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Introduction
The beneficial actions of vitamin D continue to achieve 
considerable publicity in the lay and scientific press alike, as 
the number of disease states associated with a low vitamin 
D status increases. The wide variety of diseases associated 
with a low vitamin D status has tested the credulity of 
many biological scientists, but the claims keep being made, 
and evidence, much of it only demonstrating significant 
associations, keeps being published. Thus, it is worthwhile to 
assess the actions and factors influencing vitamin D levels in 
mammals in the wider perspective to see if it is at all probable 
that such an agent could play an important role in such a 
variety of organ systems. A second issue is to review its mode 
of action. Vitamin D3 was identified in 1919 as the critical 
factor in resolving the childhood bone disease of rickets.1 It 
was not until 50 years later, with identification of the metabolic 
pathway of two sequential hydroxylations to finally form the 
biologically active metabolite 1,25-dihydroxyvitamin D3 
(1,25D)2 and a specific nuclear receptor3 that it was realised
that it acts as a steroid hormone in an endocrine manner. Thus, 

the paradigm of vitamin D3 as a precursor of an endocrine 
agent has dominated thinking in this area until the end of the 
20th century. However the 21st century has seen a blossoming 
of data obtained from a number of organ systems indicating 
that vitamin D3 has an autocrine action (that is, the activity of 
vitamin D3 arises from 1,25D synthesised within those cells), 
and/or a paracrine action (that is 1,25D is synthesised in one 
cell type and acts within adjacent cells). Some of these data 
have ruled out an endocrine action of 1,25D in some tissues.

This new paradigm for vitamin D activity provides an 
explanation of many new activities for vitamin D and 
certainly has implications for the required serum levels of 
the pro-hormone 25-hydroxyvitamin D3 (25D) as a marker of 
vitamin D status for optimal health. The synthesis of adequate 
1,25D by any tissue is dependent on the level of the enzyme 
25-hydroxyvitamin D-1α-hydroxylase (CYP27B1), which 
catalyses the conversion of 25D to 1,25D, and the level of the 
substrate, (25D). The kidney is a suitable example to discuss 
the importance of the level of CYP27B1 because it is finely 
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regulated to contribute to the homeostasis of extracellular fluid 
(ECF) levels of calcium and phosphate.4 As will be discussed 
in more detail, when plasma 25D levels fall, there is a rise in 
parathyroid hormone (PTH) levels which itself up-regulates 
the expression of renal CYP27B1, the site of synthesis for 
circulating 1,25D. The renal synthesis of 1,25D continues 
even when 25D levels fall to levels below 40 nmol/L, 
levels considered to be inadequate.5 This circulating 1,25D 
continues, or even increases the stimulation of the intestinal 
absorption of calcium and phosphate to maintain normal ECF 
levels under these conditions. At this time there is limited 
knowledge of the regulation of CYP27B1 expression in other 
tissues, although, as discussed below, the control of 1,25D 
synthesis in bone as well as other tissues is clearly different 
from that in kidney. Non-renal CYP27B1 may be unable to 
increase during low levels of 25D causing 1,25D levels to fall 
earlier in these tissues than in the plasma.

Our previous reviews over some eight years in this journal,4,5 
have described the regulation of the vitamin D endocrine 
actions. This current article briefly addresses some of the wider 
aspects of the actions of vitamin D and factors influencing 
vitamin D status in all animal life. It focuses on recent 
developments supporting the concept of autocrine/paracrine 
actions of vitamin D and implications for desirable levels of 
vitamin D status for optimal health in bone.

Is it Plausible for Vitamin D to Have the Wide Range of 
Biological Activities That Have Been Ascribed to it?
Over recent years a low vitamin D status has been reported 
to increase the risk of numerous diseases apart from its well-
characterised role in the aetiology of rickets in children 
and osteomalacia in adults. This list includes cancer, 
cardiovascular disease, skeletal muscular disorders and 
autoimmune diseases such as Type I diabetes, rheumatoid 
arthritis and multiple sclerosis, thus contributing to increased 
risk of falls, infections, reduced fertility and finally and 
perhaps most importantly, mortality.6 If a low vitamin D status 
increased the risk of each and every one of these states, then 
vitamin D would have to meet a number of criteria including 
those discussed below:

