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Abstract:



Right ventricular (RV) hypertrophy is characterized by cardiac fibrosis due to endothelial–mesenchymal transition (EndMT) and increased collagen production in pulmonary arterial hypertension (PAH) patients, but the mechanisms for restoring RV function are unclear. Prostanoid agonists are effective vasodilators for PAH treatment that bind selective prostanoid receptors to modulate vascular dilation. The importance of prostanoid signaling in the RV is not clear. We investigated the effects of the EP4-specific agonist L-902,688 on cardiac fibrosis and TGF-β-induced EndMT. EP4-specific agonist treatment reduced right ventricle fibrosis in the monocrotaline (MCT)-induced PAH rat model. L-902,688 (1 µM) attenuated TGF-β-induced Twist and α-smooth muscle actin (α-SMA) expression, but these effects were reversed by AH23848 (an EP4 antagonist), highlighting the crucial role of EP4 in suppressing TGF-β-induced EndMT. These data indicate that the selective EP4 agonist L-902,688 attenuates RV fibrosis and suggest a potential approach to reducing RV fibrosis in patients with PAH.
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1. Introduction


Right ventricular (RV) hypertrophy and failure are major causes of morbidity and mortality in patients with pulmonary arterial hypertension (PAH) [1,2]. RV hypertrophy is characterized by cardiac fibrosis due to myocardial apoptosis, endothelial dysfunction, and endothelial–mesenchymal transition (EndMT) as well as the accumulation of collagen production [3]. These pathways have been therapeutically targeted with phosphodiesterase type 5 inhibitors (sildenafil), endothelin antagonists, soluble guanylate cyclase (sGC) stimulator (riociguat), and prostanoid agonists [2,4,5]. In particular, prostacyclin and its analogs (iloprost, beraprost, and treprostinil) have been shown to elicit beneficial effects in patients with pulmonary arterial hypertension (PAH) [6].



Prostaglandin E2 (PGE2) is an essential lipid mediator that activates four different prostanoid E (EP) receptors, including EP1, EP2, EP3, and EP4. In the vascular system, PGE2 is synthesized from arachidonic acid by cyclooxygenase (COX) enzymes [7,8]. Prostanoid receptors (IP, EP2, EP4, and DP) couple with stimulatory G protein (Gs) to elevate intracellular cyclic adenosine monophosphate (cAMP) and promote vascular relaxation [9]. Meanwhile, EP1, EP3, FP, and TP couple with inhibitory G protein (Gi) to reduce intracellular cAMP or elevate Ca2+ levels [9].



The predominant mechanism of a prostacyclin agonist in smooth muscle cells is to bind IP, which prompts adenylyl cyclase (AC) via Gs to convert ATP to cAMP, thereby activating the protein kinase A (PKA) pathway and vascular relaxation [9,10,11]. Prostacyclin treatment significantly increases cardiac output [5,8,12], improves functional capacity, and has been associated with improved survival [13]. However, a weakness of prostacyclin agonists is their short half-life [14], and long-term prostacyclin therapy induces receptor desensitization [15].



There is evidence that IP expression is decreased in the lungs of PAH patients [16,17], whereas EP4 expression remains stable [17]. Both IP and EP4 couple to Gs, which activates vascular relaxation [6,9]. Iloprost mediates vasodilation via EP4 under conditions of low IP expression, which occurs in PAH [17]. Many clinical studies have reported positive effects from the application of EP4 agonist in patients with lung disease, such as anti-inflammatory, anti-thrombotic, vasoprotective, and muscle dilator effects [18,19,20,21,22]. In addition, the EP4-specific agonist L-902,688 has been shown to reduce the RV hypertrophy and pulmonary arterial remodeling in hypoxic -PAH mice and monocrotaline (MCT)-induced PAH rats [23]. Targeted EP4 agonists may be a novel therapy for the treatment of PAH. Moreover, the role of EP4 in mediating RV hypertrophy associated with PAH is not well understood. Here, we examined collagen and α-smooth muscle actin (α-SMA) expression in the fibrotic right ventricles of MCT-induced PAH rats with or without treatment with an EP4-specific agonist, L-902,688, as well as the effect of L-902,688 treatment on TGF-β-induced EndMT, which is characterized by a loss of endothelial cell markers (eNOS, E-cadherin, and CD146) and an increase in mesenchymal and EndMT markers (Twist and α-SMA).




2. Results


2.1. EP4-Specific Agonist Prevents TGF-β-Induced EndMT In Vitro


EndMT is involved in cardiac fibrosis, and is a multifaceted process whereby endothelial cells adopt a mesenchymal phenotype and overexpress mesenchymal cell markers such as α-SMA and Twist [24,25]. The endocardial layer may contribute to ventricular fibrosis via EndMT to cause RV hypertrophy in the MCT-PAH rat model. TGF-β signaling has been shown to play an important role in EndMT [3,25]. In fact, adding TGF-β to epithelial cells in culture is a convenient way to induce EndMT in various epithelial cells [25]. Therefore, we utilized cultured human umbilical vein endothelial cells (HUVECs) to test the suppressive effect of preclinical and clinical PAH drug candidates such as propylthiouracil (PTU) (Sigma, Saint Louis, MO, USA) [26], N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT, a γ-secretase inhibitor; Calbiochem, La Jolla, CA, USA) [27], riociguat (Cayman Chemical, Ann Arbor, MI, USA) [28], sildenafil (Cayman Chemical) [29], and L-902,688 (Cayman Chemical) at 1 µM against 5 ng/mL TGF-β-induced EndMT. Western blot analysis of endothelial cell marker (eNOS, E-cadherin, and CD146) and mesenchymal and EndMT marker (Twist and α-SMA) on TGF-β1-induced EndMT (Figure 1A) expression showed that α-SMA and Twist expression levels were strongly decreased by treatment with 1 µM L-902,688 (Figure 1B). Taken together, these data suggest that the inhibitory effect of the EP4 agonist L-902,688 on RV fibrosis might be mediated by suppression of α-SMA and Twist, the EndMT markers.


