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and Marie-Claude Vohl
Volume 2009, Article ID 369602, 5 pages

Regulation of Translational Efficiency by Disparate 5′-UTRs of PPARγ Splice Variants,
Shawn McClelland, Roopali Shrivastava, and Jheem D. Medh
Volume 2009, Article ID 193413, 8 pages



Hindawi Publishing Corporation
PPAR Research
Volume 2009, Article ID 189091, 1 page
doi:10.1155/2009/189091

Editorial

Genetic Variation of PPARs

Marie-Claude Vohl,1 Mostafa Badr,2 and Stefan Wieczorek3

1 Lipid Research Center, CHUL Research Center, Laval University, Quebec City, Canada G1V 4G2
2 Division of Pharmacology, School of Pharmacy, University of Missouri-Kansas City, MO 64108, USA
3 Human Genetics Department, Ruhr-University Bochum, 44801 Bochum, Germany

Correspondence should be addressed to Marie-Claude Vohl, marie-claude.vohl@crchul.ulaval.ca

Received 15 October 2009; Accepted 15 October 2009

Copyright © 2009 Marie-Claude Vohl et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Welcome to this special issue of PPAR Research dedicated to
the “Genetic Variation of PPARs.” Since PPARs are nuclear
transcription factors regulating multiple genes involved in
energy production, glucose and lipid metabolism, polymor-
phisms in these receptors may influence the pathology of
numerous diseases including obesity, diabetes, atherosclero-
sis, inflammation and cancer.

The first section of this special issue of PPAR Research
contains a series of four original research articles followed
by a review article examining the impact of PPAR gene
polymorphisms on various metabolic diseases. First is an
article by Deeb and Brunzell describing the impact of the
Gly482Ser polymorphism in the PPARG coactivator-1 alpha
(PPARGC1A) on weight gain in a diabetic population. A
second article by Dallongeville and coworkers examines the
association of PPARG gene polymorphisms with coronary
heart disease. Third, Wieczorek’s research group investigates
the consequences of polymorphisms in RXRB, PPARA, and
PPARG on Wegener’s Granulomatosis. Fourth, a study by
Ereqat et al. presents the results of an investigation of
the impact of the PPARG Pro12Ala polymorphism on the
metabolic and clinical characteristics in Palestinian type 2
diabetic patients. Finally this section ends with a review
by Weimin He on the influence of the PPARG Pro12Ala
polymorphism on insulin sensitivity, as well as other diseases
including cancer, polycystic ovary syndrome, Alzheimer
disease, and aging.

We are also pleased that this special issue contains two
articles that describe the functional effects of the PPAR gene
polymorphisms. First, Rudkowska and co-researchers desc-
ribe the differences in transcriptional activation observed
in two allelic variants of PPARA (L162V) after omega-3
fatty acids treatment. Second, McCleelland et al. discern

the regulation of translational efficiency by disparate 5′

UTRs of PPARG splice variants. These two articles lead to
a more complete understanding of the role and functional
repercussions of various PPAR gene polymorphisms in the
prevention and treatment of diseases.

In conclusion, while the influence and impact of PPAR
polymorphisms on health and disease is still mostly uncer-
tain, recent evidence suggests that these genetic variations
play an important role in the initiation/progression of disease
as well as in the efficacy of specific treatments in particular
individuals/populations. We are fortunate to have received
contributions from such well-renowned experts in the field,
and hope that you will find that this special issue of
PPAR Research produces greater interest in this critical and
evolving field of research.

Marie-Claude Vohl
Mostafa Badr

Stefan Wieczorek
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Research Article

The Role of the PGC1α Gly482Ser Polymorphism in
Weight Gain due to Intensive Diabetes Therapy

Samir S. Deeb1 and John D. Brunzell2
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The Diabetes Control and Complications Trial (DCCT) involved intensive diabetes therapy of subjects with type 1 diabetes
mellitus (T1DM) for an average period of 6.5 years. A subset of these subjects gained excessive weight. We tested for association of
polymorphisms in 8 candidate genes with the above trait. We found the Gly482Ser polymorphism in the peroxisome proliferator-
activated receptor γ coactivator-1α (PGC1α) to be significantly associated with weight gain in males (P = .0045) but not in
females. The Ser allele was associated with greater weight gain than the Gly allele (P = .005). Subjects with a family history of
type 2 diabetes mellitus (T2DM) were more common among those who gained excessive weight. We conclude that T2DM and the
Gly482Ser polymorphism in PGC1α contribute to the effect of intensive diabetes therapy on weight gain in males with T1DM.

Copyright © 2009 S. S. Deeb and J. D. Brunzell. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

The major complications of T1DM are microvascular disease
leading to visual impairment and nephropathy, as well
as premature cardiovascular disease [1]. The DCCT was
designed as a randomized prospective trial to evaluate
the benefits of intensive diabetes therapy compared with
conventional therapy [2]. After a mean of 6.5 years of
intensive diabetes therapy there was a reduction in retinopa-
thy, nephropathy, and neuropathy. Two negative outcomes
of intensive diabetes therapy were a threefold increase of
episodes of severe hypoglycemia [2] and marked weight
gain in a subset of individuals [3]. However, it was shown
that the increase in incidence of severe hypoglycemia did
not account for excessive weight gain [4]. The top quartile
(Q4) of increase in body mass index (BMI) in the intensive
therapy had a mean weight gain of 17 kg and their average
BMI increased from 24 to 31 [3]. Concomitant with their
excess weight gain, they developed components of the
metabolic syndrome, including central obesity and insulin
resistance.

The aim of this study was to identify genetic factors
that contribute to excess weight among T1D patients upon
intensive insulin therapy. We tested for association of this
trait with sequence variants in 8 candidate genes that are
implicated in obesity and/or T2DM (Table 1). The DCCT
study offers a unique opportunity to find such genes since
it is a large and very well characterized prospective study
of subjects with T1DM that have been exposed to inten-
sive therapy and experienced well-documented changes in
weight. Whereas there are many pathways to central obesity,
the weight gain due to intensive diabetes therapy in this
well-characterized DCCT cohort, represents a homogeneous
phenotype in which to search for central obesity genes.

2. Methods

2.1. Subjects. The DCCT was designed as a randomized
prospective trial to evaluate the benefits of intensive diabetes
therapy with multiple insulin injections compared with
conventional therapy. A total of 1441 subjects, aged 13–39
years at baseline, 50% females and over 95% Caucasian,
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Table 1: Candidate genes and SNPs analyzed for association with excess weight gain with intensive diabetes therapy. Genotyping was performed
using ABI TaqMan assays with the indicated ABI identification numbers (custom, made to order). Minor allele frequencies are for Caucasian
populations derived from published data and the SNP database (http://www.ncbi.nlm.nih.gov/SNP/). PPARG, peroxisome proliferator
activated receptor γ; PPARGC1A, peroxisome proliferator-activated receptor γ coactivator-1α; HSD11B1, 11β-hydroxysteroid dehydrogenase
1; GR (NRC31), glucocorticoid receptor; GNB3, G protein β3 subunit; ADIPOQ, adiponectin; NPY, neuropeptide y, FTO (aliases KIAA1752,
MGC5149), fat mass, and obesity-associated protein.

Gene Chromosomal location NCBI refSNP number TaqMan ABI assay ID Polymorphism Minor allele frequency

PPARγ2 3p25 rs1801282 1129864 Pro12Ala (exon 1) 0.10

PPARGC1A 4p15.1
rs8192678

Custom 1643184 Gly482Ser T/C (5′ UTR)
0.34

rs2279525 0.31

11-β HSD1 1q32 rs2884090 2502457 C/T; intron 4 0.21

GR (NRC31) 5q34
rs6188 1046353 G/T; intron 5

0.31
rs11749561 178285 T/C; intron 3

GNB3 12p13 rs5443 2184734 C825T Silent/AS 0.30

ADIPOQ 3q27 rs266729 Custom 2412786 C-377G; promoter 0.29

NPY 7p15.1 rs5573 11164468 Ser22Ser 0.44

FTO 16q12.2 rs9939609 Custom 30090620 T to A in 3′ UTR 0.43

were randomized to conventional or intensive therapy and
followed for 3.5–9 years (mean 6.5 years). Subjects in the
conventional therapy group [5] typically received one or
two insulin injections per day and had a quarterly follow-
up at their DCCT clinic. Intensive therapy subjects practiced
more rigorous diabetes management by taking three or more
insulin injections per day or using an insulin infusion pump,
self-monitored their blood glucose four or more times per
day, and visited their DCCT care providers monthly to
achieve HbA1c levels at least one percentage point lower than
the conventional therapy group. All enrolled subjects were in
good general health.

The 582 (48% females and 52% males) subjects in this
study were in the intensive therapy group and were 18 years
of age or older at DCCT entry [2]. They had previously been
divided into quartiles of change in BMI over the 6.2 years
of the DCCT [3]. The top quartile (Q4) of increase in BMI
in the intensive therapy had a mean weight gain of 17 kg and
their average BMI increased from 24 to 31. Concomitant with
their excess weight gain, they developed components of the
metabolic syndrome, including central obesity and insulin
resistance, which are strong risk factors for T2DM and for
familial combined hyperlipidemia [5].

2.2. Selection of Candidate Genes. Previous reports of linkage
and association of gene variants with obesity indices and/or
T2DM were the primary criteria in prioritizing the candidate
genes for this association study. In addition, priority was
given to genes that contain common variants with proven
functional consequences. Originally, 7 candidate genes were
chosen, and more recently the FTO (fat and obesity asso-
ciated protein) gene was added to this study because of
the recent findings that polymorphisms in this gene were
associated with obesity (see what follows).

The 8 candidate genes and the respective single
nucleotide polymorphisms that were tested for association
in this study are listed, in order of decreasing priority, in

Table 1. We previously showed that the Pro12Ala polymor-
phism in the peroxisome proliferator-activated receptorγ2
(PPARγ2), a transcription factor that is critical for adipo-
genesis, was associated with obesity and T2DM [6]. This
polymorphism is among a few that have been confirmed to
be associated with T2DM [7]. A second good candidate gene
(PPARGCA1) encodes the PPRγ coactivator-1α (PGC-1α),
common variants which, particularly the Gly428Ser substi-
tution, were observed in some studies to be associated with
obesity and T2DM [8–10]. PGC-1α controls the expression
of a number of genes involved in energy homeostasis [11, 12]
that were shown to be coordinately reduced in individuals
with insulin resistance and T2DM [13, 14]. Polymorphisms
in the glucocorticoid receptor (GR) gene have been reported
to be associated with altered glucocorticoid sensitivity and
central obesity [15–17]. 11β-hydroxysteroid dehydrogenase
1 (11β-HSD1) which plays an important role in determining
tissue glucocorticoid levels has also been implicated in
features of the metabolic syndrome in both humans and
transgenic mice by amplifying the effects of glucocorticoid
action [18–20]. The gene encoding the G protein β3 subunit
(GNB3) was considered as a good candidate for the metabolic
syndrome and T2DM because it contains a common poly-
morphism (C825T) that was observed to be associated in
some studies with development of obesity in young indi-
viduals across different ethnic groups, body fat distribution
and hypertension. Furthermore, the T allele causes alternate
splicing with functional consequences [21–23]. A genome
wide scan for the metabolic syndrome detected significant
linkage to chromosomal region 3q27 where the APM1 gene
encoding adiponectin is located [24]. Furthermore, genetic
variation in APM1 was observed to be associated with obe-
sity, insulin resistance [25], and T2DM [26]. Neuropeptide Y
(NPY) is a major regulator of food consumption and energy
homeostasis. Increased NPY signaling in the hypothalamus
leads to obesity and its complications such as T2DM and
cardiovascular disease. Polymorphisms in the FTO gene were
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Figure 1: Association of the PPARGC1A Ser482 allele with weight
gain in all quartiles of males with T1DM on intensive diabetes
therapy. The frequency of the Ser allele in Q1 (N = 126) was 0.23;
Q2 (N = 172) was 0.34; Q3 (N = 158) was 0.38; Q4 (N = 102) was
0.45. The Ser allele was significantly associated with a trend for
higher weight gain with a P-value of .004 (Chi-square with 3 degrees
of freedom), and a P-value of .0004 (trend, Cochran-Armitage).

shown by a genome-wide association analysis [27] to be
associated with BMI and with predisposition to childhood
and adult obesity (reviewed in [28]).

2.3. Genotyping. DNA samples from the subjects were
prepared from peripheral white blood cells at the Dia-
betes/Endocrine Research Center at the University of Wash-
ington, USA. Single nucleotide polymorphism (SNP) geno-
typing was performed by real-time PCR amplification on an
Applied Biosystems (ABI) 3500 apparatus using ABI TaqMan
assays purchased from the manufacturer. The ABI assay
identification numbers are given in Table 1.

2.4. Statistical Analysis. The frequency of alleles and geno-
types were compared in Q1 and Q4 by the chi-square
(χ2) test. Bonferroni corrections to the significance of
associations of the PGC1α Gly482Ser polymorphism with
weight gain were not made because of our study design
that placed PPARγ2 and PGC1α as top priority candidate
genes (Table 1). All of the genes we tested had already been
reported to be associated with either T2DM or obesity.

3. Results

A total of 252 DCCT non-Hispanic white North American
subjects (141 females and 111 males) comprising the upper
and lower quartiles of weight gain with intensive therapy
were initially genotyped, in a double-blinded manner, for a
single common SNP in each of 7 candidate genes (Table 1).
The subjects were originally stratified into quartiles regard-
less of gender. Quartile 1 (Q1) had 64 females and 63 males
gained the least amount of weight and quartile 4 (Q4) had
85 females and 51 males and gained the highest amount of
weight. Allelic and genotypic frequencies were initially com-
pared between Q1 and Q4 regardless of gender. The results
of this analysis revealed a significant difference in allelic

and genotypic frequencies of the Gly482Ser polymorphism
(rs8192678) in PPARGC1A. The Gly/Gly genotype frequency
was 0.49 and 0.32 in Q1 and Q4, respectively, (P = .028)
and the Gly/Ser genotype was 0.42 and 0.58 in Q1 and Q4,
respectively, (P = .028). The genotypic distributions were
in Hardy-Weinberg equilibrium (P = .25). The frequency of
the Ser allele was 0.30 and 0.39 in Q1 and Q4, respectively,
(P = .08). The frequencies of alleles and genotypes in all
other 6 candidate genes were not significantly different
between Q1 and Q4.

Next, we asked whether gender plays a role in the
observed association. Interestingly, we found that the
Gly482Ser polymorphism in PPARGC1A was associated with
weight gain on intensive diabetes therapy only in males
(Table 2). The frequency of the Ser allele in males of Q1
was 0.23 compared to 0.45 in males of Q4 (P = .005). The
Ser allele frequency was almost identical in females of Q1
and Q4. As expected, the frequencies of genotypes in males
were also significantly different between the two quartiles
(Table 2). No other covariates were tested for association of
the polymorphisms with weight gain.

In an attempt to validate the above association, we
genotyped male subjects belonging to Q2 and Q3 for the
Gly482Ser polymorphism and examined the association with
the extent of weight gain on intensive diabetes therapy in all
quartiles. The results are plotted in Figure 1. The frequency
of the Ser allele in Q1 (N = 126) was 0.23; Q2 (N = 172)
was 0.34; Q3 (N = 158) was 0.38; Q4 (N = 102) was 0.45.
As observed with Q1 and Q4, the Ser allele was significantly
associated with a trend for higher weight gain with a P-value
of .004 (Chi-square with 3 degrees of freedom), and a P-value
of .0004 (trend, Cochran-Armitage).

No significant differences in allele and genotype differ-
ences between Q1 and Q4 in either males or females were
found for the rest of the candidate genes. The Gly482Ser
polymorphism is widespread among various ethnic groups.
The frequency of the Ser allele was reported to be 0.34 among
Germans [10], 0.30 among Danes [8], 0.34 among European
Americans (this study), 0.13 among African Americans
(unpublished data from our laboratory), 0.18 among Pima
Indians [29], 0.43 among Japanese [9], and 0.39 among
Chinese (dbSNP at http://www.ncbi.nlm.nih.gov/SNP/).

Subsequently, we assessed the association of a second
polymorphism (rs 2279525) located in the 5′ untranslated
region (5′ UTR) of the PGC-1α gene (Figure 2). No
association with weight gain was observed in either males
or females (Table 2). This polymorphism is approximately
46.6 KB upstream of the Gly482Ser polymorphism [30],
and the two polymorphisms are in linkage equilibrium
(http://www.hapmap.org/ and our data).

4. Discussion

We found that the common and widespread Gly482Ser
polymorphism in PGC1α is significantly associated with
excessive weight gain in male but not female subjects with
T1DM who had undergone intensive diabetes therapy. The
less common Ser allele was associated with a higher level
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Table 2: Genotype and allele frequencies of the variants in candidate genes examined for association with weight gain by DCCT subjects on
intensive diabetes therapy. N, number of subjects; the P-values compare genotype and minor allele frequencies between quartile 1 (Q1) and
quartile 4 (Q4) of weight gain; NS, statistically not significant. The brackets indicate that heterozygotes and homozygotes for the minor allele
were combined for comparisons between quartiles.

Gene/polymorphism
Frequency in females Frequency in males

Q1 (N, %) Q4 (N, %) P Q1 (N, %) Q4 (N, %) P

PPARG2

Pro/Pro 52 (82.5) 62 (78.5) NS 45 (75.0) 42 (84.2) NS

Pro/Ala 11 (17.5) 17 (21.5)
NS

15 (25.0) 9 (17.6) NS

Ala/Ala 0 (0) 0 (0) 0 (0) 0 (0) NS

Allele frequency 0.09 0.11 NS 0.13 0.09 NS

PPARGC1A

Gly/Gly 25 (40.3) 30 (38.0) NS 35 (58.3) 12 (23.5) .0054

Gly/Ser
[

28 (45.2)

9 (14.5)

43 (54.4)

6 (7.6)

]
NS

[
22 (36.7)

3 (5.0)

32 (62.8)

7 (13.7)

]
.0131

Ser/Ser

Frequency of Ser 0.37 0.35 NS 0.23 0.45 .0050

PPARGC1A

T/T̃ 28 (45.2) 35 (44.9) NS 25 (42.3) 28 (54.9) NS

T/C̃
[

27 (43.5)

7 (11.3)

38 (48.7)

5 (6.4)

]
NS

[
26 (44.1)

8 (13.6)

19 (37.3)

4 (7.8)

]
NS

C/C

Frequency of C 0.33 0.30 NS 0.35 0.27 NS

HSD11B1

C/C 41 (66.1) 50 (59.5) NS 42 (66.7) 32 (62.7) NS

C/T
[

18 (29.0)

3 (4.9)

28 (33.3)

6 (7.2)

]
NS

[
16 (25.4)

5 (7.9)

17 (33.3)

2 (4.0)

]
NS

T/T

Frequency of T 0.19 0.23 NS 0.21 0.21 NS

GNB3

C/C 34 (54.8) 35 (44.3) NS 30 (50.0) 28 (54.9) NS

C/T
[

23 (37.1)

5 (8.1)

33 (41.8)

11 (13.9)

]
NS

[
23 (38.3)

7 (11.7)

19 (37.3)

4 (7.8)

]
NS

T/T

Frequency of T 0.27 0.35 NS 0.31 0.27 NS

NRC31

G/G 27 (42.2) 41 (52.6) NS 29 (48.3) 25 (49.0) NS

G/T
[

29 (45.3)

8 (12.5)

34 (43.6)

3 (3.8)

]
NS

[
22 (36.7)

9 (15.0)

25 (49.0)

1 (2.0)

]
NS

T/T

Frequency of T 0.35 0.26 NS 0.33 0.27 NS

ADIPOQ

C/C 32 (52.5) 49 (62.0) NS 32 (53.3) 30 (58.8) NS

C/G
[

22 (36.1)

7 (11.4)

24 (30.4)

6 (7.6)

]
NS

[
26 (43.4)

2 (3.3)

17 (33.3)

4 (7.9)

]
NS

G/G

Frequency of G 0.30 0.23 NS 0.25 0.25 NS

NPY

G/G 19 (30.6) 21 (26.6) NS 15 (25.0) 10 (19.6) NS

G/A
[

29 (46.8)

14 (22.6)

34 (43.0)

24 (30.4)

]
NS

[
32 (53.3)

13 (21.7)

27 (52.9)

14 (27.5)

]
NS

A/A

Frequency of A 0.46 0.52 NS 0.48 0.54 NS

FTO

TT 23 (36.0) 29 (35.0) NS 16 (25.4) 13 (27.1) NS

TA 32 (50.0) 40 (48.2) NS 35 (55.6) 25 (52.1) NS

AA 9 (14.0) 14 (17.0) NS 12 (19.0) 10 (20.8) NS

Frequency of A 0.39 0.41 NS 0.47 0.47 NS
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Figure 2: Structure of the PPARGC1A gene showing location of
linkage disequilibrium (LD) blocks and sequence polymorphisms.

of weight gain. Subjects who gained excessive weight had
a higher frequency of T2DM among their parents. Therefore,
we hypothesized that the Gly482Ser polymorphism may lead
to excessive weight gain in DCCT via its association with the
metabolic syndrome and T2DM.

