@’PLOS ‘ MEDICINE

CrossMark

click for updates

E OPEN ACCESS

Citation: Mokry LE, Ross S, Timpson NJ, Sawcer S,
Davey Smith G, Richards JB (2016) Obesity and
Multiple Sclerosis: A Mendelian Randomization
Study. PLoS Med 13(6): €1002053. doi:10.1371/
journal.pmed.1002053

Academic Editor: Paolo Antonio Muraro, Imperial
College London, UNITED KINGDOM

Received: January 19, 2016
Accepted: May 17, 2016
Published: June 28, 2016

Copyright: © 2016 Mokry et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: Data required for this
analysis are included within the paper (Table 1).
Summary statistics from the GWAS consortia used in
this study can be downloaded at the following links
(IMSGC: https:/www.immunobase.org; GIANT:
https://www.broadinstitute.org/collaboration/giant/
index.php/GIANT_consortium).

Funding: JBR and LEM are supported by the
Canadian Institute of Health Research (http:/www.
cihr-irsc.gc.cale/193.html). JBR is supported by
Fonds de la recherche en sante du Quebec (FRSQ)
(http://www.frgs.gouv.qc.calen/) and Merck (http://
www.merck.com/index.html). NJT and GDS work

Obesity and Multiple Sclerosis: A Mendelian
Randomization Study

Lauren E. Mokry'2*, Stephanie Ross?*, Nicholas J. Timpson®, Stephen Sawcer®,
George Davey Smith3, J. Brent Richards'-2%57 #

1 Department of Epidemiology, Biostatistics and Occupational Health, McGill University, Montreal, Quebec,
Canada, 2 Centre for Clinical Epidemiology, Department of Epidemiology, Lady Davis Institute for Medical
Research, Jewish General Hospital, McGill University, Montreal, Quebec, Canada, 3 MRC Integrative
Epidemiology Unit, School of Social and Community Medicine, University of Bristol, Bristol, United Kingdom,
4 Department of Clinical Neurosciences, Cambridge Biomedical Campus, Cambridge, United Kingdom,

5 Department of Medicine, McGill University, Montreal, Quebec, Canada, 6 Department of Human Genetics,
McGill University, Montreal, Quebec, Canada, 7 Department of Twin Research and Genetic Epidemiology,
King's College London, London, United Kingdom

® These authors contributed equally to this work.
* brent.richards @ mcgill.ca

Abstract

Background

Observational studies have reported an association between obesity, as measured by ele-
vated body mass index (BMI), in early adulthood and risk of multiple sclerosis (MS). How-
ever, bias potentially introduced by confounding and reverse causation may have
influenced these findings. Therefore, we elected to perform Mendelian randomization (MR)
analyses to evaluate whether genetically increased BMI is associated with an increased
risk of MS.

Methods and Findings

Employing a two-sample MR approach, we used summary statistics from the Genetic Inves-
tigation of Anthropometric Traits (GIANT) consortium and the International MS Genetics
Consortium (IMSGC), the largest genome-wide association studies for BMI and MS,
respectively (GIANT: n = 322,105; IMSGC: n = 14,498 cases and 24,091 controls). Seventy
single nucleotide polymorphisms (SNPs) were genome-wide significant (p <5 x 1078) for
BMI in GIANT (n = 322,105) and were investigated for their association with MS risk in the
IMSGC. The effect of each SNP on MS was weighted by its effect on BMI, and estimates
were pooled to provide a summary measure for the effect of increased BMI upon risk of MS.
Our results suggest that increased BMI influences MS susceptibility, where a 1 standard
deviation increase in genetically determined BMI (kg/m?) increased odds of MS by 41%
(odds ratio [OR]: 1.41, 95% Cl 1.20-1.66, p =2.7 x 107, I? = 0%, 95% Cl 0-29). Sensitivity
analyses, including MR-Egger regression, and the weighted median approach provided no
evidence of pleiotropic effects. The main study limitations are that, while these sensitivity
analyses reduce the possibility that pleiotropy influenced our results, residual pleiotropy is
difficult to exclude entirely.
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Control Consortium 2. What Did the Researchers Do and Find?

o The researchers tested whether inherited genetic variation that influences BMI is associ-
ated with MS. Such analyses provide an estimate of the relationship between BMI and
MS that is not influenced by confounding factors, with the exception of confounding by
ancestry; since assignment to genotype at conception is a random process, it breaks asso-
ciations with other potential confounding factors.

« Using data from the largest genome-wide association study consortia for MS and BMI,
the researchers provided evidence supporting elevated BMI as a causal risk factor for MS.

« A genetically determined change in the BMI category from overweight to obese was
associated with a substantially increased risk of MS in this study.

What Do These Findings Mean?

o Elevated BMI could be an important, and potentially modifiable, risk factor for MS.

o This provides further rationale to address rising obesity rates and to investigate whether
interventions that promote a healthy lifestyle may help to mitigate MS risk.

Introduction

Multiple sclerosis (MS) is a debilitating autoimmune disease of the central nervous system that
results in chronic disability for the majority of those affected [1]. The disease has an important
impact on the health economy of many countries [2], since current treatment regimens are
costly and have adverse side-effect profiles and/or limited efficacy [3]. MS etiology is poorly
understood and, consequently, additional research is needed to identify potentially causal risk
factors that could help guide prevention efforts.
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Fig 1. Schematic representation of an MR analysis. This diagram shows that SNPs associated with BMI
were selected from the GIANT consortium. Corresponding effect estimates for these SNPs upon risk of MS
were obtained from the IMSGC. Because of the randomization of alleles at meiosis, SNPs are not associated
with confounding variables that may bias estimates obtained from observational studies.

doi:10.1371/journal.pmed.1002053.9001

Several observational studies have suggested that an elevated body mass index (BMI) in
early adulthood is associated with an increased risk of developing MS [4-6]. In the Nurse’s
Health study, a prospective cohort study of 238,371 women, BMI > 30 kg/m? at 18 y of age
was associated with more than a 2-fold increased risk of MS (relative risk: 2.25, 95% CI 1.50-
3.37) [4]. In addition, elevated BMI has been shown to affect the immune system by promoting
a proinflammatory state [7-10], and it has been proposed that adipose-derived hormones,
such as leptin [11] and adiponectin [12], might mediate this, providing a possible mechanistic
link between obesity and risk of MS.

However, it remains uncertain whether this relationship is causal since it is difficult to fully
protect observational studies from bias due to reverse causation or confounding. Mendelian ran-
domization (MR) [13] offers a way to investigate potentially causal relationships by using
genetic associations to explore the effect of modifiable exposures on outcomes. Since alleles are
both independently segregated and randomly assigned at meiosis, bias inherent to observational
study designs, such as confounding, is likely to be greatly minimized in MR studies (Fig 1).

While increased BMI in childhood has been associated with numerous poor health out-
comes [14,15], efforts to control obesity in children has been hindered by a lack of motivation
in youth, due in part to the perception that most obesity-related diseases have a late age of
onset [16]. However, if obesity were causally associated with MS (median age of onset 29 y)
[17], this would provide a more immediate and severe consequence of early-life obesity,
increasing motivation for its control.

In order to test whether genetically increased BMI is causally associated with risk of MS, we
undertook an MR analysis using summary statistics from the Genetic Investigation of Anthro-
pometric Traits (GIANT) consortium (up to n = 339,224) [18] and the International Multiple
Sclerosis Genetics Consortium (IMSGC, up to n = 14,498 cases and 24,091 controls) [19,20],
the largest genome-wide association studies (GWAS) to date for BMI and MS, respectively.

