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Abstract: Mitochondrial fatty acid oxidation (FAO) is lower in placentas with pre-eclampsia. The
aim of our study was to compare the placental mRNA expression of FAO enzymes in healthy
pregnancies vs. different subgroups of pre-eclampsia according to the severity, time of onset, and
the presence of intrauterine growth restriction (IUGR). By using real-time qPCR, we measured
the mRNA levels of long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD), medium-chain acyl-
CoA dehydrogenase (MCAD), and carnitine palmitoyltransferases 1A and 2 (CPT1A, CPT2) on the
maternal side (anchoring villi in the basal decidua) and on the fetal side (chorionic plate) of the
placenta (n = 56). When compared to the controls, LCHAD, MCAD, and CPT2 mRNA had decreased
in all pre-eclampsia subgroups globally and on the fetal side. On the maternal side, LCHAD mRNA
was also lower in all pre-eclampsia subgroups; however, MCAD and CPT2 mRNA were only reduced
in severe and early-onset disease, as well as CPT2 in IUGR (p < 0.05). There were no differences in
CPT1A mRNA expression. We conclude that the FAO enzymes mRNA in the placenta was lower
in pre-eclampsia, with higher reductions observed in severe, early-onset, and IUGR cases and more
striking reductions on the fetal side.

Keywords: pre-eclampsia; fatty acid oxidation; long-chain 3-hydroxyacyl-CoA dehydrogenase
LCHAD; medium-chain acyl-CoA dehydrogenase MCAD; carnitine palmitoyltransferase CPT; gene
expression; qPCR; lipidomic; placental villous explants; placental function

1. Introduction
1.1. Etiopathogenesis of Pre-Eclampsia

Pre-eclampsia is a prevalent complex multisystemic disease that affects between 1
and 5.6% of pregnancies globally. It is associated with a high maternal–fetal morbidity
and mortality rate around the world and is considered the second most common cause
of maternal deaths worldwide, only behind hemorrhage [1]. Pre-eclampsia is defined by
diagnostic criteria as new-onset hypertension after >20 weeks of gestation and at least one
of the following: proteinuria, maternal organ dysfunction (renal, hepatic, neurological,
or hematological), or uteroplacental dysfunction (e.g., placental abruption, angiogenic
imbalance, intrauterine growth restriction (IUGR), or intrauterine fetal death) [2,3].

The pathogenic basis of pre-eclampsia is still not well established, and no curative
treatment has yet been developed. The accepted patho-physiological hypothesis for pre-
eclampsia is the failure of trophoblastic invasion with a subsequent placental defect and
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uteroplacental malperfusion, although oxidative stress and inflammatory and metabolic
changes also appear to be involved [4]. The placenta is an organ with great adaptive
capacity throughout pregnancy. It remains the main focus of research in pre-eclampsia, as
greater knowledge of placental function might help develop strategies for the prevention
and treatment of pre-eclampsia, as well as provide a new approach for future placental
studies. In the last decade, the “omic” sciences have described genomic, transcriptomic,
proteomic, and metabolomic features in the placenta of patients with pre-eclampsia to
study its etiopathogenesis and, thus, to search for predictive markers and therapeutic
targets [5,6]. Indeed, in recent years, important advances have been made in the prediction
and prevention of preterm pre-eclampsia [1,4,7]. Pre-eclampsia has been subgrouped
by gestational age at presentation in early-onset (EOPE, at <34 weeks of pregnancy) or
late-onset (LOPE, ≥34 weeks) [1], and more and more studies are showing that they
behave as two different conditions. In EOPE, the pathogenesis is more related to placental
insufficiency and damage, leading to a clinical situation similar to atherosclerosis during
gestation, whereas, in LOPE, there is a metabolic imbalance that leads to an insufficient
supply in terms of fetal demands [8]. Therefore, the study of lipids in the maternal serum
and placenta in the different types of pre-eclampsia is of great importance as an alternative
to other pathogenic routes [9].

1.2. Placental Lipid Metabolism

In the first half of gestation, the maternal metabolism is fundamentally anabolic,
but in the second half of the process of lipid utilization, this is reversed, moving to-
wards a catabolic state with the degradation of fatty acids in the mitochondria through
β-oxidation (fatty acid oxidation, FAO) in favor of a greater transfer towards the pla-
centa and fetus [10,11]. Beta-oxidation degrades fatty acids by various enzymatic chain
reactions that are fatty acid chain-length-dependent, and this is mediated by enzymes
such as medium-chain acyl-CoA dehydrogenase (MCAD) or long-chain 3-hydroxyacyl-
CoA dehydrogenase (LCHAD). Short- and medium-chain fatty acids (SC/MC-FA) do not
require transporters and diffuse directly into the mitochondrial matrix. Carnitine palmi-
toyltransferases 1 and 2 (CPT1 and CPT2) are present on the outer and inner mitochondrial
membrane, respectively, and together enable long-chain fatty acids (LC-FA) to be trans-
ported as acylcarnitines from the cytosol into the mitochondrial matrix, for their utilization
in FAO later. CPT1 is the main regulator of FAO and has three isoforms (CPT1A, CPT1B,
and CPT1C) that are expressed in most tissues at differing isoform ratios depending on
the tissue type, although their specific characteristics remain under investigation [12,13].
CPT1A is the isoform with the highest gene expression in the placenta [14].

As previously described by our group, LCHAD gene expression and FAO activity
are reduced in pre-eclampsia when compared to controls [15]. Therefore, placental FAO
disorders might play a role in the pathophysiology of pre-eclampsia. In addition, we have
previously demonstrated that in healthy pregnant women, the maternal side of the placenta
is more active in the esterification of fatty acids, whereas lipid storage concentrates more
on the fetal side [16].

1.3. Purpose of the Study

Our current study focuses on an ex vivo analysis of the placental gene expression
of LCHAD, MCAD, CPT1A, and CPT2 from patients with pre-eclampsia. The main aim
was to compare healthy pregnant women to patients with different degrees of severity of
pre-eclampsia, different times of onset, and an association with IUGR. We also analyzed
the difference in FAO enzyme mRNA expression between the maternal and fetal sides of
the placenta in the different subgroups of patients.
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2. Materials and Methods
2.1. Study Participants

A prospective observational study was carried out in a tertiary university hospital
(Department of Obstetrics and Gynecology) for two years. This study was approved by the
Local Ethics Committee, and all the participants signed informed consent forms.

Forty-seven women were included and allocated into two groups, with 24 healthy
patients as a control group and 23 with pre-eclampsia. The pre-eclampsia group was
subdivided according to time of onset: early or late (EOPE vs. LOPE), according to severity:
severe or mild (SPE vs. MPE), and according to the presence of IUGR (IUGR vs. NIUGR).
The study groups are shown in Figure 1. In the case of twin pregnancies, the placentas
were analyzed independently. The study was finally performed on 56 placentas. To avoid
the potential effects of labor contractions on placental metabolism, all deliveries were
performed by cesarean section due to clinical reasons not affecting placental metabolism or
perfusion, as shown in Table 1.
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• Overweight (25.0–29.9) 3 [12.5%] 2 [16.6%] 4 [36.4%]  
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OBSTETRIC RESULTS     
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Parity:     
• Primigravid 6 [25.0%] 6 [50.0%] 6 [45.5%] 0.120 
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Figure 1. Study groups. Key: EOPE: early-onset pre-eclampsia, LOPE: late-onset pre-eclampsia, SPE:
severe pre-eclampsia, MPE: mild pre-eclampsia, IUGR: intrauterine growth restriction, NIUGR: not
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each group.

Table 1. Maternal, obstetric, and perinatal results.

MATERNAL RESULTS Control
n = 24

EOPE
n = 12

LOPE
n = 11 p-Value

Maternal age (years) 37.0 (7.0) 36.0 (16.0) 35.0 (3.0) 0.761
Ethnic Group: 0.352

• Caucasian 18 [75.0%] 7 [58.3%] 7 [63.6%]

• Hispanic 6 [25.0%] 5 [41.7%] 3 [27.3%]

• Asian 0 0 1 [9.1%]

Pregravid body mass index (kg/m2) 23.14 ± 2.73 22.05 ± 3.07 25.23 ± 3.73 0.636
Body mass index classification: 0.243

• Underweight (<18.5) 0 1 [8.3%] 0

• Normal weight (18.5–24.9) 19 [79.2%] 6 [50.0%] 6 [54.5%]

• Overweight (25.0–29.9) 3 [12.5%] 2 [16.6%] 4 [36.4%]

• Obesity (>30.0) 0 0 1 [9.1%]
Gestational weight gain (kg) 15.0 (9.0) 10.0 (6.0) 14.0 (8.0) 0.269
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Table 1. Cont.

