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Abstract
Background—Epidemiological studies have shown gender differences in the incidence of
congestive heart failure (CHF); however, the role of estrogen in CHF is not known. We hypothesize
that estrogen prevents cardiomyocyte apoptosis and the development of CHF.

Methods and Results—17β-Estradiol (E2, 0.5 mg/60-day release) or placebo pellet was
implanted subcutaneously into male Gαq transgenic (Gq) mice. After 8 weeks, E2 treatment
decreased the extent of cardiac hypertrophy and dilation and improved contractility in Gq mice. E2
treatment also attenuated nicotinamide adenine dinucleotide phosphate oxidase activity and
superoxide anion production via downregulation of Rac1. This correlated with reduced apoptosis in
cardiomyocytes of Gq mice. The antioxidative properties of E2 were also associated with increased
expression of thioredoxin (Trx), Trx reductases, and Trx reductase activity in the hearts of Gq mice.
Furthermore, the activation of apoptosis signal-regulating kinase 1 and its downstream effectors, c-
Jun N-terminal kinase and p38 mitogen-activated protein kinase, in the hearts of Gq mice was reduced
by long-term E2 treatment. Indeed, E2 (10 nmol/L)-treated cardiomyocytes were much more resistant
to angiotensin II–induced apoptosis. These antiapoptotic and cardioprotective effects of E2 were
blocked by an estrogen receptor antagonist (ICI 182,780) and by a Trx reductase inhibitor (azelaic
acid).

Conclusions—These findings indicate that long-term E2 treatment improves CHF by antioxidative
mechanisms that involve the upregulation of Trx and inhibition of Rac1-mediated attenuated
nicotinamide adenine dinucleotide phosphate oxidase activity and apoptosis signal-regulating kinase
1 /c-Jun N-terminal kinase/p38 mitogen-activated protein kinase–mediated apoptosis. These results
suggest that estrogen may be a useful adjunctive therapy for patients with CHF.
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Most of the beneficial effects of estrogen in the cardiovascular system are attributed to its
vascular protective effects.1 Estrogen improves endothelial function, inhibits smooth muscle
proliferation, and prevents the development of atherosclerosis.2–4 The effect of estrogen on
the heart, however, is not well understood. Although estrogen has been shown to inhibit cardiac
hypertrophy,5 its effect on the subsequent development of congestive heart failure (CHF)
remains to be determined.

The development of CHF is marked by increased cardiomyocyte oxidative stress.6 The
production of reactive oxygen species (ROS) is increased in the failing heart and correlates
with progression to heart failure.7 The source of ROS remains controversial, because some
studies suggest they originate from the mitochondria,8 whereas others suggest they are
generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.9 Regardless of
the source, increased myocardial oxidative stress is correlated with cardiac hypertrophy10 and
worsening heart failure.11 Although estrogen improves the defense against oxidative stress in
endothelial cells and neurons, it is not known whether estrogen could prevent the development
of CHF through an antioxidative mechanism in cardiomyocytes.12,13

The thioredoxin (Trx) system regulates the levels of intracellular ROS and modulates
intracellular oxidative states, which may be important for cellular function, survival, and death.
14 Trx exists either in a reduced form, Trx-(SH)2, or in an oxidized form, Trx-S2. Trx-S2 is
inactive but is converted to the active intracellular antioxidant, Trx-(SH)2, by Trx reductase
(TrxRD). The Trx system is functional in several subcellular compartments, including the
cytosol (Trx1 and TrxRD1), mitochondria (Trx2 and TrxRD2), and endoplasmic reticulum
(TrxRD3), thus making it one of the most important intracellular antioxidant defense
mechanisms. Although the Trx system is upregulated by 17β-estradiol (E2) in the uterus and
endothelial cells,15,16 its role in CHF is not known. To determine the effects of estrogen on
CHF, we studied the effects of E2 in Gαq transgenic (Gq) mice, which have been previously
shown to spontaneously develop CHF.17

