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Plasma vitamin B-6 forms and their relation to transsulfuration
metabolites in a large, population-based study'™
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ABSTRACT

Background: Vitamin B-6 exists in different forms; one of those
forms, pyridoxal 5'-phosphate (PLP), serves a cofactor in many
enzyme reactions, including the transsulfuration pathway, in which
homocysteine is converted to cystathionine and then to cysteine.
Data on the relations between indexes of vitamin B-6 status and
transsulfuration metabolites in plasma are sparse and conflicting.
Objective: We investigated the distribution and associations of
various vitamin B-6 species in plasma and their relation to plasma
concentrations of transsulfuration metabolites.

Design: Nonfasting blood samples from 10 601 healthy subjects
with a mean age of 56.4 y were analyzed for all known vitamin B-6
vitamers, folate, cobalamin, riboflavin, total homocysteine, cysta-
thionine, total cysteine, methionine, and creatinine. All subjects
were genotyped for the methylenetetrahydrofolate reductase
(MTHFR) 677C—T polymorphism.

Results: Plasma concentrations of the main vitamin B-6 vitamers—
PLP, pyridoxal, and 4-pyridoxic acid—were strongly correlated.
Among the vitamin B-6 vitamers, PLP showed the strongest and
most consistent inverse relation to total homocysteine and cystathi-
onine, but the dose response was different for the 2 metabolites. The
PLP-total homocysteine relation was significant only in the lowest
quartile of the vitamin B-6 distribution and was strongest in subjects
with the MTHFR 677TT genotype, whereas cystathionine showed a
graded response throughout the range of vitamin B-6 vitamer con-
centrations, and the effect was not modified by the MTHFR
677C—T genotype.

Conclusion: This large population-based study provided precise
estimates of the relation between plasma concentrations of vitamin
B-6 forms and transsulfuration metabolites as modified by the MTHFR
677C—T genotype. Am J Clin Nutr 2007;86:131-8.

KEY WORDS Vitamin B-6, homocysteine, cystathionine,
cysteine, methylenetetrahydrofolate reductase, transsulfuration

INTRODUCTION

Vitamin B-6 is a versatile enzyme cofactor that is involved in
~100 enzymatic reactions (1). Vitamin B-6 exists in 7 forms:
pyridoxine, pyridoxine 5’-phosphate (PNP), pyridoxal, pyri-
doxal 5'-phosphate (PLP), pyridoxamine, pyridoxamine 5’'-
phosphate (PMP), and the catabolite 4-pyridoxic acid (PA). Pyri-
doxal and PLP are the major vitamin B-6 forms obtained from
animal food products, whereas pyridoxine, pyridoxamine, PNP,
and PMP are the main forms obtained from plants (1). Pyridoxine
is also the form given as vitamin B-6 supplement. Vitamin B-6 is

absorbed in the jejunum and metabolized in the liver (2), which
releases PLP (3) with pyridoxal and PA (2) into the circulation.
The major catabolic pathway in humans is the hydrolysis of the
metabolically active form PLP to pyridoxal, which is followed by
oxidation to PA (4).

Orally supplemented pyridoxine is absorbed quickly, which
results in a plasma pyridoxine peak that disappears in a few hours
(2,5, 6), strong increases in plasma pyridoxal (2, 5, 7, 8) and PA
(2,5,7) that normalize in several hours, and an increase in plasma
PLP that lasts >24 h (2, 5, 7-9). PLP, pyridoxal, and PA are the
major vitamin B-6 forms in plasma (10—-12), where most PLP (3),
and some pyridoxal—but no PA or pyridoxine—are protein-
bound (13). Free plasma pyridoxal but not protein-bound PLP
can cross cell membranes (3, 14, 15). Once inside the cell, pyr-
idoxal may be converted to PLP, which is the metabolically
active form (1). Plasma PLP is the most commonly used vitamin
B-6 index (14, 16, 17). However, pyridoxal (14, 18, 19) and the
combinations PLP plus pyridoxal (14, 20) and PLP plus PA
(21-23) have also been suggested as useful markers of vitamin
B-6 status.

PLP serves as cofactor in both steps in the transsulfuration
pathway, in which cystathionine (3-synthase and cystathionine
v-lyase convert homocysteine to cystathionine and then to cys-
teine (24). An inverse relation between plasma PLP and total
homocysteine (tHcy) in nonfasting (25) and fasting (23, 26)
subjects has been reported by some authors, but most found no
such relation (27-35). Similarly, some studies reported a tHcy-
lowering effect of pyridoxine supplementation (36, 37), but most
investigators found no such effect in fasting (29, 33, 38—45) or
nonfasting (46) subjects. An inverse relation between plasma
cystathionine and PLP during fasting was reported (35), and both
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fasting (32) and nonfasting (46) plasma cystathionine concentra-
tions were reduced by pyridoxine supplementation. Studies of the
relation of plasma PLP (23, 35, 47) and pyridoxine supplementation
(32, 43) to total cysteine (tCys) has been negative.

The enzyme methylenetetrahydrofolate reductase (MTHFR;
EC 1.5.1.20) catalyzes the irreversible conversion of 5,10 —meth-
ylenetetrahydrofolate to 5-methyltetrahydrofolate, which serves
as methyl donor in the remethylation of homocysteine to methi-
onine. Homozygosity for the common MTHFR 677C—T poly-
morphism is associated with higher plasma tHcy concentrations
(48) and stronger inverse relations of plasma tHcy with folate,
vitamin B-12, riboflavin (48), and possibly also with PLP (49).

This report focuses on the concentrations and interrelations of
all forms of vitamin B-6 and on the relations of the major vitamin
B-6 forms with plasma tHcy and its transsulfuration metabolites
cystathionine and cysteine. We also investigated the possible
effect modification by the MTHFR 677C—T genotype. The
study was carried out in a large cohort of healthy Norwegian
subjects.

SUBJECTS AND METHODS

Subjects and recruitment

The present study includes 10 601 healthy subjects from the
Norwegian Colorectal Cancer Prevention cohort (50) who were
randomly selected from the population registries of Oslo and
Telemark counties in Norway from 1999 through 2001. All of the
participants (men and women) were 50—64 y old.

