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Abstract 

Background Although the associations between cord blood lipidome and neonatal birth weight are established, 
it remains uncertain whether sexual dimorphism in fetal fat accumulation extends to the relationship between cord 
blood lipid profiles and neonatal abdominal fat compartments. Understanding these relationships could provide 
insights into early sex-specific differences in lipid metabolism.

Methods We conducted lipidomics of umbilical cord blood plasma samples (350 (46.6%) girls and 401 (53.4%) boys) 
from the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort. Abdominal fat compartments—
superficial subcutaneous adipose tissue (sSAT), deep SAT (dSAT), and intra-abdominal adipose tissue (IAT)—were 
quantified by magnetic resonance imaging within 2 weeks of birth in 239 subjects. Linear regression models were 
used to assess sex differences in lipid species associated with abdominal fat compartments.

Results Newborn girls had significantly higher superficial and deep subcutaneous adipose tissue volumes com-
pared to boys, whereas intra-abdominal adipose tissue volumes were similar between sexes. In the pooled analysis, 
cord blood plasma lipids showed distinct associations with different fat depots: 38 lipid species were associated 
with sSAT, 4 with dSAT, and 38 with IAT. In sex-stratified analyses, 13 lipids were associated with sSAT in girls and 3 
in boys, whereas dSAT showed associations with 45 lipids in boys but none in girls. These sex differences were 
primarily observed in ether-linked phospholipids and ceramides. Notably, no significant associations were observed 
between lipids and IAT in either sex, suggesting depot-specific sexual dimorphism in early life.

Conclusions Our study reveals sexual dimorphism in the associations between cord blood lipidome and abdominal 
adiposity, suggesting depot-specific patterns in adipose tissue development and lipid metabolism in early life.
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Background
Sex differences in body composition are present from 
birth, with differences in fat mass (e.g., sSAT) docu-
mented in neonates [1]. These differences become more 
pronounced during early infancy, particularly during 
the mini-puberty period when male infants experience 
increased testosterone production [2]. As development 
continues, distinct patterns of fat distribution emerge, 
with females showing a greater tendency for gluteofemo-
ral fat accumulation and males showing greater central/
truncal fat distribution [3]. These patterns appear to be 
influenced by both early life factors and later develop-
mental stages. Adaptations in lipid metabolism during 
the early stages of human development may influence 
weight and body composition status in infants [4, 5]. 
Understanding the role of sexual dimorphism in the 
development of neonatal body fat distribution in boys 
and girls could help in understanding the physiological 
differences associated with lipid metabolism in the two 
sexes. Circulating plasma lipidome is strongly associated 
with sex in adults [6–8]. In adults, the plasma lipidome 
exhibits notable sex-specific differences, with variations 
across different lipid classes and species, influenced by a 
complex interplay of genetic, hormonal, and lifestyle fac-
tors [9]. Males typically show higher levels of triglycer-
ides, particularly in very-low-density lipoprotein (VLDL) 
particles, and also higher levels of lysophospholipids, 
whereas females tend to have higher levels of low-density 
lipoprotein (LDL) cholesterol, as well as higher levels of 
glycerophospholipids such as phosphatidylcholine (PC) 
and phosphatidylethanolamine (PE) [10]. Furthermore, 
certain sphingolipids, particularly those containing the 
d18:2 sphingoid base, are found in higher concentrations 
in women [11]. However, the role of cord blood plasma 
lipids on fetal fat accumulation remains largely unknown 
[12, 13]. Further, there is paucity of studies focusing on 
specific fat compartments (abdominal adipose tissue vol-
umes) and their association with the cord blood circulat-
ing lipids. This study aims to characterize the sex-based 
differences in the associations of cord lipids with neona-
tal abdominal fat compartments in a prospective Asian 
birth cohort.

