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Mineralocorticoid receptor activation is crucial in the
signalling pathway leading to the Anrep effect

Claudia I. Caldiz, Romina G. Dı́az, Mariela B. Nolly, Gladys E. Chiappe de Cingolani, Irene L. Ennis,
Horacio E. Cingolani and Néstor G. Pérez

Centro de Investigaciones Cardiovasculares, Facultad de Ciencias Médicas, Universidad Nacional de La Plata Calle 60 y 120, 1900 La Plata, Argentina

Non-technical summary Myocardial stretch increases force in two phases. The first one is
immediate and attributed to an increase in myofilament Ca2+ responsiveness (Frank–Starling
mechanism). The second phase gradually develops and is known as slow force response (SFR)
or Anrep effect due to an increase in intracellular Ca2+ transient. We previously showed
that Ca2+ entry through reverse Na+/Ca2+ exchange underlies the SFR, as the final step of
an autocrine/paracrine loop involving release of angiotensin II/endothelin, transactivation of
the epidermal growth factor receptor, increased mitochondrial oxidative stress and a Na+/H+

exchanger (NHE-1) activation-mediated rise in Na+. In the present study we show that
mineralocorticoid receptor activation is a necessary step between endothelin and epidermal
growth factor receptor activation in the stretch-triggered reactive oxygen species-mediated NHE-1
activation leading to the SFR.

Abstract The increase in myocardial reactive oxygen species after epidermal growth factor
receptor transactivation is a crucial step in the autocrine/paracrine angiotensin II/endothelin
receptor activation leading to the slow force response to stretch (SFR). Since experimental evidence
suggests a link between angiotensin II or its AT1 receptor and the mineralocorticoid receptor
(MR), and MR transactivates the epidermal growth factor receptor, we thought to determine
whether MR activation participates in the SFR development in rat myocardium. We show here
that MR activation is necessary to promote reactive oxygen species formation by a physiological
concentration of angiotensin II (1 nmol l−1), since an increase in superoxide anion formation of
∼50% of basal was suppressed by blocking MR with spironolactone or eplerenone. This effect was
also suppressed by blocking AT1, endothelin (type A) or epidermal growth factor receptors, by
inhibiting NADPH oxydase or by targeting mitochondria, and was unaffected by glucocorticoid
receptor inhibition. All interventions except AT1 receptor blockade blunted the increase in super-
oxide anion promoted by an equipotent dose of endothelin-1 (1 nmol l−1) confirming that end-
othelin receptors activation is downstream of AT1. Similarly, an increase in superoxide anion
promoted by an equipotent dose of aldosterone (10 nmol l−1) was blocked by spironolactone or
eplerenone, by preventing epidermal growth factor receptor transactivation, but not by inhibiting
glucocorticoid receptors or protein synthesis, suggesting non-genomic MR effects. Combination
of aldosterone plus endothelin-1 did not increase superoxide anion formation more than each
agonist separately. We found that aldosterone increased phosphorylation of the redox-sensitive
kinases ERK1/2-p90RSK and the NHE-1, effects that were eliminated by eplerenone or by pre-
venting epidermal growth factor receptor transactivation. Finally, we provide evidence that the
SFR is suppressed by MR blockade, by preventing epidermal growth factor receptor transactivation
or by scavenging reactive oxygen species, but it is unaffected by glucocorticoid receptor blockade
or protein synthesis inhibition. Our results suggest that MR activation is a necessary step in the
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stretch-triggered reactive oxygen species-mediated activation of redox-sensitive kinases upstream
NHE-1.
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extracellular signal-regulated protein kinases; ET, endothelin; ETA, endothelin type A receptor; GPCR, G protein
coupled receptor; pro-HB-EGF, proheparin binding-epidermal growth factor; MMPI, metalloproteinase inhibitor;
MPG, 2-mercapto-propionyl-glycine; MR, mineralocorticoid receptor; NHE-1, Na+/H+ exchanger-1; NOX, NAPDH
oxidase; O2·, superoxide anion; p90RSK, p90 ribosomal S6 kinase; ROS, reactive oxygen species; SFR, slow force
response; SOD, superoxidase dismutase; Sp, spironolactone; StAR, steroidogenic acute regulatory protein.

