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Maternal plasma folate
concentration is positively
associated with serum total
cholesterol and low-density
lipoprotein across the three
trimesters of pregnancy

Manoela T. da Silva?, Maria F. Mujica-Coopman?, Amanda C. C. Figueiredo?, Daniela Hampel*,
Luna S. Vieira®, Dayana R. Farias?, Setareh Shahab-Ferdows*, Lindsay H. Allen*, Alex Brito®”,
Yvonne Lamers?, Gilberto Kac? & Juliana S. Vaz%3>**

Increased first-trimester low-density lipoprotein (LDL-C) concentration has been associated with
adverse pregnancy outcomes, such as gestational diabetes. The B vitamins folate, B-6, and total

B-12 are key for the methyl group-dependent endogenous synthesis of phosphatidylcholine, which is
needed for lipoprotein synthesis, e.g., very low-density lipoprotein (VLDL), the precursor of circulating
LDL-C. Maternal B-vitamin concentration usually declines across trimesters. Whether changes in
maternal B-vitamin concentrations are associated with total cholesterol (TC), triglycerides (TG), and
lipoprotein concentrations is unknown. Therefore, we explored the association between plasma
folate, vitamin B-6 in the form of pyridoxal 5'-phosphate (PLP), and total B-12 with serum TC, LDL-C,
HDL-C, and TG concentrations across trimesters. This secondary analysis used data of a prospective
pregnancy cohort study included apparently healthy adult women (n=179) from Rio de Janeiro, Brazil.
The biomarkers were measured in fasting blood samples collected at 5-13, 20-26, and 30-36 weeks

of gestation. The associations between B vitamins and lipid concentrations across trimesters were
explored using linear mixed-effect models. Among B vitamins, only plasma folate was positively
associated with TC (B =0.244, 95% Cl 0.034-0.454) and LDL-C ($=0.193, 95% Cl 0.028-0.357)
concentrations. The positive relationship of maternal folate and TC and LDL-C concentrations may
indicate the importance of folate as a methyl donor for lipoprotein synthesis during pregnancy.

Folate, as a methyl donor, and vitamins B-6 (B-6) and B-12 (B-12), as cofactors, participate in one-carbon
metabolism, which is vital for adequate cellular proliferation and differentiation’. Additionally, all these nutrients
are important for the provision of methyl groups through the formation of the universal methyl donor, s-adenosyl
methionine (SAM)>*. SAM is required for the de novo synthesis of phosphatidylcholine (PC), the major phos-
pholipid component of all circulating lipoproteins, from phosphatidylethanolamine (PE) by the action of the
enzyme phosphatidylethanolamine N-methyltransferase (PEMT) in the liver*”.
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Circulating maternal concentrations of plasma folate, total B-12, and B-6, in the form of pyridoxal 5’-phos-
phate (PLP), decrease throughout gestation likely due to hemodilution, higher glomerular filtration rate, and
increased mother-fetus nutrient transport®’. Evidence from animal studies showed that mice fed a folate-deficient
diet had significantly lower PC concentrations in the liver®, which we speculate may lead to lower hepatic syn-
thesis of VLDL-C. Furthermore, it has been reported that the expression of lipoprotein-related genes in the liver
significantly differs between mice that received a folate-deficient diet compared to those that received a control
diet’, which may suggest a key role of folate in lipid metabolism through the provision of methyl groups for
endogenous PC synthesis and regulating lipoprotein-related gene expression.

Evidence of the relationship between circulating folate, total B-12 and PLP concentrations and lipoprotein
concentrations in humans is limited'°-'2. In healthy adults, plasma folate concentration has been positively associ-
ated with high-density lipoprotein cholesterol (HDL-C) concentration'?, while an inverse association was found
with low-density lipoprotein cholesterol (LDL-C) and total cholesterol (TC) concentrations'*'2. Furthermore, a
lower plasma B-12 concentration (<220 pmol/L) was associated with a lower HDL-C concentration (<40 mg/
dL for healthy men and < 50 mg/dL for healthy women)"!.

In pregnancy, an increase in circulating TC, LDL-C, HDL-C, fatty acids, and TG concentrations occurs across
weeks of gestation to meet energy needs for maternal and fetal development'*~'>. However, high maternal lipo-
protein concentrations, i.e., TG > 1.95 mmol/L and > 3.56 mmol/L and LDL-C>3.27 mmol/L and 4.83 mmol/L
in the first and second trimesters, respectively, have been associated with a higher risk of gestational diabetes
in pregnant Chinese women'®. Additionally, the results of a study in Dutch pregnant women showed that a TG
concentration of 2.67 mmol/L was associated with a 7% increased risk of preeclampsia'’. Despite the lack of an
established cut-off for lipoprotein concentration across trimesters, these findings suggest that a potential exces-
sive increment in maternal lipoprotein concentrations may increase the risk of adverse pregnancy outcomes.

Regardless of the suggested interrelationship between B vitamins and lipid metabolism, whether B vitamins
are associated with lipoprotein concentrations during pregnancy is unknown. We have previously shown that
changes in maternal PLP concentration were positively associated with docosahexaenoic acid (DHA) concen-
tration and negatively associated with the n-6-to-n-3 fatty acid ratio across weeks of gestation'®. However, the
relationship between maternal plasma folate, B-6 and total B-12 concentrations and TC, TG, and lipoprotein
concentrations throughout pregnancy has not yet been explored. Therefore, we performed a secondary analysis
of data from a prospective pregnancy cohort study to investigate the association between folate, B-6 and total
B-12 with serum lipid (TC, LDL-C, HDL-C, and TG) concentrations across trimesters in apparently healthy
nonsupplemented women.

Results

Maternal characteristics. The mean age of women was 26.7 5.6 years. Participants had an average of
8 years of education, and 37% were nulliparous. Most of the women (80%) were non-smokers, and 81% reported
no alcohol consumption in the first trimester. According to the first trimester body mass index (BMI), 3% of
women had underweight, 54% had normal weight, 31% and 12% had overweight and obesity, respectively.
Ninety-four percent of women met the estimated average requirement (EAR) for B-12, while 70% and 91% did
not meet the EAR for folate and B-6 for pregnant women, respectively (Table 1).

