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performs similar functions in coordinating the transport 
of lipids among various cell types in the CNS ( 3, 4 ). ApoE 
receives lipids from the cholesterol and phospholipid 
transporter ABCA1 and delivers its lipid cargo to recipient 
cells primarily through binding and endocytosis of the 
low-density lipoprotein receptor (LDLR) ( 5, 6 ). ApoE also 
binds several additional receptors, including LDLR-related 
protein (LRP), apoE receptor 2 (apoER2), and VLDL 
receptor, which result in activation of signaling pathways 
important for neuronal function ( 7 ). 

 Humans possess three allelic isoforms of the 299 amino 
acid apoE protein: apoE2 (Cys112, Cys158), apoE3 
(Cys112, Arg158), and apoE4 (Arg112, Arg158) ( 8 ). The 
human apoE sequence differs considerably from that of 
mice ( 9 ). ApoE4 increases Alzheimer disease (AD) risk 
and reduces age of onset of AD, whereas apoE2 delays 
AD onset and reduces risk ( 10–12 ). These effects are be-
lieved to be due in part to isoform-specifi c differences in 
A �  metabolism, as apoE4 prolongs A �  half-life in brain 
interstitial fl uid ( 13 ) and promotes oligomerization of A �  
both in vivo and in vitro ( 14 ). As apoE can bind to A �  
primarily through interactions with the lipid-binding am-
phipathic  � -helical region of apoE ( 15, 16 ), the lipidation 
status of apoE may infl uence its interaction with A � . ApoE4 
has a poor ability to accept lipids, as approximately twice 
as much cholesterol and phospholipid can be effl uxed to 
apoE3 compared with apoE4 in cultured astrocytes ( 17 ). 
Also, uptake of apoE4 by neurons impairs glutamate re-
ceptor function and apoER2 receptor recycling, leading 
to reduced Reelin-induced long-term potentiation and 

      Abstract   Apolipoprotein E (apoE) is the major lipid carrier 
in the central nervous system. As apoE plays a major role in 
the pathogenesis of Alzheimer disease (AD) and also medi-
ates repair pathways after several forms of acute brain in-
jury, modulating the expression, secretion, or function of 
apoE may provide potential therapeutic approaches for 
several neurological disorders. Here we show that proges-
terone and a synthetic progestin, lynestrenol, signifi cantly 
induce apoE secretion from human CCF-STTG1 astrocytoma 
cells, whereas estrogens and the progesterone metabolite al-
lopregnanolone have negligible effects. Intriguingly, lynestre-
nol also increases expression of the cholesterol transporter 
ABCA1 in CCF-STTG1 astrocytoma cells, primary murine 
glia, and immortalized murine astrocytes that express hu-
man apoE3. The progesterone receptor inhibitor RU486 at-
tenuates the effect of progestins on apoE expression in 
CCF-STTG1 astrocytoma cells but has no effect on ABCA1 
expression in all glial cell models tested, suggesting that the 
progesterone receptor (PR) may participate in apoE but 
does not affect ABCA1 regulation.   These results suggest 
that selective reproductive steroid hormones have the po-
tential to infl uence glial lipid homeostasis through liver 
X receptor-dependent and progesterone receptor-dependent 
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  Apolipoprotein E (apoE) is the major lipoprotein pro-
duced in the central nervous system (CNS), where it is se-
creted from astrocytes and microglia ( 1 ). Although CNS 
apoE does not intermingle with the pool of peripheral 
apoE produced by hepatocytes and macrophages ( 2 ), it 

 This work was supported by grants from the Canadian Institutes of Health 
Research, Alzheimer’s Drug Discovery Foundation, and Alzheimer’s Society of 
Canada (to C.L.W.); Child & Family Research Institute studentship (to J.F.); 
National Institutes of Health Grant HL-06088 and Howard Hughes Medical 
Institute grant (to P.T.); and Alzheimer’s Society of Canada grant (to 
L.A.M.G.). 

 Manuscript received 18 July 2013 and in revised form 19 August 2013. 

  Published, JLR Papers in Press, September 2, 2013  
 DOI 10.1194/jlr.M042473 

 Hormonal modulators of glial ABCA1 and apoE levels  

  Jianjia   Fan,  *   Yoko   Shimizu,   †    Jeniffer   Chan,  *   Anna   Wilkinson,  *   Ayaka   Ito,   §    Peter   Tontonoz,   §   
 Edie   Dullaghan,   †    Liisa A. M.   Galea,  **   Tom   Pfeifer,   †   and  Cheryl L.   Wellington   1, *  

 Department of Pathology and Laboratory Medicine* and Department of Psychology,**  University of British 
Columbia , Vancouver, BC,  Canada ;  Centre for Drug Research and Development , †  Vancouver, BC,  Canada ; 
and Department of Pathology, §   University of California Los Angeles , Los Angeles,  CA  

 Abbreviations: AD, Alzheimer disease; apoER2, apolipoprotein E 
receptor 2; CEE, conjugated equine estrogen; CNS, central nervous sys-
tem; DKO, double knockout; ER, estrogen receptor; ERK, extracellular 
signal-regulated kinase; GABA, gamma-aminobutyric acid; HTS, high-
throughput screen; LDLR, LDL receptor; LRP, LDLR-related protein; 
LXR, liver X receptor; MAPK, mitogen-activated protein kinase; MEF, 
mouse embryonic fi broblast; MPA, medroxyprogesterone acetate; OC, 
oral contraceptive; PR, progesterone receptor; RIPA, radioimmuno-
precipitation assay; SREBP-1c, sterol response element-binding protein 
1c; TBI, traumatic brain injury. 

  1  To whom correspondence should be addressed.  
  e-mail: cheryl@cmmt.ubc.ca 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of three fi gures. 



3140 Journal of Lipid Research Volume 54, 2013

 To identify alternative pathways by which apoE is regu-
lated, we performed a high-throughput screen (HTS) for 
compounds that increase apoE secretion from human 
CCF-STTG1 astrocytoma cells. Here we report that apoE 
secretion from CCF-STTG1 cells is signifi cantly enhanced 
by the synthetic progestin lynestrenol and moderately 
stimulated by progesterone. Intriguingly, progesterone 
and lynestrenol use multiple mechanisms to promote apoE 
secretion in CCF-STTG1 astrocytoma cells. Compared with 
GW3965, lynestrenol is a substantial LXR agonist with re-
spect to ABCA1 induction, progesterone has weaker LXR 
activity, and the progesterone metabolite allopregnano-
lone has none. In CCF-STTG1 cells, progesterone recep-
tor (PR) inhibition attenuates the ability of lynestrenol 
and progesterone to increase apoE expression but does 
not affect ABCA1 expression. Lynestrenol also stimulates 
ABCA1 expression in primary murine glia and immortal-
ized murine astrocytes that express human apoE3. Our 
observations offer new insights into how specifi c reproduc-
tive hormones may affect glial lipid homeostasis. 

