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“Knowledge is the object of our inquiry,
and men do not think they know a thing
till they have grasped
the ‘why’ of (which is to grasp its primary cause).”

Aristotle, 384-322 BC



TABLE OF CONTENTS

Part |

Chapter 1
Chapter 2

Part Il

Chapter 3

Chapter 4

Part Il

Chapter 5

Chapter 6

Chapter 7

General aspects

General introduction, study population, and thesis outline
Ageing, age-related diseases, and oxidative stress:
What to do next?

Mitochondrial dysfunction in cardiovascular disease

Low mitochondrial DNA copy number drives
atherosclerotic cardiovascular disease: cohort

and genetic studies

The associations between mitochondrial DNA copy
number and metabolomic profiles in the general population

Antioxidants in cardiovascular disease

Diet-derived circulating antioxidants and risk of

coronary heart disease: a Mendelian randomization study
Urinary oxidized, but not enzymatic vitamin E

metabolites are inversely associated with measures

of glucose homeostasis in middle-aged healthy individuals
Associations of metabolomic profiles with circulating
vitamin E and urinary vitamin E metabolites in
middle-aged individuals



Part IV

Chapter 8

Chapter 9

Part V

Chapter 10
Appendices

Inflammation in neurological disorders

Depression and inflammatory bowel diseases:

a bidirectional two-sample Mendelian randomization study
Systemic inflammatory markers in relation to

cognitive function and measures of brain atrophy:

a Mendelian randomization study

Summary

Main findings and future perspectives
Nederlandse samenvatting (Summary in Dutch)
List of publications

PhD Portfolio

Curriculum vitae

Acknowledgements






CHAPTER 1

General introduction, study population, and thesis outline



INTRODUCTION

According to WHO’s 2019 Global Health Estimates, chronic diseases, also
known as non-communicable diseases, make up seven of the top ten causes of
death, accounting for 71% of all deaths globally. Among those, cardiovascular
disease (CVD) remains the most common cause of mortality! and neurological
disorders are the leading cause of disability and the second leading cause of
death? worldwide. The Global Disease Burden study estimated 17.8 million deaths
attributable to CVD in 2017, which represents an increase of 21% in population
mortality from CVD and an increase of 15% in years of life lost in the decade
before 2017". Similarly, approximately 3 million deaths and 26% increment in
years of life lost are attributed to neurological disorders'. A set of traditional
risk factors have been well acknowledged for chronic diseases, including but
not limited to, tobacco use, obesity, hypertension, hyperlipidemia®. These have
been combined into multiple risk assessment tools to estimate individuals’
risk for developing diseases such as CVD*® and dementia’”. Pharmacological
and lifestyle interventions targeting several risk factors can also substantially
reduce CVD risk®'. Nevertheless, most of these main causes, if not all, share a
common pathological mechanism in the development of chronic diseases, and
that is oxidative stress'. Therefore, oxidative stress is fundamental among the
pathophysiological mechanisms leading to chronic diseases, and a better under-
standing of their associations may provide early opportunities as a preventive
and therapeutic target.

Oxidative stress

Oxidative stress was first formulated in 1985 by Helmut Sies and refined after-
wards™ S, |t refers to conditions whenever the generation of reactive oxygen
species (ROS) exceeds endogenous antioxidant capacity, leading to disruption
of redox signaling and molecular damage. ROS are the by-products of aerobic
metabolism predominantly generated in mitochondria through the electron
transport chain during oxidative phosphorylation. The heart and brain are high
oxygen-consuming organs to produce energy continuously, with large amounts
of mitochondria constituting up to one-quarter of cardiomyocyte volume'. This
inevitably increases the susceptibility of the heart and vasculature and the neu-
ral system to oxidative stress and associated damage. Notably, ROS in low to
modest levels regulates multiple redox-dependent vascular wall signaling pro-
cesses'’, whereas maladaptive excessively high ROS levels mediate irreversible
and nonspecific macromolecular damage to cellular membranes, proteins, and
DNA'™, and induction of inflammation' and dysregulation of vascular functions??,
particularly endothelial dysfunction by disrupting the nitric oxide signaling cas-
cade2%?!, Collectively, high levels of oxidative stress promote the development
of atherosclerosis and further CVD, as well as other chronic diseases.

Mitochondrial dysfunction

ROS generated in mitochondria contributes to mitochondrial dysfunction, which
in turn stimulate mitochondrial ROS overproduction, forming a vicious circle.
Mitochondrial dysfunction has been widely seen as a hallmark of the ageing
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process??, with disruption of energy transduction, and perturbed calcium and
redox homeostasis?®24, and plays a role in the etiology of multiple age-related
diseases. Mitochondria have their own circular genome, the cytoplasmic mito-
chondrial DNA (mtDNA), consisting of 37 genes, 13 of which encode multi-subunit
enzymatic components of the electron transport chain. Individual mitochondria
may contain two to ten copies of the mitochondrial genome, known as mtDNA
copy number (mtDNA-CN). Therefore, considerable variations exist across cells,
tissues, and individuals. The alterations of mtDNA-CN per nucleated cell might
be indicative of aberrant mitochondrial health and are associated with perturba-
tions of bioenergetics, mitochondrial membrane potential, and oxidative stress?®,
and therefore could roughly serve as an easily accessible and minimally invasive
surrogate biomarker of mitochondrial dysfunction?®.

In epidemiological cohort studies, lower peripheral leukocyte mtDNA-CN has
been associated with several CVDs and CVD-related risk factors. For example,
in the prospective Atherosclerosis Risk in Communities (ARIC) study comprising
about 20,000 participants with no history of CVD during a follow-up of up to
more than 20 years, a low mtDNA-CN was associated with a1.29- and 1.11- times
higher risk of coronary artery disease and stroke, respectively?”. A low level of
mtDNA-CN was cross-sectionally associated with several cardiovascular risk
factors such as obesity, hypertension, hyperglycemia, and diabetes in 408,361
participants?e.

Antioxidants

Antioxidants are substances that neutralize oxidants and their actions to maintain
a biological redox steady state. Given the crucial role of ROS in the pathogenesis
of chronic diseases, particularly CVD, it has been of particular interest for decades
to investigate the protective role of antioxidants in CVD. Of those, dietary-derived
modifiable ones have been central for a long time, including -carotene, vitamin
C, and E, among others. However, an important paradox of antioxidants exists.

Since the late 1980s, multiple epidemiological studies have been carried out to
investigate the role of antioxidants in CVD. In prospective epidemiological cohort
studies, high intake of dietary antioxidants at baseline, either as dietary com-
ponents or supplements, or high blood concentration of antioxidants including
vitamin C and E, have been consistently associated with a lower CVD risk2°-3%,
For example, two major studies from 1993 concluded that high consumption of
vitamin E was associated with a reduced risk of coronary heart disease®*". These
promising findings were widely advocated in the mass news media and led to a
significant increase in supplement use in the general public. Not surprisingly, a
considerable proportion of the population used dietary antioxidative supplements
over the last few decades, particularly in the United States®. Notwithstanding,
the translation of these findings into evidence-based interventions has not been
so straightforward. Randomized clinical trials (RCTs) and their meta-analyses
generally failed to demonstrate a significant beneficial effect of antioxidants
supplementation, including B-carotene, vitamin C, E, B12, B6, and folic acid,
on CVD outcomes and related risk factors®®-#®. Currently, there is inadequate
evidence on the benefits of several supplementations in the prevention of CVD#¢.




Myths or facts

This vitamin paradox raises the importance of correct causal inference to con-
tribute to our etiological understanding of the role of antioxidants in CVD and
in public health. Although the associations between oxidative stress, proxied by
mitochondrial dysfunction or low levels of antioxidants in the blood, and CVD
have been identified in several observational studies, several limitations challenge
the causal inference of the original research findings.

Conventional observational epidemiological studies are often plagued by con-
founding, reverse causation, and other forms of bias that can limit the validity of
the findings from these studies. The confounding factors that causally influence
both a risk factor and an outcome induce an spurious association between the
risk factor and the outcome. Adjustment for known confounders is possible in
statistical analyses, but residual confounding may remain, either due to con-
founders not being measured or measurement errors in the confounder. Reverse
causation is the situation in which the observed association between the risk
factor and an outcome is because the outcome causally affects the risk factor.
For example, people with early symptoms of CVD may adjust their lifestyle to
be healthier accordingly, with higher dietary intake of antioxidants and earlier
initiation of supplementation than those without symptoms. Therefore, an inter-
pretation of these spurious associations as causality would be misleading.

RCTs are regarded as the “gold standard” to establish causal effects for all
intervention studies because imbalances of participants’ characteristics are
eliminated by randomization and any differences in outcome can therefore only
be attributed to the intervention. However, there are substantial challenges to
examine antioxidants supplementation in RCTs, and several mechanisms could
explain the null findings in RCTs. First, administration strategies are highly het-
erogenous, such as timing, monotherapy or not, dose, and treatment duration.
For example, supplementation started later than irreversible ROS damage could
have a negligible clinical beneficial effect. Moreover, a clear limit in circulating
levels is reached by antioxidant supplementation that might be below the thera-
peutic levels*’. Also, the circulating antioxidants from supplementation may not
access the required target sites to scavenge ROS, especially the mitochondria,
and could not represent the functional levels. For instance, vitamin E undergoes
different catabolism depending on whether radical-dependent or not and gen-
erates distinct metabolites that can be detected in the urine*8. Furthermore, the
form of the antioxidants, natural or synthetic, may exert an influence, such as
lower bioactivity of synthetic vitamin E than the natural ones, characterized by
preferentially non-oxidation metabolites in urine*®.

Therefore, there is an urgent demand to explore innovative and rigorous research
designs for examining the effects of antioxidants taking those complexities in
antioxidants and administration into account.

Mendelian randomization in causal inference

Mendelian randomization (MR) has emerged in recent years as a powerful study
design in causal inference. It uses genetic variants associated with the exposure
of interest to investigate the causal effect of modifiable risk factors on outcomes.
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Genetic variants inherited from parents to offspring at conception are randomly
assorted and segregated at meiosis and are used as proxies of the exposure
levels. As aresult, individuals are divided into two comparable groups. Those who
carry the effect allele (e.g. with an increased level of exposure) are assigned to
the group with higher levels of the exposure of interest whereas those who carry
the alternative allele are assigned to the group with lower levels of exposure.
Through this process of random allocation, genetic variants are independent of
environmental and other genetic factors, except for those variants that are in
linkage disequilibrium of the variant of interest. Hence, genetic variants will not
be related to any potential confounding factors that affect the exposure and the
outcome and any difference in outcomes between genetically defined groups can
be directly attributed to the exposure. Consequently, the MR design is considered
as a “natural experiment”, mimicking RCTs, where individuals are randomized
to carry a genetic variant rather than to an intervention. In addition, the earlier
disposition of genetic variants than the exposure measurements ensures the
correct temporal order to eliminate the possibility of reverse causation. There-
fore, MR can be used to estimate the causal relationship between exposures
and outcomes largely free from confounding, in contrast to conventional epi-
demiological approaches.

The massively increasing availability of genotyped and high-quality phenotypic
data in large study samples and mega biobanks during the past decade facili-
tates us to apply MR designs and to generate valid and well-powered approxi-
mated causal associations between exposures and outcomes. Indeed, the past
decade has witnessed a considerable increase of publications using the MR
approach50. To obtain reliable causal estimates of the effect of an exposure on
an outcome from MR studies, the following three principal assumptions should
be fulfilled by the genetic variants, namely that they 1) are associated with the
exposure in genetic studies (relevance); 2) are not related to any observed or
unobserved confounding factors (independence); 3) are associated with the
outcome exclusively through its effect on exposure (exclusion restriction), as
illustrated in Figure 1.

o,U

Figure 1 A graphical presentation for causal inference using Mendelian
randomization.

Z represents the genetic instruments. To conclude that exposure of interest (X) is a causal risk factor
for the outcome (), three assumptions need to be satisfied. First, relevance is implied by the arrow
from Z to X (Z>X), where Z is causally associated with the exposure. Second, independence is
that Z is independent of any observed (O) or unobserved (U) confounding factors. Third, exclusion
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restrictions signify that Z is independent of Y conditioning on exposure and confounding factors,
namely no path from Z to Y other than via X (Z->X->Y), i.e., no horizontal pleiotropy.
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OUTLINE OF THIS THESIS

This thesis aims to provide extensive insights into the role of oxidative stress in
the onset of chronic diseases with an emphasis on CVD and related cardiomet-
abolic risk factors via applying conventional epidemiological approaches in
combination with Mendelian randomization (MR) designs. The thesis is struc-
tured in five. In Part | we provide an overview of oxidative stress and its role in
ageing and age-related diseases on the progress beyond state-of-the-art. In
part Il we investigate the associations between mitochondrial dysfunction and
CVD and lipid profiles. In Part lll we focus on the role of antioxidants in CVD
and cardiometabolic traits. In Part IV we expand the scope of this thesis by
examining the association of inflammation, which is inextricably interrelated to
oxidative stress, with neurological diseases. Part V contains a summary of the
main findings from this thesis and a general discussion.

Part I: General aspects

Oxidative stress has been put forward for decades, the role of oxidative stress
in ageing and age-related diseases is however controversial. In Chapter 2, we
provide a detailed overview of the generation of reactive oxygen species and
their role in redox signaling and oxidative damage. In addition, we review the
current evidence regarding the association of oxidative stress and ageing and
age-related diseases as CVD and neurodegenerative disease. We then summa-
rize the possible reasons for the inconsistency and put forward some remarks.

Part II: Mitochondrial dysfunction in cardiovascular disease
“Triangulation” in etiological epidemiology could be helpful to strengthen causal
inference by integrating several different approaches that are assumed to have dif-
ferent and largely unrelated sources of potential bias®'. When estimates obtained
from different approaches converge on a similar effect, evidence favors that the
relationship between exposure and outcome is causal. Hence, we combine a
prospective cohort study design using data from the general population from
the UK biobank and a Mendelian randomization framework exploiting publicly
available summary-level data from the large consortia and mega-biobanks to
infer causality different exposures and outcomes. We specifically look into the
association between mitochondrial DNA copy number and incident coronary
artery disease and heart failure in Chapter 3 and metabolomic profiles (mostly
lipids and lipoprotein fractions) in Chapter 4.

Part lll: Antioxidants in cardiovascular disease

We still do not know the causal nature of the associations between antioxi-
dants and CVD because of the contradictory results from observational studies
and RCTs and considering the limitations of both designs. Here, we focus on
dietary-derived antioxidants, predominantly on the most appealing yet debat-
able well-known chain-breaking antioxidant: vitamin E. In Chapter 5, using
a Mendelian randomization design, we investigate the associations between
genetically predicted circulating antioxidants levels (vitamins E and C, retinol,




B-carotene, and lycopene), both as absolute levels and their metabolites, and
the risk of coronary heart disease, using publicly available genetic consortium.
Since vitamin E is partly catabolized in a radical-dependent way, even the circu-
lating levels are not representative of the functional levels, which might be the
most plausible explanation for the null findings between circulating vitamin E and
CVD. Accordingly, there are two forms of vitamin E metabolites in the urine, the
oxidized metabolites being indicative of its antioxidative capacity, and enzymatic
metabolites. We subsequently link these two metabolites to cardiovascular risk
factors and cardiometabolic traits, including glucose metabolism in Chapter 6
and lipoprotein profiles in Chapter 7 in the Netherlands Epidemiology of Obesity
study (NEO) using an observational study design.

Part IV: Inflammation in neuropsychiatric diseases

Inflammation and oxidative stress are inextricably linked. Inflammation, the “host
defense” against pathogens and chemical and physical challenges towards
tissue integrity to restore tissue homeostasis through inducing various repair
mechanisms, involves an enhanced release and accumulation of ROS by acti-
vated immune cells. Evidence has emerged that ROS play a critical role in the
pathophysiology of inflammation. Inflammation has been well-acknowledged in
atherosclerotic CVD but its association with neurological diseases is less known.
For this reason, we expand the scope of this thesis by examining also neurolog-
ical diseases as additional outcomes with large relevance to population health.
In Chapter 8, we investigate the associations between inflammatory bowel
disease that is characterized by chronic inflammation and depression using a
bidirectional Mendelian randomization approach. In Chapter 9, we examine the
role of multiple systemic inflammatory markers in cognitive function and brain
atrophy measures.

Part V: Summary
Finally, Chapter 10 summarizes the main findings of this thesis and discusses
some future perspectives in the field.



CHAPTER 1

MAIN STUDY POPULATIONS

The Netherlands Epidemiology of Obesity study (NEO)

The NEO study is used in Chapters 6 and 7. This population-based prospective
cohort study started in 2008 and includes 6,671 individuals aged 45-65 years,
with an oversampling of individuals with a self-reported body mass index (BMI)
of 27 kg/m?2 or higher. All inhabitants aged between 45 to 65 years from the
municipality of Leiderdorp were invited irrespective of their BMI. The study was
approved by the medical ethical committee of the Leiden University Medical
Center (LUMC), and all participants gave written informed consent. Participants
were invited to come to the NEO study center of LUMC for one baseline study visit
after an overnight fast. Prior to this study visit, participants collected their urine
over 24 hours and completed a general questionnaire at home in terms of their
demographic, lifestyle, and clinical data in addition to specific questionnaires on
diet and physical activity. Patients were asked to bring their medication use within
one month prior to the visit and relevant information was recorded by research
nurses. Fasting blood samples were drawn for biochemical measurements.

UK biobank

Individual and summary-level data of the UK biobank are used in Chapters 3,
4,5, and 8. The UK Biobank is a prospective cohort with 502,628 participants
between the age of 40 and 69 years recruited from the general population at
multiple assessment centers across the UK between 2006 and 2010. 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 genotyping. The 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) from England
and Wales. All participants provided electronically written informed consent for
the study.
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Abstract

Among other mechanisms, oxidative stress has been postulated to play an import-
ant role in the rate of ageing. Oxidative damage contributes to the hallmarks of
ageing and essential components in pathological pathways which are thought to
drive multiple age-related diseases. Nonetheless, results from studies testing the
hypothesis of oxidative stress in ageing and diseases showed controversial results.
While observational studies mainly found detrimental effects of high oxidative
stress levels on disease status, randomized clinical trials examining the effect
of antioxidant supplementation on disease status generally showed null effects.
However, re-evaluations of these counterinitiative observations are required
considering the lack of reliability and specificity of traditionally used biomark-
ers for measuring oxidative stress. To facilitate these re-evaluations, this review
summarizes the basic knowledge of oxidative stress and the present findings
regarding oxidative damage and ageing and age-related diseases. Meanwhile,
two approaches are highlighted, namely proper participants selection, together
with the development of reliable biomarkers. We propose that oxidized vitamin E
metabolites may be used to accurately monitor individual functional antioxidant
levels, which might serve as promising key solutions for future elucidating the
impact of oxidative stress on ageing and age-related diseases.
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Introduction

It has been widely acknowledged that life expectancy has increased over the past
centuries as a specific result of improved medical care, vaccination, and hygiene
2, The process of ageing is a dynamic, chronological process characterized by
the gradual accumulation of damage to cells, progressive functional decline, and
increased susceptibility and vulnerability to diseases. In addition, ageing is closely
connected to the onset and progression of multiple age-related diseases, such
as cancer, type 2 diabetes mellitus, and cardiovascular and neurodegenerative
diseases 3%. The ageing process is postulated to originate from several basic
molecular changes, better known as the hallmarks of ageing, which include four
primary hallmarks, genomic instability, telomere attrition, epigenetic alterations,
and loss of proteostasis, three antagonistic hallmarks, deregulated nutrient
sensing, mitochondrial dysfunction, and cellular senescence, and two integra-
tive hallmarks stem cell exhaustion, and altered intercellular communication 8.

These hallmarks contributing to the ageing process could be caused by oxidative
damage. For example, telomeres are highly sensitive to oxidative damage and
their repair capacity is less well than other parts of the chromosome €. Hence,
oxidative damage may result in telomere attrition that accelerates ageing and
increases the risk of age-related diseases °. The concept of oxidative stress
was introduced in 1985 and updated later °'2, Oxidative stress refers to “an
imbalance between the generation of oxidants and their elimination systems,
i.e. antioxidants, in favor of oxidants, leading to disruption of redox signaling and
control and/or molecular damage” '2. Conceptually, the level of oxidative stress
ranges from physiological levels for redox signaling to toxic levels of molecular
or organelle damage (Figure 1). Redox signaling is essential for host defense
as well as in a diverse array of signaling pathways 4. Other damages caused
by non-physiological high oxidative stress lead to a wide range of phenotypic
changes, including altered gene expression, arrested cell proliferation, cell
growth, and cellular senescence 577,

Antioxidants may act as scavengers of oxidants to maintain the biological redox
steady states. Therefore, since the oxidative stress theory was proposed ™,
antioxidants were postulated to potentially play a protective role in ageing and
age-related diseases. Considering the premise that adverse health consequences
caused by oxidative stress can be counteracted by antioxidants, a comprehen-
sive body of studies aiming to examine the beneficial effects of antioxidants on
diseases have been carried out in the past three decades. However, results were
often disappointing and counterintuitive. The most appealing and well-known
example is vitamin E, a well elucidated chain-breaking antioxidant. Although lower
disease risks in individuals with higher vitamin E concentration have been found
in many observational studies 24, as well as protective properties of vitamin E in
animal experiments 2526 most clinical trials examining vitamin E supplementation
failed to demonstrate any advantageous effects on the prevention or treatment
of various age-related diseases 2732,

Along with these conflicting evidence, it seems like the controversy about the
oxidative stress theory in ageing and age-related diseases has never stopped
(Figure 2). In addition, over the past 30 years, fluctuations in the use of antiox-
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idant supplements were also observed, for example in the US (Figure 3) 3334,
The percentage of individuals using antioxidant supplements gradually increased
from the 1980s and peaked in the 1990s. Of note, specifically, the use of vitamin
E supplements steeply dropped in the early 21t century, where after decline
turned to be stabilized. However, these observations neither imply that any con-
sensus about the effect of antioxidants on diseases has been reached, nor that
the oxidative stress theory has been refuted. Conversely, the annual publication
count of antioxidant articles steadily increased since the 1990s, and more than
30,000 papers have been published in 2018 alone about this research topic 5.

So far, oxidative damages are thought to play a pivotal role in the pathological
processes implicated in ageing and age-related diseases and the underlying
biochemical mechanisms have been clarified in detail ¢3¢, However, there are still
several questions unsettled such as the existing paradox regarding the preventive
and therapeutic role of antioxidants (such as vitamin E), the lack of stable and
representative biomarkers of oxidative stress, and whether oxidative stress is
causally associated with ageing and age-related disease in the general population
setting. Therefore, this review is organized as such to provide an overview of the
chemical processes involved in oxidative stress and an update on the available
evidence about associations with ageing and age-related diseases. In the last
part of the review, antioxidants, especially the controversial role of vitamin E will
be addressed, together with novel insights and directions for future research.
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Current evidences
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NHS: Nurses’ Health Study, HPFS: Health Professionals Follow-up Study, NHANES: National Health
and Nutrition Examination Survey. Data presented in the graph of NHS and HPFS are from 1986 to
2006, and data of NHANES are from 1999 to 2012.

The generation and health roles of Reactive Oxy-
gen Species (ROS)

Endogenous generation of ROS

According to the “free radical theory” that was proposed in the 1950s and
revised in the 1970s, damages induced by free radicals are the main cause of
ageing and a shorter lifespan 83738, Reactive oxygen species (ROS) are highly
reactive molecules, primarily including typical free radicals that contain at least
one unpaired electron (superoxide O,, hydroxyl radical *OH), and hydrogen
peroxides (H,0,), and have been considered the main source of endogenous
oxidative stress damage *°.

Itis widely accepted that the bulk of ROS is generated by the mitochondrial elec-
tron transport chain during normal oxidative respiration in addition to numerous
intracellular pathways (Figure 4). It is estimated that about 1-2% of the daily
overall oxygen molecules consumed are reduced into O, * with the leak of elec-
trons 4. This process occurs mainly in two discrete complexes of mitochondrial
electron transport chain in the matrix side of inner mitochondrial membrane,
notably complex | (NADH-ubiquinone oxidoreductase) and complex Ill (ubiqui-
none-cytochrome c reductase) 4. Iron-sulphur centers are thought as the most
likely site of ROS production in complex | 2. Complex lll, also known as the Q
cycle, which refers to a set of ubiquinone oxidation reactions, is responsible for
the robust production of superoxide, the precursor of other ROS, by non-enzy-
matic transfer of electrons to molecular oxygen. Once generated, superoxide
could be catalyzed by superoxide dismutase (SOD) into H,O,, which is unstable
and membrane-diffusible peroxide. Subsequently, in the presence of transi-
tion cation with reduced form (Fe?* or Cu*, referred to as the Fenton reaction)
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Figure 4 Reactive oxygen species generation

O,--:Super oxide anion, SOD: super oxidize dismutase, H,0,: hydrogen peroxide, -OH hydroxyl
radical, MPO: myeloid peroxide, HCIO: hypochlorous acid, 'O,: singlet oxygen, NOS: nitric oxide
synthase, NO-: nitric oxide radical, ONOO-: peroxynitrite, ONOOH: peroxynitrous acid, ONO-: nitrogen
dioxide, GSH: glutathione, GSSG: glutathione disulfide, GPx: glutathione peroxidase, CAT: catalase,
NADP+: Nicotinamide adenine dinucleotide phosphate, NADPH: Nicotinamide adenine dinucleotide
phosphate reduced form, GR: glutathione reductase.

The bulk of ROS are mainly generated by the mitochondrial electron transport chain during normal
aerobic metabolism in addition to multiple ways encompassing cytosolic enzyme systems (NADPH
oxidase), monoamine oxidase on the outer membrane of mitochondrial, xanthine oxidase, and uncou-
pled NOS. In the electron transport chain, oxygen molecules are univalent reduced into O,-- with the
leak of electrons. The formation of superoxide is the initial step and the start of a cascade reaction
of other ROS generation. Once generated, it could be catalyzed spontaneously by SOD into H,O,.
Subsequently in the presence of transition cation with reduced form (Fe?* or Cu*, referred to as the
Fenton reaction) or myeloid peroxide (MPO), H,O, further dismutates to ®*OH. Meanwhile, H,0, can
also be reduced into the water by the enzymatic antioxidants such as CAT and GPx. Haptoglobin
binds hemoglobin with high affinity and stability, preventing the release of heme iron from hemolysis
into circulation, consequently terminating Fenton reaction and preventing the production of ®*OH.

or myeloid peroxide (MPO) *3, H,O, further dismutates to *OH, the extremely
unstable and most reactive ion among all ROS. In summary, the main process
of ROS generation in mitochondria could be schematically presented as O, =
O,* > H,0, *OH.

Hydroxyl radicals may lead to detrimental damages to macromolecules owing
to its chemical properties 4. Moreover, its formation relies on the presence of
a reduced form transition cation, mainly iron generated from the hemoglobin
heme group during hemolysis. Hence any component which can stabilize heme
iron within hemoglobin could prevent oxidative damage caused by hydroxyl rad-
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icals. In recent years, haptoglobin (Hp), an abundant, acute-phase inflammatory
glycoprotein, which is predominantly synthesized in the liver and is regulated
by cytokines, has been indicated to have an important role in the prevention of
the generation of hydroxyl radicals by virtue of its ability to bind hemoglobin
with high affinity and stability, thus preventing the release of heme iron from
hemolysis into the circulation %5, as shown in Figure 4. The Hp gene basically
contains two common alleles, namely Hp1 and Hp2, with homozygous (1-1 or
2-2) and heterozygous (2-1) genotypes. In parallel with the theoretical evidence,
both haptoglobin concentration and genotype, specifically Hp2-2, are associated
with various age-related diseases, such as cancer, cardiovascular disease, etc.
46, However, the underlying mechanisms related to the pathophysiology of these
diseases still remain to be demonstrated.

The complex role of ROS in health maintenance and diseases

The role of ROS in the body is rather complex, and the influences on health
vary largely along with changing ROS levels. ROS levels, as a reflection of oxi-
dative stress, are modulated by oxidant generation and their elimination, and
are linked to many pathophysiological processes. Within physiological levels,
ROS are in a biological redox steady state '? and facilitate the maintenance of
cellular homeostasis and function. However, ROS levels would go toward either
side beyond dynamic balance (pathological states). Thus ROS levels have both
beneficial and damaging aspects, as put forward in the concept of mitohormesis
47 Consequently, both (too) low and (too) high levels of ROS will have adverse
health effects, as illustrated in Figure 1.

Physiological levels: beneficial health effects

ROS may act as second messengers owing to the characteristics of having an
intricate system for synthesis and removal as well as reversible signaling effects.
Both superoxide and hydrogen peroxide could be potential messengers to reg-
ulate reduction-oxidation-dependent signaling mechanisms, while hydrogen
peroxide has a higher advantage in signaling capacity given its stability and
membrane permeability. The major mechanism underlying most redox-depen-
dent signaling has been considered as the reversible modulation of cysteine
thiol groups (thiolate anion to sulfenic form Cys-SOH) regulated by hydrogen
peroxide 1448,

Within physiological levels (Range Il in Figure 1), ROS can promote host defense
mechanisms such as for the optimal activity for macrophages against bacteria,
as well as in signaling pathways, such as toll-like receptors initiated pathways,
Mitogen-Activated Protein Kinase (MAPK) signaling pathways, NF- B signal-
ing pathway and Keap1-Nrf2-ARE signaling pathway #144950 Therefore, ROS
levels within the physiological range are critical signaling molecules for many
redox-dependent signaling processes including gene expression, metabolic
regulation, inflammatory response, stem cell proliferation and differentiation,
cancer pathogenesis as well as ageing. Intensive discussion regarding ROS
signaling physiological consequences has been provided in previous reviews 314,
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Given the signaling effect of ROS, we can speculate that a certain increase of
ROS in the physiological range would lead to better health effects, from health
maintenance to health promotion, such as decreased risks of diseases, or even
prolonged lifespan #7, as illustrated in IlA, Figure 1. However, with further increase
of ROS levels and more damage events, this beneficial effect may decrease or
disappear, but with no manifestation of pathological symptoms (lIB, Figure 1).

Elevated or Decreased Physiological levels (Pathological state): adverse
health effects

When ROS levels are beyond the range of physiological levels, either (too) low or
(too) high, adverse health effects can happen. For example, upon inflammatory
stimulation, neutrophils are activated and generate large amounts of ROS for
host defense. However, Ncf1 (neutrophil cytosolic factor 1) mutated mice, with
low production of ROS, have higher type | interferon and develop an accelerated
lupus-like disease 5'. Similarly, the Ncf1-339 T allele, related to reduced extra-
cellular ROS production in neutrophils and increased type 1 interferon-regulated
genes expression, was found enriched in systemic lupus erythematosus patients
compared to healthy controls 2. Moreover, patients with NADPH oxidase 2
(Nox2) mutations that are associated with lower ROS levels, were more sus-
ceptible to develop chronic granulomatous disease %2. These findings indicated
an association between lower ROS generation that is not sufficient to maintain
physiological processes which could lead to inferior health outcomes, as shown
in Range |, Figure 1.

On the other hand, in the situation of high ROS levels (toxicity), excessive ROS
might irreversibly react with intracellular macromolecules, including lipids, pro-
teins, and DNA, both in the mitochondria and nucleus. Hazardous products are
formed and accumulated, and the functions of macromolecules and organelles
are altered. Once these exceed the repair capacity of the body, devastating
damage will occur, and accelerated ageing or multiple diseases might manifest
or progress (discussion in part 2.3 and part 3), as shown in Range lll, Figure 1.

What is the physiological level?

Though Figure 1 shows the possible ranges of ROS levels, several caveats should
be noted. Firstly, how to define “physiological levels”. ROS generation happens
all the time and signaling merits and damaging events occur simultaneously. For
example, protein oxidation will produce many harmful byproducts, meanwhile,
it is also involved in redox signaling and control, especially cysteine side chain
peroxidation. When we are talking about the levels of either ROS or oxidative
stress, we should be more cautious of using “high” and “low”, given that “nor-
mal” is undefined. Possibly, the so-called “high” or “low” ROS levels close to the
physiological range should also be regarded as tolerable levels. For example,
transgenic animal models with lower SOD production did not show a shortened
lifespan in mice %455 and even an extended lifespan in C.elegans %°. This “lower
SOD production” may lead to a relatively “higher ROS level”, but notably, this level
could be tolerated by the experimented animals and they also function well for
maintaining or promoting health, thus being potential physiological. In addition,
antioxidants would have a similar dose-response manner since the change of
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L: lipid radical, LOO: lipid peroxyl radical, LOOH: lipid hydroperoxides, LOOL: peroxide bridged dimer,
L-L: fatty acid dimer, LOH: aldehydes (e.g., MDA, HNE), a-TocH: a-tocopherol, a-TocH-: a-tocopherol
radical, Asc: ascorbic, Asc-: ascorbic radical

Three steps of lipid peroxide chain reaction:

Initiation: ROS (especially hydroxy radicals) initially trigger a reactive hydrogen atom extraction from
the methylene group of polyunsaturated fatty acid forming carbon-centered radicals at the allylic
position, and then react with oxygen molecule thus forming a peroxyl radical.

Propagation: Peroxyl radical, as an intermittent radical in the reaction chain, may further react with
nearby lipids, yielding lipid hydroperoxides (LOOH), as well

antioxidant levels are mostly inversely associated with oxidants, for example,
in C elegans, an inverted U-shaped dose-response relationship between anti-
oxidants and lifespan was observed %. Consequently, the same situation might
also be there for oxidative stress.

Damages caused by oxidative stress

Lipid peroxidation

Polyunsaturated fatty acid (PUFA), particularly with a high number of double
bonds, such as arachidonic acid and linoleate, are highly susceptible to ROS and
free radicals, known as autocatalytic chain reaction ®8. Lipid peroxidation includes

24



CHAPTER 2

three steps: initiation, propagation, and termination, as shown in Figure 5. Phos-
pholipids peroxidation in lipid membranes may lead to a decrease in membrane
fluidity and permeability, and inactivation of receptors, resulting in cell apoptosis.
Furthermore, lipid radicals generated during oxidation processes can form a
myriad of deleterious end products, including reactive aldehydes, alkanes, and
alkenes %°. Among those products, malondialdehyde and 4-hydroxy-2-nonenal
(4-HNE) are two of the most widely studied aldehydes. However, due to the high
reactivity of these aldehydes, for example, they can react with proteins through
the Michael addition reaction or with DNA to form adducts %61 it is difficult to
accurately measure their free concentrations as valid oxidative damage levels.
Moreover, urinary malondialdehyde levels are affected by dietary malondialde-
hyde content 2, and glutathione S-transferases genetic polymorphisms could
confound the metabolism of 4-HNE ©'. Therefore, both the properties of the
products themselves, xenobiotic sources, and genetic predispositions present
obstacles for their development and further use as reliable biomarkers.

F,-Isoprostanes (F,-IsoPs), another important class of lipid peroxidation end
products, can be formed through the non-enzymatic oxidation of arachidonic
acid. These are prostaglandin-like compounds initially formed in-situ esterified
to phospholipids and subsequently released in free form by phospholipases 3.
Isoprostanes have widely been considered as reliable biomarkers quantitating
oxidative stress with their important merits of being (i) stable, both chemically
and unaffected by diet or health status; (ii) sensitive to changes in oxidative
stress; (iii) present in detectable quantities in many biological fluids, such as
urine and plasma; and (iv) accessible to define a normal range in the popula-
tion level which means the change of their formation can serve as the reflection
of different oxidative stress levels and further relate to pathological status or
diseases %465, A meta-analysis identified different quantitative levels of 8-iso-
prostane-F,_ in patients across different pathological conditions, with relatively
small increased levels observed in patients with, for example, hypertension and
metabolic syndrome, while large increased levels were observed with patients
such as kidney related pathologies and respiratory tract disorders 7.

Protein oxidation

Proteins are also important targets for ROS. Protein oxidation involves (i) oxi-
dative modification of site-specific amino acid residues, including oxidation of
sulphur-containing amino acid residues, particularly cysteine and methionine, as
well as reactions with aromatic amino acid residues and peroxynitrite; (ii) protein
fragmentation resulting from oxidative cleavage of the peptide backbone; (iii)
generation of protein carbonyl derivatives; and (iv) generation of protein-protein
cross-linkages ®7°. Protein oxidation may lead to a change in its three-dimensional
structures, modification of physiological properties such as enzyme activities
and signal transduction networks which are related to cellular regulation and
function, and further protein proteolytic degradation on one hand, or protein
aggregation, partial unfolding, and altered conformation on the other hand 7°-72,
Carbonyl derivatives are a large group of end-products of protein oxidation that
have been considered as the most widely used biomarkers of oxidative damage
to protein. They can be formed through oxidative cleavage of backbones, direct
oxidation of amino acid residues including lysine, arginine, proline, and threonine,
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as well as the reaction of amino acid residues with aldehyde resulting from lipid
peroxidation or carbohydrate 3. Among the protein carbonyls, advanced glycation
end products (AGEs) are a heterogenous group of additive derivatives produced
by reactions between proteins and oxidation end products from PUFAs or car-
bohydrates, such as hazardous aldehyde ™. Other protein oxidation end-prod-
ucts include advanced oxidation protein products (AOPP) formed mainly by
myeloperoxidase-derived chlorinated oxidants 75, oxidized low-density lipoprotein
(oxLDL) derived from oxidative modification 7¢, and nitrotyrosine resulting from
tyrosine oxidation 7". However, because of the structural heterogeneity caused
by different biochemical pathways as well as the low specificity and sensitivity
of antibodies in available detection assays, it is difficult to use them as stable
and efficient biomarkers in large epidemiological studies.

Nuclear DNA oxidation

ROS, in particular the hydroxyl radicals, can cause oxidative damage to the DNA,
which includes: (i) base mutation; (ii) strand breaking, both single and double; (iii)
DNA-protein cross-links; and (iv) formation of DNA-adducts. In general, hydroxyl
radicals could react with DNA bases and sugar-phosphate backbone, leading
to erroneous base pairing and further common mutation of G to T and C to A
bases "8. Meanwhile, hydroxyl radicals could also react with the deoxyribose
moiety leading to the loss of DNA bases, generating base-free sites, thus single
or double DNA strand(s) could break. DNA strand breaks are well-established
risk factors of genome instability, cell cycle disruption, as well as cell death 78",
DNA-protein cross-links involving thymine and tyrosine in the nucleoprotein
complex of histones and DNA (nucleo-histone) can also be induced by the
hydroxyl radicals ®2. In addition, adducts to DNA can be formed by the reaction
of deoxyguanosine (M(1)G) and deoxyadenosine with other macromolecular
modifications trigged by ROS, such as reactive aldehyde products generated
during the lipid peroxidation 3.

Specific to the most common base mutations, there are mainly three ways: (i)
adding double bonds to heterocyclic DNA bases; or (ii) abstracting a hydrogen
atom from the methyl group of thymine; or (iii) forming allyl radical of thymine
and carbon-centered sugar radicals 8#5. For pyrimidines, hydroxyl radicals react
with the particularly sensitive C5- and C6- double bond of thymine and cytosine,
generating a spectrum of adducts, including thymine glycol, cytosine glycol,
5-hydroxymethyl uracil and 5-formyluracil, 5-hydroxycytosine, uracil glycol, and
5-hydroxyuracil 8588, For purines, similarly, C4-, C5, and C8- sites are more sensi-
tive to radicals 858, Among all these DNA oxidative modifications, the mutagenic
lesions of saturated imidazole ring 7,8-dihydroxy-8-oxo-7,8-dihydroguanine
(8-0xodG), formed from hydroxylation of the C8 residue of guanine, has been
the most abundant, best characterized, and widely considered as a potential
biomarker of DNA oxidation 8587, Theoretically, the concentration of 8-oxodG
measured in urine, with its merits of long-term stability in urine and multiple
measurement methods, reflects the accumulative DNA oxidation in the whole
body and is thus considered being predictive for ageing and multiple diseases.
However, unlike other molecules, oxidative damage to DNA might be repaired
by the DNA repair systems &. So the ROS-induced 8-oxodG concentration is not
only related to oxidative damage but also depends on the DNA repair capacity.
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Yet, due to the unknown inter-individual difference in DNA repair capacity, it is
difficult to quantify the real 8-oxodG concentration induced by ROS accurately
in individuals, therefore, the further use of this biomarker has been hampered.

Mitochondrial dysfunction

The mitochondrial respiratory chain is the main intracellular place for endoge-
nous ROS generation, with steady higher concentrations of free radicals in the
mitochondrial matrix, and this leads to close proximity of mitochondria to ROS.
Evidence showed that an about 5- to 10-fold higher superoxide anion level is
present in the mitochondrial matrix than in the cytosolic and nuclear spaces 48,
making the mitochondria primary targets for ROS-induced damages.

Mitochondrial DNA (mtDNA) casts a critical role in energy generation during
oxidative phosphorylation by the function of encoding important bioenergetic
genes including 13 polypeptides, 22 transfer RNA, 2 ribosomal RNA, which are
essential for the synthesis of multi-subunit enzymatic components of the electron
transport chain 8. However, there are several factors ascribed that contributed
to the higher vulnerability of mtDNA to oxidative damage: (i) close proximity to
the oxidants forming site; (ii) the absence of histones in mtDNA; and (iii) limited
mtDNA repair activity. This less active repair capacity is partly attributed to the
multiple copies of mtDNA and a circular and compact coding arrangement in
mtDNA °°. Therefore, damaged mtDNA would be degraded and replaced by
newly produced ones copied from undamaged genomes, which gives a higher
ability to mitochondria against detrimental mutation effects. Meanwhile, there
are also fewer mtDNA repair mechanisms than that in nuclear DNA and mostly
are poorly understood. Though base excision repair, mismatch repair, as well
as recombination or nonhomologous end joining repair mechanisms, do exist in
mtDNA, nucleotide excision repair is still absent, and the specific roles of each
pathway, as well as proteins involved in repair processes, remain to be fully
elucidated °%%. |t is estimated that oxidized bases are 10 times more frequent
in mtDNA than nuclear DNA, for instance, the concentration of the common
DNA lesion 8-oxodG is much higher in mtDNA than in nuclear DNA 362 When a
mutation occurs, mutated and normal mtDNA co-exist in the same mitochondria,
which is known as heteroplasmy °3%4. The percentage of an erroneous sequence
of mtDNA changes during cell replication and division, and mitochondria could
aggregate different mutations over time, reducing their bioenergetic capacity .
When the increasing proportion of mutated mtDNA exceeds the critical threshold
level of normal mitochondrial energy generation, bioenergetic defects in cells
may occur. Besides, the sustaining existence and accumulation of damaged
mtDNA in the mitochondria will inevitably lead to more ROS generation, which
in turn causes further damage, making a vicious cycle 2.

