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Abstract

Folic acid supplementation and food fortification policies have improved folate status in
North American women of child bearing age. Recent studies have reported the possible
inadequacy of vitamin B, and By in the etiology of neural tube defects in folate fortified
populations. The aims of this study were to describe folate status and its relationship to
supplementation and to assess vitamin B, and Bg status in a cohort of pregnant women.
Supplement intake data was collected in each trimester from the first cohort (n=599) of the
APrON (Alberta Pregnancy Outcomes and Nutrition) study. Red blood cell folate (RBCF) and
plasma folate, holotranscobalamin (holoTC) and pyridoxal 5-phosphate (PLP) were measured.
Overt folate deficiency was rare (3%) but 24% of women in their first trimester had sub-optimal
RBCF concentration (< 906 nmol.L'"). The proportion of the cohort in this category declined
substantially in second (9%) and third (7%) trimesters. High RBCF (>1360 nmol.L’l) was
observed in approximately half of the women during each pregnancy trimester. Vitamin B, and
B¢ deficiency was rare (<1% of the cohort). Women consuming folic acid supplements above the
upper limit had significantly higher RBCF and plasma folate concentrations. These data suggest
that approximately one quarter of women had sub-optimal folate status in the first trimester of
pregnancy that improved over time, while the prevalence of vitamin B, and B¢ deficiency was
very low. The considerable prevalence of abnormally high RBCF raises concerns regarding the
possibility of over-supplementation of folate during pregnancy and the consequences of high

RBCEF require investigation.

Key words: folate, folic acid, vitamin Bg, vitamin Bj,, pregnancy, holotranscobalamin, pyridoxal

5-phosphate
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Introduction

Folate, vitamin B, and Bg are essential for early embryonic development and impact health
outcomes later in life. In Canada, folic acid fortification of cereal grains became mandatory in
1998. This policy resulted in a 46% reduction in the prevalence of neural tube defects (NTD) in
Canada (De Wals et al. 2007) and an improvement in the folate status of the general population
(Colapinto et al. 2012; Shakur et al. 2010). Folate deficiency is now rare in the Canadian
population (< 1%); 40% of Canadians have high folate status (Colapinto et al. 2011). The
implications of high folate status on health are not well understood; however, high daily intakes
of folic acid (above 1000 pg/day) have been reported to negatively impact birth outcomes,
particularly birth height (Pastor-Valero et al. 2011). Offspring of pregnant rodents fed folic acid
at 20-fold the recommended intake exhibited embryonic delays, growth retardation and reduced
fetal body weight and length (Achon et al. 2000; Pickell et al. 2011). Supplemental intakes of
folic acid result in the appearance of unmetabolized folate in blood, presumably due to the
limited capacity of hepatic dihydrofolate reductase to convert folate to dihydrofolate (Kalmbach
et al. 2008; Sweeney et al. 2009). It has been suggested that the presence of unmetabolized folic
acid could inhibit normal folate metabolism by competing with coenzymatic form of folic acid
for transporters and binding proteins (Bailey and Ayling 2009; Kamen et al. 1985; Qiu et al.
2006). Although the rates of folate deficiency is low, only 25% of Canadian women of
childbearing age (n = 1162) reported taking a folic acid supplement and 22% were not achieving
folate status sufficient to minimize NTD risk (Colapinto et al. 2011) . A significant proportion of
Canadian women may have suboptimal folate status during the critical period of neural tube

closure, a period where many women are unaware of being pregnant.



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Other concerns associated with high folic acid intakes included negative impact on masking
vitamin B, deficiency and the resultant neurological disruption (Morris et al. 2007; Reynolds
2002; Dickinson 1995), progression and development of cancers (Cole et al. 2007; Figueiredo et
al. 2009), immune function (Troen et al. 2006) and epigenetic regulation disruption (Sie et al.
2013; Zeisel 2009). Because of the interaction between folic acid and vitamin By, (Scott and
Weir 1981), it has been suggested that 34% of all NTD occurring post-folate fortification may be
caused by low vitamin B, status (Ray et al. 2003; Ray and Blom 2003; Ray et al. 2007; Ray et
al. 2008). Vitamin Bg status during pregnancy is also of potential concern, as a low plasma
pyridoxal 5-phosphate (PLP) has been associated with increased risk of spontaneous abortion
and preterm birth (Ronnenberg et al. 2002; Ronnenberg et al. 2007).

Adequate folate, vitamin B, and vitamin Bg intake is essential for maternal health and fetal
development. Status of these nutrients during early pregnancy in Canadian women is not known.
The objectives of the current study were (i) to evaluate folate status and its relationship to
supplementation and (i7) to assess the relationship between folate status and the status of vitamin

B, and B¢ in a cohort of pregnant women.