 MATERIALS AND METHODS 

 Cell lines and reagents 
 Human CCF-STTG1 astrocytoma cells and human hepatoma 

HepG2 cells were purchased from ATCC (Manassas, VA). Immor-
talized LXR double-knockout (LXR �  � /LXR �  � ) and LXR � -
expressing (LXR � +) mouse embryonic fi broblasts (MEF) have 
been described ( 44 ). Astrocytes derived from human apoE3 or 
apoE4 knock-in mice that were immortalized by SV40 T antigen 
were obtained from Dr. David Holtzman ( 45 ). GW3965 was 
provided by Dr. Jon Collins (GlaxoSmithKline, NC). Estrone, 
17 � -estradiol, 17 � -estradiol, estriol, RU486 (Mifepristone), and 
recombinant human apoE3 were purchased from Sigma-Aldrich 
(St. Louis, MO). Recombinant human apoA-I was purchased 
from Calbiochem (now Millipore, Billerica, MA). Progesterone, 
allopregnanolone, and lynestrenol were purchased from Steral-
oids, Inc. (Newport, RI). Stocks of GW3965 (1 mM), RU486 (5 mM), 
17 � -estradiol (10 mM), progesterone (1 mM), allopregnanolone 
(6.25 mM), and lynestrenol (1 mM) were prepared in dimethyl 
sulfoxide (DMSO). 

 Cell culture and treatment 
 CCF-STTG1 and MEF cells were cultured in growth media 

consisting of Dulbecco’s modifi ed Eagle’s medium (DMEM) with 
10% fetal bovine serum (Gibco), 2 mM L-glutamine and 1% pen-
icillin/streptomycin (Invitrogen). Immortalized human apoE3- 
and apoE4-expressing astrocytes were maintained in the above 
growth media supplemented by 200 µg/ml Geneticin and 1 mM 
sodium pyruvate. HepG2 cells were cultured in the same growth 
media supplemented with 1 mM sodium pyruvate and 1× nones-
sential amino acids (Invitrogen). Primary mixed glia were pre-
pared from postnatal day 0–2 pups exactly as described ( 46 ). 
Glial cells were maintained in DMEM with 10% fetal bovine 
serum, 2 mM L-glutamine, and 1% penicillin/streptomycin 
(Invitrogen). Media was changed every 7 days until cells were 
fully confl uent at approximately 21 days, followed by reseeding 
for experiments as described below. 

 For dose-dependency experiments, CCF-STTG1 cells were 
seeded in 384-well plates at 17,500 cells/well in growth media, 

dysfunctional synaptic plasticity ( 18 ). ApoE  � / �   mice also 
have worse outcomes after traumatic brain injury (TBI), 
spinal cord injury, stroke, and ischemia ( 19–22 ), demon-
strating the potential of apoE function to promote repair 
and recovery after a variety of acute brain injuries. Meth-
ods to improve apoE function are therefore of great inter-
est as potential therapeutic approaches for both acute and 
chronic neurological conditions. 

 ABCA1 activity is a key regulator of apoE levels and func-
tion in the CNS ( 5 ). ABCA1 defi ciency leads to poorly lipi-
dated and rapidly degraded apoE in the CNS ( 5, 23 ), which 
reduces apoE levels and increases amyloid burden in AD 
mice ( 24–26 ). Conversely, selective overexpression of ABCA1 
increases CNS apoE lipidation and markedly decreases amy-
loid deposition in AD mice ( 27 ). ABCA1-mediated lipidation 
of apoE promotes the proteolytic degradation of A �  peptides 
( 28 ). The most established agents that increase ABCA1 activ-
ity and enhance apoE lipidation are liver-X-receptor (LXR) 
agonists. LXR � / �  are ligand-activated transcription factors 
of the nuclear hormone receptor superfamily that are acti-
vated by cholesterol-derived oxysterol ligands ( 29–32 ). LXR �  
is enriched in liver, adipose tissue, and macrophages, whereas 
LXR �  is ubiquitously expressed ( 33 ). LXR target genes regu-
late cholesterol and lipoprotein metabolism as well as infl am-
mation ( 34–36 ). Notably, apoE has potent anti-infl ammatory 
activities and may contribute to both lipid mobilization and 
reduced infl ammation in response to LXR activation ( 37 ). 
Consistent with the results obtained from selective loss of 
ABCA1, genetic defi ciency of either LXR �  or LXR �  increases 
amyloid burden in AD mice ( 38 ). 

 Importantly, LXR agonists show considerable effi cacy in 
maintaining cognitive function in several AD mouse models 
( 39–42 ). Synthetic LXR agonists, including TO901317 
and GW3965, cross the blood brain barrier and stimulate 
expression of many target genes, including ABCA1 and 
apoE ( 39–42 ). Treatment of multiple AD mouse models 
with TO901317 or GW3965 consistently improves memory 
and reduces A �  levels ( 39–42 ). Importantly, seven days of 
TO901317 treatment is suffi cient to produce cognitive 
benefi ts and increase cortical ABCA1 levels ( 40, 41 ), dem-
onstrating that LXR agonists may also be useful for acute 
indications. We recently showed that ABCA1 is required 
for several benefi cial effects of GW3965 in APP/PS1 mice, 
including increased cerebrospinal fl uid   (CSF) apoE pro-
tein, reduced amyloid load, and improved memory ( 41 ). 
These results suggest that increasing apoE lipidation 
may underlie some of the neuroprotective effects of LXR 
agonists. However, despite their effi cacy and tolerability 
in rodents, current LXR agonists have a signifi cant 
caveat that currently precludes their translation into 
human clinical trials. Specifi cally, these compounds also 
activate liver sterol response element binding protein 1c 
(SREBP-1c) and fatty acid synthase (FAS), which rapidly 
leads to hypertriglyceridemia and hepatic steatosis in 
species such as humans that express cholesterol ester 
transfer protein ( 43 ). As a result, the therapeutic poten-
tial of LXR agonists remains untapped, and alternative 
methods to enhance apoE function in the brain remain 
an important endeavor. 
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conditioning media with the same dosage of drugs as above ex-
cept that the treatment period was 72 h. 

 ApoE ELISA 
 For dose-dependency tests, ELISA plates (384-well, Thermo 

Scientifi c) were coated with anti-apoE capture antibody (Abcam, 
cat # ab7620) at 2.5 µg/ml in PBS at 4°C overnight, washed four 
times with 100 µl wash buffer (0.05% Tween 20 in PBS) using a 
plate washer (BioTek Instruments), and blocked for 1 h at room 
temperature   (RT) using 1% BSA in PBS (blocking buffer) dispensed 
with a Microfi ll microplate dispenser (BioTek Instruments). 
Media samples or standards (25 µl) were added to blocked wells 
using a Biomek FX laboratory automation workstation and incu-
bated for 1.5 h at RT. After washing four times as above, 25 µl of 
500 ng/ml anti-apoE detection antibody (Abcam, cat # ab20261) 
in blocking buffer was added, incubated for 1 h at RT, and washed 
four times as above. Peroxidase substrate (TMB, Sigma-Aldrich, 
25 µl) was then added, incubated for 15 min in the dark, followed 
by adding 25 µl of stop reagent (TMB substrate) using the Well-
mate Dispensor. Plates were immediately read at 450 nm ab-
sorbance. For analysis of media time-course experiments, a 
commercial ELISA kit was used (MBL, cat # 7635). In this case, 
unconcentrated media samples were diluted with assay diluent 
solution provided by the kit and measured according to the man-
ufacturer’s instruction. Plates were read at 450 nm absorbance. 

