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of this organ. We have previously shown that an oxidative
stress condition is established in the mid stage human cor-
pus luteum (CL), suggesting an important role of ROS in
human CL involution (3). Moreover, the existence of leu-
kocytes and endothelial cells as normal cellular elements of
the CL suggests the possibility of intraluteal generation of
ROS that can modulate human luteal steroidogenesis (3–5).

Recent studies have established that a short-lived gas
with free radical chemical properties, nitric oxide (NO·),
plays a major role in endocrine regulation (6), in addition
to its involvement in other physiological events (7–9). It
has been shown that NO· is generated in mammalian cells
from L-arginine (L-Arg) by the action of multiple isoen-
zymes of NO· synthase (NOS). The release of large amounts
of NO· is characteristic for induction of inducible or mac-
rophage NOS (macNOS), whereas the endothelial NOS
(eNOS) isoform produces small amounts of NO· (10–12).
This free radical serves as a biological messenger molecule
by acting as an intra- and intercellular signaling mechanism
(8). NO· might exert many of its physiological actions by
binding to the iron of the heme-containing enzymes, such
as guanylyl cyclase (13,14), cyclooxygenase (15), and
cytochrome P450 steroidogenic enzymes (16). In fact, a
recent investigation indicated that NO· may act as an
autocrine regulator of steroid production in human granu-
losa cells obtained from women undergoing in vitro fertili-
zation procedures (16). However, there is no evidence about
the participation of NO· as a regulatory molecule of steroid
secretion by human luteal cells, although the cellular
composition of the human CL suggests the possibility of
intraluteal production of NO·. The present study was
designed to examine the potential role of the system
NO·–NOS on human luteal steroidogenesis.

Results

The presence of specific eNOS mRNA was detected in
human CL of different ages, as observed in a representative
gel shown in Fig. 1. The resulting 485-, 290-, and 120-bp
amplification products were the size predicted based on the
cDNA sequence of NOS, abl, and β2-microglobulin,

To evaluate the effect of nitric oxide (NO·) in human
corpus luteum (CL) function, we investigated the
expression and the presence of NO· synthase (NOS) in
the human CL and the action of NO· on the in vitro
luteal steroid production. The expression of endothe-
lial NOS (eNOS) in early, mid-, and late CL was
assessed by reverse transcriptase polymerase chain
reaction (RT-PCR) and the immunohistochemical
study was performed in human CL histological sec-
tions by using monoclonal antibodies (MAbs) against
the distinct NOS isoforms. In addition, seven human
mid-CLs were enzymatically dispersed, and the cells
were cultured with NO· donor compounds. Steroid
production was measured in the culture media by spe-
cific radioimmunoassay. The results show that the
expression of eNOS was highly detected in mid- and
early CL, and to a lesser extent, in late CL. Meanwhile,
the immunohistochemical study indicated that both
isoenzymes of NOS were expressed in mid-human CL,
eNOS being the more abundant isoform present. On
the other hand, functional studies showed that NO·
donors (L-arginine [L-Arg] and sodium nitroprusside)
elicited an inhibitory action on steroid synthesis, pref-
erentially on estradiol production by the luteal cell
cultures (p < 0.05). In conclusion, the NO·–NOS sys-
tem is present in the human CL, and it may serve as a
modulator of the in vitro human luteal steroidogenesis.

Key Words: Steroidogenesis; nitric oxide; nitric oxide
synthase; human corpus luteum.

