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Abstract

Progesterone inhibits intracellular transport of lysosomal cholesterol in cultured cells, and thus at least in part mimics the
biochemical phenotype of Niemann—Pick type C disease (NPC) in human fibroblasts. The goal of this study was to determine
whether metabolism of progesterone to other steroids is affected by the NPC mutation or by P-glycoprotein (a known
progesterone target). We found that human fibroblasts metabolize progesterone in three steps: rapid conversion to So-pregnane-
3,20-dione, which is then reduced to Sa-pregnane-3p(a)-ol-20-one with subsequent 6a-hydroxylation. The pattern and rates of
progesterone metabolism were not significantly different in a variety of fibroblasts from normal individuals, NPC patients, and
obligate heterozygotes. Inhibition of steroid Sa-reductase with finasteride completely blocked metabolism of progesterone but
had no effect on inhibition of LDL-stimulated cholesterol esterification (ICso=10 uM). Progesterone also partially inhibited 25-
hydroxycholesterol-induced cholesterol esterification, with similar dose-dependence in normal and NPC fibroblasts. P-
glycoprotein levels varied significantly among the various fibroblasts tested, but no correlation with NPC phenotype or rate of
progesterone metabolism was noted, and P-glycoprotein inhibitors did not affect conversion of progesterone to products. These
results indicate that metabolism of progesterone in human fibroblasts is largely independent of its ability to interfere with
cholesterol traffic and P-glycoprotein function. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is becoming clear that the functions of progester-
one go beyond reproduction. Progesterone is produced
not only in the ovaries, but also in significant amounts
by the adrenal glands and in the brain [1].

Abbreviations: ACAT: acyl-CoA:cholesterol acyltransferase; FBS:
fetal bovine serum; Finasteride: N-(1,1-dimethylethyl)-3-oxo-(5a17p)-
4-azaadrost-1-ene-17-carboxamide; LDL: low density lipoprotein;
LPD: lipoprotein-deficient; MEM: minimal essential medium; NPC:
Niemann—Pick disease type C; SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis; U18666A: 3-B-[(2—diethyl-ami-
no)ethoxy] androst-5-en-17-one.
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Progesterone interacts with intracellular receptors to
directly regulate gene expression. However, some of its
effects are extragenomic and involve interactions with
cellular membranes and membrane proteins. It has
been demonstrated that some progesterone metabolites
are potent regulators in the central nervous system by
rapidly increasing the affinity of the y-aminobutyric
acid receptors for this inhibitory neurotransmitter
[2,3]. The enzymes required for formation of these bio-
logically active metabolites, such as steroid Sa-re-
ductase and 3a/B-hydroxysteroid dehydrogenase, have
a wide tissue and organ distribution including the
brain [1,4], suggesting that progesterone metabolites
may have functions in many cell types.

Progesterone is also known to influence intracellular
cholesterol homeostasis [5,6]. First described as an in-
hibitor of ACAT in cell-free extracts [7,8], progester-
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one has more recently been shown to impair transport
of cholesterol from lysosomes [9,10] and from the
plasma membrane to the endoplasmic reticulum [11].
Progesterone inhibits cholesterol biosynthesis resulting
in accumulation of various precursors at the plasma
membrane [12] and inhibition of cholesterol esterifica-
tion [9,13,14]. The effects of progesterone and other
steroids appear to correlate with their ability to inhibit
the activity of P-glycoprotein, the multidrug transpor-
ter which also plays a role in traffic and disposition of
endogenous lipids [13-15].

The ability of progesterone to block egress of lysoso-
mal cholesterol and to impair regulatory responses to
LDL-derived cholesterol is reminiscent of the bio-
chemical phenotype of Niemann—Pick type C (NPC)
disease [9], a fatal neurodegenerative disorder [16].
Other steroids and hydrophobic amines such as
U18666A (3-B-[(2—diethyl-amino)ethoxy] androst-5-en-
17-one) are also capable of causing similar cholesterol
regulatory defects, but the mechanisms have not been
elucidated and indeed may be distinct for different
compounds [17]. One possibility is that agents such as
progesterone and U18666A may interact directly with
and inhibit the NPC gene product, instead of or in ad-
dition to any effects on other cellular targets such as
P-glycoprotein. The NPC gene has recently been ident-
ified and is predicted to encode a 142-kDa membrane
protein (NPC1) with a putative sterol sensing domain
that is likely involved in directing cholesterol traffic
through intracellular membranes [18].

