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Combination Therapy With Fasudil and Sildenafil
Ameliorates Monocrotaline-Induced Pulmonary
Hypertension and Survival in Rats

Md. Elias-Al-Mamun; Kimio Satoh, MD, PhD; Shin-ichi Tanaka;
Toru Shimizu, MD, PhD; Suvd Nergui, MD, PhD; Satoshi Miyata, PhD;
Y oshihiro Fukumoto, MD, PhD; Hiroaki Shimokawa, MD, PhD

Background: Pulmonary hypertension (PH) is a fatal disease characterized by pulmonary artery (PA) remodeling,
elevated PA pressure and right ventricular (RV) failure. It has been previously demonstrated that treatment with a
Rho-kinase inhibitor, fasudil, ameliorates PH in animal models. Here, whether combination therapy with fasudil and
sildenafil further ameliorates PH in rats was examined.

Methods and Results: PH was induced in Sprague-Dawley rats by the use of a single subcutaneous monocrotaline
(MCT) injection, which caused PA remodeling, elevated RV systolic pressure (RVSP), and RV hypertrophy (RVH).
While fasudil and sildenafil monotherapy inhibited the development of MCT-induced PH in the prevention and treat-
ment protocols, their combination therapy further improved RVSP and RVH. Moreover, a histological examination
demonstrated significant improvements of PA remodeling in the combination group compared with the monotherapy
groups. An echocardiographic examination also revealed significant reduction in RV diameter in the combination
group compared with the monotherapy groups. Mechanistic experiments revealed significant inhibition of Rho-kinase
activity in PA trunk, lung and RV tissues in the combination group as well as in the monotherapy groups. Finally, the
combination therapy markedly improved the long-term survival compared with the monotherapy groups.

Conclusions: These results indicate that the combination therapy with fasudil and sildenafil shows the synergistic
effects through the inhibition of Rho-kinase activity for the treatment of PH. (Circ J 2014; 78: 967 —976)
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characterized by pulmonary vascular remodeling and
right ventricular (RV) failure.'-* The pathogenesis of
PAH is complex, including endothelial dysfunction, vascular
smooth muscle cells (VSMCs) proliferation, and inflammatory
cell migration.* Currently, we obtained new therapeutic options
such as prostanoid analogues, endothelin receptor blockers, and
phosphodiesterase type 5 (PDES) inhibitors.” However, no sin-
gle agent has been shown to provide entirely satisfactory results.
Recently, it has been proposed that combination therapy might
provide synergistic benefits by inhibiting multiple signaling
pathways;® however, there is no direct evidence as to the ben-
eficial combination that will improve the long-term survival in
PAH.?
Recent advances in molecular biology have elucidated the
substantial involvement of intracellular signaling pathways
mediated by small GTP-binding proteins (G proteins) such as

P ulmonary arterial hypertension (PAH) is a fatal disease,

Rho.1%-12 Rho-kinase, a downstream molecule of Rho, is in-
volved in various cellular functions, including VSMC contrac-
tion, actin cytoskeleton organization, cell adhesion, and gene
expressions.'3>-18 Additionally, Rho-kinase causes VSMC prolif-
eration, vascular contraction and remodeling by multiple mech-
anisms.'?2" We have previously demonstrated that Rho-kinase
is substantially involved in the pathogenesis of pulmonary
hypertension (PH) in animal models.?'-?3 Indeed, Rho-kinase
is an important therapeutic target in cardiovascular diseases,*
and Rho-kinase inhibition ameliorates PH in animals and hu-
mans.>-26

