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Abstract

Cardiometabolic diseases including cardiovascular diseases (CVDs) remain a threat
to global public health, placing a significant burden on low- and middle-income countries.
Among the risk factors for CVDs is an altered blood lipid profile, usually characterised by a
rise in the concentration of triglycerides (TG) or low-density lipoprotein cholesterol (LDL-
C) and a reduction in the concentration of high-density lipoprotein cholesterol (HDL-C).
Lipid-related traits such as CVDs are known to be impacted by environmental factors
including dietary intake. However, evidence from genetic association studies indicates that
genetic variants play a role in the development of these traits. Therefore, investigating how
gene-diet interactions impact on lipid-related traits could help to improve our
understanding of the underlying pathophysiology and the development of precision
nutrition strategies for the prevention and management of these conditions. Gene-diet
interaction studies have been extended to cover previously under-represented populations,
but there is still limited research in some developing countries. The main aim of this PhD
work was to investigate the association of single nucleotide polymorphisms (SNPs) as a
genetic risk score (GRS) with lipid-related traits in different ethnic groups. The interaction
of the GRS with dietary factors on lipid-related traits was also assessed. Additionally, the
association between dairy intake, a source of saturated fat, on cardiometabolic risk factors
was investigated. Finally, factors that need to be considered to facilitate the translation of
nutrigenetics to personalised and precision nutrition for cardiometabolic health in diverse
ethnic groups were explored. This thesis included seven studies: a review of cholesteryl
ester transfer protein (CETP) gene-diet interactions on lipid-related outcomes; three cross-
sectional cohort studies [the Obesity, Lifestyle and Diabetes in Brazil (BOLD) study, Brazilian
young adults, n=190; the Chennai Urban Rural Epidemiological Study (CURES), Asian Indian
adults, n=1,033; and the Study of Obesity, Nutrition, Genes and Social factors (SONGS),
Peruvian young adults, n=468]; a case-control study (CURES, Asian Indian adults, n=497); a
systematic review of gene-lifestyle interactions on cardiometabolic disease-related traits in
Latin American and Caribbean populations; and a review focusing on the barriers in
translating existing nutrigenetics insights to precision nutrition for cardiometabolic health
in ethnically diverse populations. Statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS) software (version 28; SPSS Inc., Chicago, IL, USA) and
the R software version 4.3.1. Significant GRS-saturated fatty acid (SFA) intake interactions
were observed in the Brazilian and Asian Indian populations, impacting on TG:HDL-C ratio

(Pinteraction=0.03) and waist circumference (Pinteraction=0.006), respectively. A significant GRS-



total fat intake interaction on TG:HDL-C ratio was also observed in the Brazilian population
(Pinteraction=0.03). In the Peruvian population, a significant GRS-carbohydrate intake
interaction on the concentration of HDL-C was observed (Pinteraction=0.0007). Also in the
Peruvian population, participants with a high GRS, had lower concentrations of HDL-C across
tertiles of glycaemic load (Ptrena=0.017). In summary, the findings of this thesis add to the
field of nutrigenetics by showing the presence of genetic heterogeneity in gene-diet
interactions on lipid-related traits in different ethnic groups. These findings will contribute
to improved understanding of how genetic and dietary factors interact to alter the
susceptibility to CVDs in different ethnic groups. Replication of the findings in large scale
longitudinal and dietary intervention studies is required prior to being considered for

personalised dietary guidelines.
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Chapter 1 Introduction to the thesis

1.1 Introduction

In recent decades, the rates of cardiometabolic diseases including cardiovascular
diseases (CVDs) have risen dramatically, coinciding with the so-called ‘obesogenic
environment’ which is used to describe environmental influences on nutrition and physical
activity [1, 2]. One of the main risk factors for CVDs is an altered blood lipid profile, usually
characterised by a reduced concentration of high-density lipoprotein cholesterol (HDL-C)
and elevated levels of low-density lipoprotein cholesterol (LDL-C) or triglycerides (TG) [3,
4]. Recent advancements in genotyping technology have paved the way for research into the
genetic basis of complex traits, and so far, large-scale genome-wide association (GWA)
studies have discovered numerous genetic loci associated with blood lipid concentrations
and the risk of CVDs [5-9]. However, only a small proportion of variability in blood lipid
concentrations is explained by these genetic variants [5, 10, 11]. Moreover, diet, which is
considered an environmental factor, has been shown to contribute to variations in blood
lipid concentrations and the risk of CVDs [12, 13]. Therefore, dietary modification is a
fundamental aspect of first line treatment of lipid-related traits [14, 15]. Nonetheless, inter-
individual differences in the biological response to dietary interventions have been reported,
which might be due to genetic variations [16, 17]. Therefore, it is important to examine how
genetic and dietary factors interact to influence lipid-related traits.

The gene-diet interaction (nutrigenetic) approach is an innovative approach that
investigates the impact of genetic variability on individual responses to diet [18]. This
approach helps to determine whether the genetic risk of abnormal blood lipid
concentrations and related traits is modified by dietary factors, offering the potential to
design personalised dietary guidelines for preventing and managing CVDs [19, 20].

This chapter will (i) give an overview of CVDs; (ii) examine lipids as a risk factor for
CVDs; (iii) discuss the influence of genetic and dietary factors on blood lipid concentrations;
(iv) examine the significance of studying gene-diet interactions and the role of personalised

nutrition in the prevention and management of CVDs.
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1.2 An overview of cardiovascular diseases

CVDs cover a variety of conditions affecting the heart and blood vessels including
ischaemic heart disease, stroke and peripheral vascular disease [21]. Most CVDs are caused
by atherosclerosis, which results from the build-up of lipids and inflammation in the large
arteries [22, 23]. Through narrowing of the lumen of arteries or formation of thrombi,
atherosclerosis can result in reduced blood supply to the heart, brain or lower extremities,
causing coronary heart disease, ischaemic stroke or peripheral vascular disease respectively
[22, 23]. CVDs are a threat to global public health, accounting for over 17 million deaths in
2019, with a significant proportion (more than 75%) occurring in low- and middle-income
countries (LMICs) [24]. As shown in Figure 1.1, a substantial majority of non-communicable

disease (NCD) mortality is attributable to CVDs [25].
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Figure 1.1 Major contributors to NCD mortality

Major contributors to non-communicable disease (NCD) mortality (80%) in people under
the age of 70 [25].

Abbreviations: NCD - non-communicable disease; CVDs - cardiovascular diseases.
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CVDs present severe health and economic consequences for individuals, families and
communities, especially in LMICs, where individuals tend to be affected by CVDs and related
conditions during their productive years, which, coupled with huge healthcare expenses and
limited employment opportunities worsens the financial burden of CVDs in these countries
[26, 27]. In Latin American and Caribbean populations (LACP), CVDs, in particular, ischaemic
heart disease and cerebrovascular disease, are the top cause of mortality and a key
contributor to disability, and this is mainly attributed to CVD risk factors [28]. Similarly, the
CVD epidemic in India is marked by an early onset, greater relative risk (RR), a higher fatality
rate, and an increased number of premature deaths [29], necessitating further research into

the prevention and management of CVD risk factors in these regions.

