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Phase lll. Basolateral export pumps

Cholestatic liver injury results in reversal of the secretory
polarity of the hepatocyte. This phenomenon causes
adaptive upregulation of transporters on the basolateral
membrane that now function to facilitate the extrusion
of bile salts and organic solutes by an alternate pathway,
back into the hepatic sinusoids where they can be elimi-
nated in the urine.

Multidrug resistance-associated protein 3

Multidrug resistance-associated protein 3 (MRP3:
ABCC3) is localized at the basolateral membrane of
hepatocytes and cholangiocytes. MRP3 has a particu-
larly high affinity for glucuronidated conjugates and
may provide the means by which bilirubin glucuronide
is excreted into the blood. Hepatic MRP3 expression is
increased in patients with Dubin-Johnson syndrome.
This response may be viewed as a protective adaptation
in situations where MRP2 function is impaired. In PBC,
the expression level of MRP3 is increased (Figs 2,3).%%5!
Human MRP3 expression is repressed by retinoic X
receptor curetinoic acid receptor o (RXRo:RARa), which
occupies specificity protein 1 activator sites in the MRP3
promoter.*

Multidrug resistance-associated protein 4

Multidrug resistance-associated protein 4 (MRP4:
ABCC4) is an ATP-dependent organic-anion transporter
with broad substrate specificity. MRP4 functions as an
efflux pump for bile acids together with glutathione.
MRP4 mRNA and protein levels are elevated in patients

Figure 5 Hepatobiliary transporters in
hepatocytes. ABCA1, ATP-binding cas-
sette transporter Al; ABCG5/G8, ATP-

binding cassette transporter G5/G8; \
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with PBC** and obstructive cholestasis®® and in rats
after bile duct ligation.** In PBC patients, hepatic MRP4
protein levels are increased, while MRP4 mRNA levels
remained unchanged (Figs 2,3).%

Organic solute transporter o-f

No diseases, mutations or polymorphisms have been
reported as associated with the organic solute trans-
porter o-f (OSTa-OSTR). OSTa-OSTP is weakly
expressed in normal liver and cholangiocytes, but highly
overexpressed on the basolateral membranes of hepato-
cytes in cholestasis. The upregulation of basolateral
efflux transporters can be viewed as adaptive responses
that retard the accumulation of bile acids and other
potentially toxic substrates. Hepatic levels of bile acids
and other constituents of bile still continue to accumu-
late in the cholestatic liver and are primary substrates for
the apical canalicular membrane efflux pumps. OSTo-
OSTB mRNA levels are upregulated in patients with
early and late-stage PBC (Figs 2,3).%5°

MRP3, MRP4, and OSTo-OSTB transporters are
present in the basolateral membrane at low levels in
normal liver, and are substantially overexpressed in
cholestatic disorders such as PBC.

BCRP (breast cancer resistance protein), ABCG5/G8
(ATP-binding cassette transporter G5/G8), ABCA1
(ATP-binding cassette transporter A1), and AE2
(anion exchanger-2)

Breast cancer resistance protein The breast cancer resis-
tance protein (BCRP; ABCG2) is expressed on the

ABCG5/G8

Cholesterol

Cholesterol

BCRP, Breast cancer resistance protein.
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canalicular membrane (Fig. 5). BCRP functions as a
xenobiotic transporter that may play a role in multidrug
resistance to chemotherapeutic agents, including mitox-
antrone and camptothecin analogs. BCRP has been
increasingly recognized for its important role in the
absorption, elimination, and tissue distribution of drugs
and xenobiotics. BCRP is capable of transporting non-
chemotherapy drugs and xenobiotics as well, including
nitrofurantoin, prazosin, glyburide, and 2-amino-1-
methyl-6-phenylimidazo [4,5-b] pyridine.*®* BCRP
protein levels are increased in PBC patients,®* but the
role of BCRP in cholestasis is unclear. In BCRP knockout
mice, BCRP does not have a significant role in the adap-
tive response to cholestasis in the liver.*®

ATP-binding cassette transporter G5/G8  Sterolin 1 and 2
(ABCG5/G8) are 2 ABC transporters that form a het-
erodimer at the canalicular membrane and account
largely for the excretion of cholesterol and plant sterols
(Fig. 5). Little is known about their role in cholestasis.
The levels of hepatic ABCG5 mRNA and its activator,
hepatic liver X receptor, are increased in the early stage
of PBC.#

ATP-binding cassette transporter A1 The hepatic ATP-
binding cassette transporter A1 (ABCA1) is localized
at the basolateral membrane of hepatocytes (Fig. 5).
ABCA1 is involved in exporting cholesterol from hepa-
tocytes and is regulated in liver cells. Hepatic ABCA1
mRNA is overexpressed in patients with PBC.®
Increased expression of ABCA1 in these patients would
be expected to contribute to the hypercholesterolemia
that develops during cholestasis.

Anion exchanger 2 This transporter is the canalicular
CI/HCO; exchanger that regulates the excretion of
bicarbonate. Anion exchanger 2 (AE2: SLC4A2) is also
expressed on the luminal membrane of the cholangio-
cyte and is a determinant of bicarbonate excretion from
the epithelium (Fig. 6). Hepatic AE2 mRNA expression

® 2011 The Japan Society of Hepatology
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Figure 6 Hepatobiliary transporters in
cholangiocytes. AE2, Anion exchanger-
2; BA, bile acid; BA-G, bile acid glucu-
ronide; MRP3, Multidrug resistance
associated protein 3; OA, organic
anion; QS, organic solute; OSTo-p,
Organic solute transporter o-f.

levels are reduced in PBC patients.®® Treatment of
patients with UDCA has reportedly normalized the
expression of AE2 mRNA and partially restored protein
expression levels.®! Bile salt reabsorption by cholangio-
cytes may contribute in part to the accumulation of
bile salts and generation of hypercholeretic bile flow.
Although this pathway probably plays a minor role
under normal physiological conditions, cholehepatic
shunting of bile salts may become an important escape
route for bile salts under cholestatic conditions when
the bile duct epithelium proliferates.

Intestinal and renal transporters (Fig. 7}

Cholestasis results in intrahepatic accumulation of bile
acids. Intrahepatic bile acids can be detoxified via phase
I hydroxylation and phase II conjugation reactions
mediated by cytochrome p450 enzymes, glucu-
ronidases, and sulfatases. These modifications render
intrahepatic bile acids more hydrophilic and facilitate
their elimination. Export of bile acids in cholestasis is
enhanced by upregulation of hepatic basolateral adap-
tive overflow transporters such as MRP3, MRP4, and
OSTo/B (Figs 2,3). Hydrophilic bile acids can then be
eliminated by the kidney either via glomerular filtration
or potentially through additional active ATP-
transporters such as MRP2- and MRP4-mediated tubular
secretion. In addition, reduced intestinal bile acid
uptake due to reduced expression of apical sodium-
dependent bile acid transporter (ASBT: SLC10A2)
reduces systemic bile acid accumulation by enhancing
fecal excretion of bile acids.®*

CONCLUSIONS

XPRESSION LEVELS OF hepatobiliary transporters
are abnormal in patients with PBC; this is true in
both early and late stages of the disease, with or without
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Figure 7 Intestinal and renal transporters. ASBT, apical sodium-dependent bile acid transporter; BA, bile acids; BA-G, bile acid
glucuronide; BA-S, sulfated bile acid; MRP2, Multidrug resistance-associated protein 2; MRP3, Multidrug resistance-associated
protein 3; MRP4, Multidrug resistance-associated protein 4; OA, organic anion; OS, organic solute; OSTa-B, Organic solute

transporter o-f.

medication. Hepatobiliary transporter expression is
altered in PBC, preventing the accumulation of toxic
bile acids in hepatocytes. Early-stage PBC is character-
ized by more ductular proliferation than ductopenia,
while late-stage PBC is characterized by more ductope-
nia than ductular proliferation. The characteristic fea-
tures from early to late stage being progress of PBC
disease. In late-stage PBC, the cessation of altered hepa-
tobiliary transporter expression leads to the deteriora-
tion seen in advanced PBC disease.

