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Abstract: Fetal tobacco exposure has persistent effects on growth and metabolism. The underlying
mechanisms of these relationships are yet unknown. We investigated the associations of fetal ex-
posure to maternal smoking with neonatal metabolite profiles. In a population-based cohort study
among 828 mother-infant pairs, we assessed maternal tobacco use by questionnaire. Metabolite
concentrations of amino acids, non-esterified fatty acids, phospholipids and carnitines were deter-
mined by using LC-MS/MS in cord blood samples. Metabolite ratios reflecting metabolic pathways
were computed. Compared to non-exposed neonates, those exposed to first trimester only tobacco
smoking had lower neonatal mono-unsaturated acyl-alkyl-phosphatidylcholines (PC.ae) and alkyl-
lysophosphatidylcholines (Lyso.PC.e) 18:0 concentrations. Neonates exposed to continued tobacco
smoking during pregnancy had lower neonatal mono-unsaturated acyl-lysophosphatidylcholines
(Lyso.PC.a), Lyso.PC.e.16:0 and Lyso.PC.e.18:1 concentration (False discovery rate (FDR) p-values < 0.05).
Dose-response associations showed the strongest effect estimates in neonates whose mothers con-
tinued smoking >5 cigarettes per day (FDR p-values < 0.05). Furthermore, smoking during the first
trimester only was associated with altered neonatal metabolite ratios involved in the Krebs cycle and
oxidative stress, whereas continued smoking during pregnancy was associated with inflammatory,
transsulfuration, and insulin resistance markers (p-value < 0.05). Thus, fetal tobacco exposure seems
associated with neonatal metabolite profile adaptations. Whether these changes relate to later life
metabolic health should be studied further.

Keywords: smoking; pregnancy; neonatal; metabolite profile; metabolism

1. Introduction

Tobacco smoking during pregnancy is a major clinical and public health problem
worldwide [1]. Smoking during pregnancy is associated with various pregnancy com-
plications such as preterm birth, low birth weight and small size for gestational age
(SGA) [2-5]. Also, previous studies have suggested that fetal exposure to tobacco smoke
is associated with obesity, hypertension and impaired glucose tolerance in children and
adults [4,6-10]. The developmental programming mechanisms by which fetal tobacco
exposure leads to impaired cardio-metabolic health might include the disruption of fetal
metabolic pathways. Metabolomics has become a useful tool to identify yet unknown
molecular pathways. Studies in adults showed that smoking is associated with reduced
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acyl-alkyl-phosphatidylcholines (PC.ae) and increased diacyl-phosphatidylcholines (PC.aa)
concentrations in blood serums reflecting altered lipid metabolism [11,12]. These studies
showed sex-specific effects of smoking on the adult metabolome profile [11,12]. A small
study among 40 full-term newborns showed that maternal smoking in pregnancy may lead
to lower cord blood acyl-carnitine (Carn.a) concentrations and higher lipids concentrations,
such as phosphatidylcholine (PC) and sphingomyelin (SM) [13]. In addition to this, a grow-
ing body of literature suggests sex-specific differences in fetal programming in response to
environmental stress, which may result in sex-specific risk for later disease [5-10,14-18]. We
hypothesized that exposure to tobacco smoke during pregnancy, both in the first trimester
only and throughout the pregnancy, leads to metabolic adaptations in the unborn child,
which might predispose individuals to cardio-metabolic disease in later life. Insight into
the metabolic developmental adaptations in response to fetal tobacco exposure may con-
tribute to an understanding of pathways in early life that predispose to cardiovascular and
metabolic disease in later life.

We examined the associations of fetal tobacco exposure with neonatal metabolite
profiles from umbilical cord blood in a population-based cohort among 828 children. We
also explored whether any sex specific associations exist.

2. Material and Methods
2.1. Study Design

This study was embedded in the Generation R Study, a population-based on a prospec-
tive cohort study from fetal life until adulthood in Rotterdam, the Netherlands [19]. The
study was approved by the Medical Ethics Committee of the Erasmus Medical Center in
Rotterdam, the Netherlands (MEC 198.782/200/31, 17 December 2001). Written informed
consent was obtained from all participants. Pregnant women living in the study area with
an expected date of delivery between April 2002 and January 2006 were recruited. In
total, 8879 mothers (response rate of 61%) were enrolled during pregnancy. The current
study was performed in a random group of 1232 mothers and their children of Dutch
ethnicity, which was defined at the start the cohort study [20]. Dutch ethnicity was defined
as having both parents born in the Netherlands based on the classification of Statistics
Netherlands [21]. Of these, 1103 mothers had information on tobacco use during pregnancy
and had singleton live births. Cord blood samples for metabolomics analyses were obtained
at birth among 828 live-born children (Figure S1).

2.2. Fetal Tobacco Exposure

As previously described, information on maternal smoking was collected by postal
questionnaires in early pregnancy (median 12.9 weeks of gestation, 25-75th percentiles
12.1-14.5), mid-pregnancy (median 20.4 weeks of gestation, 25-75th percentiles 20.4-20.9),
and late pregnancy (median 30.2 weeks of gestation, 25-75th percentiles 29.9-30.8) [22]. In
early pregnancy, mothers were asked whether they smoked during pregnancy. Then, in
mid- and late pregnancy, mothers were asked whether they smoked in the last 2 months.
We grouped mothers into three categories: never smoked, smoked until pregnancy was
known (first trimester only), and continued smoking during pregnancy. Mothers who
reported in the first questionnaire that they smoked during the first trimester only, but still
reported smoking in the second and third questionnaire were reclassified into the ‘continued
smoking’ category. The same strategy was used for mothers who reported no smoking
in the first questionnaire, but reported smoking in the second or third questionnaire. The
information on maternal frequency of cigarettes smoked daily was collected in the following
six categories (<1 per day, 1-2 per day, 3—4 per day, 5-9 per day, 10-19 per day, and >20 per
day). These original categories were combined and reclassified into the following categories:
no, <5 per day, and >5 per day. These categories were created to have enough numbers
per category.

Paternal information on tobacco use was assessed by maternal report and paternal
self-report during the first trimester of pregnancy. We used maternal reports of paternal
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tobacco use, given that less fathers (86.4%) completed questionnaires. The inter-rater
reliability between maternal and paternal self-reporting was high (Cohen’s kappa = 0.88,
p < 0.001). Exposure to environmental smoking was assessed in each questionnaire as the
number of hours per day that mothers were exposed to environmental smoke at home and
at work. For environmental smoking, the following categories were used: no, occasionally,
and daily.

