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Gabriella Bröms1,4, Helle Kieler1,5, Ingvild OdsbuID
1,6, Randi Selmer3, Olov Andersson2,

Carolyn E. CestaID
1*

1 Department of Medicine Solna, Centre for Pharmacoepidemiology, Karolinska Institutet, Stockholm,

Sweden, 2 Department of Cell and Molecular Biology, Karolinska Institutet, Stockholm, Sweden,

3 Department of Chronic Diseases, Norwegian Institute of Public Health, Oslo, Norway, 4 Department of

Internal Medicine, Danderyd Hospital, Stockholm, Sweden, 5 Department for Laboratory Medicine,

Karolinska Institutet, Stockholm, Sweden, 6 Department of Mental Disorders, Norwegian Institute of Public

Health, Oslo, Norway

* carolyn.cesta@ki.se

Abstract

Introduction

Inconsistent results have been reported on the association between folic acid use in preg-

nancy and risk of GDM. The aim of this study was to estimate the association between folic

acid use and GDM in two population-based Nordic cohorts.

Material and methods

Two cohort studies were conducted using data from the national population registers in Nor-

way (2005–2018, n = 791,709) and Sweden (2006–2016, n = 1,112,817). Logistic regres-

sion was used to estimate the associations between GDM and self-reported folic acid use

and prescribed folic acid use, compared to non-users, adjusting for covariates. To quantify

how potential unmeasured confounders may affect the estimates, E-values were reported.

An exposure misclassification bias analysis was also performed.

Results

In Norwegian and Swedish cohorts, adjusted odds ratios (ORs) and 95% confidence inter-

vals (CIs) for maternal self-reported folic acid use were 1.10 (1.06–1.14) and 0.89 (0.85–

0.93), with E-values of 1.43 (1.31) and 1.50 (1.36), respectively. For prescribed folic acid

use, ORs were 1.33 (1.15–1.53) and 1.56 (1.41–1.74), with E-values of 1.99 (1.57) and 2.49

(2.17), in Norway and Sweden respectively.

Conclusions

The slightly higher or lower odds for GDM in self-reported users of folic acid in Norway and

Sweden respectively, are likely not of clinical relevance and recommendations for folic acid use

in pregnancy should remain unchanged. The two Nordic cohorts showed different directions of
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the association between self-reported folic acid use and GDM, but based on bias analysis,

exposure misclassification is an unlikely explanation since there may still be differences in prev-

alence of use and residual confounding. Prescribed folic acid is used by women with specific

comorbidities and co-medications, which likely underlies the higher odds for GDM.

Introduction

Gestational diabetes mellitus (GDM) is one of the most common complications of pregnancy,

affecting up to 15% of pregnancies worldwide [1, 2]. While several risk factors for GDM have

been identified (i.e., elevated body mass index, age, ethnicity, and family history of diabetes),

there is limited knowledge on possible prevention strategies aside from lifestyle modification.

Since the late 1990’s, women in many European countries, including Norway and Sweden,

have been advised to take 0.4 mg of folic acid daily from the time they plan to get pregnant to

the end of the first trimester to reduce the risk of neural tube defects in their offspring. Further,

for women at risk of a neural tube defects recurrence, and those who have diabetes, epilepsy,

obesity, or use certain medications, it is recommended to take 4–5 mg of folic acid supplement

per day [3]. Generally, folic acid is a common dietary supplement and emerging evidence has

suggested that physiologically insufficient levels of folic acid intake may play a role in prevent-

ing metabolic disturbances, including insulin resistance [4], and it has been hypothesized that

folic acid supplementation may then prevent the development of GDM [5].

Therefore, a number of studies have assessed the association between pre-pregnancy/early

pregnancy folic acid supplementation and GDM, however, they report inconsistent results

ranging from a protective role of folic acid to no effect or harmful associations [6–8]. Further,

a 2021 meta-analysis reported that high maternal folate status measured in serum or red blood

cells was associated with increased risk of GDM [9].

The aim of this study was to assess the association between folic acid use in early pregnancy

and the development of GDM in two large population-based cohorts of pregnancies in Nor-

way and Sweden.

Materials and methods

Data sources and study populations

Two cohort studies were conducted using data from the national population registers in Nor-

way and Sweden. A unique personal identity number is issued to all residents of Norway and

Sweden upon birth or immigration, and can be used to link individual-level data from the pop-

ulation registers including Medical Birth Registers (MBRs), Prescribed Drug Registers (PDRs),

National Patient Registers (NPRs), Cause of Death Registers, and other registers containing

information on other demographic factors such as education and migration.

The MBRs were used to identify all pregnancies resulting in a singleton livebirth after 12

weeks gestation in Norway and from 28 weeks before 2008 or 22 weeks gestation after 2008 in

Sweden. Included pregnancies were for births occurring between 1 January 2005 and 31 Decem-

ber 2018 (Norway) and 1 July 2006 and 31 December 2016 (Sweden). Pregnancies from women

with a diagnosis of diabetes within 5 years prior to the start of pregnancy recorded in the NPRs

(ICD-10 codes E10, E11, E14, O24.0, O24.1) or reported in the MBRs were excluded. In Norway,

data from the NPR were available from 2008 and therefore only pregnancies ending after 2013

had the full 5-year look back period available. Further, pregnancies of women with antidiabetic
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medication (Anatomical Therapeutic Chemical (ATC) code A10) dispensations at any time

before pregnancy as recorded in the PDRs were excluded. However, women who were dispensed

metformin (ATC code A10BA02) any time prior to pregnancy with no diabetes diagnoses were

not excluded, as metformin can be used as a fertility enhancing drug. A total of 791,709 pregnan-

cies from Norway and 1,112,817 pregnancies from Sweden were included (Fig 1).

Exposure: Folic acid use

Mutually exclusive folic acid user groups were identified: prescribed folic acid use, self-

reported folic acid use, and no folic acid use. Women who both reported folic acid use and had

a dispensing of folic acid were classified into the prescribed folic acid group.

Self-reported folic acid use. In Norway, at the first antenatal care visit around 10–12

weeks gestation, the pregnant woman is specifically asked if she used folic acid during preg-

nancy, which is recorded in a checked box (yes/no) in the patient’s chart and then included in

the MBR since 1999.

In Sweden, at the first antenatal care visit around 10–12 weeks gestation, the pregnant

woman is asked about any medication use during pregnancy, and the information is recorded

as free text in the patient’s chart and then included in the MBR, since 1995. When possible, the

free text is converted into an ATC code by the register holder. To extract the information about

folic acid use from the MBR, we identified ATC codes, folic acid supplement, and pregnancy-

specific multivitamin supplement names. For further details see the (S1 Methods in S1 File).

