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H-ras deletion protects against angiotensin II–induced
arterial hypertension and cardiac remodeling through
protein kinase G-Ib pathway activation
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ABSTRACT: Ras proteins regulate cell survival, growth, differentiation, blood pressure, and fibrosis in some organs.
Wehave demonstrated thatH-ras gene deletion producesmice hypotension via a soluble guanylate cyclase-protein
kinase G (PKG)–dependent mechanism. In this study, we analyzed the consequences of H-ras deletion on cardiac
remodeling induced by continuous angiotensin II (AngII) infusion and the molecular mechanisms implied. Left
ventricular posterior wall thickness andmass and cardiomyocyte cross-sectional area were similar betweenAngII-
treated H-Ras knockout (H-ras2/2) and control wild-type (H-ras+/+) mice, as were extracellular matrix protein
expression. Increased cardiac PKG-Ib protein expression inH-ras2/2mice suggests the involvement of this protein
in heart protection. Ex vivo experiments on cardiac explants could support this mechanism, as PKG blockade
blunted protection against AngII-induced cardiac hypertrophy and fibrosis markers in H-ras2/2 mice. Genetic
modulation studies in cardiomyocytes and cardiac and embryonic fibroblasts revealed that the lack ofH-Ras down-
regulates the B-RAF/MEK/ERK pathway, which induces the glycogen synthase kinase-3b-dependent activation of
the transcription factor, cAMP response element-binding protein, which is responsible for PKG-Ib overexpression
in H-ras2/2 mouse embryonic fibroblasts. This study demonstrates that H-ras deletion protects against AngII-
induced cardiac remodeling, possibly via a mechanism in which PKG-Ib overexpression could play a partial role, and
points toH-Rasand/ordownstreamproteinsaspotential therapeutic targets incardiovasculardisease.—Martı́n-Sánchez,
P., Luengo, A., Griera,M., Orea,M. J., López-Olañeta,M., Chiloeches, A., Lara-Pezzi, E., de Frutos, S., Rodrı́guez-Puyol,
M., Calleros, L., Rodrı́guez-Puyol, D. H-ras deletion protects against angiotensin II–induced arterial hypertension and
cardiac remodeling through protein kinase G-Ib pathway activation. FASEB J. 32, 920–934 (2018). www.fasebj.org
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Ras proteins, which belong to the superfamily of small
monomeric proteins with GTPase activity, act as molecu-
lar switches between inactive and active GDP-bound

cycles. Effects on cell function are exerted by activating
several intracellular signaling pathways, mainly via acti-
vation of RAF effectors and ERK/MAPK and PKB/AKT
routes (1, 2). These proteins are highly conserved and
control many cellular functions (3–5). Three ras genes are
expressed inmammals and encode 4 homologous 21-kDa
proteins: H-Ras,N-Ras, K-Ras4A, andK-Ras4B (3, 6), each
with different functions (7); however, because of their
ubiquitous expression, it is difficult to determine the
functional specificity of each ras gene product. In trans-
genic mouse models, K-ras knockout (KO) embryos die in
utero (8, 9), but H-ras, N-ras, K-ras4A, or bothH- andN-ras
KO animals are fully viable without apparent phenotypic
changes (8, 10, 11).

Although the roles of Ras proteins have been studied in
multiple conditions, their involvement in blood pres-
sure regulation and hypertension-induced cardiovascular
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remodeling has received less attention. Previous reports
have suggested Ras protein involvement in the cellular
response to angiotensin II (AngII) (12–14), the major
bioactive peptide of the renin-angiotensin system that
has been implicated in the pathogenesis of various
cardiovascular diseases (15, 16). Our group has ana-
lyzed the relationships between H-Ras and blood
pressure, demonstrating that H-Ras KO exhibits a re-
duction in basal blood pressure that is dependent on the
increased activation of the vasodilator soluble guanylate
cyclase protein kinase G (PKG) pathway (17). Conversely,
H-Ras overexpression induces hypertension in experi-
mental animals (18, 19); however, the precise mechanisms
that explain the relationships between H-Ras and the
above-mentioned proteins that are involved in the regu-
lation of vascular tone have not been adequately defined.
No analysis has been conducted to determine whether
blocking H-Ras could prevent the cardiovascular remod-
eling that has been associatedwith processes characterized
by chronic excessive vasoconstriction or insufficient vaso-
dilatation, such as systemic arterial hypertension.

In the present study, we developed a chronic arterial
hypertension and cardiac remodeling model induced by
continuous AngII infusion in wild-type (H-ras+/+) and
H-ras KO (H-ras2/2) animals. Our results clearly demon-
strate the protective effect of H-ras deletion against AngII-
induced hypertension and cardiac remodeling, and also
that this protection, at least in part, depends on the in-
tracellular increase of PKG-Ib expression. In addition, ex-
periments using mouse embryonic fibroblasts (MEFs)
point to the mechanism that links H-Ras deletion with
PKG-Ib overexpression.

MATERIALS AND METHODS

Drugs and other reagents

AngII, 8-bromo-cGMP (8-Br-cGMP), Sirius red stain, leupeptin,
pepstatin A, aprotinin, PMSF, ammonium persulfate, Triton
X-100, formaldehyde, guanidinium thiocyanate, formamide, anti–
b-actin and anti–glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) Abs, Claycomb medium, type I fibronectin, collage-
nase, and gelatin were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Peroxidase-conjugated goat anti-rabbit and anti-
mouse IgGwere obtained fromChemicon (Temecula, CA, USA).
Periodic acid-Schiff stain was obtained from Casa Alvarez
(Madrid, Spain). Acrylamide-bisacrylamide was purchased from
Merck (Darmstadt, Germany). DMEM, fetal bovine serum,
trypsin-EDTA (0.02%), L-glutamine, amphotericin, and
penicillin-streptomycin were purchased from BioWhittaker
(Walkersville, MD, USA). Culture plates came from Nunc
(Kastrup, Denmark). X-Omat films were obtained from Eastman
Kodak (Rochester, NY, USA). The ECL chemiluminescence sys-
tem was obtained from Amersham Pharmacia Biotech (Amer-
sham, United Kingdom). Electrophoresis equipment and the
protein MW standard were from Bio-Rad (Hercules, CA, USA).
PVDFmembrane came fromPerkinElmer (Boston,MA,USA). All
reagents used were of the highest commercially available grade.

Animals

H-ras2/2were obtained as previously reported (10). A breeding
colony of adult H-ras2/2 animals has been maintained in our

laboratory for more than 10 yr. Animals appeared healthy, the
growth and reproductive rates of these mice were indistin-
guishable from those of wild-type animals, and mutant mice
reproduced normally (10). Routine genotyping of DNA that was
isolated from mouse tail biopsies was performed by PCR using
previously reported primers (10). Animals were housed in a
pathogen-free and temperature- andhumidity-controlled animal
facility with 12-h light/dark periods. Food and water were
available ad libitum. Male H-ras+/+ and H-ras2/2 129svj mice
were bred as littermate controls and fed a normal laboratory diet
throughout the experiments. Our research was conducted in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals [National Institutes of Health (NIH), Bethesda, MD, USA],
and the study was approved by the Animal Care and Use
Committee at the University of Alcalá (2011/004).

