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OBJECTIVE

To identify novel modifiable risk factors of gestational diabetes mellitus (GDM) by
examining the association between prepregnancy habitual folate intake and GDM
risk.

RESEARCH DESIGN AND METHODS

The study included 14,553 women in the Nurses’ Health Study II who reported at
least one singleton pregnancy between the 1991 and 2001 questionnaires. Pre-
pregnancy intakes of total folate, supplemental folate, and food folate were
assessed using a food frequency questionnaire administered every 4 years. Incident
GDMwas ascertained from a self-reported physician diagnosis. Relative risks (RRs)
of GDM were estimated using log-binomial models, with adjustment for de-
mographic, lifestyle, and dietary factors.

RESULTS

Over the study follow-up, 824 incident GDM cases were reported among 20,199
pregnancies.Womenwith adequate total folate intake (‡400mg/day) had an RR of
GDM of 0.83 (95% CI 0.72, 0,95, P = 0.007) compared with women with inadequate
intake (<400 mg/day). This association was entirely driven by supplemental folate
intake. The RRs of GDM for 1–399, 400–599, and ‡600 mg/day of supplemental
folate intake were 0.83, 0.77, and 0.70, respectively, compared with no supple-
mental folate intake (Ptrend = 0.002). The association between supplemental folate
intake and GDM risk largely persisted after additional adjustment for intake of
multivitamins and other micronutrients, as well as among women who likely
planned for the pregnancy.

CONCLUSIONS

Higher habitual intakes of supplemental folate before pregnancy were significantly
associated with lower GDM risk. If confirmed, these findings indicate that
prepregnancy folic acid supplementation could offer a novel and low-cost avenue
to reduce GDM risk.
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Gestational diabetes mellitus (GDM) is a
common complication in pregnancy, es-
timated to affect 5–9% of pregnancies in
the U.S. in 2009–2010 (1). It is associated
not only with adverse perinatal outcomes
but also with long-term cardiometabolic
risk in mothers and their offspring (2).
Identifying potentially modifiable factors
that contribute to the prevention of GDM
may improve the health andwell-being of
both women and their children.
Folate is a B vitamin that occurs nat-

urally in foods such as vegetables, fruits,
andbeans. Its synthetic form, folic acid, is
commonly used in dietary supplements
and fortified foods. Folate serves as a co-
factor inone-carbonmetabolismessential
for nucleotide synthesis and methylation.
Low folate intake leads to increased ho-
mocysteine levels,which is a risk factor for
cardiovascular disease and stroke (3).
Emerging evidence suggests that low fo-
late intake and high homocysteine levels
may play a role inmetabolic disturbances,
including insulin resistance (4), dyslipide-
mia (4–6), and liver damage (4,7), through
compromised methylation capacity and
oxidative stress, whereas folic acid sup-
plementation may improve these meta-
bolicparameters (6,8–10).Thesemetabolic
disturbances have been implicated in the
pathogenesis of GDM. However, it is un-
clear whether higher folate intake is asso-
ciated with lower GDM risk. Epidemiologic
studiesaddressing thisquestionaresparse,
and findings are inconsistent (11–20). Im-
portantly, most of the studies had a cross-
sectional design and a small sample size
(11–16,18), and none considered potential
confounding from other aspects of diet.
Our study examined prepregnancy habit-
ual intake of folate in relation to the risk of
GDMina largeprospective cohort followed
over 10 years accounting for potential
confounding from other aspects of diet.
In a subgroupof the study sample,wealso
explored whether the association was
modified by a common single nucleotide
polymorphism, methylenetetrahydro-
folate reductase (MTHFR) C677T, which
leads to lower folate and higher homo-
cysteine levels (21).

RESEARCH DESIGN AND METHODS

Study Population
The Nurses’ Health Study II (NHS II) en-
rolled 116,678 female nurses aged 25–44
years in 1989 and followed them using
biennial questionnaires, where women
reported their lifestyle and disease

outcomes. Response rates for each ques-
tionnaire cycle were .90%. The current
study included women who reported at
least one singleton pregnancy lasting .6
months. Only pregnancies that occurred
after the return of the first dietary assess-
ment in 1991 were included in the current
analyses. GDMwas last ascertained on the
2001 questionnaire, when most partici-
pants had passed their reproductive age.
Pregnancies were excluded if the woman
reported a prior GDM diagnosis, as they
might consequently modify their diet and
lifestyle in subsequent pregnancies. Preg-
nancies were also excluded if the woman
had prior diagnosis of type 2 diabetes,
cardiovascular disease, or cancer other
than skin cancer or if she had not returned
any food frequency questionnaire (FFQ)
before the pregnancy, had.70 FFQ items
missing, or reported improbable total en-
ergy intake (,600 or .3,500 kcal/day). A
total of 20,199 pregnancies among 14,553
women were included in this study. This
study was approved by the institutional
review board of Partners Health Care,
Boston, Massachusetts.

