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Inter-individual response differences to vitamin D and Ca supplementation may be under genetic control through vitamin D and oestrogen receptor

genes, which may influence their absorption and/or metabolism. Metabolomic studies on blood and urine from subjects supplemented with Ca

and vitamin D reveal different metabolic profiles that segregate with genotype. Genotyping was performed for oestrogen receptor 1 gene

(ESR1) and vitamin D receptor gene (VDR) in fifty-six postmenopausal women. Thirty-six women were classified as low bone density as deter-

mined by a heel ultrasound scan and twenty women had normal bone density acting as ‘controls’. Those with low bone density (LBD) were sup-

plemented with oral Ca and vitamin D and were classified according to whether they were ‘responders’ or ‘non-responders’ according to

biochemical results before and after therapy compared to controls receiving no supplementation. Metabolomic studies on serum and urine

were done for the three groups at 0 and 3 months of therapy using NMR spectroscopy with pattern recognition. The ‘non-responder’ group

showed a higher frequency of polymorphisms in the ESR1 (codons 10 and 325) and VDR (Bsm1 and Taq1), compared with to the ‘responders’.

The wild-type genotype for Fok1 was more frequent in those with LBD (70 %) compared with the control group (10 %). Distinctive patterns of

metabolites were displayed by NMR studies at baseline and 3 months of post-treatment, segregating responders from non-responders and controls.

Identification of potential ‘non-responders’ to vitamin D and Ca, before therapy, based on a genomic and/or metabolomic profile would allow

targeted selection of optimal therapy on an individual basis.

Vitamin D receptor: Oestrogen receptor: Genotyping: Metabolomics

Recent advances in vitamin D research have transcended the
preliminary concept that vitamin D is required only for Ca
homoeostasis and maintenance of healthy bones. Apart from
contributing to the development of osteomalacia and fragility
fractures, vitamin D deficiency has been found to be detrimen-
tal to muscle function and may play a role in type 1 diabetes
mellitus, hypertension, chronic infections and many common
cancers(1 – 4). Several reports have shown that vitamin D
inadequacy is far more prevalent than previously thought
particularly in postmenopausal women and specifically in
those with osteoporosis and a history of fracture(5). Fragility
fractures are a major health problem globally with substantial
morbidity and mortality(6,7), and unless measures are taken to
prevent osteoporosis, the costs associated with its prevention
and treatment will pose a major socio-economic burden(8).

Optimising peak bone mass and reducing subsequent
postmenopausal loss depend on the interaction between
genetic, hormonal, environmental and nutritional factors(9).
There has been an intense focus on identifying candidate
genes for osteoporosis, fragility fractures and associated risk
factors; yet in genome-wide searches, none of the candidate
genes have been identified as important(10). Less attention
has been given to the more basic fundamental concepts
related to inter-individual differences in Ca and vitamin D

optimisation. Unravelling the basis to such core issues could
be the simple cornerstone in the investigation of not only
osteoporosis, but also in other diseases in which vitamin D
deficiency is implicated.

Vitamin D insufficiency in the elderly, particularly, postme-
nopausal women, is associated with low bone mass due to sec-
ondary hyperparathyroidism and as a result of a higher
incidence of fractures(11). There have been various setbacks
faced when supplementing this group. The first is the lack
of consensus in determining the ‘optimum dose’(12). The
second is patient compliance; but even if these issues were
resolved, a bigger challenge is the lack of adequate response
to oral vitamin D in a subset of patients. Ca and vitamin D
absorption has been found in some studies to be dependent
on certain vitamin D receptor (VDR) genotypes(13,14). More-
over, a relationship between VDR genotype and oestrogen
has been postulated from the results of a study that examined
the effects of Ca intake on bone mineral density in VDR-
genotyped peri-menopausal women(15). Therefore, the ques-
tion of satisfactory response to supplemental doses of Ca
and vitamin D seems to be, like the rate of bone loss, under
genetic control.