Primary cultured cells and cell lines

The HL-1 mouse cardiac muscle cell line (Sigma-Aldrich) was
maintained in Claycomb culture medium that was supple-
mentedwith 10%fetal bovine serumand20mML-glutamineand
plated in type I fibronectin-coated dishes (1 mg/cm2) plus 0.1%
gelatin.

Mouse ventricular fibroblasts were isolated (20) from adult
mice hearts that were excised and placed in ice-cold Ca2+- and
Mg2+-free HBSS. Ventricles were minced into 1-mm3 pieces and
digested with 50 mg/ml trypsin overnight, then digested after
with 750 U collagenase in Leibovitz L-15 serum-free medium
(Sigma-Aldrich). Cells were dislodged, washed, and filtered
through a 0.70-mm cell strainer, then centrifuged and resus-
pended in DMEM complete medium (4500 mg/L glucose, 10%
fetal calf serum) and sequentially preplated 3 times. Adherent
fibroblastswere cultured in completemedium. Cellswereplated
in type I fibronectin-coated dishes. Cardiac fibroblasts were
allowed tomultiply for 1wk, split 1:3, cultured for anotherweek,
and passaged twice to remove contaminating endothelial cells.
MEFs were isolated as previously described (21). Subconfluent
cells were serumdeprived for 24 h and in vitro experiments were
performed.

Transient transfections

Subconfluent cells were transfected by using Lipofectamine
(Thermo Fisher Scientific, Waltham, MA, USA) for 8 h. To
deplete the protein expression of cAMP response element-
binding protein (CREB; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), H-Ras protein, specific small interfering
RNA (siRNA) oligonucleotides, or Silencer as negative con-
trol scrambled RNA was used. To perform luciferase assays,
human PKG promoter constructs (22)—kindly provided by
Dr. M. Lincoln and Dr. H. Sellak (University of South Ala-
bama, Mobile, AL, USA)—and Renilla luciferase (internal
control) reporter were transfected, and, 24 h later, luciferase
activities were measured with FB12 Berthold luminometer
using a dual luciferase reporter kit (Promega, Madison, WI,
USA). Other constructs transfected were the myc epitope–
tagged constitutively active mutant Ras expression plasmid,
V12Ras E37G (pEFm/V12RasG37) (23); constructs for the myc
epitope wild-type B-RAF (pEFm/B-RAF), wild-type C-RAF
(pEFm/C-RAF), and the kinase-defective C-RAF (pEFm/
C-RAFKD, with Lys-to-Ala at codon 399) (24); expression
construct that contained the dominant-negative form of myc-
tagged N17H-Ras (pEFm/N17H-Ras) (25); and the hemagglu-
tinin epitope-tagged constitutively active MEK plasmid,
pcDNA3-hemagglutinin-MEK (MEKEE, with Ser-to-Glu and
Thr-to-Glu mutations at codons S218D S222D), kindly pro-
vided by Dr. R. Marais (24).
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Treatments and blood pressure measurement

Mice age 3–4 mo were subcutaneously infused for 28 d with sa-
line vehicle or AngII at a dose of 1000 ng/kg/min using Alzet
(Cupertino, CA, USA) osmotic minipumps (model 1004). When
animalswere anesthetizedby inhalationof isoflurane 4%,pumps
were implanted s.c. on the back between the shoulder blades and
hips through a small incision that was closed with surgical glue.
All incision sites healed rapidly without the need for any medi-
cation. Bloodpressurewasmeasured in consciousmice thatwere
placed on a heated platform (Hatteras Instruments, Cary, NC,
USA) using a tail-cuff sphygmomanometer (LE 5001 Pressure
Meter; Letica Scientific Instruments,Hospitalet, Spain).Datawere
recorded before and after AngII treatment. Blood pressure was
considered as the mean of at least 20 consecutive valid measure-
ments. All mice were trained with the tail-cuff system (17).

Echocardiography and cardiac sampling

Echocardiography was performed under isoflurane anesthesia.
Wall thicknesswas analyzed by transthoracic echocardiography
by using aVevo 2100 system and a 45-MHzprobe (VisualSonics,
Toronto, ON, Canada). Measurements were taken by a blinded
operatorwithmiceplacedonaheatingpadunder light isoflurane
anesthesia adjusted to obtain a target heart rate of 5006 50 bpm.
Two-dimensional and M-mode echocardiography images were
recorded in a long and short view at the level of the papillary
muscles. Left ventricular posterior wall thickness and left ven-
tricular mass corrected for heart weight were measured from
2-dimensional parasternal long axis images (26). The LV ejection
fraction {LVEF = [left ventricular end-diastolic dimension
(LVDD)32 left ventricular end-systolic dimension (LVSD)3]3
100%}and fractional shortening {FS= [(LVDD2LVSD)/LVDD]3
100%} were calculated. At the end of the experiment, mice were
euthanized by cervical dislocation under anesthesia with inhaled
isoflurane 4%. Hearts were excised. Part of this tissue was snap-
frozen in RNAlater solution for mRNA and protein experiments,
whereas another part was fixed and paraffin embedded for his-
tologic experiments.

Western blot analysis

Tissues or cells were lysed in 50 mM Trizma (pH 8), 150 mM
NaCl, 0.1% Triton X-100, 10 mM EDTA, 0.25% sodium deoxy-
cholate, and protease inhibitors. Protein samples were run on
SDS-PAGE gels and transferred to PVDFmembranes (17). After
blocking, immunodetection was performed with the fol-
lowing Abs: anti–PKG-Ib (Stressgene, ADI-KAP-PK002,
RRID:AB_2039484; Enzo Life Sciences, Victoria, BC, Can-
ada) (27); PKG-Ia, p-ERK, ERK, p–glycogen synthase kinase-
3b(Ser9) [GSK-3b(Ser9)], GSK-3b, p-CREB(Ser129), p-CREB
(Ser133), and CREB (Cell Signaling Technology, Danvers,
MA, USA); phosphorylated (p) vasodilator-stimulated
phosphoprotein(Ser239) [p-VASP (Ser239)] and VASP (Cal-
biochem, La Jolla, CA, USA); and TGF-b1, fibronectin, and
collagen type I (Abcam, Cambridge, United Kingdom), fol-
lowed by horseradish peroxidase–conjugated secondary
antibodies. Ab-bound proteins were visualized by ECL
(Amersham Pharmacia Biotech). Densitometry analyses
were performed by using ImageJ software (NIH).