Figure 1. Effect of pulmonary arterial hypertension (PAH) drug candidates on endothelial cell markers and mesenchymal cell markers in cultured endothelial cells. (A) Representative immunoblot and (B) densitometric quantification of Western blot shows the expression levels of endothelial cell markers eNOS, E-cadherin (E-cad) and CD146, and mesenchymal cell markers Twist and α-smooth muscle actin (α-SMA) in whole cell extract. Human umbilical vein endothelial cells (HUVECs) were treated under the indicated conditions for 24 h. The relative expression level of each protein was quantified by densitometry and normalized to GAPDH. Each value represents the mean ± SE of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus the TGF-β1-only group (the red bar) by one-way ANOVA with Bonferroni’s post-test.
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2.2. The Role of EP4 in L-902,688-Induced Suppression of TGF-β-Induced EndMT


The effects of L-902,688—an EP4 agonist—are mainly mediated by EP4 receptors. TGF-β signaling has been shown to play an important role in EndMT [3,25]. To determine the contribution of EP4 to L-902,688-induced suppression of TGF-β-induced EndMT, we treated cultured endothelial cells with the EP4 antagonist AH23848 with or without L-902,688, thereby investigating whether L-902,688 attenuates TGF-β1-induced EndMT by activating the EP4 signaling pathway. Pre-incubation with the EP4 inhibitor AH23848 blocked L-902,688-induced EP4 signaling, as exposure to AH23848 (100 μM) with or without TGF-β (5 ng/mL) reversed the L-902,688-induced inhibition of α-SMA and Twist expression compared with HUVEC not treated by L-902,688 and TGF-β (Figure 2A,B), thus reflecting a crucial role for EP4 and the TGF-β1-induced EndMT pathway in the effect of L-902,688. Immunocytochemistry showed that L-902,688 inhibited the expression of Twist, the TGF-β1-induced EndMT marker, in HUVEC (Figure 3). These results indicate that L-902,688 attenuated TGF-β1-induced EndMT by activating EP4 signaling.


Figure 2. The EP4 inhibitor AH23848 blocks the L-902,688-induced suppression of TGF-β-induced EndMT in HUVEC. TGF-β-induced expression of the EndMT markers α-SMA and Twist in endothelial cells was suppressed by L-902,688. The endothelial cells were stimulated for 30 min with 100 µM AH23848 with or without L-902,688 or TGF-β for 24 h. Data are the mean ± SE of three different experiments. * p < 0.05, ** p <0.01, and *** p < 0.001 versus untreated group. (A) Representative immunoblots showing that the suppression of TGF-β-induced expression of α-SMA and Twist by 1 µM L-902,688 was reversed with an EP4 inhibitor (AH23848) at 100 µM. (B) Densitometry quantification of α-SMA and Twist expression following EP4 inhibitor treatment in endothelial cells.
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Figure 3. Effect of L-902,688 on TGF-β-induced Twist expression in HUVEC. After 24 h of serum deprivation, endothelial cells were treated under the indicated conditions for 24 h. Immunocytochemistry shows the localization of Twist (red) and E-cadherin (E-cad) (green) expression (nuclear staining with DAPI in blue; scale bar: 50 µm). The images are a representative of three independent experiments.
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2.3. Effect of L-902,688 on Right Ventricular Changes in Experimental PAH


EP4-specific agonist L-902,688 (1 µg/kg/day) in the MCT-induced PAH rat was shown to reduce the RV hypertrophy [23]. The next experiment was designed to evaluate whether the inhibitory effect of L-902,688 on EndMT in vitro could attenuate RV changes in vivo. The efficacy of L-902,688 (0.25, 0.4 and 1 µg/kg/day) and changes in RV structure was evaluated in an MCT-induced PAH rat model. As expected, rats challenged with MCT developed RV hypertrophy—as indicated by an increased weight of the right ventricle (RV) divided by weight of the left ventricle (LV) plus septum (S) (RV/(LV + S) weight ratio)—on the 28th day after MCT injection compared with controls (Figure 4A). Administration of L-902,688 from the 8th to the 28th day after MCT injection decreased the RV/(LV + S) weight ratio (Figure 4A) in MCT-induced PAH rats. The histological analysis of trichrome-stained RV tissue demonstrated a striking difference in the amount of collagen deposition between the L-902,688 and MCT groups (Figure 4B). Quantification of the collagen (shown in blue) area compared to the total tissue area demonstrated a significant difference between the two groups (Figure 4C).


Figure 4. Histological analysis of trichrome-stained right ventricular (RV) tissue. (A) Administration of L-902,688 from the 8th to the 28th day after monocrotaline (MCT) injection decreased the RV/(LV + S) weight ratio in MCT-induced PAH rats. (CON n = 10, MCT n = 15, MCT/L-902,688 0.25 µg/kg/day n = 5, MCT/L-902,688 0.4 µg/kg/day n = 4, MCT/L-902,688 1.0 µg/kg/day n = 11). ** p < 0.01 and *** p < 0.001 versus MCT group. (B) The histological analysis of trichrome-stained RV tissue demonstrated greater collagen (purple) deposition in the endocardium of MCT rats at week 4 than in that of control (CON) rats. EP4 agonist 1 µg/kg/day (MCT/L-902,688) treatment significantly reduced collagen deposition. Scale bars = 100 and 25 μm. (C) Quantitative analysis of collagen deposition by a color deconvolution method demonstrated a significant reduction in the percentage of fibrosis among the total tissue area. Bars represent the mean ± SE (n = 5 per group); * p < 0.05 and *** p < 0.001 versus CON; ## p < 0.01 versus the MCT group.
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2.4. EP4-Specific Agonist Prevents Cardiac Fibrosis and Inhibits α-SMA Expression in Hypertrophic RV Tissue


