
Introduction

Rickets is a bone disease in children, producing weak bones 
that are easily bent because of a defect in bone mineralisation. 
During the 19th century it was recognised that the incidence of 
rickets was increasing particularly with the industrialisation 
of cities at the higher latitudes. Already at this time sunlight 
and cod-liver oil were established anti-rachitic agents and 
were used to treat such patients if their families could afford 
the cost of consulting a medical practitioner or the treatment. 
In adults this disease is known as osteomalacia and the weak 
bones are due to an inability to adequately mineralise the bone 
matrix proteins, known as osteoid, during bone formation. The 
key feature for the diagnosis of rickets, or osteomalacia is the 
bone mineralisation defect, which is indicated by a markedly 
increased amount of unmineralised osteoid and an increased 
mineralisation lag time.1 

It was not until 1919 that vitamin D was identifi ed as the key 
anti-rachitic agent and became available for treating children 

and adults alike.2 Large doses were often used during the 
1930s and 1940s, a period when nutritional defi ciencies were 
rampant as a result of economic and political upheavals. 
Research on the mechanism of action of vitamin D continued 
and by 1969 the biologically active metabolite of vitamin 
D - 1,25(OH)2D - was identifi ed.3 1,25(OH)2D is a steroid 
hormone activating a nuclear transcription factor, the vitamin 
D receptor (VDR), which regulates the transcription of 
vitamin D responsive genes.4 Despite the original misnaming 
of vitamin D (since it is actually a prehormone) this term has 
continued to be used.

Vitamin D Toxicity
During the period between the 1930s and 1950s considerable 
experience was gained with vitamin D toxicity when overdoses 
of vitamin D were often provided to patients being treated 
for hypocalcaemic disorders such as hypoparathyroidism. 
Incidences of vitamin D over-dosing also occurred with the 
general public when batches of vitamin D-supplemented foods 
were poorly mixed.  Clinical biochemistry studies of patients 
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receiving large doses of vitamin D demonstrated that the fi rst 
adverse side effect of vitamin D to develop was hypercalcaemia. 
Following the development of an assay for serum 25OHD to 
quantitatively assess vitamin D status, it was demonstrated 
that hypercalcaemia did not develop until 25OHD levels were 
over at least 500 nmol/L and most commonly above 750 nmol/
L5  (Figure 1). These levels have been confi rmed with more 
recent studies.6,7 This experience has left a strong clinical 
concern regarding vitamin D supplementation and the risk 
of vitamin D toxicity. Consequently the medical profession 
takes a very conservative approach today. However in current 
clinical practice it is very rare to observe levels of 25OHD 
approaching one fi fth of the levels required for toxicity to 
occur.

Figure 1. The relationship between serum 25OHD levels and 
serum calcium in patients receiving vitamin D supplementation. 
Toxic levels of vitamin D are indicated by hypercalcaemia at 
levels greater than 2.55 mmol/L. The data are reproduced by 
permission, from reference 5. (© Blackwell Publishing 1979).

This experience provided the basis for a concept that there 
existed at least three levels of vitamin D status, which were 
found useful in clinical practice. These are listed in Table 1.

Table 1. Concepts of Vitamin D status from the 1970s.

Vitamin D defi ciency  - Osteomalacia/ Rickets/  
     Mineralisation defect
Vitamin D suffi ciency - Skeletal health/Eucalcaemia
Vitamin D toxicity       - Hypercalcaemia

Vitamin D Depletion and Hip Fracture
More recently considerable information about the effect of low 
levels of vitamin D on bone health has come from studies of 
the hip fracture syndrome. Hip fracture is the most devastating 
complication of osteoporosis. A bone histology study of hip 
fracture patients from Leeds, UK in the early 1970s reported a 
signifi cant incidence of osteomalacia suggesting that vitamin 
D defi ciency might be involved in the aetiology of this 
fracture.8 It was subsequently reported that the osteomalacia 
demonstrated a seasonal variation again implying vitamin 
D defi ciency was involved.9 When serum 25OHD assays 
became available in the late 1970s they confi rmed that hip 
fracture patients often have a low vitamin D status.10 However 
reports of histological evidence for osteomalacia in hip 
fracture patients has remained controversial. For example in 
Adelaide, South Australia no osteomalacia was observed in 
hip fracture patients, although signifi cant osteoporosis was 
detected.11 Most interestingly the low vitamin D status in hip 
fracture patients in Adelaide was reported shortly thereafter.12 
The mean 25OHD level in hip fracture patients was 39 nmol/
L compared with 72 nmol/L in age and sex-matched control 
subjects. 