1.3 Lipid as a risk factor for cardiovascular diseases

Atherosclerotic lesions are marked by the build-up of cholesterol, and low-density
lipoprotein (LDL) is the primary transporter of cholesterol to the walls of arteries [30]. The
main events in the onset of atherosclerotic CVD involves the retention and build-up of
cholesterol-rich apolipoprotein B (ApoB)-containing lipoproteins within the arterial intima
at locations prone to plaque formation [31]. The likelihood of retention of LDL particles and
the risk of developing atherosclerosis are reported to be reduced when the concentration of
LDL-C is around 0.5-1.0 mmol/L (20-40 mg/dL). Above this threshold, the likelihood of
retention of LDL in the intima, and the subsequent initiation and progression of
atherosclerotic plaque increases in a dose-dependent manner [31]. In a systematic review
and meta-analysis of 14 prospective cohort studies including 1,055,309 participants [32], a
positive association was found between the concentration of LDL-C and mortality from CVDs
[Hazard ratio (HR), 1.21; 95% confidence interval (CI), 1.09-1.35]. In support of this, a
systematic review and meta-analysis of 49 trials with a total of 312,175 participants [33]
observed that, a low LDL-C concentration was associated with a lower RR of major
cardiovascular events. It was identified that a 1 mmol/L (38.7 mg/dL) reduction in the
concentration of LDL-C was associated with a RR of 0.77 (95% CI, 0.75-0.79, P<0.001).
Therefore, a high concentration of LDL-C is widely considered as a key risk factor for CVDs
[34], and most cardiovascular risk prediction models and prevention guidelines include
LDL-C [35, 36].

As with LDL-C, a rise in the concentration of TG has been associated with increased
risk of atherosclerosis and CVDs [37, 38]. Plasma TG concentration serves as a marker of TG-

rich lipoproteins and their remnants such as very-low density lipoprotein (VLDL),
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chylomicrons and chylomicron remnants, and the cholesterol contained within these
lipoproteins is believed to contribute to the development of atherosclerosis [37, 38].
Remnant lipoproteins can enter the intima, causing low-grade inflammation, foam cell
formation and atherosclerotic plaques [37, 39]. Moreover, a high concentration of TG, caused
by either an increased production or decreased breakdown of TG-rich lipoproteins is
reported to directly affect the composition and metabolism of both LDL and HDL, resulting
in small dense LDL and HDL particles which are atherogenic [40]. A systematic review and
meta-analysis of 61 prospective cohort studies [41] identified that, raised TG concentrations
were associated with higher risks of CVD and total mortality in a dose-dependent manner.
In comparison to the reference group (90-149 mg/dL), the combined RRs and 95% ClIs for
CVD mortality were 0.83 (0.75 to 0.93) for the lowest TG group (<90 mg/dL); 1.15 (1.03 to
1.29) for the borderline-high group (150-199 mg/dL); and 1.25 (1.05 to 1.50) for the high
TG group (2200 mg/dL). For total mortality, the combined RRs and 95% Cls were 0.94 (0.85
to 1.03), 1.09 (1.02 to 1.17), and 1.20 (1.04 to 1.38), respectively [41]. Similarly, alterations
in TG levels were found to be predictive of major cardiovascular events in a meta-regression
analysis of 40 randomised controlled trials (RCTs) (P=0.005) [42]. Taking together, these
findings suggest that a raised TG concentration is a key risk factor of CVDs.

In contrast to LDL and TG-rich lipoproteins, high-density lipoprotein (HDL) is well
known to have a cardioprotective effect [43-47]. Through reverse cholesterol transport, HDL
facilitates the removal of excess cholesterol from peripheral tissues and promotes its
excretion, thus reducing the risk of atherosclerosis and CVDs [48, 49]. However, it has been
recognised that, the concentration of HDL-C does not necessarily correlate with the function
of HDL [32, 50], which is exemplified by the observation that, individuals with scavenger
receptor class B member 1 (SCARB1) gene mutations have higher CVD risk despite having
high concentrations of HDL-C [50]. Nonetheless, the systematic review and meta-analysis of
14 prospective cohort studies discussed above [32] found that, increased HDL-C
concentration was associated with reduced risk of mortality from CVDs [HR, 0.60, 95% ClI,
0.50-0.72; P<0.01). Similarly, a meta-analysis of 23 prospective cohort and cross-sectional
studies in the Asian Pacific region [51] reported that, low concentration of HDL-C [<1.03
mmol/L (<40 mg/dL) in men and <1.30 mmol/L (<50 mg/dL) in women] was associated
with higher risk of coronary heart disease (CHD) in Asian participants (participants from
India, China, Hong Kong, Japan, Korea, the Philippines, Singapore, South Korea, Taiwan, and
Thailand) (HR, 1.67; 95% CI, 1.27-2.19). In line with these findings, a meta-analysis of 8

trials [52] reported an inverse association between the concentration of HDL-C and the risk
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of cardiovascular events (HR, 0.83; 95% CI, 0.81-0.86). Altogether, these results suggest that
low HDL-C concentration is a main risk factor of CVDs.

Therefore, this thesis aimed to examine factors that influence lipid-related traits.
Several factors are known to contribute to the development of lipid-related traits, and these
include non-modifiable factors including genetics, age and sex as well as modifiable factors
such as dietary intake, physical activity level and obesity [53-55]. Managing modifiable risk
factors could help to lower the risk of developing CVDs. In this thesis, genetic and dietary

factors will be examined.

1.4 Lipid metabolism

Lipids are insoluble in water and as a result they have to be transported in plasma in
combination with proteins, forming lipoproteins [56]. Lipoproteins consist of a central
hydrophobic core containing lipids, mainly TG and cholesterol esters (CE), surrounded by a
hydrophilic membrane made up of phospholipids, free cholesterol and apolipoproteins.
Lipoproteins play an important role in the absorption and transport of dietary lipids by the
small intestine, the movement of lipids from the liver to peripheral tissues, and the transport
of lipids from peripheral tissues back to the liver and intestine, a process known as reverse
cholesterol transport [57]. Lipoproteins are categorised based on their hydrated density, in
ascending order as chylomicrons, very-low-density lipoproteins (VLDL), intermediate-
density lipoproteins (IDL), low-density lipoproteins (LDL), and high-density lipoproteins
(HDL) [56]. These lipoproteins differ in size, lipid content, and the type of apolipoprotein
they contain [58], and these characteristics are altered by the action of enzymes such as
lipoprotein lipase (LPL), hepatic lipase (HL), lecithin-cholesterol acyltransferase (LCAT),
and cholesteryl ester transfer protein (CETP) [56].

