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two findings. First, cardioprotection is lost in parallel
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The cardioprotective effects of estrogens are clearly
stablished. However, the underlying mechanisms are
oorly understood. Because programmed cell death
apoptosis) probably contributes to the loss of cardiac

yocytes in heart failure and because estrogens pre-
ent apoptosis in breast cancer cells, we investigated
hether the loss of cardiac myocytes by programmed

ell death could be prevented by physiological doses of
7b-estradiol. Apoptosis of cultured cardiac myocytes
as induced by staurosporine. 17b-estradiol (10 nM)
ad an antiapoptotic effect as determined by morpho-

ogical analysis, vital staining using the Hoechst dye
3342 and terminal transferase dUTP nick-end label-
ng (TUNEL). As a potential mechanism for the anti-
poptotic effect of 17b-estradiol we found a reduced
ctivity of the ICE-like protease caspase-3 in hormone-
reated myocytes. Furthermore, inhibition of apopto-
is by estradiol was associated with a reduced activity
f NF-kB transcription factors, particularly p65/RelA
nd p50. To our knowledge, these data provide the first
ndication that 17b-estradiol in physiological concen-
rations inhibits apoptosis in cardiac myocytes. The
ntiapoptotic effect of estrogens might contribute to
he known cardioprotective effect of estrogens and
rovides a starting point for the development of future
reatment options. © 2000 Academic Press

Key Words: apoptosis; estrogen; cardiac muscle;
aspase-3; NF-kB.

The protective role of estrogens in the cardiovascular
ystem has been established in numerous clinical trials
1). The assumption, that female sex hormones are
argely responsible for the virtual absence of cardiovas-
ular disease in premenopausal women compared to
ales with otherwise identical risk factors, is based on
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ith declining estrogen serum levels after menopause
2). Second, hormone replacement therapy (HRT) effi-
iently prevents coronary artery disease in postmeno-
ausal women (3). The occurrence of programmed cell
eath in the myocardium has been demonstrated re-
ently in several different models of heart failure in-
luding ischemic heart disease as well as non-ischemic
eart failure such as myocarditis or dilative cardiomy-
pathy (4). Because estrogens inhibit apoptosis in non-
yocyte cell types (5) and because we have recently

hown that estrogens exert direct effects on cardiac
yocytes, (6) we have here tested the hypothesis that

strogens are able to inhibit apoptosis in cardiac myo-
ytes. The assessment of apoptotic myocyte death
ased on a single technique alone is known to be diffi-
ult. In this study, care was taken to analyze apoptotic
yocyte death by three independent methods includ-

ng morphological analysis, Hoechst dye 33342 stain-
ng and TUNEL assay. Inhibition of caspase-3 activity
nd apoptosis related NF-kB activation was identified
s a potential mechanism for the anti-apoptotic action
f estrogens in cardiac myocytes treated with stauro-
porine.

ETHODS

Cell culture. Neonatal rat ventricular myocytes were cultured
rom 2-day-old Wistar rats as previously described (7). At day 1
edium was changed to MEM/5 6 17b-estradiol (10 nM, Sigma).
eginning with day 3, myocytes were treated with staurosporine

0.1 mM, Sigma).

DNA laddering. Myocytes were grown on 10-cm culture plates
nder estrogen-free conditions for 72 h 6 0.1 mM staurosporine and
ashed twice with PBS before scraping off the dishes. Genomic DNA
as extracted using a commercial kit (DNA Extraction Kit, Strat-
gene), separated on 1.8% agarose gels stained with ethidium bro-
ide and examined under UV light (8).

Vital staining with Hoechst dye 33342. The Hoechst dye 33342
as used to assess nuclear morphology by fluorescence microscopy
nder ultraviolet light (9). The Hoechst dye was added to cells
rowing on glass slides during the last hour of the experiment in a
nal concentration of 10 mg/ml. Cells were washed twice with PBS,



fixed with 1% paraformaldehyde, mounted with Mowiol and cover-
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lipped.

