Placental polar lipid composition is associated with placental gene expression and neonatal body composition
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Abstract
The polar-lipid composition of the placenta reflects its cellular heterogeneity and metabolism. This study explored relationships between placental polar-lipid composition, gene expression and neonatal body composition.
Placental tissue and maternal and offspring data were collected in the Southampton Women’s Survey. Lipid and RNA were extracted from placental tissue and polar lipids measured by mass spectrometry, while gene expression was assessed using the nCounter analysis platform. Principal component analysis was used to identify patterns within placental lipid composition and these were correlated with neonatal body composition and placental gene expression.
In the analysis of placental lipids, the first three principal components explained 19.1%, 12.7% and 8.0% of variation in placental lipid composition, respectively. Principal component 2 was characterised by high principal component scores for acyl-alkyl-glycerophosphatidylcholines and lipid species containing DHA. Principal component 2 was associated with placental weight and neonatal lean mass; this component was associated with gene expression of APOE, PLIN2, FATP2, FABP4, LEP, G0S2, PNPLA2 and SRB1. Principal components 1 and 3 were not related to birth outcomes but they were associated with the gene expression of lipid related genes. Principal component 1 was associated with expression of LEP, APOE, FATP2 and ACAT2. Principal component 3 was associated with expression of PLIN2, PLIN3 and PNPLA2.
This study demonstrates that placentas of different sizes have specific differences in polar-lipid composition and related gene expression. These differences in lipid composition were associated with birth weight and neonatal lean mass, suggesting that placental lipid composition may influence prenatal lean mass accretion.
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Introduction
Placental function and substrate supply are primary determinants of fetal development and have consequences for health during pregnancy and across the life course [1,2]. Polar lipid composition of the placenta may reflect multiple factors including maternal fatty acid supply, placental metabolism and placental cellular composition. These factors could affect placental function and thus the intrauterine environment and fetal development. 
	Polar lipids include different classes of phospholipids, sphingolipids found within the membranes and carnitines involved in lipid metabolism [3]. These lipids play important roles in the structure and function of lipid membranes. As specific lipids may be concentrated within lipid microdomains (e.g. sphingomyelins in lipid rafts [4]), within specific organelles or cell types their relative abundance may not reflect their biological importance to placental function. Fatty acids taken up by the placenta from maternal plasma may be incorporated into placental lipid pools or transported to the fetus [5,6]. Phospholipids are the major lipid pool within the placenta and there is evidence of selective partitioning of fatty acids into different placental lipid pools [7,8].
Different placental cell populations and subcellular membrane fractions have different lipid compositions which all contribute to what is measured in the lipid extracted from a tissue [9]. Changes in whole placental lipid composition may be explained by differences in cellular composition of the placenta, changes in placental lipid metabolism or altered maternal supply. The regulation of placental lipid metabolism within the placenta is not well understood, but there is evidence that it is altered in obese mothers [10,11].
This study explores how placental polar lipid composition and lipid-associated gene expression are related to birth outcomes, specifically placental weight and birthweight and neonatal body composition.


Methods
The study was conducted according to the guidelines of the Declaration of Helsinki, and the Southampton and South West Hampshire Research Ethics Committee approved all procedures (276/97, 307/97, 089/99, 153/99, 005/03/t, 06/Q1702/104). Written informed consent was obtained from all participating women.

Maternal measurements
We used data and samples from the Southampton Women’s Survey (SWS), a prospective cohort study of initially non-pregnant women aged 20-34 living in the city of Southampton, UK [12]. Women were recruited via their General Practitioners; assessments of lifestyle, diet and anthropometry were performed by trained research nurses at study entry; for those who later became pregnant the assessments were repeated in early (11 weeks) and late (34 weeks) gestation. Subscapular skinfold thicknesses were measured to the nearest 0.1 mm in triplicate using Harpenden skinfold callipers [13]. Of the 3158 liveborn singleton births in the SWS, of these 99 were collected rapidly after delivery allowing for RNA isolation as well as having neonatal body composition data assessed using dual-energy X-ray absorptiometry (DXA) and these were selected for this study.

