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Abstract

Background: Vitamin B-6 interconversion enzymes are important for supplying pyridoxal 5#-phosphate (PLP), the co-enzyme

form, to tissues. Variants in the genes for these enzymes [tissue nonspecific alkaline phosphatase (ALPL), pyridoxamine 5#-

phosphate oxidase, pyridoxal kinase, and pyridoxal phosphatase] could affect enzyme function and vitamin B-6 status.

Objectives: We tested whether single-nucleotide polymorphisms (SNPs) in these genes influence vitamin B-6 status

markers [plasma PLP, pyridoxal (PL), and 4-pyridoxic acid (PA)], and explored potential functional effects of the SNPs.

Methods: Study subjects were young, healthy adults from Ireland (n = 2345). We measured plasma PLP, PL, and PA with

liquid chromatography–tandem mass spectrometry and genotyped 66 tag SNPs in the 4 genes. We tested for associations

with single SNPs in candidate genes and also performed genome-wide association study (GWAS) and gene-based analyses.

Results: Seventeen SNPs in ALPLwere associatedwith altered plasma PLP in candidate gene analyses (P < 1.893 1024).

In the GWAS, 5 additional ALPL SNPs were associated with altered plasma PLP (P < 5.0 3 1028). Gene-based analyses

that used the functional linear model b-spline (P = 4.04 3 10215) and Fourier spline (P = 5.87 3 10215) methods also

showed associations between ALPL and altered plasma PLP. No SNPs in other genes were associated with plasma PLP.

The association of the minor CC genotype of 1 ALPL SNP, rs1256341, with reduced ALPL expression in the HapMap

Northern European ancestry population is consistent with the positive association between the CC genotype and plasma

PLP in our study (P = 0.008). No SNP was associated with altered plasma PL or PA.

Conclusions: In healthy adults, common variants in ALPL influence plasma PLP concentration, the most frequently used

biomarker for vitamin B-6 status. Whether these associations are indicative of functional changes in vitamin B-6 status

requires more investigation. J Nutr 2015;145:1386–93.
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Introduction

Vitamin B-6 functions as an enzyme cofactor in numerous
biochemical reactions, including the synthesis and degradation
of neurotransmitters, homocysteine transsulfuration, heme synthesis,

and the metabolism of amino acids, lipids, and glycogen (1).
It is present in humans as 6 vitamers: 3 related pyridine compounds
(pyridoxal, pyridoxine, and pyridoxamine) and their phos-
phate esters (2). Pyridoxal 5#-phosphate (PLP)12, the co-enzyme
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form of vitamin B-6, is required for >150 enzyme-catalyzed
reactions (3).

Humans use enzymes encoded by 3 genes to perform the
interconversion of vitamin B-6 forms: pyridoxal (pyridoxine,
vitamin B-6) kinase (PDXK), pyridoxamine 5#-phosphate oxi-
dase (PNPO), and tissue nonspecific alkaline phosphatase
(ALPL) (Supplemental Figure 1) (4). After intestinal absorption
of B-6 vitamers and their transport to the liver as non-
phosphorylated forms, pyridoxal (PL), pyridoxine, and pyri-
doxamine are phosphorylated by PDXK [Online Mendelian
Inheritance in Man (OMIM) 179020] to PLP, pyridoxine 5#-
phosphate, and pyridoxamine 5#-phosphate. PNPO (OMIM
603287) then oxidizes pyridoxine 5#-phosphate and pyridoxamine
5#-phosphate to PLP. Hepatic PLP is exported into the circulation
(bound to albumin) for delivery to all tissues. Before it can enter
cells, PLP is dephosphorylated by ALPL (OMIM 171760). In
addition, PLP can be hydrolyzed inside cells by pyridoxal (pyri-
doxine, vitamin B-6) phosphatase (PDXP; OMIM 609246), an
enzyme with widespread expression in human tissues (5).

Proper functioning of the enzymes that interconvert B-6
vitamers is critical for an adequate supply of PLP in tissues.
Genetic variants that alter the functions of these enzymes could
affect vitamin B-6 status, as measured by circulating concen-
trations of PLP, PL, and 4-pyridoxic acid (PA; vitamin B-6
catabolite), the main forms of vitamin B-6 in plasma (6). Both
rare and common variants in the genes for these enzymes are
known to be associated with altered vitamin B-6 concentration.
Rare loss-of-function variants in the PNPO gene lead to low
PLP concentrations in the brain that cause neonatal epileptic
encephalopathy (7), and inactivating variants in the ALPL
gene cause a hypophosphatasia that results in impaired skeletal
mineralization and also elevated plasma PLP concentrations
(8, 9). In addition, 4 common variants in ALPL are associated
with plasma PLP concentration in genome-wide association
studies (GWASs) (10–12). We hypothesized that common genetic
variants in the vitamin B-6 interconversion enzymes could affect
vitamin B-6 status in the general population. Therefore, we
investigated whether single-nucleotide polymorphisms (SNPs) in
the ALPL, PNPO, PDXK, and PDXP genes are associated with
plasma PLP, PL, and PA concentrations in a group of healthy,
young adults. We also performed GWASs and gene-based
analyses to determine whether other analytic approaches would
produce results similar to those obtained from candidate gene
analyses. For SNPs showing statistically significant associations,
we performed in silico analyses to explore their potential
regulatory functions. Further, we examined intake of vitamin
B-6 from fortified foods/supplements and tested for associations
between this intake and plasma B-6 vitamer concentrations.

