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ABSTRACT 

 Pulmonary arterial hypertension (PAH) is a fatal microvascular disease that 

ultimately leads to right heart failure.  Enhanced cytosolic calcium concentration 

([Ca2+]cyt) originating from the extracellular environment via predominantly Ca2+-

permeable channels such as transient receptor potential (TRP) channels is one method 

which can lead to the pulmonary vascular remodeling observed in PAH patients.  

Although Ca2+ signaling has been extensively studied in pulmonary artery smooth 

muscle cells (PASMCs), it has been somewhat neglected in pulmonary artery 

endothelial cells (PAECs).  In this study, we determined the expression of TRPV1 

channels in PASMCs and PAECs from normal and idiopathic pulmonary arterial 

hypertension (IPAH) patients and lung tissues from animal models of pulmonary 

hypertension (PH).  TRPV1 expression is enhanced in IPAH PASMCs versus normal 

PASMCs. Interestingly, TRPV1 is decreased in IPAH PAECs and in monocrotaline 

(MCT)-induced PH rat lung tissues, compared with their respective controls.  

Additionally, Ca2+ influx is increased in IPAH PASMCs versus control.  IPAH PASMC 

proliferation is attenuated; yet, normal PAEC proliferation is enhanced by the TRPV1 

antagonist capsazepine (CPZ). These results suggest that TRPV1 may have a 

differential role in PASMCs and PAECs.  Establishing a link between TRPV1 in these 

two cell types may potentially underlie new pharmacological treatments for PAH.  
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ABBREVIATIONS 
 
[Ca2+]cyt Cytosolic Calcium Concentration 
CPS  Capsaicin 
CPZ  Capsazepine 
BMPRII Bone Morphogenic Protein Receptor Type II 
BSA  Bovine Serum Albumin 
CaMK  Calcium/Calmodulin-dependent Protein Kinase 
CO  Cardiac Output 
ERA  Endothelin Receptor Antagonist 
HPAH  Heritable Pulmonary Arterial Hypertension 
HR  Heart Rate 
IPAH  Idiopathic Pulmonary Arterial Hypertension 
MAPK  Mitogen-activated Protein Kinase 
MCT  Monocrotaline 
MLCK  Myosin Light Chain Kinase 
mPAP  Mean Pulmonary Arterial Pressure 
NO  Nitric Oxide 
PAEC  Pulmonary Artery Endothelial Cell 
PAH  Pulmonary Arterial Hypertension 
PASMC Pulmonary Artery Smooth Muscle Cell 
PBS  Phosphate Buffered Saline 
PDE-5  Phosphodiesterase Type 5 
PH  Pulmonary Hypertension 
PVR  Pulmonary Vascular Resistance 
sGC  Soluble Guanylate Cyclase 
SR/ER Sarcoplasmic Reticulum/ Endoplasmic Reticulum 
SV  Stroke Volume 
TRP  Transient Receptor Potential 
TRPC  Transient Receptor Potential Canonical 
TRPM  Transient Receptor Potential Melastatin 
TRPV  Transient Receptor Potential Vanilloid  
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INTRODUCTION 

 Background of PAH 

 Pulmonary arterial hypertension is a progressive and life-threatening disease 

characterized by an elevation in pressure within the pulmonary circulation.  Clinically, 

PH is diagnosed via right heart catheterization when the resting mean pulmonary 

arterial pressure (mPAP) exceeds 25 mmHg at rest, whereas the mPAP in a healthy 

adult ranges from 10 mmHg to 20 mmHg.  Considering pulmonary circulation, unlike 

systemic circulation, is a system which normally maintains low-pressure and low-

resistance and where blood flows in-series,  this increase in mPAP is significant.  In 

addition to the previous criteria, PAH is set apart from the other types of PH in that the 

pulmonary wedge pressure, which is related to left atrial pressure, is below 15 mmHg 

(1).   

