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Abstract The fetus has a high requirement for cholesterol
and synthesizes cholesterol at elevated rates. Recent studies
suggest that fetal cholesterol also can be obtained from ex-
ogenous sources. The purpose of the current study was to
examine the transport of maternal cholesterol to the fetus
and determine the mechanism responsible for any choles-
terol-driven changes in transport. Studies were completed
in pregnant hamsters with normal and elevated plasma cho-
lesterol concentrations. Cholesterol feeding resulted in a
3.1-fold increase in the amount of LDL-cholesterol taken
up by the fetus and a 2.4-fold increase in the amount of
HDL-cholesterol taken up. LDL-cholesterol was transported
to the fetus primarily by the placenta, and HDL-cholesterol
was transported by the yolk sac and placenta. Several proteins
associated with sterol transport and efflux, including those
induced by activated liver X receptor, were expressed in ham-
ster and human placentas: NPC1, NPC1L1, ABCA2, SCP-x,
and ABCG1, but not ABCG8. NPC1L1 was the only protein
increased in hypercholesterolemic placentas. Thus, in-
creasing maternal lipoprotein-cholesterol concentrations
can enhance transport of maternal cholesterol to the fetus,
leading to 1) increased movement of cholesterol down a
concentration gradient in the placenta, 2) increased lipopro-
tein secretion from the yolk sac (shown previously), and possi-
bly 3) increased placental NPC1L1 expression.—Burke, K. T.,
P. L. Colvin, L. Myatt, G. A. Graf, F. Schroeder, and L. A.
Woollett. Transport of maternal cholesterol to the fetus is af-
fected by maternal plasma cholesterol concentrations in the
Golden Syrian hamster. J. Lipid Res. 2009. 50: 1146–1155.

Supplementary key words placenta • yolk sac • Smith-Lemli-Opitz
Syndrome • low density lipoprotein • high density lipoprotein • liver
X receptor • NPC1 Like 1

Cholesterol is essential for normal fetal development.
Possibly the most noted role of cholesterol is as a structural
component of membranes. Sterols are also the precursor
for bile acids, steroid hormones, and oxysterols, which are
all synthesized by the fetus and regulate various cellular
processes. Cholesterol is also required for activation of
sonic hedgehog (Shh), a protein involved in brain devel-
opment, and for propagation of the Shh signal (1, 2). Cho-
lesterol is obtained endogenously by de novo synthesis and
exogenously by transfer of maternal cholesterol to the fe-
tus. Interestingly, maternal plasma triglyceride and choles-
terol concentrations increase during pregnancy in humans
(3, 4), possibly an adaptation to maternal and fetal needs.
However, whether these changes in maternal lipoprotein
concentrations result in increased transport of maternal
cholesterol to the fetus is unclear.

Since the fetus does not come in direct contact with the
maternal circulation, maternal cholesterol destined for the
fetus must initially be taken up by the placenta and yolk sac
prior to transport and delivery to the fetus. Indeed, the
placenta and yolk sac take up maternal LDL- and HDL-
cholesterol at relatively elevated rates compared with other
peripheral tissues (5). LDL is taken up by the LDL recep-
tor (LDLR), which is expressed abundantly in the placenta
but expressed at low levels, if at all, in the yolk sac (5, 6).
LDL-derived sterol is transported to the lysosome/endo-
some pathway where the ester bond is hydrolyzed (7). The
unesterified cholesterol is then transported by Niemann-
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Pick C1 (NPC1) to a metabolically active pool of cholesterol,
to the plasma membrane, or to be esterified [reviewed in (8,
9)]. HDL-cholesterol is taken up by SR-BI and cubilin, both
of which are expressed highly in the yolk sac and in the pla-
centa at somewhat lower levels (5, 10–13). The ester bonds
are hydrolyzed, possibly through one of the cytosolic es-
terases. Once internalized, sterols from either source are
transported by way of a number of putative transport pro-
teins, including NPC1 Like 1 (NPC1L1), sterol carrier pro-
tein (SCP)-x/2, and ABCA2 (14, 15) [reviewed in (16, 17)].
The sterol is secreted from cells as lipoprotein particles or
apoE:lipid complexes or effluxed by way of ABCA1, ABCG1,
or ABCG5/8 [reviewed in (18)].

Several lines of evidence suggest that maternally derived
cholesterol taken up by the placenta and yolk sac is indeed
transported to the fetus. First, evidence is found in human
fetuses with the Smith-Lemli-Opitz syndrome (SLOS) that
are unable to synthesize cholesterol at normal rates due to
null/null mutations in 3b-hydroxysteroid D7-reductase, the
enzyme that converts 7-dehydrocholesterol to cholesterol
(19, 20). SLOS fetuses and newborns, even infants with
the null/null genotype, contain cholesterol (21, 22). Im-
portantly, the severity of the SLOS phenotype is affected
by the apoE isoform expressed in the mothers but not the
fathers (23). Second, though the reported rates of transport
vary, some of the early human studies did indeed demon-
strate a transfer of maternal cholesterol to the fetal circu-
lation (24–26). Third, more recent studies in the mouse
determined that ?20% of murine fetal cholesterol is de-
rived from the maternal circulation (27, 28). Fourth, fetal
cholesterol concentrations are positively correlated with
circulating cholesterol concentrations in pregnant hamsters
(29), and, fifth, the amount of maternally derived cho-
lesterol secreted from yolk sacs can be manipulated with
plasma cholesterol concentrations (30). Finally, lipoprotein-
derived cholesterol is transported from the apical (mater-
nal) side of a confluent monolayer of cultured trophoblasts
to the basolateral (fetal) side (31).

