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Abstract

Apoptosis has been shown to be an important regulator of endometrium function. To study the regulation of apoptosis in the
endometrium during the normal menstrual cycle, the expression of the apoptosis related proteins Bcl-2 and Bax and their
correlation to serum estradiol and progesterone, as well as to a replication-related antigen Ki-67 were analyzed. Nine uterine tissue
samples and thirty-nine endometrial biopsy specimens were studied. Apoptosis was studied quantitatively by Southern blot
analysis of internucleosomal cleavage of genomic DNA, and qualitatively by using in situ 3’-end labeling of fragmented DNA, and
Bcl-2, Bax and Ki-67 were detected and quantified immunohistochemically. Apoptotic cells were mostly detected in the glandular
epithelium of late secretory and menstruating endometrium. Immunostaining of Ki-67 was detected predominantly in proliferative
endometrium. The expression of Bcl-2 was high in proliferative endometrium and decreased in the secretory phase, being very low
or absent in the mid- and late secretory and menstruatory phases. Similarly, Bax expression also decreased, but was still present
throughout the secretory phase. In human endometrium, apoptosis occurs predominantly in the late secretory and menstrual
phases, and is related to alterations in the expression of Bcl-2 and Bax. A decrease in the Bcl-2/Bax ratio in the early secretory
phase precedes DNA fragmentation and may predispose the cells to apoptosis. © 2000 Elsevier Science Ireland Ltd. All rights
reserved.
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Apoptosis is regulated by extracellular signals in
addition to an intracellular autonomous genetic pro-
gram. One of the most studied proteins regulating

1. Introduction

Apoptosis is an active, regulated process of cell

death. The characteristics of apoptosis; cell shrinkage,
condensation of chromatin, and internucleosomal
cleavage of DNA resulting in fragments which are
multiples of approximately 180—200 base-pairs in size,
differ distinctly from necrosis (Schwarzman and Cid-
lowski, 1993). Apoptosis has been shown to play a part
in the development and maintenance of homeostasis in
variety of tissues including the female reproductive tract
(Behringer et al., 1994; Tilly 1996).
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apoptosis, Bcl-2, was first identified in human B-cell
tumors (Tsujimoto et al., 1985). Bcl-2 protein has been
shown to protect cells from apoptosis by regulating
mitochondrial membrane function (Matsuyama et al.,
1998). Another member of the Bcl-2 gene family, the
Bax gene, encodes a protein that has high amino acid
homology with Bcl-2. Bax protein increases the apop-
totic susceptibility of cells in several organs (Brady and
Gil-Gomez, 1998). A possible explanation for the apop-
tosis-promoting activity of Bax protein appears to be
that it can counter the anti-apoptotic effects of Bcl-2 by
forming heterodimers with Bcl-2 (Oltvai et al., 1993).
This suggests that cell death susceptibility depends on
the Bcl-2/Bax ratio. A high Bcl-2/Bax ratio makes cells
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resistant to apoptotic stimuli, while a low ratio induces
cell death (Hanada et al., 1994; Sedlak et al., 1995).
In human epithelial endometrium, expression of Bcl-
2 protein has been shown to be active during the
proliferative phase and to gradually disappear towards
the secretory phase (Otsuki et al., 1994; Koh et al.,
1995; Tao et al., 1997). Moderate expression of Bax in
the proliferative endometrium and its increase in the
secretory endometrium has been observed previously
(Tao et al., 1997). To study the regulation of apoptosis
in endometrium in more detail, we investigated the
expression of the anti- and pro-apoptotic factors Bcl-2
and Bax during the menstrual cycle, and correlated the
findings to serum estradiol and progesterone concentra-
tions as well as to cell proliferation indicated by the
detection of a replication-related antigen Ki-67.