The present study was undertaken to clarify the re-
lationship between metabolism of progesterone and
cholesterol regulation in cultured human fibroblasts.
The objective was to determine whether progesterone
is converted to other products in these cells, and to
examine whether proteins (P-glycoprotein, NPC1) that
might interact with progesterone can affect this metab-
olism. Conversely, rapid metabolism of progesterone
to products of greater or lesser potency might influence
its ability to interfere with cholesterol trafficking and
regulation. Our results indicate that progesterone is
metabolized in three steps initiated by Sa-reduction,
but that neither P-glycoprotein nor a functional NPC
gene product are required for this process.

2. Materials and methods
2.1. Materials

[1,2—(N)’H]Progesterone  (47.5  Ci/mmol) and
[9,10(N)—>H]oleic acid (10 Ci/mmol) were obtained
from NEN Products (Canada). Progesterone, So-preg-
nane-3,20-dione and 25-hydroxycholesterol were pur-
chased from Sigma (USA). Oleic acid was from
Serdary Research Laboratories (London, Ont.,

Canada). Finasteride was donated by Merck
Laboratories (Rahway, NJ, USA). Octadecylsilane
(ODS)-bonded silica (Chromosep C;g Sep) was from
Chromatographic  Specialities  (Brockville, Ont.,
Canada). Triethylaminohydroxypropyl Sephadex LH-
20 (TEAP-LH-20) was synthesized as described pre-
viously [19]. All other reagents and solvents were of
the highest quality available from commercial suppli-
ers.

2.2. Cell culture

Fibroblasts were obtained from skin biopsies of
unaffected individuals (abbreviated as NN), local
patients diagnosed with Niemann—Pick disease type C
(CC) or obligate heterozygotes (NC). The established
NPC cell line GM3123 (CC-1) was obtained from the
Human Genetic Mutant Cell Repository (Camden, NJ,
USA). Cell lines CC-3, CC-4 and NC-3 were from the
Nova Scotia Acadian Niemann—Pick type D kindred,
which has recently been shown to contain a point mu-
tation in the NPC1 gene [20]. Cells were maintained at
37°C in an atmosphere of 95% air/5% CO, and were
used between the 7th and 13th passage. In most exper-
iments, cells were seeded in minimal essential medium
(MEM) from Gibco (USA) containing 10 vol% FBS
or 5 vol% LPD-FBS at densities of 150,000 per 35
mm dish or 500,000 cells per 60 mm dish. Following a
culture period of 3 days, this medium was replaced
with 2 ml of fresh medium for varying periods of time
(0-48 h).

2.3. Analysis of steroid metabolites

Cells were incubated with radiolabeled progesterone
dissolved in ethanol or ethanol alone as indicated in
specific experiments (final ethanol concentration was
<0.5%). Labeled medium was removed and a portion
was directly applied to Fisher Redi-Plate G TLC plates
and developed for 30 min in methylene chloride/
acetone (80:20, v/v). Labeled products were quantified
using a Bioscan System 200 imaging scanner, based on
the percentage of total radioactivity (determined by
scintillation counting) associated with each peak. Some
radioactive material at the origin was routinely
observed when labeled medium was spotted directly
onto TLC plates. However, this unidentified material
did not appear to be a metabolic product as it was
also seen with [*H]progesterone mixed with fresh med-
ilum, but not in lipid extracts of labeled medium.
Cellular steroid metabolites were extracted with 2 ml
of hexane/isopropanol (3:2, v/v) [21] and analyzed by
TLC as described above.

