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Oestrogen prevents cardiomyocyte apoptosis by
suppressing p38a-mediated activation of p53 and by
down-regulating p53 inhibition on p38b
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Aims We have previously shown that 17-b-estradiol (E2) protects cardiomyocytes exposed to simulated ischaemia–reper-
fusion (I/R) by differentially regulating pro-apoptotic p38a mitogen-activated protein kinase (p38a MAPK) and pro-
survival p38b. However, little is known about how E2 modulation of these kinases alters apoptotic signalling. An
attractive downstream target is p53, a well-known mediator of apoptosis and a substrate of p38a MAPK. The aim
of this study was to determine whether the cytoprotective actions of oestrogen involve regulation of p53 via
cardiac p38 MAPKs.

Methods
and results

Cultured rat cardiomyocytes underwent hypoxia followed by reoxygenation (H/R) to simulate I/R. We found that
inhibiting p53 significantly reduced apoptosis. Phosphorylation of p53 at serine 15 [p-p53(S15)] increased after
H/R in a p38a MAPK- and reactive oxygen species (ROS)-dependent manner. E2 at 10 nM effectively inhibited
p-p53(S15) and mitochondrial translocation of p53. Blocking p53 led to augmented p38b activity and attenuated
ROS, suggesting suppression of this antioxidant kinase by p53. The use of a specific agonist for each oestrogen recep-
tor (ER) isoform, ERa and ERb, demonstrated that both isoforms participate in preventing cell death by inhibiting p53
in the mitochondria-centred apoptotic processes.

Conclusion Our results demonstrate that during H/R stress, cardiomyocytes undergo p53-dependent apoptosis following phos-
phorylation of p53 by p38a MAPK, leading to p38b suppression. E2 protects cardiomyocytes by inhibiting p38a-p53
signalling in apoptosis.
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1. Introduction
The incidence of ischaemic heart disease (IHD) and sequelae such as
myocardial infarction (MI) is lower in pre-menopausal women than in
age-matched men. Gender difference in IHD narrows, however, once
women become post-menopausal. In addition, women who are on
hormone replacement therapy fare better after MI than those who
are not,1 adding to a long-held belief that the female hormone, oes-
trogen, may be responsible for the observed cardioprotection.
Although population-based trials so far have been inadequate to
dispel controversy regarding the complex actions of oestrogen or syn-
thesized supplements in cardiovascular disease, controlled exper-
iments have shown collectively that oestrogen promotes
cardiomyocyte survival under ischaemia-related stress.2

The ability of oestrogen to prevent apoptosis may be part of a mol-
ecular mechanism responsible for its cytoprotective effects on the
heart, although details of the mechanism are yet to be fully elucidated.
Patten et al.3 demonstrated that 17-b-estradiol (E2) curbed apoptosis
by activating the phospho-inositide-3 kinase (PI3K)/Akt pathway in an
animal model of MI. We have previously shown that E2 protects car-
diomyocytes against simulated ischaemia–reperfusion (I/R) injury by
differentially regulating p38a mitogen-activated protein kinase
(MAPK) and its pro-survival counterpart, p38b. We also described
an important link between PI3K/Akt and p38b central to the
E2-dependent cell survival.4

Of the four known isoforms of p38 MAPKs, p38a and p38b are
abundant in cardiomyocytes, whereas p38g and p38d are not
expressed in the heart.5 p38a MAPK is best studied and stimulated
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by hypoxia or ischaemia among other stressors. On the other hand,
p38b induced by E2 suppresses reactive oxygen species (ROS) for-
mation and prevents apoptosis.4 How the two cardiac p38 MAPKs
with opposing effects on cell death modulate the fate of a cardiomyo-
cyte is not clear. An attractive downstream target in the kinase inter-
play is p53, a well-known mediator of apoptosis and a substrate of
p38a MAPK.

p53 is phosphorylated by p38a MAPK in a cell- and stress-specific
manner. For example, p53 phosphorylation by p38 MAPK at serine 15
regulates p53-dependent neuronal death.6 The post-translational
modification by this kinase is thought to enhance p53 function in
apoptosis.7,8 Previous studies indicate that both proteins play a large
part in hypoxia-induced injury. However, little is known about the
p38–p53 interaction within a cardiomyocyte. Moreover, how oestro-
gen influences these important regulatory molecules to effect
myocyte survival is a clinically relevant question. Thus, in order to
investigate whether oestrogen rescues cardiomyocytes by regulating
p53 via cardiac p38 MAPKs, we used a model of rat cardiomyocytes
exposed to simulated I/R injury in the form of hypoxia–reoxygenation
(H/R). Here, we report new findings that summate how E2 attenuates
mitochondria-centred cell death by modulating an apoptotic signalling
between p38a MAPK and p53 via p38b.