Quantitative RT-PCR analysis

TotalRNAwasextractedbyusingTrizol (ThermoFisherScientific),
and cDNA was prepared by using a Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). Quantitative RT-PCR

was performed by using SYBR Green Master Mix (Thermo Fisher
Scientific). Primers, designed by using the PubMed Gene
Database (National Center for Biotechnology Information,
Bethesda, MD, USA; https://www.ncbi.nlm.nih.gov/pubmed/),
were as follows: (mouse TGF-b1) forward: 59-TTGCTTCAGCT-
CCACAGAGA-39, reverse: 59-TGGTTGTAGAGGGCAA-
GGAC-39; (mouse fibronectin) forward: 59-TGAGCGCCC-
TAAAGATTCCA-39, reverse: 59-TAGCCACCAGTCTCATGT-
GC-39; (mouse collagen type I) forward: 59-TCCTGGCAA-
CAAAGGAGACA-39, reverse: 59-GGGCTCCTGGTTTTC-
CTTCT-39 (mouse PKG-Ia) forward: 59-AAGCATGATGG-
GAAAACAGG-39, reverse: 59-GTGACTGCTGGCTTGTGG-
TA-39 (PKG-Ib) forward: 59-GACAGCTGCATCATCAAG-
GA-39, reverse: 59-GATGGCCCAGAGTTTCACAT-39; (Myh6)
forward: 59-GGTCACCAACAACCCATACG-39, reverse: 59-
CAGGGTTGCGTTGATGC-39; (Myh7) forward: 59-GAAG-
GAGGACCAGGTGATG-39, reverse: 59-TGACAGTCTTC-
CCAGCTCC-39; and (b-actin) forward: 59-GACGGCCAGGTC-
ATCA-CTAT-39, reverse: 59-CTTCTGCATCCTGTCAGCAA-39.
Results are expressed as fold increase by using the DDCt method
normalized to b-actin (26).

Ex vivo experiments

H-ras+/+ and H-ras2/2 mice were euthanized by cervical dislo-
cation under anesthesia with inhaled isoflurane 4%.Hearts were
extracted and left ventricles were sliced and cultured at 37°C in
DMEM-F12 medium that was supplemented with 10% fetal
bovine serum, amphotericin, and penicillin-streptomycin
under normoxic conditions. Explants were treated for 16 h
with 1 mM AngII, with or without PKG inhibitor [100 mM
guanosine, 39,59-cyclic monophosphorothioate, 8-(4-
chlo-rophenylthio)-,Rp-isomer, triethylammonium salt;
Calbiochem] or 10 mM 8-Br-cGMP. After treatments,
Western blot or quantitative RT-PCR was performed on
tissues, as previously described. Tissue integrity was
controlled by measuring creatine kinase and lactate de-
hydrogenase in supernatants.

Histology

Cardiac tissue was fixed in 4% paraformaldehyde and sub-
sequently dehydrated and embedded in paraffin. For Sirius red
staining, paraffin heart sections (2–3 mm) were dewaxed, rehy-
drated,and incubatedwithSirius red solution for 60min;washed
in acidified water; dehydrated in ethanol; cleared in xylene;
andmounted in a mixture of distyrene, a plasticizer (tricresyl phos-
phate), and xylene medium (DPX; Sigma-Aldrich). Periodic acid-
Schiff staining was performed according to manufacturer protocol.
Eightrandomfields fromeachheart sectionwerephotographed,and
the positive areas were calculated by using ImageJ software.

Chromatin immunoprecipitation assay

Standard chromatin immunoprecipitation (ChIP) assays were
performed in MEFs as previously described (28). Cells were
treated with 1% formaldehyde for 15 min and sonicated to pro-
duce chromatin fragments (0.5 kb on average). Predicted CREB-
responsive element DNA was immunoprecipitated with an
anti-CREB Ab (Cell Signaling Technology). Quantitative PCR
reactionswere performed by using SYBRGreen PCRMasterMix
(Applied Biosystems) and primers that encompassed the PKG-I
promoter region [59-CCGTCTTCAAGTGCAGCAAT-39 (sense)
and 59-GGATGCTAGCCTGTTACCCA-39 (antisense)]. Sensi-
tivity of PCR amplification was evaluated on serial dilutions of
total DNA that was collected after sonication (input fraction).
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Fold enrichment was calculated by using the CREB/isotype
control value. A polyclonal Ab against histone H4 was used as
positive control.

In silico analysis

In silico analysis was performed using Searching Transcription
Factor Binding Sites (TFSearch; Computational BiologyResearch
Center, National Institute of Advanced Industrial Science and
Technology, Tokyo, Japan).

Statistical analysis

All data were analyzed by using Prism (v.4.00; GraphPad Soft-
ware, La Jolla, CA, USA). Results are expressed as means6 SEM.
As the number of animals or samples in thedifferent experiments
was sometimes ,10, nonparametric statistics were used for
comparisons, applying the Kruskal-Wallis (nonpaired data) and
Friedman (paired data) tests, followed by a Bonferroni multiple-
comparison test. A value of P , 0.05 was considered to be sta-
tistically significant.

RESULTS

Protection of H-ras2/2 mice against
AngII-induced hypertension

As previously described (17), H-ras2/2 mice had lower
systolic, diastolic, and mean arterial pressure than did H-
ras+/+ mice under basal conditions (Table 1). Long-term
AngII infusion significantly increased arterial blood pres-
sure in both strains of animals, but the increase in mean
arterial pressure in H-ras+/+ mice (30 6 3 mmHg) was
greater than the increase in H-ras2/2mice (166 3mmHg;
P, 0.05; Table 1). Blood pressure values of AngII-infused
H-ras2/2 animals were comparable to nontreated H-ras+/+

mice (Table 1). There were no significant differences in
heart rate among different experimental groups (Table 1).
AngII infusion for 28 d did not modify cardiac and vas-
cular H-Ras levels in H-ras+/+ animals compared with
untreated H-ras+/+ (Supplemental Fig. 1A, B).

Prevention of AngII-induced abnormal cardiac
remodeling and functional changes in
H-ras2/2 mice

AngII infusion induced significant cardiac hypertrophy in
wild-type animals as demonstrated by the increased ratio

of heart weight to body weight (Table 1). This was con-
sistent with the augmentation of left ventricular posterior
wall thickness and left ventricular mass as shown by
echocardiography (Table 2). Echocardiography also
demonstrated the presence of reduced left ventricular
ejection fraction and fractional shortening in AngII-
treated H-ras+/+ mice (Table 2), which supports a sig-
nificant reduction in global cardiac function in treated
wild-type animals.

The absence ofH-Ras significantly prevented cardiac
hypertrophy induced by AngII. The ratio of heart
weight to body weight in AngII-treated H-ras2/2 mice
(6.51 6 0.12 mg/g) was lower than in AngII-treated
wild-type mice (7.26 6 0.24 mg/g; P , 0.05; Table 1),
although still significantly higher than in control
H-ras+/+mice (5.586 0.24mg/g; P, 0.05; Table 1). Left
ventricular posterior wall length and mass—corrected
from heart weight—did not increase after 28 d of AngII
treatment in H-ras2/2 animals compared with AngII-
treated wild-type mice. Of interest, there were no dif-
ferences between the ventricular function parameters of
untreated and treated H-ras2/2 mice (Table 2). Fur-
thermore, there were no differences between the two
strains in any of the tested ventricular functions and
heart weight parameters under basal, nontreated con-
ditions (Tables 1 and 2).