 Due to the increase in PAP, PAH can contribute to right heart failure by causing 

an increase in the afterload of the right ventricle.  Two major causes of elevated PAP 

are an increase in cardiac output (CO) and an increase in pulmonary vascular 

resistance, as observed in the equation PAP = CO × PVR.  Furthermore, there are four 

determinants of CO: heart rate (HR), contractility, preload, and afterload (2).  Although 

sympathetic nervous system activation increases CO via a higher HR and greater 

stroke volume (SV), as demonstrated by the equation CO = HR × SV, the degree of 

increase is only minimal in normal, healthy patients due to compensatory mechanisms 

present in the pulmonary vasculature.  For example, in order to decrease PVR to 

maintain PAP, the pulmonary vessels, which include the arteries, arterioles, capillaries, 

venules, and veins, will increase their cross-sectional area by both vasodilation and 

recruitment of more blood vessels (3). 
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 The pathological increased PAP in patients with PAH is mainly attributed to an 

increased PVR.  Poiseuille's Law describing the laminar flow of fluids defines PVR as 

being directly proportional to the length of the blood vessel and viscosity of blood and 

inversely proportional to the fourth power of the vessel radius.  The most important 

concept to take away from the Poiseuille equation is any small decrease in the radius of 

a blood vessel can significantly increase the PVR (Figure 1).  Therefore, when 

considering which factors greatly increase PVR, all should relate back to an incremental 

change in the intraluminal radius of the pulmonary arteries, as it is the only element 

which changes under normal physiological conditions (4).  The pathogenesis of PAH 

can therefore be attributed to four major causes: sustained vasoconstriction, concentric 

vascular remodeling, in situ thrombosis, and arterial wall stiffening. 

 

Figure 1.  A small decrease in the radius (r) leads to a significant increase in PVR, as dictated by 

Poiseuille's law.  Elevation of PVR is one of the major determinants for an increased PAP (Reproduced 

from Kuhr et al. 2012) (5). 
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Four major mechanisms of elevated PVR in PAH  

 Sustained vasoconstriction occurs because of an increase in the signals which 

initiate and maintain contraction of the PASMCs in the tunica media layer of the 

pulmonary artery.  A rise in cytosolic calcium concentration ([Ca2+]cyt) is mainly 

responsible for triggering pulmonary vasoconstriction, while both Ca2+-independent and 

Ca2+-dependent mechanisms contribute to sustaining the level of vasoconstriction.  

Persistent hypoxia, which is prominently characterized in hypoxia-induced pulmonary 

hypertension, is another cause of sustained pulmonary vasoconstriction and medial 

hypertrophy.  Additionally, the vascular tone is regulated by factors originating from 

PAECs which can cause either vasoconstriction or vasodilation.  Without an endothelial 

layer, relaxation factors and enzymes may be lost, and arteries will lose their ability to 

vasodilate, subjecting them to a state of sustained vasoconstriction (6) 

 As blood vessels respond to environmental conditions and functional demands, 

they may undergo a process known as remodeling, where the vessel will adapt its 

structure to meet its needs.  In pulmonary vascular remodeling, the adventitial and 

medial layers undergo hypertrophy either as a result of fibroblast and smooth muscle 

hyperplasia or an increase in volume of these specific cell types.  Increased [Ca2+]cyt 

acts as a major stimulus for cell proliferation and migration by activating 

calcium/calmodulin-dependent protein kinase (CaMK) and myosin light chain kinase 

(MLCK).  These disrupt the balance between cell proliferation and apoptosis, leading to 

thickening of the arterial wall and narrowing of the arterial cross-sectional area (Figure 

2).  Furthermore, neointimal proliferation along with intimal and plexiform lesions can 
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form which obliterate the lumen thus decreasing the luminal radius and causing PVR to 

rise (7). 

 

Figure 2. An increase in [Ca
2+

]cyt  contributes to the development of PH through pulmonary 

vasoconstriction and pulmonary vascular remodeling.  Influx of Ca
2+

 from the extracellular environment 

via Ca
2+

 channels embedded in the plasma membrane or from the sarcoplasmic reticulum/endoplasmic 

reticulum (SR/ER) can form a complex with CaM and phosphorylate MLCK.  This will cause contraction of 