Methods
Animal Protocol

We used male Gq mice (FVB background)17 containing 40 copies of the transgene and male
FVB littermates (wild type). Animals were subcutaneously implanted with 60-day release
pellets (Innovative Research of America, Sarasota, Fla) containing either vehicle (placebo) or
E2 (0.5 mg) at the age of 6 to 7 weeks and euthanized at the age of 14 to 15 weeks (n=12 in
each group). In separate experiments, 8-week-old wild-type male mice were infused with
vehicle or angiotensin II (Ang II, 400 ng · kg−1 · min−1) with a miniosmotic pump (ALZET
model 2004; DURECT Corp, Cupertino, Calif) with placebo or E2 tablets (0.5 mg). All
experimental procedures on animals were performed with protocols approved by the Standing
Committee on Animal Welfare and Protection of Harvard Medical School.

Blood Pressure and Echocardiographic Measurements
Before and after 2, 4, and 8 weeks of pellet implantation, systolic blood pressure and heart rate
were measured by the tail-cuff method. Transthoracic echocardiography was performed with
15-MHz pulsed-wave Doppler echocardiography (SONOS 4500; Hewlett-Packard, Andover,
Mass) as described previously.18

Histopathological Analysis
Eight weeks after pellet implantation, the heart was obtained for histopathological analysis.
Ten sections or 40 vessels were examined in each heart, and results obtained from 8 hearts in
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each group were averaged (8 to 10 regions per heart). See supplementary materials in the
online-only Data Supplement.

Western, Northern, and RNA Dot-Blot Analysis
Western, Northern, and RNA dot blot analysis were performed as described previously.10 See
the online-only Data Supplement for supplementary materials.

Apoptosis Signal-Regulating Kinase 1 Immune Complex Kinase Assay
Apoptosis signal-regulating kinase 1 (ASK1) immune complex kinase assay was performed
as described previously.10 See the online-only Data Supplement for supplementary materials.

Measurements of NADPH Oxidase Activation
NADPH oxidase activity in the left ventricle was determined with lucigenin
chemiluminescence as described previously.19 See the online-only Data Supplement for
supplementary materials.

Measurement of Superoxide (O2 −) Production
The production of O2 − in the left ventricle was measured by superoxide dismutase–inhibitable
reduction of ferricytochrome c as described previously.10 To evaluate the production of tissue
ROS, fresh frozen left ventricular myocardium (10-µm slices) was incubated for 1 hour at 37°
C with dihydroethidium (Molecular Probes, Carlsbad, Calif; 2 µmol/L) as described
previously.20 See the online-only Data Supplement for supplementary materials.

TrxRD Activity Assay
A Trx reductase assay kit was used to measure TrxRD activity in the mitochondrial or cytosolic
fraction (Sigma-Aldrich, St. Louis, Mo). See the online-only Data Supplement for
supplementary materials.

In Vivo Terminal dUTP Nick End-Labeling Assay
A kit (In Situ Cell Death Detection Kit, Fluorescein; Roche Applied Science, Indianapolis,
Ind) was used to assess apoptotic cells in the heart. See online-only Data Supplement for
supplementary materials.

Isolation of Cardiomyocytes and In Vitro Assay
Rat neonatal cardiomyocytes were prepared as described previously. 19 The number of
apoptotic cardiomyocytes was counted by the terminal dUTP nick end-labeling (TUNEL)
method. At least 2000 cells per each group were counted. See the online-only Data Supplement
for supplementary materials.

Statistical Analysis
Values are shown as mean±SD. All parameters were evaluated with the Mann-Whitney U test
or Kruskal-Wallis test when multiple mean comparisons were required. A probability value
<0.05 was considered statistically significant.