Recently, FXR agonists have been used for the treat-
ment of PBC. Nuclear receptors play roles in the tran-
scriptional regulation of bile acid homeostasis. Six-ethyl
chenodeoxycholic acid is a novel derivative of the
primary human bile acid, chenodeoxycholic acid
(CDCA). EXR is activated by bile salts with the rank
order of potency CDCA > deoxycholate = lithocholate >
cholate; 6-ethyl chenodeoxycholic acid is 100 times

more potent than CDCA as an FXR agonist. This FXR
agonist has been shown to lead to biochemical improve-
ment with acceptable side effects in PBC patients who
were already receiving UDCA and had baseline ALP
values still above at least 1.5 times the upper limit of
normal.*®* Further studies are required to establish the
feasibility of FXR agonists, which hold much promise
for the management of PBC.
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Cholesterol 25-hydroxylation activity of CYP3A
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Abstract To date, many studies have been conducted using
25-hydroxycholesterol, which is a potent regulator of lipid
metabolism. However, the origins of this oxysterol have not
been entirely elucidated. Cholesterol 25-hydroxylase is one
of the enzymes responsible for the metabolism of 25-
hydroxycholesterol, but the expression of this enzyme is
very low in humans. This oxysterol is also synthesized
by sterol 27-hydroxylase (CYP27Al) and cholesterol
24-hydroxylase (CYP46A1), but it is only a minor product of
these enzymes.lf We now report that CYP3A synthesizes a
significant amount of 25-hydroxycholesterol and may par-
ticipate in the regulation of lipid metabolism. Induction of
CYP3A by pregnenolone-16a-carbonitrile caused the accu-
mulation of 25-hydroxycholesterol in a cell line derived
from mouse liver. Furthermore, treatment of the cells with
troleandomycin, a specific inhibitor of CYP3A, significantly
reduced cellular 25-hydroxycholesterol concentrations. In
cells that overexpressed human recombinant CYP3A4, the
activity of cholesterol 25-hydroxylation was found to be
higher than that of cholesterol 4B-hydroxylation, a known
marker activity of CYP3A4. In addition, 25-hydroxycholesterol
concentrations in normal human sera correlated positively
with the levels of 4f-hydroxycholesterol (r= 0.650, P<0.0001,
n = 78), but did not significantly correlate with the levels
of 27-hydroxycholesterol or 24Shydroxycholesterol. These
results demonstrate the significance of CYP3A on the pro-
duction of 25-hydroxycholesterol.—Honda, A., T. Miyazaki,
T. Ikegami, J. Iwamoto, T. Maeda, T. Hirayama, Y. Saito, T.
Teramoto, and Y. Matsuzaki. Cholesterol 25-hydroxylation
activity of CYP3A. J. Lipid Res. 2011. 52: 1509-1516.

Supplementary key words cerebrotendinous xanthomatosis ® choles-
terol 25-hydroxylase ¢ CYP3A4 ¢ CYP27A1 o CYP46A1 e 48-
hydroxycholesterol ® 25-hydroxycholesterol ® oxysterols

Oxysterols are physiological regulators of cellular cho-
lesterol homeostasis (1). They downregulate HMG-CoA
reductase (2—4), the ratelimiting enzyme in the cholesterol
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biosynthetic pathway, by blocking processing of the
sterol-regulatory element binding protein (SREBP) by in-
ducing binding of SREBP cleavage-activating protein to a
protein called Insig (insulin-induced gene) (5, 6). Fur-
thermore, there is growing evidence that certain oxysterols
may accelerate ubiquitination and degradation of HMG-
CoA reductase protein (1, 7). On the other hand, oxys-
terols are endogenous ligands of the nuclear receptor liver
X receptor o (LXRa; NRIH3) (8-10), which modulates
immune responses and regulates various metabolic path-
ways, including cholesterol, bile acids, FAs, and glucose
(11, 12).

In in vitro experiments, 25-hydroxycholesterol is widely
used as a potent inhibitor of HMG-CoA reductase or as a
ligand of LXRa, but the origins of this oxysterol are not
entirely clear. Enzymatic production of 25-hydroxycholes-
terol has been reported by microsomal cholesterol 25-
hydroxylase (CH25H) (13), and the activation of Toll-like
receptors, a class of proteins that play a key role in the in-
nate immune system, markedly induces CH25H and in-
creases 25-hydroxycholesterol concentrations in mice
macrophages and sera (14, 15). In comparison with mice,
however, expression of CH25H has been reported to be
very low in human tissues (13). Other enzymes involved
in the production of 25-hydroxycholesterol are mito-
chondrial sterol 27-hydroxylase (CYP27A1) (16, 17) and
brain-specific microsomal cholesterol 24Shydroxylase
(CYP46A1) (18). In addition, nonenzymatic generation of
25-hydroxycholesterol by autoxidation of cholesterol has
also been described (19).

Previously, we measured hepatic concentrations of in-
termediates in bile acid synthesis in Cyp27 /"~ mice (20).
In this series of analyses, we unexpectedly found that
microsomal concentrations of 25-hydroxycholesterol were

Abbreviations: CH25H, cholesterol 25-hydroxylase; CTX, cerebro-
tendinous xanthomatosis; CYP27A1, sterol 27-hydroxylase; CYP46A1,
cholesterol 24$hydroxylase; Insig, insulin-induced gene; LXR, liver X
receptor; PCN, pregnenolone-16a-carbonitrile; SREBP, sterol-regulatory
element binding protein; SRM, selected reaction monitoring.
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significantly elevated in Cyp27 '~ mice (unpublished ob-
servation). This might be caused by reduced metabolism
of 25-hydroxycholesterol due to inhibition of 27-hydroxy-
lation. However, it was also possible that 25-hydroxylation
of cholesterol was stimulated by enzyme upregulation in
the Cyp27 '~ mice. We speculated that CYP3A was the en-
zyme that exhibited high cholesterol 25-hydroxylation ac-
tivity because CYP3A was markedly upregulated in Cyp27 "
mice and this enzyme was known to catalyze a similar re-
action, i.e., 25-hydroxylation of 5B-cholestane-3a,7a,12a-
triol (21).

The CYP3A subfamily consists of monooxygenases that
catalyze many reactions involved in the metabolism of xe-
nobiotics, steroid hormones, and bile acids (22). Choles-
terol is also one of the substrates for CYP3A and is
believed to be mainly metabolized to 43-hydroxycholesterol
(23, 24). The present study was undertaken to prove that
CYP3A catalyzes not only 4B-hydroxylation but also
25-hydroxylation of cholesterol and to show the possibility
that 25-hydroxycholesterol in normal human serum origi-
nates from CYP3A4.

MATERIALS AND METHODS

Chemicals

Pregnenolone-16a-carbonitrile (PCN) and troleandomycin
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Cholesterol and desmosterol were obtained from Steral-
oids, Inc. (Newport, RI), and cholesterol was used as substrate for
the enzyme assay after purification with disposable silica cartridge
columns (25) to remove contaminated oxysterols. Additional re-
agents and solvents were of analytical grade.

Cell culture

AMLI12 cells, a differentiated, nontransformed hepatocyte
cell line that was derived from transforming growth factor
o-overexpressing transgenic mice (26) were purchased from
American Type Culture Collection (Manassas, VA). Cells were
seeded in 6-well plates and cultured in a 1:1 mixture of Dulbec-
co’s modified Eagle’s medium and Ham’s F12 medium (Invitro-
gen Japan KK; Tokyo, Japan) supplemented with 0.005 mg/ml
insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium, 40 ng/ml
dexamethasone, and 10% FBS. When the cells were subconflu-
ent, the medium was replaced with fresh medium containing
PCN, troleandomycin, or desmosterol dissolved in 1% ethanol.
Although 1% ethanol in the medium had no detectable effects
on cell growth, the same concentration of ethanol was also added
to the control wells. Cells were incubated at 37°C in a humidified
incubator containing 5% CO, and 95% air.

