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Abstract Growing in vitro evidence suggests NHE-1, a
known target for reactive oxygen species (ROS), as a key
mediator in cardiac hypertrophy (CH). Moreover, NHE-1
inhibition was shown effective in preventing CH and
failure; so has been the case for AT1 receptor (AT1R)
blockers. Previous experiments indicate that myocardial
stretch promotes angiotensin II release and post-
translational NHE-1 activation; however, in vivo data
supporting this mechanism and its long-term consequences
are scanty. In this work, we thought of providing in vivo
evidence linking AT1R with ROS and NHE-1 activation in
mediating CH. CH was induced in mice by TAC. A group
of animals was treated with the AT1R blocker losartan.
Cardiac contractility was assessed by echocardiography and
pressure–volume loop hemodynamics. After 7 weeks, TAC
increased left ventricular (LV) mass by ~45% vs. sham and
deteriorated LV systolic function. CH was accompanied by
activation of the redox-sensitive kinase p90RSK with the
consequent increase in NHE-1 phosphorylation. Losartan
prevented p90RSK and NHE-1 phosphorylation, ameliorated
CH and restored cardiac function despite decreased LV wall
thickness and similar LV systolic pressures and diastolic
dimensions (increased LV wall stress). In conclusion, AT1R
blockade prevented excessive oxidative stress, p90RSK and

NHE-1 phosphorylation, and decreased CH independently
of hemodynamic changes. In addition, cardiac performance
improved despite a higher work load.
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Introduction

Cardiac hypertrophy (CH) is known as one of the main
cardiovascular risk factors and a poor prognostic sign
associated with nearly all forms of heart failure [27, 32].
Most intracellular pathways leading to pathological CH
converge at the increase in intracellular calcium levels and
the downstream calcineurin-dependent transcriptional path-
way. This rise in calcium may occur through different
mechanisms. One of them is the increase in intracellular
Na+ resulting from enhanced function of the NHE-1, which
drives the Na+/Ca2+ exchanger to increase the Ca2+

transient. After cardiac muscle is stretched, an autocrine/
paracrine chain of steps occur in which angiotensin II (AII)
mediated AT1 receptor (AT1R) activation is an early event
[44]. This pathway also involves NADPH oxidase (NOX)-
dependent mitochondrial reactive oxygen species (ROS)
release, which itself activates the p90RSK -NHE-1 redox-
sensitive kinase, among others (for review, see Ref. [22]).
Recently, Nakamura et al. [40] demonstrated in vitro that
NHE-1 hyperactivity is sufficient to generate Ca+2 signals
required for CH to take place. However, in vivo physio-
logical data supporting the involvement of this mechanism
in the transition to chronic CH and its consequences is
scant.

Enhanced NHE-1 activity as a possible mechanism
responsible of CH and failure was previously reported in
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the hypertrophic myocardium of adult spontaneously
hypertensive rats [41]; in human ventricular myocytes from
hearts with chronic end-stage heart failure [56]; in a
pressure–volume overload model of CH and failure in
rabbits [3]; in the hypertrophied heart of a type 2 diabetic
rat model [17, 40]; and in neonatal rats [19].

Classically, pressure-overload CH is considered an
adaptive mechanism by which the increase in left ventricular
(LV) wall thickness normalizes wall stress. However,
growing evidence is challenging this view of consider-
ing CH as a simple adaptative mechanism, by demon-
strating that CH is an independent risk factor for
morbidity and mortality [37]. Furthermore, a number of
studies (for review, see Ref. [47]) have shown that
blunting CH response to pressure overload does not result
in a decrease in cardiac performance.

The aim of this work was to explore in vivo whether
targeting AT1R with Losartan (LOS) will blunt ROS-
mediated NHE-1 activation induced by pressure overload.
Furthermore, in our CH model, achieved by transverse
aortic constriction (TAC), the systemic vasodilatory effect
of AT1R blockade did not significantly alter the pressure
imposed to the heart (proximal to TAC), therefore allowing
us to dissect this pathway, independently of LV pressure.

Methods

Animals

BALB/cAnN male mice, 8–12 weeks old, were used for the
study. All procedures used during this investigation con-
form 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), and to the
guidelines laid down by the Animal Welfare Committee of
La Plata School of Medicine (Res.13998/04).