2. Methods

2.1 Harvest and culture of neonatal rat
cardiomyocytes
All studies were approved by the Institutional Animal Care and Use Com-
mittee at the University of California, Irvine, and the Research and Devel-
opment and Animal Use Committees of the Long Beach Veterans Affairs
Medical Center. The investigations conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996). Myocytes were iso-
lated from the hearts of 1- to 3-day-old rats (Sprague–Dawley) using a
neonatal cardiomyocyte isolation system kit (Worthington) as reported
previously.4 See Supplementary material online for further details.

2.2 Simulated I/R
Cells were synchronized in serum-free L-15 Leibovitz medium overnight
and treated with 10 nM E2 (Sigma-Aldrich) 30 min prior to start of 18 h
hypoxia, at the time of starting hypoxia, or at the start of 1 h reoxygena-
tion following hypoxia. The E2 effect on cell survival was greatest when E2
was present prior to starting hypoxia. The subsequent experiments were
performed with reagents of interest or control vehicle added 30 min prior
to start of hypoxia. Further details are in the Supplementary material
online.

2.3 Apoptosis assays
Early stages of apoptosis were assessed by annexin V-fluorescein isothio-
cyanate (FITC) microscopy kit (Pharmingen) according to the manufac-
turer’s protocol. A minimum of 200 cells were counted per visual field
(see Supplementary material online, Tables S1 and S2).

For the assessment of the intrinsic apoptotic pathway, the release of
cytochrome c (Cyt c) from mitochondria was examined by immunoblot-
ting (see Supplementary material online).

2.4 Transfection of small interfering RNA
After cells were grown 70% confluent, small interfering RNA (siRNA)
directed against p53 (Ambion) was transfected using OligofectamineTM

(Invitrogen) according to the manufacturer’s instruction. The final

siRNA concentration was 200 nM. The cells were subjected to H/R
after 48 h post-transfection.

2.5 ROS detection
Intracellular ROS was imaged by Image-iTTM LIVE green ROS detection kit
(Molecular Probes) with nuclei counterstained with Hoechst 33342. A
minimum of 300 were counted per visual field.

2.6 p38 immunoprecipitation and kinase
studies
Cells were lysed and p38b was immunoprecipitated using anti-p38b anti-
body (#sc-6187, Santa Cruz Biotechnology) conjugated to Sepharose
beads. Immunoprecipitated p38b was subjected to kinase assays by incu-
bating with activating transcription factor 2 (ATF2).4 The phosphorylated
ATF2 was separated on 10% SDS–PAGE gel and detected by autoradiog-
raphy. Western blotting of immunoprecipitated p38b was performed to
demonstrate equal amounts of immunoprecipitated kinase used.

2.7 Adenoviral infection
Adenoviruses expressing dominant negative p38a MAPK (p38aDN) were
generously provided by Dr Jiahuai Han (Scripps Research Institute, La Jolla,
CA, USA).4 Viruses were amplified and titrated in 293 cells. The suppres-
sion of the p38 MAPK activity was confirmed by immunoprecipitation of
the kinase from the infected cardiomyocytes and kinase assay as described
above (data not shown). Viral stocks at a multiplicity of infection of 25–50
particles/cell were used to infect cardiomyocytes overnight. The cells
were fed fresh medium the following day and further incubated for 24 h
until ready for experiments.

2.8 Statistical analysis
All experiments were repeated at least three times. Data underwent
one-way analysis of variance using GB-Stat software for statistical signifi-
cance at P-value ,0.05.

