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During studies on the regulation of rat ovarian steroi-
dogenic enzymes by interleukin-18 (IL-18), we observed
substantial metabolism of 25-hydroxycholesterol to two
unusual polar products. This unexpected effect was ob-
served both in isolated granulosa cells and in whole
ovarian dispersates and was also induced by tumor ne-
crosis factor a, but not by insulin-like growth factor I or
follicle-stimulating hormone. The effect was dependent
on time and the dose of IL-18 and was blocked by an IL-1
receptor antagonist. The formation of the polar metab-
olites was inhibited by ketoconazole and trilostane, but
not by aminoglutethimide. Subsequent purification of
these novel metabolites and analysis by gas chromatog-
raphy/mass spectrometry, NMR, and high performance
liquid chromatography revealed them to be related 7a-
hydroxylated hydroxycholesterols (cholest-4-ene-7a,25-
diol-3-one and cholest-5-ene-38,7«,25-triol). IL-1B-stimu-
lated ovarian 7a-hydroxylase activity (3-10 pmol/
min/mg of cellular protein) was nearly 4-fold that of
control levels using 25-hydroxycholesterol as substrate.
Activities at or below control levels were observed when
IL-1B-treated cell sonicates were boiled or assayed in
the presence of NADH (rather than NADPH), indicating
that involvement of a nonenzymatic process was un-
likely. IL-1B-stimulated 7a-hydroxylase activity was in-
hibited to basal levels by a 10-fold excess of unlabeled 25-
or 27-hydroxycholesterol, but not by cholesterol, pregnen-
olone, progesterone, testosterone, or dehydroepiandros-
terone, suggesting that ovarian 7a-hydroxylase is specific
for hydroxycholesterols. Furthermore, when IL-18-
treated ovarian cultures were incubated with radiola-
beled cholesterol or testosterone, no 7a-hydroxylated
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products were observed. We were also unable to detect
any mRNA transcripts for liver cholesterol 7a-hydroxyl-
ase in IL-18-stimulated ovarian cultures. This study de-
scribes an ovarian hydroxycholesterol 7a-hydroxylase
that differs from liver cholesterol 7a-hydroxylase and
from other nonhepatic progestin/androgen 7a-hydroxyl-
ases. The novel finding of the regulation of a 7a-hydroxyl-
ase by IL-18 (and tumor necrosis factor a) suggests a
unique role for cytokines in the regulation of cholesterol
metabolism in the ovary and possibly other tissues.

The 7a-hydroxylation of steroids has potentially widespread
biological significance. At least three categories of steroid 7a-
hydroxylases may be defined. By far the best understood is
cholesterol 7a-hydroxylase (cholesterol 7a-monooxygenase, EC
1.14.13.17), a putative liver-specific (1) microsomal enzyme (2)
and member of the cytochrome P450 gene family that catalyzes
the rate-limiting step of bile acid biosynthesis (3). As such,
cholesterol 7a-hydroxylase plays a critical dual role as the
primary enzyme promoting both cholesterol catabolism and
bile acid formation. A second category of 7a-hydroxylases in-
cludes several recently described nonhepatic enzymes that act
on side chain-cleaved steroids. A dehydroepiandrosterone/preg-
nenolone 7a-hydroxylase has been reported in brain and other
tissues (4, 5) and in adipose stromal cells (6, 7), and a testos-
terone 7a-hydroxylase in testis, lung, and kidney (8, 9). The
functional significance of these 7a-hydroxylated steroids in
nonhepatic tissues has not yet been established. The metabo-
lites may regulate the availability of their biologically active
precursors or could have biological activity themselves. For
example, Morfin and Courchay (5) have suggested that 7a-
hydroxylated metabolites of pregnenolone and dehydroepi-
androsterone may regulate the immune response in mice.

The existence of a third class of steroid 7a-hydroxylases that
preferentially metabolize hydroxycholesterols is controversial.
It is well established that the liver is able to use hydroxycho-
lesterols as well as cholesterol as substrates for bile acid bio-
synthesis (3, 10, 11). Recently, it has been suggested that this
activity involves a hepatic hydroxycholesterol 7a-hydroxylase
that is different from cholesterol 7a-hydroxylase (12-14). Using
porcine liver microsomes, Toll et al. (14) were able to separate
25- and 27-hydroxycholesterol 7a-hydroxylase from cholesterol
7a-hydroxylase activity. Oxysterols such as 25- and 27-hy-
droxycholesterols (as distinct from cholesterol itself) act via a
putative receptor (cf. Ref. 15) as potent regulators of cholesterol
homeostasis, inhibiting 3-hydroxy-3-methylglutaryl-CoA re-
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ductase activity and LDL! receptor levels in vitro (16-18).
Oxysterols also affect cell growth and viability presumably via
their inhibitory effects on cholestercl availability (19, 20).
Given the regulatory importance of hydroxysterols, their fur-
ther metabolism to 7a-hydroxylated products is of considerable
interest. Apart from serving as intermediates in bile acid syn-
thesis, 7Ta-hydroxylated hydroxysterols may themselves regulate
cholesterol homeostasis. Dueland et al. (21) have made the in-
triguing proposal that 7a-hydroxylase may indirectly induce the
LDL receptor gene through inactivation of oxysterol inhibition.

