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ABSTRACT: Adult BMD, an important risk factor for fracture, is the result of genetic and environmental
interactions. A quantitative trait locus (QTL) for the phenotype of volumetric BMD (vBMD), named Bmd8,
was found on mid-distal chromosome (Chr) 6 in mice. This region is homologous to human Chr 3p25. The
B6.C3H-6T (6T) congenic mouse was previously created to study this QTL. Using block haplotyping of the 6T
congenic region, expression analysis in the mouse, and examination of nonsynonymous SNPs, peroxisome
proliferator activated receptor � (Pparg) was determined to be the most likely candidate gene for the Bmd8
QTL of the 630 genes located in the congenic region. Furthermore, in the C3H/HeJ (C3H) strain, which is the
donor strain for the 6T congenic, several polymorphisms were found in the Pparg gene. On challenge with a
high-fat diet, we found that the 6T mouse has a lower areal BMD (aBMD) and volume fraction of trabecular
bone (BV/TV%) of the distal femur compared with B6 mice. Interactions between SNPs in the PPARG gene
and dietary fat for the phenotype of BMD were examined in the Framingham Offspring Cohort. This analysis
showed that there was a similar interaction of the PPARG gene and diet (fat intake) on aBMD in both men
and women. These findings suggest that dietary fat has a significant influence on BMD that is dependent on
the alleles present for the PPARG gene.
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INTRODUCTION

MULTIPLE STUDIES HAVE shown that between 55% and
85% of the variance in peak bone mass is determined

by heritable factors.(1) Whereas numerous quantitative trait
loci (QTLs) have been identified for the phenotype of peak
bone mass in both mice and humans, the identification of
the underlying genes has remained elusive.(1–3) Environ-
mental factors such as diet and exercise contribute to peak
bone mass and are likely to complicate candidate gene
analysis.

We previously identified a QTL for the phenotype of
peak volumetric BMD (vBMD) on mid-distal mouse chro-
mosome (Chr) 6 in a cross between the C57BL/6J (B6) and
C3H/HeJ (C3H) inbred strains of mice.(4) This QTL was
named Bmd8 and was found to be coincident in genetic
location for a QTL for the phenotype of serum IGF-1,

named Igf1sl1, that also had been identified in the B6×C3H
cross.(5) The B6.C3H-6T (6T) congenic strain of mice was
developed for the purpose of gaining insight into the genet-
ics and biology underlying both phenotypes. The congenic
strain was made by introgressing a region of Chr 6 from
C3H onto a B6 background by 10 generations of selective
backcrossing, followed by several generations of intercross-
ing. The 6T mice are homozygous for B6 alleles for the
entire genome except for the region between the genetic
markers D6Mit93 and D6Mit150, where this congenic is
homozygous for the C3H alleles.(6) Female 6T mice have
lower femoral and vertebral vBMD, a smaller mid-
diaphyseal periosteal circumference, slightly shorter fe-
murs, and lower serum IGF-1 levels than the B6 back-
ground strain. In addition, female 6T mice also exhibit a
significant decrease in whole body areal BMD (aBMD) and
in trabecular bone volume fraction (BV/TV%) of the distal
femur and lumbar vertebrae.(6) This latter decrease in BV/
TV% is coincident with an increase in marrow adipo-The authors state that they have no conflicts of interest.
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cytes.(6,7) One primary genetic mapping study and two
meta-analyses studies have identified a QTL for aBMD in
humans with a peak LOD score at 3p25, the region in hu-
mans that is homologous with the distal portion of our 6T
congenic region.(8–10)

Dietary factors have long been known to influence BMD.
Several studies have examined the association between
types of dietary fat and BMD in humans, but the results are
conflicting. For example, saturated fat intake was found to
be negatively associated with aBMD in men and women in
the NHANES III cohort study,(11) yet Brownbill and Il-
ich(12) did not find any association between saturated fat
intake and aBMD in a study of white postmenopausal
women. Two studies examining �-linolenic acid and eicosa-
pentaenoic acid intake in postmenopausal women also
yielded conflicting results.(13,14) One possible explanation
for these conflicting results might relate to a possible inter-
action between dietary intake of fat and genetic factors.

In this study, we used a mouse model, the 6T congenic, to
tease out a complicated gene (Pparg) by environment (di-
etary fat) interaction that impacts on aBMD. We further
verified this association in a human cohort. By showing a
PPARG gene by dietary fat interaction in both mice and
humans, these results highlight the role of genetic variation
in the skeletal response to the environment and potentially
explain why previous studies examining the association be-
tween PPARG and aBMD were conflicting.