Materials and Methods

Study design and subjects

The present study employed the first cohort (n=599) of the Alberta Pregnancy Outcomes and
Nutrition (APrON) study. The recruitment and methods of the APrON study have been described
in detail (Kaplan et al. 2014). Subjects were enrolled in the APrON study between June 2009

and June 2010 from Edmonton and Calgary and were > 16 years old, able to read and write in



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

English, and < 27 weeks gestation. Written consent was obtained from all women prior to
enrolment, and ethical approval for the study was obtained from the Health Research Ethics
Boards at the University of Alberta (Pro 00002954) and the University of Calgary (E22101).
Women recruited at < 13 week of gestation (first trimester, n = 138) were assessed during
three trimesters; those recruited between 14-26 weeks of gestation (second trimester, n = 581)
were assessed during their second and third trimesters (27-40 weeks, n = 533). Pre-pregnancy
information (mental/medical history, physical activity and socio-demographics) was gathered
during the first visit. Maternal characteristics including maternal age at study entry (17-30 years
or 31-45 years), pre-pregnancy body mass index (BMI; underweight, normal weight, overweight
or obese), household income/year ( less than 20 000, 20 000 to 39 000, 40 000 to 69 000, 70 000
to 99 000 or > 100 000), education level (< high school/diploma/certificate or > high
school/university study), ethnicity (Caucasian or other; Native/Asian/Latin American/African
American), smoking (never or ever), previous pregnancy (yes or no), marital status
(married/common law partner or other; single/divorced) and planned pregnancy (yes or no) were
also obtained from women during their first visit and were considered as covariates. Information
regarding folate intake from foods and supplementation was obtained from 24-hour recall and
supplement intake questionnaires (SIQ), which were completed at each visit under the
supervision of trained personnel. Participants’ consumption of folic acid-containing
multivitamins (type and quantity) during the previous 24 hour period was recorded (Gomez et al.

2013).

Folate, B, and Bg status
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Biochemical analyses were carried out as previously described (Kaplan et al. 2014). Briefly,
non-fasting blood samples were taken at each visit, processed for serum, plasma, buffy coat and
red blood cells, aliquotted, and stored at -80 °C. For red blood cell folate (RBCF) analysis, a
hemolysate was prepared directly after blood sampling. The ion-capture method of analysis
confers a number of analytical benefits over the traditional microbiological assay including ease
of automation and small sample size requirement. The accuracy and reproducibility of blood
folate analyses was assessed by repeated measurements of a whole blood standard reference
material with a certified value (29.5 nmol.L'l) (Whole blood 95/528; National Institute of
Biological Standards and Control, Hertfordshire, United Kingdom). Repeated analysis of this
standard in our laboratory yielded an interassay CV of < 10%.

Folate deficiency was defined as RBCF concentration < 305 nmol.L™" (Institute of Medicine
1998). Due to lack of internationally recognized value of suboptimal folate status for NTD risk
reduction, we used the cutoff of 305 to <906 nmol.L"' for suboptimal folate status based on the
findings of a nested case-control study in a prospective cohort of pregnant women (Daly et al.
1995). This study (n = 81 cases, 266 controls) conducted between 1986-1990 demonstrated a
continuous inverse dose-response relationship of NTD risks with maternal RBCF concentration
with its highest incidence at RBCF concentration below 340 nmol.L"' (6.6 per1000 live births) to
lowest risk at 906 nmol.L™ (0.8 per 1000 live births). For high RBCF status we used a cutoff of
>1360 nmol.L", reflecting the 97" percentile from NHANES 1999-2004 (Pfeiffer et al. 2007).
Plasma folate and plasma holotranscobalamin (holoTC) concentrations were determined using
the AXSYM analyzer as per manufacturer’s instructions. For plasma folate status, we used a
standard cutoff of <7 nmol.L"' for deficiency (Institute of Medicine 1998) and > 46 nmol.L"' for

above the normal range which was previously defined for non-pregnant women (Pfeiffer et al.
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2007). The reference value used for normal holoTC was 35 to 140 pmol.L"' (Herrmann et al.
2003; Refsum et al. 2006) previously defined for non-pregnant women. Plasma pyridoxal 5-
phosphate (PLP) was determined using an HPLC assay kit (Eagle Biosciences Inc, Nashua, NH,
USA). Final plasma concentrations were determined using the calibrator as a reference. The
reference range for normal vitamin By status was 20 to 220nmol.L™" as previously defined for

non-pregnant women (Institute of Medicine 1998).

