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Abstract

Dyslipidemia is a characteristic of maternal obesity and previous studies have demonstrated
abnormalities in fatty acid oxidation and storage in term placentas. However, there is little
information about the effect of pre-pregnancy obesity on placental lipid metabolism during
early pregnancy. The objective of this study was to determine the relationship between lipid
profiles and markers of metabolism in placentas from obese and lean dams at midgestation. Mice
were fed a western diet (WD) or normal diet (ND) and lysophosphatidylcholines (LPCs) and/or
phosphatidylcholines (PCs) were measured in dam circulation and placenta sections using liquid
chromatography-tandem mass spectrometry and mass spectrometry imaging, respectively. In WD
dam, circulating LPCs containing 16:1, 18:1, 20:0, and 20:3 fatty acids were increased and 18:2
and 20:4 were decreased. In WD placenta from both sexes, LPC 18:1 and PC 36:1 and 38:3 were
increased. Furthermore, there were moderate to strong correlations between LPC 18:1, PC 36:1,
and PC 38:3. Treatment-, spatial-, and sex-dependent differences in LPC 20:1 and 20:3 were also
detected. To identify genes that may regulate diet-dependent differences in placenta lipid profiles,
the expression of genes associated with lipid metabolism and nutrient transport was measured in
whole placenta and isolated labyrinth using droplet digital PCR and Nanostring nCounter assays.
Several apolipoproteins were increased in WD placentas. However, no differences in nutrient
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transport or fatty acid metabolism were detected. Together, these data indicate that lipid storage is
increased in midgestation WD placentas, which may lead to lipotoxicity, altered lipid metabolism

and transport to the fetus later in gestation.

Summary sentence

At midgestation, lipid profiles are altered in the circulation of obese mouse dams and placentas
with specific changes in phosphatidylcholine and lyso-phosphatidylcholine species, lipid storage,

and the expression of apolipoproteins.
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Introduction

Approximately one-third of reproductive-aged women in the USA
are classified as obese [1] with even higher rates in Hispanic (51%)
and African-American (55%) populations. Elevated maternal body
mass index is associated with increased birthweight and adipose
tissue accumulation in infants [2, 3] which increases offspring risk
of developing metabolic disease later in life [4]. The placenta is
a transient but essential organ that regulates nutrient transport
between maternal and fetal circulations [5-7]. Therefore, it is no
surprise that placenta function is a major determinant of fetal growth
and mediates, in part, the effects of maternal obesity on negative fetal
outcomes.

The placenta has a high metabolic rate [8]. Therefore, maternal
nutrients are not only transferred to the fetus but also used to meet
the energy requirements of the placenta. Both glucose and fatty acid
are taken up by placental syncytiotrophoblasts and subsequently
undergo oxidative phosphorylation and B-oxidation, respectively
in cytotrophoblasts to generate ATP [9, 10]. Mild hyperlipidemia
is a characteristic of normal pregnancy. Hyperlipidemia is also a
common phenotype of obesity. Therefore, obese women typically
exhibit moderate to severe increases in circulating fatty acids which
leads to increased fatty acid B-oxidation [10] and lipid accumulation

in the placenta [11, 12]. This creates a lipotoxic environment that
is associated with increased inflammation, oxidative stress, and
impaired placental function [8, 13].

Most fatty acids circulate in lipoprotein complexes which include
phospholipids, triglycerides, and cholesterol. Phosphatidylcholines
(PC) are one of the phospholipid species in circulating lipopro-
teins. They are also the major component of plasma and organelle
membranes including lipid droplets, which are the storage site of
fatty acids within a cell [14, 15]. PCs contain a phosphocholine
headgroup and two fatty acid tails. De novo synthesis is regulated by
enzymes of the Kennedy cycle (CEPT, PCYT1A) [16]. Alternatively,
PC is generated by methylation of phosphatidylethanolamine by
PE methyltransferase (PEMT) enzymes [16]. PCs are metabolized
via the Lands’ cycle into one-tailed lysophosphatidylcholine (LPC)
by phospholipases [17]. The addition of a fatty acid tail to LPCs,
which regenerates PCs, is regulated by lysophophatidylcholine acyl-
transferase (LPCAT) [18]. Importantly, LPC species are generally
proinflammatory due to activation of signaling pathways which
subsequently induce cytokine production [19-22].

Regulation of lipid metabolism in the placenta has been pri-
marily studied using primary human trophoblast cells collected
after parturition (vaginal delivery or cesarean section) from lean
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or obese women. Human and mouse placentas are structurally and
functionally similar [23]. Therefore, studies using mouse models of
obesity and/or gestational diabetes have also been performed using
placentas collected at the end of gestation. However, little is known
about the effects of maternal dyslipidemia during development of
the placenta. In the mouse, the placenta reaches functional and
structural maturity around midgestation (~embryonic day 10.5-
12.5), which corresponds to the beginning of the 2nd trimester of
a human pregnancy [24, 25]. Recent transcriptomics data also show
enrichment of genes associated with lipid transport and metabolism
in the embryonic day 12.5 (E12.5) placenta [26]. Therefore, in this
study, we utilized a mouse model of maternal obesity to test our
hypothesis that diet-induced obese dams have increased circulating
lipids at E12.5 resulting in altered lipid metabolism and storage in
the placenta.

