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INTRODUCTION

Developments in science, medicine and society, particularly throughout the last few
centuries, have led to an increasing ability to treat and cure many previously deadly
diseases. Although life expectancy has steadily increased from the 1800s onwards, in part
due to better treatment of infectious diseases, different major causes of death emerged.
The prevalence of non-communicable, age-related diseases such as cardiovascular
disease (CVD) have greatly increased and this increase is expected to continue as our
society further ages [1]. Although CVD has been studied for decades, and successful
interventions have been identified and implemented, CVD remains a leading cause of
death worldwide. CVD accounted for an estimated 18.6 million deaths worldwide in
2019 [2], and simultaneously accounted for a significant reduction in quality of life in
those individuals that suffered a non-fatal event. For this reason, it is crucial to further
expand our understanding of the mechanisms leading to CVD, to identify novel strategies
that further reduce CVD disease risk.

Advancing age is a primary risk factor for many major chronic diseases [3]. Ageing
is generally defined as broad, time-dependent functional decline. The cellular and
molecular ageing processes have been separated into the 9 hallmarks of ageing:
Genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [3]. These 9 hallmarks are thus
processes generally thought to contribute to the ageing process and together determine
the ageing phenotype.

Mitochondrial dysfunction is one of the hallmarks that may underly various adverse
effects observed in ageing. Mitochondria are an important source of Reactive Oxygen
Species (ROS), as an inevitable byproduct of their essential role in energy production
[4]. ROS are generated during the process of oxidative phosphorylation and under
physiological conditions efficiently scavenged. Although normal cellular function requires
some degree of ROS (e.g., for intracellular communication purposes), pathological
processes such as ageing may result in a disbalance between ROS production and
scavenging (Figure 1). This disbalance is characterized by insufficient scavenging capacity
to effectively eliminate ROS. As ROS are a highly reactive chemical, they could damage
surrounding cellular components by reacting with them, ultimately causing cell damage
or cell death [5]. To prevent ROS from inflicting cellular damage, different compounds
collectively named antioxidants act as scavengers of these free radicals aiming to
maintain appropriate ROS levels. Therefore, both optimal ROS production and sufficient
antioxidant activity is pivotal to prevent oxidative damage [6].
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ROS

Figure 1. When either ROS production is increased or antioxidant activity is decreased, this may result
in a disbalance. This disruption could lead to cellular damage or even cell death.

Oxidative stress is shown to play an important role in the pathophysiology of stroke,
one of the main types of CVD [7, 8]. Increased ROS levels could lead to direct or indirect
damage to the vascular wall via altered platelet aggregation, endothelial dysfunction,
dysfunctional vasodilation, and/or disturbed vascular permeability [8]. These changes
could lead to local lesions and might therefore increase the risk of clinical manifestations
such as (ischemic) stroke. Lipid peroxidation by ROS is one of the oxidative processes
that might contribute to the development of CVD. Peroxidized lipids can subsequently
induce proinflammatory responses in the vascular system which play a crucial role in the
initiation and progression of CVD [9-11].

Several studies have shown that decreased blood antioxidant levels are associated
with increased CVD incidence [7, 12-15]. However, intervention studies exploring
antioxidant supplementation have been unable to show reduction in the risk of
developing clinical outcomes related to CVD [16, 17]. This lack of effectiveness of the
studied antioxidant compounds thus far does not provide definitive proof for the role of
ROS in CVD risk.

Although Randomized Controlled Trials (RCTs) are generally considered the gold
standard of evidence, the effects of an altered oxidative stress balance might not be
visible in the relatively short time period of an RCT. Additionally, the pathogenesis of
atherosclerosis, a process where lesions are formed in the arteries that could lead to
the buildup of plaque and eventually could result in CAD and stroke, often takes decades
[18]. In other words, it might be improbable to demonstrate the effect of an altered
oxidative stress balance on the development of CVD using RCTs. Thus, whether oxidative
stress should ultimately be seen only as a marker of CVD risk might still require further
investigation.

Epidemiology

Epidemiological research, while simple in principle, can be prone to oversimplification.
To present a famous example: When studying lung cancer, one would probably establish
that lung cancer patients have an increased chance of suffering from yellow stained
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fingers. However, common sense would tell us that yellow fingers do not cause lung
cancer. Simultaneously, lung cancer does not result in yellow fingers. The crux is that
both phenotypes are caused by a third factor, smoking. Smoking in this case can be
considered a confounding factor. Confounding is a common problem affecting most, if
not all, epidemiological studies. The concept of confounding is visualized in Figure 2. A
variable is considered a confounder if it can affect both the exposure and the outcome
of the study. Knowing what potential confounders could be, and how to correct for
them, is what makes epidemiological research complex.

Confounder (U)
4 \

s
Ve \\
4 N
7 \
4 N
v N

Exposure (X) Disease (Y)

Figure 2. The concept of confounding. Both the exposure (X) and the outcome (Y) are influenced by the
confounder (U). Therefore, the assumed association could be caused by the confounder.

This thesis aims to build on the basic premise of epidemiology, while simultaneously
taking a more sub-group specific approach. Where risk factors and their effect are
generally determined at a population level, the focus shifts towards the investigation
of the difference in individual effect that these risk factors have on CVD, dependent
on additional factors. This could potentially lead to a better understanding of the
multidimensionality of CVD, and how risk factors affect the disease risk of other factors.

Reverse causation

Another problem within epidemiology is the concept of causality. Although observational
research can link two occurrences together, the certainty that one conditions leads to
another is not guaranteed. On top of that, the directionality of the relation cannot be
assured. In theory, instead of an increased risk factor causing the observed outcome, the
outcome could cause an increase in risk factor. This is what we call reverse causation. It
is important to understand direction in a relationship, as identifying a causal variable is
crucial in the eventual prevention of the outcome.

Mendelian Randomization

RCTs are the gold standard to assess whether an observational association is also a causal
relation. However, RCTs are often costly, may be impossible for lack of intervention
tools or may even be unethical. [19] An alternative approach one can use to assess
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causal relationships is the Mendelian Randomization (MR) method [20, 21]. MR uses
independent genetic variants associated with the exposure as instrumental variable
(Figure 3) [22]. Since the genetic make-up of an individual is unlikely to be affected
by outside factors, when performing an analysis using genetic variants as a proxy for
the determinants, the potential association is not susceptible to confounding or reverse
causation and therefore allows us to approximate the causal association between the
exposure and the outcome.

The genetic variants associated with the exposure are often SNPs obtained
from Genome-Wide Association Studies (GWAS) on the exposure. Since the size and
availability of genetic data has increased substantially over the last decade, more genetic
instruments have become obtainable for use and thus more MR studies can be done
on many exposures in large sample sizes that are implausible for RCTs. However, it is
important to note that in order to be able to perform a Mendelian Randomization study
and interpret causality, several assumptions are made. First, the genetic variants used as
instrument variables for the exposure are associated with the exposure. By performing
a GWAS on the exposure you ensure that this assumption is not violated. Second, there
is no confounding of genetic variants with the outcome. Third, the genetic variants are
only associated with the outcome through the exposure. When genetic variants are
directly associated with the outcome, you are no longer able to discern the lone effect
of the exposure [23]. These assumptions are often tested during a study, and although
not all three of them can definitively be proven to be fulfilled, it is possible to assess the
likelihood of an assumption being violated. Finally, it should be noted that MR assesses
the assumed lifelong exposure of the determinant, compared with the limited exposure
of an RCT. However, as MR attempts to assess the lifelong exposure, it is important to
realize that MR assumes the effect of the genetic variants do not change over time,
which might not always be true.

_-Confounder (U) \
-~y \

/// /
/// {/ \\
Genetic -~
‘ Exposure (X Disease (Y
Variant (G) P . X) ) )
N i ,//’,//

Figure 3. Mendelian Randomization: The genetic variants are associated with the exposure and used as
a proxy. As the genotype is independent of confounders and unaffected by reverse causation, a found
association would be causal.
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Interplay of risk factors

For certain risk factors for CVD, causality has already been established. It is known,
among others, that obesity, high blood pressure and high LDL cholesterol increase the
risk on the development of CVD, and that interventions targeting these risk factors
lower the risk substantially [2, 24-26]. However, CVD is a multifactorial, dynamic disease
construct. Consequently, research should take into account the interplay of risk factors
when studying CVD. Aside from the sum of effects of relevant risk factors, their potential
interactive effect should also be taken into account. In other words, the presence of one
risk factor might influence another risk factor in such a way it alters their association
with CVD.

OUTLINE OF THIS THESIS

The general aim of this thesis is to address the phenotypical causes of mitochondrial
dysfunction, resulting in oxidative imbalance, and the cerebrovascular consequences in
the general population.

Possible risk factors will be studied for causality and established risk factors will
be studied for causality differences in subgroups, with the ambition to increase the
understanding of the impact of these known risk factors on individual cardiovascular
disease risk. Therefore, a proof-of-concept study will be performed to investigate how
causal relations between cardiovascular risk factors and coronary artery disease can be
altered by socioeconomic status. The studies of this thesis will be performed in several
unique cohorts. The Netherlands Epidemiology of Obesity (NEO) study is a population-
based, prospective cohort study designed to study obesity-related pathways and
diseases [27]. Although the main cohort is oversampled with individuals with overweight
or obesity, this study will use a subsample from Leiderdorp, with no BMI selection for
participation. The UK Biobank is a UK-based prospective cohort study recruited from the
general population [28].

In Chapter 2, | will measure serum a-TOH and vitamin E metabolites, as a reflection
of an individual’s vitamin E status, and study their association with the lifestyle factors
smoking, sleep, physical activity, and food and alcohol intake. This study will be
performed in the NEO study.

Chapter 3 will focus on the causal relation between several antioxidants and
cerebrovascular disease risk. Here, | look for a possible causal relationship between
genetically-influenced diet-derived antioxidants with ischemic stroke using Mendelian
Randomization (MR). This study will be done using summary level data from three
large databanks: the UK Biobank, MEGASTROKE, and FinnGen, resulting in a total of 1.1
million participants.

Chapter 4 will study the association between mitochondrial DNA copy numbers
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(mtDNA-cn), as a marker for mitochondrial dysfunction which drives oxidative stress
levels, and stroke using both an MR as well as a survival-analysis approach using the UK
Biobank. The triangulation of causal inference as described by Lawlor et al. [29] will be
adopted to increase the credibility of our results.

Chapter 5 is centered around the effect of individual characteristics on cardiovascular
disease (CVD) risk factors. This study will be performed in the UK Biobank and is
specifically focused on how socio-demographic characteristics could modify the causal
association between classical CVD risk factors and coronary artery disease (CAD). In
this study, | hypothesize that atherogenic cardiovascular disease is a multidimensional
disease where different combinations of risk factors could alter the individual impact of
said risk factors on CAD incidence.

In the final part of this thesis (Chapter 6), the main study findings and the future
perspective of this research field will be discussed.
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ABSTRACT

Background and aims

The antioxidant vitamin E (a-tocopherol, a-TOH) protects lipids from oxidation by
reactive oxygen species. We hypothesized that lifestyle factors associate with vitamin
E metabolism marked by urinary a-tocopheronolactone hydroquinone (a-TLHQ) and
a-carboxymethyl-hydroxychroman (a-CEHC levels), as a potential reflection of lipid
oxidation.

Methods

We conducted a cross-sectional study in the Netherlands Epidemiology of Obesity
Study. Serum a-TOH, and urinary a-TLHQ and a-CEHC were quantified by liquid
chromatography coupled with tandem mass spectrometry. Information on the
lifestyle factors (sleep, physical activity, smoking and alcohol) were collected through
guestionnaires. Multivariable linear regression analyses were performed to assess the
associations between the lifestyle factors and a-TOH measures.

Results

530 participants (46% men) were included with mean (SD) age of 56(6) years. Of the
examined lifestyle factors, only poor sleep was associated with a higher serum o-TOH
(mean difference: 4% [95%Cl: 1, 7%]). Current smoking was associated with higher
urinary a-CEHC (32%: [14%, 53%]), with evidence of a dose-response relationship
with smoking intensity (low packyears, 24% [2, 52%]; high packyears, 55% [25, 93%)]).
Moderate physical activity was associated with a lower a-TLHQ relative to a-CEHC (-17%:
[-26,-6%], compared with low PA).

Conclusions

Only specific lifestyle factors associate with vitamin E metabolism. Examining serum
a-TOH does not provide complete insight in vitamin E anti-oxidant capacity.
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INTRODUCTION

The lipid-soluble antioxidant vitamin E is a defensive compound neutralizing reactive
oxygen species (ROS), specifically when formed during lipid peroxidation [1]. The most
common form of vitamin E in the blood is a-tocopherol (a-TOH) [2]. During the process
of neutralizing lipid peroxidation reactions, a-TOH can be metabolized through two
different mechanisms, notably enzymatic degradation and oxidation. When a-TOH is
engaged in an oxidative reaction, the chromanol ring is opened which results in the
formation of the oxidation product a-tocopheronolactone hydroquinone (a-TLHQ) [1,
3, 4]. The remaining is degraded through enzymatic conversion into a-carboxymethyl-
hydroxychroman (a-CEHC), and is a measure of a-TOH status. Once formed, both
metabolites are processed in the liver and excreted via the urine [4].

In most published studies, an individual’s vitamin E status is reflected by the measured
o-TOH level in the blood serum. In these studies, increased levels of a-TOH have been
associated with reduced risks of age-associated diseases [5]. A meta-analysis done
by Feng-Jiao Li and colleagues showed that dietary intake of vitamin E, vitamin C and
B-carotene, all anti-oxidants, lowered the risk on Alzheimer’s disease [6]. Furthermore, a
study done in 39.910 middle-aged men observed a lower risk of coronary heart disease
among men with a higher vitamin E intake [7]. However, recent studies have suggested
that serum a-TOH does not correlate with vitamin E anti-oxidant activity nor with
vitamin E metabolism [8]. Steven Steinhubl mentions in his review that although based
on observational data there seems to an association between high vitamin E intake and
a decreased risk of CVD, clinical trials involving vitamin E supplementation have failed to
show an effect on the prevention of CVD [9]. These observations may explain why clinical
trials have shown no beneficial effects of vitamin E supplementation on the risk of age-
related disease [10-15]. Instead, there is increasing evidence that measuring vitamin E
metabolites (notably CEHC and TLHQ) in urine provides a more accurate and reliable
estimate of the vitamin E antioxidant status in the body [16]. However, it remains to be
elucidated what factors influence vitamin E metabolite concentration.

A particular candidate for factors that affect vitamin E metabolism is lifestyle, which
is generally accepted to have a serious impact on health [17-21]. For example, large
studies have shown that smoking is associated with an increased the risk of diabetes
mellitus and cardiovascular events [22, 23]. Furthermore, it is well-established that
an increase in physical activity results in clinically relevant health benefits [24]. One
potential mechanism linking lifestyle to health may be ROS production or antioxidant
activity [1]. As lifestyle factors such as smoking and physical activity are strongly linked to
lipid peroxidation, and vitamin E is the main antioxidant that confers protection against
lipid peroxidation-induced damage [25, 26], we hypothesized that lifestyle factors are
associated with vitamin E metabolite levels. Indeed, multiple of the main lifestyle factors
have been studied previously in relation to serum a-TOH, but evidence is lacking for
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the vitamin E metabolite levels [27, 28]. Previously, such hypothesis has already been
postulated for nutrition [29].

In this study, we measured serum a-TOH levels in fasting serum samples and vitamin E
metabolites in 24-hour urine and aimed to examine associations of the main lifestyle
factors smoking, sleep, physical activity, and habitual food and alcohol intake with these
levels in a cross-sectional cohort of middle-aged individuals.

MATERIALS AND METHODS

Setting and Study Design

The NEO study is a population-based, prospective cohort study designed to investigate
pathways that lead to obesity-related diseases. The NEO study started in 2008 and
includes 6,671 individuals aged 45-65 years, with an oversampling of individuals with
overweight or obesity. The study design and population has been described in detail
elsewhere [30]. The Medical Ethical Committee of the Leiden University Medical Center
(LUMC) approved the design of the study. All participants gave their written informed
consent.

In short, men and women living in the greater area of Leiden (in the West of the
Netherlands) were invited by letters sent by general practitioners, municipalities and by
local advertisements. They were invited to respond if they were aged between 45 and 65
years and had a self-reported Body Mass Index (BMI) of 27 kg/m?2 or higher. In addition,
all inhabitants aged between 45 and 65 years from one municipality (Leiderdorp) were
invited to participate irrespective of their BMI. This resulted in a population of 1,671
participants with a BMI distribution similar to that of the general population [30].

Participants were invited to a baseline visit at the NEO study centre of the LUMC
after an overnight fast. Prior to this study visit, participants collected their urine over
24 h and completed a general questionnaire at home to report demographic, lifestyle
and clinical information, habitual food intake and physical activity. The participants were
asked to bring all medication they were using in the month preceding the study visit
and names and dosages of all medication were recorded. At the baseline visit several
measurements were performed including anthropometry and blood pressure, and
blood sampling after an overnight fast.

For the present analysis, we selected participants from the Leiderdorp municipality
comprising of a Caucasian Dutch population with no BMI requirements for participation.
At the baseline visit participants completed a screening form to identify contra-
indications for undergoing magnetic resonance imaging (MRI) (most notably metallic
devices, claustrophobia or a body circumference of more than 1.70m). Of the
participants who were eligible, approximately 40% were randomly selected to undergo
MRI. All individuals with available urine collected for more than 20 hours were included
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for vitamin E metabolites measurements (n=539). Individuals that had unrealistic levels
of vitamin E metabolites were excluded (n=9).