The mtDNA damages would lead to loss of redox homeostasis, perturbed Ca?*
homeostasis, damage to membrane proteins and lipids, as well as to abnormal
mitochondrial energy transduction °5. All these modifications are the driving force
for further mitochondrial dysfunction and loss of integrity, which will affect cell
viability and cellular function °6°7, In addition, organs, especially the brain, heart,
and muscles, being high-energy consuming and sensitive to bioenergetic defects,
are strongly affected by mitochondrial dysfunctions, resulting in organ-specific
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pathologies. Moreover, variations in mtDNA have also been shown to associate
with several clinical phenotypes, including cardiovascular diseases, anthropo-
metric and metabolic measures .

In addition to mtDNA, mitochondrial sirtuins have been found to be involved
in the regulation of redox homeostasis. Sirtuins are a group of proteins (from
SIRT1 to SIRT7), acting predominantly as nicotinamide adenine dinucleotide
(NAD*) dependent deacetylases and ADP-ribosyltransferases. SIRT3, 4, and 5
are exclusively localized within mitochondrial, altering the NAD/NADPH ratio in
mitochondria to respond to metabolic changes. SIRT3 is supposed as the major
mitochondrial deacetylase and is the most thoroughly studied mitochondrial
sirtuin. It plays an important role in mitochondrial bioenergetics °-1°2) as well
as promotes resistance to oxidative stress by reducing ROS via magnesium
SOD deacetylation and activation 1%, Though SIRT4 and SIRT5 are less well
understood, SIRT5 has also been shown to be strongly associated with oxidative
stress signaling and protect cells from ROS, suppressing oxidative stress levels
103, In contrast, SIRT4 might have dual roles, either to induce ROS production or
to have antioxidative function '3, In addition, these mitochondrial sirtuins work in
concert and present complicated interaction profiles %4, for example, SIRT3 and
SIRT4 may function together to protect cells from stress and DNA damage 5. A
series of reviews regarding sirtuins on mitochondrial and oxidative regulation has
been published before 99-102106-108 Nevertheless, additional studies are needed
to in-depth ascertain and illustrate the mechanism of mitochondrial sirtuins in
maintaining mitochondrial biological functions and redox homeostasis.

Causes and consequences of oxidative damage
on ageing and age-related diseases

The progressive accumulation of oxidative damage to macromolecules and mito-
chondria will finally lead to pathophysiological alterations, functional decline, and
accelerated ageing. Here we will discuss the harmful consequences of oxidative
stress, mainly oxidative damage which are more closely related to accelerated
ageing and multiple age-related diseases, with a special focus on ageing and
lifespan, cardiovascular diseases (CVD), and neurodegenerative diseases (NNDs).

Ageing and lifespan

The best way to determine the effect of oxidative stress on ageing is to test
whether changes in lifespan are dependent on alterations in oxidative stress
levels. Numerous studies aimed to investigate this effect have been conducted on
animals. Based on the free radical theory of ageing, attempts to extend lifespan
have been carried out with a focus on two different targets: alterations of oxidant
load (i.e. ROS generation) or alternations of mitochondrial antioxidant capacity.
Alternations of oxidant load are usually investigated through calorie restriction,
while alternation of mitochondrial antioxidant capacity is often examined through
inducing genetic alterations, or through dietary supplementations.

Calorie reduction (CR) is defined as a 10-50% reduction of total energy intake
without inducing malnutrition. A large body of evidence suggested that CR
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might modulate the mitochondrial activity and lower ROS production resulting
in the reduction of oxidative damage through sirtuins regulation, for example
through primary activation of sirtuin 1 and further activation of PPARYy coactiva-
tor-1a (PGC-1a), leading to a slower rate of aging-related decline and extended
lifespan 199 Several reviews indicated that, in lower model organisms ranging
from yeast to mammals, CR is capable to extend both average and maximum
lifespan and health span "'2"¢_ |nterestingly, studies in humans also detected
some favorable biomarkers of longevity induced by CR, mainly hormonal adap-
tions, such as lower insulin, and lower IGF-1 level, though the latter was mainly
in response to protein restriction "7%18,

With respect to induced genetic alternations, antioxidants-related transgenic
lower models have been frequently used, which have altered antioxidant capacity
or a disrupted oxidative-related signaling pathway, leading to either a reduced
or extended lifespan %23, Mice with antioxidant overexpression, for example,
catalase 24, or with modifications in other signaling pathway components, such as
p66sch/-125 |gf1rt/~ 126 gre generally considered to have increased longevity. How-
ever, other results are inconclusive about altered expression levels of, especially
SOD 5455127128 thioredoxin '2°'%°, or methionine sulfoxide reductase A (MsrA~") that
function to protect against protein oxidation '3''%2, Moreover, Gpx1~~ knocked-out
mice with reduced glutathione peroxidase-1 surprisingly did not show accelerated
ageing ®%'28, Similarly, results on the longevity of transgenic invertebrate models,
such as C. elegans or drosophila, with alternations of antioxidants capacity, are
also quite divergent, and some studies even found a large extension of lifespan
with elevated oxidative stress level 56133140 The inconsistence was also found in
experiments with dietary antioxidants supplementation #.

However, oxidative stress may act as a double-edged sword to human health,
as discussed in part 2.2. It is difficult to determine a lifespan-affecting ROS level
and this further lead to the ambiguity on the relation of oxidative stress and
ageing. Nevertheless, a recent review still concludes that mitochondria play a
critical role in the ageing process, but it remains unclear whether it is a cause
or consequence 42,

Cardiovascular diseases (CVDs)

Cardiac myocytes have a high number of mitochondria which makes them more
susceptible to oxidative damage. In addition to the mitochondrial pathway of
ROS generation, crosstalk exists between mitochondria and NADPH oxidase,
the major source of ROS in blood vessels, affecting vascular function by dysreg-
ulation or uncoupling eNOS, leading to endothelium dysfunction 3. Together
with other ROS-induced damages involved in mitochondrial dysfunction, and
ROS-induced macromolecule damages (e.g. ox-LDL), they all contribute to the
pathogenesis and progress of CVD '“3144 To date, several lines of evidence have
found an association between onset and progression of cardiovascular diseases
(CVD), which include atherosclerosis %5, hypertension ¢, heart failure ", and
peripheral artery disease %8,

In rodents, deletion of the NADPH oxidases gene (Nox1 and Nox2) or p47phx
deficiency resulted in markedly lower ROS generation, and yielded a lower risk
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of atherosclerosis, while Nox4 deletion gave an increased risk #°. Similarly, over/
under-expression of different antioxidant enzymes modulated atherogenesis in
different genetically-altered mouse models “%'*%, In human studies, increased
expression and activity of NADPH oxidase and xanthine oxidase subunits were
associated with higher ROS production and an increased risk of coronary artery
disease °°. Moreover, mtDNA copy number, the increase of which is indicative of
early molecular changes compensating for oxidative stress-induced mitochon-
drial defects, has been shown to be associated with CVD. A study composed
of 21870 participants from three large cohorts found that the CVD incidence
increased 23% with a one-standard deviation decrease in mtDNA copy number
after adjustment for traditional CVD risk factors . In addition, epidemiological
cohort studies consistently showed that higher dietary intake of antioxidants,
either as diet components or supplements, including flavonoids, vitamin E, and
C, are associated with lower CVD risk, such as coronary heart disease, ischemic
stroke as well as CVD mortality %253, However, large randomized controlled
clinical trials generally failed to show any beneficial effect of antioxidants sup-
plementation, including vitamin E, A, C, B12, B6, and folic acid, on CVD risk,
especially in atherosclerosis 5354, Meta-analyses also concluded that there is
insufficient evidence to support vitamins or other antioxidants supplementation
to decrease CVD incidence 3055, Interestingly, a very recent Mendelian Random-
ization study found there are causal associations between higher circulating
vitamin E and the risk of coronary artery disease or myocardial infarction %6,
However, the three vitamin E-associated instrumental SNPs used in this study
are all associated with blood lipid levels or coronary artery disease itself. This
violates the important condition for conducting Mendelian Randomization that no
horizontal pleiotropy for instruments. Though sensitivity analysis was performed,
this is only for one SNP but not for others, thus the results are of limited value.
Therefore, despite the biological evidence from consistent results, the premise
of interventions with the intention to decrease oxidative levels and consequently
CVD risk is still limited.

Neurodegenerative diseases (NDDs)

NDDs are characterized by dynamic and progressive neuronal cell damage and
loss of neurons, typically including Alzheimer’s disease (AD) and Parkinson’s
disease (PD). Ageing is considered to be the predominant risk factor for NDDs,
and accumulative oxidative damages during ageing are the main culprits of
neurological deterioration %657, Neurological systems are extremely sensitive and
vulnerable to ROS-induced damage due to their higher energy demand, lower
rate of cellular renewal, membrane PUFA levels, as well as less active oxidative
defense mechanisms '®8. Notably, studies suggested that mitochondrial dysfunc-
tion plays a causal role in the pathogenesis of NDDs ®%1%°. Sirtuins, which provide
a key role in mitochondrial function and oxidative stress regulation (part 2.3) are
also associated with neuron fates, being either neuroprotective or neurotoxic
102160161 A [arge number of proteins that are implicated in NDDs are found to have
mitochondrial involvement. AD is pathologically characterized by extracellular
deposition of amyloid- B peptide (AB) and intracellular neurofibrillary tangles
composed of hyper-phosphorylated tau. Oxidative stress may activate signaling
pathways, such as Jun amino-terminal kinase and p38 mitogen-activated protein
kinase, and give rise to amyloid precursor protein and 3-secretases to form A,
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as well as increase tau phosphorylation °6'¢2_In turn, AR proteins would directly
induce ROS generation through activating NADPH oxidase (as shown in Figure
2), further exacerbating neuronal damage, amplifying neurotoxicity '¢3. Besides,
mtDNA control-region adopted more mutations in 23 pathologically confirmed
AD brain samples compared with 40 controls, and heteroplasmic mtDNA con-
trol-region mutations increased 63% on average in all AD brains, while markedly
increased 130% in patients older than 80 years 4. 1-methyl-4-phenylpyridinium
(MPP+), the oxidized product of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), and rotenone, both of which are mitochondrial complex | inhibitors, have
been demonstrated to result in clinical PD phenotype by producing pathological
degeneration of dopaminergic neurons of the substantia nigra '85'%6, Other PD-re-
lated proteins including a-Synuclein, Parkin, DJ-1, PINK1, LRRK2, and HTRAZ2
were associated with mitochondrial dysfunction as well °¢'%7_ In addition, ROS-in-
duced macromolecule damage, for example, MDA and HNE, lipid peroxidation end
products, may also play an important role in NDDs %8170, This can be evidenced
by the fact that increased levels of oxidative stress biomarkers and decreased
levels of antioxidative biomarkers were observed in pharmacologically induced
or transgenic animal models with AD or PD %8, Several papers have speculated
oxidative stress as the key component in the etiology of NNDs 96:157158167.168171-174

Many, but not all, observational studies indicated that a higher intake of antiox-
idants or supplements such as vitamin E could reduce the risk of NDDs 175-81,
Plasma vitamin E levels are associated with better cognitive performance 82,
and patients with AD were found to have a lower nutrient status of vitamin E, C,
B12 in blood and brain or cerebrospinal fluid 884 Animal experimental studies
also showed a preventive effect of vitamin E supplementation on AD risk 5.
However, most clinical trials have shown disappointing results in terms of the
benefits on cognitive decline or dementia of antioxidants supplementation for
NDDs, including vitamin E, C, B12, B6, and coenzyme Q10. Meta-analyses also
suggested that there is no evidence of vitamin supplementation for prevention
of cognitive decline or dementia in cognitively healthy adults ®8, or for preven-
tion of progression from mild cognitive impairment (MCI) to dementia, or for
treatment of MCI, or for improvement of cognitive function in people with MClI
or dementia due to AD 32'87, Similar results were partly observed for PD 188189 A
series of seminal papers on antioxidant therapy as well as the challenges in AD
have been reviewed thoroughly 190-192,

In order to disentangle the causality of antioxidants and AD, two Mendelian Ran-
domization studies were conducted recently. In European-ancestry individuals,
there is no causal association between circulating vitamin E levels °3, as well
as ascorbate, B-carotene, retinol '+ and AD risk. However, the SNPs selected
as vitamin E genetic instruments are also associated with lipid metabolism, and
only every single SNP for ascorbate and retinol was selected, limiting the power
of the analyses. Meanwhile, these instruments only explained a small portion of
the total variance thus may not fully represent the circulating vitamin levels. It
remains unclear to what extent vitamin levels are associated with oxidative stress.
Therefore, nevertheless the compelling biological plausibility and observational
evidence, there is also a lack of convincing data for the antioxidant supplemen-
tation aiming to prevent or treat NDDs.
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Future Perspectives and Concluding Remarks

Reasons for the failure of antioxidant supplements in clinical trials
Based on the free radical theory and positive results from both experimental and
observational studies, numerous clinical trials examining antioxidants, particularly
vitamin E, have been conducted for the prevention and/or treatment of age-re-
lated morbidity and mortality. However, results are apparently disappointing as
partly discussed earlier in part 3. Here, we will have an in-depth summary of
the critical points in clinical trials with a focus on the widely-studied vitamin E
supplementation.

Vitamin E is a well-known chain-breaking antioxidant, as shown in Figure 5.
Alpha-tocopherol competitively reacts with lipid peroxyl radical with a higher
reaction rate to inhibit chain propagation. Theoretically, abundant vitamin E will
ameliorate oxidative damage by preventing lipid peroxidation. Not surprisingly,
most observational studies specifically found detrimental/protective effects of
high oxidative stress levels/antioxidants levels on disease status. However, oral
vitamin E supplementation in middle-aged participants failed to demonstrate
protective effects on neither primary and secondary prevention, nor on the treat-
ment of various age-related diseases. Several potential reasons for this failure
have been discussed extensively °5%8, Data reported that the plasma vitamin
E levels of participants with normal baseline blood tocopherol levels could only
increase less than 2-3 times no matter the amount or duration of supplementa-
tion °°. Therefore, when individuals have a relatively low oxidative level and/or
sufficient or high antioxidative level at enrollment in a study, it is highly unlikely
to generate many benefits via extra supplementation, which might be explained
as a potential “functional concentration limit”. This hypothesis is supported
by studies in vitamin E supplementation stratified by haptoglobin genotype.
Vitamin E supplementation provided cardiovascular-protective effects only in
discriminatingly selected subgroups of individuals with both diabetes and Hp2-2
genotype 200202 who had high levels of oxidative stress and inferior antioxidant
protection, in whom supplementation decreased cardiovascular events by 34%
203 Besides, a larger improvement was observed in nonalcoholic steatohepatitis
patients carrying the Hp2 allele after vitamin E treatment compared with Hp1
allele carriers 204, Still, biological mechanisms underlying these observations
should be explored in greater detail in future studies.

Another potential reason for the failure of vitamin E supplementation in clinical
trials might lie in the difference of forms of tocopherols. In many studies, for
example, in observational studies, vitamin E has been used, but this “vitamin
E” was not specific to a-tocopherol and it is more about the combination of
complicated tocopherol or tocotrienol isomers, while only a-tocopherol can
be called “vitamin E” given its proved ability to avoid vitamin E deficiency 2°5.
Natural vitamin E has the highest bioactivity in the human body compared to
other tocopherols or tocotrienols. However, most of the oral supplementation of
vitamin E is synthetic, with lower bioactivity than the natural one, characterized
by preferentially non-oxidation metabolites in urine 2%,
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Besides, administration heterogeneity could result from various reasons and
become critical in clinical trials, such as timing, monotherapy or not, dose and
duration. Normally, it is hard to define a standardized strategy for supplement
administration since chronic diseases often have an ambiguous onset time and
the progression can take several years. Administration of the antioxidant supple-
ments after irreversible ROS damage could have a negligible beneficial effect at
that moment in time. Therefore, there might be a certain “critical window”, and
antioxidants administrated at an optimal timing before disease onset or during
the early stages of disease could be able to ameliorate ROS-induced damage.
Similarly, the duration of intervention needs to be sufficiently long to observe
these effects.

Moreover, there is still a lack of consensus about the proper dosage regimen
for antioxidant supplements. The doses used in clinical trials are derived from
observational studies and are relatively safe and low. However, the dose for vita-
min E to suppress plasma F,-isoprostane concentration is 1600 IU or 3200 IU
without observing any adverse effect after 16 weeks of supplementation, while
the suppression of isoprostane were 35% and 49% respectively 2°7. Importantly,
the authors suggested that a 49% reduction with the largest dose of 3200 IU/day
was not so profound. Davies et al also concluded from two modeling techniques,
that only a sufficiently high concentration of non-enzymatic antioxidants would
have a chance for collision and interaction with free radicals 2°. However, oral
intake of vitamin E only modestly increases the plasma and tissue vitamin E levels,
and this decreases the concentration of vitamin E at target cells or organelles and
slows down the reaction rate with ROS, which was quite unlikely to affect health
outcomes 2%°. And also, endogenously present defense systems will weaken the
effects of non-enzymatic antioxidants when the reaction rate with free radicals
is below a necessary threshold 28, Besides, some studies suggested vitamin E
could also act as pro-oxidant after denoting a hydrogen atom to a lipid radical 2°,
so regenerating the reduced form from the oxidized form guarantees the lower
depletion rate as well as the antioxidant function of vitamin E. Theoretically,
combined administration of vitamin E and other antioxidants, such as ascorbic
acid, coenzyme Q10 which can reduce oxidized vitamin E, might be protective.
However, trials regarding this point are also inconsistent 28177,

Ageing and age-related diseases are multifactorial, heterogeneous, and mul-
tidimensional. They do not respond to the organ-centered paradigm of “one
cause - one mechanism - one disease/condition - one therapy”. Therefore, a
single therapeutic component that targets only one aspect of the several fac-
tors contributing to aging and age-related diseases, even if highly weighted
like oxidative stress, might be less effective as the solution by itself. Similarly, it
is highly possible that only one component (vitamin E) might not be enough to
show physiological significant effects on the complex, heterogeneous pathways
of organ dysfunction with increasing age.

In addition to these potential explanations for the lack of significant findings of
vitamin E supplementation, some opinions argued that oxidative damage could
merely play a role in the pathophysiology instead of being a direct cause of
diseases 19821 _However, emerging evidence points to the possible etiological
role of oxidative stress, especially ROS-induced mitochondrial dysfunction in
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NDDs 57159162 To demonstrate the causality, the best way is to directly measure
the association of ROS, or ROS-induced damage change with pathological dis-
orders or diseases, or the improvement of clinical phenotypes led by prevention
of oxidative damage 84198212 Yet, it is almost impossible to measure total ROS
levels in the human body because of their chemical properties of short-existence
and high reactivity. Similarly, it remains a challenge to accurately measure oxi-
dative damage because of the lack of reliable biomarkers as well as technical
difficulties, further leading to the uncertainty of causality.

Potential oxidative stress biomarkers in clinical trials

After oral supplementation, vitamin E is digested and absorbed into the circulation
by the body. However, plasma vitamin E concentrations after supplementation
in a healthy population with a normal range of baseline vitamin E could largely
vary from one individual to another which may arise from variations in the reg-
ulation of vitamin E uptake and metabolism between subjects, such as genetic
factors, particularly apolipoprotein polymorphism 2. Besides, though no causal
association was shown in the previous Mendelian Randomization of circulating
vitamin E and Alzheimer’s disease 3, this may raise another argument that even
circulating levels, especially induced by synthetic vitamin E, should not be con-
sidered the same as functional levels. First, vitamin E has two metabolic ways,
to go either through non-enzymatic, namely free radical-dependent metabolism,
opening the hydroxy-chromanol ring, or through enzymatic (mainly CYP4F2 of
cytochrome P-450 family) metabolism with only successive shortening of phy-
tyl side chain %' (Figure 6). As synthetic vitamin E preferentially goes through
the non-oxidation pathway, it is essential to determine whether or not, it acts
as an antioxidant in the body. Second, oxidative damage is often located and
gathered in certain tissues, specific cell types, or organelles. Although plasma
circulating vitamin E is incorporated into lipoproteins and non-specifically trans-
ported to tissues, the acquisition of vitamin E seems to be largely mediated via
the delivery and selective uptake of vitamin E after lipoprotein particles binding
to receptor 2'5. However, the mechanisms of the delivery and uptake of tissue
vitamin E have been relatively poorly-characterized in other tissues except only
for the hepatic tissue, and it appears to be essentially related to the expression
and function of lipoprotein receptors. It is still hard to define the uptake level by
many tissues precisely. Thus the accumulation of vitamin E could be different
in various tissues, for instance, an only limited amount of vitamin E in the brain
was observed after supplementation, or could be different for regions within the
same organ, for example, the striatum contains the lowest amount of vitamin E
compared with other areas in the brain 26, In addition, once taken up by cells,
the intracellular distribution of vitamin E to organelles is regulated by different
transport proteins, but these proteins and their activity could differ from one
tissue to another 2'5. Hence the vitamin E concentration at different target tis-
sues or organelles largely differ, and there might be insufficient concentration
in certain target locations to counteract with overwhelmed oxidative stress
damage, particularly in the high energy-consuming organs such as the brain.
Obviously, the real functional vitamin E might be completely different with, to
be more precisely, far less than the circulating vitamin E. Therefore, due to the
differences in susceptibility to oxidative damage and response to vitamin E
supplementation among individuals, even identical supplementation strategies
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(e.g. vitamin E type, administration protocol) may possibly not lead to same
health outcomes. What matters most should be the ability to take advantage of
circulating vitamin E by the body, namely to what extent, it acts as antioxidants.
In brief, these issues can be simplified as the detection and monitoring of the
antioxidative function of vitamin E.

Ideally, there are two aspects to monitor the effect of vitamin E, one is to mea-
sure robust oxidative stress levels in a range of pathologies of specific targets,
as well as its alterations corresponding to vitamin E supplementation, and the
other is to measure the direct level change of vitamin E acting as antioxidants.
However, the major limitation of the first approach is the identification of reliable
biomarkers. An oxidative damage biomarker that relates to the pathology could
be promising, such as MDA, HNE, carbonyls, and particularly isoprostanes. These
biomarkers have been identified in experimental and population-based studies
67217218 together with the potential associations with ageing and age-related
diseases. Nevertheless, the measured oxidative damages are often the result of
the complex network of both endogenous and exogenous antioxidants systems.
Moreover, these biomarkers are exclusive to certain macromolecule damage
which cannot reflect the whole oxidative damage of the body. Although iso-
prostanes have been regarded as the most reliable biomarker with many merits
mentioned in part 2.2.1 so far, several possible drawbacks impede its further use.
In the pathway of isoprostane formation, direct oxygen addition would compete
with the second 5-exo cyclization involving a carbon-centered reaction, so the
formation relies on low oxygen tension which gives priority to the cyclization
reaction °%22°, Besides, due to the ubiquitous existence of F,-isoprostane in
normal tissues, the products derived from the kidney may confound the urine
isoprostane concentration 386, This could also be an explanation why a larger
increase of isoprostane was found in the kidney pathologies than other disease
conditions ¢7. Apart from the generation pathway, quantitation of isoprostanes
remains a challenge due to multiple steps in the detection method, which is
labor-intensive, as well as due to the impossibility to specify each isomer . All
these drawbacks hindered the possibility as a biomarker in large epidemiological
studies or clinical trials to assess the specific oxidative damage change caused
by vitamin E accurately.

In recent years, vitamin E metabolites have been proposed to help better elucidate
vitamin E roles 22'. Those metabolites reveal the biological process and reflect
the authentic utility of vitamin E. Notably, identification of metabolites, especially
free radical-dependent vitamin E metabolites, along with the determination of
their levels may provide insights into oxidative stress-related physiological func-
tions, as well as disease mechanisms and therapeutic strategies. When vitamin
E acts as peroxyl lipid radical scavenger, it forms vitamin E radicals, which fur-
ther react with lipid peroxides into a-tocopherol quinone (a-TQ) (Figure 6) 222,
In presence of NAD(P)H, a-TQ captures hydrogens converting into a-tocopherol
hydroquinone (a-THQ), following the B-oxidation and cyclization of the phytyl
side chain, a-tocopheronic acid and a-tocopherol lactone (a-TL) are generated
223 Finally, a-TL are excreted as polar glucuronidated and sulfated conjugates of
a-TL hydroquinone (a-TLHQ) glucuronide and a-TLHQ sulphate 224, Theoretically,
disease states that are associated with increased oxidative stress are likely to
have higher antioxidants requirements, which would result in depletion of circu-
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Figure 6 Alpha-tocopherol catabolism

The left panel shows the non-enzymatic metabolic pathway of a-tocopherol. Alpha-tocopherol reacts
with lipid peroxyl radicals, forming a-tocopherol radical, which further reacts with lipid peroxides,
following hydrolyzation, generating a-tocopherol quinone (a-TQ). In presence of NAD(P)H, a-TQ
captures hydrogens converting into a-tocopherol hydroquinone (a-THQ), following the B-oxidation
and cyclisation of the phytyl side chain, a-tocopheronic acid and a-tocopherol lactone (a-TL) are
generated. Finally, a-TL are excreted as polar glucuronidate and sulfate conjugates of a-TL hydro-
quinone (a-TLHQ). The right panel presents the enzymatic metabolic pathway of a-tocopherol. This
process is initiated in the liver, with the hydroxylation of the methyl group by hepatic CYP enzyme.
Subsequently, the phytyl side chain shortens successively with the removal of carbon units in B-oxi-
dation. Finally, a-carboxyethyl-hydroxychroman (a-CEHC) are generated and excreted as their polar
glucuronide or sulfate conjugates.

lating vitamin E, and consequently, a higher concentration of oxidized vitamin E
metabolites in urine, as a reflection of real antioxidant capacity.

Few studies have shown that oxidized vitamin E has been associated with dis-
eases. A level of about 3% to 11% of a-tocopherol as an oxidized form of a-TQ
was found in all lipoprotein density fractions prepared from advanced human
atherosclerotic plaque 22°. Older individuals without baseline cognitive impairment
and with the highest tertile of a-TQ/cholesterol had a higher risk of prevalent
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dementia 225, A recent study also indicated that both plasma a-TQ and 4-HNE
were higher in participants with non-alcoholic fatty liver diseases, with lipid
peroxidation as one of the earliest pathogenic events, compared with healthy
participants 22”. Though it has been claimed that the formation of a-tocopheronic
acid and a-TL could be artificial products from the oxidation of a carboxyethyl
hydroxy chromans during the analytical process 228, Sharma and colleagues
developed a feasible way to measure these conjugates by avoiding the artifacts
228 and found that the mean concentrations of a-TL conjugates were significantly
higher in children with type 1 diabetes compared with age-matched controls 224,
Notably, all these studies were carried out in a small sample size, and it remains
unclear whether the levels of the metabolites are consistent with the oxidative
damage. Efforts are still required to validate the potential biomarkers in large
population-based studies, and further use as clinical monitoring at the individual
level after supplementation of vitamin E.

Remarks and Conclusions

There is an ongoing controversy in terms of antioxidant supplementation for
the prevention and/or therapy of ageing and age-related diseases. However,
large amounts of money are still spent, and tens of trials with different popula-
tion sets and various administration strategies are in the plan, regarding single
antioxidants clinical trials. Of note, “multifactor - multi treatments” might be
more effective since there might be an additional or a synergistic benefit from
two agents with acceptable safety and efficacy, for example, the combination of
treatments (traditional treatment plus antioxidants treatment) to achieve better
effects than antioxidants only. Interestingly, a recent trial showed that middle-aged
type 2 diabetic patients who received metformin treatment plus vitamin E and/
or vitamin C had significant improvement of glucose measures as well as lipid
profiles compared to patients with metformin treatment alone, indicating that
antioxidants use might be an adjuvant therapy in the management in type 2
diabetic patients 23°. But the combination use still requires additional efforts.

In summary, there are two critical points in clinical trials related to oxidative stress
that need to be further discussed: (i) Target population. Participants should be
selected by the stratification of certain features (e.g., genotype) which could
induce significantly heterogeneous responses. So the selected participants sub-
group are most likely to benefit from vitamin E supplementation. For example,
vitamin E supplementation has been shown to be associated with an approx-
imately 35% reduction in CVD specifically in individuals with both diabetes
and Hp 2-2 202, Besides, a recent study also suggested that alpha-tocopherol
supplementation was beneficial for cancer prevention only among carriers of
homozygous low-activity alleles in the catechol-O-methyltransferase gene 2%'.
Therefore, there is still a need for further studies aiming to identify potential
geno-/pheno- types that could be a determinant of the possible benefits of
supplementations, as well as the elucidation of underlying mechanisms. (ii) Reli-
able biomarkers. To date, there is still little consensus about the best systemic
biomolecular measurements of oxidative stress. An optimal biomarker should
be an authentic reflection of overall redox status, easily accessible, reasonably
stable, easy to be detected accurately. Moreover, since ROS has properties of the
second messenger which is necessary for the maintenance of cellular homeo-
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stasis, as well as normal physiological function, it remains obscure to define an
optimal range of an oxidative damage-induced biomarker from physiological
to pathological disorders, i.e. which level is detrimental for health or promotes
longevity and metabolic health outcomes.

There is rather convincing evidence that oxidative damage has an important
role in aging and the pathogenesis of multiple age-related diseases. Yet, clini-
cal trials did not demonstrate the preventive or therapeutic role of antioxidants
supplementation. However, this does not mean the failure of the oxidative stress
theory and the use of antioxidants. On the contrary, it compels us to rethink this
issue with several open-ended questions: (i) Are these associations reliable in
observational studies which could be biased by confounders and reverse causality.
(ii) How do we infer the causality of oxidative stress and diseases at population
levels. (iii) What should be the best biomarker of oxidative stress in clinical trials.
(iv) How to develop proper preventive or therapeutic strategies taking all the
critical points into account. Therefore, research in the coming years should be
devoted to more in-depth studies examining the role of a more direct measure
of oxidative stress in biofluids in the pathogenesis of age-related diseases and
the ageing process, and to clarify the causality lying between oxidative stress
and age-related diseases and the ageing process.
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Abstract

Aim: Mitochondrial DNA dysfunction has been implicated in the pathogenesis of
cardiovascular disease. We aimed to investigate the associations of mitochondrial
DNA copy number (mtDNA-CN), as a proxy of mitochondrial function, and cor-
onary artery disease (CAD) and heart failure (HF) in a cohort study and test the
causal nature of any potential associations using Mendelian randomization (MR).

Methods and Results: Multivariable-adjusted regression analyses were con-
ducted in 273,619 unrelated participants of European ancestry from UK Biobank
(UKB). In two-sample MR analyses, single nucleotide polymorphisms (SNPs) asso-
ciated with mtDNA-CN were retrieved from published genome-wide association
studies. SNP-disease associations were obtained for CAD from CARDIoGRAM-
plusC4D, UKB, and FinnGen, comprising 902,538 participants (134,759 cases),
and for HF from the HERMES consortium and FinnGen, comprising 1,195,531
participants (70,706 cases). MR analyses were performed per database and
results were subsequently meta-analyzed using fixed-effects models. During a
median follow-up of 11.8 years, cox regression restricted cubic spline analyses
showed associations between lower mtDNA-CN and higher risk of CAD and
HF. Hazard ratios for participants in the lowest quintile of mtDNA-CN compared
with those in the highest quintile were 1.08 (95% confidence interval: 1.03, 1.14)
and 1.15 (1.05, 1.24) for CAD and HF. Genetically, the pooled odds ratios from
two-sample MR of genetically predicted per one-SD decrease in mtDNA-CN
were 1.16 (1.05, 1.27) for CAD and 1.00 (0.90, 1.10) for HF, respectively.

Conclusion: Our findings support a possible causal role of lower mtDNA-CN in
higher CAD risk, but not in HF.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide. The heart
is high oxygen-consuming, with large amounts of mitochondria constituting up
to one-quarter of cardiomyocytes volume', Mitochondrial dysfunction, a hallmark
of the aging process?, leads to reduced bioenergetic capacity and disrupted
redox homeostasis, and is therefore hypothesized to be a critical component
in the pathogenesis of CVD?*. Mitochondria have their own circular genome,
the mitochondrial DNA (mtDNA), consisting of 37 genes, 13 of which encode
proteins on the electron transport chain. Individual mitochondrion may contain
several copies of the mitochondrial genome, known as mtDNA copy numbers
(mtDNA-CN). The mtDNA-CN are associated with bioenergetics, mitochondrial
membrane potential, and oxidative stress®, and therefore could serve as a
surrogate biomarker of mitochondrial dysfunction®. A better understanding on
the role of mtDNA-CN may provide early opportunities in the prevention and
treatment of CVD.

Recent epidemiological studies have assessed the associations between periph-
eral blood mtDNA-CN and multiple cardiovascular endpoints. These studies
so far unequivocally indicated lower mtDNA-CN as an independent risk factor
of prevalent CVD in case-control and retrospective cohort studies™ and of
incident cardiovascular disease and risk of sudden cardiac death in the pro-
spective Atherosclerosis Risk in Communities (ARIC) study''“. Nevertheless,
apart from the ARIC study, other studies comprised a small sample size and/or
a limited number of cases, which might have resulted in insufficient statistical
power. In a recent cross-sectional study integrating multiple studies, mtDNA-CN
was associated with a cluster of cardiometabolic traits that increase the risk of
CVD, including obesity, hypertension, and hyperlipidemia'. However, due to the
vague onset and long-term progression of CVD pathogenesis, it is not possible
to fully eliminate reverse causation and residual confounding in studies with
observational study designs. Whether these associations are of a causal nature,
therefore, remains unclear.

Triangulation of causal inference in etiological epidemiology has been proposed,
which integrates results from different methodological approaches to enhance the
reliability of a research study'®. The confidence of the findings will be strength-
ened if results from different approaches are consistent with each other. Based
on earlier studies, we hypothesized that a lower mtDNA-CN is associated with
an increased risk of incident CVD. Consequently, we first examined the asso-
ciations between mtDNA-CN and incidence of coronary artery disease (CAD)
and heart failure (HF) in participants of European ancestry in the UK Biobank
(UKB) using cox-proportional hazard regression models. Second, we exploited
publicly available data to perform a two-sample Mendelian randomization (MR)
to investigate whether genetically predicted low mtDNA-CN were causally asso-
ciated with increased risk of diseases.
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Methods

Prospective study

Study population

The UKB cohort is a prospective cohort with 502,628 participants between the
age of 40 and 69 years recruited from the general population at multiple assess-
ment centers across the UK between 2006 and 2010". More detailed information
about the recruitment of participants is available in Supplementary methods.
The UKB study was approved by the North-West Multi-center Research Ethics
Committee (MREC) and conducted according to the Declaration of Helsinki. All
participants provided written informed consent. We used genotype data from
488,377 individuals of the full genetic data release (July 2017) in the present
study.

Participants who did not pass the sample quality control were initially excluded
according to the parameters presented in the sample quality control file of the
UKB, including participants who were: 1) not used to compute principal com-
ponents; 2) identified as outliers in heterozygosity and missing rates, which
is indicative of poor-quality genotype data for these samples; 3) identified as
putatively sex chromosome aneuploidy; 4) sex inferred from genotype data did
not match their self-reported sex; 5) have an excessive number (more than 10)
of relatives in the database. To minimize the variation resulting from population
substructures, we restricted the study population to unrelated white British
individuals. Participant relatedness was available in the UKB by estimating
kinship coefficients for all pairs. White British ancestry was identified based on
self-reported ethnic background, and further refined the population definition in
a principal component analysis of the genotype data that were tightly clustered
as performed and provided by the UKB. This resulted in a primary study cohort
comprising 302,685 unrelated European ancestry participants. A flowchart on
the different exclusions is provided in Figure S1.

mtDNA-CN computation

Somatic mtDNA-CN were assessed from the intensities of genotyping probes
on the mitochondrial chromosome on the Affymetrix Array. The method for
computing mtDNA-CN has been described in detail before®. We followed the
same pipeline to calculate mtDNA-CN in the available data of UKB (https:/
github.com/Grassmannlab/MT_UKB). In brief, the relative amount of mtDNA
hybridized to the array at each probe was 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. The median L2R values across all 265
variants passing quality control on the MT chromosome were used as an initial
raw measure of mtDNA-CN. To correct for the confounding induced by poorly
performing probes, we weighted the L2R values of each probe multiplied by the
weight of the probe that was 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 mtD-
NA-CN estimate for each individual. To eliminate the plate effect, we subsequently
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standardized the CN to a mean of zero and standard deviation (SD) of one within
each genotyping plate comprising 96 wells. An additional quality control step
was performed by eliminating individuals with high standard deviation (SD) (two
SD from the mean) of autosomal probes log2 ratio (L2R). Consequently, 293,245
individuals remained in the cohort.

Outcome definition

Outcomes in the analysis were incident cardiovascular diseases during the time
period from recruitment to January 1, 2021. Incident disease status was ascer-
tained by linkage with hospital admissions data and national death register data
to identify the date of the first known CVD or CVD-related death after the date
of baseline assessment. The linkage details are presented in the original study
protocol (https:/www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.
pdf, accessed April 2021). The outcomes were incident CAD and HF, separately.
Incident disease diagnoses are coded according to the International Classifica-
tion of Diseases edition 10 (ICD-10); CAD cases were defined as angina pectoris
(120), myocardial infarction (MI) (121 and 122), and acute and chronic ischemic
heart disease (IHD) (124 and 125); Incident HF cases were defined as 150. In
addition, we analyzed acute myocardial infarction (MlI) and chronic ischemic
heart disease (IHD) as separate outcomes in sensitivity analyses. Follow-up time
is computed from the baseline visit to the diagnosis of incident disease, death,
or the censoring, whichever occurred first.

Covariates

Covariates were from baseline measurements, which included demographic
parameters (age at recruitment, sex, deprivation index); the first ten principal
components (PCs) to correct for possible remaining population stratification;
genotyping batch; cell numbers (white blood cell counts and platelet counts);
anthropometric measure of body mass index (BMI) in kg/m?; self-reported
lifestyle factors (smoking status [never, past and current], alcohol consumption
frequency [twice or less per week/ more than three times per week], physical
activity [MET hours per week for moderate-vigorous activity], sleep duration
in hours and insomnia symptoms [yes/no]); familial CVD history (yes/no), lipid
levels (mmol/I) (total and LDL [low-density lipoprotein] cholesterol) lipid-lowering
medication, blood pressure (mmHg, average of the two measurements taken a
few moments apart when applicable) and blood pressure-lowering medication,
as well as baseline type 2 diabetes mellitus (T2DM, yes/no) from the medical
records.

Statistical analysis

After further exclusion of participants with any prevalent cardiovascular disease
or withdrawn informed consent, the study cohort comprised an analytic sample of
273,619 individuals (Figure S1). Baseline characteristics of the study population
were described in quintiles of mtDNA-CN and presented as mean (SD) or median
(interquartile range, IQR) for continuous variables and frequency (proportion) for
categoric variables. Cumulative incidence for competing risks (CICR) was used
to plot the cumulative incidence of both CAD and HF against follow-up time by
mtDNA-CN quintiles, accounting for death as a competing event.
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Cox proportional hazards models were used to estimate hazard ratios (HR)
and corresponding 95% confidence intervals (Cl) for the association between
mtDNA-CN and incident CAD and HF separately. Two multivariable-adjusted
regression models were fitted: Model 1 was adjusted for age, sex, the first ten
PCs, genotyping batch, white blood cell count, and platelet count; Model 2 was
additionally adjusted for BMI, smoking, alcohol consumption, sleep duration,
insomnia, physical activity, familial CVD history, lipid levels and lipid-lowering
medication, blood pressure, and blood pressure-lowering medication and T2DM.
In the primary analysis, we treated mtDNA-CN as a continuous variable and
assessed the risk of incident diseases associated with per one-SD decrease
in mtDNA-CN using cox restricted cubic spline curves, with knots located at
5th, 50th, and 95th percentiles. Subsequently, mtDNA-CN was categorized
into quintiles, and hazard ratios (HR) compared the 1st to 4th quintiles with the
5th quintile (reference). The proportional hazard assumption was graphically
assessed by plotting log(-log[survival]) versus log(follow-up time) and was tested
using Schoenfeld residuals.

Missing data were present in the covariates, and were imputed using multiple
imputation by chain equations (MICE)", setting the number of imputed datasets
to 10. We used predictive mean matching for continuous variables, logistic regres-
sion for binary variables, and polytomous regression for categorical variables.
The imputation model included mtDNA-CN, all covariates, the Nelson-Aalen
estimator of cumulative hazard and incident disease status. Cox proportional
hazards models were fitted within each imputed dataset and were subsequently
pooled according to Rubin’s rules.