Identification of genetic factors without understanding their
interaction with nutrients will confer little benefit in terms of
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prevention and treatment of osteoporosis or other related
disorders(16). Unlike genotype, diet and nutrition can be modi-
fied, and the arrival of the post-genomic era has enabled
researchers to investigate the effects of nutrients on
physiological functions at the molecular level(17). This will
reveal how genetic variation and epigenetic events alter
requirements for, and responses to, nutrients by profiling
almost all of the products of metabolism in a single
sample of blood or urine in a rapidly expanding research of
‘metabolomics/metabonomics’(18). H3 NMR spectroscopy
with multivariate data analysis has revolutionised the field of
biomarker research, providing concurrent measurement of all
hydrogen-containing metabolites in a biological fluid, hence
providing a means of ‘metabolic fingerprinting’(19).

The aim of the present study was to investigate the potential
role of genetic variations in both the oestrogen receptor 1
(ESR1) and VDR in predicting response to Ca and vitamin
D supplementation in a group of postmenopausal women
with low bone density (LBD). NMR technology with pattern
recognition was also employed in order to establish any
treatment response segregation to biomarkers and possible
correlation with the results of genotyping.

Materials and methods

Patients

A prospective case-controlled observational study on commu-
nity dwelling postmenopausal women of Caucasian origin was
conducted at the King’s College Hospital Osteoporosis Clinic.
The present study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all procedures
involving patients were approved by the Ethical Review Com-
mittee of the Hospital (LREC protocol no. 01-227). All the
consecutive female patients above 50 years of age referred
by their general practitioners to the clinic for a fragility
fracture assessment using a heel ultrasound scan were offered
to participate in the study after completing a witnessed written
informed consent form.

All the participants completed a self-administered fracture
risk questionnaire, and they had a quantitative heel ultrasound
scan performed using the Lunar Achilles þ (GE Healthcare,
Little Chalfont, Bucks, UK) on the left calcaneus. Fasting
blood and urine samples were obtained for biochemical, gen-
etic and metabolomic analyses. Subjects with any evidence of
clinically significant hepatic or renal disorders, metastatic

disease, multiple myeloma or any other conditions resulting
in hypercalcaemia were excluded from the study.

Subjects classified as having a LBD, whether osteoporosis
(T score , 22·5) or osteopenia (T score , 21·0) on heel
ultrasound, were started on 1200 mg of oral Ca and
800 units of vitamin D in addition to their regular diets.
Those with normal heel ultrasound did not receive any sup-
plements and acted as controls. All the subjects were given
lifestyle advice on avoidance of risk factors for osteoporosis.
Blood and urine analyses were repeated after 3 months, and
an additional sample was obtained for genotyping. The pre-
and post-supplementation levels of vitamin D and parathyroid
hormone (PTH) were assessed to determine response and
whether the response to treatment is segregated towards
specific genotypes. Compliance to treatment was assessed
through direct questioning by the specialist nurse involved
in the present study and biochemical evidence through the
rise in urinary Ca excretion post-therapy (Table 1).

Laboratory analysis

Baseline and 3-month of biochemical analysis for renal, liver
and bone profiles and urinary Ca were performed on the
ADVIA 1200 (Siemens Healthcare Diagnostics, Camberley,
Surrey, UK). PTH was measured on the Immulite 2000 (Sie-
mens Healthcare Diagnostics) by using a two-site chemilumi-
nescence immunoassay with antibodies to PTH (44–84 and
1–34). Vitamin D (25-hydroxyl) was measured using an
ELISA kit (International Diagnostic Systems, St Joseph, MI,
USA). Within and between CV for PTH and vitamin D
were less than 8 % for both analytes.

Allelic discrimination

Whole blood in vacutainers was stored at 48C for up to
2 weeks before DNA was isolated using a Promega Genomic
(Southampton, UK) DNA Wizard Isolation kit. The DNA was
then aliquoted and stored at 2208C until required. Genotyping
was performed for the human ESR1 (codons 10 and 325) and
VDR (Fok1, Bsm1 and Taq1), using pairs of dual labelled
probes, one labelled with FAM and TAMRA to detect one
allele, and the other labelled with VIC and TAMRA to
detect the other allele.

The genetic variations analysed were oestrogen receptor
T/C codon 10 and C/G codon 325, VDR C/T exon 2 (Fok1),
G/A intron 8 (Bsm1) and T/C exon 9 (Taq1).

