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a b s t r a c t

High-density lipoprotein (HDL) and 17�-estradiol independently provide protection against atheroscle-
rosis. Estradiol fatty acyl esters incorporate into HDL and whether this association enhances the
atheroprotective properties of HDL is unclear. The study objective was to clarify the role that HDL-
associated estradiol fatty acyl esters play in mediating the initial steps of reverse cholesterol transport.
Cholesterol efflux potential from cholesterol loaded macrophage cells to HDL-associated estradiol ester
or between HDL from premenopausal women and age-matched males and the cellular receptors involved
were examined. Human THP-1 macrophages, loaded with [3H]cholesterol oleate, acetylated low-density
lipoprotein, were pretreated with or without SR-BI inhibitors or an estrogen receptor antagonist and
incubated with either HDL-associated estradiol oleate, HDL lacking estradiol oleate, or isolated HDL
DL receptors
stradiol ester

from females and males, and cholesterol efflux was measured. Cellular internalization and hydrolysis of
HDL-associated [3H]estradiol ester were determined. HDL-associated estradiol oleate and premenopausal
female HDL demonstrated significantly higher cholesterol efflux capacity to media than male HDL. SR-BI
and estrogen receptor inhibition significantly reduced this effect. Cells internalized and subsequently
hydrolyzed HDL-associated [3H]estradiol ester to [3H]estradiol and again SR-BI inhibition reduced this
internalization. These results demonstrate that HDL-mediated macrophage cholesterol efflux potential

ciated
is enhanced by HDL-asso

. Introduction

Compared to premenopausal women, risk factors for cardiovas-
ular disease (CVD) are increased in males and in postmenopausal
omen. This conveys an important role for endogenous estrogens,
resent in premenopausal women, to protect against CVD [1,2]. This

s supported by a large body of experimental and epidemiological
vidence [2–4]. Additionally, in men, there exists an inverse relation
etween serum 17�-estradiol, the most biologically potent estro-
en, and CVD risk, which further reinforces the atheroprotective
unction of endogenous estrogens [5].

High-density lipoproteins (HDLs) as well as estradiol both
efend against the progression of atherosclerosis. HDL has many

theroprotective properties, one of which is reverse cholesterol
ransport, i.e. HDLs ability to remove excess cholesterol from

acrophage foam cells and deliver it to the liver for excretion
6]. An initial step in atherosclerosis is the deposition of oxi-

∗ Corresponding author at: National Institute of Health and Welfare and FIMM,
nstitute for Molecular Medicine, PO Box 104, 00251 Helsinki, Finland.

E-mail address: rbadeau@gmail.com (R.M. Badeau).
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estradiol esters.
© 2009 Elsevier Ltd. All rights reserved.

dized apoB-containing lipoproteins especially oxidized low-density
lipoproteins (oxLDL) in the arterial intima, which triggers the
release of inflammatory markers [7]. Macrophages are targeted to
these sites and take up oxLDL in an unregulated manner, becoming
cholesterol ester-enriched, atherogenic, macrophage foam cells [7].
HDL interacts with macrophage membrane receptors, such as the
adenosine triphosphate-binding cassette transporter A1 (ABCA1),
ABCG1, and the scavenger receptor class B, type I receptor (SR-
BI) to promote active cholesterol removal (efflux) [8]. Estrogen
treatment of macrophage foam cells promotes cholesterol efflux
and decreases oxidized low-density lipoprotein (LDL) influx [9,10].
Mechanisms for these estrogenic effects are presently not fully
understood.

Gender-specific differences in HDL function exist. HDL from pre-
menopausal women enhances hepatic cellular cholesterol efflux
rates and eNOS-mediated endothelial cell vasodilation compared
to age-matched males [11,12]. Association of estrogen with HDL in

these women may boost HDLs cardioprotective properties.

Naturally, estrogen is partitioned into lipoprotein particles, both
LDL and HDL, as estrogen fatty acyl esters, and free (unesterified)
estrogen makes up a minority [13–16]. It appears that 17�-estradiol
is transported by lipoproteins as esters to cellular targets [16,17].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:rbadeau@gmail.com
dx.doi.org/10.1016/j.jsbmb.2009.04.008
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tudies by our group have determined that lecithin-cholesterol
cyltransferase (LCAT) and cholesterol ester transfer protein (CETP)
ediate in vitro generation and transfer of estradiol esters between
DL and LDL [14,18]. In addition, hepatic cells internalize HDL-
erived estradiol esters via the LDL receptor and SR-BI-facilitated
echanisms. These estradiol esters are then hydrolyzed into free

stradiol in the intracellular compartment [16]. Related studies
ave focused on free estradiol associated with HDL rather than the
stradiol esters and have determined that HDL-associated estra-
iol influences cellular processes via estrogen receptors and SR-BI
12,19]. Whether HDL-associated estradiol esters interact with

acrophage lipoprotein receptors to modulate cholesterol efflux
s uncertain.

