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A B S T R A C T   

Pulmonary arterial hypertension (PAH) is a rare cardiopulmonary disorder, involving the remodelling of the 
small pulmonary arteries. Underlying this remodelling is the hyper-proliferation of pulmonary arterial smooth 
muscle cells within the medial layers of these arteries and their encroachment on the lumen. Previous studies 
have demonstrated an association between excessive mitochondrial fragmentation, a consequence of increased 
expression and post-translational activation of the mitochondrial fission protein dynamin-related protein 1 
(DRP1), and pathological proliferation in PASMCs derived from PAH patients. However, the impact of prosta
cyclin mimetics, widely used in the treatment of PAH, on this pathological mitochondrial fragmentation remains 
unexplored. We hypothesise that these agents, which are known to attenuate the proliferative phenotype of PAH 
PASMCs, do so in part by inhibiting mitochondrial fragmentation. In this study, we confirmed the previously 
reported increase in DRP1-mediated mitochondrial hyper-fragmentation in PAH PASMCs. We then showed that 
the prostacyclin mimetic treprostinil signals via either the Gs-coupled IP or EP2 receptor to inhibit mitochondrial 
fragmentation and the associated hyper-proliferation in a manner analogous to the DRP1 inhibitor Mdivi-1. We 
also showed that treprostinil recruits either the IP or EP2 receptor to activate PKA and induce the phosphory
lation of DRP1 at the inhibitory residue S637 and inhibit that at the stimulatory residue S616, both of which are 
suggestive of reduced DRP1 fission activity. Like treprostinil, MRE-269, an IP receptor agonist, and butaprost, an 
EP2 receptor agonist, attenuated DRP1-mediated mitochondrial fragmentation through PKA. We conclude that 
prostacyclin mimetics produce their anti-proliferative effects on PAH PASMCs in part by inhibiting DRP1- 
mediated mitochondrial fragmentation.   

1. Introduction 

Pulmonary arterial hypertension (PAH) is a rare, progressive, and 
frequently fatal cardiopulmonary disorder, characterised by occlusive 
remodelling of the small pulmonary arteries [1–3]. Pulmonary arterial 
luminal obliteration in PAH leads to a rise in pulmonary vascular 
resistance and pulmonary arterial pressure [1,2]. The resultant increase 
in right heart afterload causes right ventricular hypertrophy and ulti
mately death from right ventricular failure [1,2,4]. Central to 

pulmonary vascular remodelling is the heightened proliferation and 
apoptosis-resistance of pulmonary arterial smooth muscle cells 
(PASMCs), a neoplastic phenotype that persists in cell culture [5–7]. The 
proposed metabolic theory of PAH posits that the pathological hyper
proliferation of PASMCs is associated with reprogramming of cellular 
energetics, namely a Warburgian shift from mitochondrial oxidative 
phosphorylation to cytosolic glycolysis as well as excessive mitochon
drial fragmentation linked to heightened G2-to-M transition of the cell 
cycle [7–10]. 
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Mitochondria form highly dynamic networks that continuously un
dergo cycles of fusion and fission [11–13]. Mitochondrial fusion is 
mediated by the mitochondrial membrane-anchored GTPases mitofusin- 
1 (MFN1), MFN2 and optic atrophy-1 (OPA1) [11–13]. Mitochondrial 
fission, on the other hand, is mediated by the cytosolic GTPase dynamin- 
related protein 1 (DRP1) [11–13]. In the cytosol, DRP1 exists in an 
inactive state and, upon activation, translocates to fission sites at the 
outer mitochondrial membrane (OMM), where it interacts with one or 
more of its membrane-anchored binding partners. DRP1 binding pro
teins include fission protein 1 (FIS1), mitochondrial fission factor (MFF) 
and mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and 
MiD51) [11–13]. Following recruitment to the OMM, DRP1 multi
merises into ring structures, which constrict and ultimately sever the 
mitochondria. DRP1 activity is predominantly regulated by post- 
translational phosphorylation of two serine (S) residues within its 
GTPase effector domain [11–13]. Phosphorylation of S616 stimulates 
DRP1 activity and is mediated by a number of serine-threonine kinases, 
including cyclin B1/cyclin-dependent kinase 1 (CDK1) and extracellular 
signal regulated kinase 2 (ERK2) [14,15]. Phosphorylation of S637 in
hibits DRP1 GTPase activity and is exclusively catalysed by cyclic 
adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) 
downstream of Gs-coupled receptors, whereas S637 dephosphorylation 
is mediated by the phosphatase calcineurin and serves to activate DRP1 
[16–19]. 

In PAH, PASMC hyperproliferation has been associated with 
increased mitochondrial fission due to heightened expression and acti
vating phosphorylation of DRP1 at S616 [20]. DRP1 hyper
phosphorylation was attributed to increased activity of the cell cycle 
regulator CDK1 and its activator cyclin B1 and associated with enhanced 
G2 to mitosis transition of the cell cycle [20]. Increased mitochondrial 
fission in PAH PASMCs has also been shown to occur as consequence of 
increased expression of FIS1, MiD49 and MiD51, enhancing the 
recruitment of DRP1 to mitochondrial fission sites [20,21]. 

To date, the impact of existing PAH therapies on the impaired 
mitochondrial dynamics in PAH remains unexplored. Prostacyclin and 
its mimetics constitute the gold standard treatment for patients with 
severe PAH, delaying disease progression and improving survival 
[22,23]. These agents have been shown to exert strong vasodilatory 
effects on the pulmonary vasculature, as well as anti-proliferative effects 
on PASMCs, derived from both normal and PAH lungs [24–30]. Pros
tacyclin mimetics were originally thought to signal solely via the pros
tanoid IP receptor to produce these effects. However, recent evidence 
suggests that prostacyclin mimetics activate other prostanoid receptor 
subtypes [31]. Treprostinil, for example, was found to inhibit normal 
PASMC proliferation predominantly via the IP prostanoid receptor while 
also recruiting the EP2 receptor to inhibit the proliferation of PAH 
PASMCs [26,27]. The shift from IP to EP2 receptor signaling by tre
prostinil in PAH PASMCs is believed to be a consequence of IP receptor 
downregulation coupled with EP2 receptor upregulation [26,27]. 

