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Abstract

Despite effective low-density lipoprotein cholesterol (LDL-C) lowering by statins, there
remains a residual risk of CVD in individuals, which may in part be due to elevated
triglyceride (TG) levels. Existing research evaluating the relationship between triglycerides
and CVD has so far been mixed, and therapeutic agents to reduce triglycerides for CVD
prevention are not routinely prescribed. Previous studies investigate total serum TG, which
represents the summation of TG carried across all lipoproteins. It is possible that certain TG
containing lipoproteins are more atherogenic than others, and thus using total serum TG
measurement may be insufficiently precise to delineate any causal effect. 'H-nuclear
magnetic resonance (NMR) spectroscopy classifies lipoproteins into 14 different lipoprotein
subfractions based on size and lipid composition, offering a more detailed interrogation to
help confirm or refute the possible causal relationship between TG and CVD.

This thesis assesses the distribution of cholesterol and triglyceride content in 14
lipoprotein subfractions and establishes reference interval ranges based on the 2.5™ and 97.5™
percentiles. The largest interval range for TG content was observed in the medium VLDL
subfraction (2.5th 97.5th percentile; 0.08 to 0.68 mmol/L), and for cholesterol content in the
large LDL subfraction (0.47-1.45 mmol/L). TG concentrations in all sub-classes increased
with increasing age and BMI. Increases in cholesterol concentrations were largely
comparable between men and women by age, smoking status, and between fasting and non-
fasting states. TG subfraction concentrations were significantly higher in ever smokers
compared to never smokers, among subjects with CVD and type 2 diabetes as compared to
disease-free subjects.

The TG content in the 14 lipoprotein subfractions is evaluated for association with CVD,
and the extent to which the effect is independent of LDL-C and HDL-C is explored in

observational analysis in Chapter 5. The results in this chapter demonstrate TG in 13



lipoprotein subfractions were positively associated with CHD (OR in the range 1.12 to 1.22).
The positive effect estimates attenuated after adjustment for HDL-C and LDL-C. There was
an absence of evidence demonstrating any association TG lipoprotein subfraction with stroke.
Next, to elucidate potential causal relationships, observational and Mendelian randomisation
(MR) approaches are used to investigate the total and direct effects of triglyceride and
cholesterol content on CHD. There was a total causal association of TG content in five
lipoprotein subfractions, and total association of cholesterol content in 10 lipoprotein
subfractions with CHD. Multivariable MR analysis was used to explore the direct effects of
TG content of the 14 lipoprotein subfractions conditioning on the cholesterol content, and
vice versa for cholesterol associations. Here we found that there was a direct association of
CHD for TG in four lipoprotein subfractions and cholesterol in 10 lipoprotein subfractions.
Cholesterol content in triglyceride-rich lipoproteins (TRL) displayed the largest effects
(MVMR OR in the range 2.73 to 14.31), an association that was not observed for TG in TRL.
The observational and MR associations between TG content in lipoprotein subfractions and
CHD presented here may be relevant in the context of ongoing drug development targeting
TG-mediated pathways for disease reduction. An emerging approach to lower TG
concentrations and lower risk of CHD is through inhibition of LPL function. Angiopoietin-
like proteins 3 and 4 (ANGPLT3/4) are negative regulators of LPL and have recently
emerged as novel drug targets to manage dyslipidaemia. The final section of this thesis
discusses the contribution of the results to the current understanding of role of TG in CVD

and translational applications to clinical care.



Impact statement

Triglycerides have long been thought to contribute to the residual cardiovascular disease
risk observed in patients who achieve guideline recommended low-density lipoprotein
cholesterol (LDL-C) targets. The detailed evaluation of the association of the triglyceride
content in fourteen lipoprotein subfractions with cardiovascular disease presented in this
thesis, contribute to a better understanding of the complex relationship between triglycerides,
triglyceride-rich lipoproteins (TRL) and disease. Advances in this field increase the
understanding of the causality of triglycerides and the atherogenicity of lipoproteins other
than LDL, which are crucial for identifying novel lipid lowering targets, and for the
interpretation of future clinical trials. The findings in this thesis support the recently
published European Atherosclerosis Society Statement on Triglyceride-rich Lipoproteins and

their Remnants.

An important aspect of this thesis are the reported distributions and determinants of
cholesterol and triglycerides in the fourteen lipoprotein subfractions presented in chapter 4.
Population based reference intervals are a widely used tool to interpret patient laboratory
results, for example, the measurement of LDL-C for assessment of cardiovascular disease
risk and to determine if lipid lowering is indicated. The determination of the reference range
intervals in a generalisable population in this thesis forms the basis for scientific advances,
and translation in the field of lipidomics and clinical practice. NMR quantification of
lipoprotein lipids is becoming increasingly common in biobanks and has the potential to be
made available in clinical care, where it is envisioned the reference intervals described in

chapter 4 will serve as a valuable tool to aid decision making.



The observational results in chapter 5 advance the current understanding of the
association of triglycerides in cardiovascular disease. Thanks to methods like Mendelian
randomisation, it is possible to ascertain causality with more certainty than using traditional
epidemiological methods. Chapter 6 identifies cholesterol in certain lipoprotein subfractions
as the predominate lipid associated with disease. Identifying the components, that is,
triglycerides, TRL or the cholesterol content of TRL, that give rise to risk, is essential to
understand the pathological consequences of triglycerides in the context of residual
cardiovascular risk. The results in chapter 6 provide important insights for future work both
within and beyond academia and contribute to the growing body of evidence in this field. The
latter is key given recent investigations of the proatherogenic effects of apoB-containing

lipoproteins, non-HDL-cholesterol and remnant cholesterol.

Knowledge of TG metabolism, pathobiology of the different lipoproteins and the
atherogenic potential of their lipid composition is still very much a work-in-progress. There
are several promising contenders targeting triglyceride pathways showing promising
cardiovascular benefit. Academic research and clinical trials of these candidates are ongoing
at the time of writing this thesis. Anticipated results are envisioned to provide further
elucidation of the proatherogenic effects of triglycerides, TRL and their remnants to

ultimately translate to a reduction in cardiovascular disease risk.
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1  Introduction

This introductory chapter will provide an overview of atherosclerosis, describe
the risk factors for atherosclerotic cardiovascular disease, and the composition and

role of lipoprotein lipids in disease pathogenesis.
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1.1 Atherosclerosis and cardiovascular disease

Atherosclerosis is a disease of large and medium size arteries. The normal artery
comprises three layers: the innermost intima (in close contact with the bloodstream),
the tunica media, and the adventitia' Atherosclerosis refers to the accumulation of
fatty, fibrous and inflammatory material in the innermost layer of arteries, the
intima.. Under homeostatic conditions the endothelial layer lining the intima resists
the adherence of blood leukocytes and platelets due to the actions of nitric oxide and
prostaglandins.?. Endothelial damage or dysfunction due to exposure to risk factors
such as smoking, high blood pressure and diabetes, results in an increase in
endothelial permeability to low-density lipoproteins (LDL) and increased affinity for
cholesterol (discussed further in the sections below), an early marker of
atherosclerosis **. Endothelial dysfunction results in the expression of leukocyte
adhesion molecules that promote adherence of blood monocytes to the endothelial
layer where once attached, chemokines promote monocyte migration into the
subendothelial space®. Once in the intima, monocytes differentiate into macrophages
that accumulate and transform into lipid enriched foam cells — the hallmark of
atherosclerotic lesions®. Foam cells signal to other cells through pro-inflammatory
cytokines causing inflammation and release of growth factors at the site of
endothelial injury, resulting in smooth muscle cell migration and proliferation in the
intima®. Simultaneously, once localised at the arterial wall, T cells activated by
macrophages release inflammatory cytokines and activate endothelial cells to attract
more white blood cells This activation contributes to an increase in foam cell
accumulation, lipid content, and foam cell death with an increase in cell debris in the
developing atherosclerotic lesion (plaque)*’. Slowly growing plaques, characterised

by a small lipid core and a thick fibrous cap providing structural integrity, gradually
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expand due to the accumulation of lipids in foam cells, smooth muscle cells and cell
debris, tend to stabilise and are not prone to rupture®. In coronary arteries, stable
plaques remain largely clinically silent or in the long term may lead to stable angina
due to blood flow limitation. In contrast, unstable plaques are more prone to rupture.
These plaques are characterised by large lipid cores, a thin fibrous cap, and an
abundance of inflammatory cells?. Unstable plaques grow more rapidly due to more
rapid lipid deposition and are able to invade the arterial lumen, obstruct blood flow
and lead to tissue ischemia®!?. Atheromata that do not produce obstruction limiting
blood flow can lead to acute occlusion of a vessel and precipitate an acute coronary

event triggered by plaque rupture and thrombosis>.

In its early stages, beginning in the second decade of life, atherosclerosis is
asymptomatic, has a long latency period of many years, and often co-exists in more
than one vascular bed”. The prevalence and extent of atherosclerosis increases with
age, though the speed of progression and severity of atherosclerosis can depend on

311 Atherosclerotic disease of the

the affected site and degree of arterial occlusion
coronary arteries may result in clinical manifestations such as myocardial infarction
(MI) or angina, leading to the need for revascularisation procedures (together termed
coronary heart disease; CHD). Atherosclerosis in other territories can lead to
peripheral artery and renovascular disease, and stroke. Collectively CHD and clinical
disease in other territories is termed cardiovascular disease (CVD) and many CVD

1'2. Outcomes for patients presenting to health

events e.g. stroke or MI can be fata
systems with an acute manifestation of atherosclerosis are positive, with the majority

surviving largely due to the progress made in cardiovascular interventions,

management, and clinical application of scientific discoveries yielding beneficial
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outcomes for patients®!2. Despite these successes, atherosclerotic cardiovascular
disease remains a major cause of mortality worldwide. Moreover, increases in the
number of people surviving an initial event contribute to the global burden of CVD
morbidity e.g., due to heart failure, arrythmia or physical incapacity from disease,
and residual CVD risk among these individuals remains high. The long latency pre-
clinical phase of atherosclerosis offers an opportunity for prediction and prevention
of disease. The rest of this chapter discusses the epidemiology and risk factors for

atherosclerotic CVD.