Why might one be interested in the ability to transport
maternal cholesterol to the fetus? It has been shown that
an increase in dietary sterol can improve the quality of life
of persons with SLOS (32, 33), as one might expect since
the severity of the syndrome is correlated with circulating
cholesterol concentrations (34–36). Since the congenital
defects found in individuals with SLOS are due to metabolic
changes in utero, an increase in exogenous cholesterol in
fetuses with SLOS could have a significant impact on the
improvement of congenital defects. More globally, epide-
miological studies have shown that fetal metabolism is al-
tered when maternal cholesterol concentrations vary in
fetuses unaffected by SLOS, including fetal growth rates
(37–40). This is not specific for humans in that murine fe-
tuses of dams with low HDL-cholesterol levels have reduced
growth rates as well (41).

Thus, the goal of the current studies was to determine
whether the amount of maternal cholesterol transported
to the fetus could be enhanced by increasing circulating
levels of cholesterol in the pregnant dam and to determine
which lipoprotein is the primary source of cholesterol.

Based on studies in cultured trophoblasts and yolk sacs (30,
31), we hypothesize that more LDL- and HDL-cholesterol
would be transported to the fetus when maternal plasma
cholesterol concentrations are elevated. We further hypothe-
size that enhanced movement across the placenta in vivo
would be mediated through cholesterol-induced activation
of the iver X receptor (LXR)-inducible proteins ABCG1
and apoE. To test our hypotheses, female hamsters were
fed 0 or 2% added cholesterol to render them normo-
or hypercholesterolemic (29), respectively. The fractional
catabolic rates (FCRs) and cholesterol uptake rates of ma-
ternal LDL- and HDL-cholesterol by the placenta, yolk sac,
and fetus were determined. Elevating maternal plasma
cholesterol concentrations does indeed result in an in-
crease in the uptake of maternal lipoprotein-cholesterol
by the placenta and yolk sac. Importantly, an increase in
uptake by the extraembryonic fetal tissues was parlayed
into an increase in the transport of maternally derived
cholesterol to the fetus. The increases in uptake by extra-
embryonic tissues are not due to a change in expression of
lipoprotein receptors. Increased sterol movement across
and out of the placenta is most likely due to movement
down a concentration gradient and possibly increased
NPC1L1, but not a sterol-induced change in LXR-inducible
protein expression (apoE and ABCG1).

MATERIALS AND METHODS

Animals and diets
Male and female hamsters (Charles River Laboratories, Kingston,

NJ) weighing between 110 and 120 g were maintained in a tem-
perature- and humidity-controlled room and fed a pelleted chow
(diet #7012; Harlan Teklad, Madison, WI). Once acclimated, fe-
males were fed diets containing ground chow (#7012; Harlan
Teklad) or ground chow plus 2% cholesterol (wt/wt; MP Bio-
medicals, Eschwege, Germany). After 3 weeks, females were mated
as described (29), continued to be fed the same diets, and studied
at 11.5 d postconception (dpc); hamsters have a gestational period
of 15.5 d. All protocols were approved by the Institutional Animal
Care and Use Committee of the University of Cincinnati.

Plasma, lipoprotein, and tissue cholesterol concentrations
Blood was collected from the descending aorta and plasma

isolated. Total cholesterol concentrations were determined enzy-
matically (Thermo Scientific, Waltham, MA). Plasma LDL- and
HDL-cholesterol concentrations were determined by simulta-
neously separating plasma at densities of 1.020 and 1.063 g/ml
and measuring the content of cholesterol in the top and bottom
of each tube by gas-liquid chromatography using stigmastanol as
an internal standard (42). Tissues were saponified and choles-
terol content measured by gas-liquid chromatography.

Lipoprotein clearance studies
Lipoproteins were collected from older donor hamsters by se-

quential ultracentrifugation: LDL was defined as particles with
densities of 1.020,d,1.055 g/ml, and HDL was defined as par-
ticles with densities of 1.070,d,1.21 g/ml; tighter densities were
used to ensure no labeling of large LDL or small HDL. Lipopro-
teins were radiolabeled with [1a, 2a(n)-3H]cholesteryl oleate (GE
Healthcare, Giles, UK) or [1a, 2a(n)-3H]cholesteryl oleyl ether
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(GE Healthcare) as described (31, 43) using hamster plasma as a
source of cholesteryl ester transfer protein.

