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GENERAL INTRODUCTION

General introduction

Introduction

Cardiovascular disease is the leading cause of death globally.! Despite major im-
provement in cardiovascular health, coronary heart disease remains responsible for
17.3 million deaths per year.! The developmental origins hypothesis suggests that
cardiovascular diseases have their origins in prenatal life and in early childhood.?
Adverse exposures, acting at different stages of fetal and early postnatal develop-
ment, lead to permanent adaptations in the structure, physiology and function of
various organ systems. This early programming contributes to short-term survival,
but increases the susceptibility of cardio-metabolic diseases later in life. Maternal
nutritional status is a major factor influencing fetal environment.?

Maternal nutrition during pregnancy might have significant consequences on
later health and well-being. The Dutch Hunger Winter study, which results were first
published in 1976 demonstrated the effects of intrauterine deprivation on subse-
quent adult health.* The Dutch famine study, which studied the influence of severe
undernutrition during pregnancy on offspring outcomes, showed for the first time
that undernutrition during gestation increases the risk of many diseases, including
obesity, heart disease, and diabetes. This study has provided crucial support and
fundamental insights for the growing field of the developmental origins of health
and disease. However, nowadays the Western countries are facing a burden of mal-
nutrition and a large amount of epidemiological studies indicated that a deficient
provision of nutrients during pregnancy results in long-lasting effects on the health
of mothers and their children. Thus, this suggests that improved maternal nutrition
with essential nutrients during gestation may reduce the risk of chronic diseases in
adults. However, not much is known about the influence of specific maternal nutri-
ents on offspring outcomes.

Maternal fatty acids during pregnancy are essential nutrients for the developing
fetus. Fatty acids are molecules composed of a hydrocarbon chain with a carboxylic
acid at one end. They can be classified by how many double bonds are present in the
hydrocarbon tail. The fatty acids without carbon-carbon double bonds are classified
as saturated fatty acids (SFAs), while those containing carbon-carbon double bonds
are classified as unsaturated, such as monounsaturated (MUFA) and polyunsaturated
fatty acids (PUFAs).> Two types of PUFAs are of particular interest, because they are
used in the body, but they cannot be synthesized de novo by humans. These two types
of essential fatty acids are n-3 and n-6 PUFAs.® Consequently these fatty acids must
be derived from the diet. The majority sources of SFAs and MUFAs come mainly from
animal and vegetable fats and oils. N-3 PUFAs are obtained from two dietary sources,
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seafood and plant oils, while the main source of n-6 PUFAs are animal fat. PUFAs
and their derivatives have important roles in cell membrane synthesis and regula-
tion of gene expression. They are also precursors of hormones and eicosanoids such
as prostaglandins, prostacyclin’s, thromboxanes and leukotrienes. These signalling
molecules are important for the regulation of several cellular processes, including
inflammation, immunity, coagulation and vasoconstriction.” In adult populations,
clinical and epidemiological studies have shown that higher SFAs and MUFAs are
strong predictors of hypertension and coronary heart disease mortality.®® On the
contrary, n-3 PUFAs, especially a-linolenic acid (ALA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), and linoleic acid (LA), a n-6 PUFA, protect against
cardiovascular disease.!?

During pregnancy, the fetus depends on maternal fatty acids availability.!! Fatty
acids can cross the placental syncytiotrophoblast as free fatty acids derived from
triglycerides and phospholipids. This process involves several fatty acid transport
and binding proteins.'? Placental transfer of PUFAs is an important factor in deter-
mining fetal growth and development.’® Studies have demonstrated that an adverse
maternal fatty acids profile, with higher levels of SFA and MUFA, but lower levels of
PUFA, are associated with increased risk of gestational hypertensive disorders.'**®
Moreover, evidence from randomized control trials has demonstrated that n-3 PUFA
supplementation during pregnancy results in higher birthweight and a decreased
risk of preterm delivery.!* However, thus far not much is known about the influence of
maternal fatty acids status during pregnancy on long-term offspring consequences.

In summary, maternal malnutrition during pregnancy may adversely affect long
term cardio-metabolic health of offspring. In less extreme environments, maternal
fatty acids status is an important factor associated with fetal development and birth
outcomes. Identifying the associations of maternal fatty acids status during pregnan-
cy with childhood cardio-metabolic outcomes, may help to develop future preventive
strategies that improve cardio-metabolic health in future generations by optimizing
maternal nutritional status during pregnancy. Therefore, studies presented in this
thesis were designed to identify the associations of maternal fatty acids status during
pregnancy with cardio-metabolic health outcomes of the mothers and their children.
The overall hypothesis of this thesis is given in the Figure 1.1.
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Figure 1.1. Overview of hypothesis for the associations of maternal fatty acid levels and cardio-metabolic
health of mothers and their children

Maternal environment
Prepregnancy body mass index, gestational
weight gain

l

Fatty acids during pregnancy
Saturated, monounsaturated and polyunsaturated fatty acids

l l

‘ Maternal pregnancy outcomes ‘ Childhood outcomes ‘

l v l l l l l
Placental Gestational Infant Childhood Lipids and
vascular Blood hypertensive subcutaneo body Blood insulin
function pressure disorders us fat mass composition pressure levels

Maternal environment

Maternal prepregnancy obesity is a major public health problem worldwide, and is
associated with adverse maternal and fetal pregnancy outcomes.!” Prepregnancy
obesity, defined as a body mass index (BMI) 230 kg/m?, is a risk factor for obstetric
complications, such as gestational diabetes, preeclampsia and adverse birth out-
comes.'®!® Excessive gestational weight gain is also related to adverse pregnancy
and offspring outcomes.?’ During pregnancy, both higher prepregnancy BMI and
excessive gestational weight gain could result in a higher risk of decreased insulin
sensitivity and therefore decreased ability of insulin to supress lipolysis, which
results in increase free fatty acid concentrations.?! Previous studies have reported
that a higher BMI during pregnancy is associated with higher levels of SFA and lower
levels of n-3 PUFA.?22 [t has also been suggested that obese women appear to have
poorer dietary quality compared with non-obese women, which may result in an
inadequate fatty acids profile.?* However, no previous study has examined the as-
sociations of maternal prepregnancy body mass index and gestational weight gain
during pregnancy with different maternal fatty acids levels.

Vascular adaptations during pregnancy

Gestational hypertensive disorders are the most common medical problem during
pregnancy, complicating approximately 7% of all pregnancies. They are a major
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cause of maternal, fetal and neonatal morbidity and mortality.2>?¢ Animal studies
demonstrated that higher intake of SFAs during pregnancy may cause placental
vascular damage and affect the regulation of placental blood flow, leading to preg-
nancy-related maternal hemodynamic maladaptation and gestational hypertensive
disorders.?” The role of fatty acids on gestational hypertensive disorders in human
pregnancy is poorly studied. During pregnancy, it has been suggested that higher
maternal levels of SFA and MUFA, but lower levels of PUFA, especially n-3 PUFAs,
are associated with higher maternal blood pressure.'*!> Thus far, results of studies
focused on the associations of maternal fatty acids and gestational hypertensive
disorders seem to be inconsistent and most studies have assessed only total free
fatty acids, while individual fatty acids have not been well studied.?® Also, not much
is known about direct effect of fatty acids on maternal blood pressure and placental
function throughout pregnancy. Thus, examining the associations between different
maternal fatty acid levels with hemodynamic adaptations during pregnancy and the
occurrence of gestational hypertensive disorders may provide further insight in the
pathways underlying these associations.

Childhood outcomes

PUFAs and offspring body composition

Childhood obesity is a major public health problem.?° During pregnancy, an adequate
maternal intake of nutrients contributes to early adaptations in fetal development.*°
PUFAs are an essential component for normal growth and early PUFAs exposure
might influence adipose tissue development through activation of peroxisome
proliferator-activated receptors, which promote adipogenesis.?! Previous animal and
human studies suggested that n-3 PUFA promotes weight loss; although the results
of studies are inconsistent.3?3* Studies in children also suggested that exposure to
n-3 PUFAs during pregnancy is associated with a lower risk of childhood obesity,
whereas maternal n-6 PUFAs during pregnancy increases adiposity in childhood.3>3¢
Thus far, most studies used childhood body mass index as a measure of adiposity.
Not much is known about the association between maternal plasma PUFA levels with
specific body fat measures from early infancy onwards. From a preventive perspec-
tive, it is important to obtain a better understanding of the associations of maternal
plasma n-3 and n-6 PUFA levels with detailed offspring fat mass measures from early
infancy onwards.
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PUFAs and offspring cardio-metabolic outcomes

Maternal nutrition during pregnancy may have long-term adverse consequences for
offspring cardio-metabolic health.?” Several studies during pregnancy have shown
that higher maternal PUFA levels are associated with higher blood pressure, total
cholesterol and insulin levels in children.?®*° However, the evidence for a possible
programming effect of PUFAs during pregnancy on later cardio-metabolic risk in
childhood is still sparse and inconclusive. Thus, understanding the relationship
between the maternal PUFA status during pregnancy and childhood systolic and dia-
stolic blood pressure as well as total-cholesterol, HDL-cholesterol, LDL-cholesterol,
triglycerides, insulin and c-peptide levels in the offspring, could identify specific ma-
ternal PUFA requirements during pregnancy which affect cardio-metabolic outcomes
in the offspring.

General aim of this thesis

The general aim of this thesis was to identify the associations of maternal plasma
fatty acid levels during pregnancy with maternal hemodynamic adaptations during
pregnancy and cardio-metabolic outcomes in childhood.

General design

The studies presented in this thesis were embedded in the Generation R Study, a
population based prospective cohort study from fetal life until young adulthood in
Rotterdam, The Netherlands.*! The Generation R Study is designed to identify early
environmental and genetic determinants of growth, development and health in fetal
life and childhood. All pregnant women living in the study area with a delivery date
between April 2002 and January 2006 were eligible for enrolment in this study. En-
rolment was aimed at early pregnancy, but was possible until the birth of the child. In
total, 9,778 mothers were enrolled in the study, of whom 8880 (91%) were included
during pregnancy (Figure 1.2). Assessments were planned in early pregnancy (<18
weeks of gestation), mid-pregnancy (18 - 25 weeks of gestation) and late pregnancy
(225 weeks of gestation), and included parental physical examinations, maternal
blood and urine collection, fetal ultrasound examinations, and self-administered
questionnaires. In the preschool period, from birth to 4 years of age, data collection
was performed in all children by questionnaires and visits to the routine child health
care centers. All children were invited to a dedicated research center in the Erasmus
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MC-Sophia Children’s Hospital to participate in detailed body composition and car-
diovascular follow-up measurements at the age of 6 years. Measurements during this
visit included anthropometrics, body composition, cardiovascular development and
blood sample collection.

Figure 1.2. Design and data collection in the Generation R Study

Total cohort
Enrollment during pregnancy (N=8,880 mothers) and at birth
(N=898 mothers)

A 4

Fetal period measurements

Physical examinations: multiple fetal growth and placental vascular ultrasounds, multiple
maternal weight and blood pressure measurements, parental body mass index
Questionnaires: Parental socio-demographic and lifestyle factors, health, infant diet
Maternal blood samples obtained

Birth
Medical record: Information on birth characteristics and pregnancy
complications

Cord blood obtained
Focus group, preschool period
Physical examinations: Infant subcutaneous fat measures

(N =904 infants)
Preschool period

Visits to childhood health care centers: child anthropometrics
Questionnaires: Parental and child health, lifestyle habits

i

School period

Physical examinations: anthropometrics, body fat distribution, blood
pressure, ultrasound assessment of cardiovascular development
Maternal and child blood samples obtained

Outline of this thesis

The objectives are addressed in several studies presented in this thesis. In Chapter
2, studies on maternal fatty acids status during pregnancy on gestational adaptations
are described. In Chapter 2.1, we examined the associations of prepregnancy body
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mass index and gestational weight gain with plasma fatty acid concentrations in
mid-pregnancy. The associations of maternal plasma fatty acid concentrations with
longitudinal blood pressure development and placental vascular function through-
out pregnancy and the risks of gestational hypertensive disorders are described in
Chapter 2.2.

In Chapter 3, we present studies focused on the associations of maternal n-3 and
n-6 PUFA levels with infant and childhood cardio-metabolic outcomes. The associa-
tions of maternal plasma n-3 and n-6 PUFA concentrations during pregnancy with
infant subcutaneous fat mass measures are presented in Chapter 3.1. In Chapter 3.2
and 3.3, we examined whether maternal plasma n-3 and n-6 PUFA concentrations
during pregnancy are associated with childhood adiposity and childhood blood pres-
sure, respectively. Chapter 3.5 describes the association of maternal plasma n-3 and
n-6 PUFA levels during pregnancy with lipid and insulin levels in childhood.

Finally, Chapter 4 provides a general discussion in which the studies described in
this thesis are described in broader context, and implications and suggestions for
future research are discussed.
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CHAPTER 2.1

Abstract

Obesity during pregnancy may be correlated with an adverse nutritional status
affecting pregnancy and offspring outcomes. We examined the associations of
prepregnancy body mass index and gestational weight gain with plasma fatty acid
concentrations in mid-pregnancy. This study was embedded in a population-based
prospective cohort study among 5,636 women. We obtained prepregnancy body mass
index and maximum weight gain during pregnancy by questionnaires. We measured
concentrations of saturated fatty acid (SFA), monounsaturated fatty acid (MUFA),
n-3 polyunsaturated fatty acid (n-3 PUFA) and n-6 polyunsaturated fatty acid (n-6
PUFA) at a median gestational age of 20.5 (95% range: 17.1-24.9) weeks. We used
multivariate linear regression models. As compared to normal weight women, obese
women had higher total SFA concentrations [difference: 0.10 standard deviation (SD)
(95% Confidence Interval (CI): 0, 0.19)] and lower total n-3 PUFA concentrations
[difference: - 0.11 SD (95% CI: - 0.20, - 0.02)]. As compared to women with sufficient
gestational weight gain, those with excessive gestational weight gain had higher SFA
concentrations [difference: 0.16 SD (95% CI: 0.08, 0.25)], MUFA concentrations [dif-
ference: 0.16 SD (95% ClI: 0.08, 0.24)] and n-6 PUFA concentrations [difference: 0.12
SD (95% CI: 0.04, 0.21)]. These results were not materially affected by adjustment
for maternal characteristics. Our results suggest that obesity and excessive weight
gain during pregnancy are associated with an adverse fatty acids profile. Further
studies are needed to assess causality and direction of the observed associations.

24



BODY MASS INDEX, GESTATIONAL WEIGHT GAIN AND FATTY ACIDS

Introduction

Overweight and obesity are major public health problems across all ages and popula-
tions in Western countries.!® Previous studies reported a prevalence of up to 30%
among pregnant women.”*® Obesity during pregnancy is associated with increased
risks of adverse pregnancy outcomes, including gestational hypertensive disorders,
gestational diabetes, fetal death and large size for gestational age infants.!!'* Recent
studies suggest that maternal obesity and excessive weight gain during pregnancy
are also associated with adverse cardiovascular outcomes in the offspring.!**> The
mechanisms underlying these associations may involve fetal cardiovascular and
metabolic adaptations in response to increased transport of specific fatty acids to
the placenta and fetus.'® Increased body mass index is associated with dyslipidemia
and insulin resistance during pregnancy, which may lead to increased circulating free
fatty acids concentrations.!” Among adolescents and adults, it has been shown that
a higher body mass index is associated with higher concentrations of saturated fatty
acids (SFAs), lower concentrations of n-3 polyunsaturated fatty acids (PUFAs) and
higher n-6/n-3 PUFA ratio.’®® A previous study in the United States among 129 preg-
nant women suggested that women who were obese before pregnancy had lower
concentrations of docosahexaenoic acid, an n-3 PUFA, and arachidonic acid, an n-6
PUFA, whereas concentrations of eicosapentaenoic acid, an n-3 PUFA, did not differ
by prepregnancy body mass index categories.?° This study did not have information
on other fatty acid concentrations available.

Therefore, we examined in a population-based prospective cohort study among
5,636 women, the associations of prepregnancy body mass index and gestational
weight gain with plasma fatty acid concentrations in mid-pregnancy.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from foetal life to adulthood in Rotterdam, the Netherlands.?*?? The
study has been approved by the Medical Ethical Committee of the Erasmus MC in
Rotterdam (MEC 198.782/2001/31). All mothers gave written consent. Pregnant
women with an expected delivery date from April 2002 to January 2006 were en-
rolled in the study. In total, 7,131 mothers were enrolled during pregnancy, of whom
6,954 had information on prepregnancy body mass index measurements available
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and gave birth to singleton live born children. Mid-pregnancy fatty acids concentra-
tions were measured among 5,636 women (Flow chart is given Figure 2.1.1).

Figure 2.1.1. Flow chart of the participants

N=7,131

Participants enrolled during pregnancy
and information about prepregnancy
maternal body mass index available

N=177
Excluded due to non-singleton live birth

v

N=6,954
Mothers with pre-pregnancy body mass index
available and singleton live birth

N=1,318
Excluded due to missing fatty acids

v

N=5,636
Mothers with available fatty acids
measurements

Prepregnancy body mass analysis:
N=5,636

Gestational weight gain analysis:
N=2,697

Prepregnancy body mass index and gestational weight gain

At enrollment, we measured height (cm) and weight (kg) without shoes and heavy
clothing, and calculated body mass index (kg/m?). Information about weight just
before pregnancy was obtained by questionnaire. In our population for analysis,
52.3% of all women were enrolled before a gestational age of 14 weeks. Correla-
tion of prepregnancy weight, obtained by questionnaire, and weight measured at
enrollment was 0.95 (P value<0.001). Prepregnancy body mass index was catego-
rized into 4 categories (underweight [<20.0 kg/m?], normal weight [20.0 -24.9 kg/
m?], overweight [25.0-29.9 kg/m?], and obese [230.0 kg/m?]). Information about
maximum weight during pregnancy was available in a subset of 2,697 women and
was assessed by questionnaire 2 months after delivery. According to the Institute of
Medicine guidelines, we defined insufficient and excessive gestational weight gain in
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relation to prepregnancy body mass index (for underweight and normal weight: total
weight gain <11.5 and >16.0 kg; for overweight: total weight gain <7 and >11.5 kg;
for obesity: total weight gain <5 and >9.0 kg, respectively).?

Fatty acid status

Venous samples were drawn at a median gestational age of 20.5 weeks (95% range:
17.1-24.9). To analyze fatty acids concentrations, EDTA plasma samples were select-
ed and transported to the Division of Metabolic Diseases and Nutritional Medicine,
Dr. von Hauner Children’s Hospital, University of Munich Medical Center. After being
thawed, the analysis of plasma glycerophospholipid fatty acids was performed by a
sensitive and precise high throughput method. This method is suitable for applica-
tions in large epidemiological studies.** Based on findings from previous studies, we
selected fatty acids for our analyses, which have been associated with the risk of
cardiovascular and metabolic outcomes in adults, and pregnancy outcomes.?>3° Se-
lected saturated fatty acids included total SFA concentrations, myristic acid (C14:0),
palmitic acid (C16:0) and stearic acid (C18:0). Monounsaturated fatty acids included
total MUFA concentrations, palmitoleic acid (C16:1n7) and oleic acid (C18:1n9).
Polyunsaturated fatty acid included total n-3 PUFA concentrations, a-linolenic acid
(ALA, C18:3n3), eicosapentaenoic acid (EPA, C20:5n3) and docosahexaenoic acid
(DHA, C22:6n3), and total n-6 PUFA concentrations, linoleic acid (LA, C18:2n6),
dihomo-y-linolenic acid (DGLA, C20:3n6) and arachidonic acid (AA, C20:4n6). The
ratio of total n-6/n-3 PUFA was calculated.?!

Covariates

We obtained information on maternal prepregnancy body mass index, age, education
level, ethnicity, parity, smoking, alcohol consumption and folic acid supplement by
questionnaires.?! First trimester maternal nutritional information was obtained by
food frequency questionnaire.?

Statistical analysis

Differences in subject characteristics between body mass index categories were ex-
amined with 1-way ANOVA tests. We assessed the associations of prepregnancy body
mass index, continuously and in categories, with fatty acid concentrations using lin-
ear regression models. Next, we assessed the associations of gestational weight gain,
continuously and in categories, with fatty acid concentrations during pregnancy using
linear regression models. To enable comparison of effect estimates, we constructed
standard deviation scores (SDS) ((observed value - mean) / SD) for each fatty acid
concentration. All models were adjusted for maternal age, educational level, ethnic-
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ity, parity, smoking, alcohol consumption, folic acid supplement use and total caloric
and fat intake during pregnancy. We have adjusted the regression models for these
maternal lifestyle factors, as they are known to be related with the main exposures
and outcomes. In addition, we also adjusted the analyses for folic acid supplement
use, which is known to increase plasma concentrations of docosahexaenoic acid and
eicosapentaenoic acid.*® We performed sensitivity analyses without adjusting for
total energy and fat intake. In order to test if the associations of gestational weight
gain with plasma fatty acid concentrations are influenced by maternal prepregnancy
body mass index, we presented results from the regression models unadjusted and
adjusted for maternal prepregnancy body mass index. Also, we tested potential inter-
actions between maternal prepregnancy body mass index categories and gestational
weight gain for the associations with plasma fatty acid concentrations. Since we did
not observe significant interactions, we did not perform the analyses focused on
gestational weight gain effects in strata of maternal prepregnancy body mass index
categories. Because of the correlation between the different fatty acids, we did not
apply correction for multiple testing. In order to reduce potential bias associated
with missing data and to maintain statistical power, we performed multiple imputa-
tions of missing covariates by generating 5 independent datasets using the Markov
Chain Monte Carlo method after which the pooled effect estimates were calculated.
All analyses were performed using Statistical Package of Social Sciences version 21.0
for Windows (SPSS Inc, Chicago, IL).

Results

Subject characteristics

Table 2.1.1 shows that obese pregnant women tended to be younger and lower
educated, as compared to normal weight women. Obese women also tended to
have a lower total energy intake and were more likely to have excessive weight
gain during pregnancy, compared to normal weight women. Correlations between
all fatty acid concentrations are shown in Supplementary Table S2.1.1. Observed
mid-pregnancy fatty acid concentrations according to body mass index are shown
in Supplementary Tables S2.1.2. Table $2.1.3 shows characteristics of women
according to gestational weight gain categories.
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Table 2.1.1. Characteristics of mothers (N = 5,636)?

Body mass categories

Total Group Underweight  Normal weight Overweight Obesity P Value*
(5,636) [<20.0 kg/m?] [20.0-24.9 kg/m?] [25.0-29.9 kg/m?] [230.0 kg/m?]
(n=881) (n=3,162) (n=1,094) (n=499)

Maternal Characteristics
Age (years) 29.8(5.2) 29.2(53) 30.1(5.2) 29.8(5.2) 29.2 (5.0) <0.01
Height (cm) 167.6 (7.3) 168.7 (7.0) 167.9 (7.3) 166.3 (7.5) 165.7 (7.4) <0.01
Weight (kg) 69.2 (13.1) 56.9 (6.7) 65.7 (7.3) 77.5(8.6) 95.2 (13.8) <0.01
Body mass index (kg/m?) 23.7 (44) 18.9 (0.9) 222(14) 269 (1.4) 339(3.7) <0.01
Education, No. higher 2340 (42.9) 389 (45.3) 1508 (48.9) 360 (34.5) 83 (17.8) <0.01
education (%)
Race / ethnicity, No. 3259 (58.4) 544 (62.2) 1976 (63.0) 529 (49.1) 210 (42.9) <0.01
European (%)
Parity, No. nulliparous (%) 3230 (57.3) 563 (63.9) 1917 (60.7) 534 (48.8) 216 (43.3) <0.01
Total energy intake (kcal) 2013 (587) 2061 (606) 2040 (574) 1953 (588) 1878 (602) <0.01
Carbohydrates, energy (%) 49.1(6.6) 49.3 (6.9) 49.3 (6.5) 48.8 (6.6) 48.1(7.2) 0.06
Proteins, energy (%) 14.9 (2.7) 14.6 (2.8) 14.9 (2.6) 15.0 (2.7) 152 (3.1) 0.03
Fat, Energy% 35.8(5.7) 35.9(5.9) 35.6 (5.5) 36.0 (5.6) 36.6 (6.5) 0.07
Folic acid supplement use 3354 (72.0) 535 (74.5) 1990 (66.9) 596 (66.0) 233 (68.6) <0.01
(yes), No. (%)
Smoking during pregnancy 1442 (26.7) 249 (29.4) 778 (25.6) 279 (26.9) 136 (28.5) 0.03
(ves), No. (%)
Alcohol consumption 2785 (51.8) 478 (56.4) 1713 (56.5) 427 (41.6) 167 (35.5) <0.01
during pregnancy (yes),
No. (%)
Gestational weight gain 14.9 (5.7) 14.9 (5.0) 15.4 (5.1) 14.3 (6.4) 11.7 (8.1) <0.01
(kg)
Gestational weight gain
categories

Insufficient, N (%) 546 (20.2) 93(21.2) 355 (21.6) 62 (13.6) 36 (22.8) <0.01

Sufficient, N (%) 922 (34.2) 198 (45.1) 618 (37.6) 76 (16.7) 30 (19.0)

Excessive, N (%) 1229 (45.6) 148 (33.7) 671 (40.8) 318(69.7) 92 (58.2)

2Values represent mean (SD), median (95% range), or number of subjects (valid%).
*Differences in subject characteristics between groups were evaluated using 1-way ANOVA test.

Saturated and monounsaturated fatty acid concentrations

Table 2.1.2 shows that a 1-SD higher body mass index was associated with 0.07
SD [95% confidence interval (CI): 0.04, 0.10] higher total SFA concentrations, and
specifically with higher palmitic acid and stearic acid concentrations, and with lower
myristic acid concentrations (all P values<0.05). As compared to normal weight
women, overweight and obese women had higher total SFA concentrations (all P val-
ues<0.05). A 1-SD higher gestational weight gain was associated with 0.09 SD (95%
CI: 0.05, 0.13) higher total SFA concentrations, and specifically with higher myristic,
palmitic and stearic acid concentrations. Total saturated fatty acid concentrations
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were not different between women with insufficient weight gain and with sufficient
weight gain.

Table 2.1.3 shows that body mass index was not associated with total MUFA and
oleic acid concentrations. However, a 1-SD higher body mass index was associated
with 0.08 SD (95% CI: 0.06, 0.11) higher palmitoleic acid concentrations. A 1-SD
higher gestational weight gain was associated with 0.10 SD (95% CI: 0.06, 0.13)

Table 2.1.2. Maternal weight during pregnancy with saturated fatty acid concentrations (N = 5,636)

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)
Total SFAs (SD) Myristic acid (SD) Palmitic acid (SD) Stearic acid (SD)

Body mass index*

Underweight [<20.0 kg/m?] -0.18 (-0.25,-0.10)*

-0.03 (-0.10, 0.04)
Reference
-0.13 (-0.19, -0.06)*
0.10 (0.00, 0.19)* -0.27 (-0.37,-0.18)*
0.07 (0.04, 0.10)* -0.08 (-0.11,-0.06)*

Normal weight [20.0-24.9 kg/m?]
Overweight [25.0-29.9 kg/m?]
Obesity [230.0 kg/m?]

Body mass index (SD)

Reference
0.08 (0.01, 0.14)*

-0.17 (-0.25,-0.10)*

Reference
0.08 (0.01, 0.15)
0.13(0.03, 0.22)*
0.08 (0.05, 0.11)*

-0.16 (-0.24,-0.09)*

Reference
0.08 (0.02, 0.15)*
0.07 (-0.03,0.16)
0.06 (0.04. 0.09)*

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)

Total SFAs (SD) Myristic acid (SD) Palmitic acid (SD) Stearic acid (SD)

Gestational weight gain®

Insufficient gestational weight
gain

-0.06 (-0.16, 0.05) -0.27 (-0.37,-0.17)* -0.04 (-0.14, 0.06) -0.06 (-0.16, 0.05)

Sufficient gestational weight gain Reference
0.16 (0.08, 0.25)*
0.09 (0.05, 0.13)*

0.10 (0.06, 0.14)*

Reference
0.15 (0.07, 0.23)*
0.18 (0.14, 0.22)*
0.17 (0.13, 0.21)*

Reference
0.15 (0.06, 0.23)*

Reference
0.17 (0.09, 0.26)*
0.08 (0.04, 0.11)* 0.10 (0.06, 0.14)*
0.09 (0.05, 0.12)* 0.11 (0.07, 0.15)*

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated fatty acid concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass

Excessive gestational weight gain
Gestational weight gain (SD)¢
Gestational weight gain (SD)¢

index. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and
total caloric and fat intake during pregnancy. *Values are regression coefficients (95% Confidence Interval) that reflect the difference
in SD of saturated fatty acid concentrations for insufficient weight gain and excessive weight gain women as compared to women with
sufficient weight gain, and per SD increase in weight gain. Models are adjusted for age, educational level, ethnicity, parity, smoking
and alcohol consumption, folic acid supplement use and total caloric and fat intake during pregnancy. Models for weight gain defined
according to the IOM criteria are additionally adjusted for pre-pregnancy body mass index. ‘Gestational weight gain SD unadjusted for
body mass index. ‘Gestational weight gain SD adjusted for body mass index. * P-value<0.05

higher total MUFA concentrations and all specific MUFA concentrations. Compared
to women with sufficient weight gain, those with excessive weight gain had higher
total MUFA, palmitoleic and oleic acid concentrations (all P values<0.05).

N-3 and n-6 polyunsaturated fatty acid concentrations

Table 2.1.4 shows that higher body mass index was not associated with total n-3
PUFA and docosahexaenoic acid concentrations, but was associated with lower
a-linolenic acid and eicosapentaenoic acid concentrations (all P values<0.05). As
compared to normal weight women, underweight women tended to have lower
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Table 2.1.3. Maternal weight during pregnancy with monounsaturated fatty acid concentrations (N =
5,636)

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.05 (-0.12, 0.02) -0.12 (-0.19,-0.05)* -0.03 (-0.10, 0.04)
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference
Overweight [25.0-29.9 kg/m?] -0.02 (-0.08, 0.05) 0.06 (-0.01, 0.13) -0.03 (-0.10, 0.04)
Obesity [230.0 kg/m?] -0.02 (-0.11, 0.07) 0.22 (0.13,0.32)* -0.07 (-0.16, 0.02)
Body mass index (SD) 0(-0.02, 0.03) 0.08(0.06,0.11)* -0.01 (-0.04, 0.01)

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.04 (-0.14, 0.06) -0.12 (-0.22,-0.01)* -0.04 (-0.14, 0.06)
Sufficient gestational weight gain Reference Reference Reference
Excessive gestational weight gain 0.16 (0.08, 0.24)* 0.18 (0.10, 0.27)* 0.17 (0.08, 0.24)*
Gestational weight gain (SD)* 0.10 (0.06, 0.13)* 0.13(0.10,0.17)* 0.10 (0.06, 0.14)*
Gestational weight gain (SD)¢ 0.10 (0.06, 0.14)* 0.15 (0.11, 0.19)* 0.10 (0.06, 0.14)*

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of monounsaturated fatty acid
concentrations for underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-
pregnancy body mass index. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption, folic
acid supplement use and total caloric and fat intake during pregnancy. "Values are regression coefficients (95% Confidence Interval)
that reflect the difference in SD of monounsaturated fatty acid concentrations for insufficient weight gain and excessive weight gain
women as compared to women with sufficient weight gain, and per SD increase in weight gain. Models are adjusted for age, educational
level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and total caloric and fat intake during pregnancy.
Models for weight gain defined according to the IOM criteria are additionally adjusted for pre-pregnancy body mass index. “Gestational
weight gain SD unadjusted for body mass index. ‘Gestational weight gain SD adjusted for body mass index. * P-value<0.05

total n-3 PUFA and all specific n-3 PUFA concentrations (all P values<0.05). Higher
gestational weight gain was not associated with n-3 PUFA and docosahexaenoic acid
concentrations, but was associated with higher a-linolenic acid eicosapentaenoic
acid concentrations. None of the n-3 PUFA concentrations were different between
women with excessive weight gain as compared to those with sufficient weight gain.
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Table 2.1.4. Maternal weight during pregnancy with n-3 polyunsaturated fatty acid concentrations (N =
5,636)

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

a-Linoleni Eicc taenoic Docosah vic

Total n-3 PUFAs (SD) acid (SD) acid (SD) acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.11 (-0.18, -0.05)* 0.06 (-0.01,0.13) -0.03 (-0.10, 0.04) -0.13 (-0.20,-0.06)*
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference Reference
Overweight [25.0-29.9 kg/m?] -0.04 (-0.11, 0.02) -0.17 (-0.24, -0.11)* -0.05 (-0.11,0.02) -0.01 (-0.07,0.06)
Obesity [230.0 kg/m?] -0.11(-0.20,-0.02)*  -032(-0.41,-0.23)*  -0.10 (-0.19,-0.01)* -0.05 (-0.14, 0.04)
Body mass index (SD) -0.02 (-0.04,0.01) -0.12 (-0.15,-0.09)*  -0.03 (-0.05,-0.01)* 0.01 (-0.02, 0.03)

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Total n-3 PUFAs (SD) a-Linoleni Eicosapentaenoic Docosah jic
acid (SD) acid (SD) acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.07 (-0.17,0.03) -0.14 (-0.24, -0.04)* -0.18 (-0.28,-0.07)* -0.01 (-0.11, 0.09)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.01 (-0.08, 0.09) 0.05 (-0.03,0.14) 0.02 (-0.07,0.11) -0.02 (-0.11, 0.06)
Gestational weight gain (SD)* 0.03 (-0.01, 0.06) 0.09 (0.05, 0.13)* 0.08 (0.04, 0.12)* -0.02 (-0.06, 0.02)
Gestational weight gain (SD)¢ 0.02 (-0.02, 0.06) 0.07 (0.04, 0.11)* 0.08 (0.04, 0.12)* -0.02 (-0.06, 0.02)

“Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. Models are adjusted for, age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and
total caloric and fat intake during pregnancy. *Values are regression coefficients (95% Confidence Interval) that reflect the difference
in SD of n-3 PUFA concentrations for insufficient weight gain and excessive weight gain women as compared to women with sufficient
weight gain, and per SD increase in weight gain. Models are adjusted for, age, educational level, ethnicity, parity, smoking and alcohol
consumption, folic acid supplement use and total caloric and fat intake during pregnancy. Models for weight gain defined according to
the IOM criteria are additionally adjusted for pre-pregnancy body mass index. ‘Gestational weight gain SD unadjusted for body mass
index. YGestational weight gain SD adjusted for body mass index. *P-value<0.05

Table 2.1.5 shows that 1-SD higher body mass index was associated with 0.06 SD
(95% CI: 0, 0.09) higher total n-6 PUFAs, and specifically with higher dihomo-y-
linoelinic acid and arachidonic acid, but with lower linoleic acid concentrations (all P
values<0.05). Compared to normal weight women, obese women had lower linoleic
acid concentrations, but higher dihomo-y-linolenic and arachidonic acid concentra-
tions (all P values<0.05). A 1-SD higher gestational weight gain was associated with
0.04 SD (95% CI: 0.01, 0.08) higher total n-6 PUFAs and specifically with higher
dihomo-y-linoelinic acid concentrations. As compared to women with sufficient
weight gain, those with excessive weight gain had higher n-6 PUFA concentrations (P
values<0.05). Only linoleic acid concentrations were not different between normal
weight and obese women.
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Table 2.1.5. Maternal weight during pregnancy with n-6 polyunsaturated fatty acid concentrations (N =

5,636)
Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations (95% Confidence
Interval)
Linoleic Dihomo-y-linolenic Arachidonic
Total n-6 PUFAs (SD) acid (SD) acid (SD) acid (SD)
Body mass index*

Underweight [<20.0 kg/m?]
Normal weight [20.0-24.9 kg/m?]
Overweight [25.0-29.9 kg/m?]
Obesity [230.0 kg/m?]

Body mass index (SD)

-0.17 (-0.24,-0.09)*

Reference
0.09 (0.02, 0.16)*
0.06 (-0.04, 0.15)

0.06 (0, 0.09)*

-0.03 (-0.11, 0.04)

Reference

-0.03 (-0.09, 0.04)
-0.23 (-0.32,-0.13)*
-0.05 (-0.08, -0.02)*

-0.27 (-0.34, -0.20)*

Reference
0.16 (0.10, 0.23)*
0.35 (0.26, 0.45)*
0.16 (0.14, 0.19)*

-0.23 (-0.30,-0.16)*

Reference
0.23 (0.16, 0.30)*
0.45 (0.35, 0.54)*
0.19(0.17,0.22)*

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations (95% Confidence
Interval)

Total n-6 PUFAs (SD)

Linolei

Dih

acid (SD)

acid (SD)

y-linolenic

Arachidonic
acid (SD)

Gestational weight gain®
Insufficient gestational weight gain
Sufficient gestational weight gain
Excessive gestational weight gain
Gestational weight gain (SD)*
Gestational weight gain (SD)¢

0.02 (-0.08,0.12)
Reference
0.12 (0.04, 0.21)*
0.04 (0.01, 0.08)*
0.05 (0.02, 0.09)*

0.02 (-0.09, 0.12)
Reference
0.05 (-0.04, 0.13)
0.02 (-0.02, 0.06)
0.01 (-0.02, 0.05)

-0.08 (-0.18, 0.02)
Reference
0.29 (0.21,0.37)*
0.15(0.11,0.19)*
0.18 (0.14, 0.22)*

0.07 (-0.04, 0.17)
Reference
0.05 (-0.03, 0.13)
-0.03 (-0.06, 0.01)
-0.00 (-0.04, 0.04)

“Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-6 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and
total caloric and fat intake during pregnancy. *Values are regression coefficients (95% Confidence Interval) that reflect the difference
in SD of n-6 PUFA concentrations for insufficient weight gain and excessive weight gain women as compared to women with sufficient
weight gain, and per SD increase in weight gain. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol
consumption, folic acid supplement use and total caloric and fat intake during pregnancy. Models for weight gain defined according to
the IOM criteria are additionally adjusted for pre-pregnancy body mass index. ‘Gestational weight gain SD unadjusted for body mass
index. ‘Gestational weight gain SD adjusted for body mass index. *P-value<0.05

Figure 2.1.2 shows that as compared to normal weight women, those with obesity
tended to have a 0.07 SD (95% CI: - 0.02, 0.15) higher n-6/n-3 PUFA ratio. Also, as
compared to women with sufficient weight gain, those with excessive weight gain
had a 0.06 SD (95% CI: - 0.01, 0.14) higher n-6/n-3 PUFA ratio.
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Figure 2.1.2. Maternal body mass index (A) and gestational weight gain (B) with n-6/n-3 PUFA ratio (N =
5,636)*
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(A) Values areregression coefficients (95% Confidence Interval) thatreflect the difference in SD of n-6/n-3 PUFAs ratio for underweight,
overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass index. Models
are adjusted for maternal age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and total
caloric and fat intake during pregnancy. * P-value<0.05. (B) Values are regression coefficients (95% Confidence Interval) that reflect
the difference in SD of n-6/n-3 PUFAs ratio for insufficient weight gain, and excessive weight gain women as compared to women with
sufficient weight gain, and per SD increase in weight gain. Models are adjusted for age, educational level, ethnicity, parity, smoking
and alcohol consumption, folic acid supplement use and total caloric and fat intake during pregnancy. Models for weight gain are
additionally adjusted for pre-pregnancy body mass index. * P-value<0.05.

Additional analysis

Similar results were observed when we did not adjust the gestational weight gain
analyses for maternal prepregnancy body mass index (Results given in Supplemen-
tary Tables S2.1.4 and S2.1.5). We observed similar results for all analyses without
adjustment for total energy and fat intake (Supplementary Tables $2.1.6-S2.1.9).
The results from the unadjusted models are given in Supplementary Tables
$2.1.10-S2.1.13. Results were not materially different between the adjusted and
unadjusted models.
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Discussion

In this population-based cohort study, we observed that higher prepregnancy body
mass index was associated with higher total SFA and total n-6 PUFA concentrations.
Also, we observed that higher gestational weight gain was, independent of pre-
pregnancy body mass index, associated with higher total SFA, MUFA and n-6 PUFA
concentrations.