In situ TUNEL assay. In situ TUNEL assays (10) were performed
sing a kit obtained from Boehringer Mannheim (In Situ Cell Death
etection Kit) according to the manufacturer’s instructions. Cardiac
yocytes were treated with 10 nM 17b-estradiol and 0.1 mM stau-

osporine for 72 h, washed with PBS fixed with paraformaldehyde
4%, 30 min, RT). Endogenous peroxidase was blocked with 0.3%

2O2/MeOH (5 min, RT) and cells treated with 0.5% Triton X-100 (10
in, 4°C). Cells were blocked and washed in PBS before incubation
ith td-transferase and nucleotide mixture labeled with fluorescein

1 h, 37°C). After washing, an anti-fluorescein antibody horseradish
eroxidase conjugate was added (30 min, 37°C) followed by addition
f the colorigenic substrate 3,39-diaminobenzidine (DAB). The cells
ere counterstained with methyl-green (Sigma), mounted with
owiol and coverslipped. 12,000 myocytes were evaluated by con-

entional light microscopy and brown versus blue nuclei were
ounted.

Caspase-3 activity assay. Activity of the ICE-like protease
aspase-3 was determined using a commercial kit (Apoalert assay,
lontech) according to the manufacturer’s instruction with minor
odifications for adherent cell cultures (11). Briefly, cultured cardiac
yocytes washed and scraped off the dishes before centrifugation

1700 rpm, 6 min, 4°C). The resulting pellet was resuspended in lysis
uffer (10 min, 4°C), the homogenate was centrifuged (12000 rpm, 3
in, 4°C) and substrate for caspase-3 (Ac-DEVD-AMC) was added to

he final supernatant (1 h, 37°C). Levels of released 7-amino-4-
ethylcoumarin were measured with a luminescence spectrometer
S 50B (Perkin-Elmer) at an excitation wavelength of 390 nm and
mission wavelength of 480 nm.

Immunoblotting. Cardiac myocyte cultures were rinsed in 1 3
BS, scraped off the tissue culture plates, solubilized in lysis buffer
ontaining 50 mmol/L Tris (pH 7.40), 120 mmol/L NaCl, 5 mmol/L
DTA (pH 8.0), 1 mmol/L PMSF (Sigma) and 1% Triton X-100 (4°C).
he homogenate was centrifuged (12,000 rpm, 5 min, 4°C). Protein
oncentration in the supernatant was determined by Bradford assay
nd equal amounts of protein were separated on 12% SDS-PAGE
els. The resolved proteins were transferred on PVDF membranes by
lectroblotting and filters and blocked in BLOTTO (1 3 PBS, 5%
on-fat milk powder, 1% Tween 20), washed and incubated with
nti-Bcl-2 or anti-troponin-T antibodies overnight (4°C). Blots were
ashed and immunoreactive proteins detected by enhanced chemi-

uminescence.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts of
ardiac myocytes were prepared as described elsewhere (12). For
ach EMSA 5 mg of nuclear extract were incubated with 4000 to 8000
pm (equivalent to 0.25 ng) of a 32P-labeled NF-kB oligonucleotide
robe derived from the kB enhancer element of the IL-2 promoter:
9-GACCAAGAGGGATTTCACCCCTAAATC-59 (13). The reaction
ix contained 1 mg poly-dI/dC per 4 mg nuclear protein as nonspecific

ompetitor. Samples were incubated (30 min, 4°C) and fractionated
n a nondenaturing 6% PAA gel at 200V/15 cm. Gels were dried
efore autoradiography and/or phosphoimager analysis. In super-
hift EMSA, 1 ml of each NF-kB antibody was added and the incu-
ation before electrophoresis was prolonged (1 h, 4°C).

ESULTS

ffect of Staurosporine on Nucleosome Fragmentation
in Cardiac Myocytes

Apoptosis, in contrast to nonapoptotic cell death,
eads to the appearance of a characteristic laddering
attern of genomic DNA subjected to gel electrophore-
is, which results from internucleosomal cleavage of
193
enomic DNA (14). Figure 1 indicates that genomic
NA from cardiac myocytes treated with 0.1 mM stau-

osporine for 24 h but not DNA from control myocytes
ept in medium alone revealed the oligonuclesomal
NA pattern typical of apoptotic cell death.

hase Contrast Microscopy and Hoechst Dye Staining
of Apoptotic Cardiac Myocytes

Cell shrinkage, another indicative of apoptosis, (15)
ccurred in cardiac myocyte cultures treated with stau-
osporine but not in untreated control myocytes as
ssessed by conventional phase contrast microscopy
Figs. 2E and 2A, respectively). 17b-Estradiol pre-
ented myocyte shrinkage as well as cytosol condensa-
ion in staurosporine treated myocytes (compare Figs.

