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Abstract

Background: Although a number of health outcomes such as cardiovascular diseases,
metabolic-related outcomes, neurological disorders, pregnancy outcomes and cancers have
been identified in relation to B vitamins, evidence is of uneven quality and volume, and

there is uncertainty about putative causal relationships.

Objectives: To explore the effects of B vitamins and homocysteine on a wide range of
health outcomes based on a large biorepository linking biological samples and electronic

medical records.

Methods: First, we performed a phenome-wide association study (PheWAS) to investigate
associations of genetically predicted plasma concentrations (genetic component of the
circulating concentrations) of folate, vitamin B6, vitamin B12 and their metabolite
homocysteine with a wide range of disease outcomes (including both prevalent and
incident events) among 385,917 individuals in the UK Biobank. Second, two-sample
Mendelian randomization (MR) analysis was used to replicate any observed associations
and detect causality. We considered MR p <0.05 as significant for replication. Third, dose-
response, mediation and bioinformatics analyses were carried out to examine any non-
linear trends and to disentangle the underlying mediating biological mechanisms for the

1dentified associations.

Results: In total 1,117 phenotypes were tested in each PheWAS analysis. After multiple
correction, 32 phenotypic associations of B vitamins and homocysteine were identified.
Two-sample MR analysis supported that three of them were causal, including associations
of higher plasma vitamin B6 with lower risk of calculus of kidney (OR: 0.64; 95% CI: 0.42,
0.97; P=0.033); higher homocysteine concentration with higher risk of
hypercholesterolemia (OR: 1.28, 95% CI: 1.04, 1.56; P=0.018) and chronic kidney disease
(OR: 1.32,95% CI: 1.06, 1.63; P=0.012). Significant nonlinear dose-response relationships

were observed for the associations of folate with anemia, vitamin B12 with vitamin B-
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complex deficiencies, anemia and cholelithiasis, and homocysteine with cerebrovascular

disease.

Conclusions: This study provides strong evidence for the associations of B vitamins and

homocysteine with endocrine/metabolic and genitourinary disorders.

Keywords: B vitamins, Homocysteine, Phe WAS, Mendelian randomization



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Introduction

The B vitamins, including folate (B9), vitamin B6, vitamin B12, have been investigated to
have effects on many health and disease outcomes. In a recent umbrella review of meta-
analyses of observational studies and of randomized clinical trials (RCTs), folate (dietary
intake, dietary supplementary and plasma concentration) has been linked to more than 100
unique health outcomes (1). In addition, vitamin B6 and B12 (dietary intake, dietary
supplementary and plasma concentration) have been identified as associated with the risk
of cardiovascular disease, metabolic-related outcomes, neurological disorders, pregnancy
outcomes and several cancers (2-4). One-carbon metabolism is a process in which folate
transfers one-carbon units to support a wide range of biological processes including DNA
synthesis and methylation (5). Vitamin B6 and B12 interact with folate as methyl donors
within this network, and deficiency of either folate, B6 or B12 can lead to increased
circulating concentration of the related metabolite, homocysteine (Figure 1) (5), which has

been suggested as an independent risk factor for cardiovascular disease (6-8).

Based on a study of elderly twins, genetic polymorphisms account for a substantial
component of the heritability of B vitamin concentrations, with estimates of 56%, 59% and
66% for folate, vitamin B12 and homocysteine, respectively (9). Thus, identification of
genetic variants that affect circulating levels of B vitamins can give insights into the
interplay of diet, genetics and human health. Genome-wide association studies (GWASs)
of serum folate, vitamin B6, vitamin B12 and homocysteine have identified and replicated
several single nucleotide polymorphisms (SNPs) associated with these biomarkers (10-12).
The relevant genetic variants can be used as instruments to predict biomarker
concentrations and examination of their associations with disease outcomes can help

strengthen causal inference (13).

With the recently increased availability of dense electronic health records (EHRS),

phenomes related to a participant’s health conditions, lifestyle and environmental



59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

exposures can be characterized (14). By linking large biorepositories containing human
DNA samples and EHRs, we can comprehensively evaluate associations between
genetically predicted biomarkers and a wide range of phenotypes using the phenome-wide
association study design (PheWAS) (15). PheWAS has been introduced as an approach to
replicate associations previously identified in observational studies and detect novel
genotype-phenotype associations (16). In this study, we aim to explore the phenotypic
effects of B vitamins and homocysteine under the phenome-wide association framework,

using genetic proxies in the UK Biobank.

Methods
Study design

The UK Biobank genetic data contains genotypes for 488,366 participants. After quality
control, a total of 385,917 individuals were retained for the subsequent analyses including
PheWAS, MR, dose-response, and mediation analyses. We first performed a PheWAS
analysis to investigate associations between genetic proxies of four biomarkers (folate,
vitamin B6, vitamin B12 and homocysteine) and a wide range of disease outcomes.
Associations with false discovery rate (FDR) less than 0.05 were considered significant.
Second, the observed significant associations were replicated and regarded as successful
with a threshold of Mendelian randomization (MR) p <0.05. Third, dose-response,
mediation and bioinformatics analyses were conducted to characterize and quantify the
associations between the biomarkers and the associated outcomes. The study design is

presented in Figure 2.
UK Biobank

The UK Biobank is a large-scale, population-based prospective cohort study, which