In the present study, we investigated mitochondrial network 
morphology and the expression of proteins of the mitochondrial fusion 
and fission machinery in PAH PASMCs. We sought to determine whether 
the prostacyclin analogue treprostinil inhibits PASMC proliferation by 
attenuating the enhanced mitochondrial fission previously reported in 
PAH PASMCs. We also sought to delineate which prostanoid receptors 
and downstream signaling proteins were involved in mediating any 
modulatory effects observed. 

2. Materials and methods 

2.1. Cell culture 

Control PASMCs were obtained from the resected lungs of patients 
with suspected malignancy (n = 3) derived from sites distant from the 
tumour. PAH PASMCs (n = 6) were derived from the lungs of patients 
with end-stage idiopathic PAH after having died or undergone 

transplant (Supplementary Table 1). Ethical approval was obtained from 
Research Ethics Committees at the Great Ormond Street Hospital (ICH 
and GOSH REC 05/Q0508/45) and the Assistance Public-Hopitaux de 
Paris (IRB00006477, agreement No. 11–0450). Control or PAH PASMCs 
were cultured in Dulbecco's modified Eagle's medium/nutrient mix 
(DMEM/F12; Gibco), supplemented with 10% (v/v) foetal bovine serum 
(FBS) and 1% (v/v) penicillin/streptomycin (Gibco), in a humidified 
atmosphere of 5% CO2 at 37 ◦C. Only PASMCs between passages 2 and 
10 were used in the experiments. 

2.2. Cell proliferation 

PASMCs were seeded in 6-well plates at a density of 20,000 cells/ml 
and maintained in 10% FBS for 24 h. PASMCs were then starved in 0.1% 
FBS for 48 h to induce growth arrest. After serum-starvation, PASMCs 
were treated as indicated in the results in DMEM/F12 with 10% FBS for 
96 h, trypsinised and counted using 0.4% trypan blue stain (Invitrogen) 
and Neubauer improved C-Chip disposable haemocytometers 
(NanoEnTek). 

2.3. Immunoblotting 

PASMCs grown in monolayers were lysed in radio
immunoprecipitation assay (RIPA) buffer supplemented with cOm
plete™ protease inhibitor (Roche) and phosphatase inhibitor cocktails 2 
and 3 (Sigma-Aldrich). Lysates were centrifuged at 1000 xg at 4 ◦C for 
10 min and resultant supernatants were stored at − 80 ◦C until used. 
Protein concentrations were determined using the Pierce BCA Assay Kit 
(ThermoFisher Scientific). Equal amounts of proteins (10–25 μg) were 
resolved on NuPAGE™ 4–12% Bis-Tris Gels (Invitrogen) alongside 
SeeBlue Plus2 pre-stained protein standard (Invitrogen) and then 
transferred to Amersham Protran nitrocellulose membranes (GE 
Healthcare). Membranes were blocked in Tris-buffered saline containing 
0.1% (v/v) Tween-20 (TBST) and 5% (w/v) skimmed milk before being 
incubated overnight at 4 ◦C with primary antibodies, diluted in TBST 
with 5% (w/v) bovine serum albumin (BSA), against DRP1 (1:1000, Cell 
Signaling Technology), pDRP1 S616 (1:1000; Cell Signaling Technol
ogy), pDRP1 S637 (1:1000; Abcam), MFN1 (1:1000; Abcam), MFN2 
(1:1000; Abcam), OPA1 (1:1000; R&D Systems) and GAPDH (1:50,000; 
Abcam). Membranes were then incubated with the appropriate HRP- 
linked secondary antibody, either anti-mouse (1:1000; Cell Signaling 
Technology) or anti-rabbit (1:1000; Cell Signaling Technology), for 1 h 
at room temperature. Bands were detected using Amersham ECL West
ern Blotting Detection Reagents (GE Healthcare) with exposure to sheets 
of Amersham Hyperfilm ECL (GE Healthcare). Densitometry was per
formed using ImageJ. 

2.4. Immunohistochemistry 

Control or PAH lung tissues were formalin-fixed and paraffin- 
embedded (FFPE). FFPE sections (3 μm in thickness) were deparaffi
nised in xylene followed by gradual rehydration in 100–75% (v/v) 
ethanol and ultimately water. Heat-induced antigen retrieval was per
formed at pH 6 using 10 mM sodium citrate buffer with 0.05% (v/v) 
Tween® 20 (Sigma-Aldrich) for 20 min in a microwave set to full power. 
Following antigen retrieval, sections were stained for DRP1 using the 
Novolink Polymer Detection System (Leica Biosystems) according to the 
manufacturer's instructions. Endogenous peroxidases were first neu
tralised by incubating the sections with Peroxidase Block for 5 min at 
room temperature. Sections were then treated with Novacastra Protein 
Block for 15 min followed by incubation with the primary rabbit anti
body against DRP1 (1:250; Novus Biologicals) or normal rabbit IgG (Cell 
Signaling Technology) diluted in Antibody diluent (Dako) for 1 h at 
room temperature. Sections were then incubated with the Novolink 
Polymer for 30 min before being developed with DAB working reagent, 
composed of 1 part Novocastra DAB chromogen and 20 parts Novolink 
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DAB Substrate Buffer, for 5 min. Sections were counterstained with 
Meyer's hemotoxylin and dehydrated by passing them through 
increasing concentrations of ethanol (75–100% (v/v)) and xylene. Sec
tions were mounted with DPX Mounting Medium (ThermoFisher Sci
entific). Images were acquired using the Nanozoomer S360 Digital slide 
scanner (Hamamatsu) and viewed on NDP.view 2 (Hamamatsu). 