Dietary Assessment
Women responded to a semiquantitative
FFQ (22) in 1991 and every 4 years
thereafter, where they reported the fre-
quencies in which they consumed a spe-
cific portion of each of the 131 food or
food group items during the past year.
They also reported their use of dietary
supplements, including the brand, dose,
and frequency of use. We obtained the
nutrient contents of each item from a
nutrient database derived from the U.S.
Department of Agriculture with additional
information frommanufacturers (23). For
dietary information collected after 1998,
we used an updated database, which
reflects the mandatory folic acid fortifi-
cationof cereal and grain products. Intake
of each nutrient, including folate, was es-
timatedas thesumof the intake fromfoods
and supplements. Nutrient intakes from
food were adjusted for total energy intake
using the nutrient residual method (24).
This study evaluated folate intake from
supplements and food, together (i.e., total
folate) and separately, as the exposures of
interest. Folate intake estimated by the FFQ
has shown moderate to high correlation
in previous studies with an estimate from
prospectively collecteddiet records (r =0.71)
(25), redbloodcell folate levels (r=0.51) (26),
and plasma folate levels (r = 0.63) (27). The

Alternate Healthy Eating Index 2010 (AHEI-
2010) was derived and used as a measure
of overall dietary quality (28).

Outcome Assessment
Women reported incident GDM diagno-
sis on the biennial questionnaire up to
2001. GDM diagnosis was attributed to
the first pregnancy when more than one
eligible pregnancy was reported during
the questionnaire period. An earlier study
among a subsample of NHS II participants
reported that 94% of self-reported GDM
diagnosis was confirmed by medical re-
cord review, while among women who
had a pregnancy uncomplicated by GDM,
83% reported a glucose loading test, and
100% reported frequent urine screening
in pregnancy, consistent with a high de-
gree of GDM surveillance (29). The Na-
tional Diabetes Data Group criteria (30)
for diagnosing GDMwere widely adopted
during the study follow-up period, be-
tween 1991 and 2001.

Nondietary Covariates
Women reported their frequencies en-
gaging in common recreational activities
in 1991, 1997, and2001, fromwhich their
total physical activity was estimated. They
reported their race and family history of
diabetes in 1989. They also reported their
height, weight, parity, smoking status,
oral contraceptive use, use of ovulation
induction medication, and concurrent
infertility (i.e., having tried to become
pregnant for .1 year without success
since the last questionnaire cycle) in each
biennial questionnaire, and the values
fromthemost recent questionnaire cycle
were used in the analysis. A validation
study among a subsample of NHS I
participants found a high correlation
between self-reported weight and
weight measured by a technician (r =
0.97) (31). Women’s BMI was calculated
as weight in kilograms divided by the
square of height in meters. Missing val-
ues in covariates were coded as a sepa-
rate category.

Statistical Analysis
Participant characteristics at baseline in
1991 were presented by categories of
folate intake in 1991. Differences across
the categories were compared using
ANOVA test for continuous variables
and x2 test for categorical variables.

Cumulative average amounts of nutri-
ent and total energy intakes and physical
activities before pregnancy were derived
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to reduce measurement error and to
represent long-term diet (32). Relative
risks (RRs) and 95% CIs of incident GDM in
relation to categories of folate intake
(i.e., quartiles and adequacy [,400
mg/day and$400mg/day] of total folate
intake, categories of supplemental folate
intake [0, 1‒399, 400‒599, and 600‒
2000 mg/day], and quartiles of food folate
intake) were estimated using log-binomial
models with generalized estimating equa-
tions and robust variance estimates. Log-
Poisson models were used in instances
when log-binomial models did not con-
verge, which provides comparable esti-
mates with wider CIs. Linear trends of
GDM risk across categories of folate intake
were examined by fitting the models using
the median intake of each category of
folate intake as a continuous variable. In
a series of models, RRs and linear trends
were estimated with adjustment for po-
tential confounders,whichwere selected
a priori, including age (months), race
(white, African American, Hispanic, Asian,
others), parity (0, 1, 2,$3), family history
of diabetes (yes, no), prepregnancy BMI
(,21.0, 21.0‒22.9, 23.0‒24.9, 25.0‒26.9,
27.0‒28.9, 29.0‒30.9, 31.0‒32.9, 33.0‒
34.9, $35.0, and missing), cigarette
smoking (never, past, current), alcohol
use (0, 0.1‒5.0, 5.1‒9.9, $10 g/day),
and quartiles of physical activity, total
energy intake, glycemic load, and intakes
of saturated fat, total fiber, and heme
iron. In addition, restricted cubic spline
models were used to flexibly model po-
tential nonlinear relations between con-
tinuous folate intake and GDM risk.
To evaluate whether intakes of specific

