The role of the Grb2-p38 MAPK signaling pathway
in cardiac hypertrophy and fibrosis
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Cardiac hypertrophy is a common response to pressure overload and is associated with increased
mortality. Mechanical stress in the heart can result in the integrin-mediated activation of focal
adhesion kinase and the subsequent recruitment of the Grb2 adapter molecule. Grb2, in turn, can
activate MAPK cascades via an interaction with the Ras guanine nucleotide exchange factor SOS
and with other signaling intermediates. We analyzed the role of the Grb2 adapter protein and p38
MAPK in cardiac hypertrophy. Mice with haploinsufficiency of the Grb2 gene (Grb2*~ mice) appear
normal at birth but have defective T cell signaling. In response to pressure overload, cardiac p38
MAPK and JNK activation was inhibited and cardiac hypertrophy and fibrosis was blocked in
Grb2*/- mice. Next, transgenic mice with cardiac-specific expression of dominant negative forms
of p38a (DN-p38a) and p38f (DN-p38p) MAPK were examined. DN-p38a and DN-p38f mice
developed cardiac hypertrophy but were resistant to cardiac fibrosis in response to pressure over-
load. These results establish that Grb2 action is essential for cardiac hypertrophy and fibrosis in
response to pressure overload, and that different signaling pathways downstream of Grb2 regulate
fibrosis, fetal gene induction, and cardiomyocyte growth.

J. Clin. Invest. 111:833-841 (2003). doi:10.1172/JCI200316290.

Introduction
Human cardiac hypertrophy is a common condition
that often develops as a by-product of hypertension or
valvular heart disease. Adult cardiomyocytes are unable
to divide, but respond to stress and growth stimuli by
enlarging (1). Cardiac hypertrophy is associated with
an increased risk of cardiac arrhythmias, diastolic dys-
function, congestive heart failure, and death (2, 3).
Pressure overload activates a wide variety of signaling
pathways in cardiac tissue. For example, increased wall
stress leads to the local release of ligands such as
angiotensin II and endothelin-1 (1, 4). The precise
requirement for these ligands in the hypertrophic
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process is not completely understood at this time,
although angiotensin Il receptor blockade inhibits the
development of aortic banding-induced murine car-
diac hypertrophy in a fashion that is independent of its
ability to lower blood pressure (5).

In addition to causing the local release of ligands,
pressure overload may also activate intrinsic “stretch”
receptors in cardiomyocytes. Leading candidates for
cardiac stretch receptors include the integrin family of
transmembrane proteins (6-8). Outside-in integrin sig-
naling is mediated by the binding of extracellular
matrix proteins to an off heterodimeric integrin pair
(9-12). Binding of a matrix protein to an integrin het-
erodimer typically results in the activation of the non-
receptor tyrosine kinase, focal adhesion kinase (FAK)
(6). Activated FAK, in turn, recruits the non-receptor
tyrosine kinase c-Src, the multifunctional adapter mol-
ecule Grb2, and other signaling intermediates (6, 8, 13).

Recent studies demonstrated that integrin activation,
in concert with G protein activation, might be essential
for the growth of cardiomyocytes. For example, bal-
loon-mediated ventricular stretch of isolated adult rat
heart results in the rapid activation of FAK, promotes
the association of Grb2 with FAK, and causes the acti-
vation of extracellular signal-regulated kinase 1/2
(ERK) (14). In addition, stretch of cultured rat neona-
tal cardiomyocytes results in the rapid activation of
FAK and c-Src, the formation of a Grb2-FAK complex,
and the activation of p38 MAPK (8). Furthermore,
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expression of an integrin Bp inhibitor in cultured rat
neonatal cardiomyocytes blocks phenylephrine-
induced hypertrophy and atrial natriuretic factor
(ANF) expression (7). Finally, expression of a dominant
negative form of FAK, or expression of a mutant form
of FAK that is unable to bind to Grb2, in cultured car-
diomyocytes blocks phenylephrine-induced hypertro-
phy and ERK activation (6, 7).

Cardiac pressure overload results in the activation of
integrin/FAK-mediated responses, but the importance
of downstream components of this signaling pathway
in the hypertrophic process remains to be determined.
Recently, mice were developed with targeted disruption
of the Grb2 gene (15). Grb2 is a scaffolding protein that
contains two Src-homology type 3 (SH3) domains that
flank a single SH2 domain (16, 17). SH3 domains bind
to polyproline peptide motifs, and SH2 domains bind
to phosphotyrosine-containing peptide motifs (18, 19).
The SH3 domain of Grb2 binds to a polyproline motif
on the Ras guanine nucleotide exchange factor SOS,
and the SH2 domain of Grb2 binds to phosphotyro-
sine motifs present on activated FAK, Shc, and receptor
tyrosine kinases. Grb27~ mice do not survive embryon-
ic development due to defective endoderm differentia-
tion and because they are unable to form the epiblast.
However, Grb2*~ mice survive embryogenesis, appear
normal at birth, and are fertile. Grb2*/~ mice have a
40-50% reduction in Grb2 protein in all tissues tested
to date and have a defect in T cell signaling (20).
Although ERK activation is normal in Grb2*~ T cells,
p38 MAPK and JNK activation is markedly reduced.
Based on these defects in signal transduction, we
thought Grb2”~ mice would be an excellent model sys-
tem in which to study cardiac hypertrophy.