To analyze the pathologic basis of the increased
cardiac size in AngII-treated animals, we measured left
ventricle cardiomyocyte size and levels of proliferating
cell nuclear antigen expression. AngII significantly in-
creased H-ras+/+ cardiomyocyte cross-sectional area
(Fig. 1A), whereas proliferating cell nuclear antigen
content remained unchanged (data not shown). This
suggests that, at least in part, the genesis of the AngII-
induced increase in cardiac size is a result of car-
diomyocyte hypertrophy. The AngII-induced increase
of cardiomyocyte cross-sectional area was completely
prevented by H-ras deletion (Fig. 1A).

As changes in heart size may also depend on in-
creased extracellular matrix (ECM) content, we also
analyzed this possibility in AngII-treated mice. ECM
accumulation at the cardiac interstitial level was
assessed by Sirius red staining of the left ventricles (Fig.
1B). Increased Sirius red staining was present in AngII-
treated H-ras+/+ animals, but was almost completely ab-
rogated in AngII-treated H-ras2/2 mice. Moreover, AngII
infusion induced a significant increase in mRNA (Fig.
2A) and protein (Fig. 2B) levels of the profibrotic

TABLE 1. Arterial pressure, heart rates, and heart weights

Variable SAP (mmHg) DAP (mmHg) MAP (mmHg) HR (bpm) HW/BW (mg/g)

Control H-ras+/+ (n = 10) 116.0 6 2.0 83.7 6 1.7 93.2 6 1.7 569 6 26 5.58 6 0.24
Control H-ras2/2 (n = 12) 97.8 6 3.0* 68.1 6 2.2* 78.4 6 2.5* 574 6 17 5.26 6 0.24
AngII H-ras+/+ (n = 9) 151.1 6 2.9*,** 108.9 6 4.2*,** 122.9 6 3.9*,** 581 6 22 7.26 6 0.24*,**
AngII H-ras2/2 (n = 10) 119.4 6 2.8**,† 82.2 6 3.2**,† 93.5 6 4.2**,† 541 6 26 6.51 6 0.12*,**,†

H-ras+/+ and H-ras2/2 mice were exposed for 28 d to continuous AngII infusion (1000 ng/kg/min) or vehicle (controls). Systolic (SAP),
diastolic (DAP), mean (MAP) arterial pressures (mmHg) and heart rate [HR; beats/minute (bpm)] were measured by tail-cuff sphygmoma-
nometer. Heart weight/body weight ratios (HW/BW) were determined after euthanization. Results are expressed as means 6 SEM. *P , 0.05 vs.
control H-ras+/+, **P , 0.05 vs. control H-ras2/2, †P , 0.05 vs. AngII-treated H-ras+/+.
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cytokine, TGF-b1, in the left ventricles of AngII-treated
H-ras+/+ mice. This increase was also completely pre-
vented by H-ras deletion. As expected from Sirius red
results, AngII increased the mRNA (Fig. 2C) and protein
(Fig. 2D) content of collagen I (COL I) in the left ventricles
of H-ras+/+ mice—an effect not observed in H-ras2/2

animals. Similar findings were observed with fibronec-
tin, another characteristic ECM protein (Supplemental
Fig. 2A, B). The basal content of ECM proteins and TGF-
b1 did not differ between H-ras+/+ and H-ras2/2 mice
(Figs. 1 and 2 and Supplemental Fig. 2). These results
suggest that the absence of H-Ras protects mice against
AngII-induced myocardial fibrosis.

Prevention of AngII-induced fibrosis via
a PKG-Ib–dependent mechanism in
H-ras2/2 mice

Figure 3 shows that PKG-IbmRNA (Fig. 3A) and protein
levels (Fig. 3B) were increased in the left ventricles of
H-ras2/2 hearts, both in basal and AngII-treated con-
ditions without differences between control and treated
H-ras2/2mice. Conversely, no changes in PKG-Ia protein
or mRNA levels were observed in the left ventricles of H-
ras2/2 hearts comparedwith H-ras+/+ littermates, both in
basal andAngII-treated conditions (Supplemental Fig. 3A
and data not shown). These results suggest that PKG-Ib,

Figure 1. H-Ras deficiency pre-
vents AngII-induced cardiomyo-
cyte hypertrophy and myocardial
fibrosis. H-ras+/+ and H-ras2/2

mice were exposed to continuous
AngII infusion (1000 ng/kg/min)
or vehicle (control) for 28 d. A,
B) Cardiac left ventricles were
stained with periodic acid-Schiff to
quantify cardiomyocytes sectional
areas (A) and Sirius red to quan-
tify the collagen content (B).
Representative pictures and quan-
tification analysis are shown. Scale
bars, 50 mm. Values represent
means 6 SEM (n = 9 control and
11 AngII mice). *P , 0.05 vs.
control H-ras+/+, $P , 0.05 vs.
control H-ras2/2, #P , 0.05 vs.
AngII-treated H-ras+/+.

TABLE 2. Cardiac structure and function parameters assessed by echocardiography

Variable LVPW (mm) LVMC (mg) LVEF (%) FS (%)

Control H-ras+/+ (n = 7) 0.77 6 0.02 91.5 6 2.6 69.3 6 6.7 38.5 6 5.8
Control H-ras2/2 (n = 6) 0.80 6 0.02 97.3 6 0.8 63.7 6 4.9 34 6 3.5
AngII H-ras+/+ (n = 7) 0.93 6 0.01*,** 122.8 6 9.1*,** 54.2 6 8.3* 26.3 6 6.4*
AngII H-ras2/2 (n = 9) 0.84 6 0.02† 100.5 6 2.1† 60.8 6 7 33.4 6 4.7

H-ras+/+ and H-ras2/2 mice were exposed for 28 d to continuous AngII infusion (1000 ng/kg/min) or
vehicle (controls). Left ventricular posterior wall length (LVPW), left ventricle mass corrected from heart
weight (LVMC), left ventricular ejection fraction (LVEF), and fractional shortening (FS) were measured.
Results are expressed as means 6 SEM. *P , 0.05 vs. control H-ras+/+, **P , 0.05 vs. control H-ras2/2,
†P , 0.05 vs. AngII-treated H-ras+/+.
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but not PKG-Ia, is overexpressed inH-ras2/2mice cardiac
tissue.

To analyze the possible role of PKG-Ib in the pre-
vention of AngII-induced cardiac fibrosis and hyper-
trophy observed inH-ras2/2mice,we performed ex vivo
experiments. PKG activity—tested by determining
VASP phosphorylation in Ser239—was increased in
H-ras2/2 heart tissue, both in basal and in 16-h AngII-
treated explants, without differences between control
and treated H-ras2/2 mice (Fig. 4A). Moreover, TGF-b1
(Fig. 4B), COL I (Fig. 4C), and fibronectin (Supplemental
Fig. 2C) mRNA content increased in H-ras+/+-treated
explants. These effects were not evident in heart tissue
from H-ras2/2 mice, which was similar to results
obtained in the in vivo AngII infusion (Fig. 2 and Sup-
plemental Fig. 2A, B). In addition, analysis of cardiac
genes that are associated with the hypertrophy pro-
gram demonstrated that genes that are normally
expressed in the adult heart, such as Myh6, were down-
regulated (Fig. 4D),whereasexpressionof fetal genes, such
asMyh7 (Fig. 4E), was induced in H-ras+/+-treated, but
not H-ras2/2-treated explants.