PASMCs and thus pulmonary vasoconstriction. Additionally, Ca
2+

 can activate CaMK and mitogen-

activated protein kinase (MAPK)  to initiate cell cycle progression through downstream transcription 

factors such as nuclear factor of activated T cells , cyclic adenosine monophosphate response element 

binding protein , activator protein-1 and nuclear factor-kappaB. Increased proliferation of any of the major 

cell types found in pulmonary arteries will cause intimal and medial hypertrophy, which serves as the 

main process for pulmonary vascular remodeling.  Both vasoconstriction and vascular remodeling 

underlie the elevated PVR and PAP observed in PH (Reproduced from Kuhr et al. 2012) (5). 
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 Thrombotic lesions are common pathologic findings in patients with PAH, which 

contribute to an increased PVR by narrowing of the luminal arteries.  In severe cases, 

pulmonary vascular thrombosis can even completely obliterate the affected pulmonary 

vessels.  Normally, the pulmonary vasculature is highly fibrinolytic, and there exists a 

balance between thrombosis and fibrinolysis.  Releasing necessary tissue factors, the 

endothelium plays a role in blood coagulation by activating factor X and the extrinsic 

pathway in the coagulation cascade.  This specialized layer making up the tunica intima 

of pulmonary arteries also inhibits thrombosis and promotes fibrinolysis by releasing 

factors such as nitric oxide (NO) and prostacyclin (8).  Thus, disruptions to these 

endothelial cell mechanisms, such as local inflammation, which maintain blood fluidity 

may cause a localized thrombus to form within the pulmonary arteries (9). 

 Increased stiffening of the vascular wall has been associated with an increase in 

PVR.  Stiffening of the pulmonary arteries has been associated with increases in 

collagen, a triple-helix structural protein responsible for the rigid characteristics of 

arteries, and endothelial and smooth muscle cell proliferation (10).  The breakdown of 

the extracellular matrix by serine elastases and matrix metalloproteinases also 

increases smooth muscle cell proliferation (11).  These pathophysiological changes lead 

to a lower arterial wall compliance, which results in an increase in force exerted by the 

blood on the vessel.  These four prominent pathogenic mechanisms all lead to an 

increase right ventricular afterload followed by right heart failure and, in more severe 

cases, even death. 
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Modern classifications and treatments for PAH  

 Currently, there are five classifications of PH identified since the Second World 

Symposium in 1998: Group 1 PAH, Group 2 PH due to left heart disease, Group 3 PH 

due to chronic lung disease and/or hypoxia, Group 4 chronic thromboembolic PH, and 

Group 5 PH due to unclear multifactorial mechanisms (12).  Table 1 illustrates the 

pathologies and clinical manifestations recognized since the Fifth World Symposium in 

2013.  These classifications help narrow the focus for researchers interested in 

developing new pharmacological treatments by providing insight into the etiologies and 

pathogenic mechanisms for each PH group.  For example, 80% of families with an 

extensive history of PAH, formally known as heritable PAH (HPAH), have mutations of 

bone morphogenic protein receptor type II (BMPRII), a serine/threonine kinase receptor 

belonging to the transforming growth-beta superfamily (13).  
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Table 1. Updated classification of group 1 PAH since the Fifth World Symposium in 2013. The four 

universally recognized types of PAH include IPAH, HPAH, drug and toxin induced, and associated PAH 

(Adapted from Simonneau et al. 2013) (12). 

 

 Compared  to other cardiopulmonary diseases such as emphysema and 

pulmonary embolism, PAH is a relatively rare disease, with somewhere between 12 to 

50 cases per million people are affected (5).  According to the Registry to EValuate 

Early And Long-term (REVEAL) registry, there are 10.6 cases per million adults in the 

United States (14, 15).  Though all individuals are at risk for PAH, the most common 

age of patients diagnosed falls between 45 and 54 years old, and women are almost 

four times more susceptible than men (16, 17).  Tending to have a poor prognosis, 

aggressive forms of PAH often leave patients with only two to three more years to live 

without a proper course of treatment (14). 
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 There have been several advancements in PAH research for developing 

therapeutic drugs.  Generally, monotherapies, where patients are placed on one 

treatment, are either considered supportive, which include diuretics, oxygen, and 

anticoagulants, or advanced, which are more specific in their targets.  The four classes 

of advanced therapy drugs are prostanoids (Epoprostenol and Treprostinil), endothelin 

receptor antagonists (ERAs) (Ambrisentan, Bosentan and Macitentan), 

phosphodiesterase type 5 (PDE-5) inhibitors (Sildenafil and Tadalafil), and soluble 

guanylate cyclase (sGC) stimulators (Riociguat) (18).  Prostanoids, synthetic analogues 

of prostacyclin, improve vasodilation of arterial beds, as well as inhibit platelet 

aggregation (19).  ERAs block the interaction between endothelin, a vasoconstrictor, 

and its receptors, endothelin-A and endothelin-B, found in PASMCs (20). Therefore, 