MATERIALS AND METHODS

Animal husbandry

All studies and procedures involving mice were approved
by the Institutional ACUC of The Jackson Laboratory, and
all mice were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). Mice were maintained in groups of 2–3
in polycarbonate boxes (130 cm2) on bedding of sterilized
white pine shavings under conditions of 14h light; 10h dark-
ness, with free access to acidified water (pH 2.5 with HCl to
retard bacterial growth) that contains 0.4 mg/ml of vitamin
K (menadione Na bisulfite). All diets used in these studies
were provided ad libitum.

Assessment of the effect of dietary fat

Diets used to examine the effects of fat on aBMD were
obtained from Research Diets (Cat. D12489B, D12266B,
and D12492). B6 and 6T female mice were weaned at 22
days of age onto one of three diets (11%, 32%, and 60% kJ
from fat, respectively). Body weight and whole body aBMD
data were collected at 16 wk of age. The Comprehensive
Cage Animal Monitoring System (Columbus Instruments)
was used to simultaneously determine calorimetric param-
eters and food and water consumption as previously de-
scribed.(15) The mice were killed at 16 wk of age, and the
femurs were collected and fixed in 70% ethanol. BV/TV%
of the distal femur was determined by �CT analysis and
marrow adiposity was assessed by static histomorphometry.

Genotyping

B6.C3H-6T mice were genotyped for the purpose of fur-
ther defining the C3H-like congenic region. Genotyping of

the mice, including the preparation of the DNA and PCR
reaction conditions, has been previously described.(16) Ge-
netic markers used to define the ends of the congenic have
been previously published and primer sequences are freely
available at http://www.informatics.jax.org/.

Microarray

The microarray, including sample preparation and meth-
odology used for expression analysis, has been described in
detail elsewhere.(16) The raw data from this microarray has
been deposited in NCBI’s Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/), and these data
are available through GEO Series accession number
GSE5959. In short, differential gene expression data were
determined using the MOE430v2.0* GeneChip arrays
(Affymetrix) on liver collected from fasted 8-wk-old B6 and
6T female mice fed a standard chow diet (LabDiets, 16%
fat by kilojoules, 6% fat by weight, Cat. 5K52).

Haplotype analysis

For haplotype analysis, BMD was measured in 16-wk-old
female mice from the following mouse stocks: C57BL/6J
(B6), C57BL/6J-Chr6A/NaJ, C57BL/6J-Chr6PWD/Ph/ForeJ,
and 6T. A total of 4160 SNPs from the Broad Institute SNP
database (http://www.broad.mit.edu/) located within the 6T
congenic region were used for high-density SNP-block-
haplotype mapping. Using the methodology of Park et al.,
we located haplotype blocks where A/J and B6 shared com-
mon alleles yet had different alleles than C3H and PWD/
PhJ (PWD).(17) A block was considered to begin and end
one base pair distal and one base pair proximal to the first
SNP on either side of the block were the allele for that SNP
did not meet the criteria of (B6 � A/J) � (C3H � PWD).
Any gene with a portion of the coding region found be-
tween these two flanking SNP was considered to be within
the block.

Sequencing of Pparg in mouse

The coding region, promoters and 3� UTR of Pparg were
sequenced in both B6 and C3H. Cycle sequencing of DNA
templates was performed using Applied Biosystems’ Big-
Dye Terminator v3.1 cycle sequencing kit. Purified reac-
tions were run on Applied Biosystems 3730xl DNA Ana-
lyzer using POP 7 polymer. Raw data were analyzed using
Applied Biosystems DNA Sequencing Analysis Software,
Version 5.2.

Body composition, BMD, and trabecular bone
architecture

Body composition, total body aBMD, lean mass, and fat
mass were measured using the PIXImus DXA (GE-Lunar)
as previously described.(6) Isolated femur lengths were
measured with digital calipers (Stoelting), and distal femurs
were scanned using a desktop �CT imaging system
(�CT40; Scanco Medical) to measure trabecular bone vol-
ume fraction and microarchitecture in the secondary spon-
giosa of the distal femur as previously described.(18)
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Histomorphometry

Femurs were dissected, fixed in 70% ethanol, dehy-
drated, and embedded undecalcified in methyl methacry-
late. Longitudinal sections, 5 �m thick, were cut on a Mi-
crom microtome (Richards-Allan Scientific) and stained
with toluidine blue, pH 6.4. Because this was fixed tissue,
the lipid content of the adipocyte was stripped, leaving
“holes” that could be counted. The number of adipocytes
per area was determined using an OsteoMeasure mor-
phometry system (Osteometrics).

Statistical analysis in mouse studies

Data are expressed as mean ± SE in tables and figures.
Statistical evaluation of bone parameters and body compo-
sition was conducted using JMP version 6 software (SAS).
To account for differences in body size between strains, a
stepwise analysis of covariance (ANCOVA) approach was
used for DXA and �CT data using body weight and femur
length as covariates. Nonsignificant covariates and interac-
tions were removed in a stepwise fashion until the final
model was obtained.