Materials and methods

Animals and animal care
All animal experiments were approved by the University of
Nebraska-Lincoln Institutional Animal Care and Use Committee.

C57BL/6] (B6) females were randomly assigned to western-style
diet (WD, Envigo TD.88137) or normal rodent chow (ND, Teklad
Global 18% protein rodent diet) experimental groups. Normal
rodent chow is 14.3% crude protein, 48% carbohydrate (ground
corn and corn gluten meal), and 4% fat. The fat was 0.6 % saturated,
0.7% monounsaturated, and 2.1% polyunsaturated. The major
fatty acid was linoleic (18:2 n6, 2%) followed by oleic (18:1 n9,
0.7%), palmitic (16:0, 0.5%), stearic (18:0, 0.1%), and linolenic
(18:3 n3, 0.1%). There was no cholesterol in the normal rodent
chow. The western-style diet was 17% protein, 48.5% carbohydrate
(34% sucrose), and 21% fat. The fat was 12.8% saturated, 5.6%
monounsaturated, and 1% polyunsaturated. Cholesterol (0.2%)
was also included in the diet. The major fatty acid was palmitic
(5.8%) followed by oleic (4.2%), stearic (2.5 %), linoleic (0.5%), and
linolenic (0.2%).

Mice were maintained on their respective diets for 10-12 weeks.
All animals had ad libitum access to food and water and were main-
tained on a 12:12 light:dark cycle. WD and age-matched controls
were bred to B6 control males and checked for a vaginal plug to
confirm pregnancy. Dietary treatments (ND or WD) were maintained
during pregnancy. Dams were euthanized at E12.5 of pregnancy
using isoflurane overdose and exsanguination.

Tissue collection and processing

Dam blood was collected by cardiac puncture. Whole blood was
incubated on ice for 2 h and room temperature for 1 h prior to
centrifugation at 900 rcf for 18 min. Resulting serum was stored
at —80°C. Dam adipose was excised and weighed. Dam liver was
excised and fixed using 4% paraformaldehyde (PFA) overnight at
4°C. Each pregnant uterus was removed and dissected to collect
individual fetuses and placentas. Fetal and placental weight were
recorded, and whole placenta fixed in 4% PFA overnight at 4°C.
Fetal tails were snap frozen and stored at —20°C. Fixed tissues
were incubated in 30% sucrose overnight followed by an overnight
incubation in 50:50 solution of 30% sucrose and 30% OCT (Fisher
Healthcare 4585). Tissues were embedded in OCT and stored at
—20°C. Placenta labyrinth was isolated by microdissection from a
subset of placentas as previously described [27]. Briefly, uterine mus-
cle was removed from an individual implantation site to expose the

placenta. Decidua was separated and junctional layer was trimmed
away from the labyrinth under a dissection microscope. Labyrinth
was weighed, flash frozen, and stored at —80°C.

DNA extraction and genotyping

DNA was extracted from fetal tails using 500 pL tail buffer
(Teknova T0525) containing 14.6 pL proteinase K (New England
Biolabs P8107S). Samples were incubated overnight in 55°C water
bath and precipitated using 140 pL 6 M NaCl. DNA pellet was
washed with 70% ethanol, air dried, and resuspended in 20 pL of
Millipore water and stored at —20°C. Polymerase chain reaction
(PCR) master mix was made by adding one Illustra PuReTaq
Ready-To-Go PCR bead (GE Healthcare 27-9559-01) to 23 pL
of ddH,O. One microliter of DNA was added and 10 pM of
primers for SRY (IDT F-CGCCATCCATGTCAAGCGCCCCATGA,
R-GCGGAATTCACTTTAGCCCTCCGATG). Twenty-nine cycles
of PCR were performed as follows: (1) 94°C for 1 min, (2) 58°C for
1 min, (3) 72°C for 1 min. The reaction was subsequently incubated
at 72°C for 5 min. Six microliters of PCR product was run on a 1%
agarose gel and imaged. Samples positive for Sry were identified as
male whereas samples negative for Sry were identified as female.

Liver and placenta BODIPY staining

Serial transverse sections (10 pm) of cryopreserved dam livers and
placentas were adhered to slides. Slides were dried at 37°C for
45 min, rinsed twice in Phosphate buffered saline (PBS) with (liver)
or without (placenta) 1.5 mg/mL glycine for 10 min, and stained with
1:5000 (liver) or 1:1000 (placenta) dilution of BODIPY 493/503
(Thermofisher D3922) in PBS for 20 min. Slides were rinsed three
times in PBS for 5 min, then stained with DAPI nuclear marker at a
1:1000 dilution for 4 min. Slides were washed in ddH, O for 5 min
and mounted using Prolong Gold (Invitrogen P36934).

Positive BODIPY was detected in liver sections using an
IX71 Olympus Inverted Brightfield and Fluorescence Microscope
(Hitschfel Instruments, Inc., St. Louis, MO) and images captured
using Hamamatsu ORCA-ER digital camera and HCImage software.
BODIPY was detected in placenta sections using a Nikon A1R-
Ti2 confocal microscope, taking 1 pm z-stack projections at 60x
magnification under oil. Three images were taken of each section
moving from decidua to labyrinth (regions 1-3). Maximum intensity
projections of the images were processed in Fiji and lipid droplet
counts were determined using the Analyze Particles function of
Fiji. Droplet counts were normalized using the ND female region 1
and therefore are reported as the average number of droplets in an
experimental group per one droplet in the ND female region 1.