Dispensations of folic acid prescriptions. The PDRs includes information on all pre-

scribed drugs dispensed for the entire Norwegian and Swedish populations since 1 January

2004 and 1 July 2005, respectively. Pregnancies with at least 1 dispensation of prescribed folic

acid in the 90 days before the start of pregnancy to the end of the 1st trimester of pregnancy

were identified by the ATC codes B03BB01 and B03BB51. The dose of these dispensations ran-

ged from 1 to 5 mg.

Outcome: Gestational diabetes

GDM was identified by a variable from the MBR in Norway or ICD-code O24.4 registered

in the MBRs or in the NPRs with a diagnosis date after the start of the 2nd trimester of

Fig 1. Flowchart illustrating the derivation of the study populations.

https://doi.org/10.1371/journal.pone.0272046.g001
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pregnancy, or by a first dispensation of an antidiabetic medication in the PDR after the start

of the 2nd trimester.

Covariates

Data on covariates were collected from the MBR, the PDR, and the NPR and included the

year of delivery, maternal age at delivery, parity, smoking in early pregnancy, early-preg-

nancy body mass index (BMI) calculated from maternal height and weight, cohabitation

with partner, maternal country of birth (Nordic, Non-Nordic), and GDM in previous preg-

nancy (ICD-10 O24.4). Highest achieved maternal education in the year of birth was col-

lected from registers at the national statistics agencies. Additionally, diagnoses of epilepsy,

hypertension, psychiatric disorders, and other comorbidities related to folic acid use (e.g.,

inflammatory join diseases, psoriasis, Crohn’s disease, immune deficiency, etc) recorded in

the MBRs, and dispensations in the PDRs of antiepileptics, medications used to treat psy-

chiatric conditions, methotrexate, and glucocorticoids in the six months before the start of

pregnancy were identified. ICD and ATC codes used to identify these diagnoses and medi-

cations are listed in the S1 Table in S1 File.

Statistical analysis

Analyses were conducted separately on the Norwegian and Swedish cohorts. Logistic regres-

sion models using generalized estimating equations were fitted using the R package ‘drgee’

[10, 11], with robust standard errors to account for dependency in the data, since women

could have more than one pregnancy. Odds ratios (ORs) and 95% confidence intervals (CIs)

were estimated for the association with GDM in women with self-reported folic acid use, and

women with prescribed folic acid use, compared to women with no folic acid use (reference

group). Crude and adjusted models were fitted. The adjusted model included birth year,

maternal age, cohabitation, smoking, maternal country of birth, diagnoses of epilepsy, hyper-

tension, psychiatric conditions, other comorbidities related to folic acid use, and use of antiepi-

leptics, psychiatric medication, methotrexate, or glucocorticoids.

Values for early-pregnancy BMI were missing for 50% of the Norwegian study population,

therefore BMI was excluded from the main analysis models. Supplementary analyses were con-

ducted using a missing indicator for women without available early-pregnancy BMI.

Bias analyses. A sensitivity analysis for unmeasured confounding was performed and E-

values were provided to assess the minimum strength of association needed between an

unmeasured confounder and both the exposure and outcome variables to totally explain away

the exposure-outcome association. A large E-value indicates that a considerably large amount

of unmeasured confounding is needed to explain away the estimated association. Conversely,

a small E-value implies that only a little amount of unmeasured confounding could explain

away the estimated association [12, 13].

Lastly, as the sensitivity of the self-reported folic acid use exposure in the Swedish data is

likely to be low, we conducted an exposure misclassification bias analysis to provide an over-

view of the potential bias introduced by different levels of exposure misclassification. We cal-

culated corrected crude ORs and 95% CIs assuming different levels of sensitivity and

specificity (85–99%) for the self-reported folic acid use, using the R function ‘misclassification’

in the package “episensr” [14, 15]. Higher sensitivities indicate that more women with folic

acid use are accurately classified as using folic acid, and higher specificities indicate that more

women without folic acid are accurately classified as not using folic acid.

All the analyses were performed using R [16].
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Ethical approval

The study was approved by the Stockholm Regional Ethical Review Board (Dnr 2015/1826-31/

2, 2017/2238-32, 2018/1790-32 and 2018/2211-32) and by the Norwegian Data Inspectorate

and the Regional Ethics Committee for Medical Research of South-East Norway. In both coun-

tries, register-based studies are exempt from informed consent. Anonymized data are received

by researchers from the register holders.

Results

Tables 1 and 2 report the characteristics of the pregnant women in the two cohorts. Of the

total 791,709 pregnancies from Norway and 1,112,817 pregnancies from Sweden, 68.0% and

22.9% had self-reported folic acid use in early pregnancy, respectively, with increasing use over

the study period in both countries. In both Norway and Sweden, women who self-reported

folic acid use, compared to folic acid non-users, had lower parity, were less likely to smoke,

more often were cohabiting with a partner, had higher education levels, and a higher propor-

tion were born in the Nordic countries.

For 1.0% of pregnancies in Norway and 1.8% of pregnancies in Sweden, the women had

filled a prescription for folic acid in the 90 days before LMP or during 1st trimester, and the

proportions of these pregnancies remained steady throughout the study period. Tables 1 and

2 show that compared to folic acid non-users, women using prescription folic acid had higher

early-pregnancy BMI, higher rates of diagnoses of epilepsy (Norway: 14.5% vs 0.5%; Sweden

10.9% vs 0.4%), use of antiepileptic medication (Norway: 16.1% vs 0.5%; Sweden: 12.7% vs

0.5%), psychiatric disorders diagnoses and related medications, other comorbidities related to

folic acid use (Norway: 3.7% vs 0.8%; Sweden: 3.1 vs 0.3%), as well as methotrexate and gluco-

corticoid use.

In the Norwegian study population, the overall proportion of GDM was 3.2% and it was

highest in mothers with prescribed folic acid use (4.3%) and lowest in the folic acid non-users

(2.9%). In Sweden, the overall proportion of GDM was 1.2%, and it was highest in the pre-

scribed folic acid group (2.2%) and lowest in the self-reported folic acid group (1.0%).

Table 3 reports the ORs and 95% CIs for the associations between self-reported folic acid

use in pregnancy and GDM. In the Norwegian cohort, there were slightly higher odds for

GDM (adjusted OR = 1.10; 95% CI 1.06–1.14, 3.3% exposed GDM cases vs 2.9% unexposed

GDM cases) and in the Swedish cohort, there were lower odds for GDM (adjusted OR = 0.89;

95% CI 0.85–0.93, 1% exposed GDM cases vs 1.3% unexposed GDM cases). In the supplemen-

tary analysis with early-pregnancy BMI adjustment, conducted using the missing indicator for

pregnancies without available information on early-pregnancy BMI values (S2 Table in S1

File), the strength of the association between self-reported folic acid use and GDM remained

similar (Norway: OR = 1.13; 95% CI 1.09–1.17; Sweden: OR = 0.92; 95% CI 0.88–0.96).

