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Allelic variation in the vitamin D receptor was the first non-structural gene to be associated with osteoporosis, and

together with the effects of the vitamin D system on bone homeostasis, suggested that this vitamin might have a strong

role in bone health. However, controversy exists regarding what level of serum 25-hydroxyvitamin D (25(OH)D) is optimal.

Current data from biochemical, observational and randomized controlled trials (RCTs), indicate serum 25(OH)D levels

of at least 50 nmol l�1 are required for normalization of parathyroid hormone (PTH) levels, to minimize the risk of

osteomalacia and for optimal bone cell function. The skeletal consequences of 25(OH)D insufficiency include secondary

hyperparathyroidism, increased bone turnover and bone loss and an increased risk of minimal trauma fractures. In large

scale epidemiological studies, serum 25(OH)D levels are associated with bone mineral density in both men and women.

However, there is mixed evidence on the effectiveness of optimizing serum 25(OH)D levels for the prevention of bone loss

and minimal trauma fractures in postmenopausal women and older men. There may be some benefit on primary fracture

prevention for those who have inadequate serum levels of 25(OH)D, particularly in institutionalised elderly patients, but

only when combined with calcium supplements. For optimal bone health, evidence from RCTs suggests vitamin D may

be considered a threshold nutrient with few further bone benefits observed at levels of 25(OH)D above which PTH is

normalized. An adequate calcium intake is also imperative to gain optimum benefit from an improved vitamin D status in

those with insufficient 25(OH)D levels, with an increased calcium intake being associated with suppression of PTH levels.
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The Role of Vitamin D Genetic Factors in Bone Health

Recent studies report metabolic interactions between the

variants of the vitamin D receptor, vitamin D binding protein and

calcium sensing receptor genes in determining response to

vitamin D therapy.1–3 New genetic data might explain why there

is considerable inter-individual variability of serum 25-hydro-

xyvitamin D (25(OH)D) levels,4 with only 25% of this variability

accounted for by season, latitude or vitamin D intake.
A large, multicentre, genome-wide association study of 15

cohorts, comprising about 30 000 white people from European

descent, found that polymorphisms at three different loci

involved in vitamin D metabolism affect serum 25(OH)D levels

and the risk of vitamin D deficiency.4 After accounting for age,

sex, body mass index and season, polymorphisms in at least

three, and perhaps four loci, influenced serum 25(OH)D levels:

(1) 4p12 polymorphisms near or within the GC gene, which

encodes vitamin D binding protein, the main transporter of

vitamin D metabolites in the blood; (2) 11q12 polymorphisms

near DHCR7/NADSYN1, encoding the enzyme 7-de-
hydrocholesterol reductase,whichconverts7-dehydrocholesterol
into cholesterol in the skin thereby removing the substrate

for production of vitamin D3; (3) 11p15 polymorphisms near
CYP2R1, which encodes an enzyme responsible for
25-hydroxylation of vitamin D in the liver; (4) CYP24A1 encoding
24-hydroxylase, which initiates degradation of 25(OH)D and
1,25(OH)2D. Participants with a genotype score (combining the
three main variants) in the top quartile had twice the risk of
having vitamin D insufficiency (o50 or 75 nmol l� 1) than those in
the lowest quartile. It was also associated with a 1.5-fold risk of
severe vitamin D deficiency (o20 nmol l� 1). These findings are
important, as they confirm that common genetic variants may
contribute to the inter-individual variability of serum 25(OH)D
levels and may either predispose to, or protect against, vitamin
D deficiency.

Optimal Serum Levels of 25(OH)D for Bone Health—Why
the Controversy?

An Institute of Medicine report5 concluded that vitamin D
deficiency was defined as 25(OH)D o50 nmol l� 1. From meta-
analyses of vitamin D supplementation for falls and fracture
prevention, the serum 25(OH)D thresholds are 60 and
75 nmol l� 1, respectively. Australian guidelines recommend
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serum 25(OH)D X50 nmol l� 1 at the end of winter/early spring,
or 60 nmol l� 1 in summer for optimal bone health.6 To aim for a
target level X50 nmol l� 1 at the end of winter, most individuals
will require between 800–2000 (20–45 mg) vitamin D3 per day.
A recent US Endocrine Society guideline was consistent with
this and recommends that all adults aged 50–70 years and
470 years will require at least 600 and 800 IU (15–20 mg) of
vitamin D3 per day, respectively, to maximize bone health and
muscle function.7 However, to raise the serum level of 25(OH)D
above 75 nmol l� 1, as both the Endocrine Society7 and the
International Osteoporosis Foundation8 recommend, indivi-
duals may require at least 1500–2000 IU (37.5–50 mg) per day of
supplemental vitamin D, whereas doses of up to 10 000 IU
(250mg) per day have proven to be safe.7