Modulate the Expression of a Large Number of Genes
A number of studies, particularly arising from cancer 
research, have reported that the vitamin D receptor (VDR), 
acting through the binding of its ligand 1,25D, can modulate 
the expression of a large number of genes. The key tumour 
suppressor gene TP53 codes for a protein, p53, which plays 
a key role in regulating cell proliferation and is mutated in 
many human cancers. Vitamin D shares many pathways with 
p53 that can be regulated either directly by p53 or indirectly 
through vitamin D.7 Wang and colleagues8 studied the 

ability of 1,25D to increase the expression of genes within 
a squamous cell carcinoma cell line in culture and identified 
that the expression of a total of 913 genes were affected with 
734 (~80%) being increased. They also conducted an in silico 
analysis for DNA sequences that bind the liganded vitamin 
D receptor (vitamin D receptor response elements, VDREs) 
shared between human and mouse genomes and identified 
3065 genes which are potentially modulated by vitamin D. 
A recent major review on vitamin D activity acknowledged 
that ‘a wide-range of studies agree that 1,25D regulates …. a 
very large number of genes (0.8-5% of the total genome) … 
involved in … growth regulation, DNA repair, differentiation, 
apoptosis, membrane transport, metabolism, cell adhesion 
and oxidative stress.’9 Thus it appears that vitamin D does 
modulate a very large number of genes, possibly up to 10 per 
cent of the human genome, a very large number indeed.

Subject to Powerful Evolutionary Pressure
The great natural events of our planet are largely determined 
by its orientation to the sun, changes of which are responsible 
for the changing of the seasons and of vast ecosystems 
including the melting of the polar icecaps, flooding of the 
deserts or generating the monsoons at the tropics. Any forms 
of life that can adapt their metabolism to such changes are 
likely to outperform others by increasing their energy intake 
and reproductive capacity. Vitamin D3 is synthesised in 
response to UV-B (wavelength 295-310 nm) irradiation of the 
skin. As the orientation of the earth to the sun changes and 
therefore the seasons change, the intensity of visible light and 
UV-A irradiance on the surface of the earth change to a lesser 
extent than does UV-B irradiance. For example at 35º latitude, 
the intensity of UV-B irradiance is three times greater at the 
summer solstice compared to the winter solstice.10 Thus, the 
synthesis of vitamin D3 is the only known biological marker of 
the changing of the seasons. Thus vitamin D3 has the capacity 
to act as a signal for the body to optimise metabolism and other 
functions such that it can adapt to take greatest advantage of 
these great changes to the various ecosystems on our planet.

Expression of VDR and 25-hydroxyvitamin D 1α-hydroxylase 
(CYP27B1) Genes is Widespread Throughout Tissues
It is well recognised that the VDR gene is expressed in 
‘virtually every tissue of the body’9 and therefore it meets 
the criterion for having the capacity to influence activities 
within a very large proportion of the body’s tissues. However, 
it is not so well known that the enzyme responsible for the 
synthesis of 1,25D from 25D, CYP27B1, is also expressed 
in a very large number of tissues. Immunohistochemical 
techniques have been used to identify the presence of the 
enzyme in a wide range of human tissues including kidney, 
skin, lymph nodes, tonsil, colon, pancreas, adrenal gland, 
placenta and brain cells.11 This is not a complete list but 
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simply the range of tissues utilised by these researchers.
An alternative approach to study the distribution of 
tissues which express the CYP27B1 gene was to prepare 
a transgenic mouse model in which the -1501 base 
pairs of the human CYP27B1 gene, that is, the promoter 
region regulating expression of this gene, was linked to 
the luciferase reporter gene.12 Confocal microscopy and 
immunofluorescence demonstrated that the luciferase 
enzyme and the endogenous CYP27B1 enzyme were 
expressed in the identical cells in the kidney, testis and 
brain organs.13 A non-exhaustive survey of tissues found 
that human CYP27B1 gene promoter activity was also 
identified in skin, bone, bone marrow, spleen, skeletal 
muscle, heart, distal small intestine, lung and liver (Figure 
1). However, it must be emphasised that circulating 1,25D, 
in most cases, is accounted for, only by metabolism of 25D 
by the kidney and there is no evidence that extra-renal 
production of 1,25D contributes to the circulating levels 
other than in disease or following placentation.14 

The quantity of promoter activity is also of interest. In 12 
week-old male mice fed a normal chow diet containing 
high levels of calcium (normally 0.8% to 1% calcium), the 
major tissue of expression was the testis followed by the 
brain (Figure 1). The kidney exhibited comparable levels 
of CYP27B1 promoter activity as skin, bone and bone 
marrow. 