The E-values for the adjusted ORs and CIs in the main analyses were 1.43 (1.31) and 1.50

(1.36) for Norway and Sweden, respectively (Table 3). Results from the exposure misclassifica-

tion bias analysis showed that the crude ORs in both the Norwegian and Swedish cohorts cor-

rected for lower sensitivity and specificity move farther away from the null (S3 Table in S1

File). However, the exposure misclassification bias analysis may help to understand the extent

of the potential bias introduced by lower sensitivity and specificity levels but cannot explain

the differences in the direction of the associations between Swedish and Norwegian data.

For women with prescribed folic acid use (Table 4), there were higher odds for the develop-

ment of GDM in both the Norwegian (adjusted OR = 1.33, 95%CI 1.15–1.53) and Swedish

(adjusted OR = 1.56; 95%CI 1.41–1.74) cohorts. The E-values for these estimates and CIs were

1.99 (1.57) and 2.49 (2.17), respectively, indicating that a stronger association between a
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Table 1. Characteristics of study population from Norway including all pregnancies recorded in the Medical Birth Register from mothers without pre-existing dia-

betes or pre-pregnancy antidiabetic medication use from 2005 to 2018.

NORWAY

n = 791,709 pregnancies

No Folic acid use Self-Reported Folic acid

use

Prescribed Folic acid

use

N % N % N %

Total 245,815 31.0 538,981 68.0 6,913 1.0

COVARIATES

Birth year
�% per total pregnancies in birth year category

2005–2008 98,491 44.0� 123,160 55.0� 2,328 1.0�

2009–2012 74,067 31.7� 157,718 67.4� 2,116 0.9�

2013–2018 73,257 21.9� 258,103 77.3� 2,469 0.7�

Age at delivery, years < 20 7,301 3.0 6,278 1.2 210 3.0

20–24 40,702 16.5 64,670 12.0 1,231 17.8

25–29 74,858 30.5 175,661 32.6 2,130 30.8

30–34 75,831 30.8 188,715 35.0 2,051 29.7

35–39 38,472 15.7 87,474 16.2 1,062 15.4

40–44 8,177 3.3 15,478 2.9 212 3.1

> = 45 474 0.2 705 0.1 17 0.2

Missing 0 0.0 0 0.0 0 0.0

Parity 0 93,125 37.9 239,104 44.4 3,100 44.8

1+ 152,690 62.1 299,877 55.6 3,813 55.2

Missing 0 0.0 0 0.0 0 0.0

Body Mass Index (kg/m2), early pregnancy 0-<18 2,561 1.0 7,062 1.4 92 1.3

18-<25 48,124 19.6 201,286 37.3 1,814 26.2

25-<30 19,032 7.7 67,468 12.5 723 10.5

30-<35 7,54 3.1 24,490 4.5 323 4.7

35-high 3,479 1.4 10,832 2.0 149 2.2

Missing 165,115 67.2 227,843 42.3 3,812 55.1

Smoking, early pregnancy No 156,964 63.9 453,043 84.1 5,072 73.3

Yes 26,793 10.9 38,431 7.1 772 11.2

Missing 62,058 25.2 47,507 8.8 1.069 15.5

Cohabitation Not cohabiting 22,712 9.2 26,469 4.9 620 9.0

Cohabiting 220,481 89.7 508,496 94.4 6,227 90.1

Missing 2,622 1.1 4,016 0.7 66 1.0

Maternal birth country Nordic 161,179 65.6 444,735 82.5 4,380 63.4

Non-Nordic 81,665 33.2 90,035 16.7 2,469 35.7

Missing 2,971 1.2 4,211 0.8 64 0.9

Highest achieved maternal education, year of delivery Compulsory 61,007 24.9 71,466 13.2 1,902 27.4

Secondary 65,431 26.6 139,560 25.9 1,988 28.8

Post-secondary 91,045 37.0 303,832 56.4 2,307 33.4

Missing 28,332 11.5 24,123 4.5 716 10.4

Gestational diabetes in a previous pregnancy No 244,703 99.5 535,859 99.4 6,869 99.4

Yes 1,112 0.5 3,122 0.6 44 0.6

Epilepsy No 244,641 99.5 535,665 99.4 5,912 85.5

Yes 1,174 0.5 3,316 0.6 1,001 14.5

Hypertension No 244,616 99.5 535,010 99.4 6,876 99.5

Yes 1,199 0.5 2,971 0.6 37 0.5

Psychiatric Disorder No 232,983 94.8 506,742 94.0 6,362 92

Yes 12,832 5.2 32,239 6.0 551 8.0

(Continued)
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potential unmeasured confounder and the exposure and outcome is required to explain away

the findings. When adjusted for BMI, the strength of the association slightly decreased (S2

Table in S1 File).

Discussion

In the two Nordic population-based cohorts, pregnant women who self-report use of folic acid

had slightly higher odds of GDM compared to non-users in Norway, and slightly lower odds

in Sweden. In both the Norwegian and Swedish cohorts, higher odds for GDM were found in

women with prescribed folic acid versus non-users of folic acid.

The different directions of the association for the self-reported folic acid and GDM analyses

between the Norwegian and Swedish cohort results were surprising since diet, lifestyle, socio-

economic and health factors, and folic acid use recommendations are similar between the pop-

ulations in Norway and Sweden. Further, population health registers were used from both

countries and analyses were conducted using a common protocol. However, possible sources

behind the inconsistency may be related to exposure and outcome misclassification, specifi-

cally to differences in how information on folic acid use was collected and the differences in

diagnostic criteria used to establish a diagnosis of GDM. In the Norwegian population, women

are specifically asked by the midwife about folic acid supplementation during the first antena-

tal visit, while in the Swedish population, pregnant women in the same setting are asked to

report any medication use. This may have resulted in a substantial proportion of women who

used folic acid to be misclassified as non-users in the Swedish population. There is no valida-

tion of the self-reported folic acid use data in the Norwegian or Swedish Medical Birth Regis-

ters. However, other Swedish studies have reported that while only approximately 20–30% of

women take folic acid during the pregnancy planning period, around 60% of pregnant women

were using folic acid during their current pregnancy [17–19], therefore providing some evi-

dence that there is likely to be a substantial amount of misclassification of users as non-users

in the Swedish data used for this study. We speculate that the misclassification of self-reported

folic acid use is non-differential with respect to the outcome, first because the exposure infor-

mation is collected in early pregnancy before the screening and diagnosis of GDM (in mid- to

late pregnancy), avoiding bias introduced by potential over-reporting amongst women with

Table 1. (Continued)

NORWAY

n = 791,709 pregnancies

No Folic acid use Self-Reported Folic acid

use

Prescribed Folic acid

use

N % N % N %

Total 245,815 31.0 538,981 68.0 6,913 1.0

Other comorbidities related to folic acid use No 243,794 99.2 532,639 98.8 6,660 96.3

Yes 2,021 0.8 6,342 1.2 253 3.7

Antiepileptic medication No 244,638 99.5 535,532 99.4 5,801 83.9

Yes 1,177 0.5 3,449 0.6 1,112 16.1

Medication used to treat psychiatric conditions No 232,572 94.6 507,766 94.2 6,174 89.3

Yes 13,243 5.4 31,215 5.8 739 10.7

Methotrexate use No 245,775 100.0 538,881 100.0 6,817 98.6

Yes 40 0.0 100 0.01 96 1.4

Glucocorticoid use No 242,997 98.9 530,885 98.5 6,613 95.7

Yes 2,818 1.1 8,096 1.5 300 4.3

https://doi.org/10.1371/journal.pone.0272046.t001

PLOS ONE Pregnancy folic acid and gestational diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0272046 August 11, 2022 7 / 15

https://doi.org/10.1371/journal.pone.0272046.t001
https://doi.org/10.1371/journal.pone.0272046


Table 2. Characteristics of study population from Sweden including all pregnancies from mothers without pre-existing diabetes or pre-pregnancy antidiabetic med-

ication use from 1 July 2006 to 31 December 2016.

