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The nitric oxide (NO)-cGMP pathway has been pro-
posed as a mechanism for relaxation of myometrium
during pregnancy and as a modulator of labor. Car-
bon monoxide (CO), produced by hemeoxygenases
(HO-1 and HO-2), also activates soluble guanylate cy-
clase to increase cGMP. A recent study reported a
large increase in HO-1 and HO-2 proteins during preg-
nancy, suggesting that the HO-CO pathway may be
important in the maintenance of uterine quiescence
during pregnancy. In this study we used Western blot-
ting, reverse transcription-polymerase chain reac-
tion, and immunohistochemistry to determine HO-1
and HO-2 expression in nonpregnant, pregnant, and
laboring myometrium. Immunolocalization of HO
was also compared with endothelial and inducible
nitric oxide synthases (eNOS and iNOS). In contrast to
HO-1 protein, which was not detected in myome-
trium, HO-2 protein and mRNA were constitutively
expressed, although there were no differences in ex-
pression between the groups. eNOS was expressed in
endothelial cells but not in myometrial smooth mus-
cle. iNOS protein was not detected in myometrium.
These data do not support an up-regulation of HO-1
and HO-2 during pregnancy and are not consistent
with a role for NO or a major role for CO in human
myometrial quiescence. Our results are also in keep-
ing with HO-2 being an noninducible protein. (Am J
Pathol 1999, 155:831–840)

Although spontaneous preterm birth (delivery before 37
weeks) accounts for 5 to 10% of all births, it is associated
with up to 70% of neonatal deaths. It is also responsible
for up to 75% of neonatal morbidity with considerable
long-term morbidity in the child.1–3 Drugs used to treat
preterm labor, such as prostaglandin synthesis inhibitors,
calcium channel antagonists and b-adrenoceptor ago-
nists, have only short-lived effects or have potential side
effects for mother and fetus.4,5 Agents that have been
used more recently, such as oxytocin receptor antago-

nists6 and nitric oxide (NO) donors,7 are currently the
focus of intensive research, but early reports suggest that
they will not confer major benefits. One reason there is no
effective method of treating preterm labor is our limited
knowledge of the mechanisms that control myometrial
quiescence during pregnancy and its contractile state in
normal and preterm labor.8,9

NO, produced by the enzyme nitric oxide synthase
(NOS), binds to the heme prosthetic moiety of the soluble
guanylate cyclase, leading to increased cGMP produc-
tion and smooth muscle relaxation. Carbon monoxide
(CO) also binds to heme and activates soluble guanylate
cyclase.10 Discrepancies in localization of NOS and
guanylate cyclase in the brain indicate that a substantial
portion of guanylate cyclase may not serve as a target for
NO.11 CO is produced by heme oxygenase (HO), a mi-
crosomal enzyme that oxidatively cleaves heme, a pro-
oxidant, to produce biliverdin and CO in the presence of
NADPH-cytochrome P450 reductase and NADPH.12 HO
consists of two homologous isoenzymes: HO-1, which is
inducible, and HO-2, which is constitutive.13,14 HO-1 is
expressed at high concentrations in the spleen and liver,
where it is responsible for the destruction of heme from
red blood cells. HO-1 can be induced by numerous
stimuli including heme, human chorionic gonadotrophin,
and oxidative stress.15–21 HO-2 is not thought to be in-
ducible and is widely distributed throughout the body.
CO acts as a neurotransmitter,11 inhibits platelet aggre-
gation,22 and is a vascular smooth muscle relaxant.23 CO
may also account for some of the NO-independent com-
ponent of relaxation previously ascribed to endothelial-
derived hyperpolarizing factor, as it hyperpolarizes
smooth muscle cells by opening potassium channels.24

Outside the brain, HO-2 has been localized by immuno-
cytochemistry to endothelial cells, adventitial nerves, and
vascular smooth muscle. It has been proposed that
eNOS and HO-2 may have coordinated physiological
roles.25

Animal studies suggest that the NO-cGMP pathway
may be involved in myometrial quiescence during preg-
nancy and in the control of labor.26–31 However, human
studies do not suggest a functional NOS in myometri-
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um.32 Myometrial cGMP has been reported to increase
during guinea pig pregnancy independent of changes in
NO synthesis,33 and Acevedo et al recently reported a
16-fold increase in HO-1 and HO-2 proteins in pregnant
compared to nonpregnant myometrium.34 Furthermore,
HO immunoreactivity was reported to show a similar pat-
tern of expression to eNOS.34 Activation of the HO-CO
pathway by the HO inducer hemin completely inhibited
spontaneous contractions, and progesterone induced
both HO-1 and HO-2 mRNAs. These findings suggest
that the HO-CO pathway may be important for uterine
quiescence during pregnancy.