2. Materials and methods

2.1. Subjects

Endometrial biopsies were collected from 39 healthy,
premenopausal women undergoing laparoscopic steril-
ization. Uterine sections were obtained from nine pre-
menopausal women who underwent hysterectomy as a
result of benign conditions: myomas, endometriosis and
ovarian cysts. Although these conditions hardly affect
the endometrium, the analyses were based on the curet-
tage samples from healthy subjects and the uterine
sections were used to confirm the spatial localization of
these findings. Blood samples for hormone measure-
ments were taken before or during the procedure. The
cycle phase was determined histologically (F.S.) exclud-
ing samples from the patients with abnormal serum
estradiol or progesterone concentrations. This study
was approved by the Ethics Committee of the Medical
Faculty, University of Oulu, and written consent was
obtained from each patient undergoing sterilization.

2.2. Hormone measurements

Serum progesterone and estradiol concentrations
were measured using commercial RIA kits obtained
from Wallac OY (Turku, Finland).

2.3. Tissue preparation

Endometrial tissue samples were divided into two
parts. One part of each sample was fixed in 4% buffered
formaldehyde for 24 h, embedded in paraffin and cut
into 5 pm-thick sections before in situ analysis of
apoptosis and immunohistochemistry. The other part
of the sample was snap-frozen in liquid nitrogen and
stored at — 80°C for DNA fragmentation and western
blot analysis. Only paraffin sections were used in the
analysis of uterine tissue.

2.4. In situ 3'-end labeling of DNA in apoptotic cells

Paraffin sections were dewaxed with xylenol and
rehydrated for 3’-end labeling. Tissue sections were
incubated with Proteinase K (20 pg/ml) (Boehringer
Mannheim GmbH, Mannheim, Germany) at room
temperature for 15 min. The 3’-end labeling of apop-
totic cell DNA was performed by using an ApopTag in
situ apoptosis detection kit (Oncor, Gaithesburg, MD,
USA) following the instructions of the manufacturer.
Endogenous peroxidase activity was quenched with 2%
hydrogen peroxidase in phosphate buffered-saline, pH
7.2 (PBS). Terminal transferase was used to catalyze the
addition of digoxigenin-labeled nucleotides to the 3'-
ends of fragmented DNA. Thereafter, anti-digoxigenin-
peroxidase solution was applied to the slides. Diluted
diaminobenzene-hydrogen peroxide was used to de-
velop the color reaction. Specimens were lightly coun-
terstained with hematoxylin. The number of apoptotic
cells in glandular epithelium was quantified by counting
200 cells in light microscopy.

2.5. DNA fragmentation analysis

The specificity of the in situ 3’-end labeling technique
was further validated by Southern blot analysis of
fragmentation of genomic DNA. Total DNA was iso-
lated from frozen endometrial tissue and quantified by
absorbance at 260 nm. One microgram of DNA from
each sample was labeled at 3’-ends with DIG-11-
ddUTP (Boeringer—Mannheim), using 25 U of terminal
transferase (Boehringer—Mannheim). The labeled DNA
samples were loaded onto 2% agarose gels and sepa-
rated by electrophoresis for 3 h at 50 V. After resolving,
the gels were blotted on positively charged nylon mem-
branes (Boehringer—Mannheim) and DNA was immo-
bilized by UV irradiation. After blocking nonspecific
binding, digoxigenin-bound nucleotides were identified
by using sheep antidigoxigenin conjugated to alkaline
phosphatase (Boehringer—Mannheim). The membranes
were incubated in sealed hybridization bags for 5 min
in 2 ml CSPD solution and exposed to Kodak Scientific
Imaging Film.

2.6. Immunohistochemistry

Paraffin sections were deparaffinized in xylene and
hydrated gradually through graded alcohols. The sec-
tions were incubated in 10 mM sodium citrate buffer
(pH 6.0) at 60°C for 30 min. Endogenous peroxidase
activity was prevented by incubating the samples in 225
ml of methanol with 25 ml of 30% hydrogen perox-
idase. Nonspecific antibody binding was prevented with
1 ml of fetal calf serum and with 4 ml of PBS. Primary
antibody was applied to the sample and incubated
overnight. Bcl-2 was detected with monoclonal mouse
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antihuman Bcl-2 oncoprotein (DAKO, Glostrup, Den-
mark), Bax with polyclonal rabbit antihuman Bax
(Pharmingen, San Diego, CA), and Ki-67 with mono-
clonal mouse antihuman Ki-67 (DAKO). Dilution of
1:25 was used for Bcl-2 antibodies and 1:500 for Bcl-2
antibodies. Biotinylated rabbit antimouse immunoglob-
ulins were used as secondary antibodies for monoclon-
als and biotinylated goat antirabbit immunoglobulins
for polyclonals. A commercially available avidin-biotin
immunoperoxidase system was used to visualize bound
antibody (Vectastain Elite ABC Kit, Vector Laborato-
ries, Burlingame, CA). The color reaction was produced
in diaminobenzene for 7 min. Counterstaining was car-
ried out with hematoxylin.