Serum extraction and mass spectrometry analysis
Lipids were extracted from serum using a modified Folch method.
Briefly, 5 pL of serum was combined with PC 14:0/14:0 d54, an
internal standard (Avanti Polar Lipids, Alabaster, AL). The combined
solution was mixed with 70 pL of water, 100 pL of methanol, and
600 pL of chloroform. The solution was vortexed and centrifuged.
The chloroform layer was collected, concentrated, and reconstituted
in 50% methanol/water. This extracted sample was subsequently
used to perform liquid chromatography—mass spectrometry (LC-
MS).

The LC-MS was carried out using a Waters nanoAcquity fit-
ted with a C18 BEH column and connected to a Waters Synapt
G2-S mass spectrometer through an electrospray ionization source
(Milford, MA). The mobile phase was water and methanol both
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Figure 1. Body weight (A) and adipose tissue weights (B) of control (ND, n = 7) and western diet (WD, n = 5) dams. Fetal weights (C), were classified by dam
diet (ND, WD) and fetal sex (F, female and M, male) at embryonic day 12.5 (ND-F n = 31, WD-F n = 23, ND-M n = 23, WD-M n = 17). Number of pups (D) and
male-to-female sex ratio (E) in each experimental group (ND, n =7 and WD, n = 5). (F) Placenta weights at embryonic day 12.5 classified by dam diet and fetal

sex. All data are mean &= SEM, * P < 0.05,# P < 0.1.

with 50 pM of lithium acetate (Sigma Aldrich, St. Louis, MO). The
capillary voltage and source temperature were maintained at 3.1 kV
and 80°C, respectively. The data were analyzed using MassLynx
4.1 and DriftScope 2.7 (Waters). Putative lipid identifications were
verified by MS/MS.

Mass spectrometry imaging

Placentas cryopreserved in OCT were sectioned (12 pm) and placed
on Gold Seal Ultrastick glass slides (Thermo Fisher 3039). The
slides were washed twice in HPLC grade water (1 min each) and
dried in a vacuum desiccator. The matrix solution was 40 mg/mL
of 2,5-dihydrobenzoic acid (DHB) in 70% methanol with 0.1%
formic acid. Using an airbrush, matrix was sprayed onto the tissue
section six times allowing the slide to dry between sprayings. Matrix
assisted laser desorption/ionization (MALDI) based MS imaging was
performed using a 15 Tesla Bruker SolariX XR mass spectrometer
(Billerica, MA). The MALDI settings for number of laser shots
and laser power were 1250 shots and 14%, respectively. After
imaging, the slides were subjected to hematoxylin and eosin (H&E)
staining to determine morphology. Briefly, slides were dried for
30 min at 37°C, washed in 70% ethanol for 1 min, placed in
Mayer’s Hematoxylin for 10 min, and then washed in ddH,O
for 2 min. Slides were subsequently dipped five times in Eosin

Y and washed with ddH,O to remove excess stain. Slides were
dehydrated with sequential washes in 70%, 80%, 90%, and 100%
ethanol and then incubated for 1 min in Citrisolv (Fisher). Slides
were air dried and a coverslip applied using Permount. Images
were obtained using an Olympus DP71 microscope and stitched
together in Photoshop to generate an image of an entire placenta
section. The H&E and MALDI images were overlayed to deter-
mine localization (labyrinth or decidua/junctional zone) of specific
lipid species. MALDI images were processed using SCILS (Bruker).
Regions of interest were determined and outlined on H&E images
and then applied to mass spectra images. Lipid identifications were
assigned based on exact mass. Pearson’s correlations were calculated
using SCiIiLS which reported R-values of significant correlations
(P < 0.05).

Droplet digital PCR

RNA was extracted from whole placenta and isolated labyrinth
using Tri-reagent (Sigma) and reverse transcribed using Advanced
iScript (Bio-Rad) per manufacturer instructions. Forward and
reverse primers for mouse Lpcatl, Lpcai2, Cept, Pcytla, Pla2g7,
Elovl1, Fads1, Fads2, Pemt, and Actb were designed using Primer-
Blast (NCBI) and synthesized (Integrative DNA Technologies,
Coralville, TA) (Supplementary Table 1). Positive control gBlocks
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Gene Fragments were designed based on the amplicon sequence
for each gene and synthesized (Integrative DNA Technologies)
(Supplementary Table 1).

Droplet digital PCR (ddPCR) was performed using the QX200
ddPCR BioRad system. Briefly, cDNA samples, gBlocks (positive
control), or water (negative control) were combined with EvaGreen
Supermix (Bio-Rad) and a gene-specific primer set. Droplets were
generated (QX200 Droplet Generator) and PCR performed (C1000
Touch Thermal Cycler) using standard protocols. Fluorescence was
detected using the droplet analyzer (QX200 Droplet Reader) and
resulting positive and negative counts detected using QuantaSoft
Analysis Pro. Copy number per microgram of cDNA was calculated
for each transcript. The counts for Lpcatl, Lpcat2, Cept, Pcytla,
Pla2g7, Elovl1, Fads1, Fads2, and, Pemt transcripts were normalized
using counts of Actb for each sample. The stability of Actb across
experimental groups was confirmed. Data are reported as gene
copies per 10 000 copies of Actb.

