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Abstract

Obijective

Although pre-pregnancy weight status and early pregnancy lipid profile are known to influ-
ence blood pressure course during pregnancy, little is known about how these two factors
interact. The association between pre-pregnancy weight status and blood pressure
course during pregnancy was assessed in the prospective ABCD study and the role (inde-
pendent/mediating/moderating) of early pregnancy lipid profile in this association was
determined.

Methods

We included 2500 normal weight (<25 kg/m2) and 600 overweight (>25 kg/m2) women
from the prospective ABCD-study with available measurements of non-fasting early preg-
nancy lipids [median (IQR): 13 (12—14) weeks of gestation] and blood pressure during
pregnancy [mean (SD) = 10 (2.3)]. Lipids (triglycerides, total cholesterol, apolipoprotein
A1, apolipoprotein B and free fatty acids) were divided into tertiles. Multilevel piecewise
linear spline models were used to describe the course of systolic and diastolic blood pres-
sure (SBP/DBP) in four time periods during gestation for overweight and normal weight
women.

Results

Both SBP (5.3 mmHg) and DBP (3.9 mmHg) were higher in overweight compared to normal
weight women and this difference remained the same over all four time periods. The differ-
ence in SBP and DBP was not mediated or moderated by the lipid profile. Lipid profile had
an independent positive effect on both SBP (range 1.3-2.2 mmHg) and DBP (0.8—1.1
mmHg), but did not change blood pressure course.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177554 May 19,2017 1/16


https://doi.org/10.1371/journal.pone.0177554
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177554&domain=pdf&date_stamp=2017-05-19
https://doi.org/10.1371/journal.pone.0177554
https://doi.org/10.1371/journal.pone.0177554
http://creativecommons.org/licenses/by/4.0/
mailto:abcd@amc.uva.nl
mailto:abcd@amc.uva.nl
http://www.abcd-studie.nl/wp-content/uploads/2015/02/Guidelines-for-access-to-data-of-the-ABCD-study.pdf
http://www.abcd-studie.nl/wp-content/uploads/2015/02/Guidelines-for-access-to-data-of-the-ABCD-study.pdf
http://www.abcd-studie.nl/wp-content/uploads/2015/02/Guidelines-for-access-to-data-of-the-ABCD-study.pdf
http://www.abcd-studie.nl/wp-content/uploads/2015/02/Guidelines-for-access-to-data-of-the-ABCD-study.pdf

@° PLOS | ONE

pBMI, lipid profile and BP during pregnancy

Funding: This work was supported by the
Netherlands Organization for Health Research and
Development (ZonMw) Grant (TOP, 40-00812-98-
11010), granted to TV. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Conclusions

Both pre-pregnancy weight status and early pregnancy lipid profile independently increase
blood pressure during pregnancy. Improving pre-pregnancy weight status and early preg-
nancy lipid profile might result in a healthier blood pressure course during pregnancy.

Introduction

Overweight or obesity before pregnancy is associated with hypertensive disorders of pregnancy,
[1, 2] which in turn are associated with maternal, foetal and infant mortality.[3, 4] Therefore,
identifying modifiable risk factors affecting the blood pressure (BP) course in pregnancy is
important as they may be instrumental in devising new preventive and therapeutic strategies.

Overweight and obese women display a different BP course than normal weight women.[5-
7] Normally, blood pressure decreases from the start of pregnancy under the influence of pro-
gesterone and prostaglandins, and due to increased uteroplacental circulation,[8] reaching a
nadir in midpregnancy.[9] From here BP increases to normal pre-pregnancy blood pressure at
term [9] as blood volume increases to compensate for the increased uteroplacental circulation
and for blood loss at delivery.[8] Compared to normal weight women, overweight and obese
women start their pregnancy with a higher BP, have a smaller BP decrease to midpregnancy
and a faster increase until the end of pregnancy.[5, 6]

Overweight and obese women also have a more atherogenic lipid profile throughout preg-
nancy.[10-12] A more atherogenic lipid profile in pregnancy is associated with hypertensive
disorders of pregnancy, independent of maternal weight status.[13-17] The lipid profile
changes during pregnancy: in early pregnancy lipids are low and an accumulation of maternal
fat depots is followed by increased adipose tissue lipolysis and subsequent hyperlipidaemia in
late pregnancy.[11, 12] At this stage, triglyceride-rich particles and related remnants can dam-
age the endothelium through lipid-mediated oxidative stress mechanisms,[18, 19] leading to
higher BP.[20] Although associations between a more atherogenic lipid profile and hyperten-
sive disorders of pregnancy have been reported, the association between early pregnancy lipid
profile and BP course, especially in the first half of pregnancy, remains unknown.