Introduction

After stretch, the force developed by cardiac muscle
increases in two phases. The first phase (Frank–Starling
mechanism) occurs immediately and is attributed to
an increase in myofilament calcium responsiveness. The
second phase, known as the slow force response (SFR),
occurs gradually over the next 10–15 min. The SFR is
due to a progressive increase in the calcium transient
amplitude (Allen & Kurihara, 1982) that results from
an autocrine/paracrine mechanism involving release of
angiotensin II (Ang II) and endothelin (ET) (Alvarez et al.
1999; Perez et al. 2001). This phase is thought to be the in
vitro manifestation of the Anrep effect, first described in
1912 (von Anrep, 1912).

An important step in the chain of events leading to SFR
generation is the increased production of mitochondrial
reactive oxygen species (ROS) (Caldiz et al. 2007;
Villa-Abrille et al. 2010). Conversely, suppression of
mitochondrial ROS production blunts the generation
of SFR (Caldiz et al. 2007; Zhang et al. 2009). SFR
generation is induced by the autocrine/paracrine actions
of Ang II/ET, which are known to have stimulatory effects
on NADPH oxidase (NOX) activity (Sugden & Clerk,
2006). We reported previously that a necessary step for
inducing mitochondrial ROS release is transactivation of
the epidermal growth factor receptor (EGFR) after the
effect of Ang II/ET (Villa-Abrille et al. 2010).

H2O2, the product of superoxide anion (O2·)
dismutation, is a well-known activator of the cardiac
Na+/H+ exchanger (NHE-1) through redox-sensitive
kinases like the extracellular signal-regulated protein
kinases (ERK1/2) and the p90 ribosomal S6 kinase
(p90RSK) (Sabri et al. 1998; Wei et al. 2001; Rothstein
et al. 2002). Enhanced NHE-1 activity via phosphorylation
brings sodium into cardiomyocytes after stretch, changing
the reverse potential of the Na+/Ca2+ exchanger and
driving its reverse mode of operation (Perez et al. 2001).
The critical role played by NHE-1 activation in the Anrep
phenomenon was demonstrated pharmacologically with
NHE-1 inhibitors (for review see Cingolani et al. 2011),

and also by specific NHE-1 silencing following direct intra-
myocardial injection of small interfering RNA into the rat
left ventricular wall (Perez et al. 2011).

Recently, a link between Ang II or its receptor
AT1 and the mineralocorticoid receptor (MR) was
reported (Lemarie et al. 2008, 2009; Grossmann & Gekle,
2009). Although still somewhat controversial, aldosterone
(ALD), which is known to be regulated by Ang II,
appears to be synthesized and/or released by cardiac
muscle (Silvestre et al. 1998, 1999; Takeda et al. 2000a;
Gomez-Sanchez et al. 2004; Chai & Danser, 2006).

Furthermore, stretching cardiac muscle induces SFR
development, in which Ang II and EGFR transactivation
are crucial steps. Therefore, we hypothesized that if cross-
talk between Ang II and the MR exists during ROS
production, and ROS is crucial for SFR development,
inhibition of the MR would blunt the SFR. In the pre-
sent study, our objective was to prove that MR activation
is involved in the signalling pathway leading to the Anrep
effect.

Methods

Animals

Experiments were carried out with 4- to 5-month-old male
Wistar rats, in accordance with 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) and with the guidelines from the Animal Welfare
Committee of La Plata School of Medicine. Animals were
provided by our own Faculty Animal Facility.

Four- to five-month-old Wistar rats (n = 36) were
anaesthetized by intraperitoneal injection of sodium
pentobarbitone (35 mg (kg body weight)−1). The chests
were opened to excise the heart when deep anaesthesia
was reached, verified by the loss of corneal reflex and
appearance of slow deep diaphragmatic breathing. Each
heart was used to provide papillary muscles as well as
cardiac tissue slices. Immediately after excised, each heart

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.24 Mineralocorticoid receptor and the Anrep effect 6053

was perfused through the aorta with Krebs–Ringer buffer
pH 7.4 to eliminate the blood and two papillary muscles
as well as 8–10 cardiac tissue slices from the left ventricle
(1 × 5 mm) were dissected.