Methods

Grb2*/~ mice. Grb2*~ mice in the 129/Sv] strain were
generated as previously described (15). Grb27~ mice do
not survive embryonic development. Grb2%~ mice were
compared with Grb2** 129/Sv] littermates in all exper-
iments described here.

All research involving the use of mice was performed
in strict accordance with protocols approved by the
Animal Studies Committee of Washington University
School of Medicine.

Transgenic mice with cardiac-specific expression of dominant
negative forms of p38a or p38 MAPK. The coding region
of the cDNA’s of human DN-p38a MAPK or DN-p38f3
MAPK (21, 22) were subcloned into a vector containing
the a-myosin heavy chain (a-MHC) promoter and an
SV40 polyadenylation site as previously described (23).
Linearized DNA was injected into the pronuclei of one-
cell Black Swiss embryos. Progeny were analyzed by
PCR to detect transgene integration (24). Multiple lines
in the Black Swiss genetic background were obtained
for the construct, and integration of the transgene was
analyzed by dot blot analysis. The highest-expressing
lines, with integration of ten copies of the DN-p38a
transgene and 15 copies of the DN-p38f transgene,

were used in this study. Transgenic DN-p38a or
DN-p38f mice were compared with congenic non-
transgenic Black Swiss mice in every experiment.

Transverse aortic constriction. Transverse aortic con-
striction (TAC) was performed as previously
described (25, 26). The surgeon was blinded in all
cases to the transgenic status of the mice. After 7
days, surviving animals were subjected to transtho-
racic echocardiography and cardiac catheterization
to determine cardiac function and proximal aortic
pressure. Animals were then killed and the hearts
were dissected out and weighed (24).

Transthoracic echocardiography. Transthoracic echocar-
diography was performed in awake mice by use of an
Acuson Sequoia 256 Echocardiography System
equipped with a 15-MHz transducer (model 15L8) as
described previously (Siemens Medical Solutions,
Mountain View, California, USA) (24, 27). The
echocardiographer was blinded in all cases to the
transgenic status of the mice.

Cardiac catheterization. Closed-chest cardiac catheter-
ization was performed as previously described (24).
Continuous aortic pressure and left ventricular (LV)
systolic and diastolic pressures were recorded on a
Gould chart recorder (Gould Instruments, Valley
View, Ohio, USA).

Histological analysis. Seven days after TAC, Grb2”~ and
Grb2+/+ 129/Sv], DN-p38a, DN-p38f, and nontrans-
genic Swiss Black mice were sacrificed and LV tissue
was obtained. Tissue was fixed in 10% formalin,
embedded in paraffin, and sectioned with a micro-
tome. Tissue sections were stained with H&E or with
Masson trichrome (24).

Quantitative real-time RT-PCR. RNA was purified from
quick-frozen cardiac tissue by use of the RNeasy pro-
tocol (QIAGEN Inc., Valencia, California, USA). The
TagMan Gold RT-PCR kit was used according to the
manufacturer’s instructions (Applied Biosystems, Fos-
ter City, California, USA). Quantitative PCR was per-
formed by use of real-time detection technology and
analyzed on a model 7700 Sequence Detector (Applied
Biosystems) with specific primers and fluorescent
probes for sarcoplasmic-endoplasmic reticulum calci-
um ATPase (SERCA), medium chain acyl-CoA dehy-
drogenase, ANF, and 3-myosin heavy chain (3-MHC).
Levels of mRNA were compared at various timepoints
after correction by use of concurrent GAPDH message
amplification, with GAPDH probe and primers used as
an internal standard.