Written informed consent was obtained from all participants.
The Regional Ethics Committee and The Data Inspectorate ap-
proved the study protocol.

Blood collection and biochemical analyses

Blood was drawn from nonfasting subjects during normal
working hours at 3 study centers: Ulleval Hospital in Oslo,
Telemark Hospital in Skien, and Rjukan Hospital in Rjukan (all:
Norway). The blood was centrifuged at 1100 X g for 10 min at
23 °C, and serum and plasma (which had been drawn into tubes
containing EDTA) were separated and kept at —80 °C until they
were analyzed.

Plasma tHcy, tCys (51), vitamin B-6 and riboflavin (12), se-
rum folate (52), cobalamin (53) concentrations were measured,
and MTHFR 677C—T genotypes (54) were determined accord-
ing to published methods. Cystathionine was analyzed by includ-
ing it and a deuterated internal standard (d4-cystathionine) in an
existing liquid chromatography—tandem mass spectrometry as-
say (12). Ion pairs were 222.9/133.9 for cystathionine and 226.9/
137.9 for d4-cystathionine. Creatinine and total methionine (sum of
methionine and methionine sulfoxide) were analyzed by including
them and their deuterated internal standards (d3-creatinine and d4-
methionine) in a liquid chromatography—tandem mass spectrom-
etry assay (55) by using the ion pairs 114/44.2,150.2/104, 166.1/
73.9, 117/47.2, and 154/108, respectively.

Statistical analysis

Concentrations are given as means and medians (5th, 95th
percentiles). Concentration means, age, and sex across geno-
types were compared by linear regression after adjustment
(where appropriate) for age, sex, and study center. Relations
between the vitamin B-6 vitamers PLP, pyridoxal, and PA; other

B vitamins; and metabolites were investigated by using partial
Spearman correlation after adjustment for age, sex, and study
center. The relations between PLP, pyridoxal, and PA were also
presented as scatterplots with lowess regression curves (56) with
the smoother span and delta both set at 0.01.

The relations between the metabolites and various forms of
vitamin B-6 were assessed in multiple linear regression models.
Separate regression models were constructed for each of the
major vitamin B-6 forms. Age was included as a continuous
variable. Categorical variables indicating study center enroll-
ment were used. Vitamin B-6 forms, creatinine, folate, cobal-
amin, riboflavin, and methionine were included as indicator vari-
ables, with one variable used for each concentration quartile. The
regression coefficients estimated the difference in mean tHcy
between the chosen reference category and the other categories.
Mean metabolite concentrations across quartiles of PLP, pyri-
doxal, or PA were also tested for linear trend. We investigated the
possible interaction between the MTHFR 677C—T genotype and a
vitamin B-6 vitamer by including product terms between genotype
and the vitamer concentration in multiple linear regression models
in which the transsulfuration metabolites served as the dependent
variable; all primary variables were retained in the model. Tests
were 2-tailed, and P < 0.05 was considered significant.

Statistical analyses were performed by using SPSS software
(version 11.0; SPSS, Chicago, IL), except for the lowess regres-
sion, which was computed by using R (57).

RESULTS

Population characteristics

The study population (n = 10 601, 49.2% male) was predom-
inantly (>98%) white and had a mean age of 56.4 y (Table 1).
MTHFR 677C—T genotype frequencies were 51.4%, 40.6%,
and 8.0% for the CC, CT, and TT genotypes, respectively, and
neither sex nor age varied between the genotypes (Table 1).

Vitamin B-6 vitamers

PLP, pyridoxal, and PA were present in all plasma samples.
The concentrations and distribution of these vitamers are sum-
marized in Table 1 and Figure 1. Median (5th, 95th percentiles)
concentrations were 43.7 (16-139), 9.5 (5-39), and 20.3
(10-100) nmol/L for PLP, pyridoxal, and PA, respectively. Only
PLP was related to the MTHFR 677C—T polymorphism, and its
lowest concentrations (as were those of folate) were found in
subjects with the TT genotype (Table 1). The concentration of
PLP ranged from 4 to 1100 nmol/L, whereas pyridoxal and PA
had a wider concentration range of 1 to =5000 nmol/L. All 3
species showed a skewed distribution with a long tail in the upper
region, and the distributions became essentially symmetric after
log transformation (Figure 1).

Pyridoxine and pyridoxamine were detected in 1.9% and
0.85% of the samples; their maximum concentrations were 2970
and 465 nmol/L, respectively. PMP and PNP were rarely de-
tected in plasma; if they were present, their concentrations were
always close to the lower limit of quantification of the assay (ie,
0.2 nmol/L for PNP and 4 nmol/L for PMP).

The concentrations of the main species—PLP, pyridoxal, and
PA—were strongly related (Figure 1). The plots of PLP versus
pyridoxal or PA showed the steepest increase at higher PLP
concentrations, whereas pyridoxal and PA had a linear relation
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TABLE 1
Characteristics of the study population’
MTHFR 677C—T genotype
All subjects cc CcT T
(n=10601) (n = 5452) (n = 4299) (n = 850)
Mean Median Percentiles’® Mean Median Percentiles® Mean Median Percentiles® Mean Median  Percentiles® P?
Total homocysteine 10.8 10.2 (6.8,16.4) 10.4 9.9 (6.7, 15.3) 10.9 10.4 (6.8, 16.4) 13.3 11.2 (7.0, 27.0) < 0.001
(pmol/L)
Cystathionine 0.237  0.190 (0.091, 0.525) 0.238  0.190  (0.092, 0.523) 0236 0.189  (0.090, 0.526) 0235  0.193 (0.092,0.527) 0.708
(mol/L)
Total cysteine 2853 2837 (237.1,338.2) 2853 2835 (237.1,339.1) 2857 284.2 (237.4,337.3) 282.0 281.2 (233.6,334.4) 0.013
(pmol/L)
PLP (nmol/L) 62.7 48.0 (18.7,152.4) 62.7 47.9 (19.1, 153.3) 63.8 49.0 (18.8,153.2) 58.2 44.4 (15.6, 143.1) 0.002
PL (nmol/L) 21.5 10.0 (5.2,41.1) 19.9 9.9 (5.2, 40.6) 239 10.2 (5.3,41.8) 19.6 9.6 (4.9,41.5) 0.276
PA (nmol/L) 42.0 20.4 (10.3, 110.0) 40.0 20.3 (10.4, 109.0) 44.7 20.5 (10.2, 110.0) 40.3 20.5 (10.0, 109.0) 0.270
Folate (nmol/L) 17.1 13.7 (6.6,39.4) 17.8 14.5 (7.3,40.3) 17.0 13.4 (6.6, 39.0) 13.4 10.5 (5.0,32.1) < 0.001
Cobalamin 332.0 307.2 (172.0,535.9) 3334  307.7 (174.6,541.6) 330.5 307.7 (170.4,532.4) 3239 299.7 (157.4,516.0) 0.341
(pmol/L)
Riboflavin 18.1 10.5 (4.1,55.9) 18.5 10.4 (4.1,57.6) 17.7 10.4 (4.1,54.8) 17.0 10.7 (3.9, 46.5) 0.178
(nmol/L)
Total methionine 23.5 22.5 (16.2,34.9) 23.5 224 (16.1, 34.8) 23.6 22.5 (16.2,35.3) 23.4 224 (16.4,33.7) 0.186
(mol/L)
Creatinine 69.9 68.9 (50.6,92.2) 70.0 68.9 (50.4,91.9) 70.3 69.5 (51.2,92.9) 67.6 66.3 (49.9, 83.9) < 0.001
(pmol/L)
Age (y) 56.4 55 (51,63) 56.4 55 (51, 63) 56.4 55 (51, 63) 56.3 55 (51, 63) 0.283
Male (%) 49.2 48.2 50.2 50.7 0.068

