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Genetic variants associated with type 2 diabetes and
adiposity and risk of intracranial and abdominal aortic
aneurysms

Femke NG van ’t Hof!, Julien Vaucher?, Michael V Holmes**, Arno de Wilde!, Annette F Baas’,
Jan D Blankensteijn®, Albert Hofman’, Lambertus ALM Kiemeneys, Fernando Rivadeneira®,
André G Uitterlinden”?, Sita H Vermeulen®, Gabriél JE Rinkel!, Paul IW de Bakker>!? and Ynte M Ruigrok’*’1

Epidemiological studies show that type 2 diabetes (T2D) is inversely associated with intracranial aneurysms (1A) and abdominal
aortic aneurysms (AAA). Although adiposity has not been considered a risk factor for IA, there have been inconsistent reports
relating adiposity to AAA risk. We assessed whether these observations have a genetic, causal basis. To this end, we extracted
genotypes of validated single-nucleotide polymorphisms associated with T2D (n=65), body mass index (BMI) (n=97) and
waist-hip ratio adjusted for BMI (WHRadjBMI) (n=47) from genotype data collected in 717 IA cases and 1988 controls, and in
818 AAA cases and 3004 controls, all of Dutch descent. For each of these three traits, we computed genetic risk scores (GRS)
for each individual in these case—control data sets by summing the number of risk alleles weighted by their published effect
size, and tested whether these GRS were associated with risk of aneurysm. We divided the cohorts into GRS quartiles, and
compared IA and AAA risk in the highest with the lowest GRS quartile using logistic regression. We found no evidence for
association in IA or AAA risk between top and bottom quartiles for the genetic risk scores for T2D, BMI and WHRadjBMI.
However, additional Mendelian randomization analyses suggested a trend to potentially causal associations between BMI and
WHRadjBMI and risk of AAA. Overall, our results do not support epidemiological observations relating T2D to aneurysm risk, but
may indicate a potential role of adiposity in AAA that requires further investigation.
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INTRODUCTION

Thanks to the success of genome-wide association studies (GWAS), we
are rapidly gaining novel insights into the genetic basis of traits and
diseases as well as the overlap between them. An important advantage
compared with observational studies, genetic analysis can rigorously
test whether one trait (eg, circulating levels of a biomarker) affects risk
of disease in a causal manner. In a previous study, for example, we
showed that genetic risk profiles for lipid factors and coronary artery
disease susceptibility were associated with abdominal aortic aneurysms
(AAA) but not intracranial aneurysms (IA), whereas the genetic risk
profile for blood pressure was instead associated with IA but not
AAA,! consistent with epidemiological observations.>* This illustrated
that a genetic approach can help assess the causal role of traditional
risk factors in disease.

Here, we apply the same methodology to study the effect of
other metabolic risk factors that do not yet have an established role
in aneurysm pathology. Epidemiological studies have reported an
inverse association between type 2 diabetes (T2D) and both TA>>® and
AAAS8 but it remains unclear whether these relations are truly
causal or may have arisen due to confounding. Adiposity is not

considered a bona fide risk factor for IA,>° and for AAA the impact
of adiposity is still unclear due to conflicting results from obser-
vational studies.!®!! (eg, one study suggested that abdominal
adiposity rather than total obesity may play a role in AAA).! In this
study, we aim to test whether there is a causal association bet-
ween T2D or adiposity and risk of IA and AAA, by testing the
combined effect of established genetic risk variants for these traits on
the risk of TA and AAA. For adiposity, we tested genetic risk
variants for both BMI as a measure of total adiposity, and for
waist-hip ratio adjusted for BMI (WHRadjBMI) as a measure of
central adiposity. In addition, we perform Mendelian randomization
analyses to test whether any of these risk factors have causal effect on
aneurysm risk.

METHODS

Study populations

We used genotype data from Dutch IA and AAA patients and controls. These
cohorts have been described in detail elsewhere.!>1® All studies have been
approved by the relevant medical ethical committees and all participants
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provided written informed consent. Below is a brief description of each study
population.

