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Abstract: We analyzed the effects of the common BMI-increasing melanocortin 4 receptor (MC4R)
rs17782313-C allele with a minor allele frequency of 0.22-0.25 on (1) cardiovascular disease outcomes
in two large population-based cohorts (Copenhagen City Heart Study and Copenhagen General
Population Study, n = 106,018; and UK Biobank, n = 357,426) and additionally in an elderly population
at risk for cardiovascular disease (1 = 5241), and on (2) atherosclerotic plaque phenotypes in samples
of patients who underwent endarterectomy (1 = 1439). Using regression models, we additionally
analyzed whether potential associations were modified by sex or explained by changes in body mass
index. We confirmed the BMI-increasing effects of +0.22 kg/m? per additional copy of the C allele
(p < 0.001). However, we found no evidence for an association of common MC4R genetic variation
with coronary artery disease (HR 1.03; 95% CI 0.99, 1.07), ischemic vascular disease (HR 1.00; 95% CI
0.98, 1.03), myocardial infarction (HR 1.01; 95% CI 0.94, 1.08 and 1.02; 0.98, 1.07) or stroke (HR 0.93;
95% CI 0.85, 1.01), nor with any atherosclerotic plaque phenotype. Thus, common MC4R genetic
variation, despite increasing BMI, does not affect cardiovascular disease risk in the general population
or in populations at risk for cardiovascular disease.
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1. Introduction

Rare genetic mutations leading to melanocortin 4 receptor (MC4R) deficiency are an
important monogenetic cause of obesity [1]. Around 6% of children with severe early-onset
(age < 10 years) obesity have a pathogenic mutation in MC4R [1]. Overall, over 300 different
rare deleterious genetic variants in MC4R have been identified in obese persons [2—4]. The
biological mechanism underlying the association between MC4R and obesity, has been
widely studied. Notably, decreased leptin-MC4R signaling leads to a distorted energy
balance, in large due to decreased satiety [5,6]. More recently, it was shown that rare to
ultra-rare nonsynonymous variants in MC4R (allele frequency 0.0001-2%) are, next to
obesity, also associated with type 2 diabetes and coronary artery disease [7].

Although rare polymorphic variants in MC4R have been extensively studied, less is
known about the effects of common genetic variation in MC4R on cardiovascular outcomes.
Common variants in MC4R have been associated with a moderately increased risk of
obesity, already in the early genome-wide association studies (GWAS) on body mass
index (BMI) [8,9]. Previous Mendelian randomization studies, which use single nucleotide
polymorphisms (SNPs) associated with BMI as genetic instruments for the exposure [10-12],
suggested the association between common genetic variation in MC4R and cardiovascular
disease is through higher BMI [13-15]. However, the specific effects of common genetic
variation in MC4R on cardiovascular disease risk and atherosclerotic plaque phenotype
through effects on BMI have not been studied so far.

In the present study, we aimed to assess the effects of common genetic variation in
MC4R on cardiovascular disease outcomes, and we studied whether these effects were
influenced by clinical parameters. Moreover, we determined if common genetic variation in
MC4R was associated with atherosclerotic plaque characteristics in patients that underwent
endarterectomy.

2. Materials and Methods
2.1. Study Overview

In the present study, we analyzed data from various cohorts to assess the effects
of common genetic variation in MC4R on cardiovascular disease outcomes; first in large
population-based cohorts (Copenhagen City Heart Study (CCHS) and Copenhagen General
Population Study (CGPS), n = 106,018; and the UK Biobank, n ~ 350,000) and then in an
elderly population at risk for cardiovascular disease (PROspective Study of Pravastatin in
the Elderly at Risk (PROSPER), n = 5241). Cardiovascular disease outcomes were defined as
coronary artery disease, ischemic vascular disease, myocardial infarction, and stroke. The
effects of genetic variation in MC4R on atherosclerotic plaque phenotype were determined
in a fourth study comprising patients who underwent endarterectomy of the carotid artery
to treat stenosis. For all populations, we selected the rs17782313 in MC4R (minor allele
frequency approximately 0.21-0.25) to assess the associations. This variant was particularly
selected given its previously described associations in GWAS studies [8].

