
Introduction

Heart failure is a worldwide health problem. Heart diseases,
such as pathologic hypertrophy, dilated cardiomyopathy and
coronary artery disease, eventually lead to heart failure.
Accumulating evidence suggests that apoptosis in cardiac
myocytes contributes to the progression of heart failure [1].
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Abstract

Evidence shows that women have lower tumour necrosis factor-� (TNF-�) levels and lower incidences of heart dysfunction and sep-
sis-related morbidity and mortality. To identify the cardioprotective effects and precise cellular/molecular mechanisms behind estro-
gen and estrogen receptors (ERs), we investigated the effects of 17�-estradiol (E2) and estrogen receptor � (ER�) on LPS-induced
apoptosis by analyzing the activation of survival and death signalling pathways in doxycycline (Dox)-inducible Tet-On/ER� H9c2
myocardial cells and ER�-transfected primary cardiomyocytes overexpressing ER�. We found that LPS challenge activated JNK1/2,
and then induced I�B degradation, NF�B activation, TNF-� up-regulation and subsequent myocardial apoptotic responses. In addi-
tion, treatments involving E2, membrane-impermeable BSA-E2 and/or Dox, which induces ER� overexpression, significantly inhib-
ited LPS-induced apoptosis by suppressing LPS-up-regulated JNK1/2 activity, I�B degradation, NF�B activation and pro-apoptotic
proteins (e.g. TNF-�, active caspases-8, t-Bid, Bax, released cytochrome c, active caspase-9, active caspase-3) in myocardial cells.
However, the cardioprotective properties of E2, BSA-E2 and ER� overexpression to inhibit LPS-induced apoptosis and promote cell
survival were attenuated by applying LY294002 (PI3K inhibitor) and PI3K siRNA. These findings suggest that E2, BSA-E2 and ER�
expression exert their cardioprotective effects by inhibiting JNK1/2-mediated LPS-induced TNF-� expression and cardiomyocyte
apoptosis through activation of Akt.
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Cardiomyocytes undergoing apoptosis have been found in a
variety of pathological conditions, such as dilated cardiomyopa-
thy, ischaemia/reperfusion injury, myocardial infarction and
end-stage heart failure [2].

Studies have showed that death-receptor–induced apoptotic
responses are involved in the pathogenesis of cardiac diseases
[3]. The death-receptor–mediated apoptotic pathway is triggered
by the binding of death-receptor ligands, such as tumour necrosis
factor-� (TNF-�), to membrane-bound death receptors, such as
TNF-� receptor 1 (TNF-R1). The interaction subsequently leads to
activation of caspase-8. Activated caspase-8 then cleaves Bid into
t-Bid, which promotes instability of the outer mitochondrial mem-
brane, resulting in the release of cytochrome c into the cytosol.
Once in the cytosol, cytochrome c activates caspase-9, which 
then further cleaves and activates caspase-3, causing the induction
of apoptosis [4].

Lipopolisaccharide (LPS) from gram-negative bacteria stimu-
lates an inflammatory response by inducing the up-regulation
and release of cytokines [5]. Many studies have suggested that
LPS contributes to cardiovascular collapse. Administration of
LPS has been demonstrated to mediate vascular inflammation in
atherosclerosis [6]. Furthermore, studies have demonstrated
that LPS directly decreases contractility [7] and dramatically
induces TNF-� expression [8] in cardiomyocytes through bind-
ing to its specific toll-like receptor-4 (TLR-4). Clinical studies
have shown that severe and potentially fatal hypotension and
cardiac contractile dysfunction are common symptoms in
patients with sepsis [9].

It is well established today that the prevalence of cardiovas-
cular diseases is lower in pre-menopausal women than in age-
matched men [9] and that estrogen-replacement therapy con-
tributes to a low incidence of heart disease after menopause
[10]. Clinical studies of patients with sepsis have revealed that
the mortality rate and the levels of TNF-� are lower in women
than in men [11]. In addition, it has been shown that estrogen
replacement reduces both myocardial infarct size and ventricu-
lar arrhythmias induced by ischaemia/reperfusion in both
female and male rabbits [12]. Furthermore, 17�-estradiol (E2)
has been shown to reduce pathological cardiac hypertrophy
and heart failure by up-regulating the PI3K–Akt signalling path-
way and by suppressing the calcineurin-NFAT3 signalling path-
way in female rats [13]. In the present study, we investigated
whether E2 and/or ER� inhibits LPS-induced apoptosis in Dox-
inducible Tet-On H9c2 myocardial cells and primary cardiomy-
ocytes that overexpress ER�. We then identified the precise
molecular and cellular mechanisms behind the cardioprotective
effects of E2 and ER�. Our findings suggest that E2 and ER�

can significantly protect myocardial H9c2 cells and cardiomy-
ocytes from LPS-induced apoptosis. Moreover, we found 
that the PI3K–Akt pathway is required for E2 and ER� to block 
LPS-up-regulated JNK1/2 activation, I�B degradation, NF�B
activation as well as to block LPS-induced increases in pro-
apoptotic proteins, thereby inhibiting LPS-induced myocardial
cell damage.