1.2 Epidemiology of Cardiovascular Disease

Cardiovascular disease is a leading cause of morbidity and pre-mature mortality
worldwide'®. In 2017 the World Health Organisation (WHO) estimated 17.9 million
deaths due to CVD related illness, of which 85% were attributable to myocardial
infarction (MI) and stroke'®. The Global Burden of Disease report an age-
standardised mortality rate of 278 per 100,000 per year, with higher income
countries experiencing more positive outcomes compared to lower income
countries'>!%. Advances in public health interventions, drug treatments and adoption
of new interventional technologies (e.g. coronary angioplasty and stenting) have
resulted in a decline in mortality rates since the mid 1990s and a consequential rise
of prevalent CVD'!’. More individuals who now survive an initial CVD event live
longer, only to suffer the consequences of atherosclerosis later in life. Such
individuals require long-term treatment and management (e.g. with antiplatelet
drugs, statins and medication for heart failure) to control symptoms, reduce

subsequent events and prevent premature mortality?®.
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1.3 Modifiable risk factors for cardiovascular disease

Epidemiological studies have played an important role in elucidating the factors
that predispose CVD, signposting opportunities for disease prevention. Effective
prevention and management of CVD is based on knowledge of the important risk
factors that have a cumulative effect throughout life. Evidence from prospective
observational studies, such as the Framingham Heart Study (FHS)'® and many
others, and case-control studies such as INTERHEART!? have identified
modifiable metabolic, social and dietary risk factors for CVD. The findings from the
FHS and many other studies have been synthesised using meta-analysis through
efforts of the Prospective Studies Collaboration and the Emerging Risk Factors
Collaborations, these are discussed later in this chapter. The FHS, considered one the
most influential investigations of CVD, is a prospective long-term study that began
in 1948 with 5209 adults and is now on its third generation of participants!®,
Monitoring of the FHS population initially led to the identification of the major
CVD risk factors, high blood pressure, high blood cholesterol, smoking, obesity, and
diabetes. The INTERHEART study examined 15,152 cases and 14,820 age- and sex-
matched controls in 52 countries and report 9 modifiable risk factors account for
90% of acute myocardial infarction in men and women across all ages and ethnic
groups®’. The INTERSTROKE case—control study of 13,447 cases and 13,472 age-
and sex-matched controls in 32 countries also demonstrates 91% of stroke burden is
attributable to the same 9 modifiable risk factors, with the addition of cardiac causes
(such as atrial fibrillation)?'. The identified risk factors were, abnormal lipids defined
as elevated low-density lipoprotein cholesterol (LDL-C), low high-density
lipoprotein cholesterol (HDL-C) and elevated triglyceride (TG), and elevated blood

pressure, tobacco smoking, raised blood glucose, abdominal obesity, physical
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inactivity, unhealthy diet, no alcohol consumption, and psychosocial stress. The
study further identified low income and poor education associations with increased
CVD mortality as well as, increased risk of CVD risk factors tobacco smoking,
obesity, and elevated blood pressure. Prospective cohort studies such as the FHS are
better equipped to minimise reverse causation and recall biases compared to case-
control studies. Differential recall between cases and controls may contribute to an
overestimation of the 90% population attributable risk (PAR) reported in
INTERHEART??. While INTERHEART and INTERSTROKE took measures to
minimise such bias (e.g., recruiting appropriate ‘at risk of outcome’ controls from
the study centres instead of from the general population), this should be a
consideration when interpreting the results. Moreover, INTERHEART use self-
reported hypertension data as opposed to continuous blood pressure values, which
may underestimate the contribution of this risk factor. This was assessed in an
examination of the risk factors identified in INTERHEART to population
attributable (PAR) risk of 10 year follow up of MI in the prospective cohort British
Regional Heart Study (BRHS)?2. Whincup and colleagues observed a much higher
contribution of diastolic blood pressure to PAR in BRHS (54%) than in
INTERHEART (23%). However, when risk factors were taken together, the
contributions of total cholesterol, diastolic blood pressure and smoking (including
current, ex and passive) account for 91% of PAR in BRHS, very close to the 90%
PAR observed in INTERHEART?%2%. Of the considered modifiable risk factors, the
Comparative Risk Assessment study found 80% of CHD deaths and 70% of stroke
deaths were attributable to the joint effect of tobacco smoking, elevated blood

pressure and raised serum cholesterol, these are discussed further below!:!6.
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Substantial evidence from studies such as the seminal British Doctors study and
others?*~> have confirmed the association of smoking in CVD. In 2011, a meta-
analysis of 75 studies concluded smoking increased the risk of CHD in men by 72%
and in women by 92%. Further evidence has demonstrated that smoking cessation by
age 50 reduces mortality risk by 50%, and cessation by age 30 avoids adverse

smoking effects almost entirely?®.

Higher blood pressure is associated with increased vascular disease risk.
Meta-analysis data from over 1 million participants has demonstrated a log-linear
association of blood pressure with CVD mortality such that, a 20mmHg higher
systolic blood pressure (SBP), and a 10mmHg higher diastolic blood pressure (DBP)
is associated with a two-fold increased vascular disease?’. Triangulation of evidence
from observational studies with the findings from Mendelian randomisation (MR)
studies and randomised trials of blood pressure lowering drugs, provide strong
evidence that elevated blood pressure is causally related to increased risk of CHD

and stroke?®?°,

1.4 The role of lipoproteins and lipids in atherosclerotic cardiovascular disease

This section discusses lipoprotein particle size, density, composition, and
lipoprotein particle relationship with CVD. The subsequent section covers traditional
methods of lipoprotein measurement, lipid content estimation, and more recent
advancements for quantitative measurement of lipoprotein lipid particle size and
content using high-throughput serum 'H-Nuclear Magnetic Resonance (NMR)

spectroscopy.
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1.4.1 Lipoprotein Composition

The circulating blood lipids mainly comprise triglyceride (TG) and cholesterol.
These are insoluble in water and must be transported within membrane bound
lipoprotein particles (lipoproteins) which also contain certain proteins with
enzymatic or targeting function. The function and role of TG and cholesterol in
atherosclerosis are discussed further in sections below. Lipoproteins play a key role
in dietary lipid transport and absorption by the small intestine, in the transport of
lipids from liver to tissues, and the transport of lipids from peripheral tissues to the
liver and intestine (reverse cholesterol transport)*°. Lipoproteins are complex
particles comprising a hydrophobic lipid-rich core and a hydrophilic phospholipid
outer layer containing surface apolipoprotein molecules required for stabilisation and
metabolism®!, see figure 1.1. The main lipoprotein groups are traditionally divided
into seven classes, categorised based on the relative densities of the aggregates from
ultracentrifugation as; chylomicrons (CMR), CMR remnants, very-low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL), low-density
lipoproteins (LDL), high-density lipoproteins (HDL), and Lp (a)*. In the context of
this thesis, when referring to the lipoprotein particle, the lipid suffix is omitted (e.g.,
VLDL, IDL, LDL or HDL particle). The size, composition of the lipid core, and
protein components of the outer membrane varies depending on the lipoprotein, see
table 1. When referring to the lipid content of a particular lipoprotein particle, lipid
suffix is added, e.g., LDL = low density lipoprotein particles, and LDL-C = the

cholesterol (C) content of low-density lipoprotein particles. Lipoprotein lipid content

and metabolism is discussed below.
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Figure 1.1 Lipoprotein structure
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Table 1.1 Lipoprotein classes

Lipoprotein Density Size Major lipids | Major Apoproteins
(g/ml) (nm)
Chylomicrons <0.930 75- Triglycerides | Apo B-48, Apo C, Apo E,
1200 Apo A-L, A-I1, A-IV
Chylomicron 0.930- 30-80 | Triglycerides | Apo B-48, Apo E
remnants 1.006 Cholesterol
VLDL 0.930- 30-80 | Triglycerides | Apo B-100, Apo E, Apo C
1.006
IDL 1.006- 25-35 | Triglycerides | Apo B-100, Apo E, Apo C
1.019 Cholesterol
LDL 1.019- 18-25 | Cholesterol Apo B-100
1.063
HDL 1.063- 5-12 Cholesterol Apo A-1, Apo A-II, Apo C,
1.210 Phospholipids | Apo E
Lp(a) 1.055- ~30 Cholesterol Apo B-100, Apo (a)
1.085
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Chylomicrons (CMR) are large TG rich particles made by the intestine involved
in the transport of dietary TG and cholesterol to the peripheral tissues and liver. Each
CMR has one ApoB-48 as the core structural protein. Chylomicron size (75-1200
nm) is dependent on the amount of fat consumed in the diet*>. A high fat meal
increases the amount of TG transported and the formation of large CMR particles,
whereas in the fasting state, CMR are relatively smaller and carry decreased
quantities of TG. Triglycerides are liberated from CMR by lipoprotein lipase (LPL)
in peripheral tissues®>. The lipolysis products, fatty acids and glycerol, are stored in
adipose and muscle tissues and the resulting TG-depleted remnants are taken up by
the liver. Chylomicron remnants, enriched in cholesterol are considered to be pro-
atherogenic®*. Very-low density lipoproteins produced by the liver are TG-rich and
contain one core structural ApoB-100 molecule®’. VLDL particle size (30-80 nm)
varies depending on the quantity of TG carried. Further removal of TG from VLDL
by LPL in muscle and adipose tissue results in pro-atherogenic VLDL-remnants and
IDL particles (25-35 nm) that are enriched in cholesterol and contain the ApoB-100
isotope and ApoE*’. As most TG has been removed, the lipoprotein becomes denser
and is referred to as a low-density lipoprotein (LDL) that contains one ApoB-100

133. Smaller, more dense LDL

molecule and carry most of circulatory cholestero
particles have a lower affinity for the LDL receptor causing prolonged retention in
the circulation and are considered to be more atherogenic than larger LDL**3. The
smaller LDL particles can more easily enter the arterial wall and bind to
proteoglycans trapping them. This in turn increases susceptibility to oxidation and
enhanced uptake by macrophages, to promote foam cell formation and induce

inflammation, initiating the development and progression of atherosclerotic

lesions!®. The accumulation of cholesterol in the arterial wall is a slow process over
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many decades and is accelerated by CVD risk factors, discussed in preceding
sections. It is important to recognise that a VLDL particle, a remnant VLDL particle,
an IDL and LDL particle are different names for the same circulating apoB
lipoproteins at different stages in its lifecycle, depending on the lipid content it
carries. HDL particles may contain multiple structural ApoA-I proteins and are
enriched in cholesterol and phospholipids®*. HDL play an important role in reverse
cholesterol transport from peripheral tissues to the liver, which is considered one of
the potential mechanisms by which HDL may be anti-atherogenic®>*¢. HDL particles
have been shown to have antioxidant, anti-inflammatory, anti-thrombotic and anti-
apoptotic properties, which has triggered extensive research in the ability of raising
HDL-C to inhibit atherosclerosis. Lp (a) is an oxidised LDL particle attached to

ApoB-100 via a disulphide bond.

1.4.2 Lipoprotein lipid terminology

In the current literature, CMR, VLDL, VLDL-remnants and IDL particles are
termed triglyceride-rich lipoproteins (TRL). Hydrolysis of TG in TRL via LPL
results in TRL enriched in cholesterol. Remnant cholesterol (RC) refers to the
cholesterol content of VLDL and IDL and can be estimated from a standard lipid
profile using the equation; RC (mmol/L) = total cholesterol minus LDL-C minus
HDL-C. Non-HDL cholesterol refers to the cholesterol content in all atherogenic
apoB containing lipoproteins (VLDL, IDL and LDL) and is estimated from a
standard lipid profile as: non HDL-cholesterol (mmol/L) = total cholesterol minus
HDL-C, see figure 1.2 for graphical depiction and succeeding sections for discussion

on lipoprotein lipid measurement.
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Figure 1.2 Graphical depiction of lipoprotein subfractions and lipid content
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1.4.3 Lipoprotein composition measurement and lipid content quantification

Early separation of lipoproteins was performed using electrophoresis and later
superseded by preparative ultracentrifugation with quantitative clinical chemical

measurement’’

. These techniques contributed to early animal and human insights on
the relationship between blood lipids and CVD, which were based on lipoprotein
lipid content initially beginning with the measurement of total cholesterol
concentrations, across all lipoprotein particles*®. Using analytical and preparative
ultracentrifugation McFarlane isolated the ‘X-protein’, later renamed LDL*, and
Gofman observed different species within the a- and B-lipoproteins, changing the
nomenclature of lipoproteins to VLDL, LDL, and HDL to reflect the different
density regions’®. Isolation of lipoproteins and early observations of the relationship
between total cholesterol and atherosclerosis promoted the establishment of
longitudinal cardiovascular epidemiologic programmes such as the FHS?*” and led to

the observation of positive and negative associations with CHD of LDL-C and HDL-

C respectively.

