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Abstract Altered glucose metabolism has been described

in Alzheimer’s disease (AD). We re-investigated the

interaction of the insulin (INS) and the peroxisome prolif-

erator-activated receptor alpha (PPARA) genes in AD risk

in the Epistasis Project, including 1,757 AD cases and

6,294 controls. Allele frequencies of both SNPs (PPARA

L162V, INS intron 0 A/T) differed between Northern

Europeans and Northern Spanish. The PPARA 162LL

genotype increased AD risk in Northern Europeans

(p = 0.04), but not in Northern Spanish (p = 0.2). There

was no association of the INS intron 0 TT genotype with

AD. We observed an interaction on AD risk between

PPARA 162LL and INS intron 0 TT genotypes in Northern

Europeans (Synergy factor 2.5, p = 0.016), but not in

Northern Spanish. We suggest that dysregulation of glu-

cose metabolism contributes to the development of AD and

might be due in part to genetic variations in INS and

PPARA and their interaction especially in Northern

Europeans.Electronic supplementary material The online version of this
article (doi:10.1007/s00702-011-0732-4) contains supplementary
material, which is available to authorized users.
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Introduction

Alzheimer’s disease (AD) is the most common cause of

dementia world-wide. Typical pathological hallmarks are

neurofibrillary tangles, amyloid angiopathy and insoluble,

extracellular amyloid plaques.

Glucose is one of the major sources of energy for brain

neurons. It is essential for the proper functions of memory

and cognition. Alterations of glucose metabolism are sug-

gested risk factors for AD (Swaab et al. 1998); hypogly-

cemic episodes have been shown to be associated with an

increased risk of dementia in the elderly (Whitmer et al.

2009). The hormone, insulin, regulates carbohydrate and

fat metabolism, and is crucial for the uptake of glucose into

cells. Reduced brain and CSF insulin concentrations and

increased plasma insulin concentrations have been detected

in AD patients (Craft et al. 1998; Hoyer 2002). An

increased number of insulin receptors was observed in

post-mortem brain tissues of AD patients (Frölich et al.

1998). Majores et al. (2002) reported on the association

between a VNTR polymorphism in the 50 regulatory region

of the insulin (INS) gene and the onset of AD. Those data

suggested that the INS polymorphism might act as a

modifier of AD progression; however, the risk of AD itself

was not associated with this polymorphism (Majores et al.

2002).

Peroxisome proliferator-activated receptors (PPARs),

such as PPARa, PPARd and PPARc belong to the steroid

hormone receptor superfamily (Zhu et al. 1995). They bind

as a heterodimer with the retinoid X receptor (RXR) to the

regulatory region of target genes involved in fatty acid

oxidation, lipid metabolism, inflammation control, energy

balance and homeostasis (Escher and Wahli 2000; Kersten

et al. 2000). PPARa is involved in glucose and lipid

metabolism (Escher and Wahli 2000) and thus might also

influence the pathogenesis of AD. In line with this, it has

been reported that the expression of the PPARa gene

(PPARA) was significantly reduced in AD brains (De la

Monte and Wands 2006) and that PPARa agonists inhibited

the b-amyloid-stimulated expression of TNFa and IL-6

reporter genes in THP-1 monocytes (Combs et al. 2001).

Furthermore, we reported previously on the association of

the PPARA L162V polymorphism with the risk of AD

(Brune et al. 2003).

Since insulin and PPARa are both involved in glucose

metabolism, it is suggested that there might be a physio-

logical interaction between the two proteins. This

suggestion has been supported by different experimental

studies: e.g. evidence of insulin-mediated modulation of the

transcriptional activity of PPARa in rats (Desvergne and

Wahli 1999; Shalev et al. 1996); and of PPARa-mediated

reduction of insulin resistance in mice (Guerre-Millo et al.

2000). In line with this, we previously reported an interac-

tion of the PPARA L162V polymorphism with the VNTR in

the 50-flanking region of INS, associated with the risk of AD,

in a small sample from Bonn and Mainz (Germany) (Brune

et al. 2003).

The current study aimed to confirm the association of

these genes and of their interaction with the risk of AD in a

large sample from the Epistasis Project, with 1,757 cases of

AD and 6,294 controls (Combarros et al. 2009). This

project was designed to study interactions between genes

(epistasis), to build on prior evidence and to have sufficient

power for the purpose (Combarros et al. 2009, 2010;

Lehmann et al. 2010).

Methods

Study population

The Epistasis Project primarily aims to replicate interac-

tions that have been reported to affect the risk of AD.