RINA measurements

Total RNA was extracted from the cells using an AllPrep RNA/
protein kit (QIAGEN KXK; Tokyo, Japan). Reverse transcription
was performed on 1 g of total RNA using a first-strand cDNA
synthesis kit for RT-PCR (Roche Diagnostics; Mannheim,
Germany). Real-time quantitative PCR was performed on cDNA
aliquots with FastStart DNA Master SYBR Green I and a LightCy-
cler (Roche). The sequences of the oligonucleotide primer pairs
used to amplify mouse mRNAs are 5-GGCAGCATTGATCCT-
TATG-3" and 5-AAGAACTCCTTGAGGGAGAGC-3" for Cyp3all
(NM_007818), 5-ACACCTACTTTGAAGACCCAT-3" and
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5 TGACAACTTTCACCTCCAT-3" for Cyp46al (NM_010010),
5-CTTCCTGCTGACCAATGAAT-3" and 5-AGCTTTTAGCA-
GAGGCATGT-3" for Cyp27al (NM_024264), 5-CCAGCTC-
CTAAGTCACGTC-38" and 5-CACGTCGAAGAAGGTCAG-3’ for
Ch25h (NM_009890) and 5-CCTGTATGCCTCTGGTCGTA-3’,
and 5-CCATCTCCTGCTCGAAGTCT-3" for B-actin (X03672).
PCR amplification began with a 10 min preincubation step at
95°C, followed by 40 cycles of denaturation at 95°C for 10 s, an-
nealing at 62°C for 10 s, and elongation at 72°C for 16 s. The rela-
tive concentration of the PCR product derived from the target
gene was calculated using LightCycler System software. A stan-
dard curve for each run was constructed by plotting the crossover
point against the log concentration. The concentration of target
molecules in each sample was then calculated automatically by
reference to this curve (r= —1.00), and results were standardized
to the expression of B-actin. The specificity of each PCR product
was assessed by melting curve analysis.

SDS-PAGE and immunoblot analysis

Cell homogenate was resolved by SDS-PAGE on a 5-20% gra-
dient gel (e-PAGEL; ATTO Corporation, Tokyo, Japan) and
transferred to a polyvinylidene difluoride membrane (Immobilon-P;
Millipore, Bedford, MA). Immunoblot analyses of mouse CYP3A,
CH25H, and B-actin were conducted with goat polyclonal anti-
body against mouse CYP3A, goat polyclonal antibodies against
human CH25H (Santa Cruz Biotechnology; Santa Cruz, CA),
and mouse monoclonal anti-B-actin antibody -(Sigma), respec-
tively. The membrane was blocked for 1 h in 5% fatfree milk in
TBS-T (Tris-buffered saline/0.1% Tween-20) and incubated with
the primary antibody against either CYP3A (1:200 dilution),
CH25H (1:200 dilution), or B-actin (1:1,000 dilution) in 5% fat-
free milk in TBS-T overnight at 4°C. The blot was washed three
times for 10 min in TBS-T and incubated with an HRP-conju-
gated donkey anti-goat IgG antibody (Santa Cruz Biotechnology)
for CYP3A and CH25H or with an HRP-conjugated sheep anti-
mouse IgG antibody (Amersham; Buckinghamshire, UK) for
B-actin. After washing, the bands were visualized by exposure to
film (Hyperfilm ECL; Amersham) with an ECL Western blotting
analysis system (Amersham) according to the manufacturer’s
instructions. The gradient gel was calibrated with prestained
molecular-weight markers (Bio-Rad Japan; Tokyo, Japan).

Sample collection from human subjects

Blood samples were collected from 78 healthy adults. After co-
agulation and centrifugation at 1,500 gfor 10 min, serum samples
were stored at —20°C until analysis. Informed consent was ob-
tained from all subjects, and the experimental procedures were
approved by the Teikyo University Institutional Review Board.

Determination of sterol concentrations

Sterol concentrations in cell homogenate and serum were
measured using our previously described HPLC-ESI-MS/MS
method (27, 28). In brief, 5 ul aliquots of serum or cell homoge-
nate (approximately 1 x 10 cells) were incubated with stable
isotope-labeled oxysterols as internal standards in 1 N ethanolic
KOH at 37°C for 1 h. Sterols were extracted with n-hexane, de-
rivatized to picolinyl esters, and analyzed by HPLC-ESI-MS/MS.
Conventional derivatization was conducted at 80°C for 60 min,
but room temperature for 30 min was chosen for the specific
monopicolinyl ester formation of 25-hydroxycholesterol. Mono-
picolinyl 25-hydroxycholesterol exhibited [M+Na+CH;CN]" ion
as the base peak, and [picolinic acid (CgHz;NO,)+Na]™ ion was
observed as the most-abundant product ion under various levels
of collision energy. Therefore, m/z571 — 146 (25 V) and m/2574 —
146 (25 V) were used as the monitoring ions and optimal
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collision energy for authentic and deuterated 25-hydroxycho-
lesterol monopicolinate, respectively. Essentially, the Hypersil
GOLD column (150 mm x 2.1 mm ID, 3 pm; Thermo Fisher
Scientific, San Jose, CA) was employed for the HPLC separation
of sterols, and the Hypersil GOLD aQ) column (150 mm x 2.1 mm
ID, 3 wm) was also used to obtain better separation of the stereo-
isomers (29).

Enzyme assay

Microsomes (baculosomes) prepared from insect cells that
were infected with a baculovirus containing the cDNA for rabbit
cytochrome P450 reductase and human CYPIAZ, CYP2C9,
CYP2D6, or CYP3A4 were purchased from Invitrogen. The mi-
crosomes (10 pmol of P450) were incubated for 30 min at 37°C
with various amounts of cholesterol (dissolved in 12 ul of a 33%
aqueous solution of 2-hydroxypropyl-B-cyclodextrin), NADPH
(1.2 mM), glucose-6-phosphate (3.6 mM), 2 U glucose-6-phos-
phate dehydrogenase, and 100 mM potassium phosphate buffer
(pH 7.4) containing 0.1 mM EDTA in a total volume of 0.5 ml.
The incubation was stopped by the addition of 1 ml ethanol. Af-
ter the addition of the internal standards and 5 g butylated hy-
droxytoluene to the mixture, oxysterols were extracted twice with
2 ml nhexane, derivatized to picolinyl esters, and analyzed by
HPLC-ESI-MS/MS, as described above. To exclude the possible
effects of contaminated oxysterols in substrate (cholesterol) and
cholesterol autoxidation, incubations without adding NADPH
generating system were conducted simultaneously, as a control,
and the data were subtracted from those obtained using com-
plete assay mixtures. An assay using boiled CYP3A4 was also con-
ducted to exclude the direct effects of the NADPH generating
system on cholesterol oxidation.

Statistics

Data are expressed as the mean x SD. The statistical signifi-
cance of differences between the results in the different groups
was evaluated using the Student’s two-tailed ttest. Correlation
was tested by calculating Pearson’s correlation coefficient, ». For
all analyses, significance was accepted at the level of P< 0.05.

RESULTS

The effects of PCN, troleandomycin, and desmosterol
on sterol concentrations in AML12 cells are shown in
Fig. 1. The concentrations of 4B-hydroxycholesterol, 25-
hydroxycholesterol, and 22R-hydroxycholesterol were sig-
nificantly increased by treatment with PCN, a classical
inducer of CYP3A by the activation of pregnane X recep-
tor (NR1I2) (22). In contrast, these oxysterol concentra-
tions were significantly decreased by treatment with
troleandomycin, a specific inhibitor of CYP3A activity (30).
Furthermore, the increase of 25-hydroxycholesterol by
PCN treatment was not suppressed by the addition of des-
mosterol, a potent inhibitor of CH25H (13). On the other
hand, significant increase by PCN was not observed re-
garding the other oxysterol concentrations.

The effects of PCN, troleandomycin, and desmosterol
on mRNA expressions of Cyp3all, Ch25h, Cyp46al, and
Cyp27al in AMLI12 cells are shown in Fig. 2. Treatment
with PCN significantly upregulated Cyp3all expression.
Marked upregulation of Ch25h expression was also ob-
served in the PCN-treated cells, but the absolute mRINA
expression of Ch25h in untreated AML12 cells was more

than 50 times lower than that of Cyp3all (datanotshown).
Troleandomycin tended to upregulate the mRNA expres-
sion of Gyp3all, but the difference was not statistically sig-
nificant. The addition of desmosterol to cell culture
medium did not affect the induction of Cyp3all by PCN.
However, desmosterol seemed to inhibit the induction of
Ch25h by PCN.

Figure 3 shows the effects of PCN, troleandomycin, and
desmosterol on protein levels of CYP3A and CH25H. PCN
increased CYP3A protein level, which was associated with
the upregulated transcription of Cyp3all (Fig. 2). How-
ever, although the transcription of Ch25h was also upregu-
lated by the addition of PCN, the protein level of CH25H
was not elevated. In addition, desmosterol did not affect
the expression of cellular CYP3A protein, but CH25H pro-
tein level was obviously decreased by desmosterol treatment.