Methodological considerations

This study was embedded in a population-based prospective cohort with a large
number of subjects. To the best of our knowledge, the current study is the largest
population-based study focused on the associations of body mass index and weight
gain during gestation with fatty acid concentrations. However, some limitations need
to be discussed. Within this study, we correlated prepregnancy body mass index and
maximum weight gain with mid-pregnancy fatty acid concentrations. The timing of
these measurements restricts us for drawing conclusions about the direction of any
association. However, fatty acid patterns in plasma phospholipids show a relatively
high degree of tracking over time.?** Information on maternal prepregnancy weight
and maximum weight was self-reported. We observed high correlations between
weight in early and late pregnancy with prepregnancy weight and maximum weight,
respectively, but self-reported weight might be underestimated. We measured a large
number of fatty acid concentrations in plasma samples only once during pregnancy.
No information was available about fatty acid concentrations in other trimesters.
Fatty acids measured in plasma may reflect a time frame of dietary intake of ap-
proximately 2 weeks and seem to be reasonable indicators for the recent intake 3.
Unfortunately, no information was available about erythrocyte lipid levels, which
would reflect a longer intake period. We assessed maternal dietary intake during
first trimester by a food frequency questionnaire (FFQ) and adjusted the main analy-
ses for maternal total energy and fat intake. No differences in results were observed
with and without adjustment for total energy and fat intake. Unfortunately, these
FFQs were not validated for assessing maternal dietary fatty acids intake. Further
observational and experimental studies are needed to explore the associations of
maternal dietary fatty acids intake with maternal body mass index and gestational
weight gain. Although, we were able to adjust our analyses for various potential con-
founders, residual confounding might still be an issue as in any observational study.
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Interpretation of main findings

Overweight and obesity during pregnancy are important public health problems and
are associated with adverse maternal and neonatal outcomes.’3” Multiple previous
studies have reported that higher prepregnancy body mass index and excessive
gestational weight gain are associated with increased risks of gestational diabetes,
neonatal mortality, and obesity in offspring.}1?1%37-39 The mechanism linking higher
maternal obesity and excessive gestational weight gain with offspring outcomes
may include fetal overnutrition.'® Fetal exposure to increased concentrations of free
fatty acids may lead to intrauterine metabolic adaptations and disproportionate
fetal growth.*® Increased concentrations of free fatty acids during pregnancy are as-
sociated with childhood obesity.**? Previously, we have shown that higher maternal
n-3 PUFA and lower n-6 PUFA concentrations in pregnancy are also associated with
lower childhood systolic blood pressure.*®

Results from previous studies support associations of obesity with fatty acid con-
centrations. A study among 124 adults in Australia showed that obese subjects had
lower plasma n-3 PUFA concentrations.!® A systematic review based on 21 studies
showed that overweight or obese adults had lower linoleic acid and higher dihomo-
y-linolenic acid, n-6 PUFAs.** A study among 120 adolescents aged 12 years old from
France showed that overweight adolescents had higher SFA concentrations and lower
total n-3 PUFA concentrations.*> Only one study has assessed the associations of
body mass index with fatty acid concentrations among pregnant women.?’ This study
among 129 pregnant women in the US showed that as compared with lean women,
obese women had lower docosahexaenoic acid, an n-3 PUFA, and arachidonic, an
n-6 PUFA, concentrations during pregnancy.?’ No information about other fatty acid
concentrations was available. In line with these previous results, we observed that
higher body mass index was associated with higher total n-6 PUFA concentrations.
Obese women had lower linoleic acid concentrations, but higher dihomo-y-linolenic
and arachidonic acid concentrations. All n-3 PUFA concentrations tended to be
lower among obese women with the strongest association for a-linolenic acid. For
the SFAs, obese women had lower myristic acid concentrations and higher palmitic
acid concentrations, whereas for the MUFAs, obese women had higher palmitoleic
acid concentrations. These results suggest that the associations of body mass index
with fatty acid concentrations in pregnant women are in line with those observed in
non-pregnant adults.

We also assessed the associations of gestational weight gain with fatty acid concen-
trations. Gestational weight gain is a complex measure, which reflects maternal fat
accumulation, fluid and blood volume expansion, and fetal and placental growth.?
Excessive gestational weight gain is defined as increased weight gain between the
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time of conception and the onset oflabor and is a related with pregnancy and offspring
outcomes.!* We observed that total SFA concentrations, specifically myristic, palmitic
and stearic acids, were higher among women with excessive gestational weight gain.
Excessive gestational weight gain was also associated with total MUFA concentra-
tions, specifically palmitoleic and oleic acids. We observed that excessive gestational
weight gain was associated with higher concentrations of total n-6 PUFA, specifically
dihomo-y-linoleic and arachidonic acids, but no association was observed with n-3
PUFA concentrations. The observed associations of excessive gestational weight gain
with fatty acid concentrations were present with and without adjustment of body
mass index. Thus, women with excessive gestational weight gain during pregnancy
have independent of their prepregnancy body mass index, an adverse fatty acid
profile.

Our results suggest that pregnant women with either a high body mass index or
high gestational weight gain have an adverse fatty acids profile, characterized by
higher concentrations of SFA, MUFA and n-6 PUFA, and lower concentrations of
n-3 PUFA. From our study, it is difficult to determine whether body mass index and
gestational weight gain cause adverse fatty acid profiles, or whether the direction of
the association is reversed. It has been suggested that higher n-6 PUFA concentra-
tions lead to higher adipose tissue development through promotion of preadipocyte
differentiation and that higher n-3 PUFA concentrations decreases adipose tissue
mass and suppresses development of obesity.*¢*” Also, saturated fatty acids and the
monounsaturated fatty acids stimulate adipocyte differentiation and triacylglycerol
accumulation.*® In the other direction, obesity alters adipose tissue metabolic and
endocrine function and leads to an increased release of fatty acids, affecting sub-
sequent adiposity and thus creating a vicious cycle.** Further studies are needed
to explore the causality and direction of the observed associations. Studies with
longitudinal measurements of both weight and fatty acid concentrations before
and during pregnancy may help to identify the direction of these associations. Also,
experimental and Mendelian Randomization studies may help to assess the causality
of the observed associations.**%

Conclusion
We observed that higher prepregnancy body mass index was associated with higher

total SFA and total n-6 PUFA concentrations, whereas higher gestational weight gain
was associated with higher total SFA, MUFA and n-6 PUFA concentrations. Further
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observational and experimental studies are needed for replication and to explore the

direction and underlying mechanism of these associations.
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Table S2.1.3. Comparison of subject characteristics according to gestational weight gain (N=2,697)?

Weight gain categories
Sufficient
Insuficient gestational Excessive
gestational weight gain gestational
Total Group weight gain (n=922) weight gain
(2,697) (n=546) (n=1,229) P Value*

Maternal Characteristics
Age (years) 293 (5.6) 307 (5.2) 31.5 (4.4) 308 (4.7) 0.02
Height (cm) 169.0 (7.2) 167.8 (6.9) 168.9 (7.3) 169.7 (7.1) <0.01
Weight (kg) 68.7 (12.1) 65.6 (11.9) 65.6 (10.4) 72.5 (12.6) <0.01
Body mass index (kg/m?) 232 (39) 23.1(4.3) 222(3.2) 239 (4.0) <0.01
Education, No. higher education (%) 1541 (57.9) 284 (52.8) 583 (64.2) 674 (55.5) <0.01
Race / ethnicity, No. European (%) 1939 (72.2) 352 (64.7) 680 (74) 907 (74) <0.01
Parity, No. nulliparous (%) 1635 (60.7) 292 (53.5) 534 (57.9) 809 (65.9) <0.01
Total energy intake (kcal) 2079 (543) 2066 (567) 2043 (554) 2110 (523) 0.56
Carbohydrates, energy (%) 48.5(6.2) 489 (6.1) 48.1(6.3) 48.6 (6.2) 0.36
Proteins, energy (%) 15.1 (2.6) 15.2 (2.6) 15.2 (2.5) 14.9 (2.6) 0.49
Fat, energy (%) 36.0 (5.3) 355 (5.4) 36.2 (5.3) 36.1(5.3) 038
?;;;C acid supplement use (yes), No. g4 (g3 ¢) 360 (77.7) 656 (84.7) 903 (85.2) <0.01
Smoking during pregnancy (yes), 614 (238) 80 (15.2) 170 (19.3) 364 (30.9) <0.01
No. (%)
Alcohol consumption during 1598 (61.9) 310 (58.8) 581 (65.9) 707 (60.3) 0.02

pregnancy (yes), No. (%)

aValues represent mean (SD), median (95% range), or number of subjects (valid%). *Differences in subject characteristics between
groups were evaluated using 1-way ANOVA test.

Table S2.1.4. Associations of maternal gestational weight gain during pregnancy with saturated and
monounsaturated fatty acid concentrations unadjusted for prepregnancy body mass index (N = 2,697)?

Difference in saturated fatty acid (SFA) concentrations
(95% Confidence Interval)

Total SFAs (SD) Myristic acid (SD) Palmitic acid (SD) Stearic acid (SD)
Gestational weight gain®*
Insufficient gestational weight gain -0.05 (-0.15, 0.06) -0.28 (-0.38,-0.18)* -0.03 (-0.13,0.07) -0.05 (-0.15, 0.06)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.19 (0.10,0.27)* 0.11 (0.03,0.19)* 0.17 (0.09, 0.25)* 0.20 (0.11, 0.28)*

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palm':‘:g)‘c acid Oleic acid (SD)
Gestational weight gain®®
Insufficient gestational weight gain -0.04 (-0.14, 0.06) -0.10 (-0.20,0) -0.05 (-0.15, 0.05)
Sufficient gestational weight gain Reference Reference Reference
Excessive gestational weight gain 0.16 (0.08, 0.24)* 0.21(0.13,0.30)* 0.15(0.07,0.23)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated and monounsaturated fatty
acid concentrations for insufficient weight gain and excessive weight gain women as compared to women with sufficient weight gain.
®Models are adjusted for maternal age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use
and total caloric and fat intake during pregnancy. ‘Models are unadjusted for maternal prepregnancy body mass index. * P-value<0.05
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Table S2.1.5. Associations of maternal gestational weight gain during pregnancy with n-3 and n-6
polyunsaturated fatty acid concentrations unadjusted for prepregnancy body mass index (N =2,697)*

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Eicosapentaenoic  Docosahexaenoic acid

Total n-3 PUFAs (SD)  «-Linolenic acid (SD)

acid (SD) (SD)
Gestational weight gain®*
Insufficient gestational weight gain -0.07 (-0.18,0.03) -0.16 (-0.26,-0.06)*  -0.18 (-0.29,-0.08)* -0.01 (-0.11, 0.09)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain -0.01 (-0.09, 0.07) -0.01 (-0.09, 0.08) -0.01 (-0.09, 0.09) -0.03 (-0.11, 0.06)

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)
Dihomo-gamma
Linoleic acid (SD)  linolenic acid (SD)  Arachidonic acid (SD)

Total n-6 PUFAs (SD)

Gestational weight gain®*

Insufficient gestational weight gain 0.03 (-0.07,0.13) 0.01 (-0.10,0.11) -0.05 (-0.15, 0.05) 0.10 (-0.02, 0.20)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.15(0.07,0.23)* 0.03 (-0.06,0.11) 0.36 (0.28, 0.44)* 0.13 (0.04, 0.22)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 and n-6 PUFA concentrations for
insufficient weight gain and excessive weight gain women as compared to women with sufficient weight gain. "Models are adjusted for
maternal age, educational level, ethnicity, parity, smoking and alcohol consumption, folic acid supplement use and total caloric and fat
intake during pregnancy. “‘Models are unadjusted for maternal prepregnancy body mass index. * P-value<0.05

Table S2.1.6. Associations of maternal weight during pregnancy with saturated fatty acid concentrations
unadjusted for total energy and fat intake (N = 5,636)*"

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)

Total SFAs (SD) Myristic acid (SD) Palmitic acid (SD) Stearic acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.17 (-0.24, -0.10)* -0.03 (-0.10, 0.05) -0.17 (-0.24, -0.10)* -0.16 (-0.23,-0.09)*
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference Reference
Overweight [25.0-29.9 kg/m?] 0.07 (0.01, 0.14)* -0.13 (-0.20,-0.07)* 0.07 (0.01, 0.14)* 0.08(0.02, 0.15)*
Obesity [230.0 kg/m?] 0.08 (-0.01, 0.18) -0.29 (-0.38,-0.20)* 0.11 (0.0, 0.20)* 0.06 (-0.04, 0.15)
Body mass index (SD) 0.07 (0.04, 0.09)* -0.09 (-0.11,-0.06)* 0.07 (0.05, 0.10)* 0.06 (0.03, 0.09)*

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)

Total SFAs (SD) Myristic acid (SD) Palmitic acid (SD) Stearic acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.06 (-0.16, 0.05) -0.26 (-0.36,-0.16)* -0.04 (-0.14, 0.06) -0.06 (-0.16, 0.05)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.16 (0.08, 0.25)* 0.15 (0.07,0.23)* 0.15 (0.06, 0.23)* 0.18 (0.09, 0.26)*
Gestational weight gain (SD)¢ 0.09 (0.05, 0.13)* 0.18 (0.14, 0.22)* 0.08 (0.04, 0.11)* 0.10 (0.06, 0.14)*
Gestational weight gain (SD)® 0.10 (0.06, 0.14)* 0.17 (0.14, 0.21)* 0.09 (0.05, 0.12)* 0.11 (0.07, 0.15)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated fatty acid concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption and folic acid supplement use
during pregnancy. "Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated fatty acid
concentrations for insufficient weight gain and excessive weight gain women as compared to women with sufficient weight gain, and
per SD increase in weight gain. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption and
folic acid supplement use during pregnancy. Models for weight gain defined according to the IOM criteria are additionally adjusted for
pre-pregnancy body mass index. ‘Models are unadjusted for total energy and fat intake. Gestational weight gain SD unadjusted for
body mass index. “Gestational weight gain SD adjusted for body mass index. * P-value<0.05.
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Table S2.1.7. Associations of maternal weight during pregnancy with monounsaturated fatty acid
concentrations unadjusted for total energy and fat intake (N =5,636)*"

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.05(-0.12, 0.02) -0.12 (-0.19, -0.05)* -0.02 (-0.09, 0.05)
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference
Overweight [25.0-29.9 kg/m?] -0.02 (-0.09, 0.04) 0.05(-0.02,0.12) -0.03 (-0.10, 0.03)
Obesity [230.0 kg/m?] -0.04 (-0.13, 0.05) 0.21(0.11, 0.30)* -0.09 (-0.18,0.01)
Body mass index (SD) -0.01 (-0.03,0.02) 0.08 (0.05, 0.10)* -0.02 (-0.05,0.01)

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.04 (-0.13, 0.06) -0.11 (-0.21,-0.01)* -0.04 (-0.14, 0.06)
Sufficient gestational weight gain Reference Reference Reference
Excessive gestational weight gain 0.16 (0.08,0.24)* 0.18 (0.10, 0.27)* 0.16 (0.08, 0.24)*
Gestational weight gain (SD)¢ 0.10 (0.06, 0.13)* 0.13 (0.10,0.17)* 0.10 (0.06, 0.14)*
Gestational weight gain (SD)° 0.10 (0.06, 0.14)* 0.15 (0.11, 0.18)* 0.10 (0.06, 0.14)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of monounsaturated fatty acid
concentrations for underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-
pregnancy body mass index. Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption and folic
acid supplement use during pregnancy. "Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of
monounsaturated fatty acid concentrations for insufficient weight gain, and excessive weight gain women as compared to women with
sufficient weight gain, and per SD increase in weight gain. Models are adjusted for age, educational level, ethnicity, parity, smoking and
alcohol consumption and folic acid supplement use during pregnancy. ‘Models are unadjusted for total energy and fat intake. Models
for weight gain defined according to the IOM criteria are additionally adjusted for pre-pregnancy body mass index. ‘Gestational weight
gain SD unadjusted for body mass index. “Gestational weight gain SD adjusted for body mass index.* P-value<0.05.
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Table S2.1.8. Associations of maternal weight during pregnancy with n-3 polyunsaturated fatty acid
concentrations unadjusted for total energy and fat intake (N =5,636)*"

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

a-Linolenic a Eicosapentaenoic Docosahexaenoic

Total n-3 PUFAs (SD) cid (SD) acfd (SD) acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.11 (-0.18, -0.05)* 0.06 (-0.01,0.13) -0.03 (-0.10,0.04) -0.13 (-0.20,-0.06)*
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference Reference
Overweight [25.0-29.9 kg/m?] -0.04 (-0.11,0.02) -0.18 (-0.24, -0.11)* -0.05 (-0.11, 0.02) -0.01 (-0.07, 0.06)
Obesity [230.0 kg/m?] -0.10 (-0.19,-0.02)*  -0.34 (-0.43,-0.25)* -0.09 (-0.18,0.01) -0.04 (-0.13, 0.05)
Body mass index (SD) -0.02 (-0.04, 0.01) -0.13 (-0.15,-0.10)* -0.02 (-0.05, 0.01) 0.01 (-0.02, 0.03)

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

mansrumsn) UG ey D)
Gestational weight gain®
Insufficient gestational weight gain -0.07 (-0.17,0.04) -0.14 (-0.24,-0.04)* -0.18 (-0.28,-0.07)* -0.01 (-0.11, 0.10)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.01 (-0.08, 0.09) 0.05 (-0.03,0.14) 0.02 (-0.07,0.11) -0.02 (-0.11, 0.06)
Gestational weight gain (SD)¢ 0.03 (-0.01, 0.06) 0.09 (0.05, 0.13)* 0.08 (0.04, 0.12)* -0.02 (-0.06, 0.02)
Gestational weight gain (SD)® 0.02 (-0.02, 0.06) 0.07 (0.04, 0.11)* 0.08 (0.04, 0.12)* -0.02 (-0.06, 0.02)

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. Models are adjusted for, age, educational level, ethnicity, parity, smoking and alcohol consumption and folic acid supplement
use during pregnancy.

bValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 PUFA concentrations for insufficient
weight gain, and excessive weight gain women as compared to women with sufficient weight gain, and per SD increase in weight gain.
Models are adjusted for age, educational level, ethnicity, parity, smoking and alcohol consumption and folic acid supplement use during
pregnancy. “‘Models are unadjusted for total energy and fat intake. Models for weight gain defined according to the IOM criteria are
additionally adjusted for pre-pregnancy body mass index. ‘Gestational weight gain SD unadjusted for body mass index. Gestational
weight gain SD adjusted for body mass index.* P-value<0.05.
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Table S2.1.9. Associations of maternal weight during pregnancy with n-6 polyunsaturated fatty acid

concentrations unadjusted for total energy and fat intake (N = 5,636)*"

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Total n-6 PUFAs (SD)

Linoleic
acid (SD)

Arachidonic
acid (SD)

Dihomo-y-linolenic
acid (SD)

Body mass index*

Underweight [<20.0 kg/m?]
Normal weight [20.0-24.9 kg/m?]
Overweight [25.0-29.9 kg/m?]
Obesity [230.0 kg/m?]

Body mass index (SD)

-0.16 (-0.24,-0.09)*
Reference
0.09 (0.02, 0.16)*
0.05 (-0.05, 0.14)
0.06 (0.03, 0.09)*

-0.03 (-0.10, 0.04)

Reference

-0.02 (-0.09, 0.05)
-0.23 (-0.32, -0.13)*
-0.05 (-0.08, -0.02)*

-0.27 (-0.34,-0.20)*
Reference
0.16 (0.09, 0.23)*
0.34 (0.24, 0.43)*
0.16 (0.13,0.18)*

-0.23 (-0.30,-0.16)*
Reference
0.23 (0.16, 0.30)*
0.44 (0.34,0.53)*
0.19 (0.16, 0.22)*

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Total n-6 PUFAs (SD)

Linoleic
acid (SD)

Arachidonic
acid (SD)

Dihomo-y-linolenic
acid (SD)

Gestational weight gain®
Insufficient gestational weight gain
Sufficient gestational weight gain
Excessive gestational weight gain
Gestational weight gain (SD)¢
Gestational weight gain (SD)®

0.02 (-0.09,0.12)
Reference
0.13 (0.04, 0.21)*
0.04 (0.01, 0.08)*
0.05 (0.02, 0.09)*

0.01(-0.09, 0.11)
Reference
0.05 (-0.04, 0.14)
0.02 (-0.02, 0.06)
0.01 (-0.02, 0.05)

0.07 (-0.03,0.17)
Reference
0.05 (-0.03,0.13)
-0.03 (-0.06,0.01)
-0.00 (-0.04, 0.04)

-0.08 (-0.18,0.02)
Reference
0.29 (0.21, 0.38)*
0.15(0.11,0.19)*
0.18 (0.14, 0.22)*

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-6 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. Models are adjusted for, age, educational level, ethnicity, parity, smoking and alcohol consumption and folic acid supplement
use during pregnancy. "Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-6 PUFA
concentrations for insufficient weight gain, and excessive weight gain women as compared to women with sufficient weight gain, and
per SD increase in weight gain. Models are adjusted for maternal body mass index, age, educational level, ethnicity, parity, smoking and
alcohol consumption and folic acid supplement use during pregnancy. ‘Models are unadjusted for total energy and fat intake. Models
for weight defined according to the IOM criteria are additionally adjusted for pre-pregnancy body mass index. Gestational weight gain

SD unadjusted for body mass index. °Gestational weight gain SD adjusted for body mass index.* P-value<0.05.
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Table S2.1.10. Associations of maternal weight during pregnancy with saturated fatty acid concentrations
unadjusted for maternal characteristics (N = 5,636)*°

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)

Total SFAs (SD) Mpyristic acid (SD) Palmitic acid (SD) Stearic acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.20 (-0.28,-0.13)* -0.05 (-0.12,0.02) -0.20 (-0.28,-0.13)* -0.18 (-0.25,-0.10)*
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference Reference
Overweight [25.0-29.9 kg/m?] 0.04 (-0.03, 0.11)* -0.19 (-0.26,-0.12)* 0.03 (-0.04, 0.10) 0.09 (0.02,0.16)*
Obesity [230.0 kg/m?] 0.03 (-0.06, 0.12)* -0.39 (-0.48,-0.29)* 0.03 (-0.06,0.13) 0.07 (-0.03,0.16)
Body mass index (SD) 0.06 (0.03, 0.08)* -0.11 (-0.14, -0.09)* 0.06 (0.03, 0.08)* 0.07 (0.04.0.09)*

Difference in saturated fatty acid (SFA) concentrations (95% Confidence Interval)

Total SFAs (SD) Mpyristic acid (SD) Palmitic acid (SD) Stearic acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.08 (-0.18, 0.02) -0.30 (-0.40,-0.20)* -0.07 (-0.17,0.03) -0.06 (-0.16, 0.04)
Sufficient gestational weight gain Reference Reference Reference Reference
Excessive gestational weight gain 0.17 (0.09, 0.25)* 0.16 (0.08, 0.24)* 0.15 (0.07,0.23)* 0.19 (0.10, 0.27)*
Gestational weight gain (SD)¢ 0.09 (0.05, 0.13)* 0.18 (0.14, 0.22)* 0.08 (0.04, 0.11)* 0.10 (0.06, 0.14)*
Gestational weight gain (SD)® 0.10 (0.06, 0.14)* 0.17 (0.13,0.21)* 0.09 (0.05, 0.12)* 0.11(0.07,0.15)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated fatty acid concentrations
for underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body
mass index. *Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of saturated fatty acid
concentrations for insufficient weight gain and excessive weight gain women as compared to women with sufficient weight gain, and
per SD increase in weight gain. ‘Models are unadjusted for potential confounders. Models for weight gain defined according to the IOM
criteria are additionally adjusted for pre-pregnancy body mass index. Gestational weight gain SD unadjusted for body mass index.
¢Gestational weight gain SD adjusted for body mass index. * P-value<0.05.
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Table S2.1.11. Associations of maternal weight during pregnancy with monounsaturated fatty acid
concentrations unadjusted for maternal characteristics (N = 5,636)*°

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.06 (-0.14, 0.01) -0.12 (-0.19,-0.05)* -0.05 (-0.12,0.03)
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference
Overweight [25.0-29.9 kg/m?] -0.14 (-0.20,-0.07)* -0.02 (-0.09, 0.05) -0.15 (-0.22, -0.08)*
Obesity [230.0 kg/m?] -0.22 (-0.31,-0.12)* 0.11 (0.01, 0.20)* -0.26 (-0.36,-0.17)*
Body mass index (SD) -0.06 (-0.08,-0.03)* 0.05(0.02, 0.07)* -0.07 (-0.10,-0.05)*

Difference in monounsaturated fatty acids (MUFAs) concentrations
(95% Confidence Interval)

Total MUFAs (SD) Palmitoleic acid (SD) Oleic acid (SD)
Gestational weight gain®
Insufficient gestational weight gain -0.10 (-0.20, 0) -0.15 (-0.25,-0.05)* -0.10 (-0.20, 0)
Sufficient gestational weight gain Reference Reference Reference
Excessive gestational weight gain 0.17 (0.09, 0.26)* 0.22 (0.14,0.31)* 0.17 (0.09, 0.25)*
Gestational weight gain (SD)¢ 0.10 (0.06, 0.13)* 0.13(0.10,0.17)* 0.10 (0.06, 0.14)*
Gestational weight gain (SD)® 0.10 (0.06, 0.14)* 0.15(0.11, 0.19)* 0.10 (0.06, 0.14)*

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of monounsaturated fatty acid
concentrations for underweight, overweight and obese women as compared to normal weight women, and per SD increase in
prepregnancy body mass index. *Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of
monounsaturated fatty acid concentrations for insufficient weight gain and excessive weight gain women as compared to women
with sufficient weight gain, and per SD increase in weight gain. ‘Models are unadjusted for potential confounders. Models for weight
gain defined according to the IOM criteria are additionally adjusted for prepregnancy body mass index. ‘Gestational weight gain SD
unadjusted for body mass index. °Gestational weight gain SD adjusted for body mass index. * P-value<0.05.
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Table S2.1.12. Associations of maternal weight during pregnancy with n-3 polyunsaturated fatty acid
concentrations unadjusted for maternal characteristics (N = 5,636)?

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)
Eicosapentaenoic

acid (SD)

Docosah icacid

Total n-3 PUFAs (SD)  a-Linolenic acid (SD)

(SD)

Body mass index*

Underweight [<20.0 kg/m?]
Normal weight [20.0-24.9 kg/m?]
Overweight [25.0-29.9 kg/m?]
Obesity [230.0 kg/m?]

Body mass index (SD)

-0.16 (-0.24,-0.09)*
Reference
-0.16 (-0.23,-0.09)*
-0.32 (-0.41,-0.22)*
-0.07 (-0.10, -0.05)*

0.04 (-0.03,0.12)
Reference
-0.25 (-0.32,-0.18)*
-0.44 (-0.54,-0.35)*
-0.16 (-0.18,-0.13)*

-0.07 (-0.15,0.01)
Reference
-0.17 (-0.23,-0.10)*
-0.30 (-0.40,-0.21)*
-0.08 (-0.11, -0.06)*

-0.18 (-0.26, -0.11)*
Reference
-0.13 (-0.19,-0.06)*
-0.26 (-0.36,-0.17)*
-0.05 (-0.08,-0.02)*

Difference in n-3 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Eicosapentaenoic
acid (SD)

Docosahexaenoic acid

Total n-3 PUFAs (SD)  a-Linolenic acid (SD) (sD)

Gestational weight gain®
Insufficient gestational weight gain
Sufficient gestational weight gain
Excessive gestational weight gain
Gestational weight gain (SD)¢
Gestational weight gain (SD)°

-0.15 (-0.25, -0.04)*
Reference
-0.01 (-0.10, 0.08)
0.03 (-0.01, 0.06)
0.02 (-0.02, 0.06)

-0.18 (-0.28,-0.07)*
Reference
0.07 (-0.01, 0.15)
0.09 (0.05, 0.13)*
0.07 (0.04, 0.11)*

-0.25 (-0.36,-0.14)*
Reference
0.01 (-0.08, 0.10)
0.08 (0.04, 0.12)*
0.08 (0.04, 0.12)*

-0.08 (-0.19,0.03)
Reference
-0.04 (-0.13,0.05)
-0.02 (-0.06, 0.02)
-0.02 (-0.06, 0.02)

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. *Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-3 PUFA concentrations for
insufficient weight gain, and excessive weight gain women as compared to women with sufficient weight gain, and per SD increase
in weight gain. ‘Models are unadjusted for potential confounders. Models for weight gain defined according to the IOM criteria are
additionally adjusted for pre-pregnancy body mass index. Gestational weight gain SD unadjusted for body mass index. ‘Gestational

weight gain SD adjusted for body mass index.* P-value<0.05.
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Table S2.1.13. Associations of maternal weight during pregnancy with n-6 polyunsaturated fatty acid
concentrations unadjusted for maternal characteristics (N = 5,636)*°

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Linoleic Dihomo-y-linolenic Arachidonic

Total n-6 PUFAs (SD) acid (SD) aci: (SD) acid (SD)
Body mass index*
Underweight [<20.0 kg/m?] -0.18 (-0.26, -0.11)* -0.04 (-0.12, 0.03) -0.28(-0.36,-021)*  -0.25(-0.32,-0.17)*
Normal weight [20.0-24.9 kg/m?] Reference Reference Reference Reference
Overweight [25.0-29.9 kg/m?] 0.16 (0.10, 0.23)* 0.05 (-0.02,0.11) 0.12 (0.05, 0.19)* 0.28 (0.21,0.34)*
Obesity [230.0 kg/m?] 0.15 (0.06, 0.25)* -0.13 (-0.22, -0.04)* 0.28 (0.18, 0.37)* 0.51 (0.42, 0.60)*
Body mass index (SD) 0.10 (0.08, 0.13)* -0.01 (-0.04, 0.01) 0.14 (0.12,0.17)* 0.22 (0.19, 0.24)*

Difference in n-6 Polyunsaturated fatty acids (PUFAs) concentrations
(95% Confidence Interval)

Linolei Dih y-linoleni Arachidonic

Total n-6 PUFAs (SD) acid (SD) acid (SD) acid (SD)

Gestational weight gain®
Insufficient gestational weight gain
Sufficient gestational weight gain
Excessive gestational weight gain
Gestational weight gain (SD)¢
Gestational weight gain (SD)®

0.05 (-0.06, 0.15) 0.05 (-0.06, 0.15) -0.10 (-0.19, 0.01) 0.08 (-0.02, 0.18)

Reference Reference Reference Reference
0.13 (0.04, 0.21)* 0.05 (-0.04,0.13) 0.31(0.23,0.39)* 0.06 (-0.03,0.14)
0.04 (0.01, 0.08)* 0.02 (-0.02, 0.06) 0.15(0.11, 0.19)* -0.03 (-0.06,0.01)
0.05 (0.02, 0.09)* 0.01 (-0.02, 0.05) 0.18 (0.14, 0.22)* -0.00 (-0.04, 0.04)

aValues are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-6 PUFA concentrations for
underweight, overweight and obese women as compared to normal weight women, and per SD increase in pre-pregnancy body mass
index. *Values are regression coefficients (95% Confidence Interval) that reflect the difference in SD of n-6 PUFA concentrations for
insufficient weight gain, and excessive weight gain women as compared to women with sufficient weight gain, and per SD increase in
weight gain. ‘Models are unadjusted for potential confounders. Models for weight defined according to the IOM criteria are additionally
adjusted for pre-pregnancy body mass index. “Gestational weight gain SD unadjusted for body mass index. ‘Gestational weight gain SD

adjusted for body mass index.* P-value<0.05.
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CHAPTER 2.2

Abstract

Background: An adverse fatty acids profile is associated with cardiovascular disease
in adults. We examined whether fatty acid concentrations during pregnancy also
affects blood pressure development, placental vascular resistance and the risk of
gestational hypertensive disorders.

Methods and Results: This study was embedded in a population-based prospective
cohort study among 6,823 pregnant women. We measured saturated fatty acid (SFA),
monounsaturated fatty acid (MUFA), n-3 polyunsaturated fatty acid (n-3 PUFA) and
n-6 polyunsaturated fatty acid (n-6 PUFA) concentrations at a median gestational
age of 20.5 (95% range: 16.5, 24.9) weeks. We repeatedly measured blood pressure
in each trimester of pregnancy. Umbilical and uterine artery vascular resistances
were assessed in the second and third trimester. Information about doctor diag-
nosed gestational hypertensive disorders was obtained from medical records. We
observed that higher maternal SFA concentrations, but not MUFA concentrations,
were associated with higher blood pressure from first trimester onwards (P val-
ues<0.05). Higher total maternal n-3 PUFA and n-6 PUFA concentrations, especially
docosahexaenoic acid (DHA) and linoleic acid (LA), were associated with a lower
blood pressure throughout pregnancy (P values<0.05). Maternal fatty acid concen-
trations were not consistently associated with placental vascular resistance indices.
Only higher maternal SFA concentrations were associated with the risk of gestational
hypertensive disorders (Odds Ratio (OR) 1.23 (95% CI: 1.09, 1.37) per SD increase
in total SFAs).

Conclusions: An adverse maternal fatty acids profile, characterized by higher
concentrations of SFA and lower concentrations of PUFA, is associated with higher
maternal blood pressure levels throughout pregnancy, but not with placental vascu-
lar resistance indices. Higher maternal SFA, but not other fatty acids, were associ-
ated with an increased risk of gestational hypertensive disorders. Further studies
are needed to identify through which pathways different fatty acids affect maternal
hemodynamic adaptations during pregnancy.
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Introduction

An adverse fatty acids profile may lead to increased risks of cardiovascular dis-
ease.!”? Results from observational studies and randomized controlled trials suggest
that higher saturated fatty acids (SFA) concentrations adversely affect cholesterol
metabolism and are associated with increased risks of hypertension and coronary
heart disease.* In contrast, higher n-3 polyunsaturated fatty acids (PUFA) concen-
trations, and linoleic acid (LA), a n-6 PUFA, seem to have beneficial effects on blood
pressure levels and endothelial function.>” For the current study, we hypothesized
that adverse fatty acid profile, characterized by higher concentrations of SFA and
lower concentrations of PUFA also lead to hemodynamic maladaptations during
pregnancy and increased risks of gestational hypertensive disorders. N-3 PUFAs act
as anti-oxidative and anti-inflammatory agents and may stimulate placental angio-
genesis, which is beneficial for adequate placental development.®® Conversely, SFA
and unsaturated fatty acids might increase placental inflammatory cytokines, de-
crease uterine volume blood flow and adversely affect placental efficiency resulting
in placental dysfunction.!®* Abnormal placental development leads to pregnancy-
related hemodynamic maladaptions and gestational hypertensive disorders.!? Thus
far, results from observational studies suggest that higher n-3 PUFA concentrations
during pregnancy are associated with a lower risk of pre-eclampsia, whereas higher
SFA and n-6 PUFA concentrations are associated with increased risks of pre-eclamp-
sia.’** However, results are not consistent, which may be due to differences in study
populations and adjustment for confounding factors.’*¢ In addition, not much is
known about the direct associations of different fatty acid concentrations with blood
pressure development during pregnancy and placental vascular function.

Therefore, in a population based prospective cohort study from early pregnancy
onwards among 6,823 pregnant women, we assessed the associations of maternal
plasma fatty acid concentrations with longitudinal blood pressure development,
placental vascular function throughout pregnancy and the risks of gestational hyper-
tensive disorders.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, the Netherlands.!”!® The
study has been approved by medical Ethical Committee of Erasmus Medical Center,
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Rotterdam. Written consent was obtained from all participating women.'” Response
rate at birth was 61%. In total, 8,879 women were enrolled during their pregnancy, of
whom 6,999 had information on mid-pregnancy fatty acid concentrations available.
We excluded pregnancies not leading to singleton live-born children and women
with preexisting hypertension or without information on blood pressure or placental
vascular function available, leading to a population for analysis of 6,823 pregnant
women (Supplemental Figure $2.2.1).

Fatty acids measurements

Venous samples were drawn at a median gestational age of 20.5 weeks (95% range:
16.5, 24.9). To analyze fatty acid concentrations, EDTA plasma samples were selected
and transported to the Division of Metabolic Diseases and Nutritional Medicine, Dr.
von Hauner Children’s Hospital, University of Munich Medical Center. After being
thawed, the analysis of plasma glycerophospholipid fatty acids was performed by a
sensitive and precise high throughput method. This method is suitable for applica-
tions in large epidemiological studies.?’ Based on findings from previous studies, we
selected fatty acids for our analyses, which have been associated with the risk of
cardiovascular disease in adults and adverse pregnancy outcomes.>?*2° Selected sat-
urated fatty acids included total SFA concentrations, myristic acid (C14:0), palmitic
acid (C16:0) and stearic acid (C18:0). Monounsaturated fatty acids included total
MUFA concentrations, palmitoleic acid (C16:1n7) and oleic acid (C18:1n9). Polyun-
saturated fatty acid included total n-3 PUFA concentrations, a-linolenic acid (ALA,
C18:3n3), eicosapentaenoic acid (EPA, C20:5n3) and docosahexaenoic acid (DHA,
C22:6n3), and total n-6 PUFA concentrations, linoleic acid (LA, C18:2n6), y-linoleic
acid (GLA, C18:3n6) and arachidonic acid (AA, C20:4n6). The ratio of total n-6/n-3
PUFA was calculated. The fatty acid concentrations were expressed as proportion of
total fatty acids present in the chromatogram (weight percentage, wt%) to express
the relative importance of a fatty acids set against the total fatty acids concentra-
tions.?®

Blood pressure measurements

We measured blood pressure with the validated Omron 907® automated digital
oscillometric sphygmanometer (OMRON Healthcare Europe B.V. Hoofddorp, the
Netherlands).?” All pregnant women were seated in upright position with back sup-
port, and were asked to relax for 5 min. A cuff was placed around the non-dominant
upper arm, which was supported at the level of the heart, with the bladder midline
over the brachial artery pulsation. In case of an upper arm exceeding 33 cm, a larger
cuff (32-42 cm) was used. The mean value of 2 blood pressure readings over a 60 s
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interval was documented for each participant. In total, we measured blood pressure
in 5,246 women in first trimester (median 13.2 weeks of gestation, 95% range 9.5,
17.4), in 6,790 women in second trimester (median 20.4 weeks of gestation, range
18.5-23.5), and in 6,469 women in third trimester (median 30.2 weeks of gestation,
95% range 28.6-32.8). For the analysis, 18,505 blood pressure measurements were
available.

Placental vascular resistance indices

We measured placental vascular resistance with recorded flow velocity waveforms
from the umbilical and uterine arteries in second and third trimester, as described
previously.!? Umbilical and uterine artery vascular resistance indices are parameters
of the feto-placental circulation and utero-placental circulation, respectively.?? A
raised uterine artery resistance index and umbilical artery pulsatility index indicate
increased placental resistance.? We measured umbilical artery pulsatility index in a
free-floating loop of the umbilical cord and uterine artery resistance index near the
crossover with the external iliac artery. For each measurement, three consecutive
uniform waveforms were recorded by pulsed Doppler ultrasound, during fetal apnea
and without fetal movement. We used the mean of three measurements for further
analysis.?

Gestational hypertensive disorders

We obtained information on pregnancy complications from medical records. Women
suspected of pregnancy complications based on these records were crosschecked
with the original hospital charts, as described elsewhere.?® Briefly, the following
criteria were used to identify women with gestational hypertension: development of
systolic blood pressure 2140 mm Hg and/or diastolic blood pressure 290 mm Hg af-
ter 20 weeks of gestation in previously normotensive women. These criteria plus the
presence of proteinuria (defined as two or more dipstick readings of 2+ or greater,
one catheter sample reading of 1+ or greater, or a 24 h urine collection containing at
least 300 mg of protein) were used to identify women with preeclampsia.?! Informa-
tion on pregnancy complications was available for 6,639 women.

Covariates

Gestational age was established by fetal ultrasonography during the first ultrasound
visit.!” Information on age was assessed at intake. Maternal weight and height were
assessed at enrollment, and body mass index was calculated. We collected informa-
tion about parity, ethnicity, education level, smoking, alcohol consumption, and folic
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acid supplementation use by questionnaires. First trimester total energy intake was
obtained by a food frequency questionnaire at enrolment.

Statistical analysis

First, we explored the associations of maternal fatty acid concentrations with re-
peatedly measured systolic and diastolic blood pressure using unbalanced repeated
measurement regression models. These models take the correlation between re-
peated measurements of the same subject into account, and allow for incomplete
outcome data.?? They are described in detail in the Supplementary Material. Second,
we examined the associations of maternal fatty acid concentrations with systolic and
diastolic blood pressure in each trimester of pregnancy, placental vascular function
in the second and third trimester of pregnancy and with presence of third-trimester
notching using regular multivariate linear and logistic regression models. Finally,
we assessed the associations of maternal fatty acid concentrations with the risk of
gestational hypertensive disorders using multivariate logistic regression models.
The effect estimates for these associations are shown per standard deviation change
in maternal fatty acid concentrations to enable comparison of effect estimates. All
models were adjusted for gestational age at enrollment and at blood pressure or
placental vascular resistance measurement, age, parity, ethnicity, educational level,
prepregnancy body mass index, smoking, alcohol consumption, folic acid supplemen-
tation use, and total calorie intake during pregnancy. These covariates were selected
based on their associations with the outcomes of interest based on previous studies
or a change in effect estimate of >10%. Missing data of covariates were imputed using
multiple imputations. Five imputed dataset were created and analysed together. The
repeated measurement analysis was performed using the Statistical Analysis System
version 9.2 (SAS, Institute Inc. Gary NC, USA), including the Proc Mixed module for
unbalanced repeated measurements. All other analyses were performed using the
Statistical Package of Social Sciences version 17.0 for Windows (SPSS Inc, Chicago,
IL, USA).