Effects of Season on Bone Health

Seasonal variations in serum 25(OH)D occur with a decline
during the winter months.9–15 More importantly, seasonal
variations in serum 25(OH)D concentrations are accompanied
by responsive changes in serum parathyroid hormone (PTH)
concentrations, later increases in bone resorption markers and
bone formation markers, and decreases in bone mineral density
(BMD). In 43 German subjects during the winter months, bone
turnover was significantly accelerated, and lumbar spine and
femoral BMD declined by 0.3–0.9%. Supplementation with oral
500 mg calcium and 500 IU cholecalciferol per day for one year
either reversed or abolished these seasonal changes. In the
subjects receiving oral cholecalciferol and calcium, lumbar and
femoral BMD also increased significantly, whereas controls
continued to lose bone.16

Rates of hip fracture also vary annually, with a winter peak
in both Northern and Southern hemispheres.17,18 Inadequate
vitamin D levels have been demonstrated in patients with
osteoporosis,19 including in hip fracture patients in many
countries, although low levels may be influenced by the fracture
itself.20–22 It is also important to note that vitamin D deficiency
increases with ageing and that this contributes independently to
secondary hyperparathyroidism.23 In addition, serum androgen
levels in men are associated with serum 25(OH)D levels and
both hormones have a concordant annual periodicity being
lowest in late winter,24 suggesting important, and as yet uni-
dentified, links between the vitamin D and sex–steroid axes.

Similarly in 287 southeastern Australian (latitude 38–391S)
women, drawn from an observational, cross-sectional,
population-based study,25 annual periodicities of ultraviolet
radiation, serum 25(OH)D, serum PTH, a bone resorption
marker (C-telopeptide), BMD, falls and fractures were mea-
sured. Cyclic variations in serum 25(OH)D lagged one month
behind ultraviolet radiation, peaking in summer and dipping in
winter (Figure 1). The periodicity of serum PTH was the inverse
of serum 25(OH)D, with a phase shift delay of 1 month. Peak
serum C-telopeptide lagged behind peak serum PTH by 1–2
months. In late winter, a greater proportion of falls resulted in
fracture. Seasonal periodicity in 439 hip and 307 wrist fractures
also followed a simple harmonic model, peaking 1.5–3 months
after the winter trough in serum 25(OH)D.

Another study did not show a seasonal variation in bone
turnover markers.26 Season appears to be more important than
latitude in determining serum 25(OH)D in many countries.
However behavioural factors, such as sun avoidance and

genetic factors, may also be important. In Australia, both
season and latitude accounted for onlyo20% of the variation in
serum 25(OH)D levels,27 supporting the importance of beha-
vioural factors. In Australian women aged 20–92 years, high
vitamin D status was associated with healthy body habitus and
active lifestyles. In contrast, excessive weight and smoking
were associated with lower vitamin D status. Women with high
vitamin D were less likely to have elevated PTH, hypertension or
osteopenia than women with poor levels.28 Despite the
importance of behavioural factors, seasonal declines in vitamin
D metabolites and the associated increases in fracture rates
make interventions with vitamin D a logical intervention to
prevent fractures, particularly in winter months.

Determinants of Optimal Serum 25(OH)D Concentrations
for Bone Health

Global vitamin D status. A systematic review of 195 studies
from 44 countries and involving 4168 000 participants showed
that mean population-level 25(OH)D values varied considerably
across the studies with 37.3% of the studies reporting mean
values below 50 nmol l� 1.29 Age-related differences were
observed in the Asia/Pacific and Middle East/Africa regions,
whereas sex-related differences were not observed in any
region. The substantial heterogeneity between studies pre-
cluded drawing conclusions on overall vitamin D status at the
population level. However, newborns and institutionalised
elderly appeared to be at generally higher risk of lower 25(OH)D
values. This study indicates that serum 25(OH)D levels
o50nmol l� 1 are likely to be common worldwide and involve
both extremes of age.