The aim of this study was to investigate HO-1 and
HO-2 expression in nonpregnant, pregnant, and laboring
myometrium using Western blotting, reverse transcrip-
tion-polymerase chain reaction (RT-PCR), and immuno-
histochemistry. Immunolocalization of HO was also com-
pared with that for eNOS and iNOS.

Materials and Methods

All chemicals were purchased from Sigma Chemical
Company (Poole, UK) unless stated otherwise.

Tissue Collection

Myometrial tissue was obtained from pregnant women
undergoing elective (nonlaboring, P, n 5 10) or emer-
gency (laboring, L, n 5 10) lower uterine segment cesar-
ean section. In the nonlaboring group the indications for
delivery were previous cesarean section or breech pre-
sentation. In the laboring group the indication for delivery
was failure to progress. All samples in the pregnant
group were obtained at term (37–42 weeks’ gestation).
Samples were also collected from five women not in labor
undergoing elective lower uterine segment cesarean
section preterm (PT; 32–33 weeks’ gestation). All biop-
sies were taken from the upper lip of the incision in the
lower uterine segment. Myometrium was also collected
from a group of women undergoing hysterectomy (non-
pregnant, NP) for heavy menstrual bleeding, dysmenor-
rhea, or fibroids (n 5 10). Care was taken to ensure
myometrium was taken away from the site of the fibroids
and was free of decidua and serosa. All myometrium
used in this study was confirmed to be histologically
normal. All tissues were snap-frozen in liquid nitrogen
immediately after collection and stored at 270°C before
protein/RNA extraction or cryostat sectioning. For cell
culture studies, myometrium, also obtained from women
undergoing hysterectomy, was collected into sterile Dul-
becco’s modified Eagle’s medium (DMEM) containing
1% penicillin/streptomycin, 1% glutamine, and 1% Fun-
gizone. All cell culture reagents were obtained from
Gibco BRL (Paisley, UK). All women gave their written
consent to participation in the study. The study was
approved by the Joint Ethics Committee of Newcastle-
on-Tyne Health Authority, the University of Newcastle,
and the Yorkhill Hospital and Western Infirmary Ethical
Committees.

Antibodies

HO-1 and HO-2 rabbit polyclonal antibodies were ob-
tained from Stressgen Biotechnologies Corp. (Victoria,
BC, Canada). The HO-1 antibody was raised against
purified rat liver HO-1, and the HO-2 antibody was raised
against purified native rat testis HO-2. Due to the highly
conserved nature of HO-1 and HO-2 between species,
these antibodies can be used to detect the human pro-
teins. There is no cross-reaction between the antibodies,
which were used for both Western blots and immunohis-
tochemistry. The eNOS/type III mouse monoclonal anti-
body was purchased from Transduction Laboratories
from a UK supplier (Affiniti, Exeter, UK). A 20.4-kd protein
fragment corresponding to amino acids 1030–1209 of
human eNOS was used as an immunogen. The iNOS
antibody, a rabbit polyclonal antibody (C-19/SC649)
raised against amino acids 1135–1153 mapping at the
carboxy terminus of human iNOS, was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

Positive control for iNOS antibodies: A549 cells (a hu-
man lung airway epithelial cell line) treated with a cyto-
kine cocktail that selectively induces iNOS were a gift
from Dr. Simon Bartlett, King’s College, London. The cells
were plated in 9-cm dishes and grown to confluence in
DMEM containing 10% fetal calf serum. The cells were
serum-deprived overnight before addition of the cytokine
cocktail: 100 mmol/L lipopolysaccharide, 10 ng/ml inter-
feron-g, 10 ng/ml tumor necrosis factor-a, and 10 ng/ml
interleukin-1b. Cells were incubated for 48 hours with
cytokines, washed twice with ice cold phosphate-buff-
ered saline (PBS), and lysed in 0.5 ml lysis buffer (50
mmol/L HEPES, pH 7.5, 2 mmol/L EDTA, 0.2% CHAPS, 1
mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl flu-
oride, 1 mg/ml pepstatin, 1 mg/ml leupeptin, 1 mg/ml
aprotinin, 5 mg/ml chymostatin, 100 mg/ml antipain, 100
mg/ml soya bean trypsin inhibitor). Cells then underwent
two freeze-thaw cycles and were spun at 13,000 rpm for
5 minutes at 4°C. The supernatant was removed and 30
ml of expanded ADP-sepharose (Pharmacia) were added
and mixed continuously for 45 minutes at 4°C. The beads
were spun briefly in a microcentrifuge, the supernatant
discarded, and the beads washed with 250 ml of lysis
buffer. This was repeated once more and then the beads
were washed 33 in lysis buffer containing 0.5 mol/L NaCl
followed twice more with standard lysis buffer. Finally,
200 ml of loading buffer was added to the pelleted beads,
and the sample was boiled for 3 minutes and stored at
220°C until sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blots were performed.