nCounter gene expression assays
The multiplex nCounter gene expression assay was performed at
the University of Nebraska Medical Center Genomics Core Facility
using the pre-designed Mouse Metabolic Pathways Panel (Nanos-
tring Technologies, Seattle WA). The panel includes 786 transcripts
associated with biosynthesis and anabolic pathways, cell stress,
nutrient transporter and catabolic pathways, metabolic signaling,
and transcriptional regulation as well as 20 housekeeping genes.
The assay was performed according to the manufacturer’s
instructions. Briefly, total RNA collected from placental labyrinth
was assessed for quality using the Agilent Bioanalyzer 2100. RNA
(100 ng) was hybridized with proprietary capture and reporter
probes. The RNA-probe complexes were purified, immobilized, and
counted. Data were analyzed using the Advanced Analysis function
in the nSolver Software 4.0 (Nanostring). Data were normalized
using the Thp, Tlk2, Abcfl, Sdha, Ubb, Dhx16, Usp39, Agk, Fcf1,
and Edc3 which were the most stable housekeeping genes present on
the panel. Analysis covariates included dam diet, dam blood glucose,
fetus weight, placental weight, and fetal sex.

Statistics

Body and adipose tissue weights of the dam, fetal weight, and
placenta weight were analyzed in SAS (Cary, NC), using the PROC

GLIMMIX analysis procedure. Fixed effects included dam treatment
(ND or WD), fetal sex, and the interaction of fetal sex with dam
treatment. The nested effect of dam within treatment was used as
a random effect. Unpaired t-tests (GraphPad Prism 8) were used to
analyze lipid levels in dam serum and ddPCR transcript abundance.
One-way ANOVA was used to compare lipid levels between experi-
mental groups in placenta sections. Paired t-test was used to compare
lipid levels in the labyrinth and decidua/junctional zone within the
same placenta. Two-way ANOVA with Sidak’s multiple comparison
test was used to compare placenta lipid droplet counts.

Results

Western diet increases dam adipose and body weight,
has sex-specific effects on fetal weight

Dams were fed WD or ND prior to and during pregnancy until
E12.5 as described in the materials and methods. As expected, WD
dams had increased body and adipose tissue weight compared to ND
counterparts (Figure 1A and B). However, there were no differences
in total number of fetuses per litter (Figure 1D) or male-to-female
fetus ratio (Figure 1E) between ND and WD dams. No differences in
pregnancy failure were detected between experimental groups (data
not shown). There was also no diet effect on E12.5 fetal weights.
However, there was a difference between male and female fetal
weights in the ND groups but not WD groups (Figure 1C). Similar to
the fetal weight, there was no diet effect on placenta weight; however,
there was a sex-dependent effect with male placentas heavier than
female placentas (Figure 1F).

Western diet altered LPC profile in dam serum
Saturated and monounsaturated fatty acid content was higher and
polyunsaturated fatty acid content lower in WD compared to ND.
Palmitic acid (16:0) was 10-fold higher, stearic acid (18:0) was 25-
fold higher, oleic acid (18:1 n9) was 4-fold higher, and linolenic acid
(18:3 n3) was 2-fold higher in WD compared to ND. Conversely,
linoleic acid (18:2 n6) was 4-fold lower in WD compared to ND.
Based on the diet composition, we hypothesized that WD females
would exhibit dyslipidemia.

Oxidative stress associated with obesity causes oxidation of
circulating low-density lipoprotein (oxLDL), which significantly
increases its LPC content [28]. Therefore, we measured circulating
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of ND and WD.

LPC content in ND and WD dams as an indicator of dyslipidemia.
LC-MS was performed using serum collected from ND (n =
and WD (n = 3) dams at euthanasia. Consistent with other studies
[29, 30], the predominant circulating LPCs in lean and obese dams

contained 16:0, 18:0, 18:1, 18:2, and 20:4 fatty acid tails (Figure 2).
We also identified differences in the relative profiles of individual
LPCs in WD compared to ND dams (Figure 2). Specifically, LPC
containing 16:1 fatty acid was increased in WD compared to ND
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serum. However, there was no change in LPC containing a 16:0 fatty
acid. There were more LPCs containing an 18:1 but no difference
in 18:0-containing LPCs in WD compared to ND dam serum.
Conversely, LPC 18:2 tended to be decreased in WD compared
to ND serum. In 20-carbon LPCs, 20:0 and 20:3 were increased and
20:2 tended to be increased in WD serum, but 20:4 was decreased
and 20:1 was unchanged compared to ND (Figure 2). In addition to
the changes in circulating LPCs, lipid droplets, which were detected
using the neutral lipid stain BODIPY, were increased in the WD
compared to ND dam livers (Supplementary Figure 1).

The number of lipid droplets were increased in
placentas from ND and WD dams

To determine if maternal dyslipidemia translated to altered placenta
lipid content, we stained cryopreserved placentas from ND and WD
dams with BODIPY. Sex-dependent differences in fetal responses
to maternal obesity have been established [31-33]. Therefore, we
classified placentas as male from a ND dam (n = 3), male from
a WD dam (n = 3), female from a ND dam (n = 3), and female
from a WD dam (n = 3) for these experiments. Confocal microscopy
images of BODIPY-stained placenta were collected from regions of
the placenta that corresponded to the decidua (1), junctional zone
(2), and labyrinth (3). Using the Analyze Particles function of Fiji,
increased lipid droplet counts (P < 0.05) were detected in regions 1

and 2 of WD compared to ND female placentas (Figure 3). However,
there were no differences in lipid droplet counts between ND and
WD male placentas in the same regions. Region 3, which is primarily
the labyrinth of the placenta, had the highest content of lipids
regardless of diet or sex. Lipid counts were also increased in WD
compared to ND male and female placentas (Figure 3).

