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Herz-, Gefäss- und Thoraxchirurgie, DHZB Berlin, Germany; §The Randall Division of Cell and
Molecular Biophysics and the Cardiovascular Division, King’s College London, England; �Institute of
Clinical Chemistry and Pathobiochemistry, Charite - Campus Benjamin Franklin, Berlin, Germany;
and #Institute for Medical Statistics and Clinical Epidemiology, Berlin, Germany

ABSTRACT Clinical and animal studies suggest that
estrogen receptors are involved in the development of
myocardial hypertrophy and heart failure. In this study,
we investigated whether human myocardial estrogen
receptor alpha (ER�) expression, localization, and
association with structural proteins was altered in end
stage-failing hearts. We found a 1.8-fold increase in
ER� mRNA and protein in end-stage human dilated
cardiomyopathy (DCM, n�41), as compared with con-
trols (n�25). ER� was visualized by confocal immuno-
fluorescence microscopy and localized to the cyto-
plasm, sarcolemma, intercalated discs and nuclei of
cardiomyocytes. Immunofluorescence studies demon-
strated colocalization of ER� with �-catenin at the
intercalated disc in control hearts and immunoprecipi-
tation studies confirmed complex formation of both
proteins. Interestingly, the ER�/�-catenin colocaliza-
tion was lost at the intercalated disc in DCM hearts.
Thus, the ER�/�-catenin colocalization in the interca-
lated disc may be of functional relevance and a loss of
this association may play a role in the progression of
heart failure. The increase of total ER� expression may
represent a compensatory process to contribute to the
stability of cardiac intercalated discs.—Mahmoodza-
deh, S., Eder, S., Nordmeyer, J., Ehler, E., Huber, O.,
Martus, P., Weiske, J., Pregla, R., Hetzer, R., Regitz-
Zagrosek, V. Estrogen receptor alpha up-regulation and
redistribution in human heart failure. FASEB J. 20,
926–934 (2006)
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Sex differences in the development and progression
of myocardial hypertrophy and heart failure (HF) have
been described in clinical studies and animal models
(1–3). Women with heart failure have a better survival
rate than men, and remodeling in male and female
hearts appears different (2–4). In an impressive num-
ber of transgenic mouse models of cardiomyopathies,

the cardiovascular phenotype is more severe in male
animals and can be rescued by the administration of
estrogen (5,6). In most models, death from HF occurs
earlier in the male than in the female animals. This
suggests that estrogen prevents or at least slows down
the development of HF in these models.

Estrogen signals through two receptors, estrogen
receptor � and �, which belong to the nuclear hor-
mone receptor superfamily. They are expressed in
animal and human hearts (7–9) and are up-regulated
in human aortic stenosis (8). In addition to its nuclear
localization and its function as a transcription factor,
estrogen receptor � (ER�) has been claimed to be
present and active in the plasma membranes of endo-
thelial cells (10) and to interact with cytoplasmic pro-
teins such as �-catenin and GSK3� (11). Cardiovascular
estrogen receptors have been associated with the pre-
vention of apoptosis (19), with the expression of anti-
hypertrophic proteins (12) and with the control of
cell-cell interaction (13). However, the role of estrogen
receptors in myocardial structure and function in nor-
mal and diseased human hearts is still largely unknown.

In a recent publication, we described the up-regula-
tion of myocardial ER� in human aortic stenosis and its
inverse correlation with calcineurin A�, a mediator of
myocardial hypertrophy (8). We now examined the
intracellular localization and expression levels of ER�
in end-stage human heart failure due to dilated cardio-
myopathy (DCM). We present novel findings demon-
strating a disease-dependent alteration of ER� localiza-
tion together with an increased expression in DCM
hearts.
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MATERIALS AND METHODS

Patients

Myocardial samples were obtained from 66 subjects. 25 were
from control subjects (10 females aged 46.9�4.82 yr and 15
males aged 43.67�4.53 yr) and 41 were from patients diag-
nosed with dilated cardiomyopathy (7 females aged
38.12�8.5 yr and 34 males aged 44.91�1.56) (Table 1). All
control subjects and patients were Caucasian. Patients with
DCM had a severely decreased ejection fraction and increased
ventricular volumes at normal wall thickness (Table 1). All
patients were treated with a diuretic, 90.2% received an
angiotensin 1-converting enzyme (ACE)-inhibitor or an an-
giotensin receptor blocker, 85.4% a beta blocker and 85.4%
were treated with digitalis. In addition, histological samples
from a 51-yr-old male patient with aortic stenosis (AS),
described previously (8) were included. The control group
was composed of tissue samples of donor hearts that were
rejected for logistic reasons and had normal systolic cardiac
function, no history of cardiac disease, and normal postmor-
tem histology.