Western Blotting

For the HO antibodies, tissue samples were ground to a
fine powder in liquid nitrogen with a mortar and pestle
and added to 4 volumes of cold lysis buffer consisting of
25 mmol/L Tris, 0.25 mol/L sucrose, 1 mmol/L EDTA, pH
7.6, and 50 ml/g tissue protease inhibitor cocktail (Sig-
ma). Using a Polytron homogenizer at setting 10, the
sample containers were surrounded by ice and homog-
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enized for three 10-second intervals. The homogenate
was spun at 5000 3 g for 10 minutes at 4°C to remove
debris and the resulting supernatant spun again at
50,000 3 g for 20 minutes at 4°C to pellet the mem-
branes. The supernatant containing the cytosolic fraction
was divided into aliquots and stored at 270°C. The mem-
brane pellet was resuspended in 25 mmol/L Tris, pH 7.6,
and spun again at 50,000 3 g for 20 minutes at 4°C. The
supernatant was again removed and discarded and the
membrane pellet resuspended in 25 mmol/L Tris, pH 7.6
(500 ml buffer per gram of starting material), and stored at
270°C. Protein concentrations of both the cytosol and
membrane fractions were determined by the method of
Lowry, using bovine serum albumin as a standard, and
diluted to the required concentration.

Samples (membrane or cytosol) were mixed 1:1 with
loading buffer (1.2 ml 1 mol/L Tris, pH 6.8, 2 ml glycerol,
4 ml 10% sodium dodecyl sulfate, 2 ml 1 mol/L dithiothre-
itol, 0.8 ml distilled water) with bromophenol blue added
to give a deep blue color and boiled for 5 minutes before
loading. Samples were separated on 10% sodium dode-
cyl sulfate polyacrylamide resolving gels with a 4% stack-
ing gel using minigel kits (BioRad, Hemel Hempstead,
UK)35 at a constant current of 15 mA. Each well was
loaded with 25 mg of protein. Molecular weight markers
(Sigma, SDS-7B pre-stained, 33–205 kd range) were
loaded beside the samples.

Protein was transferred overnight in buffer containing
25 mmol/L Tris, 19 mmol/L glycine, 20% methanol at a
constant 30 V to BioBlot NC nitrocellulose membranes
(Costar, Corning, NY). Filters were blocked for 1 hour at
room temperature in TBSTB buffer (20 mmol/L Tris, pH
7.5, 0.5 mol/L NaCl, 0.4% Tween 20, 0.25% bovine serum
albumin) containing 10% normal donkey serum. Both
HO-1 and HO-2 antibodies were prepared at a concen-
tration of 1:1000 in TBSTB containing 5% normal human
serum and pre-absorbed for 1 hour at room temperature
to reduce nonspecific binding before being used for
immunodetection. Omission of this step resulted in many
nonspecific bands appearing on the autoradiograph. The

antibodies were added for 1 hour at room temperature.
The filters were rinsed once, washed twice for 5 minutes
in TBSTB, and then incubated with horseradish peroxi-
dase-conjugated donkey anti-rabbit IgG (SAPU, Carluke,
UK) diluted 1:2000 in TBSTB for 1 hour at room temper-
ature. Blots were then rinsed again and washed twice in
TBSTB followed by one 5-minute wash in distilled water.
Proteins were detected using the Amersham enhanced
chemiluminescence detection system and filters were
exposed to Hyperfilm ECL (Amersham, Buckingham-
shire, UK).

For the eNOS antibody the same procedure was fol-
lowed with the following modifications. Samples (mem-
branes or cytosol) were separated on 10% gels and 40
mg of protein were loaded into each well. Filters were
blocked for 1 hour at room temperature in PBS/0.1%
Tween 20/5% Marvel. The eNOS antibody was added at

Figure 1. Western blot analysis for HO-2 (upper panel) and HO-1 (lower
panel) in human nonpregnant myometrium. Each lane was loaded with 25
mg of protein. A band of 36 kd was detected in the membrane fraction (M)
with the HO-2 antibody. No HO-2 protein was detectable in the cytosolic
fraction (C). HO-1 protein was undetectable in both the membrane (M) and
cytosolic fractions (C). A positive control (1) for HO-1 (recombinant rat
HO-1) confirmed the HO-1 antibody’s specificity.