Since that time low vitamin D status has been confi rmed 
throughout the world to be associated with an increased risk 
of hip fracture in the elderly, irrespective of latitude and 
economic status.13 However this observation was simply an 
association until the double-blind, placebo-controlled clinical 
trial of vitamin D and calcium supplementation in elderly 
women in France.14,15 The authors showed that when their 
data were analysed after three years on an intention to treat 
basis, 800 IU vitamin D and 1.2 g calcium daily reduced the 
incidence of hip fracture by some 30% (Table 2). This study 
clearly demonstrated that a low, but not defi cient vitamin D 
status, signifi cantly increased the risk of hip fracture.

Table 2. Effect of Daily Calcium and Vitamin D Supplements 
for 3 years on Hip Fracture.

 800 IU Vit D + Placebo    P
 1.2 g Ca

Total number of women 1176 1127

Number with hip fracture 137 178  <0.02 

Number with peripheral  255 308  <0.02
fracture  

Data derived from reference 15 
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However there is still the outstanding question as to the 
mechanism by which a low vitamin D status adversely affects 
the status of the skeleton. A number of studies had been unable 
to detect any evidence of osteomalacia in bone biopsies from 
hip fracture patients. Recently histological studies conducted 
in a laboratory rat model of vitamin D insuffi ciency (serum 
25OHD levels at 13 nmol/L) demonstrated evidence of 
osteomalacia when these animals were fed a low calcium diet 
(0.1%). Vitamin D-depleted animals fed a high calcium diet 
(1%) showed evidence of osteoporosis (Iida S, Anderson PH, 
Morris HA, unpublished data). In summary this animal model 
study provides evidence that vitamin D depletion on a low 
dietary calcium intake produces a mineralisation defect, that is 
osteomalacia, whereas vitamin D depletion on a high dietary 
calcium intake produces osteoporosis. The low vitamin D 
status however compromises bone architecture and is likely 
to increase the risk of fracture.

Thus the identifi cation of a causal role for a low vitamin D status 
in the hip fracture syndrome suggests that our views on the 
levels of vitamin D should be modifi ed to include a contribution 
of a low vitamin D status to osteoporosis (Table 3). This view 
has been presented previously.1

Table 3. Current concepts of Vitamin D status.

Vitamin D defi ciency - Osteomalacia
Vitamin D depletion - Osteoporosis/    
  Secondary Hyperparathyroidism/ 
  Calcium malabsorption
Vitamin D suffi ciency - Skeletal health/ Eucalcaemia
Vitamin D toxicity - Hypercalcaemia

Bio-activation and Metabolism of Vitamin D, 
the Endocrine System
Vitamin D is obtained from sunlight exposure of the skin 
where the UVA and UVB light converts 7-dehydrocholesterol 
to vitamin D, which is then subject to sequential hydroxylation 
reactions for bio-activation16 (Figure 2). The fi rst hydroxylation 
is at the carbon 25 position to produce 25OHD. Circulating 
25OHD levels are the best indicator of vitamin D status 
because of the increased solubility of this metabolite in blood 
compared with vitamin D. Circulating 25OHD levels are 
considered to arise from the liver activity of the cytochrome 
P450 enzyme CYP27. However, at least for humans, this 
enzyme has not been unequivocally identifi ed and until that is 
accomplished, it is not possible to identify all tissues, which 
may convert vitamin D to 25OHD. The major source of the 
circulating levels of the biologically active metabolite of 
vitamin D, 1,25(OH)2D  arises from hydroxylation at the