Experimental model

TAC to induce pressure overload CH was performed using
the following protocol: Anesthesia was induced with
Ethomidate (10 mg kg−1) and morphine (1 mg kg−1), both
delivered i.p. After anesthesia with 2–3% isoflurane
delivered via a mechanical ventilator, the chest was shaved
and opened through a small thoracic window between ribs
2 and 4, and a 26 Ga needle placed on the transverse aorta.
The band was secured using a 7.0 prolene suture, the needle
was then removed and the chest closed. Survival rate for
this procedure was ~80%. A sham-operated group served as
control. For shams, the same surgical procedure took place,
except that after the aorta was exposed, no ligation was
performed.

LOS (40 mg kg−1 day−1) was given in the drinking
water. This dose was selected based on previous studies in
rodents from our lab as well as others [1, 24]. Treatment
started 48 h before TAC surgery. All groups were followed
for 7 weeks.

Physiologic studies

Cardiac function was assessed in conscious mice by
transthoracic, two-dimensional, guided M-mode echocardi-
ography (Sequoia C256, Siemens) with a 13-MHz linear-
array transducer. All measurements, including LV wall
thickness systolic and diastolic dimensions were performed
according to the American Society of Echocardiography
leading-edge method [46]. LV mass was calculated as
previously described [31].

A more comprehensive in vivo cardiac mechanics
analysis was performed using a miniature pressure–volume
catheter (SPR-839, Millar Instruments, Inc., Houston, TX)
inserted via the LV apex in anesthetized, open-chest mice as
described [49]. The same anesthesia protocol (described
above) for the TAC procedure was applied. Transient
obstruction of the inferior vena cava was used to obtain
data over a loading range.

In a separate group of mice, TAC was performed and
ascending and descending aortic pressure were recorded,
and gradients across the coarctation were calculated.

End-systolic, end-diastolic and peak systolic stress were
calculated integrating pressure data from the hemodynamic
studies and LV wall dimensions from the echo studies as
previously described [20].

Assessment of lipid peroxidation

We used the thiobarbituric acid reactive substances
(TBARS) spectroscopic technique to evaluate lipid
peroxidation in plasma as index of ROS formation.
Absorbance at 535 nm was measured and TBARS
expressed in nmol/ml using an extinction coefficient of
1.56×105 M−1 cm−1.

Histological analysis

LV cardiomyocytes cross-sectional area (CSA) was deter-
mined in hematoxylin–eosine-stained slides from each heart
as previously described [42]. Cardiomyocytes were accept-
ed for quantitative analysis if: (1) their cross sections
contained a centrally located nucleus and (2) the cellular
membrane was unbroken. The interstitial fibrosis was
assessed in picrosirius red-stained tissue slides. The
percentage of collagen (collagen volume fraction [CVF])
was calculated as the sum of collagen areas divided by the
total LV area (myocytes+collagen) [42].
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Determination of p90RSK and NHE-1phosphorylation

Cardiac tissue was homogenized in lysis buffer
(300 mmol/l sacarose; 1 mmol/l DTT; 4 mmol/l EGTA,
protease inhibitors cocktail (Complete Mini Roche);
20 mmol/l Tris–HCl, pH 7.4). After a brief centrifuga-
tion, 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 nonfat-dry milk and
incubated overnight with either anti-phospho-p90RSK

(Cell Signaling) or anti- p90RSK (BD Transduction
Laboratories). For NHE-1 phosphorylation determination
samples were immunoprecipitated using a NHE-1 poly-
clonal antibody (Chemicon) and then subjected to PAGE,
electrotransferred and incubated with an anti-14-3-3
binding motif antibody (Cell Signaling). Once immuno-
blots were assayed with the anti P-14-3-3 binding motif
antibody (Cell Signaling #9601), membranes were
stripped and re-assayed with a different polyclonal anti
NHE-1 (Santa Cruz Biotechnology, sc-28758). The inten-
sity of this last signal was used as a loading control. In
preliminary experiments we have demonstrated that no
nonspecific signal is obtained in lanes without sample.
Previous reports 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 [29,
51]. Experiments were performed in which this residue
(Serine 703) of the cytosolic tail of the NHE-1 was
mutated to alanine observing that only those containing
Ser(P)703 exhibited high affinity 14-3-3 binding, deter-
mining that this interaction occurs only at serine 703.
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
[50]. Total p90RSK and NHE-1 as a loading control were
assayed. Peroxidase-conjugated anti-rabbit or anti-mouse
IgG (Santa Cruz Biotechnology) was used as secondary
antibody and bands were visualized using the ECL-Plus
chemiluminescence detection system (Amersham). Auto-
radiograms were analyzed by densitometric analysis
(Scion Image). GAPDH was used as loading control for
P-p90RSK immunoblots and total NHE-1 (detected with a
different polyclonal antibody from that used to immu-
noprecipitate samples) was used as the loading control
for P-14-3-3 BM determinations.

