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Aims Angiotensin II (Ang II) stimulates cardiac remodelling and fibrosis in the mechanically overloaded myocardium.
Although Rho GTPases regulate several cellular processes, including myocardial remodelling, involvement in mediat-
ing mechanical stretch-induced regulation of angiotensinogen (Ao), the precursor to Ang II, remains to be deter-
mined. We, therefore, examined the role and associated signalling mechanisms of Rho GTPases (Rac1 and RhoA)
in regulation of Ao gene expression in a stretch model of neonatal rat cardiac fibroblasts (CFs).

Methods
and results

CFs were plated on deformable stretch membranes. Equiaxial mechanical stretch caused significant activation of both
Rac1 and RhoA within 2–5 min. Rac1 activity returned to control levels after 4 h, whereas RhoA remained at a high
level of activity until the end of the stretch period (24 h). Mechanical stretch initially caused a moderate decrease in
Ao gene expression, but was significantly increased at 8–24 h. RhoA had a major role in mediating both the stretch-
induced inhibition of Ao at 4 h and the subsequent upregulation of Ao expression at 24 h. b1 integrin receptor block-
ade by Tac b1 expression impaired acute (2 and 15 min) stretch-induced Rac1 activation, but increased RhoA activity.
Molecular experiments revealed that Ao gene expression was inhibited by Rac1 through both JNK-dependent and
independent mechanisms, and stimulated by RhoA through a p38-dependent mechanism.

Conclusion These results indicate that stretch-induced activation of Rac1 and RhoA differentially regulates Ao gene expression by
modulating p38 and JNK activation.
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1. Introduction
Mechanical stress is a major stimulus responsible for the functional
and structural changes that occur in the haemodynamically over-
loaded myocardium. The renin–angiotensin system (RAS) is activated
in the pressure-overloaded myocardium and has a major role in med-
iating both hypertrophy and remodelling of the heart.1 Several clinical
and experimental studies have demonstrated that angiotensin-
converting enzyme (ACE) inhibitors and Ang II type I receptor
(AT1R) antagonists prevent and/or reverse the cardiac hypertrophy
and myocardial remodelling caused by hypertension and mechanical
load.2,3 All components of the RAS (renin, Ao, ACE, Ang II, Ang II

receptors) are present in the ventricular myocardium and produced
by cardiac fibroblasts (CFs).1,4,5 Targeted overexpression of Ao in
the myocardium results in increased cardiac Ang II and ventricular
hypertrophy,6 suggesting that locally produced Ao can induce heart
failure.

The mechanisms by which mechanical stress regulates Ao gene
expression in CFs remain to be determined. Like their myocyte
counterparts, cultured CFs display immediate signalling responses to
mechanical stretch.7,8 b1 integrin is a major mechanosensor in
cardiac cells and couples to effector systems involved in the regulation
of cellular growth and gene expression.9,10 Primary effectors activated
by b1 integrin include Rho GTPases11 and stress-activated protein
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kinases (SAPKs).12 SAPKs (such as JNK and p38) have been shown to
be downstream targets of Rho GTPases in non-cardiac cells,13

whereas JNK and p38 are important for stretch-induced regulation
of Ao expression in cardiac myocytes and fibroblasts.14

Rho GTPases, Rac1 and RhoA, have been implicated in pathophy-
siology of many major cardiovascular diseases, such as hypertension,
heart failure, myocardial infarction, and atherosclerosis.15 Inhibition
of Rho-kinase, a potent RhoA effector, blunts the process of left ven-
tricular hypertrophy leading to cardiac contractile dysfunction in
hypertension-induced heart failure.16,17 However, the role of Rho
GTPases in stretch-induced Ao gene expression is not known.
Thus, in the present study, we examined the role of Rac1 and
RhoA in mediating b1 integrin-induced JNK and p38 activation, as
well as regulation of Ao gene expression in stretched CFs.