Tissue samples from patients suffering from dilated cardio-
myopathy were obtained at orthotopic heart transplantation.
The presence of coronary artery disease, valvular heart dis-
ease, or hypertrophic cardiomyopathy was ruled out preop-
eratively by cardiac catheterization and angiography, and
hypertensive heart disease was ruled out by clinical history
and findings. Samples from a patient with AS were obtained
as described previously (8). All samples were obtained after
written informed consent. The study followed the rules of the
declaration of Helsinki.

Tissue samples were immediately frozen in liquid N2 and
used for mRNA and protein measurements and immunopre-
cipitation. For immunofluorescence, tissue samples were
fixed in 4% formalin and embedded in paraffin.

Real-time RT-polymerase chain reaction

RNA was extracted and reverse transcribed after treatment
with DNase as described (14). A “hot start” real-time RT-
polymerase chain reaction procedure was performed in du-
plicates with the Light Cycler instrument (Roche Diagnostics,
Mannheim, Germany) for ER� using highly specific, paired
hybridization probes. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was quantitated using SYBR Green (Table
2A, see supplemental data).

Western blot analysis

Left ventricular myocardial tissue samples of control and
DCM hearts were analyzed for ER� and GAPDH protein by
Western blot analysis as described before (8).

Immunofluorescence

Human myocardial left ventricular samples were fixed in 4%
formalin, embedded in paraffin and cut into 5-�m sections
and mounted on superfrost glass slides. Sections were kept at
60°C overnight, deparaffinized with xylol followed by washing
in 100%, 96%, 80%, and 70% ethanol. Heat unmasking of
epitopes was done by boiling the samples three times in
citrate buffer of pH-6 at 600 W in the microwave. After
cooling down to room temperature and 1 h of blocking in
BSA, slides were incubated overnight at room temperature
with primary antibodies (Table 2B, see supplemental data).
After washing and blocking again, sections were incubated
with secondary FITC-conjugated anti-rabbit Igs (Dianova,
Barcelona, Spain) and Cy3-conjugated anti-mouse Igs (Di-
anova) both at a dilution of 1:50 for 2 h. Sections were
mounted with VectaShield (Linaris) and viewed on a confocal
microscope (Zeiss Confocal LSM510 Microscope). Interca-
lated disc staining for ER� in controls and DCM was evaluated
separately by two observers analyzing 10 different areas within
each sample studied. Negative controls included sections in
which the primary antibodies were omitted, incubated with
secondary antibodies only, (Fig. 2L, see also supplemental
data, Figure B), or sections in which both primary and
secondary antibodies were omitted (supplemental data, Fig-
ure A). Further negative controls included use of ER� pri-
mary antibody (Ab) after preincubation with its specific
blocking peptide (Santa Cruz); no ER� signal was detectable
(Fig. 2M).

Immunoprecipitation

Cell lysates of human heart biopsies were generated by first
crushing frozen samples into powder. Samples were then
homogenized in 5 volumes of ice-cold buffer A (50 mM Tris
pH 6.8, 150 mM NaCl, 2 mM MgCl2, 300 mM sucrose, 0.25%
(v/v) Triton �100 and Complete Protease InhibitorTM mix
(Roche)) with 30–40 strokes in a Dounce homogenizer at
4°C. The homogenates were incubated for 30 min with
benzonase (250 U) at 4°C under constant agitation, followed
by centrifugation. Protein was quantified by a bicinchoninic
acid assay (Pierce, Rockford, IL). Equal amounts of protein (5
mg) were used for immunoprecipitation. After centrifugation
(20,800 g, 20 min, 4°C) 1.1 ml of the supernatant was
precleared by incubation with 50 �l protein A-Sepharose for
30 min at 4°C under constant agitation. Protein A beads were
subsequently removed by centrifugation (20,800 g, 10 min,
4°C), and 20 �l of anti-ER� Ab (MC-20, Santa Cruz Biotech-
nology, Santa Cruz, CA) were added to 0.5 ml supernatant.
After 30 min of incubation at 4°C, 35 �l of a 1:1 slurry of
protein A-Sepharose beads was added and incubated for 1 h.
Protein A-Sepharose beads and lysate alone were used as
negative controls for coprecipitation. Protein A-beads were
sedimented by centrifugation (1 min, 2,700 g, 4°C), washed 5
times with buffer A and resuspended in 20 �l of 2� SDS