2.2. General Population: CCHS and CGPS

The CCHS and CGPS are two comparable prospective studies including participants
from Danish descent, without overlap between the studies [16,17]. The studies were ap-
proved by institutional review boards and Danish ethical committees, and were conducted
according to the Declaration of Helsinki. Written informed consent was obtained from all
participants. A more detailed description of the studies can be found in the Supplementary
Information file S1.

For the present study, data from 106,018 participants were available for analyses. In
this study, we analyzed the available cardiovascular-related clinical endpoints ischemic
vascular disease (18,404 cases) and myocardial infarction (5721 cases). Ischemic vascular
disease was defined as either ischemic heart disease or ischemic cerebrovascular disease.
Information on the diagnoses was collected and verified through a review of all hospital
admissions and diagnoses entered in the Danish National Patient Registry, all causes of
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death entered in the National Danish Causes of Death Registry, and medical records from
hospitals and general practitioners [18]. Participants with events before study entry were
excluded for each specific endpoint. DNA was available from all participants. Genotyping
was conducted blinded to phenotypic data. The ABI PRISM 7900HT Sequence Detec-
tion system (Applied Biosystems Inc., Foster City, CA, USA) was used to genotype the
rs17782313 polymorphism using TagMan assays.

First, to confirm the association between genetic variation in rs17782313 and measures
of obesity, we determined the per-allele effect on BMI using linear regression analysis. The
associations between genetic variation in rs17782313 and incident cardiovascular disease
outcomes (i.e., ischemic vascular disease and myocardial infarction) was determined using
Cox proportional hazard models. The standard model was adjusted for age and sex.
Subsequently, we additionally adjusted for BML In sub-analyses, results were stratified by
sex. Data were presented as hazard ratios (per-allele effect) with corresponding 95% CI. A
two-sided p-value < 0.05 was considered statistically significant.

2.3. General Population: UK Biobank

To replicate our findings of the CCHS and CGPS, we repeated the analyses in the UK
Biobank cohort, a prospective general population cohort. A total of 502,628 participants
between the age of 40 and 70 years were recruited from the general population of the
United Kingdom (UK). All participants from the UK Biobank cohort provided written
informed consent, and the study was approved by the medical ethics committee. A more
detailed description of the study can be found in the Supplementary Information.

For the present study, we restricted the analyses to the UK Biobank participants
who reported to be of European ancestry, and who were in the fully genotyped datasets
(n~350,000). We were interested in the cardiovascular-related clinical endpoints coronary
artery disease (7560 cases), myocardial infarction (2481 cases), and stroke (1625 cases).
Participants with a history of these disease endpoints were excluded in the respective
analyses. Information on diagnoses was collected through linkage with the National Health
Service (NHS) hospital admissions database. UK Biobank genotyping was conducted by
Affymetrix using a bespoke BILEVE Axium array for approximately 50,000 participants.
The remaining participants were genotyped using the Affymetrix UK Biobank Axiom array.
All genetic data were quality controlled centrally by UK Biobank resources. For the present
study, we extracted the rs17782313 polymorphism from the whole-genome data.

Similar analyses as in the CCHS/CGPS were conducted in the UK Biobank. The
standard model was adjusted for age and sex. Subsequently, we additionally adjusted
for BMI as derived from bioelectrical impedance analysis. In sub-analyses, results were
stratified by sex. Data were presented as hazard ratios (per-allele effect) with corresponding
95% CI. A two-sided p-value < 0.05 was considered statistically significant.

2.4. Population at Risk for Cardiovascular Disease: PROSPER

PROSPER was a prospective multicenter (Glasgow, Scotland; Cork, Ireland; Leiden,
The Netherlands) randomized placebo-controlled trial to assess whether treatment with
pravastatin diminishes the risk of major vascular events in elderly who were at risk of
cardiovascular disease [19,20]. A whole-genome-wide screening has been performed in the
sequential PHASE project [21] of PROSPER, including men and women aged 70-82 years
with pre-existing vascular disease or increased risk of such disease because of smoking,
hypertension, or diabetes. The study was approved by the institutional ethics review
boards of the participating centers, and all participants gave written informed consent. A
more detailed description of the study can be found in the Supplementary Information.

