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1 | INTRODUCTION

Obesity in pregnancy is associated with increased risk of many
pregnancy complications, including gestational hypertension, pre-
eclampsia, gestational diabetes mellitus (GDM), and giving birth to
a large-for-gestational-age (LGA) infant, which in turn may have ad-
verse long-term effects on the offspring.> The underlying mech-
anisms are largely unknown, but may be mediated by maternal
metabolism.

High body mass index (BMI) is associated with dysregulated me-
tabolism, a common feature of metabolic diseases such as diabetes
mellitus and cardiovascular disease.>* Pregnancy requires physio-
logical adaptations to secure maternal and fetal nutritional demands,
including profound changes in the maternal lipid and glucose metab-
olism. Maternal insulin sensitivity is decreased to enhance the avail-
ability of maternal glucose and fatty acids essential for fetal growth.’

We have previously shown that women entering pregnancy with
a high BMI had dysregulated metabolic status in early pregnancy
and differential longitudinal patterns of metabolites during preg-
nancy compared to women with normal weight.® The metabolism of
women with overweight and obesity was characterized by less ac-
centuated increase in lipids but exaggerated increase in glucose and
insulin compared to normal-weight women. By detailed metabolic
characterization of healthy pregnant women compared to women
with late-onset pre-eclampsia, we showed differences in metabo-
lites between these two groups already in early pregnancy.” Near
term, women with pre-eclampsia developed a metabolic profile that
resembled the metabolic alterations observed in atherosclerotic
disease, including elevated levels of total lipids, very-low-density
lipoprotein (VLDL), triglycerides, and total fatty acids. We further
showed that the metabolic differences in early pregnancy were
largely driven by maternal BMI, whereas there were pre-eclampsia-
specific differences toward the end of pregnancy.

Gestational weight gain (GWG) comprises the fetus, placenta,
amniotic fluid, blood volume, and fat deposits and is a modifiable
factor associated with several pregnancy outcomes, such as fetal
growth, placental weight, GDM, hypertensive disorders of preg-
nancy, and long-term metabolic health in the offspring.®™** However,
how GWG affects the maternal metabolism, is largely unknown.

Exploring the metabolic profile throughout pregnancy in over-
weight and obese women compared to normal-weight women may

higher triglyceride and VLDL particle concentration in overweight/obese women. As
this was a hypothesis-generating study, the similarities with late-onset pre-eclampsia
warrant further investigation. The unfavorable development of fatty acid composition
in overweight/obese women, with possible implication for the offspring, should also
be studied further in the future.

body mass index, gestational weight gain, high-risk pregnancy, metabolomics, molecular

Key message

When metabolic profiles in overweight or obese women
were compared to normal weight or underweigh women,
the largest differences were observed in early pregnancy.
Further studies are warranted to evaluate the findings of

this explorative study.

identify important metabolic measures with therapeutic potential. In
addition, these metabolic profiles may provide valuable knowledge
of metabolites mediating the association between maternal metabo-
lism and offspring burden of disease.

We hypothesized that increased maternal BMI and GWG would
be associated with atherogenic lipid alterations and that these alter-
ations would be exacerbated close to term.

The main aim of the present study was to make an exploratory
comparison of metabolic profiles across gestation between preg-
nant women within two different BMI groups. In addition, we aimed

to explore how GWG affects the maternal plasma metabolome.

