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Abstract

Data obtained from recent studies in humans, rodents, and cell culture demonstrate that circulating 

maternal cholesterol can be transported to the fetus. The two major cell types responsible for the 

transport are trophoblasts and endothelial cells of the fetoplacental vasculature. Maternal 

lipoprotein-cholesterol is initially taken up by trophoblasts via receptor-mediated and receptor-

independent processes, is transported by any number of the sterol transport proteins expressed by 

cells, and is effluxed or secreted out of the basal side via protein-mediated processes or by 

aqueous diffusion. This cholesterol is then taken up by the endothelium and effluxed to acceptors 

within the fetal circulation. The ability to manipulate the mass of maternal cholesterol that is taken 

up by the placenta and crosses to the fetus could positively impact development of fetuses affected 

with the Smith-Lemli-Opitz Syndrome (SLOS) that have reduced ability to synthesize cholesterol 

and possibly impact growth of fetuses unaffected by SLOS but with low birthweights.
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1. Introduction

Cholesterol is required for embryonic and fetal development. It is present in every cellular 

membrane, for membrane integrity and to maintain cholesterol-rich microdomains that are 

key for most membrane-associated signaling cascades. Cholesterol is also a precursor for 

steroid hormones and is essential for activation of various signaling pathways, including 

sonic hedgehog. A significant amount of cholesterol is synthesized by the fetus. The fetus 

appears to have an exogenous source of cholesterol as well, one that is not synthesized 

within the fetus itself. This cholesterol would be obtained from external sources, specifically 

the maternal circulation via the placenta. The maternal plasma cholesterol would need to be 

taken up by the placenta, transported across trophoblasts and then endothelial cells of the 
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fetoplacental vasculature, and effluxed or secreted into the fetal circulation. This review 

article will discuss the routes by which cholesterol that originates in the maternal circulation 

can be transported to the fetus. We will also discuss the roles of cholesterol in development, 

including how a lack of exogenous (maternal-derived) and endogenous (de novo synthesis) 

cholesterol affects the fetus.

2. Transport of maternal cholesterol to the fetus by the placenta

A number of studies have been completed which have demonstrated the ability of maternal 

cholesterol to be transported to the fetus. Importantly, mass cholesterol is present in fetuses 

unable to synthesize cholesterol in humans (1, 2) as well as mice (3). Even if fetuses can 

synthesize cholesterol, maternal cholesterol is transported to the fetus (4, 5); studies used 

radiolabeled LDL- and HDL-cholesteryl ester (low density lipoprotein and high density 

lipoprotein) or stably labeled cholesterol. There are two layers of cells that maternal 

cholesterol must cross to reach the fetal circulation. The layer closest to the maternal 

circulation is the trophoblast. The layer between the trophoblasts and fetal circulation is the 

endothelium.

2.1. Uptake and transport across trophoblast

Trophoblast takes up maternal cholesterol-carrying lipoproteins. In most mammals, the 

majority of cholesterol is carried in the circulation as LDL or HDL. The placenta expresses 

the receptors that take up LDL and HDL, those being the LDL receptor and SR-BI 

(scavenger receptor class B type I), respectively (6–8). Not unexpectedly, both LDL- and 

HDL-cholesterol have been shown to be taken up by placenta or trophoblast of rodents and 

humans (4, 7, 9, 10). After receptor-mediated uptake of LDL, the particle is transported to 

the lysosome/endosome pathway where the cholesteryl ester is hydrolyzed as in any cell 

type. The free cholesterol is transported across the cells to metabolically active pools or 

membranes via Niemann-Pick C1 (NPC1) or other less well defined sterol carrier proteins. 

SR-BI selectively takes up cholesteryl ester primarily of HDL. The ester is hydrolyzed by a 

cytosolic esterase, and transported across the cells to the basal membrane via potential sterol 

carrier proteins. Though the precise route of transcellular transport is unknown, a number of 

the transporters could be involved; the placenta expresses NPC1, NPC1L1, ABCA2, and 

SCP-x (4).

