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BACKGROUND: Preterm birth is associated with higher risks of suboptimal neurodevelopment and cardiometabolic disease later in
life. Altered maternal–fetal lipid supply could play a role in such risks. Our hypothesis was that very preterm infants born with very
low birth weight (VLBW) have altered lipidome and apolipoprotein profiles, compared with term infants.
METHODS: Seven mothers of VLBW infants born at <32 GA and 8 full-term mother–infant dyads were included. Cholesterol and
triglycerides in lipoproteins were determined in maternal plasma and in the two blood vessels of the umbilical cord (vein (UV) and
artery (UA)) following FPLC isolation. Apolipoprotein concentrations in lipoproteins and plasma lipidomic analysis were performed
by LC-MS/MS.
RESULTS: We found higher cholesterol and VLDL-cholesterol in UV and UA and lower apolipoprotein A-I in HDL2 in UV in preterm
neonates. Phosphatidylcholine (PC) containing saturated and monounsaturated fatty acids and specific sphingomyelin species were
increased in UV and UA, whereas PC containing docosahexaenoic acid (DHA) was reduced in UV of VLBW neonates.
CONCLUSIONS: Lower DHA-PC suggests a lower DHA bioavailability and may contribute to the impaired neurodevelopment.
Altered HDL-2, VLDL, and sphingomyelin profile reflect an atherogenic risk and increased metabolic risk at adulthood in infants
born prematurely.

Pediatric Research (2023) 93:938–947; https://doi.org/10.1038/s41390-022-02159-9

IMPACT:

● Lower ApoA-I in HDL2, and increased specific sphingomyelin and phosphatidylcholine containing saturated and
monounsaturated fatty acid could explain the accumulation of cholesterol in umbilical vein in VLBW preterm neonates.

● Decreased phosphatidylcholine containing DHA suggest a reduced DHA availability for brain development in VLBW preterm
infants.

● Characterization of alterations in fetal lipid plasma and lipoprotein profiles may help to explain at least in part the causes of the
elevated cardiovascular risk known in people born prematurely and may suggest that a targeted nutritional strategy based on
the composition of fatty acids carried by phosphatidylcholine may be promising in infants born very early.

INTRODUCTION
Preterm birth, defined as delivery prior to 37 weeks of gestation, is
a major public health issue as it is associated with increased
neonatal morbidity and mortality,1 and its prevalence is on the
rise.2 Preterm birth abruptly interrupts maternal–fetal nutrient
transfer at a time of tremendous growth (since a normal fetus
triples its weight in the third trimester) and of utmost importance
for the development of most fetal organs, particularly central
nervous system.3 Moreover, long-term follow-up studies have
demonstrated that infants born preterm and/or with intrauterine
growth restriction (IUGR) are exposed to enhanced risk of
impaired postnatal neurodevelopment4,5 and increased cardio-
vascular risk later in life.6

The lipoprotein profile in umbilical cord blood is influenced by
fetal prematurity and undernutrition.7,8 Using an 1H-nuclear
magnetic resonance-based metabolomic approach, we previously
observed that lipoproteins, notably low-density lipoprotein (LDL)
and very-low-density lipoprotein (VLDL), then high-density lipo-
protein (HDL) were lower in umbilical cord vein and arterial (UV
and UA, respectively) plasma of very low birth weight (VLBW)
preterm, compared to term neonates.9 Studies in preterm
neonates have largely demonstrated alterations in classical lipid
parameters, such as plasma cholesterol, HDL cholesterol (HDL-c),
LDL cholesterol (LDL-c), triglycerides (TGs), apolipoprotein A-I
(ApoA-I), or apolipoprotein B (ApoB). Cholesterol level was higher
in umbilical cord venous (UV) blood from near-term neonates
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(born between 35 and 36.6 weeks of gestation with a birth weight
(BW) mean of 2400 g) than from infants born at full term, due to
an increase in the LDL-c fraction.10 Moreover, plasma and LDL-c
remains at high level in preschool children (5–7 years) born very
preterm, compared with infants born at full term.11 By comparison
to full-term infants, altered fatty acid profile and particularly lower
long-chain polyunsaturated fatty acids (LCPUFA) have been
observed in premature infants (born prior to 36 weeks of
gestation)12 and particularly in small for gestational age (GA)
preterm13 suggesting impaired fetal metabolism of bioactive
complex lipids that may have deleterious effects on the
neurodevelopment of these infants.
Although numerous studies have been carried out in preterm