Cardiac fibrosis is associated with a loss of microvasculature and with the disruption of myocardial structures, and is caused by extreme deposition of extracellular matrix, which is mediated by mesenchymal cells or fibroblasts [3]. Furthermore, there is evidence that IP expression is decreased in the lungs of PAH patients [14,15], whereas EP4 expression remains stable [17]. We hypothesized that a targeted EP4 agonist could be a novel therapeutic for the treatment of PAH. Critical stages in the progression of cardiac fibrosis include the transformation of fibroblasts into myofibroblasts and EndMT [24,30]. Myofibroblasts are smooth muscle-like fibroblasts that synthesize collagen and express α-SMA protein [31]. TGF-β signaling has been shown to play an important role in EndMT [25]. Furthermore, EndMT in cardiac fibrosis is a multifaceted process whereby endothelial cells lose their specific markers (e.g., eNOS, E-cadherin, and CD146) and adopt a mesenchymal or myofibroblastic phenotype, overexpressing mesenchymal cell markers such as α-SMA and collagen [24]. To examine whether the EP4 agonist L-902,688 affects cardiac fibrosis associated with PAH, MCT rats were treated with L-902,688 for 21 days, and α-SMA was detected by immunohistochemical staining. Immunohistochemistry showed that MCT rats exhibited higher expression levels of α-SMA in the endocardium of the right ventricle than control (CON) rats (Figure 5A). Notably, there was a gradual decrease in α-SMA expression in the endocardium of the right ventricle of L-902,688-treated MCT rats (Figure 5A). Quantification of the α-SMA expression (shown in brown) area compared to the total tissue area demonstrated a significant difference between the two groups (Figure 5B), possibly reflecting that L-902,688 may prevent cardiac fibrosis in the right ventricle. Thus, EP4 signaling plays a critical role in regulating cardiac fibrosis.


Figure 5. Histological analysis of the mesenchymal cell marker α-SMA in right ventricular (RV) tissue. (A) Cardiac morphology in cardiac cross-sections and histological analysis of α-SMA expression in RV tissue demonstrated that endocardial α-SMA (brown) expression was significantly higher in MCT rats at Week 4 than in control (CON) rats. However, 3 weeks of EP4 agonist 1 µg/kg/day (MCT/L-902,688) treatment significantly reduced α-SMA (brown) expression. In the top panel, scale bars = 100 μm; in the bottom panel, scale bars = 25 μm. (B) Quantitative analysis of α-SMA (brown) expression by a color deconvolution method demonstrated a significant reduction in the percentage of α-SMA (brown) among the total tissue area. Bars represent the mean ± SE (n = 5 per group); *** p < 0.001 versus CON; ## p < 0.01 versus the MCT group.
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3. Discussion


The novel finding of this study is that EP4-specific agonist therapy reduced right ventricular (RV) fibrosis, as evaluated by Masson’s trichrome staining, and inhibited α-smooth muscle actin (α-SMA) expression in hypertrophic RV tissue. In addition, EP4-specific agonist therapy prevents TGF-β1-induced endothelial–mesenchymal transition (EndMT). Here, we compared preclinical and clinical PAH drug candidates, including DAPT (γ-secretase inhibitor) [27], riociguat [28], sildenafil [29], and L-902,688, and showed that L-902,688 prevented TGF-β1-induced EndMT, which is characterized by an increase in mesenchymal and EndMT markers such as Twist and α-SMA. These data indicate that the selective EP4 agonist L-902,688 attenuates RV cardiac fibrosis by suppressing EndMT and that increasing EP4 signaling in the RV might be an approach to reducing RV fibrosis and improving RV function in patients with pulmonary hypertension.



RV hypertrophy and dysfunction cause morbidity and mortality in patients with pulmonary arterial hypertension (PAH). Natriuretic peptides, including atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), are recognized as useful biomarkers for ventricular dysfunction, and are increasingly being employed as biomarkers in PAH and RV dysfunction [32]. Prostacyclin and its agonist (iloprost) are first-line treatments for patients with PAH, significantly decreasing ANP [33] and significantly increasing cardiac output [5,8,12], which is associated with improved survival [13]. The major mechanism of prostacyclin agonists in smooth muscle cells is to bind IP, which activates adenylyl cyclase (AC) via Gs to convert ATP to cAMP, leading to activation of the protein kinase A (PKA) pathway and vascular relaxation [9,10]. However, the weakness of prostacyclin agonists is their short half-life [14], and long-term prostacyclin therapy induces receptor desensitization [15]. Furthermore, there is evidence that IP expression is disrupted in the lungs of PAH patients [16,17], whereas EP4 expression remains stable [17]. In the transgenic mouse model, IP receptor deficiency leads to the development of significant cardiac fibrosis [34,35]. Both IP and EP4 couple to Gs, which activates vascular relaxation [6,9]. Iloprost mediates vasodilation via EP4 under conditions of low IP expression associated with PAH [17]. Therefore, a targeted EP4 agonist may be a novel therapeutic for the treatment of RV hypertrophy and dysfunction in patients with PAH.



Interestingly, numerous EP4 agonists have been reported to be involved in cardiac disease and fibrosis in vivo. EP4 agonists have been shown to exhibit antifibrotic effects via protein kinase A (PKA) activation and prevent the progression of left ventricular systolic dysfunction in hypertrophied hearts [36]. In addition, EP4 agonist treatment in mice subjected to myocardial infarction and ischemia/reperfusion reduced the myocardial infarct size and preserved cardiac dysfunction [37,38]. EP4 agonist treatment also prevented kidney fibrosis in a mouse model of chronic kidney disease [39]. These studies indicate that EP4 agonists have antifibrotic and organ-protective effects. Therefore, we expected that the EP4-specific agonist L-902,688 would also show antifibrotic ability when administered during RV hypertrophy with preserved PAH. Adult male Sprague-Dawley rats were randomized for treatment 28 days after a single injection of crotaline to induce PAH and RV hypertrophy. After 1 week, we administered L-902,688 until the 4th week, which reduced the expression level of the EndMT signaling marker α-SMA and collagen production in MCT-induced RV hypertrophy. Therefore, we demonstrated by Masson’s trichrome staining that an EP4-specific agonist—L-902,688—significantly reduced RV fibrosis in the MCT rat model of severe RV failure.



