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Abstract

Variations in serum amino acid (AA’s) levels are associated with several diseases. However, the evidence
from epidemiological studies remains conflicting and inconclusive. In this thesis, I aimed to identify
genetic variants associated with serum AA’s and investigate genetic and lifestyle-related determinants of
circulatory AA’s and their effect on the risk of complex disorders.

I conducted genome-wide association (GWAS) of circulating AA’s including a sample of ~
117 000 participants of the UK-Biobank (UKB) study, and the data were incorporated in a
Mendelian Randomization- Phenome-wide association (MR-PheWAS) framework, using
genotypic and phenotypic data of the UKB (n=488 377), to investigate the involvement of
circulating AA’s on a wide range of the clinical traits (n=617 with > 200 cases). To further
validate the results, I performed MR analysis using the largest available GWAS studies on
common complex disorders. I also performed an observational and MR analysis, exploring the

effect of modifiable lifestyle risk factors on circulating AA’s levels.

GWAS identified significant SNPs associated with serum AA’s ranging from 48 to 138 SNPs
for serum phenylalanine and glutamine, respectively. The total proportion of variance
explained for serum AA’s, ranged from 1% to 6%. MR analysis revealed that genetically
elevated dietary protein and fat (% of energy) were associated with higher levels of BCAAs,
while the carbohydrate showed an inverse association. Higher genetically determined
accelerometer-measured physical activity was associated with higher valine levels. Higher
genetically determined body fat (%) was nominally related to lower levels of glycine and
glutamine. MR-Phe WAS analysis and subsequent two-sample MR analysis provided evidence
supporting potential causal associations between genetically elevated levels of serum valine
and increased risk of type 2 diabetes, and elevated levels of serum alanine and BCAAs with
higher levels of total cholesterol, triglyceride, and LDL, and lower HDL levels. These observed

associations were successfully replicated using the largest available GWAS studies.



This study provides insight into the genomic and phenotypic profile of serum AA’s
concentrations, as well as novel findings that can be investigated further to understand the
underlying mechanism of abnormal levels of serum AA’s and their role in risk of complex

disorders.
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1.1 Introduction

Proteogenic amino acids are building blocks of protein synthesis in our body. The basic
structure of all amino acids is the same, as each molecule has a central carbon atom linked
together with a basic amino group, a carboxylic acid group, a hydrogen atom, an R-group, or a
side-chain group (1). Each amino acid’s chemical nature is determined by its R-group which

interacts with other amino acids and their environment. The general formula of amino acids is

R-CH(NH,)-COOH (1).

Amino acids are involved in many biological and metabolic pathways and are important
ingredients for human growth and development. Some of the proteogenic amino acids can be
produced endogenously in our body (non-essential amino acids) and some should be obtained
exogenously from diet or supplement (essential amino acids). A list of essential and non-

essential proteogenic amino acids is presented in Table 1.

Tablel. List of essential and non-essential proteogenic amino acids

Essential proteogenic amino acids Non-essential proteogenic amino acids

—_—
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1.1.1 Essential amino acids

Histidine, a semi-essential amino acid (children should obtain it from diet), is needed for
growth and tissue repair (2). It is metabolized to histamine, a neurotransmitter, that plays roles
in immunity, gastric secretion, and sexual functions (2). BCAAs (isoleucine, leucine, and
valine) have an important role in the modulation of glucose homeostasis, body weight, and
cellular signalling and have beneficiary effects on decreasing exercise-induced fatigue, muscle
recovery, and immune regulation (3). Lysine acts against herpes simplex viruses and is present
in many forms of diet supplements (4). Methionine improves the tone and pliability of skin,
hair, and strengthens nails, and is generally required for growth and tissue repair (5). Threonine
is a component of tooth enamel, collagen, and elastin and thus is required for healthy teeth and
skin (6). Threonine also plays role in fat metabolism and can alleviate anxiety and mild
depression (6). Tryptophan as an essential amino acid is necessary for infants’ proper growth
and is a precursor of serotonin and melatonin. Serotonin regulates appetite, sleep, mood, and

pain, and melatonin plays role in the regulation of sleep (7).

1.1.2 non-Essential amino acids

L-arginine is suggested to act as a vasodilator, opening (dilating) blood vessels and therefore
has positive effects on atherosclerosis, a known risk factor for cardiovascular disease, redox
stress, and the inflammatory process, regulation of synaptic plasticity and neurogenesis, and
modulation of glucose metabolism and insulin activity (8, 9). Alanine plays as a source of
energy for muscles and the central nervous system and boosts the immune system (10).
Asparagine is a beta-amido derivative of aspartic acid which has a pivotal role in the

biosynthesis of glycoproteins and many other proteins (11). Cysteine plays role in collagen

production and the elasticity of skin (12). Glutamine, the most abundant amino acid in the body
plays a pivotal role in immunity (13). Glycine is claimed to have an anti-inflammatory effect

(14). Proline consists of collagen and has an essential role in the proper functioning of joints
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and tendons (15). Serine is required for the metabolism of fats, fatty acids, and cell membranes
and improves muscle growth and the immune system (16). Tyrosine, produced by

phenylalanine, is claimed to improve alertness and increase focus (17).

In this chapter, I will review evidence on the biology, structure, and utilization of 9 proteogenic
amino acids as they are the only amino acids with their serum levels data available from
participants of UK Biobank study (UKB)

(http://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=220), including alanine, Branch chain amino

acids (BCAA), glycine, glutamine, histidine, and aromatic amino acids (phenylalanine and
tyrosine). In addition, I will review epidemiological evidence on the association of each
previously mentioned amino acid with complex disorders. In the end, I will also discuss the
molecular and genetic epidemiological methods to investigate serum amino acid association

with the risk of complex disorders.
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1.2 Literature review on 9 proteogenic amino acids

1.2.1 Alanine

Alanine is a non-essential proteogenic amino acid. It is also a glucogenic amino acid that has a
critical role in glucose production and hence is involved in glucose metabolism and is a source
of energy for muscle cells and the tissues of the brain and the central nervous system (18).
When protein breakdown occurs in skeletal muscles during fasting or other stresses, a large
quantity of alanine is released into the bloodstream and is carried to the liver, and is readily
converted to glutamate and pyruvate by glutamate-pyruvate transaminase (alanine
transaminase), which has a catalytic action, with a-ketoglutarate. Then the produced pyruvate
is converted to glucose through the glucogenic pathway and then the glucose enters the
bloodstream by glucose transporter 2 and can be readily available to be used as a source of
energy for the muscles. Finally, the initially transported amino group of alanine will be

converted to urea and will be excreted via the urea cycle.

Alanine supplement, such as L-alanine, is used in cases of hypoglycaemia by stimulating and
prompting the release of glucose into the bloodstream and avoiding low blood sugar or insulin
shocks (19). Other amino acids such as branched-chain amino acids including isoleucine,

leucine, and valine can be converted to alanine (20).

A recent Mendelian randomization (MR) study found a decreased risk of type 2 diabetes with
plasma alanine levels (21). This MR study used summary-level data from the DIAbetes
Genetics Replication And Meta-analysis consortium including 74 124 type 2 diabetes cases
and 824 006 controls from European ancestry and they also replicated the causal associations
using the FinnGen consortium consisting of 11 006 type 2 diabetes cases and 82 655 controls

of European ancestry (21).
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1.2.2 Branch chain amino acids (BCAA)

Branch chain amino acids including isoleucine, leucine, and valine are essential amino acids
that should be obtained exogenously from the diet, mainly from animal-sourced foods (22). A
healthy adult requires around 10 g/day but this amount can vary between individuals (23). Rich
foods in leucine are beef, raw salmon, eggs, and wheat products, and foods rich in isoleucine
and valine are generally meat and animal products as well as dried peas and walnuts (23).
BCAAs catabolism is different from the catabolism of other essential amino acids, as it

catalysed in extrahepatic tissues via two enzymes (24):

1. Branched-chain amino acid aminotransferases (BCAT)

2. Branched-chain a-keto acid dehydrogenase enzyme complex (BCKDC).

After transamination of the BCAAs metabolites by BCAT and decarboxylation by BCKDC,
they are further converted to acetyl-CoA and Succinyl-CoA through a series of enzymatic

reactions, and at the final step they enter the metabolism of tricarboxylic acid (TCA) cycle (24-

27).

BCAAs metabolism dysregulation is related to a range of diseases such as Maple Syrup Urine
Disease (MSUD), an autosomal disorder that is caused by decreased activity of the BCKDC

enzyme (28).

BCAAs have an important role not only in protein synthesis but also in nutrient-sensitive
signalling pathways such as phosphoinositide 3-kinase-protein kinase B (PI3K-AKT) and
mammalian target of rapamycin (mTOR)(24, 29-31). The mTOR is the main regulator of
mammalian cell growth (24, 32) and cell proliferation and migration (24, 33), and also has a
pivotal role in the regulation of hypertrophy (24, 34), which is an increase in cell mass without

cellular proliferation, and insulin resistance (IR) (35). In addition, the mTOR pathway is the
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most notorious amino acid sensor for maintaining the amino acids balance via amino acid

transporters, and/or biosynthesis and degradation of amino acids and protein in cells (24).

BCAAs regulate glucose metabolism as well as lipid metabolism through the PI3K-AKT (also
referred to as protein kinase B, PKB) pathway (24, 33). BCAAs act as a nitrogen donor for
other amino acids including alanine and glutamine and act as a nitrogen shuttle for organs (24,
36). It also plays an important role in multiple metabolic functions through specific signalling
pathways (24, 29, 31). For instance, increased gluconeogenesis and glucose intolerance through
glutamate transamination to alanine can occur as a result of increased BCAAs catabolic flux

(24, 37).

Isoleucine inhibits the increase of plasma glucose levels by stimulating the glucose uptake in
skeletal muscle and prevents the development of visceral obesity and hyperinsulinemia (24,
38, 39). Leucine regulates the levels of three BCAAs concentrations in muscle tissues, and
lower levels of isoleucine and valine may induce the activation of cardiac BCKDC in humans
(24, 40). Moreover, excess dietary leucine resulting in increased levels of it in the bloodstream,
has been shown to decrease growth performance and increase BCAAs catabolism in pigs (24,
41). Leucine also has shown to have a pivotal role in stimulating protein synthesis in skeletal
muscles independently of increases in serum insulin (42) and also inhibiting protein

degradation (24, 43).

There is evidence that shows BCAAs deficiency causes a significant change in the metabolism
of lipids in white adipose tissue, for example, leucine deprivation can reduce fat mass by
increasing energy expenditure through regulation of fat loss by the central nervous system (44),

and isoleucine and valine deficiencies have the same effect on reducing fat mass (24, 45).

BCAAs are a popular supplement among gym-goers and athletes, particularly bodybuilders for

accelerating muscle growth, as BCAAs supplements have beneficiary effects on decreasing
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exercise-induced fatigue, muscle recovery, and immune regulation (3, 46) and additionally
leucine supplementation may improve muscle protein synthesis among older individuals (47).
Also, it has been reported in a cross-sectional study that a higher dietary intake of BCAAs is
associated with a lower prevalence of overweight and obesity in healthy middle-aged adults

from East Asian and Western countries (48).

BCAAs supplementation has also been shown to be an effective therapy for patients
undergoing hepatic operation by reducing complication risk and hospital stay days and this
evidence is from a meta-analysis study that included 11 randomized controlled trials (RCT)
representing 510 patients (49). Moreover, another recent meta-analysis study that investigated
the effect of oral administration of BCAAs on the mortality of patients with hepatocellular
carcinoma (HCC) after treatment, including 14 studies covering 1 179 patients, reported that
BCAA supplementation might improve liver reserve function and long-term prognosis of HCC
patients and it can reduce the long-term mortality of radiofrequency ablation (RFA) patients,
while no significant effect on hepatectomy patients (50).

Despite the reported beneficiary effects of BCAAs, epidemiological evidence have shown that
high levels of circulating BCAAs are associated with type 2 diabetes mellitus (T2DM) and
also higher levels of BCAAs in obese individuals than in normal-weight individuals which are
associated with insulin resistance (IR)(24, 31, 51) as well as associating with increased risk of

CVD, particularly stroke (52, 53).

Higher consumption of dietary BCAAs can accelerate metabolic abnormalities development
including metabolic syndrome, and diabetes (24, 54). It has been suggested that concentrations
of plasma BCAAs can be a good indicator of impaired IR in pre-diabetic patients than plasma
glucose levels (24, 55) and in both human and animal studies it has been shown that the
observed association between BCAAs and IR might be dependent on energy homeostasis, and
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therefore circulating BCAAs can be used as potential indicators of insulin sensitivity (24, 56).
Higher levels of BCAAs concentrations are significantly related to the development of T2DM
as plasma-free amino acid (PFAA) profiles, especially levels of BCAAs concentrations are

reported to be altered before the T2DM development (57).

A recent MR study conducted by Yuan and Larsson in 2020 (21), that mentioned previously
showing the decreased risk of T2D with plasma alanine, showed an increased risk of T2D with

serum BCAAs (isoleucine, leucine, and valine).

Another MR study, also reported that higher circulating levels of BCAAs were associated with
a higher risk of type 2 diabetes and they concluded a causal role of BCAA metabolism in the
actiology of type 2 diabetes (58). This study used a meta-analysis of GWAS studies of Fenland,
KORA and TwinsUK (total sample=16 596 individuals) for the amino acid traits and used a
meta-analysis of GWAS studies of DIAGRAM, EPIC-InterAct, GoDARTSs, and UK Biobank

studies (47 877 type 2 diabetes cases and 267 694 controls)(58).

Alterations in the metabolism of BCAAs are found to be associated with cardiometabolic risk
factors in cross-sectional studies and have been implicated in reduced cardiometabolic health
including IR, elevated blood pressure, dyslipidaemia, and indicators of coronary artery disease
(37, 59-63). In a prospective cohort of US Women’s Health Study with 18.6 years of follow-
up, circulating plasma levels of BCAAs were found to be positively associated with the
incidence of coronary vascular disease (CVD) (59). This study concluded that impaired
metabolism of BCAAs signifies a shared pathway and common aetiology for T2D and CVD,

particularly in women who develop T2D before to a CVD event (59).

Apart from the evidence on the association between BCAAs and cardiometabolic health, there

is epidemiological evidence suggesting a potential effect of BCAAs on cancer.
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BCAAs are consumed by tumours in several biosynthetic pathways and therefore BCAAs act
as an energy source for cancer cells (64, 65) that obtain it from circulation or surrounding
tissues (66). Elevated plasma levels of BCAAs are found to be significantly associated with
pancreatic cancer risk (66-68). Furthermore, studies have reported that plasma and tissue levels
of BCAAs are increased in breast cancer, supplemented by the higher expression of cytosolic
branched-chain aminotransferase 1 (BCATI1) that can result in activating the BCAAs
catabolism in human breast cancer (24, 65) and in general epidemiological studies strongly

point to a pivotal role of BCAT1 in multiple cancer types (29).

1.2.3 Glycine

Glycine is the simplest non-essential proteogenic amino acid (69) and therefore it is synthesised
in the body from the amino acid serine, mostly catalysed by the serine hydroxy-methyl-
transferase enzyme via cofactor pyridoxal phosphate (70). It can also be synthesised from other
amino acids such as threonine in the liver and kidneys (71).

Glycine is a key amino acid in several metabolic reactions and is the major inhibitory
neurotransmitter in the spinal cord and brain stem that facilitates the transmission of nerve
impulses (14). It also has an anti-inflammatory effect and is a cytoprotective, and immune-
modulating amino acid (14) and is involved in the production of DNA, phospholipids, and
collagen and is the most abundant amino acid in collagen triple helices (72).

Glycine also regulates blood glucose levels by converting it into energy (73) and is essential

for dietary fat digestion and the absorption of long-chain fatty acids (71).

Glycine supplementation in rodents have shown to lower blood pressure (74-77) and also a

similar effect was observed in one small intervention study in humans (78). Glycine
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supplements are also claimed to have anti-aging effects as 30% of collagen consists of glycine
and studies in rodents showed glycine supplementation extended lifespan (79).
It has been reported in large-scale epidemiological studies that circulating levels of glycine are

associated with lower incidence of T2DM (77, 80-83) and myocardial infarction (MI)(77, 84).

A recent Mendelian randomization (MR) study has shown that lower levels of glycine
concentrations might be causally associated with the risk of T2D, mainly determined by CPS1
gene (77, 82). A meta-analysis of genome-wide association studies that investigated the
causality and potential mechanisms of the association between glycine and cardio-metabolic
disease and included 80 003 participants of European ancestry have shown that glycine is
genetically associated with a lower risk of coronary heart disease (CHD) and also implicated
the role of blood pressure for their observed association (77). To investigate the possible
mechanism, they examined the downstream effects of genetic differences in glycine levels on
CHD risk factors such as systolic (SBP) and diastolic blood pressure (DBP), blood lipids (total
cholesterol, triglycerides, LDL, and HDL) and 13 other potentially relevant blood cell traits
(77). They found that genetically predicted glycine, using a 24 SNP score, was significantly
associated with lower genetically predicted SBP and nominally with lower genetically
predicted DBP and no association with blood lipids or other blood cell traits (77). Furthermore,
this study reported that genetically lower levels of glycine were significantly associated with

genetically higher IR (77).

1.2.4 Glutamine
Glutamine is the most abundant and versatile non-essential proteogenic amino acid in the body
and a nitrogen transporter and NH3 carrier that transfer nitrogen among organs (13). It has a

regulatory role in protein synthesis, cell defence and repair, cell integrity (apoptosis, cell
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proliferation), degradation, and metabolism (oxidative fuel, gluconeogenic and lipogenic

precursor)(85).

Glutamine also plays a role in IR and insulin secretion, as a study in vivo has shown that oral
glutamine effectively increases circulating glucagon-like peptide 1 (GLP-1), glucose-
dependent insulinotropic polypeptide (GIP), which are hormones that have a key role in meal-
related insulin secretion and can stimulate insulin secretion in individuals with obesity and type

2 diabetes.

In most cells, glutamine can be used as a substrate for nucleotide synthesis including purines,
pyrimidines, amino sugar, and nicotinamide adenine dinucleotide phosphate (NADPH), and
antioxidants (13). In addition to its role in protein synthesis and metabolism, glutamine also
regulates the expression of many metabolism-related genes, signal transduction, and activates

intracellular signalling pathways (85).

Healthy individuals normally have a plentiful large amount of glutamine in their body as its
rate of utilization by immune cells is comparable to glucose (13). Under catabolic conditions
for example sepsis, recovery from burns or surgery, and malnutrition, and also during high
intensity physical exercise, lymphocytes, neutrophils, and macrophages which are cells of the
immune system, use glutamine (13, 86, 87). Therefore, glutamine is currently part of clinical
nutrition supplementation recommendations for immune-suppressed individuals (13).
Glutamine supplementation has shown promising effects in individuals with

cardiometabolic and sickle cell disease, however, it has failed to show a significant reduction

in mortality rate in epidemiological studies (88).
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A recent meta-analysis study of 12 RCTs that investigated the effect of glutamine
supplementation on cardio-metabolic risk factors and inflammatory markers, including Fasting
plasma glucose (FPG), insulin, homeostasis model of assessment-estimated insulin resistance
(HOMA-IR), triglyceride (TG), C-reactive protein (CRP), Interleukin 6 (IL-6), Glutathione
(GSH), Interleukin 1(IL-1), and Tumour necrosis factor alpha (TNF-a), showed that glutamine
supplementation might have a positive effect on FPG and CRP (89). However, they found no

association between glutamine supplementation and other cardio-metabolic risk factors (89).

The role of glutamine in cancer has been investigated through several epidemiological studies
(13, 90, 91). The accumulating evidence has found that cancer cells consume glutamine at the
highest rate, and they also require glutamine for cell proliferation (92-94). This is because
glutamine is a source of carbon and nitrogen supply for numerous biosynthetic reactions and

its carbon in the form of a-ketoglutarate (aKG) is an important substrate for the TCA cycle

(13).

Furthermore, studies have highlighted the possible role of serum glutamine on Alzheimer’s
disease. An MR study that utilized a GWAS study among 24 925 participants of 14 European
cohorts for its metabolite traits, and International Genomics of Alzheimer’s Project (IGAP)
including 17 008 Alzheimer’s disease cases and 37 154 controls, has reported an inverse
association between circulating levels of glutamine and risk of Alzheimer’s disease (95).
Previous studies implicate the alterations in glutamine metabolism as possible early
transformations in the pathogenesis of Alzheimer’s disease (95, 96). Therefore, it has been
suggested that exogenous glutamine may protect against the accumulation of amyloid plaques
in early phase of the disease, as the amyloid plaques is associated with inflammation, oxidative

stress and mitochondrial dysfunction (95, 97).
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1.2.5 Histidine

Histidine is a semi-essential amino acid and particularly children should obtain it from food
and supplement (2). Our body requires histidine for growth and tissue repair (2). Histidine
plays a key role in the maintenance of myelin sheaths for protecting nerve cells (2). Histidine
is metabolized to the neurotransmitter histamine which is essential for immunity, gastric
secretion, and sexual functions as well as for blood cell manufacture and protecting tissues

from damage by radiation and heavy metals (2).

In a systematic review and meta-analysis of randomized controlled trials (n=23) investigating
the effect of supplementation with histidine-containing dipeptides on obesity and glycaemic
outcome, it was reported that the supplementation improved glycaemic outcomes and central
obesity reduced (98). Moreover, the effect of histidine-containing dipeptides on lipid profile
was examined in another systematic review and meta-analysis of RCTs (n=21), and the study

indicated that the supplementation has a role in improving dyslipidaemia (99).

A study that conducted whole exome sequencing on 1 152 African Americans in the
Atherosclerosis Risk in Communities (ARIC) study and focused on loss-of-function (LoF)
variants have found that three LoF mutations were related to elevated levels of histidine, which
are shown to be inversely associated with chronic heart disease risk in individuals from both

African Americans and European Americans (100).

Studies have shown that people have lower histidine levels when are under oxidative stress or
have inflammatory diseases including rheumatoid arthritis (100-102). Inflammation has a
crucial role in atherosclerosis and cardiovascular disease(100).

The possible mechanism, in which the serum histidine may reduce the risk of CHD, is
suggested via reducing oxidative stress or inflammation suppression as pro-inflammatory

cytokine is suppressed by histidine through pathways in adipocytes (100).
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1.2.6 Aromatic amino acids

1.2.6.1 Phenylalanine and tyrosine

Phenylalanine is an essential amino acid that should be obtained from food or supplement. It
plays a key role in the biosynthesis of other amino acids including tyrosine. Therefore, tyrosine
is a non-essential proteogenic amino acid (103). However, in phenylketonuria patients who
cannot convert phenylalanine into tyrosine due to a lack of phenylalanine hydroxylase,
tyrosine is considered an essential amino acid that should be obtained from diet or supplement
(103). While the L-form of Phenylalanine is involved in protein synthesis, the D-form acts as
a painkiller (104).

Tyrosine, produced by phenylalanine, is an essential precursor of catecholamines, which is a
group of neurotransmitters including dopamine, norepinephrine and epinephrine, and is also a
precursor of thyroid hormones, and melanin (103).

In 1989 a study suggest that tyrosine administration, the precursor of catecholamines, can
reduce the neurochemical deficits during acutely stressful situations as the brain depletes
norepinephrine and dopamine (105). However, since then no consensus achieved among
observational studies for the beneficiary effect of tyrosine supplementation to improve

physical/cognitive function (106, 107).

Two recent MR studies showed a protective effect of serum tyrosine on type 2 diabetes but in
contrast to tyrosine a positive significant association between phenylalanine and the risk of
type 2 diabetes (21, 108). The first study was done by Yuan and Larsson in 2020, which was
mentioned earlier reporting the results for serum alanine and BCAAs as well (21). The second
study conducted by Jager et al., in 2020, reported that higher tyrosine levels might have a causal
inverse association with type 2 diabetes, independent of other diabetes-associated amino acids.

This study used genome-wide association studies (GWAS) of a sub-cohort of the European
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Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam Study (up to 2265
participants) for amino acid traits and DIAGRAM (DIAbetes Genetics Replication And Meta-
analysis, 74 124 cases and 824 006 controls) consortium for diabetes (108).

It has been suggested that tyrosine might affect the risk of type 2 diabetes via its critical role in
the neurotransmitter dopamine and L-DOPA synthesis (108). In vivo studies, dopamine is
suggested to influence glucose homeostasis and beta cell function but in human studies the

research is incomplete (108-110).

Furthermore, there is evidence for the relationship between tyrosine and Non- Alcoholic Fatty
Liver Disease (NAFLD)(111). A recent MR study using Estonian Biobank (10 809 individuals
including 359 patients with NAFLD) data revealed a potential causal effect of NAFLD on
blood concentrations of tyrosine and suggested that blood tyrosine levels can be a new

biomarker for NAFLD (111).
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1.3 Epidemiology Methods to Investigate the effects of serum amino acids

1.3.1 Genome-Wide Association Studies

Genome-wide association study (GWAS) is a method to identify genetic loci (most commonly
as single nucleotide polymorphisms (SNPs)) associated with complex diseases or phenotypes
of interest through the human genome of a population (112). In molecular genetic
epidemiology, SNP analysis is a powerful tool to identify variations in DNA copy numbers and
point mutations (113). In the past 10-15 years, thousands of GWAS have been conducted on a
wide range of traits and disorders which provide a wealth of knowledge on genetic

determinants of complex traits and disorders.

1.3.2 Phenome-Wide Association Studies

PheWAS is a method of testing comprehensive associations between genetic variants and a
wide range of coded phenotypes and traits (114). PheWAS is designed to investigate which of
many phenotypes are possibly associated with a given genetic variant and is a reverse genetics
approach that begins with a genotype and then systematically queries a large number of

phenotypes (115).

PheWAS utilizes electronic health records (EHR) and has been validated through replication
of hundreds of known genotype-phenotype associations, and their utilization has distinguished

between true pleiotropy and clinical comorbidity (114, 115).