 Immunoblotting 
 RIPA cellular lysates were sonicated in a Branson 1510 water-

bath sonicator (Branson Ultrasonics, Danbury, CT) for 10 min. 
Protein concentration was determined by Lowry assay (Bio-Rad). 
Cellular proteins (20–40 µg/well) were mixed with loading dye 
containing 2% SDS, 1%  � -mercaptoethanol, and 5 U/µl DNaseI 
(Invitrogen). Unconcentrated conditioned media (40 µl/lane) 
was mixed with loading dye containing 2% SDS and 1% 
 � -mercaptoethanol. Samples were incubated for 5 min at 90°C 
and resolved on 10% Tris-HCl polyacrylamide gels. Proteins were 
transferred onto polyvinylidene difl uoride (PVDF, Millipore) 
membranes at 24 V overnight at 4°C. After blocking with 5% non-
fat milk in PBS for 1 h, membranes were probed overnight at 4°C 
with 1:1000 goat-anti-human apoE (Chemicon, cat# AB947) or 
1:1000 goat anti-murine apoE (Santa Cruz), 1:2000 monoclonal 
anti-ABCA1 (a gift from Dr. Michael Hayden), 1:500 goat anti-
human LDLR (R&D Systems) or 1:1000 goat-anti-murine LDLR 
(R&D Systems), or probed for 1 h at RT with 1:2000 rabbit anti-
LRP (a gift from Dr. Joachim Herz) or 1:5000 anti- � -actin or anti-
GAPDH. Membranes were washed with 2× PBS-T (2× PBS with 
0.05% Tween-20) four times for 8 min each and incubated for 
1 h with horseradish peroxidase (HRP)-labeled anti-goat (1:1000) 
or anti-mouse (1:1000 for ABCA1 detection, 1:5000 for actin 
or GAPDH detection) secondary antibodies (Jackson Immuno-
Research). Results were visualized using chemiluminescence (ECL, 
Amersham). Films were scanned and band density was deter-
mined using ImageJ (version 1.46, National Institutes of Health) 
software. Levels of ABCA1, apoE, LDLR, and LRP were normal-
ized to actin or GAPDH and expressed as fold difference com-
pared with vehicle controls. 

 Quantitative RT-PCR 
 RNA was extracted using Trizol and treated with DNaseI ac-

cording to the manufacturer’s protocol. cDNA was generated us-
ing oligo-dT primers and Taqman reverse transcription reagents 
(Applied Biosystems, Foster City, CA). Quantitative real-time 
PCR primers were designed using PrimerExpress (Applied Bio-
systems) to span human-specifi c or murine-specifi c regions of 
ABCA1, SREBP-1c, and apoE. Primer sequences and cycling con-
ditions are available upon request. Real-time quantitative PCR 

incubated for 2 h, and then treated with the reference com-
pound GW3965 (800 nM) or test compounds (0.3125–40.0 µM) 
for 96 h. Media was collected, centrifuged at 1,000  g  for 3 min, 
and apoE was quantifi ed by ELISA. For time course experiments, 
CCF-STTG1 cells were seeded in 12-well plates (BD Falcon) in 
growth media at 400,000 cells/well. After 24 h, cells were washed 
once with serum-free DMEM:F12 media and treated with DMSO 
alone as a negative control, 1 µM of GW3965 as a positive control, 
or 10 µM of test compounds in DMEM:F12 media containing 
2% FBS and 1% penicillin/streptomycin for 24, 48, 72, and 96 h. 
For immunoblotting and mRNA analyses, CCF-STTG1 cells 
were seeded in 12-well plates at 450,000 cells/well and MEFs were 
seeded in 12-well plates at 80,000 cells/well. After 24 h, cells were 
washed once with serum-free conditioning media consisting 
of 1:1 DMEM:F12 with 1% penicillin/streptomycin and treated 
with DMSO alone, 1 µM GW3965, or test compounds (1–10 µM) 
in 800 µl/well of the conditioning media for another 24 h. 
HepG2 cells were seeded in 12-well plates at 400,000 cells/well 
24 h before treatment. Cells were then treated with DMSO alone, 
1 µM GW3965, or test compounds (1–10 µM) in the above serum-
free media for another 24 h. The fi nal concentration of DMSO 
was equalized in all treatment conditions. At the end of the treat-
ment period, conditioned media was collected and centrifuged 
at 1,200  g  for 3 min to remove cell debris. Cells were washed twice 
with 1× PBS and lysed either in 150 µl/well of radioimmunopre-
cipitation assay (RIPA) lysis buffer (20 mM Tris, 1% NP40, 5 mM 
EDTA, 50 mM NaCl, 10 mM Na pyrophosphate, 50 mM NaF, and 
complete protease inhibitor, pH 7.4) for cellular protein analysis 
or in 800 µl/well of Trizol (Invitrogen) for mRNA analysis. Sam-
ples were stored at  � 80°C until analyzed. 

 Cholesterol effl ux assay 
 CCF-STTG1 cells were seeded at 250,000 cells/well in 24-well 

plates and labeled for 24 h with 1 µCi/ml of  3 H-Cholesterol 
(PerkinElmer Life Sciences) in growth media supplemented by 
DMSO only (control), 1 µM of GW3965, 10 µM of lynestrenol, or 
10 µM progesterone. Labeled cells were then washed and equili-
brated in serum free DMEM:F12 for 1 h. Serum-free DMEM:F12 
media containing the same drug treatments were then added to 
the cells in the absence (NA, no acceptor) or presence of 5 µg/ml 
of exogenous lipid-free apoA-I (Calbiochem) or apoE3 (Sigma) 
for 8 h. Media was collected and centrifuged at 8,000 rpm for 
3 min. Cells were lysed by addition of 0.1M NaOH and 0.2% SDS, 
followed by incubation at room temperature for 30 min. Radioac-
tivity in media and cell lysate samples was quantifi ed by scintilla-
tion counting (PerkinElmer). The percentage cholesterol effl ux 
was calculated as the total counts per minute (CPM) in the media 
divided by the sum of the CPM in the media plus the cell lysate, 
multiplied by 100. 

 Progesterone receptor inhibition 
 Cells were seeded in 12-well plates at the following densities: 

