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Oestrogen confers cardioprotection by suppressing
Ca2+/calmodulin-dependent protein kinase II
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Background and purpose: Oestrogen confers cardioprotection by down-regulating the b1-adrenoceptor and suppressing the
expression and activity of protein kinase A. We hypothesized that oestrogen may also protect the heart by suppressing
Ca2+/calmodulin-dependent protein kinase II (CaMKII), another signalling messenger activated by the b1-adrenoceptor, that
enhances apoptosis.
Experimental approach: We first determined the expression of CaMKII in the heart from sham and ovariectomized rats with
and without oestrogen replacement. We then determined the effects of CaMKII inhibition (KN93, 2.5 mmol·L-1) in the presence
or absence of 10-7 mol·L-1 isoprenaline, a non-selective b-adrenoceptor agonist. We also determined the percentage apoptosis
in myocytes from rats in each group with or without b-adrenoceptor stimulation.
Key results: Both CaMKIId and phosphorylated CaMKII were up-regulated in the hearts from ovariectomized rats, and they
were restored to normal by oestrogen replacement. The infarct size and lactate dehydrogenase release were significantly
greater after ovariectomy. Similarly, cardiac contractility, the amplitude of the electrically induced intracellular Ca2+ transient
and the number of apoptotic cells were also greater in ovariectomized rats upon ischaemia/reperfusion in the presence or
absence of isoprenaline. Most importantly, the responses to ischaemic insult in ovariectomized rats were reversed not only by
oestrogen replacement, but by blockade of CaMKII with KN93.
Conclusions and implications: Oestrogen confers cardioprotection at least partly by suppressing CaMKIId. This effect of
oestrogen on CaMKII is independent of the b-adrenoceptor and occurs in addition to down-regulation of the receptor.
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Abbreviations: 2-DOG, 2-deoxy-D-glucose; AC, adenylyl cyclase; AIP, autocamtide 2-related inhibitory peptide; CaMKII,
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ryanodine receptor; TTC, 2,3,5-triphenyl-tetrazolium chloride; TUNEL, deoxynucleotidyl transferase-mediated
dUTP nick-end labelling

Introduction

Before menopause, women are less vulnerable to coronary
heart diseases than men (Wilson et al., 1985; Colditz et al.,
1987). As women age, their risk of heart disease rises. These
observations are taken as indications that oestrogen protects

the heart against ischaemic insults, thus reducing coronary
heart disease and mortality from cardiovascular disease
(Stampfer et al., 1991; Hayward et al., 2000).

b-Adrenoceptor stimulation by the sympathetic nervous
system plays an important role in contraction, heart rate and
apoptosis in the heart (Communal et al., 1999; Zaugg et al.,
2000). There are two b-adrenoceptor subtypes, namely, b1 and
b2. The b1-adrenoceptor subtype is the predominant subtype
in the heart. The actions of b1-adrenoceptor stimulation are
mediated via two pathways. The primary pathway is the well-
established Gas protein/adenylyl cyclase (AC)/cAMP/protein
kinase A (PKA) pathway, which enhances cardiac contractility
and relaxation, as well as oxygen consumption (Dohlman
et al., 1991; Campbell and Strauss, 1995; Bers, 2002).
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Inhibition of PKA attenuates the increase in myocyte contrac-
tion mediated by short-term b1-adrenoceptor stimulation
(Kam et al., 2005). The other signalling pathway activated
by b1-adrenoceptor stimulation is the Ca2+/calmodulin-
dependent protein kinase II (CaMKII) pathway. Activation of
CaMKII leads to apoptosis and enhanced activity of the L-type
Ca2+ channel, ryanodine receptor (RyR), sarcoplasmic reticu-
lum Ca2+-ATPase and the Na+/Ca2+ exchanger (NCX) (Zhu
et al., 2003; Zhang et al., 2005). It is known that the increase
in myocyte contraction and Ca2+ transient during sustained
b1-adrenoceptor stimulation cannot be restored to normal by
blocking the PKA pathway, but rather by blocking the CaMKII
pathway (Wang et al., 2004). Apoptosis has also been shown
to occur independently of PKA activity (Zhu et al., 2007). We
therefore hypothesized that oestrogen may also suppress the
CaMKII pathway, which is PKA-independent and plays an
important role in the regulation of apoptosis.