1.3.3 Mendelian Randomization
Mendelian Randomization (MR) uses genetic variants as instrumental variables to investigate
the causal association between potentially modifiable risk factors and health outcomes in

observational data (116). The MR method can overcome the limitation of confounding in
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observational studies and other various biases that have proved to be unreliable indicators of
the causal effects of modifiable exposures on disease outcomes (116). Therefore, the MR
method generates more reliable evidence regarding which interventions should produce health
benefits as well as enables the researchers to predict the related mediating pathways (117, 118)

and adverse effects (119), and more importantly the direction of causality (116, 120).

The MR method reliability is based on assumptions that the instrument is only associated with
the exposure of interest (relevance assumption), and not directly with the outcome of interest
(exclusion restriction), nor any confounders of the association between the exposure and the
outcome (independence assumption) (121)(Figure 1). Therefore, violation of these

assumptions potentially leads to biased MR estimates (122).

Figurel. Schematic of instrumental variable analysis to generate causal estimates

through MR

Unknown
confounders

There is an increasing number of genetic variants which are demonstrated to be associated with
exposures in GWAS, and the public availability of these summarized data on genetic
associations with exposures and outcomes from large consortia made the MR analysis
relatively simple to perform. However, using GWAS findings as instruments for MR analysis

can be challenging due to the pleiotropic effect of genetic variants. GWAS method allows to
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identification of many of these SNPs which would occur more frequently in individuals with
disease than those without (123). Genetic human studies mimic the design of RCTs in
observational studies with no drug and lifestyle factors intervention requirement (124).
Therefore, disease-associated SNPs identified through GWAS studies might be interpreted as
an under-used source of randomized human evidence to help with the identification of drug
targets and validation (124). Furthermore, GWAS findings could point to genetic variants,
randomly assigned at conception. This allows us to imitate not only the drug’s effect and side

effects of medications but also lifestyle factors such as physical activity or diet (125).

Pleiotropy is a phenomenon where a genetic variant associated with multiple traits either
through a single biological pathway (vertical pleiotropy) or on discrete pathways (horizontal
pleiotropy) (126). Horizontal pleiotropy is a challenge for MR analysis as a fundamental
assumption of MR is the ‘no horizontal pleiotropy’ assumption (also called the ‘exclusion-
restriction criterion’) (127) and consequently violation of this assumption results in inaccurate
causal estimates, loss of statistical power and potential false-positive causal relationships (127).
There are several methods that have been developed to allow for genetic pleiotropy including
median estimator and MR Egger regression (128-130). These methods enable sensitivity
analyses to be performed and investigate whether findings depend on the assumption that no
pleiotropic effects exist among all the variants (128).

The median estimator method can provide reliable evidence if at least half the genetic variants
have no pleiotropic effects (128, 130). MR Egger regression allows all variants to have
pleiotropic effects, provided they are not proportional to the variants’ effects on the risk factor
of interest (128). However, the MR Egger regression method generates less precise estimates

than other methods (128).
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Another source of bias in MR approach is utilizing weak instruments, which can occur when
using one or more genetic variants that only explain a small proportion of the variation in the
risk factor combined with a small sample size (128). The F statistics can be applied to quantity

the level of weak instrument bias and a value of 10 corresponds to an approximate 10% relative

bias (128).
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Chapter Two
GWAS and post-GWAS analysis
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2.1 Introduction

In this chapter, I will explore the genetic architecture of 9 proteogenic amino acids including
alanine, BCAAs (isoleucine, leucine, and valine), glycine, glutamine, histidine, phenylalanine,
and tyrosine. By identifying genetic variants, I will further assess the biological pathways

associated with each amino acid.

It has been previously discussed in chapter one, that the circulating levels of amino acids are
associated with the development of diseases such as type 2 diabetes (21, 24, 51, 77, 131, 132)
and cardiovascular disease (52, 53, 59) as well as being associated with several cardiometabolic
risk factors including overweight and obesity, insulin resistance, blood pressure and lipid
profile (37, 59-63, 77, 89), and with other diseases such as inflammatory disease (133, 134),
Non-Alcoholic Fatty Liver disease (111), and Alzheimer’s disease (95, 96). Many
metabolomics studies also investigated the relationship between serum amino acids and
gynaecological and breast cancers (135-149), and serum amino acids levels are suggested to
be a useful marker for disease status in patients with head and neck cancer (150) as well as for
plasma free amino acids (PFAAs) profile, which serves as one of the biological markers for
cancer patients (140, 151). However, its exact biological pathways and mechanism are yet to

be elucidated (140).

Most of these discussed observed associations are from observational studies, which are subject
to bias, and confounding and the ones using the MR approach investigated the limited number
of amino acids, and the evidence on the role of all serum amino acids on complex disorders is
rare. In addition, observational studies could not investigate the causality and the direction of

the effect of the studied exposure on their outcome of interest.

Therefore, identifying the genetic variants associated with the circulating serum amino acids

concentrations can be utilised to investigate their effect on chronic conditions. The genetic
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markers are inherited during conception and thus prevent the biases afflicted in traditional
epidemiological studies. However, the genetic variants cannot generalize the effect of
circulating serum amino acid levels in instances where they markedly rise, as they assess small
effect size over a lifetime. GWAS approach unravels the genetic components of serum amino
acids and may elucidate the role of serum amino acids levels in the pathophysiology of complex

disorders.

In the past decade, thousands of genome-wide association studies (GWAS) have been
conducted (152) aiming for identifying genotypes-phenotypes associations through
investigating the allele frequency differences in genetic variants, single-nucleotide
polymorphisms (SNPs)(153), among individuals who are from the same ancestry but are
phenotypically different (153). More specifically, over 5 700 GWAS studies have now been
conducted detecting more than 3 300 traits (152) consisting of GWAS studies with sample
sizes of millions of participants (154). These well-powered GWAS studies (152) should
translate the identified genetic loci into actionable variants, directing to functional genomics
experimentation and drug target assessment (152, 155). Thus the main challenge in GWAS
studies is pinpointing the potential causal variants (152, 153). However, identifying the causal
variants from significant associated SNPs rarely happens as many of the GWAS hits are located
in non-coding or intergenic regions (152, 156). Genomic regions include various correlated
SNPs covering closely located genes, but not all of those genes necessarily are relevant to the
disease (152). Therefore, because of the correlated nature of those closely located SNPs,
distinguishing between disease related genes with non-related ones is unlikely, by just
considering the association P-values (152). As a result, to identify the causal genes, integrating
available information regarding regional linkage disequilibrium (LD) patterns, functional

consequences of correlated SNPs, and their effects on gene expression is required (152). This
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information increases our insight into the biological mechanisms underlying the diseases and

traits (152).

FUMA, functional mapping and annotation of genetic associations web tool is developed by

Watanabe et al in 2017 and is available at http://fuma.ctglab.nl. This online web tool

functionally annotates GWAS findings and prioritizes the most likely causal SNPs and genes

via evidence from repositories of biological data and tools (n=18)(152).

Therefore, this chapter aims to present a large-scale GWAS on serum amino acids (alanine,
BCAAs, glycine, glutamine, phenylalanine, and tyrosine) of UK Biobank study participants to
identify genetic determinants of previously mentioned serum amino acids levels and a post-

GWAS analysis to explore the related biological pathways using FUMA web-tool.
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2.2 Method

2.2.1 UK Biobank Data

For my project, I utilized data from UKB under the approved application ID 52569. The UKB
was established by the Wellcome Trust medical charity, the Medical Research Council, the
Department of Health, the Scottish Government, and the Northwest Regional Development

Agency and is supported by the National Health Service (NHS) patient registers.

The UKB is a large longitudinal population-based cohort of ~500 000 participants who were
recruited between 2006-2010 and were aged 40-69 at recruitment. This age group was selected
because of being at risk of developing a wide range of chronic diseases and therefore enables
investigators and researchers to examine a wide range of disease determinants including
genetic, proteomic, and biochemical that attributes to a group of lifestyle and environmental

factors.

The UKB population was recruited from different parts of the country including 89% in

England, 7% in Scotland; and 4% in Wales.

2.2.2 UKB baseline data collection

The baseline assessment comprised of electronic signed consent, a two-part questionnaire
including touch-screen health and lifestyle questionnaires following a brief interview to collect
data on socio-demographics and occupation; lifestyle exposures diet, physical activity, and
body fat percentage; early life exposures; psychological state; cognitive function; family

history of illness; and medical history and general health.

In addition, physical measurements including height, blood pressure, and weight were

measured as well as blood, urine, and saliva sample collection.
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The personal medical history of participants was asked by a trained nurse, following the touch-
screen questionnaire to confirm or correct reported illnesses or disabilities. The self-reported
information was validated through the linkage to the participant’s NHS medical records.
Moreover, the participants were both asked via questionnaire and interviewed to confirm
reported information about any common prescription, over the counter medication, and intake

of dietary vitamins/supplements.

2.2.3 UKB serum amino acids

NMR metabolic biomarkers from EDTA plasma samples of around 117 000 European UK
Biobank participants was generated by Nightingale Health. Metabolic biomarkers, including 9
serum amino acids, were measured from randomly selected EDTA plasma samples (aliquot 3)
via a high-throughput NMR-based metabolic biomarker profiling platform developed by

Nightingale Health Ltd (http://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=220).

The available biomarkers for serum amino acids, that I used for my project, include serum
levels of alanine (Data-Field:23460), glycine (Data-Field:23462), glutamine (Data-
Field:23461), histidine (Data-Field:23463), isoleucine (Data-Field:23465), leucine (Data-
Field:23466), phenylalanine (Data-Field:23468), tyrosine (Data-Field:23469), and valine

(Data-Field:23467)(https://biobank.ndph.ox.ac.uk/ukb/label.cgi?1d=220).
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2.2.4 GWAS on serum amino acid levels in UKB Population

I performed a linear mixed model regression using BOLT-LMM version (2.3) in Linux, for the
UKB GWAS. This BOLT-LMM method considers population stratification and relatedness in
the sample population and therefore it can be applied with minimal sample exclusions (157).
This approach boosts the power for detecting any potential association by modelling more
realistic, non-infinitesimal genetic architectures using a Bayesian mixture prior to marker
effect sizes (158). Therefore, this approach controls false positives while increasing the power
(158). This method allows the assumption of complex genetic architecture for traits; thus, it
does not assume that all variants are causal with small effect sizes to form a Gaussian

distribution (158).

All serum amino acid levels of individuals from European ancestry of the UKB data were
standardized and normalized via rank-based inverse normal transformation. I filtered variants
with minor allele frequency (MAF) < 0.01, genotyping rate < 0.015 and Hardy-Weinberg
equilibrium p-value < 0.0001. Age, sex and the first 10 genetic principal components were

included in the model as covariates.

Furthermore, I calculated the total proportion of variance explained (R?) and F-statistic (F) by

regressing all serum amino acids on every single genetic instrument.

2.2.5 Instrument selection using UKB GWAS on serum amino acids
Through the identified SNPs significantly associated with each serum amino acids in the
previous GWAS step, multi-allelic SNPs were excluded, and the remaining SNPs were

clumped with 12 <0.001 using TwoSampleMR package (0.5.6) in R software.
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Those associated SNPs with P-value <le-05 and F-statistics of > 10 (calculated by regressing
serum levels per each SNPs) were selected as instruments for functional mapping, and pathway

enrichment analysis in the next step.

2.2.6 Functional Annotation and Pathway Enrichment
I applied a range of Functional annotation analyses using FUMA web server

(http:/fuma.ctglab.nl)(152). The FUMA web tool contains information from 18 biological data

repositories to characterize SNPs according to gene function, mapped genes and biological

pathways and associations with other phenotypes (152).

All significant SNPs (p < le-05) and SNPs in LD with them (r* > 0.6) from the UKB GWAS
summary statistics in the previous step, were annotated for functional consequences on gene
functions, based on Ensemble genes (build 85) using ANNOVAR(152, 159). Independent
significant SNPs and correlated SNPs were linked to the GWAS catalogue to postulate known
associations of the SNPs in the risk loci that were reported previously with several phenotypes

(152).

Annotated SNPs were subsequently mapped to the genes, using positional mapping (physical
distance): based on annotations obtained from ANNOVAR (159), and the physical distance of
SNP from known protein-coding genes is set to the window of 10kb (default), in the human

reference assembly (hg19/GRCH37)(152).

2.2.6.1 Gene-Based Analysis
For genome-wide gene-based association analysis (GWGA), FUMA implements MAGMA
gene-based analysis (152, 160) by mapping the input SNPs to protein-coding genes attained

from Ensemble build 92.
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2.2.6.2 Gene-Set Enrichment Analysis

Same as for gene-based analysis, FUMA implements MAGMA (152, 160) for gene-set
enrichment analysis, and is conducted for curated gene sets and gene ontology terms attained
from molecular signature database (MsigDB) v5.2. Gene-set enrichment analysis assesses if
genes within the gene set are more strongly associated with any of the phenotypes than other

genes.

2.2.6.3 Gene-Property Analysis
To test the association between tissue-specific gene expression and serum amino acids gene
associations, MAGMA gene-property analysis conducted using FUMA (152, 160). This

analysis is based on the computed gene-based p-values in the gene-based analysis.
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2.3 Results

The number of identified independent (r? <0.001) significant SNPs (p < 1 x 10) associated

with serum amino acids through the UKB GWAS analysis are shown in Tablel. A full list of

selected SNPs is provided in Tables S1-S9.

The total proportion of variance explained (R?) for serum amino acids ranged from 1% for
isoleucine with a combined F statistic of 24.35 for 60 SNPs, to 6% for serum glycine with a
combined F statistic of 53.58 for 120 SNPs. The proportion of variance explained for serum

BCAAs (isoleucine, leucine and valine) ranged from 1% to 3% with a F statistic of 24 to 34

(see Table 1).

Tablel. Total proportion of variance explained by instruments for each amino acid

Number of SNPs R?
Alanine 101 0.03
Glycine 120 0.06
Glutamine 138 0.06
Histidine 62 0.02
Isoleucine 60 0.01
Leucine 67 0.02
Phenylalanine 1 0.01
Tyrosine 110 0.04
Valine 91 0.03

2.3.1 Functional mapping and annotation of serum amino acids

Most of the significant SNPs and SNPs in LD with the significant SNPs lie within intronic

followed by intergenic gene regions for all serum amino acids

exception for serum tyrosine in which the most significant SNPs,

significant SNPs, were in intronic following by ncRNA-intronic gene regions (Figures 1-3).
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Figure 1. Functional consequence of SNPs on gens for serum alanine and BCCA’s
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A summary of results including number of genomic risk loci, lead SNPs and tagged SNPs are

presented in Table 2.

Table2. Summary of results

‘Alanine 34

Isoleucine 8 9 9 164 9 34

‘Leucine 15 17 17 357 17 61

[Valine | 18 21 21 776 21 62

[Glycine | 40 50 50 2603 50 116
Glutamine 45 46 46 2040 46 116
Histidine 15 17 17 652 17 36

[Tyrosine | 29 35 35 2069 35 87

Phenylalanine 8 9 9 353 9 23

2.3.2 Genome-wide gene-based association analysis

MAGMA-GWGAS mapped SNPs to 64 protein-coding genes for serum alanine, and 35, 43,
and 54 protein-coding genes for serum isoleucine, leucine, and valine, respectively, followed
by 70 genes for serum glycine, 95 for serum glutamine, 31 genes for serum histidine, 66 genes
for serum tyrosine and 35 protein coding genes for serum phenylalanine using Genome

Reference Consortium Human Build 37. All p-values were Bonferroni-corrected.

The top signal from gene-based analysis were GCKR, MIP, SLC gene family, COBLLI,
LMOI, CPS1, and GLS2. The common genes across the serum amino acids are demonstrated

in Table 3.
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2.3.3 Gene-set analysis
Using the full distribution of SNP p-values, gene-set analysis tested the gene sets of each serum

amino acids to represent their potential involvement in various pathways (Figure S1-S9).

The common highlighted pathways for all included serum amino acids indicated their
involvement in the regulation of metabolites (small molecules and protein measures), with an
exception for serum phenylalanine, and in the regulation of plasma free amino acid levels

(adjusted for twenty other PFAAs), with an exception for serum tyrosine.

This enrichment analysis demonstrated the involvement of serum alanine gene-set in the
regulation of fasting blood glucose, alcohol use disorder and mood instability, as well as in
metabolites and PFAAs. The analysis also detected serum BCAAs related gene-set
involvement in the regulation of for instance triglycerides levels for the serum valine related
gene-set, and many other pathways in the regulation of blood pressure (both systolic and
diastolic), blood lipid profile including triglycerides, cholesterol, HDL, and LDL, as well as in
mean arterial pressure, coronary heart disease, CRP levels, Crohn’s disease, inflammatory
bowel disease, hypothyroidism, serum uric acid levels and oesophageal cancer for serum

leucine related gene-set.

For serum glycine, gene-set analysis showed pathways related to regulation in glycine levels,
ulcerative colitis, Crohn’s disease, inflammatory bowel disease, extremely high intelligence,
acylcarnitine levels, HDL cholesterol levels in drinkers, triglycerides, sleep duration (short
sleep) and mood instability. It further showed the highlighted pathways for serum glutamine,
such as fasting blood glucose, type 2 diabetes, bipolar disorder, mood instability,

hyperglyceridaemia, autism spectrum disorder, or schizophrenia.

Serum histidine gene-set analysis demonstrated pathways involved in the regulation of

triglycerides and glycine levels.
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Lastly, for serum aromatic amino acids (phenylalanine, tyrosine), the enrichment analysis
detected many pathways ranging from blood lipid profiles (cholesterol and triglycerides) to
diseases such as Alzheimer’s in hypertension, Laryngeal squamous cell carcinoma and

gallstone disease (Figure S8-S9).

2.3.4 Gene-property analysis

The gene-property analysis across 30 tissues, highlighted the expression of serum amino acids
in muscles tissues for serum alanine and liver tissues for serum glycine (Figure 4), and serum
tyrosine and in liver, kidney, and pancreas tissues for phenylalanine (Figure 5). This analysis
did not highlight any further significant associations for the other amino acid levels including

BCAAs, glutamine, histidine, and tyrosine.
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Figure4. Gene-property analysis for serum alanine and glycine

Serum glycine

Serum alanine

Up-regulated DEG

Up-regulated DEG

Down-requlated DEG

DEG (both side)

anjea-d 01 Boj-

Down-regulated DEG

DEG (both side)

anjea-d o1 Boj-

48



FigureS. Gene-property analysis for serum tyrosine and phenylalanine
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2.4 Discussion

Utilising data from serum amino acid levels of around 117 000 individuals from European
ancestry of UKB participants, detected a range of genetic variants that can be used as
instrumental variables for assessing the related biological pathways, as well as for further
analysis investing potential relationship between serum amino acids and risk of complex

disorders, which will be examined in the next chapters.

The percentage of variance explained by genetics for serum amino acids ranged from 1-3% for
serum BCAAs and 1% to 6% for serum phenylalanine, and both serum glutamine and glycine,

respectively.

Functional annotation mapped SNPs to several significant protein-coding genes, ranging from
31 genes for serum histidine to 95 genes for serum glutamine. The MAGMA gene-based
analysis within this study highlighted the most common Bonferroni significant genes

associated with serum alanine and BCAAs as GCKR and SLC superfamily genes.

GCKR is a glucokinase regulator that is involved in the regulation of glucose metabolism and
fasting plasma glucose levels, and the well-known disease associated with this gene is
Maturity-Onset Diabetes Of The Young (161). As well as glycaemic control and diabetes,
GCKR is implicated in dyslipidaemia (162). This is not surprising, as the existing literature has
extensively reported that serum BCAAs levels are associated with insulin resistance and type

2 diabetes and are associated with cardiovascular risk (21, 24, 51, 59, 77, 131, 132).

The solute carrier SLC superfamily genes are responsible for the transmembrane
transportation of many essential compounds including nutrients including amino acids, drugs,
and osmolytes to neurons and glial cells (163) and SLC transporters are critical in the
termination of synaptic transmission for amino acid neurotransmitters, that removes dopamine,
serotonin, noradrenaline, glycine, and GABA (164). In epidemiological studies, SLC
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transporters have been suggested to play a pivotal role in neurodegenerative disorders and
recently, genome-wide association studies have detected 7 of these SLC transporters to be
associated with Parkinson's disease (PD) (165). Moreover, the SLC transporter have been
reported to be associated with epithelial permeability and barrier function in the intestine, thus

SLC genes polymorphisms are shown to be related to inflammatory bowel disease (166).

In addition, MIP, CPS1, LMOI1, COBLL1, and GLS2 genes were also highlighted as the most
common genes significantly associated with serum amino acids. The related associated
diseases with these genes are Cataract for MIP (167), hyper ammonia deficiency for CPS1
(168), T-Cell Acute Lymphoblastic Leukaemia (169) and neuroblastoma (170, 171) for LMOI,
age-related macular degeneration and eye disease for COBLL1 (172), and Juvenile Dermatitis

Herpetiformis and Sclerosing Keratitis for GLS2 (173).

Gene-property analysis showed expression of serum alanine in muscle tissues, serum glycine
and tyrosine in liver tissues, and serum phenylalanine in liver, kidney, and pancreas tissues.
The expression of serum alanine, a glucogenic and proteogenic amino acid, in muscles tissues
is known as when protein breakdown in skeletal muscles during fasting or other stresses, a
large quantity of alanine is released into the bloodstream and is carried to the liver to be
converted to glutamate and pyruvate, and finally to glucose and entering the blood stream to
be available as a source of energy for the muscles (174). In the liver, phenylalanine is converted
to tyrosine (175), and glycine is synthesised from other amino acids such as threonine in the

liver and kidneys (71).

The MAGMA gene-set analysis showed that serum amino acids are involved in pathways
related to regulations of serum metabolites and Plasma-free amino acid (PFAA) profile as well
as fasting plasma glucose levels, and some cardiometabolic risk factors including blood

pressure, lipid levels, and diabetes. Plasma-free amino acid (PFAA) profiles have been
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associated with future risk of developing diabetes or cardiovascular disease in both nondiabetic
and diabetic individuals (51, 176). In addition, the plasma-free amino acid (PFAA) profile has
been shown to be correlated with Crohn’s disease (177), which has also been highlighted in the
gene-set analysis of this study for serum leucine and glycine. Crohn’s disease, a type of
inflammatory bowel disease (IBD), is characterized by epithelium damage and reduced
immune response of the bowel, intestinal mucosal barrier function, and abnormal absorption
and/or wasting in nutritional particles of the intestine including amino acids (177). Amino acid

glycine is reported to have anti-inflammatory properties in intestinal epithelial cells (177).

2.4.1 Strengths and limitations

The strength of this investigation includes the large sample size of the UKB study. The main
limitation of this study is that I included only participants of European ancestry; therefore, this
must be considered when extending the findings to other ethnic groups. Moreover, rare variants
(MAF <0.01) were not investigated, thus only common variants influencing serum amino acids
levels were studied. Lastly, as the UKB participants were younger and more health-oriented
than the general population, there is a potential risk of selection bias that could not be avoided.
However, as such differences between the UKB participants and the general population is

minimal, any potential bias should be negligible.

This large-scale GWAS study investigated the genetic architecture of serum amino acids and
has provided new insight into the biology of serum amino acids levels through pathway
analysis and functional annotation. Gene targets implicated in levels of serum amino acids were
identified that can be further investigated for potential therapeutic targets. To further

understand the risk factors affecting the levels of serum amino acids and the possible
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association of serum amino acids with diseases and explore potential causality, a wider scale

study is required and will be tackled in the following chapters.
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Chapter Three

Modifiable lifestyle factors and their effect on
serum amino acids

54



3.1 Introduction

In this chapter, I will investigate the potential effect of modifiable lifestyle factors, including
macronutrients intake (% energy from carbohydrate (CHO), protein (PRO) and fat), physical
activity (moderate to vigorous, vigorous, strenuous, or other exercise, and accelerometer-
measured physical activity), and bio-impedance measured body fat percentage on serum amino
acid levels. To this end, firstly I will conduct an observational analysis using the UKB data on
lifestyle factors and serum amino acid levels. Secondly, I will use the genetic variants
associated with lifestyle factors and each of 9 serum proteogenic amino acid levels including
serum alanine, histidine, glycine, glutamine, tyrosine, phenylalanine, and BCAA’ s (isoleucine,

leucine, and valine) and will examine the evidence for any potential causality.

Lifestyle factors are the modifiable habits and behaviours influencing the overall health and
well-being of an individual (178). We know that diet plays a pivotal role in health outcomes as
dietary choices and habits can contribute to the risk of developing cardiometabolic risk factors
(179), resulting in an increased risk of morbidity and mortality through chronic diseases such
as cardiovascular disease (CVD), diabetes, and cancer (179-181). Macronutrient intake, which
is an important modifiable risk factor for disease prevention, refers to the calories amount
consumed from carbohydrates, fats, and protein (182). In a large cohort study (3 sub-cohorts
of Rotterdam Study), including 6 822 participants, it has been shown that higher intake of
animal protein and not plant protein, is associated with higher longitudinal insulin resistance
and risk of prediabetes and type 2 diabetes which highlights the importance of specific and
habitual intake of protein from food sources in the development of type 2 diabetes (183). Eating
behaviour and macronutrient intake is a result of an interaction between physiological,

environmental, and genetic factors (184). Family studies have shown that the heritability of
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macronutrient intake ranges between 20-40% (185), raising the interest for GWAS meta-

analysis studies to identify the significant loci associated with macronutrient intake (182, 186).

Physical activity has also been shown to be associated with a wide range of diseases and
protects against diseases such as CVD, cancer, osteoporosis, type 2 diabetes, and Alzheimer’s
disease (187-189). However, the health benefit of physical activity depends on the level of
individual engagement, and it seems that most people are not as physically active as the
recommended levels (187). There are various factors affecting the levels of physical activity of
an individual including cultural, economic, environmental factors, and genetics (187, 190,
191). There is a couple of GWAS studies that reported the genetic basis for physical activity

engagement (187, 192, 193).