SWEDEN

n = 1,112,817 pregnancies

No Folic acid use Self-Reported Folic acid

use

Prescribed Folic acid

use

N % N % N %

Total 838,730 75.4 254,280 22.9 19,807 1.8

COVARIATES

Birth year �% per total pregnancies in birth year category 2006–2008 216,854 86.2� 30,232 12.0� 4,471 1.8�

2009–2012 323,835 76.2� 93,057 21.9� 7,940 1.9�

2013–2016 298,041 68.3� 130,991 30.0� 7,396 1.7�

Age at delivery, years < 20 13,392 1.6 2053 0.8 85 0.4

20–24 114,492 13.7 27,649 10.9 1,465 7.4

25–29 249,385 29.7 77,414 30.4 4,746 24.0

30–34 281,216 33.5 91,560 36.0 7,203 36.4

35–39 147,532 17.6 45,913 18.1 4,932 24.9

40–44 31,142 3.7 9,255 3.6 1,288 6.5

> = 45 1,571 0.2 436 0.2 88 0.4

Missing 0 0.0 0 0.0 0 0.0

Parity 0 362,181 43.2 119,850 47.1 10,406 52.5

1+ 476,549 56.8 134,430 52.9 9,401 47.5

Missing 0 0.0 0 0.0 0 0.0

Body Mass Index (kg/m2), early pregnancy 0-<18 11,297 1.4 3,326 1.4 263 1.3

18-<25 466,329 55.6 155,178 61.0 10,123 51.1

25-<30 194,933 23.2 60,490 23.8 5,171 26.1

30-<35 69,189 8.2 19,924 7.8 2,093 10.6

35-high 29,009 3.5 8,216 3.2 895 4.5

Missing 67,973 8.1 7,146 2.8 1,262 6.4

Smoking status, early pregnancy No 744,511 88.8 241,787 95.1 17,930 90.3

Yes 52,252 6.2 11,540 4.5 1,179 6.0

Missing 41,967 5.0 953 0.4 725 3.7

Cohabitation Not cohabiting 101,287 12.1 14,488 5.7 1,878 9.5

Cohabiting 737,443 87.9 239,792 94.3 17.929 90.5

Missing 0 0.0 0 0.0 0 0.0

Maternal birth country Nordic 635,273 75.7 205,022 80.6 15,415 77.8

Non-Nordic 203,457 24.3 49,258 19.4 4,392 22.2

Missing 0 0.0 0 0.0 0 0.0

Highest achieved maternal education, year of delivery Compulsory 99,814 11.9 19,274 7.6 1,995 10.1

Secondary 414,983 49.5 119,540 47.0 9,715 49.0

Post-secondary 302,971 36.1 111,909 44.0 7,857 39.7

Missing 20,962 2.5 3,557 1.4 240 1.2

Gestational diabetes in a previous pregnancy No 835,484 99.6 253403 99.7 19,698 99.4

Yes 3,246 0.4 877 0.3 109 0.6

Epilepsy No 835,720 99.6 253,355 99.6 17,653 89.1

Yes 3,010 0.4 925 0.4 2,154 10.9

Hypertension No 833,074 99.3 252,935 99.5 19.545 98.7

Yes 5,656 0.7 1345 0.5 262 1.3

Psychiatric Disorder No 828,275 98.8 251,241 98.8 19,300 97.4

Yes 10,455 1.2 3,039 1.2 507 2.6

(Continued)
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GDM diagnosis. The exposure misclassification bias analysis showed that the consequence of a

lower sensitivity of the exposure (and therefore more women with folic acid use being inaccu-

rately classified as not using folic acid) in the Swedish data may result in a lower OR for the

association between self-reported folic acid use and GDM, but would not explain the differ-

ence in direction of the association between the two Nordic cohorts.

Further, the prevalence of diagnosed GDM was lower in Sweden than in Norway. During

the study period, Sweden, compared to Norway, had a higher threshold for identifying hyper-

glycemia in pregnancy and therefore the sensitivity of the outcome measure is lower, resulting

in non-differential misclassification of cases of GDM as not having GDM in the Swedish data,

which may influence the direction of the association found [20].

The results between the two cohorts for the prescribed folic acid analysis were similar. As

expected, women in our Norwegian and Swedish cohorts with prescribed folic acid

Table 2. (Continued)

SWEDEN

n = 1,112,817 pregnancies

No Folic acid use Self-Reported Folic acid

use

Prescribed Folic acid

use

N % N % N %

Total 838,730 75.4 254,280 22.9 19,807 1.8

Other comorbidities related to folic acid use No 835,987 99.7 253,591 99.7 19,200 96.9

Yes 2,743 0.3 689 0.3 607 3.1

Antiepileptic medication No 834828 99.5 253,199 99.6 17,293 87.3

Yes 3,902 0.5 1,081 0.4 2,514 12.7

Medication used to treat psychiatric conditions No 780,413 93.0 237,592 93.4 17,041 86.0

Yes 58,317 7.0 16,688 6.6 2,766 14.0

Methotrexate use No 838,570 100.0 254,239 100.0 19,702 99.5

Yes 160 0.0 41 0.0 105 0.5

Glucocorticoid use No 824,949 98.4 250,203 98.4 18,723 94.5

Yes 13,781 1.6 4,077 1.6 1,084 5.5

https://doi.org/10.1371/journal.pone.0272046.t002

Table 3. Crude and adjusted odds ratios and 95% confidence intervals estimating the association between self-reported folic acid use and gestational diabetes in

mothers from Norway and Sweden.