micronutrients or multivitamin use con-
founded the associations between folate
intake and GDM risk, we performed the
analyses with additional adjustments for
other micronutrients (i.e., quartiles of
vitamins B1, B2, B3, B5, B6, B12, A, C, and
D, calcium, and magnesium) and multi-
vitamin intake (times/week). To evaluate
the possibility that womenwho used folate
supplements may have a lower GDM risk
due to a higher likelihood of pregnancy
planning, we restricted the analyses to
womenwhowere likely planning for preg-
nancy: those who were currently married
and not using oral contraceptives (n =
14,594), who concurrently used ovulation
induction medications (n = 2,159), and
who reported concurrent infertility (n =
1,984). To evaluate the extent to which
our findings were robust to unmeasured

confounders, we calculated the E-values
(33) for theestimatedassociationsbetween
folate intake and GDM risk. E-value reflects
the magnitude of associations an unmea-
sured confounder must have with both the
exposure and the outcome to fully explain
the observed association between the ex-
posure and the outcome. For a protective
exposure, the E-value can be estimated as
follows (33):

E-value ¼ 1

RR
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

RR
3ð 1

RR
2 1Þ

r

To examine potential effect modification
bymajor risk factors ofGDM,we stratified
the analyses by age (,35 vs.$35 years),
parity (nulliparous vs. parous), family
history of diabetes (yes vs. no), and
prepregnancy BMI (,25, 25‒29, $30
kg/m2). To test the extent to which
the findings were sensitive to model
specifications, we used the updated
prepregnancy dietary intakes from the
most recent dietary assessment instead
of the cumulative average intakes. We
also adjusted for AHEI dietary quality
score instead of individual nutrients.

Last, we conducted an exploratory
analysis to examine the association be-
tween folate intake and GDM risk by
MTHFR C677T genotypes (CC/CT vs. TT)
among women genotyped for studies of
GDM and case-control studies of other
conditions (34). This analysis is restricted
to white women, as only 3.7% (n = 38) of
this subsample was nonwhite. A total of
1,313 pregnancies reported by 999
women during follow-up were included
in this analysis. Compared with women
without genotyping information, those
with genotyping information on average
were slightly older and more likely to
have a family history of diabetes. Other
demographic and lifestyle characteristics
measured in the study were similar be-
tween the two groups. Odds ratios (ORs)
and 95% CIs were estimated using logistic
regression models with generalized es-
timating equations and robust variance
estimates. All analyses in subsets of the
study samplewere adjusted for the same
set of covariates as was used in the
analyses in the full samplebutused fewer
categories to ensure model convergence.

RESULTS

During the study follow-up, 824 incident
GDM cases were reported among the

20,199 pregnancies. At baseline in 1991,
women who had higher folate intake
from any source (i.e., food folate and
supplemental folate) were more likely to
be white, parous, and physically active
and to have overall higher dietary quality
andtousemultivitamins,vitaminB-complex,
and folic acid; they were less likely to be
acurrent smokerandconsumed lessalcohol
(Table 1).

Total folate intake was inversely asso-
ciated with GDM risk (Table 2). After
adjustment for age, race, parity, family
history of diabetes, prepregnancy BMI,
cigarette smoking, alcohol use, physical
activity, and intakes of total energy,
saturated fat, glycemic load, total fiber,
and heme iron, the RRs of GDM across
increasing quartiles of total folate intake
were 1.00 (reference), 1.01 (95% CI 0.84,
1.21), 0.81 (0.67, 0.99), and 0.81 (0.66,
0.98), respectively (Ptrend = 0.009). Each
100mg/day increase in total folate intake
was associated with an RR of 0.96 (0.94,
0.99) for GDM. Adequate total folate
intake ($400 mg/day) was associated
with an RR of 0.83 (0.72, 0.95) for
GDM (P = 0.007) compared with inade-
quate intake (,400 mg/day). The asso-
ciation between total folate intake and
GDM risk was entirely driven by supple-
mental folate (Table 2). The RRs of GDM
by supplemental folate intake were 0.83
(0.71, 0.98) for 1‒399mg/day, 0.77 (0.64,
0.93) for 400‒599 mg/day, and 0.70
(0.52, 0.94) for $600 mg/day compared
with no supplemental folate intake
(Ptrend =0.002). Each100mg/day increase
in supplemental folate intake was asso-
ciated with an RR of 0.95 (0.92, 0.98) for
GDM. The restricted cubic spline model
demonstrated linear (P = 0.21 for curva-
ture) associations between supplemen-
tal folate intake and GDM risk (Fig. 1).
Food folate intake was not associated
with GDM risk (Ptrend = 0.66).

