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General Introduction 

Pulmonary hypertension (PH) is a complex disease characterized by an elevated 

mean pulmonary arterial pressure above 25 mmHg at rest or 30 mmHg with exercise. The 

Word Health Organization (WHO) classifies PH into five groups: Group 1 PH, also 

known as pulmonary arterial hypertension (PAH) entails narrowing of the pulmonary 

arteries and it may be idiopathic, familial or acquired; Group 2 PH is caused by the left-

sided heart disease due to valvular disorders or myocardial dysfunction; Group 3 is 

associated with chronic obstructive lung disease; Group 4 refers to PH that is caused by 

chronic thromboembolism, and Group 5 PH includes miscellaneous diseases with unclear 

multifactorial mechanisms [1]. In the canine populations, the left-sided heart failure due 

to chronic degenerative mitral valve disease (CDMVD) represents the most common 

cause of PH [2]. 

Unfortunately, the prognosis for PAH remains poor. In humans, the REVEAL 

Registry showed the 5-year survival rates of 65.4% and 61.2% for previously and newly 

diagnosed PAH patients [3], respectively, whereas another study reported the 1-, 2- and 

3-year survival rate of 87%, 67%, and 54%, respectively [4]. In the canine patients, Bach 

JF et al. [5] reported the median survival time of 91 days in 13 dogs, while Atkinson KJ 

et al. [6] reported a longer median survival time of 352 days in 10 dogs with CDMVD-

associated PH.  

For the past 20 years, the treatment for PAH relies mainly on the various agents

which dilate the constricted pulmonary vessels. These include phosphodiesterase-5 

inhibitors (sildenafil and tadalafil), endothelin receptor antagonists (ambrisentan, 
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bosentan, and macitentan), and prostaglandins (iloprost, epoprostenol, and treprostinil). 

Besides, soluble guanylate cyclase stimulator (riociguat) and selective prostacyclin 

receptor agonist (selexipag) also represent the relatively new therapeutic agents. Despite 

so, a large proportion of PAH patients failed to respond satisfactorily after receiving the 

monotherapy, yielding a mortality rate as high as 15% per year [7]. In the continuous 

effort to improve survival outcome in the PAH patients, the combination therapy has 

emerged as an alternative to the conventional monotherapy for PAH, by reducing the risk 

of clinical worsening by 35% compared with monotherapy [7]. In veterinary medicine, 

the treatment options that are available remain limited.  

All forms of pulmonary hypertension is characterized by pulmonary vascular 

remodeling [8]. During the vascular remodeling, there is an abnormal increase in 

proliferation and resistance to apoptosis of fibroblasts, smooth muscle cells and 

endothelial cells in the pulmonary arteries [9]. In year 2005, Schermuly RT et al. [10] 

demonstrated an abnormal signaling from the platelet-derived growth factor (PDGF) 

pathway in the PAH rat lungs, and imatinib, a tyrosine kinase inhibitor (TKI) reversed the 

PAH, right ventricular hypertrophy and pulmonary vascular remodeling via the PDGF 

inhibition. The results had then spurred a great interest among researchers and clinicians, 

and gave rise to many experimental and clinical studies which evaluated the potential use 

of various tyrosine kinase inhibitors including nilotinib [11], gefitinib, erlotinib, and 

lapatinib [12], sorafenib [13] for treating the PAH. However, the long-term imatinib 

therapy was associated with serious adverse events such as cardiotoxicity and subdural 

hematoma which hampered the use for the treatment of PAH [14].  

Indeed, the many experimental and clinical studies did not examine the potential 
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use of a low-dose TKI therapy which may potentially offset the side effects of a neoplastic 

dose. Since the vasodilators which constitute the current treatment algorithm do not 

directly or potently target the cardiopulmonary remodeling, this had compellingly driven 

us to investigate the reversal effect and potential use of the low-dose TKIs for the 

treatment of PAH. Using an animal model, the rats were induced with PAH by the 

injection of monocrotaline (MCT), a pyrrolizidine alkaloid derived from Crotolaria 

spectabilis [15]. 

As the high-dose imatinib had had been well studied, we examined the anti-

remodeling effects of a low-dose imatinib, and compared the treatment outcomes with 

sunitinib, a multi-kinase inhibitor in chapter 1. In this study, a high dose was defined as 

an anti-cancer dose, whereas a 1/3 reduction of the preceding dose gave rise to lower 

doses. Next, in chapter 2, a special interest was given to elucidate the reversal properties 

as well as the hemodynamic effects of toceranib, a veterinary TKI in comparison with 

sorafenib. In chapter 3, masitinib, another veterinary TKI was also investigated. Because 

the cardiopulmonary reversal effects of tadalafil, a FDA-approved phosphodiesterase 

inhibitor for the treatment of PAH are unclear, we also sought to compare the treatment 

effects and survival benefits of masitinib with tadalafil. Lastly, the long-term effects of 

the low-dose imatinib therapy in the dogs was studied in chapter 4. 
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Chapter 1 

Reversal effects of low-dose imatinib compared with sunitinib 

on monocrotaline-induced pulmonary and right ventricular 

remodeling in rats 
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Introduction 

Pulmonary arterial hypertension (PAH) entails small pulmonary artery proliferation 

and remodeling, resulting in a rise in mean pulmonary pressure > 25 mmHg at rest [16] 

and eventually right-sided heart failure [17, 18]. With a poor prognosis of reported 

survival rates of 58%, 41% and 24% in patients receiving a single therapy after 1, 2 and 

3 years, respectively [19], dual or triple combination therapy targeting any of the three 

main mechanistic pathways (endothelin, nitric oxide, and prostacyclin) for PAH treatment 

improved the survival outcome [4, 16, 20, 21, 22, 23, 24]. However, long-term prognosis 

of PAH treatment remains poor [3, 25].Role of mitogen-activated protein kinase (MAPK) 

pathway in pathogenesis of PAH has been documented [10, 26], which involves upstream 

signaling from various receptor tyrosine kinases (TK) such as platelet-derived growth 

factor receptor beta (PDGFR- 27, 28], fibroblast growth factor receptor (FGFR)-1 

[29, 30, 31], endothelial growth factor receptor (EGFR) [12], and C-Kit receptor [32, 33]. 

Imatinib, a TK inhibitor, reverses pulmonary and myocardial remodeling in the rodent 

models [10, 11, 34] and significantly improves right ventricular (RV) functions in the 

PAH patients [35, 36, 37] and the Phase III Imatinib in Pulmonary Arterial Hypertension, 

A Randomized, Efficacy Study (IMPRES) [38]. However, an extension of the IMPRES 

revealed disappointing outcomes and adverse effects in imatinib-treated PAH patients 

[14]. In 2013, Novartis withdrew imatinib for PAH treatment.  

To develop new therapies for PAH, sparing of the receptor TK pathways from 

the current treatment algorithm is our concern. Many experimental and clinical PAH 

studies did not investigate whether low-dose TK inhibitors are effective without 

producing associated deleterious effects. Our study on PAH dogs showed that a low-dose 
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imatinib therapy for 30 days reduced pulmonary arterial pressure and improved cardiac 

function and hemodynamics [39]. Similarly, a clinical study using low-dose imatinib in 

PAH patients showed improved diffusion capacity of the lung for carbon monoxide 

(DLCO) and varying hemodynamic responses [40]. However, these clinical studies did 

not investigate anti-remodeling effects of the low-dose therapy on cardiopulmonary 

remodeling assessed at tissue and molecular levels. Thus, we revised the study to 

investigate several imatinib and sunitinib doses, emphasizing on the lowest anti-

remodeling dose possible. We also aimed to compare the effects of imatinib with sunitinib 

on pulmonary and RV remodeling to determine whether imatinib yields a greater anti-

remodeling effect than sunitinib. 
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Materials and methods 

Monocrotaline-induced pulmonary arterial remodeling 

Eight-week-old, male, Wistar-Imamichi rats were purchased from the Institute 

for Animal Reproduction, Ibaraki, Japan, and randomized into control, placebo, and 

treatment groups. Under isoflurane anesthesia, monocrotaline (MCT, Sigma-Aldrich, 

China) was subcutaneously injected at 60 mg/kg body weight to the placebo and treatment 

rats to induce pulmonary arterial remodeling. Physiological saline solution was injected 

to the control rats. Fourteen days after the injection, oral gavage was started once daily, 

such that the treatment rats received imatinib mesylate [Glivec, Novartis: 5 (Ima-5), 15 

(Ima-15), or 50 (Ima-50) mg/kg per day] or sunitinib malate [SUTENT®, Pfizer: 0.1 

(Suni-0.1), 1 (Suni-1), 3 (Suni-3), or 10 (Suni-10) mg/kg per day], whereas the control 

and placebo rats received water. The oral gavage was continued for 14 days after which 

the rats were euthanized for tissue sampling. All protocols were approved by the 

Institutional Animal Care and Use Committee of the Tottori University. 

Assessment of RV hypertrophy  

The right ventricular (RV) tissue was separated from the left ventricle and 

septum (LV + S). RV and (LV + S) wet weights were determined to obtain the RV 

hypertrophy (RVH) index given by the formula: RV / (LV + S). 

Pulmonary artery histology and pulmonary arterial muscularization assessment 

The left lung lobe caudal to the bronchus was excised and fixed in 10% formalin 

neutral buffer solution. Lung tissues were outsourced to Sapporo General Pathology 

Laboratory Co. Ltd., Japan, for histology and slide preparation, as well as staining with 

elastic van Gieson (EVG) and double staining of EVG and alpha-smooth muscl -
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SMA) antibody. Under light microscopy (400 × magnification), pulmonary artery (PA) 

images were captured by an Olympus Digital Camera DP21. Approximately 300 PAs 

(20 nted as fully muscularized (FMPA), 

partially muscular (PMPA), and non-muscular (NMPA) to obtain the proportion of each 

artery type and calculate muscularization percentage (Fig. 1A). For FMPAs between 20

d) and medial wall thickness 

(MWT) were measured using Image J software. In addition, medial MWT ratio given by 

MWT normalized to diameter (2 × MWT / d), lumen diameter (d  2 × MWT), and lumen 

area [3.142 × (d / 2)²] of the FMPAs were also determined. 

ELISA measurement of serum N-terminal pro-brain natriuretic peptide (NT-

proBNP) levels 

Blood was sampled via cardiac puncture into plain blood tubes. Serum was 

obtained after centrifuging the clotted blood at 3500 rpm for 5 min (Kubota 4000, Japan). 

Enzyme-linked immunosorbent assay (ELISA) for rat serum NT-proBNP was performed 

using a commercial kit (Cloud-Clone Corp., Wuhan, China), in accordance to the 

TM microplate 

reader (BIORAD, Japan). A standard curve was constructed to give readings of serum 

NT-proBNP levels (ng/mL).  

RNA extraction, reverse transcription, and semi-quantitative fast real-time 

polymerase chain reaction  

The RV tissue and the right caudal lung lobe were stored in RNAlater® solution 
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First- pt® 

III First-Strand Synthesis System (Invitrogen, USA). Primers were designed and ordered 

from the Japan Food Assessment and Management Center (FASMAC) (Fig. 1B). Relative 

quantifications of the target mRNAs of PDGFR- -1, VGFR-2, VEGF-A, nestin, 

Raf-1, b-type natriuretic peptide (BNP), and the house-keeping gene glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) were determined by Applied Biosystems 7500 Fast 

Real-Time PCR System using SYBR® Fast qPCR Mix (Takara Bio Inc., Shiga, Japan) 

containing 400 nM of each forward and reverse primers for rats.  

Western blotting assay 

Lung tissues were homogenized in T-PER® Tissue Protein Extraction Reagent 

(Thermo Fisher Scientific, USA) containing 1% protease and phosphatase inhibitors 

(Thermo Fisher Scientific, USA). Total protein concentrations were determined by 

-Rad, USA). Lysates 

containing 50 µg total soluble protein were resolved on 4  15 % SDS-polyacrylamide 

gels (Mini- Protein Gels, Bio-Rad, USA) and transferred to 

polyvinylidene difluoride membranes. The membranes were blocked in Tris-buffered 

saline (EzTBS, Atto, Tokyo, Japan) containing 1% bovine serum albumin and then probed 

with a specific primary antibody of either anti-phospho-ERK 1/2 (Cell Signaling 

Technology, Inc., USA), anti-ERK 1/2 (C9) (Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA), anti-VEGF-A (Abcam, Cambridge, UK) or anti- -actin (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA, USA), followed by a secondary antibody conjugated 

to horseradish peroxidase. Chemiluminescence was visualized using Bio-Rad Universal 

Hood II and quantified by Image Lab Software 6.0 (Bio-Rad Laboratories). 
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Statistical analyses  

All data are expressed as mean ± standard error of mean (SEM). Data were 

analyzed for statistical differences using the StatMate3 analysis software (ATMS, Tokyo, 

Japan).  Inter-group differences for normally distributed data were analyzed using one-

way analysis of variance, followed by a least significant difference post-hoc test for 

multiple comparisons. Differences between two independent groups were analyzed using 

student T-test for normally distributed data or Mann Whitney U test for non-normally 

distributed data. The relationship between treatment effects and dosages was analyzed 

using simple linear regression and Pearson correlation test. P < 0.05 was considered to be 

significant. 
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Results 

Effect of imatinib and sunitinib on RVH and cardiac remodeling biomarkers 

The placebo developed a severe RVH with a significant increase in the RV / [LV 

+ S] ratio (0.54 ± 0.03) compared with the control (0.22 ± 0.01) (Fig. 2A). Treatment with 

ima-15 and ima-50 significantly reversed the RVH, yielding a stronger dose-dependency 

(R²: 0.16; P < 0.05) than sunitinib (R²: 0.09; P < 0.05) (Fig. 2B). None of the sunitinib-

treated groups significantly reduced the RVH, although a weak reversal tendency was 

observed. 

BNP mRNA was markedly increased in the placebo (0.54 ± 0.03) and lowest in 

the control group (0.07 ± 0.01) (Fig. 2C). All imatinib treatment groups showed reduced 

BNP mRNA expression compared with the placebo, of which significant reductions were 

observed in ima-15 (0.36 ± 0.08) and ima-50 (0.31 ± 0.05) groups. Sunitinib-treated rats 

also showed a slight reduction in BNP mRNA expression. Only the suni-10 group had a 

significant reduction (0.38 ± 0.06) compared with the placebo. 

In tandem with the mRNA results, serum NT-proBNP levels were the highest in 

the placebo (0.68 ± 0.22 ng/mL) (Fig. 2D). Compared with the placebo, treatment with 

imatinib or sunitinib reduced serum NT-proBNP levels in rats, although none reached 

statistical significance.

