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Abstract. The objective of this prospective controlled
study was to determine whether the osteogenic response of
bone to mechanical loading is dependent on the vitamin D
receptor (VDR) polymorphism. Thirty-five healthy pre-
menopausal women took part in a progressive, high-impact
exercise three times a week for a period of 18 months and
45 women served as nonexercising controls. The trainees
were divided into three groups: bb (n4 12, 34%); Bb (n4
16, 46%); BB (n4 7, 20%) according to polymorphism at
the gene encoding the VDR (BB representing subjects with-
out the restriction enzymeBsmI sites on the two VDR gene
alleles). Bone mineral content (BMC) and areal bone min-
eral density (BMD) were measured at the lumber spine,
proximal femur, knee, calcaneus, and dominant distal radius
before the beginning of the exercise regimen and at 12 and
18 months of training using dual-energy x-ray absorptiom-
etry (DXA). As an indicator of the total osteogenic effect of
the training,SBMC was derived by summing up the BMC
values of the loaded sites (i.e., the lower limb sites and the
lumbar spine). The meanSBMC increased 2.0% in the bb
group, 3.0% in the Bb group, and 2.8% in the BB group (P
4 0.184 for the intergroup difference), but only 0.8% in the
controls (exercisers versus controls,P < 0.001). Individuals
with the BB genotype of the VDR gene, subjects with whom
the BMC can be lower than normal and whose bones can be
less responsive to pharmacological therapies than bones of
the other individuals, seem to have as good osteogenic re-
sponse to mechanical loading as subjects with other VDR
genotypes. Thus, irrespective of the VDR genotype, physi-
cal activity seems to be beneficial for bones of premeno-
pausal women.
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Heritability is considered as the single most important de-
terminant of mineral mass and structural integrity of bone,
the genetic factors accounting for as much as 80% of their
age-specific variation [1–3]. It has been shown that poly-
morphism at the gene encoding the vitamin D receptor
(VDR) could, in turn, be responsible for up to 75% of this
genetic effect [4], leading to a considerably lower bone
mineral density (BMD) in the BB homozygote (without the
restriction enzymeBsmI sites on the two VDR gene alleles)

than in the bb genotype [4]. Thereafter, the VDR theory has
been under a lively debate [5, 6] and if the VDR is important
in determining the BMD, the BB subjects could be more
susceptible to osteoporotic fractures than the others because
of lower bone mass and density and also be less responsive
to some bone-targeted pharmacological interventions [4, 7–
12].

Among the lifestyle factors, physical activity has been
identified as the principal external regulator of bone mass
and architecture [13, 14]. Interactions between genetic and
lifestyle factors are, however, complex and in general
poorly determined. A recent large cross-sectional study sug-
gested that the interindividual allelic variation in the VDR
gene could modulate the influence of physical activity on
BMD [15]. In other words, genetic factors could regulate
the sensitivity of bone to environmental stimuli [15–18].

The purpose of this investigation was to determine with
a prospective study design whether the bone’s response to
physical activity differed among women with different al-
leles of the VDR gene. For the analysis, we used data from
our recent randomized controlled exercise intervention trial
[19], in which the exercise resulted in significant (1.4–
3.7%) increase in BMD at the loaded skeletal sites, as com-
pared with changes of 0.0–1.8% in the control group.

Methods

Subjects and Controls

Premenopausal women aged 35–45 years were recruited through a
local newspaper advertisement to participate in the initial exercise
intervention trial [19]. Two hundred and forty-two women re-
sponded, 98 of whom fulfilled the following inclusion criteria: no
cardiovascular, musculoskeletal, respiratory, or other chronic dis-
eases that might limit the training or testing; no medication that
would affect the skeleton; normal menstruation; no special diet; no
smoking; no overweight (body mass index#30); and no regular
exercise more than twice a week. These 98 women were random-
ized within strata of weight and oral contraceptive use (2 × 2
strata) to a training (n4 49) and a control (n4 49) group. The
success of randomization was confirmed by checking the mean
weight, height, BMD at the femoral neck, and daily calcium intake
in the groups. All subjects were fully informed of the study pro-
cedure and design as well as any known health risks, and gave their
informed consent. The study was approved by the ethical commit-
tee of the UKK Institute.