Placental samples
Placentas were collected from SWS term pregnancies within 30 minutes of delivery. Placental weight was measured after removing blood clots, cutting the umbilical cord flush with its insertion into the placenta, trimming away surrounding membranes and removing the amnion from the basal plate [14]. Villous tissue samples were selected using a random sampling method and stored at -80°C. Gene and lipid analysis was performed the same villous tissue sample from each placenta.



Offspring body composition measurement in SWS
Within 3 weeks of birth, a subset of infants underwent an assessment of body composition by dual-energy X-ray absorptiometry (DXA) using a Lunar DPX-L instrument (GE Corp). The total X-ray dose for the whole-body scans was approximately 10.5 microsieverts (paediatric scan mode), which is equivalent to approximately 1–2 days background radiation. All scan results were checked independently by two trained operators, and agreement was reached as to their acceptability; scans showing unacceptable movement artefact were excluded. Lean and fat mass were derived from the whole-body scan through the use of paediatric software (Hologic Inc.) [15].

Polar lipid analyses of placental tissue
Placenta samples were analysed at the Department of Paediatrics, LMU Munich, Germany. Placental tissue was homogenised and the lipids were extracted according to the method of Folch with CHCl3/MeOH, including dipentadecanoyl phosphatidylcholine (15:0/15:0) as the internal standard to correct for effects during sample extraction [16]. The extract was diluted with methanol, containing lysophosphatidylcholine LPC(13:0), phosphatidylcholine PC(14:0/14:0), D3-Carnitine(2:0), D3-Carnitine (8:0) and D3-Carnitine (16:0) as internal standards and ammonium-acetate. Extracts were analysed by flow-injection mass spectrometry using a triple quadrupole mass spectrometer (QTRAP4000, Sciex, Darmstadt, Germany) with an electrospray ionisation (ESI) source in positive ionisation mode as previously described [17]. The mass spectrometer was coupled to an HPLC system (Agilent, Waldbronn, Germany). The entire analytical process was post-processed by Analyst (ver. 1.5.1), and the isotopomer correction was applied in R (ver. 3. 0.1).
The analysis comprised acylcarnitines (Carn), lysophosphatidylcholines (Lyso.PC), diacyl-phosphatidylcholines (PC.aa), acyl-alkyl-phosphatidylcholines (PC.ae) and sphingomyelines (SM). As a point to note, the analytical technique applied here is not capable of determining the position of the double bonds and the distribution of carbon atoms between fatty acid side chains. The polar lipids nomenclature is XX:Y where, X is the combined length of the carbon chains, Y is the number of double bonds.
The analysis of polar lipids is a screening method that comprised 484 different mass transitions; non-polar lipids are not measured using this methodology. The samples were measured in two batches with 76 samples in batch 1 and 32 in batch 2. The first step of quality control was to check the precision of quality control samples (6 aliquoted plasma samples in each batch). All analytes with more than 20% intra-batch precision and more than 30% inter-batch precision were removed. From the remaining 82 metabolites, 3 were rarely present in the samples and were removed. Blank samples were used to identify contaminants and four metabolites where the blank values represented > 10% of the sample average were removed. The final metabolite number was 75. The primary fatty acids associated with each lipid species are listed in supplementary data table S1. The metabolite concentrations of the samples were corrected for the internal standard and are given in µmol/kg tissue or expressed as a % of the 75 measured metabolites in each sample.