neonates,10,14 none has simultaneously explored the lipid and
apolipoprotein profile in lipoprotein, and the plasma lipidome in
both UV (which carries blood from placenta to fetus) and UA
(which carries blood from fetus to placenta) in very preterm
neonates (<32 weeks of gestation) with a VLBW (<1500 g).
Our working hypothesis was that the use of lipidomics combined

with the simultaneous assessment of the two blood vessels of
umbilical cord would highlight profound alterations in lipoprotein
profile and lipidome in preterm, compared with term infants.
The objectives of this pilot study were to (1) determine the

profiles of cholesterol and TG-associated lipoprotein particles in
maternal blood and UV and UA blood, (2) quantify the
apolipoproteins in lipoproteins, (3) characterize the modifications
in plasma lipidome, particularly fatty acid composition in
phospholipids, TG, cholesteryl ester, and other complex lipids in
VLBW preterm and term neonates and their respective mothers,
and (4) investigate the relationship between lipids such as
cholesterol, TGs, and apolipoproteins in lipoproteins and other
bioactive lipid metabolites using a lipidomic analysis in
mother–infant dyads after either a full-term pregnancy or a very
preterm delivery.
A better understanding of these early metabolic changes in

infants born very prematurely should help develop novel
strategies for primary prevention of impaired neurodevelopment
and chronic diseases.

MATERIALS AND METHODS
Study design and subjects
The registered study (ClinicalTrials.gov Identifier: NCT00607061) was
approved by the local medical ethical committee (Comité de protection
des personnes (CPP) des Pays de la Loire) and performed in the Department
of Obstetrics of the Hôpital Mère-et-Enfant at the University Hospital of
Nantes. A written informed consent was obtained from every mother a few
hours before delivery. The lipidomic investigation in this pilot study was
conducted in a subset of a larger sample size study previously reported.9,15

The blood from UV and UA was immediately collected at the time of birth
in preterm deliveries (n= 7) and in a control group of full-term deliveries
(n= 8). Maternal venous blood was also collected at delivery for every

neonate included to obtain insight into lipid maternal–fetal transfer in
both groups. Very preterm infants with a GA <32 weeks and a BW of 1500
g were enrolled as defined as high risk for death and medical
complication.16

The control group was selected with a GA over 37 weeks and uneventful
pregnancy and delivery. No fetal pathology was revealed during
pregnancy (Table 1). The sample size of the study is small due to the
difficulty of recruiting mothers in the stressful time of premature birth and
obtaining the blood samples from three sites (maternal vein, UV, and UA).

Lipid profiles
Isolation of lipoproteins. Lipoprotein fractions in plasma from all three
sampling sites were separated using a Fast Protein Liquid Chromatography
(FPLC) system based on the gel filtration property (AKTA FPLC SYSTEM®, GE
Healthcare, Piscataway, NJ). A 100 µL aliquot of plasma was used to
separate VLDL, IDL, LDL, HDL2, and HDL3 as previously described.17 Total
cholesterol and TG concentrations were measured in plasma and in all
lipoprotein fractions using colorimetric kits from Boehringer Mannheim
GmbH (Mannheim, Germany). Then lipoprotein fractions (500 µL) were
desalted and concentrated with 3mL of 50mmol/L ammonium bicarbo-
nate buffer using a 5 kDa molecular mass cut-off filter (Amicon®, Merck-
Millipore, Saint-Quentin-Fallavier, France) for apolipoprotein quantification.

Apolipoprotein quantification in lipoproteins. Apolipoproteins were quanti-
fied in concentrated lipoprotein fractions by liquid chromatography–tandem
mass spectrometry (LC-MS/MS) as previously described.18,19 Apolipoproteins
were quantified using trypsin proteolysis and the subsequent analysis of
proteotypic peptides by LC-MS/MS. Samples were prepared with the
ProteinWorks™ eXpress kit (Waters, Milford, MA), according to the
manufacturer’s instructions. Synthetic labeled and unlabeled proteotypic
peptides were provided by Thermo Scientific Biopolymers (Darmstadt,
Germany). Stock solutions (1mmol/L) were prepared in 50% acetonitrile
containing 0.1% formic acid and stored at −20 °C until use. A mixed solution
of unlabeled peptides was constituted and serially diluted in water to obtain
seven standard solutions as previously validated.19 Labeled peptides (i.e.,
containing [13C6