The authors had full access to and take full responsibility for the integrity of the data. All
authors have read and agree to the manuscript as written
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Results
E2 Inhibits the Progression of Heart Failure in Genetic Hypertrophy

Pathological examination of the hearts of Gq mice showed substantial enlargement and dilation
of all 4 cardiac chambers (Figure 1A, top). Cardiac histology (left ventricular free wall) showed
mild fibrosis and hypertrophied myocytes in hearts from Gq mice (Figure 1A, middle).
Myocyte dimensions as determined by fluorescein-tagged, wheat-germ agglutinin–labeled Gq
left ventricles were larger than those of nontransgenic FVB siblings (Figure 1A, bottom), which
indicates cardiomyocyte hypertrophy. Treatment with E2 prevented these morphological
changes and cardiomyocyte hypertrophy in hearts from Gq mice. In Gq mice treated with
placebo pellets, the expression of cardiac fetal genes such as brain natriuretic peptide, α-skeletal
actin, and myosin light chain-2 ventricular isoform were elevated compared with basal levels
(Figure 1B). Treatment with E2 decreased the expression of these fetal genes to basal levels,
which suggests an antihypertrophic effect of E2.

The degree of cardiac hypertrophy in Gq mice was also assessed by the ratio of heart weight
to tibial length. Although cardiomyocytes of Gq mice were larger than those of FVB mice, the
ratio of heart weight to tibial length of Gq mice was not different from that of FVB mice (Table).
The extent of cardiac fibrosis and perivascular fibrosis in Gq mice was substantially reduced
by estrogen. The left ventricular end-diastolic dimension as measured by echocardiography
was larger in Gq mice than in FVB mice. Treatment of Gq mice with E2 decreased left
ventricular end-diastolic dimension by 13% compared with placebo treatment. The percent
fractional shortening was also reduced in Gq mice compared with FVB mice, consistent with
impaired cardiac contractility in Gq mice. Treatment of Gq mice with E2 improved percent
fractional shortening, which indicates that E2 attenuates the impaired contractility and dilation
of hearts from Gq mice. Similar findings were observed with estrogen on Ang II–induced
cardiac fibrosis, although in contrast to Gq mice, heart weight/tibial length ratio was reduced
by estrogen (see online-only Data Supplement).

E2 Inhibits Myocardial Oxidative Stress in Gq Mice
The generation of ROS and peroxide-derived oxygen radicals was determined qualitatively in
fresh frozen heart sections by histochemical staining with dihydroethidium and 5-(6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (DCF), respectively. Compared with
hearts from litter mates (control FVB mice), hearts from Gq mice showed greater
dihydroethidium and DCF staining (Figure 2A). This increased staining was greatly attenuated
in the hearts of Gq mice treated with E2, which suggests that estrogen inhibits the generation
of myocardial ROS. To quantify the level of myocardial oxidative stress, we performed a
lucigenin chemiluminescence assay for NADPH oxidase activity and superoxide dismutase–
inhibitable ferricytochrome c reduction assay for superoxide anion (O2 ⨪) production on hearts
from placebo- and E2-treated Gq mice. Compared with FVB mice, Gq mice showed a 3.5-fold
increase in myocardial NADPH oxidase activity and O2 ⨪ production, which was reduced by
E2 treatment (NADPH oxidase: 184±17 versus 290±39 U · min−1 · mg−1; O2

⨪ production: 74
±16 versus 101±15 nmol/mg; P<0.05 for both, n=10 in each group; Figure 2B). Because Rac1
GTPase is essential for activation of the NADPH oxidase complex, we examined whether Rac1
expression is altered in Gq mice. Rac1 expression was higher in placebo-treated Gq mice than
in FVB mice (Figure 2C). Treatment with E2 decreased Rac1 expression in hearts from both
FVB and Gq mice. These results indicate that E2 attenuates myocardial oxidative stress in part
by inhibiting NADPH oxidase activity and O2 ⨪ production.

E2 Prevents Cardiomyocyte Apoptosis
Apoptosis of cardiomyocytes was quantified by TUNEL staining (Figure 3). The mean number
of TUNEL-positive cardiomyocytes per total number of cardiomyocytes (Hoechst-stained
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nuclei) in placebo-treated FVB mice was 0.06±0.02%. In contrast, the percentage of TUNEL-
positive cardiomyocytes was substantially higher in placebo-treated Gq mice (0.57±0.15%,
P<0.05 versus FVB). Treatment of Gq mice with E2 resulted in a reduction in the percentage
of TUNEL-positive cardiomyocytes (0.28±0.08%, P<0.05 versus Gq mice). These results
indicate that E2 prevents cardiomyocyte apoptosis in Gq mice.