Methods

Study subjects. A sample of university students who attended Trinity

College, Dublin (TCD), Ireland, between 2003 and 2004 formed the
study population. Eligible subjects were between 18 and 28 y of age at

the time of study enrollment, did not report a serious medical condition,

and were ethnically Irish. All study participants provided written

informed consent. The Research Ethics Committee of the Dublin
Federated Hospitals, which is affiliated with TCD, and the Institutional

Review Board of the National Human Genome Research Institute gave

ethical approval for the study. Further details of this study were

published previously (13–15).

Data collection. Subjects completed a questionnaire to provide data on

age at study enrollment, sex, height, weight, medical conditions that

could affect the absorption of nutrients from food, unusual diets (e.g.,

vegetarian), smoking, alcohol use, and consumption of supplements and

fortified foods. We calculated BMI (kg/m2) from verified reports of height

and weight. We also assessed oral contraceptive use in women because these
medications are associated with decreased blood PLP concentrations (16).

Women were classified as oral contraceptive users if they indicated filling a

prescription for an oral contraceptive in the past 12 mo and also did not

indicate that they had stopped using the contraceptive.
Participants were asked to recall their fortified food and supplement

intake in the past week and over an average month. Data from intakes in

the past week were used in this study. We obtained active nutrient

information for each fortified food and supplement to determine the
amount of each nutrient consumed. Subjects were provided with a list of

fortified foods and definitions of serving sizes, and nutrient intake from

fortified foods was determined on the basis of the fortified food
consumed, frequency of consumption, and reported serving size.

Similarly, subjects were asked to report their supplement intake within

the past week. Active nutrient information for supplements was

converted to microgram of nutrient per portion (tablet or liquid) or
recorded in International Unit format. Data in International Unit format

were converted to microgram of nutrient per portion, according to

standard conversion rates. Data on the quantity and frequency of intake

of both fortified foods and supplements in the past week were used to
calculate the average amount of individual nutrients from these dietary

sources that each subject consumed per day.

Laboratory assays. Each subject provided 30 mL of blood (nonfasting)
for measurement of metabolites and DNA extraction. The concentra-

tions of PLP, PL, PA, and creatinine in plasma and serum cotinine

concentrations were measured by liquid chromatography–tandem mass

spectrometry, as described previously (17, 18). These analyses were
performed by the BEVITAL AS laboratory by using an Agilent series

1100 HPLC instrument outfitted with a thermostatted autosampler and

degasser and a triple-quadrupole tandem mass spectrometer from
Applied Biosystems/MSD SCIEX with electrospray ionization source.

The Tagger function in Haploview 4.2 (19) was used to select tag

SNPs (minor allele frequency > 0.05, r2 < 0.8) for each candidate

gene plus their 10-kb flanks on the basis of the HapMap sample of
Utah residents with Northern and Western European ancestry (CEU)

(HapMap Data Release 27) (20). SNP genotyping was performed by

detecting allele-specific extension products via matrix-assisted laser

desorption/ionization–time-of-flight mass spectrometry (Sequenom). We
attempted to genotype 76 tag SNPs in ALPL, PNPO, PDXK, and

PDXP, but 10 SNPs failed the assay. Of the 66 SNPs successfully

genotyped (39 inALPL, 11 in PNPO, 15 in PDXK, and 1 in PDXP), the
genotype call rate was $95% for 56 SNPs and between 92% and 95%

for 10 SNPs. After replating 3% of DNA samples, genotype concordance

was $95% for all 66 SNPs. All discordant genotypes were excluded

from analysis. Testing for Hardy-Weinberg equilibrium showed that 2
SNPs had P < 0.01: ALPL rs2071424 (P = 0.0023) and PDXK
rs3746954 (P = 0.0018).

