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A B S T R A C T

Targeting vascular remodeling in pulmonary arterial hypertension (PAH) remains a challenge given the lack of
potent anti-remodeling abilities of the therapeutic drugs. Although sildenafil has been shown to ameliorate
cardiopulmonary remodeling, that of tadalafil is questionable. Masitinib, a tyrosine kinase inhibitor appears
safer and more potent than imatinib for treatment of malignancies, but its efficacy on PAH is unknown.
Therefore, we investigated the anti-remodeling properties of masitinib (5, 15, 50mg/kg) and tadalafil (5, 10mg/
kg) using a monocrotaline-induced rat model of PAH. The 14-day treatment with masitinib (15, 50mg/kg)
resulted in significantly decreased right ventricular (RV) systolic pressure (RVSP) and hypertrophy (RVH), and
pulmonary vascular remodeling, whereas tadalafil showed weaker anti-remodeling properties. Besides, masitinib
significantly blocked the mitogen-associated protein kinase (MAPK) pathway, and reduced phosphodiesterase
(PDE)-5 mRNA expression in the lungs. By contrast, tadalafil did not significantly inhibit the MAPK pathway.
Further, the 28-day treatment extension revealed that masitinib-treated rats (15mg/kg) had significantly lower
RVSP, and higher heart rate and serum cyclic guanosine monophosphate (cGMP) level, whereas those treated
with tadalafil (10mg/kg) showed insignificantly lower RVSP and higher cGMP level. Moreover, the RVH indices,
heart rates, body weight gains, and survival rates of rats in both groups were comparable. Collectively, these
results suggest that the treatment with a low-dose masitinib was non-inferior than tadalafil. A lower dose of
masitinib may represent a novel approach to target both the cardiopulmonary remodeling and the dysregulated
vasoconstriction in PAH.

1. Introduction

Pulmonary arterial hypertension (PAH) comprises remodeling [28]
and imbalance of constriction-dilation tonus [7] of the pulmonary
vasculature. In an effort to improve response rates and prolong survival
times in the PAH patients, combination therapy has emerged as an al-
ternative to the conventional vasodilator monotherapy [20] for patients
newly diagnosed with classic forms of PAH [33]. Nevertheless, the lack
of a potent anti-remodeling ability of endothelin receptor antagonists,
phosphodiesterase-5 inhibitors, guanylate cyclase stimulators, and
prostacyclin derivatives which constitute the current treatment algo-
rithm [33] remains an inconvenient truth.

Vascular remodeling, an important aspect of the PAH pathobiology,
is driven by a dysregulated signaling from various pathways [33],
particularly the mitogen-activated protein kinase (MAPK) pathway [5].
With this respect, we demonstrated that lower doses of imatinib [24]

and sorafenib [22] inhibited the MAPK pathway and ameliorated pul-
monary vascular remodeling and right ventricular (RV) hypertrophy in
the MCT-injected rats. Hemodynamically, the low-dose sorafenib also
decreased the RV systolic pressure (RVSP) in the rats [22], whereas the
low-dose imatinib improved the RV hemodynamics in humans [15] and
dogs [4,23].

Masitinib is a veterinary drug approved for the treatment of canine
mast cell tumors [27]. Compared with imatinib, it has a higher affinity
for wild-type KIT proto-oncogene receptor tyrosine kinase (C-KIT)
(IC50= 0.15 μM, versus 0.41 μM for imatinib) and platelet-derived
growth factor receptor beta (PDGFR-β) (IC50= 0.02 μM, versus
0.44 μM for imatinib), but lacks activity against cardiotoxic breakpoint
cluster region-abelson (Bcr-Abl) kinase (IC50= 1.5 μM, versus 0.2 μM
for imatinib) [34]. While the similar kinase profiles of masitinib with
imatinib may raise a concern of safety as what was observed in the
IMPRES extension study of imatinib [12], increasing evidence suggests
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that masitinib is not only more potent but also safer than imatinib
[2,6,21,25]. Further, masitinib at a dose of 50mg/day/head improved
RV contractility and reduced pulmonary medial hypertrophy in
monocrotaline (MCT)-injected rats [19], thus providing a compelling
rationale to investigate the potential use of a low-dose masitinib for the
treatment of PAH. We hypothesized that the low-dose masitinib therapy
may be effective for the treatment of PAH and cardiovascular re-
modeling while avoiding adverse effects of a neoplastic therapeutic
dose.