To our knowledge, the role of both pre-pregnancy weight status and early pregnancy lipid
profile on BP course during pregnancy has not yet been studied. Therefore, this study aimed
to describe the association between pre-pregnancy weight status and BP course and the role of
early pregnancy lipid profile: i.e. does the lipid profile mediate or moderate this association?
The present study used data from the large Dutch prospective ABCD study to examine these
associations. Based on the literature, we hypothesise that overweight women, partly due to
their more atherogenic lipid profile, start their pregnancy with a higher BP and have a smaller
decrease in BP in the first half of the pregnancy, but a greater increase in the second half of the
pregnancy (mediation). Moreover, we expect to find the most detrimental outcomes (i.e. the
highest absolute BP with the steepest increase in BP during pregnancy) in overweight women
with a more atherogenic lipid profile (moderation).

Methods
The ABCD study

This study was embedded in the prospective Amsterdam Born Children and their Develop-
ment (ABCD) study (http://www.abcd-study.nl). Details on the study design are described
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elsewhere.[21] This study was conducted according to the guidelines of the Declaration of Hel-
sinki and all procedures were approved by the Central Committee on Research Involving
Human Subjects, the Medical Research Ethics Committees of the participating hospitals, and
the Registration Committee of the municipality of Amsterdam.

Study population

Between January 2003 and March 2004 all pregnant women living in Amsterdam were invited
to participate in the ABCD study at their first antenatal screening (median: 13 (IQR: 12-14)
weeks of gestation). All women were asked to participate in the ABCD biomarker study and to
fill out a pregnancy questionnaire, which contained an informed consent to grant permission
for perusal of their medical files. Of all 12,373 pregnant women approached, 8266 returned the
pregnancy questionnaire (response rate 67%) at an average of 16 weeks gestation [inter quar-
tile range (IQR) 14-18 weeks] and 4389 women also participated in the biomarker study
(53%). For this study, non-fasting blood sampling (10-ml EDTA and 9-ml serum) took place
during routine blood collection for screening purposes [median: 13 (IQR: 12-14) weeks of ges-
tation] of which 4269 had reliable and available measurements of one of the lipids used in the
present study. A total of 7043 women (85%) gave permission to collect data from their medical
files and, of these, the medical files of 6741 women (96%) could be traced.

Excluded from the study were women carrying twins or who had no data on the gestational
age at blood sampling, women with diabetes (both pre-existent and pregnancy-induced), with
pre-existing hypertension, and those using lipid-altering medication (e.g. antiepileptic drugs,
antidepressant, steroids, thyroid hormones, or sleep medication). Also excluded were women
with <3 BP measurements, or with first BP measurement after 20 weeks of gestation. The final
sample included 3100 women (Fig 1).

Pre-pregnancy weight status

Pre-pregnancy body mass index (pBMI) was based on height and weight as reported in the preg-
nancy questionnaire, completed with data from the pregnancy files. Two categories were formed
based on the WHO guidelines: normal weight (<25 kg/mz) and overweight (>25 kg/mz).[22]

Early pregnancy lipid profile

The non-fasting early pregnancy lipid profile consisted of triglycerides (TG), total cholesterol
(TC), free fatty acids (FFA), apolipoprotein Al (ApoAl) and apolipoprotein B (ApoB) and
were derived from biochemical analysis. The method of lipid analyses is described in detail
elsewhere.[10] Since lipid concentrations increase in the first half of pregnancy, lipid measure-
ments were interpolated to 10 weeks of gestation using a linear regression model.[12]

BP course during pregnancy

BP was measured at each prenatal visit by the obstetric caregiver (midwife/obstetrician). Blood
pressure measurements were done in a seated position using the appropriate cuff size, mostly
measured on the right arm. More than 85% of the obstetric caregivers used an auscultatory
device to measure blood pressure (using Korotkoff phase I for systolic BP (SBP) and Korotkoft
phase V for diastolic BP (DBP)), while the remainder of the obstetrics caregivers used an auto-
mated BP monitor. BP and date of measurement were retrieved from obstetric medical files.

