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Abstract

Preeclampsia complicates 2–8% of pregnancies and is associated with prematurity and intrauterine 

growth restriction. Cholesterol and sterol transport is a key function of the placenta and 

it is elicited through ATP binding cassette (ABC) transporters. ABCA1 expression changes 

during trophoblast cell fusion, a process required to form the placental syncytium that enables 

maternal-fetal nutrient transfer. ABCA1 expression is dysregulated in preeclamptic placentas. 

But whether ABC transporters expression during trophoblast fusion is disrupted in preeclampsia 

remains unknown. We investigated if cholesterol and sterol ABC transporters are altered in term 

and preterm preeclampsia placentas and during human cytotrophoblast syncytialization. Human 

placental biopsies were collected from healthy term (≥ 37 weeks; n=11) and term preeclamptic 

(≥ 36 6/7 weeks; n=8) and pre-term preeclamptic (28–35 weeks; n=8) pregnancies. Both, protein 

and mRNA expression for ABCA1, ABCG1, ABCG5, and ABCG8 were evaluated. Primary 

cytotrophoblasts isolated from a subset of placentas were induced to syncytialize for 96h and 

ABCA1, ABCG1 and ABCG8 mRNA expression evaluated at 0h and 96h. Protein and gene 

expression of ABC transporters were not altered in preeclamptic placentas. In the healthy 

Term group, ABCA1 expression was similar before and after syncytialization. After 96 h of 

syncytialization, mRNA expression of ABCA1 and ABCG1 increased significantly, while ABCG8 
decreased significantly in term-preeclampsia, but not pre-term preeclampsia. While placental 

expression of ABCA1 and ABCG1 remained unaltered in term preeclampsia, the disruption in 
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their dynamic expression pattern during cytotrophoblast syncytialization suggests that cholesterol 

transport may contribute to the pathophysiologic role of the placenta in preeclampsia.

Keywords

placenta; trophoblast; ABC transporters; syncytialization

Introduction

Preeclampsia is a hypertensive disorder of pregnancy that develops after 20 weeks, and 

is characterized by edema, new onset hypertension, and proteinuria. This is typically 

accompanied by multiorgan dysfunction, particularly of the kidney and liver, and can 

additionally result in fetal growth restriction [1]. Preeclampsia and other hypertensive 

disorders of pregnancy complicate 2 – 8% of pregnancies and is one of the leading causes 

of maternal morbidity and mortality worldwide [2–4]. In preeclampsia with severe features, 

delivering the fetus and placenta remains the only definitive treatment; this often results in 

premature delivery.

It is well established that the placenta plays a central role in the pathogenesis of 

preeclampsia [5–7]. Development of abnormal placentation by mechanisms thought to 

include inadequate spiral artery remodeling resulting from suboptimal trophoblast invasion 

leads to narrow maternal vessels and placental ischemia [8, 9]. Compromised utero-placental 

perfusion is hypothesized to cause secretion of placental factors into maternal circulation 

that leads to aberrant maternal systemic inflammation, oxidative stress and angiogenic 

imbalance, all of which ultimately lead to the preeclampsia phenotype [10, 11] and have 

been associated intrauterine growth restriction (IUGR) [2–5, 7, 12]. However, the etiology of 

preeclampsia remains incompletely understood, and whether preeclampsia associated IUGR 

is due to impaired placental nutrient transport, including sterols, remains unknown.

Feto-maternal transfer of nutrients and hormones, and gas exchange occurs through the 

placental syncytium, a multinucleated layer of trophoblast cells. The syncytiotrophoblast 

forms the outer layer of the chorionic villous and is a polar epithelial layer that 

allows for transport of nutrients and gases between the mother and the fetus through 

active transport, passive transport, endocytosis, exocytosis, and/or pinocytosis [13, 14]. 

During embryogenesis, the syncytiotrophoblast layer originates from the trophectoderm 

layer of the embryo and forms by a multistep process of asymmetric division and 

fusion of mononuclear cytotrophoblast cells into a multinucleated syncytium [15]. The 

formation of the two-layered placental syncytiotrophoblast from the underlying layer of 

cytotrophoblast cells requires expression of the “captured” retroviral envelope syncytin 

genes [16, 17], fusion-related proteins like glial cell missing factor-1, and human chorionic 

gonadotropin genes [18], in addition to the loss of intercellular e-cadherin expression 

upon fusion into the multinucleated syncytia. However, the syncytialization process is 

not yet completely understood and considerable debate remains regarding key aspects of 

biochemical maturation and morphological differentiation of mononuclear cytotrophoblasts 

into the multinucleated syncytium. However, it has been shown that faulty syncytium 
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formation is associated with pregnancy complications such as preeclampsia and IUGR [5–

7].

