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We developed an high-performance liquid chromatography (HPLC) extraction of wheat B6 using metaphosphoric acid followed by quantita-
method for analysis of vitamin B6 in wheat, based on modifications of tion of B6 in a single binary-gradient HPLC separation. Analysis of three
existing reverse-phase ion-pairing procedures. The method is much simpler randomly selected wheat cultivars with this method revealed significant
than multistep HPLC-based procedures required for exhaustive analysis variation in content of pyridoxine (2.2-3.3 nmol/g) and pyridoxine
of all B6 forms in foods, including minor components, or methods based glucoside (1.8-9.4 nmol/g). The method should facilitate analysis of
on microbiological analysis. The method is suitable for analysis of major different wheat cultivars for vitamin B6 content.
B6 forms in wheat, including pyridoxine glucoside. The method entails

Wheat is an important food source for both humans and animals
in many cultures of the world (Bushuk 1986), and it is a significant
source of vitamin B6, particularly in nonmeat diets (National
Research Council 1989). More than 50% of vitamin B6 consumed
by Americans comes from plant foods (Kant and Block 1990).
Adequate intake of vitamin B6 is essential because of its key
coenzymatic role in over 100 enzymes of protein, lipid, and carbo-
hydrate metabolism (Leklem 1988). The recommended dietary
intake for vitamin B6 is 2.0 mg/day and 1.6 mg/day for men
and women, respectively (National Research Council 1989).

Marginal vitamin B6 nutritional status is prevalent in the United
States; data show that 71 and 90% of American males and females,
respectively, consume less than the recommended daily allowance
(RDA) for vitamin B6 (Kant and Block 1990). Selhub et al (1993)
recently reported that about half of the elderly subjects in the
Framingham study consumed less than the RDA of B6, and that
such intake is associated with significantly elevated plasma homo-
cysteine, which in turn significantly increases risk for development
of cardiovascular disease. In an accompanying editorial, Stampfer
and Willet (1993) conclude that vitamin supplementation (for
folate and B6) may be appropriate for many elderly Americans.
Using serum metabolic markers, Joosten et al (1993) concluded
that vitamin deficiencies, including vitamin B6, may be more
prevalent in the elderly than plasma markers for those vitamins
suggest.

Vitamin B6 includes a group of three 3-hydroxy-2-methyl-
pyridine derivitives that exist in foods (and mammalian tissues)
in phosphorylated and nonphosphorylated forms. These forms
include pyridoxine (PN), pyridoxal (PL), and pyridoxamine (PM),
as well as phosphorylated forms for PL and PM (PLP and PMP,
respectively). These B6 vitamers all have high bioavailability,
meaning they are well-absorbed and well-utilized in both humans
and animals.

An additional glycosylated adduct of PN, 5'-O-(f3-D-gluco-
pyranosyl)pyridoxine, or pyridoxine glucoside (PNG), was first
identified in rice bran (Yasumoto et al 1977) and occurs in many
plant foods. PNG has potential nutritional significance due to
its low bioavailability compared to nonglycosylated B6 vitamers
(Gregory and Kirk 1981). Kabir et al (1983) found an inverse
relationship between the PNG content of the diet and its bioavail-
ability in humans. Reynolds (1988) found the percent PNG in
foods was a strong predictor of bioavailability. Studies have shown
that PNG bioavailability is low compared to PN in both rats
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(10-34%) (Ink et al 1986, Trumbo et al 1988) and humans (58%)
(Gregory et al 1991b). Recent evidence suggests that PNG may
inhibit transport of nonglycosylated B6 into liver cells (Zhang
et al 1993) and may impair metabolism of nonglycosylated B6
in both rats (Gilbert and Gregory 1992) and humans (Gregory
et al 1991a). The net effect of PNG low bioavailability may be
to depress B6 nutritional status (Trumbo et al 1988).

Existing methods for analysis of B6 in wheat and food require
time-consuming microbiological procedures (AACC 1983, AOAC
1990), multistep extraction or analysis procedures (Gregory and
Sartain 1991), or sophisticated detection equipment (Guilarte et
al 1981). The method of Gregory and Sartain (1991) gives complete
information about vitamin B6 content but involves separate
sample analyses for PN, PL, PM, PMP, and PNG; for PNG
and PLP; for "B6X" content (polyglycosylated adducts); and for
total B6. In addition, some of these procedures do not resolve
PNG from other B6 forms (AACC 1983, AOAC 1990, Reitzer-
Bergaentzle et al 1993) or have not been applied to analysis of
cereal grains, including wheat (Bitsch and Moller 1989, Tadera
and Naka 1991). Although there are many reports in the literature
dealing with B6 content of wheat (reported as total B6 or as
individual nonphosphorylated B6 vitamers, generally measured
by microbiological assay), there is a paucity of reports dealing
with PNG content in wheat.

