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Abstract

Hormonal replacement therapy (HRT) has recently been shown to increase the risk of cardiovascular
events in women. However, it is not clear whether the adverse effect of HRT is related to dosage
and/or the presence of progestin. Using a mouse model of myocardial infarction (MI), we studied
the dose-effect of oestrogen replacement on mortality and cardiac remodelling and dysfunction post-
Ml in the absence of progestin. Six-week-old females were subjected to ovariectomy (OVX). A pellet
containing a low, moderate or high dose of 17-oestradiol (E,; 0.42, 4.2 or 18.8 ug day 1) or placebo
was implanted subcutaneously on the day of OV X. Myocardial infarction was induced 8 weeks later,
and cardiac morphology and function were evaluated 8 weeks after MI. We found that E, at moderate
and high doses adversely affected mortality. A low dose of E, that restored plasma oestrogen close
to physiological levels had no significant effect on mortality but tended to improve cardiac function
and remodelling, associated with reduced fibrosis and increased capillary density. At the moderate
dose, E, exacerbated cardiac fibrosis, hypertrophy, dysfunction and dilatation, associated with liver
and kidney enlargement and ascites. Protein kinase C and extracellular signal-regulated kinase were
increased by MI but were not affected by E,. In summary, E, at a low dose tended to be
cardioprotective. At increased doses that raised plasma oestrogen far beyond the physiological level,
E, was detrimental to the heart. Our data suggest that dosage should be an important consideration
when studying the effect of oestrogen replacement on the heart.

It has been established that the incidence of cardiovascular disease (CVD) and the attendant
morbidity and mortality are much lower in premenopausal women compared with men of the
same age (Isles et al. 1992; Brett & Madans, 1995; Barrett-Connor, 1997; Adams et al.
1999; Tamura et al. 1999). This gender advantage for women becomes far less or disappears
with increased age and reduced oestrogen levels after menopause, suggesting that ovarian
hormones, most likely oestrogen, protect women against CVD (Lerner & Kannel, 1986; Eaker
et al. 1993). Abundant observational studies show that postmenopausal women who receive
hormonal replacement therapy (HRT) have a lower incidence of CVD and cardiac death than
thosewho do notreceive HRT. In thepast, HRThas commonly been used to prevent CVD in
postmenopausal women (Stampfer et al. 1991; Wenger et al. 1993; Grodstein et al. 1997,
2000; Reis et al. 2000; Alexandersen et al. 2006). However, the cardioprotective benefits of
HRT have recently been challenged by the Heart and Oestrogen/Progestin Replacement Study
(HERS; Hulley et al. 1998, 2002) and the Women's Health Initiative (WHI; Rossouw et al.
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2002; Hendrix et al. 2006), which showed an unfavourable effect of HRT on the risk and events
of CVD in women. Although the data are convincing, there are other considerations that may
have affected the outcome of HERS and WHI (Nishida et al. 2005; Bittner, 2006; Pines et
al. 2006; Gambrell & Natrajan, 2006; Willett et al. 2006; Grodstein et al. 2006), such as
composition of the drugs, dosage, time when HRT was initiated, age and pre-existing risk
factors for CVD. Furthermore, it is not fully understood whether HRT slows the progression
of heart failure in women once they develop myocardial infarction (MI). In animal studies,
most data indicate that oestrogen has a cardioprotective role, which may involve inhibition of
protein kinase C (PKC) activity and mitogen-activated protein kinase (MAPK) signalling (van
Eickels et al. 2001; Pedram et al. 2005; Wang et al. 2006; Beer et al. 2007; Hunter et al.
2007). However, in other studies oestrogen either offered no cardioprotective effect or else
worsened cardiac remodelling and dysfunction post-MI (Hiigel et al. 1999; van Eickels et al.
2003). Itis not known whether those conflicting results in animals are also related to oestrogen
dosage.

Given the prevailing controversy over whether HRT is cardioprotective or detrimental, we
hypothesized that the effects of oestrogen on the heart may be dose dependent; a low dose is
cardioprotective, whereas a high dose may be harmful to the heart. To test this hypothesis, we
used mice with surgically induced menopause (by ovariectomy) plus oestrogen replacement
and studied the effects of oestrogen replacement at various doses on: (1) mortality post-Ml;
(2) cardiac morphology, remodelling and function; and (3) protein expression of PKC and
extracellular signal-regulated kinase (ERK1/2) in the heart.