Three different types of studies were completed. To determine
the FCR and uptake rates of maternal lipoproteins by the placenta
and yolk sac, a bolus of radiolabeled lipoprotein-[3H]cholesteryl
ether was injected into the femoral vein of females at 11.5 dpc.
Cholesteryl ether was used in these studies because the ether can-
not be hydrolyzed in the lysosomes and thus radiolabel is trapped
in tissues (43, 44). Females were awake within minutes and were
allowed to roam free within their cages. Blood was collected from
the jugular vein of each lightly anesthetized hamster at 10 and
35 min postinjection. At 1.5 h postinjection, tissues and blood were
collected. Tissues were saponified, and sterol was extracted.
Amount of radiolabel in plasma and tissues was measured.

To determine the length of time required to measure uptake,
transport (when the fetus took up ?5 mg of cholesterol for either
lipoprotein) and efflux/secretion of cholesterol from the mater-
nal circulation to the fetus, boluses of LDL- and HDL-[3H]choles-
teryl ester, a metabolizable marker, were injected to the femoral
vein of another set of females. Blood was collected from the jugu-
lar vein of the hamsters at different times postinjection, including
0.75, 1.5, 3, and 6 h. Animals were anesthetized at 6, 12, 18, and
24 h postinjection, and tissues collected and assayed for radio-
label; studies were completed at 11.5 dpc.

Based on our timed studies with cholesteryl ester, the amount
of maternally derived LDL- and HDL-cholesterol that was trans-
ported to fetuses was determined at 22 and 6 h postinjection, re-
spectively. Boluses of LDL- or HDL-[3H]cholesteryl ester were
injected into the femoral vein of a third set of females. Plasma
was collected at 0.75, 1.5, 3, 6, and 22 h postinjection. Tissues
were collected 22 and 6 h postinjection, and radiolabeled sterol
concentrations in plasma and fetuses were measured; studies
were completed at 11.5 dpc.

Kinetic analysis
The analysis of the maternal plasma radioactivity was completed

using the SAAM II program (SAAM Institute, Seattle, WA). The
plasma die-away curves were biphasic, and the plasma kinetic data
were modeled using a two-pool model, with a single plasma com-
partment that exchanges with an extravascular compartment. For
the analyses of placenta, yolk sac, and fetus uptake data, the model
was modified to include rate constants from the plasma pool to the
placenta, yolk sac, and fetus to account for the accumulation of
radioactivity in these organs at the end of the kinetic studies.
The model-predicted rate constants from plasma to the placenta,
yolk sac, and fetus were used to calculate the transfer of maternal
cholesterol to the placenta, yolk sac, and fetus.

mRNA expression levels
Hamster placentas were collected. Tissue RNAwas isolated using

TRIzol (Invitrogen, Carlsbad, CA) and stored in FORMAzol: (Mo-
lecular Research Center, Cincinnati, OH) at 280°C. RNA was
treated with RNase-free DNase I and reverse transcribed to cDNA
by SuperScript II reverse transcriptase using random hexamers.
PCR assays were performed on a Bio-Rad iCycler iQ real-time
PCR Detection System using SYBR green as our fluorophore. A se-
rial dilution of a randomly picked sample was used to generate a
standard curve for each gene examined. This standard curve was
used to calculate the relative levels of mRNA for the gene of inter-
est and the reference/housekeeping gene (cyclophilin). Primers
for ABCG1 and ABCA2 were previously described (45), as were
primers for ABCG8 (46). Remaining primer sequences were
5′-ACTTTGGGCCTTTCTTTCGATGG-3′ (forward) and 5′-
ATCTCTTTGTTCAGTGGAGGCCCA-3′ (reverse) for NPC1,
5′ -TGAACCGCTTCTGGGATTACCT-3′ (forward) and 5′-

AGTGCCGTCAGTTCTTGTGTGACT-3′ (reverse) for apoE, and
5′-TGGTTTCCAATAGGAGCAGGAGCA-3′ (forward) and 5′-
TAAAGGACAGCGCCAAGACAGTGA-3′ (reverse) for NPC1L1.

Protein expression levels
Placentas and yolk sacs were collected from hamsters, and mi-

crosomes were isolated as described (47). The sample from each
dam contained multiple (8–12) placentas or yolk sacs. In addi-
tion, placentas were collected from women at term. Random sam-
pling of whole placentas was performed from beneath the
chorionic plate. Placental samples were stored at280°C until used.
Tissues were homogenized and unbroken cells removed. Protocols
were approved by the Institutional Review Board of the University
of Cincinnati.

Protein concentrations were determined by the Lowry assay,
equal amounts of protein pooled from three to four samples,
and proteins separated on a Bio-Rad 4-15% Tris-HCl Ready gel
(Bio-Rad Laboratories, Hercules, CA) under denaturing condi-
tions. Proteins were transferred to a polyvinylidene difluoride
membrane that was blocked in Tris-buffered saline containing
0.1% Tween and 5% dry milk for 1 h. After blocking, blots were
incubated with chicken anti-LDL receptor IgG (Novus Biologicals,
Littleton, CO) or rabbit anti-SR-BI receptor IgG (Novus Biologi-
cals). After 1 h at 37°C, the membranes were washed and then
incubated with the appropriate secondary antibody conjugated with
peroxidase (rabbit anti-chicken IgG and donkey anti-rabbit; GE
Healthcare). Chemiluminescence from ECL Plus (GE Healthcare)
was detected by a Storm 450 PhosphorImager. Samples were tested
similarly for presence of ABCA2 (Santa Cruz Biotechnologies,
Santa Cruz, CA), NPC1 (Novus Biologicals), NPC1L1 (Cayman
Chemicals, Ann Arbor, MI), ABCG1 (Novus Biologicals), ABCG8
(48), and SCP-2/x (49) in human placentas with the exception
that some proteins were separated on 7.5% gels poured in the
laboratory or as described.