Lifestyle factors

All lifestyle exposures were collected through self-reported questionnaires. Smoking
was defined as current, former and never smoking. Long-term tobacco exposure was
expressed in pack years of smoking, calculated by multiplying the number of packs of
cigarettes smoked per day by the number of years the person smoked. One pack year
is defined as twenty cigarettes smoked every day for one year. Additionally, to limit
potential measurement error and have an objective measure for smoking exposure, we
performed analyses on the relation between the metabolite cotinine and urinary vitamin
E metabolites. Cotinine, a xenobiotic metabolite for nicotine, was measured using
untargeted metabolomics measurements at Metabolon Inc. (Durham, North Carolina,
USA) using their Metabolon™ Discovery HD4 platform. In brief, this process involves
four independent ultra-high-performance liquid chromatography mass spectrometry
(UHPLC-MS/MS) platforms [31, 32]. Two platforms used positive ionization reverse
phase chromatography, one used negative ionization reverse phase chromatography,
and one used hydrophilic interaction liquid chromatography (HILIC) negative ionization
[32]. Diet quality was measured with the Dutch Healthy Diet Index (DHD-index), which
measures the adherence to the Dutch dietary guidelines using a semiquantitative self-
administered 125-item Food Frequency Questionnaire (FFQ) [33]. For the present study,
we used an adapted version of the DHD-index with thirteen components instead of the
original fifteen because we were not able to estimate the two components consumption
of unfiltered coffee and of sodium on the basis of the FFQ used in our study. As a result,
the DHD-index in our study ranges between 0 and 130, where a higher score indicates
a better diet quality. Sleep quality was measured with the Pittsburgh Sleep Quality
Index (PSQI) questionnaire [34]. This questionnaire consists of 19 items with a total
score of 21, where a higher score indicates a worse sleep quality. Alcohol consumption
was estimated using the FFQ and restructured to the unit of gram per day. Participants
reported the frequency and duration of their usual physical activity during leisure time
in the Short Questionnaire to assess health-enhancing physical activity (SQUASH), which
was expressed in hours per week of metabolic equivalents [35].

Other variables

Body weight was measured and percent body fat was estimated by the Tanita bio
impedance balance (TBF-310, Tanita International Division, Manchester, UK) without
shoes and 1 kg was subtracted to correct for weight of clothing. BMI at baseline was
calculated by dividing the weight in kg by the height in meters squared. LDL-cholesterol
concentration was estimated using the Friedewald formula [36].
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Serum and urinary vitamin E metabolites

Fasting blood samples were obtained from the antecubital vein. Standard clinical laboratory
parameters including glucose and insulin concentrations and lipid profile were obtained in
the clinical chemistry laboratory of the LUMC. The remaining blood samples were aliquoted
and stored at-80° C for future research. Both measures were performed in 2019 making the
storage period similar. Serum a-tocopherol levels were obtained using untargeted LC-MS/
MS (Metabolon, Inc, North Carolina, USA), as highlighted in more detail above [37].

Prior to the study visit, participants collected urine over 24 hours and recorded the
time of the first and last void. In addition, participants collected the first morning spot
on the day of their study visit. 24-h Urinary oxidized a-TOH metabolites (a-TLHQ) and
enzymatic metabolites (a-CEHC), presented as their sulfate or glucuronide conjugates
(a-TLHQ-SO03, a-TLHQ-GLU, a-CEHC-S03, a-CEHC-GLU), were measured by LC-MS/MS
at University College London, UK.

Urine samples were thawed, and 100ul fresh urine was then centrifuged in Eppendorf
tubes for 10 min at 13,000 rpm at room temperature and spiked with 10ul of the internal
standards (100umol/L), lithocholic acid sulfate (LA) and androsterone D4-glucuronide
(AD4). Subsequently, samples were vortexed and transferred into screw-cap glass vials.
10ul was injected into the LC-MS/MS for detection.

The metabolites were separated using a Waters ACQUITY UPLC BEH C8 column
(1.7um particles, 50mm x 2.1mm; Waters Corp, Manchester, UK) plus a guard column
containing an identical stationary phase. The mobile phase was a gradient elution of
solvent A (99.98% water; 0.01% (v/v) formic acid) and solvent B (99.98% acetonitrile/
MeCN; 0.01% (v/v) formic acid), which were LC-MS grade or equivalent (Sigma-Aldrich
Co. Ltd). The flow rate was set to 0.8mL/min and the LC gradient was established by
coordinating the solvents as follows: 95% solvent A plus 5% solvent B for O to 0.40 min;
80% solvent A plus 20% solvent B for 2 min; 0.1% solvent A plus 99.9% solvent B for
3.01 to 4 min; 95% solvent A plus 5% solvent B for 4.01 to 5 min. In order to minimize
system contamination and carry over, the MS diverter valve was set up to discard the
UPLC eluent before and after the sample elution, at 0 to 0.40 min and 4.01 to 5 min,
respectively, as well as an additional run of blank sample (H20: MeCN) between each
run of urine samples. Two peaks were observed for a-TLHQ and a-CEHC glucuronide
conjugates, corresponding to major and minor isoforms.

After separation, the metabolites were then analyzed by MS using a Waters ACQUITY
UPLC coupled to a triple-quadrupole Xevo TQ-S fitted with an electrospray ionization in
negative ion mode. The gas temperatures persisted 600°C for desolvation. In addition,
nitrogen was used as the nebulizing gas with 7.0 Bar. The cone voltages were set at
56 V and 54 V, and the collision voltages at 28 eV and 30 eV for sulfate conjugates
and glucuronide conjugates, respectively. Running time for each sample is 5 minutes
with a 20uL injection volume together with a partial loop with needle overfill mode.
Using multiple reaction monitoring (MRM) mode, specific parent and daughter ions
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were determined in scan mode and following collision activated dissociation (CAD) with
argon. These ions were then used to quantify each a-TOH metabolite from transitions
(a-TLHQ-GLU, 453.3>113.0; a-TLHQ-S0O3, 357.1>79.9; a-CHE-GLU, 453.2>113.0; a-CHE-
S03, 357.1>79.9) that corresponded to their theoretical molecular masses.

Urinary creatinine concentrations (mmol/L) were also measured to correct for dilution
differences for each metabolite, by triple-quadrupole Micro Quattro mass spectrometry
(MicroMass, Waters, UK) using deuterated creatinine as the internal standard. Therefore,
the concentrations of a-TOH metabolites are expressed as nmol per mmol of creatinine.
A quality control (QC) assessment was performed throughout the quantification both in
creatinine and a-TOH metabolite assays to deal with the variations in sample quality and
UPLC-MS/MS performance over time. Four QC samples were systematically interleaved
every 50 urine samples to limit the amount of sample loss. The whole measurement
protocol was developed and further modified by the detection group in London [37, 38].

The final concentration of glucuronide conjugates for a-TLHQ and a-CEHC were the
sum of their corresponding major and minor isoforms. In addition to the measured single
metabolite, total, glucuronide and sulfate conjugates ratios were further determined to
reflect the a-TOH antioxidative capacity as well as lipid peroxidation levels taking a-TOH
status into consideration, namely a-TLHQ-to-a-CEHC ratio, a-TLHQ-GLU-to-a-CEHC-GLU
ratio, and a-TLHQ-SO3-to-a-CEHC-SO3 ratio.

Statistical Analysis

We examined the characteristics of the total study population and stratified by sex.
Characteristics are presented as mean (standard deviations), medians (with interquartile
ranges; skewed variables only) and proportions. Serum a-TOH, and urinary o-TLHQ
and a-CEHC had a skewed distribution and were natural log-transformed. To assess the
correlation between a-TOH, a-TLHQ, and a-CEHC, we performed a Pearson correlation test.

Participants with a PSQl score of 5 or higher, were assigned to the poor sleep quality
group. The group of participants with a score lower than 5 were assigned to the good
sleep quality group and considered the reference. For smoking, participants were
distributed into three groups: (i) non-smokers (reference), (ii) former smokers and (iii)
current smokers. For both diet quality, alcohol use and physical activity, the group was
divided into quartiles, with the lowest quartile as the reference.

For the analyses, we examined the associations between each individual lifestyle
factor and vitamin E metabolite levels using multivariable linear regression analyses
adjusted for age and sex. Additionally, we adjusted for BMI and we also performed a
sensitivity analysis where we substituted BMI for total body fat. As results were not
different between adjusting for BMI and total body fat, we only reported results adjusted
for BMI. To study the possible association between smoking cessation on a-TOH and its
metabolites among former smokers, we stratified the group of former smokers based on
the duration of smoking cessation (less or more than 5 years of smoking cessation). As we
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did not observe a difference in levels of a-TOH and its metabolites, we treated the group
of former smokers as one in all analyses. As lifestyle factors are likely to be considerably
different between men and women, we repeated all analyses after stratifying by sex.
After the analyses, all beta estimates and 95% confidence limits were backtransformed
to be able to present these as a percentage difference. Consequently, all results can
be interpreted as the percentage difference in outcome compared with the reference
category, with the 95% confidence interval.

RESULTS

Characteristics of the study population

After excluding the nine outliers, a total of 530 participants (46% men) were analyzed. The
mean (SD) age was 55.9 (6.0), and BMI 25.9 (4.0). The baseline characteristics are presented
in Table 1. Among current smokers, men had smoked more in pack years than women
(median: 26.6, IQR: 14.0, 36.4 versus median: 13.3, IQR: 4.7, 22.7). Men also consumed
more alcohol (gram/day) (median: 16.7, IQR: 5.1, 28.4 versus median: 7.2, IQR: 1.0, 14.4).
a-TLHQ and a-CEHC were correlated with a Pearson correlation of 0.70. a-TLHQ and a-TOH
had a Pearson correlation of 0.24. a-CEHC and a-TOH had a Pearson correlation of 0.21.

Table 1. Characteristics of the NEO participants stratified by sex

All(N=530) Men(N=246) Women(N=284)
Demography 55.9(6.0)
Sex, % men 46.4
Age [years], mean (sd) 55.9(6.0) 56.2(6.2) 55.6(5.8)
Lifestyle factors
BMI [kg/m?], mean (sd) 25.9(4.0) 26.6(3.3) 25.4(4.4)
Smoking, N (%)
Never 216(40.8) 92(37.4) 124(43.7)
Former 255(48.1) 124(50.4) 131(46.1)
Current 59(11.1) 30(12.2) 29(10.2)
Packyears?, median (IQR) 18.1(8.4, 29.8) 26.6(14.0, 36.4) 13.3(4.7,22.7)
Alcohol use [g/day], median (IQR) 9.2(2.5,21.5) 16.7(5.1, 28.4) 7.2(1.0, 14.4)
Leisure activity [MET-hour], median (IQR) 30.0(16.5, 49.6) 30.0(16.0, 50.0) 29.9(16.5, 47.8)
Poor Sleep Quality, N (%) 205(38.7) 76(30.9) 129(45.4)
Diet Quality [0-130], mean (sd) 72.0(14.6) 68.4(13.4) 75.2(14.9)
Lipid lowering drugs, N (%) 38(7.2) 25(10.2) 13(4.6)
Vitamin E metabolites
Measurements, median (IQR)
a-THLQ (nmol/mmol creatinine) 1832(1337, 2745) 1519(1194, 2256) 2091.6(1470, 3074)
a-CEHC (nmol/mmol creatinine) 265(180, 439) 223(137,352) 307(213, 508)
a-TLHQ/a-CEHC 2.0(1.6,2.3) 2.0(1.7,2.4) 2.0(1.6, 2.3)
a-TOH 3.5%10%(3.2*108 3.9*10°) 3.5*%10%(3.2*108 3.8*%10°%) 3.5*10%(3.1*108 3.9*10%)

Data are presented as mean (standard deviation) or median (interquartile range) for numerical variables, and number
(proportions) for categorical variables. *Packyears only measured in current smokers.
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Association between smoking (intensity) and vitamin E (metabolite) levels in serum
and urine

The association between smoking and vitamin E serum and urinary metabolites is
displayed in Table 2. After adjusting for age, sex, and potential confounding factors
such as BMI and alcohol consumption, there was no evidence for a difference in mean
o-TOH (-3% Beta [95% Cl: -8, 2]) level between current smokers and never-smokers.
For the urinary a-TOH metabolites, current smoking was associated with a 32% lower
a-CEHC (-32% Beta [95% Cl:-44,-18]) and a 32% higher TLHQ relative to CEHC ratio
(32% Beta [95% Cl: 14, 53]), after adjustments for possible confounding. In addition, we
observed no difference in mean levels of a-TOH or its metabolite levels between never
smokers and past smokers. An increased smoking intensity (measured in pack years, and
restricted to never and current smokers) was associated with lower a-TOH levels, with
current smokers grouped in the high packyears group having a 10% (95% Cl: -16, -3])
lower a-TOH level than never smokers (Figure 1D). For urinary vitamin E metabolites,
both low and high packyears were associated with reduced a-CEHC (Figure 1A) and an
increased TLHQ relative to CEHC ratio (Figure 1C), in a clear dose-response relationship.
Notably, a-CEHC was 25% (95% Cl:-43,-2) lower in current smokers with low packyears
and 46% (95% Cl:-59,-28) lower in current smokers with high packyears, than in never
smokers. The TLHQ relative to CEHC ratio was 24% (95% Cl: 2, 52) higher in current
smokers with low packyears and 55% (95% Cl: 25, 93) higher in current smokers with
high packyears, than in never smokers.

As an objective measure of smoking status, the presence of cotinine in serum was
associated with lower a-CEHC (difference: -20%, 95%Cl: -30, -8). Furthermore, after
splitting the cotinine present group in two halves, the group with the highest cotinine
level had a significantly lower a-CEHC (difference:-28%, 95%Cl:-40,-14) when compared
with the reference group (Table 3).
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Figure 1. A. Association between Smoking intensity and urinary vitamin E metabolite a-CEHC in current

smokers. B. Association between Smoking intensity and urinary vitamin E metabolite a-TLHQ in current
smokers. C. Association between Smoking intensity and urinary vitamin E metabolite a-TLHQ relative to
a-CEHC in current smokers. D. Association between Smoking intensity and urinary vitamin E metabolite
a-TOH in current smokers. Results are derived from linear regression model adjusted for age, sex, BMI
and alcohol with 95% confidence interval (Cl) and presented as percentage difference compared with
the reference group. Of the current smokers, the 50% with the lowest packyears is considered the
low packyears group, whereas the highest 50% is in the high packyears group. CEHC, carboxymethyl-
hydroxychroman.
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95% CI
Ref
0to 23
Ref
-7to21
1to33

Ratio TLHQ/CEHC
% change

Ref

11

Ref

16

95% CI
Ref
-30to-8
Ref
-26to07
-40 to-14

Total CEHC
% change
Ref

-20

Ref

-11

-28

95% Cl
Ref
-21to-1
Ref
-19to 10
-29to-3

Total TLH
% change

Ref
-11
Ref
-16

95% Cl
Ref
-2to5
Ref
0to 10
-6to3

a-TOH

% change
Ref

Ref

412
118
412
59
59

N=
pherol ; TLHQ, tocopheronolactone hydroquinone; CEHC, carboxymethyl-hydroxychroman

Absent
Present
Absent
Low

High
Results are derived from linear regression model adjusted for age, sex, BMI or total body fat and alcohol use with 95% confidence interval (Cl) and presented as percentage difference compared

with the reference group. Of the group with cotinine levels present, the 50% with the lowest levels is considered the low group, whereas the highest 50% is in the high group.

Table 3. Associations between Cotinine and different measurements of vitamin E activity

Cotinine Metabolite

Cotinine

Cotinine levels
a-TOH, a-toco

Diet quality and vitamin E serum and urinary levels

There was no association between the DHD-index and levels of vitamin E or its
metabolites, (Table 2). For the fourth quartile, the level of a-TOH was not different (2%
[95% Cl:-2, 7]) from what was observed in those grouped having the worst diet quality.
A similar result was observed for the vitamin E metabolites a-TLHQ (12% [95% ClI: -3,
29]), a-CEHC (10% [95% Cl:-7, 31]) and the a-TLHQ relative to a-CEHC ratio (-1% [95%
Cl:-13, 12]).

Sleep quality and vitamin E serum and urinary levels

Poor sleep quality was associated with increased serum a-TOH levels (4% Beta [95%
Cl:1, 7]). No association was found between sleep quality and any urinary metabolite
levels (a-TLHQ: 0% Beta [95% Cl:-10, 10], a-CEHC: 0% Beta [95% Cl:-12, 13], a-TLHQ
relative to a-CEHC ratio: 1% Beta [95% Cl:-9, 9]) (Table 2).

Physical activity and vitamin E serum and urinary levels

Compared with the lowest quartile of physical activity during leisure time, medium
and high physical activity showed no different mean level of a-TOH (medium PA:-1%
Beta [95% Cl:-5, 3], high PA:-3% Beta [95% Cl:-7, 9]). For urinary vitamin E metabolites,
we observed a u-shaped association with physical activity intensity. Notably, the TLHQ
relative to CEHC ratio was lower in the second quartile (-17% [95% Cl:-26,-6]) and third
quartile (-12% [95% Cl:-22,-1]) compared to the reference (Table 2). However, no there
was no difference in TLHQ relative to CEHC ratio and any urinary vitamin E metabolite
level between the highest quartile of physical activity and the lowest quartile.