Figure 2. The  synthesis and metabolism of vitamin D. 
Abbreviations: CYP27, vitamin D-25-hydroxylase; CYP27B1, 
25-hydroxyvitamin D-1alpha-hydroxylase; CYP24, 25-
hydroxyvitamin D-24-hydroxylase; VDR, vitamin D receptor; 
VDRE, vitamin D responsive element. (© Howard A. Morris 
2004)

carbon 1 of 25OHD in the kidney.16 This step is catalysed 
by the P450 enzyme CYP27B1. A third hydroxylation of the 
vitamin D metabolites, which has a major effect on vitamin D 
activity, is the hydroxylation at carbon 24. It is catalysed by 
the P450 enzyme CYP24. While this reaction is responsible 
for measurable levels of the 24,25-dihydroxyvitamin D and 
1,24,25-trihydroxyvitamin D metabolites in blood, it is the 
fi rst step in the inactivation of vitamin D.  This is a very 
important step in vitamin D metabolism, protecting organisms 
from vitamin D toxicity as demonstrated by generation of 
a mouse line with the CYP24 gene ablated.17 All cells that 
express the vitamin D receptor and therefore are biologically 
responsive to 1,25(OH)2D  are thought to express the CYP24 
gene. Serum 1,25(OH)2D  acts at the small intestine to control 
active intestinal calcium absorption and serum 1,25(OH)2D 
levels correlate with active intestinal absorption of calcium in 
humans and rats.18,19 

Serum levels of 1,25(OH)2D are highest in the newborn and 
decrease exponentially throughout life. The implications 
of the fall in serum 1,25(OH)2D and decreased intestinal 
calcium absorption with increased incidence of osteoporosis 
are currently unclear although there is evidence that such 
a relationship is an important risk factor for fracture in 
postmenopausal women.20 Recent evidence has demonstrated 
that in adult rats, the expression of both the CYP27B1 and 
CYP24 genes in the kidney contribute to the serum level of 
1,25(OH)2D.21,22 Data suggest that during growth and early 
adulthood, the synthesis of 1,25(OH)2D is a major determinant 
of serum levels. However in the mature and ageing animals 
the increased expression of kidney CYP24 is the major cause 
of the decreased serum 1,25(OH)2D  levels with ageing. 
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Factors controlling the expression of CYP24 gene in the 
kidney are of potential clinical interest because up-regulation 
of kidney CYP24 may be responsible for decreased levels of 
serum 1,25(OH)2D particularly in the elderly.21,22 One potential 
factor is the calciotropic hormone calcitonin. Calcitonin is 
secreted by the follicular cells of the thyroid gland in response 
to hypercalcaemia. This hormone can lower blood calcium 
levels by reducing both osteoclastic bone resorption and 
renal tubular reabsorption of calcium.23 Recent data obtained 
from rodent studies have demonstrated a positive correlation 
between serum calcitonin levels and the renal expression of 
CYP24.21,22 These data confi rm in vitro molecular studies of 
the 5’-proximal promoter region of the CYP24 gene that have 
identifi ed specifi c transcription factors activated by calcitonin 
to up-regulate CYP24 gene expression24 (Figure 3). 

This newly identifi ed biological activity of calcitonin is 
consistent with the calcium-lowering activity of calcitonin. 
Future studies are required to unequivocally demonstrate that 
calcitonin is responsible for up-regulation of kidney CYP24 
levels with ageing in humans.

What are the Biological Activities of Vitamin D?
The most powerful evidence for the physiological role of 
vitamin D arises from inactivation of genes necessary for 
biological activity of vitamin D. There are two genes that may 
be inactivated, the CYP27B1 and VDR. These inactivated 
genes occur in humans and mouse models have been generated 
in which these genes have been knocked out. Two human 
diseases occur, vitamin D-dependent rickets type I (VDDR 
type I) when the CYP27B1 gene is inactivated, and vitamin 
D-dependent rickets type II (VDDR type II) when the VDR is 

inactivated.  Both these conditions demonstrate a phenotype 
including hypocalcaemia, hypophosphataemia, secondary 
hyperparathyroidism and the bone-mineralising defect of 
rickets in the young.25-27 Both humans and mice also show 
effects on the skin with areas of marked hair loss. They are 
also infertile and the immune system is adversely affected. 

The phenotype appears to be rescued by a high calcium and high 
phosphate diet, which normalises blood calcium and phosphate 
levels. This treatment has a marked effect on stimulating bone 
mineralisation, restores fertility and apparently corrects the 
dysfunction of the immune system.27,28 The effects on skin and 
alopecia are not corrected by normalisation of blood calcium 
levels. These data indicate that 1,25(OH)2D is essential for 
intestinal absorption of dietary calcium and phosphate from 
normal diets. Normalisation of blood calcium and phosphate 
levels apparently corrects a number of systems that are 
disrupted by inactivation of vitamin D although it appears 
that 1,25(OH)2D and VDR are absolute requirements in 
keratinocytes for normal cellular development. 