Incubation of H-ras+/+ heart tissues with the PKG
activator, 8-Br-cGMP, increased VASP phosphorylation

(Fig. 4A). It also inhibited the AngII-induced mRNA in-
creases of the profibrotic cytokine, TGF-b1 (Fig. 4B), and
ECM proteins, COL I (Fig. 4C) and fibronectin (Supple-
mental Fig. 2C), and regulated the hypertrophy program
marker genes, Myh6 (Fig. 4D) and Myh7 (Fig. 4E). In
contrast, a PKG antagonist blunted the increased VASP
phosphorylation that was exhibited by heart tissue from
H-ras2/2 mice (Fig. 4A), which restored the profibrotic
and hypertrophic effect of AngII on these hearts (Fig.
4B–E and Supplemental Fig. 2C). Taken together, these
results suggest that H-ras2/2 mice were protected against
AngII-induced heart fibrosis and hypertrophy via a mech-
anism that, at least in part, is PKG-Ib overexpression
dependent.

Mechanisms involved in PKG-Ib overexpression
observed with H-ras deletion

To study the mechanisms that are involved in the in-
creased PKG-Ib expression that was observed in cells that
lack H-ras—and by extension, in cardiac tissue from
H-ras2/2mice—we studied the effects of H-ras deletion in
a cardiacmuscle cell line (HL-1) whereH-Ras content was

Figure 2. H-Ras deficiency pre-
vents an AngII-induced increase
of TGF-b1 and collagen type I
expression in cardiac tissue. H-
ras+/+ and H-ras2/2 mice were
exposed to continuous AngII
infusion (1000 ng/kg/min) or
vehicle (control) for 28 d. A, C)
Cardiac left ventricles were pro-
cessed, TGF-b1 (A) and COL I
(C) mRNA were normalized
against b-actin, and relative fold
changes are represented. B, D)
Representative immunoblots
and densitometric analysis of
TGF-b1 (B) and COL I (D)
content normalized against b-ac-
tin are also shown. Values repre-
sent means 6 SEM (n = 9 control
and 11 AngII). *P , 0.05 vs.
control H-ras+/+, $P , 0.05 vs.
control H-ras2/2, #P , 0.05 vs.
AngII-treated H-ras+/+.
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abrogated by specific siRNA (Supplemental Fig. 4A), and
in cultured adult mouse cardiac fibroblasts or MEFs from
H-ras+/+ and H-ras2/2, with a sustained deletion of H-Ras
(Supplemental Fig. 4B, C). These cell types exhibited the
same increased expression of PKG-Ib (Fig. 5) as well as
unchanged PKG-Ia levels (Supplemental Fig. 3B–D) as
intact animals. Moreover, H-ras deletion–dependent in-
creased PKG-Ib expression levels were confirmed by
transient transfections of HL-1 cells—with or without
H-Ras—or cardiac fibroblasts from both strains, with the
complete human PKG-I promoter linked to a luciferase
reporter (Supplemental Fig. 5A, B). Changes in PKG-Ib
expression were accompanied by increased protein activ-
ity, as determined by VASP phosphorylation analysis
(Supplemental Fig. 5C, D).

For additional analysis, we next transfectedMEFs from
both strainswith constructs that contained serial deletions
of the human PKG-I promoter linked to a luciferase re-
porter. As expected, H-ras2/2 MEFs displayed increased
luciferase activity of the whole PKG-I promoter region

compared with wild-type MEFs, but the difference dis-
appeared when the fragment between the 2 and 1.5 kb
from the promoter sequence was deleted. Subsequent
deletions did not induce additional changes in luciferase
activity (Fig. 6A). These results suggest that the potential
recognition zone for theH-Ras–dependent transcriptional
regulation of PKG-Ib may be located between the first 2
and 1.5 kb from the promotor sequence.

An in silico analysis of this region (TFSearch) revealed a
putative consensus binding sequence for the transcription
factor, CREB. CREB activation was assessed in wild-type
and H-ras2/2 MEFs by determining its phosphorylation
levels in Ser133andSer129 (29).We found increasedCREB
phosphorylation of Ser129 in H-ras2/2 MEFs, but not of
Ser133 (Fig. 6B). Neither serine residue in wild-typeMEFs
demonstrated increased phosphorylation. To confirm the
role of CREB in the increased PKG-I promoter transcrip-
tional activity, we performed quantitative ChIP for CREB-
responsive element occupancy at the 59-regulatory region
of the PKG-I promoter. The relative increase of CREB
binding to the PKG-I promoter in H-ras2/2 MEFs (4.8 6
1.1)wasgreater than the relative binding inH-ras+/+MEFs
(1.06 0.2; n= 3;P, 0.05); therefore,we hypothesized that
CREB is the transcription factor that is involved in PKG-Ib
up-regulation in the absence ofH-ras. This hypothesiswas
strongly supported when the depletion of CREB expres-
sion by a specific siRNA abolished increased PKG-I pro-
moter activity (Fig. 6C) andPKG-Ibprotein levels (Fig. 6D)
in H-ras2/2 MEFs.

To better understand the signaling pathway between
H-Ras depletion and the increased CREB activity impli-
cated in PKG-I promoter transcription, we analyzed the
possible role of GSK-3b, one of the upstream kinases that
are responsible for CREB phosphorylation of Ser129 (29).
H-ras2/2 MEFs exhibited a decreased phosphorylation at
Ser9 of GSK-3b (Fig. 7A), a post-transductional modifica-
tion that activates the protein (30), whereas lithium chlo-
ride treatment induced increased phosphorylation of
GSK-3b in Ser9 (Fig. 7A), with the subsequent inhibition
of the enzyme (30). The lithium chloride–dependent
increased GSK-3b phosphorylation was observed in
both types of MEFs, but it was less pronounced in
H-ras2/2 MEFs (Fig. 7A). Treatment of H-ras2/2 MEFs
with lithium chloride prevented the increased CREB
phosphorylation (Fig. 7B) and PKG-Ib overexpression
(Fig. 7C) that characterizedMEFs. These results support
the idea that increases in CREB phosphorylation and
PKG-Ib content in H-ras2/2 cells are mediated via ac-
tivation of GSK-3b.