2 | MATERIAL AND METHODS

2.1 | Design and study sample

For this exploratory nested case-control study, we used a subset
(n=107) of the prospective longitudinal STORK cohort (n=1031), in
which all included women were of Scandinavian heritage and healthy
prior to pregnancy. The exclusion criteria included multiple pregnan-
cies, pregestational diabetes, and any severe chronic diseases. Each
pregnant woman had four study-related antenatal visits scheduled
at weeks 14-16, 22-24, 30-32, and 36-38 and all participants gave
birth at Oslo University Hospital between 2002 and 2008.'2 The
study sample was previously used in a study investigating metabolic
profiles in pre-eclamptic pregnancies vs healthy pregnancies, where
maternal BMI was identified as a strong confounder.” The independ-
ent metabolic effect of increased BMI was therefore relevant for
further investigation.
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Only two women (2%) were in the BMI underweight cateogry
(BMI<18.5kg/m?), and 12 women (11%) were in the BMI obese cat-
egory (BMI 230kg/m?). Therefore, in the main analysis, we chose to
compare overweight/obesity (BMI =25 kg/mz) with normal weight/
underweight (BMI<25kg/m?). A total of 107 women were avail-
able for analysis, 59 women (55%) were in the underweight/normal
weight group and 48 (45%) were in the overweight/obesity group. A
flow chart of inclusion, sample selection and number of samples at
each visit can be found in Figure S1. The number of dropouts in the
STORK cohort was low (3.3%); however, all women did not attend
all four visits. This was especially evident for visit 4 (weeks 36-38)
where some women were lost to follow-up due to delivery. Visit 1
(weeks 14-16) consisted of 106 samples, visit 2 (weeks 22-24) con-
sisted of 107 samples, visit 3 (weeks 30-32) consisted of 102 sam-
ples and visit 4 (36-38) consisted of 93 samples.

To confirm that women who developed pre-eclampsia did not
induce an imbalance potentially imposing unfavorable differences
between the two BMI groups, we performed a sensitivity analysis
including an approximation of what would have been a represen-
tative number of women with pre-eclampsia in a general pregnant
population. The proportion of women that developed pre-eclampsia
in the STORK cohort was 3.7%. Hence, in the sensitivity analysis,
we only included four randomly chosen women with pre-eclampsia
(107 x0.037 =4). The random selection of women with pre-eclampsia
was performed with the sample function in the base package in R,

with no additional criterions.

2.2 | Data collection
Clinical data was collected at the study related visits and from hospi-
tal records. We calculated BMI by height and weight measured at the
first visit. Accordingly, GWG was based on the difference between
weight measured at visit 1 (weeks 14-16) and visit 4 (weeks 36-38).
Fasting blood samples were drawn in the morning between
07:30a.m. and 08:30a.m. into EDTA tubes, centrifuged for 25min at
3000G at 4°C, separated, and stored at -80°C until analyzed.

2.3 | Definition of variables

Diagnosis of GDM was based on current diagnostic criteria at the
time of the STORK study, fasting blood glucose =7.0mmol/L or
blood glucose 7.8 mmol/L 2 h after an oral glucose tolerance test.'®
The test was performed at visit 1 (gestational weeks 14-16) and visit
3 (gestational weeks 30-32).

Pre-eclampsia was defined as elevated blood pressure
(2140/90mmHg) and proteinuria, which were clinical diagnostic cri-
teria at the time of the study. The information was obtained from
the medical records after delivery and did not differentiate between
early- and late-onset pre-eclampsia.

Definitions of a small-for-gestational-age (SGA) infant, average-
for-gestational-age (AGA) infant, and large-for-gestational-age (LGA)

infant were based on sex- and gestational age-specific percentiles

from a Norwegian population-based register study.'*

2.4 | Quantitive NMR metabolomics

We used a high-throughput nuclear magnetic resonance (NMR)
spectroscopy platform at an accredited laboratory (Nightingale
Health, Finland) to measure a large number of standard meta-
bolic measures in addition to quantitative molecular data suitable
to form a comprehensive metabolic profile with absolute levels.
NMR-based metabolomics have previously been applied in nu-
merous epidemiological and genetic studies, and the method is
described elsewhere.*>® Although the platform can only provide
measures of predefined metabolites and is less sensitive than
mass spectrometry, the high degree of automation provides a sta-
ble analysis that has been found consistent with clinical chemistry
measures.?’

2.5 | Outcome measures

We analyzed 91 metabolic measures, which represent each woman's
systemic metabolism at the current visit, and include lipid concentra-
tion, composition of lipoproteins, fatty acids, amino acids, glycolysis-
related metabolites, and ketone bodies. The four major classes of
lipoproteins (VLDL, low-density lipoprotein [LDL], intermediate-
density lipoprotein [IDL], and high-density lipoprotein [HDL]) were
divided into 14 subclasses based on their size (XXL-VLDL, XL-VLDL,
L-VLDL, M-VLDL, S-VLDL, and XS-VLDL; IDL; L-LDL, M-LDL, and
S-LDL; XL-HDL, L-HDL, M-HDL, and S-HDL).