450,000 cells/well for CCF-STTG1 cells, 100,000 cells/well for 
immortalized human-apoE3-astrocytes, and 80,000 cells/well for 
apoE4-expressing astrocytes. After 24 h in growth media, cells were 
washed with serum-free conditioning media, and pretreated with 
or without 5 µM RU486 in serum-free media for 1 h. Cells were 
then treated with 1 µM of GW3965 or 10 µM of test compounds 
in serum-free conditioning media for CCF-STTG1, or with 1µM 
of test compounds in conditioning media containing 2% FBS for 
human-apoE-expressing astrocytes, in the presence or absence of 
5 µM RU486 for another 24 h, followed by collection of media 
and cells. Primary mixed glial cells were reseeded in 12-well plates 
and maintained in growth media for four to fi ve days until con-
fl uent. Primary glial cells were washed and treated in serum-free 
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Quantifi cation by immunoblot (  Fig. 2A  )  showed that 
by 24 h, similar to 1 µM GW3965 (5.14-fold,  P  < 0.01), 
lynestrenol increased secreted apoE levels by 3.93-fold 
( Fig. 2B ,  P  < 0.05), while a trend increase of 2.45-fold 
was found for progesterone. When quantifi ed by dena-
turing immunoblot, 10  � M lynestrenol consistently led 
to a signifi cant increase in secreted apoE by approxi-
mately 4-fold relative to the negative control ( P  < 0.05–
0.01), compared with an average 5.50-fold increase 
induced by 1 µM GW3965 at each time point ( P  < 0.01–
0.001) ( Fig. 2B ). Progesterone exhibited a modest trend 
toward elevated media apoE levels, although this did 
not reach statistical signifi cance, whereas the progester-
one metabolite allopregnanolone had negligible activ-
ity ( Fig. 2B ). Quantifi cation of the same media samples 
by ELISA revealed that progesterone and allopregnano-
lone led to consistent trends of an average of 1.43-fold 
and 1.13-fold induction of apoE, respectively, at each time 
point, neither of which was signifi cantly above vehicle con-
trols ( Fig. 2C , left panel,  P  > 0.05). By contrast, ELISA 
quantitation showed that 10 µM lynestrenol increased me-
dia apoE by 2.30-fold at 24 h, 4.92-fold at 48 h, 7.37-fold at 
72 h, and 11.20-fold at 96 h compared with vehicle con-
trols ( Fig. 2C , right panel). By 96 h, the 11.2-fold increase 
in secreted apoE detected by ELISA reached statistical sig-
nifi cance ( Fig. 2C ,  P  < 0.01). 

was done with SYBR Green reagents (Applied Biosystems) on an 
ABI 7000 (Applied Biosystems). Each sample was assayed at least 
in duplicate, normalized to GAPDH, and analyzed with 7000 sys-
tem SDS software version 1.2 (Applied Biosystems) using the rela-
tive standard curve method. 

 Statistics 
 Data are shown as mean ± SD of the indicated number of inde-

pendent experiments and analyzed by one-way ANOVA with 
Tukey’s multiple comparison post-test, or by two-way ANOVA 
with a Sidak’s and Tukey’s post-test. All statistical analyses were 
performed using GraphPad Prism (version 6.0; San Diego, CA). 

 RESULTS 

 Estrogens have a negligible effect on apoE secretion from 
CCF-STTG1 astrocytoma cells 

 Previous studies have shown that estrogens and proges-
terone have neuroprotective properties ( 47 ). To determine 
whether estrogens can directly stimulate apoE secretion 
from astrocytes, we treated CCF-STTG1 human astrocy-
toma cells with estrone, 17 � -estradiol, 17 � -estradiol, and 
estriol over a dose range of 0.3125–40.0 µM for 96 h and 
evaluated secreted apoE levels by ELISA. Estrone, 17 � -
estradiol, and estriol at 0.3125–20.0 µM showed no effect 
on apoE secretion (  Fig. 1A , B, D ,  P  > 0.05).  Although sta-
tistically signifi cant, apoE secretion was increased only by 
1.32- or 1.29-fold with 2.5 or 5 µM of 17 � -estradiol, respec-
tively ( Fig. 1C ,  P  < 0.01,  P  < 0.05). All four estrogens at 
40 µM signifi cantly decreased secreted apoE levels, possi-
bly due to cellular toxicity ( Fig. 1 ,  P  < 0.0001). 

 As low concentrations of 17 � -estradiol were previously 
reported to increase apoE production from mixed neu-
ronal cultures ( 48 ), we next tested a lower dose range 
(1 pM–10 µM) of 17 � -estradiol on CCF-STTG1 cells. After 
24 h of treatment, no change in secreted apoE levels in 
media was observed by immunoblotting (supplementary 
Fig. I). Cellular protein levels of apoE and ABCA1 were 
also unaffected by 17 � -estradiol (supplementary Fig. I), 
indicating that 17 � -estradiol does not exhibit LXR agonist 
activity in CCF-STTG1 human astrocytoma cells. 

 Lynestrenol and progesterone increase apoE secretion 
from CCF-STTG1 astrocytoma cells 

 To determine whether natural progesterone or synthetic 
progestins stimulate apoE secretion from astrocytoma cells, 
we treated CCF-STTG1 cells with progesterone and the 
progestins lynestrenol, medroxyprogesterone, D-norgestrel, 
chlormadine acetate, cyproterone acetate, and 19-norethin-
drone at 0.3125–40.0 µM for 96 h and evaluated secreted 
apoE levels by ELISA. Of these, only lynestrenol and pro-
gesterone signifi cantly increased apoE secretion in a dose-
dependent manner, with a maximum increase of 2.87-fold 
with 10 µM lynestrenol ( Fig. 1E ,  P  < 0.0001) and a maximum 
increase of 3.28-fold with 20 µM progesterone ( Fig. 1F ,  P  < 
0.0001). 

 We then quantifi ed the increase in secreted apoE 
levels after exposure to 10 µM progestins over 24–96 h. 

  Fig.   1.  Estrogens do not increase apoE secretion from CCF-
STTG1 cells, whereas lynestrenol and progesterone increase apoE 
secretion in a dose-dependent manner. CCF-STTG1 cells were 
seeded in 384-well plates at 17.5 K cells/well and treated with 
0.3125–40.0 µM of (A) estrone, (B) 17 � -estradiol, (C) 17 � -estradiol, 
(D) estriol, (E) lynestrenol, or (F) progesterone for 96 h. Data rep-
resent fold difference of secreted media apoE measured by ELISA 
compared with the vehicle control (not shown). Graphs represent 
mean and SD of quadruplicate wells, analyzed by one-way ANOVA 
with Tukey’s post-test. * P  < 0.05, ** P  < 0.01, *** P  < 0.0001.   



Hormonal modulation of glial ABCA1 and apoE 3143

contrast, allopregnanolone had no signifi cant effect on 
ABCA1, apoE, or SREBP-1c mRNA levels ( Fig. 3 ,  P  > 0.05). 
Together, these results suggest that lynestrenol has moderate 
activity as an LXR agonist, whereas progesterone exhibits 
weak LXR agonist activity, and allopregnanolone does not 
activate LXR in CCF-STTG1 cells. 

 As induction of SREBP-1c-mediated lipogenesis in the 
liver is a major reason why current LXR agonists have not 
advanced into clinical trials, we next evaluated the effects 
of lynestrenol and progesterone on ABCA1 and SREBP-1c 
mRNA levels in HepG2 cells. Treatment of HepG2 cells 
with 1 µM GW3965 led to a 6.46-fold induction of ABCA1 
mRNA (  Fig. 4A  ,  P  < 0.05),  whereas neither lynestrenol nor 
progesterone signifi cantly elevated ABCA1 mRNA levels 
even at 10 µM ( Fig. 4A ,  P  > 0.05), which is consistent with 
the established weak response of ABCA1 to LXR agonists 
in hepatic cells. Intriguingly, SREBP-1c levels were induced 
by 19.25-fold by 1 µM GW3965 ( P  < 0.0001) but only 7.32-
fold by 10 µM lynestrenol ( P  < 0.05) and 3.39-fold by 
10 µM progesterone, which was not statistically signifi cant 
when analyzed by one-way ANOVA ( Fig. 4B ). These obser-
vations suggest that there may be cell type-specifi c coregu-
lators that differ between CCF-STTG1 and HepG2 cells 
that could result in a more favorable safety profi le of 
lynestrenol compared with GW3965. 