Pulmonary vascular remodeling is an important pathogenesis
of PH, in which another signaling pathway through the nitric
oxide (NO) and cGMP is involved.?”-? Pulmonary vascular
c¢GMP levels are increased by inhibiting the phosphodiester-
ases (PDEs) that are responsible for cGMP hydrolysis in the
pulmonary vasculature.?’” Importantly, a recent study demon-
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Figure 1. Combination therapy improves hemodynamic variables. (A,B) Compared with the control (CTR) group, right ventricular
systolic pressure (RVSP) was elevated in the monocrotaline (MCT) group. The combination therapy significantly attenuated the
MCT-induced increase in RVSP compared with each monotherapy in both the prevention and treatment protocols. (C,D) MCT did
not affect systolic arterial pressure (SAP) in any of the groups in the prevention or treatment protocol. Results are expressed as
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strated that sildenafil, a PDES5 inhibitor, inhibits Rho-kinase
activity in an animal model of PH.? We hypothesized that
combination therapy with fasudil and sildenafil could further
improve the long-term survival in PH by synergistic effects be-
tween Rho-kinase and NO/cGMP/PDES signaling. In the pres-
ent study, we therefore tested our hypothesis that combination
therapy with fasudil and sildenafil improves RV function and
long-term survival in monocrotaline (MCT)-induced PH in
rats.

Methods

Animals

Adult male Sprague-Dawley rats (6 weeks of age, 150~170¢g
body weight [BW]) were purchased from SEIMI Corporation
(Sendai, Japan). All procedures were performed according to the
protocols approved by the Institutional Committee for Use and
Care of Laboratory Animals of Tohoku University. Animals
were housed under climate-controlled conditions ona 12 : 12-h
light—dark cycle with access to chow and water. They were al-

lowed 1 week to adjust to the new environment prior to the ex-
periment.

Monocrotaline

Monocrotaline (MCT; Sigma-Aldrich Co, St. Louis, MO, USA)
was dissolved in 1N HC], and the pH was adjusted to 7.4 with
IN NaOH.?*3" The solution was administered as a single sub-
cutaneous (SC) injection (60mg/kg) in a volume of 3 ml/kg.
Control, age-matched rats received an equal volume of isotonic
saline.?% 30

Experimental Protocols

A total of 203 male rats (7 weeks of age) were used for the pres-
ent study, for hemodynamic measurements, morphometric
analysis and echocardiographic measurement in the preven-
tion and treatment protocols. All rats were given a subcutane-
ous injection of either MCT (60 mg/kg) or 0.9% saline, where
MCT induced severe PH in 3 weeks.? In the prevention pro-
tocol, animals were orally treated with a vehicle; fasudil
(30mg-kg!-day!), sildenafil (10mg-kg~'-day~"), or both for
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Figure 2. Effects of combination therapy on right ventricular hypertrophy. (A-D) The ratio of right ventricle to left ventricle plus
septum weight [RV/(LV+Sep)] and the ratio of right ventricle to body weight (RV/BW) were increased in the monocrotaline (MCT)
group compared with the control (CTR) group. The combination therapy significantly attenuated the development of right ven-
tricular hypertrophy compared with the monotherapy. Results are expressed as mean+SEM. *P<0.05, **P<0.01, ***P<0.001.

0.8 1 ! o !

0.7 4 | I I |

0.6 | e——— |
0.5 4 f !

0.4 1

RV /LV+S

0.3 4

0.2 1
0.1 1

CTR MCT FAS SIL FAS+SIL
(n=6) (n=5) (n=6) (n=6) (n=6)

14 4 kkk f kkdk |

RV /BW

CTR MCT FAS  SIL FAS+SIL
(n=6) (n=5) (n=6) (n=6) (n=6)

3 weeks concomitantly with a MCT injection.? In the treatment
protocol, animals were orally treated with the same drugs or
vehicle, starting at day 21 after MCT administration when se-
vere PH had already been established.?? Fasudil and sildenafil
were provided by Asahi Kasei Pharma Co (Shizuoka, Japan)
and Pfizer (Groton, CT, USA), respectively. This protocol re-
sulted in the creation of 5 groups: control group (saline SC and
vehicle orally), MCT group (MCT SC and vehicle orally), FAS
group (MCT SC and fasudil orally), SIL group (MCT SC and
sildenafil orally) and FAS+SIL group (MCT SC and combina-
tion with fasudil and sildenafil orally). Hemodynamic, echo-
cardiographic, histologic and Western blot analyses were per-
formed 3 weeks after the MCT injection in the prevention
protocol and 9 weeks after the MCT injection in the treatment
protocol.?* Water and food intake were measured every week.