2.6 | Statistical analyses

Due to relatively few women in the respective BMI categories for
underweight and obesity, BMI was treated as a dichotomous vari-
able for overweight or obesity (yes/no), combining underweight with
normal weight and overweight with obesity.

Sex- and gestational age-specific standardized birthweight (i.e., z
score) was calculated based on mean and standard deviations (SDs)
from a Norwegian population-based register study.*

We determined degree of skewness of all metabolites (by BMI
group and antenatal visit) by the skewness function in the 1071
package in R,'® and log,-transformed all measures with skewness
>1.5. To enable visualizations (eg forest plots), all measures were
subsequently scaled to number of SDs.

To correct for multiple testing we used a modified Bonferroni
method which is sometimes used within metabolomics.?*"%2 The
rationale for the method used to correct for multiple testing is
described elsewhere.?® Metabolic data are strongly correlated,
hence, we performed principal component analysis (PCA) across
all four visits to determine the number of independent tests.
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More than 90% of the variation in the metabolic data was ex-
plained by eight independent principal components (Figure S2).
When correcting for multiple testing, the statistical significance
level was set at 0.006 (0.05/8). Results with corresponding p-
values below this threshold are thus to be considered statistically
significant.

In addition, we performed a sensitivity analysis where we used a
Benjamini-Hochberg procedure to control the false discovery rate (FDR).

We constructed crude linear regression models for each meta-
bolic measure at the four visits, with overweight/obesity (yes/no) as
the explanatory variable. Moreover, models were adjusted for po-
tential confounders such as maternal age (continuous), parity (nul-
liparous, yes/no), pre-eclampsia (yes/no), GDM (yes/no), and GWG
(continuous). The adjustment factors were primarily chosen based
on clinical assumptions of factors potentially influencing both expo-
sure and outcome and based on studies of previous literature.?*%’
As measures were scaled, results were reported as difference in SD
units between women with overweight/obesity and underweight/
normal-weight women with associated 95% confidence interval (Cl).
Quantification in absolute values and number of observations per
visit are given in Table S1. Effect estimates with 95% Cl, p-values,
and FDR-adjusted p-values can also be found in Table S2. Original
p-values are used in the main analysis (statistical significance
level <0.006) and FDR-adjusted p-values are used in the sensitivity
analysis.

Similarly, crude linear regression models were fitted for each
metabolic measure with GWG (continuous) as the explanatory vari-
able, within the respective BMI groups; normal weight/underweight
and overweight/obesity. In this model we adjusted for gestational
length (possible deviation of +2 weeks at each study-related antena-
tal visit), age (continuous), parity (nulliparous, yes/no), pre-eclampsia
(yes/no) and GDM (yes/no).

Statistical analyses and visualizations were performed in R (ver-
sion 4.1.1) by using RStudio (version 1.4.1717).

3 | RESULTS

Clinical characteristics of the 107 study participants are given in
Table 1. Overweight/obese women (n=48) were more frequently
diagnosed with GDM and pre-eclampsia compared to underweight/
normal weight women (n=59), as expected. GWG was also higher
among overweight/obese women. All obese women were in obesity
class 1 (BMI: 30.0-34.9 kg/m?), with a mean BMl value of 32.6 kg/m?.

3.1 | Metabolic profiles

Adjusted associations between BMI group and the metabolic meas-
ures are shown in Figures 1-3. Crude estimates are given in Figure S3.
As may be seen in Figure S3, adjustment for potential confounders
had a significant impact on the results for several of the metabolites
under study.

3.1.1 | Lipoprotein particle concentration and
lipid-related measures

We observed statistically significant differences in several metabolic
measures between overweight/obese women and underweight/
normal weight women at visit 1 (Figure 1), although very few differ-
ences were observed from visit 2 onwards.