Framingham Offspring study cohort

The Framingham Offspring cohort is comprised of 2616
adult offspring of couples from the Original Framingham
cohort (51%), 898 adult offspring with one parent in the
Original Cohort at greater risk of cardiovascular disease
(17.5%), 34 stepchildren (<1%), and 1576 spouses of these
individuals (30.8%). Nearly all (96.4%) of the Offspring
Cohort are whites, with origins in Eastern and Western
Europe. After their initial evaluation, these individuals
have undergone repeat examinations approximately every
4 yr and participated in the Framingham Osteoporosis
study between 1996 and 2001, as described elsewhere.(19)

Informed consent was obtained from participants of each
cohort before entry into the study, through a protocol ap-
proved by the Boston University Institutional Review
Board for Human Subjects Research and the Hebrew Re-
habilitation Center Institutional Review Board. Partici-
pants in this study are a subset of unrelated individuals from
the Framingham Offspring Cohort who provided blood
samples for DNA, had aBMD measurements of the hip and
spine, and had dietary intake data gathered.(19,20) A total of
1792 of these (867 men and 925 women) also had genotyp-
ing done on 13 SNPs that were used for this study. These
subjects were not selected on the basis of any trait, but only
on the basis that they were biologically unrelated with avail-
able DNA.

Phenotyping measurements

The participants underwent bone densitometry of the
femoral neck by DXA using a Lunar DPX-L instrument to
measure aBMD (g/cm2) in 1996–2001. The CV in normal
subjects for the DPX-L at the femoral neck was 1.7%.(21)

Dietary fat intake information was collected from a food
frequency questionnaire that had previously been validated
in both men and women.(22–25)

SNP selection, DNA extraction, and genotyping

Initially common genetic variations in the region span-
ning PPARG on Chr 3 (Entrez GeneID: 5468) were sur-
veyed, and a dense SNP map in the Center d’Etude du
Polymorphisme Humain (CEPH) panel was constructed.
This led to the development of working assays for 55 poly-
morphic SNPs. Again in the CEPH population, tag SNPs
selection software TagSNPs (http://www-rcf.usc.edu/
∼stram) was used to choose 11 tag SNPs that were geno-
typed in Framingham participants along with two common
mutations associated with diabetes and cardiac disease
(Pro12Ala or rs1801282) and with serum leptin concentra-
tions(26) and obesity (His477His or rs3856806).(27) These
SNP are listed in Table 1. The TagSNPs selection algorithm
is based on optimizing the squared correlation between es-
timates of the number of copies of a particular haplotype h
and the true number of copies of haplotype h (Rh

2) carried
by a subject, averaging over all possible genotype data un-
der an assumption of Hardy-Weinberg equilibrium.(28)

All SNP genotyping, except Pro12Ala and His477His,
was performed as part of the NHLBI Program in Genomic
Applications (PGA; http://cardiogenomics.med.harvard.
edu/home). PGA genomic DNA was extracted from pe-
ripheral white blood cells (WBCs), or EB-transformed B-
lymphocytic cells. Genotyping was performed using the Se-
quenom MassArray platform with products of different
masses obtained for each allele of each SNP resolved by
mass spectrometry (MALDI-TOF). Automated allele-
calling algorithms were used to process the data. Genotyp-
ing of two SNPs, Pro12Ala and His477His, was performed
using the TaqMan assay (Perkin-Elmer). Products were
amplified using 0.9 �M each of the forward and the reverse
primers, 30 ng DNA, 5.0 mM MgCl2, and 1× Taqman Uni-
versal PCR Master Mix containing AmpliTaq Gold DNA
Polymerase in a 27-�l reaction volume. After an initial step
of 2 min at 50°C and 10 min at 95°C to activate the Am-
pliTaq Gold, the products were amplified using 40 cycles of
15 s at 95°C and 1 min at 60°C. A total of 0.2 �M of each

TABLE 1. SNPS IN PPARG GENOTYPED IN THIS STUDY IN THE

FRAMINGHAM OFFSPRING COHORT

SNP
number

SNP rs
number Location Position* Alleles

Minor
allele

frequency

1 rs2028760 5�UTR 12347882 G>A 0.25
2 rs1801282 5�UTR 12368125 C>G 0.11
3 G531a24 5�UTR 12370645 G>A 0.12
4 rs1805192 Exon 1 12396238 C>G 0.11
5 rs1151996 Intron 3 12420807 T>G 0.37
6 rs1151999 Intron 3 12422153 A/C 0.47
7 rs709150 Intron 4 12426337 C>G 0.47
8 rs1175544 Intron 5 12442044 C>T 0.32
9 rs1152002 Intron 5 12446871 G>A 0.48

10 rs3856806 Exon 6 12450557 G>A 0.13
11 rs1152004 Intergenic 12458104 T>C 0.20
12 rs1175381 Intergenic 12460844 T>C 0.04
13 rs1186464 Intergenic 12462511 A>G 0.11

* NCBI 36 assembly of the human genome, November 2005.