2.3. Metabolite Measurements

Umbilical venous cord blood samples at birth (median gestational age at birth, 40.4 weeks;
95% range, 37.3-42.3) were collected by midwife and obstetrician, as described previously [23].
The liquid chromatography tandem mass spectrometry (LC-MS/MS) metabolite profiling
performed at the Department of Pediatrics, LMU Munich, Germany is described in detail
elsewhere [24-26]. A targeted metabolomics approach was performed at LMU Munich to
determine the serum concentrations (umol/L) of amino acids, non-esterified fatty acids
(NEFA), phospholipids (including PC.aa, PC.ae, acyl-lysophosphatidylcholines (Lyso.PC.a),
alkyl-lysophosphatidylcholines (Lyso.PC.e), SM and carnitines (Carn) (including free carni-
tine (Free Carn) and Carn.a) [20,24,25,27,28]. Detailed information is given in Supplemental
Text S1. Briefly, amino acids were analyzed with an 1100 high-performance liquid chro-
matography (HPLC) system (Agilent, Waldbronn, Germany) coupled to a API2000 tandem
mass spectrometer (AB Sciex, Darmsstadt, Germany [25]. IUPAC-IUB nomenclature was
used for the notation of amino acids [29]. NEFA, phospholipids and Carn were measured
with a 1200 SL HPLC system (Agilent, Waldbronn, Germany) coupled to a 4000QTRAP
tandem mass spectrometer from AB Sciex (Darmstadt, Germany) [24,30]. The analytical
techniques used are capable of determining the total number of double bonds, but not the
position of the double bonds and the distribution of the C-atoms between fatty acid side
chains. The following notation was used for NEFA, phospholipids, and Carn.a: ‘X:Y’, where
‘X’ denotes the number of C-atoms of the carbon chains, and “Y’ the total number of double
bonds. The ‘a’ denotes an acyl chain bound to the backbone via an ester bond (‘acyl-'), and
the ‘e’ represents an ether bond (‘alkyl-"). To assess the precision of the measurement, six
quality control (QC) samples per batch were consistently measured between study samples.
After exclusion of outliers, the coefficients of variation (CV; standard deviation/mean) for
each batch (intra-batch) and for all batches (inter-batch) of the QC samples were calculated
for each metabolite. In line with previous studies, for each metabolite we excluded batches
with an intra-batch CV higher than 25% [26,31-33]. Data on complete metabolites were
excluded for metabolites with an inter-batch CV higher than 35%, or if less 50% of the
batches passed the QC (i.e., had an intra-batch CV lower than 25%). To correct for batch
effects, metabolite concentrations were divided by the ratio of the intra-batch median and
the inter-batch median of the QC samples [31]. Metabolites and participants with more
than 50% of missing values were excluded [26,31]. Missing metabolite values were imputed
using the Random Forest algorithm (R package missForest) [34].

Individual metabolites were clustered in general metabolite groups based on chemical
structure (amino acids, NEFA, PC.aa, PC.ae, Lyso.PC.a, Lyso.PC.e, SM, Free Carn, and
Carn.a), and in metabolite subgroups based on chemical structure and biological relevance
(amino acids: branched-chain amino acids (BCAA), aromatic amino acids (AAA), essential
amino acids, non-essential amino acids; NEFA; PC.aa; PC.ae; Lyso.PC.a; Lyso.PC.e; SM:
saturated, mono-unsaturated, poly-unsaturated; Carn.a: short-chain, medium-chain, long-
chain) [23]. The sum of the individual metabolite concentrations per metabolite group
and subgroup were calculated [23]. Since adverse outcomes in offspring due to fetal
tobacco exposure may be explained by mitochondrial dysfunction, oxidative stress, immune
response, lipid peroxidation, fatty acid-§ oxidation and insulin resistance, we computed
selected neonatal metabolite ratios reflecting those processes (see Table S1) [35-42].

Individual metabolite concentrations, sums and ratios were square root transformed
to normalize metabolite concentrations. To enable comparison of the effect estimates,
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individual metabolite concentrations and sums and ratios were standardized by calculating
standard deviation scores (SDS).

2.4. Covariates

Potential covariates were selected based on previous studies and presented as a di-
rected acyclic graphic (Figure S2) [1,10,13,43]. Information on maternal age, education, pre-
pregnancy body mass index (BMI), alcohol use and psychopathology score were obtained
by self-report questionnaires. Information on education was categorized according to the
classification of Netherlands Statistics [44]. Maternal alcohol use was classified according to
three categories: never drank in pregnancy; drank in the first trimester only; and continued
during pregnancy. Maternal psychopathology was assessed using the Brief Symptom
Inventory (BSI) in mid-pregnancy, a validated self-reported measure of 53-items covering a
spectrum of psychopathology symptoms [45]. Maternal folate concentrations were mea-
sured in blood samples at the first trimester by using an immunoelectrochemoluminiscence
assay on the Architect System (Abbott Di-agnostics B.V.). The between-run coefficients of
variation were 8.9% at 5.6 nmol/L, 2.5% at 16.6 nmol/L and 1.5% at 33.6 nmol/L, with an
analytical range of 1.8-45.3 nmol/L for plasma folate [46]. Information on sex, gestational
age at birth, and birth weight were collected from midwives. Birth weight and gestational
age were considered as potential mediators. Birth weight was standardized based on
gestational age and sex according to European growth charts [47]. SGA was defined as
gestational age-adjusted birth weight under the 10th percentile; low birth weight, birth
weight less than 2500 g; and preterm was defined as a birth <37 weeks of gestation.

2.5. Statistical Analysis

First, we assessed the subject characteristics and performed a non-response analysis
by comparing children with and without metabolomics data using a chi-squared test for
categorical variables and a Student’s ¢-test or Mann-Whitney U test for continuous variables.
Second, we estimated the associations of maternal smoking during pregnancy (categories,
dose-response) with neonatal metabolite groups, subgroups and individuals using multiple
linear regression models. All models were adjusted for maternal age, education, alcohol
use, pre-pregnancy BMI, psychopathology score and fetal sex (confounder model). We
examined whether these associations were explained by birth weight or gestational age
at birth by additionally adjusting for them, since neonatal metabolic profiles correlate
with these birth characteristics (birth outcomes model). To examine potential sex-specific
associations, we tested the statistical interaction between maternal smoking and offspring
sex, and, if significant interactions were present after taking multiple testing, performed
stratified analysis by sex. To account for multiple testing, we applied Benjamin-Hochberg
correction using an overall false discovery rate of (FDR) < 5% [48]. Because of the ex-
plorative purpose of the analysis of maternal smoking during pregnancy with neonatal
metabolite ratios and high correlation between metabolite ratios (Figure S3), nominal p-
values (p < 0.05) were considered in this specific analysis. As sensitivity analyses, first, we
used similar analytical approaches to examine the associations of paternal tobacco smoking
with neonatal metabolite profiles (excluding mothers who smoked in pregnancy), and
the associations of environmental smoking with neonatal metabolite profiles (excluding
parents who smoked in pregnancy). Second, we additionally adjusted the associations
between fetal tobacco exposure and neonatal metabolite profiles for first trimester blood
folate concentrations. The percentage of missingness in the covariates ranged from 0%
to 6.5%, with the exception of psychopathology score (12.2%). To account for missing
covariates, we used a multiple imputation approach using the multivariate imputation by
chained equations (mice) package to estimate missing information of the covariates in 25
datasets and 100 iterations [49]. All statistical analyses were conducted using R statistical
software version 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria) [50].
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3. Results
3.1. Characteristics of the Study Population

Of all mothers, 23.8% used tobacco during pregnancy, of whom 9.3% smoked in the
first trimester only and 14.5% continued smoking during pregnancy (Table 1). Mothers
who continued smoking during pregnancy were younger, less educated, had a higher
psychopathology score and lower first trimester blood folate concentrations, and were
more often exposed to paternal and environmental smoking compared to mothers who
did not smoke. Neonates exposed to continued tobacco smoking during pregnancy had a
lower birth weight and a higher risk of SGA as compared to those not exposed. Summed
metabolite groups, subgroups and individual concentrations are shown in Table S2. A non-
response analysis showed that neonates without information on the neonatal metabolite
profile had lower birth weights (Table S3).

Table 1. Descriptive statistics of the study population.