Tadalafil, a phosphodiesterase (PDE)-5 inhibitor, prevents hydro-
lysis of cyclic guanosine monophosphate (cGMP) to 5’-GMP and causes
pulmonary artery vasodilation [19]. As an FDA-approved drug for the
PAH treatment [9], the beneficial effects of tadalafil on PAH hemody-
namics have been extensively reported [3,13,14,31]. Recent studies
have also shown that sildenafil, another PDE-5 inhibitor attenuates
cardiopulmonary remodeling by antagonizing C-KIT+ cells, CXC che-
mokine receptor (CXCR) 4 [11], and the MAPK pathway [18]. Collec-
tively, these findings suggest that tadalafil may also potentially prevent
the cardiopulmonary remodeling, thus eliciting greater treatment out-
comes than the tyrosine kinase inhibitors via dual inhibition of the PDE-
5 and the MAPK pathway.

Given the unknown effect of a low-dose masitinib for PAH, the
present study used three doses (5, 15, and 50mg/kg) to determine the
optimal dose that would significantly prevent pulmonary arterial re-
modeling and RV hypertrophy in the MCT-injected rats after 14 days of
treatment. Next, in the extension study to compare the non-inferiority
of the two different drugs, the masitinib dose was selected based on the
lowest dose that exhibited statistically significant anti-remodeling
properties: the rats were treated with masitinib (15mg/kg) and the
clinical dose of tadalafil (10mg/kg). The outcomes and survivals of the
rats in both groups were examined after 28 days of treatments.

2. Methods

2.1. Monocrotaline-induced PAH and treatments

The use of male Wistar-Imamichi rats in the study was in accordance
to the Institutional Animal Care and Use Committee of the Tottori
University, as described previously [22,24]. To induce PAH, the pla-
cebo and treatment rats were injected with monocrotaline (MCT,
60mg/kg, Sigma-Aldrich, China), subcutaneously. Rats in the control
group received physiologic saline. Fourteen days after injection, the
treatment rats were medicated with masitinib [Masivet 50mg, AB
Science, France: 5 (masi-5), 15 (masi-15), or 50 (masi-50) mg/kg per
day] or tadalafil [Tadacip 20mg, Cipla Ltd., India: 5 (tada-5) or 10
(tada-10) mg/kg per day]. Rats in the control and MCT groups were
given water. The treatments were administered orally, once daily, for
14 days. To compare the long-term outcomes between the masi-15 and
tada-10 groups, the treatments were extended for an additional 14 days
to reach the end point.

2.2. Hemodynamic measurements

To measure the right ventricular systolic pressure (RVSP) and heart
rate (HR), a polyethene catheter (PE-50 Intramedic PE tubing, Becton
Dickinson) was inserted into the right jugular vein and advanced to the
RV of the isoflurane-anesthetized rats. The isoflurane was maintained at
1–2% during the cannulation. The data were recorded and analyzed
with the PowerLab System connected to a pressure transducer
(ADInstruments).

2.3. Assessment of RVH

The RV tissue was separated from the left ventricle and septum
(LV+ S). Wet weights of the RV and LV+ S were used to obtain the
RVH index, calculated by [RV/(LV+S)]. Further, the [RV/(LV+S)]

ratio was divided by body weight (g) to obtain RVH normalized to body
weight values.