Early investigations of lipid associations with CVD began with total cholesterol
concentrations measured as a summation across all lipoprotein subclasses.
Advancement of lipoprotein separation methods aided the investigations of HDL and
LDL-C, and finally total TG concentrations with disease. Clinical measurement of
total cholesterol concentrations became readily available in the late 1970s with the
advent of enzymatic-based reagents, which superseded previous methods such as
analytical ultracentrifugation, Cohn factorisation and electrophoresis®®*’, Enzymatic
ultracentrifugation paved the way for automation, and the simplified methodology

became the basis for TRL, and for beta-quantification of LDL and HDL in clinical
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laboratories. Methods of LDL-C measurement comprise non-direct methods
including ultracentrifugation and electrophoresis, and direct methods such as
chemical precipitation, immuno-separation, and homogenous assay methods>”*!. The
most common method for estimating LDL-C in clinical laboratories is using the
Friedewald equation; LDL-cholesterol (mmol/L); total cholesterol minus HDL-
cholesterol minus TG concentrations/2.2*2. More recent reports since the 1990s
dispute the estimation of LDL-C using the Friedewald equation as it may not be
sufficiently accurate at high TG concentrations or non-fasting assay samples*.
Moreover, the Friedewald estimation method is nonspecific to LDL-C and includes
cholesterol carried in IDL and some VLDL particles**. Similar to the Friedewald
estimation, precipitation estimations of LDL-C from beta-quantification of
lipoproteins also includes IDL-cholesterol in reported LDL-C values. Recent reports
suggest remnant cholesterol (RC) is associated with increased CVD, however, there
is debate around using RC as a lipid measure because it is estimated using a standard
lipid profile, in which LDL-C is often inaccurately estimated dependant on the LDL-
C assay employed as described above*** . Triglycerides can be measured using
direct and indirect methods in the clinical laborotory. Indirect estimations are
calculated from the difference between serum concentrations of total fatty acids and
concentration of cholesterol and phospholipid fatty acid esters®’. Direct methods are
relatively more preciese and include flurommetric, colorimetric and enzymatic

estimation.

Lipoproteins can be further divided into subclasses to gain a more granular

understanding of the association of lipoprotein size and density, lipid composition,

and particle number with CVD. Recent evidence suggests individuals with
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predominantly small LDL particles have a higher risk of CVD than those with large
LDL, making accurate quantification of lipoprotein subclasses essential for CVD
prevention and diagnosis*®. Lipoprotein subclassification can be achieved by size
and density specific of measurement of lipoproteins using high-performance liquid
chromatography (HPLC)*’, mass spectroscopy™®, or nuclear magnetic resonance
(NMR) spectroscopy®®. Detailed quantification of lipoprotein subclass subfractions
and their contents is made available by Nuclear Magnetic Resonance (NMR)
spectroscopy. NMR spectroscopy offers the opportunity to overcome lipid
estimation issues and interrogate the relationship between the lipid content of
lipoproteins and CVD, further to what has been done before. NMR spectroscopy is

discussed further below™**.

1.5 Nuclear magnetic resonance technology for the classification of lipid content of

lipoproteins

Nuclear magnetic resonance was first used to study lipoprotein structure in the
1960s*. NMR for the separation and measurement of lipoprotein subclasses was
first reported by Otvos*! and Ala-Korpela®®. Recent developments in quantitative
profiling technologies and appealing results from application in understanding health
and disease has made NMR metabolomics more common in epidemiology. The
growth in NMR metabolomics reflects the advantages over MS and HPLC®'. While
MS may arguably be more sensitive, NMR spectroscopy is highly automatable,
reproducible, easily quantifiable and requires little or no sample treatment or
chemical derivatisation, making it the preferred technique for high throughput of
plasma or serum samples in large-scale population studies®?. The high-throughput

proton (‘H) NMR metabolomics assay developed by Nightingale®® provides
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quantitative information on 220 measures per sample including 14 lipoprotein
subclasses, 6 for VLDL, 1 for IDL, 3 for LDL and 4 for HDL, with molecular
information on cholesterol, TG, and phospholipid concentration in each subclass, as
well as fatty acids (e.g. ®-3 and w-6 fatty acids) and other lipid species.
Nightingale’s broad biomarker analysis also measures numerous low molecular-
weight metabolites (including amino acids, glycolysis-related measures and ketone
bodies), as well as measures of glycoprotein acetylation (GlycA) and apolipoproteins
A-I and B*3. The lipoproteins are quantified based on the different chemical
compositions and size, which experience different magnetic susceptibility>2. This
gives rise to distinctive NMR signals that are determined by the electron density and
rotational diffusion of lipoprotein vehicles>*. In particular, the methyl (-CH3) signals
arising from large and less dense particles (i.e. VLDL, IDL and LDL) are different in
shape and resonate at lower field strength (higher frequency) than the lipid signals
emitted by smaller lipoproteins (i.e. HDL)*’. Due to the overlapping signals of the
lipid methylene and methyl envelopes, NMR quantification of lipoproteins requires a
calibration step, such as the ultracentrifugation method of lipoprotein separation
using Partial Least Squares (PLS) regression®®. Very low-density lipoprotein is
divided into six sizes, the largest is extremely large VLDL (XXL-VLDL), with a
mean particle diameter of 75nm or more, and five remaining VLDL subclasses with
decreasing mean particle diameters as; extra-large (XL-VLDL, average diameter
65nm), large (L-VLDL, 54nm), medium (M-VLDL, 44.5nm), small (S-VLDL,
36.8nm) and extra-small (XS-VLDL, 31.3nm). IDL (average diameter 28.6nm),
LDL is divided as large (average diameter, 25.5nm), medium (23nm) and small LDL
(18.7nm). HDL into four subfractions, very-large (XL-HDL, 14.3nm) large (L-HDL,

12.1nm), medium (M-HDL, 10.9nm), and small (S-HDL, 8.7nm>?). The lipid content
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of lipoproteins are in a constant state of flux, however in general the larger, less
dense particles are triglyceride-rich and the more dense, smaller lipoproteins are
cholesterol-rich. The composition, role and function of cholesterol and TG within

lipoproteins are discussed in the sections below.

1.6 The role of cholesterol in atherosclerotic cardiovascular disease

1.6.1 Composition and metabolism

Cholesterol functions as a vital structural component for cell membranes. It is
converted to steroid hormones oestrogen and testosterone, and to bile acids in the
liver where bile salts emulsify dietary fat to make it absorbable®. As discussed in
preceding sections, LDL, the major lipoprotein carrier of cholesterol, accumulates in
the intima and stimulates the expression of adhesion molecules on the surface of
endothelial cells, monocyte migration and differentiation into macrophages that
accumulate cholesterol and eventually become foam cells?. Early animal model
studies by Anitschkov demonstrated a causal role of cholesterol in the pathogenesis
of atherosclerosis and later, Muller described families with high cholesterol and
increased CVD*~®, Several decades later, through their discoveries of the LDL-
receptor and oxidised-LDL, Brown and Goldstein, and Steinbrecher et al have
revolutionised knowledge about the regulation and metabolism of cholesterol and the
treatment of diseases caused by abnormally elevated LDL particles and LDL-
cholesterol (LDL-C; the cholesterol carried in LDL particles) concentrations in the

circulation®”’.
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1.6.2 The association of cholesterol with atherosclerotic cardiovascular disease

The European Atherosclerosis Society Consensus Panel® and the Emerging
Risk Factors Collaboration®® have appraised clinical and genetic evidence that
indicates elevated LDL-C as causal in CVD. Over 200 prospective observational
studies have been meta-analysed to quantify positive log-linear associations of LDL-
C or non-HDL cholesterol (a surrogate for LDL-C) and heart disease. Randomised
trials of more than 2 million participants with over 20 million-person years of
follow-up and more than 150,000 cardiovascular events demonstrate consistent dose-
dependent, log-linear association of exposure to higher circulating LDL-C and risk
of CVD, with the risk appearing to increase with increasing exposure duration’®.
Moreover, evidence from statin trials have demonstrated for each 1.0 mmol/L
reduction in LDL-C, coronary event risk is reduced by 25% (RR: 0.76, 95% CI 0.73
to 0.79) and ischemic stroke by 20% (RR: 0.80, 95% CI 0.74 to 0.86). Evidence
from Mendelian randomisation (MR) studies (discussed further below) show single
nucleotide polymorphisms (SNPs) associated with higher plasma LDL-C exhibit
allele dose-dependent increase in risk for CVD whereas, SNPs associated with lower
LDL-C levels are also associated with a lower risk of CVD. Triangulation of
observational and randomised trial findings with more recent MR studies have
demonstrated LDL-C lowering reduces CVD events. The compelling evidence has
surmounted in LDL-C to be regarded as a causal risk factor in atherosclerosis
development and progression, and LDL-C lowering forms the mainstay of primary

and secondary prevention of CVD.

Given the success in lowering and achieving clinical LDL-C concentration

targets to prevent primary and secondary CVD events, emerging research in the last
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10 years has turned the focus to remnant cholesterol and non-HDL cholesterol.
Clinical evidence suggests the residual cardiovascular risk observed in patients with
well-controlled LDL-C might be explained in part by risk factors including the
cholesterol content of remnant of TRL, also called remnant cholesterol (RC)%¢!,
Observational and genetic studies have suggested RC as a causal risk factor for
CHD®*%, The mechanism by which RC causes atherosclerosis is different to that of
LDL-C, as the latter requires modification prior to uptake by macrophages. Unlike
LDL, remnant particles pass directly into the arterial all and are taken up by
macrophages and smooth muscle cells®?. Remnant particles are also larger than LDL
and carry up to 40 times more cholesterol per particle, potentially making them more
atherogenic®?. Similar to RC, several studies have shown non-HDL-C levels, which
recapitulates the cholesterol content of all atherogenic apoB containing lipoproteins,
are a better predictor of cardiovascular risk compared to LDL-C concentrations
alone®* %>, Mendelian randomisation studies have also shown the clinical benefit of
lowering LDL-C may be better explained by the absolute reduction in apoB-
containing lipoproteins, which represent the total number of atherogenic lipoproteins

irrespective of lipid content®®7,

While the evidence of positive associations of LDL-C and atherosclerosis is vast
and convincing, the role of cholesterol within HDL is more uncertain. HDL-C is
inversely associated with risk of CVD and was considered a key component of
predicting cardiovascular risk. The first compelling reports of a strong inverse
association of HDL-C and CHD were described in the Framingham Heart Study'®.
Observational data from Framingham and many others formed the view of HDL-C

as the ‘good cholesterol’®, the concept of reverse cholesterol transport®®, and led
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investigators to hypothesise that raising HDL-C would reduce risk of CVD. The
HDL-C hypothesis was further reinforced by pre-clinical data in animal studies, in
which HDL-C infused rabbits exhibited inhibition of atherosclerosis, making HDL-C
a target for novel therapeutic approaches®. However, despite consistent associations
with atheroprotection, the casual relationship between HDL-C and atherosclerosis is
uncertain. Several randomised clinical trials of HDL-C-raising drugs have failed to
show a reduction in CVD events or were terminated early due to increased CHD
events and total mortality in patients randomised to treatment*®*7®73, The REVEAL
IT trial of Anacetrapib’®, a CETP inhibitor, which is a protein that facilitates the
transfer of cholesterol and TG between HDL and atherogenic particles in the blood
to lower TG and LDL-C and raise HDL-C, report patients in the treatment arm had
fewer first major coronary events at the end of the follow-up period compared to
patients in the placebo arm [RR: 0.91 (95% CI 0.85 to 0.97)]. Despite the on-
treatment reduction in major coronary events as compared to placebo, anacetrapib
has not been pursued for commercial reasons. It is difficult to ascertain if failed trials
are due to failure of a compound or the biomarker. Drugs specifically target a single
protein in a biochemical pathway regulating the level of a biomarker, and so it may
be difficult to distinguish if negative findings from drug trials or meta-analyses are
reflective of a failure of a compound e.g. niacin (where the solution is to develop a
more effective compound against the same protein target), or of a drug target
biomarker i.e. HDL-C (where the solution is to develop a drug molecule that alters
the same biomarker but through a different protein target), or failure of the
biomarker (redirect efforts to a different biomarker). Moreover, if trials are
successful, it is difficult to infer whether this is a target specific effect or if it is

mediated through HDL-C alone or via additional effects on TG, or LDL-C, as unlike
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most LDL-C lowering drugs, HDL-C elevating drugs have effects on other major
lipid fractions. Results from MR studies of HDL-C using genome wide instruments
remain equivocal as causal in risk of CVD’>6, but this does not preclude the
possibility that raising HDL-C through a target such as CETP might be beneficial for

CVD outcomes.