One of the key functions of the syncytiotrophoblast layer is active transport of molecules 

against a concentration gradient. This is mediated by transport proteins [19], including the 

ATP binding cassette (ABC) group of transporters [20–22]. ABC transporters are comprised 

of over 50 members in 7 subfamilies [23–25] and 15 of these transporters are highly 

expressed in the placenta (ABC-A1, A5, ABC-B1, B2, B3, ABC-C1, ABC-D3, ABC-E1, 

ABC-F1, ABC-G1, G2, G5, G8) [4, 20, 26]. ABC transporters are localized in both the 

apical and basolateral membrane of the syncytiotrophoblast [26, 27] where they efflux 

xenobiotics towards maternal circulation, minimizing fetal exposures [20, 26, 28] or efflux 

molecules into the fetal capillaries [20, 29]. Of note, ABC transporters expression in the 

placenta is dynamic and their expression has been reported to change with gestational age 

[30]. Among the ABC transporters expressed in the placenta, ABCA1, ABCG1, ABCG5 

and ABCG8 participate in sterol and cholesterol transport [25]. ABCA1 is one of the 

major cholesterol transporters that effluxes cholesterol from endothelial cells, including 

those in placental blood vessels. ABCA1 also reduces inflammation and is hypothesized to 

prevent atherosclerosis [12, 31], which is supported in a mouse model with a specific point 

mutations in the ABCA1 binding sites [32].

In studies of iatrogenic and spontaneous preterm delivery, static evaluations of ABCA1 

expression show ABCA1 protein and mRNA expression are higher in preterm when 

compared with term placentas [33]. While this finding may be due to a gestational age-

dependent effect, studies evaluating the placental expression of ABCA1 in preeclampsia 

have reported lower ABCA1 mRNA and protein expression [34]. Similarly, within the 

syncytiotrophoblast layer of placentas from pregnancies complicated by preeclampsia, 

ABCA1 protein expression has been reported to be lower when compared with healthy term 

placentas [35]. During syncytialization, ABCA1 expression is dynamic, with an initial (12 

h) increase in cytoplasmic and membrane expression followed by a decline in expression 

with the initiation of cell fusion (24 h). However, whether this dynamic expression 

change also occurs during syncytialization in the context of preeclampsia remains to be 

explored [36]. Notably, maternal circulating ABCA1 concentrations have been reported to 

be lower in preeclamptic patients and directly correlates with ABCA1 protein placental 

expression and circulating high-density lipoprotein, but is inversely related to low-density 

lipoprotein [37]. Some studies have suggested that low serum ABCA1 concentrations may 

be predictive of preeclampsia [38]. Studies have shown that ABCA1 overexpression results 

in enhanced cholesterol efflux from vascular endothelial cells and decreased atherosclerosis 

formation [37, 39–42]. Since atherosclerosis is involved in the pathogenesis of preeclampsia, 

downregulation of ABCA1 - the main cholesterol transporter - in preeclampsia may result 

in accumulation of cholesterol and atherosclerosis. This has been suggested to play a major 

role in pathogenesis of preeclampsia [37, 39–42].

However, to date, expression of other sterol transporters (ABCG5 and ABCG8) in pre-

eclampsia remains unknown. Downregulation in the expression of the cholesterol transporter 

ABCG5 and sterol transporters ABCG1 and ABCG8 may also play a role, along with 

ABCA1, in the pathogenesis of preeclampsia. Syncytiotrophoblasts mediate active transport 
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of nutrients and sterols across the feto-maternal barrier, and abnormal cholesterol transport 

and atherosclerosis formation are thought to be involved in the development of preeclampsia 

[37, 39–41]. Therefore, a better understanding of dynamic changes in sterol and cholesterol 

ABC transporters during placental syncytialization in preeclampsia, which currently remains 

unexplored, may help determine if disruptions in these transporters contribute to the 

pathogenesis of this complex pregnancy disorder, and the goal of this study. To determine 

if ABC transporter expression is disrupted during cytotrophoblast fusion, we used placentas 

derived from healthy term and preeclamptic term and preterm pregnancies to evaluate the 

expression of sterol and cholesterol transporters in core biopsies and in vitro syncytialization 

of human primary cytotrophoblasts.