Glandular epithelium and stroma of the specimens
were evaluated separately. In both cell compartments
the intensity of staining was estimated thus: —, nega-
tive; =+, slightly positive; +, positive; + +, strongly
positive; and + + 4+, very strongly positive. The stain-
ing of the epithelial cells was relatively uniform,
while moderate variation in staining of the stromal cells
was observed. The analysis of immunohistochemistry
was done by two independent observers (T.E.V. and
J.S.T.).

2.7. Western blot analysis

Frozen endometrial samples were sonicated in ice-
cold 50 mmol/l Tris—SO,, 150 mmol/l NaCl, 5 mmol/l
EDTA buffer, pH 8.7 containing 1 mmol/l phenyl-
methylsuphonylfluoride (PMSF), 1 mmol/l benza-
midine, and 1 mmol/l o-phenanthroline as protease
inhibitors. Twenty five microlitre-aliquots of protein
extract were separated by SDS-polyacrylamide gel elec-
trophoresis using 13.5% acrylamide separating gel and
transferred to PVDF membrane (Millipore Corpora-
tion, Bedford, MA) as previously described (Karhumaa
et al. 2000). Primary antibody concentrations of 1:200
for bcl-2 and 1:1000 for bax were used. Alkaline phos-
phatase-conjugated rabbit anti-mouse and goat anti-
rabbit were used as secondary antibodies to bcl-2
and bax, respectively. Visualization was carried
out by chemiluminescence substrate (Bio—Rad Labora-
tories).

2.8. Statistics
The data were analyzed by ANOVA in appropriate

statistical comparisons. P <0.05 was considered
significant.

3. Results

3.1. Hormone measurements

Serum estradiol and progesterone concentrations in

the subjects were found to follow the normal cyclic
changes of the menstrual cycle (Table 1).

3.2. Apoptosis

To study changes of DNA fragmentation in human
endometrium, in situ 3’-end labeling with dig-ddUTP
was carried out on endometrial and uterine sections.
The findings of in situ 3’-end labeling assay were confi-
rmed morphologically with hematoxylin and eosin
staining (Fig. 1). Apoptotic cells were mainly detected
in the glandular epithelium of the endometrium. Only
very few positive cells were detected in the stroma at
any stage of the cycle. In the late proliferative phase of
the cycle apoptosis in the glands was scarce (Fig. 2).
During the secretory phase, the abundance of apoptotic
cells increased and reached a maximum at menstrua-
tion. At early proliferation apoptosis was still present
but the number of apoptotic cells decreased towards
late proliferation (Fig. 3).

DNA fragmentation analysis confirmed the results of
in situ 3’-end labeling. Due to the abundance of blood
cells present in the curettage samples the quality of
analysis was not entirely satisfactory, but clearly shows
that fragmentation was highest in the menstrual phase
(Fig. 4).

3.3. Bcl-2

The intensity of Bcl-2 staining in glandular epithelial
cells was highest in the late proliferative phase, al-
though there was considerable variation in staining
intensity between the samples. In the mid- and late
secretory phase and in the menstruating phase, it was
absent or scarce (Table 2, Fig. 5). In the stroma, Bcl-2
immunostaining was scarce throughout the cycle. Only
a small decrease in the intensity of staining was de-
tected during the secretory phase (Table 1). Western
analysis of bcl-2 protein detected the expected 26 kDa
protein in endometrium and a similar expression pat-
tern as seen in immunohistochemistry was observed
(Fig. 6).