To test this hypothesis, we first used Western blot to detect
the expression of CaMKII in female rats after sham operation
or ovariectomy with (O+E) and without (OVX) oestrogen
replacement. In a preliminary study using a non-selective
anti-CaMKII antibody, we observed two bands in the Western
blot. One was stained more deeply and showed different
expression in the hearts from the three groups of rats, while
the other was lighter, suggesting lower expression, and
showed no difference among the groups. Based on the fact
that CaMKIId is the predominant CaMKII isoform (Braun and
Schulman, 1995; Singer et al., 1997; Zhang and Brown, 2004)
and is known to induce apoptosis upon activation (Zhu et al.,
2003; 2007), we decided to investigate the expression of this
isoform. We then determined the injury, contractile function
and Ca2+ transient in responses to ischaemic insult, as well as
the number of deoxynucleotidyl transferase-mediated dUTP
nick-end labelling (TUNEL)-positive cells in the presence of
isoprenaline, a non-selective b-adrenoceptor agonist, which
stimulates both b-adrenoceptor subtypes, in isolated perfused
hearts and isolated ventricular myocytes. The data showed
that oestrogen suppresses CaMKII, thus protecting the heart
against ischaemic insult. The novel finding is that oestrogen
suppresses CaMKII independent of b-adrenoceptors. It also
suppresses CaMKII via suppressing b-adrenoceptors in agree-
ment with its effect of down-regulation of the receptor dem-
onstrated previously (Thawornkaiwong et al., 2003; Kam
et al., 2004). CaMKIId may be the isoform involved.

Methods

Experimental animals
All animal care and this study were approved by the Commit-
tee on the Use of Live Animals in Teaching and Research of
the University of Hong Kong. Adult female Sprague-Dawley
rats weighing 190–210 g were randomly divided into two
groups. One group served as the normal control (sham). The
other group underwent bilateral ovariectomy (OVX) and was
divided into two subgroups. One week after OVX, one sub-
group (O+E) was implanted with subcutaneous 1.5 mg 60 day
release oestrogen pellets (Innovative Research of America,
Toledo, OH, USA), which maintained oestrogen concentra-
tion within the physiological range for 60 days, and the other

subgroup was treated with vehicle. All surgical procedures
were performed under anaesthesia with sodium pentobarbital
(60 mg·kg-1, i.p., Abbott Laboratories, Chicago, IL, USA).

Serum oestrogen level
Blood samples were collected from the rats after decapitation,
and serum oestrogen levels were measured by using the assay
(ELISA) technique with an estradiol EIA kit (Cayman Chemical,
MI, USA) according to the manufacturer’s instructions.

Isolated heart preparation
Hearts were isolated 6 weeks after OVX and perfused with a
Krebs-Henseleit (K-H) solution equilibrated with 95% O2 and
5% CO2 at a constant pressure of 80 cm H2O and temperature
(37°C). This solution contained (in mmol·L-1) 118 NaCl, 5
KCl, 1.2 MgSO4, 1.2 KH2PO4, 1.25 CaCl2, 25 NaHCO3 and
11 glucose. A latex balloon connected to a transducer was
inserted into the left ventricle and was filled with saline solu-
tion to adjust the end-diastolic pressure to 5–7 mmHg. The
heart was allowed to stabilize for 15 min and then subjected
to 45 min global ischaemia followed by 120 min reperfusion.
A CaMKII inhibitor, KN93 (2.5 mmol·L-1, Sigma, St. Louis, MO,
USA), or its inactive analogue, KN92 (2.5 mmol·L-1, Sigma, St.
Louis, MO, USA), or a PKA inhibitor, KT5720 (2 mmol·L-1,
Sigma, St. Louis, MO, USA) was added to the K-H solution
20 min before ischaemia and during the first 10 min of rep-
erfusion. Activation of b-adrenoceptors was achieved by
administration of 10-7 mol·L-1 isoprenaline (Sigma, St. Louis,
MO, USA) for 10 min before ischaemia and during the first
10 min of reperfusion.

Left ventricular pressure recording
A latex balloon connected to a transducer was inserted into
the left ventricle and was filled with saline solution to adjust
the end-diastolic pressure to 5–7 mmHg. The left ventricular
developed pressure (LVDP), left ventricular end of diastolic
pressure (LVEDP), velocity of contraction and relaxation
(�dP/dtmax) and heart rate were monitored continuously by
a PowerLab/4SD analogue-to-digital converter (AD instru-
ments, Castle Hill, Australia).

Isolation of ventricular myocytes
Ventricular myocytes were isolated from the hearts of sham,
OVX and O+E rats, using the collagenase perfusion method
described previously (Wu et al., 1999; Wang et al., 2001). Pre-
liminary experiments showed that there was no statistically
significant difference in the viability of freshly prepared
and cultured myocytes from all the groups, which ensures
that percentage survival is equivalent among individual
preparations/plates. After isolation, they were allowed to sta-
bilize for 30 min before experiments. Myocytes were plated
at a density of 2 ¥ 105 cells per well on laminin-coated
(1 mmol·L-1, Sigma-Aldrich, St Louis, MO, USA) six-well plates.
The minimal essential medium contained 1.25 mmol·L-1 Ca2+,
5% fetal bovine serum and 1% penicillin-streptomycin. The
designated reagents 17b-estradiol (10-9 mol·L-1, Sigma-
Aldrich, St. Louis, MO, USA), the CaMKII inhibitors [auto-
camtide 2-related inhibitory peptide (AIP), KN93, or its
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inactive analogue, KN92] were added 1 h prior to
b-adrenoceptor stimulation with isoprenaline (10-7 mol·L-1)
in some subsets of experiments. All Western blot and
apoptosis assays related to b-adrenoceptor stimulation were
performed after isoprenaline treatment for 24 h.