2.4. Assessment of pulmonary arterial remodeling

Pulmonary arterial muscularization was assessed from the left lung
lobes stained with elastic van Gieson. The number of small pulmonary
arteries (20–50 μm) that were fully (FMPA), partially (PMPA), and non-
muscularized (NMPA) were counted, as described previously [22,24].
Using Image J software, the FMPA that were 20–50 μm and 51–100 μm
in diameter were examined further to determine the external diameter
(d), medial wall thickness (MWT), MWT ratio (2×MWT/d×100%),
lumen diameter (d–2×MWT), and lumen area [3.142× (d/2)2].

2.5. Fast real-time polymerase chain reaction

The expression levels of the target messenger RNAs (mRNAs) in the
RV tissues and the right caudal lung lobes were determined using
Applied Biosystems 7500 Fast Real-Time PCR System with TB Green
Fast qPCR Mix (Takara Bio Inc., Shiga, Japan). In addition to the pre-
viously described mRNAs [22,24], phosphodiesterase (PDE)-5 (for-
ward: TCCCCGGTTCAATGCAGAAG; reverse: GATGGCCTGAGCTACAC
CAA) expression levels were also determined.

2.6. Western blotting assay

The procedures were carried out as described previously [22,24].
Lysates containing 50 μg total protein from the right caudal lung lobes
were electrophoresed on 4–15% sodium dodecyl sulfate-poly-
acrylamide gels (Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad,
USA) and transferred to polyvinylidene difluoride membranes. The
membranes were blocked with Tris-buffered saline (EzTBS, Atto, Japan)
containing 1% bovine serum albumin for 1 h at room temperature, and
then incubated with anti-phospho-extracellular-signal-related kinase
(ERK) 1/2 (Cell Signaling Technology, Inc., USA), anti-ERK 1/2 (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-PDGF B (Abcam,
United Kingdom), and anti-β-actin (Abcam, United Kingdom) for 4–5 h
at room temperature, followed by a specific secondary antibody. The
antibody-antigen complexes were visualized using Bio-Rad Universal
Hood II whereas the protein expression was quantified using Image Lab
Software 6.0 (Bio-Rad Laboratories).

2.7. ELISA measurement of serum cyclic guanosine monophosphate
(cGMP)

Intra-cardiac puncture was performed to collect blood into plain
blood tubes. Serum was obtained by centrifuging the clotted blood at
3500 rpm for 5min (Kubota 4000, Japan). Enzyme-linked im-
munosorbesnt assay (ELISA) for rat serum cGMP was carried out using a
commercial kit (Abcam, United Kingdom), in accordance to the man-
ufacturer's protocol. Absorbance was read at 450 nm by an IMark™
microplate reader (Bio-Rad Laboratories, Japan) and a standard curve
was constructed to give readings of the cGMP (ρmol).

2.8. Statistical analyses

To confirm the establishment of PAH, differences between the MCT-
injected and control groups were analyzed using Student's t-test for
normally distributed data or Mann–Whitney U test for non-normally
distributed data. Differences between the treatment groups and MCT-
injected group were determined by one-way analysis of variance fol-
lowed by Dunnett's post-hoc test, or Mann–Whitney U test. Scatter plots
were constructed to observe linearity and the dose-dependent re-
lationship was analyzed by Pearson correlation test. Survival curve was
constructed using Kaplan-Meier method and analyzed by Log-Rank test.
Data are presented as means± standard error of the mean (SEM) and
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considered statistically significant at P < 0.05.

3. Results

3.1. Masitinib versus tadalafil treatments on the RVSP and heart rate (HR)

The PAH development was indicated by a significantly increased
RVSP in the MCT-injected rats, compared with that in the control rats
(Fig. 1a). In the treatment groups, the masi-15, masi-50, tada-5, and
tada-10 rats showed lower RVSP than the MCT-injected group. The
reduction was dose-dependent in the masitinib treatment (Fig. 1b). All
groups had comparable HRs (Fig. 1a).

