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Introduction
Lately, the pharmacological properties of vitamin 

D have gathered much attention, especially in the 
last decades due to the delineation of its precise mo-
lecular pharmacodynamics. Vitamin D is a prohor-
mone that is first hydroxylated in the liver to form 
25-hydroxyvitamin D (25(OH)D), which is further 
converted in the kidney to a number of other forms, 
the best studied of which are 1,25-dihydroxyvita-
min D (1,25(OH)2D) and 24,25-dihydroxyvitamin D 
(24,25(OH)2D). Of the natural metabolites, only vi-

tamin D and 1,25(OH)2D (as calcitriol) are available 
for clinical use. Moreover, a number of analogs of 
1,25(OH)2D are being synthesized to extend the use-
fulness of this metabolite to a variety of non-classic 
conditions [1, 2]. 

Tightly bound to a carrier protein, the vitamin 
D-binding protein (DBP), Vitamin D and its metab-
olites circulate in the plasma, [3]. This α-globulin 
binds 25(OH)D and 24,25(OH)2D with comparably 
high affinity, and vitamin D and 1,25(OH)2D with 
lower affinity. The liver appears to be the principal 
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Abstract. Vitamin D is a secosteroid produced in the skin from 7-dehydrocholesterol under the 
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organ for clearance [4]. Excess vitamin D is stored 
in adipose tissue [5]. The metabolic clearance of 
calcitriol in humans indicates a rapid turnover, with 
a terminal half-life measured in hours [2]. Sever-
al of the synthetic 1,25(OH)2D analogs are bound 
poorly by the vitamin D-binding protein and as a 
result, their clearance is very rapid, with a terminal 
half-life measured in minutes. Such analogs have 
little of the hypercalcemic, hypercalciuric effects of 
calcitriol, an important aspect of their use for the 
management of conditions such as psoriasis and hy-
perparathyroidism [2, 6].

The elucidation of the exact mechanism of action 
of vitamin D metabolites still remains under active 
investigation. However, calcitriol is well established 
as the most potent agent with respect to stimulation 
of intestinal calcium and phosphate transport and 
bone resorption.

Calcitriol appears to act on the intestine both 
by induction of new protein synthesis (e.g., calci-
um-binding protein) and by modulation of calcium 
flux across the brush border and basolateral mem-
branes by a means that does not require new protein 
synthesis. The molecular action of calcitriol on bone 
has received less attention. However, like parathy-
roid hormone (PTH), calcitriol can induce receptor 
activator of nuclear factor κB (RANKL) ligand in 
osteoblasts and proteins such as osteocalcin, which 
may regulate the mineralization process. The me-
tabolites 25(OH)D and 24,25(OH)2D are far less po-
tent stimulators of intestinal calcium and phosphate 
transport or bone resorption. However, 25(OH)D 
appears to be more potent than 1,25(OH)2D in stim-
ulating renal reabsorption of calcium and phosphate 
and may be the major metabolite regulating calcium 
flux and contractility in muscle. Specific receptors 
for 1,25(OH)2D exist in target tissues. However, the 
role and even the existence of separate receptors for 
25(OH)D and 24,25(OH)2D remain controversial [2].

1,25(OH)2D exerts a number of actions including 
regulation of parathyroid hormone secretion from the 
parathyroid gland, insulin secretion from the pancre-
as, cytokine production by macrophages and T cells 
and proliferation and differentiation of a large num-
ber of cells, including cancer cells. These properties 
are due to the fact that the receptors for 1,25(OH)2D 
exists in a wide variety of tissues—not just bone, gut 
and kidney.Thus, the clinical utility of 1,25(OH)2D 
analogs is likely to expand [7].

The effectiveness and safety of the short- and 
long-term management of vitamin D-deficiency 
states and other conditions have been confirmed and 

rINN ( BAN): Cholecalciferol, Colecalciferol

ATC A11CC05

Chemical name: (5Z ,7E)-9,10-Secocholesta-
5,7,10(19)-trien-3β-ol

CAS number: CAS: 67-97-0

Molecular 
formula:

C27H44O

Structural 
formula: 

Molecular mass: 384.6

Pharmacopoeias: Ph. Eur., Ph. Chin., Ph. Int.; Ph. 
Jp., USP, and Ph. Viet.

Melting point: 84.5˚C

Polarity Log P = 7.5

Properties White or almost white crystals, 
which are sensitive to air, heat, 
and light. Practically insoluble in 
water; freely soluble in alcohol; 
soluble in trimethylpentane and 
in fatty oils. Solutions in solvents 
without an antioxidant are unsta-
ble and should be used immedi-
ately. A reversible summarization 
to pre-cholecalciferol takes place 
in solution, depending on tem-
perature and time. The activity 
is due to both compounds. Store 
under nitrogen in airtight contain-
ers at a temperature of 2 degrees 
to 8 degrees. The contents of an 
opened container should be used 
immediately. Protect from light.

Table 1. Physicochemical and pharmaceutical character-
istics of cholecalcioferol

substantiated by a number of clinical trials, postmar-
keting surveillance and long-term studies. There is 
also a profound interest in the importance of vitamin 
D, not only in the maintenance of bone health but 
also in terms of its potential role in the prevention of 
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nonskeletal disorders such as auto-immune diseases, 
cancer, mental health problems and cardiovascular 
diseases, briefly outlined in the following sections of 
the paper. 

I. Mode of action 
Vitamin D3 (Table 1) is a secosteroid prohormone 

that is converted to its active metabolite in a two-
step biotransformation process. Vitamin D is first 
hydroxylated in the liver to form 25-hydroxyvitamin 
D (25(OH)D). This metabolite is further converted 
in the kidney to a number of other forms, among 
which 24,25-dihydroxyvitamin D (24,25(OH)2D) 
and 1,25-dihydroxyvitamin D (1,25(OH)2D; calcitri-
ol) [2]. Calcitriol is a hormone, which performs many 
of its biologic functions by regulating gene transcrip-
tion through a nuclear high-affinity vitamin D recep-
tor (VDR) [8, 9]. This active metabolite of vitamin D 
binds to the nuclear VDR, which binds retinoic acid 
X receptor (RXR) to form a heterodimeric complex 
that binds to specific nucleotide sequences in the 
DNA known as vitamin D response elements [10, 
11]. Once bound, a variety of transcription factors at-
tach to this complex, resulting in either up-regulation 
or down-regulation of the gene’s activity. There are 
estimated to be 200 to 2000 genes that have vitamin 
D response elements or that are influenced indirect-
ly, possibly by epigenetics, to control a multitude of 
genes across the genome [11, 12]. A recent microar-
ray study on the influence of vitamin D status and 
vitamin D3 supplementation on genome-wide expres-
sion in white blood cells before and after vitamin 
D3 supplementation found that an improved serum 
25(OH)D concentration was associated with at least 
a 1.5-fold alteration in the expression of 291 genes. 
This study suggested that any improvement in vita-
min D status will significantly affect the expression 
of genes that have a variety of biologic functions of 
more than 80 pathways linked to cancer, autoimmune 
disorders, and cardiovascular disease, which have 
been associated with vitamin D deficiency [7]. 

A major hormonal actions of vitamin D is to 
maintain serum calcium and phosphorus levels in a 
healthy physiologic range to sustain a variety of met-
abolic functions, transcription regulation, and bone 
metabolism [2]. The interaction of 1,25(OH)2D with 
its VDR in the small intestine increases the efficiency 
of intestinal calcium absorption from approximately 
10- 15% up to 30- 40% and intestinal phosphorus ab-
sorption from approximately 60% to 80% [10]. 

Although the molecular action of 1,25(OH)2D on 
bone has received less attention, it has been found 

that 1,25(OH)2D interacts with VDR in osteoblasts 
to stimulate a receptor activator of nuclear factor κB 
ligand (RANKL), which, in turn, interacts with re-
ceptor activator of nuclear factor κB (NFκB) on im-
mature preosteoclasts, stimulating them to become 
mature bone-resorbing osteoclasts [2]. The mature 
osteoclast removes calcium and phosphorus from the 
bone to maintain blood calcium and phosphorus lev-
els [10]. In the kidneys, 1,25(OH)2D stimulates cal-
cium reabsorption from the glomerular filtrate. The 
metabolites 25(OH)D and 24,25(OH)2D are far less 
potent stimulators of intestinal calcium and phos-
phate transport or bone resorption. However, 25(OH)
D appears to be more potent than 1,25(OH)2D in stim-
ulating renal reabsorption of calcium and phosphate 
and may be the major metabolite regulating calcium 
flux and contractility in muscle. Specific receptors 
for 1,25(OH)2D exist in target tissues. However, the 
role and even the existence of separate receptors for 
25(OH)D and 24,25(OH)2D remain controversial [2].

The VDR is present in most tissues and cells in the 
body. Many of these organs and cells, including the 
brain, vascular smooth muscle, prostate, breast, and 
macrophages, not only have a VDR but also have the 
capacity to produce 1,25(OH)2D [13-15]. This pro-
duction probably depends on the availability of circu-
lating 25(OH)D, indicating the biological importance 
of sufficient blood levels of this vitamin D metabo-
lite [10]. In these “non-target” tissues, 1,25(OH)2D 
exerts a number of actions including regulation of 
parathyroid hormone secretion from the parathyroid 
gland, insulin secretion from the pancreas, cytokine 
production by macrophages and T cells, and prolif-
eration and differentiation of a large number of cells, 
including cancer cells  [2, 14, 16].

table 2 presents a concise synopsis of the prin-
cipal actions and interplay between the chief cal-
cium-regulating hormones – parathyroid hormone 
(PTH) and vitamin D on the three main target tis-
sues—intestine, kidney, and bone. 

The net effect of PTH is to raise serum calcium 
and reduce serum phosphate; the net effect of vitamin 
D is to raise both [2, 17]. Regulation of calcium and 
phosphate homeostasis is achieved through a variety 
of feedback loops. Calcium is the principal regula-
tor of PTH secretion. It binds to a novel ion recogni-
tion site that is part of a Gq protein–coupled receptor 
called the calcium sensing receptor (CaR) and links 
changes in intracellular free calcium concentration to 
changes in extracellular calcium [2]. As serum calci-
um levels rise and bind to this receptor, intracellular 
calcium levels increase and inhibit PTH secretion. 



32 PHARMACIA, vol. 63, No. 1/2016 G. Momekov, Y. Voynikov, P. Peikov

Phosphate regulates PTH secretion directly and in-
directly by forming complexes with calcium in the 
serum. Because it is the ionized free concentration of 
calcium that is detected by the parathyroid gland, in-
creases in serum phosphate levels reduce the ionized 
calcium and lead to enhanced PTH secretion. Such 
feedback regulation is appropriate to the net effect of 
PTH to raise serum calcium and reduce serum phos-
phate levels. Likewise, both calcium and phosphate 
at high levels reduce the amount of 1,25(OH)2D 
produced by the kidney and increase the amount of 
24,25(OH)2D produced. The high calcium works di-
rectly and indirectly by reducing PTH secretion. The 
high phosphate works directly and indirectly by in-
creasing FGF23 levels. Since 1,25(OH)2D raises se-
rum calcium and phosphate, whereas 24,25(OH)2D 
has less effect, such feedback regulation is again ap-
propriate. 1,25(OH)2D itself directly inhibits PTH se-

cretion (independently of its effect on serum calcium) 
by a direct action on PTH gene transcription. This 
provides yet another negative feedback loop [2]. The 
ability of 1,25(OH)2D to inhibit PTH secretion di-
rectly is being exploited using calcitriol analogs that 
have less effect on serum calcium because of their 
lesser effect on intestinal calcium absorption. Such 
drugs are proving useful in the management of sec-
ondary hyperparathyroidism accompanying chronic 
kidney disease and may be useful in selected cases of 
primary hyperparathyroidism [1].

II. Effects of vitamin D beyond the calcium ho-
meostasis and bone health

Many physiological processes are directly or indi-
rectly regulated by vitamin D-derived hormones. Vi-
tamin D and its metabolites have widespread physio-
logical roles far beyond the well described effects in 
skeletal biology. Vitamin D deficiency is implicated 
in numerous disease conditions such as cancer, au-
toimmunity, cardiovascular diseases, diabetes and so 
on [7, 8, 24, 25]. The role of vitamin D deficiency in 
non-musculoskeletal conditions is a relatively novel 
field of interest. Well substantiated experimental data 
describe convincingly regulatory and pharmacolog-
ical effects of vitamin D regarding various disease 
state models. These experimental data are strongly 
supported by epidemiological and observational hu-
man data, and more recently by clinical trials and me-
ta-analyses thereof [7, 10]. 

•  Anticancer potential
Several studies haverelatedhigher serum levels 

of 25(OH)D to reduced incidence of many types of 
cancers [7, 14, 16, 26]. It has been hypothesized that 
the local conversion of 25(OH)D to 1,25(OH)2D in 
healthy cells in the colon, breast, and prostate can 
help prevent malignancy by inducing cellular matu-
ration, inducing apoptosis and inhibiting angiogene-
sis while enhancing the expression of genes includ-
ing involved in controlling cellular proliferation [7, 
15, 16, 21, 25]. Another vitamin D–regulated gene 
is CYP3A4, whose protein product detoxifies the bile 
acid lithocholic acid. Lithocholic acid is believed to 
damage the DNA of intestinal cells, and it may pro-
mote colon carcinogenesis. Stimulating the produc-
tion of a detoxifying enzyme by 1,25(OH)2D could 
explain a protective role for improving vitamin D sta-
tus against colon cancer. Because vitamin D regulates 
a gamut of physiologic processes, including immune 
modulation, resistance to oxidative stress, and modu-
lation of other hormones, it is not surprising that low 

target 
organs

PtH Vitamin D

Intestine Increased calcium 
and phosphate 
absorption 
(by increased 
1,25(OH)2D 
production) 

Increased calcium 
and phosphate 
absorption by 
1,25(OH)2D 
 

Kidney Decreased calcium 
excretion, increased 
phosphate excretion

Calcium and 
phosphate 
excretion may 
be decreased by 
25(OH)D and 
1,25(OH)2D

1

Bone Calcium and 
phosphate resorption 
increased by high 
doses. Low doses 
may increase bone 
formation.

Increased calcium 
and phosphate 
resorption by 
1,25(OH)2D; bone 
formation may 
be increased by 
1,25 (OH)2D and 
24,25(OH)2D

Net 
effect on 
serum 
levels

Serum calcium 
increased, serum 
phosphate decreased

Serum calcium and 
phosphate both 
increased

1Direct effect. Vitamin D often increases urine calcium ow-
ing to increased calcium absorption from the intestine and 
resulting decreased PTH.

Table 2. Actions of parathyroid hormone (PTH) and vita-
min D on gut, bone, and kidney [2].
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vitamin D status has been associated with increased 
risk of several cancers and cancer mortality [7]. 

Adequate levels of 25(OH)D are critical for the 
prevention of various solid tumors, including pros-
tate, breast, ovarian, and colon cancers, as suggested 
by epidemiological studies [14, 15]. A meta-analysis 
for the US Preventive Services Task Force regard-
ing vitamin D supplementation concluded that each 
4-ng/mL increase in blood 25(OH)D levels was as-
sociated with a 6% reduced risk of colorectal cancer 
but not with statistically significant dose-response re-
lationships for prostate and breast cancer. In a large 
prospective study of lethal prostate cancer (1260 cas-
es vs. 1331 controls), men with the highest quartile 
of plasma 25(OH)D levels had less than half the risk 
of lethal prostate cancer compared with men with the 
lowest quartile of plasma 25(OH)D levels. Another 
meta-analysis including 1822 colon and 868 rectal 
cancers reported an inverse association between cir-
culating 25(OH)D levels and colorectal cancer, with 
a stronger association for rectal cancer [7].

•  Cardiovascular and metabolic effects
The regulatory effects of vitamin D on various 

cardiovascular risk factors such as hypertension and 
diabetes mellitus has been well substantiated in sev-
eral experimental data[10, 27-29]. Activation of the 
vitamin D receptor suppresses e.g. the renin-angio-
tensin system. These experimental data are strongly 
supported by epidemiological and observational hu-
man data that link vitamin D deficiency to the inci-
dence, degree and prevalence of cardiovascular risk 
factors and disease conditions [8, 29]. 

25(OH)D and 1,25(OH)2D levels are inversely 
related to coronary artery calcifications and are low-
er in patients with myocardial infarction. An in vitro 
study suggested that low 25(OH)D levels influence 
the activity/expression of macrophages and lym-
phocytes in atherosclerotic plaques, thus promoting 
chronic inflammation in the artery wall. Additionally, 
1,25(OH)2D3 inhibited foam cell formation and pro-
moted angiogenesis in endothelial colony-forming 
cells in vitro, possibly due to an increase in vascular 
endothelial growth factor expression and pro–matrix 
metalloproteinase-2 activity. A short course of treat-
ment with vitamin D (4000 IU for 5 days) effectively 
attenuated the increase in circulating levels of in-
flammatory cytokines after an acute coronary event. 
These findings support the anti-inflammatory effects 
of vitamin D on the vascular system and suggest 
mechanisms that mediate some of its cardioprotective 
properties. In addition, low 25(OH)D concentrations 

result in elevations in PTH levels, which have been 
linked to insulin resistance and significant increases 
in the serum levels of many acute phase proteins [7]. 

Observational studies indicated that a serum 
25(OH)D level less than 30 ng/mL was strongly 
associated with hypertension and metabolic syn-
drome. This effect is thought to be partly mediated 
through regulation of the renin-angiotensin-aldo-
sterone axis [7, 10, 29]. The Intermountain Heart 
Collaborative Study Group prospectively analyzed 
a large electronic medical records database that con-
tained 41,504 patient records. Serum 25(OH)D lev-
els less than 30 ng/mL were associated with highly 
significant increases in the prevalence of diabetes, 
hypertension, hyperlipidemia, and peripheral vascu-
lar disease. Serum 25(OH)D levels were also highly 
associated with coronary artery disease, myocardial 
infarction, heart failure, and stroke and with incident 
death, heart failure, coronary artery disease/myocar-
dial infarction, stroke, and their composite. Black 
normotensive children who received 2000 IU/d of 
vitamin D3 were compared with those who received 
400 IU/d for 16 weeks in an RCT. Teenagers who 
received 400 IU/d of vitamin D3 increased their mean 
± SD plasma levels of 25(OH)D from 13.6±4.2 to 
23.9±7.2 ng/mL and had no reduction in arterial wall 
stiffness. In contrast, teenagers who received 2000 
IU/d of vitamin D3 increased their mean ± SD plas-
ma levels of 25(OH)D from 13.2±3.4 to 34.2±12.1 
ng/mL and significantly lowered their arterial wall 
stiffness. This finding is supported by the observation 
that serum 25(OH)D levels less than 30 ng/mL were 
strongly associated with hypertension, elevated blood 
glucose, and metabolic syndrome in adolescents [7]. 