Thirty-five of the 39 training subjects who completed the
above-mentioned exercise trial volunteered to give a blood sample
for the VDR genotyping of the present study.

The women in the control group were asked to maintain their
current physical activity during the 18 months and were inter-
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viewed every 4th month to monitor any changes in their exercise
habits. Forty-five of the controls completed the study.

Training Program

The training consisted of progressive high-impact exercises three
times a week for a period of 18 months. All training sessions were
supervised by an experienced exercise leader. Each 1-hour work-
out consisted of warming up, multidirectional high-impact exer-
cises (jump training), callisthenics (stretching and nonimpact ex-
ercises), and a period for cooling down. Preliminary experiments
revealed that the exercise-induced peak forces varied between 2.1
and 5.6 times body weight during the high-impact exercises [19].

Over the entire study period, the trainees kept a continuous
exercise diary with consecutive 7-day forms for type and duration
of all physical activities. In addition, at 8 and 12 months, the actual
daily physical activity was evaluated and controlled in both the
trainees and controls by measuring the daily walking distance with
a step pedometer (Fitty-3 Electronic, Uttenreucht, Germany). The
subjects were asked to wear the pedometer two times for a period
of 3 consecutive days, from the moment they got up in the morning
until they went to the bed.

Diet

In both groups, total dietary intake, including calcium intake and
use of vitamin and mineral supplements, was estimated from a
complete 3-day dietary record at baseline, and after 9 and 18
months. The food composition was calculated with Micro-Nutrica
software (Social Insurance Institution, Helsinki, Finland).

VDR Genotyping

The VDR genotype of the trainees was determined according to
a previously described method [4]. Briefly, DNA was extracted
from peripheral leukocytes and a 900 base pair fragment, including
the polymorphic site in intron of the gene, was amplified by the
polymerase chain reaction (PCR) using the primers 58-
CAACCAAGACTACAAGTACCGCGTCAGTGA-38 and 58-
AACCAGCGGGAA GAGGTCAAGGG-38. PCR was carried out
using 20 ng of genomic DNA in a final reaction volume of 25ml.
Amplification occurs in 35 cycles of 94°C for 30 seconds, 60°C for
30 seconds, and 72°C for 30 seconds. A PCR product (15ml) was
subsequently incubated withBsmI restriction enzyme (New En-
gland Biolabs, MA, USA) at 65°C for 18 hours and digested to
fragments of 700 and 200 bp, if the site was present. The presence

of a restriction site at the VDR gene locus was specified as b,
whereas absence of this site was B.

Bone Densitometry

Bone mineral content (BMC) (g) and areal bone mineral density
(BMD) (g/cm2) were measured at the lumbar spine (L2-L4), total
proximal femur (neck and trochanteric region combined), knee,
calcaneus, and dominant distal radius with DXA (Norland XR-26,
Norland Corp., Fort Atkinson, WI, USA). Since the bone adjusts
its mechanical characteristics according to the demands of me-
chanical loading by altering its gross geometry and internal archi-
tecture [13], changes in BMC were considered to appropriately
reflect any modification in the bone’s mechanical competence that
involves simultaneous mineral accumulation. As previously de-
scribed [20],SBMC was derived by summing up the BMC values
of the loaded sites (i.e., lower limb sites and lumbar spine). Change
in the SBMC was considered to represent the total osteogenic
effect of the training. All the scannings and scan analyses were
done by the same experienced operator according to our estab-
lished measurement and quality assurance procedures [21, 22].
There was no scanner drift during the study period. Thein vivo
precision of the BMC and BMD measurements in our laboratory
ranges from 0.6% to 1.9% and 0.5% to 0.8%, respectively [21].

Statistical Analysis

Mean, standard deviation (SD), and percentage of change are
given as descriptive statistics. Analysis of covariance was used to
evaluate the intergroup differences between the BMC and BMD
changes in the training groups representing different genotypes.
The body weight at baseline was used as a covariate.

