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Objective: To study the effects of different doses of leptin on the expression of proteins involved in P synthesis, such as steroidogenic
acute regulatory protein (StAR), cytochrome P450 side chain cleavage (P450scc), and 3b-hydroxysteroid dehydrogenase (3bHSD).
Design: Experimental studies.
Setting: Research laboratory.
Animal(s): Immature rats primed with gonadotropins to induce ovulation.
Intervention(s): In vivo studies: rats received either an acute or daily treatment with leptin. In vitro studies: ovarian explants were
cultured in the absence or presence of leptin (0.3–500 ng/mL).
Main Outcome Measure(s): The expression of both messenger RNA and protein of StAR, P450scc, and 3bHSD were measured by re-
verse transcription-polymerase chain reaction (PCR) and Western blot, respectively.
Result(s): The acute treatment with leptin, which inhibits the ovulatory process, caused a significant reduction in the ovarian expres-
sion of P450scc without changes in StAR or 3bHSD. In contrast, the daily treatment, which induces the ovulatory process, showed an
increased expression of the ovarian 3bHSD protein, without differences in the other proteins measured. We also found that leptin in-
creased the protein of both P450scc and 3bHSD at physiological levels and inhibited both messenger RNA and protein of 3bHSD at
higher concentrations.
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Conclusion(s): The results indicate that 1) leptin is able to regulate the expression of the 3bHSD
protein in a dose-dependent manner; and 2) leptin seems to exert its dual effects on P synthesis
on different targets in a dose-dependent manner. (Fertil Steril� 2013;99:1460–6. �2013 by
American Society for Reproductive Medicine.)
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eptin, the obese gene product, is axis (2–5). Both leptin receptors and (15–23) effects on P production in
L produced mainly by adipocytes,
is secreted into the bloodstream,

and is involved in neuroendocrine sig-
naling and reproduction, including
ovarian function (1). Leptin mediates
its effects by binding and activating spe-
cific leptin receptors that are widely dis-
tributed in different systems, including
the hypothalamus-pituitary-ovarian
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leptin are expressed in granulosa (GC)
and theca, interstitial and cumulus cells
of humans (3, 6, 7), rats (8, 9), and mice
(10, 11). Likewise, leptin protein has
been found in follicular fluid (FF) at
levels similar to those found in plasma
(6, 7). In vivo and in vitro studies
have demonstrated that leptin causes
stimulating (12–14) and inhibitory
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a dose-, tissue-, and species-dependent
manner. Previously, we found that an
acute treatment with leptin inhibits
(24), whereas a daily administration of
low doses of leptin increases (25) plasma
P during the ovulatory process.

The steroidogenic acute regulatory
protein (StAR) and the cytochrome
P450 side chain cleavage (P450scc) en-
zyme mediate the rate-limiting steps of
steroidogenesis in gonadal cells. The
StAR is involved in the acute regulation
of steroidogenesis by faciliting the ac-
cess of cholesterol to the P450scc action,
and P450scc is the enzyme responsible
for conversionof cholesterol to pregnen-
olone, the immediate precursor of P.
Once pregnenolone is produced, it may
be converted toPby theactionof a single
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microsomal enzyme, 3b-hydroxysteroid dehydrogenase
(3bHSD) (26, 27). Thus, the aim of this work was to examine
whether the alteration in P levels caused by leptin observed in
our previous studies involves changes in the expression of
ovarian StAR, P450scc, and/or 3bHSD.

MATERIALS AND METHODS
Animals

Immature female Sprague Dawley rats aged 21 days were pur-
chased from the School of Veterinarian Sciences (Buenos
Aires University). Animals were kept under controlled condi-
tions of light (14 hours light:10 hours darkness), temperature
(22�C) and humidity, with free access to food and water. At
26–27 days of age, rats were intraperitoneally (IP) injected
with 15 IU of equine chorionic gonadotropin (eCG) and 48
hours later, with 15 IU of hCG to induce the first generation
of preovulatory follicles and ovulation. Animals were handled
according to the Guiding Principles for the Care and Use of
Research Animals, and all the protocols were approved by
the Institutional Committee of both the Centro de Estudios
Farmacol�ogicos y Bot�anicos and the School of Medicine of
the Buenos Aires University.