The objectives of this study were: 1) to develop and validate
a simple and reliable method for analysis of vitamin B6 forms,
including PNG, in wheat based on modification of existing
extraction and high-performance liquid chromatography (HPLC)
methods; and 2) to demonstrate that the method permits detection
of varying amounts of PN, PNG, and other B6 vitamers in different
wheat cultivars.

MATERIALS AND METHODS

Reagents
4'-Deoxypyridoxine (dPN), PMP, PM, PL, PN, PLP, 4-pyri-

doxic acid (4-PA), sodium bisulfite and ,B-glucosidase (type 1)
were obtained from Sigma Chemical (St. Louis, MO). Meta-
phosphoric acid, phosphoric acid, and potassium phosphate were
obtained from J. T. Baker Chemical Company (Phillipsburg, NJ).
Distilled, deionized water (ddH20) was used in all procedures.
1-Octanesulfonic acid was obtained from Eastman-Kodak
(Rochester, NY). Other chemicals were analytical grade.

Samples
Three cultivars of wheat were used: Cl, Waldron, a hard red

spring wheat from Fort Collins, CO (harvested in 1991); C2, a
hard red winter wheat from Fort Collins, CO, (harvested in 1993);
and C3, Spelt (harvested in Canada in 1993), obtained from
Arrowhead Milling Co. The samples were stored frozen at -20° C
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in sealed 100-ml polycarbonate bottles until analysis. Before
removing 10-g samples for analyses, bottle contents were mixed
1 min to assure homogeneity. Five replicates of each sample were
analyzed to provide B6 vitamer concentration data.

HPLC Equipment and Methods
The HPLC system, mobile phases, and binary gradient program

were modifications of previous methods (Sampson and O'Connor
1989). The HPLC system consisted of a Spectra Physics system
(San Jose, CA) with an 8800 Ternary pump, 8875 Autosampler,
4400 Integrator, and CHROMNET/ WINER software for system
control and data acquisition; a Rheodyne model 7010 injection
valve; an Ultremex C18 ion-pair analytical column (octade-
cylsilane; 4.6 mm X 15 cm; 3 ,tm particle size (Phenomenex,
Torrance, CA) preceded by a Brownlee RP 18 7-tim Newguard
guard column (replaced after 100 samples); a postcolumn pump
(Milton-Roy model 198-31) with a Li-Chroma Pulse Dampener
(Chrom Tech, Apple Valley, MN); a McPherson FL-750 BX vari-
able wavelength fluorescence detector (Acton, MA) equipped with
a mercury-xenon lamp set to an excitation wavelength of 311 nm,
a 24-1AI capillary flowcell, a UT-1 excitation filter, a 360-nm
emission long-pass filter, and an ACT-40 286 personal computer
(an IBM clone; Advanced Computer Technology, Fort Collins,
CO).

Buffered mobile phases used were: solvent A, 0.033M
phosphoric acid and 0.008M 1-octanesulfonic acid, adjusted to
pH 2.2 with 6N KOH; solvent B, 0.033M phosphoric acid and
10% (v/v) acetonitrile, adjusted to pH 2.2 with 6N KOH; post-
column reagent, 1.0 mg/ml sodium bisulfite in 1.OM potassium
phosphate buffer, adjusted to pH 7.5 with 6NKOH. Mobile phases
were prepared fresh daily from loX stock solutions that were
prepared bi-weekly and stored at 40C. Buffered solutions were
filtered using an all-glass microfilter apparatus fitted with 0.2-,um
Nylon-66 filter membranes (Chrom Tech). The postcolumn
reagent was used to enhance B6 vitamer fluorescence (Coburn
and Mahuren 1983) and was pumped in to the postcolumn eluate
at 0.2 ml/min.

A binary gradient program was used to separate B6 vitamers.
A linear gradient changed from 100% mobile phase A to 100%
mobile phase B 10 min after injection; remained at 100% B for
15 min; then returned to 100% A in 4.5 min, followed by 5.5
min of re-equilibration in A before the next injection. Flow rate
was 1.2 ml/min.

