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ARTICLE INFO ABSTRACT

Keywords: Background: Cholesterol at birth influences development and long-term health, but its environmental and bio-
Exposome logical determinants remain understudied.

Cholesterol Methods: This study investigates associations between the prenatal exposome and cord blood lipid profiles in
gf.::at:;)()d 1,732 mother—child pairs from the Belgian ENVIRONAGE cohort. An exposome-wide association study, a dele-

tion/substitution/addition variable selection, and multi-exposure regressions were applied to assess 90 external
exposures in relation to cord blood total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), non-
HDL-C, and low-density lipoprotein cholesterol (LDL-C). Partial correlations were used to assess relations be-
tween 14 internal exposures and cholesterol levels. Mediation of identified internal exposures was tested via an
imputation-based approach.

Results: Greater sunshine duration and higher atmospheric pressure during pregnancy were inversely associated
with TC. Exposure to black carbon, presence of a heating tank in the household, maternal smoking, and pri-
miparity were associated with lower HDL-C, while folic acid supplementation was associated with higher HDL-C.
Primiparity was also associated with higher non-HDL-C, and sunshine exposure with lower non-HDL-C. Several
biomarkers, including ferritin, thyroid hormones, and inflammatory markers, were correlated with lipid profiles.
Homocysteine mediated the effect of atmospheric pressure on TC. Triiodothyronine (fT3), insulin, estradiol, and
IL-6 mediated the effect of smoking on HDL-C. fT3 mediated the effect of folic acid on HDL-C, while insulin
mediated the effect of primiparity on HDL-C. These findings reveal complex interactions between prenatal
environmental exposures, internal biomarkers, and newborn lipid profiles, underscoring the importance of early-
life exposome research for preventive health strategies.

1. Introduction

At birth, cholesterol plays a critical role in development as a struc-
tural component of cell membranes, a precursor of steroid hormones,
and a signalling molecule (Schade et al., 2020). Cord blood cholesterol
levels have been associated with adverse birth outcomes, including large
for gestational age (LGA) (Alfano et al., 2020; Ye et al., 2022), preterm
birth (Ghaemi et al., 2014), as well as later childhood outcomes such as
obesity (Algaba-Chueca et al., 2022) and emotional and social devel-
opment (Manczak and Gotlib, 2019). Importantly, cord blood choles-
terol has been shown to predict cholesterol levels in childhood, which in

turn predict adult levels, suggesting that early-life lipid profiles may
serve as early indicators of long-term cardiometabolic risk (Juhola et al.,
2011; Taageby Nielsen et al., 2023). Within the Developmental Origins
of Health and Disease (DOHaD) framework, such early-life biological
markers are increasingly conceptualised as capturing fetal responses to
prenatal environments that may influence later disease risk (Barker,
2007; Dai et al., 2020).

Previous research identified factors such as gestational age, parity,
birthweight, maternal physical activity, and lipid levels during preg-
nancy that are associated with neonatal cholesterol levels (Alfano et al.,
2020; Collings et al., 2020; Ghaemi et al., 2014; Go et al., 2023; @yri

* Corresponding author at: Centre for Environmental Sciences, Environmental and Molecular Epidemiology, Hasselt University, Agoralaan gebouw, D BE-3590

Diepenbeek, Belgium.
E-mail address: rossella.alfano@uhasselt.be (R. Alfano).

https://doi.org/10.1016/j.envint.2026.110238

Received 21 July 2025; Received in revised form 25 February 2026; Accepted 3 April 2026

Available online 3 April 2026

0160-4120/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



R. Alfano et al.

et al., 2021a). Yet, most studies have focused on single exposures,
limiting understanding of the joint relationships between complex pre-
natal environments and neonatal lipid profiles. The exposome frame-
work provides a complementary approach to systematically assess
multiple external exposures and internal biological responses across the
life course. The external exposome captures environmental influences,
while the internal exposome reflects downstream molecular signatures
that may represent proximal biological pathways through which these
exposures become biologically embedded (Chadeau-Hyam et al., 2011).

Despite its relevance for studying early-life metabolic programming,
comprehensive exposome-wide investigations of cord blood cholesterol
are lacking. Therefore, this study addresses this gap by examining the
association between the external and internal exposome and cord blood
cholesterol. Assessing mediation by internal exposures enables investi-
gation of biological pathways through which prenatal environmental
factors may influence neonatal lipid metabolism. Thus, we examined
whether internal exposures mediate the observed relationships between
external exposures and cord blood cholesterol, thereby providing insight
into potential biological mechanisms linking the prenatal environment
to early-life metabolic programming.

2. Methods

ENVIRonmental influence ON early AGEing (ENVIRONAGE) is a
mother—child cohort established in 2010 at the East-Limburg Hospital
(Genk, Belgium) with ongoing recruitment of more than 2,000 single-
tons (Janssen et al., 2017). ENVIRONAGE aims to investigate the
interaction between environmental or lifestyle factors (air pollution,
nutrition, etc.), molecular markers of ageing (mitochondrial function,
telomere length, etc.), and clinical outcomes (cardiovascular function,
cognitive performance, etc.) from birth through childhood. The cohort
recruits mother—child pairs during delivery. Inclusion criteria are
informed consent and the ability to complete questionnaires in Dutch.
Medical records of the pregnancy, including obstetric information, are
retrieved from the hospital, and lifestyle factors during pregnancy are
derived from questionnaires filled out by the mothers after delivery.
Demographic and lifestyle characteristics of the ENVIRONAGE birth
cohort participants are similar to those of the population in Flanders
(Janssen et al., 2017). The study follows the Declaration of Helsinki, and
ethical approval was granted by Hasselt University and East-Limburg
Hospital (EudraCT B371201216090). For this study, 1,732 partici-
pants, recruited between January 2010 and March 2020, were selected
based on the availability of at least one cholesterol measurement and
one exposome variable.

2.1. Biospecimen collection

Umbilical cord blood was collected immediately after delivery using
BD Vacutainer® plastic tubes with spray-coated K2EDTA. Samples were
centrifuged at 3,200 rpm for 15 min, and plasma was aliquoted and
stored for subsequent measurement of cholesterol and internal expo-
some biomarkers.