Methods
Study participants and clinical characteristics
GUSTO (Growing Up in Singapore Towards healthy Out-
comes) is a prospective mother–offspring birth cohort 
study in Singapore which recruited 1450 women dur-
ing early pregnancy between June 2009 and September 
2010 at KKH and National University Hospital (NUH) 
maternity units [14]. Study participants were of Chinese, 
Malay, or Indian ethnicities with homogeneous parental 

ethnic backgrounds. Ethics approval for the study was 
granted by the Domain Specific Review Board of Singa-
pore National Healthcare Group (reference D/09/021) 
and the Centralised Institutional Review Board of Sing-
Health cluster (reference 2009/280/D). Written informed 
consent was obtained at recruitment for mothers and 
their offsprings’ participation in this study. Demographic 
and lifestyle factors of mothers such as maternal age, eth-
nicity, education level, and self-reported pre-pregnancy 
weights were collected by interviewer-administered 
questionnaires. The pre-pregnancy BMI (ppBMI) was 
calculated as the self-reported pre-pregnancy weight in 
kilograms divided by the square of the measured height 
in meters [15]. Total gestational weight gain was calcu-
lated by subtracting pre-pregnancy weights from weights 
measured at the end of pregnancy. Information related 
to neonates such as gestational age, birth weight, and 
sex were retrieved from hospital delivery records. Birth 
lengths were measured by trained research staff within 
72 h of delivery.

Lipidomics analysis
Plasma lipidomics was conducted as described previously 
[16]. Lipid extraction was carried out using butanol: 
methanol (extraction solvent) in a ratio of 1:1 contain-
ing 10  mM ammonium formate and lipid class specific 
internal standards. A total of 100 μL of extraction solvent 
was added to each sample, vortexed for 10 s followed by 
sonication for 60  min with temperature maintained at 
18–22  °C. The samples were centrifuged at a speed of 
13,000 rpm for 10 min. The supernatant (80 μL) was col-
lected in mass spectrometry-compatible vials and stored 
at − 80 °C for LC–MS/MS. These lipid extracts were ana-
lyzed by using Agilent 6490 QQQ mass spectrometer 
interfaced with an Agilent 1290 series UHPLC system. 
Lipids were separated on a ZORBAX RRHD UHPLC C18 
column (2.1 × 100  mm 1.8  mm, Agilent Technologies) 
with the thermostat set at 45  °C. Targeted LC–MS/MS 
was performed in ESI positive ion mode with dynamic 
multiple reaction monitoring (dMRM). The MassHunter 
Quantitative software (Agilent Technologies) was used 
for data integration and the peak area of each analyte 
was exported as.csv files for further analysis in R soft-
ware. Quality control samples (prepared by pooling study 
samples) were analyzed along with the study samples to 
monitor sample extraction efficiency as well as LC–MS/
MS performance and were subsequently used to do batch 
corrections. Quantification was carried out by normal-
izing the peak area of lipids to the respective internal 
standards. Lipid species were dropped if the quality con-
trol coefficient of variation was greater than 20%. Finally, 
a total of 480 lipid species representing 25 lipid classes 
were used for further analysis.
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Offspring birth weight and adiposity measurements 
at birth
Magnetic resonance imaging (MRI) was performed on 
neonates within two weeks after birth (mean age (SD): 
9.5 (2.8) days) using a GE Signa HDxt 1.5 T MR scanner 
(GE Healthcare). Under neonatologist supervision, natu-
rally sleeping neonates were positioned in an immobili-
zation device on an adult head coil. Abdominal imaging 
was performed using a T1-weighted water-suppressed 
fast spin-echo sequence, covering the abdomen from 
the diaphragm to the symphysis pubis. Images were 
acquired during free breathing, which resulted in respira-
tory artifacts. To address this, the data were initially pro-
cessed using an in-house semi-automated quantitative 
analysis algorithm with MATLAB 7.13 (The MathWorks 
Inc., Natick, Massachusetts, USA). The resulting output 
images were carefully reviewed and manually corrected 
for mis-segmentations by trained MR readers under radi-
ologist guidance. The methodology for segmenting sSAT, 
dSAT, and IAT were reported earlier [17].