Alcohol consumption and vitamin E serum and urinary levels

We did not observe an association between alcohol intake and a-TOH level in serum.
However, after adjusting for age, sex, BMI and smoking, alcohol consumption in the
highest quartile was associated with a 17% lower a-TLHQ (-17% [95% Cl:-28,-4]), as well
as a lower TLHQ relative to CEHC ratio (-13% [95% Cl:-24,-1]) compare to the lowest
quartile group (Table 2).

DISCUSSION

For this study, we aimed to investigate the associations between lifestyle factors with
serum a-TOH and urinary a-TOH metabolite levels in a cross-sectional analysis in a
middle-aged population. After adjusting for possible confounding factors such as BMI,
we observed associations between smoking, alcohol use and physical activity, and
urinary a-TOH metabolite levels, whereas no associations were observed for serum
o-TOH levels. Additionally, the Pearson correlation showed that serum a-TOH and
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urinary metabolites do not seem correlated to each other, suggesting both might reflect
different biochemical processes. Especially given that observations were independent
of BMI or total body fat, this indicated that the relation between certain lifestyle factors
and urinary vitamin E metabolites are independent on an adverse adiposity profile.
For sleep quality, we found an association with a-TOH, but not with urinary vitamin E
metabolite levels. We did not find any association between diet quality and vitamin E
levels in serum or urine.

Regarding the association between smoking behaviour and vitamin E levels, a strong
association was observed between current smoking and a-CEHC. This is in accordance
with multiple other studies, all linking smoking to various measurements of increased
oxidant activity [25, 39-41]. Although our data showed that both the oxidative as well as
enzymatic conversion of a-TOH were lower in current smokers, our data does suggest
that there is relatively more oxidative conversion than enzymatic conversion, which
is reflected by higher TLHQ relative to CEHC levels in current smokers. This suggests
that there is a higher scavenging effect of oxidized lipids by a-TOH in current smokers.
Additionally, we found a dose-response relationship in which current smokers with a
higher number of pack years had high a-TLHQ relative to a-CECH and similar results
were observed using the objective measure of current smoking cotinine. This supports
the possibility of a direct effect of smoking on vitamin E metabolism. Furthermore, this
may point to a higher amount of peroxidation, as well as lower antioxidant response
capability in smokers than in non-smokers. The absence of this association in former-
smokers suggests that smoking cessation reverses this observed difference. However,
we acknowledge that our observations are cross-sectional, and longitudinal studies on
smoking cessation are required to better understand the directional effects of smoking
on the metabolism of vitamin E.

There was no association between diet quality and vitamin E levels. The DHD-index
is a validated index and lower scores have been associated with an increased risk of
chronic diseases [33]. The DHDI includes intake of the amount of total fat and saturated
fat that theoretically can be associated with lipid levels or lipid peroxidation. A possible
explanation for the lack of an association with vitamin E (metabolites) is that the DHDI is a
reflection of multiple different food components, which might not all be relevant to lipid
peroxidation. Consequently, two individuals may have the same DHDI score, but a very
different habitual intake of the food components that are relevant for our study. In addition,
we also acknowledge the potential measurement error in the questionnaire-derived data.

We did observe an association between poor sleep quality, indicated as a PSQl above
5, and higher a-TOH levels. As sleep deprivation is known to be associated with higher
oxidative stress levels, we hypothesized an association between poor habitual sleep
quality and a-TOH metabolite levels [42]. Although we found an association between
poor sleep quality and higher a-TOH levels, poor sleep quality was not associated with
urinary vitamin E metabolite levels. One study has shown that increased vitamin E
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levels can be associated with a reduction in sleep-deprivation induced problems [43].
However, additional studies are required to fully understand the relation between sleep
disturbances and vitamin E (metabolism).

Our finding that alcohol consumption is associated with a lower a-TLHQ is not in
line with earlier studies. Lipid peroxidation can be a consequence of ethanol-induced
oxidative stress, especially in the brain [44]. A reason for this discrepancy could be
that there are other confounding factors that we were not able to control for that are
linked to both alcohol consumption and a lower a-TLHQ. Additional studies would be
warranted to study this possible relation in more detail.

The observed U-shaped association between physical activity and a-TOH metabolite
levels is in accordance with previous literature, as physical activity has shown to be
effective at increasing oxidant resistance [26]. When comparing the highest physical
activity quartile with the lowest physical activity quartile, the ratio of a-TLHQ relative
to a-CHEC level was not different. A potential explanation for this finding could be that
during heavy physical activity, the body actually starts activating fat cells, which leads
to an increase in lipid peroxidation. In turn, the high physical activity may cancel the
beneficial effect of physical activity on the process [26].

One of the strengths of our study is that where most studies only investigated health
outcomes in relation to serum a-TOH levels, or studied vitamin E supplementation as
an intervention, we also assessed urinary a-TOH metabolites. These metabolites are
thought to give a better representation of the enzymatic and non-enzymatic activity as
they are the breakdown products of the ROS scavenging process. Additionally, we were
able to do these measurements in an adequately sized population of 530 participants.

There are also several limitations of this study that need to be considered. Firstly,
although this research was able to provide some novel insights on how a-TOH
metabolism is associated with certain lifestyle factors, the cross-sectional design and
observational nature of the data do not allow us to determine whether the lifestyle
factors preceded the changes in a-TOH metabolite levels. Secondly, a-TOH is only one
of many antioxidants present in the human body. The full antioxidant defense system
might also change with lifestyle, thus only assessing vitamin E metabolism might not
be a complete representation of the functional antioxidant defense system. However,
we did try to link the investigated lifestyle factors to lipid peroxidation, of which vitamin
E is the main antioxidant response [2]. Lastly, all of the data on lifestyle factors was
collected through questionnaires. With the exception of smoking, which we also studied
using the metabolite cotinine, the other observations could have been influenced by
recall bias and/or measurement error. Additionally, it is generally accepted that some
lifestyle factors are frequently underreported, which specifically includes dietary intake
and alcohol consumption. However, as we expect the underreporting is relatively
independent from the vitamin E levels in both serum and urine, we do not expect this
would majorly impact our observations.
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Conclusions

In conclusion, our study suggests that, in our study population of relatively healthy
middle-aged Dutch participants, the lifestyle factors smoking behavior, physical
activity and alcohol consumption were associated with urinary vitamin E metabolites.
Moreover, sleep quality was associated with serum a-TOH. These findings specifically
highlight that measuring only vitamin E in serum does not provide sufficient insight in
the antioxidant vitamin E capacity and activity. Alternatively, this might also explain why
targeting antioxidant capacity only by increasing vitamin E levels in serum does not yield
significant reduction in disease risk; targeting the conversion of vitamin E might provide
additional health benefit beyond serum vitamin E concentrations. However, additional
studies are required to provide further evidence of this hypothesis.
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ABSTRACT

Background and aims

Dietary intake and blood concentrations of vitamin E, C, lycopene and carotenoids have
been associated with a lower risk of incident (ischemic) stroke. However, causality cannot
not be inferred from these associations. Here, we investigated causality by analyzing the
associations between genetically-influenced antioxidant levels in blood and ischemic
stroke using Mendelian Randomization (MR).

Methods

For each circulating antioxidant (vitamin E, C, lycopene, B-carotene and retinol), which
were assessed as either absolute blood levels and/or high-throughput metabolite
levels, independent genetic instrumental variables were selected from earlier genome
wide association studies (p < 5x10%). We used summary statistics for Single-Nucleotide
Polymorphisms (SNP)-stroke associations from three European-ancestry cohorts (cases/
controls): MEGASTROKE (60,341/454,450), UK Biobank (2,404/368,771) and FinnGen
study (8,046/164,286). MR analyses were performed on each exposure per outcome
cohort using inverse-variance weighted analyses, and subsequently meta-analyzed.

Results

In a combined sample of 1,058,298 individuals (70,791 cases), none of the genetically-
influenced absolute antioxidants or antioxidant metabolite concentrations were causally
associated with a lower risk of ischemic stroke. For absolute antioxidants levels, the
odds ratios (95% Cl) ranged between 0.94 (95% Cl: 0.85 to 1.05) for vitamin C and 1.04
(95% Cl: 0.99 to 1.08) for lycopene. For metabolites, odds ratios ranged between 1.01
(95% Cl: 0.98 to 1.03) for retinol and 1.12 (95% Cl: 0.88 to 1.42) for vitamin E.

Conclusions

This study did not provide evidence for a causal association between dietary-derived
antioxidant levels and ischemic stroke. Therefore, antioxidant supplements to increase
circulating levels are unlikely to be of clinical benefit to prevent ischemic stroke.
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INTRODUCTION

Stroke is the second leading cause of death and loss of disability-adjusted life years
worldwide [1]. Ischemic stroke is caused by a disruption of cerebral blood flow causing a
lack of oxygen in the affected area [2]. Several classical risk factors have been described
asimportant in the pathogenesis of ischemic stroke, including smoking, obesity, diabetes
mellitus, hypertension and dyslipidemia [3-7]. In addition to the traditional risk factors,
oxidative stress has been hypothesized to be a vital trigger in the occurrence of stroke
via excessive production of Reactive Oxygen Species (ROS) [8, 9]. ROS-induced damage
can cause significant changes in the vascular system, ultimately influencing cerebral
blood flow [9]. These detrimental effects, including increasing vasodilation, platelet
aggregation, increased endothelial permeability and the formation of local lesions [9],
could consequently lead to an increased risk of stroke [10].

Therefore, antioxidants, which are scavengers of free radicals and thereby diminish
oxidative damage, can be hypothesized to decrease the risk of disease occurrence.
Antioxidants, such as vitamin E, C and carotenoids, are of specific interest given that
they are accessible and their intake is easily modifiable. Several studies have already
been conducted examining the association between antioxidants and the occurrence
of stroke [8, 10-14]. In these studies, dietary intake, either as dietary components or
supplements, or blood concentration of vitamin E, C and carotenoids were associated
with lower risk of first occurrence of ischemic stroke [8, 11-14]. Similarly, adherence to
a diet rich in antioxidants, irrespective of the type of antioxidants, has been associated
with a lower risk of incident stroke [15].

However, associations in these observational studies inevitably suffer from the
possibility of reverse causation and residual confounding, and should be interpreted
with caution. Therefore, the causality between dietary-derived antioxidants and stroke is
still unclear. A randomized controlled trial on vitamin E and B-carotene supplementation
and stroke risk found inconsistent results [16]. Whereas a similar study on vitamin
E supplementation and cardiovascular events found no effect [17]. In addition to
randomized clinical trials, Mendelian Randomization (MR), in which genetic variants
of a certain exposure are used as instrumental variables, is an alternative approach
to infer causality of life-long risk factors (exposure) on diseases (outcome) [18-20]. In
the present study, we used two-sample MR to assess the causal associations between
genetically-influenced dietary-derived circulating antioxidants and their metabolites
with ischemic stroke.
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METHODS

The data on which the results were based were primarily summary-level data. The data
from the UK Biobank is available upon acceptance of a research proposal by UK Biobank
Recourses and payment of an access fee. The data from MEGASTROKE and FinnGen
are freely available from their respective websites (MEGASTROKE: https://www. https://
www.megastroke.org/, FinnGen: https://www.finngen.fi/en/).

Study Design

For our study, we conducted a two-sample MR, which uses genetic instrumental variables
as a proxy for the exposure [21]. Using this design, SNP-exposure and equivalent SNP-
outcome associations were derived from genome-wide association studies (GWAS).
Subsequently, the SNP-outcome effect is divided by the SNP-exposure effect, and these
are subsequently meta-analyzed to approximate the average genetically-influenced
effect on the outcome. MR is based on several assumptions. First, the genetic variants
should be associated with the exposure. Secondly, the association between these
genetic variants and the outcome should be solely through the exposure. Finally, the
genetic variants should be independent of any measured and unmeasured confounders.

Selection of genetic instrumental variables

To study the association between genetically-influenced levels of antioxidants and stroke,
the genetic instruments of five diet-derived antioxidants were used, which included
vitamin E (a-tocopherol and y-tocopherol), B-carotene, lycopene, vitamin C (L-ascorbic
acid or ascorbate) and retinol. For these antioxidants, we investigated either absolute
blood levels, circulating metabolites which were quantified as relative concentrations in
plasma or serum using high-throughput commercial platforms, or both. The metabolites
were quantified as relative concentrations [22]. For each antioxidant, a search for GWAS
was performed to extract the leading SNPs as genetic instrumental variables. Whenever
multiple GWAS were identified, only the largest study including replication was used
[23-29]. All selected variants were associated with their corresponding exposure
(p < 5x 10%). A more detailed description and a summary table of the SNPs for each
antioxidant used as instrumental variables can be found in the supplements and in
our previous publication [22]. Different from our earlier work [22], we now used an
updated genome-wide association study on vitamin C (all genetic instruments presented
in Supplementary Table 1) [29]. All selected variants passed standard quality control
filters with an imputation score of 0.90 or higher, except for retinol-associated SNP
rs117468033, which passed with a score of 0.65.

Outcome datasets
Summary statistics on the associations of the exposure-related SNPs with ischemic
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stroke were extracted from three large cohorts; the MEGASTROKE consortium, the UK
Biobank, and the FinnGen study. Both UK Biobank and FinnGen were not part of the
main analyses of the MEGASTROKE consortium preventing inclusion of overlapping
samples in the analyses. Available summary statistics can be found in Table 1.

Table 1. Summary characteristics MEGASTROKE, UK Biobank & FinnGen

MEGASTROKE UK Biobank FinnGen
Cases 67 162 2404 8 046
Age (SD), years 69.1 (10.8) 61.5(6.7)
Women, % 43% 34% -
Controls 454 450 368 771 164 286
Age (SD), years 56.6 (15.6) 56.7 (8.0)
Women, % 51% 54.5%

The MEGASTROKE consortium consisted of 60,341 cases and 454,450 controls collected
from 29 studies. Of these participants, 86% were of European ancestry, 9% of East Asian
ancestry, and the remaining participants were from African, South Asian, mixed Asian,
and Latin American ancestry [30].

The UK Biobank cohort (project application number 56340) is a prospective
general population cohort with 502,628 participants between the age of 40 and 70
years recruited from the general population between 2006 and 2010 [31], and more
information can be found online (https://www.ukbiobank.ac.uk). The analyses were

performed with participants of European ancestry, who were in the full released imputed
genomics databases (UK10K + HRC). Follow-up information, including stroke occurrence,
was retrieved through routinely available national datasets. In our dataset, we had data
available on 2,404 cases of ischemic stroke, and 368,771 controls. We performed new
genome-wide association analyses using logistic regression to assess the associations
between genetic instruments and ischemic stroke, adjusted for age, sex and 10 principal
components, and corrected for familial relationships using BOLT_LMM (v2.3.2).

The FinnGen study is an ongoing cohort study launched in 2017, which integrated
the genetic data generated from biobank samples and health-related data from social
and healthcare registers. Detailed information such as participating biobanks/cohorts,
genotyping and data analysis are available at their website (https://www.finngen.fi/en/).
For our current study, the freeze 4 data was used. Within this data, there are 8,046
reported cases of ischemic stroke, and 164,286 controls.

Statistical analysis

All the analyses were done using R (v3.6.1) statistical software (The R Foundation for
Statistical Computing, Vienna, Austria). MR analyses were performed using the R-based
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package “TwoSampleMR” (https://mrcieu.github.io/TwoSampleMR/).

Prior to the analysis, the “TwoSampleMR” package was used for harmonization of
the exposure and outcome SNPs, in order to verify that the effect estimates are aligned
in the same direction. Additionally, harmonization removes palindromic SNPs from the
instrument pool.

For our primary MR analysis, Inverse-Variance weighted (IVW) regression analyses
were performed. This method assumes the absence of invalid genetic instruments
such as SNPs affecting multiple exposures (pleiotropy) causing possible directional
pleiotropy [19]. First, causal estimates were calculated per genetic instrument using the
Wald ratio (SNP — outcome association divided by the SNP — exposure association) and
subsequently meta-analyzed using the inverse-weighted meta-analyses weighted on the
standard error of the SNP-outcome association (assuming no measurement error in the
exposure) [32]. The calculated estimates were expressed as odds ratios (OR) on ischemic
stroke per unit difference of the corresponding absolute circulating antioxidant levels
(natural log-transformed levels for B-carotene and retinol, pug/dL for lycopene or pmol/L
for ascorbate) or 10-fold change in antioxidant metabolite concentrations.

To ensure that the results obtained from the IVW analyses were not biased due to
directional pleiotropy, we performed MR-Egger regression analysis and Weighted-Median
Estimator when applicable [32]. In MR-Egger, the intercept depicts the estimated average
pleiotropic effect across the geneticvariants, and a value that differs from zero indicates that
the IVW estimate is biased [33]. Although considered as a relatively inefficient approach
(e.g., large confidence intervals), this method does not force the regression line to go
through the intercept. The Weighted-Median estimator analysis can provide a consistent
valid estimate if at least half of the instrumental variables are valid [20]. In addition, MR-
PRESSO (MR Pleiotropy RESidual Sum and Outlier) was applied when possible to detect and
correct for horizontal pleiotropy through removing outliers [34], as implemented in the
R-based package MR-PRESSO (https://github.com/rondolab/MR-PRESSQ)” The Cochran’s
Q statistic was performed in order to test the heterogeneity between the estimated Wald

ratios from different genetic variants [35]. Additional sensitivity analyses were performed
for the antioxidants B-carotene and lycopene.

The main MR analyses were performed in the individual datasets, and subsequently
meta-analyzed to derive the pooled estimates for each exposure on the risk of ischemic
stroke. Heterogeneity of the estimates across three datasets was performed by I?, and
corresponding p-value was obtained from the Cochran’s Q test. When no heterogeneity
was found amongst the three cohorts, a fixed-effect model meta-analysis was used to
pool the instrumental variable estimates for each exposure. All meta-analyses were
performed in the R-based “meta” package (https://cran.r-project.org/web/packages/
meta/index.html).