Materials and Methods

Ethics, exclusion criteria, and placenta collection

The institutional review boards at Michigan State University and Sparrow Hospital approved 

the project. All subjects gave written informed consent to participate in the study. Women 

admitted for C-section delivery at Sparrow Hospital (Labor & Delivery Service) were 

approached to participate in the study. Human placentas (n = 27) were obtained from 

three groups of patients: 1) healthy term pregnancies (Term; n = 11), 2) term preeclamptic 

pregnancies (Term-PE; n = 8) and 3) pre-term preeclamptic pregnancies (PT-PE; n = 8). 

We extracted maternal and neonatal anthropometric and clinical data from the mother’s 

and infants’ medical records. Healthy term pregnant mothers (at ≥ 37 weeks of pregnancy) 

with no complications and with none of the exclusion criteria (see below) were enrolled 

as healthy term controls. Mothers with a diagnosis of preeclampsia (at ≥ 36 6/7 weeks of 

pregnancy) were enrolled in the term preeclampsia group, while mothers with a diagnosis 

of preeclampsia (between 28 to 35 weeks of pregnancy) were enrolled in the preterm 

preeclampsia group.

Preeclampsia was defined by the following American Congress of Obstetricians and 

Gynecologists criteria [1]: 1) systolic blood pressure of 140 mmHg or more or diastolic 

blood pressure of 90 mmHg or more on two occasions at least 4 h apart after 20 weeks 

of gestation in a woman with a previously normal blood pressure and 2) proteinuria. 

Proteinuria was defined as a 24-h urine protein of >300 mg or protein to creatinine ratio 

of >0.3. Subjects with the following conditions were excluded from the study: multiple 

pregnancies, clinical chorioamnionitis, chromosomal anomalies, diabetes (gestational 

diabetes, type 1 diabetes, and type 2 diabetes), chronic hypertension (hypertension 

before pregnancy), gestational hypertension without the diagnosis of preeclampsia, major 

cardiovascular diseases, such as myocardial infarction, cholestasis, drug abuse, and smoking. 

All placentas were processed within 1 h of delivery. A core biopsy ~2 cm away from 

the periphery and the umbilical cord attachment was collected and kept frozen until 

further processing for mRNA and protein expression analyses. From a subset of placentas, 

additional placental tissue (~60 – 80 g) was collected for primary cell isolation and 

syncytialization assays (see below).
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Human cytotrophoblast cell isolation, purification, and syncytialization

Human cytotrophoblast (hCTB) cells were isolated from a subset of placentas (n = 2 to 4 

per clinical group) as previously described [43, 44]. In brief, placental tissue was rinsed with 

0.9% NaCl, minced and dissociated with an enzyme digestion solution (Hank’s Balanced 

Salt Solution, 25 mM HEPES, 2.5% trypsin, and ~300 IU/ml DNase I (Cat#: 15090–046, 

Gibco, Toronto, ON, Canada)). The cell suspension was collected, layered on fetal bovine 

serum (FBS, Cat#: 35–010-CV, Corning, Woodland, CA, USA), and centrifuged. The cell 

pellet was resuspended in Iscove’s Modified Dulbecco’s Medium (IMD, Cat#: I3390, 

MilliporeSigma, Saint Louis, MO, USA). Cell suspensions were filtered through a 100 

μm nylon cell strainer, followed by a Percoll gradient centrifugation. The visible cell band 

between 30 – 50% Percoll was collected and resuspended in IMD medium supplemented 

with 10% FBS and 10% dimethyl sulfoxide (DMSO, Cat#: BP231–100, Thermo-Fisher, 

Rockford, IL, USA). The cells were then stored in liquid nitrogen until needed. Each of 

the hCTB primary cell cultures were seeded into a 24-well culture plate at a density of 1 