Statistical analysis
Analyses for lipid association with the abdominal adi-
pose tissue volumes were carried out at the lipid spe-
cies and class levels. Total lipid class concentration was 
calculated by summing up the concentration of indi-
vidual lipid species within each class. The lipidomics 
data were  log10 transformed for statistical analyses. For 
analyzing associations of cord blood plasma lipidome 
with sSAT, dSAT, and IAT, abdominal fat compart-
ment volumes were regressed (linear regression models) 
against  log10 transformed concentrations of each lipid 
and adjusted for ethnicity, maternal fasting plasma glu-
cose (pregnancy week 26), mother’s age at recruitment, 
education, parity, pre-pregnancy BMI, total GWG, ges-
tational age at delivery, sex and age on the day of MRI 
in individual regression models. The regression coef-
ficients (β) were expressed as a change in fat volume in 
mL per 10% increase in lipid concentration (change in 
fat volume (sSAT, dSAT, and IAT). We also examined 
whether sex could modify the association by incorporat-
ing lipid × sex interaction terms into the corresponding 
adjusted model. Sex-specific associations between cord 
blood lipidome and adipose tissue compartments were 
evaluated using two complementary approaches. First, 
lipid × sex interaction terms were incorporated into the 
adjusted regression models to test for sex-specific effect 
modification. Second, sex-stratified analyses were per-
formed to obtain sex-specific effect estimates. This dual 
analytical strategy was implemented to both detect sta-
tistically significant sex differences in lipid-adipose tis-
sue associations (interaction analysis) and quantify the 

magnitude and direction of associations within each sex 
group (stratified analysis). In the sex-stratified analyses, 
adjustments were made for the same covariates as the 
main models, with sex inherently accounted for through 
stratification. The adjusted p-values were calculated by 
the Benjamini-Hochberg (BH) method for multiple test-
ing correction [18]. Statistical significance was assessed 
using a two-sided significance level of α = 0.05. For the 
multiple comparison analyses, lipid associations were 
considered statistically significant if they met the thresh-
old of adjusted p-value < 0.05 after BH correction. For 
the sex interaction analyses, interactions were consid-
ered significant at p < 0.05. Forest plots were employed 
to illustrate the effect sizes of individual lipid species, 
categorized by class, and their associations with the 
three abdominal body fat compartments and differences 
between male and female neonates. All statistical analy-
ses were performed using R (version 4.1.1). Figures were 
generated using the ggplot 2 package in R [19].

Results
In the current study, a cohort of 751 newborns, compris-
ing 401 boys and 350 girls with available cord blood lipi-
dome data, was assessed for eligibility. Out of this cohort, 
239 neonates (131 boys and 108 girls) had both compre-
hensive cord blood lipid data and underwent neonatal 
MRI scans, as detailed in Fig.  1. Birth weights ranged 
from 2.01 kg to 4.1 kg, with boys having a slightly higher 
mean birth weight of 3.15 (SD ± 0.44) kg compared with 
the girls’ mean of 3.05 (SD ± 0.4) kg (p = 0.08) (Table  1). 

Fig. 1 Workflow of the current study



Page 4 of 12Narasimhan et al. BMC Medicine          (2025) 23:215 

Maternal demographics and clinical characteristics were 
mostly similar to those of the samples excluded from the 
study (Additional file 1: Table S1).

The newborn abdominal adipose tissue fat com-
partments revealed sex-specific differences (Fig.  2). 

Boys exhibited lower volumes of sSAT averaging 
74.05 ± 20.28  mL, as compared with girls who aver-
aged 81.66 ± 21.83  mL (p < 0.006). Additionally, the 
dSAT volume in boys was also lower at 12.67 ± 5.50 mL 
whereas girls had a volume of 14.27 ± 5.76 mL (p < 0.03). 

