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Abstract (word count 247  words, maximum words: 250) 

In lung vascular cells mitochondria serve a canonical metabolic role, governing energy 

homeostasis. In addition, mitochondria exist in dynamic networks which serve noncanonical 

functions, including regulation of redox signaling, cell cycle, apoptosis and mitochondrial quality 

control. Mitochondria in pulmonary artery smooth muscle cells (PASMC) are oxygen sensors and 

initiate hypoxic pulmonary vasoconstriction. Acquired dysfunction of mitochondrial metabolism 

and dynamics contribute to a cancer-like phenotype in pulmonary arterial hypertension (PAH). 

Acquired mitochondrial abnormalities, such as increased pyruvate dehydrogenase kinase (PDK) 

and pyruvate kinase muscle isoform 2 (PKM2) expression, which increase uncoupled glycolysis 

(the Warburg phenomenon), are implicated in PAH. Warburg metabolism sustains energy 

homeostasis by the inhibition of oxidative metabolism which reduces mitochondrial apoptosis, 

allowing unchecked cell accumulation. Warburg metabolism is initiated by induction of a 

pseudohypoxic state, in which DNA methyltransferase (DNMT)-mediated changes in redox 

signalling cause normoxic activation of HIF-1α and increase PDK expression. Furthermore, 

mitochondrial division is coordinated with nuclear division through a process called mitotic 

fission. Increased mitotic fission in PAH, driven by increased fission and reduced fusion favours 

rapid cell cycle progression and apoptosis resistance. Downregulation of the mitochondrial 

calcium uniporter complex (MCUC) occurs in PAH and is one potential unifying mechanism 

linking Warburg metabolism and mitochondrial fission. Mitochondrial metabolic and dynamic 

disorders combine to promote the hyperproliferative, apoptosis-resistant, phenotype in PAH 

PASMC, endothelial cells and fibroblasts. Understanding the molecular mechanism regulating 

mitochondrial metabolism and dynamics has permitted indentification of new biomarkers, nuclear 

and CT imaging modalities, and new therapeutic targets for PAH.  
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Didactic Synopsis  (150 maximum 150 words). 

 
1. Mitochondria in resistance pulmonary artery smooth muscle cells (PASMC) are oxygen 

sensors that transduce alveolar O2 to a diffusible redox signal that regulates ion channels 

and enzymes, leading to hypoxic pulmonary vasoconstriction. 

2. Acquired abnormalities of mitochondrial metabolism and dynamics promotes a cancer like 

hyperproliferative, apoptosis-resistant, phenotype in all PAH vascular cells . 

3. In PAH, acquired metabolic abnormalities include an increase in uncoupled aerobic 

glycolysis (Warburg metabolism) similar to that seen in cancer. 

4. In PAH, Warburg metabolism is partially mediated by upregulation of PDK and an 

increased PKM2/PKM1 ratio. 

5. Mitochondrial fragmentation, a hallmark of PAH, reflects an increased fission/fusion ratio 

caused by activation of Drp1, upregulation of MiD49 and MiD51, and downregulation of 

Mfn2. 

6. Newly recognized mitochondrial pathways offer potential therapeutic targets for 

pulmonary vascular diseases, including: PDK inhibitors, PKM2 inhibitors, miR mimics 

and anti-miRs, inhibitors of Drp1 and its binding partners, and Mfn2 augmentation.  
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Table 1: Abbreviations 
[18F]FTHA 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid  
3'-UTR 3’-untranslated region  
4-AP 4-aminopyridine  
6MWT 6-minute walk test  
α-KG α-ketoglutarate 
β-AR β-adrenergic receptor  
∆𝝍𝒎 membrane potential 
AMPK AMP-activated protein kinase  
ATP adenosine triphosphate 
BAD  Bcl-2 associated agonist of cell death 
BET bromodomain and extra-terminal domain 
BMIPP 15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid  
BMPR2 bone morphogenetic protein receptor type 2 
BOEC blood outgrowth endothelial cells  
BPD bronchopulmonary dysplasia  
CAMKII Ca2+/calmodulin-dependent kinase II  
CDK4 cyclin-dependent kinase 4 
CoCl2 cobalt chloride 
Cpc-PH pre-capillary pulmonary hypertension  
CPT-1 carnitine palmitoyltransferase 1  
CtBP1 C-terminal binding protein  
CTEPH chronic thromboembolic pulmonary hypertension 
CXCL12 C-X-C motif chemokine 12 
DA ductus arteriosus 
DCA dichloroacetate 
DNMT DNA methyltransferases 
DON 6-diazo-5-oxo-L-norleucine  
Drp1 dynamin related protein 1  
Dyn2 dynamin 2  
ECHO echocardiography 
ECM extracellular matrix 
EMRE essential MCU regulator 
eNOS endothelial nitric oxide synthase 
ER endoplasmic reticulum 
ERK extracellular-signal-regulated kinase 
ET endothelin 
ETC electron transport chain 
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EZH2 enhancer of zeste homologue 2 
FADH2 flavin adenine dinucleotide 
FAO fatty acid oxidation 
FAS fatty acid synthase 
FDG 2-[18F]-Fluoro-2-deoxy-D-glucose 
FGF2 fibroblast growth factor 2 
FHR fawn hooded rats 
FIH-1 factor inhibiting HIF-1α 
Fis1 fission protein 1 
G6PD glucose-6-phosphate dehydrogenase 
GEO Gene Expression Omnibus 
GLS1 glutaminase 
Glut1 glucose transporter 1 
GRIM-19 mortality-19 protein 
GSK-3β glycogen synthase kinase 3 beta 
GTP guanosine triphosphate 
H2O2 hydrogen peroxide 
HAT histone acetyl transferase 
HDAC histone deacetylase 
HFpEF heart failure with preserved ejection fraction 
HFrEF heart failure with reduced ejection fraction 
HIF-1α  hypoxia inducible factor-1α 
HK2 hexokinase II 
HMOX1 heme Oxygenase 1 
HOSS homeostatic Oxygen Sensing System 
HPH hypoxia-induced pulmonary hypertension 
HPV hypoxic pulmonary vasoconstriction 
HR2 heptad repeat 
HRE hypoxia response element 
Ik potassium current 
IL1β interleukin 1 β 
IMM inner mitochondrial membrane  
IRE1α inositol-requiring protein 1α  
JNK Jun N-terminal kinase 
K2P two-pore K+ channels 
KCNA5 Kv1.5 
KLF5 Krüppel-like Factor 5  
KO knockout 
L-NAME Nω-nitro-L-arginine methyl ester 
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LC3 light chain 
LDH lactate dehydrogenase 
MAM mitochondria associated membrane 
MAP mitogen-activated protein 
MARCH5 membrane-associated ring finger (C3HC4) 5 
MBF myocardial blood flow 
MCD malonyl-CoA decarboxylase 
MCT monocrotaline 
MCUC mitochondrial calcium uniporter complex 
MetS metabolic syndrome 
MFF mitochondrial fission factor 
mfn mitofusin 
MGU myocardial glucose uptake 
MIBI 99mTc-sestamibi 
MICU1 mitochondrial calcium uptake protein 1 
MiD49 mitochondrial dynamics protein of 49 kDa 
MiD51 mitochondrial dynamics protein of 51 kDa 
miR microRNA 
mito-ROS mitochondria-derived ROS 
MPI myocardial perfusion imaging 
MPP mitochondrial processing peptidase 
mtDNA mitochondrial DNA 
NADH nicotinamide adenine dinucleotide 
Ndufs2 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 
NFATc2 nuclear factor of activated T-cells, cytoplasmic 2 
NH3 13N-ammonia 
NCBI National Centre for Biotechnology Information 
NLRP3 NACHT, LRR and PYD domains-containing protein 3  
NO nitric oxide 
NOXA also known as PMAIP1, phorbol-12-myristate-13-acetate-

induced protein 1 
NRF1 nuclear respiratory factor 1 
NT-proBNP N-terminal pro B-type peptide 
O2

.- superoxide anion 
OMM outer mitochondrial membrane 
OPA1 optic atrophy 1 
OPTN optineurin 
OXPHOS oxidative phosphorylation 
PAAT pulmonary arterial acceleration time 
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PAEC pulmonary arterial endothelial cells 
PAFib pulmonary artery adventitial fibroblasts 
PAH Pulmonary arterial hypertension 
PAP pulmonary artery pressure 
PARL presenillin-associated rhomboid-like 
PASMC pulmonary artery smooth muscle cell 
PASP pulmonary arterial systolic pressure 
PC pyruvate carboxylase 
PDGF platelet-derived growth factor 
PDH pyruvate dehydrogenase 
PDK pyruvate dehydrogenase kinase 
PERP p53 apoptosis effector related to PMP-22  
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 
PGC-1α peroxisome proliferator-activated receptor γ coactivator 1-α  
PH pulmonary hypertension 
PHD prolyl hydroxylases 
PI3K phosphatidylinositide 3-kinases 
PINK1 PTEN-induced putative kinase 
PK pyruvate kinase 
PKA protein kinase A 
PKC𝜹 protein kinase C 𝛿 
PKMT protein lysine methyltransferase 
PPARγ peroxisome proliferator-activated receptor γ 
PPHN persistent pulmonary hypertension of the newborn 
RISP Rieske iron-sulfur subunit 
RNAseq RNA sequencing 
ROS reactive oxygen species 
RVH right ventricle hypertrophy 
SAB pupra-aortic banding 
SGLT2 sodium-glucose cotransporter 2 
SIRT3 sirtuin-3 
SNP single nucleotide polymorphism 
SOD2 superoxide dismutase 2 
STAT3 signal transducer and activator of transcription 3 
sTfR soluble transferrin receptor 
TASK-1 acid-Sensitive Potassium Channel Protein-1 
TAZ tafazzin 
TFAM transcription factor A mitochondrial 
TM transmembrane 
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TRPC6 transient receptor potential channel 6 
V/Q ventilation to perfusion 
VDAC1 voltage-dependent-anion-selective channel 1 
VEGF vascular endothelial growth factor 
VHL von Hippel-Lindau gene 
XBP1s X-box-binding protein 1 
YAP Yes-associated protein 1 
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Introduction 

Mitochondria are best known as the organelles that generate adenosine triphosphate (ATP, 

abbreviations summarized in Table 1) by means of oxidative phosphorylation (OXPHOS); 

however, energy production is but one of their key roles. Mitochondria also regulate oxygen-

sensing, cell proliferation, apoptosis and mediate their own organellar quality control. 

Noncanonical functions of mitochondria, including production of reactive oxygen species (ROS), 

mitochondrial biogenesis, fission and fusion, mitophagy, and regulation of calcium homeostasis 

(59, 140, 192, 352) are highly relevant to the function of cells within the pulmonary circulation, in 

health and disease (8). Furthermore, new insights into the epigenetic regulation of mitochondria 

may explain susceptibility to cardiopulmonary diseases, such as pulmonary hypertension (PH). 

 

Mitochondria evolved from primitive endosymbiont bacteria that had the ability for aerobic 

respiration. These bacteria formed an advantageous partnership with eukaryotic cells through a 

process called endosymbiosis (106, 165, 274). During evolution, most of the bacterial proteins 

encoded by primitive bacterial DNA have been lost. Eukaryotic mitochondrial DNA, which 

resembles bacterial DNA, is maternally inherited (64). Modern mitochondrial DNA (mtDNA) is a 

small circular, polycistronic, 16 Kb DNA which encodes only 67 proteins, including 13 structural 

components of the electron transport chain (ETC) (7). 

 

The adaptive ability to optimize systemic oxygen delivery in responses to changes in alveolar 

oxygen concentration (whether induced by disease or altitude) is a basic function of the pulmonary 

circulation. The pulmonary circulation actively vasodilates during the transition from fetal, 

hypoxic conditions to the oxygen-rich environment that exists with the onset of ventilation at birth 
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(72). Postnatally, the lung autoregulates its regional blood supply to mitigate the effects of 

segmental airway hypoxia, caused by pneumonia and atelectasis, on systemic oxygenation. It does 

so by constricting smooth muscle cells (SMC) in the small pulmonary arteries (PA) serving 

hypoxic lung segments. This mechanism, called hypoxic pulmonary vasoconstriction (HPV) is 

intrinsic to the pulmonary arterioles (332). In the pulmonary circulation, mitochondria in PASMC 

function as oxygen sensors. They achieve this through their ability to vary production of diffusible 

ROS and alter the cytosolic redox state. Changes in ROS and the reduce/oxidized ratio of redox 

couples, such as NADH/NAD and NADPH/NADP, act as signalling molecules that target the 

fusion of vasoregulatory effector proteins, such as ion channels and kinases, reviewed in (333). 