As sensitivity analyses, firstly, interaction terms between mtDNA-CN and age
and sex were added to Model 2 to test for the presence of effect modification
by sex or age. Subgroup analyses were also performed in each stratum of sex
and age (< 50 years, 50~60 years, > 60 years), respectively. Secondly, all anal-
yses were performed for the CAD subtypes, i.e. Ml and IHD. Thirdly, analyses
were repeated restricting to participants without missing data on covariates, i.e.
complete cases (N =162,002)

Mendelian randomization analyses

Instrumental variables

We retrieved 129 independent (linkage disequilibrium < 0.05) nuclear single-nu-
cleotide polymorphisms (SNPs) on autosomes as genetic instruments that were
associated with continuous mtDNA-CN at a genome-wide significance threshold
(p < 5e-08), as identified in a recent genome-wide association study (GWAS) by
Longchamps et al20. The study was performed in 465,809 individuals of White
European ancestry combining the Cohorts for Heart and Aging Research in
Genomic Epidemiology (CHARGE) consortium and UKB. Genetic associations
were adjusted for age, sex, and covariates that were specific in each cohort,
such as PCs, blood collection sites, family structure, and cell composition. F
statistics [(B/se)?] were computed to evaluate instrumental strength, and SNPs
with a value of less than 10 were considered weak instruments. Furthermore,
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we calculated the proportion of total variance in the exposure explained by each
instrument (R?) separately?'.

Outcome data source

Summary statistics for instrument-CAD associations were extracted from 3 large
databases separately, the CARDIoGRAMplusC4D (Coronary Artery Disease
Genome-Wide Replication and Meta-analysis plus the Coronary Artery Disease
Genetics from Nikpay et al.22, where UKB data were not included) consortium,
UKB, and FinnGen study (freeze 5, released in May 2021). Similarly, summary
statistics for SNP-HF associations were drawn from HERMES Consortium (Heart
Failure Molecular Epidemiology for Therapeutic Targets Consortium, which
included data from UKB in the meta-analysis) and the FinnGen study, respec-
tively. The descriptions, number of cases and controls, cases definition as well
as covariates used for associations tests of each of the databases are presented
in detail in Supplementary methods and Table S1.

Mendelian randomization analysis

SNP-exposure and SNP-outcome data were harmonized to make alignment on
effect alleles. Palindromic SNPs were eliminated?®. The primary MR analysis
was performed using Inverse-variance weighted (IVW) method to combine the
SNP-specific estimates calculated using Wald ratios, assuming all instrumental
variables are valid?*. Results were expressed as an odds ratio (OR) on disease
risk for a one-SD decrease in genetically predicted mtDNA-CN. When the MR
assumptions were met, this OR approximated the causal effect of the exposure
on the outcome. Sensitivity analyses accounting for pleiotropy were conducted,
including Weighted-Median Estimator (WME) and MR-Egger regression?5:26,
both of which assume that at least half of the instrumental variable had to be
valid. The intercept from MR-Egger represents the average pleiotropic effect;
when the intercept deviates from zero, estimates from IVW might be biased.
MR-PRESSO (MR Pleiotropy RESidual Sum and Outlier) was applied to detect
and correct for horizontal pleiotropy through removing outliers?”. Moreover, we
examined the heterogeneity using Cochran’s Q statistic among all SNPs within
each outcome database.

For outcomes derived from the UKB, despite the gene-exposure associations
being from the same population, it has been shown that Two-sample MR methods
can be reliably used for one-sample MR performed within large biobanks, such
as UKB, with the exception of the MR-Egger sensitivity analysis?®.

Meta-analysis of estimates from different databases

The effects of mtDNA-CN on CAD/HF in MR analyses were separately estimated
in different outcome databases separately, CARDIoGRAMplusC4D consortium
(CAD) or HERMES (HF), UKB (CAD only), and FinnGen (both), and derived esti-
mates were subsequently pooled using fixed-effects meta-analysis.
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Figure 1 Cumulative Incidence of CAD and HF by quintiles of mtDNA copy
number

We calculated Cumulative incidence for CAD and HF, accounting for death as a competing event.
Differences in cumulative incidence between mtDNA copy number quintiles were assessed using
Gray’s test. CAD: coronary artery disease; HF: heart failure.

Sensitivity analysis

Despite the large sample size of the GWAS used for the selection of instrumental
variables in the Longchamps et al study, which increased the statistical power,
the assessments of mtDNA-CN among cohorts that contributed data to the
meta-analysis were very different. To account for this measurement heterogeneity,
we additionally performed sensitivity analyses restricting to genetic instruments
identified in the UKB only. Therefore, 66 independent (linkage disequilibrium <
0.1) SNPs were used that were associated with mtDNA-CN at a genome-wide
significance threshold (p < 5e-08) from 295,150 participants conducted by Hagg
et al.18. Genetic associations were adjusted for PCs, age, sex, genotyping batch,
genotyping missingness/call rate, and cell composition. All MR analyses were
repeated with the substitution of the 69 genetic instruments for mtDNA-CN.

All the analyses were performed using R (v3.6.3) statistical software (The R Foun-
dation for Statistical Computing, Vienna, Austria). Packages used in the analyses
included “cmprsk” for cumulative incidence for competing risk analyses, “mice”
for multiple imputations, “survival” and “survminer” for cox proportional hazard
regression, “rms” for nonlinear dose-response associations, “TwoSampleMR” for
MR analyses, and “meta” for meta-analyses. All results were reported as odds
ratio with accompanied 95% confidence interval.

Results from the multivariable-adjusted prospec-
tive analyses

Prospective results
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Figure 2 Hazard ratios for incident CAD and HF by levels of mtDNA copy
number.

Solid lines represented hazard ratios (derived from model 2 adjusted for age, sex, genotyping batch,
the first two principal components, white blood cell count and platelet count, body mass index, physical
activity, smoking status, alcohol consumption frequency, blood pressure and blood pressure-lowering
medication, cholesterol, triglycerides and lipid-lowering medication, sleep duration and insomnia,
type 2 diabetes status, and familial history of cardiovascular disease) and corresponding 95%
confidence intervals (gray shadowed area) using restricted cubic splines for mtDNA copy number
with knots at distribution of 5th, 50th, and 95th percentiles. The density on the right y-axis shows
distribution of baseline mtDNA copy number. Since mtDNA copy number has been standardized
during coputation, the distribution is approximately normal. Since mtDNA copy number was scaled
before analyses, the distribution is normal. CAD: coronary artery disease; HF: heart failure.

Main analyses

A total of 273,619 participants were eligible for analyses after exclusion (Figure
S1). Compared with the highest quintile of mtDNA-CN (Table 1), participants in
the lower quintiles were more likely to have more unfavorable CVD risk factors,
including older age, male sex, higher BMI, higher blood pressure and more
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Twice or less per week
Data missing

Smoking status
Current
Previous
Never
Data missing

Sleep duration (hours)

Insomnia
Sometimes
Usually
Never/rarely
Data missing

Familial CVD history
Yes
No
Data missing

T2DM history (yes)
Yes
No

29,751(54.4%)
34 (0.1%)

6124 (11.2%)
18,646 (34.1%)
29,732 (54.3%)
222 (0.4%
71(12)

26,161(47.8%
15,488 (28.3%)
13,038 (23.8%)
37(0.1%)

21,539 (39.4%)
27,791(50.8%)
5394 (9.8%

1184 (2.2%)
53,540 (97.8%)

29,851(54.5%)
37(0.1%

5643 (10.3%)
18,831(34.4%)
30,079 (55.0%)
171(0.3%)
71(1.2)

26,273 (48.0%)
15,145 (27.7%)
13,271(24.3%)
35(0.1%

21,716 (39.7%)
27,822 (50.8%)
5186 (9.5%)

1093 (2.0%9)
53,631(98.0%)

29,381(53.7%)
39 (0.1%)

5369 (9.8)
18,588 (34.0%)
30,594 (55.9%)
172(0.3%
71(12)

26,420 (48.3%)
15,031(27.5%)
13,237 (24.2%)
35(0.1%)

21,690 (39.6%)
28,005 (51.2%)
5028 (9.2%)

969 (18%)
53,755 (98.2%)

29,287 (535%
37(0.1%

5046 (9.2%)
18,586 (34.0%)
30,914 (56.5%)
178 (0.3%
71(1.2)

26,243 (48.0%)
14,982 (27.4%)

13,454 (24.6%)
45 (0.1%)

21,687(39.6%)
28,026 (51.2%)
5011(9.2%)

914 (1.7%)
53,810 (98.3%)

29,015 (53.0%)
30 (0.1%)

4521(8.3%)
18702 (34.2%)
31350 (57.3%)
151(0.3%)
71(12)

26,321(48.1%)
14,991 (27.4%)
13,384 (24.5%)
28(0.1%)

21,359 (39.0%)
28,420 (51.9%)
4945 (9.0%)

879 (1.6%
53,845

<0.001

06
0.02

<0.001

<0.001

Data are mean (SD) or median (interquartile range, IQR) for continuous variables and frequency (percentage) for categorical variables.
Some percentages do not add up to 100 because of rounding. P values were obtained from Kruskal-Wallis Htest or chi-square test as
appropriate. BMI: Body mass index; HDL: high-density lipoprotein cholesterol; LDL: low-density lipoprotein cholesterol; CVD:
cardiovascular disease; CAD: coronary artery disease; HF: heart failure.
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Table 1 Baseline charactertistics of the study participants by quintiles of mtDNA copy number

63

Variable Ql Q2 Q3 Q4 Q5 p value
N 54724 54,724 54,723 54724 54,724 -
Age (years) 57.2(8.0) 56.8(8.0) 56.5(8.0) 56.2(8.0) 55.9 (7.9) <0.001
Sex <0.001
Male 25413 (464%) 24898 (455%) 24A4T8(447% 24320 (444%) 23622 (43.2%)
Female 29,311(53.6%) 29,826 (54.5%) 30,245(55.3%) 30,404(55.6%) 31,102(56.8%)
BMI (kg/m?) 276 (5.0) 274 (4.8) 27.3(4.6) 271(4.6) 26.9 (4.5) <0.001
Deprivation index -15(2.9) -1.6 (2.9) -1.7(2.9) -1.7(2.9) -1.7(2.9) <0.001
Diastolic blood pressure (mmHg) 82.9(10.2) 826 (10.0) 82.4(10.0) 82.3(10.1) 81.8(10.1) <0.001
Systolic blood pressure (mmHg) 139.5(18.9) 138.7(18.7) 138.2(18.7) 137.6 (18.4) 136.6 (18.3) <0.001
Blood pressure-lowering medication <0.001
Yes 10,826 (19.8%) 10,085(18.4%) 9598 (17.5%) 9089 (16.6%) 8524 (15.6%)
No 43,898(80.2%) 44,637(81.6%) 45128(82.5%) 45,635(83.4%) 46,199 (84.4%)
Total cholesterol (mmol/L) 58(11) 5.8(11) 58(711) 58(11) 57(11) <0.001
HDL (mmol/L) 15(04) 15(0.4) 15(04) 15(04) 15(04) <0.001
LDL (mmol/L) 3.7(0.9) 3.6(0.8) 3.6(0.9) 3.6(0.8) 3.6(0.8) <0.001
Triglycerides (mmol/L) 1.8(1.0) 18(1.0) 1.7(1.0) 17(1.0) 1.7(1.0) <0.001
Cholesterol lowering medication <0.001
Yes 7596 (13.9%) 7394 (13.5%) 7148 (131%) 6822 (12.5%) 6663 (12.2%)
No 47128 (861%)  47330(86.5%) 47575(86.9%) 47902(87.5%) 48061(87.8%)
Physical activity (moderate-
vigorous MET hours/week) 26.5(33.8) 270 (34.3) 271(34.6) 271(33.8) 271(33.8) 0.054
Alcohol consumption frequency <0.001
At least three times per week 24,939 (45.6%) 24,836 (45.4%) 25303(46.2%) 25,400 (46.4%) 25,679 (46.9%)
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Figure 3 Hazard ratios for incident CAD and HF by quintiles of mtDNA
copy number

Estimated hazard ratios for the effect of per-SD decrease in mtDNA copy number (continuous),
or for the 1st to the 4th quintile compared to the 5th (reference) quintile (categorical) on CAD and
HF. Model 1 was adjusted for age, sex, genotyping batch, the first two principal components, white
blood cell count and platelet count. Model 2 was model 1 additionally adjusted for body mass index,
physical activity, smoking status, alcohol consumption frequency, blood pressure and blood pres-
sure-lowering medication, cholesterol, triglycerides and lipid-lowering medication, sleep duration
and insomnia, type 2 diabetes status, and familial history of cardiovascular disease. CAD: coronary
artery disease; HF: heart failure.

blood pressure-lowering medication, higher lipids (total cholesterol and LDL)
and more cholesterol-lowering medication, less physical activity, more current
smokers and a higher percentage of familial history of CVD or prevalent T2DM.

During a median follow-up of 11.8 (interquartile range: 11.0, 12.5) years, 18,346
participants developed CAD and 5795 participants developed HF. Cumulative
incidence of both CAD and HF increased stepwise with the decrease in mtD-
NA-CN, accounting for death as a competing risk (p for Gray’s test < 0.001)
(Figure 1). In multivariable-adjusted cox proportional hazard models, restricted
cubic spline analyses showed an approximately linear dose-response relation-
ship between lower mtDNA-CN with the higher risk of CAD (p for non-linearity
= 0.14) and HF (p for non-linearity = 0.73), as shown in Figure 2. Categorically
(model 1), a one-SD decrease in mtDNA-CN was associated with 1.06-fold (95%
confidence interval, Cl: 1.05, 1.08) and 1.09-fold (95%CI: 1.06, 1.12) higher
hazard of CAD and HF, respectively; adjusted HRs for the first versus the fifth
(reference) quintile of mtDNA-CN were 1.18 (95%CI: 1.23, 1.24) for CAD and
1.28 (95%CI: 1.17, 1.39) for HF. Additional adjustment for CVD risk factors only
minimally attenuated the estimates of CAD and HF (Figure 3 and Table S2).
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Disease No. of SNPs Odds Ratio [95% CI] Weight
CAD
CARDIoGRAMplusC4D 100 —— 1.19 [1.01; 1.39] 28.6%
UK Biobank 107 —iE— 1.14 [1.01; 1.27] 55.0%
FinnGen Study 99 —_— 1.29 [1.04; 1.59] 16.3%
Combined effect — 1.17 [1.08; 1.28] 100.0%
HF
HERMES consortium 100 —— 1.02 [0.93; 1.13] 62.7%
FinnGen Study 99 —— 1.02 [0.89; 1.186] 37.3%
Combined effect - 1.02 [0.94; 1.11] 100.0%
I \ T
0.6 0.75 1 1.5

Odds Ratio (95% CI)

Figure 4 Mendelian randomization study of mtDNA copy number on the
risk of CAD and HF

Estimated ORs for the effect of per-SD decrease in mtDNA copy number on CAD and HF, obtained
from an MR inverse-variance weighted method, per outcome database separately and combined over
the different databases using fixed-effect meta-analyses. CARDIoGRAMplusC4D: Coronary Artery
Disease Genome-Wide Replication and Meta-analysis plus the Coronary Artery Disease Genetics;
HERMES consortium: Heart Failure Molecular Epidemiology for Therapeutic Targets consortium.
UK Biobank data of heart failure was already integrated into HERMES consortium.

Sensitivity analysis

We observed no evidence favoring an interaction between mtDNA-CN and sex
(p for interaction = 0.2 for CAD, 0.7 for HF); in line, in sex-stratified analyses, the
estimates between men and women were similar (Table S3). The interaction was
observed between mtDNA-CN and age at baseline for CAD (p for interaction <
0.001). After stratification by age groups, HRs obtained from model 2 for CAD
slightly attenuated from the younger group (<50 years) to older groups (50~60
years and >60 years) (HR: 1.06, 1.04 and 1.02, respectively) (Table S4). However,
no interaction was detected between mtDNA-CN and age at baseline for HF (p
for interaction = 0.2); though HR in the younger group was also higher for HF,
this may be due to the very limited number of cases in this group

When analyses were conducted for Ml and IHD separately, cumulative incidences
were higher in lower quintiles compared with the highest quintile (Figure S2)
for Ml and IHD; estimates from cox proportional hazard regression models did
not differ considerably from when all CADs were considered (Table S2-S4).
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In addition, missing data in covariates were present (Table S$5), and 162,002
(59%) of 273,619 individuals included in the current study provided complete
data for all variables. The absolute difference in the baseline characteristics
between these participants with and without complete data was very limited
(Table S6). Furthermore, the main results from sensitivity analyses restricting
to complete cases did not differ materially from the results obtained after impu-
tation (Table S7).

Mendelian randomization

Main analyses

For the included 129 genetic instrumental variables, 4 of which with an F-sta-
tistics below 10 were discarded to avoid weak instrumental bias. In total, 108
distinct SNPs were present in at least one of the outcome databases. F-statistics
for each SNP were higher than 10 and ranged from 15.6 to 634.4, and a total of
2.0% variation were explained by the instruments (Table S8).

For CAD, the pooled OR of the primary IVW estimates from CARDIoGRAM-
plusC4D, UKB, and FinnGen of a one-SD decrease in mtDNA-CN was 1.17
(95%CI: 1.08, 1.28) (Figure 4). Estimates from WME and MR-Egger generally
did not differ substantially with the exception of UKB where the point estimates
attenuated to some extent. No pleiotropy was detected by the intercept of
MR-Egger (p > 0.05). Though outliers were identified by MR PRESSO in each
database, estimates after outlier removal remained similar to those obtained
from IVW (Table S9).

For HF, the combined OR from IVW obtained in the HERMES consortium and
FinnGen of per one-SD decrease in mtDNA-CN was 1.02 (95%CI: 0.94, 1.11)
(Figure 4). Results from WME were similar, and we observed no evidence for
horizontal pleiotropy from MR-Egger intercept (p > 0.05); outliers were spotted
in the HERMES consortium assessed by MR PRESSO, but outlier-corrected
estimates did not materially differ with those generated from IVW (Table S10).

Sensitivity analyses

When we used genetic instrumental variables from Hagg et al.1®, 64 distinct
SNPs were included. F statistics for each SNPs were higher than 10 and ranged
from 29.8 to 277.4, and a total of 1.2% variation were explained by the. Detailed
full information of the used genetic instruments is presented in Table S11. A
one-SD decrease in mtDNA-CN was associated with 1.16-fold (95%CI:1.05,
1.27), 1.00-fold (95%C]I:0.90, 1.10) higher risk of CAD and HF in meta-analysis,
respectively (Figure S3). MR sensitivity analyses including WME, MR-Egger,
and MR PRESSO are presented in Table S12-S13.

Discussion

In the present study, we implemented a prospective cohort study design and MR
study to assess the relationship of mtDNA-CN with the risk of incident CAD and
HF. Results from the multivariable-adjusted prospective analyses suggested an
association between lower mtDNA-CN with a higher risk of CAD and HF, whereas
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findings from MR analyses only confirmed an association between genetically
predicted lower mtDNA-CN with a higher risk of CAD, possibly reflecting evi-
dence of causality for CAD.

Consistent with our observational findings, previous studies showed that lower
mtDNA-CN measured from peripheral blood was related to an increased risk of
CVD and its risk factors "'5. The only prospective study that assessed the rela-
tionship between mtDNA content and either CAD or HF used the Atherosclerosis
Risk in Communities (ARIC) Study'2'. In the ARIC study, composed of 20,163
participants (2460 incident CHD) with a mean follow-up of 13.5 years, a lower
mtDNA-CN was associated with an increased risk of incident CHD. Similarly,
with 10,802 participants (2227 incident HF cases) followed-up for a mean of
23.1years, lower mtDNA-CN was linked to an increased risk of HF. Residual con-
founding, in particular factors relevant to both mitochondrial function and CVD
such as physical activity and insomnia, was not taken into account. However, in
our multivariable-adjusted analysis, additional adjustment for these covariates
did not further attenuate the estimates substantially.

To the best of our knowledge, the current study is the first to evaluate the causal
nature of the association between mtDNA-CN and risk of CVD. MR analyses with
the genetic instruments for mtDNA-CN confirmed the detrimental effect of lower
mtDNA content on the risk of CAD observed in the cohort studies. Mitochondrial
dysfunction, indicating by low mtDNA-CN, would lead to increased production
of reactive oxygen species (ROS) in mitochondria®. Those maladaptive over-
produced mitochondrial ROS mediate irreversible damage to macromolecules,
such as increased oxidation of low-density lipoprotein and dysfunction of endo-
thelial cells that are critical factors to promote atherosclerosis, and further CAD
events?®. Nevertheless, several factors merit thoughtful consideration in terms
of the interpretation of the null effect on HF in MR analyses. HF has substantial
phenotypic heterogeneity, which can be defined by ejection fraction (EF) and
diastolic function; more than half of patients have preserved EF while over
40% of cases have isolated diastolic dysfunction®. Moreover, a large degree
of variation has been described even within patients with preserved EF3'%2_ |t
has also been shown previously that the associations between mtDNA-CN and
HF with preserved and reduced EF were different and possibly would make the
association into the direction of zero when we combined the two subgroups
in a single analysis'®. However, stratification by cause of HF in the UKB ended
up with a low number of cases and insufficient statistical power. In addition,
cause-specific GWAS summary-level data of HF are currently not available.
For these reasons, the lack of a clear association between mtDNA-CN and HF
should be interpreted with caution, and more follow-up analyses are required
to investigate the cause-specific HF in more detail.

Study strengths and limitations

The main strength of our study is that we adopted the triangulation of causal
inference in etiological epidemiology. The consistency between biochemically
measured and genetically determined mtDNA-CN in relation to CAD increased
the credibility of the results. Given the absence of randomized clinical trials with
respect to mtDNA-CN and CAD to date, the analyses that have been performed
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in the present study provide the foremost evidence on the association between
mtDNA content and CAD. Other important strengths of our prospective cohort
study include the large sample size and the considerable number of incident
cases from UKB, comprehensive assessment of confounding factors, and subtype
analyses of Ml and IHD within CAD. In MR studies, we meta-analyzed three large
databases where SNP-outcome associations were derived, comprising a sub-
stantial size of overall participants and cases. The results are consistent across
different databases, and the precision of the pooled MR estimates obtained from
different databases increased significantly.

Several limitations should be acknowledged. First, mtDNA content was measured
in peripheral blood cells, which may be different from cells in the vasculature orin
the heart. Nevertheless, it has been shown that the blood cell and cardiomyocyte
mtDNA-CN were significantly correlated within individuals, with a Pearson correla-
tion coefficient of 0.7233. In addition, the initial calculation of mtDNA-CN from chip
arrays might have introduced noise due to the small number of variants. To this
end, a weighted mtDNA-CN was implemented, which approximates what would
be estimated from exome sequencing and has been validated'®. Second, despite
the large number of instrumental variables in the MR analyses, the variation of
mtDNA-CN explained by these SNPs was small. Notwithstanding, we had more
than sufficient power to detect the true causal effect in MR analyses (Figure S4).
Moreover, while we acknowledge the possibility of pleiotropic effects of included
genetic instruments, this is likely to be vertical (Supplementary discussion).
When we additionally stringently excluded the 22 SNPs on chromosome 19,
where APOE and LDLR gene locate, the estimates were slightly attenuated in
each database but remained statistically significant in the meta-analysis (Figure
S5). Third, since the population of non-Europeans was highly heterogeneous in
UKB, we restricted the prospective analyses to White European populations; fur-
thermore, MR analyses were also performed predominantly in European-descent
individuals, except for 23% of individuals with a non-European background in
CARDIoGRAMplusCA4D. It is therefore inappropriate to extrapolate our findings
to other populations with different ethnic backgrounds. Lastly, we were not
able to dissect the potential impact of other mtDNA alterations, such as mtDNA
mutations or deletions which have been proposed to contribute to the initiation
and progression of atherosclerosis®*. Consequently, there is a need for accurate
deep sequencing to simultaneously analyze the entire mitochondrial genome
in order to better understand the relationships between mtDNA-CN function,
germline and acquired mutations, and CVD.

Conclusion

This study provides the first evidence of a possible causal association between
mtDNA-CN and the risk of CAD. Further studies are required to fully understand
how mtDNA affect atherogenic risk development.
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Abstract

Background: Low leukocyte mitochondrial DNA copy number (mtDNA-CN)
has been associated with a high risk of atherosclerotic cardiovascular disease,
but the mechanisms remain unclear. Changes in metabolomic profiles have
frequently been observed during the transition from health to disease and are
considered important intermediate phenotypes. Therefore, we aimed to inves-
tigate whether low mtDNA-CN is associated with worse metabolomic profiling
using cross-sectional and genetic studies.

Methods: Among 61,186 unrelated European participants from the UK Biobank,
we performed multivariable-adjusted linear regression analyses to examine the
associations between mtDNA-CN and 168 NMR-based circulating metabolic
biomarkers and 9 metabolic principal components (PCs) that collectively covered
91.5% of the total variation of individual metabolic biomarkers. Subsequently,
we conducted Mendelian randomization (MR) to estimate the causal effects of
mtDNA-CN on individual biomarkers and the metabolic PCs. Genetic variants
associated with mtDNA-CN, used as instrumental variables, were derived from
a publicly available genome-wide association study of 465,809 individuals of
White European ancestry, and genetic-biomarker associations were derived
from the UK Biobank.

Results: After correction for multiple testing, low mtDNA-CN was associated with
130 metabolic biomarkers, predominantly lower concentrations of some amino
acids and higher concentrations of lipids, lipoproteins and fatty acids; more-
over, mtDNA-CN was associated with 7 out of the 9 metabolic PCs. Using MR,
genetically-influenced low mtDNA-CN was associated with lower lactate, higher
acetate, and a higher degree of unsaturation, and corresponding standardized
betas (95% Cls) from the inverse variance weighted method were -0.17 (-0.26,
-0.09), 0.15(0.07, 0.23), and 0.14 (0.08, 0.20), respectively. In addition, per-SD
decrease of mtDNA-CN was associated with lower metabolic PC2 (related to
lower concentrations of lipids and fatty acids), and higher metabolic PC9 (related
to lower concentrations of glycolysis-related metabolites).

Conclusion: Low mtDNA-CN was associated with metabolomic perturbations,
particularly reflecting a pro-atherogenic metabolic profile. These findings support
the potential of metabolomics to provide new insights into the mitochondrial
induced changes preceding chronic diseases.
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Introduction

Mitochondria play a central role in the human body, as they are responsible
for most of the cellular energy production through oxidative phosphorylation,
biosynthetic processes of macromolecules such as heme and steroid hormone,
and maintenance of calcium and redox homeostasis for signaling pathways'3.
Mitochondria have their own circular genome, the mitochondrial DNA (mtDNA),
consisting of 37 genes, 13 of which encode proteins on the electron transport
chain. The individual mitochondrion contains several copies of the mitochondrial
genome, known as mtDNA copy number (mtDNA-CN), and therefore large vari-
ations of mtDNA-CN may exist between cells, tissues, and individuals. Altered
mtDNA levels contribute to defects of mtDNA-coded proteins and RNAs, and
disrupted cellular signals for apoptosis and autophagy, resulting in mitochondrial
dysfunction*®. Consequently, this will further aggravate oxidative stress and
inflammation, both of which are key components in many pathophysiological
processes, thus promoting chronic diseases and accelerating ageing®’.

Mitochondrial dysfunction has been widely considered as a hallmark of the
ageing process and compromised health®”. Indeed, mtDNA-CN decreases with
increasing age, especially among individuals older than 65 years®®. In prospec-
tive cohort studies, low mtDNA-CN measured in the blood leukocyte has been
linked to increased risk of several cardiovascular outcomes among the general
population™-'® and mortality among patients with chronic kidney diseases', as
well as poor poststroke prognosis'®. Similarly, in our previous studies, we observed
associations between low mtDNA-CN and higher risks of coronary artery disease
(CAD), heart failure, and stroke'®'”, and for CAD we provided evidence favoring
possible causality. However, the underlying mechanisms are not clear yet.

Importantly, all these diseases experience metabolic changes prior to and during
their onset and progression. Metabolites are small molecules that result from
biological processes, representing effective intermediate phenotypes to a given
disease'®. Metabolomics has offered the opportunity to comprehensively measure
a broad range of metabolites in biological fluids, and thus to provide insight into
disease mechanisms and to discover potential biomarkers. Therefore, we inves-
tigated the associations between mtDNA-CN in leukocytes and blood-derived
metabolomic profiles with 168 metabolic biomarkers of predominantly lipids and
lipoproteins (sub)particles measured using the Nightingale NMR-based platform
in the UK Biobank (UKB). We triangulated our study by performing cross-sec-
tional multivariable-adjusted analyses, followed by Mendelian randomization
(MR) studies that are free of most confounding factors and reverse causation.
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Methods

Cross-sectional study

Study population

The UKB is a prospective cohort with 502,628 participants between the age of
40 and 69 years recruited from the general population at multiple assessment
centers across the UK between 2006 and 2010. 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 Infor-
mation Advisory Group (PIAG) for England and Wales. All participants in the UK
Biobank provided written informed consent. 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 biochemical analy-
ses and genotyping. All participants provided electronically written informed
consent for the study. Detailed information about the study design, investigation
methods, as well as limitations has been reported previously™. Further details of
the array design, genotyping, and imputation procedures have been described
elsewhere?’. All analyses were conducted under UKB application 56340.

mtDNA-CN

Full genotyped data were available from 488,377 individuals. MtDNA-CN was
computed for unrelated European ancestry participants. A detailed step-wise
exclusion of the study population was described elsewhere'®. Somatic blood-de-
rived mtDNA-CN were assessed from the intensities of genotyping probes on the
mitochondrial chromosome on the Affymetrix Array. The method for computing
mtDNA-CN has been described in detail before (https:/github.com/Grassman-
nLab/MT_UKB)3. Briefly, the relative amount of mtDNA hybridized to the array
at each probe was 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. The median L2R values across all 265 variants passing
quality control on the MT chromosome were used as an initial raw measure of
mtDNA-CN. To correct for the confounding induced by poorly performing probes,
L2R values of each probe were multiplied by the weight of the probe that was
generated from a multivariate linear regression model in which those intensities
statistically significantly predicted normalized mitochondrial coverage from
exome sequencing data. This resulted in a single mtDNA-CN estimate for each
individual. To eliminate the plate effect, we subsequently standardized the CN
to a mean of zero and standard deviation (SD) of one within each genotyping
plate comprising 96 wells. An additional quality control step was performed by
eliminating individuals with high standard deviation (SD) (two SD from the mean)
of autosomal probes log?2 ratio (L2R). Consequently, 293,245 individuals with
eligible mtDNA-CN remained.
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Metabolomic profiling

A subset of ~120,000 UKB participants were randomly selected for plasma
metabolomic profiling using a high throughput NMR-metabolomics platform
(Nightingale Health, Helsinki, Finland). Details of the experimentation and applica-
tions of the platform have been described previously?!, as well as representative
coefficients of variations for the metabolic biomarkers.?? This platform provides
simultaneous quantification of 168 metabolomic measures and 81 ratios from the
plasma samples. We included only the direct measures in the current analyses
and thus excluded the ratios, including lipoprotein subclasses (size-specific,
n = 98), lipoprotein particle sizes (n = 7), cholesterol (n = 15), glycerides and
phospholipids (n =12), total lipids (n = 4), fatty acids (n= 9), amino acids (n=10),
glycolysis-related metabolites (n= 4), fluid balance (n= 2), inflammation (n= 1),
ketone bodies (n= 4), apolipoproteins (n= 2). A full list of the measured metabolic
biomarkers and their concentrations are presented in Table S1.

Statistical analyses

Individuals with any prevalent cardiovascular disease at baseline assessment
were excluded. All metabolic biomarkers were log-transformed and subsequently
scaled to standard deviation (SD) units for comparison before analyses.
Confounding factors were selected based on previous studies. Confounders
included demographic parameters (age at recruitment, sex, deprivation index);
the first ten genetic principal components to correct for possible remaining pop-
ulation stratification; genotyping batch; cell numbers (white blood cell counts
and platelet counts); an anthropometric measure of body mass index (BMI) in
kg/m?2; self-reported lifestyle factors (smoking status [never, past and current],
alcohol consumption frequency [twice or less per week/ more than three times
per week], physical activity [MET hours per week for moderate-vigorous activ-
ity], sleep duration in hours and insomnia symptoms [yes/no]); lipid-lowering
medication, blood pressure (mmHg, average of the two measurements taken a
few moments apart when applicable).

Multivariable-adjusted linear regression models were performed to estimate the
coefficient, representing changes in SD unit of individual metabolic biomarker
corresponding to per one-SD lower mtDNA-CN, adjusted for confounding fac-
tors. Due to the high correlation of most metabolomic traits, particularly lipid
subclasses, conventional correction for multiple testing is too stringent. There-
fore, we estimated the number of independent tests from the correlation matrix
of the metabolomic measures using the “effective number” (Meff) procedure
as described previously to correct for the significance level?®, with an adjusted
p-value of 0.05/37 (0.00134), where 37 represents the number of independent
metabolomic measures.

Furthermore, given the intercorrelation of metabolic biomarkers, especially
among lipid and lipoprotein (sub)particles, we subsequently performed principal
component analysis (PCA), which aims at explaining the maximum variation
in a multivariate dataset without a priori defined group, on all biomarkers to
reduce the large number of correlated biomarkers to a much smaller number of
uncorrelated metabolic principal components (PCs). PCs explained at least 1%
variations and had an eigenvalue above 1 were selected for further analyses.
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Consequently, 9 PCs met the criteria and were selected. The same analyses
were performed for each PC as those for individual biomarkers.

We additionally conducted sensitivity analyses for individual biomarkers by
excluding lipid-lowering medication users (N = 7770). Missing data in the covari-
ates (all less than 20%) were imputed using multiple imputations by chain
equations (MICE)?4, setting the number of imputed datasets to 10. The impu-
tation model included all covariates. A detailed description and comparisons
between individuals with and without missing data in the UKB were available
in our previous study’®.

Mendelian randomization

Data source

133 independent (linkage disequilibrium < 0.05) nuclear single-nucleotide poly-
morphisms (SNPs) on autosomal chromosomes were used as genetic instruments
that were previously identified in relation to mtDNA-CN at a genome-wide sig-
nificance threshold (p < 5e-08)?5. This genome-wide association study (GWAS)
was performed in 465,809 individuals of White European ancestry combining
the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE)
consortium and UKB. Genetic associations were adjusted for age, sex, and covari-
ates that were specific in each cohort, such as genetic PCs, blood collection
sites, family structure, and cell composition. F statistics [(3/se)?] were computed
to evaluate instrumental strength. Furthermore, we calculated the proportion of
total variance in the exposure explained by each instrument (R?) separately?®.

For gene-outcome associations, summary statistics (standardized regression
coefficients for the SNP-metabolic biomarker association) for individual metabolic
biomarkers were obtained from the MR-Base database by the MRC Integrative
Epidemiology Unit at the University of Bristol (https:/gwas.mrcieu.ac.uk/). In
addition, we performed new GWAS on 9 identified metabolic PCs. We used the
BOLT-LMM software with adjustment for age, sex, genetic principal components.
Standardized regression coefficients for the SNP-metabolic PCs were used in
the MR analyses.

Mendelian randomization analysis

The primary MR analysis was performed using the inverse-variance weighted
(IVW) method to combine the SNP-specific Wald ratios for both individual met-
abolic biomarkers and metabolic PCs, assuming all instrumental variables are
valid?”. Results were expressed as changes in SD of each biomarker or metabolic
PC per one-SD decrease in genetically-predicted mtDNA-CN. When the MR
assumptions were met, this estimate approximated the causal effect. Sensitivity
analyses accounting for pleiotropy were conducted, including Weighted-Median
Estimator and MR-Egger regression?82°, both of which assume the instrumental
variable assumptions are valis for at least half of the SNPs. The intercept from
MR-Egger represents the average pleiotropic effect; when the intercept deviates
from zero, estimates from IVW might be biased. MR-PRESSO (MR Pleiotropy
RESidual Sum and Outlier) was applied to detect and correct for horizontal plei-
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Table 1 Baseline charactertistics of the study participants

Variables N=61,186
Age (years) 56.5(8.0)
Sex (female) 33,417 (54.6%)
White blood cell count (10%/L) 6.9(1.9)
Platelet count (10°/L) 253.9(59.1)
Deprivation index -1.7(2.9)
Body mass index (kg/m?) 27.2(4.6)
Diastolic blood pressure (mmHg) 824 (10.1)
Systolic blood pressure (mmHg) 138.1(18.6)
Blood pressure-lowering medication

Yes 10,664 (17.4)

No 50,522 (82.6)
Blood chemistry

Total cholesterol (mmol/L) 58(11)

HDL (mmol/L) 15(0.4)

LDL (mmol/L) 3.6(0.8)

Triglycerides (mmol/L) 1.7(1.0)
Cholesterol lowering medication

Yes 7,770 (12.7)

No 53,416 (87.3)
Physical activity (moderate-vigorous MET hours/week) 27.0(34.2)
Alcohol consumption frequency

At least three times per week 28,246 (46.2)

Twice or less per week 32,899 (53.8)

Data missing 41(0.1)
Smoking status

Current 5,928(9.7)

Previous 20,810 (34.0)

Never 34,242 (56.0)

Data missing 206 (0.3)
Sleep duration (hours) 71(1.2)
Insomnia

Usually 16,716 (27.3)

Sometimes 29,575 (48.3)

Never/rarely 14,855 (24.3)

Data missing 40 (0.1)

Data are mean (SD) for continuous variables and frequency (percentage) for categorical
variables. Some percentages do not add up to 100 because of rounding. BMI: Body mass
index; HDL: high-density lipoprotein cholesterol; LDL: low-density lipoprotein cholesterol;

CVD: cardiovascular disease.
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Table 2 Cross-sectional associations of mtDNA-CN with the first 9
metabolomic principal components (PCs)

PCs Mainloadings Main model1
Positive associations with most lipids and lipoproteins

1 (except for extra-large and large HDL particles) and 0.262(0.194,0.330)
fatty acids.

Negative associations with most lipids and lipoproteins
2 (except for LDL subclass chylomicrons and -0.194 (-0.235,-0.153)
triglycerides within each subparticle), and fatty acids.

Negatively associated with IDL, LDL, and HDL (but not

3 extra-large HDL); -0.027(-0.060,0.006)
Negative associations with HDL 0.022(-0.001,0.045)
Positive associations with amino acids -0.049 (-0.066,-0.032)
Negative associations with ketone bodies -0.02(-0.035,-0.006)
Negative associations with ketone bodies (associations
with lipids and lipoproteins are opposite to the

7 associations of PC6 with lipids and lipoproteins, despite -0.031(-0.043,-0.018)
very weak)

8 Positive associations with fatty acids -0.096 (-0.107,-0.085)
Negative associations with glycolysis-related

9 metabolites -0.038(-0.049,-0.027)

Betas (95%Cl) were adjusted for age at recruitment, sex, deprivation index, the first ten
genetic principal components, genotyping batch, white blood cell counts and platelet
counts, body mass index, smoking status, alcohol consumption, physical activity, sleep
duration and insomnia, lipid-lowering medication, blood pressure and hypertensive
medication.

otropy through removing outliers®°. Moreover, we examined the heterogeneity
using Cochran’s Q statistic among all SNPs within each outcome database.

All the analyses were performed using R (v4.0.2) statistical software (The R Foun-
dation for Statistical Computing, Vienna, Austria). Packages used in the analyses
included “mice” for multiple imputations, “TwoSampleMR” for MR analyses. All
results were reported as betas with accompanied 95% confidence intervals.

Results

Characteristics of the study population are presented in Table 1. In total, 61,186
unrelated individuals with no history of cardiovascular diseases were included in
the analyses with available mtDNA-CN and metabolomic measures. The mean
(SD) age was 56.5 (8.0) years, and 54.6% (N= 33,417) were women.

Individual metabolic biomarker
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Figure 1 Associations between low leukocytes mtDNA-CN and 168 NMR-
based circulating metabolic biomarkers

The inner circle represents the associations derived from multivariable linear regression models
among 61,168 unrelated individuals from the UK Biobank, adjusted for age, sex, deprivation index,
the first ten genetic principal components, genotyping batch, white blood cell counts and platelet
counts, body mass index, smoking status, alcohol consumption, physical activity, sleep duration in
hours and insomnia, lipid-lowering medication, blood pressure and hypertensive medication. The
outer circle represents the estimates obtained from Mendelian randomization inverse-variance
weighted method. All point estimates represent the standardized change in metabolic biomarker
concentration per standard deviation change in mtDNA-CN. Hollow points indicate the associations
were not statistically significant after correction for multiple testing (p > 0.05/37, where 37 represents
independent metabolomic measures).

After adjustment for potential confounding factors, mtDNA-CN was significantly
associated with 130 out of 168 metabolic biomarkers after correcting for mul-
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Figure 2 Associations between leukocyte mtDNA-CN with 9 metabolic
principal components (PCs) derived from 168 NMR-based metabolic bio-
markers in Mendelian randomization (MR)

X-axis represents the estimates derived from Mendelian randomization (MR) analyses and are
expressed as changes in SD of each metabolic PC per one-SD decrease in genetically-predicted
mtDNA-CN. Y-axis represent different MR methods. No outlier was detected for PC5, and therefore
no estimate was available in MR-PRESSO for outlier correction.

tiple testing (p < 0.05/37), as shown in Figure 1 (inner circle). A one-SD lower
mtDNA-CN was associated with higher concentrations of most lipoprotein (sub)
particles, except for chylomicrons, and the associations with triglycerides within
each subclass were generally smaller than other (sub)particles. Similarly, low
mtDNA-CN was related to higher concentrations of several biomarkers, including
most fatty acids except for omega-3 fatty acids and docosahexaenoic acid, amino
acids of alanine, glutamine, glycine, and valine, glycolysis related metabolites of
citrate, lactate, and pyruvate, and two apolipoproteins. Results from sensitivity
analyses after excluding individuals with lipid-lowering medication remained
similar to those obtained from the main analyses (Table S2).