Determination of the SFR to stretch in isolated
papillary muscles

Papillary muscles from the left ventricle were used to
assess the SFR to stretch. Briefly, the muscles were
mounted in a perfusion chamber placed on the stage of
an inverted microscope (Olympus) and superfused with
a CO2/HCO3

−-buffered solution containing (mmol l−1):
NaCl 128.3, KCl 4.5, CaCl2 1.35, NaHCO3 20.23,
MgSO4 1.05, glucose 11.0 and equilibrated with 5%
CO2–95% O2 (pH ∼7.40). The possible participation of
cathecholamines released by the nerve endings was pre-
vented by adrenergic receptors blockade with 1.0 μmol l−1

prazosin plus 1.0 μmol l−1 atenolol. The muscles were
paced at 0.2 Hz at a voltage 10% over threshold maintained
at 30◦C, and isometric contractions were recorded.
Cross-sectional area (calculated as 0.75 of the product of
thickness by width) was used to normalize force records
obtained with a silicon strain gauge (model AEM 801,
Sensonor, Kronex Technologies Corporation, California,
USA). The slack length of each muscle was determined
after mounting, and then the muscles were progressively
stretched to the length at which they developed maximal
twitch force (Lmax). After a few minutes at Lmax they were
shortened to a length that approximated 98% of Lmax and
was referred to as L98. Then, the muscles were shortened
to 92% of Lmax (L92) and maintained at this length until
the beginning of the experimental protocol, when they
were abruptly stretched from L92 to L98. The drugs were
added to the perfusate 20 min before stretch, and during
this period, none of them changed developed force (DF)
by more than 3–4%.

Measurement of O2

Cardiac slices from the left ventricle (1 × 5 mm) were
dissected and kept at 4◦C until assayed. Assay buffer
consisted of Krebs buffer with the following composition
(in mM): 118.3 NaCl, 4.7 KCl, 1.35 CaCl2, 1.2 MgSO4,
1 K2HPO4, 25 NaHCO3, 11 glucose, 20 Hepes (pH 7.4
after 1.5 h aeration with 95% O2–5% CO2 at 37◦C).
We used the lucigenin-enhaced chemiluminescence to
measure O2· by rat cardiac tissue in Krebs-Hepes buffer
with 5 μM lucigenin as previously described (Caldiz et al.
2007). Briefly, cardiac slices were incubated in assay buffer
in the presence of Ang II, ET-1, ALD or ALD+ET-1
during 30 min in a metabolic incubator under 95%
O2–5% CO2 at 37◦C before measuring O2·. Inhibitors or
receptor blockers were added to the buffer 5 min before

Ang II, ET-1, ALD or ALD+ET-1. Chemiluminescence
in arbitrary units was recorded with a luminometer
(Chameleon; Hidex, Finland) for 30 s each with 4.5 min
interval for 30 min. Since we have previously reported
that superoxide production stabilized after 15 min (Caldiz
et al. 2007), the averaged data obtained at this time are
presented. The lucigenin-containing assay buffer with
tissue slices minus background and responses to the
different drugs assayed were reported. O2· production
was normalized to milligrams dry weight tissue per
minute. It has been reported that the method with
lucigenin-enhanced chemiluminescence that we used does
not allow detection of basal O2· production (Dikalov
et al. 2007). However, control tissue slices without any
pharmacological intervention produced an increase in
O2· that was different from the background. This O2·
production was not abolished by the NADPH oxidase
inhibitor apocinyn (Apo) but it was abrogated with the
ROS scavenger 2-mercapto-propionyl-glycine (MPG, not
shown). This could be explained with the finding that NOX
4 is not inhibited by Apo (Ago et al. 2011). Therefore,
the increase in O2· production was expressed as delta
(�) percentage of basal value after 15 min. Although
we induced and measured mitochondrial O2· formation,
O2· is quite unstable and rapidly converted into H2O2

by several isoforms of superoxidase dismutases (SOD),
like EC-SOD, a membrane-bound extracellular SOD, Mn
SOD in the mitochondrial matrix and Cu-Zn-SOD in
the insterticial space and cytosol. The activation of the
redox sensitive intracellular signals probably occurs after
O2· dismutation.

