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Abstract 25 

Pulmonary arterial hypertension (PAH) is a morbid disease characterized by progressive right ventricle (RV) 26 

failure due to elevated pulmonary artery pressures (PAP). In PAH, histologically complex vaso-occlusive 27 

lesions in the pulmonary vasculature contribute to elevated PAP. However, the mechanisms underlying 28 

dysfunction of the microvascular endothelial cells (MVECs) that comprise a significant portion of these lesions 29 

are not well understood. We recently showed that MVECs isolated from the rat Sugen/Hypoxia (SuHx) 30 

experimental model of PAH (SuHx-MVECs) exhibit increases in: migration/proliferation, mitochondrial ROS 31 

(mtROS) production, intracellular calcium levels ([Ca2+]i) and mitochondrial fragmentation. Furthermore, 32 

quenching mtROS with the targeted antioxidant MitoQ attenuated basal [Ca2+]i, migration and proliferation; 33 

however, whether increased mtROS-induced [Ca2+]i entry affected mitochondrial morphology was not clear. In 34 

this study, we sought to better understand the relationship between increased ROS, [Ca2+]i and mitochondrial 35 

morphology in SuHx-MVECs. We measured changes in mitochondrial morphology at baseline and following 36 

inhibition of mtROS, with the targeted antioxidant MitoQ, or transient receptor potential vanilloid-4 (TRPV4) 37 

channels, which we previously showed were responsible for mtROS-induced increases in [Ca2+]i in SuHx-38 

MVECs. Quenching mtROS or inhibiting TRPV4 attenuated fragmentation in SuHx-MVECs. Conversely, 39 

inducing mtROS production in MVECs from normoxic rats (N-MVECs) increased fragmentation. Ca2+ entry 40 

induced by the TRPV4 agonist, GSK1017920A, was significantly increased in SuHx-MVECs and was 41 

attenuated with MitoQ treatment, indicating that mtROS contributes to increased TRPV4 activity in SuHx-42 

MVECs. Basal and maximal respiration were depressed in SuHx-MVECs, and inhibiting mtROS, but not 43 

TRPV4, improved respiration in these cells. Collectively, our data show that, in SuHx-MVECs, mtROS 44 

production promotes: a) TRPV4-mediated increases in [Ca2+]i; b) mitochondrial fission and c) decreased 45 

mitochondrial respiration. These results suggest an important role for mtROS in driving MVEC dysfunction in 46 

PAH. 47 

 48 

 49 

 50 
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Introduction 51 

In pulmonary arterial hypertension (PAH), progressive increases in pulmonary artery pressure lead to right 52 

ventricular dysfunction, failure and eventually death. Endothelial cell (EC) dysfunction is thought to contribute 53 

to vaso-occlusive lesion formation and increased pulmonary artery pressures in PAH. For instance, ECs in 54 

PAH patients exhibit increased proliferation and evidence of oxidant stress (12). The hyper-proliferative ECs in 55 

PAH are thought to be of microvascular origin, referring to ECs that originate from the small diameter vessels 56 

in the lung (46). Similar to what is observed in vivo, ECs isolated from human lungs with PAH also exhibit 57 

exuberant growth capacity, with increased migration and proliferation in vitro (18, 75-77). However, the 58 

mechanisms underlying the changes seen in PAH ECs, such as increased migration and proliferation in vivo 59 

and in vitro, are not fully understood.  60 

In order to better understand the pathobiologic mechanisms of EC dysfunction in PAH, we recently isolated 61 

microvascular ECs (MVECs) from the Sugen/Hypoxia (SuHx) rat model of experimental PAH (53). In this 62 

model, rats are given a one-time injection of SU5416, a vascular endothelial growth factor receptor-2 63 

(VEGFR2) inhibitor, and placed in hypoxia for three weeks, followed by return to normoxia. As shown by 64 

numerous labs (29, 39, 62), SuHx rats exhibit hemodynamic and histologic changes, including increased right 65 

ventricular systolic pressure (RVSP) and presence of vaso-occlusive lesions, similar to human PAH (12). 66 

Using MVECs isolated from normoxic (N-MVECs) and SuHx (SuHx-MVEC) rats, we recently observed 67 

evidence of endothelial-to-mesenchymal transition (EndMT), a process associated with an oncogenic cell 68 

phenotype characterized by increased migration, proliferation and metabolic changes such as glycolytic shift 69 

(19, 35, 57). EndMT, increased migration and proliferation in ECs have been noted by other labs using various 70 

PAH models (57, 60, 73).  To determine the mechanistic basis for these functional changes, we measured 71 

reactive oxygen species (ROS) and intracellular calcium concentration ([Ca2+]i) levels, signaling molecules that 72 

play key roles in promoting migration and proliferation in EC (2, 20, 61, 65). We found that baseline ROS levels 73 

and [Ca2+]i were both increased in SuHx-MVEC (53), and that SuHx-MVEC ROS levels were normalized by 74 

quenching mitochondrial ROS (mtROS), while basal [Ca2+]i was attenuated by inhibiting either mtROS or the 75 

Ca2+ channel, transient receptor potential vanilloid-4 (TRPV4) (53), suggesting a possible mechanistic link 76 
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between mtROS production and TRPV4 activation in SuHx-MVEC.   Furthermore, inhibiting either mtROS or 77 

TRPV4 similarly attenuated migration and proliferation in SuHx-MVEC. Collectively, these data suggested a 78 

link between mtROS and [Ca2+]i in facilitating SuHx-MVEC migration and proliferation, although the exact 79 

interactions between these two pathways remains incompletely understood.  80 

As part of our study of mtROS in SuHx-MVECs, we recently examined mitochondrial structure and function   81 

and observed increased fragmentation (53). Mitochondrial dysfunction has been extensively studied in 82 

pulmonary artery smooth muscle cells (PASMCs) in PAH; for instance, a distinct role for mitochondrial 83 

dysfunction in promoting PASMC dysfunction has been previously established (5-7, 11, 37, 49, 64). Similar to 84 

PASMCs, mitochondrial dysfunction has been observed in ECs isolated from humans with PAH (77), but unlike 85 

in PASMCs, the mechanistic details underlying mitochondrial dysfunction in MVEC are still under investigation.  86 

