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Abstract  

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.  

 

Keywords: Cardiopulmonary remodeling, pulmonary arterial hypertension, right 

ventricular hypertrophy, sorafenib, toceranib  
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1. 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 [5,29]. 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 [8,11,34], sunitinib [17], and sorafenib 

[16,30] 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 

[2,10,20]. Nonetheless, we recently showed that low-dose imatinib significantly reversed 

monocrotaline (MCT)-induced RVH and pulmonary remodeling in rats [20] and 

improved hemodynamics in dogs with PAH [2].   

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 [18,24,25]. However, no single study has reported its efficacy in 

reversing the PAH nor CPR. The structural and functional similarities of toceranib and 

sunitinib [25] provide a compelling rationale for investigating whether toceranib reverses 

PAH and CPR or otherwise aggravates angioproliferation via vascular endothelial growth 

factor (VEGF) signaling inhibition as reported in our recent study [20].  

Sorafenib, a multi-kinase inhibitor, shows favorable hemodynamic effects in patients 

with refractory PAH [14], and potent anti-remodeling effects against RVH and pulmonary 
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muscularization in rats treated with MCT or hypoxia [16,30]. 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 [21], human 

macrophages [22], and hepatic carcinoma cells [40], thus raising the possibility that it 

may also confer a beneficial effect by improving the impaired autophagy in the PAH lungs 

[12,26]. 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 

[40], we also investigated the unclear role of the CXCL12/CXCR4 axis in the MCT-

induced PAH. 

2. Materials and methods 

2.1. 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 previously [20] 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 
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administered orally, once daily for 14 days.  

2.2. 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. 

2.3. 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)]. 

2.4. 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 20–50 µm in diameter that were 

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

(NMPA) were determined as described previously [20]. 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 20–50 

µm and 51–100 µm in diameter using Image J software. 

2.5. 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) [20], p-62 (forward: 
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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).  

2.6. Western blotting assay 

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

polyacrylamide gels (Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad, USA) 

and transferred to polyvinylidene difluoride membranes. The membranes were blocked 

with Tris-buffered saline (EzTBS, Atto, Japan) containing 1% bovine serum albumin for 

1 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-β-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. 

2.7. Statistical analyses  

All data are expressed as means±standard error of the mean (SEM) and tested for 
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significance using one-way analysis of variance and Tukey’s post-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.  

3. Results 

3.1. 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. 1A). 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).  

3.2. 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. 1B). 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. 1C). 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.  

3.3. Muscularization of 20–50 µm pulmonary arteries 

Representative photomicrographs of NMPAs, PMPAs, and FMPAs are shown in Fig. 
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2A. The proportion of FMPAs in the placebo (43.13±2.41%) was significantly increased 

after the MCT injection (Fig. 2B) 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 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. 2C). 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. 2D). 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.    

3.4. 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. 3A,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).  

3.5. 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. 3C,D). Both 

sorafenib and toceranib significantly reversed the MWT ratio and increased the lumen 
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area of the FMPAs. 

3.6. PDGFR-β, C-KIT, CXCR4, CXCL12 and nestin mRNA expression in the lungs 

The pathogenic role of PDGFR-β in MCT-induced pulmonary remodeling was 

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. 4A). 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. 4B). 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. 4C), 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. 5D). However, 

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

level (0.031±0.007). 

3.7. VEGF signaling pathway in the lungs 

Since sorafenib and toceranib are VEGFR inhibitors, we studied their inhibitory 
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effects on mRNA and protein levels of VEGFR-2 (Fig. 5A,B) and VEGF-A (Fig. 5B,C) 

in the lungs. The MCT administration did not increase levels of VEGFR-2 mRNA 

(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. 

3.8. MAPK signaling pathway in the lung 

We investigated Raf-1 mRNA (Fig. 6A) and phosphorylated ERK-1/2 protein (Fig. 

6B,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. 6A). 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 
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strength on the MAPK pathway by sorafenib and toceranib at a dose of 10 mg/kg.  

3.9. 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 [38], we compared the amount of LC3-II with β-actin. 

The LC3-II/β-actin protein level did not differ significantly between the control 

(0.34±0.06) and placebo (0.37±0.06) groups (Fig. 7A). 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. 7B). 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). 

