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Abstract
The study of placental lipid metabolism in uncomplicated pregnancies has not been developed in the literature to date. Its
importance lies in expanding the knowledge of placental function to enable comparison with pathological pregnancies in future
research. The aim of the present study was to compare the lipid metabolic activity and storage of the maternal and fetal sides of
the placenta in healthy pregnancies. Moreover, we compare singleton vs. twin pregnancies to determine if placental metabolic
needs differ.We analyzed placental explants from uncomplicated pregnancies, 20 from singleton and 8 from bichorial-biamniotic
twin pregnancies (n = 28). Six cotyledon fragments were collected from each placenta at different distances from the umbilical
cord, three close to the chorionic plate (hereinafter, we will refer to them as “fetal side”) and another three close to the anchoring
villi into the decidua basalis (referred to as “maternal side”). The samples were analyzed for quantitative assay placental fatty acid
oxidation (FAO) and esterification (FAE) activities and triglyceride levels. The location of lipid storage in the chorionic villi was
assessed by Oil red-O staining. Placental fatty acid oxidation did not show differences when comparing the maternal and fetal
sides of the placenta or between single and twin pregnancies. When comparing placental sides, FAE was increased twofold in the
maternal side compared to the fetal side of the placenta (P = 0.013). The tendency for lipogenesis in the placenta was exemplified
by the FAE/FAO ratio, which was a 37.1% higher on the maternal side (P = 0.019). Despite this, triglyceride levels were five
times higher in the fetal side than in the maternal one (P = 0.024). When analyzing singleton vs. twins, FAE was superior in the
fetal side in multiple pregnancies (× 2.6, P = 0.007) and the FAE/FAO ratio was significantly higher in twins than in singleton
pregnancies, on both sides of the placenta. Despite this finding, triglyceride levels were similar in twin and singleton pregnancies.
Comparing the placentas of twins in the same pregnancy, there were no differences in lipid metabolism (FAO or FAE) or
placental triglyceride levels between the two co-twins. Using Oil red-O staining, lipid storage in chorionic villi was found to
be located on the syncytiotrophoblast cells and not in the connecting axis. The maternal side of the placenta is more active in the
esterification of fatty acids, while the storage of neutral lipids concentrates on the fetal side. Moreover, multiple gestations have
increased esterification without changes in the concentration of placental triglycerides, probably due to a higher transfer to the
fetal circulation in response to the greater energy demand from twin fetuses.
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Introduction

The placenta and placental transfer are vital for fetal growth
and development, providing all the nutrients and oxygen that
the fetus requires. The placenta is very metabolically active
and regulates the energy requirements of the fetus and of itself;
any injury to it may have a significant impact on fetal devel-
opment. A better understanding of the placental function and
its relationship with possible pathologies begins with the
study of its function in healthy pregnant women. So far,
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limited research on fatty acid metabolism and storage in the
placenta has been developed, and most of it focuses on its
involvement with pathologic function.

The knowledge of placental energy metabolism becomes
more relevant in cases of twin gestations. The maternal energy
supply must provide for an increased placental mass with
sufficient output for its subsistence and distribution to both
fetuses for growth and development. It must be taken into
account that twin pregnancies are related to an increase in
pathologies in which alterations of energy metabolism could
be involved such as intrauterine growth restriction (IUGR),
gestational diabetesmellitus (GDM), preeclampsia, or preterm
delivery [1, 2]. Therefore, this gap in the scientific literature
makes it essential to expand the study of placental lipid me-
tabolism in uncomplicated singleton and twin pregnancies.

Fatty acids are considered essential in fetal and placental
development as they take part in multiple cellular and meta-
bolic processes. Their functions include being energy sub-
strates, components of cell membranes, precursors of the syn-
thesis of oxylipins, and participating in the modulation of inter
and intracellular hormonal signaling [3]. The study of lipids at
the placental level is constantly evolving. It was not until 2002
that it was observed that enzymes of placental beta-oxidation
were active [3], which led to the conclusion that the placenta,
apart from having a function in lipid transport, could also
metabolize fatty acids as a source of energy [4]. Until a few
years ago, it was assumed that the absorption of nutrients and
transport of fatty acids took place through the total surface of
the cells of the syncytiotrophoblast of the placental villi.
However, recent research has shown different metabolic ac-
tivity, location, and composition of lipid droplets in the two
trophoblast layers of the term human placenta [5–8]. On the
other hand, to our knowledge, the analysis of placental lipid
metabolism has not been described in twin gestations. The few
articles that study lipids in twin gestations focus on fatty acids
levels, such as Okita et al. (1983) who found differences in
essential fatty acid (EFA) levels in chorion laeve in singleton
and bichorial-biamniotic twin pregnancies, even in different
regions of the chorion [9].

