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Abstract Aims/hypothesis: Peroxisome proliferator-acti-
vated receptor γ is an important regulator of adiposity in
mouse and man, and common variation in the PPARG
gene has been associated with birthweight, adult obesity,
insulin sensitivity and type 2 diabetes. We hypothesised
that these variants may be associated with childhood obe-
sity. Methods: Height and weight were recorded for 2454
prepubertal children aged between 4 and 10 years, who
were then genotyped for three common variants of the
PPARG locus: C–681G, Pro12Ala and C1431T. Results:
No single variant of PPARG was significantly associated
with height, weight or BMI. However, when modelling the
variants together we detected an opposing interaction be-
tween the −681G and the Ala12 variants in height and
weight, but not BMI (p=0.018, 0.013 and 0.119 respec-

tively). The data were consistent with the Ala12 carriers
being deficient in energy storage/utilisation, leading to re-
duced growth. In contrast, the −681G variant, which has
been associated with increased adult height, was asso-
ciated with accelerated growth. The two variants were in
strong linkage disequilibrium. However, rare individuals
bearing the isolated variants demonstrated the greatest var-
iation from the mean, the most contrasting genotypes being
associated with a variation of 7 kg in weight and 6 cm in
height, standardised to 7.4-year-olds (p=0.006 and p=0.02
espectively). Conclusions/interpretation: This study dem-
onstrates that quantitative trait analysis of energy balance/
growth and the PPARG locus is complex and requires the
use of multiple genetic markers.
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Introduction

The epidemic of obesity that is occurring throughout the
world is reflected in an increasing prevalence of childhood
obesity [1–3]. Dietary factors and sedentary lifestyles com-
bine to promote positive energy balance, resulting in excess
energy intake relative to requirements and the deposition of
fat in adipose stores. It has been proposed that there is a
strong genetic component in the tendency to increased ad-
iposity in the face of caloric excess. This is known as the
‘thrifty genotype’ [4]. A strong candidate gene for a com-
ponent of this thrifty genotype is PPARG [5]. PPARG en-
codes peroxisome proliferator-activated receptor γ (PPARγ),
a nuclear receptor that senses fatty acids and controls the
programme of gene expression required for the formation
of new adipocytes. Studies in mice deleted for the PPARG
gene have shown that PPARG is essential for the formation
of adipose tissue [6], and humans who are heterozygous
for dominant-negative variants of PPARG display partial
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peripheral lipodystrophy [7–9]. Common variants of this
gene have been described and have been associated with
various traits related to obesity. The most studied of these
is the substitution of alanine for proline at codon 12 of
PPARγ2 [10]. The proline form is the most common and
is associated with susceptibility to the development of
type 2 diabetes [11, 12]. This variant is associated with
higher levels of insulin and a corresponding increase in
weight, although reports of the associations with altered
BMI have been conflicting. This may be due to gene–
gene and gene–environment interactions, in addition to
the action of additional variants in the PPARG gene itself
[13, 14]. The penetrance of the Ala12 variant appears to
interact with diet, in the form of both fat [15–17] and
carbohydrate intake [18]. The proline variant also appears
to interact with the response to exercise, with increased
body weight in response to training, whereas individuals
with the alanine variant respond poorly to training, with a
marked loss of weight [14]. This is supported by a recent
study that demonstrated an interaction between Ala12,
diet and exercise in the control of insulin secretion [19].

The effect of the variation at codon 12 may be modu-
lated by its chromosomal context. Other variants have
been found to be in linkage disequilibrium with this var-
iant, and together these have been associated with diabetes-
related traits, which modulate the associations observed
with the codon 12 substitution. In particular, the C1431T
variant, which is a synonymous codon change in exon 6,
has been associated with increased body mass [20], altered
BMI/leptin ratios [21] and susceptibility to cardiovascular
disease [22, 23]. We have previously presented data indi-
cating that the association of the codon 12 substitution with
body weight and susceptibility to type 2 diabetes is mod-
ulated by its context with respect to this C1431T variant
[13, 14]. Recently a third polymorphism in strong link-
age disequilibrium with the codon 12 variant has been
described (C–681G) [24]. This variant resides in the
PPARγ3 promoter region and is used in a range of non-
adipose cells, including bone marrow-derived leucocytes.
The C–681G variant affects the binding of the transcrip-
tion factor STAT5 (signal transducer and activator of
transcription 5) and has been proposed to modulate the
regulation of PPARγ expression by growth hormone,
which may in turn regulate bone growth. The −681G
variant has been associated with increased height in an
adult population, providing support for this hypothesis.
However, detailed mechanistic studies regarding PPARγ
and growth have not been performed. The role of PPARγ
as a regulator of growth has been established recently in
pparg+/− mice, in which lean mass growth was reduced,
and IGF-1 production in white adipose tissue was atten-
uated [25]. However, this study did not examine the pos-
sibility of altered growth hormone signalling in muscle
or bone.