 Lynestrenol increases ABCA1 protein levels in CCF-
STTG1 astrocytoma cells 

 To determine the effect of these natural and synthetic 
progestins on the levels of proteins involved in cellular 

 Lynestrenol increases apoE, ABCA1, and SREBP-1c 
mRNA levels in CCF-STTG1 astrocytoma cells but is 
less effective for SREBP-1c activation in HepG2 
hepatoma cells 

 We and others have previously shown that ABCA1-
mediated lipidation of apoE provides signifi cant cognitive 
and biochemical benefi ts in AD mouse models ( 39–42 ). 
To determine whether natural and synthetic progestins 
may stimulate this benefi cial ABCA1-apoE pathway, we 
treated CCF-STTG1 cells with 1 or 10 µM of lynestrenol, 
allopregnanolone, and progesterone for 24 h, followed by 
measurement of mRNA levels by qRT-PCR. As expected, 
GW3965 increased apoE mRNA levels by 3.22-fold (  Fig. 3A  , 
 P  < 0.0001).  Among the progestins, only 10 µM lynestrenol 
signifi cantly induced apoE mRNA levels by 1.99-fold 
( Fig. 3A ,  P  < 0.05). In parallel, ABCA1 mRNA levels were 
signifi cantly upregulated by GW3965 (12.77-fold) and 
10 µM lynestrenol (12.54-fold) compared with control 
( Fig. 3B ,  P  < 0.0001), while a trend increase was observed 
with 10 µM progesterone (3.75-fold). The response of 
ABCA1 mRNA to 10 µM lynestrenol was also signifi cantly 
higher than that with 1 µM lynestrenol ( Fig. 3B ,  P  < 0.0001). 
A third LXR-target gene, SREBP-1c, was then examined. 
SREBP-1c mRNA levels were signifi cantly increased by 
GW3965 (5.58-fold) and 10 µM lynestrenol (5.31-fold) 
( Fig. 3C ,  P  < 0.0001), while progesterone showed a trend 
toward an increase (3.59-fold). Both lynestrenol and pro-
gesterone signifi cantly increased SREBP-1c mRNA levels 
in a dose-dependent manner in CCF-STTG1 cells ( Fig. 3C , 
 P  < 0.01 for lynestrenol and  P  < 0.05 for progesterone). By 

  Fig.   2.  Time course of progestin-stimulated apoE secretion in astrocytoma. CCF-STTG1 cells were treated 
with DMSO alone (Ctrl), 10 µM each of lynestrenol (Lyn), allopregnanolone (Allo), progesterone (Prog), 
or 1 µM of GW3965 (GW) for indicated time period (24–96 h). (A) Representative Western blots at 24, 48, 
72, and 96 h. (B) Band intensity was quantitated by densitometry and normalized against control bands from 
each respective time point. Data are expressed as the fold difference of media apoE normalized against total 
cellular protein in each well and analyzed by one-way ANOVA with Tukey’s post-test. * P  < 0.05, ** P  < 0.01, 
*** P  < 0.0001 compared with the control from each time point. (C) ApoE levels in media were quantifi ed by 
ELISA, normalized against total cellular protein, and analyzed by two-way ANOVA with Tukey’s post-test.  ##  P  < 
0.01,  ###  P  < 0.0001 compared with the control from each time point. Data in (B) and (C) represent the mean 
and SD from three independent experiments, each performed in duplicate.   
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over an 8 h period to exogenous unlipidated recombinant 
apoA-I and apoE3 in CCF-STTG1 cells that were cotreated 
with test compounds. The effect of different progestins 
and different apolipoprotein acceptors on cholesterol ef-
fl ux in astrocytoma cells is illustrated in   Fig. 6  .  As expected, 
GW3965 signifi cantly induced apoA-I- and apoE3-medi-
ated cholesterol effl ux compared with nonacceptor (NA) 
conditions (apoA-I: 4.23 ± 0.57%, apoE3: 3.82 ± 0.56% ver-
sus NA: 1.32 ± 0.21%,  P  < 0.0001 for apoA-I versus NA,  P  < 
0.01 for apoE3 versus NA). Interestingly, lynestrenol in-
creased apoA-I- and apoE3-mediated effl ux to a greater 
extent than did GW3965. Specifi cally, lynestrenol signifi -
cantly increased cholesterol effl ux from 2.83 ± 0.47% at 
baseline to 12.61 ± 2.47% in the presence of apoA-I and to 
5.52 ± 1.43% in the presence of apoE3 (each  P  < 0.0001). 
These results indicate that lynestrenol increases ABCA1 
activity. 

 ABCA1 induction by lynestrenol and progesterone is 
LXR-dependent 

 Because the activity of lynestrenol and progesterone 
partly resembles that of the known LXR agonist GW3965, 
we next assessed ABCA1 mRNA levels in LXR � -expressing 
(LXR � +) and LXR � / �  DKO (LXR �  � /LXR �  � ) MEF cells 
treated with 10 µM lynestrenol, allopregnanolone, and pro-
gesterone. In LXR � -expressing MEFs, ABCA1 mRNA levels 
were signifi cantly increased by GW3965 and lynestrenol by 
6.38-fold ( P  < 0.0001) and 5.58-fold ( P  < 0.01), respectively, 
compared with vehicle control. Progesterone resulted in 
a 3.18-fold increase of ABCA1 mRNA that did not reach 

lipid homeostasis, we next evaluated the response of 
ABCA1, apoE, LDLR, and LRP by immunoblotting (  Fig. 5A  ). 
 Unlike the LXR agonist GW3965, none of the hormones 
tested signifi cantly increased cellular apoE protein levels 
( Fig. 5B ). Lynestrenol (10 µM) induced a signifi cant 4.25-
fold increase in ABCA1 protein levels over baseline, which 
was roughly comparable to the 5.60-fold increase induced 
by GW3965 ( Fig. 5C ,  P  < 0.0001). Although 10 µM proges-
terone increased ABCA1 protein levels by 3.75-fold com-
pared with baseline, this increase was not statistically 
signifi cant ( Fig. 5C ,  P  > 0.05). Allopregnanolone had no 
signifi cant effect on ABCA1 protein levels ( Fig. 5C ,  P  > 
0.05). None of the compounds tested had a signifi cant ef-
fect on cellular LDLR or LRP levels ( Fig. 5D, E ,  P  > 0.05), 
although an intriguing trend toward decreased LDLR lev-
els was observed with 10  � M progesterone ( Fig. 5D ). This 
observation suggests that inhibition of apoE uptake and/
or recycling may contribute to the ability of progesterone 
to increase media apoE levels. 