1.7 The role of triglycerides in atherosclerotic cardiovascular disease

1.7.1 Composition and metabolism

Large amounts of fatty acids from meals are transported as TG to avoid
toxicity?. Triglycerides are an insoluble key energy source made up of three free
fatty acids ester-linked to a glycerol backbone. The exogenous source of TG
originates from diet, while endogenous TG are synthesised in intestinal and liver
cells**"". Triglycerides play an essential part in intestinal lipid absorption via
chylomicrons and apoB48, and endogenously in VLDL requiring apoB100°* (see
figure X). Circulating TRL exchange cholesterol esters with other particles through
CETP and lecithin-choline acetyl transferase (LCAT)®. Lipolysis of CMR and
VLDL releasing free fatty acids by endothelial bound LPL, yield CMR remnants and
IDL that are taken up in the liver by hepatic LDL receptors**®®. In hepatocytes the
TG is packaged with cholesterol and apoB-100 isoform into VLDL and released into
the blood where after additional hydrolysis by lipases, free fatty acids and VLDL
remnants (IDL) are released to yeild LDL3!. Experimental studies have shown that
these VLDL remnant particles deliver cholesterol into the intima which may
sequester more atherogenic LDL-C*. Trigylceride concentrations in lipoproteins
have traditionally been assessed under fasting conditions in the clinic due to the

postprandial biological variablilty of TG. Recent changes to clinical guidelines
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endorse non-fasting lipid measures to better reflect dietry habits and time spent in the

prolonged post-prandial state throughout the day’®.

1.7.2  Association of triglycerides with cardiovascular disease

Triglycerides and HDL-C are inversely correlated with one another, with other
CVD risk factors, and are both associated with CVD, TG positively and HDL-C
inversely. As discussed previously, HDL-C exhibits inverse associations both with
CVD and TG, whereas TG demonstrate positive associations>’. Observational
associations for both TG and HDL-C attenuate following statistical adjustment for
one another, and for other lipid fractions such as LDL-C, making their role in
atherosclerotic disease formation contentious. With the exception of a recently
published trial”®*°, randomised trials to lower triglycerides (e.g. using fibrates to
target PPAR-a) have largely been unsuccessful. Other RCTs of drugs to lower TG
through other drug targets could help to resolve the uncertainty, but RCTs are
expensive, long in duration and have a high failure rate. Thus, despite the recent
emerging evidence from the REVEAL’* and REDUCE-IT?®® trials, neither HDL-C

elevating nor TG lowering therapies are routinely used in CVD prevention.

Conversely, insights from genetic studies suggest that elevated TG is a causal
risk factor for CVD. Mutations in specific genes such as LPL, APOC2, APOAS or
LMFI can increase TG concentrations®!. A mutation in the LPL gene resulting in
lipoprotein lipase deficiency (the protein responsible for plasma triglyceride
degradation), causes high TG concentrations and is associated with an increased risk

for CVD®, Relatively recent studies investigating mutations in the APOAS, APOC3
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and ANGPTL3 genes also support the hypothesis that elevated TG is related to

CVD.*

The evidence presented here represents the association of total TG
concentrations in the blood, which is the sum of TG in nascent VLDL, VLDL
remnants in a fasting state, in CMR and CMR remnants in the postprandial state. It is
not the association of TG concentration in a specific lipoprotein subfraction.
Quantifying TG concentrations across 14 lipoprotein subfractions using NMR
spectroscopy offers a novel way to further interrogate the association of TG within
specific lipoprotein particles and CVD. The next section is a review of the
epidemiological and genetic literature on association of TG with CVD to outline the

rationale for the specific aims of this PhD.

To this end, the following aims of this thesis were therefore to:

i.  Establish the distribution, determinants and reference range intervals for
triglyceride-containing and cholesterol containing lipoprotein subfraction
metabolites measured using NMR methods in the population

ii.  Investigate (non-genetic) observational associations of the 14-triglyceride
containing lipoprotein subfractions with CHD and stroke

iii. ~ Compare and evaluate 14-triglyceride and 14-cholesterol lipoprotein
subfraction observational effects with CHD to identify the critical
atherogenic lipoprotein and lipid components

iv.  Identify genetic instruments for triglyceride and cholesterol containing

lipoprotein subfractions and use these to undertake multivariable Mendelian
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randomisation analysis to explore which lipid trait predominates as causal in

CHD.
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2 Review of the current literature on associations of triglycerides with

cardiovascular disease

The role triglyceride (TG) play in cardiovascular disease (CVD) risk is
incompletely understood, such that clinical focus on elevated TG concentrations has
fluctuated over the years. This is primarily due to changes in the evidence base. The
absence of clinical trials that demonstrate a treatment benefit by lowering TG,
combined with successful statin trials, has led to the majority of clinical focus being
placed on lowering low-density lipoprotein cholesterol (LDL-C) for primary and
secondary prevention of CVD. A residual CVD risk remains despite the current
clinical attention on LDL-C, significant LDL-C lowering with statin therapies, and
more recently, LDL-C lowering using PCSK-9 inhibitors with monoclonal
antibodies for additional reduction to reach target LDL-C levels. Consequently,
research interest in TG in relation to atherosclerosis and CVD has started to gain

traction again in recent years (see figure 2.1).

A Pubmed search was conducted to year end 2017, when this PhD commenced.

The following sections describes the significant epidemiological, genetic, and

randomised control trial evidence relating to TG and CVD.

47



Figure 2.1 Number of PubMed citates for lipids and cardiovascular disease from 1960 to
20173
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Figure based on Pubmed search separate terms for high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, and triglyceride associations with
cardiovascular disease from years 1960 to 2017.
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2.1 Epidemiological data

There are strong positive epidemiological associations between TG and CVD! .
However, it is unclear to what extent these associations are independent of CVD risk
factors including HDL-C, the latter with which TG is inversely correlated. This has
been demonstrated in a large scale meta-analysis of 68 long-term prospective studies
conducted by The Emerging Risk Factors Collaboration (ERFC)?. The ERFC reports
the hazard rate (HR) for CHD with TG was 1.37 after adjustment for nonlipid risk
factors, but was reduced to 0.99 (95% CI, 0.94-1.05) after further adjustment for
HDL-C and non—HDL-C. The attenuation of association between TG and CVD
when accounting for HDL-C may imply the associations is confounded or, may
represent an overadjustment for processes in the causal pathway. An added complexity
is the right skewed distribution of TG in the population. To address this the ERFC
authors log transformed TG measures to enable comparability to other lipid
fractions, but forcing measures to a symmetrical distribution may also introduce
variability, limit inferences or generalisability, and generate inaccurate estimates®.
Recent findings have sparked further debate on the role of TG and CVD?. In a study
with similar statistical power to the ERFC, the Copenhagen General Population
Study® demonstrate increased risks for CHD and all-cause mortality for extremely
high concentrations of TG, as well as a 5 fold increase for MI and 3.2 fold increase

for stroke for plasma concentration of TG of 6.6 mmol/L versus 0.8 mmol/L’.

Understanding the causal role of TG in CVD is pivotal to find effective
approaches for disease prevention and treatment. Observational studies provide
estimates of the likely role of TG concentrations in disease development and

progression, but such studies are prone to bias. This has a direct impact for drug
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development and randomised controlled trials. Novel drug development tracked to
non-causal biomarkers can lead to expensive testing and subsequent failure of these
drugs in phase III randomised controlled trials (RCTs), as seen for the drug trials
discussed above®. Mendelian randomisation (MR) studies are used to ascertain
causality of biomarkers, facilitated by the availability of large-scale genetic data. The

principles, assumptions and limitations of MR studies are discussed next.

2.2 Genetics and Mendelian Randomisation

Mendelian randomisation analysis is facilitated by genome-wide association
studies (GWAS). Genotyping platforms analysing millions of genetic variants
termed single-nucleotide polymorphisms (SNPs), from large-scale global genetics
consortia have identified genetic associations with phenotypic traits’. The
fundamental principle of MR analysis and from which the name ‘Mendelian
randomisation’ is derived, is in reference to Mendel’s Second Law on the
independent random assortment of alleles during meiosis, where DNA is transferred
from parent to offspring at the time of gamete formation'°. Inheritance of a particular
variant or group of variants in an individual’s DNA is inherited independent of other
characteristics. Therefore, when grouping individuals based on genotype associating
with TG concentrations, all other confounding characteristics should be similar,
other than one group has genetically higher TG concentrations and the other group
has genetically lower TG concentrations, analogous to randomisation in RCTs’. The
valuable advantages of MR studies over observational studies are that genetic
variants used as instrumental variables in MR studies are not susceptible to reverse
causality, are not subjective to confounding due to Mendel’s second law, and are

measured with precision, reducing regression dilution bias due to measurement error.
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The application of publicly available genetic data used in MR studies to evaluate
relationship between risk factor-disease outcomes has made it a powerful tool in
determining causal inference. The three key assumptions that form the definition of
an instrumental variable for a valid MR study are!®!!:
1. the genetic variant associates with the biomarker (the relevance
assumption),
2. the genetic variant does not share common causes with the outcome (the
independence assumption)
3. the genetic variants affect the outcome only through their effect on the
risk factor (exclusion restriction)

There are two approaches to selecting instruments for MR analysis and each
seek to answer different questions. Selecting a genetic instrument for the exposure,
typically in the gene of interest, referred to as ‘cis-effect’. This approach is common
when the exposure of interest is a specific drug target such as a protein, and is used
in drug target validation studies to address whether modification of the encoded
protein is will result in a reduction of disease outcome'2. In the context of this thesis,
cis-MR was not appropriate to ascertain the causal relevance of TG in CHD.
Therefore, the second approach was used, which selects multiple genetic variants
from across the genome, termed ‘genome-wide MR’. Large sample size GWAS have
been performed for complex traits such as lipids, identifying hundreds of
independent variants reaching the established genome wide significance level.
Independence of these traits is ensured in post analysis linkage disequilibrium (LD)
clumping and pruning. In MR analysis, SNPs selected from across the genome

robustly associated with the biomarker are used as an instrumental variable to test
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whether the effects of the variants on the exposure result in proportional effects on

the disease outcome.