2. Methods

2.1 Preparation of neonatal rat CF cultures
CFs were prepared from hearts of newborn (0–2 day old) Sprague–
Dawley rat pups, as described.14 Cells were passaged, attached to
deformable membranes coated with collagen-IV and serum-starved for
experiments as described in the Supplementary material online, Section 1.
For all the stretch experiments, cells were exposed to 20% equiaxial
stretch, which mimics in situ pathological conditions. This study conforms
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 approved (protocols 2002–011; 2008–040) by the Texas A&M
Health Science Center Institutional Animal Care and Use Committee.

2.2 Adenovirus infection of cells
Twelve hours after plating, CFs were infected for 24 h with an optimal
MOI of adenovirus [45 MOI for green fluorescent protein (GFP),
dominant-negative Rac1-N17 (Rac1-DN) and dominant-negative
RhoA-N19 (Rho-DN); constitutively active Rac1-V17 (Rac1-CA) and con-
stitutively active RhoA-V19 (RhoA-CA); 300 MOI for LacZ and Tac b1] in
serum-free DMEM/Medium 199. Determination of expressed proteins in
CFs was done using flow cytometry and western blot analysis. Amplifica-
tion of adenoviruses is described in the Supplementary material online,
Section 2.

2.3 Preparation of cell lysates and western blot
analysis
Cell lysates for western blot analysis were obtained by scrapping CFs
into assay lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA)
supplemented with 10 mg/mL aprotinin, 10 mg/mL leupeptin, 1 mM 4-
(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride, and 1 mM
sodium orthovanadate (see Supplementary material online, Section 3).
Insoluble cell debris was removed by centrifugation (25 000 g) for 10 min
at 48C and cell lysates were boiled with Laemmli sample buffer [0.5 mol/L
Tris–HCl (pH 6.8), 10% SDS, 10% glycerol, 4% b-merceptoethanol, and
0.05% Bromphenol Blue]. Western blot analysis was performed as
described in the Supplementary material online, Section 3.

2.4 Rac1 and RhoA activity assays
Procedures for performing Rac1 and RhoA activity assays are detailed in
the Supplementary material online, Section 4. CFs were stretched for
various times after adenovirus-assisted transfection. Immediately after
stretch, CFs were lysed in the commercially available (Boston BioPro-
ducts, Worcester, MA, USA) RIPA lysis buffer supplemented with pro-
tease inhibitor cocktail, followed by centrifugation (25 000 g) for 10 min
at 48C. Equal volumes of cell lysate were incubated with GST–PBD and

GST–RBD beads (prepared as described in the Supplementary material
online, Section 5) and incubated for 60 min at 48C as previously
described.18 Briefly, beads containing fusion-protein bound Rho GTPase
were washed with bead wash buffer and eluted in Laemmli sample
buffer. GTP-bound Rac1 and RhoA were detected by 12% SDS–PAGE
and western blotting, using respective antibodies. Parallel sets of lysates
were separated by SDS–PAGE and western blots were probed using
Rac1 (BD Transduction laboratory, Franklin Lakes, NJ, USA) or RhoA
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) antibodies.
Bands of interest were quantified using scanning densitometry. Signals
for active Rac1/RhoA were normalized by total (lysate) of corresponding
samples and represented as fold change.

2.5 Quantitative measurement of Ao mRNA
using real-time PCR
Absolute levels of Ao mRNA in total RNA from CFs were determined using
real-time RT-PCR.14 Procedures for isolation of RNA and multiplex real-
time RT-PCR are given in the Supplementary material online, Section 6.