OBSTETRIC RESULTS

Gestational age at study (weeks) 39.17 ± 1.12 31.75 ± 3.44 36.91 ± 1.22
a 1 × 10−6 *
b 0.013 *
c 1 × 10−6 *

Parity:

• Primigravid 6 [25.0%] 6 [50.0%] 6 [45.5%] 0.120

• Multiparous 4 [16.6%] 3 [25.0%] 2 [18.2%] 0.380

• Previous C-section 11 [45.8%] 3 [25.0%] 2 [18.2%] 0.419

• Previous miscarriage 9 [37.5%] 2 [16.7%] 4 [36.6%] 0.333

Twin pregnancy 4 [16.7%] 2 [16.7%] 3 [27.4%] 0.612
Mode of pregnancy: 0.553

• Spontaneous 19 [79.2%] 9 [75.0%] 9 [81.8%]

• ART (IUI) 0 1 [8.3%] 0

• ART (IVF) 5 [20.8%] 2 [16.7%] 2 [18.2%]

Obstetric reason for cesarean section:
A.—Fetal:

• Breech or transverse fetal position 7 [29.3%] 1 [8.3%] 1 [9.1%]

• Suspicion of fetal macrosomia 1 [4.1%] 0 0

• IUGR with critical Doppler 0 1 [8.3%] 1 [9.1%]

• Intrapartum fetal distress 0 2 [16.7%] 1 [9.1%]

B.—Maternal:

• Severe pre-eclampsia 0 8 [66.7%] 5 [45.4%]

• HELLP syndrome (complete or
partial) 0 4 [33.3%] 1 [9.1%]

• Iterative C-section or Previous
C-section + Bishop test ≤6 10 [41.7%] 0 0

• Twin pregnancy + Bishop test ≤6 4 [16.7%] 0 1 [9.1%]

• Labor dystocia 0 0 1 [9.1%]

• Elective (advanced maternal age) 1 [4.1%] 0 0

• Fracture of femur head 1 [4.1%] 0 0

• Myopia magna 0 0 1 [9.1%]
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Table 1. Cont.

PERINATAL RESULTS n = 28 n = 14 n = 14

EFW (g) 3081.4 ± 578.9 1284.9 ± 473.8 2345.83 ± 471.9
a 1 × 10−6 *
b 1.2 × 10−4 *
c 4 × 10−5 *

Centile EFW 65.0 (63.0) 4.0 (7.0) 70.0 (70.0)
a 5 × 10−5 *
b 0.719
c 0.001 *

Fetal growth restriction:

• SGA 1 [43.6%] 3 [21.4%] 0
a 0.022 *
b 0.252
c 0.024 *

• IUGR 0 8 [57.1%] 3 [21.4%]
a 2 × 10−4 *
b 0.001 *
c 5 × 10−4 *

Neonatal birth weight (g) 3320.0
(600.0)

1600.0
(540.0) 2440.0 (1045.0)

a 2 × 10−6 *
b 0.019 *
c 0.029 *

Neonatal birth weight centile 66.0 (32.0) 3.0 (5.0) 51.0 (92.0)
a 1 × 10−6 *
b 0.719
c 0.001 *

Neonatal sex: 0.358

• Male 12 [42.9%] 3 [21.4%] 6 [42.9%]

• Female 16 [57.1%] 11 [78.6%] 8 [57.1%]

Umbilical artery pH at birth 7.30 ± 0.06 7.28 ± 0.07 7.28 ± 0.07 0.500

Placental weight 581.68 ± 130.85 319.49 ± 116.64 487.26 ± 136.21
a 3 × 10−6 *
b 0.122
c 0.101

Key: EOPE: early-onset pre-eclampsia; LOPE: late-onset pre-eclampsia; C-section: cesarean section; ART: assisted
reproductive technology; IUI: intrauterine insemination; IVF: in vitro fertilization; HELLP: hemolysis; elevated
liver enzymes; low platelets; EFW: estimated fetal weight; SGA: small for gestational age; IUGR: intrauterine
growth restriction. Qualitative variables are expressed as absolute values and percentages; n [%]. Quantitative
variables are shown as mean ± standard deviation or as the median and interquartile range (in brackets) according
to the distribution. p-value between the following groups: a: controls vs. EOPE; b: controls vs. LOPE; c: EOPE vs.
LOPE. * There were significant differences among the groups (p < 0.05).

The inclusion criteria for the healthy control subjects were as follows: normal blood
pressure during pregnancy, pregnancy at term, no medical history of chronic metabolic
diseases or any pathology that could involve lipid or carbohydrate metabolism disorders,
and no complications during pregnancy. The exclusion criteria for the control and pre-
eclampsia groups included major fetal anomalies, women with a history of inborn FAO
disorder, acute fatty liver of pregnancy (AFLP), and pre-existing or gestational diabetes.
The diagnosis and severity classification of pre-eclampsia was made using the criteria pro-
vided by the International Society for the Study of Hypertension in Pregnancy (ISSHP) [3].
Severe pre-eclampsia (SPE) is characterized by the onset of severe hypertension and/or any
signs or symptoms of significant end-organ dysfunction, such as central nervous system
dysfunction, liver involvement, hematological complications, renal insufficiency, or pul-
monary edema [3]. HELLP syndrome (hemolysis, elevated liver enzymes, low platelets),
diagnosed using the Tennessee classification [17], is also considered a subtype of SPE.
Those patients who did not meet the severity criteria were considered mild pre-eclampsia
(MPE). The diagnosis of IUGR was made via ultrasound and following the ISUOG Practice
Guidelines [2]; fetuses without the IUGR criterion were referred to as “not intrauterine
growth restriction” (NIUGR).
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2.2. Sample Collection

The fresh whole placenta was transported on dry ice to the laboratory within 2 h
of delivery. Six 100 mg cotyledon fragments (chorionic villous explants) were collected
from each placenta by removing the decidual tissue, calcium deposits, and large vessels
from those regions near the chorionic plate and the basal plate. In both groups, explants
were taken from the central, intermediate, and peripheral locations to the umbilical cord
insertion. Three 100 mg explants were obtained close to the chorionic plate (hereinafter
referred to as “fetal side”), and another three 100 mg explants were obtained close to the
anchoring villi into the decidua basalis (referred to as “maternal side”). They were washed
in 500 µL of cold phosphate-buffered saline (PBS). The global results of each assay were
obtained by calculating the mean of the maternal and fetal sides of the placenta.

2.3. Quantification of Placental mRNA Levels

Total RNA was extracted from 25–30 mg placental tissues using QIAzol Lysis Reagent/
Chloroform and the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the
manufacturer’s protocol, including DNase treatment to remove genomic DNA contam-
ination. RNA quantity and purity were assessed by spectrophotometry by measuring
the OD260, OD260/280 ratio, and OD260/230 by using a NanoVue Plus (GE Healthcare,
Chicago, IL, USA). Three µg cDNA synthesis was carried out using random hexamer
primers and the components from the RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA, USA). Primers were designed, and their specificity was
determined using Primer-BLAST tool (Supplementary Table S1) [18]. Primer specificity
was confirmed by agarose gel electrophoresis (2%) after real-time quantitative PCR (RT-
qPCR) reaction. The concentration of cDNA in each PCR was 1 ng/µL. Standard curves
for each target were prepared from the pooled samples of first-strand cDNA. We analyzed
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Ribosomal Protein L30 (RPL30),
LCHAD, MCAD, CPT1A, and CPT2 by using the RT-qPCR reaction performed with cDNA
using Quantimix Easy Kit (Biotools, South San Francisco, CA, USA). Reactions were run
on a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The cycle
conditions were as follows: 9 min at 95 ◦C for enzyme activation, 40 cycles of denaturation
at 95 ◦C for 10 s, specific annealing temperature for each case, extension at 72 ◦C for 45 s,
followed by a melting curve ranging from 65 ◦C to 95 ◦C by steps of 0.5 ◦C for 5 s. Two
technical replicates of qPCR were performed per sample. Relative mRNA levels were
calculated by using the Livak method [19]. The LCHAD, MCAD, CPT1A, and CPT2 mRNA
levels were normalized by using the GAPDH and RPL30 housekeeping genes [20]. The
use of GAPDH as a constitutive gene in human placenta is controversial, so a second
constitutive housekeeping gene was included in the study: RPL30 [21,22]. The raw data of
GAPDH and RPL30 were analyzed for all samples, proving no differences in their mRNA
levels between the groups of the study. The fold change in mRNA was calculated relative
to the value of the maternal side of healthy pregnancies. The global analysis of the placenta
was calculated by using the mean of the quantification cycle (Cq) value of both placental
sides; then, the fold change in this value was performed using placentas from healthy
pregnancies as a control. Data were expressed in arbitrary units (a.u.).