In PASMCs, one critical aspect of mitochondrial dysfunction is the dysregulation of mitochondrial fission/fusion 87 

dynamics (5, 44). Mitochondria are dynamic organelles that constantly undergo fission (i.e. fragmentation) and 88 

fusion. At baseline, fission and fusion are in equilibrium. However, a shift in the balance between fusion and 89 

fission can occur in situations of cellular stress (44). Interestingly, though increases in fission and mtROS 90 

production often occur together (32), the mechanistic links connecting mtROS production to changes in 91 

mitochondrial morphology are not fully known, particularly in ECs. Similarly, increased [Ca2+]i is associated with 92 

mitochondrial dysfunction in a variety of cell types (16, 28, 31, 43) but the specific effect of changes in cytosolic 93 

Ca2+ on mitochondrial morphology in vascular ECs has not been fully resolved.   94 

In addition to increased levels of ROS and [Ca2+]i, changes in mitochondrial morphology can also be induced 95 

by shifts in mitochondrial bioenergetics. For instance, a shift towards fatty acid oxidation is associated with 96 

both increased fragmentation (48, 52) and fusion (33), depending on the cell type. Previously, we found that 97 

basal and maximal oxygen consumption rate (OCR) were decreased in SuHx-MVECs, while extracellular 98 

acidification rate (ECAR) was increased, suggestive of a glycolytic shift in the mitochondrial energetic profile 99 

(53) similar to that observed in cancer cells and other cell types with high migratory/proliferative capacity (70) 100 

including human PAH ECs (75). Taken together, our prior oxidative phosphorylation and mitochondrial 101 

fragmentation data reinforced the hypothesis that significant mitochondrial dysfunction was present in SuHx-102 
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MVECs. However, the role played by elevated [Ca2+]i, and the interaction between mtROS and [Ca2+]i, in 103 

regulating mitochondrial dynamics and energetics remain unknown. Thus, we hypothesized that mtROS 104 

production activates TRPV4 and increases [Ca2+]I in SuHx-MVECs, promoting fragmentation. We reasoned 105 

that this feed-forward mechanism might explain increased basal levels of mitochondrial fragmentation, mtROS 106 

and [Ca2+]i in SuHx-MVEC maintained in culture, even in the absence of exogenous injurious agonists. Thus, in 107 

this study, we measured the effect of changing mtROS or [Ca2+]i on mitochondrial structure (i.e. morphology) 108 

and function (i.e. respiration) in N- and SuHx-MVECs to determine the mechanistic links by which mtROS and 109 

[Ca2+]i may be contributing to mitochondrial dysfunction.  110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 
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 125 

Methods 126 

All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals, 127 

and were approved by the Animal Care and Use Committee of The Johns Hopkins University School of 128 

Medicine.  129 

 130 

Drugs and reagents: SU5416 was obtained from Tocris. Baculoviral constructs for MitoRFP and roGFP were 131 

obtained from Life Technologies. Antimycin A was obtained from Abcam. MitoQ (MQ) was provided by 132 

Antipodean Pharmaceuticals. GSK2193874 (GSK2) was obtained from SelleckChem, and HC-067047 (HC) 133 

was obtained from EMD Millipore. Cyclosporine A (CSA) was obtained from Sigma. Drug treatment times were 134 

1h (GSK2, MQ, HC), 20 minutes (AA) or 30 minutes (CSA).  135 

 136 

PAH animal model:  Induction of the SuHx model was performed by injecting SU5416 prepared in a 137 

carboxymethylcellulose (CMC)-containing diluent as described earlier (29). Rats (male, Wistar, 250-350g, 4 138 

month old) were injected with 20 mg/kg of SU5416 subcutaneously, then exposed to 10% hypoxia for three 139 

weeks before being returned to normoxia for two additional weeks. Control rats were injected with vehicle and 140 

maintained at room air for five weeks. All animals were kept in the same room, and thus were exposed to the 141 

same light/dark cycles and room temperatures. Animals were housed in standard rat cages at three rats per 142 

cage. No breeding was performed.  143 

Hemodynamics: Following induction of anesthesia (i.p. pentobarbital sodium - 43 mg/kg) and confirmation 144 

(via paw pinch) of sufficient sedation depth, right ventricular systolic pressure (RVSP) measurements were 145 

made using a transdiapragmatic approach as previously described (29, 53). Animals were sacrificed (via 146 

exsanguination) after hemodynamic measurement and before the start of MVEC isolation.  147 

Isolation and culture of MVEC: MVECs were isolated, grown to confluence and phenotyped at each passage 148 

as described previously (53, 55). Briefly, after hemodynamic measurements were made, peripheral strips of rat 149 

lung were dissected and digested with collagenase (type 1A; 1 mg/mL) dissolved in a DMEM-based media 150 
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containing 20% fetal bovine serum (FBS; Hyclone). Following digestion, cells were incubated with CD31-151 

conjugated dynabeads (Invitrogen), magnetically selected, grown to confluence and then re-selected using 152 

Griffonia simplicifolia-conjugated beads (Vector). Following dual-selection, cells were again phenotyped for 153 

smooth muscle (smooth muscle actin, myosin heavy chain) and EC (von willebrand factor, Griffonia lectin) 154 

markers prior to being frozen at passage 3. All experiments were performed on cells at passage 3-4. All cells 155 

were grown in DMEM media containing antibiotics, endothelial growth factor supplement (Millipore) and 5% 156 

FBS as described previously (53).  157 

Western Blotting: Confluent flasks of N- and SuHx-MVEC were trypsinized, pelleted and lysed with lysis 158 

buffer (T-PER) containing protease inhibitor cocktail tablet (Roche). Protein levels were quantified using a BCA 159 

kit (Pierce).  Electrophoresis of equal amounts of protein was performed prior to transfer to PVDF membranes, 160 

blocking (5% BSA in TBS-T), incubation with primary antibody (phospho-Drp1, total Drp1 and Mfn-2: CST, 161 

1:2000, overnight 4ºC) and appropriate secondary (goat anti-rabbit or anti-mouse: KPL, 1:10000, 1 h, RT) and 162 

ECL (Amersham, 3 minutes). Membranes were then stripped and re-probed for GAPDH (GAPDH-HRP: Bio-163 