15,N2] K or [13C6
15,N4] R in the C-terminal position) were used

as internal standards (ISs). A mixed solution of ISs (35 µmol/L) was prepared
and added to digestion buffer (ammonium bicarbonate, 50mmol/L) to a final
concentration of 1.75 µmol/L. Samples (40 µL) were incubated for 10min at
80 °C in digestion buffer containing ISs (100 µL) and RapidGest detergent
solution (7mg/mL, 10 µL), reduced for 20min at 60 °C with dithiothreitol (70
mmol/L, 20 µL), alkylated for 30min at room temperature in the dark with
iodoacetamide (142mmol/L, 30 µL), and digested overnight at 37 °C (~16 h)
with trypsin (7mg/mL, 30 µL). Enzymatic digestion was stopped with 20%
trifluoroacetic acid (5 µL). After 15min at 45 °C, the precipitate was removed
by centrifugation (15min, 10 °C, 10,000 × g), and supernatants were cleaned
on 30mg Oasis HLB cartridges (Waters), which were conditioned (100%
methanol; 1mL), equilibrated (100% water; 1mL), loaded (sample; ~200 µL),
washed (5% methanol; 1mL), and eluted (80% methanol; 500 µL). The
eluates were dried under nitrogen (45 °C), reconstituted with 5% acetonitrile
containing 0.1% formic acid (100 µL), and injected (10 µL) into the LC-MS/MS
system. Analyses were performed on a Xevo® TQD mass spectrometer with
an electrospray (ESI) interface and an Acquity H-Class® UPLC™ device
(Waters). The optimized LC-MS/MS and “multiple reaction monitoring”
parameters have been detailed previously.18,19

Table 1. Clinical characteristics of mothers and infants.

Full term (n= 8) Preterm (VLBW) (n= 7) p value

Maternal age (years) 31.62 ± 5.6 24.4 ± 2.3 0.0085

BMI (kg/m2) 22.4 ± 2.6 23.1 ± 3.0 0.7346

Gestational age (weeks) 40.2 ± 0.6 28.9 ± 1.8 0.0002

Birth weight (g) 3697.5 ± 253.6 1127.8 ± 172.9 0.0003

Percentile of BW (%) 61.9 ± 12.3 31.8 ± 20.3 0.0051

Preeclampsia 0 2 0.1044a

Infant sex (F/M) 2/6 2/5 0.8760a

Data are reported as mean ± SD; p value significant at <0.05 in preterm compared to full-term group.
BMI body mass index, BW birth weight, VLBW very low birth weight, F female, M male.
aChi-square test.
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Lipidomic analysis in plasma. Lipids were extracted from plasma samples
of maternal and UV and UA plasma and analyzed by liquid
chromatography–high-resolution mass spectrometry (LC-HRMS as exten-
sively described previously.20,21 Briefly, a mixture of internal standards was
added to the plasma samples and to the quality control samples (QC).
Lipids were extracted twice from the plasma using Bligh and Dyer
method22 and centrifuged at 10,000 rpm for 10min at 4 °C. The combined
supernatants of lipids were transferred to a fresh 2-mL glass vial, dried
under nitrogen, and reconstituted in 100 μL of an isopropanol/acetonitrile/
H2O mixture (2:1:1, v:v:v). Lipid species analysis was performed on a
Synapt™ G2 HDMS Q-TOF mass spectrometer, equipped with an ESI
interface operating in the positive and negative ionization mode,
combined to an Acquity H-Class® UPLC™ device (Waters). Samples and
QC extracts were randomized and injected (5 µL) on the LC-HRMS device
(Waters). The optimized LC-HRMS parameters have been detailed
previously.20,21 Data acquisition and processing of mass spectrometry
data, including peak detection, integration, alignment, and normalization,
were achieved using the MassLynx® and MakerLynx® software (version 4.1,
Waters Corporation). Lipid markers were selected from the detected
features using an in-house lipidomic database of 180 lipid species built by
the use of lipid standards, the exact mass measured, the elemental
compositions with a mass error <5 ppm, the retention times, and the
fragmentation patterns as earlier described.23 The relative standard
deviation (RSD, %) was calculated for peak areas in the QC samples to
highlight the repeatability of the analytical process. Selected lipid markers
having a RSD value <30% were retained for multivariate analysis.20

The identification of lipids was performed using the LIPID MAPS
database (LIPID Metabolites and Pathways Strategy, http://www.lipidmaps.
org/) and based on the exact mass measured including adduct formed for
the ionization.