Overweight and obesity, due to bad dietary habits and a sedentary lifestyle, are risk factor for
many chronic diseases (194). The genetic basis of adiposity and its links to cardiometabolic
disease risk has been assessed through large-scale meta-analyses of genome-wide association
studies (GWAS) (195-199). Overall adiposity, measured by body mass index (BMI), has
implicated genes showing the role of the central nervous system (CNS) in obesity susceptibility
(197, 200-205), while genetic loci associated with body fat distribution, measured by waist-to-
hip ratio (WHR), has shown genes involved in adipocyte metabolism (195, 196, 206, 207).
However, people with the same BMI or WHR may have different percentages of body fat,

resulting in differences in cardiometabolic risk (195, 208, 209).

Therefore, this chapter aims to explore the effect of modifiable lifestyle factors on levels of
proteogenic amino acids, utilizing an observational analysis. In addition, the present study
aimed to assess potentially causal associations between modifiable lifestyle risk factors and
circulating amino acid levels using Mendelian randomization (MR) analysis. MR analysis
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utilized genetic polymorphisms which are randomised naturally, as alleles are randomly
allocated during conception, thereby overcoming the limitations of traditional

epidemiological studies such as confounding and reverse causation.
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3.2 Methods

3.2.1 Observational analysis

3.2.1.1 Study participants and characteristics

[ used data from the UK Biobank study (UKB) under the approved application ID 52569. The
details of the UKB study have been discussed in the previous chapter. Briefly, the UKB study

is an open resource, all details are available online at https://www.ukbiobank.ac.uk/, and is a

large longitudinal population-based cohort of ~500,000 participants aged 40-69 years at
recruitment between 2006-2010. Participants provided self-reported baseline information on
age, sex, ethnicity, BMI, physical activity, and diet. Furthermore, blood samples for

biochemical tests and genotyping of participants were collected (193, 210).

3.2.1.2 Data extraction

3.2.1.2.1 Macronutrient intake (CHO, fat and PRO)

I extracted the data for carbohydrate intake (Data-Field 100005), fat intake (Data-Field
100004), and protein intake (Data-Field 100003) from the UKB study. This dietary data was
collected using Oxford WebQ, which is an online 24-hour dietary recall, that presents 21
broad food groups, including more than 200 commonly consumed foods and drinks
(211)(These data have now been superseded by new Data-Fields in 2021 which was not
accessible under application ID 52569). These data are available for 210 977 participants.
After data cleaning, macronutrients intake data were log-transformed as it had a skewed

distribution.

3.2.1.2.2 Physical activity
Overall acceleration average (Data-Field 90012) data of physical activity was extracted from

the UKB study. The average accelerations were measured during wearing of activity monitor
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(the device truncated any values exceeding +/- 8 gravitites). The UKB study has data of
accelerometer-measured physical activity for 103 687 participants. However, I excluded 6 977
participants whose data could not be calibrated (212) or those who did not wear the device for

sufficiently long to get a stable measure of their physical activity status(212).

3.2.1.2.3 Body fat (%)
I extracted the body fat percentage data (Data-Field 23099), covering 492 787 participants.
The body fat percentage data of the UKB is a subset of whole-body bio-impedance measures

using the Tanita BC418MA body composition analyser.

3.2.1.2.4 Serum amino acids levels

I extracted the data on circulating levels of 9 nuclear magnetic resonance (NMR) of 9
proteogenic serum amino acids, available for EDTA plasma samples from approximately 117
000 UK Biobank participants, generated by Nightingale Health. The details have been
mentioned in the previous chapter. The included amino acids are serum alanine (Data-Field
23460), serum BCAAs (Data-Fields: 23465-23467), histidine (Data-Field 23463), glycine
(Data-Field 23462), glutamine (Data-Field 23461), phenylalanine (Data-Field 23468), and
tyrosine (Data-Field 23469). All the serum amino acids levels were normalized prior to

analyses using rank-based inverse normal transformation.

3.2.1.3 Statistical analysis
The data of macronutrient intake, accelerometer-measured physical activity, and body fat
percentage of the UKB participants were merged with the serum amino acids data of the same

individuals for the analysis.

59



I conducted linear regression analysis for assessing the effect of accelerometer-measured
physical activity on all serum amino acids. I included 2 models, unadjusted and adjusted for

age and sex.

I also performed linear mix-model regression analysis with a random-effects structure
including a random intercept and slope (for time of repeated measurements) to investigate the
effect of macronutrients intake and body fat percentage on serum amino acids levels. For
macronutrient intake, I included both unadjusted and adjusted model including age, sex,
weight, and total energy intake as covariates. For body fat percentage analysis, age and sex
were adjusted. As included lifestyle factors are correlated, I have also included a model, in
which they were further adjusted for each other. All analysis performed using R software

(version 4.1.3) in Linux environment.

3.2.2 Genetic data on modifiable lifestyle factors

3.2.2.1 Genetic association estimates for macronutrients (% energy from CHO, PRO and
fat)

I drew summary statistics of GWASs associated with diet compositions, including percentage
of energy from carbohydrate intake, protein intake and fat intake, from the CHARGE
Consortium Nutrition Working Group (182), which their discovery included 91 114 European
ancestry participants from 24 epidemiologic cohorts from the CHARGE Consortium Nutrition

Working Group (182).

3.2.2.2 Genetic association estimates for physical activity
A GWAS study on UK Biobank (UKB) study reported physical activity measures based on
wrist-worn accelerometery data (N=91,084, of which there is 24,000 overlaps with serum

amino acids data) (187). I used the reported significant loci of this study in my analysis.
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3.2.2.3 Genetic association estimates for body fat (%)
I used the summary data of a genome-wide association meta-analysis of body fat percentage
(BF%) in individual from 43 GWAS (n up to 76,137) and 13 MetaboChip studies (n up to

24,582), predominantly of European ancestry (n up to 89,297) (195).

3.2.2.4 Genetic data on serum amino acids

3.2.2.5.1 Genetic instruments selection

I used the list of genetic instruments for macronutrients, physical activity and body fat
percentage from the available GWAS studies, mentioned in the previous section, and extracted

the same sets of SNPs from the GWAS I conducted and fully explained in chapter one.

3.2.3 Statistical analysis

3.2.3.1 Mendelian Randomisation

A two-sample MR approach using summary data and IVW method, as the main analysis (213),
was implemented. I further utilised sensitivity analyses, that provide consistent estimates under
weaker assumptions than standard instrumental variable assumptions (214), including MR-

Egger, weighted median, simple mode, weighted mode and MR-PRESSO.

All results correspond to an OR per 1SD increment in the genetically predicted modifiable

lifestyle factors including macronutrients, physical activity, and body fat percentage.

3.3 Results
3.3.1 Observational analysis

3.3.1.1 Association between macronutrient intakes and serum amino acids
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The mean intakes were 82.41 g/day for protein, 78.18 g/day for fat, and 254.70 g/day for
carbohydrate. The observational analysis for macronutrient intakes and serum BCAAs
(isoleucine, leucine and valine) revealed no significant (p-value <0.05) relationship between
the carbohydrate, fat, and protein intake with serum amino acids levels (Table S10). Further

adjustment for physical activity and body fat percentage did not change results (Table S10).

3.3.1.2 Association between measured physical activity and serum amino acids

The analysis showed an inverse significant (p <0.05) association between average
accelerometer-measured physical activity and serum isoleucine and valine, showing per 1 unit
increase in average acceleration of physical activity there is a 1% unit decrease in levels of
serum isoleucine and valine. On the other hand, a positive association for serum glycine and
glutamine were observed (Table S11). Further adjustment for total energy intake and body fat
percentage, demonstrated per 1 unit increase in average acceleration of physical activity there

is 1% unit decrease in levels of serum alanine, isoleucine, and valine levels (Table S11).

3.3.1.3 Association between measured body fat percentage and serum amino acids

Results from the observational analysis, showed that per 1% unit increase in bio-impedance
measured body fat percentage there is 1% unit increase in serum alanine to 3% unit increase in
serum BCAAs and tyrosine (Table S12). On the other hand, the analysis indicated an inverse
significant association between body fat (%) and serum glycine and glutamine by 3% unit
decrease in serum levels per 1 unit increase in body fat percentage (Table S12). Further

adjustment for physical activity and total energy intake didn’t change the results (Table S12).

3.3.2 Mendelian Randomization analysis

3.3.2.1 Genetically predicted macronutrients intake (% energy) and serum amino acid
levels
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MR IVW analysis showed that higher genetically predicted protein and fat intakes (% energy)
were associated with higher levels of serum BCAAs (isoleucine, leucine and valine) (Figurel
and Table S13 & S15), with consistent results for IVW and weighted median across all
analysis. MR-Egger intercept analysis found no evidence of directional pleiotropy (P-value >

0.05). The modified Q statistic indicated no notable heterogeneity (Table S13 & S15).

The OR estimates showed in Supplementary Tables S13 & S15 are per 1 standard deviation

(SD) increase in macronutrients intake (% of energy).

I have also reported that higher genetically predicted carbohydrate intake (% energy) was
associated with lower levels of BCAAs concentration, showing a protective effect (Figure 1
and Table S14) and the finding was consistent across both IVW and weighted median
methods. MR-Egger intercept analysis found no evidence of directional pleiotropy (P-value >

0.05). The modified Q statistic indicated no notable heterogeneity (Table S14).

The OR estimates reported in Table S14 per 1 standard deviation (SD) increase in

macronutrients intake (% of energy).

Due to limited number of included genetic instruments (n=3) for all these analysis, MR-
PRESSO analysis could not be conducted to detect any potential outlier. For the remaining 5
serum amino acids including serum histidine, glycine, glutamine, tyrosine, and phenylalanine,

I didn’t find any significant association using MR analysis (Tables S13-S15).
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Figurel. Mendelian randomisation analysis showing the effect of % energy from macronutrients on serum BCAAs
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3.3.2.2 Genetically predicted physical activity and serum amino acid levels

I estimated that a 1 standard deviation (SD) increment in the genetically predicted levels of
accelerometer-measured physical activity was associated with a 5% higher levels of serum
valine, using the 2 genetic instruments (odds ratio [OR]:1.05, 95% confidence interval
[CI]:1.02-1.07, P-value=<0.01) (Figure S and Table S16). No heterogeneity was observed

using Q-statistic.

Figure2. Plot of MR IVW results for the effect of accelerometer-measured physical

activity on serum amino acids levels
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3.3.2.3 Genetically predicted body fat (%) and serum amino acid levels

The results from [IVW method showed a nominally suggestive significant inverse association
between the body fat percentage and serum glutamine (OR:90, 95% CI:0.82-0.97, P-
value=0.02, Figure 3 and Table S17) and serum glycine levels (OR:87, 95% CI:0.77-0.96, P-
value=0.02, Figure 3 and Table S17), after removing outliers using MR-PRESSO. These
findings were consistent across sensitivity analysis using weighted median for serum glutamine

and both weighted median and weighted mode for serum glycine.

In addition, body fat percentage showed a significant association with serum tyrosine using
IVW method (OR:1.19,95% CI: 1.01-13.7, P-value= 0.05). This result was in concordant using
both weighted median and weighted mode. However, this result did not remain significant after
correcting for multiple testing (P-value=0.14) and after removing the outlier using MR-
PRESSO method (P-value=0.15) (Figure 3 and Supplementary Table S17). MR-egger was

also significant showing a potential pleiotropy (Figure 3 and Supplementary Table S17).

After removing 1 SNPs (rs1558902) that were related to the FTO gene, no significant result

was observed between genetically predicted body fat (%) and serum amino acid levels.
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Figure3. Plot of MR results for the effect of body fat percentage on serum amino acids

L]

levels
Body fat (%)
|
—_——
g p—
|
5 ===
= Ir—.—c
£ - e
[} s
a_ 1 ——
| —d
I
- ——
& N S
|
0 -
o =
Y e
] l—.-I—l
[ = I—'—l
[} —
5 |I—Q—|
< »—o—'—~' .
1 2
MR Estimate

67

method

- VW
= MR Egger
== Weighted median



3.4 Discussion

In the current study, I explored the association between modifiable lifestyle risk factors
including macronutrients (CHO, Fat, and PRO), physical activity and body fat (%), and the 9
serum proteogenic amino acids. To this end, I utilized an observational analysis followed by
an MR analysis to investigate the causality of genetically determined lifestyle factors and serum

amino acid levels.

Through the observational analysis, I found no association between macronutrient intake and
serum amino acids. However, using an MR approach, I identified suggestive evidence for the
association between genetically predicted macronutrients intake (% energy from CHO, Fat,
and PRO) and serum BCAAs levels, an inverse association between CHO intake and serum
BCAAs and a positive association between PRO and fat intake with serum BCAAs. Therefore,
MR analysis showed that higher genetically determined protein and fat intakes is associated
with higher levels of serum BCAAs while higher genetically predicted carbohydrate intake is

protective against higher levels of serum BCAAs.

The disagreement for no relationship between macronutrient intakes with levels of serum
amino acids in observational analysis and a significant relationship between the percentage of
energy from all macronutrient intake in the MR analysis could be related to the effect of an
unknown confounder or measurement error bias in the observational analysis. However, the
MR analysis, which can overcome the confounding limitation of observational studies, showed
a significant increased association between both genetically elevated PRO and fat intake with
serum BCAAs levels. Additionally, a study comparing the performance of the used Oxford
WebQ 24-hour dietary recall in the UKB against some tested biomarkers, showed that the

Oxford WebQ performs well across key nutrients as compared to more administratively
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burdensome interviewer-based 24-hour recalls and this study suggest that using average values

helps to reduce the related measurement error bias (211).

Moreover, the contribution of diet to serum BCAAs levels is still unclear and contradictory
(215). A study reported that 80% of dietary intake of BCAAs absorbed (216) while another
study reported the absorption rate is as low as 40% (215, 217-219). On the other hand,
observational studies showed a weak correlation between dietary and serum BCAAs (215, 220,

221).

There is convincing evidence that high protein intake in short term might raise the rate of
gluconeogenesis, resulting in a high ketogenic state and subsequently contribute to increased
satiety and energy expenditure (183, 222, 223). Therefore, short term high protein intake can
cause lower energy intake and a negative energy balance, and in that way stimulate weight
loss and support weight maintenance (224). That is the rationale behind the popularity of
BCAAs supplement intake among gym-goers and athletes. However, there is still a lack of
evidence to support whether serum concentrations of BCAAs are a good biomarker of its

dietary/supplement intake or not.

Some observational studies showed a dietary pattern high in protein (mainly animal protein)
and fat intake (a westernised diet) modestly increases the levels of serum BCAAs levels (215,
225), as dietary branched-chain and aromatic amino acids are mainly derived from animal-
sourced protein (183), which their results are in line with the observed significant association
of genetically predicted percentage of energy from protein and fat intake with serum BCAAs
levels in my MR analysis. On the other hand, other observational studies found no
relationship between higher dietary intake of protein and fat with higher levels of BCAAs
(215, 226). Therefore, the reason behind the elevation of serum BCAAs is still unknown

(227).
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In this study, in an observational design, I also found that every 1 unit increase in
accelerometer-measured physical activity resulted in 1% unit decrease in serum BCAAs levels.
However, the observational analysis could be affected by unknown confounders as in the MR
analysis higher genetically predicted accelerometer-measured physical activity was associated
with higher levels of serum valine concentrations. Though only 2 genetic instruments were
used, thus sensitivity analysis could not be performed to validate the observed association. A
recent cross-sectional and interventional study that used a 12-week supervised combined
aerobic resistance-exercise program showed that the exercise training programme did not

decrease the serum BCAAs levels (227).

Furthermore, the observational analysis of this study showed that body fat percentage is
positively associated with serum concentrations of alanine, BCAAs, and aromatic amino acids,
also inversely associated with serum histidine, glycine, and glutamine. However, utilizing an
MR approach only a nominally significant inverse association between body fat percentage
and serum glutamine and glycine levels was detected. This observed protective effect ranged

between 10 to 13 % in levels of serum glutamine and glycine, respectively.

It has been previously reported from a pilot study that glutamine supplementation favours
weight loss (228). Glutamine supplementation at a dose not exceeding 0.5 g/KgBW/day has
also been consistently shown to improve glucose homeostasis and reduce exogenous insulin
requirements in critically ill patients (228). Moreover, glutamine supplementation in rats fed a
high-fat diet was demonstrated to inhibit the development of pro-inflammatory markers,

obesity, and diabetes (229, 230). Glycine supplementation also showed benefits like glutamine
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supplementation in stimulating the loss of adipose tissue and preserving muscle mass in mice

(231).

There is no observational study, to my knowledge, that has previously looked at any possible
effect of body fat percentage on all 9 proteogenic serum amino acid concentrations. However,
studies are looking at the effect of serum amino acids, particularly BCAAs, on body fat related
exposures (overweight and obesity) as higher serum BCAAs have shown to be associated with
cardiometabolic risk factors including higher risk of diabetes (24, 31, 51) and cardiovascular

disease (52, 53).

BCAAs (leucine, isoleucine, and valine) are essential amino acids that can’t be synthesized in
the body and should be obtained exogenously from the diet, mainly from animal-sourced foods
(22). BCAAs supplements are popular among gym-goers and athletes as it believed to have
possible beneficiary effects on decreasing exercise-induced fatigue, muscle recovery, and
immune regulation (232-234). They also have an important role in the modulation of glucose
homeostasis, body weight, and cellular signalling (3, 46). A randomized controlled trial study
(RCT) reported that greater decrease in body fat percentage and an increase in lean mass after
ingestion of a supplement containing BCA As, following an 8-week resistance training program
(235). This can be interpreted as BCAAs intake should help with weight loss, reduce the body
fat percentage, and should be higher among those individuals with higher physical activity but,
as discussed previously, serum amino acid levels are not a good biomarker of its dietary or
supplement intake. There is epidemiological evidence that has reported a higher level of
circulating BCAAs in obese individuals than in normal-weight individuals (24, 31, 51). Recent
epidemiological studies have shown that elevated serum BCAAs levels are associated with
metabolic disorders, independent of body weight (236, 237), waist circumference (238) and
BMI (238). On the other hand, there are studies suggesting that BCAAs promote intrahepatic
fat accumulation and are higher in human individuals with non-alcoholic fatty liver disease
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(NAFLD)(239-245), which indicates a possible association between impaired amino acid
metabolism and liver fat accumulation (239, 243). The underlying mechanism and pathways
for increased levels of serum BCAAs in obesity are still unclear (239), but chronic low-grade
inflammation is suggested to have a role in inducing pro-inflammatory gene expression in

adipose tissue (246, 247).

3.4.1 Strengths and limitations

The strength of this study includes the hypothesis-searching approach to the assessment of the
causality of genetically determined modifiable lifestyle factors and the proteogenic amino
acids. This allowed a wide exploratory base to assess the potential causality of macronutrient
intake, physical activity, and body fat percentage with 9 proteogenic amino acid serum levels
which was unprecedented. Moreover, using summary genetic associations from the largest
available GWAS meta-analysis studies on lifestyle factors and the GWAS of the UKB
participants for serum amino acid levels allowed for having the largest possible strong
instruments (genome-wide significant with F-statistic >10) for the MR analysis, resulting in
increased statistical power. Population stratification was not a source of potential bias in our

analysis, as European ancestry was predominant in all the included data in the MR analysis.

The limitation of this study is that the MR model does not examine potential interactions
between proteogenic serum amino acids. Another limitation is that we had a limited number of
instruments for macronutrient intake (n=3), and physical activity (n=2), thus it was not possible

to assess the existence of any outliers using MR-PRESSO analysis.
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Chapter Four

Phenome-wide association study on
circulatory levels of serum amino acid and
their potential causal role on common
complex disorders
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4.1 Introduction

In this chapter, I will investigate the effect of genetically determined circulating serum levels
of amino acids and the risk of complex disorder using data from the UK Biobank (UKB) within
an MR-PheWAS framework. Moreover, I will examine any potential association and causality
between serum amino acids and common complex disorders in independent populations, using

the largest available GWAS studies on complex disorders.

As discussed previously, serum amino acids are found to be associated with chronic diseases.
Serum histidine is suggested to have anti-inflammatory properties (248) and its low levels are
associated with chronic diseases such as rheumatoid arthritis (134) and increased mortality in

patients (249) with chronic kidney disease (133).

Serum Glycine levels have been demonstrated to be inversely associated with cardiovascular
factors including hypertension (250), type 2 diabetes (251), obesity (252), and in general with
metabolic syndrome (MetS) particularly in the elderly population (253). It has been shown that
serum glycine levels in patients with MetS are significantly lower than in normal subjects (254,
255). Also, its levels in diabetic patients and obese are significantly lower than those in healthy

individuals (253, 256-258).

It is believed that glutamine is an essential amino acid, particularly during critical illness for
recovery as it attenuates oxidant damage and inflammatory cytokine production, it also reduces
gut bacterial translocation and improves N balance (259). Therefore, glutamine
supplementation is suggested for reducing mortality, the development of infection, and organ
failure in critical illness (259). Glutamine levels have been reported to be associated with
tumour cell proliferation and cancer. In addition, lower serum glutamine levels have been

associated with respiratory diseases (260) such as chronic obstructive pulmonary disease (261).
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Glutamine plays role in immunity and its high levels have been shown to have protective effects

on patients with coronary heart disease (262).

Phenylalanine is catalysed into tyrosine which is a precursor for neurotransmitters such as
dopamine, epinephrine and norepinephrine (17) and there’s epidemiological evidence showing
that a lack of these neurotransmitters is a causal factor for the development of neurological
disorders such as schizophrenia (263) as schizophrenic patients have higher levels of
phenylalanine and lower levels of tyrosine levels, affecting the balance of neurotransmitter
downstream (264). This may be due to phenylalanine hydroxylase enzyme impairment that

catalyses phenylalanine to tyrosine (265).

Furthermore, amino acids are building blocks of proteins in the body and have an important
role in many metabolic pathways (266-268). In observational studies, variations in serum
amino acid concentrations have been shown to be associated with a higher risk of chronic
diseases such as cancer (269), Alzheimer’s disease (270), fatty liver (271), muscle dysfunction
(272, 273), liver failure (274) and renal failure (275), type 2 diabetes mellitus (T2DM) (24, 31,
51) and cardiovascular disease (CVD) (53, 88). However, observational studies are prone to
well-characterised biases such as confounding, and therefore it is difficult to measure the true

causal effect of serum amino acids on complex disorders.

Mendelian Randomization (MR) is a method that uses genetic variants as instrumental
variables to investigate the causal association between potentially modifiable risk factors and
health outcomes in observational data and is believed to overcome the limitations of
observational studies such as confounding and reverse causation (116). MR could be used in
the framework of a Phenome wide association study (Phe WAS) where the association between
genetic variants and a wide range of phenotypes is studied (114, 115). PheWAS utilizes

electronic health records (EHR) and has been validated through replication of hundreds of
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known genotype-phenotype associations, and their utilization have distinguished between true

pleiotropy and clinical comorbidity (114, 115).

Using the MR-PheWAS approach facilitates both a hypothesis-searching approach and
investigation of a potential causal association between an exposure (using genetic IVs) and a
panel of PheWAS outcomes in a high-throughput manner. Furthermore, the MR-PheWAS
method allows to replicate of the observed associations reported in observational studies, also

the discover any unknown associations.

In this chapter, I aim to utilise serum amino acids associated variants identified in chapter two,
and rich phenotypic data from the UKB study, to elucidate the potential relationship between
serum amino acids concentrations and diseases as well as assess any pleiotropic effects and
potential causality through an MR-PheWAS approach. Furthermore, I will use the largest
available GWAS studies on cardiometabolic outcomes including type 2 diabetes, blood
pressure, lipid levels, and coronary artery disease, and on Alzheimer’s disease, and breast and
prostate cancer to elucidate any potential association and causality observed in the previous

chapter of MR-PheWAS analysis but this time in independent populations.
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4.2 Method

4.2.1 Study participants and recruitment

I used data from the the UK Biobank (UKB) study, which is previously discussed in chapter?2.
Briefly, the UKB is a population-based prospective cohort study including more than half a
million participants, aged 40—-69 years who were recruited between 2006 and 2010 (193, 210).
The genetic data of participants were linked to Hospital Episode Statistics (HES) using the
International Classification of Diseases (ICD) codes (210). In this study, I used the genotypic
and phenotypic UK Biobank data for 488,378 participants under an approved data request

application.

I also used metabolic biomarkers data of the UK Biobank study measured by Nightingale
Health NMR platform (276), available for around 120,000 individuals. The metabolic
biomarkers included in my study are serum alanine, histidine, glutamine, glycine, tyrosine,

phenylalanine, and BCAAs (isoleucine, leucine and valine).

4.2.2 Genetic instruments selection

I obtained genetic instruments using GWAS of amino acids I performed and explained in
chapter two. I selected single-nucleotide polymorphisms (SNPs) associated with serum amino
acids at a threshold of p<1x 107> and selected those which were independently (Linkage
Disequilibrium (LD) 7> < 0.001) (277) and robustly (F-statistics > 10) (278) associated with
each of the serum biomarkers. The variance explained for all serum amino acids were

calculated for the pooled variants, using linear regression analysis.
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4.2.3 Phenotyping and mapping ICD-9 and ICD10 codes to phecode

I used ICD9 and ICD10 codes in the HES data (including a wide range of the clinical traits)
and converted them into phenotype codes (phecodes) (114). Cases were selected as individuals
with a given phecode, who had at least one documented diagnosis, and controls as individuals

without the phecode of interest and any other phecode within the same disease category.

4.2.4 Summary GWAS data

4.2.4.1 Genetic association estimates for type 2 diabetes

Genetic association estimates for type 2 diabetes were obtained from a meta-analysis GWAS
study (279) that included 62,892 T2D cases and 596,424 controls from participants with
European ancestry, by combining 3 GWAS data sets: DIAbetes Genetics Replication and Meta-
analysis (DIAGRAM)( 12,171 cases vs. 56,862 controls in stage 1 and 22,669 cases vs. 58,119
controls in stage 2)(280), Genetic Epidemiology Research on Aging (GERA) (6905 cases and

46,983 controls)(281), and the UK Biobank (UKB) (21,147 cases and 434,460 controls) (282).