× 106 cells/well. hCTBs were cultured overnight to allow cell attachment and washed the 

following day with IMD medium to remove unattached cells. The cells were then treated 

with or without EGF (5 ng/ml, Cat#: E9644, Sigma Aldrich, St. Louis, MO, USA) for 96 

h. After that, cells were washed with Dulbecco’s phosphate-buffered saline and then lysed 

with cell lysis buffer and collected for RNA extraction (Qiagen, Hilden, Germany). ABCA1, 

ABCG1 and ABCG8 mRNA expression was evaluated in cultured cytotrophoblasts before 

fusion induction (at 0 h) and at 96 h. Each primary cell culture served as a biological 

replicate.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using a RNeasy Mini kit (Qiagen, Hilden, Germany) following 

the manufacturer’s protocol (n = 27). RNA quality and concentration were measured 

by Nanodrop (Thermo Fisher Scientific, Wilmington, NC, USA). A total of 1 μg RNA 

(A260/A280: 2.0 ± 0.05, RNA concentration: 150 ± 50 ng/μl) was reverse transcribed 

into complementary DNA (cDNA) using a High-Capacity cDNA Reverse Transcription 

Kit (Promega, Madison, WI) and 20 μl reaction volume. Quantitative real-time polymerase 

chain reaction (qRT-PCR; QuantStudio 5, Thermo Fisher Scientific, Carlsbad, CA, USA) 

was performed to quantify expression of the genes ABCA1, ABCG1, and ABCG8. Primer 

sequences are shown in Supplemental Table 1. Expression levels for indicated genes were 

calculated using the ΔΔCT method, normalized against 60S ribosomal protein L27 (RPL27), 

and presented as relative fold-change to that of the control. All experiments and qRT-PCR 

assays were run in triplicate. The cDNA amplification reaction (50 ng) consisted of template 

denaturation and polymerase activation at 95 °C for 30 seconds, followed by 40 cycles of 

denaturation at 95 °C for 15 seconds, annealing at 60 °C for 30 seconds, and extension at 72 

°C for 30 seconds. Melt curve analyses were performed for all genes, and the specificity and 

integrity of the PCR products were confirmed by the presence of a single peak melt curve. 

Three technical replicates were run per gene and condition.
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Western blotting

Western blotting was completed as previously reported [45] with the following 

modifications. In brief, protein was extracted from whole placental tissue lysates (n = 

8/group) using a RIPA buffer (VWR Life Sciences, Radnor, PA, USA), and protein 

concentration determined via the Pierce BCA protein assay kit (Thermo Fisher, Rockford, 

IL, USA). All samples were run on a 10% SDS-polyacrylamide gel. Protein was then 

transferred from the gel to a nitrocellulose membrane, blocked with 5% non-fat milk 

in tris-buffered saline with 0.25% tween-20 (TBS-T) for 1 h at room temperature, and 

incubated with primary antibodies ABCA1 (ab18180, Abcam, Cambridge, UK), ABCG5 

(ab175421, Abcam, Cambridge, UK), or β-actin (A1978, Sigma, St. Louis, MO, USA) 

overnight at 4 °C. Membranes were then washed three times in TBS-T and incubated 

with HRP-conjugated secondary antibodies (115–035-003, anti-mouse-HRP and 111035–

003, anti-rabbit-HRP, Jackson ImmunoResearch, West Grove, PA) diluted in blocking 

solution for 1 h at room temperature in the dark. Membranes were subjected to enhanced 

chemiluminescence (Western Bright ECL K-12045-D50, Advansta, Menlo Park, CA, USA) 

and developed using a Thermo MyECL imager. Quantification of band intensities was 

performed using ImageJ software. Protein loading was accounted for by normalizing the 

target protein band to control β-actin band for each sample. Three technical replicates were 

run per gene and condition.

Statistics

All data are presented as mean ± SEM. Appropriate transformations were applied, as 

needed, to account for the normality of data. Comparisons among the treatment groups 

were analyzed by ANOVA with Tukey posthoc tests using PASW Statistics. Differences 

were considered significant at P < 0.05.

Results

Maternal and neonatal clinical data are shown in Table 1. There were no significant 

differences in maternal age, height, weight, 1 min apgar score and neonatal birth weight 

percentiles among groups. Maternal BMI was lower in Term-PE group when compared with 

the PT-PE group. Neonates’ birth weight was lower in the PT-PE group compared to the 

term and Term-PE groups.