The major nutrient needs for fetal growth vary throughout
pregnancy and the placenta adapts to this supply; therefore,
any defect produced in the development and maturation of the
placenta can lead to damaging effects on the fetus. Currently,
placental lesions are classified according to the placental side
in which the injury is found [10], considering that maternal
and fetal sides have different pathologies and implications,
especially in cases of malperfusion. Clinical usefulness of
several well-established histological placental lesions has
been confirmed such as fetal growth restriction, acute fetal
distress, uterine hypoxia, severe ascending infection, placental
abruption, excessive extravillous trophoblasts, placental
hydrops, fetal thrombotic vasculopathy, and stem obliterative
endarteritis [11]. According to this, those pathologies in which

physiopathogenesis influences lipid and glycid metabolism
could have different relevance depending on whether the le-
sion was found on the maternal or fetal side of the placenta.
Nevertheless, despite its importance, the functional differ-
ences between both sides of the placenta, especially in meta-
bolic terms, are an unexplored topic.

The aim of the present study was to expand the
knowledge about the processes of metabolism and stor-
age of lipids in healthy pregnant women. The main
metabolic tendency in the placenta towards lipolysis or
lipogenesis was analyzed through fatty acid oxidation
(FAO) and fatty acid esterification (FAE). The level of
neutral lipid storage was measured as well as the loca-
tion of such accumulation (trophoblast vs. connective
tissue). We compared these metabolic parameters be-
tween singleton and twin pregnancies, and between the
maternal and fetal sides of the placenta.

Materials and Methods

Study Design

Participants were enrolled in this prospective observa-
tional study at La Paz University Hospital (Department
of Obstetrics and Gynecology) between May 2014 and
May 2016. This study was approved by the Local
Ethical Committee and all the participants signed in-
formed consent forms.

Twenty-four women were included, 20 with singleton
pregnancies and 4 with bichorial-biamniotic twin preg-
nancies (eight placentas). All deliveries were performed
by cesarean section for clinical reasons not affecting
placental metabolism or perfusion, as shown in
Table 1. The reason to include only patients with cesar-
ean deliveries in the study was to avoid the potential
effects of labor contractions on placental metabolism.

The inclusion criteria were as follows: normal blood
pressure through all pregnancy, pregnancy at term (37–
41 weeks), no medical history of chronic metabolic dis-
eases or any pathology that could involve lipid or car-
bohydrate metabolism disorders, and no pregnancy com-
plications. Exclusion criteria included major fetal anom-
al ies , women with a history of long-chain 3-
hydroxyacyl-coA dehydrogenase (LCHAD) deficiency
or mitochondrial trifunctional protein (TFP) deficiency,
acute fatty liver of pregnancy (AFLP), history of chron-
ic hypertension or other metabolic diseases, and women
with an obstetric history of hypertensive disorders in-
duced by pregnancy gestational such as hypertension,
preeclampsia, eclampsia, or HELLP syndrome (hemoly-
sis, elevated liver enzymes, low platelets).
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Sample Collection

All samples were collected on the delivery day, including a
fasting peripheral blood extraction prior to surgery. All the
blood analysis results, as well as the clinical, obstetric, and
perinatal data recorded, are shown in Table 1.

Immediately after birth (less than 2 h after delivery), the
fresh placenta was transported on dry ice to the laboratory.
Wedges were taken from the placenta and dissected by remov-
ing the membranes and calcium deposits. Cotyledon frag-
ments were extracted as explants for each assay. They were
collected from regions located central, intermediate, and

Table 1 Maternal, obstetric and perinatal results

Maternal results Total n = 24 Singleton pregnancies n = 20 Twin pregnancies n = 4 sets P value
Maternal age (years) 36.0 ± 4.4 36.3 ± 4.5 35.0 ± 4.2 0.617
Ethnic group: 1.0
Caucasian
Hispanic

18 (75%)
6 (25%)

15 (75%)
5 (25%)

3 (75%)
1 (25%)

Pregravid body mass index (kg/m2) 23.1 ± 2.7 23.1 ± 2.8 23.4 ± 2.8 0.807
Gestational weight gain (kg) 13.9 ± 5.3 12.8 ± 5.1 18.8 ± 2.9 0.037*
Maternal blood values:
TC (mg/dL) 253.0 ± 45.7 246.5 ± 44.6 285.8 ± 41.1 0.118
LDL (mg/dL) 144.0 ± 44.7 135.5 ± 40.0 186.5 ± 48.0 0.034*
HDL (mg/dL) 71.7 ± 17.0 73.1 ± 17.1 65.0 ± 17.0 0.400
TG (mg/dL) 209.5 (134.8) 198.0 (295) 406.0 (263) 0.005*
FFA (mg/L) 159.0 (59.5) 156.5 (109) 184.5 (104) 0.160
FBG (mg/dL) 74.3 ± 4.9 74.3 ± 5.1 74.5 ± 4.0 0.928
FINS (pmol/L) 10.9 ± 4.3 10.6 ± 4.0 12.5 ± 6.2 0.431
HOMA-IR† 2.0 ± 0.8 1.9 ± 0.7 2.3 ± 1.1 0.449
C-peptide 1.7 ± 0.6 1.62 ± 0.5 1.9 ± 0.9 0.585