E2 Upregulates the Myocardial Trx System
To determine whether the increased myocardial oxidative stress could be due to changes in the
Trx system, we investigated mRNA expression levels of Trx1, TrxRD1, Trx2, and TrxRD2 in
the hearts of FVB and Gq mice with or without E2 treatment. Compared with hearts of placebo-
treated FVB mice, the expression of Trx1, TrxRD1, Trx2, and TrxRD2 was increased by 3.5-,
2.1-, 2.5-, and 1.8-fold, respectively, in the hearts of E2-treated FVB mice (Figure 4A).
Treatment with E2 increased the expression of Trx1, TrxRD1, Trx2, and TrxRD2 in the hearts
of Gq mice by 2.7-, 2.5-, 2.5-, and 1.8-fold, respectively, compared with the hearts of placebo-
treated Gq mice. These findings indicate that E2 increases the expression of components of
the Trx system in the hearts of both FVB and Gq mice.

To determine whether estrogen differentially modulates TrxRD activities, we measured TrxRD
activity in the cytoplasm and mitochondria of heart tissues from FVB and Gq mice with or
without E2 treatment. No differences were observed between the placebo-treated FVB and Gq
mice with respect to cytosolic and mitochondrial TrxRD activities (Figure 4B). Treatment with
E2 increased cytosolic TrxRD activities in the hearts of both FVB and Gq mice (FVB: 0.67
±0.13 to 1.49±0.52 U/mg, n=10; Gq: 0.84±0.40 to 1.37±0.58 U/mg, n=10; P<0.05 for both).
E2 treatment also increased mitochondrial TrxRD activities in the hearts of both FVB and Gq
mice (FVB: 0.52±0.31 to 0.71±0.21 U/mg; Gq: 0.25±0.25 to 0.92±0.31 U/mg, n=10; P<0.05
for both). These results indicate that E2 upregulates the cytoplasmic and mitochondrial Trx
system in both normal (FVB) and abnormal (Gq) hearts.

E2 Inhibits ASK1 Activity
Because estrogen prevents cardiomyocyte apoptosis, we investigated whether E2 treatment
can inhibit ASK1 activity and its downstream targets, c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAPK), via up-regulation of the Trx system in the heart.
Compared with the hearts of placebo-treated FVB mice, ASK1 activity and phospho-JNK,
phospho-p38, and phospho-p44/p42, but not phospho-Akt, were increased in the hearts of
placebo-treated Gq mice (Figure 5). Treatment with E2 decreased activation of ASK1, JNK,
and p38 MAPK but not p44/p22 MAPK, in the hearts of Gq mice. Interestingly, E2 increased
Akt activation in hearts of Gq mice. These findings indicate that estrogen inhibits apoptotic
signaling pathways (ie, ASK1) while inducing cell-survival pathways (ie, Akt).

Trx System Mediates Inhibition of Peroxide-Induced Cardiomyocyte Apoptosis by E2
To determine whether the upregulation of Trx system by estrogen mediates the antiapoptotic
effects of E2, we investigated the effects of E2 on cardiomyocyte apoptosis induced by Ang
II. Treatment with Ang II (100 nmol/L) increased NADPH oxidase activity (Figure 6A). The
activation of NADPH oxidase was markedly inhibited by cotreatment of apocynin and E2. The
effect of E2 was blocked by the estrogen receptor antagonist ICI 182,780. TrxRD activity was
increased by Ang II treatment, and this effect was abolished by apocynin treatment, which
indicates that this Ang II–induced TrxRD activity was ROS-dependent. Cotreatment with E2
enhanced TrxRD activity, and this increase was diminished by ICI cotreatment. Using TUNEL
staining to assess cardiomyocyte apoptosis, we found that treatment of cardiomyocytes with
Ang II increased the percentage of TUNEL-positive cardiomyocytes from 1.1±0.1% to 7.8
±1.4% (Figure 6C). Cotreatment with apocynin and E2 reduced the TUNEL-positive cells to
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1.3±0.3% and 1.8±0.3% (P<0.05 versus Ang II treatment). The antiapoptotic effect of E2 was
blocked by ICI and azelaic acid.