Statistics
All data are presented as means 6 SEM. Comparisons between

groups were deemed significant by Studentʼs t-test (P , 0.05).

RESULTS

The fetus is a unique tissue in that it does not come in di-
rect contact with the maternal circulation (50). Thus, any
maternally derived lipoprotein-cholesterol that is in the fetus
would have been taken up first by the placenta and/or yolk
sac, transported across the trophoblasts and visceral endo-
derm cells of the placenta and yolk sac, respectively, and
effluxed and/or secreted into the fetal circulation.

For these studies, FCR was defined as pools of LDL- or
HDL-cholesterol cleared from plasma/time per gram of
tissue or whole tissue by the placenta, yolk sac, and fetus
of normo- and hypercholesterolemic dams. FCR parallel
clearance rates, the microliter of plasma cleared of its lipo-
proteins per hour per gram (51). FCR were determined
for two reasons. First, plasma cholesterol concentrations
are different in dams fed 0 or 2% dietary cholesterol
(29). Since clearance rates and FCR can change with plasma
cholesterol concentrations (52, 53), measuring the amount
of dpm per tissue could be misleading. Second, one can
convert FCR to the actual micrograms of lipoprotein-
cholesterol taken up and/or transported by multiplying
FCR by the maternal pool size (52).
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Dams were fed different levels of dietary cholesterol that
are known to lead to an increase in cholesterol in embry-
onic and extraembryonic fetal tissues (29, 54). In dams fed
a normocholesterolemic diet, FCR was 0.050 6 0.001 ma-
ternal pools/1.5 h per g placenta (Fig. 1A). Each gram of
yolk sac cleared ?20% of that cleared per gram of pla-
centa (Fig. 1B). There was no difference in FCR per gram
of placenta or yolk sac when tissues of dams fed no or 2%
cholesterol were compared. A unique aspect of these stud-
ies is that one can calculate the mass of maternal LDL-
cholesterol taken up by the entire placenta or yolk sac,
which will account for differences in maternal LDL-
cholesterol concentrations and differences in the sizes of
the tissue. The placentas of dams fed control diets took
up 1.740 6 0.356 mg of maternal LDL-cholesterol during
the time of the study (1.5 h) (Fig. 1C). Due to the several-
fold increase in LDL-cholesterol concentration in dams
fed cholesterol, uptake of maternal LDL-cholesterol was
3.4-fold greater in placentas of dams fed cholesterol (P ,
0.001). A similar effect was found in the yolk sac; the yolk
sac of dams fed control diets took up 0.052 6 0.007 mg in
1.5 h, whereas the yolk sac in dams fed cholesterol took up
0.200 6 0.026 mg (Fig. 1D) (P 5 0.005).

For HDL-cholesterol, the FCR was 0.045 6 0.004 mater-
nal pools of HDL-cholesterol/1.5 h per gram of placenta
in control-fed dams (Fig. 2A). There was no effect of die-

tary cholesterol on FCR per gram of placentas of dams fed
cholesterol. Similar to our previously reported results (5),
the yolk sac took up significantly more HDL-cholesterol as
compared with the placenta. In the yolk sac, FCR per gram
of yolk sac of HDL-cholesterol was almost 15-fold greater
than rates for the placenta (0.612 6 0.006 pools/1.5 h
per g yolk sac) (Fig. 2B). As with the placenta, FCR per
gram of yolk sac of dams fed either diet remained relatively
similar. As with LDL, the uptake rates per whole tissue were
measured next. The calculated mass of HDL-cholesterol
taken up by the placentas of control dams was 2.622 6
0.469 mg maternal cholesterol/1.5 h per placenta (Fig. 2C).
The uptake of maternal cholesterol from HDL was 3.5-fold
greater in dams fed cholesterol (P 5 0.017). Even though
the tissue is much smaller, the yolk sac actually took up
more HDL-cholesterol compared with the placenta (5.81 6
1.13 mg/1.5 h per yolk sac) (Fig. 2D) (29). As with the pla-
centa, the yolk sac of cholesterol-fed dams tended to take
up more cholesterol when compared with the yolk sac of
control dams (P 5 0.059).