The VDR is expressed widely throughout the body and this 
distribution suggests that vitamin D biological activity extends 
further than maintaining normal calcium and phosphate 
homeostasis. However to date it has been diffi cult to obtain 
data that unequivocally demonstrate any such other activities 
in vivo. This is a major current area of research. Recently a 
requirement for active 1,25(OH)2D for the full development of 
the skeleton has been demonstrated in adult, combined VDR 
and CYP27B1 gene knockout mice, in whom blood calcium 
and phosphate levels have been normalised.29 It is interesting 
to note that a requirement for the expression of CYP27B1 was 

24  I  Clin Biochem Rev Vol 25 November 2004  

Morris H

Figure 3. Transient transfection of wild type and mutated CYP24 promoter linked to the fi refl y luciferase gene in human kidney 
cells (HEK-293). Calcitonin (CT) stimulates the CYP24 promoter activity some 4-fold in all constructs except those in which 
the GC and CCAAT sites have been mutated indicating that calcitonin acts on this gene through transcription factors that bind to 
these sites. Data are reproduced with permission, from reference 24. (Gao XH, Dwivedi PP, Omdahl JL, Morris HA, May BK. 
2004 J Molec Endocrinol 32:87-98 (© Society for Endocrinology 2004)



identifi ed in these mice for normal maturation of the growth 
plate. Thus current data suggest that with continuing research 
it is likely that further novel activities of 1,25(OH)2D  will be 
identifi ed. 

Vitamin D and Bone Cell Activity
One major focus of activity in this fi eld is to identify the 
activities of 1,25(OH)2D in skeletal tissue. Approximately 
60 genes are known to respond to vitamin D.30 Many of 
these vitamin D-responsive genes are expressed by the bone 
forming cells (osteoblasts) including type I collagen, alkaline 
phosphatase, osteocalcin and the tumour necrosis factor ligand 
member (RANKL), which is central to osteoclastogenesis. 
The bone resorbing cells (osteoclasts) also express vitamin D-
responsive genes. It is evident that 1,25(OH)2D plays a major 
role in controlling osteoclastogenesis and bone resorption 
through its modulation of the RANKL gene in osteoblasts.31

Evidence has now been reported that increasing vitamin D 
activity solely within the mature, mineralising osteoblasts 
increases the amount of mineralised bone laid down by 
these cells. Gardiner et al increased the level of the vitamin 
D receptor solely in mature osteoblasts by generating a 
transgenic mouse line containing the complementary DNA 
for the human vitamin D receptor under the control of the 
osteocalcin promoter.32 The human vitamin D receptor gene 
was expressed only in mineralising tissues in a manner 
identical to osteocalcin expression, thus increasing the level of 
vitamin D receptor protein in these tissues. These transgenic 
mice have increased trabecular bone in their vertebrae as a 
result of reduced resorption. Interestingly the cortical bone 
in these vertebrae is increased as a result of increased bone 
formation. 

Increased activity of the 1,25(OH)2D synthetic enzyme 
CYP27B1 would also increase vitamin D activity inside cells. 
It has been well known for over 20 years that osteoblasts 
express this enzyme and can synthesise 1,25(OH)2D. 
However the physiological signifi cance of this activity 
remains to be elucidated. Recent studies on bone tissue levels 
of CYP27B1 mRNA have found a positive relationship 
in mature rats between bone CYP27B1 and trabecular 
thickness.22 Furthermore similar studies in laboratory rats, 
which have a low vitamin D status, have demonstrated a 
positive relationship between bone CYP27B1 mRNA levels 
and trabecular bone volume (Iida S, Anderson PH, Morris 
HA, unpublished data). These observations suggest that under 
certain circumstances, the 1,25(OH)2D activity in bone cells 
can stimulate formation of bone or preserve bone mineral. 
These types of results are increasing interest in the view that 
the modulation of vitamin D activity within bone cells, either 
through the vitamin D receptor or metabolism of vitamin D, 

has effects on the levels of bone mineral. It is through such a 
mechanism that higher levels of vitamin D in the elderly may 
provide protection against hip fractures. 