PCs 36:1 and 38:3 were increased in placentas from
WD compared to ND dams

Lipid droplets are surrounded by a monolayer of phospholipids,
which are predominately PCs [15]. Therefore, we hypothesized that
there would be increased abundance and altered fatty acid composi-
tion of PCs in the male and female placentas from WD compared
to ND dams. To test this hypothesis, we performed MS imaging,
which allows spatially resolved MS data to be combined with tissue
histology [34]. Thus, we not only determined relative abundance
but also localization of specific lipid species in the labyrinth and
junctional zone of the placenta.

Among the PCs with increased levels in placentas from WD dams
were PC 36:1 and PC 38:3. There was a significant 3 to 4-fold
increase in the relative abundance of PC 36:1 in male (P < 0.001,
D/JZ and P < 0.01, LAB) and female (P < 0.01, D/JZ and P < 0.05,
LAB) placentas collected from WD dams (Figure 4). Similar to PC
36:1, analysis of PC 38:3 showed increased abundance in the male


https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa191#supplementary-data

204

Bidne et al., 2021, Vol. 104, No. 1

Intensity
LPC-16:1
#
%2.5
c 2.0
©
-C 1.5
g 1.0
WD - 0.5
Intensity w 0 ND B s D
DlZ LAB
ND
Intensity
LPC-18:1
B "
c
©
=
o
=
) o
Intensity [T
ND WD ND WD
DIJZ LAB

ND

Intensity

LPC-16:1
% 3
E #
S 2
(&]
WD o 1
Intensity LE
ND WD ND WD
DIZ LAB
ND
Intensity
LPC-18:1
(]
m * %k *
:
©
=
WD 2
Intensity _O
L
ND WD ND WD
DIJZ LAB

Figure 5. Representative images and relative quantification of LPC 16:1 and LPC 18:1, respectively in the labyrinth (LAB) and decidua/junctional zone (D/JZ) of
female (A) and male (B) placentas (n = 3/experimental group). LAB and D/JZ are denoted by broken line based on tissue section morphology. Scale bars =1 mm.

All data are mean + SEM, **P < 0.01, *P < 0.05, P < 0.1.

placenta in both the D/JZ (P < 0.01) and LAB (P < 0.05) (Figure 4).
However, in female placentas, PC 38:3 was not different in the LAB
but tended to be increased in the D/JZ (P < 0.1) of placentas collected
from WD dams (Figure 4).

Levels of 16-, 18-, and 20-carbon LPCs were increased
in placentas from ND and WD dams

Increased phospholipase activity is associated with metabolically
unhealthy, overweight individuals [35]. Therefore, we hypothesized
that there would be increases in placental LPCs. Specifically, we
measured LPC 16:1, 18:1, 20:1, and 20:3 which are potential lipase-
dependent products of PC 36:1 and/or 38:3. There were no diet-
dependent differences in LPC 16:1 in the labyrinth zone (LAB) in
female or male placentas (Figure 5). Conversely, LPC 16:1 tended
to be increased (P < 0.1) in the decidua/junctional zone (D/JZ) of
both male and female placentas (Figure 5). The levels of LPC 18:1
were increased 3-fold (P < 0.05) in the D/JZ and LAB of both male
and female placentas (Figure 5). When LPC 20:1 was analyzed in
the D/JZ, it was increased 6-fold in male (P < 0.05) and female
(P < 0.1) placentas. However, there was no difference in LPC 20:1 in
the LAB of female and male placentas (Figure 6). There was also no
difference in abundance of LPC 20:3 between ND or WD placentas
in the LAB and D/JZ in from female fetuses. However, there was a 4

to 6-fold increase in 20:3 in both the LAB and D/JZ of male placentas
(Figure 6).

Correlations between LPC and PC species in WD

and ND derived placentas

To determine if the 16-, 18-, and 20-carbon LPCs were the result
of phospholipase hydrolysis of PC 36:1 and/or PC 38:3, Pearson
correlations were calculated between each of the LPCs and PCs in
each experimental group (Table 1). There was a strong correlation
(r = 0.6-0.79) between LPC 18:1 and PC 36:1 in female placentas
and a moderate (r = 0.40-.059) to strong correlation in male
placentas regardless of maternal diet (Table 1). There were also
moderate to strong correlations between LPC 18:1 and PC 38:3
in both male and female placentas as well as strong (female) and
moderate (male) correlations between PC 36:1 and PC 38:3. These
data suggest that 18:1 fatty acid is one of the fatty acid tails in 36:1
and 38:3 PCs in biological membranes of the placenta. A strong
correlation between LPC 16:1 and PC 36:1 in the LAB of ND male
placentas was identified. However, there was no correlation between
LPC 16:1 and PC 36:1 in the LAB of WD male placentas, D/JZ of
ND and WD male placentas or either region of ND and WD female
placentas (Table 1). There was also no correlation between LPC 16:1
and 38:3 in male or female placentas from ND dams. However,
there was a modest correlation in the LAB and D/JZ of female WD
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Figure 6. Representative images and relative quantification of LPC 20:1 and LPC 20:3, respectively in the labyrinth (LAB) and decidua/junctional zone (D/JZ) of
female (A) and male (B) placentas (n = 3/experimental group). LAB and D/JZ are denoted by broken line based on tissue section morphology. Scale bar =1 mm.