Methods
Data Sources and Single Nucleotide Polymorphism (SNP) Selection

Effect estimates for SNPs associated with BMI were obtained from the GIANT consortium,
which is a meta-analysis of 125 GWASs in more than 339,224 individuals [18]. For the purpose
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of this MR, we limited our selection of SNPs to those that achieved genome-wide significance
(p < 5x107®) in the European sex-combined analysis (up to 7 = 322,105). Effect estimates of
these BMI-associated SNPs on the risk of MS were assessed using the summary statistics from
the IMSGC Immunochip study, which included 14,498 cases and 24,091 controls of European
ancestry [19]. When effect estimates were not available in the Immunochip study, since the
genotyping platform used was not genome-wide, effect estimates were obtained from the
IMSGC/Wellcome Trust Case Control Consortium 2 (IMSGC/WTCCC2) GWAS, which
included 9,772 cases and 17,376 controls [20].

When a BMI-associated SNP was not present in either study, we selected proxy SNPs that
were highly correlated with the variant of interest (r* > 0.8). We identified potential proxies
and measured linkage disequilibrium (LD) in samples of European descent from the UK10K
consortium (n = 3,781) [21]. If no proxy was found using this method, we verified our search
using SNAP [22,23]. As we did with our index SNPs, we selected summary statistics for our
proxies first from the Immunochip study and then from the IMSGC/WTCCC2 study if they
were not available in the Immunochip study.

Cohorts participating in the IMSGC and GIANT GWAS consortia received ethics approval
from local institutional review boards and informed consent from all participants. Summary
statistics from these consortia can be downloaded at the following links: IMSGC, https://www.
immunobase.org; GIANT, https://www.broadinstitute.org/collaboration/giant/index.php/
GIANT_consortium.

SNP Validation

LD assessment. One condition of MR is that the exposure-related SNPs (the instrumental
variables) must not be in LD with each other, since this might result in confounding if a SNP is
highly correlated with another SNP used as an instrumental variable [24]. To ensure this, we
measured LD between all of our selected SNPs in European samples from UK10K (n = 3,781)
[21] using PLINK software version 1.90 [25]. SNPs were removed from our analysis if their
measured LD had an * greater than 0.05. We retained the SNP most strongly associated with
BMI, by p-value, when two, or more, SNPs were in LD.

Pleiotropy assessment. An important assumption of MR is that each SNP must only
influence risk of the outcome through the exposure under investigation, as the inclusion of
SNPs that contribute through a pleiotropic pathway could bias estimates. This can be difficult
to test when examining an anthropometric trait such as BMI, which is influenced by many dif-
ferent physiological mechanisms. Consequently, BMI-associated SNPs are likely to lie in genes
of different biological effects that may, or may not, influence MS risk independently of BMI.
To assess for the presence of pleiotropy, we used MR-Egger regression [26]. In brief, the
approach is based on Egger regression, which has been used to examine publication bias in the
meta-analysis literature [27]. Using the MR-Egger method, the SNP’s effect upon the exposure
variable is plotted against its effect upon the outcome, and an intercept distinct from the origin
provides evidence for pleiotropic effects. Funnel plots can also be used for visual inspection of
symmetry. Additionally, the slope of the MR-Egger regression can provide pleiotropy-cor-
rected causal estimates; however, this estimate of slope is underpowered unless the SNPs com-
bine to explain a large proportion of the variance in the exposure with varying effect sizes [26].
An important condition of this approach is that a SNP’s association with the exposure variable
must be independent of its direct effects upon the outcome (previously described as the InSIDE
assumption) [26], which may not always be satisfied in cases in which all pleiotropic effects can
be attributed to a single confounder. Nonetheless, the MR-Egger method can provide unbiased
estimates even if all the chosen SNPs are invalid [26].
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Additionally, the weighted median approach was used to examine pleiotropy [28]. Using
this method, MR estimates are ordered and weighted by the inverse of their variance. The
median MR estimate should remain unbiased as long as greater than 50% of the total weight
comes from SNPs without pleiotropic effects. The weighted median approach offers some
important advantages over MR-Egger because it improves precision and is more robust to vio-
lations of the InSIDE assumption. Therefore, we employed both methods as sensitivity analyses
to assess whether pleiotropy had influenced our results.

Population stratification assessment. Population stratification is another potential source
of bias for MR analyses. Because of differences in allele frequencies, a SNP can be associated
with ancestry, which itself can be associated with disease risk. To limit this, we selected SNPs
and summary statistics from analyses that included only individuals of European descent for
both BMI and MS. However, residual population stratification may exist among European sub-
groups [29]. Therefore, to understand how this may affect our results, we searched the litera-
ture to explore whether BMI and MS covary geographically within Europe.

MR Estimates

We have previously applied the principles of MR to investigate the role of vitamin D in the eti-
ology of MS [30]. Here, we employed the same methods to examine BMI as a risk factor for MS
[30-32]. In brief, we selected SNPs that were genome-wide significant for BMI in the GIANT
consortium and then obtained the effect estimates of these SNPs on BMI. Corresponding
genetic effect estimates for these SNPs on the risk of MS were selected from the IMSGC. We
then applied a two-sample MR approach by weighting the effect estimate of each SNP on MS
by its effect on BMI. These estimates were then pooled using a fixed meta-analytic model
[33,34] to produce a summary measure of the effect of genetically elevated BMI upon MS risk.
This two-sample approach has equivalent statistical power to one-sample approaches [31] and
is favorable in this setting since large GWAS consortia exist for both BMI and MS and are thus
better powered than an MR study in a single cohort with a smaller sample size.

Bidirectional MR Analysis

Next, we sought to explore whether MS influences BMI. Therefore, we elected to perform a
bidirectional MR analysis to determine the effect of genetically increased risk of MS on BML
To do so, we selected SNPs that were genome-wide significant (p < 5x 10~°) for MS in either
the Immunochip study, the IMSGC/WTCCC2 study, or other previously reported MS GWASs
[19,20,35]. With MS-associated SNPs now as the exposure, we then obtained corresponding
effect estimates from GIANT as the outcome. We next applied the same methods as above.

Sensitivity Analyses

To ensure that the inclusion of proxy SNPs did not introduce random error into our results, we
conducted sensitivity analyses where groups of SNPs were excluded. First, we removed all
proxies and retained only SNPs that had been directly genotyped in the Immunochip or
IMSGC/WTCCC?2 studies. Next, we excluded only proxies with allele frequencies between 0.4
and 0.6, as it can be difficult to correctly match alleles for SNPs falling within this range since
different GWAS studies report slight fluctuations in allele frequencies. Since BMI is calculated
using both height and weight measurements, we were concerned that our results might be par-
tially confounded by height. Therefore, we next removed SNPs from our analysis that were
found to be in LD (* > 0.05) with any loci genome-wide significant for height as reported in
GIANT’s 2014 GWAS [36]. Lastly, we performed an analysis in which genetic effect sizes on
MS were selected exclusively from the IMSGC/WTCCC2 study.
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Results
SNP Selection

Overall, we identified 77 LD-independent SNPs that achieved genome-wide significance for
BMI in the GIANT consortium. However, not all of these SNPs were genotyped in the MS
datasets. Fourteen of these SNPs were included in the IMSGC Immunochip study, and a fur-
ther 20 in the IMSGC/WTCCC2 GWAS. Of the remaining SNPs, we next identified 36 proxies
with an r* > 0.8: 12 from the IMSGC Immunochip study and 24 from the IMSGC/WTCCC2
GWAS. We could not identify proxies for seven of the BMI SNPs. A flow diagram of this SNP
selection process is shown in S1 Fig. Therefore, in total we used 70 SNPs for our MR analysis,
as shown in Table 1. The mean r* for proxies was 0.94.