TABLE 1. Clinical and hemodynamic data in patients studied

Group Sex Age LVEF � LVEDD# FS**

�years� �100%� �mm� �%�

DCM	 7 female/34 male 43.7 � 1.85 27.0 � 3.43 73.3 � 1.73 10.86 � 0.87
n 
 41

	DCM, dilated cardiomyopathy; � LVEF, left ventricular ejection fraction; #LVEDD, left ventricular enddiastolic dimension;
**FS, fractional shortening; □IVS, interventricular septum; �BMI, body mass index; ***ACEI, ACE inhibitors; �ARB,

angiotensin receptor blocker; n 
 number of patients.
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sample buffer. The proteins were separated by 7.5% SDS-
PAGE, and Western blotting with monoclonal anti- �-catenin
Ab was performed as described previously (15).

Statistics

Data are presented as means � sem. To obtain normal
distribution, mRNA expression data were logarithmically
transformed and analyzed by two way ANOVA (gender,
diagnosis) with interaction. Protein content was analyzed
nonparametrically (Mann-Whitney U test). The percentage
increase of mRNA and protein in DCM as compared to
controls was analyzed by two-way ANOVA. The comparison of
the increase between male and female subjects was per-
formed by a test of the interaction term between gender and
diagnosis.

Differences in positive ER� signal in intercalated discs were
evaluated by two independent observers and were analyzed by
Pearson correlation analysis. A two-tailed P value � 0.05 was
considered to indicate statistical significance. All analyses

were performed using statistical Packages for the Social
Sciences for Windows (release 12.0).

RESULTS

Female and male patients with DCM show an increase
in ER� expression

ER� expression was up-regulated in heart tissue of
patients with dilated cardiomyopathy. ER� mRNA con-
tent was increased 1.8-fold (P
0.001) in DCM in com-
parison to controls (Fig. 1A). ER� protein was also
increased 1.8-fold (P
0.0001) in DCM (Fig. 1B). ER�
expression levels did not show sex differences in con-
trol (Fig. 1C–D), but due to a slightly lower basal and
higher cardiomyopathic expression in females the per-
centage rise of ER� protein was significantly higher in

TABLE 1. (continued)

IVS□ BMI� Heart weight diuretics ACEI***/�ARB Beta blocker Digitalis

�mm� �kg/m²� �g� �%� �%� �%� �%�

9.26 � 0.40 24.64 � 0.74 522.79 � 16.8 100.00 90.2 85.4 85.4

Figure 1. ER� up-regulation in patients with DCM.
A and B) ER� mRNA and protein content were
significantly increased in patients with DCM
(P
0.001, P
0.0001 resp.). C,D) ER� mRNA and
protein content in control hearts and their in-
crease in patients with DCM were comparable in
females and males. E) Representative Western blot
analyses: 66 kDa ER� protein, detected by MC-20
Ab (Santa Cruz) was up-regulated in left ventricu-
lar myocardium of patients with DCM (3: female,
4: male) compared to controls (1: female, 2:
male). ER� protein levels were normalized to
GAPDH.
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female DCM than in male DCM (P
0.013, interaction
term of ANOVA).

No effect on ER� expression was seen with treatment of
Diuretics, an ACE-inhibitor/angiotensin receptor blocker,
beta blocker or digitalis. Our study included pre- and
postmenopausal women (10 premenopausal/7 post-
menopausal). We did not detect significant differences
between pre-and postmenopausal women according to
use or nonuse of heart failure medications. Hormone
treatment or oral anticoagulation was not used in this
cohort. Furthermore the control and DCM pre- and
postmenopausal women did not show significant differ-
ences in their expression of ER� at both mRNA and
protein level.