Maternal B-vitamin, TC, LDL-C, HDL-C and TG concentrations across trimesters. Per week of
gestation, plasma PLP and total B-12 concentrations significantly decreased by 1.65 nmol/L and 7.86 pmol/L,
respectively, while plasma folate concentration did not significantly change (Fig. 1). The median (IQR) plasma
folate concentration only decreased between the first [24.8 (19.6; 33.97) nmol/L] and second trimesters [22.5
(17.9-29.0) nmol/L] (24.8 vs 22.5 nmol/L; P<0.05), with no significant changes when comparing the second
and third trimesters. Similarly, the total B-12 concentration significantly declined from the first to the second
trimester (297.2 vs. 237.3 pmol/L), while no significant differences were found between the second and third
trimesters. The PLP concentration decreased throughout all trimesters (36.3, 21.4, 16.8 nmol/L; P<0.001 for all).

Pregnant women showed a significant increase in all lipids per week of gestation: 4.0 mg/dL (TG), 6.3 mg/
dL (TC), 3.7 mg/dL (LDL-C), and 1.8 mg/dL (HDL-C) (Fig. 2), and their concentrations also increased across
trimesters (P<0.05) (Table 2). In the first trimester, TC, LDL-C, and TG concentrations were significantly higher
in pregnant women who were overweight or obese than in those who were underweight or normal weight
(P<0.05). In the second trimester, TG concentration was higher in smokers than in nonsmokers (P<0.05),
and in the second and third trimesters, older women (> 30 years) had higher TG concentrations than younger
participants (< 30 years). The HDL-C concentration was lower in smokers than in nonsmokers in all trimesters
(P<0.05 for all) (Table 2).

Maternal B-vitamin concentration and its association with TC, LDL-C, HDL-C, and TG concen-
tration across weeks of gestation. In the adjusted longitudinal analysis, plasma PLP and total B-12
concentrations were not associated with TG, TC, HDL-C, and LDL-C concentrations, while plasma folate con-
centration was positively associated with TC and LDL-C concentrations across all trimesters (Table 3).

Discussion

Folate, vitamin B-6, in the form of PLP, and total B-12 have interdependent roles in one-carbon metabolism,
which is critical for the synthesis of the universal methyl donor SAM. Three SAMs are required for the endog-
enous synthesis of one PC by PEMT in the liver. An adequate synthesis of PC is needed for lipoprotein synthesis,
such as VLDL-C*. To the best of our knowledge, this is the first study exploring the relationship between maternal
folate, PLP and total B-12 with TC, TG and lipoprotein concentrations across trimesters. In this prospective
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Characteristics Mean (SD) or n (%)
Age,y 26.7 (5.6)
Education, y 9(3)
Parity, n (%)

0 66 (37)
>1 113 (63)
Smoking habit at first trimester, n (%)

Yes 35(20)
No 144 (80)
Alcohol intake at first trimester, n (%)

Yes 34 (19)
No 145 (81)

First trimester BMI (kg/m?), n (%)

Underweight (< 18.5) 3(1.7)
Normal weight (18.5-24.9) 97 (54.2)
Overweight (25-29.9) 56 (31.3)
Obese (>30) 23(12.8)
Pre-pregnancy dietary intake

Folate intake, ug DFE/day

>520 54 (30)
<520 125 (70)
B-6 intake, mg/day

>1.6 16 (9)
<16 163 (91)
B-12 intake, ug/day

222 168 (94)
<22 11 (6)

Table 1. First trimester characteristics of apparently healthy pregnant women at a public health center in Rio
de Janeiro, Brazil, 2009-2012 (n=179). Continuous variables are expressed as mean (SD); categorical variables
are presented as n (%). SD standard deviation, BMI body mass index, DFE dietary folate equivalents.

A - B s C -
@] kel &1
[=3
S S ]
21 g S
a 5 a
e = g = g/
g o o & o —
£ @] =) g
N=7 (=" =
Q ~ o ~ o
< N S A S
= &1 R
=3
S \ 24
| \
T T T T T T T T S T T T T T T T T S T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Gestational age (weeks) Gestational age (weeks) Gestational age (weeks)

Figure 1. Maternal folate, total B-12 and PLP concentrations across trimesters in apparently healthy pregnant
women followed at a public health center in Rio de Janeiro, Brazil, 2009-2012 (n=179)". Longitudinal linear
regression coeflicients (95% CIs) for weeks of gestation are as follows: (A) plasma folate: p= —0.11 (- 0.54, 0.33,
P=0.63; B); plasma total B-12: p= —7.86 (- 12.9,—2.82, P<0.05; (C); plasma PLP: f= —1.65 (-2.48,-0.82,
P<0.001). PLP, pyridoxal 5'-phosphate.

pregnancy cohort study, folate concentration was positively associated with TC and LDL-C concentrations
across trimesters.

Our results showed that maternal TC, LDL-C, HDL-C, and TG concentrations significantly increased between
trimesters and weeks of gestation. Similar results have been reported in previous pregnancy studies'®!*. Altera-
tions in maternal lipid metabolism result from physiological changes to meet maternal and fetal needs for
optimal gestation and lactogenesis'®. In the early stage of pregnancy, there is a mobilization of fatty acids to
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Figure 2. TG, TC, LDL-C, and HDL-C concentrations across trimesters in apparently healthy pregnant women
followed at a public health center in Rio de Janeiro, Brazil, 2009-2012 (1 =181). Longitudinal linear regression
coefficients (95% Cls) for weeks of gestation are as follows: TG: p=4.01 (2.10, 5.33), P<0.001; B) TC: $=6.30
(5.33,7.29), P<0.001; C) LDL-C: p=3.67 (2.90, 4.43), P<0.001; HDL-C: p=1.83 (1.52, 2.15), P<0.001. TG
triglycerides, TC total cholesterol, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein
cholesterol.

storage in maternal adipose tissues, and the maternal body uses lipids for energy, characterized by an anabolic
phase. Later, these reserves are gradually released to meet the growing fetal needs for essential lipids and energy,
characterizing a catabolic phase'*?!. The potential physiological mechanisms involved in the increase in TG, TC,
and lipoprotein concentrations are likely related to pregnancy-related hormonal changes'*?2. Specifically, it has
been suggested that increasing estrogen concentration across trimesters promotes the production of VLDL-C
in the liver, which can be further released into circulation. In circulation, VLDL-C can be converted to LDL-C?3,
which may explain the increasing LDL-C concentration across trimesters. Moreover, it has been reported that
increasing estrogen concentration may decrease the expression and the lipolytic activity of hepatic lipase, which
catalyzes the hydrolysis of TG*, therefore promoting TG accumulation in the liver, and it is subsequently used for
VLDL-C synthesis. In contrast, estrogen® and human placental lactogen hormone*® may promote the lipolytic
activity in maternal adipose tissue which may additionally increase circulating lipoprotein and TC concentration.