IA cases in the Dutch cohort (n=1080) were admitted to the University
Medical Center Utrecht, the Netherlands between 1997 and 2011. The cohort
both included cases with ruptured and unruptured IA. Ruptured IA cases were
defined by symptoms suggestive of subarachnoid hemorrhage (SAH) combined
with subarachnoid blood on a computed tomography (CT) scan and a proven
IA at angiography (conventional angiogram, CT- or magnetic resonance (MR)-
angiogram). Unruptured IA cases were identified by CT or MR angiography or
conventional angiography in the absence of clinical or radiological signs of
SAH. Patients with fusiform IA, possible traumatic SAH and polycystic kidney
disease were excluded. All cases were genotyped on Illumina CNV370 Duo
BeadChips (Illumina, San Diego, CA, USA)."> Controls (11=2089) were
ascertained via the Rotterdam Study, a population-based cohort of subjects
aged 45 years and older recruited from a district in Rotterdam (The Nether-
lands). These controls were genotyped on Illumina HumanHap550
BeadChips (Illumina).!”

AAA patients (n=2859) were recruited from eight medical centers in the
Netherlands, mainly when individuals visited their vascular surgeon in the
outpatient clinic or, in some cases, during hospital admission for elective or
emergency AAA surgery. An AAA was defined as an infrarenal aorta diameter
of 230 mm. The mean AAA diameter was 58.4 mm. Of these patients 530 had
received surgery, of which 43 after rupture. Genotyping was performed on
llumina HumanHap610 chips (Illumina).!> As controls, we included 3110
Dutch subjects who were recruited as part of the Nijmegen Biomedical Study
(n=1832) and the Nijmegen Bladder Cancer Study (n=1278).1>!* These
controls were genotyped on Illumina CNV370 Duo BeadChips (Illumina).

Quality control, imputation and association analysis

We performed quality control of samples and single-nucleotide polymorphisms
(SNPs) as described previously.! For each case—control data set, genotype
imputation was performed in Ricopili (Rapid Imputation Consortium Pipeline,
https://sites.google.com/a/broadinstitute.org/ricopili/). For imputation, the pre-
phasing/imputation stepwise approach implemented in IMPUTE2 and SHA-
PEIT was used (chunk size of 3Mb and default parameters).'®!° The
imputation reference set consisted of 2184 phased haplotypes from the full
1000 Genomes Project data set (February 2012; 40 318 253 variants).?’ All
genomic locations are given in NCBI Build 37/UCSC hgl9 coordinates. After
imputation, SNPs with an imputation accuracy score <0.6 or minor allele
frequency <0.5% were excluded. Next, we performed an association analysis in
both the IA and AAA cohorts using PLINK.?! We used logistic regression
models where we included the allelic dosage (0-2) of each SNP as an
independent variable, and case—control status as the dependent variable
(outcome). The first four principal components (PCs) in each study cohort
were included as covariates to correct for population stratification.

Genetic risk scores

From the literature, we found 65 established risk SNPs for T2D,?2 97 risk SNPs
for BMI?® and 49 SNPs for WHRadjBMI.>* One BMI risk SNP (rs12016871:
C>T) was not present in our association study, and was replaced by a proxy
SNP (rs9581854:C>T; *=1). One WHRadjBMI risk SNP (rs7759742:A>T)
was excluded from further analyses, because it was not present in our
association study, and no proxy SNPs (r2>0.8) were available. For each of
these SNPs, we looked up the corresponding risk allele and its published effect
size. We extracted the results of these SNPs from our IA and AAA association
analysis, and computed genetic risk scores for T2D, BMI and WHRadjBMI in
each individual of the IA and AAA cohorts as follows:

Genetic risk score = f,x1 + frx2 + ... + f,xn

where x; is the estimated allele dosage (between 0 and 2) in a given individual,
and f; is the published effect size (BMI and WHRadjBMI) or the natural log of
the reported odds ratio (T2D) for the ith SNP. We tested the resulting genetic
risk scores for association with IA and AAA using logistic regression, adjusting
for sex and the first four PCs in the study cohorts. To evaluate the magnitude of
effect of the genetic risk scores on IA or AAA disease risk, we divided the IA
and AAA cohorts into quartiles on the basis of the genetic risk score
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distributions in these two cohorts, and calculated odds ratios and correspond-
ing 95% confidence intervals (CI) for IA or AAA disease risk in the highest
quartile compared with that in the lowest quartile, using logistic regression,
adjusting for sex and the first four PCs in the study cohorts.