A large meta-analysis comprising 11 prospective 
studies involving 3,612 cases and 55,713 non-case 
participants provided the largest and most compre-
hensive assessment thus far of the association be-
tween circulating 25(OH)D levels and type 2 diabe-
tes. It suggested a strong inverse association between 
serum 25(OH)D concentration and incidence of type 
2 diabetes. The combined RR of 0.59 suggested that 
the risk of future diabetes may be reduced by 41% 
(95% CI, 33%-48%) by having a serum 25(OH)D 
level greater than 32 ng/mL compared with a serum 
25(OH)D level less than 19.5 ng/mL at baseline [7]. 
The MIDSPAN family study was a prospective study 
of 1040 men and 1298 women from the West of Scot-
land recruited in 1996 and followed up for a median 
of 14.4 years. Plasma levels of 25(OH)D less than 15 
ng/mL were not associated with a risk of cardiovas-
cular disorders in this cohort with very low 25(OH)D 
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levels. The median plasma 25(OH)D level was 18.6 
ng/mL, and the median vitamin D intake was 3.2 μg/d 
(128 IU/d). However, there was some evidence that 
a 25(OH)D level less than 15 ng/mL was associated 
with all-cause mortality [7].

However, large, high quality, and randomized 
controlled trials aiming primarily on cardiovascular 
end-points are absent. Speculations about the vitamin 
D usage in prevention or therapy of cardiovascular 
disease need to take potential drawbacks of vitamin D 
overdosing into account [7, 30]. The limited evidence 
regarding vitamin D therapy currently prevents gen-
eral recommendations for vitamin D application in 
cardiology [7, 29].

•  Immune modulating activity/ Efficacy in auto-
immune disorders

Vitamin D has been defined as a natural immune 
modulator [7, 8, 24]. Epidemiologic, genetic, and 
basic science studies indicate a potential role of vi-
tamin D in the pathogenesis of certain systemic and 
organ-specific autoimmune diseases, such as type 1 
diabetes mellitus, MS, rheumatoid arthritis (RA), and 
Crohn disease (CD) [7, 26, 31]. Vitamin D’s effects on 
the innate immune system are predominantly through 
the toll-like receptors and on the adaptive immune 
system through T-cell differentiation, particularly the 
T helper cell (TH) type 17 response. Because TH17 cells 
are critical in the pathogenesis of RA, this has led to 
an interest in the effects of vitamin D deficiency in RA 
[7]. Vitamin D inhibits immune reactions in general, 
but it enhances the transcription of endogenous anti-
biotics, such as cathelicidin and defensins[7]. Vitamin 
D suppresses autoimmune disease pathology by regu-
lating the differentiation and activity of CD4+ T cells, 
resulting in a more balanced TH1/TH2 response that fa-
vors less development of self-reactive T cells and au-
toimmunity. The TH1-dependent autoimmune diseases, 
including MS, type 1 diabetes, CD, and RA, are also 
inhibited by 1,25(OH)2D3 owing to inhibition of anti-
gen presentation, reduced polarization of TH0 cells to 
TH1 cells, and reduced production of cytokines from 
the latter cells [7].

The 1,25(OH)2D3 down-regulated the proinflam-
matory cytokine (interleukin 1β, interleukin 6, and 
tumor necrosis factor) production in human acti-
vated macrophages by significantly decreasing the 
aromatase activity, especially in the presence of an 
estrogenic milieu, such as in RA synovial tissue. A 
prospective cohort study of 29,368 women aged 55 to 
69 years without a history of RA found an inverse as-
sociation between vitamin D intake and RA after 11 

years of follow-up. There was a 34% reduction in the 
development of RA with greater vitamin D intake. 
Women using a multivitamin with 400 IU of vitamin 
D reduced their risk of RA by 40% [7]. 

There is a large body of evidence linking a lack 
of vitamin D early in life to the development of type 
1diabetes [7, 10]. Vitamin D supplementation during 
infancy was reported to confer partial protection 
against β-cell autoimmunity. There is consistent evi-
dence from observational studies for potential long-
term programming effects of vitamin D supplemen-
tation on immunologic diseases, such as type 1 dia-
betes, MS, asthma, and allergic diseases [32]. There 
was a 63% decreased risk of islet cell antibodies in 
offspring with a single standard deviation (156 IU) 
increase in recalled maternal dietary vitamin D intake 
during pregnancy. Similarly, higher maternal cod 
liver oil (a source of vitamin D) intake during preg-
nancy was associated with a decreased risk of type 1 
diabetes in offspring, and fetal exposure to vitamin 
D deficiency was linked to a higher metabolic and 
cardiovascular disease risk in adult life [7]. 

In animal modelsand in cultured cells, 
1,25(OH)2D3 has been reported to improve insulin 
production, modulate T- and β-cell activity, enhance 
phagocytic killing activity, improve vascular smooth 
muscle resistance, and reduce the risk of autoimmune 
diseases [7, 27, 28]. 

Evidences supporting a protective role for vitamin 
D in MS risk and progression continue to emerge. 
Notable recent findings are that high 25(OH)D lev-
els at the time of a first demyelinating event predicts 
a lower MS risk and a decreased risk of MS in off-
spring whose mothers had high 25(OH)D levels. An 
American study of more than 187,000 women fol-
lowed up for 10 to 20 years reported promising results 
with women taking at least 400 IU of supplemental 
vitamin D daily. The risk of MS was decreased by 
41%. An epigenetic study in lymphoblastoid cell 
lines reported relevant insights into how vitamin D 
may influence the immune system and the risk of 
MS through VDR interactions with the chromatin 
state inside MS-associated genomic regions. Higher 
25(OH)D levels were associated with decreased ex-
acerbation risk in relapsing-remitting MS. However, 
the literature is limited by small study sizes, hetero-
geneity of dosing, form of vitamin D tested, and clin-
ical outcome measures [7]. 

Effects in respiratory tract conditions
At the turn of the past century, children with rick-

ets were at higher risk for upper respiratory tract in-
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fections and for dying of them. Macrophages have 
a VDR, and when they ingest an infectious agent, 
such as tuberculosis bacillus, the toll-like receptors 
are activated, resulting in signal transduction to in-
crease the expression of VDR and CYP27B1. In turn, 
25(OH)D is converted to 1,25(OH)2D, which signals 
the nucleus to increase the expression of cathelicidin, 
a defensin protein that kills infective agents, such as 
tuberculosis bacillus [7, 10]. 

Cord blood 25(OH)D levels have been associ-
ated with tolerogenic immune regulation and fewer 
respiratory tract infections in newborns. Also, high 
25(OH)D levels during maternity were associated 
with a decrease in childhood wheezing by nearly 
50% compared with low maternal 25(OH)D levels. 
Newborns with 25(OH)D levels less than 10 ng/mL 
were twice as likely to develop respiratory tract in-
fections compared with those with levels of 30 ng/
mL or greater, and every 4-ng/mL increase in the cord 
blood 25(OH)D level lowered the cumulative risk of 
wheezing by age 5 years. Serum concentrations of 
25(OH)D in 198 healthy adults revealed that a con-
centration of 38 ng/mL or higher reduced the risk of 
acute viral respiratory tract infections and number of 
days ill by 2-fold [7].

The potential role of vitamin D in reducing the risk 
of allergies may be related to epigenetic regulation. 
Misdirected epigenetic programming offered an ex-
planation for why vitamin D deficiency in pregnancy 
may be associated with increased allergy rates in the 
offspring. The cord blood level of 25(OH)D found a 
U-shaped association, with a 2.4-fold odds ratio (OR) 
of low and a 4-fold OR of high levels of 25(OH)D 
to develop allergen-specific IgE. Eczema was signifi-
cantly more likely in those with 25(OH)D levels less 
than 20 ng/mL compared with those with 25(OH)D 
levels of 30 ng/mL or greater (OR, 2.66; 95% CI, 
1.24-5.72; P=.01). Noteworthy, although vitamin D 
can favorably influence several pathways associated 
with respiratory tract diseases, there are few clinical 
trials to support the beneficial effect of vitamin D 
supplementation for these patients [7]. Moreover the 
available studies differ on whether a higher vitamin 
D intake or status in pregnancy or at birth is protec-
tive against asthma and allergies. To address this un-
certainty, the Vitamin D Antenatal Asthma Reduction 
Trial (VDAART) has been commenced. VDAART is 
an ongoing randomized, double-blind, placebo-con-
trolled trial of vitamin D supplementation in pregnant 
women that will determine whether prenatal supple-
mentation can prevent the development of asthma 
and allergies in women’s offspring [32]. 

Meta-analyses on respiratory outcomes and re-
covery from tuberculosis did not report any beneficial 
effects of supplementation for patients with cystic fi-
brosis or tuberculosis, respectively [7]. In contrast, 
other studies provided evidence for the beneficial ef-
fects of vitamin D supplementation in cystic fibrosis 
in terms of anti-inflammatory effects and prevention 
of infectious exacerbations albeit at doses exceeding 
those typically applied clinically in skeletal and en-
docrine disorders [33].

•  Neurodevelopmental regulation, neuroprotec-
tive effects and efficacy in neurological disorders

Over the past decades a number of studies have 
implicated several ways in which cholecalciferol af-
fects the developing brain including its effects on cell 
differentiation, neurotrophic factor expression, cyto-
kine regulation, neurotransmitter synthesis, intracel-
lular calcium signaling, anti-oxidant activity, and the 
expression of genes/proteins involved in neuronal 
differentiation, structure and metabolism. Dysfunc-
tion in any of these processes could adversely affect 
development and it has been shown in diverse exper-
imental models to examine the impact of the dietary 
absence of vitamin D in utero as well as in epidemio-
logical human studies [13, 34]. 

The brain has a VDR and has the ability to pro-
duce 1,25(OH)2D3. In vivo mouse studies found that 
in utero hypovitaminosis D impairs brain develop-
ment and leads to persistent changes in the adult 
brain [13, 34]. The 1,25(OH)2D3 is rapidly incorpo-
rated into embryonic hippocampal cells, moves into 
the nucleus, and then returns to the cytoplasm. These 
events delay cell proliferation and induce cell differ-
entiation characterized by the expression of differ-
entiation markers, modification of soma lengthening, 
and increase in neurite length and branching. At birth, 
rats with prenatal vitamin D deficiency had heavier 
and longer brains, enlarged lateral ventricles, and 
decreased cortical thickness. Evidence from human 
studies is scanty. One recent study found that high-
er maternal serum 25(OH)D levels in late pregnancy 
(<12 vs. >30 ng/mL) were associated with larger head 
circumference of offspring at 9 years old but not with 
measures of cognition or psychological health [7]. 
In addition, there may be a critical window during 
late gestation in which vitamin D insufficiency pre-
cipitates an altered adult behavioral phenotype. In 
rats, offspring of vitamin D–deficient mothers had 
significant impairment of latent inhibition (ability to 
ignore irrelevant stimuli), a feature often associated 
with schizophrenia, whereas those transiently deplet-
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ed had subtle and discrete alterations in learning and 
memory. In a Finnish birth cohort study, 9114 indi-
viduals were drawn from the northern Finland 1966 
birth cohort. In males, the use of at least 2000 IU of 
vitamin D during the first year of life was associated 
with a reduced risk of schizophrenia (RR, 0.23; 95% 
CI, 0.06-0.95) compared with those taking lower 
doses [7]. 

There is minimal evidence for an association of 
low maternal vitamin D status with risk of autism 
[35]. Children of dark-skinned mothers, particularly 
immigrants to locations with low ambient UV radi-
ation may be at increased risk, but this finding has 
been inconsistent [7]. 

The 1,25(OH)2D3 seems to have a neuroprotec-
tive role, inducing remyelination by endogenous 
progenitor cells and stimulation of amyloid-β clear-
ance by macrophages of patients with Alzheimer 
disease [7, 13]. A vitamin D3–enriched diet correlat-
ed with a decrease in the number of amyloid plaques 
and inflammation in the brains of AβPP mice. These 
observations suggest that a vitamin D3–enriched 
diet may reduce the risk of Alzheimer disease as 
well as depression and neurocognitive disorders. 
An Australian study of 743 white pregnant women 
found that maternal vitamin D insufficiency during 
pregnancy is significantly associated with offspring 
language impairment. Vitamin D deficiency was 
also associated with prominent changes in behavior 
and brain neurochemistry in the adult mouse. In the 
follow-up of a British birth cohort (n=7401), current 
and subsequent risk of depression in middle adult-
hood was associated with low serum 25(OH)D lev-
els. Although there is a strong association between 
risk of neurologic disorders and serum 25(OH)D 
concentrations, there are only a few short-term clin-
ical trials of vitamin D in patients with MS that have 
not reported benefit and no clinical trials evaluating 
other neurologic disorders [7].

III. safety pharmacology and toxicodynamics
Intake of vitamin D substantially greater than 

physiologic amounts (>250 mcg/day) is toxic be-
cause circulating vitamin D binding protein (DBP) 
is preoccupied and that forces the free and unbound 
percent of vitamin D to increase [22]. The toxic dos-
es are associated with hypercalcaemia and hypercal-
ciuria result from increased intestinal absorption of 
calcium and mobilization of calcium from the skel-
eton and may lead to impairment in renal function, 
nephrocalcinosis, nephrolithiasis, urinary tract infec-
tions, and so forth [17, 30]. Patients with intoxication 

are often asymptomatic, but they may have anorexia, 
nausea, vomiting, weight loss, polyuria, polydipsia, 
and alterations in mental status [30]. Children and 
infants often show listlessness and hypotonia. Intoxi-
cation can occur unexpectedly, possibly as a result of 
changes in diet, gastrointestinal absorption of calci-
um, or hydration status [17]. 

The freely circulating vitamin D, along with its 
metabolites, can accumulate not only in adipose but 
also in muscle. The average capacity of human plas-
ma DBP to bind vitamin D and its metabolites is 4700 
nmol/L, and this exceeds by 20 times the physiologic 
total concentration of its vitamin D-derived ligands. 
The majority of cases of vitamin D intoxication have 
involved vitamin D2. The clinical cases involving 
vitamin D3, to date, have been industrial accidents 
or poisonings from an unknown source. Vieth et al. 
have assayed blood levels of vitamin D and its me-
tabolites by chromatography and found that despite 
record-high 25(OH)D concentrations in humans 
(2400 nmol/liter), they were still small in comparison 
to a large excess of vitamin D3 (17,000 nmol/liter) 
suggesting that the capacity of liver to hydroxylate 
vitamin D is limited [22]. 

Concentrations of 1,25(OH)2D are not increased 
such by vitamin D intoxication. This reflects the high 
level of regulation of this hormone via both its synthe-
sis and catabolism. Nonetheless, vitamin D toxicity is 
probably manifest by the excessive levels of “free” 
1,25(OH)2D, displaced from its carrier protein, DBP, 
by the vast excess of other vitamin D metabolites [6]. 
This excess was confirmed by studies looking into 
“free” 1,25(OH)2D concentrations in vitamin D in-
toxicated individuals. This excess of metabolite over 
binding capacity was also confirmed by the high total 
of vitamin D and 25(OH)D concentrations (19500 
nmol/L) in a patient intoxicated after consuming over 
a million units (>25 mg) daily for many months [21].

In general 3 major theories about the mechanism 
of vitamin D toxicity have been coined. All involve 
increased concentrations of a vitamin D metabolite 
reaching the VDR in the nucleus of target cells and 
causing exaggerated gene expression. At issue is the 
offending vitamin D metabolite and how it becomes 
elevated. The 3 hypotheses to explain this are as fol-
lows: i) vitamin D intake raises plasma 1α,25(OH)2D 
concentrations, which increase cellular 1α,25(OH)2D 
concentrations; ii) Vitamin D intake raises the con-
centrations of many vitamin D metabolites, espe-
cially vitamin D itself and 25(OH)D. iii) Vitamin D 
intake raises plasma 25(OH)D to μmol/L concentra-
tions that exceed the DBP binding capacity and “free 
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25(OH)D” enters the cell, where it has direct effects 
on gene expression; These concentrations exceed the 
DBP binding capacity and cause release of “free” 
1α,25(OH)2D, which enters target cells [6, 22].

The third toxicodynamic mechanism has been 
corroborated by an elegant preclinical study. Vitamin 
D intoxication was produced with oral doses of either 
vitamin D3 or 25(OH) D3 in CYP27B1 -/- (1α-hy-
droxylase knockout) and wild-type mice. These com-
pounds were equally toxic in wild-type and the mu-
tant mice. Since the null mutant mice are unable to 
produce 1,25-dihydroxyvitamin D, it is clear 1,25-di-
hydroxyvitamin D is not responsible for vitamin D 
intoxication. On the other hand, 25-hydroxyvitamin 
D rises to levels of 400-700 ng/ml or 1000-1750 nM 
in the serum of both groups of mice. Toxicity was 
evidenced by severe hypercalcaemia and weight loss. 
Measurement of 1,25-dihydroxyvitamin D3 in serum 
confirmed its absence from serum of the CYP27B1 
-/- mice given 25-hydroxyvitamin D3. Since high 
concentrations of 25-hydroxyvitamin D can bind 
the vitamin D receptor and can induce transcription, 
25-hydroxyvitamin D is likely responsible for toxici-
ty of vitamin D excess [36].

Even though as suggested by in animal studies 
the toxicity of vitamin D has conventionally been at-
tributed to its induction of hypercalcaemia, some tox-
ic endpoints observed in response to hypervitamino-
sis D such as anorexia, lethargy, growth retardation, 
bone resorption, soft tissue calcification, and death 
can be dissociated from the hypercalcaemia that usu-
ally accompanies them. On these grounds an alter-
native hypothesis has been reported which proposes 
that vitamin D exerts toxicity by inducing a deficien-
cy of vitamin K. According to this model, vitamin D 
increases the expression of proteins whose activation 
depends on vitamin K-mediated glutamate γ-carbox-
ylation; as the demand for carboxylation increases, 
the pool of vitamin K is depleted. Since vitamin K is 
essential to the nervous system and plays important 
roles in protecting against bone loss and calcification 
of the peripheral soft tissues, its deficiency results 
in the symptoms associated with hypervitamino-
sis D. This notion is circumstantially supported by 
the observation that animals deficient in vitamin K 
or vitamin K-dependent proteins exhibit remarkable 
similarities to animals fed toxic doses of vitamin D, 
and the observation that vitamin D and the vitamin 
K-inhibitor Warfarin have similar toxicity profiles 
and exert toxicity synergistically when combined. 
The hypothesis further proposes that vitamin A pro-
tects against the toxicity of vitamin D by decreasing 

the expression of vitamin K-dependent proteins and 
thereby exerting a vitamin K-sparing effect [37]. 