Hemodynamic Measurements

Hemodynamic measurements were performed by using a Millar
Mikrotip® catheter (SPR 320, size 2F; Millar Instruments,
Houston, TX, USA),?! transducer and the PowerLab data acqui-

sition system (AD Instruments, Sydney, Australia) connected to
a polygraph system (AB 601G; Nihon Kohden, Tokyo, Japan).
All animals were anesthetized with inhaled isoflurane by an
anesthesia unit (Univentor 400; Univentor High Precision
Instrument, Zejtun ZTN, Malta) and placed on a heating pad to
maintain body temperature in the physiological range (37°C)
throughout the study. The RV systolic pressure (RVSP) was
measured by insertion of a Milllar catheter into the right jugular
vein, then through the right atrium into the RV. Systolic arte-
rial pressure (SAP) was also measured when the catheter was
inserted into the left carotid artery.

Right Ventricular Hypertrophy

The RV was dissected from the left ventricle (LV) and septum
(S). These samples were weighted to determine the extent of
RV hypertrophy (RVH), expressed as the RV/(LV+S) ratio,
and also in terms of BW, expressed as RV/BW .23 32

Morphometric Analysis
After the hemodynamic measurement, the lungs were perfused
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Figure 3. Inhibitory effects of the combination therapy on pulmonary microvascular remodeling. (A) Representative photomicro-
graphs showing macroscopic features of pulmonary arteries by Elastica-Masson staining. Scale bars, 50 um. (B,C) Quantitative
analysis of medial wall thickness of pulmonary arteries. Compared with the control (CTR) group, medial thickness of pulmonary
arteries was markedly increased in the monocrotaline (MCT) group. The combination therapy significantly attenuated the develop-
ment of medial wall thickening compared with each monotherapy. Results are expressed as mean+SEM. *P < 0.05, **P<0.01,
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with physiological salt solution and were fixed with 10% for-
malin for morphometric analysis. Paraffin sections (5 ym) were
obtained from the left lung and stained with Elastica Masson
for examinations by light microscopy (BZ-9000; KEYENCE,
Elmwood Park, NJ, USA). The measurement of medial thick-
ness was assessed in pulmonary arteries (PA) with an external
diameter of 50~200um. The PA were divided into 2 groups
(50~100 and 100~200 ym in diameter) for analysis. Medial
thickness was expressed as follows: percent wall thick-
ness=[(medial thicknessx2)/external diameter]x100.2> More
than 20 PA per animal were measured.

Echocardiographic Measurements

Echocardiographic measurements were performed after 3 weeks
of MCT injections. Rats were anesthetized using inhaled isoflu-
rane and placed in a supine position. Two-dimensional (2D) and
M-mode (motion mode) images were recorded by the Toshiba
echocardiographic system (SSA-770A; Toshiba Corporation,

Tokyo, Japan) through the right parasternal long axis view of
the heart.>® M-mode images were used to determine the RV end-
systolic diameter (RVESD) and the RV end-diastolic diameter
(RVEDD) as measures for RV dilatation. RV fractional short-
ening (RVES) was also determined as a measure for RV con-
tractility.*