Western blot analysis
Cultured myocytes were collected and homogenized. Protein
concentration was determined by the Lowry method (Lowry
et al., 1951). Sixty micrograms of extracted protein from the
left ventricular cardiomyocytes was diluted in loading buffer
[130 mmol·L-1 Tris-HCl, pH 8.0, 20% (v v-1) glycerol, 5% (w v-1)
SDS, 0.02% bromophenol blue, 2% DTT] and denatured for
5 min at 95°C. Proteins were loaded onto 10% sodium
dodecylsulphate-polyvinylidene gel and then transferred to
polyvinylidene difluoride membrane (0.2 mm pore size; Bio-
Rad, Hercules, CA, USA) at 4°C in a transfer buffer containing
20% methanol with the Bio-Rad Trans-blot electrophoretic
transfer system at 120 V for 1.5 h. After blocking in TBST
(Tris-buffered saline, pH 7.4, 0.1% Tween-20) with 5%
skimmed milk for 1 h at room temperature, the membrane was
incubated with anti-CaMKIId (1:500, Santa Cruz Biotechnol-
ogy, CA, USA) or anti-phosphorylated CaMKII (anti-phospho-
CaMKII) (1:500, Chemicon International, CA, USA) overnight
at 4°C. Monoclonal antibody against a-tubulin (Sigma-
Aldrich, St. Louis, MO, USA) was chosen as the internal control.
After three 10 min washes with TBST, HRP-linked anti-mouse
(1:7000, for anti-CaMKII primary antibody, Amersham Bio-
sciences, NJ, USA) or anti-rabbit (1:7000, for anti-phospho-
CaMKII primary antibody, Amersham Biosciences, NJ, USA)
IgG was used as secondary antibody. The membrane was
incubated with secondary antibody for 1 h at room tempera-
ture followed by three 10 min washes with TBST. Bands were
detected by the chemiluminescence method (ECL Western
blot detection kit; Amersham Biosciences, NJ, USA). The film
was scanned, and the intensity of the bands was calculated
with an image analysis system (Image J; National Institutes of
Health). Membranes were stripped and reblotted with anti-a-
tubulin antibody to ensure equal amount of protein loading.
The data were normalized for the loading control.

Infarct size
At the end of reperfusion, the heart was frozen at -20°C for
1 h and then cut from apex to base into 2 mm slices. Then
the slices were immersed in 1% 2,3,5-triphenyl-tetrazolium
chloride in phosphate buffer (pH 7.4) for 10 min (Vila-
Petroff et al., 2007). Infarct areas were enhanced by immers-
ing the slices in 10% formaldehyde overnight before
measurement (Wang et al., 2001). The infarct area was cal-
culated by planimetry with image J software (National Insti-
tutes of Health) and expressed as a percentage of the total
area of the heart.

Lactate dehydrogenase (LDH) determination
The effluent from isolated perfused hearts was collected for
the first 1 min of reperfusion, and the LDH was assayed by an
enzymatic method (Stanbio Laboratory, TX, USA).

Measurement of electrically induced intracellular calcium
transient (E[Ca2+]i)
A spectrofluorometric method with Fura2-AM as the Ca2+

indicator was used to measure the [Ca2+]i as previously
described (Wu et al., 1999). Ventricular myocytes from each
group were isolated and allowed to stabilize for 30 min before
experiments. The myocytes selected were rod-shaped and qui-
escent with clear striations. Some groups of myocytes were
first subjected to 120 min pretreatment with 10-7 mol·L-1

isoprenaline. Ten minutes before isoprenaline incubation,
2.5 mmol·L-1 KN93, 2.5 mmol·L-1 KN92, or 10 mmol·L-1 AIP
was added. After incubation and loading with 5 mmol·L-1

Fura2-AM for 40 min in the dark, the myocytes were added to
a bathing chamber under the object lens of a fluorescence
microscope. Myocytes contracted synchronously under the
stimulation of a 0.2 Hz electrical field with 15 ms pulses
at 60 V through two platinum wires in the chamber. After
normal perfusion with K-H buffer under 95% O2 and 5% CO2,
a single ventricular myocyte was selected and was subjected to
10 min of severe metabolic inhibition and anoxia (MI/A) in a
glucose-free K-H solution containing 10 mmol·L-1 2-deoxy-D-
glucose (2-DOG) and 10 mmol·L-1 sodium dithionite. Reper-
fusion was mimicked by incubating the myocytes with
normal K-H solution. Fluorescence signals obtained at
340 nm and 380 nm excitation wavelengths were recorded
and stored in the computer for data processing and analysis.

Terminal TUNEL
After 24 h incubation, myocytes were collected and a TUNEL
assay was performed with a cell death detection kit (Roche
Diagnostics, Germany) according to the supplier’s instruc-
tions. The percentage of TUNEL-positive cells was calculated
from 20 randomly chosen fields in each culture dish
containing approximately 800 myocytes.