Results

Subject characteristics

Characteristics of the participants are shown in Table 2.2.1. Second trimester ma-
ternal total SFA, MUFA, n-3 and n-6 PUFA concentrations were 695.2 mg/L (102.2),
205.5 mg/L (40.1), 101.9 mg/L (27.2) and 603.4 mg/L (89.1), respectively. Of all
women, 240 women developed gestational hypertension and 146 women developed
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preeclampsia. Non-response analysis showed that those women without follow-up
measurements had a higher body mass index and higher concentrations of SFA,
MUFA, and n-6 PUFA (Supplemental Table S2.2.1). Supplemental Table S2.2.2
shows the correlation between all fatty acid concentrations.

Table 2.2.1. Maternal characteristics (n=6,823)!

Maternal characteristics Value
Age, mean (SD), years 29.7 (5.2)
Height, mean (SD), (cm) 167.3(7.4)
Prepregnancy body mass index, (kg/m2), mean (SD) 23.6 (4.3)
Gestational age at fatty acid measures, (weeks), median (95% range) 20.5 (16.5,24.9)
Education, No. (%)

Primary 695 (11.1)

Secondary 2906 (46.3)

Higher 2672 (23.5)
Ethnicity, No. (%)

Dutch or European 3254 (50.0)

Non - European 3255 (50.0)
Parity, No. (%)

Nulliparous 3790 (56.1)

Multiparous 2968 (43.9)
Total calorie intake, kcal, mean (SD) 2043 (568)
Folic acid supplement use, No. (%)

Yes 3654 (71.6)

No 1450 (28.4)
Smoking, N. (%)

Yes 1125 (18.7)

No 4889 (81.3)
Saturated fatty acids (SFAs)
Total SFAs 695.2 (102.2)
Myristic acid (C14:0) 10.5 (3.6)
Palmitic acid (C16:0) 493.9 (76.6)
Stearic acid (C18:0) 185.0 (27.8)
Monounsaturated fatty acids (MUFAs)
Total MUFAs 205.5 (40.1)
Palmitoleic acid (C16:1n7) 12.0 (5.6)
Oleic acid (€C18:1n9) 165.7 (32.9)
n-3 Polyunsaturated fatty acids (PUFAs)
Total n-3 PUFAs 101.9 (27.2)
a-Linolenic acid (C18:3n3) 5.0(1.9)
Eicosapentaenoic acid (C20:5n3) 8.4 (5.3)
Docosahexaenoic acid (C22:6n3) 76.5 (20.3)
n-6 Polyunsaturated fatty acids (PUFAs)
Total n-6 PUFAs 603.4(89.1)
Linoleic acid (C18:2n6) 361.5 (62.9)
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Table 1 Maternal characteristics (n=6,823)! (continued)

Maternal characteristics Value
Y-Linoleic acid (C18:3n6) 1.5 (0.68)
Arachidonic acid (C20:4n6) 156.5 (32.6)
n-6/n-3 PUFAs ratio 6.3(1.8)
Blood pressure measurements
First trimester
Systolic blood pressure, mean (SD), mmHg 115.4 (12.0)
Diastolic blood pressure, mean (SD), mmHg 68.1(9.3)
Second trimester
Systolic blood pressure, mean (SD), mmHg 116.4 (11.9)
Diastolic blood pressure, mean (SD), mmHg 66.9 (9.2)
Third trimester
Systolic blood pressure, mean (SD), mmHg 118.1(12.0)
Diastolic blood pressure, mean (SD), mmHg 68.9(9.2)

Placental vascular function

Second trimester placental resistance indices

Umbilical artery pulsatility index, mean (SD) 1.2 (0.19)

Uterine artery resistance index, mean (SD) 0.54 (0.09)
Third trimester placental resistance indices

Umbilical artery pulsatility index, mean (SD) 0.98(0.17)

Uterine artery resistance index, mean (SD) 0.48 (0.08)
Gestational hypertensive disorders

Gestational hypertension, No. (%), Yes 240 (3.7)

Pre-eclampsia, No. (%), Yes 146 (2.3)

'Values are means (standard deviations) or medians (95% range) or observed numbers (valid percentages). Valid percentages
represent the percentage of only non-missing cases in each category of categorical variables.

Maternal fatty acids and blood pressure development during pregnancy

Figure 2.2.1 (A and B) shows the systolic and diastolic blood pressure development
during pregnancy for women in different total SFA and MUFA quartiles. Systolic blood
pressure was higher from first trimester onwards in women in the highest quartile of
total SFA (P value<0.05).

The steepest increase in systolic blood pressure was also observed for women in
the highest total SFA quartile (P value<0.05). Diastolic blood pressure showed a mid-
pregnancy dip for women in all total SFA quartiles, and was highest for women in
the highest total SFA quartile throughout pregnancy (P value<0.05). As compared to
women in the lowest total MUFA quartile, women in higher total MUFA quartiles had
a higher systolic blood pressure throughout pregnancy. No differences in diastolic
blood pressure were present for different MUFA quartiles.
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Figure 2.2.1 Maternal SFA and MUFA concentrations with blood pressure in different trimesters
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Change patterns in systolic and diastolic blood pressure in mmHg for women with SFA and MUFA concentrations in the second, third
and fourth quartiles as compared with women in the first quartile based on repeated measurements analysis. *P < 0.05. P-value reflects
the significance level of B,, which reflects the difference in change in blood pressure per week per fourth quartile of SFA concentrations,
when compared with first quartile of SFA concentrations.

Figure 2.2.2 (A and B) shows the systolic and diastolic blood pressure develop-
ment during pregnancy for women in different total n-3 and n-6 PUFA quartiles.
Women in the highest total n-3 PUFA quartile had a lower diastolic blood pressure
from first onwards, but not systolic blood pressure, as compared to women in the
lower quartiles of total n-3PUFA (P value<0.05). Women in the highest total n-6 PUFA
quartile had a lower systolic and diastolic blood pressure throughout pregnancy, as
compared to women in the lower total n-6 PUFA quartiles (P value<0.05).
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Figure 2.2.2. Maternal n-3 and n-6 PUFA concentrations with blood pressure in different trimesters
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Table 2.2.2 shows the associations of different fatty acid concentrations with
blood pressure in each trimester of pregnancy from regular linear regression
models. Higher total SFA concentrations were associated with a higher systolic and
diastolic blood pressure from first trimester onwards (all P values<0.05). Among the
individual SFA concentrations, palmitic acid were associated with a higher systolic
and diastolic blood pressure from first trimester onwards (all P values<0.05). Of the
MUFAs, only palmitoleic acid concentrations were associated with a higher systolic
and diastolic blood pressure from first trimester onwards (all P values<0.05). Higher
n-3 PUFA concentrations and especially DHA concentrations were associated with
lower second and third trimester systolic and diastolic blood pressure (all P val-
ues<0.05). Higher total n-6 PUFAs and especially LA concentrations, were also asso-
ciated with lower systolic and diastolic blood pressure from first trimester onwards,
whereas higher concentrations of AA were associated with a higher second and third
trimester systolic and diastolic blood pressure (all P values<0.05). Higher n-6/n-3
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PUFA ratio was associated with a lower first trimester systolic blood pressure, but no
associations were observed in other trimesters.

Table 2.2.2. Associations of maternal fatty acid concentrations with blood pressure development during

pregnancy*
Differences in blood pressure (mmHg) in each trimester
Maternal fatty acids in SD (95% confidence interval) per SD difference in maternal PUFAs concentrations
First trimester Second trimester Third trimester
Systolic blood Diastolic blood Systolic blood Diastolic blood Systolic blood Diastolic blood
pressure pressure pressure pressure pressure pressure
Saturated fatty acids (SFAs)
Total SFA 1.29 0.92 1.76 1.33 1.41 0.86
(0.97,1.61)*  (0.68,1.17)*  (1.49,2.04)* (1.12,1.55)*  (1.12,1.69)*  (0.64,1.07)**
Myristic acid (C14:0) 0.23 -0.12 0.97 031 0.75 0.18
(-0.10, 0.55) (-0.37,0.13)  (0.69,1.25)**  (0.09,0.53)**  (0.46,1.03)**  (-0.04,0.40)
Palmitic acid (C16:0) 0.93 0.80 1.15 0.95 0.96 0.64
(0.61,1.25)*  (0.55,1.05)*  (0.87,1.43)*  (0.74,1.17)*  (0.67,1.24)*  (0.42,0.86)**
Stearic acid (€18:0) 0.12 -0.04 0.24 0.16 0.11 0.09
(-0.19,0.44) (-0.28,0.21) (-0.04,0.52) (-0.05,0.38) (-0.18, 0.40) (-0.13,0.30)
Monounsaturated fatty acids (MUFAs)
Total MUFAs -0.07 -0.21 0.18 -0.07 0.20 0.15
(-0.42,0.28) (-0.48,0.06) (-0.12, 0.49) (-0.30,0.17) (-0.11,0.51) (-0.09,0.39)
Palmitoleic acid (C16:1n7) 0.56 0.40 0.95 0.75 0.82 0.67
(0.24,0.88)*  (0.15,0.65)**  (0.68,1.24)*  (0.53,0.97)*  (0.53,1.10)*  (0.45,0.89)**
Oleic acid (C18:1n9) -0.08 -0.23 0.21 -0.11 0.19 0.09
(-0.42,0.27) (-0.51,0.03) (-0.10, 0.50) (-0.34,0.13) (-0.12,0.50) (-0.15,0.33)
n-3 Polyunsaturated fatty acids (PUFAs)
Total n-3 PUFAs 0.03 -0.22 -0.40 -0.19 -0.31 -0.25
(-0.30,0.36) (-0.48,0.04)  (-0.69,-0.11)**  (-0.42,0.04)  (-0.60,-0.01)* (-0.48,-0.02)*
a-Linolenic acid (C18:3n3) 0.08 -0.29 0.23 -0.10 0.20 -0.04
(-0.24,0.41)  (-0.55,-0.03)*  (-0.05,0.51) (-0.32,0.12) (-0.09, 0.49) (-0.27,0.18)
Eicosapentaenoic acid (C20:5n3) 0.32 -0.07 0.21 0.09 0.21 -0.03
(-0.01, 0.64) (-0.32,0.18) (-0.08, 0.49) (-0.14,0.31) (-0.08,0.50) (-0.26, 0.20)
Docosahexaenoic acid (C22:6n3) -0.06 -0.18 -0.57 -0.25 -0.47 -0.26
(-0.39,0.27) (-0.43,0.08)  (-0.86,-0.28)** (-0.47,-0.03)* (-0.76,-0.18)** (-0.49,-0.04)*
n-6 Polyunsaturated fatty acids (PUFAs)
Total n-6 PUFAs -0.65 -0.19 -0.76 -0.51 -0.70 -0.38
(-1.01,-0.29)**  (-0.48,0.09)  (-1.07,-0.45)** (-0.75,-0.27)** (-1.02,-0.38)** (-0.63,-0.14)**
Linoleic acid (C18:2n6) -0.92 -0.55 -0.90 -0.66 -0.74 -0.57
(-1.25,-0.59)** (-0.80,-0.29)** (-1.19,-0.61)** (-0.88,-0.44)** (-1.04,-0.45)** (-0.80,-0.35)**
Y-Linoleic acid (C18:3n6) 0.21 0.13 0.54 0.40 0.47 0.24
(-0.10, 0.52) (-0.12,0.37)  (0.27,0.82)**  (0.19,0.61)**  (0.19,0.75)**  (0.02, 0.45)**
Arachidonic acid (C20:4n6) 0.42 0.46 0.02 0.13 -0.09 0.21
(0.10,0.75)*  (0.20,0.71)**  (-0.26,0.30) (-0.09,0.35) (-0.38,0.20) (-0.01, 0.44)
n-6/n-3 PUFAs ratio -0.37 0.07 0.02 -0.06 0.07 0.03
(-0.72,0.02)**  (-0.20,0.34)  (-0.28,032)  (-0.29,0.18)  (-0.24,0.37)  (-0.21,0.27)

'Values are regression coefficients (95% Confidence Interval) and reflect the difference in blood pressure in mmHg per standard
deviation change in maternal fatty acid concentrations. All models are adjusted for gestational age at enrollment and gestational age at
maternal blood pressure measurement, maternal age, parity, ethnicity, education, body mass index, smoking, folic acid supplementation
use, alcohol consumption, and total calorie intake during pregnancy.
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Maternal fatty acid concentrations and placental vascular function

Table 2.2.3 shows that higher total SFA concentrations were not associated with
second and third trimester placental vascular resistance indices. Higher total MUFA
concentrations were only associated with lower second and third trimester umbilical
artery pulsatility index (differences: -0.05 (95% CI:-0.09, -0.02) and -0.05 (95% CI:
-0.09, -0.02) per SD increase of total MUFA concentrations). Among the individual
MUFAs, higher palmitoleic and oleic acid concentrations were associated with lower
second trimester umbilical artery pulsatility index and uterine artery resistance
indices (all P values<0.05). No consistent associations were observed among n-3
PUFA concentrations and placental vascular resistance measures. Higher total n-6
PUFA concentrations were associated with higher second and third trimester uterine
artery resistance index (differences: 0.06 (95% CI: 0.02, 0.10) and 0.05 (95% CI:
0.01, 0.09) per SD increase in total n-6 PUFA concentrations), but no consistent as-
sociations were observed among the individual n-6 PUFAs and placental vascular
resistance measures. A higher n-6/n-3 PUFAs ratio was associated with a lower
second trimester umbilical artery pulsatility index (difference: -0.04 (95% CI: -0.07,
-0.01) per SD increase in n-6/n-3 PUFAs ration), but not with other placental vascu-
lar resistance measures.
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Table 2.2.3. Associations of maternal fatty acid concentrations with placental vascular function®

Maternal fatty acids in SD Differences in placental vascular function (95% confidence interval) per SD difference in maternal fatty
acid concentrations
Second trimester Third trimester

Umbilical artery Uterine artery Umbilical artery Uterine artery Uterine artery

pulsatility index resistance index pulsatility index resistance index notching
Saturated fatty acids (SFAs)
Total SFAs -0.03 (-0.06,0.01) -0.02 (-0.05,0.01) -0.01 (-0.04,0.03) -0.02 (-0.05,0.01)  0.01 (-0.02, 0.05)
Myristic acid (C14:0) -0.04 (-0.07,-0.01)* -0.02 (-0.06,0.01) -0.02 (-0.05,0.01) -0.02 (-0.06,0.01) -0.02 (-0.06,0.01)
Palmitic acid (C16:0) -0.03 (-0.06,-0.01)* -0.04 (-0.07,-0.002) -0.03 (-0.06,-0.001) -0.01 (-0.04,0.03) -0.01(-0.03, 0.03)
Stearic acid (€18:0) 0.03 (0.01, 0.06)*  0.02 (-0.01, 0.06) 0.03 (0, 0.05) 0.01(-0.03,0.04)  0.02 (-0.01, 0.05)
Monounsaturated fatty acids (MUFAs)
Total MUFAs -0.05 (-0.09,-0.02)** -0.01 (-0.04, 0.02) -0.05 (-0.09,-0.02)** -0.01 (-0.04,0.02)  0.01 (-0.03, 0.04)
Palmitoleic acid (C16:1n7) -0.04 (-0.07,-0.01)* -0.03 (-0.06, -0.01)** -0.03 (-0.06,0.01) -0.01 (-0.04,0.01) -0.01 (-0.04, 0.03)
Oleic acid (C18:1n9) -0.004 (-0.03, 0.03) -0.05 (-0.09, -0.02)** -0.02 (-0.05, 0.01) -0.06 (-0.09,-0.02)** 0.01 (-0.03, 0.04)
n-3 Polyunsaturated fatty acids (PUFAs)
Total n-3 PUFAs 0.03 (0.01, 0.06)* -0.01 (-0.05,0.02) -0.02 (-0.05,0.01) -0.01(-0.05,0.02) -0.02 (-0.06, 0.01)
a-Linolenic acid (C18:3n3) 0.01(-0.02,0.04) -0.02(-0.05,0.01) -0.01(-0.04,0.02) -0.02 (-0.05,0.02) -0.01(-0.04,0.03)

Eicosapentaenoic acid (C20:5n3)  0.02 (-0.01,0.05)  -0.01 (-0.04,0.02) -0.04 (-0.07,-0.01)* 0.003 (-0.03,0.04) -0.04 (-0.07,-0.01)*
Docosahexaenoic acid (C22:6n3)  0.03 (0.01, 0.06)* -0.005 (-0.04,0.03) -0.01 (-0.04, 0.02) -0.003 (-0.04,0.03) -0.01 (-0.05, 0.02)

n-6 Polyunsaturated fatty acids (PUFAs)

Total n-6 PUFAs -0.01 (-0.04,0.02) 0.06 (0.02,0.10)* 0.03 (-0.001,0.06) 0.05 (0.01,0.09)*  0.01 (-0.03,0.04)
Linoleic acid (C18:2n6) -0.01(-0.04,0.02)  0.04(0,007)  0.01(-0.02,0.04) 0.01(-0.02,0.05) -0.01(-0.04,0.03)
Y-Linoleic acid (C18:3n6) -0.01(-0.04,0.02)  0(-0.03,0.03)  -0.01(-0.04,0.02) -0.002 (-0.03,0.03) -0.01(-0.04,0.02)
Arachidonic acid (C20:4n6) 0.03(0,006)  0.04(0.01,007) 0.03(0.01,0.06)* 0.06(0.03,0.09)* 0.03(-0.01,0.06)
n-6/n-3 PUFAS ratio -0.04 (-0.07,-0.01)* 0.02 (-0.01,0.06) 0.2 (-0.01,0.05) 0.2 (-0.01,0.06) 0.01 (-0.03,0.04)

'Values are regression coefficients (95% Confidence Interval) and reflect the difference in placental resistance index in SDS per standard
deviation change maternal fatty acid concentrations. All models are adjusted for gestational age at enrollment and gestational age at
placental resistance index measurement, maternal age, parity, ethnicity, education, body mass index, smoking, alcohol consumption,
folic acid supplementation use, and total calorie intake during pregnancy.

Maternal fatty acid concentrations and the risk of gestational hypertensive
disorders

Table 2.2.4 shows that higher total SFA concentrations were associated with the
risk of gestational hypertensive disorders, gestation hypertension and preeclampsia
(OR1.23 (95% CI: 1.09,1.37),1.19 (95% CI: 1.04,1.37) and 1.27 (95% CI: 1.08, 1.51)
per SD increase in total SFAs). Among the individual SFA concentrations, only stearic
acid tended to be associated with the risk of gestational hypertensive disorders. No
significant associations of MUFA, n-3 PUFA and n-6 PUFA concentrations with the
risk of gestational hypertensive disorders were present.
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Table 2.2.4. Associations of maternal fatty acid concentrations with the risk of gestational hypertensive
disorders!

Maternal fatty acids in SD OR for risk of gestational hypertensive disorders (95% range) per SD change in maternal fatty
acid concentrations
Gestational hypertensive Gestational hypertension Preeclampsia
disorders

Saturated fatty acids (SFAs)

Total SFAs 1.23(1.09, 1.37)* 1.19 (1.04, 1.37)* 1.27 (1.08, 1.51)*
Myristic acid (C14:0) 1.01(0.90, 1.13) 1.06 (0.92,1.22) 0.92 (0.77,1.10)
Palmitic acid (C16:0) 1.10(0.99, 1.23) 1.05(0.92,1.21) 1.17 (0.99, 1.39)
Stearic acid (C18:0) 1.11(1.00, 1.24) 1.14(0.99, 1.30) 1.08 (0.92,1.28)
Monounsaturated fatty acids (MUFAs)

Total MUFAs 0.98 (0.86,1.10) 0.92 (0.79, 1.07) 1.05(0.87,1.27)
Palmitoleic acid (C16:1n7) 1.09(0.98,1.21) 1.08 (0.94,1.23) 1.09 (0.93,1.29)
Oleic acid (C18:1n9) 0.97 (0.86,1.10) 0.91(0.78, 1.06) 1.07 (0.89,1.28)
n-3 Polyunsaturated fatty acids (PUFAs)

Total n-3 PUFAs 0.91(0.81,1.02) 0.93(0.80, 1.08) 0.88 (0.72, 1.06)
a-Linolenic acid (C18:3n3) 0.93(0.83,1.04) 0.89 (0.76,1.03) 0.99 (0.83,1.19)
Eicosapentaenoic acid (C20:5n3) 0.95 (0.84, 1.07) 1.01(0.88,1.16) 0.81 (0.64, 1.02)
Docosahexaenoic acid (C22:6n3) 0.92 (0.82,1.03) 0.92 (0.79, 1.07) 0.91 (0.76, 1.09)
n-6 Polyunsaturated fatty acids (PUFAs)

Total n-6 PUFAs 0.97 (0.86, 1.10) 1.01(0.86,1.19) 0.93(0.76, 1.13)
Linoleic acid (C18:2n6) 0.98 (0.87,1.10) 0.99 (0.85,1.14) 0.99 (0.83,1.18)
Y-Linoleic acid (C18:3n6) 1.00 (0.90,1.11) 1.03 (0.90,1.17) 0.97 (0.82,1.15)
Arachidonic acid (C20:4n6) 0.99 (0.89, 1.11) 1.02 (0.89,1.17) 0.94 (0.79, 1.11)
n-6/n-3 PUFAs ratio 1.08 (0.96, 1.22) 1.07 (0.92,1.25) 1.10(0.92,1.32)

Values are regression coefficients (95% Confidence Interval) and reflect the risk of gestational hypertensive disorders per standard
deviation change maternal fatty acid concentrations. All models are adjusted for gestational age at enrollment, maternal age, parity,
ethnicity, education, body mass index, smoking, alcohol consumption, folic acid supplementation use, and total calorie intake during
pregnancy.

Discussion

In this population based prospective cohort study, we observed that higher maternal
SFAs, but not MUFAs, were associated with a higher blood pressure from first trimes-
ter onwards and an increased risk of gestational hypertensive disorders. In contrast,
higher total maternal n-3 PUFA and n-6 PUFA concentrations, especially DHA and
LA, were associated with a lower systolic and diastolic blood pressure throughout
pregnancy, but not with second and third trimester placental vascular resistance
indices or the risk of gestational hypertensive disorders.

Methodological considerations

This study was embedded in a population-based prospective cohortamong 6,823 sub-
jects. To the best of our knowledge, the current study is the largest population-based
study focused on the associations of maternal fatty acid profiles during pregnancy,
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hemodynamic adaptations and gestational hypertensive disorders. The response
rate at baseline for participation in the Generation R Study cohort was 61%. The
non-response would lead to biased effect estimates if the associations were different
between those included and not included in the analyses, but this seems unlikely.
Furthermore, not all women were already enrolled in the study in first trimester.
Therefore, we did not have first trimester blood pressure measurements in ~25% of
the participating women. It seems unlikely that late enrolled has biased our results.
We had a relative small number of women with notching, gestational hypertension
and preeclampsia, which might indicate a selection towards a healthy, low-risk
population and may affect the generalizability of our results. We measured a large
number of fatty acid concentrations in plasma samples only once during pregnancy.
Fatty acids measured in plasma may reflect a time frame of dietary intake of ap-
proximately 2 weeks and seem to be reasonable indicators for the recent intake.* In
addition, fatty acid patterns in plasma phospholipids show a relatively high degree of
tracking over time.3*3% Therefore, fatty acid concentrations at mid-pregnancy might
be a reasonable proxy of fatty acids status throughout pregnancy. Several different
exposures and outcomes were studied, but since they are strongly related, we did
not perform adjustment for multiple testing. Although, detailed information about a
large number of potential confounding factors was available in this study, because of
the observational design, residual confounding due to other socio-demographic and
lifestyle-related determinants cannot be ruled out.

Interpretation of main findings

An unfavorable fatty acids profile is associated with cardiovascular disease and
mortality in adult populations.!* We hypothesized that during pregnancy suboptimal
maternal fatty acid concentrations, either excessive or insufficient, also adversely
affect gestational hemodynamic adaptations and predispose to an increased risk of
gestational hypertensive disorders.?3243¢

It is well known that an adverse fatty acids profile is associated with increased
blood pressure in non-pregnant adult populations.?” A study among 162 healthy sub-
jects reported that higher MUFA decrease systolic and diastolic blood pressure, but
no associations were observed between SFAs and n-3 PUFAs with blood pressure.*®
Recent meta-analyses including 7 randomized control trials among adults have
shown that compared with placebo, EPA and DHA, n-3 PUFAs, reduced systolic and
diastolic blood pressure in all studies combined.?®* During pregnancy, few studies as-
sessed the influence of maternal fatty acid status with blood pressure development.
A prospective cohort study among 225 healthy pregnant women from Brazil showed
that maternal serum concentrations of SFA, MUFA and n-6 PUFA were positively as-
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sociated with systolic blood pressure measured in all trimesters during pregnancy.*
A birth cohort study among 751 Chinese, Malay and Indian women reported that
higher n-3 PUFAs at mid-pregnancy were related to lower maternal blood pressure
in second trimester.*! In the same study they have found that higher GLA, a n-6 PUFA,
was marginally positively associated with systolic blood pressure, whereas linoleic
acid, a n-6 PUFA, and total n-6 PUFAs showed no significant associations with blood
pressure. Two small randomized controlled trials from Denmark did not show an
effect of a MUFA-enriched diet, or supplementation with marine n-3 PUFA in the
second half of pregnancy on blood pressure levels.*>*? To the best of our knowledge,
this is the first longitudinal study focused on multiple maternal fatty acid concentra-
tions with repeatedly measured blood pressure throughout pregnancy. We observed
that higher total SFAs, especially palmitic acid and palmitoleic acid, a MUFA, were
associated with higher systolic and diastolic blood pressure from the first trimester
onwards. Contrary, higher total maternal n-3 PUFA and n-6 PUFA concentrations,
especially DHA and LA concentrations were associated with a lower systolic and dia-
stolic blood pressure. Thus, in line with results from adult populations, our results
suggest that an adverse maternal fatty acids profile with higher SFA concentrations
and lower DHA and LA concentrations is associated with higher blood pressure levels
throughout pregnancy.

Adequate placental vascular function is important during pregnancy for both
maternal and fetal pregnancy outcomes. Fatty acids may influence placental angio-
genesis and placental vascular function.** Thus far, animal studies have shown that
a high intake of SFAs before and during pregnancy may induce placental vascular
damage, increased placental oxidative stress, and loss of trophoblast cells.*>*¢ It has
also been suggested that maternal dietary n-3 PUFA supplementation may reduce ex-
cess inflammation and oxidative damage in the trophoblast cells.*” A study among 77
Icelandic healthy pregnant women showed an inverse association between maternal
n-3 PUFA status in first trimester of pregnancy and placental weight at birth.*® A con-
trol clinical trial in a group of 145 patients suggested that maternal supplementation
with PUFAs, especially DHA, reduces deep placentation disorders, by improving deep
placentation.*® However, the direct effect of plasma fatty acids during pregnancy on
placental vascular function, assessed by Doppler ultrasound of umbilical and uterine
artery blood flow during pregnancy, has not been studied. We did not observe con-
sistent associations of total and individual fatty acids on placental vascular function.
Higher concentrations of MUFA, but not SFA, tended to be associated with a lower
placental vascular resistance, whereas higher concentrations of n-3 and n-6 PUFA
tended to be associated with a higher placental vascular resistance. The lack of con-
sistent associations within our study cohort may be explained by a selection towards
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a relatively healthy study population. Further studies are needed to replicate our
findings and to assess these associations among higher risk populations.

Several studies have reported that fatty acids profile might influence the risk of
gestational hypertensive disorders.!*5*° Previous case-control studies have found
that higher concentrations of MUFA and lower concentrations of n-3 PUFA were
positively associated with the risk of preeclampsia.!*?>5* A study among 1,718
women from Project Viva, showed that high intake of DHA and EPA, n-3 PUFAs, were
associated with a lower risk of preeclampsia.’® Furthermore, a small study among 17
women from USA showed that lower level of n-3 and n-6 PUFAs and a higher n-6/n-3
PUFAs ratio were present in placentas of women with preeclampsia compared with
normotensive pregnant women.>? We observed that higher SFAs, but not other fatty
acids were associated with an increased risk of gestational hypertensive disorders.
The difference with other observational studies might be due to the small number
of gestational hypertensive disorder cases in our study population and differences
in adjustment for possible covariates. However, our findings are in line with find-
ings from a large multicenter trial among 27,000 women, which failed to show any
protective effect of marine fatty acids on the risk for preeclampsia.>?

The mechanism by which fatty acids may affect hemodynamic adaptations dur-
ing pregnancy remains controversial. SFAs might contribute to increases in blood
pressure through the development of plaques on the walls of blood vessels, which
then result in the reduction of elasticity.*® On the other hand, a n-3 and specifically
LA from n-6 PUFAs are converted to prostaglandins, which reduce blood pressure
by affecting arterial vasodilation, electrolyte balance, and renal release of renin or
pressor hormones.?®>* The fatty acids are the precursors of the eicosanoids with
include thromboxane’s. Placental abnormalities, including oxidative stress and in-
creased vasoconstrictor generation of thromboxane by placental trophoblast cells,
are considered to contribute to the pathophysiology of preeclampsia.>>5¢

Conclusion

We observed that higher maternal SFAs, but not MUFAs, were associated with a higher
blood pressure, whereas higher total n-3 PUFA and n-6 PUFA concentrations, espe-
cially DHA and LA were associated with a lower systolic and diastolic blood pressure
throughout pregnancy. Different fatty acids were not consistently associated with
placental vascular function. Only higher maternal SFA concentrations were associ-
ated with an increased risk of gestational hypertensive disorders. Further studies are
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needed to provide more insight into the role that maternal fatty acid concentrations
play in the etiology and pathophysiology of gestational hypertensive disorders.
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Supplemental Material

Figure S2.2.1. Flow chart of the participants
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Table S2.2.1. Comparison of subject characteristics between those included and not included in the
analyses

Participation in follow- No participation in

Maternal characteristics up follow-up P-value
Age, mean (SD), years 29.7(5.2) 30.8(5.3) 0.04
Height, mean (SD), (cm) 167.3(7.4) 167.8 (7.3) 0.50
Prepregnancy body mass index, (kg/m2), mean (SD) 23.6 (4.3) 28.6 (6.7) <0.01
Gestational age at fatty acid measures, median (95% 20.7 (16.5,24.9) 20.5(17.1,23.5) 0.22
range), (weeks)
Education, No. (%)

Primary 695 (11.1) 18(18.8) <0.01

Secondary 2906 (46.3) 48 (50.0)

Higher 2672 (23.5) 30(31.3)
Ethnicity, No. (%)

Dutch or European 3254 (50.0) 51(51.0)

Non - European 3255 (50.0) 49 (49.0) 0.58
Parity, No. (%)

Nulliparous 3791 (56.1) 53 (53.0) 0.47

Multiparous 2968 (43.9) 47 (47.0)
Total calorie intake, kcal, mean (SD) 2043 (568) 1913 (516) 0.03
Folic acid supplement use, N. (%)

Yes 3654 (71.6) 51(67.1) 0.58

No 1451 (28.4) 25(32.9)
Smoking, No. (%)

Yes 1125 (18.7) 20 (20.8) 0.75

No 4889 (81.3) 76 (79.2)
Saturated fatty acids (SFAs)
Total SFAs 695.2 (102.2) 717.9 (115.7) 0.04
Myristic acid (C14:0) 10.5 (3.6) 10.4 (3.8) 0.54
Palmitic acid (C16:0) 493.9 (76.6) 510.7 (84.3) 0.04
Stearic acid (C18:0) 185.0 (27.8) 191.3 (31.8) 0.03
Monounsaturated fatty acids (MUFAs)
Total MUFAs 205.5 (40.1) 208.6 (45.1) 0.51
Palmitoleic acid (C16:1n7) 12.0 (5.6) 129 (5.7) 0.13
Oleic acid (C18:1n9) 165.7 (32.9) 167.5 (36.1) 0.66
n-3 Polyunsaturated fatty acids (PUFAs)
Total n-3 PUFAs 103.4 (27.3) 103.9 (29.4) 0.95
a-Linolenic acid (C18:3n3) 5.0 (1.9) 4.8 (1.7) 0.24
Eicosapentaenoic acid (C20:5n3) 8.4(5.3) 8.5 (5.7) 0.87
Docosahexaenoic acid (C22:6n3) 76.5 (20.3) 77.1(21.8) 0.84
n-6 Polyunsaturated fatty acids (PUFAs)
Total n-6 PUFAs 603.4 (89.1) 619.4 (96.1) 0.09
Linoleic acid (C18:2n6) 361.5(62.9) 362.0 (61.6) 0.99
Y-Linoleic acid (C18:3n6) 1.5(0.7) 1.5(0.7) 0.86
Arachidonic acid (C20:4n6) 156.5 (32.6) 165.9 (42.4) <0.01
n-6/n-3 PUFAs ratio 6.2 (1.7) 6.3(1.7) 0.38

'Values represent mean (SD), median (95% range) or number of subjects (valid%). Differences were tested using Student’s t-tests
and Mann-Whitney tests for normally and non-normally distributed variables, respectively and x*-test for dichotomous variables.
Abbreviations: PUFA; polyunsaturated fatty acid; SD: standard deviation.
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Supplementary Methods

Unbalanced repeated measurements regression models. The associations of maternal fatty acid levels
with repeatedly measured systolic and diastolic blood pressure were analyzed using unbalanced repeated
measurement regression models. These models take the correlation between repeated measurements
of the same subject into account, and allow for incomplete outcome data. Using fractional polynomials
of gestational age, the best fitting models were constructed (1). For this analysis, fatty acid levels were
categorized into 4 quartiles (1; 2; 3; 4) and included in these models as intercept as in interaction term with
gestational age. These models can be written as:

Systolic blood pressure = B +[, *gestational age+p,*gestational age?+f *gestational age*fatty ac-
ids+,*fatty acids*gestational age

Diastolic blood pressure = B +[, *gestational age+p,*gestational ages+f, *gestational age*fatty ac-
ids+,*fatty acids*gestational age

In these models ‘B +p,*gestational age’ reflects the intercept. The intercept reflects the mean sys-
tolic and diastolic blood pressure value for these fatty acid quartiles. B,*gestational age?+[3,*gestational
age*fatty acids ‘reflects the slope of change in blood pressure per week for systolic blood pressure, and
‘B,*gestational age®*+p,*gestational age*fatty acids’ reflects the slope of change in blood pressure per
week between the different fatty acid quartiles for diastolic blood pressure. Main interest was in the term
‘B,*fatty acids*gestational age’, which reflects the difference in change in blood pressure per week between
the different fatty acid quartiles for systolic and diastolic blood pressure.

References

1. Royston P, Ambler G, Sauerbrei W. The use of fractional polynomials to model continuous risk
variables in epidemiology. Int ] Epidemiol 1999;28:964-74.

79






Chapter 3

Childhood outcomes







Chapter 3.1

Maternal polyunsaturated
fatty acids and subcutaneous
fat mass in infancy

Aleksandra Jelena Vidakovic, Susana Santos, Michelle A.
Williams, Liesbeth Duijts, Albert Hofman, Hans Demmelmair,
Berthold Koletzko, Vincent W.V. Jaddoe, Romy Gaillard

Adapted from Obesity (Silver Spring). 2016,;24(8):1759-66.



CHAPTER 3.1

Abstract

Objective: The associations of maternal plasma n-3 and n-6 polyunsaturated fatty
acid (PUFA) concentrations during pregnancy with infant subcutaneous fat were
examined.

Methods: In a population-based prospective cohort study among 904 mothers and
their infants, we measured maternal plasma n-3 and n-6 PUFA concentrations at
mid-pregnancy. Body mass index, total subcutaneous fat, and central-to-total subcu-
taneous fat ratio were calculated at 1.5, 6 and 24 months.

Results: Maternal n-3 PUFA levels were not consistently associated with infant body
mass index or total subcutaneous fat. Higher maternal total n-3 PUFA levels, and spe-
cifically eicosapentaenoic acid, docosapentaenoic acid, and docosahexaenoic acid,
were associated with higher central-to-total subcutaneous fat ratio at 1.5 months,
whereas higher maternal total n-3 PUFA levels were associated with lower central-
to-total subcutaneous fat ratio at 6 months (all P values< 0.05). These associations
were not present at 24 months. Maternal n-6 PUFA levels were not consistently as-
sociated with infant subcutaneous fat. A higher n-6/n-3 ratio was associated with
lower central-to-total subcutaneous fat ratio at 1.5 months only (P value<0.05).

Conclusions: Maternal n-3 PUFA levels during pregnancy may have transient effects

on infant subcutaneous fat. Further studies are needed to assess the effects of mater-
nal PUFA concentrations on fat mass development during early infancy.
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Introduction

Inadequate maternal intake of polyunsaturated fatty acids (PUFA) during pregnancy
may influence the risk of obesity in offspring.'? Several in vitro and animal studies
have suggested that PUFA affect the adipose tissue development during fetal and
early postnatal life.> Among PUFA, n-3 and n-6 PUFA are of particular relevance dur-
ing early life since pathways stimulated by n-6 PUFA seem to promote, while those
stimulated by n-3 PUFA seem to inhibit the differentiation of adipocytes.*> A US study
among 1,250 mother-child pairs showed that higher maternal plasma n-3 PUFA
concentrations during pregnancy tended to be associated with lower total subcuta-
neous fat mass in children aged 3 years.® In the same study, higher maternal plasma
n-6/n-3 PUFA ratio was associated with higher total subcutaneous fat mass in early
childhood.® A Dutch study among 234 mothers and their children showed that higher
maternal plasma concentrations of dihomo-y-linolenic acid (DGLA), a n-6 PUFA, dur-
ing pregnancy were associated with higher total subcutaneous fat mass measured in
children aged 7 years.” In line with these studies, we have previously reported that
lower maternal n-3 PUFA concentrations and higher n-6 PUFA concentrations during
pregnancy were associated with higher total body fat and abdominal fat levels at 6
years. Thus far, not much is known about the influence of maternal plasma PUFA con-
centrations during pregnancy on subcutaneous fat mass development throughout
infancy. Infancy is a period characterized by rapid growth and subcutaneous fat mass
development and is a well-known critical period for obesity and cardio-metabolic
diseases later in life.®? By assessing these associations in infancy further insight into
the early programming effects of maternal PUFA levels on onset and timing of adi-
posity in the offspring can be obtained.

Therefore, we examined, in a population-based prospective cohort study from
early pregnancy onwards among 904 mothers and their infants, the associations of
maternal plasma n-3 and n-6 PUFA levels during pregnancy with infant subcutane-
ous fat mass measures.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards among 9,778 mothers and their children
living in Rotterdam, the Netherlands.!®!! The study protocol was approved by the lo-
cal Medical Ethical Committee. Written informed consent was obtained from parents.
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Additional detailed assessments of fetal and infant growth and development were
conducted in a subgroup of Dutch mothers and their children from late pregnancy
onwards. Of all approached women, 80% agreed to participate. A total of 1,205 moth-
ers and their singleton children participated in the subgroup study, of whom 1,083
mothers had plasma PUFA concentrations available. Of the group of 1,083 mothers
and their children, 904 children had body mass index or skinfold thicknesses mea-
sured at the age of 1.5, 6 or 24 months (Flow chart is given in Supplementary Figure
$3.1.1).