Nonesterified fatty acids and glycerol released from maternal adipose tissues travel to the maternal liver,
where they are re-esterified to TG and used for VLDL-C synthesis. Higher VLDL-C synthesis may lead to higher
circulating LDL-C concentrations, which may also contribute to explaining the increased LDL-C that we found
in late pregnancy.

In contrast to TC, LDL-C, HDL-C, and TG concentrations, maternal total B-12 and PLP concentrations
significantly decreased across weeks of gestation, while no significant change was seen in folate concentration.
Additionally, maternal folate and total B-12 concentrations declined between the first and second trimesters,
whereas PLP concentration dropped across all trimesters. Similar results were found in pregnant Spanish women,
in whom plasma folate and total B-12 concentrations decreased from 15 to 24-27 weeks of gestation”, and a
significant decline in PLP concentration across trimesters was also reported in pregnant Canadian women?®.
Potential mechanisms involved in the decrease of the aforementioned B vitamins by trimester are likely related
to increased mother-fetus transport, increased glomerular filtration and hemodilution due to the increment of
blood volume during pregnancy®-*!. Although lipids are also transported from the mother to the fetus, unlike
B vitamins, endogenous production is mainly related to hormonal changes and pregnancy-related metabolic
adaptations in the lipolytic activity of the maternal liver and adipose tissue, likely preventing the decline in
lipoprotein concentrations across trimesters. Furthermore, pregnancy-related changes in the remethylation and
transsulfuration rates of one-carbon metabolism?* (e.g., a higher transsulfuration rate and a higher remethyla-
tion rate in the first and third trimesters), which involve folate, total B-12, and PLP, may also partially explain
the changes in circulating concentrations of these B vitamins across trimesters.
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TC (mg/dL) LDL-C (mg/dL)
1st trimester 2nd trimester 3rd tri t 1st trimest 2nd trimester 3rd trimester
160.5 (28.9) 210.3 (35.2) 224.2 (41.2) 127.1 (28.6) 137.6 (33.6)
Variables [179] * [168]° [172]¢ 96.7 (21.6) [179]° | [168]° [172]¢
Age (years)
<30 159 (28) [127] 210 (35) [118] 223 (41) [123] 97 (21) [127] 127 (29) [118] 138 (33) [123]
>30 164 (31) [52] 212 (35) [50] 228 (41) [49] 97 (24) [52] 127 (29) [50] 138 (35) [49]
Parity
0 161 (31) [66] 212 (36) [62] 226 (41) [64] 98 (24) [66) 129 (30) [62] 138 (36) [64]
>1 160 (28) [113] 209 (35) [106] 223 (42) [108] 96 (20) [113] 126 (28) [106] 140 (32) [108]
Smoking habit
Yes 153 (27) [11] 204 (31) [9] 208 (49) [9] 94 (21) [11] 119 (28) [9] 128 (34) [9]
No 161 (29) [168] 211 (35) [159] 225 (41) [163] 97 (22) [168] 128 (29) [159] 138 (34) [163]
First trimester BMI*
gg‘;ﬂ’“"rmal 156 (27) [100]* | 209 (33) [91] 223 (41) [97] 94 (19) [100]* 128 (26) [91] 138 (31) [97]
Overweight/obese | 166 (30) [79]° 211 (37) [77] 226 (42) [75] 101 (24) [79]° 126 (32) [77] 137 (37) [75]
HDL-C (mg/dL) TG (mg/dL)
1st tri t 2nd tri t 3rd tri t 1st trimestq 2nd trimester 3rd trimester
130.3 (48.1) 158.4 (48.7)
47.8 (8.5) [179]* | 57.1(9.8) [168]> | 54.9 (10.0) [172]° | 74 (57;94) [179]* | [168]® [172]c
Age (years)
<30 47 (9) [127) 57 (9) [118] 55(10) [123] | 77431 (127) 125+41 (118)° 152+48 (123)°
>30 49 (8) [52] 57 (11) [50] 55 (11) [49) 87+34 (52) 144 +59 (50)° 174 +48 (49)°
Parity
0 48 (9) [66] 58 (8) [62] 56 (9) [64] 76+28 (66) 126+ 46 (62) 16151 (64)
>1 48 (8) [113] 55 (11) [106] 54 (11) [108] | 82+35 (113) 133 +49 (106) 157 +47 (108)
Smoking habit
Yes 42 (8) [11]* 49 (9) [9]* 47 (8) [9]* 82+21 (11) 181+49 (9)° 166+72 (9)
No 48 (8) [168]° 58 (10) [159]° 55(10) [163]° | 80+33 (168) 128 +47 (159)° 158 +47 (163)
First trimester BMI*
ggi;rt/normal 48 (9) [100] 57 (10) [91] 54 (10) [97] 74+27 (100)* 122444 (91)° 151+50 (97)
Overweight/obese | 48 (8) [79] 57 (10) [77] 57 (9) [75] 88437 (79)° 140+51 (77)° 168+47 (75)°

Table 2. TC, LDL-C, HDL-C and TG concentrations stratified according to maternal characteristics across
trimesters of apparently healthy pregnant women followed at a public health center in Rio de Janeiro, Brazil,
2009-2012 (n=179)- Values are expressed as the mean (SD) [n]. *BMIL, body mass index (kg/m?): under/
normal weight < 25 kg/m?, overweight/obese =25 kg/m? Labeled circulating TC, LDL-C, HDL-C and TG
concentrations without a common superscript letter differ by maternal characteristics in each trimester,
P<0.05 (Student’s t-test) or between trimesters (ANOVA test and Bonferroni test as post hoc test). TC total
cholesterol, LDL-C low density lipoprotein cholesterol, HDL-C high density lipoprotein cholesterol, TG
triglycerides.