Statistics

All statistical analyses were conducted using SPSS version 20.0 (IBM SPSS for Windows,
version 20.0, Chicago, IL); p < 0.05 were considered significant. Due to data not being normally
distributed, median and 95% confidence interval (CI) were used to characterize RBCF, plasma
folate, plasma holoTC and plasma PLP. The Mann-Whitney U tests were used to compare means
of continuous variables and the Chi-square test was used for categorical variables. Friedman’s
test was used for data grouped by RBCF status categories to determine longitudinal changes in
RBCF status. RBCF and plasma folate concentrations were expressed as mean + SD grouped by
folic acid supplementation above or below 1000 pg/d. Multiple linear regression analysis was
used to determine the independent association between folic acid supplements intake and RBCF
and plasma folate concentrations. First trimester RBCF and plasma folate values were not
included in this analysis because of the very small number of samples available for comparison.
The data were adjusted for folate intake from diet in all cases and also for maternal covariates
which were found to be significantly associated with blood folate values differ in the bivariate

analysis (Table S2).
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Results

Subjects

Study participants were predominantly Caucasian, married, held university or post-graduate
degrees, and had high family annual income ($100 000+). The majority of participants were
multiparous and had a planned pregnancy. Full details of cohort demographics are available in a

supplementary table (Table S1).

Folate, vitamin B, and vitamin Bg status of women

Blood samples were available from 122, 520 and 446 women in their first, second and third
trimesters, respectively for determination of folate status (Fig. 1). Median RBCF concentration
was significantly higher in the second and third trimesters (1504 nmol.L"" and 1462 nmol.L™,
respectively) compared with the first trimester (1280 nmol.L'™") (P < 0.05, Table 1). Only 3 of
122 women in their first trimester, and no women in their second and third trimesters had a
RBCF concentration corresponding to overt folate deficiency (< 305 nmol.L'™") (Table 1).
However, in the first trimester, 24% of women had an RBCF concentration below the value
which has been suggested to minimize risk of NTD (< 906 nmol.L™", Table 1). Approximately
45%, 62% and 59% of women had RBCF concentrations above the normal range (> 1360
nmol.L™") during their first, second and third trimesters, respectively (Table 1). All women fell

within the normal range (7-46 nmol.L™") for plasma folate in all trimesters.

Change in folate status during pregnancy
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The proportion of women with an RBCF concentration < 906 nmol.L™" decreased, and the
proportion of women with a RBCF concentration > 1360 nmol.L™ increased over time compared
to 1* trimester (P < 0.001, Fig. 2). In the group of women who were recruited in their first
trimester and provided samples in all three trimesters, there was a significant increase in RBCF
concentration over time (data not shown). Using the women enrolled in their second trimester
into the cohort, RBCF concentration were found to increase in the third trimester for the women
who identified as having suboptimal status (305 to < 906 nmol.L™) or status in normal range
(906 to 1306 nmol.L’l) in the second trimester (P < 0.05, Fig. 3). For women who were classified
as having RBCF above the normal range in second trimester, there was a 10% decrease in RBCF
concentration in the third trimester. However, all of these women remained with RBCF

concentration above the normal range (Fig. 3).

Impact of folic acid supplementation on folate status

Mean RBCF and plasma folate concentration were both significantly higher in women who
supplemented with folic acid above the Upper Limit (UL; 1000 pg/d) compared to women who
reported taking a daily supplement below the UL (P < 0.05, Table 2). After adjusting for folate
intake from diet and maternal covariates significantly differ (Table S2), the effect of

supplemental folic acid dose on RBCF or plasma folate remained significant (Table 2).

B, and vitamin By status
HoloTC concentrations were within the normal range (35 to140 pmol.L'") in 88 - 91% of the
women (depending on the trimester). Seven women (one in her first trimester and six in their

second trimester) were found to have holoTC concentrations that would classify them vitamin
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B\, deficient (<35 pmol.L'"). More than 80% of the women had plasma PLP concentrations in
the reference range during their first and second trimesters of pregnancy, and approximately 17%
in the first trimester and 13% in the second trimester had plasma PLP concentrations above 220
nmol.L"'. Due to high proportion of women with plasma folate, holoTC and PLP in the
reference range in the first and second trimesters, these biomarkers were not measured in

samples collected during third trimester.

Discussion

Although folate deficiency was rare (3%) in the APrON cohort, 24% of women in their first
trimester had RBCF concentrations below the concentrations considered to minimize the risk of
NTD (Daly et al. 1995; Tam et al. 2009). The proportion of women in this category declined
substantially in the second and third trimesters. High RBCF was observed in 45-62% of the
cohort (depending on trimester); the significance of this is currently unknown. We observed a
very low prevalence of vitamin B, and B¢ deficiency (less than 1% of the cohort).