Maternal fatty acid status

Maternal non-fasting venous samples were drawn at a median gestational age of
20.5 weeks (95% range: 18.6-22.7). As previously described, EDTA plasma samples
were selected and transported to the Division of Metabolic Diseases and Nutritional
Medicine, Dr. von Hauner Children’s Hospital, University of Munich Medical Center to
analyze PUFA concentrations.!? After being thawed, the analysis of plasma glycero-
phospholipid fatty acids was performed by a sensitive and precise high-throughput
method, suitable in large epidemiological studies, as previously described.'* Based on
findings from previous studies, we selected maternal PUFA for our analyses, which
have been associated with the risk of obesity in children and adults.®!* Selected ma-
ternal PUFA were total n-3 PUFA, which included a-linolenic acid (ALA, C18:3n-3),
eicosapentaenoic acid (EPA, C20:5n-3), docosapentaenoic acid (DPA, C22:5n-3), and
docosahexaenoic acid (DHA, C22:6n-3). Total n-6 PUFA included linoleic acid (LA,
C18:2n-6), y-linolenic acid (GLA, C18:3n-6), eicosadienoic acid (EDA, C20:2n-6),
dihomo-y-linolenic acid (DGLA, C20:3n6), arachidonic acid (AA, C20:4n-6), and
docosatetraenoic acid (DTA, C22:4n-6). PUFA levels were expressed as proportion
of total fatty acids present in the chromatogram (weight percentage, wt%).!* We also
calculated the ratio of total n-6/n-3 PUFA. We observed similar results when we used
fatty acid concentrations in mg/L instead of percentages (results not shown).

Body fat measurements during infancy

We measured weight to the nearest gram in naked infant at the age of 1.5 and 6
months by using an electronic infant scale and at 24 months by using a mechanical
personal scale (SECA, Almere, The Netherlands). Body length at the age of 1.5 and 6
months was measured in supine position to the nearest millimeter by using a neona-
tometer and body height at 24 months was measured in standing position by using a
Harpenden stadiometer (Holtain Limited, Dyfed, UK). Body mass index (kg/m?) was
calculated and we constructed standard deviation scores based on our study sample.
We observed similar results when we used age- and sex-adjusted body mass index
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standard deviation scores at 24 months based on the World Health Organization Child
Growth Standards (results not shown). We measured skinfold thicknesses at the ages
of 1.5, 6 and 24 months on the left side of the body at the biceps, triceps, suprailiacal
and subscapular area by using a skinfold caliper (Slim Guide, Creative Health Prod-
ucts) according to standard procedures described in detail previously. Two measure-
ments were performed at each site and the mean was used in the analyses. Intraclass
correlation coefficient among observers was 0.88 and between observers was 0.76.1¢
As previously described, we calculated total subcutaneous fat mass from the sum of
all four skinfold thicknesses, central subcutaneous fat mass from the sum of supraili-
acal and subscapular skinfold thicknesses and peripheral subcutaneous fat mass
from the sum of biceps and triceps skinfold thicknesses.!” Measurements of body fat
quantity and distribution require appropriate adjustment for body size or total fat
mass, respectively, in order to undertake informative comparisons between children
and within children over time. To create total subcutaneous fat mass independent of
length or height and central subcutaneous fat mass independent of total subcutane-
ous fat mass, we estimated the optimal adjustment by log-log regression analyses.!®
Based on these analyses, total subcutaneous fat mass was only weakly correlated
with length at 1.5 and 6 months or height at 24 months and was not adjusted for
it, whereas a central-to-total subcutaneous fat mass ratio was calculated as central
divided by total subcutaneous fat mass. The central-to-peripheral subcutaneous fat
mass ratio was calculated as central divided by peripheral subcutaneous fat mass.

Covariates

We obtained information on maternal age, educational level (low, medium, high),
parity (nulliparous, multiparous), prepregnancy weight, smoking habits during
pregnancy (no, yes) and folic acid supplement use (no, yes) using self-reported
questionnaires during pregnancy. We measured maternal height at enrolment, and
calculated prepregnancy body mass index (kg/m?). First trimester maternal nutri-
tional information was obtained by food frequency questionnaire.!® Information
about pregnancy complications, infants’ sex, gestational age and weight at birth was
obtained from medical records. Gestational weight gain was calculated as the differ-
ence between maternal weight measured at 30 weeks of gestation (95% range: 28.5,
32.5) and prepregnancy weight. Information about breastfeeding duration and tim-
ing of introduction of solid foods (<3 months, 3-6 months, >6 months) was obtained
by questionnaires in infancy.
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Statistical analysis

We assessed the associations of maternal plasma n-3 and n-6 PUFA levels with infant
adiposity measures at 1.5, 6 and 24 months and the change between these time points
using linear regression models. These regression models were adjusted for gesta-
tional age at blood sampling, maternal age, educational level, parity, prepregnancy
body mass index, maternal total energy intake, smoking habits, weight gain during
pregnancy, folic acid supplement use, gestational diabetes, gestational hypertensive
disorders, infants’ sex, gestational age-adjusted birth weight, breastfeeding duration
and timing of introduction of solid foods. Included covariates were selected based on
their associations with the exposures and outcomes of interest in previous studies or
a change in effect estimate of >10%. We constructed standard deviation scores (SDS)
[(observed value - mean)/SD] for all PUFA and infant adiposity measures to enable
comparison of effect estimates. We have also performed an additional analysis with
central-to-peripheral subcutaneous fat mass ratio using linear regression models. In
addition, we examined the associations of maternal plasma n-3 and n-6 PUFA con-
centrations during pregnancy with infant overweight and obesity at 24 months (body
mass index above 85% percentile for age and sex) using logistic regression models.
We tested for interaction terms between maternal PUFA levels and infants’ sex and
birth weight in relation to infant adiposity measures at 1.5, 6 and 24 months. Since
no statistically significant interactions were observed, no further stratified analyses
were performed. We did not adjust the main results for multiple testing because the
main exposures and outcomes were correlated. However, if we would apply Bonfer-
roni correction, we would consider a P value of 0.016 as significant (0.05/number
of outcomes). In order to reduce potential bias associated with missing data and to
maintain statistical power, we performed multiple imputations of missing covariates
by generating 5 independent datasets using the Markov Chain Monte Carlo method
after which the pooled effect estimates were calculated. All analyses were performed
using Statistical Package for the Social Sciences version 21.0 for Windows (SPSS Inc,
Chicago, IL, USA).

Results

Subject characteristics

Table 3.1.1 shows the maternal and infant characteristics. Mean (SD) second tri-
mester maternal concentrations of total glycerophospholipid bound n-3 and n-6
PUFA were 111.4 (25.8) mg/L and 592.6 (86.0) mg/L, respectively (Table 3.1.2).
Non-response analyses showed that as compared to mothers and infants with follow-
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up measurements, mothers without follow-up measurements were slightly younger
and their infant were breastfed for a shorter period (P<0.05) (Supplementary
Table S3.1.1). Also, mothers included in the analyses had a higher total n-3 PUFA
concentrations compared to those not included (Supplementary Table S$3.1.2).
Correlation coefficients between all maternal PUFA concentrations are shown in
Supplementary Table S3.1.3.

Table 3.1.1. Characteristics of mothers and their infant (N = 904)!

Maternal characteristics Value

Age (years), mean (SD) 319 (4.0)
Gestational age at PUFA measures (weeks), median (95% range ) 20.5 (18.6,22.7)
Pre-pregnancy body mass index (kg/m?), mean (SD) 234(4.1)
Gestational weight gain (kg), mean (SD) 10.0 (4.5)
Education, No. (%) higher education 574 (64.0)
Parity, No. (%) nulliparous 555 (61.4)
Total energy intake (kcal), mean (SD) 2126 (486)
Smoking during pregnancy, No. yes (%) 198 (24.1)
Folic acid supplement use, No. yes (%) 676 (90.7)
Gestational diabetes, No. (%) 10 (1.1)
Gestational hypertensive disorders, No. (%) 67 (7.6)
Infant characteristics

Males, No. (%) 464 (51.3)
Gestational age at birth (weeks), median (95% range ) 40.3 (35.8,42.4)
Birth weight (g), mean (SD) 3509 (544)
Breastfeeding duration (months), mean (SD) 4.5 (3.8)
Introduction of solid foods n (%) >6 months 147 (18.3)
Infant adiposity characteristics

1.5 months

Body mass index (kg/m?), mean (SD) 15.1(1.4)
Total subcutaneous fat mass (mm), mean (SD) 24.0 (7.3)
Central-to-total subcutaneous fat mass ratio, mean (SD) 0.5(0.1)
Central-to-peripheral subcutaneous fat mass ratio, mean (SD) 1.0(0.2)

6 months

Body mass index (kg/m?), mean (SD) 16.8(1.3)
Total subcutaneous fat mass (mm), mean (SD) 27.0 (6.4)
Central-to-total subcutaneous fat mass ratio, mean (SD) 0.5(0.1)
Central-to-peripheral subcutaneous fat mass ratio, mean (SD) 0.9 (0.2)
24 months

Body mass index (kg/m?), mean (SD) 159 (1.3)
Total subcutaneous fat mass, mean (SD), mm 27.3(7.2)
Central-to-total subcutaneous fat mass ratio, mean (SD) 0.4(0.1)
Central-to-peripheral subcutaneous fat mass ratio, mean (SD) 0.8(0.2)

'Values represent means (SDs), median (95% range) or number of subjects (valid%). Body mass index = weight/height? Total
subcutaneous fat mass = biceps+triceps+suprailiacal+subscapular skinfold thicknesses. Central-to-total subcutaneous fat mass ratio
= (suprailiacal + subscapular skinfold thicknesses)/total subcutaneous fat mass. Abbreviations: PUFA: Polyunsaturated fatty acids; SD:
standard deviation.
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Table 3.1.2. Second trimester maternal PUFA concentrations (N =904)!

Relative values

Absolute values (mg/L) (wt%)
Total PUFA 704.1 (96.4) 425 (1.6)
Total n-3 PUFA 111.4 (25.8) 6.8 (1.4)
ALA 5.4 (1.6) 0.3(0.1)
EPA 10.1(5.3) 0.6 (0.3)
DPA 129 (3.9) 0.8(0.2)
DHA 81.4 (19.4) 5.0(1.1)
Total n-6 PUFA 592.6 (86.0) 36.3 (2.0)
LA 348.9 (59.6) 21.4(2.5)
GLA 1.5(0.7) 0.1 (0.0
EDA 83(1.7) 0.5(0.1)
DGLA 63.4 (16.3) 39(0.7)
AA 155.9 (31.7) 9.5(1.4)
DTA 6.9 (2.0 0.4 (0.1)

'Values represent means (SDs).

Abbreviations: ALA: a-linolenic acid; AA: arachidonic acid; DGLA dihomo-y-linolenic acid; DHA: docosahexaenoic acid; DPA:
docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA:
linoleic acid; PUFA; polyunsaturated fatty acid.

Maternal PUFA levels and infant fat mass

Table 3.1.3 shows that maternal total n-3 PUFA levels as well as each n-3 PUFA
individually were not consistently associated with infant body mass index and total
subcutaneous fat mass in the adjusted models. Higher maternal total n-3 PUFA and
specifically EPA, DPA, and DHA levels were associated with higher infant central-to-
total subcutaneous fat mass ratio at 1.5 months (all P values< 0.05). However, only
higher maternal total n-3 PUFA levels were associated with lower infant central-to-
total subcutaneous fat mass ratio at the age of 6 months (P value< 0.05). Maternal
n-3 PUFA levels were not associated with infant central-to-total subcutaneous fat
mass ratio at 24 months. Similar results were found in the unadjusted analyses and
are given in Supplementary Table S3.1.4. Supplemental Table $3.1.5 shows that
higher maternal total n-3 PUFA levels and, specifically, DPA and DHA levels were as-
sociated with a decrease in central-to-total subcutaneous fat mass ratio from 1.5 to
24 months, but no associations were found for total subcutaneous fat mass.

Table 3.1.4 shows that, in the adjusted models, higher maternal total n-6 PUFA
levels were associated with a lower infant total subcutaneous fat mass at 1.5 months
(P value<0.05), but not with infant body mass index or central-to-total subcutaneous
fat mass ratio at any time points. No consistent associations of individual n-6 PUFA
levels with infant adiposity measures were present at 1.5, 6 or 24 months. Similar re-
sults were found in the unadjusted analyses and are given in Supplementary Table
$3.1.6. Supplemental Table S3.1.7 shows that higher LA levels were associated
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with an increase in total subcutaneous fat mass over infancy, and higher AA levels
were associated with a decrease in body mass index over infancy.

We observed similar results with both maternal n-3 and n-6 PUFA when we used
central-to-peripheral subcutaneous fat mass as compared to the results with central-
to-total subcutaneous fat mass (Supplementary Tables $3.1.8-S3.1.9). Only higher
maternal AA levels were associated with a lower risk of infant overweight at 24
months, but no associations were observed for the other n-3 and n-6 PUFAs with the
risk of infant overweight (Supplementary Table $3.1.10).

Maternal n-6/n-3 PUFA ratio and infant fat mass

Figure 3.1.1 shows that higher maternal n-6/n-3 PUFA ratio was associated with
lower central-to-total subcutaneous fat mass ratio at 1.5 months (difference: -0.10
(95% CI: -0.17, -0.02) SD per SD higher maternal n-6/n-3 PUFA ratio), but not with
body mass index and total subcutaneous fat mass. No associations were present for
maternal n-6/n-3 PUFA ratio with infant adiposity measures at 6 and 24 months.

Figure 3.1.1. Maternal n-6/n-3 PUFA ratio and infant fat mass measures at 1.5, 6 and 24 months (N =904)
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Values are regression coefficients (95% Confidence Interval) that reflect the difference in SDS of infant body mass index and
subcutaneous fat mass measures at 1.5, 6 and 24 months per SD change in maternal n-6/n-3 PUFA ratio. Body mass index = weight/
height? Total subcutaneous fat mass = biceps+triceps+suprailiacal +subscapular skinfold thicknesses. Central-to-total subcutaneous
fat mass ratio = (suprailiacal +subscapular skinfold thicknesses)/total subcutaneous fat mass. Models are adjusted for gestational age
at blood sampling, maternal age, educational level, parity, pre-pregnancy body mass index, maternal total energy intake, smoking
habits and weight gain during pregnancy, folic acid supplement use, gestational diabetes, gestational hypertensive disorders, infants’
sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration and timing of introduction of solid foods
(for 6 and 24 months). *P-value<0.05.
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Discussion

In this population-based prospective cohort study, we observed that higher maternal
n-3 PUFA levels were associated with a higher infant central-to-total subcutaneous
fat mass ratio at 1.5 months, but with a lower infant central-to-total subcutaneous
fat mass ratio at 6 months. Maternal n-3 PUFA levels were not associated with infant
body mass index and total subcutaneous fat mass at any time points. Higher maternal
n-6 PUFA levels were not consistently associated with subcutaneous fat mass mea-
sures during infancy.

Methodological considerations

Major strengths of this study are the population-based prospective design with de-
tailed information on maternal PUFA concentrations and infant body fat outcomes.
To the best of our knowledge, this is the largest study to date addressing the as-
sociation between maternal PUFA levels during pregnancy with adiposity measures
repeatedly measured in infancy. Of all mothers with available PUFA measurements,
83% (904) of mothers and children participated in the infant body fat mass measure-
ments. The non-response could lead to biased effect estimates if the associations of
interest would differ between mothers and infants included and not included in the
analyses. Mothers included in the analyses had higher total n-3 PUFA concentrations
compared to those not included. It is difficult to speculate if these differences might
have influenced our effect estimates. We measured a large number of maternal PUFA
concentrations in plasma samples once during pregnancy. No information was avail-
able about PUFA concentrations earlier or later in pregnancy. Nevertheless, PUFAs
measured in plasma may reflect a time frame of dietary intake of approximately 2
weeks and seem to be reasonable indicators for the recent intake.?’ We used skinfold
thickness as a measure of subcutaneous fat mass and therefore could not estimate
deep fatlayers, such as pre-peritoneal fat. However, during the first months of life ap-
proximately 90% of body fat is located subcutaneously and pre-peritoneal fat mass
seems to increase only from the second year of life onwards.??2 We studied multiple
infant fat mass outcomes. Since these outcomes are strongly correlated, we did not
adjust our analyses for multiple testing.?? However, a chance finding cannot be ex-
cluded. If we would apply Bonferroni correction, the associations of total n-3 PUFA
levels with central-to-total fat mass at 6 months, EPA levels with central-to-total fat
mass at 1.5 months, total n-6 PUFA levels with total subcutaneous fat mass at 1.5
months and DGLA levels with central-to-total at 6 months are no longer significant.
Finally, although we performed an extensive adjustment for a large number of poten-
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tial confounders, residual confounding, due to specific infant diet or physical activity,
might still be an issue.

Interpretation of main findings

An adequate supply of n-3 and n-6 PUFA during pregnancy is important for opti-
mal fetal and infant growth and development.?* Rapid weight gain and increased
fat mass levels during infancy may be critical for the development of adiposity in
later life.%%2526 However, thus far no previous study has addressed the associations
of maternal PUFA status during pregnancy with detailed fat mass measurements
throughout infancy.

It has been suggested that lower maternal n-3 PUFA and higher n-6 PUFA con-
centrations during pregnancy are associated with higher childhood body mass
index.%” Fewer studies examined these associations with body mass index in infancy.
A randomized double-blind controlled trial among 144 mothers and their children
suggested that supplementation by DHA, a n-3 PUFA, during pregnancy and lactation
reduced body mass index in late infancy.?” However, an observational study among
244 Dutch mothers and their breastfed infant showed that n-3 and n-6 PUFA concen-
trations in breast milk did not affect body mass index in the first year of life.?® In this
current study, we did not observe consistent associations of maternal n-3 and n-6
PUFA concentrations during pregnancy with infant body mass index at 1.5, 6 and 24
months.

Body mass index might not be an appropriate measure of fat mass and provides
limited information about body fat distribution.?® Body fat distribution may be more
strongly associated with cardio-metabolic risk factors than body mass index.33! We
have previously shown that maternal lower n-3 PUFA and higher n-6 PUFA concen-
trations during pregnancy were associated with higher total body fat and abdominal
fat levels at the age of 6 years. However, not much is known about maternal PUFA
concentrations with offspring fat mass outcomes at younger ages. Skinfold thick-
nesses can be used to estimate total and regional subcutaneous adiposity.3? A study
among 1,250 mother-child pairs in Massachusetts showed that higher DHA and EPA,
n-3 PUFA concentrations from maternal diet during pregnancy and measured in cord
blood, were associated with lower total subcutaneous fat mass measured at the age
of 3 years.® In the same study, higher maternal plasma concentrations of n-6 PUFA
and higher ratio of cord plasma n-6/n-3 PUFA were associated with higher total
subcutaneous fat mass at the age of 3 years.® The INFAT randomized trial showed
that the combination of an increased n-3 PUFA and a reduced AA, n-6 PUFA, dietary
intake through supplementation during the perinatal period does not affect total
subcutaneous fat mass during the first year of life.??
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In our study, we observed no consistent associations of maternal n-3 PUFA con-
centrations with infant total subcutaneous fat mass from 1.5 months to 24 months
of age. Higher maternal total n-3 PUFA and EPA, DPA and DHA concentrations were
associated with higher central-to-total subcutaneous fat mass ratio at 1.5 months.
However, higher total n-3 PUFA concentrations were associated with lower infant
central-to-total subcutaneous fat mass ratio at 6 months. The observed associations
were not explained by birth weight. Only higher maternal total n-6 PUFA concen-
trations were associated with lower total subcutaneous fat mass at 1.5 months,
but not with other infant adiposity measures or at any other time points. Based
on our findings, it seems that especially maternal n-3 PUFA may stimulate central
subcutaneous fat mass development in early infancy, but this is a transient effect,
which is no longer present in late infancy. The underlying mechanisms that explain
the associations of maternal PUFA status during pregnancy with offspring fat mass
development in infancy are not clear. It has been suggested that n-3 PUFA availability
during early life leads to increased activation of peroxisome proliferator-activated
receptor gamma (PPAR-y), which has been associated with an increased deposition
of subcutaneous fat mass, but not visceral fat mass, in adults.?#%> On the other hand, it
has also been suggested that n-3 PUFA levels in early life inhibit the differentiation of
adipocytes, leading to lower levels of fat mass.*® Our findings might be explained by
a greater effect of n-3 PUFA on PPAR-y and by a less apparent inhibitory effect of n-3
PUFA on the differentiation of adipocytes in early infancy. Further observational and
experimental studies are needed to explore these detailed underlying mechanisms
and their potential critical periods.

Conclusion

Maternal n-3 PUFA levels during pregnancy may have transient effects on infant
central subcutaneous fat mass development. Maternal n-6 PUFA levels were not con-
sistently associated with infant subcutaneous fat mass measures. Further studies are
needed to assess the effects of maternal PUFA levels during pregnancy on detailed fat
mass development throughout early infancy.
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CHAPTER 3.1

Supplemental Material

Figure $3.1.1. Flow chart of the participants
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Mothers with singleton live birth
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measurements in mid-pregnancy
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Mothers with available fatty acids
measurements in mid-pregnancy

N=179

Excluded due to no postnatal visit at the ages of
1.5, 6 and 24 months or missing data on body
mass index and skinfold thicknesses at the ages
v of 1.5, 6 and 24 months

v

N =904

Infant outcomes

1.5 months N =801
6 months N =805
24 months N=757
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Table S3.1.1. Comparison of subject characteristics between those included and not included in the
analyses (N =1,083)!

Participationin  No participation in

follow-up follow-up
Characteristics N =904 N=179 P-value
Maternal characteristics
Age (years), mean (SD) 319 (4.0) 30.7 (4.1) <0.01
Gestational age at PUFA measures (weeks), median (95% range) 20.5(18.6,22.7) 20.5(18.6,22.6)  0.56
Pre-pregnancy body mass index (kg/m?), mean (SD) 234 (4.1) 235 (4.3) 0.73
Gestational weight gain (kg), mean (SD) 10.0 (4.5) 10.4 (4.7) 0.54
Education, No. (%) higher education 574 (64.0) 102 (58.0) 0.13
Parity, No. (%) nulliparous 555 (61.4) 98 (55.4) 0.07
Total energy intake (kcal), mean (SD) 2126 (486) 2167 (497) 0.41
Smoking during pregnancy, No. yes (%) 198 (24.1) 45(27.1) 0.22
Folic acid supplement use, No. yes (%) 676 (90.7) 139 (90.2) 0.35
Gestational diabetes, No. (%) 10 (1.1) 1(0.6) 0.45
Gestational hypertensive disorders, No. (%) 67 (7.6) 7(4.1) 0.15
Infant characteristics
Males, No. (%) 464 (51.3) 98 (55.1) 0.34
Gestational age at birth (weeks), median (95% range ) 40.3(35.8,42.4) 40.3(34.8,42.2)  0.66
Birth weight (g), mean (SD) 3509 (544) 3513 (591) 0.82
Breastfeeding duration (months), mean (SD) 45(3.8) 3.5(3.6) 0.01
Introduction of solid foods n (%) >6 months 147 (18.3) 11 (8.9) 0.07

Values represent mean (SD), median (95% range) or number of subjects (valid%). Differences were tested using Student’s t-tests and
Mann-Whitney tests for normally and non-normally distributed variables, respectively and x?-test for dichotomous variables.
Abbreviations: PUFA: polyunsaturated fatty acid; SD: standard deviation.

101



Table S3.1.2. Comparison of maternal PUFA between those included and not included in the analyses (N =
1,083)!

Participation in No participation in
follow-up follow-up

Maternal PUFA N =904 N=179 P-value
Total PUFA
Absolute values (mg/L) 704.1 (95.4) 702.3(90.7) 0.86
Percentage by weight of total sum of fatty acids (%) 42.5(1.6) 42.3(1.7) 0.10
Total n-3 PUFA
Absolute values (mg/L) 111.4 (25.8) 107.5 (25.3) 0.07
Percentage by weight of total sum of fatty acids (%) 6.8 (1.4) 6.6 (1.4) 0.01
ALA
Absolute values (mg/L) 5.4 (1.6) 53(1.7) 0.49
Percentage by weight of total sum of fatty acids (%) 0.3(0.1) 0.3(0.1) 0.25
EPA
Absolute values (mg/L) 10.1(5.3) 9.8 (5.5) 0.45
Percentage by weight of total sum of fatty acids (%) 0.6 (0.3) 0.6 (0.3) 0.33
DPA
Absolute values (mg/L) 129 (3.9) 13.2 (4.3) 0.28
Percentage by weight of total sum of fatty acids (%) 0.8(0.2) 0.8 (0.2) 041
DHA
Absolute values (mg/L) 81.5(19.2) 77.9 (19.5) 0.02
Percentage by weight of total sum of fatty acids (%) 5.0(1.1) 4.7 (1.1) <0.01
Total n-6 PUFA
Absolute values (mg/L) 592.6 (86.0) 595.4 (80.8) 0.45
Percentage by weight of total sum of fatty acids (%) 36.3(2.0) 36.3 (2.0) 0.52
LA
Absolute values (mg/L) 348.9 (59.6) 348.7 (55.2) 0.96
Percentage by weight of total sum of fatty acids (%) 21.4(2.5) 21.3(2.5) 0.65
GLA
Absolute values (mg/L) 1.5(0.7) 1.5(0.7) 0.38
Percentage by weight of total sum of fatty acids (%) 0.1 (0.0) 0.1(0.0) 0.46
EDA
Absolute values (mg/L) 83(1.7) 8.3 (1.7) 0.85
Percentage by weight of total sum of fatty acids (%) 0.5(0.1) 0.5(0.1) 0.44
DGLA
Absolute values (mg/L) 63.3 (16.3) 64.5 (17.0) 0.22
Percentage by weight of total sum of fatty acids (%) 3.9(0.7) 3.9(0.7) 0.26
AA
Absolute values (mg/L) 155.9 (31.7) 157.1(30.9) 0.37
Percentage by weight of total sum of fatty acids (%) 9.5(1.4) 9.6 (1.4) 0.53
DTA
Absolute values (mg/L) 6.9 (2.0) 7.2(23) 0.01
Percentage by weight of total sum of fatty acids (%) 0.42 (0.1) 0.4 (0.1) 0.01

'Values represent mean (SD). Differences were tested using Student’s t-tests and Mann-Whitney tests for normally and non-normally
distributed variables, respectively and x-test for dichotomous variables. Abbreviations: ALA: a-linolenic acid; AA: arachidonic
acid; DGLA dihomo-y-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; DTA: docosatetraenoic acid; EDA:
eicosadienoic acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA: linoleic acid; PUFA: polyunsaturated fatty acid.
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Table S3.1.8. Association of maternal n-6 PUFA levels and change in fat mass measures from 1.5 to 24
months (N =904)'2

Central-to-peripheral subcutaneous fat mass ratio in SDS
Difference (95% confidence interval)

Change infat  Change in fatmass  Change in fat mass

Maternal n-3 1.5 months 6 months 24 months mass es es from 1.5 es from 6 to 24
PUFA in SDS from 1.5 to 6 to 24 months months
months
Total 0.13 -0.06 0.01 -0.20 -0.16 0.08
(0.05, 0.20)* (-0.14,0.01) (-0.08, 0.08) (-0.31,-0.09)* (-0.29,-0.04)* (-0.05,0.20)
ALA 0.02 -0.03 -0.03 -0.05 -0.08 -0.05
(-0.06, 0.09) (-0.10, 0.04) (-0.11, 0.05) (-0.16, 0.06) (-0.19,0.04) (-0.16,0.07)
EPA 0.08 -0.06 0.01 -0.07 -0.07 0.09
(0.01, 0.15)* (-0.13,0.01) (-0.07,0.09) (-0.27,0.14) (-0.30,0.17) (-0.15,0.32)
DPA 0.12 -0.01 -0.05 -0.12 -0.18 -0.04
(0.05,0.19)* (-0.08, 0.06) (-0.13,0.03) (-0.22,-0.02)* (-0.30,-0.07)* (-0.15,0.08)
DHA 0.11 -0.06 0.01 -0.20 -0.14 0.09
(0.04,0.19)* (-0.13,0.02) (-0.07,0.10) (-0.30,-0.08)* (-0.26,-0.01)* (-0.04,0.21)

Values are regression coefficients (95% Confidence Interval) that reflect the difference in SDS in central-to-peripheral subcutaneous
fat mass ratio at 1.5, 6 and 24 months per SD change in maternal n-3 PUFA levels. Central-to-peripheral subcutaneous fat mass ratio
= (suprailiacal+subscapular skinfold thicknesses)/peripheral subcutaneous fat mass. 2Models are adjusted for gestational age at
blood sampling, maternal age, educational level, parity, pre-pregnancy body mass index, maternal total energy intake, smoking habits
and weight gain during pregnancy, folic acid supplement use, gestational diabetes, gestational hypertensive disorders, infants’ sex,
gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration and timing of introduction of solid foods (for
6 and 24 months). * P-value<0.05. Abbreviations: ALA: a-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA:
eicosapentaenoic acid; PUFA; polyunsaturated fatty acid.

Table S3.1.9. Association of maternal n-6 PUFA levels and change in fat mass measures from 1.5 to 24
months (N =904)2

Central-to-peripheral subcutaneous fat mass ratio in SDS
Maternal Difference (95% confidence interval)

n-6 PUFA Change in fat mass Change in fat mass Change in fat mass
in SDS 1.5 months 6 months 24 months measures from measures from 1.5 measures from 6
1.5t06 to 24 months to 24 months

Total -0.07 (-0.14,0.01)  0.03 (-0.04,0.10)  -0.01(-0.09,0.07) ~ 0.11(0.01,0.21)*  0.09 (-0.04,0.21)  -0.03 (-0.15, 0.08)
LA -0.03(-0.10,0.05)  0.03 (-0.04,0.10)  0.01 (-0.07,0.09)  0.06 (-0.05,0.16)  0.04 (-0.08,0.16)  -0.02 (-0.14, 0.10)
GLA -0.06 (-0.14,0.01)  0.02 (-0.05,0.09)  -0.02 (-0.10,0.06)  0.09 (-0.01,0.20)  0.07 (-0.05,0.19)  -0.06 (-0.18, 0.06)
EDA -0.02 (-0.10,0.05)  0.05(-0.03,0.12)  -0.05(-0.12,0.03)  0.05(-0.05,0.16)  0.03 (-0.09,0.14)  -0.12(-0.23,-0.01)*
DGLA -0.04 (-0.11,0.04)  0.06 (-0.01,0.14)  -0.06 (-0.14,0.03)  0.10(-0.01,0.20)  0.04 (-0.08,0.16)  -0.13 (-0.25,-0.01)*
AA -0.02 (-0.10,0.05)  -0.04 (-0.11,0.04)  0.01 (-0.08,0.08)  -0.02 (-0.13,0.09)  0.02 (-0.10,0.14)  0.06 (-0.06, 0.18)
DTA -0.04 (-0.12,0.03)  -0.01,-0.08,0.07)  -0.05(-0.13,0.03)  0.06 (-0.05,0.17)  0.04 (-0.08,0.17)  -0.10(-0.13,0.11)

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in SDS in central-to-peripheral subcutaneous
fat mass ratio at 1.5, 6 and 24 months per SD change in maternal n-6 PUFA levels. Central-to-peripheral subcutaneous fat mass ratio =
(suprailiacal + subscapular skinfold thicknesses)/peripheral subcutaneous fat mass.

2Models are adjusted for gestational age at blood sampling, maternal age, educational level, parity, pre-pregnancy body mass index,
maternal total energy intake, smoking habits and weight gain during pregnancy, folic acid supplement use, gestational diabetes,
gestational hypertensive disorders, infants’ sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding
duration and timing of introduction of solid foods (for 6 and 24 months). * P-value<0.05.

Abbreviations: AA: arachidonic acid; DGLA dihomo-y-linolenic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid;; GLA:
y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid.
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Table $3.1.10. Maternal n-6 PUFA levels and infant subcutaneous fat mass measures at 1.5, 6 and 24
months (N =904)?2

Overweight risk at 24 months

Maternal PUFAs in SDS 0dds Ratio (95% CI)!
Total n-3 PUFA 1.06 (0.84,1.33)
ALA 1.12 (0.90, 1.39)
EPA 1.08 (0.86, 1.34)
DPA 0.86 (0.67,1.09)
DHA 1.07 (0.85,1.35)
Total n-6 PUFA 1.04 (0.83,1.30)
LA 1.20 (0.10, 1.49)
GLA 0.89(0.71,1.14)
EDA 1.22 (0.10, 1.49)
DGLA 1.18 (0.94,1.47)
AA 0.74 (0.59, 0.92)*
DTA 0.82 (0.65, 1.05)

'Values are odds ratio (95% Confidence Interval) that reflect the risk of overweight at 24 months per SD change in maternal n-3 and
n-6 PUFA levels.

Models are adjusted for gestational age at blood sampling, maternal age, educational level, parity, pre-pregnancy body mass index,
maternal total energy intake, smoking habits and weight gain during pregnancy, folic acid supplement use, gestational diabetes,
gestational hypertensive disorders, infants’ sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding
duration and timing of introduction of solid foods. *P-value<0.05.

Abbreviations: AA: arachidonic acid; DGLA dihomo-y-linolenic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid;; GLA:
y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid.
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CHAPTER 3.2

Abstract

Background: Maternal polyunsaturated fatty acid (PUFA) concentrations during
pregnancy may have persistent effects on growth and adiposity in the offspring. A
suboptimal maternal diet during pregnancy might lead to fetal cardio-metabolic
adaptations with persistent consequences in the offspring.

Objective: We examined the associations of maternal PUFA concentrations during
pregnancy with childhood general and abdominal fat-distribution measures.

Design: In a population-based prospective cohort study among 4,830 mothers and
their children, we measured maternal second trimester plasma n-3 and n-6 PUFA
concentrations. At the median age of 6.0 years (95% range: 5.6-7.9), we measured
childhood body mass index, fat mass percentage, android/gynoid fat ratio with dual-
energy x-ray absorptiometry, and pre-peritoneal abdominal fat area with ultrasound.
Analyses were adjusted for maternal and childhood sociodemographic- and lifestyle-
related characteristics.

Results: We observed that higher maternal total n-3 PUFA concentrations, and
specifically those of eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA),
docosahexaenoic acid (DHA) concentrations, were associated with lower childhood
total body fat percentage and lower android/gynoid fat mass ratio (P values<0.05),
but not with childhood body mass index and abdominal pre-peritoneal fat mass area.
Higher maternal total n-6 PUFA concentrations and specifically dihomo-y-linolenic
acid (DGLA) were associated with a higher childhood total body fat percentage,
android/gynoid fat mass ratio and abdominal pre-peritoneal fat mass area (P val-
ues<0.05), but not with childhood body mass index. In line with these findings, a
higher maternal n-6/n-3 PUFA ratio was associated with higher childhood total body
and abdominal fat mass levels.

Conclusions: Lower maternal n-3 PUFA concentrations and higher n-6 PUFA concen-
trations during pregnancy are associated with higher total body fat and abdominal fat
levels in childhood. Further studies are needed to replicate these observations and
to explore the causality, the underlying pathways and long-term cardio-metabolic
consequences.
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MATERNAL PUFA AND CHILDHOOD ADIPOSITY

Introduction

Fetal life and infancy are critical periods for the development of obesity in later
life.! Maternal and fetal nutrition might affect fetal and childhood growth and the
risk of obesity in childhood and adulthood. Polyunsaturated fatty acid (PUFA) are
critical nutrients for fetal development.? Animal studies suggest that supplement-
ing the maternal diet during pregnancy and lactation with n-3 PUFAs leads to lower
offspring body weight and less fat accumulation.® In humans, a study among 293
mother-offspring pairs suggested that lower maternal n-3 PUFA and higher n-6 PUFA
concentrations during pregnancy were associated with a higher body mass index and
with a higher fat mass in children aged 4 to 6 years.* Furthermore, higher maternal
concentrations of dihomo-y-linolenic acid (DGLA), an n-6 PUFA, were associated
with a higher childhood body mass index, waist circumference and sum of skinfolds
among 234 children aged 7 years.’ The majority of previous studies investigating
relationships between early life fatty acid status and childhood obesity have used
body mass index. However, body mass index does not distinguish lean mass from fat
mass and provides no insight in body fat distribution.®” Studies among adults and
children have suggested that higher total body fat and abdominal fat mass levels are,
independent from body mass index, associated with cardiovascular risk factors, dis-
ease and mortality.®'° Despite many previous observational and small experimental
studies, it is still unclear whether maternal PUFA status influences offspring growth
and fat mass development.*>'1* Thus far, results from observational studies and
randomized controlled trials are not consistent.!*°

Therefore, we examined, in a population-based prospective cohort study from
early pregnancy onwards among 4,830 mothers and their children, the associations
of maternal n-3 and n-6 PUFA concentrations during pregnancy with childhood
body mass index and specific body fat measures, including fat mass percentage
and android/gynoid fat ratio measured by dual-energy x-ray absorptiometry (DXA)
and pre-peritoneal abdominal fat area measured by ultrasound. Additionally, we
examined whether these associations were independent of maternal and childhood
socio-demographic and lifestyle-related characteristics.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospec-
tive cohort study from foetal life to adulthood in Rotterdam, the Netherlands.'®'’
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CHAPTER 3.2

The study has been approved by the Medical Ethical Committee of the Erasmus MC,
University Medical Center in Rotterdam (MEC 198.782/2001/31). All mothers gave
written consent. Pregnant women with an expected delivery date from April 2002 to
January 2006 were enrolled in the study. In total, 8,879 mothers were enrolled dur-
ing pregnancy, of whom 7,072 had information about PUFA concentrations available
and 6,925 gave birth to singleton live born children. Childhood follow up data were
available in 4,830 of these children (Flow chart is given in Supplemental Figure
$3.2.1).

Maternal fatty acid status

Maternal venous samples were drawn at a median gestational age of 20.5 weeks
(95% range: 16.5, 24.9). To analyze PUFA concentrations, EDTA plasma samples
were selected and transported to the Division of Metabolic Diseases and Nutritional
Medicine, Dr. von Hauner Children’s Hospital, University of Munich Medical Center.
After being thawed, the analysis of plasma glycerophospholipid PUFAs composi-
tion was performed by a sensitive and precise high-throughput method, suitable in
large epidemiological studies, as previously described.!® PUFA concentrations were
expressed as proportion of total fatty acids present in the chromatogram (weight
percentage, wt%).1%?° Based on findings from previous studies, we selected maternal
PUFAs for our analyses which have been associated with the risk of cardiovascular
and metabolic outcomes in adults and maternal and fetal pregnancy outcomes.*?1-24
Selected maternal PUFAs were: total n-3 PUFA concentrations, which included
a-linolenic acid (ALA, C18:3n-3), eicosapentaenoic acid (EPA, C20:5n-3), docosap-
entaenoic acid (DPA, C22:5n-3), docosahexaenoic acid (DHA, C22:6n-3). Total n-6
PUFA concentrations included linoleic acid (LA, C18:2n-6), y-linolenic acid (GLA,
C18:3n-6), eicosadienoic acid (EDA, C20:2n-6), dihomo-y-linolenic acid (DGLA,
C20:3n6), arachidonic acid (AA, C20:4n-6), docosatetraenoic acid (DTA, C22:4n-6).
The n-6/n-3 ratio was calculated as the sum of all n-6 PUFA (LA, GLA, EDA, DGLA and
AA) divided by the sum of all n-3 PUFA (ALA, EPA, DPA and DHA).

Childhood fat distribution outcomes

At a median age of 6 years, height and weight without shoes and heavy clothing were
measured. Height was measured to the nearest 0.1 cm by a stadiometer (Holtain
Limited, Crosswell, Crymych, UK). Weight was measured to the nearest gram using
an electronic scale (SECA 888, Almere, the Netherlands). Body mass index (kg/m?)
was calculated.?

Total body and regional fat mass was measured using a dual energy x-ray absorp-
tiometry (DXA) scanner (iDXA, 2008; GE-Lunar) and analyzed with the enCORE
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software, version 12.6 (GE-Healthcare).?® DXA can accurately detect whole body
fat mass and regional body fat mass and has been validated against CT.?%%” Total fat
mass (kilograms) was calculated as a percentage of total body weight (kilograms)
measured by DXA. The android/gynoid fat mass ratio was calculated. The android/
gynoid fat ratio reflects the central body fat distribution in the abdomen and hip
regions, respectively, and was used as a marker of waist/hip fat distribution.?’

Abdominal ultrasound examinations were used to measure pre-peritoneal fat area
as measure of visceral abdominal fat, as previously described.?® Briefly, pre-perito-
neal fat thickness was measured with a linear (L12-5 MHz) transducer?’, which was
placed perpendicular to the skin surface on the median upper abdomen. We scanned
longitudinally from the xiphoid process to the navel along the midline (linea alba).
Preperitoneal fat mass area was measured as area of 2 cm length along the midline
starting from the reference point in direction of the navel.