3.2. Masitinib versus tadalafil treatments on the RVH

With respect to the cardiac remodeling, we observed a dose-de-
pendent decrease in RVH by the masitinib treatment (Fig. 1c). While

the MCT-injected rats showed severe RV enlargement indicated by an
increased RVH index, compared with than that of the control (Fig. 1d),
the masi-15, masi-50, and tada-10 groups significantly decreased the
RVH, compared with the MCT group. When the RVH was normalized to
body weight, only the masi-15 and masi-50 treatments exhibited a
significantly lower RVH index than the MCT rats (Fig. 1d).

3.3. Masitinib versus tadalafil treatments on the BNP mRNA expression of
the RV

The above findings were further supported by the BNP mRNA ex-
pression of the RV (Fig. 1e). The mRNA expression was significantly
upregulated in the MCT-injected rats compared with the control. Ma-
sitinib dose-dependently decreased the mRNA levels (Fig. 1f), and those
of the masi-15 and masi-50 rats were significantly lower than that of the
MCT-injected rats. By contrast, in the tadalafil groups, the tada-5 and
tada-10 treatments did not significantly reduce the mRNA levels.

Fig. 1. Effects of masitinib and tadalafil on right
ventricular (RV) hemodynamics and remodeling. (a)
RV systolic pressure (RVSP) (n=3–6) and heart rate
(HR) (n= 3–6), (b,c) dose-dependency curves of
masitinib on (b) RVSP (n=3–6) and (c) RV hyper-
trophy (RVH) (n=8–12), (d) RVH indicated by RV
/left ventricle and septum (LV+S) weights and RV/
(LV+ S) normalized to body weight of the rats, (e)
mRNA expression of b-type natriuretic peptide (BNP)
normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (n= 7–14), and (f) dose-de-
pendency curves of masitinib on BNP. Data are
means± standard error of mean (SEM). *P < 0.05
versus control, †P < 0.05 versus MCT.
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3.4. Masitinib versus tadalafil treatments on remodeling in 20–50 μm
pulmonary arteries

3.4.1. Degree of muscularization
The different types of distal PAs are shown in Fig. 2a. We showed

that the control rats had the highest percentage NMPA, whereas the
MCT group had fewer thin-walled PAs by comparison (Fig. 2b). Com-
pared with the MCT group, the masitinib therapy increased the NMPA
percentage in a dose-dependent manner (Fig. 2c). By contrast, neither
the tada-5 nor tada-10 significantly increased the NMPA percentage.

Further, the MCT-injected rats also showed higher FMPA percentage
than the control (Fig. 2b), indicating PA muscularization. We also ob-
served occlusive lesions in the FMPAs (Fig. 2a [v]), implying a marked
appearance of remodeled PAs after 28 days of the MCT treatment. The

FMPA percentage was significantly and dose-dependently decreased in
the masitinib groups (Fig. 2d). Although the reduction was also sig-
nificant in the tadalafil-treated rats, the FMPA percentages were much
higher than that of the masitinib-treated rats.

3.4.2. Medial wall thickness (MWT) ratio and lumen area
Next, we examined MWT and lumen area of the PAs as indicators of

pulmonary remodeling. Compared with the control, the detailed ana-
lysis of the FMPA (Fig. 3a) showed noticeable medial hypertrophy in
the MCT group, indicated by an increased MWT ratio. In the treatment
groups, a significant MWT reduction was observed in the masi-15, masi-
50, tada-5, and tada-10 groups.

Likewise, the lumen area of the FMPA in the MCT group (Fig. 3b)
was also decreased, compared with that in the control group. Except the

Fig. 2. Effects of masitinib and tadalafil on remodeling of the 20–50 μm pulmonary arteries (PAs). (a) Representative micrographs of (i) non-muscularized (NMPA),
(ii) partially (PMPA), (iii) fully muscularized (FMPA), and (iv, v) occlusive PAs which were stained with elastic van Gieson. (b) Muscularization percentage is given
by the number of FMPA, PMPA, and NMPA normalized to the total number of PAs counted. Dose-dependency of masitinib on (c) NMPAs and (d) FMPAs. Data are
means± SEM (n=8–11). *P < 0.05 versus control, †P < 0.05 versus MCT.
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masi-5 group, all treatment groups significantly increased the lumen
area. Nonetheless, those of the tadalafil-treated rats were smaller than
those of the masi-15 and masi-50 rats.