Protein analysis. Cytosolic extracts of ventricular tissue
were separated by SDS-PAGE and proteins were elec-
trophoretically transferred to nitrocellulose filters (26).
Filters were blocked in Tris-buffered saline containing
1% Tween 20 and 2% nonfat dried milk. Filters were
washed and incubated with primary antibody. Primary
antibodies used included: rabbit polyclonal anti-FAK
antibody, murine monoclonal anti-Grb2 antibody,
murine monoclonal anti-ERK antibody, rabbit poly-
clonal anti-p38a MAPK antibody, goat polyclonal
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anti-p38p MAPK antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, California, USA), rabbit polyclonal
anti-phospho p38 MAPK antibody, rabbit polyclonal
anti-phospho-JNK antibody, rabbit polyclonal
anti-p38 MAPK antibody, and rabbit polyclonal anti-
JNK antibody (Cell Signaling Technology, Beverly,
Massachusetts, USA). Filters were extensively washed
in Tris-buffered saline containing 1% Tween 20 and
then incubated with horseradish peroxidase-conjugat-
ed anti-rabbit, anti-goat, or anti-mouse secondary anti-
body (Amersham Pharmacia Biotech Inc., Piscataway,
New Jersey, USA). Bands were visualized by use of the
ECL system (Amersham Pharmacia Biotech Inc.) (26).

In vitro protein kinase assays. In vitro ERK activity
assays were performed using a kit from Cell Signaling
Technology in accordance with the manufacturer’s
instructions. In brief, anti-phospho-ERK immuno-
precipitates were derived from ventricular cytosolic

fertile, and have normal cardiac structure and func-
tion at 12 weeks of age (20). Echocardiographic analy-
sis of 12-week-old Grb2¥* and Grb2*%- 129/Sv] mice
revealed that Grb2 haploinsufficient mice have nor-
mal cardiac structure and intact ventricular systolic
function, with a baseline LV fractional shortening of
51% + 7%. There was no evidence of cardiac hypertro-
phy or of reduced cardiac wall thickness in Grb2*/~
mice in the absence of pressure overload.

To determine whether disruption of one allele of
the Grb2 gene resulted in reduced cardiac protein
content, a series of immunoblot experiments were
performed with cardiac cytosolic lysates. Anti-Grb2
immunoblotting of ventricular protein lysates
demonstrated an approximately 40% reduction in
Grb2 protein levels in Grb2*%~ mice compared with
Grb2** mice (Figure 1b). This decrease in Grb2 pro-
tein levels is consistent with previously published

lysates obtained 7 days after TAC. 2 ug of the
specific substrate protein Elk-1, 200 uM of
ATP, and 50 ul of 1X kinase reaction buffer
were added to the immunoprecipitates. Kinase
reactions were terminated after a 30-minute
incubation period, and proteins were separated
by SDS-PAGE and then analyzed by
immunoblotting with a specific antibody
against phospho-Elk-1.

Statistical analysis. All data are reported as mean
+ SEM. Statistical analysis was performed by
two-tailed Student ¢ test, x? analysis, and
ANOVA where applicable. Multiple group com-
parison was carried out by ANOVA with the
Fisher post-hoc comparison. A value of P < 0.05
was considered to be statistically significant.

Results

Cardiac pressure overload promotes Grb2 association
with FAK. Previous work demonstrated that
Grb2 is expressed in heart tissue and isolated
cardiomyocytes. In addition, Grb2 is recruited
by activated FAK in response to mechanical
stress in cultured rat neonatal cardiomyocytes
or in intact isolated rat hearts (8, 14). We inves-
tigated the ability of pressure overload to pro-
mote the association of FAK with Grb2 in
murine cardiac tissue. TAC was performed on
12-week-old wild-type Grb2** mice, and ven-
tricular tissue was isolated 7 days after the sur-
gical procedure. Anti-FAK immunoprecipitates
derived from ventricular protein lysates were
analyzed by anti-Grb2 immunoblotting; this
revealed that Grb2 formed a complex with FAK
in Grb2** ventricular tissue after TAC, but not
after a sham operation (Figure 1a).

Reduced cardiac Grb2 protein levels in baploinsuf-
ficient mice. To investigate the role of Grb2 in
the cardiac hypertrophic growth program,
Grb2*/~ mice were analyzed. Grb2*/~ mice in the
129/Sv] strain appear normal at birth and are
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Figure 1

Biochemical characterization of Grb2 and MAPK in murine cardiac tissue 7
days after TAC or sham operation. (a) Load-induced formation of a
Grb2-FAK complex. Anti-FAK immunoprecipitates (IP) derived from ventric-
ular lysates were separated by SDS-PAGE and analyzed by immunoblotting
with an anti-Grb2 antibody (lower panel). Anti-FAK immunoprecipitates
were also analyzed in parallel by immunoblotting with an anti-FAK antibody
(upper panel). (b) Reduced Grb2 protein content in Grb2*/~ cardiac tissue.
Upper panel, ventricular lysates were analyzed by immunoblotting with an
anti-Grb2 antibody. Lower panel, quantification of Grb2 protein levels by
densitometric analysis of immunoreactive bands. (c) Analysis of p38 MAPK
activation in Grb2*/~ cardiac tissue. Ventricular lysates were analyzed by
immunoblotting with an anti-phospho-p38 MAPK antibody (upper panel).
Lysates were also analyzed in parallel by immunoblotting with an anti-p38
MAPK (lower panel) antibody to control for protein content. (d) Analysis of
JNK activation in Grb2*/~ cardiac tissue. Lysates were analyzed by
immunoblotting with an anti-phospho-JNK antibody (upper panel). Lysates
were also analyzed in parallel by immunoblotting with an anti-JNK (lower
panel) antibody to control for protein content. (e) Analysis of ERK activity
in Grb2*/~ cardiac tissue. Anti-ERK immunoprecipitates derived from ven-
tricular lysates were analyzed by in vitro kinase assay by use of Elk-1 protein
as a substrate. Anti-phospho-Elk-1 antibody immunoblotting was per-
formed to assess ERK activity (upper panel). Lysates were also analyzed in
parallel by immunoblotting with an anti-ERK (lower panel) antibody to con-
trol for protein content. Sham, sham operation.
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Figure 2