Introduction

Several studies have provided convincing evidence that
reactive oxygen species (ROS) generated in the mamma-
lian ovary (1,2) act as important modulators of the function
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respectively (Fig. 1A). The polymerase chain reaction
(PCR) amplification products of abl and β2-microglobulin
are used as internal controls, since the genes for both pro-
teins are expressed in all cells. Confirmatory evidence for
the 485-bp amplification product was obtained by PstI or
RsaI digestion of the PCR product, which generated two
expected bands (PstI, 325- and 160-bp; RsaI, 420- and
65-bp), indicative of the endothelial constitutive NOS
(Fig. 1B). No homology was observed with inducible or
macNOS cDNA obtained from GeneBank and analyzed by
the MacVector 4.1.1 Program. Nevertheless, the amplified
product was not validated by direct sequencing. As observed
in Fig. 1C, NOS expression, normalized to abl expression,
was importantly diminished (64%) in late relative to mid-
human CL. Meanwhile in the early stage, NOS was
expressed to a lesser extent (12%) than in the mid-CL.

Figure 2A,B shows histological sections of human CL
stained with hematoxylin/eosin. The parenchyma of the
gland is composed of polygonal luteal cells with abundant,
pale eosinophilic cytoplasm that may contain numerous
lipid droplets. The spherical nucleus contains one or two

large nucleoli. The immunohistochemical study (Fig. 2D–I)
showed that both eNOS and macNOS were expressed in the
human CL, with a greater number of cells expressing eNOS
relative to those expressing macNOS. The positive staining
for eNOS isoform was largely distributed within the paren-
chyma of the CL (Fig. 2D,E), indicated by the abundant
punctuate positive staining in their cytoplasm. Cells

Fig. 1. (A) Expression of eNOS in human corpora lutea obtained at different stages of the luteal phase, by RT-PCR. PCR amplification
of reverse-transcripted RNA from human CL of different ages using primers for eNOS (485-bp), abl (290-bp), or β2-microglobulin
(120-bp). Lane 1, early CL cDNA; lane 2, mid-CL cDNA; lane 3, late CL cDNA. Results are representative of 3 experiments with
different human CLs. (B) Enzymatic digestion of PCR products. NOS amplified from mid-CL was digested with PstI (recognizes
position 1351 of the amplified product) or RsaI (recognizes position 1091 of the amplified product). Lane 1, RsaI digestions of the PCR
product demonstrating the expected 420- and 65-bp product; lane 2, 50-bp DNA ladder; lane 3, the expected 485-bp product; lane 4,
PstI digestion of the PCR product demonstrating the expected 325- and 160-bp product. (C) Normalized yield NOS PCR products
relative to abl PCR products. PCR amplification of NOS and abl-specific sequences were performed in the same condition. Results
are the mean ± SEM of 4 experiments with 2 different human CLs.

Fig. 2. (opposite page) Immunohistochemical localization of the
distinct NOS isoforms in human CL: (A,B) Paraffin sections
(4 µm) of human CL stained with hematoxylin/eosin (magnifica-
tion, ×100 and ×400, respectively) showing steroidogenic cells
(single small arrow) and a capillary (single arrow). (C) Negative
control with normal mouse serum used in place of the respective
primary antibody. (D,E,F) Luteal cells demonstrating abundant
punctuate staining in their cytoplasm (D,E, double small arrow)
and in endothelial cells from blood vessels (F, arrowhead) when
using an MAb against eNOS (ECNOS). Cell nuclei are stained
with hematoxylin (magnification, ×100, ×400, ×400, respec-
tively). (G,H,I) Luteal cells showing punctuate staining in their
cytoplasm, indicating the presence of macNOS when using the
specific MAb (single arrow) (magnification, ×400, ×1000, ×1000,
respectively). Scale bar: (A–D) = 100 µm; (B,E–I) = 10 µm.
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expressing eNOS isoform present a large cytoplasm and a
prominent nucleus. Likewise, positive staining for this
isoform was also observed within the endothelium of luteal
blood vessels (Fig. 2F). On the other hand, punctuate stain-
ing for macNOS was also seen within the CL, although
limited to only a few luteal cells. The cells expressing
macNOS contained narrow cytoplasm (Fig. 2I) and appeared
to be located near the capillaries.

