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Abstract

 

Proteinases are likely effectors of endometrial menstrual

breakdown. We have investigated proteinase production by

human endometrial stromal cells subjected in vitro to

progesterone (P) withdrawal, the physiologic stimulus for

menstruation. Culture media of cells exposed to estradiol, P,

or estradiol plus P had low levels of proteolytic activity sim-

ilar to cultures maintained in the absence of steroids.

P withdrawal, or addition of RU486 to P-treated cultures,

stimulated proteinase secretion. The stromal cell proteinase

was characterized by gelatin zymography, inhibitor profile,

and organomercurial activation, as a metalloproteinase pres-

ent mostly as a 66-kD proenzyme with lower levels of a 62-

kD active form. The P withdrawal–induced metalloprotein-

ase was identified as matrix metalloproteinase-2 (MMP-2)

by Western blotting. The increase of MMP-2 induced by P

withdrawal was associated with the metalloproteinase-

dependent breakdown of stromal cultures, involving disso-

lution of extracellular matrix and dissociation of stromal

cells. Northern analysis showed the differential expression

of MMP-2 mRNA in late secretory phase endometrium.

These findings are consistent with the involvement of

stromal cell–derived MMP-2 in the proteolysis of extracellu-

lar matrix promoting cyclic endometrial breakdown and the

onset of menstrual bleeding. (

 

J. Clin. Invest. 

 

1996

 

. 

 

97:438–

447.) Key words: endometrium 
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 menstruation 
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 uterine
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•

 

 gelatinase A 

 

•

 

 type IV collagenase

 

Introduction

 

During normal ovulatory cycles the human endometrium un-
dergoes complex changes involving the proliferation and dif-
ferentiation of both epithelial and stromal components in
preparation for embryo implantation (1). In nonconception cy-
cles the regression of the corpus luteum causes circulating es-
tradiol (E)

 

1

 

 and progesterone (P) levels to decline, initiating a

complex process ultimately leading to the breakdown and
shedding of the endometrial functionalis. This unique event of
the menstrual cycle has been traditionally viewed as the result
of ischemic necrosis caused by vasospasm of the endometrial
spiral arteries (2). However, the precise cellular and molecular
mechanisms underlying the menstrual breakdown of the en-
dometrium are poorly understood. Menstrual disturbances
constitute an important clinical problem (3), being a major
cause for discontinuing or reducing the acceptability of contra-
ceptive methods (4), and insufficient knowledge of the basic
mechanisms underlying the process of menstruation has been
a serious obstacle in the search for solutions to these problems.

The involvement of proteolytic enzymes in menstruation
was first proposed implicating lysosomal enzymes in endome-
trial breakdown (5, 6). However, recent studies have failed to
provide conclusive evidence of the involvement of lysosomal
enzymes in the initiation of menstruation (7). The plasminogen
activator/plasmin system (reviewed in reference 8) represents
another group of proteinases potentially relevant to menstrual
breakdown. Plasminogen activators are serine proteinases that
activate plasminogen generating the fibrinolytic enzyme plas-
min, a broad spectrum serine proteinase which can cleave ex-
tracellular matrix proteins and also activate zymogens of other
matrix-degrading proteinases. The participation of plasmino-
gen activators has been proposed in oocyte maturation, ovula-
tion, and trophoblast invasion, and the finding of increased
plasminogen activator activity in extracts from menstrual
phase endometria (9) is suggestive of their involvement in tis-
sue breakdown. Other likely effectors of endometrial men-
strual breakdown are the matrix metalloproteinases (MMPs),
a multigene family of zinc-requiring enzymes that degrade
components of the extracellular matrix, playing a central role
in a variety of processes involving tissue remodeling and
breakdown (10–12). MMPs are secreted as proenzymes that
undergo activation to a catalytically active form and are inhib-
ited by specific tissue inhibitors of metalloproteinases. In fe-
male reproductive tissues, MMPs have been implicated in
physiological processes such as ovulation (13, 14), embryo im-
plantation (15), and postpartum uterine involution (16, 17).
MMPs have been identified in human endometrial tissue (18),
as well as in endometrial explant and stromal cell cultures (19,
20). In human endometrium, mRNAs encoding the various
MMPs are expressed in cycle-specific patterns, suggesting the
involvement of MMPs in processes of growth and remodeling
during the menstrual cycle (21).

Decidualized stromal cells become prominent in late secre-
tory endometrium (1), where they are spatially and temporally
positioned at the time of declining P levels to participate in the
events leading to menstrual breakdown. Human endometrial
stromal cells decidualize in culture in response to P, expressing
a variety of cellular functions characteristic of the cycling en-
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dometrium (22–24). Therefore, we sought to investigate the
production of extracellular matrix–degrading proteinases by
decidualized endometrial stromal cell cultures subjected to P
withdrawal, as an in vitro model for endometrial breakdown.

 

Methods

 

Tissues.

 

Tissues were obtained in accordance with the guidelines of
The Declaration of Helsinki after informed consent and with ap-
proval by the Stanford University Human Subjects Committee. His-
tologically normal endometria (

 

n

 

 

 

5

 

 18) obtained from biopsy or hys-
terectomy specimens were dated by histological criteria (1). Early
pregnancy decidua was obtained by uterine curettage at the time of
laparoscopy for ectopic gestation. Term placentae, obtained at the
time of cesarean section, were stripped of maternal decidua. Samples
used for RNA isolation were immediately frozen in liquid nitrogen
and stored at 

 

2

 

70

 

8

 

C. Samples used for isolation and culture of
endometrial cells were collected in DME (GIBCO BRL, Grand Is-
land, NY).

 

Cell Cultures.