A mean of 10 (SD = 2.3) BP measurements per pregnant woman were obtained. On average
the first measurement was at 12.9 (SD = 2.0) weeks of gestation and the last at 38 (SD = 3.4)
weeks. When medical files stated the use of anti-hypertensive drugs (n = 25) from a certain
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Fig 1. Flowchart of inclusion of the study participants.

https://doi.org/10.1371/journal.pone.0177554.9001

date onwards [mean gestational age (SD) = 33.6 (3.6) weeks], BP measurements after that date
were excluded. Double entry was performed in a randomly selected sample of 315 (5%) rec-
ords. Agreement on overall BP was high for SBP (97.8%) and DBP (97.2%).

Covariates

Covariates were chosen a priori based on their association with maternal weight status or BP.
[5, 7] Chosen covariates included maternal age (years; continuous), education (years after pri-
mary school; continuous); parity (nulliparous/multiparous), ethnicity [Dutch, Surinamese-
Hindu, Caribbean (Surinamese-Creole/ Antillean/Aruban), Turkish, Moroccan, Ghanaian,
other], and smoking and alcohol use during pregnancy (yes/no) which were self-reported in
the pregnancy questionnaire. Ethnicity was based on the country of birth of the pregnant
woman’s mother. Gestational age at blood sampling, gestational age at giving birth (days) and
foetal sex (male/female) were obtained from the Youth Health Care Registration. Gestational
age was based on ultrasound or, when not available (£10%), was calculated by the obstetric
care provider, based on the first day of the last menstrual period. Gestational age at blood sam-
pling was calculated based on gestational age at birth, date of birth and date of blood sampling.

Statistical analysis

Descriptive statistics of the study population, comparing normal weight and overweight
women, and the non-response analysis, comparing women in this study with women without
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either an early pregnancy lipid profile or BP course during pregnancy, were performed using
independent samples t-tests for continuous variables and y2-tests for categorical variables. To
reclaim the cases with missing values, multivariate imputation by chained equation (MICE)
was used after descriptive analyses. Missings for maternal education (0.61%), ethnicity
(0.16%), alcohol use (0.03%) and smoking (0.06%) during pregnancy, foetal sex (0.03%) and
pBMI (6.13%) were imputed. [23]

BP course during pregnancy was investigated using a model described by Macdonald-Wallis
[7]: as a sequence of individual BP data are likely to be dependent, two-level mixed models were
used to account for the possible correlation between the observations within the same woman.
Moreover, the model accounted for gestational age at birth, as women with higher BP tend to
give birth earlier than women with lower BP.[7, 9] Piecewise linear splines with BP as a function
of time with three internal knots, based on the best fitting model, and also allowing for individual
departure from the mean slopes [and intercept] were fitted on the study sample of 3100 women.
Based on the Akaike’s Information Criterion (AIC) the best fitting model with three internal
knots for SBP course yielded internal knots at 16.5, 31.5 and 35.5 weeks of gestation, while the
best fitting model for DBP was with internal knots at 19.5, 31.5 and 35.5 weeks of gestation.

Associations between weight status, early pregnancy lipid profile and BP course in the four
time periods were tested in three subsequent models. First unadjusted associations were tested
in a crude model, then adjustments were made for age, education, parity, ethnicity, smoking
and alcohol use during pregnancy and foetal sex. To test for differences between normal
weight and overweight women in BP course we also fitted a model with interaction between
weight status and time period, and compared the model with and without the interaction term
through a likelihood ratio test. Finally, we added the early pregnancy lipids, divided into ter-
tiles, separately. Tertiles were chosen as it is difficult to make comparisons in these analyses
using the continuous measurements. Moreover, because preliminary analyses revealed little
differences in results between quintiles and tertiles, to increase the statistical strength we chose
tertiles for further analyses. To test for differences in BP course for women in the different
early pregnancy lipid tertiles, we also fitted a model with interaction between tertiles of early
pregnancy and time period, and compared the model with and without the interaction term
through a likelihood ratio test. Furthermore, to investigate the possible modification by weight
status of the above-mentioned association, three-way interaction terms between weight status,
lipids and time periods were incorporated into the model. The overall significance of these
possible alterations was again assessed using likelihood ratio tests. Sensitivity analyses were
performed by repeating all analyses in two subsamples. These subsamples were created by
dividing our study population into a subsample with no complications (gestational age at birth
>37 weeks and no PIH/PE) and a subsample with complications (gestational age at birth <37
weeks and/or PIH/PE).