Reduced hypertrophic response to pressure overload in Grb2*~ mice.
(a) Gross morphology of hearts from Grb2*/* (left) and Grb2*/~
(right) mice 7 days after TAC. (b) Morphometric analysis of cardiac
hypertrophy in Grb2*/* and Grb2*/~ mice. Seven days after TAC or
sham operation, cardiac chambers were dissected and weighed to
determine LVW/BW (*P < 0.01 vs. sham-operated control).
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observations in T cells (20). In addition to reduced
cardiac Grb2 protein, pressure overload-induced
Grb2/FAK complex formation was markedly
decreased in cardiac tissue obtained from Grb2*/~
mice after TAC (Figure 1a).

Analysis of MAPK cascade activation in Grb2*/~ mice after
TAC. In wild-type mice, multiple signaling cascades
are activated in response to pressure overload
induced by TAC. Grb2*/~ mice were analyzed 7 days
after TAC to determine whether there were defects in
cardiac signal transduction. Grb2¥~ mice tolerated
TAC and had a survival rate of 92% after 7 days (12 of
13 animals). Ventricular cytosolic lysates obtained
from animals 7 days after
TAC were analyzed by
immunoblotting using anti-
bodies against both phos-

Table 1

used as a substrate. ERK activity increased in both
Grb2*/* and Grb2*/~ mice after TAC. In some experi-
ments, the fold increase in ERK activity was mildly
reduced in Grb2*/~ ventricular tissue (Figure le).

Hypertrophic response of Grb2*/~ mice to TAC. In wild-
type mice, prominent LV hypertrophy develops 7 days
after TAC. Typically, there is a 25-30% increase in the
ratio of LV weight to body weight (LVW/BW) in
response to pressure overload. In Grb2** 129/Sv]
mice, LVW/BW increased by 31% 7 days after TAC,
from 3.5 + 0.5 mg/g to 4.6 + 0.7 mg/g. In contrast,
Grb2*- mice were almost completely resistant to car-
diac hypertrophy, and LVW/BW increased by only
5.7%, from 3.5 + 0.3 to 3.7 + 0.3 mg/g (Figure 2, a and
b). Indeed, the difference in LVW/BW between Grb2*~
and Grb2*/* mice after TAC was statistically signifi-
cant by Student ¢ test (P < 0.01). Echocardiographic
analysis also demonstrated that Grb2*~ mice were
resistant to TAC-induced cardiac hypertrophy.
Echocardiographically determined LV mass to body
weight ratio (LVM/BW) in Grb2*/* mice increased by
39% 7 days after TAC, but increased by only 5.4% in
Grb2*~ mice (Table 1). In addition, ventricular con-
tractility was enhanced in Grb2”~ mice 7 days after
TAC with a fractional shortening of 57%, compared
with a fractional shortening of 48% in Grb2*/* mice
(Table 1). The failure of Grb2*~ mice to exhibit cardiac
hypertrophy in response to TAC was not a result of
less stringent aortic constriction. Proximal systolic
aortic pressures increased from 142 + 20 mmHg to
196 + 6 mmHg in Grb2*~ mice, and increased from
132 + 5 mmHg to 181 + 12 mmHg in Grb2*/* mice.

Histological analysis of LV tissue of Grb2%~ and
Grb2** mice was performed 7 days after TAC. Grb2*/*
animals exhibited typical myocyte enlargement,
myofibrillar disarray, and fibrosis after TAC, whereas
Grb2*7~ animals had little or no fibrosis and relatively
preserved myofibrillar architecture (Figure 3).