 Lynestrenol enhances apoA-I- and apoE3-mediated 
cholesterol effl ux from CCF-STTG1 astrocytoma cells 

 To determine the effect of progesterone and lynestre-
nol on ABCA1 function, we measured cholesterol effl ux 

  Fig.   3.  Lynestrenol and progesterone increase apoE, ABCA1, 
and SREBP-1c mRNA levels in astrocytoma cells. CCF-STTG1 cells 
were treated with DMSO alone (0), 1 µM of GW3965 (GW), 1 or 
10 µM each of lynestrenol (Lyn), allopregnanolone (Allo), and pro-
gesterone (Prog) for 24 h. Real-time quantitative PCR was used to 
measure apoE (A), ABCA1 (B), and SREBP-1c (C) mRNA levels in 
whole cell lysates. Data represent mean and SD of four indepen-
dent experiments, analyzed by one-way ANOVA with Tukey’s post-
test. * P  < 0.05, ** P  < 0.01, *** P  < 0.0001.   

  Fig.   4.  Lynestrenol and progesterone do not signifi cantly acti-
vate SREBP-1c mRNA levels in HepG2 cells. HepG2 cells were 
treated with DMSO alone (0), 1 µM of GW3965 (GW), 1 or 10 µM 
each of lynestrenol (Lyn) and progesterone (Prog) for 24 h. 
Real-time quantitative PCR was used to measure ABCA1 (A) and 
SREBP-1c (B) mRNA levels in whole cell lysates. Data represent 
mean and SD of four independent experiments for (A) and two 
experiments for (B) analyzed by one-way ANOVA with Tukey’s 
post-test. * P  < 0.05, *** P  < 0.0001.   
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signifi cant effect on secreted apoE ( Fig. 8B ), cellular apoE 
( Fig. 8C ), or cellular ABCA1 protein ( Fig. 8D , black versus 
white bar in control (Ctrl) group,  P  > 0.05). As expected, 
lynestrenol and GW3965 signifi cantly increased media 
apoE in the absence of RU486 ( Fig. 8B ,  P  < 0.05 and  P  < 
0.01, respectively). Induction of secreted apoE by GW3965 
was maintained in the presence of RU486 ( Fig. 8B ,  P  < 
0.01), demonstrating that RU486 does not inhibit the LXR 
pathway activated by GW3965. However, RU486 blocked 
the ability of lynestrenol to signifi cantly increase secreted 
apoE from baseline and also attenuated the trend toward 
increased apoE secretion by progesterone ( Fig. 8B ). 
RU486 also inhibited the trend toward increased cellular 
apoE levels by progesterone and lynestrenol but had no 
effect on the signifi cant increase in cellular apoE by 
GW3965 ( Fig. 8C ). When analyzed by Student  t -test, the 
attenuating effect of RU486 on cellular apoE levels nearly 
reached signifi cance with progesterone ( P  = 0.06) and 
lynestrenol ( P  = 0.06) ( Fig. 8C ). Like GW3965, lynestrenol 
and progesterone signifi cantly increased cellular ABCA1 
protein ( Fig. 8D ,  P  < 0.0001 for GW3965 and lynestrenol, 
 P  < 0.05 for progesterone). Unlike apoE, however, ABCA1 
protein levels were unaffected by RU486 ( Fig. 8D ,  P  > 
0.05), indicating that the PR does not participate in regu-
lating ABCA1 expression. 

 Consistent with the protein data, RU486 showed no sig-
nifi cant effect on apoE mRNA levels in vehicle control or in 
GW3965-treated cells, but it blocked the ability of progester-
one and lynestrenol to increase apoE mRNA levels above 
baseline ( Fig. 8E ). By Student  t -test, the decrease of apoE 
mRNA level in the presence of RU486 for both progester-
one ( P  = 0.07) and lynestrenol ( P  = 0.07) treatment again 
nearly reached statistical signifi cance ( Fig. 8E ). Also consis-
tent with the protein data, ABCA1 mRNA levels upon treat-
ment with progesterone, lynestrenol, or GW3965 was not 
affected by RU486 ( Fig. 8F ,  P  > 0.05). Together, these data 
suggest that lynestrenol and progesterone induce ABCA1 
expression solely via an LXR-dependent mechanism, 

statistical signifi cance (  Fig. 7  ,  P  = 0.17).  As expected, loss of 
LXR � / �  greatly impeded the ability of GW3965 to induce 
ABCA1 mRNA ( Fig. 7 ,  P  < 0.0001, two-way ANOVA with a 
Sidak’s post-test). Similarly, loss of LXR � / �  also blocked 
the ability of lynestrenol ( P  < 0.0001) and progesterone 
( P  < 0.05) to stimulate ABCA1 transcription in MEFs ( Fig. 7 , 
two-way ANOVA with a Sidak’s post-test). These results dem-
onstrate that lynestrenol and progesterone activate ABCA1 
expression through LXR-dependent pathways. Consistent 
with the results in CCF-STTG1 cells, allopregnanolone had 
no signifi cant infl uence on ABCA1 mRNA levels with or 
without functional LXR, confi rming that allopregnanolone 
has no activity as an LXR agonist ( Fig. 7 ). 

 Upregulation of apoE by lynestrenol and progesterone 
in CCF-STTG1 astrocytoma cells also involves the 
progesterone receptor 

 To investigate whether PR activity affects apoE induc-
tion by lynestrenol or progesterone, CCF-STTG1 cells were 
pretreated with DMSO or 5 µM of the PR inhibitor RU486 
for 1 h, followed by treatment with vehicle control, 1 µM 
GW3965, 10 µM lynestrenol, or 10 µM progesterone with 
or without 5 µM RU486 for another 24 h. Secreted apoE 
and cellular ABCA1 and apoE protein levels were deter-
mined by immunoblotting (  Fig. 8A  ).  RU486 alone had no 

  Fig.   5.  Lynestrenol increases ABCA1 protein levels in astrocy-
toma cells. CCF-STTG1 cells were treated with DMSO alone (0), 
1 µM of GW3965 (GW), 1 or 10 µM each of lynestrenol (Lyn), 
allopregnanolone (Allo), and progesterone (Prog) for 24 h. West-
ern blotting (A) was used to measure cellular protein levels of apoE 
(B), ABCA1 (C), LDLR (D), and LRP (E) in whole cell lysates. 
Graphs represent mean and SD of fi ve independent experiments 
for (B) and (C), four experiments for (D), and three experi-
ments for (E) analyzed by one-way ANOVA with Tukey’s post-test. 
*** P  < 0.0001.   

  Fig.   6.  Cholesterol effl ux is enhanced by lynestrenol in CCF-
STTG1 cells. CCF-STTG1 cells were seeded in 24-well plates and 
incubated in  3 H-cholesterol containing media with cotreatment of 
DMSO alone (Ctrl), 1 µM of GW3965 (GW), 10 µM of lynestrenol 
(Lyn), or 10 µM of progesterone (Prog) for 24 h. Cholesterol ef-
fl ux over 8 h in the absence (NA) or presence of 5 µg/ml of exog-
enous apoA-I or apoE3 along with the drug treatment was evaluated. 
Graphs represent means and SD of four independent experiments, 
each conducted in duplicate. Two-way ANOVA with a Tukey’s post-
test (comparing rows) was used to determine the drug effect over 
respective baselines ( #  P  < 0.05,  ##  P  < 0.01,  ###  P  < 0.0001). Another 
Tukey’s post-test (comparing columns) was used to determine the 
acceptor effect (** P  < 0.01, *** P  < 0.0001).   