Statistical analysis
Statistical analyses were performed with GraphPad Prism® version 8.01. All
variables were compared between two independent groups, preterm vs.
term groups, in maternal, UV, and UA plasma by Mann–Whitney U-test.
Chi-square test was used to compare qualitative data in preterm and full-
term babies. p Value correction based on the false discovery rate using the
q value concept with a significance threshold set at q ≤ 0.05 was used for
the lipidomic analysis.24

Pearson’s correlation was performed to assess correlations between total
cholesterol or phosphatidylcholine (PC) (38:6) and GA, BW, and critical
lipids (sphingomyelin (SM), PC, and fatty acids) in UV plasma. Results are
expressed as means ± SD (standard deviation). Differences were consid-
ered significant at p < 0.05.

RESULTS
A total of 15 mother–infant dyads, 8 full-term and 7 VLBW preterm
neonates were enrolled. The body mass index of all the 15
mothers were <25 kg/m2. The 7 mothers with preterm neonates

delivered before 32 weeks and some of the preterm babies were
also suffering from IUGR, as shown by the lower percentile of BW
(Table 1).

Cholesterol was increased in umbilical cord plasma of preterm
neonates
Cholesterol concentration was increased in UV plasma in VLBW
preterm compared to term infants, whereas no difference in
circulating cholesterol was detected among mothers (Fig. 1a).
Maternal and fetal plasma TG concentration were not different
between VLBW and term neonates (Fig. 1b). To characterize
lipoprotein profile, plasma from maternal blood and from cord
blood was submitted to FPLC and VLDL, LDL-c, HDL-c, and TG
were determined in maternal and cord plasma. Based on
lipoprotein profile in adult,25 we identified four peaks that we
characterized as VLDL-, LDL-, HDL2-, and HDL3-like lipoproteins,
respectively. As shown in Fig. 2a, the levels of HDL-c and LDL-c
tended to be higher in preterm UV, compared with term infants
and not in umbilical artery (UA) (Fig. 2b). In maternal plasma,
cholesterol level in the various classes of lipoproteins was not
altered (Fig. 2c). The atherogenic index, plasma cholesterol/HDL-c
ratio, was higher in UV plasma from preterm than from term
infants (Fig. 3a). The cholesterol-associated lipoprotein concentra-
tion differed, with a non-significant increase in UV VLDL (+89%, p
= 0.15), and a significant increase (+150%, p= 0.02) in UA VLDL in
preterm, compared to term infants (Table 2). A strong trend
toward higher levels was observed in HDL3 cholesterol in UA
(+29%, p= 0.06) but not in UV. We found a trend towards lower
TG in UV HDL2 (−50.5%, p= 0.08) in preterm compared to full-
term infants (Table 2).

Prematurity was associated with decreased ApoA-I in fetal
HDL2
We quantified apolipoproteins in several lipoproteins in maternal
venous and UV and UA plasma (Table 3). Only ApoA-I, the major
apolipoprotein of HDL, was significantly decreased in UV HDL2 in
infants born prematurely (p= 0.042) but not in the circulation of
their mothers (Fig. 3b).

Prematurity was associated with a profound change in fetal
lipidome
From the untargeted lipidomic analysis, 33 lipid metabolites
displayed changes in one (or more) of the 3 analyzed compart-
ments (maternal blood, UV, UA). Interestingly, only 3 metabolites
differed in mothers who delivered a preterm baby compared to
mothers who delivered at full term, PC (36:2), PC (38:5), and
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hydroxyeicosatetraenoic acid (HETE) (Table 4) but were not
significant after correction. However, HETE and eicosapentaenoic
acid (EPA, 20:5n-3) were strongly correlated with each other in
maternal blood (r= 0.9795, p < 0.0001). We also found a strong
correlation between HETE in maternal plasma and cholesterol
concentration in UV plasma (r= 0.6824, p < 0.005). There was a
trend toward an inverse correlation between HETE and GA and BW
(r=−0.4510, p= 0.091 and r=−0.4676, p= 0.079).