ERAs decrease PVR and systemic vascular resistance to increase CO without an 

accompanying increase in HR.  PDE-5 inhibitors lead to the increase in cyclic 

guanosine monophosphate, a secondary messenger which is involved in causing 

vasodilation of pulmonary vascular arterial beds.  The newest class, sGC stimulators 

work similarly to PDE-5 inhibitors in the signaling pathway but more upstream; they both 

directly activate sGC and indirectly through NO (18). 

  Because PAH is a complex disease in which many mutated genetic components 

underlie the pathophysiology, current intervention using one therapy is not always 

effective alone and instead may require a combinatorial treatment strategy or 

interventional procedures.  In combination therapy, there are two plans a patient can 

follow: either add an additional treatment to the ongoing one ("add-on") or begin with a 

regimen involving more than one therapies ("upfront combination therapy") (21).  
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Implementation of combination therapy, for example, may target signaling components 

in dysfunctional prostacyclin, endothelin, and NO pathways.  For patients with severe 

PAH, lung transplantations, such as heart-lung or double-lung, may be a viable option if 

pharmacological interventions prove unsuccessful, although the shortage of organ 

donors poses a conflict of increased mortality and morbidity during the waiting period 

(22).  Another surgical procedure used to treat PAH is balloon atrial septostomy where a 

shunt is created between the right and left atria.  This technique essentially will balance 

the work load between the right heart, prone to heart failure due to PAH, and the left 

heart.  As a result, the left ventricle sees an increase in pre-load and CO, systemic 

oxygen transport becomes more efficient, and sympathetic nervous activity decreases 

(23, 24). 

 

Transient receptor potential channels  

 Transient receptor potential is a superfamily of six transmembrane-spanning 

protein channels consisting of seven subfamilies based on similarities in primary 

structure: canonical (TRPC), vanilloid (TRPV), melastatin (TRPM), polycystin, 

mucolipin, ankyrin, and no mechanoreceptor potential C (25) . Lacking a voltage-

sensing moiety, TRP channels are non-selective cation channels that open in response 

to many stimuli including extracellular and cytosolic ligands and chemicals, extreme 

temperatures, mechanical signals, and osmotic stress.  Containing a pore-forming loop 

between S5 and S6, TRP channels are variably permeable to ions such as Na+, K+, and 

Mg2+ and predominantly permeable to Ca2+, an important second messenger involved in 

many signaling pathways and cellular processes such as muscle contraction, cell 
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proliferation, and gene transcription (26).  Both the N- and C-termini are located in the 

cytoplasm, allowing the protein to also form interactions with other proteins inside the 

cell (Figure 3). 

 

Figure 3. TRPV channel structure illustrating the six transmembrane domains, ankyrin repeats, Ca
2+

/CaM 

binding domain, and N- and C-termini. 

  

 Part of the vanilloid family, TRPV1 has been identified in the dorsal root ganglion, 

trigeminal ganglion, and spinal and peripheral nerve endings, where it plays a role in 

nociception, chemoreception, and thermoception (27).  It also is expressed in non-

neuronal cell types; the expression of TRPV1 has been detected in human pulmonary 

arteries and lung microvascular endothelial cells, though its function has not been 

entirely elucidated in these cell types (28).  Activators of TRPV1 include vanilloid 

compound and the active component of chili peppers capsaicin (CPS), low pH, the 

cannabinoid-receptor ligand anadamide, eicosanoids, and leukotriene B4, while protein 

kinase C and a decrease in phosphatidylinositol (4,5) bisphosphate have been 

demonstrated to attenuate the activation of TRPV1 by CPS (29, 30).  
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 TRP channelopathies are thought to contribute to the development of 

hypertension, cardiomyopathies, and other vascular-related pathologies (31, 32).  For 

example, several studies have provided evidence that overexpression of TRPC1 

enhances Ca2+ influx through stromal interaction molecule 1 interaction, and its activity 

is associated with increased smooth muscle cell proliferation (33).  Mg2+-permeable 