There are three main potential limitations affecting the reliability of causal
estimates obtained from genome wide MR analysis. These are weak instrument bias,
statistical power and pleiotropy'>!4. Weak instrument strength is determined by the
magnitude and precision of associations of the genetic instrument with the risk
factor. A higher value of the F-statistic (>10) indicates a strong instrument. Vertical
pleiotropy does not invalidate the instrumental variable assumptions and does not
result in bias. This is because vertically pleiotropic genetic variants affect the
outcome through a pathway affected by the risk factor of interest!'*!>. A fundamental
assumption of MR is the ‘no horizontal pleiotropy’ (exclusion restriction)
assumption, which requires the genetic variants act on the disease outcome
exclusively through the exposure of interest. Horizontal pleiotropy occurs when the
genetic variant or variants affect the outcome outside the pathway of the exposure of
interest'*!6. A violation of this assumption can lead to biased causal estimates and
potential false-positive causal relationships. Cis analyses may be less prone to
horizontal pleiotropy as instruments are selected proxy to the causal gene of interest.
The same is not true for genome wide MR analysis, whereby selecting variants from
across the genome increases the potential for horizontal pleiotropy'”!®. Moreover,
emerging evidence suggests many traits are genetically correlated with each other
and individual variants identified from larger sample sizes of GWAS are associated
with multiple traits, both of which pose limitations on the validity of MR studies'*%.
Recent method development has focused on attempting to identify the causal effect

accounting for horizontally pleiotropic effects. These are discussed further.

52



In genome-wide MR analysis, a fixed effects inverse variance weighted (IVW)
meta-analysis method is used, where the contribution of each variant to the overall
estimate is the inverse of the variable of its effect on the outcome, with the intercept
constrained through zero. MR-Egger regression relaxes the exclusion restriction
assumption and allows for a non-zero intercept whereby the intercept term represents
an estimate of the pleiotropic effect'*?!. The IVW and MR-Egger methods both
depend heavily on the InSIDE assumption (Instrument Strength Independent of
Direct Effect), with the latter relaxing the assumption that the average pleiotropic
effect is zero. InsIDE violation is likely when a large proportion of the horizontal
pleiotropy occurs through a confounder of the exposure-outcome relationship'®. The
IVW and MR-Egger method model a single exposure variable effect on the outcome,
using ‘classical’ univariate statistical techniques. Multivariable MR (MVMR) allows
the for the adjustment of confounding variables affecting the exposure-disease
pathway?!. MVMR estimates the effect of the exposure on the outcome, conditioning
the SNP-exposure effects on their corresponding effects on other known exposure
traits’>?*. An example of this is the genetic overlap between TG, LDL-C and HDL-C
in estimating the influence of LDL-C on CHD. If the SNP-LDL-C effects are
proportional to SNP-CHD effects, even after adjusting for the SNP-TG and SNP-
HDL effects, this would support the conclusion that LDL-C has causal influence on
CHD?'. The MR-Egger method can be applied to MVMR to account for potential
horizontal pleiotropy, using the same principles discussed above. The Rucker
framework has been adapted for the MR context to select between the different
models'*?*, This begins by estimating the effects using IVW analysis and calculating
the Cochran’s Q statistic for heterogeneity, which indicates whether SNP-outcome

associations are inconsistent and could cause biased effects. Next the heterogeneity
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is re-estimated using MR-Egger analysis with a non-zero intercept (using Rucker’s
Q’ statistic). If Q-Q’ is large, this indicates the presence of horizontal pleiotropy,

suggesting it is more appropriate to use the MR-Egger framework'*.

The role of MR studies to infer causality have been confirmed in proof of
concept studies of genetic determinants of LDL-C concentrations associated with
higher CHD evaluated against evidence from RCT of lipid lowering medication®-°.
Similarly, studies instrumenting multiple TG associated SNPs from across the
genome have reported similar findings for genetically elevated TG and an increased
CVD 2728, Holmes et al used weighted allele scores based on multiple SNPs and
found allele scores for TG were associated with CHD events in both unrestricted (67
SNPs, OR: 1.62; 95% CI: 1.24 to 2.11), and restricted (27 SNPs, OR: 1.61; 95% CI:
1.00 to 2.59) analysis?®. In a cis-MR approach selecting instrument(s) associated
with proteins that affect TG, a study by The Emerging Risk Factors Collaboration®
compared MR estimates instrumenting a SNP in the APOA5 gene and risk of CHD,
with estimates obtained from prospective studies. For each inherited allele,
individuals had a dose-dependent 0.25mmol/L higher mean TG concentration and an
18% increased risk for CHD (Odds Ratio: 1. 18; 95% CI 1.11 to 1. 26). The findings
from the MR study were concordant with the hazard ratio of an equivalent TG
increase obtained from prospective studies (HR: 1.10; 95% CI 1.08 to 1.12).
Correspondingly, TG lowering mutations in the APOC3 gene have demonstrated a
reduction in CHD risk by 39- 41%°%3!, Genetic inactivation of APOC3, ANGPLT3

and ANGPTL4 genes that encode for inhibitors of LPL, the enzyme involved in TG

metabolism, are associated with lower TG levels and CVD risk. Based on these
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findings, new therapies to reduce TG concentrations via lipase antagonism are

currently in development, discussed below.

2.3 Triglyceride lowering treatment trials

The main known TG-lowering therapies are fibrates, niacin, CETP-inhibitors, or
omega-3 fatty acids. These are not routinely prescribed for TG lowering for primary
or secondary prevention of CVD due to the lack of compelling findings from clinical

trials.

Fibrates decrease TG concentrations by approximately 36%%?. Despite TG
lowering, cardiovascular outcome studies of fibrate therapy have produced variable
results and failed to show reduction in CVD risk when administered with statins in
combination therapy**~**. As mentioned above, observational evidence suggest risk
of CHD is largest at TG concentrations of 6.6 mmol/L®, and therefore results from
the fibrate trials cannot show if a reduction of TG concentration provides CVD
benefit as most fibrate trials exclude participants with TG concentrations greater than

4.5 mmol/L>.

Similarly, niacin reduces TG concentrations by up to 20% and CVD events by
37%. In post hoc trial analysis in a subset of patients with high TG greater than
2.3mmol/L and HDL-C less than 0.8mmol/L, but did not show added treatment
benefit when adding niacin to statin therapy>>*¢. However, it is noted that authors
report post-hoc subgroup analysis and such findings should be interpreted with
caution as significant associations may due to chance®’. Due to the lack of treatment

benefit coupled with the high incidence of adverse effects in patients, niacin use is
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limited. In addition to HDL-C raising, the REVEAL (The Randomized EValuation
of the Effects of Anacetrapib Through Lipid-modification) trial*® also report a
reduction in TG in the treatment arm of the trial and fewer first major coronary

events at the end of the follow-up period compared to patients in the placebo arm

[RR: 0.91 (95% CI 0.85 to 0.97)]. This was the first trial to report such findings.

Omega-3 fatty acid agents reduce elevated TG concentrations by up to 33% and
are mostly used in individuals with extreme hypertriglyceridemia to modulate
inflammatory and immunological responses in conditions such as acute
pancreatitis*®. Although efficacious in response to acute pancreatitis, the same TG-
lowering benefit has not been observed for cardiovascular outcomes, with the
exception of one recent trial***3. The largest Cochrane review to date of trials of
omega-3 fatty acids for the primary and secondary prevention of CVD concluded
that with the possible exception of alpha-linoleic acid, a type of omega-3 fatty acid
found in plants, fatty acid agents ‘have little or no effect on mortality or
cardiovascular health’**. Against this background, the recent publication of the
multi-site, multi-country Reduction of Cardiovascular Events with Icosapent Ethyl—
Intervention Trial (REDUCE-IT)* came as a surprise. In the REDUCE-IT trial,
8179 high-risk CVD patients receiving statin therapy, were randomised to receive
4mg daily dose of icosapent ethyl (EPA) or placebo containing mineral oil. At
baseline, LDL-C were well controlled, and TG were slightly elevated (median 1.94
and 2.44 mmol/L, respectively). The addition of EPA to statin therapy resulted in a
21.6% reduction in TG at the end of 5 year follow up and 25% lower risk in the main
composite end point of CVD events among those in the treatment arm compared to

placebo (hazard ratio, 0.75; 95% CI, 0.68 to 0.83; P<0.001). The results from the
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REDUCE-IT trial contradict results from other recent randomised trials directed at
reducing risk of cardiovascular events beyond LDL-C lowering. Ongoing REDUCE-
IT critique deliberates the higher than expected cardiovascular benefit of EPA on the
basis of changes in TG levels. Kastelein and colleagues*® comment the observed
median reduction of 0.36 mml/L in non-HDL-C from baseline would translate to a
lower risk of CVD events of 6-8%, not the 25% reduced risk observed in the
REDUCE-IT. Kastelein et al further argue results were similar irrespective of
whether normal TG concentration was attained, which suggests the findings may
argue against the theory that TG lowering reduces cardiovascular events. REDUCE-
IT authors attribute significant findings in part to the formulation (highly purified
EPA ethyl) and the daily 4mg dose used that was different to those in previous
outcome trials. Bhatt et al*’ further comment that REDUCE-IT results were similar
to those of the Japan EPA Lipid Intervention Study*’ (JELIS). Authors for JELIS
report 19% lower cardiovascular events with stain therapy plus 1.8g of EPA daily
than with statin therapy alone. It is possible the positive findings in REDUCE-IT
may be explained by pleiotropic non-lipid mechanisms by EPA, much like effects
exerted by statins, including anti-inflammatory, stabilisation of coronary plaques or
improvement in endothelial dysfunction, which may result in the significant
reduction in clinical endpoints*. Given the uncertainty of the precise mechanism of
action of EPA, the debate over whether EPA or high doses of EPA are beneficial for
CVD events is ongoing. The anticipated results of the STRENGH (Statin Residual
Risk Reduction With Epanova in High Cardiovascular Risk Patients with

Hypertriglyceridemia) trial of Epanova, is predicted to provide further clarity *.
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Angiopoietin-related proteins are important regulators of lipoprotein
metabolism. ANGPTLS3 is an endogenous inhibitor of lipoprotein lipase (LPL), the
main enzyme involved in hydrolysis of TRL*. In light of favourable consequences
of ANGPTL3 deficiency, an ANGPTL3 antibody (evinacumab) and anti-sense
oligonucleotide (ASO) have entered clinical trials with encouraging results.
Following administration of the ASO, ANGPTL3 mRNA expression and plasma
ANGPTLS3 protein levels were significantly decreased in the mouse models>®*!. The
ASO decreased TG concentrations and slowed progression of atherosclerosis in
LDL-receptor knockout mice®. In 44 human participants randomised to receive
subcutaneous ASO injections or placebo, lower levels of ANGPTL3 protein, TG,
LDL-C, non-HDL-C, and total cholesterol were observed in the ASO group
compared with placebo group after 6 weeks of treatment®2. In a Phase I study,
evinacumab was tested in 83 healthy human volunteers with mildly raised TG or
LDL-C concentrations®. The participants were randomised to receive evinacumab or
placebo, and TG concentrations were reduced by 76%, LDL-C by 23.2% and HDL-
C by 18.4% in the treatment vs placebo arm. These findings support ANPTL3

pathway as important in lipid regulation and CVD.