2.2. Cholesterol

TC, HDL-C, and LDL-C were measured in cord blood plasma using a
Cobas 8000 C702 analyzer (Roche, Basel, Switzerland) and expressed in
mg/dL. Non HDL-C was calculated as the difference between TC and
HDL-C.

2.3. Exposome

The exposome was constructed using all the prenatal exposures
available within the ENVIRONAGE cohort (Janssen et al., 2017). Ex-
posures were systematically screened according to predefined eligibility
criteria (Supplemental Methods), including insufficient completeness,
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repeated measures, sparse category distributions, or high inter-
correlation (r > 0.90). After application of these criteria, a total of
104 exposures were retained for the present study and categorized into
two domains:

1) external exposome: including 90 factors related to the in utero
environment. These exposures were selected to capture key di-
mensions of the prenatal exposome, including: air pollution, built
environment, diet, green space, indoor household characteristics,
lifestyle, meteorology, socioeconomic, obstetric, and health charac-
teristics, traffic, traffic noise and water disinfectant by-products.
internal exposome: including 14 biomarkers that were selected based
on their relevance to key physiological systems involved in prenatal
development. These biomarkers were measured in cord blood at
delivery, reflecting the newborn’s internal environment.

2

—

2.3.1. External exposome

The external exposome included 90 variables (Table 1). Full details
on the characterization and measurement methods of each subdomain of
the exposome are provided in the Supplemental Methods. In brief,
exposure assessment was conducted using a combination of geographic
information systems (GIS), hospital-based medical records, and ques-
tionnaire data completed by the mothers after delivery. Specifically,
GIS-based exposure data were derived from maternal address informa-
tion. Maternal addresses were collected through a self-completed
maternal questionnaire, capturing details about the address at the
time of delivery and the duration of residence at that location. For
mothers who changed addresses during pregnancy, additional infor-
mation was obtained, including previous addresses and the dates of
relocation. Exposure estimates were then calculated, accounting for
address changes during the relevant periods to ensure accurate
assessments.

2.3.2. Internal exposome

Fourteen internal biomarkers (Excel Table S1) were measured in
cord blood plasma using a Cobas 8000 C702 analyzer (Roche, Basel,
Switzerland) at the East-Limburg Hospital (Genk, Belgium). These
included markers of the thyroid axis (thyroid-stimulating hormone
[TSH], free triiodothyronine [fT3], and free thyroxine [fT4]), kidney
function (cystatin C), immune response (interleukin-6 [IL-6]), and
metabolic processes (ferritin, homocysteine, glucose, insulin, and
gamma-glutamyl transferase [GGT]). Additional biomarkers included
those related to vitamin status (vitamin D) and reproductive hormones
(estradiol [E2], progesterone, and sex hormone-binding globulin
[SHBG]). These biomarkers were considered part of the internal
neonatal exposome (herein referred to as the internal exposome), as they
captured biological responses to prenatal exposures.

2.4. Covariates

Child sex, gestational age (in weeks, estimated based on the last
menstrual cycle and, if not available, on the first fetal ultrasound ex-
amination), and birthweight (in grams) were obtained from obstetric
data. Information on child ethnicity (non-European if the country of
origin of 3 or more grandparents was non-European, otherwise Euro-
pean) was obtained from the maternal questionnaire completed at birth.
Grandparental origin was used because parental country of origin does
not capture ethnicity, and this approach provided greater discriminatory
capacity to capture ancestry and migration background. However, this
classification may introduce some misclassification, particularly in
families with mixed ancestry (e.g., 2 European and 2 non-European
grandparents), where the threshold-based definition may not fully
capture underlying genetic or sociocultural heterogeneity. Cholesterol
levels (TC, HDL-C, and LDL-C) were measured in maternal blood two to
three days after delivery using the same method described above for
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Table 1 Table 1 (continued)
Description of the exposures included in the external exposome (N = 90). Subdomain N Exposures Exposure
Subdomain N Exposures Exposure exposures assessment
exposures assessment number of the total packs
Air pollution 5 Average BC, NOy, PM, 5,  GIS linkage to of cigarettes*. Any
PM;, O3 (mg/m%) dispersion model alcohol consumption and
maternal exposure number of glasses per
during pregnancy week the mother
Built 8 Urban, suburban and GIS linkage to consumed before* and
environment rural location of the green and during the pregnancy*.
maternal residence European maps Maternal physical
during pregnancy. exercise during
Population density pregnancy (none or once
(inhabitants per km?), or more than once per
building density (total week).
built area in m? per km?), Meteorology 7 Average temperature GIS linkage to local
street connectivity (°Q), relative humidity weather station
(number of road (%), precipitation (mm), data
intersections per km?), pressure (hPA), wind
total length in meters of speed (km/h), and
bus lines and number of sunshine (hours) and
bus stops per km?, as average UV maternal
well as facility richness exposure during
and facility density* pregnancy
around 300 m from Socioeconomic 5 Maternal neighbourhood  GIS linkage to
maternal residential socioeconomic status Belgian statistical
address during during the pregnancy, data, general
pregnancy based on annual questionnaire
Diet 12 Any maternal General household income per
consumption of coffee, questionnaire statistical sector in the
tea, and soft drinks (e.g., Belgium country for the
cola) and frequency* year of 2014. Number of
(glasses/week) during adults (> 18 years) or
pregnancy. Frequency of children* (< 18 years) in
consumption of eggs, the house, maternal
vegetables and fish educational achievement
consumed by the mother (categorized by ISCE-21
during pregnancy into three levels) and
sourced from the maternal occupation
mother's or family, (coded according to the
friends, or neighbours. ISCO-88) at birth.
Any maternal use of non- Obstetric and 20 Maternal age at delivery Obstetric data
stick cookware with health (in years), season at
damaged coatings. characteristics conception (winter,
Green space 6 Average high, low and GIS linkage to spring, summer and
total green space and green local and autumn®), type of
agricultural space and European maps delivery (natural or
normalized difference caesarean section),
vegetation index, and parity (primipara,
enhanced vegetation secondipara or
index at 300 m buffer multipara), maternal
from the maternal’s pre-pregnancy BMI (Kg/
residential address m?) and weight gain
during pregnancy during pregnancy (Kg),
Indoor household 10 Heating methods (gas, General type of conception
characteristics electric, wood, pellet or questionnaire (natural, hormonal
other kind of stove used stimulation, IVF, IUI and
for heating, having a ICSI), assumption of
central heating tank drugs (e.g., paracetamol
inside or outside the and antibiotics), folic
house), ventilation acid and vitamins during
method (passive, pregnancy, maternal
mechanical ventilation chronic diseases (e.g.,
system C or D, problems tachycardia, infectious
with ventilation), any diseases, hypertension,
presence of humidity and thyroid diseases, asthma
mold in the household. and allergies), and
Lifestyle 12 Any maternal tobacco General diseases during
active smoking and questionnaire pregnancy (preeclampsia
number of cigarettes and gestational diabetes)
smoked during* and Traffic 2 Distances from maternal ~ GIS linkage to local