RNA isolation, quality assessment and analysis by the nCounter system
Analysis of placental gene expression was performed at the Medical University of Graz. Frozen placental villous tissue (50 – 100 mg) was homogenised in RLT lysis buffer (Qiagen, Hilden, Germany) by using Precellys ceramic kit (Peqlab, Erlangen, Germany) and the MagNA lyser system (Roche, Basel, Switzerland). RNA was isolated from placenta tissue homogenates by RNeasy mini kit (Qiagen, Hilden, Germany) following the protocol of the manufacturer. The RNA quality control was performed on a 2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, USA) and only samples with an RNA integrity number (RIN) above 7.0 were considered for analysis [18]. Gene expression analysis was performed on the nCounter analysis platform (NanoString Technologies, Seattle, WA) according to manufacturer’s instruction. For the analysis, RNA (400 ng) was probed with a custom Code Set containing 30 genes selected for their association with lipid transport and metabolism and, of these, four genes were below the limit of detection and were not analysed further (supplementary table S2). The analysis was performed using the nSolver 2.0 Analysis Software (NanoString Technologies, Seattle, WA) [19]. The 6 control genes were ANGEL1 (NM_015305.3), OAZ1 (NM_004152.2), PPIA (NM_02113 0.2), RPL30 (NM_000989.2,) TBP (NM_001172085.1), WDR45L (NM_019613.3).

Statistics
Summary data are presented as mean and standard deviation (SD) for normally distributed variables and median and interquartile range (IQR) for non-normally distributed variables.
Principal component analysis was performed on the lipid proportion variables [20]. Maternal and neonatal variables which were not normally distributed were transformed to normality using Fisher-Yates normal scores [21]. Percentage lipids, gene expression and principal components were similarly transformed using Fisher-Yates normal scores. Relationships between maternal and neonatal body composition variables and lipid principal component scores were analysed using linear regression models adjusted for sex and gestation with resulting beta coefficients describing the change in body composition in SDs per SD change in lipid principal component scores; the same approach was used for body composition variables and percentage placental lipid species. Relationships between lipid principal component scores and gene expression were analysed using linear regression models adjusted for sex and gestation with resulting beta coefficients describing change in lipid principal component scores in SDs per SD change in gene expression; the same approach was used for percentage lipid species and gene expression [21]. Data were analysed using Stata version 14.1 (StataCorp, Texas, USA). A P-value of < 0.05 was considered to be significant but for the individual comparisons between lipids and postnatal outcomes we have chosen to focus the discussion on those findings reaching the P < 0.01 level of significance. For the individual comparisons between gene expression and lipid composition we have chosen to focus the discussion on those findings reaching a lower P value of < 0.001.

Results

Cohort data
Maternal and neonatal data for the 99 participating mother-child pairs studied are provided in Table 1. 
Lipidomic data
The lipidomic analysis provided information on 75 polar lipid species including Carn, PC.aa, PC.ae, Lyso.PC and SM in samples from the 99 placentas. The full list of species measured, and summary values are provided in supplementary table S3. All analyses were performed on the % data. To reduce the complexity of the data principal component analysis was performed on the percentage lipid data. The first 3 principal components explained 19.1%, 12.8% and 8.1% of the variation in the data respectively.
Principal component 1 was characterised by lipids containing arachidonic acid (20:4 n-6, ARA), docosahexaenoic acid (22:6 n-3, DHA) and eicosapentaenoic acid (20:5 n-3, EPA) having low coefficients while lipids with high coefficients contained a preponderance of PC.aa and SM. Principal component 2 was characterised by high coefficients for PC.ae as well as lipid species containing DHA and ARA. Principal component 3 was characterised by lipids containing ARA being concentrated in the low-coefficient lipids.

Coefficients for the first three principal components can be found in supplementary table S4.
Placental lipid content (%), maternal factors, neonatal measures
There were no notable relationships between lipid principal component scores and maternal pre-pregnancy body composition (Table 2).
Higher placental weight, birthweight and neonatal lean mass were associated with higher lipid principal component 2 scores (Table 2).
Percentages of multiple lipids were related to birth outcomes and all associations can be seen in supplementary table S5. Focusing on those associations at the p = 0.01 level of significance, 9 placental lipids were related to placental weight (positive association: PC.aa.C34.1, SM.a.C34.2, PC.aa.C36.1, SM.a.C36.2, SM.a.C35.2, Lyso.PC.a.C18.0; negative association: PC.ae.C40.0, PC.aa.C38.5, PC.aa.C34.4), 5 lipids were related to birthweight (positive: PC.aa.C36.1, PC.aa.C34.1, PC.aa.C36.2; negative: PC.ae.C40.0, PC.aa.C38.5), 4 lipids were related to neonatal lean mass (positive: PC.aa.C34.1, PC.aa.C36.1, negative: PC.ae.C40.0, PC.aa.C38.5) and two lipids were related to neonatal fat mass by DXA (PC.aa.C34:1, PC.aa.C36.1) (Table 3). 