Maternal Smoking During

Total Non-Smoking First Trimester Only Continued during Pregnancy
N =828 n =631 n=77 n =120
Maternal characteristic
Age, years, mean (£SD) 314 (4.1) 31.7 (3.9) 309 (4.1) 30.2 (5.2) **
Educational level
None/Primary (%) 2.3 1.3 52* 5.8 **
Secondary (%) 35.4 31.5 33.8 56.7
Higher (%) 623 67.2 61.0 375
Pre-pregnancy bod(g;/\j:;fgf;xr kg/m?, median 225 (18.4-33.7) 22.6 (18.5-33.4) 22.1 (18.4-30.3) 22.3 (18.4-34.8)
Folate Conce“ggﬁj:“r‘;fg‘g‘ﬂ/ L, median 19.5 (6.1-39.6) 20.7 (6.3-40.5) 18.4 (7.3-35.0) 12,6 (5.7-33.3) **
Psychopathology score, median (95% range) 0.12 (0.00-0.79) 0.10 (0-0.63) 0.14 (0-0.71) 0.19 (0-1.69) **
Alcohol use
Never drank in pregnancy (%) 322 34.1 15.6 ** 33.3
First trimester only (%) 15.7 14.1 29.9 15.0
Continued drinking (%) 52.1 51.8 54.5 51.7
Paternal tobacco use, yes (%) 41.6 323 58.4 ** 75.8 **
Environmental smoking
No (%) 66.5 70.0 62.3 38.3 **
Occasionally (%) 21.3 19.8 28.6 20.8
Daily (%) 12.2 8.9 9.1 29.2
Birth characteristics
Gestational age, weeks, median (95% range) 40.3 (36.7-42.3) 40.3 (37.0-42.3) 40.3 (36.7-42.3) 40.3 (36.6-42.4)
Premature birth (%) 29 25 3.9 4.2
Birth weight, grams, mean (+SD) 3555.0 (506.8) 3569.7 (488.8) 3601.8 (573.4) 3402.3 (532.8) **
Small for gestational age (%) 10.0 8.1 7.8 21.7 **
Low birth weight (%) 22 1.7 2.6 4.2*
Female sex, yes (%) 46.1 46.8 51.9 39.2

Values are presented as means (£5D), medians (95% range), or percentages. Abbreviations: SD: standard deviation.
* p-value < 0.05, ** p-value < 0.01. Premature birth, birth at gestational age <37 weeks. Small for gestational age at
birth, gestational age-adjusted birth weight under 10th percentile. Low birth weight, birth weight less than 2500 g.

3.2. Fetal Tobacco Exposure and Neonatal Metabolite Profiles and Ratios

Maternal smoking during the first trimester only was associated with lower neona-
tal mono-unsaturated PC.ae and Lyso.PC.e.18:0 concentrations (FDR p-values < 0.05)
(Figure 1A,B). No dose-response associations were observed between maternal smok-
ing during the first trimester only and any neonatal metabolites (FDR p-values < 0.05)
(Figure 1A,B). Maternal smoking during the first trimester only was associated with a
higher neonatal PC.aa.C42:5/PC.ae.C36:0 and Asn/Asp ratio, but did not survive multiple
testing (Figure 1C). Dose-response analyses showed that the strongest association of mater-
nal smoking was <5 cigarettes per day with the Asn/Asp ratio. Also, maternal smoking
during the first trimester only >5 cigarettes per day was associated with a higher neonatal
GIn/Glu and Pro/Glu ratio (Figure 1C). None of the associations were explained by birth
outcomes (Figures 54-56).
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Figure 1. Associations of maternal smoking during pregnancy with cord blood metabolite profiles and
ratios. Values represent regression coefficients based on linear models that reflect the positive (blue)
and negative (red) difference in neonatal cord blood metabolite concentrations and ratios in standard
deviation scores in neonates whose mothers smoked during pregnancy compared to mothers who
did not smoke. Models were adjusted for maternal age, educational level, alcohol consumption, pre-
pregnancy BMI, psychopathology symptoms, and fetal sex (confounder model). * p-value < 0.05. / Sig-
nificant associations after FDR corrected p-value. The sectors of green color showed group of neonatal
metabolite profile, which is preceded by metabolite profile subgroups. Abbreviations: SDS, standard
deviation scores; BMI, body mass index; AA, amino acids; BCAA, branched-chain AA; AAA, aro-
matic AA; AA_E, essential AA; AA_NE, non-essential AA; NEFA, non-esterified fatty acids; NEFA_S,
saturated NEFA; NEFA_MUS, mono-unsaturated NEFA; NEFA_PUS, poly-unsaturated NEFA; PC.aa,
diacyl-phosphatidylcholines; PC.aa_S, saturated PC.aa; PC.aa_MUS, mono-unsaturated PC.aa;
PC.aa_PUS, poly-unsaturated PC.aa; PC.ae, acyl-alkyl-phosphatidylcholines; PC.ae_S, saturated
PC.ae; PC.ae_MUS, mono-unsaturated PC.ae; PC.ae_PUS, poly-unsaturated PC.ae; Lyso.PC.a, acyl-
lysophosphatidylcholines; Lyso.PC.a_S, saturated Lyso.PC.a; Lyso.PC.a_MUS, mono-unsaturated
Lyso.PC.a; Lyso.PC.a_PUS, poly-unsaturated Lyso.PC.a; Lyso.PC.e, alkyl-lysophosphatidylcholines;
Lyso.PC.e_S, saturated Lyso.PC.e; Lyso.PC.a_MUS, mono-unsaturated Lyso.PC.e; SM, sphingomye-
lines; SM_MUS, mono-unsaturated SM; SM_PUS, poly-unsaturated SM; Free Carn, free carnitine;
Carn.a, acyl-carnitines; Carn.a _SC, short-chain Carn.a; Carn.a _MC, medium-chain Carn.a; and
Carn.a _LC, long-chain Carn.a; Asn/Asp, asparagine/aspartic acid; Gln/Glu, glutamine/glutamic
acid; Pro/Glu, proline/glutamic acid; FA p-oxidation, Fatty acid 3-oxidation; Met/Cys, methion-
ine/cysteine; and Val, valine.

Maternal continued smoking during pregnancy was associated with lower neona-
tal mono-unsaturated Lyso.PC.a, Lyso.PC.e.16:0 and Lyso.PC.e.18:1 concentration (FDR
p-values < 0.05) (Figure 1A,B). Dose-response associations showed the strongest effect
estimates in neonates whose mothers continued smoking >5 cigarettes per day (FDR
p-values < 0.05) (Figure 1B). Maternal continued smoking during pregnancy was associ-
ated with a lower Lyso.PC.a.18:1 + Lyso.PC.a.C18:2/) PC.aa ratio, but did not survive
multiple testing (Figure 1C). Maternal continued smoking <5 cigarettes per day was as-
sociated with higher neonatal Met/Cys and Val/PC.ae.C32:2 ratios, but did not survive
multiple testing. For the Lyso.PC.a.18:1 + Lyso.PC.a.C18:2/) PC.aa ratio, the strongest effect
estimate was observed for maternal continued smoking >5 cigarettes per day (Figure 1C).
Overall, these associations were not explained by birth outcomes (Figures 54-56).

3.3. Sex-Specific Analyses

We observed the statistical interaction of offspring sex with overall and saturated
Lyso.PC.e (FDR p-values < 0.05). Among girls only, maternal continued smoking during
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pregnancy was associated with lower neonatal overall, mono-unsaturated and saturated
Lyso.PC.e concentrations (FDR p-values < 0.05) (Figure 2A). Overall, these associations were
not explained by birth outcomes (data not shown). Among boys only, maternal smoking
during the first trimester only was associated with lower neonatal saturated Lyso.PC.e
concentrations, but this association did not survive multiple testing correction (Figure 2B).

A. Girls B. Boys
(ys :\jllat.ernal smoking <~V& Maternal smoking
0 0 uring pregnancy 00 during pregnancy
Q@ Continued Q@ Continued
\/L/(/ First trimester h /17(/ First trimester
S \) _
L L Difference (SDS)
Ce Ce 0.4
N\ .\
* 0.0
a 04
o8

Figure 2. Associations of maternal smoking during pregnancy with cord blood individual metabolite
profiles and ratios stratified by sex. Values represent regression coefficients based on linear models
that reflect the positive (blue) and negative (red) difference in neonatal cord blood metabolite concen-
trations in standard deviation scores in neonates whose mothers smoked during pregnancy compared
to mothers who did not smoke. Models were adjusted for maternal age, educational level, alcohol con-
sumption, pre-pregnancy BMI, and psychopathology symptoms (confounder model). * p-value < 0.05.
I Significant associations after FDR corrected p-value. The sectors of green color showed the group
of neonatal metabolite profile, which is preceded by metabolite profile subgroups. Abbreviations:
SDS, standard deviation scores; BMI, body mass index; Lyso.PC.e, alkyl-lysophosphatidylcholines;
Lyso.PC.e_S, saturated Lyso.PC.e; and Lyso.PC.e_MUS, mono-unsaturated Lyso.PC.e.