Figure 2. a: Western blot analysis for HO-2 (upper panel) and HO-1 (lower
panel) in human nonpregnant myometrium (NP), pregnant term nonlabor-
ing myometrium (P), pregnant term laboring myometrium (L), and preterm
laboring myometrium (PT). Each lane was loaded with 25 mg of membrane
protein. A band of 36 kd was detected in the membrane fraction (M) of all of
the samples with the HO-2 antibody. No HO-2 was detectable in the cytosolic
fraction (C) of any of the samples. A positive control (1) for HO-1 (recom-
binant rat HO-1) confirmed the HO-1 antibody’s specificity. HO-1 was un-
detectable in all of the samples. b: Scanning densitometric analysis of auto-
radiographs obtained from non-pregnant (n 5 10), pregnant term
nonlaboring (n 5 10), term laboring (n 5 10), and preterm nonlaboring
(n 5 5) myometrium. Data are shown as a scattergram and bars show
median values.
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a dilution of 1:500 in PBS/0.1% Tween 20/1% Marvel for
1.5 hours at room temperature. The filters were washed
for 5 3 5 minutes in PBS/0.1% Tween 20 and then incu-
bated with horseradish peroxidase-conjugated donkey
anti-mouse IgG (SAPU) diluted 1:2000 in PBS/0.1%
Tween 20/1% Marvel for 1 hour at room temperature.
Blots were then washed 5 3 5 minutes in PBS/0.1%
Tween 20 followed by 1 3 5 minutes in distilled water. For
detection of iNOS, the procedure for eNOS was followed
except that the blocking buffer was TBSTB/5% donkey
serum and the wash buffer was TBSTB. The antibody1:500

was first pre-absorbed for 1 hour at room temperature in
TBSTB/5% normal human serum and then directly hybrid-
ized with the filters at room temperature for 1.5 hours. The
secondary antibody was donkey anti-rabbit IgG-HRP
(SAPU) diluted 1:2000 in wash buffer. Samples for iNOS
were extracted from homogenized tissues with ADP-
sepharose as described above.

RNA Extraction

Total RNA was prepared from using the RNAzol B
method (Biogenesis, Poole, UK) from tissue samples
which had been ground to a fine powder in liquid nitrogen
with a mortar and pestle. Integrity of RNA was validated
on agarose gels as previously described.36

Amplification of HO-1 and HO-2

First-strand cDNA synthesis was performed using Super-
script II reverse transcriptase (Gibco BRL, Paisley, UK).
Approximately 10 mg of each purified RNA sample was
reverse transcribed using oligo dT priming. Briefly, a
25-ml reaction was prepared by adding 5 ml 2.5 mmol/L
dNTP mix (Promega, Southampton, UK), 5 ml 53 first-
strand buffer (Gibco BRL), 2.5 ml 0.1 mol/L dithiothreitol,
and 1 ml Superscript II (200 units). To this was added a
mixture containing 1 ml (500 ng) of oligo dT primers
(Gibco BRL) and 10.5 ml of RNA (;10 mg), which had
been first heated to 70°C for 10 minutes and cooled on
ice. The resulting mix was incubated for 1 hour at 42°C.
The left (59-AAGATTGCCCAGAAAGCCCTGGAC-39) and
right (59-AACTGTCGCCACCAGAAAGCTGAG-39) prim-
ers were used to amplify a 399-bp region of HO-1 cDNA,
whereas the left (59-TTCCGCACTGGGCACAGGCCGTC-
39) and right (59-ACCCACACCCACCCTCACTCCAG-39)
primers were used to amplify a 265-bp region of HO-2
cDNA. Both sets of primers were designed by the au-
thors, synthesized commercially (Gibco, BRL) and ob-
tained from published sequences of HO-137 and HO-2.38

Amplification of the cDNA was carried out in a mixture
containing 2.5 ml of the resultant cDNA products, 10 ml of
103 reaction buffer, 10 ml of left primer (1 mmol/l stock),
10 ml of right primer (1 mmol/l stock), 4 ml of dNTP mix, 57
ml of distilled water, 4.5 ml 25 mmol/L of magnesium
chloride and 2 ml (1 Unit/ml) of Taq DNA polymerase
(Cambio Ltd., Cambridge, UK). The mixture was then
overlaid with mineral oil. For both HO-1 and HO-2 primers
the reaction was amplified for 35 cycles as follows: 94°C,
1 minute; 60°C, 1 minute; 72°C, 1 minute. For detection of
HO-1 transcripts, 5 ml of the end reaction mix were sub-
jected to a second amplification step in fresh reaction mix
for a further 15 cycles. Controls included omission of
SuperScript and omission of the template in the first step.