Because GSK-3b phosphorylation at Ser9 is mediated
by ERK (31), we studied the possible role of the RAF/
MEK/ERK canonical Ras-downstream kinase cascade in
the regulation of GSK-3b activity. H-ras2/2 MEFs have
decreased ERK phosphorylation (Fig. 8A)—and thus, de-
creased activity—compared with wild-type fibroblasts.
We verified the pathway implication in cardiac tissues
(Supplemental Fig. 6A) and in cardiac muscle cell line
(Supplemental Fig. 6B) and cardiac fibroblasts that were
isolated from hearts of adult animals of both genotypes
(Supplemental Fig. 6C). In addition, transfection with the
mutant expression plasmid, V12RasG37, which selectively

Figure 3.H-Ras deficiency increases PKG-IbmRNA and protein
content in cardiac tissue. H-ras+/+ and H-ras2/2 mice were exposed
to continuous AngII infusion (1000 ng/kg/min) or vehicle
(control) for 28 d. A) Cardiac left ventricles were processed,
PKG-Ib mRNA was normalized against b-actin, and the
relative fold changes were represented. B) Representative
immunoblots and densitometric analysis of PKG-Ib content
normalized against GAPDH are also shown. Values repre-
sent means 6 SEM (n = 9 control and 11 AngII mice). *P ,
0.05 vs. H-ras+/+.
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activates RAF, or with a constitutively active MEK plas-
mid, MEKEE, increased ERK (Fig. 8A) and GSK-3b
phosphorylation (Fig. 8B). Transfection also decreased
CREB phosphorylation (Fig. 8C) and PKG-Ib protein
content (Fig. 8D) in H-ras2/2 MEFs. In contrast, over-
expression of the dominant-negative N17H-Ras plasmid in
H-ras+/+MEFs induced the sameERK,GSK-3b, andCREB
phosphorylation states and PKG-Ib protein content that
was present in H-ras2/2 MEFs (Supplemental Fig. 7).

To study RAF isoforms that are involved in the
H-Ras–dependent modulation of PKG-Ib, we tran-
siently transfected H-ras2/2 MEFs with wild-type
B-RAF or C-RAF isoform–overexpressing plasmids.
Overexpression of B-RAF, but not C-RAF, in H-ras2/2

MEFs restored ERK,GSK-3b, andCREBphosphorylation
states and PKG-Ib protein content to control H-ras+/+

values (Fig. 9). As expected, kinase-defective C-RAF iso-
form overexpression did not exert any effect on H-ras+/+

MEFs (Supplemental Fig. 7). Taken together, these results
indicate that down-regulation of the canonical H-Ras/B-
RAF/MEK/ERK signaling pathway via activation of
GSK-3b and transcription factor CREB were responsible
for the PKG-Ib overexpression that occurs in H-ras2/2

cells (Fig. 10).

DISCUSSION

There are two main experimental approaches in the
present work. A first group of studies performed in
animals and cardiac explants demonstrates that H-Ras

deficiency does indeed prevent AngII-induced hyper-
tension and cardiac remodeling and leads us to specu-
late that this remodeling prevention depends, at least in
part, on PKG-Ib overexpression. A second group of
studies performed in cultured cells confirmed the link
between H-ras and PKG-Ib expression and defined the
implied mechanism.

The association between AngII and myocardial
remodeling has been previously reported. AngII has
been identified as a stimulator of rodent cardiomyocyte
hypertrophy (32, 33), with minor changes in car-
diomyocyte proliferation (34). Left ventricular remod-
eling is also characterized by interstitial fibrosis.
Indeed, one common characteristic that underlies
nearly all forms of heart failure is the excessive de-
position of ECM, which is often associated with de-
creased ventricular compliance (15). Reports suggest
that, in patients with hypertension and in a mouse
model of pressure overload, heart failure and the in-
creased cardiac ECM deposition are related to the acti-
vation of the local renin-angiotensin system (35, 36). In
this context, angiotensin-converting enzyme inhibitors
or AngII receptor blockers are effective in ameliorating
heart failure, alleviating ECMdeposition, and reducing
cardiac remodeling (15). Furthermore, a large body of
evidence suggests that the profibrotic cytokine, TGF-
b1, promotes the synthesis of ECM components and
that the development of cardiac fibrosis is controlled by
a regulatory network that involves AngII and TGF-b1
(37, 38). In accordance with these findings, ours results
demonstrate that AngII treatment for 28 d induced an

Figure 4. PKG-Ib is involved in H-Ras–dependent protection against an AngII-induced increase of TGF-b1, COL I, and Myh7, and
a decrease of Myh6 expression in cardiac tissue. Cardiac left ventricle explants from H-ras+/+ and H-ras2/2 mice were exposed ex
vivo to AngII (1 mM) or vehicle (control) for 16 h, and were cotreated with 8-Br-cGMP (8-Br; 10 mM) or PKG inhibitor (PKGi;
100 mM), respectively. A) Representative immunoblots and densitometric analysis of p-VASP content normalized against total
VASP are shown. B–E) TGF-b1 (B), COL I (C), Myh6 (D), and Myh7 (E) mRNA were normalized against b-actin, and relative
fold changes are represented. Values represent means6 SEM (n = 5). *P, 0.05 vs. control H-ras+/+, $P, 0.05 vs. control H-ras2/2,
#P , 0.05 vs. AngII-treated H-ras+/+.
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increase in heart weight and ventricular size in wild-
type mice (as measured by echocardiography), car-
diomyocyte hypertrophy, increased TGF-b1 synthesis,
and the accumulation of some ECM proteins. Any of
these changes were not observed in AngII-treated
H-ras2/2 mice, although animal heart weights did not
reach the values observed in nontreated wild-type
mice, likely because of the role of other ECM proteins
that have been implicated in the fibrotic process, to-
gether with the measurement techniques sensitivities
used in our experiments.

Themechanisms that underlie the protective effect of
H-ras deletion against AngII-induced cardiac damage
must be considered carefully. The first mechanism that
may explain the cardiac remodeling improvement that
was observed in AngII-treated H-ras2/2 mice is the
decreased blood pressure, as a direct relationship be-
tween blood pressure and cardiac remodeling has been
extensively demonstrated (35, 36). In fact, both basal
and AngII-treated H-ras2/2 mice exhibited decreased
arterial pressures compared with their respective con-
trols, likely because of PKG-Ib overexpression at the
vascular level (17), and these hemodynamic changes
may explain the improvement in cardiac remodeling
thatwas observed in the absence ofH-ras. Conversely, a
direct role for Ras proteins in hypertrophy, hyperplasia,

and fibrosis has also been described. There is a close
relationship between the profibrotic cytokine, TGF-b1,
and Ras signaling pathways (22, 39, 40). Many growth
factors, in addition to Ang II, initiate intracellular sig-
naling pathways that converge on Ras activation in
cardiac fibroblasts, renal tissues, and fibroblasts and
vascular smooth muscle cells (14, 41, 42). In addition,
AngII activates EGF receptors via a transactivation
event with subsequent hypertrophy and hyperplasia in
vascular smooth muscle cells (13, 43). Moreover, the
blockade of either the AngII receptor, AT1, or Ras pre-
nylation decreased the early fibrotic response in an
animal model of kidney obstruction (44)—an effect also
observed using H-ras2/2 mice (45). Taking into con-
sideration all these data, we infer that the lack of H-Ras
would also contribute to the decrease of hypertrophy
and fibrosis in H-ras2/2 mice.