Since estradiol associates almost exclusively as estradiol fatty
cyl esters in lipoproteins in circulation [13,15], the metabolism
nd function of these still remain unclear. Since estradiol fatty
sters follow the HDL metabolic pathway [14,16,18], the question
rises: do HDL-associated estradiol esters enhance the function
f HDL in reverse cholesterol transport compared to HDL that is
acking estradiol? In this report, we addressed whether: (i) HDL-

ediated macrophage cholesterol efflux potential is increased by
DL-associated estradiol fatty acyl esters; (ii) HDL and estrogen

eceptors are critical for this process; (iii) HDL-associated estradiol
sters are internalized through these macrophage receptors; and
iv) a gender-specific effect exists for this efflux.

. Materials and methods

.1. Human plasma lipoproteins

Total HDL (1.063–1.21 g ml−1) was isolated from pooled plasma
rom either four normolipidemic premenopausal, or four age-

atched male volunteers, respectively, by sequential gradient
ltracentrifugation using KBr for density adjustments [20].

nformed oral consent was granted by the volunteers. All women
ere premenopausal, non-pregnant, reproductively mature indi-

iduals with no reported use of contraceptive drugs. The phase
f their menstrual cycle was unknown to the investigators. LDL
1.019–1.063 g ml−1) was obtained from pooled plasma [20], from

ales and females, received from the Finnish Red Cross.

.2. Labeling of lipoproteins

LDL was acetylated using acetic anhydride and radiolabeled
y incubations with [1�,2�(n)-3H]-cholesterol oleate (Amersham
iosciences, Buckinghamshire, UK) [21,22]. [3H]cholesterol oleate
cetyl LDL ([3H]acLDL) preparations had specific activities ranging
rom 2 to 3 × 104 c.p.m. per �g LDL protein. For experiments using
otal HDL with [3H]estradiol, 10 ml of male serum was incubated
or 24 h at 37 ◦C with 2 × 106 c.p.m. per ml of [2,4,6,7-3H-N]17�-
stradiol (Perkin-Elmer Life Sciences, Boston, MA; specific activity
1 Ci per mmol) and total HDL, containing both [3H]estradiol and
3H]estradiol fatty acyl esters, was isolated as described above.
solated HDL-associated [3H]estradiol had a radioactivity of approx-
mately 100 c.p.m. per �g total HDL protein. All HDL preparations

ere purified by size-exclusion chromatography (Sephadex G-25,
olumn dimensions, 2 cm × 20 cm or 1 cm × 20 cm: GE Healthcare,
ppsala, Sweden) [16]. [3H]acLDL and LDL were purified by exten-
ive dialysis against LDL buffer containing 150 mM NaCl and 1 mM
DTA, pH 7.4 [22].
.3. Cell culture

THP-1 cells (human acute monocytic leukemia cells; American
ype Culture Collection, Monassas, VA, catalog no. TIB-202) were
aintained in phenol-red free RPMI 1640 medium supplemented
ry & Molecular Biology 116 (2009) 44–49 45

with 100 U ml−1 penicillin and 100 �g ml−1 streptomycin, 2 mM l-
glutamine, and 10% (v/v) fetal bovine serum. To differentiate cells
into macrophages, cells were plated onto 24-well plates at a den-
sity of 1.5 × 106 cells per well and 100 nM phorbol 12-myristate
13-acetate (PMA; Sigma–Aldrich, St. Louis, MO) was added to the
cell media at day 0. At day 3, the cells were washed with phosphate-
buffered saline, pH 7.4 (PBS) twice and then loaded with 25 �g of
[3H]acLDL total protein in media containing lipoprotein deficient
bovine serum (5%, v/v) [21,22]. At day 5, the cells were washed with
PBS twice and incubated with the experimental samples for 16 h.
For experiments using the estrogen receptor antagonist, fulvestrant
(FaslodexTM; ICI 182,780; AstraZeneca, Cheshire, UK) and/or the
SR-BI inhibitors, BLT1 (blocking lipid transporter-1; ChemBridge,
San Diego, CA), SR-BI blocking antibody, raised against amino acid
residues 230–280 in the extracellular domain of scavenger receptor
class B (Scavenger receptor class I + II antibody, number ab36970,
Abcam, Cambridge, UK) or a non-specific antibody, isolated from
immunized rabbits, cells were pretreated for 90 min with 1 �M of
ICI 182,780 or 10 �M of BLT1 or 60 min with 200 �g ml−1 blocking
antibodies in serum-free media at 37 ◦C and then the experi-
mental samples were incubated with the cells without removing
the inhibitors [16,23,24]. For experiments using HDL-associated
[3H]estradiol, 360 �g of total HDL was added to differentiated, non-
radiolabeled acLDL loaded, macrophages and incubated as outlined
above. At the end of the incubation period, the cellular media was
removed and put into a tube. Cells were washed twice with PBS and
then 0.2 M NaOH was added to the cell monolayer. Radioactivity was
measured in the media and cellular fractions by scintillation count-
ing. Percentage cholesterol efflux was expressed as the percentage
of media [3H]cholesterol from the total amount of [3H]cholesterol
(intracellular and media [3H]cholesterol). Total macrophage protein
was then determined from the 0.2 M NaOH cell extracts.