Statistical analysis. We used the Wilcoxon�s rank-sum test to compare
continuous variables, and Fisher�s exact test to compare categorical

variables between subgroups defined by vitamin B-6 intake from fortified

foods/supplements and by SNP genotype. To examine the correlation

between plasma PLP, PL, and PA concentrations, we used linear regression
and the Spearman rank correlation test after performing an inverse normal

rank transformation to produce normally distributed data.

For the candidate gene approach, we used an additive genetic model

in linear regression to test the association between plasma B-6 vitamer
concentrations and each of the 66 tag SNPs, adjusting for amount of

vitamin B-6 intake from fortified foods/supplements (mg/d), sex, BMI,

serum cotinine (nmol/L), and alcohol intake (g/d). In a subgroup analysis
restricted to women, use of oral contraceptives (yes, no) was added as a

covariate. We performed an inverse normal rank transformation of the

variables for plasma PLP, PL, and PA concentrations before proceeding

with linear regression analyses because the distributions of these
variables were skewed to the right. The Bonferroni method was used

to adjust for multiple comparisons (663 4 = 264 tests; P < 1.89 3 1024

was considered statistically significant).
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For the GWAS analysis of 2232 subjects recruited at TCD (13–15),

details of genotyping, data cleaning, and tests for population substruc-

ture are described in the Supplemental Methods and in Desch et al. (15).
We used genotypes for 757,337 autosomal SNPs that had a minor allele

frequency >0.01. SNPs with extreme deviation from Hardy-Weinberg

equilibrium (P < 1.0 3 1024) were flagged for future reference and

remained in the analysis (n = 3512). We performed single-SNP tests of
association with log10 transformed plasma B-6 vitamer concentrations

on 2158 of these individuals by using an additive genetic model in linear

regression analyses. We included age at study enrollment, sex, and

vitamin B-6 intake from fortified/foods supplements as covariates in the
regression analyses. We considered P < 5.0 3 1028 to have met the

threshold for genome-wide statistical significance.

In addition, to perform a gene-based analysis, we applied F-distributed
tests of functional linear models (FLMs) to data for all subjects. The

details of the F-distributed tests of FLMs are available in Fan et al. (21).

Briefly, we considered a person�s observed genotypes to be the outcome of

a stochastic process, and, treating a person�s genetic data as a stochastic
function, we modeled the genetic effects of the genetic variants as a

function termed the genetic variant function. To estimate the genetic

variant function, we used the observed genotype data and functional

data analysis techniques in the form of b-spline or Fourier spline basis
functions. We then used the estimated genetic variant function in FLM

regression analyses to test for association between the genetic variants

and the quantitative trait (inverse normal rank transformation of plasma
B-6 vitamer concentration). We measured statistical significance of the

association tests by applying F-distributed test statistics to the FLMs. We

considered P < 3.1 3 1026 to be statistically significant in accordance

with a previous report (22) that used this P value threshold in a meta-
analysis of gene-based association tests.

Statistical analyses were performed with SAS 9.3 (SAS Institute),

PLINK (23), and R 2.12.0 (24).

Results

After excluding 3 subjects with bowel resection, Crohn disease,
or ulcerative colitis, 16 subjects with missing data for plasma B-6
vitamer concentrations, and 78 siblings (so that only 1 sibling
from a family was included in the analysis data set), there were
2411 study subjects. We considered that for persons with
extremely high intakes of vitamin B-6 from fortified foods/
supplements, plasma B-6 vitamer concentrations are more likely
to reflect high vitamin B-6 intake rather than variation in the
activities of enzymes involved in vitamin B-6 metabolism.
Therefore, we chose a value 10 times the Estimated Average
Requirement (1.1 mg/d for adults aged 19–50 y) (25) as a cutoff
for high intake and excluded 66 persons whose reported intake
of vitamin B-6 from fortified foods/supplements was >11 mg/d.
After these exclusions, 2345 subjects remained for analysis.

Nearly 86% of subjects reported intake of vitamin B-6 in the
past week from either fortified foods or supplements (Table 1).
The median intake amount was 0.56 mg/d. Approximately
80% of subjects obtained vitamin B-6 from fortified foods,
whereas only ;20% used supplements that contained vitamin
B-6 (Table 1). Consumers and nonconsumers of vitamin B-6
from fortified foods/supplements were similar for the percentage

of men, age, BMI, alcohol intake, serum cotinine, and plasma
creatinine (Supplemental Table 1). Plasma PLP, PL, and PA
concentrations increased for all subjects with the amount of intake
of vitamin B-6 from fortified foods/supplements (Supplemental
Figure 2). Fifty-eight subjects (2.5%) had a plasma PLP concen-
tration <30 nmol/L, a suggested minimum value that represents
adequate vitamin B-6 status in adults (26), and only 3 subjects
(0.1%) had a concentration <20 nmol/L, the value used for
adequate status by the Food and Nutrition Board in setting the
recommended daily intake for vitamin B-6 (25).