SNP Validation

We next tested whether any of the selected SNPs were influenced by LD, pleiotropy, or popula-
tion stratification. First, none of the SNPs were found to be in LD with each other at an r* >
0.05. Second, the intercept term estimated from MR-Egger regression was centered at the ori-
gin with a confidence interval including the null (0.0013, 95% CI —0.010-0.013, p = 0.83)
(Table 2), suggesting that pleiotropy had not unduly influenced the results. This observation
was further confirmed by Fig 2, which represents a scatterplot of the effect estimates of SNPs
associated with BMI and their corresponding effect on MS risk. The plot also displays the
regression lines of our primary MR analysis (in red) and the MR-Egger adjusted for possible
pleiotropy (in blue). Additionally, we inspected the funnel plot for any asymmetry, which
would be suggestive of pleiotropy, and found the plot to the symmetrical (Fig 3). There is a
higher prevalence of obesity among Southern and Eastern European populations [37,38]. Con-
versely, these populations have a decreased burden of MS relative to their Northern European
counterparts [39]. Given the inversely correlated distributions of obesity and MS in Europe,
the inclusion of SNPs potentially associated with ancestry within Europe would tend to bias
our results towards the null (S2 Fig). Thus, residual effects of within-Europe ancestry would,
on average, tend to underestimate true effects.

MR Estimates

Using MR analyses, a 1 standard deviation (SD) increase in BMI (kg/mz) was associated with a
41% increase in odds of MS (OR: 1.41, 95% CI 1.20-1.66, p = 2.72 x 10~°) (Table 2; Fig 4). The
I? estimate for heterogeneity was 0% (95% CI 0%-29%). The slope of the MR-Egger regression
was consistent with these findings (Fig 2). The results obtained using the weighted median
approach further replicated this direction and magnitude of effect (OR: 1.26, 95% CI 0.98-1.62,
p =0.08), providing no evidence for pleiotropy.

In bidirectional MR analyses, we initially identified 110 SNPs reported by the IMSGC as
genome-wide significant for MS; however, not all of these SNPs were ascertained directly in
GIANT. Therefore, we used a total of 99 instruments for this analysis. Our results suggest that
the genetic determinants of MS do not contribute to BMI (-0.0033 SD change in BMI per log
odds increase in MS, 95% CI —0.011-0.0042, p = 0.39). The estimate for heterogeneity was
large in this case (I”: 43.5%, 95% CI 28.3%-55.6%). There was also no evidence of pleiotropy
from the MR-Egger analyses (the intercept was centered at 0.002 with a 95% CI that included
the origin [95% CI —0.0009-0.005, p = 0.17]) and an MR-Egger slope consistent with previous
estimates (S3 and S4 Figs). Results from the weighted median analyses also were consistent
with the main findings, decreasing the probability that pleiotropy influenced the results.
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Table 1. Characteristics of SNPs used in MR analysis.

BMI Results MS Results
BMI-Associated Nearest Chr BMI Allele Effect p-value® ORP Lower Upper p-value® Study® Proxy SNP #°
SNP Gene(s) Increasing Frequency ? on 95% 95%
Allele BMPP cr cr

rs1558902 FTO 16 A 0.42 0.082 75x107'*® 1.00 097 1.04 0.87 Immunochip NA 1.00
rs6567160 MC4R 18 C 0.24 0.056 39x10™° 1.00 096 1.04 0.97 Immunochip rs17782313 0.99
rs13021737 TMEM18 2 G 0.83 0.060 1.1x107°° 105 1.01 1.10 0.016 Immunochip rs6548238 0.99
rs10938397 GNPDA2 4 G 0.43 0.040 32x107® 102 099 1.05 0.28 Immunochip NA 1.00
rs543874 SEC16B 1G 0.19 0.048 26x107% 100 096 1.05 0.86 WTCCC2 rs633715 0.95
rs2207139 TFAP2B 6 G 0.18 0.045 4.1x1072° 104 099 1.08 0.11 Immunochip rs987237  0.92
rs11030104 BDNF 11 A 0.79 0.041 56x102 103 099 1.08 0.16 WTCCC2 NA 1.00
rs3101336 NEGR1 1C 0.61 0.033 2.7x107% 099 096 1.03 0.73 Immunochip rs2815752 1.00
rs7138803 BCDIN3D 12 A 0.38 0.032 82x1072* 102 098 1.06 0.31 WTCCC2 NA 1.00
rs10182181 ADCY3 2 G 0.46 0.031 88x102* 106 1.02 1.09 88x10™* Immunochip NA 1.00
rs3888190 ATP2A1 16 A 0.40 0.031 3.1x102 101 097 1.04 0.69 Immunochip NA 1.00
rs1516725 ETV5 3G 0.87 0.045 19x10722 102 097 1.08 0.41 WTCCC2  rs6809651 0.99
rs12446632 GPRC5B 16 G 0.87 0.040 15x107'® 106 1.00 1.12 0.038 WTCCC2 NA 1.00
rs2287019 QPCTL 19 C 0.80 0.036 4.6x107'® 105 1.00 1.09 0.087 WTCCC2 NA 1.00
rs16951275 MAP2K5 15 T 0.78 0.031 19x107"7 099 095 1.03 0.53 Immunochip rs28670272 0.98
rs3817334 MTCH2 " T 0.41 0.026 52x107'7 097 094 1.01 0.14 WTCCC2  rs7124681 0.99
rs2112347 POC5 5T 0.63 0.026 62x107"7 102 098 1.05 0.38 Immunochip rs34358 0.85
rs12566985 FPGT-TNNI3SK 1 G 0.45 0.024 3.3x107' 099 096 1.03 0.76 WTCCC2  rs6604872 1.00
rs3810291 ZC3H4 19 A 0.67 0.028 4.8x107'° 097 094 1.01 0.11 Immunochip rs10408163 1.00
rs7141420 NRXN3 14 T 0.53 0.024 12x107' 102 099 1.06 0.21 WTCCC2 NA 1.00
rs13078960 CADM2 3G 0.20 0.030 1.7x107' 099 095 1.04 0.69 WTCCC2  rs7622475 0.99
rs10968576 LINGO2 9 G 0.32 0.025 6.6x107" 101 097 1.05 0.54 WTCCC2 NA 1.00
rs12429545 OLFM4 13 A 0.13 0.033 1.1x107'2 1.01 096 1.06 0.79 WTCCC2 NA 1.00
rs12286929 CADM1 1 G 0.52 0.022 1.3x107'2 0.99 095 1.03 0.57 WTCCC2  rs12421648 0.84
rs11165643 PTBP2 1T 0.58 0.022 21x107' 101 097 1.05 0.69 WTCCC2 NA 1.00
rs7903146 TCF7L2 10 C 0.71 0.023 1.1x107" 098 095 1.02 0.35 WTCCC2 NA 1.00
rs10132280 STXBP6 14 C 0.68 0.023 1.1x10™" 100 096 1.03 0.84 Immunochip rs12432376 0.84
rs17405819 HNF4G 8T 0.70 0.022 21x107'"" 099 095 1.03 0.71 WTCCC2  rs2977345 0.97
rs1016287 LINCO1122 2T 0.29 0.023 23x107" 103 099 1.07 0.11 WTCCC2 rs759250  1.00
rs4256980 TRIM66 1 G 0.65 0.021 29x107" 099 095 1.03 0.69 WTCCC2  rs2316901 0.99
rs17094222 HIF1AN 10 C 0.21 0.025 59x107" 101 097 1.06 0.58 WTCCC2  rs17113301 0.90
rs12401738 FUBP1 1A 0.35 0.021 12x107'° 101 097 1.04 0.63 Immunochip rs4130548 1.00
rs7599312 ERBB4 2 G 0.72 0.022 12x107" 1.02 098 1.07 0.24 WTCCC2 NA 1.00
rs2365389 FHIT 3C 0.58 0.020 1.6x107° 098 094 1.02 0.29 WTCCC2  rs7629340 0.98
rs205262 C60rf106 6 G 0.27 0.022 18x107'° 101 097 1.05 0.62 Immunochip NA 1.00
rs2820292 NAV1 1C 0.56 0.020 1.8x107'° 103 099 1.07 0.11 WTCCC2 rs1032524 0.93
rs12885454 PRKD1 14 C 0.64 0.021 19x107 101 098 1.05 0.42 WTCCC2 rs1307813 1.00
rs12016871 MTIF3 13 T 0.20 0.030 2.3x107'° 1.01 097 1.06 0.58 WTCCC2 rs1885989 0.82
rs16851483 RASA2 3T 0.07 0.048 36x107'° 1.02 095 1.09 0.63 WTCCC2  rs2640017 0.99
rs1167827 HIP1 7 G 0.55 0.020 6.3x107'° 1.00 097 1.04 0.93 Immunochip NA 1.00
rs758747 NLRC3 16 T 0.27 0.023 75x107° 103 099 1.07 0.16 WTCCC2 NA 1.00
rs1928295 TLR4 9T 0.55 0.019 79x107"° 102 099 1.06 0.25 WTCCC2 NA 1.00
rs9925964 KAT8 16 A 0.62 0.019 8.1x107"° 102 098 1.05 0.36 Immunochip NA 1.00
rs11126666 KCNK3 2 A 0.28 0.021 1.3x10° 102 099 1.06 0.25 Immunochip NA 1.00
rs2650492 SBK1 16 A 0.30 0.021 1.9x10° 101 098 1.05 0.58 Immunochip NA 1.00