3.5. Masitinib versus tadalafil treatments on remodeling in 51–100 μm
pulmonary arteries

In the larger pulmonary arteries, the MCT group also showed in-
creased MWT ratio and reduced lumen area, compared with those in the
control (Fig. 3c, d). Although insignificant, the masi-15, masi-50, and
tada-10 groups exhibited a much lower MWT ratio than the MCT group.
Further, the masi-15, masi-50, and tada-10 treatments also significantly
increased the lumen area.

3.6. Masitinib versus tadalafil treatments on the expression of receptors C-
KIT and PDGFR-β mRNAs and PDGF-B protein in the lungs

Furthermore, we examined the expression of various tyrosine kinase
receptors in the rat lungs. Compared with those of the control rats, the
rat lungs in the MCT group exhibited increased levels of C-KIT (Fig. 4a)
and PDGFR-β (Fig. 4b) mRNAs, as well as PDGF-B protein (Fig. 4c, d).
All doses of masitinib reduced the C-KIT and tended to inhibit the
PDGFR-β mRNA levels. We also observed a significant decrease in the
PDGF-B protein level in the masi-50 group. The tadalafil-treated rats
also tended to reduce the C-KIT and PDGFR-β mRNAs, and PDGF-B
protein.

3.7. Masitinib versus tadalafil treatments on the pulmonary CXCR4/
CXCL12 axis

The CXCR4 mRNA expression in the lung tissues of the MCT-

Fig. 3. Effects of masitinib and tadalafil on the (a, c) medial wall thickness (MWT) and (b, d) lumen area of (a, b) 20–50 μm and (c, d) 51–100 μm fully muscularized
pulmonary arteries (FMPAs). Data are means± SEM (n=8–12). *P < 0.05 versus control, †P < 0.05 versus MCT.
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injected rats was significantly upregulated, compared with the control
(Fig. 5a). In the treatment groups, only the masi-15 and masi-50
treatments suppressed the CXCR4 mRNA expression, whereas no sig-
nificant inhibition was observed in the masi-5, tada-5, and tada-10
groups.

Besides, the CXCL12 mRNA levels were significantly higher in the
MCT-injected lungs, compared with the control (Fig. 5b). While the
masi-15 and masi-50 treatments reduced the mRNA expression by 3.0
and 2.5 folds, respectively, the tadalafil groups showed comparable
mRNA levels with the MCT group.

3.8. Masitinib versus tadalafil treatments on the MAPK signaling pathway

Given the upregulation of tyrosine kinase receptor and CXCR4/
CXCL12 mRNAs and PDGF-B protein, Raf-1 mRNA as an entry point to

the MAPK pathway was also upregulated in the MCT group (Fig. 5c).
Among the treatment groups, only the masi-15 and masi-50 treatment
groups showed significantly lower mRNA level, compared with the
MCT group.

In tandem with the above results, the MCT-injected lungs exhibited
a higher phosphorylated ERK protein level than the control (Fig. 5 d, e),
confirming the role of MAPK signaling in the development of PAH. As
expected, the masi-15 and masi-50 groups showed significantly reduced
phosphorylated ERK protein level, which was lacking in the tadalafil
treatment groups.