3.4. Sensitivity Analyses

First, we did not observe associations of exposure to paternal tobacco smoking or
environmental smoking with neonatal metabolite profiles (data not shown). Second, the
associations of maternal smoking during pregnancy with neonatal metabolite profiles were
not explained by first trimester blood folate concentrations (data not shown).

4. Discussion

Fetal tobacco exposure is associated with alterations in the neonatal phospholipid
profile. Neonates exposed to tobacco in the first trimester only had lower neonatal mono-
unsaturated PC.ae and Lyso.PC.e.18:0 concentrations, whilst neonates exposed to tobacco
throughout pregnancy had lower neonatal mono-unsaturated Lyso.PC.a, Lyso.PC.e.16:0,
and Lyso.PC.e.18:1 concentrations. This study reveals differences in the metabolic signa-
tures of neonates exposed to tobacco during pregnancy, both in the first trimester only and
continued, as compared to those not exposed using advanced metabolomics analysis.

Fetal tobacco exposure leads to early developmental adaptations, such as changes
in the physiology, metabolism, and structure of various organ systems [51]. Maternal
smoking during pregnancy is a major risk factor for preterm birth and low birth weight
and seems to be associated with long-term cardiovascular, respiratory and metabolic health
outcomes. The metabolite profile shows the activity and status of various physiological
functions; for example, how cell metabolism generates energy and biosynthetic precursors
for growth and development of the embryo and the fetus [52]. We hypothesized that
tobacco exposure during pregnancy, both in the first trimester only and continued, leads to
metabolic adaptations in the unborn child, which might predispose individuals to cardio-
metabolic disease in later life. Insight into the metabolic developmental adaptations in
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response to fetal tobacco exposure may contribute to the understanding of pathways in
early life that predispose to cardiovascular and metabolic disease in later life.

We observed that neonates exposed to tobacco in the first trimester only had lower
mono-unsaturated PC.ae and Lyso.PC.e.C18:0 concentrations, whilst neonates exposed to
tobacco throughout pregnancy had lower mono-unsaturated Lyso.PC.a, Lyso.PC.e.C16:0,
and Lyso.PC.e.C18:1 concentrations. Dose-response associations showed the strongest
effect estimates in neonates whose mothers continued smoking >5 cigarettes. Thus, our
study showed that fetal tobacco exposure, both in the first trimester only and continued, is
associated with alterations in the neonatal phospholipid profile. Since phospholipids play a
key role in embryonic and fetal development, a critical period in which tissues and organs
develop, lower phospholipid concentrations may be the result of undesirable structural and
functional changes in the metabolism of the unborn child (i.e., cardiovascular, respiratory
and metabolic maladaptation) [51,53]. Consistent with our findings, animal studies in in-
trauterine growth-restricted (IUGR) rats showed that fetal nicotine exposure was associated
with alterations in the fetal metabolome [54,55]. A previous study reported that IUGR rats
exposed to nicotine during pregnancy had lower fetal unsaturated lipids, glucose, pyruvate,
glycerol, and amino acids (as valine, lysine, leucine, glutamate, glutamine, and arginine)
concentrations, but higher fetal lactate concentrations in blood samples by gestational day
20 [54]. However, our study did not detect changes in neonatal amino acid concentrations.
This lack of association might be explained by the small number of children born with fetal
growth restriction in our study population (0.7%). Additionally, a previous in vitro study
suggested that part of the fetal amino acid deficit induced by maternal smoking may be
compensated by inducing new amino acid transport systems because smoking induces
the formation of new trophoblastic transporters for the uptake of alpha-aminobutyric
acid [56]. Another study reported that rat fetuses exposed to high-doses of nicotine had
reduced lipid concentrations (i.e., total cholesterol and triglycerides) in blood samples by
gestational day 20 [55]. Smoking-induced metabolic alterations in the fetus may cause
long-term structural and functional changes in metabolism. However, little is known about
phospholipid metabolism in the human fetus.

A human prospective study in Germany among 40 mother-infant pairs showed that
smoking during pregnancy alters both the maternal and neonatal metabolome [13]. Partly
in line with our findings, mothers who smoked in pregnancy had lower maternal PC and
SM concentrations at 34 weeks’ gestation in blood samples, whereas full-term neonates
exposed to tobacco in pregnancy had lower neonatal Carn.a and higher PC and SM concen-
trations at birth in cord blood samples [13]. These differences across that study and our
study may be explained by differences between gestational ages and clinical and sociodemo-
graphic characteristics. Previous studies in adults reported sex-specific differences between
smokers and nonsmokers in adult metabolome profiles [11]. A growing body of literature
suggested sex-specific differences in fetal programming in response to environmental stress,
which may result in sex-specific risk for later disease [5-10,14,15]. Prenatal tobacco expo-
sure appears to alter the neonatal metabolome profile differently in girls and boys. Our
findings suggest that girls continuously exposed to tobacco during pregnancy had lower
neonatal metabolite Lyso.PC.e concentrations. These findings are in line with a human
in vitro study in which hepatoblasts, derived from pluripotent stem cells, were exposed
to tobacco smoke to model their influence on hepatocyte development [57]. Hepatocytes
from females previously exposed to tobacco underwent apoptosis during the process of
cell differentiation, whereas hepatocytes from males appeared to become necrotic when
separated from the extracellular matrix [57]. As fetal liver receives 70% of its umbilical
vein blood supply directly from the placenta and the maternal-fetal interface, the fetal liver
may be more exposed to active smoking compounds such as nicotine, polycyclic aromatic
hydrocarbons, and cadmium, protecting the fetus from harmful chemicals and controlling
fetal growth [58]. Understanding how smoking early and during pregnancy influences
fetal metabolism and development may help us unravel the long-term pathophysiology of
tobacco-induced cardiovascular, endocrine and metabolic diseases.
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We did not observe associations of exposure to paternal tobacco smoking or envi-
ronmental smoking with neonatal metabolite profiles. These findings suggest that the
associations of fetal exposure to tobacco smoke with neonatal metabolite profiles are based
on direct maternal smoking only. However, future studies with larger numbers of subjects
may enable the identification of potential smaller effect estimates related to the associations
of passive maternal smoking on neonatal metabolite profiles.

Several molecular and biological processes may represent the underlying mechanism
between prenatal tobacco exposure and altered neonatal metabolome profiles. We observed
that neonates exposed to tobacco in the first trimester only showed alterations in the
metabolite ratios marking process of the Krebs cycle and oxidative stress, whereas those
neonates exposed to tobacco throughout pregnancy showed alterations in the inflammatory
response, transsulfuration and insulin resistance markers (Figure 3). In line with our study,
previous studies focused on the maternal metabolome profile and metabolic pathways,
and tried to explain the relationship between maternal smoking in pregnancy and adverse
birth outcomes [59,60]. An untargeted metabolomics study in the United States (US)
among 105 African American pregnant women suggested that both maternal cotinine
concentrations and gestational age at birth were associated with altered maternal metabolic
pathways in early and late pregnancy, such as oxidative stress, inflammatory response,
insulin action and lipid metabolism [60]. Another untargeted metabolomics study in the
US among 65 pregnant women showed that low-level maternal exposure to nicotine was
associated with altered maternal metabolic pathways, such as aspartate and asparagine
metabolism, arginine and proline metabolism, and methionine metabolism in second-
trimester amniotic fluid samples [59]. In addition to this, animal studies showed that
nicotine-induced IUGR in rats was associated with impaired glucocorticoid homeostasis
in both mothers and fetuses [55]. Prenatal nicotine exposure in rats causes fetuses to be
overexposed to maternal glucocorticoids and fetal hypothalamic-pituitary-adrenal axis
development was inhibited [55]. Higher maternal glucocorticoid concentrations may
promote alteration of the lipid and glucose metabolism and oxidative stress [55,61]. In the
same way, another study showed that fetal nicotine exposure was associated with reduced
postnatal mitochondrial structure and function, which may lead to impaired beta cell
function, and subsequent dysglycemia in adult offspring [62]. Exposure to tobacco during
critical periods of cell proliferation and differentiation can affect the developing fetus,
and cause structural and functional alterations in cells, tissues, and organ systems. These
alterations translate into an altered neonatal metabolic phenotype that may have lifelong
consequences on body composition, cardiovascular, endocrine and metabolic health. Thus,
prenatal tobacco exposure may stimulate and disrupt the fetal cardiovascular, endocrine
and metabolic development, leading to an increased risk of obesity, hypertension, type
2 diabetes, and metabolic syndrome.