Obstetric results n = 24 n = 20 n = 4 sets
Gestational age at study (weeks) 39.2 ± 1.1 39.5 ± 1.0 37.8 ± 0.5 0.003*
Parity:
Primigravida 6 (25%) 3 (15%) 3 (75%) 0.03*
Multiparous 4 (16.7%) 4 (20%) 0 0.99
Previous C-section 11 (45%) 11 (55%) 0 0.09
Previous miscarriage 9 (37.5%) 8 (40%) 1 (25%) 0.99

Mode of conception: 0.0005*
Spontaneous
ART (IVF)

19 (79.2%)
5 (20.8%)

19 (95%)
1 (5%)

0
4 (100%)

Obstetric reason for cesarean section: 0.034*
A. Fetal:
Breech or transverse fetal position 9 (37.5%) 7 (35%) 2 (50%)
Suspicion of fetal macrosomia 1 (4.2%) 1 (5%) 0

B. Maternal:
Iterative C-section or previous C-section + Bishop test ≤ 6 10 (41.7%) 10 (50%) 0
Twin pregnancy + Bishop test ≤ 6 2 (8.3%) - 2 (50%)
Elective 1 (4.2%) 1 (5%) 0
Fracture of femur head 1 (4.2%) 1 (5%) 0

Perinatal results n = 28 n = 20 n = 8
EFW (g) 3081.4 ± 578.9 3331.9 ± 478.9 2549.0 ± 385.1 0.001*
Centile EFW 65 (62.5) 65.0 (94) 47.0 (84) 0.727
Neonatal birth weight (g)
Neonatal birth centile weight

3231.8 ± 484.6
60.5 ± 27.4

3418.8 ± 427.9
56.2 ± 28.5

2764.4 ± 243.5
71.4 ± 22.0

4.19 × 10−4*
0.188

Neonatal sex: 0.572
Male
Female

12 (42.9%)
16 (57.1%)

8 (40%)
12 (60%)

4 (50%)
4 (50%)

Umbilical artery pH at birth 7.29 (0.07) 7.31 (0.06) 7.27 (0.04) 0.079
Placental weight 581.7 ± 130.9 609.2 ± 148.0 519.8 ± 40.3 0.027*

The results of qualitative variables are represented as absolute values and percentages, n (%). The results of quantitative variables are shown as mean ±
standard deviation, or as median and interquartile range (in brackets) according to the distribution of the variable

TC total cholesterol, LDL low-density lipoprotein,HDL high-density lipoprotein, TG triglycerides, FFA free fatty acids,FBS fasting blood glucose,FINS
fasting insulin, HOMA-IR homeostatic model assessment for insulin resistance, C-section cesarean section, ART assisted reproductive technology, IVF
in vitro fertilization, EFW estimated fetal weight
* The difference was significant compared both groups (singleton vs. twin pregnancies)
†HOMA-IR = fasting serum glucose (mg/dL) × fasting insulin (mUI/L)
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peripheral to the umbilical cord insertion. Three 100-mg ex-
plants were obtained close to the chorionic plate (hereinafter
referred to as “fetal side”) and another three 100-mg
explants close to the anchoring villi into the decidua
basalis (referred to as “maternal side”). Global results
of each assay were obtained calculating the mean of
the maternal and fetal sides of the placenta.

Lipid Analysis

Placental Fatty Acid Oxidation

Measurements of FAO assays in placental explants were per-
formed according to the method previously described by our
group [12–14]. FAO was quantified by nanomole of [3H]-
palmitate per gram of tissue per hour (nmol/g/h).

Placental Fatty Acid Esterification

After thawing the explants, they were washed and homoge-
nized in 500 μL of cold phosphate-buffered saline (PBS). An
aliquot of 100 μL was used to extract the lipid content follow-
ing the method previously described [15, 16]. FAE was also
quantified by nanomole of [3H]-palmitate per gram of tissue
per hour (nmol/g/h).

Quantification of Placental Triglyceride Concentrations

As previously described [17], thawed placental fragments of
20 mg were obtained and homogenized in 400 μL of HPLC-
grade acetone. The placental lipid content was calculated as
milligrams of triglyceride per milligrams of total placental
proteins (TG/Prot ratio) to eliminate heterogeneity biases in
the composition of the placenta and to accurately establish the
placental lipid content.