A power calculation was performed for each genetically derived antioxidant

separately (https://shiny.cnsgenomics.com/mRnd/). With power = 0.80, minimal effect
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sizes (OR) differed from 0.98 to 0.93, which we deemed reasonable given the results of
observational studies [11-14]. We therefore concluded our study had enough power
given the current parameters. Separate power calculations were done for the different
subtypes of stroke (cardioembolic, large artery atherosclerosis and small-vessel) in
MEGASTROKE, as data was available. Minimal effect sizes needed ranged from 0.94 to
0.78. Although some of these were considered as an unreasonably achievable estimate,
we decided to perform these sub-analyses as well.

RESULTS

By combining the three cohorts, a total sample of 1,058,298 individuals, of which 70,791
cases of ischemic stroke, and 987,507 controls, were analyzed to assess the association
between diet-derived antioxidants and ischemic stroke. Variance explained (R?) by the
instruments for each trait were either derived from the original study or calculated based
on the derived summary statistics and in line with the method described previously [36],
and ranged from 1.7% to 30.1% for absolute antioxidant levels, and from 3.3% to 18.6%
for metabolite antioxidants (Table 2). In order to minimize potential weak instrument
bias, we considered an F-statistic of at least 10 as sufficient for performing an MR
analysis, which is well-accepted in the field [37]. The in-between SNP heterogeneity was
non-significant for all antioxidants in each cohort (p > 0.05). Additionally, we found no
heterogeneity in the summary estimates from the MR analyses between the included
datasets (Figure 1 & Figure 2). All analyses were performed with outcome ischemic
stroke, as well as with outcomes cardioembolic, large artery atherosclerosis, and small-
vessel stroke separately (Supplementary Figure 1 & Figure 2). As no consistent strong
evidence favoring the hypothesis of higher levels resulting in a lower risk of stroke
subtypes was found, only the main results are given here.

Table 2. GWAS on genetically determined diet derived antioxidants

Absolute antioxidants Metabolite antioxidants

Exposure N= Genetic  Explained Unit N= Genetic Explained Units

Datasets Variants  Variance Variants Variance

a-Tocopherol - - - - 7276 11 3.3% log10-
transformed
metabolites
concentration

y-Tocopherol - - - - 5822 13 15.0% log10-
transformed
metabolites
concentration
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Table 2. Continued

Absolute antioxidants

Metabolite antioxidants

Exposure N= Genetic  Explained Unit N= Genetic Explained Units
Datasets Variants  Variance Variants Variance
B-Caroten 2344 3 9.0% ug/Lin log- - - - -
transformed
scale
Lycopene 441 5 30.1% pg/dL - - - -
Ascorbate 52018 11 1.87% pumol/L 2063 13 18.6% log10-
transformed
metabolites
concentration
Retinol 5006 2 2.3% ug/Lin log- 1957 24 4.8% log10-
transformed transformed
scale metabolites
concentration
blood antioxidant levels No. of SNPs (p < 1E-05) Odds Ratio [95% CI] Weight
Carotene
MEGASTROEKE 3 -+ 1.023 [0.931; 1.124] 67.6%
UK biohank 3 — 0.907 [0.694; 1.1853] 8 4%
FinnGen biobank 3 —&— 0.825 [0.705; 0.967] 24.0%
Overall effect (Fixed Model) - 0.962 [0.890; 1.039] 100.0%
Heterogeneity: I” = 63%, p =0.07
Lycopene
MEGASTROEKE 4 1.042 [0.994; 1.092] 74.9%
UK biobank 3 *\» 1.005 [0.894; 1.131] 11.8%
FinnGen biobank 3 -t 1.040 [0.931; 1.161] 13.3%
Overall effect (Fixed Model) ol 1.037 [0.996; 1.080] 100.0%
Heterogeneity: I' = 0%, p = 0.86
Ascorbate
MEGASTROEKE 11 - 0.963 [0.854; 1.087] 76.3%
UK biohank 11 j 0.707 [0.498; 1.003] 9.0%
FinnGen biobank 10 0.985 [0.748; 1.208] 14.7%
Overall effect (Fixed Model) - 0.940 [0.846; 1.045] 100.0%
Heterogeneity: I = 28%, p =023
Retinol
MEGASTROEKE 2 — 0.936 [0.637; 1.436] 75.7%
UK biobank 2 — T+ 2.633[0.627; 11.059] 6.1%
FinnGen biobhank 2 — T 0.797 [0.348; 1.824] 18.2%
Overall effect (Fixed Model) ——— 0.984 [0.691: 1.401] 100.0%
Heterogeneity: I = 4%, p = 0.33 — | ‘

04

Odds Ratio (95% confidence interval)

Figure 1. Causal association between absolute blood level antioxidants and ischemic stroke occurrence.
Estimated ORs represent the effect per unit increase in In-transformed B-Carotene and retinol, 1 pg/dL
lycopene and 1 umol/L ascorbate on ischemic stroke. Results were obtained from an IVW analysis per
outcome database and combined over the three databases using fixed-effect meta-analyses.

Cl = confidence interval; OR = odds ratio;
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Circulating antioxidant metabolites No. of SNPs (p < 1E-05) Odds Ratio [95% CI] Weight

alpha-tocopherol

MEGASTROKE 11 — 1.119 [0.853; 1.464] 78.6%
UK biobank 11 —_— 2.252 [0.831; 6.106] 5.7%
FinnGen biobank 9 — 0.882 [0.483; 1.610] 15.7%
Overall effect (Fixed Model) - 1.122 [0.884; 1.424] 100.0%
Heterogeneity: F=20%, p=029

gamma-tocopherol

MEGASTROKE 13 — 1.028 [0.848; 1.245] 66.6%
UK biobank 13 *‘—'7 1.555 [0.048; 2.551] 10.0%
FinnGen biobank 11 — 1.015 [0.734; 1.403] 234%
Overall effect (Fixed Model) - 1.068 [0.913; 1.249] 100.0%
Heterogeneity: ' = 19%, p =029

Ascorbate

MEGASTROKE 14 = 1.009 [0.943; 1.080] 81.9%
UK biobank 14 -1 1.041 [0.848; 1.278] 9.0%
FinnGen biobank 13 - 1.093 [0.892; 1.339] 9.2%
Overall effect (Fixed Model) » 1.020 [0.959; 1.084] 100.0%
Heterogensity: I = 0%, p = 0.75

Retinol

MEGASTROKE 24 0.996 [0.967; 1.026] 67.1%
UK biobank 24 {* 1.055 [0.983; 1.131] 12.0%
FinnGen biobank 20 * 1.009 [0.957: 1.064] 209%
Overall effect (Fixed Model) 1.006 [0.982; 1.031] 100.0%
Heterogeneity: I' = 7%, p = 034 | | |

0.5 1 2 3
Odds Ratio (95% confidence interval)

Figure 2. Causal association between circulating antioxidant metabolites and ischemic stroke occurrence.
Estimated ORs represent the effect per 10-fold increase in antioxidant metabolites’ concentration on
ischemic stroke. Results were obtained from an IVW analysis per outcome database and combined over
the three databases using fixed-effect meta-analyses.

Cl = confidence interval; OR = odds ratio;

Absolute antioxidant levels

For absolute blood antioxidants levels (Figure 1), we observed no evidence for
associations with ischemic stroke, except for B-carotene when analyzed only within the
FinnGen cohort. However, the pooled estimate for all three cohorts was not significantly
associated with ischemic stroke. Most notably, the pooled odds ratios (95% confidence
intervals) were 0.94 (95% Cl: 0.85, 1.05) per 1 umol/L ascorbate, 1.04 (95% CI: 0.99,
1.08) per 1 ug/dL lycopene, 0.96 (95% Cl: 0.89, 1.04) and 0.98 (95% Cl: 0.69, 1.40) per
natural log-transformed B-carotene and retinol, respectively.

MR-Egger and weighted-median estimator regression were performed for
antioxidants with more than three genetic instruments (notably B-carotene and
lycopene). The estimates of both MR-Egger and weighted-median estimator were
comparable with the IVW analyses. Furthermore, the MR-Egger intercept did not
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deviate from zero (p-values>0.05). Additionally, MR-PRESSO did not detect any outliers,
and Cochran’s Q statistics detected no heterogeneity for the analyses of B-carotene or
lycopene on ischemic stroke.

Circulating antioxidant metabolite levels

For circulating antioxidant metabolites (Figure 2), the pooled OR (95%Cl) for ischemic
stroke per 10-fold increase in metabolite concentration were 1.12 (95% Cl: 0.88, 1.42)
for a-tocopherol, 1.07 (95% Cl: 0.91, 1.25) for y-tocopherol, 1.02 (95% CI: 0.96, 1.08) for
ascorbate and 1.01 (95% Cl: 0.98, 1.03) for retinol using IVW.

Estimates derived from the MR-Egger and weighted-median estimator analyses were
of similar direction and magnitude as the IVW analyses. Furthermore, no pleiotropic
effect was identified by the intercept from MR-Egger or MR PRESSO, and no potential
outlier was found via MR PRESSO. Cochran’s Q statistics only detected heterogeneity in
y-tocopherol in the MEGASTROKE cohort.

DISCUSSION

We investigated whether we could find evidence supporting causality of the association
between diet-derived antioxidants and ischemic stroke risk using MR. Circulating
antioxidants, irrespective of how the levels were determined, were proxied by using
genetic variants as instrumental variables. In an extreme sample size of 1,058,298
participants, 70,791 cases and 987,507 controls, we did not find evidence that
genetically-influenced diet-derived antioxidant levels were associated with a lower risk
of developing ischemic stroke. While B-carotene was associated with ischemic stroke in
the FinnGen population, this association was not observed in the other included study
populations and was therefore considered as a likely chance finding. These findings
suggest that the previously observed association between antioxidants (either by dietary
intake and/or serum levels) and ischemic stroke is not causal.

Previously, a meta-analysis of observational studies identified a 17% risk reduction of
stroke in participants with high dietary vitamin E intake compared with those with low
intake. However, the authors were cautious with interpreting this result given that only
3,284 events of ischemic stroke were reported, despite the study comprising over 220,000
participants, as well as the large heterogeneity of the individual contributing studies in
the meta-analysis [38]. To date, there are no MR studies that have assessed the causal
association of circulating antioxidants and ischemic stroke risk. In our previous study,
we demonstrated that the effect of genetic variants on circulating antioxidant levels are
generally comparable with those which would be achieved by dietary supplementation
[22]. Given the robust and generally consistent null results in the present study that
both absolute blood antioxidant levels and metabolites measured with high throughput
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technology are not causally associated with ischemic stroke, it is not likely that dietary
supplements that are to increase antioxidant concentrations in blood reduce the risk of
ischemic stroke.

Despite the use of data from more than 1 million participants, our study population
could be seen as relatively young for stroke occurrence (especially in the UK Biobank
population who were below age 70 years at study inclusion). In a population-based
cohort study, stroke incidence increased from 1.7 at age 55-59, to 19.9 at age 80-84
[39]. Thus, the current population might show different results when studied several
years from now. The low number of cases observed in the UK Biobank population is
likely explained by the lower mean age of the individuals included in the analysis, and
the UK Biobank is considered a healthier population than the general UK population.
Furthermore, MEGASTROKE contained cohorts with an oversampling of stroke cases. As
our primary research hypothesis was focused on ischemic stroke, we did not investigate
different stroke subtypes as primary outcomes. This decision was motivated by the
up to 6 times lower number of cases per subtype. Therefore, analyses of these stroke
subtypes were considered as underpowered to draw firm conclusions from, as could
also be seen from our power calculation. However, importantly, our findings on ischemic
stroke were robust across different analysis methods and were generally consistent
across three independent cohorts with a large number of cases. As our null findings
were generally consistent across our study cohorts, it is very unlikely that changes in
antioxidant levels will yield any clinically relevant reduction in ischemic stroke risk.
These findings were also in line with our earlier work in which we found no associations
between these antioxidants in relation to coronary heart disease [22]. Together with
our present findings, this would suggest that antioxidants do not affect the risk of
developing atherogenic cardiovascular disease. However, this is contrary to the data
from experimental settings in which oxidative stress does play an important role in the
onset of atherosclerosis [40, 41]. This has given rise to the hypothesis that circulating
antioxidant levels might not be representative of antioxidant capacity, and that
increasing antioxidant levels in blood (either by nutritional intake or supplements) do
not necessarily result in additional antioxidative effects. This hypothesis was supported
by a number of our earlier studies in which we investigated the associations of vitamin E
and its enzymatic and oxidative metabolites with lifestyle factors and subclinical disease
outcomes [42, 43]. In brief, we showed in these studies that vitamin E concentrations
were not correlated with the urinary enzymatic and oxidative vitamin E metabolite levels,
and lifestyle factors and subclinical disease outcomes showed different associations with
vitamin E concentrations than with their oxidized metabolites.

The present study has several strengths. First, a large sample size was studied, by
combining three cohorts comprising a total of 70,791 cases and performing a meta-
analysis. Individually, the results from the three cohorts are consistent with each other
and with the final meta-analysis. We did not detect any heterogeneity between-SNPs
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for every antioxidant in each cohort, or across each cohort. Additionally, by performing Supplemental Material
MR-egger and weighted-median estimator analyses, the final MR estimates should be Data S1. Supplemental Methods, Table S1, Figures S1-S2.
seen as a reliable result despite the sometimes low explained variance of certain genetic
instruments. Second, we used separate sets of instrumental variables by looking at both
absolute blood levels as well as metabolite levels of antioxidants. The similar findings,
especially in regards to ascorbate and retinol which are analyzed with both their absolute
blood concentration and the relative metabolite levels, suggests general robustness of
our findings. However, some limitations should also be considered with respect to the
interpretation of the results. First, participants included in our study are predominantly
of European descent, which will limit the extrapolation to other populations. Second,
sensitivity analyses for some instrumental variables with limited number of genetic
variants as instrumental variables could not be performed. Third, since we were only
able to study a selected number of antioxidants, we cannot fully exclude the hypothesis
that other antioxidants could have protective effects on ischemic stroke.
In summary, our study did not provide evidence supporting a causal association
between diet-derived levels of antioxidants vitamin E, C, lycopene, B-carotene and
retinol, and ischemic stroke. Therefore, antioxidant supplementation is unlikely to be of
clinical benefit to prevent ischemic stroke.
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ABSTRACT

Background and aims

Mitochondrial dysfunction is associated with increased Reactive Oxygen Species that are
thought to drive disease risk, including stroke. We investigated the association between
mtDNA abundance, as a proxy measure of mitochondrial function, and incident stroke
using multivariable-adjusted survival and Mendelian Randomization (MR) analyses.

Methods

Cox-proportional hazard model analyses were conducted to assess the association
between mtDNA abundance, and incident ischemic and hemorrhagic stroke over a
maximum of 14-years follow-up in European-ancestry participants from UK Biobank.
MR was conducted using independent (R?<0.001) lead variants for mtDNA abundance
(p < 5x10-8) as instrumental variables. Single-Nucleotide Polymorphism (SNP)-ischemic
stroke associations were derived from three published open source European-ancestry
results databases (cases/controls): MEGASTROKE (60,341/454,450), UK Biobank
(2,404/368,771) and FinnGen (10,551/202,223). MR was performed per study, and
results were subsequently meta-analyzed.

Results

In total, 288,572 unrelated participants (46% men) with mean (SD) age of 57 (8) years
were included in the Cox-proportional hazard analyses. After correction for considered
confounders (BMI, hypertension, cholesterol, T2D), no association was found between
low versus high mtDNA abundance and ischemic (HR: 1.06 [95% ClI: 0.95, 1.18])
or hemorrhagic (HR: 0.97 [95% Cl: 0.82, 1.15]) stroke. However, in the MR analyses
after removal of platelet count-associated SNPs, we found evidence for an association
between genetically-influenced mtDNA abundance and ischemic stroke (odds ratio,
1.17; confidence interval, 1.03, 1.32).

Conclusions

Although the results from both multivariable-adjusted prospective and basis MR analyses
did not show an association between low mtDNA and increased risk of ischemic stroke,
in-depth MR sensitivity analyses may suggest evidence for a causal relationship.
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INTRODUCTION

Stroke is the second leading cause of death and loss of disability-adjusted life years
worldwide [1]. Oxidative stress has been hypothesized to play an important role in the
pathophysiology of stroke by aggravating secondary damage and increases reperfusion
injury after ischemic stroke [2-4]. As a result of direct or indirect Reactive Oxygen Species
(ROS)-induced damage to the (cerebral) vascular wall, multiple aspects of the vascular
system are affected including platelet aggregation, endothelial function, vascular
permeability and vasodilation [3]. These local vessel changes induced by oxidative
stress can also gradually develop before stroke onset, and therefore may also lead to an
increased risk of stroke incidence [5].

Mitochondria are a major source of ROS production [6]. Mitochondrial dysfunction
leads to an increase in ROS production due to a change in redox homeostasis [7].
Additionally, impaired mitochondrial function, frequently proxied by the mitochondrial
copy number (mtDNA-CN) [8, 9], has been associated with diseases such as diabetes,
heart failure, and neurological defects [10]. mtDNA-CN can be assessed relatively
easy in large populations by estimating the mtDNA abundance from the intensities of
genotyping probes representing mitochondrial DNA on genotyping arrays [9, 11, 12].
Increased ROS production drives mitochondrial dysfunction causing increased defects in
mitochondrial fusion, fission, and mitophagy activation [13], which subsequently lead to
subsequent excessive ROS production [13].