Increased inflammatory response, oxidative stress, and lipid metabolism remains
poorly understood in the placenta and fetus despite its association with various pathological
conditions, such as IUGR, cardiovascular, endocrine and metabolic disorders [52]. Our
study suggests that fetal tobacco exposure is associated with metabolic changes in the
neonate. Moreover, smoking during pregnancy may induce an adaptive or permanent
response optimizing the growth and development of the key body organs to the detriment
of other organs or systems [52]. Therefore, to prevent smoking in reproductive-aged women
may constitute an important measure in public health.
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Figure 3. Potential mechanisms: Abbreviations: PC.ae, acyl-alkyl-phosphatidylcholines; Lyso.PC.a,
acyl-lysophosphatidylcholines; and Lyso.PC.e, alkyl-lysophosphatidylcholines.

Strengths and Limitations

The strengths of our study are the prospective data collection from early pregnancy
onwards, allowing the collection of information on tobacco per trimesters, as well as
extensive information on potential confounders. Some limitations need to be discussed.
First, the metabolomics data was only available in a subgroup of our multi-ethnic cohort,
which consisted of Dutch participants only and relatively high educated and healthy
participants as compared to the full cohort [63]. Ethnicity may influence the metabolome
via both (epi) genetic and environmental factors [64]. By performing our study within an
ethnic homogenous population, we reduced the risk of potential residual confounding or
effect modification by ethnicity. However, our selected study population may affect the
generalizability of our sample to the full cohort and the general population. Second, we
adopted a targeted metabolomics approach, allowing us to optimize the quantification of
metabolites of interest. However, relevant biological pathways might be missed. Third, the
self-reported assessment of tobacco is a valid method, but misclassification may be possible.
Participants may have underreported their tobacco use, which could potentially have led to
an underestimation of the observed associations. Nonetheless, previous studies reported a
high correlation between cotinine concentrations and reported smoking habits [60]. Finally,
although we have adjusted for several sociodemographic and lifestyle factors, residual
confounding might still be possible.
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5. Conclusions

Our findings suggest that fetal tobacco exposure is associated with alterations in the
neonatal phospholipid profile, mainly PC.ae, Lyso.PC.a, and Lyso.PC.e, and alterations
in the metabolite ratios marking processes of Krebs cycle, oxidative stress, inflammatory
response, lipid metabolism, and insulin resistance. Clearly, understanding the neonatal
metabolome profile may yield new targets to predict, prevent and treat cardiovascular,
endocrine and metabolic disease in later life.

Supplementary Materials: The following supporting information can be downloaded at: https://
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graphic of the study; Table S2. cord blood metabolite concentrations; Table S3. non-response analysis;
Figure S3. correlation between selected neonatal metabolite ratios; Figure S4. associations of maternal
smoking during pregnancy with cord blood metabolite profile and ratios adjusted for birth weight;
Figure S5. associations of maternal smoking during pregnancy with cord blood metabolite profile and
ratios adjusted for gestational age; and Figure S6. associations of maternal smoking during pregnancy
with cord blood metabolite profile and ratios adjusted for gestational age adjusted birth weight.
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Abbreviations

SGA small size for gestational age

PC.ae acyl-alkyl-phosphatidylcholines

PC.aa diacyl-phosphatidylcholines

Carn.a acyl-carnitines

PC phosphatidylcholines

SM sphingomyelins

LC/MS liquid chromatography/mass spectrometry
NEFA non-esterified fatty acids

Lyso.PC.a  acyl-lysophosphatidylcholines
Lyso.PC.e  alkyl-lysophosphatidylcholines

Carn carnitines

JCBN Joint Commission on Biochemical Nomenclature
QC quality control

Ccv coefficient of variation

SD standard deviation

BCAA branched-chain amino acids
AAA aromatic amino acids

SDS standard deviations scores
BMI body mass index

BSI Brief Symptom Inventory
FDR false discovery rate

TUGR intrauterine growth restriction

References

1.  Lange, S.; Probst, C.; Rehm, J.; Popova, S. National, regional, and global prevalence of smoking during pregnancy in the general
population: A systematic review and meta-analysis. Lancet Glob. Health 2018, 6, e769-e776. [CrossRef]

2. Jaddoe, VW.V,; de Ridder, M.A ]; van den Elzen, A.PM.; Hofman, A.; Uiterwaal, C.; Witteman, ].C.M. Maternal smoking in
pregnancy is associated with cholesterol development in the offspring: A 27-years follow-up study. Atherosclerosis 2008, 196,
42-48. [CrossRef] [PubMed]

3. Jaddoe, VW.V,; Verburg, B.O.; de Ridder, M.A.].; Hofman, A.; Mackenbach, J.P.; Moll, H.A ; Steegers, E.A.P.; Witteman, J.C.M.
Maternal Smoking and Fetal Growth Characteristics in Different Periods of Pregnancy: The Generation R Study. Am. J. Epidemiol.
2007, 165, 1207-1215. [CrossRef]

4. Philips, E.M.; Santos, S.; Trasande, L.; Aurrekoetxea, J.J.; Barros, H.; von Berg, A.; Bergstrom, A.; Bird, PK.; Brescianini, S.;
Chaoimh, N.C.; et al. Changes in parental smoking during pregnancy and risks of adverse birth outcomes and childhood
overweight in Europe and North America: An individual participant data meta-analysis of 229,000 singleton births. PLoS Med.
2020, 17, €1003182. [CrossRef] [PubMed]

5. Cajachagua-Torres, K.N.; El Marroun, H.; Reiss, LK.M.; Jaddoe, V.W.V. Maternal preconception and pregnancy tobacco and
cannabis use in relation to placental developmental markers: A population-based study. Reprod. Toxicol. 2022, 110, 70-77.
[CrossRef] [PubMed]

6.  Geelhoed, ].].M.; El Marroun, H.; Verburg, B.O.; Van Osch-Gevers, L.; Hofman, A.; Huizink, A.C.; Moll, H.A.; Verhulst, FE.C,;
Helbing, W.A.; Steegers, E.A.P; et al. Maternal smoking during pregnancy, fetal arterial resistance adaptations and cardiovascular
function in childhood. BJOG Int. ]. Obstet. Gynaecol. 2011, 118, 755-762. [CrossRef] [PubMed]

7. Harris, H.R.; Willett, W.C.; Michels, K.B. Parental smoking during pregnancy and risk of overweight and obesity in the daughter.
Int. J. Obes. 2013, 37, 1356-1363. [CrossRef]

8.  de]Jonge, L.L,; Harris, H.R.; Rich-Edwards, ] W.; Willett, W.C.; Forman, M.R.; Jaddoe, V.W.V.; Michels, K.B. Parental smoking in
pregnancy and the risks of adult-onset hypertension. Hypertension 2013, 61, 494-500. [CrossRef]