In Vivo Studies

Rats received one of the two following treatments: 1) acute
treatment (24), in which the rats received five IP injections
of either recombinant rat leptin (5 mg/0.15 mL of phosphate
buffer saline-bovine serum albumin [PBS–BSA]) or PBS–
BSA alone (control) 1 hour before hCG administration and
at 150-minute intervals until killing; and 2) daily treatment
(25), at 22 days of age, in which the rats received an IP injec-
tion of either recombinant rat leptin (3 mg/0.15 mL PBS–BSA)
or PBS–BSA alone (control) per day until the day the animals
were killed. After 10 days of treatment, these animals were in-
jected with gonadotropin as indicated previously. In total,
these animals received 12 injections of leptin. All the rats
(8–10 per group) were killed by decapitation 10 hours after
hCG administration and both ovaries were immediately dis-
sected out, frozen on dry ice, and stored at �78�C until use.
Only one ovary from each animal was used in these studies.

In Vitro Studies

Animals were killed by decapitation 4 hours after hCG admin-
istration and the ovarian tissue was incubated as described
TABLE 1

Primers used for polymerase chain reaction (PCR) for detection of StAR,

Gene Oligonucleotide sequences te

StAR Sense 50-CATCCAGCAAGGAGAGGAAG-30
Antisense 50-CGTGAGTTTGGTCTTTGAGG-30

P450scc Sense 50-TTGTGCCCCCCTGGG-30
Antisense 50-TTTGATGAAGTCCTGAGCTACACC-30

3bHSD Sense 50-AGTCCTGATCTGAGGGCTGA-30
Antisense 50-GCAGTTCTTTCTCCTGCACC-30

b-actin Sense 50-AGCCATGTACGTAGCCATCC-30
Antisense 50-CTCTCAGCTGTGGTGGTGAA-30
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previously (24). Ovarian slices (four slices per ovary per
well) were randomly distributed in 24-well plates containing
500 mL/well of Dulbecco's minimum essential medium
(DMEM)/F12 (1:1) medium (Bio-Rad Laboratories) with 25
mM N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid
(HEPES), 100 U/mL penicillin, 100 mg/mL streptomycin, 0.5
mg/mL fungizone, and 2 mM L-glutamine, and different leptin
concentrations (0.3–500 ng/mL) (24, 28, 29) at 37�C in
a humidified atmosphere (5% CO2:95% O2). After a 4-hour in-
cubation, ovarian tissues were recovered and frozen on dry ice
and stored at �75�C until use. Each experiment was repeated
at least six times.
RNA Isolation and Semiquantitative Reverse
Transcription-Polymerase Chain Reaction

Total RNA was isolated from all frozen tissues using TRI
Reagent (Molecular Research Center) according to the man-
ufacturer's instructions. The organic phase of each sample
was saved for protein extraction. Total RNA quantitation
and purity determination was assessed by spectral absorp-
tion (A260/A280) before reverse transcription-polymerase
chain reaction (PCR) reactions. Complementary DNA was
synthesized from 4 mg RNA in 25 mL of reaction mixture
containing 200 U Moloney murine leukemia virus, oligonu-
cleotides (Random Primers; Invitrogen), and deoxyribonu-
cleotides (Promega). Complementary DNA was amplified
by PCR in a total volume of 25 mL using the primers and
the cycles detailed in Table 1. Each reaction also contained
1 U Taq-DNA polymerase (Invitrogen), 0.2 mM of each
primer (Invitrogen), 0.2 mM of each deoxyribonucleotide,
and 1.5 mM MgCl2. The PCR profiles consisted of an initial
denaturing step at 94�C for 5 minutes and an appropriate
number of denaturing cycles at 94�C for 40 seconds, anneal-
ing at 57�C for 30 seconds, extension at 72�C for 1 minute,
and a final extension step at 72�C for 5 minutes. The primer
sequences used to amplify the messenger RNA (mRNA) of
P450scc, 3bHSD, and b-actin were designed by Primer3-
BLAST software, as described previously (30), whereas that
to amplify StAR mRNA was that described by Moreau
et al. (31) (Table 1). In preliminary experiments, the optimum
cycle number was determined for each target, therefore sig-
nals were always in the exponential portion of the amplifi-
cation curve. An aliquot of each sample of the PCR
reaction was electrophoresed in 2% (wt/vol) agarose gel
P450scc, 3bHSD, and actin.