2.4. Preparation of estradiol fatty acyl ester containing HDL
particles

Estradiol 17�-monooleate (kindly provided by Dr. K. Wähälä)
was loaded into male HDL or bovine serum albumin (BSA) by using
a Celite 545 AW (Sigma–Aldrich, St. Louis, MO) transfer system
[17,25]. Celite 545 (33 mg) and 3 �mol ml−1 estradiol oleate was
added to 1 ml of chloroform, mixed, and the chloroform was evap-
orated under N2. HDL (1 mg HDL protein) or 1 mg BSA was added
to the Celite dispersion, mixed, and incubated at 37 ◦C for 24 h.
Next, Celite beads were pelleted with low-speed centrifugation
(at 3000 rpm for 30 min). The supernatant was removed, filtered
through a Millipore filter (0.22 �m) and applied to a Sephadex G-25
chromatographic column to remove unbound estradiol oleate and
EDTA. As a control, HDL, BSA, or RPMI cell media lacking estradiol
were processed in the same way. The estradiol oleate was tested
prior to the Celite incubations by TLC for purity.

2.5. Quantification of estradiol in lipoprotein and serum fractions

Free (non-esterified) and esterified estradiol in different sam-
ples were determined by an established method [26]. Briefly, an
internal standard, [3H]estradiol-3,17�-dioleate was added to each
sample and then lipids were extracted four times with 2.5 vol-
umes of diethyl ether-ethyl acetate (1:1, v/v) and evaporated to
dryness under N2. Sephadex LH-20 chromatography (Pharmacia
Biotech, Uppsala, Sweden) was used to isolate estradiol fractions.
Samples, dissolved in hexane–chloroform (1:1, v/v), were applied

to a 5-cm column containing a Sephadex LH-20 slurry. Estradiol
esters were eluted using hexane–chloroform and the free estra-
diol was then eluted with methanol. Estradiol ester fractions were
hydrolyzed, neutralized, and then the organic phase was removed
and the lipids were again extracted with diethyl ether, dried under
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Fig. 1. 17�-Estradiol oleate enriched HDL- or BSA-mediated cholesterol efflux from
THP-1 macrophage foam cells. Estradiol oleate (3 �mol) was incorporated into
either 1 mg (as protein) of male HDL or BSA by using a Celite 545 AW transfer
system, as described in Section 2. Differentiated THP-1 macrophages loaded with
[3H]cholesterol oleate labeled acetylated LDL were incubated in the presence of
25 �g (as HDL-protein) of HDL- or BSA-containing estradiol oleate, HDL or BSA
without hormone. After incubation cholesterol efflux was evaluated as the per-

3
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2, and dissolved in hexane–chloroform (1:1, v/v) and subjected
o LH-20 chromatography. Estradiol in either the ester or free
ractions were quantitated by time-resolved fluoroimmunoassay
TR-FIA). Instruments and related reagents were obtained from

allac Oy (PerkinElmer), Turku, Finland. Dissociation-enhanced
anthanide fluoroimmunoassay (DELFIA) technique was performed
sing the samples, controls (estradiol-17�-sterate in serum or
istilled water), and calibrators (non-radioactive 17�-estradiol
Steraloids, Inc.)). The results were adjusted to reflect the recovery
ased on the internal standard and dilution factors used.

.6. [3H]estradiol cellular uptake

Purified HDL containing [3H]estradiol or the intracellular
nd extracellular fractions after the cell incubations with HDL-
3H]estradiol were applied to Sephadex LH-20 hydrophobic
hromatography columns to separate the [3H]estradiol ester from
he free [3H]estradiol based on an existing protocol [16,26]. The

ethod for LH-20 chromatography is outlined in Section 2.5.

.7. Cholesterol and triglyceride determination

Serum total cholesterol (TC) and triglycerides (TG) were deter-
ined with an automated Cobas Mira analyser (Hoffman-La Roche,

asel, Switzerland) by enzymatic methods (Hoffman-La Roche kits
0722138 and #0715166, respectively). Serum HDL-C was quan-

ified by phosphotungstic acid/magnesium chloride precipitation
rocedures (Hoffman-La Roche kit #0720674). Serum low-density

ipoprotein cholesterol (LDL-C) was calculated from the Friedewald
ormula [LDL cholesterol = TC-(HDL-C)-TG/2.2] [27].

.8. Apolipoprotein A-I and E analysis

ApoA-I and E were quantified by ELISA assays as described
28,29].

.9. Thin-layer chromatography

Analysis of BSA-associated estradiol oleate or BSA was per-
ormed by TLC method as described [30].

.10. Other methods

Protein from the isolated lipoprotein fractions was quantified by
he Lowry method [31].

.11. Statistics

Paired student’s t-tests were used to assess the statistically sig-
ificant differences. Means and standard errors of the mean are
resented.

. Results

To determine the role that HDL-associated estradiol esters
lay in mediating macrophage cholesterol efflux potential, male
DL, enriched with estradiol oleate, was incubated with differ-
ntiated THP-1 macrophage cells (loaded with [3H]cholesterol
leate labeled acLDL) for 16 h and the cholesterol efflux poten-
ial, expressed as percentage media [3H]cholesterol, was measured.
esults assessing the media [3H]cholesterol c.p.m. per milligram

f cell protein were similar to the percentage values (unpublished
ata).