Descriptive analyses were performed with the SPSS package version 21.0 (SPPS Inc., Chi-
cago IL). The statistical package R 2.15.3 with MLWIN plug-in was used to model BP and ana-
lyse the associations between pre-pregnancy weight status, early pregnancy lipid profile and
BP course during pregnancy. Statistical significance was set at p<0.05.

Results
Study population

The study population was divided into pre-pregnancy normal weight (<25 kg/m?, n = 2500;
80.6%) and overweight (>25 kg/m?, n = 600; 19.4%). Overweight women were less educated,
more often multiparous, more often of non-Dutch ethnicity and multiparous, drank less alco-
hol during pregnancy, and had a more atherogenic lipid profile in early pregnancy (Table 1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0177554 May 19,2017 5/16


https://doi.org/10.1371/journal.pone.0177554

@’PLOS | ONE

pBMI, lipid profile and BP during pregnancy

Table 1. Characteristics of the study population.

Normal weight Overweight p-value

(n =2500) (n =600)

%/mean (SD) %/mean (SD)
Age (years) 31.1(4.6) 31.1(4.9) P =0.693
Body mass index (kg/m2) 21.4 (4.6) 28.2(3.4) P<0.001
Education (years) 9.8 (3.5) 8.0 (4.1) P<0.001
Ethnicity P<0.001
- Dutch 65.3 50.3
- Surinamese-Hindu 1.5 1.3
- Black Caribbean 3.1 9.2
- Turkish 3.6 5.7
- Moroccan 3.7 13.0
- Ghanaian 0.4 3.5
- Other 224 17.0
% Nulliparous 60.6 47.5 P<0.001
% Smoking during pregnancy 9.6 8.3 P =0.390
% Alcohol consumption during pregnancy 29.0 15.3 P<0.001
Gestational age at lipid measurement (days) 92 (17) 93 (17) P=0.163
Triglycerides (mmol/L)* 1.53 (0.59) 1.72 (0.64) P<0.001
Free fatty acids (mmol/L)* 0.31(0.16) 0.37 (0.20) P<0.001
Total cholesterol (mmol/L)* 5.38 (0.98) 5.53(1.01) P =0.001
Apolipoprotein A1 (g/L)* 0.017 (0.002) 0.016 (0.002) P =0.069
Apolipoprotein B (g/L)* 0.008 (0.002) 0.009 (0.002) P<0.001
% Males 49.2 48.8 P =0.892
Gestational age at birth (days) 279 (13) 279 (15) P =0.390
% Preterm 4.6 6.0 P =0.169

* lipids were interpolated to 10 weeks of gestation

https://doi.org/10.1371/journal.pone.0177554.t001

Of the overweight women, 118 were obese (19.7%). Our subsample was somewhat older,
leaner, higher educated, more often of Dutch origin, more often nulliparous and consumed
more alcohol during pregnancy than women in the ABCD study who were not included in the
present study because no early pregnancy lipid profile or <3 valid BP measurements were
available (n = 4061; Fig 1 and S1 Table). For each analysis, women were divided into tertiles
based on their lipid levels. Cut-off levels for each lipid are presented in Table 2.

Table 2. Tertiles of the investigated lipids#.

n Lowest tertile Middle tertile Highest tertile
Median Range Median Range Median Range
TG (mmol/L) 3035 1.04 0.28-1.25 1.47 1.25-1.72 2.08 1.72-5.77
TC (mmol/L) 3036 4.50 0.48-4.92 5.33 4.92-5.76 6.34 5.76-11.9
ApoA1 (g/L) 2177 1.43 0.95-1.54 1.64 1.54-1.74 1.88 1.74-2.87
ApoB (g/L) 2193 0.63 0.14-0.72 0.81 0.72-0.89 1.01 0.89-1.96
FFA (mmol/L) 2079 0.18 0.06-0.23 0.28 0.23-0.35 0.47 0.35-1.27

ApoA1 = Apolipoprotein A1; ApoB = Apolipoprotein B; FFA = Free Fatty Acids; TC = total cholesterol; TG = triglycerides