9. Jaddoe, VW.; de Jonge, L.L.; van Dam, R.M.; Willett, W.C.; Harris, H.; Stampfer, M.].; Hu, F.B.; Michels, K.B. Fetal exposure to
parental smoking and the risk of type 2 diabetes in adult women. Diabetes Care 2014, 37, 2966—2973. [CrossRef]

10. Cajachagua-Torres, K.N.; El Marroun, H.; Reiss, LK.M.; Santos, S.; Jaddoe, V.W.V. Foetal tobacco and cannabis exposure, body fat
and cardio-metabolic health in childhood. Pediatr. Obes. 2022, 17, €12863. [CrossRef]

11. Wang-Sattler, R.; Yu, Y.; Mittelstrass, K.; Lattka, E.; Altmaier, E.; Gieger, C.; Ladwig, K.H.; Dahmen, N.; Weinberger, K.M.;
Hao, P; et al. Metabolic Profiling Reveals Distinct Variations Linked to Nicotine Consumption in Humans—First Results from
the KORA Study. PLoS ONE 2008, 3, e3863. [CrossRef] [PubMed]

12.  Xu, T.; Holzapfel, C.; Dong, X.; Bader, E.; Yu, Z.; Prehn, C.; Perstorfer, K.; Jaremek, M.; Roemisch-Margl, W.; Rathmann, W.; et al.

Effects of smoking and smoking cessation on human serum metabolite profile: Results from the KORA cohort study. BMC Med.
2013, 11, 60. [CrossRef] [PubMed]


http://doi.org/10.1016/S2214-109X(18)30223-7
http://doi.org/10.1016/j.atherosclerosis.2007.01.032
http://www.ncbi.nlm.nih.gov/pubmed/17336310
http://doi.org/10.1093/aje/kwm014
http://doi.org/10.1371/journal.pmed.1003182
http://www.ncbi.nlm.nih.gov/pubmed/32810184
http://doi.org/10.1016/j.reprotox.2022.03.015
http://www.ncbi.nlm.nih.gov/pubmed/35378220
http://doi.org/10.1111/j.1471-0528.2011.02900.x
http://www.ncbi.nlm.nih.gov/pubmed/21385303
http://doi.org/10.1038/ijo.2013.101
http://doi.org/10.1161/HYPERTENSIONAHA.111.200907
http://doi.org/10.2337/dc13-1679
http://doi.org/10.1111/ijpo.12863
http://doi.org/10.1371/journal.pone.0003863
http://www.ncbi.nlm.nih.gov/pubmed/19057651
http://doi.org/10.1186/1741-7015-11-60
http://www.ncbi.nlm.nih.gov/pubmed/23497222

Metabolites 2022, 12,1101 13 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rolle-Kampczyk, U.E.; Krumsiek, J.; Otto, W.; Roder, S.W.; Kohajda, T.; Borte, M.; Theis, F.; Lehmann, I.; von Bergen, M.
Metabolomics reveals effects of maternal smoking on endogenous metabolites from lipid metabolism in cord blood of newborns.
Metabolomics 2016, 12, 76. [CrossRef]

Cheong, ].N.; Wlodek, M.E.; Moritz, K.M.; Cuffe, ].5S.M. Programming of maternal and offspring disease: Impact of growth
restriction, fetal sex and transmission across generations. J. Physiol. 2016, 594, 4727-4740. [CrossRef]

Zarén, B.; Lindmark, G.; Bakketeig, L. Maternal smoking affects fetal growth more in the male fetus. Paediatr. Perinat. Epidemiol.
2000, 14, 118-126. [CrossRef] [PubMed]

Sandovici, I.; Fernandez-Twinn, D.S.; Hufnagel, A.; Constancia, M.; Ozanne, S.E. Sex differences in the intergenerational
inheritance of metabolic traits. Nat. Metab. 2022, 4, 507-523. [CrossRef]

Clifton, V.L. Review: Sex and the Human Placenta: Mediating Differential Strategies of Fetal Growth and Survival. Placenta 2010,
31, S33-539. [CrossRef]

Manikkam, M.; Crespi, E.J.; Doop, D.D.; Herkimer, C.; Lee, ].S.; Yu, S.; Brown, M.B.; Foster, D.L.; Padmanabhan, V. Fetal
Programming: Prenatal Testosterone Excess Leads to Fetal Growth Retardation and Postnatal Catch-Up Growth in Sheep.
Endocrinology 2004, 145, 790-798. [CrossRef]

Jaddoe, VW.V,; van Duijn, C.M.; Franco, O.H.; van der Heijden, A.].; van lizendoorn, M.H.; de Jongste, ].C.; van der Lugt, A.;
Mackenbach, ].P.; Moll, H.A.; Raat, H.; et al. The Generation R Study: Design and cohort update 2012. Eur. . Epidemiol. 2012, 27,
739-756. [CrossRef]

Jaddoe, VW.V,; van Duijn, C.M.; van der Heijden, A J.; Mackenbach, ].P.; Moll, H.A ; Steegers, E.A.P,; Tiemeier, H.; Uitterlinden,
A.G.; Verhulst, F.C.; Hofman, A. The Generation R Study: Design and cohort update until the age of 4 years. Eur. . Epidemiol.
2008, 23, 801. [CrossRef]

Statistics Netherlands. Allochtonen in Nederland 2004; Statistics Netherlands: Voorbug, Heerlen, The Netherlands, 2004.

Jaddoe, VW.V.; Mackenbach, J.P; Moll, H.A.; Steegers, E.A.; Tiemeier, H.; Verhulst, F.C.; Witteman, J.C.; Hofman, A. The
Generation R Study: Design and cohort profile. Eur. J. Epidemiol. 2006, 21, 475-484. [CrossRef] [PubMed]

Voerman, E.; Jaddoe, V.W.V,; Uhl, O.; Shokry, E.; Horak, J.; Felix, J.E; Koletzko, B.; Gaillard, R. A population-based resource for
intergenerational metabolomics analyses in pregnant women and their children: The Generation R Study. Metabolomics 2020,
16, 43. [CrossRef] [PubMed]

Hellmuth, C.; Weber, M.; Koletzko, B.; Peissner, W. Nonesterified Fatty Acid Determination for Functional Lipidomics: Compre-
hensive Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectrometry Quantitation, Qualification, and Parameter
Prediction. Anal. Chem. 2012, 84, 1483-1490. [CrossRef] [PubMed]

Harder, U.; Koletzko, B.; Peissner, W. Quantification of 22 plasma amino acids combining derivatization and ion-pair LC-MS/MS.
J. Chromatogr. B 2011, 879, 495-504. [CrossRef]

Hellmuth, C.; Uhl, O.; Standl, M.; Demmelmair, H.; Heinrich, J.; Koletzko, B.; Thiering, E. Cord Blood Metabolome Is Highly
Associated with Birth Weight, but Less Predictive for Later Weight Development. Obes. Facts 2017, 10, 85-100. [CrossRef]
Hellmuth, C; Lindsay, K.L.; Uhl, O.; Buss, C.; Wadhwa, P.D.; Koletzko, B.; Entringer, S. Association of maternal prepregnancy
BMI with metabolomic profile across gestation. Int. J. Obes. 2017, 41, 159-169. [CrossRef]

Blaauwendraad, S.M.; Voerman, E.; Trasande, L.; Kannan, K.; Santos, S.; Ruijter, G.].G.; Sol, C.M.; Marchioro, L.; Shokry, E.;
Koletzko, B.; et al. Associations of maternal bisphenol urine concentrations during pregnancy with neonatal metabolomic profiles.
Metabolomics 2021, 17, 84. [CrossRef]

IUPAC-IUB Joint Commission on Biochemical Nomenclature (JCBN). Nomenclature and Symbolism for Amino Acids and
Peptides. Eur. J. Biochem. 1984, 138, 9-37. [CrossRef]