In a regression model that tested for associations with tag
SNPs in candidate genes and that was adjusted for the amount of
vitamin B-6 intake from fortified foods/supplements, sex, BMI,
serum cotinine, and alcohol intake, 17 SNPs in ALPL (of 39 tag
SNPs investigated) were associated with plasma PLP concentra-
tion after correction for multiple comparisons (Table 2). The b
coefficients showed that the minor alleles of 10 SNPs were
associated with reduced plasma PLP concentration; the minor
alleles of the other 7 SNPs were positively associated with
plasma PLP concentration. The minor allele frequency was
>0.10 for 15 of the 17 SNPs and was between 0.06 and 0.10 for
2 SNPs (Table 2). In a subgroup analysis restricted to women
and that included use of oral contraceptives as a covariate, 13 of
the 17 SNPs were significantly associated with plasma PLP. The
17 PLP-associated SNPs span the ALPL gene, which in turn is
divided in the first intron into 2 blocks of D� (Supplemental
Figure 3). SNPs in the other 3 genes were not associated with
plasma PLP (Supplemental Table 2). None of the SNPs in ALPL,
PNPO, PDXK, or PDXP was associated with plasma PL or PA
concentrations (Supplemental Table 3).

Two alternative methods produced results consistent with
those from the candidate gene analysis: a GWAS and a gene-
based method. With the use of the GWAS approach, 9 ALPL
SNPs were associated with log-transformed plasma PLP concen-
tration at P values that reached genome-wide statistical signif-
icance (Table 3). Four of these SNPs (rs1772719, rs1255335,
rs1772710, and rs2275370) were also associated with plasma
PLP in our candidate gene analyses (Table 2). Additional GWAS
results and quantile–quantile plots are in Supplemental Table 4
and Supplemental Figures 4–7. Of the 10 tag SNPs that failed the
genotyping assay on the matrix-assisted laser desorption/ioniza-
tion–time-of-flight mass spectrometer, 6 were directly genotyped
in the GWAS, and the remaining 4 were covered in the GWAS by
proxy SNPs with varying amounts of linkage disequilibrium (LD)
(r2 between 0.52 and 0.93) in persons of European ancestry in the
1000 Genomes Project (27). One of the 10 SNPs (rs4021228 that
was directly genotyped in the GWAS)was associated with plasma
PLP at genome-wide statistical significance (Table 3). The other
9 SNPs were not among our strongest signals from the GWAS
(Table 3; Supplemental Table 5). Combining results from the
candidate gene and GWAS approaches, we observed associations
between 22 ALPL SNPs and plasma PLP. In the GWAS, SNPs in
other genes were not associated with plasma PLP. We observed

TABLE 1 Vitamin B-6 intake from fortified foods and supplements among healthy Irish adults1

Source of vitamin B-6

Vitamin B-6 intake

Subjects reporting intake Amount of intake from vitamin B-6 source, mg/d

Any fortified foods or supplements 2008 (85.6) 0.56 [0.26–1.33]

Fortified foods 1915 (81.7) 0.41 [0.10–0.69]

Supplements 496 (21.2) 2.00 [1.43–3.87]

1 Values are n (%) or median [IQR] for those subjects who reported vitamin B-6 intake. n = 2345.

1388 Carter et al.
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positive correlations between plasma PLP, PL, and PA concen-
trations (Supplemental Figure 8). However, no SNP reached
genome-wide statistical significance in GWAS analyses for
plasma PL or PA (Supplemental Figures 9 and 10).

For the gene-based approach, all variants in a gene are
grouped together to test for association; therefore, we restricted
the analyses to the 3 candidate genes (ALPL, PDXK, and
PNPO) that had genotype data available for multiple SNPs.
In these analyses (involving use of genotype data for 2345
subjects), the ALPL gene�s association with plasma PLP, based
on the FLM b-spline (P = 4.04 3 10215) and Fourier spline
(P = 5.87 3 10215) methods, had a higher level of statistical

significance than the single-SNP associations from the candidate
gene and GWAS approaches (Supplemental Table 6). The 2
other genes tested in gene-based analyses, PDXK and PNPO,
were not associated with plasma PLP. None of the 3 genes
was associated with plasma PL or PA in gene-based analyses
(Supplemental Table 6).