Rad, 1:10000). 164 

Antibody Validation: We have previously provided full-length gels and validation information for the 165 

phosphor- and total Drp1 antibodies (pSer616: Cell Signaling #3455Ss; total Drp1: Cell Signaling  #8570) (53). 166 

The Mfn-2 antibody used in this study (Cell Signaling, #9482) has been previously validated using siRNA (38). 167 

We have also provided a representative full-length Mfn-2 immunoblot lane in Supplemental Figure S1 168 

(supplemental data available at: https://github.com/suresh-lab/mtMorph-TRPV4) 169 

Mitochondrial morphology: Mitochondrial morphology measurements were made on semi-confluent 170 

monolayers of cells seeded on glass coverslips for 24 h in DMEM media with 5% FBS. Cells were incubated 171 

with Mitotracker (100 nM) for 20 minutes prior to being imaged on an Olympus fluorescence microscope (40x 172 

oil, frame rate: 5 frames/minute). All images were obtained under identical image conditions (light intensity, 173 

binning, gain, and magnification). Image processing was performed using an automated algorithm as recently 174 

described (53). Briefly, images of individual cells stained for mitochondria were analyzed using an automated 175 

image processing algorithm as described recently by Ouellet et al (41). After background subtraction, binning 176 
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and threshold were automatically determined prior to determination of mitochondrial network length using the 177 

Momito program. Output mitochondrial length distributions were collected and processed in R(45).  178 

Oxygen consumption measurements: N- and SuHx-MVEC (20,000 cells/well) were plated on a XF96 V3 PS 179 

cell culture microplate and incubated overnight in DMEM containing 5% serum. The cells were then washed, 180 

incubated with base media (Agilent) containing: glutamine, pyruvate and glucose as described previously (53). 181 

Cells and treatment solutions (2 µM Oligomycin, 0.5 µM FCCP and 0.5 µM Rotenone/Antimycin A) were 182 

loaded into a XFe96 Seahorse Flux Analyzer. Normalization of values to cell number was done using a 183 

CyQuant assay (Thermo). Data analysis was performed using Wave (Agilent) and GraphPad Prism. 184 

 185 

Extracellular Lactate Measurement: Extracellular lactate measurement was performed using a YSI STAT 186 

2300 Lactate analyzer. Buffer and calibrant solutions were prepared per manufacturer directions. A fresh 187 

lactate membrane was inserted and allowed to calibrate for 24 h. Stable resting lactate membrane currents 188 

were ensured prior to measurements. D35s dishes were plated with N- and SuHx-MVEC with and without MQ 189 

or HC treatment (24 h).At 24 h, media supernatant was extracted and cells were tryspinized and counted 190 

(Scepter cell counter, Millipore). The supernatant samples were stored at -80ºC. Samples were run in batches 191 

with untreated and treated normoxic and SuHx samples run sequentially. The results were normalized for cell 192 

count and to the normoxic control.  193 

 194 

Targeted Metabolomics: N- and SuHx-MVECs were washed three times with ice-cold phosphate buffered 195 

saline (PBS). Samples were lysed using ice-cold 80% HPLC-grade methanol (Fisher Scientific) diluted with 196 

20% mass-spec (MS)-grade water. Samples were centrifuged (and cell pellets saved for total protein 197 

quantification) and the supernatant was stored overnight at -80°C, then evaporated using a speed vacuum 198 

followed by lyophilization. The dried metabolites were resuspended in 50% (vol/vol) acetonitrile diluted with 199 

MS-grade water. An Agilent 1260 HPLC and 6490 triple-quadrupole (QQQ) mass spectrometer were used to 200 

assess the metabolites associated with glycolysis, the TCA cycle, and energetics. Full details of the LC/MS 201 

parameters are provided in Supplementary Table 2.  TableAgilent MassHunter and Agilent Qualitative and 202 

Quantitative Analysis Software packages were used to assess and quantify the metabolic profiles of the 203 
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samples. In order to identify the relevant glycolytic, TCA cycle, and energetic compounds, pure standards were 204 

assessed under the same conditions as the samples in order to determine the optimal precursor/product ion 205 

transitions, collision energies, and ion polarity for each metabolite. Metabolite peaks were integrated for raw 206 

intensities. The total protein concentration of each sample was determined via a FilterMax F5 microplate 207 

reader and a Bovine Serum Albumin (BSA) standard. This total protein concentration was then used to 208 

normalize the raw intensities determined for each of the samples. 209 

 210 

Intracellular Ca2+ measurements: Cells were seeded on glass coverslips (50-60% confluence; 24 h 211 

incubation in DMEM 5% FBS media) and loaded with Fura-2AM (5 µM; 1 h)before being placed in a 212 

temperature-controlled flow chamber as described previously (53). The perfusate used was a modified Krebs 213 

buffer containing (in mM): 118 NaCl, 4.7 KCl, 0.57 MgSO4, 1.18 KH2PO4, 25 NaHCO3, 2.5 CaCl2 and 10 214 

glucose gassed with 16% O2 and 5% CO2. After establishment of stable baseline, F380/F380 was recorded 215 

(Incytim2 software). [Ca2+]i  was estimated from F340/F380 measured in calibration solutions with Ca2+ 216 

concentrations of 0–1350 nM (Molecular Probes, Eugene, OR). 217 

Intracellular ROS measurements: MVEC were infected with a roGFP-GRX1 plasmid delivered in a 218 

baculovirus vector (Premo ROS sensor, Life biotechnologies) at 80 MOI. At 48 h, cells were imaged and the 219 

F400/F490 was calculated as described previously (53).  220 

Data Analysis/Statistics: All values are expressed as means ± SE. For roGFP measurements, data were 221 

collected from up to 30 cells and the values were averaged to obtain a single value for each experiment. All 222 

experiments were performed using cells isolated from at least 5 different rats. Cells from different animals were 223 

not pooled during isolation, so each “n” represents cells isolated exclusively from one animal. For SeaHorse 224 

experiments, technical replicates from 4-6 wells were averaged to yield one value per animal. Similarly, 225 

mitochondrial length distribution data from multiple microscopy images using cells isolated from the same 226 

animal were averaged to yield a single biologic “n”. Data were compared using unpaired Student’s t-test, 227 