We included 112 genetic variants available in individual metabolic biomarker
GWAS in the MR analyses. F-statistics for each SNP ranged from 15.6 to 634.4,
and all the included genetic variants explained approximately 2.0% variation in
mtDNA-CN. Detailed information on genetic variants is available in Table S3.
Genetically-influenced mtDNA-CN were not associated with any lipid (sub)par-
ticles or amino acids upon correction for multiple testing (0.05/37) in the IVW
analyses (Figure 1, outer circle). Notwithstanding, the associations of mtDNA-CN
with lipids and lipoproteins in MR analyses generally showed similar trends
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To the best of our knowledge, we provide the first evidence for potential causal
associations of mtDNA-CN on metabolomic profiling in a large cohort. Previously,
the association between mtDNA-CN with lipid dysregulation defined according
to biochemically measured lipids levels is inconclusive. In a recent cross-sec-
tional study including 408,361 participants of multiple ancestries (including
UKB), lower mtDNA-CN was associated with higher odds of hyperlipidemia as
high total cholesterol or triglycerides or use of lipid-lowering medication®. Con-
versely, mtDNA-CN was not associated with any cardiometabolic phenotypes
including lipids among two cohorts of UK young and old women3'. Nevertheless,
in case-control settings, mtDNA-CN was lower among individuals with either
hyperlipidemia®? or metabolic syndrome®3-5, In only one study with merely 310
participants and 44 measured metabolites, it was observed that mtDNA-CN
was associated with circulating metabolites indicative of perturbed lipid metab-
olism?®®. In the present study, we specifically identify the relationship between
low mtDNA-CN with several lipids and lipoproteins reflecting a pro-atherogenic
metabolic profile through cross-sectional analyses and MR analyses on metabolic
PC2. Although MR results from individual metabolic biomarker did not yield any
significant associations on lipids and lipoproteins, this might be due to insuffi-
cient statistical power and the trend of these associations were similar to those
from multivariable-adjusted linear models. Collectively, altered mitochondrial
respiration, reflected by low mtDNA-CN may contribute to lipid dysregulation
that leads to further cardiovascular diseases.

Glycolysis is the most important pathway for glucose metabolism in cellular
metabolism converting glucose to pyruvate for supplying energy via a series
of intermediate metabolites. Pyruvate lies at the crossroads of glycolysis and
mitochondrial oxidation, and lactate elevates when the flux through glycolysis
overwhelms the utilization of pyruvate in the mitochondria. Often, patients with
mitochondrial disease suffer from lactic acidosis, a condition in which lactic acids
are increased in the body. In experimental studies, pyruvate has been shown
to protect against stroke possibly by mitigating inflammation37%8, Nevertheless,
most of the currently available epidemiological studies have shown positive
associations between high levels of either lactate or pyruvate with a higher
risk of several cardiovascular endpoints and poor prognosis®®#2, whereas other
studies failed to observe similar relationships*245. In our cross-sectional study,
we observed an association between low mtDNA-CN and high concentrations of
both lactate and pyruvate. However, in MR analyses, genetically-determined low
mtDNA-CN was associated with low lactate and high metabolic PC9 (inversely
related to glycolysis-related metabolites). These discrepancies are likely owing
to that either lactate or pyruvate solely is not a prominent biomarker of mito-
chondrial function. Interestingly, the lactate-to-pyruvate ratio in conjunction with
high lactate has been considered as the most reliable biomarker to differentiate
inherited mitochondrial disorders or disturbances in the tricarboxylic acid cycle*s,
whether it is also a stable biomarker for compromised mitochondrial function
needs to be validated in future research.

There is no evidence favoring a causal link between mtDNA-CN with other
metabolomic measures, including amino acids and fatty acids. For amino acids,
results from both cross-sectional and MR consistently showed null associations.
Although amino acids have been associated to several metabolic-related dis-
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eases from both observational and MR studies*®7, this may indicate that the
effect of low mtDNA-CN on chronic diseases is independent of dysregulation of
amino acids. For fatty acids, in spite of the solid associations in cross-sectional
analyses, MR analyses that are free of reverse causation and most of the con-
founding factors from either individual biomarker or metabolic PC that are closely
related to fatty acids (PC6) failed to validate these associations. Taken together,
fatty acids are unlikely the causal intermediate phenotypes from mitochondrial
function to chronic diseases.

The main strength of our study is that we used two different epidemiological
methods that have different and largely unrelated sources of potential bias, and
two different dimensions, i.e. individual metabolic biomarkers and metabolic PCs,
to infer causality. Similar effects converged from different approaches largely
strengthens the associations and favors potential causality between mtDNA-CN
and metabolomic profiling. Our study had several limitations. First, mtDNA-CN
were derived from the blood, which might not be representative for those in
different tissues and organs. Tissues with higher energy demands harbor more
mitochondria and consequently have a higher mtDNA-CN, such as the heart, brain,
and skeletal muscles. However, mtDNA-CN measured in the blood and different
tissues are not necessarily intercorrelated*®, and therefore the interpretation of
the findings should cautiously restrict to the quantitative mtDNA information
specifically about the blood. In addition, the calculation of mtDNA-CN from chip
arrays might have introduced noise due to the small number of variants. Con-
sequently, we exploited a validated weighted mtDNA-CN approximating what
would be estimated from exome sequencing®. Furthermore, mtDNA mutations
and deletions have been implicated in the pathogenesis of several diseases,
particularly atherosclerosis. Nevertheless, due to the lack of data, we could not
perform additional analyses and therefore further deep sequencing of the entire
mitochondrial genome will facilitate the understanding of mitochondrial function
in metabolomic changes.

Conclusion

Low mtDNA-CN was associated with metabolomic perturbations, particularly a
more pro-atherogenic metabolic profile. These findings support the potential of
metabolomics to provide new insights into the mitochondrial-induced changes
preceding chronic diseases.
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Abstract

Objectives: To investigate possible causal associations between dietary-derived
circulating antioxidants and primary CHD risk using two-sample Mendelian
Randomization (MR).

Background: Previously, observational studies have identified associations
between higher levels of dietary-derived antioxidants and lower risk of coronary
heart disease (CHD), while randomized clinical trials showed no reduction in
CHD risk following antioxidant supplementation.

Methods: Single-nucleotide polymorphisms (SNPs) for circulating antioxidants
(vitamin E, C, retinol, B-carotene, and lycopene), assessed as absolute levels
and metabolites, were retrieved from literature and were used as genetic instru-
mental variables. Summary statistics for gene-CHD associations were obtained
from three databases (cases/controls): the CARDIOGRAMplusC4D consortium
(60 801/123 504), UK Biobank (25 306/46 2011) and FinnGen study (7123/89
376), respectively. For each exposure, MR analyses were performed per outcome
database, and subsequently meta-analyzed.

Results: Among the analytic sample of 768 121 individuals (93 230 cases),
genetically predicted circulating antioxidants were not causally associated with
CHD risk. For absolute antioxidants, the odds ratio (95% CI) for CHD ranged
between 0.94 (0.63, 1.41) for retinol and 1.03 (0.97, 1.10) for B-carotene per unit
increase in In-transformed antioxidant values. For metabolites, the odds ratio
ranged between 0.93 (0.82, 1.06) for y-tocopherol and 1.01 (0.95, 1.08) for
ascorbate per 10-fold increase in metabolite levels.

Conclusions: Evidence from our study did not support a protective effect of
genetic predisposition to high dietary-derived antioxidant levels on CHD risk.
Therefore, it is unlikely that taking antioxidants to increase blood antioxidants
levels, will have a clinical benefit for the prevention of primary CHD.
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Introduction

Coronary heart disease (CHD) is one of the foremost causes of mortality world-
wide and is responsible for approximately 0.36 million of all deaths in the US and
1.78 million in Europe each year 2. Well-established risk factors for CHD include
smoking, physical inactivity, inappropriate nutrition, overweight and obesity,
high blood cholesterol and other lipids, high blood pressure, diabetes mellitus,
and insufficient/long sleep 2, and interventions targeted to ameliorate these risk
factors showed a significant reduction in CHD risk. Apart from conventional risk
factors, oxidative stress has also been hypothesized as a vital componentin the
development and progression of CHD by promoting macromolecular damage
and endothelium dysfunction 4. Consequently, antioxidants, the scavengers of
free radicals to diminish oxidative stress-induced damage, would be of interest
as targets for primary CHD prevention °. Specifically, dietary-derived antioxidants,
better known as vitamin E, C, and carotenoids, are the most easily accessible
and modifiable approach for consideration.

Based on this hypothesis, a large amount of studies have been conducted to
explore the association between antioxidants and primary CHD. In multiple obser-
vational studies, dietary intake, either as dietary components or supplements,
or blood concentration of vitamin E, C, and carotenoids were associated with
a lower risk of primary CHD &2. Similarly, adherence to a diet containing high
amounts of antioxidants, irrespective of the type of antioxidants, was associ-
ated with a lower risk of cardiovascular diseases '*. However, associations as
these in observational studies are prone to biases including reverse causality
and unmeasured confounding. While randomized clinical trials (RCTs) generally
failed to demonstrate a causal benefit of antioxidants supplement on primary
CHD 20 with the exception of lycopene supplement on cardiovascular risk
factors 2!, there are notable limitations. For example, timing, dosage, duration,
use of natural or synthetic antioxidants, as well as the uncertain time of onset
and long-term progression of CHD pathogenesis might explain the observed null
effect 2223, Therefore, the conflicting results from observational studies and RCTs
should be interpreted with caution, and the causality between dietary-derived
antioxidants and CHD is still unclear.

Mendelian Randomization (MR) is an alternative approach to infer causality of
life-long risk factors (exposure) on diseases (outcome) using genetic variants as
instrumental variables 24. In the present study, we used MR analyses to assess
the associations between genetically determined dietary-derived circulating
antioxidants and their metabolites with primary CHD risk, in the absence of
reverse causality and residual confounding factors.
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Instrumental variables (SNPs) for two sets of exposure:

Absolute circulating levels:
« oa-tocopherol (GWAS)

Circulating metabolites
(from GWAS):

* B-carotene (GWAS) » «a-tocopherol
+ lycopene (GWAS) + y-tocopherol
+ retinol (GWAS) + retinol

* ascorbate (discovery cohort » ascorbate

and Meta-analysis)

Gene-outcome associations from three databases which are presented in the gene-

exposure association:

CARDIoGRAMplusC4D

» CAD cases: 60,801

+ Controls: 123,504

+ Mixed ancestry
(European 77%,
South Asian 13%, East
Asian: 6%)

MR analysis for each exposure:
< IVW

Sensitivity analysis for each
exposure:

+ Weighted-Median estimator
+ MR Egger regression

+ MR PRESSO

UK Biobank
» CAD cases: 25,306
+ Controls: 46,2011
» European ancestry
(British)

MR analysis for each exposure:

VW
Sensitivity analysis for each
exposure:
Weighted-Median estimator
MR Egger regression
MR PRESSO

FinnGen study
* CHD cases: 7,123
» Controls: 89,376
» European ancestry
(Finnish)

MR analysis for each exposure:
< VW

Sensitivity analysis for each
exposure:

+ Weighted-Median estimator
+ MR Egger regression

+ MR PRESSO

Meta-analysis from three outcome databases for each exposure

Figure 1 Schematic overview of the present study design

CAD: Coronary Artery Disease; CARDIoGRAMplusC4D: Coronary Artery Disease Genome-Wide
Replication and Meta-analysis plus the Coronary Artery Disease Genetics; CHD: Coronary Heart
Disease; GWAS, genome-wide association study; IVW: Inverse-Variance weighted; MR PRESSO:
MR Pleiotropy RESidual Sum and Outlier.

Methods
Study design

For the current study, we conducted a two-sample MR, which tests the asso-
ciation between genetic instrumental variable(s), as a proxy for the exposure,
and outcome from three separate data sources, and estimates the effect of an
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exposure on an outcome 25. MR is based on 3 principle assumptions, notably that
the genetic variant(s) should be 1) associated with the exposure, 2) associated
with the outcome exclusively through the exposure, and 3) independent of any
measured and unmeasured confounders. Data used in the present study are
publicly available, and ethical approval and informed consent were obtained in
each original study. A schematic overview of the present study design is pre-
sented in Figure 1.

Selection of genetic instrumental variables

Five main dietary-derived antioxidants were considered in the present study,
which included vitamin E (a-tocopherol and y-tocopherol), B-carotene, lyco-
pene, vitamin C (L-ascorbic acid or ascorbate), and retinol. We considered both
antioxidants that were measured as authentic absolute levels in the blood, and
their corresponding circulating metabolites that were quantified as relative
concentrations in plasma or serum, respectively. For absolute antioxidants lev-
els, a-tocopherol, B-carotene, lycopene, ascorbate, and retinol were identified,
while for antioxidants metabolites, a-tocopherol, y-tocopherol, ascorbate, and
retinol were used.

Genome-Wide Association Studies (GWAS) were searched to extract leading
SNPs as genetical instrumental variables. When we identified multiple GWAS
for a single trait, only the largest study with replication was used 2¢-%'. Though
GWAS was not available for absolute ascorbate levels, a study with a two-stage
design which used a discovery cohort

and five replication cohorts and consequently meta-analysis assessed the rela-
tionship between genetic variants located in vitamin C active transporter locus of
SLC23A1 (Solute Carrier Family 23 Member 1) and circulating levels of ascorbic
acid and therefore was considered as qualified for genetic instrument extraction
32, A summary table of instruments is presented in Supplemental Table 1.

Absolute circulating antioxidants

Three SNPs for a-tocopherol levels were identified in a GWAS with 7781 European
individuals 26. However, those 3 loci were previously reported to be associated
with lipid metabolism and/or regulation in GWAS on lipid levels 3334 or coronary
artery disease %, and therefore were not considered for MR analysis due to
likely pleiotropic bias. Three genetic variants (linkage disequilibrium, LD < 0.2
as indicated in the study, p < 5x108) associated with plasma B-carotene levels
were identified in a GWAS within 2344 participants in the Nurses’ Health Study
27_Five variants (LD < 0.001, p < 5X10-%) associated with circulating lycopene level
were identified in a GWAS performed in 441 older Amish adults 28. Two SNPs (LD
< 0.001, p < 5x108) associated with circulating retinol levels were identified in
a GWAS of 5006 Caucasian individuals from two cohorts 2°. As for ascorbate,
one genetic variant (p = 2.0x107) was identified with over 15 000 participants
32_Summary of the demographic characteristics of the cohort that were used to
generate genetic instrumental variables is presented in Supplemental Table 2.
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Circulating antioxidants metabolites

Genetic variants for each metabolite at suggestive genome-wide significance
level (p < 1xX10-%) were extracted from published GWAS 202" notably 11 instru-
ments for a-tocopherol (n = 7276), 13 for y-tocopherol (n = 5822) and 14 for
ascorbate (n = 2063) derived from 7824 adult individuals from 2 European
population studies, 24 for retinol (n = 1957) from 1960 subjects of European
descent. Linkage disequilibrium between all SNPs for the same exposure was
assessed, and when LD was present (LD > 0.001), the variant with the smallest
P-value was selected.

Explained variance and instrument strength

Variance (R?) in the MR study refers to the proportion of total variation in the
exposure which is explained by the genetic instruments. R? for each trait were
either derived from the original study or calculated based on the derived sum-
mary statistics in line with what has been described previously *, and ranged
from 0.9% to 30.1% for absolute antioxidant levels, and from 3.3% to 18.6%
for antioxidants metabolites, separately (Supplemental Table 1).

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.

Data source for instrument-outcome associations

Summary statistics for the associations of the identified exposure-related SNPs
with primary CHD were extracted from three large databases, namely Coronary
Artery Disease Genome-Wide Replication and Meta-analysis plus the Coronary
Artery Disease Genetics (CARDIoGRAMplusC4D) consortium, UK Biobank, and
FinnGen study.

CARDIoGRAMplusC4D assembled 60 801 cases and 123 504 controls for 48
studies, of which, 77% of the participants were of European ancestry, 19% were
of south and east Asian ancestry, and a small proportion of Hispanic and African
Americans. CAD cases were identified as an inclusive diagnosis of myocardial
infarction, acute coronary syndrome, chronic stable angina, or coronary stenosis
> 50% 3537, The summary statistics of the instruments-CAD associations were
provided in the database.

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 pop-
ulation between 2006 and 2010 %8 (https:/www.ukbiobank.ac.uk). We restricted
the analyses to the participants who reported their ancestry as European, and
who were in the full released imputed genomics databases (UK10K + HRC). CAD
diagnoses were coded according to the International Classification of Diseases
(ICD) %8, and CAD cases were retrieved from linkage with NHS database and
were defined as angina pectoris (120), myocardial infarction (121 and 122), and
acute and chronic ischemic heart disease (124 and 125). In total, 25 306 cases
and 46 2011 controls were identified. We performed logistic regression analyses
to assess the associations between genetic instruments and CAD, adjusted for
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age, sex, and 10 principal components and corrected for a familial relationship
using BOLD_LMM (v2.3.2).

The FinnGen study is an ongoing nation-wide cohort study launched in 2017,
which combines genetic data from Finnish biobanks and health record data from
Finnish health registries (https:/www.finngen.fi/en). Major CHD was defined as
angina pectoris (120), myocardial infarction (121-123), ischemic heart diseases (124
and 125), cardiac arrest (146), and other unattended or cause unknown sudden
death (R96 and R98). The analyses were based on the FinnGen data freeze 2,
which consists of 7123 cases of major CHD and 89 376 controls with complete
instruments-CHD associations.

Statistical analysis
All the analyses were undertaken using R (v3.6.1) statistical software (The R
Foundation for Statistical Computing, Vienna, Austria).

Mendelian Randomization

The primary MR analysis was conducted by using Inverse-Variance weighted
(IVW) regression analysis, which assumes the absence of invalid genetic instru-
ments (e.g., no directional pleiotropy) *°. The mean effect estimate was obtained
from each outcome database separately by a fixed-effect IVW meta-analysis
of the Wald ratios (gene-outcome [log odds ratio] divided by gene-exposure
associations) estimated for each instrumental variable #°. Results are expressed
as odds ratios (OR) on CHD risk for a corresponding unit change in absolute
circulating levels of antioxidants on natural log-transformed levels (B-carotene
and retinol), ug/dL (lycopene) or umol/L (ascorbate), or a 10-fold change in
metabolites concentrations. When the MR assumptions are met, this odds ratio
is an estimate of the causal effect of the exposure on the outcome. MR analyses
were performed using the R-based package “TwoSampleMR” (https:/mrcieu.

github.io/TwoSampleMRY/).

Sensitivity analysis

In order to examine whether there was a violation of the main MR assumptions
due to directional pleiotropy, we performed MR-Egger regression analysis and
Weighted-Median Estimator #°-#2. In MR-Egger, the intercept estimates the average
pleiotropic effect across the genetic variants; a value that differs from zero indi-
cates that the IVW estimate is biased #'. A Weighted-Median estimator analysis
can provide a consistent valid estimate if at least half of the instrumental variables
are valid #2. In addition, MR-PRESSO (MR Pleiotropy RESidual Sum and Outlier)
was applied to detect and correct for horizontal pleiotropy through removing
outliers 3, as implemented in the R-based package MRPRESSO (https:/github.
com/rondolab/MR-PRESSQ). Furthermore, Cochran’s Q statistic was used to
test the heterogeneity among the estimated Wald ratios from different genetic
variants “*. Additional sensitivity analyses were performed for -carotene by
using a stringent LD threshold of r2 < 0.001, and for lycopene by restricting the
analyses to only GWAS significant-level (p < 5X10-%) SNPs.

99




Meta-analysis of the estimates from three outcome databases

All exposure-specific MR analyses were performed in each outcome database
of CARDIoGRAMplusC4D consortium, UK Biobank, and FinnGen study, sepa-
rately, and then were meta-analyzed to generate the pooled estimates for each
exposure on CHD risk. We calculated I? statistics to quantify heterogeneity
between estimates from three studies and the corresponding p-value derived
from Cochran’s Q test. Given no heterogeneity was present across three data-
bases, fixed-effect model meta-analyses were used to pool instrumental variable
estimates across the three outcome databases for each exposure. All meta-anal-
yses were performed in the R-based “meta” package (https:/cran.r-project.

org/web/packages/meta/index.html).

Results

Summary information of instruments identified for dietary-derived antioxidants
and their metabolites are presented in Supplemental Table 1, and summary
information of the cohorts contributing to the GWAS of absolute levels is given
in Supplemental Table 2. Retinol and ascorbate are available both as absolute
circulating antioxidants and metabolites. Detailed information on the genetic
variants, their associations with antioxidants (3 ene_exposure), and with CHD (B__
outcome) @Cross databases is given in Supplemen%al Tables 3 and 4. F-statistics
for all genetic instruments used in the present study were above 10.

Absolute circulating antioxidants and CHD

Overall, in the primary analyses using IVW, genetically determined absolute
dietary-derived antioxidants levels were not associated with the risk of CHD in
any of the three databases (Figure 2 and Supplemental Table 5). Pooled OR
for CHD per unit increase of antioxidants were 1.03 (95% confidence interval, Cl:
0.97,1.10) and 0.94 (95%CI: 0.63, 1.41) for natural log-transformed B-carotene
and retinol, 1.02 (95%CI: 0.99, 1.06) for 1 ug/dL lycopene, and 1.00 (95%Cl:
0.99, 1.00) for 1 uymol/L ascorbate, respectively.

For B-carotene and lycopene with three or more genetic instruments, Weight-
ed-Median estimator and MR-Egger regression were conducted. The estimates
did not change substantially compared with IVW regression (Supplemental
Figure 1). In addition, MR-Egger regression analysis suggested no evidence of
overall pleiotropy, and there was no evidence of heterogeneity between indi-
vidual genetic instrument estimation (Supplemental Table 5). In addition, no
outlier SNP was identified in MR-PRESSO test for these two antioxidants in any
of the databases.

In the sensitivity analysis for B-carotene with LD < 0.001 using 2 SNPs (rs6564851
and rs7501331), and for lycopene with only GWAS-level significant variant
(rs7680948, p < 5%108), similar results were observed (Supplemental Figure 2).

Circulating antioxidants metabolites and CHD
Consistent with the findings from absolute circulating antioxidants, no association
between genetically predicted circulating antioxidants metabolites concentration
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and CHD risk was observed, as shown in Figure 3. The combined ORs for CHD
per 10-fold increase in metabolites concentration were 1.00 (95% CI: 0.75, 1.35)
for a-tocopherol, 0.93 (0.82, 1.06) for y-tocopherol, 1.00 (0.98, 1.02) for retinol
and 1.01 (0.95, 1.08) for ascorbate.

Sensitivity analyses for metabolites on CHD risk were provided in Supplemen-
tal Table 6. Estimates using the Weighted-Median estimator were consistently
comparable to those from IVW regression. No horizontal pleiotropy was detected
in MR-Egger regression, with the exception of retinol in UK Biobank database
(intercept: -0.028, se: 0.010, p-value: 0.01). Although MR PRESSO detected
outliers for a-tocopherol, retinol, and ascorbate in the UK Biobank database,
the estimate did not change materially after correction.

Heterogeneity was detected using Cochran’s Q statistics for all metabolites in
different databases, especially with outliers as identified using MR PRESSO.
However, in the leave-one-out analyses, we found that the risk estimates of
genetically predicted antioxidants’ metabolites and risk of CHD did not change
substantially after excluding one SNP at each time, indicating that it is unlikely
that potential driving SNPs could bias the causal association (data not shown).

Discussion

In the present study, we investigated the relationship between dietary-derived
antioxidants and CHD risk using Mendelian Randomization. Instrumental vari-
ables were used as proxies for circulating antioxidants assessed both as absolute
levels and metabolites, and comparable results were obtained. Our findings
indicate that dietary-derived antioxidants are unlikely to be causal determinants
of primary CHD risk.

Two previous studies using an MR approach found that a genetic predisposition
to high a vitamin E level was associated with an increased risk of CAD 4546, How-
ever, instruments selected in these studies play clear roles in lipid metabolism,
which violated the InSIDE assumption in MR design and introduced bias in the
effect estimates #”. To provide insights into the magnitude of the effects of genetic
instruments on circulating antioxidant levels, we compared the effects from the
genetic instruments and dietary supplementation (Supplemental Tables 7 and
8). The effects on circulating antioxidant levels achieved by genetic instruments,
with the exception of ascorbate, are within the range of the effects observed
by antioxidant supplementation in RCTs, for which we prioritized the trials on
cardiovascular outcomes that have been included in previous meta-analyses #-2°.
However, direct comparisons between these two effects should be interpreted
with caution, given that the effect of genetic predisposition is assumed to be
lifelong whereas the effect of supplementation only lasts for the duration of the
trial. The exposure during the whole life course with a slightly minor effect could
have a potential biological effect that exceeds the temporarily larger effect of
supplements given the long period needed to develop coronary heart disease.
The robust null results in our studies, however, suggest that lifelong exposure
to somewhat higher antioxidant levels did not decrease the risk of CHD, in line
with earlier findings from the trials and meta-analyses on trials.
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Absolute circulating antioxidants  No. of SNPs OR [95% CI] Weight

Beta-carotene

CARDIoGRAMplusC4D 3 T 1.054 [0.948; 1.173] 38.6%
UK Biobank 3 L 1.015[0.925; 1.114] 50.6%
FinnGen study 3 - 1.027 [0.840; 1.255] 10.8%
Overall effect (Fixed Model) g 1.032 [0.966; 1.102]  100.0%

Heterogeneity: *= 0%, p = 0.87

Lycopene

CARDIoGRAMplusC4D 5 1.034 [0.994; 1.076] 61.9%
UK Biobank 5 Ei 0.991 [0.934; 1.052] 27.5%
FinnGen study 5 i 1.048 [0.953; 1.153] 10.6%

Overall effect (Fixed Model) 4 1.024 [0.992; 1.056]  100.0%
Heterogeneity: / 2 =0%, =045

Retinol

CARDIoGRAMplusC4D 2 — 0.891 [0.559; 1.420] 73.4%
UK Biobank 2 —_— 0.890 [0.284; 2.792] 12.2%
FinnGen study 2 —_— 1.330 [0.466; 3.800] 14.4%
Overall effect (Fixed Model) ——- 0.944 [0.633; 1.407]  100.0%

Heterogeneity: *= 0%, p =0.79

Ascorbate

CARDIoGRAMplusC4D 1 0.995 [0.986; 1.005] 46.5%
UK Biobank 1 1.000 [0.990; 1.009] 46.2%
FinnGen study 1 0.981 [0.958; 1.005] 7.3%
Overall effect (Fixed Model) 0.996 [0.990; 1.003] 100.0%

Heterogeneity: / 2= 7%, =034

02 05 1 2 4
Odds Ratio (95% confidence interval)

Figure 2 Causal association between absolute circulating antioxidants
with Coronary Heart Disease

Estimated odds ratios for the effect of per unit increase in In-transformed B-carotene and retinol
values, 1 pg/dL lycopene and 1 pymol/L ascorbate on coronary heart disease, obtained from an
Inverse-Variance Weighted (IVW) analysis, per outcome database separately and combined over
the three databases using fixed-effect meta-analyses.

Study strengths and limitations

There are two main strengths in the present study. First, we used two separate
sets of instrumental variables, for both absolute circulating antioxidants and
their metabolites. Specifically, for retinol and ascorbate that is presented in both
sets, similar results were generated, which is supportive of the robustness of our
findings. Second, three large databases comprising 768 121 participants with
93 230 CHD cases for gene-outcome associations were meta-analyzed in the
present study. The results from these 3 databases are generally consistent with
no evidence of heterogeneity. Therefore, the precision for final MR estimates
and the reliability of the results were significantly improved despite the limited
number of strong genetic instruments.
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Circulating antioxidant metabolites No. of SNPs (p < 1E-05) Odds Ratio [95% CI] Weight

Alpha-tocopherol

CARDIoGRAMplusC4D 11 —&— 1.002 [0.712: 1.409] 76.8%
UK biobank 11 [ e — 1.176 [0.483: 2.861] 11.3%
FinnGen biobank 11 — 0.878 [0.369; 2.090] 11.9%
Overall effect (Fixed Model) ——— 1.004 [0.745; 1.354] 100.0%
Heterogeneity: I*= 0%, p =0.90
Gamma-tocopherol
CARDIoGRAMplusC4D 13 —— 1.020 [0.837: 1.242] 41.0%
UK biobank 12 —&r 0.892 [0.740; 1.076] 45.9%
FinnGen biobank 13 — 0.811 [0.572; 1.151] 13.1%
Overall effect (Fixed Model) - 0.931 [0.820; 1.056] 100.0%
Heterogeneity: I’= 0%, p = 0.45
Retinol
CARDIoGRAMplusC4D 24 0.996 [0.967; 1.026] 53.2%
UK biobank 24 0.999 [0.964: 1.035] 36.8%
FinnGen biobank 22 " 1.049 [0.980; 1.123] 10.0%
Overall effect (Fixed Model) 1.002 [0.981; 1.024] 100.0%
Heterogeneity: I’= 0%, p = 0.38
Ascorbate
CARDIoGRAMplusC4D 14 £ 1.009 [0.943: 1.080] 86.1%
UK biobank 10 - 1.011 [0.837: 1.221] 11.2%
FinnGen biobank 10 B 1.066 [0.727; 1.561] 2.7%
Overall effect (Fixed Model) g 1.011 [0.949; 1.077] 100.0%
Heterogeneity: I*= 0%, p =0.96

1T T 11

0.2 0.5 1 2 3
Odds Ratio (95% confidence interval)

Figure 3 Causal association between circulating antioxidants metabo-
lites with Coronary Heart Disease

Estimated odds ratios for the effect of per 10-fold increase in antioxidants metabolites’ concentrations
on coronary heart disease, obtained from an Inverse-Variance Weighted (IVW) analysis, per outcome
database separately and combined over the three databases using fixed-effect meta-analyses.

This study has some limitations to address. First, we are unable to test for a
non-linear causal association between the antioxidant levels and CHD that has
previously been suggested, especially for a-tocopherol and B-carotene ®. Despite
analytic methods having been developed, these require individual-level data of
the exposure %48 and the published data we used are summary-level statistics,
therefore we were not able to perform such analyses. Second, no sensitivity anal-
ysis could be performed for some absolute antioxidants (retinol and ascorbate)
with limited genetic variants. Notwithstanding, these instruments are mapped
in the genes which are crucial in the metabolism of antioxidants and are not
associated with any other CHD risk factors in the GWAS catalog or PhennoS-
canner databases, suggesting no directional pleiotropy as also confirmed in the
analyses. Third, only one SNP with a small R? of 0.9% for absolute ascorbate was
used. However, with the considerable instrumental strength and large sample
size and cases in which the analyses were conducted, we had more than suffi-
cient statistical power to estimate a possible causal effect “°. In addition, results
from ascorbate metabolites with larger R? (18.6%) gave very similar estimates
which further reinforces the validity of the findings. Forth, protective effects of
antioxidants might still exist in discriminatingly selected subgroups who have
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elevated oxidative stress levels, for example, vitamin E supplement provided
cardiovascular-protective effects only in individuals with both diabetes and
haptoglobin2-2 genotype. Besides, multiple treatments simultaneously might
be more effective for multifactorial diseases since there could be a synergistic
benefit from two agents with acceptable safety and efficacy, for example, tra-
ditional treatment plus antioxidants, to achieve better effects than antioxidants
only %°. However, we could not explore these associations in the population with
high risk or a known nutritional deficiency that might be more promising for
antioxidant supplements or test the effect of antioxidants in combination with
other treatments. Lastly, although no causal associations between circulating
antioxidants and CHD risk were detected, we could not completely rule out the
possibility that the effect size is too small to be identified even within our large
sample size. Nevertheless, such a potential effect, if it exists at all by incorpo-
rating additional databases, will be extremely small and is unlikely to result in
a clinically relevant reduction of CHD risk as obtained by other strategies, for
instance, a 25% to 45% reduction of cardiovascular events of statins, physical
activity or weight loss for primary CHD prevention 5'-%4,

Conclusion

In conclusion, evidence from the present study did not support a beneficial role
of circulating dietary-derived vitamin E, C, B-carotene, lycopene, or retinol on
CHD risk in the general population. This signifies the absence of a substantial
role of antioxidants supplements on CHD risk identified in RCTs and is in accor-
dance with the recommendations from the U.S. Preventive Services Task Force
. Therefore, for healthy adults without nutritional deficiency, dietary-derived
antioxidant supplement use that improves circulating antioxidant levels to pre-
vent primary CHD is of limited clinical benefit.

Clinical Perspectives

Competency in Medical Knowledge: Dietary-derived circulating antioxidants
(vitamin E, vitamin C, B-carotene, lycopene and retinol) are not causally associ-
ated with coronary heart disease in healthy adults without nutritional deficiency.

Translational Outlook: Future studies are needed to confirm the effect of
dietary-derived antioxidants in discriminatingly selected subgroups who have
elevated oxidative stress or known nutritional deficiency and to investigate the
preventive and therapeutic effect of antioxidants in combination with other
agents or traditional treatments that may generate synergistic benefit than
antioxidants only.
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Previous Controversial Evidence

Protective role of antioxidants found

(dietary intake or circulating levels)
in observational studies

Coronary Heart Disease

No beneficial effect of antioxidants
Implementation identified in RTCs

Confounding Factors

=

Genetic Variants Antioxidants Coronary Heart

Disease
(Instruments) ETEET) No causal effect (Outcome)

Reverse Causation

Central lllustration Antioxidants and Coronary Heart Disease

Theoretically, antioxidants can act as scavengers of oxidants to mitigate oxidative stress-induced
damage, thus preventing coronary heart disease. However, findings from our study demonstrated
that there is no casual association between dietary-derived antioxidants with primary coronary
heart disease risk.
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Abstract

Background & aims: Damage induced by lipid peroxidation has been asso-
ciated with impaired glucose homeostasis. Vitamin E (a-tocopherol, a-TOH)
competitively reacts with lipid peroxyl radicals to mitigate oxidative damage,
and forms oxidized vitamin E metabolites. Accordingly, we aimed to investigate
the associations between a-TOH metabolites (oxidized and enzymatic) in both
circulation and urine and measures of glucose homeostasis in the general mid-
dle-aged population.

Methods: This cross-sectional study was embedded in the population-based
Netherlands Epidemiology of Obesity (NEO) Study. a-TOH metabolites in plasma
(a-TOH and a-CEHC-SO,) and urine [sulfate (SO,) and glucuronide (GLU) of both
a-TLHQ (oxidized) and a-CEHC (enzymatic)] were quantified by liquid chroma-
tography coupled with tandem mass spectrometry (LC/MS-MS). Measures of
glucose homeostasis (HOMA-B, HOMA-IR, Insulinogenic index, and Matsuda
index) were obtained from fasting and postprandial blood samples. Multivariable
linear regression analyses were performed to assess the associations of a-TOH
metabolites and measures of glucose homeostasis.

Results: We included 498 participants (45% men) with mean (SD) age of 55.8
(6.1) years who did not use glucose-lowering medication. While plasma a-TOH
was not associated with measures of glucose homeostasis, urinary oxidized
a-TOH metabolites (a-TLHQ-SO,/GLU) were associated with HOMA-IR and
Matsuda index. For example, a one-SD higher a-TLHQ-SO, was associated with
0.92 (95% CI: 0.87, 0.97) fold lower HOMA-IR and 1.06 (1.01, 1.11) fold higher
Matsuda index, respectively. Similar results were obtained for the urinary a-TLHQ
to a-CEHC ratio as a measure of oxidized-over-enzymatic conversion of a-TOH.

Conclusion: Higher urinary levels of oxidized a-TOH metabolites as well as
higher oxidized-to-enzymatic a-TOH metabolite ratio, but not circulating a-TOH
or enzymatic metabolites, were associated with lower insulin resistance. Rather
than circulating a-TOH, estimates of the conversion of a-TOH might be informa-
tive in relation to health and disease.
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Introduction

Impaired glucose homeostasis is one of the first steps in the pathogenesis of type
2 diabetes mellitus (T2D). In addition to classical risk factors such as (central)
obesity, lipid peroxidation, which is an autocatalytic chain reaction induced by
free radicals reacting with lipids, has been implicated to play an important role
in the impairment of glucose homeostasis .

Vitamin E (a-tocopherol, a-TOH) has been unequivocally demonstrated as an
effective lipophilic radical scavenger to prevent the chain propagation in lipid
peroxidation 2. In oxidative catabolism, a-TOH is initially oxidized to a-tocopheroxyl
radical by one-electron oxidation, and further reacts with lipid peroxides, open-
ing the chromanol ring and consecutively forming a-tocopheryl quinone (a-TQ),
a-tocopheryl hydroquinone (a-THQ), and a-tocopheronic acid. Subsequently,
followed by B-oxidation and cyclization of the phytyl side chain, a-tocopherono
lactone (a-TLHQ) will be generated (illustrated in our previous review ®). Alterna-
tively, in the hepatic enzymatic catabolism, a-TOH starts with w-hydroxylation,
and successively shortens the phytyl chain via multiple B-oxidation, generating
a-carboxymethyl-hydroxychroman (a-CEHC). Thereafter, a-TLHQ and a-CEHC
are both conjugated with glucuronic acid or sulfate to form water-soluble polar
metabolites and are excreted mainly via urine. The group of oxidized metabolites
a-TLHQ, therefore, reflects the extent of lipid peroxidation and a-TOH bioactivity.

Despite multiple studies having investigated the associations between vitamin E
and glucose homeostasis in both observational studies and clinical trials yet with
inconsistent results 4'°, studies scarcely addressed the most important aspect
of functional a-TOH, i.e. to what extent a-TOH acts as antioxidants. Interestingly,
oxidized a-TOH metabolites have been linked to increased risk of multiple diseases
with elevated levels of lipid peroxidation 2022, Theoretically, impaired glucose
homeostasis related to excessive lipid peroxidation is likely to have increased
demand for antioxidants protection via a-TOH, and consequently, lead to higher
levels of urinary oxidized metabolites. Of note, the only study that specifically
explored the association between oxidized metabolites and diabetics identified
increased levels of a-TLHQ in diabetic children compared with age- and sex-
matched healthy controls 23. No data so far are available about the association
of a-TOH oxidized metabolites with measures of glucose homeostasis in the
general population.

We hypothesized that oxidized urinary vitamin E metabolites, but not circulating
a-TOH or enzymatic metabolites, would positively associate with worse glucose
homeostasis measures. In the present study, we aimed to investigate the asso-
ciations between a-TOH metabolites and measures of glucose homeostasis in
a cross-sectional study of middle-aged healthy individuals embedded in the
Netherlands Epidemiology of Obesity study (NEO).
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Methods

Study design and Study population

This study was embedded in the population-based prospective Netherlands
Epidemiology of Obesity (NEO) study, which is designed to investigate the path-
ways that are responsible for obesity-related disorders. The NEO study started
in 2008 and includes 6,671 individuals aged 45-65 years, with an oversampling
of individuals with a self-reported body mass index (BMI) of 27 kg/m?2 or higher.
Besides, all inhabitants aged between 45 to 65 years from the municipality of
Leiderdorp were invited irrespective of their BMI. The study was approved by
the medical ethical committee of the Leiden University Medical Center (LUMC),
and all participants gave written informed consent. Detailed information on the
study design and data collection have been described previously 24.

Participants were invited to come to the NEO study center of the LUMC for one
baseline study visit after an overnight fast. Prior to this study visit, participants
collected their urine over 24h and completed a general questionnaire at home
in terms of their demographic, lifestyle, and clinical data in addition to specific
questionnaires on diet and physical activity. Medication use within one month prior
to the visit was asked to bring with participants and was recorded by research
nurses. Fasting blood samples were drawn, and within five minutes later, a 400
mL, 600 kcal mixed meal (energy derived from protein, carbohydrate and fat
were 16%, 50%, and 34%, respectively) was consumed. Postprandial blood
samples were then drawn at 30 and 150 minutes after the meal.

The present study cross-sectionally analyzed the baseline measurements. We
included a random subset of 35% of the Leiderdorp participants from West-
ern European ancestry with imaging and genomics information collected (N =
599). In total, 536 participants were eligible with urine collected for at least 20
hours. We excluded participants for the main analyses with: 1) glucose-lowering
medication use (n = 12) or no glucose homeostasis measures (n = 1); 2) sample
failed to measure urinary metabolites (n = 1); 3) biologically implausible urinary
metabolites measures due to sample problem (no TLHQ metabolites, n = 2);
outliers (see 2.5. Statistical analysis) on plasma (a-TOH) or urinary metabolites
(n = 9); 3) missing data (n = 1) or outliers on HOMA-B or HOMA-IR (n = 1); 4)
missing data on potential confounders including physical activity, Dutch health
diet index, education level and body fat percentage (n =11, 1 overlap with vitamin
E metabolites outliers). Consequently, a total of 498 individuals were used in
the fasting analyses. In addition, we excluded individuals with (1) uncompleted
mixed meal challenge (n = 33); (2) missing data on Matsuda index or Insulino-
genic Index (n = 20, 3 overlapped with uncompleted mix meal), leaving a total
of 448 participants in the postprandial analyses. Summary of the participant
exclusions is presented in Supplementary Figure 1.
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Alpha-tocopherol metabolites measures

Alpha-tocopherol (metabolite) measurements in plasma

In fasting plasma samples, a-TOH and a-CEHC sulfate conjugates (a-CEHC-SO,)
were detected and quantified by untargeted metabolomics provider Metabolon,
Inc. (Durham, NC, USA) on a platform encompassing four liquid chromatogra-
phy coupled with tandem mass spectrometry (LC-MS/MS) methods (LC-MS/
MS negative, LC-MS/MS positive early, LC-MS/MS positive late and LC-MS/MS
polar). More detailed descriptions have been described previously 2526,

Alpha-tocopherol metabolite measurements in urine

Urinary oxidized a-TOH metabolites (a-TLHQ) and enzymatic metabolites
(a-CEHC), presented as their sulfate or glucuronide conjugates (a-TLHQ-SO,,
a-TLHQ-GLU, a-CEHC-SO,, a-CEHC-GLU), were measured by LC-MS/MS at
the University College London, UK.

Prior to the measurement, urine samples were thawed, and 100pl fresh urine was
then centrifuged in Eppendorf tubes at 14 000 g for 10 min at room tempera-
ture and spiked with 10pl of the internal standards (100pmol/L), lithocholic acid
sulfate (LA), and androsterone D4-glucuronide (AD4). Subsequently, samples
were vortexed and transferred into screw-cap glass vials. 10 pyl was injected into
the LC-MS/MS for detection.