Immunohistochemistry

Immunohistochemistry was performed using the Vec-
tastain Universal kit (Vector Laboratories, Peterborough,
UK). Sections (6 mm) were cut on a cryostat and mounted
on glass slides that had been soaked in acetone for 5
minutes, soaked in 2% silane in acetone for 5 minutes,
washed in water for 30 minutes, and air-dried. For HO
antibodies, sections, which were used immediately fol-
lowing air-drying, were fixed in 1% paraformaldehyde for
5 minutes, then dehydrated in 100% ethanol for 5 min-
utes, then rehydrated in water for 2 3 5 minutes. These
and all subsequent steps were performed at room tem-
perature. Nonspecific binding sites were blocked with
blocking agent (Biogenex, San Ramon, CA) for 15 min-
utes in a humidified chamber and washed in TBSTB for 5
minutes. Sections were then incubated with either the
HO-1 or HO-2 antibodies for 45 minutes. Both were used
at a concentration of 1:250 in TBSTB containing 5% nor-
mal human serum and, for the Western blots, were pre-
absorbed for 1 hour in this buffer before immunodetec-
tion to reduce nonspecific binding. Omission of this step

Figure 3. RT-PCR amplification of HO-2 (A) and HO-1 (B) mRNA. Controls
where SuperScript II was omitted and where template was omitted in the first
step resulted in no bands (not shown). M, molecular weight marker (123-bp
ladder).
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resulted in nonspecific binding of the antibodies. Sec-
tions were incubated with the primary antibody for 1 hour.
Controls in which the primary antibody was omitted and
replaced with pre-immune serum or in which secondary
antibody was omitted were also included. After two
5-minute TBSTB washes, the biotinylated secondary an-
tibody was added for 30 minutes at room temperature.
Two more TBSTB washes were performed and endoge-
nous peroxidase activity then quenched by incubating
the sections in 1% (v/v) hydrogen peroxide in methanol
for 15 minutes. The remaining steps were performed
according to the instructions supplied with the kit. Immu-
noreactive proteins were detected with Fast diaminoben-
zidine tablets (Sigma). Sections were counterstained in
Harris’s hematoxylin (BDH, Poole, UK) and mounted with
synthetic resin.

The procedure for the eNOS antibody was the same as
for the HO antibodies, with the following modifications.
Sections were fixed in acetone for 5 minutes followed by
immersion in ethanol for 5 minutes, water for 5 minutes,
then PBS for 5 minutes. Sections were blocked with the
blocker supplied with the kit for 30 minutes at 37°C and
washed in PBS 2 3 5 minutes. Then the primary antibody
(diluted in 1:200 in blocking buffer) was added for 90
minutes at 37°C. Following two 5-minute PBS washes, the
secondary antibody was added for 30 minutes at 37°C.
The remaining steps were performed as above. The pro-
cedure for the iNOS antibody was the same as the eNOS

antibody, except that the blocking buffer was 10% horse
serum/10% human serum in PBS and the primary anti-
body was diluted 1:250 in blocking buffer.

Induction of HO-1 in Myometrial Cell Cultures

Tissue samples (1 cm3) were cut into small pieces and
then incubated for approximately 2 hours at 37°C in
DMEM/penicillin/streptomycin/Fungizone containing 10
mg/ml Dispase, 300 U/ml type II collagenase, 2 U/ml type
1 elastase, 30 U/ml type IV Dnase, and 1 mg/ml fatty
acid-free bovine serum albumin. The mixture was tritu-
rated periodically. Any remaining undigested tissue was
allowed to settle and the single cells in the supernantant
were then pelleted by centrifugation and resuspended in
DMEM/penicillin/sreptomycin/Fungizone containing 20%
heat-inactivated fetal bovine serum. The remaining undi-
gested tissue was subjected to a further incubation in the
original digestion mix and the cells obtained were com-
bined with the first batch of isolated cells. Cells were
plated at a density of 1.5 3 104 cells/cm2 in 75 cm2

flasks, allowed to grow to confluence, and passaged
using standard methods at a ratio of 1:3. At confluence
the medium was removed and fresh medium was added
containing either 50 mmol/L sodium arsenite (NaArs), 100
mmol/L cadmium chloride (CdCl2), 100 mmol/L diethyl-
maleate (DEM), 20 m mol/L H202, or medium alone. Cells