Results

The clinical characteristics of the participants, by the VDR
genotype in the trainees, are given in Table 1. The anthro-
pometric characteristics did not change during the study.
Nor were there differences between the study groups in the
energy and calcium intake, training compliance (trainees),
or mean general daily physical activity.

The frequency distribution of VDR alleles in our study
group (34% for bb, 46% for Bb, and 20% for BB) was
similar to that of previous studies with Caucasian women [7,
9, 10, 23, 24]. The BMC levels were also in line with some

Table 1. Characteristics of the subjectsa

bb (n 4 12) Bb (n4 16) BB (n 4 7) Controls (n4 45)

Age (years) 39 (2) 39 (3) 40 (2) 38 (3)
Height (cm) 163 (8) 163 (7) 165 (2) 165 (1)
Weight (kg) 64 (7) 62 (7) 57 (5) 62 (7)
Fat (%)b 31.4 (3.5) 31.4 (3.9) 28.6 (2.2) 30.5 (4.3)
Energy intake (kJ)c 7595 (1642) 7127 (1086) 7776 (695) 7483 (1253)
Calcium intake (mg)c 1038 (354) 1062 (347) 1070 (142) 1058 (376)
Training complianced 2.6 (0.3) 2.2 (0.4) 2.4 (0.2)
Physical activity (km/day)e 7.8 (1.5) 8.3 (2.2) 8.2 (2.9) 7.7 (2.1)
a Data presented as mean (SD)
b Body fat was measured by four skinfolds (biceps, triceps, subscapularis, suprailiaca) with a Harpender skinfold calliper (John Bull,
British Indicator Ltd., Pembrokeshire, England) and reported as fat %
c Calcium intake and total energy intake was estimated from a complete 3-day dietary record
d The reported training compliance defined as the number of training sessions a week
e The mean physical activity, determined as mean distance walked per day using step pedometer (Fitty-3 Electronic, Uttenreucht,
Germany) two times (at 8 and 12 months) for a period of 3 consecutive days
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of the previous studies showing slightly, although not sig-
nificantly, higher BMC and BMD values in the bb group
than in the BB group (Table 2).

To illustrate the behavior ofSBMC in the different VDR
groups, the percentage ofSBMC changes during the study
period of 18 months are presented in Figure 1. The control
subjects showed no significant changes by time, whereas a
significant increase was observed in the BMD of the train-
ees (+1.4–3.7%) [19]. However, no difference was observed
in either trainees’SBMC or site-specific BMC/BMD re-
sponses among the VDR groups, except in the calcaneus
BMD. The meanSBMC increased 2.0% in the bb group,
3.0% in the Bb group, and 2.8% in the BB group (P 4
0.184). The corresponding regional BMC changes at the
loaded sites were 2.1%, 3.1%, and 1.8% in the lumbar spine
(P 4 0.340), 2.6%, 2.2%, and 5.3% in the proximal femur
(P 4 0.152), 1.5%, 2.7%, and 2.6% in the knee (P 4
0.185), and 3.2%, 5.3%, and 6.4% in the calcaneus (P 4
0.108). At the nonloaded site (distal radius), the correspond-
ing changes were −1.8%, −1.5%, and −0.6% (P 4 0.183).

The corresponding regional BMD changes were 2.0% in
the bb group, 3.1% in the Bb group, and 1.3% in the BB
group in the lumbar spine (P 4 0.270), 1.2%, 0.9%, and
2.1% in the proximal femur (P 4 0.168), 1.6%, 1.8%, and
1.6% in the knee (P 4 0.200), and 3.2%, 4.1%, and 3.8%
in the calcaneus (P 4 0.017), respectively. At the non-
loaded site (distal radius), the corresponding changes were
−1.9%, −1.3%, and −0.5% (P 4 0.197).