Mendelian randomization analyses

To assess any causal association between T2D and adiposity (indexed by BMI
and WHRadjBMI) on risk of aneurysms, we performed a series of comple-
mentary Mendelian randomization (MR) analyses.>> Conventional MR findings
(based on an inverse variance weighted (IVW) approach) were contrasted with
results from sensitivity analyses, including MR-Egger, MR-Egger adjusted for
simulation extrapolation and weighted median MR.2628 MR-Egger tests for the
presence of unbalanced pleiotropic effects of the SNPs under analysis that may
distort the causal effect estimate. For all MR analyses, SNPs were oriented
towards an increase in the exposure. The standard error was obtained by
bootstrap resampling 10 000 times. IVW was performed using linear regression
of the SNPs-exposure (T2D, BMI or WHRadjBMI) estimates against SNPs-
outcome (IA or AAA) estimates, weighted by the minor allele frequencies of
each SNP and forced to pass through the origin.® MR-Egger is similar to IVW
but the constant was not constrained to pass through the origin.?® A significant
departure from the origin provides evidence for the presence of unbalanced
pleiotropy (tested using the Egger test; ie, a P-value significant at the 5% level
indicates presence of pleiotropic effects). For MR-Egger adjusted for simulation
extrapolation using I*-statistics, we first quantified any violation of the NOME
(NO Measurement Error (NOME)) assumption (ie, testing the fact that the
SNP-exposure association is true).?® We then applied simulation extrapolation
(SIMEX; implemented in R using the simex package) to adjust the MR-Egger
causal estimates to account for a potential NOME violation (results based on
1000 simulations).”® Weighted median MR yields robust and precise results
even when up to 50% of the weight in the analysis comes from invalid genetic
variants.”” We specifically performed a penalized weighted median MR analysis
(implemented in Stata using the mrrobust package; available at: https:/github.
com/remlapmot/mrrobust), which favors SNPs with causal estimates close to
the median causal estimate.

Data availability

The study data (summary-level data of primary study results) have been made
publicly available. They can be obtained from GWAS Central: http://www.
gwascentral.org/study/HGVST1837.

RESULTS

IA and AAA cohorts

After quality control and imputation, the IA cohort consisted of 717
cases and 1988 controls, and the AAA cohort comprised 818 cases and
3004 controls. Table 1 shows the baseline characteristics of the IA and
AAA cohorts.

Genetic risk scores
The association results of the individual T2D, BMI and WHRadjBMI-
associated SNPs in the IA and AAA cohorts are listed in

Table 1 Overview of the baseline characteristics of the IA and AAA
study cohorts (numbers after quality control)

IA cohort AAA cohort
Number of cases 717 818
Women (%) 64.3 10.5
Mean age (years) 61 68
Ruptured aneurysms (%) 92.5 5.5
Number of controls 1988 3004
Women (%) 57.2 37.7
Mean age (years) 56 62

Abbreviations: AAA, abdominal aortic aneurysm; IA, intracranial aneurysm.

759
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Table 2 Genetic risk scores based on T2D, BMI and WHRadjBMI-
associated SNPs tested for association with 1A disease risk

Table 3 Genetic risk scores based on T2D, BMI and WHRadjBMI-
associated SNPs tested for association with AAA disease risk

Trait GRS (continuous?) GRS (quartiles®)
Number of SNPs P-value 0dds ratio 95% CI
in GRS
T2D 65 0.56 1.03 0.95-1.11
BMI 97 0.66 1.04 0.96-1.13
WHRadjBMI 48 0.12 0.96 0.88-1.04

Abbreviations: BMI, body mass index; Cl, confidence interval; GRS, genetic risk score; IA,
intracranial aneurysm; SNPs, single-nucleotide polymorphism; T2D, type 2 diabetes;
WHRadjBMI, waist-hip ratio adjusted for BMI.

aAssociation between IA risk and genetic score as a continuous variable.

b|A risk in the highest vs the lowest genetic score quartile.