IV. Pharmacokinetics 
Nutritional and pharmacological doses of chole-

calciferol are well absorbed from the gastrointestinal 
tract [2]. When absorbed from the gut, vitamin D 
enters the circulation on chylomicrons first, and it is 
only slowly transferred to the specific plasma bind-
ing protein (DBP). Vitamin D has relatively low af-
finity for DBP; reviews estimate this at between 1 × 
10−5 and 1 × 10−7 mol/L.Transport of dietary vitamin 
D contrasts significantly with that of vitamin D3made 
during skin synthesis, which is mainly bound to DBP. 
The consequence of chylomicron transport of dietary 
vitamin D is the possibility of uptake by peripheral 
tissues, such as adipose tissue and muscle, due to the 
action of lipoprotein lipase[6]. 

Vitamin D3 is a lipophilic molecule similar to its 
closely related lipid precursor cholesterol, so it re-
quires binding to the protein carrier DBP for solu-
bility in plasma[3, 8, 9]. Its mono-, di-, and tri-hy-
droxylated metabolitesshow progressively increas-
ing polarity, culminating in the water-soluble biliary 
form calcitroic acid[6]. The liver converts vitamin 
D into 25(OH)D, a process that some attribute to a 
microsomal cytochrome P450 enzyme, CYP2R1, or 
the mitochondrial cytochrome P450 CYP27A1; nei-
ther is subject to tight regulation. 25(OH)D quickly 
enters the plasma pool that constitutes the predomi-
nant pool of vitamin D in the body, with a capacity of 
≈4.5 μmol/L. 25(OH)D3 and 25(OH)D2, its vitamin 
D2counterpart, have a strong affinity for DBP at 5 × 
10−8 mol/L, which is at least an order of magnitude 
higher than that of its vitamin D precursors. As a 
consequence, 25(OH)D3 has a half-life of 15 d in the 
circulation. The normal circulating level of 25(OH)D 
[25(OH)D3 + 25(OH)D2] in the blood is only 25–200 
nmol/L, indicating that ligand only occupies 2–5% of 
DBP in the physiologic state[6].

The dihydroxy-metabolites have widely dif-
fering affinities for DBP, with 25(OH)D3-26,23-
lactone binding 3–5 times as tightly as 25(OH)
D3. The inactive metabolites 24,25(OH)2D3 and 
25,26(OH)2D3 bind with equal affinity as 25(OH)D3, 
and the active form 1α,25(OH)2D3 binds DBP with 
an affinity of 2 × 10−7 mol/L, an order of magnitude 
less than its precursor. 1α,25(OH)2D3has a half-life 
of 10–20 h, although this depends to some extent on 
the state of the highly inducible catabolic machinery. 
The accumulation of these metabolites in the blood-
stream is mainly a function of their affinity for DBP, 
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although rate of synthesis and degradation must also 
play a partial role[6].

The liver takes up the vitamin D left in the chy-
lomicron remnant and quickly removes it from the 
bloodstream.The loss into tissue and liver pools thus 
logically explains the short distribution half-life 
≈4–6 h, of physiologically relevant doses of vitamin 
D. Studies with radiolabeled vitamin D have shown 
that the whole-body half-life is ≈2 months [6].

In the liver series of 25-hydroxylases—the ma-
jor ones are the microsomal CYP2R1 and the mito-
chondrial CYP27A1 metabolizecholecalciferol. The 
resulting 25-hydroxyvitamin D3 (25(OH)D3) is then 
carried on vitamin D binding protein (DBP) to the 
kidney, where the classic renal CYP27B1 1α-hy-
droxylates it and puts it back into circulation as its 
hormonally active form 1α,25-dihydroxyvitamin 
D3 (1α,25(OH)2D3; calcitriol) [2, 6]. Recent studies 
have conclusively shown that CYP24A1 is responsi-
ble for the formation of several principal accumulat-
ing metabolites, 24,25(OH)2D3 and 25(OH)D3-26,23-
lactone, as well as the catabolite calcitroic acid[6, 
9]. Measurements of the plasma level show that cir-
culating 1α,25(OH)2D3 is in the picomolar range, a 
concentration 1000 times lower than that of 25(OH)
D. Molecular probes for CYP27B1 mRNA based on 
reverse transcriptase–polymerase chain reaction and 
for CYP27B1 protein based on immune localization 
studies have shown that this “activating” CYP is ex-
pressed not only in the kidney but also in several ex-
trarenal tissues; in addition, it is subject to different 
regulation than the renal enzyme[6]. 

Tracer studies with vitamin D have shown a rapid 
clearance of the parent from the blood, due to tissue 
redistribution, nevertheless the whole body clearance 
is slow due to sequestration in adipose tissues, the 
terminal elimination half-life is 50-60 days [39]. The 
liver appears to be the principal organ for biotransfor-
mation and clearance and the kidney is important for 
biological activation [6], but noteworthy activated 
macrophages, certain lymphoma cells, and skin and 
bone cells also have been shown to produce 1,25-di-
hydroxylated vitamin D, but the physiologic impor-
tance of such locally produced activated vitamin D is 
not well understood. Excessive unregulated produc-
tion of 1,25-dihydroxylated vitamin D by activated 
macrophages and lymphoma cells is responsible for 
the hypercalciuria associated with sarcoidosis, other 
chronic granulomatous disorders and the hypercal-
caemia associated with lymphoma [19, 30]. Excess 
vitamin D is stored in adipose tissue. The metabolic 
clearance of the hormonally active metabolite cal-

citriol in humans indicates a rapid turnover, with a 
terminal half-life measured in hours [2, 6]. The me-
tabolites of vitamin D analogs are excreted princi-
pally in bile and feces [4]. Although some vitamin 
D that is excreted in bile is reabsorbed in the small 
intestine, enterohepatic circulation does not appear to 
be an important mechanism for conservation of the 
vitamin [19].

•  Comparative pharmacokinetics in specific 
populations

Vitamin D deficiency can result from nutritional 
deprivation, inadequate sunlight exposure, impaired 
gastrointestinal absorption, reduced synthesis of 
25-hydroxyvitamin D and/or 1,25-dihydroxyvita-
min D or end-organ resistance to 1,25-dihydroxyvi-
tamin D [7, 17]. Nutritional vitamin D deficiency 
is rare in North America, because milk and cereals 
are commonly fortified with vitamin D2, but appears 
far more common in Europe, especially in Northern 
areas and far more common elsewhere in the world 
[7]. Noteworthy, vitamin D deficiency can occur in 
alcoholics and the elderly because of their poor nu-
tritional status and limited sunlight exposure. Data 
relating altered intestinal absorption of vitamin D 
and age are controversial. Although some evidence 
suggested that intestinal absorption of vitamin D 
may be decreased in geriatric adults, other evidence 
did not show clinically important age-related alter-
ations in GI absorption of the vitamin in therapeutic 
doses[19]. Moreover in elderly people, the amount 
of body fat is usually increased and total body fluid 
is reduced. These changes affect drug distribution 
and should be considered when administering li-
pophilic substances such as vitamin D, which can 
have a higher relative distribution volume, a longer 
half-life, increased accumulation, and prolongation 
of the pharmacological effect [30].

The intestinal absorption of [3H]cholecalciferol 
was studied in five patients with alcoholic liver dis-
ease, six patients with primary biliary cirrhosis, and 
15 healthy subjects. The rate of appearance in plas-
ma of [3H]cholecalciferol after oral ingestion and 
the subsequent appearance of [3H]polar metabolites 
in the alcoholic subjects were similar to those in the 
healthy subjects. In subjects with primary biliary 
cirrhosis the rate of appearance in plasma of [3H]
cholecalciferol was significantly reduced. The rate of 
appearance of labeled polar metabolites of cholecal-
ciferol was also lower in this group, suggesting that 
increased removal of labeled vitamin by conversion 
into more polar metabolites could not account for the 
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reduced plasma [3H]cholecalciferol response. The 
findings of the study indicate that intestinal absorp-
tion of cholecalciferol and its hepatic 25-hydroxyl-
ation appear to be normal in alcoholic liver disease 
but impaired in primary biliary cirrhosis [40].

Obese adults (BMI > 30 kg/m2) are at high risk for 
vitamin D deficiency because the body fat sequesters-
the fat-soluble vitamin. When obese and non-obese 
adults were exposed to simulated sunlight or received 
an oral dose of 50,000 IU of vitamin D, they were 
able to raise their blood levels of vitamin D by no 
more than 50% compared with non-obese adults [5]. 

Patients on multiple anticonvulsant medications, 
glucocorticoids, or antiretroviral treatment are at in-
creased risk for vitamin D deficiency because these 
medications increase the catabolism of 25(OH)D 
[19, 38]. 

Patients with one of the fat malabsorption syn-
dromes and bariatric patients are often unable to 
absorb the fat-soluble vitamin D, and patients with 
nephrotic syndrome lose 25(OH)D bound to the vi-
tamin D-binding protein in the urine [17, 41]. On 
these grounds in obese patients, patients with mal-
absorption syndromes, and patients on medications 
affecting vitamin D metabolism, the 2011 Endocrine 
Society Clinical Practice Guideline for evaluation, 
treatment, and prevention of Vitamin D Deficiency 
has suggested a higher dose (two to three times high-
er; e.g. 6000–10,000 IU/daily) of vitamin D to treat 
vitamin D deficiency to maintain a 25(OH)D level 
above 30 ng/ml, followed by maintenance therapy of 
3000–6000 IU/D [5].

Patients who suffer from chronic granuloma-form-
ing disorders including sarcoidosis, tuberculosis, and 
chronic fungal infections and some patients with 
lymphoma have activated macrophages that produce 
1,25(OH)2D in an unregulated fashion, non-depen-
dent on the normal biotransformation in the kidney 
[19, 30]. This results in an increase in the efficiency 
of intestinal calcium absorption and mobilization of 
calcium from the skeleton that can cause hypercal-
ciuria and hypercalcaemia. These patients may re-
quire vitamin D treatment to raise their blood level of 
25(OH)D to approximately 20–30 ng/ml to prevent 
vitamin D-deficiency metabolic bone disease while 
mitigating hypercalciuria and hypercalcaemia[10].

Gastrointestinal disease is now the predominant 
cause of vitamin D deficiency. Intestinal malabsorp-
tion syndromes that affect the small intestine (espe-
cially the duodenum and jejunum) are all associated 
with impaired vitamin D absorption as a result of 
either rapid transit or enhanced fecal loss of 25-hy-

droxyvitamin D because of impaired enterohepatic 
circulation [41]. Similarly, patients with chronic se-
vere parenchymal and cholestatic liver disease fre-
quently exhibit vitamin D deficiency resulting from 
the associated malabsorption syndrome combined 
with a decreased hepatic capacity to convert vitamin 
D to 25-hydroxyvitamin D [17]. Those patients who 
take phenobarbital, phenytoin and other CYP450 
inducers have increased activity of microsomal hy-
droxylases in the liver, and consequent accelerated 
metabolism of vitamin D can lead to functional vita-
min D deficiency [5, 30, 38]. 

In the absence of PTH (idiopathic or surgical hy-
poparathyroidism) or an abnormal target tissue re-
sponse to PTH (pseudohypoparathyroidism), serum 
calcium falls and serum phosphate rises [17, 18, 46]. 
In such patients, 1,25(OH)2D levels are usually low, 
presumably reflecting the lack of stimulation by PTH 
of 1,25(OH)2D production. The skeletons of patients 
with idiopathic or surgical hypoparathyroidism are 
normal except for a slow turnover rate. A number of 
patients with pseudohypoparathyroidism appear to 
have osteitis fibrosa, suggesting that the normal or 
high PTH levels found in such patients are capable of 
acting on bone but not on the kidney. The distinction 
between pseudohypoparathyroidism and idiopath-
ic hypoparathyroidism is made on the basis of nor-
mal or high PTH levels but deficient renal response 
(i.e., diminished excretion of cAMP or phosphate) in 
patients with pseudohypoparathyroidism. In hypo-
parathyroidism the principal therapeutic concern is 
to restore normocalcemia and normophosphatemia. 
Under most circumstances, vitamin D and dietary 
calcium supplements suffice [17, 46].

Renal disease is one of the most common causes 
of vitamin D deficiency, and requirements for sup-
plementation therapy. As kidney function declines, 
1α-hydroxylase activity decreases, leading to reduc-
tions in circulating levels of 1,25-dihydroxyvitamin D 
and, consequently, impaired gastrointestinal calcium 
absorption. Additionally, phosphate excretion falls as 
renal function declines [17, 47]. Hyperphosphatemia 
then results in further decreases in the serum calcium 
level by chelating ionized calcium and inhibiting any 
remaining 1α -hydroxylase enzyme activity [17]. 

In rare instances, inborn errors of vitamin D me-
tabolism can result in hypocalcemia. Patients with 
these disorders generally present early in life with 
hypocalcemia and skeletal abnormalities despite ad-
equate vitamin D intake [17]. Vitamin D-dependent 
rickets type I is an autosomal recessive disorder 
that stems from impaired renal 1a-hydroxylase ac-
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tivity. Affected patients have low concentrations of 
1,25-dihydroxyvitamin D but respond to treatment 
with physiological doses of 1,25-dihydroxyvitamin 
D. In contrast, patients with vitamin D-dependent 
rickets type II have a variety of mutations in the 
vitamin D receptor, exhibit dramatically increased 
circulating concentrations of 1,25 dihydroxyvitamin 
D (as a consequence of their secondary hyperpara-
thyroidism), and respond poorly even to pharmaco-
logical doses of 1,25-dihydroxyvitamin D. Patients 
with the more severe form of this disease frequently 
have alopecia [17, 47]. 

The clinical manifestations of vitamin D deficien-
cy can include myotonia, muscle weakness, and, in 
severe cases, hypocalcemia and tetany [17, 47]. Ad-
ditionally, skeletal abnormalities are also frequently 
present. The characteristic skeletal disturbance in 
vitamin D-deficient states is osteomalacia and rick-
ets in children [17, 48, 49]. The malacic bone results 
from impaired mineralization and is subject to dis-
tortion in shape and to fracture. When osteomalacia 
develops in young, actively growing children, it is re-
ferred to as rickets. If vitamin D deficiency is present 
during the first year of life, the characteristic features 
of rachitic bone can include widened cranial sutures, 
frontal bossing, posterior flattening of the skull, bulg-
ing of the costochondral junctions, indentation of the 
ribs at the diaphragmatic insertions, and enlargement 
of the wrists. After the first year of life, the deformi-
ties resulting from vitamin D deficiency are most se-
vere in the long bones because of their rapid growth 
and weight-bearing function. The bony shafts of the 
long bones can be deformed (bowed) and subject to 
fracture. The ends of the long bones become enlarged 
and bowleg or knock-knee deformities progressively 
worsen. In long-standing disease, there may be coxa 
vara and rachitic saber shins. Moderate deformities 
occurring before age of 4 may resolve with adequate 
vitamin D treatment, but those occurring later usually 
result in lasting deformity, compromised adult height 
or both [17]. 

The clinical features associated with osteomalacia 
in adults are subtler than those with rickets in chil-
dren. In the mature, fully grown skeleton, bone turn-
over is less than 5% per year. Thus, a mineralization 
defect in adults must be present for several years to 
produce clinical manifestations. The characteristic 
symptom, if any, is pain when weight or pressure is 
applied to the affected bones. Low backache relieved 
by recumbency is one of the earlier complaints, but 
the pain may include other portions of the spine, ribs, 
and feet. Significant osteomalacia may be present 

without radiographic manifestations, but there is of-
ten a generalized decrease in bone mineral density. 
The most characteristic feature of adult osteomalacia 
is the pseudofracture (Looser’s zone, Milkman’s syn-
drome), a straight, transverse band localized, often 
symmetrically, at the concave ends of the shafts of 
long bones, ribs, scapulae, and pubic rami. The origin 
of these radio graphic abnormalities is unknown, but 
they may arise from the pressure of overlying pul-
sating arteries. Skeletal fractures (sometimes super-
imposed on pseudofractures) can occur and usually 
unite very slowly. Long-standing disease can lead 
to bowing of long bones and distortion of the pel-
vic outlet (assuming a triangular appearance on stan-
dard anteroposterior views). Loss of vertebral height 
as a result of typical biconcave defor mities can lead 
to kyphosis as a late manifestation. The skeletal de-
formities may be associated with other features of 
malnutrition and/or secondary hyperparathyroidism 
(e.g., subperiosteal resorption). Associated proximal 
weakness can contribute to a waddling gait or severe 
crippling [17]. 

The goals of treatment in states of vitamin D de-
ficiency are to (1) correct hypocalcemia, alleviate 
related symptoms, and prevent grand mal seizures 
and cataracts, (2) prevent the skeletal deformities of 
rickets and the occurrence of fragility fractures, (3) 
prevent toxicity (hypercalcaemia, hypercalciuria, and 
their consequences), and (4) promote normal growth 
and development in children [17]. The choice of the 
vitamin D preparation used for therapy depends on 
the cost of the medication and associated illnesses 
that may influence vitamin D metabolism [1, 47]. 

The precursor molecules, ergocalciferol (vitamin 
D2) and cholecalciferol (vitamin D3), are the least 
expensive. These compounds and 25-hydroxyvita-
min D3 (calcifediol) have the theoretical advantage 
that they are precursors of the other vitamin D me-
tabolites, so that physiologic regulation may avert 
toxicity. A disadvantage of vitamin D2 and D3 is that 
they tend to be chemically unstable and lose activ-
ity during storage. They also tend to accumulate in 
fat and muscle during long-term administration so 
that the effect becomes cumulative. With both com-
pounds, the therapeutic dose approaches the toxic 
dose, a long period is required for optimal biologic 
effect, and activity may persist after cessation of ad-
ministration, a disadvantage in the event of intoxi-
cation. The advantages of dihydrotachysterol (DHT) 
and calcitriol (1,25-dihydroxyvitamin D3) are that 
the onset of maximum biological activity is short and 
their effects last only a short period after cessation of 
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treatment. Both are effective when 1α-hydroxylation 
of 25- hydroxyvitamin D is defective. However, these 
drugs are relatively expensive, and hypercalcaemia 
can occur episodically in patients on long-term treat-
ment. The hypercalcaemia is easily managed by stop-
ping the drug and it is prevented by reducing the dose 
[17, 21, 22]. 