3.4. Bax

Bax was expressed at all stages of the cycle. In
glandular epithelium staining was most intense, but the
protein was also expressed in the stroma (Fig. 4). In
glandular epithelium, the expression of Bax was high
during the late proliferative and early secretory phase.
In secretory and menstruating endometrium, immunos-
taining of Bax decreased, but the relative decrease
seemed to be less pronounced than that of Bcl-2 (Table
1). In the stroma Bax was also found at all phases of
the cycle. In proliferative endometrium, stromal Bax
immunostaining was more intense than in the secretory
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or menstruating phases (Table 1). In western analysis of 3.5. Ki-67

bax the expected 21 kDa protein was observed, and

there was a decreasing tendency in the amount of Cell proliferation in the endometrium was studied by
protein detected towards menstruating endometrium immunostaining the endometrial samples for antigen
(Fig. 6). Ki-67, which is a nuclear protein present in cells at the
Table 1

The serum concentrations (mean + SE) of estradiol and progesterone at different stages of the menstrual cycle and summary of Bcl-2 and Bax
immunostaining in endometrial epithelium and stroma®

Histology = CD  S-Estradiol concentrations S-Progesterone concentrations n  Glandular epithelium Stroma
Bcl-2 Bax Bcl-2 Bax
EP 3 2 ++ + + +
6 0.36+0.23 09403 1 ++ ++ + +
9 2 ++ ++ + +
LP 10 1 + +++ + +
11 1 - +++ + ++
12 0.53+0.08 1.7+04 1 ++ 44+ + + +
13 2 44+ + - +
14 2 + +++ + +
ES 14 2 +/— +++ + +
15 0.27 +0.08 18.1+6.3 1 +/— + 4+ + + +
19 2 +/- +++ + ++
22 1 - +/- - +
24 0.33 +0.07 21.3+49 1 — + +
2 2 - +/= +
26 3 +/— + - —
LS 27 0.24 +0.07 159+6.9 5 + ++ +
29 2 +/= ++ —~ +
ME 2 1 + + + _ _
3 0.18+0.04 32422 1 + — + +
4 2 +/— ++ + +
5 1 + + + +

4 The specimens are divided by histology to: early proliferative, EP; late proliferative endometrium, LP; early secretory, ES; middle secretory,
MS; late secretory, LS; and menstruating endometrium, ME. CD represent cycle day. Intensity of the staining was assessed as follows: —, no
staining; +, slightly positive; +, positive; + +, strongly positive; and, + + + very strongly positive.

/
A-
’

Fig. 1. Demonstration of apoptotic cells in late secretory endometrium using in situ 3’-end labeling technique (A) and hematoxylin and eosin
staining (B).
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Fig. 2. Analysis of apoptosis by in situ 3’-end labeling and expression of Ki-67 in human endometrium. (A) Only very few apoptotic cells were
detected in proliferative phase (arrow). (B) Immunohistochemistry of Ki-67 in proliferative phase demonstrated intense staining in endometrial
epithelium and stroma. In secretory endometrium the number of apoptotic cells increased. Most of the apoptotic cells were in glandular epithelium
(arrows), while only occasional apoptotic cells were observed in stroma (C). Expression of Ki-67 in the endometrial epithelium decreased clearly
in the secretory phase. However, stromal cells remained immunopositive (D). In menstruating endometrium apoptosis was further increased in
glandular cells (E) and the number of Ki-67 immunopositive cells was higher than in secretory endometrium but lower than in proliferatory

endometrium (F).

replicating phase of the cell cycle. As expected, prolifer-
ative endometrium revealed intense staining of Ki-67.
Positive cells were found mostly in the glandular epithe-
lium, but also in the stroma (Fig. 2). The number of
immunopositive cells diminished towards the secretory
phase, and almost disappeared in the late secretory
phase. During menstruation, the expression of Ki-67
was also low. The sections showing high intensity of
Ki-67 staining clearly showed very little apoptosis (Fig.
3).