Our results are in contrast to a relatively recent Canadian study. Ray et al. (2008)
investigated vitamin B, status of 10,622 Ontarian women (of child bearing age or pregnant) and
reported that 7% of the women of child bearing age and 5% of women <28 days of gestation had
a serum vitamin B, concentration below 125 pmol.L'1 during critical period of neural tube
closure. They suggested that this was the result of women not preparing nutritionally for
pregnancy by taking prenatal multivitamins. The incongruous findings between the studies may
be partly explained by the differences in demographics between the cohorts; most of the
pregnancies in the APrON cohort-1 were planned and the majority of women were in a very high

socio-economic status group. The retrospective, cross-sectional study of Ray et al. (2008) was
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likely more varied in its demographics since cases were recruited based on concomitant analysis
of human beta-gonadotropin compare to the current study where the women recruited were
volunteers. The discrepancies among the two studies may also be explained by the difference in
the status biomarker selected; where serum B, concentration was chosen in the previous study,
the current study employed holoTC as a measure of vitamin By, status. HoloTC is the
biologically active fraction of vitamin B, (representing 30% of total plasma B12) and both
holoTC and methylmalonic acid (a functional biomarker of vitamin B1,) have been reported to
provide a better index of true cobalamin status than the measurement of total vitamin B,
(Herrmann et al. 2003).

During pregnancy total cobalamin (B;,) concentration decreases up to 50% over the gestation
period; however, concentration of holoTC remained unchanged (Koebnick et al. 2002; Morkbak
et al. 2007). Therefore, total B;, may overestimate the proportion of individuals with low B,
status and holoTC may be a better indicator of vitamin B, deficiency during pregnancy.

It is recommended that all women of child-bearing age consume a daily supplement
containing 400 ng of folic acid (Morin et al. 2002; Health Canada 2009) as demands for folate
during pregnancy do not appear to be met in the vast majority of women through their self-
selected diets (Houghton et al. 2007). We observed that 24% of the cohort had suboptimal
RBCF status during the first trimester. This is most likely due to insufficient preconception folate
intake, as folate concentration in RBC during this trimester would be influenced by pre-
pregnancy status. This finding was also observed in the Canadian Health Measure Survey which
reported that 22% of women of child-bearing age had sub-optimal folate status (Colapinto et al.
2011). In another study, 36% of pregnant Ontarian women had a RBCF concentration below

906 nmol.L"' (Bar-Oz et al. 2008). In the present study, women who had low or suboptimal
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folate status during early pregnancy had significantly higher RBCF at the second and third
trimester (Fig. 3). This is most likely due to supplemental intake of folic acid throughout
pregnancy; the women in APrON cohort reported taking a folic acid-containing supplement at
94, 97 and 94% during the first, second and third trimesters respectively (Gomez et al. 2013). In
the present study, women with less than optimal RBCF status had non-fasting plasma folate in
the reference range, suggesting that women were indeed taking folic acid supplements. In
support of this, a small but significant difference in plasma folate concentration was observed in
women taking a supplement that contained folic acid at levels above the UL compared to those
taking a supplement below this. In the current study plasma folate concentrations in a non-fasting
blood sample do not appear to be a good indicator for assessing folate status (Table 1) especially
during early pregnancy when women may have lower status but have begun to take maternal
supplements.

Approximately, 45% of the APrON women had RBCF concentration above 1360 nmol.L™
during the first trimester and the proportion of women in this category increased over time (62%
and 59% during the second and third trimesters, respectively). The impact of very high folate
status on fetal development and maternal health is not well elucidated; however, animal studies
have demonstrated risks associated with very high intakes of folate during gestation. Feeding
pregnant dams twenty times higher folic acid than recommended resulted in reductions in birth
weight and fetal length (Achon et al. 2000) and increased the risk of embryonic delay and growth
retardation (Pickell et al. 2011). It has been suggested that the detrimental effects of high folic
acid intake may be due to a disruption in normal folate metabolism by the presence of
unmetabolized folic acid in the plasma (Lucock 2004). The level of supplementation used in

these animal studies was undoubtedly much higher than that of the women in the APrON study.
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The physiological implications of high RBCF concentrations during pregnancy in women are not
known. Recently, it was reported that women who ingested high doses of folic acid supplements
(above the UL) during early pregnancy were at significantly higher risk of delivering a baby
with small for gestational age-height (OR 5.33, C12.08, 13.7) (Pastor-Valero et al. 2011). Folate
in the form of tetrahydrofolate is also an essential cofactor for DNA methylation and plays an
important role in regulating gene expressions. Sie et al. (Sie et al. 2013) reported that maternal
folic acid supplementation 2.5 times higher than the dietary requirements significantly decrease
global and site-specific hepatic DNA methylation in weanling rat off-springs. Collectively, these
suggest that consuming high levels of folic acid through supplements can have profound impact
on fetal development through epigenetic changes. The functional outcomes of these changes
warrant further research, particularly in light of the high prevalence of high folic acid
supplementation in a folic-acid fortified food environment.

In summary, there was virtually no evidence of deficiency of vitamin B,, B¢ and folate in the
first APrON cohort of pregnant women. Despite a lack of deficiency, approximately 24% of the
APrON women did not achieve the folate status recommended to minimize the risk of NTD
during early pregnancy, suggesting that recommendation of prenatal supplement are not being
met by a subgroup of Canadian women. However, a large proportion of the cohort had high
RBCF concentrations above the normal range, which has been shown to also exert detrimental
effects on fetal outcomes, in animal models. Caution should be taken in generalizing our
findings to the entire population as most of the women who volunteered for this study were of
high socio-economic status and 90% of them reported taking a multivitamin containing folic acid
once they became pregnant (Gomez et al. 2013). Future studies are required to examine

potential health risks associated with marginally suboptimal and very high folate status,
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particularly later in gestation when women appear to be taking high amounts of supplemental

folic acid.