Immunoanalysis by Western blot, and determination
of ERK1/2, p90RSK, and NHE-1 phosphorylation

Cardiac tissue slices were homogenized in lysis buffer
(300 μmol l−1 sacarose, 1 μmol l−1 DTT, 4 μmol l−1

EGTA, protease inhibitors cocktail (Complete Mini
Roche), 20 μmol l−1 Tris-HCl, pH 7.4) at the end of
the experimental protocols. After a brief centrifugation
the supernatant was kept and protein concentration
determined by the Bradford method. Samples were
denatured and equal amounts of protein were subjected
to PAGE and electrotransferred to PVDF membranes.
Membranes were then blocked with non-fat dry milk and
incubated overnight with either anti-phospho-ERK1/2
or anti-ERK 2 or anti-P-p90RSK polyclonal antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
For NHE-1 phosphorylation determination samples were
immunoprecipitated using a NHE-1 polyclonal anti-
body (Chemicon, Temecula, CA, USA) and then sub-
jected to PAGE, electrotransferred and incubated with
an anti-14-3-3 binding motif antibody (Cell Signaling
Technology, Inc., Danvers, MA, USA). Previous reports
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have shown that the regulatory Ser703 of the NHE-1 lies
within a sequence which creates upon phosphorylation
a binding motif for 14-3-3 proteins (Takahashi et al.
1999; Lehoux et al. 2001). Thus, the anti-P-14-3-3 binding
motif antibody when probed with immunoprecipitated
NHE-1 represents a useful tool to estimate NHE-1
phosphorylation at Ser703 (Snabaitis et al. 2006).

Total ERK-2, p90RSK and NHE-1 as loading controls
were assayed. Peroxidase-conjugated anti-rabbit or
anti-mouse IgG (Santa Cruz Biotechnology) were used
as secondary antibodies and bands were visualized
using the ECL-Plus chemiluminescence detection system
(Amersham). Immunoreactive band signals were analysed
by densitometry (Scion Image).

Figure 1. Superoxide anion production induced by
angiotensin II
A, MR blockade with spirolactone (Sp, 10 μmol l−1) or eplerenone
(Ep, 10 μmol l−1) abrogated the effect of 1 nmol l−1 Ang II on the
basal rate of O2· production. This effect was also blunted by the AT1
and ETA receptor antagonists losartan (Los, 1 μmol l−1) and BQ123
(BQ, 10 μmol l−1), respectively, and by NOX inhibition with apocynin
(Apo, 300 μmol l−1). B, Ang II-induced O2· formation was also
blunted by targeting mitochondria with 5HD (100 μmol l−1),
glibenclamide (Gli, 50 μmol l−1), or rotenone (Rot, 10 μmol l−1),
and by preventing EGFR activation either by EGFR blockade with
AG1478 (AG, 1 μmol l−1) or by inhibiting the metalloproteinase
involved in EGFR transactivation with MMPI (3 μmol l−1).
Glucocorticoid receptor inhibition with Ru-486 (10 μmol l−1) did not
influence the effect of Ang II. For ease of comparison, the effect of
Ang II alone on the basal rate of O2· production was repeated in
both panels (filled black bar). ∗P < 0.05 vs. basal O2· production.

Statistics

Data are expressed as means ± SEM. Differences between
groups were assessed by one-way ANOVA followed by
Student–Newman–Keuls test. P < 0.05 was considered
significant.