We identified many other alterations in umbilical plasma lipids
in VLBW preterm, compared to term group. In both umbilical cord
vessels (UV and UA), PC containing saturated fatty acids (SFAs) in
both fatty acyl positions (sn1 and sn2) PC (32:0) and PC species
with one unsaturation, such as PC (32:1) and PC (34:1), were
markedly higher in VLBW preterm compared to term infants
(Table 4). PC (32:0) and PC (34:1) were positively correlated with
cholesterol level (r= 0.7716, p= 0.0008; r= 0.6301, p= 0.0118) in
UV. Two PC species containing LCPUFA, PC (38:3) and PC (38:6),
were deeply decreased in both umbilical vessels in preterm
compared to term neonates. PC (38:6) was positively correlated
with GA (r= 0.7545, p= 0.0012) and BW (r= 0.7662, p= 0.0009).
Sphingolipids, including ceramide, Cer (m18:1/24:1), and most SM,
SM (d18:1/16:0), SM (d18:1/16:1), SM (d18:1/18:0), SM (d18:1/18:1),
and SM (d18:1/24:1), were increased in UV in preterm babies
(Table 4). SM (d18:1/16:0) was increased in UA plasma and SM
(d18:1/18:0) displayed a trend toward an increase in arterial
plasma in VLBW neonates. Strong correlations were measured
between SM (d18:1/16:0), SM (d18:1/16:1), SM (d18:1/18:0), SM
(d18:1/18:1), and cholesterol level (r= 0.7239, p= 0.0022; r=
0.7264, p= 0.0023; r= 0.5633, p= 0.0288; r= 0.5633, p= 0.005) in
UV plasma.
Only one species of TGs, TG (56:6), was significantly decreased

in UV in preterm neonates, and TG (52:5) tended to decrease in UV
(Table 4).
Among the unesterified fatty acids, palmitic acid (16:0, SFA) as

well as palmitoleic acid (16:1n-7, monounsaturated fatty acid
[MUFA]) tended to be lower in UV plasma of preterm infants
(Table 4). Oleic acid (18:1n-9, MUFA) and linoleic acid (18:2n-6), an
essential fatty acid (EFA) in the n-6 LCPUFA pathway, were also
decreased by prematurity in fetal circulation in spite of the
unchanged level in maternal circulation. We did not find any
alteration in cholesteryl ester species in association with
prematurity.

DISCUSSION
This is the first study that characterize lipids and apolipoproteins
carried in lipoproteins as well as lipidome in the two blood vessels
of the umbilical cord in very preterm neonates. Observed results
confirm that lipid profile is altered at the time of birth in preterm
infants, compared with full-term infants. In addition, lipidomics
data provide new insight into lipid-associated lipoprotein and
lipidome profile in maternal–fetal unit in preterm births with
VLBW. We particularly observed higher cholesterol in UV, which
was driven by a trend toward enhanced cholesterol in VLDL, and
higher VLDL-cholesterol in UA. ApoA-I concentration was
decreased in HDL2 in UV. We also measured marked changes of
fatty acid composition in phospholipid, particularly in SM and PC
species, in preterm compared to full-term infants.
Maternal plasma cholesterol concentrations are known to

increase considerably at late pregnancy (30–50% increase),
especially in LDL,26 to meet the rising demand of the growing
fetus, which triples its weight in the third trimester. We measured
higher levels of cholesterol in UV in VLBW preterm compared to
term infants, which is consistent with previous studies in preterm
neonates.27,28 We also found similar plasma cholesterol in women
who delivered prior to 32 weeks of gestation as in women who
delivered at full term, suggesting that women delivering preterm
presumably had abnormal elevated cholesterol levels early in
pregnancy.29 The high cholesterol concentration in fetal circula-
tion is thought to reflect a surge in cholesterol synthesis by the
fast growing fetal liver between 20 and 32 weeks, which would
exceed cholesterol utilization by fetal adrenal.30 In the current
study, the higher cholesterol concentration in preterm fetal
circulation may be due to the combination of (1) higher maternal
supply and placental transfer, (2) excess cholesterol synthesis by
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the fetal liver, and (3) impaired fetal cholesterol utilization, e.g., for
bile acid synthesis. Contrary to previous studies in preterm
neonates, we assessed cholesterol levels separately in UV and UA
plasma. Similar to UV, a trend toward higher cholesterol levels was
measured in UA in VLBW preterm infants, suggesting enhanced
return of fetal circulating cholesterol excess to the mother. This
mechanism may reflect a metabolic adaptation to protect the
fetus against accumulation of cholesterol.
The profile of cholesterol-associated lipoproteins is quite