Metabolism of unlabeled progesterone was assessed
by GLC and GLC—mass spectrometry. The incubation
medium was applied to an ODS-bonded silica car-
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tridge followed by a wash with 3 ml of water. Cells
were extracted with 5 ml of ethanol and this was
heated for 5 min at 60°C. After centrifugation, the
supernatant was diluted to 30% ethanol with water
and applied to ODS-bonded silica as above. Steroids
were eluted from the cartridge with 5 ml methanol and
one half of the sample was applied to a column
(6 x0.4 cm) of TEAP-LH-20 in the HCO3 form
packed in 95% aqueous methanol, followed by elution
with 5 ml of methanol. The eluate was dried under
nitrogen and converted into trimethylsilyl ethers prior
to analysis. The other half of the sample was resolved
by TLC as described above. Selected regions of the
plate (indicated by co-migration with radioactive
metabolites) were scraped, extracted with ethyl acetate
and analyzed by GLC and GLC-mass spectrometry.
GLC was performed using a Hewlett Packard 5890
Series II gas chromatograph equipped with a fused
silica capillary column (30 m x 0.32 mm) coated with
a 025 pM layer of cross-linked methyl silicone
(Supelco, Bellefonte, PA). Samples were injected in the
split mode; oven temperature at injection was 60°C
and was increased to 290°C at 10°C/min. Retention in-
dices were calculated by comparison of retention times
with those of the C-26 to C-30 n-hydrocarbons ana-
lyzed under the same conditions. GLC-mass spec-
trometry was performed as described previously [22].

2.4. Cholesterol esterification assay

Cholesterol esterification was measured as incorpor-
ation of [*H]oleic acid into cholesteryl-[’H]oleate as
described by Ref. [23] with slight modification. After
incubation as described for specific experiments, fibro-
blasts were pulse-labeled 1 h with 2 ml of MEM con-
taining [*H]oleic acid (final concentration 0.2 mM, 3.6
mCi per dish), prepared by suspension in bovine serum
albumin at an oleate/albumin molar ratio of 5:1 [24].
Cells were harvested by washing twice with 2 ml of
phosphate-buffered saline and lipids were extracted
directly from culture dishes with hexane/isopropanol
(3:2, v/v). Lipids were separated by TLC in petroleum
ether/diethyl ether/acetic acid (85:15:1, v/v) and ident-
ified by comparison to known  standards.
Incorporation of [*H]oleic acid into cholesterol ester
and other neutral lipids was determined from the per-
centage of label associated with the corresponding
peak (measured using a Bioscan System 200 imaging
scanner) and the amount of radioactivity in the lipid
extract.

2.5. Western blot analysis of P-glycoprotein
Cells were washed twice with ice-cold phosphate-

buffered saline, scraped and harvested by centrifu-
gation (5 min) in an Eppendorf tube. One hundred ul
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Fig. 1. TLC analysis of [*H]progesterone metabolism in human fibro-
blasts. Normal fibroblasts (cell line NN-1, ~150 pg of protein) were
incubated with 40 nM [*H]progesterone (2 pCi) in 1 ml of MEM
plus 10% FBS. Ten pl of medium was removed at 1, 4 and 24 h, sep-
arated by TLC, and radioactivity as a function of migration distance
(in mm) was imaged as described in the text.

of SDS sample buffer (1.25% SDS, 60 mM Tris—HCI,
pH 6.8, 12% glycerol, Bromphenol Blue) was added
directly to the cell pellet and incubated 10 min at 4°C.
Total protein was measured using the micro-bicincho-
ninic acid assay (Pierce Assay kit). B-Mercaptoethanol
(2 vol% final) was added and samples containing
equivalent protein were separated by SDS-PAGE (8%
running gel). Proteins were transferred to 0.45 p nitro-
cellulose membranes using a BioRad Mini-Protean II
apparatus and membranes were blocked overnight at
4°C with 5% skim milk in Tris-buffered saline contain-
ing 0.1% Tween 20. P-glycoprotein was detected by in-
cubation 4 h at room temperature with monoclonal
antibody C219 (Centocor, PA) at 3 pg/ml, followed by
goat anti-mouse IgG conjugated to horseradish peroxi-
dase (BioRad) at 1:20,000 dilution (1 h). Western blots
were developed using the ECL kit (Amersham) and
immunoreactive bands were quantified by densito-
metric scanning using an Apple OneScanner with NIH
Image v. 1.49 software.
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Table 1
Identification of progesterone metabolites®