 

Human endometrial stromal cell cultures estab-
lished and passaged as described (22) contained 

 

,

 

 0.1% of epithelial
and vascular cell contaminants (22), and no macrophage contamina-
tion as shown by screening with antibodies Leu-M3 and Leu-M5
(Beckton Dickinson Co., Mountain View, CA). Stromal cells (pas-
sages 1–7) grown to confluence in DME containing bovine insulin
(5 

 

m

 

g/ml; Sigma Chemical Co., St. Louis, MO) and 10% charcoal-
stripped FBS (GIBCO), were rinsed and treated with steroids (10–30
nM E, 0.1–1 

 

m

 

M P, or E

 

1

 

P, all from Sigma Chemical Co.) or vehicle
(0.1% ethanol) in the above serum-containing medium or in serum-
free medium supplemented with BSA, insulin, transferrin, and EGF
(23). Culture media were renewed every 2–3 d. For hormonal with-
drawal, after 8–16 d of steroid treatment cultures were rinsed three
times and maintained in serum-free medium without steroids. Ste-
roids (10–30 nM E, 0.1–1 

 

m

 

M P, 0.3–1 

 

m

 

M medroxyprogesterone ace-
tate, 0.3–1 

 

m

 

M norethindrone, 1 

 

m

 

M 17

 

a

 

-hydroxyprogesterone, 30
nM dexamethasone, 0.1 

 

m

 

M 5

 

a

 

-dihydrotestosterone; Sigma), RU486
(0.3–1 

 

m

 

M, Roussel-UCLAF, Romainville, France), or inhibitors (10–
20 

 

m

 

M cycloheximide, 1 mM benzamidine, 100 

 

m

 

g/ml soybean trypsin
inhibitor, 0.3 mM leupeptin, 1.5 

 

m

 

M pepstatin, 200 

 

m

 

g/ml 

 

a

 

2

 

-macro-
globulin, 10–25 

 

m

 

M 1,10-phenanthroline, 20 mM 

 

e

 

-aminocaproic acid,
10 U/ml hirudin, Sigma) were added as indicated to the culture me-
dium which was renewed every 24–48 h. Cultures were viewed by
phase contrast microscopy, and conditioned media were collected,
centrifuged, and stored at 

 

2

 

70

 

8

 

C. Cells were counted on a Coulter
counter after trypsinization. Endometrial glands (25) were cultured in
DME with 5 

 

m

 

g/ml insulin and 5% FBS for 3 d, followed by serum-
free medium with 1 mg/ml BSA, 5 

 

m

 

g/ml transferrin, and 100 ng/ml
insulin. Human neonatal skin fibroblasts established and passaged as
described (26) and the endometrial adenocarcinoma cell line HEC-1-A
(American Type Culture Collection, Rockville, MD) were grown to
confluence in DME with 10% FBS, rinsed, and maintained in serum-
free medium. Conditioned media were collected as described above.

 

Scanning electron microscopy.

 

Stromal cells cultured on 13-mm
round glass coverslips were processed for scanning electron micros-
copy as described (25), and examined in a scanning electron micro-
scope (JSM-35; JEOL U.S.A. Inc., Peabody, MA) at an accelerating
voltage of 20 kV and a specimen tilt angle of 45

 

8

 

.

 

Proteinase assay.

 

Proteolytic activity was measured in 1- or 2-d–
conditioned media (0.1–0.6 ml) using Azocoll (Calbiochem Corp.,
San Diego, CA) as substrate (27). Unless noted otherwise, latent en-
zyme was activated adding 0.5 mM 4-aminophenylmercuric acetate
(APMA) to the assay. As indicated, 10 mM benzamidine, 100 

 

m

 

g/ml
soybean trypsin inhibitor, 10 mM leupeptin, 10 mM 

 

N

 

-ethylmalei-
mide, 25 

 

m

 

M pepstatin, 250 

 

m

 

g/ml 

 

a

 

2

 

-macroglobulin, 10 mM EDTA,
10 mM 1,10-phenanthroline, 2 mM PMSF, or vehicle (water, ethanol,
or methanol) were added to the assay. One unit of activity 

 

5

 

 hydroly-
sis of 1 

 

m

 

g of Azocoll per minute at 37

 

8

 

C. For comparisons, enzyme

activities were normalized for cell number and time of media condi-
tioning.

 

Substrate gel analysis.

 

Proteinases in 1- or 2-d–conditioned media
(10–25 

 

m

 

l) were visualized by gelatin or casein zymography essen-
tially as described (28). After nonreducing electrophoresis on 10%
polyacrylamide-SDS gels (29) containing 0.1% gelatin or casein, gels
were soaked 1 h in 2.5% Triton X-100, incubated 2–24 h at 37

 

8

 

C in
0.05 M Tris, pH 8, 5 mM CaCl

 

2

 

, 0.02% NaN

 

3

 

, and stained with 0.5%
Coomassie blue R-250, 10% acetic acid, 30% methanol. Inhibitors
(5 mM PMSF, 5 mM 1,10-phenanthroline, 0.1 mM pepstatin, 5 mM

 

p

 

-chloromercuribenzoate) were added during incubation as indicated.

 

Western immunoblot analysis.