There was a higher level of the largest VLDL subclass (XXL-
VLDL) at visits 1 and 3 (p<0.001 and p=0.003, respectively) com-
bined with a higher level of L-VLDL (p=0.004) and the smallest HDL
(S-HDL) (p=0.002) at visit 1 in overweight and obese women. At
visits 2 and 4, there were no differences in particle concentration
after adjustment and correction for multiple testing; albeit there
appeared to be a trend toward higher concentration of VLDL in
overweight/obese women throughout pregnancy. There was also a
trend toward increased VLDL size in the overweight/obesity group.

Total triglycerides and triglycerides in VLDL were significantly higher
among those with overweight/obesity at visit 1 (p=0.002 and p=0.002,
respectively). This trend continued throughout pregnancy, but the associ-
ation was not statistically significant after correction for multiple testing.
There was also a trend toward higher levels of triglycerides in HDL in
overweight/obese women. However, this was only statistically significant
at visit 2 after adjustment and correction for multiple testing (p=0.002).
Overall, the estimated differences were relatively stable throughout

pregnancy, although larger differences were observed at visit 1.

3.1.2 | Fatty acids and fatty acid ratios

Total fatty acids, monounsaturated fatty acids (MUFA), and saturated
fatty acids (SFA) were significantly higher in overweight/obese women
than in women with underweight/normal weight at visit 1 (p=0.004,
p<0.001, and p=0.006, respectively), but these differences were also
attenuated as pregnancy evolved (Figure 2). Differences in degree of
unsaturation and docosahexaenoic acid (DHA) were, on the contrary,
increased throughout pregnancy, and the associations were statisti-
cally significant at visit 4 (p=0.001 and p=0.002, respectively). The
ratio of polyunsaturated fatty acids (PUFA\) to total fatty acids tended
to be lower in overweight and obesie women throughout pregnancy,
and statistically significant associations were observed at visits 1
(p=0.001) and 4 (p=0.003).

3.1.3 | Branched-chain amino acids (BCAA) and the
inflammatory marker glycoprotein acetyls (GlycA)

Most BCAAs were observed to be significantly higher at visit 1
among overweight/obese women in comparison to underweight/
normal weight women (Figure 3), including leucine (p=0.002), valine
(p<0.001), and total BCAA (p <0.001). Again, these differences were
attenuated as the pregnancy evolved, and no differences were ob-
served from visit 2 onwards, although estimates were trending toward
a higher level among overweight/obese women.
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Underweight/

normal weight,

Characteristics All, n=107° n=59 (55%)?
Age, years 31.5(3.9) 31.8 (4.0)
Married/cohabiting 104 (97%) 58 (98%)
Higher education 88 (82%) 49 (83%)
Smoking 1(0.9%) 1(1.7%)
Nulliparous 61 (57%) 36 (61%)
Gestational diabetes® 7 (6.7%) 1(1.7%)
Missing, n 1
Pre-eclampsia® 37 (35%) 13 (22%)
Body mass index (BMI), kg/m2 24.5[5.22] 22.5[2.5]
Body mass index (BMI) category
Underweight 2(1.9%) 2 (3.4%)
Normal weight 57 (53%) 57 (97%)
Overweight 36 (34%) 0 (0%)
Obesity 12 (11%) 0 (0%)
Gestational weight gain, visit 1-4, kg 10.6 [4.7] 10.1 [3.8]
Missing, n 4
Male sex 59 (55%) 32 (54%)
Gestational age, week 40.0 [2.9] 40.0 [1.5]
Preterm birth <34 week 3(2.8%) 2 (3.4%)
Birthweight, g 3485 (627) 3399 (616)
Standardized birthweight -0.06 (1.02) -0.28 (0.94)
Birthweight category
Large for gestational age 13 (12%) 5(8.5%)
Small for gestational age 11 (10%) 9 (15%)
Placental weight, g 696 (152) 682 (158)
Missing, n 3

Note: No missing data unless stated otherwise.