Results

As an initial approach to determining whether MR
activation participates in the chain of events leading
to the SFR, and based on the crucial role of ROS
in the signalling pathway leading to NHE-1 activation,
we decided to explore whether MR blockade interferes
with Ang II/ET-1-induced mitochondrial ROS formation.
At the physiological concentration of 1 nmol l−1, Ang
II increased the basal rate of O2· production by
approximately 50%. This effect was abrogated by the
MR antagonists spironolactone (Sp) and eplerenone
(Ep), as shown in Fig. 1A. The Ang II effect was also
blunted by blocking the AT1 and ET (ETA) receptors,
by NOX inhibition with apocynin, or by inhibiting the
mitochondrial ATP-sensitive potassium channels (5HD or
glibenclamide) or its complex I with rotenone (Fig. 1A and
B). However, this effect was unaffected by glucocorticoid
receptor inhibition with RU-486 (Fig. 1B). These data
indicate that at this physiological concentration, Ang II
increases myocardial ROS production entirely through
ETA receptor activation, and that this increase is NOX
dependent and of mitochondrial origin.

In light of recent reports (Anderson et al. 2004;
Duquesnes et al. 2009) and our finding that EGFR trans-
activation is an intermediate step in SFR development
in adult cat myocardium (Villa-Abrille et al. 2010), we
next explored the consequences of preventing EGFR trans-
activation on the ROS-promoting effects of Ang II in rat
myocardium. We found that the Ang II-mediated increase
in O2· formation was blunted by direct EGFR blockade
(AG1478), and by preventing EGFR transactivation with
an inhibitor of metalloproteinases (MMPI) (Fig. 1B).

Consistent with the notion that the effects of Ang II
are mediated by endogenous ET, the effect of exogenous
ET-1, at a dose (1 nmol l−1) that mimicked the effect of
1 nmol l−1 Ang II on basal O2· production, was inhibited
by all of the pharmacological interventions (except for
AT1 receptor blockade) that effectively inhibited Ang II
(Fig. 2). These results confirm previous experiments in cat
papillary muscles showing that ET is downstream of AT1
receptors in the chain of events leading to increased O2·
formation, and they exclude the possibility of bidirectional
crosstalk between Ang II and ET.

Interestingly, similar results were observed when an
equipotent dose of ALD (10 nmol l−1) was used to induce
an increase in O2· production. ALD at this concentration
increased myocardial O2· production by ∼65% of basal
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production (Fig. 3A). As expected, the effect of ALD was
suppressed by the addition of Sp or Ep, but not by
inhibition of glucocorticoid receptors or by preventing
protein synthesis with cycloheximide. This suggests that
MR activation had a non-genomic effect that was induced
by ALD, and it excludes the possibility of glucocorticoid
receptor activation. On the other hand, as shown for Ang
II and ET-1, the ALD-mediated increase in ROS formation
was abrogated by NOX inhibition with apocynin and by
preventing EGFR transactivation with MMPI or EGFR
blockade (Fig. 3A). These results support the idea that
receptor transactivation occurs from the activated MR to
EGFR, and that it requires metalloproteinase activation.

Interestingly, combined ALD and ET did not promote
any further increase in O2· production (Fig. 3B). The
increased O2· production was suppressed by MR blockade
but unaffected by ETA receptor blockade, supporting the
notion that the sequence of events leading to increased
ROS formation occurs in the ETA-to-MR direction, and
not the other way around.

The crucial role of myocardial ROS formation in
SFR development appears to be the activation of
redox-sensitive kinases upstream of NHE-1, such as
ERK1/2 and p90RSK (Caldiz et al. 2007; Villa-Abrille et al.
2010). In agreement with this, 10 nmol l−1 ALD induced
an increase in ERK1/2 and p90RSK phosphorylation

Figure 2. Superoxide anion production induced by
endothelin-1
The effect of ET-1 at a concentration (1 nmol l−1) that
mimicked the effect of Ang II on the basal rate of O2·
production was inhibited by all of the pharmacological
interventions that were effective for Ang II except AT1
receptor blockade. These results are consistent with the
notion that ET is downstream of AT1 receptors in the
chain of events leading to increased O2· formation, and
they exclude the possibility of bidirectional crosstalk
between the two peptides. ∗P < 0.05 vs. basal O2·
production.