Covariates

Information on maternal age, educational level and ethnicity, was obtained at enrol-
ment.'* We measured maternal height and blood pressure at enrolment, and obtained
information about maternal prepregnancy weight by questionnaire. We calculated
body mass index. Information on maternal smoking, alcohol consumption and folic
acid supplement use was assessed by questionnaires during pregnancy. Weight gain
up to 30 weeks of gestation was calculated as the difference between maternal weight
measured at 30 weeks of gestation (95% range, 28.4 - 32.9) and self-reported weight
before pregnancy. As previously described, we used gestational weight gain until 30
weeks, because this was measured and available for 3,895 mothers.3° Information
about maximum weight during pregnancy was assessed by questionnaire 2 months
after delivery and only available in a subgroup of 2,181 mothers. Maximum weight
from questionnaire and weight measured at 30 weeks were strongly correlated (r=
0.87, P< 0.001). We used food frequency questionnaires to assess maternal nutri-
tional information during pregnancy. Information about pregnancy complications,
sex, gestational age and weight at birth was obtained from medical records.3!3? In-
formation about breastfeeding, timing of introduction of solid foods and average TV
watching time was obtained by questionnaires in infancy.?® Information about infant
PUFA intake at 13 months, measured with a 211-item food frequency questionnaire
was available in a subgroup of the study (n = 2,313).3
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Statistical analysis

We explored the continuous associations of maternal PUFA concentrations with
childhood adiposity outcomes at the age of 6 years using linear regression models.
Because the abdominal

preperitoneal fat area was not normally distributed, we log transformed this vari-
able for additional analyses. To enable comparison of effect estimates, we constructed
standard deviation scores (SDS) ((observed value - mean) / SD) for all childhood
adiposity outcomes and for levels of all PUFAs. We constructed different models; (1)
a basic model including gestational age at maternal blood sampling, child’s age and
sex; (2) a pregnancy factor adjusted model, which was the basic model additionally
adjusted for maternal age, educational level, ethnicity, parity, prepregnancy body
mass index, gestational weight gain up to 30 weeks of gestation, blood pressure at
enrolment, smoking, folic acid supplement use and total caloric intake during preg-
nancy and pregnancy complications; (3) a childhood factor adjusted model, which is
the basic model additionally adjusted for gestational age and weight at birth, breast-
feeding, timing of introduction of solid foods and average TV watching time; (4) and
a fully adjusted model which includes all the above factors. All fat mass outcomes
were additionally adjusted for child height. Included covariates were selected based
on their associations with the outcomes of interest based on previous studies,*® or a
change in effect estimate of >10%. We performed an additional analysis by addition-
ally adjusting these analyses for intake of PUFAs in infants at 13 months of age in a
subgroup. We tested for interaction terms between maternal PUFA levels and child’s
sex in relation to adiposity outcomes in childhood. Since no statistically significant
interactions were observed, no further stratified analyses were performed. In order
to reduce potential bias associated with missing data and to maintain statistical
power, we performed multiple imputations of missing covariates by generating 5
independent datasets using the Markov Chain Monte Carlo method after which the
pooled effect estimates were calculated. All analyses were performed using Statisti-
cal Package for the Social Sciences version 21.0 for Windows (SPSS Inc, Chicago, IL,
USA).

Results

Subject characteristics

Table 3.2.1 shows the maternal and childhood characteristics. Mean (SD) second
trimester maternal total n-3 and n-6 PUFA concentrations were 105.0 mg/L (27.5)
and 604.2 mg/L (88.6), respectively (Table 3.2.2) Non-response analyses showed
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that as compared to children with follow-up measurements, those without follow-up
measurements had a lower gestational age at birth and lower birth weight (Supple-
mental Table $S3.2.1). Also, mothers included in the analyses had a higher n-3 PUFA
level and lower n-6/n-3 PUFAs ratio compared to those not included (Supplemental
Table S3.2.2). Correlation coefficients between all maternal PUFA levels and child-
hood body fat outcomes are shown in Supplemental Table 3.2.3.

Table 3.2.1. Characteristics of mothers and their children (N =4,830)!

Value
Maternal characteristics
Age, median (y) 30.9(19.9,39.3)
Gestational age at PUFAs measures (weeks) 20.5 (16.5,24.9)
Prepregnancy body mass index (kg/m?) 23.6%4.2
Weight gain up to 30 weeks of gestation (kg) 10.4 £4.9
Education, No. higher education (%) 2400 (46.2)
Ethnicity, No. European (%) 2917 (61.5)
Parity, No. nulliparous (%) 2757 (57.5)
Total energy intake (kcal) 2048 + 558
Smoking during pregnancy No. Yes (%) 738 (17.1)
Folic acid supplements use, No. Yes (%) 2794 (75.6)
Preeclampsia, No. (%) 91 (2.0)
Gestational hypertension, No. (%) 182 (4.0)
Gestational diabetes, No. (%) 44 (0.9)
Birth and infant characteristics
Males, No. (%) 2413 (50.0)
Gestational age at birth (weeks) 40.1 (35.8,42.3)
Birth weight (g) 3433 + 553
Ever breastfeeding, Yes, No. (%) 3550 (92.7)
Introduction of solid foods N. (%) >6 months 315(10.4)
n-3 PUFAs intake (g/d) 0.6 (0.4)
n-6 PUFAs intake (g/d) 4.7 (2.9)
Childhood adiposity characteristics
Age at follow up (y) 6.0 (5.6,7.9)
Body mass index ( kg/m?) 16.2+19
Fat mass percentage (%) 24957
Android / gynoid fat mass ratio 03£0.1
Abdominal pre-peritoneal fat mass (cm?) 0.39 (0.16,1.2)

Values represent means * SDs, median (95% range) or number of subjects (valid%).
Abbreviations: PUFA: Polyunsaturated fatty acids.
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Table 3.2.2. Second trimester maternal PUFA concentrations (N =4,830)!

Percentage by weight of
Absolute value (mg/L) total sum of fatty acids (%)

Total PUFA concentrations 709.3+97.9 43120
Total n-3 PUFA 105.0£27.5 64+15

ALA 5119 03+0.1

EPA 8.7+54 05+03

DPA 12.1+43 0.7£0.2

DHA 77.6 +20.4 48+1.1
Total n-6 PUFA 604.2 + 88.6 368+£25

LA 361.9 +63.1 223+28

GLA 1507 0.1£0.0

EDA 85+19 05£0.1

DGLA 61.0 +16.5 3.7+0.7

AA 156.4 +32.6 96+1.6

DTA 69+22 04+11

Total n-6/n-3 PUFAs ratio 6.1+17

Values represent means * SDs.

Abbreviations: AA: arachidonic acid; ALA: o-linolenic acid; DGLA dihomo-y-linolenic acid; DHA: docosahexaenoic acid; DPA:
docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA:
linoleic acid; PUFA; polyunsaturated fatty acid;

Maternal n-3 PUFA concentrations and childhood body fat outcomes

Table 3.2.3 shows that in the basic models, higher maternal total n-3 PUFA con-
centrations and concentrations of each n-3 fatty acid individually were associated
with lower childhood body mass index, total body fat mass percentage, android/
gynoid fat mass ratio and abdominal preperitoneal fat mass area (all P values <0.05).
In the fully adjusted models, all n-3 PUFA concentrations except for ALA were still
associated with lower childhood total body fat mass percentage and android/gynoid
fat mass ratio (all P values <0.05), but not with childhood body mass index and pre-
peritoneal fat mass area. The strongest effect estimate was observed for the associa-
tions of maternal total n-3 PUFA concentrations with childhood total body fat mass
percentage (difference: -0.07 (95% CI: -0.10, -0.05) per SD increase of total maternal
n-3 PUFA in the fully adjusted model). Models adjusted for pregnancy and childhood
factors separately are given in Supplemental Table S3.2.4 and show that pregnancy
factors fully explained the associations of all maternal total n-3 PUFAs with child-
hood body mass index and abdominal preperitoneal fat mass area. Childhood factors
did not materially influence the observed associations.
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Table 3.2.3. Maternal n-3 PUFA concentrations and childhood body fat outcomes (N =4,830)*

Differences in childhood adiposity outcomes (95% confidence interval) in SDS

. . . Preperitoneal

Maternal n-3 PUFAs in SDS 1[3]3;11';13;105; index ;2::2:::;’:?;:?;; 6 ::;::"r:z z‘;‘;‘:;%t 6 Rt r‘l’lass area
(N=3,912)

Total n-3 PUFAs
Basic model? 009(-012,-007)*  -0.16(-0.18,-0.13)*  -0.13(-0.15,-0.10)*  -0.09 (-0.12, -0.06)*
Full model? -0.02 (-0.05,0.01) 007 (-010,-0.05%  -0.07(-0.10,-0.04)¢  -0.02 (-0.06,0.01)
ALA
Basic model 0.08(-011,-005)*  -0.10(-0.12,-0.07)*  -0.07 (-0.10,-0.04)*  -0.08 (-0.11, -0.06)*
Full model 0.00 (-0.03, 0.03) -0.02 (-0.05, 0.00) -0.02 (-0.05,0.01) -0.03 (-0.06, -0.00)*
EPA
Basic model 0.08(-010,-005)*  -0.13(-0.15,-0.10)*  -0.09 (-0.12,-007)*  -0.07 (-0.10,-0.05)*
Full model -0.02 (-0.04, 0.01) 006 (-0.08,-0.03)  -0.04(-0.07,-001)%  -0.02 (-0.05,0.01)
DPA
Basic model 0.05(-008,-003)*  -011(-0.14,-0.09)*  -0.08(-0.11,-0.06)*  -0.04 (-0.07,-0.01)*
Full model -0.00 (-0.03, 0.03) -0.05(-0.08,-0.03)*  -0.05(-0.08,-0.02)* 0.0 (-0.03,0.03)
DHA
Basic model 008(-011,-005*  -013(-0.16,-0.11)*  -0.11(-0.13,-0.08)*  -0.07 (-0.10,-0.05)*
Full model -0.02 (-0.04, 0.01) 007 (-009,-004)*  -0.06(-0.09,-0.03)*  -0.02 (-0.05,0.01)

'Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood body mass index, total body fat mass
percentage, android/gynoid fat mass ratio and abdominal preperitoneal fat mass area per SD change in maternal n-3 PUFA
concentrations, respectively. 2Basic models are adjusted for gestational age at blood sampling, child age, sex and height (fat mass
outcomes only). *Full models are adjusted for pregnancy factors and childhood factors, which included: maternal age, educational level,
ethnicity, parity, pre-pregnancy body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking,
folic acid supplement use and total calorie intake during pregnancy and pregnancy complications, gestational age and weight at birth,
breastfeeding duration, timing of introduction of solid foods and TV watching time, respectively. * P-value<0.05.

Abbreviations: ALA: a-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; PUFA;
polyunsaturated fatty acid; SD: standard deviation.

Maternal n-6 PUFA concentrations and childhood body fat outcomes

Table 3.2.4 shows that in the basic models, higher maternal total n-6 PUFA concen-
trations, LA, DGLA and DTA concentrations, were associated with higher childhood
body mass index, total body fat mass percentage, android/gynoid fat mass ratio and
abdominal preperitoneal fat mass area (all P values <0.05). After adjustment for
maternal and childhood characteristics, higher total maternal n-6 PUFA concentra-
tions and DGLA concentrations were associated with a higher childhood total body
fat mass percentage, android/gynoid fat mass ratio and abdominal preperitoneal fat
mass area (all P values<0.05), but not with childhood body mass index. The stron-
gest effect estimate was observed for the associations of maternal total n-6 PUFA
concentrations with childhood total body fat mass percentage (difference: 0.08
(95% CI: 0.05, 0.10) per SD increase of total maternal n-6 PUFA in the fully adjusted
model). Models adjusted for pregnancy and childhood factors separately are given
in Supplemental Table $3.2.5 and show that pregnancy factors fully explained the
associations of maternal total n-6 PUFAs with childhood body mass index.
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Table 3.2.4. Maternal n-6 PUFA concentrations and childhood body fat outcomes (N =4,830)*

Differences in childhood adiposity outcomes (95% confidence interval) in SDS

Maternal n-6 PUFAs in Body mass index Total body fat mass Android/gynoid fat Preperitoneal
SDS (N=4,830) percentage (N=4,706)  mass ratio (N=4,706) fat mass area (N=3,912)
Total n-6 PUFA

Basic model? 0.11 (0.08, 0.14)* 0.17 (0.15, 0.20)* 0.12 (0.09, 0.15)* 0.14 (0.11, 0.17)*
Full model® 0.03 (-0.00, 0.06) 0.08 (0.05, 0.10)* 0.06 (0.03, 0.10)* 0.07 (0.04,0.11)*
LA

Basic model 0.03 (0.00, 0.06)* 0.08 (0.06, 0.11)* 0.07 (0.04, 0.10)* 0.06 (0.03, 0.08)*
Full model 0.01 (-0.02, 0.04) 0.05 (0.03, 0.08)* 0.06 (0.03, 0.09)* 0.03 (-0.00, 0.06)
GLA

Basic model 0.03 (-0.00, 0.05) 0.03 (0.01, 0.06)* 0.02 (-0.01, 0.05) 0.06 (0.03, 0.08)*
Full model 0.01 (-0.02, 0.03) 0.01 (-0.01, 0.04) -0.00 (-0.03,0.03) 0.04 (0.01, 0.07)*
EDA

Basic model -0.00 (-0.03,0.03) 0.02 (-0.01, 0.05) 0.02 (-0.01, 0.05) 0.01 (-0.02, 0.04)
Full model -0.01 (-0.03,0.02) 0.00 (-0.02, 0.03) 0.02 (-0.01, 0.05) -0.01 (-0.04,0.02)
DGLA

Basic model 0.06 (0.03, 0.09)* 0.06 (0.04, 0.09)* 0.07 (0.04, 0.09)* 0.07 (0.04, 0.10)*
Full model 0.01 (-0.02, 0.03) 0.04 (0.02, 0.07)* 0.05 (0.02, 0.08)* 0.06 (0.03, 0.09)*
AA

Basic model 0.09 (0.06, 0.11)* 0.08 (0.05, 0.10)* 0.03 (-0.00, 0.05) 0.08 (0.05, 0.11)*
Full model 0.01 (-0.02, 0.04) -0.01 (-0.04, 0.02) -0.04 (-0.07,-0.01)* 0.02 (-0.01, 0.05)
DTA

Basic model 0.08 (0.06, 0.11)* 0.08 (0.06, 0.11)* 0.06 (0.03, 0.09)* 0.10 (0.07, 0.12)*
Full model 0.02 (-0.01, 0.05) 0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04) 0.04 (0.01, 0.07)*

'Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood body mass index, total body fat mass
percentage, android/gynoid fat mass ratio and abdominal preperitoneal fat mass area per SD change in maternal n-6 PUFA
concentrations, respectively. 2Basic models are adjusted for gestational age at blood sampling, child age, sex and height (fat mass
outcomes only).3Full models are adjusted for pregnancy factors and childhood factors, which included: maternal age, educational level,
ethnicity, parity, pre-pregnancy body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking,
folic acid supplement use and total calorie intake during pregnancy and pregnancy complications, gestational age and weight at birth,
breastfeeding duration, timing of introduction of solid foods and TV watching time, respectively. * P-value<0.05.

Abbreviations: AA: arachidonic acid; DGLA dihomo-y-linolenic acid; DTA: docosatetraenoic acid; GLA: y-linolenic acid, EDA:
eicosadienoic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid; SD: standard deviation.

Maternal n-6/n-3 PUFAs ratio and childhood body fat outcomes

Figure 3.2.1 shows that a higher maternal n-6/n-3 PUFA ratio was associated with
a higher childhood body mass index, total body fat mass percentage, android/gynoid
fat mass ratio and abdominal preperitoneal fat mass area in the basic model (all P
values<0.05). In the fully adjusted model, a higher maternal n-6/n-3 PUFAs ratio was
associated with a higher childhood total body fat mass percentage, android/gynoid
fat mass ratio and abdominal preperitoneal fat mass area (differences: 0.05 (95% CI:
0.03, 0.06), 0.05 (95% CI: 0.03, 0.07) and 0.03 (95% CI: 0.02, 0.05) per SD increase
in total n-6/n-3 PUFAs ratio, respectively). Associations of maternal n-6/n-3 PUFAs
ratio with childhood body fat outcomes adjusted for pregnancy and childhood fac-
tors are presented in Supplemental Figure S3.2.2.
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Figure 3.2.1 Maternal n-6/n-3 PUFAs ratio and childhood body fat outcomes (N =4,830)
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Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood body mass index, total body fat mass
percentage, android/gynoid fat mass ratio and abdominal pre-peritoneal fat mass area per SD change in maternal n-6/n-3 PUFAs ratio,
respectively. Basic models are adjusted for gestational age at blood sampling, child age, sex and height (fat mass outcomes only). Full
models are adjusted for pregnancy factors and childhood factors, which included: maternal age, educational level, ethnicity, parity, pre-
pregnancy body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking, folic acid supplement
use and total calorie intake during pregnancy and pregnancy complications, gestational age and weight at birth, breastfeeding duration,
timing of introduction of solid foods and TV watching time, respectively. * P-value<0.05.

Abbreviations: PUFA; polyunsaturated fatty acid; SD: standard deviation.

Additional analysis to take infant PUFA intake into account

We performed an additional analysis among 2,313 children to explore whether the
associations were explained by infant PUFA intake. We observed that additional
adjustment for PUFA intake in infants did not materially affect the observed associa-
tions (data not shown).

Discussion

In this population based prospective cohort study, we observed that maternal lower
n-3 PUFA concentrations and higher n-6 PUFA concentrations during pregnancy are
associated with a higher body fat percentage and an adverse general and abdominal
fat distribution in childhood. The associations of maternal n-3 and n-6 PUFA concen-
trations with detailed childhood fat mass outcomes were only partly explained by
maternal and childhood characteristics.
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Methodological considerations

We used a population-based prospective cohort study design with a large number
of subjects. Of all children whose maternal PUFAconcentrations were available, 64%
participated in the follow-up studies at the age of 6 years. The non-response could
lead to biased effect estimates if the associations of maternal PUFA concentrations
with childhood body composition would be different between children included and
not included in the analyses. Non-response analysis showed that birth weight and
gestational age at birth were lower among children who were not included in the
analyses compared to those who were included. Also, the n-6/n-3 PUFA ratio was
higher among mothers of children who were not included in the analysis. Selective
loss to follow up may have led to underestimation of the effect estimates if children
with adverse body fat profiles from mothers with higher n-6/n-3 ratios had a higher
risk of loss to follow-up. We measured a large number of maternal PUFA concentra-
tions in blood samples only once during pregnancy. These concentrations of maternal
PUFAs may not fully reflect the concentrationsof PUFA that the fetus was exposed to
during the full pregnancy, as this also depends on placental transfer.?* Also, PUFAs
measured in plasma may reflect a time frame of dietary intake of approximately 2
weeks and seem to be reasonable indicators for the recent intake.?® Unfortunately, no
information was available about erythrocyte lipid levels, which reflect alonger intake
period. We performed detailed measurements of childhood body fat distribution out-
comes. DXA quantifies the fat content with a high precision and has the capacity for
aregional analysis but cannot differentiate the two abdominal fat compartments.?5%’
Ultrasound is a reliable method to differentiate between abdominal visceral and
subcutaneous fat compartments by using an area measurement as a proxy for
these fat compartments.?” Both DXA and abdominal ultrasound have been validated
against computed tomography.?6?”37 We presented the associations of plasma PUFA
concentrations with childhood adiposity outcomes in different regression models
(basic model; pregnancy model; childhood model; fully adjusted model) to enable
interpretation of the results with and without different adjustment approaches. We
observed the largest changes in effect estimates when we additionally adjusted the
basic model for maternal prepregnancy body mass index. Further adjustment for
childhood factors did not change the effect estimates. We included various possible
confounders because of the potential of residual confounding in this observational
study. However, we may have overadjusted the fully adjusted models by including
various covariates potentially involved in causal pathways. Despite extensive adjust-
ment, residual confounding may still be an issue. Most importantly, we did not have
detailed information about childhood PUFA blood concentrations or dietary intake
available in the full cohort. However, one previous study found that adjustment for
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child PUFA concentrations did not change the association between maternal PUFA
concentrations and childhood body composition.> Further studies are needed to
further explore the potential role of confounding by maternal and childhood dietary
factors in these observed associations.

Interpretation of main findings

An adequate PUFA supply is important for optimal fetal development.?® Previous
studies suggested that lower maternal n-3 PUFA and higher n-6 PUFA concentrations
are associated with an increased risk of adverse birth outcomes.*?* Alterations in
maternal n-3 and n-6 PUFA concentrations might also have long-term offspring con-
sequences.®® Several studies suggested that lower maternal n-3 PUFA concentrations
and higher n-6 PUFA concentrations are associated with a higher body mass index in
the offspring, but results are not consistent.>*>34% A study among 234 mother-child
pairs of the Maastricht Essential Fatty Acid Birth (MEFAB) cohort in the Netherlands
showed that higher maternal DGLA, an n-6 PUFA, during pregnancy was associated
with increased childhood body mass index at age 7.5 In another study among 388
German mother-child pairs a higher n-6/n-3 PUFAs ratio in cord blood was as-
sociated with a higher body mass index at 10 years of life.*! Another study among
208 pregnant women in Germany showed that higher concentrations of maternal
AA, an n-6 PUFA, were associated with lower offspring body mass index at 1 year
of age.*? Thus, results from previous observational studies suggest that maternal
PUFA concentrations during pregnancy have a persistent effect on childhood growth
and adiposity. Such observational studies may suffer from residual confounding. To
take confounding into account in the associations of maternal PUFA concentrations
and childhood adiposity outcomes, several randomized trials have been performed.
A randomized, double-blind clinical trial among 144 pregnant women showed that
infants of mothers who received 200 mg DHA, an n-3 PUFA, per day during preg-
nancy had a lower body mass index at 21 months, but there was no difference at
age 6 years.* A meta-analysis of 6 randomized controlled trials showed no effect
of maternal n-3 PUFAs supplementation during pregnancy on body mass index in
preschool children.'* Thus results from these trials do not support the results ob-
tained in observational studies. However, due to the subject selection and specific
composition of the supplements, results from these trials are difficult to generalize
to larger population-based samples.

Only a few studies assessed the associations of maternal PUFA concentrations with
more detailed offspring body fat measures. A study among 1,250 mother-child pairs
in Massachusetts showed that higher concentrations of DHA and EPA, n-3 PUFAs, in
the maternal diet and in umbilical cord, were associated with lower subcutaneous
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fat mass measured by the sum of subscapular and triceps skinfold thicknesses at
the age of 3 years.?! In the same study, higher maternal concentration of n-6 PUFAs
were associated with higher sum of childhood subscapular and triceps skinfold
thicknesses.?! In this study, a food frequency questionnaire was used to assess ma-
ternal fatty acid intake. A prospective UK cohort study among 293 mother-child pairs
showed that higher maternal n-6 PUFAs concentrations were positively associated
with offspring body fat mass measured by DXA at 6 years. The maternal n-3/n-6
PUFAs ratio was negatively associated with offspring fat mass at 4 years, but not
at 6 years.* Findings from this latter study suggest that a reduction in maternal n-6
PUFAs concentrations is more protective than increasing the concentration of n-3
PUFAs for children. A randomized trial among 208 pregnant women showed no ef-
fect of n-3 PUFAs supplementation on fat mass, as assessed by skinfold thickness and
abdominal ultrasonography, in the offspring during the first year of life.!?

In the current study, we observed in the basic models that maternal higher n-3
PUFAs and lower total n-6 PUFAs were associated with a lower body mass index
in childhood. However, these associations were fully explained by maternal socio-
demographic and lifestyle-related characteristics. Especially, maternal body mass
index seems to largely explain the associations of maternal PUFA concentrations
and childhood body mass index. In contrast to the associations with childhood body
mass index, we observed that higher maternal total n-3 PUFA concentrations were
associated with lower childhood total body fat mass, android/gynoid fat mass ra-
tio, a measure of waist-to-hip ratio and abdominal pre-peritoneal fat mass area, a
marker of visceral fat mass. Concentrations of the n-3-PUFAs, ALA, EPA, DPA, and
DHA were all associated with these childhood outcomes. Higher maternal total
n-6 PUFA concentrations, specifically LA, DGLA, AA, and DTA were associated with
higher childhood total body fat mass, android/gynoid fat mass ratio, and abdominal
pre-peritoneal fat mass area. In line with these findings, a higher maternal n-6/n-3
PUFAs ratio was also associated with higher childhood total body and abdominal fat
mass levels. These associations were not explained by the maternal and childhood
factors on which we had information available. Thus, our results suggest that both
lower maternal n-3 PUFA concentrations and higher maternal n-6 PUFA concentra-
tions during pregnancy affect childhood total body fat mass and abdominal fat mass
levels. An adverse body fat distribution seems to be, independently of body mass
index, associated with an adverse cardiovascular risk profile.!®***5 Whether the
observed body fat differences related to maternal PUFA concentrations have adverse
health consequences should be further studied.

Because of the observational design of the study, further studies are needed for
replication and to explore causality. If the associations are indeed causal, the biologi-
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cal mechanisms underlying may involve adaptations in fetal fat cell development and
adipose tissue growth.**¢ N-6 PUFAs forms a precursor of prostacyclin, which pro-
motes the differentiation of preadipocytes into mature and functional adipocytes.*’
On the contrary, n-3 PUFAs inhibit this process of differentiation through the inhibi-
tion of the activity of the cyclooxygenase enzymes, which enhance prostaglandin bio-
synthesis.*® Thus, n-3 PUFAs inhibit the process of lipid storage and accumulation in
the fetuses reducing both hyperplasia as well as hypertrophy of growing fat depots.*®
Our results are important from an etiological perspective. Although the observed
effect estimates were small and without clinical relevance for individuals, the results
may be relevant on population levels. Unfortunately, causality cannot be established
by this observational study. Experimental and Mendelian Randomization studies
may help to assess the causality of the observed associations.*’

Conclusion

We observed that higher maternal n-3 PUFA concentrations and lower maternal n-6
PUFA concentrations during pregnancy are associated with a lower childhood total
body fat and abdominal fat levels. These associations were only partly explained by
maternal and childhood socio-demographic and lifestyle-related characteristics.
Further observational and experimental studies are needed for replication and to
explore the causality and long-term cardio-metabolic consequences.
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Childhood outcomes:

Body mass index n=4,830
Fat mass n=4,706
Android/gynoid fat mass n=4,706
Abdominal pre-peritoneal fat mass n=3,912
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Table S3.2.1. Comparison of subject characteristics between those included and not included in the

analyses (N = 6,924)!

Participation in No participation in

follow-up follow-up
Characteristics N=4,830 N=2,094 P-value
Maternal Characteristics
Age (y) 30.9 (19.9,39.3) 28.8 (18.5,38.7) <0.01
Gestational age at PUFA measures (weeks) 20.5(16.5,24.9) 20.5(17.1,24.9) 0.99
Pre-pregnancy body mass index (kg/m?) 23.6+4.2 23.7+4.7 0.48
Weight gain up to 30 weeks of gestation (kg) 10.4 4.9 103+5.4 0.79
Education, No. higher education (%) 2400 (46.2) 602 (33.0) <0.01
Ethnicity, European No. (%) 2917 (61.5) 897 (48.0) <0.01
Parity, No. nulliparous (%) 2757 (57.5) 1087 (52.7) <0.01
Total energy intake, mean * SD, kcal /d 2048 + 558 2020 +591 0.13
Smoking during pregnancy No. Yes (%) 738(17.1) 407 (22.5) <0.01
Folic acid supplements use, No. Yes (%) 2794 (75.6) 911 (61.4) <0.01
Preeclampsia 91 (2.0) 55(2.9) 0.04
Gestational hypertension 182 (4.0) 58(3.0) 0.06
Gestational diabetes 44 (0.9) 26 (1.3) 0.17
Childhood characteristics
Males, No. (%) 2413 (50.0) 1086 (51.9) 0.14
Gestational age at birth, median (95% range), weeks 40.1 (35.8,42.3) 40.0 (34.9,42.4) <0.01
Birth weight, mean + SD, g 3433 £553 3383£579 <0.01
Ever breastfeeding, Yes, No. (%) 3550 (92.7) 1014 (90.5) 0.02
Introduction of solid foods No. (%) >6 months 315(10.4) 78 (10.7) 0.46
n-3 PUFAs intake (g/d) 0.6 (0.4) 0.7 (0.5) <0.01
n-6 PUFAs intake (g/d) 4.7 (2.9) 5.4 (3.9) <0.01

Values represent mean * SD, median (95% range) or number of subjects (valid%). n-3 and n-6 PUFAs intake was available in a

subgroup of the study (n=2,313).

Abbreviations: PUFA; polyunsaturated fatty acid.

131



CHAPTER 3.2

Table $3.2.2. Comparison of maternal PUFAs between those included and not included in the analyses (N =
6,924)"

Participation in No participation in P-value

Maternal PUFAs follow-up follow-up
N =4,830 N =2,094

Total PUFAs
Absolute value (mg/L) 709.3+97.9 702.0 £100.7 <0.01
Percentage by weight of total sum of fatty acids (%) 431+2.0 434+2.1 <0.01
Total n-3 PUFA
Absolute value (mg/L) 105.0 £ 27.5 99.8 £26.6 <0.01
Percentage by weight of total sum of fatty acids (%) 6.4+15 6.1+14 <0.01
ALA
Absolute value (mg/L) 51+£19 48+19 <0.01
Percentage by weight of total sum of fatty acids (%) 03+0.1 03+0.1 <0.01
EPA
Absolute value (mg/L) 87+54 7.8+5.1 <0.01
Percentage by weight of total sum of fatty acids (%) 0.5+0.3 05+0.3 <0.01
DPA
Absolute value (mg/L) 121+43 11.6+4.4 <0.01
Percentage by weight of total sum of fatty acids (%) 0.7+0.2 0.7+0.2 <0.01
DHA
Absolute value (mg/L) 77.6 +20.4 74.1+19.8 <0.01
Percentage by weight of total sum of fatty acids (%) 48+1.1 46+1.1 <0.01
Total n-6 PUFA
Absolute value (mg/L) 604.2 +88.6 602.2 +90.8 0.38
Percentage by weight of total sum of fatty acids (%) 368+2.5 372%25 <0.01
LA
Absolute value (mg/L) 361.9+63.1 360.5+62.2 0.41
Percentage by weight of total sum of fatty acids (%) 223+28 226+28 <0.01
GLA
Absolute levels (mg/L) 15%0.7 15+0.7 0.35
Percentage by weight of total sum of fatty acids (%) 0.1+0.0 0.1+0.0 0.80
EDA
Absolute value (mg/L) 85+19 85+19 0.05
Percentage by weight of total sum of fatty acids (%) 0.5+0.1 0.5+0.1 0.41
DGLA
Absolute value (mg/L) 61.0 £16.5 59.2+£173 <0.01
Percentage by weight of total sum of fatty acids (%) 3.7+0.7 37408 <0.01
AA
Absolute levels (mg/L) 156.4 £32.6 157.3£33.2 0.29
Percentage by weight of total sum of fatty acids (%) 9.6+1.6 98+1.6 <0.01
DTA
Absolute value (mg/L) 6.9+2.2 7.1+22 <0.01
Percentage by weight of total sum of fatty acids (%) 0411 04+0.1 <0.01
Total n-6/n-3 PUFAs ratio
Absolute value (mg/L) 6.1+1.7 64+1.7 <0.01

Percentage by weight of total sum of fatty acids (%) - -

'Values represent mean * SD. Abbreviations: ALA: a-linolenic acid; AA: arachidonic acid; DGLA dihomo-gamma-linolenic acid; DHA:
docosahexaenoic acid; DGLA dihomo-y-linolenic acid; DPA: docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic
acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid.
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Table S3.2.4. Associations of maternal n-3 PUFA concentrations with childhood body fat outcomes adjusted

for pregnancy and childhood factors (N = 4,830)*

Maternal n-3 PUFAs in SDS

Differences in childhood adiposity outcomes (95% confidence interval) in SDS

Body mass index
(N =4,830)

Total body fat mass

percentage (N = 4,706)

Android/gynoid fat

mass ratio (N = 4,706)

Preperitoneal
fat mass area (N =
3,912)

Total n-3 PUFAs

Pregnancy factors? -0.01 (-0.04,0.01) -0.07 (-0.10,-0.05)* -0.07 (-0.10, -0.04)* -0.02 (-0.06,0.01)
Childhood factors? -0.08 (-0.11, -0.05)* -0.14 (-0.16,-0.11)* -0.11 (-0.14, -0.08)* -0.07 (-0.10, -0.04)*
ALA

Pregnancy factors -0.00 (-0.03,0.02) -0.02 (-0.05,0.01) -0.02 (-0.05,0.01) -0.03 (-0.06, 0.00)
Childhood factors -0.07(-0.10, -0.04)* -0.09 (-0.11, -0.06)* -0.06 (-0.09, -0.04)* -0.08 (-0.11, -0.05)*
EPA

Pregnancy factors -0.02 (-0.04,0.01) -0.06 (-0.08,-0.03)* -0.05 (-0.08, -0.02)* -0.02 (-0.05,0.01)
Childhood factors -0.07 (-0.10, -0.04)* -0.11(-0.14, -0.09)* -0.08 (-0.11, -0.05)* -0.06 (-0.09, -0.03)*
DPA

Pregnancy factors 0.00 (-0.03, 0.03) -0.05 (-0.07,-0.02)* -0.05 (-0.08, -0.02)* 0.01 (-0.02,0.04)
Childhood factors -0.05 (-0.08, -0.02)* -0.10 (-0.12, -0.07)* -0.08 (-0.11, -0.05)* -0.03 (-0.06, -0.01)*
DHA

Pregnancy factors -0.01 (-0.04, 0.02) -0.06 (-0.09,-0.04)* -0.06 (-0.09,-0.03)* -0.02 (-0.05,0.01)
Childhood factors -0.07 (-0.10, -0.04)* -0.11 (-0.14, -0.09)* -0.09 (-0.12, -0.07)* -0.06 (-0.09, -0.03)*

'Values are regression coefficients (95% Cls) that reflect the difference in SDS childhood body mass index, fat mass percentage,
android/gynoid fat mass and abdominal preperitoneal fat mass per SD change in maternal n-3 PUFA concentrations, respectively.
2Pregnancy factors model are basic model additionally adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy
body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking, folic acid supplement use and
total calorie intake during pregnancy and pregnancy complications. *Childhood factors model are basic model additionally adjusted for
birth characteristics, breastfeeding duration, timing of introduction of solid foods and TV watching time, respectively. * P-value<0.05.
Abbreviations: ALA: a-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; PUFA;
polyunsaturated fatty acid; SD: standard deviation.
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Table S3.2.5. Associations of maternal n-6 PUFA concentrations with childhood body fat outcomes adjusted
for pregnancy and childhood factors (N = 4,830)*

Maternal n-6 PUFAs
in SDS

Differences in childhood adiposity outcomes (95% confidence interval) in SDS

Body mass index

(N =4,830)

Total body fat mass
percentage
(N=4,706)

Android/gynoid fat
mass ratio
(N=4,706)

Preperitoneal
fat mass area
(N=3,912)

Total n-6 PUFA
Pregnancy factors?
Childhood factors®
LA

Pregnancy factors
Childhood factors
GLA

Pregnancy factors
Childhood factors
EDA

Pregnancy factors
Childhood factors
DGLA

Pregnancy factors
Childhood factors
AA

Pregnancy factors
Childhood factors
DTA

Pregnancy factors
Childhood factors

0.02 (-0.01,0.05)
0.10 (0.07, 0.13)*

0.01 (-0.02,0.04)
0.03 (-0.00, 0.05)

0.00 (-0.03, 0.03)
0.03 (-0.00, 0.05)

-0.01 (-0.03,0.02)
-0.00 (-0.03, 0.02)

0.01 (-0.02, 0.04)
0.05 (0.02, 0.08)*

0.00(-0.03,0.03)
0.08 (0.05, 0.11)*

0.02 (-0.01,0.05)
0.08 (0.05, 0.10)*

0.08 (0.05,0.10)*
0.15 (0.12, 0.18)*

0.05 (0.02,0.07)*
0.07 (0.05, 0.10)*

0.02 (-0.01,0.04)
0.03 (0.01, 0.06)*

-0.00 (-0.03,0.02)
0.02 (-0.01,0.04)

0.04 (0.02,0.07)*
0.06 (0.04,0.09)*

-0.00 (-0.03,0.03)
0.06 (0.03, 0.08)*

0.02 (-0.01, 0.05)
0.06 (0.04, 0.09)*

0.06 (0.03, 0.10)*
0.11 (0.08, 0.14)*

0.05 (0.02, 0.08)*
0.06 (0.03, 0.09)*

0.00 (-0.03, 0.03)
0.01 (-0.02, 0.04)

0.01 (-0.02, 0.04)
0.02 (-0.01, 0.05)

0.05 (0.02, 0.08)*
0.07 (0.04, 0.10)*

-0.03 (-0.06,-0.00)*
0.01 (-0.02,0.04)

0.01 (-0.02, 0.04)
0.05 (0.02, 0.08)*

0.07 (0.04, 0.11)*
0.13 (0.10, 0.16)*

0.02 (-0.01,0.05)
0.05 (0.02, 0.08)*

0.04 (0.02, 0.07)*
0.05 (0.02, 0.08)*

-0.01 (-0.04, 0.02)
0.01 (-0.02, 0.03)

0.06(0.03,0.10)*
0.07 (0.04, 0.10)*

0.03 (-0.00, 0.06)
0.07 (0.04, 0.10)*

0.05 (0.02, 0.08)*
0.08 (0.05, 0.11)*

Values are regression coefficients (95% Cls) that reflect the difference in SDS childhood body mass index, fat mass percentage,

android/gynoid fat mass and abdominal preperitoneal fat mass per SD change in maternal n-6 PUFA concentrations, respectively.

2Pregnancy factors model are basic model additionally adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy
body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking, folic acid supplement use and
total calorie intake during pregnancy and pregnancy complications. *Childhood factors model are basic model additionally adjusted for
birth characteristics, breastfeeding duration, timing of introduction of solid foods and TV watching time, respectively.* P-value<0.05.

Abbreviations: AA: arachidonic acid; DGLA: dihomo-y-linolenic acid; DTA: docosatetraenoic acid; GLA:y-linolenic acid, EDA:
eicosadienoic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid; SD: standard deviation.
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Figure $3.2.2. Associations of maternal n-6/n-3 PUFAs ratio with childhood body fat outcomes adjusted for

pregnancy and childhood factors (N = 4,830)
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Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood body mass index, total body fat mass
percentage, android/gynoid fat mass ratio and abdominal pre-peritoneal fat mass area per SD change in maternal n-6/n-3 PUFAs
ratio, respectively. Basic models are adjusted for gestational age at blood sampling, child age, sex and height (fat mass outcomes
only). Full models are adjusted for pregnancy factors and childhood factors, which included: maternal age, educational level, ethnicity,
parity, pre-pregnancy body mass index, weight gain up to 30 weeks of gestation, blood pressure at enrolment, and smoking, folic
acid supplement use and total calorie intake during pregnancy and pregnancy complications, gestational age and weight at birth,
breastfeeding duration, timing of introduction of solid foods and TV watching time, respectively. * P-value<0.05. Abbreviations: PUFA;
polyunsaturated fatty acid; SD: standard deviation.
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CHAPTER 3.3

Abstract

Background: Suboptimal maternal diet during pregnancy might lead to fetal cardio-
vascular adaptations with persistent consequences in the offspring.

Objectives: We assessed the associations of maternal polyunsaturated fatty acid
(PUFA) concentrations during pregnancy with childhood blood pressure.

Methods: In a population-based prospective cohort study among 4,455 moth-
ers and their children, we measured maternal second trimester n-3 and n-6 PUFA
concentrations in plasma glycerophospholipids, and expressed n-3 and n-6 PUFAs
as proportions of total PUFAs (weight percentage, wt%). Childhood blood pressure
was measured at the median age of 6.0 years (95% range 5.7, 7.9). We used linear
regression models to assess the associations of maternal PUFA wt% with childhood
blood pressure at 6 years.

Results: Higher total maternal n-3 PUFA wt% and specifically DHA wt% were associ-
ated with lower childhood systolic blood pressure (differences: -0.28 mmHg (95%
CI: -0.54, -0.03) and -0.29 mmHg (95% CI: -0.54, -0.03) per SD increase of total n-3
PUFA and DHA wt%, respectively), but not with childhood diastolic blood pressure.
Total maternal n-6 PUFA wt% was positively associated with childhood systolic blood
pressure (differences: 0.36 mmHg (95% CI: 0.09, 0.62) per SD increase of total n-6
PUFA wt%), but not with childhood diastolic blood pressure. A higher n-6/n-3 PUFA
ratio was associated with higher childhood systolic blood pressure (P values<0.05).
Pregnancy and childhood characteristics only partly explained the observed associa-
tions.