Thus, under conditions of adequate dietary calcium intake, 
the kidney is not the site of the highest level of CYP27B1 
activity. However, under conditions of low dietary calcium 
intake and low vitamin D status marked induction of renal 
enzyme activity takes place.14,15

Thus, it is quite feasible for a low vitamin D status to increase 
the risk of a wide range of disease states. The hormone 
is capable of modulating the expression of a very large 
number of genes, possibly up to 10% of the genome. It is the 
biological indicator of the changing of the seasons, a time 
when ecosystems markedly change and therefore has been 
subjected to the strongest of evolutionary pressures. Finally, 
vitamin D is capable of exerting activities in a very wide 
range of tissues since expression of the VDR occurs in almost 
all tissues and the expression of the CYP27B1 enzyme which 
is responsible for synthesising 1,25D from 25D, is also very 
widely expressed.

Well-established Autocrine Activities of Vitamin D in Skin 
and Immune Cells
Vitamin D Metabolism and Activities in Skin Tissue
Skin is a unique tissue with regard to vitamin D synthesis and 
activity as it is the only tissue in which UV-B irradiation can 
directly synthesise pre-vitamin D3 from 7-dehydrocholesterol 
which is then converted into vitamin D3 at 37°C. 
 

Figure 1. Human CYP27B1 promoter activity, expressed as luciferase reporter gene activity in various tissues isolated from male 
12-week old transgenic mice (n=3) containing the -1501 base pairs human CYP27B1 gene linked to the luciferase gene fed a 
laboratory chow diet. (Reprinted from Reference 12 with permission of the publishers).

Autocrine and Paracrine Actions of Vitamin D
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Skin cells also express each of the enzymes required for the 
sequential hydroxylation of vitamin D3 to generate the active 
1,25D metabolite as well as expressing the 25-hydroxyvitamin 
D 24-hydroxylase (CYP24) enzyme that inactivates vitamin 
D metabolites providing a detoxification of cells with regard 
to 1,25D activity.16 This tissue also expresses the vitamin D 
receptor which allows the modulation of gene expression 
responsible for cell proliferation and differentiation (Figure 
2). Secondly, the differentiation of keratinocytes to form 
the various levels of the epidermis, including the superficial 
cornified layer, is particularly sensitive to extracellular 
calcium concentrations.17 Extracellular calcium stimulates the 
expression of genes for cross-linking proteins necessary for 
the formation of the cornified envelope of skin and there is a 
gradient of calcium across the epidermis with the lowest level 
in the basal layer and the highest level in the granular layer 
just below the cornified layer.18 

Figure 2. The synthesis and metabolism of vitamin D within 
keratinocytes including metabolism by the vitamin D-25-
hydroxylase enzyme (CYP2R1), the 25-hydroxyvitamin 
D-1α-hydroxylase (CYP27B1) and the 25-hydroxyvitamin 
D-24-hydroxylase (CYP24). (© Howard A Morris)

The critical role of vitamin D3 in skin development was 
immediately evident with the production of a mouse line in 
which the VDR gene was ablated, the VDR null mice. These 
mice lose their hair irrespective of whether they are hypo- or 
normocalcaemic or the status of their skeleton.19 The VDR null 
mice also demonstrate a defect in epidermal differentiation 
with reduced levels of the cross-linking proteins necessary 
for development of the cornified layer. However, this state 
is corrected when plasma calcium is returned to normal. 
Interestingly the CYP27B1 null mouse, which shares most of 
the features of calcium, phosphate and bone phenotypes with 
the VDR null mouse, has a different phenotype with regard to 
the epidermis. CYP27B1 null mice also show a reduction in 
the levels of the cross-linking proteins but normocalcaemia 
does not rescue this phenotype. Furthermore, the order of 
their epidermal calcium gradient is destroyed and when 

the permeability barrier of skin is disrupted, their ability to 
recover is delayed.20