Isolation of total RNA and real-time PCR

Quantitative PCR (qPCR) to measure NHE-1 mRNA
abundance was performed using the real-time SYBR Green
PCR method. Total RNA was isolated using RNeasy Mini

Kit and RNase free Dnase Set (Qiagen) and reverse-
transcribed using Omniscript RT Kit (Qiagen) as previously
described [21]. The primers used were as follow: GAPDH
forward primer 5′- CATGGCCTTCCGTGTTCCTA-3′ re-
verse primer 5′-TGCTTCACCACCTTCTTGATG-3′ NHE-
1 forward primer 5′-CCCTCACGTGCGCACACCC-3′ re-
verse primer 5′-GACGTCTGATTGCAGGAAGG-3′. PCR
reactions were performed with TaqDNA polymerase (Invi-
trogen). Fluorescence data were acquired at the end of
extension. The cycle threshold value was measured and
calculated by computer software (iCycler IQ OSS, version
3.0a, Bio-Rad). The cycle threshold value for NHE-1 was
normalized by that for GAPDH in the same sample. For
each experiment of real-time RT-PCR we obtained a melting
curve of the amplified gene where it could be appreciated
that only a specific product was amplified in each case with
no primer–dimer formation.

We used 0.8 μg of total RNA to perform each RT. A 1:10
dilution in RNase free water of the cDNA obtained in the
RT reaction (20 μl total volume) 5 μl were used in each
qPCR.

The length of qPCR products was 101 bp for GAPDH
and 193 bp for NHE-1.

Statistics

Data are expressed as mean±SEM. One-way ANOVA
followed by Student–Newman–Keuls were used as
appropriate. A p<0.05 value was considered significant.

Results

TAC produced ~45% increase in heart weight/body weight
ratio compared to sham mice after 7 weeks; LOS partially
prevented this hypertrophy, as shown in Table 1. The
increased LV mass seen in TAC mice correlated with
increased myocyte CSA and CVF, effects that were both
reduced by LOS (Table 1). Representative photomicro-

Table 1 Indices of cardiac hypertrophy

HW/BW CSA (μm2) CVF (%)

Sham (n=8) 3.76±0.12 199.02±7.83 1.95±0.1

TAC (n=7) 5.58±0.30* 279.68±3.42* 5.62±0.4*

TAC+LOS (n=8) 4.43±0.10*# 215.50±4.57# 3.34±0.4*#

Heart weight/body weight ratio (HW/BW), myocyte cross-sectional
area (CSA) and LV collagen volume fraction (CVF) in sham, TAC and
TAC+LOS groups. TAC promoted cardiac hypertrophy, detected by
the increase in HW/BW ratio, CSA, and CVF. LOS reduced cardiac
hypertrophy and CVF (note that the changes induced by LOS are
pressure-independent)

*p<0.05 vs. sham; # p<0.05 vs. TAC
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graphs of LV sections from the three experimental groups
are shown in Fig. 1. At the dose used herein, LV systolic
pressures between both groups (TAC and TAC+LOS) were
similar 3 days after TAC (128.6±5.4 vs. 128±3 mmHg,
TAC and TAC+LOS, respectively), and at the end of
the 7-week period (135±6.9 vs. 136±3 mmHg for TAC
and TAC+LOS, respectively). Also, TAC did not change
the aortic pressure distally to the coarctation (Table 2).
These data validate the previous work of Rockman et al.
[43] using the same model we used, and in addition
show that arterial pressure proximal and distal to the
constriction was not significantly altered by TAC in
LOS-treated animals, suggesting that the hypertrophic
regression was a direct effect of the AT1R blockade
rather than a hemodynamic consequence.