Understanding pulmonary vascular oxygen sensing has relevance beyond physiology, since this 

pathway is disordered in pulmonary arterial hypertension (PAH)(12). 

 

Mitochondria are also the master regulators of cellular metabolism (304), including fatty acid 

oxidation, glucose oxidation and glutaminolysis. These metabolic pathways are dysregulated in 

PAH (271). The mitochondrial metabolic abnormalities described in PAH are similar to the 

metabolic abnormalities that were originally described in cancer by Otto Warburg (324). These 

acquired mitochondrial abnormalities increase uncoupled glycolysis and lactate production at the 

expense of glucose oxidation and pyruvate production. This Warburg metabolic shift contributes 

to disease pathophysiology by promoting hyperproliferation and apoptosis resistance of vascular 

cells (270). The Warburg phenomenon reflects a pseudohypoxic state, in which DNA 

methyltransferases (DNMT) (and other mechanisms) partially silence transcription of superoxide 

dismutase 2 (SOD2), decreasing hydrogen peroxide generation, thereby creating a hypoxia-like 

milieu that activates hypoxia inducible factor (HIF-1α). This HIF-1α activation occurs despite the 
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normal PO2 and thus is referred to as pseudohypoxia. HIF-1α in turn upregulates expression of 

pyruvate dehydrogenase kinase (PDK), which phosphorylates and inhibits pyruvate 

dehydrogenase (PDH), a key OXPHOS enzyme. The PDK-induced Warburg shift is reinforced by 

an epigentically driven increase in the expression of  proglycolytic splice variant change in 

pyruvate kinase (PK) isoform expression, specifically an increase in the PKM2/PKM1 ratio. 

 

Mitochondria normally exist in filamentous networks but in PAH they are fragmented, an 

emerging hallmark of PAH that reflects an imbalance of mitochondrial fission/fusion (favouring 

fission). This fission/fusion imbalance is caused in large part by activation of dynamin related 

protein 1 (Drp1), through post-translational Drp1modification (192), upregulation of its binding 

partners (MiD49 and MiD51) (59), and downregulation of mitofusin-2 (273). The division of 

mitochondria must be coordinated with nuclear division or else a cell cycle checkpoint is violated 

and the cell dies. The rate of mitotic fission is elevated in PAH, favouring rapid cell cycle 

progression and apoptosis resistance. Comparable changes in mitotic fission occur by similar 

mechanisms in cancer (259) and in both conditions this pathway offers therapeutic targets to 

reduce pathological rates of cell proliferation and apoptosis resistance, as reviewed in (9). 

 

Finally, mitochondria regulate intramitochondrial calcium concentration and serve as buffers for 

elevated cytosolic calcium concentrations. The mitochondrial calcium uniporter complex 

(MCUC), an inwardly rectifying, Ca2+-selective, ion channel in the inner mitochondrial 

membrane (IMM), is the channel through which calcium enters the mitochondria (158). MCUC 

downregulation is a unifying mechanism linking abnormal metabolism and dynamics in PAH 

(140). Increases in microRNA (miR)-25 and miR-138-3p in PAH patients downregulate the 
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expression of a MCUC pore-forming subunit called MCU and increase in the expression of an 

inhibitory subunit, called mitochondrial calcium uptake protein 1 (MICU1). Together these 

changes inhibit mitochondrial calcium uptake, resulting in elevated cytosolic calcium (which 

promotes vasoconstriction and fission). MCUC inhibition also reduces intramitochondrial 

calcium, which inhibits several of the enzymes that are curcial to oxidative metabolism, scuh as 

PDH. The MCUC and its epigenetic regulators have diagnostic and therapeutic relevance in PAH 

(140). We will elaborate on the role of the MCU complex in metabolism in more detail elsewhere 

in this review. 

 

In this review, we will discuss the multiple regulatory functions of mitochondria in normal lung 

homeostasis, focusing mainly on HPV. We will discuss the role of mitochondrial dysfunction in 

pulmonary vascular diseases, focusing on PAH. We will also highlight roles of metabolic 

pathways, mitochondrial dynamics and epigenetic mechanisms affecting the cells of the 

pulmonary vasculature in both health and disease. Finally, we summarize some newer applications 

of nuclear imaging for the diagnosis of pulmonary vascular diseases and review clinical trials of 

pharmacological agents that target mitochondrial metabolic pathways. Newly recognized 

mechanisms that dysregulate mitochondrial metabolism, dynamics, and calcium homeostasis in 

PAH suggests new disease biomarkers and imaging modalities. These novel epigenetic and 

mitochondrial pathways offer potential therapeutic strategies, including inhibitors of PDK 

(dichloroacetate), activators of the Randle cycle (such as the partial fatty acid oxidation inhibitors, 

trimetazidine and ranolazine), PKM isoform modulators (shikonin), miR mimics and anti-miRs, 

inhibitors of Drp1 and its binding partners, and mitofusin-2 augmentation. To the greatest extent 

possible, we have invited major contributors to the field to include a key figure from their research 
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in the review, or have reproduced their key figures to try and achieve balance. 

Function of mitochondria in the lung: Oxygen sensing 

The ability to detect and respond to changes in environmental oxygen tension facilitates human 

life on Earth. From fetal development, through birth, and subsequent challenges by disease (such 

as pneumonia) and environmental changes (such as high altitude), optimized oxygen uptake by the 

lungs is a requisite for optimal systemic oxygen delivery and survival. Humans begin life in a 

hypoxic intrauterine environment, receiving oxygen from the mother through placental blood flow. 

The fetal pulmonary vascular circulation is constricted and is a high-resistance, low-flow circuit 

that is largely bypassed until birth. Blood returning to the fetal right heart reaches the left heart by 

shunts, either across the foramen ovale or through the fetus’ patent ductus arteriosus. At birth, with 

the first breath, the ductus constricts and the pulmonary vasculature simultaneously dilates. When 

combined with the inflation of the lungs, oxygen-induced pulmonary vasodilatation lowers the 

resistance to pulmonary vascular perfusion and, coupled with ductal constriction/obliteration and 

foraminal closure, antegrade flow of blood from the right ventricle is diverted to the pulmonary 

circulation (71). After birth, humans usually live in an environment replete with abundant oxygen, 

however we may be exposed to hypoxia as a consequence of changes to our environment (such as 

ascent to high altitude (30, 151)) or through disease (such as acute lung injury (217), chronic lung 

disease (217, 260), pneumonia (177) or atelectasis) (1, 125, 148). 

 

The Homeostatic Oxygen Sensing System (HOSS) is an elegant network of specialized tissues 

(19), that sense oxygen in their local environments and respond in sensor-specific ways that change  

vascular tone, ventilation or catecholamine secretion to optimize systemic oxygen delivery. The 

HOSS is comprised of type 1 (glomus) cells in the carotid body, PASMC, fetoplacental arteries in 
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the placenta, the ductus arteriosus (DA), adrenomedullary chromaffin cells of the adrenal glands, 

and neuroepithelial bodies, a type of neuroendocrine cell in the airways (Figure 1). Most of these 

specialized tissues use a redox-based oxygen sensor (most often based within mitochondria (85, 

97, 333)) to regulate the function of ion channels (usually potassium and calcium channels (198, 

332)). Upon sensing small decreases in inspired or circulating oxygen concentrations, an 

orchestrated effector response in the HOSS is initiated to compensate and optimize both the uptake 

and delivery of oxygen. For example, the type 1 cells of the carotid body increase ventilation to 

enhance oxygen uptake, PASMC in small resistance-level pulmonary arteries constrict to match 

ventilation to perfusion in the lung to avoid perfusing hypoxic lung segments, ductus arteriosus 

SMC constrict in response to elevated PO2, diverting blood to newly ventilated lungs, and the fetal 

adrenomedullary chromaffin release catecholamines to counteract hypoxic stress at birth, reviewed 

in (333).  

 

Hypoxic pulmonary vasoconstriction (HPV) 

Identified in 1894 by Bradford and Dean (39), HPV was first characterized in detail by von Euler 

and Liljestrand, who described the opposing hypoxic responses of the feline pulmonary 

(constriction) and systemic (dilatation) circulations (93). HPV is a mechanism intrinsic to the lung 

that matches ventilation to perfusion (V/Q) in order to optimize systemic oxygen delivery. V/Q 

matching is achieved via the constriction of small, intrapulmonary, arteries in response to alveolar 

hypoxia (186). HPV can be global (in response to environmental hypoxia), inducing a rise in 

pulmonary artery pressure (PAP), or localized, as elicited by atelectasis or pneumonia (211). In 

the latter case, both the hypoxia and HPV are localized to a segment or lobe of the lung and blood 

is diverted from this hypoxic region to a better-oxygenated portion of the lung with no significant 
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effect on PAP, as seen in (Figure 2). 

 

The onset of HPV is rapid (occurring within seconds of exposure to hypoxia), and constriction 

reaches a maximum intensity within minutes (29, 149). Though modified by the endothelium, the 

core mechanism of HPV is intrinsic to the PASMC (333). HPV is rapidly reversible upon 

restoration of normal airway oxygen levels, unless PH or other adverse vascular remodeling has 

occurred. The reversibility of sustained HPV has been illustrated by Grant et al (114). A patient 

with an endobronchial adenoma exhibited longstanding left lung atelectasis and a matching V/Q 

abnormality, both of which were reversed after removal of the adenoma (114). The resistance 

pulmonary arteries are unique in their vasoconstrictor response to hypoxia (286). The systemic 

vasculature, including renal, mesenteric and cerebral arteries, dilates in response to hypoxia. This 

systemic dilatation also serves to increase tissue oxygen delivery (187, 209, 357). The unique 

localization of HPV to resistance PASMC relates in part to spatially heterogenous mitochondrial 

function (207) and ionic diversity (210). The resistance PASMC have mitochondria that uniquely 

sense physiologic hypoxia and respond with dynamic changes in production of reactive oxygen 

species (ROS) and are enriched in oxygen-sensitive, potassium channels, including voltage-gated 

channels (Kv). 

 

While increased by endothelium-derived vasoconstrictors (e.g. endothelin and thromboxane) and 

inhibited by endothelium-derived vasodilators (e.g. nitric oxide and prostacyclin) the core effector 

mechanism of HPV resides in the PASMC, reviewed in (332). HPV is triggered by a mitochondrial 

redox signal described below, which coordinates the response of voltage- and redox-sensitive 

potassium and calcium channels (332, 333). Briefly, in normoxia the open state probability of 
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voltage-gated potassium channels (e.g. Kv1.5, Kv2.1) [and other channels such as classical 

transient receptor potential channel 6 (TRPC6) (335)] results in tonic leak of K+ out of the PASMC 

[along its concentration gradient (145/5mM, inner/outer)]. This maintains the cell’s resting 

membrane potential near ~ -60 mV. This negative membrane potential decreases the open state 

probability of voltage-gated, L-type calcium channels and maintains a state of relaxation. During 

hypoxia, outward potassium current (IK) is inhibited, which depolarizes the cell membrane and 

increases the open state probability of calcium channels, causing an influx of Ca2+ into the cell 

down the Ca2+ gradient. This extracellular:intracellular gradient is approximately 20,000:1. This 

rise in cytosolic calcium, and a subsequent Rho kinase-mediated calcium sensitization (94), 

induces contraction of the PASMC (201, 247). 

 

Identification of the key voltage-gated channels responsible for HPV was achieved using 

pharmacological and electrophysiology experimentation using the patch clamp technique and 

transgenic mice lacking certain Kv channels. Interrogation of isolated PASMC from resistance 

PAs identified Kv as well as large conductance, voltage-gated calcium channels (CaL) in the 

effector mechanism of HPV (21, 247). Blocking Kv channels with 4-aminopyridine (4-AP) elicits 

pulmonary vasoconstriction mirroring HPV in isolated perfused rodent lungs (129). Conversely, 

blocking the CaL channel with either nifedipine or verapamil substantially inhibits hypoxia-

induced vasoconstriction, whilst the Ca2+-channel agonist BAY K8644 significantly enhances 

HPV (200, 201). Molecular identification of the specific ion channels involved in HPV has 

revealed central roles for Kv1.5 (KCNA5), and Kv2.1 (18, 101). For example, the Kv1.5 knockout 

mouse has markedly reduced HPV (14). It appears that heteromeric channels comprised of several 

types of subunits, such as Kv1.2/Kv1.5 and Kv2.1/Kv9.3 may be particularly sensitive to hypoxia 
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(94).  