Figure 3. Superoxide anion production induced by
aldosterone
A, the effect of aldosterone at a concentration
(10 nmol l−1) that mimicked the effect of Ang II and ET
on the basal rate of O2· production was suppressed by
spirolactone (Sp) and eplerenone (Ep), but not by the
glucocorticoid receptor inhibitor Ru-486 or by
preventing protein synthesis with cycloheximide
(CicHex, 7 μmol l−1). This demonstrates that MR
activation has non-genomic consequences and excludes
the possibility of glucocorticoid receptor activation. On
the other hand, as shown for Ang II and ET, the
ALD-mediated increase in ROS formation was prevented
by NOX inhibition (Apo) and by preventing EGFR
activation (AG and MMPI). This suggests that
transactivation occurs in the direction of activated MR
to EGFR, and that metalloproteinase activation
downstream of MR is crucial for EGFR transactivation. B,
the combination of ALD and ET did not promote any
further increase in O2· production. Under this condition,
O2· production was abrogated by spironolactone (Sp),
but unaffected by ETA receptor blockade with BQ123
(BQ), indicating that the only possible sequence of
events is from ETA to MR. ∗P < 0.05 vs. basal O2·
production.
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that was accompanied by an increase in NHE-1
phosphorylation (detected by a phosphospecific antibody
that recognizes the phospho-Ser703 in the 14-3-3 protein
binding motif of the carboxyl tail of the exchanger)
(Fig. 4). These effects were suppressed by the addition
of Ep or by preventing metalloproteinase activation with
MMPI.

In light of these results showing the signalling pathway
activated by ALD, we decided to specifically explore
whether MR activation was involved in the SFR in rat
myocardium.

Figure 5A–C shows that two different MR blockers,
Sp and Ep, completely suppressed the SFR, which was,

Figure 4. ERK1/2, p90RSK and NHE-1 phosphorylation after
aldosterone stimulation
Aldosterone (10 nmol l−1) induced an increase in ERK1/2 (A) and
p90RSK (B) phosphorylation that was accompanied by an increase in
NHE-1 phophorylation (C). These effects were, as expected,
suppressed not only by MR blockade with eplerenone (Ep), but also
by preventing metalloproteinase activation with MMPI. These results
support the presence of MR–EGFR crosstalk. ∗P < 0.05 vs. control.

Figure 5. SFR and MR activation
A, typical force record from rat papillary muscle subjected to an
increase in length from 92% to 98% of Lmax. The biphasic force
response to stretch can be observed. B, same as A but from a muscle
pre-treated with the MR blocker eplerenone, demonstrating that
prevention of MR activation after stretch eliminated the SFR. C,
averaged results of the SFR expressed as percentages of the initial
rapid phase. MR blockade, not only by eplerenone but also by
spironolactone, completely suppressed the SFR. However, the SFR
was unaffected by the glucocorticoid receptor inhibitor Ru-486 or
the protein synthesis inhibitor cycloheximide. D, as reported
previously in cat myocardium (Villa-Abrille et al. 2010) the SFR
required EGFR transactivation, since it was blunted either by direct
EGFR inhibition (AG1478) or by blocking transactivation with MMPI.
Furthermore, the SFR was suppressed by the ROS scavenger MPG,
supporting the notion that ROS formation is a key factor in the chain
of events leading to the Anrep effect.
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however, unaffected by glucocorticoid receptor inhibition
or by preventing protein synthesis with cycloheximide.
Interestingly, we also found that, as reported previously
in cat papillary muscles (Villa-Abrille et al. 2010), the
SFR required EGFR transactivation, since it was blunted
either by direct EGFR inhibition with AG1478 or by
cancelling transactivation with the metalloproteinase
inhibitor MMPI (Fig. 5D). Furthermore, the SFR was
suppressed by the ROS scavenger MPG, providing
additional support to the notion that ROS formation is
a key factor in the autocrine/paracrine chain of events
leading to the Anrep effect (Fig. 5D).