Optimal management of vitamin D deficiency 
is dependent on its underlying cause and treatment 
must be individualized with regard to pathogenesis 
and severity of the disorder. For cases of nutritional 
vitamin D deficiency, ergocalciferol or cholecalcif-
erol are reasonable initial choices: 400–800 IU of 
vitamin D will achieve normal circuiting levels of 
25-hydroxyvitamin D in most patients [17]. 

In patients with more severe deficiency (associat-
ed with symptoms) high dose regimens of cholecal-
ciferol is frequently used at the beginning of therapy 
to more rapidly increase systemic vitamin D levels. 
After that time, maintenance dosages should be re-
duced and titrated to maintain 25-hydroxyvitamin D 
levels of at least 30 ng/mL. The cause of vitamin D 
deficiency should provide guidance for the amounts 
of vitamin D supplementation required [5, 17]. 

Deficiency states associated with malabsorption 
may require pharmacological amounts of vitamin 
D (up to 10–100,000 IU/d) [10, 17]. In the presence 
of malabsorption, concurrent magnesium depletion 
must always be considered. Vitamin D2 or D3 may 
not be appropriate in some circumstances. If vita-
min D deficiency is secondary to intestinal resection, 
malabsorption, or impaired enterohepatic circulation, 
calcitriol (0.5–2.0 µg/d) may be absorbed more read-
ily. In the setting of defective renal hydroxylation of 
25-hydroxyvitamin D (e.g., end-stage renal disease, 
type I vitamin D-dependent rickets), therapy with 
either DHT or calcitriol is preferred [17, 19], albeit 
clinical evidence suggest that vitamin D precursors 
are still of value in these circumstances [50-53]. In 
general, states of vitamin D deficiency in which re-
nal 1α-hydroxylation is intact should not be treated 
with analogs such as DHT or calcitriol. These com-
pounds bypass the renal site of feedback control of 
1,25-dihydroxyvitamin D biosynthesis and thus carry 
a greater risk of inducing hypercalcaemia[17]. 

In most patients with vitamin D deficiency (those 
with adequate renal function and 1a-hydroxylase ac-
tivity) the object is to restore and maintain optimal 
serum 25(OH) vitamin D concentrations. Monitoring 
serum levels after vitamin D supplementation begins 
should provide an adequate guide for dose adjust-
ments. Measures at 1- to 2-monthly intervals until 

the desired levels are obtained should be sufficient, 
and periodic measures thereafter will ensure stable 
vitamin D nutrition has been achieved. Intoxication 
can be a problem with vitamin D or any of its metab-
olites [17]. 

•  Definition of sufficiency, insufficiency and defi-
ciency – Vitamin D status

There is limited evidence for when to monitor re-
sponse to therapy, but the aims are to detect: i) those 
who remain deficient after loading or during mainte-
nance ii) those patients in whom vitamin D therapy un-
covers sub-clinical primary hyperparathyroidism [20].

Monitoring the levels of 25(OH)D is the para-
digm for vitamin D replacement therapy assessment 
[7, 54]. There is considerable variability between the 
results of studies examining the dose response to vi-
tamin D supplementation, but it appears that much 
of this inconsistency results from the confounding 
effects of UV exposure in the summer months [55]. 
When consideration is confined to the results of stud-
ies that examined the effect of supplementation on 
winter 25(OH)D levels, the results are more consis-
tent: a daily supplement of 20 to 25 µg (800 to 1000 
IU) calciferol will cause an increase in 25(OH)D of 
24 to 29 nmol/L. Most of these studies have suggest-
ed that a new steady-state  25(OH)D level is reached 
by about 3 months. While this is in line with what 
would be expected given the elimination half-life of 
25(OH)D, more recent data has found that the steady-
state levels are not obtained until after 6 months of 
treatment [20]. 

Accordingly, it is useless and unnecessary to 
measure vitamin D levels too soon after the therapy 
has started. A minimum of 3 months treatment must 
be given and it may be more prudent to wait until 6 
months have passed. Noteworthy routine monitoring 
of serum 25(OH)D is unnecessary but may be appro-
priate in patients with symptomatic vitamin D defi-
ciency or malabsorption and where poor compliance 
with medication is suspected. Based on the pharma-
cokinetics of  25(OH)D, assessment of adjusted se-
rum calcium levels within 1 month after the adminis-
tration of the last loading dose should be undertaken 
to detect those with primary hyperparathyroidism. 
The presence of hypercalcemia should lead to ces-
sation of further vitamin D supplementation prior to 
investigation of the hypercalcaemia. Adjusted serum 
calcium should be checked 1 month after completing 
the loading regimen or after starting vitamin D sup-
plementation in case primary hyperparathyroidism 
has been unmasked [20].
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It is well known that vitamin D treatment can 
unmask previously undiagnosed primary hyper-
parathyroidism, which has to be taken into account. 
Although the dosing regimen is unlikely to result in 
toxicity, it should be recognized that certain groups 
may be at increased risk of this or adverse side effects 
and they should be monitored by measuring adjusted 
serum calcium levels. Such vulnerable patients with 
increased sensitivity to vitamin D therapy include 
individuals with genetic abnormalities in vitamin D 
metabolism, co-morbidities such as chronic kidney 
disease, granuloma-forming diseases or hyperpara-
thyroidism should be identified and treated with low-
er dosing [5, 20, 30]. 

V. clinical application of vitamin D
•  Prophylaxis of rickets and osteomalacia in chil-
dren and adults/ Prophylaxis of rickets in preterm 
newborns/ treatment of rickets and osteomalacia 
in children and adults;

Vitamin D deficiency results in inadequate ab-
sorption of Ca2+ and phosphate. The consequent de-
crease of plasma Ca2+ concentration stimulates PTH 
secretion, which acts to restore plasma Ca2+ at the 
expense of bone. Plasma concentrations of phosphate 
remain subnormal because of the phosphaturic ef-
fect of increased circulating PTH [2, 17]. In adults, 
vitamin D deficiency results in osteomalacia, a dis-
ease characterized by generalized accumulation of 
undermineralized bone matrix. Severe osteomala-
cia may be associated with extreme bone pain and 
tenderness. Muscle weakness, particularly of large 
proximal muscles, is typical and may reflect both 
hypophosphatemia and inadequate vitamin D action 
on muscle. Gross deformity of bone occurs only in 
advanced stages of the disease. Circulating 25(OH)
D concentrations below 8 ng/ml are highly predictive 
of osteomalacia[17].

In children, the result is a failure to mineralize 
newly formed bone and cartilage matrix, causing 
the defect in growth known as rickets [48, 49]. As 
a consequence of inadequate calcification, bones 
of individuals with rickets are soft, and the stress 
of weight bearing gives rise to bowing of the long 
bones [17]. The decreased resistance to deformation 
associated with the forces of normal muscle activ-
ities during weight-bearing, such as crawling and 
walking. In children, rickets is also associated with 
osteomalacia, associated with a delay in mineraliza-
tion of preformed osteoid at the cortical and trabec-
ular bone surfaces and is typically associated with 
a marked increase in osteoid surface and thickness 

with prolongation of the mineralization lag time 
and reduction in the mineral apposition rate on bone 
histomorphometry. Osteomalacia in association 
with secondary hyperparathyroidism predisposes 
the affected child to fragility fractures and possibly 
to an increase in deformation of the long bones [17, 
48, 49, 56].

The therapeutic efficacy of cholecalciferol in the 
prophylaxis and therapy of rickets and osteomalacia 
is based on many decades of medical experience as 
well as on numerous controlled and uncontrolled 
clinical trials, and is clearly proven [48, 49, 56, 57]. 
Vitamin D3 therapy of rickets and osteomalacia leads 
to an improvement of clinical symptoms, a normal-
ization of laboratory values (vitamin D, PTH, calci-
um and phosphate) and an improvement of bone de-
formities [57].

Rickets can still be observed among children and 
adolescents living in Europe, and a significant pro-
portion of healthy children and adolescents presents 
serum 25(OH)D values below the threshold indicat-
ing an insufficient vitamin D status. Optimal serum 
levels of 25(OH)D. There is no consensus on optimal 
levels of vitamin D as measured in serum. Severe vi-
tamin D deficiency is defined by most experts as a 
25(OH)D level of less than 20 ng/ml (50 nmol/l) and 
light deficiency (insufficiency) as a 25-hydroxyvita-
min D level of less than 30ng/ml (75 nmol/l). A re-
cent consensus panel suggested that 25ng/ml (62.5 
nmol/l) may be the minimal acceptable 25(OH)D 
level in children [42]. 

•  Definition of Vitamin D deficiency and moni-
toring guidelines

Lips has classified vitamin D insufficiency into 
mild (serum 25(OH)D 25–50 nmol/L), moderate 
(12.5–25 nmol/L) and severe (<12.5 nmol/L) insuf-
ficiency, which are broadly associated with <15%, 
15–30% and >30% increases in PTH, respectively 
[20]. In contrast, North American experts and author-
ities have suggested that the optimal serum  25(OH)
D concentration may be as high as 80–100 nmol/L 
[5, 10, 21, 22].

As mentioned above, the main manifestation of 
vitamin D deficiency is osteomalacia in adults and 
rickets in children [47-49], which are generally asso-
ciated with a serum 25 hydroxyvitamin D (25(OH)
D) concentration of less than 20 nmol/L[20]. Less se-
vere vitamin D deficiency, sometimes termed vitamin 
D insufficiency, may lead to secondary hyperparathy-
roidism, bone loss, muscle weakness, falls and fragil-
ity fractures in older people [17, 20].
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Vitamin D status is currently best assessed by 
measurement of serum 25(OH)D. As there is a broad 
inverse relationship between serum 25(OH)D and 
parathyroid hormone (PTH), the threshold serum  
25(OH)D concentration below which PTH increases 
above the normal range has been used to define bio-
chemical criteria for vitamin D insufficiency. How-
ever, the inverse relationship between serum 25(OH)
D and PTH may be influenced by age, calcium in-
take, physical inactivity, renal function, ethnicity, 
magnesium status and vitamin D binding protein. 
Furthermore, the use of different assays for25(OH)D 
and PTH may also influence the apparent threshold  
25(OH)D concentration at which secondary hyper-
parathyroidism occurs. As a result, there is no clear 
consensus on the biochemical criteria that define vi-
tamin D deficiency and insufficiency [20].

The US-Institute of Medicine (IOM) report on 
Dietary Reference Intakes for Calcium and Vitamin 
D investigated the relationship between vitamin D 
status and bone health, using evidence from two sys-
tematic reviews commissioned by the Agency for 
Healthcare Research and Quality (AHRQ), from the 
University of Ottawa and the Tufts Evidence-Based 
Practice Centre [20, 23]. These examined the rela-
tionship between serum 25(OH)D as a marker of vi-
tamin D status and PTH, calcium absorption, calcium 
balance, bone mineral density (BMD), fracture risk 
and rickets/osteomalacia as potential indicators of 
bone health. The two AHRQ groups also investigated 
the relationship between vitamin D status and phys-
ical performance, including falls. From these analy-
ses, the IOM highlighted that studies have demon-
strated different threshold serum 25(OH)D concen-
trations above which PTH reaches a plateau, ranging 
from <30 nmol/L to 100–125 nmol/L. The IOM also 
suggested that most people with a serum 25(OH)D 
between 30 and 50 nmol/L have adequate calcium 
absorption [20].

•  Effect of Vitamin Dsupplementation on abso-
lute change in 25(oH)D concentrations.

An exhaustive systematic review of Cranney com-
missioned by the Institute of Medicine (IOM) has  
analyzed a total of 74 RCTs in 81 published reports 
that evaluated the effect of vitamin D supplementa-
tion on circulating 25(OH)D concentrations [23].

Seven trials included infants, but few of these 
studies used vitamin D3. One trial suggested that 200 
IU of vitamin D2may not be enough to prevent vita-
min D deficiency, in some infants residing at northern 
latitudes. A dose-response was noted in this same tri-

al (100, 200, 400 IU/day). Consistent responses to vi-
tamin D supplementation were noted across the sev-
en trials, and some trials suggested that infants who 
are vitamin D deficient, may respond differently and 
require higher doses of vitamin D [23].

There were four trials that examined the effect of 
vitamin D on 25(OH)D in children or adolescents 
with doses ranging from 200 to 2,000 IU of vitamin 
D3/ day and 400 IU of vitamin D2. In these investi-
gations there were consistent increases in 25(OH)D 
concentrations ranging from 8 nmol/L (200 IU), 16.5 
(with 600 IU D3) to 60 nmol/L (2,000 IU of vitamin 
D3) [23].

The systematic review identified and analyzed six 
small trials of vitamin D supplementation in preg-
nant or lactating women. No randomized trials stud-
ied the effect of 400 IU vitamin D3. Three trials used 
1,000 IU of vitamin D2and one trial used 1,000 IU 
of vitamin D3. Treatment with 1,000-3,600 IU/day of 
vitamin D2 and 1,000 IU/day of vitamin D3resulted 
in significant increases in serum 25(OH)D concen-
trations in lactating mothers and in cord blood. One 
trial found that supplementation of lactating mothers 
with 1,000 IU of vitamin D2during winter months did 
not increase serum 25(OH)D concentrations in the 
infants [23].

Ten small trials included premenopausal women 
and younger males. Three trials compared vitamin D2 
to vitamin D3 in healthy young adults. Of these, one 
trial analyzed content of the tablets. Doses of vitamin 
D3 ranged from 600 to 10,000 IU/day and vitamin D2 
(4,000 IU/day or 50,000 to 100,000 for one dose).
Three trials found that vitamin D2 and D3 in healthy 
adults may have different effects on serum 25(OH)D 
concentrations. Vitamin D2 appeared to have a small-
er effect on serum 25(OH)D, which may have been 
due to more rapid clearance and/or different metabo-
lism than vitamin D3. One trial compared 100,000 IU 
vitamin D2 orally versus injection and found a greater 
variability in response with the intramuscular prepa-
ration. A dose-response effect was noted in those tri-
als that used multiple doses of vitamin D3 [23].

This systematic reviewalso analyzed 44 trials that 
were conducted exclusively in postmenopausal wom-
en and older men, with 14 of these in elderly popula-
tions living in long-term care or nursing homes. One 
trial was in early postmenopausal women. Doses of vi-
tamin D3 ranged from 100 to 4000 IU/day and 9,000 IU 
vitamin D. One trial was conducted in African Amer-
ican women. One trial found that wintertime declines 
in serum 25(OH)D were prevented with 500 IU of vi-
tamin D3 daily. A dose response with increasing doses 
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of vitamin D3 was noted although there was a variabil-
ity in response to similar doses across trials that may 
have been due to differences in serum 25(OH)D assays 
or baseline 25(OH)D status. Although some trials sug-
gested a greater response to vitamin D in populations 
that were vitamin D deficient at baseline compared to 
those who were not, this was difficult to assess due to 
heterogeneity of assays [23].

Of the total of 44 RCTs investigated the effect of 
oral vitamin D3 supplementation (± calcium) versus 
no treatment, placebo or calcium on serum 25(OH)
D sixteen trials presented sufficient data to combine 
results of the absolute change in serum 25(OH)D 
Concentrations and perform an meta-analysis. Com-
bining the 16 trials with a random effects model 
demonstrated large heterogeneity of treatment effect, 
but nevertheless the point estimates for each trial 
consistently favored vitamin D3 treatment [23].

•  Vitamin D deficiency in chronic kidney disease
In chronic kidney disease as renal function wors-

ens, low circulating 1,25-dihyrdoxyvitamin D levels, 
low calcium levels, and high serum phosphate lev-
els lead to secondary hyperparathyroidism (SHPT). 
SHPT, identified by elevated parathyroid hormone 
(PTH) levels, is associated with both bone disease 
(renal osteodystrophy) and, in epidemiologic studies, 
poor outcomes in dialysis patients [47]. Noteworthy, 
low 25(OH)D levels in patients with chronic kid-
ney disease (CKD) including end-stage renal disease 
(ESRD) have been associated with a higher risk of 
all-cause mortality and a faster progression of kidney 
disease. In the general population, low 25(OH)D lev-
els have also been associated with all-cause mortality, 
cardiovascular events, peripheral vascular disease, hy-
pertension, congestive heart failure, and the later need 
for renal replacement therapy. Low 1,25(OH)2D levels 
have been associated with all-cause mortality [51, 53]. 

Before the advent and clinical introduction of cal-
citriol, patients with end stage renal disease (ESRD) 
were treated with high doses of nutritional vitamin D 
(ergocalciferol or cholecalciferol) to treat SHPT. Un-
fortunately, most of the studies of its effects during 
that time are small and observational in nature [53]. 
Once calcitriol was introduced and subjected to more 
rigorous, although small, randomized controlled tri-
als, it quickly became the mainstay of therapy for 
SHPT [53]. Nevertheless clinical evidence clearly in-
dicates that cholecalciferol has a role in renal patients 
with vitamin D deficiency (see below). 

Recent studies including two Cochrane reviews 
confirm that in both dialysis and predialysis CKD 

patients (4 studies, 153 patients), calcitriol and vi-
tamin D compounds decrease PTH (−196 pg/ml 
[95% CI, −298 to −94] in dialysis patients; −49 pg/
ml [95% CI, −86 to −13] in predialysis patients) but 
increase serum phosphate and calcium levels. Not 
enough data exist from randomized clinical trials to 
draw conclusions about patient-level outcomes such 
as fractures, mortality, or need for dialysis in predi-
alysis patients [53].

observational studies of vitamin D in cKD
A plethora of observational studies have shown 

an association between the use of active vitamin D 
therapy in patients on dialysis and with CKD and 
improved survival. These range from larger studies 
from databases of dialysis providers to smaller cohort 
studies [51, 53]. 

Active vitamin D therapy has been associated with 
slower progression to ESRD. There are a few studies 
in the literature in which an association between acti-
vated vitamin D use and improved survival was not 
found. One of these studies showed a mortality ben-
efit for vitamin D (combining both oral and intrave-
nous vitamin D analogs) using traditional models and 
marginal structural models but not when using a more 
complicated modeling system called instrumental 
variable models. The other study did show an associ-
ation with improved all-cause mortality but not with 
specific causes of mortality such as cardiovascular or 
infection, suggesting the possibility that perhaps all of 
these specific causes are influenced by vitamin D and 
thereby diluting the effect on any individual one [53].