PAH is a complex progressive disease with three major therapeutic targets: the endothelin, nitric oxide, and prostacyclin (PGI2) pathways [4,7]. Current strategies for PAH treatments recommend combining multiple pathways in parallel. Double combination therapy in PAH is now the standard of care for patients [40] and is becoming common in clinical practice to delay progression of the disease [41]. This can target the endothelin pathway by endothelin receptor antagonists (ERAs) such as bosentan, ambrisentan, or macitentan, and simultaneously combining with treatments for the nitric oxide pathway through PDE-5 inhibitors, including sildenafil and tadalafil, and more recently, the soluble guanylate cyclase stimulator riociguat [42]. Treatments targeting the prostacyclin pathway include epoprostenol, iloprost, treprostinil, and beraprost [43,44]. However, current combination therapies do not specifically target RV function. RV cardiac fibrosis is due to EndMT and overexpression of mesenchymal cell markers such as α-SMA and Twist [24,30]. To the best of our knowledge, these findings are the first to identify and compare with preclinical and clinical PAH drug candidates such as PTU [26], DATP [27], riociguat [28], and sildenafil [29], regarding the preventative effect of TGF-β1-induced EndMT in vitro relative to combination therapies for PAH. Western blot analysis of the expression of endothelial cell markers eNOS, E-cad, and CD146, and mesenchymal markers Twist and α-SMA on TGF-β1-induced EndMT showed that both of α -SMA and Twist expression was strongly decreased by 1 µM L-902,688, DAPT, sildenafil, and riociguat treatment. The cardioprotective and antifibrotic effects of sildenafil and riociguat have been confirmed in previous studies [45,46,47]. In our study, we demonstrated that L-902,688 significantly decreased Twist and α-SMA protein expression in TGF-β1-induced EndMT.



Our results reveal that the EP4 agonist L-902,688 inhibits mesenchymal marker (Twist and α-SMA) expression and partially reverses established RV cardiac fibrosis. Thus, EP4 signaling may be beneficial for reversing cardiac fibrosis independent of a reduction in RV pressure overload.




4. Materials and Methods


4.1. Experimental Design


Adult male Sprague-Dawley rats were randomized for treatment 28 days after a single subcutaneous injection of saline or 60 mg/kg crotaline (Sigma, Saint Louis, MO, USA) to induce PAH and RV hypertrophy. After 1 week, the experimental rats received once-daily intraperitoneal injections of L-902,688 (Cayman Chemical, Ann Arbor, MI, USA) at a dosage of 0.25, 0.4 or 1 µg/kg/day or saline as the vehicle control. Rats were examined after 3 weeks of treatment (on day 28). L-902,688 (EP4 agonist) was used to target the EndMT signaling marker α-SMA in MCT-induced rats with right ventricle hypertrophy, and the dose was calculated based on published studies [48]. All institutional and national guidelines for the care and use of laboratory animals were followed, and the protocol was approved by the Chang Gung University institutional committees IACUC (permit number: CGU15-103, 16 January 2016 approved). Animal housing and maintenance were provided by Chang Gung University, and all animals were fed a standard chow diet with free access to water.




4.2. Modified Masson’s Trichrome Staining


Rat hearts were collected and fixed with buffered 10% paraformaldehyde (PFA). Before immunostaining, the slides were deparaffinized (xylene), washed with alcohol (100%, 95%, 75%, 50%, and 35%), and then rehydrated in deionized water. Sections for Modified Masson’s trichrome staining were processed according to the manufacturer’s instructions (ScyTek, Logan, UT, USA).




4.3. Immunohistochemistry


In a separate set of immunohistochemistry (IHC) experiments using the Dako LSAB peroxidase kit (Dako, Santa Clara, CA, USA), rat heart sections were incubated for 10 min in −20 °C methanol and 3% hydrogen peroxide. The slides were permeabilized and blocked for 30 min in 1% bovine serum albumin (BSA) (Sigma, Kanagawa Prefecture, Japan) and then incubated for 30 min with primary antibodies against α-SMA (dilution 1:1000, Thermo, Waltham, MA, USA) in antibody diluent (Dako). Slides were rinsed with 1 × PBS and incubated for 30 min with a streptavidin-biotin system (Dako) to detect the signals; brown color development was evaluated following incubation with diaminobenzidine (DAB) substrate-chromogen for 1 min (EnVision/HRP, Dako). Finally, after rinsing with deionized water, the slides were counterstained with hematoxylin, dehydrated, mounted, and coverslipped. Staining of α-SMA was used to indicate RV cardiac fibrosis.




4.4. Human Umbilical Vein Endothelial Cells (HUVECs) Culture


HUVECs were cultivated in 0.1% gelatin-coated 100-mm dishes with endothelial cell growth medium (Lonza, Basel, Switzerland) and used between passages 5 and 7. Cells were starved in endothelial cell basal medium (0.01% FBS) (Lonza) for 24 h before the experiment.




4.5. Western Blot Analysis


HUVECs were exposed to the EP4 antagonist (AH23848; 100 μM, Sigma, Kanagawa Prefecture, Japan) with or without L-902,688 (1 µM) or TGF-β (5 ng/mL) for 24 h. Western blotting was performed using anti-eNOS (BD), anti-E-cadherin (E-cad) (Cell Signaling, Danvers, MA, USA), anti-CD146 (Abcam, Cambridge, UK), anti-α-SMA (Thermo, Waltham, MA, USA), and anti-Twist (Novus, Frauenfeld, Switzerkand) primary antibodies. Peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (Cell Signaling) were administered as secondary antibodies. Blots were visualized using the enhanced chemiluminescence detection system (Amersham, UK). Samples were normalized to GAPDH (Santa Cruz, CA, USA) and quantified by densitometry.