2.4. Statistical Analysis

All data were analyzed using SPSS 20.0. The normal distribution of variables was
assessed by the Kolmogorov–Smirnov test. The Student’s t-test and ANOVA were used
for the variables with a normal independent distribution, and the paired t-test was used
for the paired samples (data were expressed as mean ± standard deviation). The variables
with an independent, non-normal distribution were analyzed by using the Mann–Whitney
U-test and Kruskal–Wallis test, and the paired samples by using the Wilcoxon test (data are
shown as the median and interquartile range). Differences were considered significant at a
p-value of <0.05.
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3. Results
3.1. Maternal, Obstetric, and Perinatal Outcomes

The maternal characteristics and obstetric–perinatal outcomes are shown in Table 1.
The demographic characteristics of both groups did not show significant differences. We
observed a lower gestational age at study, neonatal, and placental weights in the EOPE
group, followed by LOPE, when compared to uncomplicated pregnancies. There was a
higher incidence of IUGR in the pre-eclampsia groups, especially in EOPE.

3.2. Analysis of the Placental mRNA Levels
3.2.1. Comparison between Pre-Eclampsia and Controls

• LCHAD

LCHAD mRNA expression in the placenta was found to be lower in the overall pre-
eclampsia sample vs. controls both globally and when studying the maternal and fetal sides
separately (p = 1.1 × 10−5, 5.6 × 10−4, and 5.5 × 10−4, respectively) and independently of
the time of onset, severity, or the association with IUGR in pre-eclampsia (Figures 2 and 3,
Supplementary Table S2). Globally, LCHAD mRNA reduction was similar in all pre-
eclampsia subgroups when compared to the controls (−37.7% in EOPE, −34.7% in LOPE,
and −36.7% in the rest of the subgroups). On the maternal side, higher reductions were
observed in MPE when compared to uncomplicated pregnancies (−36.8%), followed by
EOPE, IUGR pre-eclampsia, and total pre-eclampsia (−30.0% in all of them). The more
striking reductions in LCHAD mRNA expression, when compared to the controls, were
found in the analysis of the fetal side, with a 45.4% decrease in the EOPE and IUGR cases,
followed by −43.0% in MPE and in the overall pre-eclampsia sample, −40.7% in LOPE,
−39.3% in SPE, and −36.2% in NIUGR.
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Figure 3. Relative LCHAD mRNA expression (a.u.). All pre-eclampsia subgroups were compared
to the controls (statistical significance immediately above the upper whisker for each group). Addi-
tionally, the pre-eclampsia subgroups were compared according to time of onset, severity, or asso-
ciation with IUGR (statistical significance above brackets, indicating groups compared). Statistical
significance: NS: not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Key: LCHAD: long-chain 3-
hydroxyacyl-CoA dehydrogenase, EOPE: early-onset pre-eclampsia, LOPE: late-onset pre-eclampsia,
SPE: severe pre-eclampsia, MPE: mild pre-eclampsia, IUGR: intrauterine growth restriction, NIUGR:
not intrauterine growth restriction.

• MCAD

In general terms, the reduction in MCAD gene expression at the placenta in pre-
eclampsia vs. the controls was lower than in LCHAD (Figures 2 and 4, Supplementary
Table S3). Globally, MCAD mRNA expression at the placenta was found to be lower
(p < 0.05) in all subgroups of pre-eclampsia vs. healthy pregnancies. The most important
differences were in SPE (−32.8%) and EOPE (−30.6%), followed by IUGR, the overall
pre-eclampsia sample, and NIUGR (−27.1%, −26%, and −25.3%, respectively). On the fetal
side of the placenta, similar to what occurs in the global placenta, MCAD mRNA expression
was reduced in all pre-eclampsia groups when compared to the controls (p < 0.05), and the
largest decreases were found in the following subgroups: SPE (−38.6%), IUGR (−37.7%),
EOPE (−36.8%), and all pre-eclampsia (−32.0%). The decrease in gene expression on the
fetal side was smaller and similar in the MPE, NIUGR, and LOPE subgroups (−28.9%
in all of them) when compared to the controls. In contrast, on the maternal side of the
placenta, a significant decrease in MCAD expression was found only in the overall pre-
eclampsia sample (−20.5%), EOPE (−26.7%), and SPE (−16.7%) groups when compared
to the uncomplicated pregnancies with no differences vs. the LOPE, MPE, IUGR, and
NIUGR subgroups.
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Figure 4. Relative MCAD mRNA expression (a.u.). All pre-eclampsia subgroups were compared to
the controls (statistical significance immediately above the upper whisker for each group). Addition-
ally, pre-eclampsia subgroups were compared according to time of onset, severity, or association with
IUGR (statistical significance above brackets, indicating groups compared). Statistical significance:
NS: not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Key: MCAD: medium-chain acyl-CoA
dehydrogenase, EOPE: early-onset pre-eclampsia, LOPE: late-onset pre-eclampsia, SPE: severe pre-
eclampsia, MPE: mild pre-eclampsia, IUGR: intrauterine growth restriction, NIUGR: not intrauterine
growth restriction.

• CPT1A

No statistically significant differences were obtained when comparing CPT1A mRNA
expression between the controls and pre-eclampsia, nor between the controls and the
different subgroups of pre-eclampsia, both in global terms and on the maternal or fetal side
of the placenta (Supplementary Table S4).

• CPT2

As was the case for MCAD, CPT2 mRNA expression at the placenta was found to be
lower (p < 0.05) in all subgroups of pre-eclampsia vs. the controls globally and on the fetal
side but not in all the subgroups of pre-eclampsia on the maternal side (Figures 2 and 5,
Supplementary Table S5). Globally, the greatest differences were in IUGR (−36.3%), SPE
(−32.9%), EOPE (−29.5%), the overall pre-eclampsia sample (−27.5%), and LOPE (−25.5%).
On the fetal side of the placenta, the most important difference, when compared to uncom-
plicated pregnancies, was a 31.7% reduction in the IUGR group. On the maternal side of
the placenta, CPT2 only had a significant decrease in all pre-eclampsia (−25.6%), EOPE
(−28.4%), SPE (−34.6%), and IUGR (−38.0%) groups when compared to the controls.



Nutrients 2023, 15, 3877 10 of 18

Nutrients 2023, 15, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 5. Relative CPT2 mRNA expression (a.u.). All pre-eclampsia subgroups were compared to 
the controls (statistical significance immediately above the upper whisker for each group). Addi-
tionally, pre-eclampsia subgroups were compared according to time of onset, severity, or associa-
tion with IUGR (statistical significance above brackets, indicating groups compared). Statistical sig-
nificance: NS: not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Key: CPT2: carnitine palmitoyltrans-
ferase, EOPE: early-onset pre-eclampsia, LOPE: late-onset pre-eclampsia, SPE: severe pre-eclamp-
sia, MPE: mild pre-eclampsia, IUGR: intrauterine growth restriction, NIUGR: not intrauterine 
growth restriction. 

3.2.2. Comparison between the Different Subgroups of Pre-Eclampsia 
When analyzing the pre-eclampsia subgroups separately (EOPE vs. LOPE, MPE vs. 

SPE, and IUGR vs. NIUGR), both globally and on each placental side, no significant dif-
ferences in placental LCHAD, MCAD, CPT1A, and CPT2 mRNA expression were found 
(Supplementary Tables S2–S5). 

3.2.3. Comparison between Sides of the Placenta in Each Subgroup 
LCHAD, MCAD, CPT1A, and CPT2 gene expression were compared between the 

maternal and fetal sides of the placenta within each group included in the study (for ex-
ample, the different sides of the placenta only in the EOPE group), but these differences 
did not reach statistical significance (Supplementary Tables S2–S5). 

4. Discussion 
4.1. Main Findings 

This is the first study to analyze the gene expression of FAO enzymes at the maternal 
and fetal placental sides in pre-eclampsia and compare these to controls; it is also the first 
to analyze across different subtypes of pre-eclampsia according to the time of onset, se-
verity, or association with IUGR. The main findings demonstrate lower LCHAD, MCAD, 
and CPT2 gene expression in the placenta in pre-eclampsia, both at the chorionic and basal 
plates. The most important reductions in mRNA expression from these genes are related 
to EOPE, SPE, and pre-eclampsia with IUGR. No differences were found in CPT1A mRNA 
expression between pre-eclampsia and the controls. 