before the pregnancy*.
Any maternal second
hand smoking exposure
during the pregnancy.
Number of years of
smoking*, lifetime

residence to the nearest
major road (m) with
available traffic counts
and traffic weighted
density in 100-m buffer
from maternal residence

road maps

(continued on next page)
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Table 1 (continued)

Subdomain N Exposures Exposure
exposures assessment
Traffic noise 1 Average maternal 24-h GIS linkage to
residential traffic noise European noise
exposure during maps
pregnancy (dB(A))
Water 2 The maternal habit of General
disinfectant by- swimming in pools, as questionnaire
products possible exposure to

disinfectant by-products,
and the number of times
the mothers swam in

pools during pregnancy*

* variables (N = 12) excluded from the analysis due to high collinearity (r >
0.99).

GIS = geographic information system; IVF = in vitro fertilization; IUI = intra-
uterine insemination; ICSI = intracytoplasmic sperm injection; ISCE-21 = in-
ternational standard classification of education 2021; ISCO-88 = international
standard classification of occupations 1988.

cord blood. Additionally, maternal non HDL-C levels were calculated as
the difference between TC and HDL-C.

2.5. Statistical analysis

Prior to statistical analysis, cholesterol levels, external exposome,
internal exposome, and covariates underwent the following pre-
processing steps to ensure data quality and suitability for analysis.
Categorical variables with more than two levels were transformed into
dummy variables. This process generated 35 dummy variables,
expanding the pregnancy external exposures from 90 to 125 (Excel
Table S2). Ordinal categorical variables were retained as continuous to
preserve rank information. Continuous variables with > 80% zero ob-
servations were dichotomized to reduce zero inflation and improve
model stability. Outliers, defined as values exceeding + 5 standard de-
viations from the mean, were winsorized, using the datawizard R pack-
age, to limit the influence of extreme values while retaining
observations. Continuous variables were transformed to approximate
normality using the bestNormalize R package, which selected the optimal
transformation based on the Pearson P statistic divided by its degrees of
freedom. Transformed variables were subsequently centered to the
mean and standardized to unit variance. If normality could not be
achieved (Kolmogorov-Smirnov test p-value < 0.05), variables were
dichotomized at the median to enable inclusion in downstream analyses.
Correlation analyses were conducted using the polycor R package.
Pearson, polychoric, and polyserial correlations were calculated: (1)
between cholesterol measurements and covariates (Fig. S1), (2) be-
tween external exposome variables (Fig. S2), and (3) between internal
exposome variables (Fig. S3). Heatmaps were generated to visualize
these correlations. To identify near-identical or highly redundant vari-
ables, pairs with absolute correlation coefficients (r) > 0.99 were
identified, and one variable from each pair was excluded based on
interpretability and data completeness. This process was not applied to
dummy variables derived from the same underlying categorical vari-
able. After preprocessing, 113 external exposome variables and all 14
internal biomarkers were retained for analysis. No other variables in the
internal exposome or covariates were excluded. A detailed preprocess-
ing workflow is provided in Fig. S4.

Descriptive statistics for the study population were presented as
mean + standard deviation for continuous variables and as counts
(percentages) for categorical variables. Missing data in the external
exposome, internal exposome, and covariates were imputed using the
mice R package. Twenty imputed datasets were generated, with external
exposome, internal exposome, covariates, and outcome variables used
as predictors in the imputation models.
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2.5.1. Analysis of the external exposome and cord blood cholesterol

The association between the external exposome and each of the cord
blood cholesterol variables was examined through a three-step analysis.
Briefly, step 1 enabled broad screening, step 2 refined the variable se-
lection based on predictive performance, and step 3 estimated adjusted
associations.

(i) In step 1, exposome-wide association studies (ExWAS) were
conducted using the rexposome R package. EXWAS was used as a
hypothesis-free screening approach to efficiently identify candi-
date exposures associated with cholesterol outcomes across the
high-dimensional exposome. Linear regression models were fitted
to assess the association between each external exposome vari-
able (independent variable) and cord blood cholesterol mea-
surements (dependent variable) across all 20 imputed datasets.
Results were pooled using Rubin’s rules for multiple imputation,
yielding a single association estimate and a single p-value for
each exposome variable. To account for multiple testing, a sig-
nificance threshold of p = 6.43 x 10"* was applied, calculated as
0.05 divided by the effective number of independent tests (N =
78), estimated based on the correlation structure of the p-values
(Li et al, 2012). The effective number of independent tests
approach was used instead of a standard Bonferroni correction to
account for correlation among external exposures and to main-
tain adequate power for hypothesis-free exposome screening.
Manbhattan plots were generated to visualize the EXWAS results.