Discussion

Since the initial study, which strongly related the VDR
polymorphism to the individual’s BMD [4], numerous stud-
ies, both confirming and opposing this finding, have been
published [5, 6, 17, 25]. Although considerable interest has
been focused on the relationship between VDR alleles and
bone homeostasis, it is still unsure whether genotype influ-
ences peak bone mass alone [26] or whether it also relates
to rates of bone loss [9]. Genetic factors (VDR gene among
others) are generally believed to have the strongest effect on
bone mass at a young age; the effect then slowly disappears

later in life because of subsequent gene-environment inter-
actions [3, 15, 23, 27]. Riggs et al. [23] have even proposed
that after 70 years of age the VDR effect on BMD has
vanished and no discernible BMD difference can be de-
tected between individuals with different alleles [23].

The BB subjects have previously been shown to have
defective regulatory mechanisms in the calcium homeosta-
sis and be less responsive to different types of nutritional
and hormonal bone-targeted therapies [7–12]. Some inves-
tigators have also found associations between the VDR ge-
notype and the rate of bone loss in pre- [11, 28] and post-
menopausal women [9, 10], although opposite findings have
also been presented [29–31]. Based on our results, it seems
that irrespective of the VDR genotype, exercise has a posi-
tive effect on bone, and premenopausal women have the
capacity to respond to mechanical loading.

Several previous studies have shown that genetic influ-
ence on BMD is not uniform over the skeleton [4, 7, 16, 32].
As the mechanical stimuli induced by our exercise regimen
were not comparable among the different skeletal sites,
comparisons of the bone responses among different ana-
tomic regions must be careful and only suggestive. How-
ever, an interesting group difference was seen in the re-
sponse among the genotypes in the calcaneus BMD (3.2%,
4.1%, and 3.8%,P 4 0.017) suggesting that sensitivity of
a bone could, at least in some regions of the skeleton, vary
according to the subject’s genotype. Since our sample sizes
were small, further studies are needed to clarify whether this
kind of association truly exists.

Overall, we conclude that individuals with the BB ge-
notype of the VDR gene, persons whose bone mass and
density can be lower than normal and whose bones can be
less responsive to pharmacological therapies than bones of
the other individuals, seem to have as good an osteogenic
response to mechanical loading as subjects with other VDR
genotypes. Thus, irrespective of the VDR genotype, physi-
cal activity seems to be beneficial for bones of premeno-
pausal women.
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Table 2. Baseline bone mineral characteristics of the subjectsa

bb (n 4 12) Bb (n4 16) BB (n 4 7) Controls (n4 45)

BMC, loaded sites (g)
Lumbar spine 47.66 (8.55) 42.97 (6.52) 45.67 (5.06) 44.46 (6.98)
Proximal femur 29.79 (4.77) 27.42 (4.46) 29.03 (5.64) 28.52 (5.24)
Knee 55.44 (5.98) 52.00 (4.99) 53.40 (6.10) 53.05 (6.64)
Calcaneus 9.51 (1.24) 8.24 (1.36) 8.22 (1.30) 8.90 (1.32)
SBMCb 142.40 (18.51) 127.38 (13.63) 136.32 (16.45) 130.44 (17.44)

BMC, nonloaded site (g)
Distal radius 1.65 (0.27) 1.64 (0.19) 1.69 (0.21) 1.64 (0.28)

BMD, loaded sites (g/cm2)
Lumbar spine 1.10 (0.14) 0.99 (0.14) 1.02 (0.13) 1.02 (0.12)
Proximal femur 0.97 (0.10) 0.89 (0.09) 0.91 (0.18) 0.90 (0.11)
Knee 1.19 (0.08) 1.12 (0.11) 1.13 (0.13) 1.12 (0.10)
Calcaneus 0.66 (0.08) 0.57 (0.07) 0.58 (0.05) 0.59 (0.06)

BMD, nonloaded site (g/cm2)
Distal radius 0.37 (0.05) 0.37 (0.04) 0.37 (0.05) 0.36 (0.04)

a Data presented as mean (SD)
b The BMC values measured at six limb sites and lumbar spine were summed up (SBMC). The change inSBMC was considered an index
of the total osteogenic effectiveness of the training
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