Materials and methods

Cells, antibodies, reagents and enzymes

Heart-derived H9c2 myocardial cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 �g/ml penicillin, 100 �g/ml
streptomycin, 2 mM glutamine, 1 mM HEPS buffer and 10% Clontech fetal
bovine serum specially prepared for the Tet-On system. 17�-estradiol (E2),
�-estradiol-17-hemisuccinate:BSA (BSA-E2), doxycycline (Dox), melatonin
(Mel), lipopolysacchride (LPS) and TNF-� were purchased from Sigma
(Sigma Chemical Co., St. Louis, MO). The PI3-K inhibitor LY294002,
MEK1/2 inhibitor U0126, p38 MAPK inhibitor SB203680, JNK inhibitor
SP600125 and ER antagonist ICI 182,780 (ICI) were purchased from
TOCRIS (Ellisville, MO). 6-Amino-4-(4-phenoxyphenylethylamino) quina-
zoline (QNZ), NF�B activation inhibitor, and N-(R)-[2-(hydroxyaminocar-
bonyl)methyl]-4-methylpentanoyl-L-naphthylalanyl-L-alanine amide (TAPI-0),
and TNF-� converting enzyme (TACE) inhibitor were purchased from
Peptides International, Louisville, KY. We used the following antibodies
against phosphorylated Akt (p-Akt) and phosphorylated JNK1/2 (p-JNK1/2)
(BioSource International, Inc., Camarillo, CA); Akt and NF�Bp65 (BD
Biosciences, San Jose, CA); ER�, TNF-�, I�B�, I�B�, c-jun, JNK1/2, phos-
phorylated p38 (p-p38), p38, active caspase-3, active caspase-8, active
caspase-9, �-TrCP/HOS (E3 ligase), tBid and Bax (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA); phosphated IkBa (Ser32), phos-
phated NFkBp65 (Ser536), phosphated c-jun, TLR4 and cytochrome c (Cell
Signaling Technology, Inc., Beverly, MA). �-tubulin (Lab Vision
Corporation, Fremont, CA) was used as the loading control. Goat anti-
mouse IgG antibody conjugated to horseradish peroxidase and goat anti-
rabbit IgG horseradish peroxidase conjugate were purchased from Santa
Cruz Biotechnology.

Establishment of the double-stable Tet-On/ER�
H9c2 cell line (supplementary data 1)

The double-stable Tet-On/ER� H9c2 cell line, which grows well in the pres-
ence of both G418 and hygromycin, was established by plasmid transfec-
tion using the LipofectAMINE method. Briefly, the primary Tet-On H9c2 cell
line was generated by transfecting H9c2 cells with 10 �g pTet-On (CLON-
TECH Laboratories, Inc., Worcester, MA), a regulator plasmid encoding the
G418-resistant gene. The primary Tet-On H9c2 cells were then transfected
with 10 �g of pTRE2/ER� plasmid encoding the hygromycin-resistant gene.
Double-stable cells were selected with 700 �g/ml G418 and 100 �g/ml
hygromycin, and further screened for ER� mRNA levels and protein
expression by RT-PCR and Western blot using anti-ER� antibody.

Cardiomyocyte culture

Neonatal cardiomyocytes were isolated and cultured using the commercial
Neonatal Cardiomyocyte Isolation System Kit according to manufacture’s
directions (Cellutron Life Technology, Highland Park, NJ). Ventricular car-
diomyocytes were isolated and cultured in DMEM containing 10% fetal
bovine serum, 100 �g/ml penicillin, 100 �g/ml streptomycin and 2 mM
glutamine. After 3–4 days, cells were incubated in serum-free essential
medium overnight before treatment with indicated agents.
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Cotransfection of SiRNA duplexes and plasmids

Primary ventricular cardiomyocytes were seeded at a density of 2 to 3 �
105 cells in 60-mm culture dishes. Cotransfection of siRNAs and plasmids
was carried out with DharmaFECT Duo transfection reagent (Dharmacon,
Inc., Lafayette, CO) according to manufacture’s directions. Specific silenc-
ing was confirmed by at least three independent immunoblotting with cel-
lular extracts 72 hrs after transfection.

Total RNA extraction and reverse transcription
and PCR amplification

Total RNA was extracted using the Ultraspec RNA isolation System
(Biotecx Laboratories, Houston, TX) according to directions supplied by
the manufacturer. The RNA was quantified and checked for purity and con-
dition by spectrophotometry at a wavelength of 260 nm. The extract
integrity was assessed by 1.5% agarose gel electrophoresis and RNA was
visualized by ethidium bromide staining.

An aliquot of total RNA (0.5 �g) was reverse transcribed using 0.5 �M
oligo d(T) primers in a reaction solution (50 �l) containing 75 mM KCl, 
50 mM Tris–HCl (pH 8.3), 3 mM MgCl2, 10 mM DTT, 10 U RNase inhibitor
(Promega, Madison, WI), 0.8 mM total dNTPs and 200 U of Moloney
murine leukemia virus reverse transcriptase (Promega). The RT product 
(2 �l) was diluted with the PCR buffer (50 mM KCl,10 mM Tris–HCl and 2 mM
MgCl2) to a final volume of 50 �l, containing 0.5 �M dNTPs (final concen-
tration, 0.8 mM) and 0.5 U of Taq DNA polymerase. PCR was initiated with
a hot start (5 min. at 95�C); the samples were then subjected to 32 cycles
at 95�C for 1 min., 58�C for 1 min. and 72�C for 2 min. The annealing tem-
perature for the TLR4, CD14, I�B� and NF�Bp65 primers was 58�C; the
annealing temperature for the TNF-� and GAPDH primers was 54�C. This
was followed by a final extension step at 72�C for 20 min. Primers were as
follows: rat TLR4 forward primer CATGGCATTGTTCCTTTCCT, reverse
primer CATGGAGCCTAATTCCCTGA; rat CD14 forward primer GTGGA-
CACGGAAGC AAATCT, reverse primer CGAGATCAGTCCTTTCTCGC; rat
I�B� forward primer AACCTGCAGCAGACTCCACT, reverse primer CTCCT-
CATCCTCACTCTCGG; rat NF�Bp65 forward primer AAGATCAATGGCTA-
CACGGG, reverse primer ATCTTGAGCTCGGCAGTGTT; rat TNF-� forward
primer CCTCTTCTCATTCCT GCTCG, reverse primer GGTATGAAATG-
GCAAATCGG; rat GAPDH forward primer GGGTGTGAACCACGAGAAAT,
reverse primer CCACAGTCTTCTGAGT GGCA (MDBio, Taipei, Taiwan).