recruited 502,490 adult participants aged between 40 and 69 years in 2006-2010 and
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combined extensive measurement of baseline data and genotype data with linked wide-
ranged health outcomes (17). 613,944 SNPs were genotyped by the Affymetrix UK
BiLEVE Axiom array and Affymetrix UK Biobank Axiom array, and 30,798,054 SNPs
were imputed based on a merged reference panel of the Haplotype Reference Consortium
and the UK10K haplotype resources. A variety of health outcomes from three main
different types of national medical records (e.g., in-patient hospital episode records, cancer
registry and death registry) were incorporated into the UK Biobank to follow up the disease
diagnosis, cancer occurrence, and causes of death among the enrolled participants. For
quality control of genotype data, a list of field variables was made available by the UK
Biobank to indicate the genotype quality, population structure, and genetic relatedness. In
order to minimize the influence of diverse population structure within UK Biobank, quality
control of samples was also conducted and those that were identified as outliers with high
heterozygosity or with high missing rate, sex mismatch or putative aneuploidy in sex
chromosome, non-European ancestry, or individuals with relatedness were excluded from
the analysis. More details on the quality control of UK Biobank samples are given in

Supplementary Figure 1.
Weighted genetic risk score

To generate weighted genetic risk scores (WGRSs) for plasma folate, vitamin B6, vitamin
B12 and homocysteine, we applied a  two-sample study  design
(exposures and outcomes are measured in non-overlapping populations) by retrieving
GWAS summary data from previous published studies, aiming to increase the statistical
power by incorporating multiple sources from the same ancestry. SNPs associated with
plasma folate and vitamin B12 were identified from GWASs with 37,341 and 45,576
individuals of Icelandic and Danish populations (10). SNPs associated with plasma vitamin
B6 and homocysteine were identified in GWASs of 4,763 and 44,147 individuals of
European descent, respectively (11, 12). We selected variants that were associated with

biomarkers at genome-wide significance (P < 5x107®) and clumped them using a linkage

8



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

disequilibrium (LD) threshold of t? < 0.01 according to the European reference panel of
the 1000 Genomes project. As a result, we selected two SNPs for folate, one SNP for
vitamin B6, 14 SNPs for vitamin B12 and 14 SNPs for homocysteine from the external
GWAS summary data, which explained 0.55% of variance for folate, 0.65% of variance
for vitamin B6, 5.59% of variance for vitamin B12, and 3.22% of variance for
homocysteine, respectively (Supplementary Table 1). We also calculated the F-statistic
of each instrument and no weak instruments were identified (F-statistic>10). For
individuals in the UK Biobank, a wGRS for each biomarker was then calculated by adding
up the number of biomarker-increasing alleles for each SNP weighted for the reported

effect size of the variant.
Phenome framework and PheWAS analysis

The ontology of the phenome was defined based on the International Classification of
Diseases (ICD) codes in the EHRs. Records date back to 1997 for England, 1998 for Wales
and 1981 for Scotland. All of the current UK Biobank linked English and most Welsh
hospital data are coded in ICD10. However, because the collection of Scottish data
collection began in 1981, the Scottish data collected prior to 1997 are coded in ICD-9, and
small number of Welsh records are coded with ICD-9. Thus, we included both ICD-9 and
ICD-10 codes in our PheWAS analysis. Individual ICD codes could not be directly used to
define the phenome, as they represent specific sub-phenotypes of a similar set of outcomes,
instead of independent phenotypes. To account for the correlations between ICD codes, we
define the phenome framework using the PheCODE schema that combines one or more
related ICD codes into distinct outcome groups (18). For a given phenotype, the case group
included patients recorded as having the specific phecode that most closely related to the
etiology of the disease, and the control group was defined based on the absence of the
phecode. Participants with a disease code that was related to one of the examined case
group were also excluded from the control group (19). As suggested by a simulation study,

outcomes with more than 200 cases were included in the analysis (20). In the PheWAS
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analysis, multivariable logistic regression was used to explore associations between wGRS
and phecodes with adjustment for multiple covariates including sex, age, assessment center,
and the first 10 genetic principal components (PCs). We also conducted sex-stratified
analysis by dividing the population into male and female subgroups and re-conducted
PheWAS analysis in each subgroup. The Cochran Q test and the I square metric were
calculated to detect potential heterogeneity among subgroups. The Benjamini-Hochberg
method was applied for each biomarker to account for multiple testing and associations
with FDR <0.05 were considered statistically significant (21). The PheWAS analysis was
implemented by using the “Phe WAS” (19) package (R version 4.0.3).