Gene expression in Grb2*/~ mice after TAC. Pressure
overload leads to a variety of alterations in cardiac

In vivo echocardiographic assessment of Grb-2*/- mice

pho-JNK and phospho-p38
MAPK. In both cases, paral-
lel samples were analyzed by

Grb-2*/* (n = 6)

TAC
Grb-2*/* (n = 6)

Sham-operated
Grb-2%/-(n=6)

Grb-2%-(n=6)

> k HR (beats/min) 628 + 69 618+ 58 555+ 87 558 £ 107
anti-JNK and anti-p38 MAPK | yipg (mm) 3.06 +0.58 3.11+0.38 3.19+0.48 2.70 + 0.49
immunoblotting to control |vips (mm) 1.59 £ 0.56 1.54£0.29 1.71£0.63 118+0.37
for protein loading. Activa-  pwd (mm) 0.72 +0.07 0.74 +0.05 0.87+0.18 0.83+0.07
tion of p38 MAPK and JNK  vsd (mm) 0.73£0.08 0.68 +0.10 0.81+0.18 0.79£0.18
was markedly decreased after  LVM/BW (mg/g) 2.55+0.41 2.59+0.16 3.54+0.924 2.73+0.33
TAC in Grb2* mice com- FS (%) 493+9.2 50.5+6.28 47.7 +12.7 571487
pared with Grb27* 129/Sv] ~LVYW/BW (mg/g) 35405 3.5%03 4.6+0.74 37403

mice (Figure 1, cand d). ERK
activity in ventricular tissue
samples was analyzed by in
vitro kinase assay with

recombinant Elk-1 protein ed control (Student’s t test).

Echocardiographic measurements obtained from transthoracic M-mode tracings of nontransgenic Grb-2
and Grb-2*/- mice 7 days after TAC or sham operation. HR indicates heart rate; LVIDd and LVIDs, end-dias-
tolic and end-systolic LV internal dimensions, respectively; PWd and IVSd, end-diastolic posterior wall and
intraventricular septal thickness; LVM, M-mode echocardiogram-derived LV mass; FS, fractional shortening;
LV/BW morphometrically-determined left ventricular weight-to-body ration. AP < 0.05 versus sham-operat-
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gene expression. In particular, f-MHC and ANF gene
expression is typically increased in cardiac tissue in
response to pressure overload. We used real-time
quantitative RT-PCR to assess the expression of
hypertrophic marker genes in mice after TAC. In wild-
type 129/Sv] but not Grb2*%~ mice, f-MHC and ANF
gene expression was markedly induced 7 days after
TAC. Indeed, f-MHC gene expression increased by 23-
fold and ANF gene expression increased by 18-fold in
wild-type mice (Figure 4, a and b).

Transgenic mice with cardiac-specific expression of dominant
negative p38a or p38 MAPK. Grb2*/~ mice are resistant
to the development of cardiac hypertrophy and fibro-
sis after TAC and have markedly attenuated p38 MAPK
and JNK signaling. Previous work demonstrated that
p38a MAPK is activated in cultured cardiomyocytes in

Figure 4

Inhibition of B-MHC and ANF gene expression in Grb2*/~ cardiac tis-
sue after pressure overload. Ventricular tissue was obtained 7 days
after TAC or sham operation from Grb2** and Grb2*/~ mice, and
RNA was purified from the tissue samples. Gene expression was ana-
lyzed by use of quantitative real-time RT-PCR with specific primers
and probes. GAPDH was used as an internal control in all cases. (a)
B-MHC gene expression in Grb2*/* and Grb2*/~ ventricular tissue. (b)
ANF gene expression in Grb2"/* and Grb2"/~ ventricular tissue. AU,
arbitrary units.

Figure 3

Histological analysis of Grb2*/* and Grb2*/~ LV tissue 7 days after TAC
or sham operation. Ventricular tissue sections from (a) Grb2*/*
mouse, stained with H&E after sham operation; (b) Grb2** mouse,
stained with H&E after TAC; (c) Grb2*/~ mouse, stained with H&E
after sham operation; (d) Grb2*/~ mouse, stained with H&E after
TAG; (e) Grb2*/* mouse, stained with Masson trichrome after sham
operation; (f) Grb2*/* mouse, stained with trichrome after TAC. Note
the increased extracellular matrix content (blue color), cardiomy-
ocyte enlargement, and disarray. (g) Ventricular tissue section from
Grb2*/~ mouse, stained with trichrome after sham operation. (h)
Ventricular tissue section from Grb2*%/~ mouse, stained with trichrome
after TAC. The original magnification was x400 in all sections.

response to hypertrophic agonist stimulation (28, 29).
In one study, p38 MAPK, but not JNK, was found to be
required for phenylephrine-induced cardiomyocyte
hypertrophy (28). In addition, pressure overload in
rodents is known to activate cardiac p38a MAPK activ-
ity (30). In contrast to work with isolated cultured car-
diomyocytes, previous whole-animal work does not
support the hypothesis that p38 MAPK activity pro-
motes cardiomyocyte growth. Liao et al. recently gen-
erated transgenic mice with cardiac-specific expression
of activated forms of MKK3bE or MKK6DE, kinases
that act immediately upstream of p38a and p38p
MAPK (31). MKK3bE and MKKG6DE transgenic mice
developed cardiac fibrosis, systolic and diastolic dys-
function, and marked fetal gene induction, but no car-
diac hypertrophy (31).