Table 1 Maternal and offspring characteristics in the GUSTO study

Male
N = 131

Female
N = 108

p-value

Maternal characteristics
Ethnicity, N (%) 0.6

 Chinese 50 (38%) 47 (44%)

 Malay 55 (42%) 39 (36%)

 Indian 26 (20%) 22 (20%)

Age in years at recruitment, mean (SD) 29.29 (5.24) 28.38 (5.44) 0.2

Highest level of education attained, N (%) 0.14

 Primary and secondary 48 (37%) 53 (50%)

 Post-secondary 58 (45%) 39 (37%)

 University 23 (18%) 14 (13%)

Fasting plasma glucose 26–28 weeks gestation (mmol/L), mean (SD) 4.42 (0.60) 4.42 (0.59)  > 0.9

2 h plasma glucose at 26–28 weeks gestation (mmol/L), mean (SD) 6.44 (1.64) 6.23 (1.48) 0.3

Pre-pregnancy BMI in kg/m2, mean (SD) 23.10 (4.84) 23.47 (5.51) 0.6

Gestational age in weeks, mean (SD) 38.64 (1.28) 38.95 (1.15) 0.05

Parity 0.03

 Multiparous 27 (21%) 25 (23%)

 Nulliparous 46 (35%) 53 (49%)

 Primiparous 58 (44%) 30 (28%)

Gestational weight gain (kg), mean (SD) 13.89 (5.82) 14.30 (6.88) 0.7

Offspring characteristics
 Birth weight in kg, mean (SD) 3.15 (0.44) 3.05 (0.40) 0.08

 Cord blood lipidome (N) 401 350

 Cord blood lipidome and neonatal MRI for adiposity (N) 131 108

 Age in days at neonatal MRI, mean (SD) 9.76 (2.65) 9.72 (3.09)  > 0.9

Fig. 2 Distribution of sSAT, dSAT, and IAT volumes (in mL) by offspring sex. Violin plots show the distribution of (A) sSAT, (B) dSAT, and (C) IAT 
volumes in boys (blue, n = 131) and girls (pink, n = 108). Sex-specific differences were observed in sSAT (**p < 0.01) and dSAT (*p < 0.05) volumes, 
while no significant differences were observed for IAT volumes (ns: not significant)
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In contrast, IAT volume showed minimal difference 
between the sexes, with values being 22.98 ± 8.18 mL for 
boys and 22.92 ± 6.88 mL for girls (p > 0.9) (Fig. 2).

Correlations between fat depots and total body weight, 
and between different fat depots in boys and girls
Sex-stratified analysis revealed distinct correlation pat-
terns between abdominal fat compartments (Additional 
file  1: Table  S2). In males, strong correlations were 
observed between sSAT and dSAT (R = 0.83), while mod-
erate correlations were found between sSAT and IAT 
(R = 0.68), and dSAT and IAT (R = 0.66). Female partici-
pants showed similar but slightly lower correlation coeffi-
cients, with sSAT and dSAT correlation at R = 0.80, sSAT 
and IAT at R = 0.70, and dSAT and IAT at R = 0.62. Total 
body weight showed moderate-to-strong correlations 
with all fat depots (Additional file 1: Table S3), with the 
strongest association observed with sSAT (R = 0.75), fol-
lowed by dSAT (R = 0.67) and IAT (R = 0.64). This pattern 
suggests a hierarchical relationship between fat depot 
distribution and total body mass, with superficial sub-
cutaneous adipose tissue showing consistently stronger 
associations with both total adiposity and body weight 
compared to other fat compartments.