4.2. Interpretation of Results 

Figure 5. Relative CPT2 mRNA expression (a.u.). All pre-eclampsia subgroups were compared to the
controls (statistical significance immediately above the upper whisker for each group). Additionally,
pre-eclampsia subgroups were compared according to time of onset, severity, or association with
IUGR (statistical significance above brackets, indicating groups compared). Statistical significance: NS:
not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Key: CPT2: carnitine palmitoyltransferase, EOPE:
early-onset pre-eclampsia, LOPE: late-onset pre-eclampsia, SPE: severe pre-eclampsia, MPE: mild
pre-eclampsia, IUGR: intrauterine growth restriction, NIUGR: not intrauterine growth restriction.

3.2.2. Comparison between the Different Subgroups of Pre-Eclampsia

When analyzing the pre-eclampsia subgroups separately (EOPE vs. LOPE, MPE
vs. SPE, and IUGR vs. NIUGR), both globally and on each placental side, no significant
differences in placental LCHAD, MCAD, CPT1A, and CPT2 mRNA expression were found
(Supplementary Tables S2–S5).

3.2.3. Comparison between Sides of the Placenta in Each Subgroup

LCHAD, MCAD, CPT1A, and CPT2 gene expression were compared between the
maternal and fetal sides of the placenta within each group included in the study (for
example, the different sides of the placenta only in the EOPE group), but these differences
did not reach statistical significance (Supplementary Tables S2–S5).

4. Discussion
4.1. Main Findings

This is the first study to analyze the gene expression of FAO enzymes at the maternal
and fetal placental sides in pre-eclampsia and compare these to controls; it is also the first to
analyze across different subtypes of pre-eclampsia according to the time of onset, severity,
or association with IUGR. The main findings demonstrate lower LCHAD, MCAD, and
CPT2 gene expression in the placenta in pre-eclampsia, both at the chorionic and basal
plates. The most important reductions in mRNA expression from these genes are related to
EOPE, SPE, and pre-eclampsia with IUGR. No differences were found in CPT1A mRNA
expression between pre-eclampsia and the controls.
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4.2. Interpretation of Results

The importance of an adequate fatty acid metabolism during pregnancy is undeniable.
Fatty acids are an essential substrate for energy supply, as they are the precursors of acetyl-
CoA and ketone bodies. The severe clinical consequences described in the most frequent
inborn FAO disorders (MCAD, LCHAD, or very-long-chain acyl-coA dehydrogenase
(VLCAD) deficiencies) warn us of their importance in postnatal life [23,24]; however,
adequate FAO is also required earlier for fetal and placental energy support. Although the
finding of fetal malformations is exceptional in FAO congenital disorders, in the case of
CPT2 or multiple acyl-coA dehydrogenase (MADD) deficiencies, cerebral anomalies, or
polycystic kidneys have been described [25]. However, fetal FAO defects are frequently
associated with IUGR, preterm delivery, fetal morbidity, and intrauterine death [26–28].
In addition, pregnant women carrying a fetus with an FAO disorder are at a higher risk
for AFLP or HELLP syndrome (1:10) due to an accumulation of toxic metabolites in the
placenta and maternal liver [29]. These findings are consistent with our study, in which we
found that lower FAO enzymes gene expression in the placenta is associated with the most
severe cases of pre-eclampsia or those with IUGR.

In the last two decades, it has been shown that FAO enzymes are even more active in
the placenta than in the maternal liver [27,30], with higher gene expression in the placenta
than in maternal adipose tissue or maternal umbilical cord blood [31]. With respect to
fatty acid chain length, higher placental enzyme activity has been demonstrated in those
involved in LC-FAO when compared to MC/SC-FAO, both in the first trimester and at
term [30], yet with this activity being inversely proportional to gestational age during the
second and third trimesters [10,27]. The gene expression and activity of different FAO
enzymes (VLCAD, LCHAD, MCAD, SCHAD, and CPT1 or 2) are observed in various
tissues in human embryos as early as five weeks of development, highlighting the key role
of FAO in early pregnancy [26,32], with a higher expression in the syncytiotrophoblast than
in the cytotrophoblast [27]. Physiologically, higher levels of LCHAD and MCAD mRNA are
found in term placentas than in maternal or fetal blood, with a higher expression of LCHAD
vs. MCAD in the placenta. LCHAD levels are similar in maternal and fetal blood. However,
MCAD levels are higher in fetal blood [31]. In our study, we could not demonstrate FAO
enzymes mRNA differences between placental sides. These findings are in agreement with
our previous paper, in which [3H]-palmitate was used as a free fatty acid (FFA) tracer to
measure placental FAO by a vapor-phase chromatography assay, and no differences were
observed either when comparing the maternal and fetal sides of the placenta or between
singleton and twin pregnancies in healthy pregnant women at term [16].

In a different study from our working group with a smaller population, a decrease in
FAO activity and the lower expression of LCHAD mRNA in placentas with pre-eclampsia
was already described when compared to the controls, without reaching significant dif-
ferences for MCAD [15]. Our current article adds value to the latter, as it reaffirms the
decrease in LCHAD gene expression, and it also demonstrates the reduction in MCAD
and CPT2 mRNA expression in the placentas of patients with pre-eclampsia. Moreover,
when currently analyzing the expression according to the time of onset, we observed a
greater reduction in EOPE than in LOPE when compared to the controls. In the placentas
of healthy pregnant patients, the maximum FAO activity and levels are described between
12–28 weeks [27]. Therefore, although there is no evidence at the genomic level, a physio-
logical reduction in healthy pregnancies with lower gestational age does not seem plausible,
and decreased FAO enzymes mRNA expression might be attributed to pre-eclampsia. The
results from various experiments carried out in pre-eclampsia-like mouse models [33,34],
in vitro trophoblast cell cultures [35,36], or in placental explants [37,38] have corroborated
this as well.

In the pathogenesis of pre-eclampsia, oxidative stress and inflammation are associ-
ated with lipid disorders. Dysfunction in β-oxidation enzymes in the placenta leads to
the accumulation of toxic metabolic intermediates of fatty acid catabolism, promotes the
production of lipid peroxides, and reduces the production of antioxidants in the placenta,
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releasing free radicals into the maternal circulation with subsequent endothelial dysfunc-
tion, excessive inflammation, and an increase in the production of antiangiogenic factors.
On the other hand, the lipid metabolites accumulate in intracellular lipid deposits, leading
to mitochondrial damage that accelerates apoptosis and decreases the invasive capacity
of trophoblast. In pre-eclampsia, due to the inhibition of the mitochondrial respiratory
chain, there is an increase in lipid peroxidation and nicotinamide adenine dinucleotide
phosphate oxidase (NADPH) metabolism with an elevation of free radicals and a decrease
in antioxidants secondary to, for example, alterations in glutathione metabolism [6,24,39].
Studies similar to ours that have compared the placental explants in controls vs. SPE
demonstrate the downregulation of some proteins that participate in mitochondrial dys-
function by different pathways (fusion, autophagy, and biogenesis). This promotes lower
FAO, resulting in lower placental energy production in pre-eclampsia and an accumulation
of omega-3 and omega-6 fatty acids in mitochondria [40], acting as prostaglandin and
leukotriene precursors, which leads to inflammation, vasoconstriction, endothelial dam-
age, the inhibition of angiogenesis, and decreased platelet aggregation. Previous reports
confirm a reduction in LCHAD mRNA and protein expression in SPE vs. controls, with
a more marked reduction in early severe cases [35,36,38]. This reduction is corrected in
serum-free trophoblast cells in vitro by adding NADPH and p38 mitogen-activated pro-
tein kinase (p38MAPK) inhibitors [35], the signaling pathway of which plays an essential
role in regulating cellular processes, especially inflammation. Increased oxidative stress
in pre-eclampsia and its relationship with FAO dysfunction has also been described in
other studies in pre-eclampsia-like mouse models [34,39,41] and in EOPE placentas [37],
showing a higher expression of P47phox NADPH subunit, p38MAPKα/ Nuclear factor-κB
(NF-κB), and Cyclooxygenase-2 (COX-2). They all presented a positive correlation with
serum FFA and a negative correlation with LCHAD mRNA and protein expression. All of
these differences in gene expression were more remarkable in pre-eclampsia-like mouse
models with worse lipid profiles, such as EOPE, a high-fat diet group, and ApoE-knockout
mice (suffering hypercholesterolemia) [34,36].