The metabolites were separated using a Waters ACQUITY UPLC BEH C8 column
(1.7pum particles, 50mm x 2.1mm; Waters Corp, Manchester, UK) plus a guard
column containing an identical stationary phase. The mobile phase was a gradi-
ent 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 0 to 0.40 min; 80% solvent A plus 20% solvent
B for 2 min; 0.1% solvent A plus 99.9% solvent B for 3.01to 4 min; 95% solvent
A plus 5% solvent B for 4.01to 5 min. In order to minimize system contamination
and carryover, 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 a blank sample (H,0: 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. The different elution time
(min) for internal standards (LA 4.33, AD4 2.7) and each metabolite (2.39, 2.12
and 2.29 for a-TLHQ sulfate, glucuronide minor and major, 2.64, 2.50, 2.56 for
a-CEHC sulfate, glucuronide minor and major) guaranteed that all metabolites
could be separated in a single chromatographic run.

After separation, the metabolites were then analyzed by MS using a Waters
ACQUITY UPLC coupled to a triple-quadrupole Xevo TQ-S fitted with electrospray
ionization in negative ion mode. The gas temperatures persisted at 600°C for
desolvation. In addition, nitrogen was used as the nebulizing gas with a 7.0 bar.
a-CEHC and a-TLHQ are isobaric because of the same molecular mass (C,.H,,0,).
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.
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Running time for each sample is 5 minutes with a 20pL injection volume together
with a partial loop with needle overfill mode. Using multiple reaction monitoring
(MRM) mode, specific parent and daughter ions were determined in scan mode
and the following collision activated dissociation (CAD) with argon. These ions
were then used to quantify each a-TOH metabolite from transitions previously
established by Sharma et al. 2” (glucuronide conjugates 453.3>113.0 m/z and
sulfate conjugates, 357.1>79.9 m/z) that corresponded to their theoretical
molecular masses.

Urinary creatinine concentrations (mmol/L) were measured to correct dilution
differences for each metabolite, by triple-quadrupole Micro Quattro mass spec-
trometry (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 devel-
oped and further modified by the detection group in London 2328,

The final concentrations 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 as the
a-TLHQ-to-a-CEHC ratio, a-TLHQ-GLU-to-a-CEHC-GLU ratio, and a-TLHQ-SO -
to-a-CEHC-SO, ratio.

Glucose homeostasis measures

For blood samples, plasma glucose concentrations were obtained by enzymatic
and colorimetric methods (Roche Modular Analytics P800, Roche Diagnostics,
Mannheim, Germany; CV < 5%), while serum insulin concentrations were
detected via an immunometric method (Siemens Immulite 2500, Siemens
Healthcare Diagnostics, Breda, The Netherlands; CV < 5%). All these measure-
ments were performed in the central clinical chemistry laboratory of the LUMC.
Homeostatic model of insulin resistance (HOMA-IR), a marker of hepatic insulin
resistance, homeostatic model of and B-cell function (HOMA-B), a measure of
B-cell to glucose-stimulated insulin secretion were then calculated by using the
formula (fasting glucose X fasting insulin)/22.5 and (20 X fasting insulin)/(fasting
glucose - 3.5) respectively 2930, Matsuda index, which represents both hepatic
and peripheral tissue sensitivity to insulin, was generated as 10000/+/ (fasting
glucose X fasting insulin) (glucose o somn X insulin oo i) &' Moreover,
Insulinogenic Index also reflects B-cell function but specifically, {he first-phase
insulin response to glucose challenge was calculated with the formula (insulin-

- fasting insulin)/(glucose - fasting glucose) ®2.

30min 30min

Covariates

Education level was grouped into high (including higher vocational school,
university, and postgraduate education) and low based on the Dutch Education
system. Smoking habits were reported in three categories: current smoker, for-
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mer smoker and never smoke. Familial diabetes history (yes/no) was collected
through a general questionnaire and defined as having a father, mother, or brother
or sister with a diagnosis of diabetes mellitus. The frequency and duration of
leisure physical activity over the past 4 weeks were reported by participants on
the Short Questionnaire to Assess Health-enhancing physical activity (SQUASH),
which is expressed as metabolic equivalent (MET-hours per week). A semiquan-
titative food frequency questionnaire was used to assess food and beverage
intake, and total energy intake. Dutch Healthy Diet Index (DHD-index) was then
calculated based on dietary intake 23. Percentage body fat was measured by
Bio Impedance Balance (TBF-310, Tanita International Division, UK). Total cho-
lesterol levels (mmol/L) were obtained in fasting blood samples in our central
clinical chemistry laboratory using standard assays. Lipid-lowering medication
defined as the use of statins fibrates and other lipid-lowering medication was
recorded by medicine inventory by the research nurses. Information on the use
of vitamin E supplements was collected through questionnaires as the combi-
nation of vitamin E supplements only or the use of multivitamin supplements.

Statistical analysis

Main analysis

Descriptive characteristics at the NEO baseline were presented as mean (standard
deviation, SD) for normally distributed variables, median (interquartile range) for
skewed variables, and frequency (proportions) for categorical variables. As the
distribution of both plasma and urinary vitamin E metabolites and the measures
of glucose homeostasis (HOMA-B, HOMA-IR, Insulinogenic Index, and Matsuda
index) were skewed, these were natural log-transformed. Outliers (defined as
located more than 4 SD from the mean) were removed after natural log trans-
formation, comprising approximately 2% of the total observations.

In order to explore the a-TOH metabolism process, pairwise Pearson
correlations were performed between circulatory and urinary metabolites. Mul-
tivariable linear regression analyses were performed to examine the association
between a-TOH metabolites (determinant) and measures of glucose homeostasis
(outcome). To facilitate interpretation and comparison between measures of glu-
cose homeostasis, determinants were then z-transformed (mean =0, SD = 1), so
that the regression coefficient with its corresponding 95% confidence interval (Cl)
can be interpreted as the fold difference in the outcome with respect to a one-SD
change in the determinant. For each outcome and determinant, four models
were fitted. The basic regression model was adjusted for age and sex (Model 1).
Model 2 was additionally adjusted for potential confounders based on biolog-
ical knowledge and previous studies including educational level (high or low),
familial history of diabetes (yes or no), physical activity (MET-hours per week),
smoking habits (never smoke, current smoker or former smoker), Dutch Healthy
Diet Index and total energy intake (kJ/day). Total cholesterol level (mmol/L) and
lipid-lowering medication use (yes/no) were also included in Model 2 in models
on the fasting levels for plasma a-TOH only since the transportation and uptake
of a-TOH are largely dependent on lipoproteins 34, Of the lipoproteins, it was
shown before that specifically (but not exclusively) LDL cholesterol is acting as
a-TOH transporter %°. Therefore, we performed additional analyses with adjust-
ment of LDL-cholesterol only in Model 2(A), LDL, and HDL-cholesterol in Model

119




2(B) instead of the adjustment of total cholesterol levels. Moreover, obesity has
been shown to directly have an influence on glucose homeostasis, especially
insulin resistance %6, and meanwhile, obesity also increases lipid peroxidation
levels 3 and might thus affect the conversion of a-TOH in the body. Therefore,
we included total body fat (Model 3) as an indicator of fat content to explore the
underlying mechanisms.

Sensitivity analyses

Urine sample collection missingness and other exclusions

To evaluate whether the current study population is representative of the total
study population, the study characteristics among individuals of urine sam-
ple collection missingness and other exclusion reasons were compared with
the included participants separately. Chi-square test was used for categorical
variables, while t-test was used for normally distributed numeric variables and
Mann-Whitely U test was used for non-normally distributed numeric variables.

Vitamin E supplement use

Vitamin E supplement use might have an influence on measures of glucose
homeostasis as well as vitamin E conversion in the body. Vitamin E supplement
use in the current study was defined as either the use of vitamin E supplements
only or the use of multiple vitamin supplements. In order to fully rule out the
supplement effect, we further performed sensitivity analyses in participants who
did not use vitamin E and/or multivitamin supplements.

Censored normal regression

In the main analysis, we excluded all participants with glucose-lowering medi-
cation use. However, exclusion might underestimate the effect size of the deter-
minants, reduce power, and could introduce (collider-stratification) bias in the
analyses. A reliable approach to correct this dilution is to use censored normal
regression model analysis which has been established previously 8. Therefore,
we additionally performed censored normal regression model analysis for the
final adjusted model (Model 3) as in the main analysis.

All the analyses were undertaken using R (v3.6.1) statistical software (The R
Foundation for Statistical Computing, Vienna, Austria) (https://www.r-project.
org/). Pairwise correlation plots were performed using the R package “GGally”
(https://CRAN.R-project.org/package=GGally) 39, and the censored normal
linear regression models were performed using the R package “survival” (https://
CRAN.R-project.org/package=survival) 40.

Results

Characteristics of the study population

A total of 498 participants (45% men) were analyzed, of whom 448 were available
for postprandial analyses. The baseline characteristics of the study population
are presented in Table 1.
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Table 1 Characteristics the study population’

N =498

Demographics

Age (years) 55.8(6.1)

Sex (male) 225 (45.2%)

BMI (kg/m?) 25.4(231,27.8)

Total body fat (%9 30.9(8.3)

Education level (high) 253 (50.8%9

Family history of diabetes (yes) 136 (27.3%)
Lifestyle factors

Dutch healthy diet index 59.8(84)

Energy intake (KJ/day)
Physical activity a (MET-h/week)
Smoking
Current
Former
Never
Vitamin E supplement use (yes)?
Lipid-lowering medication use (yes)
Vitamin E metabolites measurements
Blood (log-transformed, no unit)®
a-tocopherol
a-CEHC-SOg*
Urinary
a-TLHQ-SOs (hmol/mmol creatinine)
a-TLHQ-GLU (nmol/mmol creatinine)
a-CEHC-SO0; (nmol/mmol creatinine)
a-CEHC-GLU (nmol/mmol creatinine)
a-TLHQ/a-CEHC
a-TLHQ-SOs/a-CEHC-S0s
a-TLHQ-GLU/a-CEHC-GLU
Urinary (log-transformed)
a-TLHQ-SOs
a-TLHQ-GLU
a-CEHC-S0s
a-CEHC-GLU
a-TLHQ/a-CEHC
a-TLHQ-SOs/a-CEHC-S05
a-TLHQ-GLU/a-CEHC-GLU
Glucose homeostasis
Fasting levels
HOMA-IR
HOMA-B (%
Postprandial response®
Matsuda Index
Insulinogenic index

9106 (7304, 11053)
29.4 (16.5,48.8)

53 (10.6%)
235 (47.2%
210 (42.2%)
128 (25.7%)
28(5.6%)

19.7(0.2)
12.1(0.6)

26 (16,4)

18225 (1339.3, 2744.8)
165.4 (97.4,298.3)

910 (62.3139.4)
71(51,9.9)

0.016 (0.011,0.024)
20.8(15.4,28.5)

10(0.7)
76(0.6)
51(0.8)
4.5(0.6)
19(0.5)
-41(0.7)
3.0(0.4)

19(13,2.9)
89.7(63.8,129.6)

56(3.8,7.9)
72(57,9.4)

'Data are presented as median (interquartile range) for numeric variables, and number
(proportions) for categorical variables. 2 Vitamin E supplement use was defined as either
vitamin E supplement use or multiple vitamin supplement use. 3 The concentrations were
measured by Metabolon platform, and no units were presented.  Only complete cases in
metabolon platform (n = 263). 5 Participants with completed meal challenge and no missing

data on postprandial response were used (N = 448).
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Table 2 Associations between circulatory a-tocopherol and measures of
glucose homeostasis in the general population’

Fasting measures

Postprandial responses

HOMA-B HOMA-IR Insulinogenic index Matsuda Index
Model 1 0.95(0.91,1.00) 0.97(0.92,1.03) 1.00(0.96,1.03) 0.99 (0.94,1.04)
Model 2 0.98(0.92,1.04) 0.98(0.91,1.05) 1.01(0.96,1.05) 1.00 (0.94,1.07)
Model 2(A) 0.96(0.91,1.01) 0.96(0.90,1.03) 1.00(0.96,1.04) 1.01(0.95,1.07)
Model2(B) 0.97(0.92,1.02) 0.98(0.92,1.04) 1.00 (0.96,1.05) 1.00 (0.94,1.06)
Model 3 0.97(0.92,1.03) 0.97(0.91,1.03) 1.01(0.96,1.05) 1.01(0.96,1.06)
Model 3(A) 0.96(0.91,1.01) 0.97(0.91,1.02) 1.00(0.96,1.04) 1.00(0.95,1.05)
Model 3 (B) 0.97(0.92,1.02) 0.97(0.92,1.03) 1.00 (0.96,1.05) 1.00 (0.95,1.05)

"In total, 498 participants with available a-tocopherol were used for fasting HOMA-B and HOMA-IR
analysis while 448 for postprandial Insulinogenic index and Matsuda Index analysis. Results are
derived from linear regression coefficients with 95%confidence interval (Cl) and were expressed
as a one-SD change in blood a-tocopherol with corresponding fold difference in log-transformed
glucose homeostasis traits. Model 1: age and sex. Model 2: Model 1+ education level (high or low),
familial history of diabetes (yes or no), physical activity (MET hours per week), smoking habits (never
smoke, current smoker or former smoker), Dutch Healthy Diet index (DHD-index), energy intake
(KJ/day), total cholesterol level (mmol/L) and lipid lowering medication (yes or no). Model 2 (A):
Model 1+ education level (high or low), familial history of diabetes (yes or no), physical activity (MET
hours per week), smoking habits (never smoke, current smoker or former smoker), Dutch Healthy
Diet index (DHD-index), energy intake (KJ/day), LDL cholesterol level (mmol/L) and lipid lowering
medication (yes or no). Model 2 (B): Model 1+ education level (high or low), familial history of diabetes
(yes or no), physical activity (MET hours per week), smoking habits (never smoke, current smoker or
former smoker), Dutch Healthy Diet index (DHD-index), energy intake (KJ/day), LDL and HDL
cholesterol level (mmol/L) and lipid lowering medication (yes or no). Model 3: Model 2 + body fat
percentage (%). Model 3 (A): Model 2 (A) + body fat percentage (%). Model 3 (B): Model 2 (B) + body
fat percentage (%9.

Main analysis

Pairwise correlation between plasma and urinary metabolites

Correlations between circulatory and urinary a-TOH metabolites are shown
in Figure 1. In all participants, plasma a-TOH was weakly associated with any
urinary metabolite (r: 0.18 - 0.23), while plasma a-CEHC-SO, was moderately
correlated with urinary metabolites (r: 0.31 - 0.49,) with the highest correlation
with urinary a-CEHC-SO, (r = 0.49). Urinary metabolites were highly correlated
with each other with r ranging from 0.44 to 0.73.

Circulatory a-TOH and glucose homeostasis measures

In plasma, we did not find evidence that a-TOH was associated with measures
of glucose homeostasis after fully adjusting for potential confounders, as shown
in Table 2.
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Figure 1 Pairwise correlation

Pairwise correlation of a-tocopherol metabolites in blood and urine (N = 498). Pearson correlations
were calculated after natural log-transformation of metabolites. For blood a-CEHC-SO,, only the
complete cases in the metabolon platform were used (n = 263).

Urinary metabolites and glucose homeostasis measures

The urinary oxidized metabolites a-TLHQ-SO, and a-TLHQ-GLU were associated
with HOMA-IR and Matsuda index as visualized in Figure 2 (summary statistics
in Supplementary Table 2). For fasting measures (Figure 2A and 2B), in the
age- and sex- adjusted basic model (Model 1), a one-SD higher a-TLHQ-SO,
was associated with 0.93 [95% confidence interval (Cl): 0.89, 0.98] fold lower
HOMA-B and 0.89 (95% CI: 0.83, 0.94) fold lower HOMA-IR, respectively. How-
ever, when we additionally adjusted for other potential confounders including
lifestyle factors and adiposity measures (Model 3), the association observed for
HOMA-B diminished towards null and a-TLHQ-SO, was only associated with
HOMA-IR (B: 0.92, 95% CI: 0.87, 0.97). Similarly, a-TLHQ-GLU followed the
same pattern, and a one-SD higher a-TLHQ-GLU was associated with 0.93 (95%
Cl: 0.88, 0.98) fold lower HOMA-IR in the fully adjusted Model 3. This pattern
was also observed in postprandial analyses, and a-TLHQ-SO, and a-TLHQ-GLU
were only associated with Matsuda index (Figure 2D), with a one-SD higher
a-TLHQ-SO, corresponding to 1.06 (95% CI: 1.01, 1.11) fold higher Matsuda
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Figure 2 Association between urinary metabolites and glucose homeo-
stasis measurements

Association between urinary metabolites and (A) HOMA-B, (B) HOMA-IR, (C) Insulinogenic Index,
and (D) Matsuda Index in general population. Results were based on general population (N = 498
for HOMA-B and HOMA-IR; N = 448 for Insulinogenic Index and Matsuda Index), and were derived
from multivariable linear regression coefficient with corresponding 95% confidence interval (Cl)
and were expressed as fold difference in log-transformed outcomes with a one-standard deviation
change in determinants. Model 1: adjust for age and sex. Model 2: Model 1+ educational level (high
or low), familial history of diabetes (yes or no), physical activity (MET hours per week), smoking
habits (never smoke, current smoker or former smoker), Dutch Healthy Diet Index and total energy
intake (KJ/day). Model 3: Model 2 + total body fat percentage (%).

index, and a one-SD higher a-TLHQ-GLU corresponding to 1.08 (95% CI: 1.03,
1.13) fold higher Matsuda index after adjustment for all potential confounders
(Model 3). However, no association was found between enzymatic metabolites
and any measures of glucose homeostasis.

Higher oxidized-to-enzymatic metabolite ratios showed similar associations
as oxidized metabolites with measures of glucose homeostasis (Figure 3 and
summary statistics in Supplementary Table 3). For example, in the basic

model (Model 1), a one-SD higher a-TLHQ-to-a-CEHC ratio was associated with
0.90 (95% CI: 0.85, 0.95) fold lower HOMA-IR (Figure 3B) and 1.11 (1.05, 1.17)
fold higher Matsuda index (Figure 3D). After adjustment for potential confound-
ing factors (Model 3A), the association was attenuated, and a one-SD higher
a-TLHQ-to-a-CEHC ratio was associated with 0.94 (95% CI: 0.89, 0.99) fold
lower HOMA-IR and 1.07 (95% CI: 1.02, 1.12) fold higher Matsuda index. Simi-
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Figure 3 Association between urinary enzymatic-to-oxidized metabolite
ratios and glucose homeostasis measurements

Association between urinary metabolite ratios and (A) HOMA-B, (B) HOMA-IR, (C) Insulinogenic
Index, and (D) Matsuda Index in general population. Results were based on general population (N
= 498 for HOMA-B and HOMA-IR; N = 448 for Insulinogenic Index and Matsuda Index), and were
derived from multivariable linear regression coefficient with corresponding 95% confidence interval
and were expressed as fold difference in log-transformed outcomes with a one-standard deviation
change in determinants. Model 1: adjust for age and sex. Model 2: Model 1 + educational level (high
or low), familial history of diabetes (yes or no), physical activity (MET hours per week), smoking
habits (never smoke, current smoker or former smoker), Dutch Healthy Diet Index and total energy
intake (KJ/day). Model 3A: Model 2 + total body fat percentage (%).

lar associations were observed for the sulfate conjugate ratio and glucuronide
conjugate ratio.

Sensitivity analysis

Urine sample collection missingness and other exclusions

Basic characteristics were compared between included participants (N = 498),
individuals with less than 20 hours or no urine collection (N = 63) and excluded
participants due to other reasons (N = 38), as presented in Supplementary
Table 1. The participants excluded due to other reasons had higher percentages
of family history of diabetes (27.3%, 30.2% versus 47.4%) and lipid-lowering
medication use (5.6%, 11.1% versus 29.0%). Moreover, this group had slightly
higher age and more male participants.
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Vitamin E supplementation

Participants with vitamin E supplementation (n = 128) were further excluded in
this sensitivity analysis, leaving 370 individuals for fasting and 337 for postpran-
dial analyses, respectively. The correlation between a-TOH and other metabo-
lites remained low. Plasma a-CEHC-SO, was moderately correlated to urinary
a-CEHC-SO, (r = 0.41) only (Supplementary Figure 2). In addition, effect
sizes did not change materially in the multivariable regressions after adjusting
for confounders compared with the full population analyses (Supplementary
Table 4, Figure 3 and 4).

Censored normal regression

In censored normal regression models with 12 individuals taking glucose-low-
ering medication included, 510 participants with complete data were included
for fasting analysis, and 460 participants for postprandial analysis. We did not
observe substantial differences in Model 3 (Supplementary Table 5) compared
with the main analysis.

Discussion

In the present cross-sectional study, we aimed to investigate the association
between metabolites of vitamin E (a-TOH) and measures of glucose homeostasis
in both fasting and postprandial state. When adjusted for potential confounders,
we did not find evidence supporting an association between plasma a-TOH with
measures of glucose homeostasis. However, we observed that higher urinary
oxidized metabolites of a-TOH, as well as oxidized-to-enzymatic metabolite
a-TOH ratios, were associated with reduced insulin resistance. Additional adjust-
ment for total body fat only minimally explained these observations. Sensitivity
analysis including restriction to individuals not taking vitamin E or multivitamin
supplements and censored normal regression model provided similar results
emphasizing the robustness of the observations.

The lack of evidence supporting an association between plasma a-TOH with
measures of glucose homeostasis observed in the present study is in accordance
with some &2, but not all previous observational studies 7. The discrepancies
might due to several factors such as study design, sample size as well as used
confounders. In line with our study, in a more than 20 years follow-up study
of middle-aged Swedish men, plasma a-TOH was not associated with future
insulin response or T2D incidence 8. Interestingly, in some clinical trials, a-TOH
supplement only, which is mostly corresponding to an increase of circulating
a-TOH #4143 was not beneficial for the improvement of glucose levels, lipid lev-
els, or insulin sensitivity '°. However, this may be explained by factors such as
dosage, timing, duration, and type of vitamin E.

With respect to oxidized metabolites, contrary to our hypotheses, we found
associations between higher oxidized metabolites and better measures of glu-
cose homeostasis. Previously, a study particularly identified that urinary a-TLHQ
was higher in children with type 1 diabetes mellitus than in healthy controls 23.
Participants with metabolic syndrome also had decreased concentration of uri-
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nary a-CEHC due to increased oxidative stress levels and inflammation in spite
of rather similar plasma a-TOH concentration compared with healthy individu-
als, thereby indicating a higher antioxidative demand for a-TOH #*. Moreover,
metabolic syndrome patients had approximately 12% greater static oxidation
reduction potential, i.e. oxidants, and 59% lower readily available antioxidant
reserves compared with healthy adults 45. An explanation for the inconsistency
identified in our study may lie in the bioavailability and elimination of a-TOH.
The bioavailability was shown to be reduced and the elimination delayed in
metabolic syndrome patients who have increased lipid peroxidation, observed
as lower plasma and urinary a-CEHC, independent of the co-ingested dairy fat
amount “8, In disease conditions where oxidants outweigh antioxidants, more
antioxidants are required to diminish the damage caused by oxidative stress.
Together with the decreased hepatic turnover, the conversion of a-TOH may shift
to a preference for non-enzymatic oxidation. However, in our relatively healthy
population, lipid oxidation level is assumed to be relatively low and antioxidants
outweigh oxidants with no delayed enzymatic conversion. In addition, other
antioxidative systems still have the potential to neutralize oxidants, therefore,
the scavenging function of a-TOH might be compensated. Furthermore, the
excretion of these metabolites may also alter in different health conditions, and
a higher/lower excretion via bile or feces may occur.

In the pairwise correlation analysis, the moderate correlation of a-CEHC-SO,
between plasma and urine is a validation of the measurement. However, a very
weak correlation was found between plasma a-TOH and oxidized metabolites
indicating that the excretion of oxidized metabolites does not increase with
the increase of circulating a-TOH. This raises the argument that despite of an
increased level of circulating a-TOH, the body does not fully make use of this
a-TOH as antioxidant. Taken together, the circulating level of a-TOH may not
reflect the antioxidative capacity and may not affect glucose homeostasis.

One of the strengths of the present study is the general population-based set-
ting and the various confounding factors considered. Former studies of oxidized
a-TOH metabolites and health outcomes have been conducted in relatively small
patient cohorts, limiting the generalization of the results. Another strength is
the measurement of oxidized metabolites. Previous chromatography-mass
spectrometry (GC-MS) based method required long sample preparation of
deconjugation, extraction, and derivatization, and only detected free uncon-
jugated metabolites 448, These may result in artefactual oxidation products of
a-CEHC during sample preparation, a-TOH acid, and a-tocopherono lactone,
better known as Simon metabolites 4°5°. The LC-MS/MS based method used in
our study was developed and validated previously to have solid reliability and
reproducibility 2”28 and the intact conjugate with minimal preparation ensures
that the metabolites are unlikely due to artifact formation 27.

There are several limitations in this study. Firstly, a considerable number of
individuals had no urine collection for at least 20 hours, however, study charac-
teristics were comparable with our study population. Secondly, since multiple
urinary metabolites and study outcomes were used in the analyses, there might
be multiple testing and a chance of false-positive results. However, our expo-
sures and outcomes were highly intercorrelated, and conventional corrections
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for multiple testing (e.g, Bonferonni) are too conservative. Thirdly, the habitual
dietary intake of all participants was estimated by using a self-administered,
semiquantitative 125-item food frequency questionnaire (FFQ). As this FFQ did
not contain complete information on certain food items (micronutrients), we had
very limited information to calculate dietary intake of alpha-tocopherol, therefore,
we are not able to perform any analysis based on intake of alpha-tocopherol.
Lastly, because of the cross-sectional design, we are not able to rule out residual
confounding or reverse causation.

In conclusion, the present study suggests that, in the middle-aged population,
circulating a-TOH is not associated with glucose homeostasis measures. However,
higher amounts of urinary oxidized a-TOH metabolites and oxidized-to-enzymatic
metabolite ratios are associated with lower insulin resistance. This finding sup-
ports the hypothesis that, rather than circulating a-TOH, its conversion might be
more informative in relation to health and diseases. These findings also highlight
the importance of disentangling the conversion preference of a-TOH in different
health states in future studies.
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Abstract

Vitamin E (a-tocopherol, a-TOH) is transported in lipoprotein particles in the
blood, but little is known about the transportation of its oxidized metabolites.
In the Netherlands Epidemiology of Obesity Study, we aimed to investigate the
associations of 147 circulating metabolomic measures obtained through targeted
nuclear magnetic resonance (NMR) with serum a-TOH and its urinary enzymatic
(a-CEHC) and oxidized (a-TLHQ) metabolites from 24-hour urine quantified by
LC/MS-MS. Multivariable linear regression analyses, in which multiple testing
was taken into account, were performed to assess associations between metab-
olomic measures (determinants; standardized to mean = 0, SD = 1) with vitamin
E metabolites (outcomes), adjusted for demographic factors. We analyzed 474
individuals (45% men) with mean (SD) age of 55.7 (6.0) years. Out of 147 metab-
olomic measures, 106 were associated (p < 1.34E-3) with serum a-TOH [median
beta (IQR): 0.416 (0.383, 0.466)], predominantly lipoproteins associated with
higher a-TOH. The associations of metabolomic measures with urinary a-CEHC
are in similar directions as those with a-TOH, but effect sizes were smaller and
non-significant [median beta (IQR):0.065 (0.047, 0.084)]. However, associations
of metabolomic measures with urinary a-TLHQ were markedly different from
the associations of metabolomic measures with both serum a-TOH and urinary
a-CEHC, with negative and small-to-null relations to most VLDL and amino acids.
Therefore, our results highlight the differences of the lipoproteins involved in
the transportation of circulating a-TOH and oxidized vitamin E metabolites. This
indicates that circulating a-TOH may be representative of the enzymatic but not
to the antioxidative function of vitamin E.
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Introduction

Vitamin E (a-tocopherol, a-TOH) is a fat-soluble and essential component in the
diet. Vitamin E is important in many physiological processes including fetal devel-
opment and reproduction, neurodevelopment, and cognitive function; deficiency
in vitamin E will induce defects in several developing organs, including primary
manifestation in the central nervous system of cerebellar ataxia 2. In addition,
vitamin E also has chain-breaking antioxidant activities by competitively reacting
with lipid peroxyl radicals to ameliorate lipid peroxidation induced damage “.

Observational studies have shown associations between higher dietary intake
or circulating levels of vitamin E with lower risk of lipid peroxidation-related
diseases, such as cardiovascular and neurodegenerative diseases 5-°. However,
there is no evidence for a causal effect based on randomized clinical trials
with vitamin E supplementation °'® or mendelian randomization ™. A poten-
tial explanation lies in the bioactivity of vitamin E that can be catabolized via
either hepatic enzymatic pathways or oxidized in the periphery . In the hepatic
pathway, vitamin E is enzymatically converted to a spectrum of metabolites of
carboxymethyl-hydroxy-chroman (CEHC), with successive shortening of the
phytyl side chain, and then eliminated mainly via urine. Alternatively, a-tocopherol
reacts with lipid peroxyl radicals, with the opening of the chromanol ring, and
generates a-tocopherol quinone (a-TQ); thereafter, a-TQ captures hydrogens
converting into a-tocopherol hydroquinone (a-THQ), following the B-oxidation
and cyclization of the phytyl side chain, a-tocopheronic acid and a-tocopherol
lactone (a-TL) are generated; finally, a-TL are excreted as polar conjugates of
a-TL hydroquinone (a-TLHQ) ''°. Therefore, circulating vitamin E levels might
not represent the authentical antioxidative effect.

The intestinal absorption, hepatic metabolism, and cellular uptake of vitamin
E largely follow similar processes as lipids. Briefly, vitamin E is emulsified by
digestive enzymes to form micelles and was subsequently absorbed by the
intestine via passive diffusion or receptor-mediated transport, followed by the
circulation and distribution to target organs and tissues. Once internalized into
the enterocytes, lipoproteins are the carriers of vitamin E vascular transporta-
tion, independent of the types of isomers. Vitamin E is absorbed and secreted in
chylomicrons into the lymphatic system and then is transformed into remnants
acquired by the liver parenchymal cells via LDL receptor-mediated uptake 2°. In
the liver, different forms of vitamin E were sorted; the highly expressed a-TOH
transport protein (a-TTP) selectively readily binds to a-TOH for secretion in
VLDL and favors the discrimination of a-TOH among other isomers, protecting
a-TOH from excessive degradation and excretion; the final acquisition of vitamin
E by tissues is through chylomicron and VLDL catabolism, LDL uptake via LDL
receptor or lipoprotein transfer to membranes. Apart from the major portion of
circulating a-TOH carried by LDL particles, some of the VLDL-derived a-TOH can
also be transferred to HDL during lipolysis. HDL is important for the delivery of
a-TOH to extrahepatic tissues, particularly to the central nervous system, and to
facilitate the transport of a-TOH from the circulation back to the liver 2'. Therefore,
vitamin E utility depends on mechanisms underlying lipoprotein metabolism and
relies on lipoprotein-mediated production, processing, and uptake 22. In addition
to their role as vitamin E carriers, lipoproteins, and in particular LDL, are also
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susceptible to oxidative modifications that require antioxidants protection. How-
ever, it is unclear to what extent vitamin E is catabolized via hepatic enzymatic
pathways or oxidized, and what lipoproteins are involved in the transportation
of these two metabolism processes.

In the present study, we aim to investigate the cross-sectional associations
between circulating metabolomic profiles with circulating a-TOH and urinary
enzymatic and oxidized a-TOH metabolites in middle-aged individuals in the
Netherlands Epidemiology of Obesity study (NEO).

Method

Study population

The present study was embedded in the population-based prospective cohort
Netherlands Epidemiology of Obesity (NEO) study, which aims to study the
pathways that lead to obesity-related disorders. The NEO study was initiated in
2008, comprising 6671 participants aged between 45-65 years. Detailed infor-
mation on the study design and data collection has been described previously
23 In brief, inhabitants with a self-reported body mass index (BMI) of 27 kg/m?2
or higher living in the greater area of Leiden were eligible to participate. In addi-
tion, all inhabitants from the municipality of Leiderdorp were invited irrespective
of their BMI. Participants were invited to the NEO study center of the Leiden
University Medical Center (LUMC) for one baseline study visit. Blood samples
were drawn after an overnight fast and were separated into serum, and aliquots
were stored at -80 °C for later measurements. Participants were asked to collect
their urine over 24h and completed a general questionnaire at home with their
demographic, lifestyle, and clinical data as well as specific questionnaires on
diet and physical activity before their first visit. The urine sample was aliquoted
and stored at -80 °C for later analyses of urinary vitamin E metabolites. Addi-
tionally, participants were asked to bring all medication (prescribed medication
including blood pressure-lowering medication, lipid-lowering medication, and
glucose-lowering medication, etc., as well as self-medication such as supple-
ments) they were using one month preceding the study visit. The study was
approved by the medical ethical committee of the LUMC, and all participants
gave written informed consent.

A random subset of 35% baseline Leiderdorp participants (N = 599) was included
in this cross-sectional analysis. We excluded individuals with urine collection less
than 20 hours or for whom urinary vitamin E metabolites measurements failed
(n = 61). Given that the platform used for measurements contained a consider-
able number of lipoproteins, participants who were taking statins at the time of
blood sampling (n = 38) were consequently excluded. We further consecutively
excluded participants with implausible metabolites measurement (concentration
=< 0, n = 4), missingness or outliers of either urinary vitamin E metabolites (n
=7) or serum vitamin E (n = 4) or metabolomic measures (n = 2), and missing
data on confounding factors (n = 9). Therefore, the final number of participants
included in the present study was 474.
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Metabolomic measures profiling

The lipoprotein profiles were quantified using high-throughput 'H-NMR metabo-
lomics (Nightingale Health, Helsinki, Finland). This platform provides simultane-
ous quantification of 229 metabolites and ratios. After excluding the calculated
ratios from the dataset, we included 147 metabolites from 11 classes: lipoprotein
subclasses (n = 98), lipoprotein particle sizes (n = 3), apolipoproteins (n = 2),
fatty acids (n =10), cholesterol (n = 9), and also glycerides and phospholipids (n
= 9), amino acids (n = 8), ketone bodies (n = 2), inflammation (n = 1), glycolysis
related metabolites (n = 3), and fluid balance (n = 2). Lipoprotein subclasses were
defined according to the particle sizes as follows: chylomicrons and extremely
large VLDL (XXL-VLDL) with particle diameters from 75 nm upwards, five sub-
classes for VLDL (XL-VLDL: 64 nm, L-VLDL: 53.6 nm, M-VLDL: 44.5 nm, S-VLDL:
36.8 nm, XS-VLDL: 31.3 nm); IDL (28.6 nm), three subclasses for LDL (X-LDL:
25.5 nm, M-LDL: 23 nm, S-LDL:18.7 nm), and four subclasses of HDL (XL-HDL.:
14.3 nm, L-HDL:12.1 nm, M-HDL: 10.9 nm, S-HDL: 8.7 nm). Detailed information,
including quality assurance measures and applications of the platform, have
been described elsewhere 24,

Vitamin E and vitamin E metabolites measurements

Circulating serum a-TOH was detected and quantified by Metabolon, Inc.
(Durham, NC, USA) on a platform encompassing four liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) methods (LC-MS/MS
negative, LC-MS/MS positive early, LC-MS/MS positive late and LC-MS/MS
polar). Given the relative quantification, the absolute amount of a-TOH per liter
was not quantified, and therefore data was not expressed as a concentration,
but as peak height relative to an internal standard per sample to allow for com-
parisons between individuals. More information about the quantifications has
been described previously 2526,

Urinary a-CEHC and oxidized a-TOH metabolites (a-TLHQ), presented as their
sulfate or glucuronide conjugates, were measured by LC-MS/MS at University
College London, the UK between March and May 2019 . The final concentra-
tions of a-TLHQ and a-CEHC were the sum of their corresponding sulfate and
glucuronide isoforms.

Briefly, 100ul thawed urine (from 24-hour urine) was centrifuged for 10 min at
14 000 g at room temperature and spiked with 10ul of the internal standards
(100umol/L), lithocholic acid sulfate (LA) and androsterone D4-glucuronide
(AD4), and 10 pl was subsequently injected into the LC-MS/MS for detection.
Metabolites separation was performed by a Waters ACQUITY UPLC BEH C8
column (1.7pum particles, 50mm x 2.1mm; Waters Corp, Manchester, UK) plus
a guard column containing an identical stationary phase. To minimize system
contamination and carryover, UPLC eluents before and after the sample elution
were discarded and an additional blank sample (H,0: MeCN) was run between
each detection urine sample. Two separate peaks were observed for both a-TLHQ
and a-CEHC conjugated with glucuronide, corresponding to major and minor
isoforms. These isoforms had been previously described thoroughly by Pope et al
27 and Sharma et al. '8'°. The different elution time (minutes) for internal standards
(LA 4.33, AD4 2.7) and each metabolite (2.39, 2.12 and 2.29 for a-TLHQ sulfate,
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Table 1 Characteristics of the study population’

N=474
Demography
Age (years) Mean (SD) 55.7(6.0)
Sex (male) Frequency (proportions) 213 (45%)
BMI (kg/m?) Median (IQR) 25.3(231,27.8)
Lifestyle factors
Dutch healthy diet index Mean (SD) 59.7(84)
Energy intake (KJ/day) Median (IQR) 9106 (7326,11078)
Physical activity (MET-h/week) Median (IQR) 28.9(16.0,48.8)
Smoking
Current Frequency (proportions) 50 (10%)
Former Frequency (proportions) 222 (47%)
Never Frequency (proportions) 202 (43%)
Vitamin E supplement use (yes)? Frequency (proportions) 124 (26%)
Vitamin E metabolites measurements
Blood (log10-transformed)
a-tocopherol Mean (SD) 8.5(0.1)
Urinary
a-TLHQ (nmol/mmol creatinine) Median (IQR) 1864.9 (1347.1,2770.3)
a-CEHC(nmol/mmol creatinine) Median (IQR) 27.0 (181.4,439.4)
a-TLHQ (log10-transformed) Mean (SD) 3.3(0.2)
a-CEHC (log10-transformed) Mean (SD) 24(0.3)

'SD: standard deviation; IQR: interquartile range.

2Vitamin E supplement use was defined as either vitamin E supplement use or multiple
vitamin supplement use.

BMI, body mass index; CEHC, carboxymethyl-hydroxychroman.

glucuronide minor and major, 2.64, 2.50, 2.56 for a-CEHC sulfate, glucuronide
minor and major) guaranteed that all metabolites could be separated in a single
chromatographic run. Metabolites analyses were then performed by MS using
a Waters ACQUITY UPLC coupled to a triple-quadrupole Xevo TQ-S fitted with
electrospray ionization in negative ion mode. Using multiple reaction monitoring
(MRM) mode, specific parent and daughter ions were determined in scan mode
and following collision activated dissociation with argon. These ions were then
used to quantify each a-TOH metabolite from transitions that corresponded to
their molecular masses. Since creatinine concentration is frequently used as a
proxy of kidney function, and in cases of severe renal dysfunction, the creatinine
clearance rate will be “overestimated” because the active secretion of creatinine
will account for a larger fraction of the total creatinine. Therefore, to correct the
dilution effect, urinary creatinine concentrations (mmol/L) were also measured
by triple-quadrupole Micro Quattro mass spectrometry (MicroMass, Waters, UK).
Therefore, the final concentration of a-TOH metabolites was in nmol per mmol
of creatinine. A quality control (QC) assessment was performed throughout the
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Figure 1 Associations between 147 circulating metabolomic measures
with circulating a-tocopherol

Associations were derived from a multivariable linear regression model in the study population (N
= 474) adjusted for age, sex, BMI, smoking status, Dutch Healthy Diet Index, energy intake and
physical activity.

Effect estimates refers to the coefficients for different metabolomic measures obtained from the
linear regression models. we standardized the log10-transformed metabolomic measures and the
serum and urinary vitamin E measures (mean = 0, SD =1), so that the regression coefficient with its
corresponding 95% confidence interval (Cl) can be interpreted as the mean change in SD of the
outcome with respect to a one-SD change in the determinant (standardized concentrations of the
metabolomic measures). Red and blue colors indicate the directions of the estimates, namely the
positive and negative coefficients respectively, and the gradients suggests different significant levels.
A p-value of below 1.34x10-3(0.05/37, 37 is the number of independent metabolomic measures) is
considered significant, presented as a black dot above each bar. Full names and descriptive infor-
mation of metabolomic measures are listed in Supplementary Table.

quantification to deal with the variations in sample quality and UPLC-MS/MS
performance. Detailed information on the measurements has been described
previously 28,
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Figure 2 Associations between 147 circulating metabolomic measures
with urinary a-CEHC

Associations were derived from a multivariable linear regression model in the study population (N
= 474) adjusted for age, sex, BMI, smoking status, Dutch Healthy Diet Index, energy intake and
physical activity. Figure legend is the same with Figure 1, except that no significant associations [p
>1.34x10° (0.05/37, 37 is the number of independent metabolomic measures)] were detected.

Confounding factors

To determine BMI (kg/m?), body weight was measured without shoes, and one
kilogram was subtracted for the correction of clothing weight. Smoking status
was categorized into the current smoker, former smoker, and non-smoker. Phys-
ical activity levels (in MET-hours per week, MET: Metabolic equivalent of task)
were estimated based on the frequency and duration of leisure physical activity
over the past 4 weeks reported by participants on the Short Questionnaire to
Assess Health-enhancing physical activity (SQUASH) 2°. A semiquantitative food
frequency questionnaire was used to assess food and beverage intake. Total
energy intake (in kJ) and Dutch Healthy Diet Index (DHD-index) were subsequently
estimated based on dietary intake 2. Vitamin E supplement use was collected

via questionnaires and was defined as either vitamin E supplement use only or
multivitamin supplement use (yes/no).
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Figure 3 Associations between 147 circulating metabolomic measures
with urinary a-TLHQ

Associations were derived from a multivariable linear regression model in the study population (N
= 474) adjusted for age, sex, BMI, smoking status, Dutch Healthy Diet Index, energy intake and
physical activity. Figure legend is the same with Figure 1, except that no significant associations [p
>1.34x10° (0.05/37, 37 is the number of independent metabolomic measures)] were detected.