We also studied the steroidogenic response to the action
of NO· by treating mid-human luteal cells with increasing
concentrations of the NOS substrate, L-Arg (Table 1). A dose-
dependent decrease in estradiol production was observed at
concentrations as low as 1.0 µmol/L, presenting L-Arg a
significant inhibitory effect (p < 0.05) on both steroids at
1.0 mmol/L. In fact, the addition of L-Arg (1.0 mmol/L) to
the cultures (Fig. 3) caused a significant decrease (p < 0.05)
in progesterone (25%), testosterone (36%), and most
importantly, in estradiol production (51%), as compared to
the basal values. Similar results were obtained with sodium
nitroprusside (SNP), an NO·-generating compound, as
shown in Fig. 3.

Table 1
Dose-Dependent Effects of L-Arg,

NO·-Generating Compound on Basal Levels of Progesterone
and Estradiol in Dispersed Mid-Human Luteal Cellsa

Progesterone, Estradiol,
ng/106 cells pg/106 cells

Basal 85.9 ± 8.0 335.3 ± 41.8
L-Arg

10 nmol/L 84.1 ± 9.3 328.7 ± 37.5
1.0 µmol/L 76.5 ± 8.3 231.0 ± 25.8b

100 µmol/L 68.8 ± 8.4 178.2 ± 22.1b

1.0 mmol/L 64.4 ± 8.2b 163.1 ± 24.5b

aCells obtained from mid- (n = 3) human CL were treated with
different concentrations of L-Arg for 24 h. Progesterone and
estradiol production are expressed as mean ± SEM, and each
experiment was performed in duplicate. Increasing concentra-
tions of L-Arg diminished estradiol and progesterone production
in a dose-dependent manner.

bp < 0.05 vs basal values.
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To examine the effect of endogenous NO· on luteal
steroidogenesis Nw-monomethyl-L-arginine (L-NMMA)
(1.0 mmol/L), a specific NOS inhibitor, was added to
some cultures (Fig. 4). The results show that progester-
one, estradiol, and testosterone basal production were

significantly enhanced (p < 0.05) by 65-, 80-, and 85%,
respectively, in human mid-luteal cell cultures. Similar
results were obtained with another NOS inhibitor,
Nw-nitro-L-arginine methyl esther (L-NAME) (data not
shown).

Fig. 3. Effect of NO·-donating compounds, L-Arg (NOS substrate) and SNP (NO·-generating drug), on progesterone, testosterone, and
estradiol basal secretion by human mid-luteal cell cultures. Luteal cells were precultured in medium M-199, as described in Materials
and Methods, and after 24 h, the cells were cultured in the presence of 1.0 mmol/L L-Arg or 1.0 mmol/L SNP for 24 h in L-Arg-free
medium. Progesterone, testosterone, and estradiol levels are expressed as a percentage of basal values (basal = 0 dose of NO·-donor
compounds; mean ± SEM). Each treatment was conducted in duplicate, and the experiment was repeated seven times. Basal values for
progesterone, testosterone, and estradiol were 85.9 ± 8.0 ng/106 cells, 2.3 ± 0.4 ng/106 cells, and 335.3 ± 41.8 pg/106 cells, respectively.
*p < 0.05 vs basal values.

Fig. 4. Effect of endogenous NO· on human luteal steroidogenesis by cultured mid-luteal cells. Adherent human mid-luteal cells were
treated with 1.0 mmol/L L-NMMA, specific NOS inhibitor, for 24 h as described in Materials and Methods. Results are expressed as
percentages of basal values for progesterone (85.9 ± 8.0 ng/106 cells), testosterone (2.3 ± 4.0 ng/106 cells), and estradiol (335.3
± 41.8 pg/106 cells). *p < 0.05 vs basal values.
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We also examined the influence of NO· on steroidogen-
esis of human chorionic gonadotropin (hCG)-treated luteal
cells, by culturing the mid-luteal cells either with hCG alone
or in combination with L-Arg (1.0 mmol/L) (Fig. 5). Pro-
duction of estradiol on the hCG plus L-Arg-treated cell
cultures was significantly lower (40%, p < 0.05) than in
cells cultured with hCG alone; meanwhile, progesterone
synthesis showed a moderate decrease (20%) under these
conditions.