ER� localization and distribution are altered in the
myocardium of patients with DCM

ER� was detected by immunofluorescence microscopy
at intercalated discs and adjacent to the sarcolemma of
cardiac myocytes (Fig. 2A–F) and in nuclei of myocytes
(Fig. 2C and Fig. 3A, see also supplemental data, Figure
C) and nonmyocytes (Fig. 2G–K).

Fibroblasts and endothelial cells are both stained by
vimentin in the myocardium. ER� was seen in nuclei of
vimentin-positive cells throughout the myocardium and
in vimentin-positive cells lining blood vessels, most likely
the endothelial layer of blood vessels (Fig. 2G–K). The
ER� signal never colocalized with vimentin. Larger vessels
tended to show an ER� signal where vascular smooth
muscle cells are localized (Fig. 2K). Cardiomyocytes in
control hearts showed ER� localization in sarcolemma,
cytoplasm and nucleus (Fig. 3A). In addition, in 12 out of
14 control hearts the ER� signal was found at the inter-
calated discs. In cardiomyopathic hearts ER� was still
localized in the cytoplasm and nuclei of cardiomyocytes,
but ER� localization in the intercalated disc was signifi-
cantly decreased in the majority of DCM patients (9 out of
13, P0.001) (Fig. 3B,C).

Staining for ER� was specific based on negative
controls that included either the omission of primary
Ab (Fig. 2L, supplemental data Figure B), or omission
of both primary and secondary antibodies (supplemen-
tal data Figure A) or the addition of a specific blocking
peptide for the ER� Ab (Fig. 2M). Nonspecific staining
was found in the perinuclear areas of myocytes
(autofluorescence of fluorescent pigment lipofuscin,
Fig. 2, L–M, supplemental data, Figures A and B) and in
elastic fibers (data not shown).

Localization of ER� in relation to other myocardial
proteins

To identify the subcellular localizations of ER� in the
human heart we performed colocalization studies with
multiple markers against myocardial regulatory and
structural proteins.

Vinculin is a myocardial structural protein that local-
izes to the sarcolemma and intercalated discs. We
found a colocalization of the ER� signal with vinculin

in human control hearts, as shown by the merged
images (supplemental data Figures D–F), suggesting
localization of ERa to these structures. �-catenin is part
of an adhesion complex in intercalated discs of cardi-
omyocytes. In control hearts, we observed the colocal-
ization of ER� with �-catenin at the intercalated disc
(Fig. 4A–C). Interestingly the ER� was no longer local-
ized to the intercalated discs in hearts with dilated
cardiomyopathy or was strongly reduced there, whereas
�-catenin was still clearly detectable (Fig. 4D–F). Con-
sequently, the ER�/�-catenin colocalization at interca-
lated discs was not detected in DCM. In addition,
immunofluorescence staining in myocardial biopsies of
patients with aortic stenosis (AS) was consistent with
our observation in patients with DCM. Figure 4, G–I
showed representatively the immunofluorescence ex-
periment in a 5-�m paraffin section of the heart biopsy
of a male AS-patient. ER� signal was also absent or
strongly reduced in most of the intercalated discs in
patients with AS. The �-catenin staining pattern alone
was almost identical in the control hearts and in hearts
of patients with dilated cardiomyopathy and aortic
stenosis (Fig. 4B, E, H). To explore the specificity of the
ER�/�-catenin colocalization at the intercalated disc,
we stained for other intercalated disc proteins like the
gap junction protein connexin 43 (Cx43). We did not
observe a colocalization of ER� with Cx43 (Fig. 5A–C).

Having detected a striated pattern of the ER� signal,
alternating with troponin T (Fig. 3A), we further inves-
tigated whether ER� was associated with myofibrillar
contractile structures. Costaining for myosin heavy
chain and ER�, however, did not reveal any colocaliza-
tion (data not shown). ER� has also been discussed to
be present at the caveolae of plasma membranes of
myocytes (16, 17). In double-staining experiments for
ER� and caveolin-3 as a marker for caveolae in human
hearts, we could not show a colocalization signal that
supported this finding (Fig. 2D–F).