TABLE 1 Characteristics of the study

LY participants, n=107.

obesity®* n=48
(45%)?
31.1(3.7)
46 (96%)
39 (81%)
0 (0%)
25 (52%)
6 (13%)

1

24 (50%)
27.7 [4.2]

0(0%)

0 (0%)

36 (75%)
12 (25%)
12.5[4.6]
7

27 (56%)
40.0[3.0]
1(2.1%)
3591 (630)
0.21 (1.06)

8 (17%)

2 (4.2%)
714 (145)
2

#Mean (standard deviation) for continuous variables, median [interquartile range] for skewed

distributed variables; n (%) for categorical variables.

PGestational diabetes was diagnosed if fasting blood glucose 7.0 mmol/L or blood glucose

>7.8mmol/L 2h after an oral glucose tolerance test at visit 1 or 3.

‘Pre-eclampsia was diagnosed if elevated blood pressure (2140/90mmHg) and proteinuria.

dStandardized birthweight (z-score) was based on reference values to adjust for gestational age and sex.

°BMI>25kg/m?.

GlycA tended to be higher in overweight/obese women and was
highly statistically significant at visits 1 (p <0.001) and 3 (p <0.001).

Individual and group mean concentrations of five of the most
pronounced metabolites in the two BMI groups are displayed in
Figure 4 and show large variations within groups. Mean total tri-
glycerides, total BCAA, and GlycA were higher in women with
overweight/obesity compared to women with underweight/nor-
mal weight across all four visits. Mean level of DHA was lower in
women with overweight/obesity across all four visits.

3.1.4 | Sensitivity analyses

Adjusted effect estimates from the main analysis (Figures 1-3)
were strongly correlated with adjusted effect estimates from the

sensitivity analysis including only four women with pre-eclampsia
(R? ranging between 0.91 and 0.96 at various visits). The correlation
plots can be found in Figure S4.

Adjusted effect estimates from the sensitivity analysis where we
used FDR-adjusted p-values are given in Figures S5 and Sé. The al-
ternative approach for dealing with multiple testing led to only minor

differences even at a conservative significance level of 0.05.

3.2 | Metabolic associations of GWG in women
within different BMI groups

Associations between GWG and metabolic measures in normal weight/
underweight women and women with overweight/obesity are shown

in Figure 5. After adjustment for age, parity, pre-eclampsia, GDM,
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FIGURE 1 Forest plotillustrating longitudinal associations between the BMI group and the metabolic measures (visits 1-4). Women with
overweight/obesity (n=48) are compared to women with underweight/normal weight (n=>59). Point estimates denote the scaled adjusted
differences in SD units with 95% Cls. Robustness of significance is indicated by color: red indicates p-value <0.001; yellow indicates p-value
<0.006 (significance level after correction for multiple testing); green indicates p-value <0.05; dark gray indicates p-value 20.05. BMI, body
mass index; Cl, confidence interval; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; SD,
standard deviation; VLDL, very-low-density lipoprotein.
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FIGURE 2 Forest plotillustrating longitudinal associations between the BMI group and the metabolic measures (visits 1-4). Women with
overweight/obesity (n=48) are compared to women with underweight/normal weight (n=>59). Point estimates denote the scaled adjusted
differences in SD units with 95% Cls. Robustness of significance is indicated by color: red indicates p-value <0.001; yellow indicates p-value
<0.006 (significance level after correction for multiple testing); green indicates p-value <0.05; dark gray indicates p-value 20.05. BMI, body
mass index; Cl, confidence interval; DHA, docosahexaenoic acid, FA,; fatty acid; LA, linoleic acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; SD, standard deviation; SFA, saturated fatty acid.



SKYTTE ET AL.