For the present study, we analyzed data from 5241 participants. We were interested in
the cardiovascular-related clinical endpoints coronary artery disease (881 cases), myocardial
infarct (648 cases), and stroke (266 cases). An Endpoints Committee was responsible for
the classification of all possible study end points. The committee received all annual study
electrocardiograms showing serial changes, information regarding domiciliary visits or
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hospitalizations associated with possible cardiovascular events, and information on all
deaths (including postmortem reports and/or certification of death). Genotyping was
performed with the Illumina 660 K beadchip. For the present study, we extracted the
rs17782313 polymorphism from the whole-genome data.

Similar analyses as in the CCHS/CGPS were conducted in PROSPER. The standard
model was adjusted for age, sex and country of recruitment. Subsequently, we additionally
adjusted for BMI. In a sub-analysis, results were stratified by sex. Data were presented as
hazard ratios (per-allele effect) with corresponding 95% CI. A two-sided p-value < 0.05 was
considered statistically significant.

2.5. Atherosclerotic Plaque Phenotype: Athero-Express Study

The Athero-Express study is a Dutch prospective cohort study, comprising patients
who were newly referred to the vascular surgery departments of the participating centers
for treatment of carotid or femoral artery stenosis [22]. During the procedure, blood and
plaque material were obtained and samples were used for protein and immunohistochemi-
cal analyses. Informed consent was obtained prior to surgery and the study protocol was
approved by the local medical ethical committee. The Athero-Express biobank study was
genotyped on two different genome-wide genotyping arrays, i.e., the Affymetrix Array 5.0
(SNP5) and Affymetrix Axiom GW CEU 1 Array (AxM). After quality-control and cleaning,
genotype data were available for 1439 participants and were used for analyses. For the
present study, we extracted the rs17782313 polymorphism from the whole-genome data
and only included data from carotid endarterectomy patients. A more detailed description
of the methods can be found in the Supplementary Information.

The immunohistochemical analysis protocols of plaque phenotypes (i.e., macrophages,
neutrophils, mast cells, smooth muscle cells, collagen content, intraplaque hemorrhage,
atheroma fat content, and calcification) have been described previously [22-25], and further
details can be found in the Supplementary Information.

First, to confirm the association between genetic variation in rs17782313 and measures
of obesity, we determined the per-allele effect on BMI, using linear regression analysis. The
association between genetic variation in rs17782313 and plaque phenotypes was assessed by
linear regression analyses for quantitative traits and by logistic regression for binary traits.
The standard model was adjusted for age, sex, cohort, year of surgery, and two principle
components (PC1 and PC2). Subsequently, the standard model was additionally adjusted
for BML In a sub-analysis, results were stratified by sex. Data are presented as additive betas
(per-allele effect) with corresponding standard error (SE). By testing for nine independent
plaque characteristics, the Bonferroni-corrected alpha was set at 0.0056 (0.05/9).

3. Results
3.1. Associations of MC4R Genotype with Cardiovascular Disease Outcomes in the
General Population

Characteristics of the CCHS and the CGPS populations are summarized in Table 1,
stratified by rs17782313 genotype. The mean age was 58 years and participants were
more frequently women than men in all genotype groups. We observed no differences
in characteristics between non-carriers, heterozygotes and homozygotes of the MC4R
1517782313-C allele, apart from BMI with an effect size of +0.22 kg/m? per additional copy
of the C allele (p < 0.001).

Figure 1 and Supplementary Table S4 show the per-allele effects of rs17782313-C
allele carriage on ischemic vascular disease and myocardial infarction in the CCHS and
CGPS populations. There was no evidence for an association between genetic variation in
rs17782313 and cardiovascular disease outcome, i.e., the hazard ratio (95% CI) for ischemic
vascular disease was 1.00 (0.98, 1.03) and for myocardial infarction 1.02 (0.98, 1.07). Results
remained similar after additional adjustment for BMI, or stratification by sex.