TRPM6 and TRPM7 have been concluded to be directly linked to proliferation of the 

vasculature via angiotensin II receptor activation (34).   In this study, we investigated the 

expression and role of these channels in human PASMCs and PAECs to determine if 

there exists a difference in TRPV1 function between the two cell types in normal and 

IPAH conditions as well as their contribution in [Ca2+]cyt and cell proliferation.  

 

MATERIAL AND METHODS 

Cell culture. 

 Human PASMCs and PAECs from normal and IPAH patients were grown in a 

chamber at 37˚C and 5% CO2 and in M199 medium (Invitrogen, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Invitrogen, Grand Island, NY), 25 mg/l D-

valine (Sigma-Aldrich, St. Louis, MO), 20 μg/ml cell growth supplement (BD 

Biosciences, Franklin Lakes, NJ), and 100 IU/ml penicillin and 100 μg/ml streptomycin 

(Sigma-Aldrich, St. Louis, MO).  Passages 5-10 were used for Western blot, Ca2+ 

imaging, and EdU cell proliferation assays. 
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Western blot. 

Human PASMCs and PAECs from normal and IPAH patients were lysed in 

Pierce® RIPA buffer (Thermo Scientific, Rockford, IL) enhanced with one protease 

inhibitor cocktail tablet (Roche, Indianapolis, IN) via sonication and centrifugation at 

12,000 rpm at 4°C for 15 minutes.  The supernatant of the protein samples were 

denatured by non-reducing 6X sodium dodecyl sulfate-(SDS) Sample Buffer (Boston 

BioProducts, Ashland, MA) and subjected to polyacramide gel electrophoresis (PAGE). 

A primary antibody binding TRPV1 (Novus, Littleton, CO) was added for overnight 

incubation in a 1:1000 dilution.  Super Signal West Pico Chemiluminescent Substrate 

(Thermo Scientific, Waltham, MA) was used to obtain bands, and the protein levels of 

TRPV1 was normalized to β-actin (Santa Cruz Biotechnology, Santa Cruz, CA). 

 

Ca2+ imaging. 

 On 25-mm coverslips, human PASMCs from normal and IPAH patients were 

grown at a confluence of 50%-60%.  At room temperature, cells were incubated in 4 μM 

fura-2 acetoxymethyl ester (fura-2/AM, Molecular Probes, Eugene, OR) in HEPES-

buffered solution (137 mM NaCl, 5.9 mM KCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 14 mM 

glucose, and 10 HEPES) for 1 hour.  The cells were intermittently illuminated by a 

xenon lamp (Hamamatsu Photonics, Hamamatsu, Japan) connected to an inverted 

fluorescent microscope (Eclipse Ti-E, Nikon, Tokyo, Japan) at 340 and 380 nm.  The 

fluorescence emissions at 520 nm were captured with an EM-CC camera (Evolve, 

Photometrics, Tucson, AZ) and analyzed in Nikon NIS Elements 3.2 software. 
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EdU cell proliferation assay. 

 Human IPAH PASMCs and normal PAECs were grown on 12-mm diameter 

coverslips at a density of 4×104
 . For 24 hours, cells were incubated 10 µm of 5-ethnyl-

2’-deoxyuridine (EdU) (Life Technologies, Eugene, OR) either in the presence or 

absence of CPZ (Tocris Bioscience, Bristol, UK), a well-known TRPV1 inhibitor.  The 

cells were fixed in 10% formalin (Fischer Scientific, Kalamazoo, MI) for 15 minutes and 

washed with 3% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) in 1X 

Dulbecco’s phosphate buffered saline (PBS) (Life Technologies, Grand Island, NY).  

