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ABSTRACT tube fails to form properly during early embryonic development (1).
Background: The risk of neural tube defects (NTDs) is signifi- NTD risk reduction has definitively been linked to periconceptional
cantly reduced by supplemental folic acid. NTD risk may beconsumption of folic acid, a monoglutamyl form of folate used in

associated with impaired absorption of polyglutamyl folate, thesupplements and fortified foods (1). In contrast with the well-estab-
primary form of naturally occurring food folate, and of folic acid lished protective effect of supplemental folic acid, data are insuffi-
in supplements or fortified food. Stable-isotope methods provideient to conclude that increased intake of naturally occurring food
the specificity needed to test this hypothesis. folate, which is predominantly in the polyglutamate form, is associ-
Objective: We determined whether women who had an NTD-ated with NTD risk reduction (1-3). The significant reduction in

affected pregnancy had a reduced ability compared with contrdlITD risk in response to supplemental folic acid taken in addition to

women to absorb polyglutamyl folate relative to folic acid. diet has led to the hypothesis that increased folic acid intake may
Design Healthy, nonpregnant women with a history of an overcome an unidentified defect in folate utilization (1, 4-9).
NTD-affected pregnancy (cases;= 11) and control women The proposed defect investigated in the present study is the mal-

(n = 11) were administered an oral dose containing a mixtur@bsorption of food folate, which requires cleavage of the polyglu-
of [2H]pteroylpentaglutamate 4fi,]PteGlu; 233 nmol) and tamate side chain by jejunal brush border pteroyl-gegiutamate
[**C]pteroylmonoglutamate {C.]PteGly; 567 nmol) after a hydrolase (folate conjugase, §iGlu-X carboxypeptidase) before
30-d saturation protocol (2 mg unlabeled folic acid/d). Relativeactive transport of monoglutamyl folate (10). A reduction in conju-
extents of absorption were evaluated by urinary excretiddgf  gase activity, therefore, may reduce the absorption efficiency of
and*C.-labeled folates 48 h postdose. food folate without affecting folic acid absorption. In addition, it is
Results During the first 24 h postdose, cases excreted lesproposed that the efficiency of absorption of folic acid may also be
(X £ SD) PH,]PteGly, (21 £ 12% compared with 3% 19%; reduced in women with NTD-affected pregnancies.
P = 0.01) and ¥C,]PteGly, (17 + 8% compared with 3% 14%; Other investigators have evaluated the hypothesis that absorp-
P = 0.007) than did controls. No significant differences betweertion of folate is impaired in women with an NTD-affected preg-
cases and controls were detected in the percentage,tPteGluy, nancy (8, 11-13). Protocols used previously evaluated this
or [*3C.]PteGly excreted during the second 24 h postdose or whenuegion by comparing the serum folate response to food or a folic
the data were averaged over 48 h. However, excretion of thacid supplementin subjects with NTD-affected pregnancies (cases)
[2H,]folates tended to be lower in cases than in controls over theelative to that in controls (8,11-13). Interpretation of these studies
48-h period (3% 13% compared with 4626%;P =0.21). Asim- is complicated by some of the methodologic approaches used,
ilar trend P = 0.29) for lower excretion oft{C.folates in cases including differences in the folate status of cases and controls (8,
was also observed (3116% compared with 39 17%). The ratio 12, 13), nonphysiologically large test doses (8, 12, 13), and no
of urinary pH,Jfolates to {3C.Jfolates did not differ significantly —quantitation of the food folate provided in doses (8, 12, 13).
between cases and controls.
Conclusion These data suggest the need for a larger-scal
study using stable-isotope methods to further investigate thi *From the Department of Food Science and Human Nutrition, College of
hypothesis.  Am J Clin Nutr2000;72:154-8. Agriculture, and the Department of Pediatrics, College of Medicine, Univer-
sity of Florida, Gainesville.

2Supported in part by the March of Dimes (grant 0192), USDA-NRICGP
94-37200-0604, and NIH Training Grant NRSA 5T32DK07667.

3Florida Agricultural Experiment Station journal series no. R-07182.

4Address reprint requests to LB Bailey, Department of Food Science and

Human Nutrition, University of Florida, Box 110370, Gainesville, FL 32611.
INTRODUCTION E-mail: Ibba@gnv.ifas.ufl.edu.