These in vivo findings clearly indicate the critical role of 
vitamin D receptor and local synthesis of 1,25D in skin tissue 
with subtle differences of action between the VDR and the 
1,25D-liganded VDR. Cellular-based studies demonstrate 
that 1,25D as an autocrine factor promotes keratinocyte 
differentiation via many of the same pathways as calcium, 
although in the absence of calcium, this differentiation 
is not optimised.17 The level of VDR and CYP27B1 vary 
with differentiation of keratinocytes with the lowest levels 
occurring in the later stages suggesting feedback regulation 
of this pathway. 1,25D increases the expression of the cross-
linking proteins producing increased cornified envelope 
production, an effect that can be obtained with 25D because 
of its conversion to 1,25D by the CYP27B1 enzyme present 
in these cells. Most interesting is the interaction between 
the calcium signalling system and the actions of 1,25D. The 
expression of the calcium-sensing receptor is increased by 
1,25D. The activities of intracellular signalling pathways are 
modulated by both 1,25D and calcium. 1,25D and calcium 
also interact in their ability to increase expression of the 
cross-linking proteins in keratinocytes. One explanation is 
that the regulatory region of the gene, the promoter, for at 
least one of these proteins, involucrin, contains both a VDRE 
and a calcium response element. Furthermore, calcium, at 
least indirectly, regulates coactivator proteins that complex 
with the liganded-VDR when it is bound to the VDRE to 
enhance gene expression.17 These molecular interactions 
between the vitamin D pathway and extracellular calcium are 
most interesting and clearly are likely to have implications for 
other tissues including bone cell metabolism.

Vitamin D Activities and the Innate Immune System
It should be of no surprise that vitamin D acts to optimise 
the immune system as a Nobel Prize in Physiology and 
Medicine in 1903 was awarded to Niels Ryberg Finsen ‘in 
recognition of his contribution to the treatment of diseases, 
especially lupus vulgaris, with concentrated light radiation, 
whereby he has opened a new avenue for medical science.’21 

Of course clinical practice for the treatment of tuberculosis 
for many years had been to encourage patients to move to 
lower latitudes or spend more time in the sunshine, each of 
which would likely increase vitamin D status. However, the 
molecular basis of this activity was not elucidated until the 
21st century.

The innate immune system provides a rapid host mechanism 
for defence against microbial pathogens which in mammals 
is mediated in part by the toll-like receptors which recognise 
a variety of microbial-derived ligands including bacterial 
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lipoproteins.22 A microarray study of gene expression 
stimulated by exposure of human monocytes to a synthetic 
19,000 D Mycobacterium tuberculosis-derived lipopeptide, 
identified that the VDR and a calcium-binding pro-
inflammatory molecule, S100A12, were two genes that were 
markedly up-regulated compared to incubation in culture 
medium alone.23 The identification of the VDR prompted 
the researchers to investigate further the expression of VDR-
related genes and the next to be identified was the increased 
expression of the CYP27B1 gene at 12 to 24 hours after 
exposure. When 1,25D or 25D were included in the incubation 
medium of primary human monocytes, a dose-dependent up-
regulation of expression of the gene for the antimicrobial 
peptide cathlecidin was detected.

This ground-breaking study eventually identified that 
activation of the toll-like receptors of human monocytes and 
macrophages by microorganisms such as M. tuberculosis, 
induces expression of VDR and CYP27B1 genes, as well as 
engulfment of the microorganism into phagosomes. When the 
plasma 25D level is approximately 80 nmol/L, but certainly 
greater than 20 nmol/L, CYP27B1 enzyme activity synthesises 
adequate 1,25D to activate the VDR and increases induction 
of the antimicrobial peptide cathlecidin. Cathlecidin is 
translocated to the phagosomes where it kills the intracellular 
M. tuberculosis.23 This work provides an explanation for the 
higher susceptibility of African-Americans to tuberculosis 
because of their lower vitamin D status compared to 
Caucasian Americans and suggests that different vitamin D 
levels of various human populations may contribute to their 
susceptibility to microbial infection.