Effect of imatinib and sunitinib on pulmonary remodeling  

Muscularization of 20 PAs 

Control rats had the highest NMPA percentage (39.08 ± 1.91 %). The MCT 

injection induced remodeling in the rat pulmonary vasculature indicated by the lowest 

NMPA percentage in the placebo (8.33 ± 1.14 %) (Fig. 3A). Compared with the placebo, 
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imatinib-treated groups showed an approximately two-fold increase in the NMPA 

percentage (16.67 ± 1.93 % for ima-5; 17.22 ± 2.22 % for ima-15; 21.50 ± 2.18 % for 

ima-50) and these increases achieved a statistical significance. Except the suni-3 group 

(12.53 ± 0.87 %), the other sunitinib-treated groups significantly increased the NMPA 

percentage (12.69 ± 1.48 % for suni-0.3; 15.86 ± 1.94 % for suni-1; 17.15 ± 1.34 % for 

suni-10). Imatinib exhibited a stronger dose-dependency than sunitinib (R2: 0.29; P < 0.05 

and R2: 0.14, respectively).   

Conversely, the FMPA percentage was the lowest in the control rats (15.14 ± 

1.73 %) and the highest in the placebo rats (42.39 ± 2.06 %) due to proliferation of the 

arterial smooth muscle cells. Treatment with imatinib significantly and dose-dependently 

reversed muscularization degree in the pulmonary vasculature (R2: 0.17; P < 0.05) (Fig. 

3B). However, muscularization reduction was not statistically significant in sunitinib-

treated rats (R2: 0.01; P < 0.05).    

Medial hypertrophy and lumen area of 20 50 µm FMPAs 

We investigated degree of smooth muscle proliferation of the FMPAs by 

examining the MWT ratio and the lumen area of the PAs. The MWT ratio was the highest 

in the placebo (49.37 ± 1.26 %) and the lowest in the control (34.95 ± 1.23 %) (Fig. 3C). 

Although all imatinib and sunitinib groups showed decreased MWT ratios, the reduction 

was only significant in the groups of ima-15 (45.79 ± 1.17 %), ima-50 (45.38 ± 1.08 %), 

and suni-1 (46.00 ± 0.87 %). 

The placebo had the smallest lumen area (229.10 ± 8.69 m²), which differed 

significantly from that of the control (392.87 ± 15.60 m²) (Fig. 3D). Ima-15 (296.70 ± 

10.77 m²), ima-50 (298.51 ± 26.94 m²) and suni-1 (281.92 ± 14.55 m²) groups had 
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significantly larger lumen areas than the placebo. Only imatinib dose-dependently 

normalized the lumen area of the PAs (R2: 0.22; P < 0.05 for imatinib and R2: 0.002 for 

sunitinib). 

Medial hypertrophy and lumen area of 51 100 µm FMPAs 

The MCT injection also significantly induced medial wall thickening of the 51 

100 µm PAs in the placebo (53.58 ± 1.86 %) compared with that of the control (38.89 ± 

1.86 %) (Fig. 4A). Imatinib and sunitinib treatments significantly reduced the MWT but 

only the imatinib groups produced a noticeable dose-dependency (R2: 0.22; P < 0.05 for 

imatinib; R2: 0.01 for sunitinib). 

The lumen area of the 51 100 µm FMPAs was the smallest in the placebo 

(899.50 ± 68.10 m²), which differed significantly compared to that of the control group 

(1514.44 ± 87.05 m²) and all the treatment groups (Fig. 4B). Increases in lumen area in 

the imatinib groups were dose-dependently compared to those in the sunitinib groups (R2: 

0.15; P < 0.05 for imatinib; R2: 0.02 for sunitinib). 

Effect of imatinib and sunitinib on relative expression of PDGFR- -1 

mRNA in the lungs 

The MCT injection significantly upregulated the PDGFR- expression 

in the placebo (0.088 ± 0.013) compared with that in the control (0.032 ± 0.005) (Fig. 

5A), suggesting a role of PDGFR-

sunitinib treatments reduced PDGFR-

observed in ima-15 (0.048 ± 0.007), ima-50 (0.051 ± 0.008), suni-1 (0.023 ± 0.008), suni-

3 (0.016 ± 0.005), and suni-10 (0.023 ± 0.002) groups. 

The marked upregulation of FGFR-1 mRNA in the placebo group (0.056 ± 



17 

0.008) also confirmed the role of FGFR-1 in vascular remodeling (Fig. 5B). None of the 

imatinib groups showed significant downregulation of FGFR-1 mRNA expression. 

Conversely, suni-1 (0.024 ± 0.006), suni-3 (0.022 ± 0.003), and suni-10 (0.024 ± 0.002) 

groups showed significant downregulation of FGFR-1 mRNA expression compared with 

that in the placebo. Suni-3 and suni-10 groups had significantly lower mRNA expression 

than the control (0.037 ± 0.003). 

Effect of imatinib and sunitinib on VEGF signaling pathway in the lungs 

VEGFR-2 mRNA expression 

VEGFR-2 mRNA expression was comparable between control (0.292 ± 0.035), 

placebo (0.287 ± 0.021), and all imatinib groups (Fig. 6A). However, VEGFR-2 mRNA 

expression was significantly downregulated in suni-1 (0.176 ± 0.023), suni-3 (0.173 ± 

0.022), and suni-10 (0.136 ± 0.014) groups compared with those of control and placebo. 

VEGFR-2 was also dose-dependently inhibited by sunitinib (R2: 0.28; P < 0.05). 

VEGF-A mRNA and protein expression 

Since VEGF-A supplies the VEGF signaling pathway, we further investigated 

the mRNA (Fig. 6B) and protein (Fig. 6C) expression. Surprisingly, the control had 

insignificantly higher levels of mRNA (0.074 ± 0.016) and protein (0.519 ± 0.063) than 

the placebo (0.052 ± 0.005 for mRNA; 0.489 ± 0.010 for protein). Compared with the 

above groups, the mRNA and protein levels were significantly lower in suni-3 (0.026 ± 

0.004 for mRNA; 0.286 ± 0.022 for protein) and suni-10 (0.025 ± 0.003 for mRNA; 0.281 

± 0.010 for protein) groups. Suni-1 also significantly inhibited the protein expression 

(0.317 ± 0.008). In the ima-15 group, a significant reduction of the mRNA (0.036 ± 0.005) 

but not the protein (0.469 ± 0.056) was seen compared with that of the placebo. Further, 
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we observed a stronger dose-dependent VEGF-A inhibition in sunitinib (R2: 0.24, P < 

0.05 for mRNA; R2: 0.36, P < 0.05 for protein) than imatinib (R2: 0.09 for mRNA; R2: 

0.02 for protein). 

Effect of imatinib and sunitinib on relative VEGFR-2 mRNA expression in the RV  

VEGFR-2 mRNA expression of RV tissues did not significantly differ among 

the groups (Fig. 6D). The placebo showed a lower VEGFR-2 mRNA expression level 

than the control, whereas suni-1, suni-3 and suni-10 groups had a lower mRNA level than 

the placebo.  

Effect of imatinib and sunitinib on MAPK signaling pathway in the lungs 

Raf-1 mRNA expression 

The placebo exhibited significant upregulation of Raf-1 mRNA expression (0.15 

± 0.02) compared with control (0.07 ± 0.01) (Fig. 7A). Ima-15 (0.10 ± 0.01) and ima-50 

(0.08 ± 0.01) significantly inhibited the Raf-1 mRNA expression. The inhibition was not 

significant in all sunitinib groups except for suni-10 (0.06 ± 0.01). 

Phosphorylated ERK-1/2 protein expression  

Phosphorylated ERK-1/2 protein expression was noticeably increased in the 

placebo (3.26 ± 0.38), suni-3 (2.12 ± 0.43) and suni-1 (2.37 ± 0.16) groups, compared 

with that in the control group (0.39 ± 0.12) (Fig. 7B). Ima-15 (0.48 ± 0.09), ima-50 (0.19 

± 0.10), and suni-10 groups (0.06 ± 0.02) significantly suppressed the protein 

phosphorylation to a level comparable with that of the control group.  

Effect of imatinib and sunitinib on relative nestin mRNA expression in the lungs 

To explain reversal differences between imatinib and sunitinib on pulmonary 

remodeling, we examined nestin mRNA expression in all groups (Fig. 8A). The placebo 
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had nestin mRNA levels statistically comparable with the control 28 days after the MCT 

injection (0.047 ± 0.013 for placebo versus 0.034 ± 0.006 for control). However, ima-5 

(0.068 ± 0.012), suni-0.3 (0.062 ± 0.011), suni-1 (0.062 ± 0.011), and suni-3 (0.068 ± 

0.013) groups had significantly upregulated nestin mRNA levels. There were no 

significant changes in expression levels between control and placebo groups even 42 days 

after the injection (0.025 ± 0.006 for placebo versus 0.055 ± 0.015 for control) (Fig. 8B).
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Fig. 1. (A) Representative histological images of non-muscularized, partially 

muscularized, and fully muscularized intra-acinar arteries of 20 

respectively. NM, Non-muscular; PM, Partially muscular; FM, Fully muscular; EVG, 

elastic van Gieson -SMA, Alpha-smooth muscle actin. (B) Primer sequences for real-

time polymerase chain reaction analysis of rat b-type brain natriuretic peptide (BNP), 

fibroblast growth factor receptor (FGFR)-1, vascular endothelial growth factor receptor 

(VEGFR)-2, vascular endothelial growth factor (VEGF)-A, platelet-derived growth 

factor receptor (PDGFR)- -1 proto-oncogene serine/threonine kinase (Raf-1), nestin, 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
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Fig. 2. Effects of imatinib and sunitinib on monocrotaline-induced right ventricular 

hypertrophy (RVH) and hypertrophy markers. (A) RVH of different groups (n = 8  14). 

(B) RVH reversal dose-dependency of imatinib and sunitinib (n = 8  14). (C) Relative 

brain natriuretic peptide (BNP) mRNA expression in the RV tissue (n = 8  14). (D) Serum 

level of N-terminal pro-brain natriuretic peptide (NT-proBNP) (n = 5  6). Data are means 

± SEM. *P < 0.05 vs. control; P < 0.05 vs. placebo. 



24 



25 

Fig. 3. Effects of imatinib and sunitinib on vascular muscularization in intra-acinar 

arteries of 20 -muscularized (NMIA), partially muscularized 

(PMIA), and fully muscularized (FMIA) intra-acinar artery percentage related to the total 

number of pulmonary arteries quantified. (B) Dose-dependency of imatinib and sunitinib 

on pulmonary muscularization reversal. (C) Medial wall thickness normalized to the 

external diameter of the fully muscularized intra-acinar arteries. (D) Lumen area of the 

fully muscularized intra-acinar arteries. Data are means ± SEM (n = 8  14). *P < 0.05 

vs. control; P < 0.05 vs. placebo.  
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Fig. 4. Effects of imatinib and sunitinib on vascular muscularization in the intra-acinar 

arteries of 51 external 

diameter of the fully muscularized intra-acinar arteries. (B) Lumen area of the fully 

muscularized intra-acinar arteries. Data are means ± SEM (n = 8  14). *P < 0.05 vs. 

control; P < 0.05 vs. placebo.
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Fig. 5. Effects of imatinib and sunitinib on monocrotaline-induced receptor tyrosine 

kinase mRNA expression in the rat lungs. (A) Platelet-derived growth factor receptor 

(PDGFR)-  (n = 6  12). (B) Fibroblast growth factor receptor (FGFR)-1 (n = 7  10). 

Data are means ± SEM. *P < 0.05 vs. control; P < 0.05 vs. placebo.  
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Fig. 6. Effects of imatinib and sunitinib on monocrotaline-induced vascular endothelial 

growth factor receptor (VEGFR)-2 mRNA expression in the rat RV and lungs, and 

vascular endothelial growth factor (VEGF)-A mRNA and protein expression in the rat 

lungs. (A) VEGFR-2 mRNA in the lungs (n = 7  11). (B) VEGF-A mRNA in the lungs 

(n = 7  9). (C) VEGF-A proteins in the lungs. Western blots are representative of one 

individual from each group (n = 3). (D) VEGFR-2 in the RV (n = 6  13). Data are means 

± SEM. *P < 0.05 vs. control; P < 0.05 vs. placebo. 
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Fig. 7. Effects of imatinib and sunitinib on mitogen-activated protein kinase (MAPK) 

signaling pathway. (A) Raf-1 proto-oncogene serine/threonine kinase (Raf-1) mRNA 

expression in the lungs (n = 8  14). (B) Phosphorylation of extra-cellular-signal-related 

kinase (ERK)-1/2 protein expression in the lungs. Western blots are representative of one 

individual from each group (n = 3). Data are means ± SEM. *P < 0.05 vs. control; P < 

0.05 vs. placebo. 
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Fig. 8. Effects of imatinib and sunitinib on monocrotaline-induced angiogenesis marker 

nestin mRNA expression in the rat lungs. (A) Nestin mRNA expression in the different 

groups (n = 7  9). (B) The comparison of nestin mRNA expression between the control 

and the placebo 28 and 42 days after the MCT injection (n = 6  13). Data are means ± 

SEM. *P < 0.05 vs control; P < 0.05 vs. placebo.  
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Discussion 

This study provides a new perspective on the effects of imatinib by investigating 

its dose-dependency to show that a lower dose (15 mg/kg) is equally effective compared 

with a high dose (50 mg/kg) in the reversal of monocrotaline-induced pulmonary and 

cardiac remodeling in rats. We also show that imatinib exerts stronger anti-remodeling 

actions than sunitinib perhaps attributable to on-going proliferation of pulmonary arteries 

due to VEGF signaling disruption by sunitinib.    

Twenty-eight days post-MCT injection, the muscularized small intra-acinar 

arteries markedly increased at the expense of the non-muscularized arteries in rat lungs. 

This is accompanied by a severe medial hypertrophy, leading to narrowing of the lumen 

area of the arteries as highlighted b -SMA staining, indicating the 

occurrence of a vascular remodeling process. We also observed significant RVH, 

indicative of myocardial remodeling after the MCT injection. The above results are 

consistent with those of previous studies that used MCT as a toxic model of PAH [10, 26, 

41, 42].  

We confirmed the previously reported data of elevated PDGFR- 10, 27, 42] 

and FGFR-1 transcript levels [29, 30, 31], and decreased VEGFR-2 and the VEGF-A 

levels [43, 44, 45, 46, 47] thus affirming the pathogenic role of PDGFR- -1 in 

MCT-induced pulmonary remodeling. In terms of kinase selectivity, imatinib targets 9 

kinases whereas sunitinib possesses a greater spectrum of activity which targets 30 

receptor tyrosine kinases [48]. In our study, sunitinib potently blocked PDGFR- -

1, VEGFR-2, and VEGF-A mRNAs, while imatinib only significantly inhibited PDGFR-
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growth factors activate the MAPK signaling pathway [49], and Raf-1 kinase is the entry 

point to this downstream signaling pathway [50], we expected a greater downregulation 

of the MAPK signaling pathway in the sunitinib-treated groups. However, significant 

down-regulation of Raf-1 mRNA and phosphorylated ERK-1/2 protein expressions was 

only seen in the highest dose of sunitinib treatment group. As for the imatinib treatment 

groups, ima-15 and ima-50 significantly blocked the MAPK pathway. This suggests that 

te into a greater inhibition of the 

MAPK downstream signaling pathway in MCT-induced cardiopulmonary remodeling 

compared with imatinib of a narrower kinase target.  