The synthesis of 1,25(OH)2D occurs in tissues other than 
kidney and bone. Recent studies using another transgenic 
mouse model have clearly demonstrated the brain and 
testis are major areas of 1,25(OH)2D synthesis as well as 
many other tissues.33 In this mouse model the DNA for the 
promoter region of the human CYP27B1 gene was linked to 
the complementary DNA for the non-mammalian luciferase 
reporter gene and was inserted into a mouse line. These mice 
demonstrated that the CYP27B1 promoter activity is strongest 
in the kidney, brain, testes, skin, bone and bone marrow and 
spleen with lower levels of expression in muscle, lung and 
liver (Figure 4). In the kidney the expression of the reporter 
gene occurs in the same cells as the endogenous CYP27B1 
protein and expression is regulated in a similar manner to 
the endogenous gene by dietary calcium and vitamin D 
status.34 Importantly these data demonstrate that the major 
transcriptional regulatory elements for the CYP27B1 gene 
are located within the –1497 to +44 bp of this gene. This is 
a relatively small region and provides strong evidence for 
the physiological signifi cance of studies on the molecular 
mechanism of transcriptional control of the CYP27B1 gene 
expression conducted in this region of DNA.35,36

The local tissue-specifi c synthesis of 1,25(OH)2D throughout 
many tissues suggests that the endocrine paradigm for 
vitamin D biological activity is insuffi cient to explain all 
biological activity of vitamin D. It is probable that vitamin D 
exerts paracrine or autocrine activities, that is the 1,25(OH)2D 
synthesised by cells only acts on either the synthesising cells 
or cells in close proximity. Most, if not all, of the circulating 
1,25(OH)2D arises from the kidney metabolism of vitamin 
D metabolites.21,22 However the physiology of such local 
synthesis is poorly understood at this time. This local activity 
of vitamin D poses further challenges for determining the 
vitamin D requirement for optimal health. Initially the 
physiological role of these activities will need to be identifi ed 
before such basic information can be derived.

Vitamin D and Cancer
An area of particular interest for novel vitamin D activities is 
the regulation of cell growth and differentiation. It has been 
recognised for over 20 years that the addition of 1,25(OH)2D 
to culture media for cancer cell lines produced a strong 
inhibition of growth. Initially studies included breast cancer 
and other solid tumour cells lines.37 Particular progress has 
been made with the study of human prostate cancer cell lines as 
well as normal prostate epithelial tissue and primary prostate 
cancer cell cultures. The prostate functions as a vitamin D-
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target organ in that normal epithelial cells express the VDR 
and display regulation of numerous genes by 1,25(OH)2D. A 
recent complementary DNA microarray analysis of primary 
human prostatic epithelial cells revealed that 1,25(OH)2D up-
regulated at least 38 genes and 9 were signifi cantly down-
regulated.38 The highest induction of expression was the gene 
for the vitamin D catabolic enzyme CYP24. The expression 
of similar but not identical genes was observed in primary 
prostate cancer cultures.  Some of these genes modulate 
the mitogen-activated kinase (MAPK) pathways associated 
with growth factor signally while others induce apoptosis or 
reduce cell cycling activity necessary for cell division and 
replication. 

A study of the effect of 1,25(OH)2D on growth of a number of 
human prostate cancer cell lines indicated varied responses to 
1,25(OH)2D with the LNCaP line being most sensitive while 
the DU145 cell line was unresponsive39 (Figure 5). Further 
studies on the expression of the genes that determine vitamin 
D activity in these cell lines as well as normal prostate 
epithelial cells and benign prostate hyperplastic cells indicate 
a gradation of decreasing CYP27B1 activity as prostate 
epithelial cells move from normal epithelium with the highest 
activity through benign prostate hyperplastic epithelium with 

moderate activity to cancer cells with markedly repressed 
activity (Table 4). Neither the expression of VDR or CYP24 
demonstrates such a relationship with the development of 
cancer. It is interesting that when the DU145 cancer cell, which 
is unresponsive to 1,25(OH)2D was treated with an inhibitor 
of CYP24 activity, the growth inhibition by 1,25(OH)2D was 
demonstrated.43 A recent immunohistochemical study of a 
human prostate cancer series indicated that the CYP27B1 
protein was present in a signifi cant number of these specimens. 
Their data suggest that the increased expression of CYP24 or 
some inactivation of the CYP27B1 enzyme may be important 
mechanisms for reducing 1,25(OH)2D activity in many 
clinical prostate cancers.44