(i) Instep 2, exposures identified in the ExXWAS were evaluated using
the deletion/substitution/addition (DSA) algorithm (Sinisi and
van der Laan, 2004), implemented in the DSA R package. The
DSA algorithm was applied to reduce false-positive findings of
EXWAS and identify a parsimonious subset of exposures with
strong joint predictive performance. The DSA algorithm aimed to
determine the regression model that minimizes the root mean
squared error of prediction using 5-fold cross-validation. DSA was
applied to the 20 imputed datasets stacked together, with each
dataset weighted equally, in order to perform variable selection
across imputations while avoiding arbitrary reconciliation of se-
lection results obtained separately within each imputed dataset.
Importantly, this stacked approach was used solely for exposure
selection. To improve the robustness of the selection procedure,
DSA was run 50 times. Exposures with ranks lower than or equal
to the best cross-validated cut-off value in more than 10% of the
runs (N = 5) were retained.

(iii) Finally, all exposures selected by the DSA algorithm were
included in a multi-exposure linear regression model. Multi-
exposure regression models were fitted to estimate mutually
adjusted associations and account for correlation and confound-
ing between co-occurring environmental exposures. Associations
were considered statistically significant at p < 0.05. Forest plots
were generated to visualize the results.

The combined use of EXWAS and DSA was based on a previous
exposome simulation study, which identified EXWAS as the method with
the highest sensitivity (96%), albeit with a higher false positive rate
(86%), while DSA demonstrated the lowest false positive rate (28%), yet
maintained good sensitivity (73%) (Agier et al., 2016). Covariates
included in the models were visualized in a directed acyclic graph (DAG,
Fig. S5A) using dagitty (Textor et al., 2016). All the analyses (ExXWAS,
DSA, and multi-exposure models) were adjusted for newborn sex and
ethnicity. Additionally, analyses of HDL-C, LDL-C, and non HDL-C were
adjusted for TC to account for the physiological dependency between
lipid subfractions and TC concentration, thereby isolating fraction-
specific associations independent of TC.

Sensitivity analyses

To assess the robustness of the identified associations, we conducted
several sensitivity analyses. Multi-exposure models, adjusted for
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newborn sex, ethnicity, all exposures identified by DSA for the specific
cholesterol measurement, and TC for the HDL-C and LDL-C models, were
stratified by newborn sex to investigate potential sex-specific associa-
tions. The analyses were also repeated by excluding preterm births
(gestational age < 37 weeks) to account for potential bias related to
immature fetal lipid metabolism associated with shorter gestation, and
excluding caesarean-section deliveries to account for potential bias due
to differences in perinatal stress response and early microbial exposure
between delivery modes.

2.5.2. Analysis of the internal exposome and cord blood cholesterol

Since internal exposome biomarkers and cholesterol levels were
measured simultaneously in the same biological matrix (cord blood),
bidirectional relationships are possible. To account for this, we analyzed
the internal exposome separately from the external exposome, the latter
being based on prenatal exposures and therefore temporally preceding
the outcome. We calculated partial Pearson correlations via the ppcor R
package between cord blood cholesterol and internal exposome vari-
ables, adjusting for covariates identified in the DAG shown in Fig. S5B
(newborn sex, ethnicity, birthweight, gestational age, TC for HDL-C,
LDL-C, and non HDL-C correlations, and the corresponding maternal
cholesterol levels). r values were first calculated within each imputed
dataset, transformed to a normally distributed z-score via Fisher’s z-
transformation, pooled using Rubin’s rules, and then retransformed
back to the original r-scale coefficient after pooling. We considered
significant correlations with a p-value below 8.93 x 10%* which was
determined using a Bonferroni correction to account for multiple testing
obtained by dividing the threshold of 0.05 by the number of computed
correlations (N = 56). This conservative approach was applied given the
limited number of internal biomarkers analyzed (N = 14) and the tar-
geted nature of the correlation analysis, providing robust control of the
family-wise error rate. This different multiple testing correction strategy
was applied compared with the external exposome analysis, which used
the effective number of independent tests approach, because the two
domains differed in analytical objective and dimensionality.

Sensitivity analyses

To assess the robustness of the identified correlations, sensitivity
analyses were conducted following the same strategy applied to the
external exposome analyses. In detail, analyses were: (i) stratified by
newborn sex, (ii) repeated after exclusion of preterm births (gestational
age < 37 weeks), and (iii) repeated after exclusion of caesarean-section
deliveries.

2.5.3. Mediation analyses

We evaluated the possible mediating effect of internal biomarkers,
identified in the internal exposome analyses, in the associations between
external exposures, identified in multi-exposure models, and cholesterol
levels, via the imputation approach implemented in the medflex R
package (Vansteelandt et al., 2012). This framework assumes that
external exposures may influence cholesterol through intermediate
biological pathways reflected by internal biomarkers. However, given
the simultaneous measurement of internal biomarkers and cholesterol in
cord blood, temporality cannot be established and bidirectional re-
lationships are possible. Consequently, these mediation analyses should
be interpreted as exploratory and hypothesis-generating, providing
insight into potential biological pathways rather than confirming causal
mechanisms. Mediation analyses were performed using the 20 imputed
datasets and estimates were pooled using Rubin’s rules via the mitools R
package. The total effect (TE) was decomposed into the natural indirect
effect (NIE) and the natural direct effect (NDE). We considered NIE to be
significant if 95% confidence intervals (95% CI) did not include 0. The
95% CI threshold was determined using a Bonferroni correction to ac-
count for multiple testing, calculated as 0.05 divided by the total
number of mediation analyses performed (N = 59). Based on the DAGs
displayed in Fig. S5, mediation analyses were adjusted for sex and
ethnicity. Since gestational age, birthweight, and the corresponding
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maternal cholesterol measurements are mediators in the pathway be-
tween external exposures and cholesterol, but also potential con-
founders for the association between internal exposures and cholesterol,
they were included as covariates in the imputation step but not in the
final regression model.