Fig. 1 shows the media cholesterol efflux percentage after 16 h
f incubation with HDL-associated estradiol oleate, male HDL,
SA-associated estradiol oleate, BSA, and RPMI media with no
centage [ H]cholesterol effluxed to media after 16 h. Triplicate wells were used in
incubations. Data is expressed as the mean ± S.E. of 3 independent experiments
using different preparations of HDL-associated estradiol oleate Celite preparations.
*P ≤ 0.05 and ‡P ≤ 0.001.

acceptor. Maximum stimulation of cholesterol efflux was caused by
HDL-associated estradiol oleate (Fig. 1; male HDL + estradiol-oleate,
30.3 ± 1.6%; male HDL, 22.7 ± 0.7%; BSA + E2-oleate, 16.9 ± 0.6%;
BSA, 13.9 ± 0.6%). BSA-associated estradiol oleate had a significantly
greater percentage of cholesterol efflux compared to BSA lacking
estradiol oleate. BSA-associated estradiol oleate was included in
these experiments to emphasize the importance of HDL as a car-
rier of estradiol esters and as a facilitator for estradiol-mediated
macrophage cholesterol efflux.

Table 1 represents the quantification of free and esterified estra-
diol in serum and male HDL after Celite incubations. The levels
of serum free and esterified estradiol displayed similar pattern as
reported previously for females and males [32]. BSA-associated
estradiol oleate was confirmed by TLC analysis (unpublished data).

Since HDL-associated estradiol oleate promoted an enhance-
ment in macrophage cholesterol efflux compared to male HDL,
SR-BI, a major cellular HDL receptor, and estrogen receptors were
tested for their involvement in this process (Fig. 2A and B). Inhibi-
tion of SR-BI, by BLT1 (Fig. 2A) or a specific SR-BI blocking antibody
(Fig. 2B), attenuated the enhanced effect on cholesterol efflux,
from [3H]acLDL loaded macrophages, by HDL-associated estra-
diol oleate, and yielded similar values to male HDL. Cholesterol
efflux enhancement by HDL-associated estradiol oleate was also
impeded by ICI, an anti-estrogen. When BLT1 or SR-BI blocking
antibody and ICI were coincubated with HDL-associated estradiol
oleate, HDL-associated estradiol oleate was less effective to stim-
ulate cholesterol efflux potential than male HDL. Male HDL did
not show any significant differences in cholesterol efflux potential
upon inhibitor treatment (Fig. 2A: male HDL + E2 oleate, 30.1 ± 1.3%;
male HDL + E2 oleate + BLT1, 22.7 ± 1.5%; male HDL + E2 oleate + ICI,
23.3 ± 1.6%; male HDL + E2 oleate + BLT1 + ICI, 21.6 ± 0.8%; Fig. 2B:
male HDL + E2 oleate, 28.6 ± 1.9%; HDL + E2 oleate + SR-BI block-
ing antibody, 24.1 ± 1.4%; male HDL + E2 oleate + ICI, 23.3 ± 1.6%;
male HDL + E2 oleate + SR-BI blocking antibody + ICI, 22.5 ± 0.9%).
In addition, we did not find any significant differences employing
either BLT1 or SR-BI blocking antibody on the attenuation in HDL-

associated estradiol oleate mediated cholesterol efflux potential.

Fig. 3 illustrates macrophage uptake of HDL-associated
[3H]estradiol esters and their hydrolysis after the incubation
time period of 16 h. After LH-20 chromatography, HDL-associated
[3H]estradiol was presented as 91% [3H]estradiol esters and 9%
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Table 1
Estradiol (expressed as free and fatty acyl esters) quantification in serum and HDL.

Male Female

Ester Free Ester Free

Serum (pmol ml−1 E2) 0.064
(0.057–0.071)

0.069
(0.063–0.072)

0.097
(0.069–0.129)

0.173
(0.069–0.274)

Celite Incubations

Male HDL + E2-oleate 20.74 ND

E nd HDL. ND = not detectable. Values represent 3 independent isolations/preparations of
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(pmol E2 mg−1 HDL prot.) (11.54–29.93)

stradiol (E2) median and range values (in parentheses) are presented for serum a
amples.

ree [3H]estradiol. After the 16 h time of incubating HDL-associated
3H]estradiol esters with differentiated, non-tritiated acetylated

holesterol ester loaded macrophages, the intracellular distribu-
ion of HDL-associated [3H]estradiol was 70.1% esterified and 29.9%
ree. SR-BI and estrogen receptor inhibition resulted in a decrease
n overall [3H]estradiol counts but did not change the percent dis-
ribution of intracellular ester to free estradiol.