 

A monospecific antibody to MMP-2
was raised in rabbits with the approval of the Syntex Institute Animal
Care Use Committee. Animals were immunized with a synthetic 20–
amino acid peptide corresponding to a region of the COOH-terminal
domain of MMP-2 (residues 472–490 with an additional COOH-ter-
minal cysteine for conjugation to a carrier protein) that does not
show homology with other MMPs and is present in both the proen-
zyme and the active form (30). Conditioned media concentrated us-
ing centricon-10 or centriprep-10 devices (Amicon Corp., Danvers,
MA) were subjected to electrophoresis on 10% polyacrylamide-SDS
gels (29) with or without 25 mM dithiothreitol (Sigma), and trans-
ferred to nitrocellulose (31). All following incubation and washing
steps were in 0.15 M NaCl, 0.01 M Tris, pH 7.4, 0.1% Tween-20.
Membranes were incubated 2 h in 5% nonfat milk, followed by 1 h in
anti–MMP-2 (1:1000), and 1 h in peroxidase-conjugated donkey anti–
rabbit Ig (Amersham Corp., Arlington Heights, IL) (1:300–1:2,000),
being washed three times between incubations. Immune complexes
were visualized by enhanced chemiluminescence using enhanced
chemiluminescence reagents from Amersham Corp., followed by ex-
posure to XAR film (Eastman Kodak, Rochester, NY).

 

Northern blot analysis.

 

A cDNA probe corresponding to nucle-
otides 1410–1950 of the MMP-2 cDNA sequence (32) was used for
Northern blot hybridization. RNA from A2058 human melanoma
cells was reverse transcribed into cDNA using an oligo dT primer and
amplified by PCR with a primer pair corresponding to nucleotides
1391–1412 of the MMP-2 cDNA sequence (32), containing an inter-
nal BglII site, and the complement of nucleotides 1927–1948 with an
additional EcoRI site as part of a 5

 

9

 

 extension. PCR was run 40 cy-
cles: 94

 

8

 

C 1 min, 60

 

8

 

C 2 min, 72

 

8

 

C 3 min, in 100 

 

m

 

l reaction vol con-
taining 1 

 

m

 

M of each primer, 2.5 mM MgCl

 

2

 

, and 0.25 mM deoxynu-
cleotide triphosphates. A 550-bp band was gel isolated, digested with
EcoRI and BglII, and subcloned into the EcoRI and BamHI sites of
pBluescriptSK (Stratagene Inc., La Jolla, CA). The 540-bp BamHI-
EcoRI fragment was labeled with 

 

32

 

P by random priming. Total RNA
was isolated from tissues by a modification of the guanidinium
isothiocyanate–LiCl precipitation method (33) as described previ-
ously (34). RNA samples (20 

 

m

 

g) were size fractionated by 1.2% aga-
rose/formaldehyde gel electrophoresis, transferred to nitrocellulose,
and the filter hybridized with the human MMP-2 cDNA probe as de-
scribed (34). After exposure to XAR film, the MMP-2 probe was
stripped and blots hybridized with a 

 

32

 

P-labeled 

 

b

 

-actin cDNA probe.

 

Densitometry.

 

Zymograms, Western, and Northern blots, were
analyzed on a PDI Desk Top Scanner (Protein DNA ImageWare
Systems, Huntington Station, NY). Standard curves using known
amounts of purified MMP-2 were run in parallel with samples of con-
ditioned media to verify that measured band densities were in the lin-
ear range of the assay for both zymograms (0.5–20 ng) and Western
blots (20-500 ng). Levels of 66/62-kD gelatinase and immunoreactive
MMP-2 in conditioned media were estimated converting measured
band densities to nanograms of enzyme using the standard curve.
MMP-2 was purified from human umbilical vein endothelial cell cul-
tures by zinc chelate and gelatin affinity chromatography (32) with a
final passage through a lentil lectin affinity column. For Northern
blots, densities of MMP-2 and 

 

b

 

-actin bands were used to calculate
the MMP-2/

 

b

 

-actin hybridization ratio for each sample. When auto-
radiographs from two different exposure times for each MMP-2 and

 

b

 

-actin were used to calculate these ratios, relative differences be-
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tween high and low MMP-2/

 

b

 

-actin hybridization ratios did not
change as a function of film exposure time, indicating measured band
densities were within the linear phase of film exposure.

 

Statistics.

 

Experimental variables were tested in duplicate or trip-
licate cultures. One-way ANOVA was used for statistical evaluation
of data, and significance of the differences between groups was deter-
mined by Dunnett’s or Scheffe’s test as appropriate, with 

 

P

 

 

 

,

 

 0.05
considered significant.

 

Results

 

Hormonal regulation of metalloproteinase activity in endome-

trial stromal cultures.

 

Proteolytic activity was examined in hu-
man endometrial stromal cell cultures exposed to E plus P for
14 d, followed by withdrawal of the steroid hormones in order
to simulate the hormonal changes that precede menstruation
in normal ovulatory cycles. Conditioned medium was collected
at various times during the course of the experiment, and pro-
teolytic activity was assayed using as substrate Azocoll, which
can be digested by a variety of proteinases. Since MMPs may
be present as inactive zymogens, Azocoll proteolysis was also
assayed in the presence of the organomercurial APMA, a
known activator of latent MMPs (11, 30, 35). Steroid with-
drawal induced a major increase of proteolytic activity in stro-
mal cultures, that was only evident after APMA activation
(Fig. 1 

 

A

 

). The levels of proteolytic activity measured in condi-
tioned medium without organomercurial activation were very
low or undetectable throughout the course of steroid treat-
ment and withdrawal. Proteolytic activity of APMA-activated
medium was also low during the 14 d of exposure to steroids
but increased sharply 4 d after steroid withdrawal to peak on
day 6, followed by a decrease 8 d after discontinuing steroids.