3.9. Masitinib versus tadalafil treatments on the PDE-5 and cGMP levels

After 28 days of the MCT injection, the MCT rats showed a higher
PDE-5 mRNA level than the control (Fig. 6a). Compared with that of the

Fig. 4. Effects of masitinib and tadalafil on the expression of (a) KIT proto-oncogene receptor tyrosine kinase (C-KIT) (n=8–12), (b) platelet-derived growth factor
(PDGF) receptor-β (PDGFR-β) (n=7–11) mRNAs, and (c) PDGF-B protein (n=3–5) in the rat lungs. (d) Western blots represent PDGF-B versus β-actin proteins of
one individual from each treatment group. Data are means± SEM. *P < 0.05 versus control, †P < 0.05 versus MCT.
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MCT rats, all the treatment rats showed reduced mRNA levels, and the
decrease was significant in the masi-50 and tada-5 groups.

After 42 days of the MCT injection, serum cGMP concentration was
reduced in the MCT rats compared with that of the control (Fig. 6b).
While the tada-10 treatment tended to increase the serum level, the
masi-15 rats yielded a higher serum cGMP concentration than the MCT
rats.

3.10. Masitinib 15 mg/kg versus tadalafil 10 mg/kg treatments on the long-
term outcomes in the rats

Given the beneficial effects of the masi-15 treatment as shown
above, we further evaluated the long-term outcomes in the rats treated

with masi-15 versus tada-10. In the MCT group, death occurred as early
as 22 days after the MCT-injection (Fig. 7a), and eight of 10 (80%) rats
were alive at the end point on day 40. In the masi-15 group, deaths
occurred on days 35 and 39 post MCT-injection, and seven of 9 (78%)
rats survived. By contrast, deaths occurred on days 32, 33 and 38, with
seven of 10 (70%) rats reaching the end point in the tada-10 group.

The RV catheterization on day 42 post MCT-injection revealed an
aggravated RVSP and a decreased HR in the MCT rats (Fig. 7b). Al-
though the RVSP values were lower in both treatment groups by
comparison, the significant decrease was only seen in the masi-15 rats
(P= 0.04) but not in the tada-10 rats (P= 0.08). In addition, the rats in
both treatment groups also showed a higher HR than the MCT rats
(Fig. 7c). However, neither the masi-15 nor tada-10 rats significantly

Fig. 5. Effects of masitinib and tadalafil on the C-X-C chemokine receptor type 4 (CXCR4) / CXC ligand (CXCL) 12 and mitogen-associated protein kinase (MAPK)
pathways in the rat lungs. (a) CXCR4 mRNA (n= 7–9), (b) CXCL12 mRNA (n= 8–10), (c) Raf-1 proto-oncogene serine/threonine kinase (Raf-1) mRNA expression
(n=8–9), (d) western blots represent phosphorylated versus total ERK protein of one individual from each treatment group (n= 4–6), and (e) phosphorylated versus
total extracellular-signal-related kinase (ERK)-1/2 protein. Data are means± SEM. *P < 0.05 versus control, †P < 0.05 versus MCT.
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reduced the RVH compared with that of the MCT rats (Fig. 7d).
Further, the masi-15 and tada-10 rats achieved significantly higher

body weight gain after 28 days post-MCT injection than the MCT rats
(Fig. 7e). However, the increases became insignificant on day 35, which
might be attributable to abdominal and pleural effusions indicating
right heart failure that falsely increased the body weight in the MCT-
injected rats. Nevertheless, the masi-15 and tada-10 rats had compar-
able weight gains.

4. Discussion

This study provides new insight into the effects of masitinib, a tyr-
osine kinase inhibitor versus tadalafil on the treatment of PAH. We
demonstrated that masitinib exhibited more potent, dose-dependent
preventive properties against pulmonary vascular remodeling and RV
hypertrophy than tadalafil. Besides, masitinib also reduced RVSP in rats
with monocrotaline-induced PAH, and both the 15 and 50mg/kg rat
dosages are statistically comparable in terms of the anti-remodeling and
therapeutic efficacies. By contrast, tadalafil elicited insignificant anti-
remodeling properties and did not block the MAPK pathway as what
was reported in sildenafil. Further, we also showed that masitinib in-
creased the cGMP level, and more importantly, the long-term treatment
with a low-dose masitinib was non-inferior than tadalafil.