ER� and �-catenin interact in the human heart

On the basis of our observations that ER� and �-cate-
nin colocalized at intercalated discs in human heart
samples, we next examined whether an interaction of
ER� and �-catenin could be found. Coimmunoprecipi-
tation experiments with anti-ER� Ab were performed
with lysates prepared from human control hearts. In-
deed, �-catenin was detectable in immunoprecipitates
of anti-ER� Ab, indicating that the two proteins formed
a complex in vivo (Fig. 6, lane 1). In control experi-
ments without the Ab no binding of �-catenin was
found (Fig. 6, lane 2).

DISCUSSION

In this study, we show for the first time that the
myocardial ER� expression and distribution pattern
are significantly altered in human DCM. We found an
up-regulation of ER� mRNA in human dilated cardio-
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myopathy, which led to elevated receptor expression in
female and male patients. In myocytes from control,
but not from DCM hearts, ER� was localized to the
intercalated disc and colocalized with �-catenin. In
DCM hearts, the localization of ER� to the intercalated

disc and colocalization with �-catenin was lost. Colocal-
ization with ER� was also found for the sarcolemmal
marker vinculin, but not for caveolin, troponin T, or
myosin heavy chain.

In addition to their role as transcription factors,

Figure 2. A–M) Detection of ER� in 5-�m paraffin sections of the left ventricle of the control human hearts by
immunofluorescence staining and confocal laser-scanning microscopy. A–C) immunofluorescent costaining for ER�, troponin
T and 4�,6�-diam idino-2-phenylidole (DAPI) in a female control heart. The blue staining represents DAPI-stained nuclei. A)
ER� (FITC Green). B) troponin T (Cy3-red), C) merged image of A and B; arrows show the localization of ER� in the
intercalated discs, and triangles indicate the localization of ER� in some nuclei of myocytes. In this image, for better illustration
of the localization of ER� in the nuclei, we switched off the blue channel (DAPI). D–F) immunofluorescent costaining for ER�
and caveolin-3 in a male control heart. D) ER� (FITC Green), E) Caveolin-3 (Cy3-red), F) the merged image of D and E; arrows
show the localization of ER� at the sarcolemma. G illustrates ER� (FITC Green) and vimentin (Cy3-red) in a female control
heart. The rectangular area represents the localization of ER� in the fibroblasts. H–I) Higher-magnification images of the
rectangle area in (2G). H) ER� (FITC Green). I, Vimentin (Cy3-red). J) Merged image of H and I. K) Costaining of ER� (FITC
Green) and vimentin (Cy3-red) in a vessel of a male control heart. Arrows indicate the ER� positive endothelial cells, and
arrowheads the ER�-positive smooth muscle cells; L and M are negative controls. L) Myocardial section treated only with
secondary antibodies after omitting primary antibodies. Autofluorescence (lipofuscin) in red. M) myocardial section costained
with antibodies directed against troponin T (Cy3-red) and ER� (FITC Green) incubated with its blocking peptide before use.
No nonspecific binding of primary or secondary Ab was detected for ER�. All scale bars represent 10 �m.
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myocardial ER also interact with cytoplasmic proteins
and activate signaling pathways (18, 19). Most of their
myocardial effects, however, are still unknown. The
increase in ER� expression in cardiomyopathic hearts
found here is similar to the changes we found in
human aortic stenosis (i.e., in a purely hypertrophic
state) (8). In both diseases, ER� was expressed at a
comparable concentration in women and men and the
increase in ER� expression in heart failure occurred in
both sexes, but may have been more pronounced in
females. Given that estrogens reduce cardiomyocyte
apoptosis by ER-dependent mechanisms (19), up-regu-
lation of ER� in failing left ventricles of patients with
DCM may represent a compensatory mechanism.

