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Abstract. The discovery of Vitamin D is a multi-step history started in 1650 and culminated in 1963 with
the determination of its chemical structure. The diffusion of rickets in North Europe and North America was
the first reason for experimental studies. Nevertheless, in the last decades new potential actions have been re-
vealed. Besides bone and intestine, the Vitamin D receptors have been demonstrated in different organs such
as the brain, prostate, breast, colon, immune system cells, smooth muscle and heart. Not totally fulfilling the
criteria of a vitamin, Vitamin D is actually considered a pleiotropic hormone with endocrine and paracrine
actions. The current evidences support the role of Vitamin D in skeletal health and suggest that the treatment

of Vitamin D deficiency should be desirable to reduce the risk of chronic health diseases.
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Vitamin D: general features

Vitamin D is likely to be one of the oldest existing
hormones on the Hearth (1). Indeed, Vitamin D pho-
tosynthesis has been demonstrated in fossils existing
750 millions years ago (1, 2). In normal physiological
condition the activation of Vitamin D is a multistep
pathway. All mammals can generate adequate Vitamin
D levels through the sunlight activation of 7-dehy-
drocholesterol in the skin, followed by two hydroxyla-
tions in liver (1,25(OH),Vitamin D or cholecalciferol)
and kidney (calcitriol). Events modifying Ultraviolet
B (UVB) wave exposure (e.g. skin hyperpigmenta-
tion, sunscreen, zenith angle of the sun) may impair
the photosynthesis of pre-Vitamin D (1). As a con-
sequence, Vitamin D deficiency is “epidemic” in most
adults, who are not exposed to adequate amount of

sunlight (3, 4).

The discovery of the fourth Vitamin:
the “Antirachitic Factor”

The word “rickets” first appeared in 1634 when
the disease figured in the “Annual Bill of Mortality” of
London City (5). In a book published in 1650, Francis
Glisson provided the most detailed description of the
disease, responsible of bone deformation and fractures
in infants and children (5). The raising number of cases
in North Europe and America during the Industrial
Revolution supported intensive speculations on its
pathogenesis and treatment (2).

It was just in 1918-19 that Mellanby conducted
conclusive experiments on the role of diet in the eti-
ology and treatment of rickets (6, 7) (Figure 1). He
tested 4 diets in a group of puppies, discovering that
just rich in fat-soluble Vitamin A food (cod-liver oil,
butter, and whole milk) could prevent rickets (6). In
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Figure 1. Hystorical discoveries about Vitamin D, related both to its role in treating rickets and in general health. The diagram is
divided in three parts: 1) discovery of a way to prevent and cure rickets, 2) eradication of rickets through food fortification and sun
exposure, 3) paracrine/autocrine effects of Vitamin D. M.TB = Mycobacterium tuberculosis.

1922 McCollum discerned the real “antirachitic fac-
tor”, proving that the inclusion of cod-liver oil in diet
could favor bone growth even after denaturalization of
Vitamin A (8). McCollum concluded the “antirachitic
substance” was distinct from fat-soluble Vitamin A
and that its “specific property was to regulate the me-
tabolism of the bones” (8). In the meanwhile, aware-
ness rose on the health benefits of light exposure. It
was largely observed that children grew up along the
European coasts had healthier skeletal structure than
children in towns (2, 3).

Chick and Huldshinsky in 1919 independently
demonstrated that rickets could be prevented by lights
exposure. This intuition supported the application of
Finsen chemical light lamp to treat rickets (2). Ac-
cordingly, Steinbock and Blant in 1925 cured rickets
irradiating food and recommended food irradiation
to enhance the “antirachitic effect” (9). It happens a
few years later, in 1928, that the Nobel Prize Windaus
identified a plant steroid from ergot able to cure rickets