Although a relatively small study was not able to provide evidence of an association
between low mtDNA-CN and increased stroke risk [14], we hypothesized that leukocyte
mtDNA might affect brain pathologies, given the available biological data. Based on the
combination of the postulated detrimental biological effect of blood oxidative stress on
the (cerebro)vascular endothelial system and its role in secondary damage after stroke
occurrence, we investigated the prospective association between mtDNA abundance
and incident ischemic and hemorrhagic stroke in a large cohort of European-ancestry
participants from the UK Biobank. In addition, we applied Mendelian Randomization
(MR) to provide evidence for possible causality [15, 16] as a way to triangulate the
results from the prospective analyses by obtaining results from two analysis methods,
both with different assumptions and limitations [15].

MATERIALS AND METHODS

Population description

The UK Biobank cohort is a prospective general population cohort with 502,628
participants between the age of 40 and 70 years recruited from the general population
between 2006 and 2010 [17] (more information can be found online https://www.
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ukbiobank.ac.uk). Blood samples were collected for genotyping. Access for information
to invite participants was approved by the Patient Information Advisory Group (PIAG)
from England and Wales. All participants in the UK Biobank provided a written informed
consent and local research ethics committees and institutional review boards approved
the study. The present study was accepted under project number 56340.

In the present study, genotyped European-ancestry participants were followed
(N=488377). Exclusion criteria included: 1) non-European ancestry; 2) participants who
failed genotyping quality control and/or with low call rate; 3) related individuals defined
by principal components (PCs); 4) participants with high SD of autosomal probes; 5)
history of any stroke at baseline; 6) missingness on covariates. After the exclusions, the
final analyses were performed in 288,572 participants.

Mitochondrial DNA abundance

We used somatic mtDNA abundance as a proxy measure of mtDNA-CN, as the exposure,
which is determined from the intensities of genotyping probes on the mitochondrial
chromosome on the Affymetrix Array. The method for computing mtDNA abundance
has been described previously [11]. In brief, the relative amount of mtDNA hybridized to
the array at each probe was the log2 transformed ratio (L2R) of the observed genotyping
probe intensity divided by the intensity at the same probe observed in a set of reference
samples. We used the median L2R values across all 265 variants passing quality control
on the MT chromosome as an initial raw measure of mtDNA abundance. To correct
for confounding induced by poorly performing probes, we weighted L2R values of each
probe by multiplying the weight of the probe that are generated from a multivariate
linear regression model in which those intensities statistically significantly predicted
normalized mitochondrial coverage from exome sequencing data, resulting in a single
mtDNA abundance estimate for each individual. To eliminate the plate effect, we
subsequently normalized the abundance to mean of zero and SD of one within each
genotyping plate consisting of 96 wells [9].

Covariates

In addition to age and sex, we took into account data based on self-reported
guestionnaires (smoking, alcohol consumption, disease status, medication use), blood
cell counts (white blood cell counts and platelet counts), body mass index (BMI) in kg/
m2, serum lipid levels (total and LDL cholesterol) in mmol/L, and systolic and diastolic
blood pressure in mmHg.

Outcome

The outcome in the analysis was ischemic and hemorrhagic stroke separately, as well
as combined, in the time period August 2006 up to January 2021. Stroke incidence
was obtained via hospital admission data and national health register data and used to
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identify the date of the first stroke or stroke-related death after baseline assessment.
The primary outcomes were any stroke incidence and further specified ischemic and
hemorrhagic stroke incidence. Incident disease diagnoses are coded according to the
International Classification of Diseases edition 10 (ICD-10); Ischemic stroke was defined
as 163 and hemorrhagic stroke as 161. Any stroke was defined as the combination of 163
and 161. Follow-up time is computed from the baseline visit to the diagnosis of incident
disease, loss-to-follow-up or death, or the end of the study period, whichever came first.

Data required for the Mendelian Randomization analyses

For the MR, genetic variants of mtDNA abundance were used as instrument variables.
In a previous study, 129 independent Single-Nucleotide Polymorphisms (SNPs) as
genetic variants were found to be independently associated with mtDNA abundance
at a genome-wide significance threshold (p <5x10%); SNPs were additionally pruned
to an LD R%0.0001 [18]. The study was performed in a total of 465,809 individuals
using a combined population of the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) consortium and the UK Biobank.

Mendelian Randomization outcome datasets

For the extraction of summary statistics on the associations of the mtDNA abundance
related SNPs with ischemic stroke, which was defined as any ischemic stroke (163), three
large studies were used: the MEGASTROKE consortium, the UK Biobank, and the FinnGen
study [17, 19]. Both UK Biobank and FinnGen were not part of the main analyses of the
MEGASTROKE consortium preventing inclusion of overlapping samples in the analyses.
In the three studies insufficient data on hemorrhagic stroke was available.

The trans-ancestry meta-analysis from the MEGASTROKE consortium was used to
retrieve the ischemic stroke SNP-outcome data and was based on 60,341 cases and
454,450 controls collected from 29 studies of predominantly the European ancestry
(86%) [19].

For the MR analyses in UK Biobank, cases developed before and after enrolment
were considered. Follow-up information that included ischemic stroke occurrence
was retrieved through the routinely available NHS database. In the European-ancestry
dataset with full genomics data available, we had data on 2,404 cases of ischemic
stroke and 368,771 controls. We performed new genome-wide association analyses
using linear mixed models to assess the associations between genetic instruments and
ischemic stroke, adjusted for age, sex and 10 principal components, and corrected for
familial relationships using BOLT_LMM (v2.3.2).

Data from FinnGen (Freeze 5; https://www.finngen.fi/en/), which is an ongoing
cohort study launched in 2017, and analyses were based on 10,551 cases of ischemic
stroke, and 202,223 controls.

Although with lower numbers, we additionally performed MR on subtypes of
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ischemic stroke (Cardio Embolic Stroke: 7,193 cases, 406,111 controls, Large Artery
Atherosclerosis: 4,373 cases, 406,111 controls, Small Vessel Stroke: 5,386 cases, 192,662
controls) using data from MEGASTROKE and hemorrhagic stroke (1,687cases, 201,146
controls) from FinnGen.

Statistical analysis

Multivariable-adjusted analyses

For the analyses, and for presentation purposes, we divided the study population in 5
equally-sized groups based on the mtDNA abundance, with the first quintile containing
the group with the lowest levels of mtDNA abundance and the fifth quintile containing
the highest levels (used as reference).

Baseline characteristics of the study population were presented separately per
quintile of mtDNA abundance, as mean (SD) for continuous variables if they followed
a normal distribution, or as median (interquartile range) otherwise, and frequency
(proportion) for categoric variables.

The cumulative incidence for competing risk (CICR) was used to plot the cumulative
incidence of ischemic and hemorrhagic stroke against follow-up time separately using a
Kaplan-Meier survival curve by mtDNA abundance quintiles, where death was accounted
for as a competing event. For any, ischemic, and hemorrhagic stroke, a Cox proportional
hazards model was used to estimate the hazard ratio (HR) and 95% confidence interval
(Cl) presented as stroke incidence, comparing the lowest 20% mtDNA abundance with
the highest 20%. Analyses were additionally done stratified by sex. Two multivariate
regression models were fitted, where for model 2 covariates were first added individually:
- Model 1: age, sex, batch, the first 10 genetic principal components, white blood cell

counts, platelet count
- Model 2: Model 1 + BMI, smoking, alcohol consumption, total cholesterol,

hypertension, diabetes, cholesterol lowering medication, blood pressure lowering
medication

Covariates were included in the regression models given their known relation with
both exposure and outcome (age, sex, smoking, alcohol consumption, total cholesterol,
disease status, medication status), or were included as a technical correction due to the
measurement composition (batch, white blood cell count, platelet count). Participants
were censored in the event of loss-to-follow-up or death. In order to check whether the
proportional hazards assumption was fulfilled, a Cox proportional hazard assumption
test (“cox.zph” from R package “Survival”) was performed. Additionally, mtDNA-CN was
assessed continuously as a one-SD lower mtDNA-CN on stroke incidence. Analyses were
performed using the “Survival” (cran.r-project.org/web/packages/survival) package in R
(v4.1.0)
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Mendelian Randomization
All the analyses were done using R (v4.1.0) statistical software (The R Foundation for
Statistical Computing, Vienna, Austria). MR analyses were performed using the R-based
package “TwoSampleMR” (https://mrcieu.github.io/TwoSampleMR/) [20].

For our primary MR analysis, Inverse-Variance weighted (IVW) regression analyses
were performed [16]. Estimates were calculated for each genetic instrument using the

Wald ratio (SNP — outcome association divided by the SNP — exposure association) and
subsequently meta-analyzed using the inverse-weighted meta-analyses weighted on
the standard error of the SNP-outcome association (assuming no measurement error
[NOME] in the exposure) [21]. The calculated estimates were expressed as odds ratios
(OR) on ischemic stroke per SD (obtained from the exposure data) difference in mtDNA
abundance.

To ensure that the results obtained from the IVW analyses were not biased due
to directional pleiotropy, we performed MR-Egger regression analysis and Weighted-
Median Estimator [21]. Although MR-Egger is considered as a relatively inefficient
approach (e.g., large confidence intervals), this method does not force the regression
line to go through the intercept. The intercept depicts the estimated average pleiotropic
effect across the genetic variants, and a value that differs from zero indicates that the
IVW estimate is biased. [22] The Weighted-Median estimator analysis can provide a
consistent valid estimate if at least half of the instrumental variables are valid [23]. In
addition, MR-PRESSO (MR Pleiotropy RESidual Sum and Outlier) was applied to detect
and correct for horizontal pleiotropy through removing outlying causal estimates based
on individual instruments [24], as implemented in the R-based package “MR-PRESSO”
(https://github.com/rondolab/MR-PRESSO). The Cochran’s Q statistic was performed
in order to test the heterogeneity between the estimated Wald ratios from different

genetic variants [25]. Additionally, a Steiger directionality test was performed to ensure
consistent causal direction-of-effect. A power calculation was performed with mRnd
(https://shiny.cnsgenomics.com/mRnd/) [26]. With power = 0.80, minimal effect size
(OR) was 1.076.

Recent research has proven that two-sample MR methods can safely be used for

one-sample MR in large databases [27]. This allows us to use the UK Biobank database
in our sample set despite also being used as our exposure dataset. As a limitation to this
method, results of MR-Egger analyses are to be interpreted with caution when used to
check for pleiotropy [27].

The main MR analyses were performed in the individual datasets, and subsequently
meta-analyzed to derive the pooled estimates for the exposure on the risk of ischemic
stroke using a fixed-effect model. Heterogeneity testing of the estimates across three
datasets was performed by |2, and corresponding p-value was obtained from the
Cochran’s Q test. All meta-analyses were performed in the R-based “meta” package
(https://cran.r-project.org/web/packages/meta/index.html).
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Sensitivity analysis after stratification of genetic instruments

SNPs identified in relation to mtDNA-CN have been found in relation to platelet activation
and megakaryocyte proliferation [18], which both could affect stroke risk and could
potentially lead to biased results. We first examined the associations between the SNPs
and platelet count in our study sample (adjusted for age, sex, and the first 10 genetic
principal components); all SNPs with P<(0.05/123) in its association with platelet count
were excluded from further MR sensitivity analyses.

RESULTS

Baseline characteristics of the study population

Atotal of 288,572 participants were included in the final study sample (see full procedure
in Supplementary Figure 1) for multivariable-adjusted survival analyses. Participants
excluded were due to unavailable genetic data (N = 14,251), not used to compute
the genetic principal components (N = 81,623), or having unrealistic SD of autosomal
probes (N = 9,440) were excluded according to standard UK Biobank quality control
recommendations. Subsequently, we excluded related participants (N = 38,642), and
with a non-white British ancestry (N = 65,498). Finally, 4,602 participants were excluded
due to a history of stroke before study enrollment. Participants in the lower mtDNA
abundance quintile (Table 1) had a mean age of 57.5 versus 56.1 year in the highest
quintile, a mean BMI of 27.7 versus 27.0 kg/m?, T2D prevalence of 2.8% versus 2.0%,
and 11.3% were current smokers compared with 8.4% in the highest quintile.

Table 1. Baseline characteristics of the study participants stratified by quintiles of mtDNA abundance

Ql Q2 Q3 Q4 Qs

N 57715 57714 57714 57714 57715
mtDNA abundance (normalized) -1.4 (0.5) -0.5(0.2) 0.0 (0.1) 0.5(0.2) 1.4 (0.5)
Age (years) 57.5(8.0) 57.1(8.0)  56.8(8.0) 56.5 (8.0) 56.1 (8.0)
Sex (female %) 52.0 53.2 54.0 54.3 55.7
BMI (kg/m?) 27.7(5.0)  27.5(4.8)  27.4(4.7) 27.2 (4.6) 27.0 (4.5)
Diastolic blood pressure (mmHg) 82.6(10.2) 82.4(10.0) 82.3(10.0) 82.1(10.1) 81.7 (10.1)
Systolic blood pressure (mmHg) 139.5(18.8) 138.6(18.7) 138.2(18.6) 137.6(18.3) 136.7(18.3)
White Blood Cell count (10° cells/L) 7.4(1.8) 7.1(1.7) 6.9 (1.7) 6.6 (1.7) 6.4 (2.7)
Platelet count (10° cells/L) 245.5(58.0) 250.8 (57.7) 253.4(58.4) 256.3(59.2) 259.5(63.8)
Blood pressure-lowering medication %

Yes 19.8 18.4 17.5 16.6 15.6

No 80.2 81.6 (82.5 83.4 84.4
Cholesterol (mmol/L) 5.8(1.2) 5.7 (1.1) 5.7 (1.1) 5.7 (1.1) 5.7 (1.1)
Cholesterol lowering medication %

Yes 13.9 135 131 12.5 12.2

No 86.1 86.5 86.9 87.5 87.8
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Table 1. Continued

Ql Q2 Q3 Q4 Q5

Alcohol consumption %

Less than once per week 29.1 28.2 27.8 27.3 26.6

Once or twice per week 25.6 26.4 26.2 26.4 26.6

More than four times per week 45.3 45.2 45.9 46.3 46.7
Smoking %

Never 53.3 54.1 55.0 55.6 56.5

Past 35.0 35.2 34.8 34.9 349

Current 11.3 104 9.9 9.4 8.4
Type 2 Diabetes %

Yes 2.8 2.5 2.3 2.2 2.0

No 97.2 97.5 97.7 97.8 98.0

Data are mean (SD) for continuous variables or percentages for dichotomous variables. mtDNA abundance is
presented as normalized in unit standard deviations. Abbreviations: BMI, Body Mass Index.

Multivariable-adjusted survival analyses mtDNA abundance and stroke

A total of 6,218 of the 288,572 participants (2.15%) had a stroke incidence, of which
3,994 (1.38%) were ischemic and 1,883 (0.65%) hemorrhagic over a median (IQR) follow-
up of 11.8 (11.1 — 12.5) years. The incidence of ischemic stroke was higher in the lower
mtDNA-CN quintiles than in the higher quintiles (Figure 1A), while hemorrhagic stroke
incidence was similar in all mtDNA-CN quintiles (Figure 1B); in both cases the analyses
fulfilled the proportional hazard assumption (p-value: 0.84 & 0.88).

After stratification based on mtDNA-CN (Table 2), in model 1, mtDNA abundance
was associated with any stroke and ischemic stroke incidence, when comparing the first
quintile with the highest 20% mtDNA abundance (any stroke: hazard ratio (HR), 1.11;
95% confidence interval (Cl): 1.02 to 1.20; ischemic stroke: HR, 1.15; 95% CI: 1.04 to
1.27). Similarly, a one-SD increase in mtDNA abundance was associated with lower risk
of incident ischemic stroke (HR, 0.96; 95% Cl: 0.93 to 0.99). No association was found
between mtDNA abundance and incident hemorrhagic stroke.

After correcting for other confounders, the associations with stroke and ischemic
stroke attenuated (any stroke: HR, 1.06; 95% Cl: 0.97 to 1.16; ischemic stroke: HR, 1.07;
95% Cl: 0.95 to 1.19), as did the continuous model on ischemic stroke (HR, 0.98; 95%
Cl: 0.94 to 1.01).

Mendelian Randomization on mtDNA abundance and ischemic stroke

Main analyses

We did not observe evidence favoring an association between genetically-influenced
lower mtDNA-CN and ischemic stroke (Figure 2). The odds ratios per 1 SD less mtDNA-
CN were 1.07 (95%Cl: 0.95, 1.20) in MEGASTROKE, 1.04 (95%Cl: 0.79, 1.37) in the UK
Biobank, and 0.99 (95%Cl: 0.82, 1.20) in FinnGen. After meta-analysis, in a combined
sample size of 1,098,740 (of which 73,296 cases), the pooled odds ratio was 1.04 (95%Cl:
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0.95 to 1.15) per 1-SD decrease in genetically-influenced mtDNA abundance.

The exact set of variants, their corresponding coefficients, standard errors, and
p-values are presented in Supplementary Table 1. Variance explained (R?) was 2.0% and
calculated based on the derived summary statistics. The MR-Egger intercept indicated
no pleiotropy (p > 0.05). Although several outliers were identified with MR-PRESSO in
MEGASTROKE and FinnGen, results remained similar after removal of these outlying
SNPs. The Steiger test of directionality showed a correct causal direction, indicating that
there is no evidence for reverse causation, and no different results were observed with
MR-sensitivity analyses MR-Egger and weighted median (Supplementary Table 2.).