2.2. Efflux and secretion from trophoblast

There are several routes by which cholesterol can exit cells in general and trophoblast 

specifically [reviewed in (11–15)]. First, lipoprotein particles can be secreted from cells as 

occurs in the liver and small intestine. Placental explants do indeed secrete lipoprotein 

particles (16). Second, cholesterol can be complexed with apolipoproteins and secreted from 

cells. Trophoblast does indeed secrete apoE (17). Finally, a number of cell types efflux 

membrane cholesterol to various acceptors, including HDL, lipid-poor apoAI, and 

phospholipid discs or vesicles, either via aqueous diffusion or via SR-BI, ABCA1, or 

ABCG1. Since the placenta expresses these three proteins, aqueous diffusion and protein-

mediated export is also feasible.
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To study sterol efflux from trophoblasts, we used a cultured choriocarcinoma cell line 

(BeWo cells) as our model. BeWo cells synthesize placental hormones and express 

trophoblast proteins [reviewed in (18, 19)]. Subclone 30 of BeWo cells becomes a confluent 

monolayer that is polarized when grown on transwells allowing for the study of unilateral 

transport across a polarized cell. In all studies, cells were grown to confluence, and 

incubated with LDL radiolabeled with cholesteryl ester. After removal of apical LDL, 

various acceptors were added to the basal side as described (18). The percent cholesterol 

effluxed is the radiolabel in the basal media as a percentage of radiolabel taken up by the 

cells. Cells were incubated with serum-free media (SFM), with phospholipid discs, and with 

apoAI; ABCA1 and ABCG1 efflux cholesterol to lipid poor apoAI and phospholipid discs, 

respectively. A small amount of cholesterol was always exported to serum-free media, 

which may indicate secretion of cholesterol from cells. More cholesterol was effluxed to 

phospholipid discs as compared to that secreted to SFM only. In contrast, a similar amount 

of cholesterol was effluxed/secreted to apoAI as to SFM. When incubated with LDL to 

increase cholesterol concentration (18), the amount of cholesterol effluxed/secreted to each 

acceptor increased significantly (Fig. 1A). Though direct incubation with oxysterols, a 

downstream product of cholesterol catabolism, did not affect efflux from cells (18), there 

was an increase in efflux to phospholipid discs after 6 h when cells were preincubated with 5 

µM LXR agonist (T091317) for 24 h (Fig. 1B). As expected from these data, ABCG1 was 

present in BeWo cells (Fig. 1C); we did not test if ABCA1 was present in cells since there 

was no transfer of cholesterol to apoAI greater than that secreted to SFM. Since efflux was 

more pronounced when phospholipid discs were used as acceptors and since SR-BI is 

expressed on the apical side of cells (20), the efflux from the membranes on the basal side of 

this trophoblast model appears to be diffusional or mediated by ABCG1, which is localized 

on the basal side of trophoblast (21) (Fig. 2). It might be surprising that there was no 

increase in efflux of cholesterol to apoAI in BeWo cells, an ABCAI-mediated process, since 

ABCA1 is expressed within membranes on the fetal-facing side of trophoblast (22), is 

involved with sterol efflux from primary trophoblasts (not polarized) (21), and since mice 

lacking ABCA1 have reduced transfer to the placenta (23). Though the BeWo cells have 

many features similar to human trophoblasts and they have the added benefit of becoming 

polarized on transwells, they are not the same as placenta-derived trophoblasts and can 

differ in some aspects of metabolism, as any cell culture system. More studies will need to 

be completed to verify the involvement or lack of involvement of ABCA1 in cholesterol 

efflux from the basal side of trophoblasts and the expression of ABCA1 by BeWo cells.