TLC peak Retention index Major ions Compound

P1 2652 316, 198, 231 Sa-pregnane-3,20-dione

P2 2622 390, 375, 300, 215 Sa-pregnane-3a-0l-20-one

P2 2705 390, 375, 300, 215 Sa-pregnane-3p-ol-20-one

P3 2778 478, 463, 388, 298 Sa-pregnane-3a,60-diol-20-one
P3 2841 478, 463, 388, 298 Sa-pregnane-3f,6a-diol-20-one

# Fibroblasts (NN-1) were incubated with 7.5 uM progesterone for 12 or 38 h (five 60 mm dishes for each time point, ~2.4 mg protein). Lipids

were extracted, separated by TLC, and processed for GLC (retention index) and GLC-mass spectrometry (major ions) as described in the text.
Samples from the earlier time point were used to identify P1 and P2, while the 38 h sample was used to identify P3.

3. Results
3.1. Metabolism of progesterone in human fibroblasts

To determine whether progesterone is stable or is
converted to other products in human fibroblasts, cells
(NN-1) were incubated with [*H]progesterone (40 nM)
for varying periods of time between 1 and 48 h.
Analysis of medium radioactivity by TLC at three
time points is shown in Fig. 1. TLC resolved at least
three metabolites (P1-P3) which appeared to be formed
in the sequential order Pl — P2 — P3. At all time
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Fig. 2. Pathway of progesterone metabolism in human fibroblasts.

points, approx. 5% of total radioactivity was associ-
ated with lipid extracts of [*H]progesterone-labeled
cells and a similar TLC profile to that of the medium
was observed (not shown), indicating that progesterone
and its metabolites rapidly equilibrate between media
and cells. No conversion was noted when cells were
killed by treatment with 95% ethanol for 2 h prior to
incubation with [*H]progesterone, confirming that pro-
gesterone metabolism in cultured human fibroblasts is
enzyme catalyzed. The pattern and rate of progester-
one metabolism was not significantly different when
serum was omitted from the incubation medium or
when cell density was varied from subconfluent to con-
fluent.

Progesterone metabolites were scraped from TLC
plates and identified by comparison of GLC retention
indices and mass spectra with those of authentic com-
pounds [25] (Table 1). Metabolite P1 was identified as
Sa-pregnane-3,20-dione, while P2 consists of two iso-
mers, So-pregnane-3B-ol-20-one and So-pregnane-3o-
0l-20-one. The two compounds comprising P3 are Sa-
pregnane-3f,6a-diol-20-one and Sa-pregnane-3a,60-
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Fig. 3. 5a-Reduction of progesterone in several normal and NPC
fibroblast cell lines. Cells were grown for 72 h in MEM + 10% FBS,
then incubated with the indicated concentrations of [*H]progesterone
in fresh medium for 3 h. The formation of labeled Sa-pregnane-3,20-
dione was determined from the amount of radioactivity associated
with P1 following TLC separation as described in the text. The mean
of duplicate dishes which differed by <10% are shown.
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Fig. 4. Finasteride does not affect inhibition of LDL-stimulated cho-
lesterol esterification by progesterone. Normal fibroblasts (NN-1)
were cultured in MEM + 5% LPD-FBS for 72 h and then switched
to MEM + 10% FBS with (e) or without (O) 1.0 uM finasteride and
the indicated concentrations of progesterone for 18 h. Cholesterol
esterification was determined by measuring the incorporation of
[PHJoleic acid into cholesteryl-[’HJoleate during a 1 h pulse as
described in the text. The average of duplicate values from one of
three similar experiments are shown.

diol-20-one. The suggested pathway of progesterone
metabolism in fibroblasts is shown in Fig. 2. That pro-
gesterone is exclusively metabolized by this pathway
was confirmed using finasteride (1.0 uM), an inhibitor
of steroid Sa-reductase [4], that completely blocked
conversion of [*H]progesterone to other labeled TLC
products during a 24 h incubation (data not shown).
Moreover, only P2 and P3 were detected by GLC
when fibroblasts were incubated for 24 h with un-
labeled Sa-pregnane-3,20-dione (P1); 75% of the pro-
ducts in each case consisted of the 3B isomer. Finally,
incubation with Sa-pregnane-3B-ol-20-one (P2) under
the same conditions produced only the product Sa-
pregnane-3f,6a-0l-20-one (P3).