Neural tube defects (NTDs) are birth defects occurring in preg  Received August 16, 1999.
nancies of genetically predisposed women in which the fetal neuri  Accepted for publication February 1, 2000.

KEY WORDS Folate, neural tube defect, absorption, bio-
availability, stable isotopes, women

154 Am J Clin Nutr2000;72:154-8. Printed in USA. © 2000 American Society for Clinical Nutrition



FOLATE ABSORPTION AND NEURAL TUBE DEFECTS 155

In the present study, we used a protocol developed and used Cases and controls underwent a saturation protocol before the
repeatedly by our research group (14-19) that was designed &bsorption test that involved consumption of 2 mg folic acid
overcome the limitations of previous folate absorption protocolsprovided as a 1-mg supplement given twice daily for 30 d. Com-
In an earlier investigation (19), we evaluated the absorption opliance with the supplementation protocol was confirmed by
folic acid alone in both cases and controls and found no signifimonitoring serum folate concentrations.
cant difference, although there was a trend for lower absorption On day 31 at 0800, baseline fasting blood samples were drawn
in cases than in controls. The primary objective of the preserftom subjects, who were then given an oral bolus dose contain-
study was to determine whether women at risk for an NTDing a mixture of fH]pteroylpentaglutamate fi,]PteGlu;
affected pregnancy have a reduced ability to absorb food folat233 nmol) and FClpteroylmonoglutamate C:]PteGlu;
and folic acid compared with women with normal pregnancy his567 nmol) in 50 mL apple juice™C¢]Folic acid was synthesized
tories. Because the polyglutamyl form of folate is the predomiby coupling pteroic acid and®C.]glutamic acid (20). To prepare
nant form that occurs naturally in foods, the inclusion of labeledhe polyglutamyl folate we coupledHi,]pteroic acid, prepared
polyglutamyl folate in this protocol provides new information on as described previously (14), withydinked polyglutamate pep-
potential differences in response to food folate compared withide via solution-phase chemistry (20). The subjects fasted for an
folic acid in women at risk of an NTD-affected pregnancy. additional 2 h after consumption of the test dose to prevent any

interference of food with folate absorption. Twenty-four—hour
urine collections were obtained for 2 d after the dose (days
SUBJECTS AND METHODS 31-33). Each 24-h urine sample was collected in amber jugs
. containing ascorbic acid, was refrigerated, and was then frozen
Subjects until analyzed for total and labeled folates.

Twenty-two white, nonpregnant women residing in the vicin-
ity of Gainesville, FL, were recruited to participate in the study.
Eleven womenX + SD age: 26.5 5.4 y) with a history of one Quantitation of urinary ?H,Jfolate and {°C.Jfolate was per-
NTD-affected pregnancy [spina bifida € 10) or anencephaly formed after isolation of the labeled compounds by affinity chro-
(n=1)] were recruited primarily from among mothers of infants matography, chemical cleavage of the C-9—-N-10 bond, isolation of
who were patients at the Shands Hospital Spina Bifida Clinic irthe p-aminobenzoylglutmate fragment by HPLC, and derivatiza-
Gainesville to serve as cases. Eleven nonpregnant women (agéah before gas chromatography—mass spectrometry (GC-MS)
27.2+ 5.0 y) who had no history of an NTD-affected preghancyanalysis as described previously (21). Absorption was estimated
served as controls. The number of previous pregnancies and thg measuring excretion ofH,]folates and FC.folates derived
period of time since a previous pregnancy did not differ signifi-from [?H,]PteGly and [°C.]PteGlu, respectively.
cantly between cases and controls, and subjects were selected orfFolate concentrations in urine, serum, and RBCs were meas-
the basis of similarity of socioeconomic backgrounds. ured by the microplate adaptation of thactobacillus casei