different between fetuses and mothers. As is already known,
and regardless of GA, we confirmed that the major plasma
lipoprotein in fetuses is HDL, rather than LDL as in adults.31,32 The
difference in cholesterol profile, particularly in associated VLDL-c
and LDL-c, in umbilical cord compared to maternal plasma, likely
reflects immature hepatic function, resulting in a low synthesis
rate of lipoproteins in fetal life. Interestingly, using native gel
electrophoresis for HDL migration, Sreckovic et al. observed that
fetal HDL migrated more slowly than maternal HDL.33 Our data
show a shift in HDL fraction towards HDL3, in preterm plasma
fetuses which confirms the predominance of smaller HDL in
preterm compared to term neonates.
Increased plasma cholesterol of VLBW preterm neonates seems

to be driven by a predominant increase in VLDL-c in both UV and
UA, with no change in LDL and HDL. These results are in
agreement with a study in late preterm infants,14 which showed
higher VLDL-c in UV. Maturation of HDL is likely reduced in VLBW
preterm compared to term infants.
We found that TG concentration remained similar in both

umbilical cord vessels (UV and UA), and even in VLDL, in preterm
compared to term infants, while higher TG level were reported in
preterm neonates, especially in VLDL.7 This discrepancy in TG
lipoprotein profile likely depends on GA. In healthy pregnancy,
cord blood VLDL-TG concentrations significantly rise between 32
and 34 weeks of gestation.8 In our study, preterm babies were
born prior to 32 weeks, which may explain the different TG results.
Although TG concentration was unaltered in UV plasma in
preterm, we found a trend toward a decrease of TG in large
HDL2 and a decrease of specific TG species in UV plasma in infants
born prior to 32 weeks of gestation.
Lipid and apolipoprotein composition is critical in maintaining

HDL metabolism and function. After a rise between 21 and 34 weeks
of gestation, the concentrations of the fetal ApoA-I associated with
HDL remain stable until delivery, pointing out marked changes in
fetal HDL composition between early and late pregnancy.34 Similar

increase was observed between 28 and 32 weeks of gestation in
fetal circulation of preterm babies.35 We found a lower ApoA-I
concentration in fetal HDL2 in UV in VLBW neonates born prior to
32 weeks of gestation compared to term babies. In adults, reduced
circulating levels of ApoA-I are associated with increased risk of
atherosclerotic cardiovascular disease36 and type 2 diabetes.37

ApoA-I is a powerful activator of lecithin-cholesterol acyltransferase
(LCAT) enzyme, which catalyzes the esterification of cholesterol
activity thus leading the maturation of discoid pre-β-HDL into
spherical α-HDL and further promotes cholesterol efflux from
atherosclerotic plaques.38 LCAT enzyme activity is known to be
low in preterm infants due to immaturity.39

LCAT activity also depends on the fluidity of phospholipid
species, including PC and SM, that differed in fatty acyl chain
length and degree of unsaturation. We found that PC-containing
SFA and MUFA fatty acyl chains (PC (32:0), PC (32:1) and PC (32:1))
likely composed of 16 or 18 carbons, as well as SM containing 16:0,
18:0 and 16:1 and 18:1 increased in both umbilical cord vessels
(UV and UA) of preterm compared to term neonates, altering
fluidity parameters. Moreover, these PC and SM species were
strongly correlated with cholesterol in UV, suggesting that these
lipids may regulate cholesterol levels in fetal circulation. Upregula-
tion of SM species was recently demonstrated in chorionic arteries
of preeclamptic placentas with premature birth.40 In addition, SM
content of HDL particles has been shown to inhibit LCAT enzyme
activity,41,42 pointing to atherogenic properties of SM. Taken
together, we speculate that lower ApoA-I in HDL2 and increased
specific SM and PC species with alterations in their fatty acid
content lead to a lower LCAT enzyme activity, resulting in
cholesterol accumulation in fetal circulation of infants born
prematurely exposing them to a higher cardiovascular risk as
shown by increased atherogenic index.
While SFA- and MUFA-containing PC were increased in preterm