Norway Sweden

No GDM n (%) GDM n (%) Crude OR (95%

CI)

Adjusted � OR

(95% CI)

No GDM n (%) GDM n (%) Crude OR (95%

CI)

Adjusted � OR

(95% CI)

No Folic acid use 238,755 (97.1) 7,060 (2.9) Reference Reference 828,160 (98.7) 10,570 (1.3) Reference Reference

Self-reported folic

acid use

520,966 (96.7) 18,015 (3.3) 1.17 (1.14, 1.20) 1.10 (1.06,1.14) 251,650 (99.0) 2,630 (1.0) 0.82 (0.78, 0.86) 0.89 (0.85, 0.93)

E-values† for OR (and

for CI)

1.62 (1.54) 1.43 (1.31) 1.74 (1.60) 1.50 (1.36)

Abbreviations: GDM = gestational diabetes mellitus; OR = odds ratio; CI = confidence intervals.
�

Model adjusted for birth year, maternal age at delivery, cohabitation, smoking, maternal country of birth, maternal education, epilepsy, hypertension, psychiatric

conditions, other comorbidities related to folic acid use, antiepileptic medication, medication used to treat psychiatric conditions, methotrexate use, and glucocorticoids

use
† E-value represents the minimum strength of association needed between an unmeasured confounder and both the exposure and the outcome to fully explain away the

exposure-outcome association

https://doi.org/10.1371/journal.pone.0272046.t003
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dispensations had higher proportion of comorbidities such as epilepsy and use of antiepileptic

medication, which is in line with the folic acid recommendations. Additionally, a notable pro-

portion of women in this group were using methotrexate or had diagnoses often treated with

methotrexate (e.g. rheumatoid arthritis, psoriasis, Crohn’s disease, immune deficiency, etc.)

which may impair folate activity and therefore higher dose folic acid use is recommended [21].

Notably, many of these conditions are associated with the development of GDM and other

pregnancy complications, and were therefore adjusted for in the analysis models.

Strengths and limitations

This study included two large cohorts based on pregnancies in the entire population of two

Nordic countries, which allowed us to have power to detect associations between common

exposures and relatively common outcomes. Information on maternal folic acid levels were

not available but reported folic acid use has been shown to correspond well with plasma folate

levels in a sample of Swedish women [19] and similarly in Norway [22]. We also did not have

information on the duration of folic acid supplement use nor precise information on dose

amongst the self-reported users. Since pregnancies from women with dispensed prescriptions

of higher dose folic acid (1–5 mg/day) were identified separately, we assume that the women

with self-reported folic acid use were taking the recommended 0.4 mg supplementation, alone

or in a prenatal multivitamin.

In this study we had limited ability to adjust for potential confounding variables, such as

lifestyle factors, which are associated with folic acid use and GDM onset. It has been shown

that women using folic acid around pregnancy have a mix of both protective and risk factors

for GDM. In a Norwegian study, women who had used supplements regularly from 1 month

before pregnancy throughout the first trimester were older, non-smokers, had higher income

and education, pregnancies were more often planned, and had higher rates of infertility treat-

ment and chronic diseases [23]. Whereas a Swedish study, found that education level and

employment status were the most significant factors related to folic acid supplement use in

pregnant women [19].

To assess the robustness of the findings in each of the cohorts, to potential unmeasured

confounders, we have reported the E-values which quantify the strength of the association

between a confounder and the exposure and outcome needed to explain away the findings

Table 4. Crude and adjusted odds ratios and 95% confidence intervals estimating the association between prescribed folic acid use and gestational diabetes in moth-

ers from Norway and Sweden.

Norway Sweden

No GDM n (%) GDM n (%) Crude OR (95%

CI)

Adjusted � OR

(95% CI)

No GDM n (%) GDM n (%) Crude OR (95%

CI)

Adjusted � OR

(95% CI)

No Folic acid use 238,755 (97.1) 7,060 (2.9) Reference Reference 828,160 (98.7) 10,570 (1.3) Reference Reference

Prescribed folic acid

use

6,619 (95.7) 294 (4.3) 1.50 (1.33, 1.70) 1.33 (1.15, 1.53) 19,371 (97.8) 436 (2.2) 1.76 (1.60, 1.95) 1.56 (1.41, 1.74)

E-values † for OR (and

for CI)

2.37 (1.99) 1.99 (1.57) 2.92 (2.58) 2.49 (2.17)

Abbreviations: GDM = gestational diabetes mellitus; OR = odds ratio; CI = confidence intervals.
�

Model adjusted for birth year, maternal age at delivery, cohabitation, smoking, maternal country of birth, maternal education, epilepsy, hypertension, psychiatric

conditions, other comorbidities related to folic acid use, antiepileptic medication, medication used to treat psychiatric conditions, methotrexate use, and glucocorticoids

use.
† E-value represents the minimum strength of association needed between an unmeasured confounder and both the exposure and the outcome to fully explain away the

exposure-outcome association

https://doi.org/10.1371/journal.pone.0272046.t004
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[12]. For the results of the self-reported folic acid use, the association between a potential

unmeasured confounder and folic acid and GDM was similar in the Norwegian and Swedish

cohorts, and should correspond to an OR of at least 1.43 and 1.50, respectively. It is therefore

possible that being able to adjust for a lifestyle factor such as diet or physical activity would

lead to estimates closer to, and including, the null.

Findings in context of previous studies

There are inconsistent results amongst previous studies investigating folic acid use and GDM

onset, which are summarized in the S4 Table in S1 File. The inconsistency may be due to mul-

tiple factors including differences in prevalence of GDM in the study populations, diagnostic

criteria for GDM, folic acid use definitions and measurements, clinical traditions surrounding

folic acid use in women at higher risk for GDM, covariates accounted for in the analysis, and

differences in the diet and lifestyle of the populations in which the studies are conducted.

The only two other observational studies which found an inverse association similar to the

results in our Swedish cohort included a large study of 20,119 pregnancies in the US and an

even larger study of 187,432 pregnancies from the city of Xiamen in China [8, 24].

In contrast to this US study, Li et al., (2019) reported that in a maternal health cohort study

in China (n = 4353), in women using >0.8 mg of folic acid for more than 4 weeks during preg-

nancy the odds for GDM were higher compared to non-folic acid users (adjusted OR = 2.09

(95% CI 1.30, 3.36)). In women using the same amount for less than 4 weeks, or using 0.4 mg,

there was no association with GDM [25]. For both these studies, it’s unknown if the women

were using higher doses of folic acid due to comorbidities and co-medications.

Duration of use of folic acid supplementation appears to also have a significant role, as

Cheng et al., (2019) and Huang et al., (2019) reported that women using 0.4 mg/day for more

than 3 months pre-pregnancy and in early pregnancy had an higher risk for GDM compared

to women with no use or use for less than 2 months, respectively [26, 27]. The blood concen-

tration of folate at which metabolic effects are expected in pregnant women are unknown,

however studies have shown that to achieve the desired red blood cell concentration of folate

needed to prevent neural tube defects (� 906 nmol/L), supplementation with 0.4 mg of folic

acid for 12 weeks is required [28]. A meta-analysis of observational studies which measured

folate in maternal serum or red blood cells (which reflect short and long term exposure,

respectively) reported a significant positive association between maternal high folate status

and GDM [9].