3. Results

The study population included 1,732 mother—child pairs (Table 2). A
minority of the children were of non-European ethnicity (17.2%). Sex
distribution was nearly equal (49.1% were girls), with a mean gesta-
tional age of 39.2 weeks and an average birthweight of 3,422.1 g. For
cord blood, the mean TC was 66.0 mg/dL, HDL-C was 30.0 mg/dL, LDL-
C was 22.3 mg/dL, and non HDL-C was 36.0 mg/dL (Table 2 and
Fig. S1). The mean maternal TC was 219.2 mg/dL, LDL-C was 115.8 mg/
dL, HDL-C was 64.9 mg/dL, and non HDL-C was 154.2 mg/dL. Cord
blood cholesterol levels were significantly higher in girls than in boys (t-
test p-value < 0.01, Excel Table S3). Maternal and cord blood choles-
terol levels were strongly correlated within mothers (absolute r range =
0-0.94) and newborns (absolute r range = 0.20-0.82) but weakly
correlated between them (absolute r range = 0.02-0.12) (Fig. S1).
External exposome variables had a mean r of 0.11 (absolute r range =
0-0.99), with correlations being stronger within exposome subdomains
(Fig. S2), while internal exposome variables had a mean r of 0.10 (ab-
solute r range = 0-0.48) (Fig. S3).

3.1. External exposome

First, EXWAS analyses identified 14 unique exposures associated
with cord blood cholesterol (p-values < 6.43 x 10'04) among the 113
external exposures considered in the study (Fig. 1, Excel Table $4). Two
exposures, exposure to sunshine and atmospheric pressure during
pregnancy, were associated with TC (Fig. 1A). Eleven exposures were
associated with HDL-C (Fig. 1B): black carbon (BC) and particulate
matter smaller than 2.5 pm (PM;5) exposure during pregnancy, pres-
ence of a central heating tank inside the house, maternal age at delivery,
maternal smoking during pregnancy, maternal smoking status prior to
pregnancy (non-smokers and ex-smokers), sunshine exposure during
pregnancy, folic acid supplementation during pregnancy, primiparity
and secundiparity. No exposure was significantly associated with LDL-C
(Fig. 1C). 14 exposures were associated with non HDL-C (Fig. 1D): BC,
nitrogen dioxide (NO3), ozone (O3) and PM; 5 exposures during preg-
nancy, presence of a central heating tank inside the house, maternal age
at delivery, maternal smoking during pregnancy, maternal smoking
status prior to pregnancy (non-smoker and ex-smoker), exposure to
sunshine and atmospheric pressure during pregnancy, folic acid sup-
plementation during pregnancy, primiparity and secundiparity.

In step 2, DSA selected 9 exposures (Excel Table S5). All exposures

Table 2
Descriptive characteristics of the study population (N = 1,732).

Characteristics N (%) or mean + SD % missings
sex, girls 828 (49.1) 2.7
gestational age, weeks 39.2+1.3 2.7
birthweight, grams 3422.1 + 466.7 2.0
ethnicity, non-European 279 (17.2) 6.3
cord blood TC (mg/dL) 66.0 (18.8) 0.5
cord blood HDL-C (mg/dL) 29.1 (10.2) 0.2
cord blood LDL-C (mg/dL) 22.3 (9.3) 1.4
cord blood non HDL-C (mg/dL) 36.0 (14.3) 0.7
maternal blood TC (mg/dL) 219.2 (52.4) 14.8
maternal blood HDL-C (mg/dL) 64.9 (17.6) 14.9
maternal blood LDL-C (mg/dL) 115.8 (42.1) 14.8
maternal blood non HDL-C (mg/dL) 154.2 (49.3) 14.9

The table shows descriptive statistics for unimputed and untransformed data.
BMI = body mass index; HDL-C = high-density cholesterol; LDL-C = low-density
cholesterol; SD = standard deviation; TC = total cholesterol.
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Fig. 1. Manhattan plots of exposome-wide association studies (ExXWAS) for cord blood cholesterol. Manhattan plots illustrating the EXWAS results for cord
blood: (A) total cholesterol (TC), (B) high-density lipoprotein cholesterol (HDL-C), (C) low-density lipoprotein cholesterol (LDL-C) and (D) non HDL-C. Each point
represents the —log;o p-value of the association between an exposure and cholesterol, grouped by exposure subdomain along the x-axis. The horizontal line indicates
the significance threshold (p-value = 6.43 x 10°%), calculated as 0.05 divided by the effective number of tests (n = 78). Labelled points represent exposures
significantly associated with cholesterol levels. All models are adjusted for newborn ethnicity, sex, and TC for HDL-C and LDL-C models.
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identified by EXWAS of TC were also retained by the DSA algorithm. Six
out of the 11 exposures identified by ExXWAS of HDL-C were retained by
DSA: BC exposure during pregnancy, presence of a central heating tank
inside the house, maternal smoking during pregnancy, maternal non-
smoking status prior to pregnancy, folic acid supplementation during
pregnancy, and primiparity. Two out of 14 exposures identified by
ExWAS of non HDL-C were retained by DSA: sunshine exposure during
pregnancy and primiparity.

Associations of the exposures retained by DSA with cholesterol were
tested in step 3 via multi-exposure linear models. In multi-exposure
linear models, a 1 SD increase in exposure to sunshine and atmo-
spheric pressure during pregnancy was associated with a decrease of
—1.31 (95% CI: —2.23, —0.38) and —1.27 (95% CI: —2.18, —0.36) mg/
dL of TC, respectively (Fig. 2A). 5 out of the 6 exposures selected by DSA
for HDL-C were associated with HDL-C (Fig. 2B). A 1 SD increase in BC
exposure during pregnancy, presence of a central heating tank inside the
house, maternal smoking during pregnancy, and primiparity was asso-
ciated with a decrease of —0.75 (95% CI: —1.11, —0.39), —1.37 (95% CI:
—2.08, —0.65), —2.50 (95% CI: —3.74, —1.26), and —2.64 (95% CL:
—3.32, —1.95) mg/dL of HDL-C, respectively, while folic acid supple-
mentation during pregnancy was associated with an increase of 1.88
(95% CI: 1.17, 2.60) mg/dL of HDL-C. Finally, primiparity was associ-
ated with an increase of 2.80 (95% CI: 2.04, 3.56) mg/dL of non HDL-C
and exposure to sunshine with a decrease of —1.06 (95% CL: —1.45,-
0.68) mg/dL of non HDL-C (Fig. 2C).