! All concentrations are in plasma, except folate, which is in serum. MTHFR, methylenetetrahydrofolate reductase; PLP, pyridoxal 5’-phosphate; PL,

pyridoxal; PA, pyridoxic acid.

2 Means across genotypes were modelled by linear regression and adjusted (where appropriate) for age, sex, and study center.

7 5th, 95th percentiles.

throughout the range of concentrations. All correlations were
highly significant (P < 0.001) but were somewhat stronger be-
tween PLP and pyridoxal (Spearman r = 0.80) and between
pyridoxal and PA (r = 0.79) than between PLP and PA (r = 0.67)
(Table 2).

The vitamin B-6 vitamers showed moderate correlations with
folate and riboflavin (r = 0.35-0.45) and a weaker correlation
with cobalamin (r = 0.14-0.18). Methionine and creatinine
were more strongly associated with PLP and PA, respectively,
than with the other vitamin B-6 vitamers (Table 2).

Homocysteine

The median (5th, 95th percentiles) tHcy concentration for all
subjects combined was 10.2 (6.8 -16.4) wmol/L, and the concen-
tration increased with the number of MTHFR 677T alleles (P <
0.001; Table 1). Plasma tHcy was negatively related to folate,
cobalamin, and riboflavin and positively related to creatinine
(Table 2).

The association of plasma tHcy with either PLP, pyridoxal, or
PA was assessed by using multiple regression analyses after
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FIGURE 1. Distribution of and correlation between pyridoxal 5'-phosphate (PLP), pyridoxal (PL), and pyridoxic acid (PA) in human plasma. The main
panels show scatter plots overlaid with lowess regression curves. Distribution of the separate vitamin B-6 vitamers is presented as histograms projected on the

x and y axes. Note that both axes use log scale.
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TABLE 2
Partial Spearman correlation coefficients’

tHey Cystathionine tCys PLP PL PA
Cystathionine 0.15 — — — — —
tCys 0.37 0.04 — — — —
PLP —0.23 —0.11 0.07 — — —
PL —0.20 —0.16 0.10 0.80 — —
PA —0.21 —0.10 0.10 0.67 0.79 —
Folate —0.44 —0.20 0.13 0.39 0.40 0.40
Cobalamin —0.24 —-0.02? 0.08 0.18 0.14 0.18
Riboflavin —0.18 0.0037 0.09 0.35 0.39 0.45
Methionine —0.07 0.33 —0.02* 0.16 0.11 0.07
Creatinine 0.20 0.19 0.16 0.07 0.08 0.19

! Adjusted for age, sex, and study center. n = 10 601. tHcy, total homocysteine; tCys, total cysteine; PLP, pyridoxal 5'-phosphate; PL, pyridoxal; PA,
pyridoxic acid. All correlations were significant if not indicated otherwise, P < 0.001.

2P =0.09.
SPp=07.
4P =0.016.

adjustment for other B vitamins, creatinine, study center, age,
and sex (Table 3). Plasma tHcy increased with decreasing con-
centrations of PLP only in the lowest PLP quartile. Furthermore,
the tHcy differences across quartiles were investigated sepa-
rately in the MTHFR 677C—T genotypes and was most pro-
nounced (2.18 umol/L) in the 7T genotype (P < 0.001 for in-
teraction between PLP and MTHFR). Plasma tHcy was similarly
related to pyridoxal and PA, but the associations were in general
weaker than those with PLP (Table 3).

Cystathionine and cysteine

The median (5th, 95th percentiles) concentrations for all subjects
combined were 0.190 (0.091-0.525) wmol/L for cystathionine and

283.7 (237-338.2) umol/L for tCys; the concentration of cysta-
thionine did not vary with MTHFR 677C—T genotype, whereas
tCys was lowest in the 77 group (Table 1). Plasma cystathionine
(but not tCys) was higher in men than in women [x (5th, 95th
percentiles) concentrations: 0.257 (0.099-0.580) and 0.218
(0.086-0.471) wmol/L, respectively] (P < 0.001). Cystathi-
onine was inversely related to folate, but not to cobalamin or
riboflavin, and was positively related to creatinine and methio-
nine (Table 2).