(Continued)
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Table 1. (Continued)

BMI Results

BMI-Associated Nearest Chr BMI Allele
SNP Gene(s) Increasing Frequency ? on
Allele BMI?
rs6804842 RARB 3G 0.58 0.019
rs12940622 RPTOR 17 G 0.58 0.018
rs4740619 C90rf93 9T 0.54 0.018
rs13191362 PARK2 6 A 0.88 0.028
rs3736485 DMXL2 15 A 0.45 0.018
rs17001654 SCARB2 4 G 0.15 0.031
rs11191560 NT5C2 10 C 0.09 0.031
rs1528435 UBE2E3 2T 0.63 0.018
rs2075650 TOMMA40 19 A 0.85 0.026
rs1000940 RABEP1 17 G 0.32 0.019
rs11583200 ELAVL4 1C 0.40 0.018
rs9400239 FOXO03 6 C 0.69 0.019
rs10733682 LMX1B 9 A 0.48 0.017
rs11688816 EHBP1 2 G 0.53 0.017
rs11057405 CLIP1 12 G 0.90 0.031
rs2121279 LRP1B 2T 0.12 0.025
rs29941 KCTD15 19 G 0.67 0.018
rs3849570 GBE1 3 A 0.36 0.019
rs6477694 EPB41L4B 9 C 0.37 0.017
rs2176598 HSD17B12 11T 0.25 0.020
rs7899106 GRID1 10 G 0.05 0.040
rs17724992 PGPEP1 19 A 0.75 0.019
rs7243357 GRP 18 T 0.81 0.022
rs1808579 C18orf8 18 C 0.53 0.017
rs2033732 RALYL 8 C 0.75 0.019

Effect p-value®

25x107°

2.5x10°

4.6x10°
7.3x107°
7.4x107°
7.7x107°
8.5x107°
12x1078
1.3x1078
1.3x1078
15x1078
1.6x1078
1.8x1078
1.9x1078
2.0x 1078
2.3x1078
2.4x1078
26x1078
2.7x1078
3.0x 1078
3.0x 1078
34x1078
3.9x107®
42x1078
49x1078

1.03
1.01
1.00
1.01
0.97
1.04
0.98
1.00
1.03
1.01
1.01
0.97
1.00
1.02
1.05
1.02
1.00
1.00
1.02
1.03
1.06
1.02
0.99
1.00
1.00

95%
cr
0.99
0.97
0.96
0.95
0.94
1.00
0.93
0.97
0.98
0.97
0.98
0.93
0.97
0.99
0.99
0.96
0.97
0.96
0.98
0.99
0.98
0.98
0.95
0.96
0.96

OR® Lower Upper p-value®
95%
cr

1.07
1.05
1.04
1.07
1.00
1.09
1.04
1.04
1.08
1.05
1.05
1.01
1.04
1.06
1.11
1.08
1.04
1.03
1.05
1.07
1.15
1.06
1.04
1.04
1.04

MS Results

Study®

0.15
0.58
0.86
0.83
0.11
0.089
0.58
0.83
0.21
0.64
0.48
0.15
0.96
0.21
0.074
0.53
0.86
0.86
0.33
0.16
0.15
0.34
0.70
0.91
0.83

WTCCC2
WTCCC2
WTCCC2
WTCCC2
Immunochip
Immunochip
Immunochip
WTCCC2
Immunochip
WTCCC2
WTCCC2
WTCCC2
WTCCC2
WTCCC2
Immunochip
WTCCC2
Immunochip
Immunochip
Immunochip
WTCCC2
WTCCC2
WTCCC2
WTCCC2
WTCCC2
WTCCC2

Proxy SNP #°

NA 1.00
NA 1.00
NA 1.00
rs13202339 0.98
rs4775961 0.88
rs17001561 0.95
NA 1.00
rs6727573 0.95
NA 1.00
NA 1.00
NA 1.00
rs2153960 0.93
NA 1.00
rs360791 0.82
NA 1.00
rs6714473 0.80
NA 1.00
rs3860595 0.88
NA 1.00
rs7110437 0.81
rs11201714 1.00
NA 1.00
rs9961404 0.90
NA 1.00
rs733594  0.91

2 The allele frequency, effect size (B-coefficient, measured as a standard deviation [SD] change per additional BMI increasing allele), and p-value for each
SNP were obtained from the GIANT consortium European sex-combined analysis [18].
® Immunochip refers to the IMSGC Immunochip study, and WTCCC2 refers to the IMSGC/WTCCC2 study. The OR, 95% Cl, and p-value for a BMI SNP’s

association with MS were selected from either of these studies.
° r? were estimated using UK10K European samples [21].

doi:10.1371/journal.pmed.1002053.t001

Table 2. Results of MR analyses and sensitivity analyses.

MR Estimates MR-Egger Weighted
Regression Median
Analysis Number of Number of OR(95% p-value [?(95% Intercept(95% Cl) OR (95% CI)?
SNPs Proxies CI? Cl)
All SNPs 70 36 1.41(1.20- 27x 0% (0— 0.0013 (-0.010— 1.26 (0.98—
1.66) 1075 29) 0.013) 1.62)
Proxies with Allele Frequency 40% - 63 29 1.48 (1.25— 3.8x 0% (0—  0.0046 (-0.0076— 1.42 (1.09—
60%Excluded 1.74) 107° 30) 0.017) 1.85)
All Proxies Excluded 34 0 1.65 (1.32— 1.2 x 0% (0- 0.012 (-0.0028- 1.52 (1.09—
2.06) 107° 39) 0.028) 2.11)
& OR, 95% Cl for 1 SD increase in BMI.
doi:10.1371/journal.pmed.1002053.t002
PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28, 2016 8/16
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Fig 2. MR-Egger regression scatterplot for BMI on MS analysis. The red line shows the results of standard MR analysis
(inverse-variance weighting [IVW]), and the blue line shows the pleiotropy-adjusted MR-Egger regression line. The
estimated slope of the MR-Egger regression, expressed as an OR, was 1.35 (95% C1 0.91-2.02). The estimated MR-Egger
intercept term was 0.0013 (95% CI -0.010-0.013)

doi:10.1371/journal.pmed.1002053.9g002

SNP-MS association (log odds of MS)

-0.02
[

Sensitivity Analyses

We excluded proxy SNPs to understand if random error, introduced by the use of imperfect
proxies, had influenced our results. First, when all proxies were removed, we found a stronger
relationship between BMI and MS, with a 1 SD change increasing odds of MS by 65% (OR:
1.65,95% CI 1.32-2.06, p = 1.18 x10™ (Table 2; Fig 4). Similarly, when we removed only prox-
ies with allele frequencies between 0.4 and 0.6, we observed an OR of 1.48, similar to that
obtained in the primary analysis (OR: 1.48, 95% CI 1.25-1.74, p = 3.82 x 107°) (Table 2; Fig 4).
In addition, we removed six SNPs that were in LD with known height loci (S1 Table), but
again, this did not importantly change the results (OR: 1.44, 95% CI 1.21-1.71, p = 2.93x 10™°)
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MAF-corrected SNP association with BMI
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Fig 3. MR-Egger regression funnel plot for BMI on MS analysis. Each SNP’s MR estimate is plotted against its minor-
allele frequency corrected association with BMI. A minor allele frequency (MAF) correction proportional to the SNP-BMI
standard error is used since a low-frequency allele is likely to be measured with low precision. Similar to the use of funnel
plots in the meta-analysis literature, this plot can be used for visual inspection of symmetry, where any deviation can be
suggestive of pleiotropy. We note that our plot appears generally symmetrical.

doi:10.1371/journal.pmed.1002053.g003

(Fig 4). MR results using only the IMSGC/WTCCC2 study were again concordant with our
primary analysis (S1 Text and S2 Table).