For myocardial remodeling, imatinib reversed RVH at 15 and 50 mg/kg and 

elicited a higher dose-dependency than sunitinib. However, despite the weak reversal 

observed, none of the sunitinib groups produced a significant RVH reversal, which 

disagrees with the findings of Kojonazarov et al [19]. Our data agree with those of Hung 

et al [18] and Vitalia et al [51], that mice subjected to hypoxia developed a more severe 

form of RVH after receiving Sugen (SU5416), an anti-VEGF therapy than those subjected 

to hypoxia alone. As for the cardiac biomarker, the 15 and 50 mg/kg imatinib groups 

significantly down-regulated the BNP mRNAs, but only rats on a 10 mg/kg dose in the 

sunitinib groups produced a significant decrease in the BNP mRNA expression. Because 

VEGFR-2 mRNA levels of RV did not differ significantly among all groups, the lack of 

a significant reversal by sunitinib might be related to the remodeling process in the 

pulmonary vasculature.    

Imatinib was reported to reverse pulmonary remodeling at a dose of 50 and 100 

mg/kg/day [10]. However, the anti-remodeling effect of lower doses remains uncertain, 
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although studies which evaluated clinical effectiveness of low-dose imatinib on PAH have 

been conducted on a small sample of human patients [40] and dogs [39], respectively. 

Our present study shows that imatinib at 5, 15 and 15 mg/kg significantly reduced the 

FMPAs and increased the NMPAs of 20 50 µm in diameter, consistent with the clinical 

observations in the above studies. Conversely, sunitinib did not significantly normalize 

medial hypertrophy nor lumen area of the FMPAs in rats. These findings support the 

earlier statement of an equivocal RVH improvement in sunitinib groups, which may be 

attributable to a lack of pulmonary remodeling reversal. 

Further, we examined nestin mRNA expression in lungs of the MCT-injected rats. 

Nestin, an intermediate filament protein recently discovered as a more specific 

angiogenesis marker for small arteries than CD31, CD34, and von Willebrand factor [52, 

53], is highly expressed during angiogenesis following a vascular insult and in various 

forms of neoplasm [53, 54, 55, 56] as well as in pulmonary remodeling [57]. Saboor et al 

recently showed that nestin plays a role in the proliferation of vascular smooth muscle 

cells and provides a diagnostic tool for pulmonary hypertension [58]. However, to the 

best of our knowledge, no studies have reported on nestin expression in rat lungs after 

treatment with imatinib or sunitinib. We demonstrated that the sunitinib treatment groups 

(0.3, 1 and 3 mg/kg) significantly upregulated nestin mRNA expression compared with 

that in imatinib, control, and placebo groups. Twenty-eight days after the MCT injection, 

the placebo group did not show increased nestin mRNA expression, which agrees well 

with findings of Saboor et al [58], which stated that nestin expression is upregulated only 

during the initial phase of pulmonary remodeling. To further clarify this finding, we 

showed that the placebo rat lungs did not upregulate nestin mRNA expression even after 
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42 days after the MCT injection, indicating that the pulmonary vasculature had 

established a quiescent state. Therefore, upregulated nestin mRNA expression and 

increased pulmonary muscularization, further evident by the lack of significant MAPK 

pathway inhibition in the sunitinib groups compared with that in the imatinib groups, led 

us to believe that sunitinib but not imatinib treatment induced on-going proliferation of 

the smooth muscle cells in the small intra-acinar arteries, in a phenomenon known as 

, 60] and/or non-canonical angiogenesis [61].

Since VEGF overexpression protects against hypoxic and MCT-induced PAH 

[62], one possible reason to explain continued proliferation of smooth muscle cells 

induced by sunitinib is inhibition of the VEGF signaling pathway. Despite the severe 

pulmonary remodeling in the placebo group, an apparent overexpression of VEGFR-2 

and VEGF-A mRNAs as well as VEGF-A protein was not observed, consistent with the 

results by Arcot et al [43], Nadeau et al [45], and Farkas et al [44], which also reported 

decreased VEGF and/or VEGFR mRNA expression levels in PAH rats induced with 

monocrotaline and/or chronic hypoxia. While imatinib did not affect the VEGF signaling 

pathway, sunitinib significantly and dose-dependently downregulated VEGFR-2 and 

VEGF-A levels. Since Sugen (SU5416) was used for its VEGFR inhibiting actions to 

further enhance the angioproliferative PAH in mice subjected to hypoxia [18, 51] or mice 

were treated with a repeated immunization of ovalbumin [63], we believe that the lack of 

effectiveness in reversing the vascular remodeling in sunitinib groups is attributable to its 

potent inhibition of the VEGF signaling pathway.  

In a study which evaluated the long-term safety and efficacy of imatinib in 

human PAH [14], the authors concluded that imatinib resulted in severe adverse effects, 



37 

significant side effects, and a high discontinuation rate that limited imatinib use in PAH 

treatment. The study utilized a starting dose of 200 mg once daily and up-titrated to 400 

mg once daily (which is equivalent to a rat dose of 50 mg/kg in our study and the 

neoplastic dose indicated for gastrointestinal stromal carcinoma and chronic myeloid 

leukemia treatment in humans) [64]. In a study by Hatano et al [40], five PAH patients 

who received a low-dose imatinib at 100 mg/day (equivalent to a rat dose of 12.5 mg/kg) 

for 12 weeks, showed improved DLCO and hemodynamic parameters as indicated by 

either a decreased mean pulmonary arterial pressure, a decreased pulmonary venous 

resistance, or an increased cardiac index. When the treatment was extended to 24 weeks, 

only three patients showed sustained favorable effects. Further, our previous PAH study 

in dogs also showed that treatment with 3 mg/kg of imatinib, a dose equivalent to a 1/3 

dose of the 10 mg/kg used to treat canine malignancies [65], improved clinical scores and 

echocardiographic outcomes in dogs [39]. Taken together, the above clinical observations 

could be explained by the potent anti-remodeling of low-dose imatinib (15 mg/kg). 

Therefore, we believe that low-dose of imatinib has the advantage of reducing side effects, 

yet is effective to reverse pulmonary vascular remodeling and right ventricular 

hypertrophy that characterize PAH.   

In conclusion, imatinib elicited dose-dependent anti-remodeling actions, and a 

dose as low as 15 mg/kg, significantly inhibited the MAPK signaling pathway responsible 

for pulmonary vascular remodeling and RVH in MCT-injected rats. Imatinib is more 

effective than sunitinib in reversing MCT-induced cardiopulmonary remodeling in rats, 

through inhibition of PDGFR- ring VEGF inhibition in the lungs. Therefore, 

low-dose imatinib therapy may provide an option for treatment of PAH and RVH. 
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Chapter 2 

Effects of toceranib compared with sorafenib on 

monocrotaline-induced pulmonary arterial hypertension and 

cardiopulmonary remodeling in rats 
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Introduction 

Pulmonary arterial hypertension (PAH) is characterized by proliferation of 

pulmonary arterial smooth muscle cells and right ventricular hypertrophy (RVH), and 

remains an incurable disease with a poor long-term prognosis [3, 25]. After the discovery 

of an increased downstream mitogen-activated protein kinase (MAPK) signaling from the 

receptor TKs in the PAH pathogenesis, many studies have investigated the reversal effects 

of tyrosine kinase (TK) inhibitors, such as imatinib [10, 35, 38], sunitinib [19], and 

sorafenib [26, 66] on experimental and clinical PAH. However, most of the studies 

evaluated the effects of high doses of the TK inhibitors, and only a few examined those 

of low doses [39, 40, 67]. Nonetheless, we recently showed that low-dose imatinib 

significantly reversed monocrotaline (MCT)-induced RVH and pulmonary remodeling in 

rats [67] and improved hemodynamics in dogs with PAH [39].   

In the continuous search for a TK inhibitor which possesses potent properties 

against cardiopulmonary remodeling (CPR) to allow administration at a lower, non-

neoplastic dose and avoid adverse effects, we investigated toceranib (SU11654), a 

veterinary TK inhibitor approved for the therapy of canine mast cell tumors. Several 

studies of canine malignancies have shown that toceranib acts via the inhibition of 

mutated C-KIT receptors and angiogenesis [68, 69, 70]. However, no single study has 

reported its efficacy in reversing the PAH nor CPR. The structural and functional 

similarities of toceranib and sunitinib [70] provide a compelling rationale for 

investigating whether toceranib reverses PAH and CPR or otherwise aggravates 

angioproliferation via vascular endothelial growth factor (VEGF) signaling inhibition 

[60] as reported in our recent study [67].  
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Sorafenib, a multi-kinase inhibitor, shows favorable hemodynamic effects in 

patients with refractory PAH [13], and potent anti-remodeling effects against RVH and 

pulmonary muscularization in rats treated with MCT or hypoxia [26, 66]. Therefore, we 

compared the reversal effects of toceranib with sorafenib on MCT-induced PAH and CPR 

in rats. The present study also improved the shortcoming of our previous study by 

scrutinizing effects of both agents on the right ventricular hemodynamics, and determined 

the optimal dose of each agent for the treatment of severe PAH. Besides, sorafenib has 

also been reported to induce apoptosis and affects autophagy in myeloid dendritic cells 

[71], human macrophages [72], and hepatic carcinoma cells [73], thus raising the 

possibility that it may also confer a beneficial effect by improving the impaired autophagy 

in the PAH lungs [74, 75, 76]. Because both sorafenib and toceranib act on the PDGF and 

C-KIT receptors, in which their expression and accumulation are in turn influenced by 

the C-X-C motif chemokine ligand 12/ C-X-C motif chemokine receptor 4 

(CXCL12/CXCR4) pathway [77], we also investigated the unclear role of the 

CXCL12/CXCR4 axis in the MCT-induced PAH.
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Materials and methods

Monocrotaline-induced pulmonary arterial hypertension and treatments 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee of the Tottori University and carried out as described in the previous 

chapter with some modifications. Male Wistar-Imamichi rats were randomized into three 

groups: the placebo and treatment groups received a single subcutaneous injection of 60 

mg/kg of MCT (Sigma-Aldrich, China), whereas the control group received physiological 

saline. On day 14 after the injection, the treatment rats were medicated with either 

sorafenib [Nexavar 200 mg, Bayer: 10 (sora-10), 30 (sora-30), or 100 (sora-100) mg/kg 

per day] or toceranib phosphate [Palladia 50 mg, Pfizer: 1 (toce-1), 3 (toce-3), or 10 (toce-

10) mg/kg per day]. The control and placebo rats were given water. All the treatments 

were administered orally, once daily for 14 days. 

Measurement of RV hemodynamic parameters  

The rats were anesthetized with 2% isoflurane via a face mask. A polyethene 

catheter (PE-50 Intramedic PE tubing, Becton Dickinson) was advanced into the RV via 

the right jugular vein to measure RV systolic pressure (RVSP), mean RV pressure (RVP) 

and heart rate (HR). The position of the catheter was confirmed by the pressure 

waveforms. The data were recorded and analyzed with the PowerLab System connected 

a pressure transducer (ADInstruments), after which the rats were euthanized for tissue 

sampling. 

Assessment of RVH  

The RV tissue was dissected from the left ventricle and septum (LV+S). Wet 

weights of the RV and LV+S were determined to derive the RVH index: [RV/(LV+S)]. 



42 

Histology of pulmonary arterial muscularization 

Left lung lobes were subjected for histological preparation and elastic van 

Gieson (EVG) staining. The proportions of pulmonary arteries of 20

that were fully muscularized (FMPA), partially muscularized (PMPA), and non-

muscularized (NMPA) were determined as described previously. In addition, we also 

measured 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] of FMPAs 

that were 20

Semi-quantitative fast real-time polymerase chain reaction  

First-strand complementary DNA was synthesized from 2 µg RNA, which was 

isolated from the RV tissue and the right caudal lung lobes, respectively, using the 

Superscript® III First-Strand Synthesis System (Invitrogen, USA). In addition to the 

previously described target messenger RNAs (mRNAs), p-62 (forward: 

CCTGAAGAATGTGGGGGAGAG; reverse: TGTGCCTGTGCTGGAACTTT), KIT 

proto-oncogene receptor TK (C-KIT) (forward: GGCAAATACACGTGCGTCAG; 

reverse: AAACAAGGGAAGGCCAACCA), C-X-C motif chemokine (CXC) receptor 4 

(CXCR4) (forward: CCGTCTATGTGGGTGTCTGG; reverse: 

CACAGATGTACCTGCCGTCC), and CXC ligand 12 (CXCL12) (forward: 

CACTCCAAACTGTGCCCTTC; reverse: CGGGTCAATGCACACTTGTCT) 

expression levels were also determined with Applied Biosystems 7500 Fast Real-Time 

PCR System using SYBR® Fast qPCR Mix (Takara Bio Inc., Shiga, Japan).  
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Western blotting assay 

Lysates of lung tissues were separated on 4 15% sodium dodecyl sulfate-

polyacrylamide gels (Mini- -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 hour at room temperature, and incubated with one of the following primary antibodies: 

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-

VEGF-A, anti-VEGF receptor (VEGFR) 2, anti-microtubule-associated protein 1 light 

chain (LC) 3B  (Abcam, Cambridge, UK), or anti- -actin (Santa Cruz Biotechnology 

Inc., Santa Cruz, CA, USA). Then, we performed a subsequent incubation using a specific 

secondary antibody conjugated to horseradish peroxidase. Bio-Rad Universal Hood II and 

Image Lab Software 6.0 (Bio-Rad Laboratories) were used to visualize and quantify the 

chemiluminescence, respectively.

Statistical analyses  

All data are expressed as means±standard error of the mean (SEM) and tested 

for significance using one- -hoc test for inter-

group differences. Non-normally distributed data were analyzed using the Mann

Whitney U test to determine the differences between two independent groups. The 

relationship between treatment effects and dosages was analyzed using simple linear 

regression and the Pearson correlation test. Significance was set at P<0.05.  
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Results

RV hemodynamic parameters and HR 

The control rats had RVSP of 24.05 ± 1.00 mmHg and mean RVP of 5.88 ± 0.77 

mmHg, whereas rats in the placebo group had higher RVSP and mean RVP of 70.46±2.00 

mmHg and 25.03 ± 1.47 mmHg, respectively (Fig. 9A). Compared with placebo, the rats 

in sora-10 group had significantly lower RVSP (52.07 ± 6.67 mmHg), mean RVP (17.48 

± 1.84 mmHg), and HR (246.06 ± 15.39 bpm). By contrast, toce-10 did not significantly 

decrease the RVSP (69.65 ± 8.44 mmHg) nor mean RVP (22.20 ± 3.29 mmHg).  