Intact or boiled aliquots of insect cell microsomes over-
expressing recombinant human CYP3A4 (10 pmol of
P450) were incubated at 37°C for 30 min with 200 uM cho-
lesterol and an NADPH generating system, and the sterol
fraction was derivatized to picolinyl esters by two different
methods. Figures 4A, C represent selected reaction moni-
toring (SRM) of samples that were derivatized at 80°C for
60 min. This derivatizing method generally produced di-
picolinyl esters of oxysterols, and the SRM data indicated
that 25-hydroxycholesterol was a major product of intact
CYP3A4, as well as 4B3-hydroxycholesterol. We also deriva-
tized the sample at room temperature for 30 min, which
produced mono-picolinyl ester of 25-hydroxycholesterol
(Fig. 4B, D). The mass spectrum and retention time of
mono-picolinyl 25-hydroxycholesterol are completely dis-
tinct from those of di-picolinyl 25-hydroxycholesterol. The
production of 25-hydroxycholesterol by intact CYP3A4 was
confirmed using this specific derivatization technique.

The effects of substrate (cholesterol) concentrations on
various hydroxylase activities in recombinant human
CYP3A4 are presented in Fig. 5. The most significant activ-
ity was 25-hydroxylation, which was higher than that of
4B-hydroxylation, a marker activity of CYP3A4. Other
hydroxylation activities, i.e., 22R-, 24R-, 245, 26-, and
27-hydroxylation were also observed, but the activities were
much lower than that of 4B-hydroxylation. Apparent V,,,,
and K, were calculated by Lineweaver-Burk plots. V,,,, of
25-, 4B-, 22R-, 24R-, 24§, 26-, and 27-hydroxylation were
7.0x107%,2.0x107%,5.7x10 7%, 58x 10 °,8.4x 10", 5.3 x
107°, and 2.3 x 10”° mol/s/mol P450, respectively, and K,
of those hydroxylations were 182, 62, 37, 161, 15, 80, and
45 uM, respectively.

In Table 1, cholesterol 25- and 4B-hydroxylase activities
are compared among four different insect cell microsomes
containing recombinant human CYP1A2, CYP2C9,
CYP2D6, or CYP3A4. Not only CYP3A4 but also the other
three P450 enzymes significantly catalyzed 25-hydroxyla-
tion of cholesterol, but these activities were lower than
that by CYP3A4. In contrast, 4B-hydroxylation of choles-
terol was exclusively observed in microsomes containing
CYP3A4. Control microsomes without expressed human
P450 enzymes did not convert cholesterol into 25-hydroxy-
cholesterol or 4B-hydroxycholesterol.

Cholesterol 25-hydroxylation by CYP3A 1511
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Fig. 1.

Effects of PCN, troleandomycin (TAM), and desmosterol (DES) on sterol concentrations in AML12

cells. Cells were incubated with PCN (10 pM), TAM (100 uM), DES (30 uM), or DES (30 uM) plus PCN
(10 pM) for 7 days. A Hypersil GOLD column was used for HPLC separation of oxysterols. This column cannot
distinguish between 26- and 27-hydroxycholesterol and between 24R- and 24Shydroxycholesterol. Each column
and error bar represents the mean and SD obtained in triplicate assay. ***P< 0.001, **P< 0.01, *P< 0.05.

The relationships between serum 25-hydroxycholesterol
concentrations and serum 4p-, 245, and 27-hydroxycho-
lesterol concentrations in 78 normal Japanese subjects are
shown in Fig. 6. Serum 25-hydroxycholesterol concentra-
tions correlated significantly with 4B-hydroxycholesterol
concentrations (Fig. 6A), but did not correlate signifi-
cantly with the concentrations of 24$hydroxycholesterol
(Fig. 6B) or 27-hydroxycholesterol (Fig. 6C). On the other
hand, serum 24S$hydroxycholesterol and 27-hydroxycho-
lesterol concentrations correlated significantly (r = 0.408,
P <0.0005, n = 78) in the group of normal subjects.

DISCUSSION

Our results provide strong evidence that 25-hydroxyla-
tion of cholesterol is catalyzed by CYP3A. First, CYP3A in-
duction caused the accumulation of 25-hydroxycholesterol
in a cell line derived from mouse liver. The addition of

mRNA expression
(standardized for B-actin)

Fig. 2.

desmosterol downregulated CH25H protein in the cells,
butdid notreduce the concentration of cellular 25-hydroxy-
cholesterol. Second, the presence of significant cholesterol
25-hydroxylation activity was proven by using recombinant
human CYP3A4. Third, 25-hydroxycholesterol concentra-
tions in normal human sera correlated positively with the
4B-hydroxycholesterol level; a known marker of CYP3A4
activity (23, 24).

In this study, we paid close attention to identifying
25-hydroxycholesterol by using two different derivatiza-
tion methods, i.e., 80°C for 60 min and room temperature
for 30 min. The former method synthesizes the usual di-
picolinyl derivative of 25-hydroxycholesterol, whereas the
latter method produces the mono-picolinyl derivative, be-
cause the CG-25 position of 25-hydroxycholesterol is resis-
tant to picolinyl ester formation at room temperature
(28). The identification of 25-hydroxycholesterol by our
conventional HPLC-MS/MS method was confirmed using

81 [ contral
74 PCN 10 uM
6 B 1AM 100 um
5 DES 30 uM
- DES 30 uM
s +PCN 10 uM
2

i, 5

Vo (TW

Cyp46a1 Cyp27at

Effects of PCN, troleandomycin (TAM), and desmosterol (DES) on relative mRNA expression of

Cyp3all, Ch25h, Cyp46al, and Cyp27al in AMLI12 cells. Cells were incubated with PCN (10 pM), TAM (100
wM), DES (30 pM), or DES (30 pM) plus PCN (10 pM) for 72 h. Each column and error bar represents the
mean and SD obtained in triplicate assay. ¥**P < 0.01, *P< 0.05. NS, not significant.
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Fig. 3. Effects of PCN, troleandomycin (TAM), and desmosterol
(DES) on CYP3A and CH25H protein in AMLI12 cells. Cells were
incubated with PCN (10 pM), TAM (100 pM), DES (30 M), or
DES (30 pM) plus PCN (10 uM) for 72 h. Cell homogenates (10 pg
protein per lane) were subjected to SDS-PAGE analysis.

this specific derivatization technique. Furthermore, we
quantified 25-hydroxycholesterol with great care because
this oxysterol may be a normal contaminant of the sub-
strate (cholesterol) and could be generated by cholesterol

autoxidation. Therefore, in the recombinant cytochrome
P450 experiments, control assays without adding the
NADPH generating system were conducted simultane-
ously and the data were subtracted from those obtained
using the complete assay system.

It was surprising that recombinant CYP3A4 produced
much more 25-hydroxycholesterol than 4p-hydroxy-
cholesterol, which is used as a marker of CYP3A4 activity
(23, 24). However, serum concentrations of 25-hydroxy-
cholesterol were low compared with those of 4B-hydroxy-
cholesterol (Fig. 6A), which may be explained by the fact
that the metabolism of 25-hydroxycholesterol is faster than
that of 4B-hydroxycholesterol (31). Whereas 4B-hydroxy-
cholesterol is metabolized slowly by CYP7A1 and CYP27A1
(31), 25-hydroxycholesterol is metabolized faster by
CYP7A1 (32) and CYP7B1 (33).

It has been reported that 25-hydroxycholesterol is syn-
thesized not only by CH25H (13) but also by CYP27A1
(16, 17) and CYP46A1 (18). Because only very low levels of
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Fig. 4. SRM chromatograms obtained during HPLC-ESI-MS/MS analysis of the oxysterol fraction from an incubation mixture of overex-
pressed recombinant human CYP3A4 (A, B) or boiled CYP3A4 (C, D) with 200 uM cholesterol. The oxysterol fraction was derivatized to
picolinyl esters by two different methods, 80°C for 60 min (A, C) and room temperature for 30 min (B, D). The former produces di-picoli-
nyl esters of 25-hydroxycholesterol (25HC) and 4f-hydroxycholesterol (4BHC), whereas the latter produces the mono-picolinyl ester of
25HC. 25HC-d3 (1 ng) and 4BHC-d7 (5 ng) were added to each incubated mixture as internal standards. The same Hypersil GOLD col-
umn and the same mobile phase were used for HPLC separation of both di- and mono-picolinyl esters of 25HC. The numbers on the right
upper side of each chromatogram represent the full scale of the chromatogram.
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Fig. 5. Effects of cholesterol (substrate) concentrations on 25-,
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pressed recombinant human CYP3A4. A Hypersil GOLD aQ col-
umn was used for HPLC separation of oxysterols. Data points
represent the mean of duplicate determinations.