All doses of masitinib significantly suppressed the C-KIT and tended
to reduce the PDGFR-β mRNA expression in the lungs of the MCT-in-
jected rats. At a high dose (50mg/kg), the PDGF-B protein expression
was also significantly inhibited. Besides, it also potently blocked the
expression of CXCR4 mRNA and phosphorylated ERK protein, collec-
tively implying the inhibitory role of masitinib on the MAPK and
CXCR4/CXCL12 pathways which drive the PAH pathogenesis [10,37].
By contrast, the tadalafil treatments did not significantly reduce the

mRNA levels of the tyrosine kinase receptors nor the CXCR4 and
CXCL12. In line with these observations, tadalafil did not block the Raf-
1 mRNA and phosphorylated ERK 1/2 protein expression in the rat
lungs, indicating that tadalafil had negligible inhibitory effects on the
MAPK pathway, as opposed to what was observed in sildenafil [18].

Further, the prevention of pulmonary arterial (PA) muscularization
was also more significant in masitinib- than tadalafil-treated rats. The
number of remodeled PAs, indicated by the FMPA percentage, was
reduced by 10.5, 16.7, and 19.6% following treatments of 5, 15, and
50mg/kg of masitinib, respectively. By contrast, the tadalafil therapy of
5 and 10mg/kg decreased the FMPA percentage by 8.8 and 7.3%, re-
spectively. Besides, the stronger anti-remodeling properties of masitinib
than tadalafil were also reflected by the presence of a higher number of
thin-walled PAs represented by the NMPA percentage in the masitinib-
treated rats. With respect to the cardiac remodeling, tadalafil at 10mg/
kg significantly reduced the right ventricular hypertrophy (RVH),
consistent with that of Sawamura et al. [32], but the statistical sig-
nificance was lost when the RVH was normalized to the body weight
(P= 0.171). Nonetheless, the tadalafil-treated rats showed overall
higher RVH indices and BNP mRNA expression than those treated with
masitinib, indicating that tadalafil possesses weaker direct cardiac anti-
remodeling abilities.

Despite the less potent cardiopulmonary preventive abilities, tada-
lafil significantly reduced the RVSP in the MCT-injected rats, in
agreement with the results by Sawamura et al. [32] and Egawa et al.
[8]. The concurrent increases in lumen area of the 20–50 and
51–100 μm FMPAs and the low pulmonary PDE-5 mRNA expression in
the tadalafil-treated rats strengthened our belief that these hemody-
namic improvements were mainly attributable to the PDE-5 inhibition-
induced PA vasodilation. It is of interest that the masitinib therapy at a
15mg/kg dose also tended to reduce the PDE-5 mRNA level in the rat

Fig. 6. Effects of masitinib and tadalafil on the nitrogen
oxide/cyclic guanosine monophosphate (cGMP) pathway. (a)
Expression of phosphodiesterase (PDE)-5 mRNA after 28 days
(n= 8–9) and (b) serum cGMP levels after 42 days of the
monocrotaline (MCT) injection (n= 4–11). Data are
means± SEM. *P < 0.05 versus control, †P < 0.05 versus
MCT.
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lungs, and concomitantly produced significantly higher serum cGMP
concentration upon the treatment extension. With respect to this, Alp
Ozgur-Akdemir et al. [31] showed that the binding of imatinib to the
receptors tyrosine kinase activated the nitric oxide-cGMP pathway and
induced dilation of smooth muscle of human prostate tissue in vitro
[31]. Further, previous studies have also reported the vasodilator roles
of imatinib, nilotinib, and sorafenib [1], suggesting that masitinib
might also cause pulmonary vasodilation by regulating the NO/cGMP
pathway. Despite so, imatinib dilated pulmonary venous beds in guinea
pigs through cAMP but not cGMP release [26]. With respect to this, the
absence of PDE-5 mRNA downregulation and serum cGMP increase in
the rats medicated with a 50mg/kg dose of imatinib (unpublished data)
led us to believe that this discrepancy might be due to pharmacological
differences between masitinib and imatinib.