MR analysis

To replicate and inform potential causality for biomarker-outcome associations identified
in the PheWAS analysis, we carried out two-sample MR analysis in other independent
European populations derived from the OpenGWAS database (22). In addition, we also
examined the causal relationships between the biomarkers and some intermediate
phenotypes including total cholesterol (TC), triglycerides (TG), high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, cystatin C and creatinine.
We applied the inverse variance weighted (IVW) approach as the main statistical method
where at least two exposure SNPs were available, and the causal estimates were calculated
by meta-analyzing SNP-specific Wald ratio estimates based on the random-effects inverse
variance method that weights each ratio by its standard error (23). Where one exposure
SNP was available for analysis, we used the Wald ratio method. In addition, three
sensitivity analyses, including the weighted median, MR-Egger and MR-PRESSO, were
applied to detect horizontal pleiotropic effects in the causal estimates when performing
multivariable MR analysis (23-25). Under the assumption that the association of each
genetic variant with the exposure is independent of the pleiotropic effect of the variant (not
via the exposure), the MR-Egger regression can be used to detect the bias due to directional

horizontal pleiotropy when conducting MR analysis using multiple genetic instruments
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165  (23). The weighted median model generates consistent estimates of causal effects if at least
166  half of the weights come from valid SNPs (24). The MR-PRESSO method can detect
167  outlying SNPs and provide causal estimates after removal of possible outliers under the
168  assumption that the used SNPs are valid (25). The odds ratios (ORs) and corresponding 95%
169  confidence intervals (Cls) of outcomes were scaled to one-standard deviation (SD) increase
170  in genetically predicted circulating concentrations of B vitamins and homocysteine. The
171  association with a P <0.05 was deemed significant in the two-sample MR analysis for
172 replication. All tests were conducted using the “TwoSampleMR” (22) and “MR-PRESSO”
173 (25) packages in R Software 4.0.3.

174  Dose-response analysis

175  For significant PheWAS associations, we first conducted linear regression to test for any
176  potential linear dose-response relationship, however, no significant linear association was
177  identified. Then, we performed non-linear dose-response analysis using a restricted cubic
178  spline function with five knots located at the 5th, 25th, 50th, 75th, and 95th percentiles of
179  genetically predicted biomarker concentrations (26). Multivariable logistic regression
180  models were adopted to estimate ORs with 95% ClIs for the risk of outcomes, adjusted for
181  age, sex, assessment center, and the first 10 PCs. Prediction regression implemented in
182  “rms” R package (27) was applied to test for trends by assigning the median value for each
183  category and modelling this variable as a continuous variable, and a P < 0.05 stands for the
184  significance of non-linearity. A dose-response curve was used to present the dose-response

185  relationship between the biomarker and the risk of outcome.
186  Mediation analysis

187  Given that B vitamins, including folate and vitamins B6 and B12, are important for the
188  metabolism of homocysteine, abnormal levels of any of these B vitamins can lead to a
189  change in homocysteine concentration. Therefore, to further explore any pleiotropic

190  association derived from the correlations between B vitamins and homocysteine, we
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performed mediation analysis by using wGRSs as proxies for blood biomarker levels
considering that data for B vitamin supplements in UKB are dietary estimates and only
cover one-fifth of the population. We used genetically predicted plasma biomarker levels
as the exposure and performed the mediation analysis with the “mediation” R package (28).
The package performs causal mediation analysis (CMA) under the assumption of
sequential ignorability, which implies that there is no unmeasured confounding of the
exposure-mediator, exposure-outcome and mediator-outcome relationships while
conditioning on covariates. More details regarding the rationale of mediation analysis can
be found in Figure 3. The analysis reports an average causal mediation effect (ACME) that
is transmitted via mediator to the outcome and an average direct effect (ADE) that is
explained by the exposure as well as the proportion of explained variance by the mediator.
This approach was applied to disentangle the underlying mediating pathophysiological

processes.
Bioinformatics analysis

For outcomes validated in MR analysis, subsequent bioinformatics analysis was carried
out to explore the underlying biological mechanisms. First, to identify whether the
instrumental variants exert effects through regulating the expression of located genes, we
conducted expression quantitative trait loci (¢QTL) analysis based on the GTEx v8 release
(https://gtexportal.org/home/), which consists of normalized gene expression data in whole
blood tissue. Briefly, the cis-eQTL mapping window was defined as 1 MB up- and down-
stream of the transcription start site. The effect sizes were defined as the slopes of the linear
regression computed as the effect of the alternate allele relative to the reference allele (29).
Then, to explore the interactions between biomarker-associated genes and outcome-
associated genes, we wused STRING (https://string-db.org/) and Cytoscape
(https://cytoscape.org/) to construct a protein-protein interaction (PPI) network using the
instrumental SNPs located genes and the top ten associated genes of biomarker and

outcome (30, 31). The top 10 associated genes of biomarker and outcome were searched
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through the GeneCards website (https://www.genecards.org/) (32). The biological
processes in which these genes are involved were also explored by performing pathway
enrichment analysis. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Reactome were used as sources (33, 34). FDR correction was used for multiple testing and

an adjusted P < 0.05 was regarded as a cutoff threshold (21).

Results
UK Biobank participants

In this study, we used the UK Biobank genetic data of 488,366 participants. Genetic quality
control was done centrally by UK Biobank. A total of 385,917 unrelated European
individuals were included in our final analysis, consisting of 177,690 males (46.0% of the
cohort) and 208,227 females (54.0% of the cohort). Basic characteristics including socio-

demographic information and biomarker concentrations are present in Table 1.
PheWAS associations