4.2.4.2 Genetic association estimates for lipid levels

Low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol,
triglycerides and total cholesterol genetic associations estimates were obtained from a GWAS
study (283) consisting of 188,577 individuals of European, East Asian, South Asian and

African ancestries.

4.2.4.3 Genetic association estimates for blood pressure
For blood pressure traits (systolic, diastolic and pulse pressure), genetic association estimates

were taken from a GWAS study in over 1 million individuals of European ancestry (284).

4.2.4.4 Genetic association estimates for coronary artery disease
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CARDIoGRAMplusC4D 1000 Genomes GWAS (CARDIoGRAMplusC4D 1000G) study was
used to derive genetic association estimates (285). This GWAS study included 60,801 CAD
cases and 123,504 controls, with adjustment made for population stratification using the
genomic control method. Cases and controls were of European (approximately 75%), East and

South Asian, Hispanic and African American ancestry (285).

4.2.4.5 Genetic association estimates for breast cancer
For breast cancer, genetic association estimates were attained from a GWAS study including
133,384 breast cancer cases and 113,789 controls, plus 18,908 BRCA1 mutation carriers (9,414

with breast cancer) of European ancestry (286).

4.2.4.6 Genetic association estimates for prostate cancer
Genetic association estimates for prostate cancer were obtained from a GWAS study that

included 46,939 prostate cancer cases and 27,910 controls from European ancestry (287).

4.2.4.7 Genetic association estimates for Alzheimer’s disease
Genetic association estimates were attained from a meta-analysis GWAS study on 94,437
individuals of European ancestry who were clinically diagnosis with Risk for late-onset

Alzheimer's disease (LOAD)(288).

4.2.5 Statistical analysis

4.2.5.1 One-sample MR-PheWAS

Initially, I conducted a one-Sample MR analysis (289) using the two-stage least-squares (2SLS)
method (289). First, I regressed each serum amino acids on their genetic instruments and saved
the residual values. In the second stage, I conducted a PheWAS analysis using a logistic

regression model on each phecode against a wide range of clinical diagnoses in the UKB study.
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The PheWAS analysis was restricted to participants from European ancestry and a kinship
coefficient of > 0.088 was used to mark the related individuals. My PheWAS analysis was
adjusted for age, sex and the first 10 genetic principal components. I only included 617
phecodes with more than 200 cases to avoid testing phecodes with very small statistical power.
I also used the false discovery rate (FDR) method to account for multiple testing as the
Bonferroni procedure is suggested to be too conservative when the number of tests is large

(290).

4.2.5.2 Two-sample MR

To investigate the potential overall causal effect for the observed association in the MR-
PheWAS analysis for serum alanine and BCAAs (isoleucine, leucine and valine), I applied the
two-sample MR analysis using the Inverse-variance weighted (IVW) method (289)(Tablel).

The estimates were calculated per 1 SD increase in each of serum amino acids levels.

To further investigate the robustness of the findings to possible pleiotropy, the weighted
median MR (130) and MR-Egger regression (289, 291) sensitivity analysis was performed.
The weighted median MR method assumes that at least half of the are valid instruments and
makes a less weak assumption about invalid instruments. MR-Egger regression was applied to
identify any potential bias resulting from horizontal pleiotropy. The intercept of MR-Egger
regression will be different from zero in the presence of directional pleiotropy, and the slope
of that regression will be a consistent estimate of the causal effect of exposure on the outcome

of interest (292).

Additionally, the MR-PRESSO method was applied to detect and remove outlying genetic

variants that substantially affect the IVW estimates (127, 289).
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4.2.5.3 Multivariable MR (MVMR)

As the serum amino acids were highly correlated, I conducted an MVMR analysis to estimate
the direct causal effect of each serum amino acids in a single analysis model (289, 293-295).
MVMR analysis uses genetic variants associated with two or more exposures to estimate the
causal effect of each of exposures on the outcome (296). Therefore, MVMR analysis can aid
to clarify whether the observed causal effect on the outcome is due to all included exposures

or one of the exposures mediates the effect of others on the outcome (295, 296).

4.2.5.3.1 Genetic Instruments for MVMR

Through the pool of our previously selected genetic instruments for each of the serum
biomarkers, I used the same SNPs for all amino acids (alanine, isoleucine, leucine and valine),
which were at least associated significantly with one of them. Therefore, 52 independent (* <
0.001) SNPs which were common among all 4 exposures were included in the MVMR analysis.

I also conducted an MVMR-Egger analysis to investigate the potential pleiotropy (297).

All statistical analysis was performed using the software R (version 4.3.4).

81



4.3 Results

4.3.1 Genetic loci associated with serum amino acids in UKB data
I selected genetic instruments for the analysis that each had F-statistics >10, which were strong

IVs to be used for the MR analysis (Chapter Two, Table S1-S9).

4.3.2 Genetically predicted serum amino acid levels and risk of diseases using one-sample

MR-PheWAS analysis

I tested associations between all the genetically determined serum amino acids levels and 617
outcomes (>200 cases). Figures 1, shows the Manhattan plot of significant associations
observed for serum alanine and BCAAs (leucine, isoleucine, and valine) with the phenotypes.

The OR estimates are per 1 standard deviation (SD) increase in serum amino acids levels.

No significant association was observed for serum histidine, glycine, glutamine, tyrosine, and

phenylalanine across phenome.
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Figurel. PheWAS Manhattan plot for serum alanine and BCAA
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Table 1. Univariate MR analysis for serum alanine and branch chain amino acids and risk of specific diseases

IVW MR Egger Weighted Median MR-PRESSO
Outcome OR 95% p OR 95% p OR 95% p OR 95% p
CI CI CI Cl
Alanine Diabetes mellitus 143 1.18- <0.001 0.98 0.60- 095 1.15 1.00- 0.04 1.21 1.08- <0.001
(N 1.74 1.60 1.32 1.24
WS LR Type 2 Diabetes 1.43 1.15- 0.001 0.99 0.60- 095 1.14 0.99- 0.07 1.19 1.06- <0.01
1.80 1.62 1.31 1.33
Type 1 Diabetes 1.58 1.20- 0.001 095 049- 0.89 1.80 1.32- <0.001 1.60 1.26- <0.001
2.08 1.85 2.47 2.02
|0 Disorders of  lipid 1.30 1.14- <0.001 1.17 0.86- 032 1.14 0.97- 0.10 1.25 1.13- <0.001
(N metabolism 1.50 1.60 1.33 1.37
N =D Hypercholesterolemia  1.30 1.13-  <0.001 1.16 0.83- 0.37 1.06 0.91- 0.46 1.22 1.11- <0.001
1.49 1.62 1.24 1.35
Hyperlipidaemia 1.31 1.14- <0.001 1.17 0.84- 035 1.12 097- 0.12 1.25 1.13- <0.001
1.50 1.64 1.28 1.37
Ischemic Heart Disease 1.20 1.06- 0.005 1.07 0.80- 0.61 1.20 1.02- 0.03 1.19 1.05- 0.004
1.35 1.44 1.40 1.33
Type 2 Diabetes 1.32 1.02- 0.03 1.31 0.39- 0.13 1.22 1.00- 0.04 1.26 1.08- <0.01
1.71 1.13 1.49 1.46
Leucine Diabetes mellitus 1.22 1.02- 0.03 1.20 0.69- 090 130 1.11- 0.002 1.20 1.06- <0.01
(N 1.46 1.39 1.52 1.37
Pl Type 2 Diabetes 1.22 1.00- 0.04 1.21 0.66- 0.79 125 1.04- 0.01 1.20 1.06- <0.01
1.48 1.38 1.49 1.36
Valine Diabetes mellitus 1.35 1.10- 0.002 1.20 0.72- 0.87 126 1.10- <0.001 1.19 1.08- <0.001
(N 1.64 1.47 1.44 1.31
NS DR Disorders  of  lipid 1.25 1.09- 0.001  1.14 0.83- 0.58 1.06 0.96- 0.27 1.13 1.04- <0.01
metabolism 1.43 1.38 1.17 1.22
Essential Hypertension 1.25 1.15- 1.11E- 1.08 0.95- 0.19 1.15 1.06- 0.001 1.20 1.12- 1.98E-
1.35 06 1.31 1.24 1.29 06
Hypercholesterolemia  1.22 1.06- 0.002 1.14 0.82- 0.64 1.04 0.94- 0.50 1.12 1.04- <0.01
1.40 1.37 1.15 1.22
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4.3.3 MVMR analysis

Figure3, demonstrates the overlap between genetic [Vs used for serum alanine, isoleucine, leucine
and valine. The percentage of instruments that were in common across two amino acids ranged

from 9.3% for serum alanine and isoleucine up to 17.1% for serum leucine and valine (Figure 3).

The MVMR analysis results are shown in Table 2. Isoleucine was significantly associated with
disorders of lipid metabolism (OR, 2.61;95% CI, 1.21-5.62; p=0.01, IVW), hypercholesterolemia
(OR, 2.37;95% CI, 1.09-5.13; p=0.03, IVW), and hyperlipidaemia (OR, 2.63;95% CI, 1.22-
5.68; p=0.01, IVW). However, after correcting for multiple testing no associations remained
significant (Table 2). Therefore, the MVMR analysis indicated that the observed significant

associations are not related to the direct effect of isoleucine on those outcomes (Table 2).

Figure3. Venn diagram representing the degree of overlap among SNPs of the named
metabolites
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Table2. Multivariable MR results for serum alanine and branch chain amino acids and specific diseases

Diabetes mellitus

(N SNPs=52)
IAlanine-

Disorders of
metabolism

(N SNPs=52)
IAlanine-

Essential Hypertension
(N SNPs=52)
IAlanine-
Hypercholesterolemia
NI (N SNPs=52)
IAlanine-

Hyperlipidaemia
NI (N SNPs=52)
IAlanine-

Hypertension

| Isoleucine [WINIINZESP))
IAlanine-

Ischemic Heart Disease
NI (N SNPs=52)

lipid

IVW

OR

0.76
0.75
1.97
1.45
0.89
2.61
0.64
1.13
1.04
0.84
1.47
1.04
0.89
2.37
0.67
1.16
0.88
2.63
0.64
1.13
1.04
0.85
1.45
1.04
0.92
0.84
1.63

Lower 95%
Cl
0.31
0.12
0.44
0.95
0.61
1.21
0.34
0.95
0.73
0.41
0.82
0.88
0.61
1.09
0.36
0.97
0.60
1.22
0.34
0.95
0.73
0.41
0.81
0.88
0.60
0.35
0.81

Upper 95%

CI

1.93
4.74
8.77
2.21
1.29
5.62
1.19
1.35
1.49
1.73
2.63
1.23
1.30
5.13
1.26
1.70
1.30
5.68
1.19
1.35
1.49
1.75
2.61
1.23
1.41
2.00
33

87

p

0.56
0.76
0.37
0.08
0.53
0.01
0.16
0.17
0.81
0.63
0.20
0.62
0.55
0.03
0.21
0.10
0.51
0.01
0.16
0.15
0.81
0.65
0.21
0.63
0.70
0.69
0.17

MR-Egger
OR Lower 95%

0.74
0.96
1.28
0.84
0.78
2.78
0.58
0.99
1.03
0.96
1.17
0.79
0.88
2.52
0.60
1.02
0.87
2.80
0.57
0.99
1.03
0.96
1.17
0.79
0.90
0.99
1.62

CI

0.31
0.16
0.30
0.47
0.60
1.30
0.31
0.77
0.74
0.49
5.34
0.64
0.60
1.17
0.32
0.79
60

1.31
0.30
0.77
0.74
0.69
0.68
0.64
0.61
0.46
0.25

Upper 95%
CI
1.74
5.59
5.44
1.49
1.28
5.96
1.08
1.27
1.42
1.87
2.57
0.99
1.29
5.45
1.45
1.31
1.27
6.03
1.08
1.27
1.42
1.33
2.03
0.99
1.31
2.14
2.29

p

0.49
0.97
0.74
0.55
0.50
0.008
0.09
0.93
0.87
0.91
0.57
0.04
0.52
0.02
0.12
0.90
0.48
0.008
0.09
0.94
0.87
0.91
0.57
0.04
0.57
0.99
0.54



IAlanine.
Type 2 Diabetes
(N SNPs=52)

FAlaninell

1.10
0.85
0.61
2.03
1.46

0.90
0.33
0.09
0.44
0.95

1.34
2.17
4.10
9.33
2.24
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0.35
0.73
0.62
0.36
0.09

0.76
0.82
0.79
1.31
0.84

0.59
0.33
0.33
0.30
0.46

0.98
1.99
1.94
5.78
1.51

0.03
0.65
0.80
0.72
0.56
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4.3.4 Serum amino acids and type 2 diabetes

Genetically elevated levels of serum alanine and valine were significantly associated with

higher risk of type 2 diabetes (Figure 1 and Table S18). However, the observed relationship

for serum alanine did not remain significant after correcting for multiple testing using FDR and

removing outliers using MR-PRESSO (Table S18).

The odds ratio (OR) for serum valine was 1.51 (95%CI:1.11-1.82, p =0.04). After removing

the outliers using MR-PRESSO, the observed effect estimate attenuated but remained

significant (p <0.001) and this finding was also consistent with the results of the weighted

median method (Table S18).

Figurel. Plot of MR results for 9 serum amino acids
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4.3.5 Serum amino acids and lipid levels

Genetically elevated serum levels of alanine, isoleucine and valine were associated with higher
levels of total cholesterol, triglycerides, and LDL (Figure2 and Table S19). Genetically elevated
levels of serum leucine were associated with TC and TG and not with LDL levels. All genetically
determined serum BCAAs were associated with lower levels of HDL (Figure2 and Table S19).
The observed significant associations were consistent using sensitivity analysis including weighted
median and after removing outliers using the MR-PRESSO method (Table S19). In addition, the
associations remained significant after correcting for multiple testing using FDR (Table S19). No

further associations for the rest of 5 amino acids were observed (Table S19).

Figure2a. Plot of MR results for serum amino acids and total cholesterol levels
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Figure2b. Plot of MR results for serum amino acids and triglycerides levels
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Figure2c. Plot of MR results for serum amino acids and LDL levels
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Figure2d. Plot of MR results for serum amino acids and HDL levels
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4.3.6 Serum amino acids and blood pressure

Genetically elevated serum levels of alanine and BCAAs were significantly associated with higher
systolic blood pressure, after correction for multiple testing using FDR (Figure 3 and Table S20).
However, the findings were not consistent using sensitivity analysis, except for serum alanine

(Table S20).

Figure 4 illustrated the result of IVW method for all 9 serum amino acids, showing significant
associations between serum alanine and BCAAs with diastolic blood pressure (Table S21).
However, the significant association for genetically determined levels of serum alanine was the
only association that was in line with the result of weighted median method and excluding outliers

using MR-PRESSO and after correcting for multiple testing using FDR (Table S21).

Figure3. Plot of MR results for serum amino acids and systolic blood pressure (SBP)
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Figure4. Plot of MR results for serum amino acids and diastolic blood pressure (DBP)
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4.3.7 Serum amino acids and coronary artery disease
In the current study, I didn’t detect any significant association between genetically elevated levels

of any serum amino acids with risk of coronary artery disease (Figure 5 and Table S22).

FigureS. Plot of MR results for serum amino acids and risk of CAD
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4.3.8 Serum amino acids and breast cancer
No association was observed for genetically elevated levels of serum amino acids and risk of breast

cancer (Figure 6 and Table S23).

Figure6. Plot of MR results for serum amino acids and risk of breast cancer
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4.3.9 Serum amino acids and prostate cancer
No significant associations observed between genetically elevated levels of serum amino acids and

risk of prostate cancer (Figure 7 and Table S24).

Figure7. Plot of MR results for serum amino acids and risk of prostate cancer
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4.3.10 Serum amino acids and Alzheimer’s disease (AD)
The only significant association was detected for the relationship between genetically elevated
levels of serum isoleucine and risk of AD, however, the association didn’t remain significant after

correcting for multiple testing using FDR (Figure 8 and Table S25).

Figure8. Plot of MR results for serum amino acids and risk of Alzheimer’s disease
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4.4 Discussion

This chapter, utilizing the large-scale exploratory PheWAS approach, highlighted the outcomes
associated with genetically determined serum alanine and BCAAs across the phenome,
nevertheless, the association’s causality could not be determined. The PheWAS analysis elucidated
significant associations between serum alanine and diabetes and significant associations between
serum BCAAs and several cardiometabolic risk factors including diabetes, hyperlipidaemia,

hypercholesterolemia, disorders of lipid metabolism, and hypertension.

The two-sample MR analysis using the largest available GWAS studies on common complex
disorders, showed that genetically elevated levels of serum valine is associated with higher risk of
type 2 diabetes and higher genetically determined levels of serum alanine and BCAAs are
associated with higher levels of total cholesterol, triglycerides and LDL levels, and with lower

levels of HDL concentrations.

The association between serum BCA As with diabetes have been reported in previous observational
studies that reported an association between serum BCAAs with insulin resistance (57, 298, 299).
The observational studies demonstrated that serum levels of BCAAs and aromatic amino acids
(tyrosine and phenylalanine) are significantly different among individual who are lean, obese, and
those who have diabetes, that is highly related to insulin resistance (254, 300-303). The significant
associations of amino acids with future diabetes were identified in different populations including
Americans (37, 57, 236), young Finns (304), and Chinese (300). A mendelian randomization study
investigated the association between genetically determined serum amino acids (glycine,

phenylalanine, tryptophan, tyrosine, methionine, valine, leucine, serine) using summary level data
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of a sub-cohort of European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam,
KORA (Kooperative Gesundheitsforschung in der Region Augsburg) and TwinsUK studies and
type 2 diabetes using GWAS study of DIAGRAM (108). This MR study reported that higher
tyrosine levels might be causally associated with increased the risk of type 2 diabetes and the

association is independent of other diabetes-associated amino acids (108).

Observational studies also suggest that circulating BCAAs are associated with several
cardiometabolic risk factors including dyslipidaemia and are indicators of coronary artery disease
(59, 61, 305). Tobias et al conducted a prospective cohort study among 27 041 healthy US women
in the Women’s Health Study to investigate the association between plasma BCAA and incident
CVD and T2D. After 18.6 years of follow up, they found that BCA As concentrations were strongly
associated with incident CVD events (n=2207) (HR per SD, 1.13; 95%CI’s, 1.08-1.18), adjusted
for age, BMI, smoking, diet, physical activity, and other established CVD risk factors (59). They
also reported that BCAA—CVD association was greater among women who developed T2D before
CVD (HR, 1.20; 95% CI, 1.08-1.32) compared to women without T2D (HR, 1.08; 95% CI, 1.03—
1.14). They concluded that any dysfunction in BCAA metabolism may capture the long-term risk

of the common cause underlying T2D and CVD (59).

Moreover, a recent meta-analysis including 21 non-prospective and prospective studies assessing
the effects of circulating BCAAs on cardiovascular disease (CVD) risk reported that elevated
concentrations of circulating Isoleucine were associated with increased risks of CVD. In their
subgroup analysis among adults <=60 years of age, they observed a 15%, 13%, and 9% increased
risk of developing CVD per study-specific SD difference for isoleucine (RR 1.15 [1.11-1.19]),
valine (RR 1.13 [1.09-1.17]), and leucine (RR 1.09 [1.03-1.16]), respectively but no such

associations reported for adults older than 60 years (306).

100



Moreover, two MR studies reported an increased association of serum BCAAs with the risk of
T2D (21, 131). The first study used a single instrument for BCAA levels and summary-level data
from the DIAbetes Genetics Replication And Meta-analysis consortium and included 74 124 type
2 diabetes cases and 824 006 controls from European ancestry (21). This study also replicated their
findings by utilizing the FinnGen consortium study which included 11 006 type 2 diabetes cases
and 82 655 controls, both from European ancestry (21). The second study, which also reported a
causal role of BCAA metabolism in the aetiology of type 2 diabetes, used meta-analysis of GWAS
studies of Fenland, KORA and TwinsUK (total sample=16 596 individuals) for the amino acid
traits and for the diabetes outcome they used meta-analysis of GWAS studies of DIAGRAM,
EPIC-InterAct, GoDARTSs, and UK Biobank studies (47 877 type 2 diabetes cases and 267 694
controls)(131). Therefore, compared to those two MR studies that used a single instrument in the
first study (21) and GWAS study of serum BCAAs on around 16 000 individuals in the second
study (131), my study was conducted in a much larger setting using the GWAS study of serum

amino acids on more than 117 000 individuals from European ancestry.

The mechanism in which higher circulating levels of BCAAs increase the risk of T2D is not fully
elucidated. However, as the levels of BCAAs concentrations are reported to be altered before the
development of T2DM (57), epidemiological studies have implicated the alterations in metabolism
of BCAAs for reduced cardiometabolic health including IR, elevated blood pressure,
dyslipidaemia, which are indicators of coronary artery disease (59-63). Insulin plays a role in
catabolism of BCAAs and has been long recognized as the regulator of BCKD complex (branched-
chain alpha-keto acid dehydrogenase) (237, 307, 308). Insulin suppresses the catabolism of
BCAAs by reducing the levels of BCKD enzyme which is implicated as the potential aetiology of

BCAAs increased levels in individuals with obesity and type 2 diabetes (237, 308). Insulin
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resistance was also shown to be correlated with alterations of other amino acids including alanine

and glycine (309).

Accumulating evidence suggests that increased levels of BCAAs concentrations might adversely
affect the regulation of glucose homeostasis, as the oxidation of BCAAs releases glucose
consumption in the skeletal muscle, and this abnormal glucose homeostasis may lead to future risk

of developing type 2 diabetes (57, 307, 310).

Moreover, higher circulation of BCAAs is reported to activate mTORC (mammalian target of
rapamycin complex that controls protein synthesis) and its downstream effecter S6K 1 (Ribosomal
protein S6 kinase beta-1) in the muscle, adipose tissue, and liver, and this persistent activation
results in serine phosphorylation of Insulin receptor substrate 1 (IRS-1) and therefore the inhibition

of IRS-1, leads to insulin resistance.

There is increasing evidence suggesting a potential effect of free plasma free amino acids amino
on cancer (67, 307), particularly BCAAs (311). A study has shown that elevated levels of plasma
BCAAs concentration increase the risk of a future diagnosis of pancreatic cancer two-fold and
they concluded that the levels of BCAAs have the potential to be used as a general marker to
diagnose pancreatic ductal adenocarcinoma (67, 307). Another study suggested enrichment of
BCAAs levels can suppress the growth of cultured human hepatocellular carcinoma cells (312).
BCAAs are consumed by tumours in many biosynthetic pathways (64, 65), hence BCAAs are an
energy source for cancer cells that obtain their BCAAs supply from circulation or surrounding

tissues(65).
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However, in my study, I didn’t observe any association between circulating levels of BCAAs and
cancer using the MR-PheWAS approach. This could be related to the lack of power in my study

as the UKB study has not included a large number of cancer cases.

Finally, in this study using the summary GWAS data of the UKB study on over half a million
European participants, I didn’t identify any potential causal association for genetically elevated
levels of serum histidine, glycine, glutamine, tyrosine, and phenylalanine with any traits or

diseases.

Higher levels of triglycerides and lower levels of HDL are shown to be related to metabolic
syndrome and insulin resistance which are all risk factors for cardiometabolic diseases (313).
There is evidence reporting the involvement of serum BCAAs in the development of dyslipidaemia
(314) as studies have revealed that higher serum BCAA were associated with an increased risk of
TG levels (5,6) and another cross-sectional study reported higher total BCAA levels were
associated with higher levels of TG and lower level of HDL (7). However, the evidence for the

association between serum BCAAs with LDL levels are inconclusive (314) .

For the possible mechanism, it has been suggested that serum leucine is involved in the Rag
GTPase-dependent activation of the mammalian target of rapamycin (mTOR) signalling pathway
(314, 315) which promotes lipid synthesis through activating the sterol regulatory element-binding
transcription factor-1 (SREBP1) (314). This SREBP1 is a transcriptional regulator of insulin-
stimulated fatty acid synthesis (314, 316). Furthermore, mTOR activation by BCAAs is different
compared to the activation by insulin or by the insulin-like growth factor (314, 317) and therefore
serum BCAA might be directly involved in the process of lipid metabolism and causing

dyslipidaemia (314).
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In my study, I also detected that genetically elevated serum levels of alanine were associated with
both higher systolic and diastolic blood pressure. However, no further significant association was
detected between genetically elevated levels of serum amino acids including BCAAs, glycine,

glutamine, histidine, tyrosine or phenylalanine with blood pressure.

The observed positive association in my study for genetically elevated levels of serum alanine and
higher blood pressure is in agreement with a cohort study that assessed the effect of dietary amino
acids intake, not serum levels, on blood pressure in patients with prevalent cardiovascular disease
and concluded that intakes of methionine and alanine were associated with higher blood pressure,
while intakes of threonine and histidine showed protective effect and were inversely associated
with blood pressure (318). The evidence from observational studies on the relationship between
dietary or serum BCAAs with blood pressure is inconclusive (319) and in this study, I didn’t detect
any association between genetically determined serum BCAAs with neither systolic nor diastolic

blood pressure.

Using the largest available GWAS studies on coronary artery disease, I didn’t observe any
significant associations between genetically elevated levels of serum amino acids and the risk of
coronary artery disease. However, the findings from observational studies for the relationship
between serum amino acids and CAD show significant associations. A case-control study in the
Chinese population (320) reported that BCAAs are significantly related to the development of
CAD. Also, a prospective cohort study with 12.3 years of follow up including 9 584 Finnish men

reported alanine, phenylalanine, and tyrosine were associated with increased risk of CAD (321).
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Furthermore, I didn’t identify any significant associations between genetically elevated serum
levels of amino acids and the risk of breast or prostate cancer. These findings on breast cancer, is
line with a result of a nested case-control study that indicated no consistent association between
serum BCAAs (leucine, isoleucine, and valine) with breast cancer risk (322). This nested case-
control study (322) included participants of the Nurses’ Health Study (NHS) and NHSII (1997
cases and 1997 controls) and further validated their analysis by including the participants of the
Women’s Health Study (WHS) and reported that the elevated serum BCAA levels were associated
with lower risk of breast cancer among premenopausal NHSII women while associated with higher
risk of breast cancer among postmenopausal women in NHS but not in the WHS. Furthermore,
another cohort study that looked at the association between dietary intake of BCAAs and breast
cancer risk among the 196 161 women participants of the NHS and NHSII study found no
association after 20.8 years of follow up and concluded that dietary intakes of BCAAs are not
likely a risk factor for breast cancer (323). However, a case-control study including 350 breast
cancer cases and 700 controls found that higher dietary intake of BCAAs was significantly

associated with a reduced risk of postmenopausal breast cancer (324).