Statistical analysis
Data are expressed as mean � SEM. Two-way ANOVA with
Bonferroni post-test was used to determine differences among
multiple groups. A value of P < 0.05 was considered statisti-
cally significant.

Materials
Water-soluble 17b-estradiol, KN92, AIP, KN93, KT5720, iso-
prenaline, type-1 collagenase, paraformaldehyde anti-a-
tubulin antibody, 2,3,5-triphenyl-tetrazolium chloride and
Fura2-AM were from Sigma-Aldrich. Specific anti-CaMKIId
antibody was from Santa Cruz Biotechnology. Specific anti-
phospho-CaMKII antibody was from Chemicon Interna-
tional. HRP-linked anti-mouse and anti-rabbit secondary
antibodies and the ECL Western blot detection kit were from
Amersham Biosciences. The 60 day release oestrogen pellets
were from Innovative Research of America, and sodium pen-
tobarbital was from Abbott Laboratories. The in situ cell death
detection kit was from Roche Diagnostics. The LDH kit was
from Stanbio Laboratory. The estradiol EIA kit was from
Cayman Chemical. All drugs were dissolved in deionized
water or K-H solution, except for KT5720, KN93 and Fura2-
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AM, which were dissolved in DMSO. The final concentration
of DMSO was �0.01% that itself had no effects on the hearts.

Results

Oestrogen level of experimental animals
The serum oestrogen concentration was significantly
decreased at 6 weeks after OVX and was reversed by oestrogen
replacement (Table 1) as in our previous studies (Kam et al.,
2004; 2005; Kravtsov et al., 2007).

Expression of CaMKIId and phospho-CaMKII in hearts from
sham, OVX and O+E rats
Both CaMKIId (Figure 1A) and phospho-CaMKII (Figure 1B)
were up-regulated in myocytes from OVX rats. After 24 h in-
cubation with 10-7 mol·L-1 isoprenaline, CaMKIId (Figure 1A)
and phospho-CaMKII (Figure 1B) further increased in myo-
cytes from both the sham control and OVX rats. All changes
after OVX were restored to normal level after incubation with
10-9 mol·L-1 oestrogen for 24 h.

Effects of CaMKII inhibition on cardiac injury induced by
ischaemia/reperfusion
Ovariectomy resulted in increases in infarct size (Figure 2) and
LDH release (Figure 3) following ischaemia/reperfusion, and
these effects were reversed by oestrogen replacement
(Figure 2). Blockade of CaMKII with a selective inhibitor,
2.5 mmol·L-1 KN93, but not of PKA with its selective inhibitor,
2 mmol·L-1 KT5720, abolished the effects of OVX. And block-
ade of both CaMKII and PKA also abolished these effects
(Figures 2 and 3). KN93 alone did not have any significant
effect in control group. When the isolated perfused heart
was subjected to ischaemia/reperfusion in the presence of
10-7 mol·L-1 isoprenaline, which mimics the sympathetic
overreactivity during ischaemia in vivo, both the infarct size
and LDH release were greater than the corresponding values
in the absence of isoprenaline. Interestingly, blockade of
either CaMKII or PKA or both attenuated/abolished the effects
of OVX (Figures 2 and 3).

Effects of CaMKII inhibition on contractile recovery in hearts
after ischaemia and reperfusion
The LVDP (Figure 4A) and average � dP/dtmax (Figure 4C and
D) evaluated at the end of reperfusion were significantly
attenuated, while the LVEDP (Figure 4B) was elevated, in
hearts from OVX rats. Oestrogen replacement abolished the
effects of OVX (Figure 4). Blockade of CaMKII with
2.5 mmol·L-1 KN93 also abolished or attenuated the effects of
OVX (Figure 4). KN93 alone had no significant effect in
control group. In the presence of 10-7 mol·L-1 isoprenaline,
the responses to the different treatments were the same.
However, the LVDP (Figure 4A) and the average �dP/dtmax

(Figure 4C and D) were lower, while the LVEDP (Figure 4B)
was higher, than the corresponding values in the absence of
isoprenaline, indicating poorer contractile recovery in the
presence of isoprenaline.

Effects of CaMKII inhibition on resting intracellular Ca2+ ([Ca2+]i)
and E[Ca2+]i in the isolated ventricular myocyte after metabolic
inhibition/anoxia and reperfusion
The resting [Ca2+]i measured before MI/A was significantly
higher in myocytes isolated from OVX rats both in the
absence and in the presence of isoprenaline (Figure 5A). This
effect was abolished or attenuated not only by oestrogen
replacement, but also by blockade of CaMKII with KN93 or

Table 1 Oestrogen levels in serum of experimental animals

Serum oestrogen level (pg·mL-1)

Sham (n = 8) 57 � 10.3
OVX (n = 8) 17 � 1.4***
O+E (n = 7) 70 � 11.7###

Levels were measured 6 weeks after OVX. Each value shows mean � SEM.
O+E, ovariectomy with oestrogen replacement; OVX, ovariectomy.
***P < 0.001 versus sham; ###P < 0.001 versus OVX.