Our findings showed that maternal folate concentration was positively associated with LDL-C concentration
across weeks of gestation. The potential mechanisms underlying this association may be related to the role of
folate as a methyl donor for SAM formation. For example, a study in adults showed that adults in the highest
serum folate quintile (folate concentration > 45 nmol/L) had significantly higher SAM concentration compared
to those with serum folate concentration in the lowest quintile (<27 nmol/L)**. SAM formation is critical for the
endogenous synthesis of PC from PE by the action of the PEMT enzyme*. Synthesis of PC by PEMT enzyme
accounts for ~30%, while the CDP-pathway accounts for ~ 70% of total PC synthesis in the liver®>. PC is the
major phospholipid component of lipoproteins and is required for VLDL-C, HDL-C, and cholesterol synthesis
in the liver®>*’. Despite that the CDP-pathway contributes the larger amount of PC, PEMT activity is upregulated
in pregnancy due to the regulatory role of estrogen on PEMT expression®, which results in an increased PC
and likely higher lipoprotein synthesis in late pregnancy®. Furthermore, mice receiving a folate-deficient diet
showed lower PC concentrations in the liver, which may be potentially associated with lower VLDL-C synthesis
and release to circulation®. After the hepatic release of VLDL-C into circulation, it can be converted to LDL-C
after the removal of fatty acids by peripheral tissue'®. Hence, increasing folate concentration may promote SAM
synthesis and the subsequent endogenous synthesis of VLDL-C by the PC-PEMT pathway, which could lead to
higher LDL-C concentrations.

We also found a positive association between plasma folate and TC concentrations across weeks of gestation.
A recent animal study showed that male mice fed a supraphysiologic dose of folic acid, which is the synthetic
form of folate, had reduced expression of cholesterol 7 alpha-hydroxylase (CYP7A1), a liver-specific enzyme
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TC (mg/dL) LDL-C (mg/dL) HDL-C (mg/dL) TG (mg/dL)
Regression models | B* (95% CI) [Pt [Bres%C) [P B* (95% CI) [P* B o5%CD) pb
Crude models
Folate (nmol/L) 0.252 (0.038,0.466) | 0.021 | 0.194 (0.027,0.361) 0.023 | 0.018 (- 0.057,0.093) 0.645 | 0273 (- 0.012,0.560) | 0.061
PLP (nmol/L) 0.003 (- 0.120,0.126) | 0.958 | — 0.003 (— 0.096, 0.091) 0.957 | 0.013 (- 0.028,0.054) 0.525 | —0.005 (- 0.158,0.148) | 0.946
Total B-12 (pmol/L) | — 0.001 (- 0.020,0.019) | 0.957 | —0.005 (~ 0.020, 0.010) 0513 | 0.002 (- 0.005,0.008) 0589 | 0.019 (— 0.006,0.043) | 0.138
Adjusted models
Folate (nmol/L) 0.244(0.034,0454) | 0.023 | 0.193 (0.028; 0.357) 0.022 | 0.007 (- 0.067,0.081) 0.850 | 0.270 (- 0.011,0.550) | 0.060
PLP (nmol/L) ~0.009 (- 0.131,0.113) | 0.890 | —0.011 (- 0.103, 0.081) 0.811 | 0.006 (- 0.035,0.047) 0.767 | 0.009 (- 0.144,0.161) | 0.909
Total B-12 (pmol/L) 0.002 (- 0.018,0.021) | 0.890 | — 0.004 (— 0.184, 0.011) 0.631 | 0.001 (- 0.005,0.008) 0652 | 0.022 (- 0.003,0.046) | 0.077

Table 3. Longitudinal associations between folate, PLP, and total B-12 concentrations and serum TC, LDL-C,
HDL-C and TG concentrations across trimesters in apparently healthy pregnant women followed at a public
health center in Rio de Janeiro, Brazil, 2009-2012. *Longitudinal linear regression coefficient. b P value refers
to the maximum likelihood estimator; P values were considered significant at < 0.05 are in bold. Folate model
was adjusted for weeks of gestation, quadratic weeks of gestation, maternal age, parity, smoking, first trimester
BMI and gestational dietary folate intake; PLP model was adjusted for weeks of gestation, quadratic weeks of
gestation, maternal age, parity, smoking, first-trimester pregnancy BMI, gestational dietary B-6 intake; Total
B-12 model was adjusted for weeks of gestation, quadratic weeks of gestation, maternal age, parity, smoking,
first trimester BMI, gestational dietary B-12 intake. BMI body mass index, CI confidence intervals, TC total
cholesterol, LDL-C low density lipoprotein cholesterol, HDL-C high density lipoprotein cholesterol, TG
triglycerides.

that catalyzes the rate-limiting step of cholesterol conversion into bile acids*. The reduced CYP7AL1 activity may
result in increased intrahepatic cholesterol concentration. Additionally, higher LDL-C concentrations in the
liver downregulate hepatic LDL-C receptor (LDLR)*, resulting in reduced liver uptake of LDL-C and therefore
increased circulating LDL-C concentration, which may also contribute to explaining the positive association
between folate and TC concentrations.

The strengths of this study included the prospective design and the availability of plasma and serum samples
collected at each trimester, which allowed us to determine folate, PLP, total B-12, TC, LDL-C, HDL-C, and TG
concentrations in all trimesters in apparently healthy pregnant women. Moreover, the use of linear mixed-effect
(LME) models allowed us to estimate time-dependent changes in folate, PLP, total B-12, TC, LDL-C, HDL-C,
and TG across weeks of gestation and to include pregnant women with missing biomarker data. However, our
study also has a few limitations. Given that the present study is a secondary analysis of already collected maternal
plasma and serum samples, we were unable to measure PC, PE, SAM or SAH concentrations. SAM production
is one of the most important metabolic fates of dietary methionine intake*’. However, we were unable to esti-
mate methionine dietary intake. First, the food frequency questionnaire (FFQ) used in the present study was
not designed to estimate methionine intake*’. Second, the Brazilian table of food composition includes data on
methionine content for less than 10% of the food items consumed by the participants. Additionally, the use of
international databases was not an adequate strategy to estimate methionine, because the alternative food com-
position databases also lack data on methionine content. As a consequence, the estimation of dietary methionine
intake would be not accurate. Furthermore, losses during follow-up affected the sample size over time and may
have reduced the power to detect significant associations between maternal B vitamins, TC, lipoproteins, and
TG concentrations.