2.6 Flow cytometry and immunofluorescence
microscopy
Adenoviruses used to express Rac1-DN and RhoA-DN in CFs also
expressed GFP, allowing GFP to be a reporter for monitoring adenoviral
vector expression by flow cytometry and immunofluorescent microscopy.
For flow cytometry analysis, CFs infected for 24 h with GFP (control),
Rac1-DN, or RhoA-DN adenovirus were harvested by incubation in
1 mM EDTA, washed with phosphate buffered saline (PBS, pH 7.4), resus-
pended at 1 × 106 cells/mL in FACS buffer (PBS containing 1% BSA and
1 mmol/L EDTA) analysed by flow cytometry (FACSCalibur, Becton Dick-
inson, San Jose, CA, USA), using Cell Quest 5.2 software. Each analysis
was based on a sample of 10 000 cells. CFs not expressing GFP were
used as negative controls. Immunofluorescent staining for Rac-1, RhoA,
and b1 integrin was performed on CFs plated onto 2-well chamber
slides (Lab-Tek, Nunc, Nalge Nunc International, Rochester, NY, USA)
(100 viable cells/mm2) coated with 1 mg/cm2 collagen IV. The CFs were
grown to �60% confluence (2 days) in DMEM containing 10%
newborn calf serum. The medium was changed to serum-free MEM and
immunostaining was performed 24 h later. Prior to immunostaining, CFs
were washed with PBS and fixed with Streck Tissue Fixative (Omaha,
NE, USA) and permeabilized for 5 min using 0.05% Tritonw 100. CFs
were incubated for 1 h (228C) with 5% bovine serum albumin to block
non-specific binding. Cells were then incubated at 378C for 1.5 h with
primary antibodies for Rac-1, RhoA, or b1 integrin (Ha2/5, BD Transduc-
tion laboratory) and 45 min with the appropriate secondary antibody con-
jugated to Alexa-488 or Alexa 594 (Invitrogen). Samples were covered
with mounting media [Prolongw Gold antifade reagent containing
4′,6-diamidino-2-phenylindole (DAPI), Invitrogen], overlaid with cover-
slips and examined on an Olympus Fluoview 1000 microscope.

2.7 Statistics analysis
Results are expressed as the means+ standard error of the means (SEM),
computed from separate experiments. Comparisons between control and
experimental groups were performed using the Student’s group t-test.
Multiple comparisons among treatment groups were performed using
one-way analysis of variance (ANOVA) and by two-way ANOVA and
levels of significance determined using the Tukey–Kramer multiple com-
parison post-hoc test (GraphPad prism Software, Inc., San Diego, CA,
USA). P-values ,0.05 were considered to be statistically significant.
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3. Results

3.1 Time course of stretch-induced
activation of Rac1 and RhoA in CFs
In order to characterize the temporal effects of mechanical stretch on
Rac1 and RhoA activation in CFs, we measured Rac1 and RhoA
activity from 2 min to 24 h. Rac1 was significantly activated within
2 min after stretch (fold change compared with no stretch; 2 min
1.73+ 0.190, P , 0.01; 5 min 2.89+ 0.365, P , 0.01; 10 min
2.92+ 0.408, P , 0.01; 15 min 2.50+ 0.359, P , 0.01) and declined
after 15 min, which continued until 24 h (Figure 1A and B). Interest-
ingly, RhoA was activated within 2 min after stretch (fold change com-
pared with no stretch; 2 min 1.70+0.092, P , 0.05; 5 min 2.30+
0.319, P , 0.01; 10 min 2.40+ 0.358, P , 0.01; 15 min 3.10+
0.449, P , 0.01). In contrast to Rac1, RhoA demonstrated marked
activation at later time points (fold change compared with no
stretch; 16 h 2.84+0.36, P , 0.01; 24 h 3.16+0.495, P , 0.01)
(Figure 1A and C).

3.2 Time course of stretch-induced
activation of SAPKs, p38, and JNK in CFs.
To determine the temporal effects of stretch on SAPKs activation,
CFs were stretched from 2 min to 24 h. Results from western blot

analysis performed on cell lysates indicate that initially from 5 to
15 min, both p38 and JNK were activated by stretch (Supplementary
material online, Figure S1A–C). JNK activity was significantly increased
and peaked at 10 min (fold change compared with no stretch; 3.46+
0.319, P , 0.01), and gradually diminished to control levels for the
remaining portion of the stretch period. p38 activation was biphasic,
with initial activation at 2–15 min, followed by a decline and sub-
sequent rise after 2 h, and remained activated until the end of the
24 h study period (fold change compared with no stretch; 1.94+
0.085, P , 0.01).