Sample Preparation
Wheat cultivars were extracted and analyzed under yellow

fluorescent lighting (Gold F20T12/GO) to minimize photode-
gradation of B6 vitamers (Schaltenbrand et al 1987). Samples
were held on ice during preparation. Samples (10 g) were ground
in a micro-mill (Lab Apparatus Co., Cleveland, OH) and homog-
enized 3 min on speed setting 50 in 40 ml of ddH20 after addition
of a known amount of the internal standard (dPN) using a Virtis
Hi-Speed Homogenizer (model 45, Virtis Co., Gardiner, NY).
Homogenates were deproteinized by addition of 5% (w/v)
metaphosphoric acid, then centrifuged at 4°C for 15 min at 10,000
X g. Supernatants were transferred to clean tubes, clarified by
centrifugation as above, filtered through 0.2-,um Nylon-66 filters
(Rainin Instrument Co., Woburn, MA) and stored at -70°C.
For each sample, duplicate aliquots of 20 ,ul were analyzed by
HPLC.

Recovery Experiment
Five unspiked and five spiked samples of C1 were analyzed.

Spikes of 9.5-89.9 nmol/g were added to the samples before
homogenization. Recoveries were calculated as: Recovery = (S
- U) X 100/ Sp, where S and Uare analyzed vitamer concentrations
in the spiked and unspiked samples, respectively, and Sp is the
amount of added spike.

Glucosidase Experiment
We used a procedure similar to that described by Gregory and

Sartain (1991). Aliquots of sample supernatants, prepared as
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described above, were adjusted to pH 5.0 using 6N NaOH. An
aliquot (0.05 ml) of 13-glucosidase solution (1.0 mg/ml of enzyme
containing 20-40 U/mg) or distilled water was added to 2.0 ml
of sample, followed by incubation at 37°C for 2.5 hr. The
incubation was stopped by addition of solid meta-phosphoric acid
to 5% (w/v). The samples were clarified by centrifugation for
10 min at 13,000 g using a microcentrifuge. The supernatants
were drawn off and stored at -700C until HPLC analysis. This
experiment was done in duplicate.

In all experiments, B6 vitamers and PNG were quantified rela-
tive to peak areas of an internal standard, deoxypyridoxine, to
correct for vitamer loss during sample preparation and for
volumetric error during sample injection (Sampson and O'Connor
1989). PNG was quantified assuming that its molar fluorescence
was equivalent to that of PN, as was shown to be the case by
Gregory and Ink (1987). Identity of PNG in wheat samples was
confirmed by demonstrating that the putative PNG peak was
shifted stoichiometrically to PN following hydrolysis with almond
,f-glucosidase (Gregory and Ink 1987).

RESULTS AND DISCUSSION

Recovery Experiments
Recovery data for exogenous vitamer spikes are reported in

Table I. Figure 1 shows a typical chromatogram for spiked wheat
samples. Recoveries were near 100% for PN and PM (Table I).
This is significant for PN, because of the body of literature

TABLE I
Recovery of B6 Vitamers from Wheata

Endogenousc Spiked
Vitamerb (nmol/g) (nmol/g) Recoverye
PN 2.7 30 101.3 ± 1.7
PMP 0.8 10 79.3 ± 1.8
PLP 0.8 90 34.1 ± 0.7
PL NDf 30 57.3 ± 1.8
PM ND 19 96.2 ± 1.4
aValues are means ± standard error of the mean of five replicates.
bPN = pyridoxine; PL = pyridoxal; PM = pyridoxamine; PMP and
PLP = phosphorylated form of PL and PM, respectively.

cEndogenous concentrations are from Table II for cultivar Cl.
dSpike concentrations were varied to give full-scale peaks in sample
chromatograms.

eRecoveries of PNG and 4-PA were not measured.
f Not detected.
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Fig. 1. Vitamin B6 recoveries. High-performance liquid chromatograms
of a wheat sample with and without addition of exogenous B6 vitamer
spikes. Insert shows that pyridoxal (PL) eluted 0.6 min after the putative
pyridoxine glucoside (PNG) peak, with less than 15% of the PL area
overlapping with PNG. PN = pyridoxine, PM = pyridoxamine, dPN
= 4'-deoxypyridoxine, PLP and PMP = phosphorylated forms for PL
and PM, respectively.
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