3. Results

3.1 Oestrogen inhibits p53-dependent
apoptosis following H/R
To test the relevance of p53 in our in vitro apoptosis model, neonatal rat
cardiomyocytes were cultured and subjected to H/R after treatment
with either a p53-specific chemical inhibitor, pifithrin-alpha (PFT),
or siRNA directed against p53 (siRNA p53) (Figure 1A and B; see Sup-
plementary material online, Table S1). Transfection with siRNA p53
achieved inhibition of �80% of endogenous p53 expression under
H/R (Figure 1C). When p53 was inhibited, H/R-related death was sig-
nificantly reduced, resulting in nearly 60% reduction in the number of
apoptotic cells (Figure 1A). The intrinsic pathway of apoptosis, marked
by the release of Cyt c from mitochondria to cytosol, was also exam-
ined after p53 inhibition (Figure 1B). Blocking p53 with PFT or siRNA
p53 resulted in a significant reduction in Cyt c translocation. The
effect of PFT or siRNA p53 at normoxia was not statistically significant
from the untreated condition. The results confirmed that H/
R-induced cardiomyocyte apoptosis was dependent on p53 in our
model. Of note, Figure 1A and B suggests apoptosis as a major
mode of cardiomyocyte death induced by H/R-related stress in our
model, consistent with our previous report that few cells die from
necrosis (,5% of the total cell population) following H/R.4

After establishing that p53 inhibition leads to better cardiomyocyte
survival, we treated the cells with a physiological concentration of E2
(10 nM) at different time points to detect the most optimal E2 effect
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Figure 1 (A) Apoptosis assay. After H/R with or without PFT (1 mM) or siRNA p53, apoptotic cardiomyocytes were identified by annexin V-FITC.
The apoptotic cells appeared green, and the nuclei co-stained with Hoechst 33342 blue. N, normoxia. The white scale bar represents 25 mm. Mean%
apoptotic cells+ standard error (n ¼ 3) are shown in a bar graph. *P , 0.05 vs. normoxia and ##P , 0.05 vs. H/R. (B) Cyt c release into cytosol. After
indicated treatments, immunoblotting was performed on the mitochondrial (Mito) and cytosolic (Cyto) fraction for Cyt c and a marker protein (CoxIV
for mitochondria and actin for cytosol). Representative immunoblots are shown with quantitative analysis (n ¼ 3). *P , 0.05 vs. normoxia and
##P , 0.05 vs. H/R. (C ) p53 inhibition with siRNA p53. To confirm inhibition of p53 expression by siRNA p53, immunoblotting for p53 was done
2 days following siRNA transfection, with actin as a loading control. Representative blots are shown with quantitative analysis (n ¼ 3). *P , 0.05
vs. normoxia and ##P , 0.05 vs. H/R. (D) Time course of E2 exposure on cell survival. Cardiomyocytes were treated with 10 nM E2 for 30 min
prior to hypoxia (before H), at the time of starting hypoxia (at H), or at the start of reoxygenation (at R). Apoptotic cells were identified in a
manner similar to (A). The white scale bar represents 25 mm. Mean% apoptotic cells+ standard error (n ¼ 3) are shown in a bar graph.
*P , 0.05 vs. normoxia, ##P , 0.01 vs. H/R, and +P , 0.05 vs. H/R. (E) The effect of E2 on p-p53(S15). Immunoblotting was performed for
p-p53(S15), p53, and actin. The concentration of E2 and ICI was 10 and 100 nM, respectively. Representative immunoblots are shown, with quanti-
tative analysis (n ¼ 3). *P , 0.05 vs. normoxia, ##P , 0.05 vs. H/R, and +P , 0.05 vs. H/R + E2.
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on cell survival. Cells were treated with E2 for 30 min prior to starting
18 h hypoxia, at the beginning of hypoxia, or at the beginning of reox-
ygenation following hypoxia (Figure 1D). The 18 h hypoxic time had
been determined previously to achieve the maximal degree of apop-
tosis before cells become necrotic, as neonatal rat cells are relatively
resistant to hypoxia if exposed for a shorter duration.4 Longer
exposure and incubation risk a higher likelihood of contamination
by non-myocytes. In our model, the anti-apoptotic effect was greatest
when the cells were pre-incubated with E2 for 30 min prior to
hypoxia, compared with when E2 was added at the start of hypoxia
or reoxygenation. It is worth noting that adding E2 in the latter two
time points still yielded statistically significant protection from
hypoxic injury, suggesting that E2 is protective against relatively
acute as well as latent insult from H/R. Subsequent experiments
requiring E2 were performed with the 30 min pre-incubation of the
cells with the hormone before starting hypoxia.