Acknowledgments

The APrON study was funded by a team grant from Alberta Innovates Health Solutions and
additional support for folate analysis was provided by a grant from the Women and Children’s
Health Research Institute. Faiqa Fayyaz was supported by the Food and Health Innovation
Initiative Fund. We would like to thank the APrON study team and participants for helping make
this study a success. We would also like to acknowledge Paige Sorochan and Susan Goruk for
technical assistance and Anne Gilbert, Sarah Loehr and Andrea Deane for assisting with dietary

intake data collection.

14



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

References

Achon, M., Alonso-Aperte, E., Reyes, L., Ubeda, N., and Varela-Moreiras, G. 2000. High-dose
folic acid supplementation in rats: effects on gestation and the methionine cycle. Br.J.Nutr.

83(2): 177-183. PMID:10743497.

Bailey, S. W. and Ayling, J. E. 2009. The extremely slow and variable activity of dihydrofolate
reductase in human liver and its implications for high folic acid intake.
Proc.Natl.Acad.Sci.U.S.A. 106(36): 15424-15429. doi:10.1073/pnas.0902072106.

PMID:19706381.

Bar-Oz, B., Koren, G., Nguyen, P., and Kapur, B. M. 2008. Folate fortification and
supplementation--are we there yet? Reprod.Toxicol. 25(4): 408-412.

doi:10.1016/j.reprotox.2008.04.010. PMID:18550330.

Colapinto, C. K., O'Connor, D. L., Dubois, L., and Tremblay, M. S. 2012. Folic acid supplement
use is the most significant predictor of folate concentrations in Canadian women of
childbearing age. Appl.Physiol Nutr.Metab. 37(2): 284-292. doi:10.1139/h11-161.

PMID:22452580.

15



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

Colapinto, C. K., O'Connor, D. L., and Tremblay, M. S. 2011. Folate status of the population in
the Canadian Health Measures Survey. CMAJ. 183(2): 100-106. doi:10.1503/cma;j.100568.

PMID:21149516.

Cole, B. F., Baron, J. A., Sandler, R. S., Haile, R. W., Ahnen, D. J., Bresalier, R. S., McKeown-
Eyssen, G., Summers, R. W., Rothstein, R. 1., Burke, C. A., Snover, D. C., Church, T. R.,
Allen, J. ., Robertson, D. J., Beck, G. J., Bond, J. H., Byers, T., Mandel, J. S., Mott, L. A.,
Pearson, L. H., Barry, E. L., Rees, J. R., Marcon, N., Saibil, F., Ueland, P. M., and Greenberg,
E. R. 2007. Folic acid for the prevention of colorectal adenomas: a randomized clinical trial.

JAMA. 297(21): 2351-2359. do1:10.1001/jama.297.21.2351. PM:17551129.

Daly, L. E., Kirke, P. N., Molloy, A., Weir, D. G., and Scott, J. M. 1995. Folate levels and neural

tube defects. Implications for prevention. JAMA. 274(21): 1698-1702. PMID:7474275.

De Wals, P., Tairou, F., Van Allen, M. 1., Uh, S. H., Lowry, R. B., Sibbald, B., Evans, J. A., Van
den Hof, M. C., Zimmer, P., Crowley, M., Fernandez, B., Lee, N. S., and Niyonsenga, T.
2007. Reduction in neural-tube defects after folic acid fortification in Canada. N.Engl.J Med.

357(2): 135-142. doi:10.1056/NEJMo0a067103. PMID:17625125.

Dickinson, C. J. 1995. Does folic acid harm people with vitamin B12 deficiency? QJM. 88(5):

357-364. PMID:7796091.

Figueiredo, J. C., Grau, M. V., Haile, R. W., Sandler, R. S., Summers, R. W., Bresalier, R. S.,

Burke, C. A., McKeown-Eyssen, G. E., and Baron, J. A. 2009. Folic acid and risk of prostate

16



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

cancer: results from a randomized clinical trial. J.Natl.Cancer Inst. 101(6): 432-435.

doi:10.1093/jnci/djp019. PMID:19276452.

Gomez, M. F., Field, C. J., Olstad, D. L., Loehr, S., Ramage, S., and McCargar, L. J. 2013. Use
of micronutrient supplements among pregnant women in Alberta: results from the Alberta
Pregnancy Outcomes and Nutrition (APrON) cohort. Matern.Child Nutr.

doi:10.1111/men.12038. PMID:23557540.

Health Canada. 2009. Prenatal Nutrition Guidelines for Health Professional.