Figure 1 Expression of Ca2+/calmodulin-dependent protein kinase II
(CaMKII)d (A) and phosphorylated CaMKII (phospho-CaMKII) (B) in
ventricular tissue from ovariectomized (OVX, O) and oestrogen-
replaced (O+E) rats, assessed by Western blot. The bar graph shows
the overall data from six experiments (isoprenaline, ISO). Data are
expressed as mean � SEM, **P < 0.01 versus control (F); ***P < 0.001
versus control; ##P < 0.01 versus OVX; ###P < 0.001 versus OVX;
�P < 0.05 versus non-ISO treatment; ��P < 0.01 versus non-ISO
treatment.
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AIP. KN93 alone had no effect in normal rats. KN92, an
inactive analogue of KN93, did not have a beneficial effect in
OVX rats. All the values were greater than the corresponding
values in the absence of isoprenaline.

Ovariectomy slightly, but significantly increased the ampli-
tude of [Ca2+]i, which represents the amount of Ca2+ released
from the sarcoplasmic reticulum (Figure 5B). It did not,
however, affect either the time to peak (Figure 5C), which
represents the speed of Ca2+ release, or the decay time, T50

(Figure 5D), which represents the rate of removal of Ca2+

from the cytosol. At the end of reperfusion, the amplitude
(Figure 5B) was significantly reduced, while the time to peak
(Figure 5C) and T50 (Figure 5D) were significantly greater, in
myocytes from OVX rats. The effects of OVX were abolished
both by oestrogen replacement and blockade of CaMKII with
2.5 mmol·L-1 KN93 or 10 mmol·L-1 AIP.

In the presence of 10-7 mol·L-1 isoprenaline, the amplitude
(Figure 5A) was greater, while the time to peak (Figure 5C) and
T50 (Figure 5D) were smaller, than the corresponding values in
the absence of isoprenaline in myocytes from OVX rats, indi-
cating that b-adrenoceptor stimulation enhances contractile
function in the absence of the female sex hormone. At the
end of reperfusion, the responses were also the same as those
in the absence of isoprenaline. The amplitude values in
response to the different treatments were lower in the pres-
ence of isoprenaline than in its absence, in keeping with the
poor contractile responses observed in the isolated perfused
heart (Figure 4). Again, the effects of OVX were abolished
both by oestrogen replacement and blockade of CaMKII with
2.5 mmol·L-1 KN93 or 10 mmol·L-1 AIP. KN92 (2.5 mmol·L-1) did
not have any significant effect in OVX rats.

Effects of CaMKII inhibition on apoptosis
The number of apoptotic cells determined by the TUNEL
assay was significantly increased in hearts from OVX rats.
Incubation with 10-7 mol·L-1 isoprenaline for 24 h increased
the ratio of apoptotic cells both in the sham and OVX groups
and the number of these cells was significantly greater in the
OVX group (Figure 6). The effect of OVX was attenuated/
abolished not only by oestrogen replacement, but also by
blockade of CaMKII with KN 93 or AIP. KN92 had no signifi-
cant effect in OVX rats.

Discussion

There are two novel observations in the present study. First,
both CaMKIId and phospho-CaMKII were up-regulated in the
hearts from oestrogen-deficient rats, and these changes were
reversed by oestrogen replacement. The second observation,
which is more important, is that the deleterious effects of
ischaemic insult and reperfusion on hearts from OVX rats,
namely, poor contractile recovery and increased apoptosis,
were attenuated or abolished not only by oestrogen replace-
ment, but also by blockade of CaMKII with its inhibitor,
KN93. These results are evidence that oestrogen confers car-
dioprotection by suppressing the CaMKII pathway. Expres-
sion studies suggested that the isoform involved may be
CaMKIId. That blockade of CaMKII abolished the effect of
OVX in the absence of 10-7 mol·L-1 isoprenaline indicates
that oestrogen suppresses the kinase independently of
b-adrenoceptor activation. It is known that oestrogen
decreases the expression of b1-adrenoceptors in OVX rats

Figure 2 Cross-sections of TTC (2,3,5-triphenyl-tetrazolium chlo-
ride) staining in hearts from female rats (F), female rats with
2.5 mmol·L-1 KN93 (F + KN93), ovariectomy (OVX, O), OVX with
oestrogen replacement (O+E), OVX with 2.5 mmol·L-1 KN93 (O +
KN93), OVX with 2 mmol·L-1 KT5720 (O + KT5720) and OVX with
both inhibitors (O + KN93 + KT5720). The bar graph shows the
overall data from six experiments (isoprenaline, ISO). Data are
expressed as mean � SEM, ***P < 0.001 versus control (F); ##P < 0.01
versus OVX; ###P < 0.001 versus OVX; �P < 0.05 versus non-ISO
treatment; ��P < 0.01 versus non-ISO treatment; ���P < 0.001
versus non-ISO treatment.