Parathyroid hormone and calcium absorption. Previous
attempts to define an optimal serum 25(OH)D for bone health
used indirect measures such as the relationships between
serum 25(OH)D and PTH concentrations in normal adult
populations with a plateau of serum PTH above 31 ng ml� 1
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Figure 1 Sine curves showing the periodicity of UV, serum 25(OH)D, PTH, CTx,
and hip and wrist fractures in the southern hemisphere. Amplitude set a maximum
of þ 1 and a minimum of � 1 (Pasco et al.25). 25(OH)D, 25-hydroxyvitamin D;
CTx, C-telopeptide; PTH, parathyroid hormone; UV, ultraviolet radiation.

Vitamin D and bone health
PR Ebeling

2 MARCH 2014 | www.nature.com/bonekey

http://www.nature.com/bonekey


(78 nmol l� 1).30 A major role for active vitamin D metabolites
is in stimulating gut calcium absorption. In humans there is
evidence of an age-related intestinal resistance to 1,25(OH)2D
that may be secondary to reduced levels of intestinal vitamin D
receptor.31 This gut defect could lead to compensatory
increases in PTH secretion and 1,25(OH)2D3 production, which
maintain calcium absorption and serum calcium, but at the
expense of increased bone loss. Serum 25(OH)D concentra-
tions are also weakly related to active calcium absorption,32 and
one study suggested a plateau in active intestinal calcium
absorption at serum 25(OH)D concentrations X32 ng ml� 1

(80 nmol l� 1).

Prevention of osteomalacia. In a study of iliac crest bone
biopsies from 675 women and men from northern Europe,
mineralization defects were present in 25.6% patients.33 The
latter were found independent of bone volume per trabecular
volume throughout all ages and affected both sexes equally.
Although a minimum 25(OH)D level that was inevitably asso-
ciated with mineralization defects could not be identified, there
was no pathologic accumulation of osteoid in any patient with
serum 25(OH)D475 nmol l� 1, and in only very few patients with
serum 25(OH)D between 50 and 75 nmol l� 1.

Increased fracture risk. Others have related serum 25(OH)D
concentrations to fracture risk. In a nested, case–control study
of 7.1 years duration, baseline serum 25(OH)D levels in 400 hip
fracture patients and 400 controls were compared. Lower
serum 25(OH)D concentrations were associated with increased
hip fracture risk (adjusted odds ratio for each 25 nmol l� 1

decrease, 1.33). Women with the lowest 25(OH)D con-
centrations (p47.5 nmol l� 1) had a higher hip fracture risk than
did those with the highest concentrations (X70.7 nmol l� 1)
(adjusted odds ratio, 1.71). Importantly, this increase in fracture
risk was independent of the number of falls, physical function,
frailty, renal function and sex–steroid hormone levels but was, in
part, mediated by increased bone resorption. Thus, serum
25(OH)D concentrationsp20 ng ml� 1 (50 nmol l� 1) are asso-
ciated with a higher risk for hip fracture.34

In another study of 1311 community-dwelling older Dutch
men and women followed for 6 years, a low serum 25(OH)D level
(o12 ng/ml or 30 nmol/l) increased the risk of fracture in those
individuals aged 65–75 years (HR¼ 3.1; 95% confidence
interval 1.4–6.9), but not in older individuals (75–89 years).35

Randomised controlled trials—fractures. The above infer-
ences about optimal serum 25(OH)D levels are drawn from
association studies. Stronger evidence relates to the effects of
vitamin D supplementation on the reduction in fractures and the
serum 25(OH)D threshold concentrations required for these
outcomes.

The anti-fracture efficacy of oral vitamin D supplementation in
women and men X65 years old has been assessed in a meta-
analysis of 12 double-blind randomized controlled trials (RCTs)
for nonvertebral fractures (n¼ 42 279) and 8 RCTs for hip
fractures (n¼ 40 886).36 The pooled relative risks were 0.86
(95% confidence interval, 0.77–0.96) and 0.91 (95% confidence
interval, 0.78–1.05) for the prevention of nonvertebral fractures
or hip fractures, respectively. However, there was significant
heterogeneity for both endpoints. Factors explaining the
heterogeneity were the daily dose and achieved serum

25(OH)D concentrations. When examining the trials with a
high (482–770 IU per day) received dose (that is, dose adjusted
for adherence) of vitamin D, nonvertebral fractures were
reduced by 20% and hip fractures by 18%, whereas doses
o400 IU per day did not show any effect.