All data are mean + SEM, **P < 0.01, *P < 0.05, #P < 0.1.

placentas and in the LAB but not D/JZ of male WD placentas. These
data suggest a potential effect of diet on the incorporation of 16:1
fatty acid into PC 38:3. There was no correlation between PC 36:1
or PC 38:3 and either of the 20-carbon LPCs. Interestingly, there was
a moderate to strong correlation between LPC 16:1 and LPC 18:1 in
both male and female placentas from ND and WD dams (Table 1).

Expression of genes associated with lipid metabolism
in whole placenta and isolated labyrinth

To assess if placental PC and LPC differences were due to diet-
dependent differences in the expression of lipid metabolism genes,
ddPCR was performed. Specifically, genes involved in the Land’s
cycle (Lpcatl, Lpcat2, Pla2g7, Pla2g5), Kennedy cycle (Cept, Pcytla)
and PE conversion to PC (Pemt) were examined using RNA from
both whole placenta and labyrinth. Expression of fatty acid elon-
gation (Elovl1) and desaturation (Fads1, Fads2) genes were also
assessed in the labyrinth. No differences were detected in any of
these genes between ND and WD placenta (Table 2). Therefore, we
broadened our approach and interrogated the expression of 786
genes associated with lipid metabolism and transport in labyrinth
from ND and WD placentas using the nCounter Mouse Metabolic

Pathways Panel, which is a multiplex gene expression assay. We
identified significant increases in Apoe (4-fold), Apoa4 (15-fold),
and ApoB (19-fold) in WD compared to ND labyrinth. There also
tended to be an increase in Apoam (20-fold), Apoa2 (8.5-fold), and
Apoal (12.7-fold). These genes encode for apolipoproteins, which
are integral to lipid transport, and particularly cholesterol, via the
formation of lipoproteins. However, there were no differences in
any other genes associated with the transport of fatty acids or other
nutrients (Table 2).

Discussion

One common characteristic of obesity is dyslipidemia [36] and
increased lipid deposition in tissues which leads to lipotoxicity,
inflammation, and oxidative stress [37]. In the current study, we
identified increases in specific PC and LPC species in the placenta
when mouse dams were fed a western diet (WD) compared to
standard rodent chow (ND). Using MS imaging, we also identified
spatial dependent differences in placenta PC and LPC, which to our
knowledge has not been previously reported. This is also one of
the first studies in the literature to demonstrate obesity-dependent
differences in placental lipid content at E12.5 of gestation, which is
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Table 1. Correlation coefficients between LPCs and PCs

Female Placenta LPCl16:1 | LPC18:1 | LPC20:1 | LPC20:3 | PC36:1 | PC38:3
ND D/JZ 0.46 0.10 0.03 0.30 0.33
LPC 16:1 LAB 0.44 0.04 0.01 0.30 0.12
WD DAz 0.68 0.35 0.16 0.33 0.47
LAB 0.64 0.07 0.13 0.55 0.40
ND DAz 0.46 0.20 0.04 0.62 0.68
LPC 18:1 LAB 0.44 0.12 0.03 0.63 0.46
WD DAZ 0.68 0.60 0.31 0.64 0.76
LAB 0.64 0.22 0.21 0.76 0.69
ND D/JZ 0.10 0.20 0.02 0.12 0.18
LPC 20:1 LAB 0.04 0.12 0.01 0.10 0.15
WD D/JZ 0.35 0.60 0.16 0.33 0.47
LAB 0.07 0.22 0.07 0.13 0.27
ND D/JZ 0.03 0.04 0.02 0.03 0.04
LPC 20:3 LAB 0.01 0.03 0.01 0.02 0.06
WD D/Z 0.16 0.31 0.16 0.30 0.35
LAB 0.13 0.21 0.7 0.21 0.27
ND D/IZ 0.30 0.62 0.12 0.03 0.60
PC 36:1 LAB 0.30 0.63 0.10 0.02 0.46
WD D/AZ 0.33 0.64 0.33 0.30 0.73
LAB 0.55 0.76 0.13 0.21 0.75
ND DAZ 0.33 0.68 0.18 0.04 0.60
PC 383 LAB 0.12 0.46 0.15 0.06 0.46
WD DAz 0.47 0.76 0.47 0.35 0.73
LAB 0.40 0.69 0.27 0.27 0.75
Male Placenta LPC16:1 | LPC18:1 | LPC20:1 | LPC20:3 | PC36:1 | PC38:3
ND D/JZ 0.48 0.04 0.01 0.39 0.34
LPC 16:1 LAB 0.64 0.12 0.04 0.63 0.30
WD DAz 0.58 0.21 0.07 0.33 0.43
LAB 0.48 0.05 0.02 0.35 0.21
ND DAz 0.48 0.13 0.02 0.70 0.65
LPC 18:1 LAB 0.64 0.25 0.08 0.83 0.64
WD D/JZ 0.58 0.42 0.11 0.46 0.69
LAB 0.48 0.16 0.04 0.59 0.50
ND DAZ 0.04 0.13 0.01 0.10 0.12
LPC 20:1 LAB 0.12 0.25 0.05 0.21 0.36
WD D/JZ 0.21 0.42 0.05 0.17 0.34
LAB 0.05 0.16 0.01 0.05 0.12
ND DAZ 0.01 0.02 0.01 0.01 0.03
LPC 20:3 LAB 0.04 0.08 0.05 0.07 0.12
WD D/AZ 0.07 0.11 0.05 0.09 0.13
LAB 0.02 0.04 0.01 0.02 0.09
ND D/IZ 0.39 0.70 0.10 0.01 0.64
PC 36:1 LAB 0.63 0.83 0.21 0.07 0.54
WD DAZ 0.33 0.46 0.17 0.09 0.58
LAB 0.35 0.59 0.05 0.02 0.55
ND D/JZ 0.34 0.65 0.12 0.03 0.64
PC 383 LAB 0.30 0.64 0.36 0.12 0.54
WD D/JZ 0.43 0.69 0.34 0.13 0.58
LAB 0.21 0.50 0.12 0.09 0.55