After establishing the relevance of p53 and E2 separately in our H/R
model, we then examined the effect of E2 on p53. In the presence of
E2, there was a moderate decrease in total p53 protein (Figure 1E).
Previously, we have reported that E2 enhanced cardiomyocyte survi-
val by inhibiting pro-apoptotic p38a MAPK activation following H/R.4

p38 MAPK is known to activate p53 by phosphorylating the latter at
serine 15.8 We hypothesized that E2-mediated down-regulation of
p38a MAPK might antagonize this form of post-translational modifi-
cation/activation of p53. Consistent with this, p53 phosphorylation
at serine 15 [p-p53(S15)] increased with H/R, whereas adding E2 sig-
nificantly reduced p-p53(S15) (Figure 1E). Attenuation of p-p53(S15)
was dependent on the oestrogen receptors (ERs), as ICI182780
(ICI), a specific ER inhibitor, reversed the E2 effect.

3.2 H/R-induced p53 depends on p38a
MAPK
After establishing the role of p53 in cardiomyocyte apoptosis, we
examined whether or not p53 activation was dependent on p38a
MAPK, inhibition of which was essential in cytoprotection by E2.4 In
order to block endogenous p38a MAPK, we expressed dominant
negative p38aDN, via adenovirus infection, carrying a TGY180 – 182

� AGF mutation in the phosphorylation site of the kinase.9 This
mutant prevents hypoxia-induced activation of endogenous p38a
MAPK.4 We predicted that inactivating p38a MAPK would diminish
the subsequent phosphorylation and activation of p53. Accordingly,
little p-p53(S15) was observed in the presence of p38aDN during
H/R, corrected for modest change in total p53 protein concentration
(Figure 2). Similarly, the use of a chemical inhibitor of p38a MAPK,
SB203580 (SB), also attenuated p-p53(S15). Although SB inhibits
both p38a and p38b MAPKs, the latter is not activated by H/R
stress alone, whereas the former is significantly up-regulated by the
same stimulus.4 Therefore, SB is likely to inhibit p38a MAPK to a
much greater degree than p38b in H/R. Overall, these results indicate
that H/R-induced p53 depends on p38a MAPK.

p38a MAPK activation follows a burst of ROS in H/R stress, whereas
the antioxidant effect of E2 effectively quenches the radical oxygen for-
mation.4 We posited that if the upstream trigger of the kinase, i.e. ROS,
was removed, p38a MAPK-dependent p53 activation would be dimin-
ished. Consistent with this postulation, p-p53(S15) was reduced when
known ROS inhibitors, rotenone and Mito-Qw, were present during
H/R (Figure 3A). Both inhibitors specifically act on mitochondria. Thus,

we concluded that the mitochondrial source of ROS upstream of
p38a MAPK contributed to p53 activation.

To further detail the relationship between p53 and ROS, we tested
if the reverse were true, i.e. if suppression of p53 would affect ROS
production. When we inhibited p53 with PFT or siRNA p53, the intra-
cellular ROS level was markedly reduced, despite applying H/R
(Figure 3B). This suggested p53 exerting a positive feedback on ROS
production. Combined with the evidence that ROS stimulates p38a
MAPK-dependent p53, this finding argues for an apoptotic loop sus-
tained by the ROS–p38a MAPK–p53 interaction in H/R. Our data
are also consistent with published reports demonstrating ROS-
dependent p53 up-regulation10 as well as p53-mediated augmentation
of ROS generation in non-cardiac models,11,12 attesting to the inter-
dependency between ROS and p53 in cellular redox regulation.13

We have previously shown that directly inhibiting p38a MAPK with
SB does not significantly alter ROS production, demonstrating that
ROS act upstream to the kinase in the apoptotic pathway.4 Neverthe-
less, it is conceivable that p53 activated by factors other than p38a
MAPK during H/R may fuel the ROS production. This is consistent
with the results shown in Figure 3B.