CHZ25H are expressed in normal human tissues (13), the
roles of CYP27A1 and CYP46Al in the formation of 25-
hydroxycholesterol may be relatively important in humans.
However, our results showed that the serum concentra-
tions of 25-hydroxycholesterol did not correlate with
the concentrations of either 27-hydroxycholesterol, a
product of CYP27A1, or 24S-hydroxycholesterol, a prod-
uct of CYP46Al. In contrast, 25-hydroxycholesterol
levels were significantly correlated with 43-hydroxy-
cholesterol concentrations in normal human subjects.
The results lend support to the hypothesis that CYP3A4
synthesizes 25-hydroxycholesterol, as well as 43-hydroxy-
cholesterol.

Our results showed that not only CYP3A4 but also
CYP1A2, CYP2C9, and CYP2D6 catalyzed 25-hydroxylation
of cholesterol to some extent (Table 1). However, CYP3A4
is the most abundantly expressed form of P450 in human
liver (as much as 60% of all hepatic P450) (34). In addi-
tion, because cholesterol 4p-hydroxylase activities by
CYP1A2, CYP2C9, and CYP2D6 were negligible, the positive
correlation between serum concentrations of 25-hydroxyc-
holesterol and 4B3-hydroxycholesterol cannot be explained
by these P450 activities. Thus, at least in normal human
subjects, most of the serum 25-hydroxycholesterol appears
to originate from CYP3A4.

Under abnormal conditions, however, serum 25-
hydroxycholesterol concentrations may not change with
4B-hydroxycholesterol levels. For example, in a patient
with cerebrotendinous xanthomatosis (CTX), CYP27A1
deficiency, serum 25-hydroxycholesterol concentration
was low but 4B3-hydroxycholesterol concentration was high
compared with those in a normal subject (28). Because
CYP3A4 activity is not significantly altered in CTX (21), it
is likely that these oxysterol concentrations were affected
by the activities of other enzymes, i.e., impaired CYP27A1
and upregulated CYP7A1 (21) that metabolize 4B-hydroxy-
cholesterol and 25-hydroxycholesterol, respectively. A re-
centreportby Diczfalusyetal. (15) showed thatintravenous
injection of lipopolysaccharide (endotoxin) in healthy vol-
unteers resulted in an increase in plasma 25-hydroxycho-
lesterol concentration. Although CH25H activity was not
determined in these subjects, the increase might be due to
the induction of CH25H, as suggested by their experi-
ments using mouse macrophage.

The biochemical role of the production of 25-hydroxy-
cholesterol by CYP3A remains unclear. However, this oxys-
terol appears to be further metabolized to bile acids (35),
which may be one of the important alternative pathways
for bile acid biosynthesis. In addition, this oxysterol is a
potent inhibitor of HMG-CoA reductase and a ligand of
LXRa, so that it may participate in the regulation of lipid
metabolism. It should be noted that CYP3A4 catalyzes
not only 25-hydroxylation but also 4p-hydroxylation, 22R-
hydroxylation, and other nonstereospecific hydroxylations
of cholesterol, including 24R-, 24$, 26-, and 27-hydroxyla-
tion (Fig. 5). Because 43-hydroxycholesterol, 22R-hydroxy-
cholesterol, and 24Shydroxycholesterol have been reported
to be more potent activators of LXRa compared with
25-hydroxycholesterol (8, 9), the influence of CYP3A in-
duction on LXRa« activity is not explained by the effects of
25-hydroxycholesterol alone.

Fatty liver and hypertriglyceridemia are characteristic
features in Cyp27"~ mice (36) but not in CTX patients.
Because CYP3A is markedly upregulated in Cyp27 ' mice
but not in CTX patients (21), oxysterols synthesized by
CYP3A may induce fatty liver in Cyp27 '~ mice. In fact,
SREBPI, a target gene of LXRa, and SREBPl-regulated
FA biosynthetic enzymes were upregulated in Cyp27 "~
mice (36), whereas SREBP1 was not upregulated in CTX
patients (37).

TABLE 1. Cholesterol 25- and 4B-hydroxylation activities in recombinant overexpressed human cytochrome P450 (baculosomes®)

P450 concentration

25AHydr0xylationb

4{3—Hydr0xylation‘>

pmol/min/nmol P450 pmol/min/mg protein prmol/min/mmol P450

Baculosomes pmol P450/mg protein pmol/min/mg protein
WT control’ 0 0.06 (0.07, 0.05)
CYP1A2 98 0.58 (0.54. 0.62)
CYP2C9 313 1.36 (1.50, 1.21)
CYP2D6 252 0.59 (0.64, 0.54)
CYP3A4 96 1.86 (2.07, 1.64)

0.01 (0.00, 0.01)

5.95 (5.54, 6.35)
4.34 (4.79, 8.89)
9.36 (2.56, 2.15)
19.4 (21.6,17.1)

0.12 (0.1, 0.11)
0.25 (0.28, 0.21)
0.14 (0.17, 0.10)
0.99 (1.08, 0.89)

1.21 (1.30, 1.12)
0.79 (0.90, 0.68)
0.54 (0.69, 0.39)
10.3 (11.2,9.31)

WT, wild type.

“Microsomes prepared from insect cells that were infected with baculovirus containing the cDNAs for human cytochrome P450 and rabbit

cytochrome P450 reductase.
® Average of two assays. Individual values in parentheses.

‘Control microsomes prepared from insect cells that were infected with a wild-type baculovirus.
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In summary, 25-hydroxycholesterol was quantified us-
ing the latest HPLG-ESI-MS/MS technique in a mouse
liver cell line, in microsomes overexpressing recombinant
human cytochrome P450 enzymes and in normal human
sera. All data support the idea that CYP3A was one of the
responsible enzymes that catalyzed the 25-hydroxylation
of cholesterol i
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REPRODUCTION-DEVELOPMENT
T S e N B Rt

Impact of Ovarian Sex Steroids on Ovulation and
Ovulatory Gene Induction in Aromatase-Null Mice

Katsumi Toda, Yoshihiro Hayashi, Masafumi Ono, and Toshiji Saibara

Departments of Biochemistry (K.T.), Pathology (Y.H.), and Gastroenterology and Hepatology (M.O., T.S.),
Kochi University, School of Medicine, Nankoku, Kochi 783-8505, Japan

Female mice deficient in the aromatase gene [aromatase knockout (ArKO)] fail to ovulate owing
to an inability to produce estrogens. Here, we demonstrated that sequential administration of
adequate amounts of 178-estradiol (E2), pregnant mare serum gonadotropin, and human chori-
onic gonadotropin could induce ovulation in immature ArKO mice; nevertheless, significantly
fewer oocytes were released into the oviducts in ArKO mice than in wild-type mice. Analysis of
ovarian steroids by liquid chromatography coupled with electrospray ionization-tandem mass
spectrometry identified a trace amount of E2 in the untreated immature ArKO ovary. The analysis
further detected significant increases and decreases in progesterone and testosterone contents,
respectively, in additionto an increase of E2 in the ovulation-induced ArKO ovaries compared with
the levels in untreated ArKO ovaries. Gene expression analysis demonstrated marked elevation in
the mRNA levels of members of the epidermal growth factor family and extracellular matrix-
related proteins at 4 h after human chorionic gonadotropin injection in the ovaries of ArKO mice
treated for ovulation, as observed in the ovulation-induced wild-type ovaries. Collectively, these
findings suggest the vital contribution of the intraovarian milieu of sex steroids to ovulatory

regulation in vivo. (Endocrinology 153: 386-394, 2012)

strogens are important in the regulation of female re-
E productive functions. Negative and positive feedback
regulations on GnRH and gonadotropin secretion in par-
ticular are critical for the physiological control of ovula-
tory cycling (1). In addition, considerable studies have
been carried out to demonstrate the roles of estrogens in
folliculogenesis, steroidogenesis, ovulation, and corpus
luteum formation (2-5). However, it is still unclear which
ovarian responses triggered by gonadotropins are estro-
gen-dependent, because the ovary is the site of synthesis of
estrogens in response to gonadotropins.