No difference in the pathway of progesterone metab-
olism between normal and NPC fibroblasts was
observed when labeled or unlabeled products were
analyzed by TLC or GLC, respectively. Sa-Pregnane-
3,20-dione was the only metabolite detected following
short incubation periods (<4 h) with
[*H]progesterone. Figure 3 compares Su-reductase ac-
tivity among several normal, mutant and carrier cell
lines under these conditions. Sa-Reductase activity
increased with progesterone concentration between
0.04 and 0.5 pM. No correlation in activity with the
NPC phenotype was observed, but some variation
among individual cell lines was noted: the normal
fibroblast NN-1 consistently exhibited higher Sa-re-
ductase activity than other normal or mutant fibro-
blasts. Similar cell-specific differences were observed
when total progesterone metabolites were measured
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Fig. 5. Effect of progesterone on 25-hydroxycholesterol-stimulated
cholesterol esterification in normal and NPC fibroblasts. Normal
(NN-2, o) and NPC (CC-1, Q) fibroblasts were cultured in
MEM + 5% LPD-FBS for 72 h and then switched to the same med-
ium containing 25-hydroxycholesterol (1.0 pg/ml) and progesterone
at the indicated concentrations for 6 h. Cholesterol esterification was
determined by measuring the incorporation of [*Hloleic acid into
cholesteryl [*H]oleate during a 1 h pulse as described in the text. The
mean of duplicate dishes which differed by <10% are shown.

over longer incubation time (up to 36 h; data not
shown).

3.2. Relationship between progesterone metabolism and
inhibition of cholesterol esterification in normal and
NPC fibroblasts

The discovery that progesterone is rapidly metab-
olized in fibroblasts raises the question of whether this
metabolism attenuates or enhances its ability to inter-
fere with cholesterol trafficking, i.e. by depletion of
progesterone or by its conversion to a more potent
steroid derivative. Consistent with previous data [9],
progesterone effectively inhibited LDL-stimulated cho-
lesterol esterification in fibroblasts, with an ICsy of 10
UM during an 18 h incubation. Completely blocking
progesterone metabolism with finasteride (1.0 uM) had
no significant effect on the dose response of this inhi-
bition (Fig. 4). Moreover, no difference was observed
between the potency of progesterone and its product
Sa-pregnane-3,20-dione (P1) in inhibition of LDL-
stimulated cholesterol esterification (data not shown).
These results indicate that progesterone and at least its
first metabolic product are of similar potency in
impairing intracellular transport and esterification of
LDL-derived cholesterol.

Several studies have reported that 25-hydroxycholes-
terol-stimulated esterification of endogenous choles-
terol is unaffected by the NPC mutation [21,24,26,27]
and the dose response of cholesterol esterification to
this agent is similar in normal and NPC fibroblasts
[26]. It is not known whether 25-hydroxycholesterol-
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Fig. 6. Western blot analysis of P-glycoprotein levels in normal and
NPC fibroblasts. Cells were grown 72 h in MEM + 10% FBS, har-
vested, and proteins (20 pg/lane) separated by SDS-PAGE as
described in the text. The 170 kDa P-glycoprotein band (PGP) was
detected by immunoblotting with monoclonal antibody C219 and
visualized by ECL detection. The results are representative of two
different experiments, with duplicate dishes of each cell line measured
in each.