ACKERT-BICKNELL ET AL.1400



of the sequence-specific probes was used in the allele dis-
crimination assay, and allele detection and genotype calling
were performed using the ABI 7900 and the Sequence De-
tection System software (Perkin-Elmer). Blind duplicates
and negative controls were introduced as part of the quality
control procedures.

Statistical analysis of data from the Framingham
Offspring cohort

Means ± SDs for continuous variables or proportions for
categorical variables were computed for all study variables
separately for men and women. For all SNPs, Hardy-
Weinberg equilibrium was evaluated using a 1 degree of
freedom �2 statistic; genotype frequencies did not deviate
from Hardy-Weinberg equilibrium expectations. We used
three genotype groups (2 df test) for all SNPs, except for
rs1175381. For rs1175381 (minor allele frequency < 5%), we
combined the heterozygote with the minor allele homozy-
gotes to compare with the common homozygote groups.

To test for interaction effects between the PPARG SNP
genotypes and percent of energy intake from total fat on
femoral neck aBMD, we performed ANCOVA techniques
using Proc GLM in SAS (SAS Institute). Femoral neck
aBMD was used as a dependent variable; percent energy
intake from total fat, indicator variables for individual
genotypes, and interaction terms between indicator vari-
ables of the individual SNP genotypes and percent energy
intake from total fat as primary independent variables of
interest; age, BMI, height, diabetes, total energy intake, and
estrogen status in women were used as covariates. For es-
trogen status, women were classified into two categories:
(1) premenopausal or postmenopausal on estrogen or (2)
postmenopausal not on estrogen, where menopause was
defined as having no menstrual period for at least 1 yr.
Percent of energy intake from total fat was evaluated both
as a continuous and dichotomous variable (dichotomized at
the median value of 27%). Analyses were performed for
men and women separately.

RESULTS

Identification of candidate genes for Bmd8

Block haplotyping for the purpose of identifying candi-
date genes underlying a QTL is most powerful when as
many different strains as possible can be added to the analy-
sis. To include a strain in the analysis, one must first know
if the alleles present in a given genomic interval from that
strain influence the phenotype of interest compared with a
baseline strain. For this reason, BMD was assessed in two
consomic strains: the C57BL/6J-Chr6A/NaJ strain that car-
ries A/J alleles for all of Chr 6 on an otherwise B6 back-
ground and the C57BL/6J-Chr6PWD/Ph/ForeJ strain that
carries PWD/PhJ (PWD) alleles for all of Chr 6 on an oth-
erwise B6 background. When comparing C57BL/6J-Chr6A/
NaJ to the B6 strain, no differences in BMD were found,
whereas the C57BL/6J-Chr6PWD/Ph/ForeJ strain was found
to have significantly higher BMD (data not shown). From
these data, it can be concluded that there are no A/J-like

alleles on Chr 6 that affect BMD, whereas alleles present on
Chr 6 from PWD do change BMD.

Further genotyping of the 6T congenic at the N10 gen-
eration determined that the C3H-like donated region actu-
ally extended as far proximal as D6Mit274, but not as far as
D6Mit207. At the distal end, the congenic region extended
as far as D6Mit216, but not as far distal as D6Mit134. We
had previously determined that the 6T congenic has lower
vBMD than age- and sex-matched B6 mice.(6) Using this
information, block haplotyping was performed for the 6T
congenic region using the method of Park et al.(17) by ex-
amining the alleles carried at each of 4160 SNPs for the
C3H, B6, A/J, and PWD strains. We found 15 haplotype
blocks where B6 and A/J carried the same alleles, yet C3H
and PWD did not. A total of 123 genes were found to be
completely contained within, or have coding region that
overlapped with a haplotype block and were therefore con-
sidered potential candidate genes for skeletal phenotypes.
Of these 123 genes, 12 genes were eliminated as candidate
genes because of expression only in tissues unrelated to our
phenotypes (i.e., retina) or because of expression being re-
stricted to specific developmental time points (http://
symatlas.gnf.org/SymAtlas/). For example, the gene H1foo
(MGI:2176207) was found to be located in the last haplo-
type block, but expression of this gene is restricted to the
oocyte and fertilized egg, thus eliminating this gene as a
potential candidate. This left 111 potential candidate genes,
as shown in Fig. 1.