ig. 2. Effect of SR-BI and estrogen receptor antagonist treatment on 17�-estradiol
leate enriched HDL-mediated cholesterol efflux from THP-1 macrophage foam
ells. (A) Macrophages loaded with [3H]cholesterol oleate-acetylated LDL were pre-
reated for 90 min with either 10 �M of BLT1 (a SR-BI chemical inhibitor), 1 �M of
CI (estrogen receptor antagonist), BLT1 and ICI together, or vehicle. 17�-Estradiol
leate enriched male HDL (25 �g HDL protein; male HDL + estradiol oleate) or
ale HDL lacking estradiol oleate (25 �g HDL protein; male HDL) was then added

o the media. Cells were also treated with media containing only the respective
nhibitors but lacking HDL (no acceptor; BLT1, ICI, or BLT1 + ICI) and [3H]cholesterol
fflux from macrophages was measured as indicated in Fig. 1 and in Section 2. (B)
3H]cholesterol oleate acetyl LDL loaded macrophages were pretreated for 60 min
ith either 200 �g ml−1 of SR-BI blocking antibody or non-specific antibody. Next,
ale HDL with or without Celite facilitated estradiol oleate enrichment (25 �g HDL

rotein; HDL-E2, HDL, respectively) was added to the incubation media and treated
xactly as in panel A (above). Cells were cultured in triplicate wells. Data is expressed
s the mean ± S.E. of 3 independent experiments using different preparations of
DL-E2-oleate-Celite preparations.
≤ 0.05 and ‡P ≤ 0.001.

Fig. 3. Internalization of HDL-derived estradiol ester in THP-1 cells. Male serum and
[3H]17�-estradiol was incubated for 24 h at 37 ◦C. Total HDL containing [3H]estradiol
(360 �g HDL protein) was isolated and incubated with acetylated LDL containing
non-labeled cholesterol oleate loaded THP-1 cells in the absence (HDL-[3H]E2-
FAE) or presence of 10 �M of BLT-1, 1 �M ICI, or BLT-1 and ICI together. Cellular
lipids were extracted and [3H]estradiol and [3H]estradiol esters were separated by
LH-20 chromatography, as described in Section 2. Vertical bar divides the ester
fraction (hexane–chloroform extraction) to the unesterified fraction (methanol
extraction). Prior to the incubation, HDL-containing [3H]estradiol partitioned as
91% [3H]estradiol fatty acyl esters and 9% as free [3H]estradiol. Intracellular
[3H]estradiol (c.p.m.) as a function of the elution volume is depicted and the dis-

tribution of esterified and free estradiol (unesterified) is marked, respectively. Cells
were cultured in 15-cm plates. Figure data is a representative of two replicate
experiments.

To assess the difference in premenopausal female and male
serum or isolated total HDL stimulated macrophage cholesterol
efflux, each were incubated with [3H]acLDL loaded macrophages
and then cholesterol efflux potential was determined. Pre-
menopausal female serum (0.5%, v/v) and HDL stimulated
greater cholesterol efflux percentages compared to the respective
male samples (Fig. 4A; female serum, 40.2 ± 2.2%; male serum,
28.7 ± 1.0%; female total HDL-fraction, 32.8 ± 2.3%; male total
HDL-fraction, 25.9 ± 2.6%). BLT1 and ICI treatment eliminated the
difference in macrophage cholesterol efflux between female and
male HDL.

Table 2 outlines the lipid and apolipoprotein profiles in pooled
serum from either four premenopausal or four age-matched males.
Three different pools were collected and these data represent the
mean values. No significant differences were detected.

4. Discussion
The presence of estradiol esters in female HDL prompts the
question of their function and the likely protective nature against
atherosclerosis. Causes of the gender-specific differences in foam
cell cholesterol efflux potential remain unclear. These results pro-
vide a novel and preliminary mechanism by which HDL-associated
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Fig. 4. Gender-specific serum and total HDL-mediated cholesterol efflux from
[3H]acetyl LDL cholesterol oleate loaded THP-1 macrophage foam cells. Combined
serum from either four non-pregnant, premenopausal women or from four aged-
matched males was collected and total HDL was isolated from the respective
preparations. (A) Premenopausal female serum (0.5%, v/v), female total HDL (25 �g
HDL protein), male serum (0.5%, v/v), male total HDL (25 �g HDL protein), or apoA-I
(15 �g), was added to wells and incubated for 16 h at 37 ◦C with differentiated THP-1
macrophages loaded with [3H]cholesterol oleate-acetylated LDL. Data is expressed
as the [3H]cholesterol efflux percentage, as described in Section 2. (B) Cells were
pretreated for 90 min with 10 �M BLT1, 1 �M ICI, or BLT1 and ICI together. Female or
male total HDL (25 �g HDL protein, respectively) was added to the wells and incu-
bated for 16 h. Cells were also treated with media containing only the respective
inhibitors but lacking HDL (no acceptor; BLT1, ICI, or BLT1 + ICI) and macrophage
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3H]cholesterol efflux was measured as indicated in Fig. 1 and in Section 2. Cells
ere treated in triplicate wells and data is expressed as the mean ± S.E. of three

xperiments using different preparations of serum and HDL from human volunteers.
P ≤ 0.05.

7�-estradiol fatty acyl ester and also natural, premenopausal

omen’s HDL favorably affect cholesterol efflux from macrophage

oam cells. We demonstrated that this occurs by a process involving
R-BI and estrogen receptors. Since macrophage foam cell devel-
pment is a critical stage in atherosclerosis and there is a clear
ifference in the atherosclerosis risk between the genders, the

able 2
erum lipid levels, apoA-I, and apoE levels in premenopausal female and male
ubjects.