Discussion

Using an MR study design, these results provide evidence that genetically elevated BMI is
strongly associated with an increased risk of MS, where a 1 SD increase in BMI conferred a
41% increase in the odds of MS. To place this in a clinical context, the mean SD for BMI
reported among cohorts in the GIANT consortium was 4.70 kg/m2 [18]. Therefore, our esti-
mates of a 41% increase in odds of MS correspond roughly to a change in BMI category from

PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28,2016 10/16
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Main Analysis
Fixed Effects Model

Pleiotropy-Adjusted Analysis
Weighted Median

Sensitivity Analyses
Height Loci Excluded

Proxies with MAF between 0.4-0.6 Excluded
All Proxies Excluded

# of SNPs OR [95% CI] p-value
70 P 1.41[1.20, 1.66] 2.7x107°
70 —a 1.26[0.98, 1.62] 0.08
64 —a—— 1.44[1.21,1.71] 2.9x10°
oo - 1.481[1.25,1.74] 3.8x10°°
34 N 1.65[1.32, 2.06] 1.2x10°°

I | I I 1
0.50 1.00 1.50 2.00 2.50
OR (95% ClI) for MS per 1 SD increase in BMI (kg/m?)

Fig 4. Forest plot of MR estimates. Forest plots of all main and sensitivity analyses. ORs for MS are reported for a 1 SD increase in BMI. Estimates were
obtained using a fixed effects model. MAF refers to minor allele frequency.

doi:10.1371/journal.pmed.1002053.g004

overweight (>25 kg/m?) to obese (>30 kg/m?) as per WHO obesity guidelines [40]. This sug-
gests that childhood and early-adulthood BMI is an important modifiable risk factor for MS.
The results of our bidirectional MR analysis indicate that MS does not influence BMI status.

The results of the MR analysis may offer some of the best evidence to assess the causal role
of BMI in MS etiology since the results are less likely to be biased by confounding or reverse
causation than traditional observational epidemiological study designs. By employing the two-
sample MR approach, we were able to increase statistical power by selecting summary statistics
from the largest GWAS studies for BMI (n = 322,105) and MS (up to n = 14,498 cases and
24,091 controls). Additionally, since genetic variants are stable over an individual’s life, our
results represent lifetime risk of MS due to elevated BMI.

These findings may carry important public health implications because of the high preva-
lence of obesity in many countries [41]. For instance, results from the National Health and
Nutrition Examination Survey (NHANES) suggest that approximately 17% of youth [42] and
35% of adults [43] living in the United States are considered to be obese. Therefore, the identifi-
cation of elevated BMI as a susceptibility factor for MS places a high proportion of the popula-
tion at a relatively higher risk for MS. Mean population BMI has increased in many Western
countries over the past several decades [41], which coincides with rising MS incidence rates,
particularly evident among females [44,45].

Elevated BMI has long been associated with an increased risk of many diseases, including
those resulting in adverse cardiometabolic outcomes [46,47]; however, symptoms of these dis-
eases typically do not manifest until the fifth or sixth decade of life [48,49]. In contrast, the
median age of onset for MS is 28-31 y [50]; thus, our findings may demonstrate a more imme-
diate consequence of elevated BMI. This provides further rationale to combat increasing youth
obesity rates by implementing community and school-based interventions that promote physi-
cal activity and nutrition.

Current evidence suggests that there are several potential mechanisms through which
increased BMI may affect MS risk; however, it remains unclear which of these pathways are
critical. Vitamin D is a strong candidate, given that previous MR analyses demonstrate that
genetically elevated BMI decreases 25-hydroxyvitamin D levels [51], and we have recently pro-
vided strong evidence supporting a causal role for reduced 25-hydroxyvitamin D levels as a
risk factor for MS [30].

Elevated BMI has many physiological effects, and the exact mechanisms underlying the risk
for MS conferred by an increased BMI remain unclear. For instance, obesity is known to pro-
mote a proinflammatory state [7-10], offering a potential mechanistic link to autoimmunity.
In addition, results from a recent MR study show that increased BMI produces important
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effects on metabolite, lipoprotein, and hormone profiles [10]. In particular, adiponectin and
leptin, the adipose-derived hormones, have been previously associated with MS and MS-related
disability [52-54]. Under an obesogenic state, serum leptin levels rise whereas adiponectin lev-
els fall, and this has been shown to reduce the production of regulatory T cells [55] and anti-
inflammatory cytokines [56]. However, further research, such as prospective cohort studies or
MR analyses, is required in order to understand the functional role of obesity in the risk of MS.

Our study also has limitations. First, while we undertook multiple sensitivity analyses to
assess for pleiotropy, the possibility of residual pleiotropy is difficult to exclude. However, con-
sistency across these approaches, and the fact that the MR-Egger intercept was centered at the
origin, provides evidence that pleiotropy did not greatly influence the results. We can also not
directly assess whether population stratification or compensatory mechanisms (otherwise
known as canalization) may be influencing our results; however, these would likely bias our
estimates towards the null [13]. While we ensured that our SNPs were not in LD with each
other, it remains possible that they are in LD with SNPs that influence unknown risk factors
for MS. Secondly, we note that both GIANT and the IMSGC used samples from the WTCCC
cohort; therefore, we cannot exclude the possibility of sample overlap. This may have intro-
duced bias into our results; however, given the sample size employed, this effect would likely be
small since the WTCCC comprised ~2.5% of the overall GIANT consortium. Third, because of
our use of summary-level statistics, we could not investigate nonlinear effects of BMI. Lastly,
we cannot determine whether an established and more actionable intermediate, such as vita-
min D, is primarily driving this causal relationship, nor can we conclude whether BMI influ-
ences MS progression.

In conclusion, these results provide evidence supporting a causal role for elevated BMI in
MS etiology. This provides further rationale for individuals at risk for MS to maintain a healthy
BMI. Whether vitamin D, or another established intermediate, is predominantly mediating
this relationship warrants further investigation.

Supporting Information

S1 Fig. Flow diagram of SNP selection. This diagram shows the SNP selection process starting
with the 77 SNPs that were genome-wide significant (p < 5 x10°®) for BMI in GIANT’s Euro-
pean sex-combined analysis. Thirty-four SNPs were genotyped directly in either the Immuno-
chip or IMSGC/ WTCCC2 studies. An additional 36 proxies were identified with an r* > 0.8.
Therefore, we used a total of 70 SNPs for our MR analysis.

(JPG)

S2 Fig. Schematic representation of residual European population stratification. This dia-
gram is meant to illustrate how residual European population stratification may influence our
results through the use of a directed acyclic graph. Since the literature reports that Northern
European ancestry is associated with increased risk of MS but decreased BMI relative to Southern
Europeans, the inclusion of BMI SNPs also associated with Northern European ancestry would
tend to bias our estimates towards the null. This is similar to instances of negative confounding,
where the presence of population stratification causes us to underestimate the true effect.