2.3. Efflux and secretion from endothelium of fetoplacental vasculature

Once the cholesterol is secreted/effluxed from the basal side of the trophoblast, it must reach 

and then cross the endothelial cells of the fetoplacental vasculature prior to entering the fetal 

circulation. Late in gestation, the transport of cholesterol between vasculosyncytial 

membranes is likely. Earlier in gestation, cholesterol would be effluxed or secreted into 

stroma and then transverse to the endothelial cells where it would be taken up. Using human 

placental endothelial cells (HPEC), it has also been shown that exogenous cholesterol is 

secreted/effluxed to various acceptors (24). The process is tightly regulated by cellular 

cholesterol and LXR activity through mediation of ABCA1 and ABCG1, and is most 

efficient when fetal-like apoE-rich HDL is used as acceptors (24). A possible other route of 
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export from the PEC is based on the fact that other endothelial cells transport lipoproteins 

across cells (25). It seems that this could occur in HPEC since the human placenta does 

indeed secrete newly synthesized lipoproteins (16).

3. Role of cholesterol in fetal development

The developmental processes affected by cholesterol throughout gestation are numerous. 

Very early in gestation, cholesterol is needed to activate sonic hedgehog, a protein involved 

in neural patterning and forebrain development (26). A lack of sonic hedgehog activity leads 

to abnormal mid-line facial features and other major congenital defects. Though it was 

shown that holoprosencephaly can be associated with abnormal sonic hedgehog (27), 

holoprosencephaly is now also associated with abnormal sterol metabolism (28). Cholesterol 

is critical to development throughout pregnancy as well due to the fact that it is a part of 

every membrane and is enriched in lipid rafts, the origin of a number of signaling cascades. 

Since most signaling pathways are needed for growth, proliferation, and metabolism, 

membrane function is essential for normal development to proceed.

4. Impact on human health

Knowing that the fetus synthesizes cholesterol at relatively elevated rates (29), why is it 

important to study cholesterol transport across the placenta? First, not all fetuses synthesize 

cholesterol. There are seven known defects in the cholesterol biosynthetic pathway 

[reviewed in (30)]. Six of the defects are extremely rare, and are often lethal. The seventh 

and most common defect leads to the Smith-Lemli-Opitz Syndrome (SLOS), also referred to 

as the RSH Syndrome. The defect occurs in the last step of the pathway where 7-

dehydrocholesterol is converted to cholesterol; the enzyme that catalyzes this reaction is Δ7-

dehydrocholesterol reductase (Δ7 reductase) (31). The carrier frequency of this mutation is 1 

in 30 (32). Since the number of reported cases (1 in 20,000 to 60,000) is much less than the 

expected 1 in 1,590 to 13,500, either an increased number of early spontaneous abortions 

from an extreme phenotype and/or the misdiagnosing of individuals with a very mild 

phenotype must occur.

Fetuses with SLOS have a spectrum of defects from mild to severe. In fact, the severity of 

the syndrome can be correlated to plasma cholesterol concentrations (33–35). Newborns can 

have subtle learning disorders, such as autism, and minor dysmorphic features, to severe 

mental retardation and major congenital abnormalities [reviewed in (30)]. Though some of 

the defects are consistent with those of abnormal sonic hedgehog activity (26), other 

signaling defects also come into play (36), especially those affected by abnormal membrane 

structure and function detected in tissues of SLOS individuals (37–40) which includes most 

signaling cascades.

Since the severity of the syndrome appears to be correlated to plasma cholesterol levels, it 

seems likely that the ability to increase the transport of maternal cholesterol to the fetus 

would improve the outcome of pregnancy. In humans, heterozygous mothers with an apoE2 

allele have infants with a more severe SLOS phenotype as compared to mothers without the 

apoE2 allele (41); apoE2 binds defectively to the LDL receptor (42), which is abundant in 

the placenta (7, 10). The paternal genotype has no impact upon severity of SLOS. These 
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data strongly suggest a decrease in lipoprotein uptake by the placenta leads to a more severe 

phenotype. Likewise, in SLOS rodents, the ability to increase fetal plasma cholesterol will 

improve fetal development (43) and when maternal cholesterol uptake by the placenta is 