Sample-sets were drawn from narrow geographical regions

with relatively homogeneous, Caucasian populations, by

seven AD research groups: Bonn, Bristol, Nottingham,

Oxford (OPTIMA), Oviedo, Rotterdam and Santander.

Sample characteristics by geographical region are given in

Table 1. All AD cases were diagnosed ‘‘definite’’ or

‘‘probable’’ by CERAD (Mirra et al. 1991) or NINCDS-

ADRDA criteria (McKhann et al. 1984). AD cases were

sporadic, i.e. possible autosomal dominant cases were

excluded, based on family history. The median ages

(interquartile ranges) of AD cases were 79.0 (73.0–85.2)

and of controls were 76.9 (71.3–83.0) years. Research ethic

approval was obtained by each of the participating groups

(Supplementary Table 1). Comprehensive details of our

sample-sets are given elsewhere (Combarros et al. 2009).

Genotyping

Blood samples were taken after written informed consent

had been obtained from the subjects or their legal repre-

sentatives. Genotyping for the six centres other than Rot-

terdam (below) was performed at the Wellcome Trust

Sanger Institute, using the iPLEX Gold assay (Sequenom

Inc.). Whole genome amplified DNA was used for 82% of

the samples; genomic DNA was used for the 18% of the

samples that were not suitable for whole genome amplifi-

cation. A Sequenom iPLEX, designed for quality control
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purposes, was used to assess genotype concordance

between genomic and whole genome amplified DNA for

168 individuals. Assays for all SNPs were designed using

the eXTEND suite and MassARRAY Assay Design soft-

ware version 3.1 (Sequenom Inc.). Samples were amplified

in multiplexed PCR reactions before allele specific exten-

sion. Allelic discrimination was obtained by analysis with a

MassARRAY Analyzer Compact mass spectrometer.

Genotypes were automatically assigned and manually

confirmed using MassArray TyperAnalyzer software ver-

sion 4.0 (Sequenom Inc.). Gender markers were included in

all iPLEX assays as a quality control metric for confir-

mation of plate/sample identity.

Genomic DNA was extracted from 6,566 samples from

the first cohort of the Rotterdam Study, a population-based

cohort study of subjects aged 55 and older (Hofman et al.

2007), using the salting out method (Miller et al. 1988).

The SNPs, PPARA L162V (rs1800206) and INS intron 0

A/T (rs689), were genotyped using Taqman allelic dis-

crimination Assays-by-Design (Applied Biosystems, Foster

City, CA, USA). Genotyping was successful in 6,402

(97.5%) samples for rs1800206, and in 6,389 (97.3%)

samples for rs689. For rs1800206, control sampling was

concordant in 315 (96.6%) of 326 controls, 11 (3.4%) had

one undetermined allele and there were no discordant

controls. For rs689, control sampling was concordant in

317 (97.2%) of the 326 controls, 8 (2.5%) had 1 undeter-

mined allele and there was 1 (0.3%) discordant control.

Statistical analysis

We analysed possible associations by fitting logistic

regression models with AD diagnosis as the response var-

iable, controlling for study centre, age, sex and the e4 allele

of apolipoprotein E (APOEe4), using R Version 2.10.1 (R

Foundation for Statistical Computing, Vienna, Austria).

The adjusted synergy factors (Cortina-Borja et al. 2009)

were derived from the interaction terms in those models.

Heterogeneity among centres was controlled for as follows:

we first fitted a model including random effect terms by

centre, which accounts for correlated (clustered) observa-

tions within populations, while avoiding estimating extra

parameters in the regression models. We then fitted centre

as a fixed effect factor with six contrasts. We compared the

goodness of fit of both approaches using Akaike’s Infor-

mation Criterion, which penalises the model’s likelihood

by a function of the number of parameters in the model.

We found that the model with fixed effect terms by centre

was preferable and used it to control for different fre-

quencies between populations. We also assessed the three-

way interaction between the two SNPs and the study cen-

tres using the likelihood ratio test. Over-dispersion was

controlled by fitting the logistic regressions using a quasi-

binomial generalised linear model family with logit link.