Cells were permeabilized with 0.5% Triton-X (Sigma-Aldrich, St. Louis, MO) in PBS for 

20 minutes and rinsed with 3% BSA in PBS. Detection of EdU incorporation into newly 

synthesized nuclear DNA was performed with the Click-iT® EdU Alexa Fluor® 594 

Imaging Kit (Life Technologies, Eugene, OR) for 30 minutes.  Hoechst 33342 (1:2000 

dilution) was added to counterstain all nuclear DNA.  The stained coverslips were 

mounted to slides using ProLong® Diamond Antifade Mountant (Life Technologies, 

Eugene, OR).  All reagents used for labeling were prepared according to the 

manufacturer’s instructions. 

 The cells were examined using an inverted fluorescence (Microscope Axio 

Observer.Z1, Zeiss, Madrid, Spain) attached with an Axiocam MRm camera and Zen 

Pro software (Zeiss).  Six fields were selected at random from each coverslip to 

determine the percentage of cells with incorporated EdU. 
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Statistical analysis. 

 Data are expressed below as mean ± standard error of mean (SEM).  Statistical 

significance was calculated using Student's t-test after one way ANOVA and is depicted 

by *P<0.05, **P<0.01, and ***P<0.001. 

 

RESULTS 

 

 

Figure 4. TRPV1 expression is significantly increased in IPAH PASMCs when compared to normal 

PASMCs, yet is significantly decreased in IPAH PAECs and MCT-induced PH lung tissue.  A, B, C, 

Membrane blot (top panel) and quantified data (bottom panel; mean ± SEM) of representative Western 

blots of TRPV1 in normal (Nor) and IPAH PASMCs (IPAH) normalized to β-actin (n=4) **P<0.01 vs. 

Normal PASMCs (A), in normal (Nor) and MCT-induced PH (MCT) rat lung tissue  normalized to β-actin 

(n=5) (B) *P<0.05 vs. Normal Rat Lung tissue, and in normal (Nor) and IPAH PAECs (IPAH) normalized 

to β-actin (n=3) **P<0.01 vs. Normal PAECs (C).  

 

 Western blot experiments were performed to compare the level of TRPV1 protein 

expression in PASMCs and PAECs from normal subjects and IPAH patients.  TRPV1 

expression was significantly higher in IPAH PASMCs compared to normal PASMCs 
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(Figure 4A).  Because endothelial cells are the most numerous cell type in the lung, 

similar protein expression level trends should be observed between the lung and 

PAECs (35).  In the monocrotaline (MCT)-induced PH rat lung tissue, TRPV1 

expression was significantly decreased compared to the control rat lung tissue (Figure 

4B).  This was consistent with the IPAH PAECs from human patients, where TRPV1 

expression was significantly decreased compared to normal PAECs (Figure 4C).   

 

Figure 5. [Ca
2+

]cyt due to CPS is significantly increased in IPAH PASMCs compared to normal PASMCs. 

A, Traces of [Ca
2+

]cyt in Normal PASMCs (top panel) and IPAH PASMCs (bottom panel) in the presence of 

1, 10, 50, 100, or 500 μM of CPS.  B, Analysis (mean±SEM) of the actual (top panel) and normalized 

(bottom panel) dose-response curves of [Ca
2+

]cyt in Normal (blue) and IPAH PASMCs (red) due to CPS 

(n=3-5). 

 

 A dose-dependent increase in [Ca2+]cyt due to the TRPV-1 vanilloid activator CPS 

(1-500 μM) was observed in both normal and IPAH PASMCs (Figure 5A).  The traces 

demonstrate a fluctuating [Ca2+]cyt  pattern preceded by an early, rapid increase in 

[Ca2+]cyt; this change is more apparent in the IPAH PASMCs (Figures 5A and 5B).  The 

curve showing the change in [Ca2+]cyt for the IPAH PASMCs also demonstrates a shift to 
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the left compared to the normal PASMCs.  This can be quantified by the approximate 

EC50 of 275 μM seen in the normal PASMCs and 35 μM in the IPAH PASMCs (Figure 

1C, bottom panel).  Altogether, the enhanced [Ca2+]cyt  response compared to normal 

PASMCs and left-shift in the curve demonstrate that IPAH PASMCs have a higher 

sensitivity to CPS. 