In another recent study, we reported an increase in the concentration of total and
protein-adjusted triglycerides on the fetal side of the placenta in healthy, full-term pregnant
women. Oil Red-O histological staining supported this finding by evidencing higher lipid
deposition on the fetal side [16]. Similarly, in our current analysis, the greatest reductions
in FAO enzymes gene expression were obtained on the fetal side when comparing pre-
eclampsia vs. controls, which would consequently lead to an increase in lipids at that site.
We can assume that this might be due to a damaged placenta that requires its own energy
supply, with worsening function on the fetal side. The highest percentages of reduction,
even on the maternal side of the placenta, are observed in early or severe cases or those
associated with IUGR, in which placental insufficiency is more evident.

In general, in our analysis, when compared to controls, the percentages of LCHAD
gene expression reduction in pre-eclampsia are higher in relation to the reduction in MCAD.
The selective use of PUFA by the placenta and the fetus with respect to MC-FFA in normal
conditions could be the explanation for this difference [42]. However, all of the evidence
above suggests that placentas with pre-eclampsia preferentially use the FFA that can be
metabolized directly without extra modification and/or transportation steps, promoting
a more efficient energy supply. Reports about the metabolome in placentas with pre-
eclampsia describe a decrease in MC-FA and an accumulation of LC-FA, in addition to a
reduction in trans-double-bonded FA and the retention of cis-double-bonded FFA (the latter
needs extra isomerization to complete FAO) [43].

In our study and in agreement with others previously published [44], the CPT1A
mRNA levels did not differ between pre-eclampsia and the controls. CPT1 mRNA concen-
tration is normally elevated under conditions requiring an increase in LC-FAO, such as
fasting or during a hyperlipidemic diet, due to a decrease in malonyl coA (its main inhibitor
and a precursor of lipogenesis) [13]. The decreased expression of CPT2 and LCHAD mRNA
in pre-eclampsia leads to the failure of LC-FAO and, subsequently, to a cytosolic LC-FA-rich
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environment that could lead to stable or even rising CPT1 concentrations. Recent in vitro
studies have linked increased CPT1A expression in the placenta to the development of
pre-eclampsia by inhibition of trophoblast cell invasion and migration [45]. Consistent with
this theory, maternal and umbilical cord serum carnitine and acyl-carnitine levels increase
in pre-eclampsia [46–49]. In addition, a maternal high-fat diet in rats downregulated the
mRNA and protein expressions of CPT2 in the placenta [50]. Mitochondria in patients with
pre-eclampsia show structural and functional damage, leading to a decrease in FAO. In
other investigations, in which trophoblast cells were treated in vitro with FFA of different
chain lengths, increasing LC-FA reduced LCHAD and CPT2 gene expression [51], increased
the intracellular accumulation of lipid droplets, and caused histological mitochondrial
damage and a loss of trophoblast invasiveness; whereas, SC-FA or MC-FA do not have the
same significant effect. This mitochondrial structural injury is similar to that observed in
the trophoblast of patients with EOPE or HELLP syndrome. However, no differences in
CPT1 gene expression with FFA chain length have been found, with a similar histology to
the control groups [52,53].

The complex involvement of lipid metabolism in the pathogenesis of pre-eclampsia
goes beyond the study of FAO enzymes per se, as other metabolic pathways or proteins
may be primarily affected by subsequent metabolic errors in FAO enzymes. Peroxisome
proliferator-activated receptors (PPARs) are nuclear receptor proteins that regulate the gene
expression involved in the regulation of lipid and glucose metabolism, inflammation, cell
differentiation, and growth in multiple tissues. There are three isoforms (PPARα, PPARβ/δ,
and PPARγ) activated by a wide variety of ligands, such as fatty acids and derivatives.
They show distinct but overlapping expression and functions and are also expressed in the
amnion, decidua, and villous placenta [54–56]. Most research focuses on the role of PPARγ
in pre-eclampsia due to its involvement in lipid storage and syncytiotrophoblast differenti-
ation, reporting reductions when compared to controls. Nevertheless, several study groups
have published controversial results, rendering it impossible to draw conclusions at this
time [57–59]. In pre-eclampsia, alterations in gene expression have also been demonstrated
in other proteins that are involved in different areas of lipid metabolism, for example, in
lipoprotein lipase (LPL), which hydrolyzes triglycerides into FFA to allow their transfer to
the placenta, or in transport proteins, such as fatty acid transport proteins (FATPs), fatty
acid translocase (FAT/CD36), and fatty acid binding proteins (FABPs), which enable LC-FA
uptake into syncytiotrophoblast cells and their transfer from the maternal compartment to
the fetal circulation [57,60,61].

In vitro studies in classical pre-eclampsia-like mouse models (after Nω-nitro-L-arginine-
methyl ester injection, L-NAME) confirm a lower expression of LCHAD mRNA and
proteins in the liver and placenta with respect to controls; however, other models, like the
ApoC3-transgenic mice (suffering of an abnormal fatty acid metabolism and hypertriglyc-
eridemia) or a mouse model with antiphospholipid syndrome (after β2-glycoprotein-I
injection), present increased LCHAD expression [39,41]. This leads us to the hypothesis
that FAO might play a different role in different factorial pre-eclampsia and might have a
different cause-and-effect relationship.

A decrease in the gene expression of FAO enzymes in pre-eclampsia, especially on
the fetal side of the placenta, leads to the lower utilization of FFA by the placenta with the
accumulation of triglycerides on the fetal side, as previously reported [16]. Theoretically,
the pathogenic sequence can start with decreased placental FAO, which would increase the
FFA and triglyceride placental and maternal serum levels, leading to immune-resistance,
lipotoxicity, and finally, endothelial damage. In favor of this hypothesis, we have shown
in a previous paper that there is a positive correlation between FFA, triglycerides, and
C-peptide with the anti-angiogenic factors of endothelial damage, such as the sFlt-1/PlGF
ratio (soluble Fms-like Tyrosine Kinase-1 (sFlt-1)/placental growth factor (PlGF), and
soluble endoglin (sEng) in maternal serum in pre-eclampsia [9]. The etiopathogenesis of
LOPE has traditionally been related to metabolic syndrome and insulin resistance [62],
which is closely linked to the accumulation of serum FFA. However, in our current report,
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we reveal that the decrease in FAO enzyme mRNA expression at the placenta also occurs
in EOPE (in fact, no differences were found with respect to LOPE). This finding is also
supported by our previous study, where higher FFA and C-peptide maternal levels were
found in pre-eclampsia vs. controls, with no differences according to the time of onset of
pre-eclampsia [9]. Although some metabolic dysfunctions might be independent of the time
of onset of pre-eclampsia, the pathophysiological particularities that lead to each clinical
spectrum are still unknown, indicating that other factors, such as genetic or immunological
factors, must be involved [63,64].

4.3. Limitations of the Study

The sample size of each analyzed group was small, including singleton and twin
pregnancies. The investigation of metabolomics, in contrast to genomics, transcriptomics,
and proteomics, can more directly and accurately reflect the dynamic state of the organ-
ism. However, due to the specificity and the limited research previously described in
the literature on this subject (with studies with an even smaller sample size than ours),
this paper can serve as a basis for future investigation, in which our findings might be
confirmed and related to other metabolic pathways, oxidative stress, inflammation, or even
potential treatments.

5. Conclusions

The mRNA expression of the FAO enzymes LCHAD, MCAD, and CPT2 is lower in
the placenta in pre-eclampsia, with more marked reductions observed in more severe cases
and in those associated with EOPE or IUGR. These alterations are observed for both sides
of the placenta, with more striking reductions on the fetal side.
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Abbreviations

AFLP Acute fatty liver of pregnancy
a.u. Arbitrary units
cDNA Complementary DNA
COX-2 Cyclooxygenase-2
CPT Carnitine palmitoyltransferase
Cq Quantification cycle
EOPE Early-onset pre-eclampsia
FA Fatty acid
FABPs Fatty acid-binding proteins
FAO Fatty acid oxidation
FAT/CD36 Fatty acid translocase
FATPs Fatty acid transport proteins
FFA Free fatty acids
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HDL High-density lipoprotein
HELLP Hemolysis, elevated liver function, and low platelets
IUGR Intrauterine growth restriction
LC Long chain
LCHAD Long-chain 3-hydroxyacyl-CoA dehydrogenase
LDL Low-density lipoprotein
L-NAME Nω-nitro-L-arginine-methyl ester
LOPE Late-onset pre-eclampsia
LPL Lipoprotein lipase
MAPK Mitogen-Activated Protein Kinases
MC Medium chain
MCAD Medium-chain acyl-CoA dehydrogenase
MPE Mild pre-eclampsia
mRNA Messenger RNA
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor-κB
NIUGR Not intrauterine growth restriction
PlGF Placental growth factor
PPARs Peroxisome proliferator-activated receptors
PUFA Polyunsaturated fatty acids
RPL30 Ribosomal protein L30
RT-qPCR Real-time quantitative PCR
SC Short-chain
SCHAD Short-chain 3-hydroxyacyl-CoA dehydrogenase
sEng Soluble endoglin
sFlt-1 Soluble fms-like tyrosine kinase-1
SPE Severe pre-eclampsia
VLCAD Very-long-chain acyl-coA dehydrogenase