The metabolism of lipoproteins is dependent on apolipoproteins, which are proteins
that play multiple roles such as acting as templates for the assembly of lipoprotein particles,
maintaining the structure of these particles and guiding their metabolism by binding to
membrane receptors as well as regulating enzyme activity [56]. The cellular uptake of
lipoproteins is regulated through the binding of apolipoproteins to membrane lipoprotein
receptors, and these include LDL receptors (LDLR), LDL receptor related protein (LRP) and
scavenger receptor Bl (SRBI). Apolipoprotein B100 (apoB100) and apolipoprotein E (apoE)
both bind to LDLR, apoE also binds to LRP while apolipoprotein A (apoA) binds to SRBI [56],

enabling cellular uptake of lipoproteins.
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Dietary lipids, mainly TG, phospholipids and CE, are emulsified with bile salts and
broken down in the intestinal lumen by various pancreatic lipases into FFA, monoglycerides
and free cholesterol [59]. These products are absorbed by the intestinal enterocytes and
used to resynthesise TG as well as phospholipids and CE which are assembled into
chylomicrons [59]. Chylomicrons consist mainly of TG (75%) and apoB-48 as the core
structural protein [60]. Upon secretion by the intestine, chylomicrons obtain apoCII from
HDL and circulate through the tissues where LPL on the endothelial surface is activated by
the apoCII. LPL breaks down the TG into FFA which are absorbed by the tissues (muscle and
adipose) and used as energy or stored for future use [60]. When TG are removed from
chylomicrons by LPL, smaller particles known as chylomicron remnants are formed.
Chylomicron remnants contain apoE which enables them to bind to LRP in the liver, thereby
facilitating their removal through endocytosis [57].

VLDL is synthesised in the liver and this process depends on the availability of TG
[61]. The TG for VLDL assembly are produced as a preventive response to increases in FFA.
The liver obtains FFA from three main sources: FFA derived from adipocytes, chylomicron
remnants, and the intestine through the portal vein [61]. Nascent VLDL initially contain
apoB100 as the only apolipoprotein, but they later acquire apoA (Al, All, AIV), apoC (CI, CII,
and CIII), and apoE, primarily from HDL [56]. Some of the TG in VLDL is broken down in
muscle and adipose tissue by LPL, releasing FFA and forming VLDL remnants (IDL) [57].
VLDL remnants are taken up by the liver by binding to the LDL receptor via apoE. In this
process, there is a further breakdown of TG by HL. The remnants also lose apoC and apoE
(which are transferred to HDL), decrease in size, and transform into LDL [56], the final
product of VLDL metabolism [62]. The main structural protein of VLDL, IDL and LDL is apoB-
100, which is synthesised in the liver [57].

HDL on the other hand is formed from lipid-free apoAl which is secreted by the liver
and the intestine [48]. ApoAl removes free cholesterol and phospholipids from peripheral
tissues to form small dense HDL, by binding to the membrane adenosine-triphosphate-
binding cassette transporter-1 (ABCA1), which regulates the efflux of free cholesterol from
cells [56]. Some of the free cholesterol is then esterified by LCAT into cholesteryl esters (CE),
converting small dense HDL to mature HDL [48]. CETP transfers CE from HDL to VLDL, IDL
and LDL where they are exchanged for TG which are then transported back to HDL. HDL also
transports excess cholesterol in the form of CE and free cholesterol to SRB1 cells in the liver
where it is excreted in bile [63]. When CETP enriches HDL with TG, it becomes a substrate

for HL, which hydrolyses the TG, causing the lipid-free apoA1 to dissociate and reducing the
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size of the HDL particle, thereby forming small dense HDL [64]. The primary apolipoproteins
on HDL are apoAl and apoAll, but they also contain other apolipoproteins such as apoAlV,
apoClI/CII/CIII and apoE [65, 66].

1.5 Factors influencing blood lipid levels

1.5.1 Dietary factors

Diet is a known risk factor for an altered blood lipid profile, and dietary modification
is considered a fundamental aspect of first line treatment of an abnormal lipid profile [14,
67]. Dietary fatty acids play a role in the metabolism of lipids and lipoproteins [68, 69], and
one of the key recommendations of dietary guidelines for CVD prevention and management
is to reduce the intake of total fat and saturated fatty acids (SFA) [70, 71]. A high intake of
SFA has been linked to a rise in LDL-C [14, 72] and TG-rich lipoproteins [73-75]. SFA are
reported to promote the activity of apoCIII, and excessive apoCIII activity leads to prolonged
presence of VLDL and chylomicron remnants in circulation; while polyunsaturated fatty
acids (PUFA) suppress the activity of apoCIIl [76]. A systematic review and regression
analysis of dietary trials indicated that replacing SFA with cis-PUFA or cis-monounsaturated
fatty acid (MUFA) was associated with a significant reduction in the concentrations of total
cholesterol (TC), LDL-C, HDL-C and TG; as well as in the TC to HDL-C ratio and LDL-C to HDL-
C ratio [72]. Replacing SFA with carbohydrates was also associated with a significant
reduction in the concentrations of TC, LDL-C and HDL-C, but with a significant increase in
the concentration of TG [72]. However, a pooled analysis of 11 cohort studies [77] suggested
that, replacing SFA with PUFA is more beneficial than replacing with it with MUFA or
carbohydrates. In contrast, a review of direct comparison trials [67] concluded that,
compared with a high MUFA intake from sources such as olive oil, a high SFA intake from
sources such as butter or cream had more negative effects on blood lipids. It was also
reported that, although omega-6 PUFA lowers LDL-C concentration, it can also decrease the
particle size of LDL, producing a more atherogenic small dense LDL, as well as reduce the
protective effect of HDL [67]. Overall, there are inconsistent results regarding the influence

of dietary factors on blood lipid levels.
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1.5.2 Genetic factors

1.5.2.1 Common disease common variant hypothesis

The common disease-common variant hypothesis suggests that common genetic
variants contribute to the development of common diseases. Cardiometabolic diseases have
a complex inheritance pattern and harmful variants with large effect sizes are mostly
removed from the genome over time due to evolutionary pressure [78]. It argues that these
variants occur at a high frequency but have a low ‘penetrance’ (the likelihood that an
individual carrying the variant will develop the disease) [79]. A widely used approach for
identifying alleles that increase or decrease the risk of common diseases with complex
genetic components involve using markers within candidate genes or across all genes

involved in a biological pathway or with similar biological functions [80].