Table 1. Results of biochemical analysis in responders, non-responders and controls

(Mean values and standard deviations)

Baseline 3 months

Serum Ca
(mmol/l)

Urine Ca
(mmol/

mmol creat)
Vitamin D

(mg/l) PTH (pg/l)
Serum Ca
(mmol/l)

Urine Ca
(mmol/

mmol creat)
Vitamin D

(mg/l) PTH (pg/l)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Responders (n 22) 2·39 0·04 3·0 2·0 17·6 5·0 51·1 12 2·41 0·03 7·8 3·5 26·5 10 28 8
Non-responders (n 14) 2·34 0·04 2·9 2·5 19·2 5·6 36·2 18 2·36 0·02 4·0 2·2 22·5 8 32·6 12
Control (n 20) 2·45 0·03 2·8 2·0 22·8 4·8 33·1 15 2·44 0·03 3·2 1·9 24·8 10 29·8 12

creat, Creatine; PTH, parathyroid hormone-intact.
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Artificial templates were constructed for both the genotypes
of each polymorphism to act as controls. A common forward
primer which spanned the whole forward primer and the 50

part of the shared region of the probe sequence and the
unique reverse primer for each genotype spanning from
the shared region of the probe sequence to the 30 end of the
reverse primer, creating an overlap area, was incubated with
Klenow DNA polymerase. This produced a piece of double-
stranded DNA suitable for use as a control template. Sigma
Genosys (Haverhill, UK) supplied the oligonucleotides.
After thirty-five cycles of amplification, the results were
analysed using the allelic discrimination protocol of the
ABI PRISM 7700 Sequence Detector and scored as wild-
type (wt) heterozygote or homozygous/alternate allele. All
probes, primers, Universal master mix, optical plates and
caps were obtained from Applied Biosystems (Foster City,
CA, USA).

Biomarker studies

H-NMR on urine samples for NMR and pattern recognition.
Before NMR spectroscopic analysis, 1 ml urine samples
were lyophilised and reconstructed in 1 ml of sodium-
phosphate buffer (pH 6·0, made up with 2H2O) containing
1 mM-sodium-trimethylsilyl-(2,2,3,3,-2H4)-L-propionate as an
internal standard. NMR spectra were recorded in triplicate in
a fully automated manner on a Varian UNITY 400 MHz spec-
trometer using a proton NMR set-up operating at a tempera-
ture of 293 K. Free induction decays were collected as 64 K
data points with a spectral width of 8·000 Hz; 458 pulses
were used with an acquisition time of 4·10 s and a relaxation
delay of 2 s. The spectra were acquired by accumulation of
128 free induction decays. The signal of the residual water
was removed by a pre-saturation technique in which the water
peak was irradiated with a constant frequency during 2 s
before the acquisition pulse. The spectra were processed using
the standard Varian software. An exponential window function
with a line broadening of 0·5 Hz and a manual baseline
correction was applied to all the spectra. After referring to the
internal NMR reference (sodium-trimethylsilyl-(2,2,3,3,-2H4)-
L-propionate 5 ¼ 0·0), line listings were prepared using the
standard Varian NMR software. To obtain these listings,
all lines in the spectra above a threshold corresponding to
about three times the signal-to-noise ratio were collected
and converted to a data file suitable for multivariate analysis
applications.

H-NMR on serum samples for NMR and pattern
recognition. Before NMR spectroscopic analysis, serum
samples were deproteinised either by filtration or by extraction
against isopropanol.

Filtration. Before filtration, the filters with a molecular
mass cut-off value of 10 kDa (Microcon YM-10; Millipore,
Bedford, MA, USA) were spin rinsed with 0·5 ml of
0·05 M-NaOH followed by 2 £ 0·5 ml of deionised water to
avoid contamination of the ultra-filtrate with glycerine. Depro-
teinisation of the plasma samples by filtration was performed
by centrifugation (1h at 10 000 rpm) of 0·5 ml plasma over a
filter followed by the centrifugation (1h at 10 000 rpm) of
0·5 ml deionised water in order to rinse the filtration mem-
brane. Before NMR spectroscopic analysis, filtrates were
freeze dried and reconstructed in 750ml of sodium-phosphate

buffer (pH 6·0, made up with 2H2O) containing 1 mM-
sodium-trimethylsilyl-(2,2,3,3,-2H4)-L-propionate as an internal
standard.