Placental lipid content and gene expression
	Expression of 26 of 30 target genes was successfully measured in the placenta. Placental lipid principal component 1 score was associated with gene expression for LEP and APOE and negatively with FATP2 and ACAT2 (Table 4). Placental lipid principal component 2 score was associated with the expression of 8 genes including APOE, PLIN2, FABP4 and LEP (Table 4). Principal component 3 was negatively related to the lipid droplet and triglyceride associated genes PLIN2, PLIN3 and PNPLA2 (Table 4).
The expression of multiple genes were related to lipids and all associations can be seen in supplementary table S6. Genes that were related to two or more individual lipid species at P  0.001 are presented in Table 5. Of note, FATP2 was related to nine polar lipid species and APOE and LEP were each related to five polar lipid species at P  0.001.


Discussion
This study found relationships between placental lipid composition and placental weight, birth weight and neonatal lean mass. As fetal growth is a product of placental function, elucidating the role of these lipids in the placenta may highlight placental determinants of fetal growth. Furthermore, the relationships between placental lipid composition and the expression of lipid-related genes suggest underlying regulation of lipid composition and gene expression.
The lipid composition of the placenta, as represented by principal component 2, was related to placental weight. This observation suggests that a larger placenta is not simply a scaled-up version of a smaller placenta (or vice versa), as, if this were the case, while there would be more lipid in a larger placenta, the lipid composition would be the same. Furthermore, principal component 2 was related to birth weight and neonatal lean mass suggesting that whatever underlies the difference in lipid composition is either a determinant of placental function and birth outcome or is determined by a common factor.
The mechanism underlying the relationship between lipids associated with principal component 2, or of individual lipids, and birth outcome is not obvious. A change in villous lipid composition could be explained by alterations in cellular composition, changes in lipid metabolism or changes in maternal lipid supply. The lipid species identified could also play critical roles as lipid precursors for signalling (both within or between cells) or in mediating metabolic flux of fatty acids through different lipid pools, determining their availability to the fetus. Identifying the distinct lipid signatures of isolated primary placental cell populations could help to determine whether or not the observed differences could reflect cellular heterogeneity. Looking at individual lipids and birthweight, it is interesting to note that PUFA containing lipids (e.g. PC38:5) have negative association while more saturated lipids (e.g. PC34:1, SM34:2) are positively associated. Lower levels of PUFA containing lipids in the placenta could represent either reduced maternal supply or increased transfer of PUFA containing lipids to the fetus.
Neonatal outcomes were associated with principal component 2, which had positive scores for PC.ae and with polyunsaturated fatty acids. Interestingly, these acyl-alkyl lipids tended to change together, and this may reflect a common biosynthetic pathway. These acyl-alky lipids may play specific roles within the cell, including in membrane trafficking, cell signalling and oxidative stress [22]. One study has looked at the molecular identification of phospholipids in the human term placenta and found that SM and phosphatidylcholine were distributed differently between stem and terminal villi [23].
The individual lipid species that were most strongly related to postnatal outcomes had a wide range of abundances, but their median abundance was similar to that of their respective lipid classes. Only one of these contained a polyunsaturated fatty acid, PC.aa.8_5, which contains ARA. 
Of note, a distinct distribution of PC.aa (16:0/20:4) coupled with ARA in terminal villi has been reported [9]. These arachidonic acid containing phospholipids are of particular interest in the placenta where together with DHA they make up around 40% of all phospholipids [7]. ARA and its metabolites (prostaglandins and leukotrienes) are considered as second messengers and do play a critical role in placental function, development of the fetus and parturition.
Neither principal component 1 or 3 were related to birth outcomes, but they did have clear relationships with placental gene expression. Principal component 1 was characterised by lipids containing ARA, DHA and EPA having low principal component coefficients, while lipids with high principal component coefficients contained a preponderance of PC.aa and SM. Principal component 3 was characterised by lipids containing ARA being concentrated in the low-coefficient lipids. Principal component 3 was characterised by lipids containing ARA being concentrated in the low scoring lipids. 