Visit 1 Visit 2 Visit 3 Visit 4
Glucose 1 T -+ | —— ———
: Lactate 4 VN — —A—e—— B m— 1 e
GIyCOIYSIS Pyruvate 4 —0—: : —_— —.—: : —_—
Citrate T —— — — —
Total BCAA 4 1 _— -+ +——— —————
A A Isoleucine 4 f—— f—— | — —————
BC S Leucine ' 1 e R — B
. 1 1 | |
Valine 4 i —_— - —— —_— —
AA A Phenylalanine e — — ol —— L
S Tyroslne1 447 | | + :407 :407
Alanine 4 — — —— —_——
Glutamine 4 —_— —_— —_———— — 1
Other AAs Glycine | L. — . —et
Histidine 4 — — — —
Acetoacetate 1 -+ —t B —
bOHbutyrate 4 —— — — —
Ketones Acetone 4 —0—: —0—: —d—l —0—:
Acetate 4 — —— — L L
. Creatinine —_— — RS- N— —— L
Fluid Albumm1 e — | | —e— | | —— | | e
Misc Glyo { e || e e || e — |
0 1 0 1 0 1 0 1
SD difference (95% CI)

@ <0001 O <0006 @ <005 @ 2005

. Adjusted for age, parity, preeclampsia, GDM and GWG

FIGURE 3 Forest plotillustrating longitudinal associations between the BMI group and the metabolic measures (visits 1-4). Women with
overweight/obesity (n=48) are compared to women with underweight/normal weight (n=>59). Point estimates denote the scaled adjusted
differences in SD units with 95% Cls. Robustness of significance is indicated by color: red indicates p-value <0.001; yellow indicates p-value
<0.006 (significance level after correction for multiple testing); green indicates p-value <0.05; dark gray indicates p-value 20.05. AA, amino
acids; AAA, aromatic amino acids; BCAA, branched-chain amino acids; BMI, body mass index; Cl, confidence interval; GlycA, glycoprotein

acetyls; SD, standard deviation.
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FIGURE 4 Trend plot illustrating longitudinal plasma concentration in five metabolites from the full analysis shown in Figure 1-3.
Individual concentrations in women with overweight/obesity (n=48) are given in red and normal weight/underweight (n=59) in blue. Black
lines indicate group means (solid line, normal weight/underweight; dotted line, overweight/obesity).

and gestational length between visit 1 and visit 4 (possible deviation
of +2weeks at each study-related antenatal visit), we observed few
metabolic differences. Crude estimates are given in Figure S7. After
correction for multiple testing, acetate was the single metabolite with
a statistically significant (inverse) association with GWG, and this was

only observed in underweight and normal-weight women (p=0.004).

4 | DISCUSSION

In the present study, we compared 91 metabolic measures be-
tween overweight/obese women and normal weight/underweight
at four time points across gestation. We observed marked differ-
ences in metabolic profiles at visit 1, while these differences were

attenuated toward the end of pregnancy, indicating that over-
weight/obese women showed smaller metabolic changes during
pregnancy. In addition, we observed a reduction in the ratio of
long-chain PUFA to total fatty acids, and especially DHA, in the
overweight/obese group, which was most pronounced toward
term. The maternal metabolic profile tended to be almost unaf-
fected by GWG in both BMI groups.

Large variations were observed within each BMI group, and the
nonlinear longitudinal trend implies large differences in the meta-
bolic profile of pregnant women. No metabolites were significantly
different at all points of time after correction for multiple testing,
although a consistent trend was observed.

Our findings are in line with the findings of Kivelad et al.,,
where pregnant women with obesity had higher levels of most



SKYTTE ET AL.

FIGURE 5 Forest plotillustrating the
associations between GWG (estimated as
weight difference between visits 1 and 4)
and the metabolic measures in two BMI
categories: normal weight/underweight
(n=59) and overweight/obesity (n=48).
Point estimates denote the scaled
adjusted differences in SD units with 95%
Cls. Coefficients are to be interpreted