Inhibitor studies characterized the steroid withdrawal–
induced proteolytic activity as a metalloproteinase, suggesting
its identity as an MMP. As shown in Fig. 1 

 

B

 

, over 95% of the
activity was present in latent form that was activated by
APMA. The activated enzyme was significantly inhibited (

 

P

 

 

 

,

 

0.01) by the broad spectrum inhibitor 

 

a

 

2-macroglobulin, and
by inhibitors of metalloproteinase activity such as EDTA, and
1,10-phenanthroline. In contrast, inhibitors of serine- (benza-
midine, soybean trypsin inhibitor, PMSF), cysteine- (leupep-
tin, 

 

N

 

-ethylmaleimide), and aspartic- (pepstatin) proteinases
had no significant effect on its activity (

 

P

 

 

 

.

 

 0.05).
The individual roles of E and P in regulating metallopro-

teinase activity were investigated exposing stromal cultures to
either E, P, or E

 

1

 

P for 14 d, followed by withdrawal of the ste-
roid hormones. Fig. 2 

 

A

 

 shows the levels of proteolytic activity
in APMA-activated conditioned media from such steroid-
treated cultures and from control cultures maintained in the
absence of steroids. Stromal cells did not produce high levels
of proteolytic activity in the absence of steroids, and exposure
to P followed by its withdrawal was required to stimulate met-
alloproteinase production. The only effect of E was to increase
the magnitude of the response when used in combination with
P, such that optimal stimulation was obtained when cultures
received E 

 

1 

 

P followed by their withdrawal. In both P and
E 

 

1

 

 P treated cultures, proteolytic activity returned to base-
line levels 8–10 d after steroid withdrawal.

To further assess the hormonal regulation of metallopro-
teinase activity, as well as its dependence on protein synthesis,
stromal cells exposed to E 

 

1

 

 P for 12–14 d, were cultured for
an additional 4 d in the absence of steroids or in the presence

Figure 1. Human endometrial stromal cells were cultured 14 d in 
EGF-supplemented serum-free (A) or serum-supplemented (B) me-
dium containing 10 nM E 1 1 mM P (E 1 P), followed by steroid 
withdrawal (W) as described in Methods. (A) Effects of steroid with-
drawal on proteolytic activity. Proteolytic activity of 2 d–conditioned 
media collected at the indicated times was assayed in the absence
(2 APMA) or presence (1 APMA) of 0.5 mM APMA. The day of 
steroid withdrawal (W) is indicated by the arrow. Values are the 
mean6SEM (bars) of duplicate cultures. (B) Inhibitor profile of ste-
roid withdrawal–induced proteolytic activity. Proteolytic activity of 2 
d–conditioned media collected 4 d after hormonal withdrawal was as-
sayed without APMA or with 0.5 mM APMA alone (APMA), or in 
the presence of 250 mg/ml a2-macroglobulin (a2-M), 10 mM EDTA, 
10 mM 1,10-phenanthroline (o-Phe), 10 mM benzamidine (Benz), 100 
mg/ml soybean trypsin inhibitor (STI), 2 mM PMSF, 0.2 mM leupep-
tin (Leup), 10 mM N-ethylmaleimide (NEM), or 25 mM pepstatin 
(Peps). Values are the mean6SEM (bars) of duplicates expressed as 
the percentage control values. Mean activities (units) for controls 
were 0.89 (no vehicle), 0.90 (10% water), 0.78 (2.5% ethanol), and 
0.86 (2.5% methanol). Statistical analysis was performed using one-
way ANOVA and Scheffe’s test. Differences between inhibitor and 
their respective control groups were not significant (P . 0.05) except 
where indicated (*P , 0.01).
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of various steroid hormones, the progestin antagonist RU486,
or the inhibitor of protein synthesis cycloheximide. Levels of
proteolytic activity in APMA-activated conditioned media
from the different treatment groups were compared to those
of cultures in which steroids were withdrawn (Fig. 2 

 

B

 

). Cul-
tures maintained in the presence of E 1 P or receiving P alone
after E 1 P (i.e., E withdrawal) had significantly lower pro-
teolytic activity (P , 0.01) than cultures in which both steroids

were withdrawn. In contrast, proteolytic activity in cultures re-
ceiving E alone after E 1 P (i.e., P withdrawal) was not signifi-
cantly different (P . 0.05) from cultures in which both steroids
were withdrawn. Other progestins such as norethindrone and
medroxyprogesterone acetate, also reduced proteolytic activ-
ity in these experiments, whereas the less active P metabolite
17a-hydroxyprogesterone, the androgen 5a-dihydrotestoster-
one, and the glucocorticoid dexamethasone had no significant
effects. Thus, withdrawal of P, but not of E, was the stimulus
for metalloproteinase production in cultures that received
combined treatment, and the induced proteolytic surge was ef-
fectively prevented by active progestational agents but not by
other steroid hormones. In addition, proteinase production
was stimulated by the P receptor antagonist RU486 in stromal
cultures receiving continued P treatment (P 1 RU486) but was
suppressed in cultures receiving cycloheximide from the time
of steroid withdrawal. These studies indicated the stimulation
of metalloproteinase production was a receptor-mediated,
progestin-specific event involving de novo protein synthesis.

Identification of stromal cell proteinase. Conditioned me-
dium from stromal cultures subjected to steroid withdrawal
was analyzed by gelatin and casein substrate gel zymography.
Using this technique, proteinases are separated by molecular
size appearing as discrete, clear bands of substrate lysis. Latent
metalloproteinases are also visualized on zymograms, as they
are activated by SDS in these gels (36). Substrate gel analysis
identified a major metalloproteinase in stromal cell–condi-
tioned medium, present mostly as a latent 66-kD proenzyme
with lower levels of a 62-kD active form. Casein zymography
of conditioned medium showed no detectable activity after an
overnight incubation (not shown). Gelatin zymograms re-
vealed a major 66-kD band of gelatinolytic activity and a mi-
nor 62-kD component (Fig. 3 A). Incubation of conditioned
medium with APMA before zymography resulted in a marked
increase of the 62-kD species with reduction of the 66-kD
band. Gelatinolytic activity of the 66/62-kD doublet was not
affected by p-chloromercuribenzoate, PMSF, or pepstatin but
was inhibited by 1,10-phenanthroline (Fig. 3 B).