neonates, we found decreased unesterified SFA (16:0), and MUFA
(16:1n-7, 18:1n-9) levels in UV in preterm compared to term
infants, whereas no change in these free FA contents was found in
maternal circulation. Besides, the content of these unesterified FAs
in UV correlated positively with BW suggesting either a transfer
defect through the placenta or a lower fetal demand in the early
third trimester of pregnancy. Level of linoleic acid (18:2n-6), an
EFA, was also reduced in both umbilical cord vessels in VLBW
preterm neonates and its level in UV was strongly correlated with
GA and BW, confirming that EFA transfer and status in fetal
circulation depends on GA.12,43
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Impaired delivery of FAs and especially, LCPUFA such as
docosahexaenoic acid (DHA), to the fetus, is believed to be
deleterious for fetal brain development,5,44 in particular during
the last trimester of pregnancy, a crucial period for brain
growth.45,46 We found that unesterified DHA was unchanged in
preterm neonate circulation, whereas PC (38:6) likely composed
of DHA (22:6n-3) in sn2 and 16:0 in sn1 position was decreased
in VLBW preterm compared to term neonates and was strongly
correlated with GA and BW. These results corroborate studies
showing decreased DHA in serum phospholipids in preterm
neonates13 and those displaying a strong correlation between
percentage of DHA in PC fraction in cord plasma of preterm
neonates and GA.47 PC is the primary carrier in circulation for
driving LCPUFA, and particularly DHA to several organ systems,
such as placenta48,49 and brain. Decreased PC-containing DHA in
premature infants may lead to reduced DHA uptake into the
brain as previously reported50 and contribute to impaired
neurodevelopment.
Interestingly, as was the case for DHA, no change was found in

UV unesterified arachidonic acid (ARA, 20:4n-6), an n-6 LCPUFA
also involved in fetal growth, suggesting that the placenta
prioritizes the transfer of these LCPUFAs rather than other fatty
acids, such as SFA and MUFA (C16:0 and C18:1 n-9), which were
decreased in preterm births. However, ARA content tended to be
enhanced in VLBW preterm umbilical artery compared to term,
and much higher than preterm UV, suggesting that ARA was
synthesized by fetus and exported to the placenta, presumably to
protect the fetus from accumulation of ARA or its pro-
inflammatory eicosanoid end products. Biosynthesis of LCPUFA

from EFAs largely depends on the activity of specific desaturases
and elongases, which is detectable as early as 26 weeks of
gestation.51 Delta 6 desaturase was found to be particularly high
at birth in preterm neonates52 and may explain the high ARA level
in umbilical artery of VLBW neonates.
HETE showed a trend toward an increase and was strongly

correlated with EPA (20:5n-3, n-3LCPUFA) level in maternal plasma
of women who delivered prematurely, indicating that EPA likely is
the main precursor of HETE. Increased EPA content into cell
membranes results in the synthesis of alternative eicosanoids,
which are less inflammatory than those produced from ARA.53 A
recent study on predictive lipid biomarkers reported that 15-HETE
and 12-HETE were associated with increased odds of preterm birth
among many other lipid biomarkers in maternal circulation.54

Whereas we were not able to determine the exact configuration of
HETE in our study, HETE level in maternal plasma tended to be
inversely correlated with GA, likely pointing out a marker of
prematurity. HETE in maternal circulation was also strongly
correlated with cholesterol level in UV. Although it has been
reported that HETE and in particular 15-HETE is involved in
cardiovascular disease,55,56 whether increased HETE level in
maternal circulation that impacts cholesterol concentration in
fetal circulation associated with an enhanced placental transfer of
cholesterol to the fetus in women delivered prematurely, is
unknown and will require further investigations.

Relevance
We believe our findings suggest that further studies should be
designed to address two issues.

Table 2. Triglyceride (TG) and cholesterol concentration in lipoproteins of maternal, umbilical venous, and umbilical arterial blood in preterm and
term infants.