Most work on genetic associations with body weight and
variation at the PPARG locus has focused on adults. How-
ever, recent studies have presented evidence that PPARG
is involved in birth size [26], and therefore PPARG will

have a role in energy balance throughout life. In this study
we explore the role of the PPARG locus in the regulation
of growth in a large cohort of young primary school chil-
dren (n=2454), and we find that the PPARG locus has a
role in modulating prepubescent growth. This modula-
tion is dependent on the haplotype structure of the PPARG
locus and is consistent with the emerging hypotheses re-
garding the role of specific variants in adult energy balance.

Subjects and methods

Subject recruitment Subjects were healthy prepubertal
schoolchildren, recruited through 47 primary schools in
the Tayside region of East Scotland (n=2454). The sample
was largely Caucasian (98%). All children aged between
4 and 10 years were invited to participate in the study,
through letters and information sheets distributed in the
schools to parents and guardians. Parents provided written
informed consent for their child’s participation. Research-
ers visited each school and genomic DNA isolated from
saliva was taken from the consenting sample. Standing
height, without shoes, was measured (to the nearest 0.1 cm)
using a stadiometer (Seca Leicester height measure). Body
weight was measured (to the nearest 0.1 kg) using a me-
chanical scale (Seca mechanical floor scale) with subjects
wearing light clothing. BMI was calculated as weight/
height2 (kg/m2). Date of birth was also obtained. Ethical
approval was granted from the Tayside Committee on
Medical Research Ethics and the Fife Local Research
Ethics Committee. In addition, the Education Department
of each school authority approved the study.

DNA preparation and genotypingDNAwas prepared from
mouthwash pellets as previously described [27]. The fail-
ure rate for DNA preparation was less than 0.1%, and
failure was associated with small cellular pellets from
younger children (4 to 5-year-olds), who had difficulty
spitting. Genotyping was performed using Taqman-based
allelic discrimination assays, analysed on an ABI 7700
(Applied Biosystems, Foster City, CA, USA). The Pro12Ala
and C1431T variants were genotyped as described pre-
viously [14]. The C–681G polymorphism was genotyped
using the following probes and primers: primer 1, CTGA
TGATAAGGCTTTTGGCATT; primer 2, CTCTTAT GAA
AGGCTCAAGGATCC; probe 1 (Fam-labelled), ATGCT
GTTTTGTCTTCATGGAAAATACAGCTATTCT; probe 2,
(Tet-labelled), ATGCTGTTTTGTCTTGATGGAAAATA
CAGCTATTCT.

All three genotyping assays provided genotypes for
more than 98% of the total population, and intra-individual
variation of replicate genotypes was greater than 99%.
Three sample replicates of known genotype were included
on each plate to monitor genotyping accuracy and to con-
firm cluster analysis.

Statistical analysis Haplotype frequencies were deter-
mined statistically using PHASE version 1.0.1 under Mac
OS X [28]. D′ was calculated using the 2-LD program [29].
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Quantitative traits (height, weight and BMI) were ana-
lysed using univariate general linear modelling with SPSS
version 11.5 for Windows (SPSS, Chicago, IL, USA). Age
and sex were included in all models. The role of the
individual variants was assessed by step-wise removal.
This resulted in a final model containing only the −681G

and Ala12 variants. Both recessive and co-dominant ge-
netic models were tested. Standard deviation scores for
height, weight and BMI were generated relative to the
1990 British growth reference charts [30, 31]. All p values
are two-way. A p value of <0.05 was considered signif-
icant. Correction for multiple testing was not applied, as
only primary hypotheses were tested and the PPARG locus
has been associated with energy utilisation and obesity in
many studies. The graphs shown in Figs. 1, 2, 3, 4 were
prepared using Graphpad Prism for Macintosh, version 4
(GraphPad, San Diego, CA, USA).