Figure 2a shows representative echocardiographic
images from sham, TAC and TAC+LOS mice. LV end-
diastolic dimension, end-systolic dimension, wall thickness,
endocardial fractional shortening and ejection fraction were
calculated and shown in Fig. 2b. Compared to sham, TAC

hearts had an increase in LV wall thickness of ~30%. LV
end-diastolic dimension tended to increase in TAC mice,
but this difference was not statistically significant. LV end-
systolic dimension did increase in the TAC group, account-
ing for the decreased endocardial fractional shortening and
ejection fraction seen in this group. Compared to non-
treated rodents, and despite having less hypertrophy and
identical LV systolic pressures, cardiac function was
restored in mice treated with LOS, disputing in this case
the concept of “compensatory hypertrophy.”

In a separate group of sham-operated animals treated
with the same dose of LOS, endocardial shortening did not
change after 7 weeks (61.2±1.5% vs. 62.8±0.94%, Sham
and Sham+LOS, respectively). Furthermore, heart weight/
body weight was not significantly different between sham
and sham+LOS (3.76±0.12 vs. 3.56±0.10 mg/g).

We next decided to evaluate LV function more exten-
sively. By integrating LV pressures and dimensions, LV wall
stress was calculated in all three groups as previously
reported [20]. Wall stress is a composite parameter that

Fig. 1 Representative photomi-
crographs (×40 magnification)
of left ventricular sections from
sham, TAC and TAC+LOS
groups. TAC increased myocyte
cross-sectional area (CSA) and
fibrosis; both effects were
blunted by LOS

736 Pflugers Arch - Eur J Physiol (2011) 462:733–743



includes LV pressure, radius of the cavity and thickness
of its wall, and reflects the afterload imposed to the
heart. Figure 3 shows LV end-diastolic pressure (LVEDP),
together with end-systolic, peak-systolic and end-diastolic
stress. A significant increase in LVEDP was observed after
7 weeks of TAC. LOS treatment modestly lowered LVEDP,
but this difference was not statistically significant. As a
result of the observed increase in LV wall thickness, peak

and end-systolic stress decreased with TAC. These
parameters were both normalized with LOS. Since in our
model preload remained unchanged between treated and
untreated groups (similar LVEDP and volumes), and
systolic stress (afterload) increased (rather than decreased)
in the TAC+LOS group, the increased endocardial
fractional shortening seen in the LOS-treated animals
truly reflects an increase in cardiac systolic performance.
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Fig. 2 a Representative echocardiograms obtained at the end of the
experimental protocol (7 weeks) in sham, TAC and TAC+LOS mice.
TAC mice showed depressed systolic function. This was prevented in
TAC+LOS animals. b Overall results for end-diastolic and systolic
dimensions (EDD, ESD), wall thickness, endocardial left ventricular

(LV) fractional shortening and ejection fraction. TAC depressed both,
LV fractional shortening and ejection fraction, and increased LV wall
thickness. LOS ameliorated these indices. *p<0.05 vs. sham; #p<0.05
vs. TAC. n=6 in each group

Table 2 Aortic pressure

Proximal aortic pressure (mmHg) Distal aortic pressure (mmHg)

Systolic BP Diastolic BP Mean BP Systolic BP Diastolic BP Mean BP

Sham (n=4) 99±4 57±3 71±2 – – –

TAC (n=3) 138±6 # 64±4 88.6±3 91±5 54±3 66.3±2

Systolic, diastolic, and mean aortic blood pressure (BP) recorded in sham and mice subjected to TAC. Pressures did not significantly dropped in
the aorta distal to the constriction, and the latter were similar to systemic aortic pressures in sham-operated animals

#p<0.02 vs. sham
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It is evident from our data that the signals activated by
TAC promoted a hypertrophic response that overcorrected
LV wall stress. This “inappropriate hypertrophy,” as
described by de Simone et al. [18], was blunted by LOS;
indeed, mice treated with the AT1R blocker only developed a
small hypertrophic response, which sufficed to normalize
systolic stress.

Next, in order to assess load-independent indices of
cardiac performance, cardiac pressure–volume hemody-
namic analysis was performed. Figure 4a depicts typical
LV pressure–volume loops from sham, TAC and TAC+LOS
mice. TAC displaced the end-systolic pressure volume relation
(ESPVR) to the right and downward reflecting decreased
systolic function. This was restored with LOS treatment.
Figure 4b shows dP/dtmax corrected by LV radius/thickness.
Since dP/dtmax, a traditional systolic contractile index, is
known to augment proportionally as concentric hypertrophy
increases, we corrected it by LV radius/thickness, as it
has been previously proposed by Gleason and Braunwald [25]
and by Carabello [10]. Once again, the fact that this index
rose after decreasing CH in spite of increased wall stress,
reflects enhanced systolic performance in LOS-treated
animals. From the pressure–volume loops, end-diastolic
pressure–volume relation was also determined, and by
calculating the slope (β coefficient) of its monoexponen-
tial fit, LV end-diastolic stiffness was calculated. As
depicted in Fig. 4c, TAC hearts showed increased stiffness.
LOS tended to normalized this index (decreased stiffness),
but as in the case of LVEDP, the difference was not
statistically significant.