3.3 p53 inhibits p38b
Part of E2-mediated cardiomyocyte survival depends on the hor-
mone’s signalling to p38b.4 During H/R, the p38b activation by E2
leads to suppression of ROS and ROS-dependent p38a MAPK,
whereas the absence of E2 renders p38b inactive. We wondered if
the dormant state of p38b during H/R was due to a negative
control by p53. In the presence of E2, however, the kinase would

Figure 2 The effect of p38a MAPK on p-p53(S15). Western blot-
ting of p-p53(S15), p53, and actin was done after treatment with
p38aDN or SB (1 mM). Representative immunoblots are shown
with quantitative analysis (n ¼ 3) of p-p53(S15). *P , 0.05 vs. nor-
moxia and ##P , 0.05 vs. H/R.
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Figure 3 (A) The effect of ROS on p-p53(S15). Western blotting of p-p53(S15) and p53 after treatment with rotenone (2.5 mM) or Mito-Qw

(10 mM) was done, with representative immunoblots and quantitative analysis (n ¼ 3) shown. *P , 0.05 vs. normoxia and ##P , 0.05 vs. H/R. (B)
The effect of p53 on ROS. Intracellular ROS was detected by ROS-dependent deacetylation and oxidation of 5--
(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (D2CFDA) to green fluorescein. Representative images of cells are shown with quantitat-
ive analysis (n ¼ 3). The bars represent mean+ standard error. *P , 0.05 vs. normoxia and ##P , 0.05 vs. H/R. N, normoxia. The white scale bar
represents 25 mm. The ROS-positive cells appeared green fluorescent, whereas nuclei stained blue with Hoechst 33342. The concentration of PFT
and rotenone was 1 and 2.5 mM, respectively.
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be active, as E2 is known to stimulate the pro-survival kinase via PI3K/
Akt signalling.4 In order to see whether p53 inhibits p38b, we exam-
ined the p38b activity while silencing p53 (Figure 4A). Cells treated
with siRNA p53 or PFT underwent H/R, after which p38b was immu-
noprecipitated for an in vitro kinase assay with a purified substrate,
ATF2. Inhibiting p53 significantly augmented the p38b activity in H/
R, determined by the level of radiolabelled ATF2. H/R stress alone
did not affect the p38b function. This finding supports our hypothesis
that p38b is negatively controlled by p53 during H/R. As a control,

western blotting was performed on immunoprecipitated p38b to
ensure equal amounts of p38b used in the kinase reactions.

Considering that p38a MAPK promotes p53 activation and p53 inhi-
bits p38b, it follows that p38a MAPK regulates p38b via p53. To
confirm this relationship, we selectively inhibited p38a MAPK by
expressing p38aDN and examined the p38b kinase activity
(Figure 4B). The p38b kinase activity was low as expected post-H/R, a
condition that activates native p38aMAPK. However, with suppression
of p38a MAPK, the p38b kinase became active in hypoxic conditions.
When p53 was blocked in the presence of p38aDN, the active state
of p38b was maintained, subscribing to a notion that the influence of
p38a MAPK on p53 has a significant role in the control of p38b. This
finding is consistent with the idea that H/R-activated p38a MAPK
upstream dictates p38b function via p53. To our knowledge, this is
the first evidence that the survival kinase, p38b, is under the negative
regulation by p53 in cardiomyocyte apoptosis.

3.4 Both ERa and ERb contribute to p53
inhibition and cardiomyocyte survival
Both isoforms of ERs, ERa and ERb, are present in a cardiomyocyte,14

but it is not clear which is responsible for the cytoprotection from H/R
stress. Data from in vivo models utilizing knockout mice lacking each
isoform provide no consensus in this regard.15,16 We sought to
address this issue by delineating which ER prevented the p38–p53 inter-
action and myocyte death. To this end, we used a specific agonist for
each ER isoform. PPT is a well-known ERa agonist,17 and DPN is a
specific ERb agonist.18 In the presence of PPT, there was a significant
reduction of p-p53(S15) induced during H/R (Figure 5A). A similar
result was obtained with DPN, indicating that both isoforms were
involved. Either agonist alone was not as effective as E2. This observation
implicates a role of ERa/b heterodimers in E2-mediated p38–p53 inhi-
bition. Supporting this notion are reports of ER heterodimers taking part
in genomic and non-genomic actions of E2.19,20 We then asked if the
effect of ER isoforms on p53 modulation extends to the p53 function
in apoptosis. ROS serves as a major stimulus for cell death in H/R and
there is a dynamic relationship between p53 and ROS.4,10,13 As most
of ROS following H/R stems from mitochondria, we focused on the
aspects of mitochondria-driven apoptosis affected by p53. One of the
earliest key events controlled by p53 is translocation of pro-apoptotic
Bax from cytosol to mitochondria.21 As seen in Figure 5B, the ratio of
mitochondrial to cytosolic Bax increased with H/R, whereas E2 reversed
this ratio. Both PPT and DPN mimicked the E2 effect, consistent with the
data on p-p53(S15). Bax, once redistributed to mitochondria, is believed
to insert into the outer membrane of the organelle, thereby releasing
Cyt c into cytosol.22 E2 as well as PPT and DPN were able to attenuate
Cyt c translocation, a hallmark of mitochondria-driven apoptosis
(Figure 5C). Then, we tested to see whether treatment with E2, PPT,
or DPN prevented caspase-9 activation, an important step closely
associated with Cyt c release in the mitochondria-centred apoptosis.23