Sensitivity analyses of the multi-exposure models revealed that some
of the associations were more pronounced in boys, while further
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stratification excluding preterm births or caesarean-section deliveries
did not materially alter the main results (Fig. S6). For TC, inverse as-
sociations with atmospheric pressure and sunshine exposure were
observed in boys but not in girls. In boys, atmospheric pressure (p =
-1.23,95% CI: —2.16, —0.31) and sunshine exposure ( = -1.24, 95% CL:
—2.18, —0.31) were associated with lower TC. In contrast, in girls, effect
estimates were similar in direction but weaker and not statistically sig-
nificant (for atmospheric pressure: p = -1.17, 95% CI: —2.46, 0.12; and
for sunshine: p = -1.14, 95% CI: —2.49, 0.21). For HDL-C, smoking
during pregnancy was inversely associated in boys (f = -2.55, 95% CL:
—3.80, —1.31), but not in girls (f = -1.43, 95% CI: —3.17, 0.31). Folic
acid supplementation was positively associated with HDL-C in boys ( =
1.43, 95% CI: 0.70, 2.15) but not in girls (B = 0.60, 95% CI: —0.36,
1.56).

3.2. Internal exposome

Thirteen out of the 14 internal exposome variables were correlated
with cholesterol levels (p-values < 8.93 x 10'04). Nine biomarkers were
positively associated with TC: cystatin C (r = 0.13), ferritin (r = 0.16),
fT4 (r = 0.12), GGT (r = 0.21), homocysteine (r = 0.15), progesterone (r
=0.16), SHBG (r = 0.10), TSH (r = 0.08), and vitamin D (r = 0.10). Five
biomarkers were correlated with HDL-C: insulin (r = 0.13) and GGT (r =
0.11) positively, IL-6 (r = -0.12), fT3 (r = -0.15), and E2 (r = -0.11)
negatively. Ferritin (r = -0.18) and fT4 (r =-0.09) were negatively
correlated with LDL-C. Eight biomarkers were correlated with non HDL-
C: fT3 (r = 0.15), IL-6 (r = 0.17), E2 (r = 0.13), progesterone (r = 0.10)
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Fig. 2. Forest plots of multi-exposure model associations with cord blood cholesterol. Forest plots showing the regression estimates and 95% confidence
intervals (95% CI) for associations of exposures and cord blood (A) total cholesterol (TC), (B) high-density lipoprotein cholesterol (HDL-C) and (C) non HDL-C in
multi-exposure models. Estimates represent the change in cholesterol levels (mg/dL) per standard deviation increase in exposure (for continuous variables) or per
specific exposure category (for categorical variables). Only exposures commonly identified in the Exposome-Wide Association Studies (ExXWASs) and the deletion,
substitution and addition (DSA) are shown. Grayed estimates and 95% CI indicate non-significant associations (p-value > 0.05). P-values are not adjusted for multiple
comparisons. All models are adjusted for newborn ethnicity, sex, and TC for the HDL-C and non HDL-C model along with all the exposures identified for the specific

cholesterol measurement.
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and SHBG (r = 0.09) positively, and ferritin (r = -0.12), fT4 (r = -0.08)
and insulin (r = -0.12) negatively (Fig. 3).

Sensitivity analyses supported the primary findings, with the direc-
tion of correlations remaining consistent across models. However, the
correlations between TSH and TC, and between fT4 and LDL-C and non-
HDL-C did not remain significant in boys. Similarly, correlations be-
tween vitamin D and TC, and GGT and HDL-C in girls lost significance.
Additionally, when excluding caesarean-section deliveries, the correla-
tion between fT3 and non-HDL-C was no longer significant (Fig. S7).

We tested a total of 59 mediation paths (full results shown in Excel
Table S6). In mediation analysis, 4 internal exposures were found to
mediate the effect of 3 external exposures on TC and HDL-C. In detail,
the effect of maternal exposure to pressure during pregnancy on TC (TE
= -1.44) was mediated by cord blood homocysteine (NIE = -0.34, 95%
CI: —0.66, -0.01). The effect of folic acid supplementation during
pregnancy on HDL-C (TE = 1.87) was mediated by fT3 (NIE = 0.40, 95%
CI: 0.03, 0.77); the effect of maternal smoking during pregnancy on
HDL-C (TE = -2.95) was mediated by insulin (NIE = -0.62, 95% CI:
—1.18, -0.07), fT3 (NIE = -0.73, 95% CI: —1.31, -0.15), E2 (NIE = -0.61,
95% CI: —1.14, -0.07) and IL-6 (NIE = -0.64, 95% CIL: —1.20, -0.07); and
the effect of primiparity on HDL-C (TE = -2.38) was mediated by insulin
(NIE = -0.39, 95% CI: —0.74, -0.04) (Fig. 4).

4. Discussion

Our findings offer valuable insights into the factors influencing
offspring lipid profiles at birth and reveal possible mechanisms under-
lying cardiometabolic health risks in later life.

Since cholesterol levels at birth are predictive of cholesterol levels
later in life (Juhola et al. 2011), understanding the determinants of
early-life lipid profiles is crucial for guiding preventive strategies.
Although up to 59% of the variability in cholesterol levels is heritable, a
substantial modifiable fraction remains (Cadby et al. 2020), leaving
significant scope for preventive strategies. A recent study estimated that
lifelong reduction of LDL-C by 40 mg/dL could result in a 49% decrease
in coronary heart disease (Dron et al. 2023), highlighting the potential
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long-term benefits of early interventions.

While cholesterol levels at birth are not routinely measured, previous
literature suggests that they are low at delivery (Qyri et al. 2021a;
Strandkjeer et al. 2022) and reach adult levels between two and six
months of life (Pyri et al., 2021b; Taageby Nielsen et al. 2023).
Consistent with these findings, our study also showed that cord blood
cholesterol levels were lower than maternal levels at delivery. While
some correlation is expected due to the heritability of lipid traits (Cadby
et al. 2020; Teslovich et al. 2010; Willer et al. 2013) and placental
cholesterol transfer, the relatively low correlation we observed between
cord blood and maternal cholesterol levels supports the hypothesis that
distinct mechanisms govern cholesterol regulation in newborns as
pregnancy progresses (Horne et al. 2019; Qyri et al. 2021a). This sug-
gests that cord blood cholesterol levels are not merely a reflection of
maternal levels but are influenced by unique fetal physiological
processes.