IGF-1 is a critical growth factor for several tissues, in-
cluding bone. Because 6T mice exhibit markedly reduced
hepatic expression of IGF-I compared with B6 and C3H,(6)

we examined differential gene expression in the livers of B6
and 6T by microarray. Expression analysis showed that 20
of the remaining 111 candidate genes had differential ex-
pression when comparing B6-6T. Examination of all known
SNPs identified 24 genes with a nonsynonymous SNP.
When these two lists of genes were compared, it was found
that eight of these genes had both a nonsynonymous SNP
and expression differences. As shown in Fig. 1, this left us
with 36 candidate genes (20 genes with just differential ex-
pression, 24 genes with just a nonsynonymous SNP, and 8
genes having both). These 36 candidate genes are listed in
Table 2.

A careful search of the literature was performed for these
36 genes, and 5 were found to have a previously described
role in bone biology. These genes included Gpnmb,
Adamts9, Pparg, Raf1, and Zfp422.(29–33) The hepatic gene
expression signature in 6T was also remarkable for a con-
sistent pattern of significant upregulation of several genes
essential for adipocyte differentiation (i.e., Lpl [lipoprotein
lipase], Fasn [fatty acid synthase], Cd36 [CD36 antigen],
Fabp4 [fatty acid binding protein 4, i.e., AP2], Lpin1 [Lipin
1], and Srebf1 [sterol regulatory element binding factor 1],
known target genes for Pparg). Last, we had previously
found the expression of Pparg was altered in cultured
calvarial osteoblasts from 6T congenic mice.(7) We there-
fore chose to focus on Pparg as our most likely candidate
gene.
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Sequencing the Pparg gene in C3H/HeJ

The promoters, coding region, and 3� UTR of the Pparg
gene in both B6 and C3H were sequenced. A total of 27
polymorphisms were found when comparing mice of the
C3H strain to B6 mice. Six of these polymorphisms were in
the coding region, but all were found to be synonymous.
The SNP rs8254779, a nonsynonymous coding region SNP,
has been previously reported to be polymorphic between
B6 and C3H (http://www.jax.org/phenome). This polymor-
phic difference was not found in our mice and therefore was
not included in Table 2. The C3H-like Pparg sequence has
been submitted to GenBank and can be retrieved using the
following accession numbers: EF062476, EF062477,
EF062478, and EF062479.

Effects of dietary fat on body composition and
bone in mice

Dietary fat is a potent activator of PPARG.(34,35) There-
fore, we sought to determine the effect of dietary fat on
bone mass and body composition in both B6 and 6T female
mice. Total body aBMD did not differ in B6 mice across the

three diets but was markedly reduced in 6T at the highest
fat intake (Fig. 2A). Trabecular bone volume fraction (BV/
TV%) of the distal femur showed a similar strain pattern
(Fig. 2B), and the decline in BV/TV% was principally
caused by a reduction in trabecular number (Fig. 2C) and
not trabecular thickness (data not shown). Additionally,
marrow fat increased with fat feeding in B6 mice but not 6T
mice (Fig. 2D). Food intake and metabolic parameters such
as oxygen consumption and CO2 production were mea-
sured. Whereas the kilojoule density of the three diets is
different, the kilojoules consumed per mouse per day were
not contingent on strain or diet (data not shown), indicating
that the effects observed were as a consequence of the diet
constituents and not the number of kilojoules consumed.
The respiratory quotient displayed the appropriate changes
with regard to fat intake and diurnal changes in both
strains, and no significant differences were noted between
the strains (data not shown).

Interaction between PPARG alleles and dietary fat
in the Framingham Offspring cohort

To evaluate these findings in humans, a subset of unre-
lated men (n � 867) and women (n � 925) from the
Framingham Offspring cohort was studied (Table 3). Par-
ticipants were genotyped for the 13 SNPs in the PPARG
gene listed in Table 1. Each of the 13 SNPs was examined
for sex-specific interaction with percent of energy intake
from total fat on aBMD of the femoral neck. Figure 3 shows
the p values for interaction between 13 SNPs across the
PPARG gene and dietary fat intake above versus below the
median. In men, at the femoral neck, there were significant
interactions between SNPs 3, 4, 5, 6, and 7 and fat intake
(Fig. 3, right). In women, at the femoral neck, there were
significant interactions between SNPs 12 and 13 and fat
intake (Fig. 3, left). Similar results were observed for
aBMD of the trochanter and the lumbar spine (data not
shown).

As shown in Fig. 4, the effect of dietary fat was clearly
dependent on the alleles at a given SNP. For example, com-
pared with men on a low-fat diet, men on a high-fat diet had
lower BMD of the femoral neck when homozygous for the
C allele for SNP 6 (Fig. 4A) but a higher BMD of the
femoral neck when homozygous for the A allele at this
same SNP. An identical pattern was observed for SNP 7 in
men (data not shown). For SNP13, in women (Fig. 4C), the
AA genotype yielded lower BMD with the high-fat intake
than did the AG or GG combined group. Conversely, the
AA genotype group yielded higher BMD with low-fat in-
take, indicating that fat intake affected the two genotypes
differentially. A similar observation was made for SNP 12,
wherein the TT genotype in women yielded higher aBMD
with low-fat intake (Fig. 4B).