4. Discussion

In the present study we demonstrated the cyclic
appearance of apoptotic cells in the endometrium by
using qualitative in situ 3’-end labeling and DNA frag-
mentation analysis. Apoptosis was particularly detected

in the glandular epithelium of late secretory and men-
struating endometrium, while very little apoptosis was
detected during the proliferative phase or at the begin-
ning of the secretory phase. These findings confirm the
cyclicity of apoptosis in the endometrium (Kokawa et
al., 1996; Tao et al., 1997), and emphasize its possible
role in regulating cell turnover and the number of
glandular cells that survive to the next menstrual cycle.

Sex steroid hormones control cell proliferation and
cell differentiation in endometrial epithelia, and re-
moval of ovarian steroids, mainly demonstrated in ani-
mal studies, is known to induce apoptosis in the
endometrium (Pecci et al., 1997). Furthermore, the
proliferation of endometrial cells in the proliferative
phase has been generally related to the action of estro-
gens, while progesterone is thought to direct the cells
into the differentiation pathway, resulting in growth
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Fig. 3. (A) In situ 3-end labeling analysis of DNA in glandular
epithelium obtained by endometrial curettage. (B) Immunoreactive
staining of Ki-67. * P <0.05, ** P <0.01 versus late proliferative
phase.
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Fig. 4. Apoptotic DNA fragmentation analysis of proliferative (P),
secretory (S) and menstrual (ME) endometrium.

arrest. In this study, the pattern of apoptosis and its
negative correlation to serum estradiol concentrations
in the proliferative phase indicated that, in contrast to
many other cell types, proliferating endometrial cells do
not undergo significant apoptosis. The signaling mecha-
nisms involved in the regulation of apoptosis by sex
steroids are largely unknown, but similar effects of sex
steroids on cell survival have been recently reported in
other tissues of the reproductive tract, e.g. in the testis
(Erkkila et al., 1997). Cell proliferation, indicated by
the replication-related antigen Ki-67, was predomi-
nantly found in the proliferative phase. There have
been reports concerning an association between Ki-67
expression and apoptosis, suggesting that cells in an
active phase, entering the cell cycle, are susceptible to
apoptosis. In the endometrium this seems not to be the
case. High levels of apoptosis were seen in the men-
strual phase, when only a few cells were positive for
Ki-67, compared with the proliferative phase where
Ki-67 was abundantly present and apoptosis was
scarce. This supports the results of previous studies on
human endometrium (Coates et al., 1996) and suggests
that apoptosis in hormone-dependent cells may not be
dependent on cell cycle entry.

The analysis of Bcl-2 and Bax expression demon-
strated that changes in the amounts of these two
proteins were associated with changes in the extent of
apoptosis in glandular cells of the endometrium. As in
previous studies (Koh et al., 1995; Tabibzdeh et al.,
1995) we found that Bcl-2 is expressed during the
proliferative phase but this expression decreases to-
wards the secretory phase and is absent or negligible in
midsecretory phase. The expression of Bax also de-
creased after the proliferative phase, but was still de-
tectable during the entire secretory phase. Thus, the
decrease in Bcl-2/Bax ratio especially in the early secre-
tory endometrium preceded increase of apoptosis. The
role of ovarian hormones, especially that of estrogens
and progesterone, in regulating endometrial expression
of Bcl-2 and Bax is not well understood. It has been
suggested that estrogens might up-regulate while
progesterone might down-regulate Bcl-2 expression
(Koh et al., 1995). This is supported by observations in
breast cancer cell lines (Formby and Wiley, 1998), in
endometrial carcinomas (Saegusa and Okayasu,
1997a,b) and in the secretory endometrium expression
of progesterone receptors have been found to negatively
correlate with Bcl-2 expression (Dahmoun et al., 1999).
Although our results are in line with this theory, more
studies are needed to clarify the role of ovarian steroids
in Bcl-2 and Bax expression in normal endometrium.
Our results, however, support the notion that a de-
crease in the Bcl-2/Bax ratio would determine the sus-
ceptibility to apoptosis (Tilly et al., 1995). Tao et al.
(1997) also reported a decrease in the Bcl-2/Bax ratio in
the secretory phase of human endometrium. While their
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Fig. 5. Expression of apoptosis-related proteins Bcl-2 and Bax in human endometrium obtained from endometrial curettage. Immunostaining of
both Bcl-2 (A) and Bax (B) was strong in the early proliferative endometrium and was concentrated predominantly in the glandular endometrium.
The expression of Bcl-2 decreased in the early secretory endometrium (C), while the decrease of Bax expression was less prominent (D).