The association between body fat depot volumes and cord 
blood lipidome in neonates
In the pooled analysis, 38 lipid species were associated 
with sSAT, 4 lipid species with dSAT, and 38 lipid spe-
cies with IAT (Fig.  3A-C, Additional file  1: Table  6A). 
Lysophosphatidylcholine, LPC(16:1) (sn2) and LPC(16:1) 
(sn1), were common to all three fat depots (Additional 
file 2: Fig. S1 and Additional file 1: Table S4). Among the 
fat depots, dSAT had the fewest unique lipid species, 
which belonged to the TG class. The common lipids asso-
ciated with sSAT and IAT consisted of lysophosphatidyl-
choline, lysophosphatidylethanolamine, and triglyceride 
lipid classes. At the total class level, triglycerides were 
negatively associated (with dSAT and IAT) and lysophos-
pholipids were positively associated with body fat 
depots (Fig.  3E–F; Additional file  1: Table  S6B). The fat 
depot sSAT was unique in its positive association with 
lysophospholipids, whereas dSAT was associated with 
both  lysophospholipids and triglycerides. Similarly, IAT 
was also mainly associated with lysophospholipids and 
triglycerides. In this study, 16 babies were born between 
gestational weeks 35 and 37. Excluding them did not 
affect the results (Additional file 2: Fig. S3).

Sex differences in the associations between abdominal fat 
volumes and cord blood lipids
Next, in models combining both sexes to examine asso-
ciations of cord blood plasma lipidomic signatures and 

abdominal adipose tissue volumes, sex-specific interac-
tion was observed. For sSAT, 27 individual lipid species 
showed a sex-interaction (interaction p < 0.05) (Fig.  4A 
and B; Additional file  1: Table  S5 and Additional file  1: 
Table S6C); Phospholipids containing long chain PUFAs, 
specifically FA20:5, FA22:5, and FA22:6 showed sex-spe-
cific interactions. For sSAT LPC(22:5) (n3) and LPC(22:5) 
(n6) were significant after multiple corrections (Fig.  5). 
In contrast, fewer lipids showed sex-specific interactions 
with dSAT and IAT fat depots. For dSAT, only 15 lipids 
showed sex-interaction (interaction p < 0.05), mostly tri-
glycerides containing FA18:3 and LPC 22:5. In terms of 
directionality, these lipid associations followed a similar 
pattern to what was observed for sSAT, reaffirming the 
interaction was consistent across the three fat depots. 
Nonetheless, the three depots did not share any com-
mon lipids for sex-interaction (Additional file  2: Fig. S2 
and Additional file  1: Table  S5), but a subset of lipids 
exhibiting sex-specific associations was found to be com-
mon between sSAT and dSAT, with the majority being 
lysophospholipids and ether-linked phospholipids.

Sex-stratified association analysis between cord 
blood plasma lipidome and volume of abdominal fat 
compartments
The sex-stratified analysis showed differences in the 
cord blood plasma lipids that were associated with the 
volume of abdominal fat depots in boys and girls. These 
sex-specific differences in associations were observed for 
all the three fat depots. Three lipids were associated with 
sSAT volume in boys, whereas thirteen lipids were asso-
ciated with sSAT volume in girls (Additional file  2: Fig. 
S4; Additional file  1: Table  S6E). Among the associated 
lipids, LPC(16:1) (sn1) and LPC(16:1) (sn2) were com-
mon to both boys and girls. Lysophospholipid classes 
including LPE, LPC, and LPC(O) were positively associ-
ated and deoxyceramide and triglycerides were negatively 
associated with sSAT volume in boys whereas only LPE 
and LPC classes were positively associated in girls (Addi-
tional file  2: Fig. S4B; Additional file  1: Table  S6E). For 
dSAT volume, a higher number of lipids showed associa-
tion in boys (Additional file 2: Fig. S5A; Additional file 1: 
Table  S6E); forty-five lipids, mostly triglycerides exhib-
ited an inverse association in boys (37/45; 82.2%). No 
significant association between lipids and dSAT volume 
was observed in girls (at FDR < 0.05). For IAT, we found 
no significant associations (FDR < 0.05) in either boys 
or girls, suggesting distinct metabolic characteristics of 
this depot compared to subcutaneous fat compartments 
(Additional file 2: Fig. S6; Additional file 1: Table S6E). At 
the total lipid class level, except for sSAT girls, no other 
significant associations were observed (Additional file 2: 
Fig. S4D; Additional file 1: Table S6F).
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We examined the associations between cord blood 
lipids and total abdominal adiposity, and whether these 
associations with the fat depots were independent of 
birth weight. The relationships between cord blood lipids 
and TAAT showed patterns similar to those observed in 
individual fat depots: LPC and LPE showed strong posi-
tive associations, whereas TGs showed negative asso-
ciations and other phospholipids demonstrated modest 
associations (Additional file 2: Fig. S7A–F). The direction 
and significance of these associations remained consist-
ent across both individual depots and total adiposity. 
After including birthweight into the model, most asso-
ciations were attenuated across all fat depots (Additional 