2.5. Live cell assessment of mitochondrial network morphology 

PASMCs were seeded at a density of 10,000 cells/ml in glass-bottom 
μ-dishes (Ibidi), maintained in DMEM/F12 with 10% FBS for 48 h and 
serum-starved in DMEM/F12 with 0.1% FBS for 48 h. After serum 
starvation, cells were incubated with 10 μg/ml Hoechst 33342 (nuclear 
dye; Invitrogen) and 25 nM tetramethylrhodamine methyl ester (TMRM; 
mitochondrial dye; Invitrogen) in Hank's balanced salt solution (HBSS) 
with 10 mM HEPES (StemCell Technologies) for 30 min and imaged 
with Nikon Eclipse Ti-E inverted microscope equipped with a 60× oil 
objective. The Mitochondrial Network Analysis (MiNA) toolset devel
oped by Valente et al. [32] was used to perform mitochondrial 
morphometry on ImageJ (NIH). This freely available ImageJ macro 
enhances the quality of images prior to binarization and skeletonization 
to enable the quantification of various aspects of mitochondrial network 
morphology, including mitochondrial branch length, number of 
branches per mitochondrial network, number of mitochondrial net
works, number of individual mitochondria and mitochondrial footprint. 

The MINA toolset identifies individual mitochondria as punctate, rod 
and large, round structures, and mitochondrial networks as structures 
with at least one central node and three branches. 

2.6. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 8. In the 
results, values are shown as means ± standard error of the mean (SEM) 
and n denotes the number of different control or PAH patients. SEM 
allows inferences about the patient population to be made from our 
sample of patients. Unpaired Student's t-test was used to compare the 
means of two unrelated groups. One-way analysis of variance (ANOVA) 
with Bonferroni's post hoc test for multiple comparisons was used to 
compare the means of three or more independent groups. Two-way 
ANOVA with Sidak's post hoc test for multiple comparisons was used 
to compare the mean differences between groups that have been split on 
two independent variables (e.g., treatment and time). Paired student's t- 
test or repeated measures one-way ANOVA with Tukey's post hoc test 
were used where groups were normalised to a control group. Only sig
nificant p values (i.e. p < 0.05) were indicated on the figures. 

Fig. 1. Enhanced mitochondrial fission in hyperproliferative PAH PASMCs is a consequence of increased expression and stimulatory phosphorylation of DRP1 at 
S616. (A) Serum-starved control (n = 3) and PAH (n = 3) PASMCs were stained with Hoechst 33342 (nuclei; blue) and TMRM (mitochondria; red) and imaged by 
confocal microscopy. Scale bars: 10 and 50 μm. (B) Mitochondrial branch length, (C) number of branches per mitochondrial network, (D) number of mitochondrial 
networks and (E) number of individual mitochondria were determined by mitochondrial morphometry. (F) Immunoblotting of proteins from serum-starved control 
(n = 3) and PAH (n = 6) PASMCs for DRP1 and its activated form pDRP1S616, as well as MFN1, MFN2 and OPA1. GAPDH served as a loading control. Protein 
expression of (G) DRP1, (H) pDRP1S616, (J) MFN1, (K) MFN2 and (L) OPA1 relative to GAPDH. (I) pDRP1S616 expressed as a ratio of total DRP1 in control and PAH 
PASMCs. (M) Immunohistochemical staining of control and PAH lung sections for DRP1 with arteries stratified according to their diameters as indicated and the 
intimal (I), medial (M) and adventitial (A) layers annotated. Staining with normal IgG to confirm specificity of the DRP1 staining. Scale bar: 100 μm. (N) Proliferation 
of control (n = 3) and PAH (n = 6) PASMCs in response to 10% FBS for 96 h. Values are means ± SEM. Unpaired Student's t-test in B, C, D, E, G, H, J, K, and L, and 
paired Student's t-test was used in N. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results 

3.1. Increased expression and stimulatory phosphorylation of DRP1 
underlie excessive mitochondrial fission in hyperproliferative PAH 
PASMCs 

We first assessed mitochondrial morphology in control and PAH 

PASMCs to confirm the previously reported increase in mitochondrial 
fragmentation in PAH PASMCs [20]. Cultured control and PAH PASMCs 
were stained with the mitochondrial dye TMRM and the nuclear dye 
Hoechst 33342 followed by confocal imaging (Fig. 1A). The MiNA 
toolset on ImageJ was used to analyse mitochondrial network 
morphology. Mitochondrial branches were significantly longer (Fig. 1B) 
and more numerous (Fig. 1C) in control PASMCs, compared to PAH 

Fig. 2. Treprostinil influences post-translational phosphorylation of DRP1 to attenuate mitochondrial fission and proliferation in PAH PASMCs. (A) Proteins from 
serum-starved PAH PASMCs (n = 3) treated with either DMSO or 100 nM treprostinil for the indicated times were immunoblotted for total DRP1, pDRP1S637 and 
pDRP1S616. Protein levels of (B) total DRP1 relative to GAPDH and (C) pDRP1S637 or (D) pDRP1S616 relative to total DRP1 were determined by densitometry. (E) 
Serum-starved PAH (n = 3) PASMCs were treated with either DMSO, 100 nM treprostinil or 25 μM Mdivi1 for 3 h, stained with Hoechst 33342 (nuclei; blue) and 
TMRM (mitochondria; red) and imaged by confocal microscopy. Scale bar: 50 μm. (F) Mitochondrial branch length, (G) number of branches per mitochondrial 
network, (H) number of individual mitochondria number of mitochondrial networks and (I) number of mitochondrial networks were determined by mitochondrial 
morphometry. (J) Proliferation of PAH PASMCs (n = 3) in response to 10% FBS for 96 h in the presence of DMSO, 100 nM treprostinil or 25 μM Mdivi1. Values are 
means ± SEM. Two-way ANOVA with Sidak's test for multiple comparisons was used in B, C and D. One-way ANOVA with Bonferroni's test for multiple comparisons 
was used in F, G, H and I. Repeated measures one-way ANOVA with Tukey's test for multiple comparisons was used in J. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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PASMCs. Moreover, PAH PASMCs contained higher numbers of mito
chondrial networks (Fig. 1D) and individual mitochondria mitochon
drial networks (Fig. 1E) per 100 μm2 mitochondrial footprint, 
particularly in perinuclear regions, than control PASMCs. Collectively, 
these findings suggest that mitochondrial fragmentation is increased in 
PAH PASMCs. 