Cancer is a complex disease that survives through cell proliferation which requires energy from
protein biosynthesis (325). There are cumulating research evidence showing that dietary restriction
of amino acids plays role in cancer interventions including glycine restriction (325, 326), leucine
deprivation (325, 327), and glutamine blockade (325, 328, 329). However, in my study, [ didn’t
detect any association between genetically determined serum amino acid levels and the risk of

breast or prostate cancer.
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In addition, in my study I investigated the relationship between genetically elevated serum amino
acid concentrations and risk of Alzheimer’s disease, and I found no significant association. This
finding is not in agreement with the findings of observational studies that reported, the serum and
brains of patients diagnosed with Alzheimer’s’ disease have altered levels of serum amino acids
(330). As serum BCAAs compete to enter into the brain with aromatic amino acids including
phenylalanine, tyrosine, and tryptophan thus any alteration in the levels of serum BCAAs can
affect the levels of the neurotransmitters such as serotonin, dopamine, epinephrine, and
norepinephrine in the brain (330). Increasing the ratio of BCAAs to tryptophan and threonine
results in hyperphagia and is associated with central serotonin depletion (331). Higher levels of
serum BCAAs through dietary supplementation with BCAAs in rats has shown to cause a decrease
in neural growth factor (NGF) in the hippocampus (330, 332) is involved in the formation of
memory in the brain and is believed to suffer from neuronal loss among AD patients (330). Another
study reported decreased levels of serum valine levels (as a BCAA amino acid) in AD patients
(330, 333). However, the role of serum BCAAs in AD is still unclear. Aromatic amino acids
including tyrosine and phenylalanine, as metabolized through the same metabolic pathway, have
been shown to have a beneficiary effect on memory and cognitive function (17, 334). A research
study reported decreased levels of aromatic serum amino acid levels in AD patients (330, 333)
while another study showed increased levels of phenylalanine in AD patients (330, 335), and also
a study in rats showed increased levels of phenylalanine in the brain (330, 336). These findings on

the role of aromatic amino acids in AD are also conflicting and require further investigations.
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4.4.1 Strength and limitation

The strength of this study is that I investigated a causal effect of proteogenic serum amino acids,
particularly BCAAs, in a large sample of ~ 117 000 individuals across the whole spectrum of
disease outcomes. The PheWAS design enabled us to investigate the association between serum
amino acids status with a wide range of phenotypes (617 phenotypes) and further explore a causal,
independent association between the selected serum amino acids status and a wide spectrum of
disease outcomes using multiple methods including both univariable and multivariable MR
methods and additionally testing the robustness of our findings by applying IVW, MR-Egger and

MR-PRESSO tests.

Therefore, the main strength of this study is related to its design and the use of MR analysis with
its known ability to overcome the environmental confounding that exist in observational studies
through using genetic instruments that are inherited randomly at conception and are considered

unbiased lifetime exposures.

This study has some limitations. Firstly, our analysis merely included individuals of European
ancestry and the included population of the UKB study are young and health-oriented thus, caution
is needed when generalizing the results to other populations (337). Secondly, some of the included
diseases in this study have a very low prevalence in the UKB, so although I had a large number of
controls, I may have had very few cases. It is consequently possible that some of my Null results
are false and only due to a lack of power. Thirdly, for the diabetes analysis [ used the UKB GWAS
study for serum amino acids and also used DIAGRAM study for diabetes outcome which includes
participants from the UKB study as well, so there is an overlap that might have resulted in an

overestimation of the observed association.
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Chapter Five

Summary of findings & future
perspectives
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Summary of applied methods and findings

Through this thesis, I have applied observational, molecular, and genetic epidemiological
approaches to comprehensively investigate, the genetic architecture of 9 proteogenic amino acids
levels (alanine, BCAAs, glycine, glutamine, histidine, and aromatic amino acids) and their related
metabolic pathways as well as the role of modifiable lifestyle factors in levels of aforementioned
serum amino acids and lastly the genetically predicted effect of those serum amino acids

concentrations on the risk of common complex disorder and assess any potential causality.

To this end, I have utilized the data from the UKB study which consists of data on half a million
participants of European ancestry. The UKB provides data on lifestyle factors including
macronutrient intake (CHO, fat, and PRO) (n=210 977), accelerometer-measured physical activity
(n=103 669), and bio-impedance-measured body fat percentage (n=492 787. The UKB also has
data on serum amino acids levels of ~117 000 participants as well as genotypic data and phenotypic

data (n=487 442).

In the first chapter of this thesis, I have reviewed evidence on the biology and structure of the
proteogenic amino acids, and further reviewed epidemiological evidence on the association of each

amino acids with complex disorders.

In the second chapter, I explored the genetic architecture of serum amino acids data of the UKB
study and performed a linear mixed model regression using BOLT-LMM in Linux environment. |
used this method as it considers population stratification and relatedness in the sample population,
therefore it can be applied with minimal sample exclusions, as well as boosting the power while
controlling false positives (338, 339). This method also allows the assumption of complex genetic

architecture for traits; thus, it does not assume that all variants are causal with small effect sizes to
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form a Gaussian distribution (338, 339). Through the BOLT-LMM method, I identified significant
(p <1 x 107) independent SNPs (r* <0.001) associated with each of serum amino acids, ranging
from 48 IVs for serum phenylalanine to 138 IVs for serum glutamine, all with F-statistic > 10,
representing strong instruments. I also calculated total proportion of variance explained (R?) for
serum amino acids, which ranged from 1% for isoleucine (combined F statistic of 24.35) to 6% for
serum glycine (combined F statistic of 53.58). The proportion of variance explained for serum

BCAAs (isoleucine, leucine and valine) ranged from 1% to 3% (with a F statistic of 24 to 34).

In addition, in the second chapter I used FUMA web tool (340) to assess the related metabolic
pathways and related important genes to the serum amino acids. The analysis showed that most of
the significant SNPs associated with the serum amino acids and SNPs in LD with the significant
SNPs lie within intronic followed by intergenic gene regions for all serum amino acids with an
exception for serum tyrosine, in which the most significant SNPs, and SNPs in LD with the
significant SNPs, were in intronic following by ncRNA-intronic gene regions. The analysis
highlighted several genetic risk loci associated with serum amino acids ranging from 8 genomic
risk loci for serum isoleucine and phenylalanine to 45 genomic risk loci for serum glutamine. The
top signal from gene-based analysis revealed the most common genes among all serum amino
acids as GCKR, MIP, SLC gene family, COBLLI1, LMOI1, CPS1, GLS2 and SPRYD4. The gene-
set analysis highlighted pathways in the regulation of metabolites (small molecules and protein
measures) for all serum amino acids, except for serum phenylalanine, and regulation in plasma
free amino acid levels (adjusted for twenty other PFAAs) for all serum amino acids, except serum
tyrosine. Many other pathways were highlighted including the pathways related to type 2 diabetes
for serum glutamine, blood pressure (both systolic and diastolic) for serum leucine, blood lipid

profile including triglycerides, cholesterol, HDL, and LDL for serum glycine, leucine and tyrosine,
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Crohn’s disease and inflammatory bowel disease for serum glycine and leucine, mood instability
for serum leucine and glutamine, bipolar disorder, autism spectrum disorder or schizophrenia for

serum glutamine, and Alzheimer’s disease for serum tyrosine.

In the third chapter, I assessed the potential effect of modifiable risk factors on levels of 9 serum
proteogenic amino acids and used Linear Mixed-Effects Models in an observational setting. This
method avoids p-value inflation and considers variations in exposure measurements when its
measured/reported multiple times (341). The modifiable risk factors include dietary intakes of
CHO, fat, and PRO, the total average of accelerometer-measured physical activity, and bio-

impedance-measured body fat (%).

Through the observational analysis, I did not find any association between macronutrient intake
and serum amino acids. I revealed that accelerometer-measure physical activity was inversely
associated with serum isoleucine and valine levels. I also showed that higher measured body fat
(%) was significantly associated with higher levels of serum alanine, BCAAs, and aromatic amino

acids while inversely associated with serum glycine and glutamine.

In this chapter, I used Mendelian randomization approach to investigate the effect of genetically
determined modifiable lifestyle factors on serum amino acids concentration. The MR method
proxies risk factors by using genetic variants to reinforce causal inferences of observational studies
and evaluate whether a modifiable risk factor has a causal role in the aetiology of the disease (342).
Therefore, using the genetic instruments proxies avoids biases such as confounding and reverse

causation which are the main limitations of observational studies.

Using the MR method, I detected PRO and fat intake are positively and significantly (FDR <0.05)

associated with serum BCAAs levels, while the CHO intake was inversely related to the levels of
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serum BCAAs. These results were consistent using sensitivity analysis methods and therefore the
observed associations were not due to a pleiotropy effect. I also found a positive significant
association between genetically determined accelerometer-measured physical activity and serum
valine. However, only 2 instruments were available for this analysis and sensitivity analysis could
not be conducted due to the limited number of I'Vs. For body fat (%), I found a nominal significant
positive association between genetically determined measured body fat (%) and serum glycine and

glutamine.

In the fourth chapter, I investigated the association between genetically determined serum amino
acids concentrations and the risk of disease and applied an MR-PheWAS analysis. PheWAS is a
method of assessing comprehensive associations between wide ranges of coded phenotypes and
genetic variants and is a tool that allows unbiased assessment of target genotypes across multiple

phenotypes (343).

Under the MR-PheWAS paradigm, I revealed that higher levels of serum alanine, leucine and
valine were associated with the higher risk of diabetes, and higher levels of serum isoleucine and
valine are related to disorders of lipid metabolism, hyperlipidaemia, and hypercholesterolemia. In
addition, higher levels of serum valine showed to be associated with a higher risk of hypertension.
The MVMR analysis (using 52 common SNPS among all serum BCAAs) showed that the

observed associations in the previous step, were not related to serum isoleucine only.

In addition, the Two-sample MR analysis replicated the observed significant associations for
genetically predicted serum alanine and leucine levels with an increased risk of diabetes, and the
significant association between serum valine and an increased risk of diabetes and hypertension.

These results were consistent across both IVW and weighted median methods and remained
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significant after removing the outliers, using the MR-PRESSO method that showed the absence of

pleiotropic effect.

In the fifth chapter, I replicated the findings of this thesis, under the MR paradigm, and used the
largest available GWAS studies in independent populations for common complex disorders
including type 2 diabetes, coronary artery disease, Alzheimer’s disease, breast cancer, prostate
cancer as well as cardiometabolic risk factors including blood pressure and lipid profile (total

cholesterol, triglycerides, LDL and HDL levels).

The findings successfully replicated the significant associations for a 51% increased risk of type 2
diabetes with higher levels of genetically predicted serum valine. Genetically elevated serum levels
of alanine, isoleucine, and valine were associated with higher levels of total cholesterol,
triglycerides, and LDL and genetically elevated levels of serum leucine were associated with
higher TC, and TG levels. All genetically determined serum BCAAs were associated with lower
levels of HDL. These observed significant associations were consistent using sensitivity analysis
including weighted median and after removing outliers using the MR-PRESSO method. In

addition, the associations remained significant after correcting for multiple testing using FDR.
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Conclusion

In conclusion, the comprehensive analyses conducted in this thesis provide a thorough map of the
genetic architecture of 9 proteogenic amino acids (serum alanine, BCAAs, histidine, glycine,
glutamine, and aromatic amino acids). This thesis has provided evidence that higher genetically
determined PRO and fat intake (% of energy) increases the levels of serum BCAAs, while the
genetically predicted levels of CHO intake decrease the serum BCAAs levels. Using MR analysis,
I have also shown a potential causal association between higher levels of serum BCAAs and an
increased risk of type 2 diabetes and higher levels of lipid total cholesterol, triglycerides, LDL,
and HDL levels, which are all important risk factors in developing the risk cardiovascular disease.
Therefore, serum BCAAs are a relevant player in disease development however, the complex

network and pathways require further detailed investigations.

Future prospective

BCAAs are popular supplements among gymgoers and athletes. In this study, I have shown that
higher levels of serum BCAAs increase the risk of diabetes and cardiometabolic risk factors.
However, as there is no established biomarker to represent the exact levels of serum BCAAs,
whether this higher intake of BCAAs among those with higher levels of physical activity increases
their risk of diabetes and cardiovascular disease is still yet to be elucidated. To my knowledge, no
cohort study has collected large-scale data on BCAAs or amino acids supplements intake. A large
study comprising such a data would shed light on the association between the BCAAs supplements

intake and the risk of complex disorders.
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Funding research studies through governmental bodies would make more certainty regarding the
health safety and dosage of intake, particularly for professional athletes who use these supplements
to reduce fatigue and muscle alleviation. This is a crucial step towards generating
recommendations by public health organisations, to clarify whether the BCAA’s supplements use
is safe for all subjects with any different levels of physical activity or perhaps there is an exception

regarding the target population for the intake of such supplements.

In terms of establishing a valid biomarker for serum amino acids, new evidence has emerged
suggesting a robust role of the human gut microbiota in its metabolites of the host (344). It has
been reported that the gut microbiota can synthesize essential amino acids (344, 345) including
BCAAs, and a recent study reported a positive correlation between the biosynthesised BCAAs in
the gut microbial and circulating BCAAs levels in a healthy population (346). Moreover, this
recent study identified a positive correlation between microbial BCAA biosynthesis genes and
plasma levels of BCAA, and further reported decreased abundance of microbial genes involved in
the biosynthesis of essential amino acids attributable to the depletion of 2 genes (Eubacterium and
Prevotella), among patients with heart failure (347). Therefore, new studies are required to provide
novel insight into the potential role of the gut microbiota in proteogenic amino acids metabolism,

particularly BCAAs, and their subsequent effect on the risk of complex disorders.

Diabetes mellitus has been long regarded as a risk factor for developing cardiovascular disease
(348). Along with diabetes, high cholesterol levels and high blood pressure lead to an increased

risk of cardiovascular complications (349). In this thesis, I have provided evidence for supporting
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the potential role of higher BCAAs levels with risk of type 2 diabetes. Serum BCAAs levels might
have potential as an emerging biomarker in risk prediction for cardiovascular disease and its
complications including angina, coronary artery diseases (CADs), myocardial infarction, stroke,
peripheral artery disease (PAD), and congestive heart failure. However, further larger studies are

required to support and confirm this.

Implementing strategies to apply new potential novel biomarkers in a cost-effective manner to
detect patients who are at higher risk of coronary artery disease, is an efficient way to reduce the
burden of such diseases. It was not in the scope of this thesis to examine predictive ability of using
serum BCAA’s levels in early detection of coronary artery disease, though this could be of interest

for future work.

Furthermore, large accessible biobank studies with comprehensive follow up data as well as
genotypic and phenotypic data have enabled researchers to identify genetic risk factors
associated with a large number of diseases. These biobank studies have also aided to
understanding of biological pathways that have been implicated for non-communicable diseases
and helps to target novel therapies for identified diseases. Therefore, improving disease
prediction by refining genetic risk scores for a wider range of disease would also be of an interest

for future work.
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Appendix

Table S1. Identified variants associated with serum alanine in the current UKB GWAS

SNP p-value  Chr BP EA NEA EAF Beta SE
rs2933243 3.30E-56 12 56860577 A G 0.183189 0.083539 0.005289
rs1260326 1.90E-40 2 27730940 C T 0.603981 -0.05574 0.004186
rs8061221 4.00E-35 16 70078960 A G 0.745547 0.058203  0.004707
rs79687284  4.70E-33 1 2.14E+08 C G 0.034641 0.134338 0.011217
rsl11183581 1.30E-31 12 47122774 A C 0.212669 0.058477 0.005
rs2168101 9.00E-31 11 8255408 A C 0.308213 -0.05278  0.004576
rs2160387 5.90E-28 2 65220910 C T 0.427786 -0.04515 0.004119
rs4554975 3.30E-27 12 47201814 G A 0.562773 -0.04502  0.004167
rs2808454 1.70E-25 1 2.07E+08 T A 0.543121 -0.043 0.00412
rs7624902 4.10E-21 3 1.6E+08 G A 0.537534 -0.03877 0.004111
rs4985532 2.10E-20 16 70575214 G A 0.070422 -0.0746  0.008057
rs6931514 1.40E-15 6 20703952 G A 0.262271 0.03726  0.004663
rs4693210 1.80E-15 4 89208565 G A 0.440215 -0.03287 0.004134
rs74093304  2.30E-15 12 59923805 A G 0.11906 0.050278 0.006344
rs13277542  4.90E-15 8§ 1.46E+08 G T 0.488895 -0.03258  0.004162
rs56335308  3.70E-14 8§ 17419461 A G 0.027352 0.094964 0.012541
rs7503139 1.30E-13 17 79641534 T C 0.167225 -0.04069  0.005493
rs7925445 5.60E-13 11 18398958 G A 0.556188 0.029806 0.004134
rs138373837 1.30E-12 5 36219710 T C 0.023615 -0.09572  0.013497
rs11558471  3.10E-12 8§ 1.18E+08 G A 0.314671 -0.03076  0.004413
rs4237150 9.10E-12 9 4290085 C G 0.403366 0.028459 0.004173
rs2385127 1.80E-11 8 49975746 A G 0.616547 -0.02831 0.004211
rs7978353 2.00E-11 12 1.23E+08 G A 0.404674 0.027906 0.004162
rs1047891 1.60E-10 2 2.12E+08 A C 0.315002 -0.02821 0.004411
rsl11715633  3.30E-10 3 1.23E+08 A G 0.270529 -0.02898 0.004611
rs807672 3.90E-10 22 19157819 G C 0.531442 0.02565  0.004098

159



rs6752053
rs4766214
rs12379111
rs5023078
rs339969
rs73201506
rs144262262
154903264
rs58116791
rs6484738
754846922
rs112846708
rs1880000
rs561931
rs12673978
rs7959621
735635959
rs6499167
rs66464442
rs76895963
rs2957933
13785477
rs58470815
rs12964812
rs2704797
rs8107974
rs61676179
rs4789698
rs727331
rs113223489
rs113830923
rs12692735

5.70E-10
8.30E-10
2.50E-09
2.80E-09
7.30E-09
8.60E-09
2.10E-08
2.60E-08
4.20E-08
5.60E-08
6.50E-08
7.20E-08
8.60E-08
8.70E-08
9.80E-08
1.00E-07
2.00E-07
2.10E-07
2.30E-07
2.80E-07
2.80E-07
3.20E-07
3.30E-07
4.00E-07
4.20E-07
4.20E-07
4.50E-07
4.60E-07
5.20E-07
7.60E-07
7.70E-07
8.10E-07

12

12
15
21

14
14
11

14

12
17
16

12
17
17
19
18

19
22
17

15
12

65666674
4290249

22128180
1.33E+08
60883281
33044408
95222201
75343829
56680822
34860858
2.3E+08

86618600
1.03E+08
1.2E+08

44717523
3353636

40772288
68337798
1.18E+08
4384844

46335579
55164142
36132922
31414323
71408090
19388500
32176825
80179786
1.27E+08
64262688
21397321
1.66E+08

H O aoAdA»>» 9o a3 >» Q>0 00> 0>P 000> 0000

ar» o1 000 A4 040100043 >»> 43> 040 » 43

160

0.408902
0.456752
0.094813
0.531306
0.61583
0.046008
0.003511
0.559472
0.2346
0.3984
0.654684
0.769585
0.143438
0.581003
0.069052
0.343187
0.284239
0.725901
0.315866
0.020556
0.761336
0.401264
0.344476
0.399965
0.31358
0.075553
0.051004
0.43583
0.29093
0.025814
0.109612
0.360742

-0.02582
-0.02543
-0.04224
-0.02441
0.024364
0.056456
-0.19421
0.02346
0.026587
-0.02274
0.023412
0.032712
0.031553
-0.02225
0.043051
-0.02325
0.023597
-0.02383
0.022776
-0.0818
0.024715
-0.02134
0.022142
0.02174
0.022541
-0.03928
-0.04717
-0.02087
-0.02262
-0.0638
0.032882
-0.02102

0.004166
0.004142
0.007089
0.004108
0.004212
0.009808
0.03464

0.004215
0.00485

0.004187
0.004332
0.006074
0.005893
0.004158
0.008077
0.004364
0.004539
0.004592
0.004404
0.015921
0.004811
0.004178
0.004337
0.00429

0.004456
0.007764
0.009348
0.004141
0.004508
0.012902
0.006653
0.004261



rs73158708
rs2495729
rs145460781
rs10736885
rs9883916
rs28690260
rs7732481
rs9414767
rs4647736
rs12725301
rs4470984
rs1076572
rs116256520
rs62623385
rs304829
rs11769922
rs4399146
rs7973823
rs62042562
rs34768796
rsl1187815
rs149486185
rs6888884
rs25789
rs3135041
rs13108587
rs34308099
rs3770687
rs62320528
rs75226856
rs6875539
rs146184369

8.10E-07
8.20E-07
9.20E-07
1.20E-06
1.30E-06
1.30E-06
1.40E-06
1.40E-06
1.40E-06
1.60E-06
1.70E-06
1.80E-06
1.90E-06
1.90E-06
2.00E-06
2.00E-06
2.60E-06
2.60E-06
2.80E-06
3.20E-06
3.20E-06
3.20E-06
3.60E-06
3.70E-06
3.70E-06
3.80E-06
4.00E-06
4.10E-06
5.00E-06
5.10E-06
5.30E-06
5.30E-06

10

10

—_— N R NN W R OV W

1.37E+08
1.02E+08
1.42E+08
1.29E+08
1.36E+08
17365162
1.2E+08

63893687
47253137
2.2E+08

56033558
3230588

1.23E+08
7847837

30809058
1.51E+08
1.57E+08
1.21E+08
58404923
3625807

95971321
42006230
1.37E+08
55800724
31555657
39588892
1.95E+08
2.11E+08
1.4E+08

2.35E+08
1.7E+08

97658188

Q""" 00» -S> 0-99244-90A0

Q- oo 00000 000> 000030000493 »>

161

0.316984
0.156099
0.068364
0.952674
0.775001
0.403672
0.169361
0.142591
0.101582
0.211946
0.759116
0.240791
0.014256
0.034143
0.398096
0.231617
0.335089
0.506326
0.095114
0.092313
0.544541
0.062716
0.015799
0.743867
0.340588
0.336379
0.400995
0.487232
0.40627

0.019535
0.925627
0.021684

0.0217
-0.0279
-0.04004
-0.0469
0.02374
0.022535
-0.02654
-0.02838
-0.03291
0.024064
-0.02298
0.023395
-0.08227
0.053579
0.020013
-0.02325
0.020366
0.019768
-0.03284
-0.03342
-0.01941
-0.03983
-0.07621
0.021722
0.020002
0.020097
-0.01936
-0.01891
-0.01923
0.067633
-0.03583
-0.07112

0.004399
0.005658
0.008156
0.009643
0.004905
0.004655
0.005503
0.005886
0.006824
0.005018
0.004797
0.004901
0.01727

0.011239
0.004214
0.004889
0.004334
0.004209
0.007004
0.007173
0.004164
0.008548
0.016454
0.004693
0.004323
0.004347
0.004198
0.004108
0.004212
0.014831
0.007866
0.015617



rs9394215 6.20E-06
rs196377 6.30E-06
rs111670693 6.60E-06
rs11187149  6.80E-06

rs4819296 6.90E-06
rs1176790 7.10E-06
rs2066577 7.50E-06

rs62576130  7.60E-06
rs148647914 7.80E-06
rs34179517  8.60E-06
rs1202384 9.80E-06
rs28544889  1.00E-05
rs2663854 1.00E-05

3
10
10
21
2
13
9
13
6
11
7
18

34399872
38421098
1369372

94485763
45133868
77439602
50665444
1.19E+08
26738138
39281456
91972287
1.3E+08

55458827

o044 »0aQ»

T

QO-=p>>»=S000a0» 0aQ

@)

0.811983
0.697122
0.199701
0.379299
0.631989
0.024665
0.014065
0.129837
0.030074
0.121682
0.182143
0.324702
0.302238

-0.02378
0.020239
0.025717
-0.01897
-0.01945
-0.06997
0.077815
0.028076
0.056111
0.028048
0.023464
0.019316
0.019693

0.005262
0.004481
0.005707
0.004215
0.004325
0.015585
0.017371
0.00627

0.012552
0.006305
0.005308
0.00438

0.004464

Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S2. Identified variants associated with serum glycine in the current UKB GWAS