Herrmann, W., Obeid, R., Schorr, H., and Geisel, J. 2003. Functional vitamin B12 deficiency and
determination of holotranscobalamin in populations at risk. Clin.Chem.Lab Med. 41(11):

1478-1488. do1:10.1515/CCLM.2003.227. PMID:14656029.

Houghton, L. A., Sherwood, K. L., and O'Connor, D. L. 2007. How well do blood folate
concentrations predict dietary folate intakes in a sample of Canadian lactating women exposed
to high levels of folate? An observational study. BMC.Pregnancy.Childbirth. 7(25).

doi:10.1186/1471-2393-7-25. PMID:17961229.

Institute of Medicine. 1998. Dietary Reference Intake; Thiamine, Riboflavin, Niacin, Vitamin
Be, Folate, Vitamin B,, Pantothenic acid, Biotin, and Choline. Washington, DC: National

Academic Press.

17



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

Kalmbach, R. D., Choumenkovitch, S. F., Troen, A. P., Jacques, P. F., D'Agostino, R., and
Selhub, J. 2008. A 19-base pair deletion polymorphism in dihydrofolate reductase is
associated with increased unmetabolized folic acid in plasma and decreased red blood cell

folate. J.Nutr. 138(12): 2323-2327. d0i:10.3945/jn.108.096404. PMID:19022952.

Kamen, B. A., Nylen, P. A., Whitehead, V. M., Abelson, H. T., Dolnick, B. J., and Peterson, D.
W. 1985. Lack of dihydrofolate reductase in human tumor and leukemia cells in vivo. Cancer

Drug Deliv. 2(2): 133-138. PMID:4052928.

Kaplan, B. J., Giesbrecht, G. F., Leung, B. M., Field, C. J., Dewey, D., Bell, R. C., Manca, D. P.,
O'Beirne, M., Johnston, D. W., Pop, V. J., Singhal, N., Gagnon, L., Bernier, F. P., Eliasziw,
M., McCargar, L. J., Kooistra, L., Farmer, A., Cantell, M., Goonewardene, L., Casey, L. M.,
Letourneau, N., and Martin, J. W. 2014. The Alberta Pregnancy Outcomes and Nutrition
(APrON) cohort study: rationale and methods. Matern.Child Nutr. 10(1): 44-60.

doi:10.1111/5.1740-8709.2012.00433. PMID:22805165.

Koebnick, C., Heins, U. A., Dagnelie, P. C., Wickramasinghe, S. N., Ratnayaka, I. D., Hothorn,
T., Pfahlberg, A. B., Hoffmann, I., Lindemans, J., and Leitzmann, C. 2002. Longitudinal
concentrations of vitamin B(12) and vitamin B(12)-binding proteins during uncomplicated

pregnancy. Clin Chem. 48(6): 928-933. PMID:12029010.

Lucock, M. 2004. Is folic acid the ultimate functional food component for disease prevention?

BMJ. 328(7433): 211-214. doi:10.1136/bm;.328.7433.211. PMID:14739191.

18



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

Morin, P., De, Wals P., St-Cyr-Tribble, D., Niyonsenga, T., and Payette, H. 2002. Pregnancy
planning: a determinant of folic acid supplements use for the primary prevention of neural

tube defects. Can.J.Public Health. 93(4): 259-263. PMID:12154526.

Morkbak, A. L., Hvas, A. M., Milman, N., and Nexo, E. 2007. Holotranscobalamin remains
unchanged during pregnancy. Longitudinal changes of cobalamins and their binding proteins
during pregnancy and postpartum. Haematologica. 92(12): 1711-1712.

doi:10.3324/haematol.11636. PMID:18056000.

Morris, M. S., Jacques, P. F., Rosenberg, 1. H., and Selhub, J. 2007. Folate and vitamin B-12
status in relation to anemia, macrocytosis, and cognitive impairment in older Americans in the

age of folic acid fortification. Am.J.Clin.Nutr. 85(1): 193-200. PMID:17209196.

Pastor-Valero, M., Navarrete-Munoz, E. M., Rebagliato, M., Iniguez, C., Murcia, M., Marco, A.,
Ballester, F., and Vioque, J. 2011. Periconceptional folic acid supplementation and
anthropometric measures at birth in a cohort of pregnant women in Valencia, Spain. Br.J.Nutr.

105(9): 1352-1360. doi:10.1017/S0007114510005143. PMID:21272409.

Pfeiffer, C. M., Johnson, C. L., Jain, R. B., Yetley, E. A., Picciano, M. F., Rader, J. 1., Fisher, K.
D., Mulinare, J., and Osterloh, J. D. 2007. Trends in blood folate and vitamin B-12
concentrations in the United States, 1988 -2004. Am.J.Clin.Nutr. 86(3): 718-727.

PMID:17823438.