To test whether Grb2-facilitated p38 MAPK activa-
tion is an essential regulator of cardiac hypertrophy,
we analyzed transgenic mice with cardiac-specific
expression of dominant negative mutants of p38a
and p38f MAPK. In these mutants, the threonine-X-
tyrosine (TXY) activation loop is altered as previous-
ly described (21, 22, 26). The a-MHC promoter was
linked to cDNA’s encoding DN-p38a or DN-p383,
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and transgenic mice in the Swiss Black strain were
generated. Multiple lines were generated for each
construct, and the highest-expressing lines were ana-
lyzed in this work. DN-p38a mice with integration of
ten copies of the transgene and DN-p38f mice with
integration of 15 copies of the transgene were viable
and fertile. Expression of the dominant negative
forms of p38 was robust in transgenic mice as deter-
mined by immunoblotting of ventricular cytosolic
lysates with isoform-specific anti-p38 MAPK pri-
mary antibodies (Figure 5a).

The ability of the dominant negative mutant forms
of p38 MAPK to specifically inhibit native p38a or
p38p kinase activity was analyzed. Cardiac p38a and
p38p MAPK activity was analyzed by in vitro kinase
assay following immunoprecipitation of phos-
pho-p38 MAPK protein from ventricular lysates.
DN-p38a transgenic mice exhibited reduced p38a
MAPK activity and DN-p38f transgenic mice exhib-
ited reduced p38B MAPK activity in ventricular
cytosolic lysates (Figure 5, b and c).

Response of DN-p38a. or DN-p38p transgenic mice to
TAC. In response to TAC, 15 of 19 DN-p38a mice
(79%), and 11 of 17 DN-p38f mice (65%) survived,

Figure 5

Biochemical characterization of DN-p38a and DN-p38f transgenic
mice. (a) Analysis of DN-p38a and DN-p38f MAPK protein levels
in cardiac tissue from transgenic mice. Ventricular protein lysates
obtained from DN-p38a mice, DN-p38[3 mice, and nontransgenic
Swiss Black mice were separated by SDS-PAGE and examined by
immunoblotting. Upper panel, isoform-specific anti-p38a MAPK
immunoblot. Middle panel, isoform-specific anti-p38f MAPK
immunoblot. Lower panel, anti-ERK immunoblot to control for
protein loading. (b) Reduced p38a MAPK activity in DN-p38a.
transgenic mice. Ventricular protein lysates were generated 7 days
after TAC or sham operation in DN-p38a transgenic mice or non-
transgenic Swiss Black mice (NTG). Upper panel, anti-
phospho-p38 MAPK immunoprecipitates were analyzed by iso-
form-specific anti-p38a MAPK immunoblotting. Middle panel,
ventricular lysates were analyzed by anti-ERK immunoblotting to
control for protein content. Lower panel, quantification of p38a
MAPK protein levels in ventricular lysates by densitometric analysis
of immunoreactive bands. Data are from three experiments. (c)
Reduced p38f MAPK activity in DN-p38f transgenic mice. Upper
panel, anti-phospho-p38 MAPK immunoprecipitates were ana-
lyzed by isoform-specific anti-p38p MAPK immunoblotting. Mid-
dle panel, ventricular lysates were analyzed by anti-ERK
immunoblotting to control for protein content. Lower panel, quan-
tification of p383 MAPK protein levels by densitometric analysis of
immunoreactive bands. Data are from three experiments.

and these rates were similar to those observed in non-
transgenic littermates. Seven days after TAC, hearts
were isolated and LVW/BW was calculated as a meas-
ure of cardiac hypertrophy. As expected, LVW/BW
increased by 34% in nontransgenic Swiss Black mice,
from 3.5+ 0.2 to 4.7 + 0.1 mg/g (P < 0.01). DN-p38a.
transgenic mice also developed cardiac hypertrophy
after TAC (Figure 6). LVW/BW increased by 32% in
DN-p38a mice, from 3.4 + 0.1 to 4.5 + 0.6 mg/g
(P <0.05). DN-p38f mice developed cardiac hypertro-
phy 7 days after TAC and LVW/BW increased by 51%,
from 3.3 £ 0.5 t0 5.0 + 0.8 mg/g (P < 0.0001) (Figure 6).
Echocardiographic analysis confirmed that DN-p38a
and DN-p38f mice developed cardiac hypertrophy in
response to pressure overload. Echocardiographically
derived LVM/BW increased by 48% in nontransgenic
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Figure 6