FIG. 1. Oligo-nucleosomal cleavage of genomic DNA from
taurosporine-treated cardiac myocytes. Neonatal cardiac myocytes
ere cultured in either medium alone (control) or medium plus 0.1
M staurosporine (St 0.1 mM) for 24 h. Only genomic DNA from
taurosporine treated cardiac myocytes revealed the typical ladder-
ike pattern with oligo- and multimeric bands approximately 200 bp
n size when stained with ethidium bromide. In parallel, the amount
f high-molecular-weight genomic DNA decreased with staurospor-
ne treatment.
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FIG. 2. 17b-Estradiol prevents nuclear fragmentation and formation of apoptotic bodies in staurosporine-treated cardiac myocytes. The morphology
f cardiac myocytes treated with medium alone (Control) or either 10 nM 17b-estradiol (E2), staurosporine (St), or staurosporine plus estradiol (St 1 E2)
as analyzed by phase-contrast microscopy (Phaco). Apoptotic cardiac myocytes (indicated by arrows) were observed frequently in staurosporine-treated
yocytes but were virtually absent with the addition of 10 nM 17b-estradiol to staurosporine-treated myocytes. Nuclear fragmentation and condensation,

s assessed by Hoechst dye 33342 staining (Hoechst) was also prevented in staurosporine-treated cardiac myocytes by adding 17b-estradiol. The identity
f cardiac myocytes was verified by immunofluorescence using a troponin-T-specific antibody (not shown). Size bar is 25 mM.
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FIG. 3. In situ TUNEL assay. Upper panel: In situ TUNEL assay of neonatal cardiac myocytes treated with 0.1 mM staurosporine (St, C) revealed
ncreased nuclear deposition of DAB (brown dye) compared to untreated control (A). Coincubation of cardiac myocytes in staurosporine plus 10 nM
7b-estradiol (St 1 E2) significantly reduced the number of TUNEL-positive nuclei (D). Myocytes treated with 10 nM estradiol (E2) alone showed no
ignificant difference in TUNEL staining compared to control (C). Size bar is 25 mM. Lower panel: Staurosporine increased the apoptotic index by 247%
ver control. Coincubation with estradiol (St 1 E2) lowered the apoptotic index of staurosporine-treated cardiac myocytes (St) by 106.8% relative to
ontrol. Estradiol alone (E2) had no effect on the percentage of TUNEL-positive myocytes. Bars indicate percentage of TUNEL-positive cardiac
yocytes 6 SEM from 8 independent experiments, statistical significance was calculated by two-sided Student’s t-test (P , 0.1; *P , 0.05; **P , 0.01).
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E and 2G). Highly condensed myocytes resembling
poptotic bodies appeared exclusively in myocyte not
reated with estradiol (see arrows in Fig. 2E). 17b-
stradiol prevented staurosporine induced fragmenta-

ion of cardiac myocyte nuclei, another hallmark of
poptosis, (16) as visualized by Hoechst dye 33324
taining (compare Figs. 2F and 2H). Apoptotic nuclei
evealed a bright fluorescence signal with appearance
f multiple fragments in a single nucleus (Fig. 2F).
stradiol alone had no effect on nuclear fragmentation

Figs. 2C and 2D).

n Situ TUNEL Staining of Apoptotic Cardiac
Myocytes

Staurosporine treatment of cardiac myocytes (Fig.
C) resulted in a larger number of TUNEL-positive
ardiac myocyte nuclei compared to control as shown in
he upper panel of Fig. 3 (Fig. 3A). After addition of
7b-estradiol to staurosporine-treated myocytes we ob-
erved a reduction in TUNEL-positive nuclei (Fig. 3D).
strogen treatment alone did not have an effect on the
umber of TUNEL-positive cardiac myocytes (Fig. 3B).
ye deposits were detected only in the nucleus; omis-

ion of either enzyme, dUTP, antibody–horseradish
eroxidase conjugate or substrate revealed no staining,
uling out unspecific TUNEL staining. The absolute
nd the relative number of apoptotic myocytes was

FIG. 4. Caspase-3 activity in cardiac myocytes is inhibited by
7b-estradiol. Caspase-3 activity was measured in lysates prepared
rom cardiac myocytes treated with medium alone (control), 0.1 mM
taurosporine (St), 10 nM 17b-estradiol (E2), 0.1 mM staurosporine
lus 10 nM 17b-estradiol (St 1 E2), or 0.1 mM staurosporine plus the
aspase-3-specific inhibitor peptide DEVD-CHO (amino acid short
ode) for 6 h. Bars indicate absolute AFC concentration 6 SEM
rom 10 independent experiments, each in triplicate measurements.
tatistical significance was calculated by two-sided Student’s t-test