In the present study, the rat dose of 10mg/kg of tadalafil is
equivalent to the clinical dose for PAH in humans, since both produced
comparable drug exposure levels (126,000 ng · h/mL in rats versus
121,930 ng · h/mL in humans) [32]. As for masitinib, although the
optimal therapeutic dose remains unknown, several cancer clinical

studies in humans have evaluated masitinib at a dose between 6 and
12mg/kg/day [2,21,25], which gives a dose range of 37.2–74.4mg/kg
in the rats [30]. At 6 weeks post MCT injection, the MCT rats demon-
strated signs of heart failure indicated by pleural and abdominal effu-
sion and lower heart rate which could be due to β1-adrenergic down-
regulation [35]. In scrutinizing the effects of masitinib versus the
human clinical dose of tadalafil for the long-term treatment of PAH, we
showed that both treatments significantly increased heart rates of the
rats, in which masitinib at a dose as low as 15mg/kg also tended to
delay the mortality onset. More importantly, a much greater and sig-
nificant reduction in the RVSP was observed in the masitinib- but not
the tadalafil-treated rats. Taken together, these data provide strong
evidence that masitinib at a low dose was non-inferior and more ef-
fective than tadalafil on the long-term control of severe PAH in the rats.

Although masitinib shares similar kinase inhibition profiles with
imatinib, it has higher specificity for C-KIT and affinity for PDGFR
[6,34]. Unlike imatinib, it lacks activity for the Bcr-Abl kinase in which
the inhibition is believed to cause cardiotoxicity [17], although Hu
et al. [16] rebutted that imatinib caused cardiomyocyte dysfunction

Fig. 7. Comparison of therapy outcomes in the rats treated for 28 days with masitinib (15mg/kg) versus tadalafil (10mg/kg). (a) Survival curve with an end point on
day 40 post-monocrotaline (MCT) injection (n= 9–10), (b) right ventricular (RV) systolic pressure (RVSP) (n= 5–6), (c) heart rate (HR) (n= 5–6), and (d) RV
hypertrophy of the rats (n= 6–9), and (e) body weight gain of the rats (n=8–10). Data are means± SEM. *P < 0.05 versus control, †P < 0.05 versus MCT.
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through induction of endoplasmic reticulum stress and impairment of
autophagy. Nevertheless, clinical trials for the use of masitinib in a
myriad of non-neoplastic disorders such as amyotrophic lateral sclerosis
[29], progressive multiple sclerosis [36], and indolent systemic mas-
tocytosis [25] have revealed favorable outcomes with acceptable safety
in the masitinib-treated patients. These proved a high safety margin of
masitinib compared with imatinib, more predictably when it is ad-
ministered at a low dose. While the present study represents a toxin-
induced PAH model and lacks complete hemodynamic and in-vitro data
to fully support the use of masitinib for the human PAH, the beneficial
effects of masitinib as a single agent for the PAH treatment in the rats
are clear, and hence the results may serve useful foundation for further
clinical investigation on the use of a low-dose masitinib in combination
therapy for PAH in humans.

5. Conclusion

Masitinib elicited stronger cardiopulmonary preventive properties
than tadalafil, via dual inhibition of the MAPK pathway and PDE-5. The
long-term therapy with a lower dose (15mg/kg) attenuated the PAH
severity and improved survival in the rats. Although tadalafil also im-
proved the RVSP in the rats, its weak anti-remodeling abilities did not
confer greater long-term survival nor hemodynamic benefits than ma-
sitinib. Therefore, a lower dose of masitinib may be applicable in the
PAH therapy to target both the cardiopulmonary remodeling and the
increased vasoconstriction.
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