Conversion of androgens to estrogens is catalyzed by
the enzyme called aromatase, which is encoded by the
genomic gene termed Cyp19a1 (6). Targeted disruption of
Cyp19al in female mouse [aromatase knockout (ArKO)
mouse] resulted in complete infertility due to estrogen in-
sufficiency (7, 8). Because ArKO mice enable us to distin-
guish between estrogen dependent and independent events
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triggered by gonadotropins in ovarian tissue, various his-
tological and physiological studies have been intensively
conducted (6-10). Histological analyses of ArKO ovaries
revealed follicular depletion at early developmental stages
and extensive formation of hemorrhage (7-9). Physiolog-
ical studies demonstrated that ArKO females ovulate nei-
ther spontaneously nor artificially after administration of
ovulatory doses of gonadotropins (8—11). The anovula-
tory phenotype of ArKO females was recovered from by
surgical replacement of their ovaries with wild-type (WT)
ovaries. Consequently, the mice became fertile (11). These
studies suggested that ovarian dysfunction is the primary
cause of the infertility of ArKO females. To date, any trials
to induce ovulation by supplementing ArKO mice with
exogenous 17B-estradiol (E2) have been unsuccessful (8,
12), implying that deletion of Cyp1941 might cause irre-
versible alternations in ovarian physiology essential for
ovulatory induction. In addition, inability to induce ovu-

Abbreviations: ArKO, Aromatase knockout; COC, cumulus-oocyte complex; DHT, dihy-
drotestosterone; E2, 17 B-estradiol; EGF, epidermal growth factor; hCG, human chorionic
gonadotropin; LC-MS/MS, liquid chromatography-electrospray ionization tandem mass
spectrometry; P4, progesterone; PMSG, pregnant mare serum gonadotropin; RT-QPCR,
real-time quantitative PCR; T, testosterone; WT, wild type.
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lation with supplementation of E2 and gonadotropins
might indicate involvement of unknown factors vital for
ovulatory induction of the estrogen-deficient mice.

In this study, with the aim of elucidating the underlying
causes of the infertility due to estrogen insufficiency, we
attempted to establish a superovulation regimen for ArKO
females. Our morphological and biochemical analysis
demonstrated that ovulation could be induced in ArKO
mice when stimulated the ovary with E2 and gonadotro-
pins in an sequential manner appropriately, emphasizing
that the anovulatory phenotype is reversible. Further-
more, present superovulation regimen for ArKO females
will provide a way to determine the relative contribution
of E2 and gonadotropins to the molecular events imme-
diately preceding ovulation.

Materials and Methods

Animals and treatments

Animal experiments were carried out according to the Guide-
lines for the Care and Treatment of Laboratory Animals of Kochi
University. Treatments of WT and ArKO mice (8, 13) were sum-
marized in Table 1. Pregnant mare serum gonadotropin (PMSG)
and human chorionic gonadotropin (hCG) were respectively ob-
tained from ASKA Pharmaceutical Co., Ltd. (Tokyo and Wako
Pure Chemical Industries, Osaka, Japan). E2 (minimum purity
98%; Sigma-Aldrich Corp., St. Louis, MO) dissolved at 0.15 or
1.5 mg/ml in sesame oil was sc administrated to ArKO mice.
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Numbers of released cumulus-oocyte complexes (COC) were
determined by oviductal inspection at 15 h after hCG injection.

In vitro fertilization

Invitro fertilization experiments were conducted to assess the
physiological quality of ArKO oocytes (see Supplemental Ma-
terials and Methods, published on The Endocrine Society’s Jour-
nals Online web site at http://endo.endojournals.org).

RNA preparation and real-time quantitative PCR
(RT-QPCR) analysis

Ovaries from nine to ten mice were pooled (n = 3) and used
for RNA preparation. Conditions for RNA preparation, cDNA
synthesis, and RT-QPCR (Supplemental Fig. 1) were detailed in
Supplemental Materials and Methods. Primer sequences are pre-
sented in Supplemental Table 1.

Histological examination and

immunohistochemistry

Ovaries were removed from the mice, fixed in a 10% (vt/vt)
buffered formalin solution, and embedded in paraffin. The sec-
tions at 3-pum thickness were stained with hematoxylin and eosin
or with an antibody against cytochrome P450scc (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) according to the manufac-
turer’s instructions.

Ovarian steroid contents

Because E2 contents were expected to be at a negligible level
in ArKO mice, ovaries from four to 10 mice dependent on the
genotype and treatment were pooled (n = 2). Ovarian contents
of progesterone (P4), testosterone (T), dihydrotestosterone

TABLE 1. Summary for animal treatment

Treatment
Experimental Ovary
group Genotype Day 1 Day 4 Day 5 Day 6 collected at

1 WT Without treatment

2 WT PMSG (5) 0

3 WT PMSG (5) hCG (5) 4

4 WT PMSG (5) hCG (5) 15

5 WT E2 E2/PMSG (25) E2 hCG (25) 15

6 ArkKO Without treatment

7 ArkO E2 E2 E2 0

8 ArkO PMSG (25) 0

9 ArkO E2 E2/PMSG (25) E2 0
10 ArKO E2 E2/PMSG (5) E2 0
11 ArKO PMSG (25) hCG (25) 4
12 ArKO E2 E2/PMSG (25) E2 hCG (25) 4
13 ArKO E2 E2/PMSG (5) E2 hCG (5) 4
14 ArkO PMSG (25) hCG (25) 15
15 ArKO E2 E2/PMSG (25) E2 hCG (25) 15
16 ArkO E2 E2/PMSG (5) E2 hCG (5) 15
17 ArKO E27 E22/PMSG (25) E27 hCG (25) 15

Immature WT mice at 4 wk of age were injected ip with 5 IU of PMSG on d 4 followed 48 h later with 51U of hCG on d 6 to promote
synchronized follicle growth and ovulation. ArkKO mice were stimulated with E2 on d 1, 4, and 5 (10 mg/kg BW, sc injection), PMSG on d 4 (25 or
5 IU/mouse), and hCG on d 6 (25 or 5 IU/mouse). Ovaries were collected at follicular growth stage as indicated by O (48 h after PMSG injection for
mice treated with PMSG alone or 24 h after the last injection of E2 for mice treated with E2 alone or E2 plus PMSG), at preovulatory differentiation stage as
indicated by 4 (4 h after hCG injection), and after ovulation as indicated by 15 (15 h after hCG injection). BW, Body weight.

2 ArKQO mice were supplemented with E2 at 1 mg/kg BW {(group 17).
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(DHT), and E2 in the pooled samples were measured in triplicate
by liquid chromatography-electrospray ionization tandem mass
spectrometry (LC-MS/MS) (Supplemental Materials and Meth-
ods). Detection limits for P4, T, DHT,and E2 are 2,1, 1,and 0.5
pg per assay, respectively (14). Contents of each steroid were
expressed as amounts of steroid per milligram of ovarian wet
weight from three independent measurements.

Western blot analyses

Pooled ovaries from five mice per group (n = 3) were soni-
cated in 100 pl of 50 mm Tris-HCI (pH 7.4) containing 0.1 mMm
EDTA, 0.1 mMm EGTA, 0.1% sodium dodecyl sulfate, protease
inhibitor cocktail (Roche Diagonostics GmbH, Munich, Ger-
many) and phosphatase inhibitor cocktail (Pierce, Rockford, IL).
The sonicated samples were further homogenized using the Bio-
Masher extraction device (Omni International, Kennesaw, GA).
After centrifugation at 16,000 X g for 10 min at 4 C, the super-
natants were used as total ovarian extracts for Western blot
analysis. Protein concentrations were quantified using a bicin-
choninic acid protein assay kit (Thermo Scientific, Rockford, IL).
Methods of Western blot analysis were detailed in Supplemental
Materials and Methods.

Statistical analysis

Continuous variables were expressed in mean = SE. Mann-
Whitney U test and ¢ test were used for analysis when they were
applicable (InStat software; GraphPad Software, Inc., San Di-
ego, CA). P values less than 0.05 were considered significant.