 

There is evidence supporting a role for other classes of K+ and Ca2+ channels in the effector 

mechanism of HPV (325), including two-pore K+ channels (K2P) (87, 107) and transient receptor 

potential cation channel subfamily C member 6 (TRPC6) (335). K2P channels, such as acid-

sensitive Potassium Channel Protein-1 (TASK-1), are active at very negative membrane potentials 

in PASMC, making them plausible targets for initiating HPV (122). However, pharmacological 

inhibition of these channels does not result in pulmonary vasoconstriction (107) and recent studies 

using a TASK-1 knockout mouse indicate this channel does not mediate HPV (216). In addition 

to the L-type Ca2+ channel, Ca2+-induced Ca2+ release also contributes to HPV. HPV also reflects 

calcium sensitization, reviewed in (326). Interestingly, effector mechanisms are similar in 

pulmonary and systemic circulations in that both arterial beds constrict in response to K+ channel 

inhibitors and relax in response to calcium channel blockers (247). Therefore, it appears the 

opposing, tissue-specific responses to hypoxia result primarily from differences in oxygen-sensor 

(mitochondrial) function (207). The link between specific ion channels and mitochondria likely 

relates to the mitochondria’s ability to produce ROS and alter levels of electron donors, such as 

NADH, NADPH and reduce glutathione. Electron donors serve as redox signaling molecules and 

can diffuse from the mitochondria and interact with redox-sensitive amino acids in key regions of 

oxygen-sensitive ion channels. Changes in reduction and oxidation of the channels controls 

channel gating and also can alter channel expression, reviewed in (275). For example, Kv1.5 has 

six redox sensitive cysteines that regulate its expression and function (305). 

 

Oxygen-sensing: molecular mechanism 
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Oxygen is a key player in a complex cascade of reduction-oxidation (redox) reactions within the 

mitochondrion. The primary purpose of respiration is provision of molecular oxygen to the 

mitochondria. O2 is the terminal electron acceptor for the mitochondrial electron transport chain, 

ETC, a multi complex redox cascade. At the distal end of the ETC, oxygen receives electrons and 

is chemically reduced, forming water. The electrons that will reduce oxygen to water originate 

from electron donors, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2), which are themselves products of mitochondrial metabolic cycles, such as Krebs’ cycle. 

These donors pass their electrons down a redox potential gradient across 4 mega-complexes (ETC 

Complexes I-IV) that span the inner mitochondrial membrane. Electron transport powers the 

pumping of hydrogen ions across the inner mitochondrial membrane, generating an 

electrochemical gradient that powers ATP synthase (214). Thus in the mitochondrial oxygen 

sensor we see the coordinated linkage between oxygen supply, metabolism and energy production 

The sensor mechanism of HPV reflects PO2-sensitive production of redox signaling molecules that 

originate as a by-product of physiological electron flux (13, 19, 51, 86, 123, 211, 215, 235, 325, 

329, 331, 332). A small proportion (1-3%) of electron flux) is uncoupled and generates superoxide 

anion (O2
.-). O2

.- is rapidly converted by superoxide dismutase 2 (SOD2) to hydrogen peroxide 

(H2O2). H2O2 serves as a diffusible redox signaling molecule and can modulate the activity of 

redox-sensitive ion channels and enzymes and (209, 211). Mammalian oxygen-sensing and the 

role of mitochondria-controlled redox chemistry has been reviewed in (333). 

 

While there is agreement that mitochondria act as oxygen-sensors and that ETC-derived ROS alter 

effector mechanisms that mediate vasoconstriction (13, 17, 235), controversy remains regarding 

both the precise molecular identity of sensor subunits within the mitochondrial redox sensor (51, 
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86, 123, 292), and whether the sensor output is an hypoxic rise or an hypoxic fall in ROS/H2O2 

levels (51, 123, 325, 327, 329, 331). The oxygen sensor itself has been variably proposed to reside 

in ETC Complex I (17, 86) also (16), Complex III (51, 123), and Complex IV (292). Schumacker 

et al. identified the Rieske iron-sulfur subunit (RISP) of Complex III as the oxygen-sensor (328) 

and demonstrated that knockout of RISP attenuated hypoxia-induced ROS production (measured 

using compartment-specific fluorescent redox probes) and subsequent HPV (Figure 3A). 

However, most recently, NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (Ndufs2), the 

quinone binding site in ETC Complex I (and interestingly, not the RISP) has been characterized 

as the mitochondrial oxygen sensor in both the carotid body (97) and the PASMC (86). The latter 

study showed that Ndufs2 is critical to the acute hypoxic response, mediating a hypoxic decrease 

in intramitochondrial and cytosolic H2O2. Normal function of Ndufs2 is required for hypoxia-

induced increases in cytosolic calcium. The mechanism by which Ndufs2 senses changes in PO2 

was determined to be redox-based, an observation concordant with previous predictions (13, 17, 

19, 257). Lungs harvested from mice exposed to acute hypoxia (10% oxygen) had a greater 

abundance of reduced Ndufs2 thiols, further suggesting that hypoxia is a state of reduction, 

whereas normoxia is a state of oxidation (86). Importantly, airway nebulization of small inhibitory 

RNA targeting Ndufs2 (siNdufs2) reduced lung Ndufs2 expression and substantially inhibited 

HPV in vivo in rats. The current understanding of  the mechanism of pulmonary vascular oxygen-

sensing is summarized in (86), (Figure 3B-E). The identification of a specific ETC subunit as the 

oxygen-sensor provides a new target of investigation in diseases of impaired oxygen-sensing, 

including pulmonary hypertension (PH). The mitochondrial phenotype in pulmonary vascular 

diseases is discussed in later sections of this review; however, ETC composition, and the function 

of specific ETC subunits, is accepted to be critical to pulmonary vascular oxygen sensing. In this 
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regard manipulation of NDUFS2 structure, function and expression may be relevant not only to 

oxygen sensing, but to human syndromes such as pulmonary hypertension. 

 

Regarding ROS production/levels during acute hypoxia, one hypothesis proposes that hypoxia 

increases ROS and reflects autoxidation of the ETC, due to inhibition of the distal ETC (as seen 

in Figure 3A) (327, 329). In contrast, our group finds that ROS production in PASMC is directly 

proportional to PO2, decreasing as PO2 falls (17, 19, 20, 86). Extensive experimental data using 

multiple ROS chemical and molecular probes (including several that measure intramitochondrial 

H2O2) demonstrate a decrease in PASMC mitochondrial ROS within seconds of exposure to 

moderate, physiologic hypoxia. This reduced ROS production reflects a reduced rate of electron 

flux caused by reduced availability of the terminal electron acceptor (molecular oxygen) (86, 333).  

Consistent with the finding that ROS are produced in proportion to PO2, ROS levels rise in ductus 

arteriosus SMC at birth as PO2 increases (20, 309). Likewise, ROS levels are low in cardiac 

myocytes during ischemia and increase with reoxygenation, during the reperfusion phase of 

myocardial ischemia-reperfusion injury (134). These divergent hypotheses regarding 

mitochondrial ROS in acute HPV are summarized in Figure 4 (330).  

 

It is important to note that experimental design diverges between groups and that experimental 

conditions (stated or unstated) can vastly change findings. Since HPV onsets in seconds at 

physiologic levels of hypoxia and is fully reversible, experiments should focus on the first minutes 

of onset of HPV elicited by moderate hypoxia (i.e. PO2 of 40-50 mmHg). In experiments where 

conditions include moderate hypoxia (not anoxia) and physiologic pH (7.35-7.45) during the 

hypoxic exposure there is robust HPV (e.g. a 50-100% increase in pulmonary vascular resistance 
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in ex vivo and in vivo preclinical models). In such experiments there is a consistent finding that 

ROS levels are reduced, and this fall in ROS production precedes  the rise in intracellular calcium 

which in turn precedes the onset of vasoconstriction. Extreme hypoxia (bordering on anoxia) and 

pH fluctuations can both lead to increased ROS production, via reoxygenation injury and 

uncontrolled acidosis, respectively. Additionally, since HPV is a rapid response that is sustained 

over time, it likely exists in multiple phases, beginning with a rapid onset phase where ROS are 

decreased, followed by sustained constriction where ROS from other sources may (or may not)  

increase. It is therefore incumbent on all research groups to carefully control pH and oxygenation, 

monitor the magnitude of the acute hypoxic pressor response and its reversibility and specify the 

phase of HPV their experimental design considers. In this regard, the evidence for complex I and 

NDUFS2 satisfies all the preceding criteria and loss of this single component of the ETC reduces 

robust HPV and attenuates a fall in ROS with hypoxia. It is our view that the evidence for complex 

III and an increase in ROS is weaker in that much of the data are cellular (not reproduced in in 

vivo) and experimental conditions of pH etc. are less well described (51, 123). In addition, redox 

measurements are made somewhat later in the exposure to hypoxia (rather than in the first 0-10 

minutes as in the NDUFS2 experiements). In the case of Complex IV (292), it is our view that the 

extremely modest rise in PA pressure the authors observed with hypoxia (1 mmHg) is small even 

for mice and may not reflect robust HPV. This raises some question as to the generalizability of 

these findings. 

 

Clinical applications of HPV 

HPV is exploited surgically to reduce bleeding while also optimizing oxygenation in patients 

undergoing lung surgery.  Single-lung anesthesia (or “one lung ventilation”) is used for lung tumor 
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resections, pneumonectomy, and other thoracic procedures (220). An example of this procedure is 

outlined in Figure 5, in a patient undergoing resection of an endobronchial mass underwent single-

lung anesthesia. Using a double-lumen tube, the patient is intubated and both lungs are ventilated. 

Then the airway serving the operative lung is occluded causing it to collapse; meanwhile the non-

operative lung is selectively ventilated. HPV within the collapsed operative lung reduces its 

perfusion which minimizes bleeding while also decreasing shunting and systemic hypoxemia. 

 

Hypothermia, certain anesthetics, and vasodilators can inhibit HPV. It is therefore important to 

choose the appropriate anesthetic and maintain a patient’s core body temperature during single-

lung anesthesia. Historically, HPV enhancement has been achieved using low-dose almitrine, a 

respiratory stimulant. During single-lung ventilation, adding almitrine (4 µg kg-1 min-1) to inhaled 

nitric oxide (NO) increases HPV and improves systemic oxygenation (287). However, almitrine 

has since been withdrawn from clinical use because it can cause peripheral neuropathy, but is 

nonetheless proof of principle that enhancing HPV improves V/Q matching and systemic 

oxygenation. 

Impaired oxygen-sensing in chronic hypoxia – normoxic activation of HIF-1α 

There is an interesting intersection between oxygen-sensing in the normal pulmonary circulation 

and the pathologic processes that drive PAH. This intersection is perhaps best seen in Chuvash 

disease patients (115), and in fawn hooded rats (FHR) (37). Both Chuvash patients and the FHR 

spontaneously develop pulmonary hypertension, in part because their oxygen-sensing system 

inappropriately signals a hypoxic environment when none exists. This pseudohypoxic response is 

an important part of the pathogenesis of PAH.  
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Named for the mid-Volga River region of Russia, patients with Chuvash disease have enhanced 

HPV, polycythemia and pulmonary hypertension, despite normal inhaled oxygen concentrations 

(7). Chuvash disease is characterized by a homozygous missense mutation in the von Hippel-

Lindau (VHL) gene (VHL 598C-T). This mutation impairs the VHL’s ability to interact with α-

subunits of the transcription factors, hypoxia inducible factors 1α and 2α (HIF-1α and HIF-2α). 

Under normoxic conditions, HIF proteins are hydroxylated by oxygen-sensitive prolyl 

hydroxylases (PHDs), which subsequently mark them for ubiquitination by VHL, which targets 

them for proteasomal degradation. During hypoxia, HIF proteins are not hydroxylated, and are 

therefore not targeted by VHL and are not degraded. This stabilizes HIF-1α which allows it to 

move to the nucleus where it mediates transcriptional programming. The VHL mutation in 

Chuvash disease impairs the ability of VHL to interact with HIF, ultimately preventing HIF 

degradation and triggering the hypoxic cascade during normoxia (111). This permits transcription 

of HIF-regulated genes whose expression during normoxia is pathological, such as erythropoietin 

(7, 139, 293), glucose transporter 1 (Glut1), and vascular endothelial growth factor (VEGF) (7). 

Thus, patients with Chuvash disease behave as if they were exposed to chronic hypoxia, despite 

normal environmental oxygen tension. The HIF pathway is also redox-regulated and critical to 

oxygen-sensing (154); however, since this pathway involves transcriptional activity, its effects are 

much slower to onset than the ion channel-initiated vascular response to acute hypoxia (e.g. HPV). 

Likewise, FHR, a pre-clinical model of spontaneous pulmonary hypertension, have normoxic 

activation of HIF-1α, and develop PAH and polycythemia. In FHR, VHL is functional, rather it is 

an epigenetic reduction in expression of mitochondrial SOD2 (the mitochondrial enzyme that 

generates H2O2) that leads to redox-mediated HIF-1α activation (16). 
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Pulmonary hypertension and vascular remodeling  

Pulmonary hypertension (PH) is a life-threatening syndrome in which pulmonary arterial pressure 

is elevated, usually resulting in dyspnea and limitations in exercise performance. PH eventually 

culminates in right ventricular failure. PH is increasing in incidence and prevalence (338). 