2.4 Chapter summary

In the post-statin era there remains a residual CVD risk, renewing the research
and clinical interest in TG. While the observational evidence between the association
of elevated TG and cardiovascular events is supported, it is not unconfounded, with
considerable attenuation of effects when adjusting for CVD risk factors. Moreover,
the observational effects do not provide estimates of causality. In contrast, genetic

evidence from MR studies suggests a causal role of TG. Though MR results from
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such studies are compelling, instrumented genetic variants associated with elevated
TG concentrations also likely associate with other lipoproteins, namely HDL-C and
LDL-C, violating the ‘no horizontal’ pleiotropy’ assumption of the MR principle.

Finally, with the exception of the REDUCE-IT trial, experimental TG lowering has

not yet shown to improve CVD outcomes.

The described inconsistent associations across the different types of studies
make it plausible that an effective agent has not yet been found or, that the
hypothesis is flawed, resulting in causal uncertainty regarding TG and its role in
atherosclerotic disease and CVD progression. Given the complexity of the metabolic
pathway, as discussed in Chapter 1, and the incomplete understanding of the role of
TG in CVD, it remains possible that certain TG containing lipoproteins are pro-
atherogenic, while others are not, such that total TG measurement may be
insufficiently precise to disentangle the causal relationships of individual lipoprotein
fractions with CVD. Using a combined genetic and metabolomics approach and
applying the principles and tools for observational epidemiological data analysis and
MR, this PhD aims to identify the causal relevance of TG containing lipoprotein

subfractions in cardiovascular disease.

The application of NMR metabolomics to measure and quantify lipid
lipoproteins offers the opportunity to interrogate and evaluate the causal associations
of TG measured in 14 lipoprotein subfractions in the context of the current evidence,
some of which has been described in this chapter. The following chapters focus on
addressing the aims of this thesis outlined above, and the final chapter summarises

the understanding of the role of TG in CVD and directions for future development.
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3 Methods

This chapter provides and overview of the datasets, exposure and outcome
phenotype measures used throughout this thesis. Detailed methods are discussed

further in the succeeding results chapters.
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3.1 Datasets

University College London-Edinburgh-Bristol (UCLEB) Consortium

This thesis uses data sourced from prospective observational studies from the
UCLEB consortium!. These are the Whitehall-II Study (WHII), the British Regional
Heart Study (BRHS), the Southall and Brent Revisited Study (SABRE), the MRC
National Survey of Health and Development (NSHD), the Caerphilly Prospective
Study (CAPS), and the British Women’s Heart and Health Study (BWHHS). The
strengths of UCLEB consortium include it being a stable long-term resource for
large scale integrated metabolomics and genomic analyses. The integration of
multiple layers of -omics data within the framework of cohort studies, large sample
size and standardised lipid measurements contribute to a more comprehensive
approach to address the aims of this thesis.

The studies are discussed below.

All studies with the exception of SABRE are almost all exclusively of European
ancestry. The age of recruitment ranges from birth (NSHD) to 60-79 years
(BWHHS), with most cohorts recruiting in mid-life. The current age of participants
spans the 5th to 9th decades of life when the majority of cardiovascular disease
manifest, making the consortium a valuable source for cases of incident disease.
Each of the studies are prospective cohort design and have NMR metabolomics data
quantified using the Nightingale platform (details of quantification methods
discussed in Chapter 1) and DNA repository with published genetic analyses. The
strength of cohort-based analyses is that genetic loci can be identified for very
quantitative trait recorded in sufficiently large numbers. Each of the contributing

studies has a defined inclusion criterion, procedures for the collection and recording
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of demographic details, biological samples and clinical measures. The studies have a

wide range of clinical and biological measures with overlap across studies to

facilitate pooled analyses. Studies have used common measurement methods, with

many blood markers measured in the same laboratory. All studies follow participants

for disease and have an ongoing clinical assessments and biological sampling. Table

3.1 below shows the variables obtained from each contributing study. The individual

cohorts are discussed further below. All ethical approval was collected locally by

individual studies.

Table 3.1 Description of UCLEB variables used in this thesis

Variable Unit of measure Variable Unit of
measure
Triglyceride and cholesterol in 14 lipoprotein subfraction metabolites
Extremely large VLDL mmol/L Large LDL mmol/L
Very large VLDL mmol/L Medium LDL mmol/L
Large VLDL mmol/L Small LDL mmol/L
Medium VLDL mmol/L Very large HDL mmol/L
Small VLDL mmol/L Large HDL mmol/L
Very small VLDL mmol/L Medium HDL mmol/L
IDL mmol/L Small HDL mmol/L
NMR measured lipids
Total cholesterol mmol/L Apolipoprotein Al g/L
Total triglyceride mmol/L Apolipoprotein B g/L
LDL-cholesterol mmol/L
HDL-cholesterol mmol/L

Clinical chemistry
measured lipids
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Total cholesterol mmol/L LDL-cholesterol mmol/L

Total triglycerides mmol/L HDL-cholesterol mmol/L

Anthropometric measures
Age years Height Meters

Sex Male/female Weight kg

Participant characteristics and lifestyle

measures

Smoking Yes/no SBP mmHg
Alcohol Yes/no DBP mmHg
Type 2 diabetes Yes/no HbAlc mmol/L

Disease outcome

CHD" Yes/no

Stroke® Yes/no

SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL-C: low-density
lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglycerides;
CHD: coronary heart disease.

2 Calculated using Friedewald et al.(1972). [LDL-chol] = [Total chol] - [HDL-chol] -
([TG]/2.2) where all concentrations are given in mmol/L (note that if calculated using all
concentrations in mg/dL then the equation is [LDL-chol] = [Total chol] - [HDL-chol] -
([TGJ/5))

® CHD is defined as first event of myocardial infarction or revascularisation and stroke as
first event of ischaemic or haemorrhagic stroke.

3.1.1 British Regional Heart Study (BRHS)

The BRHS recruited 7735 men in 1978 to 1980 aged 40-59 years from general
practices across the UK. At re-examination in 1998-2000, when the men were 60-79
years, a wide range of phenotypic measures such as lipids, blood pressure,
inflammatory markers, and anthropometric and behavioural variables such as BMI,
cigarette smoking and alcohol consumption were collected in 4252 participants and

DNA was extracted for 3945. NMR metabolomics quantification of blood collected
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in the fasting and non-fasting state at re-examination were analysed in Finland using
the Nightingale platform®. Incident outcome variables for coronary heart disease and
stroke were collected through self-report questionnaires and validated through
medical records at 10 year follow up from re-examination in 2010. A positive
answer to self-report question “Have you ever been told by a doctor that you have
had a heart attack (coronary thrombosis or myocardial infarction)?” was validated
using a history of typical features including chest pain, supported by ECG evidence
and/or abnormal enzyme levels, (WHO criteria classify, two of the three). All new
major CHD events reported by the practices are followed-up with an enquiry form to
the GP or hospital consultant to obtain confirmatory evidence that case criteria have
been met. Similarly, a positive answer to “Have you ever been told by a doctor that
you have had a stroke?” and validated using record-review of an acute disturbance of
cerebral function of vascular origin, lasting >24 hours. Case definition includes

subarachnoid haemorrhage, cerebral haemorrhage or thrombosis.

3.1.2  Whitehall II Study (WHII)

The Whitehall II study recruited over 10,000 participants between 1985 and
1988 from 20 London based Civil service departments, of which 66% are men*. The
study has 9 phases of follow-up (5 with clinical assessment and biological sampling)
over 20 years. Data used in this thesis are obtained from phase 5 measured in 1997-
1999 when NMR quantification was performed in 4762 participants using fasting
and non-fasting blood samples using the Nightingale platform. Anthropometric,
lifestyle and participant characteristic data are also collected from phase 5. Disease
outcome data of incident CHD and stroke were collected at seven-year follow-up

from phase 5 using self- report questionnaires as positive answer to “have you ever
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been told by a doctor that you have had a heart attack, stroke or transient ischaemic

attack™? Genetic samples were collected in 2004 from over 6,000 participants.

3.1.3 Medical Research Council National Survey of Health and Development
(NSHD)

The NSHD is an ongoing birth cohort study consisting of all births in England,
Scotland and Wales in one week in March 1946°. The original cohort comprised
2,547 women and 2,815 men who have been followed up over 20 times since their
birth. NMR quantification was conducted using the Nightingale platform at follow
up in 2006-2010 in 1790 participants aged 60-65 years using blood samples
measured in the fasting and non-fasting state. Data permanenting to physical,
lifestyle and anthropometric measures and outcome phenotypes for self-reported or

doctor diagnosed prevalent CHD and stroke were also collected in 2006-2010.

3.1.4 Caerphilly prospective study (CaPS)

The CaPs study is based on men aged 45 to 59 years who lived in Caerphilly,
South Wales and were recruited to the study between 1979 and 1983°. NMR
metabolomics quantification was performed on fasting blood measures in 1500
participants at follow-up between 1989 and 1993, anthropometric and lifestyle
variables were also collected at this time. DNA was extracted from blood samples
collected in 1992-1994. Follow-up for disease outcomes is by self-report
questionnaire for CHD, “Have you ever had a heart attack or coronary thrombosis?”
and for stroke “Have you ever had a stroke?”. Positive answers to self-report

questions are linked to hospital episode discharge summaries for validation checks.
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3.1.5 Southall and Brent Revisited study (SABRE)

The SABRE study is a tri-ethnic study including British men and women of
European, South Asian and African Caribbean descent living in West and North
London’. Participants were recruited in 1988-1991 and were re-examined at 20-year
follow up in 2008-2011. NMR metabolite measures were quantified using both
fasting and non-fasting blood samples measured at baseline (N = 3593) and at
20year follow-up (N = 1426). All study variables including anthropometric and
lifestyle variables are obtained from baseline year. Incident disease outcome at 20
year follow up in 2008-2011 were ascertained using self-report questionnaires as
positive answers to “Have you ever been told by a doctor that you have had a heart
attack (coronary thrombosis or myocardial infarction)?” and validated using primary
care record review adjudicated by 2 senior physicians, based on symptoms, cardiac
enzymes, ECG findings and hospital discharge diagnosis. Similarly, stroke was
defined as self-report as positive answer to question “Have you ever been told by a
doctor that you have had a stroke or transient ischaemic attack with symptoms
lasting at least 24 hours?”” and validated similar to CHD events, with definite or
probable diagnosis of stroke made according to predetermined criteria based on
symptoms, duration of symptoms and MR or CT imagining. For the purpose of this
thesis the SABRE cohorts are subdivided by ethnicity, defined as SABRE 1

(European), SABRE 2 (South Asian) and SABRE 3 (African-Caribbean).

3.1.6  Caerphilly prospective study (CaPS)

The BWHHS was established in 1999 as a parallel to the BRHS, using the same
sampling frame and clinical protocols for follow-up®. From 1999-2001, 4286 women

aged 60-69 were selected from 23 general practices across the UK. DNA and NMR
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metabolomic quantification was performed on fasting blood samples from baseline
year 1999-2001. Data on anthropometric and lifestyle variables were collected at the
same time point. At 10-year follow-up in 2010, disease outcome data were
ascertained using self-report questionnaires for CHD as a positive answer to question
“Have you ever been told by a doctor that you have had a heart attack (coronary
thrombosis or myocardial infarction)?”. Self-report answers were validated by any
one of the following; ECG evidence, raised enzyme levels, raised cardiac enzyme
levels, raised troponin levels, hospital letter confirming diagnosis, recoded from
unstable angina following review by study investigators. Similarly, stroke cases were
ascertained as positive answer to questions “Have you ever been told by a doctor that
you have had stroke?”, and validated as any one of; ischaemic or haemorrhagic
stroke at scan and symptoms > 24 hours, hospital letter confirming diagnosis and
symptoms > 24 hours, Final diagnosis is stroke without scan or letter and symptoms

>24 hours, recorded following record review by study investigators.