Sub-analyses performed with separate outcomes cardioembolic, large artery
atherosclerosis, small-vessel, and hemorrhagic stroke (Supplementary Figure 2 & 3)
showed no evidence favoring a different result.

A B

0.020 0.020

mIDNA quintile MIDNA quintile

0015 - 0015 — a4

0010 Grays test p value <0.001 0.010 Gray's test p valus 0.157

Cumulative incidence hemorthagic
Cumulative incidence hemorrhagic

0.005 0.005

Years Years

Figure 1. Cumulative incidence of ischemic (A) and hemorrhagic (B) stroke by quintiles of mtDNA
abundance

We calculated the Cumulative incidence for ischemic and hemorrhagic stroke, accounting for death as a
competing event. Differences in cumulative incidence between groups were assessed using Gray’s test.

Additional sensitivity analyses

A total of 61 SNPS were associated with platelet count, which were subsequently
excluded from additional sensitivity analyses. In the full sample, a 1-SD genetically-
determined lower mtDNA abundance was associated with a higher risk of ischemic
stroke (OR: 1.165; 95% Cl: 1.026 to 1.323), although results from FinnGen did not align
with those obtained in UK Biobank and MEGASTROKE (Supplementary Figure 4).
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Table 2. The multivariable-adjusted association between mtDNA abundance and incident stroke in European-ancestry participants from UK Biobank.

Q2 Q3 Q4 Q5

Q1

Continuous

HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI)

HR (95%Cl)

Stroke incidence

Any
Ischemic
Hemorrhagic

THE ASSOCIATION BETWEEN MITOCHONDRIAL DNA ABUNDANCE AND STROKE

Estimated hazard ratios per-SD increase in mtDNA abundance (continuous), or for the 1* to the 4™ quintile compared with the 5" (reference) quintile (categorical) on any, ischemic,

and hemorrhagic stroke. Model 1 includes age, sex, batch, PCs, white blood cell count, platelet. Model 2 includes model 1, BMI, smoking, total cholesterol, hypertension, diabetes,

cholesterol lowering medication, blood pressure lowering medication. Abbreviations: Cl, confidence interval; HR, hazard ratio.



mtDNA Abundance No. of SNPs (p < 1E-05) Odds Ratio [95% CT] Weight

miDNAcn

MEGASTROKE 101 T 1.065 [0.947; 1.198] 64.3%
UK biobank 115 — T 1.040 [0.788; 1.373] 11.4%
FinnGen biobank 108 —— 0.993 [0.821; 1.202] 243%
Overall effect (Fixed Model) e 1.044 [0.951: 1.147]  100.0%
Heterogeneity: I' = 0%, p = 0.83 | | |

0.5 0.75 1 1.5
Odds Ratio (95% confidence interval)

Figure 2. Causal association between mtDNA abundance and ischemic stroke occurrence.
Estimated ORs represent the effect per SD decrease in mtDNA copy number on ischemic stroke. Results
were obtained using a Mendelian Randomization inverse-variance weighted method, analyzed per
outcome database and combined over the three databases using fixed-effect meta-analyses.

DISCUSSION

In the UK Biobank cohort, consisting of 288,572 participants after exclusion, an initial
association was found between mtDNA abundance and incident ischemic stroke, which
attenuated after adjustment for confounders. Consistent with the prospective analyses,
MR analyses, using a total sample size of 73,296 cases and 1,025,444 controls, showed
no evidence for an association between genetically-predicted mtDNA abundance and
ischemic stroke. However, some in-depth sensitivity analyses in which SNPs associated
with platelet count were excluded, did provide some preliminary evident for low mtDNA-
CN as possible causal driver for ischemic stroke.

Although of specific interest, caution of these results is warranted given that the
results were mainly driven by results derived from MEGASTROKE, and to a lesser extent
by UK Biobank. Furthermore, results from these additional MR sensitivity analyses
deviated significantly from those observed in the prospective multivariable-adjusted
analyses, and therefore do not meet the requirements for triangulation [15]. Collectively,
our results indicate that there is only weak evidence for a causal association between
mtDNA abundance and ischemic stroke, and more studies are required to elucidate the
nature of the pleiotropy identified in our study, which goes beyond the current scope.

Previously, an association between low mtDNA-CN and increased risk of incident
stroke in 20,162 participants who were followed over a 13.5-year period during which
1584 stroke events occurred [28], and therefore deviate from our study done in a larger
sample of 288,752 participants with 6,218 stroke cases. Difference in baseline health
characteristics are possible reasons explaining the observed differences in results.

Recent studies showed that mtDNA-CN could be a marker of stroke prognosis after
hospitalization [29, 30]. By analyzing mtDNA-CN, and consequently oxidative stress, our
findings did provide some, albeit circumstantial, evidence for a relationship between
oxidative stress and stroke occurrence, although this association attenuated after
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adjustment for confounders. In the Mendelian Randomization analysis, after excluding
SNPs associated with platelet count, we also found an association between genetically
determined mtDNA abundance and ischemic stroke risk. In contrast to ischemic stroke,
we did not find an association between mtDNA abundance and hemorrhagic stroke in
the univariate or MR analyses. This difference might be explained because hemorrhagic
stroke, in contrast to ischemic stroke, is also often caused by non-classic cardiovascular
mechanisms such as vascular amyloid deposition in cerebral amyloid angiopathy [31].

Our data on mtDNA abundance was obtained from leukocytes. Although some of
the leukocytes may be directly involved in the pathology of stroke, additional cell types
such as endothelial and smooth muscle cells, that we did not query for mitochondrial
abundance, are clearly more directly involved. This could potentially explain our overall
null findings. Studies on the differences in mitochondrial function within an individual
between cell groups are largely non-existent. However, mtDNA-CN measured in blood
has been associated with gene expression in other tissues, which suggests mtDNA-
CN derived from leukocytes can reflect metabolic health across multiple tissues [32].
Thus, the evidence so far indicates that mitochondrial dysfunction, as measured with
leukocyte mtDNA-CN, is systemic. Of interest, using similar methodology as in our study,
low genetically-influenced mtDNA has recently been associated with increased dementia
risk [12]. This would further indicate that lower mtDNA-CN, although measured in
leukocytes, can reflect processes of a systemic increase in disease risk.

A key strength of this study is the statistical power of the analyses of the association
between stroke and mitochondrial abundance (288,572 participants for the multivariable
survival analysis and 1,098,740 for the MR, respectively). Additionally, we adopted the
triangulation of causal inference [15]. By using two different approaches in observational
research to study the association between low mtDNA abundance and (ischemic) stroke
risk, we increased the credibility of our results. Although results from both our used
approaches were not exactly similar, they were directionally consistent.

Some limitations are to be considered. First, mtDNA abundance was determined from
intensities of genotyping probes on the mitochondrial DNA, whereas the assessment
with whole-exome sequencing is generally considered to result in more reliable mtDNA
abundance estimates [33, 34]. Although Héagg et al showed a moderate correlation
between mtDNA based on SNP array intensities and exome sequencing of 0.33 [11],
analyses still indicated the measurements of SNP array intensities reflect underlying
biology of mtDNA abundance. For this reason, the increased variance is most likely the
result of nondifferential measurement error, and therefore considered to be mainly
cause a reduction in statistical power. As a main consequence, the true associations,
particularly those from the multivariable-adjusted prospective analyses are most
likely larger than as observed. Second, our study population consists of predominantly
Caucasian participants, limiting the generalizability of the results to other ancestry
groups. Third, Mendelian Randomization functions on several assumptions. However,
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by using several sensitivity analyses such as MR-Egger and MR-PRESSO, we can establish Supplemental Material
with some conviction that these are fulfilled. To add, although in a one-sample MR Table S1-2
(as conducted in the UK Biobank) the assumption of independence does not hold Figure S1-4
up, previous studies have shown that two-sample MR methods can be used reliably
with large enough biobanks [27]. Last, despite a large sample size in the multivariable
adjusted analysis, stroke and especially hemorrhagic stroke incidences were relatively
few. However, as an association was found before correction, we think our analyses had
enough power to detect a difference between groups. In addition, we used one of the
larger data sets available.
In conclusion, despite a large sample size our prospective study did not find evidence
for an association between mtDNA abundance and ischemic or hemorrhagic stroke. After
exclusion of pleiotropic SNPs associated with platelet count, we found some preliminary
evidence for an association between genetically determined lower mtDNA-CN and
ischemic stroke risk using MR. However, further studies are required for validation and
to examine the nature of this type of pleiotropy.
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ABSTRACT

Background and aims

Low socioeconomic status (SES) is associated with cardiovascular risk factors and
increased coronary artery disease (CAD) risk. We tested whether SES is an effect
modifier of the association between classical cardiovascular risk factors and CAD using
SES-stratified Mendelian Randomization (MR) in European-ancestry participants from
UK Biobank.

Methods

We calculated weighted genetic risk scores (GRS) for the risk factors body mass index
(BMI), systolic blood pressure, LDL cholesterol, and triglycerides. Participants were
stratified by Townsend deprivation index (TDI) score. Logistic regression models
were used to investigate associations between GRSs and CAD occurrence using MR.
Additionally, stratification based on GRS-adjusted TDI residuals was conducted to correct
for possible collider-stratification bias.

Results

In a total sample size of N=446,485, with 52,946 cases, the risk for CAD per SD increase
in genetically-influenced BMI was highest in the group with the lowest 25% SES (OR:
1.126, 95% Cl: 1.106-1.145; OR: 1.081, 95% Cl: 1.059-1.103 in high SES), remaining
similar after controlling for possible collider-stratification bias. The effects of genetically-
influenced systolic blood pressure, LDL cholesterol, and triglyceride on CAD were similar
between SES groups.

Conclusion
CAD risk attributable to increased BMI is not homogenous and could be modified by
SES. This emphasizes the need of tailor-made approaches for BMI-associated CAD risk
reduction.

76 | CHAPTERS

INTRODUCTION

Individuals with low socioeconomic status (SES) are at an increased risk of developing
cardiovascular disease (CVD) [1-4]. Although it is known that a low SES is associated
with adverse lifestyle factors such as smoking, alcohol consumption, unhealthy diet, and
physical inactivity [5-8], the exact mechanisms underlying the link between SES and risk
for CVD are still relatively unclear. Additionally, classic cardiovascular risk factors such as
high body mass index (BMlI), elevated blood lipid levels and systolic blood pressure (BP)
play prominent roles in the pathogenesis of (atherosclerotic) CVD [9]. Simultaneously,
studies indicate that these classic risk factors are also generally more prevalent in
individuals with lower SES [10-13], emphasizing the complex interplay between SES,
CVD risk factors and the development of disease.

In a previous study conducted in the UK biobank, it was shown that as much as 40%
of the association between low education, as a reflection of low SES, and increased
CVD risk was mediated by BMI, BP and smoking behavior [14]. Additionally, evidence
is emerging that the risk for CVD associated with the classical CVD risk factors is not
universal throughout subgroups of the general population, and differs for example
already for different age groups and for the different sexes in observational studies [15,
16]. The heterogeneous risk factor-CVD associations in different groups of the general
population emphasizes the need of a “tailor-made” approach for clinical decision
making. These observations are in line with the general hypothesis that atherogenic
cardiovascular diseases is not a single disease entity but a dynamic disease construct
with changing pathogenesis depending on specific patient characteristics throughout
life. For example, and in line with this concept, we previously showed, using Mendelian
Randomization approaches, that the impact of genetically-influenced increased BMI on
the risk of developing type 2 diabetes was dependent on the age of diagnosis where
older people with higher BMI were less susceptible for developing T2D [17]. In addition,
the impact of classical genetically-influenced CVD risk factors on coronary artery disease
(CAD) attenuated for increasing age of diagnosis [18].

We hypothesized that SES is an important factor that can modify the impact of
classical CVD risk factors on CVD, in addition to age and sex. If confirmed, this would
mean that interventions tailored to specific SES groups may achieve a larger reduction
in CVD risk not only due to low SES groups having a higher average BMI, but also due
to SES acting as a catalyst for BMI attributable CAD risk. To omit potential reverse
causation and/or most confounding in our analyses, we used a two-sample Mendelian
Randomization (MR) approach. Here, genetic variants are used as instrumental variables
for given exposures to approximate the effect of life-long exposure to risk factors on the
development of disease outcomes [19-21]. In the present study [22], we assessed the
associations between classical genetically-influenced CVD risk factors and CAD, stratified
for SES, in a large cohort of European-ancestry participants from the UK Biobank.
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Methods

Study setting and population

The UK Biobank is a prospective general population cohort with 502,628 participants
between the age of 40 and 70 years at the moment of enrollment [23]. Recruitment
took place between 2006 and 2010 (more information can be found online https://www.
ukbiobank.ac.uk). Invitation letters were sent to eligible adults registered to the National
Health Services (NHS) and living within a 25 miles distance from one of the assessment
centers. Participants provided information on their lifestyle and medical history through
touch-screen questionnaires and physical measurements. Blood samples were collected
for biochemistry analyses and genotyping.

The UK biobank study was approved by the North-West Multi-center Research Ethics
Committee (MREC). Access for information to invite participants was approved by the
Patient Information Advisory Group (PIAG) for England and Wales. All participants in the
UK Biobank provided a written informed consent. The present study was accepted under
project number 56340.

We restricted all our analyses to participants of European origin (N=446,485), as to
limit confounding by ethnic genetic variation. Townsend Deprivation Index (TDI) scores,
a measure of SES, were collected at baseline for nearly all of the participants in the study
(N=445,965).

Genotyping, genetic imputations and genetic risk scores
For our study, we conducted a two-sample, stratified mendelian randomization analyses,
where weighted genetic risk scores (GRS) were used to represent the genetically-
determined higher BMI, low-density lipoprotein cholesterol (LDL-C) levels, triglyceride
(TG) levels and systolic blood pressure (SBP). These weighted GRS were calculated using
independent lead genetic variants (p-value<5x10%) that have been previously identified
in genome-wide association meta-analyses in which the UK Biobank population did not
contribute. The GRS score for BMI was based on data from 339,224 individuals; 76 SNPs)
[24], LDL cholesterol level on188,577 individuals; 15 SNPs [25], triglycerides on 188,577
individuals; 20 SNPs [25], and systolic blood pressure 200,000 individuals; 42 SNPs) [26].
The published beta estimates for the independent lead variants in these meta-analyses
were subsequently used to calculate the weighted GRS for each CVD risk factor for
each participant in the UK biobank study. Overlapping independent lead variants [25]
between LDL cholesterol and triglyceride levels in the genetic risk scores were not taken
into account in the calculation of the GRS with the intention to limit bias by (directional)
pleiotropy.

The genotyping of the UK Biobank population was performed for roughly 50,000
participants by Affymetrix, using a BIiLEVE Axium array. For the other UK Biobank
participants, the genotyping was performed using the Affymetrix UK Biobank Axiom
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array. More information on the genotyping processes can be found online (https://
www.ukbiobank.ac.uk). Based on the genotyped data from these arrays, the UK Biobank

resources performed imputation on the autosomal SNPs using the UK10K haplotype [27],
1000 Genomes Phase 3 [28], and Haplotype Reference Consortium [29] as reference
panels.

Socioeconomic status

To stratify the UK biobank population into different SES groups, we used the Townsend
deprivation index (TDI) [30]. This calculated index score, defined at the moment of
enrolment, is a composition of four different variables, all related to SES: unemployment,
non-ownership of a home, non-ownership of a car, and household overcrowding [30].
Importantly, the TDI is not linked to a specific individual, but instead linked to the
postal codes from the UK Biobank participants and is therefore a reflection of overall
socioeconomic status of the neighborhood in which the participants are living.

The TDI scores recorded within the UK Biobank ranged between-6.26 and 11.00, and
lower scores are reflective of a higher SES in the neighborhood. Using quartiles of these
scores, the population was divided into four groups. Because some individuals had very
high TDI values, we performed sensitivity analyses by dividing the highest TDI group
into two subgroups based on the 87.5 percentile of TDI, and repeated the main analysis
accordingly.

Coronary artery disease

Coronary artery disease occurrence (either before or after enrollment in UK Biobank)
was the primary outcome for the analyses. Diagnoses were coded according to the
International Classification of Diseases (ICD) [23]. Here, the study outcome was CAD
which we defined as: angina pectoris (120), myocardial infarction (121 and 122), and acute
and chronic ischemic heart disease (124 and 125). Cases were ascertained through a
UKB algorithm combining data from linked hospital admissions, death registries, reports
from the general practitioner and self-report.

Statistical analysis

Mendelian Randomization

All the analyses were done using R (v4.1.0) statistical software (The R Foundation
for Statistical Computing, Vienna, Austria) [31]. In our MR analyses, the associations
between genetically-determined CVD risk factors and CAD were calculated using
multivariable-adjusted logistic regression analyses, with CAD as dependent and the
weighted GRS score as exposure and corrected for age, sex, and the first 10 principal
components. In addition, the analyses were stratified by the TDI score categories to
study the possible effect modification of the association between the genetically-
influenced CVD risk factor and CAD by SES. The results derived from these models (with
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accompanied 95% confidence intervals) can be interpreted as the change in odds on
CAD for every increase in standard deviation (SD) in genetically-determined exposure.
All analyses were adjusted for age, sex and the first 10 genetic principal components to
correct for possible population admixture. Additional analyses were performed where
we stratified the study population for men and women. We tested for evidence for an
interaction on a multiplicative scale by adding multiplicative interaction terms between
the GRS’s and TDI (both as continuous variables) in the multivariable-adjusted logistic
regression models for CAD. For these analyses, we reported the p-values for interaction,
corrected for multiple testing using the Bonferroni adjustment method. Therefore, we
required a P-value < 0.0125.