Given the augmented mitochondrial fission in PAH PASMCs, we 
assessed the expression and activating phosphorylation of DRP1, as well 
as the expression of MFN1, MFN2 and OPA1 in PAH PASMCs compared 
to control PASMCs. Immunoblotting (Fig. 1F) revealed significantly 
higher protein expression of total DRP1 (Fig. 1G) and DRP1 phosphor
ylated at S616 (Fig. 1H) relative to GAPDH in cultured PAH PASMCs 
than in their control counterparts. Moreover, the ratio of DRP1 phos
phorylated at S616 to total DRP1 (Fig. 1I) was markedly higher in PAH 
PASMCs than in control PASMCs, suggesting that increased DRP1 pro
tein expression is accompanied by increased stimulatory phosphoryla
tion at S616. Expression of the mitochondrial fusion proteins MFN1 
(Fig. 1J), MFN2 (Fig. 1K) and OPA1 (Fig. 1L) appeared to be unaltered in 
PAH PASMCs, suggesting that the mitochondrial fusion machinery re
mains intact. 

After confirming upregulation of DRP1 in cultured PAH PASMCs, 
immunohistochemical staining of lung sections from control and PAH 
patients was performed to assess DRP1 protein expression in situ within 
the medial layers of distal pulmonary arteries (diameter < 200 μm), the 
primary sites of disease pathology (Fig. 1M). In contrast to the control 
lung sections, the medial layers of the remodelled pulmonary arteries in 
the PAH lung sections stained more strongly for DRP1, corroborating the 
increased DRP1 expression observed in cultured PAH PASMCs. Prolif
eration of PAH PASMCs in response to 10% FBS was significantly higher 
than that of control PASMCs (Fig. 1N), confirming their pathologically 
hyperproliferative phenotype. Taken together, these results suggest that 
a tip in the balance between mitochondrial fusion and fission in favour 
of fission in PAH PASMCs leads to hyperproliferation. 

3.2. Treprostinil alters post-translation phosphorylation of DRP1 to 
inhibit mitochondrial fission in PAH PASMCs 

To explore the effect of treprostinil on DRP1 expression and post- 
translational phosphorylation, PAH PASMCs were treated with either 
DMSO (control) or treprostinil for 0, 0.5, 1, 3, 6 and 24 h and proteins 
were extracted and immunoblotted for total DRP1, DRP1 phosphory
lated at the inhibitory residue S637 and DRP1 phosphorylated at the 
activating residue S616 (Fig. 2A). Treprostinil had no effect on the 
expression of total DRP1 relative to GAPDH at any of the time points 
(Fig. 2B). Treprostinil did, however, stimulate DRP1 phosphorylation at 
the inhibitory site S637 (Fig. 2C) and inhibit DRP1 phosphorylation at 
the stimulatory site S616 (Fig. 2D). DRP1 phosphorylation at S637 was 
observed 0.5 h after treatment with treprostinil with maximal phos
phorylation occurring 3 h after treatment. Treprostinil-induced DRP1 
phosphorylation at S637 lasted for 6 h but subsided 24 h after treatment, 
underpinning the transiency of this inhibitory phosphorylation event. 
Inhibition of DRP1 phosphorylation at S616 was observed 1 h after 
treatment with 100 nM treprostinil and persisted for 24 h. Taken 
together, these results indicate that treprostinil inhibits the activity of 
the mitochondrial fission protein DRP1 by influencing its post- 
translational phosphorylation rather than its expression. 

Given the inhibitory effect of treprostinil on DRP1 activity, we 
assessed the effect of treprostinil on mitochondrial fragmentation in 
PAH PASMCs and compared it with that of the DRP1 small-molecule 
inhibitor Mdivi1. Treating PAH PASMCs with treprostinil or Mdivi1 
for 3 h similarly increased the number of branches per mitochondrial 
network (Fig. 2G) as well as the length of these branches (Fig. 2F), while 
reducing the numbers of individual mitochondria (Fig. 2H) and mito
chondrial networks (Fig. 2I) per 100 μm2 mitochondrial footprint. The 
fusogenic effects of treprostinil and Mdivi1 on the mitochondria were 
associated with comparable inhibitory effects on the proliferation of 

PAH PASMCs (Fig. 2J). Collectively, these results suggest that, in PAH 
PASMCs, treprostinil inhibits the mitochondrial fission protein DRP1 to 
promote the formation of fewer, larger, highly branched mitochondrial 
networks and reduce proliferation in a manner similar to the DRP1 in
hibitor Mdivi1. 