 

Figure 6.  CPZ (1-40 μM) significantly decreased EdU incorporation in IPAH PASMCs compared to 

control IPAH PASMCs (Control) in a dose-dependent manner.  A, Representative images showing all 

cells in view (top panel), the number of cells containing EdU (middle panel), and both combined (bottom 

panel) in the absence or presence of 1, 10, or 40 CPZ).  B, Summarized data (mean±SEM) showing the 

percent of EdU incorporation in control (red), 1 μM CPZ (green), 10 μM CPZ (blue), and 40 μM CPZ (dark 

blue) conditions (n=7).  ***P<0.001 vs. Control IPAH PASMCs. 

  

 Vanilloid TRPV1-inhibitor CPZ resulted in a significant decrease of nucleoside 

analog EdU incorporation in IPAH PASMCs in a dose-dependent manner (Figure 6B).  

These data suggest that CPZ-sensitive TRPV1 channels play a role in regulating cell 

proliferation. 
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Figure 7.  CPZ (1-3 μM) significantly increased EdU incorporation in PAECs compared to control PAECs 

(Control) but not at 10 μM, Representative images showing all cells in view (top panel), the number of 

cells containing EdU (middle panel), and both combined (bottom panel) in the absence or presence of 1, 

3, or 10 CPZ.  B, Summarized data (mean±SEM) showing the percent of EdU incorporation in control 

(red), 1 μM CPZ (green), 3 μM CPZ (blue), and 10 μM CPZ (dark blue) conditions (n=9).  ***P<0.001 vs. 

Control PAECs. 

  

 CPZ resulted in a significant increase of nucleoside analog EdU incorporation in 

PAECs at 1 μM and 3 μM but not at 10 μM (Figure 7B).  These data suggest that CPZ-

sensitive TRPV1 channels play a role in regulating cell proliferation that is dependent on 

specific conditions. 

 

DISCUSSION 

 One hallmark of PAH is concentric remodeling of the vasculature where 

thickening of the arterial wall will occur to handle the elevation in pressure and thus a 

narrowing of the lumen.  Two mechanisms for remodeling are an increase in cell size or 

number of fibroblasts and smooth muscle cells in the adventitia and medial layers (6, 7).  

Enhanced [Ca2+]cyt  is one factor that can contribute to vascular remodeling by 
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increasing the ratio of cell proliferation to apoptosis via direct and indirect activation of 

certain transcription factors (36, 37). 

 In this study, we demonstrated that Ca2+-permeable channel TRPV1 expression 

is significantly increased in IPAH PASMCs compared to normal PASMCs.  This change 

is not seen in MCT-induced PH rat lung tissue and IPAH PAECs; rather, there is a 

significant decrease in TRPV1 expression in the diseased state.  These results suggest 

that TRPV1 in PASMCs, important in maintaining vascular tone, and PAECs, important 

in secreting growth factors to maintain homeostasis, may have uniquely distinct roles in 

pulmonary vascular function.  Ca2+, a secondary messenger part of many signaling 

pathways, may contribute to this differential role.  As seen during Ca2+ imaging, CPS-

sensitive TRPV1 channels promoted an increase in [Ca2+]cyt in both normal and IPAH 

PASMCs.  The rise in [Ca2+]cyt observed in the IPAH PASMCs compared to the normal 

PASMCs seems to support the increased TRPV1 expression seen in the diseased 

state.  Furthermore, addition of CPZ to IPAH PASMCs caused a decrease in cell 

proliferation, a process which may be mediated by Ca2+ entry through TRPV1.  

However, extracellular application of CPZ to normal PAECs caused an increase in cell 

proliferation, suggesting that TRPV1 may have other functions besides permitting Ca2+ 

entry such as interacting with other proteins expressed on the cell surface. 