reduced, abnormal fetal development is more pronounced (44). Increases in transport must 

occur early in gestation when sonic hedgehog is initially expressed as well as throughout 

gestation to assure proper membrane-mediated signaling. Though it is not a simple task to 

increase plasma maternal LDL- and HDL-cholesterol levels, changes can be accomplished 

with diet and exercise. Chylomicron cholesterol changes readily with dietary cholesterol, 

however. Since the placenta expresses a number of apoE receptors [reviewed in (13)], it is 

possible that cholesterol-carrying apoE-containing remnants are taken up by the placenta 

and are an additional source of exogenous cholesterol. A second route to increase 

cholesterol transport would be to change the expression of lipoprotein receptors and/or ABC 

transporters.

It is unclear what the role of maternal cholesterol might have when the fetus is able to 

synthesize its own cholesterol. Since at least some of the cholesterol transport and efflux is 

protein-mediated, cholesterol will still cross the placenta in humans, as shown in rodents. 

When maternal plasma cholesterol is low (<160 mg/dl), birthweights are lower than normal 

and there is a trend for microcephaly (45). Mice with low plasma cholesterol also have 

fetuses with reduced growth rates (46). In addition, women with infants that have 

intrauterine growth restriction have lower plasma cholesterol levels (47, 48). Thus, even if 

the infant is synthesizing cholesterol, a lack of transfer of maternal cholesterol may impact 

growth. The effect could be directly on the fetus since cholesterol can affect the cell cycle 

and is required for membrane formation and cell signaling of various growth factors, 

including insulin. The effect could also be indirect by affecting placental nutrient transport 

via a change in membrane signaling pathways. Transport of too much cholesterol can have 

adverse consequences, however. In humans, fetuses of hypercholesterolemic mothers have 

an increase of aortic fatty streaks (49). In fetal rodents exposed to maternal 

hypercholesterolemia, newborns mature to animals with an increased risk to develop 

coronary artery disease (50).

Thus, while it seems beneficial to enhance sterol transport in infants affected by SLOS that 

are unable to make cholesterol, it may be advisable to limit transport in unaffected infants 

exposed to maternal hypercholesterolemia. There also appears to be a role of maternal 

cholesterol in fetal growth of unaffected fetuses as well, though the mechanism is still 

unknown and recommendations can not be made. Much work is still needed to delineate the 

mechanism responsible for the movement of cholesterol from the maternal to fetal 

cholesterol, and to define any additional roles of maternal cholesterol in fetal development.
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Figure 1. 
Efflux of cholesterol from the basal surface of BeWo cells to various acceptors under 

different conditions. The apical side of the cells were labeled with [3H]cholesteryl ester-

labeled LDL for 24 h. A). After labeling, the cells were washed and the basal side was 

incubated with serum free media (SFM), phospholipid discs (PL; 100 µg/ml), fetal human 

serum (FHS; 10%) or lipid-poor apoAI (50 µg/ml) for 24 h. The amount of [3H] effluxed 

was presented as a percentage of cellular [3H] at 0 h. Data are presented for cells with 

normal cholesterol concentrations (open bar) and concentrations ≈2-fold greater (hatched 

bar). This figure has been modified and redrawn (18) with permission of the publisher. B). 

After labeling, cells were incubated with an LXR agonist (T091317) and efflux measured 

using phospholipid discs; - (without T091317) and + (with T091317). C). Western blot for 

ABCG1 using equal amounts of protein from human placentas or confluent BeWo cells and 

using β-actin as a loading control; differences in expression likely due to multiple cell types 

in the human placentas.
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Figure 2. 
Proposed model for secretion and efflux of cholesterol out of trophoblasts. Cholesterol can 

be secreted from cells as lipoproteins (A) or complexed with apolipoproteins (B). There can 

be apolipoprotein-mediated efflux via ABCA1 (C) as well as lipoprotein/membrane-

mediated efflux via ABCG1 (D) and aqueous diffusion (E).
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