3.3 Rac1 and RhoA differentially regulate
Ao gene expression
Rho GTPases mediate hypertrophic signals in cardiac myocytes.19,20

However, no studies have determined whether Rho GTPases
couple to Ao gene expression in CFs. To test whether Rac1 and/or
RhoA activation may be required for stretch-induced regulation of
Ao expression, CFs were infected for 24 h with matched titres of
recombinant adenoviruses that express either Rac1-DN, RhoA-DN,
or GFP (virus control) (Figure 2A–C). Flow cytometry (Figure 2D–F)
was used to verify expression of target proteins [mean fluorescence
intensity control 3.4+ 0.59; GFP 1256.3+164.2; Rac1-DN
1536.8+ 128.59; RhoA-DN 1938.8+ 178.47] by CFs, prior to mech-
anical stretch experiments. Intriguingly, during acute stretch (4 h),

Figure 1 Time course of stretch-induced activation of Rac1 and RhoA in cardiac fibroblasts. CFs were exposed to uniaxial stretch (20%) for differ-
ent times (2 min–24 h), as indicated. (A) After stretch, cells were harvested and lysates were incubated with respective PBD (Rac1 interactive binding
domain of the PAK) and RBD (RhoA interactive binding domain of Rhotekin) beads for 60 min at 48C, and immunoprecipitates were separated on
12% SDS–PAGE, transferred to PVDF membranes and immunoblotted using Rac1 and RhoA antibodies, as described in the methods. (B and C) Bar
graphs show fold changes in Rac1 and RhoA activation after stretch (ST), compared with no stretch (NS). Acute stretch-induced activities (2–15 min)
of both Rac1 and RhoA, whereas chronic stretch (4–24 h) increased RhoA activity only. Results are means+ SEM from five independent
experiments.
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when Ao gene expression was modestly inhibited, blockade of RhoA
function using RhoA-DN resulted in marked expression of Ao in
stretched CFs (fold change compared with GFP; 3.39+0.094, P ,

0.001). In contrast, expression of Rac1-DN adenovirus had no
effect on stretch-induced inhibition of Ao gene expression
(Figure 2G). On the other hand, chronic stretch (24 h) significantly
upregulated Ao gene expression (fold change compared with NS;
3.39+ 0.044, P , 0.001) and Rac1-DN expression had no significant
effect on stretch-mediated Ao gene expression (Figure 2H). Interest-
ingly, RhoA-DN expression considerably reduced this stretch
response. These data indicate that RhoA has an important role in reg-
ulating stretch-induced Ao gene expression at both early and later
stages of mechanical stretch, whereas Rac1 appears to have only a
minimal role in this process (Figure 2H). This is supported by time
course results, in which stretch-induced Ao expression corresponded
to latter time points (24 h) in which RhoA was markedly increased.

3.4 b1 integrin is an upstream regulator of
Rac1 and RhoA
b1 integrin has been shown to function as an important mechano-
transducer in cardiac tissue.12,21 Immunostaining of CFs revealed
that b1 integrin staining overlaps with that of Rac1 and RhoA
(Figure 3A), suggesting that b1 integrin may be an upstream activator
of these Rho GTPases. To test the possible role of b1 integrin in