These fi ndings all suggest that modulation of vitamin D 
activity through disruption of vitamin D metabolism within 
prostate cells may play a permissive role in the development 
of prostate cancer. There is considerable epidemiological 
evidence that either decreased sunlight exposure or decreased 
vitamin D status is associated with increased risk of many 
cancers including prostate. In the USA rates of cancer mortality 
vary inversely with exposure to sunlight (reviewed45). A study 
in Finland demonstrated that men with an initial low vitamin 
D status were at greater risk for earlier onset prostate cancer 
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Figure 4. Relative luciferase activity in tissue extracts from a transgenic mouse line in which the gene for fi refl y luciferase had 
been inserted under the control of the human CYP27B1 promoter. It is evident that the CYP27B1 activity is expressed in a range of 
tissues. Notably the small intestine, a major target organ for 1,25(OH)2D, does not demonstrate CYP27B1 promoter activity. The 
data are reproduced with permission, from reference 34. (Hendrix I, Anderson PH, Omdahl JL, May BK, Morris HA. 2005 J Molec 
Endocrinol 34: 237-245 © Society for Endocrinology 2005). pr small intestine: pr= proximal, di small intestine: di= distal



and tumours were generally more aggressive suggesting 
vitamin D status may be critical during the earlier stages of 
prostate cancer development. These observations have been 
confi rmed in the United Kingdom. Thus if a low vitamin 
D status is confi rmed to increase the risk of prostate or any 
cancers, the maintenance of an adequate vitamin D status and 
assessment of vitamin D levels are very simple procedures 
that could be adopted at the population level. Thus clinical 
laboratory vitamin D testing would further markedly increase. 
Such a public health policy will require the identifi cation of 
the level of vitamin D required to reduce the risk of cancer.

Determinants of Serum 25OHD levels
Sunlight exposure is clearly the major determinant of the 
vitamin D status of the individual and for populations. When 
vitamin D levels are measured across a 12 month period serum 
25OHD levels lag about 1 to 2 months behind the average
daily hours of sunlight12 (Figure 6). There appears to be little 
effect of vitamin D-supplemented food on vitamin D status 
possibly because such supplements are at a low level.46 Skin 
thickness contributes positively to vitamin D status.47 This is 
a clinically important observation since treatments such as 
the use of glucocorticoid steroids markedly reduce skin 
thickness and it is highly likely that such patients are at 
increased risk of low vitamin D status. Thinning of the skin 
occurs with ageing but there is also an independent effect of 
age to decrease vitamin D levels.47 Apparently the effi ciency of 
skin to synthesise vitamin D decreases with age.45 However 

ageing is not always associated with a fall in vitamin D 
levels48 and if elderly people have an outdoor lifestyle they 
can maintain similar vitamin D levels as younger people. 
Increased body mass index reduces vitamin D status,47 
presumably due to sequestration of vitamin D, a fat-soluble 
prohormone, into fat stores.  These data provide a plausible 
explanation for the anecdotal evidence that the vitamin D 
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Table 4.  VDR Expression, CYP27B1 and CYP24 enzyme activities, and inhibition of growth by 1,25(OH)2D in Human Pros-
tate Epithelial Cells.

Cell Type Growth Inhibition VDR Contenta  1,25(OH)2D-induced CYP27B1
 By 1,25(OH)2D

a    CYP24 activityb  Activityc

Normal
Prostate  Yes   +++   ?   ++++++++
Epithelium

Benign
Prostate Yes   +++   ?   +++
Hyperplasia

LNCaP Yes   +   +   -

PC-3 Intermediate  +++   ++   +

DU145 No   +   +++++   +

a Data from reference40,  b Data from reference41,  c Data from reference42

Figure 5. The differential effects of increasing concentrations 
of 1,25(OH)2D on the growth of three human prostate cell 
lines in culture. The data are reproduced with permission from 
reference 39. (Copyright 1993, The Endocrine Society)



status of Australians is decreasing. One would expect serum 
25OHD levels to decrease in a population in which obesity 
and a sedentary lifestyle are increasing.