when irradiated (2) (Figure 1). According to Windaus
the steroid isolated from plants was similar to ergos-
terol isolated in animals (2). The 7-dehydrocholesterol
later isolated from the skin, could be transformed in a
vitamin by irradiation (10). Since the purified ergos-
terol was the fourth vitamin discovered, it was called
“Vitamin D” (11, 12, 13). The chemical identification
of Vitamin D precursor in the skin confirmed the hy-
pothesis of epidermal synthesis (14). Despite these dis-
coveries, rickets cases were increasing. As a result of the
long time spent in factories, workers” exposure to sun-
light remained poor. Nevertheless, the use of cod-liver
oil was still inadequate (2). From 1930 Phototherapy
Spas (Sanatoria) become very popular in Europe and
North America (2). Concomitantly, US Government
imposed the fortification of food with Vitamin D (ini-
tially bread and milk and later also beer) managing to
eradicate rickets (2). In the 50s, food fortification was
forbidden because of the uncontrolled amount of Vi-
tamin D in milk (2, 5).
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Vitamin D and bone metabolism

In 1920 Nicolaysen observed a better absorption
of calcium in animals on low-calcium-diet and postu-
lated the existence of an “endogenous factor” able to
regulate intestinal calcium absorption (2). Administer-
ing known doses of radiolabeled Vitamin D,, Kodicek
provided a better description of the process (15). In
1971, De Luca identified the first active metabolite
(1,25(OH),Vitamin D; or calcitriol) (Figure 2). Inter-
estingly, he found that anephritic animals were unable
to produce active Vitamin D metabolites. Some years
later, Holick definitely demonstrated that the final ac-
tivation of Vitamin D took place in the proximal con-
volute tubule (2). The metabolizing enzyme was dis-
covered to be a 1-a-hydroxylase (CYP27B1) by three
different groups (3, 15-19).

Between 1969-1984 it was discovered that most
of Vitamin D actions were mediated by the nuclear

Vitamin D Receptor (VDR), whose crystal structure
has been recently identified, acting as a ligand-activat-
ed transcription factor (2, 20-24).

Boyle and De Luca demonstrated that a low cal-
cium-diet enhances the synthesis of Vitamin D;, rais-
ing serum levels (16). When VDRs were discovered
in parathyroid gland, it became clear that Vitamin D;
could suppress the secretion of Parathyroid hormone
(PTH) (16, 25). Vitamin D analogs were formulated
for commercialization (16).

Garabedian showed the existence of a feedback
mechanism involving serum calcium, Vitamin D and
PTH. This system corresponded to Nicolaysen’s en-
dogenous factor (2, 16). Decrease in serum calcium
rapidly induced the activation of Vitamin D through
PTH secretion, whereas high calcium levels sup-
pressed the conversion of pre-Vitamin D (1, 2). Cal-
citriol in turn promoted intestinal and renal calcium
absorption, enhancing bone resorption and calcium

90%

7 T-dehydrocholesterol

Pre-Vitamin D,

1-25-0-hydroxylase A

Vitamin D5 (cholecalciferol)

25-OH Vitamin D,

Local 1-a-hydroxylase

Paracrine/Autocrine effect

10,25-(OH,) Vitamin D, (calcitriol)

Skin

Skin

D,+D T
2 D3 10% =

&=,
1-a-hydroxylase
/

Figure 2. Systemic active Vitamin D (calcitriol) derives from a multistep process of activation (sunlight activation of 7-dehydro-
cholesterol in the skin, followed by two hydroxylations in liver and kidney). Vitamin D may also be activated locally for paracrine/

autocrine function, regulating general health.
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freeing (14). Calcitriol together with PTH regulates
phosphate levels (Pi) by modulating intestinal and
renal Pi reabsorption and bone metabolism (17). As
initially demonstrated by Heyman in 1928 (18), up to
30% of Pi is absorbed in intestine (17). According to
De Luca experiments on nepherectomized animals the
process was mediated by the active metabolite (19).