In the multivariate models with addi-
tional adjustment for other micronu-
trients, the association between
supplemental folate intake and GDM
risk remained significant and generally
unchanged (Supplementary Table 1).
These findings suggest that the associa-
tion between supplemental folate intake
and GDM risk was not due to other
micronutrients tested. In the multivari-
atemodelwith additional adjustment for
multivitamin intake, the association be-
tween supplemental folate intake and
GDM risk largely persisted; the RRs of
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GDMby supplemental folate intakewere
0.81 (95% CI 0.66, 1.00) for 1‒399
mg/day, 0.73 (0.52, 1.02) for 400‒599
mg/day, and 0.65 (0.42, 1.01) for$600mg/
day compared with no supplemental
folate intake, although the linear trend
became nonsignificant (Ptrend = 0.10)

(Supplementary Table 1), whereasweekly
frequency of multivitamin use was not
associated with GDM risk (OR 1.01 [95% CI
0.96, 1.06], P = 0.69). This finding sug-
gests that themajor part of the association
between supplemental folate intake and
GDM riskwas not explained bymultivitamin

intake.When the analysiswas restricted to
womenwhowere likely planning for preg-
nancydthose who were married and not
using oral contraceptives,who concurrently
used ovulation induction medications, and
who reported concurrent infertilitydthe
association between supplemental folate

Table 1—Age-standardized characteristics of study population (n = 14,553) according to categories of folate intake in
1991 in NHS II

Total folate* Supplemental folate Food folate

Q1 Q4 None $600 mg/day Q1 Q4

No. of participants 3,600 3,413 6,791 1,161 3,418 3,601

Folate intake, mg/day,
median (range) 246 (81‒294) 873 (698‒2,770) 0 900 (600‒2,000) 189 (46‒212) 342 (302‒1,030)

Age, years 31.8 6 3.2 31.9 6 3.3 31.9 6 3.3 31.8 6 3.2 31.3 6 3.1 32.4 6 3.3

White, % 90.8 94.1 92.4 93.7 91.0 93.6

Family history of diabetes, % 11.7 10.8 11.3 9.9 11.2 11.0

Nulliparous, % 35.2 32.5 36.6 15.1 32.0 43.9

Current smoking, % 12.5 6.9 10.6 5.4 11.3 9.2

Alcohol, g/day 3.2 6 5.6 2.5 6 4.4 3.2 6 5.2 2.1 6 4.2 2.6 6 5.1 3.4 6 5.1

BMI, kg/m2 23.6 6 4.8 23.1 6 4.0 23.4 6 4.4 23.5 6 4.3 23.6 6 4.8 22.9 6 3.9

Physical activity, MET h/week 19.0 6 26.2 26.7 6 33.5 22.6 6 29.2 24.4 6 34.1 17.8 6 24.3 30.9 6 35.5

AHEI score 39.2 6 9.3 45.9 6 10.4 43.0 6 10.4 43.5 6 10.7 37.3 6 8.9 49.8 6 10.0

Total calories, kcal/day 1,753 6 554 1,762 6 536 1,780 6 545 2,029 6 556 1,801 6 570 1,804 6 552

Carbohydrate, %E 48.1 6 7.5 52.0 6 7.1 49.9 6 7.4 52.0 6 6.6 49.1 6 7.9 53.0 6 7.2

Glycemic load† 120 6 22 126 6 21 122 6 21 125 6 19 123 6 24 127 6 21

Glycemic index† 54.8 6 3.4 53.6 6 3.2 54.2 6 3.3 53.7 6 3.0 55.4 6 3.3 52.8 6 3.1

Protein, %E 18.8 6 3.4 19.6 6 3.4 19.2 6 3.4 19.5 6 3.2 18.3 6 3.5 19.6 6 3.5

Total fat, %E 33.4 6 5.5 29.5 6 5.3 31.5 6 5.6 29.9 6 5.2 33.2 6 5.8 28.3 6 5.1

Saturated fat, %E 12.1 6 2.4 10.7 6 2.3 11.3 6 2.4 11.0 6 2.2 12.2 6 2.6 10.0 6 2.2

Monounsaturated fat, %E 12.8 6 2.3 11.0 6 2.3 11.9 6 2.4 11.2 6 2.2 12.7 6 2.5 10.5 6 2.2

Polyunsaturated fat, %E 5.6 6 1.3 5.3 6 1.3 5.5 6 1.3 5.2 6 1.4 5.5 6 1.4 5.4 6 1.3