Results

The height, weight and BMI was determined in 2454
children (Table 1) and compared with an international
standard for overweight and obesity [32]. In this cohort
there were 5.0% obese boys and 7.2% obese girls. In
addition, 21.1% of the boys and 28.1% of the girls were
overweight or obese (Fig. 1). This represents a markedly
higher prevalence of obesity and overweight in both sexes
compared with a 1994 survey of Scottish children of
similar age range [3].

The allele frequencies of all three PPARG variants were
similar to those reported for other Caucasian populations

Fig. 1 Prevalence of overweight and obese children in the cohort.
Distribution plots of BMI vs age for males (a) and females (b). The
standard curves for obesity and overweight specific to each sex are
shown. These curves were derived from a summary of international
cohorts

Fig. 2 A schematic illustration of the genomic context of the
PPARG variants. The transcribed regions are shown as boxes,
coding sequences in light grey and non-coding sequences in dark
grey. γ1,γ2 and γ3 represent alternative 5′ exons derived from
different promoters

Fig. 3 Opposing associations of Pro12Ala and C–681G with
height and weight. Individuals were scored with −1 per copy of the
Ala12 variant and +1 per copy of the −681G variant to derive a
genotype index. This genotype index was used as an ordinal to plot
against estimated means of weight (a) and height (b). The resulting
plots were analysed by linear regression and the resulting r2 and p
values are shown. Numbers of individuals in each group: genotype
index −2, n=1; index −1, n=12; index 0, n=1888; index +1, n=481;
index+2, n=31
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(Table 2). The strong linkage disequilibrium between the
−681G and the Ala12 variants (Fig. 2, Table 3) results in
very few Ala12 carriers that do not carry the −681G;
however, the greater frequency of the −681G variant means
that a substantial number of individuals carry the −681G
without Ala12 (Table 3). This allows us to examine the
role of this variant in isolation.

We initially examined the role of the individual variants
in determining height, weight and BMI in the children. We
used univariate general linear modelling and found that
sex and age were major determinants of all three param-
eters, as would be expected (Table 4). Therefore sex and
age were retained in the model. All three variants were

included in the model and interactions between these
variants were tested. Using this model, none of the variants
associated individually with height, weight or BMI. How-
ever, a gene dose-dependent trend was observed with
Pro12Ala and C–681G on height and weight, Ala12
being associated with reduced height and weight and
−681G being associated with increased height and weight
(Table 4). The tests for interactions revealed a consistent
and statistically significant interaction with Pro12Ala and
C–681G for all heights and weights, with the strongest
interaction being for weight.

As the C1431T polymorphism had very little effect in
this model, we repeated the test with this variant removed.
This resulted in the Pro12Ala polymorphism becoming
significantly associated with reduced weight and height
(p2, Table 4); C–681G alone remained insignificant but the
interaction between C–681G and Pro12Ala was signif-
icant. Examination of the individual variants in isolation
did not provide any significant associations with height,
weight or BMI (data not shown). The relationships be-
tween height, weight, BMI and age are highly non-linear
up to the age of 10 years; therefore, there was a possibility
that the observed genotypic effects were subject to error in
the adjustment for age and sex. We therefore analysed the
same model for C–681G and Pro12Ala using standard
deviation scores of height, weight and BMI, based on the
UK reference growth charts (Table 5), which resulted in
outcomes similar to those obtained using age as a covariate
in the analysis of the raw measures.