Extra-skeletal functions

The observation of higher sensitivity to Vitamin
D in patients suffering from chronic granulomatous
diseases such as sarcoidosis and tuberculosis paved the
way for the first experiments on extra-skeletal roles of
Vitamin D. In 1982 it was observed that macrophages
in the granolumatous tissues convert pre-Vitamin D
in calcitriol (3). With the advent of Molecular Biol-
ogy, transcripts of CYP27B1 and VDR were found in
tissues not previously recognized as sites of Vitamin D
synthesis (23, 26).

Additionally, it was discovered that VDR was
involved in the selective modulation of tissue-specific
gene transcription through heterodimerization with
retinoid X receptor, recruitment of nuclear proteins
and binding to vitamin D response elements (27). It
became progressively clear that genetic alterations of
VDR affected calcium metabolism, cell proliferation
and the immune system (27). By the end of the 90th
century, polymorphisms of VDR gene were localized
between the 8 and 9 exons by restriction enzymes, and
later, applying the sequences approach, new polymor-
phisms were discovered (27, 28). Actually, polymor-
phisms in the VDR gene occur frequently, but the sig-
nificance is not completely understood and it is still
object of intensive research.

Osteomalacic myopathy

The initial descriptions of rickets mentioned mus-
cular weakness, especially in children (29, 30). Proxi-
mal myopathy with severe muscular impairment has
been observed in subjects with severe Vitamin D de-
ficiency (29). The term “osteomalacic myopathy” was
definitely coined in 1965 to describe proximal muscu-
lar weakness (30).

Lesser severe muscle changes have been observed
in mild deficiency (29). Recently, the effect of vitamin
D supplementation in deficient athletes or not-athletes
returned ambiguous results, being conditioned by basal
Vitamin D levels (29, 31). Three recent meta-analysis
observed that the beneficial effects of Vitamin D sup-
plementation were higher in elderly subjects, with im-
provement of balance and muscle function (29, 31, 32).
Actually, Vitamin D deficiency is prevalent in insti-
tutionalized older subjects and may contribute to the
development of age-related sarcopenia and to increase
risk of fall. Bischoft-Ferrari demonstrated an impair-
ment of Vitamin D photosynthesis and renal activa-
tion with aging (33). Therefore, older people could
be more exposed to Vitamin D deficiency and could
benefit the most from adequate supplementation (29).

The “bidirectional” relationship between Vitamin D
and the skin

The earliest records about the relationship be-
tween skin diseases and sun exposure date back to the
ancient Egyptians and Indians (34). Surprisingly, more
than 3500 years ago, Egyptians treated Vitiligo by as-
sociating sunlight exposure and the ingestion of boiled
weed (35). In the second Century BC, travelling to
Egypt, Hippocrates discovered the beneficial effect of
sun. Back to Greece, he recommended the exposure to
sunlight for health benefit (34). In 1877, Downs and
Blunt demonstrated that light exposure could prevent
fungal growth i vitro.

In 1985, MacLaughlin reported that psoriatic
fibroblasts were partially resistant to the anti-prolif-
erative effects of calcitriol. This finding encouraged
to speculate that calcitriol could be effective in the
treatment of psoriasis (35). Concomitantly, Morimoto
and Kumahara incidentally observed the remission of
psoriatic lesions in a patient treated with oral Vitamin
D for osteoporosis. Thereafter, they demonstrated that
oral treatment with calcitriol could significantly im-
prove psoriasis (35) (Figure 1).

In the last years, numerous studies reported that
topical Vitamin D analogs (e.g. calcitriol, calcipotriol,
tacalcitol, hexafluoro-1,25-dihydroxyvitamin Ds) are

effective and safe in the treatment of psoriasis (35). In
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1998 Parsad published effectively combined PUVAsol
and topical calcipotriol; these findings were confirmed

by later studies (36, 38).

Cardiovascular health

The history of the relationship between vitamin
D and cardiovascular health is quite recent. In 1981,
Robert Scragg (39) first hypothesized that the de-
crease of cardiovascular disease mortality and mor-
bidity in summer season might be a consequence of
cardiovascular-protective effects of vitamin D through
a direct action on the platelet, or mediated by a change
in calcium metabolism. Over the last three decades the
possible role of vitamin D in cardiovascular diseases
has become a particularly intriguing topic (40).