We investigated the relations of cystathionine to the vitamin
B-6 vitamers by using a multiple regression model similar to that
described for tHcy but with additional adjustment for methio-
nine. Plasma cystathionine increased (P for trend = 0.007) with

TABLE 3
Difference in plasma total homocysteine across quartiles (Q) of vitamin B-6 vitamers and MTHFR 677C—T genotypes’
Genotype
All genotypes cc CcT T
Determinant Upper cutoff (n=10576) (n = 5452) (n = 4299) (n = 850) P?
nmol/L nmol/L
PLP
Ql 32.6 0.73 (0.52, 0.95) 0.57 (0.35,0.79) 0.54 (0.21, 0.87) 2.18 (0.64,3.72) < 0.001
Q2 48.0 0.18 (—0.02, 0.38) 0.25 (0.05, 0.46) 0.10 (—0.20, 0.40) —0.39 (—1.79, 1.01)
Q3 73.1 0.09 (—0.10, 0.28) 0.17 (—=0.03, 0.36) 0.09 (—0.19, 0.37) —0.46 (—1.81,0.89)
P’ < 0.001 < 0.001 0.003 0.004
PL
Ql 7.5 0.22 (0.01, 0.43) 0.06 (—0.16, 0.28) 0.01 (—=0.32,0.33) 2.03 (0.60, 3.46) < 0.001
Q2 10.0 —0.14 (—0.34, 0.06) —0.09 (—0.30, 0.12) —0.10 (—0.41, 0.20) —0.46 (—1.85,0.93)
Q3 14.7 0.00 (—0.19, 0.20) 0.09 (—0.12, 0.29) 0.00 (—0.29, 0.29) 0.10 (—1.24,1.44)
P’ 0.11 1.0 0.89 0.01
PA
Ql 152 0.34 (0.13, 0.56) 0.29 (0.07, 0.50) 0.34 (0.014, 0.66) 1.41 (—0.07,2.89) < 0.001
Q2 20.4 0.03 (—0.18, 0.23) 0.11 (=0.10, 0.32) —0.01 (—=0.32,0.30) 0.03 (—1.41, 1.47)
Q3 31.7 0.04 (—0.16, 0.23) 0.05 (—0.16, 0.25) 0.01 (—0.29, 0.31) 0.23 (—1.10, 1.55)
P’ 0.002 0.007 0.05 0.07

! Comparison of mean values (and 95% CIs) between the highest (referent) quartile (Q4) and each of the other quartiles. MTHFR, methylenetetrahy-
drofolate reductase; PLP, pyridoxal 5'-phosphate; PL, pyridoxal; PA, pyridoxic acid. Data were obtained by multiple regression with total homocysteine as the
dependent variable. The models were adjusted for age, sex, study center, and concentrations of folate, cobalamin, riboflavin, and creatinine.

2 P for interaction between MTHFR 677C—T genotype and vitamin B-6 vitamer.

3 P for trend across quartiles of vitamin B-6 vitamers.
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TABLE 4
Difference in plasma cystathionine across quartiles (Q) of vitamin B-6 vitamers and MTHFR 677C—T genotypes’
Genotype
All genotypes cc cT T
Determinant Upper cutoff (n =10 576) (n = 5452) (n = 4299) (n = 850) P?
nmol/L nmol/L
PLP
Ql 32.6 47.1(34.8,59.3) 41.9(24.5,59.2) 52.5(33.0,71.9) 40.8 (0.2, 81.4) 0.67
Q2 48.0 33.2(21.9,444) 37.7(21.6,53.8) 30.5(13.0,48.1) 17.0 (—19.7, 53.6)
Q3 73.1 25.5(14.9,36.2) 20.1(4.9,35.4) 28.4(11.9,44.8) 36.5(1.2,71.8)
P’ < 0.001
PL
Ql 7.5 55.9 (44.0,67.9) 58.1(41.1,75.0) 56.4(37.3,75.5) 199 (—17.4,57.2) 0.40
Q2 10.0 39.9 (28.5,51.2) 453 (29.1,61.5) 38.3(20.4,56.2) 5.1(—=31.2,41.4)
Q3 14.7 32.9(22.0,43.8) 32.6 (16.9,48.3) 33.2(16.2,50.1) 22.1(—12.9,57.1)
P’ < 0.001
PA
Q1 15.2 32.5(20.5, 44.6) 37.4(20.2,54.5) 29.8 (10.7, 48.8) —0.3(—38.7, 38.0) 0.24
Q2 20.4 31.6 (20.1,43.1) 39.8(23.2,56.3) 24.7 (6.7, 42.8) 0.8 (—36.5,38.1)
Q3 31.7 22.4(11.3,33.5) 22.2(6.3,38.1) 26.0 (8.7,43.4) —1.5(—35.9,32.8)
P’ < 0.001

! Comparison of mean values (and 95% Cls) between the highest (referent) quartile (Q4) and each of the other quartiles. MTHFR, methylenetetrahy-
drofolate reductase; PLP, pyridoxal 5'-phosphate; PL, pyridoxal; PA, pyridoxic acid. Data were obtained by multiple regression with cystathionine as the
dependent variable. The models were adjusted for age, sex, study center, and concentrations of folate, cobalamin, riboflavin, creatinine and methionine.

2 P for interaction between MTHFR 677C—T genotype and vitamin B-6 vitamer were obtained by including product terms between genotype and the

vitamer concentration in the multiple linear regression models.
7 P for trend across quartiles of vitamin B-6 vitamers.

decreasing concentration of PLP, pyridoxal, or PA when inves-
tigated in the entire study population (Table 4). There was no
significant vitamin B-6 vitamer X genotype interaction (P for
interaction > 0.24). Notably, the dose-response relation was
different from that observed with tHcy, in that cystathionine
concentration decreased throughout the concentration range of
PLP, pyridoxal, or PA.

We also investigated the possible relations of tCys to PLP by
using multiple regression after adjustment for other B vitamins,
creatinine, study center, age, and sex. No such relation was ob-
served (data not shown; P for trend = 0.59).

DISCUSSION

We measured the concentrations of various vitamin B-6 spe-
cies in human plasma and assessed their relation to the metabo-
lites involved in transsulfuration—homocysteine, cystathi-
onine, and cysteine—in a large population of healthy adults. We
found strong correlations between the 3 major vitamin B-6 vita-
mers—PLP, pyridoxal, and PA—all of which showed a relation
to other B vitamins, in particular folate and riboflavin. Vitamin
B-6 vitamers, especially PLP, were inversely related to tHcy and
cystathionine but not to tCys.