J. Clin. Med. 2021, 10, 932 50f12

Table 1. Characteristics of 106,018 participants of the Copenhagen City Heart Study and the Copen-
hagen General Population Study, stratified by MC4R rs17782313-C carriage

Non-Carriers Heterozygotes Homozygotes
Number of participants, N (%) 60,080 (57%) 39,426 (37%) 6512 (6%)
Women, N (%) 33,005 (55%) 21,750 (55%) 3626 (56%)
Age (years) 58 (48-67) 58 (48-67) 58 (48-68)
Body mass index (kg/m?) 25 (23-28) 26 (23-29) 26 (23-29)
Hypertension, N (%) 35,708 (59%) 23,552 (60%) 3894 (60%)

Values are median and interquartile range or number of subjects (N) and percentage.

A
,?, + Total
Standard model m ¢ Men
: Women
Additional BMI adjustment R
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Hazard ratio (95% Cl) for ischaemic vascular disease
B
He
Standard model ——
|
Additional BMI adjustment K

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Hazard ratio (95% Cl) myocardial infarction

Figure 1. Effects of MC4R rs17782313-C allele carriage on incident cardiovascular disease outcomes.
(A) ischaemic vascular disease (18,404 cases) and (B) myocardial infarction (5721 cases), in the Copen-
hagen City Heart Study and the Copenhagen General Population Study (N = 106,018 participants;
58,381 women and 47,637 men). Results from three Cox proportional hazards regression models
are shown: (1) standard model, which was adjusted for age and sex (for the total population); and
(2) standard model additionally adjusted for BMI. Bars represent 95% confidence intervals.

In the UK Biobank, the BMI effect per additional copy of the rs17782313-C allele
was +0.25 kg/m? (p < 0.001). Further characteristics of the UK Biobank population are
summarized in Supplementary Table S1. Findings were similar to those observed in
CCHS/CGPS: the hazard ratio (95% CI) for coronary artery disease was 1.03 (0.99, 1.07), for
myocardial infarction 1.01 (0.94, 1.08) and for stroke of 0.93 (0.85, 1.01) per additional copy
of rs17782313-C (Figure 2 and Supplementary Table S5). Results for coronary artery disease
and myocardial infarction remained the same after adjustment for BMI, or stratification by
sex. Only for stroke, the hazard ratio just reached the threshold of statistical significance
after adjustment for BMI in the total population (hazard ratio 0.92 (95%CI 0.84, 1.00);
p = 0.04), after stratification by sex this effect remained significant only in women (hazard
ratio 0.86 (95%Cl 0.74, 1.00); p = 0.04).
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A
e + Total
Standard model I—H ¢ Men
: Women
L]
Additional BMI adjustment [
0.4 0.6 0.8 1.0 1.2 14 1.6
Hazard ratio (95% CI) for coronary artery disease
B
Standard model 1—0—1
I—O—i
Additional BMI adjustment '_"'—'
04 0.6 0.8 1.0 1.2 1.4 1.6
Hazard ratio (95% CI) for stroke
Cc
Standard model |—o—|
Additional BMI adjustment ——

04 06 08 1.0 1.2 14 16
Hazard ratio (95% CI) for myocardial infarction

Figure 2. Effects of MC4R rs17782313-C allele carriage on incident cardiovascular disease outcomes.
(A) coronary artery disease (7560 cases), (B) stroke (1625 cases), and (C) myocardial infarction
(2481 cases), in the UK Biobank (N = 357,426 participants; 195,135women and 162,291men). Results
from three Cox proportional hazards regression models are shown: (1) standard model, which was
adjusted for age and sex (for the total population); and (2) standard model additionally adjusted for
BMI. Bars represent 95% confidence intervals.

3.2. Associations of MC4R Genotype with Cardiovascular Disease Outcomes in an
Aged Population

The characteristics of the PROSPER population are shown in Supplementary Table
S2. Participants had a mean (interquartile range) age of 75 years (72, 78) in all genotype
groups. The minor allele frequency (C-allele) was 0.22. Characteristics of non-carriers,
heterozygotes and homozygotes of the rs17782313-C allele were comparable. The effect on
BMI was confirmed, being +0.25 kg/m? per C-allele (p = 0.006).

In Figure 3 and Supplementary Table S6, the per-allele effects of rs17782313-C allele
carriage on coronary artery disease, myocardial infarction, and stroke are shown. In
PROSPER, there was no evidence for an association between genetic variation in rs17782313
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and any of the cardiovascular disease outcomes, also not after adjustment for BMI or
hypertension, or stratification by sex.