Figure 4. Immunostaining for HO proteins. HO-1 immunostaining is virtually absent from nonpregnant (a) and pregnant (b) myometrium. In nonpregnant
myometrium HO-2 had a similar distribution of staining (c) as in pregnant myometrium (d). Staining was evident on muscle and on endothelium of some blood
vessels. There were no obvious differences in intensity of immunostaining between the nonpregnant and pregnant myometrium. Scale bar, 200 mm.
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were incubated for 8 hours at 37°C. At the end of the
incubation the cells were scraped from the flasks, pel-
leted by centrifugation, and lysed in the same buffer used
for whole tissue extraction. Samples were frozen and
thawed three times, membranes were prepared, and
HO-1 was detected as described for Western blots of
tissue samples. For immunohistochemical detection of
HO-1, duplicate flasks were set up as for CdCl2 stimula-
tion; cells were scraped from one of the flasks and used
to prepare cytospin preparations. Experiments were per-
formed with three separate cell preparations. Cytospin
preparations of CdCl2-stimulated cultured myometrial
cells were prepared by scraping cells from culture flasks
and adjusting the cell concentration to 12,000 cells per
100 ml. One hundred microliters of each cell suspension
were spun onto slides using a Shandon Cytospin 3 cen-
trifuge at 1500 rpm for 7 minutes. Unstimulated cells were
used as a control.

Results

Western blot analysis of both the membrane and cytoso-
lic fraction of nonpregnant myometrial preparations

showed that HO-2 protein (Figure 1 upper panel) was
located in the membrane fraction (M). No HO-2 protein
was detected in the cytosol (C). The size of the HO-2 was
estimated at 36 kd, which is in agreement with the size
reported for other human tissues. In contrast, HO-1 (Fig-
ure 1 lower panel) was undetectable in either the mem-
brane (M) or cytosolic fraction (C) in nonpregnant myo-
metrial tissue.

Figure 2a shows representative Western blot analysis
of HO-2 (upper panel) and HO-1 (lower panel) in human
nonpregnant myometrium (NP), pregnant term nonlabor-
ing myometrium (P), pregnant term laboring myometrium
(L), and pregnant preterm nonlaboring myometrium (PT).
A band of 36 kd was detected in the membrane fraction
(M) of all of the samples with the HO-2 antibody. There
was no difference in the apparent molecular weight of
HO-2 between the groups. Scanning densitometric anal-
ysis of all of the samples performed showed there was no
quantitative difference in intensity of the bands between
nonpregnant, term nonlaboring, laboring, or preterm non-
laboring myometrium (Figure 2b). HO-1 protein was un-
detectable in all of the samples. When total homogenates
of tissue (up to 100 mg of protein loaded), rather than
membrane preparations, were separated on gels, the
findings were similar (data not shown).

Figure 3A shows the RT-PCR results for HO-2. This is a
nonquantitative technique and thus, no interpretations
can be made of the intensity of bands between groups. A
band of the predicted molecular weight (265 bp) was
identified in both nonpregnant and pregnant myome-
trium. This is in agreement with the Western blotting and
immunohistochemical data and shows that both mRNA
and protein for HO-2 are present in the tissues. In con-
trast, after the first 35 cycles of PCR only a very faint band
for HO-1 was present in all of the samples (not shown).
However, when 5 ml of the end reaction mix was sub-
jected to a second amplification step in fresh reaction mix
for an additional 15 cycles, a band for HO-1 (399 bp) was
detectable in all of the samples (Figure 3B). These results
suggest that HO-1 mRNA is present in both nonpregnant
and pregnant myometrium but at very low levels.

In nonpregnant myometrium (Figure 4a) and pregnant
myometrium (Figure 4b) there was virtually no immuno-
staining for HO-1. In contrast, consistent with the Western
blot studies, HO-2 protein was evident in both nonpreg-
nant (Figure 4c) and pregnant (Figure 4d) myometrium.
The endothelium of some blood vessels also expressed
HO-2. There were no overall differences in intensity of
HO-2 immunostaining between the nonpregnant and
pregnant myometrium. There was no immunostaining
with control sections.

The Western blot with the eNOS antibody (Figure 5A)
showed an eNOS-immunoreactive band at approximately
140 kd in membrane preparations of term placental vil-
lous tissue and membrane preparations of nonpregnant
myometrium. The eNOS band in placenta reflects the
eNOS found in endothelium and syncytiotrophoblast. Be-
cause subsequent immunohistochemistry results showed
that in myometrium eNOS expression is restricted to vas-
cular endothelium, the less abundant eNOS band in non-
pregnant myometrium sample reflects the eNOS in endo-