Western Blot Analysis

PA, lungs and RV tissues (100mg each) were homogenized
individually with 1 ml of 10% TCA (trichloroacetic acid) buf-
fer with autohomogenizer (Precellys 24; Bertin Technologies,
France) and centrifuged. Then, the cell lysate was washed with
PBS (phosphate buffered saline) and re-suspended in Urea/
SDS buffer. Protein concentration of the supernatant was deter-
mined by a Pierce BCA protein assay kit (Thermo Scientific, IL,
USA). Equal amounts of protein were loaded in each lane of
polyacrylamide/SDS gels (Mini Protean TGX Gels; BIO-RAD
Laboratories Inc, CA, USA), which were then electrophoresed
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Figure 4. Effects of the combination therapy on RV function. (A) Representative echocardiographic images of the right ventricle
(RV). Vertical yellow bar shows the RV end-diastolic diameter (RVEDD) and the vertical blue bar shows the RV end-systolic diameter
(RVESD). (B,C) The RVEDD and RVESD were markedly increased in the monocrotaline (MCT) group compared with the control
(CTR) group. The combination therapy significantly reduced RVEDD and RVESD compared with each monotherapy. (D) RV contrac-
tility assessed by RV fractional shortening was significantly reduced in the MCT group compared with the CTR group, and was
significantly improved by the combination therapy compared with each monotherapy. Results are expressed as mean+SEM.

and transferred to a PVDF membrane (Amersham Hybond-P;
GE Healthcare, UK). Lysates were analyzed by using a Western
blot. Equal loading was confirmed by re-probing the membrane
with a monoclonal anti-a-tubulin antibody (Sigma-Aldrich Co,
St. Louis, MO, USA) and an anti-f actin antibody (Abcam).
Rho-kinase activity was analyzed by Western blot analysis for
MYPT (myosin phosphatase targeting subunit) using a purified
mouse anti-MYPT1 antibody (BD transduction Laboratories,
USA) and for phosphorylated MYPT1 using a rabbit poly-
clonal anti-phospho-MYPT1 (Thr696) antibody (Millipore, MA,
USA).2 Extracellular-signal regulated kinases (ERK) activity
was also analyzed by Western blot analysis for ERK1/2 pro-
tein using a p44/42 MAPK (Erk1/2) antibody (Cell Signaling
Technology, Danvers, MA 01923) and for phosphorylated
ERK1/2 using a rabbit polyclonal phosphor-p44/42 MAPK
(Erk1/2)(Thr202/Tyr204) antibody (Cell Signaling Technology,
Danvers, MA 01923). The protein expression of endothelial NO

synthase (eNOS) using purified mouse anti-eNOS/NOS type
Il antibody (BD transduction Laboratories, USA) and f-actin
as an internal control in lungs was also analyzed by Western
blot analysis. Western blots were visualized using a horseradish
peroxidase-conjugated secondary antibody and subsequent ECL
detection (GE Healthcare, UK) with a LAS-4000 mini instru-
ment (Fujifilm, Tokyo, Japan), and then quantified by densi-
tometric analysis using ImagelJ software (NIH).

Statistical Analysis

All results are expressed as mean+SEM. The log-rank test was
used to determine the P value for Kaplan-Meier survival curves.
Analyses were performed using SPSS, version 19.0 (Chicago,
IL, USA) and the R version 3.0.1. Differences in all other param-
eters were evaluated by ANOVA followed by both Dunnett’s
and Fisher’s post-hoc test. A value of P<0.05 was considered
to be statistically significant.
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Figure 5. Combination therapy improves the
survival. The Kaplan-Meier curve shows that
the combination therapy improved long-term
survival compared with the monotherapy. Con-
trol group (CTR); monocrotaline group (MCT);
fasudil group (FAS); sildenafil group (SIL); and
combination group (FAS+SIL). *Log-rank P<0.05,
**Log-rank P<0.01, ***Log-rank P<0.001.

Results

Combination Therapy Improves Hemodynamic Variables
We measured hemodynamics at 3 weeks after the MCT injec-
tion in the prevention protocol and at 9 weeks after the injection
in the treatment protocol (Figure S1). A catheter examination
revealed that RVSP was significantly elevated in the MCT
group compared with the control group both in the prevention
and treatment protocols (Figures 1A,B). In the prevention pro-
tocol, the monotherapy with fasudil or sildenafil significantly
reduced RVSP, and their combination therapy further reduced
RVSP compared with each monotherapy (Figure 1A). In the
treatment protocol, the monotherapy with fasudil or sildenafil
significantly reduced RVSP, which was further reduced by their
combination therapy (Figure 1B). In contrast, there was no sig-
nificant difference in systemic arterial pressure among the groups
in the prevention or treatment protocols (Figures 1C,D).