In summary, our study showed that maternal plasma folate concentration was positively associated with
serum TC and LDL-C concentrations across weeks of gestation. Our findings suggest that folate may play a key
role in maternal lipoprotein status. Further studies are needed to understand the mechanisms underlying this
association.

Methods

Study design and participants. This was a prospective pregnancy cohort study conducted in the city
of Rio de Janeiro, Brazil. Pregnant women were enrolled from November 2009 to October 2011 and followed
up across all trimesters: 5-13 weeks of gestation (first), 20-26 weeks of gestation (second), and 30-36 weeks of
gestation (third). At each trimester, a study visit was scheduled during appointment days at a prenatal care center
of the Brazilian Unified Health System, and blood samples were collected. Socioeconomic, demographic, repro-
ductive and lifestyle information was collected at the first study visit using structured questionnaires adminis-
tered by trained research assistants.

Pregnant women were included in the study if they met the following criteria at the screening: <13 weeks
of gestation, aged 20-40 years, absence of diagnosed chronic diseases (except for obesity; BMI > 30 kg/m?) and
infectious diseases, singleton pregnancy, and being resident in the area covered by primary health center. In total,
322 pregnant women met the eligibility criteria and were invited to participate in the study; 23 refused to partici-
pate, and another 75 were lost after screening. Thus, the first-trimester sample comprised 179 pregnant women
with available plasma samples for folate and total B-12 status assessment and 175 for PLP concentration (Fig. 3).
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322

I 23 refused to participate

v

Pregnant women agreed
to participate in the study 45 were not eligible to participate in the study: 12 with a confirmed pre-pregnancy diagnosis chronic

299

non-communicable disease, 9 with a confirmed pre-pregnancy diagnosis of infection disease, 15 with
gestational age > 13 weeks of gestation at the baseline visit, 5 declined prenatal care or were transferred
to other units; 4 twin pregnancies

A 4

A 4

Eligible to participate

254

30 pregnancy losses: 5 stillborn, 25 miscarriages

v

29 excluded (reported use of multivitamin or nausea medication);
4 missing blood lipid measurements; 12 missing data in questionnaires

Available maternal B-vitamin biomarkers

v 1° trimester 2 trimester 34 trimester
12 3
179 ek ~N
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Completed protocol = N
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4 11 3\
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Loss to follow-up Reentrance

Figure 3. Flow chart of the study.

This study was registered in ClinicalTrials.gov (ID: NCT01660165) on 24 May 2012. The study protocol was
approved by the Research Ethics Committee of the Institute of Psychiatry, Rio de Janeiro Federal University (Pro-
tocol #0012.0.249.000-09) and the Rio de Janeiro Municipal Secretary of Health (Protocol #0139.0.314.000-09).
Written informed consent was obtained from all participants after all necessary clarifications had been provided
before the study began. All ethical procedures of this study involving human beings followed the ethical stand-
ards laid down in the 1964 Declaration of Helsinki and its later amendments and Brazilian Resolution 196/96.

Biochemical analyses. Blood samples (5 mL) were collected at enrollment and at each follow-up study
visit after a 12-h overnight fast. Blood was collected in tubes with ethylenediamine tetra-acetic acid (EDTA) or
separator gel and centrifuged at 5031 x 3g for 5 min at 21 °C within 1 h of blood collection. Serum and EDTA-
treated plasma were separated into aliquots and stored at —80 °C until analysis.

Plasma folate and plasma total B-12 concentrations were determined by commercial automated competitive
protein binding assays using chemiluminescence detection on the Cobas e411 bioanalyzer (Roche, Mannheim,
Germany). B-6 was measured in plasma as the coenzymatic PLP form after derivatization to its semicarbazide
derivative using HPLC with fluorescence detection*.

Serum TC, HDL-C and TG concentrations were determined at the Faculty of Pharmacy Clinical Analysis
Laboratory (Federal University of Rio de Janeiro) using an automated analyzer (Labmax Plenno, Labtest Diag-
nostica, Minas Gerais, Brazil) and commercial enzymatic colorimetric assay kits (Labtest Diagnostica, Minas
Gerais, Brazil). LDL-C (mg/dL) concentration was calculated as follows: TC—HDL-C—(TG/5)*.

Obstetric, demographic and lifestyle data collection.  Weeks of gestation were determined via ultra-
sound before 24 weeks of gestation (n=158, 88%). When this information was not available in the obstetric
record, gestational age was calculated based on the reported date of the last menstrual period (n=21, 12%). Data
about maternal age (< 30, > 30), monthly per capita family income (Brazilian Reais, R$), education (years), parity
(0,21), leisure time physical activity (yes/no), smoking habit (yes/no), and alcohol consumption (yes/no) were
collected at the first study visit.

Maternal anthropometric measurements. Maternal body weight was measured to the nearest 0.1 kg
using an electronic scale (Filizzola Ltd., Sdo Paulo, Brazil). Maternal height (m) was measured in duplicate using
a portable stadiometer to the nearest 0.1 cm (Seca Ltd., Hamburg, Germany). The anthropometric measure-
ments were obtained according to standardized procedures and recorded by trained interviewers in the first
study visit*. First trimester BMI was calculated using the formula: weight [kg]/(height [m?] and classified as
underweight (< 18.5), normal weight (18.5-24.9), overweight (25.0-29.9), obese (>30.0)]. Since a small num-
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ber of underweight cases were observed, in some descriptive analyses, we combined under- and normal weight
and overweight and obese categories. Gestational weight gain (kg) was calculated as the difference between the
last weight measured before delivery and the first trimester weight.

Maternal dietary intake. Dietary intake was assessed at two time points: (1) between 5 and 13 weeks of
gestation, at the first study visit, to assess the dietary intake during the 6 months preceding pregnancy (prepreg-
nancy dietary intake), and (2) between 30 and 36 weeks of gestation to assess dietary intake during pregnancy
(gestational dietary intake). A semi-quantitative FFQ was used to estimate usual daily dietary intakes of total
fat, protein, carbohydrate, energy, folate, B-12 and B-6. The FFQ consisted of 81 food items, including non-
alcoholic and alcoholic beverages. The FFQ has been previously validated for energy intake using the doubly
labelled water method in the adult population of Rio de Janeiro*”*. Daily nutrient intake was calculated using
DietSys version 4.01 software (National Cancer Institute, Bethesda, MD, USA). The nutrient database was con-
structed primarily with the nutritional composition of Brazilian food items*, and it was complemented with
the database developed by the U.S. Department of Agriculture (USDA)*. The cut-offs used to classify dietary
vitamin intake were based on the EAR for pregnant women, i.e., <520/ > 520 pg/day dietary folate equivalents for
folate, <2.2/>2.2 pg/day for B-12 and < 1.6/ = 1.6 mg/day for B-6°".