Discussion

To the best of our knowledge, the data presented here
constitute the first demonstration that the Anrep effect,
reflected in vitro by the SFR, can be blunted by MR
inhibition. In previous works, we (Villa-Abrille et al. 2006,
2010; Caldiz et al. 2007; De Giusti et al. 2008) and others
(Sand et al. 2003; Anderson et al. 2004; Zhang et al. 2009)
proposed a crucial role for mitochondrial ROS formation
in the chain of events triggered by stretch and leading
to NHE-1 activation to explain the SFR development.
However, the possibility of MR activation as an inter-
mediate step between ETA receptors activation and EGFR
transactivation was never considered. Indeed, we are not
aware of previous reports supporting that myocardial
stretch induces MR activation. We present evidence that
the Ang II/ET-1-induced mitochondrial ROS formation

was inhibited by the corresponding receptor antagonists
and by MR antagonists, while the ALD effect was
suppressed by its specific receptor antagonists or by
preventing EGFR activation (but not by ETA receptor
blockade). Thus, the present results suggest that MR
activation is downstream of the AT1/ETA receptors
and upstream of EGFR in the chain of intracellular
signals. This indicates that EGFR transactivation does not
occur directly via G protein coupled receptor (GPCR),
as we previously suggested (Villa-Abrille et al. 2010).
Instead, it occurs via MR. Figure 6 depicts our proposed
hypothesis, in which transactivation takes place after
metalloproteinase activation following MR activation. In
adult rat cardiac myocytes, Rude et al. (2005) showed that
ALD stimulates ROS generation and kinases, although
neither the sequence of events nor transactivation and
NHE-1 activation were explored. The participation of
ET in many cardiovascular actions classically attributed
to Ang II is well known (Ito et al. 1993; Rajagopalan
et al. 1997; Liang & Gardner, 1998; Ortiz et al. 2001;
Aiello et al. 2002; Perez et al. 2003; Cingolani et al.
2006; Villa-Abrille et al. 2006). Supporting a role for
ET participation in the cardiovascular actions of Ang II,
previous works demonstrated an increase in preproET-1
mRNA after the addition of 1 nmol l−1 Ang II to iso-
lated cardiac myocytes (Cingolani et al. 2006; Villa-Abrille
et al. 2006), and an increase in ET-3 mRNA after
stretching isolated papillary muscles (Ennis et al. 2005),
perhaps as an initial step leading to increased ET-1
(Tamamori et al. 1996). These findings may reflect

Figure 6. Proposed chain of events triggered by stretch
MR activation appears to be located downstream of Ang II/ET release and upstream of EGFR activation in the chain
of intracellular signals leading to the SFR. Thus, EGFR transactivation does not originate from GPCR, as suggested
previously by us (Villa-Abrille et al. 2010) but from the MR to EGFR. Although our own data and those of Anderson
et al. (2004), Duquesnes et al. (2009) and Krieg et al. (2004) appear to support the proposed intracellular signalling
pathway described in our study, the data would also be consistent with both EGFR transactivation and MR being
required, although acting separately.
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increased ET synthesis secondary to its release after myo-
cardial stretch, most likely in order to replenish intra-
cellular pools. Similarly, Anderson et al. (2004) reported
stretch-induced ET-1 release followed by NOX activation
in cultured neonatal rat cardiomyocytes. Interestingly,
they also reported stretch-induced EGFR transactivation
in the same preparation, a finding that was later confirmed
by Duquesnes et al. (2009). EGFR transactivation
appears to be carried out by metalloproteinase-dependent
cleavage of proheparin binding epidermal growth factor
(pro-HB-EGF), which promotes ectoshedding of HB-EGF
(Anderson et al. 2004; Krieg et al. 2004). HB-EGF is a
well-known ligand of EGFR, and binding of HB-EGF to
EGFR leads to activation of the receptor by tyrosine auto-
phosphorylation. However, the exact metalloproteinase
responsible for the pro-HB-EGF cleavage induced by MR
activation is not known. In the present study, we used the
hydroxomate-based metalloproteinase inhibitor MMPI,
which is considered to be a broad-spectrum inhibitor
(Krieg et al. 2004; Rude et al. 2005).