The INS intron 0 A/T SNP (rs689) is in tight linkage

disequilibrium with the INS VNTR (99.6% concordance,

(Sandhu et al. 2005), the A and T alleles corresponding to

the VNTR class I and class III alleles, respectively

(Vu-Hong et al. 2006). We followed Brune et al. (2003) in

using the class I VNTR-dominant model, i.e. the A allele-

dominant model for INS intron 0 A/T, and the G allele

(=V)-dominant model for PPARA L162V (rs1800206). In

view of the genetic differences found between North and

South Europe in previous studies (Capurso et al. 2005;

Lehmann et al. 2005; Merryweather-Clarke et al. 2000), we

analysed North Europe and North Spain separately. North

Europe here comprises Bonn, Bristol, Nottingham, Oxford

and Rotterdam; North Spain comprises Oviedo and Sant-

ander. Power calculations were based on the observed

synergy factor values. Comparisons of allelic frequencies

between North Spain and North Europe were obtained

using Fisher’s exact test. Linkage disequilibrium data were

Table 1 Sample characteristics by geographical region

Region Subjects Age subsets Sex ratio APOEe4

\75 years [75 years Totals % women p (controls vs. AD) Frequency (%) p (controls vs. AD)

North Europe Controls 2,426 3,342 5,768 56.8 0.02 13.9* \0.0001

AD 336 868 1,204 60.5 33.3

North Spain Controls 179 347 526 67.2 0.90 8.3* \0.0001

AD 182 371 553 66.7 26.0

Totals Controls 2,605 3,689 6,294 57.7 0.0004 13.4 \0.0001

AD 518 1,239 1,757 62.4 31.1

Quality control of genotyping reduced the numbers below the above figures (see Table 3). Fuller details, including characteristics of each of the

seven sample-sets, are given in (Combarros et al. 2009)

AD Alzheimer’s disease, APOEe4 the e4 allele of the apolipoprotein E gene

* Difference between North Europe and North Spain p \ 0.0001

Interaction of insulin and PPAR-a genes in Alzheimer’s disease 475

123



estimated using the R library, genetics (http://cran.r-

project.org/web/packages/genetics/index.html). All tests of

significance and power calculations were two-sided.

Results

Preliminary analyses

Table 2 shows the two studied SNPs. Their allelic fre-

quencies differed between North Europe and North Spain.

Allelic frequencies by country are shown in Supplementary

Table 2 and genotype distributions from each of the seven

centres in Supplementary Table 3. Hardy–Weinberg (HW)

analysis was performed for both SNPs in both cases and

controls, both in the Rotterdam samples and in the samples

from the other six centres, which were genotyped by

the Sanger Institute. In one of these eight analyses, that

of PPARA L162V in AD cases of the six centres,

the genotypes were not in HW equilibrium (p \ 0.0001).

This marked HW disequilibrium was consistently seen

throughout our dataset of AD cases, e.g. overall (including

Rotterdam) p = 0.0003; North Europe (including Rotter-

dam) p = 0.007; North Spain p = 0.02. In clear contrast,

the controls were consistently in HW equilibrium, e.g.

overall p = 0.61; North Europe p = 0.92; North Spain

p = 0.37. Since this pattern suggested heterosis (see

‘‘Discussion’’), we looked for an association of LV het-

erozygotes with AD. This we found in our whole dataset [odds

ratio (OR) = 0.78 (95% confidence interval: 0.64 - 0.95,

p = 0.01)] and in North Europe [OR = 0.76 (0.60 - 0.97,

0.03)], which was consistent in all five Northern European

centres (see ‘‘Discussion’’).

The main effects of the two SNPS

The independent associations of the two SNPs with AD are

shown in Table 3. There was a weak association with AD of

the PPARA 162LL genotype versus carriers of 162Vallele in

our whole sample [OR = 1.3 (1.04 - 1.5, 0.02)], consistent

in Northern Europeans and Northern Spanish (Table 3). There

was no association of the INS intron 0 TT genotype versus

carriers of the A allele.

An interaction between PPARA and INS

There was an interaction in AD risk between PPARA 162LL

(vs. LV ? VV) and INS intron 0 TT (vs. AT ? AA) in

Northern Europeans, but no effect in Northern Spanish

(Table 4). In Northern Europeans, the effect was mainly in

women. Table 4 also indicates the power to detect such an

Table 2 Studied SNPs

Gene SNP Minor allele frequency in controls

North Europe North Spain Difference (p)

PPARA rs1800206 L162 V (=C/G) 6.5% (V = G) 9.3% (V = G) 0.002

INS rs689* intron 0 A/T 28.5% (T) 24.8% (T) 0.02

PPARA and INS are the genes for the peroxisome proliferator-activated receptor a and insulin, respectively, *Rs689 is in tight linkage

disequilibrium with the INS VNTR, the A and T alleles representing the class I and class III VNTR alleles, respectively (Vu-Hong et al. 2006)

Table 3 Main effects of PPARA 162LL (vs. V?) and INS intron 0 TT (vs. A?)