Uhl, O.; Fleddermann, M.; Hellmuth, C.; Demmelmair, H.; Koletzko, B. Phospholipid Species in Newborn and 4 Month Old
Infants after Consumption of Different Formulas or Breast Milk. PLoS ONE 2016, 11, e0162040. [CrossRef]

Shokry, E.; Marchioro, L.; Uhl, O.; Bermudez, M.G.; Garcia-Santos, ].A.; Segura, M.T.; Campoy, C.; Koletzko, B. Impact of maternal
BMI and gestational diabetes mellitus on maternal and cord blood metabolome: Results from the PREOBE cohort study. Acta
Diabetol. 2019, 56, 421-430. [CrossRef]

Lindsay, K.L.; Hellmuth, C.; Uhl, O.; Buss, C.; Wadhwa, P.D.; Koletzko, B.; Entringer, S. Longitudinal Metabolomic Profiling of
Amino Acids and Lipids across Healthy Pregnancy. PLoS ONE 2016, 10, e0145794. [CrossRef] [PubMed]

Rauschert, S.; Mori, T.A.; Beilin, L.J.; Jacoby, P.; Uhl, O.; Koletzko, B.; Oddy, W.H.; Hellmuth, C. Early Life Factors, Obesity Risk,
and the Metabolome of Young Adults. Obesity 2017, 25, 1549-1555. [CrossRef] [PubMed]

Wei, R.; Wang, ]J.; Su, M; Jia, E.; Chen, S.; Chen, T.; Ni, Y. Missing Value Imputation Approach for Mass Spectrometry-based
Metabolomics Data. Sci. Rep. 2018, 8, 663. [CrossRef] [PubMed]

Molnos, S.; Wahl, S.; Haid, M.; Eekhoff, EM.W.; Pool, R.; Floegel, A.; Deelen, ].; Much, D.; Prehn, C.; Breier, M.; et al. Metabolite
ratios as potential biomarkers for type 2 diabetes: A DIRECT study. Diabetologia 2018, 61, 117-129. [CrossRef]

Hocher, B.; Adamski, J. Metabolomics for clinical use and research in chronic kidney disease. Nat. Rev. Nephrol. 2017, 13, 269-284.
[CrossRef]

Cappelletti, P; Tallarita, E.; Rabattoni, V.; Campomenosi, P.; Sacchi, S.; Pollegioni, L. Proline oxidase controls proline, glutamate,
and glutamine cellular concentrations in a U87 glioblastoma cell line. PLoS ONE 2018, 13, e0196283. [CrossRef]


http://doi.org/10.1007/s11306-016-0983-z
http://doi.org/10.1113/JP271745
http://doi.org/10.1046/j.1365-3016.2000.00247.x
http://www.ncbi.nlm.nih.gov/pubmed/10791654
http://doi.org/10.1038/s42255-022-00570-4
http://doi.org/10.1016/j.placenta.2009.11.010
http://doi.org/10.1210/en.2003-0478
http://doi.org/10.1007/s10654-012-9735-1
http://doi.org/10.1007/s10654-008-9309-4
http://doi.org/10.1007/s10654-006-9022-0
http://www.ncbi.nlm.nih.gov/pubmed/16826450
http://doi.org/10.1007/s11306-020-01667-1
http://www.ncbi.nlm.nih.gov/pubmed/32206914
http://doi.org/10.1021/ac202602u
http://www.ncbi.nlm.nih.gov/pubmed/22224852
http://doi.org/10.1016/j.jchromb.2011.01.010
http://doi.org/10.1159/000453001
http://doi.org/10.1038/ijo.2016.153
http://doi.org/10.1007/s11306-021-01836-w
http://doi.org/10.1111/j.1432-1033.1984.tb07877.x
http://doi.org/10.1371/journal.pone.0162040
http://doi.org/10.1007/s00592-019-01291-z
http://doi.org/10.1371/journal.pone.0145794
http://www.ncbi.nlm.nih.gov/pubmed/26716698
http://doi.org/10.1002/oby.21915
http://www.ncbi.nlm.nih.gov/pubmed/28758369
http://doi.org/10.1038/s41598-017-19120-0
http://www.ncbi.nlm.nih.gov/pubmed/29330539
http://doi.org/10.1007/s00125-017-4436-7
http://doi.org/10.1038/nrneph.2017.30
http://doi.org/10.1371/journal.pone.0196283

Metabolites 2022, 12,1101 14 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zhang, W.; Sun, G.; Aitken, D.; Likhodii, S.; Liu, M.; Martin, G.; Furey, A.; Randell, E.; Rahman, P.; Jones, G.; et al. Lysophos-
phatidylcholines to phosphatidylcholines ratio predicts advanced knee osteoarthritis. Rheumatology 2016, 55, 1566—1574.
[CrossRef]

Belalcazar, A.D.; Ball, ].G.; Frost, L.M.; Valentovic, M.A.; Wilkinson, J. Transsulfuration Is a Significant Source of Sulfur for
Glutathione Production in Human Mammary Epithelial Cells. ISRN Biochem. 2013, 2013, 637897. [CrossRef]

Campesi, I.; Carru, C.; Zinellu, A.; Occhioni, S.; Sanna, M.; Palermo, M.; Tonolo, G.; Mercuro, G.; Franconi, F. Regular cigarette
smoking influences the transsulfuration pathway, endothelial function, and inflammation biomarkers in a sex-gender specific
manner in healthy young humans. Am. J. Transl. Res. 2013, 5, 497-509.

Pickens, C.A.; Vazquez, A.L; Jones, A.D.; Fenton, J.I. Obesity, adipokines, and C-peptide are associated with distinct plasma
phospholipid profiles in adult males, an untargeted lipidomic approach. Sci. Rep. 2017, 7, 6335. [CrossRef]

Kirchberg, FF; Brandt, S.; Mofs, A.; Peissner, W.; Koenig, W.; Rothenbacher, D.; Brenner, H.; Koletzko, B.; Hellmuth, C.; Wabitsch,
M. Metabolomics reveals an entanglement of fasting leptin concentrations with fatty acid oxidation and gluconeogenesis in
healthy children. PLoS ONE 2017, 12, e0183185. [CrossRef]

Yong-Ping, L.; Reichetzeder, C.; Prehn, C.; Yin, L.-H.; Chu, C.; Elitok, S.; Kramer, B.K.; Adamski, J.; Hocher, B. Impact of maternal
smoking associated lyso-phosphatidylcholine 20:3 on offspring brain development. J. Steroid Biochem. Mol. Biol. 2020, 199, 105591.
[CrossRef] [PubMed]

Statistics Netherlands. Standaard Onderwijsindeling 2003; Statistics Netherlands: Voorbug, Heerlen, The Netherlands, 2004.
Derogatis, L.R.; Melisaratos, N. The Brief Symptom Inventory: An introductory report. Psychol Med. 1983, 13, 595-605. [CrossRef]
[PubMed]

Jaddoe, VW.V,; Bakker, R.; van Duijn, C.M.; van der Heijden, A.J.; Lindemans, J.; Mackenbach, J.P.; Moll, H.A.; Steegers, E.A.P.;
Tiemeier, H.; Uitterlinden, A.G.; et al. The Generation R Study Biobank: A resource for epidemiological studies in children and
their parents. Eur. |. Epidemiol. 2007, 22, 917-923. [CrossRef] [PubMed]

Niklasson, A.; Ericson, A.; Fryer, ].G.; Karlberg, J.; Lawrence, C.; Karlberg, P. An update of the Swedish reference standards for
weight, length and head circumference at birth for given gestational age (1977-1981). Acta Paediatr. Scand. 1991, 80, 756-762.
[CrossRef]

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289-300. [CrossRef]

van Buuren, S.; Groothuis-Oudshoorn, K. Mice: Multivariate Imputation by Chained Equations in R. J. Stat. Softw. 2011, 45, 1-67.
[CrossRef]

R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2020.