Although defined by the hemodynamic criteria of resting mean pulmonary arterial pressure 

(mPAP) ≥ 20 mm Hg, the etiology and clinical presentation of PH is quite diverse (288). The 

World Health Organization recognizes 5 groups of PH: 1) PAH and congenital heart disease (in 

which the pathology is primarily in the pulmonary vasculature); 2) PH secondary to left heart 

disease; 3) PH due to chronic lung diseases or hypoxemia; 4) chronic thromboembolic PH 

(CTEPH); and 5) PH due to unclear multifactorial mechanisms, such as hemolysis or sarcoidosis. 

Given the numerous causes of PH, a considerable heterogeneity exists in the mechanisms that 

cause the disease (102). Since most studies of the role of mitochondria in the pulmonary 

vasculature were performed in Group 1 PH (known as PAH), we have focused this section on 

Group 1 PH. 

 

PAH is characterized by profound, obstructive remodeling of the pulmonary vasculature, 

particularly evident in small, intrapulmonary arteries and arterioles (Figure 6). In PAH there is 

stiffening, obstruction and constriction of the pulmonary arteries. The arterial wall is composed of 

three layers: intima, media, and adventitia. Each layer contains an assortment of cell types, each 

with its own specific functional characteristics (199). Each layer contributes uniquely to the 

development of PAH. The intima and media, along with their principle cellular components, the 

pulmonary arterial endothelial cells (PAECs) and pulmonary arterial smooth muscle cells 

(PASMCs), respectively, have received much attention. In contrast, the adventitia and its principal 
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cell type, the fibroblast, have been somewhat overlooked. All layers of the pulmonary vessel wall 

are involved in adverse vascular remodelling in PAH. Pathologic changes include endothelial 

dysfunction leading to intimal hyperplasia, medial hypertrophy and hyperplasia (due to 

proliferation of PASMC) with distal migration of PASMC into usually non-muscular intra-acinar 

PAs, adventitial fibrosis (due to fibroblast proliferation and increased collagen production), and 

infiltration of inflammatory cells and progenitor cells (142). 

 

Pathologic and therapeutic implications of dysregulated mitochondrial metabolism in PAH 

In PAH, changes in mitochondrial metabolism have been observed in all cell types within the 

pulmonary arterial wall, including PAEC, PASMC and pulmonary artery adventitial fibroblasts 

(PAFib). Each of these cells exhibit changes in one or more mitochondrial metabolic pathways, 

i.e., altered aerobic glycolysis or fatty acid oxidation (FAO) and/or induction of glutaminolysis 

(Table 2a-c). While aerobic glycolysis is well studied, there is only one study on FAO in PAEC, 

two on glutaminolysis in PAEC, one on FAO in PASMC, and one on glutaminolysis in PASMC. 

No study has explored FAO or glutaminolysis in PAFib. Changes in mitochondrial metabolism 

are associated with altered mitochondria-derived ROS (mito-ROS) production, mitochondrial 

membrane potential (∆𝜓') and mitochondrial morphology (Table 2a-c). Interestingly, some forms 

of metabolic remodeling (notably Warburg metabolism-an increase in uncoupled glycolysis) is 

shared by all 3 cell types. The consequences of this metabolic shift is that they become more 

apoptosis-resistant and proliferative (12, 45, 173), likely contributing to the observed obstructive 

vasculopathy.  

 

In PAH, a shift from oxidative phosphorylation to uncoupled aerobic glycolysis is observed (11, 
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176). This metabolic phenotype favours cell proliferation and reduces apoptosis in cancer cells 

(35) and PAH cells  (258, 304). One of the main causes of increased, uncoupled, aerobic glycolysis 

in PAH is PDH inhibition caused by increased PDK expression and/or activity. PDH, which 

catalyzes the conversion of pyruvate to acetyl-CoA, is the rate-limiting enzyme in glucose 

oxidation (240); PDK phosphorylates and inhibits PDH (139, 349). Therefore, upregulation of 

PDK results in decreased oxidative phosphorylation. In humans, there are four isoforms of PDK 

(PDK1-4) and all are inhibited by dichloroacetate (DCA), a potential metabolic therapeutic agent 

for PAH (205), as will be discussed. 

 

Pulmonary artery endothelial cells 

Several studies have observed a shift from glucose oxidation  to aerobic glycolysis in PAEC. For 

example, Xu et al. studied the cellular bioenergetics in PAEC and showed that endothelial cells 

derived from patients with idiopathic PAH (IPAH) have increased glucose uptake, lactate 

production, and decreased oxygen consumption (345). This metabolic shift in PAEC was 

associated with decreased complex IV activity and reduced SOD2 expression. They postulated the 

loss of SOD2 contributes to HIF-1α activation , similar to our findings in PASMC derived from 

IPAH patients and FHR (15) (98, 345).  

 

Unlike the activation of  HIF-1α elicited in PAH PASMC by reduced ROS, others have found 

activation of HIF-1α to be the result of increased levels of mito-ROS, induced by the endothelin-

1 (ET-1)-mediated translocation of endothelial nitric oxide synthase (eNOS) from the plasma 

membrane to the mitochondria via protein kinase C 𝛿 (PKC𝛿) (300). The increase in ET-1 also 

decreases mitochondrial membrane potential, ∆𝜓'. Rabinovitch et al. showed that mice with a 
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PAEC specific mutation of bone morphogenetic protein receptor type 2 (BMPR2), the most 

common mutation in heritable PAH (HPAH), developed PH in hypoxia which was  not reversed 

upon reoxygenation (83). This BMPR2 mutant mouse model of PAH is associated with reduced 

expression of several mitochondrial regulators [p53, peroxisome proliferator-activated receptor γ 

coactivator 1-α (PGC-1α) and TFAM], recapitulating the phenotype of PAH patients with BMPR2 

mutation. In aggregate, these abnormalities lead to mitochondrial dysfunction, manifesting as 

mitochondrial depolarization, excess mitochondrial fission and increased apoptosis in both 

BMPR2 mutant mice and PAH patients (83). Decreased mito-ROS production was observed only 

in BMPR2 mutant mice studied under hypoxia. In contrast, when studied in normoxia, PAEC from 

BMPR2 mutant mice and PAH patients exhibit increases in p53, PGC-1α and TFAM and display 

mitochondrial hyperpolarization, increased mito-ROS (only in BMPR2 mutant mice), excess 

mitochondrial fission, increased glycolysis and increased inflammation (83). This study 

demonstrated  the differential involvement of BMPR2 mutation in normoxia (increased 

inflammation) versus hypoxia-reoxygenation (increased apoptosis, and induction of hypoxic PH).  

 

Recently, Caruso et al. studied the miR and proteomic profiles of blood outgrowth endothelial cells 

(BOEC) from HPAH patients with BMPR2 mutations and IPAH patients. They found that the 

downregulation of miR-124 in both BOEC populations increased expression of the splicing factor 

polypyrimidine-tract-binding protein (PTBP1), resulting in alternative splicing of PK muscle 

isoforms 1 and 2 (PKM1 and 2), and subsequent increased PKM2 expression. The proglycolytic 

PKM2 isoform predominance enhanced uncoupled, aerobic glycolysis and increased lactate 

production while also decreasing translocation of pyruvate to mitochondria (45). Thus, in PAECs, 

acquired mitochondrial abnormalities, due to alterations in the miR-124/PTBP1/PKM1/2 pathway 
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and BMPR2 deficiency, contribute to disorders of mitochondrial metabolism and dynamics that 

are relevant to the proliferation/apoptosis imbalance in these cells.  

 

Cao et al. found that increased 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) 

expression/activity in PAEC (isolated from hypoxic mice and IPAH patients), also promotes 

glycolysis (43). PFKFB3 increases the production of growth factors (platelet derived growth factor 

[PDGFB], fibroblast growth factor 2 [FGF2]) and production of proinflammatory cytokines, such 

as C-X-C motif chemokine 12 (CXCL12) and interleukin 1 β (IL1β), via a HIF-2α dependent 

mechanism. Reducing PFKFB3, by genetic deletion or using a PFKFB3 inhibitor, slowed PH 

progression in hypoxic mice and improved pulmonary vascular remodeling in Sugen/Hypoxia 

PAH rats (evident as reduced PA wall thickness, decreased percentage of muscularized vessels 

and reduced endothelial cell proliferation)(44). This reinforces the pathologic nature of increased 

uncoupled glycolysis in PAECs in PAH. 

 

There is a reciprocal relationship between glucose oxidation and FAO such that when one 

increases the other decreases. This is called the Randle cycle and we have previously shown that 

in right ventricle hypertrophy (RVH), partial inhibition of FAO (using trimetazidine or ranolazine) 

is sufficient to increase glucose oxidation and improve cardiac function (96). However, we did not 

explore the effects on pulmonary vascular cells. While no study has explored PAEC FAO 

metabolism in PAH, Singh et al. examined the healthy human PAEC under hypoxia and found that 

PAEC display a decrease in glucose oxidation and this is due to an increase of fatty acid synthase 

(FAS) (290), which in turn upregulates HIF-1α, Glut1, hexokinase II (HK2) and decreases PDH 

activity, resulting in a shift to glycolysis and FAO (290). Moreover, increased expression of FAS 
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causes apoptosis resistance by decreasing Bax and increasing Bcl-2, increases autophagy via 

reducing p-mTOR and p62, and increases VEGF-dependent angiogenesis (290). The role of 

Randle’s cycle in PAECs requires further exploration to determine whether it contributes to 

adverse vascular remodeling in PAH. 

 

Glutaminolysis was initially studied in experimental RVH. Like most metabolic abnormalities in 

PAH, it is a pathway that is also upregulated in cancer. While the RV does not normally utilize 

glutaminolysis, this pathway, which is relevant both to bioenergetics and hypertrophy, is 

upregulated in monocrotaline (MCT)-induced RVH (245). We further showed that treatment of 

the glutamine antagonist 6-diazo-5-oxo-L-norleucine (DON) in MCT rats increased PAAT, 

reflecting a reduction in pulmonary vascular disease. This indirectly suggested that there is also 

upregulated, pathologic glutaminolysis in the pulmonary vasculature in PAH (245). Two studies 

have subsequently examined the role of glutaminolysis in PAH PAEC. In the first study, the 

authors found that vascular stiffness activates glutaminolysis and glycolysis by a Yes-associated 

protein 1 (YAP) and tafazzin (TAZ) (or WWRT1)-dependent mechanism (33). Hallmarks of 

pathway activation include increased expression of glutaminase (GLS1), lactate dehydrogenase A 

(LDHA) and pyruvate carboxylase (PC). Egnatchik et al. found substantial pulmonary vascular 

glutamine uptake in PAH patients with BMPR2 mutations and confirmed the occurrence of 

increased glutamine uptake in PAEC isolated from BMPR2 mutant mice. In BMPR2 mutant mice 

the increase in glutaminolysis was due to the loss of sirtuin-3 (SIRT3) activity and the activation 

of HIF-1α (88). These studies suggest that glutaminolysis inhibition may be a potential therapeutic 

strategy in PAH (with benefits to the pulmonary vasculature and right ventricle). 
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Pulmonary artery smooth muscle cells 

There is a shift in glucose metabolism from oxidation  to uncoupled, aerobic glycolysis in PASMC 

derived from FHR and IPAH patients. In FHR, which are created by interbreeding of rat strains, 

the Warburg metabolic shift is due to lung-specific increases in DNA methylation (lung-specific 

increased expression of DNMT1 and DNMT3b). Although there are likely broad methylomic 

changes, we documented hypermethylation of a CPG island in the SOD2 promoter which partially 

inhibits gene transcription. In addition, these rats have deficient expression of complex I/III (15, 

36). In aggregate, these acquired abnormalities decrease mito-ROS production, creating a 

condition of pseudohypoxia in PASMC, marked by pathological HIF-1α activation. HIF-1α is 

known to activate PDK, which inhibits glucose oxidation and promotes a reliance on uncoupled 

glycolysis. Dysregulation of complex I/III likely contributes to mitochondrial hyperpolarization 

and decreased mito-ROS production, although the precise mechanism by which this occurs 

remains uncertain. The effect of activation of HIF-1α on glycolysis in PASMC has subsequently 

been confirmed in PASMC from MCT and Sugen-hypoxia rats. In these PASMC, the expression 

of Glut1, HK1, and HIF-1α are increased due to increased PDK1 and 3 expression and a 

downstream decrease in PDH activity (193). The biologic relevance of these pathways was 

demonstrated by showing that inhibition of HIF-1α decreased rates of PASMC proliferation. The 

contribution of a complex I activity defect to the glycolytic switch in PAH has also been shown 

by Raflkov et al. in PASMC from MCT rats (255). There are additional mechanisms of PDH 

inhibition and glycolytic shift in PAH PASMC. For example in MCT and Sugen-Hypoxia rats and 

in PAH patients, there is impaired function of the mitochondrial calcium uniporter complex 

(MCUC) function in PASMC. This decrease in the ability of mitochondria to uptake cytosolic 

calcium is caused by downregulation of the MCU subunit and upregulation of the inhibitory, 
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mitochondrial calcium uptake protein 1 subunit (MCU1). The result, a fall in intramitochondrial 

calcium, reduces the activity of several calcium-dependent enzymes involved in glucose oxidation, 

including PDH, leading to uncoupled glycolysis (140). This MCUC abnormality in PAH is 

epigenetically regulated, by an increase in the expression of miR-25 and miR-138 (140). 