Statistical analyses. Descriptive analysis. The distribution of the variables was assessed using visual in-
spection and the Shapiro-Wilk test. Maternal characteristics were described as the means and standard devia-
tions (SD) for continuous variables and as absolute and relative frequencies (%) for categorical variables. We
tested the differences in TC, TG, HDL-C, and LDL-C concentrations between trimesters using ANOVA and
Bonferroni’s post hoc test. We further compared TG, TC, HDL-C and LDL-C concentrations at each trimester
by first-trimester maternal characteristics (i.e., maternal age (<30/2 30 years), parity (0,2 1), smoking (yes, no),
BMI (i.e., under/normal weight, overweight/obese) using Student’s t test. Plasma folate, PLP, and total B-12
concentrations were compared by trimesters using a Kruskal-Wallis test and Wilcoxon rank-sum test as post
hoc test.

Longitudinal analysis. 'The relationship between maternal folate, PLP, total B-12, TC, LDL-C, HDL-C, and
TG concentrations and weeks of gestation was assessed using LME regression models and was illustrated using
scatter plots containing longitudinal prediction and 95% confidence intervals. LME regression models were also
used to assess the association between (1) maternal folate (folate model), (2) maternal PLP concentration (PLP
model), and (3) maternal total B-12 concentration (total B-12 model) as exposure variables and TC, TG, HDL-C
or LDL-C concentrations separately as outcome variables across weeks of gestation. LME models were fitted
using weeks of gestation as random effects and using an unstructured covariance matrix to accommodate the
variability in slopes over time among subjects, while all the other variables were included as fixed effects only.
All models were further adjusted by the quadratic weeks of gestation variable to fit for the nonlinear variation of
maternal biomarker concentration (e.g., plasma folate) across trimesters. LME models provide a combined esti-
mate of between- and within-subject effects and accommodate time-dependent and time-independent covari-
ates and allow measurements with unbalanced time intervals®>.

Potential confounding factors were selected based on a direct acyclic graph (DAG). The DAG is a theoreti-
cal graphical model in which potential confounding factors that can distort the causal inference process are
considered, allowing the identification of the minimum but sufficient set of covariates to remove confounding
factors from the statistical analysis and help avoid inappropriate adjustments®->°. We created three DAGs to
represent the association of (1) folate concentration, (2) PLP concentration, and (3) total B-12 concentration
with TC, LDL-C, HDL-C, and TG concentrations, separately (Supplementary Figures S1, S2, S3), based on sci-
entific evidence and biological plausibility of the association. To build the theoretical models, we considered all
possible variables that were relevant to the association of B-vitamins and lipoprotein concentrations, even those
not measured in the present study (unobserved or latent variables), such as methylene tetrahydrofolate reductase
(MTHFR), cholesterol 7 alpha-hydroxylase (CYP7A1), 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-COA
reductase). The inclusion of latent variables is important to evaluate possible bias from unmeasured variables.
Based on the results of the DAG, the following variables were included in the adjusted model: (1) folate model:
weeks of gestation, quadratic weeks of gestation, maternal age, parity, smoking, first trimester BMI and gestational
dietary folate intake; (2) PLP model: weeks of gestation, quadratic weeks of gestation, maternal age, parity, smok-
ing, first-trimester pregnancy BMI, gestational dietary B-6 intake; and (3) total B-12 model: weeks of gestation,
quadratic weeks of gestation, maternal age, parity, smoking, first trimester BMI, gestational dietary B-12 intake.

All statistical analyses were performed using STATA version 15 (Statacorp LLC, College Station TX, USA).
The results were considered significant at P <0.05.

Data availability

The dataset supporting the conclusions of this article is not openly available due to confidentiality of informa-
tion. Consent for publication of raw data was not obtained, but a fully anonymous dataset can be obtained with
the corresponding author.

Received: 6 July 2020; Accepted: 9 November 2020
Published online: 19 November 2020

References
1. Fox, J. T. & Stover, P. J. Chapter 1 folate-mediated one-carbon metabolism. Vitam. Horm. 79, 1-44 (2008).

Scientific Reports |

(2020) 10:20141 | https://doi.org/10.1038/s41598-020-77231-7 nature research



www.nature.com/scientificreports/

10.

11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
. Ueland, P. M., Ulvik, A., Rios-Avila, L., Midttun, @. & Gregory, J. E. Direct and functional biomarkers of vitamin B6 status. Annu.

31.

32.
33.

34.

35.
36.

37.
38.
39.
40.
41.
42.

43.
. Ubbink, J. B., Serfontein, W. J. & De Villiers, L. S. Stability of pyridoxal-5-phosphate semicarbazone: Applications in plasma vitamin

. Shane, B. Folate, vitamin B12 and vitamin B6. In Biochemical, Physiological, Molecular Aspects of Human Nutrition (ed. Stipanuk,

M. H.) 693-732 (Saunders, Philadelphia, 2006).

. Stipanuk, M. H. Sulfur amino acid metabolism: Pathways for production and removal of homocysteine and cysteine. Annu. Rev.

Nutr. 24, 539-577 (2004).

. Vance, D. E. Role of phosphatidylcholine biosynthesis in the regulation of lipoprotein homeostasis. Curr. Opin. Lipidol. 19, 229-234

(2008).

. Pritchard, P. H. & Vance, D. E. Choline metabolism and phosphatidylcholine biosynthesis in cultured rat hepatocytes. Biochem.

J. 196, 261-267 (1981).

. Cikot, R.J. et al. Longitudinal vitamin and homocysteine levels in normal pregnancy. Br. J. Nutr. 85, 49-58 (2007).
. Solé-Navais, P. et al. Early pregnancy folate-cobalamin interactions and their effects on cobalamin status and hematologic variables

throughout pregnancy. Am. J. Clin. Nutr. 107, 173-182 (2018).

. Zhao, M. et al. Chronic folate deficiency induces glucose and lipid metabolism disorders and subsequent cognitive dysfunction

in mice. PLoS One 13, 1-16 (2018).