Randomized clinical trials
There have been few recent trials of nutritional 

vitamin D in CKD, which are outlined in table 3. 
In summary, the findings from these trials and me-
ta-analyses thereof indicate that both nutritional and 
active vitamin D therapies have been shown to low-
er PTH levels, the primary indication for their use. 
The evidence is stronger, with larger, better designed, 
clinical trials for active vitamin D analogs [51, 53]. 
Nevertheless a small recent trial comparing doxer-
calciferol and cholecalciferol showed no difference 
in end-of-treatment PTH levels between active and 
nutritional vitamin D compounds [52]. 

cholecalciferol vs. active (non-pro-drug) vitamin 
D analogs

The available clinical evidence suggests an im-
portant role of vitamin D in patients with CKD and 
ESRD and potentially in the general population [47, 
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51]. There are different roles for nutritional and active 
vitamin D compounds (table 4). Nutritional vitamin 
D (e.g. cholecalciferol) may play more of a role in 
infections, whereas active vitamin D compounds - in 
albuminuria and mortality. Both nutritional and ac-
tive vitamin D eventually affect the same vitamin D 
receptor; however, nutritional vitamin D has to un-
dergo additional activation in the body, potentially at 
sites distant from the kidney [53]. 

study Design sample 
size

control 
Group

Results Limitations

Chandra et 
al. 

Double-blind, 
placebo-con-
trolled, 
randomized 
controlled pilot 
study

20 Yes Among cholecalciferol-treated 
participants, serum 25(OH)D 
concentration increased on average 
from 17.3 ng/ml (95% CI, 11.8–25.2) 
at baseline to 49.4 ng/ml (95% CI, 
33.9–-72.0) at week 12. As-treated 
analysis indicated a trend toward lower 
PTH levels among cholecalciferol-
treated participants (P=0.07)

Small study

Short follow-up 
period

Dogan et 
al.

Randomized 40 Yes Administration of depot oral 
cholecalciferol (300,000 IU vitamin 
D3) resulted in a significant increase 
in calcidiol (6.8±3.5 to 17.8±21.4 ng/
ml, P<0.001), significant decrease 
in iPTH (368±274 to 279±179 pg/
ml, P<0.001). No statistically 
significant change in Ca, P, Ca × P, and 
urinary calcium creatinine rate was 
observed

Small study

Short follow-up 
period

Methodology does 
not specify whether 
investigators were 
blinded to the 
intervention

Oksa et al. Randomized 87 No Vitamin D insufficiency/deficiency 
in CKD significantly improved after 
the 12-mo cholecalciferol treatment, 
with more significant improvement 
with higher dose (20,000 IU/wk) being 
more effective and equally safe

Lack of a placebo 
control

The inclusion 
of a subgroup 
of patients who 
received calcium 
carbonate for 
correction of 
metabolic acidosis 
is a potential 
confounder

Kovesdy et 
al. 

Randomized, 
not blinded

80 Active 80 CKD patients randomized to 
ergocalciferol versus paricalcitol. 
Paricalcitol group showed lower PTH 
levels than ergocalciferol group

Not blinded

Differential 
initiation of 
phosphate binders 
in the two groups

95% CI, confidence interval; PTH, parathyroid hormone.

Active vitamin D analogs has been shown to 
decrease albuminuria, blood pressure and modify 
glomerular filtration in patients with diabetic kid-
ney disease. There are current ongoing studies to 
test these outcomes with nutritional vitamin D com-
pounds as well. It is important to mention that there 
are very few data about combining therapy with 
both nutritional and active vitamin D compounds; 
thus, caution should be used in clinical practice be-

Table 3. Synopsis of randomized trials of cholecalciferol in CKD patients [50, 51, 53].
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cause of worry about possible vitamin D intoxica-
tion, manifested by hypercalcaemia and possibly 
vascular calcifications [51, 53].

The fact that the 1α-hydroxylase enzyme has been 
found in parts of the body outside the kidney suggests 
that there is a scope for cholecalciferol use in patients 
with kidney disease. A recent study in hemodialysis 
patients showed that 1,25-dihydroxvitamin D levels 
increased after supplementation with nutritional vita-
min D, suggesting that even in ESRD there is enough 
extrarenal 1α-hydroxylase activity to influence serum 
levels. This is supported by the clinical findings co-
hort study of 158 hemodialysis patients who received 
cholecalciferol supplementation in a nonrandomized 
study showed higher 25(OH)D, 1,25-dihydroxyvita-
min D, and albumin levels, while at the same time 
reducing serum calcium, PTH, brain natriuretic pep-
tide, left ventricular mass index, and erythropoietin 
stimulating agent and active vitamin D doses [53]. 

A study of seven hemodialysis patients who un-
derwent cholecalciferol supplementation reported 
that after supplementation, there were lower levels 
of proinflammatory cytokines, IL-8, IL-6, and TNF 
and differences in circulating monocyte proteins. 
These studies are small and are not randomized 
clinical trials; however, their results suggest that nu-
tritional vitamin D may be needed in patients with 
kidney disease [53].

Vitamin D insufficiency is common in women of 
childbearing age and increasing evidence suggests 
that the risk of osteoporotic fracture in adulthood 
could be determined partly by environmental factors 
during intrauterine and early postnatal life [7, 62]. 
Noteworthy maternal vitamin D insufficiency is com-
mon during pregnancy and is associated with reduced 
bone-mineral accrual in the offspring during child-
hood; this association is mediated partly through the 
concentration of umbilical venous calcium. A large 

outcome Active vitamin 
D analog (A)1 or 

cholecalciferol (D)

Proposed Mechanism Level of evidence

•  PTH SUPPRESSION A, possibly D Direct suppression of parathyroid 
gland

A: RCT 

N: limited RCTs 

•  Reduction of albumin-
uria

A, possibly D Suppression of renin-angiotensin 
system

A: RCT 

N: limited RCTs 

•  Reduced risk of infec-
tions

D Increase in cathelicidin levels Observational stud-
ies in general popu-
lation only 

•  Reduction of BP A, possibly D Suppression of renin-angiotensin 
system

A: RCT 

•  Progression of kidney 
disease

A, possibly D Suppression of renin-angiotensin 
system

A: Observational 
studies only 

N: low levels associ-
ated with outcome 

•  Cardiovascular effects 
(left ventricular hypertro-
phy and vascular calcifica-
tion)

A Suppression of renin-angiotensin 
system, possibly direct effects on 
myocytes

Animal studies

•  Mortality A Likely multiple mechanisms Observational stud-
ies only 

1Active vitamin D analogs: calcitriol (D3 analog); paricalcitol (D2 analog); doxercalciferol (D2 analog); maxacalcitol (D3 
analog); 1-alfa-calcidiol (D3 analog); 22-oxacalcitriol (D3 analog)

Table 4. Clinical role of cholecalciferol vs. active vitamin D analogs in CKD patients [53].
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body of evidence suggest that vitamin D supplemen-
tation during pregnancy is safe at supplemental dos-
es [64], although recent evidence suggests that even 
pharmacological doses are well tolerated and devoid 
of adverse effects [65].

In a very recent comprehensive meta-analysis 
of 74 studies of vitamin D supplementation during 
pregnancy, Harvey et al. identified positive relation-
ships between maternal 25(OH)D and: 1) offspring 
birth weight (in meta-analysis of three observational 
studies) (2) offspring cord blood or postnatal calcium 
concentrations in a meta-analysis of six intervention 
studies; and (3) offspring bone mass (in observational 
studies judged to be of good quality) [63].

A longitudinal study has been allocated that 
studied 198 children born in 1991-92 in a hospital 
in Southampton, UK; the body build, nutrition, and 
vitamin D status of their mothers had been character-
ized during pregnancy. The children were followed 
up at age 9 years to relate these maternal charac-
teristics to their body size and bone mass. It was 
found that 49 (31%) mothers had insufficient and 
28 (18%) had deficient circulating concentrations of 
25(OH)-vitamin D during late pregnancy. Reduced 
concentration of 25(OH)-vitamin D in mothers 
during late pregnancy was associated with reduced 
whole-body (r=0.21, p=0.0088) and lumbar-spine 
(r=0.17, p=0.03) bone-mineral content in children at 
age 9 years. Both the estimated exposure to ultravio-
let B radiation during late pregnancy and the mater-
nal use of vitamin D supplements predicted mater-
nal 25(OH)-vitamin D concentration (p<0.0001 and 
p=0.0110, respectively) and childhood bone mass 
(p=0.0267). Reduced concentration of umbilical-ve-
nous calcium also predicted reduced childhood bone 
mass (p=0.0286). These findings imply that vitamin 
D supplementation of pregnant women, especially 
during winter months, could lead to long-lasting re-
ductions in the risk of osteoporotic fracture in their 
offspring [61].

The dose-response, safety and effectiveness of 
vitamin D supplementation during pregnancy have 
been evaluated in a randomized, controlled trial. The 
study enrolled women with a singleton pregnancy at 
12 to 16 weeks’ gestation, which received 400, 2000, 
or 4000 IU of vitamin D3 per day until delivery. The 
primary outcome was maternal/neonatal circulating 
25-hydroxyvitamin D concentration at delivery, with 
secondary outcomes of a 25(OH)D concentration 
of 80 nmol/L or greater achieved and the 25(OH)D 
concentration required to achieve maximal 1,25-di-
hydroxyvitamin D3 (1,25(OH)2D3) production. Of 

the 494 women enrolled, 350 women continued until 
delivery: mean 25(OH)D concentrations by group at 
delivery and 1 month before delivery were signifi-
cantly different (p < 0.0001), and the percent who 
achieved sufficiency was significantly different by 
group, greatest in 4000-IU group (p < 0.0001). The 
relative risk (RR) for achieving a concentration of 80 
nmol/L or greater within 1 month of delivery was sig-
nificantly different between the 2000- and the 400-IU 
groups (RR = 1.52), the 4000- and the 400-IU groups 
(RR = 1.60) but not between the high dose 4000- and 
2000-IU groups (RR = 1.06). Circulating 25(OH)
D had a direct influence on circulating 1,25(OH)2D-
3concentrations throughout pregnancy (p < 0.0001), 
with maximal production of 1,25(OH)2D3 in all stra-
ta in the 4000-IU group. There were no differences 
between groups on any safety measure. Not a single 
adverse event was attributed to vitamin D supple-
mentation or circulating 25(OH)D levels. These find-
ings indicate that vitamin D supplementation of 4000 
IU/d for pregnant women is safe and most effective 
in achieving sufficiency in all women and their neo-
nates regardless of race, whereas the current estimat-
ed average requirement is comparatively ineffective 
at achieving adequate circulating 25(OH)D concen-
trations, especially in African Americans [65].

In addition to pediatric bone outcomes, there is 
evidence to suggest that a low vitamin D in pregnan-
cy may affect other obstetric outcomes for the mother 
that impact on fetal and infant health. For example, 
in a nested case-control study, mothers who devel-
oped severe pre-eclampsia had a low 25(OH)D in 
mid-gestation [66]. This supports other evidence in 
the literature that vitamin D deficient mothers may be 
at greater risk of pre-eclampsia[56].

•  Other deficiency states
Zaniew & Jarmolinski have assessed the vitamin 

D status and bone density in steroid-treated children 
with glomerulopathies and to evaluate the effect of 
prophylactic vitamin D and calcium supplementa-
tion[67]. To address this issues a retrospective analy-
sis was performed on 55 children aged 4-18 yrs with 
glomerulopathies. The following data were analyzed: 
antropometrical parameters, bone densitometries, 
parathormone, 25(OH)D, urinary calcium excretion 
and medications received for prevention of low bone 
mass. A significant number of children (38%) had de-
creased spinal bone mineral density (BMD z-score 
< -2.0) and the majority of them (89%) had hypovi-
taminosis D (25(OH)D< 30 ng/ml), 75% were vita-
min D insufficient (25(OH)D < 20 ng/ml) and 16% 
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were vitamin D deficient (25(OH)D < 10 ng/ml). The 
mean serum 25(OH)D concentration was comparable 
to that of controls). Nearly all patients (82%) were re-
ceiving preparations of calcium and/or vitamin D to 
improve bone health. Patients on cholecalciferol had 
higher mean concentration of 25(OH)D compared 
to those who were not receiving it (p=0.027) and to 
the controls (p=0.047). In 23 children on vitamin D 
and calcium supplementation for an average 6-month 
time, an increase in the mean BMD values (p=0.004) 
was observed, however, mean BMD z-score and 25-
OHD concentrations did not significantly change 
over time. These findings imply that vitamin D and 
bone density deficits are remarkably common in ste-
roid-treated children with glomerulopathies, despite 
vitamin D and calcium repletion, advocating close 
monitoring and dose tailoring [67].

Intestinal malabsorption syndromes (e.g., short 
bowel syndrome, pancreatitis, inflammatory bowel 
disease, amyloidosis, celiac sprue, and malabsorptive 
bariatric surgery procedures) are all associated with 
impaired vitamin D absorption as a result of either 
rapid transit or enhanced fecal loss of 25-hydroxyvi-
tamin D because of impaired enterohepatic circu-
lation [68]. Similarly, patients with chronic severe 
parenchymal and cholestatic liver disease frequently 
exhibit vitamin D deficiency resulting from the as-
sociated malabsorption syndrome combined with a 
decreased hepatic capacity to convert vitamin D to 
25-hydroxyvitamin D [17]. Deficiency states associ-
ated with malabsorption may require pharmacolog-
ical amounts of vitamin D (10–100,000 IU/d). For 
example, patients with malabsorptive gastric bypass 
procedures may require 50,000-100,000 IU of vita-
min D3maintenance dosing from once weekly to as 
frequently as daily to maintain sufficiency [17, 68]. 
In extreme malabsorptive states, UVB exposure (i.e., 
sunlight or phototherapy) can be effective for those 
who do not respond to large oral doses.Vitamin D for 
intramuscular administration is a possible alternative 
in cases of severe malabsorption. In the presence 
of malabsorption, concurrent magnesium depletion 
must always be considered [68].

No randomized clinical trials have been allocated.

•  treatment of hypoparathyroidism and pseudo-
hypoparathyroidism in adults;

Hypoparathyroidism is a deficiency of effective 
parathyroid hormone [47]. The condition can arise 
from a failure of the glands to secrete the hormone 
or a failure of the tissues to respond to it (pseudo-
hypoparathyroidism) [46]. The most common cause 

of hypoparathyroidism is surgical excision of or 
damage to the parathyroid glands as a result of total 
thyroidectomy, radical neck dissection, or repeated 
operations for primary hyperparathyroidism. The fre-
quency of impaired parathyroid function following 
such operations is generally related to the amount 
of tissue resected and the experience and skill of the 
surgeon. In some cases, autotransplantation of para-
thyroid tissue at the time of neck surgery is indicat-
ed to prevent hypoparathyroidism. The nonsurgical 
causes of parathyroid gland destruction are relatively 
uncommon [17].

The major goal of therapy in all hypoparathyroid 
states is to restore serum calcium and phosphorus to 
satisfactory levels so as to prevent symptoms of hy-
pocalcemia and progression of long-term complica-
tions. Although lowering of serum phosphate levels 
with diets low in phosphate (e.g., restricting dairy 
products and meat) and oral non-absorbable alumi-
num hydroxide gels (to bind intestinal phosphate) 
might be expected to increase the conversion of 
25-hydroxyvitamin D to 1,25-dihydroxyvitamin D, 
such treatment has received little attention. Rather, 
treatment with supplemental calcium and vitamin D 
has been the mainstay of therapy [17, 18, 46]. 

Generally, at least 1 g/day of elemental calcium is 
required in hypoparathyroid patients under 40 yr of 
age and 2 g/d in patients over 40 yr. The amount of 
supplemental calcium necessary for adequate control 
may vary from 1 g/d (even in the absence of vitamin 
D supplements) in mild, partial hypoparathyroidism 
to 5–10 g/d (plus supplemental vita min D) in more 
severe cases. Supplements can be provided by ad-
ministering calcium as the gluconate, lactate, carbon-
ate, or citrate salt [17]. 

In patients with less severe parathyroid insuffi-
ciency, oral calcium supplementation alone may be 
adequate. However, in most patients, therapy with vi-
tamin D or one of its analogs is also required to pre-
vent hypocalcemia. Noteworthy the efficacy of vita-
min D precursors (vitamin D2 and D3) has been eval-
uated in clinical trials, as reviewed elsewhere [18] 
(table 4) and are the least expensive form of therapy 
[17]. Many patients with hypoparathyroidism can be 
effectively (and inexpensively) treated with vitamin 
D supplements. Doses of 50,000 IU to 100,000 daily 
may be required, depending on the severity of hypo-
parathyroidism, the individual response, and the dose 
of calcium supplement. Generally, the vitamin D dose 
can be a stable foundation of therapy, and titration of 
the calcium supplement can be used to respond to the 
inevitable fluctuations in calcium control. It is ideal 
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to identify a dose of vitamin D that allows the patient 
a modest requirement for calcium supplementation, 
as a need for large daily calcium doses soon becomes 
onerous [17].

Importantly, the onset of the actions of vitamin 
D and the waning of its effects after a reduction in 
dose are usually quite delayed. Vitamin D is highly 
stored in adipose tissue and this depot is slow to ac-
cumulate and release its stores. This means that dose 
adjustments must be performed at 1- to 2-mo inter-
vals, with careful assessments of biological response 
(serum calcium levels) before the next adjustment is 
made. These decisions can be challenging because of 
the variability in serum calcium levels in this situa-
tion. The careful identification of trends in serum cal-
cium levels is required. The delayed onset of action 
and the delay in the reduction in action can be dis-
advantageous [17]. For these reasons, analogs with 
shorter half-lives and no requirement for renal 1-α 

hydroxylation (such as dihydrotachysterol and cal-
citriol) are preferred in some patients [17, 47]. The 
peculiarities of vitamin D substances and analogs for 
the pharmacotherapy of hypoparathyroidism states  
are summarized in table 5.