ABC transporters placental expression

ABC transporters A1 (ABCA1) and G5 (ABCG5) were detectable in placental core 

biopsies of all three groups of placentas. Protein expression of ABCA1 was lower but not 

significantly different (P > 0.05) in term and preterm preeclampsia groups when compared 

with the term control group (Figure 1). Expression of ABCG5 protein was not different 

among groups (Figure 1). Although numerically higher in preterm preeclampsia placentas, 

ABCA1 mRNA expression was not significantly different when compared with the term 

control group (Figure 2). ABCG1 and ABCG8 mRNA expression was not different among 

groups (Figure 2).
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ABC transporter expression during syncytialization

Dynamic changes in mRNA expression of the ABC transporters ABCA1, ABCG1 and 

ABCG8 were evaluated before (0 h) and after (96 h) human cytotrophoblast syncytialization 

(with or without epidermal growth factor (EGF) supplementation. ABCA1 mRNA 

expression in human cytotrophoblasts was detectable before syncytialization (0 h) in all 

groups (Figure 3A). In healthy term and PT-PE hCTBs, ABCA1 mRNA expression was 

not significantly different after 96 h of syncytialization compared to 0 h regardless of EGF 

supplementation. In term-PE placentas, ABCA1 mRNA expression was higher after 96 h of 

syncytialization compared to 0 h and this increase was significantly higher upon exposure 

to EGF. At 96 h, the expression of ABCA1 was significantly higher in the term-PE group 

compared to both, the healthy term and PT-PE groups.

ABCG1 mRNA expression in human cytotrophoblasts was detectable before 

syncytialization (0 h) in all groups (Figure 3B). In healthy term hCTBs and PT-PE, ABCG1 
mRNA expression was not significantly different after 96 h of syncytialization compared 

to 0 h regardless of EGF supplementation. A significant increase in mRNA ABCG1 during 

syncytialization was observed in hCTBs derived from term preeclamptic placentas and this 

effect was further enhanced with EGF supplementation. At 96 h, the expression of ABCG1 
was significantly higher in the term-PE group compared to the healthy term and PT-PE 

groups.

ABCG8 mRNA expression in human cytotrophoblasts was detectable before 

syncytialization (0 h) in all groups (Figure 3C). In term-PE, hCTBs ABCG8 mRNA 

expression was significantly lower after 96 h of syncytialization with EGF supplementation 

compared to 0 h. ABCG8 mRNA expression remained unaltered in healthy term and PT-PE 

hCTBs during syncytialization regardless of EGF supplementation. At 0 h, the expression of 

ABCG8 was significantly higher in the term-PE group compared to both, the healthy term 

and PT-PE groups.

Discussion

Localized to both the apical and basolateral membrane of the syncytiotrophoblast layer [26, 

27], cholesterol and sterol ABC transporters play essential functions in the influx and efflux 

of molecules across the feto-maternal interface [20, 26, 28, 29]. In this study, we have 

investigated 1) the dynamic changes in ABC transporters expression in cytotrophoblasts 

derived from healthy placentas and 2) if their expression was affected in preeclampsia, 

a common pregnancy complication. We first observed that the expression of cholesterol 

and sterol transporters ABCA1, ABCG1, ABCG5 and ABCG8 in core biopsies of term 

preeclamptic placentas was not altered. We then investigated the dynamic changes in 

ABC transporters during syncytialization in vitro. We have demonstrated that in human 

cytotrophoblasts derived from term preeclamptic placentas, the expression of ABCA1 

and ABCG1 was significantly higher at the end of the cell fusion process compared 

to the cytotrophoblasts derived from healthy term placentas. Notably, these changes in 

ABC transporters were not evident in cytotrophoblasts derived from preterm preeclamptic 

placentas. Our findings suggest a previously unrecognized dynamic expression of these 

transporters during syncytialization in the context of term preeclampsia.
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ABC transporter expression in placental core biopsies

Expressed throughout pregnancy in the placenta [46], ABCA1 has been demonstrated to 

play a vital role in cholesterol transport across the syncytiotrophoblast [47, 48]. In this study 

we evaluated the expression of ABCA1 in preeclampsia, a pregnancy disorder associated 

with maternal hyperlipidemia [49, 50]. We observed no significant difference in ABCA1 
mRNA or protein in the placental tissue of term or preterm preeclamptic pregnancies 

when compared to healthy term controls. Similarly, we did not observe any difference in 