4.6. Immunocytochemical Analysis


Immunocytochemical analysis of HUVECs was performed with primary antibodies against E-cadherin (E-cad) (Cell Signaling, Danvers, MA, USA) and Twist (Novus, Frauenfeld, Switzerkand). At the end of the experiments, cells were fixed with cold methanol, blocked with 1% goat serum/1% BSA in PBS for 30 min, and then incubated with primary antibodies for 1 h. Subsequently, cells were incubated with Alexa-488-conjugated (green) and Cy3-conjugated (red) secondary antibodies to label E-cadherin and Twist, respectively. Nuclei were visualized by DAPI staining (Gibco, Invitrogen, Carlsbad, CA, USA). Fluorescence was observed with a confocal microscope (Confocal TCS SP8XL; Leica, Wetzlar, Germany) at the Microscope Core Laboratory of Chang Gung Memorial Hospital.




4.7. Statistical Analysis


The data are presented as the mean and standard error (SE). One-way ANOVA with post hoc Bonferroni’s test was used to compare the data of multiple groups. p ≤ 0.05 was considered statistically significant.








Acknowledgments


We thank American Journal Experts (AJE) for performing English language editing and the Microscope Core Laboratory, Chang Gung Memorial Hospital, Linkou for technical assistance. National Science Council, Taiwan (NSC 101-2314-B-182-076-MY3), (Most 104-2314-B-182-020-MY3) and Chang Gung Medical Research Program (CMRPD1B001-3; CMRPD1E0331-3), and (BMRPD05) (YJL); Ministry of Science and Technology (MOST 103-2314-B-182-060-MY2) and Chang Gung Medical Research Program (CMRPD1C0331-2) (CCH); Gary and Amy Foundation (HHL, YCC).




Author Contributions


Ying-Ju Lai and Chung-Chi Huang are involved in the conception and design of this study and responsible for writing manuscript. I-Chen Chen and Hsin-Hsien Li contribute to data collection and analysis of hemodynamic measurements and cardiovascular evaluation.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Rabinovitch, M. Molecular pathogenesis of pulmonary arterial hypertension. J. Clin. Investig. 2012, 122, 4306–4313. [Google Scholar] [CrossRef] [PubMed]

	2. 
Voelkel, N.F.; Gomez-Arroyo, J.; Abbate, A.; Bogaard, H.J.; Nicolls, M.R. Pathobiology of pulmonary arterial hypertension and right ventricular failure. Eur. Respir. J. 2012, 40, 1555–1565. [Google Scholar] [CrossRef] [PubMed]

	3. 
Zeisberg, E.M.; Tarnavski, O.; Zeisberg, M.; Dorfman, A.L.; McMullen, J.R.; Gustafsson, E.; Chandraker, A.; Yuan, X.; Pu, W.T.; Roberts, A.B.; et al. Endothelial-to-mesenchymal transition contributes to cardiac fibrosis. Nat. Med. 2007, 13, 952–961. [Google Scholar] [CrossRef] [PubMed]

	4. 
Humbert, M.; Ghofrani, H.A. The molecular targets of approved treatments for pulmonary arterial hypertension. Thorax 2016, 71, 73–83. [Google Scholar] [CrossRef] [PubMed]

	5. 
Gomez-Arroyo, J.; Sakagami, M.; Syed, A.A.; Farkas, L.; Van Tassell, B.; Kraskauskas, D.; Mizuno, S.; Abbate, A.; Bogaard, H.J.; Byron, P.R.; et al. Iloprost reverses established fibrosis in experimental right ventricular failure. Eur. Respir. J. 2015, 45, 449–462. [Google Scholar] [CrossRef] [PubMed]

	6. 
Olschewski, H.; Rose, F.; Schermuly, R.; Ghofrani, H.A.; Enke, B.; Olschewski, A.; Seeger, W. Prostacyclin and its analogues in the treatment of pulmonary hypertension. Pharmacol. Ther. 2004, 102, 139–153. [Google Scholar] [CrossRef] [PubMed]

	7. 
Humbert, M.; Sitbon, O.; Simonneau, G. Treatment of pulmonary arterial hypertension. N. Engl. J. Med. 2004, 351, 1425–1436. [Google Scholar] [CrossRef] [PubMed]

	8. 
Barst, R.J.; Rubin, L.J.; Long, W.A.; McGoon, M.D.; Rich, S.; Badesch, D.B.; Groves, B.M.; Tapson, V.F.; Bourge, R.C.; Brundage, B.H.; et al. A comparison of continuous intravenous epoprostenol (prostacyclin) with conventional therapy for primary pulmonary hypertension. N. Engl. J. Med. 1996, 334, 296–301. [Google Scholar] [CrossRef] [PubMed]

	9. 
Breyer, R.M.; Bagdassarian, C.K.; Myers, S.A.; Breyer, M.D. Prostanoid receptors: Subtypes and signaling. Annu. Rev. Pharmacol. Toxicol. 2001, 41, 661–690. [Google Scholar] [CrossRef] [PubMed]

	10. 
Mubarak, K.K. A review of prostaglandin analogs in the management of patients with pulmonary arterial hypertension. Respir. Med. 2010, 104, 9–21. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lebender, L.F.; Prunte, L.; Rumzhum, N.N.; Ammit, A.J. Selectively targeting prostanoid e (ep) receptor-mediated cell signalling pathways: Implications for lung health and disease. Pulm. Pharmacol. Ther. 2018. [Google Scholar] [CrossRef] [PubMed]

	12. 
Hoeper, M.M.; Schwarze, M.; Ehlerding, S.; Adler-Schuermeyer, A.; Spiekerkoetter, E.; Niedermeyer, J.; Hamm, M.; Fabel, H. Long-term treatment of primary pulmonary hypertension with aerosolized iloprost, a prostacyclin analogue. N. Engl. J. Med. 2000, 342, 1866–1870. [Google Scholar] [CrossRef] [PubMed]