Red bolded numbers represent a strong correlation (r = 0.6-0.79) and green bolded numbers represent moderate correlation (r = 0.40-0.59),
n = 3 per each experimental group per each comparison.
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Table 2. Gene expression in whole placenta and isolated labyrinth

ddPCR Gene ND WD P-value
Labyrinth Lpcatl 43.41 £ 15.39 17.89 £ 6.22 0.16
Lpcat2 10.02 + 4.76 11.47 £1.91 0.91
Cept 8.41 £ 3.57 6.45 £2.97 0.70
Pcytla 38.83 £17.09 30.64 + 8.35 0.67
Pla2g7 125.70 £+ 46.96 53.53 £16.23 0.22
Elovll 401.15 + 114.58 202.95 + 56.96 0.16
Fads1 129.53 + 52.33 88.43 + 15.50 0.59
Fads2 248.20 + 98.8 112.00 £ 25.86 0.27
Pemt 8.00 &+ 2.03 4.66 + 1.68 0.30
Whole Placenta Lpcatl 82.78 + 36.43 30.36 £ 16.3 0.23
Lpcat2 13.04 £ 3.71 8.21 £+ 3.00 0.36
Cept 19.04 £+ 6.322 8.07 +£ 1.26 0.13
Pcytla 4.63 +£1.97 3.91 +£0.85 0.75
Pla2g$ 1.59 £ 0.47 1.94 +£0.53 0.64
Pla2g7 126.33 £ 23.44 128.30 £ 13.05 0.94
nCounter Gene WD/ND P-value
Labyrinth Apoam 20.00 0.06
Apoa2 8.58 0.08
Apoal 12.70 0.09
Apoc2 7.76 0.26
Apoe 4.37 0.01
Apoa4 15.8 0.04
Apob 19.4 0.05
Slc6al2 1.24 0.66
Slc16a6 0.94 0.69
Slclas 1.04 1.00
Slc27al 0.99 1.00
Slc3a2 1.07 0.24
Slc7as 0.90 0.57
Acox1 1.17 0.04
Mcat 0.82 0.16
Slc25a1 1.20 0.42
Fabps 0.91 0.78
Slc2a3 1.49 0.25
Slc2al 0.98 0.91

ddPCR, copies of target gene/10,000 copies Actb &= SEM normalized are shown in ND and WD samples nCounter, ratio of WD to ND counts (WD/ND) of representative genes from the

nCounter Metabolism Panel.

the first day of a structurally and functionally mature placenta in the
mouse.

LPCs are formed when a fatty acid tail (sn-1 or sn-2) is liberated
from PCs in the cell membrane by phospholipase A2 (PLA2, cleaves
at sn-2 position) [17], PCs in HDL by endothelial lipase (EL, cleaves
at sn-1 position) [38], or by the oxidation of LDL which induces the
activity of lipoprotein PLA2 (Lp-PLA2, cleaves at sn-2 position) [39].
We identified increased levels of LPCs containing 16:1, 18:1, 20:0,
and 20:3 and decreased levels of LPCs containing 18:2, and 20:4
fatty acid tails in WD compared to ND dam circulation (Figure 2).
We were unable to determine if the fatty acid was hydrolyzed at
the sn-1 or sn-2 position. Nevertheless, Gauster et al. [40] demon-
strated that EL activity preferentially generates LPC 18:2 and 20:4
from HDL. Furthermore, in vitro experiments by Orsé et al. [41]
demonstrated that oxLDL by reactive oxygen species is enriched with
saturated and monounsaturated LPC. Together, these data indicate
that our WD dams acquired dyslipidemia.

A handful of studies have analyzed profiles of lipid classes
in term placenta from women who were obese or lean prior to
pregnancy. Increases in overall lipids, triglycerides, and non-esterified
fatty acids have been reported [42-44]. Conversely, LC-PUFA and
cholesterol esters were decreased in other studies [45, 46]. Uhl et al.
[12] recently identified altered placental levels of PCs, PEs, and
phosphatidylserines in obese and lean gestational diabetic compared
to control women. Likewise, Chassen et al. [47] identified changes
in the fatty acid composition of phospholipids in placentas from
intrauterine growth restriction pregnancies. These collective studies
did not measure and/or detect LPCs. However, a recent study by
Gézquez et al. [48] demonstrated increased LPC 18:1 and PC 38:3
as well as overall increases in monounsaturated fatty acid containing
LPCs in the lipid droplets of term placentas from obese compared to
lean women. We similarly identified increases in LPC 16:1 (Figure 5),
LPC 18:1 (Figure 5), LPC 20:1 (Figure 6), and PC 38:3 (Figure 4)
in midgestation placentas from dams fed a WD suggesting that
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alterations in placental lipid profiles develop at midgestation (or
before) and are maintained throughout gestation.