As the Pro12Ala and C–681G variants appeared to op-
pose each other and an interaction was indicated by the
general linear modelling, we visualised the relationship of
the two variants based on an allele scoring scheme (geno-
type index). As the Ala12 variant was associated with
reduced weight, a chromosomal copy of the Ala12 was
scored as −1; and as the −681G was associated with in-
creased height and weight, a single copy was scored as +1.
Therefore homozygote Ala12 individuals with no −681G
scored as −2, homozygote −681G individuals with no
Ala12 scored as +2, and dual homozygote Ala12/−681G
individuals scored as 0. The weights and heights of all

Fig. 4 Opposing associations of Pro12Ala and C–681G with
growth. The population was categorised for quartiles of age and the
resulting quartile value was used as an ordinal value. Estimated
means of weight (a) and height (b) were plotted against the resulting
ordinal values. Individuals with only the Ala12 variant (one or two
copies, n=13) are represented by triangles, individuals carrying only
the common variants Pro12 and −681C (n=1410) are represented by
squares, and individuals carrying only the −681G variant (one or
two copies, n=442) are represented by open circles. The quartiles of
age were: 1, 4.23–6.59 years; 2, 6.59–7.50 years; 3, 7.50–8.36; 4,
8.36–9.83 years

Table 1 Summary of population characteristics

Mean Minimum Maximum

Age (years) 7.4 4.2 9.8
Height (cm) 125.2 101.4 150.3
Weight (kg) 27 14 65
BMI (kg/m2) 17.2 10.8 30.3
n=2454 1240 male 1214 female

Table 2 Genotypes of study population

Polymorphism n Genotype frequency (%) Allele frequency

Pro12Ala
Pro/Pro 1866 76.7 0.125
Pro/Ala 528 21.7
Ala/Ala 39 1.6
C1431T
C/C 1835 75.2 0.132
C/T 568 23.3
T/T 38 1.6
C–681G
C/C 1425 58.8 0.300
C/G 862 35.6
G/G 137 5.7
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children were adjusted to a mean age of 7.4 years and for
sex, and were plotted against the genotype index as an
ordinal value (Fig. 3). This characterises the dose–response
of the genetic interaction between these two variants, with
an almost 7 kg difference in weight and a 6 cm difference in
height between the most contrasting genotypes (p=0.006
and p=0.02 respectively).

As the data reflect a growing population, with children at
various ages, we explored the hypothesis that the variants
affect the growth of children. This was characterised by
plotting the height and weights by quartile of age (Fig. 4).
This analysis demonstrates that the genotype effect was
consistent across the age groups, the −681G being as-
sociated with accelerated growth and the Ala12 being
associated with reduced growth compared with individuals
bearing the common Pro12/−681C variants, who were in-
termediate in growth. Both height and weight were asso-
ciated with both polymorphisms in a concerted fashion,
and this was consistent with an effect on growth rather than

adiposity, indicating that the polymorphisms are associated
with body size.

As our study included a substantial number of obese
and overweight children, we also explored the relationship
between these alleles and susceptibility to obesity. The fre-
quencies of the T1431 and −681G variants were not altered
in any of the quartiles of BMI (data not shown). However,
the Ala12 carrier frequency showed a significant trend in
depletion towards the higher quartiles of BMI (Fig. 5,
p=0.026), supporting the hypothesis that this variant pro-
tects from childhood obesity.

Discussion

The PPARG locus has been studied extensively for traits
associated with diabetes and obesity in adults. The emerg-
ing consensus is that the Ala12 variant confers a subtle
protection from obesity, insulin resistance and type 2 dia-

Table 3 Haplotype frequencies
and linkage disequilibrium

Haplotype Haplotype no. Frequency

−681C,Pro12,C1431 (wild-type) 1 0.734
−681G,Pro12,C1431 (γ3 promoter alone) 2 0.099
−681G,Ala12,T1431 (all three variants) 3 0.087
−681G,Ala12,C1431 4 0.035
−681C,Pro12,T1431 (T1431 alone) 5 0.030
−681G,Pro12,T1431 6 0.013
−681C,Ala12,T1431 7 0.0014
−681C,Ala12,C1431 (Ala12 alone) 8 0.0014