1.5.2.2 The candidate gene approach

The candidate gene approach is a hypothesis-driven approach commonly used to
examine the genetic contribution to complex diseases [81]. This approach involves
examining genes that code for proteins with established roles in a disease process [82]. It is
based on the idea that differences in a trait are often due to mutations in specific genes. These
genes are usually genes with known biological functions that directly or indirectly modulate
the processes involved in the development of the trait being examined [83]. The initial step
in a candidate gene study is selecting a gene that is likely to be involved in the disease or trait
being investigated. Once a candidate gene has been selected, the existing variants of the gene
need to be identified to determine which alleles encode proteins with altered functions that
could impact on the disease or trait being studied [84]. By genotyping common SNPs within
these genes and their regulatory regions, populations of affected and unaffected individuals
can be studied [82].

The effectiveness of the candidate gene approach depends on the accurate selection
of genes or pathways for investigation, and as a result, a pre-existing hypothesis about the
biological function is necessary which can sometimes be arbitrary [80]. Moreover, while this
approach is less expensive, it is limited to genes already known or suspected to influence a
particular phenotype and does not offer new insights into the biological pathways involved
in the disease [82]. Additionally, associations found through candidate gene studies often fail
to replicate due to various factors including low statistical power linked to insufficient
sample sizes and varying causes of the disease [82, 83]. However, consistent associations
have been found between SNPs of candidate genes such as CETP and LPL [85-90] and lipid-

related traits.

25



1.5.2.3 Genetic variants and blood lipids

Genetic factors play a role in the metabolism of lipids and the risk of CVDs, and all the
major blood lipid fractions, TC, LDL-C, HDL-C and TG are estimated to be 40-70% heritable
[91]. The regulation of lipid and lipoprotein metabolism is a complex process involving
numerous steps. A balance in lipid levels is maintained through the coordinated actions of
many nuclear factors, binding proteins, apolipoproteins, enzymes and receptors, all
involving multiple genes [19]. GWA studies have shown that lipid abnormalities have genetic
risk factors in common, including polymorphisms in established lipid regulators and
proteins such as CETP, LPL, and apoE [92, 93].

The CETP gene, which encodes CETP is one of the most widely studied lipid-related
genes and several single nucleotide polymorphisms (SNPs) of this gene have been associated
with variations in the concentration of HDL-C [94-97]. The ‘B1’ allele of the TaqIB SNP
(rs708272) of CETP has been linked to higher CETP activity which leads to lower
concentrations of HDL-C and higher levels of serum TG [98], and studies have shown that
individuals with the ‘B1B1’ genotype have lower HDL-C concentrations [99-101]. Similarly,
apoE functions as a ligand for both LDLR and LRP, and variations in the concentrations of TC
and LDL-C have been reported in individuals with different isoforms of the APOE gene, the
E4 isoform being associated with higher levels of TC and LDL-C compared to the E2 isoform
[102, 103]. Although numerous genetic loci have been identified by GWA studies to influence
blood lipid concentrations, only a small proportion of variation in blood lipid levels is
explained by these variants [5, 10, 11], and there is growing evidence that an interaction
between genetic variants and environmental factors such as dietary intake might be

responsible for part of the missing heritability [104-108].

1.6 The nutrigenetic approach

The nutrigenetic (gene-diet interaction) approach focuses on understanding gene-
diet interactions that predispose to specific diseases. Thus, a genetic variant might not
always pose a higher risk of a disease as its effects might be modulated by the environmental
factors that interact with it [109]. By identifying gene-diet interactions that increase the
susceptibility to certain diseases, nutrigenetics offers the potential to design personalised

and precise dietary guidelines for preventing and managing CVDs [19, 20].
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1.6.1 Genetic variations and the role of ethnicity in cardiovascular disease risk

The Human Genome Project indicated that humans are 99.9% identical at the DNA
level, and that examining the 0.1% genetic variation, especially the distribution of SNPs
between affected and unaffected individuals, could offer valuable insights into the genetic
factors contributing to complex traits [110]. GWA studies have identified many SNPs
associated with CVDs and risk factors such as abnormal lipid levels [5, 10, 11, 111], and
several studies have shown that the occurrence of SNPs varies among populations of
different ancestries, resulting in disparities in disease risk [112-116]. SNPs of lipid-pathway
genes such as the APOE gene, one of the most widely studied genes in relation to
cardiometabolic diseases, have been reported to occur at different frequencies in different
populations [112, 113]. The E4 isoform of the gene, which is linked to higher risk of CVDs, is
reported to occur at higher frequencies in Asian and African populations compared to
populations of European descent [112, 113], and this could contribute to differences in
susceptibility to specific diseases among these populations. Similarly, variations in the effect
size of SNPs of the CETP gene, an established lipid metabolism gene, have been reported
among different ethnic groups [117, 118]. The effect size of the ‘A’ allele of CETP SNP
rs4783961, which is associated with higher concentrations of HDL-C, was found to be larger
in African American cohorts compared to European American cohorts; while another CETP
SNP rs17231506 had larger effect sizes in European Americans and Hispanics, compared to
African Americans [117]. This suggests that different ethnic groups might share the same
underlying causal variant within a gene. However, due to ethnicity-specific differences in the
frequencies of major and minor alleles, a SNP might have different effect sizes and varying
degrees of association [117].

Moreover, variations in conventional risk factors for CVDs exist among different
ethnic groups. Asian Indians are known to have distinct biochemical and physical
characteristics (“the Asian Indian phenotype”) which make them prone to developing
cardiometabolic diseases at a lower body mass index (BMI) compared to Europeans [105].
These characteristics include central obesity, abnormal lipid levels, insulin resistance, higher
amounts of visceral fat, increased overall fat, and a propensity to beta cell dysfunction [105,
119, 120]. Furthermore, ethnic groups have differences in dietary patterns, lifestyle and
socioeconomic factors [121, 122] which can influence the risk of CVDs. Therefore, it is
important to examine how genetic factors influence the risk of CVDs in different ethnic

groups.
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1.6.2 Rationale for studying gene-diet interactions

GWA studies have identified numerous SNPs associated with CVDs and risk factors
such as abnormal lipid levels [5, 9-11, 123-125]. The major lipid fractions (TC, HDL-C, LDL-
C and TG) in particular, are reported to have a heritability of 40-70% [91]. However, despite
the discovery of a large number of genetic variants associated with lipid-related traits, only
a small fraction of variability is explained by these variants [5, 10, 11], and there is growing
evidence that an interaction between genetic and environment factors such as dietary intake
could partly explain this so called ‘missing heritability’ [105, 106, 126-129]. Therefore,
investigating how gene-diet interactions impact on lipid-related traits could help to improve
our understanding of the underlying pathophysiology and the development of precision

nutrition strategies for the prevention and management of these conditions.

1.6.3 Importance of investigating gene-diet interactions in different ethnic groups

Studies have shown that allele frequencies of SNPs vary among individuals of
different ethnic backgrounds, impacting how their bodies metabolise certain nutrients [18,
106, 130-132]. With regard to circulating levels of arachidonic acid (AA) and its metabolites,
which play significant roles in immune response and inflammation and have been linked to
various diseases including diabetes and CVDs [133, 134], research involving individuals of
European ancestry suggests that, only a small fraction of dietary linoleic acid is converted to
AA in humans [135, 136]. However, it has been identified that this minimal conversion rate
might not be the same for all populations due to variations in allele frequencies of SNPs
which influence circulating levels of fatty acids [114-116]. Therefore, gene-diet interaction
studies covering different ethnic groups are required to gain a better understanding of the
genetic variations and specific nutritional requirements within these groups.