Statistical analysis

Descriptive characteristics of the study population were presented as mean
(standard deviation, SD), median (interquartile range, IQR) for normally distrib-
uted variables and skewed variables respectively, and frequency (proportions)
for categorical variables.

Vitamin E metabolites and metabolomic measures were log10-transformed to
approximate a normal distribution. Observed metabolites concentrations located
beyond 4 standard deviations from the mean after log10-transformation were
classified as outliers and further excluded. Since missing data on the metabolomic
measures were most likely due to concentrations that were lower than the limit
of detection, these missing values were imputed by giving them the value of half
of the minimum observed value for each metabolite. In addition, we assessed
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Figure 4 Correlations of effect estimates between metabolomic mea-
sures with circulating a-tocopherol, urinary a-CEHC and a-TLHQ

(A) the correlation of regression coefficients of metabolomic measures with circulating a-tocopherol
and metabolomic measures with urinary a-CEHC. (B) the correlation of regression coefficients of
metabolomic measures with circulating a-tocopherol and a-TLHQ. (C) the correlation of regression
coefficients of metabolomic measures with urinary a-CEHC and a-TLHQ.

Axis represents the beta coefficient derived from multiple linear regression of metabolomic mea-
sures (determinants) and vitamin E metabolites (outcomes). Correlation coefficients and p value
were derived from Pearson correlation.

the percentage of missingness for each metabolomic measure. To compare the
effect estimates, i.e. the coefficients for different metabolomic measures obtained
from the regression models, we standardized the log10-transformed metabo-
lomic measures and the serum and urinary vitamin E measures (mean = 0, SD
=1), so that the regression coefficient with its corresponding 95% confidence
interval (Cl) can be interpreted as the mean change in SD of the outcome with
respect to a one-SD change in the determinant (standardized concentrations
of the metabolomic measures).

Multivariable-adjusted linear regression models were fitted, with metabolomic
measures as determinants, confounding factors as covariates, and vitamin
E metabolites as outcomes. Based on prior knowledge, confounding factors
included age, sex, BMI (kg/m?2), physical activity (MET-hours per week), smok-
ing habits (non-smoker, current smoker, or former smoker), Dutch Healthy Diet
Index, and total energy intake (kJ/day). Scatter plots were used to visualize the
difference in both direction and effect sizes of the estimated associations among
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metabolomic measures with different vitamin E metabolites, and we calculated
Pearson correlations between the effect estimates derived from the regression
results. Therefore, the correlation indicates the similarity of those associations.

Vitamin E supplement use may have an influence on metabolomic measures
and vitamin E conversion and will potentially distort the associations. However,
given the high heterogeneity of vitamin E supplement use, as either vitamin E
only or multivitamin use, as well as limited information on frequency and dosage,
natural or modified vitamin E acetate, we therefore additionally performed the
regression analyses in participants who did not take vitamin E or multivitamin
supplements (N = 350). Furthermore, in order to test the effect modification by
obesity status, we stratified participants into normal weight (BMI < 25kg/m?2,
N = 217) and overweight (since only 59 were obese with BMI above 30 kg/m?,
we combined individuals with BMI >= 25kg/m?, N = 257), and all multivariable
regression models in the main analyses were conducted in each stratum.

Given that most of the metabolomic biomarkers, especially lipid subclasses,
were highly correlated, conventional correction for multiple testing (e.g., Bon-
ferroni) is too stringent. Therefore, the ‘effective number’ (Meff) procedure was
used which identified independent metabolomic traits *'. The final significance
threshold of the p-value was then defined as 0.05/37 = 1.34E-3. All the analy-
ses were undertaken using R (v3.6.1) statistical software (The R Foundation for
Statistical Computing, Vienna, Austria).

Results

Characteristics of the study population

474 participants were included in the current study after excluding participants
with missing data or outliers in serum or urinary vitamin E measures; character-
istics of the study population are presented in Table 1. The mean (SD) age was
55.7 (6.0) years with a median (IQR) BMI of 25.3 (23.1, 27.8) kg/m?; 45% of the
participants were male. Approximately 124 (26%) participants used vitamin E
supplements, and 50 (10%) were current smokers. Summaries of metabolomic
biomarkers are presented in Supplementary Table 1. The percentages of miss-
ing data of individual metabolomic measures were all below 30%, with 9 out of
147 metabolites having 20% or more missingness, of which 7 were extremely
large VLDL-characteristics (Supplementary Figure 1).

3.2 Main analyses

In the multivariable-adjusted linear regression model, 106 out of 147 metabo-
lomic measures were associated with serum a-TOH with p <1.34E-03 [median
effect size (IQR): 0.416 (0.383, 0.466)] (Figure 1 and Supplementary Table 1).
Three of the 106 associations were negative: higher levels in total cholesterol,
cholesterol ester, and free cholesterol in large HDL were associated with lower
mean serum a-TOH [effect estimates -0.221 (95% confidence interval, Cl: -0.330,
-0.112), -0.220 (95% CI: -0.329, -0.112) and -0.225 (95% CI: -0.332, -0.118),
respectively, per 1 SD higher level of the metabolomic measure]. In all other cases,
higher levels of the metabolic measures were associated with higher a-TOH.
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These associations include VLDL, IDL, LDL, and small HDL, total cholesterol (not
in HDL and HDL2) particles and its components, Apo-A and Apo-B, glycerides
and phospholipids, and glycoprotein acetyls, with effect sizes ranging from
0.154 (95% CI: 0.063, 0.244) SD for total lipids in small HDL to 0.585 (95% CI:
0.509, 0.660) SD for triglycerides in small-LDL. Moreover, per-SD higher level
of leucine and isoleucine were associated with a 0.399 (95% CI:0.290, 0.507)
and 0.434 (95% CI:0.327, 0.540) SD higher a-TOH.

Figure 2 and Figure 3 present the associations between metabolomic measures
with urinary a-CEHC and a-TLHQ metabolites, separately. None of the analyses
were statistically significant upon correction for multiple testing. Nevertheless,
for a-CEHC, the direction of the associations with metabolomics measures was
similar to those of a-TOH with metabolomics measures, the effect sizes, however,
were much smaller [median effect size (IQR): 0.065 (0.047, 0.084)], as shown
in Figure 2. For a-TLHQ, the strongest association was with diacylglycerol
0.126 (95%CI: 0.037, 0.215, p = 0.006). The direction of the associations was
different substantially from those of a-TOH with metabolomics measures, and
only very small VLDL, IDL, LDL, XL-HDL, and fatty acids showed associations
in the same direction.

The effect estimates between metabolomic measures with circulating a-TOH
were strongly correlated with the effect estimates of metabolomic measures
with urinary a-CEHC (r = 0.86, p < 0.001). However, the correlations between the
effect estimates of metabolomic measures with a-TOH and with urinary a-TLHQ,
and the correlations between the effect estimates of metabolomic measures
with a-CEHC and with urinary a-TLHQ were very weak, r = 0.16 (p = 0.05) and
r=0.22 (p = 0.007), respectively (Figure 4).

Sensitivity analyses

Excluding vitamin E supplement users

We excluded 124 participants with either vitamin E or multivitamin supplemen-
tation, leaving 350 participants for further analyses. The associations between
metabolomic measures and vitamin E metabolites in this group were generally
consistent with the analyses in the whole study population (Supplementary
Figure 2). However, several effect sizes became larger. Notably, a one-SD higher
level of total cholesterol and cholesterol esters in medium LDL and small LDL
particles were associated, even after correction for multiple testing, with higher
levels of a-CEHC with effect sizes of 0.176 (95% CI: 0.071, 0.280), 0.175 (95%
Cl: 0.070, 0.280), 0.180 (95% CI: 0.075, 0.285) and 0.179 (95% CI: 0.074,
0.284) SD, respectively. Furthermore, 22 out of the 147 metabolomic measures
(most notably 4 IDL, 16 LDL, total cholesterol, and total cholesterol in LDL) were
associated with a-TLHQ levels. Specifically, higher levels of LDL cholesterol
sub-particles, except for the amount of triglycerides in LDL particles, were asso-
ciated with higher levels of a-TLHQ, with effect sizes ranging from 0.186 (95%
Cl: 0.079, 0.293) SD for large LDL particles to 0.227 (95% CI: 0.121, 0.333)
SD for cholesterol esters in small LDL. In addition, a one-SD higher level of total
cholesterol, total cholesterol in LDL were associated with 0.186 (95% CI: 0.076,
0.295) and 0.207 (95% CI: 0.102, 0.313) SD higher a-TLHQ, respectively.
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The effect estimates of metabolomic measures with circulating a-TOH were
strongly correlated with the effect estimates of metabolomic measures with
urinary a-CEHC (r = 0.69, p < 0.001), whereas no correlation was found between
the effect estimates of metabolomic measures with circulating a-TOH and with
urinary a-TLHQ (r =-0.013, p = 0.88). A moderate correlation was observed for
the estimates between metabolomic measures with circulating a-CEHC and
with urinary a-TLHQ (r = 0.49, p < 0.001), Supplementary Figure 3. However,
this correlation was mainly due to the association with LDL (r = 0.18, p = 0.053
after excluding the LDL subclass from the list of metabolic measures).

Stratification analyses by obesity

In the normal weight subgroup analyses (N = 217), the associations of metabo-
lomic measures and serum a-TOH were analogous to those obtained from the
main analyses (Supplementary Figure 4). However, the associations with HDL
were no longer significant, resulting in slightly fewer (95 out of 147) significant
associations. The median significant effect size (IQR) was 0.375 (0.330, 0.414).
Similarly, the associations between metabolomic profiles with a-CEHC did not
differ materially. Interestingly, diacylglycerol was significantly positively related to
a-TLHQ. However, the associations between HDL and a-TLHQ became stronger
while the association between XXL- and XL-VLDL and a-TLHQ turned positive
and stronger compared to the estimates from the whole population, despite
being insignificant.

In the overweight subgroup analyses (N = 257), the magnitude of the estimations
from regression analyses was generally larger than those derived from the main
analyses in both three vitamin E metabolites analyses (Supplementary Figure
5). Particularly, the associations of metabolomic profiles with a-TOH remained
in the same directions, and 99 out of 147 associations were significant [median
effect size (IQR): 0.497 (0.423, 0.561)]. Likewise, the relationships of metabolo-
mic measures with a-CEHC did not change substantially. However, with regards
to a-TLHQ, the direction of the association with HDL, notably large and middle
HDL, turned to positive, though insignificant.

Discussion

In this cross-sectional study, we investigated the association between circulat-
ing metabolomic measures and urinary vitamin E metabolites. The direction of
the estimates from metabolomic measures and circulating a-TOH and urinary
a-CEHC were similar but with weaker effect sizes for a-CEHC than a-TOH,
whereas a-TLHQ showed distinct associations. 106 out of 147 metabolomic
measures were associated with circulating a-TOH after correction for multiple
testing, while no significant associations were identified for associations with
urinary a-CEHC and a-TLHQ. Sensitivity analyses in participants without vitamin
E supplement use generally showed consistent results with the main analyses for
each vitamin E metabolite, but with significant associations between IDL, LDL,
total cholesterol, and cholesterol content in LDL particle and a-TLHQ.
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Our study shows similar associations of metabolomic measures with urinary
a-CEHC and with circulating a-TOH. The liver parenchymal cells acquire a-TOH
through taking up chylomicron remnants, which contains a major proportion
of absorbed a-TOH, and the highly expressed a-TTP facilitate the preferential
enrichment of a-TOH in VLDL particles secreted by the liver. These processes
are responsible for the regulation and release of a-TOH into circulation and con-
sequently for its delivery to tissues. Therefore, the vitamin E enzymatic activity in
the liver is well regulated to maintain a certain level of a-TOH, i.e. higher a-TOH
gives higher a-CEHC *2. However, the different associations observed between
metabolomic measures with urinary a-TLHQ and with blood a-TOH indicate that
other processes that are not associated with a-TOH regulated the association
for a-TLHQ. In addition, we observed that circulating a-TOH is associated with
higher levels of most lipoprotein fractions and cholesterols. This observation may
be somewhat counterintuitive to previous observations of higher vitamin E cir-
culating levels with a lower risk of atherosclerosis and cardiovascular diseases °.
Nevertheless, individuals with hyperlipidemia were found to have reduced uptake
of the newly absorbed a-TOH into blood; the abnormal lipoprotein metabolism
does not necessarily increase a-TOH delivery to the peripheral tissues and this
uptake reduction of a-TOH may be relevant to the pathogenesis of atheroscle-
rosis 3. In addition, our results are in line with previous research which found
that a-TOH concentrations were correlated with serum lipids levels and that
the retainment of plasma a-TOH was longer with higher serum total lipids 22.
This might be attributed to the notion that higher lipid concentrations can keep
vitamin E from reaching peripheral tissues, and the catabolism and uptake of
lipoproteins decreases at high concentrations of lipid. However, higher levels of
large HDL particles were associated with lower levels of a-TOH. This may be due
to that a-TOH content in HDL particles depends not only on tocopherol levels
but also on HDL concentrations, and HDL a-TOH retention was found related
to a high concentration of HDL fraction *. Two branched-chain amino acids
(leucine and isoleucine) are positively associated with higher a-TOH. Experi-
mental studies have demonstrated that vitamin E is crucial for the maintenance
of energy homeostasis, and its deficiency dysregulated energy metabolism and
mitochondrial dysfunction, measured by extracellular oxygen consumption 3436,
Ketogenic amino acids, particularly leucine, which can be utilized for ketone
synthesis, were elevated in vitamin E deficient Zebrafish brains, where there are
probably elevated lipid peroxidation and metabolic disruptions 352, Health states
that are associated with increased oxidative stress are likely to have a greater
antioxidant requirement, which would result in depletion of circulating levels of
vitamin E, and higher urinary concentrations of a-TLHQ. The negative though the
insignificant association of leucine with a-TLHQ contrasts to the findings from
previous experimental studies, understanding the underlying mechanisms, will
however require additional efforts.

Results from sensitivity analyses after excluding supplement users were generally
consistent with the main analyses, but with several significant associations of
a-TLHQ. Notably, higher levels of substances that are susceptible to oxidative
modifications, particularly IDL and LDL particles were significantly associated
with higher urinary a-TLHQ. Several fatty acids are also closely related to a-TLHQ
though not significantly. The inhibitory effect against lipid peroxidation of vitamin
E decreases gradually from polyunsaturated fatty acids (PUFA) to cholesterol.
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In accordance, LDL, as the most susceptible particle to oxidative modification
compared to the other lipoproteins, was associated with a-TLHQ. However, this
does not include triglycerides in LDL particles which are more resistant to lipid
peroxidation. Therefore, oxidation, rather than the level of a-TOH, regulated the
association of metabolomic measures and a-TLHQ. Despite the strong correlation
(r=0.48) between the effect estimates of metabolomic measures with a-CEHC
and with a-TLHQ, this is predominantly driven by LDL particles.

In the stratification analyses by obesity, the associations of metabolomic mea-
sures with a-TOH and a-CEHC did not differ materially in general, but the effect
sizes are larger in the overweight group possibly due to the higher lipids levels
in overweight participants compared to the normal-weight individuals. Interest-
ingly, the associations of lipoproteins, particularly VLDL and HDL with a-TLHQ
differed. Though none of the associations is significant, VLDL is positively and
HDL is negatively associated with a-TLHQ in the strata of normal weight, whereas
opposite directions were observed in the strata of overweight. Excessive fat
accumulation will certainly lead to elevated oxidative stress, and the supply of
vitamin E by HDL might be more important under conditions of oxidative stress
due to the independence of regulatory mechanisms of cholesterol metabolism
37 Previous efforts have demonstrated the exchange of a-TOH between lipopro-
teins, which may depend on the ratio of HDL/LDL 28; the discrepancies of VLDL
associations might imply a different transfer in obese participants compared to
non-obese provided distinct lipid profiles in obese people. However, the under-
lying mechanisms warrant further investigation.

One strength of the present study is that we simultaneously quantified the con-
centrations of circulating a-tocopherol and urinary metabolites derived from
two metabolic pathways, which facilitates the exploration of the circulating level
versus the functional level. In addition, the measurement of urinary a-TLHQ was
performed by LC-MS/MS based method, which deliberately avoids artefactual
oxidation products of a-CEHC that might result from previous chromatogra-
phy-mass spectrometry (GC-MS) detection. The method we used measures
the intact conjugate with minimal preparation and has been demonstrated with
solid reliability and reproducibility '°. Several limitations should also be noted.
Firstly, some associations increased after excluding vitamin E supplement users,
suggesting that there might be effect modification by the use of supplements
or we might introduce collider stratification bias in the users of these supple-
ments. However, the information on supplement use was very limited, as there
were no data available on the dosages and frequency and natural or modified
vitamin E acetate, resulting in a highly heterogeneous group. Therefore, further
exploration of the effect of vitamin E supplement use on these associations was
not feasible. Secondly, within our study population, we are not able to test these
associations in different physiological situations that may affect the lipoproteins
involved in the transportation process such as fasting or not 3*#', or in individuals
with elevated lipid peroxidation that will reduce a-TOH bioavailability such as
lower bioavailability identified in metabolomic syndrome patients compared with
healthy controls #2. Thirdly, we might still have insufficient power for some of
these associations, particularly in the sensitivity analysis. However, we do not only
perform statistical hypothesis testing, but apart from the point estimates obtained
from our multivariable adjusted regression analyses illustrated in the main text,
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we also calculate confidence intervals (Cls) for each estimate, as shown in the
supplementary table. Cls reflect the precision of the estimation in the sample.
In addition, we had a specific focus on the similarity of the directionality of the
associations between metabolomic measurements with circulating a-TOH and
the associations between metabolomic measurements with circulating a-CEHC/
a-TLHQ. Lastly, the observational design could not rule out residual confounding.

Conclusion

Associations of metabolomic measures with circulating a-TOH and urinary oxi-
dized vitamin E a-CEHC are very similar in direction, whereas associations of
metabolomic measures with a-TLHQ were markedly different from the associa-
tions of metabolomic measures with both serum a-TOH and urinary a-CEHC. Our
results highlight the differences of the lipoproteins involved in the transportation
of enzymatic and oxidized vitamin E metabolites. This indicates that circulating
a-TOH may be representative for the enzymatic but not to antioxidative function
of vitamin E.
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Abstract

Background and Aims: Observational studies have suggested a bidirectional
association between depression and inflammatory bowel disease (IBD), including
Crohn’s disease (CD) and ulcerative colitis (UC). However, it remains unclear
whether observed associations are casual due to the difficulties of determining
sequential temporality. We investigated the association between depression and
IBD by using bidirectional two-sample Mendelian randomization (MR).

Methods: Independent genetic variants for depression and IBD were selected
as instruments from published genome-wide association studies (GWAS) among
individuals of predominantly European ancestry. Summary statistics for instru-
ment-outcome associations were retrieved from three separate databases for both
depression (Psychiatric Genomics Consortium, FinnGen, and UK Biobank), and
IBD (the largest GWAS meta-analysis, FinnGen, and UK Biobank), respectively.
MR analyses included inverse-variance weighted method, weighted-median
estimator, MR-Egger regression, and sensitivity analyses of Steiger filtering
and MR PRESSO. From either direction, analyses were performed per outcome
database and were subsequently meta-analyzed using fixed-effect model.

Results: Genetically predicted depression (per log-odds ratio increase) was
associated with a higher risk of IBD; odds ratios (95% confidence interval) for
IBD, CD and UC were 1.20 (1.05, 1.36), 1.29 (1.07, 1.56) and 1.22 (1.01, 1.47) in
a combined sample size of 693,183 (36,507 IBD cases), 212,172 (13,714 CD
cases) and 219,686 (15,691 UC cases) individuals, respectively. In contrast, no
association was observed between genetically influenced IBD and depression
in 534,635 individuals (71,466 depression cases).

Conclusions: Our findings corroborated a causal association of depression on
IBD, which may impact the clinical decision on the management of depression
in patients with IBD. Though our results did not support a causal effect of IBD on
depression, further investigations are needed to clarify the effect of IBD activity
on depression (with different symptomology).
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Introduction

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcer-
ative colitis (UC), is characterized by chronic and progressive inflammation of
the gastrointestinal tract and poses a high disease burden worldwide '. Despite
the substantial progress in the diagnosis and management of IBD to achieve
long-term remission, the causes leading to IBD are yet not fully elucidated. The
pathogenesis of IBD is considered as a result of an interplay between genetic
susceptibility and environmental risk factors, including but not limited to smok-
ing, unfavorable diet, and lifestyle, which subsequently lead to an inappropriate
intestinal immune activation and a proinflammatory intestinal microbiome 2.
Over the past decade, the association between depression and IBD (and vice
versa) gained considerable interest 3¢, in light of the putative pathophysiological
mechanism underlying the dysregulation of the brain-gut axis ”.

The estimated prevalence of comorbid depression or depressive symptoms in
IBD patients is approximately 25% in a most recent meta-analysis 8, which is
significantly higher than the estimated prevalence of 3.4% in the general popu-
lation °. In line with this evidence, the incidence of depression in IBD patients is
higher than in a matched population as early as 5 years before IBD diagnosis ™.
Several longitudinal studies suggested an association between depression and an
elevated risk of IBD ™4, However, a recent population-based nested case-control
study considering prodromal gastrointestinal (Gl) symptoms prior to the diagno-
sis of depression showed that depression alone, i.e. in the absence of prior Gl
symptoms, is not associated with subsequent IBD risks . Since depression and
IBD both involve a vague and subtle onset, it is difficult to determine the temporal
order of these two conditions. Thus, the associations described previously may
have been partly due to reverse causation and/or residual confounding, which
are often noted in observational studies. Therefore, the directionality and cau-
sality between depression and IBD remain unclear.

Mendelian randomization (MR) utilizes genetic variants identified through
genome-wide association studies (GWAS), which are randomly allocated at
conception as instrumental variables to investigate whether a lifetime exposure is
causally associated with an outcome '®. The most recent bidirectional MR study
using IBD GWAS summary statistics conducted in the UK Biobank (UKB) did not
reveal any possible association in either direction between depression and IBD 7.
The limited number of IBD cases in the UKB likely resulted in an underpowered
sample size to detect any association. Therefore, in the present study, we aimed
to investigate the potential bidirectional causal relationship between depression
and IBD (including both UC and CD) by implementing a bidirectional MR study
design using the most up-to-date and larger GWAS on IBD and depression.

Methods

We leveraged a bidirectional two-sample MR to assess the causal association
between depression and IBD. The schematic overview of the study design and
data sources are detailed in Figure 1. All data are publicly available GWAS
summary statistics, and therefore, no additional ethical approval or informed
consent was required. GWAS summary statistics were searched to extract lead-
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Figure 1 Schematic overview of the study design.

(A) Mendelian Randomization (MR) illustration. There are three principal assumptions in MR design,
namely the genetic instrumental variables should 1) be associated with exposure; 2) be associated
with outcome only via exposure; 3) not be associated with any measured or unmeasured confound-
ing factors. B, and B, denote to the gene-exposure and gene-outcome association respectively;
B represents the causal association between exposure and outcome, which can be estimated by
B,/ B,- (B) MR study from depression to IBD: independent SNPs for depression were identified as
instrumental variables, whereas summary statistics of gene-IBD associations were retrieved sepa-
rately from the GWAS performed by de Lange et al., FinnGen, and UK Biobank (for IBD only). MR
analyses were conducted per outcome database and were subsequently meta-analyzed to generate
pooled estimates. (C) MR study from IBD to depression: SNPs for IBD were identified as instrumental
variables, whereas summary statistics of gene-depression associations were retrieved separately
from PGC, FinnGen study, and UK Biobank (GWAS conducted with ICD-coded depression cases
only). MR analyses were performed per outcome database and were subsequently meta-analyzed.
IBD: inflammatory bowel disease; PGC: Psychiatric Genomics Consortium. CD: Crohn’s Disease;
UC: Ulcerative colitis; IVW: Inverse-variance weighted.
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ing SNPs (single nucleotide polymorphisms) associated with depression or IBD
as genetic instrumental variables. Gene-outcome associations were separately
retrieved from three databases for both depression and IBD: 1) large-scale
GWAS meta-analysis efforts; 2) FinnGen (data freeze 4); and 3) the UKB. In the
FinnGen study, GWAS were performed across a broad spectrum of phenotypes
including depression and IBD; the analyses were adjusted for age, sex, principal
components, and genotype batch effect. Phenotype definitions were based on
the International Statistical Classification of Diseases and Related Health Prob-
lems (ICD) coded hospital discharge or death. Detailed information regarding
participants, genotype platforms, and statistical analysis protocols are available
at the FinnGen website (https:/www.finngen.fi/en/).

Selection and description of the sources of the genetic instrumental
variables

Depression is an exceedingly heterogeneous condition with many different
measures for identification in the previous studies, ranging from subjective
self-reported symptoms or help-seeking to clinical diagnosis. Genetic variants
that were identified from GWAS by using less precisely defined phenotypes
including help-seeking, might not be specific to depression per se ®. Conse-
quently, this may reduce statistical power, particularly when depression is used
as an exposure. In addition, diagnosis-based depression, such as depression
defined by the International Statistical Classification of Diseases and Related
Health Problems (ICD) or Diagnostic and Statistical Manual of Mental Disorders
(DSM) clinical guideline, showed statistically significant relation to IBD in the
UKB, but not depression defined by other means such as help-seeking behavior
or self-reported symptoms ",

Two GWAS meta-analyses on depression were conducted recently by Howard et
al. and Wray et al., respectively 2. Despite the larger total sample size of 807,553
individuals in the study conducted by Howard et al., self-reported help-seeking
behavior for mental health difficulties accounted for more than 70% of cases.
We therefore used the GWAS summary statistics from Wray et al, which included
participants from 29 cohorts in Psychiatric Genomics Consortium (PGC) and 6
additional cohorts including UKB and 23andMe. In each cohort, data were pro-
cessed following PGC “ricopili” pipeline or using comparable procedures when
applicable. Due to the data restriction, in the present study, we used the available
GWAS summary statistics data that did not include UKB or 23andMe, consisting
of 45,396 cases and 97,250 controls. Individuals who contributed to the data
all met the international consensus criteria for a lifetime diagnosis of depression
established using structured diagnostic instruments from assessments by trained
interviewers, clinician-administered checklists, or medical record review. Since
no SNP-depression association reached the genome-wide association threshold
(p-value < 5x108), a suggestive significant level (p-value < 1x10-) was used to
extract instrumental variables, as has been adopted in the previous study in
disentangling bidirectional relationships between physical activity and depres-
sion in MR analyses 2'. Linkage disequilibrium between all SNPs was based on
the European 1000 Genome Project reference panel. Independent SNPs were
selected by linkage disequilibrium clumping (r? > 0.001) retaining the one with
the smallest P-value.
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Summary statistics for IBD was obtained from the latest meta-analysis GWAS
(de Lange et al.), which contained a total sample size of 59,957 participants of
predominantly European ancestry (cases / controls for IBD: 25,042 / 34,915;
UC: 12,366 / 33,609; CD: 12,194 / 28,072) 22. IBD was diagnosed by accepted
radiological, endoscopic, and histopathological evaluation and all included cases
fulfilled clinical criteria for IBD. In every single cohort, GWAS was performed
using an additive model conditioning on the first ten principal components. We
selected SNPs that were significantly associated with IBD (p-value< 5x108)
and further pruned all SNPs by linkage disequilibrium clumping (r2 > 0.001).
To avoid any potential pleiotropic instruments, we excluded 43 SNPs that were
associated with more than one phenotype, and 176 SNPs (IBD: 74; UC: 42, CD:
60) remained for the MR analyses.

SNP-outcome data sources

Gene-outcome associations for depression were obtained from three separate
databases: 1) the PGC data from Wray et al. as described previously; 2) FinnGen;
and 3) the UKB. Depression in FinnGen was defined as depressive episode and
recurrent depressive disorder by ICD criteria consisting of 17,794 cases and
156,611 controls. In the UKB, since multiple definitions for depressive disorders
were available ¥ to minimize the heterogeneity of depression definition, we only
considered the ICD-coded (ICD-10 primary and secondary codes for depression)
depression as the outcome. GWAS analyses on ICD-coded depression in the
UKB included 8,276 cases and 209,308 controls (with a prevalence of 3.80%),
adjusted covariates of age, sex, genotyping array, and 8 principal components 23,

Gene-outcome associations for IBD were drawn from three separate databases:
1) latest meta-analysis GWAS by de Lange et al.; 2) FinnGen; and 3) UKB (only
IBD data were available). The de Lange et al. study has been described in detail
in the previous section. In the FinnGen study, CD and UC cases were defined
using their corresponding ICD codes, and IBD is a term comprised of CD, UC,
and colitis of indeterminate. In total, the number of cases and controls were 4420
/172,479 for IBD, 3325 /170,386 for UC and 1520 / 170,386 for CD, respec-
tively. In the UKB, IBD was composed of CD (UKB data field: 131627) and UC
(UKB data field: 131629), which were determined from either a death register,
self-reported, hospital admission, or primary care record for the corresponding
disease, resulting in a total of 7045 cases and 449,282 controls '7; GWAS anal-
yses were adjusted for sex, age, and 20 principal components; GWAS on UC
and CD were not available in the UKB.

Instrumental strength and power calculation

F-statistics, calculated as (beta/se)?, was computed to quantify the strength of
instruments, and a value of above 10 was considered sufficient. The proportions
of variance explained by exposures (R?) were calculated using the Mangrove
package in R 24, setting the prevalence of 3.4% for depression and 0.3%, 0.14%,
0.2% respectively for IBD, CD, and UC '®. Statistical power was calculated via
the tool for binary outcomes in MR studies (https://github.com/kn3in/mRnd)
2% where the alpha level was set to 0.05.
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Mendelian Randomization (MR)

Before analysis, we first harmonized exposure and outcome data to make align-
ments on effect alleles to the forward strand, if it is specified or could be inferred
based on the allele frequency. Palindromic genetic variants were discarded for
further MR analyses 2. We used inverse-variance weighted (IVW) meta-analysis
as the main analysis to combine the SNP-specific estimates calculated using Wald
ratios, assuming no directional pleiotropic effect of each SNP ?7. In addition, we
performed several sensitivity analyses to assess pleiotropy and potential genetic
outliers. A Weighted-Median estimator can provide a reliable estimate if more
than 50% of the instrumental variables are valid 28. In MR-Egger regression, the
slope provides a causal estimate of an exposure on an outcome if the instrument
strength independent of direct effect assumption is met; additionally, the intercept
of a MR-Egger regression deviates from zero indicates pleiotropy. MR-Egger
is statistically less efficient (i.e. with wider confidence intervals) but provides a
causal estimate (i.e., the regression slope) that is corrected for directional hori-
zontal pleiotropy 2°. Furthermore, MR Pleiotropy RESidual Sum and Outlier (MR
PRESSO) test is applied to detect significant outliers and correct for horizontal
pleiotropic effect through outlier removal. The global test evaluates whether
horizontal pleiotropy among all instruments is present 2. We further examined
the heterogeneity among all SNPs within each database using Cochran’s Q
test statistic and generated scatter plots of SNP-exposure association versus
SNP-outcome association to visualize MR results. Leave-one-out analysis was
performed by excluding each SNP at a time sequentially and an IVW method
was performed on the remaining SNPs to assess the potential influence of a
particular variant on the estimates.

Additionally, when SNPs are selected from very large GWAS, these instrumental
variables may have effects on the other downstream traits of the trait of interest,
such as effects directly on the outcome. Thus, determining whether a SNP is
primarily associated with the exposure of interest or with the outcome could be
challenging. If those variants that show stronger associations to outcomes than
to exposures are used in the MR analyses, the result may (erroneously) imply
that the exposure and outcome are causally related due to reverse causation.
Therefore, we applied MR Steiger filtering to test the direction of causality for
each instrumental variable on exposure and outcome. Steiger filtering assumes
that a valid instrumental variable should explain more variation in the exposure
than in the outcome; if an instrumental variable meets the criterion, the direction
of this instrument is “TRUE”, while if it does not, it is “FALSE” 3'. After removing
those SNPs with “FALSE” direction, we repeated all MR analyses.

MR results were expressed as odds ratios (OR) with the corresponding 95%
confidence intervals (Cls) on outcome risk of corresponding unit changes in an
exposure. Given that all exposure variables in the current analyses are binary,
the final effect estimates were interpreted as OR on the risk of outcome per
log-OR change in an exposure. From each direction, MR analyses were firstly
performed in each outcome database separately and the individual estimates
were subsequently combined using fixed-effects meta-analysis.

All the analyses were performed using R (v3.6.3) statistical software (The R
Foundation for Statistical Computing, Vienna, Austria). MR analyses were per-
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formed using the R-based package “TwoSampleMR” and meta-analysis were
conducted using the “meta” package.

Results

Depression to IBD

Nineteen independent SNPs were identified as genetic instrumental variables for
depression, which explained 0.41% of the total variation; the median (minimum,
maximum) F statistics were 26.2 (23.9, 37.4) (Supplementary Table 1). Detailed
information about the 19 genetic variants is listed in Supplementary Table 2.

In the meta-analyses of estimates from IVW, pooled ORs for IBD, CD, and UC
of genetically predicted per log-OR increase in depression were 1.20 (95%
confidence interval Cl: 1.05,1.36), 1.29 (95% CI: 1.07,1.56), 1.22 (95% CI: 1.01,
1.47), respectively (Figure 2).

For each database, in sensitivity analyses (Supplementary Table 3), estimates
obtained from Weighted-Median did not differ substantially compared to those
from IVW (Supplementary Figure 1). No pleiotropic effect was detected by
MR-Egger intercept. Potential outliers were identified by MR PRESSO for IBD
in the de Lange et al. database and UKB, as well as for UC in the de Lange et
al. database, which resulted in potential pleiotropy assessed by the global test.
However, results remained similar after outlier correction. Heterogeneity of each
instrument estimation evaluated by Cochran’s Q test statistics was detected,
but only in those databases with outliers indicated by MR PRESSO. Individual
SNP effects and combined effects from each MR method per outcome database
are visualized in scatter plots (Figure 3). Leave-one-out plots suggested that
the associations were unlikely driven by certain extreme SNPs (Supplementary
Figure 2). Steiger filtering detected 4 SNPs that were with a “FALSE” direction,
which was likely to primarily be associated with IBD rather than depression
(Supplementary Table 4). These included rs2060886 in the intronic region
of TCF4 in all the three IBD-related traits from de Lange data; rs1936365 in
the intronic region of PGBD1 in all the three IBD-related traits in FinnGen while
only CD in UKB; rs1950829 in LRFN5 for CD in FinnGen; and rs1491473 in the
intronic region of LINC0O0861 for UC in FinnGen. After removing those four SNPs,
analyses were repeated for all methods, and estimates were minimally influenced
by applying Steiger filtering (Supplementary Table 5).

IBD to Depression

A total of 70 independent genetic variants reached a genome-wide significant
level with IBD, which explained about 3.4% of the total variation, whereas 55 and
41 genetic instruments were retained for CD and UC, which accounted for 4.9%
and 3.0% of the total variation. The summary and detailed information about
the variants for each exposure are presented in Supplementary Table 1 and 6.

Overall, in the primary analyses using IVW, we found no association between
genetically determined IBD (including both CD and UC) and depression in any
individual outcome database, except for a minimal effect of IBD on depression
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in FinnGen. Combined ORs of IBD, CD, and UC on depression was 1.01 (95%
Cl:1.00,1.03),1.00 (95% CI: 0.99, 1.01),1.02 (95% CI: 0.99, 1.05), respectively
(Figure 4).

In each outcome database, sensitivity analyses using the Weighted-Median esti-
mator were consistently comparable to the estimates from IVW (Supplementary
Figure 3). While the MR-Egger intercept test suggested no evidence of pleiotropy,
MR-PRESSO global test indicated the presence of horizontal pleiotropic outliers
from CD to depression in the FinnGen study (p = 0.04) and UC to depression
in PGC (p = 0.03); however, after correcting for outlier by MR PRESSO, results
remained similar with those estimates from IVW (Supplementary Table 7). No
notable heterogeneity was detected by Cochran’s Q statistics across single
instrument effects within each database. Scatter plots (Figure 5) present the
individual SNP effect and combined effect from each method per outcome data-
set. After removing one SNP at a time, the results remained consistent in the
leave-one-out analyses (Supplementary Figure 4). Steiger filtering indicated
that all genetic instrumental variables used for IBD explained more variance in
IBD than in depression in any database (Supplementary Table 6).

Discussion

In the present study, we evaluated the bidirectional associations between depres-
sion and IBD using MR. We found evidence that genetic liability to depression
was associated with an increased risk of IBD, CD, and UC, while genetic liability
to IBD, or any subtype was not associated with depression.

Previous observational studies have suggested that depression might be a risk
factor for IBD. Specifically, in The Health Improvement Network cohort with
403,665 incident IBD cases, depression was associated with a higher risk of both
incident CD and UC ™. Similarly, a study using the data from 152,461 women aged
29 to 72 years in the Nurses’ Health Study also found that depressive symptoms
were associated with an increased risk of CD, but not UC ™. On the contrary,
depression alone, in the absence of prior Gl symptoms, was not associated
with subsequent development of IBD in 10,829 UC cases, 4531 CD cases, and
15,360 controls ™. Up to now, the only MR study conducted to disentangle the
bidirectional relationship between depression and IBD used IBD GWAS sum-
mary statistics (7045 cases and 449,282 controls) obtained from UKB, which
revealed no association in either direction 7. The small number of IBD cases in
the UKB may account for this null association. The same study identified causal
associations between depression and other gastrointestinal disorders for which
a much larger number of cases were used in the GWAS. This corroborated that
the absence of an association between depression and IBD was likely due to a
lack of statistical power. Consistent with the previous study, we did not find an
association between depression and IBD using only UKB data. However, when
the estimates were combined with those from the other two databases in the
meta-analysis, we did observe a causal effect of depression on IBD (Figure 2).

The biological connection between depression and IBD has not been fully elu-
cidated yet. Currently, intestinal inflammation and its concomitant microbial
dysbiosis have been implicated in the etiology of IBD %233 which may explain
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Depression No. of SNPs IBD Odds Ratio [95% CI] Weight

IBD

delLange 13 —F— 1.19 [0.94; 1.50] 31.3%
FinnGen 19 —8— 1.30 [1.05; 1.61] 37.3%
UK Biobank 18 —F— 1.09 [0.86; 1.38] 31.3%
Combined Effect —— 1.20 [1.05; 1.36] 100.0%
CcD

delange 13 — 1.27 [1.02; 1.58] 74.9%
FinnGen 19 T 1.36 [0.94; 1.98] 251%
Combined Effect ——— 1.29 [1.07; 1.56] 100.0%
uc

delange 13 — 1.12[0.85; 1.47] 46.3%
FinnGen 19 —E— 1.31 [1.02; 1.69] 53.7%
Combined Effect [——— 1.22[1.01; 1.47] 100.0%

f I

0.5 1 2

OR (95% CI)
[Method: Inverse variance weighted]

Figure 2 Association of Depression and IBD in MR analyses

Estimated ORs represent the effect of per log-OR increase in depression on IBD, obtained from
an Inverse-variance weighted analysis, per outcome database separately and combined over the
three databases for IBD and two databases (data are not available in the UK Biobank) for CD and
UC using fixed-effect meta-analyses.

IBD: Inflammatory Bowel Disease; CD: Crohn’s Disease; UC: Ulcerative Colitis; OR: Odds Ratio; ClI:
Confidence Interval.

the causal association between depression and IBD that we observed in the
current study. Depression contributes to intestinal inflammation by modulating
the psycho-neuro-endocrine-immune system in the brain-gut axis. Numerous
complex mechanistic pathways underpinning brain-gut (microbiome) interaction
have been extensively explored previously 24%7. In brief, depression could activate
the hypothalamic-pituitary-adrenal axis, which subsequently leads to down-reg-
ulation of the corticotropin-releasing factor system, thereby accelerating chronic
inflammation and stimulating the immune response. In addition, the autonomic
nervous system is also functionally involved in stress-mediated alterations. The
activation of the sympathetic nervous system plays a proinflammatory role that
could invoke an enhanced secretion of catecholamines. The combination of
increased sympathetic outflow and adrenomedullary activity could then stimulate
mast cells and macrophages to release inflammatory effectors of cytokines. In
parallel, the vagus nerve has an anti-inflammatory function and could be inhibited
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Figure 3 Scatter plot of MR analyses from Depression to Inflammatory
Bowel Disease in each database

X axes represent the genetic instruments-depression associations and Y axes represent genetic
instruments-IBD associations from different outcome databases. Black dots denote to the genetic
instruments included in the primary MR analyses. red: Inverse-variance weighted; blue: Weighted-Me-
dian estimator; green: MR Egger. Due to the same estimate from the Inverse-variance weighted
and Weighted-Median estimator methods in some analyses, those figures only contain two lines.
However, the color of the overlapped lines is darker than the Weighted-Median estimator.

IBD: Inflammatory Bowel Disease; CD: Crohn’s Disease; UC: Ulcerative Colitis.

by proinflammatory cytokines (such as IL-1, IL-6, and TNF-a) released from the
intestinal mucosa via a decreased efferent outflow. These inflammatory profile
changes are related to regional gut motility, luminal secretion, visceral hyper-
sensitivity, and elevated intestinal permeability. As a result of the compromised
epithelial barrier, intestinal permeability promotes microbiome translocation
and further activates the immune response. All these changes brought about
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IBD No. of SNPs Depression Odds Ratio [95% CI] Weight

IBD

PGC Consortium 70 — 0.99 [0.97; 1.01] 41.8%
FinnGen 67 —=— 1.03 [1.01; 1.05] 41.8%
UK Biobank (ICD-coded) 66 T 1.03 [0.99; 1.07] 16.3%
Combined Effect —— 1.02 [0.99; 1.05] 100.0%
CcD

PGC Consortium 53 - 0.99[0.97; 1.01] 41.8%
FinnGen 53 e 1.01[0.99; 1.03] 41.8%
UK Biobank (ICD-coded) 52 — 1.00 [0.96; 1.04] 16.3%
Combined Effect - 1.00 [0.99; 1.01] 100.0%
uc

PGC Consortium 37 T 1.01[0.99; 1.03] 56.1%
FinnGen 39 — Tt 1.01 [0.97; 1.05] 21.9%
UK Biobank (ICD-coded) 38 — 1.01 [0.97; 1.05] 21.9%
Combined Effect - 1.01[0.99; 1.03] 100.0%

f |

0.9 1 11

OR (95% Cl)
[Method: Inverse variance weighted]

Figure 4 Association of IBD and depression in MR analyses

Estimated ORs represents the effect of per log-OR increase IBD on depression, obtained from an
Inverse-variance weighted analysis, per outcome database separately and combined over the three
databases using fixed-effect meta-analyses.