Cord blood HDL-C was the cholesterol measure associated with most
external exposures, followed by TC and non HDL-C, while no exposure
was associated with LDL-C. This may be attributed to the predominance
of HDL-C in cord blood (Stadler et al. 2021), in contrast to adults, in
which LDL-C is the most abundant lipoprotein (Goldstein and Brown
1987). However, this observation may also reflect functional differences
in lipoprotein metabolism between newborns and adults. For instance,
proteomic studies have revealed distinct apolipoprotein concentrations
in cord blood HDL-C compared to adults, indicating potential attenua-
tion of anti-oxidative activity in newborns (Sreckovic et al. 2013; Stadler
et al. 2021).

Parity emerged as a key external factor, associated with both HDL-C
and non HDL-C. Previous studies have reported lower levels of cord
blood TC in children born to multiparous compared to nulliparous
mothers (Go et al., 2023). Similarly, we found that newborns of first-
time mothers had lower HDL-C and higher non-HDL-C levels
compared to those born to multiparous mothers. This association may
reflect maternal physiological changes due to previous pregnancies,
such as fluctuations in oestrogen, inflammation markers and insulin
(Ezeigwe et al. 2022; Kazzi et al. 2022; Motevalizadeh et al. 2024),
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Fig. 3. Heatmap of internal exposome correlations with cord blood cholesterol. Heatmap illustrating Pearson partial correlation coefficients between the 14
internal exposome variables and cord blood cholesterol levels. Correlations are adjusted for newborn sex, ethnicity, birthweight, gestational age, total cholesterol
(TC) for correlations involving high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and non HDL-C, and corresponding
maternal cholesterol levels. Numbers indicate correlation coefficients and are reported if p-value was below the threshold of 8.93 x 10e-04, calculated by dividing
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Fig. 4. Forrest plots of mediation analyses. Forest plots showing the estimates and 95% confidence intervals (95% CI) of total effects (TE), natural indirect effects
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maternal cholesterol levels were included as covariates in the imputation step but not in the final regression model, since they can be considered mediators in the
pathway between external exposures and cholesterol, but also potential confounders for the association between internal exposures and cholesterol.

which may influence lipid metabolism. In line with this hypothesis, we
identified insulin as a mediator in the relationship between primiparity
and HDL-C. Furthermore, family lifestyle adaptations related to preg-
nancy and child-rearing could also play a role.

Two meteorological factors were associated with cholesterol levels.
Atmospheric pressure during pregnancy was inversely associated with
TC. While studies investigating atmospheric pressure directly and lipid
metabolism in pregnancy are limited, studies of high-altitude preg-
nancy, which is characterised by chronic hypobaric hypoxia, demon-
strate that reduced oxygen availability can alter placental function and
fetal metabolism (Maatta et al. 2018). These adaptations involve coor-
dinated changes in hematological parameters, oxygen transport capac-
ity, and vascular function (Rangel et al. 2026), providing biological
plausibility for pressure-related influences on neonatal lipid profiles. In
addition, we identified homocysteine as a potential mediator of this
association, suggesting involvement of endothelial or oxidative stress-
related pathways. These novel findings, while intriguing, require
further validation. Exposure to sunshine during pregnancy was also
inversely associated with TC and non HDL-C. A plausible explanation for
this association could be a competitive mechanism involving increased
vitamin D synthesis in the skin, which shares a precursor (7-dehy-
drocholesterol) with cholesterol (Kuan et al. 2013). However, we did not
observe mediation via vitamin D in our analyses. Alternative mecha-
nisms, independent of vitamin D, such as systemic inflammation or
oxidative stress, may be relevant (Slominski et al. 2024). Furthermore,
while associations with lipids were identified for sunshine exposure,
similar relationships were not observed for ultraviolet radiation indices
or seasonality metrics. This suggests that sunshine duration, also
referred to as photoperiod, may capture broader environmental and
behavioural correlates, including circadian regulation during pregnancy
(Méndez et al. 2023). In addition to sunshine, several actionable factors
were identified. Some had previously documented effects on cholesterol,
such as maternal smoking, which we found associated with lower HDL-C
in cord blood, in accordance with a previous study (Iscan et al. 1997).
Multiple mechanisms can underlie this association. We identified IL-6,
fT3, insulin, and E2 as potential mediators of the effect of smoking
during pregnancy on offspring cholesterol. Notably, similar to our study
in children, a previous mediation study in adults identified inflamma-
tion mediating the effect of smoking on remnant cholesterol (Lai et al.
2024). Other factors, including folic acid supplementation, exposure to

BC during pregnancy, and having a central heating tank inside the
house, have been less studied at birth in relation to cholesterol. Our
results indicated that folic acid supplementation was positively associ-
ated with higher HDL-C levels, suggesting potential benefits for newborn
lipid profiles beyond neural tube defect prevention (Force 2023). This
finding warrants further investigation to explore the broader metabolic
effects of folic acid supplementation during pregnancy. Conversely, BC
and central heating tank presence inside the house were associated with
lower HDL-C. Indoor placement of combustion-based heating systems
may increase exposure to indoor air pollutants, including particulate
matter and combustion-related by-products. Both outdoor and indoor
air pollution have been linked to systemic inflammation and oxidative
stress, processes known to influence lipoprotein metabolism in adults (Li
et al.,, 2025; Wang et al., 2023; Zhang et al., 2023). It is therefore
plausible that such exposures during pregnancy may already be associ-
ated with lipid metabolism at birth.

Surprisingly, maternal BMI, diet, or physical exercise were not
identified as crucial factors influencing cholesterol levels at birth in our
analysis. Measurement error may have contributed to null findings for
self-reported exposures such as diet and physical activity. For maternal
BMI, which was objectively measured, a previous study similarly re-
ported no association with cord blood lipid concentrations (Geraghty
et al. 2017), and another reported higher cord blood total cholesterol
among offspring of obese mothers (Beneventi et al. 2025). These in-
consistencies suggest that the relationship between maternal adiposity
and neonatal lipid levels may be context-dependent. It is plausible that
maternal BMI does not uniformly translate into altered neonatal
cholesterol concentrations. Additionally, the relatively narrow distri-
bution of maternal BMI in our cohort may have limited statistical power
to detect subtle associations. Finally, it is also possible that maternal
adiposity has limited direct influence on conventional cord blood
cholesterol measures at birth.