Trans fat, %E 1.9 6 0.7 1.4 6 0.5 1.6 6 0.6 1.5 6 0.5 1.9 6 0.7 1.3 6 0.5

Cholesterol, mg/day† 245 6 62 233 6 67 239 6 65 236 6 64 236 6 61 232 6 74

Total fiber, g/day† 15.1 6 3.6 19.4 6 6.2 17.8 6 5.3 18.4 6 5.3 14.5 6 4.4 22.0 6 6.0

Heme iron, mg/day† 1.2 6 0.4 1.0 6 0.4 1.1 6 0.4 1.0 6 0.4 1.1 6 0.4 1.0 6 0.4

Vitamin A, mg/day† 798 6 570 2,795 6 1,423 1,043 6 739 2,799 6 1,531 1,310 6 1,046 2,008 6 1,381

Vitamin C, mg/day† 136 6 173 382 6 382 166 6 189 349 6 320 176 6 235 334 6 326

Vitamin E, mg/day† 11.3 6 33.1 33.4 6 61.7 12.7 6 36.3 30.7 6 60.1 15.6 6 33.9 25.9 6 57.5

Total folate (B9), mg/day† 240 6 40 966 6 315 313 6 106 1215 6 301 415 6 308 624 6 315

Food folate, mg/day† 216 6 40 288 6 79 260 6 71 271 6 69 186 6 25 358 6 59

Supplemental folate, mg/day 3.4 6 16 570 6 316 0 6 0 914 6 198 168 6 274 209 6 289

Thiamin (B1), mg/day† 1.7 6 2.0 5.5 6 10.0 1.9 6 2.2 5.4 6 10.0 2.8 6 5.8 3.8 6 7.1

Riboflavin (B2), mg/day† 2.0 6 1.9 6.3 6 10.0 2.2 6 2.1 6.3 6 9.9 3.2 6 4.7 4.3 6 7.1

Niacin (B3), mg/day† 23.6 6 12.8 50.9 6 26.6 25.6 6 13.8 49.5 6 26.9 31.6 6 19.5 38.4 6 25.2

Pantothenic acid (B5), mg/day† 5.0 6 4.0 15.7 6 15.0 5.6 6 4.4 13.3 6 17.6 8.3 6 13.3 11.4 6 12.7

Vitamin B6, mg/day† 3.4 6 13.4 12.1 6 25.4 3.7 6 13.8 14.9 6 26.4 5.2 6 14.9 8.6 6 23.7

Cobalamin (B12), mg/day† 5.9 6 3.7 16.1 6 16.8 6.7 6 4.9 18.0 6 23.4 8.5 6 7.0 11.2 6 14.2

Multivitamin, % 7.9 90.8 2.7 95.4 42.9 52.3

Frequency of multivitamin intake,
days/week 0.2 6 0.9 6.4 6 2.5 0.1 6 0.9 7.3 6 1.9 2.3 6 3.2 2.9 6 3.4

Vitamin B-complex, % 1.3 5.7 1.5 4.7 2.3 5.4

Folic acid, % 0.0 2.1 0.0 4.6 0.3 0.9

Values aremeans6 SD for continuous variables andpercentages for categorical variables. All values except age are standardized to the age distribution
of the study population. Comparisons of all characteristics across quartiles of folate intake are significant, except for family history of diabetes. Q,
quartile; %E, % of energy. *Includes food folate and folic acid from supplements and fortified food. †Energy adjusted using residual method.
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and GDM risk largely remained at the same
magnitude, although it was no longer sig-
nificant among the latter two groups
(Supplementary Fig. 1), where the sample
sizes were much smaller (concurrent ovu-
lation induction medications, n = 2,159;
concurrent infertility, n = 1,984). These
findings suggest that pregnancy planning
was unlikely to account for the association
betweensupplemental folateandGDMrisk.
The E-value for the association between the
highest quartile of supplemental folate in-
takeandGDMriskwas2.21, suggesting that
a potential confoundermust have relatively
strong associations with both supplemental
folate intake and GDM risk in order to fully
explain the association between supple-
mental folate intake and GDM risk.
The associations of total, supplemen-

tal, and food folate with GDM risk were
consistent across strata of age (,35
vs.$35 years), family history of diabetes
(yes vs. no), and prepregnancy adiposity
status (prepregnancy BMI ,25, 25‒29,
or$30 kg/m2). Although the association
of total and supplemental folate intake
with GDM risk appeared to be stronger
among parous women than nulliparous

women, the tests for multiplicative in-
teractionwerenot statistically significant
(data not shown). Using the updated
prepregnancy dietary intakes from the
most recent dietary assessment instead
of the cumulative average intakes did not
alter the results (SupplementaryTable2),
and neither did adjusting for AHEI dietary
quality score instead of individual nu-
trients (data not shown).