In human term placentas from obese women, the mRNA abun-
dance of PLA2G2A and PLA2GS are increased [49]. In this study,
both Pla2g7 and Pla2g5 were expressed in placenta from ND and
WD dams (Table 2), but we did not detect Pla2g2a. Furthermore,
there was no diet-dependent difference in Pla2g7 and Pla2g5 expres-
sion. We did identify strong correlations between LPC 18:1/PC
36:1 and LPC 18:1/PC 38:3 (Table 1) in ND and WD male and
female placentas. There was also a modest correlation between
LPC 16:1/PC 38:3 in WD but not ND male and female placentas.
Therefore, despite no differences in the expression of these enzymes,
there may be increased phospholipase activity in the midgestation
placenta. Furthermore, it is reasonable to infer that stearic acid
(18:0), eicosadienoic acid (20:2, n6), and docosadienoic acid (22:2,
n6) are increased as free fatty acids or esterified into triglycerides and
stored in lipid droplets in WD placentas.

In human term placenta, fatty acid uptake by the syncytiotro-
phoblasts results in esterification and storage in lipid droplets
in cytotrophoblasts [50]. Treatment of human term primary
trophoblasts with linoleic and oleic acid increases their lipid droplets
and cell viability [51]. Likewise, human term placentas collected
from obese women exhibit increased palmitic acid (16:0) desat-
uration to palmitoleate (16:1), increased fatty acid esterification,
and increased total lipids [10]. In the midgestation male and
female placenta from WD dams, the number of lipid droplets were
increased in the region of the labyrinth suggesting increased uptake
of fatty acids from the maternal circulation (Figure 3). Interestingly,
there were also increased lipid droplets in decidua and junctional
zone regions of female but not male placentas. Increases in the
number and size of lipid droplets necessitates synthesis of new
phospholipids. We detected increased PC 36:1 and PC 38:3 in male
and female placentas from WD dams (Figure 4). Synthesis of PCs
is regulated by choline-phosphotransferase (CEPT) and choline-
phosphate cytidylyltransferase (PCYT1A), which are enzymes in the
de novo Kennedy cycle [52]. Alternatively, PC can be generated by
conversion of PE to PC by PEMT or addition of a fatty acid to LPCs
by lysophosphatidylcholine acyltransferase (LPCAT1, LPCAT2)
[52]. Like the phospholipase genes, expression of Cept, Pcytla,
Pemt, Lpcatl,and Lpcat2 transcripts were not different between ND
and WD whole placenta or isolated labyrinth (Table 2). However,
Moessinger et al. [15] demonstrated that loss of LPCAT1 and
LPCAT?2 increases the size of lipid droplets. Thus, based on the
increased number of lipid droplets as well as increased LPC content
in the midgestation WD placenta, we hypothesize the activity of
LPCAT1 and LPCAT2 was decreased in WD placentas.

Apolipoproteins are essential lipid binding proteins and major
components of circulating lipoproteins (e.g., high-density lipopro-
tein, low-density lipoprotein). In the placenta, apolipoproteins play
an important role in cholesterol efflux and therefore transport
between the maternal and fetal circulation [53]. In placentas from
WD dams, there were increases in several apolipoproteins (Apoe,
Apob, Apoa4,P < 0.05 and Apom, Apoal, Apoa2, P < 0.1; Table 2).
Interestingly, Daniel et al. [54] demonstrated that protein restric-
tion also increases Apoa4, Apob, and Apoa2 in E13 rat placenta.
We did not measure cholesterol in dam circulation, placenta, or
fetus. However, the WD contained 0.2% cholesterol compared to
no cholesterol in the ND. Therefore, the increases in apolipopro-
tein expression has the potential to increase fetal cholesterol at
midgestation. Alternatively, Melhem et al. [55], showed that apoA1
and apoE are preferentially secreted by human term placenta to the

maternal circulation. Thus, this preferential secretion may protect
the fetus from excess accumulation of cholesterol.

In the term placenta, other studies have demonstrated obesity
dependent increases in glucose, amino acid, and fatty acid trans-
porters as well as genes associated with fatty acid B-oxidation
[56=59]. However, we did not detect any diet-dependent changes
in transporters or fatty acid binding proteins in the midgestation
placenta (Table 2). This is consistent with the lack of weight differ-
ences between fetuses collected from ND and WD dams (Figure 1).
Furthermore, we did not detect diet-dependent differences in PCs or
LPCs in male and female fetuses (data not shown). Therefore, it is our
conclusion that excess circulating maternal lipids are initially stored
in lipid droplets particularly within the cytotrophoblasts of the E12.5
placenta. Once the capacity of the lipid droplets are reached, we
would expect lipotoxicity to develop and subsequent compensatory
changes in the placenta, which could lead to increased lipid transport
at the end of gestation.

Supplementary material

Supplementary material is available at BIOLRE online.
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