Downregulation of the MCU also promotes increased mitochondrial fission, as will be discussed 

subsequently (Figure 15). 

 

PDH inhibition and aerobic glycolysis do not result exclusively from PDK activation or loss of 

MCUC function. Michelakis et al. found that sirtuin-3 (SIRT3)  deficiency also reduces PDH 

activity and promotes glycolysis in SIRT3 knockout mice and IPAH patients (242). SIRT3 

deficiency causes α-ketoglutarate (α-KG)-mediated HIF-1α activation and increases the 

expression of PDK1, retinoid-interferon-induced mortality-19 (GRIM-19)-mediated increases in 

both signal transducer and activator of transcription 3 (STAT3) and glycogen synthase kinase 3 

beta (GSK-3β). These abnormalities culminate in activation of nuclear factor of activated T-cells, 

cytoplasmic 2 (NFATc2). A consequence of SIRT3-induced NFAT activation that relates to 

increased pulmonary vasculature tone in PAH is decreased Kv1.5 channel expression (242). More 

recently, Zhang et al. found that miR-449a-5p-mediated upregulation of Myc (also named p64), 

induced glycolysis in PASMC from both MCT and hypoxic rats (359). In both PAH patients and 

Sugen/Hypoxia rats, Kovacs et al. found that, as in PAEC, an increase in PFKFB3 promotes 

glycolysis in PASMC. This proglycolytic shift in turn results in extracellular signal-regulated 

kinase 1 and 2 (ERK1/2)-dependent activation of calpain-2, which promotes adverse pulmonary 

vascular remodeling (160). The production of mito-ROS in PASMC in PAH (as in HPV) is 

controversial. While our group shows a decrease in mito-ROS in PAH (15, 36), others have found 
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the opposite (255, 359). The reason for these discordant findings is  unknown, but it may depend 

on species/strain studied. We evaluated ROS in PAH PASMC derived from FHR and IPAH 

patients whilst ROS production in rats with MCT PAH and hypoxic rats with PH. In BMPR2 

knockout mice, Rabinovitch et al. found hypoxic inhibition of ROS whereas in normoxia the 

mutation was associated with increased ROS, suggesting environmental and experimental 

considerations are critical determinants of the vector of change in mito-ROS in PAH (83). 

Nevertheless, regardless of the animal models including FHR, MCT rats, SIRT3  knockout mice, 

Sugen-hypoxia rats, hypoxic rats or patient group (IPAH or just PAH patients), all groups 

consistently report metabolic remodelling (a Warburg shift to aerobic glycolysis), an increase in 

∆𝜓' (15, 36, 242, 359) and increased mitochondrial fission (15, 33, 140, 359). 

 

Two studies have examined FAO in PAH PASMC. The first study showed that mice lacking the 

gene for the metabolic enzyme malonyl-CoA decarboxylase (MCD) do not develop pulmonary 

hypertension during chronic hypoxia (301). The lack of MCD inhibits FAO and promotes glucose 

oxidation (an example of the Randle cycle) and thereby prevents the shift to uncoupled glycolysis. 

Other stigmata of adverse metabolic remodeling [i.e. downregulation of Kv1.5 and an increase in 

phosphorylated GSK-3β (p-GSK-3β) and NFATc2] were also inhibited in hypoxic MCD mutant 

mice, demonstrating that the presence of functional MCD enhances FAO and exacerbates PAH. 

The therapeutic strategy of inhibiting FAO to benefit the pulmonary vasculature is consistent with 

prior findings showing that partially inhibiting FAO in PAB rats improved RV function and 

reduced RVH (96). Singh et al. found that hypoxia caused a metabolic shift in healthy human 

PASMC from glucose oxidation to FAO, due to an increase of FAS (289). These changes were 

associated with increases of Glut1, p-GSK-3β, carnitine palmitoyltransferase 1 (CPT-1) and PDH 
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inhibition (289), similar to findings in healthy human PAEC under hypoxic challenge (290). 

Moreover, increases in FAS caused apoptosis resistance (via decreases in Bax, caspase 3, annexin 

V, and an increase in Bcl-2) and promoted autophagy (via decreases in p-mTOR, LC3BII/I ratio, 

and p62) (289). Finally, the increase of FAS is also associated with decreased mito-ROS and 

increased ∆𝜓'. Bertero et al. cultured PASMC in stiff versus soft extracellular matrix (ECM) and 

found that stiff ECM activates YAP/TAZ, which increases several metabolic enzymes, including 

GLS1, LDHA and PC, leading to increased glutaminolysis and glycolysis (33). These findings in 

PASMC are the same as that in PAEC (33).  

 

Pulmonary artery adventitial fibroblasts 

A shift to aerobic glycolysis in PAH PAFib was first reported by Zhao et al. who showed that 

PAFib from IPAH patients exhibit increased expression of genes relevant to glycolysis, including 

Glut1, PDK1 and HK1 and manifested increased 18FDG uptake, suggesting a shift to glycolysis 

(361). Later, Stenmark et al. found that PAFib from hypoxic neonatal calves and IPAH patients 

exhibit downregulation in complex I activity and NADH dehydrogenase [ubiquinone] iron-sulfur 

protein 4, mitochondrial (NDUFS4), leading to decreased PDH activity and increased glycolysis 

(246). These PAFibs also display upregulated expression in Glut1, HK2 and LDHA. As in other 

pulmonary vascular cells, the consequence of this metabolic remodeling in fibroblasts was 

apoptosis-resistance, hyperproliferation and a proinflammatory phenotype. The mechanism 

involved the NADH-sensitive transcriptional corepressor C-terminal binding protein (CtBP1), 

which inhibits cyclin-dependent genes (p15 and p21), proapoptotic regulators phorbol-12-

myristate-13-acetate-induced protein 1 (PMAIP1, also known as NOXA), a p53 apoptosis effector 

related to PMP-22 (PERP), and the anti-inflammatory gene, heme oxygenase 1 (HMOX1) (173). 
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Recently, Stenmark et al. found that the miR-124/PTBP1/PKM1/2 pathway that is activated in 

PAEC is similarly activated in PAFib (360). The two studies from Stenmark et al. reported 

increases in both mito-ROS and ∆𝜓' (246, 360). These studies remind us there are several means 

of achieving a Warburg metabolic phenotype, including the DNMT-SOD2-HIF-1α-PDK-PDH 

pathways and the miR-124/PTBP1/PKM1/2 pathway, as summarized in a recent editorial (10). 

 

Pulmonary vascular pericytes 

Pericytes are perivascular supporting cells which assist maturation of blood vessels (22). Reduced 

pericyte-endothelial cell interaction is considered one of the underlying mechanisms causing 

rarefaction of the pulmonary vasculature. Yuan et al. performed a transcriptomic analysis of 

pericytes derived from lungs in controls and PAH patients and identified PDK4 as the top 

differentially regulated metabolic gene (356). This study showed that upregulation of PDK4 

correlated with increased pericyte proliferation, decreased apoptosis and increased glycolysis. In 

addition, knockdown of PDK4 in PAH pericytes restored mitochondrial metabolism, reduced cell 

proliferation and improved pericyte-PAEC interactions in vitro, suggesting a mitochondrial basis 

for pericyte dysregulation to the small vessel loss and impaired angiogenesis observed in PAH. 

Interestingly PDK4 is also the predominant cardiac isoform that is upregulated in right ventricular 

hypertrophy, once gain highlight the shared benefits to the heart and lung that derives from 

restoring glucose oxidation in PAH.  

 

In summary, all the cells in pulmonary circulation, including pericytes PAFib, PASMC and PAEC 

manifest altered mitochondrial metabolism, including increased uncoupled glycolysis, depressed 

glucose oxidation, altered FAO and/or increased glutaminolysis.  In general, parallel benefits of 
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enhancing glucose oxidation have been demonstrated in most pulmonary vascular cells and in the 

right ventricle. The similar benefit to RV myocytes and pulmonary vascular cells bodes well for 

mitochondrial-metabolic therapies, as they must be beneficial to the heart and lung in vivo. 

 

Mitochondrial fission and fusion 

Mitochondria are highly dynamic cellular organelles which continuously undergo fusion (joining 

individual mitochondrion together to become one) and fission (dividing one mitochondrion into 

multiple mitochondria). The consequences of fission and fusion must be viewed contextually. In 

certain circumstances they account for maintaining mitochondrial quality control via mitophagy 

(190), initiate cell death (310) or regulating metabolism and cell cycle progression (59) (Figure 7). 

In eukaryotes, the main proteins involved in mitochondrial fusion and fission dynamics are large 

GTPase proteins belonging to the dynamin family (280). The major mediator of mitochondrial 

fission is dynamin related protein 1 (Drp1), while fusion is mediated by GTPases mitofusin-1 

(Mfn1), mitofusin-2 (Mfn2), and optic atrophy 1 (OPA1) (74, 221) (Figure 8). While inherited 

abnormalities of mitochondiral fission (Drp1; DNM1L mutations (337)) and fusion (MFN2 

mutations) (56, 81, 363) can cause disease, acquired abnormalities of fission (192) and fusion 

(273) are much more common and are noted to occur in PAH. 

 

Mitochondrial fusion mediators 

Mfn1 and Mfn2 are located on the outer mitochondrial membrane (OMM) and form homodimers 

(56, 126, 159) or heterodimers (the most efficient method for fusion) (126, 141) to mediate OMM 

fusion. OPA1, another dynamin family GTPase, is located on the IMM and mediates its fusion 

(188, 294). Mitofusins hydrolyze guanosine triphosphate (GTP) to fuse adjacent mitochondria, 
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allowing intermixing of the respective mitochondrial matrix contents (mtDNA, metabolites and 

proteins). Thus, fusion facilitates replacement of damaged mitochondrial components (55, 57, 

294). Deficient expression or function of OPA1, Mfn1 or Mfn2 leads to varying degrees of 

fragmentation of mitochondrial network and results in mitochondrial dysfunction (57, 144). 

Loss of Mfn1 leads to a greater degree of fragmentation than loss of Mfn2 (56). This can be 

explained by the fact that Mfn1 has a higher GTP-dependent membrane tethering activity than 

Mfn2 (144, 312). Reintroduction of Mfn1 or Mfn2 in Mfn2-knockout (KO) or Mfn1-KO, 

respectively, can restore mitochondrial fusion, suggesting an element of redundancy in the action 

of these fusion paralogs (56).  

 

Mfn2 is also found on the surface of the endoplasmic reticulum (ER), where it regulates 

mitochondria-ER contact sites. These mitochondria associated membranes (MAMs), provide the 

physical basis for intercommunication between these organelles during Ca2+ signaling (80, 99) 

and are also critical for activation of the NACHT, LRR and PYD domains-containing protein 

3 (NLRP3) inflammasome (213). Fusion is also important for controlling cellular homeostasis and 

cell survival. A recent study by Hoppins et al. suggests that soluble, monomeric Bax (an apoptosis 

regulator) selectively interacts with Mfn2 on the surface of mitochondria and, through 

conformational changes, enhances mitochondrial fusion. During apoptosis, the loss of soluble, 

cytosolic, Bax attenuates mitochondrial fusion (141). 