Vitamin D Actions on Bone - Endocrine and Autocrine/
Paracrine Activities
Osteomalacia or rickets in children, is the index disease of 
vitamin D deficiency, therefore when a low vitamin D status 
was found to be associated with elderly patients suffering a 
hip fracture at both high and medium latitudes,24,25 there was 
a view that this fracture may be the result of osteomalacia 
rather than osteoporosis, a view that is even present today.26 
Confusion as to the cellular and structural impact of vitamin 
D deficiency of bone arises from the necessity to examine 
the status of mineralisation using invasive bone biopsy 
techniques. 

Thus, the use of rodent models to investigate the interaction 
between vitamin D status and dietary calcium intake with 
respect to their effects on bone architecture and bone cell 
activity has been most helpful. In one such study adult female 
rats were allocated to either vitamin D deficient or replete 
diets and then further allocated to 0.1% or 1% calcium diets 
for 3 months. Rats fed the vitamin D deplete diet achieved 

mean serum 25D levels of 14 nmol/L while animals fed 
vitamin D replete diets achieved 25D levels of 97 to 135 
nmol/L.27 Osteoid maturation time (OMT), a measurement 
reflecting the rate of mineralisation, was significantly higher 
(12.6 days) in the vitamin D deplete/0.1% calcium group, a 
result which is diagnostic for osteomalacia since it signifies 
a mineralisation defect. In the remaining groups, OMT was 
reduced to 6 days, a value excluding osteomalacia. However 
metaphyseal trabecular bone volume and cortical width were 
reduced in both vitamin D replete/0.1% calcium and vitamin 
D deplete/1% calcium groups compared with rats fed the 
vitamin D replete/1% calcium diet (Figure 3).28 These data 
indicate that in the context of vitamin D and dietary calcium 
depletion, osteomalacia occurs only when both vitamin D and 
dietary calcium levels are markedly reduced and osteoporosis 
occurs with either a low calcium diet with replete vitamin D 
levels or when vitamin D status is low but dietary calcium is 
adequate. Thus, osteoporosis, which is defined as a reduced 
quantity of normal bone within the bone tissue, can result 
from vitamin D depletion when dietary calcium is adequate. 
These results provide an explanation for the osteoporosis and 
increased risk of hip fracture observed when elderly subjects 
are depleted for vitamin D. 

 
Figure 3. Longitudinal sections (Von Kossa stained) of 
9-month old Sprague-Dawley rat distal femora following 3 
months feeding either A. 1% calcium/20 IU vitamin D3/day; 
B. 1% calcium/0 IU vitamin D3/day; C.  0.1% calcium/20 
IU vitamin D3/day; D. 0.1% calcium /0 IU vitamin D3/day. 
Highly trabecularised bone with osteomalacia (D) is evident in 
contrast to reduced trabecular bone volume (B &C) compared 
to A. (© Howard A Morris)

Autocrine and Paracrine Actions of Vitamin D
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Further information on the aetiology of osteomalacia has 
been derived from studies on animal models which are 
vitamin D deficient or in which vitamin D activity has been 
destroyed through ablation of genes either for the VDR or the 
CYP27B1 enzyme. These animals, when fed a 1% calcium, 
0.6% phosphorus diet, develop severe osteomalacia with 
hypocalcaemia, hypophosphataemia and severe secondary 
hyperparathyroidism. However, if they are fed a 2% 
calcium, 1.25% phosphorus, 20% lactose diet from weaning 
until 10 weeks of age, they maintain normocalcaemia 
and normophosphataemia, do not demonstrate a bone 
mineralisation defect and apparently achieve normal trabecular 
bone volume status.29 Thus, vitamin D deficiency gives rise to 
osteomalacia as a result of the loss of the 1,25D endocrine 
action on the intestinal absorption of calcium and phosphate 
since it can be resolved by overcoming this requirement for 
vitamin D by feeding high levels of these nutrients sufficient 
to maintain normal plasma levels. Based on these results, 
some researchers have concluded that the action of vitamin 
D to maintain a healthy skeleton is limited to regulation of 
intestinal calcium and phosphate absorption.