stimulated cholesterol esterification is similarly resist-
ant to progesterone in human fibroblasts, although
one study reported that progesterone (5 puM) signifi-
cantly blocks this activity in mouse peritoneal macro-
phages [28]. As shown in Fig. 5, progesterone inhibited
25-hydroxycholesterol-induced cholesterol esterification
to a similar extent in normal and NPC fibroblasts,
although inhibition was incomplete (~50%) by com-
parison to that of LDL-stimulated esterification. This
difference is likely not due to the shorter incubation
time (6 h) for 25-hydroxycholesterol stimulation, as
progesterone effectively blocks LDL-stimulated choles-
terol esterification over similar periods [9]. It should be
noted that a low sub-optimal [26] concentration of 25-
hydroxycholesterol (1 pg/ml) was used in this exper-
iment in order to reveal any cell-specific differences in
the inhibitory effect of progesterone. At higher concen-
trations of 25-hydroxycholesterol (5-10 pg/ml), higher
concentrations of progesterone were required for inhi-
bition of 25-hydroxycholesterol-stimulated cholesterol
esterification (not shown). These results suggest that a
component of the stimulatory effect of 25-hydroxycho-
lesterol on cholesterol esterification is resistant to inhi-
bition by progesterone, and that the progesterone-
sensitive component does not require a functional
NPCI gene product.

3.3. P-glycoprotein levels do not correlate with rate of
progesterone metabolism in fibroblasts

Previous studies have indicated that progesterone
inhibits cholesterol synthesis and esterification primar-
ily through interaction with P-glycoprotein [13—15,29].
Indeed, progesterone can be photoaffinity cross-linked
to this plasma membrane protein [30]. To determine
whether the capacity of different normal and NPC
fibroblast cell lines to metabolize progesterone might
be correlated with P-glycoprotein levels, the latter was

measured by Western blot analysis using a specific
monoclonal antibody. As shown in Fig. 6, P-glyco-
protein was present in all normal and NPC cells tested,
although levels varied considerably among individual
cell lines. This variability did not parallel differences in
rates of progesterone metabolism: for example, P-gly-
coprotein levels were consistently higher in a different
normal cell line (NN-2) than that showing the greatest
rate of progesterone metabolism (NN-1, Fig. 3). In
other experiments (not shown), progesterone metab-
olism was not affected by vinblastine (2 uM), a non-
steroidal inhibitor of P-glycoprotein activity. Thus,
there does not appear to be any relationship between
rates of progesterone metabolism and the level of P-
glycoprotein, and the latter does not appear to be
required for progesterone metabolism in human fibro-
blasts.

4. Discussion

The present investigation has shown that progester-
one is metabolized in human fibroblasts by three
sequential steps to form Sa-pregnane-3,20-dione, So-
pregnane-3f(a)-o0l-20-one, and Sa-pregnane-3p(a),60-
diol-20-one. A similar pathway has also been reported
in other cell types, including T47D,, breast cancer cells
and neurons [4,31,32]. The reason for the wide distri-
bution of steroid Sa-reductase, the first enzyme in the
pathway, is not clear. The main function of this
enzyme is believed to be conversion of testosterone
into dihydrotestosterone, and disturbances in this reac-
tion have been associated with a number of human
disorders [4]. However, Sa-reductase has a wide sub-
strate specificity and distribution including human
fibroblasts [33], and progesterone seems to be a more
efficient substrate than testosterone [34]. The biosyn-
thesis of progesterone and Sao-reduced progesterone
metabolites have also been demonstrated in both the
central and peripheral nervous systems, where they are
collectively termed neurosteroids, and regulate a var-
iety of neuronal and glial functions [1,35]. In periph-
eral tissues, the final step in inactivation of Sa-reduced
bioactive metabolites of progesterone is selective intro-
duction of a hydroxy group to the 6a-position [36].

Compounds that affect intracellular cholesterol
transport and regulation generally fall into two cat-
egories: steroids and hydrophobic amines [6]. Of these
compounds, progesterone [9,11,13,15] and U18666A
[37] most closely mimic the biochemical phenotype of
NPC: (i) inhibition of cholesterol transport both from
lysosomes to plasma membrane and from plasma
membrane to endoplasmic reticulum and (ii) delayed
cholesterol regulatory responses such as LDL receptor
and HMG—CoA reductase downregulation and ACAT
stimulation. At the outset of this investigation, we hy-
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pothesized that progesterone might interact directly or
indirectly with the NPC gene product, and that this
might be reflected in altered metabolism of or response
to progesterone in NPC fibroblasts. Our experiments
have shown that this is not so. The pattern and rates
of progesterone metabolism are not significantly differ-
ent between normal and NPC cells. Thus, a functional
NPC gene product, recently identified as a membrane
protein with putative sterol sensing capability (NPC1)
[18], does not appear to be required for transport or
metabolism of progesterone.