Pooled participant-level data from 11 double-blind RCTs
of oral vitamin D supplementation (daily, weekly or every
4 months), with or without calcium, were recently compared
with placebo or calcium alone in persons 65 years of age or
older.37 A total of 31 022 persons (mean age, 76 years; 91%
women) with 1111 incident hip fractures and 3770 nonvertebral
fractures were included. The participants who were randomly
assigned to receive vitamin D, as compared with those
assigned to control groups, had a nonsignificant 10% reduction
in the risk of hip fracture and a significant 7% reduction in the
risk of nonvertebral fracture. Fracture risk reduction was shown
only at the highest intake level (median, 800 IU daily), with a 30%
reduction in the risk of hip fracture and a 14% reduction in the
risk of any nonvertebral fracture. Benefits of vitamin D intake
were fairly consistent across subgroups defined by age group,
type of dwelling, baseline 25-(OH)D level and additional calcium
intake. High-dose vitamin D supplementation (X800 IU daily)
had beneficial effects in the prevention of hip fracture and any
nonvertebral fracture in persons aged X65 years.

A meta-analysis showed that sunlight exposure reduced the
risk of hip fractures in patients with Alzheimer’s disease,
Parkinson’s disease, stroke and co-existing vitamin D defi-
ciency by 77%.38 Sunlight exposure also increased serum
25(OH)D and BMD.

Very high dose vitamin D is not recommended. Two trials have
shown that very high annual doses of either intramuscular
ergocalciferol (300 000 IU) or oral cholecalciferol (500 000 IU)
resulted in an increase in falls and/or fractures in elderly
postmenopausal women compared with placebo.39

Randomised controlled trials—bone mineral density
(BMD). The 2011 Institute of Medicine report considered the
relationship between baseline or attained 25(OH)D status and
changes in BMD for healthy adults;5 five out of six studies
included found no association or did not report such findings.
Regarding the effect of vitamin D supplementation on BMD,
studies of daily doses of 800 IU (20 mg) of vitamin D (or lower
equivalent doses of vitamin D3 or D2) reported equivocal
findings. However, this dose is now considered suboptimal with
respect to bone health, with doses of 42000 IU (50 mg) per day
viewed as the level at which beneficial effects on BMD will
result. Because most study patients also received calcium
supplementation, the Institute of Medicine concluded that both
supplements were required for all age groups to achieve gains
in BMD.

A systematic review of 17 randomised controlled trials
showed small positive effects of vitamin D3 plus calcium on
lumbar spine, femoral neck and total body BMD in late
menopausal women.40 The Women’s Health Initiative (WHI)
trial found a significant benefit of vitamin D3 400 IU plus 1000 mg
of calcium on total hip BMD.41 Although there were no effects on
spine BMD, this large study had several potential cofounders
including 30% of participants already taking a calcium
supplement, 30% having a high baseline dietary calcium intake
(41200 mg per day), 52% receiving current hormone replace-
ment therapy, a low daily dose of vitamin D3 and a large
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proportion of patients taking a bisphosphonate at study end,
and poor adherence with supplements.

However, in combined trials of vitamin D3 plus calcium versus
calcium, a significant increase in BMD was not observed,
suggesting vitamin D3 may be of less benefit in calcium-replete
postmenopausal women. Nor did vitamin D3 treatment alone
versus placebo result in any significant increases in BMD,
except in one trial that noted an increase in femoral neck
BMD.42 In the few trials reporting the impact of baseline serum
25(OH)D concentrations on BMD, a lower baseline serum
25(OH)D was not associated with a greater BMD increase.
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.

A further meta-analysis examined effects of calcium or
calcium combined with vitamin D on BMD and fractures in men
and women aged 450 years.43 Of the 23 trials (n¼ 41 419)
reporting BMD as an outcome, calcium and calcium in
combination with vitamin D were associated with a reduced
bone loss of 0.54% at the hip, and 1.19% at the spine, whereas
there was no difference in fracture reduction between calcium
combined with vitamin D or calcium alone.