Female Male P

ge (range) 38 (29–45) 37 (31–55)
3 3

holesterol (mmol l−1) 4.78 ± 0.9 4.53 ± 1.1 NS
DL-C (mmol l−1) 2.71 ± 0.5 2.59 ± 0.5 NS
DL-C (mmol l−1) 1.56 ± 0.2 1.47 ± 0.3 NS
poA-I (g l−1) 1.47 ± 0.9 1.32 ± 0.4 NS
poE (mg l−1) 35.6 ± 0.3 31.0 ± 0.2 NS
riglycerides (mmol l−1) 1.05 ± 0.3 1.14 ± 0.1 NS

ata is expressed as mean ± S.D. and are from data collected from 3 independent
ooled samples taken from human volunteers. NS = P > 0.05.
ry & Molecular Biology 116 (2009) 44–49

effect of estradiol esters, transported by HDL to macrophages, may
be an important regulatory mechanism in atherosclerosis develop-
ment.

To highlight the importance of estradiol esters in mediating
macrophage cholesterol efflux potential, we loaded male HDL with
estradiol oleate by a hydrophobic exchange reaction using the
Celite approach. The amount of estradiol ester present was 300-
fold greater than the amount detected in female HDL (Table 1).
Incubating HDL-associated estradiol oleate with macrophage foam
cells promoted a significantly greater cholesterol efflux percent-
age after 16 h, a time course commonly used in cholesterol
efflux experiments, compared to non-loaded HDL or BSA with
or without estradiol oleate (Fig. 1). Firstly, this demonstrates
that estradiol oleate has an effect on macrophages and sec-
ondly, that HDL is a potent carrier of estradiol oleate to stimulate
these effects. Since HDL is required for the observed enhanced
cholesterol efflux and SR-BI participates in estradiol uptake in
hepatocytes [16], we considered that HDL receptors may play
a role also in macrophages. Inhibiting SR-BI with BLT1 resulted
previously [16] in a marked decrease in HDL-estradiol’s effect
(Fig. 2A). A related investigation into HDL-associated estradiol
’s effect on cells employed the ICI antiestrogenic compound [12].
Therefore, we used ICI to test the influence of estrogen receptors on
macrophage cholesterol efflux. ICI treatment also resulted in a sig-
nificant decrease in efflux and combined use of ICI and BLT1 did not
add further to the reduction of cholesterol efflux potential (Fig. 2A).
In order to confirm that the results were not inaccurate due to a non-
selective reaction of BLT1 to the cells rather than inhibiting SR-BI
exclusively, we used a blocking antibody to SR-BI and found sim-
ilar results to BLT1 treated cells (Fig. 2B). These results imply that
SR-BI and estrogen receptors manage the enhanced macrophage
cholesterol efflux potential stimulated by HDL-associated estradiol
oleate.

To determine if estradiol is internalized by macrophage cells, we
radiolabeled HDL with [3H]estradiol. Incubations of [3H]estradiol
with serum results in esterified estradiol stemming from the LCAT
reaction [16,18]. After 16 h, the cells internalized and hydrolyzed
estradiol esters into their free state (Fig. 3). SR-BI inhibition with
BLT1 resulted in a 75% reduction in the total amount of intracellu-
lar [3H]estradiol counts, which strengthens SR-BI’s importance in
this mechanism. ICI treatment showed approximately a 50% reduc-
tion in internalization of [3H]estradiol counts (Fig. 3). Therefore,
functional estrogen receptors and SR-BI significantly contribute to
HDL-associated estradiol ester internalization.

We next tested the effect of premenopausal female or male
serum and HDL on macrophage cholesterol efflux. Premenopausal
female serum and HDL showed significantly greater cholesterol
efflux potential compared to males (Fig. 4A and B). Premenopausal
female serum and HDL showed significantly greater cholesterol
efflux potential compared to males (Fig. 4A and B). Also, pre-
menopausal female serum had higher median estradiol content
(Table 1) and correspondingly, Gong et al. [12] showed that
HDL from premenopausal women have greater estradiol quan-
tities compared to HDL from males, which have non-detectable
amounts. Interestingly, there was no significant difference between
female HDL (female HDL, Fig. 4) and supraphysiologic HDL (male
HDL + estradiol oleate, Fig. 1) on macrophage cholesterol efflux. We
think that an explanation for this is that the Celite incubations with
estradiol oleate and male HDL may have modified the HDL particle
to be less efficient for cellular estradiol uptake and the orientation of
estradiol ester in the HDL particle, after these incubations, may not

have been positioned properly for maximum effect as compared
to the estradiol in the native HDL from premenopausal women.
It is also possible that there is a limit to the amount of estradiol
ester that is needed to cause these effects on cholesterol efflux.
The fact that male HDL, loaded with estradiol ester, can trigger a
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ignificant increase in cholesterol efflux compared to male HDL
acking it, demonstrates that estradiol esters do modulate these
ffects.