mediating Rac1 and RhoA activation, CFs were infected with chimeric
b1 integrin [extracellular domain replaced by the extracellular domain
of the interleukin-2 receptor (Tac)] that functions as a dominant-
negative (gift from Dr Robert Ross, VA San Diego Healthcare
System, CA, USA) or LacZ adenovirus (virus control). Rac1 and
RhoA activities were measured in virus-transfected cells using
GST-pull-down assays.18 Blockade of b1 integrin decreased stretch-
induced activation of Rac1 at 2, 15, and 60 min stretch (fold reduction
compared with respective LacZ; 2 min, 0.535+0.053, P , 0.01;
15 min, 0.459+0.093, P , 0.01; and 60 min 0.187+0.019, P , 0.05),
but increased at later time points (Figure 3B and C). In contrast, blockade
of b1 integrin increased stretch-induced RhoA activity until 15 min (fold
change compared with LacZ; 2 min, 2.38+0.016, P , 0.01; 15 min,
1.42+0.079, P , 0.01) (Figure 3B and D). At later time points, RhoA
activity was decreased.

3.5 b1 integrin couples to stretch-induced
activation of SAPKs, p38, and JNK
Previous studies suggest that JNK and p38 are activated in the left ven-
tricle during pressure overload-induced cardiac remodelling.22 In
cardiac myocytes, the rapid activation of MAP kinases in response
to mechanical stimulation has been well documented.23,24 Though
less investigated, activation of MAP kinases has also been observed
in CFs subjected to short durations of mechanical stretch.8 In the

Figure 2 Rac1 and Rho A differentially regulate Ao gene expression. CFs were transfected with adenoviruses expressing GFP alone (control)
or coexpressed with dominant-negative forms of Rac1 (Rac1-DN) or RhoA (RhoA-DN). After 24 h of viral transfection, viral medium was
replaced with fresh serum-free medium for stretch experiment. (A–C) Detection of morphological alterations after different viral treatments in
CFs. Scale bars ¼200 mm. (D–F ) Results from flow cytometry showing expression of adenovirus-mediated expression of target proteins in CFs.
(G and H) After stretch, CFs were harvested and RNA was isolated, expression of Ao was determined. Results are expressed as means+ SEM
from five independent experiments. NS, No stretch; ST, Stretch.
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present study, we determined whether b1 integrin may couple to
stretch-induced activation of p38 and JNK. Blockade of b1 integrin
attenuated the stretch-induced phosphorylation of JNK (fold
reduction compared with respective LacZ; 2 min 0.56+ 0.01, P ,

0.01; 15 min 0.51+0.06, P , 0.001) (Figure 4A and C ). In contrast,
basal as well as stretch-induced p38 phosphorylation was significantly
activated in Tac b1-treated cells (fold change compared with LacZ
control; 2 min 1.45+0.058, P , 0.01; 15 min 1.26+0.011, P ,

0.05) (Figure 4A and B).

3.6 Rac1 and RhoA couple to Ao expression
through SAPKs
The above results demonstrate that b1 integrin plays a predominant
role in at least the initial activation of Rac1, RhoA, and SAPKs. To
determine whether Rac1 and RhoA couple to SAPKs cascades, CFs
infected with Rac1-DN and RhoA-DN were stretched for 2 and
15 min, and SAPKs activities were measured by western blot analysis.
Results revealed that Rac1 blockade increased p38 phosphorylation

(fold change compared with respective GFP control 2 min, 1.98+
0.02, P , 0.01; 15 min, 1.40+0.08, P , 0.05), but reduced JNK phos-
phorylation (fold reduction compared with respective GFP control;
2 min 0.60+ 0.04, P , 0.01; 15 min, 0.61+0.024, P , 0.001) at
both time points (Figure 5A–C). In contrast, RhoA blockade reduced
stretch-induced p38 phosphorylation by almost three-fold and
increased JNK (fold change compared with GFP control; 2 min,
1.75+0.03, P , 0.01) activity (Figure 5D–F). To further explore the
importance of JNK and p38 as downstream effectors of Rac1 and
RhoA in the regulation of Ao gene expression, CFs were infected
with adenovirus expressing constitutively active Rac1 (Rac1-CA) and
RhoA (RhoA-CA) in the absence of mechanical stretch (Figure 6).
Ao gene expression was suppressed in CFs expressing Rac1-CA
(Figure 6A) and significantly increased Ao gene expression in cells
expressing RhoA-CA (Figure 6B). Although pharmacological inhibition
of JNK1/2 (20 mM SP-60125; Calbiochem) significantly increased Ao
gene expression in CFs expressing GFP (Figure 6A) and RhoA-CA
(Figure 6B), JNK1/2 blockade failed to prevent inhibition of Ao