Four-week-old female C57BL/6J mice from Jackson Laboratories (Bar Harbor, ME, USA)
were housed in an air-conditioned room with a 12 h—12 h light-dark cycle and given standard
chow with free access to tap water. The study was approved by our Institutional Animal Care
and Use Committee in accord with US National Institutes of Health guidelines.

Ovariectomy and oestrogen replacement therapy (ERT)

Between 1 and 2 weeks after introduction to their new environment, mice were anaesthetized
with sodium pentobarbitone (50 mg kg2, I.P.) and placed in the prone position. A bilateral
ovariectomy (OVX) was performed via a pair of flank incisions (Cavasin et al. 2003, 2004).
Pellets containing placebo or 17-oestradiol (Ey; 0.42, 4.2 or 18.8 ug day 1, 60 day release
pellet; Innovative Research of America, Sarasota, FL, USA) were implanted subcutaneously
at the back of the neck immediately after OV X. The pellets were replaced 8 weeks after OVX
under anaesthesia (before MI). Sham OV X groups underwent the same procedure except that
the ovaries were left intact. According to the literature, E; has commonlybeen given at a dosage
of 3.0-28.3 ug day ! in animals (van Eickels et al. 2001, 2003; Pelzer et al. 2005; Tang et
al. 2005; Iwakura et al. 2006; Babiker et al. 2006)

Induction of Ml and evaluation of cardiac function

Eight weeks after OVX and ERT, mice were anaesthetized (sodium pentobarbitone, 50 mg
kg1, 1.P.), and MI was induced by ligating the left anterior descending coronary artery (LAD)
as described previously (Yang et al. 1999; Cavasin et al. 2003). Sham MI mice received the
same open-chest operation except that the LAD was untied. There were six groups, as follows:
(1) sham OV X + sham MI; (2) sham OVX + Ml; (3) OVX + MI + placebo; (4) OVX + Ml +
low-dose E; (0.42 ug day1); (5) OVX + MI + moderate-dose E; (4.2 g day1); and (6) OVX
+ MI + high-dose E; (18.8 ug day™1).
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Measurement of systolic blood pressure and cardiac function

Eight weeks after MI (16 weeks after OV X and ERT), systolic blood pressure (SBP) was
measured in conscious mice using a non-invasive computerized tail-cuff system (BP-2000,
Visitech, Apex, NC, USA). Cardiac geometry and function were measured with a Doppler
echocardiographic system equipped with a 15 MHz linear transducer (Acuson ¢256, Mountain
View, CA, USA) as described previously (Yang et al. 1999). Left ventricular systolic and
diastolic dimension (LVDs and LVDd), systolic and diastolic cross-sectional area (LVAs and
LVAd), fractional shortening (FS), ejection fraction (EF) and cardiac index (Cl, i.e. cardiac
output corrected for body weight) were evaluated. All studies were performed on conscious
mice after several training sessions.

Histopathological study

After echocardiographic evaluation of cardiac function, mice were anaesthetized with sodium
pentobarbitone (50 mg kg2, I.P.); the chest was opened and the heart stopped at diastole by
intraventricular injection of 15% KCI (50 ul). The heart, kidneys and liver were weighed to
assess hypertrophy and congestion. Organ weight was corrected by body weight and expressed
as the ratio of organ wet weight (in milligrams) to body weight (per 10 grams). After dissection,
the left ventricle was sectioned transversely into four slices from apex to base. One slice was
snap-frozen for Western blot and the other three were rapidly frozen in isopentane precooled
in liquid nitrogen, then stored at —70°C for measurements of infarct size (IS), myocyte cross-
sectional area (MCSA), interstitial collagen fraction (ICF) and capillary density as described
previously (Liu et al. 1997). The MCSA, ICF and capillary density were studied only in the
non-infarcted area. Mice with IS less than 20% were excluded.