•  Vitamin D and osteoporosis 
Persistent, mild insufficiency of vitamin D has 

been well-appreciated as one cause of osteoporosis 
and much evidence indicates that muscle function in 
elderly people is adversely affected by vitamin D in-
sufficiency [7, 10, 20, 31, 41]. Vitamin D deficiency 
is common in patients with osteoporotic fractures, 
with two studies showing 95-97 percent of fracture 
patients being classified as vitamin D deficient [39]. 
In an exemplary study Nurmi et al. have analyzed the 
serum 25(OH)D status in 223 patients with an acute 
hip fracture in southeastern Finland (61°N). Severe 
vitamin D deficiency, defined as 25(OH)D<37.5nmo-

Vitamin D compounds Dosage comments safety issues

Vitamin D2 (ergocalcif-
erol) or
vitamin D3 (cholecalcif-
erol) 

25,000–100,000 IU once 
daily; 
time to onset of action, 
10–14 days; time to offset 
of action, 14–75 days 

Vitamin D3 is more potent 
than D2 but may be more 
difficult to obtain at the 
doses needed. Because of 
the long half-life of vi-
tamin D2 and D3, dosing 
can be adjusted and serum 
levels of calcium, albu-
min, phosphorus, and cre-
atinine determined every 
4 weeks, once symptoms 
have been controlled.

Vitamin D toxicity is an import-
ant concern and may occur at 
any time. Manifestations may 
include altered mental status, 
fatigue, thirst, dehydration, 
reduced renal function, neph-
rolithiasis, and constipation. 
Treatment involves discontin-
uation of the vitamin D prepa-
ration and the calcium salt. 
Depending on the severity, and 
especially if the toxic effects 
are from vitamin D metabo-
lites with long half-lives, in-
travenous saline hydration and 
possibly oral glucocorticoids 
may be warranted to antago-
nize vitamin D action and more 
rapidly restore normocalcemia. 
Levels of 25-hydroxyvitamin 
D should be monitored, even in 
patients receiving calcitrol and 
alfacalcidiol to prevent vita-
min D insufficiency. The target 
25-hydroxyvitamin D level is 
30 ng/ml or more.

1,25-dihydroxyvitamin 
D3
(calcitriol) 

0.25–1.0 μg once or twice 
daily; time to onset of ac-
tion, 1–2 days; time to off-
set of action, 2–3 days 

Most active metabolite of 
vitamin D at the 
vitamin D receptor in vivo 

1α-hydroxyvitamin D3
(alfacalcidiol) 

0.5–3. 0 μg occasionally 
up to 5. 0 μg) daily; time 
to onset of action, 1–2 
days; time to offset of ac-
tion, 5–7 days 

This metabolite is rapidly 
converted to 
1,25-dihydroxyvitamin D3 
in vivo; its 
duration of action closely 
resembles that of 1,25-di-
hydroxyvitamin D

Dihydrotachysterol 0.2–1.0 mg once daily; 
time to onset of action, 
4–7 days; time to offset of 
action, 7–21 days 

Synthetic analogue

Table 5. Vitamin D precursors and analogs for treatment of hypoparathyroidism states – dosage and monitoring [17, 
18, 46]
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l/l, was found in 53% of the patients. Half (50%) of 
the patients living in their own homes, 55% of those 
in residential homes, and 61% of institutionalized 
elderly had vitamin D deficiency. Similarly another 
study as shown an 25(OH)D level < 39 ng/ml in more 
than 97% of all patients hospitalized for fracture [69]. 

To assess the therapeutic efficacy of cholecalcif-
erol in osteoporosis, randomized placebo-controlled 
studies were conducted and have been analyzed in 
comprehensive systematic reviews and meta-analy-
ses [7, 20, 41]. There is international consensus that 
a patient suffering from osteoporosis should receive 
calcium therapy. Most studies have investigated, 
therefore, a combination of vitamin D + calcium ver-
sus placebo. Therapy-induced reduction of fracture 
incidence was regarded as the most important prima-
ry target parameter. Bone mineral density (BMD) is 
often determined as a surrogate parameter, in many 
of the controlled studies, while in some trials the 
number of falls was considered [23]. The available 
meta-analyses of vitamin D efficacy in end-points 
relevant to osteoporosis are summarized in table 5, 
as compiled elsewhere [7].

Effects on bone mineral density (BMD)
In a comprehensive systematic review of vitamin 

D supplementation effects on bone health, prepared 
for the Agency for Healthcare Research and Quali-
ty U.S. Department of Health and Human Services, 
Cranney et al. analyzed seventeen RCTs that focused 
on the effect of supplemental vitamin D2 or D3 on 
BMD, predominantly in populations of late meno-
pausal women. Only one small trial included pre-
menopausal women. Most trials had small sample 
sizes, were two to three years in duration and used 
vitamin D doses of ≤ 800 IU daily. Most trials used 
vitamin D3 and also included calcium > 500 mg as a 
co-intervention. Combined results of trials of vitamin 
D3 plus calcium versus placebo were consistent with 
a small effect on lumbar spine, femoral neck and to-
tal body BMD. In one of the studies conducted by 
the Women Health Initiative a significant benefit of 
vitamin D3 400 IU plus 1,000 mg of calcium on to-
tal hip BMD was found. Nevertheless, in combined 
trials of vitamin D3 plus calcium versus calcium, a 
significant increase in BMD was not observed, sug-
gesting vitamin D3 may be of less benefit in calcium 
replete postmenopausal women. Vitamin D3 alone 
versus placebo did not show significant increases in 
BMD, except in one trial that noted an increase in 
femoral neck BMD. Only a few trials reported the 
impact of baseline serum 25(OH)D concentrations 

on BMD and in all of these trials, baseline 25(OH)
D was not associated with increased BMD. Overall, 
there is good evidence that vitamin D3 plus calcium 
results in small increases in BMD of the spine, total 
body, femoral neck and total hip. Based on included 
trials, it was less certain if vitamin D3 alone has a 
significant effect on BMD [23].

Effects on rates of falls and fractures 
Chapui et al. have studied the effects of supple-

mentation with vitamin D3 (cholecalciferol) and 
calcium on the frequency of hip fractures and oth-
er nonvertebral fractures, identified radiologically, 
in 3270 healthy ambulatory women (mean age, 84 
years). Each day for 18 months, 1634 women re-
ceived tricalcium phosphate (containing 1.2 g of 
elemental calcium) and 20 micrograms (800 IU) of 
vitamin D3, and 1636 women received a double pla-
cebo. The authors measured serial serum parathy-
roid hormone and 25-hydroxyvitamin D (25(OH)
D) concentrations in 142 women and determined 
the femoral bone mineral density at base line and 
after 18 months in 56 women. Among the women 
who completed the 18-month study, the number of 
hip fractures was 43 percent lower (p = 0.043) and 
the total number of nonvertebral fractures was 32 
percent lower (p = 0.015) among the women treated 
with vitamin D3 and calcium than among those who 
received placebo. The results of analyses according 
to active treatment and according to intention to 
treat were similar. In the vitamin D3-calcium group, 
the mean serum parathyroid hormone concentration 
had decreased by 44 percent from the base-line val-
ue at 18 months (p < 0.001) and the serum 25(OH)D 
concentration had increased by 162 percent over the 
base-line value (p < 0.001). The bone density of the 
proximal femur increased 2.7 percent in the vitamin 
D3-calcium group and decreased 4.6 percent in the 
placebo group (p < 0.001). These findings indicate 
that supplementation with vitamin D3 and calcium 
reduces the risk of hip fractures and other nonverte-
bral fractures among elderly women [70].

Trivedi et al. sought to determine the effect of 
four monthly vitamin D supplementations on the rate 
of fractures in men and women aged 65 years and 
over living in the community. Randomized double 
blind controlled trial of 100 000 IU oral vitamin D3 
(cholecalciferol) supplementation or matching pla-
cebo every four months over five years. 2,686 peo-
ple (2,037 men and 649 women) aged 65-85 years 
living in the general community, recruited from the 
British doctors register and a general practice regis-
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ter in Suffolk. After five years 268 men and women 
had incident fractures, of which 147 had fractures in 
common osteoporotic sites (hip, wrist or forearm, 
or vertebrae). Relative risks in the vitamin D group 
compared with the placebo group were 0.78 (95% 
confidence interval 0.61 to 0.99, p=0.04) for any 
first fracture and 0.67 (0.48 to 0.93, p=0.02) for first 
hip, wrist or forearm, or vertebral fracture. 471 par-
ticipants died. The relative risk for total mortality 
in the vitamin D group compared with the place-
bo group was 0.88 (0.74 to 1.06, p=0.18). Findings 
were consistent in men and women and in doctors 
and the general practice population [71]. 

The relative contributions of vitamin D and calci-
um for reducing fracture risk remain unclear because 
improving calcium intake is also associated with sup-
pression of PTH levels independent of vitamin D sta-
tus [7]. Noteworthy as proximal muscle weakness is 
a prominent clinical feature of vitamin D deficiency 
the supportive treatment in osteoporosis also decreas-
es the incidence of falls and of fractures respectively 
[26, 31]. Noteworthy a comprehensive review and 
meta-analysis of 6 RCT and one controlled trial has 
shown that vitamin D supplementation significantly 
increased muscle strength in the experimental group 
for upper and lower limbs [72].

A meta-analysis of data from RCTs found a 
dose-response relationship between a higher vita-
min D dose and higher achieved serum 25(OH)D 
levels, with prevention of falls and fractures. The 
greatest benefit was observed at 700 to 1000 IU/d or 
a mean serum 25(OH)D concentration of 30 to 44 
ng/mL. Similar results were reported in a more re-
cent meta-analysis of pooled participant-level data 
from 11 double-blind RCTs of oral vitamin D supple-
mentation, with or without calcium, compared with 
placebo or calcium alone in persons 65 years or old-
er. Reduction in the risk of fracture occurred only at 
the highest vitamin D intake level (median, 800 IU/d; 
range, 792-2000 IU/d), with a 30% reduction in the 
risk of hip fracture and a 14% reduction in the risk of 
any nonvertebral fracture. This reduction was inde-
pendent of the assigned treatment dose of vitamin D, 
age group, sex, type of dwelling, and study [7]

The aforementioned comprehensive systematic 
review of Cranney et al. included fifteen RCTs eval-
uated the effect of vitamin D2 or D3 (with or with-
out calcium supplementation) on fractures in post-
menopausal women and elderly men. The majority 
of the trials used vitamin D3 preparations (300 - 800 
IU daily). Ten trials were of higher quality although 
high losses to follow-up and inadequate reporting of 

allocation concealment were limitations of a number 
of trials. Vertebral fractures were not included as an 
outcome in most trials. Vitamin D3 (700 - 800 IU dai-
ly) combined with calcium supplements (500 - 1200 
mg) significantly reduced non-vertebral and hip frac-
tures although the benefit was predominantly in el-
derly subjects living in institutionalized settings (hip 
fractures, OR 0.69, 95% CI 0.53-0.90) [23].

Recommendations regarding Vitamin D status 
monitoring in osteoporosis patients

Recent recommendations of the European Society 
for Clinical and Economic Aspects of Osteoporosis 
and Osteoarthritis (ESCEO) for the optimal manage-
ment of elderly and postmenopausal women regard-
ing vitamin D supplementation have also indicated 
that patients with serum 25(OH)D levels less than 
20 ng/mL have increased bone turnover, bone loss, 
and, possibly, mineralization defects compared with 
patients with serum 25(OH)D levels of 20 ng/mL or 
greater. Similar relationships have been reported for 
frailty, nonvertebral and hip fracture, and all-cause 
mortality, with poorer outcomes at less than 20 ng/
mL. Thus, ESCEO recommended that 20 ng/mL be 
the minimal serum 25(OH)D concentration at the 
population level and in patients with osteoporosis 
to ensure optimal bone health. Also, in fragile elder-
ly individuals who are at elevated risk for falls and 
fractures, ESCEO recommended a minimal serum 
25(OH)D level of 30 ng/mL for the greatest effect on 
fracture [7]. These consideration well correlate to the 
recommendations of other authorities incl. The UK 
National Osteoporosis Society and Institute of Medi-
cine (IOM) and the Canadian Agency for Healthcare 
Research and Quality (AHRQ) [20]. 

The European Menopause and Andropause So-
ciety (EMAS) has published a position paper with 
expert consensus on vitamin D and postmenopausal 
health. In this consensus it has been recommended 
that postmenopausal women with risk factors for 
low vitamin D status should be screened for serum 
25(OH)D status and adequately treated. The marker 
should be measured at 2–3 months intervals until its 
level is stabilized in the normal range. Women with 
serum 25(OH)D levels below 20 ng/mL (50 nmol/L) 
may need treatment with 4000–10,000 IU/day to 
achieve adequate levels. If individual risk factors are 
not modifiable, the appropriate dose should be main-
tained with an annual serum 25(OH)D measurement. 
Women with morbid obesity (pre- and post gastro-
intestinal bypass surgery), malabsorption syndromes, 
and hepatic or renal diseases require specific tailored 
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doses of vitamin D supplements. Women with vita-
min D deficiency related to osteoporosis and/or pre-
vious incidental fractures should receive adequate 
amounts of vitamin D (800–1200 IU/day if there are 
no risk factors for low serum vitamin D) and specific 
bone conserving therapies [41].

•  other studies and applications
Muscle weakness is a prominent feature of the 

clinical syndrome of severe vitamin D deficiency. 
Clinical findings in vitamin D-deficiency myopathy 
include proximal muscle weakness, diffuse muscle 
pain, and gait impairments such as a waddling way 
of walking. Double-blind RCT demonstrated that 
800 IU/d vitamin D3resulted in a 4–11% gain in low-
er extremity strength or function, and up to 28% im-
provement in body sway and up to 72% reduction 
in the rate of falling in adults older than 65 yr after 
5 months of treatment [10]. A recent systematic re-
view with meta-analysis has investigated the effects 
of vitamin D supplementation on muscle strength in 
healthy individuals. Six randomized controlled trials 
and one controlled trial were identified and quality 
assessment showed all seven trials were of ‘good 
quality’. Data was extracted from 310 adults, 67% 
female, with mean ages ranging from 21.5 to 31.5 
years. Trials lasted from 4 weeks to 6 months and dos-
ages differed from 4,000 IU per day to 60,000IU per 
week. Upper and lower limb muscle strength had a 
standardized mean difference of 0.32 (95% CI=0.10, 
0.54) and 0.32 (95% CI=0.01, 0.63) respectively, 
suggesting vitamin D supplementation significantly 
increased muscle strength in the experimental group 
for upper (P=0.005) and lower limbs (P=0.04) [72]. 

Very recently the first randomized trial on the effi-
cacy of vitamin D in fibromyalgia has been published. 
Thirty women with fibromyalgia according to the 1990 
and 2010 American College of Rheumatology criteria, 
with serum 25(OH)D levels <32 ng/mL (80 nmol/L), 
were randomized to treatment group or control group. 
The goal was to achieve serum 25(OH)D levels be-
tween 32 and 48 ng/mL for 20 weeks via oral sup-
plementation with cholecalciferol. The control group 
received placebo medication. Re-evaluation was per-
formed in both groups after a further 24 weeks without 
cholecalciferol supplementation. The main hypothesis 
was that high levels of serum 25(OH)D should result 
in a reduction of pain (visual analog scale score). Ad-
ditional variables were evaluated using the Short Form 
Health Survey 36, the Hospital Anxiety and Depres-
sion Scale, the Fibromyalgia Impact Questionnaire, 
and the Somatization subscale of Symptom Check-

list-90-Revised. A marked reduction in pain was noted 
over the treatment period in the treatment group. This 
also was correlated with scores on the physical role 
functioning scale of the Short Form Health Survey 36. 
Thus the optimization of 25(OH)D levels in fibromy-
algia syndrome proved to have a positive effect on the 
perception of pain [73]. 

Vitamin D deficiency is associated with an in-
creased risk of total mortality [7, 71]. Most, but not 
all, studies documented increased mortality rates in 
patients with low 25(OH)D concentrations. In a study 
of 247,574 individuals from the primary care sector, 
a reverse J-shaped relation was reported between se-
rum level of 25(OH)D and all-cause mortality, with 
the lowest mortality rate at 20 to 24 ng/mL. This find-
ing underscores the importance of not only including 
the very low (4 ng/mL) but also the higher (56 ng/
mL) levels of 25(OH)D in the analysis [7]. 

A meta-analysis of prospective cohort studies in-
cluding 5,562 deaths of 62,548 participants suggested 
a nonlinear decrease in mortality risk as circulating 
25(OH)D concentration increases, with optimal out-
comes occurring at concentrations of approximately 
30 to 35 ng/mL. In a similar meta-analysis, vitamin 
D intake and blood 25(OH)D levels were inversely 
associated with risk of colorectal cancer, and a 10-
ng/mL increase in blood 25(OH)D levels conferred a 
risk rate (RR) of 0.74. A meta-analysis of prospective 
studies of 6853 patients with chronic kidney disease 
found that the mortality risk decreased by 14% per 10 
ng/mL increase in 25(OH)D levels. The major cause 
of mortality was cardiovascular disease [7].

In a recent meta-analysis with 70,528 randomized 
participants (86.8% females) with a median age of 
70 years, vitamin D supplementation with or without 
calcium reduced mortality by 7%. However, vitamin 
D supplementation alone did not affect mortality, but 
risk of death was reduced if vitamin D was given 
with calcium [7]. 