Both 25- and 27-hydroxycholesterols circulate in the blood (22,
23), and sterol 27-hydroxylase? mRNA is widely distributed (25).
Both activity and mRNA for 27-hydroxylase have been detected
in human and rat ovary (26, 27). Rat luteal cells can metabolize
25-hydroxycholesterol (28). 27-Hydroxycholesterol has been
shown to inhibit human ovarian cell sterol synthesis (27).

In this work, we describe a novel ovarian 7a-hydroxylase
with apparent substrate specificity for 25- and 27-hydroxycho-
lesterols, thus differentiating it from liver cholesterol 7a-hy-
droxylase and from nonhepatic 7a-hydroxylases, which cata-
lyze C,, and C,, steroids. We further describe the dramatic
enhancement of ovarian 7a-hydroxylase activity by interleu-
kin-18 (IL-1B) and tumor necrosis factor « (TNF-aj, cytokines
that have multiple biological effects in the ovary (29-37). The
physiologic significance of cytokine-induced 7a-hydroxylated
hydroxycholesterols is unknown at present. However, these
studies suggest a possible role for cytokines in the regulation of
cholesterol homeostasis in the ovary and perhaps other tissues.

MATERIALS AND METHODS

Reagents and Hormones—McCoy’s 5A medium (modified, without
serum) was obtained from Life Technologies, In¢. Ovine follicle-stimu-
lating hormone (FSH) (NIH-FSH-17; biological potency equal to 20
units/mg) was the generous gift of the National Pituitary Agency, Pi-
tuitary Hormone Distribution Program, NIADDK, National Institutes
of Health. NADH and NADPH were from Boehringer Mannheim. Ke-
toconazole and aminoglutethimide were from Sigma. Trilostane was
from Sterling-Winthrop Research Institute (Rensselaer, NY).

2-Hydroxypropyl-g-cyclodextran (2-HPBCD) was obtained from
Pharmatec, Inc. (Alachua, FL) and as a gift from George Reed (Amer-
ican Maize Products Co., Hammond, IN). Recombinant human IL-18 (2
% 107 units/mg) was generously provided by Drs. Errol B. DeSouza and
C. E. Newton (DuPont Merck Pharmaceutical Co.) Recombinantly ex-
pressed, naturally occurring human IL-1 receptor antagonist (38) was
generously provided by Dr. Daniel E. Tracey (The Upjohn Co.). Recom-
binant human TNF-a was generously provided by Dr. H. M. Shepard
(Genentech, South San Francisco, CA). Recombinant human insulin-
like growth factor I (IGF-I) was from Bachem California (Torrance, CA),

Authentic cholest-5-ene-383,27-diol (27-hydroxycholesterol) and cho-
lest-4-ene-7a,25-diol-3-one (7a,25-dihydroxycholestenone) were the
generous gifts of Dr. Norman Javitt (New York University, New York).
Cholest-5-ene-3,25-diol (25-hydroxycholesterol) and other steroids
were obtained from Steraloids, Inc. (Wilton, NH). 25-[26,27-*H]Hy-
droxycholesterol (83 Ci/mmol), [1,2-*Hlcholesterol (51.7 Ci/mmol),
[1B8,2B-Hltestosterone (42.5 Ci/mmol), and 25-[16,17-*H]hydroxycho-
lesterol (custom preparation) were obtained from DuPont NEN.

Animals and Cell Culture—Immature (25-28-day-old) Sprague-
Dawley female rats, obtained from Zivic-Miller Laboratories, Inc.
{Zelienopole, PA), were killed by CO, asphyxiation. Granulosa cells
were obtained by follicular puncture as described previously (35). Whole
ovarian dispersates were prepared as described previously (29). Cells

! The abbreviations used are: LDL, low density lipoprotein; IL, inter-
leukin; TNF-q, tumor necrosis factor o; FSH, follicle-stimulating hor-
mone; 2-HPBCD, 2-hydroxypropyl-g-cyclodextran; IGF-I, insulin-like
growth factor I, HPLC, high performance liquid chromatography; GC/MS,
gas chromatography/mass spectrometry; RPL 19, rat ribosomal protein
L19; ANGVA, analysis of variance.

2 The sterol 27-hydroxylase is elsewhere referred to as 26-hydroxyl-
ase. In this paper, we designate the enzyme as 27-hydroxylase, which
identifies both 27-hydroxylase and 26-hydroxylase for reasons de-
scribed previously (24). Similarly, herein, 27-hydroxysterol designates
both 27-hydroxysterol and 26-hydroxysterol.
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were plated (2.5-5 X 10° viable cells/ml) into 35 X 10-mm tissue culture
dishes (for cellular radiolabeling studies) or into loosely capped 12 X
75-mm polystyrene tubes (for enzyme assays) containing 1 ml of serum-
free McCoy’s 5A medium with or without IL-18 (50 ng/ml) or other
agents, as indicated. Cell cultures were maintained for 72 h at 37 °C
under a water-saturated atmosphere of 95% air and 5% CO,. At the
conclusion of the incubation period, the media (and/or cells) were col-
lected prior to further processing as described below.