Immunoblotting and immunoprecipitation

Cells were re-suspended in lysis buffer (50 mM Tris, pH 7.5; 0.5 M NaCl;
1.0 mM EDTA, pH 7.5; 10% glycerol; 1 mM BME; 1% IGEPAL-630 and a
proteinase inhibitor cocktail [Roche Molecular Biochemicals, Mannheim,
Germany]). Samples containing equal amounts of total protein (60 �g)
were separated by 12% SDS-PAGE and transferred onto PVDF membranes
(Millipore, Belford, MA). The membranes were then incubated with primary
antibodies in the blocking buffer in an orbit shaker at 4�C overnight.
Following incubation with the primary antibodies, membranes were incu-
bated with horseradish peroxidase–linked secondary antibodies. For
cytosolic cytochrome c separation, cells were suspended in a buffer (50
mM Tris, pH 7.5; 0.5 M NaCl; 1.0 mM EDTA, pH 8.0; 10% glycerol and pro-
teinase inhibitor cocktail tablet (Roche) for 3 min. on ice, homogenized
with 40 strokes in a Dounce homogenizer, and centrifuged at 12,000g for

15 min. The supernatant was the cytosol fraction, and the pellet was
resolved in lysis buffer as the mitochondrial fraction.

Cells were re-suspended in RIPA buffer (50 mM Tris–HCl, pH 8.0; 
150 mM NaCl; 1% IGEPAL-630; 0.5% sodium deoxycholate; 0.1% SDS
and proteinase inhibitor cocktail [Roche]). Samples containing equal
amounts of protein (100 �g) were incubated overnight with 20 �l of pro-
tein G beads and 2 �g of primary antibodies at 4�C on a rotating wheel.
Samples were centrifuged at 12,000g for 5 min. at 4�C. The precipitated
protein G beads were washed five times with RIPA buffer and analyzed
using immunoblotting.

Nuclear extraction

Cells were re-suspended with 200 �l ice-cold BUFFER-I (10 mM Hepes, 
pH 8.0; 1.5 mM MgCl2; 10 mM KCl; 1 mM dithiothreitol and proteinase
inhibitor cocktail [Roche]) and incubated for 15 min. on ice to allow cells
to swell, followed by adding 20 �l IGEPAL-CA630. The supernatant (cyto-
plasmic fraction) was carefully aspirated and the pellet was re-suspended
with ice-cold BUFFER-II (20 mM Hepes, pH 8.0; 1.5 mM MgCl2; 25% glyc-
erol; 420 mM NaCl; 0.2 mM EDTA; 1 mM dithiothreitol and proteinase
inhibitor cocktail [Roche]) and vigorously vortexed. The supernatants
(nuclear extracts) were stored at 	80�C. The protein concentration was
determined by the colorimetric assay (Bio-Rad, Richmond, CA, USA).

Electrophoretic mobility shift assay (EMSA)

EMSA was carried out with a commercially available LightShift
Chemiluminescent EMSA kit (Pierce, Rockford, IL) according to the man-
ufacturer’s protocol. The binding reactions were performed in a solution
containing 15 �g nuclear extract protein, 10� binding buffer (100 mM
Tris, 500 mM KCl, 10 mM dithiothreitol; pH 7.5), 1 �g poly(dI-dC) and 
2 �M of biotin-labelled DNA. Biotin end-labelled DNA duplex of sequence
5
-AGTTGAGGGGACTTTCC CAGGC-3
 and unlabelled oligonucleotide
sequences 3
-TCAACTCCCCTGAAA GGGTCCG-5
 containing a putative
binding site for NF�B were used for EMSA. DNA–protein (NF�B) com-
plexes were subjected to 6% native polyacrylamide gel in a 0.5� Tris
borate–EDTA buffer at 100 V for 3 hrs and then transferred onto a posi-
tively charged nylon membrane (Hybond-N�) in 0.5� Tris borate–EDTA
buffer at 100 V for 1 hr. Competition EMSA was also performed. The
nuclear extracts obtained from the myocardial cells were incubated with a
biotin-labelled NF�B probe, a 2� unlabelled NF�B probe, a 10� unlabelled
NF�B probe or 2 �g of anti-NF�Bp65 antibody raised against DNA-binding
motif (Santa Cruz Biotechnology).

Immunofluorescence

Cells subjected to various treatments were subsequently fixed with 4%
paraformaldehyde at room temperature for 30 min. Cells were permeabi-
lized with 0.5% Triton X-100 for 10 min. at 4�C. Non-specific binding of
the fixed cells was blocked with PBS containing 2% bovine serum albu-
min at 37�C for 30 min., followed by incubation with primary NF�Bp65
antibody overnight at 4�C. After washing, cells were incubated with anti-
rabbit FITC-conjugated antibody at 37�C for 1 hr. Cells were stained with
FITC-conjugated antibody alone as a negative control. The fluorescence
was visualized using a fluorescence microscope coupled with an image
analysis system.
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TUNEL assay

Detection of apoptosis using the TUNEL (TdT-mediated digoxigenin–dUTP
nick-end labelling) method was carried out with a commercially available
in situ apoptosis detection kit (Roche). TUNEL-positive cells were identi-
fied with a fluorescence microscope using an excitation wavelength in the
range of 450–500 nm and a detection wavelength in the range of 515–
565 nm (green). Three independent experiments were then averaged and
statistically analyzed.

Results

LPS induces Tet-On/ER� H9c2 myocardial cell
apoptosis

To identify the cytotoxic effect induced by LPS in myocardial cells,
the inducible Tet-On/ER� H9c2 myocardial cells established in this
study were incubated with LPS, a specific TLR4 agonist, and sub-
jected to TUNEL analysis. After incubation with various concentra-
tions of LPS (0–1000 ng/ml) for 24 hrs, we observed a significant
dose-dependent reduction in cell viability. Few positively stained
cells were noted in control cultures; however, in cultures treated
with LPS (50–1000 ng/ml) for 24 hrs, there was a dose-depend-
ent increase in the number of cells undergoing apoptosis (Fig. 1A).
Immunoblotting assay was used to determine the expression lev-
els of pro-apoptotic proteins, including TNF-�, active caspase-8,
truncated Bid (tBid), released cytochrome c, active caspase-9 and
active caspase-3 in Tet-On/ER� H9c2 myocardial cells after LPS
(0–5 �g/ml) treatment. The results demonstrated that LPS dra-
matically induced the expression and activation of these pro-apop-
totic proteins (Fig. 1B), suggesting that LPS indeed executed the
apoptotic effects on myocardial cells by binding to TLR4.