Although gene-diet interaction studies have been extended to cover previously
under-represented populations [99, 137-141], a systematic review conducted as part of this
thesis [106] identified that, 27 out of 33 countries in Latin America and the Caribbean had
not conducted gene-diet interaction studies, indicating that there is still limited research in
some areas. Given the genetic diversity and differences in dietary patterns, cultural and
socioeconomic factors, gene-diet interaction studies covering populations of different

ethnicities are needed to develop dietary guidelines that are tailored to each ethnic group.
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1.6.4 Study designs and their roles in identifying gene-diet interactions

Study designs commonly used to investigate gene-diet interactions include
observational studies such as cross-sectional, case-control and cohort studies; and
interventional studies such as RCTs. A cross-sectional study design is the most common and
it involves analysing data from a population at a single point in time to assess the
relationship between dietary exposures and genetic variations [142]. Assessing both
exposures and outcomes at the same point in time provides a ‘snapshot’ of the current
conditions within a population, including dietary habits, nutritional status and the
prevalence of disease [143]. Cross-sectional studies are also quick and relatively inexpensive,
enabling the investigation of gene-diet interactions in large samples, making them useful for
generating hypotheses [143]. However, causality cannot be established since it is difficult to
determine if the results would change significantly if data were collected at a different time
point [144]. Nonetheless, GWA studies have shown that cross-sectional studies are effective
in identifying genetic variants linked to diseases, as these studies are less likely to be
influenced by potential confounders and are free from reverse causation [142] (where the
outcome of interest influences the exposure instead of the exposure influencing the
outcome) [145].

In cohort studies, a group of individuals are followed over time to assess the
development of an outcome based on different dietary exposures [146]. Cohort studies are
useful in identifying exposures and risk factors prior to disease onset, thereby reducing bias
in the assessment of dietary exposure [147]. They are also beneficial in investigating rare
exposures and allowing the examination of multiple outcomes at the same time, although
they can be time consuming and expensive due to the requirement of large sample sizes and
long follow up periods [146]. Case-control studies compare individuals who have a specific
health outcome (cases) with those without it (controls) to examine the impact of dietary
exposure and genetic factors on the health outcome [143]. Case-control studies are usually
conducted retrospectively to identify genetic and other risk factors, as well as dietary
exposures that were present before the onset of the disease or trait, likely contributing to its
development [148]. Case-control studies are also efficient for rare diseases, allowing for
multiple exposures to be assessed [146]. As with cohort studies, case-control studies require
large sample sizes to detect interactions, and there is a risk of selection bias and challenges
in choosing appropriate control groups [148]. One of the main challenges in case-control
studies is the potential differences between the participants in the case and control groups

with regard to exposure variables and risk factors not under investigation [146]. This is
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addressed by matching the participants in the case and control groups, ensuring that data
collection methods are designed to be equally applicable to both groups [148]. Case-only
studies which focus only on individuals with a specific health outcome are also used to
investigate gene-diet interactions, and they are believed to be efficient as only cases are
needed, which are generally easier to gather compared to suitable controls [147]. However,
the separate or joint effects of genetic variants and dietary factors cannot be assessed [149].

One of the main challenges of observational studies is confounding. A confounder
refers to a variable that is linked to both the exposure and the outcomes, without being
caused by either, and can introduce bias into the relationship between a dietary exposure
and the outcome, if not controlled [145]. The distribution of confounding variables may vary
between populations, and it is important to identify relevant confounders and adjust for
them [150]. Potential confounders in gene-diet interaction studies include age, sex and BMI
[105]. Another significant issue in observational studies is accurate assessment of dietary
intake, as errors in dietary assessment can reduce the power of the study, and this is
particularly important for interactions with minimal effect sizes [142]. Food frequency
questionnaires (FFQs) are cost effective and are commonly used in large studies to assess
usual dietary intake [151], but they need to be designed and validated to account for
differences in socioeconomic, cultural and ethnic backgrounds of the population being
studied [152, 153]. Moreover, under estimation of dietary intake is a main limitation of FFQs,
and methods such as weighed diet diaries and multiple 24-h dietary recalls are reported to
provide better estimates of dietary intake than FFQs [154, 155]. However, weighed diet
diaries, which can theoretically offer the most precise assessment of dietary intake, are
generally not practicable for large population studies due to the significant burden they
place on respondents, the high chance of poor compliance, and the expensive nature of data
entry [155].

In contrast to observational studies, interventional studies (clinical trials) aim to
assess the effect of a dietary intervention on the outcome of interest [156]. RCTs are
considered the gold-standard due to the high level of control over dietary exposure and the
ability to establish causality [157]. In an RCT, participants who meet specific inclusion and
exclusion criteria are randomly placed in two distinct groups, with each group receiving a
different intervention. Randomisation, if implemented properly, results in two groups that
are generally comparable, considering both measured and unmeasured factors [156]. When
factors that could bias the estimate of the intervention’s effect on the main outcome are

randomly distributed between the two groups in an RCT, it ensures that the results are free
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from confounding bias [158]. Thus, in theory, any differences in the outcome between the
two groups is attributed to the effect of the intervention [156]. Another important feature of
an RCT which improves the validity of the results is blinding, where people involved in the
study (participants, investigators or assessors) are not made aware of the assigned
intervention, preventing their actions and assessments from being influenced by this
knowledge [159]. RCTs however have some limitations including small sample sizes which
can affect their ability to detect moderate gene-diet interactions [142]. RCTs are also costly,
have high dropout rates and may not be feasible for long-term studies since altering one
dietary component usually results in compensatory changes in other components, and good
compliance is usually difficult to maintain [145].

An alternative to an RCT is the crossover design, where participants receive two or
more interventions during different time periods, with the sequence of interventions
randomised for each participant [160]. The most common is the two sequence design, where
half of the participants are randomly assigned to begin with the control period and then
switch to the treatment (dietary intervention) period, while the other half follows the
opposite sequence [161]. This design enables the effect of an intervention to be compared
within each participant, as each individual serves as their own control [160]. A challenge of
the crossover trial is the potential for residual effects from the intervention to influence the
outcome during the period after the intervention has ended [161]. This can be addressed by
incorporating an adequate ‘washout’ period between the end of the first intervention and
the start of the second intervention or control period. This helps to ensure that the outcomes
measured during the second intervention or control period are not influenced by the effects

of the first intervention [162].