Mann-Whitney U/Kruskal-Wallis tests for non-parametric data, or two-way ANOVA (with post-hoc Tukey’s test) 228 

to determine the effect of treatment across multiple groups.  229 
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The earthmover distance (EMD) metric was used to compare differences between the length/number 230 

distributions between N- and SuHx-MVEC mitochondria. This statistic can be used to evaluate changes in the 231 

distribution of non-parametric histogram data(40, 41). EMD was calculated using the Momito program written 232 

by Ouellet et al (41). As described previously(41), the difference between two length distribution curves was 233 

considered significant if the EMD between the two groups was significantly higher than the intra-group 234 

differences in EMD within each individual group (compared using ANOVA, with Holm-Sidak post-hoc). A P 235 

value < 0.05 was accepted as statistically significant for all experiments. 236 

Results 237 

Following induction of experimental PAH, SuHx rats exhibited significant increases in RVSP, RV/LV+S and 238 

RV/body weight at the end of 5 weeks (Figure 1A-D). N- and SuHx-MVECs obtained from these animals were 239 

used for all subsequent studies. Similar to previous results in confocal images of Mito-RFP tagged MVECs 240 

(53), fragmentation was significantly increased in MitoTracker labeled SuHx-MVEC mitochondria (Figure 1E-241 

F). We previously showed that application of MQ acutely normalized total ROS levels in SuHx-MVEC (53). To 242 

determine whether mtROS contributes to mitochondrial fragmentation, we imaged N- and SuHx-MVECs 243 

following MQ treatment. As shown in Figure 2A, MQ treatment had no effect on mitochondrial fragmentation in 244 

N-MVEC; however, MQ significantly attenuated fragmentation (evidenced by a downward shift of the 245 

mitochondrial length-distribution curve) in SuHx-MVEC (Figure 2B,C).  246 

We correlated these imaging findings with phosphorylation of dynamin related protein-1 (Drp1), a GTPase that 247 

is critical for initiation of mitochondrial fission (14, 67). Similar to prior reports in other cell types (37, 68, 72), we 248 

previously found that fragmentation in SuHx-MVECs was accompanied by increased pSer616Drp1 levels (53). 249 

MQ treatment had no effect on Drp1 levels (phosphorylated or total) in N-MVEC but attenuated Drp1 250 

phosphorylation in SuHx-MVEC (Figure 2D-E).  251 

To further determine whether increased mtROS could promote fragmentation in SuHx-MVEC, we performed a 252 

“gain-of-function” experiment where N-MVEC were treated with Antimycin A (AA), a drug that inhibits electron 253 

transport at Complex III and induces mtROS production (10, 27, 50). Increasing ROS levels with AA (10 µM; 254 

20 minutes) treatment in N-MVEC was confirmed using the ratiometric redox sensor, roGFP (Figure 3A). To 255 
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determine whether AA-induced mtROS production caused fragmentation, we measured mitochondrial 256 

fragmentation in AA-treated N-MVECs. As shown in Figure 3B-C, mitochondrial fragmentation was significantly 257 

increased in AA-treated N-MVECs and was similar to values observed in untreated SuHx-MVECs. We 258 

previously observed that mtROS increases [Ca2+]i by activating the TRPV4 channel (53). To determine whether 259 

AA-induced mtROS generation promoted fission via TRPV4, we measured the effect of AA on mitochondrial 260 

fragmentation in N-MVEC treated with a TRPV4 inhibitor (HC), and observed attenuation of AA-induced 261 

mitochondrial fragmentation (HC+AA).   262 

Since impairment or loss of counter-regulatory fusion mechanisms may be sufficient to increase fission, we 263 

examined whether loss of fusing capacity was contributing to increased SuHx-MVEC mitochondrial 264 

fragmentation. To initiate fusion, we used brief serum starvation (2 hours incubation in DMEM without FBS), 265 

which has previously been shown to potently induce fusion (47). We observed significantly more elongated 266 

mitochondria in N-MVECs with serum starvation (Figure 4A-B). Serum starvation of SuHx-MVECs also 267 

significantly improved mitochondrial fragmentation (Figure 4C-D). As shown in Figure 4E-F, we also measured 268 

levels of Mitofusin-2 (Mfn-2), a critical regulator of mitochondrial fusion, and found no differences in Mfn-2 269 

expression between N- and SuHx-MVECs. These data suggest that fusion mechanisms were intact and 270 

impairment of fusion was not contributing to mitochondrial fragmentation in SuHx-MVEC. 271 

Our previous work showed that, in MVECs, both endogenous and exogenous ROS can activate TRPV4 to 272 

increase [Ca2+]i and that quenching mtROS with MQ normalized [Ca2+]i in SuHx-MVECs (53, 54, 56). Thus, we 273 

hypothesized that mtROS may promote mitochondrial fragmentation by activating TRPV4. First, we measured 274 

ROS levels when TRPV4 was inhibited to determine whether increased [Ca2+]i itself can contribute to ROS 275 

formation in N- and SuHx-MVECs. As shown in Figure 5A, treatment with GSK22193875 (GSK2; 30 nM) a 276 

specific inhibitor of TRPV4 previously shown to decrease [Ca2+]i in SuHx-MVECs (53), had no effect on ROS 277 

levels in SuHx-MVEC. These data are consistent with previous results obtained using HC-067047 (HC; 10 278 

μM), a different TRPV4 inhibitor (53). Next, we measured fragmentation following treatment with both GSK2 279 

and HC. As shown in Figure 5B-F, similar to MQ treatment, TRPV4 inhibition with either HC or GSK2 280 

attenuated fragmentation in SuHx-MVECs.  281 
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Since we hypothesized that mtROS-induced Ca2+ influx via TRPV4 was responsible for mitochondrial 282 

fragmentation, we questioned whether TRPV4 activation alone would be sufficient to induce fragmentation in 283 

N-MVECs. Our previous work showed that total TRPV4 protein levels were similar in N- and SuHx-MVECs 284 

(53), but the effect of direct TRPV4 activation on [Ca2+]i in N- and SuHx-MVECs was unknown. Thus, we 285 

measured [Ca2+]i in N- and SuHx-MVECs following treatment with GSK1016790A (GSKA; 1.5 µM) a specific 286 

TRPV4 agonist. Surprisingly, [Ca2+]i was not changed in N-MVECs following GSKA exposure (Figure 6A). In 287 

contrast, GSKA induced a large increase in [Ca2+]i in SuHx-MVECs (Figure 6B), suggesting that although total 288 