	13. 
Olschewski, H.; Simonneau, G.; Galie, N.; Higenbottam, T.; Naeije, R.; Rubin, L.J.; Nikkho, S.; Speich, R.; Hoeper, M.M.; Behr, J.; et al. Inhaled iloprost for severe pulmonary hypertension. N. Engl. J. Med. 2002, 347, 322–329. [Google Scholar] [CrossRef] [PubMed]

	14. 
Safdar, Z. Treatment of pulmonary arterial hypertension: The role of prostacyclin and prostaglandin analogs. Respir. Med. 2011, 105, 818–827. [Google Scholar] [CrossRef] [PubMed]

	15. 
Schermuly, R.T.; Pullamsetti, S.S.; Breitenbach, S.C.; Weissmann, N.; Ghofrani, H.A.; Grimminger, F.; Nilius, S.M.; Schror, K.; Kirchrath, J.M.; Seeger, W.; et al. Iloprost-induced desensitization of the prostacyclin receptor in isolated rabbit lungs. Respir. Res. 2007, 8, 4. [Google Scholar] [CrossRef] [PubMed]

	16. 
Falcetti, E.; Hall, S.M.; Phillips, P.G.; Patel, J.; Morrell, N.W.; Haworth, S.G.; Clapp, L.H. Smooth muscle proliferation and role of the prostacyclin (ip) receptor in idiopathic pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 2010, 182, 1161–1170. [Google Scholar] [CrossRef] [PubMed]

	17. 
Lai, Y.J.; Pullamsetti, S.S.; Dony, E.; Weissmann, N.; Butrous, G.; Banat, G.A.; Ghofrani, H.A.; Seeger, W.; Grimminger, F.; Schermuly, R.T. Role of the prostanoid ep4 receptor in iloprost-mediated vasodilatation in pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2008, 178, 188–196. [Google Scholar] [CrossRef] [PubMed]

	18. 
Birrell, M.A.; Maher, S.A.; Dekkak, B.; Jones, V.; Wong, S.; Brook, P.; Belvisi, M.G. Anti-inflammatory effects of pge2 in the lung: Role of the ep4 receptor subtype. Thorax 2015, 70, 740–747. [Google Scholar] [CrossRef] [PubMed]

	19. 
Buckley, J.; Birrell, M.A.; Maher, S.A.; Nials, A.T.; Clarke, D.L.; Belvisi, M.G. Ep4 receptor as a new target for bronchodilator therapy. Thorax 2011, 66, 1029–1035. [Google Scholar] [CrossRef] [PubMed]

	20. 
Konya, V.; Marsche, G.; Schuligoi, R.; Heinemann, A. E-type prostanoid receptor 4 (ep4) in disease and therapy. Pharmacol. Ther. 2013, 138, 485–502. [Google Scholar] [CrossRef] [PubMed]

	21. 
Gill, S.K.; Yao, Y.; Kay, L.J.; Bewley, M.A.; Marriott, H.M.; Peachell, P.T. The anti-inflammatory effects of pge2 on human lung macrophages are mediated by the ep4 receptor. Br. J. Pharmacol. 2016, 173, 3099–3109. [Google Scholar] [CrossRef] [PubMed]

	22. 
Yokoyama, U.; Minamisawa, S.; Shioda, A.; Ishiwata, R.; Jin, M.H.; Masuda, M.; Asou, T.; Sugimoto, Y.; Aoki, H.; Nakamura, T.; et al. Prostaglandin e2 inhibits elastogenesis in the ductus arteriosus via ep4 signaling. Circulation 2014, 129, 487–496. [Google Scholar] [CrossRef] [PubMed]

	23. 
Li, H.H.; Hsu, H.H.; Chang, G.J.; Chen, I.C.; Ho, W.J.; Hsu, P.C.; Chen, W.J.; Pang, J.S.; Huang, C.C.; Lai, Y.J. Prostanoid ep4 agonist l-902,688 activates ppargamma and attenuates pulmonary arterial hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 2018, 314, 349–359. [Google Scholar] [CrossRef] [PubMed]

	24. 
Piera-Velazquez, S.; Li, Z.; Jimenez, S.A. Role of endothelial-mesenchymal transition (endomt) in the pathogenesis of fibrotic disorders. Am. J. Pathol. 2011, 179, 1074–1080. [Google Scholar] [CrossRef] [PubMed]

	25. 
Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [Google Scholar] [CrossRef] [PubMed]

	26. 
Lai, Y.J.; Chang, G.J.; Yeh, Y.H.; Pang, J.H.; Huang, C.C.; Chen, W.J. Propylthiouracil attenuates experimental pulmonary hypertension via suppression of pen-2, a key component of gamma-secretase. PLoS ONE 2015, 10, e0137426. [Google Scholar] [CrossRef] [PubMed]

	27. 
Li, X.; Zhang, X.; Leathers, R.; Makino, A.; Huang, C.; Parsa, P.; Macias, J.; Yuan, J.X.; Jamieson, S.W.; Thistlethwaite, P.A. Notch3 signaling promotes the development of pulmonary arterial hypertension. Nat. Med. 2009, 15, 1289–1297. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lang, M.; Kojonazarov, B.; Tian, X.; Kalymbetov, A.; Weissmann, N.; Grimminger, F.; Kretschmer, A.; Stasch, J.P.; Seeger, W.; Ghofrani, H.A.; et al. The soluble guanylate cyclase stimulator riociguat ameliorates pulmonary hypertension induced by hypoxia and su5416 in rats. PLoS ONE 2012, 7, e43433. [Google Scholar] [CrossRef] [PubMed]

	29. 
Ghofrani, H.A.; Wiedemann, R.; Rose, F.; Schermuly, R.T.; Olschewski, H.; Weissmann, N.; Gunther, A.; Walmrath, D.; Seeger, W.; Grimminger, F. Sildenafil for treatment of lung fibrosis and pulmonary hypertension: A randomised controlled trial. Lancet 2002, 360, 895–900. [Google Scholar] [CrossRef]