A
f—g—i + Total
Standard model I—O—l ¢ Men
Women
Additional BMI adjustment ——
T T T T T 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Hazard ratio (95% CI) for coronary artery disease
B
Standard model i +

Additional BMI adjustment i 3 +

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Hazard ratio (95% CI) for stroke

C
Standard model l—‘—l
Additional BMI adjustment ———

04 06 08 10 12 14 1.6
Hazard ratio (95% CI) for myocardial infarction

Figure 3. Effects of MC4R rs17782313-C allele carriage on incident cardiovascular disease outcomes.
(A) coronary artery disease (881 cases), (B) myocardial infarction (648 cases), and (C) stroke (266 cases),
in The PROspective Study of Pravastatin in the Elderly at Risk (PROSPER) (N = 5241 participants;
2720 women and 2521 men). Results from two Cox proportional hazards regression models are
shown: (1) standard model, which was adjusted for age and sex (for the total population); and (2)
standard model additionally adjusted for BMI. Bars represent 95% confidence intervals.

3.3. Associations of MC4R Genotype with Atherosclerotic Plaque Phenotype

Characteristics of the Athero-Express study are summarized in Supplementary Table
S3, stratified by rs17782313 genotype. The minor allele frequency (C-allele) was 0.25.
We found no evidence for an association between rs17782313-C allele carriage and BMI
(beta —0.06 kg/m?; p = 0.695). The per-allele effects of rs17782313-C allele carriage on
plaque characteristics are shown in Figure 4 and Supplementary Table S7. Overall, none of
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the plaque characteristics showed an evident association with rs17782313-C allele carriage.
Adjustment for BMI or stratification by sex did not alter the results.

Intraplaque haemorrhage (N=1413) :
.
Vessel density (N=1304) ’
>40% atheroma fat I—O—l
content (N=1414) ———
>10% atheroma fat —e—
content (N=1414) ——
———
Calcification (N=1412) :
Macrophages (N=1402) rod
|—o:—|
Neutrophils (N=253) :
——
Mast cells (N=210) :
"
Smooth muscle cells (N=1397) $
Collagen content (N=1413) :

-1.0 08 06 -0.4 -0.2 0.0 0.2 04 06 0.8 1.0
Beta coefficient (95% CI)
+ Standard model + Additional BMI adjustment

Figure 4. Effects of MC4R rs17782313-C allele carriage on atherosclerotic plaque characteristics, in the Athero-Express study
(N =1439; 462 women and 977 men). Results from two linear regression models are shown: (1) standard model, which was
adjusted for age, sex, cohort, year of surgery and two principal components; and (2) standard model additionally adjusted
for BMI. Bars represent 95% confidence intervals.

4. Discussion

In this study, we determined the effects of a common genetic variation in the MC4R
gene on cardiovascular disease outcomes and atherosclerotic plaque characteristics in the
general population, an elderly population at risk for cardiovascular disease, and a cohort
of patients that underwent endarterectomy. The minor allele frequency (rs17782313-C-
allele) was 0.25 in all cohorts, which is similar to what has been described in literature [8].
Consistently between all populations, despite an effect of common genetic variation in
MC4R on BMI, we did not find evidence for a causal effect on cardiovascular disease risk,
nor plaque phenotype.

Recently, 61 nonsynonymous rare variants (variant allele frequency 0.0001-2%) mapped
to MC4R were identified in the UK Biobank (1 = 452,300), of which 9 were gain-of function
(GOF) variants and 47 were loss-of-function (LoF) variants [7]. In contrast to the common
rs17782313 variant, these variants were all nonsynonymous. Specifically, the 9 GoF variants
were strongly associated with a lower BMI with an effect size of —0.38 kg/m? additional
GoF variant (p = 2 x 10~%), and showed a risk reduction for coronary artery disease with
an odds ratio of 0.94 (p = 0.02) per additionally carried allele. Interestingly, the authors
showed that the BMI effect size was largely determined by the effect of the mutation on
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[-arrestin recruitment. (3-arrestin is an important regulator in the signal transduction of G
protein-coupled receptors (GPCRs), like MC4R, as it prevents GPCR coupling to G-proteins
thereby preventing MC4R signaling [7]. Variants that preferentially signaled through
-arrestin showed larger protective effects on BMI and cardiometabolic complications.
The effect of the common genetic MC4R variant studied in this paper, which is located
upstream on the DNA from the MCR4 locus, on (3-arrestin recruitment is not known yet,
and may be an interesting topic for future studies.