Among the subsample of 1,313 preg-
nancies reported bywhitewomenwhose
MTHFR C677T was genotyped, 1,136
(200 GDM cases) were in the CC/CT group
and 177 (34 GDM cases) in the TT group.
Total folate intake was not associated
with GDM risk among women with either
the TT genotype (Ptrend = 0.62) or the
CC/CT genotype (Ptrend = 0.12). Supple-
mental folate intake was not associated
withGDMrisk amongwomenwith the TT
genotype (Ptrend = 0.69); it was inversely
associated with GDM risk amongwomen
with the CC/CT genotype, but the asso-
ciation was marginally short of signifi-
cance (Ptrend = 0.08) (Fig. 2A). Food folate
had a strong inverse association with
GDM risk, whichwas close to significance

among women with the TT genotype
(Ptrend = 0.06), but it was not associated
with GDM risk among women with the
CC/CT genotype (Ptrend = 0.57) (Fig. 2B).

CONCLUSIONS

In this large prospective cohort study, we
found an inverse association between
prepregnancy supplemental folate in-
take and GDM risk. Women who
took $600 mg of supplemental folate
per day before pregnancy had 30% lower
GDM risk compared with those who did
not take supplemental folate.

The Centers for Disease Control and
Prevention and U.S. Preventive Services
Task Force recommended that allwomen
of childbearing age consume 400 mg of
folic acid daily. In our study, adequate
total folate intake (i.e., $400 mg/day)
was significantly associated with lower
risk ofGDM. This associationwas entirely
driven by folate from supplements; in-
creasing supplemental folate intake was
associated with decreasing risk of GDM
even above the recommended intake of
400 mg/day. The maximum intake of

Table 2—RRs (95% CI) of GDM according to prepregnancy folate intake

GDM/pregnancy (n) Model 1* Model 2† Model 3‡

Total folate, mg/day§
Q1 (81‒293) 231/4,626 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
Q2 (294‒422) 220/4,875 0.88 (0.73, 1.05) 0.97 (0.81, 1.16) 1.01 (0.84, 1.21)
Q3 (423‒697) 200/5,639 0.67 (0.56, 0.81) 0.77 (0.64, 0.93) 0.81 (0.67, 0.99)
Q4 (698‒2,770) 173/5,059 0.65 (0.54, 0.79) 0.75 (0.62, 0.91) 0.81 (0.66, 0.98)
Ptrend ,0.001 0.001 0.009
Per 100 mg/day increase 0.94 (0.91, 0.96) 0.96 (0.93, 0.98) 0.96 (0.94, 0.99)

Total folate, mg/day
Inadequate (,400) 401/11,348 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
Adequate ($400) 423/8,851 0.71 (0.62, 0.81) 0.79 (0.69, 0.90) 0.83 (0.72, 0.95)
P ,0.001 ,0.001 0.007

Supplemental folate, mg/day
0 405/8,650 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
1‒399 230/5,831 0.78 (0.67, 0.92) 0.83 (0.70, 0.97) 0.83 (0.71, 0.98)
400‒599 141/4,064 0.72 (0.59, 0.86) 0.75 (0.62, 0.91) 0.77 (0.64, 0.93)
$600 48/1,654 0.60 (0.45, 0.80) 0.69 (0.51, 0.92) 0.70 (0.52, 0.94)
Ptrend ,0.001 ,0.001 0.002
Per 100 mg/day increase 0.94 (0.91, 0.96) 0.95 (0.92, 0.98) 0.95 (0.92, 0.98)

Food folate, mg/day
Q1 (46‒212) 210/4,695 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
Q2 (213‒254) 226/5,335 0.92 (0.76, 1.11) 1.02 (0.85, 1.23) 1.05 (0.87, 1.27)
Q3 (255‒302) 205/5,194 0.84 (0.70, 1.02) 0.99 (0.82, 1.19) 1.05 (0.86, 1.29)
Q4 (303‒1,030) 183/4,975 0.77 (0.63, 0.94) 0.91 (0.74, 1.11) 1.06 (0.84, 1.33)
Ptrend 0.006 0.28 0.66
Per 100 mg/day increase 0.88 (0.79, 0.99) 0.96 (0.87, 1.07) 1.06 (0.94, 1.20)