This investigation contains certain limitations. First, the speci-
city of ICI for estrogen receptors is somewhat unknown and the
ossible cooperativity between estrogen receptors and SR-BI needs
o be further investigated. Secondly, since we conducted a pilot
xperiment to test whether a difference in macrophage cholesterol
fflux between premenopausal women and males exists, the small
ample population used here makes it difficult to draw conclu-
ions about the results obtained and an investigation with a larger
opulation is warranted.

In summary, we have demonstrated here that HDL targets
stradiol fatty acyl esters to macrophage cells and estradiol ester-
timulated cholesterol efflux is dependent on SR-BI and estrogen
eceptors. These esters undergo cellular internalization and get lib-
rated into free estradiol over time. This investigation lends novel
vidence that macrophage cholesterol efflux by HDL is enhanced
y HDL-associated estradiol fatty acyl esters.

cknowledgements

The authors address Päivi Ihamuotila, Sari Nuutinen, and Helinä
erttunen-Nio for their excellent technical assistance. This inves-
igation was financially supported by the Finnish Foundation for
ardiovascular Research (MJ), Sigrid Juselius Foundation (MJ) and
aavo Nurmi Foundation (RMB) and the Paulo grant foundation
RMB). We wish to thank Dr. Maija Badeau for thorough editing
f this manuscript.

eferences

[1] M.E. Mendelsohn, R.H. Karas, The protective effects of estrogen on the cardio-
vascular system, N. Engl. J. Med. 340 (1999) 1801–1811.

[2] M.E. Mendelsohn, R.H. Karas, Molecular and cellular basis of cardiovascular
gender differences, Science 308 (2005) 1583–1587.

[3] P. Jousilahti, E. Vartiainen, J. Tuomilehto, P. Puska, Sex, age, cardiovascular risk
factors, and coronary heart disease: a prospective follow-up study of 14786
middle-aged women and men in Finland, Circulation 99 (1999) 1165–1172.

[4] E.J. Schaefer, D.M. Foster, L.A. Zech, F.T. Lindgren, H.B. Brewer Jr., R.I. Levy, The
effects of estrogen administration on plasma lipoprotein metabolism in pre-
menopausal females, J. Clin. Endocrinol. Metab. 57 (1983) 262–267.

[5] J. Arnlöv, M.J. Pencina, S. Amin, B.H. Nam, E.J. Benjamin, J.M. Murabito, T.J. Wang,
P.E. Knapp, R.B. D’Agostino Sr., S. Bhasin, R.S. Vasan, Endogenous sex hormones
and cardiovascular disease incidence in men, Ann. Intern. Med. 145 (2006)
176–184.

[6] P. Linsel-Nitschke, A.R. Tall, HDL as a target in the treatment of atherosclerotic
cardiovascular disease, Nat. Rev. Drug Discov. 4 (2005) 193–205.

[7] A.C. Li, C.K. Glass, The macrophage foam cell as a target for therapeutic inter-
vention, Nat. Med. 8 (2002) 1235–1242.

[8] W. Jessup, C. Gelissen, K. Gaus, L. Kritharides, Roles of ATP binding cassette
transporters A1 and G1, scavenger receptor BI and membrane lipid domains in
cholesterol transport from macrophages, Curr. Opin. Lipidol. 17 (2006) 247–257.

[9] M. Napolitano, I. Blotta, A. Montali, E. Bravo, 17�-Estradiol enhances the flux of
cholesterol through the cholesterol ester cycle in human macrophages, Biosci.
Rep. 21 (2001) 637–652.
10] R.W. Sulistianyi, St. Clair, Effect of 17 beta-estradiol on metabolism of acety-
lated low-density lipoprotein by THP-1 macrophages in culture, Arterioscler.
Thromb. Vasc. Biol. 17 (1997) 1691–1700.

11] G. Catalano, E. Duchene, Z. Julia, W. Le Goff, E. Bruckert, M.J. Chapman, M. Guerin,
Cellular SR-BI and ABCA1-mediated cholesterol efflux are gender-specific in
healthy subjects, J. Lipid Res. 49 (2008) 635–643.

[

ry & Molecular Biology 116 (2009) 44–49 49

12] M. Gong, M. Wilson, T. Kelley, W. Su, J. Dressman, J. Kincer, S.V. Matveev, L. Guo,
T. Guerin, X. Li, W. Zhu, A. Uittenbogaard, E.J. Smart, HDL-associated estradiol
stimulates endothelial NO synthase and vasodilation in an SR-BI dependent
manner, J. Clin. Invest. 111 (2003) 1579–1587.

13] L. Janoko, R.B. Hochberg, Estradiol fatty acid esters occur naturally in human
blood, Science 222 (1983) 1334–1336.

14] H. Helisten, A. Höckerstedt, K. Wähälä, A. Tiitinen, H. Adlercreutz, M. Jauhiainen,
M.J. Tikkanen, Accumulation of high-density lipoprotein-derived estradiol-17�
fatty acid esters in low-density lipoprotein particles, J. Clin. Endocrinol. Metab.
86 (2001) 1294–1300.

15] V. Vihma, A. Tiitinen, O. Ylikorkala, M.J. Tikkanen, Quantitative determination of
estradiol fatty acid in lipoprotein fractions in human blood, J. Clin. Endocrinol.
Metab. 88 (2003) 2552–2555.