The critical role played by NHE-1 hyperactivity in
pathological CH and failure has been recognized [3, 12,

40], and the redox-sensitive p90RSK is one of the main
kinases involved in NHE-1 activation [16]; thus, we next
decided to explore whether this pathway was activated
in our model, and if it could be blocked by inhibiting
AT1R.

Since LOS has been shown to interfere with ROS
production [15, 23], we first determined lipid peroxidation
by TBARS as an index of oxidative stress. Plasma TBARS
were elevated in TAC mice and normalized after LOS
treatment as shown in Fig. 5a.

Next, since oxidative stress is known to favor p90RSK

activation, P-p90RSK was measured by immunoblot using
a specific antibody. As shown in Fig. 5b, an increase in
P-p90RSK was detected in the myocardium of mice
subjected to TAC, while this was prevented in TAC
animals treated with the AT1R blocker. Once activated,
p90RSK phosphorylates NHE-1 at Ser703, creating a
binding site for 14-3-3 proteins. Consistent with our
p90RSK phosphorylation results, we assayed an antibody
against P-14-3-3 binding motif in NHE-1 immunoprecipi-
tates, and found a significantly higher signal indicative of
enhanced NHE-1 activity in the hypertrophied myocardi-
um of TAC mice, which was prevented with LOS
(Fig. 5c). We also explored whether NHE-1 enhanced
phosphorylation was accompanied by increased exchanger
expression. To this aim, NHE-1 mRNA level was
measured and, as shown in Fig. 5d, no difference in its
abundance among the experimental groups was observed.
This is consistent with what has been described in other
models of CH, where hyperactivity of the exchanger,
rather than its abundance, seems to be required to induce
hypertrophy [17, 48, 56].
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Fig. 3 Left ventricular
end-diastolic pressure
(LVEDP) was elevated
after TAC, and LOS tended
to normalize it,
but the difference was not
significant. TAC reduced, and
LOS normalized both,
end-systolic stress (ESS) and
peak systolic stress (PSS). No
significant changes were seen
in end-diastolic stress (EDS)
between groups. *p<0.05 vs.
sham, #p<0.05 vs. TAC
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Discussion

The fact that ROS play an important role in determining
pathological CH is a well-validated concept [2, 28]. Redox-
sensitive mechanisms mediate CH in response to either
pressure overload or other stimuli such as AII, α adrenergic
agonists, tumor necrotic factor α, endothelin and mechan-
ical stretch [28, 39, 54]. In this report, we provide in vivo
evidence in favor of a redox-mediated NHE-1 activation as
a mechanism in determining inappropriate CH, as it was
previously suggested from in vitro experiments [52].
However, the possibility of alternate redox-sensitive mech-
anisms leading to CH by routes other than NHE-1
activation should also be considered [35].

Enhanced activity of the NHE-1 has been reported in
genetic models of hypertensive CH, such as spontaneously
hypertensive rats [41]. Although a hyperactive exchanger
does not modify steady-state intracellular pH (because of
compensatory bicarbonate dependent mechanisms) [41], it
increases intracellular Na+ with the consequent rise in Ca2+

through the Na+/Ca2+ exchanger, leading to hypertrophic
signals. As was pointed out in a recent work by Nakamura

et al. [40], NHE-1 activation in myocytes transfected with
hyperactive NHE-1 units seems to be sufficient to generate
Ca2+ signals leading to CH. Furthermore, it has been
reported that increased Ca2+ can also stimulates NHE-1
[34], generating a sort of vicious circle.