PGC1α is a powerful transcriptional coactivator of
several nuclear receptors, including PPARγ, that regulate
key metabolic steps in energy homeostasis and glucose
metabolism. The level of PGC1α mRNA in skeletal muscle
was observed to be lower in individuals with insulin resis-
tance and T2DM [31]. In addition, the expression of PGC1α-
responsive genes involved in oxidative phosphorylation is
reduced in skeletal muscle of individuals with T2DM, their
healthy first degree relatives and even those with impaired
glucose tolerance [13, 14]. Importantly, PGC1αmRNA levels
in skeletal muscle were lower among carriers of the Ser482

allele [31]. Therefore, it is likely that PGC1α with Ser at
position 428 is a less efficient coactivator of transcription
factors, including those that regulate the PPARGC1A gene
itself [32]. Therefore, lower PGC1α activity levels may lead
to lower levels of glucose and fatty acid oxidation and to fat
accumulation [14].

In this study, the Ser482 allele predicted excessive weight
gain with intensive diabetes therapy in males, but not in
females. Two studies have also reported a gender-specific
association of the Ser allele with obesity. Ridderstråle et al.
reported association of the Ser allele with increased risk
of obesity in physically inactive men over 50 years of age,
but not in women [33]. However, in another study [10]
the association was observed in middle-aged women but
not men. The reason for this conflicting result could be
attributed to the older age of subjects than those in DCCT,
for example, the above middle-aged women could have
been postmenopausal. Also, our subjects had T1DM and
their weight gain was due specifically to intensive diabetes
therapy. The Ser allele was also found to be associated
with T2DM in Northern Chinese, especially in males [34].
We do not have an explanation for the gender-specific
association. One possibility is that activity levels of PGC1α
may be coregulated by estrogens. This is compatible with
the observation that the level of muscle PGC1α mRNA is
lower in females than males [31]. Therefore, effects of the
Gly482Ser polymorphism on weight gain may be attenuated
by the action of estrogens.

The following genetic association studies support the
hypothesis that the PGC1α Gly482Ser polymorphism affects
weight gain via its effect on the metabolic syndrome (which
includes insulin resistance and abdominal obesity) and
T2DM. First, a meta-analysis showed a modest association
of the Ser482 allele with the risk for T2DM [35]. These
case-control study populations included both males and
females (3,718 cases and 4,818 controls) that were, unfor-
tunately, not independently tested for association. Second,
a locus on chromosome 4p15.1, where the PPARGC1A
is located, was found to be associated with abdominal
obesity [36] and insulin resistance [37]. Third, the PPARγ2
Pro12Ala and the PGC1α Gly482Ser polymorphisms were
associated with conversion from impaired glucose tolerance
to T2DM in the STOP-NIDDM trial [38]. The PPARγ2
Pro12Ala polymorphism has been consistently shown to
be associated with risk for T2DM [6, 7, 39]. Fourth, The
Gly482Ser polymorphism is located in a highly conserved
domain that was shown to interact with and coactivate
the muscle enhancer factor 2C that activates the GLUT4
gene [40]. Importantly, the Ser482 allele was consistently
observed to be associated with insulin resistance, T2DM
or obesity. This monoallelic association in different pop-
ulations represents a strong validation for this associa-
tion.

Haplotype analysis at the PPARGC1A gene locus in
Caucasians revealed the existence of 4 adjacent multi-SNP
linkage disequilibrium (LD) blocks with a D′ of close
to 1 (Figure 2) (http://www.hapmap.org/). The Gly482Ser
polymorphism lies within the 16.2 KB LD block. This block
contains 10 haplotypes based on 8 single-SNP genotypes
(http://www.broad.mit.edu/mpg/haploview/). Only one
haplotype contains the Ser allele and is the most common
one (0.367). The other seven haplotypes have Gly, the most
common (0.224) differs from the Ser-containing haplotype
at 8 of the 13 SNPs. Therefore, it is possible that variants
in LD with the Ser allele could contribute to the observed
association. Another polymorphism in exon 9 (Thr612Met)
(Figure 2) that lies within the 16.2 KB LD block could
also influence the activity of PGC1α [8]. However, its
frequency is quite low in the general population (Met allele
frequency of 0.03) and, therefore, is unlikely to have a
major impact on the observed association with the Ser482
allele.

The polymorphism in the 5′ untranslated region of
PPARGC1A (Figure 2) was not associated with weight gain
in either sex in our study. Since this polymorphism is in LD
with those in exon 1, our result is consistent with lack of
association between the Ser74Leu polymorphism in exon 2
(Figure 2) and T2DM [8].

No significant association of variants in the other 7
candidate genes was observed. This does not mean that
these genes do not contribute to excessive weight gain.
The relatively small sample size and the low frequency
of some of the polymorphisms may have resulted in low
power to detect an association. A more thorough analysis
of other variants in these genes is necessary using a larger
population sample in order to detect moderate effects on
weight gain.
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5. Conclusions

The common PGC1α-Gly482Ser polymorphism was signifi-
cantly associated with excessive weight gain in male, but not
female subjects with T1DM who had undergone intensive
diabetes therapy. The less common Ser allele was associated
with a higher level of weight gain. PGC1α Ser is a less efficient
coactivator of transcription factors. Therefore, lower PGC1α
activity levels may lead to lower levels of glucose and fatty
acid oxidation and to fat accumulation.
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[38] L. Andrulionytè, J. Zacharova, J.-L. Chiasson, and M. Laakso,
“Common polymorphisms of the PPAR-γ2 (Pro12Ala) and
PGC-1α (Gly482Ser) genes are associated with the conversion

from impaired glucose tolerance to type 2 diabetes in the
STOP-NIDDM trial,” Diabetologia, vol. 47, no. 12, pp. 2176–
2184, 2004.

[39] L. J. Scott, K. L. Mohlke, L. L. Bonnycastle, et al., “A genome-
wide association study of type 2 diabetes in finns detects
multiple susceptibility variants,” Science, vol. 316, no. 5829, pp.
1341–1345, 2007.

[40] L. F. Michael, Z. Wu, R. B. Cheatham, et al., “Restoration of
insulin-sensitive glucose transporter (GLUT4) gene expression
in muscle cells by the transcriptional coactivator PGC-1,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 98, no. 7, pp. 3820–3825, 2001.



Hindawi Publishing Corporation
PPAR Research
Volume 2009, Article ID 543746, 11 pages
doi:10.1155/2009/543746

Research Article

Peroxisome Proliferator-Activated Receptor Gamma
Polymorphisms and Coronary Heart Disease

Jean Dallongeville,1 Carlos Iribarren,2 Jean Ferrières,3 Liisa Lyon,2 Alun Evans,4 Alan S. Go,2

Dominique Arveiler,5 Stephen P. Fortmann,6 Pierre Ducimetière,7 Mark A. Hlatky,8

Philippe Amouyel,1 Audrey Southwick,9 Thomas Quertermous,10 and Aline Meirhaeghe1
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Single nucleotide polymorphisms (SNPs) in the peroxisome proliferator-activated receptor γ (PPARG) gene have been associated
with cardiovascular risk factors, particularly obesity and diabetes. We assessed the relationship between 4 PPARG SNPs (C-
681G, C-689T, Pro12Ala, and C1431T) and coronary heart disease (CHD) in the PRIME (249 cases/494 controls, only men)
and ADVANCE (1,076 cases/805 controls, men or women) studies. In PRIME, homozygote individuals for the minor allele of the
PPARG C-689T, Pro12Ala, and C1431T SNPs tended to have a higher risk of CHD than homozygote individuals for the frequent
allele (adjusted OR [95% CI] = 3.43 [0.96–12.27], P = .058, 3.41 [0.95–12.22], P = .060 and 5.10 [0.99–26.37], P = .050, resp.).
No such association could be detected in ADVANCE. Haplotype distributions were similar in cases and control in both studies.
A meta-analysis on the Pro12Ala SNP, based on our data and 11 other published association studies (6,898 CHD cases/11,287
controls), revealed that there was no evidence for a significant association under the dominant model (OR = 0.99 [0.92–1.07],
P = .82). However, there was a borderline association under the recessive model (OR = 1.29 [0.99–1.67], P = .06) that became
significant when considering men only (OR = 1.73 [1.20–2.48], P = .003). In conclusion, the PPARG Ala12Ala genotype might be
associated with a higher CHD risk in men but further confirmation studies are needed.

Copyright © 2009 Jean Dallongeville et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

The peroxisome proliferator-activated receptor γ (PPARG)
is a nuclear hormone receptor that dimerizes with the
retinoid X receptor (RXR) to regulate target genes involved
in adipocyte differentiation and insulin sensitization [1].
Activation of PPARG with thiazolidinediones is used to
stimulate insulin sensitivity in the treatment of type 2
diabetes. PPARG also plays a role in macrophage, malignant

breast epithelial, colon cancer cell differentiation, and lipid
homeostasis [2] and has been shown to control the expres-
sion of proinflammatory genes in vascular cell models [3].
This suggests that PPARG may contribute to the pathogenesis
of the atherosclerotic plaque physiology at a very early stage.

Prior investigations have analyzed the relationship
between common PPARG SNPs and various metabolic
disorders. The Pro12Ala substitution in the specific exon B
of PPARG2 isoform, which contributes to a lower PPARG2
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activity in vitro, was associated with a decreased risk of type
2 diabetes [4]. Obese carriers of the minor allele of the
PPARG C1431T polymorphism in exon 6 presented higher
plasma leptin levels than noncarriers [5]. The C-681G and
C-689T polymorphisms in the second and third PPARG
promoter, respectively, were both associated with higher
body weight and plasma LDL concentrations [6, 7]. Finally,
haplotype analyses showed that a particular combination
of these 4 polymorphisms was more frequent in patients
with a metabolic syndrome than in control subjects [8].
Altogether, these observations suggest that genetic variability
at the PPARG locus could affect cardiovascular risk.

Early studies analyzed the association between the
PPARG Pro12Ala SNP and coronary heart disease (CHD) in
cohorts from North America. These investigations yielded
inconsistent results [9, 10]. Furthermore, a higher risk
of coronary heart disease was reported in obese subjects
carrying the Ala12 allele that needed confirmation [10].
Therefore, the goal of the present study was to explore the
association between 4 PPARG SNPs, including the Pro12Ala
SNP, and CHD risk in two independent studies among
white subjects. We also performed haplotype analyses to
evaluate whether a particular combination of alleles could
better explain the effect of PPARG genetic variability on
CHD risk and assessed whether overweight and obesity could
modulate this risk. Finally, we performed a meta-analysis of
published studies to date, focusing on the PPARG Pro12Ala
polymorphism and CHD risk.

2. Methods

2.1. PRIME Study. The PRIME (Prospective Study of
Myocardial Infarction) study is a prospective cohort study
designed to identify risk factors for CHD [11]. Details on
recruitment, baseline examination, and follow-up of the
PRIME Study have been previously reported [12]. Overall,
9758 middle-aged men aged 50–59 years and free of CHD
at baseline were recruited in Lille, Strasbourg, and Toulouse
in France (n = 7399) and Belfast in Northern Ireland (n =
2359) between 1991 and 1993 and followed up for 5 years for
the occurrence of first CHD events including coronary death,
nonfatal myocardial infarction, and stable or unstable angina
pectoris.

2.1.1. General Characteristics. Subjects who agreed to take
part in the study were given a morning appointment and
asked to fast for at least 12 hours. A full description of clinical
and laboratory measurements has been published elsewhere
[11, 12]. Briefly, a health questionnaire self-administered
by subjects at their homes was subsequently checked by
trained interviewers at the clinic. It covered a broad range of
clinical information, including family and personal clinical
histories, tobacco consumption, and drug intake. Blood
pressure was measured twice in the sitting position with
the same automatic device (Spengler SP9). A 12-lead ECG
was also recorded. Plasma lipids analyses were centralized
(SERLIA INSERM U325, Institut Pasteur de Lille, France).

Overweight and obesity were defined as BMI≥ 25 kg/m2 and
BMI ≥ 30 kg/m2, respectively.

2.1.2. Biochemical Measurements. A subset of biochemical
measurements was performed on the entire cohort at
baseline. Total cholesterol and triglycerides were measured
by enzymatic methods using commercial kits in an auto-
matic analyzer (Boehringer, Mannheim, Germany). High-
density lipoprotein (HDL) cholesterol was determined after
precipitation of Apo-lipoprotein B by an enzymatic method
(Boehringer). Low-density lipoprotein (LDL) cholesterol was
calculated according to the Friedewald formula. Insulin
was assayed by competitive radioimmunoassay (Sanofi-
Diagnostic Pasteur, France) in cases and matched controls
using plasma samples collected at baseline and stored in
liquid nitrogen.

During the follow-up, subjects were contacted annually
by letter and asked to complete a clinical event questionnaire.
For all subjects reporting a possible event, clinical informa-
tion was sought directly from the hospital or general prac-
titioner records. All details on ECGs, hospital admissions,
enzymes, surgical intervention, angioplasty, treatments, and
so forth were collected. Death certificates were checked for
supporting clinical and postmortem information on cause
of death. Whenever possible, circumstances of death were
obtained from the practitioner or the family. A Medical
Committee comprising one member from each PRIME
Center and the Coordinating Center, and three cardiologists
(two from France and one from the UK), was established
to provide an independent validation of coronary events.
A description of the coronary end point definitions has
been published recently [12]. The five-year follow-up was
completed in 98,6% of the French participants and 99,2% of
the Northern-Irish participants.

A nested case-control study within the PRIME prospec-
tive cohort study was mounted using the baseline plasma
samples of 335 study participants who subsequently devel-
oped a future coronary ischemic event during follow-up
and of 670 matched controls (2 controls per case). Matched
controls were study participants recruited in the same center,
on the same day (± 3 days), of the same age (± 3 years) as the
case and free of CHD at the time of the ischemic event of the
case. Subjects with incomplete data were excluded. If a case
was excluded, his two matched controls were also excluded,
and if the two matched controls for a case were excluded, the
corresponding case was also excluded. A total of 249 cases
and 494 controls were used in the present study.

2.2. The ADVANCE Study. The Atherosclerotic Disease,
VAscular FuNction, and genetiC Epidemiology (ADVANCE)
study recruited, between October 2001 and December 2003,
a total of 3,179 subjects from multiple race/ethnic back-
ground into 5 cohorts: a cohort of subjects with clinically
significant CAD at a young age (≤45 years for males, ≤55
years for females), a cohort of subjects with incident stable
angina at an older age, a cohort of subjects with incident
acute myocardial infarction (AMI) at an older age, a cohort
of young subjects with no history of CAD, and a cohort of
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Table 1: Baseline characteristics of subjects with incident CHD (case) and CHD-free (control) subjects in PRIME and ADVANCE.

PRIME Men ADVANCE Men ADVANCE Women

Controls Cases P∗ Controls Cases P∗ Controls Cases P∗

N 494 249 433 706 372 370

Age (y) 55.1 ± 2.8 55.3 ± 3.0 .46 65.8 ± 3.3 61.5 ± 7.9 <.0001 61.5 ± 6.9 60.0 ± 8.8 .11

BMI (kg/m2) 26.7 ± 3.5 27.1 ± 3.4 .11 28.3 ± 4.4 29.1 ± 4.8 .005 27.4 ± 6.3 29.6 ± 7.2 <.0001

Waist girth (cm) 93.6 ± 10.1 95.0 ± 10.2 .067 99.4 ± 12.6 100.0 ± 12.0 .46 83.8 ± 13.6 90.4 ± 15.9 <.0001

Years at school (y) 11.26 ± 5 10.9 ± 3 .36 NA NA NA NA

Physically active (%) 19.6 19.6 .99 62.6 53.8 .004 63.2 45.7 <.0001

Current smokers (%) 30.6 19.7 .0019 6.8 8.4 .36 8.4 13.0 .04

Alcohol consumption (g/week) 236 ± 310 234 ± 323 .88 50 ± 140 20 ± 70 <.0001 20 ± 70 0 ± 30 <.0001

History of hypertension (%) 17.6 30.1 .0001 51.5 78.8 <.0001 41.7 79.2 <.0001

History of dyslipidemia (%) 28.5 34.9 .06 25.4 28.6 .46 11.6 26.2 <.0001

History of diabetes (%) 4.9 8.8 .036 15.5 23.0 <.0001 5.1 21.4 <.0001

Systolic BP (mm Hg) 13 ± 19 141 ± 2 <.0001 131 ± 16 120 ± 17 <.0001 124 ± 19 121 ± 20 .08

Diastolic BP (mm Hg) 84 ± 13 87 ± 12 .0008 75 ± 8 71 ± 9 <.0001 71 ± 9 69 ± 9 .0004

Total cholesterol (mg/dL) 225 ± 37 234 ± 39 .0008 202 ± 35 NA — 210 ± 36 NA —

LDL-cholesterol (mg/dL) 146 ± 34 157 ± 33 .0001 124 ± 30 NA — 124 ± 30 NA —

HDL-cholesterol (mg/dL) 47 ± 12 43 ± 11 <.0001 49 ± 14 NA — 62 ± 17 NA —

Data are expressed as means ± SD or percentages. ∗T-test for continuous variables and Chi-square test for categorical variables. NA: Not available. BP: blood
pressure.

subjects aged 60 to 72 with no history of CAD, ischemic
stroke, or peripheral arterial disease (PAD). Eligible subjects
were identified using the Kaiser Permanente of Northern Cal-
ifornia (KPNC) electronic databases and those who agreed to
participate were interviewed and examined at one of several
clinics in the San Francisco Bay Area. A sixth cohort of young
subjects with no history of CAD included 479 participants
in the Coronary Artery Risk Development in Young Adults
(CARDIA) Study [13] originally recruited through KPNC
and attending the study’s year 15 examination cycle in 2000-
2001. A detailed description of the source population for all
cohorts has been published elsewhere [14, 15]. The design
of the ADVANCE study allowed for several case control
comparisons. In this study, we included all white subjects
with symptomatic early onset CAD (young cases), older
subjects with either AMI or angina as first presentation of
CHD (older cases), young controls, and older controls. This
resulted in 1 076 CHD cases (706 in men, 370 in women) and
805 controls (433 male, 372 female).

The ADVANCE study was approved by the Institutional
Review Board at both Stanford University and Kaiser
Permanente of Northern California (KPNC). Details of
the methodology for risk factor assessment can be found
elsewhere [14, 15].

2.3. Genotyping. The genotyping method in PRIME has been
described previously [8]. The genotyping success rate was
above 94% for each SNP. Genotyping in ADVANCE was
performed at the Stanford Human Genome Center using the
ABI 7900 TaqMan platform [16, 17]. The “no call rate” for

genotypes was only 0.35% and the reproducibility was 99.9%
in random samples with repeat genotypes.

2.4. Statistical Analyses. For ADVANCE, we used uncondi-
tional logistic regression because cases and controls were
not individually matched. For PRIME, we used conditional
logistic regression analysis to compare the distribution of
genotypes between cases and controls and to estimate the
odds ratio (OR) of CHD. The analyses were adjusted for age,
educational level, alcohol consumption, physical activity,
smoking status, history of diabetes, history of hyperten-
sion, and history of dyslipidemia. Additional analyses were
performed to test the interaction between overweight or
obesity and genotype by adding a cross-product term to the
logistic regression model. We used general regression models
and chi-square test to compare the clinical and biological
characteristics of the subjects according to genotype in
control subjects. Triglyceride values were log transformed for
analyses. All analyses were performed using SAS software 8.2
version (SAS Institute, Cary, USA).

2.4.1. Haplotype Analyses. Presence of linkage disequilib-
rium between the loci was tested using a log-likelihood-ratio
test [18] and the degree of disequilibrium was expressed in
terms of normalized difference D′ = D/Dmax or D/Dmin

[19]. Haplotype frequencies were estimated using a stochas-
tic version of the expectation-maximization algorithm as
implemented in Thesias software [20, 21]. Differences in
haplotype frequencies between cases and their respective
controls were examined using a log-likelihood ratio statistic
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Table 2: PPARG genotype distributions among white CHD cases and CHD-free controls and ORs [95% CI] of CHD.