DISCUSSION

There are 1130 known or predicted genes on the sixth
chromosome in mice, with 630 of these genes located within
the 6T congenic region. Using block haplotyping, expres-
sion profiling, and by examining the existence of the coding

FIG. 1. Systematic identification of the most likely candidate
gene for the mouse QTL Bmd8. In generating the 6T congenic
strain, 43.6% of the genes on the sixth Chr could be eliminated as
candidates for Bmd8. Using block haplotyping, the number of
candidates was further reduced to 123 genes. Examination of tis-
sue of expression eliminated another 12 genes, resulting in 111
candidate genes. Of these genes, 16 were found to contain a non-
synonymous SNPs, 12 were found to be differentially expressed in
the 6T mouse, and an additional 8 were found to be differentially
expressed and contain a nonsynonymous SNP, leaving 36 genes.
For 5 of these 36 genes, literature references existed describing a
role in bone biology.
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region SNPs, we eliminated all but 36 of these gene as
candidates for our BMD and serum IGF-1 QTLs. By ex-
amination of the published data that exist for these 36
genes, we were able to determine that 5 of these genes had
a role in bone biology: Gpnmb, Adamts9, Pparg, Raf1, and
Zfp422.(29–33) Gpnmb, also known as osteoactivin, is ex-
pressed in osteoblasts and may play a role in BMP2 signal-
ing.(29) Adamts9 expression has been found in chondro-
cytes,(30) as has expression of Raf1.(31) The expression of
Zfp422 has been found in craniofacial bones, and it is
thought to play a role in tooth eruption.(32) The fifth gene
was Pparg.

The PPARG protein is the third member of the PPAR
family of nuclear receptors. PPARG forms a heterodimer
with the retinoid X receptor � (RXRa), and this heterodi-

mer binds to DNA to induce gene transcription.(36) This
nuclear receptor is essential for adipocyte differentiation, as
has been shown in two separate in vivo mouse models.(37,38)

PPARG has been shown to play a key role in the matura-
tion of marrow mesenchymal stem cells (MSCs) into either
adipocytes or osteoblasts.(39) The haploinsufficient Pparg
mouse (Ppargtm1Tka) has been shown to have high cancel-
lous bone volume and high BMD.(33) Activation of
PPARG in Swiss-Webster mice and in older male B6 mice
with the exogenous ligand rosiglitazone results in increases
in marrow adiposity that are coincident with bone
loss.(40,41)

One of the most striking phenotypes of our 6T congenic
mouse was the increase in marrow adiposity.(7) Because
PPARG protein has a known role in the differentiation of

TABLE 2. SHORT LIST OF 36 CANDIDATE GENES FOR BMD8

Gene symbol Fold change for expression in liver Non-synonymous SNPs Role in bone biology

Gpnmb (MGI:1934765) rs13478745 Expressed in osteoblasts(29)

Smyd1 (MGI:104790) −1.508677
Rmnd5a (MGI: 1915727) −1.527938
Jmjd1a (MGI: 98847) −1.201164
Mrpl35 (MGI: 1913473) −1.377875
Immt (MGI: 1923864) rs30691060
Ptcd3 (MGI: 1917206) rs30690719, rs30687220,

rs30688074, rs30690874,
rs30267257, rs30697183

Rpo1–4 (MGI: 1096397) −1.423717 rs30703724, rs30707379,
rs30707379, rs30707379

St3gal5 (MGI: 1339963) −1.611648
Vamp5 (MGI: 1858622) −1.45543
Vamp8 (MGI: 1336882) rs30078477
Mat2a (MGI: 2443731) −1.905166
Rbed1 (MGI: 2445168) −1.330913 rs37332129
Retsat (MGI: 1914692) −1.528719 rs30809096
Tgoln1 (MGI: 105080) −2.15785 rs38907202
Dnahc6 (MGI: 107744) rs13478818, rs30716987
Gpr175 (MGI: 1345190) −1.533345
Adamts9 (MGI: 1916320) rs30983269,rs30980342 Chondrocytes(30)

Magi1 (MGI: 1203522) −1.584799 rs38831890
Slc25a26 (MGI: 1914832) rs36315133
Ttll3 (MGI: 2141418) rs38208806
Syn2 (MGI:103020) rs31483470
Pparg (MGI:97747) −1.587832 Mesenchymal stem cell

differentiation(56)

Raf1 (MGI:97847) rs31487978, rs31488644 Chondrocytes(31)