P , 0.1; *P , 0.05; **P , 0.01).
196
f a total of 12,000 myocytes in eight independent
xperiments (Fig. 3, lower panel). The relative number
f apoptotic nuclei increased by 247% over untreated
ontrol with the addition of 0.1 mM staurosporine
n 5 10, P , 0.01). Addition of 17b-estradiol to
taurosporine-treated myocytes reduced the number of
poptotic nuclei by 106.8% relative to control (n 5 8,
, 0.05). Estradiol alone had no effect on the apopto-

is index.

aspase-3 Assay

Caspase-3 activity in cardiac myocytes was induced
y 0.1 mM staurosporine in a time- and dose-dependent
ashion with a maximum of 586% over control (Fig. 4)
t 6 h. Caspase-3 activity relative to control was 234%
ower in cardiac myocytes treated with staurosporine
lus 17b-estradiol than with staurosporine treatment
lone as illustrated in Fig. 4. Estrogen-dependent re-
uction of caspase-3 activity was statistically signifi-
ant (n 5 10, P , 0.01). Of note, the observed mag-
itude of caspase activity reduction approximates
he reduction in TUNEL-positive myocytes described
bove. Estradiol treatment alone did not alter cas-
ase-3 activity significantly.

ctivity of NF-kB Factors in Staurosporine- and
Estradiol-Treated Cardiac Myocytes

In an attempt to unravel the mechanisms underlying
he antiapoptotic effect of estrogen in cardiac myo-
ytes, the expression of the pivotal antiapoptotic factor
cl-2 (17) as shown in Fig. 5. However, bcl-2 expression
as not affected by either staurosporine or estrogen

reatment. Next, we investigated the activity of NF-kB
actors, (18) which become activated during apoptosis
n non-myocyte cell lines (19). Nuclear extracts were

FIG. 5. Expression of Bcl-2 protein remains unchanged in car-
iac myocytes treated with 17b-estradiol. The expression of Bcl-2
as analyzed by Western blotting of extracts from cardiac myocytes

reated with medium alone (control), 0.1 mM staurosporine (St), 10
M 17b-estradiol (E2), or 0.1 mM staurosporine plus 10 nM 17b-
stradiol (St 1 E2). Equal loading between lanes was demonstrated
y codetection of cardiac troponin T as an internal standard. No
ignificant differences in Bcl-2 protein expression were detected.



p
s
j
F
s
r
w
t
s
t
s
s
Q
i
a
h
t

t
c
r
u
d
6
a
v
a
1
b
o
e
t
c
c
N

e
s
s
s
h
o

Vol. 268, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
repared from cardiac myocytes treated with stauro-
porine or staurosporine plus 17b-estradiol and sub-
ected to gel mobility shift analysis as illustrated in
ig. 6. When equal amounts of extract were loaded and
hifted with an NF-kB oligonucleotide, 2 specific bands
epresenting p65/p50 heterodimers or p50 homodimers
ere observed. With addition of staurosporine (lane 2)

he intensity of both protein/DNA complexes was
trongly increased compared to untreated control ex-
racts (lane 1). However when estradiol was added to
taurosporine treated myocytes, both bands became
ignificantly less intense (compare lane 2 and lane 4).
uantification of band intensities by phosphoimager

ndicated a 6-fold reduction for the p65/p50 complex
nd a 5-fold reduction in band intensity for the p50
omodimer complex in extracts from cardiac myocytes
reated with staurosporine plus estradiol versus cells

FIG. 6. The antiapoptotic effect of 17b-estradiol in cardiac myoc
xtracts from cardiac myocytes treated with medium alone (lane 1),
taurosporine plus 10 nM 17b-estradiol (lane 4) for 24 h were subjecte
hift pattern of probe alone without myocyte extract is shown in la
upershift experiments using specific antibodies against NF-kB prote
eterodimers, the lower band p50 homodimers. All shifted NF-kB
ligonucleotide (not shown).
197
reated only with staurosporine. Interestingly, myo-
ytes treated with estradiol alone (lane 3) showed a
eduction NF-kB gel shift activity when compared to
ntreated cells (lane 1). The identity of NF-kB was
etermined by a series of supershift experiments (lanes
–12). A supershift was observed with an antibody
gainst p65/RelA (lane 7). A second NF-kB factor in-
olved appears to be p50 (lane 10) because the p50
ntibody decreases the intensity of both bands in lane
0. This finding is a well known phenomenon, probably
ecause the p50 antibody alters the tertiary structure
f p50 protein, contained in the upper (p65/p50 het-
rodimers) and lower (p50 homodimers) band and
hereby decreases the DNA affinity of both gel shift
omplexes. Therefore, the prevention of apoptosis in
ardiac myocytes was associated with the inhibition of
F-kB (p65-Rel-A/p50) activity.