Oil Red-O Histological Staining

Staining with Oil red-O solution was performed following the
manufacturer’s instructions [18] to evaluate the histological
place of lipid storage in chorionic villi, both on the fetal side
and the maternal side of the placenta. The staining with Oil
red-O was visually compared with hematoxylin-eosin stain-
ing, and both were observed under a × 4 to × 40 microscope.

Statistical Analysis

All data were analyzed with SPSS 20.0. Distributions were
checked with the Saphiro-Wilk test. When a variable was
distributed normally, data were presented as mean ± standard
deviation and comparisons were carried out using the
Student’s t test. In cases of non-normal distribution, data were
shown as median and interquartile range and the tests used for

the analysis were either the Wilcoxon test (for paired samples)
or Mann-Whitney’s U test (for independent samples). The
qualitative variables were analyzed by Chi-square test. We
used a paired sample t test to compare placental metabolic
data from twins of the same pregnancy. Pearson’s correlation
coefficient (r) and stepwise backward linear regression (R2)
were used to evaluate the association between numerical var-
iables and to adjust for confounding variables. Differences
were considered significant at P value < 0.05.

Results

Maternal and Obstetric Characteristics

Maternal characteristics and obstetric-perinatal outcomes are
shown in Table 1. Pregestational maternal body mass index
was normal in 87.5% (21/24); the remaining 12.5% (3/24)
were overweight but none were obese. The fasting serum
values of glucose and lipid profiles were normal in all preg-
nant women. Insulin resistance was observed in 16.7% (4/24)
of the patients, defined as a homeostatic model assessment for
insulin resistance (HOMA-IR) ≥ 2.6 in pregnant women in the
third trimester [19]. There were no cases of IUGR or small-
for-gestational-age (SGA) fetuses.

The study groups (singleton vs. twin pregnancies) were
similar, although some differences were found such as higher
low-density lipoprotein (LDL) and triglyceride maternal
values together with an expected higher weight gain in twin
pregnancies. In obstetric data, the difference in the mode of
conception stands out (P = 0.005), being in vitro fertilization
(IVF) in all of the twins compared to 20.8% in singleton preg-
nancies. Regarding the indication for cesarean section, there
were differences in their indication (P = 0.034); half of the
surgeries performed on twin pregnancies were indicated for
twinning associated with an unfavorable Bishop test, accord-
ing to the labor induction protocol of our center. On perinatal
results, the gestational age at delivery, the neonatal, and pla-
cental weight were lower in twins than in singleton newborns.

Analysis of Placental Explants

Comparison Between the Maternal and Fetal Placental Sides

The main results of FAO, FAE assays, and triglyceride con-
tent comparing the maternal and fetal sides of the placental
explants are shown in Table 2 and Fig. 1. Data are presented
pooled and separately considering singleton and twin preg-
nancies. When investigating fatty acid beta-oxidation of the
placentas, no statistically significant differences were ob-
served. Nonetheless, differences were found in fatty acid es-
terification, which was significantly higher in the maternal
side compared to the fetal side when analyzing both the

1153Reprod. Sci.  (2021) 28:1150–1160



pooled samples and the cases of singleton pregnancies (× 2.1,
P = 0.013 and × 1.8, P = 0.012, respectively). However, in the
twin cases, esterification was similar in both sides of the pla-
centa. The ratio between esterification and oxidation of pla-
cental fatty acids (FAE/FAO ratio) was calculated to explore
the main metabolic tendency in the placenta towards lipogen-
esis or lipolysis. The esterification/oxidation ratio was posi-
tive, being 37.1% higher in the maternal placenta than in the
fetal one on the pooled sample (P = 0.019), with an even
greater difference (64.5%) in singleton gestations when ana-
lyzing them separately (P = 0.021). Again, in the cases of twin
pregnancies, no statistically significant differences were

observed in the esterification/oxidation ratio between the ma-
ternal and fetal sides. Regarding the evaluation of placental
triglyceride content, the triglyceride concentration was found
to be × 4.9 times higher in the fetal side than in the maternal
side on the pooled sample (P = 0.024). Although this result
remained stable when analyzing separately singleton and twin
pregnancies, differences did not reach statistical significance
probably due to the wide dispersion of the results.
Furthermore, the lipid content of placental triglycerides was
adjusted for the amount of protein in the placenta using the
TG/Prot ratio. Similarly to triglyceride concentration, the TG/
Prot ratio was × 4.8 times higher in the fetal side than in the

Table 2 Placental explant analysis, comparison the maternal vs. the fetal side

Total Singleton pregnancies Twin pregnancies

(n = 28) P value (n = 20) P value (n = 8) P value

Fatty acid oxidation (nmol/g/h)

Maternal side
Fetal side

3.869 (1.567)
3.875 (0.874)

0.339 3.983 (1.646)
3.856 (1.401)

0.232 3.504 (0.878)
3.908 (0.573)