Annealing
mperature (�C) Cycles Product size GenBank

55 35 496 bp NM031558.2

54 30 176 bp NM017286.2

53 20 218 bp NM001042619.1

57 35 228 bp NM031144.2
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with subsequent ethidium bromide (10 mg/mL) staining. The
mRNA bands were visualized and quantified using
Image Quant RT ECL (General Electric, Amersham Bioscience
Argentina SA) and ImageJ, respectively. Data were normal-
ized to b-actin mRNA in each sample. Negative controls
were performed without reverse transcriptase or RNA.
Protein Isolation by Western Blot

Proteins were isolated from the organic phase of the RNA iso-
lation according to the manufacturer's instructions. Equal
amounts of protein (30 mg for StAR, 100 mg for P450scc,
100 mg for 3bHSD) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(12%). Proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories) for 60 minutes in a cold
chamber using a Bio-Rad transblot apparatus. Membranes
were first blocked at 4�C overnight in Tris-HCl:saline (50
mM Tris-HCl: 150 mM NaCl at pH 7.5) containing 5% (wt/
vol) of nonfat milk powder (for rabbit antibodies) or normal
goat serum (for goat antibody), and then incubated at 4�C
for 48 hours with the primary antibodies (rabbit anti-StAR
and goat anti P450scc; Santa Cruz Biotechnology), rabbit
anti-3bHSD II (Novus Biologicals), and rabbit anti-actin
(Sigma–Aldrich), diluted 1:200. After washing, membranes
FIGURE 1

In vivo effect of the acute treatmentwith leptin on the ovarian expression of
3bHSD (C). Immature rats were primed with equine chorionic gonadotropin
hCG and at 150-minute intervals. Animals were killed 10 hours after hCG ad
bands were normalized to b-actin as control. The results are expressed as the
ovary from each animal with the same treatment (n ¼ 8–10). *P<.05, **P
Bilbao. Leptin regulates P450scc and 3bHSD proteins. Fertil Steril 2013.
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were treated with goat anti-rabbit IgG for StAR and 3bHSD
II (Santa Cruz Biotechnology) or bovine anti-goat IgG for
P450scc (Jackson ImmunoResearch Laboratories Inc.) as sec-
ondary antibodies, diluted 1:2,000 at room temperature for 1
hour. Immunoreactive bands were visualized using chemilu-
minescence detection reagents (Sigma-Aldrich) and Image
Quant RT ECL (General Electric), and quantified using ImageJ.
Before reuse, membranes were stripped, blocked, and re-
probed according to the manufacturer's instructions. Nega-
tive controls were carried out by omitting the incubation
with the primary antibody and no bands were detected. Mo-
lecular weight standards (Bio-Rad Laboratories) were run un-
der the same conditions to identify the protein bands. The data
were normalized to b-actin protein levels in each sample to
avoid procedural variability.
Statistical Analysis

All data are expressed as means � SEM. The difference be-
tween two groups was analyzed using Student's t test. Com-
parisons between more than two groups were performed
using one-way analysis of variance (ANOVA) and Dunnett's
multiple comparison test. Differences between groups were
considered significant when P< .05.
messenger RNA (top) and protein (bottom) of StAR (A), P450scc (B), and
/hCG and treated with vehicle (Control) or 5 mg leptin at 1 hour before
ministration. Quantitative analysis of both messenger RNA and protein
mean� SEM for 8–10 samples per group. Each sample represents one
<.01 versus controls (Student's test).

VOL. 99 NO. 5 / APRIL 2013
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RESULTS
In Vivo Studies

After the acute treatment with leptin, we observed a signifi-
cant reduction in the expression of mRNA of both StAR
(19%, P< .05) and 3bHSD (37%, P< .01) compared with con-
trols, without changes in their proteins (Fig. 1A and C). In
contrast, this treatment reduced the expression of P450scc
protein by 53% (P< .01), without differences in the mRNA
(Fig. 1B).