Discussion

It is well accepted that NO· exerts an important regula-
tory role on a variety of physiological processes, including
endothelium-dependent vascular relaxation, neurotrans-
mission, and immunocytotoxicity (8,9,17). In addition, it
has recently been suggested that NO· regulates several
aspects of the reproductive process (18). The purpose of the
present study was to determine whether NO· participates as
a local regulatory messenger molecule on human luteal
steroidogenesis. The fact that the human CL is heterog-
enous in its cell composition with an important percentage
of nonsteroidogenic cells, including leukocytes (3) and
endothelial cells, raises the possibility of intraluteal NO·
production. To answer this question, we first investigated
the expression of NOS in human CL obtained at different
stages of the luteal phase. Our results showed that eNOS
mRNA is expressed in the human CL during its life-span,
in an age-dependent manner, being highest in CL obtained
during the mid-luteal phase, in agreement with the vascular
development of the gland, which is maximum during the
mid-luteal phase. Also, both NOS isoforms are detected in
the human CL parenchyma with a greater number of cells

Fig. 5. Influence of NO· on the steroidogenesis of hCG-treated human mid-luteal cells. Luteal cells were treated with hCG (10 IU/
mL) alone or in combination with L-Arg (1.0 mmol/L). Values are mean ± SEM of seven experiments, each performed in duplicate.
Stimulated estradiol production was significantly diminished by the effect of L-Arg. *p < 0.05 vs hCG-treated condition.

expressing eNOS, but macNOS is restricted to a few cells.
It is most likely that eNOS isoform is expressed in ste-
roidogenic cells, as well as in endothelial cells, whereas
macNOS expression is apparently in nonsteroidogenic
luteal cells, including macrophages, indicated by the mor-
phological characteristics and the localization of the posi-
tive-stained cells. To our knowledge, this is the first study
to report the expression of eNOS mRNA in human CL of
different ages and the presence of both NOS isoenzymes in
the human CL; however, these data are consistent with
previous studies showing that eNOS is present in human
granulosa cells (16) and also in rat luteinized ovaries (18).

Based on in vitro observations in rat ovaries (18), it has
been suggested that NO· participates in functional luteal
regression by inhibiting steroidogenesis, preferentially on
estradiol synthesis. Similar results were found in granu-
losa/lutein cells (16), where NO· directly inhibits the cyto-
chrome P450 aromatase enzyme activity. The data obtained
in the present study are in agreement with these reports,
estradiol being the steroid most affected in the human CL
by the action of NO·, independently from the source of NO·,
SNP, or L-Arg. Moreover, our experiments also demon-
strate an inhibitory effect of NO· on testosterone produc-
tion, suggesting that the P450 c17 enzyme complex may be
affected in a similar manner as other steroidogenic enzymes
by the action of NO·, as previously reported (19). Collec-
tively, these data suggest that in human luteal cells, NO·
may represent a multifunctional regulatory molecule, being
responsible for the adequate blood supply to the CL, and
therefore, for the steroid secretion rate, in addition to its
function as an in vitro antisteroidogenic agent. These find-
ings are consistent with the observations that NO· may
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negatively regulate steroidogenesis in the rodent testes (20),
cultured Leydig cells (21), and human granulosa/lutein cells
(16), as already discussed. Furthermore, in our studies, the
inhibition of endogenous NO· generation by specific NOS
inhibitors, resulted in a significant increase of the steroids
produced by luteal cells, supporting the proposed modu-
latory role of NO· on human in vitro luteal steroidogen-
esis. On the other hand, the antisteroidogenic effect of NO·
was also observed in the hCG-stimulated condition, indi-
cating that NO· may affect the steroidogenic pathway at
several cellular levels, at hCG receptor, and at post-hCG
receptor sites.