Figure 3 b1 integrin is an upstream regulator of Rac1 and RhoA. (A) Immunofluorescent staining for b1 integrin, Rac1 and RhoA. CFs were stained
with antibodies against b1 integrin, Rac1, and RhoA. Nuclei were immunostained using DAPI. As a negative control, the cell samples were incubated
without primary antibody. Appropriate Alexa-488 (green) or Alexa-594 (red) -conjugated secondary antibodies were used to visualize the specific
proteins by fluorescent microscopy (60X oil). Scale bars ¼10 mm. (B–D) CFs were infected with chimeric integrin subunits [extracellular
domains replaced by the extracellular domains of the interleukin-2 receptor (Tac)] that function as dominant-negatives and LacZ as a virus
control. Rac1 and RhoA activities were measured using GST-pull-down assays. (B and C) Blockade of b1 integrin decreased stretch-induced activation
of Rac1 at 2, 15, and 60 min, but no effect at later time points. (B and D) In contrast, blockade of b1 integrin increased stretch-induced RhoA up to
15 min. Bar graphs show fold changes in Rac1 and RhoA activities after Tac b1 adenovirus expression compared with LacZ control virus. Values are
means+ SEM from five independent experiments.
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gene expression in cells expressing Rac1-CA (Figure 6A). These results
suggest that Rac1 can also inhibit Ao gene expression via a
JNK-independent pathway. Treatment of CFs with p38 pharmacologi-
cal inhibitor, completely abolished the stimulatory effects on Rho-CA
on Ao gene expression (Figure 6B), suggesting that p38 is the primary
downstream effector. These results suggest that Rac1 is an upstream
activator of JNK, whereas RhoA is an upstream activator of p38.

4. Discussion
Rho GTPases participate in cardiac remodelling and fibrosis in the
mechanically overloaded myocardium. In the present study, we
explored the regulatory effects of Rac1 and RhoA on Ao gene
expression in mechanically stretched CFs. Results of this work
demonstrated that stretch-induced regulation of Ao gene expression
in CFs is primarily mediated by RhoA. Our results also indicate that
with chronic stretch, p38 (stress-activated protein kinase) is a down-
stream target for RhoA and during this time, RhoA activation is inde-
pendent of b1 integrin. The role of integrins in the activation and
translocation of SAPK to the nucleus is well established in other
cells.25 Moreover, we have reported the involvement of SAPKs

(p38 and JNK) in regulation of Ao gene expression in both cardiac
myocytes and fibroblasts.14 However, the role of upstream activators
of SAPK as well as downstream effectors of b1integrin is not clearly
known in CFs. A recent study has demonstrated that inhibition of
Rho signalling by Clostridium difficle toxin B (Rac1 and RhoA inhibitor)
or C3 exoenzyme (RhoA inhibitor) inhibited stretch-induced acti-
vation of both p38 and JNK in cardiac myocytes.26 In the present
study, we demonstrated p38 and JNK in CFs to be regulated by
RhoA and Rac1, respectively. As expected, stretch-induced early acti-
vation of JNK was significantly inhibited by expression of Rac1-DN,
indicating that Rac1 is an upstream activator of JNK-signalling. This
is consistent with previous work showing that endothelin-1 (hyper-
trophic stimulus)-induced activation of JNK was attenuated by toxin
B.27 Interestingly, stretch-induced p38 activity was enhanced in CFs
expressing dominant-negative Rac1, indicating that the Rac1/JNK
pathway is a negative regulator of p38.