file  1: Tables S6G–J). Specifically, in sSAT, only two 
lipid species maintained significant associations in girls: 
LPC(22:5)sn1/LPC(22:5)sn2 and LPC(22:5)(n3) (sn1)
(104_sn1), while no significant associations persisted 
in boys. For both dSAT and IAT, no significant asso-
ciations remained after birthweight adjustment in either 
girls or boys. Notably, adjusting for birthweight may not 
be appropriate in this analysis since fat mass (including 
abdominal fat compartments) and fat-free mass are pri-
mary components of birthweight itself. This represents a 
potential case of overadjustment bias [20], where includ-
ing birthweight as a covariate could systematically bias 
the effect estimates toward the null, thereby obscuring 

Fig. 3 Forest plot showing linear regression analysis between body fat depots sSAT, dSAT, and IAT and log-transformed lipid concentration (A–C) 
and volcano plot for lipid classes (D–F). Gray circles show nonsignificant lipid species, and green and red closed circles show species with p < 0.05 
and species with FDR < 0.05, respectively. Error bars represent the 95% confidence interval
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true biological associations between cord lipids and fat 
depots.

Discussion
Our comprehensive analysis revealed distinct lipidomic 
signatures of sSAT, dSAT, and IAT suggesting meta-
bolic compartmentalization of abdominal fat depots 
at birth. Cord blood lipids reflect a complex interplay 

of maternal–fetal lipid transfer [16, 21–24], fetal lipid 
metabolism and storage [5], and potential lipid mobi-
lization during the birth process [4, 25]. These factors 
highlight the dynamic exchange between the mother and 
fetus, and the fetus responses to the intrauterine envi-
ronment [16]. Within this context, our analysis revealed 
that all three fat depots exhibited positive associations 
with LPCs, with LPC(16:1) showing consistent positive 

Fig. 4 Sex-interaction of cord blood lipids and fat depots. Sex-interaction of cord blood lipids and fat depots. A Beta (β) for the interaction 
between lipid levels and sex. A positive value of β suggests the lipid association is relatively stronger in boys compared to girls and vice versa. 
Filled circles denote interaction terms with p-values < 0.05. B β for the lipid association in boys (blue) and girls (red). Filled circles indicate pairs 
where the difference (i.e., lipid × sex interaction term) has a p < 0.05
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associations across all depots. These findings align with 
previous studies demonstrating associations between 
cord blood LPC(16:1) and birthweight [5, 21, 26]. One 
possible mechanism that could explain the positive 
association between LPCs and birth weight involves 
enhanced lipogenesis potentially mediated by increased 
stearoyl-CoA desaturase-1 (SCD1) activity [21]. At birth, 
infants accumulate adipose tissue at high rates and can 
reach up to 25% of body weight by 4–5  months. Apart 
from being essential for membrane architecture and 
secretory functions, LPCs serve as biological signals reg-
ulating essential fetal growth and development [27]. The 
strong positive associations observed between LPC(16:1) 
and neonatal fat depot volumes highlight an essential role 
of palmitoleic acid in adipose tissue development. Taken 
together, these data suggest the role of increased endog-
enous lipogenesis in early childhood adipose tissue accu-
mulation and compartmentalization. Beyond LPC(16:1), 
multiple LPC species, containing FA18:1, FA22:4, and 
FA20:2, demonstrated robust positive associations with 
sSAT, suggesting their potential involvement in sSAT 

