun policy” of dermatologists and
related societies towards moderate sunlight exposure [16].

Vitamin D and cardiovascular disease

Vitamin D deficiency has been associated with cardiovas-
cular diseases (CVD) and its risk factors [1-3]. This is sup-
ported by the fact that VDR knockout mice suffer from CVD,
and in particular from arterial hypertension and myocardial
hypertrophy [17, 18]. Almost all classic cardiovascular risk
factors are associated with low levels of 25(OH)D, but evi-
dence from interventional trials are still sparse and partially
controversial. Strong evidence exists that vitamin D exerts
antihypertensive properties, which may be partially medi-
ated by suppression of the renin angiotensin aldosterone
system (RAAS) [17-21]. Interestingly, three meta-analyses
of randomized controlled trials (RCTs) have shown that vita-
min D supplementation reduces systolic blood pressure by
2-6 mm Hg [22]. PTH levels, which increase as a result of
vitamin D deficiency, may also exert deleterious effects on
heart and vessels. In this context, it is important to note that
PTH levels are an independent risk factor for adverse car-
diovascular outcomes [23, 24]. In addition, data from exper-
imental and clinical studies suggest that vitamin D exerts
direct beneficial effects on the cardiovascular system and
may protect against myocardial damage, atherosclerosis, and
endothelial dysfunction. In epidemiological studies, it has
been largely but not consistently shown that low 25(OH)D
levels are an independent risk factor for cardiovascular
events and mortality [25-30]. Systematic reviews followed
by meta-analyses support the hypothesis that a poor vitamin
D status is associated with CVD [31-33]. By contrast, there
is only insufficient evidence from RCTs. One major problem
is that many studies used combined calcium plus vitamin
D supplementation which limits the ability to differentiate
the separate effects of vitamin D and calcium [34]. This
may be of clinical significance because calcium intake has
been partially linked to higher cardiovascular risk. A recent
systematic review identified two RCTs with exclusive vita-
min D supplementation (without calcium) that reported on
CVD events [34]. It turned out that there was a moderate but
statistically non-significant reduction in CVD risk (pooled
RR: 0.90; 95% CI: 0.77-1.05) in the vitamin D group [34].
Further large studies are currently evaluating the effect of
vitamin D on CVD, but these trials will still take some years
before they will be finished (e.g., the VITAL study among
20,000 healthy US men and women; see www.vitalstudy.
org).

Vitamin D and chronic kidney disease

The prevalence of vitamin D deficiency is extraordinary
high in patients suffering from chronic kidney diseases
(CKD) [35]. This can be attributed to limited sunlight
access, impaired vitamin D synthesis in the skin, and dis-
turbed vitamin D metabolism including increased loss of
vitamin D metabolites via the urine [35]. Beyond low levels
of 25(OH)D, there is also a significant decline of circulat-
ing 1,25(OH)2D levels in renal failure, because the kidney
is the major site for production of circulating (serum) levels
of 1,25(0OH)2D [35]. Interestingly, various experimental and
clinical studies indicate that vitamin D may protect against a
decline of renal function and may reduce glomerular damage
and proteinuria [35]. Moreover, it has been documented that
low 25(OH)D, as well as low 1,25(OH)2D, are associated
with an increased risk of CVD and mortality in CKD patients
[36-39]. Considering this, the 2009 Kidney Disease: Improv-
ing Global Outcomes (KDIGO) clinical practice guidelines
include a recommendation for measuring 25(OH)D levels
and treating patients with reduced 25(OH)D levels with vita-
min D supplementation [40]. Treatment with 1,25(OH)2D
or its analogues (e.g., paricalcitol) is also recommended for
patients with advanced CKD and uncontrolled secondary
hyperparathyroidism [40]. According to large epidemiologi-
cal studies, this latter therapy has been associated with an
improved overall survival [41].

Vitamin D and autoimmune disease

Vitamin D deficiency, as well as low UV-B radiation, have
both been linked to an increased incidence of autoimmune
diseases, in particular to multiple sclerosis and type 1 diabe-
tes mellitus [42]. There exist data from small interventional
studies and from retrospective evaluations of vitamin D
intake (i.e., in children) which indicate that vitamin D sup-
plementation may indeed protect against these autoimmune
diseases [42, 43]. Autoimmunity in general is a very complex
phenomenon, but mounting evidence suggests that vitamin D
supplementation may increase regulatory T cells (Tregs) [44].
These Tregs suppress autoimmunological processes and vita-
min D may therefore be a promising agent for the prevention
and treatment of autoimmune diseases like type 1 diabetes
mellitus.

Further emerging fields of vitamin D

Vitamin D deficiency has been identified as an independ-
ent risk factor for strokes [45, 46]. Considering that stroke
patients are prone to osteoporosis, fractures and falls, it is
important to maintain a sufficient vitamin D status in these
patients because vitamin D has been shown to significantly
reduce the incidence of these musculoskeletal disorders [46].
Furthermore, mood disorders and depression, epilepsy as well
as cognitive function may be modulated by vitamin D, but
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further data from RCTs are warranted before drawing final
conclusions [46, 47].