IBD: Inflammatory Bowel Disease; CD: Crohn’s Disease; UC: Ulcerative Colitis; PGC: Psychiatric
Genomics Consortium. OR: Odds Ratio; Cl: Confidence Interval.

by depression may disrupt the homeostasis of the gastrointestinal tract and
consequently lead to IBD.

Strength and limitations

There are two main strengths worth noting in the current study. First, we extracted
gene-outcome associations from three independent sources of GWAS summary
statistics, which included large sample sizes, particularly cases, for each expo-
sure, with 534,635 participants (71,466 cases) for depression, 693,183 (36,507
cases) for IBD, 212,172 (13,714 cases) for CD, and 219,686 (15,691 cases) for UC.
The effect estimations from various data sources all pointed to the same direc-
tion, and meta-analyses further strengthened the estimation. Second, we used
clinical diagnosis-based depression as the exposure. A previous study indicated
that effect size estimations between depression and IBD varied according to the
definition used for depression, and self-reported depression tended to attenuate
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Figure 5 Scatter plot of MR analyses from Inflammatory Bowel Disease
to Depression in each database
The figure caption is the same as in Figure 3.

association estimates . Interestingly, 19 SNPs used in the analyses explained
0.41% of the total variation in clinically diagnosed depression, which was com-
parable to the total variations explained by 102 genetic variants (approximately
0.5%) identified by the GWAS using broad depression 938,

Some limitations should be acknowledged. Firstly, all data involved in the anal-
yses were derived primarily from individuals of European ancestry, limiting the
generalizability of our findings to other ethnic groups. Secondly, the statistical
power may still be insufficient to detect an effect of depression on IBD in a single
dataset, as indicated in the FinnGen study (Supplementary Figure 5). Thirdly,
although we found no causal effect of IBD on depression, we only considered
the dichotomous IBD diagnosis, i.e. the incidence, rather than the IBD disease
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course. Previous studies showed that both the prevalence and incidence of
depression are significantly higher among patients with active IBD than patients
with inactive diseases 3°4°. While we acknowledge IBD has a dynamic natural
course characterized by alternating periods of remission and relapse, and its
episodic flares occur randomly and are largely unpredictable, dissecting the
genetic makeup that is associated with IBD activity is still challenging. Due to
the lack of GWAS on IBD disease activity to date, we were unable to investigate
the effect of IBD activity on depression using the MR approach. However, the
genetic determinants of IBD susceptibility may be distinct from mechanisms
underlying disease activity. It might not be the disease per se, but rather the
disease activity that is pivotal to depression. Therefore, we could not rule out
the possibility of disease activity, but not incident IBD, as a causal risk factor for
depression. In addition, depression is very heterogeneous and exhibits diverse
symptoms. Patients with the same major depressive disorder diagnosis according
to DSM-V may experience very different symptom profiles. However, depression
is used as a binary variable in the GWAS, without taking symptomology into
account. Therefore, it remains possible that IBD would have an effect on specific
depression dimensions. We must also keep in mind that, IBD being rare, it can
only be causal for a small fraction of patients with depression. Fourthly, when MR
analyses were conducted from the direction of IBD to depression, there may be
some overlap when depression data from UKB were used as outcome. The IBD
GWAS included individuals from UK10K (4,686 IBD cases and 3,781 controls),
which may have contributed to the UKB depression data. This accounted for
14% of the total population in the IBD GWAS data and represented the maximum
overlap between the two datasets. Nevertheless, with such a low proportion of
sample overlap, the bias is expected to be neglectable . Additionally, the results
remained consistent if using only PGC and FinnGen data, with an OR (95% Cl)
of 1.24. (1.06, 1.45). Finally, subgroup analyses are not feasible due to the use
of summary statistics, particularly by sex, where previous studies pinpointed a
higher prevalence of depressive symptoms in women than men & and specifically
an increased risk for CD, but not UC, among women ™,

Clinical implications

To date, no consensus has been reached about the role of depression in the
counseling and management of IBD. In the American College of Gastroenter-
ology (ACG) clinical guideline for preventive health care, recommendations of
screening for depression in patients with IBD is conditional due to a low level of
evidence *2. Meanwhile, in the latest update on the Selecting Therapeutic Targets
in Inflammatory Bowel Disease (STRIDE), the absence of health-related anxiety
and depression is removed as a therapeutic goal for treat-to-target strategies in
IBD given the low (37%) endorsement 3. Similarly, psychological therapies in
IBD patients are rarely recommended to patients with IBD as adjunctive therapy
to alleviate symptoms and improve quality of life given the very low quality of
evidence by the British Society of Gastroenterology consensus guidelines #.

The observed causal effect of depression on IBD identified in our study should
raise the awareness of the involvement of tackling depression to achieve a better
clinical outcome in IBD. On one hand, clinicians should raise the awareness of
an index of suspicion about IBD in patients with depression; particularly, gastro-
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intestinal symptoms in patients with depression should be spotted, as they are
often considered as complaints of depression, such as chronic diarrhea, etc.,
but not as an early clinical manifestation of IBD and lead to “diagnostic over-
shadowing” #%. On the other hand, the implementation of depression screening
and the involvement of appropriate treatment for depression into the routine
practice of IBD patients might help optimize the management of IBD and confer
possibilities leading to better clinical outcomes for IBD patients.

Conclusion

Our findings corroborated a causal association between depression and IBD,
which may have an influence on the clinical decision in the management of
depression in patients with IBD. Though our results did not support a causal
effect of IBD on depression, further investigations are needed to clarify the effect
of IBD activity on depression (with different symptomology).
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Abstract

Background: Observational studies have implied associations between multiple
cytokines and cognitive decline, anti-inflammatory drugs however did not yield
any protective effects on cognitive decline. We aimed to assess the associations
of systemic inflammation, as measured with multiple cytokine and growth factors
concentrations with cognitive performance and brain atrophy using two-sample
Mendelian randomization (MR).

Methods: Independent genetic instruments (p<5e-8 and p<5e-6) for 41 systemic
inflammatory markers were retrieved from a genome-wide association study
conducted in 8293 Finnish participants. Summary statistics for gene-outcome
associations were obtained for cognitive performance (N = 257,841) and for
brain atrophy measures of cerebral cortical surface area and thickness (N =
51,665) and hippocampal volume (N = 33,536). To rule out the heterogeneity
in the cognitive performance, we additionally included three domains: the fluid
intelligence score (N = 108,818), prospective memory result (N = 111,099), and
reaction time (N = 330,069). Main results were computed by inverse-variance
weighting, and sensitivity analyses taking pleiotropy and invalid instruments
into account were performed by using Weighted-median estimator, MR-Egger
and MR PRESSO.

Results: After correcting for multiple testing using false discovery rate, only
genetically predicted (with p<5e-6 threshold) per-SD (standard deviation) higher
IL-8 was associated with -0.103 (-0.155, -0.051, p_, .,s = 0.004) mm? smaller
hippocampal volume and higher intelligence fluid score [B: 0.103 SD (95% CI:
0.042, 0.165), Padjusted = 0.041]. Sensitivity analyses generally showed similar
results, and no pleiotropic effect, heterogeneity, nor possible reverse causation
was detected.

Conclusion: Our results suggested a possible causal association of high IL-8
levels with better cognitive performance but smaller hippocampal volume among
the general healthy population, highlighting the complex role of inflammation in
dementia-related phenotypes. Further research is needed to elucidate mecha-
nisms underlying these associations.
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Introduction

Dementia has become a major global health concern given the increased longevity
and the increased number of people aged 60 years and older. The estimated
population living with dementia was 47 million in 2015, which is estimated to
triple by 2050 2. Changes in the brain start to occur several years before the
first manifestation of clinical symptoms and diagnosis . This indicates a large
time window to delay, or even prevent the onset of clinically significant cogni-
tive deficits. In the absence of any effective pharmacologic preventive and/or
curative treatment to date 4, early markers would therefore provide insight into
the pathogenesis and targets for potential preventive strategies.

Systemic inflammation has been hypothesized as a risk factor in cognitive
decline and dementia 58. Epidemiological studies found associations of elevated
systemic inflammation and worse cognition in cross-sectional studies, and a
steeper cognitive decline in prospective studies %'°. Moreover, anti-inflammatory
therapy, particularly nonsteroidal anti-inflammatory drugs (NSAIDs), have been
associated with a lower risk of cognitive decline in a meta-analysis of observa-
tional cohort studies '. However, in a recent systematic review of randomized
clinical trials (RCTs), aspirin or other NSAIDs did not lower the risk of dementia 2.
Several potential explanations could have contributed to these inconsistencies.
Most importantly, associations observed in epidemiological studies are prone
to reverse causality and unmeasured and/or residual confounding. In addition,
NSAIDs might be beneficial only when used in the very early stages of cognitive
deficits . Intervention in RCTs that have been carried out might be too late to
modify the progression of cognitive decline. Therefore, it remains to be elucidated
whether systemic inflammation is causally related to cognitive performance.

As such, Mendelian Randomization (MR) is an alternative approach using genetic
instruments that are randomly allocated at conception as a proxy of exposure to
infer the causality of life-long exposure on disease ™. Three recent MR studies on
inflammatory markers and Alzheimer’s Disease (AD) yielded inconsistent results
5177 Despite being done in large populations, these studies could still suffer
from limited power caused by a limited number of cases. Continuous traits are
generally acknowledged to have more statistical power, and therefore cognitive
function and measures of brain atrophy, which are hallmark characteristics of AD
and other forms of dementia '8'°, might be better suitable phenotypes to dissect
the potential causation of inflammation and dementia.

Given that inflammation is a complex process regulated through an integrated
network of pro- and anti-inflammatory immune cells and cytokines, investigating
multiple inflammatory markers simultaneously in the same study population could
provide more insights into the role of inflammation in dementia. Therefore, in
the present study, we leveraged a two-sample MR to assess causality in rela-
tion to a comprehensive amount of 41 genetically predicted circulating levels of
systemic inflammatory markers with general cognitive performance (with three
additional domains of the fluid intelligence score, prospective memory result,
and reaction time) and measures of brain atrophy (cerebral cortical surface area
and thickness and hippocampal volume).
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Method

Study design

We conducted a two-sample MR study, and the overview of the study design
is presented in Figure 1. MR builds on three principal assumptions: the instru-
mental variables should firstly be associated with the exposure; secondly not
be associated with confounding factors in the relation between exposure and
outcome; thirdly affect the outcome exclusively via the exposure, but not via
other pathways. Data involved in the present study are publicly available sum-
mary statistics from genome-wide association study (GWAS). Specific ethical
approval and informed consent were obtained in the original studies.

Selection of instrumental variables

Genetic instrumental variables associated with 41 circulating cytokines and
growth factors were obtained from a recent GWAS which was conducted in
8293 randomly chosen participants from five geographical areas of Finland aged
between 25-74 years, including The Cardiovascular Risk in Young Finns Study
(YFS), FINRISK 1997 and FINRISK 2002 2° (data were downloaded from http:/
computationalmedicine.fi/data#Cytokine_ GWAS). All gene-exposure associ-
ations were reported as regression coefficients () in SD-scaled units, adjusted
for age, sex, body mass index, and the first 10 genetic principal components.

To avoid pleiotropic bias, we first excluded SNPs that were associated with more
than one cytokine and/or growth factor. Linkage disequilibrium (LD) between
all SNPs for the same exposure was assessed in the European 1000 Genome
Project reference panel. When LD presented (LD > 0.001), the variant with the
smallest P-value was retained. To minimize weak instrumental bias, we consid-
ered an F-statistics of above 10 as indicative of a sufficiently strong instrument.
Since many markers had no significant single nucleotide polymorphisms (SNPs)
at the genome-wide significant level (p < 5e-8), we also adopted a more relaxed
significance threshold (p < 5e-6) for instrumental variables selection. F statistics
was calculated to assess the strength of each instrument, and a value of above
10 is considered sufficient. The proportion of total variation (R?) explained by
the individual genetic instrument was calculated using the formula , where B is
the effect of the genetic variant on the respective cytokine levels and MAF is the
minor allele frequency 2'. When MAF is not presented in the original dataset, we
extracted the effect allele frequency from PhenoScanner GWAS database Ver-
sion 2. R? for each exposure was calculated in an additive model of all included
SNPs assuming no interaction between the individual SNPs. In addition, we
calculated statistical power based on the online tools for continuous outcomes
(https://github.com/kn3in/mRnd) (9), where the alpha level was set to 0.05.
When the variance explained by the genetic variants was at the minimum of
2%, we had adequate power of 0.8 to detect about 0.04, 0.088, 0.11, 0.06,
0.06, 0.035 units difference in cognitive performance (in SD), cortical measures
(surface area in mm? and thickness in mm), hippocampal volume (in mm?), fluid
intelligence score (SD), prospective memory results (SD), and reaction time (SD)
respectively (Figure 2).
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14385 SNPs associated with 41 cytokines
and growth factors from GWAS
(p value < 5e-06)

Exclusion SNPs associated with
> 1 exposure

11445 SNPs associated specifically with
certain cytokine or growth factor

Exclusion SNPs with LD > 0.001
Exclusion palindromic SNPs

411 independent SNPs
(F-statistics >10,
54 SNPs with p value < 5e-08)

Cognitive related tratis Measures of brain atrophy

Cognitive performance:

N =257,841 (PMID: Cerebral cortex:

30036396) Cortical surface area and
Fluid intelligence score: Cortical thickness )

Prospective memory result:

N = 111,099 (Neal Lab) Subcortical brain structures:

Left and right hippocampal
Reaction time: volume, white and gray matter

N = 330,069 (PMID: 29844566) 0 WICEERI ARSI

Figure 1 Schematic overview of the study design

Outcome data sources

Cognitive Performance

Summary statistics for the genetic associations with general cognitive perfor-
mance were extracted from a recent GWAS (N = 257,841) with European-descent
individuals which used a sample-size-weighted meta-analysis to combine data
from Cognitive Genomics Consortium (COGENT, n = 35,295) and UK Biobank
(n =222,543) 22, All individuals were aged between 16 and 102 years without
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Figure 2 Statistical power for each outcome in MR analyses with differ-
ent variations explained by the genetic instrumental variables

The calculation statistical power based on the online tools for continuous outcomes (https:/github.
com/kn3in/mRnd), where the alpha level was set to 0.05.

stroke or prevalent dementia. In COGENT, cognitive performance was defined
as the score on the first unrotated component of the performance of at least
three different neuropsychological tests within each included study. In the UK
Biobank, verbal numerical reasoning (VNR) was assessed by 13 multiple-choice
questions, and the VNR score was determined as the number of questions
answered correctly with a time limit of two minutes, designed as a measure of
a fluid intelligence test. This test has been demonstrated to have adequate reli-
ability and validity 2222, Since the majority of the associations, as reflected in the
number of participants, are derived from the UKB and thus the final effects are
more representative for the executive function measured by the fluid intelligence
test. Genetic association estimates are presented in SD units.

Due to the heterogenous definition of cognitive performance in the above GWAS,
we additionally included three phenotypes to represent different domains, namely
the fluid intelligence score (N = 108,818) and prospective memory result (N =
111,099) from the UK Biobank conducted by the Neal Lab (https://www.neallab.
org/), and reaction time (N = 330,069) from the COGENT. Fluid intelligence score
is a simple unweighted sum of the number of correct answers given to the 13
fluid intelligence questions. Therefore, we included this phenotype as a holistic
measurement of multiple domains of ‘fluid intelligence’. For prospective memory,
participants were allowed up to 2 attempts to correctly recall the color/shape
that was shown to them earlier in the touchscreen section, and it condenses the
results into 3 group: instruction not recalled, either skipped or incorrect, correct
recall on first attempt, and correct recall on the second attempt. Reaction time
is based on 12 rounds of the card-game ‘Snap’. The participant is shown two
cards at a time; if both cards are the same, they press a button-box that is on
the table in front of them as quickly as possible. For each of the 12 rounds, the
following data were collected: the pictures shown on the cards, the number of
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times the participant clicked the ‘snap’ button, and the time it took to first click
the ‘snap’ button.

Cerebral cortical surface area and thickness

Genetic associations with cerebral cortical surface area (mm?) and thickness
(mm) were obtained from a genome-wide association meta-analysis of brain
T1-weighted magnetic resonance imaging (MRI) data from 51,665 predominantly
healthy individuals of European ancestry aged between 3.3 and 91.4 years
across 60 cohorts by Enhancing Neuroimaging Genetics through Meta-analy-
sis (ENIGMA) consortium 24, Almost all participants are healthy, except for less
than 1% with psychiatric disorders from included case-control studies out of the
60 cohorts. The cortical surface area was measured at the grey-white matter
boundary and thickness was measured as the average distance between the
white matter and pial surfaces. The total surface area and average thickness
were computed for each participant separately. The genetic associations were
calculated using an additive model within each cohort, adjusted for age, age
squared, sex, sex-by-age interactions and age squared, the first four multidimen-
sional scaling components, and diagnostic status (when the cohort followed a
case-control design) and dummy variables for scanner when applicable.

Hippocampal volume

For gene-hippocampal volume associations, a GWAS meta-analysis from high-res-
olution brain MRl scans in 33,536 healthy individuals aged between 11 and 98
years at 65 sites between the ENIGMA and the CHARGE consortia was used;
mean bilateral hippocampal volume (mm?) was defined as the average of left
and right 25. Genetic associations in the study were assessed within each site,
adjusted for age, age squared, sex, intracranial volume, four multidimensional
scaling components, and diagnostic status when applicable; site effects were
also adjusted for studies with data collected from multiple centers or scanners;
mixed-effects models were additionally used to account for familial relationship
with family data. Since only the z-statistic and p-value for each SNP were provided
in the dataset, we calculated the corresponding estimate of the standardized
regression coefficient for an outcome on an genetic variant () based on the
equation = z statistic X se in the previous study; and se is computed by , where
MAF is the minor allele frequency and N is the sample size 25.

Statistical analysis

We harmonized exposure and outcome GWAS summary statistics by making
alignment of the summary statistics to the forward strand if the forward strand
was known or could be inferred. Palindromic SNPs, that could not to be inferred
to the forward strand and can introduce ambiguity into the identification of the
effect allele in the exposure and outcome GWAS, were removed .

For the main analysis, Inverse-Variance weighted (IVW) regression analysis was
used, which assumes no directional pleiotropic effects of individual instrumental
variable 28, This estimate combines the SNP-specific Wald ratios (gene-outcome
divided by gene-exposure) by using a meta-analysis weighted by the inverse of
the variance of the Wald estimates. Results are expressed as per unit change in
regression coefficient (95% confidence interval) on the outcome of per standard
deviation (SD) change in inflammatory markers. We also performed additional
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sensitivity analyses that take pleiotropy into account, including MR-Egger,
weighted-median estimator, and MR PRESSO (Pleiotropy Residual Sum and
Outlier) 231 In particular, the MR-Egger regression intercept estimates the aver-
age pleiotropic effect across the genetic variants if the MR assumption and the
InSIDE (INstrument Strength Independent of Direct Effect) assumption hold 2°. An
intercept that differs from zero indicates the presence of directional pleiotropy. A
Weighted-Median estimator analysis can provide a valid estimate if at least half
of the instrumental variables are valid 3°. MR-PRESSO was applied when there
were sufficient number of genetic variants to detect and correct for horizontal
pleiotropy through removing outliers with the assumption of more than 50%
valid instruments and balanced pleiotropy and InSIDE 3. We used Cochran’s Q
test statistic to examine the between-SNP heterogeneity; singe-SNP analysis
was used to perform MR on each SNP individually and leave-one-out analysis
was performed to assess if one particular variant could potentially have driven
the association.

Reverse analysis

In order to examine possible presence of reverse causation, we additionally
tested the associations between genetically influenced cognitive performance
and measures of brain atrophy with any of the 41 inflammatory markers. To this
end, we extracted independent genetic variants at genome-wide significant level
for cognitive performance, cerebral cortical surface area and thickness, and
hippocampal volume, from the same GWAS when these are used as outcomes
in the main analyses. We excluded SNPs that were both associated with cerebral
cortical surface area and thickness to maximally eliminate pleiotropic effect.

All the analyses were undertaken using R (v3.6.3) statistical software (The R
Foundation for Statistical Computing, Vienna, Austria). MR analyses were per-
formed using the R package “TwoSample MR” and “MR PRESSO”. We used the
false-discovery rate (FDR)-based multiple comparison, using Benjamini-Hoch-
berg method, to correct for multiple testing. For cognitive performance and its
domains, the adjustments were performed within each trait to avoid excessive
stringency, whereas for cortical measure, the adjustment were performed for
surface area and thickness simultaneously due to the same MRI measurement
for these two traits. An adjusted p-value of 0.05 was considered as statistically
significant.

Results

MR results

At the genome wide significance threshold (p < 5e-08) for instruments selection,
9 out of 41 inflammatory markers with no less than 3 SNPs. F-statistics were
between 29.9 and 789.1, and the variation explained by the genetic variants for
each marker ranged from 1.7% for VEGF to 19.8% for MIP1b, as shown in Table
1. No significant associations between inflammatory markers and any of the
outcome measures were observed after stringent correction for multiple testing.

At a relaxed significance threshold (p < 5e-06) for instruments selection for the
other 32 markers, F-statistics of individual variants ranged from 11.2 to 789.
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Table 1 Summary information of genetic instrumental variables for each
systemic inflammatory marker

p<5e-08 p<5e-06
Exposure Fullname No.of  Variation F-statistics No.of Variation st-atistics
SNPs (%) (range) SNPs (%) (range)

bNGF Nerve Growth Factor Beta 1 11 36.5 8 53 20.8-36.5
CTACK Cutaneous T-cell-attracting chemokine 3 6.3 29.9-142.7 1 127 2151427
Eotaxin - 3 23 32.5-95.2 16 6.8 20.8-95.2
FGFBasic Basic Fibroblast Growth Factor 0 - - 6 2 208-24
GCSF Granulocyte Colony-Stimulating Factor 0 - - 9 6.3 204-25.2
GROa Growth Related Oncogene Alpha 2 6.3 418-1844 10 144 20.7-184.4
HGF Interleukin 10 2 15 40.8-57.3 9 44 20.7-57.3
IFNg Interleukin 12p70 0 - - 9 25 21.9-239
IL10 Hepatocyte Growth Factor 0 - - 6 2 21.3-25.3
IL12p70 Interferon Gamma 0 - - 9 34 20.8-26.5
IL13 Interleukin 13 0 - - 10 84 211-254
IL16 Interleukin 16 2 8.2 311-132 10 16.7 20.9-132
17 Interleukin 17 1 06 39 9 33 20.4-39
IL18 Interleukin 18 4 6.8 318-96.2 19 215 20.6-96.2
IL1b Interleukin 1Beta 0 - - 6 39 13.6-31.6
IL1ra Interleukin 1Receptor Antagonist 0 - - 7 4.9 21.2-23.6
L2 Interleukin 2 0 - - 10 7 20.9-235
IL2ra Interleukin 2 Receptor Alpha Subunit 1 97 167.6-167.6 9 16.9 21.3-167.6
IL4 Interleukin 4 0 - N 1 52 211-26.6
IL5 Interleukin5 0 - - 5 38 221-249
L6 Interleukin 6 0 - - 7 27 216-23.3
L7 Interleukin 7 0 - - 12 123 20.6-26.4
L8 Interleukin 8 0 - - 3 48 221-24.6
L9 Interleukin9 0 - - 7 53 21.2-26.5
IP10 Interferon gamma-induced protein 10 2 19 31.1-32 12 10 21-32
MCP1 Monocyte Chemoattractant Protein-1 3 19 30.3-86.4 13 6 20.9-86.4
MCP3 Macrophage Colony-Stimulating Factor 0 - - 4 83 22-257
MCSF Macrophage migration Inhibitory Factor 1 16 316 8 133 21.3-316
MIE Monokine Induced by interferon- 1 1 39-39 8 81 21239

Gamma
MIG Interleukin 10 1 1 424 17 178 19-424
MIP1a Macrophage Inflammatory Protein 1 0 ) } 9 64 21008

Alpha
MIP1b g;zmphage Inflammatory Protein-1 7 19.8 5827891 22 26.2 20.6-789.1
PDGFbb Platelet Derived Growth Factor BB 4 33 30.8-103.3 14 6.4 21-103.3
RANTES Regulated on Activation, Normal T Cell 1 04 30 1 76 20.9-30

Expressed and Secreted
SCF Stem Cell Factor 1 04 318 9 39 20.8-318
SCGFb Stem Cell Growth Factor Beta 3 6.5 43.3-994 14 137 20.7-99.4
SDF-1a Stromal cell-Derived Factor 1 Alpha 0 - - 9 3.6 1.2-29.2
TNFa Tumor Necrosis Factor Alpha 0 - - 5 6.8 221-24.9
TNFb Tumor Necrosis Factor Beta 1 2 50.9 5 85 21.9-50.9
TRAIL TNF-Related Apoptosis Inducing Ligand 7 18.5 99.4-370 19 244 19.9-370
VEGF Vascular Endothelial Growth Factor 3 17 33.4-429 14 6.5 20.8-42.9

T/h_e_QLQp_QLtiQD_QLtQtaI variance (R?) explained by the individual genetic instrument was calculated using the formula R2=(G X
/2 XMAF(1-MAF) ) . where B is the effect of the genetic.

Instruments for each marker explained the proportional variance from 2.0%
for FGFBasic to 26.2% for MIP1b. The results are generally similar comparing
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Table 2 Associations of systemic inflammation markers with measures of
cognitive performance and measures of brain atrophy

No. of Heterogeneity MR-Egger
Exposure Outcome Method* Beta (95%Cl) padjusted Qvalue intercept (p
SNPs (p value) value)
IL-8 Hippocampal 3 -0103(-0155,-0.051)  0.004 11(0.6)
volume (mm?3)
Weighted-median 3 -0.099(-0.169,-0.282) 0.22
MR-Egger 3 -0.073(-0.154,0.008) 0.92 0.2(0.7) -0.008(0.5)
Fluid
IL-8 IVW 3 0.103(0.042,0.165) 0.041 16 (0.6)
intelligence
score (SD) Weighted-median 3 0.102(0.015,0.186) 045
MR-Egger 3 0.103(-0.001,0.208) 0.86 16(0.3) -0.000 (1.0)

IVW: Inverse variance weighted.

Genetic variants selection was based on p < 5e-06. MR PRESSO (MR Pleiotropy RESidual Sum and Outlier) was not available
due to limited number of SNPs.

Padiusted Fepresents the FDR-based adjusted p-value.

to those obtained at p < 5e-08 for instruments selection of the inflammatory
markers when available, with however narrower confidence intervals (Supple-
mentary Table 1 and 2). In the primary analysis using IVW, genetically predicted
one-SD higher IL-8 was associated with -0.103 (-0.155, -0.051, Pgjusted = 0.004)
mm? smaller hippocampal volume. For different cognitive performance domains,
higher IL-8 was however associated with higher intelligence fluid score [: 0.103
SD (95% CI: 0.042, 0.165), p,_, .q = 0.041], as shown in Table 2. Estimations
from the weighted-median method were generally consistent with those from
IVW, and betas (95%Cls) were -0.099 (-0.169, -0.282,p_, .., = 0.23) and 0.10
(0.018,0.182, p_, ... = 0.4), respectively. No pleiotropic effect was detected via
the MR-Egger intercept (both p value > 0.5). No between-SNP heterogeneity
observed with the Cochran’s Q test statistic. Single-SNP analysis and leave-one-
out analysis indicated that these associations were unlikely driven by a certain
extreme variant (data not shown).

Reverse analyses

In total, respectively 182,121, 6, and 4 SNPs for cognitive performance, cerebral
cortical surface area and thickness, and hippocampal volume that also presented
in the inflammatory marker GWAS were identified. Upon correcting for multiple
testing using FDR, no significant association was detected using IVW method
(Supplementary Table 3). Results from sensitivity MR methods did not differ
substantially compared to the IVW analyses.

Discussion

In this two-sample MR analysis, we used genetic instruments for 41 systemic
inflammatory markers to assess their potential causal associations with cognitive
performance including its three domains (fluid intelligence score, prospective
memory result, and reaction time), and measures of brain atrophy. Genetically
predicted higher levels of IL-8 were associated with smaller hippocampal volume,
but with better fluid intelligence score.
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Systemic inflammation may result in neuronal consequences through several
different pathways: 1) by interacting with blood-brain barrier function through
receptor binding of inflammatory markers or through secretion of immune-active
substances; 2) by neural afferent pathways bypassing the blood-brain barrier
such as via the cranial nerve; and 3) through diffusion from blood through the
perivascular spaces via the circumventricular organs which lack an endothelial
blood-brain barrier 3234, [L-8 is a chemokine produced by several cell types and
functions as a chemoattractant that recruits different types of immune cells to
sites of inflammation by activating predominantly neutrophils and it can actas a
potent angiogenic factor. Higher IL-8 levels, either in circulation or cerebrospinal
fluid, have been associated with poor cognitive performance 3%%. However, IL-8
measured in AD patients was found to be either elevated 5%, decreased 22 or
unchanged ®°. Similarly, we also found conflicting results of IL-8, as it associated
with both smaller hippocampal volume and better fluid intelligence score upon
correction for multiple testing. However, interestingly, in consistent with these
finding, genetically determined higher levels of IL-8 levels were also associated
with better general cognitive performance [8: 0.026 SD (0.007, 0.045), p,;;. =
0.008] although before multiple testing correction only, and the same direction
of effect on prospective memory score [B: -0.016 SD (95% CI: -0.045, 0.012)],
Pagiusted = 0-8], although insignificant.

This inconsistency may be explained by several hypotheses, firstly the different
domains of cognitive performance. Specifically, a previous study specifically
found that increased IL-8 was associated with worse cognitive performance in
the memory and speed domains and in motor function 3. While hippocampal
volume is associated with amnestic, but not non-amnestic domain cognitive
performance *%4' fluid intelligence in the present study was more of a reflection
of executive function. Alternatively, the higher pro-inflammatory status induced
by increased IL-8, might be counter-balanced by the production of higher levels
of anti-inflammatory components, which may differentially affect cognition and
hippocampal volume. As an example, while cortisol, which has potent anti-inflam-
matory effect and is often elevated in response to inflammation, may enhance
alertness and memory, long-term exposure to cortisol may severely damage the
hippocampus #2. In addition, inflammation may cast a dual role in the pathogenesis
of dementia-related conditions particularly in AD 4344, Briefly, in the healthy state
or preclinical stage of neurological diseases, a modest inflammatory response
would be beneficial for the clearance of waste products, whereas in advanced
stages, overreacted excessive inflammatory response that exceeds the capacity
of self-repair would exacerbate the (neuro)inflammation. A fine example is that
lower levels of both C-reactive protein and complement C3, representing a low
inflammation profile, are causally associated with higher risk of AD in the general
Danish population 4546, However, the dynamics of IL-8 in the pathogenesis of
neurological diseases needs further investigation.

Strength and limitations

To the best of our knowledge, we firstly comprehensively tested the causal
associations between multiple inflammatory markers with cognitive perfor-
mance and measures of atrophy. By using two sample MR design, including the
reverse MR study, we maximally avoided the drawbacks of reverse causation
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and residual confounding in observational studies. However, several limitations
need to be taken into account when interpreting the results. First, the activities
of the inflammatory markers are complex, particularly cytokines that are highly
pleiotropic and can act on many different cell types #"#8 and that depending on
the context play roles in repair of tissue damage as well as in (chronic) inflam-
mation. Moreover, individual cytokines can have many functions and different
cytokines can share similar functions, which will induce a series of combined
effects synergistically or antagonistically that functionally alter target cells 4745,
Despite a series attempts have been made by excluding variants that were
identified for multiple cytokines and by performing sensitivity analyses to ensure
the elimination of potential pleotropic effect, no established methodology deals
with such a complex orchestrated traits’ network, and therefore we could not
completely rule out the possibility of bias by directional pleiotropy using current
methods. In addition, given the fact that cytokines rarely manifest their effects
alone but rather work in regulatory networks, gene-gene interaction is important
to disentangle the role of inflammatory markers in health-related conditions “°,
such as risk of AD ®° and other forms of dementia. Second, we used a signifi-
cance threshold of p < 5e-6 for the selection of instrumental variables, which
might have included false-positive variants and consequently bias findings. Since
most of the inflammatory markers are very expensive to measure, the included
GWAS for these markers, although being the largest to date, comprises only
8293 European-ancestry individuals. Compared to the sample sizes of tens
of thousands for other traits, for example, the outcome phenotypes, this might
be too small to detect as many genome-wide significant genetic variants as
possible. Therefore, the selection of a relaxed threshold this is a trade-off with
statistical power. A more stringent threshold results in less available instrumental
variables with subsequently decreased statistical power. Consequently, a null
association identified might not be indicative of absence of evidence, but rather
of insufficient power. In our analyses, for some markers with available instruments
at both thresholds, estimates for the same outcome are comparable (Supple-
mentary Table 1 and 3] but with smaller confidence interval given increased
power. Furthermore, in previous MR studies, when it comes to complex traits,
such as depression, with limited genetic variants at p < 5e-08 level, a more
relaxed p-value (p < 1e-6) has been adopted and successfully disentangled the
bidirectional causal relationships between physical activity and depression in
MR analyses 5'. Taken together, we also used a relaxed threshold to identify any
possible link between systemic inflammatory markers with outcome. However,
more studies are needed to confirm these possible associations, particularly
using genetic variants from GWAS with larger sample size. Lastly, this study is
performed based on populations with European ancestry thus the results could
be not representative of other groups with different ethnic backgrounds.

Conclusion

In conclusion, our MR study found some evidence to support a causal association
of higher genetically determined IL-8 level and better cognitive performance and
smaller hippocampal volume. Further research is needed to elucidate mechanisms
underlying these associations, and to assess the suitability of these markers as
potential preventive or therapeutic targets.

190



CHAPTER 9

References

1.

10.

1.

12.

13.

14.

15.

Martin Prince., Anders Wimo., Maélenn Guerchet., Gemma-Claire Ali., Yu-Tzu Wu., Matthew
Prina. World Alzheimer Report 2015: the global impact of dementia: an analysis of prevalence,
incidence, cost and trends. 2015.

G. Livingston, A. Sommerlad, V. Orgeta, et al. Dementia prevention, intervention, and care.
Lancet 2017; 390(10113): 2673-734.

L. L. Beason-Held, J. O. Goh, Y. An, et al. Changes in brain function occur years before the
onset of cognitive impairment. J Neurosci 2013; 33(46): 18008-14.

H. A. Fink, E. Jutkowitz, J. R. McCarten, et al. Pharmacologic Interventions to Prevent Cogni-
tive Decline, Mild Cognitive Impairment, and Clinical Alzheimer-Type Dementia: A Systematic
Review. Ann Intern Med 2018; 168(1): 39-51.

X. N. Shen, L. D. Niu, Y. J. Wang, et al. Inflammatory markers in Alzheimer’s disease and
mild cognitive impairment: a meta-analysis and systematic review of 170 studies. J Neurol
Neurosurg Psychiatry 2019; 90(5): 590-8.

S. K. L. Darweesh, F. J. Wolters, M. A. Ikram, F. de Wolf, D. Bos, A. Hofman. Inflammatory
markers and the risk of dementia and Alzheimer’s disease: A meta-analysis. Alzheimers
Dement 2018; 14(11): 1450-9.

A. Koyama, J. O’Brien, J. Weuve, D. Blacker, A. L. Metti, K. Yaffe. The role of peripheral
inflammatory markers in dementia and Alzheimer’s disease: a meta-analysis. J Gerontol A
Biol Sci Med Sci 2013; 68(4): 433-40.

K. S. P. Lai, C. S. Liu, A. Rau, et al. Peripheral inflammatory markers in Alzheimer’s disease:
a systematic review and meta-analysis of 175 studies. J Neurol Neurosurg Psychiatry 2017;
88(10): 876-82.

K. A. Walker, R. F. Gottesman, A. Wu, et al. Systemic inflammation during midlife and cog-
nitive change over 20 years: The ARIC Study. Neurology 2019; 92(11): e1256-e67.

C. Serre-Miranda, S. Roque, N. C. Santos, et al. Cognition Is Associated With Peripheral
Immune Molecules in Healthy Older Adults: A Cross-Sectional Study. Front Immunol 2020;
11: 2045.

W. Wang, Y. Sun, D. Zhang. Association Between Non-Steroidal Anti-Inflammatory Drug
Use and Cognitive Decline: A Systematic Review and Meta-Analysis of Prospective Cohort
Studies. Drugs Aging 2016; 33(7): 501-9.

F. Jordan, T. J. Quinn, B. McGuinness, et al. Aspirin and other non-steroidal anti-inflammatory
drugs for the prevention of dementia. Cochrane Database of Systematic Reviews 2020; (4).
Bruno P. Imbimbo, Vincenzo Solfrizzi, Francesco Panza. Are NSAIDs useful to treat Alzhei-
mer’s disease or mild cognitive impairment? Frontiers in aging neuroscience 2010; 2: 19.
D. A. Lawlor, R. M. Harbord, J. A. Sterne, N. Timpson, G. Davey Smith. Mendelian random-
ization: using genes as instruments for making causal inferences in epidemiology. Stat Med
2008; 27(8): 1133-63.

C. H. C. Yeung, C. M. Schooling. Systemic inflammatory regulators and risk of Alzheimer’s
disease: a bidirectional Mendelian-randomization study. Int J Epidemiol 2020.

191




16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

192

Panagiota Pagoni, Laura D. Howe, George Davey Smith, Yoav Ben-Shlomo, Evie Stergiakouli,
Emma L. Anderson. Causal effects of circulating cytokine concentrations on risk of Alzhei-
mer’s disease: A bidirectional two-sample Mendelian randomization study. medRxiv 2020:
2020.11.18.20232629.

L. Fani, M. K. Georgakis, M. A. [kram, M. K. Ikram, R. Malik, M. Dichgans. Circulating biomark-
ers of immunity and inflammation, risk of Alzheimer’s disease, and hippocampal volume: a
Mendelian randomization study. Transl Psychiatry 2021; 11(1): 291.

F. Jessen, R. E. Amariglio, M. van Boxtel, et al. A conceptual framework for research on
subjective cognitive decline in preclinical Alzheimer’s disease. Alzheimers Dement 2014;
10(6): 844-52.

L. Pini, M. Pievani, M. Bocchetta, et al. Brain atrophy in Alzheimer’s Disease and aging.
Ageing Res Rev 2016; 30: 25-48.

A. V. Ahola-Olli, P. Wiirtz, A. S. Havulinna, et al. Genome-wide Association Study ldentifies
27 Loci Influencing Concentrations of Circulating Cytokines and Growth Factors. Am J Hum
Genet 2017;100(1): 40-50.

T. M. Teslovich, K. Musunuru, A. V. Smith, et al. Biological, clinical and population relevance
of 95 loci for blood lipids. Nature 2010; 466(7307): 707-13.

J. J. Lee, R. Wedow, A. Okbay, et al. Gene discovery and polygenic prediction from a genome-
wide association study of educational attainment in 1.1 million individuals. Nat Genet 2018;
50(8): 1112-21.

C. Fawns-Ritchie, I. J. Deary. Reliability and validity of the UK Biobank cognitive tests. PLoS
One 2020; 15(4): e0231627.

K. L. Grasby, N. Jahanshad, J. N. Painter, et al. The genetic architecture of the human cerebral
cortex. Science 2020; 367(6484).

D. P. Hibar, H. H. H. Adams, N. Jahanshad, et al. Novel genetic loci associated with hippo-
campal volume. Nat Commun 2017; 8: 13624.

Z. Zhu, F. Zhang, H. Hu, et al. Integration of summary data from GWAS and eQTL studies
predicts complex trait gene targets. Nat Genet 2016; 48(5): 481-7.

Fernando Pires Hartwig, Neil Martin Davies, Gibran Hemani, George Davey Smith. Two-sam-
ple Mendelian randomization: avoiding the downsides of a powerful, widely applicable but
potentially fallible technique. International journal of epidemiology 2016; 45(6): 1717-26.
S. Burgess, R. A. Scott, N. J. Timpson, G. Davey Smith, S. G. Thompson. Using published
data in Mendelian randomization: a blueprint for efficient identification of causal risk factors.
Eur J Epidemiol 2015; 30(7): 543-52.

J. Bowden, G. Davey Smith, S. Burgess. Mendelian randomization with invalid instruments:
effect estimation and bias detection through Egger regression. Int J Epidemiol 2015; 44(2):
512-25.

J. Bowden, G. Davey Smith, P. C. Haycock, S. Burgess. Consistent Estimation in Mendelian
Randomization with Some Invalid Instruments Using a Weighted Median Estimator. Genet
Epidemiol 2016; 40(4): 304-14.

M. Verbanck, C. Y. Chen, B. Neale, R. Do. Detection of widespread horizontal pleiotropy in
causal relationships inferred from Mendelian randomization between complex traits and
diseases. Nat Genet 2018; 50(5): 693-8.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.

CHAPTER 9

A. Fung, M. Vizcaychipi, D. Lloyd, Y. Wan, D. Ma. Central nervous system inflammation in
disease related conditions: mechanistic prospects. Brain Res 2012; 1446: 144-55.