is associated with a reduction in NF-kB gel shift activity. Nuclear
mM staurosporine (lane 2), 10 nM 17b-estradiol (lane 3), or 0.1 mM

o electrophoretic mobility shift assay using a NF-kB probe. The band
5. The composition of shifted NF-kB complexes was determined by
as shown in lanes 6 to 12. The upper band represents p65/RelA-p50

mplexes could be titrated out using a 50-fold excess of unlabeled
ytes
0.1
d t

ne
ins
co
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First, apoptotic shrinkage of cardiac myocytes was en-
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The results of this study indicate for the first time
hat apoptosis in cardiac myocytes can be prevented by
hysiological levels of 17b-estradiol. The mechanism
ikely involves inhibition of the apoptosis related acti-
ation of NF-kB, particularly its p65/RelA and p50
ubunits.
The development of heart failure is characterized by

rogressive worsening of LV function. The concept of
rogrammed cell death (apoptosis) of cardiac myocytes
s currently discussed as a mechanism that reduces the
ontractile cell mass of the heart and thereby leads to
mpaired LV performance. As reviewed recently, (4)
poptotic loss of cardiac myocytes does occur in isch-
mic cardiomyopathy, myocarditis, dilative cardiomy-
pathy as well as acute myocardial infarction. The
nhibition of apoptosis in cardiac myocytes might con-
erve the number of contractile myocytes and thus
elay or even prevent LV dysfunction (and hence the
evelopment of heart failure). The results of this study
uggest that estrogens, which are already in clinical
se for a variety of disorders, may offer a practicable
pproach to the reduction of apoptosis cardiac myo-
ytes may therefore merit further investigation.

Because the biological effects of estrogens generally
equire the presence of the estrogen receptor, a ligand
ependent transcription factor that regulates the ac-
ivity of hormone responsive target genes, (20, 21) we
ave previously demonstrated the presence and func-
ionality of the estrogen receptor-a and -b in cardiac
yocytes (6). Interestingly, estrogens are known to

revent apoptosis in hormone receptor positive breast
ancers (5, 22). Furthermore, estrogens are able to
rotect against contractile dysfunction irrespective of
oronary blood flow by mechanism which are currently
ot understood (23). We have therefore investigated,
hether the same antiapoptotic effect, which promotes

umor growth, might be beneficial in the myocardium
y preventing the apoptotic loss of cardiac myocytes.
At first, the results of our study show that stauro-

porine caused apoptotic rather than non-apoptotic
ardiac myocyte death. This finding is consistent with
revious studies, in which staurosporine acts as a effi-
ient inducer of apoptosis in cardiac myocytes (24).
oreover, if estradiol treatment would inhibit a very

otent pro-apoptotic agent such as staurosporine, this
ould potentially indicate a therapeutic potential of

he hormone in a relatively large array of clinical con-
itions. Other pro-apoptotic stimuli (i.e., TNFa) were
lso tested but led to less efficient induction of apopto-
is. This finding is consistent with other studies in
hich TNFa was a more potent pro-apoptotic factor in
dult than in neonatal cardiac myocytes (25).
Since a single assay for apoptosis may be difficult to

nterprete, care was taken in the present study to
ssess myocyte death by four independent assays.
198
countered less frequently in cardiac myocytes treated
with estradiol plus staurosporine than in cells treated
with staurosporine alone. Second, we observed a signif-
icant reduction of condensation and fragmentation of
myocyte nuclei with the addition of estrogen to stauro-
sporine treated cardiac myocytes. Third, a statistically
significant reduction of TUNEL positive cardiac myo-
cytes was observed when estradiol was added to stau-
rosporine treated cells. Apoptosis is mediated by the
activation of caspases, a cascade of proteases that
cleave a variety of pivotal cellular proteins and ulti-
mately leads to degradation of cellular DNA (4). We
determined whether the antiapoptotic effect of estra-
diol is associated with inhibition of caspase activity in
staurosporine treated cardiac myocytes by measuring
caspase-3 activity, which is known to be activated by
staurosporine in cardiac myocytes (24). As shown in
Fig. 4, physiological concentrations of 17b-estradiol
greatly reduced the staurosporine dependent activation
of caspase-3 in cultured cardiac myocytes. This result is
consistent with the data obtained by morphological
analysis, Hoechst dye 33342 and TUNEL staining
(Figs. 2 and 3). Specificity of the assay for caspase-3
was demonstrated by addition of a synthetic peptide
which selectively inhibited caspase-3 activity in our
cardiac myocyte extracts. The inhibition of caspase-3
activity by estrogens is likely to be a phenomenon with
relevance under in vivo conditions, since caspase-3 be-
comes activated also in vivo during myocardial infarc-
tion in cardiac myocytes undergoing apoptotic cell
death (26). Furthermore, inhibition of caspases by a
synthetic peptide in a rat model of acute myocardial
infarction attenuated ischemia/reperfusion injury of
the myocardium (27).