Figure 3 Lactate dehydrogenase release during the first 1 min of
reperfusion from hearts of female rats (F), ovariectomy (OVX, O),
OVX with oestrogen replacement (O+E), OVX with 2.5 mmol·L-1

KN93 (O + KN93), OVX with 2 mmol·L-1 KT5720 (O + KT5720) and
OVX with both inhibitors (O + KN93 + KT5720). The bar graph
depicts the overall results of six independent experiments in each
group (isoprenaline, ISO). Data are expressed as mean � SEM, ***P <
0.001 versus control (F); ###P < 0.001 versus OVX; ��P < 0.01
versus non-ISO treatment; ���P < 0.001 versus non-ISO treatment.
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(Thawornkaiwong et al., 2003; Kam et al., 2004). Our
previous study also showed that oestrogen down-regulates
b1-adrenoceptors, thus conferring cardioprotection by dimin-
ishing their responses (Kam et al., 2004). These observations
suggest that oestrogen may suppress the CaMKII pathway via
the b-adrenoceptor. In agreement with this, we showed in the
present study that oestrogen also attenuated the effects
of ischaemic insult in the presence of isoprenaline, which
activates the b-adrenoceptor. So oestrogen may affect CaMKII
both via the b-adrenoceptor and independently of the
receptor.

Ca2+/calmodulin-dependent protein kinase II is a functional
serine/threonine protein kinase, which phosphorylates
several important proteins in response to increasing intracel-
lular Ca2+ concentration (Hook and Means, 2001). There are
four different CaMKII isoforms (a, b, g and d). Only the g and
d isoforms are present in the heart (Tobimatsu and Fujisawa,
1989). CaMKIId is the most abundant isoform in cardiomyo-
cytes, while the expression of CaMKIIg is low (Braun and
Schulman, 1995; Singer et al., 1997; Zhang and Brown, 2004).
Previous studies have demonstrated that activation of
CaMKIId induces myocyte apoptosis, which results in cardiac
hypertrophy and heart failure (Zhu et al., 2003; 2007). This is

in agreement with the finding of the present study that the
expression of CaMKIId was enhanced in hearts from OVX
rats, which are more vulnerable to ischaemic insult. To date,
13 splice variants of the CaMKIId have been found, and only
dB and dc are present at the protein level in mammalian myo-
cytes. In this study, we were unable to determine which
variant(s) was (were) up-regulated due to a lack of specific
antibodies for the Western blots. However, CaMKIIdB activa-
tion results in hypertrophic gene expression (Ramirez et al.,
1997), while CaMKIIdc activation enhances phosphorylation
of RyR2, leading to increased SR Ca2+ release and dysfunction
of heart contractility. In addition, CaMKIIdc activation also
triggers an apoptosis pathway in cardiomyocytes (Zhu et al.,
2007). So the C isoform of the CaMKIId is likely to be the
isoform involved.

In the present study, we demonstrated that in hearts from
OVX rats subjected to ischaemic insult and reperfusion both
in the presence or absence of isoprenaline, the infarct size,
LDH release, apoptosis and resting [Ca2+]i (Ca2+ overload is a
precipitating cause of injury) increased significantly, and con-
tractile recovery was poor. These effects were reversed by
oestrogen replacement. The data confirm the cardioprotective
actions of the female sex hormone reported previously (Kam

Figure 4 Effects of ischaemic insult in the presence or absence of 10-7 mol·L-1 isoprenaline (ISO) on cardiac contractile functions in isolated
perfused hearts from female rats (F), female rats with 2.5 mmol·L-1 KN93 (F + KN93), OVX (O), OVX with oestrogen replacement (O+E) and
OVX with 2.5 mmol·L-1 KN93 (O + KN93) rats. Values are expressed as mean � SEM (n = 6 in each group), **P < 0.01 versus control (F);
***P < 0.001 versus control; #P < 0.05 versus OVX; ##P < 0.01 versus OVX; ###P < 0.001 versus OVX; ��P < 0.01 versus non-ISO treatment;
���P < 0.001 versus non-ISO treatment. +dP/dtmax, velocity of contraction; -dP/dtmax, velocity of relaxation; LVDP, left ventricular developed
pressure; LVEDP, left ventricular end of diastolic pressure; OVX, ovariectomy.
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Figure 5 Effects of OVX on rest level (A), amplitude (B), time to
peak (C) and decay time T50 (D) of electrically induced [Ca2+]i tran-
sients in ventricular myocytes subjected to metabolic inhibition and
anoxia and reperfusion. Myocytes were isolated from hearts after
sham (F), OVX (O) or OVX with oestrogen replacement (O+E) treat-
ment groups. Subsequent treatment was as described in the Methods.
Values are expressed as mean � SEM (n = 5–6 myocytes from 3–4 rats
in each group), *P < 0.05 versus control (F); **P < 0.01 versus control;
***P < 0.001 versus control; #P < 0.05 versus OVX; ##P < 0.01 versus
OVX; ###P < 0.001 versus OVX; �P < 0.05 versus non-ISO treatment;
��P < 0.01 versus non-ISO treatment; ���P < 0.001 versus non-
ISO treatment. AIP, autocamtide 2-related inhibitory peptide; ISO,
isoprenaline; OVX, ovariectomy.
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et al., 2004; 2005; Chu et al., 2006; Nikolic et al., 2007). We
showed in a previous study that oestrogen down-regulates the
b1-adrenoceptor (Thawornkaiwong et al., 2003; Kam et al.,
2004). We also showed in another study that PKA activity
increased in the heart from OVX rats while oestrogen sup-