However, additional evidence prompted us to ex-
plore alternative mechanisms that could also contrib-
ute to the protection provided by H-ras deletion in
AngII-induced cardiac remodeling. First, we did not
observe any correlation between blood pressure levels
and cardiac hypertrophy or ECM deposition, which
suggests that additional mechanisms could also be
involved during cardiac protection. Second, H-ras2/2

mice exhibited cardiac increased PKG-Ib content, as

Figure 5. H-Ras deficiency in-
creases PKG-Ib expression in
mouse cardiomyocytes, cardiac
fibroblasts, and embryonic fi-
broblast. A) The mouse cardiac
muscle cell line (HL-1) was
transiently transfected with siR-
NAs against H-Ras (si-H-Ras) or
scramble siRNAs (Sc), and cell
proteins were extracted at 24 h.
B, C) Adult mouse cardiac
fibroblasts (CFs; B) or MEFs
(C) from H-ras+/+ and H-ras2/2

were maintained in culture. Rep-
resentative immunoblots and
densitometric analysis of PKG-Ib
content normalized against
GAPDH are shown. D) MEF
PKG-Ib mRNA levels were nor-
malized against b-actin, and the
relative fold changes were deter-
mined. Values represent means6
SEM (n = 5). *P , 0.05 vs. H-ras+/+.
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already observed in vascular walls (17), with in-
dependence of AngII administration. Finally, a pro-
tective role forNO in the cardiovascular system,which

prevents cardiovascular fibrosis, has also been proposed
(46, 47). Thus, we hypothesized that increased PKG-Ib
that is present in H-ras2/2hearts may constitute an

Figure 6. H-Ras deficiency in-
creases PKG-I promoter activity
and PKG-Ib protein content via
CREB transcriptional activity in
MEFs. A) Cultured MEFs from
H-ras+/+ and H-ras2/2 mice were
transiently transfected with lucif-
erase reporter plasmids for the
PKG-I promoter region (2 kb) or
with plasmids with serial deleted
sections (1.5–0.5 kb), and lucif-
erase activity (R.L.U.) was de-
termined at 24 h. B) H-ras+/+ or
H-ras2/2 MEF protein content
was extracted. Representative
immunoblots and densitomet-
ric analysis of p-CREB content
at Ser129 or Ser133, normal-
ized against total CREB con-
tent, are shown. C ) H-ras+/+ or
H-ras2/2 MEFs were transiently
transfected with siRNAs against
CREB (si-CREB) or scramble
siRNAs as control (Sc). Twenty-
four hours later, MEFs were
transiently transfected with the
PKG-I promoter region (2 kb)
luciferase reporter plasmid,
and luciferase activity was
determined at 24 h. D) si-
CREB or Sc-transfected MEF
protein content was extract-
ed 24 h after transfection.
Representative immunoblots
and densitometric analysis of
PKG-Ib content normalized
against GAPDH are repre-
sented. Representative CREB
immunoblot is shown to dem-

onstrate successful depletion. Values represent means 6 SEM (n = 6–10). *P , 0.05 vs. control H-ras+/+, $P , 0.05 vs.
control H-ras2/2 .

Figure 7. H-Ras deficiency increases PKG-Ib expression and CREB activity via GSK-3b activation in MEFs. Cultured MEFs from
H-ras+/+ and H-ras2/2 mice were treated with lithium chloride (10 mM) or vehicle (C) for 24 h, and protein content was
extracted. Representative immunoblots and densitometric analysis of phosphorylated GSK-3b content at Ser9 normalized against
total GSK-3b (A), phosphorylated CREB content at Ser129 (P-CREBS129) normalized against total CREB (B), and PKG-Ib
content normalized against GAPDH (C) are shown. Values represent means6 SEM (n = 6–10). *P, 0.05 vs. control H-ras+/+, $P,
0.05 vs. control H-ras2/2, #P , 0.05 vs. treated H-ras+/+.
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additional preventive mechanism during AngII-based
cardiac remodeling.

To test this hypothesis, we considered using different
experimental approaches. To exclude the influence of high
blood pressure on cardiac remodeling, we discarded the
strategies devoted to correct blood pressure in vivo, be-
cause the nonspecific effects of the selected drugs or the
homeostatic responses elicited under blood pressure–
lowering maneuvers could interfere in the interpretation
of potential findings. Similarly, in vivo experiments with
PKG agonists and antagonists were considered, as the
exogenous modulation of the system was considered
completely necessary to test our hypothesis, but were also
discarded because of the complexity of analyzing the
multiple potential interactions in the whole animal. Thus,
we decided to perform ex vivo experiments in freshly dis-
sected heart tissues fromH-ras2/2 andH-ras+/+mice. Basic
results observed in heart explants were in agreement with
those obtained in intact mice. Thus, the absence of H-Ras
induced the overexpression of PKG- Ib, and AngII sig-
nificantly increased TGF-b1 and ECM protein content in
heart explants from H-ras+/+ animals. H-Ras deletion also
prevented changes in TGF-b1 and the accumulation of
matrix proteins induced by AngII in ventricular explants.

In addition, the beneficial effect of H-ras deletion on ven-
tricular fibrosis gene marker expression disappeared by
treating explants with a PKG inhibitor, and the same
protective effect was elicited with the administration of
PKG activators to heart explants from H-ras+/+ mice.
Similar results were obtained when cardiac hypertrophy
genemarkerswere analyzed. Taken together, these results
suggest that PKG-Ibup-regulation couldplay a role, likely
togetherwith the hemodynamic changes, in the protective
effect against AngII-induced cardiac remodeling that was
observed inH-ras2/2mice hearts; however, on the basis of
these explant experiments, we cannot completely assure
the preventive role of PKG-Ib overexpression in AngII-
induced cardiac remodeling observed in H-Ras KO mice.
Thus, additional in vivo experiments will be required to
definitively prove this relationship.

A cardioprotective effect of the cGMP/PKG-I pathway
has been reported in vivo and by using isolated car-
diomyocytes; increased PKG-I activity protects against
murine cardiac hypertrophy induced by pressure over-
load (48) and AngII, but not by vasoconstrictor infusion
(49). Conversely, the PKG-Ib rescue mouse line model
(bRM), which expresses PKG-Ib in smooth muscle
cells and activated cardiac myofibroblasts, but not in

Figure 8. H-Ras deficiency in-
creases PKG-Ib expression and
GSK-3b–mediated CREB activa-
tion via the RAF/MEK/ERK
pathway in MEFs. Cultured
MEFs from H-ras2/2 were tran-
siently transfected with a con-
stitutively active MEK plasmid
(MEKEE) or a constitutively
active mutant expression plas-
mid, V12RasG37, as indicated,
and MEFs from H-ras+/+ and
H-ras2/2 were transiently trans-
fected with empty vector (C).
Twenty-four hours after trans-
fection, cell protein content was
extracted. Representative im-
munoblots and densitometric
analysis of p-ERK normalized
against total ERK (A), phos-
phorylated GSK-3b content at
Ser9 normalized against total
GSK-3b (B), p-CREB content at
Ser129 (P-CREBS129) normal-
ized against total CREB (C),
and PKG-Ib content normal-
ized against GAPDH (D) are
shown. Values represent means 6
SEM (n = 6–10). *P , 0.05 vs.
control H-ras+/+, $P , 0.05 vs.
control H-ras2/2.
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cardiomyocytes, endothelial cells, or fibroblasts, de-
veloped the same degree of cardiac hypertrophy as their
littermate controls when subjected to vasoconstrictor
infusion, thoracic aorta constriction (50), or AngII in-
fusion (51). Differences with some previously reported
works and our results could be explained by differences
in the settings of the mice models: the basal car-
diomyocyte PKG-I activity was low in the animal model
bRMthatwas used, although itmay confer potent brake-
like effects if sufficiently activated, as occurs in our
H-ras2/2 model. In fact, PKG activity—determined by
p-VASP increase—seemed to be increased in H-ras2/2