19



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

Pickell, L., Brown, K., Li, D., Wang, X. L., Deng, L., Wu, Q., Selhub, J., Luo, L., Jerome-
Majewska, L., and Rozen, R. 2011. High intake of folic acid disrupts embryonic development
in mice. Birth Defects Res.A Clin.Mol.Teratol. 91(1): 8-19. doi:10.1002/bdra.20754.

PMID:21254354.

Qiu, A., Jansen, M., Sakaris, A., Min, S. H., Chattopadhyay, S., Tsai, E., Sandoval, C., Zhao, R.,
Akabas, M. H., and Goldman, I. D. 2006. Identification of an intestinal folate transporter and
the molecular basis for hereditary folate malabsorption. Cell. 127(5): 917-928.

doi:10.1016/j.cell.2006.09.041. PMID:17129779.

Ray, J. G. and Blom, H. J. 2003. Vitamin B12 insufficiency and the risk of fetal neural tube

defects. QIM. 96(4): 289-295. PMID:12651973.

Ray, J. G., Goodman, J., O'Mahoney, P. R., Mamdani, M. M., and Jiang, D. 2008. High rate of
maternal vitamin B12 deficiency nearly a decade after Canadian folic acid flour fortification.

QJM. 101(6): 475-477. doi:10.1093/qjmed/hcn031. PMID:18337285.

Ray, J. G., Vermeulen, M. J., Langman, L. J., Boss, S. C., and Cole, D. E. 2003. Persistence of
vitamin B12 insufficiency among elderly women after folic acid food fortification.

Clin.Biochem. 36(5): 387-391. PMID:12849871.

Ray, J. G., Wyatt, P. R., Thompson, M. D., Vermeulen, M. J., Meier, C., Wong, P. Y., Farrell, S.
A., and Cole, D. E. 2007. Vitamin B12 and the risk of neural tube defects in a folic-acid-

fortified population. Epidemiology. 18(3): 362-366. PMID:17474166.

20



415 Refsum, H., Johnston, C., Guttormsen, A. B., and Nexo, E. 2006. Holotranscobalamin and total
416 transcobalamin in human plasma: determination, determinants, and reference values in
417 healthy adults. Clin.Chem. 52(1): 129-137. doi:10.1373/clinchem.2005.054619.

418 PMID:16239338.

419  Reynolds, E. H. 2002. Benefits and risks of folic acid to the nervous system.

420 J.Neurol.Neurosurg.Psychiatry. 72(5): 567-571. PMID:11971038.

421  Ronnenberg, A. G., Goldman, M. B., Chen, D., Aitken, I. W., Willett, W. C., Selhub, J., and Xu,
422 X. 2002. Preconception folate and vitamin B(6) status and clinical spontaneous abortion in

423 Chinese women. Obstet.Gynecol. 100(1): 107-113. PMID:12100811.

424  Ronnenberg, A. G., Venners, S. A., Xu, X., Chen, C., Wang, L., Guang, W., Huang, A., and
425 Wang, X. 2007. Preconception B-vitamin and homocysteine status, conception, and early

426 pregnancy loss. Am.J.Epidemiol. 166(3): 304-312. 10.1093/aje/kwm078. PMID:17478435.

427  Scott, J. M. and Weir, D. G. 1981. The methyl folate trap. A physiological response in man to
428 prevent methyl group deficiency in kwashiorkor (methionine deficiency) and an explanation
429 for folic-acid induced exacerbation of subacute combined degeneration in pernicious anaemia.

430 Lancet. 2(8242): 337-340. PMID:6115113.

431  Shakur, Y. A., Garriguet, D., Corey, P., and O'Connor, D. L. 2010. Folic acid fortification above
432 mandated levels results in a low prevalence of folate inadequacy among Canadians. Am.J Clin

433 Nutr. 92(4): 818-825. doi:10.3945/ajcn.2010.29696. PMID:20739423.

21



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Sie, K. K., Li, J., Ly, A., Sohn, K. J., Croxford, R., and Kim, Y. I. 2013. Effect of maternal and
postweaning folic acid supplementation on global and gene-specific DNA methylation in the
liver of the rat offspring. Mol.Nutr.Food Res. 57(4): 677-685. doi:10.1002/mnfr.201200186.

PMID:23463647.

Sweeney, M. R., Staines, A., Daly, L., Traynor, A., Daly, S., Bailey, S. W., Alverson, P. B.,
Ayling, J. E., and Scott, J. M. 2009. Persistent circulating unmetabolised folic acid in a setting
of liberal voluntary folic acid fortification. Implications for further mandatory fortification?

BMC.Public Health. 9: 295. do1:10.1186/1471-2458-9-295. PMID:19689788.

Tam, C., McKenna, K., Goh, Y. 1., Klieger-Grossman, C., O'Connor, D. L., Einarson, A., and
Koren, G. 2009. Periconceptional folic acid supplementation: a new indication for therapeutic
drug monitoring. Ther.Drug Monit. 31(3): 319-326. doi:10.1097/FTD.0b013e31819{3340.