Q, quartile. *Adjusted for age (months). †Model 1 adjustment plus adjustment for race (white, African American, Hispanic, Asian, others), parity
(0, 1, 2,$3), family history of diabetes (yes, no), physical activity (quartiles), prepregnancy BMI (,21.0, 21.0‒22.9, 23.0‒24.9, 25.0‒26.9, 27.0‒28.9,
29.0‒30.9, 31.0‒32.9, 33.0‒34.9, $35.0 kg/m2), cigarette smoking (never, past, current), and alcohol use (0, 0.1‒5.0, 5.1‒9.9, $10 g/day).
‡Model 2 adjustments plus adjustment for quartiles of dietary intakes of total energy, glycemic load, saturated fat, total fiber, and heme iron.
§Includes food folate and folic acid from supplements and fortified food.
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supplemental folate in our study was
1,000 mg/day. In contrast, food folate
was not associated with GDM risk. Folic
acid, used in supplements, is more bio-
available than food folate (35); therefore,
an equal quantity of folic acid would be
expected to have a greater biological
effect than food folate. In addition, folate
intake from food was much lower than
from supplements and thus may be in-
sufficient to achieve a protective effect
against GDM. Other studies have also
reported supplemental folate to have
stronger associationswith relevant health
outcomes than food folate (26,36). Im-
portantly, the association between sup-
plemental folate and GDM risk was not
explained by multivitamin intake, other
micronutrients, or pregnancy planning.
Although unobserved confounding can-
notbe ruledout, theE-valuesestimated in
our study suggest that a confoundermust
have relatively strong associations with
both supplemental folate intakes and
GDM risk to completely explain the ob-
served association.
This is the first study to examine folate

intake from both food and supplements
in relation to GDM risk with adjustment
for other major dietary factors. We are
only aware of two existing studies

examining folic acid supplementation
before or during pregnancy in relation
to GDM risk (19,20); the results were
contradictory. The first study was con-
ducted in a hospital in China including
166 women with GDM. It found that
women who received folic acid supple-
mentation intervention had a lower risk
of developing GDM (19). However, the
study excluded women who smoked
cigarettes, drank alcohol, had chronic
diseases, or took prescription medica-
tionsduring theperinatalperiod fromthe
intervention group but not from the
control group. Thus, it is unclear whether
the lower risk of GDM was due to folic
acid supplementation or different exclu-
sion criteria between the two groups. The
second was a population-based cohort
study in one city in China including
249 women with GDM. It found that
women who took folic acid supplements
had a higher risk of GDM compared with
women who never took vitamin supple-
ments (20). However, it is difficult to
interpret the findings, as details of the
study methods and results were not
reported. Several studies have examined
serum or red blood cell folate levels
before or during pregnancy in relation
to GDM risk (11–18). Most of them

reported a null association (11–14,17).
However, two of these studies excluded
women who took folic acid supplements
(11,12). In addition, most of these stud-
ies were based on relatively small sam-
ple sizes (#50 women with GDM)
(11,12,14,15,17). Thus, they were likely
underpowered to detect a moderate as-
sociation. Two of the studies found a
positive folate-GDM association con-
ditional on vitamin B12 deficiency
(15,16), whereas vitamin B12 deficiency
is expected to be rare in our sample given
that only 1% of our sample had vitamin
B12 intakes below the recommended
daily allowance. Overall, a comparison
of the results between this and the
previous studies should take into con-
sideration differences in timing (long-
term before pregnancy vs. immediately
before or during pregnancy) and mea-
surement (folate intake vs. serum or red
blood cell folate or folic acid supplemen-
tation) of the exposure, as well as back-
ground levels of exposure to folate and
othernutrientsacrossdifferentpopulations.

In the exploratory analysis, we found
suggestive evidence that lower food fo-
late intake was associated with an in-
creased risk of GDM among women with
the MTHFR 677TT genotype but not
among those with the CC/CT genotypes.
MTHFR is responsible for converting
folate to the 5-methyltetrahydrofolate
form that is critical for methylation re-
actions. TheMTHFR 677T variant renders
the enzyme thermoliable, and individuals
with the homozygote variant (TT) have
substantially lower folate levels and
higher homocysteine levels compared
with those with the CC genotype with
the same amount of folate intake (21).
Thus, individuals with the TT genotype
may be more susceptible to lower food
folate intake. In contrast, lower food
folate intake may not affect GDM risk
among women with the common C var-
iant, which was consistent with the find-
ings in the overall population. However,
supplemental folate was not associated
withGDMrisk amongwomenwith the TT
genotype. The lack of association be-
tween supplemental folate and GDM
risk among women with TT genotype
could be due to the small sample size
in this exploratory analysis.