Preserved hypertrophic response to pressure overload in DN-p38a
and DN-p38f transgenic mice. Morphometric analysis of cardiac
hypertrophy in DN-p38a mice, DN-p38f mice, and nontransgenic
Swiss Black mice. Seven days after TAC or sham operation, cardiac
chambers were dissected and weighed to determine LVW/BW.
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Table 2
In vivo echocardiographic assessment of DN-p38 mice

Sham-operated TAC

NTG (n = 8) DN-p38a (n = 8) DN-p38f (n = 8) NTG (n = 8) DN-p38a.(n=8) DN-p38f (n=28)
HR (beats/min) 688 + 36 705+ 43 673 + 64 658 + 47 658 + 37 627 + 81
LVIDd (mm) 3.27+0.19 3.18+0.10 3.18 £0.30 2.84+0.39 3.0 £0.08* 3.05+0.28
LVIDs (mm) 1.21+0.16 1.36 +0.48 1.62 +0.29 1.25+0.35 1.24+0.16 1.53+0.35
PWd (mm) 0.63 +0.09 0.70 £ 0.08 0.77 +0.09 0.80+0.13~ 0.90 +0.074 0.94 +0.07~
IVSd (mm) 0.64 +0.06 0.69 £ 0.1 0.71+0.09 0.75+0.25 0.87 +0.08* 0.90 + 0.077
LVM/BW (mg/g) 2.28 +0.31 2.47 +0.43 2.51+0.38 3.37£0.304 3.44 +0.477 4.04+0.77A
FS (%) 63.2+2.7 57.3+8.6 49.2+5.28 56.3+9.4 58.6+2.2 50.0+8.7
LVW/BW (mg/g) 3.5+0.2 3.4+0.1 3.3+0.5 4.7 +0.14 4.5+0.54 5.0+0.84

Echocardiographic measurements obtained from transthoracic M-mode tracings of nontransgenic (NTG), DN-p38a., and DN-p38f transgenic mice 7 days
after TAC or sham operation. AP < 0.05 versus sham-operated control (Student’s ¢t test).

mice, by 39% in DN-p38a mice, and by 61% in DN-p38f3
mice 7 days after TAC (Table 2).

The ability of DN-p38c. and DN-p38f mice to
exhibit cardiac hypertrophy in response to TAC was
not a result of more robust aortic constriction. Prox-
imal systolic aortic pressures increased from 127 + 16
to 157 + 9 mmHg in nontransgenic mice, increased
from 126 + 9 to 162 + 9 mmHg in DN-p38a mice,
and increased from 129 + 10 to 169 + 3 mmHg in
DN-p38f mice after TAC.

Recent work demonstrated that cardiac-specific
expression of activated forms of MKK3bE or MKKGDE,
kinases that act immediately upstream of p38 MAPK,
resulted in a phenotype that was characterized by car-
diac interstitial fibrosis, systolic contractile dysfunc-
tion, and induction of fetal marker genes (31). Sur-
prisingly, these transgenic mice did not develop
cardiac hypertrophy. To test whether DN-p38a. and
DN-p38f mice were resistant to the development of
cardiac fibrosis 7 days after TAC, cardiac tissue was
examined by trichrome staining. Both DN-p38a and
DN-p38p animals exhibited typical myocyte enlarge-
ment with little or no fibrosis and relatively preserved
myofibrillar architecture (Figure 7). These results con-
trasted with those of nontransgenic Swiss Black mice
that exhibited marked fibrosis as well as myocyte
enlargement after TAC. Therefore, DN-p38a and
DN-p38p transgenic mice exhibited reduced cardiac

Figure 7

Histological analysis of DN-p38a, DN-p38f, and nontransgenic LV tis-
sue 7 days after TAC or sham operation. Ventricular tissue sections
from (a) nontransgenic Swiss Black mouse, stained with H&E after
sham operation; (b) nontransgenic Swiss Black mouse, stained with
H&E after TAC; (c) DN-p38a transgenic mouse, stained with H&E
after TAC; (d) DN-p38f transgenic mouse, stained with H&E after
TAC; (e) nontransgenic Swiss Black mouse, stained with Masson
trichrome after sham operation; (f) nontransgenic Swiss Black mouse,
stained with trichrome after TAC. Note the increased extracellular
matrix content (blue color), cardiomyocyte enlargement, and disarray.
(g) Ventricular tissue section from DN-p38a transgenic mouse, stained
with trichrome after TAC. (h) Ventricular tissue section from DN-p38f3
transgenic mouse, stained with trichrome after TAC. The original mag-
nification was x400 in all sections.

fibrosis in response to pressure overload, despite the fact
that they both developed cardiomyocyte hypertrophy.