Caspase-9 activation involves cleavage of the procaspase protein into
smaller activated units, which in turn process other caspases to propa-
gate the death signal.24 We examined whether E2 and the agonists influ-
enced this crucial step (Figure 5D). As expected, caspase-9 activation
increased, as reflected by the augmented ratio of cleaved caspase-9 to
procaspase-9 following H/R. In contrast, E2 effectively curtailed this
process, thereby blocking the apoptotic cascade. PPT and DPN also
had a similar inhibitory effect on the caspase-9 activation. Finally, we
thought that the mitigation of the pro-apoptotic events by PPT and

Figure 4 (A) The effect of p53 on p38b activity. Following treat-
ment with PFT (1 mM) or siRNAp53, the p38b kinase activity was
assessed in an in vitro kinase assay, with purified ATF2 as a substrate
and p38b immunoprecipitated from the cell lysate. A representative
image of radiolabelled ATF2 is shown with quantitative analysis
(n ¼ 3). *P , 0.05 vs. H/R. Western blotting of immunoprecipitated
p38b used in the kinase assay is shown. (B) The effect of p38a MAPK
on p38b activity. The p38b kinase activity was assessed in a similar
manner as in (A) after blocking p38a MAPK with p38aDN. A repre-
sentative radiograph of phosphorylated ATF2 is shown with quanti-
tative analysis (n ¼ 3). *P , 0.05 vs. H/R. Western blotting of
immunoprecipitated p38b protein used in the kinase assay is shown.
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Figure 5 (A) The effect of ER isoforms on p-p53(S15). Immunoblotting was performed for p-p53(S15) and total p53 after treatment with E2, PPT or DPN,
each at 10 nM. Representative blots are shown, with quantitative analysis (n ¼ 3) of p-p53(S15). *P , 0.01 vs. normoxia and ##P , 0.05 vs. H/R. (B) The
effect of ER isoformson Bax translocation. After treating with E2, PPT, or DPN(each at 10 nM), the mitochondrial (Mito) and cytosolic (Cyto) fractionswere
separated, and immunoblotted for Bax and a marker protein (CoxIV for mitochondria and actin for cytosol). Representative blots are shown, with quan-
titative analysis (n ¼ 3) of the mitochondrial Bax-to-cytosolic Bax ratio. *P , 0.01 vs. normoxia, ##P , 0.01 vs. H/R, and+P , 0.05 vs. H/R. (C) The effect of
ER isoforms on Cyt c release. The mitochondrial (Mito) and cytosolic (Cyto) fractions were separated and immunoblotted for Cyt c and a marker protein
(CoxIV for mitochondria and actin for cytosol) in a manner similar to (B). Representative immunoblots are shown with quantitative analysis (n ¼ 3) of Cyt c
released into cytosol. *P , 0.05 vs. normoxia and ##P , 0.05 vs. H/R. (D) The effect of ER isoforms on caspase-9 activation. Immunoblotting was performed
for procaspase-9 or cleaved caspase-9 after treatment with 10 nM E2, PPT, or DPN. Representative blots are shown, with quantitative analysis (n ¼ 3) of the
cleaved caspase-9 to procaspase-9 ratio. *P , 0.05 vs. normoxia and ##P , 0.05 vs. H/R. (E) The effect of ER isoforms on cardiomyocyte survival. Apoptotic
cells were detected in a similar manner as in Figure 1A. The final concentration of E2, PPT, and DPN was 10 nM. Representative images of apoptotic cells are
shown, with the white scale bar representing 25 mm. Mean% (+standard error) of apoptotic cells is presented with quantitative analysis (n ¼ 3). *P , 0.01
vs. normoxia and ##P , 0.05 vs. H/R. (F) E2 alters subcellular translocation of p53. After H/R with or without E2 (10 nM), cardiomyocytes were labelled with
MitoTracker, fixed, permeabilized and stained with anti-p53 primary antibody, followed by FITC-conjugated secondary antibody, and visualized under a
fluorescence microscope. The photographs of the same cells labelled with anti-p53 antibody (green) or MitoTracker (red) were taken and merged to
demonstrate co-localization (yellow) of p53 and mitochondria. A white scale bar represents 25 mm.
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DPN as shown above should lead to better cardiomyocyte survival.
Indeed, cells treated with PPT or DPN were protected from undergoing
significant apoptosis, indicated by less annexin V staining (Figure 5E; see
Supplementary material online, Table S2). Again, the degree of protec-
tion was better with E2 than either agonist alone, suggesting involve-
ment of both receptor isoforms. In sum, both PPT and DPN
consistently attenuated the key steps of early apoptosis, as did E2, and
we conclude that E2 renders cytoprotection from mitochondria-driven
cell death by invoking both subtypes of ER.

