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Abstract

Background and aims—There is evidence that distinct genetic polymorphisms of LRP5are
associated with low Bone Mineral Density (BMD) and the risk of fracture. However, relationships
between LRP5 polymorphisms and micro- and macro-architectural bone characteristics assessed
by pQCT have not been studied. The aim of the present study was to investigate the association of
Ala1330Valand Val667Met polymorphisms in LRP5 gene with volumetric BMD (vBMD) and
macro-architectural bone parameters in a population-based sample of men and women.

Methods—We studied 959 participants of the INCHIANTI study (451 men and 508 women, age
range: 21-94 yrs). Trabecular vBMD (vBMDt, mg/cm3), cortical vBMD (vBMDc, mg/cm3),
cortical bone area (CBA, mm?2) and cortical thickness (Ct.Th, mm) at the level of the tibia were
assessed by peripheral quantitative computed tomography (pQCT). Ala1330Valand Val667Met
genotypes were determined on genomic DNA by polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP).

Results—In age-adjusted analyses both LRP 1330-valine and LRP 667-metionin variants were
associated with lower vBMDt in men (p<0.05), and lower vBMDt (p<0.05), Ct.Th (0<0.05) and
CBA (p<0.05) in women. After adjusting for multiple confounders, only the association of LRP5
1330-valine and 667-metionin with CBA remained statistically significant (p=0.04 and p=0.01,
respectively) in women.
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Parma, Italy., flauretani@ao.pr.it.
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Conclusion—These findings suggest that both A/a1330Valand Val667Met LRP5
polymorphisms may affect the determination of geometric bone parameters in women.
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Cortical bone area; LRP5 gene polymorphism; osteoporosis; peripheral bone quantitative
computed tomography (pQCT); volumetric BMD

INTRODUCTION

Osteoporosis is a complex multifactorial disorder characterized by decreased deposition of
skeletal calcium, micro- and macro-architectural deterioration of bone tissue which leads to
compromised bone strength, and an increased risk of fracture (1). Bone strength is the result
of both bone mineral density (BMD) and bone quality, the latter encompassing a number of
factors, such as bone turnover, mineralization, microarchitecture, and geometry (2). In
combination with several environmental factors, such as diet and lifestyle, genetic factors
appear to contribute to bone mass and bone health, thus affecting the risk of fracture in both
women and men (3). Studies conducted in twins suggest that up to 80% of the age-specific
variance in BMD is genetically determined (4).

Previous studies have suggested that the low-density lipoprotein (LDL) receptor-related
protein 5 (LRP5) gene may be implicated in bone mass. Activating mutations of the LRP5
gene characterize an autosomal dominant syndrome characterized by high bone mineral
density, wide, deep mandibles, and torus palatinus (5). Conversely, an inherited functional
loss of the LRP5 gene causes the osteoporosis-pseudoglioma syndrome, an autosomal
recessive disease characterized by low bone mass, with childhood fractures and abnormal
eye development (6, 7). Studies in mice and humans have shown that both osteoblast
proliferation and function are decreased in the absence of the LRP5 protein (8). LRP5 gene
polymorphisms also contribute to age-specific loss in bone mass in the general population
(9, 10).

However, all studies on the effect of LRP5 gene variants on bone genotype have been based
on DEXA-derived BMD (11-14), in which bone structural variables, which critically affect
bone strength, such as trabecular (vBMDt) and cortical (vBMDc) bone volumetric density,
cortical thickness (Ct.Th) and bone macro-architecture were not taken into account.

Johnson et al. have recently shown that the LRP5/Wnt signaling plays a major role in bone
mechanosensation (15). Accordingly, the tibia from LRP5 G171V transgenic mice responds
with robust bone formation in response to loading, with a reduced threshold level of strain
required to induce bone formation (16). Interestingly, the bone hallmark of these transgenic
mice is diffuse reduction of bone cortical thickness (15).