TRPV4 protein expression was similar in N- and SuHx-MVECs, TRPV4 activation was enhanced in SuHx-289 

MVECs. To confirm this finding and determine whether mtROS were involved, we measured GSKA-induced 290 

Ca2+ influx after MQ treatment. Similar to our prior report (53), treatment of SuHx-MVECs with MQ decreased 291 

basal [Ca2+]i (Figure 6C). Interestingly, MQ treatment also attenuated the GSKA-induced increase in [Ca2+]i in 292 

SuHx-MVECs (Figure 6C-D), suggesting that mtROS, in addition to directly activating TRPV4, might also 293 

contribute to sensitization of TRPV4 to chemical agonists.  294 

Given our [Ca2+]i data, we next hypothesized that TRPV4 agonism might worsen fragmentation in SuHx-295 

MVECs. GSKA treatment did not significantly alter mitochondrial fragmentation in N-MVEC, likely due to the 296 

lack of effect on GSK on [Ca2+]i in these cells. In SuHx-MVECs, GSKA treatment increased the percentage of 297 

shorter mitochondria, but this small shift in the length/number distribution was not statistically significant 298 

(Supplemental S2).  299 

Lastly, since TRPV4 blockade and mtROS quenching similarly improved mitochondrial fragmentation, we 300 

questioned whether these changes in mitochondrial fragmentation were accompanied by improvement in 301 

mitochondrial respiration. Consistent with our previously reported data (53), basal OCR was decreased while 302 

extracellular acidification rate (ECAR) was increased in SuHx-MVEC (Figure 8). Despite improving 303 

mitochondrial fragmentation and [Ca2+]i, 1 h treatment with MQ or HC did not reverse changes in SuHx-MVEC 304 

OCR and ECAR (data not shown). Hypothesizing that changes to mitochondrial respiration following ROS 305 

quenching might occur later than changes to mitochondrial fragmentation, we measured OCR and ECAR after 306 

24 h MQ or HC treatment. We encountered significant batch variation in the raw values of OCR and ECAR 307 

across animals; thus, we normalized values to untreated normoxic controls, but have presented the raw values 308 
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in the traces shown in Figure 7A-D and in Supplementary Table 1.  As shown in Figure 7, 24 h MQ treatment 309 

improved OCR and ECAR in SuHx-MVECs. Interestingly, HC treatment decreased ECAR, but not OCR, in 310 

SuHx-MVECs.  311 

While the ECAR results, combined with the decreased basal/maximum OCR, were suggestive of glycolytic 312 

shift, we sought to confirm these observations using additional measurements of glycolysis at baseline and 313 

with drug treatment. Targeted metabolomics analysis of key glycolysis metabolites in N- and SuHx-MVECs 314 

revealed upregulation of glycolysis metabolites as well as increased ATP (Figure 8A-C). In addition to 315 

increased levels of intracellular lactate, as shown in Figure 8D, extracellular lactate levels were increased at 316 

baseline in SuHx-MVECs, but were reduced with MQ and HC (24 h) treatment (Figure 8D).  317 

Discussion 318 

In this study, we show that MVECs isolated from a rodent model of PAH exhibit significant mitochondrial 319 

fragmentation that can be modulated by mtROS-induced Ca2+ influx via the TRPV4 channel. Furthermore, our 320 

data suggest that quenching mtROS attenuates both morphological and functional abnormalities in SuHx-321 

MVECs.  Mitochondrial dysfunction has been implicated in the pathobiology of many diseases, including PAH 322 

(49). For instance, decreasing fission by either genetic silencing of Drp1 or use of the Drp1 inhibitor P110 323 

attenuated pulmonary artery smooth muscle cell proliferation (37) and RV dysfunction (64) in animal models of 324 

PAH, suggesting that restoring mitochondrial morphology to a more networked state is sufficient to ameliorate 325 

cellular dysfunction. Unlike PASMCs, less is known about the mechanisms regulating mitochondrial 326 

fission/fusion in MVECs during PAH. This point is relevant because MVECs are a component of plexiform 327 

lesions (30), a key feature of PAH (36), and we, along with several other groups, recently reported significant 328 

endothelial dysfunction, including EndMT, in multiple PAH models (35, 57, 60). Work in a variety of cell types, 329 

including MVECs, epithelial and cancer cells, suggests that the underpinnings of EndMT may be metabolic in 330 

origin, as induction of EndMT is typically accompanied by significant metabolic reprogramming (26, 73). Our 331 

current work also suggests an association between altered mitochondrial energetics and mitochondrial 332 

fragmentation in SuHx-MVECs, with mitochondrial structure being modified by inhibiting Ca2+ entry or 333 

quenching mtROS (53). While similar manipulations also normalize SuHx-MVEC migration and 334 
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proliferation(53), it remains be seen whether improvement in mitochondrial fragmentation alone is sufficient to 335 

reverse abnormal PAH EC cell function. Further experiments measuring migration and proliferation in SuHx-336 

MVECs using fusion-inducing agents will be needed to distinguish whether the effects of inhibiting mtROS-337 

induced Ca2+ entry on migration and proliferation are due to improvement of mitochondrial structure or whether 338 

mitochondrial fragmentation is a simply marker in cells with high [Ca2+]i.  339 

A link between Ca2+ homeostasis and mitochondrial structure/function has long been appreciated. 340 

Mitochondria act as a local sink for rising Ca2+, but increasing [Ca2+]i also alters mitochondrial function and 341 

morphology (31, 58). We show that inhibition of TRPV4 in SuHx-MVECs attenuates baseline [Ca2+]i and fission 342 

to an extent similar to quenching mtROS. That TRPV4 activation is downstream of mtROS suggests that ROS-343 

induced Ca2+ influx via TRPV4 contributes to increased fission in SuHx-MVECs.  Since we observed similar 344 

attenuation of mitochondrial fragmentation using two different inhibitors of TRPV4 previously shown to be 345 

specific for this channel (63, 71), it is unlikely that the observed effect of TRPV4 inhibition on mitochondrial 346 

fragmentation is due to nonspecific blockade of other Ca2+ channels. However, a contribution to increased 347 

basal [Ca2+]i in SuHx-MVECs via increased ER release and/or decreased mitochondrial Ca2+ uptake 348 

mechanisms cannot be definitively excluded based on the current studies. With regards to the 349 

pharmacokinetics of TRPV4 inhibition, we previously showed that perfusing SuHx-MVECs with either HC or 350 