0.889

Fatty acid esterification (nmol/g/h)

Maternal side
Fetal side

1.642 (1.297)
0.784 (1.248)

0.013* 1.185 ± 1.363
0.665 ± 1.060

0.012* 1.855 ± 0.397
1.741 ± 0.750

0.678

FAE/FAO ratio

Maternal side
Fetal side

0.366 ± 0.250
0.267 ± 0.238

0.019* 0.306 ± 0.261
0.186 ± 0.208

0.021* 0.517 ± 0.139
0.469 ± 0.187

0.535

Triglyceride content (mg/dL)

Maternal side
Fetal side

59.150 (232.345)
290.000 (764.5)

0.024* 58.260 (274.910)
290.000 (755.900)

0.117 59.150 (9.685)
268.900 (820.000)

0.069†

Triglyceride/protein ratio

Maternal side
Fetal side

213.115 (656.126)
1012.891 (1858.912)

0.017* 251.970 (853.306)
1012.891 (1806.031)

0.062† 200.065 (84.312)
820.328 (2309.562)

0.161

Values are represented as mean ± standard deviation, or as median and interquartile range (in brackets) according to the distribution of the variable

FAO fatty acid oxidation, FAE fatty acid esterification
* The difference was significant compared both groups (maternal vs. fetal placental side)
†The difference was nearly significant compared both groups (maternal vs. fetal placental side)

Fig. 1 Comparison between the maternal and fetal placental sides in the
pooled sample. Quantitative assay of placental fatty acid oxidation (FAO)
and esterification (FAE) activities and placental triglyceride levels were
analyzed in 28 explants of healthy pregnant women. a FAEwas higher in
the maternal side of the placenta compared to the fetal one (P = 0.013). b
The tendency towards lipogenesis was proven by the FAE/FAO ratio,
which was higher in the maternal placenta than in the fetal one (P =
0.019). c Triglyceride levels were evaluated with the protein-adjusted

triglyceride ratio (TG/Prot). It was higher in the fetal side than in the
maternal side of the placenta (P = 0.017). This reflects a tendency towards
lipogenesis in the maternal side of the placenta, while in the fetal side,
there is a greater accumulation of lipids in the form of triglycerides ad-
justed for the amount of placental protein. FAO fatty acid oxidation, FAE
fatty acid esterification, TG/Prot triglyceride/protein. Horizontal lines rep-
resent mean ± standard deviation
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maternal side of the placenta (P = 0.017); however, in the
subgroups, singleton vs. twins analysis differences remained
but they were not significant.

Considering the distribution of the TG/protein data (Fig. 1),
especially in the fetal side of the placenta, we performed a
correlation analysis between this variable andmaternal param-
eters. We found significant correlations of higher free fatty
acids with increased TG/Prot ratio on the maternal side (r =
0.56; P = 0.006) and on the mean (r = 0.43, P = 0.04). C-
peptide had a positive association with TG/Prot ratio on the
fetal side of the placenta (r = 0.42, P = 0.04) and on the
mean (r = 0.41, P = 0.04). Correlation of TG/Prot ratio
with birthweight centile was of borderline significance
when studying the fetal side of the placenta (r = − 0.35,
P = 0.06). We studied the distribution of these three
variables and we could not find any correlation with
the distribution of the TG level in the placenta.

With Oil red-O staining, triglyceride deposits were shown
to accumulate in the syncytiotrophoblast and not in connective
tissue (Fig. 2). Moreover, greater lipid accumulation can be
verified on the fetal side than on the maternal side by quanti-
tative analysis.

Comparison Between Singleton and Twin Gestations

Differences in metabolism and lipid content between
singleton and twin gestations were analyzed. The results
are shown in Table 3 and Fig. 3, with the analysis on
the maternal, fetal and, mean of both placental sides
separated. No statistically significant differences were
found in beta-oxidation between singleton and twin
pregnancies, neither in the maternal side of the placenta,
the fetal side, nor the mean. Esterification was signifi-
cantly higher, around twofold, in twin pregnancies in

comparison to singleton pregnancies in both the fetal
side (× 2.6, P = 0.015) and the mean (× 2, P = 0.007),
but not in the maternal side. Likewise, in twin pregnan-
cies, a greater esterification/oxidation ratio was obtained
in the maternal side of the placenta, the fetal side, and
the mean compared to singleton pregnancies (P = 0.041,
0.003 and 0.002, respectively). However, the analysis of
the total triglyceride content, as well as the adjusted
value with the TG/Prot ratio, did not differ significantly
in singleton pregnancies and twins in the maternal and
fetal sides of the placenta and the mean.