However, stratification by TDI can introduce collider bias when there is a conditional
relationship between the genetic risk score and TDI (e.g., the mean GRS score is higher
in either the low or high TDI group). As explained in detail previously in Coscia et al,
when a variable (TDI) in a causal diagram is directly affected by two other variables,
such as the risk factor (BMI, blood pressure, LDL cholesterol and triglyceride levels) and
corresponding GRS, conditioning on TDI might introduce a collider (Figure 1) [32]. In
line with this paper, in a sensitivity analysis, we controlled for the possible presence of
such bias in the main analyses, by defining strata defined by quantiles of the residual
TDI collider. We calculated the residual TDI, a variable that is free from any influences of
the instrument variable (the GRS) [32], by calculating residuals using linear regression
analyses with TDI as outcome and the genetic risk score as independent variable. Using
the residuals, new subgroups were defined based on quartiles, and the main analyses
were repeated accordingly.

. Confounders
(U)

4

(C)

Figure 1. Directed Acyclic Graph (DAG) illustrating the relationship between the studied variables.
When variable G (GRS) and variable C (TDI) are directly linked, TDI can be considered a collider variable,
becoming a dependent variable when conditioned on.
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RESULTS

Baseline characteristics of the UK biobank study population

When stratified in quartiles for TDI score, the study sample (Table 1) consisted of 446,495
individuals of which 52,946 (12%) had CAD. Participants in the group with the highest
TDI scores had a higher mean measured BMI (28.0 versus 27.0 kg/m?) and a lower mean
age (55.9 versus 57.3 years) compared with the lowest TDI group.

Mendelian Randomization analyses

In the lowest TDI group, around 10% of the participants (N = 11,526) developed CAD
prior or during follow-up. With a higher TDI, the percentage of participants with CAD
increased to around 14% (N= 16,158) in the highest TDI group.

The logistic regression models in our MR analyses without stratification by TDI,
showed that a one SD increase in genetically-determined BMI (OR: 1.107 [95% CI: 1.096,
1.117]), systolic blood pressure (OR: 1.068 [95% Cl: 1.058, 1.078]), LDL cholesterol (OR:
1.086 [95% Cl: 1.077, 1.097]) and triglycerides (OR: 1.053 [95% Cl: 1.044, 1.063]) were
all associated with a higher risk of CAD.

In the stratified analyses, we observed that the effect estimate of CAD by genetically-
determined BMl increased as TDI increased (Figure 2A). The OR for CAD per SD increase
in genetically-influenced BMI was 1.081 (95% Cl: 1.059, 1.103) in the lowest TDI group
versus 1.126 (95% Cl: 1.106, 1.145) in the highest TDI group. Using a logistic model,
interaction analyses showed that, after correcting for multiple testing, the OR of CAD
per SD increase in BMI differed significantly between TDI groups (p-value for interaction
=0.0049). For systolic blood pressure, LDL cholesterol and triglyceride levels, the OR for
CAD per SD increase was similar in the different TDI groups (Figure 2B-D). In addition,
interaction analyses for these variables showed no significant difference between
groups (p-value for interaction = 0.27, for systolic blood pressure, 0.44 for LDL and 0.073
for triglyceride respectively).

In subsequent analyses where we further stratified the highest TDI group because of
the large range in TDI values in this group, the OR for CAD per SD increase in genetically-
influenced BMI in the 75-87.5 percentile TDI group was 1.109 (95% Cl: 1.080, 1.138),
whereas in the group with TDI values above the 87.5 percentile the OR was 1.140 (95%
Cl: 1.113, 1.167).

Sensitivity analyses

In logistic regression analyses, only genetically-influenced BMI was associated with TDI.
Therefore, the analysis that studied the association between genetically-influenced BMI
and CAD, stratified for TDI was repeated using new BMI GRS_free subgroups of TDI (“IV
free”). These results did not substantially differ from the main analysis (Supplementary
Table 1).
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Table 1. Baseline Characteristics of the study population

Total
(N

Very low SES

(N

Low SES
(N

Middle SES
(N

High SES
(N

446495)

2.29[6.26,11.0]

27.4 (4.75)

242742 (54%)
140 (19.7)

56.8 (8.02)

=111487)
2.440.211, 11.0]
28.0 (5.34)

59736 (54%)
139 (19.7)

55.9 (8.24)

111488)

1,29 [-2.29, 0.210]

61493 (55%)
56.6 (8.07)
27.4 (4.74)
140 (19.6)

111427)

-3.01[-3.70,-2.29]

60929 (55%)
57.2 (7.90)
27.2 (4.49)
141 (19.6)

111563)

-4.44 [-6.26,-3.71]

60302 (54%)
57.3 (7.80)
27.0 (4.33)
141 (19.6)
82.3 (10.5)

Townsend Deprivation Index Score

Sex, Female (%)
BMI (kg/m?)

Age (years)

CHAPTER 5

Systolic blood pressure (mmHg)

82.2 (10.7)
5.71(1.14)
1.75(1.02)

82.0 (10.9)

82.2 (10.7)
5.71 (1.14)
1.75 (1.03)

82.3 (10.6)
5.74 (1.14)

Diastolic blood pressure (mmHg)

LDL Cholesterol (mmol/l)
Triglycerides (mmol/I)

5.64 (1.16)
1.81(1.09)

5.76 (1.13)

1.73 (0.998)

1.72 (0.980)
Data are mean (SD) for normally distributed continuous variables or median (IQR) otherwise. Percentages are shown for dichotomous variables. Abbreviations: BMI, Body Mass Index.

Genetically determined higher BMI on CAD occurrence

Genetically determined higher BP on CAD cccurrence

Group OR Group OR
High SES 1081 —— High 8E8 1070 ——
Middle SES  1.108 —l— Migdle SES  1.074 —m—
Low SES 1105 —— Low SES 1.067 ——
VerylowSES 1126 —— Verylow SES 1065 —l—
T T 1 T T 1
0.99 1.05 12 099 1.05
c D

Genetically determined higher LDL on CAD cccurrence

Group OR

High SES 1.100

Middle SES 1.100

Low SES 1.081

vy

Very low SES 1.091

T T 1
0.99 1.05 1.2

Figure 2. Association between genetically determined risk factors Body Mass Index (A), systolic
blood pressure (B), LDL Cholesterol (C), triglyceride (D) and coronary artery disease stratified for

Socioeconomic Status

Genetically determined higher TG on CAD occurrence

Group OR
High SES 1.069 ——
Middle SES 1,057 ——
Low SES 1.049 ——
Verylow SES 1043 ——
T T 1
0.99 1.05

Estimated ORs represent the effect per SD increase in risk factor GRS on CAD. Results obtained using a
logistic regression with genetic risk score as exposure, corrected for age, sex, and the first 10 principal

components and were stratified for SES. Abbreviation
pressure; TG, triglyceride; SES, Socioeconomic Status.

s: BMI, Body Mass Index; SBP, systolic blood
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DISCUSSION

We performed MR analyses using calculated genetic risk scores for CVD risk factors to
investigate their association with CAD in different SES groups, using data from 446,495
European-ancestry participants from the UK Biobank. Results indicated that in every SES
group, each investigated genetically-influenced risk factor (BMI, SBP, LDL, triglycerides)
was associated with an increased risk of CAD, confirming the previously observed effects
of these risk factors on CAD. However, for genetically-influenced BMI, the observed effect
on CAD differed between SES groups. Specifically, in the lower SES group the increased
risk on CAD per SD increase BMI was larger compared with the highest SES group. These
results could be an indication that an increased BMI is not only more prevalent in low
SES groups, but that the risk associated with a one-unit increased BMl is also higher.

To the best of our knowledge, the current study is the first to investigate the impact
of classic CVD risk factors on CAD occurrence in different sub-groups of SES in a MR
analysis. Of interest, earlier Mendelian Randomization studies have shown age-specific
effects attributable to CVD risk factors [17, 18]. These findings, together with the
findings from the present study, further illustrate that the effect of CVD risk factors is
not homogeneous, but subgroup specific instead.

To illustrate, a hypothetical intervention in our study population leading to an equal
reduction (e.g., 1 SD) in BMI across all groups, would lead to a relatively larger case
reduction of CAD in the lower SES group. A 1 SD reduction of BMI would lead to 1.081
lower odds of developing CAD attributable to BMI in the highest SES group. Conversely,
the same 1 SD reduction would lead to 1.126 lower odds in the lowest SES group. With
both a larger incidence and a bigger effect size, a 1 SD reduction of BMI leads to a larger
absolute case reduction in the low SES group. By not recognizing the different effect
attributable to BMI in different SES groups and using the overall increased risk (OR:
1.107), a hypothetical intervention would assume an under- and overestimation of case-
reduction in high and low SES groups respectively.

Our findings on the subgroup-specific impact of BMI on CAD risk could be caused by
different body compositions in different socioeconomic groups. BMI is generally thought
to have a linear relationship with CVD incidence [33]. However, it is a measure of overall
adiposity that takes into account body weight and length, but not body composition
variables such as fat mass and muscle mass. It is possible that the increased CAD risk in
groups of lower SES could be due to the fact that groups of lower SES have a higher body
fat percentage. However, there is currently not much literature on body composition in
different socioeconomic groups. The distribution of fat is another aspect to consider.
Literature has shown that compared with subcutaneous fat, visceral fat is associated
with a higher risk for CAD [34]. It could be hypothesized that the body fat of individuals
of lower SES consists of a larger proportion of visceral fat than the body fat of individuals
of higher SES. As there are, to our knowledge, currently not sufficient reliable genetic
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instruments for visceral fat, we were unable to test this hypothesis. Thus, subsequent
studies should aim to explore the potential differences in body composition between
SES groups.

It has been shown that low SES is one of the strongest predictors towards engaging in
lifestyle risk behavior associated with cardiovascular death [35]. These include smoking,
alcohol consumption and an unhealthy diet. All of these lifestyle factors are in turn
associated with increased liver fat and/or visceral fat, which are known to increase CAD
risk [36, 37]. It is therefore possible that lifestyle risk behavior could lead to different
body compositions between SES groups, which in turn could explain our results.

Although SBP, triglyceride and LDL cholesterol are assumed to be causal risk
factors for CAD incidence, there does not seem to be a difference in effect between
SES groups according to our results. Thus, it is likely that interventions targeting either
SBP, triglyceride or LDL cholesterol would have a comparable effect on CAD incidence,
independent of SES.

The main strength of this study is the large sample size as well as considerable number
of CAD cases. This ensured statistical power for our analyses on the association between
CVD risk factors and CAD occurrence. The MR method also aims to prevent possible
reverse causation or confounding. Finally, our findings on the associations between
known CVD risk factors and CAD are directionally consistent compared with earlier
literature, which increases the credibility of our main findings. Some limitations should
also be considered. First, we used the Townsend Deprivation Index as an indication of SES.
As TDl is only measured at baseline, potential changes in SES during follow-up cannot be
taken into account. To add, TDI is calculated based on geographical data and therefore is
not a measure of individual SES, but a measure of environmental poverty. Furthermore,
using a measure of neighborhood SES could provide suitable target locations for
potential tailor-made intervention policies. Second, our study population from the UK
Biobank consists of Caucasian participants. Therefore, the generalizability of our results
to other ancestry groups is limited. This is especially relevant as prevalence of CVD risk
factors differ between ethnic groups [38]. However, limiting the study population to
Caucasians greatly reduces the heterogeneity between participants.

Inconclusion, our findingsindicate that CAD risk attributable to BMIis nothomogenous
and is modified by SES. Although genetically-influenced BMI was associated with CAD in
all SES subgroups, tailor-made approaches for risk reduction dependent on SES should
be considered to optimize the reduction in disease risk.
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GENERAL DISCUSSION

Despite successful prevention and treatment options, cardiovascular diseases (CVD)
remain aleading cause of death worldwide. This thesis investigated potential mechanisms
leading to CVD in order to characterize existing and identify novel targets for future
preventive strategies to reduce CVD incidence and associated disease burden. For this
aim, the causes of mitochondrial dysfunction, resulting in oxidative stress, and the
cerebrovascular consequences in the general population were assessed. Additionally,
the causality of risk factors for CVD were studied and possible differences in subgroups
of the population were investigated to determine the possibility of more personalized
cardiovascular disease risk prediction. In the following paragraphs, the main findings as
well as their implications and future perspectives will be discussed.

MAIN FINDINGS

Antioxidants

High levels of reactive oxygen species (ROS) have previously been associated with
higher risk of developing CVD [1-3]. As antioxidants are the natural scavengers of ROS,
in Chapter 2 we studied how lifestyle factors are associated with antioxidant levels, and
its derivatives, in blood and urine. In a study sample of about 500 participants from the
Netherlands Epidemiology of Obesity study [4], we measured serum vitamin E levels and
urinary vitamin E metabolite levels as a reflection of antioxidant status. We observed
that some lifestyle factors associate differently with vitamin E serum levels as compared
to urinary vitamin E metabolite levels. For example, smoking was associated with higher
urinary vitamin E metabolite levels, but not with serum vitamin E levels. These findings
can be interpreted in the context of higher oxidative stress, which has been associated
with smoking behavior [5-7], resulting in the increased turnover of serum vitamin E
to urinary metabolites. However, oxidative stress apparently does not result in lower
serum vitamin E levels given the null association between smoking and vitamin E levels
in serum. Other research in the same study sample showed similar results, where
urinary vitamin E metabolites were associated with lower insulin resistance, but not
serum vitamin E [8]. Together, these findings indicate that measuring only serum vitamin
E levels is not an accurate reflection of antioxidant activity. Since serum vitamin E levels
are apparently controlled differently compared with secreted vitamin E metabolites,
this might also explain why increasing serum vitamin E levels through supplementation
does not significantly reduce disease risk [9, 10]. These results raise the hypothesis that
higher urinary vitamin E levels might be a better reflection of oxidative stress. However,
this remains to be investigated in large prospective cohort studies in combination with
large-scale causal inference studies.
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As smoking is one of the major risk factors associated with (any) stroke [11, 12], our
observed association between smoking and higher urinary vitamin E metabolite levels
could speculate towards the hypothesis that smoking affects stroke pathology, at least
partly, via increased oxidative stress levels. Several other studies have also linked
smoking behavior to increased oxidative stress levels [5-7], but used different measures
as reflection of increased oxidative stress levels. Although higher antioxidant intake has
been associated with lower stroke risk in observational cohort studies [3, 13-15], the
results of Chapter 3 show that these associations are likely not causal. When studying
disease risk, it is vital to provide evidence whether a risk factor is also a causal factor.
However, studying causal factors for cardiovascular disease in an RCT setting is challenging
due to the generally long duration of disease development and associated exceedingly
high economic costs. In Mendelian Randomization studies, genetic variants are used as
instrumental variables to approximate a causal association between an exposure and an
outcome. This provides a cheaper, more practical alternative approach. In Chapter 3,
we investigated both circulating antioxidant blood and metabolite levels and their
association with ischemic stroke risk using MR. We found that none of 5 genetically-
influenced diet-derived antioxidants (Vitamin E, Carotene, Lycopene, Ascorbate, and
Retinol) were associated with ischemic stroke risk. In other words, no evidence was
found for a possible causal association between diet-derived antioxidant levels and
ischemic stroke. These results are in agreement with the findings that increasing
circulating levels of antioxidants via supplementation do not reduce the risk of ischemic
stroke in RCTs [16, 17]. A similar study investigating antioxidant levels and coronary heart
disease using MR also found no evidence for a causal association [18], as having (partly)
overlapping pathophysiological mechanisms. Recent reviews covering oxidative stress
mechanisms have suggested that circulating antioxidant levels are indeed not reflective
of actual antioxidant capacity [9, 10]. This indicates that increasing antioxidant levels
via supplementation is clinically irrelevant for CVD risk reduction, at least in the general
population.

Commonly suggested methods to reduce stroke risk are physical exercise and
smoking cessation [19]. Although these methods do not increase circulating antioxidant
levels, chapter 2 of this thesis has shown they are associated with altered antioxidant
metabolites. This relation again highlights the difference between serum antioxidant
levels and antioxidant capacity and might reveal why habitual exercise reduces stroke
risk but antioxidant supplementation does not.

Oxidants

To investigate both sides of the oxidative stress mechanism and its relation to CVD,
we shifted our focus from antioxidants to oxidants, in the form of ROS. Mitochondria
are a major source of ROS production and have evolved elaborate means to scavenge
these ROS. Mitochondrial dysfunction may thus result in increased ROS production,
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and is therefore considered to be a driver and hallmark of the ageing process [20].
Mitochondrial dysfunction can be proxied using the mtDNA copy number (mtDNA-CN).
MtDNA-CN can be assessed by estimating the mtDNA abundance relative to genomic
DNA. Therefore, we aimed to study mtDNA abundance, as a proxy for mitochondrial
dysfunction, and the effect it might have on the development of cardiovascular diseases
such as stroke (Chapter 4).

In our prospective analyses, after correcting for potential confounders, we observed
no association between mtDNA abundance and stroke. Although extensive sensitivity
analyses provided weak evidence for lower mtDNA abundance as a causal factor for
ischemic stroke, these results were notin line with the prospective multivariable-adjusted
cross sectional analyses. Furthermore, the evidence favoring a possible relationship was
only found after the exclusion of pleiotropic SNPs associated with platelet count, which
were half of the originally included SNPs. Therefore, caution should be taken when
interpreting these results. Further studies will have to shed light on the nature of this
type of pleiotropy. One study did report an association between low mtDNA-CN and
increased risk of incident stroke [21]. However, we could not replicate these results,
while using a much larger sample size and applying triangulation by adding MR analyses
in over 1 million participants.