Figure 5. A: Western blot for eNOS showing an immunoreactive band at
approximately 135 kd in a membrane preparation of term placental villous
tissue (Lane A) and a membrane preparation of nonpregnant myometrium
(Lane B). Forty micrograms of membrane protein were loaded in each lane.
B: Western blot for iNOS. Lane A, ADP-sepharose extracted proteins from
unstimulated A549 cells; no band was evident. Lane B, cytokine cocktail-
stimulated cells. An iNOS immunoreactive band at approximately 130 kd is
clearly identifiable in the stimulated cells. Twenty microliters of sample were
loaded in each lane. Lane C: ADP-sepharose extracted proteins from 2 g
nonpregnant myometrium. No iNOS was detectable.
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thelium alone. The Western blots with the iNOS antibodies
are shown in Figure 5B. An iNOS immunoreactive band at
approximately 130 kd was apparent in cytokine-stimu-
lated cells only. No iNOS protein was detectable in non-
pregnant myometrium.

There was no eNOS detectable in myometrial muscle
of nonpregnant (Figure 6a) or pregnant myometrium (Fig-
ure 6b). eNOS was detected in endothelium of blood
vessels in both groups. There was no difference in eNOS
expression between non-pregnant and pregnant myome-
trium. iNOS was absent in both nonpregnant (Figure 6c)
and pregnant (Figure 6d) myometrium. There was no
immunostaining with control sections.

The Western blot in Figure 7 shows conclusively that
when HO-1 was present in cells, it could also be ex-
tracted and detected by the methods described in this
study. Unstimulated human myometrial cells did not ex-
press HO-1 protein when grown in culture; this is in
agreement with the in vivo findings. However, exposure of
the cells to agents known to induce HO-1 in other cell
types resulted in induction of HO-1 protein in all samples.
Similarly, cytospin preparations (Figure 8) showed that
when HO-1 protein is induced in cells it can be detected
using the same immunohistochemical methods de-
scribed for the tissue sections.

Discussion

In this study we have demonstrated the presence of HO-2
protein and mRNA in human myometrium. There was no
quantitiative difference in the amount of HO-2 protein in
nonpregnant, nonlaboring, laboring, and preterm myo-
metrium. No HO-1 protein was detectable by Western
blotting in any of the groups studied. This was confirmed
with immunohistochemistry data, which showed little or
no HO-1 protein in any of the myometrial samples stud-
ied. We were able to detect mRNA for HO-1, but only after
a second round of PCR, suggesting very low levels of
message in the tissue. Finally, although eNOS was de-
tectable on the endothelium of blood vessels in nonpreg-
nant myometrium, no eNOS was detectable on smooth

Figure 6. Immunostaining for NOS proteins. eNOS immunostaining is present on vascular endothelial cells of nonpregnant (a) and pregnant (b) myometrium.
eNOS is undetectable on muscle. There were no differences in immunostaining between nonpregnant and pregnant myometrium. iNOS immunostaining was
absent in both nonpregnant (c) and pregnant (d) myometrium. Scale bars, 100 mm (a and b) and 130 mm (c and d).

Figure 7. Immunodetection of HO-1 in cultured human myometrial cells.
Cells were treated with either 50 mmol/L sodium arsenite (NaArs), 100
mmol/L cadmium chloride (CdCl2), 20 mmol/L hydrogen peroxide (H202),
100 mmol/L diethylmaleate (DEM), or medium alone.
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muscle. In pregnant myometrium an identical pattern was
seen. These results suggest that HO and NOS are not
up-regulated during human pregnancy and therefore are
unlikely to be involved in uterine quiescence.

The presence of HO-2 mRNA and protein in myome-
trium and our observation that no changes in expression
were apparent in pregnancy or labor are consistent with
HO-2 being a noninducible protein. Our Western blotting

Figure 8. Immunostaining for HO-1 in cytospin preparations of myometrial cells. A: Untreated cells. B: Cells treated with 100 mmol/L CdCl2. Replacement of
primary antibody with rabbit serum resulted in a result similar to that shown in A.
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data differ from one previous study of HO in human
myometrium,34 which detected almost no HO-2 protein in
nonpregnant myometrium and a 16- to 17-fold up-regu-
lation during pregnancy from almost undetectable levels.
In agreement, we did not detect any differences in HO-2
protein between nonlaboring and laboring myometrium.
Our data show HO-2 immunostaining was localized to
muscle and some endothelial cells. Acevedo34 reported
a similar pattern of immunohistochemical staining for
HO-2 in the three groups of myometrium studied, despite
the very striking differences found in the Western blots.
Our RT-PCR experiments showed the presence of mRNA
for HO-2 in all of the groups studied. In contrast, Acevedo
and Ahmed did not find mRNA by RT-PCR in nonpreg-
nant or pregnant myometrium despite the presence of
protein. The authors suggested this inconsistency might
have been due to a reduction in HO mRNA following
incubation of tissues for 48 hours in medium devoid of
steroids. Our consistent results do not suggest that HO-2
is up-regulated in pregnancy to maintain uterine quies-
cence.