 

Mfn1 and Mfn2 share identical functional domains. The conserved domains include an N-terminal 

GTP binding domain and heptad repeat coiled-coil region (HR1) and two closely spaced 

transmembrane (TM) segments, and a second coiled-coil domain (containing heptad repeat HR2) 
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located on the C-terminal; both the GTPase and the two HR domains face the cytosol. In addition, 

Mfn2 possesses a Ras-binding domain at its N-terminal that is absent in Mfn1, suggesting specific 

roles of Mfn2 (60). Overexpression of Mfn2 by adenovirus-mediated gene transfer can inhibit cell 

proliferation and induce apoptosis of rat smooth muscle cells (60, 121). There remains some debate 

whether Mfn2 can regulate cell proliferation only by causing fusion (273) or through fusion-

independent signaling mechanisms (58). The accepted mechanism of Mfns-mediated 

mitochondrial fusion is a HR2 trans model, i.e. the HR2 domain near the C-terminus of a Mfn 

interacts with another HR2 of Mfn on an adjacent mitochondrion. The OMM interaction of two 

opposing mitochondria is established via their HR2 domains in a dimeric antiparallel form, 

followed by GTP hydrolysis-induced OMM fusion (159).  

 

The human dynamin-related protein OPA1 is anchored to the IMM via a single-span 

transmembrane domain which is close to the N-terminal and downstream of the mitochondrial 

matrix targeting sequence, and the majority of OPA1 faces the inter-membrane space (230). IMM 

fusion occurs after the OMM fusion. OPA1 not only mediates IMM fusion but also sequesters 

cytochrome c within the mitochondria. OPA1 requires Mfn1 to promote mitochondrial fusion, but 

interestingly not Mfn2. Knockdown of OPA1 with siRNA blocks mitochondrial fusion resulting 

in mitochondrial fragmentation, depolarization of mitochondrial membrane potential and altered 

mitochondrial IMM structure, which in aggregate, lead to cytochrome c release, caspase 

activation, and apoptosis (23, 68, 170, 228).  

 

The regulation of mitochondrial fusion protein expression occurs by several mechanisms. The 

protein levels of mitofusins are mainly regulated by the ubiquitin-proteasome system (70), and few 
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post-translational modifications have been reported. Mfn1 can be phosphorylated by extracellular-

signal-regulated kinase (ERK), a mitogen-activated protein (MAP) kinase cascade member, 

inhibiting mitochondrial fusion and inducing apoptosis (253). Under mitochondrial stress 

conditions, Mfn1 levels are regulated by mitochondrial E3 ubiquitin-protein ligase, membrane-

associated ring finger (C3HC4) 5 (MARCH5), which mediates proteasomal degradation of 

acetylated Mfn1 (239). In response to glucose starvation, histone deacetylase HDAC6 interacts 

with Mfn1 leading to deacetylation and activation of Mfn1, promoting mitochondrial fusion (168), 

perhaps serving a compensatory mechanism to improve energy homeostasis and prevent oxidative 

damage. Mfn2 can also be regulated by the ubiquitin-proteasome system. In response to cellular 

stress, Mfn2 is phosphorylated by Jun N-terminal kinase (JNK), which leads to recruitment of the 

ubiquitin ligase (E3) Huwe1 to Mfn2, resulting in ubiquitin-mediated proteasomal degradation of 

Mfn2 and mitochondrial fragmentation (166). Additionally, PTEN-induced putative kinase 

(PINK1) phosphorylates Mfn2 in response to mitochondrial depolarization and promotes its 

Parkin-mediated ubiquitination and proteasomal degradation. This is required for quality control 

and elimination of dysfunctional mitochondria (61). Moreover, MITOL [also known as MARCH5, 

a mitochondrial ubiquitin ligase which belongs to the membrane-associated RING-CH E3 

ubiquitin ligase (MARCH) family] ubiquitinates mitochondrial Mfn2, but not ER-associated 

Mfn2, and activates it for ER-mitochondria tethering (299).  

 

Mfn2 is also regulated at the transcriptional level. Peroxisome proliferator-activated receptor γ 

coactivator 1-α (PGC-1α) is one of the transcriptional regulators of Mfn2 expression (273). OPA1 

is regulated by alternative splicing and proteolysis. The differential splicing of OPA1 mRNA 

generates eight transcript variants (229). The long isoforms of OPA1 are generated from the eight 



 40 

splice isoforms by mitochondrial processing peptidase-mediated cleavage (293). In contrast, 

OPA1 also undergoes proteolytic cleavage at other sites, S1 and S2, downstream from the 

transmembrane domain. This generates short, transmembrane domain-free OPA1. Two 

metalloproteases, OMA1 and YME1L, cleave OPA1 at protease sites S1 and S2 , respectively 

(131, 293). Loss of mitochondrial membrane potential triggers OPA1 cleavage at S1, but not S2, 

resulting in the inactivation of OPA1, promoting selective removal of defective mitochondria 

(mitophagy). This process improves the quality of the residual mitochondria (131).  

 

Mitochondrial fission mediators 

Mitochondrial constriction and scission (the last step of mitochondrial division resulting in two 

mitochondria) are executed by the GTPases dynamin-related protein 1 (Drp1) and dynamin 2 

(Dnm2, Dyn2), respectively. In human cells, the average diameter of mitochondrial tubes is 

approximately 300 nm (161). Both Drp1 and Dyn2 oligomerize into rings that are much smaller 

than the diameter of mitochondrial tubes, suggesting a pre-Drp1 constriction step is needed to 

reduce the diameter of mitochondria. Voeltz et al. have reported that ER tubules wrap around 

mitochondria to drive pre-constriction and define the position of future mitochondrial division 

sites, where assembly of Drp1 will ultimately occur (104). 

 

Drp1 lacks a membrane-anchoring domain and is primarily located in the cytosol. Activated Drp1 

is recruited to the surface of mitochondria during organelle fission where it binds to several Drp1 

receptor proteins on the OMM. On the OMM, activated Drp1 assembles into higher order 

oligomers and forms a contractile, ring-like, structure around the mitochondria at ER-

mitochondrial contact sites, leading to further narrowing of the mitochondria. The final scission of 
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mitochondria has been proposed to be carried out by Dyn2 (104, 161, 231). Indeed, both Drp1- 

and Dyn2-depleted cells showed similar hyper-fused mitochondrial morphology (167). Recently, 

Ryan et al. reported that Drp1 has both membrane constricting and severing abilities and is 

sufficient to perform mitochondrial and peroxisomal fission in the absence of Dyn proteins (153). 

 

There are four OMM-anchored Drp1 receptors: fission protein 1 (Fis1), mitochondrial fission 

factor (Mff), mitochondrial dynamics protein of 49 kDa (MiD49), formerly known as 

mitochondrial elongation factor 2 (MIEF2) and mitochondrial dynamics protein of 51 kDa 

(MiD51), formerly known as mitochondrial elongation factor 1 (MIEF1) (182). Overexpression of 

Fis1 promotes mitochondrial fission, whereas inactivation of Fis1 induces an elongated 

mitochondrial morphology (298, 351). In the absence of Drp1 and Dyn2, human Fis1 (hFis1) can 

still mediate mitochondrial fission because of its ability to impair the function of fusion mediators. 

In the absence of Drp1 and Dyn2, hFis1 interacts with Mfn2 and OPA1, and impairs their GTPase 

activity, thereby inhibiting the fusion machinery and resulting in mitochondrial fragmentation 

(355). Knockdown of Mff causes the release of Drp1 from the OMM and results in mitochondrial 

fusion. Conversely, Mff overexpression enhances the recruitment of Drp1 to the OMM and 

increases mitochondrial fission. Mff-mediated mitochondrial fragmentation occurs independently 

of Fis1, suggesting that Fis1 is dispensable for Drp1 recruitment and mitochondrial division (233). 

Indeed, it appears that the crucial Drp1 binding partners likely varies both by cell type and 

pathophysiologic circumstance. 

 

Both MiD49 and MiD51 are anchored in the OMM via their N-terminal (237). Unlike Fis1 and 

Mff, MiD49 and MiD51 do not also target to peroxisomes(237). MiDs recruit Drp1 specifically to 
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mitochondria and act independently of Fis1 and Mff. Moreover, the Drp1 recruitment activity of 

Mff and Fis1 appears less efficient than that of MiD49 and MiD51 (236). The role of MiD49 and 

MiD51 in mitochondrial fission remains controversial. Palmer et al reported that overexpression 

of MiD49 and MiD51 elongates mitochondria; whereas our group finds the opposite (discussed 

below). Palmer’s findings might be caused by sequestration of non-functional Drp1 to 

mitochondria, resulting in mitochondrial elongation; whereas overexpression of the MiDs at low 

levels forms discrete foci at the sites of mitochondrial constriction with Drp1 and Mff leading to 

fission (236). Both MiD49 and MiD51 contain a nucleotidyl transferase domain, however, ADP 

or GDP cofactors only bind to this domain in MiD51 (181). In the absence of nucleotide binding 

to MiD51, the recruited Drp1 cannot be activated for fission; whereas ADP binding promotes Drp1 

assembly and mitochondrial fission (180). This suggests a link between metabolism and MiD-

mediated fission. Mff and MiDs cooperate in mediating mitochondrial fission and together are 

responsible for most Drp1 recruitment to mitochondria in PAH (27). However, the importance of 

specific binding partners may vary by cell type and differ amongst fissogenic stimuli. For example, 

while we have found a role for Fis1 in cardiomyocyte ischemia-reperfusion injury, as a mediator 

of fission and ROS formation (310), we found no such role in the accelerated mitotic fission which 

occurs in PAH PASMC (59). These  binding partners may also have additive effects. For example, 

whilst knockout of either Mff, MiD49, or MiD51 causes partial inhibition of mitochondrial fission, 

triple knockout causes a complete inhibition of fission (232). This is consistent with our recent 

finding that in PASMC (normal or from PAH patients) MiD overexpression, whether due to 

transfection or disease, promotes fission whilst MiD knockdown reduces fission (59).  

 

Regulation of fission mediators is mainly dependent on post-translational modifications and 
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protein degradation. Drp1 undergoes several post-translational modifications including 

phosphorylation, SUMOylation, ubiquitination, and S-nitrosylation (283). Phosphorylation of 

Drp1 has been investigated extensively. Phosphorylation of Drp1 at serine 616 (S616) enhances 

mitochondrial fission, whereas cyclic AMP-dependent protein kinase A (PKA) phosphorylates 

Drp1 at serine 637 (S637) inhibits its GTPase activity and reduces mitochondrial fission, thereby 

protecting mitochondria from autophagosomal degradation (52, 75). During cell death, Drp1 S637  

can be dephosphorylated by calcineurin, a calcium-dependent phosphatase, leading to Drp1 

translocation to the mitochondria and increased mitochondrial fission (48, 75). Drp1 S616 can be 

phosphorylated by various kinases in response to different cellular physiological conditions. For 

example, in cells undergoing rapid mitosis, as in PAH and cancer, Drp1 S616 can be 

phosphorylated by cyclin B/CDK1, a key mitotic kinase (192). This phosphorylation of Drp1 that 

is coordinated with mitosis increases mitochondrial fission and is called mitotic fission. Mitotic 

fission is essential to ensure an equal distribution of mitochondria to the daughter cells (192, 283) 

In addition, S616 can also be phosphorylated by Ca2+/calmodulin-dependent kinase II (CaMKII) 

during chronic β-adrenergic receptor (β-AR) stimulation, resulting in mitochondrial permeability 

transition pore opening, mitochondrial damage, and cardiac dysfunction (344). Moreover, ERK1/2 

phosphorylation of Drp1 S616 is requisite for Ras-induced cellular transformation and cell 

reprogramming (250, 281). 

 

Drp1 is one of many fission/fusion proteins that are postranslationally regulated. In response to 

energy stress, Mff can be phosphorylated by AMP-activated protein kinase (AMPK), a cellular 

energy sensor. Phosphorylation of Mff enhances Drp1 recruitment and mitochondrial fission and 

improves the removal of damaged mitochondria (313). Likewise, cell stress regulates MiD49 
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expression through MARCH5-triggered ubiquitination that leads to increased proteasomal 

degradation  (343). This MARCH5-dependent MiD49 degradation is itself negatively regulated by 

Mff and Drp1 (62). Finally, it is clear the binding partners of Drp1 (and Drp1 itself) are 

epigenetically regulated. For example, in human and experimental PAH, expression of MiD49 and 

MiD51 is upregulated by a loss of miR-34a-3p (59). The expression of Drp1 itself is also 

epigenetically regulated by miR-30 in cardiomyocytes (172). 

Pathologic and therapeutic implications of dysregulated mitochondrial dynamics in PAH  

Increased mitochondrial fission in PAH is due in part to the increased expression and/or activity 

of Drp1 and its binding partners, MiD49 and MiD51 (Figure 9-10). 

Upregulation of Drp1 in PAH 

Increased Drp1-mediated mitochondrial fission was first identified in human PAH PASMC and 

shown to account for their fragmented mitochondrial network (192). Inhibition of Drp1 by a 

pharmacological agent, mdivi-1 (47), or molecular intervention (siDrp1) creates a fused 

mitochondrial network in PAH PASMC. This fusion in the face of a drive to proliferate, triggers 

cell cycle arrest at the G2/M phase, due to activation of CDK1/Cyclin B1 (192). Furthermore, in 

vivo experiments showed that inhibition of Drp1 reverses established experimental PAH, both as 

measured hemodynamically (reduced PA pressures) and histologically (reduced muscularization 

of small pulmonary arteries in MCT-PAH and chronic hypoxia PH) (192). 