We have demonstrated so far that E2 antagonizes the apoptotic
cascade associated with p53. To further characterize the hormone’s
influence on the p53 function in mitochondria-centred apoptosis,
we performed immunofluorescence studies to see whether E2
would alter p53 subcellular localization (Figure 5F). In normoxia, p53
was present in both the nucleus and perinuclear areas. Co-staining
with a mitochondrial probe (MitoTracker) identified the p53-rich
perinuclear regions to be mitochondria. Subjecting the cells to H/R
led to strong staining of p53 in mitochondria, with nuclei now essen-
tially devoid of p53. This is consistent with previous reports, demon-
strating mitochondrial accumulation of p53 during hypoxia-induced
apoptosis in established cell lines.25,26 In contrast, treating cardiomyo-
cytes with E2 during H/R altered p53 redistribution, restoring the dual
subcellular pattern similar to that seen in normoxia. This suggests that
not only E2 blocks p38a-dependent activation of p53, but it also pre-
vents p53 from physically associating with mitochondria. Does E2 also
change the expression of anti-apoptotic proteins known to function at
mitochondria? Bcl-2 is a major mitochondrial anti-apoptotic protein
whose gene expression falls under the negative regulation by p53 in
non-cardiac cells.27,28 However, in our model of cultured cardiomyo-
cytes, the level of Bcl-2 protein did not change significantly following
H/R, consistent with previous reports.10,22,29 Treatment with E2, PPT,
or DPN made little difference in this regard (see Supplementary
material online, Figure S1). Thus, we concluded that a majority of
E2-mediated cytoprotection in H/R is not due to up-regulation of
Bcl-2 protein expression. Of note, an increased Bcl-2 level has been
linked to ERb in one report utilizing ERb knockout mice.30 The nega-
tive finding of our data contrasting that of the aforementioned study
may be due to the differences between the experimental models, but
it should also be noted that Bcl-2 detected from the knockout mice
were from whole heart homogenate, making it impossible to dis-
tinguish whether the protein up-regulation was from cardiomyocytes
or other cell types present in the organ.

4. Discussion
The anti-apoptotic actions of E2 are an important part of the cardio-
protective mechanisms of the female sex hormone.3,4,31 Recently, we
have shown that H/R-triggered apoptosis of cardiomyocytes is miti-
gated by E2 via differential modulation of p38a and p38b MAPKs.4

Here, we have presented a line of evidence that supports a regulatory
relationship between the cardiac p38 MAPKs and p53 and that it is a
target of the hormone’s salutary actions.