E2, BSA-E2 and ER� overexpression inhibit 
LPS-induced nuclear localization of NF�B

We further tried to identify the association between I�B and NF�B
following administrations of E2, BSA-E2 and/or Dox, which
induces ER� overexpression, in the presence of LPS in myocar-
dial cells. The immunoprecipitation assay showed that administra-
tions of E2 (10	8 M), Dox (1 �g/ml), E2 (10	8 M) plus Dox (1 �g/ml)
or BSA-E2 (E2 � 10 ng/ml) enhanced the interaction between I�B
and NF�B proteins in the presence of LPS (1 �g/ml), relative to
the LPS-treated group (lane 2) (Fig. 2A). The amounts of NF�B in
the nuclear and cytosolic fractions were further determined by
immunoblotting analysis. Increased levels of NF�Bp65 were
observed in the nuclear fractions after LPS (1 �g/ml) treatment in
myocardial cells (Fig. 2B and C). Nuclear translocation of
NF�Bp65 by LPS was further confirmed by immunofluorescence
in myocardial cells (Fig. 2D). In contrast, treatments involving E2

(10	8 M), Dox (1 �g/ml), E2 (10	8 M) plus Dox (1 �g/ml) or BSA-
E2 (E2 � 10 ng/ml) significantly inhibited LPS-induced nuclear
translocation of NF�Bp65. However, the effect of E2, BSA-E2 and
ER� overexpression on reducing the level of nuclear translocation
of NF�B subunit p65 was blocked when cells were exposed to ICI
182 780 (0.5 �M) and melatonin (1 �M) (Fig. 2C and D). At the
same time, DNA-binding activity of NF�B transcription factor was
detected by the electrophoretic mobility shift assay (EMSA). Two
apparent forms of NF�B were detected with EMSA analysis follow-
ing LPS exposure for 24 hrs (lanes 2 and 3). However, LPS 
(1 �g/ml)-induced NF�B–DNA binding was significantly inhibited
by administrations of E2 (10	8 M), Dox (1 �g/ml), E2 (10	8 M)
plus Dox (1 �g/ml) and BSA-E2 (E2 � 10 ng/ml) in myocardial
cells. Competition EMSA assay for the formation of NF�B–DNA

© 2009 The Authors
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Fig. 1 The apoptotic effects of LPS on Tet-On/ER� H9c2 cells. (A) Tet-
On/ER� H9c2 cells were incubated for 24 hrs with the indicated concen-
trations of LPS (0–1000 ng/ml). LPS-induced apoptosis of Tet-
On/ER�H9c2 cells were determined by TUNEL assay. (B) Tet-On/ER�

H9c2 cells were treated with vehicle or LPS (0–5 �g/ml) for 24 hrs. Cell
extracts were analyzed by immunoblotting with antibodies against pro-
teins as indicated. *P � 0.05 versus control: **P � 0.01 versus control
(mean 
 S.E., n � 3).
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complexes was performed using 2� cold probes, 10� cold
probes and 2 �g of anti-p65 antibody raised against p65 DNA-
binding motif. Application of cold probes and p65 antibody signif-
icantly suppressed binding interaction between NF�B and biotin-
labelled DNA (Fig. 2E).

E2, BSA-E2 and ER� overexpression inhibit 
LPS-induced TNF-� expression and 
TNF-�-downstream proapoptotic protein activation

Tet-On/ER� H9c2 myocardial cells were administrated various
concentrations of TNF-� (0, 1, 2 and 5 ng/ml) for 24 hrs and sub-
jected to immunoblotting and TUNEL assays. The immunoblotting
assay showed that TNF-� significantly activated caspase-3 in a
dose-dependent manner. TNF-�–induced myocardial cell apopto-
sis was confirmed by the TUNEL assay (Fig. 3A). NF�B activation
inhibitor (QNZ) and TNF-�–converting enzyme (TACE) inhibitor
(TAPI-0) suppressed the LPS-triggered signalling pathway, and

completely inhibited LPS-activated caspase-3 in myocardial cells
(Fig. 3B). We further examined whether E2 and ER� overexpression
suppress LPS-induced TNF-� expression and TNF-�–induced
expression of pro-apoptotic proteins. The results from RT-PCR
and immunoblotting assays revealed that administrations of E2

(10	8 M), Dox (1 �g/ml), E2 (10	8 M) plus Dox (1 �g/ml) or 
BSA-E2 (E2 � 10 ng/ml) significantly inhibited LPS-up-regulated
TNF-� expression (Fig. 3C), and hence inhibited TNF-�–induced
expression of pro-apoptotic proteins such as active caspase-8,
tBid, Bax, released cytochrome c, active caspase-9 and active 
caspase-3 (Fig. 3D).