In summary, the present investigation provides convinc-
ing evidence that NO· exerts a regulatory effect on cultured
luteal cell function. Several findings support this observa-
tion, including the expression of eNOS mRNA in human
CL of different ages, the presence of both NOS isoforms,
the inhibitory effect of NO· on the steroidogenic pathway
of human mid-CL, especially on estradiol production, and
the increased steroid synthesis in the presence of NOS
inhibitors. These results further suggest that NO· produced
endogenously may act, by an autocrine and/or paracrine
mechanism, as an antisteroidogenic agent in these cells.
Taken together, these data are in agreement with our previ-
ous studies (2,3), suggesting the participation of ROS in
human luteal regression and the importance of cell-to-cell
interaction in the normal function of the gland. Neverthe-
less, more studies are in progress to elucidate the mecha-
nism of action of this agent and whether NO· is acting in an
autocrine or a paracrine manner.

Materials and Methods

All chemicals, culture media, and hormones used were
obtained from Sigma Chemical Co. (St. Louis, MO), except
for the lymphocyte separation medium (Litton Bionetics,
Kensington, MD) and collagenase (Worthington Biochemi-
cal Corp., Freehold, NJ). Monoclonal antibodies (MAbs)
were purchased from Transduction Laboratories (Lexing-
ton, KY), and the second Ab and reagents for the detection
system, from Dako Corp. (Carpinteria, CA). Primers,
DNase I (Amp Grade), SuperScript RT II, random prim-
ers, RsaI, Taq DNA polymerase, and guanidinium thiocy-
anate, were purchased from Gibco BRL Life Technology
(Bethesda, MD). PstI was obtained from New England
Biolabs (Beverly, MA). 32P-dCTP (SA 3000 Ci/mmol)
was purchased from DuPont NEN Research Products
(Boston, MA).

Subjects

Corpora lutea were obtained from 12 normal women,
aged 30–36 yr, requesting surgical sterilization at the San
Borja-Arriaran Clinical Hospital. The procedure was car-
ried out as reported earlier (22). Briefly, the minilaparotomy
performed in women with previous cesarean sections was

scheduled at different stages of the luteal phase: <5 d after
the luteinizing hormone (LH) peak (early, n = 2), 5–9 d after
the LH peak (mid-CL, n = 7), and >9 d after the LH peak
(late, n = 3). All subjects gave informed consent for removal
of the CL, which was approved by the Institutional Ethical
Committee. After removal, the tissue was placed in sterile
0.15 M NaCl and transported to the laboratory at room tem-
perature. The phase of the menstrual cycle of each woman
was confirmed by endometrial and CL-dating biopsies
(23,24), and by measurements of progesterone concentra-
tion in plasma as previously reported (3).

Expression Studies

Total RNA was isolated using the acid guanidinium thio-
cyanate-phenol-chloroform extraction (25). Briefly, frozen
early (n = 2), mid- (n = 3), and late (n = 3) human CLs were
homogenized in a guanidinium thiocyanate solution, and
extracted twice with phenol-chloroform-isoamilic alcohol.
The aqueous phase was precipitated with isopropanol
alcohol at –20°C. Total RNA was resuspended in diethyl-
pyrocarbonate–water, and the RNA integrity was assessed
by electrophoresis of an aliquot of each sample in a 1% aga-
rose gel. Complementary DNA (cDNA) was synthesized
by using SuperScript II reverse transcriptase (RT) and
random primer as described previously (26). A 485-bp
PCR fragment was generated from human CL cDNAs with
specific eNOS primers and PCR condition reported previ-
ously by Van Voorhis et al. (16) and modified by us, using
a nucleotide mixture containing 0.4 µCi 32P dCTP in The
Minicycler, model PTC-150-16 (MJ Research Inc., Water-
town, MA). To verify that the PCR-generated band was
eNOS cDNA, purified PCR product was digested with
20 IU PstI or RsaI and resolved in 2% agarose-gel electro-
phoresis. As internal controls, we used primers that ampli-
fied β2-microglobulin and abl mRNAs, both of which
appear to be expressed ubiquitously (27,28). The presence
of a 120- and 290-bp amplification products confirms that
the reaction contained intact β2-microglobulin and abl
mRNAs, respectively. Products were resolved on a
1.5% agarose-gel electrophoresis using ethidium bromide
staining. Each amplified fragment and the negative water
control corresponding to the bp bands were excised, and the
radioactivity determined in a scintillation counter. The cpm
obtained were corrected with the negative water control
cpm, as was described previously (26). The counts obtained
from eNOS products were normalized with the counts
obtained from abl PCR products. Both eNOS and abl cDNA
amplifications were within the linear range.