Both the enzyme 1-alpha-hydroxylase, and VDR
are found in the vessels and in the heart, namely in car-
diomyocytes, cardiac fibroblasts, vascular smooth mus-
cle cells, and vascular endothelial cells. This knowledge
is derived from experimental models published from
the second half of the 80s. Walters and coworkers, in
1986 demonstrated the presence of specific receptors
for 1,25-dihydroxyvitamin D3 in low salt chromatin
preparations from normal rat hearts (41). Some years
later, Bidmon and coworkers (42) reported that recep-
tors for vitamin D exist in the heart of mice, predomi-
nantly in the right atrium. In 2002, Li and coworkers
observed that a mouse with a complete deletion of the
VDR gene demonstrates both hypertension and car-
diac hypertrophy (43). In subsequent years, in particu-
lar between 2005 and 2008, a further step forward is
derived from studies in knock-out mice for VDR or
1- -hydroxylase, which suffer from cardiovascular pa-
thologies including arterial hypertension, myocardial
hypertrophy and increased thrombogenicity (44, 45,
46). In rat models, it was shown that early life vita-
min D deficiency is associated with impaired vascu-
lar endothelial and smooth muscle cell function (47).
In parallel with experimental animal studies, in 1996
O’Connell and Simpsom (48) identified the receptor
protein for 1,25(OH),D; in tissue from two human
hearts by using an antibody directed against the recom-
binant Vitamin D3 receptor, suggesting a role of Vita-
min D in cardiovascular pathophysiology. A few years

later, Somjen and coworkers (44) identified the expres-
sion of 25-hydroxyvitamin D; — 1-alpha-hydroxylase
in human vascular smooth muscle cells and in 2008,
Chen and coworkers, reported an increased expression
of the Vitamin D receptor in the human hypertrophic
heart (45). In addition to the preclinical observations,
there are numerous clinical evidences linking Vitamin
D to cardiometabolic risk factors and cardiovascular
diseases. Since the 1970s, an increasing interest in the
relationship between vitamin D and coronary heart
disease has emerged. Among the first studies there is
a Danish study published in 1978 (46), which found
that low Vitamin D levels were significantly associated
with angina and myocardial infarction. Low Vitamin D
levels were associated with a higher risk of myocardial
infarction in the Health Professionals Follow-up Study
(47), including 18,225 US men between 1993 and
1999. Data collected from studies performed in the US
and Europe between 1970 and 2003 were analyzed in
a meta-analysis published in 2012, evaluating the risk
of ischemic heart disease and early death. The Authors
observed an increasing risk of ischemic heart disease,
myocardial infarction, and early death with decreasing
plasma 25-hydroxyvitamin D levels (48). In the same
years, particularly between 2007 and 2011, interesting
epidemiological data were proposed in the literature
about the relationship between vitamin D status and
blood pressure, based on the NHANES IIT 1988-1994
(49) and NHANES 2003-2006 (50), showing an in-
verse association. Furthermore, an inverse association
between vitamin D status and risk of incident hyper-
tension was observed in men from the Health Profes-
sionals Follow-up Study and in women from the Nurs-
es’ Health Study, suggesting a pooled relative risk of
3.18 (51). Furthermore, in hypertensive patients several
studies demonstrated a link between low 25 (OH) Vi-
tamin D concentrations and cardiovascular events (52).

When we consider the spectrum of cardiovas-
cular diseases and their risk factors, an analysis of
NHANES IIT 1988-1994 (53) showed that low Vi-
tamin D was associated with cardiovascular diseases
and with some risk factors, such as diabetes mellitus,
obesity, and hypertriglyceridemia (54). The analysis of
data from NHANES 2001-2004 showed a high prev-
alence of hypovitaminosis D in patients with coronary
heart disease and heart failure (55). In 2012 Wang and
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coworkers published a meta-analysis of 19 prospective
studies in 65,994 individuals, demonstrating a gener-
ally linear and inverse association between circulat-
ing 25(OH) Vitamin D levels in the range of 20-60
nmol/] and risk of cardiovascular diseases (56).