Western blot of PKC and phosphorylated ERK (p-ERK1/2)

Heart tissue was homogenized in lysis buffer and centrifuged at 14 000g for 10 min; the
supernatant was collected and protein content detected with a protein assay kit (Thermo
Scientific, Rockford, IL, USA). Protein (65 ug) was separated out by 8% sodium dodecyl
suphate-polyacrylamide gel electrophoresis and electrotransferred to an Immuno-Blot™
polyvinylidene difluoride membrane (Bio-Rad, CA, USA). Membranes were blocked with 5%
non-fat milk and incubated overnight at 4°C with the primary antibody (anti-PKC, anti-p-
ERKZ1/2 or anti-total ERK; Cell Signaling Technology, Boston, MA, USA), anti-f-actin (Santa
Cruz Biotechnology, Hercules, CA, USA) and horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology). Blots were subjected to autoradiography (Enhanced
Chemiluminescence Detection kit, Thermo Scientific). Results are expressed as the ratio of the
density of specific bands to the corresponding g-actin or total-ERK1/2.

Measurement of plasma oestrogen and testosterone

Owing to high mortality in the moderate- and high-dose groups, additional mice in each group
were used to determine plasma concentrations of oestrogen and testosterone. Blood samples
were collected after 8 weeks of E; or placebo and mice were killed without MI. Our previous
study showed that MI does not have any significant influence on plasma oestrogen and
testosterone levels (Cavasin et al. 2003). Oestrogen and testosterone were measured by enzyme
immunoassay using a commercially available kit (Cayman Chemicals, Ann Arbor, MI, USA).

Statistical analysis

Data are expressed as means * sem Differences in mortality rates between the various groups
were compared using a log-rank test. Since morphological, functional and molecular biological
parameters did not follow a normal distribution, comparisons were assessed using a non-

parametric Mann—Whitney U test. The significance of the comparisons in each testing set was
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determined using Hochberg's method to adjust for multiple comparisons. Values of P < 0.05
were considered significant.

Results

Mortality after Ml

Out of the 15 sham OV X mice, one died on the first day of MI (6.6%) and 14 survived for the
entire experimental period. Three of the 17 OV X mice given placebo died after MI (18%). In
the low-dose E, group, four out of 16 mice died (25%), which was not statistically different
from placebo. With increased doses, E, adversely affected mortality (Fig. 1): 33 out of 41 mice
in the mid-dose group (80%) and 15 out of 17 mice in the high-dose group (89%) died. Since
high-dose E, (18.8 ug) caused drastically high mortality, this dose was discontinued and only
mortality data were collected. Postmortem examination on mice given moderate- or high-dose
E, that died before the end of the study revealed marked heart, liver and kidney enlargement
associated with hydronephropathy and fluid accumulation in the thoracic and abdominal
cavities, indicating severe end-organ damage.

Organ weight

Myocardial infarction significantly increased total heart weight but had no significant influence
on liver and kidney weight (Table 1). Ovariectomy did not increase heart weight further. The
E, at a low dose (0.42 ug) had no effect on heart weight, although kidney weight was higher
than in the OV X + placebo group. A moderate dose of E, (4.2 ug) increased both heart and
kidney weight further compared with the placebo and low-dose E, groups. This dose also
tended to increase liver weight, although the difference did not reach statistical significance.
Infarct size was similar among groups, although it tended to be larger in mice given a moderate
dose of E,.

Cardiac function and remodelling

Systolic blood pressure was not affected by Ml or E,. Heart rate (HR) did not change after Ml
with low-dose Ey; however, it decreased significantly with mid-dose E, (Table 1). We did not
find this surprising, since we have often seen bradycardia in mice with severe heart failure.
Myocardial infarction caused left ventricular dysfunction and dilatation, as evidenced by a
decrease in cardiac index, EF and FS and an increase in left ventricular dimensions and area,
which were more severe in the OV X + placebo group compared with sham OV X (Table 1 and
Figs 2-4). A low dose of E;, increased FS and EF and tended to decrease left ventricular
dilatation, indicating a cardioprotective effect of this dose. However, a moderate dose worsened
cardiac function and remodelling, as indicated by a further decrease in Cl, FS and EF and an
increase in left ventricular dimensions and area (Table 1 and Figs 2-4).