3.2 Genetic association data

3.2.1 Exposure data

Genetic association estimates for TG and cholesterol in 14 lipoprotein
subfractions were obtained from an existing NMR metabolite GWAS meta-analysis
conducted in my host laboratory in 25,000 samples from 7 studies contributing to the
UCLEB consortium. Blood metabolites were quantified using the Nightingale’ NMR
platform as described above in cohort studies. Genotyping was completed using the
Illumina Cardio-Metabochip array'® and imputed based on 1000G for SNPs with
MAF<0.001. Metabolites were tested against genotypes adjusting for age and gender

and 10 principal components. There was no adjustment for population stratification
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as UCLEB studies were previously shown to be homoegenous'. To correct for
multiple testing, genome- and metabolome-wide statistical significance was set to

p<2.3e-9.

3.2.2 Outcome data

Ascertainment of SNP-CHD genetic association via publicly available summary
data from the CARDIoGRAMplusC4D in 63,746 cases and 130,681 controls,
genotyped using either Metabochip or GWAS data imputed using HapMap'!.
Participants were of either European (95%) or South Asian ancestry. Cases were
defined as documented history of acute coronary syndrome, coronary artery bypass
graft, percutaneous coronary revascularisation, coronary artery stenosis greater than
50% in at least one coronary vessel, or angina pectoris. Corrections were made for

age, sex and population stratification.

3.2.3 Statistical analysis methods

Specific methods of analysis are described in detail in the succeeding results
chapters in the respective methods sections. As an overview, chapter 4 evaluates the
influence of age, smoking, body mass index (BMI) on the triglyceride (TG) and
cholesterol distributions using generalised linear model (GAM) curves. This
approach was selected as it is considered more flexible and adapts the fitted curve to
the data to identify hidden patterns as compared to other models such as a
polynomial regression, which restricts the form of the curve. The influence of fasting
status on TG distribution was assessed using the Kolmogorov—Smirnov (KS) test
due to the capability of the KS test to detect variances in the population over other

tests such as the t-test. In chapter 5, logistic regression models were used to assess
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the relationship between TG in 14 lipoprotein subfractions and coronary heart
disease and stroke. Had time-to CHD or stroke event data been available in UCLEB,
Cox regression analyses may have been used. This is a potential limitation of
UCLEB data. In the absence of such data, it is appropriate to use logistic regression
given the binary outcome of CHD and stroke. Mendelian randomisation (MR) is
used in the genetic analyses in chapter 6 to evaluate the predominant causal
lipoprotein lipid in CHD. The assumptions underlying MR are discussed in chapter
2. Briefly, genetic associations with TG and cholesterol in 14 lipoprotein
subfractions were obtained from a meta-analyses of Kettunen'? and a de novo
genome-wide association study (GWAS) of UCLEB measurements. The selected
instruments were harmonised to genetic associations with CHD in the outcome
database CARDIoGRAMplusC4D'3 . The selected instruments were used to evaluate
the effect of TG and cholesterol content of each lipoprotein subfractions on CHD
using the inverse variance weighted estimator and multivariable MR, correcting for

horizontal pleiotropy. Please see methods section chapter 6 for further details.
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Abstract

Background

Nuclear magnetic resonance (NMR) spectroscopy allows lipoproteins to be
subclassified into 14 different classes based on particle size and lipid content. We
recently showed that triglyceride in these subfractions have differential associations
with cardiovascular disease (CVD) events. We report the distributions and define
reference interval ranges for TG and cholesterol in 14 lipoprotein subfraction

metabolites.

Methods

Lipoprotein subfractions using the Nightingale NMR platform were measured in
9,073 participants from 4 cohort studies contributing to the UCL-Edinburgh-Bristol
(UCLEB) consortium. The distribution of each metabolite was assessed. Reference
interval ranges were calculated for a disease-free population, by sex, age, BMI,

smoking status and in participants with CVD or type 2 diabetes.

Results

The largest reference interval range for TG was observed in the medium VLDL
subfraction (2.5" 97.5™ percentile; 0.08 to 0.68 mmol/L), and for cholesterol in the
large LDL subfraction (0.47-1.45 mmol/L). TG subfraction concentrations in VLDL,
IDL, LDL and HDL sub-classes increased with increasing age and increasing BMI.
Increases in cholesterol concentrations were largely comparable between men and
women by age and smoking status with the exception of ever smokers in the HDL
subclass. TG subfraction concentrations were significantly higher in ever smokers

compared to never smokers, among those with clinical chemistry measured total TG
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greater than 1.7 mmol/L, and in those with CVD , and type 2 diabetes as compared

to disease-free subjects.

Conclusion

This is the first study to establish reference interval ranges for TG and
cholesterol concentrations in 14 lipoprotein subfractions, in samples from the general
population measured using the NMR platform. The utility of NMR lipid measures
may lead to greater insights for the role of TG and cholesterol in CVD, emphasising
the importance of appropriate reference interval ranges for future clinical decision

making.
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4.1 Introduction

Risk factors for atherosclerotic disease include elevated total cholesterol, LDL-
cholesterol (LDL-C) and triglycerides (TG), and are used in disease risk assessment
in clinical care!. Elevated LDL-C and TG are common among people with metabolic
syndrome, obesity and type 2 diabetes (T2DM)>?, and are associated with an
increased risk of cardiovascular disease (CVD)*. Reference intervals are the most
common tool used for the interpretation of numerical pathology reports for
comparisons to patient laboratory results to support clinical decision making. For
example, population-based reference intervals are used as a tool to define thresholds
for clinical decisions in the measurement of LDL-C for CVD risk assessment. LDL-
C measurements together with other measurements such as body mass index (BMI)

or systolic blood pressure (SBP) can help to determine if lipid-lowering is indicated”.

The high-throughput proton ('H) serum nuclear magnetic resonance (NMR)
metabolomics platform developed by Nightingale provides quantitative information
on lipoprotein particle size and lipid content representing multiple metabolic
pathways®®. NMR measures of lipoprotein subfractions are increasingly used in
epidemiological and genetic studies, and may provide better insights into biological
processes compared to clinical chemistry measures of total serum cholesterol or TG,
which represent wide-ranging biological heterogeneity that is incorporated into a
single measure °. Total cholesterol is a sum of all the cholesterol molecules in
circulation and thus has no distinction for the lipoprotein particle it is carried with.
The lipoprotein metabolism process is complex and involves various particle
subclasses that have different and even opposite biological roles, for example LDL

and high-density lipoprotein (HDL) particles being a well-known example in
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reference to CVD risk. NMR quantification of lipoproteins from a serum sample
capture a comprehensive molecular signature, which then allows the modelling of 14
lipoprotein subfractions characterised by particle size. Each particle gives a
characteristic signal that is mechanically distinctive, the area of which is
proportional to the concentration of the lipoprotein particle being identified. For each
NMR measured lipoprotein subfraction, phospholipids, triglycerides, and esterified

and free cholesterol are quantified, discussed in detail in preceding chapters.

The Nightingale NMR metabolomics approach has been used in two recent
prospective cohort studies that found evidence to suggest a differential association of
total serum TG and TG concentrations in subfractions with coronary heart disease
(CHD) !, For example, total serum TG association with CHD was OR 1.19 (95%
CI 1.10 to 1.28), TG in the VLDL subfractions was associated with CHD in the
range of OR 1.12 to 1.22, whereas TG concentrations in the LDL subfractions
conveyed a relatively lower risk (OR in the range 1.13 to 1.17)'!. Similarly,
cholesterol concentrations in VLDL, IDL and LDL subfractions had robust positive
associations with CHD (OR in the range 1.14 to 1.28), whereas cholesterol
concentrations in HDL subfractions were inversely associated (OR in the range 0.81

to 0.90).

NMR quantified lipoproteins better predict subclinical atherosclerosis when
evaluated against conventional clinical chemistry lipid testing. In a study of 1595
individuals aged 24-39 years from the population-based Cardiovascular Risk in
Young Finns Study, better prediction of 6-year incident high intima-media thickness

(a marker for subclinical disease) was achieved when clinical chemistry (CC)
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measured total and HDL-cholesterol were preplaced by NMR quantified

lipoproteins!?.

The different associations of TG and cholesterol in lipoprotein subfractions with
CHD and the increasing availability and implementation of NMR metabolomics in
biobanks, epidemiological and, genetic studies, highlight the need to extend the
standard lipid reference intervals to include TG and cholesterol lipoprotein

subfractions'?.

This study aims to define reference intervals for TG and cholesterol

concentrations in 14 lipoprotein subfractions using data from multiple UK based

cohorts from the UCLEB consortium.
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4.2 Methods

4.2.1 Population study sample

Data were sourced from the UCL-Edinburgh-Bristol (UCLEB) consortium,
including NMR metabolite measures in 9,073 participants from 4 cohort studies: The
British Regional Heart Study (BRHS), including men aged 60-79 at assessment in
1998-2000, the Whitehall II study (WHII), including UK government workers aged
45-69 years at assessment in 1997 to 1999, the Southall And Brent Revisited Study
(SABRE), a tri-ethnic study including British men and women from European
(SABRE1), South Asian (SABRE2) and African Caribbean (SABRE3) descent, and
the Caerphilly Prospective Study (CAPS), including men registered in general
practice aged 55-69 at assessment in 1989-1993. The design and data collection for
the UCLEB Consortium of longitudinal population studies has been described in
Chapter 3'3. Age (years), sex (male/female), smoking (ever/never), body mass index
(BMI), CHD, stroke and T2DM variables were collected at the time of NMR blood

sample measurement.

4.2.2 Metabolite quantification

Using Nightingale NMR metabolomics platform?®, high-throughput metabolite
quantification of TG and cholesterol (esterified and free cholesterol are summed in
this study to represent the quantity of cholesterol present in each subfraction), in 14
lipoprotein subfractions (mmol/L) were ascertained in fasting and non-fasting serum
samples in all contributing studies. To ensure long-term sample integrity, blood
samples were stored and transported at -80 °C across all contributing UCLEB studies

until NMR quantification in 2014. NMR metabolomics platform has been
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14-16

extensively used in epidemiology and genetics studies'™ °, and its application

reviewed and described in Chapter 1%!7.