The aim of our study was to evaluate the influence of Ala1330Valand Val667Met LRP5
gene polymorphisms on volumetric BMD and macro-architectural bone parameters assessed
by tibial quantitative computed tomography (QCT) in a large population-based sample of
Caucasian men and women.
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SUBJECTS AND METHODS

Population sample

Measures

INCHIANTI is an epidemiological study performed in two Italian towns located in the
Chianti countryside: Greve in Chianti (11,709 inhabitants; rural area) and Bagno a Ripoli
(village of Antella, 4704 inhabitants; just outside the urban area of Florence). The study
population consisted of a random sample of the population aged 65 years and older living in
the two catchment areas, and 30 men and 30 women randomly selected in each decade
between 20 and 70 years. A detailed description of the design and data collection methods of
INCHIANTI have been previously published (17). Of the 1530 subjects originally sampled,
1305 (83.3%) older than 65 years underwent a pQCT examination (612 men and 693
women). In the present study, we analysed data from 451 older men and 508 older women
who consented to provide DNA samples for analysis. Thus, the Participation Rate
(calculated as No. participants/No. eligible for the study) were: 73.7% (451/612) for men
and 73.3% (508/693) for women. The study protocol was approved by the INRCA Ethical
Committee. All subjects received an extensive description of the purposes and known risks
of the study procedures, and all gave their informed consent.

After a home interview, participants underwent a medical examination in a dedicated
laboratory. The level of physical activity in the year prior to the interview was classified on
an ordinal scale, based on responses to a standard questionnaire, into: 1) hardly any physical
activity; 2) mostly sitting (occasionally walks, easy gardening); 3) light exercise (no sweat)
2-4 h/week; 4) moderate exercise (sweat) 1-2 h/week (level 4); 5) moderate exercise >3 h/
week; 6) intense exercise (to the limit) >3 times/week. According to this classification,
participants were grouped as: 1-3) inactive or undertaking light physical activity; 4-5)
having moderate physical activity; 6) having high physical activity.

Data on dietary intake were collected by administering the food frequency questionnaire
created for the European Prospective Investigation into Cancer and nutrition (EPIC) study
(18). Although this questionnaire was originally developed for and validated in middle-aged
persons, a previous study (19) had suggested that this tool provides good estimates of dietary
intake also when administered to the older population. Participants were asked to specify
how frequently (weekly, monthly, yearly) each specific food and beverage had been
consumed in the previous 12 months. Participants were asked to report the quantity of food
consumed, using as references colored photographs with different sizes of portions for the
main dishes. Specific software created for EPIC transformed data on food consumption into
daily intake of energy, macro and micronutrients. Alcohol intake was estimated from the
EPIC questionnaire and expressed as g/day. Data on smoking were derived from the
interview questionnaire. History of hip fractures in the last year, and (in women) time in
years since menopause (YSM) was assessed by self-report.

Standing height and weight were objectively measured in each participant, and a body mass
index (BMI) was calculated as weight (in kilograms) divided by the square of height (in
meters).
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Laboratory measures

Blood samples were drawn in the morning after a 12-hour overnight fast and after
participants had been sitting for at least 15 minutes, by means of a standardized method that
minimizes the risk of erythrocyte hemolysis. Assays of 25(OH)-vitamin D (Vit-D) and
parathormone (PTH) were performed on specimens previously stored at —80°C. 25(0OH)-
vitamin D was measured by RIA (DiaSorin Inc., Still-water, MN, USA), after extraction of
samples with acetonitrile. Intra- and inter-assay coefficients of variations (CVs) were 8.1 and
10.2%, respectively. Serum-intact PTH levels were measured with a two-site
immunoradiometric assay kit (N-tact PTHSP, DiaSorin). The assay uses two affinity-purified
polyclonal antibodies, one specific for the amino-terminal 1-34 portion of the PTH molecule
and the other specific for the 39-84 sequence of the hormone. Assay sensitivity was 1.2
ng/L. Intra- and inter-assay CVs were <3.0 and 5.5%, respectively. Total testosterone was
assayed with commercial radio-immunologic kits (Diagnostic Systems Laboratories,
Webster, TX, USA). For total testosterone, the minimum detection limit was 0.03 nmol/L;
intra- and inter-assay coefficients of variation for three different concentrations were 9.6%
and 8.1%, 7.8% and 8.6%, and 9.1% and 8.4%. Concentrations of bio-T were calculated
with the Vermeulen formula.

Estradiol was measured by ultrasensitive RIA with a minimum detectable concentration
(MDC) of 2.2 pg/mL. The intra- and inter-assay coefficients of variation (CVs) were 8% and
10%, respectively.