Girls had higher levels of cholesterol than boys, consistent with
previous literature (Felzer-Kim et al. 2020). However, sex-stratified
analyses revealed that the effects of folic acid supplementation, sun-
shine exposure, atmospheric pressure, and maternal smoking during
pregnancy on cholesterol levels were specific to boys, suggesting a po-
tential sex-specific vulnerability to these exposures. This observation
aligns with previous studies in children showing sex-modified effects of
perfluoroalkyl substances on cholesterol levels (Blomberg et al. 2021),
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further supporting the notion that sex is an important modifier of
environmental influences on lipid metabolism.

To explore biological mechanisms, we examined correlations with
other cord blood biochemical markers. All, except glucose, were corre-
lated with cholesterol. Mediation analyses showed that several of these
internal biomarkers act as mediators of the effects of identified external
exposures on cholesterol. Interpretation of this result should be cautious
since reverse causality is possible. For example, fT3 was found to have a
mediation effect in the association between smoking and folic acid
supplementation and cholesterol levels; however, a Mendelian
randomization study indicated that cholesterol is influencing thyroid
hormones and not the opposite (Tan et al. 2025).

Our findings should be interpreted as hypothesis-generating rather
than demonstrating clinically meaningful physiological effects at birth.
Although several exposures were statistically associated with cord blood
cholesterol, the absolute magnitude of most associations was small to
modest, generally ranging between approximately 1-3 mg/dL per 1 SD
increase in exposure. For example, primiparity was associated with a
2.6 mg/dL reduction in HDL-C, corresponding to approximately 0.25
SDs within the neonatal lipid distribution, indicating a modest shift in
relative terms. Clinical dyslipidemia thresholds are not defined at birth,
as lipid risk classification begins in early childhood. For contextual
comparison only, epidemiologic evidence from adult populations in-
dicates that HDL-C differences on the order of approximately 1 SD (~10-
15 mg/dL) are associated with substantial gradients in coronary heart
disease risk in large pooled analyses (Di Angelantonio et al. 2009).
Therefore, while the exposure-related differences observed here are
unlikely to be clinically meaningful in the neonatal period, they may still
be relevant from a developmental programming perspective. Lipid levels
track from early life into adulthood, and even modest early-life varia-
tions may contribute to long-term cardiometabolic risk trajectories
(Juhola et al. 2011). In addition, exposures were operationalised as
whole-pregnancy averages within the exposome framework, precluding
identification of trimester-specific windows of susceptibility that may
differentially influence fetal lipid metabolism. Future hypothesis-driven
studies incorporating temporally resolved exposure assessments, more
sophisticated analytical approaches (e.g., distributed lag nonlinear
model), and longitudinal follow-up are needed to determine whether
these modest early-life differences translate into meaningful car-
diometabolic risk trajectories.

This study has several strengths. The study population had a large
sample size (N = 1,732). We employed a sequential analysis strategy,
using ExXWAS and DSA to identify relevant exposures, which were then
integrated into a multi-exposure model, to utilize the complementary
strengths and mitigate the inherent limitations of individual statistical
methods. Using an agnostic approach, including a wide range of expo-
sures (N = 104), offered the opportunity for novel discoveries. Sensi-
tivity analyses, excluding preterm and caesarean section deliveries,
confirmed the robustness of our findings.

However, there are limitations to acknowledge. Previous studies
identified specific genetic associations with infant cord blood lipids
(Huang et al. 2024), but in this study, we lacked genotype data to assess
genetic influences. Although our focus was on environmental de-
terminants, the absence of genetic information may have resulted in
residual confounding for some associations, particularly given the her-
itability of lipid traits. Given the cross-sectional nature of our anlysis, we
cannot exclude reverse causality for some exposures, such as those
within the internal newborn exposome. Furthermore, some exposures
derived from geographic information systems or maternal question-
naires (e.g., air pollution, physical activity, diet) are subject to mea-
surement error. Such non-differential misclassification would likely bias
effect estimates towards the null, potentially underestimating true as-
sociations. In our mediation analyses, we included only internal expo-
sures that were significantly associated with cholesterol. While this
approach helped focus on relevant pathways, it may have led to the
omission of potential mediators. We acknowledge our findings are not
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causal, but they provide a basis for future studies to explore mechanisms
underlying these associations. Future studies employing longitudinal
designs and Mendelian randomization approaches could further eluci-
date causal relationships. Finally, apart from parity and smoking, which
were previously associated with cord blood cholesterol levels (Iscan
etal., 1997; Go, H.; Hashimoto, K.; Maeda, H.; Ogasawara, K.; Kume, Y.;
Murata, T.; Sato, A.; Ogata, Y.; Shinoki, K.; Nishigori, H.; Ikeda-Araki, A.;
Fujimori, K.; Yasumura, S.; Hosoya, M.; Kamijima, M.; Yamazaki, S.;
Ohya, Y.; Kishi, R.; Yaegashi, N.; Hashimoto, K.; Mori, C.; Ito, S.;
Yamagata, Z.; Nakayama, T.; Sobue, T.; Shima, M.; Nakamura, H.;
Suganuma, N.; Kusuhara, K.; Katoh, T.; the Japan, E.; Children’s Study,
G. Cord blood triglyceride and total cholesterol in preterm and term
neonates: reference values and associated factors from the Japan Envi-
ronment and Children’s Study. European Journal of Pediatrics, 2023),
the associations we identified were novel. Therefore, validation in
external populations is needed.

Cord blood cholesterol levels are associated with different exposures,
including lifestyle, environmental exposures, and internal biomarkers.
Some of the identified internal exposures may also serve as mediators in
the relationships between cholesterol and external exposures. As car-
diometabolic health is determined from early life onwards, the insights
gained from this research contribute to the primary prevention of
cholesterol-related diseases in children.
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