GSK2 decreased basal [Ca2+]i levels within a few minutes (53); thus, in our current mitochondrial morphology 351 

studies, we initially used a short incubation time (1 h) to study the effect of TRPV4 inhibition on mitochondrial 352 

fragmentation. TRPV4 has been previously implicated in various models of lung injury and in regulating 353 

hypoxic pulmonary vasoconstriction (4, 9, 24, 25) and recent evidence from the cerebral vasculature suggests 354 

that mtROS may activate TRPV4 to promote brain EC dysfunction after traumatic brain injury (59). However, a 355 

role for this channel in regulating mitochondrial fragmentation has, to our knowledge, not been previously 356 

described.  357 

The mechanism by which increased [Ca2+]i induces mitochondrial fission is not fully understood; however, 358 

emerging evidence in neurons suggests that activation of plasma membrane channels leads to Ca2+-359 

dependent phosphorylation of Drp1, which in turn promotes fission (13, 28). In this study, we quantified 360 

mitochondrial network architecture using a newer, unsupervised algorithm to better understand the relationship 361 

Downloaded from www.physiology.org/journal/ajplung at Macquarie Univ (137.111.162.020) on August 29, 2019.



15 
 

between [Ca2+]i and mitochondrial structure in SuHx-MVECs. To assure image quality of mitochondrial 362 

networks, we obtained mitochondrial images on live, sub-confluent MVEC monolayers imaged in a 363 

temperature-controlled, gassed chamber, to minimize cellular stresses that may occur with specimen 364 

processing and can impact mitochondrial morphology/dynamics. Additionally, we corroborated changes in 365 

mitochondrial fission with corresponding increase or decrease in levels of phosphorylated Drp1. Specifically, 366 

differences in mitochondrial fragmentation between N-MVECs, SuHx-MVECs and MQ-treated SuHx-MVECs 367 

correlated with corresponding changes in phosphorylation of Drp1 at the Ser616 residue, which is critical for 368 

Drp1 recruitment to the mitochondria. In addition to Ser616, the 637 serine residue of Drp1 also plays a role in 369 

regulating Drp1 activity.  The role of Ser637 phosphorylation in Drp1 recruitment to mitochondria in ECs in 370 

MVECs remains under investigation. We previously reported that phosphorylation of Ser637 was increased in 371 

SuHx-MVECs (53). This finding was in contrast to the role of Ser637 in regulating fission in HeLa cells, where 372 

de-phosphorylation of Ser637 by calcineurin has been shown to be important for initiation of fission (13). Of 373 

note, the opposite (i.e. increased Ser637 phosphorylation associated with fission) has been shown in kidney 374 

ECs (68). To determine whether changes in Ser637 phosphorylation were contributing to increased fission in 375 

SuHx-MVECs, we treated SuHx-MVECs with cyclosporine A, a calcineurin inhibitor, reasoning that if 376 

dephosphorylation of Ser637 by calcineurin was contributing to increased fission, inhibiting this pathway would 377 

improve fragmentation in SuHx-MVECs. However, we did not observe any change in SuHx-MVEC 378 

fragmentation (Supplemental Figure  S3). These data, along with our previous data showing increased Ser637 379 

phosphorylation of Drp1 in SuHx-MVECs at baseline (53), suggest that de-phosphorylation of Ser637 does not 380 

appear to be playing a major role in promoting increased fission in SuHx-MVECs.  381 

Other proteins involved in mitochondrial machinery, including the Rho-GTPase Miro1, which regulates 382 

mitochondrial movement on microtubules, are also regulated by [Ca2+]i (8). Furthermore, Drp1 is one part of a 383 

complex of proteins, such as mitochondrial fission factor (Mff) (21), and mitochondrial dynamics protein 49/51 384 

(MiD49/51) (42), that are required for successful execution of fission. Further work is needed to determine 385 

which, if any, of the other components of the fission machinery are also abnormal in SuHx-MVECs.  386 

Our serum starvation data suggest that induction of fusion via alternative pathways is able to partially 387 

overcome increased mitochondrial fragmentation in SuHx-MVECs. Furthermore, levels of the critical fusion 388 
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regulator Mfn-2 do not appear to be significantly different in SuHx-MVECs. These data suggest that the 389 

primary deficit in mitochondrial structure in SuHx-MVECs is increased fission rather than inability to fuse. 390 

However, more work using alternative fusion-inducing stimuli and/or overexpression of proteins involved in 391 

fusion is needed to conclusively determine the role of fusion in SuHx-MVECs. Importantly, fission/fusion 392 

dynamics exist within the larger context of biogenesis (i.e. generation of new mitochondria) and mitophagy (i.e. 393 

disposal of severely dysfunction mitochondria). Thus, while fission is clearly increased and fusion does not 394 

appear to be impaired in SuHx-MVECs, more studies are needed to determine if additional deficits in initiation 395 

of mitophagy and/or biogenesis are contributing to the continued presence of fragmented dysfunctional 396 

mitochondria in SuHx-MVECs.  397 

Similar to increased [Ca2+]i, significant evidence points to the role of increased ROS in promoting mitochondrial 398 

fission (22, 32, 66, 78).  Our data suggest a link between these two regulators of mitochondrial fragmentation; 399 

that is, the effects of ROS on mitochondrial fragmentation may be regulated via ROS-induced increases in 400 

[Ca2+]i via TRPV4. That inhibiting mtROS decreased, and increasing mtROS enhanced, fragmentation, while 401 

MQ treatment had no effect in N-MVECs, suggests that the effect of MQ on mitochondrial fragmentation is 402 

unlikely to be due to non-targeted effects of this drug. The dose of MQ used has previously been shown to 403 

effectively quench ROS production at Complex III (10). Although we show Complex III ROS generation (i.e., 404 

AA treatment) was sufficient to cause fragmentation, it is possible at mtROS generation at other complexes 405 

may also produce similar fragmentation and changes in [Ca2+]i. Further, we used short time points (1 h) in our 406 

MQ treatment experiments since we previously observed that MQ decreases basal [Ca2+]i acutely in SuHx-407 