(a)

PRIME Men

Model 1 Model 2

Controls Cases P∗ OR [95% CI] P OR [95% CI] P

C-681G (n) 484 243

CC, n (%) 286 (59.1) 146 (60.1) reference reference

CG, n (%) 174 (35.9) 79 (32.5) .32 0.88 [0.64–1.22] .44 0.90 [0.64–1.26] .53

GG, n (%) 24 (5.0) 18 (7.4) 1.54 [0.79–3.00] .20 1.64 [0.82–3.30] .16

CG+GG, n (%) 198 (40.9) 97 (39.9) 0.96 [0.71–1.31] .82 0.97 [0.71–1.34] .88

C-689T (n) 484 242

CC, n (%) 374 (77.3) 193 (79.7) reference reference

CT, n (%) 106 (21.9) 42 (17.4) .04 0.76 [0.51–1.13] .18 0.74 [0.49–1.13] .16

TT, n (%) 4 (0.8) 7 (2.9) 3.34 [0.98–11.45] .054 3.43 [0.96–12.27] .058

CT+TT, n (%) 110 (22.7) 49 (20.3) 0.89 [0.61–1.30] .54 0.87 [0.58–1.29] .48

Pro12Ala (n) 486 245

CC, n (%) 378 (77.8) 198 (80.8) reference reference

CG, n (%) 104 (21.4) 40 (16.3) .03 0.74 [0.49–1.10] .14 0.72 [0.47–1.10] .12

GG, n (%) 4 (0.8) 7 (2.9) 3.32 [0.97–11.39] .056 3.41 [0.95–12.22] .060

CG+GG, n (%) 108 (22.2) 47 (19.2) 0.85 [0.58–1.25] .40 0.83 [0.55–1.24] .36

C1431T (n) 482 241

CC, n (%) 383 (79.5) 189 (78.4) reference reference

CT, n (%) 97 (20.1) 46 (19.1) .04 0.94 [0.64–1.38] .76 0.89 [0.60–1.33] .58

TT, n (%) 2 (0.4) 6 (2.5) 5.93 [1.19–29.45] .029 5.10 [0.99–26.37] .050

CT+TT, n (%) 99 (20.5) 52 (21.6) 1.01 [0.69–1.46] .98 0.95 [0.64–1.40] .78

(b)

ADVANCE Men

Model 1 Model 2

Controls Cases P∗ OR [95% CI] P OR [95% CI] P

C-681G (n) 420 694

CC, n (%) 238 (56.7) 395 (56.9) reference reference

CG, n (%) 159 (37.9) 264 (38.1) .95 1.00 [0.78–1.29] .99 1.03 [0.77–1.37] .85

GG, n (%) 23 (5.4) 35 (5.0) 0.92 [0.53–1.59] .76 0.85 [0.46–1.60] .62

CG+GG, n (%) 182 (43.3) 299 (43.1) 0.99 [0.77–1.26] .93 1.00 [0.76–1.32] .99

C-689T (n) 423 687

CC, n (%) 326 (77.1) 522 (76.0) reference reference

CT, n (%) 93 (22.0) 154 (22.4) .68 1.03 [0.77–1.39] .82 1.00 [0.72–1.38] .98

TT, n (%) 4 (0.9) 11 (1.6) 1.72 [0.54–5.44] .35 1.87 [0.48–7.33] .37

CT+TT, n (%) 97 (22.9) 165 (24.0) 1.06 [0.80–1.41] .68 0.99 [0.78–1.26] .94

Pro12Ala (n) 426 693

CC, n (%) 330 (77.5) 528 (76.2) reference reference

CG, n (%) 92 (21.6) 154 (22.2) .62 1.05 [0.78–1.40] .76 1.03 [0.74–1.42] .88

GG, n (%) 4 (0.9) 11 (1.6) 1.72 [0.54–5.44] .36 1.90 [0.49–7.41] .36

CG+GG, n (%) 96 (22.5) 165 (23.8) 1.07 [0.81–1.43] .62 1.06 [0.77–1.45] .74

C1431T (n) 426 687

CC, n (%) 325 (76.3) 530 (77.2) reference reference

CT, n (%) 98 (23.0) 147 (21.4) .50 0.92 [0.69–1.23] .57 0.87 [0.63–1.21] .41

TT, n (%) 3 (0.7) 10 (1.4) 2.01 [0.55–7.36] .29 1.76 [0.43–7.16] .43

CT+TT, n (%) 101 (23.7) 157 (22.8) 0.95 [0.71–1.25] .73 0.90 [0.65–1.24] .52
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(c)

ADVANCE Women

Model 1 Model 2

Controls Cases P∗ OR [95% CI] P OR [95% CI] P

C-681G (n) 359 365

CC, n (%) 189 (52.7) 203 (55.6) reference reference

CG, n (%) 148 (41.2) 144 (39.5) .64 0.91 [0.67–1.23] .52 0.97 [0.68–1.38] .86

GG, n (%) 22 (6.1) 18 (4.9) 0.76 [0.40–1.47] .42 0.64 [0.30–1.4] .26

CG+GG, n (%) 170 (47.3) 162 (44.4) 0.89 [0.66–1.19] .42 0.92 [0.65–1.29] .62

C-689T (n) 360 365

CC, n (%) 274 (76.1) 285 (78.1) reference reference

CT, n (%) 81 (22.5) 79 (21.6) .26 0.94 [0.66–1.33] .72 1.07 [0.71–1.6] .74

TT, n (%) 5 (1.4) 1 (0.3) 0.19 [0.02–1.66] .13 0.17 [0.02–1.54] .12

CT+TT, n (%) 86 (23.9) 80 (21.9) 0.89 [0.63–1.26] .53 1.00 [0.67–1.49] .99

Pro12Ala (n) 362 366

CC, n (%) 275 (76.0) 288 (78.7) reference reference

CG, n (%) 82 (22.6) 77 (21.0) .22 0.90 [0.63–1.28] .54 1.02 [0.68–1.53] .93

GG, n (%) 5 (1.4) 1 (0.3) 0.19 [0.02–1.65] .13 0.168 [0.02–1.51] .11

CG+GG, n (%) 87 (24.0) 78 (21.3) 0.86 [0.60–1.21] .38 0.99 [0.67–1.49] .80

C1431T (n) 366 367

CC, n (%) 278 (76.0) 281 (76.6) reference reference

CT, n (%) 81 (22.1) 83 (22.6) .50 1.01 [0.72–1.44] .94 1.08 [0.72–1.63] .70

TT, n (%) 7 (1.9) 3 (0.8) 0.42 [0.11–1.66] .21 0.30 [0.07–1.32] .11

CT+TT, n (%) 88 (24.0) 86 (23.4) 0.97 [0.69–1.36] .85 1.00 [0.67–1.49] .96
∗P value for a global test of significance. Model 1: crude OR. Model 2: OR adjusted for age, BMI, educational level, smoking status, physical activity, alcohol
intake, history of diabetes, history of hypertension, and history of dyslipidemia.

test which was computed from the estimated haplotype
frequency log-likelihoods for the case and control groups
separately.

2.4.2. Meta-Analysis. In addition to the analysis of PRIME
and ADVANCE, we identified all published prospective
studies that assessed the relationship between the PPARG
Pro12Ala polymorphism and CHD and conducted a meta-
analysis of the findings. Inclusion criteria for events were
a coronary event. Inclusion criteria for exposure variable
were the PPARG Pro12Ala polymorphism. Searches were
conducted in electronic databases (MEDLINE and EMBASE)
from 1970 to June 2009. References from the extracted
papers, reviews, and previous meta-analysis were also con-
sulted to complete the data bank. The electronic search
include both truncated free-text and MeSH. Used terms were
“PPARG” or “peroxisome proliferator-activated receptor
gamma” and “polymorphism” and “cardiovascular disease”
or “CAD” or “CHD” or “coronary” or “MI” or “myocardial”
or “ischemic heart disease.” No attempt was made to contact
authors of nonpublished work or to find paper in other
languages than English. When the data were not available
in the appropriate format, the corresponding author of the
paper was contacted to obtain the data. However, two studies
were excluded because the data were not available in the

appropriate format, that is, the number of subjects for the
three genotype groups in cases and controls [22, 23]. Finally,
11 studies were selected for the meta-analysis. Therefore,
the final data set, including our 3 samples, consisted of
14 independent studies comprising 6898 cases and 11 287
controls (Table 4).

For this meta-analysis, we combined data of all studies
using Review Manager software release 5.0 (http://www.cc-
ims.net/revman/) [24]. We estimated the overall effect by a
Mantel–Haentzel fixed odds ratio.

3. Results

As expected, major cardiovascular risk factors such as
smoking, history of hypertension, history of dyslipidemia,
history of diabetes, and systolic and diastolic blood pressure
levels differed between cases and controls in both PRIME and
ADVANCE studies (Table 1).

The genotype distributions of the 4 PPARG SNPs
respected the Hardy-Weinberg equilibrium in control sub-
jects. In the control group, the frequencies of the PPARG -
681G, -689T, Ala12, and 1431T alleles were similar in PRIME
and ADVANCE. There were marginal differences in the
genotype distribution of the C-689T (P = .04), Pro12Ala
(P = .03), and C1431T (P = .04) SNPs between cases
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Table 3: Estimate of PPARG haplotype frequencies in cases and
controls.

C-681G C-689T Pro12Ala C1431T Controls Cases P

PRIME Men

1 1 1 1 0.72 0.72

2 1 1 1 0.11 0.11

2 2 2 2 0.08 0.09 .53

2 2 2 1 0.04 0.03

1 1 1 2 0.03 0.03

2 1 1 2 0.01 0.02

ADVANCE Men

1 1 1 1 0.74 0.73

2 1 1 1 0.11 0.10

2 2 2 2 0.09 0.08 .38

2 2 2 1 0.03 0.04

1 1 1 2 0.02 0.02

2 1 1 2 0.02 0.01

ADVANCE Women

1 1 1 1 0.71 0.72

2 1 1 1 0.13 0.13

2 2 2 2 0.08 0.08 .70

2 2 2 1 0.04 0.03

1 1 1 2 0.03 0.03

2 1 1 2 0.01 0.01

Only haplotypes with a frequency >1% are displayed. 1 and 2 represent the
frequent and minor alleles, respectively. P value is for the global effect (5 df).

and controls in PRIME (Table 2(a)), mainly due to a higher
frequency of homozygote subjects for the minor allele in
cases compared with controls.

The odds ratios (ORs) [95% CI] of CHD were calculated
for heterozygotes, for homozygotes, and for carriers of
the minor allele (dominant model), using both a crude
model and an adjusted model (Table 2(a)). In PRIME,
homozygote individuals for the minor allele of the PPARG
C-689T, Pro12Ala, and C1431T SNPs tended to have a
higher risk of CHD than homozygote individuals for the
frequent allele (OR [95% CI] = 3.34 [0.98–11.45], P =
.054, OR = 3.32 [0.97–11.39], P = .056 and OR = 5.93
[1.19–29.45], P = .029, resp.). After adjustment for age,
educational level, smoking status, physical activity, alcohol
intake, history of diabetes, history of hypertension, and
history of dyslipidemia, the ORs were only slightly altered
(OR = 3.43 [0.96–12.27], P = .058, 3.41 [0.95–12.22],
P = .060 and 5.10 [0.99–26.37], P = .050 for the C-
689T, Pro12Ala and C1431T SNPs, resp.). There was no
significant association in ADVANCE, neither in men nor
in women (Table 2(b) and (c)). Further analyses stratifying
on overweight (<25 kg/m2 versus ≥25 kg/m2) or obesity
(<30 kg/m2 versus ≥30 kg/m2) or adding a cross-product
term into the model yielded no significant interaction (all P
values for interaction term >0.1) in both studies (data not
shown).

In control subjects from PRIME and ADVANCE, there
were very few significant differences in baseline charac-
teristics between carriers and noncarriers of the PPARG-
681G, -689T, Ala12, and 1431T alleles (see Tables 1, 2,
3, 4, and 5 in Supplementary Material available online
at doi:10.155/2009/543746). Systolic blood pressure was
significantly lower (P < .05) in carriers of the PPARG-
681G, -689T and Ala12 alleles in PRIME (Supplementary
Table 1). There was no statistically significant difference
in mean BMI, LDL-cholesterol, or HDL-cholesterol levels
between carriers and noncarriers of the minor allele of
any SNP investigated. There was also no evidence for
any statistically significant difference in the prevalence of
reported hypertension, dyslipidemia, or diabetes between
carriers and noncarriers of the minor allele of these SNPs.

The Pro12Ala and the C-681G, C-689T, and C1431T
SNPs were in partial positive linkage disequilibrium
(D′ range = +0.6 − +1.0, r2 range = 0.18–0.98). The
C-689T and Pro12Ala SNPs were in perfect linkage dis-
equilibrium (D′ = +1.0, r2 = 0.98). The distribution
of the 4 SNP -containing haplotypes was estimated in
cases and controls (Table 3). Six haplotypes covered 98%
of the possible haplotypes. The frequency of the haplotype
composed of the 4 most frequent alleles was >70% in both
cases and controls. There was no evidence for any statistically
significant difference in haplotype distribution between cases
and controls, neither in PRIME nor in ADVANCE (P > .38).
Haplotype analyses were also conducted after stratification
on overweight or obesity. In these analyses, there was no
evidence of significant difference of haplotype distributions
between cases and controls in overweight or lean, obese, or
nonobese subjects (data not shown).

Pooled estimate of CHD odds ratios were calculated from
published studies for the PPARG Ala12Pro SNP including
6898 cases and 11 287 controls. Funnel plot analysis revealed
no evidence of publication bias. There was no significant
association with CHD under the dominant genetic model
(OR = 1.00 [0.93–1.08], P = .95) (Table 4(a)). There was
significant heterogeneity in the meta-analysis (Chi2 = 22.10,
df = 13, P = .05) due to the study of Li et al., which was
the only study to show a significant association between the
Ala12 allele and a higher CHD risk. When removing this
study from the meta-analysis (heterogeneity Chi2 = 17.37,
df = 12, P = .14), the odds ratio of CHD was 0.99 [0.92–
1.07], P = .82. The ORs of CHD were similar in men (OR =
0.99, P = .91) and women (OR = 0.94, P = .52).

Using the recessive genetic model, there was a borderline
association between the Ala12Ala genotype and CHD risk
(OR = 1.29 [0.99–1.67], P = .06) (Table 4(b)). When
stratifying on gender, Ala12Ala men had a significant higher
risk of CHD (OR = 1.73 [1.20–2.48], P = .003) than men
carrying the Pro12 allele (Table 4(c)). No such association
could be detected in women (OR = 0.62 [0.31–1.24], P = .17)
(data not shown).

4. Discussion

In the present study, we did not find any consistent
association between the PPARG C-681G, C-689T, Pro12Ala,
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Table 4

(a) Meta-analysis of CHD risk for the PPARG Pro12Ala polymorphism under the dominant model.

Cases Controls Odds ratio Odds ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI

ADVANCE, Men 165 693 96 426 7.1% 1.07 [0.81, 1.43]

0.5 0.7 1 1.5 2

ADVANCE, Women 78 366 87 362 5.4% 0.86 [0.60, 1.21]

Bluher et al., Men + Women 27 201 24 164 1.8% 0.91 [0.50, 1.64]

Li et al., Men + Women 23 218 38 626 1.4% 1.83 [1.06, 3.14]

Pischon et al., Men 63 250 95 502 3.7% 1.44 [1.00, 2.07]

Pischon et al., Women 58 245 99 485 4.0% 1.21 [0.84, 1.75]

PRIME, Men 47 245 108 486 4.6% 0.83 [0.57, 1.22]

Ridker et al., Men 98 523 482 2092 12.3% 0.77 [0.60, 0.98]

Ruiz et al., Men + Women 365 1805 335 1805 20.9% 1.11 [0.94, 1.31]

Tobin et al., Men + Women 113 547 124 505 8.0% 0.80 [0.60, 1.07]

Vogel et al., Men 197 786 216 880 12.0% 1.03 [0.82, 1.28]

Vogel et al., Women 64 245 208 789 5.7% 0.99 [0.71, 1.37]

Vos et al., Men 126 563 134 646 7.6% 1.10 [0.84, 1.45]

Zafarmand et al., Women 44 211 376 1519 5.7% 0.80 [0.56, 1.14]

Total (95% CI) 6898 11287 100.0% 1.00 [0.93, 1.08]

Total events 1468 2422

Heterogeneity: Chi2 = 22.10, df = 13 (P = .05); I2 = 41%

Test for overall effect: Z = 0.06 (P = .95)

(b) Meta-analysis of CHD risk for the PPARG Pro12Ala polymorphism under the recessive model.

Cases Controls Odds ratio Odds ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI

ADVANCE, Men 11 693 4 426 4.9% 1.70 [0.54, 5.38]

0.02 0.1 1 10 50

ADVANCE, Women 1 366 5 362 5.0% 0.20 [0.02, 1.68]

Bluher et al., Men + Women 4 201 2 164 2.2% 1.64 [0.30, 9.09]

Li et al., Men + Women 0 218 2 626 1.3% 0.57 [0.03, 11.95]

Pischon et al., Men 4 250 4 502 2.6% 2.02 [0.50, 8.16]

Pischon et al., Women 4 245 6 485 4.0% 1.33 [0.37, 4.74]

PRIME, Men 7 245 4 486 2.6% 3.54 [1.03, 12.23]

Ridker et al., Men 6 523 31 2092 12.3% 0.77 [0.32, 1.86]

Ruiz et al., Men + Women 24 1805 25 1805 24.8% 0.96 [0.55, 1.69]

Tobin et al., Men + Women 10 547 4 505 4.1% 2.33 [0.73, 7.48]

Vogel et al., Men 21 786 12 880 11.1% 1.99 [0.97, 4.06]

Vogel et al., Women 2 245 15 789 7.1% 0.42 [0.10, 1.87]

Vos et al., Men 21 563 12 646 10.8% 2.05 [1.00, 4.20]

Zafarmand et al., Women 3 211 30 1519 7.2% 0.72 [0.22, 2.37]

Total (95% CI) 6898 11287 100.0% 1.29 [0.99, 1.67]

Total events 118 156

Heterogeneity: Chi2 = 15.93, df = 13 (P = .25); I2 = 18%

Test for overall effect: Z = 1.90 (P = .06)
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(c) Meta-analysis of CHD risk for the PPARG Pro12Ala polymorphism under the recessive model in men.

Cases Controls Odds ratio Odds ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI

ADVANCE, Men 11 693 4 426 11.0% 1.70 [0.54, 5.38]

0.1 0.2 0.5 1 2 5 10

Pischon et al., Men 4 250 4 502 5.9% 2.02 [0.50, 8.16]

PRIME, Men 7 245 4 486 5.9% 3.54 [1.03, 12.23]

Ridker et al., Men 6 523 31 2092 27.8% 0.77 [0.32, 1.86]

Vogel et al., Men 21 786 12 880 25.0% 1.99 [0.97, 4.06]

Vos et al., Men 21 563 12 646 24.4% 2.05 [1.00, 4.20]

Total (95% CI) 3060 5032 100.0% 1.73 [1.20, 2.48]

Total events 70 67

Heterogeneity: Chi2 = 4.93, df = 5 (P = .42); I2 = 0%

Test for overall effect: Z = 2.96 (P = .003)

or C1431T SNPs or related haplotypes and CHD risk, neither
in men nor in women, in the PRIME and ADVANCE
studies. Furthermore, analyses stratified on overweight or
obesity revealed no evidence that these PPARG variants
influence CHD risk in overweight or obese men. These
data do not support the hypothesis that PPARG C-681G,
C-689T, Pro12Ala, and C1431T polymorphisms are major
risk factors for CHD but does not rule out the possibility of
an association of small magnitude, especially in homozygote
Ala12Ala men.

PPARG is a ligand-activated transcription factor playing
an important role in adipocyte differentiation, glucose
homeostasis, and several vascular processes. In vitro studies
have shown that the PPARG Ala12 allele decreases PPARG
activation of reporter genes (4) and the -681G and -689T
alleles are associated with lower PPARG promoter activity
[4, 6, 7] suggesting that carriers of these alleles might have
a lower PPARG-mediated activation of target genes than
noncarriers.

Earlier clinical and epidemiological studies have assessed
the relationship between variability at the PPARG gene loci
and CHD risk. The results of these investigations have been
inconsistent with some studies showing a reduced risk of
coronary heart disease [9, 22], other studies an increased
risk [25–29] and some others reporting no association [10,
23, 30–33]. In contrast, three studies showed less intima-
media carotid thickening in carriers of the PPARG Ala12
allele suggesting a possible relation between this variant and
sub-clinical atherosclerosis [34–36].

We found no consistent association for none of the 4
PPARG SNPs (C-681G, C-689T, Pro12Ala, and C1431T)
in PRIME and ADVANCE. Only in PRIME, we observed
that men homozygotes for the minor allele of the C-689T,
Pro12Ala, and C1431T SNPs had a higher risk of CHD than
homozygotes for the frequent allele. This result was further
confirmed in the meta-analysis including 3060 cases and
5032 controls that showed a higher risk of CHD in Ala12Ala
men. Recent genome whole association studies failed to
identify associations with PPARG SNPs [37–42]. Firstly, this
might be explained by the gender-specific effect and the
restrictive recessive genetic model of the PPARG association.
Secondly, the 4 SNPs that were investigated in the present

study may not be the culprit ones, but rather be in linkage
disequilibrium with a causal mutation, resulting in a dilution
of a possible association.

PPARG SNPs may affect CHD risk through their asso-
ciation with cardiovascular risk factors. In the present
study, we found no evidence for significant differences in
major cardiovascular risk factors for example, body mass
index, lipid levels, or history of diabetes, between carriers
and noncarriers of the minor alleles. The only exception
was a borderline association with systolic blood pressure
level which was lower in PPARG-681G, -689T, and Ala12
carriers than in noncarriers in the PRIME study and could
confer some protection against CHD. These findings are in
agreement with other studies which showed lower levels of
blood pressure or risk of hypertension in carriers of the
minor allele of the PPARG Pro12Ala SNP [43–45]. However,
these associations are inconsistent across studies as some
also reported higher levels [46, 47] or not significantly
different levels [48, 49] of blood pressure between carriers
and noncarriers of the PPARG Ala12 allele. In this sample of
apparently healthy men, the prevalence of hypertension was
low (∼18%) and the impact of the PPARG-681G, -689T, and
Ala12 alleles on blood pressure was clinically limited.