Combination Therapy Ameliorates Right Ventricular
Hypertrophy

RVH is a characteristic of PH. We confirmed a significant
development of RVH in the MCT group compared with the
control group both in the prevention and treatment protocols
(Figure 2). In the prevention protocol, the monotherapy with
fasudil or sildenafil significantly inhibited the development of
RVH, which was further inhibited by their combination thera-
py (Figures 2A,C). Also, in the treatment protocol, the mono-
therapy with fasudil or sildenafil ameliorated the developed
RVH, which was further inhibited by their combination therapy
(Figures 2B,D).

Combination Therapy Inhibits Pulmonary Vascular
Remodeling

A histological examination showed that medial wall thickening
of the PA was reduced in the combination group compared with
other groups (Figure 3A). Quantitative analysis of the PA dem-
onstrated that MCT caused a significant increase in the medial
wall thickness of the PA (Figures 3B,C). In contrast, the mono-
therapy with fasudil or sildenafil significantly inhibited the de-
velopment of medial wall thickening, which was further inhib-
ited by their combination therapy (Figures 3B,C).

Combination Therapy Ameliorates RV Function and
Long-Term Survival

An echocardiographic examination showed that RV dilatation,
as evaluated by RV end-diastolic (EDD) and end-systolic dimen-
sion (ESD), was developed together with reduced RVFS in the
MCT group compared with the control group (Figures 4A-D).
Those MCT-induced changes were improved by the monother-
apy with fasudil or sildenafil, and further improved by their
combination therapy (Figures 4A-D).

In the prevention protocol, no animals died during the 3 weeks
of the follow-up period in the MCT group. In contrast, in the
treatment protocol, 79% of the animals died by 9 weeks in the
MCT group (Figure 5). We noted pleural effusion in the dead
animals, indicating that the potential cause of death was RV
failure. Importantly, the monotherapy with fasudil or sildenafil
significantly improved the survival rate, which was further
improved by the combination therapy in the treatment proto-
col (Figure 5). We also measured BW, food and water intake
that might be related to their longevity. BW was significantly
reduced in the MCT group compared with the control group
in both the prevention (Figure S2A) and treatment protocols
(Figure S3A). Additionally, the amount of water and food
intake was significantly reduced in the MCT group compared
with the control group in both the prevention (Figures S2B,C)
and treatment protocols (Figures S3B,C).

Combination Therapy Inhibits Rho-Kinase Activity
To elucidate the mechanism involved in the significant improve-
ment of PH, RV function and survival in the combination group,
we performed Western blot analysis to quantify Rho-kinase ac-
tivity in tissues from PA trunk, lung, and RV. The MCT group
showed a significant increase in Rho-kinase activity in the PA
trunk compared with the control group (Figures 6A,B). In con-
trast, the monotherapy with fasudil or sildenafil significantly
inhibited the Rho-kinase activity in the PA trunk, which was
further inhibited by their combination therapy (Figure 6B). Ad-
ditionally, the monotherapy with fasudil or sildenafil showed
marked inhibition of Rho-kinase activity in the lung and RV
tissue, with no further inhibition by their combination therapy
(Figures 6C,D).

ERK1/2 signaling plays an important role in the regulation
of VSMC proliferation and pulmonary vascular remodeling.33
Thus, we performed Western blot analysis to measure ERK1/2
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activity in the tissues from PA trunk and lung. The MCT group
showed a significant increase in the ERK1/2 activity compared
with the control group (Figures S4A,B). In contrast, the mono-
therapy with fasudil or sildenafil significantly attenuated the
ERK activity, which was further inhibited by the combination
therapy in the lung but not in the PA (Figures S4A,B).