TGs (mg/dL) Cholesterol (mg/dL)

Term (n= 8)
Preterm (n= 7) p value Term (n= 8) Preterm (n= 7) p value

Maternal venous plasma

VLDL 29.4 ± 14.1 34.8 ± 22.1 0.82 24.7 ± 10.5 23.6 ± 11.3 0.87

IDL 20.1 ± 9.4 20.8 ± 8.7 0.91 22.3 ± 8.0 19.3 ± 8.8 0.46

LDL 50.6 ± 22.0 47.9 ± 18.6 0.64 120.5 ± 38.4 126.5 ± 63.7 0.95

HDL2
31.4 ± 15.0 27.5 ± 11.7 >0.99 63.2 ± 15.7 59.2 ± 12.0 0.69

HDL3
10.6 ± 2.6 13.4 ± 9.0 0.81 10.7 ± 3.1 15.4 ± 7.8 0.19

Umbilical cord venous plasma

VLDL 7.5 ± 5.7 7.2 ± 4.5 0.95 4.6 ± 3.8 8.7 ± 5.9 0.15

IDL 15.3 ± 19.6 7.8 ± 4.3 0.35 5.9 ± 3.2 10.8 ± 10.0 0.28

LDL 26.7 ± 29.6 14.2 ± 7.7 0.42 21.1 ± 10.8 29.5 ± 22.6 0.61

HDL2
19.2 ± 19.0 9.5 ± 9.4 0.08 26.6 ± 6.9 31.0 ± 10.3 0.54

HDL3
10.5 ± 5.1 13.6 ± 12.6 0.79 10.5 ± 3.8 14.3 ± 7.7 0.40

Umbilical cord arterial plasma

VLDL 5.9 ± 4.6 6.7 ± 7.5 0.70 4.3 ± 3.7 10.8 ± 5.9* 0.02

IDL 6.8 ± 3.9 5.3 ± 5.4 0.30 5.1 ± 2.4 8.3 ± 4.0 0.11

LDL 14.9 ± 10.9 10.0 ± 11.5 0.19 13.2 ± 6.4 16.5 ± 6.5 0.49

HDL2
13.6 ± 10.6 10.7 ± 9.8 0.36 24.0 ± 9.8 24.9 ± 7.8 0.75

HDL3
12.2 ± 7.4 11.7 ± 7.1 0.51 11.6 ± 7.1 15.0 ± 5.5 0.06

Data are expressed as mean ± SD.
Non-parametric Mann–Whitney U-test, *p < 0.05
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First, as this was a pilot study, the alterations observed in
lipidome and lipoprotein profile in the current study should be
confirmed in a larger population of very preterm infants at birth.
Second, long-term cohort studies should be designed to assess (a)
neurodevelopment at 5 years of age, e.g., using ages and stage
questionnaires as performed in our earlier studies57 and (b) early
markers of metabolic outcome such as Homeostatic Model
Assessment for Insulin Resistance index at 7–10 years of age38;
such studies would be needed to ascertain whether altered
lipidome and lipid transfer correlate with outcome and could be
used as early biomarkers of long-term outcome. If so, specific
preventive nutritional strategies could be targeted to mitigate the
risk of poor metabolic or neurologic outcome in those who are
most at risk among the population of preterm infants.

Strengths and limitations
Small sample size clearly is a limitation of our study. The lack of
placental tissue analysis to detect the alterations of specific lipid
transporters or enzyme activity involved in lipid metabolism and
the small volume of cord blood available that prevented
measuring LCAT enzyme activity in fetal plasma are other
limitations. Despite such limitations, the strength of our study
stems from the lipidomic analysis in plasma and the lipid and
apolipoprotein contents in every lipoprotein in paired
mother–offspring dyads. The simultaneous assessment in both
umbilical blood vessels is another unique strength, as it sheds
light on the potential contribution of the placenta to the altered
composition of lipid and lipoprotein profiles in preterm, compared
to term neonates.

CONCLUSION
To the best of our knowledge, this pilot study is the first to
describe the alterations in plasma lipidome, cholesterol, and TG-
associated lipoprotein and apolipoprotein profiles in a
mother–fetal unit in VLBW preterm, compared to term birth. Our
findings reveal lower ApoA-I concentration in large HDL2,
increased PC species containing SFA and MUFA, and enhanced
SM and cholesterol levels in UV plasma in VLBW preterm
neonates, which may, in turn, lead to atherosclerotic lesions later
in life. We also found decreased PC-containing LCPUFA such as PC
(38:6), which suggests a reduction in DHA availability for brain
development in VLBW preterm infants. Our findings suggest that
postnatal nutritional strategies should be developed to mitigate
the lack of specific lipid nutrients particularly targeting the fatty
acid composition of PC. Nevertheless, the findings from this pilot
study clearly warrant confirmation in a larger cohort to establish
the key role of placenta in alterations of lipid nutrient transfer to
the preterm infant.
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