Figure 2. (A) Steroid-regulated proteolytic activity in stromal cul-
tures. Stromal cells were cultured 14 d in EGF-supplemented serum-
free medium containing no steroids (C), 10 nM E (E), 1 mM P (P), or 
10 nM E 1 1 mM P (E 1 P), followed by steroid withdrawal as de-
scribed in Methods. Proteolytic activity of 2 d–conditioned medium 
collected at the indicated times was assayed in the presence of 0.5 
mM APMA. Values are the mean6SEM (bars) of duplicate cultures. 
(B) Progestin-specific regulation of proteolytic activity in stromal cul-
tures. Stromal cells were cultured 12–14 d in serum-supplemented 
medium containing 30 nM E 1 0.3 mM P, followed by steroid with-
drawal as described in Methods. From the time of withdrawal control 
cultures received no additions (W), and treatment groups received ei-
ther 30 nM E 1 0.3 mM P (E 1 P), 0.3–1 mM P (P), 30 nM E (E),
0.3–1 mM norethindrone (Nt), 1 mM medroxyprogesterone acetate 
(MPA), 0.3–1 mM 17a-hydroxyprogesterone (OHP), 30 nM dexa-
methasone (Dx), 0.3 mM P 1 0.3 mM RU486 (P 1 R), 1 mM RU486 
(R), or 10–20 mM cycloheximide (Cy). Proteolytic activity in 1 or 2
d–conditioned media collected 4 d after hormonal withdrawal was as-
sayed in the presence of 0.5 mM APMA. All treatments were tested 
in duplicate cultures of at least two or three independent experi-
ments, except MPA and R. Values are the mean6SEM (bars). Statis-
tical significance of the differences between treatment and control 
groups were determined using one-way ANOVA and Dunnett’s test 
for each experiment. Differences were not significant (P . 0.05) ex-
cept where indicated (*P , 0.01).

Figure 3. Substrate gel 
analysis of stromal cell–
conditioned medium. 
Stromal cells were cul-
tured 12 d in serum-sup-
plemented medium 
containing 30 nM E 1 
0.3 mM P, followed by 
steroid withdrawal as 
described in Methods.
2 d–conditioned me-
dium collected 2 d after 
hormonal withdrawal 
was analyzed by gelatin 
zymography. (A) Con-
ditioned medium was 
incubated at 378C in 

the absence (2, lane b) or presence (1, lane c) of 1 mM APMA be-
fore zymography. (B) After electrophoresis, the gel was divided into 
sections which were incubated in buffer containing either 5 mM
p-chloromercuribenzoate (CMB, lane b), 5 mM PMSF (lanes c and d), 
0.1 mM pepstatin (lanes e and f), or 5 mM 1,10-phenanthroline
(o-Phenan, lanes g and h) before staining. Molecular weight markers 
(mwm) are shown on lane a in each panel. Arrows indicate the posi-
tion of the bands of gelatin lysis.
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The levels of 66/62-kD gelatinase increased in stromal cul-
tures after P withdrawal, coinciding with the upsurge of metal-
loproteinase activity. Fig. 4 A shows a gelatin zymogram of
conditioned media from cultures exposed initially to E 1 P,
followed by either steroid withdrawal, P alone, or E 1 P 1

RU486. The bands of gelatinolytic activity detected in all con-
ditioned media (lanes a–h) comigrated with purified MMP-2
(72-kD type IV collagenase/gelatinase A) (lane i). The inten-
sity of both the 66- and 62-kD bands increased noticeably after
4 d of steroid withdrawal (lanes d–f), or addition of RU486
while continuing E 1 P treatment (lanes g–h). In contrast, no
increase of 66/62-kD gelatinase activity was evident in cultures
that received P alone after E 1 P (lanes a–c). In a similar ex-
periment (Fig. 4 B), densitometry showed a sixfold increase of
the 66/62-kD doublet on days 4 and 6 after steroid withdrawal,
followed by a decline on day 8, whereas in the presence of P,
66/62-kD gelatinase levels remained essentially unchanged.
Similar results were obtained when norethindrone or medroxy-
progesterone acetate (0.3–1 mM) were used instead of P, but
no gelatin lysis bands were detectable when stromal cells were
treated with cycloheximide (10 mM) from the time of hor-
monal withdrawal (not shown).

The identity of the endometrial stromal cell metallopro-
teinase was confirmed using a specific MMP-2 antibody. Con-
ditioned media from cells cultured in the absence of steroids,
in the presence of E 1 P, or exposed initially to E 1 P, fol-
lowed by either steroid withdrawal, addition of RU486, or
treatment with P alone, were analyzed by Western immuno-
blotting. Under nonreducing conditions (Fig. 5 A), a 66-kD
band of immunoreactive MMP-2 was detected in cultures sub-
jected to steroid withdrawal (lane c) but not in those receiving
no steroids (lane a) or maintained in the presence of E 1 P
(lane b). Human fibroblast–conditioned medium was used as a

positive control (26) (lane d). Media from cultures of normal
endometrial epithelial cells and from HEC-1A endometrial
adenocarcinoma cells, neither of which showed bands of gela-
tin lysis in the 66-62 kD region by substrate gel analysis (not
shown), were used as negative controls (lanes e and f). Immu-
noreactive MMP-2, migrating at 72 kD under reducing condi-