SNP p-value Chr BP EA NEA  EAF Beta SE
1512991443 1.60E-315 2 2.12E+08 G C 0.309118 -0.15738 0.004198
rs4461202 1.10E-246 2 2.12E+08 T C 0.471863 0.129962  0.003888
752026972 2.20E-87 9 6538279 C G 0.308331 -0.08216 0.004232
154240624 2.00E-82 8 9184231 A G 0.90923 -0.12686 0.006793
rs10934753 3.40E-74 3 1.26E+08 A G 0.417116 0.069003  0.003962
759922910 1.10E-64 16 81126662 T G 0.915043 0.116686  0.007039
154948102 3.30E-61 7 56097265 G C 0.751228 0.071556  0.004525
1528601761 1.40E-55 8 1.27E+08 G C 0.420161 0.060914  0.003998
rs74561492 6.40E-50 2 2.11E+08 T C 0.043845 0.138455  0.009478
rs112247225 5.20E-45 16 81154900 T C 0.046621 -0.12823 0.009285
75550674059 1.80E-42 2 2.11E+08 A C 0.016772 0.213325  0.015573
1562178226 1.30E-35 2 2.12E+08 A T 0.366194 0.050927  0.004047
rs12125269 1.90E-26 1 76125211 A C 0.291212 0.043695  0.004352
7562073965 1.00E-24 17 45599591 C T 0.513199 0.03971 0.003918
rs115811144 2.50E-22 2 2.12E+08 G C 0.010593 -0.1987 0.020184
12657879 5.20E-22 12 56865338 G A 0.182536 0.047889  0.005038
rs12307895 7.70E-21 12 47150176 T C 0.207617 0.04303 0.00481
rs11666281 1.30E-17 19 18234588 T C 0.25424 -0.03708 0.004479
rs149181595 3.90E-17 15 43685807 C A 0.027601 0.094259  0.011912
1534945403 1.70E-15 15 58430763 G A 0.067631 -0.06347 0.008036
rs561931 4.50E-14 1 1.2E+08 G A 0.580975 0.029099  0.003959
rs13107325 3.00E-13 4 1.03E+08 T C 0.074309 -0.04944 0.007433
rs7704653 3.70E-13 5 90255685 G A 0.724033 -0.03165 0.004409
rs2711697 1.10E-11 12 47265729 C A 0.369926 0.026521 0.004034
rs3782860 3.20E-11 12 361996 T C 0.546309 0.026265  0.003923
rs2168101 3.90E-11 11 8255408 A C 0.308174 -0.02944 0.00436
rs192322963 4.10E-11 8 17445955 A G 0.025449 0.082944  0.012538
rs36105243 5.30E-11 2 1.66E+08 G C 0.347118 0.025833  0.004074
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Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S3. Identified variants associated with serum glutamine in the current UKB GWAS

SNP
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p-value
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Beta

0.199502
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0.079257
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SE
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Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S4. Identified variants associated with serum histidine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE
rs1047891 4.00E-55 2 2.12E+08 A C 0.314892 -0.06982 0.004465
rs75341400 4.00E-36 12 96315168 T G 0.098269 -0.08816 0.007025
152939302 1.10E-28 12 56860020 A G 0.183177 0.059485 0.005355
rs34004251 3.50E-23 3 1.49E+08 A T 0.176425 -0.05426 0.005471
rs1958393 5.90E-20 14 21516447 G C 0.109029 0.061491 0.006723
rs780094 9.90E-16 2 27741237 C T 0.615114 0.034181 0.004258
rs12422818 3.00E-15 12 96478835 A G 0.138836 0.047511 0.006021
rs61938133 7.80E-14 12 96120605 A G 0.040056 0.079641 0.010657
rs1883711 7.70E-13 20 39179822 C G 0.031167 0.087242 0.012174
rs2272662 3.70E-12 8 1.46E+08 C T 0.576631 0.029189 0.004201
rs150844304 3.90E-12 15 43726625 C A 0.025691 0.090879 0.013096
rs709932 5.50E-12 14 94849201 T C 0.155773 0.039402 0.005717
rs11621792 5.50E-11 14 24871926 T C 0.453809 -0.02742 0.004182
rs117591301 1.00E-09 6 1.35E+08 T A 0.027531 -0.07835 0.012835
rs76191003 1.40E-09 12 47182531 T C 0.068358 0.049709 0.008216
rs2168101 3.50E-09 11 8255408 A C 0.308204 -0.02735 0.00463
rs12140995 4.10E-09 1 1.69E+08 C T 0.410996 -0.02479 0.004217
rs8007176 1.40E-07 14 21502345 G A 0.360648 -0.02284 0.004341
rs9385710 2.00E-07 6 1.35E+08 G A 0.710715 -0.02394 0.004601
rs554877699 2.90E-07 6 32487677 C T 0.103363 -0.04415 0.008603
rs2105941 3.50E-07 20 42183219 A G 0.314941 -0.02295 0.004506
rs799157 4.90E-07 7 73020301 C T 0.956469 0.051007 0.010143
rs35848234 5.10E-07 16 53367192 T C 0.460914 -0.02092 0.004166
rs532281808 5.50E-07 5 1.78E+08 T C 0.492052 0.023939 0.004779
rs139749729 6.30E-07 13 93890862 C T 0.053366 -0.04728 0.009491
rs17368188 8.00E-07 2 1.24E+08 C T 0.008965 0.110168 0.022324
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rs4846235 9.80E-06 1 10632235 T C 0.327114 0.019567 0.004425

Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S5. Identified variants associated with serum isoleucine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE
rs10018448  4.10E-60 4 89225171 G A 0.535322 0.066556  0.00407
rs12325419  1.10E-31 16 70368909 A G 0.115325 -0.0743 0.006343
rs1260326 2.30E-29 2 27730940 C T 0.60398 -0.04662  0.004144
rs545587 2.30E-19 19 49319664 C A 0.514774 0.036642 0.004072
rs7302925 3.60E-16 12 56861458 G A 0.801117 -0.04133  0.005071
rs117643180 2.90E-15 17 7185779 A C 0.025874 -0.10139  0.012841
rs10184004  4.00E-13 2 1.66E+08 T C 0.406102 -0.02995 0.004128
rs2127864 5.00E-09 4 89147993 G A 0.175281 -0.03135  0.005361
rs2941456 9.10E-09 76443463 A G 0.198451 0.029259 0.005092
rs1471740 6.10E-08 1.36E+08 C T 0.74018 0.025116  0.004637
759899432 8.90E-08 17 8204370 C G 0.157987 -0.0298 0.005572
rs2422358 1.00E-07 2 65231806 T A 0.435743 0.022618 0.004251
rs117164273 1.70E-07 16 68292616 A G 0.045425 -0.05103  0.009757
rs116431586 1.90E-07 4 1.43E+08 T C 0.02676 -0.06681 0.012836
rs2326458 3.80E-07 16 84987679 A C 0.745449 -0.02363  0.004653
rs2973444 4.90E-07 5 90417593 C T 0.085986 -0.03656  0.007266
rs1605749 5.70E-07 17 68475145 G A 0.510911 -0.02024  0.004049
rs79259321  5.90E-07 12 47056356 A C 0.072144 0.039124 0.007834
rs2616272 6.60E-07 11 97448214 A G 0.49593 -0.02027  0.004076
rs941952 7.50E-07 14 1.05E+08 C T 0.718723 0.022585 0.004564
rs73343569  1.50E-06 8 1.33E+08 A G 0.009641 -0.10664 0.022182
rs30351 1.70E-06 5 55794632 A G 0.744178 0.022361 0.004671
rs199607859 2.30E-06 6 1.4E+08 T G 0.594537 -0.01959 0.004144
rs36216559  2.40E-06 2 262335 G A 0.350063 -0.02 0.004245
rs1682628 2.50E-06 7 95283613 A G 0.642143 -0.01999 0.004246
rs7201861 2.70E-06 16 79532675 C G 0.710928 0.020983  0.004473
rs150277164 3.00E-06 4 89258580 A G 0.014177 0.080314 0.017185
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Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S6. Identified variants associated with serum leucine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE
rs10018448 430E-180 4 89225171 G A 0.535318 0.087817 0.003976
7535452938 4.00E-50 16 70270907 C T 0.114284 -0.09473  0.006363
rs1260326 3.60E-32 2 27730940 C T 0.603977 -0.0478  0.004048
759930957 2.10E-22 16 72149923 T C 0.159836 0.052545 0.005398
rs117643180  4.00E-21 17 7185779 A C 0.02587 -0.11838  0.012549
72638315 1.20E-15 12 56865056 C G 0.182491 0.040947 0.005116
rs13389219 230B-15 2 1.66E+08 T C 0.392533 -0.03214  0.004057
154801776 240E-13 19 49304215 T C 0.299241 -0.03237  0.004422
rs150277164  520E-12 4 89258580 A G 0.014177 0.115856 0.01679
rs7655059 1.1I0E-10 4 89149144 G C 0.175216 -0.03378  0.005239
152422358 1.40E-09 2 65231806 T A 0.435742 0.025136 0.004153
1512974412 3.30E-09 19 14151809 G A 0.779952 0.02911  0.00492
rs10774625 530E-09 12 1.12E+08 G A 0.502842 -0.02314  0.003964
rs5747934 8.60E-09 22 18915282 T C 0.042294 -0.05684  0.009873
rs11166420 1.70E-08 1 1.01E+08 A T 0.90441 -0.03801  0.006744
752977929 1.80E-08 8 76454025 T C 0.196785 0.028202  0.005006
7534894639 2.50E-08 3 1.36E+08 T C 0.231589 -0.0264  0.004737
rs1601935 7.10E-08 15 58671765 T G 0.654661 0.022603  0.004195
rs200115642  7.80E-08 2 2.27E+08 A T 0.637113 0.022945 0.004271
rs145815601  1.60E-07 1 1.55E+08 T G 0.0367 -0.05591  0.01067
rs13100474 1.90E-07 3 1.22E+08 A G 0.205777 0.025701  0.004934
179020793 230E-07 12 47199549 A G 0.068228 0.040728  0.007869
rs17096421 470B-07 10 88820592 T A 0.056395 0.043874  0.008707
rs61587941 590E-07 5 55814890 A G 0.051232 -0.04479  0.008965
rs10822186 720E-07 10 65350383 G A 0.494277 -0.01964  0.003963
rs182222149  8.00E-07 7 12609043 G T 0.016427 -0.08044  0.016295
15592423 8.70E-07 6 1.4E+08 C A 0.553909 -0.01958  0.003981

178



rs2326458
752950851
rs7649917
rs36181536
rs3796352
rs62111417
rsl7703747
rs17310469
rs79327462
rs9940976
1549751842
rs429358
rs11948950
rs1564369
rs2168101
rs79545275
rs3848453
rs182491129
rs4584484
rs10848097
rs13402475
rs1438506
rs146774705
145620134
rs138331001
rs16833240
rs2023494
rs139683582
rs62175484
rs10734344
rs115640614
rs11765000

9.30E-07
1.40E-06
1.50E-06
1.50E-06
2.10E-06
2.10E-06
2.40E-06
2.60E-06
2.60E-06
2.80E-06
3.00E-06
3.20E-06
3.60E-06
3.70E-06
3.80E-06
3.90E-06
4.00E-06
4.20E-06
4.40E-06
4.40E-06
4.70E-06
5.10E-06
5.20E-06
5.30E-06
6.20E-06
6.50E-06
6.90E-06
7.90E-06
8.10E-06
8.10E-06
8.20E-06
8.20E-06

84987679
90399012
1.93E+08
1.23E+08
52913279
7193981
88255713
1.16E+08
67958058
72311826
296410
45411941
55876283
21335290
8255408
1.42E+08
68362094
1E+08
5148669
1.31E+08
3639909
1.33E+08
96082587
1.12E+08
2.45E+08
1.37E+08
72560539
57893329
1.61E+08
23779713
1.62E+08
98888291

QOQP Q@3> >H2>2>00»2> 02> 0rr 000> Q030043 p

179

H > H > 0000000, 0000404202 0004H4H2>O0

0.745446
0.095627
0.227381
0.673499
0.099619
0.712803
0.040431
0.159063
0.045151
0.201957
0.319952
0.154826
0.105355
0.178218
0.308207
0.027539
0.583643
0.011988
0.217697
0.607488
0.815966
0.352719
0.030486
0.041692
0.007243
0.063704
0.646671
0.017845
0.529437
0.960959
0.032584
0.069204

-0.0223
-0.03258
0.022762
-0.02037
-0.03136
-0.02083
-0.04807
0.026002
-0.04479
-0.0232
-0.02047
-0.02555
0.030452
0.024027
-0.02045
-0.05572
0.018529
-0.08381
0.021967
0.018679
0.023842
-0.01893
0.053652
0.045234
-0.10982
-0.03686
0.018719
-0.06734
-0.01837
-0.04899
0.050726
-0.03498

0.004546
0.006756
0.004731
0.004233
0.006605
0.004393
0.010196
0.005536
0.009535
0.004949
0.004384
0.005484
0.00657

0.005191
0.004426
0.012074
0.004018
0.01822

0.004783
0.004067
0.005208
0.00415

0.011776
0.009938
0.024291
0.008173
0.004164
0.015075
0.004116
0.010979
0.011377
0.007843



rs73805830
rs72835458
rs7691693
rs1398079
rs9751871
rsl12318565
rs743714
75958648

8.70E-06
8.70E-06
8.80E-06
8.80E-06
9.00E-06
9.10E-06
9.50E-06
9.90E-06

1.72E+08
17545255
1.41E+08
57707706
2.29E+08
92736142
3419986

11103895

anaooao-+daa -

G

> > - 0 43 0O 0

A

0.120596
0.070297
0.331736
0.287429
0.535294
0.348125
0.620317
0.556904

-0.02734
-0.03511
0.018823
-0.01953
-0.01766
0.019833
-0.0181
0.017609

0.006147
0.007893
0.004236
0.004395
0.003976
0.00447

0.004087
0.003985

Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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TableS7. Identified variants associated with serum phenylalanine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE

rs1498694  1.60E-146 12 1.03E+08 G A 0.610845 -0.1093  0.00424
rs4646986  6.00E-51 12 1.03E+08 A G 0.313218 -0.06718  0.004475
rs10750864  5.00E-34 11 57259694 A T 0.741891 0.058049 0.004773
rs17253619  1.30E-26 14 55411744 C T 0.118765 0.068032  0.006372
rs142025056 2.00E-22 12 1.03E+08 C T 0.012969 0.188268 0.019322
rs116868345 2.50E-12 12 1.02E+08 T C 0.006217 0.189848 0.027107
rs9467618  1.70E-10 6 25824809 T C 0.255343 -0.03028  0.004742
rs715 4.20E-10 2 2.12E+08 C T 0.310916 -0.02801  0.004486
rs150772783 3.30E-09 6 18117955 G C 0.049698 -0.05638  0.00953
52933235 4.30E-09 12 56921418 G A 0.166225 0.032544 0.005542
rs1533403  4.90E-09 12 1.03E+08 C T 0.896425 0.039924 0.006823
rs12299423  5.80E-09 12 1.04E+08 G A 0.048351 0.057995 0.009959
rs4781730  1.90E-08 16 16254626 T C 0.284469 -0.02575  0.004583
rs4135105  2.80E-08 12 1.04E+08 T C 0.010662 0.113913  0.020501
rs2180314  4.10E-08 6 52617731 G C 0.596097 0.023109 0.004211

Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S8. Identified variants associated with serum tyrosine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE
rs12206654 3.00E-225 6 1.12E+08 C T 0.146605 0.188204 0.005874
rs150851429 1.90E-120 16 71625831 C G 0.01598 0.399298 0.017111
rs7979473 1.80E-47 12 1.21E+08 G A 0.613011 -0.06176 0.004268
rs2638315 1.10E-36 12 56865056 C G 0.182446 0.067396 0.005328
759940990 2.40E-30 16 71831343 A T 0.358944 -0.04924 0.004301
rs4149056 2.70E-25 12 21331549 C T 0.150912 -0.05967 0.005743
rs35614968 1.20E-21 6 1.12E+08 A G 0.028196 -0.12188 0.012749
rs79020793 3.10E-21 12 47199549 A G 0.068215 0.077516 0.008194
rs1126671 1.70E-19 4 1E+08 C T 0.697944 -0.04059 0.004496
rs28601761 7.30E-19 8 1.27E+08 G C 0.420115 -0.03752 0.00423
rs9414801 5.30E-18 10 65149089 A G 0.528632 -0.03585 0.004146
rs174547 5.10E-15 11 61570783 C T 0.342661 0.033926 0.004336
rs34894639 6.10E-15 3 1.36E+08 T C 0.23159 -0.03849 0.004933
rs740122 1.10E-13 7 28166442 A G 0.217464 -0.03714 0.005002
r$535097680 1.70E-13 6 1.12E+08 G T 0.050246 -0.08857 0.012019
rs114232169 1.90E-13 3 1.86E+08 G T 0.667814 -0.03223 0.004381
rs715 9.90E-12 2 2.12E+08 C T 0.310821 -0.03049 0.004478
rs2230681 1.40E-11 12 1.22E+08 C T 0.874664 -0.04208 0.00623
rs2168101 1.60E-11 11 8255408 A C 0.308215 -0.03106 0.00461
rs62415384 1.50E-10 6 43261767 C G 0.453285 0.027476 0.00429
rs6575900 2.00E-10 14 1.03E+08 C G 0.204047 -0.03268 0.005138
rs814573 2.30E-10 19 45424351 T A 0.186313 -0.03452 0.005442
rs75661418 9.70E-10 6 1.11E+08 G A 0.024336 -0.08165 0.013354
rs1800961 1.30E-09 20 43042364 T C 0.030193 -0.07314 0.012043
rs7019778 2.50E-09 9 22134651 C A 0.424391 -0.02495 0.004186
rs6868618 3.00E-09 5 90191256 G A 0.380117 0.025292 0.004265
rs3747207 4.80E-09 22 44324855 A G 0.21503 0.029401 0.005021
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Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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Table S9. Identified variants associated with serum valine in the current UKB GWAS

SNP p-value Chr BP EA NEA EAF Beta SE
rs10018448 2.30E-148 4 89225171 G A 0.535321 0.1046 0.004032
rs2422358 2.90E-47 2 65231806 T A 0.435721 0.060813  0.004212
rs12325419 1.10E-46 16 70368909 A G 0.115339 -0.09018  0.006286
rs117643180  6.30E-43 17 7185779 A C 0.025862 -0.17484  0.01273
rs1260326 6.50E-36 2 27730940 C T 0.603978 -0.05136  0.004105
rsl117048185  8.70E-35 19 49309776 C G 0.017258 0.189858  0.015431
rs35230038 1.10E-23 19 49300431 A G 0.0454 -0.09842  0.009811
rs2127864 1.30E-19 4 89147993 G A 0.175269 -0.04812  0.005312
rsl128249 1.50E-17 2 1.66E+08 T G 0.39201 -0.03508  0.004115
rs2638315 2.20E-16 12 56865056 C G 0.182454 0.042605  0.00519
rs36181536 1.30E-13 12 1.23E+08 C T 0.673521 -0.03179  0.004294
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Chr: Chromosome, BP: Position, EA: Effect Allele, NEA: Non-Effect Allele, EAF: Effect Allele Frequency, SE: Standard Error
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FigureS1. Gene-set analysis for serum alanine
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FigureS2. Gene-set analysis for serum isoleucine
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FigureS3. Gene-set analysis for serum leucine
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FigureS4. Gene-set analysis for serum valine
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FigureSS. Gene-set analysis for serum glycine
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FigureS6. Gene-set analysis for serum glutamine
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FigureS7. Serum histidine
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FigureS8. Serum phenylalanine
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FigureS9. Gene-set analysis for serum tyrosine
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Table S10. The effect of macronutrient intakes on serum amino acids

Carbohydrate intake Fat intake Protein intake

N Models | beta SE P-value | beta SE P-value | beta SE P-value

Alanine 108 341  unadjusted 0.0003 0.04 <0.001 | 0.0004 0.02  <0.001 | 0.0002 7.97e-03 0.01
Model 1 0.0001 0.0001 0.003 | -0.0002 -0.0002 0.001 | -0.0006 -6.05e-04 <0.001

14 191 Model2 0.0001 0.00003 <0.001 | -0.00004 0.00008 <0.001 | -0.0001 0.0001 0.07
Isoleucine 108 342 unadjusted 0.0002 0.03 <0.001 | 0.001 0.05 <0.001 0.002 0.06 <0.001
Model 1 -0.00007 -0.007 0.03 -0.0002  -0.0002  0.001 0.0007 0.02 <0.001

14 191 Model2 -0.00003  0.00003 0.24 0.0001  0.00008  0.13 0.00007 0.0001 0.50
Leucine 108 342 unadjusted 0.0004 0.04 <0.001 | 0.001 0.06  <0.001 | 0.003 0.09 <0.001
Model 1 -0.0001 -0.01 0.001 | -0.0002 -0.0002  0.001 0.001 0.03 <0.001
14 191 Model2 -0.00007  0.00003 0.02 0.0002  0.00008  0.003 0.0005 0.0001 <0.001
Valine 108 326  unadjusted 0.0002 0.02 <0.001 | 0.00103 0.04 <0.001 | 0.003 0.10 <0.001
Model 1 -0.0001 -0.0001 <0.001 | -0.0002 -0.0002  0.001 0.001 1.71e-03 < 0.001
14 189 Model2 -0.00005  0.0002 0.08 0.00003  0.00007  0.96 0.001 0.00009 <0.001
Glycine 108 253  unadjusted | -0.0001 -0.01  <0.001 | -0.0007 -0.03  <0.001 | -0.002 -0.09 <0.001
Model 1 0.0003 0.04 <0.001 | 0.0007 0.03 <0.001 | -0.001 -0.04 <0.001
14 183 Model2 0.0004 0.00003 <0.001 | 0.0007 0.00008 <0.001 | -0.001 0.0001 <0.001
Glutamine 108 009  unadjusted 0.0005 0.05 <0.001 | 0.00007  0.002 0.40 -0.0006 -0.02 <0.001
Model 1 0.0004 0.04 <0.001 | -0.0002 -0.01 0.003 -0.001 -0.03 <0.001
14 010 Model2 0.0004 0.00003 <0.001 | -0.0003 0.00009 <0.001 | -0.0001 0.0001 <0.001
Histidine 108 146  unadjusted 0.0001 0.02 <0.001 | 0.0002 0.007 0.01 0.0005 0.02 <0.001

Model 1 | -0.000006 -0.0006 0.85 -0.0003 <0.001  -0.01 | 0.00007  2.27e-03 0.51
14 010 Model2 -0.00001  0.00003 0.80 -0.0002  0.00009  0.01 -0.0001 0.0001 <0.001
10 JEIENE 108 276  unadjusted 0.0003 0.03 <0.001 | 0.0005 0.02  <0.001 | 0.001 0.04 <0.001
ine Model 1 0.0001 0.01 <0.001 | -0.0001 -0.004 0.18 0.0007 0.02 <0.001
14 132 Model2 0.00007  0.00003 0.03 -0.0001  0.00009  0.16 -0.0003 0.0001 0.005
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Tyrosine 108162  unadjusted | 0.0001 0.0  <0.001 | 0.0002  0.008  0.007 | 0.001 0.06 <0.001
Model 1 | 0.00002  0.002 0.3 | -0.0004 -0.01 <0.001 | 0.001 0.04 <0.001
14132 Model2 | 0.00001  0.00003 0.003 | -0.0002 0.00009 0.005 | 0.0006  0.0001  <0.001

N is number of participants
Model 1: adjusted for age, sex, weight, and total energy intake. Model 2: adjusted for age, sex, weight, total energy intake, physical activity, and body fat percentage.
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Table S11. The effect of accelerometer-measured physical activity on serum amino acids

Number of Models beta SE P-value
participants
Alanine 24 182 unadjusted -0.005 0.0007 2.32e-15
Model 1 -0.004 0.0007 <2.0e-16
Model2 -0.006 0.0009 <0.001
Isoleucine 24 182 unadjusted -0.008 0.0007 <2.2e-16
Model 1 -0.006 0.0007 <2.2e-16
Model2 -0.006 0.0009 <0.001
Leucine 24 182 unadjusted -0.006 0.0007 <2.2e-16
Model 1 -0.005 0.0007 <2.2e-16
Model2 -0.003 0.0008 <0.001
24179 unadjusted -0.01 0.0007 <2.2e-16
Model 1 -0.008 0.0007 <2.2e-16
Model2 -0.007 0.0008 <0.001
Glycine 24 162 unadjusted 0.008 0.0007 <2.2e-16
Model 1 0.005 0.0007 <2.2e-16
Model2 -0.001 0.0008 0.01
Glutamine 24 126 unadjusted 0.004 0.0007 8.72e-10
Model 1 0.006 0.0007 <2.2e-16
Model2 -0.0007 0.0009 0.04
Histidine 24 142 unadjusted 0.002 0.0007 0.002
Model 1 0.001 0.0007 <2.2e-16
Model2 -0.003 0.0009 0.001
Phenylalanine 24 173 unadjusted -0.002 0.0007 0.0003
Model 1 -0.001 0.0007 <2.2e-16
Model2 -0.003 0.0009 0.003
Tyrosine 24 144 unadjusted -0.006 0.0007 <2.2e-16
Model 1 -0.002 0.0007 <2.2e-16
Model2 -0.002 0.0009 0.008

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, total energy intake and body fat percentage.
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Table S12. The effect of body fat percentage on serum amino acids

Number of Models beta SE P-value
participants

Alanine 117 977 unadjusted 0.0007 0.0003 0.06
Model 1 0.01 0.12 <0.001

14 191 Model2 0.01 0.10 <0.01
Isoleucine 117 978 unadjusted -0.003 -0.03 <0.001
Model 1 0.03 0.03 <0.001

14 191 Model 2 0.03 0.03 <0.01
Leucine 117977 unadjusted -0.008 -0.08 <0.001
Model 1 0.03 0.23 <0.001

14 191 Model 2 0.03 0.23 <0.01
117 950 unadjusted 0.001 0.0003 <0.001
Model 1 0.03 0.0004 <0.001

14 189 Model 2 0.03 0.0003 <0.01
Glycine 117 874 unadjusted 0.008 0.07 <0.001
Model 1 -0.03 -0.25 <0.001

14 183 Model 2 -0.03 -0.23 <0.01

Glutamine 117 625 unadjusted -0.02 -0.16 <0.001
Model 1 -0.03 -0.22 <0.001

14010 Model 2 -0.03 -0.20 <0.01

Histidine 117 763 unadjusted -0.01 -0.10 <0.001
Model 1 -0.004 -0.04 <0.001

14 010 Model 2 -0.004 -0.05 <0.01
Phenylalanine 117 904 unadjusted 0.004 0.04 <0.001
Model 1 0.02 0.14 <0.001

14 132 Model 2 0.02 0.14 <0.01

Tyrosine 117 781 unadjusted 0.01 0.12 <0.001
Model 1 0.03 0.23 <0.001

14 132 Model 2 0.03 0.21 <0.01

Model 1: adjusted for age and sex were included as covariates. Model 2: adjusted for age, sex, total energy intake and physical activity.
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Table S13. MR estimates for associations of percentage of energy from protein intake with serum amino acids