The phenome defined by PheCODE schema consisted of 1,804 distinct phecodes. After
filtering out the phecodes with less than 200 cases, PheWAS analysis was performed for
1,117 phecodes that could be classified into 17 broadly related disease categories
(Supplementary Table 2). Findings from PheWAS analysis indicated that higher
genetically predicted plasma folate was significantly associated with lower risk of
megaloblastic anemia (OR: 0.91; 95% CI: 0.87, 0.95; P=2.50x107), essential hypertension
(OR: 0.98; 95%CI: 0.98, 0.99; P=5.01x107), lipid metabolism disorders including
hypercholesterolemia (OR: 0.98; 95% CI: 0.97, 0.99; P=9.92x10") and hyperlipidemia
(OR: 0.98; 95% CI: 0.97, 0.99; P=1.06x10"*), and regional enteritis (OR: 0.92; 95% CI:
0.89, 0.96; P=3.02x10) (Table 2 and Figure 4). Higher blood vitamin B6 was inversely
associated with the risk of urinary calculus (OR: 0.95; 95% CI: 0.93, 0.97; P=7.72x107)
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and calculus of kidney (OR: 0.94; 95% CI: 0.92, 0.97; P=4.03x107°). Higher vitamin B12
concentration was related to lower risk of vitamin B-complex deficiencies (OR: 0.47;
95% CI: 0.40, 0.55; P=1.36x10"") and megaloblastic anemia (OR: 0.73; 95% CI: 0.62,
0.86; P=1.53x10"*), and may increase the risk of neoplasm of digestive system (OR: 1.50;
95% CI: 1.26, 1.77; P=2.54x10°) and cholelithiasis and cholecystitis (OR: 1.10; 95% CI:
1.05, 1.16; P=9.36x107). As expected, higher circulating homocysteine was positively
associated with the risk of vitamin B-complex deficiencies (OR: 1.57; 95% CI: 1.25, 1.98;
P=1.33x10*). This served as positive control for the genetic instrument of homocysteine.
Additionally, higher homocysteine was related to higher risk of lipid metabolism disorders
including hyperlipidemia (OR: 1.14; 95%CIL: 1.08, 1.20; P=2.17x10° and
hypercholesterolemia (OR: 1.13; 95% CI: 1.07, 1.19; P=1.34x10"), spondylosis with
myelopathy (OR: 3.27; 95% CI: 1.80, 5.95; P=9.99x107), kidney disease including chronic
kidney disease (OR: 1.29; 95% CI: 1.13, 1.46; P=1.04x10*) and renal failure (OR: 1.21;
95% CI: 1.09, 1.34; P=1.90x10%), circulatory disease primarily cerebrovascular disease
(OR: 1.21; 95% CI: 1.10, 1.33; P=1.12x10") and coronary atherosclerosis (OR: 1.14;
95%CI: 1.06, 1.22; P=2.07x10"*), celiac disease (OR: 1.50; 95%CI: 1.20, 1.87;
P=3.27x10%), syncope and collapse (OR: 1.19; 95% CI: 1.09, 1.31; P=2.17x10"%), celiac
disease (OR: 1.50; 95% CI: 1.20, 1.87; P=3.27x10%), and migraine (OR: 1.32; 95% CI:
1.12, 1.54; P=5.90x10*). Sex-stratified analysis revealed considerable heterogeneity in the
associations of vitamin B12 with vitamin deficiency (Pheterogencity=0.022, 1>=81%) among
males and females. More specifically, per 1SD high blood vitamin B12 was associated with
vitamin deficiency in males only (OR: 0.64; 95%CIL: 0.55, 0.76; P=6.50x10%)

(Supplementary Table 3).
MR analysis

The MR IVW analysis revealed that genetically proxied high vitamin B6 was associated
with lower risk of calculus of kidney (OR: 0.64; 95% CI: 0.42, 0.97; P=0.033) (Table 3).

For homocysteine, genetically proxied high concentration was associated with a reduction

1



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

in HDL cholesterol levels (OR: 0.95; 95% CI: 0.90, 1.00; P=0.041, Pheterogeneity=0.021, Pmr-
Egger—=0.311) and higher risk of hypercholesterolemia (OR: 1.28; 95% CI: 1.04, 1.56;
P=0.018, Pheterogeneity=0.046, PMR-Egger=0.695). In addition, genetically predicted high
homocysteine was related to elevated creatinine levels (OR: 1.11; 95% CI: 1.01, 1.21;
P=0.027, Pheterogeneity<0.001, PMR-Egger=0.437) and higher risk of chronic kidney disease (OR:
1.32; 95% CI: 1.06, 1.63: P=0.012, Pheterogencity=0.276, PMR-Egger=0.784). All MR estimates

for associations identified by PheWAS are presented in Supplementary Table 4.
Dose-response analysis

The dose-response results showed that the risk of vitamin B-complex deficiencies (P<0.001)
and megaloblastic anemia (P=0.004) reduced when vitamin B12 levels increase, while the
estimated ORs of developing cerebrovascular disease increased in response to the increase
of homocysteine (P=0.037) (Figure 5A-C). In addition, significant U-shaped dose-
response relationships were identified for the associations of folate with megaloblastic
anemia (P=0.009), and vitamin B12 with cholelithiasis and cholecystitis (P=0.013) (Figure
5D, SE).

Mediation analysis

Considering the limited variance of folate and vitamin B6 explained by the selected genetic
instruments, we only examined the mediation effects of homocysteine on the associations
between vitamin B12 and the identified outcomes. The results showed that homocysteine
is a potential mediator in the associations of vitamin B12 with vitamin deficiency
(ACME=-1.20x10"*, P<0.001, Supplementary Table 5), vitamin B-complex deficiencies
(ACME=-9.01x10", P<0.001), megaloblastic anemia (ACME=-6.45x10, P<0.001) and
pernicious anemia (ACME=-5.19x10, P=0.020), but the mediation only accounts for
3.4%, 2.2%, 4.2% and 4.3% of the total effects, respectively.