MVECs. However, we did not perform time course experiments with MQ; thus, it is possible that improvement 408 

in mitochondrial structure may occur even earlier than our studied time point.   409 

Our data suggest that mtROS might increase the sensitivity of TRPV4 to GSKA, since agonist-induced Ca2+ 410 

influx was greater in untreated SuHx-MVECs, which have higher mtROS levels at baseline. Moreover, 411 

quenching mtROS attenuated the GSKA response in SuHx-MVECs. The lack of GSKA-induced Ca2+ influx in 412 

N-MVECs provides an explanation for why mitochondrial fragmentation did not significantly change in GSKA-413 

treated N-MVECs. Interestingly, although GSKA induced a significant Ca2+ influx in SuHx-MVECs, additional 414 

fragmentation was not observed, possibly because the mitochondrial network was already extensively 415 
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fragmented at baseline, and further fission was not possible. Another possibility is that the transient GSKA-416 

induced Ca2+ spike in MVECs (1) may not be long enough to induce fission. In neurons, for instance, a 417 

sustained [Ca2+]i elevation is needed for induction of fission (31). . With regards to increased GSKA sensitivity 418 

in SuHx-MVECs at baseline, and MQ treatment attenuating this response, we hypothesize that this may be 419 

due to regulation of TRPV4 translocation.  Recent evidence in macrophages suggests that TRPV4 translocates 420 

to the cell surface in response to injurious stimuli (51).  Caveolin-1 (Cav-1) is a key protein that regulates 421 

membrane trafficking of proteins, including Ca2+ channels, into the cell membrane. Regulated in part by redox-422 

sensitive tyrosine phosphorylation (15), Cav-1 was recently shown to compartmentalize (and 423 

immunoprecipitate) with TRPV4 (23); thus, we hypothesize that the mechanism behind our observed findings 424 

may involve trafficking of TRPV4 to the membrane by ROS-induced activation of Cav-1. Of note, however, we 425 

(54) and others (69, 74) have previously shown that TRPV4 activity can also be modulated by phosphorylation. 426 

Thus, another possible explanation for our GSKA-induced Ca2+ influx data is that mtROS may directly oxidize 427 

intermediary kinases that then regulate the sensitivity to TRPV4 to activating stimuli by phosphorylating this 428 

channel.  Further experiments such as membrane fractionation to look for changes in TRPV4 protein, 429 

phospho-tyrosine co-immunoprecipitation or measurement of GSKA-induced Ca2+ influx following inhibition of 430 

Cav-1 and/or kinases known to phosphorylate TRPV4 are needed to further dissect the mechanisms by which 431 

ROS activate TRPV4 in SuHx-MVECs.  432 

While both inhibition of mtROS and reduction of [Ca2+]i improved mitochondrial fragmentation, only MQ 433 

improved mitochondrial function (i.e. respiration). Even after ensuring cell viability and number before and after 434 

our respiration measurements, baseline respiration values for SuHx-MVECs were low, especially in 435 

comparison to other cell types. Interestingly, HC did not improve mitochondrial respiration in SuHx-MVECs. 436 

One possibility is that while Ca2+ dependent mechanisms regulate mitochondrial movement, in the presence of 437 

ongoing increased mtROS generation improving fission by inhibiting Ca2+ entry may be insufficient to rescue 438 

the metabolic abnormalities in SuHx-MVEC, and would simply lead to re-fragmentation at a later time point as 439 

ROS levels continue to rise. Another possibility is that mtROS may be affecting mitochondrial signaling 440 

pathways related to respiration independent of [Ca2+]i, in which case decreasing [Ca2+]i alone may be 441 

insufficient to reverse mtROS-induced decreases in oxidative phosphorylation, especially since we showed 442 
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that TRPV4 inhibition decreases [Ca2+]i but not mtROS, in SuHx-MVECs. Interestingly, despite not improving 443 

mitochondrial respiration, TRPV4 inhibition significantly improved ECAR, suggesting that TRPV4-mediated 444 

Ca2+ entry may also regulating glycolysis directly, independent of mitochondrial fission. While our ECAR data, 445 

taken together with our metabolomic and extracellular lactate data implicate shifts in glycolysis, additional 446 

experiments aimed at specifically interrogating glycolytic flux in SuHx-MVECs are needed.  447 

Together, our respiration and roGFP data suggest that mtROS generation is upstream of increased [Ca2+]i in 448 

SuHx-MVECs. However, whether mtROS production in SuHx-MVECs is triggered by underlying shifts in cell 449 

metabolism is unclear. For instance, evidence in cancer and immune cells suggests that, in the presence of 450 

glycolytic shift, increased dependence on glutamine as a source for TCA intermediates may fuel ROS 451 

production (34, 70). On the other hand, Diebold et al  (17) showed that in lung ECs, mtROS production at 452 

complex III was sufficient to decrease basal respiration (similar to our current findings) and induce metabolic 453 

dysfunction.  As mentioned earlier, restoration of mitochondrial fusion/fission dynamics towards a more fused 454 

state was sufficient to ameliorate cardiac dysfunction in PAH and other models of injury (37, 64). However, if 455 

the underlying metabolic dysfunction is not corrected, inhibiting pathways such as mtROS, [Ca2+]i or even Drp1 456 

may provide short-term restoration of cellular function, but mitochondrial dysfunction may return as the 457 

inhibitors of these downstream pathways are degraded or exported out of the cell. Thus, further work is needed 458 

to more mechanistically understand the driving forces behind the ROS and Ca2+-mediated dysfunction in 459 

mitochondrial dynamics and metabolism described herein.   460 

In summary, our current study suggests an interplay between mtROS, [Ca2+]i and mitochondrial fragmentation  461 

and function in MVECs in PAH (Figure 9). Our data suggests that this process may be self-propagating, with 462 

increased production of mtROS inducing Ca2+ influx via TRPV4, which in turn promotes mitochondrial fission 463 

and mtROS production. On the other hand, while inhibition of TRPV4 improves mitochondrial fragmentation 464 

without any effects on respiration, inhibiting mtROS restores both mitochondrial fragmentation and respiration 465 

in SuHx-MVECs, suggesting that mtROS production may be fueled by additional, possibly metabolic, factors. 466 