Results

Recovery from anovulatory phenotype in ArKO
mouse

WT females treated with E2 plus 25 IU of PMSG fol-
lowed by 25 IU of hCG ovulated significantly fewer
oocytes per animal than those after a conventional super-
ovulation regimen composed of 5 IU of PMSG and hCG
(14.1 £ 2.4 vs. 27.3 = 2.5 oocytes/mouse, P < 0.001)
(Table 2). In contrast to WT mice, none of the ArKO mice
ovulated upon the treatment with high doses of gonado-
tropin stimulation alone or conventional doses of gonad-
otropins with E2 supplementation (Table 2). However,
treatment of ArKO mice with E2 plus 25 IU of PMSG

Endocrinology, January 2012, 153(1):386-394

followed by 25 IU of hCG restored the anovulatory phe-
notype (Fig. 1A). Ovulatory response was observed in 42
of 60 ArKO mice examined, although the numbers of
oocytes released into the oviducts were significantly fewer
than those in WT mice (6.9 = 0.9 vs. 27.3 = 2.5 oocytes/
mouse, P < 0.001) (Table 2). When ArKO mice were
treated with a low dose of E2, ovulation was observed in
only one mouse out of 13 ArKO mice examined. Mor-
phological analyses of the released oocytes in the oviducts
showed no major abnormalities. In addition, the oocytes
recovered from the oviducts could fertilize with sperm
from matured WT mouse in vitro, excluding a possible
global defect in the quality of ovulated ArKO oocytes (Fig.
1B). In support of ovulatory induction in ArKO mice,
staining of the ArKO ovary with polyclonal P450scc an-
tibody revealed strong positive signals, indicating differ-
entiation of granulosa cells into luteal cells {Fig. 1C).

Alterations in sex steroid contents after ovulatory
stimulation in ArKO ovaries

We nextexamined ovarian contents of P4, T, DHT, and
E2 using LC-MS/MS at various ovarian stages (Table 3).
The contents of P4 in the ovary of WT mice were 1.35 and
1.45 ng/mg without treatment and after the treatment
with PMSG, respectively. E2 content in the ovary of WT
mice without treatment was 6.01 pg/mg, which was nearly
equivalent to the level of adult WT mice ata diestrous stage
when analyzed by LC-MS/MS assay (4.9 pg/mg) (15).
When stimulated with PMSG, E2 content significantly in-
creased to 134 pg/mg in WT mice (P < 0.001). The con-
tents of T and DHT also increased by 32- and 7-fold,
respectively, compared with the untreated WT levels (P <
0.001 and P < 0.001, respectively).

In the ovary of untreated ArKO mice, P4 content was
only 6% of the untreated WT levels (P < 0.001), whereas
T and DHT contents were higher than those in the WT
ovaries (P < 0.001 and P < 0.001, respectively); in par-
ticular, the former was 30-fold over the untreated WT
levels. Unexpectedly, a trace amount of E2 (0.05 pg/mg)
was detected in the ovary of the untreated ArKO mice

TABLE 2. Summary of ovulatory induction in ArKO mice

Experimental E2 PMSG® hCG Mice showin No. of ovulated

Genotype group (mg/kg) (1) (V) ovulation (% COC/mouse
WT (n = 23) 4 5 5 23 (100) 27.3+25
WT (n = 14) 5 10 25 25 13 (92) 14.1 = 2.4
ArkO (n = 15) 14 25 25 0 0
ArkO (n = 60) 15 10 25 25 42 (70) 6.9 = 0.9%
ArkO (n = 9) 16 10 5 5 0 0
ArKO (n = 13) 17 1 25 25 1(8) 2

E2, 1 or 10 mg/kg BW scatd 1, 4, and 5. PMSG, 5 or 25 IU/mouse at d 4. hCG, 5 or 25 U at d 6. No. of ovulated COC/mouse, Average COC
numbers per mouse showing ovulation. Nos. in the experimental group column correspond to those in Table 1. BW, Body weight.

9 P < 0.001 vs. WT mice treated with 5 IU of gonadotropins (group 4).
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of ArKO mouse at 15 h after hCG injection were stained with
hematoxylin and eosin. Scafe bar, 200 um. B, Ovulated oocytes of
ArKO mice were collected from the oviducts and used for in vitro
fertilization with sperm from WT mouse. The light microscope image
of fertilized oocytes at d 5 after incubation with the sperm was
presented. Scale bar, 50 um. C, Sections of the ovary from ArkKO mice
at 15 h after hCG injection were stained with an antibody against
P450scc. Scale bar, 200 pm.

under the present assay conditions (Supplemental Fig. 2).
As expected, ovarian E2 content was increased signifi-
cantly by exogenous supplementation with E2 (9.7 and
9.9 pg/mg with E2 alone and with E2 plus PMSG, respec-
tively) (P < 0.001 and P < 0.001 vs. untreated ArKO
ovaries, respectively); nevertheless, the contents were
around the range of the untreated WT levels. Treatment
with PMSG alone increased P4 content 1.5-fold over the
untreated ArKO levels (P < 0.001), whereas it had mar-
ginal effects on T and DHT in ArKO mice (not significant
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and P < 0.04, respectively). E2 treatment also caused a
3-fold increase in P4 content (P < 0.001), but it markedly
decreased in T and DHT contents: 2.8 and 20% of the
untreated ArKO levels, respectively (P < 0.001 and P <
0.001, respectively). When ArKO mice were treated with
E2 plus PMSG, P4 increased 8-fold, but T and DHT de-
creased to 28 and 14 %, respectively, compared with those
of untreated ArKO mice (P < 0.001, P < 0.001,and P <
0.001, respectively).

P4 content in the WT ovary at the preovulatory differ-
entiation stage was increased 2.3-fold, but T, DHT, and
E2 decreased t0 22, 11, and 26 %, respectively, of the WT
levels at the follicular growth stage (P < 0.001, P < 0.001,
P < 0.001, and P < 0.001, respectively). P4 in the ArKO
ovary at this stage was 2.3 ng/mg, which was similar to the
ovary of ArKO mice after treatment with E2 plus 5 TU of
gonadotropins (nonovulatory dose for ArKO mouse) (Ta-
ble 2). T, DHT, and E2 decreased in ArKO ovary at pre-
ovulatory differentiation stage to 22, 41, and 25% of the
ArKO levels at the follicular growth stage, respectively
(P < 0.001, P < 0.001, and P < 0.001, respectively), as
observed in the WT ovary. In the ArKO ovary stimulated
with nonovulatory dose of hCG (5 IU/mouse), DHT and
E2 contents decreased to 43 and 53% of the ArKO levels
at the follicular growth stage, respectively (P < 0.001 and
P < 0.001, respectively), whereas relatively high T content
compared with that in the ArKO ovary stimulated with
ovulatory dose of hCG (25 IU/mouse) (P < 0.001) was
detected, which was approximately a half of the untreated
ArKO level.

P4 content in the ovulated WT ovary was 3.2 ng/mg,
nearly same contents as those at the preovulatory differ-
entiation stage (P = 0.053). In contrast, T, DHT, and E2
contents decreased, reaching approximately the untreated
WT levels (P < 0.001, P < 0.001, and P < 0.001, respec-
tively). Content of E2 in the ovulated ArKO ovary de-
creased by 48% of that of ArKO ovary of the preovulatory
differentiation stage (P < 0.001), whereas the other three
steroids did not change significantly (P = 0.07, P = 0.20,
and P = 0.16, respectively). The ovaries of ArKO mice
treated with high doses of gonadotropins alone showed a
low level of P4 with high levels of Tand DHT, as observed
in the untreated ArKO ovaries.

Gene expression analysis

The effects of the current superovulation regimen on
transcript levels of a subset of genes related with ovulation
were evaluated by RT-QPCR analysis.