Some interesting observations on the effects of the variation of 
vitamin D metabolism through ageing have come from animal 
studies. Kidney CYP27B1 activity is highest in the newborn and 
declines exponentially throughout the remainder of life both in 
rodents and humans. In rats followed from 3 weeks of age until 
2 years during which they were fed a constant level of vitamin 
D, the mRNA level of kidney CYP27B1 was negatively related 
to their serum 25OHD level in the early weeks of life between 3 
and 15 weeks. In contrast, serum 25OHD levels were negatively 
related to kidney CYP24 mRNA levels in adulthood and old 
age between 15 and 104 weeks of age.22 These data suggest 
that renal synthesis of 1,25(OH)2D is a signifi cant consumer of 
vitamin D stores during the earlier stages of life and that during 
the later stages when renal CYP24 catabolism of vitamin D 
metabolites is increased, catabolism plays a signifi cant role 
in reducing vitamin D stores. If these data are reproduced in 
humans then factors that up-regulate the expression of kidney 

CYP24 expression may be important in reducing vitamin D 
status in the elderly. 

How much 25OHD do we need?
As with most clinical laboratory testing, when plasma 25OHD 
tests were introduced into routine clinical laboratories in the 
late 1970s and early 1980s reference intervals were obtained 
from testing levels in a reference population. In Adelaide, the 
population lives at latitude 35 degrees south and the reference 
interval was 40 to 160 nmol/L. However in other cities at 
different latitudes the reference interval was often different. 
For instance in Hobart at latitude 42 degrees south the 
reference interval was 25 to 100 nmol/L. Around the world the 
reference interval, particularly the lower limit, was inversely 
related to the latitude of the city in which the reference 
population was living.49 However there is no evidence that the 
minimal requirement for vitamin D is dependent on latitude. 
Therefore testing of vitamin D status in a reference population 
is inappropriate for identifying the minimum or toxic levels of 
plasma 25OHD levels.
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Figure 6.
The relationship between mean serum 25OHD levels in ambulant subjects and average daily hours of sunlight in Adelaide, 
Australia (latitude 35 degrees south) in 1982. Note that 25OHD levels obtained from nursing home subjects did not demonstrate 
the seasonal variation indicating their housebound and low vitamin D status. The data are reproduced with permission from 
reference 12. (© Australasian Medical Publishing Company 1984)



It is necessary to identify objective measures from which we 
can derive clinical decision limits for vitamin D requirement. 
Currently the only known in vivo requirement for vitamin 
D metabolites is to maintain calcium homeostasis. Thus the 
fi rst task in this fi eld is to defi ne the vitamin D requirement, 
in terms of plasma levels of 25OHD, necessary to maintain 
calcium homeostasis and optimal skeletal health. A number of 
studies have been published reporting plasma 25OHD levels 
to reduce plasma parathyroid hormone (PTH) levels and 
biochemical bone turnover markers.50 It is clear from clinical 
data that an inverse relationship exists between plasma 25OHD 
levels and plasma PTH and urine bone resorption markers 
indicating that as vitamin D status declines PTH secretion and 
bone resorption are increased. Jesudason et al reported that 
plasma 25OHD levels of 60 nmol/L or greater were required 
to minimise plasma PTH and urine deoxypyridinoline levels 
in postmenopausal women.50

Others have reported minimal requirements for plasma 
25OHD levels ranging from 30 to 122 nmol/L. However a 
number of the most recent publications approach a minimum 
level of 50 or 60 nmol/L. Currently only surrogate markers 
of calcium homeostasis and bone metabolism have been used 
and ultimately clinical decision limits for skeletal health will 
require defi nition based on bone strength or fracture data. Of 
course if vitamin D status is confi rmed to affect human health 
through other systems such as cell growth and proliferation, 
and therefore impact on cancer risk for example, then other 
assessments of clinical decision limits for vitamin D status 
will have to be defi ned. Provisional critical levels for 25OHD 
for the determination of vitamin D status are presented in 
Table 5.

Table 5. Current suggested decision limits for Vitamin D 
status.