The subcellular distribution of ER in human hearts
may offer a clue for understanding its function. Our
immunofluorescence experiments showed that in car-
diomyocytes of control hearts, ER� was localized to
intercalated discs, adjacent to the sarcolemma, and in
some, but not all nuclei. Furthermore, a positive ER�
signal was found in nuclei of fibroblasts, endothelial
cells, and smooth muscle cells. The absence of the ER�
signal in some nuclei of cardiomyocytes could be
explained with the differential state of the cells and
regulatory signals. It is known that nuclear receptors
shuttle between the cytoplasm and the nucleus in the
absence of ligands. On binding to the ligand or to
specific proteins, they translocate to the nucleus where,
acting as a transcription factor, they initiate transcrip-
tion (20). Grohe et al. (21) have already shown the
translocation of ER� from the cytoplasm to the nucleus
after stimulation with estrogen. Moreover, it has been
suggested that the posttranslational modification of the
nuclear receptor itself or its coregulatory proteins
influence cellular localization of the receptor in the
cells (22). These findings may explain in part the
differential ER� signal in some nuclei of the cardiomy-
ocytes.

Membrane association of ER� has been suggested
before and is supported by the colocalization with

vinculin, a sarcolemmal marker, that we describe here
(23). However, the lack of a colocalization with the
caveolar marker, caveolin, does not support the tempt-
ing hypothesis of an interaction with caveolar proteins
such as eNOS. Because colocalization with eNOS was
not tested separately, we cannot exclude such an inter-
action.

In cultured neonatal rat cardiomyocytes, previous
studies have shown that ER� exhibited a striated pat-
tern (24). In our study, we found an alternating pattern
with troponin T and confirmed the striated pattern of
ER� expression. The significance of this ER� localiza-
tion has yet to be determined.

Intercalated discs are essential sites for normal prop-
agation of electrical stimuli in cardiac myocytes, and
they undergo significant changes in failing hearts.
Cardiac remodelling in heart failure also affects inter-
calated disc structure (25). The components of inter-
calated discs include gap junctions, desmosomes, and
adherens junctions. Gap junctions regulate electrical
coupling, while desmosomes and adherens junctions
integrate intermediate filaments and anchor myofibrils
to the sarcolemma. They provide critical end-to-end
linkage between adjacent cells (26), which coopera-
tively maintain normal cell-cell interactions between
myocytes.

Gap junctions in the adult myocardium consist of a
large extent of connexin 43 (Cx43), which is mainly
localized at the intercalated discs (27). In cardiomyo-
cytes of normal myocardium Cx43 is mainly present in
its phosphorylated state. After myocardial injury, Cx43
is dephosphorylated and translocated from gap junc-
tions into the cytoplasm (28). In rat cardiomyocytes,
estrogen acting via estrogen receptors increased the
phosphorylation state of Cx43 at the gap junction (29).
This could be a major function of ER in the interca-
lated disc. Because in our study, Cx43 and ER� are both
lost from the intercalated disc in DCM (Fig. 5A–F), it
may be speculated that ER� contributes to the phos-
phorylation of Cx43 in normal human hearts as in rat

Figure 3. ER� distribution patterns differ in hearts
of patients with DCM compared with the control
hearts. A) Section of the left ventricle of a control
male human heart and a section of the left ventri-
cle of the heart of a male patient with DCM (B),
which are costained for ER� (FITC Green), and
troponin T (Cy3-red). Arrows show the position of
the intercalated discs, and the triangle shows the
localization of ER� in the nucleus of a myocyte. All
scale bars represent 10 �m. C) Different distribu-
tion patterns of ER� signal in intercalated discs
(ID) of controls and DCM patients. In DCM pa-
tients, the ER� signal is significantly decreased
(P0.001).
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myocytes, and this function is lost in DCM. The fact that
no colocalization of ER� and Cx43 was detected by
immunofluorescence does not exclude such an inter-
action if other proteins were involved.

�-catenin is a membrane-associated protein located
predominantly at the intercalated disc. �-catenin is
involved in the formation of gap junctions (30) and in
rat cardiomyocytes, it has been shown that an associa-
tion of �-catenin, �-catenin, ZO-1 (Zonula Occludens-1
protein) and Cx43 is required for the development of
gap junctions (30).