Figure 4. Hormonal 
regulation of gelatinase 
activity in stromal cell–
conditioned medium. 
Stromal cells were cul-
tured 14 d in serum-free 
medium containing
10 nM E 1 1 mM P, and 
for the following 6–8 d 
in the presence of no 
steroids (W), 0.2 mM P 
(P), or 10 nM E 1 0.2 
mM P 1 1 mM RU486 
(EP 1 RU486). (A) 
Gelatin zymogram of 2 
d–conditioned media 
(20 ml) collected 2, 4, 
and 6 d after the time of 
withdrawal (lanes a–h) 
and purified human 
MMP-2 (lane i). Posi-
tion of the molecular 
weight markers (MW) is 

indicated on the left margin. (B) Integrative densitometry of the 66/
62-kD doublet on zymograms of 2 d–conditioned media (16 ml) col-
lected at the time of withdrawal (day 0) and every 2 d thereafter. Lev-
els of 66/62-kD gelatinase in conditioned media were estimated run-
ning in parallel known amounts (0.5–20 ng) of purified MMP-2. 
Values are the mean6SEM (bars) of duplicates cultures, expressed as 
a percentage of the mean value on day 0.

Figure 5. Western immunoblot analysis of MMP-2 in stromal cell cul-
tures. Samples of 600 ml (A) or 400 ml (B) of 2 d–conditioned media 
were concentrated, electrophoresed under nonreducing (A) or reduc-
ing (B) conditions, and analyzed by Western immunoblotting with 
anti–MMP-2. Position of the molecular weight markers (MW) is indi-
cated on the left margin. (A) Stromal cells (ES) were cultured 14 d in 
serum-free medium as described in Fig. 1, in the absence of steroids 
(C, lane a), in the presence of 10 nM E 1 1 mM P (EP, lane b), or re-
ceived 10 nM E 1 1 mM P for 14 d followed by steroid withdrawal for 
4 d (W, lane c). Human skin fibroblasts (SF, lane d), human endome-
trial epithelial cells (EE, lane e), and HEC-1A cells (lane f), received 
no steroids. (B) Stromal cells were cultured 14 d in serum-free me-
dium containing 10 nM E 1 1 mM P followed by 6 d in the presence of 
0.2 mM P (P), 10 nM E 1 0.2 mM P 1 1 mM RU486 (EP 1 RU486), or 
no steroids (W), and conditioned media collected 2, 4, and 6 d after 
the time of withdrawal. (C) Integrative densitometry of the 72-kD 
MMP-2 band on Western blots of 2 d–conditioned media collected 2, 
4, and 6 d after the time of withdrawal as described for B. Levels of 
immunoreactive MMP-2 (IR.MMP-2) in conditioned media were es-
timated running in parallel known amounts (10–500 ng) of purified 
MMP-2. Values are the mean6SEM (bars) of measurements on two 
blots.
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tions (Fig. 5 B), was prominent in stromal cultures 2–6 d after
steroid withdrawal (lanes g–i) or addition of RU486 while con-
tinuing E 1 P treatment (lanes d–f), whereas cultures receiv-
ing P had low to undetectable levels of MMP-2 throughout this
period (lanes a–c). Densitometric analysis (Fig. 5 C) showed
that 4–6 d after steroid withdrawal or addition of RU486, im-
munoreactive MMP-2 increased up to ninefold compared to

P-treated cultures, indicating MMP-2 levels increased concom-
itantly with metalloproteinase activity in stromal cultures after
P withdrawal.

Morphological changes induced by hormonal with-

drawal. The stimulation of MMP-2 secretion by P withdrawal
was accompanied by the breakdown of stromal cell cultures.
Confluent stromal cells formed multilayer cultures within 7–14 d

Figure 6. Steroid withdrawal–
induced breakdown of human 
endometrial stromal cell cultures. 
Phase contrast micrographs of 
confluent cultures: (a) main-
tained in serum-supplemented 
medium containing 10 nM E 1 
0.1 mM P for 15 d, or (b) receiv-
ing 10 nM E 1 0.1 mM P for 15 d 
followed by steroid withdrawal 
for 3 d. Bar 5 200 mm.

Figure 7. Steroid withdrawal–induced breakdown of human endometrial stromal cell cultures. Scanning electron micrographs of confluent cul-
tures maintained in serum-supplemented medium containing 10 nM E 1 0.1 mM P for 14 d, followed by steroid withdrawal for 3 d (a, b, and d) 
or receiving uninterrupted combined steroid treatment for 14 d (c). Bar 5 2 mm.
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of continued exposure to E 1 P (Fig. 6 a). Steroid withdrawal
was followed, after a lag of 2–4 d, by an abrupt breakdown of
the multilayered cultures with shedding of the superficial cells
(Fig. 6 b). Scanning electron microscopy of these cultures
showed disruption of the multilayers with cells in the upper-
most layers retracted and detached from neighboring cells
(Fig. 7 a), while most cells in the basal layer remained spread
onto the plastic substrate (Fig. 7 b). Most remarkably, the
abundant fibrillar extracellular matrix produced by stromal
cells under hormonal stimulation (Fig. 7 c) was noticeably ab-
sent in the intercellular spaces after hormonal withdrawal
(Fig. 7 d).