Extraction. Plasma samples were deproteinised by
extraction of 100ml plasma with 600ml isopropanol. After
centrifugation (5 min at 10 000 rpm), the supernatant was
isolated and concentrated to dryness. The residue was dissolved
in 750ml methyl 9,12-epoxy-octadecanoate (MeOD) before
NMR analysis.

NMR spectroscopy. NMR spectra were recorded in tripli-
cate in a fully automated manner on a Varian UNITY
400 MHz spectrometer using a proton NMR set-up operating
at a temperature of 293 K. Free induction decays were
collected as 64 K data points with a spectral width of
8·000 Hz; 458 pulses were used with an acquisition time
of 4·10 s and a relaxation delay of 2 s. The spectra were
acquired by the accumulation of 512 free induction decays.
In the case of 2H2O samples, the signal of the residual water
was removed by a pre-saturation technique in which the
water peak was irradiated with a constant frequency during
2 s before the acquisition pulse.

The spectra were processed using the standard Varian soft-
ware. An exponential window function with a line broadening
of 0·5 Hz and a manual baseline correction was applied to all
the spectra.

After referring to the internal NMR reference (sodium-
trimethylsilyl-(2,2,3,3,-2H4)-L-propionate 8 ¼ 0·00 or MeOD
5 ¼ 3·30), line listings are prepared using the standard
Varian NMR software. To obtain these listings, all lines in
the spectra above a threshold corresponding to about three
times the signal-to-noise ratio were collected and converted
to a data file suitable for multivariate analysis applications.

Data analysis

The mean levels of treatment and control groups were com-
pared using t tests. A drop of more than 26 % of PTH after
3 months of therapy was calculated as a principle criterion
of response to therapy. This was based on the total
variation (analytical and biological) of the PTH assay. Those
with a decrease greater than 26 % were classified as ‘respon-
ders’ to treatment, and those showing a decrease of less than
this or a paradoxical increase in PTH were classified as
‘non-responders’. Genotype allele frequencies were examined
in control, ‘responder’ and ‘non-responder’ groups.

The NMR spectra were processed using the standard Varian
software and converted to a data file suitable for multivariate
analysis applications (multivariate data analysis). Small differ-
ences of comparable signals in different NMR spectra were
aligned. The respective datasets were used for multivariate
data analysis in Matlab (v6.5; The Mathworks, Natick, MA,
USA). Techniques that were applied were, among others,
principal component analysis, principal component discrimi-
nation analysis and partial least squares discriminant analysis.
In principal component analysis, data are transformed from
a large set of related variables (NMR signals) to a smaller
set of uncorrelated variables. These newly created variables
are called principal components. Each principal components
forms an axis in multidimensional space, and the calculated
distance of an object to this axis is termed a score. Supervised
methods such as partial least squares discriminant analysis
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and principal component discrimination analysis are more
powerful tools, which use additional information on the
dataset such as biochemical or clinical data to identify differ-
ences between pre-defined groups. In principal component
discrimination analysis, the scores from principal component
analysis are used as a starting point for linear discriminant
analysis. The discriminant analysis works by combining the
principal components in such a way that differences between
pre-defined groups are maximised(20).

Results

One hundred and eight subjects were presented to the clinic
during the study period. Of these, fifty-six subjects fulfilled
the inclusion criteria and were included in the study.

The mean age of the subjects was 70 years (age range
50–87 years). Thirty-six cases were found to have LBD
(T score , 21·0) on heel ultrasound and were started on
Ca and vitamin D3 supplements, while twenty cases had
normal heel ultrasound and were treated as controls.

Among the thirty-six cases, twenty-two subjects were
classified as responders (mean PTH 51·1 and 28 at baseline
and 3 months, respectively) and fourteen were classified as
non-responders (mean PTH 36·2 and 32·6 at baseline and
3 months, respectively) to Ca/vitamin D therapy (Table 1).