Bioinformatics analysis
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Using gene expression data from GTEx, we found that three homocysteine-associated
genetic instruments including rs4660306, rs1801133 and rs9369898 were associated with
the expression of PRDXI, MTHFR and MMUT (Figure 6A). The protein-protein
interaction analysis identified interactions between the homocysteine-associated genes
(MTHFR, MMUT but not PRDXT) and hyperlipidemia-associated genes (4POB, APOE,
APOAS5) (Figure 6B). Pathway analysis revealed that these genes were significantly
enriched in biological processes related to cholesterol metabolism, plasma lipoprotein
remodeling, assembly of active lipoprotein lipase and hepatic triacylglycerol lipase
complexes (Supplementary Table 6), which play an important role in lipid metabolism,
thus alterations in these pathways may lead to the development of hyperlipidemia. The
protein-protein interaction results also revealed interactions between the homocysteine-
associated genes (PRDXI, MTHFR, MMUT) and kidney disease-associated genes (7P53,
INF,IL-6, REN, ACE, ALB) (Figure 6C-D), which are aggregated in the renin-angiotensin
system, biological oxidations, and immune-related signaling (Supplementary Table 6).
These pathways are biologically relevant to the development and progression of chronic
kidney diseases. These data suggest possible mechanisms of action that may underlie the
observed PheWAS associations between homocysteine and hyperlipidemia and chronic

kidney disease.

Discussion

In this study, we comprehensively investigated the effects of B vitamins (folate, vitamin
B6, vitamin B12) and homocysteine on a wide range of disease outcomes. A total of 32
pairs of genotype-phenotype associations were identified, resulting in 25 unique health
outcomes belonging to several disease groups including hematopoietic (e.g., megaloblastic
anemia), endocrine/metabolic (e.g., hyperlipidemia), circulatory (e.g., hypertension),

genitourinary (e.g., chronic kidney disease), digestive (e.g., cholelithiasis and cholecystitis),
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musculoskeletal (e.g., spondylosis with myelopathy), neurological disorders (e.g.
migraine), neoplasm (neoplasm of digestive system), and symptoms (e.g., syncope and
collapse). Two-sample MR analysis further confirmed potential causal effects of B
vitamins and homocysteine on calculus of kidney, hypercholesterolemia and chronic
kidney disease. When incorporating evidence from published MR studies, the present study
replicated the associations homocysteine and lipid metabolism disorders, and identified a
potentially new causal association between vitamin B6 and calculus of kidney, and
homocysteine and chronic kidney disease. Our findings provide evidence for further
investigation on the clinical relevance of B vitamins and homocysteine with the identified

disease outcomes.

Our PheWAS and MR analyses consistently demonstrated that genetically proxied high
blood vitamin B6 was significantly associated with decreased risk of urinary calculus and
calculus of kidney. Studies on vitamin B6 in relation to calculus are scarce and conflicting.
Previous cohort studies found that the intake of vitamin B6 was not correlated with the risk
of kidney stone formation among males in the Health Professionals Follow-up Study
(HPFS), while large dose of vitamin B6 seemed to be protective among females in the
Nurses’ Health Study (NHS) (35, 36). A recent prospective study conducted in the same
cohorts with larger number of incident events (6,308 incident kidney stones) and additional
follow-up time (3,108,264 person-years) showed that there was no association between
vitamin B6 intake and the risk of kidney stones in either males or females (37). The present
study confirmed the previous findings of a lack of association between vitamin B6 and the
risk of kidney stones among females and identified that higher vitamin B6 appeared to
exert a protective effect on calculus in males. In addition, our study adopted a MR approach
to mitigate the impacts of residual confounding and reverse causality, and provided further
supportive evidence showing that high plasma vitamin B6 was associated with lower risk

of calculus of kidney. From a biological perspective, it may be related to the role of vitamin
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B6 in reducing urinary excretion of oxalate and thus the risk of developing calcium oxalate

kidney stones (38).

For vitamin B12, this study found that higher genetically proxied plasma vitamin B12 was
significantly associated with decreased risk of vitamin B-complex deficiencies and
megaloblastic anemia in a dose-response manner, consistent with its known causal
relationship with megaloblastic anemia (39, 40). The mediation analysis revealed that
homocysteine may mediate the associations of vitamin B12 with vitamin deficiency and
anemia with small effects. A possible explanation may be that low vitamin B12 results in
elevated homocysteine. As one of the major pathways of homocysteine metabolism, re-
methylation of homocysteine to methionine, requires vitamin B12 as the essential cofactor
(41), vitamin B12 deficiency inhibits homocysteine to be methylated and thus leading to
the accumulation of homocysteine, which also exerted positive effects on the development

of vitamin deficiency and anemia observed in our study.