Solubilization of Steroids—Since cholesterol and hydroxycholester-
ols are relatively insoluble in aqueous solution, these compounds (and
the other steroids used) were solubilized using 2-HPBCD, an agent that
provides stable effective solubilization of steroids (39). Stock solutions
(5 mm) were prepared in 45% (w/v) 2-HPBCD (39), stored at 4 °C, and
diluted for use as indicated. In some earlier studies, 25-hydroxycholes-
terol was dissolved in a 100% methanol stock and diluted into tissue
culture medium containing 0.05% (w/v) 2-HPBCD. This method of solu-
bilization gave identical results for studies using 25-hydroxycholesterol as
a substrate, but was ineffective when cholesterol was the substrate.

Cellular Radiolabeling Studies—Following the 72-h preincubation
and treatment period, cell culture media were discarded, and the cells
were washed with fresh media (1 ml). Thereafter, fresh media (1 ml,
0.03-0.05% 2-HPBCD) containing 10,000-30,000 cpm 25-[*H]hydroxy-
cholesterol, [*H]cholesterol, or other labeled substrates (0.2—10 uM, as
noted) were added along with the same treatment protocol used during
the 72-h preincubation period. After an additional 24 h, media were
collected and subjected to HPLC as described below. Initial cellular
radiolabeling studies on the polar metabolites of 25-hydroxycholesterol
used 25-[16,17-*H]hydroxycholesterol as substrate. Later, we deter-
mined that both 25-[16,17-°HJhydroxycholesterol and 25-[26,27-*H]hy-
droxycholesterol gave similar results (quantitatively and qualitatively)
when used as substrates to examine 7a-hydroxylase activity. Subse-
quently, the latter compound was used whenever possible since sup-
plies of the commercially unavailable 25-[16,17-*HJhydroxycholesterol
were limited. However, if cholesterol side chain cleavage activity is
present (e.g. when cells are stimulated by gonadotropin), only 25-[16,17-
SHlhydroxycholesterol can be used as substrate since the labeled side
chain is cleaved from 25-[26,27-*Hlhydroxycholesterol.

7a-Hydroxylase Assay—Following a 72-h incubation and treatment
period, cell cultures were centrifuged at low speed for 2 min, and the
media supernatants were removed. The cells were then washed (with
centrifugation) by the addition of 1 ml of assay buffer, after which the
supernatant was removed, and 0.4 ml of assay buffer was added. Cells
were then sonicated (5 s, setting 5) using the microtip of a cell sonicator
(Vibracell, Sonics & Materials, Inc., Danbury, CT). 7a-Hydroxylase
activity was determined in the freshly prepared cell sonicates by the
conversion of 25-[*HJhydroxycholesterol to [*H]cholest-5-ene-38,7,25-
triol (7a,25-dihydroxycholesterol, X2). Assay conditions did not permit
oxidation of the substrate 3g-hydroxy group to form cholest-4-ene-
Ta,25-diol-3-one (7a,25-dihydroxycholestenone, X1). The assay was per-
formed as follows. A sufficient quantity of 25-[°HJhydroxycholesterol for
an entire assay was evaporated to dryness and reconstituted in an
appropriate quantity of unlabeled 25-hydroxycholesterol dissolved in
0.4% 2-HPBCD. 20 ul of this substrate preparation (final assay concen-
tration of 20,000--30,000 cpm, 0.2 uM substrate; 0.01-0.03% 2-HPBCD)
was placed in each tube. (For competition studies, 10 ul of unlabeled
substrate dissolved in 1.8% 2-HPBCD was also added.) Additionally,
each assay tube (final volume of 1 ml) contained pH 7.4 assay buffer (50
mM potassium phosphate, 2 mm MgCl,, 1 mm dithiothreitol, 0.25 M
sucrose) and cell sonicate from 1 X 10 cells. NADPH (final concentra-
tion of 0.5 mM) was added to start the reaction, which proceeded at
37 °C for 3 h. The reaction was stopped by the addition of 1 N NaOH
(100 pl). Substrate and product were separated and quantified by HPLC
as described below. Enzyme activity is expressed as picomoles of product
(7a,25-dihydroxycholesterol, X2) formed per hour/1 X 10° cells.

HPLC—Steroids present in tissue culture media or enzyme assay
incubates were extracted twice in a 3-fold volume of ethyl acetate and
evaporated to dryness. The residual steroids were redissolved in solvent
and separated by HPLC, as described previously (40), on a 10-um
LiChrosorb Diol column (EM Reagents, Gibbstown, NJ) with the use of
a Waters HPLC system.

Radioactivity was detected on line by a Flo-One/Beta detector
(Packard Instruments), and absorbance at 240 nm was simultaneously
monitored by a flow-threugh spectrophotometer (Lambda-Max,
Waters). The column was calibrated with more than 35 steroids (40),
including most of those expected to be found in the ovary. The column
tends to separate steroids based on the number of their hydroxyl
groups, with less polar steroids eluting first.

Purification of Novel 25-Hydroxycholesterol Metabolites (X1 and