Table 1 shows the results of biochemical analysis in
responders, non-responders of Ca and vitamin D supplemen-
tation and control subjects. Mean serum total Ca levels
showed no change from baseline, but mean vitamin D levels
increased by the end of the treatment period compared with
baseline, particularly in the responder group. Mean
urinary Ca excretion increased in both the groups but
more in the responder group compared to non-responders
(7·8 v. 4·0 mmol/mmol creatinine).

Allelic discrimination study

Table 2 shows the genotype in responders, non-responders and
controls. For example, of the total number of responders ana-
lysed, 41 % have the non-polymorphic ESR1 (codon 10) T/T
genotype; 36 % are heterozygous and 23 % are homozygous
for the ESR1 (codon 10) polymorphism. Accordingly, the
frequency of the wt T allele among the responders is 59 %
and that of the polymorphic C allele is 41 % (Table 3). A subject

with the ESR1 (codon 10) T/T genotype has a 63 % chance of
being a responder, 22 % chance of being a non-responder and
15 % chance of being a vitamin D-sufficient control.

For the VDR Fok1 gene, the wt genotype was found in only
10 % of the control subjects compared with nearly 70 % in
both LBD groups (responders and non-responders) (Table 2).
Table 3 shows that a subject with a heterozygous genotype for
Fok1 (T/C) has a 70 % probability of belonging to the control
group, and a 21 and 9 % probability of being a responder and
non-responder, respectively. Thus, a subject with LBD who is
heterozygous for the VDR Fok1 genotype may have an
increased chance of being responsive compared with a similar
subject who is homozygous for the VDR Fok1 genotype.

Table 4 shows the allelic frequencies in the various genetic
markers tested in responder, non-responder and control groups
as compared to previously published data in the general
population(21).

Biomarker study

A difference profile was set up for predicting the responsive-
ness to vitamin D/Ca therapy in our patient group. This was
done by first providing a normalised set of positions and
corresponding signal intensities of spectral lines of one or
more NMR spectra recorded from metabolites in urine and
serum of several osteoporotic subjects known to respond to
vitamin D/Ca therapy, and compared to a second set of
positions and corresponding signal intensities recorded
before therapy. The same was done for the non-responder
and control groups. Multivariate data analysis was used to
visualise differences related to the different subject groups
in these spectra, and difference profiles were set up as
shown in Fig. 1.

Fig. 2 shows that controls, responders and non-responders
segregate into definable groups both at 0 and 3 months
following therapy when analysed by principal component
discrimination analysis scores.

When partial least squares discriminant analysis was used
for model building, responders, non-responders and controls
segregated into well-defined groups. When subjects 69 and
76 were initially excluded from the model, and then reintro-
duced after its construction, they were found to be predicted
as a responder and non-responder, respectively (image not
shown), which coincided with the biochemistry results.

Table 2. Results of genotyping in responders, non-responders and controls as percentages

Subjects Genotypes HER 10 HER 325 VDR Bsm1 VDR Fok1 VDR Taq 1

Responders (n 22) Hom C/C – 23 G/G – 5 A/A – 48 C/C – 14 C/C – 28·5
Het T/C – 41 C/G – 36 G/A – 33 T/C – 18 T/C – 28·5
WT T/T – 36 C/C – 59 G/G – 19 T/T – 68 T/T – 43
ND - - - - -

Non-responders (n 14) Hom C/C – 36 G/G – 14 A/A – 23 C/C – 23 C/C – 31
Het T/C – 50 C/G – 29 G/A – 38 T/C – 8 T/C – 38
WT T/T – 14 C/C – 57 G/G – 38 T/T – 69 T/T – 31
ND - - 1 -

Controls (n 10) Hom C/C – 10 - A/A – 20 C/C – 30 C/C – 23
Het T/C – 80 C/G – 40 G/A – 50 T/C – 60 T/C – 44
WT T/T – 10 C/C – 60 G/G – 30 T/T – 10 T/T – 33
ND - - - -

HER, human oestrogen receptor; VDR, vitamin D receptor; Hom, homozygous; C, cytosine; G, guanine; A, adenine; T, thymine;
het, heterozygous; WT, wild type; ND, not done.
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Discussion