Barker, D.J. Fetal origins of coronary heart disease. BM]J (Clin. Res. Ed.) 1995, 311, 171-174. [CrossRef]

McMillen, I.C.; Robinson, J.S. Developmental Origins of the Metabolic Syndrome: Prediction, Plasticity, and Programming.
Physiol. Rev. 2005, 85, 571-633. [CrossRef]

Lu, Y.P; Reichetzeder, C.; Prehn, C.; Yin, L.H.; Yun, C.; Zeng, S.; Chu, C.; Adamski, J.; Hocher, B. Cord Blood Lysophosphatidyl-
choline 16: 1 is Positively Associated with Birth Weight. Cell Physiol. Biochem. 2018, 45, 614—624. [CrossRef]

Feng, ].-H.; Yan, Y.-E.; Liang, G.; Liu, Y.-S.; Li, X.-J.; Zhang, B.-].; Chen, L.-B.; Yu, H.; He, X.-H.; Wang, H. Maternal and fetal
metabonomic alterations in prenatal nicotine exposure-induced rat intrauterine growth retardation. Mol. Cell Endocrinol. 2014,
394, 59-69. [CrossRef] [PubMed]

Xu, D; Liang, G.; Yan, Y.E.; He, WW.; Liu, Y.S.; Chen, L.B.; Magdalou, J.; Wang, H. Nicotine-induced over-exposure to maternal
glucocorticoid and activated glucocorticoid metabolism causes hypothalamic—pituitary-adrenal axis-associated neuroendocrine
metabolic alterations in fetal rats. Toxicol. Lett. 2012, 209, 282-290. [CrossRef] [PubMed]

Sastry, B.V.R,; Horst, M.A.; Naukam, R.J. Maternal tobacco smoking and changes in amino acid uptake by human placental villi:
Induction of uptake systems, gammaglutamyltranspeptidase and membrane fluidity. Placenta 1989, 10, 345-358. [CrossRef]
Lucendo-Villarin, B.; Filis, P.; Swortwood, M.].; Huestis, M.A.; Meseguer-Ripolles, J.; Cameron, K ; Iredale, ].P.; O’Shaughnessy,
PJ.; Fowler, P.A.; Hay, D.C. Modelling foetal exposure to maternal smoking using hepatoblasts from pluripotent stem cells. Arch.
Toxicol. 2017, 91, 3633-3643. [CrossRef]

Dessi, A.; Corona, L.; Pintus, R.; Fanos, V. Exposure to tobacco smoke and low birth weight: From epidemiology to metabolomics.
Expert Rev. Proteom. 2018, 15, 647-656. [CrossRef]

Fischer, S.T.; Lili, L.N.; Li, S.; Tran, V.T.; Stewart, K.B.; Schwartz, C.E.; Jones, D.P.; Sherman, S.L.; Fridovich-Keil, J.L. Low-level
maternal exposure to nicotine associates with significant metabolic perturbations in second-trimester amniotic fluid. Environ. Int.
2017, 107, 227-234. [CrossRef]

Tan, Y.; Barr, D.B.; Ryan, P.B.; Fedirko, V.; Sarnat, J.A.; Gaskins, A.J.; Chang, C.-].; Tang, Z.; Marsit, C.J.; Corwin, E.J.; et al.
High-resolution metabolomics of exposure to tobacco smoke during pregnancy and adverse birth outcomes in the Atlanta African
American maternal-child cohort. Environ. Pollut. 2022, 292, 118361. [CrossRef]

O’Shaughnessy, PJ.; Monteiro, A.; Bhattacharya, S.; Fowler, P.A. Maternal Smoking and Fetal Sex Significantly Affect Metabolic
Enzyme Expression in the Human Fetal Liver. |. Clin. Endocrinol. Metab. 2011, 96, 2851-2860. [CrossRef]

Bruin, J.E.; Petre, M.A ; Raha, S.; Morrison, K.M.; Gerstein, H.C.; Holloway, A.C. Fetal and Neonatal Nicotine Exposure in Wistar
Rats Causes Progressive Pancreatic Mitochondrial Damage and Beta Cell Dysfunction. PLoS ONE 2008, 3, €3371. [CrossRef]


http://doi.org/10.1093/rheumatology/kew207
http://doi.org/10.1155/2013/637897
http://doi.org/10.1038/s41598-017-05785-0
http://doi.org/10.1371/journal.pone.0183185
http://doi.org/10.1016/j.jsbmb.2020.105591
http://www.ncbi.nlm.nih.gov/pubmed/31954177
http://doi.org/10.1017/S0033291700048017
http://www.ncbi.nlm.nih.gov/pubmed/6622612
http://doi.org/10.1007/s10654-007-9209-z
http://www.ncbi.nlm.nih.gov/pubmed/18095172
http://doi.org/10.1111/j.1651-2227.1991.tb11945.x
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.18637/jss.v045.i03
http://doi.org/10.1136/bmj.311.6998.171
http://doi.org/10.1152/physrev.00053.2003
http://doi.org/10.1159/000487118
http://doi.org/10.1016/j.mce.2014.06.016
http://www.ncbi.nlm.nih.gov/pubmed/24997359
http://doi.org/10.1016/j.toxlet.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22265867
http://doi.org/10.1016/0143-4004(89)90017-9
http://doi.org/10.1007/s00204-017-1983-0
http://doi.org/10.1080/14789450.2018.1505508
http://doi.org/10.1016/j.envint.2017.07.019
http://doi.org/10.1016/j.envpol.2021.118361
http://doi.org/10.1210/jc.2011-1437
http://doi.org/10.1371/journal.pone.0003371

Metabolites 2022, 12,1101 15 of 15

63. Kooijman, M.N.; Kruithof, C.J.; van Duijn, C.M.; Duijts, L.; Franco, O.H.; van, LM.H.; de Jongste, J.C.; Klaver, C.C.; van der
Lugt, A.; Mackenbach, J.P; et al. The Generation R Study: Design and cohort update 2017. Eur. J. Epidemiol. 2016, 31, 1243-1264.
[CrossRef]

64. Hellmuth, C.; Lindsay, K.L.; Uhl, O.; Buss, C.; Wadhwa, P.D.; Koletzko, B.; Entringer, S. Maternal Metabolomic Profile and Fetal
Programming of Offspring Adiposity: Identification of Potentially Protective Lipid Metabolites. Mol. Nutr. Food Res. 2019,
63, 1700889. [CrossRef] [PubMed]

65. Rauschert, S.; Uhl, O.; Koletzko, B.; Kirchberg, F; Mori, T.A.; Huang, R.-C.; Beilin, L.J.; Hellmuth, C.; Oddy, W.H. Lipidomics
Reveals Associations of Phospholipids with Obesity and Insulin Resistance in Young Adults. J. Clin. Endocrinol. Metab. 2016, 101,
871-879. [CrossRef] [PubMed]

66. Uhl, O,; Glaser, C.; Demmelmair, H.; Koletzko, B. Reversed phase LC/MS/MS method for targeted quantification of glycerophos-
pholipid molecular species in plasma. J. Chromatogr. B 2011, 879, 3556-3564. [CrossRef] [PubMed]


http://doi.org/10.1007/s10654-016-0224-9
http://doi.org/10.1002/mnfr.201700889
http://www.ncbi.nlm.nih.gov/pubmed/29714050
http://doi.org/10.1210/jc.2015-3525
http://www.ncbi.nlm.nih.gov/pubmed/26709969
http://doi.org/10.1016/j.jchromb.2011.09.043
http://www.ncbi.nlm.nih.gov/pubmed/22014895

	Introduction 
	Material and Methods 
	Study Design 
	Fetal Tobacco Exposure 
	Metabolite Measurements 
	Covariates 
	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	Fetal Tobacco Exposure and Neonatal Metabolite Profiles and Ratios 
	Sex-Specific Analyses 
	Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