ABCG1 expression, a transporter that originates from the same family and exhibits similar 

and complementary functions to ABCA1 [51, 52]. These findings are like those reported 

for placentas derived from late-onset preeclampsia [53]. Interestingly, in the same study, 

ABCA1 expression was lower in placentas derived from early-onset preeclampsia when 

compared to age-matched controls. While differences in placental ABCA1 expression across 

pregnancy are not always apparent [46], differences in early- but not late-onset suggests 

that onset time of preeclampsia or gestational age are key factors to be considered when 

studying ABC transporters in the context of preeclampsia. Other studies have reported 

lower ABCA1 expression in villous placental biopsies from preeclamptic placentas [34]. 

The inconsistencies among studies likely relates to the small sample size per group (n = 

8–15), demographics and clinical factors such as age, race, ethnicity, parity, and concomitant 

chronic diseases, and the multifactorial etiology of preeclampsia [54] that adds to the 

heterogeneity of the clinical cases [55].

The sterol transporter ABCG8 is also highly expressed in the placenta [25], but has not 

yet been studied in the context of placental cell fusion or in association with preeclampsia. 

While ABCG5 had not yet been reported to be expressed in the placenta, both ABCG8 

and ABCG5 are responsible for the efflux of cholesterol and sterols [56] and can prevent 

atherogenesis [12]. In our study, and like that observed for ABCA1 and ABCG1, we did 

not see a difference in the expression of ABCG8 or ABCG5 in core biopsies derived 

from preeclamptic placentas compared to the healthy term group. Despite their key role 

in facilitating absorption of dietary cholesterol [47, 57–61] and the association between 

preeclampsia and hyperlipidemia [49, 50], baseline expression of all the ABC transporters 

investigated was not altered in preeclampsia.

ABC transporter expression during cytotrophoblast syncytialization

In vitro, human cytotrophoblasts syncytialize spontaneously at a low rate, but this process 

of cell fusion can be enhanced with the supplementation of EGF [62, 63]. Previous 

studies have shown changes in the expression of ABCA1 and ABCG1 during in vitro 
syncytialization of human cytotrophoblasts within the first 12 to 24 h in culture [36]. Our 

results showed that ABCA1 and ABCG1 mRNA expression did not change in healthy 

term cytotrophoblasts after syncytialization (96 h in culture). The discrepancy between 

our findings and previous studies [36] likely relates to the timing of cell fusion induction 

when ABCA1 expression was evaluated. Nikitina et al. [36] observed that at 24h, with 

progressive syncytium formation, ABCA1 staining intensity by immunohistochemistry was 

reduced as a result of ABCA1 being dispersed into the cytoplasm of the forming syncytial 

membrane; although no quantification was provided. To our knowledge, no previous study 

has investigated the expression of ABCA1 during the syncytialization process beyond 24 
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h. A change in expression during the initial fusion stages points to a transient change in 

ABCA1 expression that is likely associated with early events (commitment stage) of the 

cell fusion process when cell-to-cell adhesion and intercellular communication is required 

[64]. An upregulation in ABCA1 at this early stage of fusion suggests that cholesterol 

transfer may be a key event prior to the cell-to-cell fusion stage. Overall, the process of 

cytotrophoblast cell fusion, its regulation, and the role of this transient increase in ABCA1 

during early cytotrophoblast fusion remains poorly understood. Notably, given that EGF 

(used in this study) accelerates and promotes cytotrophoblast fusion, the differences between 

these two studies should consider that the syncytialization process evaluated in Nikitina et 

al., [36] was only restricted to spontaneous syncytialization while this study included both, 

spontaneous and EGF-mediated syncytialization.

Both, ABCA1 and ABCG1 are highly expressed in the placenta [25, 29, 36] and 

their function as cholesterol and sterol transporters makes them relevant to fetal 

and placental development [65]. Despite this, studies of ABCA1 and ABCG1 in the 

context of placental dysfunction remain scarce [29, 36, 65, 66]. In this study we have 

demonstrated that both, ABCA1 and ABCG1 are upregulated at the end of in vitro 
syncytialization (96 h) in cytotrophoblasts derived from term preeclamptic placentas. 