	30. 
Creemers, E.E.; Pinto, Y.M. Molecular mechanisms that control interstitial fibrosis in the pressure-overloaded heart. Cardiovasc. Res. 2011, 89, 265–272. [Google Scholar] [CrossRef] [PubMed]

	31. 
Tomasek, J.J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349–363. [Google Scholar] [CrossRef] [PubMed]

	32. 
Yap, L.B.; Mukerjee, D.; Timms, P.M.; Ashrafian, H.; Coghlan, J.G. Natriuretic peptides, respiratory disease, and the right heart. Chest 2004, 126, 1330–1336. [Google Scholar] [CrossRef] [PubMed]

	33. 
Wiedemann, R.; Ghofrani, H.A.; Weissmann, N.; Schermuly, R.; Quanz, K.; Grimminger, F.; Seeger, W.; Olschewski, H. Atrial natriuretic peptide in severe primary and nonprimary pulmonary hypertension: Response to iloprost inhalation. J. Am. Coll. Cardiol. 2001, 38, 1130–1136. [Google Scholar] [CrossRef]

	34. 
Francois, H.; Athirakul, K.; Howell, D.; Dash, R.; Mao, L.; Kim, H.S.; Rockman, H.A.; Fitzgerald, G.A.; Koller, B.H.; Coffman, T.M. Prostacyclin protects against elevated blood pressure and cardiac fibrosis. Cell Metab. 2005, 2, 201–207. [Google Scholar] [CrossRef] [PubMed]

	35. 
Hara, A.; Yuhki, K.; Fujino, T.; Yamada, T.; Takayama, K.; Kuriyama, S.; Takahata, O.; Karibe, H.; Okada, Y.; Xiao, C.Y.; et al. Augmented cardiac hypertrophy in response to pressure overload in mice lacking the prostaglandin i2 receptor. Circulation 2005, 112, 84–92. [Google Scholar] [CrossRef] [PubMed]

	36. 
Wang, Q.; Oka, T.; Yamagami, K.; Lee, J.K.; Akazawa, H.; Naito, A.T.; Yasui, T.; Ishizu, T.; Nakaoka, Y.; Sakata, Y.; et al. An ep4 receptor agonist inhibits cardiac fibrosis through activation of pka signaling in hypertrophied heart. Int. Heart J. 2017, 58, 107–114. [Google Scholar] [CrossRef] [PubMed]

	37. 
Xiao, C.Y.; Yuhki, K.; Hara, A.; Fujino, T.; Kuriyama, S.; Yamada, T.; Takayama, K.; Takahata, O.; Karibe, H.; Taniguchi, T.; et al. Prostaglandin e2 protects the heart from ischemia-reperfusion injury via its receptor subtype ep4. Circulation 2004, 109, 2462–2468. [Google Scholar] [CrossRef] [PubMed]

	38. 
Hishikari, K.; Suzuki, J.; Ogawa, M.; Isobe, K.; Takahashi, T.; Onishi, M.; Takayama, K.; Isobe, M. Pharmacological activation of the prostaglandin e2 receptor ep4 improves cardiac function after myocardial ischaemia/reperfusion injury. Cardiovasc. Res. 2009, 81, 123–132. [Google Scholar] [CrossRef] [PubMed]

	39. 
Nakagawa, N.; Yuhki, K.; Kawabe, J.; Fujino, T.; Takahata, O.; Kabara, M.; Abe, K.; Kojima, F.; Kashiwagi, H.; Hasebe, N.; et al. The intrinsic prostaglandin e2-ep4 system of the renal tubular epithelium limits the development of tubulointerstitial fibrosis in mice. Kidney Int. 2012, 82, 158–171. [Google Scholar] [CrossRef] [PubMed]

	40. 
Galie, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti, M.; et al. 2015 esc/ers guidelines for the diagnosis and treatment of pulmonary hypertension: The joint task force for the diagnosis and treatment of pulmonary hypertension of the european society of cardiology (esc) and the european respiratory society (ers): Endorsed by: Association for european paediatric and congenital cardiology (aepc), international society for heart and lung transplantation (ishlt). Eur. Heart J. 2016, 37, 67–119. [Google Scholar] [PubMed]

	41. 
Boucly, A.; Weatherald, J.; Savale, L.; Jais, X.; Cottin, V.; Prevot, G.; Picard, F.; de Groote, P.; Jevnikar, M.; Bergot, E.; et al. Risk assessment, prognosis and guideline implementation in pulmonary arterial hypertension. Eur. Respir. J. 2017, 50, 1700889. [Google Scholar] [CrossRef] [PubMed]

	42. 
Ghofrani, H.A.; Galie, N.; Grimminger, F.; Grunig, E.; Humbert, M.; Jing, Z.C.; Keogh, A.M.; Langleben, D.; Kilama, M.O.; Fritsch, A.; et al. Riociguat for the treatment of pulmonary arterial hypertension. N. Engl. J. Med. 2013, 369, 330–340. [Google Scholar] [CrossRef] [PubMed]

	43. 
Galie, N.; Corris, P.A.; Frost, A.; Girgis, R.E.; Granton, J.; Jing, Z.C.; Klepetko, W.; McGoon, M.D.; McLaughlin, V.V.; Preston, I.R.; et al. [updated treatment algorithm of pulmonary arterial hypertension]. Turk Kardiyoloji Dernegi Arsivi 2014, 42 (Suppl. 1), 78–94. [Google Scholar]

	44. 
Ghofrani, H.A.; Humbert, M. The role of combination therapy in managing pulmonary arterial hypertension. Eur. Respir. Rev. 2014, 23, 469–475. [Google Scholar] [CrossRef] [PubMed]