Tryptophan catabolism through the kynurenine pathway
depends on PLP as an enzyme cofactor. With the use of an
additive genetic model in linear regression analyses, the 22 PLP-
associated SNPs in ALPL were assessed for association with
plasma concentrations of the kynurenine pathway metabolites,
3-hydroxykynurenine and the 3-hydroxykynurenine/xanthurenic

TABLE 2 ALPL SNPs associated with plasma pyridoxal 5#-phosphate concentration in healthy Irish adults, based on candidate gene
analyses1

SNP
Base pair position2

on chromosome 1
Gene
region

Major, minor
alleles

Minor allele
frequency

All subjects3 (n = 2345) Women4 (n = 1368)

b SE P b SE P

rs4654748 21786068 5# near gene (NBPF3 intron) C, T 0.48 0.15 0.03 4.61 3 1028 0.15 0.04 7.71 3 1025

rs6664097 21834693 5# near gene C, A 0.22 20.15 0.03 6.47 3 1026 20.18 0.05 7.68 3 1025

rs67039765 21836934 Intron 1 C, T 0.10 20.21 0.05 2.23 3 1026 20.22 0.06 4.15 3 1024

rs8691805 21839730 Intron 1 G, A 0.32 0.13 0.03 1.54 3 1025 0.14 0.04 5.59 3 1024

rs75365455 21844822 Intron 1 C, T 0.38 0.11 0.03 1.77 3 1024 0.13 0.04 1.47 3 1023

rs12145027 21847548 Intron 1 T, C 0.24 0.18 0.03 4.67 3 1028 0.19 0.04 1.60 3 1025

rs9628653 21848962 Intron 1 T, A 0.23 0.15 0.03 8.84 3 1026 0.18 0.05 1.34 3 1024

rs17803155 21863956 Intron 1 T, C 0.29 20.14 0.03 1.63 3 1026 20.13 0.04 1.62 3 1023

rs1256341 21866829 Intron 1 T, C 0.27 0.16 0.03 1.09 3 1026 0.20 0.04 4.56 3 1026

rs1256342 21876492 Intron 1 C, T 0.15 20.17 0.04 1.89 3 1025 20.21 0.05 9.46 3 1025

rs1256335 21890386 Intron 5 A, G 0.22 20.24 0.03 7.39 3 10213 20.27 0.05 2.00 3 1029

rs1256331 21895008 Intron 7 C, T 0.23 0.16 0.03 3.47 3 1027 0.16 0.04 1.24 3 1024

rs1780318 21895625 Intron 7 T, A 0.06 20.29 0.06 2.22 3 1027 20.29 0.08 1.31 3 1024

rs2275370 21900420 Intron 9 G, A 0.21 20.21 0.03 1.17 3 1029 20.23 0.05 3.43 3 1027

rs1780329 21902950 Intron 10 C, A 0.19 20.16 0.03 2.89 3 1026 20.18 0.05 9.18 3 1025

rs1772719 21904374 3# UTR A, C 0.23 20.22 0.03 4.70 3 10212 20.26 0.04 2.06 3 1029

rs1772720 21905007 3# near gene G, A 0.07 20.29 0.05 2.66 3 1028 20.31 0.07 1.04 3 1025

1 ALPL, tissue nonspecific alkaline phosphatase gene; NBPF3, neuroblastoma breakpoint family, member 3 gene; SNP, single-nucleotide polymorphism; UTR, untranslated region.
2 Based on National Center for Biotechnology Information–Genome Reference Consortium Human genome build 37/human genome 19 assembly.
3 Linear regression model adjusted for amount of vitamin B-6 intake from fortified foods/supplements, sex, BMI, serum cotinine, and alcohol intake; outcome variable was inverse

normal rank transformation of plasma pyridoxal 5#-phosphate concentration.
4 Linear regression model adjusted for amount of vitamin B-6 intake from fortified foods/supplements, BMI, serum cotinine, alcohol intake, and use of oral contraceptives;

outcome variable was inverse normal rank transformation of plasma pyridoxal 5#-phosphate concentration.
5 For analyses restricted to women, P values failed to reach statistical significance (P , 1.89 3 1024).

TABLE 3 Genome-wide association study results of ALPL SNPs associated with plasma pyridoxal 5#-
phosphate in healthy Irish adults1

SNP
Base pair position2

on chromosome 1 Gene region
Major, minor

alleles
Minor allele
frequency b3 SE P

rs1772719 21904374 3# untranslated region A, C 0.23 20.06 0.01 2.48 3 10216

rs1256335 21890386 Intron 5 A, G 0.22 20.06 0.01 4.38 3 10214

rs1780321 21824108 5# near gene A, G 0.33 20.05 0.01 2.80 3 10212

rs1780324 21821757 5# near gene C, T 0.49 20.04 0.01 1.17 3 10211

rs1697421 21823292 5# near gene G, A 0.49 0.04 0.01 3.40 3 10211

rs1772720 21905007 3# near gene G, A 0.08 20.07 0.01 8.15 3 10210

rs2275370 21900420 Intron 9 G, A 0.21 20.05 0.01 1.74 3 1029

rs4021228 21863691 Intron 1 G, T 0.47 0.04 0.01 4.25 3 1029

rs1780316 21889635 Exon 5 C, T 0.07 20.07 0.01 8.11 3 1029

1 n = 2158 subjects. ALPL, tissue nonspecific alkaline phosphatase gene; SNP, single-nucleotide polymorphism.
2 Based on National Center for Biotechnology Information–Genome Reference Consortium Human genome build 37/human genome 19