development. Furthermore, LPEs showed consistent pos-
itive associations with both IAT and sSAT compartments, 
specifically those with FA18:1, FA18:2, and FA20:4 spe-
cies, indicating their potential regulatory role in depot-
specific adipogenesis. The dSAT demonstrated a more 
restricted association profile compared to other depots, 
predominantly exhibiting associations with LPC(16:1) 
and a few triglyceride species, suggesting distinct meta-
bolic regulation in this intermediate adipose layer. Levels 
of cord plasma diglycerides and triglycerides were gener-
ally negatively associated with the volumes of the three 
fat depots. In contrast to the association of plasma tri-
glycerides with adiposity measures in adults, cord blood 
triglycerides have been shown to be negatively associ-
ated with neonatal birth weight [16] that is consistent 
with our observations. PUFA-containing triglycerides, 
particularly those with DHA (FA 22:6), were negatively 
associated lipids with the sSAT and IAT depots. Fetal 
lipoprotein lipase (LPL) serves as a key enzyme in triglyc-
eride hydrolysis, facilitating FFA uptake into developing 
tissues, particularly in adipose tissue along with muscle 

Fig. 5 Interaction plots of lipids that showed significance at FDR < 0.05 in the association of lipids and sSAT volume in boys and girls



Page 9 of 12Narasimhan et al. BMC Medicine          (2025) 23:215  

and placenta [28]. During fetal development, both SAT 
and VAT compartments function as primary triglyceride 
storage depots. Cord blood triglycerides demonstrate an 
inverse relationship with birth weight, potentially medi-
ated by variations in fetal LPL activity. However, the dif-
ferential expression of LPL activity across distinct fetal fat 
depots remains undefined, making the mechanistic rela-
tionship between depot-specific LPL activity, cord blood 
triglyceride levels, and fat depot volumes speculative.

Sexual dimorphism in physiological functions and fat/
hormone patterns originates in fetal life [29]. Our find-
ings reveal significant sexual dimorphism in lipid-adipose 
tissue associations at birth, with girls exhibiting notably 
stronger interactions between sSAT and dSAT volumes 
and ether lipids. The observed sex-specific differences 
in PC-plasmalogens, particularly PC(P-17:0/20:4) and 
PC(P-16:0/20:4), point to potential variations in peroxi-
somal function and PPAR signaling between sexes. These 
ether lipids may influence adipose tissue development 
through their role as PPARγ ligands, a nuclear recep-
tor essential for adipocyte differentiation and function 
[30]. Further, plasmalogens contain polyunsaturated 
fatty acids (PUFA) including essential fatty acids ARA 
and DHA that are involved in a number of developmen-
tal processes particularly that of retina and brain devel-
opment [31, 32]. PUFAs released from plasmalogen by 
phospholipase  A2  (PLA2) play a role as precursors of leu-
kotriens, thromboxanes, and prostaglandins which are 
potent autocrine and paracrine mediators [33].

Notably, lysophospholipids containing polyunsaturated 
fatty acids (linolenic acid, DPA, and DHA) showed the 
strongest lipid × sex interactions, with negative relation-
ships in boys and positive relationships in girls. LPCs are 
known to be involved in inter-tissue signaling, inflam-
mation [34], and the pathophysiology of obesity [35, 36]. 
The sex-specific relationship of LPC with body fat depots 
in boys could be attributed to increased  PLA2 activity 
in adipose tissues, involving the Lands cycle [37]. These 
findings suggest that sSAT may actively contribute to sex-
ually dimorphic regulation of metabolic state from fetal 
and neonatal stages, contrary to previous assumptions of 
it being metabolically inert.