At the follicular growth stage (Fig. 2), mRINA expres-
sion of Fshr and Lhcgr was up-regulated after PMSG treat-
ment in the WT ovaries (P < 0.01 and P < 0.001) (Fig. 2,
experimental group 2): 1.5-and 16-fold over the untreated
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TABLE 3. Ovarian steroids

Experimental group P4 (ng/mg) T (pg/mg) DHT (pg/mg)  E2 (pg/mg) T/E2
WT
1 Without treatment 1.35 = 0.18 143 + 4.2 2.10 + 0.22 6.01 + 0.68 2.4
ArKO
6 Without treatment 0.08 = 0.02° 433.0 = 13.5° 7.51 = 0.87 0.05 = 0.01¢ 8660
At follicular growth stage
(48 h after PMSG
injection)
WT
2 With P 1.45 = 0.23 471.0 = 5357 158 = 1.89° 134.7 = 2.56° 35
ArkKO
9 With E2P 0.69 = 0.07° 124.1 = 155° 1.05 = 0.11° 9.9 + 1.14> 125
7 With E2 0.24 £ 0.03° 12.2 £3.04° 152016 9.7 = 1.10* 1.3
8 With P 0.12 £ 0.02°> 467.0=81.2° 107+ 1237 0.04=0.019 11675
At preovulatory differentiation
stage (4 h after hCG
injection)
WT
3 With Ph 3.38 = 0.4° 1056 = 11.7¢  1.71 £0.20¢ 354 = 4.39° 3.0
ArKO
12 With E2Ph 2.34 = 0.25 272 543" 043 +0.057 2520277 10.8
13 With E2Ph 2.87 +0.44 203.6 +=31.39 0.45 =+ 0.06" 5.22 = 0.59f 39.0
(5 1U)
After ovulation (15 h after
hCG injection)
4 With Ph 3.15 = 0.34" 10.0 £ 1.9 0.79 = 0.0/ 3.56 + 0.44' 2.8
ArkO
15 With E2Ph 1.81 £ 0.1 18.1 = 4.8 30.35 = 0.03 1.31 = 0.159 13.8
14 With Ph 0.13 0.0 206.2 = 295 46 +0.15 0.02 = 0.004 10300

(No ovulation)

Ovaries of WT mice and ArKO mice supplemented with hormones were collected and analyzed for steroid hormone contents by means of LC-MS/
MS. The contents were expressed as a basis of ovarian wet weigh {mg) (mean =+ sem). Numbers of experimental groups in Table 1 were presented.
E2P, E2 plus PMSG; E2Ph, E2 plus PMSG plus hCG; h, hCG; P, PMSG; Ph, PMSG plus hCG.

2 p < 0.001, vs. WT mice without treatment (group 1).

5 p < 0.001, vs. ArKO mice without treatment (group 6).

¢ Not significant vs. ArKO mice without treatment (group 6).
¢ P < 0.04, vs. ArKO mice without treatment (group 6).

€ P < 0.001, vs. WT mice with P (group 2).

fP < 0.001, vs. ArKO mice with E2P (group 9).

9 P < 0.001, vs. ArKO mice with E2Ph (group 12).

hp = 0,053, vs. WT mice after 4 h with Ph (group 3).

P < 0.001, vs. WT mice after 4 h with Ph (group 3).

WT levels (Fig. 2, group 1), respectively, whereas that of
Pgr remained unchanged. The levels of Lhcgr and Pgr in
the ArKO ovaries were significantly suppressed to 36 and
18% of the untreated WT levels, respectively (P < 0.001
and P < 0.001) (Fig. 2, group 6). Treatment of ArKO mice
with E2 significantly increased the expression of Lhcgr
and Pgr by 4- and 8.4-fold over the untreated level (P <
0.001 and P < 0.001), respectively (Fig. 2, group 7). Treat-
ment of ArKO mice with PMSG alone (Fig. 2, group 8)
caused 1.6-fold increase in Fshr mRNA levels (P < 0.02)
but had no effect on the Lhcgr and Pgr mRNA expression.
In contrast, the Lbhcgr expression was increased by the
treatment with E2 plus PMSG (Fig. 2, group 9), 28-fold
over the untreated ArKO level (P < 0.001), whereas the

mRNA expression levels of Fshr and Pgr after treatment
with E2 plus PMSG were nearly the same as those ob-
served in the ovary treated with PMSG alone. No signif-
icant difference in Fshr, Lhcgr, and Pgr mMRNA expression
levels was observed in the ArKO mice between treatment
with E2 plus high and low doses of PMSG (Fig. 2, groups
9 and 10).

Next, the mRNA levels of genes specifically induced
at the preovulatory differentiation stage were examined
(Fig. 3) (16-18). Significant elevations in the mRNA
expression levels of all the genes shown in Fig. 3 were
confirmed in the WT ovaries (P < 0.001) (Fig. 3, group
3). The expression levels of both Lhcgr and Pgr mRNA
were significantly increased by the treatment with F2 plus
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FIG. 2. RT-QPCR analysis of the ovarian mRNA expressions at follicular
growth stage. WT (open bar) and ArKO (closed bar) mice were treated
according to the schedule shown in Table 1 (9-12 mice per group,

n = 3). Bar illustrates fold difference compared with the expression
level in WT ovaries without treatment (mean =+ sem). £2, 10 mg/kg
body weight. P, PMSG; numeral, dosage (IU)/mouse. Numbers for
experimental groups presented in Table 1 were marked under the
graphs. a, P < 0.05 against untreated WT levels (group 1); b, P < 0.05
against untreated ArKO levels (group 6). The absence of fetters on a
bar indicates that difference does not reach significance statistically.
Exp, Experimental.

gonadotropins in ArKO mice (P < 0.02 and P < 0.001)
(Fig. 3, group 12); nevertheless, the latter level was half of
the WT level at this stage (P < 0.02). In the ovulated
ovaries in WT and ArKO mice (Fig. 3, groups 4 and 15},
Lhcgr mRNA expression levels remained high, whereas
the level of Pgr became noticeably low (P < 0.001).
Marked induction of the mRNA expression for epidermal
growth factor (EGF)-like growth factors, including Areg,
Btc, and Ereg, was observed in ArKO ovaries at the pre-
ovulatory differentiation stage (group 12) (P < 0.001,P <
0.001, and P < 0.001); nevertheless, the magnitude of the
induction of Areg and Ereg mRNA expression was less
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than the WT levels (P < 0.001 and P < 0.001). Notably,
no marked up-regulation of these mRNA expressions was
observed in the ArKO ovaries without E2 supplementa-
tion (Fig. 3, groups 11 and 14). Likewise, mRNA expres-
sion levels of factors controlling COC expansion, includ-
ing Ptgs2, Has2, Pix3, Tmfaip6, and Vcan, were
significantly increased by the ovulatory stimulation (P <
0.001, P < 0.001, P < 0.001, P < 0.001, and P < 0.02,
respectively) (Fig. 3, group 12). Furthermore, expressions
of these genes except for Ptx3 and Has2 were significantly
up-regulated in untreated ArKO ovaries (Ptgs2, P < 0.01;
Tmfaip6, P < 0.001; and Vcan, P < 0.01, respectively)
(Fig. 3, group 6), and they were enhanced by treatment
with gonadotropin alone (Fig. 3, groups 11 and 14)
(Ptgs2, P < 0.001; P#x3, P < 0.001; and Tmfaip6, P <
0.001, respectively). In the ovulated ovaries of WT and
ArKO mice, the mRNA levels of EGF-like and COC-re-
lated factors except for Vean in WT mice showed a clear
decline (P < 0.001) (Fig. 3, groups 4 and 15). In summary,
the present RT-QPCR analysis demonstrated that the ovu-
latory regimen for ArKO mice increased mRNA levels of
genes encoding factors critical for the ovulatory process;
nevertheless, the expression of some genes, such as Pgr,
Areg, Ereg, Has2, and Ptx3, was enhanced less markedly
in ArKO ovaries than in WT ovaries (P < 0.001, P <
0.001, and P < 0.001, respectively).

Next, the transcript levels in the ovary of ArKO mice
treated with E2 plus 5 IU of gonadotropins (nonovulatory
dose) (Table 2) were compared with those in the ovary
treated with the current superovulation regimen (Fig. 3,
groups 12 and 13). The mRNA levels for EGF-like growth
factorsand COC-related proteins in the ovary treated with
nonovulatory stimulations were nearly equal to the levels
in the ovary treated for ovulation. However, significant
differences in the expression levels between ovulatory and
nonovulatory stimulations were detected in the Lhcgr,
Pgr, and Btc mRINA expressions (P < 0.01, P < 0.001,and
P < 0.001, respectively). The lower mRNA levels of Lhegr
expression might be related to less efficient luteinization in
the ovary treated with a low dose of gonadotropins.

Induction of ERK1/2 phosphorylation by ovulatory
stimulation in ArKO mice

Several lines of evidence indicate that transduction of
the EGFR signaling is essential for LH-induced ovulation
process (18-21). Thus, we examined the phosphorylated
ERK1/2 levels in ArKO mice after ovulatory stimulation
(Fig. 4). As expected, stimulation with hCG increased
ERK1/2 phosphorylation in the ovary of PMSG-primed
WT mice (group 3, P < 0.001 vs. group 1, P < 0.01 vs.
group 2) (Fig.4). Inuntreated ArKO ovary, the basal phos-
phorylation levels of ERK1/2 were 3-fold higher than
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