Polymorphism Dataset Numbers Adjusted odds ratio of AD (95% CI, p)*

Controls AD

PPARA North Europe LL: 4,910 LL: 1,012 1.3 (1.01–1.6, 0.04)

V?: 703 V ? : 145

162LL versus V? North Spain LL: 413 LL: 446 1.3 (0.9–1.9, 0.2)

V?: 87 V?: 74

INS North Europe TT: 470 TT: 104 1.2 (0.9–1.55, 0.2)

A?: 5,131 A?: 1,050

intron 0 TT versus A? North Spain TT: 37 TT: 43 0.9 (0.5–1.6, 0.8)

A?: 447 A?: 463

Results in bold are significant at p \ 0.05

PPARA and INS are the genes for the peroxisome proliferator-activated receptor a and insulin, respectively

AD Alzheimer’s disease, CI confidence interval, V? = LV ? VV, A? = AT ? AA

* Controlling for study centre, age, sex and the e4 allele of the apolipoprotein E gene
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interaction or a weaker one. In Northern Europeans, each risk

factor, i.e. PPARA 162LL and INS intron 0 TT, was only

associated with AD in the presence of the other (Table 5).

Discussion

We found a weak but significant association of the PPARA

L162V polymorphism with the risk of AD, in that carriers

of the LL genotype presented with an increased risk of AD.

However, this contradicted the only positive result cur-

rently shown in AlzGene, while all the other five reports in

AlzGene were negative (Bertram et al. 2007) (http://www.

alzgene.org/). The INS intron 0 TT was not significantly

associated with the risk of AD. This is in line with our

previous publication (Majores et al. 2002).

In addition, we found an interaction in the association

with the risk of AD between PPARA 162LL (vs. LV ? VV)

and INS intron 0 TT (vs. AT ? AA) in our Northern Euro-

pean dataset of over 6,500 samples: synergy factor = 2.5

(1.2 - 5.4, 0.016) (Table 4). There was no effect in the

Northern Spanish, consistent with our previous report

(Lehmann et al. 2010) and other reports (Capurso et al. 2005;

Lehmann et al. 2005; Merryweather-Clarke et al. 2000) of

genetic differences between North and South Europe. There

was heterogeneity between our five Northern European

centres, which we controlled for. In Northern Europeans,

each risk factor was only associated with AD in the presence

of the other (Table 5), consistent with true epistasis.

We therefore suggest that there is a weak association of

PPARA with AD risk. However, we cannot exclude that

this finding might be due to a population effect in our

sample. In addition, there is no significant association of

the INS intron 0 TT genotype with AD risk. Genome-wide

association studies (GWA) just recently published [i.e.

(Harold et al. 2009; Hollingworth et al. 2011)] did not

identify genes in the genomic region of the SNPs investi-

gated in our study. However, we suggest that there is an

interaction between the two genes. Since GWAs are not

designed to study epistasis, genetic interactions associated

with AD might have been missed in the past.

Interpretation of results: heterosis

There was a consistent pattern of HW disequilibrium in the

genotypes of PPARA L162V in AD cases (p = 0.0003),

contrasting with consistent HW equilibrium in controls

(p = 0.61) (see ‘‘Preliminary analyses’’). Yet, the cases and

controls were genotyped together blind to diagnosis, with all

plates containing both. This distinct pattern of HW disequi-

librium is highly unlikely to have occurred by chance geno-

typing errors (cases vs. controls: p = 0.00001). However,

such a pattern concurs with an alternative explanation, which

is heterosis (Comings and MacMurray 2000; Lehmann et al.

2005). In heterosis, heterozygotes show either a greater or a

lesser association with a given trait than do either class of

homozygotes. This can result from the inadvertent combina-

tion of two unlike subsets, due to a hidden interaction with

another risk factor. Such an interaction can distort the asso-

ciation observed when one risk factor is examined by itself. In

the present case, we found heterosis in the association of

PPARA L162V with AD (p = 0.01, see ‘‘Preliminary analy-

ses’’). We also found an appropriate interaction between the

Table 4 Interaction between PPARA 162LL (vs. V?) and INS intron 0 TT (vs. A?)