(TTF)

S3 Fig. MR-Egger funnel plot for MS on BMI analysis. MR-Egger funnel plot for the bidirec-
tional analysis of genetically increased MS risk on BML.
(TTF)

S4 Fig. MR-Egger scatterplot for MS on BMI analysis. The red line shows the standard MR
estimate (IVW), and the blue line shows the pleiotropy-adjusted MR-Egger estimate for the
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change in SD BMI per increase in log odds of MS (-0.021, 95% CI —0.048-0.0058, p = 0.12).
While it appears that the slopes of the two lines diverge, we note that the MR-Egger crosses the
null and includes our original MR estimate within its 95% CL.

(TIF)

S1 Table. BMI SNPs in LD with previously reported height loci. BMI SNPs that overlap with
height loci previously reported in GIANT’s 2014 GWAS. SNPs were considered to be in LD if
r* > 0.05.

(DOCX)

S2 Table. Characteristics of SNPs from IMSGC/WTCCC2-only sensitivity analysis. This
table provides the genetic effect sizes and p-values for the association of the BMI SNPs with MS
in the IMSGC/WTCCC2 study.

(DOCX)

S1 Text. Results of IMSGC/WTCCC2-only sensitivity analysis. Additional text describing
the results of the IMSGC/WTCCC2-only sensitivity analysis.
(DOCX)

Acknowledgments
We would like to thank the IMSGC and the GIANT consortium for access to their data.

Author Contributions

Conceived and designed the experiments: JBR GDS SS. Performed the experiments: LEM. Ana-
lyzed the data: LEM JBR GDS SS SR NJT. Contributed reagents/materials/analysis tools: SS.
Wrote the first draft of the manuscript: LEM. Contributed to the writing of the manuscript:
LEM JBR GDS SS SR NJT. Enrolled patients: SS. Agree with the manuscript’s results and con-
clusions: LEM JBR GDS SS SR NJT. All authors have read, and confirm that they meet, ICMJE
criteria for authorship.

References

1. Compston A, Coles A. Multiple sclerosis. Lancet. 2008; 372: 1502—1517. doi: 10.1016/S0140-6736(08)
61620-7 PMID: 18970977

2. Trisolini M, Honeycutt A, Wiener J, Lesesne S. MS International Federation. In: Global Economic
Impact of Multiple Sclerosis. 2010 [cited 21 Apr 2016]. http://www.msif.org/wp-content/uploads/2014/
09/Global_economic_impact_of _MS.pdf

3. Hartung DM, Bourdette DN, Ahmed SM, Whitham RH. The cost of multiple sclerosis drugs in the US
and the pharmaceutical industry: Too big to fail? Neurology. 2015; 84: 2185—2192. doi: 10.1212/WNL.
0000000000001608 PMID: 25911108

4. Munger KL, Chitnis T, Ascherio A. Body size and risk of MS in two cohorts of US women. Neurology.
2009; 73: 1543-1550. doi: 10.1212/WNL.0b013e3181c0d6e0 PMID: 19901245

5. MungerKL, Bentzen J, Laursen B, Stenager E, Koch-Henriksen N, Sgrensen TIA, et al. Childhood
body mass index and multiple sclerosis risk: a long-term cohort study. Mult Scler. 2013; 19: 1323—
1329. doi: 10.1177/1352458513483889 PMID: 23549432

6. Hedstrom a. K, Olsson T, Alfredsson L. High body mass index before age 20 is associated with
increased risk for multiple sclerosis in both men and women. Mult Scler J. 2012; 18: 1334-1336. doi:
10.1177/1352458512436596

7. Esposito K, Pontillo A, Di Palo C, Giugliano G, Masella M, Marfella R, et al. Effect of weight loss and life-
style changes on vascular inflammatory markers in obese women: a randomized trial. JAMA. 2003;
289: 1799-804. doi: 10.1001/jama.289.14.1799 PMID: 12684358

8. Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB. Low-Grade Systemic Inflammation in Over-
weight Children. Pediatrics. 2001; 107: e13. PMID: 11134477

PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28,2016 13/16


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002053.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002053.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002053.s007
http://dx.doi.org/10.1016/S0140-6736(08)61620-7
http://dx.doi.org/10.1016/S0140-6736(08)61620-7
http://www.ncbi.nlm.nih.gov/pubmed/18970977
http://www.msif.org/wp-content/uploads/2014/09/Global_economic_impact_of_MS.pdf
http://www.msif.org/wp-content/uploads/2014/09/Global_economic_impact_of_MS.pdf
http://dx.doi.org/10.1212/WNL.0000000000001608
http://dx.doi.org/10.1212/WNL.0000000000001608
http://www.ncbi.nlm.nih.gov/pubmed/25911108
http://dx.doi.org/10.1212/WNL.0b013e3181c0d6e0
http://www.ncbi.nlm.nih.gov/pubmed/19901245
http://dx.doi.org/10.1177/1352458513483889
http://www.ncbi.nlm.nih.gov/pubmed/23549432
http://dx.doi.org/10.1177/1352458512436596
http://dx.doi.org/10.1001/jama.289.14.1799
http://www.ncbi.nlm.nih.gov/pubmed/12684358
http://www.ncbi.nlm.nih.gov/pubmed/11134477

@’PLOS ‘ MEDICINE

Obesity and Multiple Sclerosis: A Mendelian Randomization Study

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Timpson NJ, Nordestgaard BG, Harbord RM, Zacho J, Frayling TM, Tybjaerg-Hansen A, et al. C-reac-
tive protein levels and body mass index: elucidating direction of causation through reciprocal Mendelian
randomization. Int J Obes. 2011; 35: 300-308. doi: 10.1038/ij0.2010.137

Wiirtz P, Wang Q, Kangas AJ, Richmond RC, Skarp J, Tiainen M, et al. Metabolic signatures of adipos-
ity in young adults: Mendelian randomization analysis and effects of weight change. PLoS Med. 2014;
11:e1001765. doi: 10.1371/journal.pmed.1001765 PMID: 25490400

van Dielen FM, van't Veer C, Schols AM, Soeters PB, Buurman WA, Greve JW. Increased leptin con-
centrations correlate with increased concentrations of inflammatory markers in morbidly obese individu-
als. Int J Obes Relat Metab Disord. 2001; 25: 1759-1766. doi: 10.1038/sj.ij0.0801825 PMID: 11781755

Engeli S, Feldpausch M, Gorzelniak K, Hartwig F, Heintze U, Janke J, et al. Association Between Adi-
ponectin and Mediators of Inflammation in Obese Women. Diabetes. 2003; 52: 942-947. doi: 10.2337/
diabetes.52.4.942 PMID: 12663465

Davey Smith G, Ebrahim S. “Mendelian randomization”: can genetic epidemiology contribute to under-
standing environmental determinants of disease? Int J Epidemiol. 2003; 32: 1-22. PMID: 12689998

Juonala M, Magnussen CG, Berenson GS, Venn A, Burns TL, Sabin MA, et al. Childhood adiposity,
adult adiposity, and cardiovascular risk factors. N Engl J Med. 2011; 365: 1876—1885. doi: 10.1056/
NEJMoa1010112 PMID: 22087679

Reilly JJ, Kelly J. Long-term impact of overweight and obesity in childhood and adolescence on morbid-
ity and premature mortality in adulthood: systematic review. Int J Obes (Lond). 2011; 35: 891-898. doi:
10.1038/ij0.2010.222

Barlow SE, Dietz WH. Management of child and adolescent obesity: summary and recommendations
based on reports from pediatricians, pediatric nurse practitioners, and registered dietitians. Pediatrics.
2002; 110: 236—-238. PMID: 12094001

Goodin DS. The epidemiology of multiple sclerosis: insights to disease pathogenesis. Handb Clin Neu-
rol. 2014; 122: 231-266. doi: 10.1016/B978-0-444-52001-2.00010-8 PMID: 24507521

Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, et al. Genetic studies of body mass index
yield new insights for obesity biology. Nature. 2015; 518: 197-206. doi: 10.1038/nature 14177 PMID:
25673413

Beecham AH, Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, Cotsapas C, et al. Analysis of
immune-related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat Genet. 2013; 45:
1353-1360. doi: 10.1038/ng.2770 PMID: 24076602