# lipids were determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of gestation.

https://doi.org/10.1371/journal.pone.0177554.t1002
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Fig 2. Blood pressure course during pregnancy stratified for women with normal weight and overweight. (A) Systolic blood
pressure (SBP): 10-16.5 weeks: estimated 8 = -0.2 mmHg/week (95% ClI: -0.3;-0.1), 16.5-31.5 weeks: estimated 8 = 0.2 mmHg/week (95%
Cl: 0.1;0.2), 31.5-35.5 weeks: estimated 3 = 0.5 mmHg/week (95% ClI: 0.4;0.6), 35.5—42 weeks: estimated = 0.9 mmHg/week (95% ClI:
0.7;1.0). (B) Diastolic blood pressure (DBP): 10-19.5 weeks: estimated 3 = -0.3 mmHg/week (95% ClI: -0.4;-0.3), 19.5-31.5 weeks:
estimated 8 = 0.2 mmHg/week (95% CI: 0.2;0.3), 31.5-35.5 weeks: estimated 8 = 0.8 mmHg/week (95% CI: 0.7;0.9), 35.5-42 weeks:
estimated 8 = 1.0 mmHg/week (95% CI: 0.9;1.1).

https://doi.org/10.1371/journal.pone.0177554.g002

Blood pressure course during pregnancy of normal weight women

For normal weight women their BP course was as follows: starting with an average SBP of
111.3 (SD = 11.1) mmHg and an average DBP of 65.6 (SD = 8.2) mmHg their BP decreased in
the first period (10-16.5 weeks) by 0.2 (SBP) and 0.3 (DBP) mmHg/week. During the second
(16.5-31.5 weeks), and BP increased by 0.2 (both SBP and DBP) mmHg/week, third (31.5-
35.5 weeks) 0.5 (SBP) and 0.8 (DBP) mmHg/week and fourth period (35.5-42 weeks) 0.9
(SBP) and 1.0 (DBP) mmHg/week.(Fig 2).

Independent effect of pre-pregnancy weight status on BP course during
pregnancy

No evidence was found for a difference in BP course between normal weight and overweight
women, except for an absolute overall difference, as adding the interaction terms between
weight status and time period yielded no significant improvement in the model [p = 0.98

(SBP) and p = 0.30 (DBP)]. During pregnancy, overweight women had on average a 4.3
mmHg higher SBP (95%CI:3.6-5.1) and a 3.3 mmHg higher DBP (95% CI:2.8-3.9). Adjust-
ments for the covariates increased these differences to 5.3 (SBP; 95% CI:4.6-6.0) and 3.9
mmHg (DBP; 95% ClI:3.3-4.5) (Fig 2; Tables 3 and 4). Thus, there was no significant difference
between the two BP courses, except that overweight women had a higher BP from the start

(Fig 2).

Mediation of early pregnancy lipid profile in the association between pre-
pregnancy weight status and blood pressure course during pregnancy

When early pregnancy lipids were added to the model, the difference in BP during pregnancy
between normal weight and overweight women changed only slightly (Tables 3 and 4).
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Table 3. Association between pre-pregnancy BMI and systolic blood pressure course during pregnancy, with maternal lipids.

Mean difference in average systolic blood pressure (mmHg)

pBMI Lipids#
Normal weight Overweight Lowest tertile Middle tertile Highest tertile

Model 1 Ref 4.3 (3.6-5.1) - - -
Model 2 Ref 5.3 (4.6-6.0) - - -
Model 3 +TG Ref 5.2 (4.4-5.9) Ref 0.6 (-0.1-1.2) 1.7 (1.0-2.4)

+TC Ref 5.2 (4.5-5.9) Ref 1.2 (0.5-1.9) 1.9 (1.2-2.6)

+ ApoA1 Ref 5.5(4.7-6.4) Ref 0.8 (-0.0-1.6) 1.6 (0.8-2.4)

+ ApoB Ref 5.2 (4.3-6.0) Ref 1.1(0.3-1.9) 2.2(1.4-3.0)

+ FFA Ref 5.3 (4.4-6.2) Ref 1.0 (0.2-1.8) 1.3(0.5-2.2)

Model 1 —crude model; model 2 —adjusted for: maternal age, education, ethnicity, parity, smoking and alcohol use during pregnancy and sex of the foetus;
model 3 —adjusted for model 2 + individual lipids separately.

TG = triglycerides (mmol/L); TC = total cholesterol (mmol/L); ApoA1 = Apolipoprotein A1 (mg/dL); ApoB = Apolipoprotein B (mg/dL); FFA = Free Fatty Acids
(mmol/L)

# lipids were determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of gestation.

https://doi.org/10.1371/journal.pone.0177554.1003

Therefore, mediation of maternal lipids in the association between pre-pregnancy weight sta-
tus and BP course during pregnancy seems unlikely.