There is growing evidence regarding the effects of 
vitamin D deficiency on various adverse pregnancy 
outcomes regarding the offspring and the maternal 
functions [34, 35, 56, 61, 63, 65, 66]. A recent me-
ta-analysis of data from 24 studies found that women 
with circulating 25(OH)D levels less than 20 ng/mL 
in pregnancy experienced an increased risk of pre-
eclampsia (OR, 2.09; 95% CI, 1.50-2.90), gestation-
al diabetes mellitus (OR, 1.38; 95% CI, 1.12-1.70), 
preterm birth (OR, 1.58; 95% CI, 1.08-2.31), and 
small-for-gestational-age (OR, 1.52; 95% CI, 1.08-
2.15) [7]. However, many of these outcomes are rare 
and require a large sample size to study, representing 
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source Me-
ta-analysis Included studies  (No.) Dose/duration end-points Effects

Chung 
et al,2011

19 RCTs (3 for 
cancer and 16 
for fracture out-
comes) 
 
28 observational 
studies (for can-
cer outcomes)

NA Vitamin D with or with-
out calcium (limited data 
from RCTs assessed high-
dose vitamin D [1000 
IU/d])

Benefits and 
harms of vitamin 
D with or without 
calcium supple-
mentation on 
clinical outcomes 
of cancer and 
fractures

Positive effect 
of high-dose 
vitamin D on 
reduced risk 
of total cancer 
 
Positive effect 
on fracture 
 
Negative ef-
fect on renal 
and urinary 
tract stones

Buttigliero 
et al,2011

25 studies (3 
randomized trials 
involving pa-
tients with ad-
vanced prostate 
cancer explored 
the prognostic 
role of vitamin D 
supplementation)

1273 1 trial: doxercalciferol 
 
2 trials: calcitriol 
 
Duration: 11.7-18.32 mo

Influence of hy-
povitaminosis D 
on prognosis of 
cancer 
 
Improvement 
outcome of vita-
min D supplemen-
tation

No effect on 
survival

Bjelakovic 
et al,2011

50 randomized 
trials

94,148 Supplemental vitamin 
D (vitamin D3 [chole-
calciferol] or vitamin 
D2[ergocalciferol]) or an 
active form of vitamin 
D (1α-hydroxyvita-
min D [alfacalcidol] or 
1,25-dihydroxyvitamin D 
[calcitriol]) at any dose, 
duration, and route of 
administration vs. placebo 
or no intervention

Beneficial and 
harmful effects 
of vitamin D for 
prevention of 
mortality

Positive effect 
of vitamin 
D3 on mor-
tality 
 
Negative 
effect of vita-
min D3com-
bined with 
calcium on 
nephrolithi-
asis 
 
Negative ef-
fect on hyper-
calcaemia

Irlam 
et al,2010

16 additional 
trials (only 1 
trial was single 
supplements of 
vitamin D)

22,120 par-
ticipants in 
the trials

NA Reducing mortali-
ty and morbidity

No effect

Table 6. Synopsis of meta-analyses of vitamin D on outcomes beyond the scope of the proposed indications, as reviewed 
elsewhere [7].
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source Me-
ta-analysis Included studies  (No.) Dose/duration end-points Effects

Autier 
et al,2012

76 trials 6207 Doses of 5-250 μg/d (me-
dian, 20 μg/d)

Circulating 
25(OH)D level

Positive effect 
of vitamin 
D3intake 
without calci-
um on serum 
25(OH)D 
concentra-
tions 
 
No effect of 
concomitant 
use of calci-
um supple-
mentation and 
high 25(OH)
D concentra-
tion at base-
line

Bjorkman 
et al,2009

52 clinical trials 6290 Vitamin D supplementa-
tion

Responses of 
parathyroid hor-
mone

Positive effect 
in chronically 
immobile 
patients on 
25(OH)D 
levels but a 
slight effect 
on PTH de-
crease

Tripkovic 
et al,2012

17 studies 1016 Varying dosages and 
treatment periods

Compared the 
effects of vitamin 
D2 and vitamin 
D3on serum 
25(OH)D concen-
trations

Positive effect 
of vitamin 
D3compared 
with vitamin 
D2 in the rais-
ing of serum 
25(OH)D 
concentra-
tions

Kandula 
et al,2011

22 studies 264 Ergocalciferol or chole-
calciferol

Benefits and 
harms of vitamin 
D supplementa-
tion

Positive effect 
on 25(OH)
D and PTH 
levels

Song 
et al,2013

21 prospective 
studies

81,216 Circulating 25(OH)D Association be-
tween blood levels 
of 25(OH)D and 
risk of incident 
type 2 diabetes

Inverse and 
significant as-
sociation be-
tween circu-
lating 25(OH)
D levels and 
risk of type 2 
diabetes
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source Me-
ta-analysis Included studies  (No.) Dose/duration end-points Effects

George 
et al,2012

15 trials NA Vitamin D or analogues Glycemia, insulin 
resistance, pro-
gression to diabe-
tes, and complica-
tions of diabetes

No effect on 
fasting glu-
cose, hemo-
globin A1c, or 
insulin resis-
tance 
 
Small positive 
effect on fast-
ing glucose 
and insulin 
resistance in 
patients with 
diabetes or 
impaired glu-
cose tolerance 
 
No effect 
on glycated 
hemoglobin 
in diabetic 
patients

Bath-Hextall 
et al,2012

11 studies 596 Vitamin D vs. vitamin E Treating estab-
lished atopic ecze-
ma/dermatitis

Negative 
effect at high 
doses

Muir et al, 
2011

13 trials NA Vitamin D (800-1000 
IU/d)

Muscle strength, 
gait, and balance

Positive effect 
on balance 
and muscle 
strength

Annweiler 
et al,2009

16 trials 24-33,067 NA Muscle, balance, 
and gait perfor-
mance

No significant 
effect on bal-
ance and gait 
 
Positive/no 
effect on mus-
cle strength 
 
No effect on 
sit-to-stand 
test

Wang 
et al,2010

18 trials NA NA Reduce the risk 
of cardiovascular 
events

No effect on 
cardiovascu-
lar disease 
risk

Pittas 
et al,2010

18 trials 37,162 Vitamin D (400-8571 
IU/d) with or without 
calcium

Cardiometabolic 
outcomes

No effect on 
glycemia or 
incident dia-
betes, blood 
pressure, and 
cardiovascu-
lar outcomes
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source Me-
ta-analysis Included studies  (No.) Dose/duration end-points Effects

Ferguson and 
Chang,2009

3 double-blind 
randomized 
crossover trials

41 800 and 1600 IU of vita-
min D alone with or with-
out 1 g of calcium

Respiratory out-
comes

No adequate 
evidence of 
benefit or 
harm

Abba 
et al,2008

12 trials 3393 Several vitamins and min-
erals and diets

Promote the re-
covery of tuber-
culosis

No effect 
on number 
of deaths or 
number of 
participants 
with positive 
sputum test 
results

Autier and 
Gandini,2007

18 independent 
RCTs

57,311 Vitamin D supplements 
varied from 300 to 2000 
IU/d

Any health con-
dition

Not enough 
evidence for 
effective deci-
sion

a challenge for cohorts with a limited number of pre-
served samples. Experimental studies have provided 
evidence of disrupted vitamin D metabolic homeo-
stasis in the preeclamptic placenta and have suggest-
ed that increased oxidative stress could be a causative 
factor of altered vitamin D metabolism in preeclamp-
tic placentas [7].

A meta-analysis of 3 trials involving 463 wom-
en suggested that women who received vitamin D 
supplements during pregnancy less frequently had a 
baby with a birth weight less than 2500 g than did 
those who received no treatment or placebo; the sta-
tistical significance was borderline.89 In terms of 
other conditions, there were no significant differenc-
es in adverse effects, including nephrotic syndrome, 
stillbirths, and neonatal deaths, between women 
who received vitamin D supplements and women 
who received no treatment or placebo.Hossein-ne-
zhad&Holick indicated a significant inverse relation 
between serum 25(OH)D level and the incidence 
of gestational diabetes mellitus. Overall, vitamin D 
deficiency (25(OH)D<20 ng/mL) in pregnancy was 
significantly related to the incidence of gestational 
diabetes mellitus, with an OR of 1.61 [7].

Vitamin D and its metabolites have wide-spread 
physiological roles far beyond the well described 
effects in skeletal biology.  Many physiological pro-
cesses are directly or indirectly regulated by vitamin 
D and in consequence, vitamin D deficiency is im-
plicated in numerous disease conditions. Converse-

ly observational studies have found a decreased risk 
of many disorders, including certain types of cancer 
[14, 15, 21, 25], mental disorders [13, 34, 35], in-
fectious disease and inflammation [16, 33], cardio-
vascular disease [29], type 2 diabetes mellitus [28, 
41], and autoimmune disorders [8, 24], associated 
with serum 25(OH)D levels greater than 28 to 32 ng/
mL [7]. It has, therefore, been argued that 25(OH)
D levels should be in the range of 28 to 40 ng/mL 
to maximize these nonskeletal benefits. The results 
of some clinical trials provide further evidence con-
firming the results of observational and association 
studies, whereas others do not [7]. 

Many of the clinical findings for these non-classi-
cal end-points have been discussed in the context of 
the corresponding in vitro and in vivo preclinical data 
in the secondary pharmacodynamics Section. table 
6 summarizes the most important meta-analyses on 
vitamin D supplementation, comparing the nonben-
eficial effects of vitamin D supplementation in ran-
domized trials for nonskeletal outcomes, as compre-
hensively reviewed elsewhere [7].

VI. sAFetY PRoFILe – ADVeRse eF-
Fects AND toXIcItY 

The risk of minor adverse effects from vitamin D 
supplementation is considered low even in high dose 
regimens [5, 7, 23, 30, 31]. Overt vitamin D toxicity 
manifests itself through chronic hypercalcaemia. It is 
rarely seen unless the vitamin D dose is very high, 
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either through inappropriate high-dose treatment or 
accidental overdosing [23, 30]. 

The Food and Nutrition Board of the UK Insti-
tute of Medicine (IOM) has summarized the evidence 
from a number of supplementation studies of vitamin 
D, which covered a range of doses (800 to 300,000 IU/
day) and duration (months to years). They concluded 
that vitamin D below 10,000 IU/day is not usually 
associated with toxicity, whereas doses equal to or 
above 50,000 IU/day for several weeks or months are 
frequently associated with toxicity, including docu-
mented hypercalcaemia. Although the IOM report 
states that toxicity as defined by hypercalcaemia is 
not seen with a  25(OH)D below 500 nmol/L, there 
are cases where serious symptoms have been associ-
ated with lower  25(OH)D. The European Food Safe-
ty Authority (EFSA) has recently reviewed evidence 
and concluded that an upper limit of 4000 IU (100 
µg) a day is safe for adults and children over 11 years 
of age. Less severe symptoms include hypercalciuria 
and renal stones. Studies that have shown a reverse-
J-shaped curve for the relationship between mortali-
ty and 25(OH)D show a beneficial effect as  25(OH)
D concentrations increase to 30 nmol/L, with lowest 
mortality at 50 nmol/L and then increased risk above 
75 nmol/L. Yearly high-dose vitamin D is ineffective 
and may cause increased risk of fracture [20].

High intakes of vitamin D3, or application to vul-
nerable patients can cause hypercalcaemia. The high 
serum calcium potentially leads to soft tissue calci-
fication and resultant renal and cardiovascular dam-
age. Patients with granulomatous disease are at risk 
of hypercalcaemia because of increased 1α-hydrox-
ylase activity (which converts 25(OH)D to active 
1,25(OH)2 D). Toxicity has been reported during vi-
tamin D treatment of tuberculosis and in patients with 
active sarcoidosis [20, 30]. Specialist advice should 
be sought before starting these patients on vitamin 
D therapy. Noteworthy, in normal subjects, overall 
higher serum calcium concentrations were seen with 
vitamin D treatment at 2400 IU per day and 3800 IU 
per day compared to the lower doses tested, but only 
in the higher dose group (3800 IU per day) did this 
exceed normal limits (10 mg/dL, 2.63 mmol/L) [20].

Clinical evidence suggests an increased incidence 
of renal stones in those taking vitamin D with calci-
um supplements. Observational studies have shown 
that there is increased risk of renal stones with sup-
plemental calcium intake, whereas dietary calcium 
intake may protect against this. There is no strong 
evidence that correcting vitamin D deficiency with 
vitamin D alone will increase the risk of renal stones. 

However patients with active nephrolithiasis should 
be managed on a case by case basis [20].

•  Mineral balancedisorders - hypercalemia, hy-
percalciuria and associated sequelae: 

Vitamin D use especially in overdose or in vul-
nerable patients is characterized by hypercalcaemia 
and hypercalciuria as a result both of excessive gas-
trointestinal calcium absorption and of enhanced 
mobilization of calcium from bone [30]. These in 
turn are associated with ectopic calcification and/or 
nephrocalciniosis. A single high dose of vitamin D 
can usually be given without ill effects, even though 
some workers have described subsequent character-
istic changes in the concentrations of phosphorus and 
calcium in the blood. However, long-term adminis-
tration, especially with intoxication, is characterized 
by hypercalcaemia and hypercalciuria as a result both 
of excessive gastrointestinal calcium absorption and 
of enhanced mobilization of calcium from bone [30]. 

Hypercalcaemia is not necessarily accompanied 
by clinical symptoms and disappears within 48 hours 
when the drug is withdrawn. In patients with hypo-
parathyroidism or chronic renal insufficiency, the rate 
of reversal of hypercalcaemia after stopping treat-
ment with the vitamin D analogues is slower than in 
healthy subjects. In these diseases, frequent control 
of blood biochemistry is recommended during treat-
ment with vitamin D analogues [30]. 

An exemplary case of severe hypercalcaemia in 
a child receiving vitamin D was associated with hy-
perlipidemia has been allocated. An 11-month-old 
girl developed polyuria, polydipsia, and vomiting. 
She had been given vitamin D 400 IU/day for just 
1 month. A misdiagnosis of rickets was made, and 1 
month before admission she was given bolus vitamin 
D 600 000 IU in two doses 15 days apart. Her serum 
calcium concentration was 5.5 mmol/l; total choles-
terol, high density lipoprotein cholesterol, very low 
density lipoprotein cholesterol, low density lipopro-
tein cholesterol, and triglyceride concentrations were 
respectively: 6.37 mmol/l, 0.77 mmol/l, 1.37 mmol/l, 
4.1 mmol/l, and 3.0 mmol/l. After 16 days of therapy 
with intravenous fluids, furosemide, glucocorticoids, 
calcitonin, magnesium sulfate, and phosphorus, her 
serum calcium concentration fell below 3 mmol/l. 
Her hyperlipidemia resolved gradually [30]. 

Metastatic calcification is observed in various tis-
sues, but arterial calcification is the most usual. In 
some patients undergoing dialysis, calcification of 
the blood vessels has been so extensive that cannula-
tion could not be performed. Some individuals devel-
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op hypertension in response to vitamin D, which in 
some of them may be directly related to hypercalcae-
mia and which may be reversible when renal function 
is normalized [30]. 

Calcification of the lung from vitamin D is rare, 
but has been reported in an infant after ingestion of 
toxic doses [30]. High doses of vitamin D can affect 
dental development. In one case, caused by incor-
rectly fortified milk, there was dental hypoplasia and 
focal pulp calcification [30]. In severe hypervitamin-
osis D signs of hypomineralization and demineraliza-
tion of the long bones and calcification of the soft 
tissues can be seen radiologically. Some cases of hy-
pervitaminosis D with hypercalcaemia and acute re-
nal insufficiency have been reported in patients with 
osteoporosis or osteomalacia who have taken phar-
macological doses of vitamin D for extended periods 
of time [30].

Metastatic calcification of the pancreatic ducts 
has also been reported. Importantly, in patients with 
pancreatitis associated with hypercalcaemia of un-
clear origin, vitamin D poisoning can be responsible, 
especially when episodes are recurrent [30]. 

Calcium deposits in the cornea and the conjuncti-
va as well as band keratopathy have been reported in 
patients taking vitamin D. Tympanic membrane cal-
cification can lead to severe, irreversible conductive 
deafness [30]. 

Daily doses of more than 40 micrograms of vi-
tamin D can cause calcium deposition in the kid-
neys [30, 76]. Renal damage is largely due to this. 
Tubular function is impaired first, glomerular func-
tion later. Medullary nephrocalciniosis can develop 
as a result of therapy with high doses of vitamin D 
combined with calcium; this is mainly seen in infants 
and schoolchildren. Ultrasound screening of children 
treated with high doses of vitamin D and calcium is 
therefore recommended. Early high-dosage prophy-
laxis or treatment can cause nephrocalciniosis and 
hypercalciuria in children [30]. 

There have been increasing numbers of reports 
of nephrocalcinosis diagnosed by renal ultrasound 
in patients with X-linked hypophosphatemia treat-
ed with vitamin D and phosphate, and a study of a 
small group of treated and untreated patients point-
ed to an association between this therapy and neph-
rocalcinosis [30]. 

In a French analysis of 22 510 urinary calculi per-
formed by infrared spectroscopy, drug-induced uro-
lithiasis was divided into two categories: first, stones 
with drugs physically embedded (1.0%), notably in-
dinavir monohydrate (53%), followed by triamterene 

(18%), sulfonamides (12%), and amorphous silica 
(10%); secondly, metabolic nephrolithiasis induced 
by drugs (0.6%), involving mainly calcium/vitamin 
D supplementation (40%) and carbonic anhydrase 
inhibitors (24%) [30]. 

Hypersensitivity reactions such as pruritus, rash, 
urticaria have been documented with the drug [19, 
30]. Vitamin D3 has been reported to cause skin hy-
perreactivity in a patient with pre-existing pseudox-
anthoma elasticum. A 68-year-old woman with pseu-
doxanthoma elasticum was given oral vitamin D3 
0.25 micrograms/day. After 2 weeks she developed 
new yellow papules on pre-existing plaques on the 
neck and abdomen, without itching or pain. Biopsy 
showed a thicker epidermis and more abundant cal-
cium deposition than in a biopsy before treatment. 
Electron microscopy showed electrondense deposits 
between the degenerated elastic fibers, which had 
been surrounded by normal collagen fibers before 
treatment. After treatment with vitamin D3 there were 
lucent areas that suggested unusual mineralization 
in association with electron-dense deposits. Serum 
concentrations of calcium were within the reference 
range throughout [30]. 

•  Drug Interactions
Bile acid sequestrant (e.g. cholestyramine or 

colestipol hydrochloride) administration may result in 
decreased intestinal absorption of vitamin D analogs; 
patients taking cholestyramine or colestipol hydro-
chloride should be instructed to allow as long a time 
interval as possible between the ingestion of vitamin 
D analogs and the resin, or these patients may require 
IM ergocalciferol supplements. Orlistat may result in 
decreased GI absorption of fat-soluble vitamins such 
as vitamin D analogs. At least 2 hours should elapse 
between (before or after) any orlistat dose and vitamin 
D analog administration; administering fat-soluble 
vitamins at bedtime may be a convenient time. Al-
though the manufacturer of orlistat recommends that 
a vitamin supplement containing fat-soluble vitamins 
(A, D, E, and K) be used during orlistat therapy,such 
vitamin concentrations in clinical studies with the drug 
remained within the normal range for most patients 
despite decreases, and vitamin supplementation was 
only occasionally needed [19]. 

Anticonvulsants (barbiturates, primidone, car-
bamazepine and phenytoin) and other drugs that 
induce liver enzymes (such as rifampicin, and an-
tiretrovirals) can accelerate the hepatic catabolism 
of vitamin D and can lead to reduced serum concen-
trations of calcifediol and osteomalacia. Prophylac-
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tic vitamin D treatment of patients taking long-term 
enzyme inducers can be helpful and should be given 
at least in cases of anticonvulsant-drug-induced os-
teomalacia [5, 30]. 

Isoniazid may reduce the effectiveness of vitamin 
D3 due to inhibition of the metabolic activation of  vi-
tamin D to hormonally active metabolites [42].