HO-1 protein was not expressed in myometrium. In
contrast, the study by Acevedo34 reported a 16- to 17-
fold up-regulation of HO-1 in pregnant nonlaboring myo-
metrium from almost undetectable levels in nonpregnant
myometrium. No differences in HO-1 protein expression
was reported between pregnant nonlaboring and labor-
ing myometrium. These authors also reported a similar
immunohistochemical staining pattern for HO-1 in all of
their groups, a finding which differs from our in this study.
Our data are also supported by an abstract published by
Bartlett et al,39 which showed that HO-1 protein was
undetectable in human myometrial cells cultured in nor-
mal growth conditions, and by our own findings showing
that although HO-1 is undetectable in cultured myome-
trial cells, it can be induced in response to stimulation
with known inducers of HO-1. These results also show
that when HO-1 is present in cells it can be detected.

The absence of eNOS and iNOS protein strongly sug-
gests that NO is not involved in human uterine quies-
cence. These findings confirm those of Campa et al, who
reported that eNOS expression in term pregnant myome-
trium was localized to endothelium.40 Nonpregnant myo-
metrium was not included in this study. The same study
also found no iNOS protein in pregnant myometrium
(Campa, personal communication). In the discussion
section of their paper Acevedo and Ahmed reported that
HO expression in myometrium was similar to that which
they had previously reported for eNOS; ie, there is a
marked increase in immunoreactive NOS in pregnant
compared to nonpregnant myometrium.34 However, the
study was in fact a comparison of pregnant laboring and
nonlaboring myometrium.41 We did not confirm this ob-
servation. Rather, our findings are in agreement with
those on rat myometrium, where HO-2 expression is
widespread compared with eNOS.42

The role of NO synthesis in contractility of term and
preterm human myometrium has been investigated re-
cently.32 Neither addition of L-arginine, the substrate for
NOS, nor NG-nitro-L-arginine methyl ester, an inhibitor of
NOS, led to any specific changes in spontaneous myo-

metrial contraction. These results suggest that NO pro-
duction does not play an important role in human term or
preterm nonlaboring myometrial contractility.

With the increased uterine stretch as the fetus grows,
additional mechanisms are required to maintain uterine
quiescence. Previous reports have shown that expres-
sion of the human myometrial adenylate cyclase stimula-
tory G-protein (Gas) increases during pregnancy, then
decreases at the onset of labor.43 The increase in Gas is
also accompanied by an increase in coupled adenylate
cyclase activity, which also decreases to nonpregnant
levels at the onset of labor.44 The increased Gas levels
leads to increased cAMP levels; this will favor myometrial
relaxation. The onset of labor is thought to be due to the
gradual coordination of several mechanisms to produce
myometrial contractions.45 Thus, it is likely that other
mechanisms in addition to G-protein-cAMP signaling will
operate to maintain uterine quiescence.

Although NO and HO do not appear to be important in
myometrial quiescence during pregnancy, this does not
rule out a potential role for the cGMP signaling pathway in
the control of human uterine quiescence or labor. Other
factors which operate by stimulating guanylate cyclase
may be involved. Indeed, in support of this, myometrial
cGMP has been reported to increase during guinea pig
pregnancy independent of changes in NO synthesis.33

The possibility that such mechanisms may occur in hu-
man pregnancy requires investigation. Possible candi-
dates for increasing cGMP in myometrium include the
natriuretic peptides, such as atrial natriuretic peptide,
BNP, and renal synthesized C-type natriuretic peptide,
which activate particulate guanylate cyclase by binding
to their specific receptors, GCA and GCB. It has recently
been reported that in the guinea pig, pregnancy de-
creased the myometrial expression of mRNA for GCB
receptors but not GCA receptors in myometrium.46 Be-
cause atrial natriuretic peptide has been previously been
reported to down-regulate the GCA receptor, the authors
speculated that down-regulation of GCB receptors may
reflect an increased presence of endogenous CNP,
which may contribute to uterine quiescence by stimulat-
ing cGMP. In the sheep, pregnancy has been shown to
be associated with increased soluble and particulate
guanylate cyclases and to decrease the clearance re-
ceptor of natriuretic peptides in uterine arteries.47

In conclusion, our results do not suggest that the ex-
pression of HO or NOS proteins are increased in preg-
nancy. They do suggest that the CO/NO pathways are
not likely to be involved in uterine quiescence or contrac-
tility in labor.
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