The inconsistency in the association between folic acid use and diabetes also exists among

studies in non-pregnant populations. For example, in a cohort of 7333 Korean adults, an

inverse association between dietary folic acid intake and diabetes incidence has been reported

among women [29]. However, other studies have reported a potential benefit of folic acid sup-

plementation on insulin resistance and glycemic control, but no clear effect on the develop-

ment of diabetes [30–33].

There are biological mechanisms which support folic acid being both a risk factor and a

protective factor for GDM. For example, physiologically insufficient levels of folic acid leads to

high homocysteine levels, which associates with metabolic disturbances including insulin

resistance in animal models [4], as well as in humans with type 1 or 2 or gestational diabetes

[34]. Homocysteine levels are also significantly elevated in women with GDM compared to

women with normal glucose tolerance in the second trimester [35]. Hence, higher folic acid

intake may keep homocysteine levels at physiological level. However, a randomized controlled

trial testing the effect of lowering homocysteine levels with daily supplements including folic

acid and other B vitamins found no reduction of risk for type 2 diabetes in high-risk women
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[30]. Further, high dose folic acid supplementation has shown to improve parameters of insu-

lin resistance in rodent models via AMP activated kinase pathways [5], which are a major cel-

lular regulator of lipid and glucose metabolism and the same pathways targeted by oral

antidiabetic medications including metformin [36, 37]. However, high folic acid status has

been shown to exaggerate the metabolic effects of vitamin B12 deficiency [38], and therefore

may participate in the pathogenesis of GDM through worsening insulin resistance.

Unanswered questions and future research. Inconsistency in the results from the

numerous studies conducted on this topic warrant future work on elucidating relevant mecha-

nisms by which folic acid could alter GDM risk. Because folic acid is an inexpensive and safe

supplement which would be easy to implement in the prevention of GDM, additional random-

ized controlled studies should be conducted in various study populations to obtain more defin-

itive results without the influence of confounding factors. Future observational studies should

aim to collect more precise information on the dose, duration, and time of use of folic acid to

improve the accuracy of the estimated associations.

Conclusion

While there was higher or lower odds for GDM amongst women self-reporting folic acid use

in Norway and Sweden, respectively, these results are likely not of clinical relevance, and

should not influence folic acid use recommendations. Similar to previous studies, results from

two Nordic cohorts showed different directions for the association between self-reported folic

acid use and GDM, yet results from the exposure misclassification bias analyses show that

exposure misclassification are unlikely explanations for the differences, while differences in

prevalence of use and residual confounding still remain a concern. Prescribed folic acid is of a

higher dose than recommended and is typically prescribed to women with specific comorbidi-

ties and co-medications, which likely underlies the reported higher odds for GDM.
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5. Buettner R, Bettermann I, Hechtl C, Gäbele E, Hellerbrand C, Schölmerich J, et al. Dietary folic acid

activates AMPK and improves insulin resistance and hepatic inflammation in dietary rodent models of

the metabolic syndrome. Hormone and metabolic research = Hormon- und Stoffwechselforschung =

Hormones et metabolisme. 2010; 42(11):769–74. Epub 2010/08/31. https://doi.org/10.1055/s-0030-

1263122 PMID: 20803414.

6. Chen X, Zhang Y, Chen H, Jiang Y, Wang Y, Wang D, et al. Association of Maternal Folate and Vitamin

B(12) in Early Pregnancy With Gestational Diabetes Mellitus: A Prospective Cohort Study. Diabetes

care. 2021; 44(1):217–23. Epub 2020/11/08. https://doi.org/10.2337/dc20-1607 PMID: 33158950;

PubMed Central PMCID: PMC7783943.

7. Jankovic-Karasoulos T, Furness DL, Leemaqz SY, Dekker GA, Grzeskowiak LE, Grieger JA, et al.

Maternal folate, one-carbon metabolism and pregnancy outcomes. Maternal & child nutrition. 2021; 17

(1):e13064. Epub 2020/07/29. https://doi.org/10.1111/mcn.13064 PMID: 32720760; PubMed Central

PMCID: PMC7729528.

8. Li M, Li S, Chavarro JE, Gaskins AJ, Ley SH, Hinkle SN, et al. Prepregnancy Habitual Intakes of Total,

Supplemental, and Food Folate and Risk of Gestational Diabetes Mellitus: A Prospective Cohort Study.

Diabetes care. 2019; 42(6):1034–41. Epub 2019/04/24. https://doi.org/10.2337/dc18-2198 PMID:

31010874; PubMed Central PMCID: PMC6609948.

9. Yang Y, Cai Z, Zhang J. Association between maternal folate status and gestational diabetes mellitus.

Food science & nutrition. 2021; 9(4):2042–52. Epub 2021/04/13. https://doi.org/10.1002/fsn3.2173

PMID: 33841822; PubMed Central PMCID: PMC8020922.

10. Zetterqvist J, Vansteelandt S, Pawitan Y, Sjolander A. Doubly robust methods for handling confounding

by cluster. Biostatistics (Oxford, England). 2016; 17(2):264–76. Epub 2015/10/29. https://doi.org/10.

1093/biostatistics/kxv041 PMID: 26508769.

11. Zetterqvist J SA. Doubly robust estimation with the R package drgee. Epidemiol Methods. 2015; 4:69–

86.

12. VanderWeele TJ, Ding P. Sensitivity Analysis in Observational Research: Introducing the E-Value. Ann

Intern Med. 2017; 167(4):268–74. Epub 2017/07/12. https://doi.org/10.7326/M16-2607 PMID:

28693043.

13. Mathur MB, Ding P, Riddell CA, VanderWeele TJ. Web Site and R Package for Computing E-values.

Epidemiology. 2018; 29(5):e45–e7. Epub 2018/06/19. https://doi.org/10.1097/EDE.

0000000000000864 PMID: 29912013; PubMed Central PMCID: PMC6066405.

14. Chu H, Wang Z, Cole SR, Greenland S. Sensitivity analysis of misclassification: a graphical and a

Bayesian approach. Annals of epidemiology. 2006; 16(11):834–41. Epub 2006/07/18. https://doi.org/

10.1016/j.annepidem.2006.04.001 PMID: 16843678.

15. Greenland S. Variance estimation for epidemiologic effect estimates under misclassification. Stat Med.

1988; 7(7):745–57. Epub 1988/07/01. https://doi.org/10.1002/sim.4780070704 PMID: 3043623.

16. R Core Team. A language and environment for statistical computing. R Foundation for Statistical Com-

puting, Vienna, Austria. 2019.