Selective JNK1/2 inhibitor SP600125 inhibits 
LPS-induced I�B� degradation and 
TNF-� expression in myocardial cells

We assessed the suppressive effects of inhibitors of p38 MAPK
(SB203580), JNK1/2 (SP600125) and ERK1/2 (U0126) on 
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Fig. 2 E2, BSA-E2 and ER� overexpression inhibited the LPS-induced nuclear localization of NFkB p65 through ER�. (A) Tet-On/ER� H9c2 cells were
incubated with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in the presence of LPS (1 �g/ml) for 24 hrs. NF�Bp65 was
immunoprecipitated with anti-NF�Bp65 antibody, subjected to immunoblotting assay with anti-I�B� and NF�Bp65 antibodies. (B and C) Tet-On/ER�

H9c2 cells were pre-incubated with ICI 182,780 (0.5 �M) or melatonin (1 �M) for 1 hr, followed by incubation with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2

(equivalent to 10 ng/ml free E2) in the presence of LPS (1 �g/ml) for 24 hrs. Cell lysates and nuclear extracts were prepared, and the levels of cytoplas-
mic p65, nuclear p65 and total p65 were determined by immunoblotting analysis. (D) Cells pre-incubated with ICI 182,780 (0.5 �M) or melatonin 
(1 �M) were treated with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in the presence of LPS (1 �g/ml) for 24 hrs. Cells
were then fixed, and the immunofluorescence staining with antibody against p65 was performed and visualized with a fluorescence microscope cou-
pled with an image analysis system. (E) The specific DNA-binding activity for nuclear NF�B was analyzed by EMSA using a probe corresponding to the
NF�B-binding site. The arrows indicate the NF�B-DNA complexes. Competition EMSA was also performed using 2� cold probe, 10� cold probe or 
2 �g of anti-p65 antibody raised against DNA-binding motif.
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LPS-induced phosphorylation and degradation of I�B� in myocar-
dial cells. Tet-On/ER� H9c2 cells were pre-treated with inhibitors
SB203580, SP600125 or U0126 for 1 hr prior to the administration of
LPS for 1 hr or 24 hrs, and subsequently subjected to immunoblot-
ting assay. The findings revealed that pre-treatment of the JNK1/2

inhibitor SP600125 significantly inhibited LPS-induced increases
in phosphorylation and degradation of I�B�. SP600125 also
specifically inhibited the expression of phosphorylated c-jun, the
downstream target of LPS-activated JNK1/2 in myocardial cells
(Fig. 4A and B). Furthermore, we observed that JNK1/2 mediated

© 2009 The Authors
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Fig. 3 E2, BSA-E2 and ER� overexpression inhibited LPS-induced TNF-� expression and TNF-�-downstream pro-apoptotic protein activation. (A) Tet-
On/ER� H9c2 cells were cultured with TNF-� (0–5 ng/ml) for 24 hrs. Cells were harvested and detected by immunoblotting using a specific antibody
against active caspase 3. Percentage of myocardial cell apoptosis by TNF-� (2 ng/ml) treatment was determined by the TUNEL assay. (B) Myocardial
cells pre-incubated with 6-Amino-4-(4-phenoxyphenylethylamino) quinazoline (QNZ) and N-(R)-[2-(Hydroxyaminocarbonyl)methyl]-4-methylpen-
tanoyl-L-naphthylalanyl- L-alanine Amide (TAPI-0) were treated with LPS (1 �g/ml) for 24 hrs and harvested for immunoblotting analysis with a spe-
cific anti-active caspase-3 antibody. (C) After indicated treatments, cells were harvested and lysed for RT-PCR and immunoblotting analysis. RT-PCR
was performed with the indicated primers of TNF-� and GAPDH. Immunoblotting was performed using a TNF-� antibody. Equal loading was assessed
with an anti-�-tubulin antibody. (D) Cells were incubated with or without E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in the
presence of LPS (1 �g/ml) for 24 hrs. Pro-apoptotic proteins including tBid, Bad, released cytochrome c, active caspase-8, -3 and -9 were detected by
immunoblotting using specific antibody.
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the expression of TNF-� in myocardial cells that had been pre-
treated with SP600125 for 1 hr, followed by incubation with LPS for
3 or 15 hrs (Fig. 4C). The result suggests that JNK1/2 may medi-
ate LPS-induced phosphorylation and degradation of I�B�, and the
subsequent activation of NF�B to modulate TNF-� expression in
myocardial cells.

Activation of the PI3K–Akt pathway suppresses
JNK1/2 activity, allowing for E2, BSA-E2 and ER�
to inhibit LPS-induced I�B� degradation and
nuclear localization of NF�B

To examine whether E2 and/or ER� inhibit LPS-induced I�B degra-
dation and nuclear localization of NF�B by suppressing JNK1/2
activity, we detected the level of activation/phosphorylation of
JNK1/2 in Tet-On/ER� H9c2 myocardial cells that had been admin-
istrated E2 (10	8 M), BSA-E2 (E2 � 10 ng/ml) or Dox (1 �/ml) in
the presence of LPS (1 �g/ml) for 30 min. We observed that
JNK1/2 activity was significantly inhibited by E2, BSA-E2 and ER�.
However, the reduction in JNK1/2 activity was reversed by
LY294002 (PI3K inhibitor) treatment (Fig. 5A–C). Several studies

have shown that �-tranducin repeats containing protein (�-TrCP)
mediates ubiquitination/proteasome-dependent degradation of I�B
[14]; thus, we further examined the association between I�B and
�-TrCP in myocardial cells (Fig. 5D). The results of the immunopre-
cipitation assay showed that administrations of E2 (10	8 M), 
Dox (1 �g/ml), E2 (10	8 M) plus Dox (1 �g/ml) or BSA-E2 (E2 �

10 ng/ml) inhibited the interaction between I�B and �-TrCP 
proteins, compared with the LPS-treated group (lanes 3 and 4).
However, LY294002 treatment suppressed the protective effects of
E2 and ER�, resulting in formation of the I�B-�-TrCP complex 
(Fig. 5D), degradation of I�B� (Fig. 5E–G) and nuclear localization
of NF�B (Fig. 5H). These findings suggested that E2 and ER�

inhibit LPS-induced I�B� degradation and nuclear localization of
NF�B by suppressing JNK1/2 activity in the PI3K–Akt pathway.