RV remodeling  

Compared with the placebo (0.55 ± 0.03), sora-10 (0.38 ± 0.03), sora-30 (0.37 ±

0.04), and sora-100 (0.29 ± 0.03) significantly and dose-dependently (R² = 0.35, P < 0.05) 

reversed RVH (Fig. 9B). In the toceranib groups, a significant RVH reversal was observed 

only in the toce-10 (0.34 ± 0.04) group. Further, BNP mRNA expression as a RVH marker 

also exhibited a similar trend (Fig. 9C). Compared with the placebo with the highest BNP 

mRNA expression (0.53 ± 0.03), all doses of sorafenib, and toce-10 (0.26 ± 0.06) 

significantly and dose-dependently (sorafenibR²:0.38, toceranibR²:0.27, P < 0.05) 

downregulated the BNP mRNA expression.  

Muscularization of 20 50 µm pulmonary arteries

Representative photomicrographs of NMPAs, PMPAs, and FMPAs are shown in 

Fig. 10A. The proportion of FMPAs in the placebo (43.13 ± 2.41%) was significantly 

increased after the MCT injection (Fig. 10B) to indicate an occurrence of pulmonary 

remodeling. Compared with the placebo, only the sora-100 group showed significant 

FMPA reduction (29.71 ± 2.14%), although treatments with sora-10 (39.88 ± 2.70%) and 
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sora-30 (38.07 ± 1.88%) insignificantly reduced the proportion of FMPAs. In the 

toceranib groups, neither dose significantly decreased the proportion of FMPAs. 

Furthermore, dose-dependent FMPA reduction was stronger in sorafenib (R2 = 0.33, P < 

0.05) than in toceranib (R2 = 0.01) (Fig. 10C). Besides, the proportion of NMPAs was 

significantly increased in all sorafenib groups and the toce-10 group (17.18 ± 1.02%). In 

this aspect, sorafenib and toceranib produced R2 values of 0.51 and 0.34 (P < 0.05), 

respectively (Fig. 10D). The proportion of PMPAs was significantly higher in the placebo 

(50.62 ± 2.75%) but did not differ significantly between the treatment and control groups.    

Medial hypertrophy and lumen area of 20 50 µm FMPAs

In the placebo group, proliferation of smooth muscle cells increased the MWT 

ratio (49.91 ± 1.41%) and reduced the lumen area (224.03 ± 9.35 µm2) of the 20 50 µm

FMPAs (Fig. 11A, B). These values differed significantly from those in the control (MWT 

ratio = 34.38 ± 1.19%, lumen area = 399.15 ± 15.52 µm2). In the treatment groups, all 

doses of sorafenib significantly reversed the medial hypertrophy and increased the lumen 

area. Although all doses of toceranib produced a significant MWT reduction, the increase 

in lumen area was significant only in the toce-10 group (293.66 ± 10.97 µm2).  

Medial hypertrophy and lumen area of 51 100 µm FMPAs

The 51 100 µm FMPAs of the placebo group also noticeably increased MWT 

ratios (54.73 ± 1.95%) and decreased lumen areas (842.64 ± 53.97 µm2) (Fig. 11C, D). 

Both sorafenib and toceranib significantly reversed the MWT ratio and increased the 

lumen area of the FMPAs. 

PDGFR- -KIT, CXCR4, CXCL12 and nestin mRNA expression in the lungs 

The pathogenic role of PDGFR- -induced pulmonary remodeling was 
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shown by a significant, 3-fold mRNA upregulation in the placebo (0.090 ± 0.019) 

compared with that in the control (0.029 ± 0.004) (Fig. 12A). Except for the toce-1 group 

(0.048 ± 0.008), all treatment groups significantly normalized the mRNA expression to a 

level comparable with that of the control. Besides, the C-KIT mRNA level was higher in 

the placebo (0.038 ± 0.007) than that in the control (0.028 ± 0.005), although 

insignificantly (Fig. 12B). In the treatment groups, it was significantly decreased by sora-

10 (0.019 ± 0.003), sora-30 (0.017 ± 0,005), toce-3 (0.018 ± 0.005) and toce-10 (0.019 ±

0.003) compared with the placebo, indicating an inhibitory property against C-KIT by 

both TK inhibitors. The MCT treatment also upregulated the mRNA levels of the stem 

cell mobilizers: a 2-fold increase in CXCR4 (0.179 ± 0.044; P = 0.196) and a 3-fold 

increase in CXCL12 (0.241 ± 0.043; P < 0.05) (Fig. 12C), compared with that in the 

control (CXCR4: 0.088 ± 0.008; CXCL12: 0.070 ± 0.010). In the treatment groups, only 

sorafenib (sora-10: 0.075 ± 0.016; sora-30: 0.054 ± 0.007 and sora-100: 0.054 ± 0.005) 

significantly downregulated the CXCR4 mRNA. However, neither sorafenib nor 

toceranib significantly suppressed the CXCL12 mRNA levels, although both tended to 

reduce it. Further, the nestin mRNA levels did not vary significantly among the control 

(0.023 ± 0.002), placebo (0.023 ± 0.004), and treatment groups (Fig. 13D). However, 

compared with the placebo group, the toce-1 group insignificantly upregulated the mRNA 

level (0.031 ± 0.007). 

VEGF signaling pathway in the lungs 

Since sorafenib and toceranib are VEGFR inhibitors, we studied their inhibitory 

effects on mRNA and protein levels of VEGFR-2 (Fig. 13A, B) and VEGF-A (Fig. 13B, 

C) in the lungs. The MCT administration did not increase levels of VEGFR-2 mRNA 
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(0.272 ± 0.024) and protein (0.41 ± 0.07), nor VEGF-A mRNA (0.052 ± 0.008) and 

protein (0.138 ± 0.004) levels. The VEGFR-2 protein expression also did not remarkably 

differ among the treatment groups, although the sora-100 group showed a significant 

lower mRNA level (0.182 ± 0.026) than the placebo. With respect to the VEGF-A levels, 

sora-30 (mRNA = 0.024 ± 0.004, protein = 0.121 ± 0.001) and sora-100 (mRNA = 0.029 

± 0.004, protein = 0.117 ± 0.006) significantly suppressed the mRNA and protein levels. 

Although the mRNA levels were significantly reduced in the toce-3 (0.022 ± 0.004) and 

toce-10 (0.021 ± 0.022) groups, a significant protein reduction was observed only in the 

toce-10 group (0.155 ± 0.002) compared with the placebo. 

MAPK signaling pathway in the lung 

We investigated Raf-1 mRNA (Fig. 14A) and phosphorylated ERK-1/2 protein 

(Fig. 14B, C) expression, which constitute the MAPK signaling pathway. Compared with 

the control (0.066 ± 0.010), the placebo noticeably elevated the Raf-1 mRNA expression 

(0.150 ± 0.020). Downregulation of the mRNA was significant in the sora-30 (0.082 ±

0.012), sora-100 (0.058 ± 0.008), and toce-10 (0.097 ± 0.011) groups. Further, the dose-

dependent Raf-1 inhibition of sorafenib (R2 = 0.27, P < 0.05) was stronger than that of 

toceranib (R2 = 0.10) (Fig. 14A). Phosphorylation of the ERK-1/2 protein was markedly 

upregulated in the placebo (2.82 ± 0.13) compared with the control (0.44 ± 0.17). In 

comparison with the placebo, all doses of sorafenib, but only toce-10 (1.42 ± 0.29) for 

the toceranib groups, significantly inhibited the ERK-1/2 phosphorylation. Notably, rats 

that received the lowest sorafenib dose (1.43 ± 0.36) had a phosphorylated protein level 

that is comparable with that received the highest toceranib dose, suggesting an equal 

inhibitory strength on the MAPK pathway by sorafenib and toceranib at 10 mg/kg.  



48 

Autophagy markers in the lungs 

Because LC3-1 detection is affected by many factors and LC3-II/LC3-I ratio is 

an unreliable indicator for autophagy [78], we compared the amount of LC3- -

actin. The LC3- -actin protein level did not differ significantly between the control 

(0.34 ± 0.06) and placebo (0.37 ± 0.06) groups (Fig. 15A). Compared with the placebo, 

sora-10 (0.44 ± 0.04) and sora-30 (0.40 ± 0.07) tended to increase the protein level, 

whereas toce-3 (0.32 ± 0.05) and toce-10 (0.24 ± 0.04) tended to suppress the protein 

level. As for the p-62 mRNA levels, the control (0.217 ± 0.029), placebo (0.208 ± 0.030), 

toce-3 (0.254 ± 0.025), and toce-10 (0.249 ± 0.032) groups showed comparable levels 

(Fig. 15B). By contrast, sora-10 (0.324 ± 0.064; P=0.06) and sora-30 (0.362 ± 0.055; P < 

0.05) upregulated the mRNA levels, indicating a higher autophagy level in the rat lungs. 

Besides, sorafenib also produced a higher dose-dependency (R2 = 0.15, P < 0.05) than 

toceranib (R2 = 0.02). 
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Fig. 9. Effects of sorafenib and toceranib on (A) right ventricular systolic pressure 

(RVSP), mean right ventricular pressure (RVP) and heart rate (n = 4  6), (B) right 

ventricular hypertrophy (RVH) and dose-dependent reversal (n = 8  14), and (C) b-type 

natriuretic peptide messenger RNA (mRNA) expression normalized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) of the right ventricle tissue (n = 8  14). Data are 

means + standard error of mean (SEM). *P < 0.05 versus control, P < 0.05 versus 

placebo. 
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Fig. 10. Effects of sorafenib and toceranib on vascular muscularization in 20 50 -

acinar arteries. (A) Photomicrographs represent intra-acinar pulmonary arteries that are 

(i) non-muscularized (NMPA), (ii) partially muscularized (PMPA), and (iii) fully 

muscularized (FMPA). (B) Proportion of each artery type related to the total number of 

pulmonary arteries. Dose-dependent reversal of sorafenib and toceranib on (C) FMPAs 

and (D) NMPAs are shown. Data are means ± SEM (n = 8  12). *P < 0.05 versus control, 

P < 0.05 versus placebo. 
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Fig. 11. Effects of sorafenib and toceranib on (A, C) medial wall thickness normalized to 

the external diameter and (B, D) lumen area of the (A, B) 20 (C, D) 51 100 

± SEM (n = 8  12). *P < 0.05 versus control, 

P < 0.05 versus placebo. 
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Fig. 12. Effects of sorafenib and toceranib on monocrotaline-induced mRNA expression 

of (A) platelet-derived growth factor receptor- -  = 8  14), (B) KIT proto-

oncogene receptor tyrosine kinase (C-KIT) (n = 8  10), (C) C-X-C chemokine receptor 

type 4 (CXCR4) (n = 8  11) and ligand 12 (CXCL12) (n = 8  12) in rat lungs. Data are 

means ± SEM. *P < P < 0.05 vs placebo.  
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Fig. 13. Effects of sorafenib and toceranib on monocrotaline-induced vascular endothelial 

growth factor (VEGF) signaling pathway (A, B, C) and nestin mRNA expression (n = 8 

14) (D) in rat lungs. The VEGF signaling pathway is represented by (A) VEGF receptor-

2 (VEGFR-2) mRNA (n = 8  12) and protein expression (n = 4  5), and (C) VEGF-A 

mRNA (n = 7  9) and protein expression (n = 3  4). (B) Western blots represent VEGFR-

2 and VEGFR-A protein expression of one individual from each group. Data are means 

± SEM. *P < 0.05 versus control, P < 0.05 versus placebo.  
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Fig. 14. Effects of sorafenib and toceranib on mitogen-activated protein kinase signaling 

in rat lungs, indicated by (A) Raf-1 proto-oncogene serine/threonine kinase (Raf-1) 

mRNA expression (n = 8  14) and (C) extracellular-signal-related kinase (ERK)-1/2 

protein phosphorylation. (B) Western blots represent phosphorylated versus total ERK 

protein of one individual from each group (n = 3  4). Data are means ± SEM. *P < 0.05 

versus control, P < 0.05 versus placebo.  
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Fig. 15. Effects of sorafenib and toceranib on expression of (A) microtubule-associated 

protein 1 light chain (LC) 3-II protein normalized to -actin (n = 5  6), and (B) p-62 

mRNA (n = 8  17). (A) Western blots represent LC3-II protein expression of one 

individual from each group. Data are means ± SEM. *P < 0.05 versus control, P < 0.05 

versus placebo.  
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Discussion

This study is the first to demonstrate the reversal effects of toceranib on MCT-

induced pulmonary arterial hypertension and cardiopulmonary remodeling in rats. Our 

results show that treatment with a high dose of toceranib (10 mg/kg) led to only a partial 

inhibition of pulmonary muscularization without improving the RV hemodynamic 

outcomes, whereas treatment with low doses (1 and 3 mg/kg) yielded insignificant anti-

remodeling effects on RV and pulmonary muscularization. Besides, we also confirm the 

potent cardiopulmonary reversal effects of sorafenib. A low-dose sorafenib therapy (10 

mg/kg) significantly improved PAH not only via a potent inhibition on the MAPK but 

also the CXCL12/CXCR4 signaling pathways, as well as an autophagy induction in the 

lungs.    

Toceranib phosphate is a veterinary TK inhibitor licensed for the treatment of 

canine mast cell tumors. In terms of kinase selectivity, toceranib targets PDGFR-

VEGFR-2, and C-KIT receptors and has cellular half-maximal inhibitory concentrations 

of 0.01 0.1, 0.005 0.05, and 0.01 0.1 µM, respectively [79]. Sorafenib has a wider 

activity spectrum that inhibits not only C-KIT, VEGFR-2, and PDGFR-

serine/threonine kinase Raf-1 [48]. Consistently, rats that received any dose of sorafenib, 

and 3 or 10 mg/kg of toceranib had lower PDGFR- C-KIT mRNA levels. Notably, 

the PDGFR-

Expectedly, the Raf-1 inhibiting sorafenib resulted in a greater inhibition on the Raf-1 

mRNA than toceranib.  

In beagle dogs receiving a 14-day course of an anti-neoplastic toceranib dose 

(3.25 mg/kg, orally, every other day), it achieved elimination half-life (T1/2) of 17.2 ± 3.9 
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hours, time to maximum plasma concentration (Tmax) of 6.2 ± 2.6 hours, and area under 

the plasma concentration time-curve (AUC0-48) of 2640 ± 940 ng·h/ml [80]. By contrast, 

the 14-day therapy with a low-dose sorafenib (100 mg, orally, twice daily) in the Japanese 

patients yielded mean T1/2 of 27.1 hours, Tmax of 4 hours, and AUC0-12 of 9400 ng·h/ml 

[81]. The pharmacokinetic differences imply that a further increment in the toceranib dose 

may augment the reversal potency by optimizing the drug exposure to a level that is 

comparable to that of sorafenib. However, the full-blown toxicity and side effects 

associated with the dose escalation may raise a safety concern.  