Other studies have shown that relatively low (<10
UM) concentrations of progesterone inhibit cholesterol
transport or esterification in a variety of cell types
[7,11,13,14,28,29]. Given our observation that pro-
gesterone added at micromolar levels can be quickly
converted to other steroids, it is reasonable to ask how
much progesterone remained and what effect its
metabolism might have had in earlier investigations.
The present results would suggest that metabolism of
progesterone is unlikely to have been a significant fac-
tor in those studies. Finasteride completely blocked
progesterone metabolism in fibroblasts yet had no
effect on inhibition of LDL-stimulated cholesterol
esterification, even at low progesterone concentrations.
Moreover, the first metabolic product (Sa-pregnane-
3,20-dione) inhibited cholesterol esterification with
similar potency. Although inhibitory properties of the
other metabolites were not investigated, the results of
a previous structure-function analysis of steroids on
cholesterol regulation suggest that all metabolic pro-
ducts of progesterone would be likely to retain their
inhibitory ability as they all possess a 20-oxo group
[28].

While both the NPC mutation [21,24,26,27] and
UI18666A [37] impair transport and regulation of
LDL-derived cholesterol, they have relatively little
effect on regulation by the non-lipoprotein modulator
25-hydroxycholesterol. In contrast, progesterone did
partially inhibit 25-hydroxycholesterol-stimulated cho-
lesterol esterification. This observation is consistent
with previous studies using mouse peritoneal macro-
phages [28] and FUSAH hepatoma cells [14]. This
suggests that progesterone inhibits cholesterol traffick-
ing and activation of ACAT by different mechanism(s)
than either U18666A or the NPC mutation (see
below), and is consistent with our observation that in-
hibition of 25-hydroxycholesterol-induced cholesterol
esterification by progesterone occurred with similar
dose dependence in normal and NPC fibroblasts.
Presumably, 25-hydroxycholesterol acts downstream of
NPCI1 in regulation of cholesterol metabolism, possibly
by interaction with ER- or Golgi-specific proteins such
as oxysterol binding protein [38].

Recent evidence suggests that inhibition of choles-
terol transport and esterification by progesterone and

other steroids occurs through interaction with the mul-
tidrug resistant P-glycoprotein [13,14,39] and there is a
strong correlation between the hydrophobicity of
specific steroids and their ability to inhibit both choles-
terol esterification and P-glycoprotein-catalyzed drug
efflux [13,15]. We have found that the level of P-glyco-
protein varies considerably among individual human
fibroblast lines, but is not correlated with either the
NPC phenotype or the capacity of cells to metabolize
progesterone. A recent report also indicated that P-gly-
coprotein activity is not affected by UI8666A [17].
Together with the finding that another inhibitor of P-
glycoprotein activity, vinblastine, did not alter pro-
gesterone metabolism in fibroblasts, this would suggest
that P-glycoprotein is not required (or at least not lim-
iting) for progesterone metabolism and that its levels
are not affected by the NPC mutation.

In summary, neither the known progesterone target
P-glycoprotein (at the plasma membrane) nor NPCI
(location unknown, but possibly endosomal/lysosomal
[18]) appears to affect the ability of fibroblasts to
transport and deliver progesterone to intracellular
membranes for further metabolism by steroid Sa-re-
ductase [33]. Moreover, our results are consistent with
earlier work showing that progesterone and U18666A
act at distinct intracellular sites to block cholesterol
transport and esterification. As discussed above, P-gly-
coprotein likely represents the major site of progester-
one action, while UlI8666A may target NPC1 and/or
other unidentified proteins involved in sterol trafficking
[17]. These possibilities can be directly tested as soon
as molecular tools for analysis of NPC1 become avail-
able.
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