Independent effect of early pregnancy lipid profile on BP course during
pregnancy

Tables 3 and 4 also show the associations between early pregnancy lipids and BP course during
pregnancy. During the entire course of pregnancy, all women in the highest lipid tertile had a
higher SBP and DBP compared to women in the lowest tertile. Adding interaction terms
between lipids and time period did not improve the model for SBP; i.e. women in the different
tertiles of the lipids did not show a steeper or less steep increase or decrease in SBP over time.

Table 4. Association between pre-pregnancy body mass index (pBMI) and diastolic blood pressure course during pregnancy, with maternal
lipids.

Mean difference in average diastolic blood pressure (mmHg)

pBMI Lipids#
Normal weight Overweight Lowest tertile Middle tertile Highest tertile

Model 1 Ref 3.3 (2.8-3.9) - - -
Model 2 Ref 3.9 (3.34.5) - - -
Model 3 +TG Ref 3.8(3.3-4.4) Ref * *

+TC Ref 3.9 (3.34.5) Ref 0.3 (-0.2-0.8) 1.1 (0.6-1.6)

+ ApoA1 Ref 4.1(3.4-4.7) Ref * *

+ ApoB Ref 3.9 (3.2-4.6) Ref 0.52 (-0.09-1.14) 1.1(0.4-1.7)

+ FFA Ref 4.0 (3.3-4.6) Ref * 1.0 (0.3-1.6)

Model 1 —crude model; model 2 —adjusted for: maternal age, education, ethnicity, parity, smoking and alcohol use during pregnancy and sex of the foetus;
model 3 —adjusted for model 2 + individual lipids separately.

TG = triglycerides (mmol/L); TC = total cholesterol (mmol/L); ApoA1 = Apolipoprotein A1 (mg/dL); ApoB = Apolipoprotein B (mg/dL); FFA = Free Fatty Acids
(mmol/L)

# lipids were determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of gestation.

* Significant interactions between tertiles of lipids and time period; blood pressure course for these tertiles are described in detail in the text

https://doi.org/10.1371/journal.pone.0177554.1004
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Fig 3. Blood pressure during pregnancy stratified for maternal weight status and tertiles of triglycerides”. SBP = systolic blood pressure;
DBP = diastolic blood pressure. # triglycerides were determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—-14) weeks of gestation.

https://doi.org/10.1371/journal.pone.0177554.9003

In contrast, the model for DBP was improved when interaction terms between TG and time
period (Fig 3), FFA and time period (Fig 4), or ApoA1l and time period (Fig 5) were added to
the corresponding model, indicating that women in the different tertiles of these lipids had a
different DBP course. For TG, women in the highest tertile had a smaller decrease in the first
time period and a steeper increase in the third period than women in the lowest tertile of TG.
Women in the highest tertile of ApoA1 had a steeper increase in the third period compared to
women in the lowest tertile of ApoAl. Women in the middle tertile of FFA had a smaller
increase in DBP in the second time period compared to the women in the lowest tertile of
FFA.

Effect modification of early pregnancy lipid profile on the association
between pre-pregnancy weight status and BP course during pregnancy

Figs 3-7 show the BP course for normal weight and overweight women stratified by lipid sta-
tus. Although some differences can be seen in the associations between maternal pre-preg-
nancy weight status, early pregnancy lipid profile and BP course during pregnancy, adding the
interaction terms between pre-pregnancy weight status, lipid status and time did not signifi-
cantly improve the model. Thus, most maternal early pregnancy lipids did not modify the
assocation between pre-pregnancy weight status and BP during pregnancy. However, in the
SBP course the overall interaction with TG, and in the DBP course the overall interaction with
FFA, were almost significant (p = 0.053 and p = 0.064, respectively). On further analysis, we
found that overweight women in the highest tertile of TG had no decrease in SBP in the first
period and a smaller increase in the second period of pregnancy (p<0.05) compared with the
other women. Moreover, in the third time period, overweight women in the highest tertile of
FFA had a steeper increase in DBP followed by a smaller increase in the last time period, com-
pared with the other women.
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Fig 4. Blood pressure during pregnancy stratified for maternal weight status and tertiles of free fatty acids*. SBP = systolic blood pressure;
DBP = diastolic blood pressure. # free fatty acids were determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of
gestation.
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Fig 5. Blood pressure during pregnancy stratified for maternal weight status and tertiles of Apolipoprotein A1*. SBP = systolic blood pressure;
DBP = diastolic blood pressure. # Apolipoprotein A; was determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of
gestation.