If Vitamin D3 is combined with metabolites or an-
alogues of vitamin D, careful monitoring of serum 
calcium levels is recommended [43].

Patients treated with cardiac glycosides may be 
susceptible to high calcium levels and should have 
ECG parameters and calcium and possibly digitalis 
levels monitored [19]. 

Concomitant administration of thiazide diuretics 
and pharmacologically related drugs (e.g. clopamide, 
indapamide) increases the risk of hypercalcaemia be-
cause they reduce the urinary excretion of calcium. 
Clinical evidence has shown that concurrent admin-
istration of thiazide diuretics and pharmacological 
doses of vitamin D analogs in patients with hypo-
parathyroidism may result in hypercalcaemia, which 
may be transient and self-limited or may require 
discontinuance of vitamin D analogs. Thiazide-in-
duced hypercalcaemia in hypoparathyroid patients 
is probably caused by increased release of calcium 
from bone. Noteworthy this unusual susceptibility 
to hypercalcemic effects has been attributed from an 
interaction with calcium carbonate which had been 
taken simultaneously [19]. 

Concomitant administration ofglucocorticoids-
may reducethe effect ofvitamin D3 [19], whereas ana-
bolic steroids and danazol could augment the hyper-
calcemic effects of vitamin D [30, 38]. 

•  overdose
For ethical reasons, no systematic studies have ex-

amined vitamin intoxication in humans. But numer-
ous anecdotal reports over the years have described 
accidental vitamin D intoxication with either vitamin 
D3 or vitamin D2;reviewedelsewhere[6, 30, 39]. 

Symptomatic vitamin D intoxication is extremely 
rare but can be caused by inadvertent or intentional in-
gestion of excessively high doses. Doses of more than 
50,000 IU per day raise levels of 25-hydroxyvitamin D 
to more than 150 ng per milliliter (374 nmol per liter) 
and are associated with hypercalcaemia and hyper-
phosphatemia. Nevertheless doses of 10,000 IU of vi-
tamin D3 per day for up to 5 months, have been proven 
to be devoid of adverse effects and toxicity [10]. 

Noteworthy, patients with chronic granulomatous 
disorders are more sensitive to serum 25-hydroxyvi-

tamin D levels above 30 ng per milliliter because of 
macrophage production of 1,25-dihydroxyvitamin D, 
which causes hypercalciuria and hypercalcaemia[5, 
30, 39]. In these patients, however, 25-hydroxyvita-
min D levels need to be maintained at approximately 
20 to 30 ng per milliliter to prevent vitamin D defi-
ciency and secondary hyperparathyroidism [10]. 

The initial symptoms of overdose D include 
weakness, fatigue, lassitude, headache, nausea, 
vomiting, and diarrhea. Renal function can be im-
paired at an early stage, with polyuria, polydipsia, 
nocturia, reduced urinary concentrating ability, and 
proteinuria [19]. 

There have been very occasional reports of mental 
disturbances, including depression, cerebellar ataxia, 
peripheral facial paresis, apathy, lack of interest, and 
(in cases of acute poisoning) even stupor. Mental 
changes can occur before the appearance of any so-
matic symptoms. There may be a correlation between 
the seriousness of hypervitaminosis D and the extent 
of electroencephalographic changes [30]. 

The characteristic features of chronic intoxication 
are deposition of calcium salts in various tissues. A 
follow-up study of 24 children with vitamin D intox-
ication (13 900–200 000 IU/day) for up to 13 years 
showed that 23% of the patients had permanent dam-
age. The severity of renal, neurological, and digestive 
symptoms was related to the daily dose, but the final 
consequences depended on the duration of overdos-
age. Vitamin D intoxication has also been seen after 
so-called ‘‘Stoss’’ prophylaxis in children, that is the 
use of single very high doses of vitamin D, and it has 
therefore been suggested that this procedure should 
be avoided [30]. 

Because most of the toxicity studiesreported 
25(OH)D and sometimes 1α,25(OH)2D, it is worth 
mentioning the vitamin D metabolite values reported 
with overt toxicity symptoms to draw some dose-re-
sponse data and monitoring recommendations.Al-
though an occasional report did find evidence of 
modest elevations of 1α,25(OH)2D, all reported that 
25(OH)D concentrations were well above the normal 
range at 710–1587 nmol/L, with several patients ex-
hibiting values consistently around 750 nmol/L [6]. 
In addition, several reports have documented clus-
ters of patients with vitamin D intoxication due to 
vitamin D–contaminated food sources. In a study of 
35 hypervitaminotic patients with hypercalcaemia re-
sulting from chronic ingestion of overfortified milk, 
the average 25(OH)D concentration was 560 nmol/L 
(range: 140–1490 nmol/L). In an extended family 
group accidentally intoxicated with a veterinary vi-
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tamin D concentrate (peanut oil solution containing 
2 × 106 IU cholecalciferol), it has been shown that 
25(OH)D concentrations ranged from 847 to 1652 
nmol/L in intoxicated family members, whereas plas-
ma 1α,25(OH)2D concentrations were within the nor-
mal range in 8 of 11 patients [6]. A perusal of these 
data and the anecdotal reports support the notion of 
R.Vieth; namely, that hypercalcaemia only results 
when 25(OH)D3 concentrations have consistently 
been above 375–500 nmol/L [21, 22].

A case of accidental ingestion of a veterinary vi-
tamin D concentrate (cholecalciferol in peanut oil; 2 
million IU/g) as a cooking oil sheds some light on 
the mechanism of pathogenesis in hypercalcaemia 
in vitamin D toxicity. Serum concentrations of cal-
cifediol in nine of the cases were 8–15 times great-
er than the upper limit of the reference range, while 
total calcitriol concentrations were increased in only 
three patients. The percentage of unbound calcitriol 
was increased in all patients, as was the total calcitri-
ol concentration. Increased unbound calcitriol con-
centrations might play a role in the pathogenesis of 
hypercalcaemia in vitamin D toxicity [30]. 

Hypercalcaemia has been associated with the 
ingestion of an over-the-counter vitamin D supple-
ment. A 42-year-old man who for 2 years had tak-
en a supplement containing vitamin D2 had a serum 
calcium concentration of 3.75 mmol/l and a serum 
25(OH)D concentration of 487 ng/ml (reference 
range 9–47). He had normal concentrations of cal-
citriol, parathyroid hormone, angiotensin-convert-
ing enzyme, and thyroid hormone, and had normal 
bone marrow, radiography, and CT of the chest, 
neck, and abdomen. Vitamin D2 was withdrawn and 
he was rehydrated. He was advised to wear sun-
screen at all times when outdoors. Three months af-
ter discharge the results of all blood tests were in the 
reference ranges, including serum concentrations of 
calcium and 25(OH)D. Examination of three lots of 
the over-the-counter formulations the patient had 
used showed mean vitamin D contents of 1.3, 13, 
and 22 mg/g of powder. The patient had taken 3 g/
day, or 156 000–2 604 000 IU/day of vitamin D2, 
which is about 80–1300 times the generally recom-
mended safe upper limit of 2000 IU/day [30]. 

•  Vitamin D in Pregnancy and Lactation
Vitamin D is classified as USA Food and Drug 

Agency (FDA) Pregnancy Risk Category: A1 agent. 

1 Risk Factor D if used in pharmacological doses.

High doses of vitamin D are known to be tera-
togenic in experimental animals [76, 78], but direct 
convincing evidence for this is lacking in humans 
[30, 64]. Because of its action to raise calcium levels, 
vitamin D has been suspected in the pathogenesis of 
the supravalvular aortic stenosis syndrome, which is 
often associated with idiopathic hypercalcaemia of 
infancy. The full features of this rare condition are 
characteristic elfin facies, mental and growth retar-
dation, strabismus, enamel defects, craniosynosto-
sis, supravalvular aortic and pulmonary stenosis, 
inguinal hernia, cryptorchidism in males, and early 
development of secondary sexual characteristics in 
females [30, 64]. 

Excessive intake or retention of vitamin D during 
pregnancy by mothers of infants who develop su-
pravalvular aortic stenosis syndrome has not been 
consistently found. Although the exact cause is un-
known, it is possible that the syndrome results from 
abnormal vitamin D metabolism in the mother, the 
fetus, or both [64].

Very high levels of vitamin D have been used to 
treat maternal hypoparathyroidism during pregnancy 
without ill effects [30]. In two studies, 15 mothers 
were treated with doses averaging 107,000 IU/day 
throughout their pregnancies to maintain maternal 
calcium levels within the normal range. All of the 27 
children were normal at birth and during follow-up 
examinations ranging up to 16 years. The active me-
tabolite calcitriol, in doses up to 3 µg/day, was used 
to treat another mother with hypoparathyroidism. The 
high dose was required in the latter half of pregnancy 
to prevent hypocalcemia. The infant had no apparent 
adverse effects from this exposure. In a similar case, 
a mother received 100,000 IU/day throughout gesta-
tion, resulting in a healthy, full-term infant [64]. In 
contrast, a 1965 case report described a woman who 
received 600,000 IU of vitamin D and 40,000 IU of 
vitamin A daily for 1 month early in pregnancy. The 
resulting infant had a defect of the urogenital system, 
but this was most probably caused by ingestion of ex-
cessive vitamin A, considering the well established-
dysmorphogenic potential of the latter [64].

The excellent safety profile of cholecalciferol 
has been further corroborated in a recent trial of 
nutritional and pharmacological vitamin D supple-
mentation during pregnancy. In this randomized, 
controlled trial, women with a singleton pregnancy 
at 12 to 16 weeks’ gestation received 400, 2000 or 
4000 IU of cholecalciferol per day until delivery. The 
primary outcome was maternal/neonatal circulat-
ing 25-hydroxyvitamin D (25(OH)D) concentration 
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at delivery, with secondary outcomes of a 25(OH)
D concentration of 80 nmol/L or greater achieved 
and the 25(OH)D concentration required to achieve 
maximal calcitriol production. Of the 494 women 
enrolled, 350 women continued until delivery: Mean 
25(OH)D concentrations by group at delivery and 1 
month before delivery were significantly different (p 
< 0.0001), and the percent who achieved sufficien-
cy was significantly different by group, greatest in 
4000-IU group (p < 0.0001). The relative risk (RR) 
for achieving a concentration of 80 nmol/L or greater 
within 1 month of delivery was significantly different 
between the 2000- and the 400-IU groups but not be-
tween the pharmacological doses 4000- and 2000-IU 
groups. Circulating 25(OH)D had a direct influence 
on circulating 1,25(OH)2D3 concentrations through-
out pregnancy (p < 0.0001), with maximal produc-
tion of the active metabolite in all strata in the 4000-
IU group. There were no differences between groups 
on any safety measure. Not a single adverse event 
was attributed to vitamin D supplementation or cir-
culating 25(OH)D levels. This findings indicate that 
vitamin D supplementation of 4000 IU/d for preg-
nant women is safe and most effective in achieving 
sufficiency in all women and their neonates regard-
less of race, whereas the current estimated average 
requirement (400 IU in UK, USA and elsewhere) is 
comparatively ineffective at achieving adequate cir-
culating 25(OH)D concentrations, especially in Afri-
can Americans [65].

During pregnancy, maternal serum concentra-
tions of 25-hydroxyvitamin D, the circulating form 
of vitamin D, correlate with dietary vitamin D intake. 
Maternal serum concentrations of 1,25-dihydroxyvi-
tamin D, the hormonal circulating and active form of 
vitamin D, are elevated during pregnancy; 1,25-dihy-
droxyvitamin D is synthesized mainly by the decidu-
al cells of the placenta and allows for increased calci-
um absorption. The fetus is entirely dependent on the 
mother for its supply of 25-hydroxyvitamin D, which 
is believed to cross the placenta. Hypocalcemia and 
increased parathyroid hormone secretion induce 
synthesis of 1,25-dihydroxyvitamin D after birth in 
both full-term and preterm neonates. Nevertheless, 
serum concentrations of 25-hydroxyvitamin D are 
a rate-limiting factor in the synthesis of 1,25-dihy-
droxyvitamin D. In vitamin D-replete infants, circu-
lating 1,25-dihydroxyvitamin D concentrations are 
higher than those observed in older infants. In coun-
tries where dairy products are not routinely supple-
mented with vitamin D, maternal vitamin D supple-
mentation during pregnancy is necessary. However, 

there is no indication for the use of pharmacological 
doses of vitamin D or its metabolites in the perinatal 
period [62].

A number of investigators have measured vitamin 
D levels in the mother during pregnancy and in the 
newborn. Although not universal, most studies have 
found a significant correlation between maternal 
serum and cord blood levels. In one study, a close 
association between both of the transport vitamin D 
forms in maternal and cord serum was discovered. 
No significant correlation could be demonstrated, 
however, between the two biologically active forms 
in maternal and cord blood [64].

Using a perfused human placenta, a 1984 report 
confirmed that calcifediol and calcitriol were trans-
ferred from the mother to the fetus, although at a very 
slow rate.

Binding to vitamin D3–binding protein was a ma-
jor rate-limiting factor, especially for calcifediol, the 
transport form of vitamin D3. The researchers con-
cluded that placental metabolism of calcifediol was 
not a major source of fetal calcitriol [64].

Maternal levels at term are usually higher than 
those in the newborn because the fetus has no need 
for intestinal calcium absorption. Maternal levels are 
elevated in early pregnancy and continue to increase 
throughout pregnancy. During the winter months a 
weak correlation may exist between maternal vita-
min D intake and serum levels, with exposure to ul-
traviolet light the main determinant of maternal con-
centrations. A Norwegian study, however, was able 
to increase maternal concentrations of active vitamin 
D significantly during all seasons with daily supple-
mentation of 400 IU [64].

Vitamin D is excreted into breast milk in lim-
ited amounts [19, 64]. A direct relationship exists 
between maternal serum levels of vitamin D and 
the concentration in breast milk. Chronic maternal 
ingestion of large doses may lead to greater than 
normal vitamin D activity in the milk and result-
ing hypercalcaemia in the infant. In the lactating 
woman who is not receiving supplements, there is 
considerable controversy about whether her milk 
contains sufficient vitamin D to protect the infant 
from vitamin deficiency. Several studies have sup-
ported the need for infant supplementation during 
breast feeding. Other investigators have concluded 
that supplementation is not necessary, if maternal 
vitamin D stores are adequate [64].

A study published in 1977 measured high levels 
of a vitamin D metabolite in the aqueous phase of 
milk. Although two other studies supported these 
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findings, the conclusions were in direct opposition 
to previous measurements and have been vigorous-
ly disputed. The argument that human milk is low in 
vitamin D is supported by clinical reports of vitamin 
D deficiency-induced rickets and decreased bone 
mineralization in breast-fed infants. Moreover, one 
investigation measured the vitamin D activity of hu-
man milk and failed to find any evidence for signifi-
cant activity of water-soluble vitamin D metabolites. 
Vitamin D activity in the milk was 40–50 IU/L, with 
90% of this accounted for by the usual fat-soluble 
components [64].

The US National Academy of Sciences’ RDA 
for vitamin D in the lactating woman is 400 IU. The 
Committee on Nutrition, American Academy of Pe-
diatrics, recommends vitamin D supplements for 
breast-fed infants if maternal vitamin D nutrition is 
inadequate or if the infant lacks sufficient exposure 
to ultraviolet light. A second committee of the Amer-
ican Academy of Pediatrics considers maternal con-
sumption of vitamin D to be compatible with breast 
feeding. However, the serum calcium levels of the 
infant should be monitored if the mother is receiving 
pharmacological doses [64].

VII. conclusion and synopsis
Medicinal products and food supplements 

based on cholecalciferol (vitamin D3) constitute the 
most-important source of vitamin D supplementa-
tion or pharmacological intervention in deficiency 
states. Itself cholecalciferol exhibit little in the way 
of biologic activity. It undergoes hydroxylation in the 
liver to form 25-hydroxyvitamin D by action of the 
enzyme vitamin D-25 hydroxylase. 25-Hydroxyvita-
min D serves as the primary storage form of vitamin 
D hormone. To become biologically active, 25-hy-
droxyvitamin D requires further hydroxylation to 
form the active calcium and phosphorus-regulating 
hormone 1,25-dihydroxyvitamin D by action of the 
enzyme 25-hydroxyvitamin D-1a-hydroxylase. This 
hydroxylation step takes place primarily in the kid-
ney and is tightly regulated by circulating PTH, phos-
phate, and calcium levels. Thus, vitamin D deficien-
cy can result from nutritional deprivation, inadequate 
sunlight exposure, impaired gastrointestinal absorp-
tion, reduced synthesis of 25-hydroxyvitamin D and/
or 1,25-dihydroxyvitamin D or end-organ resistance 
to 1,25-dihydroxyvitamin D.  

Optimal management of vitamin D deficiency 
is dependent on its underlying cause and treatment 
must be individualized with regard to pathogenesis 
and severity of the disorder. Deficiency states associ-

ated with malabsorption may require pharmacologi-
cal amounts of vitamin D. In most patients with vita-
min D deficiency (those with adequate renal function 
and 1α-hydroxylase activity) the object is to restore 
and maintain optimal serum 25(OH) vitamin D con-
centrations. Monitoring serum levels after vitamin D 
supplementation begins, should provide an adequate 
guide for dose adjustments. 

Therapeutic doses of cholecalciferol are usually 
well tolerated, but aggressive dosing, especially in 
populations at risk (e.g. patients with sarcoidosis, 
and other chronic granulomatous conditions) pos-
es risk of hypercalcaemia and hypercalciuria. The 
toxic effects of vitamin D excess are primarily re-
lated to the role of free 1,25(OH)2D in the regula-
tion of plasma calcium. Excessive production of 
1,25(OH)2D or greatly increased plasma 25(OH)D 
(which may displace 1,25(OH)2 D from DBP) may 
lead to elevated level of plasma calcium due partly 
to over stimulated intestinal absorption and partly to 
excessive calcium mobilization from bone. There is 
also limited evidence that high concentrations of vi-
tamin D directly affect various organ systems such 
as kidney, bone, the central nervous system and the 
cardiovascular system. 

The ubiquitous expression of vitamin D receptors 
in various tissues and the compelling evidence from 
both observational studies and RCTs have well ex-
panded the horizon for its possible utilities beyond 
the musculoskeletal system. Nevertheless, further 
studies are needed to clearly elucidate these potential 
new roles of vitamin D beyond calcium homeostasis, 
because in general these adjunctive effects require 
significantly higher levels, as compared to those gen-
erally regarded as sufficient and safe.
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