References
1. Dimitriadis, E.; Rolnik, D.L.; Zhou, W.; Estrada-Gutierrez, G.; Koga, K.; Francisco, R.P.V.; Whitehead, C.; Hyett, J.; da Silva Costa,

F.; Nicolaides, K.; et al. Pre-eclampsia. Nat. Rev. Dis. Primers 2023, 9, 8. [CrossRef] [PubMed]
2. Lees, C.; Stampalija, T.; Baschat, A.A.; da Silva Costa, F.; Ferrazzi, E.; Figueras, F.; Hecher, K.; Kingdom, J.; Poon, L.C.; Salomon,

L.J.; et al. ISUOG Practice Guidelines: Diagnosis and management of small-for-gestational-age fetus and fetal growth restriction.
Ultrasound Obstet. Gynecol. 2020, 56, 298–312. [CrossRef]

3. Magee, L.A.; Brown, M.A.; Hall, D.R.; Gupte, S.; Hennessy, A.; Karumanchi, S.A.; Kenny, L.C.; McCarthy, F.; Myers, J.; Poon,
L.C.; et al. The 2021 International Society for the Study of Hypertension in Pregnancy classification, diagnosis & management
recommendations for international practice. Pregnancy Hypertens. 2022, 27, 148–169. [PubMed]

4. Aye, I.; Aiken, C.E.; Charnock-Jones, D.S.; Smith, G.C.S. Placental energy metabolism in health and disease-significance of
development and implications for preeclampsia. Am. J. Obstet. Gynecol. 2022, 226, S928–S944. [CrossRef] [PubMed]

https://doi.org/10.1038/s41572-023-00417-6
https://www.ncbi.nlm.nih.gov/pubmed/36797292
https://doi.org/10.1002/uog.22134
https://www.ncbi.nlm.nih.gov/pubmed/35066406
https://doi.org/10.1016/j.ajog.2020.11.005
https://www.ncbi.nlm.nih.gov/pubmed/33189710


Nutrients 2023, 15, 3877 16 of 18

5. Sõber, S.; Reiman, M.; Kikas, T.; Rull, K.; Inno, R.; Vaas, P.; Teesalu, P.; Marti, J.M.L.; Mattila, P.; Laan, M. Extensive shift in
placental transcriptome profile in preeclampsia and placental origin of adverse pregnancy outcomes. Sci. Rep. 2015, 5, 13336.
[CrossRef] [PubMed]

6. Zhang, L.; Bi, S.; Liang, Y.; Huang, L.; Li, Y.; Huang, M.; Huang, B.; Deng, W.; Liang, J.; Gu, S.; et al. Integrated Metabolomic and
Lipidomic Analysis in the Placenta of Preeclampsia. Front. Physiol. 2022, 13, 807583. [CrossRef]

7. Magee, L.A.; Nicolaides, K.H.; von Dadelszen, P. Preeclampsia. N. Engl. J. Med. 2022, 386, 1817–1832. [CrossRef]
8. Erez, O.; Romero, R.; Jung, E.; Chaemsaithong, P.; Bosco, M.; Suksai, M.; Gallo, D.M.; Gotsch, F. Preeclampsia and eclampsia: The

conceptual evolution of a syndrome. Am. J. Obstet. Gynecol. 2022, 226, S786–S803. [CrossRef]
9. Abascal-Saiz, A.; Duque-Alcorta, M.; Fioravantti, V.; Antolín, E.; Fuente-Luelmo, E.; Haro, M.; Ramos-Álvarez, M.P.; Perdomo,

G.; Bartha, J.L. The Relationship between Angiogenic Factors and Energy Metabolism in Preeclampsia. Nutrients 2022, 14, 2172.
[CrossRef]

10. Rakheja, D.; Bennett, M.J.; Foster, B.M.; Domiati-Saad, R.; Rogers, B.B. Evidence for fatty acid oxidation in human placenta, and
the relationship of fatty acid oxidation enzyme activities with gestational age. Placenta 2002, 23, 447–450. [CrossRef]

11. Herrera, E.; Amusquivar, E.; Lopez-Soldado, I.; Ortega, H. Maternal lipid metabolism and placental lipid transfer. Horm. Res.
2006, 65, 59–64. [CrossRef] [PubMed]

12. Yong, H.E.J.; Watkins, O.C.; Mah, T.K.L.; Cracknell-Hazra, V.K.B.; Pillai, R.A.; Selvam, P.; Islam, M.O.; Sharma, N.; Cazenave-
Gassiot, A.; Bendt, A.K.; et al. Increasing maternal age associates with lower placental CPT1B mRNA expression and acylcarnitines,
particulary in overweight women. Front. Physiol. 2023, 14, 1166827. [CrossRef] [PubMed]

13. Bentebibel, A. Study of the mechanisms of inhibition of carnitine palmitoyltransferase I activity. Ph.D. Thesis, University of
Barcelona, Barcelona, Spain, 2009. Available online: http://hdl.handle.net/2445/36293 (accessed on 7 July 2023). (In Spanish)

14. Fagerberg, L.; Hallström, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson,
A.; Edlund, K.; et al. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and
antibody-based proteomics. Mol. Cell. Proteom. 2014, 13, 397–406. [CrossRef]

15. Bartha, J.L.; Visiedo, F.; Fernandez-Deudero, A.; Bugatto, F.; Perdomo, G. Decreased mitochondrial fatty acid oxidation in
placentas from women with preeclampsia. Placenta 2012, 33, 132–134. [CrossRef] [PubMed]

16. Abascal-Saiz, A.; Fuente-Luelmo, E.; Haro, M.; de la Calle, M.; Ramos-Álvarez, M.P.; Perdomo, G.; Bartha, J.L. Placental
Compartmentalization of Lipid Metabolism: Implications for Singleton and Twin Pregnancies. Reprod. Sci. 2021, 28, 1150–1160.
[CrossRef] [PubMed]

17. Sibai, B.M. Diagnosis, controversies, and management of the syndrome of hemolysis, elevated liver enzymes, and low platelet
count. Obs. Gynecol. 2004, 103, 981–991. [CrossRef] [PubMed]

18. NCBI (National Center for Biotechnology Information). Primer-BLAST: A Tool for Finding Specific Primers. Available online:
https://www.ncbi.nlm.nih.gov/tools/primer-blast (accessed on 1 November 2021).

19. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C
(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

20. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034.1.
[CrossRef]

21. Murthi, P.; Fitzpatrick, E.; Borg, A.J.; Donath, S.; Brennecke, S.P.; Kalionis, B. GAPDH, 18S rRNA and YWHAZ are suitable
endogenous reference genes for relative gene expression studies in placental tissues from human idiopathic fetal growth restriction.
Placenta 2008, 29, 798–801. [CrossRef]

22. Panagodimou, E.; Koika, V.; Markatos, F.; Kaponis, A.; Adonakis, G.; Georgopoulos, N.A.; Markantes, G.K. Expression stability of
ACTB, 18S, and GAPDH in human placental tissues from subjects with PCOS and controls: GAPDH expression is increased in
PCOS. Hormones 2022, 21, 329–333. [CrossRef]

23. Wajner, M.; Amaral, A.U. Mitochondrial dysfunction in fatty acid oxidation disorders: Insights from human and animal studies.
Biosci. Rep. 2015, 36, e00281. [CrossRef] [PubMed]

24. Ribas, G.S.; Vargas, C.R. Evidence that Oxidative Disbalance and Mitochondrial Dysfunction are Involved in the Pathophysiology
of Fatty Acid Oxidation Disorders. Cell. Mol. Neurobiol. 2022, 42, 521–532. [CrossRef] [PubMed]

25. Brassier, A.; Ottolenghi, C.; Boddaert, N.; Sonigo, P.; Attié-Bitach, T.; Millischer-Bellaiche, A.E.; Baujat, G.; Cormier-Daire, V.;
Valayannopoulos, V.; Seta, N.; et al. Prenatal symptoms and diagnosis of inherited metabolic diseases. Arch. Pediatr. 2012, 19,
959–969. (In French) [CrossRef] [PubMed]