Sawcer S, Hellenthal G, Pirinen M, Spencer CCA, Patsopoulos NA, Moutsianas L, et al. Genetic risk
and a primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature. 2011; 476:
214-219. doi: 10.1038/nature10251 PMID: 21833088

Walter K, Min JL, Huang J, Crooks L, Memari Y, McCarthy S, et al. The UK10K project identifies rare
variants in health and disease. Nature. 2015; 526: 82—90. doi: 10.1038/nature 14962 PMID: 26367797

Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ, De Bakker PIW. SNAP: a web-based
tool for identification and annotation of proxy SNPs using HapMap. Bioinformatics. 2008; 24: 2938—
2939. doi: 10.1093/bioinformatics/btn564 PMID: 18974171

SNAP Proxy Search. In: Broad Institute. 2016 [cited 21 Apr 2016]. https://www.broadinstitute.org/mpg/
snap/Idsearch.php

Lawlor DA, Harbord RM, Sterne JAC, Timpson N, Davey Smith G. Mendelian randomization: Using
genes as instruments for making causal inferences in epidemiology. Stat Med. 2008; 27: 1133—-1163.
PMID: 17886233

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A Tool Set for
Whole-Genome Association and Population-Based Linkage Analyses. Am J Hum Genet. 2007; 81:
559-575. doi: 10.1086/519795 PMID: 17701901

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments: effect estima-
tion and bias detection through Egger regression. Int J Epidemiol. 2015; 44: 512-525. doi: 10.1093/ije/
dyv080 PMID: 26050253

Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical
test. BMJ. 1997; 315: 629-634. doi: 10.1136/bmj.316.7129.469 PMID: 9310563

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in Mendelian Randomiza-
tion with Some Invalid Instruments Using a Weighted Median Estimator. Genet Epidemiol. 2016; 40:
304-314. doi: 10.1002/gepi.21965 PMID: 27061298

Huckins LM, Boraska V, Franklin CS, Floyd JAB, Southam L, Sullivan PF, et al. Using ancestry-infor-
mative markers to identify fine structure across 15 populations of European origin. Eur J Hum Genet.
2014; 22: 1190-1200. doi: 10.1038/ejhg.2014.1 PMID: 24549058

PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28, 2016 14/16


http://dx.doi.org/10.1038/ijo.2010.137
http://dx.doi.org/10.1371/journal.pmed.1001765
http://www.ncbi.nlm.nih.gov/pubmed/25490400
http://dx.doi.org/10.1038/sj.ijo.0801825
http://www.ncbi.nlm.nih.gov/pubmed/11781755
http://dx.doi.org/10.2337/diabetes.52.4.942
http://dx.doi.org/10.2337/diabetes.52.4.942
http://www.ncbi.nlm.nih.gov/pubmed/12663465
http://www.ncbi.nlm.nih.gov/pubmed/12689998
http://dx.doi.org/10.1056/NEJMoa1010112
http://dx.doi.org/10.1056/NEJMoa1010112
http://www.ncbi.nlm.nih.gov/pubmed/22087679
http://dx.doi.org/10.1038/ijo.2010.222
http://www.ncbi.nlm.nih.gov/pubmed/12094001
http://dx.doi.org/10.1016/B978-0-444-52001-2.00010-8
http://www.ncbi.nlm.nih.gov/pubmed/24507521
http://dx.doi.org/10.1038/nature14177
http://www.ncbi.nlm.nih.gov/pubmed/25673413
http://dx.doi.org/10.1038/ng.2770
http://www.ncbi.nlm.nih.gov/pubmed/24076602
http://dx.doi.org/10.1038/nature10251
http://www.ncbi.nlm.nih.gov/pubmed/21833088
http://dx.doi.org/10.1038/nature14962
http://www.ncbi.nlm.nih.gov/pubmed/26367797
http://dx.doi.org/10.1093/bioinformatics/btn564
http://www.ncbi.nlm.nih.gov/pubmed/18974171
https://www.broadinstitute.org/mpg/snap/ldsearch.php
https://www.broadinstitute.org/mpg/snap/ldsearch.php
http://www.ncbi.nlm.nih.gov/pubmed/17886233
http://dx.doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://dx.doi.org/10.1093/ije/dyv080
http://dx.doi.org/10.1093/ije/dyv080
http://www.ncbi.nlm.nih.gov/pubmed/26050253
http://dx.doi.org/10.1136/bmj.316.7129.469
http://www.ncbi.nlm.nih.gov/pubmed/9310563
http://dx.doi.org/10.1002/gepi.21965
http://www.ncbi.nlm.nih.gov/pubmed/27061298
http://dx.doi.org/10.1038/ejhg.2014.1
http://www.ncbi.nlm.nih.gov/pubmed/24549058

@’PLOS ‘ MEDICINE

Obesity and Multiple Sclerosis: A Mendelian Randomization Study

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mokry LE, Ross S, Ahmad OS, Forgetta V, Davey Smith G, Leong A, et al. Vitamin D and Risk of Multi-
ple Sclerosis: A Mendelian Randomization Study. PLoS Med. 2015; 12: e1001866. doi: 10.1371/
journal.pmed.1001866 PMID: 26305103

Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis with multiple genetic vari-
ants using summarized data. Genet Epidemiol. 2013; 37: 658—665. doi: 10.1002/gepi.21758 PMID:
24114802

Dastani Z, Hivert M-FF, Timpson NJ, Perry JRB, Yuan X, Scott RA, et al. Novel loci for adiponectin lev-
els and their influence on type 2 diabetes and metabolic traits: a multi-ethnic meta-analysis of 45,891
individuals. PLoS Genet. 2012; 8: €1002607. doi: 10.1371/journal.pgen.1002607 PMID: 22479202

Patsopoulos NA, Evangelou E, loannidis JPA. Sensitivity of between-study heterogeneity in meta-anal-
ysis: proposed metrics and empirical evaluation. Int J Epidemiol. 2008; 37: 1148—1157. doi: 10.1093/
ije/dyn065 PMID: 18424475

DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials. 1986; 7: 177—188. PMID:
3802833

Patsopoulos NA, De Bakker PIW. Genome-wide meta-analysis identifies novel multiple sclerosis sus-
ceptibility loci. Ann Neurol. 2011; 70: 897-912. doi: 10.1002/ana.22609 PMID: 22190364

Wood AR, Esko T, Yang J, Vedantam S, Pers TH, Gustafsson S, et al. Defining the role of common var-
iation in the genomic and biological architecture of adult human height. Nat Genet. 2014; 46: 1173—
1186. doi: 10.1038/ng.3097 PMID: 25282103

Berghofer A, Pischon T, Reinhold T, Apovian CM, Sharma AM, Willich SN. Obesity prevalence from a
European perspective: a systematic review. BMC Public Health. 2008; 8: 200. doi: 10.1186/1471-2458-
8-200 PMID: 18533989

Ahrens W, Pigeot |, Pohlabeln H, De Henauw S, Lissner L, Molnar D, et al. Prevalence of overweight
and obesity in European children below the age of 10. Int J Obes. 2014; 38: S99-S107.