Vitamin B-6

We detected PLP, pyridoxal, and PA in all of the plasma
samples, and these vitamer concentrations were strongly corre-
lated. Pyridoxine and pyridoxamine were found in 1.9% and
0.9% of the samples, respectively. The very high PLP (10, 11),
pyridoxal (10, 11, 58), and PA (10, 11, 58) concentrations ob-
served in some samples are most likely caused by the recent
intake of high doses of vitamin B-6, although we do not have

vitamin supplementation data to verify that possibility. Nonfast-
ing populations are expected to show a greater variation in vita-
min B-6 concentrations than are fasting populations, because
higher vitamin B-6 concentrations may be attained after a recent
meal containing vitamin B-6 and also after the ingestion of a
vitamin supplement, which sometimes accompanies a meal. The
large variation in PLP, pyridoxal, PA, and pyridoxine at high
total vitamin B-6 concentrations could be explained by variable
vitamin B-6 intakes and the incomplete conversion of pyridoxine
to other forms after recent supplementation because the conver-
sion of pyridoxine to other vitamin B-6 forms takes a few hours
(5, 6, 58). The presence of pyridoxamine in some samples was
always accompanied by very high PLP, pyridoxal, and PA con-
centrations and sometimes also by high pyridoxine concentra-
tions, which suggests that it is related to a recent intake of a
supplement containing pyridoxine. The faster and stronger
increases in plasma concentrations of pyridoxal and PA than
in those of PLP that are induced by recent vitamin B-6 sup-
plementation (2, 5, 7) may explain the increased strength of
PLP-pyridoxal and PLP-PA to relations with increasing PLP
concentrations (Figure 1).

The 3 main vitamin B-6 species showed a moderate correlation
with the concentrations of other B vitamins, in particular folate
and riboflavin. This correlation is probably due to overlapping di-
etary sources of these 3 B vitamins, including fruit and vegetables
(59). The weak association with cobalamin is probably explained by
the fact that cobalamin is mainly derived from food items other than
fruit and vegetables—primarily, animal products (59).

Of the vitamin B-6 vitamers, PA showed the strongest relation
to creatinine. This finding is in agreement with published data
showing that PA is sensitive to renal function (23) and that it
accumulates during renal failure (60).
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The associations of vitamin B-6 vitamers with other B vita-
mins and renal function indicate that these factors are potential
confounders ininvestigations of the relation of vitamin B-6 status
and clinical outcomes or metabolite concentrations. It has been
suggested that the ratio of PA to pyridoxal can distinguish be-
tween increases in PA concentrations that are due to increased
dietary intake and those that are due to renal impairment (60).

Homocysteine

The influence of vitamin B-6 on tHcy is moderate in this study
and is present only at vitamer concentrations in the lowest quar-
tile, which agrees with findings of a previous study (25). We also
found that this relation was strongest for PLP and pyridoxal in the
TT group. The genotype effects may explain why most authors
report no PLP-tHcy relation (27-35). This also agrees with the
fact that most studies report no effect of vitamin B-6 supplemen-
tation on fasting plasma tHcy concentrations (29, 33, 38§—45).

PLP serves as the cofactor of cystathionine 3-synthase (24),
which could partly explain the inverse relation between vitamin
B-6 and plasma tHcy. Vitamin B-6 nutrition may also affect
homocysteine status by influencing the folate-metabolizing en-
zyme serine hydroxymethyltransferase (61).

Cystathionine and cysteine

All 3 major vitamin B-6 forms—in particular, PLP and pyri-
doxal—were inversely related to cystathionine concentrations.
This suggests that cystathionine degradation catalyzed by cys-
tathionine <y-lyase is the rate-limiting step in transsulfuration.
Cystathionine was found to be inversely related to the concen-
tration of the major B-6 vitamer forms throughout their concen-
tration ranges, which is consistent with the linear relation of PLP
concentrations to cystathionine y-lyase activity in the liver of rats
(62). Thus, the dose response differed from that observed for
tHcy, which increased only at low vitamin B-6 vitamer concen-
trations. Such differences between the relations of vitamin B-6
status to homocysteine and to cystathionine are in accordance
with the greater sensitivity of cystathionine y-lyase enzyme than
of cystathionine (3-synthase to vitamin B-6 status (35, 62—64).

Plasma concentrations of cystathionine increase (65) and
those of PLP decrease (66, 67) in the hours after the consumption
of proteins, and recent protein intake may therefore enhance the
inverse relation of vitamin B-6 to cystathionine. Conversely,
vitamin B-6 intake, either from food or vitamin supplement, may
counteract this short-term effect.

In accordance with published reports, we observed no relation
between PLP and the concentration of tCys (23, 35, 47). How-
ever, this observation allows no inference about the role of trans-
sulfuration in cysteine homeostasis, partly because tCys is
mainly protein-bound in plasma and undergoes complex dis-
placement and disulfide exchange reactions with homocysteine
(68). Furthermore, cysteine is a component of dietary protein and
is obtained from food.

MTHFR 677C—T polymorphism

We observed that plasma tHcy increased and folate decreased
according to the number of MTHFR 677T alleles. A folate X
MTHFR 677C—T genotype interaction as a determinant of
plasma tHcy has been shown in numerous studies (48, 69). The
association of PLP (70), pyridoxal, and PA with tHcy is modified
by the MTHFR 677C—T genotype. Thus, vitamin B-6 shares

this effect modification with other nonfolate B vitamins involved
in homocysteine metabolism, including riboflavin (69) and co-
balamin (71). A likely explanation is that impaired
5-methyltetrahydrofolate formation and homocysteine remethy-
lation in the 77 genotype direct homocysteine to the transsulfu-
ration pathway.

Of the vitamin B-6 vitamers, only PLP had its lowest concen-
trations in subjects with the 77 genotype, and this difference
between genotypes was modest compared with that found for
folate in these subjects. One may speculate whether a lower PLP
concentration reflects a greater flux through the transsulfuration
pathway in subjects with the 77T genotype. Likewise, it has been
speculated that greater metabolic activity decreases the concen-
trations of cofactors involved, including vitamin B-6 (72).

Neither the cystathionine concentration nor the relation of
vitamin B-6 to cystathionine was modified by the MTHFR
677C—T genotype. This finding agrees with the fact that
MTHEFR and related folate species are not involved in cystathi-
onine metabolism (24).