PI3K SiRNA inhibits the cardioprotective effects 
of E2, ER� and BSA-E2 in LPS-treated Tet-On/ER�
H9c2 myocardial cells

To confirm whether Akt is involved in E2- and ER�-mediated 
cardioprotective mechanisms, we applied small interfering RNA
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Fig. 4 Selective JNK inhibitor SP600125 blocked LPS-induced I�B� degradation and TNF-� expression in myocardial cells. (A and B) Tet-On/ER� H9c2
cells were pre-incubated with the selective p38 MAPK inhibitor SB203680, the selective JNK inhibitor SP600125 and the MEK1/2 inhibitor U0126 for
30 min., followed by LPS (1 �g/ml) treatment for 1 hr and 24 hrs. Cells were harvested, and immunoblotting analysis was performed with antibodies
against proteins as indicated. (C) Cells pre-incubated with SB203680 (1 �M), SP600125 (1 �M) or U0126 (1 �M) were treated with LPS (1 �g/ml) for
0–15 hrs. Cells were harvested and lysed at the indicated time points for RT-PCR analysis to detect TNF-� expression.
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(siRNA)-mediated specific knockdown of PI3-kinase proteins in
order to inhibit the activation of downstream Akt. SiGLO siRNA, a
non-functional and non-targeting siRNA, was used as the control
siRNA. Tet-On/ER� H9c2 myocardial cells were pre-transfected
with PI3K siRNA or siGLO siRNA for 36 hrs, followed by treatment
with E2 (10	8 M), Dox (1 �g/ml), E2 (10	8 M) plus Dox (1 �g/ml)
or BSA-E2 (E2 � 10 ng/ml) in the presence of LPS (1 �g/ml) for
24 hrs. The results of our immunoblotting assay showed that PI3K
siRNA blocked the cardioprotective properties of E2, ER� overex-
pression and BSA-E2 by promoting the expression of TNF-� and
the activation of caspase-3 in Tet-On/ER� H9c2 myocardial cells
(Fig. 6A). The results of the TUNEL assay further confirmed that
E2, ER� overexpression or BSA-E2 could inhibit LPS-induced

apoptosis in myocardial cells, and that this inhibition could be
reversed by PI3K siRNA (Fig. 6B). These findings demonstrate
that E2, ER� overexpression and membrane-impermeable BSA-E2

inhibited LPS-induced cell apoptosis and promoted cell survival
through the PI3K–Akt signalling pathway.

PI3K SiRNA inhibits the cardioprotective effects 
of E2, ER� and BSA-E2 in LPS-treated primary
cardiomyocytes

We further confirm the functional role of Akt in mediating the pro-
tective effects of E2 and ER� on primary ventricle cardiomyocytes.
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Fig. 5 The activity of the PI3K–Akt pathway was required for E2, BSA-E2 and ER� overexpression to inhibit LPS-induced JNK activity and subsequent
I�B� degradation and nuclear localization of NF�B p65. (A, B and C) Tet-On/ER� H9c2 cells were pre-incubated with LY294002 (1 �M), PI3-K inhibitor
or U0126 (1 �M), MEK1/2 inhibitor for 30 min., followed by treatment with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in
the presence of LPS (1 �g/ml) for 30 min. Immunoblotting analysis was performed with antibodies against phosphorylated JNK1/2 (Y185, T183) and
JNK1/2. (D) Cells were pre-incubated with LY294002 (1 �M) for 30 min., followed by incubation with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equiva-
lent to 10 ng/ml free E2) in the presence of LPS for 24 hrs. �-TrCP/HOS was immunoprecipitated with anti-�-TrCP/HOS antibody, subjected to
immunoblotting analysis with anti-I�B� and anti-�-TrCP/HOS antibodies. (E, F and G) Cells were pre-incubated with LY294002 (1 �M) or U0126 
(1 �M) for 30 min., followed by treatment with E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in the presence of LPS (1 �g/ml)
for 24 hrs. Cell protein extract was detected by immunoblotting using antibodies against I�B� and NF�B p65 antibodies. (H) Cells were pre-incubated
with LY294002 (1 �M) 30 min. prior to the treatments involving E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2), followed by
LPS (1 �g/ml) for 24 hrs. Cells were then fixed. Immunofluorescence staining with antibody against p65 was performed and visualized with a fluores-
cence microscope coupled with an image-analysis system.
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Seventy-two hours after siRNA transfection, ventricle cardiomy-
ocytes were harvested and levels of PI3K were assessed using
immunoblotting analysis with PI3K-specific antibody. Treatment
with siRNAs significantly suppressed PI3K expression and blocked
downstream activation of Akt in the presence of E2 (10	8 M) 
(supplementary data 4). Thirty-six hours after cotransfection of
ER�-encoding plasmid and PI3K siRNA, we treated the trans-
fected cardiomyocytes with E2 or BSA-E2 in the presence of LPS
(1 �g/ml) for 24 hrs. Loss of Akt activation by PI3K siRNA signif-
icantly suppressed the inhibitory effects of E2, ER� and BSA-E2 on

LPS-induced TNF-� expression, caspase-3 activation and ventricle
cardiomyocyte apoptosis (Fig. 7A–C).

Discussion

In this study, we found that LPS directly induces myocardial cell
apoptosis via the TNF-� death-receptor–dependent (TNF-�, active
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Fig. 6 Inhibition of the cardioprotective effects of E2, ER� and BSA-E2 on LPS-treated Tet-On/ER� H9c2 myocardial cells by PI3K siRNA treatment. 
(A) Thirty-six hours after being transfected with siRNA (100 nM siGLO siRNA or PI3K siRNA), Tet-On/ER� H9c2 cells were incubated with vehicle,
E2 (10	8 M), Dox (1 �g/ml) or BSA-E2 (equivalent to 10 ng/ml free E2) in the presence of LPS for 24 hrs. Cells were harvested and analyzed by
immunoblotting using antibodies against TNF-� and active caspase 3. (B) TUNEL staining was performed according to the manufacturer’s protocol PI3K
siRNA abolished the reduction of apoptosis induced by E2, ER� and BSA-E2 in LPS-treated cells. **P � 0.01 versus control (lane 1); ##P � 0.01 versus
LPS treatment only (lane 2) (mean 
 S.E., n � 3).
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caspases-8 and -3) pathway and by activating t-Bid to further
induce mitochondria-dependent (Bax, released cytochrome c and
active caspases-9 and -3) apoptotic pathways. Administrations of
E2, BSA-E2 and/or Dox, which induces ER� overexpression, sig-
nificantly inhibited LPS-induced phosphorylation of I�B, degrada-
tion of I�B, phosphorylation/activation of NF�B, nuclear transloca-
tion of NF�B and DNA-binding activity of NF�B. We also found
that E2, BSA-E2 and ER� overexpression exerted cardioprotective
properties by dramatically suppressing LPS-up-regulated TNF-�,
active caspases-8, t-Bid, Bax, released cytochrome c, active cas-
pase-9, active caspase-3 and apoptosis of myocardial cells. We
also found that incubation of LPS-treated myocardial cells with the