3.3. Treprostinil signals via either the IP or EP2 receptor to activate PKA 
and inhibit DRP1 activity in PAH PASMCs 

We next sought to identify the membrane receptors through which 
treprostinil signals to alter the phosphorylation of DRP1 and promote 
mitochondrial elongation. Treprostinil has been shown to activate the IP 
and EP2 prostanoid receptors in PAH PASMCs [26,27]. We therefore 
used the antagonists RO1138452 and PF04418948 to block the IP and 
EP2 receptors, respectively [27]. Individually, RO1138452 and 
PF04418948 had no effect on the treprostinil-induced phosphorylation 
of DRP1 at S637 (Fig. 3A and B) or the treprostinil-mediated inhibition 
of DRP1 phosphorylation at S616 (Fig. 3A and C). Moreover, live-cell 
imaging (Fig. 3D) revealed that, individually, RO1138452 and 
PF04418948 had no effect on the treprostinil-stimulated increase in 
mitochondrial branch length (Fig. 3E) and branches per mitochondrial 
network (Fig. 3F) or the treprostinil-induced decrease in individual 
mitochondria (Fig. 3G) and mitochondrial networks per 100 μm2 

mitochondrial footprint (Fig. 3H). However, in combination, 
RO1138452 and PF04418948 completely blocked the treprostinil- 
induced DRP1 phosphorylation at S637 (Fig. 3B) and the treprostinil- 
mediated inhibition of DRP1 phosphorylation at S616 (Fig. 3C). 
Together, these two antagonists also reversed the treprostinil-stimulated 
increase in mitochondrial branch length and branches per mitochondrial 
network and the treprostinil-induced decrease in the numbers of indi
vidual mitochondria and mitochondrial networks per 100 μm2 mito
chondrial footprint (Fig. 3D-H). The fusogenic effect of treprostinil was 
accompanied by a 40% decrease in PAH PASMC proliferation, which 
was abrogated by the antagonists RO1138452 and PF04418948 when 
administered together (Fig. 3I) These results suggest that, in PAH 
PASMCs, treprostinil recruits either the IP or EP2 receptor to inhibit 
DRP1, promote mitochondrial elongation and inhibit proliferation. 

The IP and EP2 receptors couple via Gs to elevate cAMP and activate 
PKA. To determine whether PKA is required for the effect of treprostinil 
on DRP1 phosphorylation, the PKA inhibitor H89 was used. H89 blocked 
treprostinil-induced DRP1 phosphorylation at S637 as well as 
treprostinil-mediated inhibition of DRP1 phosphorylation at S616, 
highlighting the requirement of PKA for the effect of treprostinil on 
DRP1 phosphorylation (Fig. 3A-C). Moreover, H89 blocked the 
treprostinil-induced decrease in the numbers of individual mitochondria 
and mitochondrial networks per 100 μm2 mitochondrial footprint and 
the treprostinil-induced increase in mitochondrial branch length and 
branches per mitochondrial network (Fig. 3D-H). The antiproliferative 
effect of treprostinil on PAH PASMCs was blocked by H89 (Fig. 3I). 

3.4. IP or EP2 receptor agonism attenuates mitochondrial fission and 
proliferation in PAH PASMCs 

To confirm the ability of the IP and EP2 receptors to inhibit DRP1 
activity and attenuate mitochondrial fission in PAH PASMCs, the IP 
receptor agonist MRE-269 and the EP2 receptor agonist butaprost were 
utilised to activate the IP and EP2 receptor individually. MRE-269 
(Fig. 4A-C) and butaprost (Fig. 5A-C) both stimulated inhibitory DRP1 
phosphorylation at S637 and inhibited activating DRP1 phosphorylation 
at S616 in PAH PASMCs. The effect of MRE-269 on DRP1 phosphory
lation at both serine residues was blocked by the IP receptor antagonist 
RO1138452, confirming its selectivity for the IP receptor, and by the 
PKA inhibitor H89, highlighting the requirement of PKA downstream of 
the IP receptor (Fig. 4A-C). The effect of butaprost on DRP1 phosphor
ylation at both serine residues was blocked by the EP2 receptor antag
onist PF04418948, underpinning butaprost's preference for activating 
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the EP2 receptor, and by H89, implicating PKA downstream of the EP2 
receptor (Fig. 5A-C). 

Fluorescence staining of PAH PASMCs (Fig. 4D and Fig. 5D) revealed 
that, like treprostinil, MRE-269 (Fig. 4E and F) and butaprost (Fig. 5E 

and F) increased the number of branches per mitochondrial network and 
the length of these branches. MRE-269 (Fig. 4G and H) and butaprost 
(Fig. 5G and H) also considerably reduced the numbers of individual 
mitochondria and mitochondrial networks per 100 μm2 mitochondrial 

Fig. 3. Treprostinil signals via either the IP or EP2 receptor to activate PKA and inhibit DRP1 and mitochondrial fission in PAH PASMCs. (A) Proteins from PAH 
PAMSCs (n = 4–6) pre-treated with DMSO, 1 μM RO1138452, 1 μM PF04418948, a combination of 1 μM RO1138452 and 1 μM PF04418948 or 10 μM H89 for 30 min 
and stimulated with DMSO or 100 nM treprostinil for 3 h were immunoblotted for total DRP1, pDRP1S637 and pDRP1S616. Protein levels of (B) pDRP1S637 and (C) 
pDRP1S616 relative to total DRP1 were determined by densitometry. (D) Serum-starved PAH PASMCs (n = 3) pre-treated with the indicated antagonists for 30 min 
and stimulated with either DMSO or 100 nM treprostinil for 3 h were stained with Hoechst 33342 (nuclei; blue) and TMRM (mitochondria; red) and imaged by 
confocal microscopy. Scale bars: 50 and 100 μm. (E) Mitochondrial branch length, (F) number of branches per mitochondrial network, (G) number of individual 
mitochondria and (H) number of mitochondrial networks were determined by mitochondrial morphometry. (I) Proliferation of PAH PASMCs (n = 3) pre-treated with 
the indicated antagonists for 30 min and subjected to DMSO or 100 nM treprostinil in 10% FBS for 96 h. Values are means ± SEM. One-way ANOVA with Bonferroni's 
test for multiple comparisons was used in B, C, E, F, G, and H. Repeated measures one-way ANOVA with Tukey's test for multiple comparisons was used in I. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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footprint. The fusogenic effects of MRE-269 and butaprost were asso
ciated with anti-proliferative effects on PAH PASMCs, which were 
blocked by RO1138452 and PF04418948, respectively, and by H89 
(Fig. 4I and 5I, respectively). These findings further support the ability 
of the IP and EP2 receptors to signal via PKA to influence DRP1 post- 
translational phosphorylation and inhibit proliferation in PAH PASMCs. 