Gene expression analysis revealed that DN-p38a and
DN-p38p mice were not resistant to TAC-induced
alterations in cardiac gene expression. In response to
TAC, cardiac ANF gene expression was robustly
induced in nontransgenic Swiss Black, DN-p38a., and
DN-p38p mice (Figure 8a). In addition, cardiac SERCA
and MCAD gene expression was reduced in nontrans-
genic Swiss Black mice, DN-p38a mice, and DN-p38(
mice after TAC (Figure 8, b and c).
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Figure 8
Pressure overload-stimulated gene expression in DN-p38a and
DN-p38f transgenic cardiac tissue and in nontransgenic Swiss
Black cardiac tissue. Ventricular tissue was obtained 7 days after
TAC or sham operation, and RNA was purified from the tissue sam-
ples. Gene expression was analyzed by use of quantitative real-time
RT-PCR with specific primers and probes. GAPDH was used as an
internal control in all cases. (a) ANF gene expression. (b) SERCA
gene expression. (c) MCAD gene expression.

Discussion
Previous work suggested that cardiac pressure over-
load results in the activation of an integrin-mediated
signaling pathway that includes the non-receptor tyro-
sine kinases FAK and c-Src, the scaffolding protein
Grb2, the small GTPase Ras, and MAPK family mem-
bers. In this work, we analyzed the roles of Grb2, p38a
MAPK, and p383 MAPK in the development of
mechanical stress-induced cardiac hypertrophy by use
of genetically modified mice. First, we analyzed mice
that were deficient in one allele of the Grb2 gene,
because mice that are deficient in both alleles die early
in embryonic development.

Unlike Grb2~~ mice, Grb2*~ mice survive embryon-
ic development and are fertile (15, 20). In T cells and
cardiac tissue, Grb2 protein levels in Grb2*/~ mice are

reduced by approximately 40%. In vivo T cell stimu-
lation revealed defects in lymphocyte signal trans-
duction in Grb2*~ mice that included attenuated p38
MAPK and JNK activation, but not ERK activation
(20). Similar defects in cardiac signal transduction in
Grb2*~ mice were observed in this work in response
to pressure overload. Indeed, we observed a marked
defect in p38 MAPK and JNK activation, but intact
ERK activation, in cardiac tissue 1 week after TAC. In
addition, previous work with cultured Tpr-Met-trans-
formed fibroblasts revealed that introduction of a
dominant negative form of Grb2 blocked JNK but
not ERK activation (32).

The defect in p38 MAPK and JNK activation observed
in Grb2*~ mice indicates that there may be differing
dose-response thresholds of various MAPK cascades to
Ras activation. In this model, less Ras activity is
required to activate ERK than to activate p38 or JNK.
This may be due to the fact that Raf-1, the MAPK
kinase kinase (MAPKKK) binds directly to Ras, and
Raf-1 activation may require a relatively small amount
of Ras-GTP loading. In contrast, Askl and other p38
and JNK MAPKKKs do not bind directly to Ras, and
their activation may depend on the function of several
intermediary proteins.

Cardiac hypertrophy and fibrosis did not develop
in response to pressure overload in Grb2*%~ mice. To
further evaluate the relative role of MAPK pathways
downstream of Grb2, we analyzed mice with trans-
genic expression of dominant negative forms of p38
MAPK in the heart. DN-p38a and DN-p38f trans-
genic mice developed cardiac hypertrophy after TAC
despite having markedly reduced p38 MAPK activi-
ties. Despite their ability to develop cardiac hyper-
trophy, DN-p38a and DN-p38p transgenic mice did
not develop cardiac fibrosis in response to pressure
overload. These results demonstrate that cardiac
fibrosis is not always associated with cardiac hyper-
trophy. These results support those of Liao et al. (31),
who found that cardiac-specific expression of acti-
vated forms of MKK3bE or MKKG6DbE, direct
upstream activators of p38 MAPK, resulted in cardiac
fibrosis and systolic and diastolic dysfunction, but
not cardiac hypertrophy.

Taken together, these results demonstrate that car-
diac hypertrophy is dependent upon a signal transduc-
tion pathway that includes Grb2 but not p38 MAPK.
One question that remains is which signaling mole-
cules downstream of Grb2 are responsible for the
growth of cardiomyocytes. In addition to the Ras acti-
vator SOS, Grb2 binds to several other important sig-
naling molecules. For example, Grb2 binds to the
Grb2-associated binder 1 (Gab1) and Grb2-associated
binder 2 (Gab2) proteins, c-Abl, and dynamin (33-35).
Gab?2 is highly expressed in heart tissue (35). Gab1 pro-
tein is known to associate with PI3K and may be
involved in activation of the Akt pathway (36). One
hypothesis is that Grb2 promotes cardiac hypertrophy
via a Gab1-PI3K-Akt pathway.
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