PMID:19349928.

Troen, A. M., Mitchell, B., Sorensen, B., Wener, M. H., Johnston, A., Wood, B., Selhub, J.,
McTiernan, A., Yasui, Y., Oral, E., Potter, J. D., and Ulrich, C. M. 2006. Unmetabolized folic
acid in plasma is associated with reduced natural killer cell cytotoxicity among

postmenopausal women. J.Nutr. 136(1): 189-194. PMID:16365081.

Zeisel, S. H. 2009. Importance of methyl donors during reproduction. Am.J.Clin.Nutr. 89(2):

673S-6778S. do0i:10.3945/ajcn.2008.26811D. PMID:19116320.

22



Table 1. Folate, vitamin B, and vitamin By status among pregnant women enrolled in the

Alberta Pregnancy Outcomes and Nutrition (APrON) study cohort-1.

First trimester

Second trimester

Third trimester

N Median (95% CI) N Median (95% CI) N Median (95% CI)

RBCF (nmol.L™")

<305 3 250 (175,353) 0 - 0 -

305 to <906 29 573 (547,681) 44 745 (713,782) 29 811 (757,825)

906 to1360 35 1114 (1069,1169) 156 1191 (1143,1187) 152 1186 (1156,1195)

>1360 55 1740 (1735,1992) 320 1740 (1723,1777) 265 1730 (1714,1778)

Total 122 1280 (1199,1428)* 520 1504 (1455,1525)" 446 1462 (1453,1526)"
Plasma folate (nmol.L™")

<7 0 - 0 - ND

7 to 46 128 36 (35,36) 534 36 (35,36) ND

>46 0 - 0 - ND

Total 128 36 (35,36)° 534 36 (35,36)" ND
Plasma holoTC (pmol.L'])

<35 1 26 6 31 (22,35) ND

35t0140 108 87 (84,93) 472 81(80,84) ND

>140 14 256 (202,290) 43 232 (224,269) ND

Total 123 92 (95,117)° 521 83(90,99)" ND
Plasma PLP (nmol.L™")

<20 0 - 1 14 ND

20 to 220 99 84 (88,1006) 457 67 (79,88) ND

>220 20 359 (332,451) 70 302 (297,334) ND

Total 119 94 (123,170)° 528 76 (106,122)" ND

Note: RBCF, red blood cell folate; ND, not determined. P < 0.05 obtained from Wilcoxon Signed Ranks test and letters not
similar are significantly different.
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Table 2. Folate status in pregnant women according to supplemental intake of folate.

Folic acid <1000 >1000

supplement (jig/d) N  mean=+ SD N mean+ SD P* Coefgcient 95% CI P
RBCF (nmol.L™")

Second 387 1404 £ 1 115 1536+ 1 0.006 101.25 11.62, 190.87 0.027°
trimester

Third trimester 347 1409 + 1 86 1557 =1 0.003 150.82 57.53, 244.11 0.002
Plasma folate (nmol.L™)

Second 400 35+1 116 361 0.001 1.20 0.24,2.17 0.015
trimester

Note: *P < 0.05 was significant, obtained from Mann-Whitney tests for pairwise comparisons. Multiple linear regression
analysis was conducted to adjust the data for folate intake from diet and further for maternal covariates significantly
different.  adjusted for maternal age, income and ethnicity.
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Figures captions

Fig. 1. Women recruitment in APrON cohort-1 during each pregnancy visit for biochemical

analyses

Fig. 2. Proportion of women divided by RBCF status. The percentage of women in the <305
nmol.L"" and 305 to < 906 nmol.L™ status ranges decreased and for >1360 nmol.L™" range

increased significantly over time (P < 0.001 from chi-square analysis)

Fig. 3. Changes in mean RBCF concentration between trimester 2 and 3. Bars are mean + SD for
the women who were recruited in their 2™ trimester and provided samples in their second and
third trimesters. The x-axis represents the reference range for RBCF in which women were
classified in second trimester. Within each RBCF reference range, bars that do not share a letter

are significantly different (P < 0.05, obtained from Friedman’s test).

25



Fig. 1.

No. of participants
N

First trimester n=138&

Drop out n=9
Missed appointment
n=4
Miscarried n=5

Additional recruited
participants n=461

Second trimester
n=581

Drop out n=34
Missed appointment
n=13
Still birth n=1

Third trimester n=533

Biochemical analyses

Missing data | Missing data | Missing data | Missing data
n=16 n=10 n=15 n=19
Y
Plasma HoloTC Plasma PLP
RBCF=122 1 folaten=128 | n=123 n=119
Missing data | Missing data | Missing data | Missing data
n=61 n=47 n=60 n=53
Plasma HoloTC Plasma PLP
RBCF =320 1 folate n=534 n=521 n=528

Missing data
n=87

!

RBCF n=446

26




Fig. 2.
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