Similar experimentation was conducted by Panda and 
colleagues,30 however, they maintained their feeding 
experiments until mice were aged 16 weeks of age. They 
confirmed the resolution of the osteomalacia as shown 
previously but in these older animals the trabecular bone 
volume was actually only about 50% of the level achieved by 
wild type mice. These data now suggest that vitamin D has 
an extra activity on bone tissue in adult animals to maintain 
bone volume and to protect against osteoporosis. Such data 
are consistent with observational clinical data from hip 
fracture patients where bone histomorphometry has indicated 
osteoporosis is evident in most cases and osteomalacia in only 
a small minority of cases.31

Clinical studies indicate that plasma levels of 1,25D and 
intestinal calcium absorption do not decrease until plasma 
25D levels fall below 20 nmol/L.32 However, the mean value 
for serum 25D levels in hip fracture cases is significantly 
above that value at 40 nmol/L.25 Interestingly, the risk of non-
vertebral fractures including the hip does not reduce until 
serum 25D levels of 80 nmol/L or greater are achieved.33

The effects of serum 25D levels between 20 and 80 nmol/L 
on bone cell activities are ill-defined and rodent studies have 
again been most useful for the investigation of this issue. 
Young adult rats (3 months of age) fed a 0.4% calcium, 
vitamin D deficient diet for 4 months achieved a mean 
serum 25D level of 12 nmol/L with an OMT indicative of 
osteomalacia.34 When serum 25D was raised to 22 nmol/L, 
osteomalacia was resolved while osteoporosis was evident in 

the groups with serum 25D levels between 22 and 80 nmol/L. 
This loss of trabecular bone volume was due to increased 
bone resorption as a result of increased expression of the 
RANKL gene in bone and increased osteoclastogenesis. 
No relationship was found between bone volume and either 
serum 1,25D or parathyroid hormone.34 Further studies 
have been conducted with 15 month old rats comparing the 
effects of varying vitamin D status on 0.1% or 1% calcium 
diets (Lee MC, Anderson PH, O’Loughlin PD unpublished 
results). The positive relationship between trabecular bone 
volume and serum 25D levels was confirmed and with these 
older animals it extended to a similar relationship between 
cortical bone volume and 25D levels with a maximum cortical 
bone volume being achieved at 25D levels of 100 nmol/L 
or greater. Furthermore, these studies indicate that only in 
animals achieving a positive calcium balance did increasing 
25D levels to greater than 80 nmol/L increase cortical bone 
volume. Consistent with the increased cortical bone volume, 
increased bone strength was only achieved in animals fed 1% 
calcium and serum 25D levels greater than 80-100 nmo/L.

Therefore, for rodent models, osteomalacia occurs when 
serum 25D levels are below 20 nmol/L when 1,25D levels are 
low and when the dietary calcium intake is low. Serum 25D 
levels above 20 nmol/L, largely normalises the serum 1,25D 
level, which restores the endocrine action at the intestine with 
active calcium and phosphate transport at the intestine and 
normalisation of plasma calcium and phosphate levels. Under 
these conditions the bone mineralisation is also normalised, 
resolving osteomalacia. However 25D levels between 20 and 
80 nmol/L result in the loss of normally mineralised bone at 
both the trabecular and cortical compartments. This activity 
is not related to plasma 1,25D suggesting an autocrine or 
paracrine action within the bone tissue itself. Maximum bone 
architecture and strength is only achieved when an adequate 
vitamin D status as represented by 25D levels greater than 
80-100 nmol/L combined with sufficient dietary calcium to 
provide calcium intakes greater than the losses of calcium in 
urine and faeces. It is interesting to note that these critical 
values for serum 25D in rodents are comparable to suggested 
critical values in humans.

Vitamin D Metabolism and Activities in Bone Cells
The observations that serum 25D correlate with trabecular or 
cortical bone volumes have led some to suggest that 25D may 
have a direct biological action in bone cells, however, only 
at 25D levels of 500 nmol/L or more, can this pro-hormone 
activate the VDR.35 What is important here however, is that 
each of the major bone cell types, osteoblasts, osteoclasts 
and osteocytes, is capable of metabolising 25D to 1,25D to 
elicit biological activities. Human and rodent osteoblasts 
strongly express the CYP27B1 enzyme which is essential to 
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convert 25D to 1,25D and to increase expression of key genes 
associated with maturation and mineralization when 25D is 
included in the culture media.36 25D in the media also reduces 
cell proliferation and stimulates osteoblast maturation and 
mineralisation in vitro. 