We also measured eNOS expression in the lung tissue by
using Western blot analysis. It was observed that eNOS expres-
sion was significantly reduced in the MCT group compared with
the control group (Figure S5). In contrast, the monotherapy or
the combination therapy with fasudil and sildenafil significantly
increased the eNOS expression (Figure S5).

Discussion

The major finding of the present study is that the combination
therapy with fasudil and sildenafil has a significant efficacy in
the treatment of MCT-induced PH in rats. In the present study,
we performed 2 protocols to examine the efficacy of the com-
bination therapy, which showed significant effects over the

monotherapy by improving RVSP, RVH and pulmonary vascu-
lar remodeling. Importantly, the combination therapy signifi-
cantly improved RV functions and long-term survival through
Rho-kinase inhibition.

Combination Therapy Inhibits Pulmonary Vascular
Remodeling

MCT is known to cause endothelial injury of PA with subse-
quent proliferation of pulmonary VSMC, infiltration of inflam-
matory cells and pulmonary vascular remodeling.*” Rho-kinase
plays an important role in mediating various cellular functions,
including VSMC contraction, actin cytoskeleton organization,!’
and cytokinesis,'* thereby developing cardiovascular diseases.!?
Importantly, Rho-kinase is substantially involved in the vascu-
lar effects of various vasoactive factors.!> Rho-kinase inhibi-
tors have an inhibitory effect on the proliferation and migration
of VSMC and infiltration of inflammatory cells.'* It has also
been shown that statins enhance eNOS mRNA stability by cho-
lesterol-independent mechanisms involving the inhibition of
Rho geranylgeranylation.?® Importantly, Rho-kinase inhibitors
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induce vasodilation especially where vasoconstrictor tone is
increased by a variety of mechanisms including hypoxia, NOS
inhibition and other mechanisms.?” In contrast, sildenafil inhib-
its pulmonary vascular remodeling by a different mechanism
targeting the eNOS-NO-cGMP pathway.* Thus, Rho-kinase
inhibition and PDES inhibition might have additive and syn-
ergistic effects in terms of vascular dilatation and remodeling
(Figure 7). Indeed, in the present study, the combination ther-
apy with fasudil and sildenafil significantly inhibited MCT-
induced pulmonary vascular remodeling.

Combination Therapy Improves RV Function and Survival

PH causes RV failure, characterized by an increased RV pres-
sure and reduced RV fractional shortening, and ultimately pre-
mature death.* Fasudil suppresses Rho-kinase-mediated va-
soconstriction by dephosphorylation of myosin phosphatase in
PA of rats.*’ In addition, sildenafil increases the cGMP level
through PDES inhibition and causes vasodilation of PA in rats.*!
In severe PH, increased pulmonary vascular resistance causes
RV pressure overload and develops an imbalance between RV
oxygen demand and supply, resulting in RV failure. RV dys-
function is also augmented by LV dysfunction due to myocar-
dial ischemia and by an interventricular interaction through the
ventricular septal wall.*> These changes in RV dysfunction are
associated with multiple cellular changes, such as oxidative
stress, apoptosis, inflammation, fibrosis and metabolic remod-
eling.*** Importantly, Rho-kinase activity is increased in most
of the cardiovascular diseases, including myocardial ischemia
and remodeling.*> Rho-kinase inhibition by fasudil protects

cardiovascular tissues by activating the phosphatidylinositol
3-kinase/protein kinase Akt/eNOS pathway that has anti-apop-
totic and anti-inflammatory effects and by decreasing the ven-
tricular tachycardia.*8 In contrast, PDES is strongly expressed
in vascular beds and cardiac myocytes, which blocks NO-medi-
ated cGMP generation.* Importantly, sildenafil exerts cardio-
protective effects by increasing NO generated by eNOS or iNOS,
thereby opening mitochondrial ATP-sensitive potassium chan-
nels or by decreasing the ventricular arrhythmia.>-52 In the pres-
ent study, we were able to demonstrate that the combination
therapy with fasudil and sildenafil significantly improved RV
function and long-term survival compared with each mono-
therapy (Figure 7).