All participants were healthy according to the following criteria: microbiological assay (22). Serum vitamin B-12 concentrations
normal serum and red blood cell (RBC) folate concentrations (>6.%ere measured by radioligand assay (Quantaphase II; BioRad,
nmol/L and >317 nmol/L, respectively), normal blood chemistryHercules, CA). Total plasma homocysteine concentrations were
profile, no history of chronic disease or alcohol use, nonsmokingneasured by using a modified HPLC method with fluorescence
and not taking medication known to interfere with folate metabodetection (23). Serum methylmalonic acid concentrations were
lism. In addition, all participants were screened for the following:measured by GC-MS (Metabolite Laboratories, Denver). The
inadequate vitamin B-12 status (serum vitamin B-12 <200 pmol/lpresence of the C677MTHFR genotype was determined by
and plasma methylmalonic acid concentrations >270 nmol/L), eledsing a modification of the method of Frosst et al (24).
vated plasma homocysteine concentrations (@rhél/L), and pres- o )
ence of the C-to-T substitution at nucleotide 677 (C677T) in thetatistical analysis
methylenetetrahydrofolate reductase geWEHFR). All partici- The recovery of isotopically labeled folates was expressed as
pants had normal vitamin B-12 status and plasma homocysteire percentage of the administered dose of labeled folates. The
concentrations and none of the participants were homozygous fabsorption of{H,]folic acid relative to C.]polyglutamyl folate
the C677TMTHFR genotype. No significant differencd®% 0.05)  was estimated by determining the ratio of the respective labeled
in dietary intakes for any nutrient were detected between cases andnary folates. An independent sampleest was used to com-
controls according to a 4-d diet record computed by THE FOODpare pre- and postsupplementation serum folate and RBC folate
PROCESSOR Il (version 7.0; Nutrient Analysis System, ESHAconcentrations and other blood indexes between cases and con-
Research, Salem, OR). Participants abstained from all alcohol, mettols. The difference in the change in serum and RBC folate con-
ications, and vitamin-mineral supplements during the entire studgentrations after supplementation between cases and controls
The protocol was approved by the University of Florida Institutionalwas also compared by usindests. Additionally, differences in
Review Board and each subject signed informed consent forms. concentrations of excreted labeled compounds and total folate

urinary recoveries and isotope ratios between cases and controls
Study protocol were compared by usingests. Analysis of covarian¢ANCOVA)

A mixture of folic acid and polyglutamyl folate labeled with was also performed to test for differences in percentage recovery
2 different stable isotopedH and**C) was given to both cases between cases and controls with total urinary folate as the
and controls. The relative absorption of the 2 forms of folate wasovariate. Statistics were computed by using SAS (version 6.12;
estimated by comparing the ratio of the 2 labeled folates in urin€&SAS Institute Inc, Cary, NC)P values <0.05 were considered
and absolute absorption was estimated by calculating the pesignificant. Results are reported as meanSDs unless noted
centage of each labeled folate that was excreted. otherwise.

Sample analysis
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TABLE 1 controls. The fact that none of the subjects were homozygous
Serum and red blood cell folate concentrations and urinary folate for the C677TMTHFR genotype prevented an evaluation of
excretiort the potential influence dITHFR genotype on folate utiliza-
Cases Controls tion in this study (5).
(n=11) h=11)
Serum folate (nmol/L)
Presupplementation 945 95+ 50 DISCUSSION
Postsupplementation 168836 188+ 66 The mechanism or mechanisms by which folic acid reduces
Difference (post- pre) 33+ 13 42+ 28 NTD risk is not known. Increasing folic acid intake, and thus the
Red blood cell folate (nmol/L) concentrations of folate derivatives in tissues, might overcome a
Presupplementation 2749777 2784+ 886 deficiency in the production of methionin&adenosylmethion-
Postsupplementation 3385687 3252+ 909 ine, or nucleotides near the time of neural tube closure (1). NTD
Difference (post- pre) 285t 235 202+ 201 risk reduction has been observed in studies in which supplemental
Ix + SD. There were no significant differences between cases andolic acid was taken in addition to a normal dietary intake; there-
controls. fore, it is hypothesized that supplemental folic acid may overcome

, #*significantly different from presupplementatiodP = 0.0001, 3 metabolic defect that impairs the absorption of either food folate

P=0.01. or folic acid. It is logical to assume that folate from food would be
as effective as folic acid after absorption because once polyglu-
tamyl folate has been deconjugated in the jejunal brush border, the