The fact that EGFR transactivation can be triggered by
MR activation was recognized previously by other authors
(Grossmann & Gekle, 2009; Huang et al. 2009; Grossmann
et al. 2010). Once EGFR is phosphorylated, the down-
stream signals increase mitochondrial O2· production.
We found that the increase in O2· formation induced
by Ang II, ET, or ALD was apocynin sensitive. At pre-
sent, we do not know which NOX isoform is activated,
whether NOX activation occurs at only one or at more
than one step in this signalling pathway, or even if
trafficking of NOX-dependent ROS signalling within the
endosomal compartment is required for redox-dependent
signal transduction (Oakley et al. 2009).

A new finding of the present study is that myocardial
stretch, in addition to triggering hypertrophic signals such
as Ang II/ET, also activates MRs, which are known to
induce both hypertrophy and fibrosis (Rude et al. 2005;
Zia et al. 2010; Creemers & Pinto, 2011).

We did not explore how the MR becomes activated
after myocardial stretch. Actually, our data do not
allow concluding that stretch in fact activates the MR.
In this regard, either an active MR or an increased
activation of the MR is a conceivably valid hypothesis
to explain our findings. We may speculate that stretch
induces the release or synthesis of ALD by the heart
and activates cytosolic or sarcolemmal receptors. This is
supported by the finding that ALD is present in heart
perfusate and homogenate (Silvestre et al. 1998, 1999;
Takeda et al. 2000a), although its origin is disputed
(Gomez-Sanchez et al. 2004; Chai & Danser, 2006). Pre-
vious reports demonstrated the presence in the heart
not only of ALD synthase, a partial processing enzyme
that hydroxylates 11-deoxycorticosterone to produce

cortiscosterone, 18-hydrocortisone and ALD, but also
steroidogenic acute regulatory protein (StAR), which is a
crucial factor in the rate-limiting step of ALD biosynthesis
(Silvestre et al. 1998, 1999; Takeda et al. 2000a, b; 2001;
Casal et al. 2003; Gomez-Sanchez et al. 2004; Chai &
Danser, 2006). However, Gomez-Sanchez et al. (2004)
and Chai & Danser (2006) have both suggested that
there may not be enough of the enzymes in the heart
to catalyse the reactions. The simplistic assumption that
stretch promotes ALD release/formation with consequent
cytosolic or sarcolemmal MR activation cannot be verified
without measuring the tissue content of ALD and/or
ALD–MR binding in the different cellular fractions before
and after myocardial stretch. Interestingly, it was reported
that at least a small fraction of classic MR is located in the
cell plasma membrane (Grossmann et al. 2010).

Among the putative mechanisms of MR activation after
stretch, several ALD-independent pathways should be
considered: (1) glucocorticoid-mediated MR activation,
especially under conditions of enhanced ROS production,
as reported by Mihailidou et al. (2009); (2) direct
MR phosphorylation independent of its own ligand,
as proposed by Kato et al. (1995) for the oestrogen
receptor; and (3) specific changes in MR conformation
induced by strain, as proposed by Zou et al. (2004)
to explain AT1 receptor activation by mechanical
stretch.

Experiments performed by Allen & Kurihara (1982),
and later confirmed by other authors including us (Kentish
& Wrzosek, 1998; Alvarez et al. 1999), demonstrated that
the SFR is solely due to a progressive increase in the
calcium transient, without changes in myofilament Ca2+

sensitivity. However, recent studies proposed a certain
degree of increase in myofilament Ca2+ sensitivity during
the SFR in human normal atrium (Kockskamper et al.
2008a,b) and in ventricle from end stage heart failure
(Kockskamper et al. 2008b).

In summary, activated MRs are required for
the effect of stretch on cardiac force, and the
mechanism involved may be an autocrine/paracrine
effect of ALD, or an ALD-independent pathway,
such as glucocorticoid-mediated activation, direct
receptor phosphorylation, or specific strain-induced
conformational changes of the MR. Our proposal that, in
addition to its redox-triggering effect, MR activation is one
of the earliest intracellular signals following myocardial
stretch provides a reasonable explanation of how oxidative
stress and metalloproteinase activation may interact to
promote the development of myocardial fibrosis and
hypertrophy. Finally, from a clinical perspective, our
findings suggest that prevention of oxidative stress should
be considered as a potential key factor for the salutary
effects of ALD antagonism in humans.
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