Additional studies aimed at understanding the metabolic underpinnings of mtROS production in SuHx-MVECs 467 

will be informative in further elucidating the mechanisms of microvascular endothelial dysfunction in PAH. 468 
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Nonetheless, given the beneficial effects of reducing mtROS in mitochondrial and cellular function, specifically 469 

targeting mtROS in MVECs may be an attractive candidate for treating PAH.     470 
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 483 

Figure Legends 484 

Figure 1. Hemodynamics and microvascular endothelial cell (MVEC) mitochondrial fragmentation in the SuHx 485 

model of PAH. A) Representative tracings of closed-chest right ventricular systolic pressure (RVSP) 486 

measurement in Normoxic and SuHx rats. Scatter plots showing mean±SEM for B) RVSP, C) right ventricle/left 487 

ventricle+septal weight (RV/LV+S) and D) RV/body weight in Normoxic (N) and SuHx rats. * denotes 488 

significant difference from normoxic animals (t-test). E) Representative photomicrographs and reconstructed 489 

mitochondrial network images for N- and SuHx-MVECs. F) Length distribution curves for N- and SuHx-MVEC 490 

mitochondria. * denotes significant difference from N-MVECs (ANOVA), n=5 per group  491 

Figure 2. Effect of mtROS quenching on mitochondrial fragmentation. A) Representative mitochondrial 492 

network images in N- and SuHx-MVECs in the absence and presence of MitoQ (MQ; 1µM – 1 hour). B-C) 493 
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Length distribution curves (with SE at each distribution length) for mitochondria from N- and SuHx-MVECs with 494 

and without MQ treatment. n= 5 per group (ANOVA). D) Western blot and E) densitometry showing 495 

pSer616Drp1 and total Drp1 protein levels in N- and SuHx-MVECs with and without MQ treatment, each n 496 

from a different animal. * denotes significant difference from normoxic control, ** denotes significant difference 497 

from SuHx-MVECs (ANOVA). 498 

Figure 3. mtROS production in N-MVECs. A) Scatter plot showing mean±SEM for roGFP ratios in N-MVECs 499 

with and without treatment with Antimycin A (AA; 10 µM). B) Representative mitochondrial network images in 500 

untreated, AA-treated and HC+AA treated N-MVEC C) Length distribution curves for N-MVEC mitochondria in 501 

untreated, AA-treated and HC+AA treated N-MVECs. * denotes significant difference from normoxic control 502 

(ANOVA), n=5 per group.    503 

Figure 4. Induction of fusion in N- and SuHx-MVEC. Representative images (A, C) and length distribution 504 

curves (B, D) in N- and SuHx-MVEC in basal (5% FBS) serum and after incubation in serum-free media for 2 505 

hours.* denotes significant difference from untreated SuHx control.  N=10-15 images from 5 different animals. 506 

E) Representative immunoblots (F) and densitometry (G) showing Mitofusin-2 protein levels in N- and SuHx-507 

MVECs. * denotes significant difference from N-MVEC control; ** denotes significant difference from SuHx 508 

control (ANOVA). n=5 per group 509 

Figure 5. TRPV4 and mitochondrial fragmentation in SuHx-MVECs. A) Scatter plot showing mean±SEM for 510 

roGFP ratios in N- and SuHx-MVECs with and without treatment with GSK2193874 (GSK2; 30 nM). n=5-6 511 

(from different animals) per group. B) Representative network images and C-F) length distribution curves for N- 512 

and SuHx-MVEC mitochondria with and without treatment with two TRPV4 inhibitors:  HC-067047 (HC; 10 µM) 513 

and GSK2 (30 nM)  * denotes significant difference from SuHx-MVECs (ANOVA) 514 

Figure 6. GSKA-induced Ca2+ influx in SuHx-MVECs. A-B) Representative traces showing [Ca2+]i in N- and  515 

SuHx-MVECs with and without MQ treatment at baseline and following perfusion with TRPV4 agonist 516 

GSK1016790A (GSKA; 1.5 µM).C) Scatter plot showing mean±SEM baseline and GSKA-induced changes in 517 

[Ca2+]i in N- and SuHx-MVECs in the absence and presence of MQ. D) Scatter plot showing mean±SEM 518 

change in [Ca2+]i (nM) in N-MVEC before and after GSKA (N vs. N+GSKA), untreated SuHx-MVEC before and 519 
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after GSKA (S vs. S+GSKA) and MQ-treated SuHx-MVEC before and after GSKA (S+MQ vs. S+MQ+GSKA). * 520 

denotes significant difference from N-MVECs. ** denotes significant difference from SuHx-MVECs (ANOVA).  521 

Figure 7. Effect of mtROS and Ca2+ inhibition on mitochondrial respiration. Curves of mitochondrial oxygen 522 

consumption rate (OCR) in N- and SuHx-MVECs at baseline and following treatment with A-B) MQ and C-D) 523 

HC. Scatter plots showing mean±SEM for D)  basal OCR and E) ECAR in N-MVECs normalized to untreated 524 

N-MVEC controls. * denotes significant difference from N-MVEC control; ** denotes significant difference from 525 

SuHx-MVECs. (ANOVA) 526 

Figure 8. A) Heatmap showing fold change differences in glycolysis and TCA metabolites in N- and SuHx-527 

MVECs (n=cells isolated from 8 individual animals). B) Table showing median fold change (and IQR) for 528 

metabolite levels. n=8 biological replicates. C) Scatter plot showing fold change in ATP levels in SuHx-MVECs. 529 

D) Scatter plot showing fold change in extracellular lactate at baseline and following treatment (24h) with MitoQ 530 

(MQ) or HC-067047 (HC). * denotes significant difference from normoxic control (t-test); ** denotes significant 531 

difference from untreated SuHx-MVEC control (ANOVA).  532 

Figure 9. Schematic describing our proposed pathway of interaction between TRPV4 and mitochondrial 533 

fragmentation in SuHx-MVECs (solid lines) as well as other established pathways linking mitochondrial 534 

dysfunction to EC migration/proliferation (dashed lines). a Increased ROS production, decreased basal / 535 

maximal respiration, increased fission, evidence of glycolytic shift. b Direct effects of mtROS on transcription(3) 536 

c Changes in fuel utilization following glycolytic shift providing carbons (i.e. anaplerosis) for generation of 537 

metabolites essential for biosynthetic activities such as proliferation(79).  538 
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