PLOS ONE Pregnancy folic acid and gestational diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0272046 August 11, 2022 13 / 15

https://doi.org/10.1016/j.diabres.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24300020
https://doi.org/10.3109/14767058.2011.587921
http://www.ncbi.nlm.nih.gov/pubmed/21762003
https://doi.org/10.1038/ejcn.2015.131
http://www.ncbi.nlm.nih.gov/pubmed/26350391
https://doi.org/10.1093/ajh/hps015
https://doi.org/10.1093/ajh/hps015
http://www.ncbi.nlm.nih.gov/pubmed/23382337
https://doi.org/10.1055/s-0030-1263122
https://doi.org/10.1055/s-0030-1263122
http://www.ncbi.nlm.nih.gov/pubmed/20803414
https://doi.org/10.2337/dc20-1607
http://www.ncbi.nlm.nih.gov/pubmed/33158950
https://doi.org/10.1111/mcn.13064
http://www.ncbi.nlm.nih.gov/pubmed/32720760
https://doi.org/10.2337/dc18-2198
http://www.ncbi.nlm.nih.gov/pubmed/31010874
https://doi.org/10.1002/fsn3.2173
http://www.ncbi.nlm.nih.gov/pubmed/33841822
https://doi.org/10.1093/biostatistics/kxv041
https://doi.org/10.1093/biostatistics/kxv041
http://www.ncbi.nlm.nih.gov/pubmed/26508769
https://doi.org/10.7326/M16-2607
http://www.ncbi.nlm.nih.gov/pubmed/28693043
https://doi.org/10.1097/EDE.0000000000000864
https://doi.org/10.1097/EDE.0000000000000864
http://www.ncbi.nlm.nih.gov/pubmed/29912013
https://doi.org/10.1016/j.annepidem.2006.04.001
https://doi.org/10.1016/j.annepidem.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16843678
https://doi.org/10.1002/sim.4780070704
http://www.ncbi.nlm.nih.gov/pubmed/3043623
https://doi.org/10.1371/journal.pone.0272046


17. Tyden T, Stern J, Nydahl M, Berglund A, Larsson M, Rosenblad A, et al. Pregnancy planning in Sweden

—a pilot study among 270 women attending antenatal clinics. Acta Obstet Gynecol Scand. 2011; 90

(4):408–12. Epub 2011/02/11. https://doi.org/10.1111/j.1600-0412.2010.01055.x PMID: 21306316.

18. Stern J, Salih Joelsson L, Tyden T, Berglund A, Ekstrand M, Hegaard H, et al. Is pregnancy planning

associated with background characteristics and pregnancy-planning behavior? Acta Obstet Gynecol

Scand. 2016; 95(2):182–9. Epub 2015/11/14. https://doi.org/10.1111/aogs.12816 PMID: 26566076;

PubMed Central PMCID: PMC4737297.

19. Murto T, Yngve A, Skoog Svanberg A, Altmae S, Salumets A, Wanggren K, et al. Compliance to the rec-

ommended use of folic acid supplements for women in Sweden is higher among those under treatment

for infertility than among fertile controls and is also related to socioeconomic status and lifestyle. Food &

nutrition research. 2017; 61(1):1334483. Epub 2017/07/01. https://doi.org/10.1080/16546628.2017.

1334483 PMID: 28659747; PubMed Central PMCID: PMC5475309.

20. Fadl H, Saeedi M, Montgomery S, Magnuson A, Schwarcz E, Berntorp K, et al. Changing diagnostic cri-

teria for gestational diabetes in Sweden—a stepped wedge national cluster randomised controlled trial

—the CDC4G study protocol. BMC Pregnancy Childbirth. 2019; 19(1):398. Epub 2019/11/05. https://

doi.org/10.1186/s12884-019-2547-5 PMID: 31675922; PubMed Central PMCID: PMC6823965.

21. Kennedy D, Koren G. Identifying women who might benefit from higher doses of folic acid in pregnancy.

Can Fam Physician. 2012; 58(4):394–7. Epub 2012/04/14. PMID: 22499814; PubMed Central PMCID:

PMC3325450.

22. Roth C, Bjorke-Monsen AL, Reichborn-Kjennerud T, Nilsen RM, Smith GD, Stoltenberg C, et al. Use of

folic acid supplements in early pregnancy in relation to maternal plasma levels in week 18 of pregnancy.

Molecular nutrition & food research. 2013; 57(4):653–60. Epub 2012/10/16. https://doi.org/10.1002/

mnfr.201200116 PMID: 23065724; PubMed Central PMCID: PMC3882014.

23. Nilsen RM, Vollset SE, Gjessing HK, Magnus P, Meltzer HM, Haugen M, et al. Patterns and predictors

of folic acid supplement use among pregnant women: the Norwegian Mother and Child Cohort Study.

Am J Clin Nutr. 2006; 84(5):1134–41. Epub 2006/11/10. https://doi.org/10.1093/ajcn/84.5.1134 PMID:

17093167.

24. Zhao M, Yang S, Hung TC, Zheng W, Su X. Association of pre- and early-pregnancy factors with the

risk for gestational diabetes mellitus in a large Chinese population. Sci Rep. 2021; 11(1):7335. Epub

2021/04/03. https://doi.org/10.1038/s41598-021-86818-7 PMID: 33795771; PubMed Central PMCID:

PMC8016847.

25. Li Q, Zhang Y, Huang L, Zhong C, Chen R, Zhou X, et al. High-Dose Folic Acid Supplement Use From

Prepregnancy Through Midpregnancy Is Associated With Increased Risk of Gestational Diabetes Melli-

tus: A Prospective Cohort Study. Diabetes care. 2019; 42(7):e113–e5. Epub 2019/05/12. https://doi.

org/10.2337/dc18-2572 PMID: 31076420.

26. Huang L, Yu X, Li L, Chen Y, Yang Y, Yang Y, et al. Duration of periconceptional folic acid supplementa-

tion and risk of gestational diabetes mellitus. Asia Pac J Clin Nutr. 2019; 28(2):321–9. Epub 2019/06/

14. https://doi.org/10.6133/apjcn.201906_28(2).0014 PMID: 31192561.

27. Cheng G, Sha T, Gao X, He Q, Wu X, Tian Q, et al. The Associations between the Duration of Folic

Acid Supplementation, Gestational Diabetes Mellitus, and Adverse Birth Outcomes based on a Birth

Cohort. Int J Environ Res Public Health. 2019; 16(22). Epub 2019/11/17. https://doi.org/10.3390/

ijerph16224511 PMID: 31731641; PubMed Central PMCID: PMC6888242.

28. Hursthouse NA, Gray AR, Miller JC, Rose MC, Houghton LA. Folate status of reproductive age women

and neural tube defect risk: the effect of long-term folic acid supplementation at doses of 140 μg and

400 μg per day. Nutrients. 2011; 3(1):49–62. Epub 2012/01/19. https://doi.org/10.3390/nu3010049

PMID: 22254076; PubMed Central PMCID: PMC3257734.

29. Hong SM, Woo HW, Kim MK, Kim SY, Lee YH, Shin DH, et al. A prospective association between die-

tary folate intake and type 2 diabetes risk among Korean adults aged 40 years or older: the Korean

Multi-Rural Communities Cohort (MRCohort) Study. Br J Nutr. 2017; 118(12):1078–88. Epub 2017/12/

05. https://doi.org/10.1017/S0007114517003087 PMID: 29198189.