Cardiac histology

Myocardial infarction increased myocyte cross-sectional area, and this result was not
influenced by OV X or low-dose E,. However, a moderate dose of E, increased myocyte
hypertrophy compared with either placebo or low-dose E; (Fig. 5, top panel). Myocardial
infarction also increased collagen deposition, which appeared to be enhanced by OVX and
OVX + E, at a moderate dose. A low dose tended to decrease interstitial collagen compared
with placebo, although the difference did not reach statistical significance (Fig. 5, middle
panel). Capillary density was significantly decreased as a result of M1, and this was not affected
by OVX. A low dose of E, tended to increase capillary density; however, at a moderate dose
it reduced capillary density further (Fig. 5, bottom panel and Fig. 6).
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Phosphorylation of PKC and ERK

Protein expression of PKC was significantly increased in OV X mice after MI. Low-dose E,
decreased PKC expression. Unexpectedly, PKC expression was also lower in mice given a
moderate dose of E, (Fig. 7, left panel). Phosphorylation of ERK1/2 was increased by MI.
Ovariectomy with or without E, had no effect on p-ERK1/2 expression compared with sham
OVX mice with MI(Fig. 7, right panel).

Plasma levels of oestrogen and testosterone

Plasma oestrogen was significantly reduced by OV X. Low-dose E; (0.42 ug) raised it to around
the same level as sham OV X mice, while 4.2 ;g induced a fourfold increase compared with
sham OV X. High-dose E, (18.8 ug) increased plasma oestrogen approximately 8.5-fold (Fig.
8, top panel). Ovariectomy tended to reduce plasma testosterone compared with the sham OV X
group, and this result was not affected by low-dose E,. A moderate dose caused an
approximately twofold increase in testosterone compared with OV X + placebo, while a high
dose further increased it by 3.5-fold (Fig. 8, bottom panel).

Discussion

Using a mouse model of surgically induced menopause (OVX) followed by MI, we examined
the dose-dependent effects of oestrogen replacement on mortality, cardiac function and
remodelling post-MI. We found that: (1) oestrogen adversely affected mortality at moderate
and high doses (4.2 and 18.8 ug day™1) but notata low dose (0.42 xg); (2) at a low dose, 17/-
oestradiol tended to improve cardiac function and remodelling, as evidenced by better FS and
EF and less severe left ventricular dilatation, but at a moderate dose (4.2 xg), oestrogen
exacerbated cardiac hypertrophy, dysfunction and remodelling, associated with liver
enlargement and hydronephrosis; and (3) moderate and high doses of oestrogen adversely
affected cardiac remodelling and function and raised plasma oestrogen far above physiological
levels, associated with a significant increase in plasma testosterone. Oestrogen did not appear
to affect blood pressure; however, ata high dose it significantly decreased heart rate. We believe
this is the first report demonstrating that the adverse effect of oestrogen replacement on the
heart in mice post-MlI is dose related.