Dataset Numbers Power* Adjusted synergy factor (95% CI, p)�

Controls AD SF = 2.5 (%) SF = 1.5 (%)

North Europe 5,529 1,128 87 34 2.5 (1.2–5.4, 0.016)

North Spain 457 482 40 13 0.8 (0.2–3.0, 0.7)

Results in bold are significant at p \ 0.05

PPARA and INS are the genes for the peroxisome proliferator-activated receptor a and insulin, respectively

AD Alzheimer’s disease, SF synergy factor, CI confidence interval, V? = LV ? VV, A? = AT ? AA

* To detect the stated SF values at p = 0.05
� Controlling for study centre, age, sex and the e4 allele of the apolipoprotein E gene

Table 5 Odds ratios of AD in Northern Europeans, for PPARA
162LL (vs. V?) and INS intron 0 TT (vs. A?), when stratified by

each other

Odds ratio of AD In the subset Adjusted odds ratio

of AD (95% CI, p)*

PPARA

162LL versus V?

INS rs689 A?

INS rs689 TT

1.1 (0.9–1.4, 0.39)

3.35 (1.4–7.8, 0.005)

INS

Rs689 TT versus A?

PPARA 162V?

PPARA 162LL

0.6 (0.3–1.2, 0.13)

1.4 (1.03–1.8, 0.03)

Results in bold are significant at p \ 0.05

PPARA and INS are the genes for the peroxisome proliferator-acti-

vated receptor a and insulin, respectively

AD Alzheimer’s disease, CI confidence interval, V? = LV ? VV,

A? = AT ? AA

* Controlling for study centre, age, sex and the e4 allele of the apo-

lipoprotein E gene
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PPARA and INS SNPs, as first proposed by Brune et al. (2003).

This confirms that heterosis is the most likely explanation of

the HW disequilibrium found for PPARA L162V only in AD

cases.

The potential biological role of PPARA and INS

and their interaction in AD

PPARa and insulin are both involved in the regulation of

glucose metabolism in the body. Insulin, a peptide hor-

mone, regulates the uptake of glucose into the cells, while

PPARa regulates the expression of genes involved in lipid

metabolism, inflammation and energy balance (Escher and

Wahli 2000; Kersten et al. 2000).

The PPARA L162V polymorphism might have rele-

vance for the protein function and was previously reported

to be associated with hyper-apolipoproteinemia (Vohl et al.

2000) and altered lipid concentrations in patients with non-

insulin-dependent diabetes mellitus (Evans et al. 2001;

Flavell et al. 2000, 2002). The biological function of the

INS VNTR, which is in high linkage disequilibrium (99.6%

concordance) (Sandhu et al. 2005) with the INS polymor-

phism investigated in the present study, is not entirely

clear. The long INS VNTR alleles (class III) have been

reported to produce higher levels of thymic INS mRNA

than those with the class I alleles (Vafiadis et al. 2001). The

authors concluded that this result confirmed an additional

level of correlation between thymic insulin and diabetes

susceptibility (Vafiadis et al. 2001).

Since alterations of glucose metabolism have been

described in AD (Hoyer 2002, 2003), it is likely that genes

involved in this metabolic pathway act as AD risk factors.

A biological interaction between insulin and PPARa acti-

vation in the regulation of glucose metabolism has been

described previously: insulin treatment in rat adipocytes

stimulated PPARa phosphorylation and enhanced its tran-

scriptional activity (Desvergne and Wahli 1999; Shalev

et al. 1996); thus, the transcriptional activity of PPARa
might be modulated by insulin-mediated phosphorylation

(Shalev et al. 1996). Additionally, high glucose levels

reduced the expression of PPARA and its target genes in

pancreatic b-cells (Roduit et al. 2000). Also, PPARa acti-

vators such as fenofibrate and ciprofibrate reduced insulin

resistance in mice (Guerre-Millo et al. 2000). These data

suggest the functional interaction of INS and PPARa.

Conclusions and limitations

The above evidence of a functional interaction between

INS and PPARa supports our finding that only the inter-

action of INS and PPARA polymorphisms, rather than each

alone, might affect the risk of AD. Our hypothesis-driven

approach, based on prior evidence from association studies,

was designed to study biologically plausible interactions,

with sufficient power for the purpose. We suggest that this

approach may complement that of genome-wide associa-

tion studies, which have almost exclusively concentrated

on single-locus effects. Nevertheless, we suggest that our

results need further replication in another Northern Euro-

pean dataset, at least equally large. Our dataset had ade-

quate power to detect this interaction, but would be

inadequate for a much weaker interaction, e.g. with a

synergy factor of 1.5 (Table 4). Meanwhile, further studies

of the biological implications may be appropriate.
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