To date, experimental and clinical data suggest
that Vitamin D system may play an important role in
the maintenance of cardiovascular health (57), but the
causality of the relationship between Vitamin D defi-
ciency and cardiovascular diseases remains to be estab-
lished. Some, but not all, observational studies in hu-
mans provide support for these experimental findings,
raising the possibility that Vitamin D or its analogs
might prove useful therapeutically in the prevention
or treatment of cardiovascular diseases. Larger rand-
omized clinical trials are needed to support the ben-
efits of Vitamin D therapy in managing patients with
cardiovascular disease in the clinic. It is desirable that
knowledge in this issue will progress in the near future,
when the results of two large ongoing studies will be
available, the VITAL trial (VITamin D and OmegA-3
Trial) (58) and the Vitamin D3-Omega3-Home Exer-
cise-Healthy Ageing and Longevity Trial (59).

Vitamin D and the its relationship with cancer

The first reports indicating a role of Vitamin D
in anticancer activity dated on 1981, when Colston
et al. demonstrated that the Vitamin D; was able to
inhibit the growth of melanoma tumor cells in vitro
(60). Later in that year Abe and his group indicated
that calcitriol can induce the differentiation of mouse
HL60 leukaemia cells towards the macrophage cell
type (61). Then, the antineoplastic effects of Vitamin
D; have been reported both in vitro and in vivo, in
various malignancies, in particular in breast, prostate
and colorectal cancer (62). The first epidemiological
report that linked a lack of sunlight exposure to colon
cancer risk was in 1980 from Garland et al. for colon
cancer (63). Afterwards, other epidemiological studies
suggest an inverse correlation between blood Vitamin
D; levels and increased incidence of several types of
cancers, but associations have most consistently been
observed for colorectal cancer (64). Since then, several
distinct mechanism underlying the anticancer effects

of calcitriol have been elucidated by experimental data,
such as: anti-proliferative effects, induction of apop-
tosis, stimulation of differentiation, anti-inflammatory
effects, inhibition of invasion and metastasis and in-
hibition of angiogenesis in different types of cancers
(65). More recently, emerging data from preclinical
and some clinical studies seem to suggest that avoid-
ing deficiency and adding vitamin D; supplements or
analogs might be a way to reduce cancer incidence and
improve cancer prognosis and outcome (65). This con-
sideration may also have clinical relevance on antican-
cer therapies using monoclonal antibodies approach,
possibly due to the effects of the Vitamin D; on the
immune system, through the antibody-dependent cell-
mediated cytotoxicity mechanism either on natural
killer cells (66, 67) or on macrophages (68).

However, several immune cell types of both in-
nate and adaptive cells, including T cells, express VDR
and the key enzyme CYP27B1, that render immune
cells able to produce on its own the active form of vi-
tamin, i.e. 1,25(OH),D. Furthermore, a growing body
of evidence suggests an important immune-modulat-
ing role of vitamin D in the T-cell differentiation and
their effector functions (69). These mechanisms seem
to recapitulate the role of vitamin D3-VDR interac-
tion in the setting of proper immune cell functions and
impeding autoimmune disorder development (70). Fi-
nally, recent data seem to postulate a possible role for
vitamin D blood serum levels as a predictive element
in the immune-checkpoint blockade using anti-CT-
LA-4, anti-PD-1 and anti-PD-L1 monoclonal anti-
bodies in melanoma metastatic patients, highlighting
a potential positive antigen-dependent role of vitamin
D in cancer treatments (71).

Conclusion

Progressively it has been acquired that Vitamin
D is important for general health (16). Interestingly,
besides being essential in skeletal health, Vitamin D
plays a role in cellular proliferation, growth and dif-
ferentiation. Endocrine, paracrine and autocrine func-
tions have been discovered. The history of Vitamin D
research, after more than 400 years of research, is defi-
nitely not completed.
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