26. Oey, N.A.; Ruiter, J.P.; Attie-Bitach, T.; Ijlst, L.; Wanders, R.J.; Wijburg, F.A. Fatty acid oxidation in the human fetus: Implications
for fetal and adult disease. J. Inherit. Metab. Dis. 2006, 29, 71–75. [CrossRef]

27. Shekhawat, P.; Bennett, M.J.; Sadovsky, Y.; Nelson, D.M.; Rakheja, D.; Strauss, A.W. Human placenta metabolizes fatty acids:
Implications for fetal fatty acid oxidation disorders and maternal liver diseases. Am. J. Physiol. Endocrinol. Metab. 2003, 284,
E1098–E1105. [CrossRef]

28. Tyni, T.; Ekholm, E.; Pihko, H. Pregnancy complications are frequent in long-chain 3-hydroxyacyl-coenzyme A dehydrogenase
deficiency. Am. J. Obstet. Gynecol. 1998, 178, 603–608. [CrossRef]

29. Natarajan, S.K.; Ibdah, J.A. Role of 3-Hydroxy Fatty Acid-Induced Hepatic Lipotoxicity in Acute Fatty Liver of Pregnancy. Int. J.
Mol. Sci. 2018, 19, 322. [CrossRef]

https://doi.org/10.1038/srep13336
https://www.ncbi.nlm.nih.gov/pubmed/26268791
https://doi.org/10.3389/fphys.2022.807583
https://doi.org/10.1056/NEJMra2109523
https://doi.org/10.1016/j.ajog.2021.12.001
https://doi.org/10.3390/nu14102172
https://doi.org/10.1053/plac.2002.0808
https://doi.org/10.1159/000091507
https://www.ncbi.nlm.nih.gov/pubmed/16612115
https://doi.org/10.3389/fphys.2023.1166827
https://www.ncbi.nlm.nih.gov/pubmed/37275238
http://hdl.handle.net/2445/36293
https://doi.org/10.1074/mcp.M113.035600
https://doi.org/10.1016/j.placenta.2011.11.027
https://www.ncbi.nlm.nih.gov/pubmed/22189170
https://doi.org/10.1007/s43032-020-00385-2
https://www.ncbi.nlm.nih.gov/pubmed/33171514
https://doi.org/10.1097/01.AOG.0000126245.35811.2a
https://www.ncbi.nlm.nih.gov/pubmed/15121574
https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1016/j.placenta.2008.06.007
https://doi.org/10.1007/s42000-022-00372-z
https://doi.org/10.1042/BSR20150240
https://www.ncbi.nlm.nih.gov/pubmed/26589966
https://doi.org/10.1007/s10571-020-00955-7
https://www.ncbi.nlm.nih.gov/pubmed/32876899
https://doi.org/10.1016/j.arcped.2012.06.002
https://www.ncbi.nlm.nih.gov/pubmed/22884749
https://doi.org/10.1007/s10545-006-0199-x
https://doi.org/10.1152/ajpendo.00481.2002
https://doi.org/10.1016/S0002-9378(98)70446-6
https://doi.org/10.3390/ijms19010322


Nutrients 2023, 15, 3877 17 of 18

30. Oey, N.A.; Boer, M.E.J.D.; Ruiter, J.P.N.; Wanders, R.J.A.; Duran, M.; Waterham, H.R.; Boer, K.; van der Post, J.A.M.; Wijburg, F.A.
High activity of fatty acid oxidation enzymes in human placenta: Implications for fetal-maternal disease. J. Inherit. Metab. Dis.
2003, 26, 385–392. [CrossRef]

31. Bartha, J.L.; Bugatto, F.; Fernandez-Deudero, A.; Fernandez-Macias, R.; Perdomo, G. Tissue specific expression of human fatty
acid oxidation enzyme genes in late pregnancy. Lipids Health Dis. 2016, 15, 200. [CrossRef]

32. Oey, N.A.; Boer, M.E.J.D.; Wijburg, F.A.; Vekemans, M.; Augé, J.; Steiner, C.; Wanders, R.J.A.; Waterham, H.R.; Ruiter, J.P.N.;
Attié-Bitach, T. Long-chain fatty acid oxidation during early human development. Pediatr. Res. 2005, 57, 755–759. [CrossRef]

33. Ma, R.Q.; Sun, M.N.; Yang, Z. Inhibition of nitric oxide synthase lowers fatty acid oxidation in preeclampsia-like mice at early
gestational stage. Chin. Med. J. 2011, 124, 3141–3147. [PubMed]

34. Sun, M.N.; Yang, Z.; Ma, R.Q. Interaction of fatty acid oxidation with oxidative stress in preeclampsia-like mouse model at
multiple stages of gestation. Zhonghua Yi Xue Za Zhi 2011, 91, 2343–2347. (In Chinese) [PubMed]

35. Sun, X.L.; Yang, Z.; Wang, W.; Wang, X.Y.; Wang, J.L.; Wu, S.Y. Interaction mechanism and influence between fatty acid oxidation
in trophoblast cells and p38MAPK signal transduction pathway of severe preeclampsia. Zhonghua Fu Chan Ke Za Zhi 2013, 48,
853–857. (In Chinese) [PubMed]

36. Sun, X.L.; Yang, Z.; Wang, J.L.; Sun, M.N.; Wu, S.Y.; Wang, X.Y. Correlation between severe preeclampsia and abnormal expression
of long-chain fatty acid oxidative enzyme. Zhonghua Yi Xue Za Zhi 2011, 91, 2026–2029. (In Chinese) [PubMed]

37. Li, F.; Yang, Z.; Zhang, A.; Sun, X.; Wang, J.; Meng, R. The changes of LCHAD in preeclampsia with different clinical features
and the correlation with NADPH P47-phox, p38MAPK-α, COX-2 and serum FFA and TG. Zhonghua Fu Chan Ke Za Zhi 2015, 50,
92–100. (In Chinese)

38. Wang, J.L.; Yang, Z.; Wang, R.; Zhu, J.M. Interaction among abnormal fatty acid oxidation, endothelial function disorder, and
oxidative stress in the onset of severe preeclampsia. Zhonghua Yi Xue Za Zhi 2008, 88, 1471–1475. (In Chinese)

39. Ding, X.; Yang, Z.; Han, Y.; Yu, H. Correlation of long-chain fatty acid oxidation with oxidative stress and inflammation in
pre-eclampsia-like mouse models. Placenta 2015, 36, 1442–1449. [CrossRef]

40. Zhou, X.; Han, T.L.; Chen, H.; Baker, P.N.; Qi, H.; Zhang, H. Impaired mitochondrial fusion, autophagy, biogenesis and
dysregulated lipid metabolism is associated with preeclampsia. Exp. Cell Res. 2017, 359, 195–204. [CrossRef]

41. Ding, X.; Yang, Z.; Han, Y.; Yu, H. Fatty acid oxidation changes and the correlation with oxidative stress in different preeclampsia-
like mouse models. PLoS ONE 2014, 9, e109554. [CrossRef]

42. Chavan-Gautam, P.; Rani, A.; Freeman, D.J. Distribution of Fatty Acids and Lipids During Pregnancy. Adv. Clin. Chem. 2018, 84,
209–239.

43. Yang, X.; Xu, P.; Zhang, F.; Zhang, L.; Zheng, Y.; Hu, M.; Wang, L.; Han, T.-L.; Peng, C.; Wang, L.; et al. AMPK Hyper-Activation
Alters Fatty Acids Metabolism and Impairs Invasiveness of Trophoblasts in Preeclampsia. Cell. Physiol. Biochem. 2018, 49, 578–594.
[CrossRef] [PubMed]

44. Laivuori, H.; Gallaher, M.; Collura, L.; Crombleholme, W.; Markovic, N.; Rajakumar, A.; Hubel, C.; Roberts, J.; Powers, R.
Relationships between maternal plasma leptin, placental leptin mRNA and protein in normal pregnancy, pre-eclampsia and
intrauterine growth restriction without pre-eclampsia. Mol. Hum. Reprod. 2006, 12, 551–556. [CrossRef] [PubMed]

45. Chen, M.; Chao, B.; Xu, J.; Liu, Z.; Tao, Y.; He, J.; Wang, J.; Yang, H.; Luo, X.; Qi, H. CPT1A modulates PI3K/Akt/mTOR pathway
to promote preeclampsia. Placenta 2023, 133, 23–31. [CrossRef] [PubMed]