An earlier study has reported a significant higher risk of
MI and fatal CHD in overweight but not in normal weight
subjects [10] suggesting that the impact of PPARG genotype
may differ according to body fat mass. In the present study,
which has a similar number of cases and controls, we found
no evidence for such a relationship, suggesting that obesity is
not a determinant of the association between PPARG genetic
variability and CHD.

5. Conclusion

In the present study, there was no major consistent associ-
ation between the PPARG C-681G, C-689T, Pro12Ala, and
C1431T genotypes or related haplotypes and CHD risk.
When combining our data with previous cohort studies,
focusing on the PPARG Pro12Ala SNP, we found a significant
association between the homozygote Ala12Ala genotype and
a higher risk of CHD in men. Further studies are needed to
definitely conclude.
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Groop, and L. Råstam, “Peroxisome proliferator-activated
receptor-γ Pro12Ala polymorphism and the association with
blood pressure in type 2 diabetes: skaraborg hypertension and
diabetes project,” Journal of Hypertension, vol. 21, no. 9, pp.
1657–1662, 2003.

[46] S. J. Hasstedt, Q.-F. Ren, K. Teng, and S. C. Elbein, “Effect
of the peroxisome proliferator-activated receptor-γ2 Pro12Ala
variant on obesity, glucose homeostasis, and blood pressure
in members of familial type 2 diabetic kindreds,” Journal of
Clinical Endocrinology and Metabolism, vol. 86, no. 2, pp. 536–
541, 2001.

[47] J. A. Douglas, M. R. Erdos, R. M. Watanabe, et al., “The
peroxisome poliferator—activated receptor-γ2 Pro 12Ala vari-
ant: association with type 2 diabetes and trait differences,”
Diabetes, vol. 50, no. 4, pp. 886–890, 2001.

[48] Y. Mori, H. Kim-Motoyama, T. Katakura, et al., “Effect of
the Pro12Ala variant of the human peroxisome proliferator-
activated receptor γ2 gene on adiposity, fat distribution,
and insulin sensitivity in Japanese men,” Biochemical and
Biophysical Research Communications, vol. 251, no. 1, pp. 195–
198, 1998.

[49] I. Gouni-Berthold, E. Giannakidou, D. Müller-Wieland, et al.,
“Peroxisome proliferator-activated receptor-γ2 Pro12Ala and
endothelial nitric oxide synthase-4a/b gene polymorphisms
are not associated with hypertension in diabetes mellitus type
2,” Journal of Hypertension, vol. 23, no. 2, pp. 301–308, 2005.



Hindawi Publishing Corporation
PPAR Research
Volume 2009, Article ID 786781, 5 pages
doi:10.1155/2009/786781

Research Article

Genetic Variability of RXRB, PPARA, and PPARG in
Wegener’s Granulomatosis

Stefan Wieczorek,1 Silvia Knaup,1 Wolfgang L. Gross,2 and Jörg T. Epplen1

1 Human Genetics Department, Ruhr University, 44801 Bochum, Germany
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A major genomic region involved in Wegener’s granulomatosis includes the gene for retinoid receptor beta (RXRB) which forms
heterodimers with peroxisome proliferator-activated receptors (PPARs). It is unclear whether this association directly arises from
the RXRB allele(s) or via a linked variation. In order to reveal any hitherto unknown and potentially disease-relevant variation of
the RXRB gene, we have genotyped four tagging SNPs of this genomic region and have directly sequenced selected WG patients
and controls representing disease-associated haplotypes. Additionally, we have genotyped 2 SNPs each in the genes for PPARα and
PPARγ (PPARA and PPARG). Hence, we confirmed the strong association of the RXRB locus with WG but could not reveal any
novel variation in RXRB. None of the PPARA and PPARG SNPs showed association with WG. Moreover, no epistatic effect was
seen between RXRB and PPARA/PPARG alleles. These results do not support an etiopathological role of PPAR in WG. Analyses of
further genes functionally linked to RXRB may provide additional data useful to evaluate the RXRB association found in WG.
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1. Introduction

Wegener’s granulomatosis (WG) is a form of small vessel
vasculitis belonging to the group antineutrophil cytoplasmic
antibody- (ANCA-) associated vasculitides (AAV). WG usu-
ally presents with granulomatous lesions of the upper res-
piratory tract and often develops into generalized vasculitis
with multiple organ involvement in later disease stages. In
WG ANCA typically recognize proteinase 3, delineating this
diagnostic entity from other AAV forms like Churg Strauss
syndrome or microscopic polyangiitis, in which ANCA are
usually directed against myeloperoxidase (reviewed in [1]).
Current concepts of its etiopathology are incomplete, but
WG is accounted to the large and heterogenous group of
complex disorders arise from a mostly elusive interplay of
environmental and genetic factors.

A major genomic locus for WG was identified on
chromosome 6p21.3, including (among others) the genes for
HLA-DPB1, RXRB, and RING1 [2]. The linkage disequilib-
rium (LD) pattern of this genomic region is complex with
larger blocks of strong LD alternating with regions of high

recombination rates. There is evidence that the association
of this locus with the disorder may arise from more than
one variation, making 6p21.3 a quantitative trait locus for
WG. While a strong association is demonstrable with the
HLA-DPB1∗0104 allele, a (partly) independent association
was detected for the defined region including potential WG
candidate genes RING1 and RXRB [3]. In addition certain
alleles of RXRB, the gene encoding retinoid X receptor beta,
are highly significantly associated with WG susceptibility [4].

Peroxisome proliferator-activated receptors (PPAR) are
group of nuclear receptors mediating the effects of peroxi-
some proliferators on gene transcription. Binding of PPAR to
regulatory DNA sequences requires the heterodimerization
with RXR. PPAR mediated effects are complex and include
modulation of inflammatory processes. PPARα is a ligand
for leukotriene B4, and PPARα deficient mice show a
prolonged response to inflammatory stimuli [5]. PPARα also
appears to be involved in downregulation of the activity
of cyclooxigenase 2 (COX2) and nuclear factor kappa-b
(NFκB). Likewise, PPARγ exhibits anti-inflammatory prop-
erties. It is upregulated in activated macrophages and inhibits
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the expression, for example, of the inducible nitric oxide
synthase [6].

Genetic polymorphisms of PPAR have been investigated
in numerous conditions, predominantly in metabolic disor-
ders like type 2 diabetes or atherosclerosis [7–9]. There is
evidence for accelerated atherosclerosis in WG patients [10],
suggesting that both conditions may share some (genetic)
risk factors.

Given the pleiotropic role of PPAR in the regulation of
(vascular) inflammation, we have hypothesised that genetic
predisposition to WG may arise from the interaction of
certain genetic variations of RXRB and PPAR. We have,
therefore, screened the RXRB gene for novel, potentially WG-
specific variations. Moreover, we have genotyped two single
nucleotide polymorphisms in each of the genes for PPARα
and PPARγ in large panels of WG cases and healthy controls.
Finally, we searched for epistatic effects of certain alleles of
RXRB and PPARA or PPARG.

2. Patients and Methods

2.1. Subjects. All patients included in this study were diag-
nosed with WG according to the criteria of the American
College of Rheumatology and the Chapel Hill consensus
conference [11]. They were selected at the interdisciplinary
vasculitis centre at the University of Luebeck/Rheumaklinik
Bad Bramstedt. All patients were asked for their ancestry and
reported German decent for at least two generations. Healthy
German blood donors were used as controls and ancestry was
evaluated equal to the patient group.

For the RXRB locus we genotyped the same patients (n =
282) and controls (n = 380) that were previously analyzed
for the 6p21.3 locus [3]. In order to increase statistical power,
the SNP in the PPAR genes were analyzed in expanded
sample comprising 462 WG cases and 701 controls.

Ethical principles for medical research involving human
subjects as defined in the Declaration of Helsinki have been
followed. The study design was approved by the local ethics
committee at the University of Luebeck, Germany (No. AZ
06-087).

2.2. Genotyping. Four types SNPs rs9277935, rs2072915,
rs2744537, and rs1547387 (see Figure 1) were selected from
the HapMap database to serve as tagSNPs for a region
of 10 kb including the RXRB gene. With this selection
all HapMap SNPs within this region are efficiently tagged
(r2 > 0.9). rs2072915 and rs2744537 are located within
the 3′ untranslated region (UTR) of RXRB, while rs9277935
is located approximately 1 kb 3′ of the last RXRB exon.
rs1547387 is located 5′ of RXRB, in exon 5 of the SLC39A7
gene, in which it constitutes a silent SNP (Ser209Ser).

rs9277935, rs2072915, and rs2744537 were genotyped
via PCR-RFLP techniques and a commercially available
TaqMan genotyping assay (Applied Biosystems) was used for
rs1547387.

For rs1800206 (Val162Leu) in PPARA also a commer-
cially available TaqMan assay was used, while rs6008259
(3′ UTR of PPARA), rs1801282 (PPARG, Ala12Pro), and
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Figure 1: Location of the four tagging SNPs of the RXRB gene and
LD structure. The LD is plotted as D′ and intensity coded (darker
shades corresponding to higher degree of LD). The RXRB gene is
transcribed from centromer to telomer, that is, from right to left.
RXRB exons are depicted as black boxes, and translation start and
stop points are marked by white vertical lines.

rs3856806 (PPARG, His449His) were genotyped using newly
designed primers and probes (see Table 1).

2.3. Direct Sequencing of RXRB. The entire RXRB gene (all 10
exons and exon/intron boundaries) was directly sequenced
in 5 WG patients typed homozygous for the associated
RXRB haplotype (see below; primer sequences available on
request). For comparison 5 healthy controls homozygous for
the inversely associated (i.e., protective) haplotype were also
sequenced.

2.4. Statistical Analysis. Genotypes were recorded in linkage
format. Association for each single marker was tested by
using chi square tests on contingency tables. A P value
<.05 was considered significant. LD between each SNP of
a respective locus, and haplotype block frequencies were
calculated by using Haploview 4.1 [12].

Interaction between RXRB and PPARA/PPARG SNPs
were calculated with GAIA (http://gump.qimr.edu.au/GAIA/
gaia.html; [13]). This application uses a logistic regression
model which tests for pairwise locus/locus interactions
between genes. We applied an additive interaction model for
each pair of SNPs testing the significance of the interaction
model terms over and above any main effects.

3. Results and Discussion

The overall call rate for all 8 SNPs in patients and controls
was 93.60%. None of the SNPs revealed significant devia-
tion from Hardy-Weinberg equilibrium. Two of the RXRB
SNPs (rs9277935 and rs2744537) showed highly significant
association with WG (see Table 2). Accordingly, the GTTC
haplotype (calculated from all four SNPs of this locus)
was significantly more common in WG while the TTGC
haplotype was overrepresented in controls (see Table 2).
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Table 1: Oligonucleotides and restriction enzymes used for genotyping.

Gene SNP
Forward (F) and reverse
(R) primer (5′ > 3′)

Allele specific probes
Restriction
enzyme

Fragment lengths

RXRB

rs9277935
F: TGCCCCTTGTAG-
GTCTCCAC (1) —

BtgI
T-Allel: 208 bp

T/G
R: CCTCCCACTGTG-
CCCTAA

G-Allel: 34 + 174 bp

rs2072915
F: ACATCTCCACCA-
GCCCCTTC

—
MboI

T-Allel: 325 bp

T/A
R: GTCCTTCCCCCA-
GCACAAAG

A-Allel: 224 + 101 bp

rs2744537
F: TCTTCAAGCTCA-
TTGGTGAC

—
BsaI

T-Allel: 451 bp

T/G
R: CCCATTTCCACT-
CTTCAGAT

G-Allel: 326 + 125 bp

rs1547387
Information not
provided by the
manufacturer

— —

C/G

PPARA

rs1800206
Information not
provided by the
manufacturer

— —

G/C

rs6008259
F: CCCCTGTGTCAA-
CAAGATCCA

G: Fam-CTGTGTTGTCC-
CCAGCGACCC

— —

G/A
R: CTTGAATGGCAC-
AGGGTACATC

A: YY-CCTGTGTTGTCC-
CCAACGACCC

PPARG

rs1801282
F: TTATGGGTGAAA-
CTCTGGGAGATT

G: Fam-TCCTATTGACG-
CAGAAAGCGATTCC

— —

G/C
R: TTGTGATATGTT-
TGCAGACAGTGTATC

C: YY-TCCTATTGACCC-
AGAAAGCGATTCCTT

rs3856806
F: CCAGAAAATGAC-
AGACCTCAGACA

T: Fam-TCACGGAACAT-
GTGCAGCTACTGC

— —

T/C
R: GGAGCGGGTGAA-
GACTCATG

C: YY-ATTGTCACGGAA-
CACGTGCAGCTAC

(1) A 17 mer nucleotide (GTAAAACGACGGCCAGT) was added 5′ to the forward primer increase fragment length differences between the two alleles,
FAM: 6-carboxy-fluorescein; YY: Yakima Yellow.

Based on the SNP data we have then selected 5 WG
patients homozygous for the GTTC haplotype for direct
sequencing of the RXRB gene. For comparison 5 control
subjects homozygous for the TTGC haplotype were also
analyzed. Yet, no novel sequence variation was detected,
a finding which is consistent with previous results from
Szyld et al. [4], who had screened the RXRB gene in WG
patients without consideration of the haplotype structure of
this locus. Results from the initial tagging SNP genotyping
were confirmed in the ten included individuals for the two
exonic tagging SNPs (rs2744537 and rs2072915). Two other
exonic SNPs (rs1152296 in exon 10/5′UTR and rs6531 in
exon 7) were identified and perfectly segregated with the
previously identified risk/nonrisk haplotypes.

Both associated RXRB SNPs (rs9277935 and rs2744537)
are in strong LD with HLA-DPB1 as well as with rs3117228
and rs213208 (see Figure 2) which had revealed the highest
(and partly HLA-DPB1 independent) association with WG

in a previous study [3]. Moreover, according to the HapMap
data rs2744537 is in strong LD with rs6531 (a synonymous
SNP in exon 7 of RXRB) which was significantly associated
with WG earlier [4]. As for the other associated SNPs in this
genomic region, it is therefore hard to differentiate which of
the SNPs (or even a yet unknown variation of this locus)
constitutes the primary WG risk factor. A potential approach
to overcome this problem is the analysis of factors related
to the different proteins encoded in the 6p21.3 region. We
have therefore investigated SNPs in the genes for PPARα and
PPARγ which are functionally closely linked to RXRB.

The two SNPs in PPARG were in weak to moderate
LD (D′ = 0.64, r2 = 0.40) while the two SNPs in PPARA
were virtually unlinked (D′ = 0.47, r2 = 0.06). Therefore, no
haplotype frequencies were calculated for these genes. Both
SNPs in PPARG showed very similar allele frequencies in
cases and controls not revealing any significant differences
(see Table 2). The two SNPs in PPARA both revealed a
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Table 2: Allele and haplotype frequencies.

Gene SNP/haplotype Allele Frequency in controls Frequency WG patients P value OR (95% CI)

RXRB

rs9277935
G 0.76 0.89 6.65 × 10−9 2.55 (1.86–3.56)

T 0.24 0.11

rs2072915
T 0.71 0.75 .157 1.20 (0.93–1.55)

A 0.29 0.25

rs2744537
T 0.73 0.57 6.63 × 10−9 0.49 (0.39–0.63)

G 0.27 0.43

rs1547387
C 0.87 0.85 .34 0.85 (0.62–1.18)

G 0.13 0.15

RXRB∗
GTTC 0.24 0.40 1.15 × 10−9 2.11 (1.66–2.69)

TTGC 0.19 0.07 9.73 × 10−10 0.32 (0.22–0.47)

other 0.43 0.47 .157 1.18 (0.94–1.47)

PPARA
rs1800206

C 0.93 0.95 .076 1.40 (0.96–2.05)

G 0.07 0.05

rs6008259
G 0.80 0.83 .069 0.81 (0.65–1.02)

A 0.20 0.17

PPARG
rs1801282

C 0.85 0.85 .74 0.96 (0.75–1.23)

G 0.15 0.15

rs3856806
C 0.86 0.85 .70 0.95 (0.75–1.22 )

T 0.14 0.15

OR: Odds ratio,
CI: confidence interval,
∗haplotype frequencies calculated from all four RXRB SNPs.

0.8

H
LA

-D
P

B
1

rs
31

17
22

8

rs
92

77
93

5

rs
27

44
53

7

rs
21

32
08

0.62 0.88 0.89

0.87 0.6 0.85 1.00

0.78 0.72

Figure 2: LD between WG associated variations of the 6p21.3
genomic region. HLA-DPB1 is modelled as a biallelic marker with
the associated HLA-DPB1∗0401 as one allele and all other alleles
joint into the other allelic category. LD is plotted as D′ and intensity
coded (darker shades corresponding to higher degree of LD). Both
RXRB SNPs investigated in this study (rs9277935 and rs2744537)
are in high LD with HLA-DPB1 as well as with the markers analyzed
by Heckmann et al. (2008): rs3117228 (3′ of HLA-DPB1) and
rs213208 (intronic SNP in RING1, approx. 10 kb centromeric of
RXRB).

decreased frequency of the minor allele but these differences
did not reach significance level (see Table 2). No significant
pairwise epistatic effect for any of the investigated SNPs,

that is, neither between PPARA and PPARG nor between
PPARA (or PPARG, resp.) and RXRB or HLA-DPB1. Taken
together, we cannot provide evidence for a genetically based
involvement of PPARα and PPARγ in the etiopathology of
WG. Moreover, the strong WG association with the 6p21.3
locus is unlikely to be based on any coding variation of the
RXRB gene. Future studies will therefore have to focus on
regulatory elements of this area (e.g., cis acting elements or
micro RNAs).

4. Conclusions

These results do not support a direct etiopathological role
of RXRB and/or PPAR in WG. Analyses of further genes
functionally linked to RXRB, for example, retinoic acid
receptors or vitamin D receptors, may provide additional
data useful to evaluate the RXRB association found in WG.
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Peroxisome proliferators activated receptor-gamma2 (PPARγ2) represents the transcriptional master regulator of adipocyte
differentiation and therefore has been suggested as a candidate gene for obesity, insulin resistance, and dyslipidemia. The objective
of the study was to investigate for the first time the potential association of the most common variant Pro12Ala (p.P12A)
substitution of the PPARγ2 gene with body mass index (BMI), blood pressure, fasting plasma glucose, plasma total cholesterol, LDL
and HDL cholesterol, and plasma triglyceride in a sample of 202 (138 females and 64 male) type 2 diabetic Palestinians. Genotyping
of the PPARγ2 p.P12A polymorphism was determined by polymerase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) analysis. The A12 allele was associated with lower fasting plasma glucose (P = .03) but had no influence on blood
pressure, BMI, or other metabolic parameters. In obese patients, the p.P12A substitution was associated with elevated total plasma
cholesterol levels (P = .02) and a tendency toward increased LDL cholesterol level (P = .06). In conclusion, the p.P12A variant of
the PPARγ2 may influence cardiovascular risk through effects on lipid metabolism in obese T2D Palestinian patients.
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1. Introduction

Type 2 diabetes mellitus (T2DM) showed to be a cocktail
of genetic discovery as described by Freeman and Cox
[1]. T2DM cases would have inborn with a diversity of
different genetic factors that together with environmental
factors combine as the primary cause and contributed to the
disease.

Studies enlightening the epidemiology of diabetes mel-
litus among Palestinians are scarce. A Palestinian study
conducted at 2001 [2] showed DM prevalence in 12% of
urban Palestinian population including 492 men and women
30–65 years old. According to the WHO global estimate,
and the epidemic nature of diabetes; prevalence of diabetes
is expected to increase in Palestine and numbers should
be revised to have more realistic estimation, which enables
health providers to be aware of the disease magnitude, so that
more effective health strategies can be adopted.

Preoxisome proliferator-activated receptor gamma
(PPARγ) is a nuclear hormone receptor which plays a
critical role in regulating adipocyte differentiation and the
transcription of genes that are important for lipogenesis.
In macrophages, the activated PPARγ promotes the cellular
efflux of phospholipids and cholesterol in the form of high
density lipoprotein (HDL) [3, 4]. PPARγ2 is a key modulator
of adipogenesis and insulin signaling [5]. Cytosine to
guanine single nucleotide polymorphism (rs1805192)
in PPARγ2 gene (NM 015869) resulting in a proline to
alanine substitution at codon 12, which has been found to
modulate the transcriptional activity of the gene [6], and
associated with altered insulin sensitivity [7]. Although most
studies have shown a statistically significant T2DM risk
reduction given by Ala variant [8–11], some others have
not [12–15], suggesting variability in the contribution of
this variant to the risk of T2DM. In a previous study of 333
Palestinian subjects (n = 219 T2DM patients and n = 114
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Table 1: Anthropometrical and biochemical parameters of the study groups. Data are in means ± SD. BMI =Body mass index; SBP=systolic
blood pressure; DBP=diastolic blood pressure; TC: total cholesterol; TG: Triglyceride; FPG: fasting plasma glucose; NS: not significant; D:
Diet; I: insulin; IO: Insulin and oral hypoglycemic agent; O: oral hypoglycemic agent.