Lower leg pQCT

Lower leg pQCT was performed in all study participants by means of a recent generation
device (XCT 2000, Stratec Medizintechnik, Pforzheim, Germany) (20). A detailed
description of the pQCT device and the method used in the INCHIANT] study has already
been published. Briefly, we selected transverse scans at 4% of the tibial length from the
distal end of the tibia (tibio-talar joint cleft), where trabecular bone is most abundant, and at
38% of the tibial length, where the cortical shell is usually thicker than 2.5 mm, thus
allowing accurate detection of bone boundaries. Cross-sectional images from the pQCT
were analyses by BonAlyse (BonAlyse Oy, Jyvaskyla, Finland), a software for processing
pQCT scans that automatically identifies bone tissue (cortical and trabecular) and assesses
its density and geometry. Different tissues in the analysis were separated according to
different density thresholds. In particular, areas with density values above 710 mg/cm3 were
considered as “cortical bone”, and areas with density values between 180 and 710 mg/cm?3
were considered as “trabecular bone”. The following bone parameters were derived from the
pQCT images: 1) Trabecular bone density (vBMDt) (mg/cm3) assessed at 4% of the tibia
length; 2) Cortical bone density (vBMDc) (mg/cm3) assessed at 38% of the tibia length; 3)
Cortical bone area (CBA) (mm?2); and 4) Cortical Thickness (Ct.Th) (mm) assessed at the
38% site (21).

The calf muscle cross-sectional area (CSMA) was evaluated from a transverse scan
performed at 66% of the tibia length from the distal tip of the tibia, which is the level of
largest outer calf diameters, with little variability across individuals.
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The precision error of the XCT2000 is below 1% for volumetric trabecular and cortical
density and for cortical bone area (22), and between 1 and 3% for composite geometry
parameters (22).

Genomic DNA samples were extracted from EDTA peripheral blood by a modified salting-
out procedure according to Miller et al. (23).

The investigated single nucleotide polymorphisms (SNPs) were two previously identified
LRP5 missense substitutions, exon 9 ¢.1999 G>A and exon 18 ¢.3989 C>T (19), causing the
amino acid substitutions Valine to Metionine at the residue 667 (V667M) and Alanine to
Valine at residue 1330 (A1330V), respectively. These polymorphisms (dbSNP [database of
single-nucleotide polymorphisms]: rs2277268 and rs3736228) were defined by polymerase
chain reaction-restriction fragments length polymorphism (PCR-RFLP) with two pairs of
primers and the endonucleases Maell and Dralll, respectively.

The accuracy of the genotyping results obtained from RFLP analysis was demonstrated by
means of direct DNA sequencing on an ABI Prism 3100 Genetic Analyser (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Genotyping
assignments from agarose gel electrophoresis of digested PCR products were successfully
performed in a set of 40 DNA samples and were then validated by comparison with results
from direct DNA sequencing. In addition, three controls (for each genotype) previously
sequenced and identified as heterozygous and homozygous, were included in all cleavage
experiments, to verify the efficacy of enzymatic digestion.

Subjects were conventionally classified as mm (genotype G/G) and MM (genotype A/A)
homozygotes, mM heterozygotes (genotype G/A) for V667M polymorphism, and dd
(genotype T/T) and DD (genotype C/C) homozygotes, dD heterozygotes (genotype T/C) for
A1330V polymorphism.

Statistical analysis

Genotype frequencies were tested for Hardy-Weinberg equilibrium by the XZ test. All
analyses were performed separately in men and women. The difference of the means
between genotypes was calculated according to gender, by age-adjusted linear regression
analysis.

The population was divided into groups based on genotypes TT vs TC vsCC and AA vsAG
vs GG of the LRP5 gene polymorphisms. The age-adjusted means values of vBMDt,
vBMDc, Ct.Th and CBA were then reported according to genotype in men and women. The
difference of the means between the groups was calculated by using an age-adjusted
ANOVA.

The relationship of the LRP5 gene polymorphism with the selected bone parameters
(vBMDt, vBMDc, Ct.Th, CBA) was estimated by linear regression analysis, after
adjustment for multiple potential confounders including age, PTH, Vit-D, bioavailable
testosterone, estradiol, calf cross-sectional muscle area, levels of physical activity, height
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and weight. The interaction term calculated by calf cross-sectional muscle area and LRP5
gene polymorphism was also used in the regression analysis, to test the interaction between
these two variables. Covariates were selected with a Pearson Correlation Coefficient of less
than 0.05.