Tmem40 (MGI: 2137870) rs31495179, rs31498799,
rs31498257

Cand2 (MGI: 1914338) rs31503553, rs31504157,
rs31504159

BC060267 (MGI: 2681834) −1.329998 rs31503452, rs31500907
Mbd4 (MGI: 1333850) −1.391686 rs31502440, rs31503102,

rs31501809, rs31503026
D6Wsu116e (MGI: 106463) rs13460813
Anubl1 (MGI: 1914742) −1.607684 rs31539045
March8 (MGI: 1919029) −1.483522
Olfr212 (MGI: 3030046) rs31551252, rs31551918,

rs31553514
Olfr215 (MGI: 3030049) rs36378907, rs36262396
Zfp422 (MGI: 1914505) −1.359005 Tooth Eruption(32)

Rassf4 (MGI: 2386853) −1.33672
C230095G01Rik (MGI: 2442707) rs36770584
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MSC into adipocytes(42) and overexpression of Pparg has
been shown to suppress IGF-1 secretion in UAMS-�33
cells,(43) we focused on the Pparg gene as the most likely

candidate gene for our QTLs. Because dietary fat is a
known ligand for PPARG,(34,35) we challenged our con-
genic mouse with a high-fat diet and found that increased

FIG. 2. Effects of dietary fat on bone and
body composition in the B6 versus 6T strains.
Brackets above the graphs denote statisti-
cally significant differences (p < 0.05) com-
pared with the group fed the 11% fat diet.
Comparisons were done within a strain by
ANOVA. *Statistical significance when com-
paring the two strains fed the same diet, as
determined by Student’s t-test (p < 0.05).
Stipled bars denote B6 and white bar denote
6T. BV/TV% and trabecular number were
assessed by �CT. B6 and 6T mice reacted
very differently with regards to aBMD (A)
and BV/TV% (B) when fed diets containing
differing %KJ from fat. Body weight was
used as a covariate for aBMD. Neither femo-
ral length nor body weight was found to be
an appropriate covariate in the fit model for
either BV/TV% or trabecular number. The
decrease in BV/TV% associated with the in-
crease in dietary fat seen in 6T was primarily
caused by a decrease in trabecular number
(C), but no change in trabecular thickness
was observed (data not shown). There was
an increase in the absolute number of adipo-
cytes in the distal femur of B6 fed the higher
%KJ from fat diets, whereas there was no
change observed in 6T (D).

TABLE 3. CHARACTERISTICS OF SUBJECTS PARTICIPATING IN THE FRAMINGHAM OFFSPRING COHORT OSTEOPOROSIS STUDY

Characteristics All (N = 1792) Males (N = 867) Females (N = 925)

Age (yr) 61.3 ± 9.1 62.2 ± 9.1 60.5 ± 9.1
BMI (kg/m2) 28.1 ± 5.1 28.7 ± 4.6 27.5 ± 5.5
Height (in) 66.1 ± 3.7 68.8 ± 2.7 63.5 ± 2.5
Estrogen status positive* 439 (47.5%) — 439 (47.5%)
Diabetes [N (%)]† 185 (10.3%) 113 (13.0%) 72 (7.8%)
Total caloric intake 1856.35 ± 577.22 1979.15 ± 593.99 1741.85 ± 536.69
Percent caloric intake from total fat (median) 27.20 ± 5.61 (27.31) 27.40 ± 5.61 (27.49) 27.01 ± 5.60 (27.04)
Femoral neck BMD 0.93 ± 0.15 0.98 ± 0.14 0.88 ± 0.14

Values are mean ± SD, unless otherwise specified.
* Estrogen positive includes premenopausal women and postmenopausal women taking estrogen.
† Diabetes defined as fasting glucose �140 or on medication for diabetes.

FIG. 3. p values for interaction between fat
intake and PPARG SNPs. p values for inter-
action between 13 SNPs across the PPARG
gene and dietary fat intake (%KJ in the diet
obtained from fat) above vs. below median.
The y-axis provides the –log10 of the p values
such that values above the line are <0.05. The
top two panels present data from the femoral
neck, whereas the bottom two panels present
data for the lumbar spine.
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dietary fat intake was associated with decreased aBMD and
BV/TV% in the 6T mouse. No effect on bone was observed
in B6 mice, suggesting a strong diet by gene interaction for
this phenotype. We directly translated these findings to hu-
mans by examining this interaction of dietary fat by
PPARG allele in the Framingham Osteoporosis study. We
found that there was indeed a strong interaction between
SNPs in the PPARG gene and dietary fat in both men and
women for the phenotypes of aBMD of the trochanter,
femoral neck, and lumbar spine.

Pparg is likely not the only gene that contributes to the
final phenotype of the 6T congenic strain, nor is this gene
likely the only gene that contributes to the Bmd8 and Igfsl1
QTLs. Increasing evidence has suggested that a QTL may
be a cluster of genes that together contribute to a pheno-
type.(44,45) In this study, five genes were found by genetic
and expression analysis to be possible candidate genes for

the QTLs of Bmd8 and Igfsl1. Interestingly, three of these
genes, Pparg, Raf1, and Zfp422, all are located within the
same haplotype block. Future studies will investigate the
gene networks that are involved in the phenotypes of this
congenic mouse.