Conclusions: Higher maternal plasma n-3 PUFA and lower n-6 PUFA concentrations
during pregnancy are associated with a lower systolic blood pressure in childhood.
Further studies are needed to replicate these findings, to explore the underlying
mechanisms and to examine the long term cardiovascular consequences.
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Introduction

Suboptimal maternal and fetal nutrition might lead to fetal cardiovascular develop-
mental maladaptations and a subsequent increased risk of cardiovascular disease
in later life.! In humans, support for this hypothesis is largely based on historical
cohort studies showing associations of maternal exposure to extreme famine during
pregnancy with the development of hypertension in later life.2 Not much is known
about specific maternal nutritional factors during pregnancy, which may affect
cardiovascular development in the offspring in less extreme environments. It has
been hypothesized that maternal intake of long-chain polyunsaturated fatty acids
(PUFAs) during pregnancy is important for fetal and infant development.®** During
pregnancy there is an increase in the demand for PUFAs due to the increased needs
for maternal tissue and fetal development.® Lower maternal n-3 PUFA concentrations
and higher n-6 PUFA concentrations have been associated with increased risks of
gestational hypertensive disorders and low birth weight.®® A previous study among
293 mother-child pairs showed that higher maternal plasma n-6 PUFA concentra-
tions during pregnancy, but not n-3 PUFA concentrations, were associated with
higher offspring fat mass.? In addition, a recent study in rats suggested that moderate
n-3 PUFAs deficiency in the perinatal period was associated with hypertension in
later life, despite reversal of the deficiency months before the assessment of blood
pressure.® A study among Dutch children showed that children who received human
milk with a relatively high concentration of n-3 PUFAs in the first year of life had a
lower systolic blood pressure at the age of 12 years.!® Thus far, no studies among
humans have examined the associations of maternal PUFAs status during pregnancy
with offspring blood pressure.

Therefore, we examined in a population-based prospective cohort study from early
pregnancy onwards among 4,455 mothers and their children, the associations of
maternal n-3 and n-6 PUFA plasma concentrations during pregnancy with childhood
blood pressure.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospec-
tive cohort study from fetal life to adulthood in Rotterdam, the Netherlands.!! The
study has been approved by the Medical Ethical Committee of the Erasmus Medical
Center in Rotterdam (MEC 198.782/2001/31). All mothers gave written consent.
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Pregnant women with an expected delivery date from April 2002 to January 2006
were enrolled in the study. In total, 8,879 mothers were enrolled during pregnancy,
of whom 6,925 had PUFA concentrations available and gave birth to singleton live
born children. Childhood blood pressure was available in 4,455 of these children
(Flow chart is given Supplemental Figure S3.3.1).

Maternal polyunsaturated fatty acid status

Maternal non-fasting venous samples were drawn at a median gestational age of 20.6
weeks (95%range: 18.5-23.2). To analyze PUFA concentrations, EDTA plasma samples
were picked and transported to the Division of Metabolic Diseases and Nutritional
Medicine, Dr. von Hauner Children’s Hospital, University of Munich Medical Center.
After being thawed, the analysis of plasma glycerophospholipid PUFAs composition
was performed by a sensitive and precise high-throughput method, suitable in large
epidemiological studies, as previously described.!? Based on findings from previous
studies, we selected maternal PUFAs for our analyses, which have been associated
with the risk of cardiovascular disease in adults, and maternal and fetal pregnancy
outcomes.??1316 Selected maternal PUFAs were total n-3 PUFA, which included
a-linolenic (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), docosapentaenoic
acid (DPA, 22:5n-3), docosahexaenoic acid (DHA, 22:6n-3) and total n-6 PUFA, which
included linoleic acid (LA, 18:2n-6), y-linolenic acid (GLA, 18:3n-6), eicosadienoic
acid (EDA, 20:2n-6), dihomo-y-linolenic acid (DGLA, 20:3n-6), arachidonic acid (AA,
20:4n-6), docosatetraenoic acid (DTA, 22:4n-6). The ratio of total n-6/n-3 PUFA was
calculated. PUFA concentrations were expressed as proportion of total PUFAs pres-
ent in the chromatogram (weight percentage, wt%).!” We observed similar results
when we used fatty acid concentrations in mg/L instead of percentages (results not
shown).

Childhood blood pressure

We measured blood pressure at the median age of 6.0 years (95% range: 5.7, 7.9)
four times with one-minute intervals at the right brachial artery with the child in
supine position, using the validated automatic sphygmanometer Datascope Accutor
Plus TM (Paramus, NJ, USA).*® A cuff was selected with a cuff width approximately
40% of the arm circumference and long enough to cover 90% of the arm circumfer-
ence. We used mean systolic and diastolic blood pressure values calculated from the
last three blood pressure measurements.
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Covariates

Information on maternal age, educational level, ethnicity and maternal folic acid
supplement use was obtained at enrolment.!! We measured maternal height, and
blood pressure at enrolment, and obtained information about maternal prepreg-
nancy weight by questionnaire. We calculated body mass index. Maternal weight
gain during pregnancy was calculated as the difference between maternal weight at
third trimester and maternal prepregnancy weight. Information on maternal smok-
ing and alcohol consumption was assessed by questionnaires during pregnancy.
Homocysteine and folate concentrations were analysed using an immunoelectro-
chemoluminescence assay on the Architect System (Abbott Diagnostics B.V., Hoofd-
dorp, the Netherlands). We used food frequency questionnaires to assess maternal
nutritional information during early pregnancy at the median gestational age 13.8
weeks (95% range: 9.9, 22.6). We also assessed infant PUFA intakes at 13 months
by a FFQ questionnaire in a subgroup of the study cohort (n=2,153).* Information
about pregnancy complications, childhood sex, gestational age, and weight at birth
was obtained from medical records.?*?! Information about breastfeeding and timing
of introduction of solid foods was obtained by questionnaires in infancy.*® At the age
of 6 years, childhood height and weight were measured, and body mass index was
calculated.

Statistical analysis

We examined the associations of maternal PUFA wt%, expressed as standard de-
viation difference, with childhood systolic and diastolic blood pressure using linear
regression models. We used four regression models; (1) a basic model including
gestational age at maternal blood sampling, child’s age and sex; (2) a pregnancy fac-
tor adjusted model, which was additionally adjusted for maternal age, educational
level, ethnicity, parity, prepregnancy body mass index, gestational weight gain, blood
pressure at enrolment, smoking, alcohol consumption, folic acid and homocysteine
concentrations in plasma, total caloric intake during pregnancy, and pregnancy
complications; (3) a childhood factor adjusted model, which was the basic model
additionally adjusted for gestational age and weight at birth, breastfeeding duration,
timing of introduction of solid foods and childhood current body mass index; (4) and
a fully adjusted model which includes all the above factors. Included covariates were
selected based on their associations with the outcomes of interest based on previous
studies ? or a change in effect estimate of >10%. We performed a sensitivity analysis,
among a subgroup of children with information about PUFA intakes at 13 months
available, by additional adjusting the performed analyses for PUFA intakes in infancy.
We tested for interaction terms between child’s sex and maternal PUFA wt% in re-
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lation to blood pressure in childhood. Since no significant interaction terms were
present, no further stratified analyses were performed. In order to reduce potential
bias associated with missing data and to maintain statistical power, we performed
multiple imputations of missing covariates by generating 5 independent datasets
using the Markov Chain Monte Carlo method after which the pooled effect estimates
were calculated. All analyses were performed using Statistical Package for the Social
Sciences version 21.0 for Windows (SPSS Inc, Chicago, IL, USA). Values represent
means *standard deviations (SD), medians (95% range), numbers (valid percentage)
or estimates (95% Confidence Interval, CI) obtained from linear regression models.
We used the 5% level of significance.

Results

Maternal and childhood characteristics are given in Table 3.3.1. Second trimester
maternal total n-3 and n-6 PUFA concentrations were 104 + 27.5 mg/L and 597 +
87.5 mg/L, respectively (Table 3.3.2). Results from the non-response analysis are
given in Supplemental Table $3.3.1 and showed that mothers who were not in-
cluded in the analyses smoked more often during pregnancy and developed more
often preeclampsia as compared to those who were included (P values<0.05). Also,
birth weight, gestational age at birth and breastfeeding duration were lower among
children who were not included in the analyses compared to those who were in-
cluded (P values<0.05).
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Maternal characteristics
Age, (yr)
Gestational age at enrolment, (wk)
Prepregnancy body mass index, (kg/m?)
Weight gain during pregnancy, (kg)
Systolic blood pressure at intake, (mmHg)
Diastolic blood pressure at intake, (mmHg)
Education, No. higher education (%)
Race / ethnicity, No. European (%)
Parity, No. nulliparous (%)
Total energy intake, (kcal/d)
Smoking during pregnancy, No. Yes (%)
Alcohol consumption during pregnancy, No. Yes (%)
Plasma folate, (nmol/L)
Plasma homocysteine, (pumol/L)
Preeclampsia, No. (%)
Gestational hypertension, No. (%)
Gestational diabetes, No. (%)
Childhood characteristics

Total PUFAs intake, (g/d)
N-6 PUFA intake, (g/d)
N-3 PUFA intake, (g/d)
Males, No. (%)
Gestational age at birth, (wk)
Birth weight, (g)
Ever breastfeeding, Yes (%)
Introduction of solid foods (%)

<3 months

3-4.9 months

>5 months
Age at follow up, (yr)
Body mass index, (kg/m?)
Systolic blood pressure, (mmHg)

Diastolic blood pressure, (mmHg)

Value
30.9(20.0,39.2)
13.8(9.9-22.6)
23.6+4.2

104 +49

116 +12.2
68.1+9.5
1938 (46.2)
2683 (61.3)
1897 (42.9)
2051 +559
1037 (26.1)
2150 (54.7)
185+9.0
7119
80(1.9)

170 (4.0)

40 (0.9)

7.9 (0.64,38.4)
4.1 (0.03-28.9)
0.5 (0.00,3.67)
2225 (49.9)
40.1 (357, 42.4)
3436+ 551
3275 (92.8)

201 (8.3)
1484 (60.6)
762 (31.1)

6.0 (5.7,7.9)
15.8(13.6,21.2)
1026 + 8.2
60.6+ 6.9

Values represent means + SDs, median (95% range) or number of subjects (valid%).
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Table 3.3.2. Plasma PUFA concentrations during the second trimester of mothers (N =4,455)!

Relative
Absolute value (mg/L) value (wt%)
Total PUFAs 700 £ 96.8 -
Total n-3 PUFAs 104 £27.5 64+15
18:3n-3 51£19 03£0.1
20:5n-3 87454 05£03
22:5n-3 12.1+43 0.7+0.2
22:6n-3 77.6 +20.5 4811
Total n-6 PUFAs 597 £87.5 36825
18:2n-6 362 £63.5 223+28
18:3n-6 15%0.7 0.1£0.0
20:2n-6 85+19 05£0.1
20:3n-6 61.1+16.5 37+07
20:4n-6 157 +32.6 9.6+1.6
22:4n-6 7.0£2.2 04+11
Total n-6/n-3 PUFA ratio 6.1+1.7

Values represent means + SDs, PUFAs: polyunsaturated fatty acids

Maternal n-3 PUFA wt% and childhood blood pressure

Table 3.3.3 shows that in the models adjusted for gestational age at blood sampling,
child age and sex, higher total n-3 PUFA wt% and specifically higher ALA, EPA, DPA
and DHA wt% were associated with lower childhood systolic blood pressure (P values
<0.05). Additional adjustment for pregnancy and childhood factors fully explained
the associations of ALA, EPA, DPA wt% with childhood systolic blood pressure. In the
fully adjusted models, higher maternal total n-3 PUFA and DHA wt% were associated
with lower childhood systolic blood pressure (differences: -0.28 mmHg (95% CI:-
0.54,-0.03) and -0.29 mmHg (95% CI: -0.54, -0.03) per SD increase of total maternal
n-3 PUFA and DHA wt%, respectively). In the basic and childhood models, higher
maternal total n-3 PUFA, DPA and DHA wt% were associated with lower childhood
diastolic blood pressure (P values<0.05), but no associations were present in the
pregnancy and fully adjusted models.
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Table 3.3.3. Associations of maternal n-3 PUFA wt% with blood pressure in children at 6 years (N = 4,455)"

Differences in childhood systolic and diastolic blood pressure (95% confidence interval)
per SD difference in n-3 PUFAs

Total n-3 PUFAs 18:3n-3 20:5n-3 22:5n-3 22:6n-3
(SD) (SD) (SD) (SD) (SD)
Systolic blood pressure (mmHg)
Basic model? -0.60 (-0.84,-0.36)*  -0.32(-0.56,-0.08)*  -0.30 (-0.54,-0.06)*  -0.42 (-0.66,-0.17)*  -0.58 (-0.82,-0.34)*

Pregnancy model®  -0.33 (-0.59,-0.07)*  -0.12 (-0.37,0.13)  -0.07(-0.32,0.18)  -0.24(-048,0.01)  -0.33 (-0.59,-0.07)*
Childhood model* ~ -0.35 (-0.58,-0.11)*  -0.15 (-0.38,0.09)  -0.08 (-0.31,0.15)  -0.26 (-0.50,-0.03)*  -0.37 (-0.59,-0.12)*

Full model® -0.28 (-0.54,-0.03)*  -0.12(-0.36,0.12) -0.03 (-0.28, 0.22) -0.22 (-0.46,0.02)  -0.29 (-0.54,-0.03)*
Diastolic blood pressure (mmHg)

Basic model -0.38(-0.58,-0.17)*  -0.19 (-0.40, 0.00) -0.12 (-0.32,0.08)  -0.35(-0.55,-0.15)*  -0.36 (-0.57,-0.16)*
Pregnancy model -0.11 (-0.33,0.11) -0.04 (-0.25,0.17) 0.12 (-0.09, 0.34) -0.19 (-0.40, 0.02) -0.13 (-0.35, 0.09)
Childhood model -0.26 (-0.47,-0.06)*  -0.13(-0.33,0.07) -0.02 (-0.22,0.18)  -0.28(-0.48,-0.07)*  -0.27 (-0.47,-0.06)*
Full model -0.10 (-0.32,0.12) -0.04 (-0.25,0.17) 0.13 (-0.08, 0.34) -0.18 (-0.39, 0.03) -0.12 (-0.34,0.10)

Values are regression coefficients (95% Cls) obtained from linear regression models and reflect the difference in childhood blood
pressure levels in mmHg per SD difference in each maternal n-3 PUFAs respectively. 2Basic models are adjusted for gestational age
at blood sampling, child age and sex. *Pregnancy models are basic models additionally adjusted for maternal age, educational level,
ethnicity, parity, pre-pregnancy body mass index, gestational weight gain, blood pressure at enrolment, smoking, alcohol consumption,
folic acid and homocysteine concentrations in plasma, total caloric intake during pregnancy, and pregnancy complications. *Childhood
models are basic models additionally adjusted for birth characteristics, breastfeeding duration, timing of introduction of solid foods
and body mass index at the age of 6 years, respectively. SFull models are adjusted for all covariates. Abbreviations: Cls: Confidence
Intervals; PUFAs: polyunsaturated fatty acids; SD: standard deviation. * P-value<0.05.

Maternal n-6 PUFA wt% and childhood blood pressure

Table 3.3.4 shows that in the basic model, higher total n-6 PUFA, AA and DTA wt%
were associated with a higher childhood systolic blood pressure (P values<0.05).
Additional adjustment for pregnancy or childhood factors partly explained these
associations. In the fully adjusted model, only higher total maternal n-6 PUFA wt%
was associated with a higher childhood systolic blood pressure (difference: 0.36
mmHg (95% CI: 0.09, 0.62) per SD increase of total n-6 PUFA wt%). In the basic
model higher maternal total n-6 PUFA, AA and DTA wt% were associated with a
higher childhood diastolic blood pressure (P values<0.05), whereas in the childhood
model only higher total maternal n-6 PUFA and DTA wt% were associated with child-
hood diastolic blood pressure (P values<0.05). No associations were present in the
pregnancy and fully adjusted models.
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Table 3.3.4. Associations of maternal n-6 PUFA wt% with blood pressure in children at 6 years (N = 4,455)"

Differences in childhood systolic and diastolic blood pressure (95% confidence interval) per SD
difference in n-6 PUFAs

T‘:J;:S'(’ 18:2n-6 18:3n-6 20:2n-6 20:30-6 20:4n-6 22:4n-6
(SD) (SD) (SD) (SD) (SD) (sD)
(SD)
Systolic blood pressure (mmHg)
Basic model? 0.62 022 0.22 0.01 0.23 0.42 045
(0.38,086)*  (-0.02,046) (-0.02,046) (022,025) (-0.01,047) (0.18,0.66)% (0.21,0.69)*
Pregnancy model* 041 0.23 0.09 0.03 0.04 0.11 0.19
(0.14,0.68)*  (-0.03,048) (-0.15033) (021,028) (-0.22,029) (-0.14,036) (-0.06,0.44)
Childhood model* 0.33 0.12 0.17 -0.03 0.12 022 0.24
(0.09,0.56)* (-0.12,035) (-0.06,040) (-023023) (-0.12,035) (-0.02,045) (0.00,0.47)*
Full model’ 0.36 0.20 0.10 0.05 0.01 0.11 0.15

(0.09,0.62) (-0.05045) (-0.13,034) (-0.19,029) (-024,026) (-0.14,036)  (-0.10,0.40)

Diastolic blood pressure (mmHg)

Basic model 0.37 0.14 0.17 0.06 0.17 0.21 0.40
(0.17,0.58)*  (-0.06,0.34)  (-0.02,0.38)  (-0.14,0.27)  (-0.03,0.37)  (0.01,0.42)*  (0.20,0.61)*
Pregnancy model 0.10 0.04 0.08 0.01 0.10 0.01 0.17
(-0.13,033)  (-0.18,0.25)  (-0.13,0.28)  (-0.19,0.22)  (-0.11,031)  (-0.21,0.22)  (-0.04,0.38)
Childhood model 0.24 0.09 0.16 0.06 0.16 0.11 031
(0.04,045)*  (-0.11,0.29)  (-0.04,036)  (-0.14,0.26)  (-0.04,037)  (-0.09,0.31) ~ (0.11,0.51)*
Full model 0.09 0.04 0.09 0.03 0.10 -0.02 0.16

(-0.14,032)  (-0.17,026) (-0.17,029) (-0.18,023) (-0.11,031) (-023019)  (-0.05,037)

Values are regression coefficients (95% Cls) obtained from linear regression models and reflect the difference in childhood blood
pressure levels in mmHg per SD difference in each maternal n-6 PUFAs respectively. 2Basic models are adjusted for gestational age
at blood sampling, child age and sex. *Pregnancy models are basic models additionally adjusted for maternal age, educational level,
ethnicity, parity, pre-pregnancy body mass index, gestational weight gain, blood pressure at enrolment, smoking, alcohol consumption,
folic acid and homocysteine concentrations in plasma, total caloric intake during pregnancy, and pregnancy complications. *Childhood
models are basic models additionally adjusted for birth characteristics, breastfeeding duration, timing of introduction of solid foods
and body mass index at the age of 6 years, respectively. SFull models are adjusted for all covariates. Abbreviations: Cls: Confidence
Intervals; PUFAs: polyunsaturated fatty acids; SD: standard deviation. * P-value<0.05.

Maternal n-6/n-3 PUFA ratio and childhood blood pressure

Figure 3.3.1 shows that higher maternal n-6/n-3 PUFA ratio was associated with
a higher childhood systolic and diastolic blood pressure in the basic models (p-
values<0.05). Adjustment for pregnancy and childhood factors separately slightly
attenuated these associations. In the fully adjusted model, higher maternal n-6/n-3
PUFA ratios were associated with an increased childhood systolic blood pressure
(differences: 0.24 mmHg (95% CI: 0.09, 0.39) per SD increase of n-6/n-3 PUFA ra-
tio), but not with diastolic blood pressure. Additional adjustment for infants’ PUFA
intakes at 13 months did not affect the observed associations (data not shown).
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Figure 3.3.1. Associations between the maternal plasma phospholipid n-6/n-3 PUFA ratio with systolic (A)
and diastolic (B) blood pressure in children at 6 years (N=4,455)*
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'Values are regression coefficients (95% ClIs) obtained from linear regression models and reflect the differences in childhood blood
pressure level per SD difference in maternal n-6/n-3 PUFA ratio. Basic models are adjusted for gestational age at blood sampling,
child age and sex. Pregnancy models are basic models additionally adjusted for maternal age, educational level, ethnicity, parity,
pre-pregnancy body mass index, gestational weight gain, blood pressure at enrolment, smoking, alcohol consumption, folic acid and
homocysteine concentrations in plasma, total caloric intake during pregnancy, and pregnancy complications. Childhood models are
basic models additionally adjusted birth characteristics, breastfeeding duration, timing of introduction of solid foods and body mass
index at the age of 6 years, respectively. Full models are adjusted for all covariates. * P-value<0.05.

Discussion

In this population based prospective cohort study, we observed that higher maternal
plasma n-3 PUFA (total and DHA) and lower n-6 PUFA concentrations during preg-
nancy were associated with a lower systolic blood pressure in school age children.
These associations were only partly explained by maternal and childhood character-
istics.
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Methodological considerations

We used a population-based prospective cohort study design with a large number
of subjects. Of all children in whose maternal PUFA concentrations were available,
64% participated in the cardiovascular follow-up studies. The non-response could
lead to biased effect estimates if the associations of maternal PUFA concentrations
with childhood blood pressure would be different between children included and not
included in the analyses. Non-response analysis showed various differences between
subjects included and not included in the analyses. It is hard to speculate whether
these differences would affect the observed associations materially. Although we
measured a large number of maternal PUFA concentrations in blood samples, they
were measured only once during pregnancy. No information was available about
PUFA concentrations in early or late pregnancy. Further studies are needed to ex-
amine critical periods of maternal PUFA status for offspring outcomes. Also, concen-
trations of maternal PUFA may not fully reflect the concentrations of PUFA that the
fetus was exposed to, as this also depends on placental transfer.*? Finally, although
we performed an extensive adjustment for a large number of potential confounders,
residual confounding might still be an issue, as in any observational study. Most im-
portantly, we did not have detailed information about maternal dietary intake during
pregnancy or on childhood diet or PUFA concentrations available in the full cohort.
We assessed maternal dietary intake during first trimester by a FFQ, but we did not
have information about maternal diet during second trimester available. We were
able to adjust for childhood intakes of PUFA in a subgroup of the study population
and observed that the associations were not materially affected. Further studies are
needed to explore the role of the potential confounding by maternal and childhood
dietary factors in these observed associations.

Interpretation of main findings

Suboptimal nutrition in early life is associated with an increased risk of cardiovas-
cular diseases in later life.?2% Multiple studies have shown that maternal intake of
long-chain PUFAs during pregnancy is important for fetal development.*> Not much
is known about the associations of maternal PUFA concentrations during pregnancy
with offspring cardiovascular and metabolic outcomes in later life.

To our knowledge, only a few studies examined the associations of maternal PUFA
concentrations during pregnancy with cardiovascular outcomes in the offspring. A
study among 1,250 mother-child pairs showed that higher maternal n-3 PUFA intake
was associated with lower adiposity levels in children at age 3 years, whereas a
higher n-6/n-3 PUFA ratio in the maternal diet was associated with higher child adi-
posity levels.!* Moreover, a study among 293 mother-child pairs showed that higher
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maternal plasma concentrations of total n-6 PUFA, LA and AA during pregnancy were
associated with an increased risk of obesity and higher fat mass levels in children
aged 4 and 6 years.” However, a small randomized controlled trial among 208 healthy
pregnant women did not find a beneficial effect of the reduction of the n-6/n-3 PUFA
ratio in the maternal diet on adipose tissue level in infants.? In our current study, we
observed that higher maternal plasma n-3 PUFA and lower n-6 PUFA concentrations
during pregnancy were associated with lower systolic blood pressure in childhood.
Of all specific PUFAs, the strongest associations were present for DHA and DTA. These
associations were only partly explained by maternal and childhood characteristics.

We are not aware of other published studies focused on the associations of ma-
ternal PUFA concentrations during pregnancy with childhood blood pressure in
humans. A study in rats showed that n-3 PUFAs deficiency in the perinatal period
leads to a higher blood pressure later in life.?> A review of animal experiments, hu-
man observational studies and randomized clinical trials has shown that the intake
of n-3 PUFAs was associated with a lower systolic and diastolic blood pressure in
adults and with a reduced risk of coronary heart disease.?® Also, a meta-analysis
of clinical trials suggested that fish oil reduced blood pressure levels in humans.?’
In children, the effects of n-3 and n-6 PUFAs intake on blood pressure have been
examined in early postnatal life. A European study among 147 children from the
United Kingdom, Belgium and Italy showed that children who as infants had been
fed with a formula supplemented with AA and DHA had lower mean systolic blood
pressure and diastolic blood pressure at the age of 6 years than those who were
not supplemented.?? A randomized trial among 83 Danish children at the age of 9
months showed that systolic blood pressure was lower among children who got fish
oil supplementation for three months.?° A study among 973 Dutch children showed
that children who received human milk with a relatively high content of DHA and EPA
had lower systolic blood pressure at the age of 12 years. This association was not
influenced from total n-3 PUFAs measured in erythrocyte membrane at the age of 12
years.!? In line with these studies, our current study suggests that maternal n-3 and
n-6 PUFA concentrations may already influence cardiovascular development from
early fetal life onwards.

Several potential mechanisms may explain the observed associations of maternal
n-3 and n-6 PUFA concentrations during pregnancy with childhood blood pres-
sure.'3233033 N-3 PUFAs in fish oil are shown to have hypotensive properties through
stimulation of prostaglandins that control sodium and water excretion, inhibition of
the vasoconstrictor thromboxane and decrease of the response to vasopressor hor-
mones.**3¢ In contrary, a higher n-6 PUFAs intake can inhibit the conversion of ALA to
EPA, which can downregulate the production of prostaglandine PGE2, which induces
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vascular relaxation.®*” N-6 PUFAs are precursors of the potent 2-series prostaglan-
dins, and the vasoconstrictor thromboxane A2, which can stimulate vasoconstric-
tion.3® N-3 PUFAs are also shown to affect the expression of inflammatory genes and
may reduce the production of pro-inflammatory leukotrienes and cytokines.?° It has
been suggested that specifically the balance of n-3 and n-6 PUFAs is important for
optimal cardiovascular development.*®*! Our findings support the hypothesis that
lowering of the n-6/n-3 PUFAs ratio during pregnancy might have beneficial health
effects in the offspring.***! Yet, further studies are needed to examine whether the
observed associations are indeed causal or reflect confounding by family based socio-
demographic and lifestyle related characteristics, to further explore the underlying
mechanisms and to examine whether they persist into adulthood.

Conclusions

Suboptimal maternal diet during pregnancy might lead to fetal cardiovascular adap-
tations with persistent cardiovascular consequences in later life. Maternal intake of
PUFAs during pregnancy is important for fetal and infant development. We observed
that higher maternal plasma n-3 PUFA and lower n-6 PUFA concentrations during
pregnancy are associated with a lower systolic blood pressure in childhood. These
results should be considered as hypothesis generating. Further observational and
experimental studies are needed to explore the underlying mechanisms and to exam-
ine the long term cardiovascular consequences.
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Figure $3.3.1. Flow chart of the participants
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Mothers with available fatty acids
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Excluded due to twin birth, and N=1 lost to follow
up

N=4,455
Childhood blood pressure
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Table S3.3.1. Comparison of subject characteristics between those included and not included in the

analyses (N =4,455)*

Participation in No participation in
follow-up follow-up
N =4,455 N=2,470 P value
Maternal Characteristics
Age, (yr) 30.9 (20.0,39.2) 29.1(185,39.1) <0.01
Gestational age at intake, (wk) 13.8(9.9, 22.6) 14.2 (9.8,23.4) <0.01
Prepregnancy body mass index, (kg/m?) 23.6+4.2 23.7+4.6 0.38
Weight gain during pregnancy, (kg) 10.4+4.9 10.4+5.0 0.58
Systolic blood pressure, (mmHg) 115.6+12.2 1149 +12.2 0.02
Diastolic blood pressure, (mmHg) 68.1+9.5 67.6+9.6 0.04
Education, No. higher education (%) 1938 (46.2) 764 (35.2) <0.01
Race / Ethnicity, No. European (%) 2683 (61.3) 1131 (50.6) <0.01
Parity, No. nulliparous (%) 1897 (42.9) 1117 (45.9) 0.02
Total energy intake, (kcal) 2051 + 559 2018 + 585 0.05
Smoking during pregnancy, No. Yes (%) 1037 (26.1) 649 (30.3) <0.01
Alcohol consumption during pregnancy, No. Yes (%) 2150 (54.7) 957 (45.5) <0.01
Plasma folate, (nmol/L) 185+9.0 18.2+10.0 0.50
Plasma homocysteine, (umol/L) 7119 7.6+2.3 <0.01
Preeclampsia, No. (%) 80 (1.9) 66 (2.9) <0.01
Gestational hypertension, No. (%) 170 (4.0) 70 (3.1) 0.06
Gestational diabetes, No. (%) 40 (0.9) 30(1.3) 0.14
Childhood characteristics
Total PUFAs intake, (g/d) 7.9 (0.64, 38.40) 7.10 (1.9, 24.3) 0.95
N-6 PUFA intake, (g/d) 4.1(0.03-28.89) 49(091,17.8) 048
N-3 PUFA intake, (g/d) 0.5 (0.00, 3.67) 0.5(0.1,2.08) 0.71
Males, No. (%) 2225(49.9) 1274 (51.6) 0.18
Gestational age at birth, (wk) 40.1 (35.7,42.4) 40.0 (35.0,42.3) <0.01
Birth weight, (g) 3436 £551 3387 +579 <0.01
Ever breastfeeding, Yes (%) 3275(92.8) 1289 (90.8) <0.01
Introduction of solid foods (%)
< 3 months 201(8.2) 71(8.6)
3-4.9 months 1484 (60.6) 522 (63.0) 0.33
>5 months 762 (31.1) 325(28.4)

Values represent means * SDs, median (95% range) or number of subjects (valid%).
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Abstract

Background and Aims: Maternal polyunsaturated fatty acid (PUFA) levels are as-
sociated with cord blood lipid and insulin levels. Not much is known about the influ-
ence of maternal PUFAs during pregnancy on long-term offspring lipid and insulin
metabolism. We examined the associations of maternal plasma n-3 and n-6 PUFA
levels during pregnancy with childhood lipids and insulin levels.

Methods and Results: In a population-based prospective cohort study among 3,230
mothers and their children, we measured maternal second trimester n-3 and n-6
PUFA plasmalevels. At the median age of 6.0 years (95% range, 5.6-7.9), we measured
childhood total-cholesterol, high-density lipoprotein (HDL)-cholesterol, low-density
lipoprotein (LDL)-cholesterol, triglycerides, insulin and c-peptide levels. Higher ma-
ternal total n-3 PUFA levels, and specifically DHA levels, were associated with higher
childhood total-cholesterol, HDL-cholesterol and insulin levels (P values <0.05), but
not with LDL-cholesterol and triglycerides. Maternal total n-6 PUFA levels were not
associated with childhood outcomes, but higher levels of the individual n-6 PUFAs,
EDA and DGLA were associated with a lower childhood HDL-cholesterol, and higher
AA levels with higher childhood total-cholesterol and HDL-cholesterol levels (all P
values <0.05). A higher maternal n-6/n-3 PUFA ratio was only associated with lower
childhood HDL-cholesterol and insulin levels (P values <0.05). These associations
were not explained by childhood body mass index.

Conclusions: Higher maternal total n-3 PUFAs and specifically DHA levels during
pregnancy are associated with higher childhood total-cholesterol, HDL-cholesterol,
and insulin levels. Only individual maternal n-6 PUFAs, not total maternal n-6 PUFA
levels, tended to be associated with childhood lipids and insulin levels.
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Introduction

Suboptimal maternal nutritional status during pregnancy is associated with an in-
creased risk of cardio-metabolic diseases in the offspring.! Fatty acids are required
in adequate amounts for fetal growth and development.? During pregnancy, maternal
fatty acids, mainly polyunsaturated fatty acids (PUFAs), act as precursors of eico-
sanoid synthesis and lipid messengers for fetal development.* Animal studies have
shown that a maternal diet containing higher levels of PUFA during pregnancy im-
proves the offspring’s lipid profile in the postnatal period.** Among humans, studies
in non-pregnant adults, showed that higher levels of docosahexaenoic acid (DHA), a
n-3 PUFA, were associated with higher high-density lipoprotein (HDL)-cholesterol,
lower triglycerides, and a lower risk of the metabolic syndrome, whereas higher
levels of a-linolenic acid (ALA), a n-6 PUFA, seem to be associated with a higher risk
of an adverse metabolic profile.>” A small study among 242 Dutch mother-child pairs
showed that higher levels of maternal docosapentaenoic acid (DPA), a n-3 PUFA,
during pregnancy were associated with higher total-cholesterol and low-density-
lipoprotein (LDL)-cholesterol levels in the offspring. In this study, higher levels
of maternal linoleic acid (LA), a n-6 PUFA, were associated with higher childhood
proinsulin levels.2 However, results from randomized controlled trials that assessed
the influence of fish oil supplementation during pregnancy on offspring lipids and
risk of diabetes mellitus, showed inconsistent results.’!!* Thus, the influence of differ-
ent maternal n-3 and n-6 PUFAs during pregnancy on long-term offspring lipid and
insulin metabolism remains unclear.'?

Therefore, we examined, in a population-based prospective cohort study from
early pregnancy onwards among 3,230 mothers and their children, the associations
of maternal plasma n-3 and n-6 PUFA levels during pregnancy with childhood total-
cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides, insulin and c-peptide
levels. We further explored whether these associations are independent of maternal
and childhood socio-demographic and lifestyle-related characteristics and childhood
body mass index.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from fetal life to adulthood in Rotterdam, the Netherlands.!® The study
has been approved by the Medical Ethical Committee of Erasmus Medical Center in
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Rotterdam (MEC 198.782/2001/31). All mothers gave written consent. Pregnant
women with an expected delivery date from April 2002 to January 2006 were enrolled
in the study. In total, 8,879 mothers were enrolled during pregnancy, of whom 7,072
had information about PUFA levels available and 6,925 gave birth to singleton live
born children. Childhood lipids, insulin, or c-peptide levels were available in 3,230 of
these children (a flow chart is given in Supplemental Figure S3.4.1). Missing blood
samples were mainly due to non-consent for venous puncture or crying of the child.

Maternal fatty acid status

Maternal non-fasting venous samples were drawn at a median gestational age of 20.5
weeks (95% range: 17.1-24.9). To analyze PUFA levels, EDTA plasma samples were
selected and transported to the Division of Metabolic Diseases and Nutritional Medi-
cine, Dr. von Hauner Children’s Hospital, University of Munich Medical Center. After
being thawed, the analysis of plasma glycerophospholipid PUFA composition was
performed using gas chromatography by a sensitive and precise high-throughput
method, suitable for large epidemiological studies, as previously described.!* Based
on findings from previous studies, for our analyses we selected maternal PUFA that
have been associated with the risk of cardiovascular and metabolic outcomes in
adults, and with pregnancy and fetal outcomes.®** Selected total maternal PUFA were
total n-3 PUFA, which included: a-linolenic acid (ALA, C18:3n3), eicosapentaenoic
acid (EPA, C20:5n3), docosapentaenoic acid (DPA, C22:5n-3) and docosahexaenoic
acid (DHA, C22:6n3). Total n-6 PUFA included: linoleic acid (LA, C18:2n6), y-linolenic
acid (GLA, C18:3n-6), eicosadienoic acid (EDA, C20:2n-6), dihomo-y-linolenic acid
(DGLA, C20:3n6), arachidonic acid (AA, C20:4n6) and docosatetraenoic acid (DTA,
C22:4n-6). PUFA levels were expressed as proportion of total fatty acids present in
the chromatogram (weight percentage, wt%) to express the relative importance of
a fatty acids set against the total fatty acids concentrations.!® We also calculated the
ratio of total n-6/n-3 PUFA.

Childhood lipids and insulin measurements

At the age of 6 years (95% range, 5.6-7.9), total-cholesterol, HDL-cholesterol, and
LDL-cholesterol, triglycerides, insulin and c-peptide levels were obtained enzymati-
cally from venous blood samples 30 minutes after the last meal using a Cobas 8000
analyzer (Roche, Almere, The Netherlands).!” Quality control samples demonstrated
intra- and interassay coefficients of variation ranging from 0.77 to 1.39%, and 0.87
to 2.40%, respectively.
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Covariates

Information on maternal age, educational level, ethnicity, and parity, was obtained
with questionnaires at enrolment.’> We calculated body mass index. Information
on maternal smoking habits during pregnancy and folic acid supplement use was
assessed by self-reported questionnaires during pregnancy. Weight gain up to
30 weeks of gestation was calculated as the difference between maternal weight
measured at 30 weeks of gestation and self-reported weight before pregnancy, as
described previously.'* We used a 293-item food frequency questionnaire covering
the first trimester to assess maternal dietary intake during pregnancy. Information
about pregnancy complications, child’s sex, gestational age at birth, and weight at
birth was obtained from medical records.!®?® Information about breastfeeding,
timing of introduction of solid foods and average TV watching time was obtained
by questionnaires in infancy.?! Information about infant PUFA intake at 13 months,
measured with a 211-item food frequency questionnaire was available in a subgroup
of the study (n =1,566).%2

Statistical analysis

We used linear regression analyses to assess the associations of maternal total
and individual plasma n-3 and n-6 PUFA levels with the childhood outcomes. The
regression models were adjusted for maternal age, educational level, ethnicity,
parity, prepregnancy body mass index, smoking habits during pregnancy, folic acid
supplement use, total caloric intake during pregnancy, pregnancy complications,
child’s sex, gestational age-adjusted birth weight standard-deviation scores (SDS),
breastfeeding duration, timing of introduction of solid foods, and TV watching time.
We additionally adjusted these analyses for children’s body mass index at the age
of 6 years to explore if these associations were explained by childhood body mass
index. For all analyses, we log-transformed not normally distributed childhood out-
comes (triglycerides and insulin). We constructed SDS [(observed value - mean)/
SD] for all PUFAs and childhood outcomes measures to enable comparison of effect
estimates. We tested for interaction terms between maternal PUFA levels and child’s
sex in relation to the childhood outcomes, but since no significant interactions were
present no further stratified analyses were performed. In order to reduce potential
bias associated with missing data and to maintain statistical power, we performed
multiple imputations of missing covariates by generating 5 independent datasets
using the Markov Chain Monte Carlo method after which the pooled effect estimates
were calculated. All analyses were performed using Statistical Package for the Social
Sciences (SPSS) version 21.0 for Windows (IBM Corp, Chicago, IL, Armonk, NY, USA).
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Results

Subject characteristics

Table 3.4.1 shows the maternal and childhood characteristics. Mean (SD) second
trimester maternal plasma levels of n-3 and n-6 PUFA were 105.4 mg/L (27.7) and
602.8 mg/L (89.0), respectively (Table 3.4.2). Results from the non-response analy-
sis are given in Supplemental Table $3.4.1 and show that mothers who were not
included in the analyses smoked more often during pregnancy and developed more
often gestational hypertensive disorders as compared to those who were included
(p-values<0.05). Mothers not included in the analyses had lower total n-3 PUFA
levels compared to those included (Supplemental Table S$3.4.2). Correlation coef-
ficients between all maternal PUFA levels are shown in Supplemental Table $3.4.3.

Table 3.4.1. Characteristics of mothers and their children (N =3,230)?

Value
Maternal characteristics
Age, (y), median (95% range) 31.0(20.1,39.4)
Gestational age at fatty acid measures, (weeks), median (95% range) 20.5(17.1,24.9)
Pre-pregnancy body mass index, (kg/m2), mean (SD) 23.6 (4.2)
Weight gain, (kg), mean (SD) 104 (4.9)
Education, No. higher education (%) 1455 (47.7)
Ethnicity, No. European (%) 1963 (61.9)
Parity, No. nulliparous (%) 1808 (56.3)
Smoking during pregnancy, No. yes (%) 736 (25.6)
Folic acid supplement use, No. yes (%) 1867 (75.7)
Gestational diabetes, No. (%) 27 (0.9)
Gestational hypertensive disorders, No. (%) 176 (5.6)
Birth and infant characteristics
Males, No. (%) 1650 (51.1)
Gestational age at birth (weeks), median (95% range) 40.1 (35.8,42.3)
Breastfeeding duration (months), mean (SD) 45(3.9)
Introduction of solid foods No. (%) >6 months 208 (10.1)
N-3 PUFA intake (g/d) 0.6 (0.4)
N-6 PUFA intake (g/d) 4.7 (3.0)
Childhood outcomes at 6 years
Body mass index at 6 years (kg/m?), mean (SD) 16.2 (1.8)
TV watching time, No. (%)

< 2 hours/day 2059 (80.6)

> 2 hours/day 496 (19.4)
Total-cholesterol (mmol/L), mean (SD) 4.2 (0.6)
HDL-cholesterol (mmol/L), mean (SD) 1.3(0.3)
LDL-cholesterol (mmol/L), mean (SD) 2.4 (0.6)
Triglycerides (mmol/L), median (95% range) 1.0 (0.4-2.5)
Insulin (pmol/L), median (95% range) 141 (17-421)
C-peptide (ng/mL), median (95% range) 1.0 (0.3-2.1)

2Values represent means = SDs, median (95% range) or number of subjects (valid%).
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Table 3.4.2. Second trimester maternal PUFA levels in plasma (N =3,230)?