assembly.
3 Linear regression model adjusted for age, sex, and vitamin B-6 intake from fortified/foods supplements; outcome variable was log10
transformation of plasma pyridoxal 5#-phosphate concentration.
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acid ratio, reported to correlate inversely with plasma PLP and to
be possible vitamin B-6 status markers (28, 29). No significant
effects were observed (data not shown).

We used the Genevar database (30), which contains data on
gene expression in lymphoblastoid cell lines from HapMap
individuals (31), to explore whether the ALPL SNPs associated
with plasma PLP in our Irish study population were also
associated with ALPL expression in other persons of European
ancestry (HapMap CEU population). Data were available for 17
of the 22 SNPs (Supplemental Figure 11). The only statistically
significant association was for rs1256341 (P = 0.016) (Supple-
mental Figure 11G). Homozygosity for the minor C allele was
associated with decreased ALPL expression. The subset (6.5%)
of our study population who had the minor CC genotype also
had a median plasma PLP concentration (92.2 nmol/L) that was
significantly greater than that of subjects with either the TT
(78.9 nmol/L; P = 0.00012) or TC (82.0 nmol/L; P = 0.0084)
genotype (Figure 1). This observation is congruent with the CC
genotype�s association with decreased ALPL expression because
this decreased expression is likely to result in reduced PLP
dephosphorylation by the ALPL-encoded enzyme.

To investigate further the potential regulatory functions of
the 22 SNPs, we used the rSNPBase database (32) which reports
the location of SNPs relative to putative regulatory regions of
the genome annotated by the Encyclopedia of DNA Elements
project (33) that used DNA from various human cell lines. One
or more of 18 of the SNPs were located in regions of open
chromatin (accessible to regulatory factors), histone modifica-
tion (often found near promoters, enhancers, and other regula-
tory elements), and RNA polymerase II interactions with
chromatin (RNA polymerase II binding site that could partic-
ipate in transcriptional regulation) and in regions that contain
binding sites for transcription factors and an RNA-binding
protein encoded by the poly(A) binding protein, cytoplasmic
1 gene (Supplemental Tables 7–12). With the use of the University
of California at Santa Cruz genome browser (34), we determined

that none of the SNPs was located in CpG islands (often found
near transcription start sites and promoter regions) or in theALPL
target site for hsa-mir-204–5p, a microRNA that was shown to
influence ALPL expression (35).

Most (>95%) circulating PLP is bound to serum albumin; this
binding protects PLP from dephosphorylation by phosphatases
such as the enzyme encoded by ALPL (36). Because unbound,
circulating PLP is likely to be dephosphorylated to PL, the binding
of PLP to albumin is a factor in determining circulating PLP
concentration. We sought to determine whether genetic variants
associated with serum albumin concentration are also associated
with changes in plasma PLP; therefore, we performed additional
analyses by using 6 SNPs that influenced serum albumin concen-
trations in a prior GWAS that involved a study population with
European ancestry (37). Genotype data were available for 4 of the
SNPs (rs1260326, rs16948098, rs11078597, rs4806073) in our
GWAS data set. For the other 2 SNPs (rs13381710, rs739347), we
used genotype data for nearby SNPs (rs12954590, rs10403394)
selected to act as proxies (r2 > 0.92). On the basis of an additive
genetic model in linear regression analyses, none of the SNPs was
associated with plasma PLP concentration in our study population
(Table 4).

Discussion

In our study population of healthy, young adults, we observed
statistically significant associations between 22 ALPL SNPs and
plasma PLP concentration. These include 4 SNPs (rs4654748,
rs1256335, rs1697421, and rs1780316) that were associated
with plasma PLP in previous GWASs of one-carbon metabolites
(10–12). The results of the 3 different analytic methods (candi-
date gene, GWAS, and gene-based approaches) applied to our
data all strongly suggest that ALPL is the most important gene
that influences plasma PLP concentration. We had high statistical
power to rule out the effects of common variants in other genes
on plasma PLP concentration and of SNPs in any gene on
plasma PL and PA concentrations. We also observed that SNPs
previously shown to influence serum albumin concentration
were not associated with plasma PLP concentration in our study
population.