Parameters
Obese subjects Nonobese subjects

P
n = 121 n = 81

Sex (M/F) 31/90 33/48

Age (years) 58.6 + 10.1 59.9 + 10.1 NS

Age at diagnosis 49.8 + 10.1 49.6 + 10.5 NS

BMI (kg/m2) 35.4 + 4.9 25.8 + 2.5 <.001

SBP (mmHg) 126.1 + 18.8 130.1 + 19.0 NS

DBP (mmHg) 78.6 + 9.3 79.6 + 14.8 NS

FPG (mg/dL) 208.4 + 84.0 211.3 + 80.3 NS

TC (mg/dL) 201.5 + 52.6 189.6 + 44.3 NS

TG (mg/dL) 181.4 + 78.9 167.5 + 83.5 NS

HDL (mg/dL) 43.6 + 16.0 41.3 + 13.4 NS

LDL (mg/dL) 120.1 + 48.5 109.6 + 44.9 NS

Therapy(n) D/I/IO/O 4/22/16/79 2/22/5/52 NS

normoglycemic controls), we were unable to demonstrate a
significant association between the p.P12A variant and the
T2DM among Palestinians (0.055 versus 0.048, OR = 0.87,
P = .9) (unpublished data). The aim of this study was to
investigate for the first time the relationship between p.P12A
polymorphism of PPARγ2 gene and blood pressure, BMI
and other related metabolic parameters in type 2 diabetic
Palestinians.

2. Subjects and Methods

After an institutional review board approval and a com-
pletion of an informed consent, two hundred and two
(202) diabetic type 2 patient volunteers (121 obese subjects
(BMI ≥ 30 kg/m2) and 81 nonobese subjects (BMI <
30 kg/m2) were randomly recruited on the basis of routine
visits to the Amari Refugee camp outpatient UNRWA
clinic in the Ramallah District, 14 km north Jerusalem.
The study protocol and the consent form were approved
by the institutional Human Research Ethics Committee at
Al-Quds University. The volunteers were unrelated, over
40 years old and diagnosed with diabetes according to
WHO criteria or currently being treated with medication for
diabetes. Subjects with previous diagnosis of type 1 diabetes
were excluded from the study. Complete medical records
including family history for diabetes, resting blood pressure,
and anthropometric parameters: weight, height, and BMI
(weight in kilograms divided by the square of height in
meters) were obtained.

For laboratory analysis, 5 mL of blood were obtained
after overnight fast. Blood samples were collected in EDTA-
tubes and immediately centrifuged at room tempera-
ture. Plasma was aliquoted for glucose, cholesterol, HDL-
cholesterol, and triglyceride determination. Plasma glucose
was determined by a glucose oxidase method. Plasma
total cholesterol, triglyceride and HDL cholesterol were

determined by enzymatic methods using commercial kits
(Human, Wiesbaden, Germany). Plasma LDL cholesterol
was calculated by the Friedewald formula [16]. All the
biochemical measures were obtained in milligram/deciliter
(mg/dL), to convert plasma glucose, triglyceride, and choles-
terol values into millimolar concentration (mmol/L). Multi-
ply the given values in (mg/dL) units by 0.0555, 0.0113, and
0.0259, respectively.

Genomic DNA was extracted from peripheral blood
according to standard procedures (Epicenter, Madison, Wis,
USA). The p.P12A polymorphism was detected by PCR-
RFLP analysis as previously described by Johansen et al. [17]
with the following modifications: The PCR reactions were
carried out using 100 ng of purified genomic DNA samples,
with 1 μM of each primer (forward/reverse) and PCR-Ready
Supreme mix (Syntezza Bioscience, Jerusalem) in a final
volume of 25 μl.

3. Statistical Analysis

Statistical differences between mean values of the continuous
variables of subjects with and without the polymorphism
were evaluated by student’s t test and confirmed by a
nonparametric analysis using Mann-Whitney test. Chi-
square analysis was performed to test the allelic frequency
differences between obese and nonobese subjects. Hardy-
Weinberg equilibrium was computed to the expected geno-
type distribution. Analysis was performed using SPSS pro-
gram version 15. P value less than .05 was considered
significant.

4. Results

The biochemical and anthropometric results for the 121
obese subjects and 81 nonobese subjects are shown in
Table 1. No significant differences in biochemical parameters



PPAR Research 3

were noted between the two groups. The genotype analysis
in nonobese subjects revealed that 73 individuals were
homozygote for the wild P12P allele, and 8 individuals
were heterozygote P12A. Among the obese group, 106
individuals were homozygote for the wild P12P allele, 14
individuals were heterozygote P12A and only one patient was
homozygote A12A for the rare allele. Because there was only
one homozygote patient for the rare allele, this individual
was combined with the heterozygote group and compared
with the homozygote wild group in all of the statistical
analyses. No significant statistical correlation was observed
between medication for diabetes and either genotype or
gender (P > .05) in both groups. The overall frequency of
the A12 allele in T2DM patients was 0.059 and it was in
Hardy-Weinberg equilibrium. Since PPARγ2 is an important
regulator of adipogenesis, it was relevant to verify if the
p.P12A variant was associated with obesity. The frequency
of the A12 allele did not differ significantly between obese
and nonobese diabetic subjects (0.066 versus 0.049, P = 0.6).
No significant differences in the genotypic distribution were
found between the two groups as shown in Table 2. The pres-
ence of A12 variant was significantly associated with lower
plasma glucose (174 ± 45.9 vresus 214 ± 84.9 mg/dL, P =
.03) for the whole group (Table 3). However, there were
no significant statistical differences between the PPARγ2
genotype and gender, age, BMI, plasma triglyceride, plasma
total cholesterol, HDL and LDL cholesterol, as well as systolic
and diastolic blood pressure.

Among obese subjects, p.P12A carriers showed signif-
icantly higher level of plasma total cholesterol (232.2 ±
41.8 versus 197.1 ± 52.7 mg/dL, P = .02) and tended with
a borderline significant to have lower plasma glucose than
those with P12P genotype (P = .05). A tendency toward
increased levels of LDL cholesterol among P12A genotype
were also observed but not significant (P = .06) (Table 3).
Both subgroups showed no association of P12A genotype
and triglyceride, and HDL cholesterol.

5. Discussion

In this study, the frequency of the A12 allele of the PPARγ2
gene in diabetic subjects was similar to that reported for
other Arabic populations such as Qatari and Tunisian
ones [13, 14], but was slightly higher than in East Asian
(Malaysians, Chinese, and Koreans) populations [15, 18] and
much lower than that reported in Caucasian subjects [19].
This might be explained by the genetic background shared
between our studied group and the other Arabic origin
subgroups [13, 14] compared with other ethnic groups [15,
18, 19]. More comprehensive genotyping studies are needed
to clarify this point. Of at most interest is to recruit and
genotype large representative Palestinian T2DM patients to
get conclusive results for comparison with the Caucasian
group.

In agreement with early published studies, we could
not demonstrate an effect of the p.P12A variant on several
traits that are associated with insulin resistant syndrome,

Table 2: PPARγ2 genotype frequencies in obese and nonobese
Type 2 diabetic patients. The chi-square test was performed for
association.

Genotype (n)

P12P P12A A12 frequency

Obese 106 15 0.066

Nonobese 73 8 0.049

All subjects 179 23 0.059

such the BMI, blood pressure, and plasma triglyceride levels
[15, 20].

On the other hand, our study showed the diabetic
subjects with the P12A genotype had lower fasting plasma
glucose levels than those with the P12P genotype. This effect
had a borderline significance in the obese group. Thamer
et al. [21] indicated that the mechanism by which the A12
allele improves insulin sensitivity might involve enhanced
suppression of lipid oxidation permitting more efficient
glucose disposal, however, this effect should be clarified in
future studies with detailed laboratory tests such as glycated
hemoglobin and insulin sensitivity measures by the gold
standard OGTT and/or the hyperinsulinemic euglycemic
clamp [22].

Of the variables tested, the P12A genotype had the
greatest effect on plasma total cholesterol with an elevated
level among diabetic obese than nonobese subjects consistent
with early published studies in Caucasian and Japanese
populations [8, 19]. Plasma LDL cholesterol exhibited
a similar trend, but did not achieve significance. Since
both obese and nonobese groups had similar lipid profile
(Table 1). This effect is not simply reflected by obesity, it
might be revealed due to variable interactions of the Ala
allele with other genetic and environmental factors. In the
Finnish study, the effect of P12A genotype on T2DM risk
was modified by physical activity [23]. Combining all these
results together, it may suggest an intrinsic reduction in
the PPARγ2 activity; however, it was shown that the A12
substitution in the PPARγ2 gene associated with reduced
lipoprotein lipase activity [24] which results in impaired
clearance of LDL, VLDL resulting in elevated total plasma
cholesterol, LDL, and VLDL levels. In contrast, other studies
did not find impact of p.P12A of PPARγ2 on lipid profile
in diabetic and normoglycemic subjects [25]. We believe
that ethnic differences, BMI, gender, physical activities, study
design, and sample size all could be considered as reasons for
discrepancies in association studies.

In conclusion, this study is considered to be the first to
focus on molecular type-2 diabetes on Palestinians which
will help in draw a baseline for further diabetes research
studies in Palestine. Our findings showed no significant
impact of the p.P12A PPARγ2 polymorphism on BMI,
blood pressure and triglyceride. However, this variant in
obese T2DM patients may influence cardiovascular risk
through effects on lipid metabolism. The role of other
polymorphisms particularly—if found—in a location near to
the p.P12A is still to be defined in our population.
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Table 3: Biochemical and anthropometrical parameters for subjects based on PPARγ2 genotype. The chi-square test was performed for
association.

All subjects Obese subjects

P12P P12A P P12P P12A P

Age (years) 58.8 ± 10.0 61.4± 10.5 NS 58.3 + 10.4 61.3 + 7.6 NS

BMI (kg/m2) 31.5 ± 6.2 31.5± 6.7 NS 35.4 + 4.9 35.1 + 4.9 NS

FPG (mg/dL) 214.1 ± 84.9 174.3± 45.9 .03 214.1± 86.8 168.5± 45.5 .05

TC (mg/dL) 192.5 ± 51.0 211.1± 50.2 NS 197.1± 52.7 232.2± 41.8 .02

TG (mg/dL) 176.1 ± 82.2 173.6± 71.3 NS 181.9± 79.0 177.0± 80.6 NS

HDL (mg/dL) 42.5 ± 15.3 43.6± 13.5 NS 43.9± 16.2 41.8± 15.1 NS

LDL (mg/dL) 114.8 ± 47.7 124.2± 43.7 NS 117.0± 49.3 141.9± 37.4 .06

SBP (mmHg) 127.5 ± 18.5 129.4± 22.3 NS 125.7 + 18.6 128.4 + 20.6 NS

DBP (mmHg) 78.7 ± 11.6 81.0± 11.0 NS 78.0 + 8.9 82.8 + 11.1 NS
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The nuclear hormone receptor peroxisome proliferator activated receptor gamma (PPARγ) is an important transcription factor
regulating adipocyte differentiation, lipid and glucose homeostasis, and insulin sensitivity. Numerous genetic mutations of PPARγ
have been identified and these mutations positively or negatively regulate insulin sensitivity. Among these, a relatively common
polymorphism of PPARγ, Pro12Ala of PPARγ2, the isoform expressed only in adipose tissue has been shown to be associated
with lower body mass index, enhanced insulin sensitivity, and resistance to the risk of type 2 diabetes in human subjects carrying
this mutation. Subsequent studies in different ethnic populations, however, have revealed conflicting results, suggesting a complex
interaction between the PPARγ2 Pro12Ala polymorphism and environmental factors such as the ratio of dietary unsaturated
fatty acids to saturated fatty acids and/or between the PPARγ2 Pro12Ala polymorphism and genetic factors such as polymorphic
mutations in other genes. In addition, this polymorphic mutation in PPARγ2 is associated with other aspects of human diseases,
including cancers, polycystic ovary syndrome, Alzheimer disease and aging. This review will highlight findings from recent studies.
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1. Introduction

Peroxisome proliferator activator receptor gamma (PPARγ)
is a member of the nuclear hormone receptor superfamily
that transcriptionally regulates genes controlling a variety
of biological functions including cell growth, differentiation,
and metabolism in response to lipophilic hormones, dietary
fatty acids, and their metabolites [1]. Unlike some steroid
hormone receptors such as the estrogen receptor, that
are bound by heat shock proteins and sequestered in the
cytoplasm, PPARγ is constitutively localized in the nucleus
[2], heterodimerizes with the retinoid X receptor (RXR)
[3], and binds to corepressors [4]. Ligand binding results
in a conformational change in the receptor, triggering
dissociation of corepressor complex and recruitment of
coactivator proteins, leading to activation of gene expression
[4].

Human PPARγ gene is located in chromosome 3 and
spans a genomic segment of >150 kb. It consists of 9 exons
(A1, A2, B, and 1–6), from which the two distinct isoforms
of PPARγ mRNA and protein, PPARγ1 and PPARγ2, are
derived through the use of separate promoters and 5′ exons.

PPARγ1 mRNA specie is comprised of exons A1, A2, and 1–
6, and is translated from P1 promoter while PPARγ2 mRNA
is a combination of exons B and 1–6 and is translated from
P2 promoter. The two proteins differ by the presence of
extra 28 amino acids at the NH2-terminus of PPARγ2 [5, 6].
PPARγ is abundantly expressed in adipose tissue, colon and
macrophages while its expression is much lower in skeletal
muscle, heart and other tissues [7, 8]. PPARγ1 is ubiquitously
expressed whereas PPARγ2 expression is restricted to adipose
tissue [9] (Figure 1).

PPARγ plays many functional roles in different organs
and tissues (Figure 2). In vivo and in vitro studies demon-
strate its critical role in regulating adipocyte differentiation
and promoting lipid accumulation in adipose tissue [10–
13]. It is also important for maintaining the viability and
normal function of differentiated adipocytes [14–16]. In
macrophages, PPARγ may enhance foam cell formation and
atherogenesis upon increased uptake of oxidized low-density
lipoprotein (oxLDL) [17, 18] or increases liver X receptor
(LXR)-ATP-binding cassette A1 (ABCA1)-dependent choles-
terol efflux upon pharmacological activation by its agonist
TZDs [19, 20]. PPARγ in macrophages has also been shown
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Figure 1: Domain structure of human PPARγ. AF1, activation
function 1; DBD, DNA binding domain; LBD, ligand binding
domain; AF2, activation function 2.
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Figure 2: Pleiotropic functions of PPARγ in different
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to be involved in suppression of inflammatory cytokine
production [21, 22] and improvement of insulin sensitivity
[23, 24]. PPARγ in Skeletal muscle critically regulates normal
glucose metabolism in muscle and lipid homeostasis in fat
and the liver [25, 26] while PPARγ in the liver is implicated
in controlling systemic glucose and lipid metabolism [27,
28]. PPARγ also plays roles in regulating bone homeostasis
[29], heart hypertrophy [30, 31], high fat diet-induced
hypertension [32], and urine concentration in the kidney
(Cao et al., unpublished data).

PPARγ is also intimately implicated in regulation of
glucose and lipid homeostasis and insulin sensitivity [33–
35]. Not surprisingly, PPARγ has been identified as the
target for thiazolidinediones (TZDs) [36], a class of synthetic
compounds that improve insulin sensitivity in a variety of
insulin resistant animal models and diabetic patients [33–
35]. This role of PPARγ in affecting insulin action is con-
sistent with many human genetic studies with various single
amino acid mutations, including Pro12Ala, Pro115 Gln,
Cys114Arg, Cyc131Tyr, Cyc162Trp, Val290Met, Pro388Leu,
Arg425Cyc, His477His, and Pro467Leu that are scattered
in activation function domain 1 (AF1), DNA binding
domain (DBD), or ligand binding domain (LBD) of the
receptor [37–45]. These mutations result in either gain-of-
function or loss-of-function of the receptor; human subjects
bearing these mutations show decreased or increased lipid
accumulation in adipose tissue, enhanced insulin sensitivity
or insulin resistance, dyslipidemia, diabetes, and hyperten-
sion [46–50]. Among these, Pro12Ala mutation in PPARγ2
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Figure 3: Effects of PPARγ2Pro12Ala polymorphism on various
aspects of human health. FFAs, free fatty acids, IL-6, interleukin 6.

(PPARγ2Pro12Ala) is the most common. This mutation was
first identified by Schuldiner’s group in 1997 [37], with dif-
ferent ethnic populations showing various allelic frequencies.
Caucasians have the highest frequency (12%), followed by
Mexican Americans (10%), West Samoans (8%), African
Americans (3%) while Chinese have the lowest (1%) [37].
In the last 10 years, extensive studies have been undertaken
to assess the effects of this polymorphism on many aspects
of human physiology (Figure 3). This review will summarize
the effect of this mutation on human health revealed in these
studies.

2. Effect of PPARγ2Pro12Ala on Adiposity

Soon after the identification of Pro12Ala mutation, an inde-
pendent study demonstrates that Ala12 variant is associated
with decreased transactivation function of PPARγ2 and
lower body mass index (BMI) [51]. This finding is consistent
with reduced adipogenic function of the mutant receptor
in 3T3-L1 preadipocytes [52]. However, further studies in
various ethnic populations demonstrate that effect of this
mutation on body mass is more complex. An association
of Ala12 variant with decreased adiposity is confirmed
in diabetic, nondiabetic, or healthy subjects [53–58]. In
studies involving an African American population and a
white American population, this mutation is associated
with lower BMI in African Americans and increased BMI
in white Americans [59, 60], indicating that same genetic
mutation results in different responses in different ethnic
groups. PPARγ2Pro12Ala mutation has been also shown to
enhance weight loss brought about by exercise in offspring
of type 2 diabetic subject [61] or prevent body weight
regain after weight loss [62–64]. However, numerous studies
suggests an association of Ala12 variant with increased
risk of obesity, including studies in ethnic populations
of Mexican Americans [65], male Spanish adults [66] or
Spanish children and adolescents [67], French [68], male
white Italians [69], French Canadians [70], male Brazilians
of European descent [71], native Javanese [72], Uygurs,
Kazaks, Hans (Chinese) [73], and Greek young girls [74].
This association can also be found in nondiabetic and
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nonobese or obese Americans [75], obese Finnish women
[76], overweight Korean female subjects [but not in lean
female subjects] [77] and in Turkish women with gestational
diabetes [78]. In addition, women with the Ala12 allele
have also been shown to gain more weight than women
with Pro12 allele [79]. Despite these, studies in Germans
[80], French [81], Hispanics (Colorado, US) [82], Japanese
[83], Koreans [84, 85] and Polish [86] do not show an
association between Pro12Ala polymorphism and body fat
mass. Meta-analysis of 57 studies on nondiabetic individuals
show that Caucasians with the X (Pro or Ala)/12Ala genotype
is associated with significantly increased BMI, although no
difference can be found in the global population [87]. These
results indicate that a mild change in PPARγ2 transcription
activity has a significant impact on lipid accumulation in
adipose tissue.

It is unclear how a single genetic mutation results
in conflict results in different ethnic populations. Given
the proadipogenic role of PPARγ, it can be expected that
moderate reduction of PPARγ2 transactivation function
results in lower BMI in PPARγ2Pro12Ala carriers. Heteroge-
neous effects of this polymorphic mutation on adiposity
in association studies clearly show that PPARγ regulation
of human adipose tissue physiology is a complex process.
Several studies suggest roles of genetic or environmental
contexts, such as the character of the diet, in shaping the
patterns of associations of Pro12Ala polymorphism with
body fat composition in different human populations. In
at least two studies, ratio of dietary polyunsaturated fatty
acid to saturated fatty acid (P : S ratio) have been shown
to significantly affects body mass in Ala12 allele carriers.
Thus, intake of a diet with higher P : S ratio results in
lower BMI while a food with lower P : S ratio is inversely
associated with BMI in human subjects carrying Ala12
allele [88]. Similarly, intake of monounsaturated fatty acid
also shows such an effect in Ala12 allele carriers [89]. In
another study, total fat and saturated fat intake is positively
correlated with body mass change in Pro12 homozygotes
while Ala12 allele carriers are protected [70]. In addition,
changes in genetic context, such as coexistence of other
polymorphisms, may have a significant impact on the effect
of Pro12Ala polymorphism on body weight composition,
resulting opposite findings mentioned above (flip-flop phe-
nomenon) [90]. For example, either Pro12Ala or G174C
(promoter region) of interleukin 6 (IL-6) shows an effect on
reducing body fat mass or preventing body weight regain
after weight loss and the presence of both variants has an
additive effect [54, 62]. On the other hand, subjects bearing
both Pro12Ala and Trp64Arg of β3-adrenergic receptor (β3-
ARTrp64Arg) have increased risk to obesity when compared
to those carrying only a single mutation in a case-control
study [67] or in a study in dizygotic twins [91], while
subjects with the Ala12 allele become more obese only
when they also carry the Trp64Arg variant in a Mexican
American population [92]. These data suggest complex
interactions between genes that both affect lipid metabolism.
Yet, there is no study thus far to show that the effect of
Pro12Ala polymorphism is negated by mutations in other
genes.