30. Song Y, Cook NR, Albert CM, Van Denburgh M, Manson JE. Effect of homocysteine-lowering treatment

with folic Acid and B vitamins on risk of type 2 diabetes in women: a randomized, controlled trial. Diabe-

tes. 2009; 58(8):1921–8. Epub 2009/06/06. https://doi.org/10.2337/db09-0087 PMID: 19491213;

PubMed Central PMCID: PMC2712772.

31. Zhao JV, Schooling CM, Zhao JX. The effects of folate supplementation on glucose metabolism and

risk of type 2 diabetes: a systematic review and meta-analysis of randomized controlled trials. Annals of

epidemiology. 2018. Epub 2018/03/05. https://doi.org/10.1016/j.annepidem.2018.02.001 PMID:

29501221.

32. Akbari M, Tabrizi R, Lankarani KB, Heydari ST, Karamali M, Kashanian M, et al. The Effects of Folate

Supplementation on Diabetes Biomarkers Among Patients with Metabolic Diseases: A Systematic

Review and Meta-Analysis of Randomized Controlled Trials. Hormone and metabolic research =

PLOS ONE Pregnancy folic acid and gestational diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0272046 August 11, 2022 14 / 15

https://doi.org/10.1111/j.1600-0412.2010.01055.x
http://www.ncbi.nlm.nih.gov/pubmed/21306316
https://doi.org/10.1111/aogs.12816
http://www.ncbi.nlm.nih.gov/pubmed/26566076
https://doi.org/10.1080/16546628.2017.1334483
https://doi.org/10.1080/16546628.2017.1334483
http://www.ncbi.nlm.nih.gov/pubmed/28659747
https://doi.org/10.1186/s12884-019-2547-5
https://doi.org/10.1186/s12884-019-2547-5
http://www.ncbi.nlm.nih.gov/pubmed/31675922
http://www.ncbi.nlm.nih.gov/pubmed/22499814
https://doi.org/10.1002/mnfr.201200116
https://doi.org/10.1002/mnfr.201200116
http://www.ncbi.nlm.nih.gov/pubmed/23065724
https://doi.org/10.1093/ajcn/84.5.1134
http://www.ncbi.nlm.nih.gov/pubmed/17093167
https://doi.org/10.1038/s41598-021-86818-7
http://www.ncbi.nlm.nih.gov/pubmed/33795771
https://doi.org/10.2337/dc18-2572
https://doi.org/10.2337/dc18-2572
http://www.ncbi.nlm.nih.gov/pubmed/31076420
https://doi.org/10.6133/apjcn.201906_28(2).0014
http://www.ncbi.nlm.nih.gov/pubmed/31192561
https://doi.org/10.3390/ijerph16224511
https://doi.org/10.3390/ijerph16224511
http://www.ncbi.nlm.nih.gov/pubmed/31731641
https://doi.org/10.3390/nu3010049
http://www.ncbi.nlm.nih.gov/pubmed/22254076
https://doi.org/10.1017/S0007114517003087
http://www.ncbi.nlm.nih.gov/pubmed/29198189
https://doi.org/10.2337/db09-0087
http://www.ncbi.nlm.nih.gov/pubmed/19491213
https://doi.org/10.1016/j.annepidem.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29501221
https://doi.org/10.1371/journal.pone.0272046


Hormon- und Stoffwechselforschung = Hormones et metabolisme. 2018; 50(2):93–105. Epub 2018/01/

18. https://doi.org/10.1055/s-0043-125148 PMID: 29342488.

33. Sudchada P, Saokaew S, Sridetch S, Incampa S, Jaiyen S, Khaithong W. Effect of folic acid supple-

mentation on plasma total homocysteine levels and glycemic control in patients with type 2 diabetes: a

systematic review and meta-analysis. Diabetes Res Clin Pract. 2012; 98(1):151–8. Epub 2012/06/26.

https://doi.org/10.1016/j.diabres.2012.05.027 PMID: 22727498.

34. Rehman T, Shabbir MA, Inam-Ur-Raheem M, Manzoor MF, Ahmad N, Liu ZW, et al. Cysteine and

homocysteine as biomarker of various diseases. Food science & nutrition. 2020; 8(9):4696–707. Epub

2020/10/01. https://doi.org/10.1002/fsn3.1818 PMID: 32994931; PubMed Central PMCID:

PMC7500767.

35. Gong T, Wang J, Yang M, Shao Y, Liu J, Wu Q, et al. Serum homocysteine level and gestational diabe-

tes mellitus: A meta-analysis. Journal of diabetes investigation. 2016; 7(4):622–8. Epub 2016/05/18.

https://doi.org/10.1111/jdi.12460 PMID: 27180921; PubMed Central PMCID: PMC4931215.

36. Zhang BB, Zhou G, Li C. AMPK: an emerging drug target for diabetes and the metabolic syndrome. Cell

metabolism. 2009; 9(5):407–16. Epub 2009/05/07. https://doi.org/10.1016/j.cmet.2009.03.012 PMID:

19416711.

37. Hawley SA, Gadalla AE, Olsen GS, Hardie DG. The antidiabetic drug metformin activates the AMP-acti-

vated protein kinase cascade via an adenine nucleotide-independent mechanism. Diabetes. 2002; 51

(8):2420–5. Epub 2002/07/30. https://doi.org/10.2337/diabetes.51.8.2420 PMID: 12145153.

38. Selhub J, Morris MS, Jacques PF. In vitamin B12 deficiency, higher serum folate is associated with

increased total homocysteine and methylmalonic acid concentrations. Proc Natl Acad Sci U S A. 2007;

104(50):19995–20000. Epub 2007/12/07. https://doi.org/10.1073/pnas.0709487104 PMID: 18056804;

PubMed Central PMCID: PMC2148411.

PLOS ONE Pregnancy folic acid and gestational diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0272046 August 11, 2022 15 / 15

https://doi.org/10.1055/s-0043-125148
http://www.ncbi.nlm.nih.gov/pubmed/29342488
https://doi.org/10.1016/j.diabres.2012.05.027
http://www.ncbi.nlm.nih.gov/pubmed/22727498
https://doi.org/10.1002/fsn3.1818
http://www.ncbi.nlm.nih.gov/pubmed/32994931
https://doi.org/10.1111/jdi.12460
http://www.ncbi.nlm.nih.gov/pubmed/27180921
https://doi.org/10.1016/j.cmet.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19416711
https://doi.org/10.2337/diabetes.51.8.2420
http://www.ncbi.nlm.nih.gov/pubmed/12145153
https://doi.org/10.1073/pnas.0709487104
http://www.ncbi.nlm.nih.gov/pubmed/18056804
https://doi.org/10.1371/journal.pone.0272046