3146 Journal of Lipid Research Volume 54, 2013

in primary murine glia (supplementary Fig. II), a 3.81-fold 
signifi cant increase in apoE3-expressing astrocytes and a 
3.88-fold trend increase in apoE4-expressing astrocytes 
(supplementary Fig. III) in the absence of RU486. Proges-
terone also signifi cantly increased ABCA1 protein levels by 
1.74-fold over baseline in primary murine glial cells and in-
duced a trend increase of ABCA1 in both apoE3-expressing 
(2.23-fold) and apoE4-expressing (2.56-fold) astrocytes. 
RU486 did not affect ABCA1 protein expression in either 
primary murine glia or in apoE3- or apoE4-expressing astro-
cytes, again suggesting that the PR does not regulate ABCA1 
expression in glia. ABCA1 mRNA analysis on primary mu-
rine glia also indicated a comparable upregulation induced 
by lynestrenol and GW3965 and confi rmed that RU486 
does not affect LXR-mediated stimulation of ABCA1 in glia 
(supplementary Fig. II). 

 Together, these data suggest that primary murine glia and 
immortalized murine astrocytes expressing human apoE3 

whereas the mechanism by which lynestrenol and proges-
terone stimulate apoE secretion also involves the PR. 

 Lynestrenol increases ABCA1 levels in two other astrocyte 
model systems 

 To determine the effect of progestins on astrocytes other 
than human astrocytoma CCF-STTG1 cells, we assessed pri-
mary murine mixed glial cells consisting of approximately 
99% astrocytes and 1% microglia, as well as immortalized 
astrocytes derived from human apoE3 or apoE4 knock-in 
mice ( 45 ). Because we previously showed that primary mu-
rine glia have a slower accumulation of apoE in media ( 46 ), 
drug exposure time was extended to 72 h for primary glia as 
opposed to 24 h for CCF-STTG1 cells and immortalized 
apoE3- and apoE4-expressing astrocytes. In addition, the 
doses of progesterone and lynestrenol were decreased from 
10 µM to 1 µM when treating immortalized apoE3- and 
apoE4-expressing astrocytes due to cellular toxicity of higher 
doses of steroid hormones in these cells. 

 Immunoblotting experiments demonstrated that both 
primary murine glia and immortalized murine astrocytes 
from apoE3- or apoE4-targeted replacement mice had a less 
robust response to all drug treatments compared with hu-
man CCF-STTG1 cells, possibly suggesting a species differ-
ence compared with apoE regulation in human CCF-STTG1 
cells. Specifi cally, primary murine glia showed no increase 
in apoE secretion upon treatment with progestins or 
GW3965 (supplementary Fig. II), whereas both apoE3- and 
apoE4-expressing astrocytes showed a trend toward in-
creased apoE secretion in response to GW3965 treatment 
(supplementary Fig. III). No signifi cant changes in cellular 
apoE protein or mRNA were observed in primary glia or in 
apoE3- or apoE4-expressing astrocytes. The kinetics of apoE 
secretion and toxicity thresholds may account for the dif-
ferences observed in these cellular models compared with 
CCF-STTG1 cells. Nevertheless, lynestrenol led to a 2.07-fold 
signifi cant increase in ABCA1 protein levels over baseline 

  Fig.   7.  Induction of ABCA1 mRNA level by lynestrenol and pro-
gesterone is LXR dependent. LXR �  expressing (LXR � +) and 
LXR � / �  DKO (LXR � -/LXR � -) MEF cells were treated with DMSO 
alone (Ctrl), 1 µM of GW3965 (GW), 10 µM of lynestrenol (Lyn), 
allopregnanolone (Allo), and progesterone (Prog) for 24 h. 
ABCA1 mRNA level in whole cell lysate was measured by real-time 
quantitative PCR and presented in fold difference to the control 
group from LXR � -expressing cells. The effect of drug treatments 
compared with the control within each genotype was analyzed by 
two-way ANOVA with Tukey’s post-test. The difference of response 
to each drug treatment between two genotypes was compared us-
ing two-way ANOVA with a Sidak’s multiple comparisons test. Data 
illustrate mean and SD from three independent experiments. * P  < 
0.05, ** P  < 0.01, *** P  < 0.0001.   

  Fig.   8.  Upregulation of apoE by lynestrenol in CCF-STTG1 cells is 
partially progesterone receptor dependent. CCF-STTG1 cells in 12-
well plates were pretreated with 5 µM of RU486 or DMSO alone for 
1 h, followed by treatment of DMSO alone (Ctrl), 1 µM of GW3965 
(GW), 10 µM of lynestrenol (Lyn), and progesterone (Prog) with or 
without 5 µM RU486 for another 24 h. Western blotting (A) was used 
to measure media apoE (B), cellular protein levels of apoE (C), and 
ABCA1 (D) in whole cell lysates. Band intensity was quantitated by 
densitometry and expressed as fold change relative to the DMSO 
control without RU486 cotreatment. Real-time quantitative PCR was 
used to measure apoE (E) and ABCA1 (F) mRNA levels in whole cell 
lysates. Data represent mean and SD of fold differences from four 
independent experiments for (B), six experiments for (C) and (D), 
and fi ve experiments for (E) and (F). Drug effect of progestins and 
GW3965 was analyzed by two-way ANOVA with a Tukey’s post-test. 
Effect of RU486 was analyzed by two-way ANOVA with a Sidak’s col-
umn comparison. * P  < 0.05, ** P  < 0.01, *** P  < 0.0001.  P  values above 
the brackets are calculated from Student  t -test.   
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are natural LXR ligands ( 29, 30 ). 24(S)-hydroxycholes-
terol induces apoE secretion, ABCA1 expression, and 
apoE-mediated cholesterol effl ux in CCF-STTG1 cells via 
an LXR-controlled pathway ( 56 ). Lynestrenol, progester-
one, and other progestins have structural similarity to 
these oxysterols. However, other progestins, including me-
droxyprogesterone, D-norgestrel, chlormadine acetate, cy-
proterone acetate, and 19-norethindrone, had no signifi cant 
effect on apoE secretion. Although not exhaustive, these 
results suggest that there is considerable selectivity in the 
ability of natural and synthetic progestins to modulate apoE 
levels. There may also be particular features of steroid hor-
mone structure that modulate LXR activation, which is 
separate and distinct from their endocrine activities. Our 
study provides new insights about the structure-activity re-
lationship for LXR-agonists. 

 The neuroprotective role of progesterone is of consid-
erable interest, particularly as a potential treatment for 
TBI, as it promotes neuronal survival, attenuates oxidative 
damage and edema, exerts anti-infl ammatory effects, and 
facilitates myelination of regenerating neurons ( 57–59 ). 
The effi cacy of progesterone as a treatment for TBI was 
recently reported in the ProTECT study, a randomized, 
double-blind, placebo-controlled phase II clinical trial that 
showed that moderate brain injury survivors who received 
progesterone were more likely to show improvement than 
those receiving placebo ( 60 ). Progesterone is thought to 
exert CNS effects via three principle mechanisms: activa-
tion of signaling cascades, modulation of neurotransmit-
ter systems, and regulation of gene expression ( 47 ). In 
addition to the two major isoforms of the classic nuclear 
progesterone receptor, PRA and PRB, recent studies re-
veal a novel progesterone-binding membrane protein 
(mPR) that has characteristics of a G protein-coupled re-
ceptor that activates the mitogen-activated protein kinase 
(MAPK) and extracellular signal regulated kinase (ERK) 
pathways ( 61, 62 ). Some of the neuroprotective effects of 
progesterone may therefore be via the MAPK/ERK path-
ways that modulate cellular differentiation, proliferation, 
survival, and death ( 63–65 ). 