as the differences in mean metabolic
measures (in SD units) corresponding to
an increase in GWG of 1kg. Robustness
of statistical significance is indicated by
color: yellow indicates p-value <0.006
(significance level after correction for
multiple testing); green indicates p-value
<0.05; dark gray indicates p-value 20.05.
AA, amino acids; AAA, aromatic amino
acids; BCAA, branched-chain amino acids;
BMI, body mass index; Cl, confidence
interval; GWG, gestational weight gain;
HDL, high-density lipoprotein; IDL,
intermediate-density lipoprotein; LDL,
low-density lipoprotein; SD, standard
deviation; VLDL, very-low-density
lipoprotein.
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VLDL-related measures, fatty acids, amino acids and had a more
adverse metabolic proﬁle.28 They compared women with obesity
(BMI 230kg/m?) and women with normal weight, most likely ex-
plaining why differences in the study by Kivela et al. were more
pronounced than in the present study. Importantly, women in the
overweight/obese group had a lower ratio of PUFA to total fatty
acids in general and DHA to total fatty acids in particular. The dif-
ference was most pronounced at visits 3 and 4. These findings
are in line with the findings of Vidakovic et al. using data from the
Generation R Study.?’ The authors demonstrated high SFA levels
and low n-3 PUFA levels in women with obesity. DHA is an n-3
PUFA thatis considered an essential fatty acid for the fetus. Hence,
the growing fetus is dependent on DHA from the maternal circu-
lation. Although there is a preferential transport of DHA across
the placenta, lower maternal levels of DHA might correspond to
lower fetal levels of DHA.2%%! Given that DHA is necessary for

fetal brain development and that fetal uptake of DHA from the
placenta is critical in the third trimester of pregnancy, this ob-
servation could have important clinical implications.32 A recent
study found that maternal hepatic metabolism and DHA status
was improved when participants received a higher dose of choline
supplementation administered across second and third trimester
when combined with supplemental DHA.®® Although DHA levels
in umbilical cord blood was not significantly increased, this may
indicate a therapeutic potential.

Overweight or obese women had higher concentrations of
GlycA compared to normal weight or underweight women, with sta-
tistically significant differences at visits 1 and 3. GlycA is a novel
marker of low-grade inflammation representing a complex signal
originating from multiple acute phase glycoproteins in the circula-
tion.3* It has been observed in chronic inflammatory diseases with
low-grade inflammation, and suggested as a more sensitive marker
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than high-sensitivity C-reactive protein (hs-CRP) for identifying
metabolic conditions.> Altered fatty acid distribution in pregnant
women with obesity, as observed in the present study, is associated
with a proinflammatory state and increased oxidative stress.3¢

In line with the study by Kiveli et al.?® and Forbes et al.,*” we
found that metabolic changes across gestation were smaller in
women who were overweight or obese. Pregnancy is a condition
with increased energy demands, and a lower metabolic response in
women with overweight and obesity may be beneficial, as there is
no lack of lipid-related stores. The smaller response could, however,
be interpreted as a relative metabolic maladaptation caused by met-
abolic overload and chronic inflammation. This relationship is previ-
ously described as a vicious cycle in metabolic disorders.>®

Because GWG had a minor impact on the metabolic profile in
the present study, the findings imply that preconception measures
may be more effective in obtaining a healthy metabolic profile
throughout pregnancy. In previous studies on lifestyle interven-
tions aiming to limit GWG, no effect could be determined regard-
ing obstetrical or neonatal outcomes.3?*® At the time of the study,
the guidelines on recommendation for GWG from the Institute
of Medicine (now the US National Academy of Medicine) had
not yet been introduced,** and women with overweight/obesity
gained more weight than women with normal weight/underweight.
Although we studied the effect of GWG on metabolic measures,
study populations following current guidelines may demonstrate
different effects of GWG on maternal metabolism. We were not
able to differentiate women with obesity from women who were
overweight, and this may preclude effects that are attributed to
obesity. Since the predictive value of GWG in relation to adverse
maternal and infant outcomes is limited,*? the benefit of GWG sur-
veillance in particularly healthy, normal-weight women should be
further investigated.

In relation to our previous study on metabolic differences in
pre-eclamptic pregnancies,” we observed a resemblance between
the metabolic profiles of women with overweight/obesity in early
pregnancy and those found in late pregnancy of late-onset pre-
eclampsia, especially regarding particle concentration of the largest
VLDL and triglycerides. Kivela et al. found that GDM, pre-eclampsia,
and chronic hypertension were associated with metabolic alter-
ations similar to obesity.28 This may indicate similar metabolic path-
ways and may provide valuable insight into the understanding of
metabolites mediating the association between maternal health and
offspring disease burden.