The present study has shown potentially significant differences
at the genetic level between patients who were found to be
responsive to oral Ca and vitamin D supplementation and
those classified as ‘non-responders’, after 3 months of sup-
plementation. Compared with ‘non-responders’, as well as
previously published data on allele frequencies, those who
were ‘responders’ had lower frequencies of ESR1 (codons 10
and 325) and VDR (Taq1 and Bsm1) polymorphisms. Both the
groups (LBD) had a higher incidence of the wt Fok1 genotype
compared with the control group. The significance of these

genotypic findings came into greater perspective
following discriminant analysis in our NMR studies which
showed distinctive patterns of metabolites at both baseline
and following 3 months of treatment, segregating responders
from non-responders and controls. While both the molecular
genetics and the role of nutrition in bone health are currently
very vibrant and important research areas in their own right,
we have for the first time been able to demonstrate the
interaction between genetic and nutrition factors by the segre-
gation of our groups into genetically and ‘nutrigenomically’
concordant entities.

There is an ongoing debate on recommendations of daily
allowance for vitamin D as well as the optimal serum concen-
tration to achieve efficacy. A study on a group of postmenopau-
sal African American women found that the current
recommended daily allowance of vitamin D of 400–600 IU/d
did not optimise vitamin D levels in a subgroup of this
population(22). This suggests a genetic basis for vitamin D
absorption and/or metabolism. However, there has been
paucity of research in defining genetic makers for Ca and vita-
min D absorption. Studies in this respect have focused almost
exclusively on the VDR gene within different age groups and
races. Nieves et al.(23) found that the Fok1 polymorphism of
the VDR gene may alter the response of postmenopausal
African American women to vitamin D supplementation,
with response (as measured by the degree of PTH suppression)
being greatest in those with the wt genotype. Our LBD group
had a much lower frequency of the Fok1 polymorphism
compared with controls, an unexpected finding warranting
further investigation. Gennari et al.(24) found that intestinal
Ca absorption was significantly lower in BB (Bsm1) and
tt (Taq1) genotypes in postmenopausal Caucasian women,
which is in partial agreement with the present finding of
higher allelic frequencies of the Taq1 gene in ‘non-
responders’. Isotopic Ca absorption in adolescents showed
that while Ca absorption was 20 % higher in the Fok1 FF
group compared with the ff group, the former group showed
slightly lower vitamin D levels(25). This finding emphasises
the complexity of the genetic control on Ca and vitamin D
absorption and metabolism; but while mechanisms may be
difficult to unravel, identification of genetic patterns and associ-
ations pave the way to a more personalised approach to therapy.

Several interactions between the vitamin D and the oestro-
gen endocrine system have been described(26 – 28). Moreover,
an association between ESR1 and VDR genotypes with
respect to bone density and/ or fracture susceptibility has
been established(29,30). However, to our knowledge, there
have been no investigations reported on ESR1 gene variations

Table 3. Genotyping, allele frequency and probability of being respon-
ders, non-responders and controls

Genotype Responders (%) Non-responders (%) Controls (%)

HER 10
T/T 63 22 15
T/C 35 30 35
C/C 33 52 15

Allele
T 59 39 50
C 41 61 50

HER 325
C/C 34 33 34
C/G 34 28 38
G/G 26 74 0

Allele
C 77 71 80
G 23 29 20

VDR Bsm1
G/G 41 33 26
G/A 27 31 41
A/A 31 37 32

Allele
G 64 58 55
A 36 42 45

VDR Fok1
T/T 46 47 7
T/C 21 9 70
C/C 21 34 45

Allele
T 77 73 40
C 23 27 60

VDR Taq1
T/T 40 29 31
T/C 25 35 40
C/C 34 38 28

Allele
T 57 50 56
C 43 50 44

HER, human oestrogen receptor; T, thymine; C, cytosine; G, guanine; VDR,
vitamin D receptor; A, adenine.