pressed the PKA expression in the absence of b-adrenoceptor
stimulation, indicating that oestrogen suppressed PKA inde-
pendently of b1-adrenoceptors (Kam et al., 2005). In the
present study we showed that oestrogen also suppressed
CaMKII independently of b1-adrenoceptors as well as via the

Figure 6 TUNEL-positive cells in control, OVX, O+E, O + KN93, O + KN92 and O + AIP rats after incubation with or without 10-7 mol·L-1 ISO.
The fluorescent images show CaMKII-induced apoptosis, indicated by the increased number of TUNEL-positive cells (arrows). The bar graph
below depicts the overall results for apoptosis after 24 h incubation. Data are expressed as mean � SEM from 5–6 independent experiments
from 5–6 hearts, **P < 0.01 versus control; ***P < 0.001 versus control; ##P < 0.01 versus OVX; ###P < 0.001 versus OVX; �P < 0.05 versus
non-ISO treatment; ��P < 0.01 versus non-ISO treatment. AIP, autocamtide 2-related inhibitory peptide; CaMKII, Ca2+/calmodulin-dependent
protein kinase II; ISO, isoprenaline; O+E, ovariectomy with oestrogen replacement; OVX, ovariectomy; TUNEL, deoxynucleotidyl transferase-
mediated dUTP nick-end labelling.
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receptor. So oestrogen may act on the b-adrenoceptor as well
on both CaMKII and PKA independently of the receptor, thus
conferring cardioprotection. That down-regulation of the
b1-adrenoceptor is responsible for the cardioprotective effect
was well established with the observation that oestrogen at
physiological concentration for 24 h down-regulates the
expression of the receptor and reduces LDH release. Activa-
tion by a b1-adrenoceptor agonist, ICI182780, increased
the LDH release, which was reversed by blockade of
the b-adrenoceptors with propranolol (Kam et al., 2004). The
observations are evidence that b1-adrenoceptors mediate the
cardioprotective effect of oestrogen. In the present study, we
showed that both the infarct size and the LDH release were
increased in the heart from OVX rats and the effects were
reversed not only by oestrogen replacement, but by blockade
of CaMKII, indicating that CaMKII is also involved in cardio-
protection of oestrogen. Interestingly, the effects of OVX were
only partially reversed by inhibition of PKA in the presence,
but not the absence, of b-adrenoceptor stimulation with iso-
prenaline. The observation suggests that in the absence of
b1-adrenoceptor stimulation, PKA may not play an important
role in mediating the protective effect of oestrogen although
the hormone was shown to suppress the expression of the
kinase (Kam et al., 2005). A recent study showed that oestro-
gen reduces apoptosis of cardiomyocytes in vivo and in vitro by
activating the phospho-inositide-3 kinase/Akt signalling
pathway (Patten et al., 2004), which is a downstream pathway
activated by b2-adrenoceptor stimulation and functionally
inhibits Gs/AC/cAMP/PKA mediated target protein phospho-
rylation (Xiao et al., 2006). So oestrogen may also involve
b2-adrenoceptors and their signalling pathways, leading to
reduced apoptosis and cardioprotection.

Our previous study showed that oestrogen suppresses the
expression of PKA in the absence of b-adrenoceptor stimula-
tion (Kam et al., 2005). The present study also showed that
the expression of CaMKII was suppressed by oestrogen in the
absence of b-adrenoceptor stimulation. The observations
suggest that oestrogen may exert its action via both messen-
gers. However, we observed in the present study that the
effects of OVX on injury were abolished by blockade of
CaMKII, but not by blockade of PKA, in the absence of
b-adrenoceptor stimulation. The observation means that
when PKA activity is minimal, as in the absence of
b-adrenoceptor stimulation, its interaction with oestrogen
does not contribute significantly to the injury responses. One
explanation may be that PKA is not apoptotic, in contrast to
the apoptotic action of CaMKII.

Previous studies indicated that Ca2+ influx via L-type Ca2+

channel or NCX induces CaMKII activation (Vittone et al.,
2002; Vila-Petroff et al., 2007). In addition, over-expression of
CaMKII enhances cardiac necrosis and apoptosis by reducing
LDH release and caspase-3 activity, and increasing Bcl-2/Bax
ratio (Vila-Petroff et al., 2007). It was shown that oestrogen
can reduce the expression of L-type Ca2+ channels and the
L-type Ca2+ current by as much as 50% (Kitazawa et al., 1997;
Ullrich et al., 2007). Furthermore, a study showed that the
ischaemia/reperfusion injury by over-expression of the NCX
can be partially overcome by oestrogen (Cross et al., 1998).
These findings suggested that oestrogen deficiency may
enhance Ca2+ influx through either L-type Ca2+ channels or

the NCX, thus activating CaMKII. In this study we found that
there was a higher expression of CaMKIId in oestrogen-
deficient rats. We also showed an increase in basal Ca2+ in
OVX rats, with or without isoprenaline incubation, support-
ing that an increase in cytosolic Ca2+ concentration is the
leading cause for CaMKII activation.