Additive and Synergistic Effects of the Combination Therapy
Rho-kinase plays an important role in the pathogenesis of PH
directly by activating its substrates and indirectly by mediating
the signal transduction of various inflammatory mediators.'>?3 In
contrast, the NO/cGMP pathway plays crucial roles in vasocon-
striction and pulmonary vascular remodeling.'*27-53 Important-
ly, this pathway is closely associated with the Rho/Rho-kinase
system as it regulates the cGMP-dependent phosphorylation of
RhoA in VSMC.** Indeed, it has been shown that Rho-kinase
inhibitors increase vascular eNOS expression and exert cGMP-
mediated vasodilatation.*%-55%¢ In the present study, we also con-
firmed that eNOS expression was significantly increased by the
monotherapy or the combination therapy with fasudil and silde-
nafil compared with the MCT group. Thus, fasudil blocks va-
soconstriction through the dephosporylation of myosin phos-
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phatase,*’ and sildenafil causes relaxation by a cGMP-dependent
mechanism.? Consistently, we demonstrated a significant in-
hibition of Rho-kinase-mediated MYPT phosphorylation by
combination therapy with fasudil and sildenafil.

It was previously demonstrated that the NO/cGMP pathway
regulates RhoA by phosphorylating them by cGMP-dependent
protein kinase (PKG).2%** This phosphorylation prevents the
translocation of active GTP-bound RhoA to the membrane, re-
sulting in the inhibition of Rho-kinase activity.?** Thus, silde-
nafil activates the NO/cGMP pathway and thereby indirectly
inhibits Rho-kinase through the PKG or G-kinase.? 5 In con-
trast, fasudil directly inhibits Rho-kinase through dephosphor-
ylation of myosin phosphatase.*’ In the present study, we were
able to demonstrate a significant inhibition of Rho-kinase ac-
tivity in the PA by the combination therapy compared with each
monotherapy. Thus, we propose additive and synergistic Rho-
kinase inhibition by the combination therapy with fasudil and
sildenafil (Figure 7).

Previous studies have demonstrated that the Ras/ERK signal-
ing pathway regulates a variety of processes including VSMC
proliferation® and pulmonary vascular remodeling.>” In the pres-
ent study, we observed ERK1/2 activation in the MCT-treated
rats. The phosphorylated ERK1/2 needs to be translocated to the
nucleus for many of its actions. Recently, it has been demon-
strated that the nuclear translocation of phosphorylated ERK1/2
depends on the Rho-kinase activity.5® Fasudil inhibits VSMC
proliferation by blocking the nuclear translocation of ERK1/2.%
All of these reports support our present study finding that treat-
ment with fasudil inhibited the phosphorylation of Rho-kinase
and ERK1/2. In contrast, sildenafil inhibits VSMC proliferation
through activating the cGMP/PKG pathway, where cGMP
activates PKG to induce the mitogen-activated protein kinase
phosphatase-1 (MKP-1) enzyme that deactivates ERK1/2.6061
In the present study, we were able to demonstrate that sildenafil
reduced ERK1/2 activity in both the PA trunk and lung. Taken
together, the combination therapy with fasudil and sildenafil
significantly inhibits ERK1/2 activity and Rho-kinase activity
compared with each monotherapy (Figure 7).

Study Limitations

Several limitations should be mentioned for the present study.
First, the MCT-induced PH model might not fully represent PH
in humans and thus the effectiveness of the combination ther-
apy should be evaluated in other PH models with different eti-
ologies. Second, relatively high doses of fasudil and sildenafil
were used in the present study MCT-induced PH model in rats.
Thus, it remains to be examined whether the combination ther-
apy of clinical doses of fasudil and sildenafil also exerts fur-
ther beneficial effects on PH.

Conclusions

In conclusion, the combination therapy with fasudil and silde-
nafil significantly improves pulmonary vascular remodeling,
RV dysfunction, and survival in MCT-induced PH in rats.
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