1.6.5 Gene-Nutrient Interactions (GeNulne) Collaboration

There have been remarkable advances in recent years in identifying genetic variants
that alter disease susceptibility by interacting with dietary factors [163-168]. However, most
of the gene-diet interaction studies have produced inconsistent results, which might be due
to genetic heterogeneity (variations in allele frequencies) and differences in dietary and
lifestyle patterns across populations. Hence, the findings of gene-diet interactions conducted
in one population might not be applicable to other ethnic groups due to ethnic-specific
differences in gene-diet interactions [18, 130, 169]. While gene-diet interaction studies have
been extended to cover previously under-represented populations, a systematic review
conducted as part of this thesis [106] identified that, 27 out of 33 countries in Latin America

and the Caribbean had not conducted gene-diet interaction studies, indicating that there is
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still limited research in LMICs. To facilitate nutrigenetic studies in LMICs, a large-scale
collaborative project, the Gene-Nutrient Interactions (GeNulne) collaboration was started
at the University of Reading in 2013 through funding from the British Nutrition Foundation.
Specifically, the GeNulne collaboration is aimed at investigating how genetic and lifestyle
factors interact to influence chronic diseases in diverse ethnic groups, with the goal of
preventing and managing chronic diseases through personalised nutrition [18, 131, 170,
171]. Through this collaboration, gene-lifestyle interaction studies have been conducted in
countries such as Brazil, Peru, Ghana, India, Sri Lanka, Indonesia, Malaysia and Turkey. In
addition to conducting nutrigenetic studies, the GeNulne collaboration has initiated training
and resource development in LMICs to improve the ability of professionals and policymakers
to effectively apply the findings of nutrigenetics within their domains [18, 106, 131, 170, 172,
173].

1.6.6 From nutrigenetics to personalised nutrition

Evidence from epidemiological studies indicates that lipid-related traits such as CVDs
result from a complex interplay between genetic and environmental factors such as dietary
intake [20, 174]. Nutrients play a role not only in enzymatic reactions that drive metabolism
but also in the regulation of gene expression, and might significantly influence metabolic
pathways involved in diseases [175]. Therefore, dietary modification is a fundamental aspect
of first line treatment of lipid-related traits [14, 15]. However, numerous studies have
highlighted significant variations among individuals in terms of disease susceptibility and
biological responses to diet, indicating the need for a shift away from the “one-size-fits-all”
approach for optimal health and disease prevention [16, 131]. Human diversity covers a
broad range of factors including genetic, phenotypic, physiological, and lifestyle factors
which are not accounted for by the “one-size-fits-all” approach [17, 172]. The completion of
the Human Genome Project paved the way for various large-scale genomics initiatives
focused on identifying and comprehending the extent of human genetic variation [176]. The
remarkable advancements in research in fields such as nutritional genetics, epigenetics, and
metabolomics has generated profound insights into genotypic and phenotypic variations
that affect individual responses to diet, leading to the emergence of personalised and
precision nutrition [17, 176].

Personalised nutrition is based on the idea that specific foods or amounts of nutrients
can alter disease susceptibility depending on genetic make-up; utilising genetic information
along with biological and cultural differences such as food preferences to tailor diets

according to an individual’s response to nutrients [177, 178]. Precision nutrition on the hand
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is a relatively new concept that refers to a broader approach focused on integrating multiple
disciplines including nutrigenetics, metabolomics, epigenetics and the gut microbiome [17,
177]. The goal of precision nutrition is to incorporate knowledge from multiple disciplines
to advance understanding of key concepts in nutrigenetics and nutrigenomics, enabling
healthcare professionals to determine the most suitable level of care for achieving precise
nutrition [178]. Thus, precision nutrition indicates personalised nutrition that is more
scientifically accurate and comprehensive [177].

Dietary factors may interact with an individual’s genetic characteristics and impair
metabolic processes, which may contribute to the development of CVDs [20]. Therefore,
understanding gene-diet interactions that predispose to altered blood lipid levels could help
to design personalised dietary guidelines for the prevention and management of lipid-
related traits such as CVDs [19, 20]. In a study to examine whether the incorporation of
genetic information to personalise an individual’s diet could enhance long-term weight
management [179], it was observed that, participants who followed diets tailored to their
genetic information had greater long-term reductions in BMI and improvements in fasting
glucose levels.

To enhance the scientific understanding of inter-individual variability in response to
dietary interventions, integrating data from nutrigenetics and nutrigenomic approaches
such as metabolomics is argued to be important, although the practicality and effectiveness
of this process are still being explored [180, 181]. So far, progress has been made in the
mechanistic understanding of dietary interventions through the integration of omics
technologies such as metabolomics and the gut microbiome [182]. Metabolomics focuses on
analysing small molecules (metabolites) found in biological samples to understand changes
in metabolism under various conditions [180]. Metabolites are the direct products of dietary
consumption and metabolism, enabling a more accurate assessment of biological and
physiological pathways as well as the related biomarkers for diet or disease [182]. The gut
microbiome supports the host by interacting directly or indirectly with host cells through
the production of bioactive molecules, and this interaction allows the gut microbiome to
regulate various biological processes related to immunity and energy balance [183]. The
application of the gut microbiome in precision nutrition involves using the gut microbiome
as a biomarker to predict how specific dietary components affect host health, and the use of
this information to design precision dietary interventions aimed at promoting health [183].
Epigenetics on the other hand covers the molecular processes that can alter the activity of

genes without changing the DNA sequence, and these processes include DNA methylation,
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histone modifications and alterations in noncoding RNAs [184]. Epigenetic changes might
explain individual differences in metabolic health and responses to diet, and have the
potential to identify novel biomarkers for precision nutrition and targets for precise

interventions [185].

1.7 Hypothesis, aims and outline of the thesis

Genetic association studies have identified SNPs in multiple genes linked to variations
in blood lipid concentrations and susceptibility to lipid-related traits such as CVDs [5, 9-11,
123-125] and there is evidence that lifestyle factors including dietary intake, might modulate
the effect of these SNPs in different ethnic groups [18, 131]. Given the genetic diversity and
differences in dietary patterns, lifestyle and other environmental factors, it was
hypothesised that gene-diet interactions will vary across populations and ethnic groups.
Therefore, this thesis aimed to:
1. Investigate the association of selected SNPs as a genetic risk score (GRS) with lipid-
related traits in different ethnic groups.
2. Investigate the interaction of the GRS with dietary factors (intake of fat, carbohydrate

and protein) on lipid-related traits in ethnically diverse populations.

This thesis is presented as a collection of seven published papers covering the

following topics:

Chapter 2: A nutrigenetic update on CETP gene-diet interactions on lipid-related outcomes
(Wuni etal.,, 2022)

An abnormal lipid profile is considered a main risk factor for CVDs and evidence suggests
that SNPs of the CETP gene contribute to variations in lipid levels in response to dietary
intake. This work aimed to identify and discuss nutrigenetic studies assessing the

interactions between CETP SNPs and dietary factors on blood lipids.