To determine whether E2 can protect cardiomyocytes from an exogenous source of oxidative
stress, we investigated the effects of E2 on cardiomyocyte apoptosis induced by hydrogen
peroxide (H2O2). Treatment with H2O2 decreased the percentage of surviving cardiomyocytes
from 82±4% to 34±6% after 8 hours (Figure 7A). Cotreatment with E2 prevented H2O2-
induced cardiomyocyte cell death and increased the percentage of surviving cells to 64±4%
(P<0.05). The cell-survival effect of E2 was blocked by the estrogen receptor antagonist ICI
and by the Trx inhibitor azelaic acid (Figure 7A). Similar to Ang II, treatment of
cardiomyocytes with H2O2 increased the percentage of TUNEL-positive cardiomyocytes from
8±2% to 23±4% (P<0.05; Figure 7B). Cotreatment with E2 reduced the TUNEL-positive cells
from 23±4% to 12±4% (P<0.05). The antiapoptotic effect of E2 was again blocked by ICI and
azelaic acid. These results indicate that estrogen, acting through the estrogen receptor, increases
cell survival and prevents cardiomyocyte apoptosis by upregulating the Trx system in the heart.

Discussion
Previous studies have shown that estrogen exerts myocardial protective effects in models of
pressure overload–induced cardiac hypertrophy5 and myocardial infarction.21 However, the
effect of estrogen in preventing the development of CHF has not been investigated. In the
present study, we extend the effects of estrogen to the development of CHF in a genetic model
of dilated cardiomyopathy. The Gq transgenic mice exhibit differing phenotypes depending
on the number of copies of the Gq transgene. For example, with 4 copies of the Gq transgene,
mutant Gq mice develop progressive cardiac hypertrophy without left ventricular dilatation or
CHF.17 However, with increased Gq transgene copy number, such as the mice used in the
present study that had 40 copies of the transgene, the mutant male Gq mice spontaneously
develop mild cardiac hypertrophy, with rapid progression to dilated cardiomyopathy. Using
these male Gq transgenic mice, we found that treatment with estrogen attenuated the
development of CHF through antioxidative and antiapoptotic mechanisms. Specifically, we
found that estrogen decreased myocardial oxidative stress by inhibiting NADPH oxidase
activity, reducing ROS generation, and increasing TrxRD activity in the hearts of Gq mice.
The antiapoptotic effect of estrogen was blocked by an inhibitor of TrxRD, azelaic acid, which
suggests that TrxRD is an important mediator of cardiomyocyte survival in CHF. These
findings suggest that estrogen therapy may have benefits in patients with CHF through
upregulation of TrxRD. However, to determine the relative contribution of TrxRD to the
protective effects of estrogen on CHF, further studies will need to be performed with estrogen
in mice lacking TrxRD.

Myocardial oxidative stress contributes to the rapid and progressive deterioration of cardiac
function in patients with CHF.7 For example, NADPH oxidase–linked ROS activity has been
found to be elevated in failing hearts of patients with either ischemic or dilated cardiomyopathy.
6 Indeed, increased oxidative stress from pressure overload or Ang II is associated with
increased cardiac remodeling and fibrosis,22,23 and antioxidant therapy has been shown to
decrease cardiac fibrosis.24 The present results are consistent with these findings, because
NADPH oxidase activity and ROS generation were both increased in the hearts of Gq
transgenic mice. Treatment with estrogen reduced NADPH oxidase activity and ROS
production and attenuated the severity of CHF in Gq transgenic mice. These findings are similar
to previous studies showing that estrogen attenuates the development of cardiac hypertrophy
by inhibiting the expression of NADPH oxidase25 and downregulating Rac1 GTPase.26 In
addition, estrogen inhibits cardiac hypertrophy by decreasing ROS production not only through
inhibition of NADPH oxidase activity but also by increasing antioxidants, such as superoxide
dismutase.27 Thus, the findings of previous studies with regard to estrogen and cardiac
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hypertrophy are somewhat similar to the present findings with estrogen and CHF. A
consequence of increased oxidative stress is that ROS may trigger apoptotic cell death.28
Because increased cardiomyocyte apoptosis is an important contributor to the loss of
cardiomyocytes after maladaptive hypertrophy29 and heart failure,30 factors that regulate
cellular apoptosis may affect cardiac size and contractility in CHF. Estrogen has been shown
to inhibit cellular apoptosis in cardiomyocytes.31 In the present study, this was associated with
estrogen’s ability to prevent the development of CHF in Gq transgenic mice. Although
decreasing myocardial oxidative stress could contribute to the antiapoptotic effect of estrogen,
we also found that estrogen increased the activity of protein kinase Akt in the hearts of Gq
transgenic mice. The phosphatidylinositol 3-kinase/Akt pathway prevents cellular apoptosis
by activating downstream cell-survival pathways.32 Indeed, activation of Akt in the heart by
estrogen has also been shown to prevent cardiomyocyte apoptosis.21