In contrast to Rac1, previous studies suggest that RhoA is a mediator
of hypertrophic responses in the myocardium.28,29 In a recent study,
inhibition of the RhoA effector ROCK, using the ROCK inhibitor GSK
576371, was found to prevent left ventricular hypertrophy and
reduce collagen deposition, which were accompanied by improved

Figure 4 b1 integrin couples to stretch-induced activation of stress-activated protein kinases. Prior to stretching, CFs were infected with adenovirus
(24 h) which resulted in expression of Tac b1 or control protein (Lac Z). (A) After 2 and 15 min of stretch (ST) or no stretch (NS), phosphorylation
levels of stress-activated protein kinases, p38 and JNK1/2, were determined. (B and C ) Bar graphs show fold changes in stress-activated protein kinase
(p38 and JNK1/2) phosphorylation after Tac b1 expression compared with control virus. Blockade of b1 integrin significantly increased both basal and
stretch-induced p38 activity, however, decreased stretch-induced JNK1/2 activation. Values are means+ SEM from four independent experiments.
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diastolic function in pressure overload-induced cardiac hypertrophy in
the rat.17 In the diabetic mouse heart, which has reduced ventricular
performance, RhoA has been shown to activate p38, which is also acti-
vated in the failing myocardium.30,31 It has been demonstrated that p38
inhibition improves cardiac function and attenuates cardiac remodelling
following myocardial infarction.32 Recent studies also suggest that p38
and JNK may engage in negative cross-talk during heart failure.22 Our
results also suggest that regulatory interactions between p38 and JNK
are time-dependent. Stretch initially activated both p38 and JNK (2–
15 min), however, with prolonged stretch there was a loss in JNK
activity (30 min–24 h). In contrast, p38 remained active until 24 h. It
is possible that prolonged activation of p38 results in inactivation of
JNK via early immediate gene expression33 and/or release of autocrine
factors.34

Stretch-induced differential regulation of Rho GTPases and hence
JNK and p38, may be due to differential regulation of RhoA and
Rac1 by one or more upstream regulators. Earlier studies have
demonstrated that chronic stretch induces b1 integrin expression in
cardiac myocytes.35 The present study indicates that 2–15 min fol-
lowing mechanical stretch, b1 integrin was an important regulator of
Rac1 and RhoA activity, whereas b1 integrin-independent signalling
mechanisms were important afterwards. Mechanosensing and auto-
crine regulators of Rac1 and RhoA following prolonged (.30 min)
stretch remain to be explored in CFs and other cell systems.

In contrast to our previous study performed in pure cultures of
cardiac myocytes,12 blockade of b1 integrin inhibited JNK activation

and stimulated p38. The possible cell type differences in these
responses may be due to differences in coupling of b1 integrin to
Rho GTPases and/or coupling between Rho GTPases to SAPK. It
has been reported that 4% stretch caused rapid activation of JNK,
and this activation is mediated by integrin receptors in CFs.8 More-
over, extracellular matrix components exert a significant role on
the stretch-induced activation of JNK in this model, although p38
activity was unaffected. In contrast to the above studies, expression
of Tac b1 inhibited the stretch-induced JNK activation in our model,
however, p38 activity was further improved under this treatment.
The differential response of b1 integrin in our stretch model may
be due to differences in the extracellular matrix and intensity of
stretch (20% as in our model). This result further confirms our
hypothesis that b1 integrin, either by activating Rac1 or inhibiting
RhoA, can modulate both JNK and p38 activities.