4. Discussion 

The rapid and transient morphological changes in mitochondrial 
networks are crucial for many cellular processes, including proliferation, 
apoptosis and mitophagy [12]. For example, mitochondrial fission has 
been shown to precede the M phase of the cell cycle and its abrogation 
arrests the cell cycle at the G2/M checkpoint [15,33]. Marsboom et al. 
[20] was the first to demonstrate that underlying the hyper-proliferative 

phenotype of PAH PASMCs are highly fragmented mitochondria pro
duced as a result of a tip in the balance between the processes of mito
chondrial fission and fusion in favour of fission. This study also revealed 
morphological changes in the mitochondria in PAH PASMCs akin to 
those observed by Marsboom et al. [20] PAH PASMCs were shown to 
contain greater numbers of individual mitochondria, which encompass 
punctate, rod and large, round mitochondrial structures, and mito
chondrial networks or mitochondrial structures, with at least one central 
node and three branches, than control PASMCs. Moreover, mitochon
drial branches appeared to be longer and more numerous in control 
PASMCs than in their PAH equivalents. Collectively, these results sug
gest that mitochondrial fission and fragmentation are increased in PAH 
PASMCs, resulting in the appearance of numerous small, weakly 
branched mitochondrial networks and individuals. 

Mitochondrial fission is the process by which a mitochondrion 

Fig. 4. Individual IP receptor agonism inhibits DRP1 to attenuate mitochondrial fission and proliferation in PAH PASMCs. (A) Proteins from serum-starved PAH 
PASMCs (n = 3) pre-treated with DMSO, 1 μM RO1138452 or 10 μM H89 for 30 min and stimulated with DMSO or 100 nM MRE-269 for 3 h were immunoblotted for 
total DRP1, pDRP1S637 and pDRP1S616. Protein levels of (B) pDRP1S637 and (C) pDRP1S616 relative to total DRP1 were determined by densitometry. (D) Serum- 
starved PAH PASMCs (n = 3) pre-treated with the indicated antagonists and stimulated with either DMSO or MRE-269 were stained with Hoechst 33342 (nuclei; 
blue) and TMRM (mitochondria; red) and imaged by confocal microscopy. Scale bar: 10 and 50 μm. (E) Mitochondrial branch length, (F) number of branches per 
mitochondrial network, (G) number of individual mitochondria and (H) number of mitochondrial networks were determined by mitochondrial morphometry. (I) 
Proliferation of PAH PASMCs (n = 3) pre-treated with the indicated antagonists for 30 min and subjected to DMSO or 100 nM MRE-269 in 10% FBS for 96 h. Values 
are means ± SEM. One-way ANOVA followed by Bonferroni's test for multiple comparisons was used in B, C, E, F, G, and H. Repeated measures one-way ANOVA with 
Tukey's test for multiple comparisons was used in I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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divides into two smaller mitochondria. The primary mediator of mito
chondrial fission is DRP1, a large monomeric GTPase [12]. DRP1 
monomers are recruited from the cytosol to potential fission sites on the 
mitochondrial surface, where they assemble into ring or spiral structures 
that wrap around and constrict mitochondrial tubules [11]. Because of 
the increased mitochondrial fission observed in PAH PASMCs and the 
central role of DRP1 in mediating mitochondrial fission, it was posited 
that DRP1 expression and activity might also be elevated in PAH 
PASMCs. Indeed, protein expression of DRP1 was found to be consid
erably higher in cultured PAH PASMCs than in their control counter
parts. Moreover, stronger DRP1 expression was observed in the medial 
layers of distal pulmonary arteries in PAH lung tissue sections than in 
those derived from control subjects. This is in agreement with the 
increased DRP1 expression in PAH PASMCs reported by Marsboom et al. 
[20] DRP1 activity is increased by phosphorylation at S616, which is 
mediated by a variety of serine/threonine kinases. For example, during 

the cell cycle, DRP1 is phosphorylated at S616 by CDK1 complexed with 
its activator cyclin B to induce mitochondrial fission and permit G2-to-M 
transition [15]. In addition to increased DRP1 protein expression in PAH 
PASMCs, DRP1 was found to be hyper-phosphorylated at S616, sug
gesting that increased DRP1 levels are accompanied by increased ac
tivity. Marsboom et al. [20] reported a similar finding and implicated 
the cell cycle regulator CDK1 and its activator cyclin B as the key drivers 
of DRP1 hyper-phosphorylation in PAH PASMCs. They showed that 
inhibiting CDK1 with RO-3306 markedly reduced DRP1 phosphoryla
tion at S616. However, inhibiting other serine/threonine kinases known 
to phosphorylate DRP1 at S616, such as CaMKII, had no effect on DRP1 
phosphorylation in PAH PASMCs [20]. Recently, the pro-proliferative 
kinase ERK2 has also been shown to phosphorylate DRP1 at S616 and 
may therefore contribute to the hyper-phosphorylation observed in PAH 
PASMCs [14]. Indeed, Feng et al. [34] showed that ERK-dependent 
DRP1 phosphorylation and consequent mitochondrial fission underlie 