Since we demonstrated a significant increase in the
amount of maternally derived cholesterol taken up by
the placenta and yolk sac, the question remains: Can the
amount of cholesterol that is transported to the fetus be

Fig. 1. FCR and uptake of maternal LDL-cholesterol by the pla-
centa and yolk sac at 11.5 dpc. Female hamsters were fed 0 or
2% added cholesterol prior to and during mating. Hamster LDL
was radiolabeled with [3H]cholesteryl oleyl ether. A bolus of radio-
label was injected into animals at 11.5 dpc. Using the SAAM II pro-
gram, we calculated FCR (maternal pools/1.5 h per gram tissue; A
and B) and calculated the uptake (or transfer) rates of maternal
cholesterol to the entire placenta and yolk sac (mg/1.5 h per tissue;
C and D). Data are presented as means (n 5 3) 6 SEM. The aster-
isk depicts significant differences between animals fed different
diets. LDL-cholesterol concentrations were 4.1 6 0.5 and 17.5 6
2.2 mg/dl for dams fed 0 or 2% cholesterol, respectively, at 11.5 dpc.

Fig. 2. FCR and uptake of maternal HDL-cholesterol by the pla-
centa and yolk sac at 11.5 dpc. Female hamsters were fed 0 or
2% added cholesterol prior to and during mating. Hamster HDL
was radiolabeled with [3H]cholesteryl oleyl ether. A bolus of
radiolabel was injected into animals at 11.5 dpc. FCR (pools/1.5 h
per gram tissue) was calculated initially. Using the SAAM II pro-
gram, we calculated FCR (maternal pools/1.5 h per gram tissue;
A and B) and calculated the uptake rates of maternal cholesterol
to the entire placenta and yolk sac (mg/1.5 h per gram tissue; C
and D). Data are presented as means (n 5 3–4) 6 SEM. The
asterisk depicts significant differences between animals fed dif-
ferent diets. HDL-cholesterol concentrations were 7.6 6 1.3 and
25.2 6 2.5 mg/dl for dams fed 0 or 2% cholesterol, respectively,
at 11.5 dpc.
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changed in parallel with an increase in the amount of cho-
lesterol being taken up by the placenta and yolk sac? Since
the fetus does not come in direct contact with the maternal
circulation, fetal uptake of maternal cholesterol is in effect a
summation of all the processes involved in transport, in-
cluding uptake of lipoprotein-cholesterol by the placenta
and/or yolk sac, transport of lipoprotein-cholesterol across
the cells to the basolateral side, and secretion or efflux of
lipoprotein-cholesterol into the fetal circulation either di-
rectly or by way of endothelial cells. To examine this ques-
tion, we initially determined when the radiolabeled sterol
appeared in the fetus and when the rate of uptake was linear.
Dams were injected with a bolus of radiolabel, and fetuses
were collected at 6, 12, 18, and 24 h postinjection (Fig. 3).
LDL clearance rates were measured first. Within 6 h of the
injection, the fetus had taken up 0.27 6 0.06 mg of LDL-
cholesterol. The rate of uptake or transport of maternal
cholesterol appeared linear through 24 h postinjection. In
the HDL studies, the fetus took up as much maternal HDL-
cholesterol within 6 h of the bolus injection as the fetus did
of maternal LDL-cholesterol in 24 h (4.01 6 0.33 mg). We
chose to complete the studies at times when similar amounts
of LDL- and HDL-cholesterol were taken up, which was 22 h
for LDL-cholesterol and 6 h for HDL-cholesterol.

For LDL-cholesterol, the FCR per gram fetus was 0.088 6
0.11 maternal pools/d per gram fetus (Fig. 4A). Unlike the
placenta and yolk sac, the FCR was 36% lower per gram
fetus of dams fed cholesterol compared with fetuses of
control dams. The FCR per gram fetus for HDL-cholesterol
was ?3-fold greater than FCR per gram fetus for LDL-
cholesterol (Fig. 4B). Though the FCR for HDL-cholesterol
was 47% lower per gram fetus of dams fed cholesterol com-
pared with FCR in control dams, the differences were not
significant. However, the calculated mass of maternal
LDL- and HDL-cholesterol taken up by the fetus was
3.0-fold (P , 0.001) and 2.0-fold (P 5 0.037) greater, re-
spectively, in the fetuses of cholesterol-fed dams due to the

elevated lipoprotein-cholesterol concentrations in these
dams (Fig. 4C, D). After 24 h, there was still significant
maternal cholesterol in the placenta and yolk sac that was
not yet transferred to the fetus.

The expression levels of the lipoprotein receptors re-
sponsible for the uptake of LDL and HDL in the placenta
and yolk sac, respectively (5), were measured initially.
There was no difference in the expression of the LDLR
or SR-BI in the placentas or yolk sacs of dams fed different
amounts of cholesterol (Fig. 5).

The remainder of the studies were focused on the pla-
centa because 1) LDL, the primary lipoprotein particle in
humans, is taken up primarily by the rodent placenta, and
2) we already know that the yolk sac of cholesterol-fed
hamsters secrete more lipoprotein-cholesterol (30), as oc-
curs in cholesterol-enriched livers (55). To determine if a
difference in sterol movement across cells occurred as a
result of changes in intracellular proteins, mRNA levels
of various proteins involved in sterol transport or export
out of cells also were measured (Fig. 6); regulation of post-

Fig. 3. Uptake of maternal lipoprotein-cholesterol by the fetus. Fe-
male hamsters were mated. Hamster LDL and HDL were radio-
labeled with [3H]cholesteryl oleate. At various times, radiolabeled
LDL and HDL were injected into the femoral vein between 10.5 and
11.5 dpc. At 6, 12, 18, and 24 h postinjection, tissues were collected
and the uptake of maternal cholesterol by the fetus was calculated.
Data are presented as means (n 5 3–4) 6 SEM.