3. PPARγ2Pro12Ala Regulating
Insulin Sensitivity

PPARγ2Pro12Ala has also been found to increase insulin sensi-
tivity in middle-aged and elderly Finns [51] and this finding
is confirmed by subsequent studies in other populations,
assessed by plasma levels of insulin and homeostasis model
assessment of insulin resistance (HOMA-IR) [54, 55, 59, 66,
79, 93–95]. In healthy carriers of the Ala12 allele, second-
phase insulin secretion in response to free fatty acid infusion
or insulin secretion in response to arginine is significantly
decreased compared to subjects with Pro12 genotype [96].
Although increased glucose uptake in skeletal muscle is
observed only in lean but not in obese subjects in Finns
carrying Ala12 allele [97], enhanced insulin sensitivity is
observed in obese children [98, 99] as well as in obese adults
[100, 101]. Even in diabetic patients, Ala12 allele is associate
with lower fasting insulin and increased insulin sensitivity
[102], more significant hypoglycemic effect of exercise
[103], and increased response to TZD treatment [104]. A
population-based study in twins also shows a significant
impact of the Ala12 allele on maintaining glucose tolerance
and insulin sensitivity [105]. Meta-analysis of such studies
confirmed a significantly lower levels of fasting insulin in
subjects with the homozygous Ala12Ala genotype compared
to the Pro12Pro genotype and significantly greater fasting
glucose levels and insulin resistance in obese subjects in the
Pro12Pro group [87]. These findings point to a beneficial
effect of Ala12 variant on systemic insulin sensitivity.

The effect of PPARγ2Pro12Ala polymorphism on insulin
sensitivity can be influenced by dietary fatty acids and/or
physical activity. Intake of monounsaturated fatty acids is
inversely associated with insulin resistance in a Spanish
population with Ala12 allele, especially in those with sig-
nificant obesity [106]. Both dietary P : S ratio and physical
activity have been shown to inversely associated with fasting
insulin concentration [107]. The effect of dietary P : S ratio
on fasting insulin is significant only in physically active,
but not in physical inactive subjects carrying Ala12 allele
[108]. Ala12 allele also interacts with other genes to influence
insulin sensitivity. PPARα Leu162Val allele has been found
to be associated with impaired glucose tolerance and this
deleterious effect of PPARα mutation is neutralized by the
Ala12 variant [109]. Similarly, the Gly > Arg mutation
(Gly97Arg) of the insulin receptor substrate 1 (IRS1) is
associated with a 15% increased risk of type 2 diabetes,
although the difference is not significant [110]. Against this
genetic background, insulin sensitivity is almost twice greater
in carriers of the 12Ala allele than in subjects with Pro12
allele while no such effect of Ala12 allele can be seen on the
Gly97 background [111]. Such a protective effect of Ala12
allele on insulin sensitivity can also be observed in human
subjects carrying both the Ala12 allele and the Lys121Gln
polymorphism of plasma cell 1 (PC-1) glycoprotein [112].
Subjects bearing PC-1Lys121Gln variant show higher levels of
fasting glucose and decreased insulin sensitivity on Pro12
background, whereas this effect of PC-1Lys121Gln variant is lost
on Ala12 background [113]. These results further support
the notion that PPARγ2Pro12Ala polymorphism interacts with
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other genetic mutations to affect systemic insulin sensitivity
and glucose homeostasis.

4. Association of PPARγ2Pro12Ala with
the Risk of Type II Diabetes

A large-scale family-based study shows an association
between Pro12Ala mutation and reduced risk of type 2
diabetes (T2D) [110]. A similar result is obtained in
twins carrying Ala12 allele [105]. However, further studies
clearly show heterogeneous effects of this polymorphism on
predicting susceptibility to the risk of diabetes in various
populations. Resistance to the risk of diabetes has been found
in Ala12 allele carriers compared to Pro12 allele carriers in
ethnic populations as diverse as Japanese [114–116], Korean
[117], Iranians [118], Scotts [119], Danish [120], Finns
[121], French [122], Spanish [106], and American Cau-
casians [123, 124]. On the other hand, Ala12 allele has also
shown to be functional leading to a predisposition to T2D
in populations of Germans [125, 126], Finns [127], Italians
[128], Dutch [129], US Caucasians [130], French Caucasians
[81], British/Irish Caucasians [131], Asian Indians (Sikh)
[132], Parkateje Indians [133], and Arabians [134]. Again,
no such effect of Ala12 on the risk of type 2 diabetes can
be observed in such diverse populations of Italians [135],
Tunisians [136], Qatarians [137], Polish [138], and non-
Hispanic and Hispanic white women [139]. In spite of
such heterogeneity, however, meta-analysis of these studies
indicates that Ala12 carriers have an average of 19% reduced
risk of T2D compared to Pro12 carriers. BMI seems to
be a major factor accountable for the heterogeneous effect
of Pro12Ala polymorphism on the risk for T2D since the
risk reduction is greater when BMI is lower. Risk reduction
is higher in Asians carrying Ala12 allele (35%) than in
Northern Americans and Europeans with the Ala12 genotype
(18% and 15%, resp.) compared to their own Pro12 allele
controls. When adjusted for the BMI of controls, difference
between Asians and Europeans is no longer significant. Even
among Europeans, Northern Europeans carrying Ala12 allele
show significantly reduced risk for T2D (26%) while the risk
reduction in Central and Southern Europeans with Ala12
allele is barely significantly (10%) or is not significant at all
(0%) [140]. These data suggest a generally beneficial role of
Ala12 allele in preventing the pathogenesis of T2D in several
populations with lower body fat mass.

While the heterogeneity between Asians and other
populations is statistically explained by BMI, this is not
the case for the heterogeneity observed in Europeans,
indicating that other factors, including different genetic
and/or environmental background might cause the heteroge-
neous Pro12Ala-related T2D risk in Europeans. Indeed, the
protective role of Ala12 allele against T2D is considerably
affected by dietary lipid levels. In a study in human subjects
from Ethiopia, Benin, Ecuador, Italy, and world populations,
protection against T2D can be observed mainly in popula-
tions where energy from lipids exceeds 30% of total energy
intake [141]. However, lipid composition in the diet is a
significant determination factor since chronic intake of trans

fatty acids and saturated fatty acids predispose to increased
risk of T2D and impaired fasting glucose in Ala12 carriers
than Pro12 carriers [142]. In addition, intrauterine condition
may also determine the risk of T2D in later life. A study
in Dutch population suggests that subjects bearing Ala12
allele are associated with a higher prevalence of impaired
glucose tolerance and T2D when they are prenatally exposed
to famine during midgestation [129]. On the other hand,
Finns carrying Ala12 allele who have smaller body weight
at birth seem to be protected against insulin resistance and
T2D [143]. Again, Pro12Ala polymorphism interacts with
other genetic mutations to affect the risk of developing
diabetes. Subjects with the Ala12Ala allele and Gly972Gly
variant of IRS-1 have significantly higher plasma adiponectin
levels compared to those with the Pro12Pro and Gly972Gly
genotype [144]. In Mexican Americans, subjects with the
Ala12 allele become more obese only when they also carry
the Trp64Arg of Beta-3 adrenergic receptor (β-3ARTrp64Arg)
polymorphism [92]. In a study in dizygotic twin pairs, those
with both β-3ARTrp64Arg and PPARγ2Pro12Ala polymorphisms
show greater BMI, waist to hip ratio, percent of body fat,
and blood glucose [91]. Such interaction between the two
polymorphisms also increases the risk of obesity in children
and adolescents [67]. In a family-based study in Chinese and
Japanese, subjects with both Ala12 allele and the adiponectin
T allele are more insulin sensitive than subjects bearing other
combinations of genotypes [145]. Recently, an interaction
between Ala12 variant and a single nucleotide polymorphism
of PPARδ (rs6902123) has been found to contribute to
conversion from impaired glucose tolerance to T2D [121].
These studies again emphasize the importance of taking into
account of other gene mutations when determining an effect
of Pro12Ala polymorphism on the risk of T2D.

5. Effect on Other Components of
Metabolic Syndrome

The Ala12 allele has been shown to be associated with
reduced prevalence of essential hypertension in Chinese
nonagenarians and centenarian [146]. Ala12 allele carriers
also show lower blood pressure than subjects carrying Pro12
allele [120, 147] and the Ala12 allele is associated with
lower diastolic blood pressure in male, but not in female
subjects with T2D [148]. Furthermore, hypertensive subjects
with lower birth weight or shorter length at birth and
Pro12Pro variant have raised blood systolic blood pressure
[149]. However, others have suggested either a potential
contribution of Ala12 variant to hypertension [115] or
an association of Ala12 allele with higher diastolic blood
pressure in obese patients with T2D [150] while couple of
studies fails to show an association between the PPARγ2
variant and hypertension [151, 152].

Triglyceride (TAG) and cholesterol metabolism may be
regulated by Pro12Ala mutation. Ala12 allele is inversely
associated with blood TAG concentrations in one report [54]
while it has also been found to be associated with a trend
of an increase in TAG and hyperlipidemia in another [152].
This variant has also been shown to be associated with lower
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levels of serum total and nonhigh-density lipoprotein (non-
HDL)-cholesterol in a general population [153], lower low-
density lipoprotein (LDL)-cholesterol in T2D patients [154],
or higher levels of serum HDL-cholesterol in family-based
or population-based studies [155, 156]. however, several
studies also show an association of Ala12 allele with higher
concentration of low-density lipoprotein (LDL)-cholesterol
[68, 157] and lower HDL-cholesterol [70]. Interestingly,
Pro12Ala mutation interacts with body size at birth to mod-
ulate cholesterol metabolism since an association between
increased concentration of serum total, LDL- and non-HDL-
cholesterol and Ala12 allele can be found only in those who
had birth weights below 3 kilograms [158]. In addition,
cholesterol metabolism is also affected by genotype-alcohol
interaction since Ala12 allele carriers consuming alcohol
have higher serum total and HDL cholesterol while the
nondrinkers carrying Ala12 allele show lower serum total
and HDL cholesterol compared with Pro12 homozygotes
[155].

Due to its role in regulating lipid metabolism, Pro12Ala
polymorphism may influence risk of cardiovascular compli-
cations such as atherosclerosis and coronary artery diseases.
Ala12 allele does not seem to affect the risk of acute
myocardial infarction, coronary artery disease, and ischemic
stroke in healthy subjects [159, 160]. In a population with an
increased risk of T2D and cardiovascular disease, however,
improvement in flow-mediated vasodilation and reduction
of serum C-reactive protein (CRP), a risk factor for cardio-
vascular disease, are prominent only in Ala12 allele carriers,
but not in Pro12 homozygotes [161]. Consistently, Ala12
allele carriers have been found to have lower carotid intima-
media thickness [162, 163] and decreased risk of myocardial
infarction [164] in T2D patients. Yet again, studies do show
that Ala12 allele either is associated with increased risk of
myocardial infarction [165, 166], or attenuates the protective
effect of polyunsaturated fatty acids on myocardial infarction
[167], or confers excess hazard of developing cardiovascular
diseases in patients with diabetic nephropathy [168].

As a result of affecting lipid homeostasis and risk of
diabetes, Pro12Ala mutation can be expected to influence
diabetic complications. Notably, Ala12 allele is associated
with decreased risk of developing diabetic nephropathy
compared to Pro12 allele in a case-control study [169]. Ala12
allele carriers also have significantly reduced urinary albumin
excretion than noncarriers and the reduction becomes even
more dramatic along with increased duration of diabetes
[154, 170]. Ala12 variant has also been shown to be
associated with decreased risk of diabetic retinopathy in T2D
patients [171]. These data suggest a protective effect of the
Ala12 allele in relation to complications associated
with T2D.

6. Effect on Polycystic Ovary Syndrome

Central obesity, insulin resistance, and hyperinsulinemia are
typical feature of polycystic ovary syndrome (PCOS) and
significant number of PCOS patients show impaired glucose
tolerance and are in increased risk of developing T2D [172].

Studies show that frequency of Ala12 allele is significantly
reduced in the PCOS group compared with the control
group [173, 174]. Moreover, PCOS subjects carrying Ala12
allele show lower levels of free sex hormones (testosterone,
androstenedione, and dehydroepiandrosterone sulfate) and
reduced luteinizing hormone/follicle-stimulating hormone
ratio compared to PCOS subjects carrying Pro12 allele [174].
Insulin sensitivity, evidenced by fasting insulin and HOMA-
IR, is also significantly improved in Ala12 allele carriers
than in Pro12 allele carriers [174–177]. Even in first-degree
relatives of PCOS subjects, distribution of Ala12 Allele is
significantly reduced compared to Pro12 allele [178] and
fasting insulin and HOMA-IR are lower in first-degree
relatives of PCOS subjects with Ala12 variant compared
to first-degree relatives of PCOS subjects with Pro12 allele
[178].

7. Cellular Mechanism of
PPARγ2Pro12Ala Polymorphism

Since PPARγ2 is expressed only in adipose tissue, how
moderate reduction of PPARγ2 activity in adipose tissue
influences insulin sensitivity, diabetes, and other metabolic
parameters have been studied but not fully elucidated.
Given the role of adipose tissue free fatty acids and
adipokines in regulating insulin sensitivity, the effect of
Pro12Ala polymorphism can be anticipated to be mediated
by changes in these factors. Indeed, subjects with Ala12
allele show lower lipoprotein lipase (LPL) activity [179],
which may result in decreased breakdown of lipoproteins
and hence, reduced plasma FFAs, which is deleterious to
insulin action in skeletal muscle [180]. Consistent with this,
Ala12 allele carriers have lower plasma FFAs, higher adipose
tissue and skeletal muscle blood flow, and greater insulin-
mediated postprandial hormone-sensitive lipase suppres-
sion along with greater insulin sensitivity [181]. Besides,
insulin suppression of lipolysis in adipose tissue is also
increased in lean subjects or in T2D patients carrying
Ala12 allele than in subjects with Pro12Pro allele [182,
183]. However, long-term inhibition of lipolysis will, in
theory, result in increased adiposity (body mass) rather
than lean phenotype in Ala12 allele carriers. Indeed, one
study suggests there is an association between Ala12 allele
and increased body mass [182]. Obviously, this may not be
the true mechanism or may not be the only mechanism
underlying the effect of Pro12Ala. Adipose-derived cytokines
leptin and adiponectin levels have been shown to increase
insulin action [184, 185]. Indeed, Ala12 allele is associated
with higher plasma levels of leptin in Spanish diabetic
women [186]. In comparison, two Japanese population
studies show that Ala12 allele carriers have significantly
lower plasma levels of adiponectin than Pro12 allele car-
riers [187, 188] and another two case-control studies in
either diabetic patients or women with PCOS fail to find
significant change in serum adiponectin levels [189, 190].
Adiponectin does not seem to play a role in increasing
insulin sensitivity in Ala12 allele carriers. Finally, recent
studies suggest that increased oxidative stress in adipose
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tissue is a contributing factor to insulin resistance in obesity
[191] and that insulin sensitization by PPARγ agonists
is mediated, at least in part, by suppressing oxidative
stress in adipose tissue [192]. In adipose tissue-restricted
PPARγ heterozygous mice that show reduction of PPARγ
in adipose tissue and similarly increased insulin sensitivity
as in human subjects carrying Ala12 allele, antioxidant
genes are significantly increased; this may be associated with
increased resistance to chemical-induced oxidative stress
in these animals [193]. Yet, it has not been investigated
whether Pro12Ala polymorphism of PPARγ2 is associ-
ated with changes in oxidative stress in adipose tissue
thus far.

8. PPARγ2Pro12Ala Polymorphism and
Risk of Cancers

PPARγ ligands have been shown to inhibit proliferation
of many tumor cells in vitro and PPARγ may also be
implicated in tumorigenesis in vivo [194]. Although PPARγ2
is exclusively expressed in adipose tissue, genetic variation of
PPARγ2 seems to indirectly affect the risk of several forms
of tumors. The most studied thus far is the association
between Ala12 allele with the risk of colorectal cancer.
The Ala12 variant is inversely associated with incident
sporadic colorectal adenoma, and the effect of this mutation
is especially pronounced in women and those who do
not take nonsteroidal anti-inflammatory drugs [195]. In a
case-control study, Ala12 allele, together with high lutein
intake, low refinery grain intake and a high prudent diet
score, is associated with reduced risk of colon cancer [196].
Interestingly, the same study shows an increased rectal
cancer risk in Ala12 carriers [196]. In another case-control
study, Pro12Pro genotype is associated with increased risk
of colorectal cancer while no such association is observed
among Ala12 carriers [197]. In comparison, there is no
evidence to show a significant association of Ala12 allele
with colorectal cancer in an Indian (Asia) population [198].
In 3 studies related to gastric cancer, Ala12 allele has been
found to be associated with increased risk of gastric cancer
[199–201] and this effect of PPARγ is probably related to
gastric mucosa atrophy and Helipobacteria pylori infection
since the presence of Ala12 allele does not increase the risk
of gastric cancer in H. pylori-negative subjects [199]. In two
studies on prostate cancer, one study finds a 2-fold greater
risk of prostate cancer in Ala12 allele carriers with BMI
above 27.2 kg/m2 compared to those with the Pro12 allele
[202] while the other study fails to notice such an association
[203]. In addition, a marginally significant increase in the
risk of breast cancer is observed in women carrying Ala12
variant [204], but Ala12 allele may decrease the risk of breast
cancer associated with alcohol consumption [205]. Finally,
Ala12 variant is associated with reduced risk of bladder
cancer [206] and renal cell carcinoma [207]. The reason
underlying some of the inconsistent findings is unclear, but
again may reflect a possibility of gene-gene interaction. In
at least one study, Pro12Ala allele interacts with vitamin D
receptor (VDR)/bsm/polyA to increase risk of rectal cancer
[208].

9. Effect on Aging and Alzheimer Disease

The potential role of genetic variability at Pro/Ala loci
of PPARγ2 gene on longevity is studied in a group of
centenarians and long-lived men show an increased
frequency of Pro/Ala genotype [209]. PPARγ may also be
associated with Alzheimer disease (AD) since activation
of PPARγ decreases the release of amyloid-β (Aβ), main
component of the amyloid plaques associated with AD
[210–212]. In line with these observations, a study shows
significant overrepresentation of Ala12 allele in octogenarian
AD patients, compared to Pro12 allele [213]. However,
this result is in contrast with a reported role of Ala12
variant in protecting pathogenesis of AD in female,
but not in male subjects in a case-control study [214],
while two studies fail to show an association between
the Ala12 variant with the genetic risk of AD [215, 216].
Nevertheless, Ala12 allele carriers show an earlier onset of
dementia [215], suggesting that Ala12 allele may modify
the age of onset in late-onset AD. Ala12 allele carriers also
show increased risk of dementia or cognitive impairment
without dementia than noncarriers in diabetic patients
[217, 218]. It is unclear how PPARγ2Pro12Ala polymorphism
confers such effects on human lifespan or age-related
diseases since a change in PPARγ activity by this mutation
is supposed to happen only in adipose tissue. Indeed,
preliminary studies suggest that the effect of Ala12 allele on
human aging may be attributable to decreased IL-6 levels,
although there are also reports that healthy elderly have
higher levels of IL-6 [219, 220]. In addition, PPARγ2Pro12Ala

polymorphism may affect pathogenesis of AD by modulating
cholesterol metabolism since cholesterol levels influence
AD pathology [221, 222]. Studies in larger population are
required to further elaborate the role of PPARγ2Pro12Ala

polymorphism on blood cholesterol metabolism and
AD.

10. Conclusion

Much has been done to evaluate the association between
PPARγ2Pro12Ala polymorphism and body mass, insulin sen-
sitivity, risk of T2D, cancer, and other aspects of human
health. However, it is not fully understood how reduction
of PPARγ activity in adipose tissue can have such diverse
effects on human health. While alteration of fatty acid
and cytokine release from adipose tissue may underlie
the effect of this mutation on insulin sensitivity and the
risk of T2D, it is hard to believe that these factors also
account for the effect of Pro12Ala polymorphism on cancer
and age-related disease. It is likely that some factors that
are overlooked or some unknown factors from adipose
tissue may also play a role. Besides, the conflicting results
often observed in association studies clearly show the
presence of gene-gene interaction. Future association studies
should employ a more comprehensive approach, such as
linkage disequilibrium or haplotype analyses [223, 224],
to examine influence of variants at other genetic loci that
may compromise or enhance allelic effect of a genetic
polymorphism. PPARγ2Pro12Ala polymorphism will be a good
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model to elucidate how alteration of adipose PPARγ activity
affects metabolic program and other aspects of human
physiology.
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[216] S. Sauder, H. Kölsch, D. Lütjohann, et al.., “Influence of
peroxisome proliferator-activated receptor γ gene poly-
morphism on 24S-hydroxycholesterol levels in Alzheimer’s
patients,” Journal of Neural Transmission, vol. 112, no. 10, pp.
1381–1389, 2005.



PPAR Research 15

[217] W. Johnson, S. E. Harris, J. M. Starr, L. J. Whalley, and I.
J. Deary, “PPARG Pro12Ala genotype and risk of cognitive
decline in elders? Maybe with diabetes,” Neuroscience Letters,
vol. 434, no. 1, pp. 50–55, 2008.

[218] N. A. West, M. N. Haan, and H. Morgenstern, “The
PPAR-gamma Pro12Ala polymorphism and risk of cognitive
impairment in a longitudinal study,” Neurobiology of Aging.
In press.