The relationships between placental lipid composition and the expression of lipid-related genes were interesting and points to underlying regulatory relationships. Placental expression of genes including LEP, APOE and FATP2 were associated with both principal components 1 and 2, while expression of PLIN2 and PNPLA2 were related to both principal components 2 and 3. In addition to the principal components, relationships were observed between gene expression and individual lipid species. As different patterns of association were observed, this suggests multiple regulatory pathways linking lipid composition and gene expression. 
The lipids with the strongest relationships to gene expression presented in table 5 included a wide range of abundance but did not include any lipid species in the bottom 20% of abundance. For PC.aa and PC.ae, there was a tendency for those lipids in table 5 to be below the median abundance for that class. In contrast, the lysophospholipids and sphingomyelins in table 5 had similar median abundances to their respective classes. The lipids in table 5 also contained 3 out of the 6 measured DHA containing species but only 1 lipid of 8 measured species contained ARA. This suggests that there may be an enrichment of DHA containing lipid species associated with gene expression. However, further studies would be needed to confirm this. 
Whether gene expression causes changes in lipid composition, lipid composition is regulating gene expression, or they are both regulated by a related factor cannot be determined from this data. However, these relationships highlight avenues for future investigation.
Recent studies have demonstrated associations between maternal obesity and the placental triglyceride content and phospholipid composition [7,10] as well as rates of placental beta-oxidation [11]. It is, therefore, interesting that this study found no overall relationship between maternal adiposity and polar lipid composition. A previous study has demonstrated associations between placental polar lipids and maternal obesity, and so this question requires further investigation [7].
A strength of this study is that it has investigated a large number of individual lipids and identified patterns of lipid expression through principal component analysis, and related these to outcomes. However, a challenge for translating these findings into health benefits is identifying what the patterns of lipid and gene expression relate to at a biological level. A limitation of this study is that the lipid and gene expression analysis was performed on whole placental tissue which contained multiple different cell types. However, as placental cell-type-specific lipidomic and transcriptomic signatures become available, this will facilitate the biological understanding of these findings and those of similar studies. Another limitation of the study is that a panel of genes was investigated rather than the whole transcriptome. However, using these 30 genes, which were selected based on their relevance in lipid homeostasis, the study was able to demonstrate clear associations between gene expression and the lipid principal components.
This study was designed to identify relationships within the population as a whole, but it should be noted that there may also be differences that occur at the extremes of the population that are not observed here. For instance, comparing pregnancies with very high BMI to those in the normal range may identify difference not seen here because this study does not include large numbers of pregnancies with extreme BMI. 
This is a cross sectional study, so it is not possible to ascribe causality to the observations made, either between gene and lipid levels in the placenta or between placental factors and neonatal outcomes. For instance, fetal lean mass may secrete hormones that affect placental lipid composition or altered placental lipid composition may reflect functional differences which promote growth of fetal lean tissues. However, by demonstrating these associations this study provides a framework to study causal the relationships between gene expression and lipid composition or between placental lipid composition and fetal growth in the future.
This study indicates that there is an identifiable pattern of lipid composition within the placenta that related to birth weight. Understanding these features at the biological level will help explain variation within the association between placental and fetal weight and provide targets for intervention. Identifying the patterns of lipids related to good birth outcomes provides additional data which may help identify the underlying processes and provide targets for therapeutic interventions.
In conclusion, this study demonstrates that placentas of different sizes are not just bigger or smaller but have specific differences in polar lipid composition. The multiple associations between placental lipid composition and gene expression suggest underlying regulatory relationship. These differences may underlie differences in birth weight and neonatal lean mass, and further characterisation of these may provide a route to effective interventions in poorly growing fetuses.
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Table 1 Summary statistics for the mothers and offspring (n = 99)
	