Fig. 4. FCR and uptake rates of maternal lipoprotein-cholesterol
by the fetus. Female hamsters were fed 0 or 2% added cholesterol
prior to and during mating. Hamster LDL and HDL were radio-
labeled with [3H]cholesteryl oleate. A bolus of radiolabel was in-
jected into animals at 10.5 (LDL) or 11.25 (HDL) dpc. At 22 (LDL)
and 6 (HDL) h postinjection, tissues were collected and amount
of radiolabel measured. FCR (pools of maternal LDL- and HDL-
cholesterol/d per g fetus; A and B) and uptake or transport rates
(mg maternal LDL- and HDL-cholesterol/d per fetus; C and D)
were calculated. Uptake rates include the uptake by the placenta
and yolk sac, transport across cells, and efflux/secretion into the
fetal circulation. Data are presented as means (n 5 14 for LDL
and 5 3 for HDL studies) 6 SEM. The asterisk depicts significant
differences between animals fed different diets. LDL-cholesterol
concentrations were 5.4 6 0.7 and 30.7 6 2.7 mg/dl for dams
fed 0 or 2% cholesterol, respectively, at 11.5 dpc. HDL-cholesterol
concentrations were 9.9 6 0.9 and 38.0 6 3.9 mg/dl for dams fed
0 or 2% cholesterol, respectively, at 11.5 dpc.
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transcriptional/posttranslational mechanisms was not mea-
sured. There was no effect of tissue cholesterol concen-
tration in the amount of mRNA for ABCG1, ABCA2, or
apoE. The amount of NPC1 mRNA decreased (P 5
0.016) and NPC1L1 mRNA increased (P 5 0.003) in pla-
centas of dams fed cholesterol compared with placentas of
control dams. Additionally, there was little to no message
for ABCG8 in the hamster placenta versus the hamster liver,
which had abundant mRNA levels (1.25 relative mRNA
ABCG8/cyclophilin). SCP-2/x protein levels but not mRNA
levels were determined in the hamster. Expression levels
were very low compared with the liver, and the amounts
of SCP-x plus SCP-2 did not vary much between hamsters
fed different levels of cholesterol (data not shown). Expres-
sion of proteins not yet demonstrated to be expressed by
the human placenta but known to be involved in LDL trans-
port were then tested by Western blotting; ABCG1, NPC1,
ABCA2, NPC1L1, and SCP-x were all expressed in the hu-
man placenta (Fig. 7). ABCG8 and SCP-2 were not detect-
able by Western blotting (data not shown).

DISCUSSION

The fetus requires cholesterol for development. Too lit-
tle cholesterol due to a lack of synthesis leads to a spectrum
of congenital defects as seen in infants with SLOS (19, 20,
56). Too little cholesterol due to a lack of maternal choles-
terol or reduced expression of placental lipoprotein re-
ceptors is correlated with smaller fetuses and a trend for
microcephaly (37–39). Thus, the ability to manipulate
the amount of cholesterol that is transported to the fetus
could have a significant impact upon fetal development.

The in vivo data presented here support our hypothesis
that increased amounts of cholesterol are transported
from the maternal to fetal circulation when maternal cho-
lesterol concentrations are elevated. There was a 2.4-fold
increase in the amount of maternal HDL-cholesterol taken
up by fetuses and a 3.1-fold increase in the amount of
maternal LDL-cholesterol taken up by fetuses of hyper-
cholesterolemic dams. Though most of the maternal cho-
lesterol transferred to the fetus was derived from maternal
HDL, a significant increase in the amount of both LDL-
and HDL-cholesterol transported to the fetus occurred
when maternal cholesterol concentrations were increased.
When the amount of cholesterol taken from LDL and
HDL was presented as a percentage of total body choles-
terol, ?12% of fetal cholesterol was derived from maternal
circulation in dams fed no added cholesterol and ?25% of
fetal cholesterol was derived from maternal circulation in
dams fed 2% added cholesterol. Increases in uptake of the
placenta and yolk sac were also measured and were greater
than those in the fetus since not all maternally derived cho-
lesterol is transported to the fetus. LDL delivered markedly
more maternal cholesterol to the placenta than to the yolk
sac. HDL delivered more maternal cholesterol to the yolk
sac than to the placenta, though HDL-cholesterol was de-
livered to both tissues. Thus, transport of LDL would rep-
resent transport across the placenta since LDL is not taken
up by the yolk sac in appreciable amounts (Fig. 1C, D).
The transport of HDL would represent transport across
the yolk sac as well as the placenta (Fig. 2).