Pugliatti M, Rosati G, Carton H, Riise T, Drulovic J, Vécsei L, et al. The epidemiology of multiple sclero-
sis in Europe. Eur J Neurol. 2006; 13: 700-722. PMID: 16834700

WHO. Body mass index—BMI. [cited 3 Dec 2015]. http://www.euro.who.int/en/health-topics/disease-
prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi

Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and national
prevalence of overweight and obesity in children and adults during 1980-2013: a systematic analysis
for the Global Burden of Disease Study 2013. Lancet. 2014; 384: 766—781. doi: 10.1016/S0140-6736
(14)60460-8 PMID: 24880830

Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity in the United
States, 2011-2012. JAMA. 2014; 311: 806-814. doi: 10.1001/jama.2014.732 PMID: 24570244

Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of body
mass index among US adults, 1999-2010. JAMA. 2012; 307: 491-497. doi: 10.1001/jama.2012.39
PMID: 22253363

Orton S-M, Herrera BM, Yee IM, Valdar W, Ramagopalan S V, Sadovnick AD, et al. Sex ratio of multiple
sclerosis in Canada: a longitudinal study. Lancet Neurol. 2006; 5: 932—936. doi: 10.1016/S1474-4422
(06)70581-6 PMID: 17052660

Koch-Henriksen N, Sgrensen PS. The changing demographic pattern of multiple sclerosis epidemiol-
ogy. Lancet Neurol. 2010; 9: 520-532. doi: 10.1016/S1474-4422(10)70064-8 PMID: 20398859

Bays HE, Chapman RH, Grandy S. The relationship of body mass index to diabetes mellitus, hyperten-
sion and dyslipidaemia: comparison of data from two national surveys. Int J Clin Pract. 2007; 61: 737—
747.doi: 10.1111/j.1742-1241.2007.01336.x PMID: 17493087

Lamon-Fava S, Wilson PWF, Schaefer EJ. Impact of Body Mass Index on Coronary Heart Disease
Risk Factors in Men and Women: The Framingham Offspring Study. Arterioscler Thromb Vasc Biol.
1996; 16: 1509-1515. PMID: 8977456

CDC. Diabetes Public Health Resource. In: Mean and Median Age at Diagnosis of Diabetes Among
Adult Incident Cases Aged 18-79 Years, United States, 1997—2011. 2015 [cited 21 Apr 2016]. http://
www.cdc.gov/diabetes/statistics/age/fig2.htm

Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, et al. Heart disease and stroke
statistics—2012 update: a report from the American Heart Association. Circulation. 2012; 125: e2—
€220. doi: 10.1161/CIR.0b013e31823ac046 PMID: 22179539

Degenhardt A, Ramagopalan S V, Scalfari A, Ebers GC. Clinical prognostic factors in multiple sclerosis:
a natural history review. Nat Rev Neurol. 2009; 5: 672—682. doi: 10.1038/nrneurol.2009.178 PMID:
19953117

PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28,2016 15/16


http://dx.doi.org/10.1371/journal.pmed.1001866
http://dx.doi.org/10.1371/journal.pmed.1001866
http://www.ncbi.nlm.nih.gov/pubmed/26305103
http://dx.doi.org/10.1002/gepi.21758
http://www.ncbi.nlm.nih.gov/pubmed/24114802
http://dx.doi.org/10.1371/journal.pgen.1002607
http://www.ncbi.nlm.nih.gov/pubmed/22479202
http://dx.doi.org/10.1093/ije/dyn065
http://dx.doi.org/10.1093/ije/dyn065
http://www.ncbi.nlm.nih.gov/pubmed/18424475
http://www.ncbi.nlm.nih.gov/pubmed/3802833
http://dx.doi.org/10.1002/ana.22609
http://www.ncbi.nlm.nih.gov/pubmed/22190364
http://dx.doi.org/10.1038/ng.3097
http://www.ncbi.nlm.nih.gov/pubmed/25282103
http://dx.doi.org/10.1186/1471-2458-8-200
http://dx.doi.org/10.1186/1471-2458-8-200
http://www.ncbi.nlm.nih.gov/pubmed/18533989
http://www.ncbi.nlm.nih.gov/pubmed/16834700
http://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
http://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
http://dx.doi.org/10.1016/S0140-6736(14)60460-8
http://dx.doi.org/10.1016/S0140-6736(14)60460-8
http://www.ncbi.nlm.nih.gov/pubmed/24880830
http://dx.doi.org/10.1001/jama.2014.732
http://www.ncbi.nlm.nih.gov/pubmed/24570244
http://dx.doi.org/10.1001/jama.2012.39
http://www.ncbi.nlm.nih.gov/pubmed/22253363
http://dx.doi.org/10.1016/S1474-4422(06)70581-6
http://dx.doi.org/10.1016/S1474-4422(06)70581-6
http://www.ncbi.nlm.nih.gov/pubmed/17052660
http://dx.doi.org/10.1016/S1474-4422(10)70064-8
http://www.ncbi.nlm.nih.gov/pubmed/20398859
http://dx.doi.org/10.1111/j.1742-1241.2007.01336.x
http://www.ncbi.nlm.nih.gov/pubmed/17493087
http://www.ncbi.nlm.nih.gov/pubmed/8977456
http://www.cdc.gov/diabetes/statistics/age/fig2.htm
http://www.cdc.gov/diabetes/statistics/age/fig2.htm
http://dx.doi.org/10.1161/CIR.0b013e31823ac046
http://www.ncbi.nlm.nih.gov/pubmed/22179539
http://dx.doi.org/10.1038/nrneurol.2009.178
http://www.ncbi.nlm.nih.gov/pubmed/19953117

@’PLOS ‘ MEDICINE

Obesity and Multiple Sclerosis: A Mendelian Randomization Study

51.

52.

53.

54.

55.

56.

Vimaleswaran KS, Berry DJ, Lu C, Tikkanen E, Pilz S, Hiraki LT, et al. Causal relationship between
obesity and vitamin D status: bi-directional Mendelian randomization analysis of multiple cohorts. PLoS
Med. 2013; 10: €1001383. doi: 10.1371/journal.pmed.1001383 PMID: 23393431

Rotondi M, Batocchi AP, Coperchini F, Caggiula M, Zerbini F, Sideri R, et al. Severe disability in
patients with relapsing-remitting multiple sclerosis is associated with profound changes in the regula-
tion of leptin secretion. Neuroimmunomodulation. 2013; 20: 341-347. doi: 10.1159/000353567 PMID:
24008588

Emamgholipour S, Eshaghi SM, Hossein-nezhad A, Mirzaei K, Maghbooli Z, Sahraian MA. Adipocyto-
kine profile, cytokine levels and foxp3 expression in multiple sclerosis: a possible link to susceptibility
and clinical course of disease. PLoS ONE. 2013; 8: €76555. doi: 10.1371/journal.pone.0076555 PMID:
24098530

Musabak U, Demirkaya S, Geng G, llikci RS, Odabasi Z. Serum Adiponectin, TNF-a, IL-12p70, and IL-
13 Levels in Multiple Sclerosis and the Effects of Different Therapy Regimens. Neuroimmunomodula-
tion. 2011; 18: 57—66. doi: 10.1159/000317393 PMID: 20714168

Matarese G, Carrieri PB, La Cava A, Perna F, Sanna V, De Rosa V, et al. Leptin increase in multiple
sclerosis associates with reduced number of CD4(+)CD25+ regulatory T cells. Proc Natl Acad Sci U S
A. 2005; 102: 5150-5155. doi: 10.1073/pnas.0408995102 PMID: 15788534

Wolf AM, Wolf D, Rumpold H, Enrich B, Tilg H. Adiponectin induces the anti-inflammatory cytokines IL-
10 and IL-1RA in human leukocytes. Biochem Biophys Res Commun. 2004; 323: 630—635. doi: 10.
1016/j.bbrc.2004.08.145 PMID: 15369797

PLOS Medicine | DOI:10.1371/journal.pmed.1002053 June 28,2016 16/16


http://dx.doi.org/10.1371/journal.pmed.1001383
http://www.ncbi.nlm.nih.gov/pubmed/23393431
http://dx.doi.org/10.1159/000353567
http://www.ncbi.nlm.nih.gov/pubmed/24008588
http://dx.doi.org/10.1371/journal.pone.0076555
http://www.ncbi.nlm.nih.gov/pubmed/24098530
http://dx.doi.org/10.1159/000317393
http://www.ncbi.nlm.nih.gov/pubmed/20714168
http://dx.doi.org/10.1073/pnas.0408995102
http://www.ncbi.nlm.nih.gov/pubmed/15788534
http://dx.doi.org/10.1016/j.bbrc.2004.08.145
http://dx.doi.org/10.1016/j.bbrc.2004.08.145
http://www.ncbi.nlm.nih.gov/pubmed/15369797