Another gene found within the same haplotype block as
Pparg is the Alox5 gene. This gene was recognized as a
potential candidate gene for a BMD QTL identified in a
cross between the B6 and DBA/2J inbred mouse strains.(46)

The protein product of this gene, 5-lipoxygenase, functions
in the synthesis of leukotrienes from arachidonic acid, and
arachidonic acid is a known endogenous ligand for
PPARG.(47) The DBA/2J strain contains a nonsynonymous
SNP that converts residue 646 from the B6-like valine to an
isoleucine (rs30121304),(48) and this polymorphism has
been reported to render the 5-lipoxygenase enzyme non-
functional.(49) Unlike the DBA/2J strain, the C3H/HeJ

FIG. 4. Diet by SNP allele interactions in
the Framingham Offspring cohort. A signif-
icant SNP allele by percent energy derived
from dietary fat interaction was observed for
SNP 6 (A, rs1151999) and SNP 7 (B,
rs709150) in men and for SNP 12 (C,
rs1175381) and SNP 13 (D, rs1186464) in
women. SNPs 6 and 7 are in strong linkage
disequilibrium (LD), with a D� of 0.996 and
an r2 of 0.976, and as a consequence, yielded
virtually the same result. In addition, a D� of
1 and an r2 of 0.338 were noted for SNPs 12
and 13. The p values for the interaction be-
tween a given SNP and energy intact (%KJ
from total fat) were as follows: SNP 6, p �
0.0004; SNP7, p � 0.0002; SNP12, p � 0.002;
SNP13, p � 0.002). This interaction is visu-
ally presented in for each SNP in the graph.
The results to the right of each graph shows
the p values obtained from pairwise compari-
sons by fat stratum and genotypes.
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strain is B6-like for this SNP. This suggests that, whereas
these two QTLs influence the same pathway, the affected
genes are different. One recent study has examined SNPs in
the ALOX5 gene for association with BMD in a large co-
hort of both men and women. No association was found in
either sex, but environmental factors were not examined in
that analysis.(50)

The identification of candidate genes and proof that a
candidate gene is responsible for the phenotype associated
with a given QTL has been the subject of many papers and
reviews. The “White Paper” written by 80 members of the
international Complex Trait Consortium has thoroughly
addressed this issue.(51) It has generally been concluded
that several lines of evidence are required as proof for a
given candidate gene, including: coding or regulatory region
polymorphisms, appropriate gene function, functional stud-
ies in an in vivo model, and proof of principle in another
species, preferably humans.(51) In this study, we believe that
we have met many of these burdens of proof. More specifi-
cally, we found several polymorphisms in the promoter re-
gions of the Pparg gene in the C3H donor strain for our 6T
congenic. The PPARG protein has a documented role in
bone biology,(33) in MSC differentiation and traffick-
ing,(42,52) and in the regulation of IGF-1.(43) In an in vivo
animal model, we showed a strong gene by diet interaction
for the phenotype of aBMD. In our human study cohort, we
were able to show a similar interaction between dietary fat
intake and PPARG genotypes in association with aBMD.

There were several potential limitations of our approach.
First, the methodology used to find our candidate gene in
the mouse was restricted by the reliability of the databases
and sources used. For example, genes containing nonsyn-
onymous SNPs were included as candidate genes. It is pos-
sible that our selection of candidate genes was not com-
plete, because nonsynonymous SNPs in the C3H strain
were not represented in the available databases. In addi-
tion, genes were included or excluded based on the pres-
ence or absence of expression differences at the transcript
level. Because transcription does not necessarily reflect
translation, genes could have been inappropriately ex-
cluded. Notwithstanding these limitations, the focus of this
paper was not to find every gene that could contribute to
our QTL but rather to generate a manageable list of genes
that should be explored further in our human study cohort.

In summary, we established a nutrient by gene interac-
tion in mice and humans, indicating that a high-fat diet may
be detrimental or beneficial to bone mass depending on the
presence of specific allelic variants in the PPARG gene.
Three studies have examined PPARG as a candidate gene
for BMD in humans. In the first two studies, the rs3856806
SNP in exon 6 was investigated. Ogawa et al.(53) found a
positive association with the T allele for this SNP and
BMD, yet Rhee et al.(54) found no association. More re-
cently, Casado-Diaz et al.(55) found no association between
BMD and alleles of the PPARG SNP, rs10865710. Our
findings of strong gene by diet interaction may partially
explain these conflicting/negative results, because diet was
not considered as a co-factor in these three studies. Our
findings emphasize the need to understand the effects of
diet on PPARG activation on the skeleton.
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