Trait GRS (continuous?) GRS (quartiles®)
Number of SNPs in GRS P-value Odds ratio 95% Cl
T2D 65 0.52 1.03 0.96-1.11
BMI 97 0.15 1.05 0.97-1.13
WHRadjBMI 48 0.06 1.04 0.96-1.13

Abbreviations: AAA, abdominal aortic aneurysm; BMI, body mass index; Cl, confidence interval;
GRS, genetic risk score; SNPs, single-nucleotide polymorphism; T2D, type 2 diabetes;
WHRadjBMI, waist-hip ratio adjusted for BMI.

aAssociation between AAA risk and genetic score as a continuous variable.

PAAA risk in the highest vs the lowest genetic score quartile.

Table 4 Mendelian randomization (MR) analysis results for T2D, BMI and WHRadjBMI risk SNPs tested in 1A and AAA

Analysis MR analysis Effect estimate 95% CI 2 Egger test @
T2D vs IA VW 1.04 0.86 1.25 0.91 0.66
MR-Egger 1.14 0.751.71
MR-Egger+SIMEX 1.17 0.69 1.96
weighted median MR 1.11 0.79 1.56
T2D vs AAA VW 1.04 0.87 1.24 0.91 0.78
MR-Egger 0.99 0.67 1.48
MR-Egger+SIMEX 0.97 0.62 1.54
weighted median MR 0.94 0.72 1.24
BMI vs IA VW 1.15 0.67 1.97 0.88 0.76
MR-Egger 0.91 0.24 3.58
MR-Egger+SIMEX 0.89 0.14 5.65
weighted median MR 1.17 0.44 3.13
BMI vs AAA VW 1.63 0.99 2.61 0.88 0.72
MR-Egger 1.34 0.39 4.33
MR-Egger+SIMEX 1.42 0.38 5.36
weighted median MR 1.72 0.73 4.03
WHRadjBMI vs IA VW 0.49 0.23 1.09 0.70 0.03
MR-Egger 15.33 0.35162.35
MR-Egger+SIMEX 46.72 0.81 2684.53
weighted median MR 0.62 0.20 1.97
WHRadjBMI vs AAA VW 1.84 0.92 3.57 0.70 0.91
MR-Egger 1.61 0.11 18.88
MR-Egger+SIMEX 1.96 0.09 43.99
weighted median MR 2.10 0.80 5.47

Abbreviations: AAA, abdominal aortic aneurysms; BMI, body mass index; Cl, confidence interval; 2, expected relative bias of the MR-Egger causal estimate (ie, dilution due to potential spurious
measurements of the SNP-exposure association); |A, intracranial aneurysms; IVW, inverse variance weighted MR; SIMEX, simulation extrapolation; T2D, type 2 diabetes; WHRadjBMI, waist-hip ratio

adjusted for BMI.

aP-value related to the constant derived from MR-Egger regression, indicating presence of pleiotropic effects.

Supplementary Table S1. None of the T2D, BMI and WHRadjBMI
SNPs were significantly associated with IA or AAA (P> 0.002).

The association results of the T2D, BMI and WHRadjBMI genetic
risk scores with IA risk are shown in Table 2 and with AAA in Table 3.
We did not detect any evidence for associations between the weighted
GRS and TA/AAA case status (P>0.06). There was no evidence for
association in ITA risk between top and bottom quartiles for the T2D
score (odds ratio (OR)=1.03, 95% confidence interval (CI)=0.95—
1.11), for the BMI score (OR=1.04, 95% CI=0.96-1.13) or for the
WHRadjBMI score (OR=0.96, 95% CI=0.88-1.04). Also for AAA
risk no evidence for association was found between top and bottom
quartiles for the T2D score (OR=1.03, 95% CI=0.96-1.11), for the
BMI score (OR=1.05, 95% CI=0.97-1.13) or for the WHRadjBMI
score (OR=1.04, 95% CI=0.96-1.13).
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Mendelian randomization analyses