The ALPL locus encodes tissue nonspecific alkaline phospha-
tase (TNAP), an enzyme (attached to the outer cell membrane)
that can dephosphorylate PLP extracellularly (38). Multiple lines
of evidence suggest that TNAP activity is a major determinant of
plasma PLP concentration. First, investigations into hypophos-
phatasia, caused by inactivating mutations in ALPL, found that
these mutations also caused elevated plasma PLP in affected
patients (8, 9). Second, patients with liver disease often have a
low plasma PLP concentration that is associated with elevated
TNAP activity in the circulation (39). Third, in population-based
studies, 4ALPL SNPs are associatedwith plasma PLP at a genome-
wide level of statistical significance (10–12), as mentioned, and
we have obtained similar findings in our GWAS by using a cohort
recruited at TCD.

The liver is suggested as a possible site of PLP dephospho-
rylation by TNAP (40), based on observations that TNAP
activity is readily inducible in liver (41) and is further increased
in patients with liver disease (in association with low plasma PLP
concentrations) (39). The physiologic role of TNAP in liver is
unknown, but an animal study has shown that TNAP from liver
cell membranes is able to hydrolyze PLP (42). Most PLP in the
circulation is normally bound to albumin (36), whereas only free
PLP is a substrate for alkaline phosphatase (43). Human serum
contains a substantial amount of TNAP protein (44), but it is

FIGURE 1 Plasma pyridoxal 5#-phosphate concentration according

to the ALPL rs1256341 genotype in healthy Irish adults. One hundred

thirty-two (5.63%) of the 2345 study subjects had missing genotype

data for ALPL rs1256341. Of the 2213 subjects with rs1256341ge-

notype data, 1178 (53.2%) had the TT genotype, 892 (40.3%) had the

TC genotype, and 143 (6.5%) had the CC genotype. The median

plasma pyridoxal 5#-phosphate concentration was 78.9 nmol/L for the

TT genotype, 82.0 nmol/L for the TC genotype, and 92.2 nmol/L for

the CC genotype. *P = 0.00012, **P = 0.0084; Wilcoxon�s rank-sum

test. ALPL, tissue nonspecific alkaline phosphatase gene.
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uncertain to what extent TNAP activity in the circulation
directly regulates plasma PLP concentration.

Reports of associations between genetic variants and circulat-
ing TNAP concentration in population-based studies suggest a
role for genetic factors in regulating the amount of TNAP protein
produced. One of the 22 PLP-associated SNPs (rs1780324) is
among 3 SNPs (the other 2 are rs2242420 and rs1976403) in or
near the ALPL gene that were associated with circulating alkaline
phosphatase concentrations in prior GWASs (45–47). On the
basis of data for persons of European ancestry in the 1000
Genomes Project (27), another 8 PLP-associated SNPs share LD
(D� > 0.90, r2 < 0.40) with rs2242420, and an additional 2 share
LD (D� > 0.85, r2 > 0.50) with rs1976403 (data not shown).
However, no reports to date indicate whether rs1780324,
rs2242420, or rs1976403 have a functional effect on alkaline
phosphatase. The 22 PLP-associated SNPs and SNPs associated
with circulating PLP or alkaline phosphatase concentrations in
previous GWASs (10–12, 45–47) are present in both LD blocks
that span the ALPL gene. Therefore, we were unable to define a
specific region of the gene that could harbor functional variants
that affect PLP dephosphorylation.

Only 1 of the 22ALPL SNPs is located in a coding region: the
synonymous rs1780316 (S110S) variant in exon 5 of ALPL.
Therefore, none of the SNPs leads to amino acid changes, and it
is unknown whether any has direct functional consequences.
Our observation that the locations of 18 of the 22 SNPs
coincided with at least 1 putative regulatory region identified
by the Encyclopedia of DNA Elements project suggests that the
SNPs could potentially affect the regulation of ALPL transcrip-
tion. A genomic locus that regulates transcription is likely to
be associated with changes in the amount of RNA copied
from DNA (expression quantitative trait locus). We identified
a potential expression quantitative trait locus among the 22
SNPs by using the Genevar database (30). The ALPL rs1256341
homozygous minor CC genotype is associated with decreased
ALPL mRNA expression in lymphoblastoid cell lines from a
European ancestry population. This is not proof of a functional
effect of rs1256341, but the direction of the association between

ALPL expression and the CC genotype is consistent with the
positive association between the rs1256341 minor C allele and
plasma PLP concentration in our study population. That is,
reduced PLP dephosphorylation and a concomitant increase in
plasma PLP concentration are likely to result from decreased
ALPL expression associated with the minor CC genotype.