Previous studies have demonstrated that ABCA1 expression transiently increases during 

the early syncytialization stages (12 h) [36]. This supports the hypothesis that the increase 

in Term-PE cytotrophoblasts at 96 h may relate to a defect in the ability of preeclamptic 

cytotrophoblasts to provide proper cholesterol trafficking signals during the fusion process. 

This, in turn, continues to be exacerbated until the end of the fusion process, even with the 

addition of EGF. A limitation of using primary human cytotrophoblasts is that they do not 

form monolayers in culture. Therefore, even though they retain their apical-basal aspect in 

culture, studies that evaluate the functional transport of cholesterol in vitro are challenging 

and were not tested here. Since we did not evaluate fusion simultaneously in these cultures, 

we cannot correlate changes in ABC transporter expression to fusion events and/or syncytia 

formation; an aspect that should be evaluated in future studies.

One of the few studies that has evaluated the expression of ABC transporters in primary 

cytotrophoblasts derived from preeclamptic placentas (without fusion induction) used a 

semi-quantitative analysis to measure ABCA1 protein expression [66]. Cytotrophoblasts 

derived from preeclamptic placentas accompanied with IUGR had lower ABCA1 

expression, but not ABCG1 [66]. Notably, this effect was lost in preeclamptic samples 

without IUGR [66] suggesting that cholesterol transport regulation plays an important role 

in fetal outcomes in preeclampsia. These findings are similar to our results where ABCA1 

and ABCG1 expression in Term-PE at 0 h is numerically lower, but not significantly 

different, from that of the healthy term controls. Unfortunately, the small sample size for the 

fusion experiment did not allow us to discriminate between preeclampsia with and without 

IUGR. Overall, our results suggest that alterations in the normal pattern of ABCA1 and 

ABCG1 expression during syncytialization in term preeclamptic cytotrophoblasts is likely 

a reflection of a disruption of the normal syncytialization process. Intriguingly, we did not 

observe the same upregulation in ABCA1 and ABCG1 after fusion in preterm preeclamptic 

cytotrophoblasts as observed in the term preeclamptic group. This was the case regardless 

of EGF stimulation. While prematurity in the context of preeclampsia is associated with 
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severity [67], it is possible that the disruption in ABCA1 and ABCG1 observed in term 

preeclamptic cytotrophoblasts is reflective of an alternative mechanistic pathway with a 

similar phenotype, in that preterm preeclamptic cytotrophoblasts have additional disruptions 

that prevent cytotrophoblasts from spontaneously fusing or responding to the EGF stimulus.

However, our results do not provide us with enough insights to demonstrate either scenario. 

Future studies should simultaneously evaluate cell fusion events and ABC transporter 

expression in the context of prematurity in preeclampsia. One of the limitations of the study 

was the absence of a preterm control group without preeclampsia. The use of a preterm 

group would have enabled a comparison with a matched gestational age. This is especially 

important as ABC transporter expression has been reported to change across pregnancy 

[33, 46]. However, the creation of an idiopathic preterm delivery control group would be 

challenging given the frequency of infection, inflammation, and malplacentation in this 

setting [68]. Even when no obvious histopathological changes are observed in a preterm 

placenta, other abnormalities may be associated with preterm delivery [69].

ABCG8 is highly expressed in the human placenta [25]. However, to date, no study is 

available regarding expression of ABCG8 in human trophoblasts or during syncytialization. 

Similar to the ABC transporters ABCA1 and ABCG1, ABCG8 expression did not change 

during cytotrophoblast fusion in the healthy term group. However, ABCG8 expression 

was lower in cytotrophoblasts derived from preeclamptic placentas when stimulated with 

EGF. Decrease in ABCG8 suggests that this ABC transporter plays a different role during 

trophoblast fusion than that oABCA1 and ABCG1, which have been reported to have 

redundant roles [51, 52].