MR analyses showed consistent directions of effect of BMI on AAA
and WHRadjBMI on AAA, but the 95% CI of all effect sizes
included the value of 1 (Table 4). The MR analysis of BMI was
suggestive of a causal relationship with risk of AAA on conven-
tional (IVW) MR analysis (OR for 1—SD increase in BMI on risk
of AAA=1.63, 95% CI 0.99-2.61). The causal effect estimates of
the associations between T2D and aneurysms were close to the
null. In the Egger tests we did not find evidence against the null
hypothesis of no pleiotropy of the SNPs under analysis, except for
WHRadjBMI on IA analysis. Supplementary Figure S1 presents the
effect estimates from conventional and Egger Mendelian rando-
mization as regression slopes, for each combination of a risk trait
and TA or AAA. These slopes are all parallel, except for the analysis



of WHRadjBMI on IA, indicating the presence of pleiotropic
effects in this analysis.

DISCUSSION

In this study, we found no evidence for a genetic overlap between
genetic variants associated with T2D, BMI and WHRadjBMI and risk
of TA and AAA. Nonetheless, Mendelian randomization analyses
suggest a potentially causal effect of BMI and WHRadjBMI on AAA
risk. The lack of a genetic association between T2D and IA or AAA,
further supported by Mendelian randomization analyses, suggests that
the observed inverse relation between T2D and aneurysms is likely
confounded and not real. Several explanations for this inverse relation
have been proposed. For example, hyperglycemia and hyperinsuline-
mia could lead to biological changes protecting the aortic wall from
AAA development.®?° Confounding factors have also been suggested,
like competing morbidity from other (cardiovascular) diseases induced
by T2D.230 Furthermore, effects of medication used in the manage-
ment of T2D could protect against aneurysm development.®?°

The absence of a genetic association between adiposity and IA in
this study is consistent with epidemiological studies, which have ruled
BMI out as a risk factor for IA.>? The association between adiposity
and AAA is not clear, however, and our data suggest that there may
well be a causal relationship.

In our study we chose to index adiposity by BMI and WHRadjBMI.
In particular, we favored WHRadjBMI over WHR alone as the former
represents a better surrogate of body fat distribution (ie, central
obesity)*! and previous studies suggest that the risk of AAA is
influenced by central obesity rather than total obesity.!! Nevertheless,
it is important to realize that the adjustment for the heritable BMI trait
in WHRadjBMI may have created spurious associations, a phenom-
enon referred to as collider bias.’? To investigate this further, future
studies should investigate WHR and BMI separately using multi-
variable MR approaches.?

MR analysis has the advantage of reducing bias from confounding
and reverse causation. Inherited alleles from parents remain stable
throughout life and are not influenced by environmental factors.
Whereas standard genetic association studies (using GRS) help identify
common genetic determinants between traits and disease outcomes,
MR more formally investigates this and synthesizes a causal estimate
for a given difference in genetically instrumented exposure. Thus, a
causal effect discovered by MR analysis is likely to reflect a true
association.?* Here, we did not observe strong evidence for causal
relationships between T2D, BMI or WHRadjBMI and risk of
aneurysms, although our MR analyses consistently suggest a potential
association between adiposity (particularly BMI) and risk of AAA. We
emphasize that these results are hampered by limited statistical power
and studies involving larger sample sizes would be required to provide
a definitive answer. Even so, we were previously able to show
significant associations between genetic risk scores for well-
established risk factors (hypertension and serum lipid levels) and IA
or AAA risk, respectively, using the same data.! This suggests that the
power of the present study should have been sufficient under the
assumption that the effect is real and has a comparable magnitude of
effect.

In summary, we found no evidence for a causal role of T2D in
aneurysms, and only suggestive evidence for a potentially causal role of
adiposity traits in AAA. Future studies with larger data sets would be
needed to further investigate the nature of this relationship.
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