	Summary statistics 

	Maternal age pre-pregnancy (years)1
	28.5 (4.0)

	Primiparous, n (%)
	45 (45%)

	Maternal education ≥ A-levels, n (%)
	62 (63%)

	Maternal triceps skinfold (mm)2
	21.1 (15.9, 24.8)

	Maternal height (m)1
	1.62 (0.06)

	Pre-pregnant maternal BMI (kg/m2)2
	25.0 (23.0, 29.2)

	Offspring gestational age at birth (weeks) 1
	39.8 (1.3)

	Male offspring, n (%)
	52 (53%)

	Birthweight (kg)1
	3.5 (0.4)

	Placental weight (kg) 1
	0.46 (0.08)


1Mean (SD), 2Median (Inter-quartile range)



Table 2, Relationships between lipid principal component scores and body composition measures in mother and offspring adjusted for infant sex and gestational age.
	
	principal
component 1
	principal
component 2
	principal
component 3

	
	
	P
	
	P
	
	P

	Woman's body mass index
	-0.03
	0.74
	-0.05
	0.61
	-0.13
	0.20

	Sum of skinfolds
	-0.02
	0.82
	-0.13
	0.20
	-0.08
	0.45

	Woman's height 
	0.09
	0.37
	0.16
	0.13
	-0.01
	0.96

	Placental weight
	0.19
	0.07
	0.23
	0.02
	0.03
	0.78

	Birthweight
	0.16
	0.08
	0.16
	0.08
	0.02
	0.83

	Neonatal fat mass (DXA)
	0.11
	0.26
	0.05
	0.63
	-0.01
	0.90

	Neonatal lean mass (DXA)
	0.10
	0.30
	0.19
	0.05
	0.09
	0.34





Table 3, Relationships between individual placental lipid species (%) and birth parameters adjusted for infant sex and gestational age
	
	Placental weight
	Birthweight
	Neonatal lean mass
	Neonatal fat mass

	
	
	P
	
	P
	
	P
	
	P

	lyso.PC.a.C18.0 
	0.26
	0.01
	0.04
	0.65
	0.07
	0.46
	0.02
	0.83

	PC.aa.C34.1
	0.44
	<0.001
	0.24
	0.008
	0.29
	0.002
	0.23
	0.01

	PC.aa.C34.4
	-0.31
	0.003
	-0.17
	0.07
	-0.16
	0.09
	-0.07
	0.48

	PC.aa.C36.1
	0.29
	0.006
	0.30
	0.001
	0.32
	0.001
	0.24
	0.01

	PC.aa.C36.2
	0.19
	0.07
	0.23
	0.01
	0.17
	0.08
	0.10
	0.30

	PC.aa.C38.5
	-0.31
	0.003
	-0.25
	0.005
	-0.28
	0.002
	-0.22
	0.02

	PC.ae.C40.0 
	-0.41
	<0.001
	-0.27
	0.002
	-0.26
	0.006
	-0.21
	0.03

	SM.a.C34.2
	0.45
	<0.001
	0.23
	0.02
	0.22
	0.03
	0.12
	0.21

	SM.a.C35.2 
	0.29
	0.004
	0.22
	0.02
	0.15
	0.11
	0.15
	0.13

	SM.a.C36.2
	0.38
	<0.001
	0.18
	0.05
	0.15
	0.11
	0.05
	0.61


Analysis of Fisher-Yates transformed lipid variables (z-scores). Only lipid species where there was a relationship with at least one P-value ≤ 0.01 are shown. All data are shown in All data are shown in the supplementary data table S5.