mice and their isolated cells compared with controls, in
accordancewith PKG-Ib overexpression. In contrast, it is
plausible that H-ras deletion affects other cGMP path-
way upstream components, which may enhance the
PKG activity or the antihypertrophic effect in addition to
the novel signaling pathway described here. There are
more conflicting results on the use of the phosphodies-
terase 5 inhibitor, sildenafil, which elevates the cGMP
content and increases PKG-I activity. In a mouse model
with cardiomyocyte-specific overexpression of the AngII
type 1 receptor, sildenafil treatment did not prevent heart
hypertrophy and fibrosis (52). Sildenafil reversed thoracic
aorta constriction–induced cardiac hypertrophy (48),

whereas little antihypertrophic effect in wild-type mice
and no effect in bRM mice with AngII infusion was ob-
served (51), although, in the same study, a large effect of
sildenafil was observed on fibrosis in wild-type, but not
bRM mice, which suggests that PKG-I present in cardiac
cells is an important regulatorof cardiac fibrosis (51).With
regard to thedifferencesbetweenourdataandsomeof the
above-mentionedworks, it is important to note the length
of AngII treatment. An initial phase of AngII-induced
cardiac hypertrophy for 7 d (51) is not comparable to a
prolongedAngII treatment (28 d), such as in ourmodel or
the work from Frantz et al. (49) in which chronic AngII
infusion (14 d) provoked dilated cardiomyopathy with a
marked deterioration of cardiac function in mice with
cardiomyocyte-restricted PKG-I deletion. Finally, the
works mentioned above, which established that PKG has
either aminor role ornone in cardiac hypertrophy, refer to
the Ia isoform, not to Ib, whereas the present work
studied specifically the role of PKG-Ib.

Although the most relevant findings of the present ex-
periments indicate that the absence of H-Ras attenuates
AngII-induced cardiac remodeling and fibrosis, they also
suggest that this structural improvement ameliorates the
cardiac dysfunction that has been observed in chronically
hypertensive mice. In fact, AngII induced left ventricular

Figure 9. H-Ras deficiency in-
creases PKG-Ib expression and
GSK-3b–mediated CREB activa-
tion via B-RAF in MEFs. Cul-
tured MEFs from H-ras2/2 were
transiently transfected with plas-
mids that overexpressed B-RAF
or C-RAF isoforms, and MEFs
from H-ras+/+ and H-ras2/2 mice
were transiently transfected
with empty vector (C). Twenty-
four hours after transfection,
cell protein content was extracted.
Representative immunoblots and
densitometric analysis of p-ERK
normalized against total ERK (A),
phosphorylated GSK-3b content
at Ser9 normalized against total
GSK-3b (B), p-CREB content at
Ser129 (P-CREBS129) normalized
against total CREB (C), and
PKG-Ib content normalized
against GAPDH (D) are shown.
Values represent means 6 SEM

(n = 6–10). *P , 0.05 vs. control
H-ras+/+, $P , 0.05 vs. control
H-ras2/2.
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dysfunction, measured as left ventricular ejection frac-
tion and fractional shortening, in H-ras+/+ mice, but not in
H-ras2/2 mice.

No previous reports have explained the link be-
tween H-Ras deficiency and PKG-Ib overexpression.
To try to define this relationship,we designed different
experiments in cultured cells. Because a significant
number of cultured cells were required, we preferred
to work with MEFs that exhibited the same pattern of
PKG-Ib modulation as cardiac tissue, cardiac fibro-
blasts isolated from the hearts of adult animals, and a
mouse cardiac muscle cell line when H-Ras was ab-
sent. We hypothesized that the canonical Ras/RAF/
MEK/ERKpathwaymust be involved in the genesis of
the observed changes, but we had no information
about the possible downstream elements that link this
classic cascade to the PKG promoter. By using a com-
bined approach that included the analysis of serial
promoter deletion activity, ChIP assay, the study of
phosphorylation patterns in the implicated proteins,
and the evaluation of PKG modulation after genetic
silencing, we first determined that CREB was the
transcription factor involved in PKG-Ib up-regulation
in the absence of H-Ras. Of interest, when CREB acts as
PKG-Ib regulator after H-ras deletion, it is phosphorylated

at Ser129 and not at the most frequently modulated
serine residue, Ser133 (29). With regard to the possible
activator of CREB when H-ras is absent, we selected
GSK-3b, as it is inactivated when phosphorylated (30)
and is able to phosphorylate CREB at Ser129 (29).
Experiments with the GSK-3b inhibitor, lithium
chloride, confirmed the role of this protein in CREB
phosphorylation and PKG-Ib modulation in MEFs
from H-ras2/2animals. Finally, we established the
link between H-Ras deletion, GSK-3b, and CREB with
experiments, including genetic overexpression or down-
regulation of the H-Ras canonical pathway down-
stream proteins. In addition, we demonstrated that
B-RAF, and not C-RAF, was the RAF isoform that is
implicated in the signaling pathway that links H-Ras
and PKG-Ib.

In summary, although hemodynamicmodifications
must be relevant in the genesis of cardiac changes
observed in the present experiments, results suggest
that overexpression of PKG-Ib in H-ras2/2 mice could
contribute to the protection, at least in part, against
AngII-induced cardiovascular remodeling (i.e., car-
diac hypertrophy and cardiac fibrosis). Moreover, we
identified an intracellular cascade that links H-Ras
deletion to PKG-Ib overexpression (Fig. 10). Our re-
sults point to H-Ras and/or its downstream proteins
as therapeutic targets and indicate that their blockade
could ameliorate AngII-induced inappropriate cardiac
remodeling.
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M. López-Olañeta, and L. Calleros performed research;
S. de Frutos, M. Rodrı́guez-Puyol, L. Calleros, and
D. Rodrı́guez-Puyol wrote the paper; and A. Chiloeches
contributed new reagents or analytic tools.

REFERENCES

1. McKay, M. M., and Morrison, D. K. (2007) Integrating signals from
RTKs to ERK/MAPK. Oncogene 26, 3113–3121

2. Takai, Y., Sasaki, T., and Matozaki, T. (2001) Small GTP-binding
proteins. Physiol. Rev. 81, 153–208

Figure 10. Proposed mechanism that links H-Ras deletion with
PKG-Ib overexpression. On the basis of the accumulated
evidence, the schematic diagram illustrates the proposed
intracellular pathway by which H-ras deletion results in
protection against cardiac fibrosis via PKG-Ib overexpres-
sion. Small arrows indicate pathway direction, large down-
ward arrows indicate down-regulation, and large upward
arrows indicate up-regulation.
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