data show an increase in Bax expression during the
secretory phase, we found that the immunoreactivity of
Bax decreases, but the relative decrease is less promi-
nent than that of Bcl-2. The finding that only a few
stray apoptotic cells were observed in endometrial
stroma emphasizes the specificity of DNA fragmenta-
tion and its hormonal control in glandular epithelium.

It has to be noted that no clear change in the
Bcl-2/Bax ratio was observed in the transition from the
secretory to the menstrual phase, where the most sig-
nificant induction of apoptosis occurred. Hence, other
members of the Bcl-2 family, such as Bcl-X, Bad and
Bak (Yang et al., 1995), may regulate apoptosis and be
complementary to the actions of Bcl-2. Bcl-X protein
has been shown to be expressed in the endometrium,
especially in the secretory phase (Tao et al., 1997).
Bcl-X is expressed in two different splicing variants,
Bcl-Xlong and Bcl-Xshort. The short form of Bcl-X
promotes apoptosis but the long form acts as an anti-
apoptotic factor (Boise et al., 1993). Bak protein is also
present in the endometrium. It is a promoter of apopto-
sis and its expression has been shown to increase to-
wards the secretory endometrium (Tao et al. 1998).
While the Bcl-2/Bax ratio remains relatively unchanged
from the late secretory phase to the menstrual phase,
the alterations in Bcl-X and Bak expression might offer

an explanation for the increased apoptosis in the men-
strual phase. Similarly, the accumulation of Bak in the
secretory endometrium offers a likely explantaion. It is
also possible that when the threshold for apoptosis is
lowered by a decrease in the Bcl-2/Bax ratio at the
secretory phase, some other mechanisms can activate
apoptotic events in the menstrual phase. Alternatively
there are a number of pro- and anti-apoptotic path-
ways, which may influence the susceptibility of the cells
to undergo apoptosis (Vinatier et al., 1996). For in-
stance, cytokines such as tumor necrosis factor alpha
(TNF-a) and Fas may play a part in switching on the
apoptotic trigger. TNF receptor types I and II, which
have been associated with apoptosis (Grell et al., 1994),
are expressed in the human endometrium and also the
production of TNF-o in human endometrium is phase-
specific, with the highest amount of TNF-a being pro-
duced in the menstrual phase (Tabibzdeh et al., 1995).
Furthermore Fas, a significant pro-apoptotic factor, is
also expressed in the human glandular endometrium
(Watanabe et al., 1997).

In conclusion, the present results confirm cyclic
changes in the levels of Bcl-2 and Bax proteins and
their relation to apoptosis of epithelial cells in the
human endometrium. Although direct evidence is still
lacking, the endometrial expression of Bcl-2 and Bax,
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Fig. 6. Western blot analysis of Bcl-2 and Bax proteins in human
early proliferatory (EP), late proliferatory (LP), early secretory (ES),
mid secretory (MS), late secretory (LS) and menstruating (ME)
endometrium. A. Anti-Bcl-2 antibody detected 26 kDa protein band
with highest expression in the proliferative phase. B. Bax analysis
confirmed that the 21 kDa protein was expressed throughout the
cycle.

and the pattern of serum estradiol and progesterone,
suggest that these apoptosis-related proteins may be
controlled by ovarian hormones. The induction of
apoptosis in the secretory phase coincided with a de-
crease of both Bcl-2 and Bax, but there was also that
decrease in the Bcl-2/Bax ratio, which may facilitate
endometrial cell turnover and apoptosis, and regulate
the number of cells surviving to the next cycle. The low
expression of the cell replication-related antigen Ki-67
in the secretory phase and its negative correlation to
apoptosis indicate that endometrial cells undergo apop-
tosis even though they are not entering the cell prolifer-
ation cycle.
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