Yolk sac
The yolk sac is patent throughout gestation in the rodent

and in the first trimester in human [reviewed in (50)]. The
marked increase in uptake of maternal HDL in hyper-
cholesterolemic hamsters measured here was not due to

Fig. 5. Expression of lipoprotein receptors in extraembryonic fetal
tissues in the hamster. Tissues were collected from dams treated as
in Fig. 1. Tissues were pooled (n 5 3–4) and the relative amount of
the LDLR in the placenta (A) and SR-BI in the yolk sac (B) were
determined by immunoblotting; 150 mg protein was loaded in each
lane, and b-Actin was used as a control for loading.

Fig. 6. Relative mRNA levels in hamster placentas. Tissues were
collected from dams treated as in Fig. 1. The relative amount of
mRNA in the placenta compared with cyclophilin is presented.
Data are presented as means (n 5 5) 6 SEM. The asterisk depicts
significant differences between animals fed different diets.

Fig. 7. Expression of proteins in the human placenta. Placentas
were collected at term from women with uncomplicated pregnan-
cies, homogenized, and proteins separated. The presence of pro-
teins not yet shown in the human placenta was determined by
immunoblotting using 150 mg of protein in each for all proteins,
except SCP-x when 20 mg protein was used.
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increased expression of SR-BI (see below) and was respon-
sible for the increase in yolk sac cholesterol concentration
and secretion (30); yolk sac sterol synthesis rates were re-
duced in dams fed 2% cholesterol (54). Because we had
already known that hypercholesterolemic sacs secrete more
cholesterol (30) and we knew that rodent and human yolk
sacs secrete lipoproteins (30, 57–59), we focused the re-
mainder of this manuscript on delineating the cholesterol-
induced metabolic changes in the placenta.

Placenta
The placenta is important in both the rodent and human

throughout mid to late gestation. Increases in the uptake of
maternal lipoprotein-cholesterol lead to a modest suppres-
sion of sterol synthesis rates and moderately elevated sterol
concentrations, at least in the rodent in early/mid gestation
and in cultured human choriocarcinoma cells (29, 31, 41).
Since the placenta expresses LXR and LXR-inducible pro-
teins (60), our initial hypothesis was that at least part of any
increase in movement of maternally derived cholesterol to
the fetal circulation in hypercholesterolemic dams was due
to an LXR-induced increase in placental ABCG1 and apoE
(61). As in other cell types, cholesterol can be effluxed (via
ABCG1) or secreted (via apoE:lipid complexes) from tro-
phoblasts (31). Though data in our laboratory have demon-
strated that LDL-cholesterol is effluxed to phospholipid
vesicles and HDL from the basolateral (fetal) membranes
of BeWo cells most likely by way of ABCG1 (62) and not
ABCA1 or SR-BI (31), a recent study in mice suggests that
ABCA1 may have a role in transport of maternally derived
cholesterol to the fetus (63). Part of the difference in the
studies could be that a significant amount of radiolabeled
plasma cholesterol in the study by Lindegaard et al. (63)
was as HDL and as such was likely taken up and transported
via the yolk sac and not the placenta (30, 58, 59). It was
somewhat surprising that the levels of ABCG1 and apoE
in the placentas of dams fed cholesterol were not elevated
compared with control placentas, as a 2-fold increase in liver
cholesterol concentration will result in activation of LXR
(64), and placental cholesterol concentrations were?2-fold
greater in cholesterol-fed dams (29); it should be noted that
the placenta consists of several cell types, though transport
proteins should be expressed highly in trophoblasts. Con-
sequently, our hypothesis now states that even though pla-
cental cholesterol concentrations are elevated in dams fed
cholesterol, the enzymes required to form the specific oxy-
sterols required to activate LXR and increase transcription
of various proteins are absent; which oxysterols activate
LXR in the placenta is currently unknown. It should be
noted that activation of LXR through other means, such
as with an LXR agonist, could affect apoE and ABCG1 levels
and thereby enhance sterol transport to the fetus (63).

Even if LXR-inducible proteins were not affected, other
sterol-affected processes involved with sterol uptake and
transport may have been affected. We initially examined
the LDLR because this receptor is responsible for uptake
of LDL and LDL is the primary lipoprotein in human cir-
culation. There was no change in the expression of the
LDLR. This was not to be unexpected in the hamsters be-

cause recent studies have demonstrated that fetal tissues at
times of rapid growth (mid/early gestation), including the
placenta, have a blunted metabolic response to cellular
cholesterol concentrations, possibly due to constitutive
processing of sterol regulatory element binding protein-2
(SREBP-2) (54). Thus, the increase in uptake of LDL-
cholesterol (and HDL-cholesterol) would be dependent
on maternal lipoprotein-cholesterol concentrations. A se-
ries of elegant studies by Dietschy and coworkers showed
that in the face of acutely elevated plasma LDL-cholesterol
concentrations and no change in lipoprotein receptor lev-
els, more LDL-cholesterol is taken up (65, 66). Since LDLR
levels were not changed in the placenta and plasma choles-
terol levels were elevated in hypercholesterolemic dams,
more sterol would have to be taken up; the same is likely
true for HDL uptake by SR-BI in the yolk sac. Consequently,
a concentration gradient across trophoblasts would occur
and cholesterol could move down the gradient and ulti-
mately to the fetal circulation. Even in trophoblasts that
are not replete with cholesterol, basolateral membranes
have less cholesterol than apical membranes (67), leading
to primarily unidirectional transport of cholesterol (31).