The Trx system is an important cellular antioxidant defense mechanism. In mice with cardiac-
specific overexpression of a dominant-negative mutant of the Trx1 gene, oxidative stress is
increased in the pressure-overloaded hypertrophic heart.33 In contrast, overexpression of Trx
in transgenic mice attenuates doxorubicin-induced cardiotoxicity by reducing myocardial
oxidative stress.34 In a similar fashion, we found that upregulation of the Trx system by
estrogen inhibited myocardial oxidative stress and attenuated the severity of CHF in Gq
transgenic mice. Indeed, Trx and TrxRD are upregulated by estrogen in a variety of other
tissues.15,16 Interestingly, we showed that E2 upregulates the cardiac Trx system in several
different cellular compartments (ie, cytoplasm and mitochondria), which suggests that Trx may
mediate multiple effects of estrogen on the heart. It remains to be determined by what
mechanism the estrogen regulates Trx and TrxRD expression, given that neither the Trx nor
the TrxRD promoter contains a canonical estrogen response element; however, these gene
promoters contain half-estrogen response elements (GGTCA) and several SP1 sites, which
have been shown to synergize with the estrogen receptor on various promoters.35 Thus, it
would be genomic effects that induced Trx and TrxRD expression by estrogen. More detailed
promoter studies will be required to examine these mechanisms.

Trx interacts with ASK1 through its direct binding to the N-terminal noncatalytic region of
ASK1 and regulates ASK1 activity through Trx.36 ASK1 is inactivated by binding with Trx-
(SH)2, which leads to ubiquitination and degradation of ASK1. Conversely, oxidization of Trx
results in dimerization and activation of ASK1.37 In the present study, upregulation of TrxRD
activity by estrogen increased Trx-(SH)2 and reduced ASK1 activity. ASK1 is a member of
the MAPK kinase kinase that activated the JNK and p38 MAPK pathways. 38 Prolonged
activation of JNK and p38 MAPK may aggravate the pathological changes in the heart through
the proapoptotic action of these MAPKs. Therefore, inhibition of ASK1 activity and its
downstream targets, JNK and p38 MAPK, by estrogen may contribute to some of the
antiapoptotic effects of estrogen in CHF.

In the present study, we used a high dose of estrogen that maintains E2 serum concentrations
20-fold higher than the physiological range.39 Female Gq mice have been reported to exhibit
a particularly severe phenotype of peripartum cardiomyopathy with the first pregnancy,40 so
the physiological range of estrogen may have no cardioprotective effect in this Gq mouse
model. Accordingly, we chose high-dose E2 treatment. High-dose E2-treated Gq mice fail to
gain weight. This might reduce the susceptibility to heart failure in Gq mice and lead to a
beneficial effect on the development of CHF. Recently, Beer et al41 reported that high-dose
E2 treatment almost completely prevents development of post–myocardial infraction
remodeling. However, the use of high-dose E2 is limited by adverse side effects such as an
increased risk of thrombosis and promotion of breast and endometrial cancer and, in males, by
a feminizing effect. Thus, at present, long-term treatment with high-dose E2 is not feasible for
prevention of CHF in humans. Further studies will be needed to address the effects of estrogen-
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related compounds such as selective estrogen receptor modulators. Alternatively, targeting
TrxRD or ASK1 may be a more feasible approach than estrogen therapy in terms of preventing
CHF.