4.2.3 Statistical analysis

Individuals were removed based on any event of CHD, stroke or T2DM to
include a healthy, ‘disease free’ population. The study-specific distribution of TG
and cholesterol in each lipoprotein subfraction was first assessed. Data were then
pooled using individual participant data form all four cohorts into one dataset. TG
and cholesterol reference intervals for each subfraction were based on the 2.5", and
97.5'" percentiles stratified by age and sex. Age group bands were calculated as <55
years, 55-65 years and >65 years. The influence of age, smoking and BMI on the TG
and cholesterol distributions were assessed statistically and graphically using
“generalised linear model” (GAM) curves, and box plots. Given the influence of diet
on total TG levels, the TG subfraction reference intervals were further assessed for
influence of fasting status using the Kolmogorov—Smirnov (KS) test. TG and
cholesterol reference intervals were additionally calculated in the following groups;
1) participants with CVD (defined as occurrence of either CHD or stroke, 2)
participants with T2DM, 3) participants with clinical chemistry total TG greater, or
less than 1.7 mmol/L or total cholesterol greater, or less than 5.2 mmol/L, for TG
and cholesterol subfractions respectively and 4) TG and measured in the fasting and

non-fasting state.
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4.3 Results

4.3.1 Reference interval ranges

A total of 9,073 individuals were included in the main healthy, free of CVD and
type 2 diabetes study sample, of which 5,574 (62.8%) were male (median age 61.7
years, IQR 52.0, 67.6), had median BMI of 26.0 (IQR 23.9, 28.4) kg/m? and 3,027
(54.2%) were current or ex-smokers (i.e., ever smokers). Women had a median age
of 53.9 (IQR 49.9, 59.9), a BMI of 25.6 (23.6, 27.8) kg/m? and 431 (13.0%) were
ever smokers. In general, concentrations of TG were highest in the VLDL
subfractions, specifically medium and small VLDL, whereas cholesterol
concentrations were mostly abundant in the LDL subfractions. Description of study
population and median concentration of TG and cholesterol in 14 lipoprotein

subfractions are shown in table 4.1.
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Table 4.1 Description of study sample

Men (n = 5574)

Women (n =3299)

Age, years
BMI, kg/m2

Smoking, ever

61.7 (52.0, 67.6)
26.0(23.9,28.4)

3027/5574 (54.2)

Triglyceride concentration (mmol/L)

53.9 (49.9,59.9)
25.6 (23.6, 27.8)

431/3299 (13.0)

VLDL

Extremely large
Very large
Large
Medium
Small
Very small
IDL
LDL
Large
Medium
Small
HDL
Very large
Large
Medium
Small

0.02 (0.01-0.03)
0.03 (0.01-0.05)
0.10 (0.06-0.18)
0.23 (0.16-0.35)
0.22 (0.18-0.29)
0.11 (0.09-0.13)
0.12 (0.10-0.14)

0.10 (0.08-0.12)
0.05 (0.04-0.06)
0.03 (0.02-0.04)

0.01 (0.01-0.02)
0.03 (0.02-0.04)
0.05 (0.04-0.06)
0.05 (0.04-0.06)

0.02 (0.01-0.02)
0.02 (0.01-0.04)
0.09 (0.05-0.16)
0.24 (0.16-0.34)
0.23 (0.17-0.30)
0.12 (0.09-0.14)
0.12 (0.10-0.15)

0.10 (0.09-0.12)
0.05 (0.04-0.05)
0.03 (0.02-0.04)

0.01 (0.01-0.02)
0.02 (0.02-0.03)
0.05 (0.04-0.06)
0.04 (0.04-0.05)

Cholesterol concentration (mmol/L)

VLDL
Extremely large
Very large
Large
Medium
Small
Very small

IDL

LDL
Large
Medium
Small

HDL
Very large

0.01 (<0.01-0.01)
0.01 (0.01-0.02)
0.05 (0.03-0.05)
0.15(0.11-0.21)
0.24 (0.19-0.30)
0.28 (0.24-0.33)
0.73 (0.61-0.87)

0.89 (0.72-1.07)
0.50 (0.39-0.61)

0.30 (0.24-0.37)

0.20 (0.15-0.26)

<0.01 (<0.01-0.01)

0.01 (0.01-0.02)
0.05 (0.03-0.07)
0.16 (0.12-0.21)
0.27 (0.22-0.32)
0.32 (0.28-0.37)
0.83 (0.72-0.96)

0.97 (0.83-1.13)
0.54 (0.45-0.63)

0.32 (0.27-0.38)

0.20 (0.16-0.25)
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Large 0.22 (0.14-0.35) 0.32 (0.24-0.41)
Medium 0.33 (0.26-0.42) 0.45 (0.39-0.52)
Small 0.44 (0.36-0.49) 0.42 (0.38-0.46)

Values are median (IQR) or %.
VLDL = Very-low density lipoprotein; IDL = Intermediate-density lipoprotein; LDL =
Low-density lipoprotein; HDL = High-density lipoprotein

The sum of TG concentrations in the 14 lipoprotein subfractions was compared
to CC measured total serum TG and found an increase of 0.34 mmol/L of NMR
measured total TG for every 1 mmol/L increase in CC measured total serum TG, see
appendix figures 4.1 and 4..2. The overall study population distribution for TG in the
subfractions were comparable across contributing studies, showing agreement
between ethnicities in the SABRE cohort (figure 4.1) and overlap of TG measured in
the fasting and non-fasting state, see appendix figure 4.3. Of the 14 subfractions, TG
in 12 subfractions had a skewed right tailed distribution, and two (medium and small
HDL) had a more symmetrical distribution. When comparing the sum of cholesterol
concentrations in 14 subfractions against CC measured total serum cholesterol, NMR
measured cholesterol increased by 0.69 mmol/L per 1 mmol/L in CC cholesterol.
Similar to TG concentrations, cholesterol distribution was comparable across the
contributing UCLEB studies, see figure 2. Cholesterol in the VLDL subclass had
right tailed distributions, cholesterol in the remaining LDL and HDL subclasses had
more symmetrical distributions with the possible exception of cholesterol in small

HDL.
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Figure 4..1 The distribution of TG in 14 lipoprotein subfractions from contributing UCLEB

studies
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Figure 4.2 The distribution of cholesterol in 14 lipoprotein subfractions from contributing

UCLEB studies
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The reference intervals (2.5 — 97.5™ percentile) for TG and cholesterol in the
14 subfractions are shown in table 4.2 and graphically in figure 4.3. Wide reference
intervals were observed for TG in the VLDL subclass, for example the reference
interval for TG in medium VLDL and small VLDL was, 0.08-0.67 mmol/L and
0.10-0.46 mmol/L, respectively. A smaller reference interval range was observed for
TG in IDL, LDL and HDL subclass subfractions, for example, the reference interval
range for TG in large HDL was 0.01-0.05 mmol/L. For cholesterol, a narrow

reference interval range is observed in the VLDL subfractions whereas wide
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reference intervals are observed in the IDL (0.42-1.20 mmol/L), LDL and HDL

subclass subfractions, specifically in the large LDL and large HDL subfractions for

which the interval range was 0.47-1.45 and 0.07-0.68 mmol/L, respectively.

Table 4.2 Reference interval range of 14 TG and cholesterol subfractions (n=9,073 )

Triglyceride reference interval

range (mmol/L)

Cholesterol reference interval
range (mmol/L)

Lipoprotein subfraction 2.50% 97.50% 2.50% 97.50%
VLDL
Extremely large 0.01 0.06 <0.01 0.02
Very large <0.01 0.13 <0.01 0.05
Large 0.01 0.42 0.01 0.17
Medium 0.08 0.67 0.06 0.35
Small 0.10 0.46 0.13 0.42
Very small 0.06 0.20 0.17 0.46
IDL 0.07 0.20 0.42 1.20
LDL
Large 0.06 0.17 0.47 1.45
Medium 0.02 0.08 0.22 0.85
Small 0.01 0.05 0.13 0.51
HDL
Very large <0.01 0.03 0.08 0.40
Large 0.01 0.05 0.07 0.68
Medium 0.02 0.08 0.15 0.65
Small 0.03 0.08 0.26 0.57

VLDL = Very-low density lipoprotein; IDL = Intermediate-density lipoprotein; LDL = Low-density

lipoprotein; HDL = High-density lipoprotein.
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Figure 4.3 Reference interval range for 14 triglyceride-containing and cholesterol-containing lipoprotein subfractions (median, 2.5%, 97.5™) percentile
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4.3.2 Age and sex stratified reference interval ranges

Age and sex stratified reference interval ranges for TG and cholesterol in the 14
subfractions are presented in appendix table 4.1. The reference interval ranges (2.5%-
97.5™ percentile) were largely comparable between men and women across VLDL
subfractions. For example, among men aged <55 years, TG in the large VLDL
reference interval was in the range 0.01 — 0.24 mmol/L, and for women of the same
age band the reference interval range was 0.02-0.30 mmol/L. When considering
cholesterol reference interval ranges, men overall had a wider interval range. For
example, this is observed in cholesterol in large LDL, men aged 55-65 years had a
range of 0.47-1.48 mmol/L, compared to women in the same age band had an

interval range of 0.58-1.47 mmol/L.

4.3.3 Subgroup reference interval ranges

Figure 4 shows GAM curves and density distribution for the sum of TG in
VLDL, IDL, LDL and HDL subclass subfractions for age and BMI, and box plot for
TG distribution by smoking status. Among men, TG concentration increased with
age, with the most prominent age differences observed in the HDL subclass (figure
4.4, left panel). By comparison, TG concentration differences were not as noticeable
for women for whom concentrations were comparable for the VLDL, IDL, LDL and
HDL subclasses by age. For both men and women, TG subfraction concentration
increased with increasing BMI for the VLDL, IDL, LDL and HDL subclasses. Ever
smokers had higher mean TG subfraction concentrations across all subclasses as
compared to never smokers. Figure 4.5 shows the GAM curves and density
distribution for cholesterol concentrations across VLDL, IDL, LDL and HDL

subclasses. Increases in cholesterol concentrations were largely comparable between
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men and women by age, with the possible exception of cholesterol among men in the
HDL subclass for which there was an increase in concentration with increasing age
until 50 years and then a plateau in concentration levels. Cholesterol concentrations
increased steadily in the VLDL subclass with increasing BMI in both men and
women, whereas concentrations remained level in the IDL and LDL subclasses.
Conversely, in the HDL subclass, cholesterol concentration reduced with higher
BMI, with the most prominent reduction seen in women and a U-shaped curve
among men. Mean cholesterol concentration by smoking status was similar between
men and women, with the exception of ever smokers in the HDL subclass, in which

the mean concentration was lower than that observed among never smokers.

The reference interval ranges for TG in the 14 subfractions were comparable in
the population with CVD (N =2719 and those with T2DM (N = 1325) to the
reference interval range reported in the ‘disease-free’ group in table 4.2. In general,
the largest variation in reference interval ranges across the subfractions between the
disease sub-groups was observed for TG in the VLDL subclass, appendix table 4.2.
For example, the 2.5 to 97.5" reference interval range for TG in medium VLDL in
the different groups were 0.08-0.67, CVD: 0.09, 0.79 mmol/L and in T2DM: 0.08,
0.84 mmol/L. Conversely, cholesterol concentrations and reference interval ranges
were overall higher in the across the 14 sun-fractions in the ‘disease free’ group as
compared to the CVD and T2DM groups. For example, the interval range for
cholesterol in the large LDL subfraction was 0.47- 1.45, 0.44-1.39 and 0.36-1.38 in

the CVD and T2SDM groups respectively.
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The reference interval ranges were assessed in subgroups stratified by clinically
recognised lipid targets as lower than, 1.7mmol/L and lower than 5.2 mmol/L for
total TG and total cholesterol respectively. TG and cholesterol concentrations in the
14 subfractions were higher in the group with CC measured total TG greater than
1.7mmol/L, and total cholesterol greater than 5.2 mmol/L. TG subfraction
concentrations and reference interval range in the 14 subfractions were comparable

in TG measured in the fasting and non-fasting state.
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Figure 4.4 Distribution of TG concentration in VLDL, IDL, LDL and HDL subclass by age (left panel), body mass index (centre panel) and smoking status (right
panel)

N.b. Slope indicates a GAM estimate with 95% confidence interval. Tile colours represent the number of observations, with purple coloured tiles indicating a higher
density. Smoking distribution (right panel) is based on data from BRHS, SABRE and WHII studies. All were significant at P value threshold for <0.001
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