Conclusions

In this study, we showed that plasma concentrations of the
main vitamin B-6 vitamers were strongly correlated but also had
amoderate association with other B vitamins, in particular folate
and riboflavin, that was due to overlapping dietary sources of
these vitamins. The population size was large enough to provide
precise estimates of the metabolic effects of differences in vita-
min B-6 status on the plasma concentrations of tHcy and cysta-
thionine. These associations were in accordance with experimen-
tal data on the role of PLP as a cofactor for cystathionine
B-synthase and cystathionine y-lyase. PLP and pyridoxal had the
strongest association with these transsulfuration metabolites,
which may reflect the role of PLP as cofactor and the ability of
pyridoxal to cross cell membranes (3, 14, 15). The inverse rela-
tion between PLP and tHcy was strongest and the PLP concen-
tration was lowest in subjects with the MTHFR 677TT genotype,
possibly because of impaired homocysteine remethylation and
increased flux through the transsulfuration pathway. Thus, the
present study shows that the transsulfuration metabolites in hu-
mans reflect the role of vitamin B-6 as a cofactor for cystathi-
onine $3-synthase and cystathionine y-lyase.

We thank Geir Hoff and Trygve Grotmol at The Cancer Registry of
Norway for organizing the study and the technical staff at the Section for
Pharmacology for analyzing the plasma samples.

The authors’ responsibilities were as follows—1JS and PMU: study design;
@M, SH, SEV, and PMU: data management, statistical analysis, and inter-
pretation of the data; @M, PMU, and SH: writing of the manuscript; and SEV
and JS: review of the manuscript. PMU has received consulting fees from
Nycomed and is a member of the steering board of the nonprofit Foundation
to Promote Research into Functional Vitamin-B12 Deficiency. None of the
other authors had a personal or financial conflict of interest.

REFERENCES

1. Leklem JE. Vitamin B6. In: Ziegler EE, Filer LJ Jr, eds. Present knowl-
edge in nutrition. Washington, DC: ILSI Press, 1996:174—83.

2. Merrill AH Jr, Henderson JM. Vitamin B6 metabolism by human liver.
Ann N Y Acad Sci 1990;585:110-7.

3. Lumeng L, Brashear RE, Li T-K. Pyridoxal 5'-phosphate in plasma:
source, protein-binding, and cellulartransport. J Lab Clin Med 1974;84:
334-43.

4. Coburn SP. Modeling vitamin B6 metabolism. Adv Food Nutr Res
1996:40:107-32.

8002 ‘9T Jaqwiadaq uo Aq 610 usle'mmm woly papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

10.

11.

12.

14.

15.

16.
17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

VITAMIN B-6 AND TRANSSULFURATION METABOLITES

. Speitling A, Heseker H, Kubler W. Pharmacokinetic properties of the

plasma B6 vitamers after single and chronic oral pyridoxine mega doses.
Ann N Y Acad Sci 1990;585:557-9.

. Edwards P, Liu PKS, Rose A. A simple liquid-chromatographic method

for measuring vitamin B6 compounds in plasma. Clin Chem 1989;35:
241-5.

. Henderson JM, Codner MA, Hollins B, Kutner MH, Merrill AH. The

fasting B6 vitamer profile and response to a pyridoxine load in normal
and cirrhotic subjects. Hepatology 1986;6:464-71.

. Ubbink JB, Serfontein WJ, Becker PJ, de Villiers LS. Effect of different

levels of oral pyridoxine supplementation on plasma pyridoxal-5'-
phosphate and pyridoxal levels and urinary vitamin B-6 excretion. Am J
Clin Nutr 1987;46:78—85.

. Wozenski JR, Leklem JE, Miller LT. The metabolism of small doses of

vitamin B-6 in men. J Nutr 1980;110:275-85.

Bor MV, Refsum H, Bisp MR, et al. Plasma vitamin B6 vitamers before
and after oral vitamin B6 treatment: a randomized placebo-controlled
study. Clin Chem 2003;49:155-61.

Lumeng L, Lui A, Li TK. Plasma content of B6 vitamers and its rela-
tionship to hepatic vitamin B6 metabolism. J Clin Invest 1980;66:688—

Midttun O, Hustad S, Solheim E, Schneede J, Ueland PM. Multianalyte
quantification of vitamin B6 and B2 species in the nanomolar range in
human plasma by liquid chromatography-tandem mass spectrometry.
Clin Chem 2005;51:1206-16.

. Anderson BB, Newmark PA, Rawlins M, Green R. Plasma binding of

vitamin B6 compounds. Nature 1974;250:502—4.

Leklem JE. Vitamin B6. In: Shils ME, Olson JA, Shike M, eds. Modern
nutrition in health and disease. 8th ed. Baltimore, MD: Williams &
Wilkins, 1994:383-94.

Anderson BB, Fulford-Jones CE, Child JA, Beard ME, Bateman CJ.
Conversion of vitamin B 6 compounds to active forms in the red blood
cell. J Clin Invest 1971;50:1901-9.

Bates CJ. Vitamin analysis. Ann Clin Biochem 1997;34:599-626.
Chiang EP, Bagley PJ, Roubenoff R, Nadeau M, Selhub J. Plasma
pyridoxal 5’-phosphate concentration is correlated with functional vita-
min B-6 indices in patients with theumatoid arthritis and marginal vita-
min B-6 status. J Nutr 2003;133:1056-9.

Leklem JE. Vitamin B-6: a status report. J Nutr 1990;120:1503-7.
Vermaak WJ, Barnard HC, Van Dalen EM, Potgieter GM, Van Jaarsveld
H, Myburgh SJ. Compartmentalization of pyridoxal-5’-phosphate dur-
ing the acute phase of myocardial infarction. Klin Wochenschr 1988;
66:428-33.

Bitsch R. Vitamin B6. Int J Vitam Nutr Res 1993;63:278 -82.

Bates CJ, Pentieva KD, Prentice A. An appraisal of vitamin B6 status
indices and associated confounders, in young people aged 418 years
and in people aged 65 years and over, in two national Br surveys. Public
Health Nutr 1999;2:529-35.