In summary, estrogen improves cardiac contractility and prevents progressive cardiac
enlargement in a genetic mouse model of CHF by activating TrxRD, inhibiting NADPH
oxidase activity, and reducing oxidative stress in the heart. The upregulation of the Trx system
by estrogen leads to inhibition of ASK1-mediated cardiomyocyte apoptosis. Although we have
demonstrated that estrogen is beneficial in a mouse model of CHF, it remains to be determined
whether estrogens are useful adjunctive therapy in patients with CHF. Further clinical trials
with estrogen therapy in heart failure are needed to address this issue.
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Figure 1. E2 inhibits the progression of heart failure in Gq transgenic mice
A, Representative photomicrographs of hearts from FVB and Gq mice at 8 weeks after placebo
or E2 pellet implantation (top; bar=2 mm). Elastica-van Gieson stain of myocardial cross
sections (middle; bar=100 µm). Wheat-germ agglutinin staining of myocardial cross sections
(bottom; bar=100 µm). B, RNA dot blot analysis of cardiac gene fetal expression. BNP
indicates brain natriuretic factor; MLC-2v, myosin light chain-2 ventricular isoform; and α-
SK, α-skeletal actin. Quantitative analysis of expression of each gene was normalized to
GAPDH expression (n=8 in each group). Results are presented as mean±SD. *P<0.05
compared with placebo-treated FVB mice. †P<0.05 compared with placebo-treated Gq mice.
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Figure 2. E2 inhibits myocardial oxidative stress in Gq transgenic mice
A, Fresh frozen heart tissues were stained with dihydroethidium (DHE, red fluorescence; upper
panel) or 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (DCF, green
fluorescence; lower panel). Bar=50 µm. B, NADPH oxidase activity as determined by
lucigenin chemiluminescence assay and O2 − production as determined by superoxide anion
dismutase–inhibitable ferricytochrome c reduction assay in heart extracts of FVB and Gq mice
at 8 weeks after placebo or E2 pellet implantation. Results are mean±SD values; n=10 mice in
each group. C, Expression of Rac1 in FVB and Gq mice with or without E2 treatment.
Expression levels were expressed relative to those of placebo-treated FVB mice. *P<0.05
compared with placebo-treated FVB mice. †P<0.05 compared with placebo-treated Gq mice.
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Figure 3. E2 prevents cardiomyocyte apoptosis in Gq transgenic mice
Cardiomyocyte apoptosis was assessed in hearts from placebo- or E2-treated FVB and Gq
mice. Apoptotic cells were detected by TUNEL staining and counterstained with Hoechst
33258 to detect nuclei in the same fields. Arrowheads indicate apoptotic cells. Results are mean
±SD values; n=10 mice in each group. *P<0.05 compared with placebo-treated FVB mice.
†P<0.05 compared with placebo-treated Gq mice.
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Figure 4. E2 upregulates the myocardial Trx system
A, Trx1, TrxRD1, Trx2, and TrxRD2 mRNA expression levels in FVB and Gq mice at 8 weeks
after placebo or E2 pellet implantation, analyzed by Northern blot. Expression levels of each
mRNA were relative to those of GAPDH mRNA (n=9 in each group). Results are presented
as mean±SD. *P<0.05 compared with placebo-treated FVB mice. †P<0.05 compared with
placebo-treated Gq mice. B, TrxRD activity in mitochondrial and cytosolic fraction samples
of hearts of FVB and Gq mice at 8 weeks after placebo or E2 pellet implantation (n=10 in each
group). Results are presented as mean±SD. *P<0.05 compared with placebo-treated FVB mice.
†P<0.05 compared with placebo-treated Gq mice.
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Figure 5. E2 inhibits ASK1 activity
Proteins were extracted from hearts of FVB and Gq mice at 8 weeks after placebo or E2 pellet
implantation and analyzed by ASK1 kinase assay and Western blots with anti-phospho-JNK
(p-JNK), JNK, phosphop38 MAPK (p-p38), p38 MAPK (p38), phospho-p44/42 MAPK (p-
p44), p44/42 MAPK (p44), phospho-Akt (p-Akt), and Akt antibodies. Expression levels of
each phospho-protein are expressed relative to those of each total protein (n=10 in each group).
Results are presented as mean±SD. *P<0.05 compared with placebo-treated FVB mice.
†P<0.05 compared with placebo-treated Gq mice.
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Figure 6. E2 prevents Ang II–induced cardiomyocyte apoptosis
Effects of E2 on Ang II–induced apoptosis of rat neonatal cardiomyocytes in vitro. Results are
expressed as (A) NADPH oxidase activity, (B) TrxRD activity, and (C) apoptosis index ratio
of cells pretreated with vehicle or E2 (10 nmol/L) for 24 hours followed by the addition of 100
µmol/L Ang II for 6 hours. In some experiments, cells were cotreated with the NADPH oxidase
inhibitor apocynin (Apo; 100 µmol/L), the estrogen receptor antagonist ICI 182,780 (ICI; 1
µmol/L), or the TrxRD inhibitor azelaic acid (Az; 10 µmol/L). Results are presented as mean
±SD. *P<0.05 compared with Ang II plus vehicle control. †P<0.05 compared with Ang II plus
E2 treatment.
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Figure 7. E2 prevents hydrogen peroxide–induced cardiomyocyte apoptosis
Effects of E2 on hydrogen peroxide (H2O2)–induced apoptosis of primary mouse
cardiomyocytes in vitro. Results are expressed as (A) cell-survival ratio and (B) apoptosis index
ratio of cells pretreated with vehicle or E2 (10 nmol/L) for 24 hours followed by the addition
of 100 µmol/L H2O2 for 8 hours. In some experiments, cells were cotreated with the estrogen
receptor antagonist ICI-182,780 (ICI; 1 µmol/L) or the TrxRD inhibitor azelaic acid (Az; 10
µmol/L). Results are presented as mean±SD. *P<0.05 compared with H2O2 plus vehicle
control. †P<0.05 compared with H2O2 plus E2 treatment.
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Histopathological Parameters and Echocardiographic Data