https://doi.org/10.1371/journal.pone.0177554.9005
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Fig 6. Blood pressure during pregnancy stratified for maternal weight status and tertiles of Apolipoprotein B*. SBP = systolic blood pressure;
DBP = diastolic blood pressure. # Apolipoprotein B was determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—-14) weeks of
gestation.
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Fig 7. Blood pressure during pregnancy stratified for maternal weight status and tertiles of total cholesterol”. SBP = systolic blood pressure;
DBP = diastolic blood pressure. # total cholesterol was determined in non-fasting blood samples drawn at a median of 13 (IQR = 12—14) weeks of
gestation.
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Sensitivity analyses

All analyses were repeated stratified by no complications (gestational age at birth >37 weeks
and no gestational hypertensive disorders; S1 File) vs complications in pregnancy (gestational
age at birth <37 weeks and/or PIH/PE; S2 File). In the subsample with no complication, SBP
and DBP pattern were similar to the total study population, but differences between groups
were similar. Adding an interaction term between time period, prepregnancy BMI and lipids
did not improve the model fit for DBP, but for DBP the model fitted better with the interaction
term was added to the models with TG, ApoA and FFA. For these lipids, differences between
lipids were stable during the first 30 weeks of pregnancy, but hereafter, differences between the
lipid tertiles diminished. The analyses in the subgroup with complications showed similar
results with again smaller differences between women with overweight compared to women
with normal weight. However, no clear patterns with maternal lipids could be determined.

Discussion

This study shows that both pre-pregnancy weight status and early pregnancy lipid profile have
an independent effect on BP course during pregnancy. Apart from a higher BP from the start,
the BP course does not differ according to maternal weight status. Women with higher lipid
levels in early pregnancy also have higher SBP and DBP from the start; however, if these
women are also overweight, their DBP is increased even more. We found no evidence for our
hypothesis that overweight women with a more atherogenic lipid profile have the most detri-
mental BP course.

Other studies investigating the association between pre-pregnancy weight status and BP
course during pregnancy found (as confirmed by our study) that overweight women had both
a higher SBP (range: 4.0-8.7 mmHg) and DBP (range: 1.6-5.6 mmHg) from the start of preg-
nancy onwards.[2, 5-7] Moreover, in our study and in a similar cohort these differences
remained stable over time.[2] Two other studies reported that these differences decreased
slightly over time, as normal weight women had a more rapid increase in BP at the end of preg-
nancy compared to overweight and obese women.[6, 7] To our knowledge, no other studies
have examined the independent effect of maternal lipids, or the combined effect of maternal
pBMI and lipids, on BP course during pregnancy. Other studies found a positive association
between maternal lipids and the risk of hypertensive disorders in pregnancy, which suggests
an influence of the lipid level on the BP course.[13-17] Our results add to this knowledge by
showing that this increased risk might be caused by a higher BP at the very start of the preg-
nancy. Moreover, our DBP results suggest a smaller decrease in BP in early pregnancy and a
stronger increase at the end of pregnancy in those women in the highest TG tertile. This pat-
tern is associated with an increased risk for hypertensive disorders.[13-17]