 Our data suggest that PR activity contributes to apoE 
but not ABCA1 expression and that progesterone’s effect 
on apoE modulation may primarily be at the posttransla-
tional level. Duan et al. ( 66 ) showed that progesterone in-
creases apoE secretion from macrophages by acting on the 
C-terminal lipid-binding domain of apoE to block its in-
tracellular degradation. We observed that progesterone de-
creases cellular LDLR levels, suggesting that a decrease in 
uptake/recycling of apoE may contribute to the elevated 
steady-state level of secreted apoE. Considerable evidence 
shows that synaptogenesis, effi cient neurite outgrowth, 
and regrowth in response to injury rely on lipid transport 
by apoE ( 67–70 ). We therefore hypothesize that some of 
the benefi cial effects of progesterone in the CNS in response 
to brain injury, such as TBI, may partially arise from its 
ability to modulate apoE production and lipidation. 

 Although estrogens are also reported to be neuroprotec-
tive ( 47 ), we found that only 17 � -estradiol stimulated apoE 
secretion very modestly, whereas estrone, 17 � -estradiol, 

and apoE4 have a less robust response to progestins and 
GW3965 compared with human CCF-STTG1 astrocytoma 
cells. However, lynestrenol still exhibits LXR-agonist behavior, 
as it upregulates ABCA1 expression independent of the PR 
in both primary murine glia and immortalized apoE3- and 
apoE4-expressing murine astrocytes. Finally, we observed 
no marked difference in response of apoE3- versus apoE4-
expressing astrocytes to any of the treatments, suggesting that 
these effects are likely to be independent of apoE isoform. 

 DISCUSSION 

 In a screen for compounds that increase apoE secretion 
from human astrocytoma cells, we identifi ed the synthetic 
progestin lynestrenol as well as progesterone among the 
hits. Lynestrenol is marketed as a component of several 
oral contraceptives (OC) in Europe and Asia, and it is also 
prescribed for menstrual disorders, including endometri-
osis. This orally available progestin is reported to have 
strong progestagenic activity but low estrogenic, andro-
genic, and anabolic effects ( 49 ). Our study demonstrates 
that lynestrenol and progesterone differ with respect to their 
ability to serve as LXR agonists. Specifi cally, we show that 
lynestrenol exhibits LXR agonist activity in glial cells roughly 
comparable to the known LXR agonist GW3965 with re-
spect to ABCA1 induction, whereas progesterone has weak 
LXR activity, and the progesterone metabolite allopreg-
nanolone has none. We also show that ABCA1 expression is 
LXR- but not PR-dependent and that, in human CCF-STTG1 
cells, apoE can be regulated by LXR- as well as PR-de-
pendent pathways. 

 Epidemiological data from OC users in the 1960s clearly 
associated the high-dose formulations used in that era with 
increased risk of ischemic stroke, myocardial infarction, 
and pulmonary embolism in healthy young women, par-
ticularly smokers ( 50, 51 ). Several studies of older high-dose 
OC formulations, including those containing lynestrenol, 
typically showed detrimental effects on cardiovascular risk 
factors, including reduced HDL levels and increased LDL 
and triglyceride   levels [reviewed in ( 50 )]. However, note 
that these changes in lipid levels are reported to be due to 
effects on hepatic lipase, which is generally stimulated by 
estrogens and inhibited by progestins, including lynestre-
nol ( 51 ). As a marketed drug, the reported adverse effects 
of lynestrenol do not include hepatic steatosis, and several 
studies report either no change or decreased serum trig-
lyceride levels ( 52–55 ). These clinical studies, along with 
our demonstration that the LXR agonist activity of lynestre-
nol is modest with respect to SREBP-1c in HepG2 cells, 
suggest that lynestrenol may have a favorable safely profi le 
compared with more recently developed synthetic LXR 
agonists, such as TO901317 and GW3865. Based on the 
known benefi cial effects of LXR agonists in murine AD 
models, it is possible that lynestrenol may combine the 
neuroprotective effects of progesterone and the benefi cial 
effects of an LXR agonist in a single compound with a po-
tentially acceptable safety profi le. 

 Many oxysterols, such as 22(R)-hydroxycholesterol, 
24(S)-hydroxycholesterol, and 27-hydroxycholesterol, 
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estriol,  � -estradiol 17-valerate,  � -estradiol 3-benzoate, 
Raloxifene hydrochloride, Tibalone, and Premarin showed 
no signifi cant effect. Nevertheless, in vivo studies demon-
strated that treating ovariectomized female mice with ex-
ogenous 17 � -estradiol increased apoE levels in brain tissue 
( 71–73 ). Nathan et al. ( 48 ) also showed that 17 � -estradiol 
was able to increase apoE secretion and prompt apoE-
mediated neurite outgrowth in a primary murine mixed 
CNS cell culture (70% neurons, 15% astroglia, and 15% 
microglia). Intriguingly, Stone et al. ( 74 ) showed that 17 � -
estradiol treatment had no effect on apoE mRNA levels 
in monotypic primary cultures of either astrocytes or 
microglia, yet mixed glial cultures exposed to 17 � -estradiol 
showed apoE mRNA and protein. In parallel, Premarin 
[i.e., conjugated equine estrogens (CEE) containing >50% 
estrone and 15–25% equilin and equilenin] induced apoE 
expression in mixed glia ( 75 ) but had no effect in mono-
typic astrocytoma cells. Together, these data suggest that 
estrogen may require heterotypic cellular interactions to 
modulate apoE. 

 Limitations of our study include challenges related to in 
vitro cellular model systems. Human CCF-STTG1 astrocy-
toma cells were used for the majority of experiments due to 
their ease of use and well-characterized robust response to 
LXR stimulation. However, as a naturally transformed cell 
line, CCF-STTG1 cells may have altered apoE regulatory 
pathways that enhance tumor growth. In contrast to CCF-
STTG1 cells, lynestrenol and GW3965 failed to signifi cantly 
elevate apoE secretion in primary murine mixed glia or im-
mortalized murine astrocytes derived from human apoE3 
and apoE4 knock-in mice under our experimental condi-
tions, despite a clear effect on ABCA1. These differences 
suggest a possible species difference in how lynestrenol or 
GW3965 regulates glial apoE production, as the endoge-
nous murine apoE promoter drives apoE expression in both 
primary murine glia and in the apoE3- and apoE4-expressing 
immortalized astrocytes ( 45 ). In addition, the three cellular 
models used have different toxicity profi les in response 
to drug treatment and different tolerances to serum-free 
growth conditions, which may also partially account for the 
different magnitudes of the responses observed in the cell 
types studied. Despite these limitations, the LXR agonist 
activity of lynestrenol on ABCA1 expression was consistent 
among the cell types tested.  

 The authors thank Lindsay Fairley of the Centre for Drug 
Research and Development for cell culture support during 
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