Interestingly, a recent study in humans demonstrated
that placental LDLR levels were reduced in females with
hypercholesterolemia (68). The decrease was not due to
changes in tissue cholesterol concentrations or SREBP-2
levels (69). While this might initially suggest that the ro-
dent does not regulate placental proteins as does the hu-
man, the human studies were performed at term, whereas
these studies were preformed in early to mid gestation
when growth rates were more dramatic. As in the hamster,
cholesterol concentrations in BeWo cells, human chorio-
carcinoma-derived trophoblasts of which subclone 30 be-
comes polarized on transwells (31), increased when cells
were exposed to exogenous sterol. It is likely that the reg-
ulation of proteins in the placenta in early and late gesta-
tion differs, possibly due to different rates of proliferation
and sterol requirements for membrane substrates, and is an
area of research still underdeveloped.

Potential cholesterol-induced changes in expression lev-
els of key proteins involved with transport were also mea-
sured, some of which have not been previously shown in
the placenta. The expression level of NPC1 was reduced
in cholesterol-replete placentas, as demonstrated in other
tissues (70), and as such would not enhance transport from
lysosomes. Though the mechanism of regulation is thought
to be via SREBP-2, a different regulatory mechanism exists
in the rapidly growing placenta since SREBP-2 levels are not
affected significantly in the cholesterol-replete placenta
(54). Interestingly, though not surprising since NPC1L1 is
thought to be involved with sterol transport across the in-
testine [reviewed in (16, 17)], NPC1L1 was also expressed
in the placenta. In contrast to NPC1, expression levels
were increased when cholesterol concentrations were ele-
vated. Even though the role of NPC1L1 is still debatable,
one can theorize that an increase in NPC1L1 could aide in
enhanced sterol movement (from LDL or HDL) across
trophoblasts (71). SCP-2/x and ABCA2 (14, 15) were also
expressed by the placenta, and as in other tissues, expres-
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sion appeared unaffected by placental cholesterol concen-
trations (72, 73).

Summary
How do these data relate to the human? In both humans

and rodents, plasma LDL and HDL are taken up by the
placenta, both of which are hemochorial [reviewed in
(50)]. Rodent and human placentas both synthesize sterol
as well (74–77), though the amount of newly synthesized
sterol transported to the fetus, if any, is unknown. Addi-
tionally, the machinery needed to transport sterol across
the placenta and efflux/secreted sterol from cells is also
present in both the human and rodent as demonstrated
here. Likewise, yolk sacs of both species secrete lipoprotein
particles (30, 57–59). One difference between transport of
nutrients from the maternal to fetal circulations in the ro-
dent and human is that the human has a viable, active yolk
sac in the first trimester and a viable, active placenta in the
second and third trimesters, whereas the rodent has a vi-
able, active yolk sac and placenta throughout most of ges-
tation [reviewed in (50)]. A second difference between the
rodent and human is that the rodent is primarily an HDL-
carrying animal and the yolk sac and placenta take up
significant amounts of HDL. However, the human carries
most cholesterol in LDL, but little LDL is taken up by the
yolk sac. Thus, transport of LDL-cholesterol from the dam
to fetus in the rodent would model transport across the hu-
man placenta. Transport of HDL-cholesterol in the rodent
model would include transport across the placenta and
yolk sac. Importantly, there was an increase in transport
of both HDL- and LDL-derived cholesterol to the fetus
in hypercholesterolemic hamsters, indicating that more
cholesterol could be transported to the human fetus in
early (via yolk sac via HDL) as well as middle and late
(via placenta via LDL/HDL) gestation.

The ability to manipulate cholesterol transport to the fe-
tus should have a dramatic impact on in utero develop-
ment, especially of fetuses affected with SLOS and other
defects in sterol biosynthesis. Since membrane integrity
and function is altered in SLOS (78–80) and since a num-
ber of signaling proteins are located in the membrane, the
benefit of enhanced sterol concentrations could be as sim-
ple as a change in membrane composition and a normal-
ization of various processes in utero. Shh signaling is likely
also improved (2, 81). In support of this, the outcome of
pregnancy for fetuses with SLOS, as defined by a standard-
ized scoring process, was modified by apoE isoform of the
mother, but not the father (23). The ability to transport
more cholesterol across the placenta could play a role in
fetal metabolism of unaffected fetuses as well. Recent data
demonstrate that women with low serum cholesterol con-
centrations or abnormal lipoprotein receptor levels birth
smaller infants (37–40), and mice with low plasma HDL-
cholesterol levels have fetuses with reduced growth rates
(41). While these human data do not represent a cause
and effect situation, they raise the possibility that an ade-
quate amount of cholesterol is required for growth, directly
or indirectly, and growth rates are reduced and metabolism
affected if less cholesterol is available. The ability to affect

growth rates would be of major significance to the health
industry because infants with altered growth rates have an
increased risk to develop a number of diseases later in life
(82–84).

The authors thank M. Hayden Lichtenberg for her excellent
technical assistance.
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