We found statistically significant positive correlations be-
tween FAE on the fetal side of the placenta with the presence
of twin pregnancy (r = 0.45, P = 0.01), mode of conception by
IVF (r = 0.45, P = 0.01), and inversely with gestational age at
study (r = − 0.55, P = 0.005). When adjusting for these vari-
ables by using linear regression, all were independent predic-
tors of FAE on the fetal side of the placenta, including twin
pregnancy (R2 = 0.21, P = 0.04). Along the same line, the
mean FAE was significantly related to the presence of twins
(r = 0.51, P = 0.007), IVF (r = 0.45, P = 0.01), higher total
cholesterol (r = 0.62, P = 0.001), and increased LDL (r =
0.61, P = 0.001). All of these variables, including twins, were
independent predictors of the mean placental esterification
(R2 = 0.23, P = 0.03) when adjusting by linear regression.

Comparison Between Twins Pregnancies

Lipid metabolism was analyzed within twin pairs to investi-
gate differences between the same-pregnancy placentas. No
significant differences were found in any of the metabolic
processes studied (FAO and FAE) or in the protein-adjusted
triglyceride level when comparing the larger and the smaller
twins, both on the maternal and the fetal side of the placenta.

Fig. 2 Lipid droplets in trophoblast tissue. These histological samples
correspond to placental explants from a singleton pregnancy. The
maternal side of the placenta is shown on a image, and fetal side on the
b image (magnification × 40). The lipid content stained with Oil red-O is

found in the trophoblast and not in the connective axis of the chorionic
villi. There is a greater accumulation of lipid droplets on the fetal side than
on the maternal side of the placenta
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Discussion

Principal Findings

The present study is first to demonstrate that lipid metabolism
and storage in the maternal and fetal side of the placenta are
different and that these processes change in twin pregnancies.
Furthermore, this paper is novel at being carried out in healthy
patients, setting a basis for the study of placental function.

Interpretation of Results

Our results support the importance of lipid metabolomic
knowledge of pregnancy as an advance in the investigation
of potential obstetric pathology related to the placenta.

Due to the predominant maternal catabolic state in the third
trimester, beta-oxidation is increased in the final stages of
gestation [3, 20, 21]. Maternal fat accumulated in the adipose
tissue during early pregnancy becomes available for placental
transfer during the last trimester of pregnancy, satisfying the
exacerbated fetal demand for fatty acids. Beta-oxidation de-
grades fatty acids by various enzymatic chain reactions that
are mediated by enzymes such as LCHAD or medium-chain
acyl-coenzyme A dehydrogenase (MCAD). LCHAD gene ex-
pression has been proved to be higher in the placenta than in
other maternal tissues, while MCAD gene expression was five
times higher in fetal than maternal blood [22]. This could give
us an idea about the metabolic importance of this organ at the
end of gestation and the efficient use of energy from different
fatty acids as required in maternal or fetal tissue. A

Table 3 Placental explant analysis, comparison singleton vs. twin pregnancies

Maternal side Fetal side Mean

P value P value P value

Fatty acid oxidation (nmol/g/h)

Singleton pregnancies 3.983 (1.646) 0.170 3.856 (1.401) 0.576 4.027 (1.571) 0.186
Twin pregnancies 3.504 (0.878) 3.908 (0.573) 3.668 (0.591)

Fatty acid esterification (nmol/g/h)

Singleton pregnancies 1.185 ± 1.363 0.188 0.665 ± 1.060 0.015* 0.884 (0.839) 0.007*
Twin pregnancies 1.855 ± 0.397 1.741 ± 0.750 1.776 (0.965)

FAE/FAO ratio

Singleton pregnancies 0.306 ± 0.261 0.041* 0.186 ± 0.208 0.003* 0.235 (0.910) 0.002*
Twin pregnancies 0.517 ± 0.139 0.469 ± 0.187 0.460 (0.900)

Triglyceride content (mg/dL)

Singleton pregnancies 58.260 (274.910) 0.959 290.000 (755.900) 0.347 281.620 (478.950) 0.684
Twin pregnancies 59.150 (9.685) 268.900 (820.000) 165.150 (478.718)

Triglyceride/protein ratio

Singleton pregnancies 251.970 (853.306) 0.509 1012.891 (1806.031) 0.416 923.845 (2547.09) 0.879
Twin pregnancies 200.065 (84.312) 820.328 (2309.562) 498.84 (1605.46)

Values are represented as mean ± standard deviation, or as median and interquartile range (in brackets) according to the distribution of the variable

FAO fatty acid oxidation, FAE fatty acid esterification
* The difference was significant comparing both groups (singleton vs. twin pregnancies)