Immunohistochemical Detection of NOS Isoforms

The detection of NOS isoforms was carried out in histo-
logical paraffin sections (4 µm) of human mid-CL by the
avidin–biotin immunohistochemistry method (3). The
MAb used against eNOS (anti-ECNOS, N30020, Clone 3)
was raised in mice against a 20.4-kDa protein fragment
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corresponding to amino acids 1030–1209 of human eNOS.
The MAb used against inducible or macNOS isoform (anti-
macNOS, N32020, Clone 6) was raised in mice against a
21-kDa protein fragment corresponding to amino acids
911–1144 of mouse macNOS. The second antibody used
was a biotinylated antimouse immunoglobulin raised in
rabbits. The reaction was evidenced by avidin–biotin con-
jugated peroxidase using diaminobencidine as the chro-
mogen, and cell nuclei were stained with hematoxylin.

Cell Dispersion and Culture

For experiments assessing the influence of NO· on ste-
roidogenesis, cells from human mid-CL were dispersed as
described previously (29). Briefly, the luteal tissue was
enzymatically dissociated in Medium 199 containing
NaHCO3 (26 mmol/L), BSA (0.1% w/v), HEPES (25 mmol/L),
antibiotics (100 IU/mL penicillin and 5 mg/L streptomy-
cin), collagenase (370 IU/100 mg tissue), and DNase
(14 KU/100 mg tissue). Cells were counted in a hemocy-
tometer, and viability was >85% during the time culture
and in the presence of the different agents, as assessed by
the trypan blue exclusion method. The same percentage of
steroidogenic cells (3β-HSD positive) was observed in all
cultures. Luteal cells (105 cells/well) were cultured in the
defined M 199 at 37°C in a 5% CO2-air atmosphere, as
reported earlier (29). After 24 h, adherent cells were washed
and M 199 was replaced by Hank’s (L-Arg-free) supple-
mented with gluthamine (0.1 mg/ml), BSA, NaHCO3,
HEPES, and antibiotics. Then, hCG (10 IU/mL), NO·-donat-
ing drug sodium nitroprusside (SNP, 1.0 mmol/L), NOS
substrate L-Arg (10 nmol/L to 1.0 mmol/L), or competitive
inhibitors of NOS NAME (1.0 mmol/L) and NMMA
(1.0 mmol/L) were added to some plates. Cultures were
terminated at 24 h and the media were stored at –20°C until
assayed for progesterone, estradiol, and testosterone by spe-
cific radioimmunoassay as reported previously (30). Ste-
roid production was normalized to 106 viable luteal cells.
Details of each experimental design are indicated in the
figure legends.

Statistical Analysis

These data are presented as means ± SEM for the number
of separate studies as indicated in the figure legends. The
results were analyzed using Student’s t-test for unpaired
results, or one-way analysis of variance, using Fisher’s
protected least-square difference multiple-comparison test
(31). A p value of < 0.05 was considered statistically
significant.
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