It should be noted that oestrogen may also confer cardiopro-
tection by mechanisms unrelated to the b-adrenoceptor and its
signalling pathways. Oestrogen also protects the heart by
up-regulating a series of beneficial genes including heart shock
protein 70 (Nikolic et al., 2007), by increasing the activity of
mitochondrial respiratory complex IV (Hsieh et al., 2006) and
by other unknown mechanisms (Jovanović et al., 2000).

Here, we found that in isolated perfused hearts from OVX
rats subjected to ischaemic insult followed by reperfusion,
LVEDP increased, while LVDP and average +dP/dt and -dP/dt,
reflecting decreases in velocity of contraction and relaxation
respectively, decreased. These responses indicate impaired
contractile recovery. We also demonstrated that in myocytes
isolated from OVX rats subjected to ischaemic insult followed
by reperfusion, the amplitude of the E[Ca2+], which represents
the amount of Ca2+ released from the sarcoplasmic reticulum,
decreased while the time to peak, which represents the rate of
Ca2+ release from the sarcoplasmic reticulum, and T50, which
represents the removal of Ca2+ from the cytosol, increased.
These results suggest that slower and reduced Ca2+ release
from the sarcoplasmic reticulum and slower removal of Ca2+

from the cytosol are most likely responsible for the decreased
speed of contraction and relaxation of the heart respectively.
It would be more convincing if both the contractile functions
and the [Ca2+] transient were measured simultaneously.

As expected, isoprenaline increased the amplitude of E[Ca2+]
in myocytes during the stable period, confirming that
b-adrenoceptor stimulation increases cardiac contraction
(Kam et al., 2005; Yu et al., 2008). On the other hand, in
myocytes subjected to ischaemic insult followed by reperfu-
sion, isoprenaline treatment during the insult led to a marked
reduction in amplitude and marked increases in time to peak
and T50, indicating deleterious effects of b-adrenoceptor
stimulation on contractile recovery. This is in agreement with
the greater injury in response to b1-adrenoceptor stimulation
found in the present study, confirming the well-established
deleterious role of b-adrenoceptor stimulation during
ischaemia (Hu et al., 2006; Li et al., 2006; Otani et al., 2006).

The L-type Ca2+ channel is reported to have higher expres-
sion and activity in oestrogen-deficient animals (Johnson
et al., 1997; Patterson et al., 1998). In a previous study, we
showed that blockade of PKA with its inhibitor, KT5720 at
2 mmol·L-1, abolishes the elevation in L-type Ca2+ channel
activity in myocytes from OVX rats (Kam et al., 2005). In
contrast, we found in the present study that blockade of PKA
with the same inhibitor at the same concentration failed to
reverse the injury to the normal level induced by ischaemic
insult and reperfusion in hearts from OVX rats. One likely
explanation for this discrepancy is that the effect of blockade
on L-type Ca2+ channels may not be sufficient to counteract
the other effects of OVX on the heart, which cause injury.
Further studies are warranted.

In the present study we administered a non-selective
b-adrenoceptor agonist, isoprenaline, which activates both b1-
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and b2-adrenoceptor subtypes. Activation of the former results
in increased apoptosis, while activation of the latter reduced
apoptosis (Communal et al., 1999). We found that isoprena-
line increased apoptosis, indicating that the effects of activa-
tion of the former predominated over the latter.

There are two limitations in the study. The first is that, due
to a lack of selective antagonists for CaMKIId, we were not
able to employ a cause–effect approach by determining the
effects of OVX after blockade of the isoform. The increased
expression of the isoform provides evidence suggesting that
this isoform may be involved. The second is that in the
present study we chose the healthy cells according to two
criteria, namely, rod-shape and striation. This is based on our
previous experience. In a previous study we determined car-
dioprotection of preconditioning using rat ventricular myo-
cytes. We looked at two parameters, namely, the shape of the
myocyte and Trypan blue exclusion. We observed that rod-
shaped cells are usually non-blue, while oval cells are blue,
and that the patterns of changes in response to different
treatments in these two parameters agree well with each other
(Wu et al., 1999). However, the percentage of non-blue cells,
that is, the healthy cells, is greater than that of rod-shaped
cells. It would be better if more parameters such as contractile
functions were to be used for choosing healthy cells.

In conclusion, the present study has provided evidence that
oestrogen confers cardioprotection by suppressing CaMKII
independently of as well as via b-adrenoceptors. CaMKIId is
likely to be the isoform involved in this cardioprotection.
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