Table 4, Associations between lipid principal component scores and gene expression adjusted for infant sex and gestational age
	
	Principal
component 1
	principal 
component 2
	principal 
component 3

	gene
	
	P
	
	P
	
	P

	ACAT2
	-0.23
	0.03
	0.03
	0.78
	0.15
	0.13

	ALPP
	-0.05
	0.63
	-0.19
	0.06
	-0.10
	0.33

	ANGPTL4
	-0.08
	0.46
	-0.08
	0.45
	-0.12
	0.23

	APOE
	0.28
	0.008
	0.33
	0.001
	0.02
	0.86

	CGI-58
	0.03
	0.76
	0.02
	0.82
	-0.09
	0.37

	ELOVL-1
	0.10
	0.35
	-0.10
	0.35
	-0.10
	0.30

	FABP4
	-0.08
	0.43
	-0.25
	0.01
	-0.02
	0.82

	FADS1
	-0.17
	0.10
	0.17
	0.09
	0.04
	0.69

	FAT/CD36
	0.13
	0.22
	-0.06
	0.53
	-0.02
	0.87

	FATP2
	-0.37
	<0.001
	0.20
	0.05
	0.11
	0.30

	FATP3
	-0.04
	0.74
	0.11
	0.30
	0.08
	0.42

	FATP4
	-0.18
	0.10
	0.07
	0.48
	0.08
	0.41

	G0S2
	-0.21
	0.07
	0.30
	0.005
	0.03
	0.78

	GOT2
	-0.11
	0.28
	-0.03
	0.74
	0.04
	0.71

	LEP
	0.26
	0.01
	-0.26
	0.01
	-0.14
	0.15

	MEFD2A
	-0.00
	0.97
	-0.19
	0.07
	-0.12
	0.25

	PLA2G2A
	0.00
	0.97
	0.18
	0.07
	0.16
	0.11

	PLIN2
	0.14
	0.20
	-0.33
	0.001
	-0.22
	0.03

	PLIN3
	-0.15
	0.15
	0.03
	0.75
	-0.25
	0.01

	PNPLA2
	-0.00
	0.97
	-0.24
	0.02
	-0.19
	0.05

	PPARG
	0.10
	0.34
	-0.09
	0.36
	-0.02
	0.85

	SOAT1
	0.10
	0.33
	0.15
	0.14
	0.07
	0.49

	SRB1
	0.10
	0.33
	-0.29
	0.004
	-0.08
	0.43

	SREBP1
	0.10
	0.35
	-0.13
	0.21
	-0.08
	0.43

	STARD3
	0.14
	0.20
	-0.14
	0.18
	-0.07
	0.51

	TPSO
	-0.14
	0.18
	0.19
	0.06
	0.12
	0.25
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Table 5, Associations between placental gene expression and lipid composition adjusted for infant sex and gestational age
	
	APOE
	FATP2
	G0S2
	LEP
	PLIN2
	SRB1
	SREBP1

	
	
	P
	
	P
	
	P
	
	P
	
	P
	
	P
	
	P

	lyso.PC.a.C16.0
	0.02
	0.84
	0.40
	<0.001
	0.25
	0.02
	-0.04
	0.71
	-0.16
	0.12
	-0.07
	0.51
	-0.18
	0.09

	lyso.PC.a.C18.0
	0.17
	0.11
	0.37
	<0.001
	0.33
	0.004
	-0.19
	0.06
	-0.26
	0.01
	-0.18
	0.09
	-0.24
	0.02

	lyso.PC.a.C18.1
	0.13
	0.21
	0.40
	<0.001
	0.30
	0.007
	-0.07
	0.50
	-0.24
	0.02
	-0.09
	0.40
	-0.15
	0.15

	PC.aa.C32.1 
	0.11
	0.30
	-0.33
	0.002
	-0.29
	0.01
	0.34
	0.001
	0.20
	0.05
	0.21
	0.04
	0.07
	0.54

	PC.aa.C32.2 
	0.11
	0.32
	-0.43
	<0.001
	-0.24
	0.04
	0.24
	0.02
	0.10
	0.33
	0.10
	0.33
	0.08
	0.48

	PC.aa.C34.4
	-0.07
	0.47
	-0.37
	<0.001
	-0.11
	0.32
	0.31
	0.002
	0.31
	0.002
	0.26
	0.008
	0.22
	0.03