The activities of JNK and p38 are important in the regulation of Ao
in the myocardium. Because Rac1 and RhoA differentially regulate
JNK with regard to p38, we sought to understand the roles of Rac1
and RhoA on stretch-induced activation of Ao by expressing
Rac1-DN and RhoA-DN in CFs. Intriguingly, a remarkable inhibition
of stretch-induced activation of Ao gene expression was observed
in RhoA-DN-treated CFs. However, CFs infected with Rac1-DN
further sustained the stretch-induced Ao gene expression.
This result also suggests that the initial inhibition of Ao by stretch
(2–4 h) may be due to activation of Rac1, while Rac1 is concomitantly
activating JNK. Although JNK appears to be an important downstream

Figure 5 Rac1 and RhoA couple to stretch-induced activation of stress-activated protein kinases. Prior to stretching, CFs were infected with ade-
novirus (24 h) which resulted in expression of Rac1-DN, RhoA-DN, or control protein (GFP). (A and D) After 2 and 15 min of stretch (ST) or no
stretch (NS), phosphorylation levels of p38 and JNK1/2 were determined. (B and C) Bar graphs show fold changes in p38 and JNK1/2 phosphorylation
after Rac1-DN expression compared to control virus. Expression of Rac1-DN significantly increased both basal and stretch-induced p38 activity,
however, stretch-induced JNK1/2 activation was decreased. (E and F) Bar graphs show fold changes in JNK1/2 and p38 phosphorylation after
RhoA-DN expression compared with control virus. Blockade of RhoA signalling by RhoA-DN expression significantly inhibited stretch-induced
p38 activation at 15 min. However, Rho-DN expression increased stretch-induced JNK1/2 (both 2 and 15 min) activation. Values are means+ SEM
from five independent experiments.
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target of Rac1 and important negative regulator of Ao expression, the
inability of JNK1/2 inhibitor to block downregulation of Ao expression
in CFs expressing constitutively active Rac1 suggests that a
JNK-independent inhibitory pathway is also operational. This is con-
sistent with a recent study in which Rac1 was shown to directly phos-
phorylate the transcriptional repressor B-cell lymphoma 6 (BCL-6)
proto-oncogene, independent of Rac1-induced Jun N-terminal
kinase activation.36 Interestingly, one of the downstream targets of
BCL-6 is p50 nuclear factor-kappaB1,36 which stimulates Ao gene
transcription in the liver.37 In contrast to Rac1, the stimulatory
effects of RhoA on Ao gene expression in CFs appeared to be
solely dependent on p38 activation. Pursuant to our current knowl-
edge, this is the first study to suggest that Rac1 and RhoA regulate
Ao gene expression in CFs.

The role of integrins on myocardial functions and progression of
heart disease is still an issue of debate. Recently, several investigators
have suggested that b1 integrin can promote mechanical stretch-
induced cardiac hypertrophy and remodelling,38,39 however, other in
vivo and in vitro studies suggest that b1 integrin inhibits these
responses.40,41 In a recent study, moderate spontaneous cardiac
hypertrophy associated with systolic and diastolic dysfunction was
reported in b3 integrin knockout mice, and these defects were wor-
sened by thoracic aortic constriction.42 Defects in b1 integrin resulting
in myocardial dysfunction after myocardial infarct also suggest that it is
protective. In the present study, the inhibitory effects of b1 integrin on
the RhoA-p38 signalling cascade and stimulatory effects of b1 integrin
on Rac1-JNK signalling also suggest a protective role of b1 integrin
during chronic and acute stretch conditions, respectively in CFs.
Although results from the present study provide evidence for the
role of Rho GTPases in mechanical stretch-induced Ao gene
expression, it will be important to identify the downstream effector
systems responsible for mediating the regulatory effects of Rac1 and
RhoA on Ao transcription and/or mRNA stability in CFs.

In conclusion, considerable progress has been made regarding the
role of Rac1 and RhoA in cardiac myocyte signalling and hypertrophy

in the past decade. The implication of these findings is that activation
of RhoA/p38 signalling pathways mediate stretch-induced activation of
Ao gene expression in CFs and could, therefore, contribute to the
hypertrophic response observed in the haemodynamically overloaded
myocardium. Thus, our findings provide new insights into how
mechanotransduction may alter Ao levels, which can maintain
normal cardiac physiology or initiate pathological responses.
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