16] R.M. Badeau, J. Metso, M.J. Tikkanen, M. Jauhiainen, High-density lipoprotein-
associated 17�-estradiol fatty acyl ester uptake by Fu5AH hepatoma cells:
implications for the roles of scavenger receptor class B, type I and
the low-density lipoprotein receptor, Biochim. Biophys. Acta 1771 (2007)
1329–1334.

[17] Q.-H. Meng, A. Höckerstedt, S. Heinonen, K. Wähälä, H. Adlercreutz, M.J.
Tikkanen, Antioxidant protection of lipoproteins containing estrogens: in vitro
evidence for low- and high-density lipoproteins as estrogen carriers, Biochim.
Biophys. Acta 1439 (1999) 331–340.

18] A. Höckerstedt, M. Jauhiainen, M.J. Tikkanen, Lecithin/cholesterol acyl-
transferase induces estradiol esterfication in high-density lipoprotein,
increasing its antioxidant potential, J. Clin. Endocrinol. Metab. 89 (2004)
5088–5093.

19] M.R. Brodeur, L. Brissette, L. Falstrault, V. Luangrath, R. Moreau, Scavenger recep-
tor of class B expressed by osteoblastic cells are implicated in the uptake of
cholesterol ester and estradiol from LDL and HDL3, J. Bone Miner. Res. 23 (2008)
326–337.

20] R.J. Havel, H.A. Eder, J.H. Bragdon, The distribution and chemical composition
of ultracentrifugally separated lipoproteins in human serum, J. Clin. Invest. 34
(1955) 1345–1353.

21] J.L. Goldstein, Y.K. Ho, S.K. Basu, M.S. Brown, Binding site on macrophages that
mediates uptake and degradation of acetylated low density lipoprotein, pro-
ducing massive cholesterol deposition, Proc. Natl. Acad. Sci. U.S.A. 76 (1979)
333–337.

22] R. Vikstedt, J. Metso, J. Hakala, V.M. Olkkonen, C. Ehnholm, M. Jauhiainen,
Cholesterol efflux from macrophage foam cells is enhanced by active phos-
pholipid transfer protein through generation of two types of acceptor particles,
Biochemistry 46 (2007) 11979–11986.

23] A.E. Wakeling, J. Bowler, ICI 182,780, a new antioestrogen with clinical potential,
J. Steroid Biochem. Mol. Biol. 43 (1992) 173–177.

24] S. Matveev, A. Uittenbogaard, D. van der Westhuyzen, E.J. Smart, Caveolin-
1 negatively regulates SR-BI mediated selective uptake of high-density
lipoprotein-derived cholesterol ester, Eur. J. Biochem. 268 (2001) 5609–5616.

25] J. Avigan, A method for incorporating cholesterol and other lipids into serum
lipoproteins in vitro, J. Biol. Chem. 234 (1959) 787–790.

26] V. Vihma, H. Adlercreutz, A. Tiitinen, P. Kiuru, K. Wähälä, M.J. Tikkanen, Quan-
titative determination of estradiol fatty acid esters in human pregnancy serum
and ovarian follicular fluid, Clin. Chem. 47 (2001) 1256–1262.

27] W.T. Friedewald, R.I. Levy, D.S. Fredrickson, Estimation of the concentration
of low-density lipoprotein cholesterol in plasma, without use of preparative
ultracentrifuge, Clin. Chem. 18 (1972) 499–502.

28] S. Siggins, M. Jauhiainen, V.M. Olkkonen, J. Tenhunen, C. Ehnholm, PLTP secreted
by HepG2 cells resembles the high-activity PLTP form in human plasma, J. Lipid
Res. 44 (2003) 1698–1704.

29] M. Kärkkäinen, T. Oka, V.M. Olkkonen, J. Metso, H. Hattori, M. Jauhiainen, C.
Ehnholm, Isolation and partial characterization of the inactive and active forms
of human plasma phospholipid transfer protein (PLTP), J. Biol. Chem. 277 (2002)
15413–15418.

30] A. Höckerstedt, M.J. Tikkanen, M. Jauhiainen, LCAT facilitates transacylation of
17 beta-estradiol in the presence of HDL3 subfraction, J. Lipid Res. 43 (2002)
392–397.
32] V. Vihma, S. Vehkavaara, H. Yki-Järvinen, H. Hohtari, M.J. Tikkanen, Differential
effects of oral and transdermal estradiol treatment on circulating estradiol fatty
acid ester concentrations in postmenopausal women, J. Clin. Endocrinol. Metab.
88 (2003) 588–593.


	Human macrophage cholesterol efflux potential is enhanced by HDL-associated 17beta-estradiol fatty acyl esters
	Introduction
	Materials and methods
	Human plasma lipoproteins
	Labeling of lipoproteins
	Cell culture
	Preparation of estradiol fatty acyl ester containing HDL particles
	Quantification of estradiol in lipoprotein and serum fractions
	[3H]estradiol cellular uptake
	Cholesterol and triglyceride determination
	Apolipoprotein A-I and E analysis
	Thin-layer chromatography
	Other methods
	Statistics

	Results
	Discussion
	Acknowledgements
	References