The strengths of this study include the broad molecular profil-
ing in a prospective longitudinal design across four time points in
pregnancy. Although there was a larger proportion of women with
pre-eclampsia than in the underlying STORK cohort, the sensitivity
analysis including only four women who developed pre-eclampsia
displayed similar effect estimates as the main analysis. Hence, the
higher proportion of women with pre-eclampsia did not seem to sig-
nificantly alter the results.

Although the proportions of women within the different BMlI cat-
egories were representative of the general population of pregnant

women in Norway,*® we acknowledge that the proportion of women
with pre-eclampsia cannot be considered representative. Hence, the
results must be interpreted with caution.

There were only a few women in the respective BMI catego-
ries for underweight (n=2) and obesity (n=12). Thus, we were
not able to discriminate between underweight and normal-weight
women or between overweight and obese women in the statistical
analyses. Instead, we treated BMI as an indicator variable for over-
weight/obesity by collapsing underweight with normal weight and
obesity with overweight. Furthermore, as all obese women were
in obesity class 1 (BMI: 30.0-34.9 kg/m?), the women with over-
weight/obesity were perceived as a relatively homogenous group.
Consequently, the potential associations with the BMI categories
might have been obscured, possibly resulting in an underestimation
of the metabolic differences between normal-weight and obese
women. The large individual variation within BMI groups may rep-
resent biological variation as not all individuals develop metabolic
complications. However, combining overweight and obesity into
one category is likely to have increased the variation in this group.

The GDM diagnosis was based on the current diagnostic criteria in
the study period. We acknowledge that using current diagnostic criteria
may affect the number of women with GDM and potentially influence
adjusted estimates. Generalizability to other populations may be limited
by the fact that the STORK cohort comprised women of Scandinavian
heritage who were healthy prior to pregnancy. Furthermore, BMI was
based on height and weight measured at visit 1, because self-reported
weight is prone to underestimation, especially among women with
obesity.** We were not able to discriminate between visceral and sub-
cutaneous fat, which possibly could have been more accurate and were
not able to explore differences in physical activity and diet between
groups, which is a substantial limitation to this study.

Exploratory observational studies are commonly hindered by
challenges related to sample size and multiple testing. A small sam-
ple size, obviously increases the risk of type Il error as the statistical
power of detecting real differences decreases by decreasing number
of observations. On the other hand, multiple testing increases the
risk of type | error in that the probability of rejecting at least one of
the null hypotheses by chance alone may be unduly large. The cur-
rent study included only 107 women, which might have precluded us
from observing real differences between the two BMI groups with
respect to the metabolites under study. Furthermore, even though
we applied a modified Bonferroni correction for multiple testing
through the use of PCA, some of the observed metabolic differences
might not represent true findings. With an FDR adjustment, as an
alternative approach to the modified Bonferroni, most findings were
consistent, but the possibility of false positive results remains.

Matching of underweight/normal-weight women and over-
weight/obese women was deemed difficult in the current study
due to low numbers of participants with certain characteristics; for
example, pre-eclampsia among women who were underweight or
normal weight. Even though we adjusted for potential confounders
in the statistical analyses, the possibility for residual confounding

remains.
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5 | CONCLUSION

Our data suggested that overweight/obesity was associated with
an altered metabolic profile in early pregnancy and smaller meta-
bolic changes across gestation compared to underweight and nor-
mal weight. Women with overweight/obesity appeared to have
reduced levels of essential PUFAs, especially DHA, with possible
developmental effects on the offspring. In addition, women with
overweight and obesity had higher levels of the inflammation marker
GlycA. There was a trend toward an atherogenic lipid profile with
higher triglyceride and VLDL particle concentrations across gesta-
tion in women with overweight/obesity. The results should be con-
sidered as tentative and hypothesis generating, and further studies
on women with overweight/obesity from a general population are
warranted to explore the potential metabolic role in pregnancy com-
plications. GWG had only minor effects on the metabolic profile,
regardless of BMI groups in this study. However, the potential role
of metabolic alterations related to GWG should be further studied.
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