Outcome Method N OR SE 95% 95% P-value FDR- Heterogeneity
SNPs Upper Lower corrected P-value
P-value
Serum alanine
IVW 3 0.92 0.06 0.82 1.03 0.16 0.39 0.01
Weighted
median 0.90 0.04 0.83 0.97 0.03
MR Egger 1.03 0.58 -0.11 2.18 0.97
Weighted
mode 0.87 0.08 0.71 1.03 0.23
Simple
mode 0.87 0.06 0.76 0.98 0.13
MR- NA NA NA NA NA
PRESSO
Serum 3 0.21
glutamine IVW 0.95 0.03 0.88 1.01 0.11 0.37
Weighted
median 0.96 0.03 0.9 1.02 0.21
MR Egger 1.32 0.2 0.93 1.72 0.39
Weighted
mode 0.97 0.04 0.89 1.05 0.51
Simple
mode 0.96 0.05 0.87 1.05 0.47
MR- NA NA NA NA NA
PRESSO
Serum glycine VW 3 0.97 0.03 0.91 1.02 0.23 0.46 0.25
Weighted
median 0.95 0.03 0.88 1.01 0.09
MR Egger 1.12 0.28 0.58 1.66 0.75
Weighted
mode 0.93 0.05 0.83 1.03 0.3

203



Simple

mode 0.93 0.04 0.85 1.02 0.27

MR- NA NA NA NA NA

PRESSO
Serum 0.66
histidine IVW 1.01 0.03 0.96 1.07 0.61 0.79

1 0.03 0.94 1.06 0.97

Weighted

median 1.11 0.2 0.71 1.5 0.7

MR Egger 0.99 0.04 0.92 1.07 0.88

Weighted

mode 0.99 0.04 0.92 1.07 0.9

Simple

mode 1.01 0.03 0.96 1.07 0.61

MR- NA NA NA NA NA

PRESSO
Serum 0.70
isoleucine IVW 1.16 0.03 1.11 1.21 1.61E-08 3.62E-07

Weighted

median 1.16 0.04 1.09 1.23 2.31E-05

Weighted

mode 1.33 0.2 0.95 1.72 0.38

Simple

mode 1.17 0.04 1.09 1.25 0.07

MR Egger 1.17 0.04 1.08 1.25 0.07

MR- NA NA NA NA NA

PRESSO
Serum leucine IVW 1.15 0.03 1.09 1.21 1.24E-05 <0.001 0.32

Weighted

median 1.14 0.04 1.06 1.21 <0.001

MR Egger 1.52 0.19 1.15 1.9 0.27

Weighted

mode 1.13 0.05 1.03 1.22 0.13
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Simple

mode 1.12 0.05 1.02 1.21 0.15
MR- NA NA NA NA NA
PRESSO

Serum

phenylalanine VW 1.08 0.04 1.01 1.16 0.03 0.20 0.12
Weighted
median 1.05 0.04 0.98 1.13 0.14
MR Egger 1.11 0.41 0.31 1.91 0.84
Simple
mode 1.05 0.05 0.94 1.15 0.48
Weighted
mode 1.04 0.05 0.95 1.13 0.49
MR- NA NA NA NA NA
PRESSO

Serum tyrosine IVW 1.08 0.06 0.96 1.21 0.19 0.42 0.45
Weighted
median 1.04 0.04 0.96 1.12 0.34
MR Egger 1.11 0.65 -0.18 2.39 0.9
Simple
mode 1.03 0.06 0.92 1.13 0.69
Weighted
mode 1.01 0.04 0.93 1.10 0.78
MR- NA NA NA NA NA
PRESSO

Serum valine  IVW 1.20 0.03 1.15 1.25 1.41E-12  6.36E-11 0.63
Weighted
median 1.21 0.04 1.14 1.28 3.32E-07
MR Egger 1.45 0.19 1.07 1.83 0.31
Weighted
mode 1.22 0.04 1.13 1.3 0.05
Simple
mode 1.22 0.05 1.12 1.31 0.05
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MR-
PRESSO

NA

NA

NA

NA

NA
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Table S14. MR estimates for associations of percentage of energy from carbohydrate intake with serum amino acids

Outcome Method N OR SE 95% 95% P-value FDR- Heterogeneity
SNPs Upper Lower corrected P-value
P-value
Serum alanine
IVW 3 1.04 0.02 1.00 1.08 0.03 0.19 0.06
Weighted
median 1.05 0.02 1.02 1.08 0.001
MR Egger 1.20 0.06 1.08 1.33 0.21
Weighted
mode 1.06 0.02 1.02 1.09 0.09
Simple
mode 1.06 0.02 1.02 1.09 0.11
MR- NA NA NA NA NA
PRESSO
Serum
glutamine
IVW 3 1.02 0.01 1.00 1.05 0.10 0.30 0.23
Weighted
median 1.03 0.01 1.00 1.05 0.08
MR Egger 0.96 0.09 0.79 1.13 0.71
Weighted
mode 1 0.02 0.97 1.04 0.83
Simple
mode 1.04 0.02 0.99 1.09 0.24
MR- NA NA NA NA NA
PRESSO
Serum glycine
IVW 3 1.01 0.01 0.98 1.04 0.36 0.59 0.19
Weighted
median 1.01 0.01 0.98 1.04 0.41
MR Egger 0.91 0.06 0.79 1.03 0.37
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Weighted

mode 1 0.01 0.98 1.03 0.79
Simple
mode 1.03 0.02 0.98 1.07 0.36
MR- NA NA NA NA NA
PRESSO

Serum

histidine
IVvw 0.99 0.01 0.97 1.02 0.55 0.73 0.69
Weighted
median 0.99 0.01 0.97 1.02 0.69
MR Egger 1.00 0.02 0.97 1.04 0.90
Weighted
mode 0.95 0.06 0.82 1.07 0.55
Simple
mode 1.00 0.02 0.97 1.04 0.87
MR- NA NA NA NA NA
PRESSO

Serum

isoleucine
IVW 0.94 0.02 0.91 0.97 <0.001 <0.01 0.13
Weighted
median 0.95 0.02 0.91 0.98 <0.001
MR Egger 1.02 0.09 0.84 1.2 0.87
Weighted
mode 0.95 0.02 0.91 0.98 0.10
Simple
mode 0.95 0.02 0.91 0.99 0.12
MR- NA NA NA NA NA
PRESSO

Serum leucine
IVW 0.94 0.02 0.91 0.98 <0.001 <0.01 0.11
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Weighted

median 0.94 0.02 0.91 0.97 <0.001
MR Egger 0.94 0.13 0.68 1.19 0.70
Weighted
mode 0.92 0.03 0.87 0.98 0.12
Simple
mode 0.92 0.03 0.87 0.98 0.09
MR- NA NA NA NA NA
PRESSO

Serum

phenylalanine
IVW 0.97 0.02 0.93 1.01 0.16 0.38 0.03
Weighted
median 0.98 0.01 0.95 1.01 0.23
MR Egger 1.14 0.06 1.01 1.26 0.30
Weighted
mode 0.98 0.01 0.96 1.01 0.37
Simple
mode 0.98 0.02 0.95 1.01 0.40
MR- NA NA NA NA NA
PRESSO

Serum tyrosine
IVW 0.97 0.03 0.91 1.04 0.38 0.59 <0.001
Weighted
median 0.99 0.01 0.96 1.02 0.55
MR Egger 1.23 0.06 1.1 1.36 0.19
Weighted
mode 0.99 0.01 0.97 1.02 0.72
Simple
mode 0.99 0.02 0.96 1.03 0.67
MR- NA NA NA NA NA
PRESSO

Serum valine
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IVW
Weighted
median
MR Egger
Weighted
mode
Simple
mode
MR-
PRESSO

0.92

0.93
0.99

0.93

0.92
NA

0.02

0.02
0.12

0.02

0.02
NA

0.89

0.90
0.75

0.89

0.87
NA

0.96

0.96
1.22

0.98

0.97
NA

8.43E-06 <0.001

4.39E-05
0.92

0.09

0.08
NA

0.09
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Table S15. MR estimates for associations of percentage of energy from fat intake with serum amino acids

Outcome Method N OR SE 95% 95% P-value FDR- Heterogeneity
SNPs Upper Lower corrected P-value
P-value
Serum alanine
IVW 3 0.94 0.03 0.88 1.00 0.03 0.18 0.07
Weighted
median 0.94 0.03 0.88 0.99 0.01
MR Egger 0.9 0.11 0.67 1.12 0.51
Weighted
mode 0.92 0.03 0.87 0.98 0.1
Simple
mode 0.91 0.03 0.85 0.98 0.12
MR- NA NA NA NA NA
PRESSO
Serum
glutamine
IVW 3 0.97 0.03 0.92 1.02 0.28 0.66 0.11
Weighted
median 0.98 0.02 0.94 1.02 0.37
MR Egger 1.08 0.05 0.97 1.18 0.41
Weighted
mode 0.99 0.02 0.95 1.03 0.71
Simple
mode 0.95 0.04 0.87 1.03 0.35
MR- NA NA NA NA NA
PRESSO
Serum glycine
IVW 3 0.98 0.02 0.94 1.03 0.51 0.69 0.14
Weighted
median 0.99 0.02 0.95 1.03 0.55
MR Egger 1.08 0.05 0.98 1.18 0.38
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Weighted

mode 1.01 0.02 0.97 1.05 0.77
Simple
mode 0.94 0.04 0.85 1.03 0.31
MR- NA NA NA NA NA
PRESSO

Serum

histidine
IVW 1.01 0.02 0.98 1.05 0.47 0.69 0.75
Weighted
median 1.01 0.02 0.97 1.05 0.55
MR Egger 1.05 0.05 0.94 1.16 0.52
Weighted
mode 1.02 0.02 0.98 1.07 0.41
Simple
mode 0.99 0.03 0.94 1.05 0.86
MR- NA NA NA NA NA
PRESSO

Serum

isoleucine
IVW 1.10 0.02 1.06 1.15 2.50E-05 <0.001 0.19
Weighted
median 1.09 0.03 1.02 0.01
MR Egger 1.04 0.07 0.89 0.71
Weighted
mode 1.08 0.02 1.04 1.13 0.08
Simple
mode 1.09 0.04 1.02 1.16 0.14
MR- NA NA NA NA NA
PRESSO

Serum leucine
IVW 1.10 0.02 1.07 1.13 2.98E-08 6.71E-07 0.57
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Weighted

median 0.03 1.05 1.15 <0.001
MR Egger 0.05 1.02 1.22 0.28
Weighted
mode 1.11 0.03 1.05 1.16 0.07
Simple
mode 1.11 0.03 1.05 1.18 0.08
MR- NA NA NA NA NA
PRESSO

Serum

phenylalanine
IVW 1.05 0.03 0.98 1.11 0.20 0.53 0.02
Weighted
median 1.03 0.03 0.98 1.07 0.33
MR Egger 0.94 0.1 0.75 1.13 0.64
Weighted
mode 1.02 0.02 0.98 1.06 0.47
Simple
mode 1.03 0.04 0.96 1.1 0.49
MR- NA NA NA NA NA
PRESSO

Serum tyrosine
IVW 1.04 0.05 0.94 1.14 0.44 0.69 <0.001
Weighted
median 1.01 0.02 0.97 1.05 0.68
MR Egger 0.89 0.14 0.62 1.17 0.57
Weighted
mode 1.00 0.02 0.96 1.05 0.88
Simple
mode 1.02 0.04 0.94 1.1 0.66
MR- NA NA NA NA NA
PRESSO

Serum valine
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IVW
Weighted
median
MR Egger
Weighted
mode
Simple
mode
MR-
PRESSO

1.13

1.11
1.07

1.11

1.11
NA

0.02

0.04
0.07

0.03

0.04
NA

1.09

1.04
0.93

1.06

1.04
NA

1.17

1.19
1.21

1.17

1.19
NA

5.57E-09 2.51E-07

<0.01
0.50

0.06

0.10
NA

0.24
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Table S16. MR estimates for associations of PA measured by wrist-worn accelerometer with serum amino acids

Outcome Method N OR SE 95% 95% P-value FDR- Heterogeneity

SNPs Upper Lower corrected P-value
P-value

Accelerometery — Overall acceleration average

Serum alanine IVW 2 1.00 0.01 0.97 1.02 0.99 0.99 0.40

Serum IVW 2 0.09

glutamine 1.00 0.02 0.96 1.04 0.95 0.99

Serum glycine IVW 2 1.02 0.05 0.92 1.13 0.63 0.84 4.20e-05

Serum IVW 2 0.02

histidine 1.01 0.03 0.95 1.07 0.65 0.84

Serum IVW 2 0.13

isoleucine 1.02 0.02 0.98 1.05 0.31 0.55

Serum leucine VW 2 1.02 0.01 1.00 1.05 0.06 0.28 0.67

Serum IVW 2

phenylalanine 1.02 0.01 0.99 1.04 0.13 0.29 0.51

Serum tyrosine VW 2 1.04 0.03 0.99 1.09 0.13 0.29 0.03

Serum valine IVW 2 1.05 0.01 1.02 1.07 <0.001 <0.01 0.26
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Table S17. MR estimates for associations of body fat percentage with serum amino acids

Outcome Method N OR SE 95% 95% P-value FDR- Heterogeneity
SNPs Upper Lower corrected  P-value
P-value
Serum alanine IVW 11 0.91 0.09 0.73 1.09 0.31 0.42 5.17e-08
Weighted
median 1.09 0.06 0.97 1.2 0.17
MR-Egger 1.85 0.29 1.28 242 0.06
Weighted
mode 1.11 0.06 1.00 1.22 0.10
Simple
mode 1.13 0.08 0.98 1.28 0.15
MR- -
PRESSO 1.00 0.07 0.86 1.14 1.00
Serum IVvw 11 3.72e-05
glutamine 0.92 0.08 0.77 1.07 0.30 0.42
Weighted
median 0.89 0.06 0.78 1.00 0.04
MR-Egger 0.87 0.32 0.24 1.5 0.68
Weighted
mode 0.89 0.06 0.77 1.01 0.08
Simple
mode 0.90 0.08 0.74 1.06 0.25
MR-
PRESSO 0.90 0.04 0.82 0.97 0.02
Serum glycine [VW 11 0.95 0.11 0.72 1.17 0.63 0.74 2.36e-15
Weighted
median 0.88 0.06 0.76 1.01 0.05
MR-Egger 0.62 0.45 -0.26 1.50 0.31
Weighted
mode 0.86 0.06 0.74 0.98 0.04
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Simple

mode 0.85 0.08 0.69 1.01 0.07
MR-
PRESSO 0.87 0.05 0.77 0.96 0.02
Serum histidine VW 11 0.96 0.06 0.85 1.07 0.49 0.61 0.03
Weighted
median 0.98 0.06 0.87 1.09 0.72
MR-Egger 1.23 0.22 0.8 1.66 0.37
Weighted
mode 0.99 0.07 0.85 1.13 0.87
Simple
mode 0.96 0.1 0.77 1.15 0.69
MR-
PRESSO 0.99 0.05 0.89 1.09 0.83
Serum IVW 11 5.77e-17
isoleucine 1.01 0.12 0.76 1.25 0.96 0.96
Weighted
median 1.15 0.07 1.01 1.3 0.04
MR-Egger 2.75 0.38 2.02 3.49 0.02
Weighted
mode 1.23 0.06 1.11 1.35 0.01
Simple
mode 1.14 0.1 0.93 1.34 0.24
MR-
PRESSO 1.00 0.09 0.82 1.18 0.98
Serum leucine VW 11 0.98 0.13 0.73 1.24 0.91 0.93
Weighted
median 1.19 0.06 1.06 1.32 0.01
MR-Egger 2.60 0.42 1.76 3.43 0.05
Weighted
mode 1.24 0.06 1.12 1.37 0.01
Simple
mode 1.24 0.09 1.06 1.42 0.04
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MR-

PRESSO 0.96 0.09 0.79 1.14 0.70
Serum IVvw 11
phenylalanine 1.12 0.06 1 1.24 0.07 0.15 1.88e-20
Weighted
median 1.12 0.06 0.99 1.24 0.08
MR-Egger 1.59 0.23 1.15 2.03 0.07
Weighted
mode 1.17 0.09 0.99 1.35 0.12
Simple
mode 1.1 0.12 0.87 1.33 0.43
MR- NA NA NA NA NA
PRESSO
Serum tyrosine VW 11 1.19 0.09 1.01 1.37 0.05 0.14 <0.01
Weighted
median 1.16 0.08 1.01 1.32 0.05
MR-Egger 2.63 0.26 2.12 3.14 <0.01
Weighted
mode 1.34 0.11 1.12 1.56 0.03
Simple
mode 1.10 0.18 0.74 1.46 0.61
MR-
PRESSO 1.14 0.08 0.99 1.30 0.15
Serum valine IVW 11 1.02 0.15 0.72 1.31 0.91 0.93 6.55e-27
Weighted
median 1.25 0.07 1.11 1.38 <0.01
MR-Egger 2.96 0.50 1.99 3.94 0.06
Weighted
mode 1.31 0.06 1.19 1.43 <0.01
Simple
mode 1.28 0.08 1.11 1.44 0.02
MR-
PRESSO 1.15 0.07 1.01 1.29 0.11
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Table S18. Two-sample MR results for genetically predicted serum amino acids and risk of type 2 diabetes

Alan IVW 60 1.50 0.16 1.18 1.81 0.01 0.06

MR Egger 0.45 0.41 -0.36 1.27 0.06
Weighted median 0.99 0.07 0.85 1.12 0.83
Weighted mode 1.02 0.07 0.88 1.16 0.78
Simple mode 1.02 0.11 0.8 1.24 0.86
MR-PRESSO 1.13 0.06 1.00 1.27 0.07
Glutamine VW 65 1.14 0.14 0.87 1.41 0.34 0.73
MR Egger 1.57 0.31 0.97 2.17 0.14
Weighted median 1.04 0.07 0.91 1.16 0.60
Simple mode 1.03 0.12 0.78 1.27 0.84
Weighted mode 1.00 0.08 0.85 1.16 0.99
MR-PRESSO 1.05 0.05 0.95 1.15 0.35
Glycine IVW 52 0.95 0.08 0.80 1.11 0.53 0.94
MR Egger 1.15 0.12 0.92 1.37 0.23
Weighted median 1.00 0.05 0.90 1.09 0.99
Simple mode 0.95 0.09 0.77 1.13 0.58
Weighted mode 1.00 0.03 0.94 1.07 0.89
MR-PRESSO 0.99 0.08 0.92 1.08 0.26
Histidine IVW 29 1.22 0.12 0.99 1.46 0.09 0.33
Weighted median 0.96 0.09 0.80 1.13 0.66
MR Egger 0.97 0.26 0.46 1.49 0.91
Simple mode 0.95 0.15 0.66 1.25 0.76
Weighted mode 0.99 0.09 0.81 1.17 0.90
MR-PRESSO 1.08 0.08 0.92 1.24 0.33
Isoleucine IVW 28 1.23 0.20 0.83 1.63 0.32 0.71
MR Egger 0.61 0.48 -0.32 1.54 0.31
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Leucine

Phenylalanine

Tyrosine

Valine

Weighted median
Simple mode
Weighted mode
MR-PRESSO

IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
VW

MR Egger
Weighted median
Weighted mode
Simple mode
MR-PRESSO
IVW

Weighted median
MR Egger
Weighted mode
Simple mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

36

30

59

50

1.20
1.00
1.32
1.24

1.19
0.99
1.35
1.19
1.33
1.29
1.13
0.84
1.03
1.06
1.12
1.05
0.99
0.83
0.78
0.85
0.97
0.91
1.52
0.84
1.30
1.02
1.23
1.28
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0.10
0.16
0.10
0.07

0.13
0.29
0.08
0.16
0.08
0.07
0.12
0.21
0.06
0.06
0.13
0.06
0.09
0.05
0.15
0.05
0.12
0.06
0.16
0.3

0.07
0.11
0.06
0.06

1.00
0.69
1.13
1.07

0.93
0.43
1.19
0.88
1.17
1.30
0.9

0.43
0.91
0.94
0.86
0.93
0.82
0.72
0.49
0.74
0.73
0.79
1.21
0.25
1.16
0.8

1.11
1.13

1.40
1.31
1.5

1.43

1.46
1.55
1.52
1.5

1.5

1.47
1.36
1.25
1.16
1.18
1.38
1.17
1.15
0.93
1.07
0.96
1.22
1.02
1.82
1.43
1.44
1.25
1.35
1.43

0.08
0.98
<0.01
<0.01

0.18
0.97
<0.001
0.27
0.001
<0.001
0.30
0.42
0.60
0.37
0.39
0.42
0.87
<0.001
0.10
<0.01
0.82
0.14
<0.01
0.57
<0.001
0.83
0.001
<0.001

0.58

0.71

0.99

0.04



Table S19. Two-sample MR results for genetically predicted serum amino acids and lipid levels

Alan IVW 35 1.59 0.14 1.32 1.87 <0.001 <0.01
MR Egger 3.73 0.33 3.07 4.38 <0.001
Weighted median 1.08 0.05 0.98 1.17 0.12
Simple mode 1.03 0.08 0.87 1.19 0.70
Weighted mode 1.07 0.07 0.94 1.21 0.30
MR-PRESSO 1.20 0.05 1.08 1.35 <0.001
IVW 1.27 0.07 1.12 1.41 0.001 <0.01
MR Egger 2.06 0.17 1.72 2.39 0.0001
Weighted median 1.13 0.05 1.04 1.23 <0.01
Simple mode 1.14 0.08 0.98 1.30 0.13
Weighted mode 1.11 0.06 1.00 1.23 0.08
MR-PRESSO 1.09 0.04 1.01 1.19 0.04
IVW 1.13 0.05 1.03 1.23 0.01 0.03
Weighted median 1.15 0.05 1.04 1.25 0.01
MR Egger 1.39 0.13 1.14 1.63 0.01
Simple mode 1.08 0.11 0.86 1.29 0.50
Weighted mode 1.19 0.08 1.04 1.33 0.03
MR-PRESSO 1.06 0.04 0.97 1.15 0.19
IVW 0.95 0.06 0.84 1.07 0.41 0.48
MR Egger 1.00 0.15 0.70 1.30 0.99
Weighted median 0.95 0.05 0.86 1.04 0.23
Simple mode 0.93 0.08 0.78 1.08 0.33
Weighted mode 0.92 0.06 0.8 1.03 0.14
MR-PRESSO 0.97 0.03 0.90 1.04 0.36
IVW 0.66 0.11 0.45 0.86 <0.001  0.001

Glutamine MR Egger 42 0.50 0.20 0.10 0.89 0.001
Weighted median 1.11 0.04 1.03 1.19 0.01
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Glycine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode

43

42

43

33

1.14
1.13
0.79
0.88
0.73
0.99
1.09
1.05
0.99
0.96
0.90
0.97
1.17
0.96
1.01
1.14
1.08
1.06
1.03
1.06
1.07
1.01
1.05
1.00
1.01
0.99
1.02
0.91
0.85
1.00
1.03
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0.05
0.04
0.07
0.06
0.12
0.05
0.07
0.04
0.04
0.05
0.10
0.05
0.09
0.06
0.04
0.05
0.10
0.04
0.06
0.03
0.03
0.05
0.07
0.03
0.08
0.03
0.03
0.05
0.08
0.03
0.08

1.03
1.06
0.66
0.76
0.49
0.9

0.95
0.96
0.91
0.86
0.70
0.87
0.99
0.83
0.94
1.03
0.87
0.99
0.91
0.99
1.01
0.91
0.92
0.94
0.85
0.95
0.96
0.81
0.70
0.94
0.87

1.24
1.20
0.92
1.01
0.97
1.09
1.23
1.14
1.07
1.06
1.09
1.07
1.36
1.08
1.09
1.24
1.28
1.14
1.16
1.12
1.14
1.10
1.19
1.06
1.17
1.04
1.07
1.01
1.00
1.05
1.18

0.02
0.001
0.001
0.05
0.01
0.90
0.25
0.27
0.89
0.43
0.29
0.60
0.09
0.48
0.76
0.01
0.47
0.11
0.63
0.10
0.03
0.89
0.46
0.96
0.87
0.83
0.54
0.07
0.04
0.90
0.74

0.13

0.57

0.05

0.10

0.25



Histidine

Weighted mode
MR-PRESSO
IVWw

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
VW

MR Egger
Weighted median
Simple mode
Weighted mode

15

1.00
0.98
0.93
0.88
1.00
1.03
1.00
0.99
0.91
0.82
0.96
0.95
0.96
0.96
0.66
0.67
1.01
1.21
1.01
0.91
0.92
0.78
1.07
1.11
1.07
0.92
0.96
0.67
0.9

0.98
0.9
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0.02
0.04
0.05
0.07
0.03
0.07
0.02
0.04
0.07
0.1

0.03
0.06
0.02
0.03
0.33
0.8

0.05
0.11
0.05
0.09
0.19
0.45
0.05
0.12
0.05
0.09
0.14
0.32
0.06
0.11
0.06

0.95
0.9
0.84
0.75
0.94
0.9
0.95
0.92
0.77
0.62
0.91
0.83
0.92
0.91
0.02
-0.89
0.91
0.99
0.91
0.73
0.55
-0.1
0.96
0.88
0.98
0.74
0.68
0.04
0.78
0.75
0.78

1.04
1.05
1.01
1.01
1.06
1.16
1.05
1.06
1.04
1.01
1.01
1.07
1.00
1.01
1.3

2.23
1.11
1.43
1.11
1.08
1.28
1.66
1.17
1.33
1.17
1.09
1.23
1.3

1.01
1.2

1.03

0.89
0.57
0.09
0.05
0.10
0.68
0.88
0.79
0.16
0.05
0.07
0.37
0.07
0.15
0.20
0.62
0.87
0.10
0.81
0.31
0.64
0.60
0.23
0.40
0.17
0.36
0.74
0.23
0.07
0.84
0.13

0.26

0.40

0.42

0.80

0.87



Isoleucine

MR-PRESSO
IVW
MR Egger

Weighted median
Simple mode

Weighted mode
MR-PRESSO
VW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
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0.9
1.27
1.75