	PC.aa.C36.1 
	0.34
	0.001
	-0.19
	0.07
	-0.00
	0.99
	0.14
	0.17
	0.00
	0.97
	0.02
	0.88
	-0.00
	0.99

	PC.aa.C36.3
	-0.03
	0.76
	-0.17
	0.11
	-0.33
	0.004
	0.23
	0.03
	0.20
	0.06
	0.22
	0.03
	0.37
	<0.001

	PC.aa.C36.5
	-0.24
	0.02
	-0.17
	0.10
	-0.16
	0.15
	0.29
	0.004
	0.40
	<0.001
	0.23
	0.03
	0.15
	0.16

	PC.aa.C38.6
	-0.20
	0.05
	0.36
	<0.001
	0.23
	0.04
	-0.36
	<0.001
	-0.19
	0.07
	-0.13
	0.21
	-0.13
	0.20

	PC.aa.C40.4
	0.35
	0.001
	-0.08
	0.46
	0.22
	0.05
	-0.08
	0.46
	-0.11
	0.29
	-0.16
	0.13
	-0.19
	0.07

	PC.ae.C34.2
	0.14
	0.16
	0.15
	0.14
	0.00
	0.98
	-0.21
	0.04
	-0.32
	0.001
	-0.21
	0.03
	-0.08
	0.45

	PC.ae.C34.3
	0.13
	0.21
	0.16
	0.13
	0.09
	0.44
	-0.19
	0.07
	-0.27
	0.007
	-0.32
	0.001
	-0.16
	0.12

	PC.ae.C36.1
	0.33
	0.001
	-0.16
	0.13
	0.02
	0.83
	0.03
	0.78
	-0.09
	0.37
	0.00
	0.96
	0.07
	0.50

	PC.ae.C38.5  
	-0.04
	0.71
	0.35
	<0.001
	0.31
	0.004
	-0.34
	0.001
	-0.30
	0.002
	-0.23
	0.02
	-0.15
	0.13

	PC.ae.C38.6 
	0.07
	0.51
	0.43
	<0.001
	0.34
	0.002
	-0.38
	<0.001
	-0.33
	0.001
	-0.33
	0.001
	-0.22
	0.03

	PC.ae.C40.5 
	0.28
	0.005
	0.11
	0.26
	0.38
	<0.001
	-0.26
	0.008
	-0.27
	0.006
	-0.25
	0.01
	-0.11
	0.28

	PC.ae.C40.6
	0.20
	0.05
	0.30
	0.003
	0.40
	<0.001
	-0.28
	0.005
	-0.30
	0.002
	-0.22
	0.03
	-0.14
	0.18

	SM.a.C34.2
	0.22
	0.04
	0.18
	0.09
	0.35
	0.001
	-0.24
	0.02
	-0.32
	0.001
	-0.30
	0.003
	-0.41
	<0.001

	SM.a.C35.1
	0.36
	0.001
	-0.18
	0.08
	0.01
	0.96
	0.09
	0.38
	0.07
	0.53
	0.09
	0.42
	0.10
	0.34

	SM.a.C36.1
	0.25
	0.02
	-0.34
	0.001
	-0.15
	0.19
	0.27
	0.009
	0.28
	0.007
	0.29
	0.005
	0.25
	0.02

	SM.a.C36.2
	0.37
	<0.001
	-0.10
	0.37
	0.18
	0.12
	0.06
	0.56
	0.02
	0.83
	-0.02
	0.88
	-0.14
	0.19

	SM.a.C42.6
	-0.20
	0.05
	0.29
	0.004
	0.21
	0.06
	-0.35
	<0.001
	-0.19
	0.06
	-0.10
	0.34
	-0.12
	0.23


Genes are listed in the table where there were at least two lipid associations at P  0.001. All data are shown in the supplementary data table S6. Data is adjusted for sex and gestational age.




Figure 1. Placental polar lipid concentration (µmol/kg). 
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