In pre-osteoclasts, such as in human peripheral blood 
mononuclear cell preparations, CYP27B1 expression is also 
necessary for 25D to optimise osteoclastogenesis in the 
presence of RANKL and M-CSF in vitro.37 Most interestingly, 
the osteoclasts formed in the presence of 25D, demonstrated 
reduced resorbing activity compared with cells matured in the 
absence of vitamin D metabolites or cells in which the VDR 
gene has been ablated.38 Such data are consistent with the 
in vivo finding described above that osteoclastogenesis was 
reduced when serum 25D levels were above 80 nmol/L in rat 
models. 

Osteocytes also express the CYP27B1 gene and mRNA 
levels increase with differentiation and are associated with 
the acquisition of mature osteocyte genes including MEPE 
(Matrix Extracellular PhosphoglycoprotEin), DMP1 (Dentin 
Matrix Protein 1), PHEX (Phosphate-regulating gene with 
Homologies to Endopeptidase on the X chromosome) (Atkins 
GJ, unpublished data) and FGF23 (Fibroblast Growth Factor 
23).39 Thus, in vitro data provide strong evidence that the pro-
hormone 25D is capable of metabolism by bone cells to the 
active hormone 1,25D to elicit various activities including the 
reduction of bone resorption by osteoclasts and to enhance 
maturation and mineralisation by osteoblasts and osteocytes. 
Each of these activities is consistent with the actions of 
adequate circulating levels of 25D observed in vivo.

The anabolic effects of circulating 25D on the skeleton 
are dependent on a dietary calcium intake which provides 
a greater amount of calcium than that excreted from the 
body. The question arising from such findings is whether 
calcium exerts any biological activities within the skeletal 
system itself rather than simply providing a raw material, in 
conjunction with phosphate, for bone mineralisation. In vitro 
studies demonstrate that the addition of calcium to culture 
media enhances the ability of osteoblast-like cells isolated 
from long bones to mineralise in vitro (Yang D, Atkins GJ, 
Morris HA unpublished results) although such effects may 
depend on the source of the cells.40 Interestingly, a recent 
report describes that when rats are fed a dietary calcium level 
sufficient to ensure a positive calcium balance, the levels of 
CYP27B1 mRNA are 3-fold higher in bone tissue compared 
with animals fed a low calcium diet.27 Messenger RNA 
levels for CYP24, which codes for the vitamin D catabolic 
enzyme 25-hydroxyvitamin D 24-hydroxylase and are highly 
regulated by 1,25D, were also elevated in bone from these 

animals suggesting that 1,25D levels are higher in the bone 
tissue. Thus, a contributing effect of adequate dietary calcium 
intake to their positive effects on bone mineral homeostasis 
may be, at least in part, through increasing the synthesis of 
1,25D within bone tissue.

Implications of Autocrine/Paracrine Activities of Vitamin 
D in Bone Tissue for Vitamin D Requirements
As discussed above, the renal metabolism of 25D to 1,25D, 
which is the source of the circulating vitamin D activity, is 
exquisitely regulated to contribute to plasma calcium and 
phosphate homeostasis. Firstly, it is important to revise a 
principle of enzymology used in daily practice by clinical 
biochemists. The level of a product formed by any enzyme 
reaction is dependent on the level of substrate or the level of 
enzyme - usually described as Michaelis-Menten kinetics.41 

Thus, when the level of enzyme remains constant, the amount 
of product formed will be dependent on the level of the substrate 
in the reaction. Conversely, if the level of the substrate remains 
constant, then the amount of product produced is dependent 
on the level of enzyme in the reaction. Thus, in biological 
systems, the level of the CYP27B1 enzyme in any tissue and 
its binding properties for 25D will determine the critical level 
of the substrate, serum 25D, required to produce the product, 
1,25D. If the circulating 25D level falls below this critical 
level for a particular tissue, then that tissue will become 1,25D 
deficient. It is likely that different tissues have different levels 
of CYP27B1 under different conditions although there are 
limited data available (Figure 1). Hypocalcaemia, low serum 
1,25D and increased PTH levels markedly increase renal 
CYP27B114,15 and high dietary calcium intakes increase bone 
cell CYP27B1.27