RESULTS monoglutamate produced (predominately 5-methyl-tetrahyldtefo

We found no significant differences between cases and cor
trols in serum or RBC folate concentrations before or after th
30-d supplementation periodgble 1). Serum and RBC folate

concentrations in both cases and controls were significantl 70
higher after the 30-d supplementation period than before supplt 60 4 Il Cases
mentation. There were no significant differences in the change i [*H,]PteGlu, L1 Controls
serum and RBC folate concentrations between cases and contr g 50 | -
in response to the 30-d saturation period. 3
Total urinary folate excretion for the 48-h postdose period wa: & 40
not significantly different in cases (64302519 nmol/d) and § 30 4
controls (6967+ 3324 nmol/d). The large quantity of urinary o
folate excreted postdose reflects the saturation protocol (2 mg/ é 20 -
coupled with dietary folate, which included foods fortified with
folic acid. The high presupplementation blood and correspond 10 4 -—L'
ingly high urinary folate concentrations were likely influenced 0
by vitamin supplements taken by subjects before the study. 0-24h 24-48 h 0-48 h

During the first 24 h postdose, cases excreted significantl
less BH,]folates derived from PteGJy21+ 12% compared with
37+ 19%; P = 0.01) and significantly les$3C.]folates derived 60
from PteGly (17 + 8% compared with 3% 14%; P = 0.007)

|

["*C,]PteGlu,

than did controls Rigure 1). No significant difference was & 50

detected in the percentage dose excreted of eithigjPteGlu ks 40 -
or [**C.]PteGly between cases and controls during the secon g

24-h postdose period or when the data were averaged over 48 g 30

However, a nonsignificant tren® & 0.21) for lower excretion of g

the oral dose of?H,]PteGly by the cases than by the controls & 20

(33+ 13% compared with 45 26%, respectively) was observed 10 -
over the 48-h period. A similar trenB € 0.29) for lower excre-
tion of [**C.]PteGly by the cases was also observed £316% 0
compared with 3% 17%). 0-24 h 24-48 h 0-48 h

The ratio of urinary JH,]folates to f3C.Jfolates did not
differ significantly between cases (1.%70.32) and controls
(1.12+ 0.21). The comparable bioavailability of polyglutamyl ~ FIGURE 1. Mean ¢ SEM) percentage of the dose #fif]pteroylpenta-
folate relative to the monoglutamyl form agrees with the glutar?a(;eb(‘[Hz]PteGIngjand FClslptero){:]mo(;‘ogl“tzrzafgﬁcslZ‘%GLUg _—

f : : : i\, EXcrete y cases and controls over the O—2z4-, —406-, an —40-N post-

irrfsutltt'lse 0; 15;3\1/;);251‘?:%]': :Ic\:\:gci?] tgzup;gLZCZLI|Z¥g¥e$i?AVEdose periods’ Significantly different from case®,= 0.01 (BH,]PteGlu)

foli . . | simil h in th and P = 0.007 (f*C,]PteGlu). There were no significant differences
olic acid saturation model similar to that used in the PréS€Npetween cases and controls over the 24-48-h period. For the 0-48-h

§tudy (16). The percentage of .oral dose excreted was Niyosidose period, excretion AHPteGly, and [°C.PteGly tended to
influenced by total folate excretion (ANCOVA). These data pe lower by the cases than by the contréls=(0.21 andP = 0.29,

indicate no significant difference in the absorption of respectively). Also, cases excrete®5% less H,]PteGly and ~20%
pteroylpentaglutamate relative to folic acid between cases anless [*C4]PteGly, in the 0-48-h postdose period than did controls.
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is the same as that derived from folic acid (10). Once absorbed, thests, or supplements may be somewhat impaired in women at

metabolic utilization of folate is identical regardless of whether itrisk of NTD-affected pregnancies. These findings suggest that

was derived from supplements or from naturally occurring foodeduced absorption of both folic acid and naturally occurring

folate. The objective of this study was to determine whethefood folate may partially explain why some women have a

women at risk of an NTD-affected pregnancy had a reduced abihigher risk of NTD-affected pregnancy. The metabolic basis for

ity to absorb either polyglutamyl folate or folic acid comparedthe dramatic reduction in NTD risk in response to increased

with women with normal pregnancy histories. folic acid in addition to diet will continue to be the subject of
The availability of stable-isotope-labeled polyglutamyl folate intense investigation.

and folic acid and experience with their use in studies of folate
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