It has been well established that premenopausal women are less prone to CVD than men,
probably owing to endogenous oestrogen (Isles et al. 1992; Brett & Madans, 1995; Barrett-
Connor, 1997; Adams et al. 1999; Tamura et al. 1999). However, data on the outcome of HRT
are conflicting (Stampfer et al. 1991; Wenger et al. 1993; Grodstein et al. 1997, 2000; Reis et
al. 2000; Shlipak et al. 2001; Alexandersen et al. 2006). We could find no good explanation
as to why young or premenopausal women are protected against CVD as shown in
observational studies, whereas HRT did not provide protection to postmenopausal women in
clinical trials. One consideration should be dose, which has not been well established. Grodstein
etal. (2000) showed that oestrogen at 0.3 mg day * decreased major coronary events in healthy
women, whereas at 0.625 mg and in combination with progestin, oestrogen increased the risk
of stroke. Genant etal. (1997) reported that a low dose of esterified oestrogen (0.3 mg) provided
better bone and lipid benefits than a higher dose. Various doses of oestrogen (from 3 to 83.3
ug day™1) have been used in animal studies. Depending on the study, oestrogen was reported
to be either beneficial, ineffective or detrimental to the heart (Hugel et al. 1999; van Eickels
et al. 2003; Pelzer et al. 2005; Iwakura et al. 2006; Hamada et al. 2006; Babiker et al. 2006;
Beer et al. 2007). For example, Beer and co-workers recently showed that high-dose oestrogen
(83.3 ug day 1) prevented development of heart failure post-MI in rats (Beer et al. 2007),
whereas Hiigel and co-workers reported that oestrogen replacement (11.1 xg day 1, which
restored plasma oestrogen to physiological levels) had no effect on remodelling post-Ml in rats
(Higel et al. 1999). Using FVB mice, lwakura et al. (2006) reported that oestrogen at 18.8
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ug day~ enhanced functional recovery after M1. However, we used the same dose and clearly
observed a detrimental effect in C57BL/6J mice with MI. Using a lower dose (4 xg day 1),
van Eickels et al. (2003) showed that oestrogen increased mortality post-MI, which was
confirmed by the present study. Although we have no clear answer to these conflicting data,
differences in species and strains may be important factors. Furthermore, it is not known
whether these differing data are dose related, since in almost all animal studies only a single
dose of oestrogen was used. To overcome these limitations, in the present study we tested the
effects of three doses of oestrogen (0.42, 4.2 and 18.8 g day 1) on mortality, cardiac
remodelling and function post-MI. We found that at a low dose, oestrogen tended to be
cardioprotective and mortality was significantly lower than at high doses. Most mice died
during the first week after M1, mainly as a result of cardiac rupture. It is known that after Ml,
the infarcted region of the heart undergoes a dynamic healing and repair process. Delayed or
heightened inflammatory responses that adversely affect infarct healing could be a significant
cause of cardiac rupture (Ertl & Frantz, 2005; Gao et al. 2005). With higher doses, oestrogen
significantly increased mortality and worsened cardiac dysfunction and remodelling.
Moreover, the high dose we used (18.8 ug day 1) not only damaged the heart but also caused
liver enlargement and ascites, which may well be related to the severe heart failure, while
hydronephropathy may be due to uterine hypertrophy, which causes urinary tract obstruction.
However, whether these pathological changes also reflect the toxic effects of high-dose
oestrogen needs to be evaluated further, since that was not the focus of the present study.

Among those studies showing that oestrogen is cardioprotective, many have demonstrated that
it can inhibit activation of PKC and the MAPK signalling cascade, including ERK1/2, Jun-N
terminal kinase (JNK) and p38 MAPKSshoth invivo and in vitro (van Eickels et al. 2001; Pedram
et al. 2005; Wang et al. 2006; Hunter et al. 2007). In the present study, we measured PKC and
ERK1/2 MAPK expression to determine whether the effect of oestrogen is linked to inhibition
or activation of these protein kinases. In agreement with most previous studies, we found that
PKC was increased after MI. Upregulation of PKC was further enhanced by OV X but
suppressed by oestrogen replacement. It is rational to speculate that the beneficial cardiac effect
of low-dose oestrogen we observed may be related to inhibition of PKC activity. However, we
do not have a good explanation as to why a moderate dose also reduced PKC expression, since
it was clearly harmful to the heart and other organs. This could be related to the fact that we
only measured total PKC, not separate PKC isoforms. It has been shown that in the end-stages
of heart failure, some PKC isoforms are upregulated whereas others decline (Koide et al.
2003; Simonis et al. 2007; Hunter et al. 2007). We do not know whether this is the case with
oestrogen replacement in the present study. We also did not measure translocation of PKC;
thus, we do not know whether this differs between the two doses used here. Alternatively, our
data may indicate that changes in PKC are not responsible for the detrimental effect of
oestrogen. Expression of p-ERK1/2 was increased by MI; however, this increase was not
affected by OV X with or without oestrogen replacement. These data do not seem to support a
role of ERK signalling in mediating the effect of oestrogen on cardiac remodelling and
dysfunction in mice post-MI.

We measured plasma oestrogen and testosterone and found that oestrogen was significantly
reduced but not depleted by OV X. In postmenopausal women, when ovaries cease to produce
oestrogen, extragonadal sites become major sources of oestradiol production via aromatization
(Simpson et al. 2001; Simpson & Davis, 2001). Thus, it is not surprising that circulating
oestrogen levels were detectable in the OV X mice in our study. Low-dose oestrogen
replacement restored plasma oestrogen to a level similar to intact females, and at this dose
oestrogen tended to be cardioprotective. However, moderate and high doses that brought
plasma oestrogen far above physiological levels were obviously detrimental to the heart. These
data may suggest that whether oestrogen is protective or detrimental to the heart is largely
dependent on the dose and its circulating levels. Testosterone was not significantly influenced
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by OV X per se or OVX plus low-dose oestrogen. Surprisingly, moderate and high doses
significantly increased plasma testosterone, though the mechanism responsible for such an
increase in testosterone by exogenous oestrogen is not known. Since mice with high levels of
testosterone had increased mortality and decreased cardiac function and remodelling (Cavasin
et al. 2003), we cannot exclude the possibility that the adverse effects we observed with high-
dose oestrogen were directly linked to increased plasma testosterone.