. Champier, J., Claustrat, F,, Nazaret, N., Montange, M. F. & Claustrat, B. Folate depletion changes gene expression of fatty acid

metabolism, DNA synthesis, and circadian cycle in male mice. Nutr. Res. 32, 124-132 (2012).

Li, W. X, Lv, W. W,, Daj, S. X., Pan, M. L. & Huang, J. E Joint associations of folate, homocysteine and MTHFR, MTR and MTRR
gene polymorphisms with dyslipidemia in a Chinese hypertensive population: A cross-sectional study. Lipids Health Dis. 14, 1-11
(2015).

Saraswathy, K. N., Joshi, S., Yadav, S. & Garg, P. R. Metabolic distress in lipid & one carbon metabolic pathway through low Vitamin
B-12: A population based study from North India. Lipids Health Dis. 17, 1-8 (2018).

Semmler, A. et al. Plasma folate levels are associated with the lipoprotein profile: A retrospective database analysis. Nutr. J. 9, 12-15
(2010).

Zeng, Z., Liu, F. & Li, S. Metabolic adaptations in pregnancy: A review. Ann. Nutr. Metab. 70, 59-65 (2017).

Ryckman, K. K., Spracklen, C. N., Smith, C.]., Robinson, ]. G. & Saftlas, A. E. Maternal lipid levels during pregnancy and gestational
diabetes: A systematic review and meta-analysis. BJOG Int. ]. Obstet. Gynaecol. 122, 643-651 (2015).

Jin, W. Y. et al. Associations between maternal lipid profile and pregnancy complications and perinatal outcomes: A population-
based study from China. BMC Pregnancy Childbirth 16, 1-9 (2016).

Wang, C. et al. Recommended reference values for serum lipids during early and middle pregnancy: A retrospective study from
China. Lipids Health Dis. 17, 1-16 (2018).

Vrijkotte, T. G. M. et al. Maternal lipid profile during early pregnancy and pregnancy complications and outcomes: The ABCD
study. J. Clin. Endocrinol. Metab. 97, 3917-3925 (2012).

Mujica-Coopman, M. E. et al. Vitamin B-6 status in unsupplemented pregnant women is associated positively with serum doco-
sahexaenoic acid and inversely with the n-6-to-n-3 fatty acid ratio. J. Nutr. 147, 170-178 (2017).

Wang, J., Li, Z. & Lin, L. Maternal lipid profiles in women with and without gestational diabetes mellitus. Medicine (Baltimore) 98,
€15320 (2019).

Shen, H., Liu, X., Chen, Y., He, B. & Cheng, W. Associations of lipid levels during gestation with hypertensive disorders of pregnancy
and gestational diabetes mellitus: A prospective longitudinal cohort study. BMJ Open 6, 20 (2016).

Villar, J. et al. Effect of fat and fat-free mass deposition during pregnancy on birth weight. Am. J. Obs. Gynecol. 167, 1344-1352
(1992).

Pauwels, S. et al. Maternal methyl-group donor intake and global DNA (hydroxy)methylation before and during pregnancy.
Nutrients 8, 474 (2016).

Campos, H., Walsh, B. W,, Judge, H. & Sacks, F. M. Effect of estrogen on very low density lipoprotein and low density lipoprotein
subclass metabolism in postmenopausal women. J. Clin. Endocrinol. Metab. 82, 3955-3963 (1997).

Price, T. M. et al. Estrogen regulation of adipose tissue lipoprotein lipase—possible mechanism of body fat distribution. Am. J.
Obstet. Gynecol. 178, 101-107 (1998).

Alvarez, J. J., Montelongo, A., Iglesias, A., Lasuncién, M. A. & Herrera, E. Longitudinal study on lipoprotein profile, high density
lipoprotein subclass, and postheparin lipases during gestation in women. J. Lipid Res. 37, 299-308 (1996).

Williams, C. & Coltart, T. M. Adipose tissue metabolism in pregnancy: The lipolytic effect of human placental lactogen. BJOG 85,
43-46 (1978).

Fernandez-Roig, S. et al. Low folate status enhances pregnancy changes in plasma betaine and dimethylglycine concentrations
and the association between betaine and homocysteine. Am. J. Clin. Nutr. 97, 1252-1259 (2013).

Plumptre, L. et al. Suboptimal maternal and cord plasma pyridoxal 5’ phosphate concentrations are uncommon in a cohort of
Canadian pregnant women and newborn infants. Matern. Child Nutr. 14, 12467 (2018).

King, J. C. Physiology of pregnancy and nutrient metabolism. Am. J. Clin. Nutr. 71, 1218-1225 (2000).

Rev. Nutr. 35, 33-70 (2015).

Molloy, A. M., Kirke, P. N., Brody, L. C., Scott, ]. M. & Mills, J. L. Effects of folate and vitamin B12 deficiencies during pregnancy
on fetal, infant, and child development. Food Nutr. Bull. 29, 101-111 (2008).

Dasarathy, J. et al. Methionine metabolism in human pregnancy. Am. J. Clin. Nutr. 91, 357-365 (2010).

Hirsch, S. et al. Methylation status in healthy subjects with normal and high serum folate concentration. Nutrition 24, 1103-1109
(2008).

Watkins, S. M., Zhu, X. & Zeisel, S. H. Phosphatidylethanolamine-N-methyltransferase activity and dietary choline regulate liver-
plasma lipid flux and essential fatty acid metabolism in mice. J. Nutr. 133, 3386-3391 (2003).

Sundler, R. & Akesson, B. Regulation of phospholipid isolated rat hepatocytes biosynthesis in. J. Biol. Chem. 250, 3359-3367 (1975).
Noga, A. A. & Vance, D. E. A gender-specific role for phosphatidylethanolamine N-methyltransferase-derived phosphatidylcholine
in the regulation of plasma high density and very low density lipoproteins in mice. J. Biol. Chem. 278, 2185121859 (2003).
Nishimaki-Mogami, T., Yao, Z. & Fujimori, K. Inhibition of phosphatidylcholine synthesis via the phosphatidylethanolamine
methylation pathway impairs incorporation of bulk lipids into VLDL in cultured rat hepatocytes. J. Lipid Res. 43, 1035-1045 (2002).
Jiang, X., West, A. A. & Caudill, M. A. Maternal choline supplementation: A nutritional approach for improving offspring health?.
Trends Endocrinol. Metab. 25, 263-273 (2014).