One of the earliest intracellular signals that follow
myocardial stretch is the autocrine/paracrine release of AII
and endothelin-1 (ET-1) by cardiomyocytes, leading to
NHE-1 activation [13]. The seminal papers by Sadoshima
et al. [44], Ito et al. [26] and Yamazaki et al. [55] showed
this phenomenon in rat neonatal cardiomyocytes. This
chain of events is detected also after stretching papillary
muscles [13]. In this regard, phosphorylation of NHE-1 at
Ser703 by the upstream ROS-sensitive kinase p90RSK

appears to be the post-translational mechanism responsible
for NHE-1 enhanced function [9]. Interestingly, the same
intracellular signal activation pattern, i.e., an increase in the
redox sensitive kinase p90RSK, was detected in vivo in the
present study after 7 weeks of TAC. Chronic treatment with
LOS prevented the increase in TBARS, phosphorylation of
p90RSK, the consequent NHE-1 phosphorylation, and also
cardiac function deterioration. We would like to highlight
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Fig. 4 a Representative cardiac pressure volume loops from a sham,
TAC and TAC+LOS mouse. Compared to sham, TAC decreased
cardiac systolic function, as reflected by a shift to the right of the
normal end-systolic pressure volume relation (ESPVR) obtained in sham
animals (break line). LOS restored ESPVR to the left. b dP/dtmax

corrected to chamber concentricity (LV radius (r)/thickness (h)) also

decreased with TAC and was restored with LOS. c TAC increased
diastolic stiffness estimated as the slope of the end-diastolic pressure-
volume relations (EDPVR). LOS tended to restore this index, but the
difference was not statistically significant. *p<0.05 vs. sham. n=6 in
each group
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that plasma TBARS were proposed to be better indicators
of oxidative stress than myocardial TBARS in the setting of
CH [5].

The increased fibrosis accompanying CH seen in the
present study was also diminished with LOS, similarly to
what has been previously shown in the hypertrophic
myocardium of spontaneously hypertensive rats undergoing
chronic NHE-1 inhibition [14]. Interestingly, in the latter
study, as well as in the present work, treatment did not
decrease afterload. Several lines of evidence suggest that
fibrosis development is linked to NOX activation and ROS
production [6, 8]. In fact, cardiac fibrosis, induced either by
AII or pressure overload, is significantly attenuated in NOX
2 knockout mice [6, 8]. In spite of the reduction in fibrosis
seen with LOS, cardiac end-diastolic stiffness was not
restored. It is possible that myocardial stiffness requires
longer treatment time to normalize, or even that in that
relative short term, LOS treatment did not affect the
subtype of collagen or cross-link responsible for myocardial
stiffness. Since we only measured total fibrosis, we were
not able to differentiate them.

In our work, the origin of ROS or the isoform of NOX
involved in the hypertrophic mechanism was not explored.

However, previous in vitro experiments showed that
mitochondria is the main source of NOX-dependent ROS
formation after myocardial stretch [9] and that NOX 4
activity from mitochondrial origin [33] may play a role in
addition to NOX 2 in CH development. Whether the
recently described antioxidant properties of LOS [23] are
playing a role beyond its direct AT1R inhibiting action was
also not explored at the present time and deserves further
investigation.

The reduction in wall thickness detected in LOS-treated
vs. non-treated TAC hearts in the absence of changes in LV
pressure or radius, determined an increase in LV wall stress.
LOS did not restore wall thickness to control values (it
remained ~24% higher than controls; Fig. 2), but certainly
reduced it to levels “necessary” to counteract for the
increase in pressure. In other words, the excessive CH
was eliminated. It is interesting to note that in spite of the
increase in wall stress seen with LOS, the reduction in CH
seen with the AT1R blocker was accompanied by an
increased cardiac performance, as reflected by the contrac-
tility indexes assessed not only by echocardiography but
also by LV pressure–volume loops (Figs. 2 and 4). These
findings could suggest that the amount of CH prevented by