	45. 
Nagendran, J.; Archer, S.L.; Soliman, D.; Gurtu, V.; Moudgil, R.; Haromy, A.; St Aubin, C.; Webster, L.; Rebeyka, I.M.; Ross, D.B.; et al. Phosphodiesterase type 5 is highly expressed in the hypertrophied human right ventricle, and acute inhibition of phosphodiesterase type 5 improves contractility. Circulation 2007, 116, 238–248. [Google Scholar] [CrossRef] [PubMed]

	46. 
Sharkovska, Y.; Kalk, P.; Lawrenz, B.; Godes, M.; Hoffmann, L.S.; Wellkisch, K.; Geschka, S.; Relle, K.; Hocher, B.; Stasch, J.P. Nitric oxide-independent stimulation of soluble guanylate cyclase reduces organ damage in experimental low-renin and high-renin models. J. Hypertens. 2010, 28, 1666–1675. [Google Scholar] [CrossRef] [PubMed]

	47. 
Geschka, S.; Kretschmer, A.; Sharkovska, Y.; Evgenov, O.V.; Lawrenz, B.; Hucke, A.; Hocher, B.; Stasch, J.P. Soluble guanylate cyclase stimulation prevents fibrotic tissue remodeling and improves survival in salt-sensitive dahl rats. PLoS ONE 2011, 6, e21853. [Google Scholar] [CrossRef] [PubMed]

	48. 
Young Robert, B.X.; Han, Y.; Deborah, S.; Nathalie, C.; Michel, B.; Kathleen, M.; Mathieu, M.C.; Gillan, G.; Danielle, D.; Mario, G. Discovery and synthesis of a potent, selective and orally bioavailable ep4 receptor agonist. Heterocycles 2004, 64, 437–446. [Google Scholar] [CrossRef]



















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
eNOS
Rel. to
GAPDH

CD146
Rel. to
GAPDH

a-SMA
Rel. to
GAPDH

1.5+

1.0+

0.5+

0.0~

1.0+

0.0~

E-Cad
Rel. to
GAPDH

Twist
Rel. to
GAPDH

1.04

0.5+

0.0~

Vehicle

TGF-8 only

TGF-B/ PTU (1uM)
TGF-B/ DAPT(1uM)
TGF-B/ Riociguat (1uM)
TGF-g/ Sildenafil (1uM)
TGF-B/ L-902,688 (1uM)






nav.xhtml


  ijms-19-00727


  
    		
      ijms-19-00727
    


  




  





media/file5.jpg
a-sMA
Rel.to 1o
GAPDH

Twist
Rel. to
GAPDH 10,

TeRE Tk Gngm)

Lsozess - - 4+ = ()
AW2eas = = =+ 4+ (100uM)
asMA = - = — an0a
Twist - —— — 210a

GAPDH e s s e s 37408

20, o

os.

00-

28

20. - . i

os.

00,
TeRs - ¥
Lsozess - =+ o+ = (M

+

+ (Sngm)

awzsas - = =+ o+ (100





media/file1.jpg
A Vehicle TGF-B 5ng/ml

o
o

R ‘\6“\
&
& & am

o8

&

eNos .-F S s o @en ewes  130kDa

E-cad ------- 130kDa

CD146 "% eils i sncss Shwy wwe Seow  130kDa

- q@ o’g«

a-SMA o —— © e wwe— e 47kDa

Twist 22 B2 =2 = 0 t S 3 21kDa

GAPDH = == wme wm = w— ——— 37kD2





media/file7.jpg
TGF g 5ng/ml

Con TGF B 5ng/ml +1-002,688 1uM






media/file10.png
1.04
. 9 0_8- *%kk
©
X 06- .
? *%k%k ’
g 0.4- o 0*.
S . 2 2
X 0.2

0.0 T v T T T

MCT - + + + +
L-902,688 - - 0.25 0.4 1.0 (ug/kg/d)

(%)
3

Collagen density
H
2

N)
e

=]
1

CON MCT MCT/L-902,688





media/file12.png
CON MCT MCT/L.-902,688

100x

." :*:.}" ']7
e —‘.’ )
(X! ¥ pe . -4 | P N
\ 'oe ' o \ f
\ ’ - Al
1 y 4 N %
400x N0 ATy (e R )
AN | - A
N D) & 7y
L dsm e 0 2o
| — > =

100+

80+

40

o-SMA density
(%)

20

CON MCT MCT/L-902,688





media/file3.png
A Vehicle TGF- 5ng/ml

®
& P
- - D & N 12
& o & & awm

eNOS ..F- S s @p ews 130kDa

E-cad --.-- T e 130kDa

CcD146 e G SR aeetn SRy e wees  {130kDa
a-SMA o — w A R — 47kDa

Twist '+ 2 B BT B 21kDa





media/file9.jpg
RVILV$) Ratio,

L2688 - - 025 04 10 (ughold)

100

Collagen density
%)

con MCT  MCTIL-902,688





media/file0.png





media/file8.png
TGF B Sng/ml
+L-902,688 1uM

TGF B Sng/ml






media/file11.jpg
coN met MCTIL-902,688

i i T

100x

400x

100

40

&
iz
i
H
-
1

20

MCT  MCTIL-902,688





media/file6.png
TGF-8
L-902,688
AH23848

a-SMA

Twist

+ (5 ng/ml)
= (1 uM)
+ (100 uM)

- E— 47kDa

—_—— 21kDa

GAPDH —— —— — - — - — 37kDa

a-SMA
Rel. to
GAPDH
Twist
Rel. to
GAPDH
0.0-
TGF-B
L-902,688
AH23848

+ (5ng/ml)
- (1 M)

+ (100 puM)





media/file2.jpg
eNos 1. Ecad 1o
Relto Relto
GAPDH GAPDH .
W venicie
W TGF5 ony
[ TGR/PTU (1M)
ohiss  TGF-IDAPT(1pM)
GAPDH [ TGF-p/ Riociguat (1uM)
W TG/ Sidenafl (1uM)
I TOF-H/L-902,688 (1uM)
a-SMA Twist
Rol to Rol.to
GAPDH GAPDH