Chapter 3: Higher intake of dairy is associated with lower cardiometabolic risks and
metabolic syndrome in Asian Indians (Wuni et al., 2022)

There is conflicting evidence about the association between dairy products and
cardiometabolic risk (CMR). This work aimed to assess the association of total dairy intake
with CMR factors and to investigate the association of unfermented and fermented dairy
intake with CMR in Asian Indians who are known to have greater susceptibility to type 2

diabetes and CVDs compared to white Europeans.
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Chapter 4: Interaction between GRS and dietary fat intake on lipid-related traits in Brazilian
young adults (Wuni et al., 2024)

CVDs are a top cause of mortality globally, accounting for 32% of all deaths worldwide in
2019. In Brazil, ischaemic heart disease and stroke accounted for most deaths in 2019, with
a percentage increase of 18 and 14%, respectively from 2009. The occurrence of
dyslipidaemia, which is an established risk factor for CVDs, has been attributed to multiple
factors including genetic and environmental factors. This study utilised a GRS to assess the
genetic associations and the interaction of the GRS with dietary factors on lipid-related traits

in Brazilian young adults.

Chapter 5: Interactions between genetic and lifestyle factors on cardiometabolic disease-
related outcomes in Latin American and Caribbean populations: A systematic review (Wuni
etal., 2023)

Cardiometabolic diseases such as hypertension and type 2 diabetes are accountable
for most NCD deaths and impose an economic burden in LMICs. In Latin American and
Caribbean populations (LACP), the prevalence of these diseases has increased in recent
years. This work was done to identify gene-lifestyle interactions that modify the risk of

cardiometabolic diseases in LACP.

Chapter 6: Impact of lipid-GRS and saturated fatty acid intake on central obesity in an Asian
Indian Population (Wuni et al.,, 2022)

Asian Indians are more prone to developing type 2 diabetes and CVDs at a lower BMI
than Caucasians, due to the ‘Asian Indian phenotype’, which is characterised by central
obesity, dyslipidaemia, and increased levels of total fat, visceral fat, insulin resistance and
faster decline in beta cell function. This study used a nutrigenetic approach to establish a link

between lipids and obesity in Asian Indian adults.

Chapter 7: Interaction between GRS and dietary carbohydrate intake on high-density
lipoprotein cholesterol levels: Findings from the Study of Obesity, Nutrition, Genes and
Social factors (SONGS) (Wuni et al., 2025)

Cardiometabolic traits are complex interrelated traits that result from a combination
of genetic and lifestyle factors. In Peru, a substantial increase in fatalities related to CVDs

(77.8%) between 2020 to 2022 was reported. This study aimed to assess the association

35



and interaction of a GRS with dietary macronutrient intake on cardiometabolic traits in an

urban Peruvian young adult population.

Chapter 8: Barriers in translating existing nutrigenetics insights to precision nutrition for
cardiometabolic health in ethnically diverse populations (Wuni and Vimaleswaran, 2024)
There have been remarkable advances in recent years in identifying genetic variants
that alter disease susceptibility by interacting with dietary factors. Despite the remarkable
progress, several factors need to be considered before the translation of existing
nutrigenetics insights to personalised and precision nutrition in ethnically diverse
populations. This work aimed to explore the potential barriers and challenges in bridging
the gap between existing nutrigenetics insights and the implementation of personalised and

precision nutrition across diverse ethnicities.

Chapter 9: Discussion
This chapter covers a discussion of the findings of all the studies including general
trends observed across the different ethnic groups, strengths, limitations, future prospects,

and conclusions of this thesis.
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Chapter 2 A nutrigenetic update on CETP gene-diet interactions on lipid-

related outcomes

Published (The published version of the paper is attached as an appendix at the end of the
thesis)

Wauni, R,, Kuhnle, G. G. C., Wynn-Jones, A. A. & Vimaleswaran, K. S. A Nutrigenetic Update on
CETP Gene-Diet Interactions on Lipid-Related Outcomes. Current Atherosclerosis Reports

2022, 24,119-132. https://doi.org/10.1007/s11883-022-00987-y

Ramatu Wuni’s contribution: For this review, I started by conducting a literature search of
genome-wide association studies to identify genetic variants associated with blood lipid
levels. The results showed that, the cholesteryl ester transfer protein (CETP) gene had the
highest number of reported associations (20 out of 32 identified studies). I then conducted
a literature search of nutrigenetic studies focusing on CETP. A total of 448 articles were
identified, 227 from PubMed and 221 from Google Scholar. After applying the exclusion
criteria, 49 articles were found to be eligible, of which one article was published as an
abstract. [ read the full-text of the 48 eligible studies in detail and extracted the results for
analysis. | contacted corresponding authors to provide additional information when needed.
[ wrote the manuscript and revised it based on comments from the co-authors before it was
submitted to the Current Atherosclerosis Reports journal. I also wrote the responses to the

comments from the reviewers and revised them based on suggestions from the co-authors.
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2.1 Abstract

An abnormal lipid profile is considered a main risk factor for cardiovascular diseases
and evidence suggests that single nucleotide polymorphisms (SNPs) in the cholesteryl ester
transfer protein (CETP) gene contribute to variations in lipid levels in response to dietary
intake. The objective of this review was to identify and discuss nutrigenetic studies assessing
the interactions between CETP SNPs and dietary factors on blood lipids. Relevant articles
were obtained through a literature search of PubMed and Google Scholar through to July
2021. An article was included if it examined an interaction between CETP SNPs and dietary
factors on blood lipids. From 49 eligible nutrigenetic studies, 27 studies reported significant
interactions between 8 CETP SNPs and 17 dietary factors on blood lipids in 18 ethnicities.
The discrepancies in the study findings could be attributed to genetic heterogeneity, and
differences in sample size, study design, lifestyle and measurement of dietary intake. The
most extensively studied ethnicities were those of Caucasian populations and majority of the
studies reported an interaction with dietary fat intake. The rs708272 (TaqIB) was the most
widely studied CETP SNP, where the ‘B1’ allele was associated with higher CETP activity,
resulting in lower high-density lipoprotein cholesterol and higher serum triglycerides under
the influence of high dietary fat intake. Overall, the findings suggest that CETP SNPs might
alter blood lipid profiles by modifying responses to diet, but further large studies in multiple

ethnic groups are warranted to identify individuals at risk of adverse lipid response to diet.
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2.2 Introduction