An important factor when studying estrogen effects
is the employed hormone level. All data presented in
this study were therefore obtained using 17b-estradiol
(E2) only in strictly physiological concentrations, which
is between 1 nM and 10 nM final concentration. Thus,
the observed antiapoptotic estrogen effect on cardiac
myocytes are not due to supraphysiological hormone
levels.

To determine the molecular mechanism of the reduc-
tion of apoptotic cell death by estrogens we first ana-
lyzed the expression of the antiapoptotic factor Bcl-2.
Bcl-2 has been shown to protect cardiac myocytes from
apoptosis induced by p53 overexpression (17). Interest-
ingly, we found expression of Bcl-2 unchanged in car-
diac myocytes treated with staurosporine or estradiol.
We concluded, that bcl-2 is not involved in the anti-
apoptotic effect of estrogens in our apoptosis model.
Next we focused on estradiol effects on the activity of
NF-kB, since activation of NF-kB is associated with
apoptotic cell death in a broad variety of cell types as
reviewed recently (28). In our experiments, staurospor-
ine consistently induced apoptotic cell death and simul-
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ytes as determined by EMSA analysis. 17b-estradiol
ffectively prevented apoptotic cell death as well as
ctivation of NF-kB in staurosporine treated myocytes.
unctional evidence for NF-kB activation in myocar-
ial injury comes from a previous study which revealed
protective effect of oligonucleotide decoy elements

irected against NFkBs during myocardial reperfusion
njury (29, 30). A role for NF-kB in the development of
uman heart failure is also suggested by the finding
hat NF-kB activity is up-regulated in end-stage heart
ailure (31). However the exact function of NF-kB in
he myocardium has not yet been established. NF-kB
roteins function as transcription factors which are in
he inactive form retained in the cytosol by interaction
ith specific inhibitors of the IkB family. Activation of
F-kB occurs via degradation of IkB’s, resulting in
uclear translocation and transcriptional activation of
F-kB regulated genes such as interleukin-2 and

nterleukin-6 (28). At present we do not know exactly
y which pathway estrogens inhibit NFkBs in cardiac
yocytes.
At present we favor the hypothesis, that 17b-

stradiol reduces NF-kB activity by inhibiting the DNA
inding of NF-kB heterodimers. Addition of estradiol
ill activate the estrogen receptors in cardiac myo-

ytes, which translocate to the nucleus and may re-
ress NFkB transcriptional activity by direct or indi-
ect protein/protein interaction. This interpretation is
onsistent with the presence of estrogen receptors in
ardiac myocytes (6) and with the interaction of estro-
en receptors with the NF-kB factor p65, (32) which is
lso a major component of gel shift complexes observed
n this study. Furthermore, the functional relevance of
he interaction of the estrogen receptor with NF-kB
as recently been shown in the regulation of the IL-6
romoter (33). A second explanation for estradiol/
F-kB interaction could be inhibition NF-kB activity
y activation of IkBs, which would retain NF-kB within
he cytosol (18). However it is currently not known
hether IkB expression is regulated by estrogens.
hird, inhibition of caspase-3 activity by estrogens as
hown in the current study might prevent degradation
f IkBs, which are a substrate for caspase-3 (34). In
his model, p65/RelA and p50 would be retained in the
ytosol by IkBs resulting in decreased apoptosis. At
ast, another possible mechanism could be the reten-
ion of NF-kB within the cytosol by protein–protein
nteraction with the estrogen receptor. This hypothesis
s consistent with the finding of direct interaction be-
ween estrogen receptors and NFkBs (32).

Because the present study was aimed at the identi-
cation of the cellular mechanism(s) by which estro-
ens protect the myocardium, further investigations
re needed to address these mechanistic hypotheses on
subcellular/molecular level. Another intriguing route

f investigation will be the screening of further estro-
199
pecific activity profile like raloxifene.
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