Conclusion

While the static expression of ABCA1 and ABCG1 transporters remained unaltered in term 

preeclampsia, disruption of the dynamic expression pattern of ABCA1 and ABCG1 during 

cytotrophoblast syncytialization suggests that cholesterol transport may contribute to the 

pathophysiologic role of the placenta in preeclampsia. Future studies should investigate if 

the dynamic changes in ABC transporters during trophoblast syncytialization are associated 

with cell fusion events. Only the inclusion of a larger sample size from a diverse population 

will allow us to evaluate if there is a direct association between altered expression of 

cholesterol and sterol transporters with preeclampsia. Understanding if changes in these 

transporters occurs due to hypertensive conditions during pregnancy, ABC and sterol 

transporters should also be evaluated in other hypertensive disorders of pregnancy, such 

as chronic or gestational hypertension.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Placental expression of ABC transporters is unaltered in preeclampsia

• ABC transporters have a dynamic expression during trophoblast 

syncytialization

• ABC transporters expression during cell fusion is disrupted in term 

preeclampsia
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Figure 1. 
ABCA1 and ABCG5 protein expression (mean ± SEM) in human placental core biopsies in 

term (Term, open bars), term-preeclamptic (Term-PE, gray bars) and preterm-preeclamptic 

(PT-PE, closed bars) placentas (n = 24 (8/group)). Significance was set at P < 0.05.
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Figure 2. 
Relative mRNA expression (mean ± SEM) of ABCA1, ABCG1, ABCG8 in human placental 

core biopsies of term (Term, open bars, n = 11), term preeclampsia (Term-PE, gray bars, n = 

8) and preterm preeclampsia (PT-PE, closed bars, n = 8) pregnancies. Significance was set at 

P < 0.05.
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Figure 3. 
Relative mRNA expression (mean ± SEM) of ABCA1 (top), ABCG1 (middle), and ABCG8 
(bottom) in cytotrophoblasts before (0 h, open bars) and after 96 h of syncytialization with 

(closed bars) and without (gray bars) epidermal growth factor (EGF) derived from healthy 

term (Term, n = 4), term preeclampsia (Term-PE, n = 4) and preterm preeclampsia (PT-PE, 

n = 2) cytotrophoblasts. Asterisks denote differences between groups (* P < 0.05 and ** P < 

0.01).
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Table 1.

Clinical characteristics

 Term (n = 11) ≥ 37 weeks  Term - PE (n = 9) ≥ 36 6/7 
weeks

 PT - PE (n = 8) 28–35 weeks

Mean ± SEM, 
percent, or N Range

Mean ± SEM, 
percent or N Range

Mean ± SEM, 
percent, or N Range P value

Age (years) 31.9 ± 1.0 (27 – 39) 28.7 ± 2.4 (19 – 41) 26.8 ± 1.4 (21 – 34) 0.098

Height (m) 1.7 ± 0.02 (1.6 – 1.8) 1.6 ± 0.02 (1.5 – 1.7) 1.6 ± 0.02 (1.5 – 1.7) 0.060

Maternal weight 
(kg) 89.0 ± 6.0 (69.9 – 

120.2) 76.1 ± 8.6 (47.6 – 
137.0) 102.2 ± 8.5 (74.8 – 

148.8) 0.085

BMI (kg/m2) 31.6 ± 1.9 
a,b (25.8 – 

46.8) 28.9 ± 2.9
a (20.5 – 50.2) 39.0 ± 3.2

b (29 – 56.3) 0.041 

Birth weight (g) 3,459 ± 155.5
a (2,250 – 

4,140) 3,488.3 ± 111.1
a (2,995 – 

4,240) 2,210 ± 211.3
b (1,460 – 

3,045) 0.000 

Birth weight 
percentile 58.7 ± 5.7 (30.8 – 

94.0) 66.1 ± 9.0 (18.8 – 99.6) 50.7 ± 11.0 (2.6 – 95.2) 0.472

Apgar Score – 
1min (Median 
(IQR))

8 (0) (8 – 9) 8 (1) (4 – 9) 7 (1) (6 – 8) 0.053

Newborn sex 
(Female/Male) 4/7 3/6 3/5

Delivery (C-
section/vaginal) 11/0 6/4 5/3

SROM (%) 0 (0/11) 55.6 (4/5) 12.5 (1/7)

History of PE (%) 9.1 (1/11) 11.1 (1/9) 12.5 (1/8)

History of PTL/
miscarriage (%) 9.1 (1/11) 11.1 (1/9) 25 (2/6)

Data expressed in mean ± SEM or percent unless otherwise specified. IQR: interquartile range, PE: preeclampsia, PT-PE: preterm preeclampsia, 
Term-PE: term preeclampsia, PTL: preterm labor, SROM: spontaneous rupture of membranes, and T: term control.

a≠b
denotes significant differences between groups.
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