Yan, J. et al. Pregnancy alters choline dynamics: Results of a randomized trial using stable isotope methodology in pregnant and
nonpregnant women. Am. J. Clin. Nutr. 98, 1459-1467 (2013).

Christensen, K. E. et al. High folic acid consumption leads to pseudo-MTHEFR deficiency, altered lipid metabolism, and liver injury
in mice. Am. J. Clin. Nutr. 101, 646-658 (2015).

Qayyum, E et al. Genetic variants in CYP7A1 and risk of myocardial infarction and symptomatic gallstone disease. Eur. Heart J.
39,2106-2116 (2018).

Brosnan, J. T, Brosnan, M. E., Bertolo, R. E. P. & Brunton, J. A. Methionine: A metabolically unique amino acid. Livest. Sci. 112,
2-7 (2007).

Willet, W. C. Nutritional Epidemiology. Monographs in epidemiology and biostatistics. (Oxford University Press, Oxford , 2013).

B6 analysis and population surveys of vitamin B6 nutritional status. J. Chromatogr. B Biomed. Sci. Appl. 342, 277-284 (1985).

Scientific Reports |

(2020) 10:20141 | https://doi.org/10.1038/s41598-020-77231-7 nature research



www.nature.com/scientificreports/

45. Friedewald, W., Levy, R. & Fredrickson, D. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 18, 499-502 (1972).

46. World Health Organization. Obesity and overweight. https://www.who.int/mediacentre/factsheets/fs311/en/.

47. Sichieri, R. & Everhart, J. E. Validity of a brazilian food frequency questionnaire against dietary recalls and estimated energy intake.
Nutr. Res. 18, 1649-1659 (1998).

48. Pereira, R. et al. Validation of energy intake estimated from food frequency questionnaire and 24-hour recall against Double
Labeled Water. Arch Public Health 68, 20 (2010).

49. Lima, D. Tabela Brasileira de composigdo de alimentos—-TACO: Niicleo de Estudos e Pesquisas em Alimentagdo (NEPA) da Univer-
sidade Estadual de Campinas (UNICAMP) [Brazilian Food-Composition Table, Interdisciplinary Center for Food Research, Brazil.]
(in Portuguese). (2006).

50. USDA. Agricultural Research Service USDA National Nutrient Database for Standard Reference, Release 24. Nutrient Data Labora-
tory Home Page, /ba/bhnrc/ndl. (2011).

51. Institute of Medicine (US) Standing Committee on the Scientific Evaluation of Dietary Reference Intakes and its Panel on Folate,
Other B Vitamins, and C. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic
Acid, Biotin, and Choline. (1998).

52. Fausto, M. A,, Carneiro, M., Antunes, C. M. D. E, Pinto, J. A. & Colosimo, E. A. Mixed linear regression model for longitudinal
data: Application to an unbalanced anthropometric data set. Cad. Saude Publ. 24, 513-524 (2008).

53. Textor, J., van der Zander, B., Gilthorpe, M. K., Liskiewicz, M. & Ellison, G. T. H. Robust causal inference using directed acyclic
graphs: The R package “dagitty”. Int. . Epidemiol. 45, 1887-1894 (2016).

54. Cortes, T. R., Faerstein, E. & Struchiner, C. J. Use of causal diagrams in epidemiology: Application to a situation with confounding.
Cad. Saude Publ. 32,1-13 (2016).

55. Shrier, I. & Platt, R. W. Reducing bias through directed acyclic graphs. BMC Med. Res. Methodol. 8, 1-15 (2008).

Acknowledgements

This research has been funded by the National Council for Scientific and Technological Development (CNPq), the
Carlos Chagas Filho Foundation for Research Support of Rio de Janeiro State (FAPER]), Coordenagao de Aper-
feicoamento de Pessoal de Nivel Superior, Brazil, the Food Nutrition and Health Vitamin Research Fund—The
University of British Columbia. GK is a research fellow from CNPq. YL acknowledges funding from the Canada
Research Chair Program of the Canadian Institutes of Health Research, and MFMC acknowledges funding from
the Canada-Chile Leadership Exchange Scholarship.

Author contributions

All authors have made substantial contributions to the analysis and interpretation of data; have drafted the article
and revised it critically; have seen and approved the contents of the submitted manuscript. M.T.S. carried out
the initial analyses, drafted the initial manuscript, and approved the final manuscript as submitted. A.C.C.E,
L.S.V,, and D.ER. advised on statistical analysis and provided critical input to the manuscript. M.EM.-C. and A.B.
conducted biochemical analyses, provided critical input to the manuscript, and approved the final manuscript
as submitted. S.S.-E conducted biochemical analyses. L.H.A., D.H., and Y.L. critically reviewed the manuscript
and approved the final manuscript as submitted. G.K. and J.S.V. conceptualized and designed the study; critically
reviewed the manuscript, and approved the final manuscript as submitted.

Competing interests

Silva MT, Mujica-Coopman ME, Figueiredo ACC, Hampel D, Vieira LS, Farias DR, Shahab-Ferdows, Allen LH,
Lamers Y, Kac G, and Vaz JS declare no competing interest. Brito A has consulted for DSM Nutritional products,
the Société des Products Nestlé SA, and for Global Healthcare Focus LLC, and received compensation.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77231-7.

Correspondence and requests for materials should be addressed to J.V.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20141 | https://doi.org/10.1038/s41598-020-77231-7 nature research


http://www.who.int/mediacentre/factsheets/fs311/en/
https://doi.org/10.1038/s41598-020-77231-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Maternal plasma folate concentration is positively associated with serum total cholesterol and low-density lipoprotein across the three trimesters of pregnancy
	Results
	Maternal characteristics. 
	Maternal B-vitamin, TC, LDL-C, HDL-C and TG concentrations across trimesters. 
	Maternal B-vitamin concentration and its association with TC, LDL-C, HDL-C, and TG concentration across weeks of gestation. 

	Discussion
	Methods
	Study design and participants. 
	Biochemical analyses. 
	Obstetric, demographic and lifestyle data collection. 
	Maternal anthropometric measurements. 
	Maternal dietary intake. 
	Statistical analyses. 
	Descriptive analysis. 
	Longitudinal analysis. 


	References
	Acknowledgements