Specifically, we report several novel findings as follows. First, E2
protects cardiomyocytes from p53-dependent apoptosis. This
occurs by inhibiting p38a MAPK-mediated p53 activation and phos-
phorylation. Secondly, p53-dependent apoptosis involves inhibition
of p38b. The ability of E2/ER to activate p38b was shown to occur
by signalling to the PI3K/Akt pathway.4 Akt is known to inhibit p53
in various cell types by promoting nuclear translocation of Mdm2

and Mdm2-mediated degradation of p53.32 A similar mechanism
may be at work in E2-mediated down-regulation of p53 during H/R
in myocytes. In addition, E2 blocks mitochondrial translocation of
p53 and multiple steps in the mitochondria-centred death signalling.
Thirdly, both ER isoforms are involved in this cytoprotection. A sche-
matic diagram summarizing the major findings is pictured in Figure 6.
Taken together, the findings shed new light on the mechanism by
which oestrogen confers cytoprotection during hypoxic stress.

We have previously noted that p38b is central to E2-mediated sur-
vival of cardiomyocytes and that this kinase is essential to quenching
ROS.4 Our current work demonstrates, for the first time to our
knowledge, that cardiac p38b is under the negative control by p53
during apoptosis. This potentially explains why the kinase remains
inactive during hypoxia or ischaemia,4,33 conditions that promote
p53 activity. We surmise that when the cell is exposed to oestrogen,
p38b induction by the hormone serves as a key step to overcome the
p38a MAPK–p53 apoptotic signalling. Antagonizing p38b also pro-
vides another way for p53 to increase ROS production against the
antioxidant properties of the kinase. The mechanism by which p38b
quenches mitochondrial ROS is unclear and is a subject of ongoing
investigation by our laboratory. It is possible that p38b may interact
with the mitochondrial fraction of p53 in apoptosis. The p38 MAPK
(most likely p38a MAPK, given the commercial antibody used in
the referenced study) is found in mitochondria.34 Whether or not
the p38b isoform translocates to mitochondria, and if so, what part
of the mitochondrial redox apparatus is subjected to the kinase
actions and the role of the ER isoforms in this context remain to
be answered.

Our data indicate that both ERa and ERb contribute to p53 inhi-
bition and subsequent cell survival (Figure 5). This observation
opens a possibility that ER heterodimers may be at work in the inter-
ception of myocyte apoptosis. A classically accepted model is that
E2-activated ERs form homodimers to bind DNA and act as transac-
tivator. Nevertheless, functional ERa/b heterodimers have been
suggested in transcription19,35 and found in the plasma membrane
pool.20 Although the ratio of the two ER homologues varies in differ-
ent tissues,36 both are present in cardiomyocytes.14 Animal models

Figure 6 A working model of E2-dependent protection of a car-
diomyocyte under H/R stress. Following H/R or simulated I/R,
there is a burst of mitochondrial ROS. The oxygen radicals stimulate
p38a MAPK, which phosphorylates and activates p53. p53 in turn
represses p38b. E2 binds and activates ERs (possibly in heterodi-
mers), and the E2/ER complex activates p38b via PI3K/Akt.
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are yet to yield clear consensus on the extent of contribution by each
ER receptor in cardioprotection, likely because experimental models,
endpoints, and applied doses of ER agonists vary widely from one
report to another (for review, see Murphy and Steenbergen37). A
comparison of cardiomyocytes negative for an ER subtype in combi-
nation with the use of subtype-specific agonists may better define the
role of each receptor in I/R. Another consideration is participation of
GPR30, now known as G-protein-coupled ER (GPER).38 E2 stimu-
lation of GPER activates PI3K,39 and the receptor is reported to
have beneficial haemodynamic effects on the heart.40,41 Although
the role of GPER in cardiomyocyte apoptosis remains largely
unknown, E2-mediated cytoprotection may incur this novel receptor
as well as ERa and ERb.

Our work is based on simulated I/R in vitro. A potential source of
pitfall is the use of neonatal myocytes, rendering a possibility that the
observations made from this model may not reflect the underlying
pathology behind the ischaemic injury more prevalent in adults.
However, despite the obvious differences between neonatal and
adult cardiomyocytes, salient features are similar between them, such
as intracellular localization of ER isoforms42 and p38 MAPK
expression.43 With these relevant protein characteristics uniform
between neonatal and adult cells, we believe that the findings from
this study are likely applicable to the ischaemic events in adult myocytes.

Finally, the conclusions drawn from our study add to much needed
clarification of gender dichotomy and provide a mechanistic basis for
potential application of ER ligands in IHD.
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