Linkage disequilibrium D′ r2

Ala12 vs -681G 0.97 0.52
Ala12 vs T1431 0.64 0.53
−681G vs T1431 0.65 0.43

Table 4 Association of PPARG variants with height, weight and BMI

Codon 12 Mean SEM p1 p2 C1431T Mean SEM p1 p2 C–681G Mean SEM p1 p2

BMI
Pro/Pro 17.7 0.32 C/C 16.9 0.41 C/C 17.2 0.53
Pro/Ala 16.9 0.26 C/T 17.4 0.35 C/G 16.6 0.46
Ala/Ala 16.6 0.69 0.337 0.113 T/T 17.2 0.52 0.800 N/A G/G 17.7 0.27 0.103 0.402
Weight
Pro/Pro 28.5 0.7 C/C 26.3 0.9 C/C 26.5 1.2
Pro/Ala 26.4 0.6 C/T 27.7 0.8 C/G 26.0 1.0
Ala/Ala 25.8 1.6 0.267 0.013 T/T 27.0 1.2 0.804 N/A G/G 28.2 0.6 0.150 0.117
Height
Pro/Pro 125.5 0.8 C/C 124.0 0.9 C/C 122.9 1.3
Pro/Ala 124.1 0.6 C/T 125.5 0.8 C/G 124.8 1.0
Ala/Ala 124.0 1.7 0.566 0.019 T/T 124.1 1.3 0.771 N/A G/G 125.7 0.7 0.334 0.044

Shown are the estimated means adjusted for age and sex
p1, model including C1431T; p2, model excluding C1431T. No significant values were obtained with individual variants in the model
Recessive and co-dominant models were tested; the best model was a co-dominant action of all variants and the p values shown were
derived using this model
p=0.119 for interaction between Pro12Ala and C–681G (BMI)
p=0.013 for interaction between Pro12Ala and C–681G (Weight)
p=0.018 for interaction between Pro12Ala and C–681G (Height)
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betes. The Ala12 variant also appears to be pleiotropic and
is associated with protection from other obesity-associated
diseases, such as hypertension and myocardial infarction
[33–35]. It is therefore important to note that we can
observe significant differences in susceptibility to obesity
associated with this variant even at this early age. The
magnitude of the effects on BMI and obesity are much
smaller than we have observed in three adult populations
[14], and this may reflect the fact that PPARγ is mainly
affecting growth in this population. The main site of PPARγ
action in growth is unclear; however, it is possible that the

Ala12 variant affects insulin secretion and may therefore
indirectly affect muscle and bone growth. The −681G
polymorphism, on the other hand, has been postulated to
interfere directly with growth factor signalling in the bone
[24]; however, exact mechanistic details of this have not
been demonstrated in vivo. This study represents an im-
portant extension of the initial report of this variant, where
it was associated with adult height and not BMI. The lack
of effect of the C1431T variant does not appear to reflect
the inclusion of the −681G variant in the model, as the
C1431T did not associate with any parameters on its own
or in any combination of the other variants. This is in
contrast to our previous reports on several populations of
adults [13, 14]. It is possible that the impact of this variant
on BMI may become apparent later in life. As yet no
functional mechanism has been given to this variant, al-
though we consistently find diabetes-related traits asso-
ciating in adults with this variant in opposition to the Ala12
variant [13, 36].

This investigation forms part of a large population-based
study in which we have looked at the interactions of hap-
lotypes of three variants in one locus, and it is clear that
most of the signal obtained is from rare haplotypes in
which the variants are dissociated. This is problematic for
smaller studies, in which these rare haplotypes will be
extremely sparse and may be completely absent. In addi-
tion, as the main signal is obtained from rare haplotypes, it
is possible that population stratification may be responsible
for the observed result. Examination of the non-Caucasian
subgroup (n=50) in this study revealed that the allele fre-
quency, linkage disequilibrium, height for age and weight
for age were all similar between both cohorts, and that the
rare haplotypes were only present in the Caucasian sample;
therefore, gross ethnic differences were not responsible for
the observed genetic effect. In fact, similar trends by
genotype in both cohorts were apparent, the interactions in
the Caucasian cohort remaining significant. The allele fre-
quencies did not differ in age group or by sex, and therefore
these parameters did not confound this study.

Finally, although we have found an association with ap-
parent growth, this is based on single measures of indi-
viduals within a population. It will be important to follow a
genetically enriched subpopulation and to examine the
energy balance/growth characteristics of these individuals
throughout their entire growing period.
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