After the daily treatment with leptin, we found that nei-
ther StAR nor P450scc showed significant differences in the
expression of the transcript or protein (Fig. 2A and B). How-
ever, this treatment caused a significant increase in the ovar-
ian expression of 3bHSD protein (44%, P< .05) compared
with controls, without changes in the mRNA (Fig. 2C).
In Vitro Studies

To study the direct effect of a narrow range of leptin concen-
trations, the same proteins studied in the in vivo experiments
were measured in ovarian explant cultures after a 4-hour in-
cubation. Neither the transcript nor the protein of StAR was
FIGURE 2

In vivo effect of the daily administration of leptin (3 mg/d) on the ovarian
P450scc (B), and 3bHSD (C). On day 22 of age, rats received injections o
treatment, animals received the equine chorionic gonadotropin/hCG stimu
hours after hCG administration. Quantitative analysis of both messenger
results are expressed as the mean � SEM for 8–10 samples per group.
treatment (n ¼ 8–10). *P<.05 versus controls (Student's test).
Bilbao. Leptin regulates P450scc and 3bHSD proteins. Fertil Steril 2013.

VOL. 99 NO. 5 / APRIL 2013
modified by the presence of different leptin concentrations
compared with controls (Fig. 3A). However, the ovarian ex-
pression of P450scc protein was increased in the presence
of leptin (Fig. 3B), but only significantly at 3 ng/mL
(P< .01). This increase represented 75% compared with con-
trols. No differences were found in the P450sccmRNA expres-
sion. In the case of 3bHSD, the ovarian tissues exposed to
leptin clearly exhibited lower expressions of mRNA than the
control tissues, although these reductions were only signifi-
cant at leptin concentrations of 100–300 ng/mL (47%–

60%). However, the protein shows a dose-dependent biphasic
effect, as its expression was significantly increased (96%–

38%) at 1–10 ng/mL and significantly decreased (54%) at
500 ng/mL of leptin when compared with controls (Fig. 3C).
DISCUSSION
The fact that P450scc protein was reduced by the acute treat-
ment with leptin, without changes in StAR and 3bHSD pro-
teins, means that this treatment induced a lower availability
of the ovarian P450scc enzyme, the first rate-limiting step
in P synthesis. The original purpose of this treatment design
was to maintain high levels of leptin after hCG administration
expression of messenger RNA (top) and protein (bottom) of StAR (A),
f either vehicle (Control) or 3 mg of leptin per day. After 10 days of
lation as indicated in Materials and Methods. Animals were killed 10
RNA and protein bands were normalized to b-actin as control. The
Each sample represents one ovary from each animal with the same
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FIGURE 3