Relative values
Absolute values (mg/L) (Wt%)
Total PUFA 708.3 £98.8 43.1+20
Total n-3 PUFA 105.4 £27.7 6515
ALA 51+18 03+£0.1
EPA 88+55 0.5+0.3
DPA 12.1+44 0.7+0.2
DHA 779 +20.5 48+1.1
Total n-6 PUFA 602.8 £89.0 37.2+2.5
LA 361.1+63.5 223+28
GLA 1507 0.1£0.1
EDA 85+19 05+0.1
DGLA 61.0 +16.5 3707
AA 156.4 +32.6 9.6+1.6
DTA 69+22 04+11

Total n-6/n-3 PUFAs ratio 6.1+1.7

aValues represent means * SDs.

Abbreviations: AA: arachidonic acid; ALA: «-linolenic acid; DGLA dihomo-y-linolenic acid; DHA: docosahexaenoic acid; DPA:
docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA:
linoleic acid; PUFA: polyunsaturated fatty acid.

Maternal n-3 PUFAs with childhood lipids and insulin levels

Table 3.4.3 shows that, after adjustment for potential confounders, higher maternal
total n-3 PUFA levels were associated with higher childhood total-cholesterol, HDL-
cholesterol and insulin levels (differences: 0.04 (95% CI:0.01, 0.08), 0.06 (95% CI:
0.02, 0.09) and 0.05 (95% CI: 0.01, 0.08, respectively) per SD increase of maternal
total n-3 PUFA levels), but not with childhood LDL-cholesterol and triglycerides.
Among the individual n-3 PUFA levels, we observed that higher maternal EPA levels
were only associated with a higher childhood HDL-cholesterol, whereas higher levels
of maternal DPA were only associated with higher childhood insulin levels (all p-
values<0.05). Higher maternal DHA levels were associated with higher childhood
total-cholesterol, HDL-cholesterol and insulin levels (differences: 0.04 (95% CI:
0.01, 0.08), 0.06 (95%CI: 0.02, 0.09) and 0.04 (95% CI: 0.01, 0.08, respectively) per
SD increase of maternal DHA levels), but not with childhood LDL-cholesterol and
triglycerides. We observed similar results when we used childhood c-peptide levels
instead of childhood insulin levels (Supplemental Tables S$3.4.4). Results did not
materially change after additional adjustment for childhood concurrent body mass
index.
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Table 3.4.3. Maternal plasma n-3 PUFA levels and childhood lipids and insulin levels (N=3,230)*

Maternal n-3 PUFA Differences in childhood lipid and insulin outcomes (95% confidence interval) in SDS
in SDS

Total-cholesterol HDL-cholesterol LDL-cholesterol Triglycerides Insulin

Total n-3 PUFA

Adjusted model® 0.04 (0.01, 0.08)* 0.06 (0.02, 0.09)* 0.02 (-0.02, 0.05) -0.03 (-0.07,0.01) 0.05(0.01, 0.08)*
Childhood BMI model*  0.04 (0.01, 0.08)* 0.06 (0.02, 0.09)* 0.02 (-0.02, 0.05) -0.03 (-0.07,0.01) 0.05(0.01, 0.08)*
ALA

Adjusted model -0.02 (-0.06,0.02) -0.02 (-0.06,0.01)  -0.03 (-0.07,0.01)  0.01(-0.02,0.05)  -0.01(-0.05,0.03)
Childhood BMI model ~ -0.02 (-0.06, 0.02) -0.03 (-0.06,0.01)  -0.03 (-0.07,0.01)  0.01(-0.02,0.05)  -0.01 (-0.04, 0.03)
EPA

Adjusted model 0.03 (-0.01, 0.07) 0.07 (0.03,0.10)*  0.01(-0.03,0.04)  -0.03(-0.07,0.01)  0.04(-0.01,0.07)
Childhood BMI model ~ 0.03 (-0.01,0.07) 0.07 (0.03,0.10)*  0.01(-0.03,0.04)  -0.03(-0.07,0.01)  0.04 (-0.01,0.07)
DPA

Adjusted model 0.01 (-0.03,0.04) 0.01(-0.03,0.04)  -0.01(-0.04,004)  -0.01(-0.05,0.02)  0.04(0,0.07)*
Childhood BMI model ~ 0.01 (-0.03,0.04) 0.01(-0.03,004)  0.01(-0.03,004)  -0.01(-0.05,0.02)  0.04 (0.01,0.08)*
DHA

Adjusted model 0.04 (0.01,0.08)* 0.06 (0.02,0.09)*  0.02(-0.02,006)  -0.03(-0.06,0.01)  0.04(0.01,0.08)

Childhood BMI model ~ 0.04 (0.01,0.08)* 0.06 (0.02,0.09)* 002 (-0.02,006)  -0.03(-0.06,001)  0.04 (0.01,0.08)*

2Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood lipids and insulin levels per SD change in
maternal n-3 PUFA levels, respectively. "Adjusted model is adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy
body mass index, smoking habits during pregnancy, folic acid supplement use and total caloric intake during pregnancy and pregnancy
complications, and child’s sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration, timing of
introduction of solid foods, and TV watching time. “‘Childhood BMI model is additionally adjusted for body mass index standard-
deviation scores at 6 years. *P-value<0.05. Abbreviations: ALA: a-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic
acid; EPA: eicosapentaenoic acid; PUFA; polyunsaturated fatty acid.

Maternal n-6 PUFAs with childhood lipids and insulin levels

Table 3.4.4 shows that, after adjustment for potential confounders, higher maternal
total n-6 PUFA, LA and GLA levels were not associated with any of the childhood lipid
and insulin outcomes. Higher maternal EDA and DGLA levels were only associated
with a lower childhood HDL-cholesterol (p-value<0.05). Higher maternal AA levels
were associated with higher childhood total-cholesterol and HDL-cholesterol levels
(differences: 0.04 (95% CI: 0.01, 0.08) and 0.05 (95% CI: 0.01, 0.08, respectively)
per SD increase of maternal AA levels), but not with childhood LDL-cholesterol,
triglycerides or insulin levels. We observed similar results when we used childhood
c-peptide levels instead of childhood insulin levels (Supplemental Tables S3.4.5).
These results were not materially affected by additional adjustment for childhood
body mass index.
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Table 3.4.4. Maternal plasma n-6 PUFA levels and childhood lipids and insulin levels (N=3,230)?

Maternal n-6 PUFA Differences in childhood lipid and insulin outcomes (95% confidence interval) in SDS
in SDS

Total-cholesterol ~ HDL-cholesterol LDL-cholesterol Triglycerides Insulin

Total n-6 PUFA

Adjusted model? 0.01 (-0.03, 0.05) 0.01 (-0.03, 0.05) 0.02 (-0.02, 0.06) 0.02 (-0.02, 0.06) -0.02 (-0.06, 0.02)
Childhood BMI model* 0.01 (-0.03, 0.05) 0.01 (-0.03, 0.05) 0.01 (-0.03, 0.05) 0.02 (-0.02, 0.06) -0.02 (0.06,0.02)
LA

Adjusted model -0.01 (-0.05, 0.02) 0.01 (-0.03,0.04) -0.01 (-0.04, 0.03) 0.01 (-0.03, 0.05) -0.02 (-0.05,0.02)
Childhood BMI model -0.01 (-0.05, 0.03) 0.01 (-0.03,0.04) -0.01 (-0.04, 0.03) 0.01 (-0.03, 0.05) -0.01 (-0.05, 0.02)
GLA

Adjusted model -0.02 (-0.06,0.02)  -0.02 (-0.06,0.01)  -0.02 (-0.06, 0.02) 0.01 (-0.03, 0.04) 0.01 (-0.03,0.04)
Childhood BMI model -0.02 (-0.05,0.02)  -0.02 (-0.06,0.01)  -0.02 (-0.05, 0.02) 0.01 (-0.03, 0.04) 0.01 (-0.03,0.04)
EDA

Adjusted model -0.02 (-0.06,0.01)  -0.04 (-0.07,-0.01)*  -0.01 (-0.05, 0.02) 0.01 (-0.03, 0.05) -0.02 (-0.05,0.02)
Childhood BMI model -0.02 (-0.06,0.01)  -0.04 (-0.07,-0.01)*  -0.01 (-0.05, 0.02) 0.01 (-0.03, 0.04) -0.02 (-0.05,0.02)
DGLA

Adjusted model -0.01 (-0.05,0.03)  -0.07 (-0.10,-0.03)*  0.01 (-0.04,0.04) 0.06 (0.02,0.10)*  -0.03 (-0.06, 0.01)
Childhood BMI model -0.01 (-0.05,0.03)  -0.07 (-0.10,-0.03)*  0.01 (-0.04, 0.04) 0.06 (0.02,0.09)*  -0.03 (-0.06,0.01)
AA

Adjusted model 0.04 (0.01, 0.08)* 0.05 (0.01, 0.08)* 0.03 (-0.01,0.07) -0.02 (-0.06,0.02) 0.02 (-0.01, 0.06)
Childhood BMI model 0.04 (0.01, 0.07)* 0.05 (0.01, 0.09)* 0.03 (-0.01, 0.06) -0.02 (-0.06,0.01) 0.02 (-0.02, 0.05)
DTA

Adjusted model -0.02 (-0.06,0.02)  -0.03 (-0.07,0.01) 0.01 (-0.03, 0.04) -0.01 (-0.04,0.03)  -0.02 (-0.05, 0.02)
Childhood BMI model -0.02 (-0.06,0.02)  -0.03 (-0.07,0.01) 0.01 (-0.03, 0.04) -0.01 (-0.04,0.03)  -0.02 (-0.06, 0.02)

aValues are regression coefficients (95% Cls) that reflect the difference in SDS of childhood lipids and insulin levels per SD change in
maternal n-6 PUFA levels, respectively. "Adjusted model is adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy
body mass index, smoking habits during pregnancy, folic acid supplement use and total caloric intake during pregnancy and pregnancy
complications, and child’s sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration, timing of
introduction of solid foods, and TV watching time. ‘Childhood BMI model is additionally adjusted for body mass index standard-
deviation scores at 6 years. *P-value<0.05.

Abbreviations: AA: arachidonic acid; DGLA dihomo-gamma-linolenic acid; DGLA dihomo-y-linolenic acid; DTA: docosatetraenoic acid;
EDA: eicosadienoic acid; GLA: y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid.

Maternal n-6/n-3 PUFAs ratio with childhood lipids and insulin levels

Figure 3.4.1 shows that a higher maternal n-6/n-3 PUFA ratio was not associated
with childhood total-cholesterol and LDL-cholesterol levels. A higher maternal n-
6/n-3 PUFA ratio was associated with lower childhood HDL-cholesterol and insulin
levels (differences: -0.05 (95% CI:-0.08, -0.01) and -0.05 (95% CI: -0.09, -0.01) per
SD increase of maternal n-6/n-3 PUFA ratio), but with higher childhood triglycerides
levels (difference: 0.04 (95% CI: 0, 0.08) per SD increase of maternal n-6/n-3 PUFA
ratio). These associations were not explained by additional adjustment for childhood
body mass index. Additional adjustment for infants’ PUFA intakes at 13 months did
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Figure 3.4.1. Maternal plasma n-6/n-3 PUFA ratio and childhood lipids and insulin levels (N =3,320)
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Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood lipids and insulin levels per SD change in
maternal n-6/n-3 PUFAs ratio, respectively. Models are adjusted for gestational age at blood sampling, maternal age, educational level,
ethnicity, parity, pre-pregnancy body mass index, smoking habits during pregnancy, folic acid supplement use and total caloric intake
during pregnancy and pregnancy complications, and child’s sex, gestational age-adjusted birth weight standard-deviation scores,
breastfeeding duration, timing of introduction of solid foods, and TV watching time. *P-value<0.05.

not affect the observed associations (data not shown). Replacing child body mass
index by fat mass index did not change the results (results not shown).

Discussion

We observed that higher maternal total n-3 PUFA and specifically DHA levels during
pregnancy were associated with higher childhood total-cholesterol, HDL-cholesterol,
and insulin levels. The individual maternal n-6 PUFAs, EDA, DGLA and AA, but not
total maternal n-6 PUFA levels during pregnancy, were associated with childhood
total and HDL-cholesterol levels in different directions. These associations were not
explained by childhood concurrent body mass index.

Methodological considerations

We used a population-based prospective cohort study design with a large number of
subjects. Of all children whose maternal PUFA levels were available, 64% participated
in the follow-up studies at the age of 6 years. The non-response could lead to biased
effect estimates if the associations of maternal PUFA levels with childhood lipids and
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insulin levels would be different between children included and not included in the
analyses. Non-response analysis showed that mothers included in the analyses had
higher total n-3 PUFA levels and a lower n-6/n-3 PUFAs ratio compared to those not
included. It is hard to speculate whether these differences would have affected the
observed associations materially. We measured a large number of maternal PUFA
levels in plasma samples once during pregnancy. No information was available about
PUFA levels earlier or later in pregnancy. Nevertheless, PUFAs measured in plasma
reflect a time frame of dietary intake of approximately 2 weeks and seem to be rea-
sonable indicators for the recent intake.?® The fasting time before venous punctures
was limited. Due to the young age of the children and the structure of the follow-up
visits, it was ethically not possible to obtain 3-hours fasting blood samples. We used
blood samples obtained 30-minutes after the last meal to measure childhood lipids,
insulin and c-peptide levels. This may have led to non-differential misclassification
and an underestimation of the associations with maternal PUFAs. It has only been
shown among adult populations that also non-fasting lipid and insulin levels are
associated with increased risks of cardiovascular events.?*?¢ Further studies are
needed with more detailed fasting measurements of offspring lipids and insulin
metabolism to assess the associations of maternal PUFA status during pregnancy
with both fasting and non-fasting offspring lipid and insulin metabolism throughout
the life course. The percentages of women with gestational diabetes were relatively
low within our study cohort. Accurate diagnosis of gestational diabetes is difficult.
Information on gestational diabetes was obtained from the medical records. Unfor-
tunately, in our study, no data were available on glucose tolerance before and during
pregnancy, which would have allowed a better identification of women at risk of
development of gestational diabetes. The prevalence in our study was lower than
those in previous studies, which may be explained by use of different criteria for
gestational diabetes and the relatively healthy study population within our study
cohort.?’ Finally, although we performed adjustment for a large number of potential
maternal and childhood confounders, residual confounding might still occur, as in
any observational study.

Interpretation of main findings

Suboptimal maternal nutritional status during pregnancy is associated with an in-
creased risk of cardio-metabolic diseases in the offspring.?®?® Previous studies have
shown that maternal PUFA status during pregnancy can affect lipid and insulin me-
tabolism, measured in cord blood.?3%3! However, associations with lipid and insulin
metabolism in the offspring at later age are less clear.
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Previous studies on different maternal PUFAs during pregnancy and offspring lipid
metabolism have shown inconsistent results. A study among 965 Danish pregnant
women reported no associations between dietary intake of total n-3 PUFA during the
second trimester of pregnancy and total-cholesterol, HDL-cholesterol and LDL-cho-
lesterol levels in the 19-year-old offspring.3? In the same study, offspring triglyceride
levels were higher among children whose mothers had total n-3 PUFA intake in the
higher quintiles as compared to the lowest quintile. A study among 243 mothers and
their offspring from Denmark showed no effect of fish oil supplementation during
the third trimester of pregnancy on plasma total-cholesterol, LDL-cholesterol, HDL-
cholesterol, triglycerides, and lipoproteins in their 19-years-old offspring.® A small
study in 242 mother-child pairs from the Netherlands showed that a higher maternal
DPA, a n-3 PUFA, measured at the first trimester of pregnancy was associated with
higher total-cholesterol and LDL-cholesterol levels in 7-year-old children. In the
same study, a higher maternal AA level, a n-6 PUFA, was associated with lower child-
hood triglycerides and LDL-cholesterol levels, but no associations were observed for
other n-6 PUFA levels.? In this current study, we observed that higher maternal total
n-3 PUFA and DHA levels during pregnancy were associated with higher childhood
total-cholesterol and HDL-cholesterol levels. No associations of maternal total n-6
PUFAs during pregnancy with childhood lipids were present. However, among the
individual n-6 PUFAs, higher maternal EDA and DGLA levels were associated with
lower childhood HDL-cholesterol, whereas higher AA levels were associated with
higher childhood total-cholesterol and HDL-cholesterol levels. In addition, a higher
maternal n-6/n-3 PUFA ratio was associated with a lower HDL-cholesterol, but with
higher childhood triglycerides levels. These associations were independent of child-
hood body mass index. Thus, our results suggest that a suboptimal maternal PUFA
status during pregnancy is associated with childhood lipid levels, independent of
childhood current body mass index. It appears that individual maternal n-3 and n-6
PUFAs may have alternating effects on offspring lipids metabolism. DHA and AA are
preferentially transferred from the maternal to the fetal circulation by means of a
preferential placental transfer mediated by fatty acid transport and binding pro-
teins®*** which may partly explain the observed associations specifically for these
PUFAs since they comprise a relative large part of the total fetal PUFA pool.

Previous studies assessing the influence of maternal PUFAs intake on offspring
insulin sensitivity also reported inconsistent results.!®!1*! A randomized controlled
trial among 533 pregnant Danish women showed no effect of n-3 PUFA supple-
mentation during the third trimester of pregnancy on insulin levels in 19-year-old
offspring.’® A case-control study among 85 diabetic mothers and 1071 controls from
Norway reported that cod liver oil supplementation, a n-3 PUFA, during pregnancy
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was associated with reduced risk of offspring type I diabetes mellitus.!* Another
trial among 47 women and their infants showed that mothers consuming DHA, a
n-3 PUFA, during the last half of pregnancy had lower cord blood insulin levels, com-
pared to the control group.’! A study among 242 Dutch mother-child pairs showed
that higher levels of EPA, a n-3 PUFA, were associated with lower glucose levels in
7-year-old children, whereas only higher levels of maternal LA, a n-6 PUFA, were as-
sociated with children’s higher proinsulin levels.? Contrary to these previous studies,
we observed that higher maternal total n-3 PUFA and specifically DHA levels during
pregnancy were associated with higher childhood insulin and c-peptide levels, inde-
pendent of childhood concurrent body mass index. No associations were observed
between maternal n-6 PUFA levels and childhood insulin levels. Differences between
our study and previous studies may be explained by differences in study design,
age of participants and different methods to assess maternal PUFA status during
pregnancy and childhood lipid and insulin/ glucose metabolism.®3132 The previous
studies all used fasting blood samples, whereas in our study we used non-fasting
blood samples to measure childhood lipid and insulin metabolism.®%32 Thus far, it
remains unclear whether maternal PUFA status has different effects on offspring
fasting vs non-fasting lipid and insulin metabolism. Further studies are needed to
assess the detailed associations of maternal PUFA levels during pregnancy with
offspring fasting and non-fasting measures of lipid and insulin metabolism.

The mechanisms underlying these observed associations are not known. We
did not observe an effect of additional adjustment for childhood body mass index,
which suggests that these associations may not be explained by the influence of
childhood adiposity on lipid and insulin metabolism. Maternal n-3 PUFAs may affect
offspring total-cholesterol and triglycerides through a reduction of hepatic synthesis
of triacylglycerols and very-low-density-lipoprotein.?* Furthermore, as a part of the
cell membrane, n-3 PUFAs may be able to regulate insulin secretion from pancreatic
b-cells directly by altering lipid raft structure.*®* Among n-6 PUFAs, AA may play a
beneficial metabolic role in the health of offspring together with EPA and DHA dur-
ing critical periods of fetal development through changes in gene expression, the
production of eicosanoids and inflammatory markers.?”3® PUFAs may also affect
offspring insulin levels during pregnancy through epigenetic regulation of imprinted
genes, especially insulin growth factor 2 (IGF2), which is known to control fetal
growth, development and insulin/glucose metabolism.* Future research focused on
epigenetic mechanisms is needed to assess the effect of PUFAs during pregnancy on
epigenetic regulation of imprinted genes, including IGF2, which may be involved in
the underlying mechanisms in the observed associations.
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Conclusion

We observed that higher maternal total n-3 PUFAs and specifically DHA levels during

pregnancy were associated with higher childhood total-cholesterol, HDL-cholesterol,

and insulin levels. Only specific individual maternal n-6 PUFAs during pregnancy,
not total maternal n-6 PUFA levels, tended to be associated with childhood lipids
and insulin levels. Further observational and experimental studies are needed for

replication of our findings and to obtain further insight into the potential different

role of individual maternal PUFAs on offspring lipid and insulin metabolism.
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Figure S3.4.1. Flow chart of the participant

N=7,072
Mothers with available fatty acids
measurements in mid-pregnancy

MATERNAL PUFA AND CHILDHOOD METABOLIC OUTCOMES

N=6,925
Mothers with singleton live births

N=146
Excluded due to twin birth, and N=1 lost to
follow up

A 4

\

N=3,695

Excluded due to missing no participation at
focus at 5 measurements or no lipid levels,
insulin or c-peptide measurement available

Childhood metabolic outcomes N=3,230:
e Total cholesterol (3,230)
e LDL-cholesterol (3,230)
e HDL-cholesterol (3,230)
e Triglycerides (3,230)
e [nsulin (3,210)
e (-peptide (3,199)

175



CHAPTER 3.4

Table S3.4.1. Comparison of subject characteristics between those included and not included in the

analyses (N=3,230)?

Participation in

No participation in

Characteristics follow-up follow-up P-value
N=3,230 N=3,695
Maternal Characteristics
Age, (y), median (95% range) 31.0(20.1,39.4) 29.6 (18.9,38.9) 0.1
Gestational age at fatty acid measures, (weeks), median (95% range) 20.5(17.1,24.9) 20.5(18.5,23.6) 0.04
Pre-pregnancy body mass index, (kg/m2), mean (SD) 23.6 (4.2) 23.7 (4.5) 0.69
Weight gain, (kg), mean (SD) 104 (4.9) 10.3(5.2) <0.01
Education, higher education No. (%) 1455 (47.7) 1247 (37.5) <0.01
Ethnicity, European No. (%) 1963 (61.9) 1851 (53.8) 0.04
Parity, nulliparous No. (%) 1808 (56.3) 2036 (55.8) <0.01
Smoking during pregnancy, No. yes (%) 736 (25.6) 950 (29.4) 0.30
Folic acid supplement use, No. yes (%) 1867 (75.7) 1838 (67.8) <0.01
Gestational diabetes, No. (%) 27(0.9) 43(1.2) 0.11
Gestational hypertensive disorders, No. (%) 176 (5.6) 210 (5.9) 0.17
Birth and infant characteristics
Males, No. (%) 1650 (51.1) 1850 (50.1) 0.51
Gestational age at birth (weeks), median (95% range) 40.1(35.8,42.3) 40.1(35.0,42.4) <0.01
Breastfeeding duration (months), mean (SD) 4.5(3.9) 4.1(3.8) <0.01
Introduction of solid foods No. (%) >6 months 208 (10.1) 185 (10.8) 0.84
N-3 PUFA intake (g/d) 0.6 (0.4) 0.6 (0.4) 0.5
N-6 PUFA intake (g/d) 47 (3.0) 49(3.3) 031
Childhood outcomes at 6 years
Body mass index at 6 years (kg/m?), mean (SD) 16.2 (1.8) 16.2 (1.9) 0.45
TV watching time, No. (%)
< 2 hours/day 2059 (80.6) 1326 (81.6) 0.0
> 2 hours/day 496 (19.4) 299 (18.4)

aValues represent means + SDs, median (95% range) or number of subjects (valid%).
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Table S3.4.2. Comparison of maternal PUFA levels in plasma between those included and not included in

the analyses (N=3,320)*

MATERNAL PUFA AND CHILDHOOD METABOLIC OUTCOMES

Participation in No participation in
follow-up follow-up
Maternal PUFAs levels N=4,830 N=2,094 P-value
Total PUFA levels
Absolute levels (mg/L) 708.3+98.8 702.0 £100.7 <0.01
Percentage by weight of total sum of fatty acids (%) 43120 433+2.1 <0.01
Total n-3 PUFA
Absolute levels (mg/L) 105.4 £27.7 101.7 £26.9 <0.01
Percentage by weight of total sum of fatty acids (%) 6.5+15 6.3+14 0.6
ALA
Absolute levels (mg/L) 51+18 49+19 <0.01
Percentage by weight of total sum of fatty acids (%) 0.3+0.1 0.3+0.1 0.1
EPA
Absolute levels (mg/L) 8.8+5.5 81+£52 <0.01
Percentage by weight of total sum of fatty acids (%) 05+03 05+03 0.5
DPA
Absolute levels (mg/L) 12.1+44 11.8+4.3 <0.01
Percentage by weight of total sum of fatty acids (%) 0.7+0.2 0.7+0.2 0.8
DHA
Absolute levels (mg/L) 77.9 +20.5 75.3 +20.0 <0.01
Percentage by weight of total sum of fatty acids (%) 48+1.1 47+11 0.4
Total n-6 PUFA
Absolute levels (mg/L) 602.8 +89.0 604.3+89.5 <0.01
Percentage by weight of total sum of fatty acids (%) 372+25 37.6+2.5 <0.01
LA
Absolute levels (mg/L) 361.1+63.5 361.8+62.3 <0.01
Percentage by weight of total sum of fatty acids (%) 223%28 225%28 0.4
GLA
Absolute levels (mg/L) 15+0.7 1.5+0.7 <0.01
Percentage by weight of total sum of fatty acids (%) 0.1+0.1 0.1+0.0 <0.01
EDA
Absolute levels (mg/L) 85+19 85+19 <0.01
Percentage by weight of total sum of fatty acids (%) 0.5+0.1 0.5+0.1 <0.01
DGLA
Absolute levels (mg/L) 61.0 £16.5 60.1+£17.1 <0.01
Percentage by weight of total sum of fatty acids (%) 3.7+0.7 3.7+08 0.1
AA
Absolute levels (mg/L) 156.4 £32.6 157.2+£329 <0.01
Percentage by weight of total sum of fatty acids (%) 9.6+16 9.8+16 0.1
DTA
Absolute levels (mg/L) 6.9+2.2 7.1+2.2 <0.01
Percentage by weight of total sum of fatty acids (%) 0411 04+0.1 0.1
Total n-6/n-3 PUFAs ratio
Absolute levels (mg/L) 6.1+1.7 63+1.7 0.2

Percentage by weight of total sum of fatty acids (%)

2Values represent mean * SD.

Abbreviations: ALA: a-linolenic acid; AA: arachidonic acid; DGLA dihomo-gamma-linolenic acid; DHA: docosahexaenoic acid; DGLA
dihomo-y-linolenic acid; DPA: docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; EPA: eicosapentaenoic

acid; GLA: y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated fatty acid.
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Table S3.4.3. Correlation between maternal PUFAs (N=3,230)*

Maternal Total Total Total
oums pum M3 ALA EPA DPA DHA m6 LA GLA EDA DGLA ARA DA
PUFA PUFA

Total PUFA 1

Total n-3
.

0471

ALA 038* 033 1

EPA 022+ 077+ 027+ 1

DPA 038*  065* 035 048 1

DHA 046* 097+ 021* 065* 051* 1

T‘:;L:'G 096* 022 031* 000 021* 021% 1

LA 081* 008 035 -007* 007* 007% 087% 1

GLA 035*  016* 020° 012* 027¢ 010¢ 034 010* 1

EDA 058 011* 028+ -006* 013* 011* 061* 0.62* 014* 1

DGLA  060* 022¢ 030 010 032% 016* 059 032* 051* 050 1

AA 065* 032+ 000 011* 023* 035% 062* 021* 036* 011* 036* 1

DTA 045* 003 008" -011* 032* -001 049* 016* 051* 027¢ 055 057 1

2Values are Pearson correlation coefficients. *P- value <0.06.

Abbreviations: ALA: o-linolenic acid; AA: arachidonic acid; DGLA dihomo-y-linolenic acid; DHA: docosahexaenoic acid; DPA:
docosapentaenoic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; EPA: eicosapentaenoic acid; GLA: y-linolenic acid; LA:
linoleic acid; PUFA; polyunsaturated fatty acid.

Table S3.4.4. Maternal plasma n-3 PUFA levels and childhood c-peptide levels (N=3,230)?

Maternal n-3 PUFA in SDS Differences in childhood c-peptide levels (95% confidence interval) in
SDS

Total n-3 PUFA

Adjusted model? 0.04 (0, 0.08)*

Childhood body mass index? 0.04 (0.01, 0.08)*

ALA

Adjusted model -0.01 (-0.04, 0.03)

Childhood body mass index -0.01 (-0.04, 0.04)

EPA

Adjusted model 0.02 (-0.02, 0.06)

Childhood body mass index 0.02 (-0.02, 0.06)

DPA

Adjusted model 0.03 (-0.01, 0.07)

Childhood body mass index 0.03 (-0.01,0.07)

DHA

Adjusted model 0.04 (-0.01, 0.07)

Childhood body mass index 0.04 (0,0.07)*

Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood c-peptide levels per SD change in maternal
n-3 PUFA levels, respectively.

bAdjusted model is adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy body mass index, smoking habits
during pregnancy, folic acid supplement use and total caloric intake during pregnancy and pregnancy complications, and child’s sex,
gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration, timing of introduction of solid foods, and TV
watching time. ‘Childhood BMI model is additionally adjusted for body mass index standard-deviation scores at 6 years. *P-value<0.05.
Abbreviations: ALA: a-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; PUFA;
polyunsaturated fatty acid.
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Table S3.4.5. Maternal plasma n-6 PUFA levels and childhood c-peptide levels (N=3,230)*

Maternal n-6 PUFA in SDS

Differences in childhood c-peptide levels (95% confidence interval) in SDS

Total n-6 PUFA
Adjusted model?
Childhood BMI model®
LA

Adjusted model
Childhood BMI model
GLA

Adjusted model
Childhood BMI model
EDA

Adjusted model
Childhood BMI model
DGLA

Adjusted model
Childhood BMI model
AA

Adjusted model
Childhood BMI model
DTA

Adjusted model
Childhood BMI model

-0.02 (-0.06,0.02)
-0.02 (-0.06,0.02)

-0.01 (-0.05,0.03)
-0.01 (-0.05,0.03)

0.01 (-0.02, 0.05)
0.01 (-0.02, 0.05)

-0.01 (-0.05,0.02)
-0.01 (-0.05,0.02)

-0.01 (-0.05, 0.02)
-0.01 (-0.05,0.02)

0 (-0.04,0.04)
-0.01 (-0.04,0.03)

-0.02 (-0.05, 0.02)
-0.02 (-0.05,0.02)

2Values are regression coefficients (95% Cls) that reflect the difference in SDS of childhood c-peptide levels per SD change in maternal
n-6 PUFA levels, respectively. "Adjusted model is adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy body
mass index, smoking habits during pregnancy, folic acid supplement use and total caloric intake during pregnancy and pregnancy
complications, and child’s sex, gestational age-adjusted birth weight standard-deviation scores, breastfeeding duration, timing of
introduction of solid foods, and TV watching time. “‘Childhood BMI model is additionally adjusted for body mass index standard-
deviation scores at 6 years. *P-value<0.05. Abbreviations: AA: arachidonic acid; DGLA dihomo-gamma-linolenic acid; DGLA dihomo-
y-linolenic acid; DTA: docosatetraenoic acid; EDA: eicosadienoic acid; GLA: y-linolenic acid; LA: linoleic acid; PUFA; polyunsaturated

fatty acid.
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GENERAL DISCUSSION

Introduction

Cardio-metabolic disease is the leading cause of death worldwide.! The develop-
mental origins hypothesis proposes that cardio-metabolic disease at least partly
originates during early life.? This hypothesis suggests that adverse factors during
pregnancy may adversely affect the fetal development, and thereby increase the risk
of developing diseases later in life.

Adverse exposures in pregnancy such as poor maternal nutrition might influence
the composition and distribution of fetal tissues and lead to alterations in cardio-
metabolic structure and function.? The Dutch famine study showed that severe fetal
undernutrition in different periods of pregnancy may lead to an increased risk of
obesity and coronary heart disease in later life.* However, less is known about the
influence of maternal malnutrition on offspring outcomes. Maternal plasma fatty
acids are important for fetal growth and development.’ Fatty acids are natural com-
ponents of fats and oils and are derived from triglycerides or phospholipids. Based
on their chemical structure they can be differentiated into groups: saturated fatty
acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids
(PUFAs). The fetus can synthesize some SFAs and MUFAs de novo, but PUFAs must be
provided by placental transfer because humans cannot synthesize them. Therefore,
the placental transfer of PUFAs is a key issue in mobilizing fatty acids for fetal growth
and development.® Since PUFAs are essential nutrients, dietary fatty acids intake
during pregnancy must be adequate to meet the demands of both the mother and
the developing fetus. A suboptimal maternal fatty acids profile during pregnancy is
associated with adverse maternal and fetal pregnancy outcomes.”® However, less is
known about the influence of maternal fatty acids status during pregnancy on long
term offspring cardio-metabolic health.

The aim of the studies presented in this thesis was to identify the influence of
maternal fatty acid levels measured in mid-pregnancy on cardio-metabolic health
outcomes in mothers and their children. This chapter provides a general discussion
of the main findings of the studies presented in this thesis discusses general method-
ological issues and provides suggestions for future research.
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Interpretation of main findings

Maternal environment

Prepregnancy body mass index, gestational weight gain and fatty acid

Maternal prepregnancy obesity is a major public health problem worldwide, and is
associated with adverse maternal and fetal pregnancy outcomes.’ In addition, ex-
cessive gestational weight gain has been linked to complications during pregnancy,
including diabetes mellitus, gestational hypertensive disorders and delivering large
size for gestational age infants.!® Both maternal prepregnancy obesity and excessive
gestational weight gain are associated with an increased risk of childhood obesity
and related adverse cardio-metabolic profile.!!

A growing body of evidence indicates that increased body weight during pregnancy
is associated with altered fatty acid status. Obesity during pregnancy may lead to
higher circulating free fatty acid levels caused by dyslipidaemia and insulin resis-
tance.'? Results from previous studies among adults have shown that a higher body
mass index is associated with higher concentrations of SFA, lower levels of n-3 PUFA
and higher n-6/n-3 PUFAs ratio.'’®!* A previous study suggested that women who
were obese before pregnancy had higher SFA concentrations and lower n-3 PUFA
concentrations in pregnancy.!® Not much is known about the associations between
prepregnancy body mass index, gestational weight gain and specific groups of fatty
acids.

We examined whether prepregnancy body mass index and gestational weight gain
are associated with plasma SFA, MUFA, n-3 and n-6 PUFA concentrations in mid-preg-
nancy. We showed positive associations between prepregnancy body mass index and
total SFA, whereas positive associations were observed only between prepregnancy
body mass index and palmitoleic acid concentrations These results are in line with
those observed in non-pregnant adults. Among individual n-3 PUFAs, prepregnancy
body mass index was associated with lower a-linolenic acid and eicosapentaenoic
acid concentrations but not with total n-3 PUFAs. Furthermore, obese women showed
higher total n-6 PUFA and especially higher dihomo-y-linolenic acid and arachidonic
acid concentrations In women with excessive gestational weight gain, independent
of their prepregnancy body mass index, concentrations of higher total SFA and MUFA
were found. Among n-3 PUFAs, positive associations were observed between gesta-
tional weight gain with a-linolenic acid and eicosapentaenoic acid concentrations
whereas among n-6 PUFAs positive associations were observed between gestational
weight gain and total n-6 PUFAs and dihomo-y-linolenic acid concentrations Both
obese women and women with excessive weight gain had a higher n-6/n-3 PUFA
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ratio. Thus, our findings suggest that obesity and excessive weight gain during preg-
nancy are associated with an adverse fatty acids profile (Table 4.1).

The mechanisms underlying the association between prepregnancy body mass
index, gestational weight gain and adverse fatty acid concentrations are largely
unknown. Several mechanisms may be involved. Increased prepregnancy weight
may alter the absorption and metabolism of circulating fatty acid levels.*> Also, the
diet composition of overweight and obese women during pregnancy may differ
comparted to normal weight women with larger amounts of food high in total fat
and SFAs. However, higher fatty acids may also result in changes in neuroendocrine
functioning and energy metabolism leading to increased risk of obesity throughout
pregnancy.'® We were not able to study the direction and causality of the observed
associations, which therefore remains to be further explored in future studies with
repeated maternal weight gain and fatty acids concentrations available throughout
pregnancy.

Table 4.1. Body mass index, gestational weight gain and fatty acids

Exposure Fatty acid levels during pregnancy
Prepregnancy body mass index tSFA In-3 PUFA tn-6 PUFA
Gestational weight gain 1 SFA t MUFAs tn-6 PUFA

Maternal vascular adaptations

Pregnancy is characterized by major cardiovascular adaptations, including marked
decreases in systemic vascular resistance and an increase in maternal cardiac output
and total blood volume.'” Hypertensive disorders in pregnancy, including preeclamp-
sia and gestational hypertension are associated with increased risk of maternal and
perinatal morbidity and mortality.’® A numbers of studies have examined whether
maternal diet during pregnancy might influence risks of gestational hypertensive
disorders. Among adults, it has been suggested that an adverse fatty acids profile,
characterized by especially higher SFAs and lower PUFAs, is associated with cardio-
vascular disease.’®? Results from observational and randomized controlled studies
suggest that higher maternal levels of n-3 PUFA during pregnancy are associated
with a lower risk of preeclampsia, whereas higher levels of SFA and n-6 PUFA are
associated with an increased risk of preeclampsia.?*?2 Not much is known about the
effect of maternal fatty acids status on blood pressure development and placental
function throughout pregnancy. Alterations in maternal hemodynamic adaptations
during pregnancy may partly underlie the observed associations with gestational
hypertensive disorders.
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We examined whether plasma SFA, MUFA, n-3 and n-6 PUFA concentrations dur-
ing pregnancy affect maternal blood pressure development, umbilical and uterine
artery resistance indices and the risk of gestational hypertensive disorders. Results
presented in this thesis showed that higher SFAs, but not MUFAs, were associated
with a higher blood pressure from first trimester onwards. Higher total maternal
n-3 and n-6 PUFAs and especially docosahexaenoic acid and linoleic acid concentra-
tions were associated with a lower blood pressure throughout pregnancy. Fatty acid
concentrations were not consistently associated with second and third trimester
placental vascular resistance index. Only higher maternal SFA concentrations were
associated with the risk of gestational hypertensive disorders. These findings suggest
that an adverse maternal fatty acids profile is associated with higher maternal blood
pressure levels throughout pregnancy and might also increase the risk of gestational
hypertensive disorders (Table 4.2).

Table 4.2. Fatty acids and hemodynamic adaptations during pregnancy

Exposure Maternal hemodynamic adaptations

SFA 1 Blood pressure t Gestational hypertensive disorders
n-3 PUFA 1 Blood pressure

n-6 PUFA 1 Blood pressure

The mechanism by which fatty acids may influence gestational hemodynamic
adaptations are not well understood. First, it has been suggested that higher SFAs
are associated with a higher blood pressure by impairing endothelial function with
higher levels of cholesterol which accumulate in the arterial walls and with increased
sympathetic nervous system activities. Hypotensive effect of n-3 PUFAs could be re-
lated to increased production of vasodilators such as prostaglandin I, and reduction
of vasoconstrictors such as thromboxane A,.**** Arachidonic acid, n-6 PUFAs, has op-
posite effects of n-3 PUFAs on eicosanoid biosynthesis, which in turn increase blood
pressure.?’ Second, adverse fatty acid levels might contribute to placental dysfunction
and might damage uteroplacental tissues by increasing production and secretion of
several proinflammatory cytokines that might cause endothelial dysfunction and
induce oxidative stress.2®?” Since PUFAs, including docosahexaenoic, eicosapentae-
noic, linoleic and arachidonic acids, are natural ligands for peroxisome proliferator-
activated receptors, they are known to be important for placental development and
vascularization, and they might improve uterine artery blood flow.?® In this study we
did not observe association with resistance indices; however these associations may
be present in higher risk populations. Third, since n-3 PUFAs are precursors of pros-
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taglandins and thromboxanes, they may contribute to endothelial cell dysfunction
seen in gestational hypertensive disorders because of their role during pregnancy
to maintain the fluidity, permeability and conformation of membranes.? In contrary,
proinflammatory effects of arachidonic acid, n-6 PUFAs, promote vasoconstriction
and consequently lead to preeclampsia.?® Finally, the observed associations may be
explained by socio-demographic and lifestyle related characteristics. In our study, we
adjusted for multiple confounders. However, residual confounding might still be an
issue. Future studies are needed to obtain further insight into these associations, the
underlying mechanism and causality.