Limitations of the study

Conclusion

1. Model of surgically induced menopause. Menopause is a slowly progressive process
of oestrogen depletion, whereas surgically induced OV X causes sudden depletion.
Thus this model is not perfect for mimicking naturally occurring menopause, even
though a low dose of oestrogen brought plasma oestrogen close to physiological levels
compared with intact females.

2. Dosage of oestrogen.Three doses of oestrogen were studied, but morphological and
functional studies were completed only in the low- and moderate-dose groups. The
high dose only allowed us to observe mortality, since nearly all mice in this group
died before the end of the experiment. We could say this dose is excessive, and thus
no further study is needed. However, it is debatable whether the low dose we used
was low enough, since mortality in the low-dose group still tended to be high and
hypertrophy did not differ from placebo, although cardiac function was improved. A
lower dose may be needed in future studies to confirm that oestrogen dosage is an
important determinant of its effects on the heart. Also, the effect of oestrogen on
infarct healing should be evaluated in future studies.

3. This study focused on mortality and functional evaluation. The underlying molecular
and cellular mechanisms responsible for the actions of oestrogen on the heart, either
protective or detrimental, were not emphasized and need to be tested in the future.

In summary, our data showed that oestrogen can be either cardioprotective or detrimental,
largely depending on the dose. A low dose tended to be beneficial; however, at high doses that
drastically increased plasma oestrogen it was detrimental. These results suggest that dosage
should be an important consideration when studying the effects of oestrogen replacement on
the heart.
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Figure 1. Effect of E; at different doses on cumulative death rate in ovariectomized mice with Ml
The E, replacement was started immediately after OVX. *P < 0.01 versus OVX + MI +
placebo; #P < 0.01 versus OVX + Ml + E; (0.42 uQ).
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Figure 2. Representative echocardiograms showing left ventricular chamber dilatation and
dysfunction after MI (B and C) as well as the effect of 17p-oestradiol (0.42 and 42 ug day™2) on left
ventricular dilatation and dysfunction (D and E) in comparison with a normal mouse heart (A)
A, sham OV X + sham MI; B, sham OVX + MI + placebo; C, OVX + MI + placebo; D, OVX

+ MI + E; (0.42 ug day1); and E, OVX + MI + E; (4.2 ug day™1).
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Figure 3.

Effect of low (0.42 ug day 1) and moderate doses of 17-oestradiol (42 ug day™1) on left
ventricular systolic and diastolic dimensions (LVDs and LVDd) and fractional shortening (FS)

in OVX mice with Ml
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Figure 4.

Effect of low (0.42 ug day~1) and moderate doses of 178-oestradiol (42 ug day™1) on left
ventricular systolic and diastolic cross-sectional area (LVAs and LVVAd) and ejection fraction
(EF) in OVX mice with Ml
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Figure 5.

Effect of low (0.42 ug day 1) and moderate doses of 17-oestradiol (42 ug day 1) on myocyte
cross-sectional area (MCSA), interstitial collagen fraction (ICF) and capillary density in OVX

mice with Ml
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Figure 6. Representative micrographs showing reduced capillary density (red staining) after Ml
(B and C) as well as the effect of 17-oestradiol (0.42 and 42 ug day‘l) on capillary density (D and
E) in comparison with a normal mouse heart (A)

A, sham OV X + sham MI; B, sham OVX + MI + placebo; C, OVX + MI + placebo; D, OVX

+ MI + E, (0.42 ug day1); and E, OVX + Ml + E; (4.2 ug day )
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Figure 7.
Effect of low (0.42 ug day 1) and moderate doses of 17-oestradiol (42 ug day 1) on
phosphorylation of PKC and ERK1/2 in cardiac tissue
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Figure 8.

Effect of OVX and low (0.42 g day 1) and moderate doses of 17-oestradiol (42 ug day 1)

on plasma oestrogen and testosterone levels
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