Strengths and limitations

The present investigation was based on a large prospective cohort study with (on average) 10
serial measurements of BP recordings throughout each individual pregnancy. The model we
used took into account: i) the correlation of all BP measurements within each individual
woman, as well as ii) the gestational age at birth, since women with hypertensive disorders of
pregnancy give birth earlier than women with normotensive pregnancies. To examine the
effect of pBMI and maternal lipids on BP course, we excluded women with both pre-existent
and gestational diabetes, pre-existent hypertension and women using lipid-lowering medica-
tion. Moreover, we were able to filter out the BP measurements taken after medication was
started for high BP. This resulted in a more reliable estimate of the BP course based on mater-
nal pBMI and lipids, and not influenced by medical interventions. On the other hand, as
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women with gestational diabetes have higher BPs during pregnancy,[24] and women who
used hypertensive medication in our study were more often overweight, excluding them most
likely resulted in an underestimation of the effects of maternal weight status on BP course dur-
ing pregnancy. Most other studies also excluded women with pre-existent/gestational hyper-
tension and/or diabetes.[2, 5, 6] Furthermore, results of a sensitivity analysis in a subsample
without complications yielded similar results as in the whole study sample, however, in a sensi-
tivity analysis a group with complications no associations with maternal lipids were found.
This could be the result of other unknown underlying mechanisms causing hypertensive disor-
ders and/or preterm birth. Because the present study had a large study population, we were
able to correct for a wide range of covariates. Nevertheless, we did not measure some impor-
tant covariates such as, for instance, nutritional status/dietary patterns and gestational weight
gain;[5] thus, potentially, residual confounding might overestimate our results. Our non-
response analysis also showed that the women included in this study were slightly healthier
compared to the sample that lacked BP and/or lipid measurements; this could also have led to
an underestimation of the true effect. Moreover, also the use of self-reported data could have
led to an underestimation of the true effect as women tend to overestimate their height and
underestimate their weight.[25] This could have resulted in an underestimation of BMI and
misclassification of overweight women in the normal weight group, diminishing the differ-
ences found between the normal weight and overweight groups.

Finally, maternal lipids were only measured once, non-fasting in early pregnancy, and
randomly during the day. Since maternal lipids fluctuate during pregnancy, more extreme
increases in the second half of pregnancy could, for instance, be more directly related to BP
increases during this second half of pregnancy. However, other studies found that increased
maternal lipids in early pregnancy were already associated with an increased risk of develop-
ing hypertensive disorders later in pregnancy.[14, 16] Therefore, we expect that it is possible
to relate early pregnancy lipids to BP course during pregnancy; however, our evidence
would have been strengthened by multiple lipid measurements in pregnancy. Also, the non-
fasting state could have diluted our results for TG and TC as normal food intake is known to
alter TG and TC, but not ApoA1l and ApoB.[26] Furthermore, it has been shown that non-
fasting levels of TG in women predicted cardiovascular events more strongly than fasting
levels.[27] Therefore, using non-fasting lipids could be more predictive of BP course than
fasting lipids.

Underlying mechanisms

Obese pregnant women have increased lipids,[10-12] and a dysregulated vascular and
immune system.[28] All three factors can contribute to the development of hypertension or
pre-eclampsia. Obesity affects endothelial dysfunction,[28] whereas lipids have a direct and
also an indirect effect on endothelial dysfunction.[18] Proper endothelial function is important
as the endothelial produces (amongst others) nitric oxide (NO), a vasodilator which decreases
BP. In non-pregnant women, ApoA1l was found to be positively correlated with elastin pep-
tides,[29] which induce NO-dependent vasodilatation.[30] On the other hand, although TG
are not atherogenic by itself, high levels of non-fasting TG are an indicator of cytotoxic rem-
nants of ApoB-lipoproteins like chylomicron and very low density lipoproteins.[31] Moreover,
TG-rich ApoB-lipoproteins can penetrate the arterial intima, promoting endothelial damage.
[32] FFA plays an important role here, as they promote low-density lipoprotein and choles-
terol-rich remnant particles to enter the intima.[18] Moreover, FFA can increase oxidative
stress,[18] causing oxidation of ApoB-lipoproteins like LDL, which decreases vasodilatation
through decreased NO synthesis and release and degradation of NO.[33]
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Furthermore, also a dysregulated immune system can contribute to an increased BP.
Inflammatory factors are increased to a greater extent in overweight/obese women compared
to normal weight women.[28, 34] These inflammatory markers (TNF-o and interleukin-6) can
be secreted from adipocytes and stimulate the liver to produce C-reactive protein (CRP).[35]
Our study shows that lipids do not mediate the association between obesity and BP course dur-
ing pregnancy. CRP was reported to be positively associated with BP in pregnancy, but cor-
recting for pBMI attenuated these associations.[36, 37] This suggests a mediating role for the
inflammatory markers, like CRP, in the association between pBMI and BP course during preg-
nancy, apart from the independent role of obesity and lipids on BP.

Conclusion

This study shows that overweight/obese women in the highest tertile of maternal lipids start
their pregnancy with a 7 mmHg higher SBP and a 4.9 mmHg higher DBP. Both maternal
pBMI and maternal lipids have an independent effect on BP during pregnancy. However, BP
course was not changed by maternal pBMI or maternal lipids. Improving maternal pBMI and
lipid profile in early pregnancy might improve BP during pregnancy.

Supporting information
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