In contrast, we did not find evidence for any effect of common genetic variation in
MCA4R on cardiovascular disease risk or atherosclerotic plaque phenotype. With a minor
allele frequency of 0.22-0.25, a large part of the population carries at least one copy of
this allele, as compared to <2% for the nonsynonymous rare MC4R variants. Possibly,
the effect of common genetic variation in MC4R on BMI is too small to translate into an
increased cardiovascular risk. Indeed, the effect on BMI in an elderly population at risk for
cardiovascular disease was only +0.25 kg/m? per additional rs17782313-C allele, which
might be explained by dilution of the genetic effect in older individuals. Previously, a
large meta-analysis combining data from GWASs on coronary artery disease showed that
the common MC4R variant rs663129, which is in complete linkage with the rs17782313
variant (R? = 1), showed only a moderately increased risk with an odds ratio of 1.06
(p=32x 10~8) for coronary artery disease [26]. However, the authors reported that there
were no expression quantitative trait loci (eQTL) data or ENCODE features that indicated
MCH4R as the causal gene underlying the coronary artery disease susceptibility, which is
in line with the null findings in our present study. Furthermore, effect sizes in our large
populations—which were not included in the previous meta-analysis—were much smaller
and close to null. Nevertheless, we consider the outcome of the current study as positive,
as carriers of the common BMI-increasing MC4R variant rs17782313-C apparently are not
at increased risk of developing cardiovascular disease.

The finding that the risk for incident stroke just reached the threshold of statistical
significance after adjustment for BMI in the UK Biobank population, which remained
significant only in women, may imply that rs17782313-C carriage, independent of BMI,
reduces the risk of stroke in women. However, this finding is rather counterintuitive given
the earlier described causal relation between higher BMI and increased risk of stroke [15].
In addition, this stand-alone finding was not replicated in the PROSPER cohort, and the
effect just reached the level of statistical significance (p = 0.04), which seems to indicate that
this is a likely chance finding rather than a true effect due to multiple testing. Indeed, none
of the associations examined reached the level of statistical significance after multiple-test
correction (not shown).

Since obesity is a risk factor of atherosclerotic plaque instability, as characterized by
a high degree of inflammation, thinning, and rupture of the lesion cap [27], we studied
whether rs17782313-C carriage affects atherosclerotic plaque characteristics via BML In line
with the lack of association between MC4R genotype and cardiovascular disease, we did
not find any effects on plaque phenotype in the Athero-Express population. In line, the
minor allele frequency of rs17782313 in this population that underwent endarterectomy of
the carotid artery to treat stenosis due to a late-stage atherosclerotic plaque (i.e., 0.22) was
not higher than in the general population (i.e., 0.25). In case carriers of the rs17782313-C
variant would be at increased risk of atherosclerotic cardiovascular disease, an enrichment
of this variant in the Athero-Express population was to be expected. It should be noted that
in the Athero-Express population we did not observe an association between the rs17782313
variant and BMI, which may be explained by selection bias due to an overrepresentation of
patients with obesity.

The main strength of the present study is the use of a genetic instrument to determine
the causal effects of common variation in MC4R on cardiovascular disease risk, using data
from several large cohort studies, including the CCHS/CGPS and UK Biobank. These stud-
ies provided sufficient statistical power and individual level data to draw firm conclusions
on associations between genetic variation in MC4R and cardiovascular disease risk and
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potential mediation via obesity, although particularly for the outcome stroke the number
was rather limited given the relatively young are of the study population. A limitation of
the current study is that all study populations were from European ancestry and results
may therefore not be generalizable to other populations.

In conclusion, we showed that, common genetic variation in MC4R does not affect
cardiovascular disease risk in the general population or in populations at risk for cardio-
vascular disease, despite a BMI-increasing effect.
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