Among the TG species exhibiting sexual dimorphism, 
TG(O-52:2) (NL-16:0), showed interactions with sSAT 
and IAT but not with dSAT. Ether-linked triglycerides 
have been linked to beige adipocyte development and 
white adipocyte accumulation, as highlighted by the role 
of breast milk-derived alkylglycerols in sustaining beige 
adipocytes through adipose tissue macrophages [38]. 
Ceramides showed prominent lipid × sex interactions 
with IAT volume, displaying opposite directional rela-
tionships between boys and girls. Given that ceramides 
modulate adipose tissue function, our finding that the 

ceramide class of lipids showed the strongest sex-specific 
interactions with IAT volume suggests a role for cera-
mides in driving sex-specific differences in IAT fat depot 
development from in utero life. The significance of these 
observations is supported by increasing evidence of the 
physiological and pathological effects of ceramides are 
dependent on the length of their acyl chains [39]. Begin-
ning in fetal life, abdominal fat depots develop distinct 
metabolic profiles, with dSAT showing an intermediate 
phenotype between IAT and sSAT. Depot-specific cord 
blood lipid signatures suggest developmental program-
ming with sexually dimorphic regulatory pathways dur-
ing fetal development.

Sex-specific differences in adipose tissue distribu-
tion have been previously reported in studies involving 
children [40], and recent studies have highlighted the 
importance of depot-specific fat distribution in metabolic 
health [41, 42]. Building on these findings, our analysis 
of sex-stratified lipid associations revealed complex rela-
tionships between tissue fat and plasma lipids, aligning 
with evidence that fetal programming of body composi-
tion begins in utero. In both sexes, dSAT volume showed 
inverse relationships with cord plasma PI and PE lipid 
classes, while sSAT showed positive relationships. Fur-
ther sex-specific differences emerged in sSAT, where 
girls displayed stronger associations than boys, particu-
larly with LPCs and LPEs. The dSAT analysis revealed 
even more pronounced sex differences, with boys show-
ing multiple significant associations across various lipid 
classes (TGs, PCs, PC(P)s, LPCs, and DeoxyCer), while 
girls showed no significant associations. Notably, we 
found no significant associations between cord blood 
lipids and IAT volume in either boys or girls, despite 
IAT’s known metabolic activity in later life. This absence 
of associations in neonates suggests that at this life-stage, 
IAT’s primary role might be to provide mechanical sup-
port by cushioning abdominal organs. Our findings 
reveal distinct sex-specific patterns in cord blood lipid 
associations with neonatal fat distribution, demonstrat-
ing depot-specific metabolic programming during fetal 
development. These early lipid signatures and their 
marked sexual dimorphism provide new insights into the 
developmental origins of adipose tissue regulation, with 
implications for understanding metabolic health trajecto-
ries from birth onwards.

While our findings provide novel insights into neona-
tal lipid metabolism and fat depot development, there 
are a few limitations of the current study that should 
be considered. Early infancy fat distribution physiol-
ogy may differ significantly from adults, necessitat-
ing longitudinal studies to determine if these lipid-fat 
depot associations persist throughout the  childhood. 
Although we adjusted for various confounders, factors 
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such as nutrition, diet, and psycho-emotional aspects 
were not examined. Additionally, validation across 
diverse populations would enhance the generalizability 
of our findings. While the cord blood lipidome provides 
important insights into early metabolic processes, its 
implications for long-term disease risk in children are 
beyond the scope of this study and remain speculative. 
Despite these limitations, our results offer valuable per-
spectives on the molecular basis of sexual dimorphism 
in early childhood adiposity.

Conclusions
We identified circulating lipid signatures associated with 
individual abdominal fat compartments at the neona-
tal stage. By performing detailed association and inter-
action studies, we identified sexual dimorphism in the 
association of cord blood lipidome with sSAT, dSAT, 
and IAT that will enhance the current understanding of 
the molecular basis of adiposity development in early 
childhood.
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associations (boy-specific and girl-specific data, respectively). Figure 7D 
shows a volcano plot of associations with lipid classes independent of sex, 
while Fig. 7E-F present sex-stratified volcano plots for lipid classes (boy-
specific and girl-specific data, respectively). In forest plots, each square 
corresponds to an individual lipid species, with error bars representing 
the 95% confidence interval. In both forest plots and volcano plots, red 
color represents FDR < 0.05, green color represents p < 0.05, and grey color 
indicates nonsignificant associations.
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