[219] U. Fagiolo, A. Cossarizza, E. Scala, et al.., “Increased cytokine
production in mononuclear cells of healthy elderly people,”
European Journal of Immunology, vol. 23, no. 9, pp. 2375–
2378, 1993.
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Omega-3 fatty acids (FAs) have the potential to regulate gene expression via the peroxisome proliferator-activated receptor α
(PPARα); therefore, genetic variations in this gene may impact its transcriptional activity on target genes. It is hypothesized that
the transcriptional activity by wild-type L162-PPARα is enhanced to a greater extent than the mutated variant (V162-PPARα) in
the presence of eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) or a mixture of EPA:DHA. To examine the functional
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cells activated with EPA, DHA and EPA:DHA mixtures. Results indicate that the addition of EPA or DHA demonstrate potential to
increase the transcriptional activity by PPARαwith respect to basal level in both variants. Yet, the EPA:DHA mixtures enhanced the
transcriptional activity to a greater extent than individual FAs indicating possible additive effects of EPA and DHA. Additionally,
the V162 allelic form of PPARα demonstrated consistently lower transcriptional activation when incubated with EPA, DHA or
EPA:DHA mixtures than, the wild-type variant. In conclusion, both allelic variants of the PPARα L162V are activated by omega-3
FAs; however, the V162 allelic form displays a lower transcriptional activity than the wild-type variant.
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1. Introduction

Higher intake of long-chain n-3 fatty acids (FAs) eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA) has
been recommended to decrease plasma triglyceride (TG)
levels. Conventionally, the mechanism of action after n-3
FAs intake focused on plasma membrane fluidity; however,
recently the emphasis shifted to regulation of gene expression
[1]. In particular, FAs and their derivatives are physiolog-
ical ligands of peroxisome proliferator-activated receptor
α (PPARα). As such they activate the PPARα-retinoid X
receptor (RXR) heterodimer-dependent gene transcription
by binding to the peroxisome proliferator response elements
(PPRE) in the promoter region of target genes [2]. Target
genes include lipoprotein lipase (LPL) involved in plasma TG
clearance [2].

Several polymorphisms within the PPARα gene and the
encoded proteins have been identified including L162V and
V227A, which are the most common PPARα polymorphisms
reported [3]. Of particular interest, the PPARα L162V
polymorphism has been associated with obesity indices and
plasma lipid levels in numerous studies [4–8]. Additionally,
Robitaille et al. in 2004 found that the interaction between
the PPARα L162V polymorphism and fat intake estimated
from a food frequency questionnaire (FFQ) explains a
significant percentage of the variance observed in waist girth
in a sample of 260 French-Canadians [9]. Tai et al. in 2005
[10] also established that the effect of the PPARα L162V
polymorphism on plasma TG and apolipoprotein (apo)-CIII
concentrations depends on the dietary polyunsaturated FA
(PUFA), with a high intake triggering lower TG in carriers of
the V162-PPARα variant. Finally, Paradis et al. in 2002 [11]
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demonstrated that the interindividual variations in total
cholesterol, apo A-I, and cholesterol concentrations in
small low-density lipoprotein (LDL) particles observed after
modification of the polyunsaturated/saturated FA ratio of
the diet is partly attributable to the PPARα L162V poly-
morphism. Clearly, both epidemiological and interventional
studies demonstrate a relation between the PPARα L162V
polymorphisms, metabolic parameters, and FAs intake; yet,
only two functional studies examined the receptor activity
of the L162V polymorphic variants activated with synthetic
agonists-fibrates [4, 12]. It was demonstrated that the effect
of the L162V polymorphic variants on the transcriptional
activation was associated with the concentration of the ligand
to which it is exposed [12].

For that reason, the aim of this functional study was to
determine whether the transcriptional activity by the wild-
type variant, L162-PPARα, is enhanced in the presence of
natural PPARα agonists-omega-3 FAs, mimicking the action
of synthetic PPARα agonists, comparatively to the variant,
V162-PPARα.

2. Laboratory Methods

2.1. Plasmid Construction. The wild-type L162-PPAR ex-
pression plasmid (pSG5-hPPARα vector) was a kind gift
from Pr. B. Staels (Unité INSERM 545, Institut Pasteur de
Lille, France). The pSG5-mRXRα plasmid was described
previously [13]. The V162-PPARα expression plasmid was
derived from the wild-type, through site-directed mutage-
nesis (QuickChange site-directed mutagenesis kit, Strata-
gene, La Jolla, Calif, USA) using the 5′-CGATTTCAC-
AAGTGCGTTTCTGTCGGGATG-3′ oligonucleotide (the
nucleotide in boldface type denotes the C→G change
mutated base). Variant cDNAs were directly sequenced to
confirm that no spurious base changes have been introduced
during the procedure. As a response element representative
of the vast variety of human PPREs, we choose the consensus
artificial direct repeat (DR)1 sequence for analyzing the func-
tional consequences of L162V variation on PPARα activation
by omega-3 FAs. Thus, a reporter plasmid (DR1x6-PPRE)
was generated by cloning in front of the thymidine kinase
promoter-driven luciferase reporter gene (TKpGL3 vector),
six copies of the 5′-AAAACTAGGTCAAAGGTCACGG-3′

sequence where underlined nucleotides correspond to the
direct repeat of the AGGTCA hexamer.

2.2. Transient Transfection and n-3 Fatty Acids Activation.
Human hepatoma HepG2 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented by 10%
fetal bovine serum (FBS), 1% of streptomycin penicillin, 1%
of sodium pyruvate and 1% of glutamine. HepG2 cells were
plated at a density of 75 × 103 cells/well of 24-well plates
which were then transfected using the ExGen reagent (Invit-
rogen, Burlington, Canada) with 50 ng of the DR1x6-PPRE
reporter plasmid, 10 ng of the PPARα (wild-type or mutant)
and RXR expression plasmids and 30 ng of the pRL-NULL
expression vector (Promega) for 6 hours 37◦C. All samples
were complemented with pBS-SK+ plasmid (Stratagene) to
an identical amount (500 ng/well). Similar experiments were

performed with a negative control consisting of the empty
TK-pGL3-basic plasmid (Promega). After transfection, cells
were cultured in DMEM supplemented by 0.2% FBS for
24 hours to strengthen cell membrane before addition of
FAs. Afterwards, cells were transactivated for 24 hours in
absence or presence of omega-3 FAs in concentrations
varying between 1–15 μM to reflect biological plasma or red
blood cells concentration of FAs [14]. Cells were treated
with either solvent (dimethyl sulfoxide (DMSO), 0.01% final
concentration), or treatments of EPA and/or DHA (Sigma-
Aldrich, Oakville, ON, Canada). Briefly, pure EPA or DHA
was dissolved by serial dilution to 1, 5, 10, and 15 μM in
DMSO. For mixtures of 5:5, 15:5, and 5:15 μM EPA:DHA,
the dissolved individual omega-3 FAs at appropriate con-
centrations were mixed together. The luciferase activity was
quantified with a luminometer (Bertholus, LB956V) and
expressed as fold induction in the presence of variable doses
of omega-3 FAs over control. Ciprofibrate (250 μM) (Sigma-
Aldrich) was used as a positive control of induction. The
assays were performed in triplicates. The experiment was
conducted in duplicate.

2.3. Data Analysis. Firefly luciferase activities were nor-
malized with the corresponding Renilla luciferase reporter
activity as internal control. Fold induction was calculated by
taking the control DMSO (Sigma-Aldrich) as baseline.

3. Results

Transient transfection assays in human hepatoma HepG2
cells were done to compare L162-PPARα to V162-PPARα
transcriptional activity. In sum, two independent transients’
transfection assays were performed with similar results for
transcriptional activity. The V162-PPARα variant showed
similar basal transcriptional activity after treatment with
DMSO compared with L162-PPARα on the DR1x6-PPRE.
For positive control, the presence of the PPAR synthetic
ligand, ciprofibrate, showed enhanced transactivation activ-
ity in V162-PPARα compared with L162-PPARα (Figure 1).
Most importantly, the results from this functional study
demonstrate that increase in activity in the V162-PPARα
variant did not reach the same level of extent of transcrip-
tional activity as the L162-PPARα variant in all replicates and
doses of omega-3 FAs.

In more details, the addition of 5 and 15 μM EPA resulted
in an increased in activity with respect to basal level of EPA of
1 μM in L162-PPARα variant, yet only 15 μM EPA resulted in
a slight increase in transcriptional rate compared to DMSO
(Figure 1). In the same way, the addition of 5, 10, and 15 μM
EPA resulted in an higher activity, with respect to basal
level in V162-PPARα variant (Figure 1). Nevertheless, tran-
scriptional activity by the L162-PPARα variant compared to
V162-PPARα variant was 9%, 11%, 4% and 6% consistently
greater with 1, 5, 10, and 15 μM of EPA (Figure 1) represent-
ing functional differences between the variants.

Similarly, the addition of DHA enhanced transcrip-
tional activity at most concentrations in both the L162-
PPARα and V162-PPARα variant compared to basal level
of DHA (Figure 1). However, only 10 or 15 μM of DHA
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Figure 1: Transcriptional activity by L162-PPARα and V162-
PPARα in HepG2 cells supplemented with EPA, DHA, and mixtures
of EPA:DHA. The DR1-PPRE-TKpGL3 reporter construct (100 ng)
was cotransfected with the pRL-NULL plasmid (30 ng) in HepG2
cells in presence of 10 ng pSG5-hPPARα wild-type (black bars) or
mutated (white bars) and pSG5-mRXRα (10 ng) plasmids. Cells
were subsequently treated or not with ciprofibrate (250 μM) or
varying concentrations and mixtures of EPA and/or DHA for 24
hours. Values were normalized to internal Renilla luciferase activity
as described in materials and methods and expressed as fold-
induction relative to the control (TK-pGL3) set at 1. Values are
representative of 2 independent experiments realized in triplicates.

in the L162-PPARα increased activity compared to DMSO.
Likewise, the addition of 1, 5, 10, or 15 μM of DHA increased
to a greater extent the transcriptional activity by the L162-
PPARα variant compared to the V162-PPARα variant (17%,
5%, 15%, and 3%; resp.) (Figure 1).

In addition, EPA:DHA mixtures tested showed a marked
increase in transcriptional activity that was higher with
respect to individual FA transcriptional activity or basal
activity (Figure 1). Again in the V162-PPARα variant, the
ratios of EPA:DHA increased the receptor activity but to a
lesser degree than in L162-PPARα (Figure 1). The disparities
in transcriptional activity between the L162-PPARα and
V162-PPARα variants were even more important: 24%,
28%, and 17% for 5:5, 5:15 and 15:5 μM EPA:DHA ratios,
respectively. Overall, even if the individual FAs show a
smaller transcriptional activity by PPARα with a larger stan-
dard deviation, this transcriptional activity is consistently
lower in the V162-PPARα than L162-PPARα. Further, this
information is supported by the results of the mixtures of
EPA:DHA, where there is clearly an increased transcriptional
activity and this effect is of lesser magnitude in V162-PPARα
than L162-PPARα.

4. Discussion

The present study represents the first examination of the
variation in transcriptional activity after omega-3 FA activa-
tion in the L162V polymorphic variant. Overall, the use of
natural PPARα agonists, such as omega-3 FAs, may influence
the activation of PPARα at higher doses. Nevertheless, differ-
ences exist in the rates of transcriptional activity by the V162-
PPARα and the L162-PPARα variant of the PPARα L162V
polymorphism. In addition, the additive effects of EPA and
DHA mixtures on transcription rates may reveal supplemen-
tary benefits compared to the individual omega-3 FAs.

The results clearly reveal that the V162-PPARα has lower
transcriptional activity than the L162-PPARα. Previous
research has demonstrated the impact of PPARα on the
clearance of TG-rich lipoproteins in humans after treatment
with PPARα agonist, fibrates [15]. The plasma TG lowering
effect of fibrates can be duplicated in animal studies [16]. In
contrast, plasma TGs are elevated in animals lacking PPARα
[17]. This data suggest that PPARα adjusts LPL-dependent
TG lypolysis by altering expression of pro- and antilipolytic
factors [18]. Thus, the current results demonstrate that
individuals carrying a V162-PPARα variant may potentially
have elevated TG levels due to lower transcription rate of
target genes, such as LPL. These in vitro results support
the numerous human studies in which the PPARα L162V
polymorphism exhibited associations with total cholesterol,
LDL-cholesterol, apo B, TG, and high-density lipoproteins
(HDL)-cholesterol [4–9]. In general, from the current and
previous human studies, the V162 allele appears to be
associated with a more harmful lipid profile potentially due
to a lower transcription rate of target genes with PPREs.

The improve transactivation of both allelic variants
following an omega-3 FA activation reveals the importance
of stratifying individuals according to their dietary fat intakes
including omega-3 FA to demonstrate the influence of
PPARα L162V polymorphism on lipid parameters and other
metabolic factors. Since the mutation is located in the DNA
binding domain, this single nucleotide polymorphism is
thought to have an impact on the receptor’s ability to bind
DNA [12]. While receptors coregulators (i.e., coactivators
and corepressors) generally interact with the ligand binding
domain of nuclear receptors [19], we cannot exclude that the
L162V amino acid substitution affects the PPARα’s ability to
adequately separate from cytoplasmic corepressor, transit to
the nuclei and/or recruit coactivators, as it was demonstrated
for the V227A variant of this receptor [20]. To the best of
our knowledge functional studies have never been performed
for the PPARα L162V mutation, and the mechanisms at the
basis of differential omega-3 FAs-dependent activation of the
wild-type and mutated receptors remain to be elucidated.
Yet, it appears that the V162-PPARα has the potential to
reach comparable transcription rates as L162-PPARα with
higher intakes of individual or mixtures of omega-3 FAs.
Therefore, the influence of the L162V polymorphic variant
may be more apparent in individuals who consume a lower
intake of omega-3 FAs. These results are in accordance with
previous human studies [10, 11, 21] which examined the
effect of the PPARα L162V polymorphism in relation to diet.
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These previous researchers determined that a high intake of
dietary PUFA can lower TG in carriers of the V162-PPARα
allele [10, 11] due to higher n-3 FA intakes that may lead
to increased activation of PPARα. Finally, a recent study by
Caron-Dorval et al. in 2008 [21] demonstrated that plasma
TG levels decreased similarly between a group of 28 young
men with or without the L162V polymorphism after an
intense omega-3 FA supplementation for 4 weeks. These
results confirm that dietary modifications including higher
amounts of EPA and DHA, which activate PPARs to a greater
level, may be an effective method in reducing metabolic risk
in those with high-risk allele, such as V162. However, this
point requires further investigation to ascertain a precise
nutritional recommendation.

An additional purpose of this study was to determine
whether EPA, DHA, and combinations of EPA:DHA have
differential roles in transcriptional activity. Most stud-
ies regarding the effects of n-3 PUFA on blood lipids
were conducted with fish oils that contain a mixture of
EPA and DHA [22, 23]. Yet, a number of studies have
been conducted with EPA and DHA individually. In vitro
[24] and animal [25–28] studies suggest that EPA rather
than DHA may be a hypotriglyceridemic agent. However,
divergent findings have been reported in human studies
[29, 30]. Results from the current study with individual
FAs indicate that a higher dose of either EPA or DHA
can increase transcriptional rate of target genes. However,
our results demonstrated that DHA may have a slightly
higher transcriptional activity than EPA. A recent study by
Sanderson et al. in 2008 [31] showed that DHA behaved
as a highly potent inducer of PPARα dependent gene
expression compared to other FAs, although they did not
examine the effects of EPA or mixtures of these FAs. On
the other hand, investigators who examined the effects of
oleic acid, EPA, and DHA on intestinal gene expression
in mice identified 19, 46, and 41 genes, respectively, that
were activated with these fatty acids versus 74 genes with
the PPARα agonist [32]. In addition in the current study,
all tested concentrations of combination of EPA and DHA
induced slightly higher transcription rates than individual
FAs. However, it still remains unclear whether EPA and
DHA have similar TG lowering potential. Further studies are
needed to determine whether EPA and DHA in combination,
as they are found naturally in fish oils, have an additive
effects on gene expression rates; hence, potentially reducing
TG concentrations to a greater extent than individual
FAs.

In conclusion, these results indicate that the V162-
PPARα variant has lower transcriptional activity than L162-
PPARα variant in response to omega-3 FAs; therefore,
clearly demonstrating that a nutrient-gene interaction exists
between PPARα L162V polymorphism and omega-3 FAs.
Further studies are needed to confirm whether this difference
in transcriptional activity by PPARα is translated into
differences in gene expression levels of physiological target
genes. Overall, the functional understanding of omega-3 FAs
in relation to PPARα L162V genotypes may allow more
targeted individualized dietary advice to maximising the
benefit gained by the individual.
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1. Introduction

Peroxisome proliferators-activated receptors (PPAR) are a
family of nuclear receptors associated with cellular differen-
tiation, and with the regulation of carbohydrate and lipid
metabolism [1, 2]. PPAR consist of three main subtypes,
PPAR-α, PPAR-β and PPAR-γ. Of these, PPAR-γ is the most
extensively studied as it is implicated in several pathophys-
iological processes [3–5]. PPAR-γ are transcription factors
that dimerize with the retinoid X receptor (RXR), and
the heterodimers bind to specific DNA target sequences
called PPAR response elements (PPREs) [6]. Numerous
genes implicated in inflammation, cardiovascular disease,
diabetes, and obesity are known to have a PPRE [7, 8].
Thus, the influence of PPAR on a cell is manifold and
complex.

The PPAR-γ gene is found at chromosome 3p25 in
humans [9]. Although transcription derives from only this
one gene, several mRNA splice variants have been found
[10, 11]. All splice variants consist of exons 1 through 6
consecutively on the 3′ end of the mRNA; these exons code

for most of the actual PPAR-γ protein. The 5′ end of the
mRNA consists of alternately spliced exons A1, A2, B, C, and
D in various combinations to form seven splice variants. In
each splice variant the exons at the 5′ end account for little
or none of the final translated PPAR-γ protein. A schematic
of the splice variants and their PPAR-γ protein start codons
(ATG) can be seen in Figure 1.

The biological significance of the existence of multiple
PPAR-γ transcript isoforms that encode for identical protein
isoforms is not yet clear. The splice variants differ only in
the 5′-UTR. It is likely that this region may contribute to
posttranscriptional regulation of PPAR-γ protein expression.
The 5′ UTR of apolipoprotein B was shown to increase the
efficiency of translation in luciferase reporter gene assays and
by in vitro translation assays [12]. The expression of serum
amyloid A2 apolipoprotein was also posttranscriptionally
regulated by both its 5′- and 3′-UTRs [13]. The translation
of glutamate receptor 2 is inhibited by a polymorphic repeat
sequence in its 5′-UTR [14]. Similarly, differences in their 5′-
UTRs may influence the translational efficiency of PPAR-γ
transcripts.
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Figure 1: Structures of PPARγ splice variants. Alignment of exons
in seven PPARγ mRNA splice variants is shown with 5′ end on the
left and 3′ end on the right. The major translation initiation sites
for each isoform are marked (ATG).

There are several mechanisms by which the 5′-UTR
may regulate translation. The presence of secondary stem-
loop structures or short open-reading frames (ORFs) in
the 5′-UTR considerably compromises translation efficiency
[15]. Stable stem-and-loop structures in the 5′-UTR have
been shown to block the migration of 40 S ribosomes
during translation [16]. While moving along the transcript,
the 40 S ribosomal subunit scans and evaluates initiation
codons sequentially, starting at the 5′-end of the mRNA.
The presence of short ORFs in the 5′-UTR allows the
initiation complex to remain bound to the RNA even after
wasteful translation of the short peptide. Thus, a small
ORF greatly reduces but does not eliminate translation of
the correct polypeptide [17, 18]. Other factors that affect
posttranscriptional regulation of translation include the
length of the 5′ UTR, and the sequence context of the
initiation codon.

In this study, we have investigated the influence of
variable 5′-UTRs on the translation efficiency of PPAR-γ
transcripts. All other variables being set equal, PPAR-γ makes
for an excellent model to study the translational efficiency
due to disparate 5′ UTR, but nearly identical translated
regions. As for transcription factors, PPAR-γ may have a
significant effect on non-mRNA-sequence elements involved
in translation such as eIFs, ribosomes, and phosphorylation.
However, the use of in vitro translation of specific splice
variants excluded such factors from the equation, and any
variability in translational efficiency could be attributed to
the 5′ UTR. Additionally, the in vivo translational efficiency
of each of the 5′-UTRs was compared using luciferase
reporter gene assays [17, 19]. The experimental data were
explained by in silico analysis of the whole transcript
structures.

As explained above, a primary mechanism for the
regulation of translation is the formation of stem-loop sec-
ondary structures upstream of the initiation AUG [15]. The
formation of mRNA secondary structure can be accurately

predicted by computer programs that take into consideration
mRNA sequence data, and the free energy change for
the formation of various folded structures [18, 20]. The
energy minimizing software mfold has been successfully
used to investigate various areas of genomics. RNA fold-
ing software predicted how mutations in the 5′-UTR of
hepatitis C virus RNA altered their stem-loop structure,
thermodynamic stability, and binding affinity for ribosomal
proteins [21]. The MFOLD software helped to identify a 35-
nucleotide unfolded stretch in the 5′-UTR of the human
cyclin dependent kinase inhibitor p27Kip1, indicating that this
region may be the ribosomal recruitment site [22]. With the
current efficacy of computer fold modeling, such analysis
is a valuable tool in correlating translational efficiency of
different PPAR-γ transcript isoforms to variations in mRNA
secondary structure.