With respect to pulmonary arterial remodeling, we showed that sorafenib dose-

dependently reversed muscularization by increasing the proportion of NMPAs. This 

reversal achieved a statistical significance even in rats that received the lowest dose (10 

mg/kg) and confirmed the results by Klein et al. [26]. However, a high dose (10 mg/kg) 

of toceranib was required to produce a significant increase in NMPAs. In addition, low, 

medium, and high doses of sorafenib dose-dependently reduced the proportion of FMPAs 

by 7.5%, 11.7%, and 31.1%, respectively. Conversely, in the toceranib groups, the high 

dose normalized the FMPAs by 1.4%, whereas the low dose caused an additional increase 

of 12%. The above findings may explain the reason of an insignificant reduction in RVSP 

and mean RVP in the rats at the highest dose of toceranib. Further, the increase in the 

lumen area of the 20 50 µm FMPAs and the insignificant ERK 1/2 de-phosphorylation 

in the toce-1 and toce-3 groups also indicate that toceranib has a weak reversal effect on 

pulmonary remodeling when administered at lower doses.  

Moreno-Vinasco et al. [66] showed that sorafenib administered at a dose of 2.5 

mg/kg significantly reversed RVH and pulmonary arterial muscularization, and improved 
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RV systolic pressure in rats subjected to hypoxia alone or combined hypoxia and SU5416 

treatments. However, rats in the placebo had a RVH index of approximately 0.4 and a 

mean RVSP of less than 30 mmHg, which collectively indicated a mild PAH. In the 

present study, we documented a greater RVSP (70.46 ± 2.00 mmHg) and a higher RVH 

index (0.55 ± 0.03) in the placebo rats, indicating that a severe PAH occurred 28 days 

after the MCT administration. This finding also agreed with the results of studies by 

Schermuly et al. [10] and Klein et al. [26], which reported RVH indexes of 0.71 ± 0.03 

(RVSP > 60 mmHg) and 0.51 ± 0.02 (RVSP = 82.9 ± 6.0 mmHg), respectively. Therefore, 

we believe that the dose of 2.5 mg/kg may be too low for effective cardiopulmonary 

reversal, at least for the MCT-induced severe PAH model.   

We previously showed that potent VEGF signaling inhibition by sunitinib 

elevated nestin mRNA levels, exacerbated vascular remodeling, and caused an on-going 

angiogenesis [67]. In the present study, sorafenib exhibited an inhibitory trend on 

pulmonary VEGFR-2 and VEGF-A transcripts, and caused a significant suppression on 

VEGF-A protein level, which were consistent with the results by Moreno-Vinasco et al. 

[66]. However, an escape angiogenesis [59] did not occur in these groups. Instead, all of 

the sorafenib groups showed significant ERK 1/2 de-phosphorylation and low nestin 

mRNA levels. This was further evident by the concurrent low level of the CXCR4 mRNA, 

a vascular marker for vessel sprouting [82, 83] and the main inducer of vasculogenesis 

[84] in the sorafenib groups. We speculate that sorafenib preserves its potent anti-

remodeling property via direct Raf-1 inhibition which cuts the entry signal [50] from the 

VEGFR-2 to the downstream MAPK pathway [49]. On the contrary, the potent VEGFR-

2 inhibitor toceranib surprisingly did not significantly reduce pulmonary VEGFR-2 
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mRNA nor protein levels, and only the highest dose significantly suppressed VEGF-A 

protein expression. We also observed no significant nestin nor CXCR4 mRNA 

upregulation in the toceranib groups to indicate small vessel proliferation [52, 53, 58] or 

sprouting [82, 83] in the lungs. Taken together, these results suggest that the weak reversal 

effects of toceranib on pulmonary remodeling may not be due to VEGF signaling 

inhibition.  

Because the lowest sorafenib dose and the highest toceranib dose yielded 

comparable phosphorylated ERK protein levels, we speculated that the stronger reversal 

effects by sorafenib compared with toceranib might be also governed by other 

mechanisms or pathways, in addition to the MAPK pathway. Long et al. [76] showed that 

rats treated for 3 weeks with MCT had an increased LC3B-II level in the small pulmonary 

arterial walls and a decreased p-62 staining in the medial layer of FMPAs. However, a 

recent study of Sugen/hypoxia-induced PAH by Kato et al. [74] revealed that the 

autophagy in endothelial cells was time-dependent, in which the LC3 level decreased by 

3 weeks after an initial increase, and rapamycin as an autophagy activator ameliorated 

PAH and CPR. Consistent with the above finding, we showed that the MCT-treated rats 

did not upregulate the LC3-II protein nor p-62 transcript levels, suggesting the presence 

of apoptosis-resistant cells [74] at 4 weeks after the MCT injection. In the treatment 

groups, sorafenib but not toceranib increased the LC3-II protein and p-62 mRNA 

expression, implying an autophagy induction in the lungs by sorafenib, probably via 

inhibition on the PI3K/AKT/mTOR signaling pathway [71, 73]. Furthermore, while Lin 

et al. [71, 72] showed that sorafenib influenced interleukin secretion and function of 

dendritic cells and macrophages, several studies reported that the CXCL12/CXCR4 
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inhibition improved hypoxia-induced PAH [77, 85, 86]. The present study is the first to 

document that the MCT treatment upregulated the CXCL12/CXCR4 transcript levels, 

suggesting a pathogenic role of this pathway in the MCT-induced PAH. With respect to 

this, since the CXCR4 mRNA downregulation was greater in sorafenib than in toceranib, 

we speculate that sorafenib may also ameliorate PAH by blocking the CXCR4/SDF-1 

signaling which further suppressed recruitment of PDGF and C-KIT receptors in the lungs 

[87].  

The present study has some limitations as we did not evaluate the 

PI3K/AKT/mTOR and adenosine monophosphate-activated protein kinase (AMPK) 

signaling pathways which may further elucidate the reversal differences between 

sorafenib and toceranib. However, the above results led us to believe that sorafenib 

strongly reversed PAH and CPR by not only mainly blocking the MAPK, but also the 

CXCL12/CXCR4 signaling, and inducing autophagy in the apoptosis-resistant 

pulmonary tissues.  

In conclusion, toceranib showed weaker reversal effects on cardiopulmonary 

remodeling and RV hemodynamic improvement compared with sorafenib. A high dose 

(10 mg/kg) of toceranib partially ameliorated pulmonary arterial muscularization but did 

not improve PAH, precluding the use of toceranib in the treatment of PAH. On the 

contrary, despite the stronger VEGF inhibitory activity in the lungs, sorafenib did not 

exaggerate but significantly and dose-dependently reversed cardiopulmonary remodeling 

and PAH at even a low dose (10 mg/kg). This may be due to the concurrent potent 

inhibition on Raf-1 kinase and CXCR4, and possibly the autophagy-inducing property of 

sorafenib, which made a low dose suitable for the treatment of PAH.    
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Chapter 3 

Effects of masitinib compared with tadalafil               

for the treatment of monocrotaline-induced pulmonary 

arterial hypertension in rats 
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Introduction 

Pulmonary arterial hypertension (PAH) is a complex disease, which comprises 

remodeling [25] and imbalance of constriction-dilation tonus [88] of the pulmonary 

vasculature. In an effort to improve response rates and to prolong survival times in 

patients with PAH, combination therapy has emerged as an alternative to the conventional 

vasodilator  monotherapy [7] which is no longer recommended for patients newly 

diagnosed with classic forms of PAH [8]. 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 algorithm [8] remains an inconvenient truth. 

Vascular remodeling, an important aspect of the PAH pathobiology, is driven by 

a dysregulated signaling from various pathways [8], particularly the mitogen-activated 

protein kinase (MAPK) pathway [89]. While searching for the MAPK-targeting tyrosine 

kinase inhibitors which potently reverse the cardiopulmonary remodeling, we 

demonstrated that lower doses of imatinib [67] and sorafenib [90] ameliorated pulmonary 

vascular remodeling and right ventricular (RV) hypertrophy in rats with monocrotaline 

(MCT)-induced PAH. Hemodynamically, the low-dose sorafenib also decreased the RV 

systolic pressure (RVSP) in the rats [90], whereas the low-dose imatinib improved the 

RV hemodynamics in humans [40] and dogs [39, 91].  

Masitinib, a C-KIT and platelet-derived growth factor receptor (PDGFR) inhibitor, 

is approved for the treatment of canine mast cell tumors [92]. In one study, masitinib 

improved RV contractility and reversed pulmonary medial hypertrophy in rats with PAH 

at a dose of 50 mg/day/head [93]. However, the reversal and safety profiles of masitinib 
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at lower therapeutic doses were unaddressed. Because masitinib is safer and more potent 

than imatinib [94], we hypothesized that low-dose masitinib therapy may be an effective 

treatment for PAH, while avoiding the side effects of a neoplastic therapeutic dose. 

Tadalafil, a phosphodiesterase (PDE)-5 inhibitor, prevents hydrolysis of cyclic 

guanosine monophosphate (cGMP) to 5'-GMP and causes pulmonary artery vasodilation 

[95]. As the FDA-approved drug for the PAH treatment [95], the beneficial effects of 

tadalafil on PAH hemodynamics have been extensively reported [96, 97, 98, 99]. There 

was a recent report on the reversal abilities of sildenafil, another PDE-5 inhibitor against 

pulmonary remodeling that acts by antagonizing KIT proto-oncogene receptor tyrosine 

kinase (C-KIT) and CXC chemokine receptor (CXCR) 4 [100]. However, the 

cardiopulmonary reversal properties of tadalafil remain unclear, and were therefore given 

focus in the present study. We also compared the long-term survival benefit in rats treated 

with masitinib versus tadalafil to determine if the low-dose masitinib was non-inferior 

than tadalafil for the treatment of PAH. 
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Methods and materials

Monocrotaline-induced PAH and treatments 

The use of Wistar-Imamichi rats in the study was in accordance to the 

Institutional Animal Care and Use Committee of the Tottori University, as described in 

the previous chapters. To induce PAH, the placebo and treatment rats were injected with 

monocrotaline (MCT, 60 mg/kg, Sigma-Aldrich, China), subcutaneously. Rats in the 

normal group received physiologic saline. Fourteen days after injection, the treatment rats 

were medicated with masitinib [Masivet 50 mg, AB Science, France: 5 (masi-5), 15 

(masi-15), or 50 (masi-50) mg/kg per day] or tadalafil [Tadacip 20 mg, Cipla Ltd, India: 

5 (tada-5) or 10 (tada-10) mg/kg per day]. In the control and placebo groups, the rats were 

given water. The treatments were administered orally, once daily, for 14 days. To 

compare the long-term survival rate between the masi-15 and tada-10 groups, the 

treatments were extended for an additional 14 days to reach the end point. 

Hemodynamic measurements 

To measure the right ventricular systolic (RVSP), mean pressure (mRVP) 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 data were recorded and analyzed with the PowerLab System 

connected to a pressure transducer (ADInstruments). 

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)]. 
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Assessment of pulmonary arterial remodeling  

Pulmonary arterial vascularization was assessed from the left lung lobes stained 

with elastic van Gieson (EVG). The number of small pulmonary arteries (20

were fully (FMPA), partially (PMPA), and non-muscularized (NMPA) were counted as 

described previously. Using Image J software, the FMPA of 20

diameter were examined further to measure 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].

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 by Applied Biosystems 7500 Fast Real-

Time PCR System using TB Green Fast qPCR Mix (Takara Bio Inc., Shiga, Japan). In 

addition to the previously described mRNAs, phosphodiesterase (PDE) 5 (forward: 

TCCCCGGTTCAATGCAGAAG; reverse: GATGGCCTGAGCTACACCAA) 

expression levels were also determined. 

Western blotting assay 

The procedures were carried out as described previously.6-7 Lysates containing 

50 µg total protein from the right caudal lung lobes were electrophoresed on 4 15% 

sodium dodecyl sulfate-polyacrylamide gels (Mini-

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 hour at room temperature, and then incubated with anti-

phospho-extracellular-signal-related kinase (ERK) 1/2 (Cell Signaling Technology, Inc., 
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USA) or anti-ERK 1/2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 5 hours 

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). 

ELISA measurement of pulmonary cyclic guanosine monophosphate (cGMP) 

The frozen right lung tissues were homogenized in 0.1M hydrochloric acid. The 

supernatant was collected for the enzyme-linked immunosorbent assay (ELISA) using 

cGMP Direct Immunoassay Kit (abcam, United Kingdom), in accordance to the 

TM microplate 

reader (Bio-Rad Laboratories, Japan) and a standard curve was constructed to give 

readings of the cGMP ( mol/g).    

Statistical analyses  

For inter-group comparisons, we conducted one-way analysis of variance 

followed by Fisher's Least Significant Difference post-hoc tests. Non-normally 

distributed data were analyzed using the Mann Whitney U test. The dose-effect 

relationship was determined by simple linear regression and the Pearson correlation test.

Data are presented as means ± standard error of the mean (SEM) and considered 

statistically significant at P < 0.05. 
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Results 

Masitinib versus tadalafil treatments on the RV hemodynamics and heart rate (HR) 

The placebo rats showed significantly increased RVSP (69.20 ± 2.07 mmHg) 

and mRVP (25.57 ± 1.31 mmHg) (Fig. 16A), compared with the normal rats (RVSP: 

22.96 ± 1.12 mmHg; mRVP: 7.24 ± 1.20 mmHg). Although the reduction in mRVP was 

insignificant in the treatment groups, the masi-15 (51.97 ± 5.33 mmHg), masi 50 (40.26 

± 7.01 mmHg), tada-5 (51.08 ± 5.30 mmHg), and tada-10 (52.38 ± 3.17 mmHg) rats 

exhibited significantly reduced RVSP, compared with the placebo group. Further, all 

groups had comparable HRs (Fig. 16B). 

Masitinib versus tadalafil treatments on the RVH and RV BNP mRNA expression 

As expected, the rats in the placebo group had the highest RVH indices (0.55 ± 

0.02), indicating severe enlargement of the RV (Fig. 16C). In the treatment groups, the 

masi-15 (0.44 ± 0.03), masi-50 (0.42 ± 0.04), and tada-10 (0.49 ± 0.01) groups 

significantly reversed RVH, compared with the placebo group. Further, masitinib (R²: 

0.24; P < 0.05) elicited a stronger dose-dependency than tadalafil (R²: 0.17; P < 0.05). 

The above findings were further supported by the BNP mRNA expression as a 

cardiac remodeling biomarker (Fig. 16D). The mRNA expression remained low in the 

normal group (0.05 ± 0.01) but was significantly upregulated in the placebo group (0.58 

± 0.04). In the treatment groups, the masi-15 (0.45 ± 0.03), masi-50 (0.31 ± 0.05), and 

tada-10 (0.53 ± 0.04) significantly downregulated mRNA expression compared with 

placebo. In addition, masitinib (R²: 0.31; P < 0.05) also exhibited a stronger dose-

dependency than tadalafil (R²: 0.02). 
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Masitinib versus tadalafil treatments on remodeling in 20-50 m pulmonary arteries 

(a) Degree of muscularization  

The normal rats had the highest percentage NMPA (41.14 ± 2.99%) whereas the 

placebo group had significantly fewer thin-walled PAs (10.72 ± 1.90%) (Fig. 17A). 