JNK1/2 inhibitor SP600125 resulted in marked inhibition of LPS-
induced phosphorylation of I�B, degradation of I�B and up-
regulation of TNF-�. This suggests that JNK1/2 may be the key
mediator of the downstream signal when LPS binds to TLR-4,
thereby modulating LPS-induced degradation of I�B, up-regulation
of TNF-� and subsequent myocardial apoptotic responses. These
findings suggest a novel role for JNK1/2 in LPS-induced apoptotic
responses of myocardial cells, particularly in patients with sepsis.
Finally, our results show that E2, BSA-E2 and ER� inhibit LPS-
induced I�B degradation and nuclear translocation of NF�B by
suppressing JNK1/2 activity in the PI3K–Akt pathway. Activated
Akt further contributes to the cardioprotective effects of E2, 
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Fig. 7 Inhibition of the cardioprotective effects of E2, ER� and BSA-E2 on LPS-treated ventricular cardiomyocytes by PI3K siRNA treatment. (A and B)
Thirty-six hours after being cotransfected with plasmids (3.5 �g ER� or pcDNA3) and siRNA (100 nM siGLO siRNA or PI3K siRNA), ventricular car-
diomyocytes were incubated with vehicle, E2 (10	8 M) or BSA-E2 (equivalent to 10 ng/ml free E2) in the presence of LPS for 24 hrs. Cells were har-
vested and analyzed by RT-PCR to detect TNF-� expression and by immunoblotting using antibodies against TNF-�, ER� and active caspase 3. (C)
TUNEL staining of the ventricular cardiomyocytes was performed according to the manufacturer’s protocol PI3K siRNA abolished the reduction of apop-
tosis induced by E2, ER� and BSA-E2 in LPS-treated ventricular cardiomyocytes. **P � 0.01 versus control (lane 1); ##P � 0.01 versus LPS treatment
only (lane 2) (mean 
 S.E., n � 3).
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BSA-E2 and ER� by inhibiting LPS-induced TNF-� and active cas-
pase-3 expression as well as apoptosis in myocardial cells (Fig. 8).

Evidence suggests that plasma concentrations of LPS are
raised in patients with chronic heart failure (CHF) and an activated
immune system [15]. LPS is a potent stimulator of proinflamma-
tory cytokine (PIC) production in cardiomyocytes [16]. The eleva-

tion of circulating PICs, such as IL-1 [17] and IL-6 [18], is asso-
ciated with worsening of symptoms and even mortality [19] in
patients with CHF. PICs have been shown to cause cardiac dys-
function by suppressing myocardial contractility [20]. In car-
diomyocytes, TLR-4 specifically recognizes LPS [21]. Studies
have suggested that TLR-4–mediated cytokine expression plays a
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Fig. 8 A schematic representation showing how E2, BSA-E2 and ER� expression inhibit JNK1/2-mediated LPS-induced TNF-� expression and cardiomy-
ocyte apoptosis through activation of Akt. Activation of toll-like receptor 4 (TLR4) by specific LPS binding induces JNK1/2 activation, which in turn leads
to the activation of transcription factor NF�B. Therefore, phosphated I�B marked with a polyubiquitin chain by �-TrCP/HOS (E3, an ubiquitin ligase) is
targeted for proteasomal degradation. After transcription and translation, trimeric TNF-� is inserted into the cell membrane. TNF-� converting enzyme
(TACE) cleaves the pro-form of TNF-� off the cell membrane, which yields a soluble form of TNF-� (sTNF-�) that then binds to TNF receptor-I (TNFR-I)
through the autocrine loop to activate downstream caspases, thereby executing cardiomyocyte apoptosis. E2, acting through cytosolic ER� or mem-
brane ER�, and ER� overexpression alone inside the cells block LPS-induced JNK1/2 activation by activating the PI3K–Akt pathway. This blockade helps
to maintain the association between I�B and NF�B and to inhibit nuclear localization of NF�B, thereby inhibiting cardiomyocyte apoptosis.
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role in immune-mediated progression of atherosclerosis [22], in
heart dysfunction during bacterial sepsis [23] and in myocardial
ischaemia/reperfusion (I/R) damage [24]. Our findings suggest
that LPS-induced I�B degradation and NF�B activation in myocar-
dial cells contributes to cardiac dysfunction and/or poor progno-
sis in patients with sepsis by inducing apoptotic responses via the
TNF-� death-receptor–dependent (TNF-�, active caspases-8 and -3)
and mitochondria-dependent (tBid, Bax, released cytochrome c
and active caspases-9 and -3) apoptotic pathways.

An accumulating body of evidence shows that stimuli of car-
diomyocyte apoptosis, such as hypoxia, oxidative stress and
ischaemia/reperfusion damage result in the activation of protein
kinase cascades, which in turn activate MAPKs such as p38 MAPK,
JNK1/2 and ERK1/2 [25]. These serine-threonine kinases have been
showed to phosphorylate important downstream mediators that
participate in cardiac pathologies, such as heart failure, hyperten-
sive cardiac hypertrophy and cardiomyopathies [25]. Therefore, in
the present study we used SB203580 (p38 MAPK inhibitor),
SP600125 (JNK1/2 inhibitor) and U0126 (ERK1/2 inhibitor) in order
to further identify the roles that p38 MAPK, JNK1/2 and ERK1/2 play
in LPS-induced apoptosis in myocardial cells. We observed that
SP600125 significantly inhibited LPS-induced phosphorylation of
I�B, degradation of I�B and up-regulation of TNF-�. However, pre-
treatment with SB203580 or U0126 showed no suppressive effects
on the above modulations. These findings suggest that JNK1/2
modulates LPS-induced apoptotic responses in myocardial cells by
mediating the downstream signal when LPS binds TLR-4.