Long before the discovery of vitamin D by McCollum in
1922, it was known that patients with tuberculosis have a bet-
ter recovery if they are exposed to sunlight [48, 49]. Mean-
while, it 1s known that vitamin D exerts various anti-infectious
properties [49]. Regarding tuberculosis it has been shown that
VDR activation induces the synthesis of the antimicrobial pep-
tide cathelicidin and there is convincing evidence that vitamin
D may be useful for the treatment and probably also for the
prevention of tuberculosis [49, 50]. In addition, there are data
on vitamin D effects on various other infectious diseases and it
has been shown in a RCT that vitamin D supplementation was
associated with a significantly reduced incidence of influenza
A infections in Japanese schoolchildren [49, 51].

Apart from this, vitamin D may also play a role in human
reproduction [2]. In this context, some studies suggest that a
sufficient vitamin D status may be important for spermato-
genesis [52]. Interestingly, a significant correlation between
25(0OH)D and testosterone levels was observed in older men,
and a small RCT has shown an increase in testosterone levels
in obese men who were supplemented with vitamin D [53,
54]. Vitamin D may also be important for fertility in females,
because vitamin D deficiency is particularly prevalent in
women with polycystic ovary syndrome (PCOS) [55, 56].
Importantly, there is also mounting evidence that a poor vita-
min D status is related to pregnancy complications including
preterm delivery [56]. Towards this, it is important to under-
line that vitamin D requirements seem to increase during
pregnancy and lactation [56].

Guidance for vitamin D treatment

Vitamin D treatment can be either done by oral supplementa-
tion of vitamin D or by increasing sunlight (UV-B) exposure.
It is hardly possible to significantly raise the vitamin D status
by increasing the intake of natural vitamin D containing foods
(e.g., fish). In general, it can be expected that a daily intake of
1000 IU vitamin D will increase 25(OH)D levels by 10 ng/mL
(6-10 ng/mL) but individual variations (e.g., higher vitamin D
requirements in obese individuals) should be considered [1, 3].
Re-testing of 25(OH)D levels may therefore be done, also to
ensure a better compliance, but this should not be performed
earlier than 3 months after starting vitamin D therapy in order
to allow for a steady state to be reached [3]. Interestingly, it has
been shown that daily, weekly or monthly doses of vitamin D
produce similar increases in 25(OH)D levels so that dosing
intervals can be adapted to individual choices [3, 57]. Some
data indicate that for the improvement of vitamin D status,
slightly higher supplementation doses are required for vitamin
D2 compared to vitamin D3 supplementation. It should also
be considered that there exists a significant seasonal varia-
tion of 25(OH)D with, in the UK, 50% higher levels in sum-
mer compared to winter [58]. Vitamin D therapy is very safe
and there are no known adverse effects at doses up to 10,000
1U/day, which corresponds to the maximal increase of 25(OH)
D produced by endogenous vitamin D synthesis in response to

sunlight (UV-B) exposure [59]. Towards this, the recent 2011
report from the Institute Of Medicine (IOM) on dietary ref-
erence intakes for calcium and vitamin D, suggested a safe
tolerable upper intake level (UL) of 4000 IU vitamin D per day
[60]. In that report, it was stated that there is sufficient evidence
on beneficial vitamin D effects on “bone health” with still
insufficient evidence for other health outcomes. In detail the
IOM report recommends a 25(OH)D level of at least 20 ng/mL
and a daily vitamin D intake of 600 IU for individuals until
the age of 70 years and 800 IU for older adults as the rec-
ommended daily allowance (RDA, covering requirements of
>97.5% of the population). This should be viewed in light of
the fact that in general populations, the current daily vitamin D
intake is usually not higher than 100-200 IU, which may sug-
gest that public health authorities should aim to improve vita-
min D intake. In some countries such as Finland or in North
America, there exists food fortification with vitamin D, but
this could not prevent hypovitaminosis D in large parts of the
general population [61, 62]. In this context, it is also important
to underline that a meta-analysis of RCTs among frail elderly
patients has already shown that vitamin D supplementation is
associated with a significant 7% reduction in total mortality
when compared to placebo [63].

Conclusions

Beyond its classic role in bone and mineral metabolism, vita-
min D may also be relevant for various other chronic diseases.
Accumulating evidence, including RCTs, suggests that vita-
min D supplementation may be useful for the prevention and
treatment of adverse health outcomes. However, currently
available evidence is for most extraskeletal diseases still insuf-
ficient to raise general recommendations for vitamin D treat-
ment. On the other hand, it should be acknowledged that the
majority of the general population has an insufficient or defi-
cient vitamin D status and that vitamin D has been proven to
significantly prevent common musculoskeletal diseases. Fur-
thermore, it should be considered that vitamin D supplementa-
tion is safe, simple and affordable and may improve survival.
We therefore believe that public health strategies should aim to
improve the vitamin D status in the general population.
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