All analyses were performed with the SAS statistical package, version 8.2 (SAS Institute
Inc., Cary, NC, USA).

The main characteristics of the study sample are listed in Table 1. Notably, men and women
had similar BMI and reported the same average number of previous hip fractures. Among
postmenopausal women (87.8%), the average number of years since menopause (YSM) was
25.1 (10.6 SD). HRT had formerly been used only by 35 women and never used by 93.4% of
the women. Men were more physically active and more likely to smoke than women.
Consistent with previous literature, men had significantly higher values of CBA, Ct.Th,
vBMDt and vBMDc than women.

The genotype distribution was in Hardy-Weinberg equilibrium, suggesting that the study
population had a homogeneous genetic background. In age-adjusted analysis, LRP5 gene
polymorphisms were significantly associated with vBMDt in both men and women, and
with Ct.Th and CBA only in women (Tables 2 and 3). Figure 1 shows Ala1330Valand
Val667Met LRP5 gene polymorphisms and Cortical Bone Area in both men and women.

After adjustment for potential confounders (age, height, weight, calcium intake, calf cross-
sectional muscle area, levels of physical activity and serum PTH, vit-D, estradiol,
bioavailable testosterone), women with TT and AA allele variants showed significantly
lower values of other allele variants in CBA, whereas no difference were observed in the
male population (Table 4). In a secondary analysis, adjusted for multiple confounders
performed in participants >65 years old, we found similar results (for A/a1330Val gene
polymorphism, B (SD): 12.4 (4.9); p=0.01 and for Val667Met gene polymorphism, B (SD):
7.1 (2.5); p=0.02). We also tested the interaction between LRP5 gene polymorphisms and
calf cross-sectional area (CSAM) in both sexes, and we found no significant association
between these polymorphisms and CSAM (A/a1330Val gene polymorphism*CSAM p=0.64
and Val667Met gene polymorphism*CSAM p£=0.65 in men, Ala1330Val gene
polymorphism*CSAM p=0.48 and Val667Met gene polymorphism*CSAM p=0.76 in
women).

DISCUSSION

Our findings provide novel insights into the possible role of LRP5 polymorphisms in
regulating bone structure, indicating that specific LRP5 genotypes affect bone macro-
architectural changes in older women, independently of BMD and other potential
counfounders. In fact, the LRP5 1330-valine and 667-metionin variants were associated with
lower Ct.Th and CBA in women. These results match those of recent studies showing the
key role played by LRP5/Wnt signaling in bone mechanosensation (25) and in LRP5 G171V
transgenic mice having a diffuse reduction in cortical bone thickness (15).
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Recent findings from a genome-wide association study have also shown that the LRP5 gene
is associated with decreased bone mineral density, osteoporosis, and an increased risk of
osteoporotic fracture, independently of its effect on bone mineral density. These results
suggest that the effects of this gene polymorphism on the risk of fracture may be both
dependent and independent of bone mineral density (26).

Since the discovery of the LRP5 gene as an important factor in the regulation of bone
metabolism, the gene encoding for the receptor has been indicated as a susceptibility gene in
regulating BMD and/or fracture risk in the general population (27). Matching our findings,
the A1330V polymorphism was significantly linked with DEXA-derived BMD at the
Lumbar Spine (LS) and Femoral Neck (FN) in white pre-menopausal women and man with
idiopathic osteoporosis, and with LS BMD, LS bone area and FN width in the Rotterdam
study (28). Interestingly, the A1330V polymorphism was found to be only marginally
associated with BMD at the radial bone in post-menopausal Japanese women (29). Other
studies, however, were unable to confirm the association of LRP5 A1330 polymorphism
with bone parameters in adult males (30). In a recent review on the genetics of the LRP5
gene, a number of interesting conclusions were proposed (31). First, genetic variations in the
LRP5 gene appears to be associated not only with BMD but also with fracture risk in older
individuals (31). Second, LRP5 gene variants contribute to BMD variance even in young
individuals, suggesting that this gene plays a role in bone development and morphogenesis
and therefore has a direct effect on bone mass (31). Thus, in older persons, the rate of
variance in BMD may be explained by the combined effects on peak bone mass and
differential age-related bone loss. Lastly, the effect of LRP5 gene polymorphisms on bone
phenotypes are consistently different in men compared with women (31), suggesting gender-
related interactions with this polymorphism. Altogether, these conclusions support our
findings.