46. Thiele, I.G.; Niezen-Koning, K.E.; van Gennip, A.H.; Aarnoudse, J.G. Increased plasma carnitine concentrations in preeclampsia.
Obs. Gynecol. 2004, 103, 876–880. [CrossRef] [PubMed]

47. Wang, X.; Liu, J.; Hui, X.; Song, Y. Metabolomics Applied to Cord Serum in Preeclampsia Newborns: Implications for Neonatal
Outcomes. Front. Pediatr. 2022, 10, 869381. [CrossRef] [PubMed]

48. Reiss, J.D.; Chang, A.L.; Mayo, J.A.; Bianco, K.; Lee, H.C.; Stevenson, D.K.; Shaw, G.M.; Aghaeepour, N.; Sylvester, K.G. Newborn
screen metabolic panels reflect the impact of common disorders of pregnancy. Pediatr. Res. 2022, 92, 490–497. [CrossRef] [PubMed]

49. Liu, G.; Deng, W.; Cui, W.; Xie, Q.; Zhao, G.; Wu, X.; Dai, L.; Chen, D.; Yu, B. Analysis of amino acid and acyl carnitine profiles in
maternal and fetal serum from preeclampsia patients. J. Matern. Fetal Neonatal Med. 2020, 33, 2743–2750. [CrossRef]

50. Zhang, L.; Wang, Z.; Wu, H.; Gao, Y.; Zheng, J.; Zhang, J. Maternal High-Fat Diet Impairs Placental Fatty Acid β-Oxidation and
Metabolic Homeostasis in the Offspring. Front. Nutr. 2022, 9, 849684. [CrossRef]

51. Sun, X.L.; Yang, Z.; Wang, X.Y.; Wang, J.L.; Wu, S.Y. Effects of expression of mitochondria long-chain fatty acid oxidative enzyme
with different chain lengths of free fatty acids in trophoblast cells. Zhonghua Yi Xue Za Zhi 2012, 92, 2034–2037. (In Chinese)

52. Yu, H.; Yang, Z.; Ding, X.; Wang, Y.; Han, Y. Correlation between the different chain lengths of free fatty acid oxidation and ability
of trophoblastic invasion. Chin. Med. J. 2014, 127, 3378–3382.

53. Yu, H.; Yang, Z.; Ding, X.; Wang, Y.; Han, Y. Effects of serum from patients with early-onset pre-eclampsia, HELLP syndrome, and
antiphospholipid syndrome on fatty acid oxidation in trophoblast cells. Arch. Gynecol. Obstet. 2015, 292, 559–567. [CrossRef]
[PubMed]

54. Fang, S.; Livergood, M.C.; Nakagawa, P.; Wu, J.; Sigmund, C.D. Role of the Peroxisome Proliferator Activated Receptors in
Hypertension. Circ. Res. 2021, 128, 1021–1039. [CrossRef] [PubMed]

55. Poulsen, L.; Siersbaek, M.; Mandrup, S. PPARs: Fatty acid sensors controlling metabolism. Semin. Cell Dev. Biol. 2012, 23, 631–639.
[CrossRef]

https://doi.org/10.1023/A:1025163204165
https://doi.org/10.1186/s12944-016-0373-6
https://doi.org/10.1203/01.PDR.0000161413.42874.74
https://www.ncbi.nlm.nih.gov/pubmed/22040569
https://www.ncbi.nlm.nih.gov/pubmed/22321750
https://www.ncbi.nlm.nih.gov/pubmed/24444564
https://www.ncbi.nlm.nih.gov/pubmed/22093928
https://doi.org/10.1016/j.placenta.2015.10.014
https://doi.org/10.1016/j.yexcr.2017.07.029
https://doi.org/10.1371/journal.pone.0109554
https://doi.org/10.1159/000492995
https://www.ncbi.nlm.nih.gov/pubmed/30165353
https://doi.org/10.1093/molehr/gal064
https://www.ncbi.nlm.nih.gov/pubmed/16870954
https://doi.org/10.1016/j.placenta.2023.01.007
https://www.ncbi.nlm.nih.gov/pubmed/36702079
https://doi.org/10.1097/01.AOG.0000125699.60416.03
https://www.ncbi.nlm.nih.gov/pubmed/15121560
https://doi.org/10.3389/fped.2022.869381
https://www.ncbi.nlm.nih.gov/pubmed/35547553
https://doi.org/10.1038/s41390-021-01753-7
https://www.ncbi.nlm.nih.gov/pubmed/34671094
https://doi.org/10.1080/14767058.2018.1560407
https://doi.org/10.3389/fnut.2022.849684
https://doi.org/10.1007/s00404-015-3669-2
https://www.ncbi.nlm.nih.gov/pubmed/25740297
https://doi.org/10.1161/CIRCRESAHA.120.318062
https://www.ncbi.nlm.nih.gov/pubmed/33793338
https://doi.org/10.1016/j.semcdb.2012.01.003


Nutrients 2023, 15, 3877 18 of 18

56. Kadam, L.; Kohan-Ghadr, H.R.; Drewlo, S. The balancing act—PPAR-gamma’s roles at the maternal-fetal interface. Syst. Biol.
Reprod. Med. 2015, 161, 65–71. [CrossRef]

57. Li, Y.; Chen, W.L.; Liu, L.; Gu, H. Expression of peroxisome proliferator-activated receptors, fatty acid binding protein-4 in
placenta and their correlations with the prognosis of pre-eclampsia. Zhonghua Fu Chan Ke Za Zhi 2017, 52, 443–448. (In Chinese)

58. Grimaldi, B.; Kohan-Ghadr, H.R.; Drewlo, S. The Potential for Placental Activation of PPARgamma to Improve the Angiogenic
Profile in Preeclampsia. Cells 2022, 11, 3514. [CrossRef]

59. Psilopatis, I.; Vrettou, K.; Fleckenstein, F.N.; Theocharis, S. The Role of Peroxisome Proliferator-Activated Receptors in Preeclamp-
sia. Cells 2023, 12, 647. [CrossRef] [PubMed]

60. Islam, A.; Kodama, T.; Yamamoto, Y.; Ebrahimi, M.; Miyazaki, H.; Yasumoto, Y.; Kagawa, Y.; Sawada, T.; Owada, Y.; Tokuda, N.
Omega-3 fatty acids transport through the placenta. Asian J. Med. Biol. Res. 2016, 2, 1–8. [CrossRef]

61. Khaire, A.A.; Thakar, S.R.; Wagh, G.N.; Joshi, S.R. Placental lipid metabolism in preeclampsia. J. Hypertens. 2021, 39, 127–134.
[CrossRef]

62. Ferrazzi, E.; Stampalija, T.; Aupont, J.E. The evidence for late-onset pre-eclampsia as a maternogenic disease of pregnancy. Fetal
Matern. Med. Rev. 2013, 24, 18–31. [CrossRef]

63. Rana, S.; Lemoine, E.; Granger, J.P.; Karumanchi, S.A. Preeclampsia: Pathophysiology, Challenges, and Perspectives. Circ. Res.
2019, 124, 1094–1112. [CrossRef] [PubMed]

64. Jung, E.; Romero, R.; Yeo, L.; Gomez-Lopez, N.; Chaemsaithong, P.; Jaovisidha, A.; Gotsch, F.; Erez, O. The etiology of preeclampsia.
Am. J. Obs. Gynecol. 2022, 226, S844–S866. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3109/19396368.2014.991881
https://doi.org/10.3390/cells11213514
https://doi.org/10.3390/cells12040647
https://www.ncbi.nlm.nih.gov/pubmed/36831316
https://doi.org/10.3329/ajmbr.v2i1.27561
https://doi.org/10.1097/HJH.0000000000002596
https://doi.org/10.1017/S0965539513000028
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://www.ncbi.nlm.nih.gov/pubmed/30920918
https://doi.org/10.1016/j.ajog.2021.11.1356
https://www.ncbi.nlm.nih.gov/pubmed/35177222

	Introduction 
	Etiopathogenesis of Pre-Eclampsia 
	Placental Lipid Metabolism 
	Purpose of the Study 

	Materials and Methods 
	Study Participants 
	Sample Collection 
	Quantification of Placental mRNA Levels 
	Statistical Analysis 

	Results 
	Maternal, Obstetric, and Perinatal Outcomes 
	Analysis of the Placental mRNA Levels 
	Comparison between Pre-Eclampsia and Controls 
	Comparison between the Different Subgroups of Pre-Eclampsia 
	Comparison between Sides of the Placenta in Each Subgroup 


	Discussion 
	Main Findings 
	Interpretation of Results 
	Limitations of the Study 

	Conclusions 
	References