Our search for previous reports of functional effects associ-
ated with any ALPL SNP found that a functional effect was
reported for 1 ALPL common variant, rs3200254 T > C, not
included in our study. Of the 22 PLP-associated SNPs in our
study, rs1780329 is the one most closely linked to rs3200254 [D�
= 0.97, r2 = 0.64; 1000 Genomes Project (27); data not shown].
The rs3200254 C allele frequency is 0.12 in the HapMap CEU
population. This SNP is a missense variant (T263H) situated
near the metal-binding domains of TNAP (48). Enzyme activity
assays that compared the effects of the T and C alleles showed
that the C allele decreased the Michaelis constant of the enzyme
reaction (48). The reduced Michaelis constant in the presence
of the rs3200254 minor C allele and the association between
the rs1780329 minor A allele and decreased plasma PLP in our
study suggest that these minor alleles are associated with increased
TNAP activity. The reported phenotypes observed with the minor
alleles of both SNPs may therefore be driven by a single functional
allele and may be the source of the plasma PLP association signal
we detect.

Strengths of this study were the ethnically homogenous, large
study population of healthy adults who did not have diseases
that could impair vitamin B-6 absorption in the gut and the
collection of detailed data on the amount of intake of vitamin
B-6 from fortified foods/supplements. A weakness was that our
vitamin B-6 intake data did not include the vitamin content from
unfortified food; therefore, we could not account for vitamin B-6
intake from all dietary sources in regression analyses.

In summary, our finding that common variants that span the
ALPL gene were associated with plasma PLP concentration adds
to the body of evidence to suggest that TNAP, encoded byALPL,
has a role in regulating plasma PLP concentration. In compar-
ison with previous GWAS reports, we have extended knowledge

TABLE 4 Test for association between serum albumin GWAS SNPs and plasma PLP concentration in
healthy Irish adults1

SNP Chr
Base pair
position2 Candidate genes

Major, minor
alleles

Results from serum albumin
GWAS (n . 38,000)

Results from this study
for plasma PLP (n = 2219)

b P b3 P

rs1260326 2 27730940 GCKR-FNDC4 C, T 0.01 2.9 3 10214 0.05 0.11

rs16948098 15 44219607 FRMD5-WDR76 G, A 0.02 1.9 3 1028 20.07 0.33

rs11078597 17 1618363 SERPINF2-WDR81 T, C 0.02 6.8 3 10213 20.01 0.79

rs4806073 19 35555190 HPN-SCN1B C, T 0.03 3.3 3 10215 20.08 0.94

rs129545904 18 60155750 TNFRSF11A-ZCCHC2 C, T 0.01* 3.9 3 1029* 0.01 0.84

rs104033945 19 49999345 RPS11-FCGRT G, A 0.02** 3.2 3 1028** 20.07 0.23

1 Serum albumin GWAS SNPs were reported in Franceschini et al. (37). Chr, chromosome number; FCGRT, Fc fragment of IgG, receptor,

transporter, a gene; FNDC4, fibronectin type III domain containing 4 gene; FRMD5, FERM domain containing 5 gene; GCKR, glucokinase

(hexokinase 4) regulator gene; GWAS, genome-wide association study; HPN, hepsin gene; PLP, pyridoxal 5#-phosphate; RPS11, ribosomal

protein S11 gene; SCN1B, sodium channel, voltage-gated, type I, b subunit gene; SERPINF2, serpin peptidase inhibitor, clade F (a-2 antiplasmin,

pigment epithelium derived factor), member 2 gene; SNP, single-nucleotide polymorphism; TNFRSF11A, tumor necrosis factor receptor

superfamily, member 11a, nuclear transcription factor kB activator gene; WDR76, WD repeat domain 76 gene; WDR81, WD repeat domain 81

gene; ZCCHC2, zinc finger, CCHC domain containing 2 gene.
2 Based on National Center for Biotechnology Information–Genome Reference Consortium Human genome build 37/human genome 19

assembly.
3 Linear regression used inverse normal rank transformation of plasma pyridoxal 5#-phosphate concentration as the outcome variable; model

adjusted for age and sex.
4 Nearby rs13381710 (base pair position 60153329 on chromosome 18). *GWAS result for rs13381710.
5 Nearby rs739347 (base pair position 50001385 on chromosome 19). **GWAS result for rs739347.
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about ALPL SNPs and circulating PLP by using gene expres-
sion data to examine the possible functional effects of ALPL
SNPs. The observation that the minor CC genotype of ALPL
rs1256341 was associated with both increased plasma PLP and
reduced ALPL expression suggests that the regulation of ALPL
expression by common ALPL variants is a determinant of
plasma PLP concentration. Most of the SNPs associated with
plasma PLP had a minor allele frequency >0.10; therefore, the
possible functional consequences of common ALPL variants
should be investigated because these variants could influence
plasma PLP concentration in a large percentage of the general
population.
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