The contribution of the endocrine action of 1,25D to calcium 
homeostasis includes interaction with PTH secretion, 
regulation of intestinal calcium absorption and renal tubular 
reabsorption of calcium.4 The endocrine activity of 1,25D is 
solely dependent on the renal level of CYP27B1 in health or 
in non-pregnant women. The regulation of PTH secretion by 
the 25D may involve an autocrine activity within parathyroid 
cells. CYP27B1 is expressed in bovine parathyroid cells 
and converts 25D to 1,25D, while 25D and 1,25D suppress 
PTH mRNA and secretion of PTH protein.42 Further studies 
including the effects of ablating CYP27B1 activity in 
parathyroid cells are required to unequivocally identify that an 
autocrine action of 25D in the parathyroid gland regulates PTH 
secretion. However we can speculate from the current data on 
the contribution of endocrine and autocrine actions of 1,25D 
to regulate calcium and phosphate homeostasis. As vitamin D 
status declines, the level of serum 25D falls below an as yet 
unknown critical level for an autocrine action in parathyroid 
cells whereupon the inhibition of locally synthesised 1,25D 
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on PTH synthesis and secretion is relieved. The consequent 
increase in circulating PTH levels acts to conserve plasma 
calcium by various mechanisms including increasing the level 
of CYP27B1 enzyme in renal cells, which in turn increases 
serum 1,25D levels. It is the increased renal CYP27B1 
enzyme level that is key to the continued production of renal 
1,25D at lower levels of circulating 25D. The increased serum 
1,25D, acting in an endocrine manner, increases the efficiency 
of intestinal absorption of calcium and phosphate which 
attempts to normalise their levels in plasma.

In extra-renal tissues the existence of such feedback 
mechanisms for 1,25D synthesis is largely unknown. Unlike 
the kidney, in bone tissue low levels of serum 1,25D and high 
PTH do not up-regulate CYP27B1 levels.15 No mechanisms 
have been identified in other tissues.14 Therefore, as 
circulating 25D levels fall, it is likely that the synthesis of 
1,25D will cease in non-renal tissues before it ceases in the 
kidney. In bone tissue, the fall of serum 25D levels results, 
at least in rodent models, in an increase in bone resorption 
which would contribute to maintaining calcium and phosphate 
homeostasis.34 As discussed above, clinical data strongly 
suggest that in humans a serum 25D level of approximately 
20 nmol/L is a critical value for the kidney.32 Data from rodent 
and clinical studies suggest that optimal bone health requires 
serum 25D levels of 80 nmol/L or more. Thus, this value could 
represent a critical substrate level for CYP27B1 present in 
bone cells but this will need to be confirmed by biochemical 
studies of this enzyme activity in these cells. 

Conclusions
The endocrine paradigm for vitamin D has been most useful for 
understanding its contribution to maintaining plasma calcium 
and phosphate homeostasis. However, once the association of 
a low vitamin D status with increased risk of hip fracture in the 
elderly was identified, it was evident that this paradigm was 
incomplete with regard to vitamin D biology in bone tissue. It 
was evident that in hip fracture patients, although serum 25D 
levels were low at approximately 40 nmol/L, serum 1,25D 
levels were not significantly reduced.43 What was interesting 
was the report that bone levels of 1,25D were lowered in 
patients with hip fracture.43 It has been known since the early 
1980s that osteoblast-like cells had the capacity to convert 
25D to 1,25D44 but such data were ignored at that time largely 
because the molecular tools were unavailable to investigate 
the cell physiology of this activity. During the latter years of 
the 1990s these tools became available providing the means 
for the generation of data on the extra-renal synthesis of 1,25D 
and provide evidence for a new, extra paradigm for vitamin D 
action, involving the autocrine/paracrine activity of 1,25D. 
This new paradigm now provides a plausible explanation 
for the observational data that optimal health outcomes are 

associated with higher levels of serum 25D than previously 
considered. Further basic research in this area will likely 
continue elucidating this most fascinating story.
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