Compared with the placebo, the masitinib therapy significantly increased the NMPA 

percentage in a dose-dependent (R²: 0.46; P < 0.05) manner (masi-5: 15.81 ± 1.07%; 

masi-15: 20.61 ± 0.84%; masi-50: 25.13 ± 2.33%). By contrast, the tadalafil treatment 

had a weaker dose-dependency (R²: 0.16; P < 0.05), and neither the tada-5 (12.65 ± 

0.97%) nor the tada-10 (15.74 ± 1.12%) significantly increased the NMPA percentage.  

The MCT-injection also significantly increased the FMPA percentage in the 

placebo (53.29 ± 2.07%) compared with the normal group (17.23 ± 1.53%), implying a 

marked appearance of remodeled PAs in the placebo. While the FMPA percentage was 

markedly decreased in all treatment groups, the masitinib-treated rats (masi-5: 42.84 ± 

2.78%; masi-15: 36.64 ± 2.41%; masi-50: 33.70 ± 3.46%) showed a lower FMPA 

percentage and a higher dose-dependency (R²: 0.31; P < 0.05) than the tadalafil-treated 

rats (tada-5: 44.53 ± 2.02%; tada-10: 46.02 ± 0.65%; R²: 0.22; P < 0.05). 

 (b) Medial wall thickness (MWT) ratio, lumen diameter, and lumen area.  

The detailed analysis of the FMPA (Fig. 17B) showed noticeable medial 

hypertrophy in the placebo group, indicated by an increased MWT ratio (45.38 ± 1.02%) 

compared with the normal group (31.73 ± 1.22%). In the treatment groups, a significant 

reversal was observed in the masi-15 (40.90 ± 0.68%), masi-50 (39.50 ± 1.49%), tada-5 

(41.45 ± 0.78%), and tada-10 (40.13 ± 0.56%) groups.
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The lumen diameter (18.32 ± 0.33 m) and area (280.68 ± 8.14 m²) of the FMPA 

in the placebo group (Fig. 17C) were also significantly decreased, compared with those 

of the normal group (diameter: 22.94 ± 0.59 m; area: 444.89 ± 22.75 m²). Except the 

masi-5, all treatment groups increased the lumen diameter and area. With this respect, the 

tada-5 (diameter: 19.88 ± 0.27 m; area: 326.36 ± 8.51 m²) and tada-10 (diameter: 20.73 

± 0.37 m; area: 356.82 ± 13.40 m²) treatments possessed a weaker reversal effect than 

the masi-15 (diameter: 21.03 ± 0.38 m; area: 368.24 ± 12.50 m²) and masi-50 

(diameter: 21.06 ± 0.56 m; area: 368.41 ± 19.32 m²) treatments. 

Masitinib versus tadalafil treatments on remodeling in 51-100 m pulmonary 

arteries 

In the placebo group, the 51-100 m pulmonary arteries developed pathological 

changes, as indicated by a significantly increased MWT ratio (40.80 ± 1.04%), lumen 

diameter (38.34 ± 0.86 m), and lumen area (1254.89 ± 57.54 m²), compared with those 

of the normal rats (MWT ratio: 33.14 ± 1.90%; lumen diameter: 46.73 ± 1.42 m; lumen 

area: 1868.95 ± 114.00 m²) (Fig. 18A, B, C). Although neither the masitinib nor tadalafil 

treatments significantly reversed the MWT ratio, a significant reduction in lumen area 

was observed in the masi-15 (42.51 ± 0.69 m), masi-50 (43.74 ± 0.72 m), tada-5 (41.25 

± 0.93 m), and tada-10 (42.50 ± 1.45 m) groups. In addition, the masi-15 (1513.68 ± 

62.36 m²), masi-50 (1596.33 ± 61.64 m²), and tada-10 (1518.36 ± 96.80 m²) groups 

also showed significantly increased lumen area of the larger PAs. 
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Masitinib versus tadalafil treatments on the mRNA expression of receptors PDGFR-

and C-KIT in the lungs 

The lungs of the rats in the placebo group exhibited significantly increased 

PDGFR- (0.057 ± 0.013) and C-KIT (0.023 ± 0.002) mRNA levels, compared with the 

normal (PDGFR- : 0.026 ± 0.003; C-KIT: 0.014 ± 0.002) group (Fig. 19A, B). Compared 

with the placebo, masitinib significantly normalized both the PDGFR- and C-KIT 

mRNA levels. While the significant PDGFR- the 

tada-10 group (0.032 ± 0.010), both the tada-5 (0.015 ± 0.003) and tada-10 (0.014 ± 

0.003) treatments significantly downregulated C-KIT mRNA expression. 

Masitinib versus tadalafil treatments on the pulmonary CXCR4 and CXCL12 

mRNA expression 

The CXCR4 mRNA expression in the lung tissues of the rats in the placebo group 

(0.296 ± 0.066) was significantly upregulated, compared with the normal group (0.117 ± 

0.010) (Fig. 19C). In the treatment groups, only the masi-15 (0.082 ± 0.017) and masi-50 

(0.065 ± 0.014) treatments significantly suppressed CXCR4 mRNA expression. There 

was no significant inhibition by the masi-5 (0.180 ± 0.037), tada-5 (0.177 ± 0.054), and 

tada-10 (0.208 ± 0.057) treatments.

In line with the above, the placebo (0.129 ± 0.029), masi-15 (0.113 ± 0.031), tada-

5 (0.107 ± 0.021), and tada-10 (0.124 ± 0.016) groups had significantly higher CXCL12 

mRNA levels than the normal (0.012 ± 0.002) group (Fig. 19D). However, the mRNA 

levels in the masi-15 (0.113 ± 0.031) and masi-50 (0.043 ± 0.013) groups were 

statistically comparable to that of the normal group.  
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Masitinib versus tadalafil treatments on the MAPK signaling pathway. 

 The Raf-1 mRNA expression remained low in the normal group (0.030 ± 0.004) 

but was significantly upregulated in the placebo group (0.085 ± 0.006) (Fig. 20A). Among 

the treatment groups, only the masi-15 (0.050 ± 0.011) and masi-50 (0.043 ± 0.009) 

treatment groups significantly normalized mRNA expression compared with the placebo 

group. 

Similarly, the ERK protein phosphorylation was significantly induced in the 

placebo (2.20 ± 0.21), compared with the normal group (0.40 ± 0.14) (Fig. 20B, C). While 

the tadalafil treatment (tada-5: 1.45 ± 0.50; tada-10: 1.72 ± 0.49) did not significantly 

alter protein phosphorylation, the masi-15 (0.50 ± 0.08) and masi-50 (0.36 ± 0.11) groups 

exhibited significant dephosphorylation of the ERK protein. 

Masitinib versus tadalafil treatments on the pulmonary PDE-5 mRNA expression 

and cGMP level 

 PDE-5 mRNA was significantly expressed in the placebo group (0.112 ± 0.035), 

approximately 3 times higher than that of the normal group (0.038 ± 0.004) (Fig. 21A). 

The treatment rats had comparable mRNA levels to that of the normal rats. However, rats 

in the masi-50 (0.034 ± 0.006) and tada-5 (0.039 ± 0.003) groups showed significantly 

lower mRNA levels compared with rats in the placebo group. 

Given the significant suppression of PDE-5 mRNA in the masi-50 group, we 

compared tissue cGMP levels between the masi-50 and tada-10 rats (Fig. 21B). The lung 

tissues of the masi-50 rats had cGMP levels of 220.24 ±76.61 mol/g; the tada-10 rats had 

cGMP levels of 203.50 ± 53.95 mol/g. 
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Masitinib 15 mg/kg versus tadalafil 10 mg/kg treatments on the long-term survival 

rate in the rats  

In the placebo group, death occurred as early as 22 days after the MCT-injection 

(Fig. 22A), and eight of 10 (80%) rats were alive at the end point on day 40. In the masi-

15 group, seven of 9 (78%) rats survived whereas in the tada-10 group, seven of 10 (70%) 

rats reached the end point. 

The RV hemodynamic evaluation on day 42 post MCT-injection revealed a 

further rise in the RVSP (81.18 ± 4.56 mmHg) in the placebo rats, with a HR of 275.85 ± 

10.49 bpm (Fig. 22B, C). Compared with that of the placebo, the aggravated RVSP was 

significantly normalized by the masi-15 (62.47 ± 6.60 mmHg) but not the tada-10 (65.94 

± 5.06 mmHg) treatments. Besides, the rats in both treatment groups also showed a 

significant higher HR (masi-15: 343.93 ±11.87 bpm; tada-10: 323.39 ± 10.5 bpm) than 

the placebo rats. 
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Fig. 16. Effects of masitinib and tadalafil on (A) right ventricular systolic pressure 

(RVSP) and mean right ventricular pressure (mRVP) (n = 3  6), (B) heart rate (n = 3 

6), (C) right ventricular hypertrophy (RVH) (n = 8  12), and (D) b-type natriuretic 

peptide (BNP) mRNA expression normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) of the right ventricle tissue (n = 7  14). Data are means + 

standard error of mean (SEM). *P < 0.05 versus control, P < 0.05 versus placebo. 
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Fig. 17. Effects of masitinib and tadalafil on vascular muscularization in 20

pulmonary arteries. (A) Percentage is given by the number of fully (FMPA), partially 

(PMPA), and non-muscularized (NMPA) pulmonary artery normalized to the total 

number of pulmonary arteries counted, (B) medial wall thickness normalized to the 

external diameter of FMPAs, and (C) lumen diameter and area of FMPAs. Data are means 

± SEM (n = 8  11). *P P < 0.05 versus placebo. 
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Fig. 18. Effects of masitinib and tadalafil on the 51

pulmonary arteries. (A) Medial wall thickness normalized to the external diameter, (B) 

lumen diameter, and (C) lumen area. Data are means ± SEM (n = 8  12). *P < 0.05 versus 

P < 0.05 versus placebo. 
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Fig. 19. Effects of masitinib and tadalafil on the expression of various target genes 

normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in the lungs. 

(A) Platelet-derived growth factor receptor- -  11), (B) KIT proto-

oncogene receptor tyrosine kinase (C-KIT) (n = 8  12), (C) C-X-C chemokine receptor 

type 4 (CXCR4) (n = 7  9), and (D) ligand 12 (CXCL12) (n = 8  10) in rat lungs. Data 

are means ± SEM. *P P < 0.05 vs placebo.  
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Fig. 20. Effects of masitinib and tadalafil on pulmonary (A) Raf-1 proto-oncogene 

serine/threonine kinase (Raf-1) mRNA expression (n = 8  9) and (B) extracellular-signal-

related kinase (ERK)-1/2 protein phosphorylation, which constitute the mitogen-activated 

protein kinase signaling pathway. (C) Western blots represent phosphorylated versus total 

ERK protein of one individual from each treatment group (n = 4 6). Data are means ± 

SEM. *P < 0.05 versus control, P < 0.05 versus placebo.  
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Fig. 21. Effects of masitinib and tadalafil on the nitrogen oxide/cyclic guanosine 

monophosphate (cGMP) pathway. (A) Expression of phosphodiesterase (PDE)-5 mRNA 

in all treatment groups (n = 8  9), (B) pulmonary cGMP level between the masi-50 and 

tada-10 groups (n = 3 4). Data are means ± SEM. *P < 0.05 versus control, P < 0.05 

versus placebo.  

A

B
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Fig. 22. Comparison of (A) long-term survival (n = 9 10), (B) right ventricular systolic 

pressure (RVSP) and (C) heart rate (HR) in rats after 28 days of treatment with masitinib 

(15 mg/kg) (n = 5) and tadalafil (10 mg/kg) (n = 6). Data are means ± SEM. *P < 0.05 

versus placebo.  

A

B

C
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Discussion 

This study provides new insight into the effects of masitinib, a tyrosine kinase 

inhibitor, versus tadalafil, a FDA-approved drug for the treatment of PAH. We 

demonstrated that masitinib exhibited more potent, dose-dependent reversal 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 50 mg/kg rat dosages are statistically comparable in terms of the anti-remodeling and 

therapeutic efficacies. Further, the non-inferiority trial also showed that the low-dose 

masitinib exerts long-term beneficial effects as manifested by a more significant RV 

hemodynamic improvement and a greater survival outcome compared with those of the 

tadalafil therapy. 

Masitinib targets on C-KIT and PDGFR-  with IC50 values of 0.15 and 0.02, 

respectively [101]. Given its potent kinase activity, all masitinib doses suppressed 

pathogenic C-KIT and PDGFR- mRNA expression in MCT-injected lungs. Masitinib 

also potently blocked the CXCR4 mRNA expression and insignificantly suppressed the 

CXCL12 mRNA upregulation, implying that it inhibited the CXCR4/CXCL12 axis, 

which drives PAH pathogenesis [85]. In the comparative tadalafil groups, we observed a 

significant C-KIT mRNA downregulation, thus confirming the role of the C-KIT 

blockade by the phosphodiesterase 5 inhibitor [100]. Although the 10 mg/kg tadalafil 

treatment inhibited PDGFR- mRNA expression, it showed negligible inhibitory effects 

on the CXCR4/CXCL12 axis. Further, the PDGFR- and C-KIT antagonism by tadalafil 

did not markedly inhibit the MAPK pathway, as evidenced by the insignificant proto-

oncogene Raf-1 mRNA downregulation and ERK 1/2 dephosphorylation in the rat lungs. 
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In accordance with these findings, the reversal of PA muscularization was more 

significant in rats treated with masitinib than in those treated with tadalafil. 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 50 mg/kg of masitinib, respectively. By contrast, 

the tadalafil therapy of 5 and 10 mg/kg decreased the FMPA percentage by 8.8 and 7.3%, 

respectively. Further, the anti-remodeling properties of masitinib were stronger than those 

of tadalafil, as 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 10 mg/kg significantly reduced the right ventricular 

hypertrophy (RVH) and the RV b-type natriuretic peptide mRNA expression, findings 

that were consistent with those of Sawamura et al [99]. Nonetheless, the tadalafil-treated 

rats showed higher RVH index and BNP mRNA expression than those treated with 

masitinib, suggesting that tadalafil possesses weaker cardiac reversal abilities. 

Despite its weak cardiopulmonary reversal properties, tadalafil significantly 

reduced the RVSP in the MCT-injected rats, in agreement with the results by Sawamura 

et al. [99] and Egawa et al. [102]. The significant increases in lumen diameter and area of 

the 20 50 and 51 100 m FMPAs in the tadalafil-treated rats strengthened our belief that 

these hemodynamic improvements were caused by PDE-5 inhibition-induced PA 

vasodilation. As expected, the tada-10 group demonstrated an average tissue cGMP level 

that was comparable to that reported by Sawamura et al. [99], despite the small sample 

size. Surprisingly, the highest dose of masitinib also yielded cGMP levels similar to those 

of tadalafil. Further gene analysis also revealed a significant PDE-5 mRNA 

downregulation in the masi-50 group, suggesting that masitinib might regulate the 
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nitrogen oxide/cGMP pathway when administered at high doses. This finding is in 

contrast with a previous study [103] which showed that imatinib dilated pulmonary 

venous beds in guinea pigs through cAMP, but not cGMP release. Indeed, the absence of 

PDE-5 mRNA downregulation in the rats medicated with a high-dose imatinib (50 mg/kg) 

(unpublished data) also led us to believe that this discrepancy might be due to 

pharmacological differences between masitinib and imatinib. 