In vitro effect of leptin on the ovarian expression of messenger RNA (top) and protein (bottom) of StAR (A), P450scc (B), and 3bHSD (C). Ovarian
explants were obtained 4 hours after hCG administration from immature rats primedwith equine chorionic gonadotropin/hCG and incubated for 4
hours either in the presence or in the absence (Control) of different concentrations of leptin (0.3–500 ng/mL). Quantitative analysis of messenger
RNA and protein bands were normalized to b-actin as control. The results are expressed as the mean� SEM of six independent experiments (n¼ 6).
*P<.05, **P<.01, ***P<.001 versus controls (one-way analysis of variance [ANOVA] and Dunnett's multiple comparison test).
Bilbao. Leptin regulates P450scc and 3bHSD proteins. Fertil Steril 2013.
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to avoid the decrease in the levels of this protein observed in
circulation before ovulation, as described previously (24, 32).
Therefore, this result is consistent with findings showing that
this treatment is able to inhibit plasma P levels (24) and
ovulation (24, 28, 29). Unlike the acute treatment, the
ovarian expression of the 3bHSD protein, a microsomal
enzyme that converts pregnenolone to P, was increased
when the rats received the daily treatment with low doses of
leptin and no changes were found in the other proteins
studied. This increase is consistent with that found in other
studies, where a daily treatment with leptin, as well as other
chronic treatments, was found to have an effective and
positive action on the ovarian function, to accelerate the
onset of puberty in rodents (12, 33) and humans (34, 35), to
induce the ovulatory rate, the plasma P levels, and recover
the sexual function in malnourished female rats (25, 36). To
our knowledge, this work is the first to demonstrate that
leptin is able to regulate the expression of the 3bHSD
protein in a dose-dependent manner. A direct inhibitory ac-
tion of leptin in P secretion has been demonstrated by several
groups of investigators in different in vitro systems (15–20).
However, few studies have reported the in vivo action of
leptin on the P levels in the rat. No differences have been
1464
found in the P levels between rats treated with high doses
of leptin during the ovulatory process and control animals
(29). However, an increase in the ovarian expression of both
StAR and adrenodoxin, which is an intrinsic component of
the cytochrome P450scc enzymatic system, has been found
after a daily treatment with leptin in immature rats for 13
days, consistent with high serum P levels and early puberty
exhibited by these animals (12). Furthermore, daily
injections with physiological doses of leptin to immature
rats increased P levels (37). Thus, the opposite response of
the ovarian tissue to leptin could be due to different
mechanisms of leptin action, as these results suggest that
leptin regulates different targets throughout P synthesis in
a dose-dependent manner.

The StAR expression was not altered by the presence of
leptin in our in vitro experiments, whereas P450scc protein
was significantly increased at 3 ng/mL, without differences
in its transcript. In addition, 3bHSD protein exhibited a con-
centration-dependent biphasic effect. These results are con-
sistent with previous findings where 1–10 ng/mL of leptin
increased the P secretion in the culture medium of ovarian ex-
plants after a 4-hour incubation (38). It has been shown that
leptin influences the basal (21) or the gonadotropin- (16, 17),
VOL. 99 NO. 5 / APRIL 2013
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or insulin- (15, 39), or insulin-like growth factor I (IGF-I)- (7,
22), or cyclic adenosine 30:50 monophosphate (cAMP)- (20)
induced ovarian P secretion in many different biological
systems. Without considering the biological differences
between all of these systems, these effects were obtained
with concentrations higher than those used in our in vitro
studies. It is important to point out that the 3–10 ng/mL
concentrations used in our in vitro studies are of the same
order of magnitude as that found in circulation of normally
fed rats, and that they have stimulatory effects on the
ovarian function, as described previously (12, 40). It is well
known that the expression of P450scc is induced by cAMP
in steroidogenic tissues such as the ovary. Some studies
have shown that leptin is able to inhibit the 8-cAMP-stimu-
lated P secretion in culture of different cell systems, probably
through a cAMP degradation mechanism (20, 41). Neither the
cAMP levels nor cAMP-specific phosphodiesterase were mea-
sured in the present study, but it is probable that leptin acts on
the production of P through a mechanism involving cAMP
signaling to regulate the key enzymes involved in its
synthesis.

Although it is difficult to compare an in vivo effect caused
by a repeated or daily systemic exposure, as in our in vivo
studies, with an effect caused by a tissue directly exposed to
effective and known doses, it is important to point out that
our in vitro assays confirmed the results obtained in our
in vivo studies from this and previous works (24, 25), where
physiological levels of leptin have a stimulatory effect and
high levels of leptin have an inhibitory effect on the P
production by regulating the expression of P450scc and/or
3bHSD.

Finally, and considering that steroidogenesis is mainly
responsive to two regulatory systems that determine the ste-
roid levels, our results suggest that leptin appears to be acting
as a chronic regulation factor of steroidogenesis during the
ovulatory process as it modulates P levels by altering the ex-
pression of P450scc and/or 3bHSD without altering the StAR
content as an acute regulation factor.

In conclusion, this work provides evidences that 1) leptin
is able to regulate the expression of the 3bHSD protein in
a dose-dependent manner; and that 2) the dual and opposite
response of the ovarian tissue to leptin could be due to its ac-
tion on different targets, as different enzymes involved in P
synthesis are modified by this protein in a dose-dependent
manner.
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