Bates CJ, Pentieva KD, Matthews N, Macdonald A. A simple, sensitive
and reproducible assay for pyridoxal 5'-phosphate and 4-pyridoxic acid
in human plasma. Clin Chim Acta 1999;280:101-11.

Bates CJ, Pentieva KD, Prentice A, Mansoor MA, Finch S. Plasma
pyridoxal phosphate and pyridoxic acid and their relationship to plasma
homocysteine in a representative sample of British men and women aged
65 years and over. Br J Nutr 1999;81:191-201.

Finkelstein JD. Methionine metabolism in mammals. J Nutr Biochem
1990;1:228 -37.

SelhubJ, Jacques PF, Wilson PW, Rush D, Rosenberg IH. Vitamin status
and intake as primary determinants of homocysteinemia in an elderly
population. JAMA 1993;270:2693-8.

Jacques PF, Bostom AG, Wilson PW, Rich S, Rosenberg IH, Selhub J.
Determinants of plasma total homocysteine concentration in the Fra-
mingham Offspring cohort. Am J Clin Nutr 2001;73:613-21.

Holm PI, Ueland PM, Vollset SE, et al. Betaine and folate status as
cooperative determinants of plasma homocysteine in humans. Arterio-
scler Thromb Vasc Biol 2005;25:379-85.

Sassi S, Cosmi B, Palareti G, et al. Influence of age, sex and vitamin
status on fasting and post-methionine load plasma homocysteine levels.
Haematologica 2002;87:957—64.

Brattstrom L, Israelsson B, Norrving B, et al. Impaired homocysteine
metabolism in early-onset cerebral and peripheral occlusive arterial dis-
ease. Effects of pyridoxine and folic acid treatment. Atherosclerosis
1990;81:51-60.

Cuskelly GJ, Stacpoole PW, Williamson J, Baumgartner TG, Gregory JF

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

137

3rd. Deficiencies of folate and vitamin B(6) exert distinct effects on
homocysteine, serine, and methionine kinetics. Am J Physiol Endocrinol
Metab 2001;281:E1182-90.

Davis SR, Scheer JB, Quinlivan EP, Coats BS, Stacpoole PW, Gregory
JF 3rd. Dietary vitamin B-6 restriction does not alter rates of homocys-
teine remethylation or synthesis in healthy young women and men. Am J
Clin Nutr 2005;81:648 -55.

Ubbink JB, van der Merwe A, Delport R, Allen RH, Stabler SP, Riezler
R. The effect of a subnormal vitamin B-6 status on homosysteine me-
tabolism J Clin Invest 1996;98:177—-84.

Miller JIW, Ribaya-Mercado JD, Russell RM, et al. Effect of vitamin B-6
deficiency on fasting plasma homocysteine concentrations. Am J Clin
Nutr 1992;55:1154-60.

de Bree A, Verschuren WM, Blom HJ, Kromhout D. Association be-
tween B vitamin intake and plasma homocysteine concentration in the
general Dutch population aged 20— 65 y. Am J Clin Nutr 2001;73:1027—
33.

Davis SR, Quinlivan EP, Stacpoole PW, Gregory JF 3rd. Plasma gluta-
thione and cystathionine concentrations are elevated but cysteine flux is
unchanged by dietary vitamin B-6 restriction in young men and women.
J Nutr 2006;136:373—-8.

McKinley MC, McNulty H, McPartlin J, et al. Low-dose vitamin B-6
effectively lowers fasting plasma homocysteine in healthy elderly per-
sons who are folate and riboflavin replete. Am J Clin Nutr2001;73:759—
64.

Mansoor MA, Kristensen O, Hervig T, et al. Plasma total homocysteine
response to oral doses of folic acid and pyridoxine hydrochloride (vita-
min B6) in healthy individuals. Oral doses of vitamin B6 reduce con-
centrations of serum folate. Scand J Clin Lab Invest 1999;59:139-46.
Bosy-Westphal A, Holzapfel A, Czech N, Muller MJ. Plasma folate but
not vitamin B(12) or homocysteine concentrations are reduced after
short-term vitamin B(6) supplementation. Ann Nutr Metab 2001:45:
255-8.

Bostom AG, Gohh RY, Beaulieu AJ, et al. Treatment of hyperhomo-
cysteinemia in renal transplant recipients. A randomized, placebo-
controlled trial. Ann Intern Med 1997;127:1089-92.

Ubbink JB, Vermaak WJ, van der Merwe A, Becker PJ, Delport R,
Potgieter HC. Vitamin requirements for the treatment of hyperhomo-
cysteinemia in humans. J Nutr 1994;124:1927-33.

Arnadottir M, Brattstrom L, Simonsen O, et al. The effect of high-dose
pyridoxine and folic acid supplementation on serum lipid and plasma
homocysteine concentrations in dialysis patients. Clin Nephrol 1993;40:
236-40.

Lee BJ, Huang MC, Chung LJ, et al. Folic acid and vitamin B12 are more
effective than vitamin B6 in lowering fasting plasma homocysteine
concentration in patients with coronary artery disease. Eur J Clin Nutr
2004;58:481-7.

Brattstrom LE, Israelsson B, Jeppsson JO, Hultberg BL. Folic acid—an
innocuous means to reduce plasma homocysteine. Scand J Clin Lab
Invest 1988;48:215-21.

Dierkes J, Kroesen M, Pietrzik K. Folic acid and vitamin B6 supplemen-
tation and plasma homocysteine concentrations in healthy young
women. Int J Vitam Nutr Res 1998;68:98-103.

Stott DJ, MacIntosh G, Lowe GD, et al. Randomized controlled trial of
homocysteine-lowering vitamin treatment in elderly patients with vas-
cular disease. Am J Clin Nutr 2005;82:1320-6.

Bleie O, Refsum H, Ueland PM, et al. Changes in basal and postmethi-
onine load concentrations of total homocysteine and cystathionine after
B vitamin intervention. Am J Clin Nutr 2004;80:641-8.

El-Khairy L, Ueland PM, Refsum H, Graham IM, Vollset SE. Plasma
total cysteine as a risk factor for vascular disease: the European Con-
certed Action Project. Circulation 2001;103:2544-9.