The global burden of cardiovascular diseases (CVDs) is well recognised and ischaemic
heart disease alone accounted for 9 million deaths in 2019, making it the top cause of death
in all parts of the world [186]. An abnormal lipid profile (dyslipidaemia), indicated by low
concentrations of high-density lipoprotein (HDL) cholesterol and elevated levels of low-
density lipoprotein (LDL) cholesterol or triglycerides (TG), is considered a major risk factor
for CVDs [107, 187]. The cardioprotective role of HDL is thought to be dependent on the
function of HDL rather than the levels of HDL, which is reflected in individuals with
Scavenger Receptor Class B Member 1 (SCARB1) gene mutations who have higher levels of
HDL cholesterol but higher CVD risk [50]. There is evidence to suggest that a combination of
genetic susceptibility and environmental factors including diet is responsible for CVDs [18,
105, 188]. Single nucleotide polymorphisms (SNPs) in lipid-related genes such as the
cholesteryl ester transfer protein (CETP), lipoprotein lipase (LPL) and apolipoprotein E
(APOE) genes have been found to contribute to changes in lipid profiles in response to diet
[108, 126, 189]. Of these three genes, CETP has been shown to have more associations with
blood lipids (Supplementary Table S2.1). CETP regulates the concentration and particle
size of HDL in the plasma (Figure 2.1) and is considered to play an important role in reverse
cholesterol transport which is a protective mechanism against atherosclerosis [48].
Increased CETP activity has been shown to result in lower HDL cholesterol levels and is
linked to higher risk of CVDs [46].

Several studies have demonstrated CETP-diet interactions on blood lipids; however,
the findings have been inconsistent [99, 100, 189-192]. The objective of this review was
therefore to identify and discuss studies assessing the interactions between CETP SNPs and
dietary factors on blood lipids and to identify the factors that can be attributed to these

discrepancies.
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Figure 2.1 The role of cholesteryl ester transfer protein in lipid metabolism

Cholesteryl ester transfer protein (CETP) is a plasma glycoprotein which is secreted
by the liver and is responsible for transporting cholesteryl esters and triglycerides between
high-density lipoprotein (HDL) and Apolipoprotein B-containing lipoproteins such as very-
low density lipoprotein (VLDL) and low-density lipoprotein (LDL) [64]. HDL is formed from
lipid-free Apolipoprotein Al (apoAl) in a process involving the removal of free cholesterol
from peripheral tissues and the subsequent esterification of some of the free cholesterol into
cholesteryl esters via the actions of adenosine triphosphate binding cassette transporter A1l
and Lecithin:cholesterol acyltransferase (LCAT) [48]. The enrichment of HDL with
triglycerides makes it a substrate for hepatic lipase (HL) which then hydrolyses the
triglycerides, resulting in dissociation of the lipid-free apoAl and a decrease in size of the

HDL particle, forming small dense HDL [64].
2.3 Methods

2.3.1 Selection of the candidate gene for the review

To identify candidate genes which have been reported by genome-wide association
(GWA) studies to influence blood lipid levels, a literature search was undertaken in
December 2020, using the keywords: (genome-wide association study OR genome-wide
association scan OR genome-wide association analysis OR GWAS OR GWA) AND (Lipids OR
HDL OR LDL OR VLDL OR total cholesterol OR triglycerides OR triacylglycerol OR blood
lipids). The results showed that, out of 32 identified studies (Supplementary Table S2.1),
20 GWA studies reported statistically significant associations between CETP and lipids [92,
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94-97, 193-207]; while LPL was reported by 18 GWA studies [92, 94, 95, 97, 123, 193, 196,
197, 199, 201-209]; and APOE was reported by 10 GWA studies [92, 95, 97, 196-198, 200,
202-204]. CETP was then chosen for the review as it had the highest number of hits
compared to LPL and APOE.

2.3.2 Study identification
To identify published articles, a literature search was undertaken using PubMed

(https://pubmed.ncbi.nlm.nih.gov/) and Google Scholar (https://scholar.google.com/). The

search covered the earliest date of indexing through to July 2021. For PubMed, the following
key terms were used: (CETP OR cholesteryl ester transfer protein) AND (polymorphism OR
gene OR SNP OR single nucleotide polymorphism OR genetic variation OR genetic variant OR
rs3764261 OR rs1532624 OR rs1800775 OR rs9989419 OR rs4783961 OR rs708272 OR
rs7499892 OR rs2303790 OR rs16965220 OR rs247616 OR rs289708 OR rs12708980 OR
rs247617 OR rs173539) AND ("gene-diet interaction" OR "diet-gene interaction" OR "SNP-
diet interaction” OR "diet-SNP interaction"” OR "gene-nutrient interaction” OR "nutrient-
gene interaction") AND (carbohydrate OR protein OR fat OR fibre OR sugar OR SFA OR MUFA
OR PUFA OR Mediterranean diet OR Nordic diet OR B12 OR amino acids OR polyphenols OR
egg intake OR caffeine intake OR green tea OR alcohol intake OR meat intake) AND (lipids
OR HDL OR LDL OR VLDL OR total cholesterol OR triglycerides OR triacylglycerol OR blood
lipids OR serum lipids). The key terms for Google Scholar were (CETP AND “gene-diet
interaction” AND lipids). Only studies published in English were included.

2.3.3 Study selection

The search strategies above yielded a total of 448 articles from the two databases
(227 from PubMed and 221 from Google Scholar) as shown in Figure 2.2. Titles of all the
studies were first read to determine their relevance to the topic. Full-text of those found to
be relevant were then read in detail to determine eligibility for inclusion. The criteria for
inclusion in the review were: gene-diet interaction studies involving CETP gene
polymorphisms and blood lipids. Only studies conducted in humans were included and, after
applying the inclusion and exclusion criteria, 49 articles were found to be eligible, of which
one article was published as an abstract. The studies excluded after reading the full-text
were those focusing on interaction between CETP and physical activity on lipids; gene-diet
interaction on lipids not including CETP; and gene-diet interaction review articles. Full-text
of 48 eligible studies was read in detail and the results were extracted for analysis

(Supplementary Tables S2.2 and S2.3). The results of one study [210] which was published
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as an abstract were also extracted and included in the tables. The studies consisted of 28
observational studies (Supplementary Table S2.2) and 21 interventional studies

(Supplementary Table S2.3).

2.3.4 Data extraction

The studies were identified by a single investigator and the following data were
double-extracted independently by one reviewer: first author, publication year, location or
ethnicity of participants, sample size, mean age, study design, reference SNP (rs) ID,
genotype and minor allele. Corresponding authors were contacted to provide additional

information where needed.

Articles retrieved from PubMed = 227 Articles retrieved from Google Scholar = 221

—-1 Total articles retrieved = 448 ‘_I
I Articles excluded after reading the
titles including duplicates = 392

Full-text articles read = 55 &
Abstract =1

{z;&rticles excluded after reading the full-text = 7“
- Interaction between CETP and physical
) activity on lipids =5
Gene-diet interaction review article = 1
- Gene-diet interaction on lipids not
\ including CETP =1 )

Articles included in this review = 49
(Full-text articles = 48 & Abstract=1)

Figure 2.2 Flow chart of studies identified in the literature for CETP-diet interaction on
lipids

42



2.4 Results of database s