 Though this study provides interesting results and further illustrates the small 

amount of information available about the role of TRPV1 in different cell types, the data 

shown here is limited; more experiments need to be carried out before making any 

conclusions.  In the future, we would like to explore the functional role of TRPV1 in 

normal and IPAH PAECs through Ca2+ imaging to determine if it has a major 
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contribution in Ca2+ influx, and if CPS-induced activation of TRPV1 causes similar 

patterns of Ca2+ signaling as seen in the PASMCs.  We would also like to compare 

inhibition of TRPV1 via CPZ in normal PASMCs to determine if a less dramatic 

decrease in cell proliferation occurs.  This would provide further confirmation that 

TRPV1 expression is increased in IPAH PASMCs and is partially responsible for the 

vascular remodeling seen in PAH.  Additional cell proliferation assay experiments 

should be used to determine if inhibition of TRPV1 decreases cell proliferation in IPAH 

PAECs to complement the increase observed in the normal PAECs.  Rather than 

continue with pharmacological experiments, we would like to incorporate experimental 

small hairpin ribonucleic acid knock-down and knock-out TRPV1 animal models, as 

pharmacological agents can have off-target effects and thus yield inaccurate data.  With 

more experiments confirming our hypothesis, this data would then provide an 

explanation in the differing protein expression levels of TRPV1 and indicate that there is 

a functional difference in TRPV1 between the two cell types. 

  Regardless of the limited amount of data in this study, there is no clear answer 

as to why TRPV1 seems to have opposite roles in PASMCs and PAECs.  Ca2+ is almost 

exclusively the only cation passed through TRPV1, and yet an increase in cell 

proliferation was observed when TRPV1 was blocked by CPZ.  This alone would seem 

to indicate that CPZ may have off-target effects; however, similar findings were 

observed in another study in osteosarcoma cells.  Teng et al. found that 100 μM CPZ 

increased [Ca2+]cyt arising from the extracellular environment and not the ER (38).  In 

another study, CPZ induced  [Ca2+]cyt rise in human PC3 prostate cancer cells.  

Opposite to what we observed in PAECs, the study suggested that TRPV1 was blocked 
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at lower concentrations (< 1 μM) but was activated at higher concentrations (> 10 μM) 

(39).  It is possible that there are other unknown mechanisms involving TRPV1 in other 

types of cells. 

 A possible pathway that may explain the results of the cell proliferation assays in 

this study is the calpain system.  Calpains are ubiquitously expressed Ca2+-dependent 

cysteine proteases which primarily act via proeteolytic cleavage.  In vascular cell types, 

they are suggested to contribute to the vascular remodeling in PH (40).  Recent studies 

have suggested that calpains are responsible for apoptosis in some specific cell types 

(41-44).  Though it is not fully understood how calpain plays a role in apoptosis, several 

authors have proposed that calpains cleave caspases and other proteins which regulate 

apoptosis (45).  Perhaps TRPV1 is necessary for the function of the Ca2+-dependent 

calpains responsible for the caspase cascade.  Without activation of TRPV1, calpains 

found in the cytosol would be unable to initiate apoptosis and would contribute to 

increased cell proliferation. 

 Another study investigated the interaction between TRPV1 and epidermal growth 

factor receptor (EGFR), which is a prominently targeted and upregulated receptor 

tyrosine kinase in many epithelial cancers, such as lung, colon, ovary, bladder, and skin 

cancers.  Through a protein-protein interaction, it was suggested that the C-terminal 

domain of TRPV1 facilitates the ubiquitination of EGFR by recruiting the E3 ubiquitin 

ligase cbl in skin carcinogenesis.  This resulted either in the endosomal sequestering of 

EGFR or lysosomal degradation of EGFR (46).  Without the tumor-suppressing effects 

of TRPV1, EGFR could possibly activate several pathways which are involved with the 

progression of PAH including endothelial cell proliferation via MAPK, survival via Akt, 
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and migration via NO.  These processes contribute to both vascular remodeling and 

angiogenesis, which have been implicated in PAH (Figures 9 and 10).  These studies 

suggest that TRPV1 in PAECs may play a protective role against PAH and could 

potentially be worthwhile in researching when developing new therapeutic agents.  
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Figure 9. Activation of TRPV1 using CPS targets EGFR for ubiquitination and subsequent lysosomal 

degradation by recruiting cbl. This pathway eliminates cell survival, migration, and proliferation and 

effectively prevents angiogenesis. TRPV1 could possibly have protective functions against PAH.  



26 
 

 

Figure 10. Inhibition of TRPV1 using CPZ enables downstream effectors of EGFR to contribute to cell 

survival, migration, and proliferation. Angiogenesis is upregulated, suggesting TRPV1 could possibly 

have protective functions against PAH.  
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