 

As previously discussed, HIF-1α is activated in PAH PASMC compared to normal PASMC (8). 

To evaluate the pathologic relevance of this observation we exposed normal PASMC to cobalt. 

Cobalt activated HIF-1α and recapitulated the fragmented mitochondrial network seen in PAH 
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PASMC. This HIF-1α-induced mitochondrial fission was dependent on Drp1 and was reversed by 

mdivi-1. Exposing rats to cobalt chloride (CoCl2), 2 mg CoCl2 i.p./day for four weeks induced 

mild pulmonary hypertension with adverse pulmonary vascular remodeling which was prevented 

by in vivo therapy with weekly injections of mdivi1 (50 mg/kg). Thus, HIF-1α-induced 

mitochondrial fission contributes to the development of PAH by accelerating cell cycle 

progression and Drp1 inhibition has therapeutic potential. 

 

The role of fission in PAfib is less well understood.  However, upregulated expression and 

increased activation of Drp1 does fragment the mitochondrial network in RVfib derived from the 

preclinical MCT-PAH model (311). The elevated Drp1 activity in MCT-RVfib is associated with 

its hyperproliferative, proglycolytic phenotype and with the increased collagen production, which 

ultimately increases RV stiffness and promotes RV failure (311). Inhibition of Drp1 by mdivi-1 or 

a competitive peptide, P110, which selectively blocks interaction between Drp1 and Fis1 (254), 

decreased mitochondrial fission, cell proliferation and collagen expression in MCT-RVfib. Thus, 

Drp1 is a conserved target amongst cells relevant to PAH in the cardiopulmonary unit. Drp1 may 

be a promising therapeutic target in the treatment of PAH. Of note, inhibition of Drp1 and/or Drp1-

Fis1 interaction are effective in treatment of other cardiac and pulmonary diseases which are 

characterized by increased mitochondrial fission, including lung cancer (259) and RV ischemia-

reperfusion injury (310). As with the metabolic inhibitors, which are beneficial in all pulmonary 

vascular cell types and the RV, it appears that inhibition of Drp1 is beneficial in PAfib, PASMC 

and is beneficial to the right ventricle, both during PAH and when there is ischemia-reperfusion 

injury. 
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Upregulation of Drp1 in bronchopulmonary dysplasia (BPD) 

BPD is a form of chronic lung disease that develops in premature infants who have been exposed 

to mechanical ventilation and hyperoxia (222). BPD is characterized by alveolar simplification 

(69) and confers an increased risk of pulmonary hypertension in adulthood (155). In a mouse model 

of BPD induced by exposing mouse pups to hyperoxia, Drp1 expression and activity were 

increased (decreased Drp1 phosphorylation at S637) and Mfn2 expression was decreased (307). 

However, the authors did not investigate the physiologic consequences of these changes in protein 

expression to mitochondrial morphology or hemodynamics in their model. 

 

Upregulation of MiD49 and MiD51 in PAH  

MiDs are ubiquitously increased in various human PAH tissues, including pulmonary arteries, 

PASMC, and BOEC, as well as in pulmonary arteries and PASMC from MCT-PAH and 

Sugen/hypoxia-PAH (59). MiD51 is also increased in both left heart and right heart from a rodent 

model of group 2 PH, the supra-coronary aortic banding model (341). Increased MiD expression 

contributes to mitochondrial hyperfragmentation and the hyperproliferative, apoptosis-resistant 

phenotype of PAH PASMC. Inhibition of MiDs by specific siRNAs restores normal mitochondrial 

morphology (Figure 11) and arrests cell cycle progression at the G1 phase. Conversely, introducing 

exogenous MiDs in normal PASMC is sufficient to increase mitochondrial fission and accelerate 

cell proliferation. Pathway analysis shows that MiDs accelerate cell proliferation through ERK1/2 

and cyclin-dependent kinase 4-(CDK4)-dependent mechanisms (59). A genomic study of PAH 

patients with either  isolated post-capillary pulmonary hypertension (Ipc-PH) or combined post-

capillary and pre-capillary pulmonary hypertension (Cpc-PH) patients identified a SNP 

(exm1300952) in the gene encoding MiD49, (SMCR7), that is associated with higher risk of PAH 
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(26). 

 

The upstream regulation of MiD49 and MiD51 has also been elucidated. Using a miRNA 

microarray assay and bioinformatic analysis, Chen et al. identified miR-34a-3p as a regulatory 

miRNA of both MiD49 and MiD51 (59). This miR is downregulated in human PAH. Direct 

binding of miR-34a-3p to MiD 3’-UTR was confirmed by luciferase activity assay. Administration 

of a miRNA-34a-3p mimic or anti-miR-34a-3p recapitulated the effect of exogenous MiDs or 

siMiDs on mitochondrial morphology and cell proliferation in PASMC, respectively. These 

findings indicate that the miR-34a-3p-MiDs pathway is pathogenic in PAH. Moreover, circulatory 

levels of miR-34a-3p level are decreased in PAH patients in two distinct cohorts. These promising 

data suggest that miR-34a-3p may have value as a potential biomarker for PAH. Based on 

preclinical studies, the miR-34a-3p-MiD pathway may also be amenable to therapeutic 

intervention through administration of siMiDs or miR-34a-3p by airway nebulization. 

Pathologic and therapeutic implications of decreased mitochondrial fusion in PAH 

Downregulation of Mfn2 in PAH 

Mfn2 was originally described as a hyperplasia suppressor gene (60). Decreased mitochondrial 

fusion also contributes to the excessive mitochondrial fragmentation in PAH. Mfn2 expression is 

downregulated in pulmonary vascular media and PASMC from PAH patients (273). Likewise, 

pulmonary vascular Mfn2 expression is decreased in rat PAH models (MCT-PAH and 

Sugen/Hypoxia PAH), indicating that decreased Mfn2-mediated mitochondrial fusion is a 

common pathway in the pathogenesis of both human and experimental PAH. Overexpression of 

Mfn2 in PAH PASMC increases mitochondrial fusion. This forced fusion inhibitss cell 

proliferation and induced apoptosis. Interestingly, augmenting Mfn2 in normal PASMC also 
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inhibited cell proliferation and induced apoptosis. Therefore, Mfn2-mediated cell cycle 

progression is involved in both health and disease. The observation that cell cycle progression is 

inhibited and apoptosis enhanced by a fused mitochondrial network, whether caused by Drp1 

inhibition or overexpression of Mfn2, indicates the importance of mitotic fission to the pathologic 

phenotype of PAH PASMC (i.e. mitochondria must be able to divide for the cell to divide). 

 

Investigation of the basis for Mfn2 downregulation in PAH revealed downregulation of Mfn2’s 

transcriptional coactivator, peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) 

as the likely cause. Supplement of Mfn2 by airway nebulization of Mfn2 adenoviral gene therapy 

improved exercise capacity, hemodynamics and pulmonary vascular remodeling in Su/Hx-PAH 

rats (273). 

 

Mfn2 expression is also decreased in lungs of rats with hypoxia-induced pulmonary hypertension 

(HPH) (95). Incubation of normal PASMC in an hypoxic environment decreases Mfn2 expression 

and increases phosphorylated Akt (p-Akt) expression. As in PAH models, this study identified 

Mfn2 downregulation as being a critical promoter of PASMC hyperproliferation. Overexpression 

of Mfn2 or inhibition of Akt’s regulator, phosphatidylinositol 3-kinases (PI3K) ,decreased p-Akt 

as well as cell proliferation. Thus, the PI3K/Akt pathway is critical to Mfn2-mediated inhibition 

of cell proliferation. 

 

Regulation of Mfn2 in PAH 

In addition to transcriptional regulation by PGC-1α, Mfn2 is epigenetically regulated by various 

miRNAs, including miR-17. miR-17 belongs to the miR-17/92 cluster and directly targets Mfn2 
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by binding to the 3’-UTR of the Mfn2 gene. miR-17 expression is significantly increased in both 

PAH patients and rodent models of PAH (46, 184). miR-17 mediates PASMC proliferation and 

apoptosis in an Mfn2-dependent manner (184); however, the potential therapeutic effect of anti-

miR-17 in vivo has not  been investigated in preclinical models of PAH. 

 

Upregulation of Mfn1 in hypoxic pulmonary vascular remodeling 

Sustained exposure to hypoxia activates HIF-1α and leads to HPH, a condition characterized by 

medial hypertrophy of small intrapulmonary arteries and increased rates of PASMC proliferation 

(319). Mitochondrial morphological changes in pulmonary vascular cells HPH models include 

mitochondrial vacuole formation and fragmentation (185). However, immunoblots of the 

mitochondrial dynamic regulatory proteins showed increased expression of a pro-fusion protein, 

Mfn1 (185). Surprisingly, the increased expression of Mfn1 was found to be pro-proliferative in 

this study. This was confirmed by gain-of-function and loss-of-function in vitro experiments. 

siMfn1 arrests cell cycle progression in the S phase. MiR-125a is a direct upstream regulatory 

miRNA of Mfn1 in hypoxia-induced pulmonary vascular remodeling and miR-125a antagomir is 

a potential therapeutic agent. It is unclear if this paradoxical effect of Mfn1 in this study relates to 

the differences between Mfn1 and Mfn2 in terms of effects on proliferation, the use of chronic 

hypoxic model (representative of Group 3 PH rather than Group 1 PH), the effects of miR-125a 

on targets in addition to Mfn1 or other technical factors. In most vascular beds, mitofusins are 

antiproliferative (58, 60, 79, 273, 342), unlike the findings of Ma et al. (185). 

 

Imbalanced mitochondrial fission/fusion causing excessive mitochondrial fragmentation is 

detrimental in PAH and BPD. This is due in part to the upregulation or abnormal activation of 
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fission-related genes (Drp1, MiD49, MiD51) and/or downregulation of fusion-related genes 

(Mfn2). The fission/fusion imbalance contributes to the hyperproliferative phenotype of 

pulmonary vasculature in PAH and possibly HPH and in preclinical models can be therapeutically 

targeted with beneficial results.  

 

Transcriptomics reveals altered expression of mitochondrial metabolic genes in PAH 

The advent of high throughput technologies like microarrays have revolutionized discovery in a 

variety of complex diseases. Microarrays are platforms onto which hundreds, thousands or tens of 

thousands of oligonucleotide probes are immobilized, where each probe set is specific and 

complimentary to an individual gene (136). Through the hybridization of amplified and labelled 

transcript, a transcriptome-wide signature can be obtained for each sample in an experimental 

condition. Comparison of the signals, together with appropriate normalization and multiple test 

correction allows for a ratio that is considered to be a fold-change expression as a consequence of 

the treatment or experimental condition. Because each gene can be described using a controlled 

vocabulary of terms that places the gene into multiple and overlapping functional annotations, it 

is possible to identify key molecular functions that are ‘enriched’, and so gain insight into overall 

functions (248). In order to identify the functional annotation of regulated genes within the PAH 

lungs, we used the National Centre for Biotechnology Information (NCBI) repository called the 

Gene Expression Omnibus (GEO) to mine for microarray data that has been published from human 

lungs of PAH patients and controls. We identified a recent paper that used microarrays to profile 

lung tissue from 58 PAH patients (15:43 male:female, 30 white, 6 black, 7 Hispanic, 5 Asian) and 

25 failed donors (18:7 male:female, 21 white, 4 black)(297). The PAH cohort in this study included 

idiopathic (32), hereditary (18), associated (5) and other (4) PAH subtypes. We remined the data 
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(using default protocols in the ncbi tool, GEO2R) based on 25 failed lung donors, and  lungs from 

32 idiopathic PAH patients and identified 2,970 genes that are differentially regulated between 

PAH and Control (corrected p-value<0.05; Supplementary Table 1)(297).When we used DAVID 

to perform functional analysis on ‘Official Gene Symbols’ (2,297 annotated genes). We identified 

137 significantly enriched functional groups (Benjamini corrected p-value<0.05; Supplementary 

Table 2). In this dataset, we find significantly enriched ‘KEYWORDS’ and ‘GOTERMS’ that 

correspond to mitochondrial/metabolic functions. Because each of these functional groups contain 

regulated genes that may appear in other functional groups, we combined all genes in a manner 

that excluded repetition. This analysis revealed 434-genes (Supplementary Table 3) that are 

differentially regulated in the lungs of PAH patients that are specifically involved in 

mitochondrial/metabolic functions. These findings corroborate what we know from the right 

ventricle transcriptome of an the MCT-APH rat. We recently used Next Generation Sequencing of 

RNA (RNAseq) to investigate differences between the transcriptome profile of the RV of the 

MCT-PAH RVF model compared to control rats. Because RNAseq incurs the problem of multiple 

testing, this careful phenotyping was critical in order to understand the molecular mechanisms that 

cause, or respond to RVF. Hemodynamic phenotyping demonstrated that the MCT treatment 

established a severe PAH and RVF (increased RVSP, increased mPAP, increased RVEDV, 

decreased CO, TAPSE and impaired ventricular-arterial coupling). Histological assessment of 

collagen, CD68 demonstrated that the MCT RV was both fibrotic, and in a state of increased 

inflammation. Importantly, we showed significant, functional, mitochondrial defects in the MCT 

RV, notably decreased PDH, Complex1 and Complex IV activity. We then extracted RNA from 

the MCT RV and prepared libraries for RNA sequencing (RNAseq). RNAseq is a method by which 

RNA from biological samples can be prepared into fragmented libraries so that the sequence of 
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each fragment can be read. The large datasets that result from these experiments take the format 

of short (75-150 nucleotide) reads from one (single-end) or both (paired-end) ends of each 

fragment that has been sequenced. These reads need to be aligned back to the reference genome in 

order for transcript assembly and counting so that differentially regulated genes can be identified. 