Studies have shown that the incidence of sepsis or multi-organ
dysfunction after trauma and burns is lower among women than
among men [26, 27]. In a clinical study involving patients with sep-
sis, Schroder et al. reported that the mortality rate and the levels of
TNF-� were lower in women than in men [11]. After burn trauma
injury, women tend to have lower levels of cytokine production,
lower myocardial inflammatory responses and better myocardial
function [28]. Deshpande et al. showed that estradiol inhibited LPS-
induced NF�B-binding activity and TNF-� expression in
macrophages in an animal model [29]. In addition, the cardiovascu-
lar protective effects of estrogen administration in vivo have been
shown in a left anterior descending (LAD) coronary artery
ischaemia/reperfusion model [30], in a coronary artery occlusion
model [12] and in an abdominal aorta coarctation model [13]. In the
present study, we observed that administration of E2, BSA-E2 and/or
Dox, which induces ER� overexpression, significantly provided car-
dioprotective effects by suppressing LPS-induced I�B degradation,
NF�B phosphorylation/activation, nuclear translocation of NF�B,
DNA-binding activity of NF�B and subsequent apoptotic responses,
including increases in pro-apoptotic proteins (e.g. TNF-�, active
caspase-8, t-Bid, Bax, released cytochrome c, active caspase-9 and
active caspase-3) and TUNEL-positive cells in myocardial cells.

Studies have indicated that the PI3K–Akt pathway is involved in
the anti-apoptotic effects of certain stimuli and that it plays a central
role in cellular survival in many different cell types [31]. Activation
of Akt by growth factor is known to mediate the anti-apoptotic
effects and to contribute to the cardioprotection and cell survival
[32]. Camper-Kirby et al. found that females have higher nuclear

localization of phosphor-Akt and higher Akt activity in myocardium
[33]. Akt activation by 17�-estradiol has been shown by Wu et al.
to reduce pathological cardiac hypertrophy and heart failure in an
abdominal aorta coarctation model [13]. In the results of this study,
we observed that Akt deactivation by LY294002 (PI3K inhibitor) and
PI3K siRNA blocked E2-, BSA-E2- and/or ER�-mediated cardiopro-
tective properties during LPS stimulation. Akt activation was
required for E2, BSA-E2 and/or ER� to significantly inhibit LPS-
induced JNK1/2 phosphorylation/activation, which then suppresses
LPS-increased the association of I�B with �-TrCP proteins, I�B
degradation, and nuclear translocation of NF�B in myocardial cells.
In the detection of myocardial apoptosis, loss of Akt activation by
PI3K siRNA significantly reversed E2-, BSA-E2- and ER�-mediated
cardioprotective effects by increasing TNF-� expression, caspase-3
activation and TUNEL-positive myocardial cells during LPS
 treatment. Furthermore, we found that ER� overexpression alone
significantly contributed to the cardioprotective effects against LPS
challenge via PI3K–Akt pathway. This finding is similar to that in
Fowler’s work in which ER� overexpression alone promoted cellu-
lar responses in MCF-7 cells, such as increasing transcription activ-
ity, cell proliferation and cell growth in the absence of E2 [34]. We
speculate that ER� overexpression may stabilize receptors in an
active conformation, efficiently increasing the association with acti-
vators, thereby hindering repressors from blocking ER� activation
by mass action effects in myocardial cells.

The incidence and mortality of cardiovascular disease are very
low in pre-menopausal women but significantly higher in
menopausal women, suggesting estrogen may act as a cardiovas-
cular system protector. However, results from the Women’s Health
Initiative suggest that estrogen therapy used in post-menopausal
women has no beneficial impact against the development of car-
diomyopathy such as arteriosclerotic coronary artery disease and
myocardial infarction [35]. The controversy may be explained by the
findings that estrogen prevents the development of early atheroscle-
rotic lesions by reducing lipid deposits when hormone therapy is
initiated in the perimenopausal period or before the development of
atherosclerosis; however, estrogen can promote MMP expression,
inflammatory activation and plaque instability once atherosclerosis
has been established [36]. However, these previous studies mainly
focussed on vasculature and differ from the processes being
explored in our study. In the present study, we investigated the car-
dioprotective effects and mechanisms provided by E2 and ER� in
myocardial cells exposed to LPS. The present study clearly shows
that the cardioprotective effects and mechanisms of E2 and ER�

involve the inhibition of LPS-induced TNF-� death-recep-
tor–dependent and mitochondria-dependent apoptotic responses in
myocardial cells. These findings may explain why women have
lower rates of mortality and heart dysfunction and less acute inflam-
matory responses than men, particularly in those with sepsis.

In conclusion, we found that LPS up-regulates the expression
of pro-apoptotic proteins such as TNF-�, active caspases-8, t-Bid,
Bax, released cytochrome c, active caspase-9 and active caspase-3
through the TLR-4–JNK1/2–NF�B pathway, leading to large-scale
apoptosis in myocardial cells. In addition, using Dox-induced Tet-
On H9c2 myocardial cells and ER�-transfected cardiomyocytes to
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overexpress ER�,  we observed that activation of the PI3K–Akt
signalling pathway is required for E2, BSA-E2 and/or ER� to signif-
icantly abolish the LPS-induced JNK1/2 activation, I�B degrada-
tion, NF�B activation and subsequent increases in pro-apoptotic
proteins and apoptosis in myocardial cells.
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