2. Materials and Methods

2.1. Preparation of Constructs with a T7 Polymerase Promoter.
A T7 promoter was an added upstream of full-length DNA
splice variants for PPARγ1, γ2, γ4, γ5, and γ7. This was
accomplished by the PCR technique using previously cloned
full-length genes, for each isoform, and specific primer
sets. The sense primers were engineered to contain the T7
promoter sequence. For γ1 and γ7 the sense primer T7A1 (5′

TAA TAC GAC TCA CTA TAG GGC CTT TAC CTC TGC
TGG TGA C 3′) was used. For the remaining splice variants
the sense primer T7B (5′ TAA TAC GAC TCA CTA TAG GGA
GCA AAC CCC TAT TCC ATG C 3′) was used. The same
anti-sense primer (PPARγ-antisense) was used for all splice
variants (5′ CTA AAA CCG TTT CTT TTT AAA ATG C 3′)
since they have identical 3′ ends. PCR was run using a 60◦C
annealing temperature and 40 cycles. A blank sample was
created by using distilled water instead of a DNA template,
the sense T7A1, and the antisense primers.

The resulting products were resolved on a 1% agarose gel
and displayed the expected sizes for the templates of interest
(data not shown). The bands corresponding to each desired
full-length splice variant with T7 promoter were excised (as
well as the empty area where the band would be in the case
of the blank) and DNA was extracted using a Geneclean II kit
(QBiogene Irvine, CA). The amount of DNA was quantitated
and the samples were stored in the −20◦C freezer for future
use in a linked in vitro transcription-translation reaction.

2.2. Linked In Vitro Transcription-Translation. Linked in
vitro transcription-translation was performed using a Pro-
teinscript II T7 kit from Ambion (Applied Biosystems, Foster
City, CA). The kit allows coupled in vitro transcription
and translation from a DNA template containing a T7
promoter upstream of the DNA to be transcribed. Equal
amounts of gel-extracted DNA template (0.5 μg of DNA for
each template) for each splice variant were used for the
reaction. The blank sample was used as a negative control
and plasmid pTRI-Xef, provided with the kit, was used as a
positive control. In one experiment, the pTRI-Xef template
was mixed with DNA template for each splice variant
to determine whether the DNA or mRNA of the specific
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splice variant inhibited translational efficiency of unrelated
genes. The templates (6 μL) were mixed with 2 μL of 5X
transcription mix and 2 μL of T7 polymerase. The reaction
was allowed to incubate at 30◦C for 60 minutes and then
placed on ice. At this time, the DNA templates had been
transcribed into mRNA which could be run immediately in
the in vitro translation step, or could be stored at −20◦C for
future use.

In vitro translation was carried out by first making a
master mix of 24 μL per each sample using 2 μL nuclease
free water, 1.25 μL 20X translation mix, 1.25 μL unlabeled
methionine (500 μM), 2 μL [35S]-methionine, and 17.5 μL
retic lysate. To 24 μL of the master mix, 1 μL of the previously
transcribed mRNA samples were added. The tubes were
then gently mixed and incubated at 30◦C for 60 minutes,
after which they were immediately transferred to ice to
stop the reaction. The products were now proteins with the
incorporated radiolabeled methionine.

2.3. Analysis of In Vitro Translated Proteins. Analysis of the
radiolabeled proteins was done by two different methods.
First, a portion of the sample was precipitated using
trichloroacetic acid (TCA). Briefly, 5 μL of the translation
product was mixed with 500 μL of decolorizing solution
(1 M NaOH, 1.5% H2O2, 1 mM L-Methionine) and 250 μL
of distilled water. The tubes were incubated for 10 minutes
at 30◦C followed by the addition of 1 mL of 25% TCA
to precipitate the proteins. The pellets were dissolved in
water and the amount of radioactivity was measured using
a Beckman LS 6500 liquid scintillation counter. In another
approach, the in vitro translation products were resolved by
SDS-PAGE on a 12% acrylamide gel. The gel was fixed in
a solution of 50% methanol and 7% acetic acid, washed,
and soaked in a solution of 1 M sodium salicylate with 50%
glycerol to enhance fluorographic detection of radiolabeled
proteins. The gel was dried under vacuum at 80◦C, and
exposed to autoradiography film (Kodak BioMax MR) for
one to four days at −80◦C The films were developed using
a Kodak RP X-OMAT Processor, scanned, and subjected to
quantitative analysis of band intensity.

2.4. ImageJ Analysis. The relative abundance of in vitro
translated proteins was determined by a densitometric
analysis of the bands detected upon by autoradiography of
the dried gels. An imaging software, ImageJ, available at the
National Institutes of Health (NIH) website was used. Each
band’s intensity was quantitated by measuring the integrated
density of a box made around each band and subtracting out
the integrated density of the same sized box of the image’s
background. The band intensity of the darkest band was set
to the value of one hundred and the intensities of other bands
were assigned an adjusted relative value.

2.5. Dual Luciferase Reporter Gene Assay. The translational
efficiency of each 5′-UTR was also measured through
reporter gene constructs using the dual luciferase reporter
(DLR) assay kit from Promega [17]. This method involves
the cotransfection of chimeric firefly luciferase reporter gene
constructs with a control construct expressing the Renilla

luciferase gene. This allows for correction for any variation
in transfection efficiency. The protocol described in the DLR
assay kit was followed. For construction of the reporter gene
vectors, the 5′ UTR of each of the different PPAR-γ transcript
isoforms was PCR amplified using plasmids containing the
corresponding full-length PPAR-γ DNA as templates, and
specific primer pairs for each 5′-UTR, as shown in Table 1.
The primers were designed with Mlu I and Bgl II restriction
sites, to facilitate cloning into the pGL3-promoter luciferase
reporter vector (Promega). After amplification, the PCR
products were digested with Mlu I and Bgl II, gel purified,
and cloned into the pGL3-promoter vector upstream of
the firefly luciferase gene. Appropriate insertion of the 5′-
UTR fragments was confirmed by sequencing from both
ends using sequencing primers provided with the vector.
The chimeric reporter gene (firefly luciferase) constructs
were mixed with an expression vector for Renilla luciferase
gene in a 9 : 1 mass ratio, and the two plasmids were
transiently cotransfected into rat muscle cells (L6 cells) using
Lipofectamine 2000. After 4 days, cell lysates were prepared
and analyzed for levels of both firefly and Renilla luciferase
activities using the DLR assay kit (Promega).

2.6. Statistical RNA Folding. The mfold server located at
http://mfold.bioinfo.rpi.edu/ was used to model how the dif-
ferent splice variant mRNAs would fold [20]. Full sequences
for each splice variant [11], obtained from the National
Center for Biotechnology Information (NCBI), were ana-
lyzed using the Rensselaer Polytechnic Institute’s web server
running the mfold program. The mRNA sequences were sim-
ulated as though they were at 37◦C in 1 M NaCl. Although
physiological conditions typically maintain an ionic strength
that is lower than 1 Molar, the conditions used in the simula-
tion, 1 M NaCl is the current standard used in fold modeling.
This standard is used in order to better compare modeling
results between distinct experiments and simulations. Free
energies and secondary structures for each splice variant
were evaluated to discover possible correlations between
experimental observations and stability and folding patterns
of secondary structures. Other mRNA folding programs were
also used to simulate mRNA secondary structures. In each
case, nearly identical results were obtained, giving support to
our mfold results.

3. Results and Discussion

3.1. In Vitro Transcription-Translation. Transfection studies
with in vivo overexpression of PPARγ splice variants sug-
gested that they were translated with different efficiencies
(data not shown). We, therefore, used an in vitro linked
transcription-translation assay to examine the translational
efficiencies of PPARγ splice variants. Using this approach,
we were able to examine the translational efficiency of each
splice variant without regard to possible feedback inhibition
or competition with other splice variants.

Figure 2(a) shows results of a linked transcription-
translation assay. Panel A is a representative autoradiogram
of 35S-labeled proteins resolved by SDS-PAGE. It is evi-
dent that PPARγ4 and PPARγ7 are translated considerably
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Table 1: Primers for amplification of different PPAR-γ 5′-UTRs.

5′ UTR of Sense primer Antisense primer Size (bp)

PPAR-γ1 ATCACGCGTCCTTTACCTCTGCTGGTGACA CGGAGATCTTGTTAAAGGCTGACTCTTGTT 177

PPAR-γ2 GTAACGCGTAGCAAACCCCTATTCCATGCT CGGAGATCTCTTGTGATATGTTTGCAGACA 142

PPAR-γ4 GTAACGCGTAGCAAACCCCTATTCCATGCT CGGAGATCTCTGAAAAGCCTTTCATAGGTC 405

PPAR-γ5 GTAACGCGTAGCAAACCCCTATTCCATGCT CGAAGATCTTAATCCCAGCACTTTGGGAGG 221

PPAR-γ7 ATCACGCGTCCTTTACCTCTGCTGGTGACA CGAAGATCTTAATCCCAGCACTTTGGGAGG 256

less than PPARγ2 and PPARγ1. The translation of PPAR-
γ5 was just slightly less than that of PPAR-γ1. The PPARγ2
splice variant has two working start codons and translates
into both the PPARγ1 protein isoform and the PPARγ2
protein isoform. The other splice variants translate to mainly
the γ1 protein isoform. The PPARγ4 transcript also has
an additional initiation codon that would add 8 amino
acids to the aminoterminus of the protein; however, such a
protein isoform was not seen. The intensities for each band
were quantitated using ImageJ (Figure 2(b)). The values are
represented as a percent of the most intense band (resulting
from the γ2 splice variant template) which was set to a value
of 100.

The products of the linked in vitro transcription-
translation reaction were subjected to a TCA protein precip-
itation, and the radioactivity in the precipitated proteins was
measured using a liquid scintillation counter (Figure 2(b)).
Counts were adjusted such that the PPARγ2 count equaled
100. The results corresponded closely to the SDS-PAGE-
autoradiography values. Figure 2(b) shows data represen-
tative of two replicate independent experiments where the
splice variants for PPAR-γ1 and PPAR-γ2 were consistently
more efficiently translated than those for PPAR-γ4 and -γ7.

Our data indicated that the different 5′-UTRs of PPARγ
had a regulatory effect on the ability of the transcript to
be translated. It was possible that the relatively lengthy 5′-
UTRs of PPARγ4 (389 bases) and -γ7 (240 bases) could
sequester the translation machinery of the cell and impose
a broad repression of translation of all cellular transcripts. To
examine this possibility, the DNA templates of each PPARγ
splice variant were mixed with a reference DNA template,
pTRI-Xef, that was supplied with the Proteinscript II kit
(Ambion). Results of linked in vitro transcription-translation
using the mixed templates, as well as of standard pTRI-
Xef alone, are shown in Figure 2(c). After SDS-PAGE, the
intensities of all samples were quantified and are shown
below the corresponding bands, but they fell within 5%
of each other. This experiment shows that templates or
transcripts for any of the PPAR-γ splice variants do not slow
down translation of an unrelated protein in an in vitro assay.

3.2. In Vivo Reporter Gene Assays. Next, we studied regula-
tion of in vivo translation by each of the PPAR-γ 5′-UTRs
using a luciferase reporter gene assay. When equal amounts
of 5′-UTR-firefly luciferase gene constructs were transfected
into cultured L6 cells (an easily transfected rat muscle cell
line), and cell lysates corrected for equal protein mass were
used, the expression of luciferase activity was significantly
enhanced compared to control (pGL3 vector without any
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Figure 2: In vitro Transcription-Translation. Templates for the full-
length PPAR-γ1, γ2, γ4, γ5, and γ7 splice variants were used to
perform coupled in vitro transcription and translation reactions as
described in “Methods”. Products were separated using SDS-PAGE.
(a). The gel was dried and exposed to x-ray film to visualize in
vitro labeled protein products. (b). (dotted bars) Band intensities
were quantitated and the most optically dense band was set to
100. (b). (hatched bars) After the coupled in vitro transcription-
translation reaction, labeled proteins were precipitated using TCA
and the radioactivity in the precipitate was measured using a
liquid scintillation counter. The highest counts were set to 100. (c).
Templates for the γ1, γ2, γ4, γ5, and γ7 splice variants were mixed
with a pTRI-Xef template and in vitro transcription and translation
reactions were performed on each mixture. Bands were resolved
by SDS-PAGE. The bands for pTRI-Xef are shown with the band
intensities reported below each band.
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Table 2: Comparison of structural elements of 5′-UTRs of PPAR-γ transcript isoforms.

Splice
variant

No. of
start

codons

No. of start
codons in 5′-UTR

Length of
5′-UTR
(bases)

Strength of Kozak sequence
(No. of matching bases)

No. of Kozak sequence bases
bound in secondary structure

�G◦ from energy
dot plots kCal/mol

γ1 37 0 141 7 2 −516

γ2 39 2 106 4, 7 3, 3 −507

γ4 49 12 369 4, 7 3, 3 −590

γ5 40 3 190 7 2 −543

γ7 38 1 225 7 7 −547
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Figure 3: In vivo reporter gene assays. Firefly luciferase reporter gene
constructs were designed to contain individual 5′-UTRs upstream
of the luciferase reporter gene in the pGL3 vector (Promega).
Rat L6 cells were transfected with either the host pGL3 vector
(control) or the vector containing a specific PPAR-γ 5′-UTR. Cells
were cotransfected with a plasmid expressing the Renilla luciferase
enzyme. After 4 days, cell lysates were prepared and analyzed for
firefly (hatched bars) and Renilla (solid bars) luciferase activities.
The open bars show the ratio of firefly to Renilla luciferase (n = 3,
P values relative to control are ∗ < .005, # < .05, $ < .01, @ < 0.5).

insert upstream of the luciferase gene) when the 5′-UTRs
for PPAR-γ1, -γ2, and γ4 were inserted upstream of the
firefly luciferase reporter gene (Figure 3, hatched bars). The
firefly luciferase activity was not altered relative to control
when the 5′-UTR for PAPR-γ7 was inserted upstream of the
reporter gene, whereas it was repressed and was undetectable
when the 5′-UTR of PPAR-γ5 was inserted in the vector.
The activity for the cotransfected Renilla luciferase was
much lower than the firefly luciferase (Figure 3, solid bars).
This was consistent with the transfection ratio of 9 : 1
for firefly: Renilla luciferase plasmids. Control experiments
with purified firefly luciferase and Renilla luciferase enzymes
confirmed that mixing the two enzymes did not interfere
with the quantitative measurement of individual enzyme
activities (data not shown). The Renilla luciferase activity
was several fold greater than control in cells cotransfected
with firefly luciferase constructs containing the 5′-UTRs
for PPAR-γ1, PPAR-γ2, PPAR-γ4, and PPAR-γ7, but it was

undetectable in cells cotransfected with PPAR-γ5 5′-UTR-
luciferase contructs. Since the Renilla luciferase served as a
transfection control, results are also expressed as a ratio of the
firefly luciferase to the Renilla luciferase activities (Figure 3,
open bars, n = 3, P values are shown), as is customary for the
DLR assay [17]. The ratio of the two enzymes was the highest
for cells transfected with the 5′-UTRs for PPAR-γ4, PPAR-γ1,
and PPAR-γ2. The results for the in vivo DLR assay suggest
that the presence of these three 5′-UTRs enhance translation,
whereas the 5′-UTRs for PPAR-γ5 and PPAR-γ7 repress
translation of the firefly luciferase gene, compared to control.
Interestingly, even though the expression of Renilla luciferase
activity is used as a control for transfection efficiency, and
is expected to vary randomly, its expression showed the
exact pattern in multiple experiments, with the level being
relatively high (compared to control) when cotransfected
with reporter gene constructs containing 5′-UTRs of PPAR-
γ1, -γ2, -γ4, or -γ7. The presence of the PPAR-γ5 5′-UTR
always failed to stimulate Renilla luciferase activity. Since the
Renilla luciferase gene is itself not driven by any variable
cis-acting upstream elements in the different transfections,
our results suggest that perhaps the 5′-UTRs inserted in the
cotransfected reporter gene constructs may be influencing
the translation of Renilla luciferase in a transacting manner.
This is contrary to the absence of any trans regulation in the
in vitro assay (Figure 2(c)); however, the presence of cellular
elements in the in vivo DLR assay may contribute factors that
may bind to and regulate the activities of both the Renilla and
firefly luciferase enzymes. It may be interesting to investigate
whether this trans-regulation is different in different cell
types.

3.3. RNA Fold Modeling. In order to explain differences in
translational efficiency for each splice variant, we examined
differences in the primary and secondary structures of
each transcript variant. Recent advances in computational
modeling of DNA and RNA have made such an investigation
a viable approach.

Using the mfold RNA-folding software, each splice
variant’s full mRNA sequence was computationally folded.
The mfold software reports several folded structures along
with the free energy change of folding. In order to predict
the average stability of secondary structures, mfold also
calculates the probability of interactions between any two
bases in the input sequence. It prepares an energy dot plot,
where each dot represents a possible base pair formation and
a chain of dots represents possible helical structures. Such
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Figure 4: Magnified RNA folding Models. Full-length PPAR-γ splice variants were folded using the mfold software. The start codon regions
for each isoform are magnified here to show the canonical start codon region (accAUGg) and the number of bases in that region that are
bound.

energy plots were much denser for PPAR-γ4, PPAR-γ5, and
PPAR-γ7 compared to those for PPAR-γ1 and PPAR-γ2 (not
shown) indicating the lower stability of secondary structures
for PPAR-γ1 and PPAR-γ2. Table 2 shows the optimum free
energy change for secondary structure formation computed
by such energy dot plots.

The most stable structures with the lowest free energy
change were used to magnify the start codon regions for
each of the splice variants (Figure 4). Closer inspection of
secondary structures reveals possible indicators of each splice
variant’s translational efficiency. Some factors that are known
to reduce translation efficiency are longer 5′-UTRs with
multiple start codons that may result in false starts or short
ORF segments that lead to nonsense products [15]. Both
PPARγ1 and PPARγ2 splice variants translated efficiently
due to the fact that their secondary structures are the least
stable, they have the shortest 5′-UTRs, and the fewest start
codons in their 5’-UTRs (Table 2). The PPARγ7 splice variant
also has only 1 start codon in its 5′-UTR, but it is very
poorly translated. To explain this, we examined the sequence
around the start codon more closely. The ribosome of the
translation initiation complex recognizes a Kozak consensus
sequence at the translation start site [23]. In Figure 4, this
region accAUGg is highlighted and the number of consensus
bases that are bound in the secondary structure is reported
in Table 2. For PPARγ7, all seven bases of the start motif
completely match the Kozak sequence, and each base in the
region is bound in a secondary structure. This may be the
reason why this splice variant is translated very inefficiently

during the in vitro and in vivo translation experiments.
Similarly, the upstream alternative start codons in PPAR-γ2
and PPAR-γ4 (indicated as PPAR-γ2 b and PPAR-γ4 b in
Figure 4) have a weaker consensus motif and this may be
the reason why the larger size proteins were not efficiently
translated in Figure 2. The in vitro experiment (Figure 2)
is also consistent with the predicted translational efficiency
for PPAR-γ4 and PPAR-γ5. PPAR-γ4 is most inefficiently
translated due to the finding that its secondary structure
is most stable (lowest �G◦ values), and it has the longest
5′-UTR with 12 putative start codons. On the other hand,
translation of PPAR-γ5 is intermediate, since none of the
inhibitory factors are extreme. The in vivo experiments with
luciferase reporter gene assays indicate that translational
efficiency of PPAR-γ4 is very efficient. This could be due to
the presence of cellular factors that may bind to the 5′-UTR
and promote translation. Certain nucleotide sequences in the
5′-UTR may form secondary structures that can function as
internal ribosome entry sites (IRES) [24]. These structures
require additional cellular proteins called IRES trans-acting
factors (ITAFs) to promote translation [25]. Since ITAFs
would be present in the in vivo model but absent in the in
vitro translation, it explains why the PPAR-γ4 5′-UTR drives
translation in vivo but not in vitro.

4. Conclusion

The reason for the existence of splice variants is a source of
much speculation. The foremost theory is that it provides
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greater flexibility and diversity of protein expression without
the need for more DNA. However, in the case of PPARγ,
the splice variants seem to play a different role. As opposed
to producing varying proteins, they produce essentially the
same protein. Instead, the PPARγ splice variants appear
to regulate protein expression. While other mechanisms
of regulation may also contribute, a primary mechanism
appears to be the differing translational efficiencies of the
many splice variants.

In an attempt to explicate what is causing the differences
in translational efficiency, we turned to RNA secondary
structure modeling. Previous studies have attributed 5′-UTR
length and number of start codons as key factors in changing
translational efficiencies of mRNA strands [26, 27]. However,
these factors alone did not seem to completely explain
translation of the PPARγ splice variants. Length and number
of start codons are both attributes related to the primary
sequence of the RNA. Looking at secondary structure gave
a better insight and understanding of the role of 5′-UTRs
in regulation of translation. As research progresses in the
area of mRNA secondary structure and its interactions, we
will be even better at predicting translational efficiencies.
For instance, as the ability to identify riboswitch sequences
increases, we would be able to determine whether different
riboswitches present in different splice variants influence
translational efficiency.

As we better understand the regulatory functions of each
PPAR-γ splice variant, it will become possible to modulate
PPAR-γ protein expression and therefore its end cellular
effect. This will lead to better treatments and management
of countless diseases that PPAR-γ is implicated in.
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