The most recent meta-analysis of 23 studies (mean duration
23.5 months, comprising 4082 participants, 92% women,
average age 59 years) showed a small increase in femoral
neck BMD (0.8%, 95% confidence interval 0.2–1.4) with
heterogeneity among trials and no effect at any other site.44

Calcium and vitamin D supplementation during winter results
in increases in spinal and femoral neck BMD.16 One randomised
controlled trial of 302 elderly women examined the effect of the
combination of calcium and vitamin D2 (ergocalciferol) on bone
structure and bone turnover compared with calcium alone.45

Serum 25(OH)D increased only in the vitamin D group from 18
(44 nmol l� 1) to 24 ng ml� 1 (60 nmol l� 1) after 1 year. Total hip
and total body BMD increased significantly. In addition, this
increase in serum 25(OH)D had no extra effect on active
fractional intestinal calcium absorption, which fell equally in
both groups by 15–17%. Thus, ergocalciferol (vitamin D2)
1000 IU for 1 year had no extra beneficial effect on bone
structure, bone formation markers or intestinal calcium absorp-
tion over an additional 1000 mg of calcium.

Effect of withdrawal of calcium and vitamin D. A 5-year
randomized, controlled, double-blind trial of 120 community-
dwelling women aged 70–80 years compared 1200 mg per day
calcium with placebo vitamin D (Ca group) or with 1000 IU per
day ergocalciferol (vitamin D2) (CaD group) or double placebo
(control).46 Hip BMD was preserved in both intervention groups,
but not in controls at year 1 and maintained in the CaD group
only over the long-term at years 3 and 5. At year 1, compared
with controls, the Ca and CaD groups had lower bone turnover
markers. At 5 years, suppression of bone turnover markers was
maintained only in the CaD group, and was associated with
reductions in PTH at 3 and 5 years compared with controls.
Thus, although the combination of calcium with vitamin D had
no additional effect over calcium alone in the short-term (at 1
year), continuing skeletal benefits appeared to be greater with
the combination over the long-term (up to 5 years).

Another study examined effects of calcium and vitamin D
fortified milk compared with normal diet over 24 months in older
men.47 Men received milk containing 1000 mg of calcium plus

800 IU of vitamin D3 or no additional milk. After 2 years, the mean
percent decrease in BMD was 0.9–1.6% less in the milk
supplementation compared with control group at the femoral
neck, total hip and radius. There was a greater increase in
lumbar spine BMD in the milk supplementation group after
12 and 18 months, but not after 2 years. Serum 25(OH)D
increased and PTH decreased in the milk supplementation
relative to control group after both the first and second years of
the study. After a further 18 months of follow-up, the net
beneficial effects of fortified milk on femoral neck and radius
BMD at the end of the intervention (24 months) were sustained48

suggesting, once again, the possibility of sustained skeletal
benefits after withdrawal.

Thus, there is no evidence that vitamin D alone has beneficial
effects on BMD. Treatment with the combination of calcium and
vitamin D either prevents bone loss or results in only small
increases in BMD. For long-term maintenance of BMD up to
5 years, the combination of calcium and vitamin D appears to be
better than calcium alone. These skeletal benefits of calcium
and vitamin D may be maintained at some, but not all, skeletal
sites after withdrawal.

Conclusion

Although much controversy exists regarding what level of
serum 25(OH)D is optimal,6,8,49–51 current data from bio-
chemical and observational studies, and RCTs, indicate serum
25(OH)D levels of at least 50nmol l� 1 are required for nor-
malization of PTH levels,30 to minimize the risk of osteoma-
lacia33 and for optimal bone cell function. Mixed evidence exists
on the effectiveness of optimising serum 25(OH)D levels for the
prevention of bone loss and reducing minimal trauma fractures
in postmenopausal women and older men.43,44 An adequate
calcium intake is also imperative to gain optimum benefit from
an improved vitamin D status in those with insufficient 25(OH)D
levels, with an increased calcium intake being associated with
suppression of PTH levels.52,53 There may be a small benefit on
primary fracture prevention and preventing bone loss for those
who have inadequate serum levels of 25(OH)D, particularly in
institutionalised elderly patients, but only when vitamin D
supplements are combined with calcium supplements.
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