Although mitochondrial dysfunction is thought to increase ROS production, which
could damage surrounding cell structures [22], it is questionable whether the effect of
increased mitochondrial dysfunction as measured in leukocytes reflects damage induced
by ROS that could lead to stroke. For instance, mitochondrial dysfunction in endothelial
cells might result in ROS-induced cell damage that lies within the direct causal pathway
of stroke development. One study found great variation in mtDNA abundance between
liver, kidney, brain, lung, muscle and heart samples, which was interpreted as a reflection
of tissue-specific differences in mitochondrial activity [23]. However, another study has
shown that there is a correlation between leukocyte mitochondrial dysfunction and
metabolic health of other, different tissues [24]. In this paper, mitochondrial dysfunction
measured in blood was shown to be predictive for neurodegenerative disease incidence
[24], indicating that leukocyte mtDNA abundance could be used to study cerebrovascular
disease onset. Importantly, tissue-specific mtDNA abundance itself could be a marker for
other health conditions. Obesity causes increased mitochondrial dysfunction in multiple
tissues [25, 26], which may be reflected by lower mtDNA abundance. However, a recent
study has shown that there was no causal association between genetically-influenced BMI
and mtDNA-CN in a large sample from European-ancestry participants from UK Biobank.
[27]. Thus, future research will have to disentangle the exact causes of mitochondrial
dysfunction, and how mitochondrial dysfunction is linked to adverse health outcomes.
In order to continue studying the potential contribution of mitochondrial dysfunction to
stroke risk, investigating relevant measurement data, such as mitochondrial dysfunction,
from endothelial cells might be the next logical step. However, as blood samples tend
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to be more readily available, discovering and analyzing blood biomarkers that reflect
endothelial dysfunction might be a more practical approach.

RISK MODIFICATION IN SUB-POPULATIONS

In Chapter 5, we studied whether established risk factors of CVD exert different effects in
specific sub-populations. It is known that inhabitants of lower SES neighborhoods have
an increased risk of CVD development [28-31]. Our results showed that the increased
risk for CAD attributable to increased BMI can be modified by SES. In other words, an
increased genetically-influenced BMI resulted in a higher risk on CAD in low SES groups
when compared with the same genetically-influenced BMI increase in high SES groups.
Therefore, when tackling obesity as a strategy for CAD prevention, a sub-group specific
approach taking SES into account might lead to a proportionally higher reduction in CAD
cases and should be considered. However, this approach has some drawbacks. From a
social perspective, there might be some ethical considerations. Placing individuals, or
city areas, into groups of high or low SES and targeting them with different programs
might be stigmatizing [32, 33]. Additionally, as BMI was still associated with increased
stroke risk in all SES groups, a separate approach may wrongly convey that the high SES
group is devoid from disease risk. Nonetheless, from a scientific point of view it might
be relevant to continue to study known associations in greater detail by investigating
subgroup specific effects. In the end, by optimizing correct risk allocation, the results of
these studies could aid in future individualized treatment options.

REFLECTION ON MAIN FINDINGS

Study population characteristics are one of the main considerations to be taken into
account when reflecting on the results of this thesis. Since the research in this thesis
used European-ancestry cohorts, it may not be generalizable to other (non-European)
populations. Therefore, it is relevant to replicate these studies in datasets of non-
European ancestry. In addition, the results from Chapter 5 demonstrated that individuals
of low SES have an increased CVD risk. This group is generally underrepresented in
population research, including in the UK Biobank. This indicates that the highest risk
group in these studies is simultaneously the least accurately represented in the study
population [34, 35]. Therefore, it is possible that our results are an underestimation of
the difference between SES groups, as the lowest SES group of the general population
might not be fully represented by the lowest SES group of our study population.
Furthermore, participants of the UK biobank are thought to be relatively healthy [34].
Participants were between 40 and 70 years of age at inclusion of the study. Although the
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UK biobank started in 2005, this can still be considered relatively young to study stroke
incidence. This is also reflected in our relatively low number of cases (2%), compared
with the general life-time stroke incidence of 25% [36]. As a consequence, a number of
participants currently in the control group might become cases when more follow-up
years are completed.

Since traditional observational association studies cannot determine causal effects,
we combined multivariable-adjusted analyses with MR. However, MR has several
underlying assumptions. One of these is that MR assesses the association using the
assumed life-long exposure of the determinant in its genetic instrument, whereas
the data from the studied population reflects only the outcomes up until the point of
data collection. There could be uncertainty as to whether outcomes such as disease
occurrence are altered in the future. Increasing follow-up years of the study cohort
should decrease the likelihood of this possibility, although the final conclusion might not
be drawn for years to come. Additionally, the genetic instruments used in these studies
accounted for a relatively low amount of variation of the outcome. Possibly a future
GWAS could provide stronger instruments. Alternatively, it is imaginable that genetically
derived oxidative stress related to stroke incidence is only activated in combination with
adverse lifestyle and environmental factors, which can be assessed by future studies of
gene-environment interactions.

CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis, we observed that lifestyle factors smoking and physical exercise are
associated with urinary vitamin E metabolite levels, which we hypothesize to be a
marker of antioxidant activity. However, we did not find evidence supporting a causal
association between either antioxidant levels or mtDNA abundance and stroke risk.
Adiposity and glucose homeostasis were found to be associated with urinary vitamin
E metabolites, but not with circulating vitamin E blood levels [8, 37]. Combined with
the lack of success of vitamin E supplementation in clinical trials [38, 39], these results
support the hypothesis that vitamin E levels do not reflect antioxidant status or capacity.
In other words, the rate limiting step in the scavenging process of antioxidants such as
vitamin E is not the circulating blood levels but rather a downstream process. Discovering
this rate limiting step will be crucial in order to study the real effect of antioxidants on
cardiovascular disease risk.

A partial contributor to the observed null-findings could be the studied population.
Therefore, if these studies were to be repeated, and replicated, in the future, an older
study population might provide more accurate results. Nevertheless, the current
associations are still representative for this study population, taking into account age
group and follow-up duration. Additionally, the study populations used in this thesis
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were very large. Even after studying up to 1 million participants, no association between
determinants and outcomes was observed. Although by increasing the study population
statistical significance could be achieved, the found effect would be so small that
clinical (and biological) relevance is highly unlikely. Furthermore, our results show that
lower SES groups have worse CVD outcomes with identical risk factors. Future studies
would have to take into account that their results might be biased towards a healthier
volunteer population. Generally, this would lead to an underestimation of the real
population risk factor prevalence, as those with on average worse health variables will
be underrepresented [40, 41]. However, even with having a bias towards a healthier
population, any found correlation within the study population is likely to be confounded
by bias. A study has shown that within-subject analyses are not affected by so-called
non-response bias [41]. Nonetheless, new recruitment should focus on obtaining a
participant distribution to better reflect the general population.

The scientific field continues to evolve and novel ways to accurately measure
oxidative stress are being developed. Therefore, it would be premature to state that the
results from this thesis entirely answer the question whether oxidative stress is causally
associated with stroke. However, similar studies using the same study population, but
investigating different phenotypes reflective of higher oxidative stress levels, found
similar results. For instance, genetically determined antioxidant levels were not causally
associated with coronary heart disease [18]. Additionally, no evidence was found for
the causal association between low mtDNA copy numbers and type 2 diabetes risk [27].

As science becomes increasingly data-driven and larger datasets become (publicly)
available, future studies should be able to carry out more in-depth research, increasing
the potential to provide conclusive evidence of the relation between oxidative stress
and cardiovascular disease. A higher number of participants would not only increase the
number of cases, but additionally allow for the investigation of subgroup specific effects.
Although the current studied population in itself was considerably large, our results in
Chapter 5 have shown that there could be relevant differences in risk effect between
two subgroups within a specific population. A previous study has presented similar
results where CAD risk attenuated with age [42]. Therefore, it would be naive to treat
such a case group as homogeneous. Future studies could focus on true personalization
of risk by further disentangling sub-group specific effects. In turn, this would open up
possibilities for individualized medicine and prevention strategies.

This thesis provides novel insights in the relationship between oxidative stress and
CVD using both biological and genetic data. Although associations were established, no
conclusive evidence supporting a causal association between oxidative stress and CVD
was found. However, as CVD is thought to be a complex and heterogenous disease,
it is important to keep in mind that there are likely multiple pathways that together
affect the progression of this disease. Our results already showed a complex combined
relationship between genetically-influenced BMI, low SES, and CVD. When taking into
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account the long onset of CVD, future research demands a more sophisticated approach
in order to explain the underlying mechanisms of CVD development. For example,
data on risk factors should be gathered throughout a person’s lifespan, starting from
a relatively young age. This would result in a better visualization of the true exposure
per risk factor for each participant. This could be combined with individual genetically
determined risk factors. Individuals who are at increased risk would then be invited
for periodic screening. Although this method might be initially expensive, if effective,
the reduction of CVD cases and patients would ultimately lower the burden on our
healthcare system [43, 44]. Consequently, in order to truly combat the global healthcare
burden caused by CVD, interventions might have to aim for a younger target population
and continuous monitoring of risk factors over the life course.
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Dankzij continue innovaties in onder andere de medische sector is de levensverwachting
sinds 1800 gestaag gegroeid, met toenemende vergrijzing van de bevolking tot gevolg.
Hierdoor is de prevalentie van leeftijdsgebonden ziekten zoals cardiovasculaire ziekten
enorm gestegen. Hoewel cardiovasculaire ziekten al decennialang wordt onderzocht en
er effectieve medicatie is gevonden, blijft het de belangrijkste doodsoorzaak wereldwijd.
Daarnaast is leeftijd een van de grootste risicofactoren voor het ontwikkelen van nog
vele chronische ziekten. Op biologisch niveau is het verouderingsproces onder te
verdelen in een aantal specifieke kenmerken. Deze worden de 9 ‘Hallmarks of Ageing’
genoemd. Mitochondriéle dysfunctie is één van deze Hallmarks en ligt mogelijk aan
de basis van verschillende negatieve aspecten van veroudering en verhoging van het
risico op het krijgen van ziekten. Mitochondrién zijn een belangrijke bron van reactieve
oxidatieve componenten (‘Reactive Oxigen Species’; ROS), ook wel oxidanten genoemd.
Deze worden aangemaakt als bijproduct tijdens de energieproductie. Hoewel een zekere
hoeveelheid ROS noodzakelijk is voor een normale cel functie, kan een teveel aan ROS
schade veroorzaken aan allerlei celstructuren. Bij mitochondriéle dysfunctie ontstaat er
te veel ROS. Om te voorkomen dat er een te hoge concentratie ROS ontstaat, beschikt
het lichaam over antioxidanten die de reactieve oxidanten kunnen neutraliseren. Deze
antioxidanten ruimen ROS op om deze binnen de optimale concentraties te houden voor
normale cellulaire functie. Een goede balans tussen de oxidanten en antioxidanten is
cruciaal om oxidatieve schade, ook wel oxidatieve stress genoemd, te voorkomen. Dit
proefschrift beoogt de oorzaken van mitochondriéle dysfunctie, een mogelijke oorzaak
van oxidatieve stress, en de gevolgen van deze oxidatieve stress binnen de algemene
populatie en in specifieke subpopulaties te onderzoeken.

In hoofdstuk 2 hebben we onderzocht of vitamine E, een antioxidant, is geassocieerd
met de leefstijifactoren roken, slaap, bewegen, eten, en alcohol. Om de vitamine E status
van een persoon te bepalen hebben we bij 530 mensen uit de Nederlandse Epidemiologie
van Obesitas (NEO) studie zowel bloedwaarden van vitamine E als de metaboliet waarden
van vitamine E in urine gemeten. In NEO waren roken, en te weinig of te veel bewegen
geassocieerd met minder vitamine E metabolieten in urine. Opvallend is dat er geen
associatie was met de vitamine E bloedwaardes. Deze resultaten laten zien dat alleen
de vitamine E bloedwaardes niet voldoende inzicht geven in de antioxidant activiteit in
het lichaam. Mogelijk verklaart deze bevinding ook waarom het gebruik van vitamine
E supplementen niet effectief blijkt in het voorkomen van leeftijdsgebonden ziektes,
een bevinding die ook eerder is gedaan in verschillende klinische studies, aangezien
vitamine E supplementen enkel de bloedwaardes, en niet de metabolieten, verhoogt.

In hoofdstuk 3 van dit proefschrift hebben we de mogelijke causale associatie
onderzocht tussen verschillende dieet-afgeleide antioxidanten en het krijgen van
een beroerte. Eerder epidemiologisch cohortonderzoek heeft aangetoond dat er een
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verband is tussen een hogere antioxidant concentratie van bijvoorbeeld vitamine E en
een lager risico op het krijgen van een beroerte. Echter in observationele cohortstudies
is het niet mogelijk om een oorzakelijk verband aan te tonen tussen antioxidant niveaus
in bloed en het risico op een beroerte. Met de Mendeliaanse Randomisatie (MR)
methode, waarbij gebruik wordt gemaakt van genetische varianten als proxy voor de
onderzochte variabele, is het wel mogelijk om een causale associatie te onderzoeken.
Door genetische varianten te gebruiken die samengaan met antioxidant niveaus
in bloed, kun je de associaties relatief vrij van residuele verstoring of omgekeerde
causaliteit onderzoeken. Bij het doen van dit onderzoek hebben wij gebruik gemaakt
van de datasets MEGASTROKE, UK Biobank, en Finngen. In de gecombineerde populatie
van meer dan 1 miljoen mensen, hebben we geen bewijs gevonden voor een oorzakelijk
verband tussen dieet-afgeleide antioxidanten en het krijgen van een beroerte. Deze
resultaten ondersteunen de hypothese dat het innemen van antioxidant supplementen
niet bijdraagt aan de cardiovasculaire gezondheid in de algemene populatie.

Omdat naast antioxidanten, ook oxidanten belangrijk zijn bij het behouden van
het oxidatieve evenwicht, wilden we in hoofdstuk 4 kijken naar de associatie tussen
mitochondriéle dysfunctie, als oorzaak van verhoogde ROS productie, en beroertes.
We hebben prospectief de relatie onderzocht tussen mitochondriéle dysfunctie en het
krijgen van een beroerte door gebruik te maken van beschikbare bloedwaardes van
mensen die gevolgd zijn in de tijd. Na het analyseren van gegevens van bijna 300.000
participanten, hebben we geen associatie gevonden tussen mitochondriéle dysfunctie
en een beroerte. Gecombineerd met MR analyses, waarin we geen oorzakelijk verband
tussen mitochondriéle dysfunctie en een beroerte hebben kunnen aantonen, suggereren
de resultaten dat er geen oorzakelijk verband is. Een mogelijke verklaring voor dit
negatieve resultaat is dat de biomarker gebruikt voor dit onderzoek niet representatief
is voor mitochondriéle dysfunctie in relevante lichaamsdelen. Verder onderzoek zal
moeten uitwijzen welke biomarkers hiervoor wel geschikt zijn.

Het is bekend dat inwoners van achterstandswijken, en dus met een lage
sociaaleconomische status, een verhoogde kans hebben op het ontwikkelen van
cardiovasculaire ziekten (CVD). Daarnaast weten we dat deze populatie meer bloot
wordt gesteld aan factoren die oxidatieve stress kunnen verhogen zoals roken en een
ongezond dieet. Zo heeft onderzoek aangetoond dat deze mensen gemiddeld een hoger
BMI hebben. In hoofdstuk 5 hebben we onderzocht of bekende risicofactoren van CVD,
zoals een hoog BMI, een even sterk effect hebben op het ontwikkelen van CVD in mensen
die wel of niet in een achterstandswijk wonen. Ondanks dat een hoog BMl in alle groepen
geassocieerd was met een verhoogd risico voor het ontwikkelen van CVD, hebben we
kunnen aantonen dat een hoog BMI, onafhankelijk van andere factoren, een groter risico
geeft op het ontwikkelen van CVD als men in een achterstandswijk woont. Dit geeft aan
dat BMI niet een eendimensionaal risico is, maar op een complexere manier bijdraagt
aan de ontwikkeling van CVD. Ook suggereert het dat gepersonaliseerde interventies
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nodig zijn in het bestrijden van CVD.

Dit proefschrift heeft antwoord proberen te geven op een aantal vragen omtrent
oxidatieve stress en de associaties hiervan met verschillende cardiovasculaire ziekten.
Hoewel in de gedane onderzoeken geen causale verbanden zijn gevonden, moeten we
er rekening mee houden dat cardiovasculaire ziekten complex en heterogeen zijn. Onze
resultaten lieten een ingewikkelde relatie zien tussen BMI, sociaaleconomische status en
CVD. Om de mogelijke oorzaken van CVD op de juiste manier te bestuderen, is het onder
andere belangrijk om rekening te houden met het lange aanvangstraject. Uit onderzoek
weten we dat CVD zich soms wel tientallen jaren kan ontwikkelen voordat de eerste
symptomen zichtbaar worden. Door bijvoorbeeld data van personen te verzamelen
beginnend vanaf een jongere leeftijd, en dit vervolgens voor de gehele levensduur vol te
houden zou je een accuraat beeld kunnen schetsen van de daadwerkelijke blootstelling
aan risico factoren over tijd. Hiermee is het mogelijk om op een individueel niveau het
risico op het ontwikkelen van CVD te bepalen. Uiteindelijk zullen interventies die CVD
bestrijden zich wellicht moeten focussen op een jongere populatie, om zo in een vroeg
stadium in te kunnen grijpen.
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