Several mechanisms may explain the
inverse association between folate intake
and adverse metabolic outcomes includ-
ing GDM. First, inadequate folate intake

Figure 1—OR and 95% CI of GDM according to supplemental folate intake. The model was
estimated using restricted cubic spline logistic regressionmodels with three knots, taking account
of age (months), race (white, African American, Hispanic, Asian, others), parity (0, 1, 2,$3), family
history of diabetes (yes, no), physical activity (quartiles), prepregnancy BMI (,21.0, 21.0‒22.9,
23.0‒24.9, 25.0‒26.9, 27.0‒28.9, 29.0‒30.9, 31.0‒32.9, 33.0‒34.9, $35.0 kg/m2), cigarette
smoking (never, past, current), alcohol use (0, 0.1‒5.0, 5.1‒9.9, $10 g/day), and quartiles of
dietary intakes of total energy, glycemic load, saturated fat, total fiber, and heme iron.
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leads to compromisedmethylation capac-
ity and impaired phosphatidylcholine
synthesis, which is essential for very
low-density lipoprotein assembly and ho-
meostasis (5,6). Consistentwith thismech-
anism, inadequate folate intake has been
shownto leadto liver steatosis inmice (37).
Second, folic acid supplementation may
upregulate AMPK among mice fed with a
high-fat diet, improving insulin resistance
andhepatic inflammation (8,9). Lastly, folic
acid supplementationddirectly (10) or
via lowering blood homocysteine levels
(7)dmayprotect against oxidative stress
in mice, which is known to contribute to
endothelial dysfunction and insulin re-
sistance (38); amonghumanpopulations,
homocysteine levels have also been pos-
itively associated with GDM risk (39).

This study has several strengths. It was
based on a large, prospectively followed
cohort of women, which conferred ad-
equate statistical power to detect mod-
est associations and enabled us to
establish a temporal relationship be-
tween the exposure and the outcome.
We also had comprehensive assessments
of dietary intake, which allowed the ex-
amination of food folate and supplemental
folate separately and enabled us to adjust
for confounding by other dietary factors;
the repeated dietary assessment also
likely reduced measurement error and
potentially reflected long-term diet (32).

Several potential limitations merit dis-
cussion. First, measurement error in self-
reported dietary intake was likely. How-
ever, folate intake measured from the

FFQ previously showed good correlation
with prospectively collected diet records
(r = 0.71) (25), red blood cell folate (r =
0.51) (26), and plasma folate levels (r =
0.63) (27). In addition, due to the pro-
spective design, suchmeasurement error
is not likely to vary with respect to GDM
status. Second, as in all observational
studies, residual confounding cannot be
ruled out. However, we adjusted for
a comprehensive list of risk factors for
GDM, includingphysical activity andother
dietary factors. We also conducted sen-
sitivity analyses to examine potential
confounding from other micronutrients,
multivitamin use, and pregnancy plan-
ning. Significant associations of folate in-
take from supplements with GDM
persisted in these sensitivity analyses.
Lastly, our exploratory analysis stratified
by MTHFR C677T genotype was con-
ducted in a small subsample, conferring
limited statistical power. Future studies
with larger sample sizes are needed to
further examine whether MTHFR poly-
morphisms may modify the association
between folate intake and GDM risk.

In thepresent largeprospective cohort
study, we found higher prepregnancy
habitual folate intake from supplements
to be significantly associated with lower
risk of GDM. In addition, doses of folate
supplement greater than current recom-
mendationwere associated with an even
lower GDM risk. Given that pregnancy
concerns both women and their fetus
and that GDM is only one such relevant
outcome, future data both from animal
models and human epidemiologic stud-
ies are warranted to determine the ap-
propriate supplementation dose. GDM is
a substantial burden on the health of
mothers and children, and folic acid sup-
plementationhasbeenwidely recommen-
ded amongall womenof reproductive age
to prevent birth defects. Moreover, data
from one recent intervention study dem-
onstrated that promoting folic acid
supplementation can be achieved
through a community-based prepregnancy
careprogram(40). Ifconfirmed,ourfindings
indicate that prepregnancy folic acid supple-
mentation could offer a feasible, novel, and
low-cost avenue to reduce the risk of GDM.
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Figure 2—RRs and 95%CI of GDMaccording to prepregnancy supplemental (A) and food folate (B)
intake byMTHFRC677T genotypes amongwhitewomen. The CC/CT and TT groups included 1,136
and 177 pregnancies, respectively. Models adjusted for age (months), nulliparity (yes, no), family
historyof diabetes (yes, no), physical activity (METh/week), prepregnancyBMI (,25.0, 25.0‒29.9,
and .30.0 kg/m2), current smoking (yes, no), alcohol use (yes, no), and dietary intakes of total
energy (kcal/day), glycemic load (unit), saturated fat (% energy), total fiber (g/day), and heme iron
(mg/day). Three categories of supplemental folate intakewere used instead of four to avoid small
numbers in some categories. Q, quartile.
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