1.39
1.14

1.43
1.25
2.47
4.02
1.26
1.14
1.10
1.83
1.62

2.57
1.27
1.4

1.26
1.37
1.32
1.63
1.18
1.08
1.19
1.24
0.82
1.08
0.83
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0.04
0.07
0.14

0.05
0.14

0.05
0.05
0.26
0.67
0.08
0.13
0.09
0.10
0.11

0.28
0.08
0.14
0.09
0.08
0.09
0.23
0.08
0.13
0.09
0.06
0.08
0.21
0.06

0.83
1.14
1.48

1.29
0.87

1.33
1.15
1.97
2.7

1.09
0.89
0.92
1.51
1.4

2.03
1.12
1.13
1.1

1.18
1.15
1.19
1.03
0.83
1.01
1.10
0.65
0.68
0.71

0.97
1.41
2.01

1.5
1.41

1.54
1.35
2.97
5.33
1.42
1.4

1.27
2.22
1.84

3.12
1.42
1.67
1.43
1.59
1.49
2.08
1.33
1.34
1.37
1.39
0.98
1.49
0.95

0.02
<0.001
0.001
1.13E-
09
0.35
8.68E-
06
0.001
<0.001
0.05
<0.01
0.32
0.32
<0.001
2.04E-
05
<0.01
0.001
0.02
0.01
<0.001
0.001
0.05
0.03
0.55
0.07
<0.01
0.01
0.70
<0.01

<0.01

<0.01

<0.001

<0.01

0.03



Leucine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median

Simple mode
Weighted mode
MR-PRESSO

IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median

Simple mode
Weighted mode
MR-PRESSO

Phenylalanine IVW
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15

0.82
0.81
0.83
8.73
1.36

2.71
1.09
1.16
1.95

3.82
1.21
1.41
1.11
1.13
1.34
2.09
1.31
1.18
1.10
1.49
1.30
0.79
0.81

0.70
1.08
0.82
0.85
0.98
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0.11
0.07
0.05
0.51
0.08

0.2

0.13
0.13
0.10

0.33
0.08
0.14
0.14
0.17
0.07
0.26
0.08
0.1

0.17
0.09
0.07
0.25
0.06

0.09
0.11
0.07
0.07
0.07

0.61
0.68
0.75
7.73
1.19

2.32
0.84
0.9

1.58

3.18
1.04
1.15
0.83
0.8

1.17
1.57
1.16
0.98
0.76
1.31
0.97
0.3

0.68

0.53
0.86
0.68
0.74
0.84

1.02
0.95
0.92
9.74
1.52

3.09
1.35
1.42

2.40
4.46
1.37
1.68
1.38
1.46
1.53
2.61
1.47
1.38
1.44
1.66
1.31
1.29
0.93

0.87
1.30
0.97
0.96
1.11

0.07
<0.01
<0.01
<0.001
<0.001
4.02E-
07
0.50
0.26
1.32E-
05
<0.001
0.02
0.01
0.48
0.48
<0.001
0.01
<0.001
0.10
0.59
<0.001
0.12
0.38
<0.001
3.17E-
05
0.50
0.01
0.02
0.73

0.001

0.002

0.02

0.50

0.84



Tyrosine

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger

45

0.94
0.97
1.03
0.97
0.98
0.92
0.95
0.91
0.93
0.91
0.94
0.92
0.95
0.91
0.97
0.91
0.93
0.99
0.93
0.97
1.26
0.94
1.17
1.12
0.90
0.97
0.96
0.92
1.07
1.05
0.97

226

0.12
0.04
0.12
0.04
0.0487
0.06
0.1
0.04
0.1
0.04
0.0409
0.06
0.1
0.04
0.1
0.05
0.04
0.07
0.11
0.04
0.17
0.04
0.06
0.09
0.23
0.05
0.14
0.13
0.04
0.11
0.28

0.71
0.89
0.8

0.89
0.88
0.81
0.76
0.82
0.74
0.82
0.86
0.8

0.76
0.82
0.77
0.82
0.85
0.86
0.71
0.89
0.93
0.86
1.05
0.95
0.45
0.86
0.69
0.68
0.99
0.84
0.42

1.17
1.05
1.26
1.05
1.07
1.03
1.13
0.99
1.12

1.02
1.03
1.13
0.99
1.18
1.00
1.02
1.13
1.16
1.06
1.59
1.02
1.29
1.3

1.36
1.07
1.23
1.17
1.15
1.26
1.52

0.59
0.47
0.78
0.51
0.04
0.14
0.58
0.02
0.45
0.05
0.14
0.13
0.57
0.02
0.80
0.05
0.13
0.88
0.55
0.54
0.19
0.16
0.02
0.18
0.66
0.55
0.75
0.52
0.09
0.64
0.92

0.45

0.45

0.88

0.85

0.91



Valine

Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
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1.04
1.18
1.1

1.08
1.02
0.9

1.06
1.06
1.09
1.02
0.99
1.26
0.99
0.92
0.98
1.05
2.12

3.76
1.13
1.09
1.00
1.70

1.45
2.33
1.18
1.25
1.17
1.25
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0.06
0.1

0.07
0.03
0.11
0.29
0.05
0.09
0.07
0.04
0.08
0.21
0.05
0.08
0.05
0.03
0.17

0.39
0.08
0.2

0.07
0.08

0.12
0.29
0.07
0.11
0.08
0.05

0.93

0.97
1.02
0.81
0.34
0.95
0.88
0.96
0.93
0.83
0.85
0.9

0.77
0.88
0.99
1.8

2.98
0.97
0.71
0.86
1.45

1.22
1.77
1.05
1.04
1.02
1.14

1.15
1.37
1.24
1.15
1.24
1.47
1.16
1.24
1.22
1.1

1.15
1.68
1.08
1.07
1.07
1.1
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4.53
1.28
1.48
1.15
1.98

1.69
2.89
1.31
1.46
1.32
1.37

0.50
0.08
0.15
0.02
0.83
0.72
0.29
0.55
0.21
0.71
0.91
0.27
0.78
0.30
0.64
0.13
6.08E-
06
<0.01
0.13
0.65
0.96
9.42E-
07
<0.01
<0.01
0.02
0.04
0.04
9.54E-
05

0.92

0.92

<0.001

0.01



----——
----——
----——
MR-PRESSO <0.001
----——
----——

MR-PRESSO 0.9 <0.01

MR Egger

Simple mode

MR Egger

Simple mode
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Table S20. Two-sample MR results for genetically predicted serum amino acids and risk of high SBP

Alan IVW 87 2.50 0.30 1.38 4.55 <0.01 0.03
MR Egger 2.48 0.78 0.54 11.52  0.25
Weighted median 2.22 0.34 1.15 4.29 0.02
Simple mode 1.87 0.72 0.45 7.68 0.39
Weighted mode 1.96 0.56 0.66 5.87 0.23
MR-PRESSO 2.50 0.27 1.97 3.02 0.001
IVW 1.33 0.31 0.72 1.94 0.36 0.73
MR Egger 1.59 0.67 0.28 2.9 0.49
Weighted median 1.23 0.37 0.51 1.96 0.57

Glutamine Simple mode 4.54 1.00 2.58 6.51 0.13
Weighted mode 111 0.48 0.64 -0.78 1.74 0.26
MR-PRESSO 1.39 0.28 0.84 1.94 0.24
IVW 0.79 0.29 0.23 1.35 0.42 0.73
MR Egger 1.3 0.45 0.42 2.17 0.56

Glycine Weighted median 1.06 0.24 0.58 1.53 0.82
Simple mode 89 0.75 0.52 -0.26 1.76 0.58
Weighted mode 0.99 0.21 0.59 1.39 0.96
MR-PRESSO 0.82 0.20 0.43 1.21 0.33
IVW 1.11 0.61 -0.09 2.30 0.87 0.90
MR Egger 8.87 1.30 6.33 1142  0.10
Weighted median 1.95 0.48 1.01 2.88 0.16

Histidine Simple mode 46 2.01 0.92 0.22 3.81 0.45
Weighted mode 3.05 0.56 1.96 4.14 0.05
MR-PRESSO 1.40 0.44 0.54 2.26 0.45

Isoleucine VW 48 3.98 0.42 1.76 8.99 <0.001 0.02
MR Egger 4.20 0.97 0.63 28.03  0.15
Weighted median 2.15 0.49 0.82 5.64 0.12

229



Leucine

Phenylalanine

Tyrosine

Valine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

56

36

85

75

0.77
2.33
3.35
4.54
1.56
1.57
1.30
1.72
3.22
1.26
1.35
1.79
0.17
1.71
1.43
1.78
1.46
1.13
1.66
1.44
1.86
3.41
1.47
1.55
0.74
1.60
2.33
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1.11
0.56
0.40
0.59
1.26
0.44
0.92
0.46
0.37
0.39
0.73
0.38
1.11
0.38
0.30
0.32
0.53
0.3

0.64
0.28
0.25
0.46
0.87
0.35
0.9

0.35
0.32

0.09
0.77
2.57
1.42
0.13
0.67
0.21
0.69
2.49
0.49
-0.07
1.05
-2.02
0.97
1.13
1.16
0.41
0.55
0.4
0.9
1.36
1.38
0.26
0.78
0.13
0.80
1.70

6.75
7.02
4.13
14.58
18.49
3.72
7.94
4.25
3.94
2.04
2.78
2.54
2.35
2.46
2.32
241
2.50
1.71
2.93
1.98
2.34
8.41
8.13
3.07
4.38
3.20
2.96

0.82
0.14
<0.01
0.01
0.73
0.30
0.78
0.25
<0.01
0.55
0.68
0.12
0.12
0.17
0.25
0.07
0.48
0.67
0.43
0.19
0.01
0.01
0.66
0.21
0.75
0.19
<0.01

0.05

0.73

0.52

0.05



Table S21. Two-sample MR results for genetically predicted serum amino acids and risk of high DBP

Alan IVW 87 1.92 0.22 1.49 2.35 <0.01  0.04
MR Egger 1.69 0.57 0.58 2.80 0.36
Weighted median 1.89 0.22 1.46 2.32 <0.01
Simple mode 2.47 0.56 1.37 3.56 0.11
Weighted mode 1.62 0.36 0.93 2.32 0.18
MR-PRESSO 1.83 0.17 1.50 2.16 <0.001
IVW 1.36 0.2 0.97 1.75 0.12 0.50
MR Egger 2.00 0.42 1.17 2.83 0.10
Weighted median 1.36 0.21 0.95 1.78 0.15

Glutamine Simple mode 112 0.92 0.64 -0.33 2.18 0.90
Weighted mode 0.97 0.36 0.26 1.68 0.93
MR-PRESSO 1.09 0.17 0.76 1.42 0.60
IVW 1.08 0.17 0.74 1.42 0.66 0.90
MR Egger 1.28 0.27 0.74 1.82 0.37

Glycine Weighted median 0.97 0.13 0.72 1.22 0.84
Simple mode 89 1.12 0.28 0.58 1.66 0.69
Weighted mode 1.07 0.1 0.87 1.27 0.52
MR-PRESSO 0.97 0.12 0.73 1.21 0.83
VW 1.09 0.38 0.35 1.84 0.82 0.93
MR Egger 3.79 0.8 2.23 5.35 0.10
Weighted median 49 1.63 0.27 1.10 2.16 0.07

Histidine Simple mode 1.72 0.5 0.74 2.69 0.28
Weighted mode 1.93 0.41 1.13 2.72 0.11
MR-PRESSO 0.96 0.21 0.55 1.37 0.86

Isoleucine VW 49 1.98 0.26 1.48 2.49 <0.01  0.05
MR Egger 1.36 0.6 0.18 2.53 0.61
Weighted median 1.06 0.29 0.50 1.62 0.84
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Leucine

Phenylalanine

Tyrosine

Valine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

56

36

86

75

1.3

1.1

1.77
2.29
0.7

0.98
0.88
0.98
1.97
1.03
1.2

1.28
1.45
1.36
1.09
1.42
1.1

0.9

0.7

0.82
1.57
1.84
0.89
0.98
1.21
1.04
1.41
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0.65
0.36
0.21
0.41
0.85
0.25
0.54
0.28
0.24
0.22
0.4

0.24
0.58
0.22
0.18
0.22
0.37
0.20
0.44
0.19
0.17
0.31
0.59
0.21
0.41
0.18
0.17

0.02
0.40
1.35
1.49
-0.95
0.48
-0.18
0.43
1.47
0.6
0.42
0.81
0.30
0.93
0.73
0.98
0.37
0.51
-0.16
0.45
1.23
1.23
-0.27
0.58
0.41
0.68
1.09

2.58
1.80
2.18
3.08
2.36
1.48
1.93
1.53
241
1.45
1.98
1.74
2.59
1.78
1.46
1.86
1.83
1.29
1.55
1.18
1.90
2.46
2.04
1.39
2.00
1.40
1.75

0.69
0.79
0.01
0.04
0.68
0.94
0.81
0.95
<0.01
0.91
0.65
0.30
0.53
0.17
0.62
0.12
0.81
0.60
0.41
0.29
0.01
0.05
0.84
0.93
0.65
0.84
0.04

0.20

0.93

0.50

0.20



Table S22. Two-sample MR results for genetically predicted serum amino acids and risk of coronary artery disease

Alan IVW 98 1.11 0.05 1.01 1.20 0.03 0.25

MR Egger 1.06 0.06 0.94 1.18 0.36
Weighted median 0.84 0.12 0.61 1.06 0.13
Simple mode 1.05 0.14 0.78 1.32 0.73
Weighted mode 0.98 0.10 0.78 1.18 0.83
MR-PRESSO NA NA NA NA NA
IVW 0.95 0.07 0.81 1.08 0.41 0.82
MR Egger 0.98 0.13 0.73 1.22 0.84
Weighted median 1.04 0.07 0.9 1.19 0.55
Glutamine Simple mode 128 0.82 0.16 0.51 1.13 0.20
Weighted mode 0.97 0.07 0.84 1.11 0.70
MR-PRESSO 0.97 0.04 0.89 1.05 0.44
IVW 1.09 1.65 0.98 1.20 0.11 0.59
MR Egger NA NA NA NA NA
Glycine Weighted median NA NA NA NA NA
Simple mode 7 NA NA NA NA NA
Weighted mode NA NA NA NA NA
MR-PRESSO NA NA NA NA NA
IVW 0.97 0.1 0.78 1.15 0.72 0.82
MR Egger 0.97 0.06 0.84 1.09 0.58
Weighted median 1.25 0.16 0.93 1.57 0.18
Histidine Simple mode 54 0.95 0.07 0.81 1.09 0.45
Weighted mode 1.05 0.09 0.86 1.23 0.62
MR-PRESSO 1.08 0.07 0.93 1.23 0.31
Isoleucine IVW 54 0.94 0.07 0.8 1.08 0.41 0.58
MR Egger 0.69 0.16 0.37 1.00 0.02
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Leucine

Phenylalanine

Tyrosine

Valine

Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

61

42

96

&5

0.93
0.77
0.89
NA

0.97
0.83
0.94
0.9

0.92
0.92
1.38
1.16
1.18
1.21
0.55
NA

0.94
1.03
1.02
1.03
1.02
1.07
1.08
0.83
0.97
0.91
0.94
NA
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0.09
0.20
0.10
NA

0.09
0.18
0.08
0.15
0.08
0.06
0.20
0.09
0.16
0.11
1.65
NA

0.05
0.10
0.05
0.11
0.06
0.04
0.08
0.14
0.07
0.14
0.07
NA

0.75
0.38
0.69
NA
0.8
0.48
0.78
0.61
0.75
0.80
0.99
0.99
0.88
1.00
-2.68
NA
0.85
0.83
0.92
0.82
0.9
0.99
0.93
0.55
0.83
0.63
0.8
NA

1.12
1.15
1.09
NA

1.14
1.17
1.1

1.19
1.08
1.04
1.77
1.33
1.49
1.43
3.79
NA

1.04
1.23
1.13
1.24
1.14
1.16
1.23
1.11
1.11
1.19
1.07
NA

0.47
0.19
0.25
NA

0.71
0.29
0.45
0.49
0.31
0.16
0.11
0.09
0.28
0.08
0.72
NA

0.22
0.78
0.67
0.78
0.74
0.11
0.32
0.20
0.65
0.51
0.34
NA

0.71

0.59

0.65

0.58



Table S23. Two-sample MR results for genetically predicted serum amino acids and risk of breast cancer

Alan IVW 20 1.03 0.17 0.7 1.36 0.88 0.96
MR Egger 0.72 0.4 -0.06 1.51 0.42
Weighted median 0.95 0.22 0.52 1.38 0.81
Simple mode 1.25 0.37 0.53 1.96 0.55
Weighted mode 0.87 0.26 0.35 1.38 0.6
MR-PRESSO NA NA NA NA NA
IVW 0.97 0.16 0.66 1.27 0.82 0.96
MR Egger 1.06 0.31 0.45 1.67 0.85
Weighted median 21 0.94 0.21 0.52 1.36 0.78

Glutamine Simple mode 0.51 0.49 -0.45 1.46 0.18
Weighted mode 1.32 0.29 0.76 1.88 0.34
MR-PRESSO NA NA NA NA NA
IVW 0.98 0.09 0.8 1.15 0.81 0.96
MR Egger 0.94 0.14 0.67 1.21 0.66

0.10

Glycine Weighted median 22 1.06 0.87 1.26 0.55
Simple mode 1.43 0.25 0.94 1.92 0.16
Weighted mode 1.01 0.09 0.84 1.19 0.89
MR-PRESSO NA NA NA NA NA
IVW 1.16 0.4 0.37 1.95 0.71 0.96
MR Egger 2.62 0.82 1.02 4.23 0.29
Weighted median 1.19 0.24 0.71 1.67 0.47

Histidine Simple mode 7 2.06 0.41 1.25 2.86 0.13
Weighted mode 1.26 0.27 0.73 1.78 0.42
MR-PRESSO 1.40 0.24 0.93 1.87 0.22

Isoleucine IVW 0.74 0.23 0.29 1.19 0.18 0.96
MR Egger 0.92 0.65 -0.35 2.20 0.91
Weighted median 11 0.70 0.3 0.11 1.29 0.24
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Leucine

Phenylalanine

Tyrosine

Valine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

15

22

16

0.97
0.61
NA

1.14
0.91
1.35
1.32
1.54
NA

0.86
2.37
0.94
1.08
1.01
NA

0.87
1.34
1.23
1.46
1.43
NA

0.87
0.44
0.75
0.87
0.71
NA
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0.53
0.32
NA

0.22
0.59
0.28
0.51
0.33
NA

0.43
1.28
0.51
0.64
0.60
NA

0.20
0.68
0.28
0.51
0.45
NA

0.17
0.41
0.23
0.4

0.24
NA

-0.06
-0.01
NA
0.7
-0.24
0.8
0.31
0.9
NA
0.02
-0.14
-0.06
-0.18
-0.17
NA
0.47
0.01
0.67
0.47
0.55
NA
0.53
-0.36
0.29
0.08
0.24
NA

2.00
1.23
NA

1.58
2.06
1.89
2.32
2.18
NA

1.70
4.89
1.94
2.33
2.18
NA

1.26
2.67
1.79
2.45
231
NA

1.20
1.24
1.21
1.65
1.19
NA

0.96
0.15
NA

0.55
0.87
0.29
0.6

0.21
NA

0.73
0.55
0.91
0.91
0.99
NA

0.48
0.67
0.46
0.46
0.44
NA

0.40
0.06
0.22
0.72
0.19
NA

0.96

0.98

0.96

0.98



Table S24. Two-sample MR results for genetically predicted serum amino acids and risk of prostate cancer

Alan IVW 74 0.99 0.06 0.87 1.1 0.83 0.94
MR Egger 0.94 0.16 0.63 1.25 0.71
Weighted median 0.99 0.07 0.86 1.12 0.87
Simple mode 1.04 0.15 0.75 1.33 0.81
Weighted mode 0.96 0.13 0.7 1.23 0.77
MR-PRESSO 1.03 0.05 0.93 1.13 0.48
IVW 0.99 0.06 0.87 1.11 0.88 0.94
MR Egger 0.76 0.13 0.51 1.02 0.04
Weighted median 0.94 0.06 0.81 1.06 0.28

Glutamine Simple mode 97 1.13 0.15 0.84 1.42 0.41
Weighted mode 0.82 0.07 0.67 0.96 0.01
MR-PRESSO 0.98 0.05 0.88 1.08 0.63
IVW 1.01 0.03 0.94 1.07 0.85 0.94
MR Egger 1.06 0.05 0.96 1.16 0.28

Glycine Weighted median 79 1.03 0.04 0.95 1.1 0.52
Simple mode 0.95 0.09 0.78 1.12 0.57
Weighted mode 1.02 0.03 0.95 1.08 0.60
MR-PRESSO 1.01 0.03 0.97 1.05 0.72
VW 0.95 0.08 0.79 1.11 0.53 0.94
MR Egger 1.02 0.18 0.67 1.38 0.90
Weighted median 0.98 0.08 0.81 1.14 0.78

Histidine Simple mode 43 1.07 0.19 0.69 1.45 0.72
Weighted mode 0.93 0.1 0.74 1.13 0.50
MR-PRESSO 0.98 0.07 0.84 1.11 0.80

Isoleucine VW 41 1.06 0.07 0.92 1.2 0.41 0.94
MR Egger 1.04 0.16 0.72 1.36 0.81
Weighted median 1.05 0.1 0.85 1.25 0.61
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Leucine

Phenylalanine

Tyrosine

Valine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

44

22

74

60

0.91
1.04
NA

0.98
0.99
1.03
0.88
1.03
NA

1.04
1.14
1.09
0.95
1.06
NA

1.00
1.08
1.05
1.03
1.05
1.01
1.01
1.08
1.05
1.26
1.06
1.03
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0.18
0.11
NA

0.07
0.14
0.09
0.18
0.09
NA

0.09
0.22
0.12
0.21
0.14
NA

0.06
0.11
0.06
0.13
0.06
0.05
0.06
0.11
0.07
0.15
0.07
0.05

0.55
0.82
NA

0.84
0.72
0.85
0.54
0.86
NA

0.87
0.71
0.86
0.53
0.8

NA

0.88
0.87
0.93
0.78
0.94
0.91
0.9

0.88
0.91
0.96
0.93
0.93

1.26
1.26
NA

1.11
1.26
1.20
1.23
1.20
NA

1.2

1.56
1.32
1.37
1.33
NA

1.12
1.29
1.18
1.28
1.16
1.10
1.13
1.29
1.18
1.56
1.19
1.30

0.59
0.74
NA

0.73
0.93
0.77
0.49
0.73
NA

0.67
0.57
0.44
0.82
0.65
NA

0.98
0.48
0.39
0.83
0.39
0.75
0.84
0.45
0.51
0.14
0.40
0.57

0.94

0.94

0.98

0.94
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Table S25. Two-sample MR results for genetically predicted serum amino acids and risk of Alzheimer’s disease

Alan IVW 100 1.2 0.06 1.02 1.38 0.98 1.00
MR Egger 1.55 0.15 1.14 1.95 0.93
Weighted median 1.33 0.09 1.09 1.57 0.58
Simple mode 1.46 0.24 1.13 1.78 0.58
Weighted mode 1.34 0.24 1.07 1.61 0.63
MR-PRESSO NA NA NA NA NA
IVW 0.90 0.11 0.69 1.12 0.37 0.48
MR Egger 0.88 0.08 0.72 1.03 0.09
Weighted median 0.93 0.05 0.83 1.03 0.16

Glutamine Simple mode 130 0.89 0.16 0.58 1.21 0.48
Weighted mode 0.85 0.09 0.67 1.04 0.09
MR-PRESSO NA NA NA NA NA
IVW 1.17 0.50 0.20 2.15 0.75 0.90
MR Egger NA NA NA NA NA

Glycine Weighted median NA NA NA NA NA
Simple mode 2 NA NA NA NA NA
Weighted mode NA NA NA NA NA
MR-PRESSO NA NA NA NA NA
VW 1.05 0.09 0.88 1.22 0.60 0.92
MR Egger 1.17 0.18 0.81 1.54 0.39
Weighted median 1.04 0.13 0.79 1.29 0.75

Histidine Simple mode 57 1.09 0.25 0.6 1.59 0.72
Weighted mode 1.14 0.18 0.8 1.49 0.45
MR-PRESSO NA NA NA NA NA

Isoleucine VW 55 1.23 0.09 0.96 1.51 0.05 0.19
MR Egger 1.18 0.21 0.97 1.4 0.04
Weighted median 1.24 0.14 0.98 1.51 0.03
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Leucine

Phenylalanine

Tyrosine

Valine

Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO
IVW

MR Egger
Weighted median
Simple mode
Weighted mode
MR-PRESSO

63

42

99

86

240

1.19
1.44
NA

0.88
1.87
0.83
0.68
0.95
0.97
1.15
0.97
1.09
0.82
0.93
NA

0.81
0.95
0.98
0.91
0.97
0.94
1.00
0.89
1.03
1.01
1.00
NA

240

0.17
0.29
NA

0.61
1.26
0.14
0.14
0.26
0.09
0.08
0.12
0.14
0.32
0.14
NA

0.23
0.4

0.09
0.2

0.1

0.06
0.07
0.12
0.11
0.11
0.21
NA

0.98
0.88
NA
0.41
-0.6
0.33
-0.52
0.77
0.79
1.00
0.73
0.81
0.19
0.67
NA
0.35
0.18
0.8
0.51
0.78
0.82
0.88
0.43
0.9
0.72
0.58
NA

1.4

2.00
NA

1.34
4.34
1.33
1.87
1.13
1.14
1.31
1.21
1.37
1.45
1.20
NA

1.27
1.73
1.16
1.3

1.16
1.06
1.12
1.36
1.16
1.31
1.42
NA

0.03
0.21
NA

0.52
0.62
0.11
0.14
0.47
0.74
0.06
0.80
0.56
0.53
0.61
NA

0.37
0.91
0.86
0.62
0.72
0.29
0.65
0.02
0.10
0.13
1.00
NA

0.76

0.73

0.48

0.76