Childhood outcomes

Fetal life is an important period for the development of cardio-metabolic diseases
later in life. PUFAs, particularly n-3 and n-6 PUFAs are critical nutrients during preg-
nancy and might be involved in fetal development and childhood cardio-metabolic
risks.’

Childhood adiposity

The prevalence of childhood obesity has increased dramatically over the past sev-
eral decades.?® Obesity in childhood is associated with established risk factors for
cardio-metabolic diseases in later life, including elevated blood pressure, dyslipid-
emia, metabolic syndrome, and diabetes mellitus.?! There is accumulating evidence
that fetal programming by the nutritional environment in utero influences body
composition later in life. Elements of maternal diet during pregnancy are commonly
regarded as a major factor contributing to childhood obesity. PUFAs, in particular
n-3 and n-6 PUFAs, play an important role in fetal development and previous stud-
ies suggested that a maternal diet rich in PUFAs might influence the determination
of body composition in the offspring.3%33 It was shown that n-3 PUFAs, particularly
eicosapentaenoic and docosahexaenoic acids, inhibit adipose tissue development,
while n-6 PUFAs, counteract this process. In addition, positive associations were
found between n-6/n-3 PUFAs ratio and body mass index during the first 10 years
of life.3* Thus far, studies focused on the associations of maternal PUFAs profile with
body mass index in children show inconsistent results and suffer from having a small
sample size.?>3¢ Also, previous studies mainly focused on childhood body mass index,
which does not distinguish lean mass from fat mass.*’

We examined whether specific maternal plasma n-3 PUFA and n-6 PUFA concentra-
tions and the ratio of n-6/n-3 PUFA, during the second trimester of pregnancy are
associated with childhood body mass index and specific body fat measures, including
fat mass percentage and android/gynoid fat ratio measured by dual-energy x-ray ab-
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sorptiometry (DXA) and pre-peritoneal abdominal fat area measured by ultrasound,
which is a measure of visceral fat mass. We showed that higher maternal total n-3
PUFA concentrations and especially eicosapentaenoic, docosapentaenoic and doco-
sahexaenoic acids, were associated with lower childhood total body fat percentage
and lower android/gynoid fat mass ratio, but not with childhood body mass index
and abdominal pre-peritoneal fat mass area. Similarly, results from a US pregnancy
cohort among 1,250 mother-child pair showed that higher docosahexaenoic and
eicosapentaenoic acid concentrations were associated with a lower subcutaneous
fat mass at the age of 3 years.?> Among n-6 PUFA concentrations we observed that
higher maternal total and especially dihomo-y-linolenic acid levels were associated
with a higher childhood total body fat percentage, android/gynoid fat mass ratio and
abdominal pre-peritoneal fat mass area, but not with childhood body mass index.
These associations were only partly explained by maternal and childhood socio-
demographic and lifestyle-related characteristics. Our finding suggests that lower
maternal n-3 PUFA concentrations and higher n-6 PUFA concentrations during
pregnancy are associated with higher total body fat and abdominal fat levels in child-
hood (Table 4.3).

Table 4.3. Maternal PUFA and childhood adiposity

Exposure Childhood adiposity

Maternal n-3 PUFAs 1 BMI I TFM 1 AvsG

Maternal n-6 PUFAs 1 TFM 1 AvsG 1 PPAREA
Maternal n-6/n-3 PUFAs ratio tTFM 1t AvsG 1 PPAREA

Childhood blood pressure

The prevalence of hypertension among children is increasing in accordance with
rising obesity rates.3®3° High blood pressure in children is a risk factor for developing
cardio-metabolic disease later in life. Animal studies found that maternal n-3 PUFAs
deficiency during pregnancy is associated with higher blood pressure in the offspring
later in life.* Not much is known about the associations of different maternal n-3 and
n-6 PUFAs during pregnancy with childhood blood pressure levels.

We examined whether maternal specific n-3 and n-6 PUFA concentrations and
n-6/n-3 PUFA ratio during pregnancy are associated with childhood systolic and dia-
stolic blood pressure, measurements taken in the offspring at 6 years of age. Results
presented in this thesis suggests that higher total maternal n-3 PUFA and especially
docosahexaenoic acid concentrations were associated with lower childhood systolic
blood pressure, but not with childhood diastolic blood pressure. Among n-6 PUFAs,
we observed that total maternal n-6 PUFA wt% but not individual fatty acids, were
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positively associated with childhood systolic blood pressure, but not with childhood
diastolic blood pressure. Also, we observed that a higher n-6/n-3 PUFA ratio was
associated with higher childhood systolic blood pressure. These associations were
only partly explained by pregnancy and childhood characteristics. Our finding sug-
gests for the first time that higher maternal plasma n-3 PUFA and lower n-6 PUFA
concentrations during mid-pregnancy are associated with a lower systolic blood
pressure in childhood. Thus, increased blood pressure later in life may be associated
with altered maternal concentrations during pregnancy of n-3 and n-6 PUFAs, or
unbalanced n-6/n-3 PUFAs ratio (Table 4.4).

Table 4.4. Maternal PUFA and childhood blood pressure

Exposure Childhood blood pressure
Maternal n-3 PUFA 1 Systolic blood pressure
Maternal n-6 PUFA 1 Systolic blood pressure
Maternal n-6/n-3 PUFA ratio 1 Systolic blood pressure

Childhood lipids and insulin levels

A suboptimal lipids profile and an impaired insulin and glucose metabolism early in
life have been recognized as important risk factors for cardio-metabolic disease later
in life.** Animal studies have shown that a maternal diet containing higher levels of
PUFA during pregnancy improves the offspring’s lipid profile and insulin metabolism
in the postnatal period.***¢ However, few studies among human populations have
assessed possible effects of maternal specific n-3 and n-6 PUFAs during pregnancy
on long-term offspring lipid and insulin metabolism.

Therefore, we examined whether maternal plasma n-3 and n-6 PUFA levels during
pregnancy are associated with childhood lipids and insulin levels. In this thesis we
observed that higher maternal total n-3 PUFA levels and especially docosahexaenoic
acid levels were associated with higher childhood total-cholesterol, HDL-cholesterol
and insulin levels. In addition, higher maternal eicosapentaenoic acid levels were as-
sociated with a higher childhood HDL-cholesterol, whereas higher docosapentaenoic
acid levels were associated with higher childhood insulin levels. Maternal total n-6
PUFA levels were not associated with childhood outcomes. Higher levels of the indi-
vidual n-6 PUFAs, eicosadienoic and dihomo-y-linolenic acids were associated with a
lower childhood HDL-cholesterol, whereas higher arachidonic acid levels were asso-
ciated with higher childhood total-cholesterol and HDL-cholesterol levels. Partly in
line with our findings, a small study among 242 pregnant women showed that higher
levels of maternal docosapentaenoic acid during pregnancy were associated with
higher total-cholesterol and LDL-cholesterol levels in the offspring.*® Higher mater-
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nal arachidonic acid levels were associated with lower childhood triglycerides and
LDL-cholesterol levels, but no associations were observed for other n-6 PUFA levels.
Another small study performed among 259 children suggests that higher availability
of y-linolenic and dihomo-y-linolenic acids at birth were associated with reduced
levels of plasma triacylglycerol and insulin resistance.*” The observed associations
in this thesis were not explained by maternal and childhood socio-demographic
and lifestyle related characteristics or childhood body mass index. Our finding sug-
gests that higher maternal total n-3 PUFAs and specifically docosapentaenoic acid
levels during pregnancy are associated with higher childhood total-cholesterol, HDL-
cholesterol and insulin levels. Among maternal n-6 PUFAs only individual, not total
maternal n-6 PUFA levels, tended to be associated with childhood lipids and insulin
levels. Thus, these results suggest that specific maternal n-3 and n-6 PUFA levels dur-
ing pregnancy could be important for long-term offspring lipid and insulin/glucose
metabolism (Table 4.5).

Table 4.5. Maternal PUFA and childhood lipids and insulin levels

Exposure Childhood lipids and insulin levels
Maternal n-3 PUFAs 1 Total cholesterol 1 HDL-cholesterol * Insulin
Maternal n-6/n-3 PUFA ratio { HDL-cholesterol 1 Triglycerides | Insulin

Underlying mechanisms

During pregnancy, an adequate maternal n-3 and n-6 PUFAs profile is essential in
maternal diet as it affects different components of fetal development, including struc-
tures of the cell membranes, organs function and metabolism.*® Among n-3 and n-6
PUFAs, a-linolenic acid and linoleic acid are the parent fatty acids and through elonga-
tion and desaturation of these fatty acids in the human body, a series of longer-chain
fatty acids can be synthesized, such as docosahexaenoic acid and arachidonic acid.*®
In this thesis we therefore specifically studied these total and individual maternal
n-3 PUFAs and n-6 PUFAs. Several potential mechanisms have been proposed in the
relation between maternal total and individual n-3 and n-6 PUFAs during pregnancy
and childhood cardio-metabolic outcomes.

Both maternal levels of n-3 and n-6 PUFAs affect the proliferation and differen-
tiation of fetal adipose cells through their role as precursors of eicosanoids such as
prostaglandins, thromboxanes and leukotrienes.** N-3 PUFA inhibits cyclic adenos-
ine monophosphate production through prostaglandins, leading to inhibition of fetal
adipocytes differentiation.>® On the contrary, eicosanoids derived from n-6 PUFAs,
appears to be highly adipogenic promoting the differentiation of fetal preadipocytes
into mature and functional adipocytes.*® We observed that higher maternal n-3 PUFAs
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during pregnancy, which inhibit differentiation of adipocyte cells, were associated
with lower childhood fat mass. Also, we observed that especially dihomo-y-linolenic
acid levels, which stimulate the proliferation of fetal adipocytes, were associated
with higher childhood fat mass.

We observed that higher maternal plasma n-3 PUFA and lower n-6 PUFA levels
during pregnancy were associated with a lower systolic blood pressure in childhood.
Several mechanisms have been proposed which may partly explain these observed
associations. The hypotensive effect of maternal n-3 PUFAs may be related to im-
proved fetal endothelial vasodilator function and reduced pressor reactivity of resis-
tance vessels.’! It has been suggested that docosahexaenoic acid enhanced dilatory
responses by attenuating constrictor responses to noradrenaline, in relation with
a decrease in plasma norepinephrine which mechanism might be responsible for a
reduction in blood pressure.* In addition, they have hypotensive properties through
stimulation of prostaglandins that control sodium and water excretion, inhibition
of the vasoconstrictor thromboxane and decrease of the response to vasopressor
hormones.’*%° Also, n-3 PUFAs during fetal development may stimulate adenosine
triphosphate release from the endothelium and increase vasodilation by stimulating
nitric oxide release.>® On the contrary, n-6 PUFAs during fetal development may act
as precursors of the second series of prostaglandins and thromboxanes, which can
stimulate offspring vasoconstriction and increase offspring blood pressure.’

We observed that higher maternal total n-3 PUFAs and specifically DHA
levels during pregnancy are associated with higher childhood total-cholesterol,
HDL-cholesterol and insulin levels. Only individual maternal n-6 PUFAs, not total
maternal n-6 PUFA levels, tended to be associated with childhood lipids and insulin
levels. The effect of fatty acids profile during fetus development on childhood meta-
bolic outcomes might be through epigenetic mechanisms or structural adaptations
that lead to changes in biological mechanisms of liver and adipose tissue which are
strongly associated with development of dyslipidemia, insulin resistance, and car-
diovascular diseases. Some other mechanisms have also been proposed. The lipid
lowering action of n-3 PUFAs seems to occur through a reduction of hepatic synthesis
of triacylglycerol and very-low-density-lipoprotein.>® As a part of the cell membrane,
n-3 PUFAs during fetal development may be able to regulate insulin secretion from
pancreatic b-cells directly by altering lipid raft structure.’®* N-6 PUFAs might impair
the lipid metabolism and change the fatty liver content by increasing blood levels of
total cholesterol and triacylglycerols.

Rather than the absolute amount of n-3 PUFA and n-6 PUFAs during pregnancy, es-
pecially the ratio of n-3/n-6 PUFAs may be of importance. We observed that a higher
maternal n-6/n-3 ratio was associated with an adverse childhood cardio-metabolic
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profile. Increased intake of n-6 PUFAs might inhibit n-3 PUFAs incorporation into
membranes and reduce the production of anti-inflammatory mediators, since the
enzymes involved in their metabolism are the same. Based on our findings, it seems
that increasing maternal n-3 PUFAs, with a reduced n-6/n-3 PUFAs ratio may be
beneficial for cardio-metabolic outcomes in the offspring. However, because of the
observational design, residual confounding due to unmeasured maternal and child-
hood socio-demographic and lifestyle related determinants might still be an issue.
Thus, further research using sophisticated study designs, including randomized con-
trolled trials, are needed to obtain further insight into the causality of these observed
associations and the potential to influence long term health outcomes of offspring.

Methodological considerations

Specific methodological considerations of the studies presented in this thesis have
been described in Chapter 2 and Chapter 3 of this thesis. In the following para-
graphs, general methodological considerations regarding selection bias, information
bias and confounding are discussed.

Selection bias

Selection bias may occur if the association between the determinant and outcome
of interest is different in subjects who participate in the study and those who were
eligible but do not participate in the study. In total, 61% of all eligible children in
the study area participated at birth in the Generation R Study. This non-response
due to non-participation and missing values at baseline among the participants is
not likely to be at random. The percentages of women from ethnic minorities and
lower socio-economic status were lower than expected from the population figures
in Rotterdam.®® Also, the percentages of women with gestational hypertension and
preeclampsia, or children born preterm or with a low birth weight were lower, which
might indicate a selection towards a healthy population. This selection towards a
more affluent and healthy population may have led to lower prevalence rates, and
subsequently reduced statistical power. Also, the selection mechanisms at baseline
may affect the generalizability of our results due to differences in frequency rates in
exposures and outcomes. However, several studies have shown that effect estimates
in association studies are not markedly affected by selective non-participation at
baseline in large cohort studies.®"¢?

Selection bias in our studies might also occur due to selective loss to follow-up
if the associations were different between those included and not included in the
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analyses, but this seems unlikely since loss to follow-up at birth in the presented
studies was low. At the age of 6 years, children and their mothers were invited to
participate in detailed body fat and cardio-metabolic follow-up measurements.
The response rate at this follow-up was approximately 70%. A lower percentage of
children participated in blood sample measurements at the age of 6 years, which
was mainly due to non-consent for venous puncture or crying of the child. Mothers
from children who did not visit the research center more frequently had unhealthy
lifestyle habits, lower total n-3 PUFA levels and higher n-6/n-3 PUFAs ratio and
were less well educated than the total study population. Overall, the selective loss to
follow-up towards a more healthy population may have affected the effect estimates
presented in this thesis, but this bias is difficult to quantify.

Information bias

Information bias, otherwise known as misclassification, is a bias in which error
occurs in the measurement of an exposure or outcome.®® Misclassification refers to
measurement error of either determinant or outcome and might be classified into
two types: differential or non-differential. Differential misclassification occurs when
the error rate or probability of being misclassified differs across groups of study sub-
jects. In differential misclassification the determinant and outcome status are related
and this type of measurement error may lead to either overestimated or underesti-
mated effect estimates.®® In our study, exposure data were collected longitudinally
and before assessment of the outcomes. Also, both mothers and their children were
not aware of the specific research questions addressed in this thesis. This makes
differential misclassification of the exposure unlikely.

Non-differential misclassification can occur in a number of ways, and therefore
non-differential misclassification might have occurred. In non-differential misclas-
sification the determinant status is not related to the outcome status, and vice versa.
Self-reporting is a common approach for gathering data in epidemiologic and medi-
cal research. Non-differential misclassification generally leads to an underestimation
or dilution of the effect estimates. For example, in the studies presented in this thesis,
information of maternal prepregnancy weight and maximum weight during preg-
nancy was self-reported. Self-reported weight tends to be underestimated especially
in case of higher maternal weight, which might have led to an underestimation of
observed effects for maternal prepregnancy body mass index and maximum ges-
tational weight gain. In most of the studies presented in this thesis, the outcome
was assessed using medical records, well-trained research nurses or standardized
hands-on assessments of body composition and cardio-metabolic development.
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Furthermore, the observers were not aware of the exposure status, which makes
differential misclassification of the outcomes less likely.

Confounding

A confounding variable is an extraneous variable that correlates with both the
dependent variable and the independent variable, and this variable is not an inter-
mediate variable in the causal pathway between the exposure and the outcome.®
The observational design of the study, such as the Generation R Study, also increases
the risk of confounding. If a confounding factor is not taken into account, this may
lead to a biased effect estimate of the association between the determinant and the
outcome. To control for confounding in this thesis, we had information available on
many potential confounders. We selected potential confounders based on previous
literature, their associations with the outcomes of interest or a change in effect esti-
mate of more than 10%. Our main interest was the effect of maternal fatty acid levels
on childhood cardio-metabolic outcomes, for which we had information on multiple
maternal and childhood socio-demographic and lifestyle related characteristics.
Maternal fatty acids status might reflect other contributing dietary components and
the results could be confounded by similarities between maternal diet in pregnancy
and the child’s postnatal dietary exposures. In a subgroup of our study we performed
an additional analysis to explore whether the associations were explained by infant
PUFAs intake at 13 months and we observed that additional adjustment for PUFA
intake in infants did not materially affect the observed associations. Nevertheless, as
in all observational studies, results could still be affected through residual confound-
ing by unmeasured confounders or imperfect measurement of measured confound-
ers. Residual confounding may have led to an overestimation of the observed effect
estimates. In most of the studies presented in this thesis, adjustment for potential
confounders only moderately affected the effect estimates, which suggest that the
observed associations are possibly true associations between the determinants and
the outcomes.

Future research

Cardio-metabolic diseases are major health problems in developed countries. Previ-
ous studies have shown that clinical manifestations of cardio-metabolic diseases
occur mainly in adulthood, but the onset of these diseases may occur early in life.®*
% We described the associations of maternal fatty acid levels during pregnancy
with cardio-metabolic outcomes in mothers and their children. These results give
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more insights in the effects of maternal fatty acids on early development of cardio-
metabolic disease and its risk factors. However, the observed effect estimates for the
associations were small, and are mainly of interest from a developmental perspec-
tive. However, subclinical differences in risk factors for cardio-metabolic disease in
childhood may be related to the development of cardio-metabolic disease in later
life. It is important to perform long-term follow-up studies from early life into young
adulthood in order to examine whether the associations of maternal fatty acid levels
during pregnancy with childhood cardio-metabolic disease persist in later life.

More detailed assessment of the exposure needs to be included in future studies.
Our assessment of fatty acids status was based on a single measure in blood plasma
in mid-pregnancy. One measurement, although indicative, is not a reliable reflection
of a mother’s long-term fatty acids status. Other nutrients that are associated with
cardio-metabolic development and that simultaneously affect fatty acids status
should also be taken into account when assessing these associations. Therefore,
further studies with more than one measurement of fatty acids status during preg-
nancy and controlling for other nutrients status are needed. It is also not possible to
determine whether the developing fetus was exposed to the same levels of PUFA that
were measured in the maternal samples. The transfer of PUFAs from the maternal to
fetal circulation by the placenta occurs via several mechanisms including passive and
facilitated diffusion.

Main maternal outcomes studied in this thesis were maternal blood pressure de-
velopment, and umbilical and uterine artery resistance indices. The mechanisms by
which fatty acids affect blood pressure during pregnancy remain controversial and
not much has been studied about the associations of SFAs, MUFAs and PUFAs with
placental vascular development. Further research is needed to address the effect
of fatty acids during pregnancy with blood pressure and placental resistance index
measurements in higher risk populations. Main childhood outcomes were childhood
blood pressure, body composition and cardio-metabolic biomarkers. Further addi-
tional measurements of childhood body composition and cardio-metabolic develop-
ment might provide further insight in the underlying mechanism linking maternal
fatty acids as early life exposures to obesity and cardio-metabolic diseases in later
life. We measured body composition using Dual-energy-X-ray absorptiometry (DXA),
a technique that has previously been utilised in only one study investigating the
relationships between maternal PUFAs profile and childhood body fat mass. Future
studies are needed for replication. In the pathogenesis of atherosclerosis, endothelial
dysfunction and impaired vascular reactivity induced by dyslipidemia play an impor-
tant role. Ultrasound assessment of endothelial function and intima media thickness
may be used as preclinical markers of atherosclerosis. The microvasculature is an
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important component related to hypertension. Using retinal vascular imaging the
microvasculature in children can be studied. Also, imaging techniques, such as mag-
netic resonance imaging, are of interest to obtain further insight in detailed body
fat distribution and cardiovascular development. Thus, imaging techniques, such as
coronary circulation magnetic resonance imaging, are of interest to obtain further
insight in detailed cardiovascular development.

Due to the observational design of our studies, we cannot establish causality of
the observed associations. We had no information available on mothers’ FADSI or
FADS2 genes, which encode for desaturase enzymes involved in the conversion of
PUFAs. In future, Mendelian randomization studies may also help to establish cau-
sality for the observed associations. These studies use genetic variances, which are
robustly associated with the exposure of interest and are not affected by confound-
ing, to examine whether the exposure is causally related to outcome. Randomized
controlled trials are also a preferred study design to establish causality. Previous
randomized controlled trials have mainly focused on the associations of n-3 PUFA
with childhood adiposity and have found no association.®’® The INFAT randomized
trial showed that the combination of an increased n-3 PUFA and a reduced arachi-
donic acid, n-6 PUFA, dietary intake through supplementation during the perinatal
period does not affect total subcutaneous fat mass during the first year of life.3® A
randomized controlled trial among 533 pregnant Danish women showed no effects
of n-3 PUFA supplementation during the third trimester of pregnancy on insulin lev-
els in 19-year-old offspring.®® No randomized controlled trials have been conducted
focused on fatty acids levels during pregnancy and pregnancy complications. Most
of previous clinical trials had small sample sizes and confounding might still have
influenced the results since environmental and genetic factors might not be equally
distributed between groups. Thus, further high-quality clinical trials are needed to
establish whether fatty acid levels during pregnancy affect maternal and childhood
outcomes. More evidence is needed to make proper recommendations for fatty acids
consumption during prenatal care.

Clinical implications

In this thesis we identified maternal fatty acid levels that might influence maternal
and childhood cardio-metabolic outcomes. These findings may be important for
identification of high-risk children and for the development of preventive strate-
gies or interventions already from early stages life onwards. Based on our findings,
maternal fatty acids status during pregnancy seems to be important for pregnant
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women and childhood development. Cardio-metabolic prevention strategies should

start as early in life as possible and should focus on maternal nutritional status dur-

ing pregnancy by improving fatty acids profile. Therefore, clinical practice should

consider the importance of diet during pregnancy with emphasizing an adequate

consumption of maternal fatty acids.
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Summary

Chapter 1 describes the background and hypothesis for the studies presented in this
thesis. Cardio-metabolic disease is a major public health concern in adulthood. The
developmental origins hypothesis proposed that cardio-metabolic disease originate
during intrauterine development. This hypothesis suggests that risk factors during
pregnancy may adversely affect the fetal development, and thereby increase the risk
of developing diseases later in life.

Previous studies have shown that suboptimal nutrition during pregnancy is as-
sociated with higher risk of cardio-metabolic diseases. Based on these findings, it
has been hypothesized that adverse exposures, acting at different stages of fetal
and early postnatal development, lead to permanent adaptations in the structure,
physiology and function of various organ systems. An excess or deficiency of certain
fatty acids profile during pregnancy may lead to adverse consequences later in life.
Especially maternal PUFAs status is required for normal growth and development.
Identifying risk factors and potential mechanisms influencing the development of
cardio-metabolic diseases from early life onwards is important for future preventive
strategies that aim to improve cardio-metabolic health throughout the life course.
Therefore, studies presented in this thesis were designed to relate maternal fatty
acid levels measured in mid-pregnancy with cardio-metabolic outcomes in mothers
and children.

The studies presented in this thesis were embedded in the Generation R Study, a
population-based prospective cohort study from fetal life onwards in Rotterdam, The
Netherlands. The Generation R Study is designed to identify early environmental and
genetic determinants of growth, development and health in fetal life and childhood.

In Chapter 2, studies on maternal prepregnancy body mass index and gestational
weight gain during pregnancy with different group of fatty acid concentrations are
described. Furthermore, fatty acids during pregnancy and hemodynamic adaptations
during pregnancy are also described in this chapter. In Chapter 2.1, we found that
higher prepregnancy body mass index was associated with higher total SFA and total
n-6 PUFA concentrations Higher gestational weight gain was associated, indepen-
dent of prepregnancy body mass index with higher total SFA, MUFA and n-6 PUFA
concentrations Thus, obesity and excessive weight gain during pregnancy might be
associated with an adverse fatty acids profile. Further, we examined the associations
of maternal fatty acid levels with maternal blood pressure development, umbilical
and uterine artery resistance indices and the risk of gestational hypertensive disor-
ders (Chapter 2.2). We observed that higher maternal SFAs, but not MUFAs, were as-
sociated with a higher blood pressure, whereas higher total n-3 PUFA and n-6 PUFA
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concentrations were associated with a lower systolic and diastolic blood pressure
throughout pregnancy. Higher MUFA concentrations were associated with lower
placental vascular resistance indices, whereas higher n-3 and n-6 PUFAs were as-
sociated with higher placental vascular resistance indices. Only higher maternal SFA
concentrations were associated with the risk of gestational hypertensive disorders.
Our findings suggest that during pregnancy, adverse maternal fatty acid concentra-
tions may lead to hemodynamic maladaptations and increased risks of gestational
hypertensive disorders.

In Chapter 3, the associations of maternal PUFA levels during pregnancy with
cardio-metabolic risk factors in childhood are described. In Chapter 3.1, we exam-
ined the associations of maternal PUFA concentrations during pregnancy with infant
subcutaneous fat mass. Total subcutaneous fat and central-to-total subcutaneous fat
ratio were calculated at 1.5, 6 and 24 months. We observed that maternal n-3 PUFA
levels were associated with a higher central subcutaneous fat mass at 1.5 months,
but with lower central subcutaneous fat mass at 6 months. No consistent associa-
tions were observed between maternal n-6 PUFA levels and infant subcutaneous fat
mass levels. These associations were not explained by maternal socio-demographic
or lifestyle related characteristics or birth characteristics. Therefore, maternal n-3
PUFA levels during pregnancy may have transient effects on infant subcutaneous fat.
We also explored whether maternal PUFA concentrations during pregnancy may
have persistent effects on growth and adiposity in the childhood (Chapter 3.2). At
the age of 6 years, detailed total and abdominal body fat distribution measurements
were performed using Dual-energy- X-ray absorptiometry (DXA) and abdominal
ultrasound. We observed that maternal lower n-3 PUFA concentrations and higher
n-6 PUFA concentrations during pregnancy are associated with a higher body fat
percentage and an adverse general and abdominal fat distribution in childhood. We
found the stronger associations for maternal total n-3 PUFA concentrations with
childhood total body fat mass percentage, as compared to other fat measures. The
associations of maternal n-3 and n-6 PUFA concentrations with detailed childhood
fat mass outcomes were only partly explained by maternal and childhood character-
istics. Thus, our results suggests that lower maternal n-3 PUFA concentrations and
higher n-6 PUFA concentrations during pregnancy are associated with higher total
body fat and abdominal fat levels in childhood.

In Chapter 3.3, we assessed the associations of maternal PUFA concentrations
during pregnancy with childhood blood pressure. At the age of 6 years systolic and
diastolic blood pressure was measured four times with one-minute intervals using a
validated automatic sphygmanometer. We found that higher maternal n-3 PUFA and
lower n-6 PUFAwt% during pregnancy are associated with a lower systolic blood
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pressure in childhood. These associations were only partly explained by maternal
and childhood characteristics. Thus, our results suggest that maternal intake of PU-
FAs during pregnancy is important for fetal and infant development. In Chapter 3.4,
we examined whether maternal plasma n-3 and n-6 PUFA levels during pregnancy
are associated with childhood lipids and insulin levels. We observed that after ad-
justment for potential confounders, higher maternal total n-3 PUFAs and specifically
docosahexaenoic acid levels during pregnancy are associated with higher childhood
total-cholesterol, HDL-cholesterol and insulin levels. Only individual maternal n-6
PUFAs, not total maternal n-6 PUFA levels, tended to be associated with childhood
lipids and insulin levels. These results were not materially affected by additional
adjustment for childhood body mass index. Our results suggest that maternal PUFAs
status during pregnancy might influence offspring lipids and insulin metabolism.

In Chapter 4 we provide a general discussion in which the studies described in this
thesis are described in broader context, and implications and suggestions for future
research are discussed.

In conclusion, findings from this thesis suggest that maternal fatty acid levels during
pregnancy are associated with maternal and childhood cardio-metabolic outcomes.
Although the observed associations were relatively small to moderate, they may be
important for cardio-metabolic disease on a population level. Based on our finding,
adequate maternal fatty acids profile during pregnancy is important for maternal
and child health. Cardio-metabolic prevention strategies should start as early in life
as possible and should focus on maternal nutritional status during pregnancy by
improving fatty acids profile.



CHAPTER 5

Samenvatting

Hoofdstuk 1 beschrijft de achtergrond en hypothese voor de studies beschreven
in dit proefschrift. Cardiometabole ziekten vormen een belangrijk volksgezond-
heidsprobleem voor volwassenen. De ‘Developmental Origins’ hypothese stelt dat
de grondslag van deze ziekten al ligt tijdens de vroege ontwikkeling. Volgens deze
hypothese zou blootstelling aan bepaalde factoren tijdens de zwangerschap de
ontwikkeling van de foetus op een ongunstige manier beinvloeden, en daarmee het
risico op ziekten op latere leeftijd te verhogen. Eerdere studies hebben laten zien dat
suboptimale voeding tijdens de zwangerschap is geassocieerd met een hoger risico
op cardiometabole ziekten. Gebaseerd op deze resultaten is de hypothese gesteld dat
blootstelling aan bepaalde ongunstige factoren tijdens verschillende stadia van de
foetale en vroeg postnatale ontwikkeling, leidt tot blijvende aanpassingen in de struc-
tuur, fysiologie en functie van verschillende orgaansystemen. Een teveel of tekort aan
bepaalde vetten (vetzuren) tijdens de zwangerschap zou nadelige gevolgen kunnen
hebben in het latere leven. Vooral een optimale meervoudig onverzadigde vetzuur
status van de moeder is belangrijk voor een normale groei en ontwikkeling van haar
kind. Het identificeren van vroege risicofactoren en potentiéle mechanismen die het
ontstaan van cardiometabole ziekten beinvloeden is belangrijk voor de ontwikkeling
van toekomstige preventieve strategieén om de cardiometabole gezondheid tijdens
de gehele levensloop te verbeteren. Het doel van de studies gepresenteerd in dit
proefschrift was dan ook om maternale vetzuurconcentraties, gemeten tijdens het
tweede trimester van de zwangerschap, te relateren aan cardiometabole gezond-
heidsuitkomsten in zowel moeders als hun kinderen.

De studies die beschreven worden in dit proefschrift maken deel uit van het Gen-
eration R onderzoek, een populatie-gebaseerd prospectief cohortonderzoek, in Rot-
terdam, Nederland, waarin zwangere vrouwen en hun kinderen worden gevolgd. Het
Generation R onderzoek is opgezet om vroege omgevings- en genetische factoren
te identificeren die van invloed zijn van op de groei, ontwikkeling en gezondheid
tijdens het foetale leven en tijdens de kindertijd.

In hoofdstuk 2 worden studies beschreven naar de relaties tussen maternale body
mass index voor de zwangerschap, gewichtstoename tijdens de zwangerschap en de
verschillende groepen vetzuren. Daarnaast beschrijft dit hoofdstuk de invloed van
vetzuren op hemodynamische aanpassingen tijdens de zwangerschap. In hoofdstuk
2.1 hebben we aangetoond dat een hoger body mass index geassocieerd is met hogere
totale verzadigde vetzuurconcentraties en hogere totale omega-6 meervoudig on-
verzadigde vetzuurconcentraties. Een snelle gewichtstoename was geassocieerd met
hogere totale verzadigde, enkelvoudig onverzadigde en omega-6 meervoudig onver-
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zadigde vetzuurconcentraties. Obesitas en een verhoogde gewichtstoename tijdens
de zwangerschap zijn dus mogelijk geassocieerd met een nadelig vetzuur profiel.
Ook hebben we de associaties van maternale vetzuurconcentraties met maternale
bloeddruk ontwikkeling, de vaatweerstand van de arteria umbilicalis en de arteria
uterina en het risico op pre-eclampsie en zwangerschapshypertensie onderzocht
(hoofdstuk 2.2). We zagen dat hogere maternale verzadigde vetzuurconcentraties,
maar niet meervoudig onverzadigde verzuurconcentraties, geassocieerd waren
met een hogere bloeddruk, en dat hogere totale omega-3 meervoudig onverzadigde
vetzuurconcentraties en omega-6 meervoudig onverzadigde vetzuurconcentraties
daarentegen zijn geassocieerd met een lagere systolische en diastolische bloeddruk
tijdens de zwangerschap. Hogere verzadigde vetzuurconcentraties waren geas-
socieerd met een lagere placentaire vaatweerstand, hogere omega-3 en omega-6
meervoudig onverzadigde vetzuren waren geassocieerd met een hogere placentaire
vaatweerstand. Alleen hogere maternale verzadigde vetzuurconcentraties waren
geassocieerd met het risico op pre-eclampsie of zwangerschapshypertensie. Onze
resultaten suggereren dat suboptimale verzuurconcentraties tijdens de zwangersc-
hap, gekarakteriseerd door hogere concentraties SFA en lagere concentraties PUFA,
kunnen leiden tot ongunstige hemodynamische aanpassingen en een verhoogd risico
op pre-eclampsie of zwangerschapshypertensie.

In hoofdstuk 3 beschrijven we de associaties van maternale meervoudig onver-
zadigde vetzuurconcentraties met verschillende risicofactoren voor cardiometabole
ziekten bij het kind. In hoofdstuk 3.1 hebben we gekeken naar de associaties van
maternale meervoudig onverzadigde vetzuurconcentraties tijdens de zwangerschap
met subcutane vetmassa op peuterleeftijd. Totaal subcutaan vet en centraal-totale
vetmassa ratio zijn bepaald op de leeftijden van 1.5, 6 en 24 maanden. We zagen dat
maternale omega-3 meervoudig onverzadigde vetzuurconcentraties geassocieerd
waren met een hogere centrale subcutane vetmassa op de leeftijd van 1.5 maanden,
maar met een lagere centrale vetmassa op de leeftijd van 6 maanden. We zagen geen
consistente associaties tussen maternale omega-6 onverzadigde vetzuurconcentra-
ties en subcutane vetmassa in de peutertijd. De gevonden associaties werden niet
verklaard door verschillen in sociaaleconomische en leefstijl gerelateerde ken-
merken. Maternale omega-3 meervoudig onverzadigde vetzuurconcentraties zouden
daarom mogelijk tijdelijke effecten kunnen hebben op de subcutane vetmassa tijdens
de peutertijd. Ook hebben we onderzocht of maternale meervoudig onverzadigde
vetzuurconcentraties blijvende invloed hebben op de groei en de vetverdeling van
het kind (hoofdstuk 3.2). Op de leeftijd van 6 jaar zijn gedetailleerde metingen van
de totale en abdominale vetmassa gedaan met behulp van Dual-energy X-ray ab-
sorptiometry (DXA) scans en abdominale echografie. We zagen dat lagere maternale
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omega-3 meervoudig onverzadigde verzuurconcentraties en hogere omega-6 onver-
zadigde vetzuurconcentraties tijdens de zwangerschap geassocieerd waren met een
hoger percentage lichaamsvet en een ongunstige totale en abdominale vetverdeling
bij het kind. De associaties waren het sterkst voor het totale percentage lichaamsvet.
De gevonden associaties werden deels verklaard door verschillen in andere ken-
merken van moeder en haar kind. Deze bevindingen suggereren dat lagere maternale
omega-3 en hogere omega-6 meervoudig onverzadigde vetzuurconcentraties tijdens
de zwangerschap zijn geassocieerd met hoger totaal lichaamsvet en abdominaal vet
bij kinderen.

In hoofdstuk 3.3 hebben we gekeken naar de associaties van maternale meer-
voudig onverzadigde vetzuurconcentraties tijdens de zwangerschap met de bloed-
druk van het kind. Op de leeftijd van 6 jaar zijn systolische en diastolische bloeddruk
vier keer gemeten met tijdsintervallen van 1 minuut met behulp van een gevali-
deerde automatische sphygmanometer. We zagen dat hogere maternale omega-3
meervoudig onverzadigde vetzuurconcentraties en lagere omega-6 meervoudig
onverzadigde verzuurconcentraties tijdens de zwangerschap zijn geassocieerd
met een lagere systolische bloeddruk op 6-jarige leeftijd. De gevonden associaties
werden maar deels verklaard door verschillen in andere kenmerken van moeder
en kind. Deze resultaten suggereren dat maternale inname van meervoudig onver-
zadigde vetzuren tijdens de zwangerschap belangrijk is voor de ontwikkeling van
het kind, zowel tijdens het foetale leven als tijdens de peutertijd. In hoofdstuk 3.4
hebben we onderzocht of maternale omega-3 en omega-6 meervoudig onverzadigde
vetzuurconcentraties gerelateerd zijn aan lipiden- en insuline concentraties bij
haar kind. Na correctie voor potentiele confounders waren hogere maternale totale
omega-3 meervoudig onverzadigde vetzuren, en vooral docosahexaeenzuur, tijdens
de zwangerschap geassocieerd met hogere totaal cholesterol, HDL-cholesterol en
insuline concentraties bij het kind. Individuele omega-6 meervoudig onverzadigde
vetzuurconcentraties, maar niet totale omega-6 concentraties, waren geassocieerd
met lipiden- en insuline concentraties. Deze resultaten veranderden niet na extra
correctie voor het body mass index van het kind. Onze resultaten suggereren dat
maternale meervoudig onverzadigde vetzuurstatus mogelijk invloed heeft op de
lipiden- en insuline metabolisme van het kind.

In hoofdstuk 4 geven we een algemene discussie waarin de studies beschreven in
dit proefschrift worden beschouwd in een bredere context, en implicaties en sugges-
ties voor toekomstig onderzoek gegeven.

Concluderend, de bevindingen van dit proefschrift suggereren dat maternale vet-
zuurconcentraties tijdens de zwangerschap zijn geassocieerd met cardiometabole
gezondheidsuitkomsten bij zowel de moeder als haar kind. Hoewel de gevonden ef-
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fecten relatief klein zijn, zijn deze mogelijk van belang op populatie niveau. Op basis
van onze bevindingen blijkt een optimaal maternaal vetzuurprofiel van belang voor
de gezondheid van zowel de moeder als haar kind. Preventieve strategieén zouden
daarom al zo vroeg mogelijk in het leven moeten starten en zouden zich moeten rich-
ten op het verbeteren van het vetzuurprofiel van de vrouw tijdens de zwangerschap.
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Abbreviations

AA arachidonic acid

ALA alpha-linolenic acid

ANOVA analysis of variance

AvsG android/gynoid fat mass ratio
BMI body mass index

CI confidence interval

DGLA dihomo-y-linolenic acid

DHA docosahexaenoic acid

DPA docosapentaenoic acid

DTA docosatetraenoic acid

DXA dual-energy X-ray absorptiometry
EPA eicosapentaenoic acid

FFQ food-frequency questionnaire
GLA y-linoleic acid

GWG gestational weight gain

HDL high-density lipoprotein

IOM institute of medicine

LA linoleic acid

LDL low-density lipoprotein
MUFA monounsaturated fatty acids
No number of participants

OR odds ratio

PPAREA abdominal preperitoneal fat mass
PUFA polyunsaturated fatty acid
RCT randomized controlled trial
SD standard deviation

SDS standard deviation score

SFA saturated fatty acid

SPSS statistical package for the social sciences
TFM total fat mass

wk weeks

wt% weight percentage

y year
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