Homocysteine, a by-product of the one-carbon metabolism, has been previously associated
with lipid metabolism (42, 43). In the current study, we found that higher genetically
predicted plasma homocysteine was associated with a reduction in HDL cholesterol levels
and increased risk of hypercholesterolemia. In addition, we conducted an overview of MR
studies on the health effects of homocysteine and identified that genetically predicted high
homocysteine has been reported to be related to lower HDL cholesterol and higher oxidized
LDL cholesterol (44), providing support for our findings. As homocysteine is reported to
reduce the concentration of HDL cholesterol in plasma by inhibiting the hepatic synthesis
of apoA-I (45, 46), this is a possible mechanism linking homocysteine to the development
of hypercholesterolemia. In addition, the present study revealed significant causal
associations of higher genetically proxied homocysteine concentration with elevated
creatinine levels (a biomarker for the evaluation of kidney function) and increased risk of
chronic kidney disease. Consistently, a recent MR study revealed that higher blood

homocysteine decreased estimated glomerular filtration rate (eGFR) and thus reduced

1
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kidney function (47), which may partly explain the associations between homocysteine and
chronic kidney disease. Moreover, we identified that the underlying potential biological
mechanisms may be related to the effects of homocysteine-associated genetic variants on
the expression of genes within important pathways (e.g., biological oxidations and
immune-related signaling) that are involved in the development of chronic kidney disease

(48).

Folate status during pregnancy is essential for adequate fetal development and for the long-
term health of the individual. Low maternal folate status may induce adverse
birth/pregnancy outcomes including neural tube defects (NTD) (49, 50). Therefore, several
countries (i.e. Canada and the US) have implemented public policies to fortify foods with
folic acid since 1998, which resulted in the decrease of NTD prevalence (51, 52). However,
due to limited data on pregnancy-related outcomes in the UK Biobank, we did not identify
any relevant outcome associated with the instrumental variable for genetically predicted

folate.

The present study has several strengths and limitations. We applied a rigorous study design,
starting with a PheWAS analysis, based on which we investigated the relationship of
genetically predicted concentrations of B vitamins and homocysteine with a wide spectrum
of phenotypes. We applied additional analyses including MR, dose-response analysis,
mediation analysis and pathway enrichment analysis to further elucidate the identified
associations. The study also has some limitations. Our study was confined to individuals
of European ancestry in order to minimize population structure bias, which hinders the
generalizability of our findings to other populations. Moreover, considering that
participants in the UK Biobank are exclusively from the UK, our results may not be
applicable to the wider Caucasian population. Another limitation is the small variance of
exposure explained by the genetic instruments, which may lead to inadequate statistical
power in detecting phenotypic associations and underestimated association and mediation

effects. In addition, we did not use the sex specific GWAS SNPs as instrumental variables

1
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when performing stratified analysis due to lack of sex specific GWAS data. Finally, we
only incorporated EHR data for case ascertainment, and survival bias may occur since the
medical records start prior to the time of cohort participation. More advanced criteria
should be developed to help improve the coverage and validity of case definition for future

PheWAS studies.

Conclusions

This study suggests robust associations between genetically predicted B vitamins and
homocysteine concentrations with a group of disease outcomes, including hematopoietic,
metabolic, circulatory, genitourinary, digestive, musculoskeletal, neurological disorders,
neoplasm, and symptoms. In particular, abnormal levels of B vitamins and homocysteine
could be associated with calculus of kidney, hypercholesterolemia, and chronic kidney
disease. The biomarker-associated genetic variants exert their effects on the expression of
genes that play important role in the development of the outcomes, which may be potential

biological mechanisms underlying the identified associations.
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Tables

Table 1. Baseline characteristics of participants in the UK Biobank.

Baseline characteristic All participants (n=385917)
Sex, n (%)
Female 208227 (54.0)
Male 177690 (46.0)
Age (years), mean (sd) 56.7 (8.0)
BMI (kg/m?), mean (sd) 27.4 (4.8)
Townsend deprivation index,
-1.5(3.0)
mean (sd)
Smoking status, n (%)
Current 40039 (10.4)
Former 136651 (35.4)
Never 207296 (53.7)
Unknown 1931 (0.5)
Blood pressure (mmHg),
mean (sd)
Diastolic blood pressure 82.2(10.7)
Systolic blood pressure 139.8 (19.7)
Biomarker concentration
(mmol/L), mean (sd)
LDL-cholesterol 3.6 (0.9)
HDL-cholesterol 1.5(0.4)
Total cholesterol 57(1.1)
Triglycerides 1.7 (1.0)




Table 2. Significant PheWAS associations by using weighted GRS in the UK Biobank (n = 385917).