Fig. 5 a Lipid peroxidation
estimated by plasma TBARS
concentration increased in TAC
mice and was normalized by
LOS. b P-p90RSK also showed a
similar pattern. c Significant
increase in NHE-1
phosphorylation at Ser703,
estimated by a specific antibody
against P-14-3-3 binding motif
(BM), was detected in the
hypertrophied myocardium of
TAC-mice. This effect was
prevented by LOS treatment.
d Quantitative real time
RT-PCR was used to determine
NHE-1 mRNA abundance in
each group. No difference in
NHE-1 mRNA among groups
was observed. *p<0.05 vs.
sham; #p<0.05 vs. TAC. n=7
for sham, n=8 for TAC,
n=7 for TAC+LOS
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LOS was maladaptive or “inappropriate,” a concept coined
by others [38]. In this regard, it seems that pressure
overload may trigger multiple intracellular signaling path-
ways in addition to enhanced AT1R stimulation. Whereas
some of these may be deleterious, others may benefit the
heart, allowing it to adapt to different stressors. It is obvious
that our data does not clarify whether or not the remnant
hypertrophy seen herein was adaptive. Future experiments
decreasing CH further and assessing cardiac performance
will be necessary to elucidate this complex problem. As
pointed out by Morisco et al. [36], the ideal therapeutic
strategy towards hypertensive heart disease should aim to
identify and target detrimental components while preserv-
ing beneficial ones. We could speculate that by preventing
ROS production and NHE-1 phosphorylation we interfered
with a pathway involved in the development of inappro-
priate maladaptive CH, not affecting the development of
compensatory hypertrophy. Our hypothetical proposal is
schematized in Fig. 6. Myocardial stretch induced by
pressure overload triggers many intracellular signals. One of
them, the autocrine/paracrine mechanism increases oxidative
stress through the action of AII/ET-1 upon NOX, and leading
to increase intracellular Na+ and Ca2+ after NHE-1 activation.
The AT1R inhibition prevented NOX activation and phos-
phorylation of p90RSK and NHE-1, decreasing the elevated
Ca2+ levels and CH. At first glance, it appears difficult to
explain the mechanisms by which a decrease in intracellular
Ca2+ induced by NHE-1 inhibition can selectively diminish
excessive CH without affecting the compensatory one.
Baartscheer et al. [4], in experiments performed in rabbits,
as we have likewise done [19] in cardiomyocytes isolated
from neonatal rats, reported that NHE-1 inhibition decreased
diastolic Ca2+ levels increasing the amplitude of the Ca2+

transient and thus improving myocardial contractility. We can
speculate that the decrease in diastolic Ca2+ levels is the
signal sensed by calcineurin and involved in maladaptive
CH. On the other hand, compensatory hypertrophy would be
triggered by mechanisms independent of diastolic Ca2+

levels or even by pathways not involving cytosolic Ca2+ at
all. In connection with this, Wu et al. [53] showed that
cardiomyocytes can distinguish simultaneous local and
global Ca2+ signals involved in contractile activation from
those targeting gene expression.

The question of why the elevation of [Na+]i achieved by
the NHE-1 is not corrected by the Na+/K+-ATPase activity
may be raised. In this regard, Bers et al. [7] have shown that
the amount in [Na+]i necessary to alter the Na+ pump
activity is greater than those described to induce Ca2+ entry
through the Na+/Ca2+ exchanger.

Another point that deserves further comments is the
impact that the coronary circulation might have on cardiac
function in the setting of CH. In our model, proximal aortic
pressures did not significantly changed between treated and

untreated mice. Since LVEDP also did not significantly
change, we also expect that differences in coronary
perfusion pressure were minimal. However, we did not
determine capillary density in heart tissue before and after
CH, therefore, a difference in circulation at the capillary
level with its consequences cannot be ruled out.

In summary, in our model, TAC induced inappropriate
CH, accompanied by ROS production and NHE-1 phos-
phorylation. AT1R blockade with LOS prevented redox-
sensitive p90RSK activation and NHE-1 phosphorylation.
The CH detected in TAC mice was deleterious, since
cardiac performance decreased, and LOS prevented this as
well. These experiments suggest for the first time an in vivo
link between the AT1R blocker LOS, ROS-mediated NHE-
1 phosphorylation and the development of CH, results that
are online with previous in vitro experiments.

Fig. 6 Schematic representation of the proposed signaling pathway
involved in the prevention of CH by AT1R blockade. In our scheme,
the AT1R-sensitive part of the TAC-induced CH is maladaptive and
related to redox-sensitive p90RSK activation, NHE-1 phosphorylation/
activation, increase in intracellular Na+ and the consequent increase in
intracellular Ca2+ through the NCX. The increased Ca2+ concentration
would then activate the calcineurin-NFAT signaling pathway respon-
sible for triggering an abnormal cardiac growth. On the other hand, the
same mechanical stimulus (stretch of cardiac muscle) may trigger
other prohypertrophic signals intended to compensate for the
increased wall stress (“adaptive hypertrophy”) [11]. The reason for
an improvement of cardiac performance accompanying the regression
in CH due to AT1R blockade is not apparent to us at present. However,
we could speculate about cancellation of the negative inotropic effect
assigned to calcineurin phosphatase activation [30, 45]
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