Table 4. Gene frequency among responders, non-responders and controls and comparison with the literature(21)

Gene frequency in the present study

Genotypes Responders (n 22) Non-responders (n 14) Controls (n 20) Previously published frequency

HER 10 0·41 0·60 0·50 0·48
HER 325 0·23 0·29 0·20 0·22
VDR Bsm1 0·36 0·42 0·45 0·42
VDR Fok1 0·23 0·27 0·60 0·37
VDR Taq1 0·43 0·50 0·44 0·41

HER, human oestrogen receptor; VDR, vitamin D receptor.
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in relation to Ca or vitamin D metabolism. We have demon-
strated in the present study that the more favourable wt
ESR1 genotypes appear to have a positive effect on vitamin
D and Ca absorption and metabolism. Oestrogen receptors
are extensively expressed in the gastrointestinal tract, and
oestrogen has been found to increase VDR gene transcript

level, protein expression and endogenous 25-hydroxyvitamin
D3 bioactivity in rat colonic mucosa, which may suggest
that some of the oestrogen activities in the colonic mucosa
could be mediated, at least in part, by an increase in colonic
mucosa responsiveness to endogenous 1,25(OH)2D3

(31).
The more favourable wt VDR (both Taq1 and Bsm1) genotype
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Fig. 1. Principal component discrimination analysis factor spectrum responders v. non-responders at 0 month. ppm, Parts per million.
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Fig. 2. Principal component discrimination analysis score plot shows that controls, responders and non-responders segregate into definable groups both at 0 and

3 months following therapy. D1 and D2, discriminant 1 and 2 plots as calculated by the principal component discriminant analysis software.
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also appears to have a positive effect on response to vitamin D
and Ca intake as seen in the present study. The mechanism
by which any differences in the VDR alleles may
account for changes in Ca homoeostasis is not clear; differ-
ences in parathyroid gland regulation have been found to be
associated with VDR polymorphisms(32 – 34).

Understanding the inter-relationships among genes, gene
products and dietary habits is fundamental to identifying
those who will benefit most from intervention strategies.
Unravelling the multitude of nutrigenomic and metabolomic
patterns that arise from the ingestion of foods or their
bioactive components provides insights into a tailored
approach to diet and supplementation(35). Hence, nutrige-
nomics is destined within the next decade to identify com-
plex associations between nutrients and the expression of
thousands of genes with simultaneous changes in an equiv-
alent number of metabolites(18). With the use of such tech-
nology, we were able to find distinct patterns of segregation
between controls, responders and non-responders of Ca and
vitamin D supplementation in osteoporotic patients. This
finding was particularly encouraging given the relatively
small number of patients. Moreover, it was possible to cat-
egorise the patients at baseline, before commencement of
therapy, into quite distinct entities. The latter could pave
the way for a marker(s) that will enable the development
of a pre-treatment workup to identify those who would
not respond to usual levels of Ca and vitamin D
supplementation.

Preliminary analysis of our ‘NMR fingerprinting’ has
suggested that folate and vitamin B metabolism is
implicated in Ca and vitamin D status and response to
supplementation (data not shown). This finding provides tre-
mendous potential for detailed evaluation of the metabolic path-
ways between Ca/vitamin D and folate/vitamin B12, including
their interaction in osteoporosis and treatment responses. It is
worth noting that allelic polymorphisms in the gene encoding
methylenetetrahydrofolate have been associated with
reduced bone mineral density in postmenopausal Japanese
women(36) and early postmenopausal Danish women(37),
suggesting a role for the folate metabolic pathway in bone
health. However, at this stage, speculation on deficiency and
how micronutrients interact in this population would
be premature and further investigation is warranted.

The main limitations of the present study were the small
sample size and the fact that those who had osteopenia
were not segregated from those who had osteoporosis;
both groups were defined as ‘low bone mass’. It is notable,
however, that a lower threshold than that defined by the
WHO for diagnosing osteoporosis has been suggested for
quantitative heel ultrasound(38). Despite the limitations,
we have demonstrated links between genetic and nutritional
factors as evidenced by the segregation of responders, non-
responders and controls into groups that can be identified by
both genetic and nutrigenomic profiles. This has been an
observational study(39), and further work is warranted on a
larger number of subjects for the confirmation of the
findings. Extension of the NMR work is also necessary, and
further investigation of the potentially interesting metabolites
may provide exciting opportunities for the development
of a simple laboratory diagnostic test for the provision of a
patient-tailored approach to treatment.
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