Fig. 3 Comparison between singleton vs. twin pregnancies, analysis of
the maternal and fetal sides of the placenta. a Fatty acid esterification
(FAE) was higher in the fetal side in twin pregnancies with respect to
singleton pregnancies (P = 0.015), but not in the maternal side. In single-
tons, there was greater esterification on the maternal side compared to the
fetal side (P = 0.012); however, there were no differences between both
sides in twins. b The esterification/oxidation ratio (FAE/FAO) was higher
in twins, both on the maternal and fetal sides (P = 0.041 and P = 0.003,

respectively). In singleton pregnancies, there was a more marked tenden-
cy in the placenta towards lipogenesis on the maternal side compared to
the fetal side (P = 0.021). c No differences in the content of adjusted
placental triglycerides (TG/Prot) were found among singleton and twin
pregnancies, nor between maternal and fetal sides on each group. FAO
fatty acid oxidation, FAE fatty acid esterification, TG/Prot triglyceride/
protein. Horizontal lines represent mean ± standard deviation
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mathematical model developed for lipidmetabolism described
that in the maternal-facing microvillous plasma membrane of
the syncytiotrophoblast, the consumption of fatty acids pre-
dominates with respect to the fetal-facing basal membrane,
also suggesting greater permeability [23]. In contrast, accord-
ing to our results, placental fatty acid consumption as an en-
ergy substrate is homogeneous in all parts of the placenta and
is similar in singleton and twin pregnancies.

However, big differences were found in lipid esterification
and storage in the placenta. It is well established that most
fatty acids are found in serum as esterified forms linked to
triglycerides, phospholipids, or cholesterol esters [24].
Ferchaud-Roucher et al. [6] demonstrated that a similar pro-
cess could occur in in vitro trophoblast cells. We observed on
the pooled sample that the maternal side of the placenta has a
clear tendency towards the synthesis of fatty acids esters,
which may be consistent with changes in the maternal serum
and lipid metabolism during pregnancy. On the other hand,
lipolysis tends to increase in maternal adipocytes leading to
serum hyperlipidemia in the third trimester mainly due to
hypertriglyceridemia [21, 23]. On the same topic, it has been
previously described that pregnant women with gestational
diabetes show an inverse relationship between fatty acid oxi-
dation and esterification [12]. However, despite the increase in
lipid esterification on the maternal side of the placenta, the
triglyceride level is higher on the fetal side, suggesting
intraplacental transport. Computational modeling of compart-
ments in the placenta already suggested the existence of an
intracellular lipid metabolic pool (probably in the
syncytiotrophoblast cells), which modulates the transport of
fatty acids to the fetus. These fatty acids available for transport
would be a very small percentage of the total, which could be
stored in a free or esterified form [24]. In the 1970s, a study in
rats described that the fatty acids transported from the mother
to the fetus did so through a placental compartment that only
contained 5% of the total of fatty acids [25]. Similarly,
Rebholz et al. [26] found that in rats, the amount of lipids
the fetus receives is independent of the maternal intake,
supporting the theory that the placenta also behaves as energy
storage and can regulate lipid transfer. They also observed a
greater accumulation of lipids in the placenta with respect to
other tissues such as adipose or striated muscle. Moreover, fat
deposits in placentas from malnourished pregnant women
who received parenteral nutrition with daily lipid emulsions
were found in Hofbauer cells and vacuolated syncytial cells in
the chorionic villi [27]. Along the same line, we demonstrate
with Oil red-O staining that lipid storage occurred not in the
connective tissue but syncytiotrophoblast cells. Consequently,
any alteration in the latter could influence the contribution of
fatty acids to the fetus.

Given these findings, we conclude that although the pla-
centa seems to be more active in the processes of esterification
of fatty acids in the maternal side, once the triglycerides are

esterified, these might be transported through still unknown
mechanisms to the fetal surface. There, they could be stored
waiting to fulfill the fetal energy demand. As the previously
mentioned publications suggest, the placenta could modulate
lipid transfer according to fetal needs [26, 28]. This hypothesis
would explain why in twins there is a greater synthesis of
esters in the fetal side of the placenta without increasing the
content of placental triglycerides, probably due to a greater
transfer of lipids to the fetal circulation secondary to higher
energy demand from multiple fetuses. Monochorionic twins
are considered an ideal model to study the regulation of the
placenta given their identical genotypes and shared maternal
environment. Research involving lipid metabolism in multi-
plets has focused on comparing IUGR-twins as well as epige-
netic changes (such as DNA methylation) that inhibit expres-
sion of genes involved in fetal growth, such as DCRE1 (which
encodes a mitochondrial enzyme of the unsaturated fatty acid
(UFA) β-oxidation pathway) or LEPR (which encodes the
leptin receptor) [29]. Differences have also been observed in
the amount of saturated fatty acids, UFA, and polyunsaturated
fatty acid (PUFA) in the placenta and umbilical cord plasma in
the IUGR-twin compared with the unaffected co-twin or with
singletons [30], finding differences in the level of fatty acids in
amniotic fluid pre- and post-fetoscopic laser coagulation in
twin-twin transfusion syndrome [31]. Having understood that
there are differences in the lipid metabolism and storage at the
placental level between twins and singletons, it would be in-
teresting to investigate the variations in lipid transport be-
tween both placental sides in future studies.