4. 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.    
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Toceranib phosphate is a veterinary TK inhibitor licensed for the treatment of canine 

mast cell tumors. In terms of kinase selectivity, toceranib targets PDGFR-β, 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 [23]. Sorafenib has a wider activity spectrum 

that inhibits not only c-KIT, VEGFR-2, and PDGFR-β but also serine/threonine kinase 

Raf-1 [15]. Consistently, rats that received any dose of sorafenib, and 3 or 10 mg/kg of 

toceranib had lower PDGFR-β and c-KIT mRNA levels. Notably, the PDGFR-β mRNA 

downregulation by toceranib was weaker than sorafenib. 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 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 [37]. 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 

[28]. 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. [16]. However, a high dose (10 mg/kg) 

of toceranib was required to produce a significant increase in NMPAs. In addition, low, 
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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. [30] showed that sorafenib administered at a dose of 2.5 mg/kg 

significantly reversed RVH and pulmonary arterial muscularization, and improved 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. [34] and Klein et al. [16], 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 [20]. In the present study, sorafenib exhibited an inhibitory trend on 

pulmonary VEGFR-2 and VEGF-A transcripts, and caused a significant suppression on 
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VEGF-A protein level, which were consistent with the results by Moreno-Vinasco et al. 

[30]. However, an escape angiogenesis [3] 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 [35,36] and the main inducer of vasculogenesis [1] 

in the sorafenib groups. We speculate that sorafenib preserves its potent anti-remodeling 

property via direct Raf-1 inhibition which cuts the entry signal [4] from the VEGFR-2 to 

the downstream MAPK pathway [13]. On the contrary, the potent VEGFR-2 inhibitor 

toceranib surprisingly did not significantly reduce pulmonary VEGFR-2 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 [27,32,33] or sprouting [35,36] 

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. [26] 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. [12] 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-
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II protein nor p-62 transcript levels, suggesting the presence of apoptosis-resistant cells 

[12] 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 [21,40]. Furthermore, while Lin et al. [21,22] 

showed that sorafenib influenced interleukin secretion and function of dendritic cells and 

macrophages, several studies reported that the CXCL12/CXCR4 inhibition improved 

hypoxia-induced PAH [6,7,39]. 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 [41].  

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.  

5. 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 
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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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Figure captions 

Fig. 1. Effects of sorafenib and toceranib on right ventricular systolic pressure (RVSP), 

mean right ventricular pressure (RVP) and heart rate (n=4–6) (A), right ventricular 

hypertrophy (RVH) and dose-dependent reversal (n=8–14) (B), and b-type natriuretic 

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

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

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

Fig. 2. Effects of sorafenib and toceranib on vascular muscularization in 20–50-µm intra-

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

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

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

pulmonary arteries (B) and dose-dependent reversal of sorafenib and toceranib on FMPAs 

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

†P<0.05 versus placebo. 

Fig. 3. Effects of sorafenib and toceranib on medial wall thickness normalized to the 

external diameter (A,C) and lumen area (B,D) of the 20–50 µm (A,B) and 51–100 µm 

(C,D) FMPAs, respectively. Data are means±SEM (n=8–12). *P<0.05 versus control, 

†P<0.05 versus placebo. 

Fig. 4. Effects of sorafenib and toceranib on monocrotaline-induced mRNA expression 

of platelet-derived growth factor receptor-β (PDGFR-β) (n=8–14) (A), KIT proto-

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

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

means±SEM. *P<0.05 vs control, †P< 0.05 vs placebo.  

Fig. 5. Effects of sorafenib and toceranib on monocrotaline-induced vascular endothelial 
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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 VEGF receptor-2 

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

(n=7–9) and protein expression (n=3–4) (C). Western blots represent VEGFR-2 and 

VEGFR-A protein expression of one individual from each group (B). Data are means ± 

SEM. *P<0.05 versus control, †P<0.05 versus placebo.  

Fig. 6. Effects of sorafenib and toceranib on mitogen-activated protein kinase signaling 

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

expression (n=8–14) (A) and extracellular-signal-related kinase (ERK)-1/2 protein 

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

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

control, †P<0.05 versus placebo.  

Fig. 7. Effects of sorafenib and toceranib on expression of microtubule-associated protein 

1 light chain (LC) 3-II protein normalized to β-actin (n=5–6) (A), and p-62 mRNA (n=8–

17) (B). Western blots represent LC3-II protein expression of one individual from each 

group (A). Data are means±SEM. *P<0.05 versus control, †P<0.05 versus placebo.  
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