Tadalafil dosed at 10 mg/kg in the rats was equivalent to the dose recommended 

for the treatment of PAH in humans [99]. In comparing the survival benefit of a lower 

dose of masitinib (15 mg/kg) versus the therapeutic dose (10 mg/kg) of tadalafil for PAH, 

we showed that the 40-day survival of the masitinib-treated rats was 78%, versus 70% in 

the tadalafil group, indicating that the long-term treatment with a lower dose of masitinib 

was non-inferior than tadalafil pertaining to survival outcome, despite the small sample 

size. Hemodynamically, the 28-day treatment with masi-15 also significantly improved 

the RV functions in the rats as shown by an increased HR and a decreased RVSP. With 

respect to this, the greater reduction of RVSP observed in the masitinib-treated rats than 

the tadalafil-treated rats provided strong evidence that masitinib at a 15 mg/kg dose was 

more effective than tadalafil on the long-term control of severe PAH in the rats. These 

data may serve useful foundation for further clinical investigation on the use of a low-

dose masitinib for treating PAH in humans.   

In conclusion, the MAPK pathway-inhibiting masitinib elicited stronger 

cardiopulmonary reversal properties than tadalafil. The long-term therapy with a lower 

dose (15 mg/kg) attenuated the PAH severity and improved survival in the rats. Although 

tadalafil also improved the RVSP in the rats, its weak anti-remodeling abilities did not 
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confer greater long-term survival nor hemodynamic benefits than masitinib. Therefore, a 

lower dose of masitinib may be applicable to the treatment of PAH in humans. 
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Chapter 4 

Long-term effect of low-dose imatinib therapy for pulmonary 

hypertension due to chronic degenerative mitral valve disease 

in six dogs 
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Introduction

Chronic degenerative mitral valve disease (CDMVD) is the most common canine 

heart disease. It occurs in one-third of dog population aged more than 10 years old [104] 

and commonly results in post-capillary pulmonary hypertension [2]. The current therapy 

for canine PH depends mainly on vasodilating phosphodiesterase V inhibitor such as 

sildenafil [2]. Nevertheless, an effective treatment for PH is often hampered by the lack 

of a direct anti-remodeling property of the therapeutic agents.  

In the past years, platelet-derived growth factor (PDGF) [10, 105] and C-KIT [33] 

receptors have been recognized to play a pathogenic role in the PH development. Imatinib, 

a tyrosine kinase inhibitor targeting PDGF and C-KIT receptors, reverses pulmonary and 

right ventricular (RV) remodeling [10, 67, 105] and exhibits systemic and pulmonary 

vasodilatory effects [103,105] in rats. However, studies using a high imatinib dose (200 

to 400 mg) in human PH patients have yielded controversial outcomes [22,35,36 ].  

Recently, we showed that imatinib at a dose of 15 mg/kg significantly reversed 

monocrotaline-induced RV hypertrophy and pulmonary arterial muscularization in rats 

[67]. Consistently, Hatano et al. [40] also reported significant improvements in diffusion 

capacity of the lung for carbon monoxide (DCLO) and varying hemodynamic responses 

in five PAH patients on a low-dose imatinib (100 mg/day) for 24 weeks. Similar results 

were also demonstrated in our previous study that the low-dose imatinib therapy (3 

mg/kg) for 30 days improved clinical scores and echocardiographic outcomes in PH dogs 

[39]. This case report represents the study continuation to investigate long-term effects 

and safety of the low-dose imatinib treatment for CDMVD-associated PH in six dogs.  
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Case description 

Patient signalment, history and clinical findings of the dogs are summarized in 

Table 1. In general, the dogs were presented with cough, respiratory distress and exercise 

intolerance despite being treated for CDMVD (ISACHC Class II IIIa) with 

polypharmacy approaches. A series of work-ups which included hematology and serum 

biochemistry, plasma atrial natriuretic peptide (ANP) and serum N-terminal pro-brain 

natriuretic peptide (NT-proBNP) measurements, chest radiography, and 

echocardiography were carried out. The plasma ANP levels were measured by 

chemiluminescence enzyme immunoassay at Fukuyama Medical Laboratory, Hiroshima, 

whereas the serum NT-proBNP concentrations were measured by enzyme-linked 

immunosorbent assay (ELISA) at IDEXX Laboratories, Tokyo, Japan. We performed 

the echocardiography using methods as described in our previous study [39]. For 

simplicity, all data are shown as means ± standard deviation in the tables, and were 

analyzed for normality and statistical significance by one-way ANOVA and least 

significant difference post-hoc test for multiple comparisons.    

The dogs had a VHS score of 11 11.5, indicating a cardiomegaly. On 

echocardiography, we documented a mean maximal systolic tricuspid regurgitation 

velocity (TRmax) of greater than 2.8 m/s (3.34 ± 0.58 m/s) (Table 2). Using the modified 

× TRmax2), a mean systolic pulmonary artery pressure (sPAP) of 

45.68 ± 16.19 mmHg was obtained, confirming a diagnosis of PH in the dogs. Besides, 

there were an enlarged right atrium (right atrium to aorta ratio [RA/Ao]; reference range 

[RR] 1.23 ± 0.20) from the left parasternal apical 5-chamber view: 1.68 ± 0.12), a 

decreased right myocardial performance (right Tei index: 0.31 ± 0.09; RR < 0.17±0.10), 
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and a reduced tricuspid annular plane systolic excursion (TAPSE) value (8.58 ± 2.07 mm) 

imatinib (Glivec 100 mg, Novartis, United Kingdom), 3 mg/kg, every 24 hours, PO was 

initiated without changing the current therapy for CDMVD. 

The dogs were reevaluated at 1, 3, 5, and 6 months after the imatinib therapy. 

According to the owners, the dog coughed less frequently. On follow-up 

echocardiography, we observed significant and substantial decreases in TRmax, sPAP and 

RA/Ao, implying a reduced PH severity. Further, there were decreases in the right Tei 

index and increases in the TAPSE index suggesting improved right heart functions.     

 In addition, the left heart echocardiography also showed substantial decreases in 

left ventricular internal diameter end systole (LVIDs), left ventricular internal diameter 

end diastole (LVIDd), ratio of peak velocity of early diastolic transmitral flow to early 

mitral annulus motion velocity (E/Em), indicating reduced preload and left atrial pressure. 

There were no noticeable changes in cardiac output, fractional shortening and ejection 

fraction to indicate compromised systolic functions. 

The levels of serum n-terminal pro-brain natriuretic peptide (NT-pro BNP) and 

plasma atrial natriuretic peptide (ANP) decreased remarkably after one month of the 

treatment (Table 3). Although we were not able to sample blood for cardiac biomarker 

analyses from all the dogs at every time point of revisits, the biomarker levels at 4 months 

post-treatment did not exceed the pre-treatment levels. Besides, hematology and serum 

biochemistry did not show remarkable abnormalities.    

We discontinued the imatinib therapy in one dogs (case 1) after it gained clinical 

stability. However, the owner claimed the dog became less active thereafter. 
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Echocardiography on day 68 of the withdrawal showed increases in TRmax and sPAP, 

from 2.22 m/s to 2.76 m/s and from 19.71 mmHg to 30.36 mmHg, respectively, as well 

as worsened left heart functions. There were also drastic increases in cardiac biomarkers 

-

clinical improvement was observed.  

Out of the six dogs which received the imatinib treatment, two dogs (cases 5 and 

6) survived 13 and 48 months after the therapy, respectively, while other dogs continue 

to receive the therapy till present without obvious side effects observed.     
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Table 1 Summary of patient signalment, medication history, physical examination and thoracic radiographic findings.  

CKCS, Cavalier King Charles Spaniel; LAM, left apical murmur; VHS, vertebral heart score; ISACHC, International Small Animal Cardiac 
Health Council; SID, every 12 hours; BID, every 24 hours. 

Case  1 2 3 4 5 6 
Breed  Chihuahua CKCS Chihuahua CKCS Pomeranian Shetland Sheepdog 
Gender Male castrated Male castrated Female intact Male castrated Male intact Male castrated
Age 12 11 14 9 14 13 
Clinical 
signs  

Cough, 
exercise 
intolerance 

Cough,  
exercise 
intolerance 

Cough,  lethargy, 
cyanosis when 
agitated 

Cough,   
exercise 
intolerance 

Syncope, frequent cough, 
cyanosis, tachypnea  

Cough,   exercise 
intolerance 

Auscul-
tation 
findings 

Grade IV/VI 
LAM 

Grade V/IV 
LAM 

Grade IV/VI LAM, 
grade III/VI right 
apical murmur, harsh 
lung sounds  

Grade IV/IV 
LAM 

Grade IV/VI LAM, grade 
III/VI right apical murmur, 
harsh lung sounds 

Grade IV/VI LAM,  
grade III/VI right apical 
murmur 

Thoracic 
radio-
graph 
findings 

VHS: 11, 
vascular lung 
pattern, 
perihilar 
pulmonary 
edema 

VHS: 11.5 
bronchial 
compression, 
perihilar 
pulmonary 
edema  

VHS: 11, moderate 
perihilar and 
caudodorsal 
pulmonary edema, 
tortuous pulmonary 
vessels 

VHS: 11, left 
atrial 
enlargement 

VHS: 11.5, perihilar 
pulmonary edema, engorged 
pulmonary vessels 

VHS: 11.5 and 
moderate pulmonary 
edema. 

ISACHC II II III a II III a II 

Treat-
ment 
history 
prior to 
imatinib 
therapy 

Alacepril (1.5 
mg/kg, SID), 
pimobendan 
(0.15 mg/kg, 
BID) 

Alacepril (1.5 
mg/kg, SID), 
pimobendan 
(0.15 mg/kg, 
BID) 

Enalapril (0.38 
mg/kg, SID), 
isosorbide nitrate (2 
mg/kg, SID) 

Benazepril (0.5 
mg/kg, SID) 

Alacepril (1.5 mg/kg, BID), 
pimobendan (0.18 mg/kg, 
BID), furosemide (0.94 
mg/kg, SID), vitamin B6 
(10 mg/day), liver protectant 
Hepaact (1 tablet/day) 

Benazepril (0.6 mg/kg, 
SID), pimobendan (0.15 
mg/kg, BID), 
theophylline (6 mg/kg, 
BID), furosemide (1 
mg/kg, BID) 
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Table 2 Hemodynamic data (means ± standard deviation). 

Time (Month) 0 (n=6) 1 (n=6) 3 (n=5) 5 (n=4) 6 (n=5) 
Heart rate (bpm) 112.47±18.51 111.16±17.07 118.68±15.21 113.93±12.37 113.40±4.49
Right atrium/aorta ratio 1.68±0.12 1.45±0.09* 1.59±0.27 1.67±0.22 1.35±0.07*
Right Tei index 0.31±0.09 0.30±0.08 0.29±0.10 0.33±0.19 0.25±0.10
Maximal systolic tricuspid regurgitation 
velocity (m/s) 

3.34±0.58 2.26±0.80* 2.16±0.52* 2.94±0.64 2.47±0.55*

Systolic pulmonary artery pressure 
(mmHg) 

45.68±16.19 22.50±15.64* 19.54±10.38* 35.81±16.48 25.37±9.92*

Tricuspid annular plane systolic excursion 
(mm) 

8.58±2.07 8.95±2.60 8.71±0.60 9.17±1.20 8.48±0.84

Left atrium / aorta ratio 2.22±0.12 1.92±0.33 2.10±0.18 2.38±0.47 1.95±0.28
Maximum systolic mitral regurgitation 
velocity (m/s) 

7.70±4.02 6.47±1.34 6.22±1.19 6.04±0.38 4.99±2.06

Left ventricular internal diameter end 
systole  (mm) 

16.88±4.99 12.35±4.32 14.91±4.14 12.90±5.68 14.82±5.63

Left ventricular internal diameter end 
diastole  (mm) 

30.18±6.60 25.25±7.20 29.10±6.70 26.13±7.86 28.00±7.39

Fractioning shortening (%) 44.63±7.76 51.59±7.85 49.06±4.75 51.55±10.43 48.65±9.29
Ejection fraction (%) 76.68±8.33 83.67±6.84 81.65±4.76 83.21±8.07 81.93±7.05
E/A 1.22±0.34 1.13±0.33 1.28±0.32 1.18±0.35 1.14±0.39
Deceleration time of early diastolic 
transmitral wave (ms) 

82.36±17.91 105.69±14.40 99.40±33.59 108.08±6.70 97.75±25.39

E/Em 9.11±1.02 6.12±0.59* 8.35±1.33 6.01±2.03* 6.83±1.38*
Left Tei index 0.31±0.09 0.22±0.11 0.37±0.12 0.28±0.10 0.38±0.16

E/A, ratio of peak velocity of early diastolic transmitral flow to peak velocity of late diastolic transmitral flow; E/Em, ratio of early mitral 
annulus motion velocity to atrial systolic mitral annulus motion velocity.
*P < 0.05 versus 0-month treatment by one-way ANOVA and post-hoc least significant difference (LSD) test for multiple comparison
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Table 3 Cardiac biomarker levels (means ± standard deviation). 

Cardiac 
Biomarkers 

Reference 
Range 

Pre-Imatinib 
Therapy 

1-Month Post 
Imatinib 
Therapy 

4-Month Post 
Imatinib 
Therapy 

Atrial natriuretic 
peptide (ANP) 

(

< 30 74.64±6.40       
(n = 5) 

52.64±30.86      
(n = 5) 

58.1±28.57       
(n = 2) 

N-terminal pro-
brain natriuretic 

peptide (NT-
proBNP) 
(

< 900 2442.83±2221.62 
(n = 6) 

1704.50±1412.54 
(n = 6) 

2094.67±1384.52 
(n = 3) 
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Discussion 

  This case report describes six CDMVD dogs which developed PH and required 

a long-term, low-dose imatinib therapy despite polypharmacy approaches. A low-dose 

imatinib is defined as one-third of 10 mg/kg dosage indicated for treating canine 

neoplasms, and was given without any changes to the background therapy for CDMVD 

in the dogs to minimize influences from other drugs which may affect the study results. 

The imatinib therapy was chosen over the commonly used vasodilator such as sildenafil 

for treating the PH for its two properties: the direct, potent reversal effects on 

cardiopulmonary remodeling [10, 67, 105] and the vasodilative properties in the lungs 

[103, 105]. 