Fig. 5. Individual EP2 receptor agonism inhibits DRP1 to attenuate mitochondrial fission and proliferation in PAH PASMCs. (A) Proteins from serum-starved PAH 
PASMCs (n = 3) pre-treated with DMSO, 1 μM PF04418948 or 10 μM H89 for 30 min and stimulated with DMSO or 100 nM butaprost were immunoblotted for total 
DRP1, pDRP1S637 and pDRP1S616. Protein levels of (B) pDRP1S637 and (C) pDRP1S616 relative to total DRP1 were determined by densitometry. (D) Serum-starved 
PAH PASMCs pre-treated with the indicated antagonists and stimulated with either DMSO or 100 nM butaprost were stained with Hoechst 33342 (nuclei; blue) 
and TMRM (mitochondria; red) and imaged by confocal microscopy. Scale bars: 50 and 100 μm. (E) Mitochondrial branch length, (F) number of branches per 
mitochondrial network, (G) number of individual mitochondria and (H) number of mitochondrial networks. (I) Proliferation of PAH PASMCs (n = 3) pre-treated with 
the indicated antagonists for 30 min and subjected to DMSO or 100 nM butaprost in 10% FBS for 96 h. Values are means ± SEM. One-way ANOVA with Bonferroni's 
test for multiple comparisons was used in B, C, E, F, G, and H. Repeated measures one-way ANOVA with Tukey's test for multiple comparisons was used in I. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the pro-proliferative and pro-migratory effects of damage-associated 
molecular pattern HMGB1 on rat PASMCs. The role of stimulatory 
DRP1 phosphorylation at S616 in driving vascular remodelling in PAH 
can be further supported by in vivo studies using Sugen 5416/hypoxia 
rat models [35], in which the DRP1 gene is edited by 3-component 
CRISPR to introduce a non-phosphorylatable alanine in place of S616 
in the DRP1 protein [36]. 

Conversely to mitochondrial fission, mitochondrial fusion involves 
the merging of two mitochondria into one mitochondrion [37]. It re
quires the end-to-end collision of mitochondria and the fusion of the 
OMM followed by that of the IMM, culminating in content mixing to 
distribute matrix components throughout the newly formed mitochon
drion [37]. Fusion of the OMM is mediated by the two GTPases MFN1 
and MFN2, whereas that of the IMM is carried out by OPA1 [37]. Given 
the increased mitochondrial fission in PAH PASMCs, it was postulated 
that the fusion machinery, comprised of these three GTPases, might be 
downregulated. Marsboom et al. [20] demonstrated a reduction in the 
mRNA levels of MFN2 but not MFN1 in PAH PASMCs compared to 
control PASMCs. Contrastingly, this study demonstrated that the protein 
levels of MFN1 and MFN2 in PAH PASMCs are not significantly different 
from those in control PASMCs, suggesting that the OMM fusion ma
chinery remains intact in PAH PASMCs. We also show that the protein 
level of OPA1 in PAH PASMCs was comparable to that in their control 
counterparts, suggesting that the IMM fusion machinery also remains 
unaltered and that the excessive mitochondrial fragmentation in PAH 
PASMCs is a consequence of solely increased fission. It is possible, 
however, that the post-translational modifications of these proteins, 
such as ERK-mediated threonine phosphorylation of MFN1 and tyrosine 
phosphorylation of MFN2, may be altered in PAH [38–40]. This notion 
has not been tested in this study and warrants further investigation. 

Several studies suggest that mitochondrial fission is required for cell 
cycle progression to mitosis and is increased in many different highly 
proliferative cells, such as PAH PASMCs [15,20,41]. Indeed, inhibiting 
DRP1 with either siRNA-mediated knockdown or the small molecule 
inhibitor Mdivi-1 was found to promote mitochondrial elongation, 
induce G2/M cell cycle arrest, and inhibit proliferation in PAH PASMCs 
[20]. Prostacyclin analogues have been shown to inhibit the prolifera
tion of PASMCs by inducing cell cycle arrest at the G1/S checkpoint 
[28]. This study investigated whether the stable prostacyclin analogue 
treprostinil attenuates excessive mitochondrial fragmentation in PAH 
PASMCs. Treatment of PAH PASMCs with treprostinil was found to 
rapidly decrease the numbers of mitochondrial individuals and networks 
in PAH PASMCs. Treprostinil also increased the lengths of mitochondrial 
branches and the number of mitochondrial branches per mitochondrial 
network. These effects were comparable to those of the DRP1 small- 
molecule inhibitor Mdivi1. Collectively, these results suggest that, in 
PAH PASMCs, treprostinil promotes the formation of fewer, larger, 
highly branched mitochondrial networks that hinder cell cycle pro
gression into the M phase and hence PASMC proliferation. 

DRP1 activity is decreased by phosphorylation at S637 [17]. This 
inhibitory DRP1 phosphorylation is mediated by the cAMP-dependent 
serine/threonine kinase PKA [17]. Given the pro-fusion effect of tre
prostinil on mitochondrial dynamics and its previously reported ability 
to evoke an increase in intracellular cAMP levels in PAH PASMCs 
[26–28,42], it was suggested that treprostinil might be inhibiting DRP1 
activity by stimulating its phosphorylation at S637. Prior to the addition 
of treprostinil, very little if any DRP1 phosphorylation at S637 was 
observed in PAH PASMCs, suggesting that DRP1 could be maintained in 
a dephosphorylated state by calcineurin [16] or the breakdown of 
constitutively generated cAMP by phosphodiesterases (PDEs), the ac
tivity of which is known to be elevated in PAH [43]. Treprostinil rapidly 
induced DRP1 phosphorylation at S637 in PAH PASMCs without 
affecting total DRP1 protein levels. However, this DRP1 phosphoryla
tion was transient and only lasted for 6 h, disappearing completely after 
24 h. Treprostinil binds to cell-surface prostanoid receptors, which 
couple to and activate membrane-bound adenylyl cyclase, culminating 

in cytosolic cAMP generation [26,42]. To trigger the PKA-dependent 
phosphorylation of DRP1 at S637, cAMP generated near the plasma 
membrane would have to diffuse to the mitochondria, encountering on 
its way numerous cAMP-hydrolysing PDE isoforms, such as PDE2, the 
inhibition of which has been shown to augment PAH PASMC responses 
to treprostinil [44]. Degradation of treprostinil-induced cAMP could 
therefore underlie the transiency of its stimulation of DRP1 inhibitory 
phosphorylation at S637. Treprostinil also inhibited DRP1 phosphory
lation at S616. In contrast to the short-lived treprostinil-induced DRP1 
phosphorylation at S637, the inhibition of DRP1 phosphorylation at 
S616 by treprostinil lasted for 24 h and was therefore more sustained. 
Taken together, these results suggest that treprostinil inhibits DRP1 
activity in PAH PASMCs by stimulating its inhibitory phosphorylation at 
S637 and inhibiting its stimulatory phosphorylation at S616. These re
sults also indicate that the sustained inhibition of DRP1 phosphorylation 
at S616 by treprostinil is more likely to account for its anti-proliferative 
effect on PAH PASMCs than the transitory stimulation of DRP1 phos
phorylation at S637. Although not investigated in this study, treprostinil 
may via PKA also promote the phosphorylation of mitochondrial fusion 
proteins, such as MFN2 at S442 [45]. 