Geometrical parameters, such as cortical area and cortical thickness, are increasingly
recognized as important components of bone strength (32, 33) and there is widespread
agreement that differences in bone geometry between the sexes may partially explain the
lower rates of fragility fractures in men compared with women. The relevant role of cortical
thickness in determining bone strength has recently been confirmed by Mayhew et al., who
used computed topography to measure bone distribution in mid-femoral segments post-
mortem (34). By establishing a link between genetic variations and bone geometrical
parameters, our findings may help to identify bone phenotypes with higher susceptibility to
fractures.

To our knowledge, our study is the first that evaluates the influence of LRP5 polymorphisms
on the micro- and macro-architectural characteristics of bone assessed by pQCT at the tibia
in adult women. However, given the cross-sectional nature of the study, our findings suggest
association, but cannot infer causality. Since this is a observational study, we did not perform
a sample size calculation g prioribut used all available data, on the assumption that finding a
significant difference in pQCT parameters associated with LARP5 polymorphisms would
improve our understanding in the biological effect although the difference would be small.
Additional limitation to this study is that these L~P5 polymorphism variants may be co-
inherited markers for a causative polymorphic variant that was not examined in this study.
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Therefore, this study shows an association of alleles with a bone phenotype, but does not
demonstrate a cause/effect relationship. These variants may also have a combined/
synergistic effect on CBA, due to a polymorphic variant at another locus within the
haplotype block. Lastly, our results should be interpreted with caution, as the number of
individuals observed with TT or AA variants is very small. Thus, our findings should be
replicated in an independent population.

The existence of a relationship between LRP5 gene polymorphisms and geometric
parameters needs to be confirmed in longitudinal studies, by showing that macro-
architectural bone changes induced by LRP5 gene polymorphisms at least partially explain
higher risk of fracture conferred by LRP5 gene polymorphisms (35). Thus, the potential
confounders used here may represent the causal pathway between the influence of LRP5
gene polymorphisms with cortical bone loss.

Limitations notwithstanding, our findings provide novel insights into the possible role of
LRP5 gene polymorphisms in regulating bone structure, and suggest that, in women, bone
geometry is influenced by this gene, independently of BMD.
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Fig. 1.

A?a1330\/a/ and \Val667Met LRP5 gene polymorphisms and Cortical Bone Area (CBA) in
men and women. In women, for A/a1330Val gene polymorphism, TT vs TC vs CC was
associated with lower CBA (B [SE]: —9.21 [4.73]; pfor trend=0.04, and for Va/667Met gene
polymorphism AA vs AG vs GG was associated with lower CBA (B [SE]: -13.8 [5.5]; pfor
trend=0.01 (age-adjusted ANOVA).
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Clinical characteristics and bone parameters of INCHIANTI population.

Table 1

Men (n=451) Women (n=508) p

Age (yrs) (mean+SD) 66.7+15.1 68.0+15.2 ns
Body Mass Index (kg/m?) (mean+SD) 26.9+3.4 27.3x4.7 ns
Previous hip fractures (n, %) 7(1.6) 8 (1.6) ns
Physical activity <0.0001

Sedentary (n, %) 40 (8.9) 101 (19.9)

Light (n, %) 351 (77.8) 384 (75.6)

Moderate/High (n, %) 60 (13.9) 23 (4.5)
Calcium intake (g/die) 893.0+324.7 840.1+338.2 <0.0001
Smokers (n, %) 99 (22.0) 58 (11.4) <0.0001
CBA (mm?) (mean+SD) 331.2 (48.2) 273.7(54.3)  <0.0001
Ct.Th. (mm) (mean+SD) 5.3 (1.0) 43(1.1) <0.0001
BMDt (mg/cm?) (mean+SD) 225.7 (54.8) 202.5 (59.7) <0.0001
BMDc (mg/cm3) (mean=SD) 1027.0(58.0)  998.6(73.9)  <0.0001
LRP5 genotype (A1330V)

CC (n, %) 351 (78%) 379 (75%)

CT (n, %) 89 (20%) 122 (24%)

TT (n, %) 11 (2%) 7 (1%)
LRP5 genotype (Val667Met)

GG (n, %) 392 (87%) 432 (85%)

GA (n, %) 59 (13%) 74 (14.5%)

AA (n, %) - 3 (0.5%)
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