�-catenin also plays an important role in the regula-
tion of cell-cell adhesion, as well as in intracellular
signaling (11, 31). Our immunofluorescence studies
demonstrated colocalization of ER� and �-catenin at
the intercalated disc in normal human hearts, which
was lost in DCM due to the loss of ER� from the

intercalated discs. Additional immunofluorescence ex-
periments provided further evidence that ER� was not
detectable or strongly reduced at the intercalated discs
in the hearts of patients with AS. This is in agreement
with the fact that the up-regulation of ER� is also
similar in AS and DCM (8). Thus, loss of ER�/�-
catenin interaction at the intercalated disc and up-
regulation of ER� may represent molecular features of
myocardial hypertrophy and heart failure.

Although the disruption of the ER�/�-catenin inter-
action in failing myocytes is a novel and intriguing
finding, the significance of the loss of this association at
intercalated discs remains to be determined, and a
potential indirect interaction with connexin 43 phos-
phorylation and function should be studied. Groten et
al. (13) showed that in endothelial cells E2 transiently
disconnects the adherens junction complex from the

Figure 4. Colocalization studies of ER� with �-catenin in control, DCM and AS hearts. A–C) Same section of a control female
heart stained for ER� (FITC Green) (A) and �-catenin (Cy3-red) (B). C) merged image of A and B. D–F) same section of a DCM
male heart stained for ER� (FITC Green) (D) and �-catenin (Cy3-red) (E). F) Merged image of D and E. G–I) Same section of
the heart of a male AS patient stained for ER� (FITC Green) (G) and �-catenin (Cy3-red) (H). I) Merged image of G and H.
All scale bars represent 10 �m.
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cytoskeleton in an ER-dependent manner, suggesting
that ER are involved in cell-cell interactions.

Our IP data in healthy human hearts indicate that an
in vivo complex and interaction between �-Catenin and
ER� proteins exists. An interaction between ER� and
�-catenin has been reported in several other cell types,

such as human colon cancer cells (32) and rat hip-
pocampus (11), where ER�, �-catenin, and GSK3�
interacted.

Thus we speculate that there is a multimolecular
complex in human cardiac myocytes, with ER�, �-cate-
nin, and Cx43, which may regulate cell-to-cell adhesion
and the structure of the junctions at the intercalated
discs. The increase of ER� expression in patients with
DCM may indicate a compensatory process to contrib-
ute to the stability of intercalated discs.

Working with human heart samples is always limited
by the fact that not all the desired samples are available
in sufficient quantity to do all the desirable studies. The
effect of sexual hormones could not be assessed in
detail, as not enough samples from pre- and postmeno-
pausal women with and without hormone treatment
were available.

In summary, our work showed that expression and
localization of ER� are altered in heart failure. The
colocalization of ER� with �-catenin in the healthy
human heart at the intercalated disc and its loss from
the intercalated disc in parallel with Cx43 in the failing
human heart may suggest that ER� contributes to
intercalated discs’ stability and the ER� up-regulation
in hypertrophy and heart failure takes place to com-
pensate for this loss of function.
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Figure 5. A–F) Detection of ER� and connexin 43 in 5-�m paraffin sections of the left ventricle of human heart by
immunofluorescence staining and confocal laser-scanning microscopy. A–C) Same section of a control male heart. D–F) Same
section of the heart of a female patient with DCM, stained for ER� (FITC Green) (A, D); connexin 43 (Cy3-red) (B, E). C, F)
Merged images of ER� (FITC Green) and connexin 43 in control and DCM hearts, respectively. Arrows indicate intercalated
discs. All scale bars represent 10 �m.

Figure 6. Immunoprecipitation analysis of ER�/ �-catenin
interactions in the human heart. Lysates from human control
heart were incubated with an anti-ER� Ab (lane 1), and
subsequently, protein complexes precipitated with protein
A-Sepharose beads. Protein A-Sepharose beads and lysate
alone were used as negative controls for coprecipitation (lane
2). The immunocomplexes were subjected to immunoblot-
ting as described in Material and Methods and incubated with
the anti-�-catenin monoclonal antibody to assess the interac-
tion of ER� with �-catenin. Lysates containing neither Ab nor
protein A-Sepharose were used as a positive control (lane 3)
to indicate the specificity of the �-catenin Ab and the
presence of the �-catenin protein in lysates. The anti-�-
catenin Ab recognizes �-catenin as a single band at the
expected MW of 92 kDa in the whole cell lysates (lanes 1 and
3). This figure is the representative result of three separate
experiments, yielding similar results.
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