FDR adjusted

Biomarker Phecode [Description Group Cases Participants |OR (95%Cl) P-value o-value
Folate 281.11 Pernicious anemia hematopoietic 1144 355132 0.88 (0.83, 0.93) 2.37E-05 1.13E-02
281.1 Megaloblastic anemia hematopoietic 1862 355850 0.91 (0.87, 0.95) 2.50E-05 1.13E-02
281 Other deficiency anemia hematopoietic 1972 355960 0.91 (0.87, 0.95) 4.19E-05 1.13E-02
401.1 Essential hypertension circulatory system 109289 385661 0.98 (0.98, 0.99) 5.01E-05 1.13E-02
401 Hypertension circulatory system 109545 385917 0.98 (0.98, 0.99) 5.06E-05 1.13E-02
272 Disorders of lipid metabolism|endocrine/metabolic 54333 385917 0.98 (0.97, 0.99) 9.79E-05 1.48E-02
272.11 Hypercholesterolemia endocrine/metabolic 50143 381727 0.98 (0.97, 0.99) 9.92E-05 1.48E-02
272.1 Hyperlipidemia endocrine/metabolic 54099 385683 0.98 (0.97, 0.99) 1.06E-04 1.48E-02
555.1 Regional enteritis digestive 2166 315062 0.92 (0.89, 0.96) 3.02E-04 3.74E-02
Vitamin B6 594 Urinary calculus genitourinary 8724 385126 0.95 (0.93, 0.97) 7.72E-07 8.62E-04
594.1 Calculus of kidney genitourinary 4748 381150 0.94 (0.92, 0.97) 4.03E-05 2.25E-02
Vitamin B12 'Vitamin B-complex . .
261.2 L endocrine/metabolic 2246 380355 0.47 (0.40, 0.55) 1.36E-21 1.52E-18
deficiencies
261 \Vitamin deficiency endocrine/metabolic 5055 383164 0.74 (0.67, 0.82) 5.51E-09 3.08E-06
Neoplasm of unspecified
158 L neoplasms 1540 362470 1.50 (1.26, 1.77) 2.54E-06 9.44E-04
nature of digestive system
574 Cho|e||th|_a1_5|s and digestive 20567 383100 1.10 (1.05, 1.16) 9.36E-05 2.61E-02
cholecystitis
281.1 Megaloblastic anemia hematopoietic 1862 355850 0.73 (0.62, 0.86) 1.53E-04 3.42E-02
574.1 Cholelithiasis digestive 18324 380857 1.10 (1.05, 1.16) 2.37E-04 4.01E-02
281.11 Pernicious anemia hematopoietic 1144 355132 0.68 (0.55, 0.83) 2.51E-04 4.01E-02
Homocysteine [272.1 Hyperlipidemia endocrine/metabolic 54099 385683 1.14 (1.08, 1.20) 2.17E-06 1.53E-03
272 Disorders of lipid metabolism|endocrine/metabolic 54333 385917 1.14 (1.08, 1.20) 2.74E-06 1.53E-03




272.11 Hypercholesterolemia endocrine/metabolic 50143 381727 1.13 (1.07, 1.19) 1.34E-05 4.98E-03

721.2 Spondylosis with myelopathy musculoskeletal 335 374722 3.27 (1.80, 5.95) 9.99E-05 2.08E-02
Chronic Kidney Disease, . .

585.33 Stage 111 genitourinary 7753 362882 1.29 (1.13, 1.46) 1.04E-04 2.08E-02

433 Cerebrovascular disease circulatory system 14058 384206 1.21 (1.10, 1.33) 1.12E-04 2.08E-02
\Vitamin B-complex . .

261.2 L endocrine/metabolic 2246 380355 1.57 (1.25, 1.98) 1.33E-04 2.12E-02
deficiencies

585.3 Chronic renal failure [CKD] [genitourinary 12777 367906 1.21 (1.09, 1.34) 1.90E-04 2.20E-02

261 \Vitamin deficiency endocrine/metabolic 5055 383164 1.34 (1.15, 1.57) 1.92E-04 2.20E-02

411.4 Coronary atherosclerosis circulatory system 28433 369752 1.14 (1.06, 1.22) 2.07E-04 2.20E-02

788 Syncope and collapse symptoms 14378 385917 1.19 (1.09, 1.31) 2.17E-04 2.20E-02

557.1 Celiac disease digestive 2470 315366 1.50 (1.20, 1.87) 3.27E-04 3.05E-02

252.2 Hypoparathyroidism endocrine/metabolic 355 379815 0.36 (0.20, 0.64) 5.89E-04 4.71E-02

340 Migraine neurological 5026 376143 1.32 (1.12, 1.54) 5.90E-04 4.71E-02




Table 3. Replication of MR effect estimates in OpenGWAS database.

Exposure Outcome & data source MR method ‘ Beta ‘ SE ‘ OR (95%ClI) ‘ P-value! | Intercept? | P-value? ‘ Cases ‘ Participants
Vitamin B6 Calculus of kidney and ureter
UKBB PheWAS -0.058 | 0.014 | 0.94(0.92,0.97) 4.03E-05 | - - 4748 381150
OpenGWAS: finn- .
Wald ratio® -0.453 | 0.213 | 0.64 (0.42,0.97) 0.033 - - 3856 176613
N14 CALCUKIDUR
Homocysteine HDL cholesterol levels
OpenGWAS: VW -0.055 | 0.027 | 0.95(0.90, 1.00) 0.041 - -
ieu-4844 Weighted median* | -0.061 | 0.027 | 0.94 (0.89, 0.99) 0.022 - - ) 27409
MR-Egger* -0.065 | 0.061 | 0.94(0.83,1.06) 0.311 0.001 0.853
MR-PRESSO* -0.059 | 0.026 | 0.94(0.90, 0.99) 0.044 - -
Hypercholesterolemia
UKBB PheWAS 0.122 0.028 | 1.13(1.07,1.19) 1.34E-05 | - - 50143 381727
OpenGWAS: finn- | IVW 0.245 0.103 | 1.28(1.04, 1.56) 0.018 - -
E4 HYPERCHOL Weighted median 0.210 0.106 | 1.23(1.00, 1.52) 0.047 - -
MR-Egger 0.093 0.230 | 1.10(0.70, 1.72) 0.695 0.013 0.471 6840 17301
MR-PRESSO 0.245 0.103 | 1.28 (1.04, 1.56) 0.035 - -
Creatinine levels
OpenGWAS: VW 0.103 0.046 | 1.11(1.01,1.21) 0.027 - -
met-Creatinine Weighted median 0.013 0.022 | 1.01(0.97, 1.06) 0.553 - - ) 110058
MR-Egger 0.087 0.108 | 1.09 (0.88, 1.35) 0.437 0.001 0.875
MR-PRESSO 0.071 0.031 | 1.07(1.01,1.14) 0.490 - -
Chronic kidney disease
UKBB PheWAS 0.252 0.065 | 1.29 (1.13,1.46) 1.04E-04 | - - 7753 362882
OpenGWAS: Ivw 0.276 0.110 | 1.32(1.06, 1.63) 0.012 - - 1533 20920
ebi-GCST008026 Weighted median 0.134 0.149 | 1.14(0.85,1.53) 0.368 - -