The breakdown of stromal multilayers was specifically reg-
ulated by receptor-mediated progestin action and was depen-
dent on metalloproteinase activity. In cultures receiving E 1 P,
withdrawal of P (Fig. 8 a), but not of E (Fig. 8 b), induced mul-
tilayer breakdown. Addition of progestins, such as norethin-
drone or medroxyprogesterone acetate (0.3–1 mM) after E 1 P
withdrawal, prevented stromal culture breakdown, whereas
addition of the glucocorticoid dexamethasone (30 nM) or the
androgen 5a-dihydrotestosterone (0.1 mM) had no effect (not
shown). Breakdown was also induced by addition of the P re-
ceptor antagonist RU486 to stromal cultures receiving P (Fig.
8 c). Studies in which proteinase inhibitors were added from
the time of steroid withdrawal, showed that breakdown was
prevented by the broad-spectrum inhibitor a2-macroglobulin
(200 mg/ml) (not shown), and by the metalloproteinase inhibi-
tor 1,10-phenanthroline (Fig. 8 d), but not by inhibitors of
other proteinase classes (not shown) including soybean trypsin
inhibitor (100 mg/ml), benzamidine (1 mM), leupeptin (3 mM),

pepstatin (1.5 mM), e-aminocaproic acid (20 mM), and hirudin
(10 U/ml). In addition, the breakdown of stromal cultures was
dependent on protein synthesis, being prevented by the addi-
tion of cycloheximide (10–20 mM) from the time of steroid
withdrawal (not shown).

Expression of MMP-2 in human endometrium. To explore
the possible physiological relevance of the in vitro findings de-
scribed above, the expression of MMP-2 mRNA was exam-
ined in normally cycling endometrium. Northern analysis
showed a single 2.9-kb transcript that hybridized to a 540-bp
BamHI-EcoRI fragment of the MMP-2 cDNA in all the en-
dometrial samples examined (Fig. 9 A). A weak hybridization
signal was found in RNA extracted from endometrial samples
collected throughout the proliferative phase (lanes a–d), mid
cycle (lane e), and early through mid secretory phase (lanes f
and h). All three samples of late secretory endometrium
(lanes g, i, and j) had a strong hybridization signal, but the
transcript was barely detectable in early pregnancy decidua
(lane k), and term placenta (lane l). To assess relative
amounts of mRNA loaded in each lane, b-actin mRNA levels,
which do not change in proliferative compared to secretory
phase of the menstrual cycle (34), were used as an internal
standard (Fig. 9 B). To adequately compare the relative levels
of MMP-2 mRNA in the various endometrial samples, auto-
radiograms of both the MMP-2 and b-actin hybridizations
were analyzed by densitometry, and the MMP-2 hybridization
signal of each sample normalized to the respective b-actin
level to correct for uneven loading. As shown in Fig. 9 C, den-
sitometric analysis confirmed an increase (2.5–4.9-fold) of the
abundance of MMP-2 mRNA relative to b-actin mRNA lev-

Figure 8. Effects of steroid hormones and inhibitors on the breakdown of stromal cell cultures. Confluent cultures were treated in serum-supple-
mented medium with 30 nM E 1 0.3 mM P for 13 d, followed by steroid withdrawal for 4 d. From the time of withdrawal cultures received: (a) 30 
nM E, (b) 0.3 mM P, (c) 0.3 mM P 1 0.3 mM RU486, (d) 25 mM 1,10-phenanthroline. Bar 5 200 mm.
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els in all late secretory endometria compared to other phases
of the cycle.

Discussion

The present study investigated the response of human en-
dometrial stromal cells exposed in vitro to hormonal changes
that mimic those preceding menstruation in vivo. P with-
drawal, the physiologic stimulus for menstruation, induced
MMP-2 secretion by stromal cells. Stromal cells maintained in
the absence of steroid hormones did not produce constitu-
tively high levels of MMP-2, and exposure to P followed by its
withdrawal was required to stimulate MMP-2 secretion. MMP-2
production was stimulated by the P receptor antagonist
RU486 but was suppressed by cycloheximide, indicating
MMP-2 is specifically regulated by receptor-mediated proges-
tin action, involving de novo protein synthesis. MMP-2 secre-
tion was associated with a concomitant increase in metallopro-
teinase activity leading to the breakdown of the stromal cell
multilayers. The breakdown of stromal cell cultures had re-
markable similarities with the menstrual breakdown of the en-
dometrium in vivo. Both occur within a few days of hormonal
withdrawal, and involve the dissolution of extracellular matrix

with dissociation of cellular elements. Consistent with the in
vitro studies, Northern analysis showed MMP-2 mRNA ex-
pression increased in the decidualized endometrium of the late
secretory phase, the time of declining P levels immediately
preceding menstruation. These findings are in agreement with
recent in situ hybridization studies showing a marked increase
of MMP-2 mRNA expression in endometrial stromal cells in
late secretory and early menstrual endometrium (21). Taken
together, these observations suggest the response of stromal
cells to steroid withdrawal in vitro may be relevant to endome-
trial cyclic activity.

In the present study, high expression of MMP-2 mRNA
was restricted to the late secretory phase in cycling en-
dometrium, but the transcript was almost undetectable in early
pregnancy decidua, indicating that decidualization may be nec-
essary but not sufficient to increase MMP-2 expression. These
findings are consistent with a dual role of P, both inducing
competence for high MMP-2 production by promoting decidu-
alization and directly inhibiting MMP-2 secretion by decidual-
ized cells. Teleologically, the potential of decidualized cells to
secrete a proteinase such as MMP-2 would endow the en-
dometrium with the means of promoting the menstrual break-
down that is essential for restaging the ensuing cycle; however,
this would not manifest in the event of pregnancy as elevated P
levels would inhibit MMP-2 expression in the decidua. A role
of MMP-2 in premenstrual/early menstrual events is consistent
with recent in situ hybridization studies (21) showing MMP-2
mRNA is more widely distributed and more frequently
detected than transcripts for stromelysin-2 (MMP-10) or strome-
lysin-3 in stromal cells of late secretory endometrium. How-
ever, in menstrual endometrium, mRNAs for interstitial colla-
genase (MMP-1), MMP-2, stromelysin 1 (MMP-3), matrilysin
(MMP-7), 92-kD type IV collagenase/gelatinase B (MMP-9),
MMP-10, and stromelysin-3 are detected with different tissue
distributions, suggesting a more global and complex involve-
ment of MMPs in the final breakdown and shedding of en-
dometrial tissue.