Vitamin D defi ciency - < 20 nmol/L
Vitamin D depletion - 20 to 59 nmol/L
Vitamin D suffi ciency - 60 to 200 nmol/L
Vitamin D toxicity - > 500 nmol/L

How good are we at measuring 25OHD?
Clinical requirements for measuring plasma 25OHD levels 
include assessing vitamin D status and monitoring vitamin D 
supplementation. A number of radioimmunoassays are used in 
routine laboratories as well as an automated system that utilises 
competitive-protein binding technology.51 The data from a 
recent major external quality assurance program indicate that 
50% of enrolled laboratories that include most routine clinical 
laboratories in Australia achieve a coeffi cient of variation of 
13%.52 This value rises to 22.6% for 90% of laboratories. Such 

data indicate that for a plasma specimen with a 25OHD level of 
50 nmol/L, 50% of laboratories would report values between 
37 and 63 nmol/L with 90% of laboratories reporting values 
between 27 and 73 nmol/L. Although the range achieved by 
50% of laboratories may be clinically acceptable, clearly the 
larger range of values is clinically unacceptable. Thus clinical 
laboratories and assay kit manufacturers must work together 
to improve the precision of this assay. 

Furthermore these data indicate a signifi cant bias between the 
various methods being used in clinical laboratories, a bias that 
is more important at lower 25OHD levels.52 Such variation 
has been described by a number of studies comparing 
the performance of these assay methods.51 As discussed 
previously, optimising the clinical utility for 25OHD assays 
requires defi ning clinical decision limits that are transferable 
across all clinical assays. Currently assay performance does 
not achieve such a criterion. An international 25OHD assay 
standardisation will be necessary before clinical laboratories 
can provide such a service. 

Monitoring vitamin D supplementation provides further 
diffi culties for the clinical laboratory. In many countries 
including Australia the major supplement available is 
ergocalciferol or vitamin D2 which is derived from plants. 
Mammals produce cholecalciferol or vitamin D3. While it 
is currently considered that there are no known differences 
with regard to biological activity between the two forms of 
vitamin D, it is clear that our routine assays do not measure 
them identically. All current assays are standardised to 
measure 25OHD3 and the cross-reactivity between 25OHD2 
and 25OHD3 for the various assays is controversial.51 It is 
generally agreed that there is not 100% cross-reactivity. Thus 
an important development in 25OHD assay technology is the 
availability of assays that can measure 25OHD2 and 25OHD3 
equally.

As discussed above the medical profession currently takes a 
very conservative approach to prescribing dosages of vitamin 
D.  This is partly a result of the adverse experiences with 
vitamin D toxicity in earlier times and partly because of the 
paucity of quantitative data regarding the plasma 25OHD 
levels achieved with various doses in humans. Recent studies 
on healthy men in Omaha, USA (latitude 41 degrees north) 
indicate 12.5 µg (500 IU) per day of vitamin D3 is required 
to prevent the seasonal fall in plasma 25OHD levels. 25 µg 
(1000 IU) of vitamin D3 per day is required to raise plasma 
25OHD levels by 12.5 nmol/L in healthy young men.53 The 
authors calculated that the steady state input of vitamin D3 
required to maintain plasma 25OHD levels is 0.7 nmol/L/µg 
vitamin D3 per day. This is in close agreement with another 
value published.7
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Conclusions

Knowledge of the physiology and pathology of vitamin D is 
currently increasing at a rapid rate. The realisation that vitamin 
D can act in a paracrine and autocrine manner in addition to 
its well-described endocrine action opens up considerable 
opportunities for the development of new understanding of 
the requirement for an adequate vitamin D status for optimal 
health. It is encouraging that the relatively simple and cheap 
practice of maintaining an adequate vitamin D status has 
the potential to provide health benefi ts in a number of areas, 
which affl ict an increasing proportion of the population, as 
well as consume an increasing proportion of the healthcare 
budget to provide treatment. The reduction of the risk of 
hip fracture in the elderly is one such area. A high priority 
of research must be to identify the critical 25OHD values 
required to maintain a healthy skeleton in the elderly. As 
well research must determine whether a low vitamin D status 
infl uences the development of cancer, whether it increases the 
absolute risk of cancer or whether it modulates the growth 
or invasiveness of cancers. Clinical laboratory professionals 
have a responsibility to improve the precision and accuracy of 
current 25OHD assays in clinical use. This work will require 
the collaboration between the profession and instrument 
and reagent manufacturers. The International Federation of 
Clinical Chemistry and Laboratory Medicine is in an optimal 
position to coordinate such a project.
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