FVB Gq

Mouse and
Treatment

Placebo
(n=9)

Estrogen
(n=8)

Placebo
(n=8)

Estrogen
(n=9)

Body weight, g 35.4±2.7 31.7±1.9* 34.4±2.7 31.2±2.8†

HW, mg 156±11 130±11* 158±21 140±19†

HW/TL, mg/mm 6.6±0.5 5.8±0.5* 6.8±0.8 6.3±0.5

CSA, µm2 225±60 196±48 255±77* 234±45†

Fibrosis, % 0.8±0.1 0.8±0.2 4.5±1.1* 1.7±0.4†

Echocardiography

  LVEDD, mm 3.49±0.06 3.19±0.04* 4.41±0.27* 3.85±0.11†

  LVESD, mm 1.64±0.20 1.51±0.16* 3.29±0.29* 2.35±0.06†

  IVS, mm 0.47±0.05 0.45±0.04 0.38±0.03* 0.47±0.05†

  LV mass, mg 81.5±12.1 66.1±4.0* 102.7±13.6* 97.6±12.5

  FS, % 52.9±5.5 52.6±5.4 25.5±2.6* 38.9±1.5†

HW indicates heart weight; TL, tibial length; CSA, myocardial cross-sectional area; LVEDD, left ventricular end-diastolic dimension; LVESD, left
ventricular end-systolic dimension; IVS, intraventricular septal thickness; LV, left ventricular; and FS, fractional shortening.

HW and TL were measured, and the ratio of HW/TL was calculated. The percentage of LV fractional shortening (FS, %) was calculated as [(LVEDD–

LVESD)/LVEDD]×100 (%). LV mass was calculated as 1.855×[(LVEDD+PW+ IVS)3–(LVEDD)] (mg), where PW indicates posterior wall thickness.
Results are mean±SD; n=8 or 9 mice in each group.

*
P<0.05 compared with placebo-treated FVB mice.

†
P<0.05 compared with placebo-treated Gq mice.
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