MMP-2 was the major proteinase secreted by confluent
cultures of decidualized endometrial stromal cells in response
to P withdrawal in vitro. In contrast, previous studies showed
that subconfluent cultures of stromal cells treated with phorbol
myristate acetate secreted MMP-1, -2, -3, and -9 (20), and hu-
man endometrial explants released MMP-1, -2, and -9 in a cy-
cle-independent fashion, even though the release of all three
MMPs was suppressed by P (19). The discrepancies between
these and our findings may be attributed to significant differ-
ences in the culture conditions and treatment regimes used in
each of the studies. In particular, the cellular complexity of un-
fractionated endometrial tissue, and the mechanical trauma in-
herent to explant culture experiments, may contribute to their
inability to detect the complex hormonal regulation of MMP-2
seen in our defined cell culture system.

Endometrial stromal cell-derived MMP-2 shares the char-
acteristics of MMP-2 produced by other human cells (30, 32,
35), being secreted as a 66-kD (72-kD reduced) proenzyme
that generates a 62-kD form after activation with the organo-
mercurial APMA. The increase of metalloproteinase activity
and immunoreactive MMP-2 detected after P withdrawal cor-
responded mostly to latent MMP-2, with lower levels of the ac-
tive form. The reduced stability of the active form of MMP-2
(35) and presence of endogenous tissue inhibitors of metallo-
proteinases (37, 38) may contribute to the low levels of active

Figure 9. Expression of MMP-2 mRNA in human endometrium 
throughout the menstrual cycle. Samples of total RNA (20 mg) ex-
tracted from the following tissues were analyzed by Northern blot hy-
bridization: early, mid, and late proliferative endometrium (lanes
a–d); mid cycle endometrium (MC, lane e); early, mid, and late secre-
tory endometrium (lanes f–j); early pregnancy decidua (Dec, lane k); 
term placenta (Pla, lane l). (A) Autoradiograph of hybridization with 
the MMP-2 cDNA probe. (B) Autoradiograph of the same mem-
brane hybridized with the b-actin cDNA probe. (C) Densitometric 
analysis of the autoradiographs shown in A and B, using the inte-
grated area under the respective absorbance curves to calculate the 
MMP-2/b-actin hybridization ratio for each sample.
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enzyme detected. Low levels of active MMP-2 in conditioned
media from stromal cultures undergoing breakdown may also
result from the preferential localization of activated MMP-2 at
the cell surface (39). Latent MMP-2 binds specifically to a still
unidentified cell surface site (40) and is activated (41–43) by a
recently described membrane-type MMP (44) that is an inte-
gral plasma membrane protein. Thus, our finding of a metallo-
proteinase-dependent breakdown of stromal cell multilayers is
not only consistent with the involvement of MMP-2 in this pro-
cess, but also raises the possibility that P withdrawal may in-
duce the expression of MMP-2 binding sites and/or mem-
brane-type MMP in stromal cells, thereby promoting MMP-2
activation.

The specific function of MMP-2 in the menstrual process
and the physiological implications of stromal cells secreting
this particular MMP await further study. Decidualized stromal
cells produce an extracellular matrix containing types IV and
V collagens as well as fibronectin and laminin (45, 46). MMP-2
degrades basement membrane collagens (types IV, V), fi-
bronectin (32), and laminin (35) and may be expected to be ac-
tively involved in the degradation of extracellular matrix in de-
cidualized endometrial stroma. In addition, MMP-2 is believed
to play a role in processes which involve the breaching or re-
modeling of basement membranes, such as tumor invasion and
angiogenesis (47). Therefore, stromal cell–derived MMP-2, by
acting on components of the vascular and epithelial basement
membranes, may be involved in breaching the integrity of the
endometrial blood vessels and epithelial lining, leading to in-
terstitial bleeding (48, 49) and passage of blood to the uterine
cavity (49, 50).

The physiological process of menstruation encompasses di-
verse and complex changes that affect endometrial vascular
function (51), extracellular matrix (52), prostaglandin produc-
tion (53), and lysosomal enzymes (6). Current concepts on the
mechanism of menstruation are still based largely on the ob-
servations of Markee half a century ago in rhesus monkeys
(51). According to this model, the initiating event of menstrua-
tion is the intense vasospasm of the spiral arteries, which by
causing ischemic damage to the vessel wall and the surround-
ing tissue leads to bleeding and breakdown of the stromal ma-
trix. The essence of this hypothesis has not been seriously chal-
lenged since it was formulated, and research efforts have been
directed at identifying vasoactive factors that may trigger the
initiating vascular event, such as prostaglandins (reviewed in
reference 54) or endothelins (55–57). The data presented
herein support an alternative hypothesis whereby, indepen-
dent of ischemia or hypoxia, decidualized endometrial stromal
cells respond directly to P withdrawal and participate in the
initiation of menstruation producing a proteinase that can act
on the stromal extracellular matrix and on the vascular and ep-
ithelial basement membranes of the endometrium, thereby
promoting endometrial breakdown and the onset of menstrual
bleeding. Moreover, our finding of a P withdrawal–induced
breakdown in cultures of isolated endometrial stromal cells
provides experimental evidence suggesting that the vascular
changes and the stromal breakdown that occur at the time of
menstruation may be independent processes.
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