A. Varatharaj, I. Galea. The blood-brain barrier in systemic inflammation. Brain Behav Immun
2017; 60: 1-12.

T. Lin, G. A. Liu, E. Perez, et al. Systemic Inflammation Mediates Age-Related Cognitive
Deficits. Front Aging Neurosci 2018; 10: 236.

D. Galimberti, N. Schoonenboom, P. Scheltens, et al. Intrathecal chemokine synthesis in mild
cognitive impairment and Alzheimer disease. Arch Neurol 2006; 63(4): 538-43.

B. T. Baune, G. Ponath, J. Golledge, et al. Association between IL-8 cytokine and cognitive
performance in an elderly general population--the MEMO-Study. Neurobiol Aging 2008;
29(6): 937-44.

R. Taipa, S. P. das Neves, A. L. Sousa, et al. Proinflammatory and anti-inflammatory cytokines
in the CSF of patients with Alzheimer’s disease and their correlation with cognitive decline.
Neurobiol Aging 2019; 76: 125-32.

R. Hesse, A. Wahler, P. Gummert, et al. Decreased IL-8 levels in CSF and serum of AD patients
and negative correlation of MMSE and IL-1B8. BMC Neurol 2016; 16(1): 185.

W. Swardfager, K. Lanct6t, L. Rothenburg, A. Wong, J. Cappell, N. Herrmann. A meta-analysis
of cytokines in Alzheimer’s disease. Biol Psychiatry 2010; 68(10): 930-41.

I. A. Clark, A. M. Monk, V. Hotchin, et al. Does hippocampal volume explain performance
differences on hippocampal-dependant tasks? Neuroimage 2020; 221: 117211.

M. Grundman, C. R. Jack, Jr., R. C. Petersen, et al. Hippocampal volume is associated with
memory but not monmemory cognitive performance in patients with mild cognitive impair-
ment. J Mol Neurosci 2003; 20(3): 241-8.

R. M. Sapolsky, L. M. Romero, A. U. Munck. How do glucocorticoids influence stress responses?
Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr Rev 2000;
21(1): 55-89.

R. Hohlfeld, M. Kerschensteiner, E. Meinl. Dual role of inflammation in CNS disease. Neurology
2007; 68(22 Suppl 3): S58-63; discussion S91-6.

C. Zheng, X. W. Zhou, J. Z. Wang. The dual roles of cytokines in Alzheimer’s disease: update
on interleukins, TNF-a, TGF-$ and IFN-y. Transl Neurodegener 2016; 5: 7.

S. H. Hegazy, J. Q. Thomassen, |. J. Rasmussen, B. G. Nordestgaard, A. Tybjaerg-Hansen,
R. Frikke-Schmidt. C-reactive protein levels and risk of dementia-Observational and genetic
studies of 111,242 individuals from the general population. Alzheimers Dement 2022.

193




Supplementary Materials

Supplementary Table 1Information of the systemic inflammatory markers
Supplementary Table 2 Validation of significant association of systemic inflam-
mation markers with measures of brain atrophy with the p value threshold of <

5e-08 for instrumental variables selection

Supplementary Table 3 Association of systemic inflammation markers with
cognitive performance and brain atrophy in Inverse-variance Weighted analysis

Supplementary Figure 1 Power calculation for different outcomes
Supplementary Figure 2 Single SNP analyses
Supplementary Figure 3 Leave-one-out analysis

The Supplementary materials for this article can be found online at:
https://link.springer.com/article/10.1007/s11357-022-00602-7

194



CHAPTER 9

195






CHAPTER10

Main findings and future perspectives



SUMMARY OF MAIN FINDINGS

The overall aim of this thesis was to disentangle the role of oxidative stress
in chronic disease, with a focus on cardiovascular disease (CVD) and related
cardiometabolic risk factors. The results derived from the studies described in
this thesis addressed two main questions with the application of state-of-the-art
epidemiological research methods: 1) at a population level, whether mitochondrial
dysfunction is a causal risk factor in the development of atherosclerotic CVD and
related intermediate risk factors (Part Il), and 2) whether dietary antioxidants
impose any clinical-relevant benefits in the prevention of atherosclerotic CVD
(Part Il). In addition, this thesis also sheds light on the role of inflammation in
neurological diseases (Part IV). Furthermore, the implications of the work com-
prised in this thesis for future research are discussed in this part.

In Chapter 2, we reviewed the current biological knowledge of oxidative stress
and its relation to ageing and age-related diseases in experimental and epide-
miological studies. Despite reactive oxygen species being closely involved in
the maintenance of cell function via a diverse array of signaling pathways, their
overproduction leads to oxidative-related macromolecule damage and mitochon-
drial dysfunction which further result in altered lifespan and the manifestation
of multiple age-related diseases. However, the associations between oxidative
stress with diseases, such as CVD, are yet inconclusive, especially based on the
findings from different antioxidants in observational studies and randomized
clinical trials (RCTs). Nevertheless, several weaknesses in the study design and
the concept of antioxidative capacity should be considered when interpreting
those conflicting results. Moreover, novel and specific biomarkers of oxidative
damage are warranted to monitor the effect of antioxidants supplementation.

In the general population, changes in leukocyte mitochondrial DNA copy num-
ber (mtDNA-CN) have been proposed to be a proxy for mitochondrial function
and mtDNA-CN is becoming an attractive biomarker due to its relative ease of
measurement. In Chapter 3 and 4, in line with the principles of triangulation in
etiological studies, we examined the role of mtDNA-CN in CVD and metabolic
traits using a combination of a prospective cohort design in the UK biobank fol-
lowed by a Mendelian randomization (MR) approach. In Chapter 3, observational
analyses among participants free of CVD at study inclusion showed that low
mtDNA-CN was a risk factor of both incident coronary artery disease and heart
failure. Using MR with summary-level data from the currently largest genetic
consortia and biobanks, these associations were validated for coronary artery
disease, but not for heart failure likely, which might be due to the phenotypic
heterogeneity of heart failure. In Chapter 4, we further explored the association
between mtDNA-CN with 168 blood-derived metabolomic measures of predom-
inantly lipids and lipoproteins (sub)particles measured by using the Nightingale
NMR-based platform. We observed associations between low mtDNA-CN and
an atherogenic metabolomic profile, characterized by high levels of most lipids.
These findings suggest that mitochondrial dysfunction, as proxied by mtDNA-CN,
may have an influence on lipid dysregulation, a well-documented risk factor for
atherosclerosis and a causal risk factor in the pathogenesis of atherosclerotic
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CVD. Further studies are needed to test its validity in patients’ risk classification
and disease prevention.

In Chapter 5, we investigated the potential causal association between mul-
tiple circulating antioxidants and coronary heart disease using an MR design,
including up to 768,121 participants with 93,230 cases from three large genetic
consortia. We provided evidence that genetically predicted and thus lifelong
higher circulating antioxidants levels, either as authentic circulating levels that
are similar in magnitude to those achieved by dietary supplements or concen-
trations of corresponding metabolites, are unlikely to reduce the risk of coronary
heart disease. However, the circulating antioxidant levels may not be equivalent
to the authentic functional levels, particularly in the case of vitamin E with dis-
tinct catabolism upon oxidative modification. This highlights the need to link the
markers that are specific for antioxidant capacity, i.e. antioxidants’ functional
levels, to CVD and related risk factors.

Vitamin E can be catabolized via either hepatic enzymatic pathways or oxidized
in periphery’. In the hepatic pathway, vitamin E is enzymatically converted to a
spectrum of enzymatic metabolites with successive shortening of the phytyl side
chain. Alternatively, vitamin E acts as peroxyl lipid radicals scavenger and forms
oxidized metabolites with the opening of the chromanol ring. These metabolites
are predominantly excreted from the body via urine. In Chapter 6 and 7, we
focused on the cross-sectional associations between circulating vitamin E, urinary
enzymatic and oxidized metabolites, and cardiometabolic traits in approximately
500 middle-aged healthy individuals from the Netherlands Epidemiology of Obe-
sity (NEO) Study. In Chapter 6, we specifically found that higher urinary levels
of oxidized metabolites, but neither circulating vitamin E nor urinary enzymatic
metabolites, were associated with lower insulin resistance. Similarly, in Chapter
7, we found that the associations of 147 NMR-based metabolomic measures,
mostly consisting of lipids and lipoprotein (sub)particles, with enzymatic metab-
olites, have directions similar to those with circulating vitamin E. However,
associations of metabolomic measures with oxidized metabolites were markedly
different from those with both circulating vitamin E and enzymatic metabolites.
These findings highlight that circulating vitamin E may be representative of the
enzymatic catabolism but not the antioxidative function of vitamin E.

Inflammation is inextricably linked to oxidative stress. While the association
between inflammation and atherosclerotic CVD is well-established, its role in
neurological diseases is not clear. In Chapter 8, we investigated the bidirectional
association between inflammatory bowel disease (IBD), as a disease model of
sustained chronic inflammation, and depression using MR study in a combined
sample size of 693 183 individuals (36 507 cases) for IBD and 534 635 individ-
uals (71 466 cases) for depression, respectively. No association was observed
between genetically influenced IBD and risk of depression, whereas genetically
predicted depression was associated with a higher risk of IBD. In Chapter 9,
we explored the causal effect of 41 systemic inflammatory markers on cognitive
function and brain atrophy measures using an MR design. Similarly, no significant
association after correcting for multiple testing was observed between 40 out of
41 inflammatory markers and any of the brain outcomes. These results however
could not refute the role of inflammation in neurological diseases. In contrast, it
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may indicate that rather than being a cause, an excessive inflammatory response
is likely a consequence of neurological diseases.
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FUTURE PERSPECTIVES

Antioxidants in chronic disease

The benefits of antioxidants have been widely hyped by the media and food
industries. Their easy access largely facilitates the popularity of antioxidants
supplementation in the general population. Based on the results derived from
this thesis, some clinical experts now suggest stopping exploring the assumed
protective effect of individual antioxidants in RCTs for atherosclerotic CVD2.
However, from our perspective, it is still not the end of antioxidant supplemen-
tation as an easy and cheap method for chronic diseases prevention.

Antioxidant supplementation is often aimed at increasing circulating levels of
antioxidants. However, the circulating levels are not necessarily corresponding
to their functional levels in most of the cases due to several influential factors
such as genetic background, individual health status, and the levels of other anti-
oxidants in the circulation. For example, vitamin E shares common mechanisms
for cellular uptake and efflux with cholesterol in many different cell types that
are tightly regulated by genes®. Once taken up by cells, the intracellular distri-
bution of antioxidants to organelles is regulated by different transport proteins
binding to vitamin E, such as a-tocopherol transfer protein. In addition, vitamin C
regenerates vitamin E by reducing vitamin E radicals formed during scavenging
radicals. Hence, it could happen that an individual with higher supplementation
with subsequently higher circulating levels has lower functional levels in certain
target locations, e.g., mitochondria, to counteract overwhelming local production
of oxidants. Due to the differences in antioxidant capacity among individuals,
even identical supplementation strategies may possibly not lead to the same
health outcomes. Therefore, monitoring the effect after supplementation with
plausible biomarkers is of great interest. The ideal approach to monitor the sup-
plementation effect is to measure the direct change of scavenging antioxidants.
Although this is not possible for many antioxidants, it might be feasible in the
case of vitamin E, where its urinary oxidized metabolites but not enzymatic ones
are associated with CVD risk factors and thus represent the functional levels.

Furthermore, the selection of a proper population for supplementation is also
critical in addition to rigorous monitoring strategies. Factors that could alter the
total antioxidative capacity in the body should be considered. For example, met-
abolic syndrome patients had approximately 12% greater oxidation reduction
potential and 59% lower total amount of readily oxidizable molecule reserves
compared with healthy adults*. The bioavailability of vitamin E was shown to
be reduced and the elimination delayed in these patients who have increased
lipid peroxidation, independent of the co-ingested dairy fat amount®. Likewise,
individuals with hyperlipidemia have been found to have reduced uptake of the
newly absorbed vitamin E into blood®. Therefore, supplementation should be
administrated to a population who are most likely to benefit. This group of popu-
lation should be selected based on certain features (e.g., genotype, nutritional or
health conditions, etc.) which could induce significant heterogeneous responses,
for example, participants with different haptoglobin genotype. Haptoglobin
binds hemoglobin with high affinity and stability, avoiding the release of heme
iron from hemolysis into circulation, consequently preventing the production of
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hydroxyl radical. Vitamin E supplementation has been shown to be associated
with an approximately 35% reduction in CVD specifically in individuals with
both diabetes and haptoglobin 2-27. Furthermore, as mitochondria are among
the most important vulnerable sites to oxidative stress, mitochondrial dysfunc-
tion may serve as the biomarker of oxidative damage for population selection
for supplementation. Particularly, mtDNA-CN might be a proxy of mitochondrial
dysfunction due to its possible causal role in atherosclerotic CVD. Indeed, in a
previous study, adding mtDNA-CN to the 2013 American College of Cardiology/
American Heart Association assessment tool further improves discrimination for
CVD events that is mainly driven by the improvement for coronary heart disease
risk, as well as improves sensitivity and specificity on initiating statin therapy for
primary prevention of atherosclerotic CVD?.

Notwithstanding, chronic diseases are multifactorial with heterogeneous patho-
physiology and do not fit with the “one cause - one mechanism - one disease
- one therapy” paradigm. A single strategy that only targets oxidative stress
might not be sufficient to show significant pathophysiological effects on the
complex pathways. Alternatively, “multifactor - multi-treatments” could be more
effective since there are possible synergistic benefits from two or more agents
with acceptable safety and efficacy. A combination of treatments, for example,
traditional treatment plus antioxidants supplementation as adjuvant therapy, may
achieve better outcomes than antioxidants supplementation only. For instance,
middle-aged type 2 diabetic patients who received metformin treatment plus
vitamin E and/or vitamin C had significant improvement of glucose measures as
well as lipid profiles compared to patients with metformin treatment®.

Collectively, further exploration of antioxidants in the prevention and treatment
of CVD will remain important given their clear role in disease pathogenesis.
Well-selected participants for supplementation and better biomarkers to mon-
itor supplementation effects in trials can provide further insight into the role of
antioxidants in CVD.

Inflammation in neurological diseases

Inflammation has emerged as an important mechanism in almost all neurolog-
ical diseases, including depression and neurodegenerative diseases, such as
Alzheimer’s disease (AD)'"*". Inflammation contributes to disease pathogenesis
via both the periphery and central nervous system, the latter of which is often
referred to as neuroinflammation that is characterized by microglial activation
and the presence of infiltrating leukocytes in the brain parenchyma. Genetic and
epidemiological studies have shown robust associations between inflammation
and neurological disease, however, therapeutic strategies against inflammation
have been proven not very successful. This will be discussed taking AD as an
example in this section.

In humans, several genetic variants associated with AD have been discovered
in genome-wide association studies (GWAS) and are mapped to genes that
are involved in regulating the innate immune response both within the central
nervous system and in the blood. For example, genes that encode proteins
involved in the regulation of complement activation and phagocytic function
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of myeloid cells have been associated with AD, such as Triggering Receptor
Expressed On Myeloid Cells (TREM2)'2'3, CD33", clusterin (CLU"), and com-
plement component (3b/4b) receptor 1 (CR1)'®'. Similarly, in epidemiological
case-control studies, peripheral inflammation, characterized by high levels of
pro-inflammatory proteins such as interleukin-6 and C-reactive protein (CRP)
in blood, is related to cognitive decline and neurodegeneration. Moreover,
long-term use of non-steroidal anti-inflammatory drugs also reduces the risk
for developing AD in large prospective cohorts®2°. Nevertheless, in RCTs, both
steroid and non-steroidal anti-inflammatory drugs generally failed to show any
beneficial effect on cognition or overall AD severity?'22,

Importantly, it is worth noting that there might be a dual role of inflammation
in the progression of diseases, similar to the role of oxidative stress in chronic
diseases. The inflammation dynamics frames the AD progress within a lifelong
perspective of adaption to inflammatory insults induced by debris and misfolded
proteins. Indeed, several studies have shown that the functions of microglia are
stage-specific and change dynamically with AD progression. At the preclinical
or early stages of AD, microglia can be neuroprotective assisting the clearance
of accumulated amyloid beta protein, a major pathological hallmark of AD,
whereas at the advanced stages of AD, microglia lose their protective function
and shift to a more proinflammatory state via releasing numerous cytokines and
chemoattractants, exacerbating neuroinflammation?3. Similarly, blood monocytes
that are capable to work in the blood and to infiltrate into the brain to clear amy-
loid-beta, share the same dynamics as microglia in the progression of AD?425,
This may partly explain the null effects in anti-inflammatory related trials in AD,
where suppression of inflammation in patients at the early stages of AD would
hypothetically unintendedly inhibit immune cell-mediated phagocytosis, in
addition to other heterogeneities in RCTs such as drug dosage, administration
time, and duration of the follow-up. Therefore, a too low systemic inflammatory
response would probably lead to a less efficient clearance of waste products
thus being associated with a high risk of AD.

Nevertheless, current evidence has been predominantly focused on a high inflam-
matory response in diseases, and few studies have explored the associations
between a low inflammatory response and risk of neurological diseases including
AD. Not surprisingly, in longitudinal studies in the general population, low levels
of circulating CRP?¢, complement component 3 (C3)?’, and apolipoprotein E2829
were observed to be associated with a higher risk of developing AD and all-cause
dementia. This highlights the importance to consider the dynamics of inflamma-
tion in the development and progression of neurological diseases, particularly
the shift from a beneficial to a harmful role. An in-depth understanding of the
dual and complex role of inflammation may provide promising opportunities
to identify novel biomarkers in the early detection of disease and facilitate trial
designs for drug development.

Mendelian randomization in genetic epidemiology
The rapid technological development and decreased costs in genetic epide-
miology have facilitated us to investigate the genetic makeup of multiple com-
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plex traits. Notably, the sample size of the datasets for genetic associations
has expanded largely in the last few years for the discovery and replication of
genome-wide association studies (GWAS) findings, and more and more genetic
variants are discovered. This covers a broad range of diseases, lifestyle-related
phenotypes, and molecules measured using -omics platforms, including metab-
olomics®®3" and proteomics®233, On the one hand, tremendous summary-level
data from GWAS are publicly available from most of the large genetic consortia.
On the other hand, established mega-biobanks provide another fertile source
to conduct research with well-genotyped and high-quality phenotypic data,
such as UK Biobank?®*, Estonian Biobank?®®, China Kadoorie Biobank?3¢, Million
Veteran Program®, and FinnGen with longitudinal population-based cohort
design. Importantly, individual-level data from biobanks with open access upon
requirement offers opportunities for in-depth analyses, for example, generating
summary statistics with desired covariates adjusted to avoid potential collider
bias, conducting subgroup analyses, and investigating non-linear causal effects
between exposure and outcome.

The unprecedented availability of these types of data leads to the extreme
popularity of MR in research with relatively little effort and expense. Alongside,
methodologies related to MR analyses have been considerably advanced over the
past ten years. Various novel research methods and extensions of the basic MR
design have been proposed in MR analyses attempting to account for possible
violations of the instrumental variable assumptions and to overcome potential
pitfalls®®. These methodological approaches include sensitivity analyses of weight-
ed-median estimator®® and MR-Egger*® to handle pleiotropy, bidirectional-MR
to evaluate causal directions of effect between two traits*!, two-step MR*? and
network MR*® to assess mediation, multivariable MR to deal with genetically cor-
related exposures**, multifactorial MR to account for exposure interaction*®, and
MR-clust to cluster genetic variants with similar causal effects*®, among others.
These developments substantially raise the implementation and transparency
with relative ease to perform MR analyses, especially using the two-sample
approach*’. In the last decade, there has been an exponential acceleration in
the number of publications on MR, both in methodology and application, from
61 hits in 2010 to about 1300 in 2021 retrieved from PubMed.

Although available methods allow for rigorous analysis and robust causal infer-
ence with different situations, almost all methods assume a linear relationship
between the exposure and outcome. It is worth emphasizing that the associations
between oxidative stress with CVD are unlikely to be linear“®. The contributions
to a large proportion of CVD from oxidative stress are predominantly among
individuals who have excessive amounts of oxidants or insufficient amounts of
antioxidants. It is thus important to be aware that any of the relationships are
more likely to be detected in specific groups that have a low antioxidants con-
centration or high oxidative damage. An example goes with the vitamin D debate:
high circulating 25-hydroxyvitamin (25[OH]D) are associated with a decreased
risk of several diseases and mortality in epidemiological observational studies,
whereas RCTs of vitamin D supplementation or two-sample MR approach using
summary statistics showed null findings. Interestingly, stratified MR analyses
based on individual-level data according to baseline 25(0OH)D concentrations
suggest a causal relationship between 25(OH)D concentrations and mortality
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for individuals with low vitamin D status*®. Therefore, the inclusion of the over-
all population in MR studies might be inappropriate and will bias the estimate
towards null unless a clear linear association has been shown. The use of proper
data and methods®5%5! could identify causal non-linear relationships that might
otherwise be undetected.

Furthermore, despite the identified risk factors that could be used for risk classifi-
cation using prediction, the translation of the effects obtained from MR to clinical
interventions should be done with caution. The MR estimates are the effects of
genetically predicted risk factors on outcomes, thus representing the effects of
lifelong differences in the level of the investigated risk factors. In the real-world
studies, therapeutically induced changes in the risk factors by interventions in
RCTs normally last only for the duration of the trial, thus representing a short- to
medium- period effect of the differences in the risk factor. However, most causal
risk factors seem to have cumulative effects on the outcome over time. Conse-
quently, the anticipated effects of RCTs evaluating therapies targeted causal
risk factors might be smaller than those from MR studies, especially in chronic
diseases with a long development time. Notably, lifelong exposure to per unit
lower plasma low-density lipoprotein showed a 3-fold greater reduction in the
risk of coronary heart disease than that observed in RCTs with statin treatment
started later in life52.

Taken together, implementation of the best practical MR methodology is needed
to infer causality between risk factors with chronic diseases. A cautious appli-
cation of the results to intervention with optimal strategies will lead to potential
targets for the prevention and treatment of chronic diseases.
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Het hoofddoel van dit proefschrift is het ontrafelen van de causale rol van oxi-
datieve stress, gemeten door antioxidanten spiegels in bloed en mitochondriaal
DNA-kopieaantal (mtDNA-CN), bij het ontstaan van chronische ziekten. In dit
proefschrift is de nadruk gelegd op het onderzoek naar cardiometabole ziekten
en verwante risicofactoren door het toepassen van conventionele epidemiolo-
gische technieken in combinatie met Mendeliaanse Randomisatie. De studies
beschreven in dit proefschrift hebben antwoord gegeven op twee hoofdvragen
na toepassing van innovatieve epidemiologische onderzoeksmethoden op pop-
ulatieniveau, namelijk: 1) of mitochondriale disfunctie een causale risicofactor is
in de ontwikkeling van atherosclerotische cardiovasculaire ziekten en verwante
risicofactoren (Deel Il), en 2) of antioxidanten in de voeding klinisch relevante
voordelen opleveren bij de preventie van atherosclerotische cardiovasculare
ziekten (Deel lll). Daarnaast werpt dit proefschrift licht op de rol van ontsteking,
welke een bron kan zijn van verhoogde oxidatieve stress , bij neurologische
aandoeningen (Deel V).

De Mendeliaanse Randomisatie techniek gebruikt genetische varianten die sterk
verband houden met de blootstelling om het causale effect van modificeerbare
risicofactoren op uitkomsten te onderzoeken. Genetische varianten die reeds bij
de conceptie worden geérfd worden willekeurig doorgegeven tijdens de meiose
en kunnen worden gebruikt als proxies van de blootstellingsniveaus. Als gevolg
van het willekeurig doorgeven van overerfbaar materiaal worden individuen
verdeeld in twee vergelijkbare groepen. Degenen die het effect-allel dragen
(bijvoorbeeld met een verhoogd blootstellingsniveau, zoals een verhoogd LDL
cholesterol) worden toegewezen aan de groep met hogere blootstellingsniv-
eaus, terwijl degenen die het alternatieve allel dragen, worden toegewezen aan
de groep met lagere blootstellingsniveaus. Omdat al het genetisch materiaal
willekeurig wordt doorgegeven, kunnen genetische varianten niet gerelateerd
zijn aan mogelijk verstorende factoren die de relatie tussen de blootstelling en
de uitkomst beinvloeden en kan elk verschil in uitkomsten tussen genetisch
gedefinieerde groepen direct worden toegeschreven aan de blootstelling. Om
deze reden wordt Mendeliaanse Randomizatie beschouwd als een "natuurlijk
experiment”, dat een gerandomizeerde klinische studie kan nabootsen, waarbij
individuen worden gerandomiseerd op basis van een genetische variant in plaats
van een bepaalde interventie (bijvoorbeeld een farmeutisch middel).

In Hoofdstuk 2 wordt de huidige biologische kennis van oxidatieve stress en de
relatie met veroudering en ouderdomsgerelateerde ziekten in experimentele en
epidemiologische studies besproken. Ondanks dat reactieve zuurstofradicalen
nauw betrokken zijn bij het in stand houden van de normale celfunctie via een
breed scala aan signaalroutes, leidt overproductie tot oxidatieve schade aan
macromoleculen en verstoort het de mitochondriéle functie, wat kan leiden tot
een kortere levensduur en de manifestatie van meerdere ouderdomsgerelateerde
ziekten. De rol van oxidatieve stress in het ontstaan van ziekten, zoals hart- en
vaatziekten, is echter nog niet eenduidig; vooral op basis van de tegenstrijdige
bevindingen van verschillende antioxidanten in observationele epidemiologis-
che cohort studies en gerandomiseerde klinische onderzoeken. Desalniettemin
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moeten verschillende zwakke punten in het onderzoeksontwerp en het concept
van antioxidatieve capaciteit in overweging worden genomen bij het interpre-
teren van de tegenstrijdige resultaten. Bovendien zijn nieuwe en specifieke
biomarkers van oxidatieve schade gerechtvaardigd om het effect van suppletie
met antioxidanten beter te kunnen volgen in het lichaam.

In de algemene bevolking, worden veranderingen in de hoeveelheid mitochon-
driaal DNA (mtDNA-CN) in witte bloed cellen verondersteld een goede proxy
te zijn voor de mitochondriale functie. Om deze reden wordt het mtDNA-CN
gezien als een aantrekkelijke biomarker omdat dit relatief gemakkelijk in grote
aantallen kan worden gemeten. In Hoofdstuk 3 en 4 is, in lijn met de principes
van triangulatie in etiologische (epidemiologische) studies, de rol van mtDNA-CN
in cardiovasculaire ziekten en bloed metabolieten onderzocht met behulp van
een combinatie van een prospectief cohortontwerp in de grote UK Biobank,
entoepassing van de Mendeliaanse Randomisatie techniek. In Hoofdstuk 3
lieten observationele prospectieve analyses onder deelnemers die vrij waren van
hart- en vaatziekten bij inclusie van de studie zien dat een laag mtDNA-CN een
risicofactor was voor zowel het ontwikkelen van coronair vaatlijden als hartfalen.
Met behulp van Mendeliaanse Randomisatie, op basis van gegevens die zijn
gegenereerd door de momenteel grootste genetische consortia en biobanken,
werden deze associaties gevalideerd voor coronair vaatlijden, maar niet voor hart-
falen. Het uitblijven van het vinden van een relatie tussen mtDNA-CN en hartfalen
met Mendeliaanse Randomisatie is waarschijnlijk te wijten aan de fenotypische
heterogeniteit van hartfalen. In Hoofdstuk 4 hebben we de associatie tussen
mtDNA-CN met 168 bloedmetabolieten van voornamelijk lipiden en lipoproteinen
(sub)deeltjes verder onderzocht met behulp van het Nightingale NMR-geba-
seerde metabolomics platform. We hebben associaties waargenomen tussen
laag mtDNA-CN en een meer atherogeen metabolieten profiel, dat gekenmerkt
wordt door hogere niveaus van de meeste lipiden in bloed. Deze bevindingen
suggereren dat mitochondriale dysfunctie, zoals benaderd door mtDNA-CN, een
invloed kan hebben op lipidendysregulatie, welke een goed gedocumenteerde
risicofactor is voor het ontstaan van atherosclerose en een causale risicofactor
is in de pathogenese van atherosclerotische cardiovasculaire ziekten. Verdere
studies zijn nodig om de validiteit hiervan in de risicoclassificatie van patiénten
en ziektepreventie te onderzoeken.

In Hoofdstuk 5 onderzochten we het mogelijke causale verband tussen meer-
dere circulerende antioxidanten en coronaire hartziekten met behulp van Men-
deliaanse Randomisatie op basis van data gegenereerd door 3 grote studies
en op basis van 768.121 deelnemers van wie 93.230 mensen coronaire hart-
ziekten hadden ontwikkeld. In dit hoofdstuk is bewijs geleverd dat genetisch
voorspelde en dus levenslang hogere circulerende antioxidantenniveaus, hetzij
als authentieke circulerende niveaus die vergelijkbaar zijn met de spiegels die
bereikt kunnen worden door voedingssupplementen of als concentraties van
overeenkomstige metabolieten, het risico op coronaire hartziekte niet verlagen.
Het is echter mogelijk dat de circulerende antioxidantniveaus niet gelijk zijn
aan de authentieke functionele niveaus, vooral in het geval van vitamine E met
zijn duidelijk katabolisme na oxidatieve modificatie. Dit benadrukt de noodzaak
om markers die specifiek zijn voor antioxidantcapaciteit, dat wil zeggen de
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functionele niveaus van antioxidanten, te koppelen aan hart- en vaatziekten en
gerelateerde risicofactoren.

Vitamine E kan worden afgebroken via enzymatische routes in de lever of worden
geoxideerd in de periferie. In de leverroute wordt vitamine E enzymatisch omgezet
in een spectrum van enzymatische metabolieten. Als alternatief werkt vitamine
E als peroxyllipidenradicalenvanger en vormt het geoxideerde metabolieten met
de opening van de chromanolring. Deze metabolieten worden voornamelijk via
de urine door het lichaam uitgescheiden. In Hoofdstuk 6 en 7 hebben we ons
gericht op de cross-sectionele associaties tussen circulerende vitamine E niveaus
in bloed en enzymatische en geoxideerde metabolieten niveaus in de urine, en
cardiometabolische eigenschappen bij ongeveer 500 gezonde deelnemers van
middelbare leeftijd uit de Nederlandse Epidemiologie van Obesitas Studie. In
Hoofdstuk 6 wordt beschreven dat hogere niveaus van geoxideerde metabo-
lieten in de urine, maar niet de circulerende vitamine E niveaus in bloed en de
enzymatisch gemetaboliseerde metabolieten niveaus in urine, geassocieerd
waren met een lagere insulineresistentie (als voorloper voor het onstaan van
type 2 diabetes). Daarnaast beschrijft Hoofdstuk 7 dat de associaties van 147
NMR-gebaseerde metabole biomarker metingen, meestal bestaande uit lipiden
en lipoproteine (sub)deeltjes, met enzymatische metabolieten niveaus, dezelfde
richting hebben als die met circulerende vitamine E. Echter, associaties van de
metabole biomarkers met geoxideerde metabolieten waren duidelijk verschil-
lend van die met zowel circulerende vitamine E als enzymatische metabolieten.
Deze bevindingen benadrukken dat circulerend vitamine E representatief kan
zijn voor het enzymatische katabolisme, maar niet voor de antioxidatieve functie
van vitamine E.

Ontsteking is onlosmakelijk verbonden met oxidatieve stress. Hoewel de asso-
ciatie tussen ontsteking en atherosclerotische hart- en vaatziekten welbekend
is, is de rol hiervan bij neurologische en neurodegeneratieve aandoeningen
niet duidelijk. In Hoofdstuk 8 wordt een bidirectionele associatie beschreven
tussen inflammatoire darmziekte, als een ziektemodel van aanhoudende chro-
nische ontsteking, en depressie met behulp van Mendeliaanse Randomisatie
in een gecombineerde steekproefomvang van 693.183 individuen (36.507
ziektegevallen) voor inflammatoire darmziekte en 534.635 individuen (71.466
geziektegevallen) voor depressie. Er werd geen verband gevonden tussen
genetisch beinvloede inflammatoire darmziekte en het risico op depressie, ter-
wijl genetisch voorspelde depressie geassocieerd was met een hoger risico op
inflammatoire darmziekte. In Hoofdstuk 9 hebben we het causale effect van
41 systemische inflammatoire markers op cognitieve functie en hersenatrofie
onderzocht met behulp van Mendeliaanse Randomisatie. Na correctie voor
het doen van meerdere statistische toetsen werd geen significante associatie
waargenomen tussen 40 van de 41 ontstekingsmarkers en één van de onder-
zochte uitkomsten. Deze resultaten konden echter de rol van ontsteking bij
neurologische aandoeningen niet weerleggen. Het is mogelijk dat in plaats van
een oorzaak, een overmatige ontstekingsreactie ook een gevolg kan zijn van
neurodegeneratieve aandoeningen.

In het laatste hoofdstuk (Hoofdstuk 10, Deel V) heb ik de belangrijkste bevindin-
gen van dit proefschrift samengevat (zoals hierboven vermeld), en de toekomst-
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perspectieven besproken op basis van de implicaties van het werk beschreven in
dit proefschrift. Voor antioxidanten zal verdere verkenning van antioxidanten bij
de preventie en behandeling van hart- en vaatziekten belangrijk blijven gezien
hun duidelijke rol in de pathogenese van ziekten. Goed geselecteerde deelne-
mers voor suppletie en betere biomarkers om suppletie-effecten in onderzoeken
te volgen, kunnen meer inzicht geven in de rol van antioxidanten bij hart- en
vaatziekten. Bovendien kan ontsteking op een complexe manier geassocieerd
worden met neurologische aandoeningen. Dit benadrukt het belang om rekening
te houden met de dynamiek van ontstekingen bij de ontwikkeling en progressie
van ziekten, met name de verschuiving van een gunstige naar een schadelijke
rol. Een diepgaand begrip van de dubbele en complexe rol van inflammatie kan
veelbelovende kansen bieden om nieuwe biomarkers te identificeren voor de
vroege detectie van ziekten en om proefontwerpen voor de ontwikkeling van
geneesmiddelen te vergemakkelijken. Belangrijk is dat implementatie van de
beste praktische Mendeliaanse randomisatiemethoden nodig is om causaliteit
tussen risicofactoren met chronische ziekten af te leiden. Een voorzichtige toe-
passing van de resultaten op interventies met optimale strategieén zal leiden
tot potenti€le doelen voor de preventie en behandeling van chronische ziekten.

213



List of publications

Published articles included in this thesis

1.

Luo J, le Cessie S, Blauw GJ, et al. Systemic inflammatory markers in
relation to cognitive function and measures of brain atrophy: A Mendelian
Randomization study. Geroscience. 2022. Epub ahead of print.

Luo J, Hashimoto Y, Martens LG et al. Associations of metabolomic
profiles with circulating vitamin E and urinary vitamin E metabolites in
middle-aged individuals. Nutrition 2022; 93:111440.

Luo J, Xu Z, Noordam R, van Heemst D, Li-Gao R. Depression and
inflammatory bowel disease: A bidirectional two-sample Mendelian
randomization study. J Crohns Colitis. 2022. 16(4): p. 633-642.

Luo J, le Cessie S, van Heemst D, Noordam R. Diet-derived circulating
antioxidants and risk of coronary heart disease: A Mendelian random-
ization study. J Am Coll Cardiol. 2021; 77:45-54.

Luo J, Meulmeester FL, Martens LG, et al. Urinary oxidized, but not
enzymatic vitamin E metabolites are inversely associated with measures
of glucose homeostasis in middle-aged healthy individuals. Clin Nutr.
2021; 40:4192-4200.

Luo J, Mills K, le Cessie S, Noordam R, van Heemst D. Ageing, age-re-
lated diseases and oxidative stress: What to do next? Ageing Res Revw.
2020; 57:100982.

Other publications

7.

10.

1.

12.

214

Martens LG, Luo J*, Willems van Dijk K, Jukema JW, Noordam R, van
Heemst D. Diet-derived antioxidants do not decrease risk of ischemic
stroke: A Mendelian randomization study in 1 million people. J Am Heart
Assoc. 2021;10: e022567. (*co-first author)

Wang W, Luo J, Willems van Dijk K, et al. Assessment of the bi-directional
relationship between blood mitochondrial DNA copy number and type
2 diabetes mellitus: a multivariable-adjusted Mendelian Randomization
study. Diabetologia. 2022.

Martens LG, Luo J, Willems van Dijk K, et al. The association between
lymphocyte mitochondrial DNA abundance and Stroke: a combination of
multivariable-adjusted survival and mendelian randomization analyses.
Atherosclerosis. 2022.

Meulmeester FL, Luo J, Martens LG, et al. Association of measures of
body fat with serum alpha-tocopherol and its metabolites in middle-aged
individuals. Nutr Metab Cardiovasc Dis. 2021;31:2407-2415.

Martens LG, Luo J, Meulmeester FL, et al. Associations between Lifestyle
Factors and Vitamin E Metabolites in the General Population. Antioxi-
dants. 2020 Dec 15;9(12):1280.

Faquih T, van Smeden M, Luo J et al. A Workflow for missing values
imputation of untargeted metabolomics data. Metabolites 2020;10 (12).



CHAPTER 10

Other manuscripts

13. Luo J, Noordam R, Jukema JW, et al. Low mitochondrial DNA abundance
drives atherosclerotic cardiovascular disease: cohort and genetic studies.
In revision. 2022.

14. Luo J, Noordam R, et al. Associations of mtDNA copy number with cir-
culating lipoprotein, lipid, and metabolite levels. Under submission.

215



PhD Portfolio

Courses Years Hours
PhD Introductory Meeting 2018 5
Introduction to Clinical Epidemiology 2018 56
Basic Methods and Reasoning in Biostatistics 2018 42
Academic Writing for PhDs 2019 60
Regression Analysis 2019 42
Clinical Epidemiology 2019 56
Prediction modelling and intervention research 2019 84
Causal Inference 2020 84
Statistical Aspects of Clinical Trials 2021 42
Meta-analysis 2021 28
Survival Analysis 2021 42
Analysis of Repeated Measurements 2021 42
Congress attendance Years Hours
Oral presentation 45th Annual Dutch Diabetes Research 2019 -
Meeting (NVDO)

Oral presentation 6th Junior Dutch Endocrinology 2019 -
Meeting (JNVE)

Poster presentation 26th European and International 2020 14
Congress on Obesity (ECOICO)

Poster presentation 5th International conference on 2021 14
Mendelian randomization

Oral presentation The Future of Mendelian 2021 1
Randomization Studies 2020

Student supervision Years Hours
Yasufumi Hashimoto (exchange project) 2021 28
Maél Thielman (master thesis) 2021 42
Romy Kwakernaak (master thesis) 2021 42
Personal grant Years Hours
Chinese Scholarship Council 2018 -
Leiden University Fonds 2021 -

216



CHAPTER 10

Curriculum Vitae

Jiao Luo was born on the 23 of December 1991 in Hongya, China. She attended
medical school at Sichuan University (China) from 2009 to 2014, whereafter she
obtained her Master of Public Health degree in 2017 at the same university. She
worked as a junior researcher handling data from clinical trials in the National
Engineering Research Center of Immunological Products in Chongqing, China,
between 2017 and 2018.

In 2018, she received a scholarship from the Chinese Scholarship Council to
start as a PhD student at the Departments of Clinical Epidemiology and Internal
Medicine (Section of Gerontology and Geriatrics) at the Leiden University Medical
Center (LUMC), under the supervision of Prof. dr Saskia le Cessie, Dr. Diana van
Heemst, and. Dr. Raymond Noordam. She spent part of her PhD abroad in Den-
mark at the Department of Clinical Biochemistry, Rigshospitalet - Copenhagen
University Hospital, under the supervision of Prof. dr. Ruth Frikke-Schmidt. This
research period was supported by a grant from the Leiden University Fonds (LUF).

From April 2022 onwards, she started as a postdoctoral researcher in the group

of Prof. dr. Ruth Frikke-Schmidt at the Department of Clinical Biochemistry,
Rigshospitalet - Copenhagen University Hospital.

217



Acknowledgements

| would like to thank all participants and staff of the Netherlands Epidemiology
of Obesity study and UK Biobank as well as the genetics consortia on which the
studies in this thesis are based.

This thesis would not have been possible without the help in many ways from
many people.

Foremost, | would like to express my greatest appreciation to my promotor, prof.
dr. Saskia le Cessie for your guidance, advice, and support. Saskia, if there would
ever be an award to the best promotor, you are the one, being exceptionally
professional but extremely nice and approachable.

| would like to extend my gratitude to my co-promotor, dr. Diana van Heemst.
Diana, | am always amazed by how biologically knowledgeable you are, and
thanks for your tremendous help in all discussions and for always being sup-
portive of any projects | wanted to explore.

To my co-promotor, dr. Raymond Noordam. Raymond, thank you for taking me
on this PhD project, for providing your valuable daily supervision, hands-on
mentoring, and for allowing me to develop as an independent researcher. Thanks
for your support in exploring new topics and for answering all my questions.

To my lovely colleagues at the epi and ouderengeneeskunde departments. | am
so thankful for the ‘gezellige’ time throughout this journey, especially roomies
from C7-125 who helped me learn and practice the word ‘gezellig’.

| am grateful to my friends both from Leiden and back home in China for your
company and support. A special acknowledgement to #8%#, who takes care of
my parents during my absence. You know that we are more than friends, but
non-blood-related sisters.

| would like to thank my parents, who offered me the priceless treasure in this
world - education. Thank you for your unwavering encouragement and for shaping
me into an independent, resilient, and thoughtful person. L ZEifE RS RN F
RAFHRMARREM T RFNRENRERE, FERBER T — MRz, BRMBHEHA

Finally, to my best friend and beloved, Zhongwei. You have lightened up my life
with love, support, encouragement, and most importantly, twisted humor. Without
you, | would not have become the person | am today. | am glad you are here by
my side on this special day. You are the incomparably best.

218



CHAPTER 10

219



220