Treprostinil has been shown to bind with high affinity to the EP2, DP1 
and IP prostanoid receptors but to inhibit the proliferation of PASMCs 
from PAH patients predominantly via the EP2 and to a much lesser de
gree via the IP receptor [26,27]. Selective receptor antagonists were 
used to identify the receptors through which treprostinil signals to 
induce DRP1 phosphorylation at S637 and to inhibit that at S616. 
Individually, the IP receptor-selective antagonist RO1138452 and the 
EP2 receptor-selective antagonist PF04418948 had no effect on 
treprostinil-induced phosphorylation of DRP1 at S637. When given 
together, however, the antagonists completely blocked treprostinil- 
induced DRP1 phosphorylation at S637, suggesting that treprostinil 
recruits either the IP or EP2 receptor to stimulate inhibitory DRP1 
phosphorylation at S637. Similarly, antagonising the IP and EP2 re
ceptors individually failed to reverse the treprostinil-mediated inhibi
tion of DRP1 phosphorylation at S616. In combination, the IP and EP2 
receptor antagonists fully reversed the inhibition of DRP1 phosphory
lation at S616 that was caused by treprostinil, indicating that treprostinil 
can activate either receptor to inhibit this stimulatory phosphorylation 
event. The IP and EP2 receptors couple via Gs to activate membrane- 
bound adenylate cyclase and elevate intracellular cAMP, which in turn 
activates PKA [26,27,31,42]. To determine whether PKA mediates the 
effect of treprostinil on DRP1 phosphorylation at both serine residues 
downstream of the IP and EP2 receptors, the relatively PKA-selective 
inhibitor H89 was used. Inhibition of PKA blocked treprostinil- 
induced DRP1 phosphorylation at S637. PKA inhibition also 
completely reversed the treprostinil-mediated inhibition of DRP1 
phosphorylation at S616. The mitochondrial fusogenic effect of tre
prostinil on PAH PASMCs was associated with a growth suppressive 
effect that was partially reversed by EP2 receptor blockade and abol
ished by combined IP and EP2 receptor antagonism. Taken together, 
these results support a new pathway for the inhibition of DRP1 activity 
in PAH PASMCs, in which IP or EP2 receptor agonism signals via PKA to 
induce DRP1 phosphorylation at the inhibitory residue S637 and inhibit 
that at the stimulatory residue S616. PKA-mediated phosphorylation of 
DRP1 at S637 downstream of IP or EP2 receptors may also promote 
efficient mitophagy of dysfunctional mitochondria, which have been 
proposed to underlie the pathological behaviour of PAH PASMCs [46]. 

To confirm the roles of the IP and EP2 receptors in inhibiting DRP1 
activity in PAH PASMCs, agonists selective for the IP and EP2 receptor 
were used. MRE-269 is the active metabolite of the non-prostanoid IP 
receptor agonist and PAH drug selexipag and was developed because it 
was devoid of activity at other prostanoid receptors [47]. Like trepros
tinil, MRE-269 induced inhibitory DRP1 phosphorylation at S637 and 
inhibited activating DRP1 phosphorylation at S616 in PAH PASMCs. 
This was blocked by IP receptor antagonism with RO1138452, con
firming the selectivity of MRE-269 for the IP receptor and the ability of 
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the IP receptor to signal to inhibit DRP1 via the induction of S637 
phosphorylation and the inhibition of S616 phosphorylation in PAH 
PASMCs. This also suggests that, despite the downregulation of the IP 
receptor in PAH PASMCs [26,27], the number of IP receptors available 
are sufficient to deliver a signal that promotes DRP1 phosphorylation at 
S637, while inhibiting phosphorylation at S616. The EP2 receptor 
agonist butaprost also induced DRP1 phosphorylation at S637 and 
inhibited DRP1 phosphorylation at S616. This was blocked by the EP2 
receptor antagonist PF04418948, further supporting the role of EP2 re
ceptor in inhibiting DRP1 activity through stimulation of inhibitory 
S637 phosphorylation. Butaprost and MRE-269 also attenuated mito
chondrial fission in PAH PASMCs. Butaprost and MRE-269 both simi
larly decreased the numbers of mitochondrial networks and 
mitochondrial individuals in PAH PASMCs. They also increased mito
chondrial branching and lengthened mitochondrial branches. 

5. Conclusion 

In summary, this study has uncovered a novel pathway whereby 
prostacyclin mimetics inhibit DRP1-mediated mitochondrial hyper- 
fragmentation in PAH PASMCs to attenuate their pathological hyper
proliferative phenotype. Treprostinil recruits either the IP or EP2 pros
tanoid receptor subtypes to activate PKA, most likely via cytosolic cAMP 
generation, promote the PKA-dependent inhibitory phosphorylation of 
DRP1 at S637, inhibit stimulatory DRP1 phosphorylation at S616 and 
reduce proliferation in the overtly proliferative PASMCs derived from 
PAH patients. The EP2 receptor agonist butaprost and the IP receptor 
agonist MRE-269 also inhibited the excessive DRP1-mediated mito
chondrial fission in a treprostinil-like fashion. These results suggest that 
DRP1 may already be targeted in PAH patients on prostacyclin mimetics 
to inhibit the mitochondrial fragmentation that is associated with 
PASMC hyper-proliferation and the resultant pulmonary vascular 
remodelling. 
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