The advanced stage of CDMVD increased pulmonary capillary wedge pressure, 

leading to upregulation of PDGF [10, 105] and C-KIT [33] signaling pathways, which 

increased the downstream mitogen-activated protein kinase (MAPK) signaling pathway 

[49]. This subsequently triggered angioproliferation of pulmonary arteries in a process 

known as remodeling, and resulted in PH in the dogs. Regardless of the PH severity, the 

dogs showed improved PH and clinical signs after being treated with the low-dose 

imatinib. We believe that imatinib reversed pulmonary arterial muscularization via the 

PDGF inhibition [10], thus resulting in an improved PH (decreased TRmax, sPAP, right 

atrial size) and RV functions (increased right Tei index, an increase in the TAPSE). 

Further, the LVIDd, left atrium / aorta ratio (LA/Ao), and ratio of peak velocity of early 

diastolic transmitral flow to peak velocity of late diastolic transmitral flow (E/A) as 

indicators of CDMVD poor prognosis [106] also improved. In addition, we also speculate 

that imatinib relaxed systemic and pulmonary venous relaxation which subsequently 
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reduced preload and afterload [103, 105].  

In a study by Hatano et al. [40], five human PAH patients who received a 100 

mg/day imatinib dose (equivalent to canine dose of 3 mg/kg) for 12 weeks showed 

improved DLCO and hemodynamic parameters indicated by either a decreased mean 

pulmonary arterial pressure, a decreased pulmonary venous resistance, or an increased 

cardiac index. On an extension therapy to 24 weeks, only three patients with scleroderma-

associated PAH showed sustained favorable results. However, the present study 

demonstrates sustained hemodynamic improvement in the dogs. Clinical and 

hemodynamic deterioration in the dog in case 1 after imatinib withdrawal also led us to 

believe that imatinib exhibits sustained, favorable effects on PH in dogs. 

There were no remarkable changes in hematology and biochemistry profiles in 

the dogs to indicate an imatinib toxicity. In humans treated with a high-dose imatinib for 

PAH, adverse effects which included nausea, peripheral edema, and thrombocytopenia, 

right ventricular failure, anemia, and subdural hematoma were reported [14, 38]. In the 

dogs which were treated with a neoplastic dose (10

elevation of serum liver enzymes, blood urea nitrogen (BUN) and serum creatinine were 

documented [107]. However, these side effects were not observed in the present study, 

indicating that the 3 mg/kg imatinib dose was well tolerated in the dogs. Furthermore, the 

potent anti-remodeling activity of the low-dose imatinib [67] was reflected by substantial 

clinical and hemodynamic improvements in the dogs. Taken together, we believe that this 

therapy is effective yet safe for the long-term treatment of canine PH.  

In conclusion, this case report highlights encouraging, long-term clinical and 

hemodynamic outcomes of the low-dose imatinib treatment for CDMVD-associated PH 
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in dogs, without noticeable side effects. Because there were no changes in the background 

therapy, the beneficial effects were solely due to the administration of the low-dose 

imatinib therapy, which is believed to have inhibited pulmonary vascular remodeling and 

dilated systemic and pulmonary vasculatures simultaneously in the dogs. This therapy 

can be conveniently administered once daily, and may provide a promising treatment 

alternative for the treatment of PH in the dogs. However, a drug trial in a larger population 

of dogs may be deemed necessary.   
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General Conclusion 

The lack of strong reversal properties against cardiopulmonary remodeling in 

many of the agents approved for the treatment of pulmonary arterial hypertension (PAH) 

had driven us to investigate the anti-remodeling effects of several tyrosine kinase 

inhibitors (TKIs), with an exclusive interest for the lower doses. These included the 

veterinary TKIs: imatinib, masitinib and toceranib, and the multi-kinase inhibitors: 

sunitinib and sorafenib.  

In chapter 1, we showed that imatinib elicited dose-dependent anti-remodeling 

actions against right ventricular (RV) hypertrophy and pulmonary vascular remodeling in 

the MCT-induced rats. When dosed at 15 mg/kg, imatinib produced significant inhibition 

on the mitogen-associated protein kinase (MAPK) signaling pathway which drives the 

PAH pathogenesis. In comparing the tyrosine kinase activity between imatinib and multi-

kinase inhibitor sunitinib, imatinib antagonized platelet-derived growth factor receptor 

(PDGFR)-  and Raf-1 proto-oncogene serine/threonine kinase (Raf-1), while sunitinib 

blocked PDGFR- fibroblast growth factor receptor (FGFR)-1, vascular endothelial 

growth factor (VEGF) receptor (VEGFR)-2, and VEGF-A. Ironically, sunitinib with a 

wider spectrum of kinase inhibition, when given at low doses, yielded weaker inhibition 

on the Raf-1 and extra-cellular-signal-related kinase (ERK) which constitute the MAPK 

pathway. Further, the higher number of remodeled pulmonary arteries in tandem with the 

upregulation of nestin mRNA, a marker of angiogenesis, collectively provided strong 

evidence that the potent suppression of the VEGFR-2/VEGF-A axis by sunitinib may be 

the cause of the equivocal cardiopulmonary reversal. Conversely, the low-dose imatinib 

therapy (15 mg/kg) may provide an option for treatment of PAH and concomitant RV 
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hypertrophy. 

In chapter 2, we scrutinized the reversal effects of toceranib, a veterinary tyrosine 

kinase which resembles sunitinib, and compared it with sorafenib, which was reported to 

potently normalize PAH in human and animal studies. Gene analysis revealed 

significantly decreased pulmonary PDGFR- -KIT mRNA levels in the rats treated 

with toceranib. However, a high-dose toceranib (10 mg/kg), equivalent to an anti-cancer 

dose in the dogs, only partially ameliorated cardiopulmonary remodeling (CPR) but 

showed no RV systolic pressure reversion. Unlike sunitinib, toceranib demonstrated weak 

inhibition on the VEGFR-2/VEGF-A axis and did not upregulate nestin nor C-X-C 

chemokine receptor type 4 (CXCR4) mRNAs, refuting escape angiogenesis as the cause 

of paradox. By contrast, sorafenib at the lowest dose (10 mg/kg) significantly blocked 

PDGFR- -KIT and CXCR4 mRNAs, MAPK signaling, and upregulated p62 mRNA 

and microtubule-associated protein light chain 3 (LC3) protein. Hemodynamically, 

sorafenib also significantly normalized the RV systolic pressure and CPR in the MCT-

injected rats. The reversal discrepancy between sorafenib and toceranib may be due to the 

concurrent potent antagonism on Raf-1 kinase and CXCR4, as well as the autophagy-

inducing property of sorafenib. Therefore, toceranib was not recommended for the 

treatment of PAH but a low-dose sorafenib may be advocated for the PAH therapy.      

In chapter 3, we continued to explore the cardiopulmonary reversal effects of 

another veterinary TKI, namely masitinib. Also, we examined the non-inferiority of 

masitinib with tadalafil, a FDA-approved medicine for treating PAH in humans. We 

demonstrated that the lower dose of masitinib (15 mg/kg) exhibited more potent MAPK 

inhibition via suppression of PDGFR- , C-KIT, and CXCR4/C-X-C motif chemokine 
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(CXCL) 12 axis, compared with tadalafil. Besides, it also showed a stronger 

cardiopulmonary reversal ability than tadalafil at 10 mg/kg, an equivalent dose to that 

indicated for the human PAH. The blockade of PDGFR- -KIT by tadalafil did not 

translate into a significant inhibition on the MAPK pathway nor the CPR, although it 

remarkably normalized the RV systolic pressures in the rats via PDE-5 inhibition. 

Pertaining to the long-term treatment with the lower masitinib dose (15 mg/kg) versus 

tadalafil (10 mg/kg), masitinib attenuated the RV hemodynamics more significantly than 

tadalafil. Moreover, masitinib also showed long-term survival that was non-inferior than 

that of tadalafil. Therefore, the potent anti-remodeling effects of a lower dose masitinib 

may be applicable to the long-term treatment of PAH in humans. 

The chapter 4 represents a case report which evaluated the long-term effects of 

low-dose imatinib therapy (3 mg/kg) for treating pulmonary hypertension (PH) secondary 

to chronic degenerative mitral valve disease in 6 dogs. During the 6-month follow-up 

period, the maximal systolic tricuspid regurgitation velocity and estimated systolic 

pulmonary arterial pressure were consistently decreased, implying long-term favorable

effects of the therapy. We speculated that imatinib conferred the hemodynamic 

improvements by inhibiting pulmonary vascular muscularization and dilating systemic 

and pulmonary vasculatures. Importantly, the complete blood count and serum 

biochemistry results did not reveal noticeable side effects that were often observed in the 

dogs on an anti-cancer dose. Therefore, the low-dose imatinib therapy (3 mg/kg) may 

provide a promising treatment alternative for the treatment of PH in the dogs.  

In conclusion, a low-dose imatinib (15 mg/kg), sorafenib (10 mg/kg), and 

masitinib (15 mg/kg) in MCT-induced PAH rat model potently reversed the CPR and 
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improved the PAH severity via inhibition of the MAPK pathway. By contrast, sunitinib 

and toceranib showed disappointing results. Imatinib conferred long-term benefits 

without causing observable clinical and hemodynamic side effects in the dogs while 

masitinib improved long-term survival and RV hemodynamics in the rats. Therefore, the 

low-dose imatinib (15 mg/kg), sorafenib (10 mg/kg), and masitinib (15 mg/kg) may 

provide a novel reversal agent to target the CPR in the PAH. The results of our study may 

serve pivotal foundation for further clinical investigation on their use for the treatment of 

PAH in humans and dogs.   
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Abstracts 
Chapter 1  

High-dose imatinib reverses cardiopulmonary remodeling but adverse effects 

limit its clinical use. Efficacy of the multi-kinase inhibitor sunitinib remains questionable.

We compared anti-remodeling effects of imatinib with sunitinib on monocrotaline-

induced right ventricular (RV) hypertrophy and pulmonary arterial remodeling in rats, 

focusing on a lower dose. Fourteen days after monocrotaline injection, oral gavage of 

imatinib (5, 15, or 50 mg/kg), sunitinib (0.3, 1, 3, or 10 mg/kg), or water for 14 days was 

started. RV hypertrophy and brain natriuretic peptide mRNA levels were significantly and 

dose-dependently reduced, much greater in imatinib- than sunitinib-treated groups. 

Imatinib normalized muscularization of 20-50 µm intra-acinar pulmonary arteries more 

significantly than sunitinib. At transcript levels, sunitinib significantly upregulated 

pulmonary nestin, and downregulated platelet-derived growth factor receptor beta 

(PDGFR-

receptor-2 and vascular endothelial growth factor (VEGF)-A, but not Raf-1 proto-

oncogene serine/threonine kinase mRNAs. Sunitinib also suppressed VEGF-A, but not 

phosphorylated extra-cellular-signal-related kinase (ERK)-1/2 protein expression. The 

sole PDGFR- gonism of imatinib resulted in significant Raf-1 mRNA and 

phosphorylated ERK-1/2 protein downregulation, suggesting that the equivocal reversal 

greater dose-dependent reversal on cardiopulmonary remodeling may make a low dose 

suitable for PAH treatment. 
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Chapter 2 

Sorafenib reverses pulmonary arterial hypertension (PAH) and cardiopulmonary 

remodeling (CPR), but the effects of toceranib are unknown. This study investigated anti-

remodeling effects and determined optimal doses of toceranib and sorafenib on 

monocrotaline (MCT)-induced PAH and CPR in rats. MCT-treated rats were orally 

treated with a 14-day course of sorafenib (10, 30, or 100 mg/kg), toceranib (1, 3, or 10 

mg/kg), or water. Both sorafenib and toceranib significantly reversed the right ventricular 

(RV) hypertrophy at 10 mg/kg, but only sorafenib significantly improved the RV systolic 

and mean pressures. Sorafenib significantly normalized the B-type natriuretic peptide 

mRNA level of the RV and increased the non-muscularized pulmonary artery percentage. 

However, these effects were only observed at the highest toceranib dose, and neither 

toceranib dose reduced the fully muscularized pulmonary artery percentage. Further, the 

inhibition on vascular endothelial growth factor (VEGF) signaling was stronger in 

sorafenib than in toceranib. Besides the stronger inhibition on mitogen-activated protein 

kinase signaling, the greater reversal ability of sorafenib may be also due to the 

simultaneous blockade on the C-X-C chemokine receptor type 4 and autophagy induction. 

Toceranib insignificantly reversed CPR, and a high-dose therapy did not improve the RV 

hemodynamic outcomes. Sorafenib significantly reversed CPR, and a low-dose sorafenib 

therapy may be a suitable therapeutic agent for PAH.  
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Chapter 3

Pulmonary arterial hypertension (PAH) is characterized by progressive pulmonary 

vascular remodeling, but current therapies are devoid of potent reversal properties. This 

study compared the cardiopulmonary reversal effects and survival benefits of masitinib 

(5, 15, 50 mg/kg) with tadalafil (5, 10 mg/kg) for the treatment of monocrotaline (MCT)-

induced PAH in rats. In the masitinib (15, 50 mg/kg) groups, there was a significant 

reversal of the RV systolic pressure, right ventricular hypertrophy (RVH) and pulmonary 

vascular remodeling. Collectively, these indicate potent effects of masitinib against 

cardiopulmonary remodeling. By contrast, tadalafil at 10 mg/kg, equivalent to human 

dose for PAH treatment, significantly decreased the RVH and increased pulmonary 

arterial lumen diameter and area, but did not normalize vascular muscularization. 

Masitinib significantly suppressed mRNA expression of pulmonary platelet-derived 

growth factor receptor (PDGFR)- -KIT, CXC chemokine receptor 4, proto-oncogene 

Raf-1, and protein phosphorylation of extracellular-signal-related kinase 1/2. However, 

tadalafil showed insignificant antagonism on the mitogen-activated protein kinase 

(MAPK) pathway, despite its significant PDGFR- -KIT inhibition. Further, the 

high-dose masitinib (50 mg/kg) produced comparable pulmonary phosphodiesterase-5 

mRNA and cyclic guanosine monophosphate (cGMP) levels to those of tadalafil, 

implying a role of masitinib in the nitrogen oxide/cGMP pathway. We also showed that 

the long-term masitinib therapy at a lower dose (15 mg/kg) improved the survival and RV 

hemodynamics in the rats. The potent reversal properties and the non-inferiority of a 

lower dose of masitinib compared with tadalafil may represent a novel approach to target 

the cardiopulmonary remodeling in PAH.  
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Chapter 4

Six dogs were diagnosed with pulmonary hypertension (PH) secondary to 

chronic degenerative mitral valve disease (CDMVD) on echocardiography. Imatinib (3 

mg/kg, every 24 hours, PO) was initiated without any changes to the background therapy 

to treat the PH. Follow-up evaluations at 1, 3, 5 and 6 months revealed substantial clinical 

and hemodynamic improvements. One dog showed deterioration after the imatinib 

withdrawal to necessitate a restart therapy. No side effects were observed throughout the 

6-month treatment course. A low-dose imatinib may provide a promising treatment 

alternative for the CDMVD-associated PH in dogs.  
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