In this study, we focused on neutral lipids (triglycerides) as
energy substrates and storage lipids, although investigations
about lipid class fraction show a higher percentage of phos-
pholipids and cholesterol (both membrane lipids) than triglyc-
erides [32, 33]. We believe that the global esterification rate
should not change if we considered the latter; we believe that
they would likely be increased in the fetal side similar to
triglycerides, due to increased fetal requirement for cell mem-
brane formation. However, future studies are necessary to ver-
ify this hypothesis. Moreover, previous studies on the compo-
sition of crude lipids in the placenta show that long-chain
polyunsaturated fatty acids (LCPUFA) are the most prevalent
fatty acids in the placenta [32, 33], even though their supple-
mentation through the diet is necessary. This is probably due
to a process called biomagnification, in which the transport of
these fatty acids undergoes a selection process in favor of the
fetal circulation to improve neurodevelopment [7, 33, 34]. In
our study, we evaluated the metabolism and storage of
palmitic acid (C16:0). We believe that if LCPUFA were ana-
lyzed, the amount of stored triglyceride could be found in a
lower percentage due to a high transfer to the fetal circulation,
as it has already been described [8, 16]. In fact, previous re-
search comparing EFA levels between singleton and multiple
pregnancies demonstrates that the EFA levels in maternal and
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umbilical plasma and in the umbilical cord vessel wall are
lower in multiplets than in singletons [35, 36]. For this reason,
we believe that it is wise not to extrapolate the conclusions of
this study to the placental metabolism of LCPUFA until fur-
ther studies clarify this issue.

Clinical and Research Implications

The metabolic differences between the maternal and fetal
sides of the placenta described in this study offer no clinically
relevant findings, but the utility of this research extends be-
yond the original focus. There is growing evidence in the
literature that transport, metabolism, or storage defects of pla-
cental fatty acids could be involved in different pathologies
such as obesity [37–41], GDM [42, 43], IUGR [44], pre-
eclampsia, HELLP syndrome [12, 45, 46], AFLP, or preterm
delivery [4, 13, 23, 33, 39]. Our paper contributes to a better
understanding of the lipid metabolism in the placenta of
healthy pregnancies, valuable data that can be used for com-
parison in future research focused on these pathologies; it is so
that the knowledge of placental lipid metabolism could have
clinical implications in the future. Moreover, the potential
increased demand for fetal lipids as an energy substrate in twin
pregnancies suggested by our results may have implications
for maternal and fetal nutrition or specific twin pathologies.

Strengths of the Study

To our knowledge, this is the first report of placental lipid
metabolism and storage compartmental analysis on healthy
pregnant women, which compares the metabolism between
the maternal and fetal sides of the placenta. The differences
found contribute to a greater knowledge of the use of energy
resources by the fetus and the placenta. The study is strength-
ened by the differences obtained between singleton and mul-
tiple pregnancies, showing greater energy demand and differ-
ent lipid storage or consumption. Most of the maternal and
obstetric-perinatal characteristics studied in both populations
did not show significant differences, and those variables with
significant differences between singletons vs. twins group
showed a relationship by twinning when adjusting for con-
founding variables. The process of collecting and analyzing
the lipid metabolomics of the placental explants had previous-
ly been developed with promising results [12, 13, 22].

Limitations of the Study

We believe that given the greater tendency to catabolism dur-
ing the late stages of gestation, the results of this study (per-
formed in placentas at term) may not be applicable to early
stages of gestation. One obvious limitation of this study is that
it is an ex vivo study, with conclusions that may not be ex-
trapolated in vivo. Transport through the placenta is

determined by different factors, such as placental structure
and vasculature, hormonal influence during pregnancy, the
maternal contribution of nutrients, and placental nutrient sens-
ing and growth signals. These conditions are not reproducible
in the laboratory and may affect the metabolism and transport
through the placenta. On the other hand, the study is limited
by a small sample size, especially with respect to the analysis
by subgroups between singleton and twin pregnancies, whose
results could be influenced by the biological variability be-
tween placentas. However, this study provides interesting
driving information for future metabolic pathways analysis
with a larger sample size.

Conclusions

The maternal side of the placenta is metabolically more active
than the fetal side of the placenta, especially regarding fatty
acid esterification. However, the latter is the preferential com-
partment for triglycerides storage, ready to be used by the fetal
circulation according to its energy needs. In twin pregnancies,
fatty acid esterification is higher on the fetal side of the pla-
centa without increasing the placental triglycerides levels,
suggesting a transfer to the fetal circulation in response to
the even greater energy demand of the growing twin fetuses.
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