Ueland PM, Hustad S, Schneede J, Refsum H, Vollset SE. Biological and
clinical implications of the MTHFR C677T polymorphism. Trends
Pharmacol Sci 2001;22:195-201.

Moriyama Y, Okamura T, Kajinami K, et al. Effects of serum B vitamins
on elevated plasma homocysteine levels associated with the mutation of
methylenetetrahydrofolate reductase gene in Japanese. Atherosclerosis
2002;164:321-8.

Gondal G, Grotmol T, Hofstad B, Bretthauer M, Eide TJ, Hoff G. The
Norwegian Colorectal Cancer Prevention (NORCCAP) screening study:
baseline findings and implementations for clinical work-up in age
groups 50—64 years. Scand J Gastroenterol 2003;38:635-42.
Windelberg A, Arseth O, Kvalheim G, Ueland PM. Automated assay for

8002 ‘9T Jaqwiadaq uo Aq 610 usle'mmm woly papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

138

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

the determination of methylmalonic acid, total homocysteine, and re-
lated amino acids in human serum or plasma by means of methylchlo-
roformate derivatization and gas chromatography-mass spectrometry.
Clin Chem 2005;51:2103-9.

Molloy AM, Scott JM. Microbiological assay for serum, plasma, and red
cell folate using cryopreserved, microtiter plate method. Methods En-
zymol 1997;281:43-53.

Kelleher BP, Broin SD. Microbiological assay for vitamin B12 per-
formed in 96-well microtitre plates. J Clin Pathol 1991;44:592-5.
Ulvik A, Ueland PM. Single nucleotide polymorphism (SNP) genotyp-
ing in unprocessed whole blood and serum by real-time PCR: application
to SNPs affecting homocysteine and folate metabolism. Clin Chem
2001;47:2050-3.

Holm PI, Ueland PM, Kvalheim G, Lien EA. Determination of choline,
betaine, and dimethylglycine in plasma by a high-throughput method
based on normal-phase chromatography-tandem mass spectrometry.
Clin Chem 2003;49:286-94.

Cleveland WS. Robust locally weighted regression and smoothing scat-
terplots. J Am Statist Assoc 1979;74:829-36.

R Development Core Team. R: a language and environment for statis-
tical computing. Vienna, Austria: R Foundation for Statistical Comput-
ing, 2004.

Coburn SP, Townsend DW, Ericson KL, et al. Modeling short (7 hour)-
and long (6 week)- term kinetics of vitamin B-6 metabolism with stable
isotopes in humans In: Novotny JA, Green MH, Boston RC, eds. Math-
ematical modeling in nutrition and the health sciences. New York: Klu-
wer Academic, 2003:173-92.

US Department of Agriculture Food and Nutrition Information Center.
Dietary supplements—individual macronutrients, phytonutrients, vita-
mins, and minerals. Internet: http://fnic.nal.usda.gov/nal_display/index.
php? info_center=4&tax_level =2&tax_subject=274&topic_id=1323
(accessed 6 December 2006).

Coburn SP, Reynolds RD, Mahuren JD, et al. Elevated plasma
4-pyridoxic acid in renal insufficiency. Am J Clin Nutr 2002;75:57—64.
Scheer JB, Mackey AD, Gregory JF 3rd. Activities of hepatic cytosolic
and mitochondrial forms of serine hydroxymethyltransferase and he-
patic glycine concentration are affected by vitamin B-6 intake in rats. J
Nutr 2005;135:233-8.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

MIDTTUN ET AL

Lima CP, Davis SR, Mackey AD, Scheer JB, Williamson J, Gregory JF
3rd. Vitamin B-6 deficiency suppresses the hepatic transsulfuration
pathway but increases glutathione concentration in rats fed AIN-76A or
AIN-93G diets. J Nutr 2006;136:2141-7.

Park YK, Linkswiler H. Effect of vitamin B6 depletion in adult man on
the excretion of cystathionine and other methionine metabolites. J Nutr
1970;100:110-6.

Martinez M, Cuskelly GJ, Williamson J, Toth JP, Gregory JF 3rd. Vi-
tamin B-6 deficiency in rats reduces hepatic serine hydroxymethyltrans-
ferase and cystathionine beta-synthase activities and rates of in vivo
protein turnover, homocysteine remethylation and transsulfuration. J
Nutr 2000;130:1115-23.

Guttormsen AB, Solheim E, Refsum H. Variation in plasma cystathi-
onine and its relation to changes in plasma concentrations of homocys-
teine and methionine in healthy subjects during a 24-h observation pe-
riod. Am J Clin Nutr 2004;79:76-9.

Miller LT, Leklem JE, Shultz TD. The effect of dietary protein on the
metabolism of vitamin B-6 in humans. J Nutr 1985;115:1663-72.
Hansen CM, Leklem JE, Miller LT. Vitamin B-6 status of women with
a constant intake of vitamin B-6 changes with three levels of dietary
protein. J Nutr 1996;126:1891-901.

Ueland PM. Homocysteine species as components of plasma redox thiol
status. Clin Chem 1995;41:340-2.

Hustad S, Ueland PM, Vollset SE, Zhang Y, Bjorke-Monsen AL,
Schneede J. Riboflavin as a determinant of plasma total homocysteine:
effect modification by the methylenetetrahydrofolate reductase C677T
polymorphism. Clin Chem 2000;46:1065-71.

Hustad S, Midttun @, Schneede J, Vollset SE, Grotmol T, Ueland P. The
methylenetetrahydrofolate reductase 677C—T polymorphism as a
modulator of a B vitamin network with major effects on homocysteine
metabolism. Am J Hum Genet 2007;80:846—55 (Epub 2007 March 13).
D’Angelo A, Coppola A, Madonna P, et al. The role of vitamin B12 in
fasting hyperhomocysteinemia and its interaction with the homozygous
C677T mutation of the methylenetetrahydrofolate reductase (MTHFR)
gene. A case-control study of patients with early-onset thrombotic
events. Thromb Haemost 2000;83:563-70.

Manore MM. Effect of physical activity on thiamine, riboflavin, and
vitamin B-6 requirements. Am J Clin Nutr 2000;72(suppl):598S—606S.

8002 ‘9T Jaqwiadaq uo Aq 610 usle'mmm woly papeojumoq


http://www.ajcn.org