MR-Egger

0.070

0.250

1.07 (0.66, 1.75)

0.784

0.017

0.376

MR-PRESSO

0.276

0.110

1.32 (1.06, 1.63)

0.026

! The p value of the MR effect estimates from different methods.

2 The Egger regression interceopt and horizontal pleiotropy p value of MR-Egger analysis.

3 Wald ratio method was applied to examine MR estimates for vitamin B6 as only one SNP was used as instrumental variable for vitamin B6.

4 These three sensitivity methods were applied to detect any pleiotropic effect when performing multivariable MR analysis.
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Figure 1. Interrelation between folate, vitamin B6, vitamin B12 and homocysteine
metabolism. Folate is reduced to THF. A methyl group is then transferred to THF, forming
5,10-methylene-THF. 5,10-methylene-THF can be reduced by MTHFR to 5-methyl-THF. The
methyl group of 5-methyl-THF is transferred to homocysteine by MS, generating methionine
and regenerating THF. Vitamin B12 is a cofactor for MS. Methionine can also be generated
independently of folate and B12, by the action of BHMT, which transfers a methyl group from
betaine to homocysteine. Methionine is then activated to form SAM, which serves as a
universal methyl donor for numerous reactions. SAH is one of the products of these
methylation reactions and 1is subsequently hydrolyzed to generate homocysteine.
Homocysteine is used either to regenerate methionine, or it is converted to cystathionine and
then cysteine. BHMT, betaine homocysteine methyltransferase; DMG, dimethylglycine; MS,
methionine synthase; MTHFR, methylenetetrahydrofolate reductase; SAH, S-adenosyl
homocysteine; SAM, S-adenosyl methionine; THF, tetrahydrofolate.
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il P < 5e-08 & LD r2 < 0.01

Step 1 Folate: 2 genetic variants
PheWAS analysis B6: 1 genetic variant

B12: 14 genetic variants
Homocysteine: 14 genetic variants

/\

Weighted genetic risk PheWAS analysis (in
score (WGRS) 385,917 individuals)

[ Two-sample MR analysis ]

Step 2:
Replication analysis i1l i}
Replication using data from Sensitivity analyses (weighted
FinnGen and MR-Base databases median, MR-Egger, MR-PRESSO)
Step3: Dose-response e . Bioinformatics
. Mediation analysis .
Subsequent analyses analysis analysis

Figure 2. Flowchart for the study design. Step 1, PheWAS analysis was performed for each
biomarker to investigate associations with a wide range of disease outcomes; Step 2, the
observed significant associations were replicated using several MR approaches (IVW,
weighted median, MR-Egger and MR-PRESSO); Step 3, dose-response, mediation and
bioinformatics analyses were conducted to quantify and characterize the associations between
the biomarkers and the associated outcomes.



B4

Figure 3. Schematic diagram illustrating the rationale of mediation analysis. Dotted lines
(ap2) refer to the indirect effect of the exposure on the identified outcome through the mediator.
Solid line (B1) is the direct effect of the exposure on the identified outcome. The assumption
under mediation analysis is that 1) the relationship between the exposure and the outcome is
entirely mediated by the mediator; 2) the exposure is truly associated with the mediator; and 3)
the exposure is not associated with any confounder of the relationship between the mediator and
the outcome.
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Figure 5. Dose-response relationships between genetically predicted biomarker
concentrations and the risk of outcomes identified by PheWAS (n=385917). (A) Non-linear
relationship between genetically predicted vitamin B12 concentration and vitamin-B complex
deficiencies risk; (B) Non-linear relationship between genetically predicted vitamin BI12
concentration and megaloblastic anemia risk; (C) Non-linear relationship between genetically
predicted homocysteine concentration and cerebrovascular disease risk; (D) Non-linear
relationship between genetically predicted folate concentration and megaloblastic anemia risk; (E)
Non-linear relationship between genetically predicted vitamin B12 concentration and cholelithiasis
and cholecystitis risk.
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Figure 6. Bioinformatics analysis for homocysteine-associated instrumental variants. (A) eQTL
violin plots of the associations between homocysteine-associated SNPs and expression of located
genes; (B) Diagram of the interactions between homocysteine-associated genes and hyperlipidemia-
associated genes; (C) Diagram of the interactions between homocysteine-associated genes and chronic
renal failure-associated genes; (D) Diagram of the interactions between homocysteine-associated
genes and chronic kidney disease-associated genes.
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