In the MCT RV, we identified 2,546 transcripts that were significantly and differentially expressed 

(1,457 upregulated and 1,089 downregulated). To understand the overarching functions of the 

genes that were dysregulated in the MCT RV, we applied functional annotation analysis to the list 

of differentially regulated transcripts. This approach relies on each gene being annotated using a 

controlled vocabulary so that apparently disparate genes involved in similar functions can be 

identified and grouped. In the MCT RV, the most significantly enriched terms converged on 

functions or gene ontologies (GO) that included mitochondria/metabolic, fibrosis and 

inflammation. We then mined data that has been published by other groups that have used 

microarrays to model transcriptome level changes in the RV of a mouse model of chronic RV 

outflow tract obstruction(163) and the RV from human PAH patients who had mutations in the 

BMPR2 gene (132). Of the 347 genes we identified as being differentially regulated in our MCT 

rat and involved in functions related to either mitochondria or metabolism, 92 genes were 

commonly regulated in the MCT rat RV (corrected p<0.05; n=6), the pressure overload mouse RV 

(corrected p<0.1; n=2) and the human BMPR2 RV (corrected p<0.1; n=2). These genes reflect the 

fingerprint of RVF that translates to human pathology. Importantly, this fingerprint is defined 

primarily by mitochondrial and metabolic dysfunction. 

 

Taken together, transcriptomic data shows an enrichment of terms that describe 

mitochondrial/metabolic function in the lungs of humans with PAH compared to failed donors. 
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This is consistent with data generated by our group in the MCT-RV, and human PAH-RV, 

suggesting a shared pattern of transcriptomic dysregulation of mitochondrial metabolic pathways 

in both the RV and lung in PAH (Table 4). This parallel mitochondrial dysregulation across the 

cardiopulmonary unit bodes well for mitochondrial targeted therapies that would, by necessity, 

affect both the RV and pulmonary circulation. 

 

Transcriptomics is a powerful tool that is capable of reading the entire transcriptome of a biological 

sample so that when samples from different biological conditions are compared, the differential 

regulation of individual transcripts can be resolved, and these transcripts can be placed into a 

broader understanding of cellular function so that underlying mechanisms that were not previously 

apparent could be elucidated. We have remined existing data (not our own) from the lung of PAH 

patients compared to controls and identified a large number of differentially regulated genes which 

when placed through a functional analysis pipeline, revealed significantly enriched terms that 

correspond to mitochondrial/metabolic functions. Given that our own recent RNAsequencing data 

from the hearts of an animal model (and subsequent comparison to human data), we argue there is 

clear evidence for a dysregulation of mitochondrial/metabolic genes in the cardiopulmonary unit 

in PAH. 

 

Epigenetic regulation of mitochondrial function in pulmonary vascular diseases 

Epigenetics refers to changes in gene function that are due to changes in gene expression without 

alterations in the gene sequence (340). Epigenetic modifications account for gene-environment 

interactions and occur by three major mechanisms: DNA methylation, post-translational 

modifications of histone tails and noncoding RNAs (e.g., microRNAs, miR). The involvement of 
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these mechanisms in the pathogenesis of complex diseases, including PAH is increasingly 

recognized, reviewed in (157). While epigenetic mechanisms can affect a single gene, they more 

commonly effect multiple genes simultaneously, demonstrating not only the importance of these 

mechanisms in such diseases, but the difficulty in resolving the role of epigenetic modifications in 

the wider genomic, transcriptomic and molecular environment. An important consideration for 

PAH therapy is that epigenetic mechanisms are potentially reversible using inhibitors of DNA 

methylation or HDAC inhibitors (which are already in clinical use), or potentially by 

administration of miRs or anti-miRs. This opens new therapeutic approaches to PAH, although 

one which is conceptually different from the single target-specific approach currently used for 

pharmacologic therapies, such as endothelin antagonists or guanylate cyclase stimulators. 

Epigenetic interventions will likely activate and/or inhibit broad pathways and the therapeutic 

benefit or toxicity will require a broad molecular and biochemical toxicity assessment, in addition 

to the conventional measurement of primary endpoints, such as effects on pulmonary vascular 

hemodynamics, functional capacity, RV function and mortality. 

 

DNA methylation  

DNA methylation is an epigenetic mechanism in which methyl groups (-CH3) are covalently 

transferred onto the cytosine residues at the C5 position. DNA methylation largely occurs in CpG 

islands, regions of the DNA near the promoter which are enriched in CpG dinucleotides. Studies 

have revealed ~60–80% of CpGs within somatic cells are methylated in human genomes. The CpG 

islands are formed from the clusters of ummethylated CpGs (291). DNA methylation is mediated 

and maintained by DNA methyltransferases (DNMT) 1, 3a and 3b. DNA methylation represses 

gene expression by three mechanisms i) Direct prevention of binding of the transcriptional 
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regulator by the methyl group; ii) Indirect inhibition of transcription by methylation-facilitated 

binding of methyl-CpG binding proteins, which prevents recruitment of transcription factors; iii) 

Recruitment of large protein complexes by methyl-CpG binding proteins that modify chromatin 

structure reducing DNA accessibility by transcription factors (150).  

 

DNA methylation of mitochondrial SOD2                

Superoxide dismutase 2 (SOD2) is the mitochondrion’s main enzyme for conversion of toxic 

superoxide anion into more stable, diffusible, hydrogen peroxide. The SOD2 gene is located on 

chromosome number 6 in humans and chromosome 1 in rats (65). SOD2 is a tumor suppressor 

gene (314). Epigenetic silencing of the SOD2 gene by hypermethylation has been reported to 

enhance cell proliferation in multiple malignancies, including pancreatic cancer and myeloma (77, 

138, 143). SOD2 expression is decreased in the lungs and PAs of PAH patients (38). We 

reproduced this finding in human PAH tissues and showed that SOD2 expression was decreased 

in the lungs and PAs of the FHR by ~50%, despite a normal SOD2 sequence (36). As in cancer, 

reduced SOD2 expression reflected epigenetic silencing of mitochondrial SOD2; however in FHR 

PASMC, loss of SOD2 decreased hydrogen peroxide production (36). This downregulation of 

SOD2 in PAH is mediated by transcriptional repression via methylation of two key CpG islands 

(one in the promoter and the other in an enhancer region). The decrease in SOD2 and loss of 

hydrogen peroxide mimics hypoxia, and as previously discussed this pseudohypoxia results in the 

hyperproliferative, apoptosis-resistant, population of PASMCs. The upregulation of DNMT1 and 

DNMT3b was only found in the lung, not in systemic arteries, a reminder of the tissue specificity 

of epigenetic mechanisms (15). We evaluated the therapeutic potential of this pathway and showed 

that suppressing the activity of methyltransferase, using a chemical inhibitor of DNMT that is 



 56 

clinically used in myelodysplastic syndromes, 5-Azacytidine, reversed the SOD2 

hypermethylation and rescued SOD2 expression. Moreover, supplementation with a SOD mimetic 

decreased mPAP and thickness of the pulmonary arterial media in the FHR model (15).  

 

Histone modification 

The nucleosome is the basic unit of DNA compaction in eukaryote cells. It is organized as a histone 

octamer consisting of 2 copies of each core histones H2A; H2B; H3 and H4. The N-terminal of 

the histone called the “tail” can undergo post-transcriptional modification including addition or 

removal of small and large organic molecules (acetylation, methylation, phosphorylation, 

deamination, palmitoylation, ubiquitylation, SUMOylation, biotinylation, glycosylation and ADP-

ribosylation). These modifications are essential for the control of gene expression through the 

modulation of chromatin compaction. Histone modification regulates several key functions 

including the DNA repair process, chromatin assembly, mitochondrial function, mitochondrial 

biogenesis, proliferation and apoptosis. 

 

Histone acetylation was the first histone modification reported in the literature. It is a dynamic 

process controlled by the activity of the histone acetyl transferase (HAT) and the histone 

deacetylase (HDAC) which add and remove the acetyl group onto the lysine residues of histone 

protein, respectively. Functionally, addition of the negatively charged acetyl group neutralizes the 

positively charged lysine residues, loosening the interaction with histones, thereby increasing the 

accessibility of the DNA to the transcription machinery. Conversely, removing acetyl groups from 

histones tightens the chromatin and suppresses DNA transcription. In humans, the literature reports 

nine HATs subclassified in two groups, and 18 HDACs in four major subclasses (I; IIa; IIb; III 
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and IV). Impaired expression of class I, IIa, IIb and III HDAC have been described in PAH, and 

were associated with broad aspects of disease pathogenesis; however, for this review, we only 

focused on the HDACs which are related to mitochondrial function.  

 

The mitochondrial deacetylase SIRT3 is downregulated in human PAH PASMC and a MCT rat 

model of PAH (242). Artificial downregulation of SIRT3 expression inhibits apoptosis and 

activates several pulmonary hypertension-related transcription factors (e.g. HIF-1α, STAT3; 

NFATc2) and suppresses mitochondrial function [decreased PDH activity, decreased oxidative 

metabolism and Krebs’ cycle metabolites as well as increased mitochondrial membrane potential 

( ∆𝜓' )]. Consistent with this, SIRT3 knockout mice spontaneously develop PAH (242). 

Conversely, artificial upregulation of SIRT3 improves mitochondrial function of PAH PASMC 

and reverses experimental PAH. It is noteworthy that in the heart, SIRT3 can deacetylate the fusion 

mediator OPA1, increasing its GTPase activity and thereby preserving mitochondrial function, 

offering protection form oxidant injury (276). It is unknown if this is SIRT3-OPA mechanism is 

operant in pulmonary vascular cells in PAH. 

 

Artificial inhibition of SIRT1 expression, another class III HDAC, also increases PASMC 

proliferation. After chronic hypoxia exposure, SIRT1 knockout mice manifest exacerbated 

vascular remodeling and develop PAH. Interestingly, chemical activation of SIRT1 decreased 

PASMC proliferation, which was associated with increased PGC-1α expression and mitochondrial 

biogenesis (364).  

 

Whilst SIRT1 and SIRT3 are the only HDACs directly associated with mitochondrial dysfunction 
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in PAH; the literature suggests that other HDACs might also contribute to mitochondrial 

dysfunction observed in PAH. The expression of class I HDAC is increased in PAH patients, PAH 

rat models and chronic hypoxic calves (174, 362). Inhibiting class I HDACs, using valproic acid, 

decreased inflammation and improved RV function and reduced pulmonary vascular lesions in a 

rodent model of PAH. Recent reports show that HDAC1 colocalizes with mitochondria in cardiac 

myocytes in early cardiac reperfusion injury (135). Consistent with this, activation of class I 

HDACs, including HDAC1 is associated with mitochondrial dysfunction, suggesting that class I 

HDACs might also regulate mitochondrial function (179). However, this potential interaction 

between class I HDACs and mitochondrial function has not been investigated in PAH. 

 

Boucherat et al. reported that HDAC6, a member of class IIB, is upregulated in human and 

preclinical models of PAH. Inhibition of HDAC6 using Tubastatin promotes mitochondrial 

depolarization and mitochondria-mediated cell death, and can reverse experimental PAH (37). 

Independent studies show that HDAC6 inhibition by Tubastatin induces mitochondrial fusion in 

striatal neurons (120). However, this potential effect of HDAC6 inhibition on mitochondrial 

dynamics has not been reported in PAH. 

 

Acetylated histone marks are recognized or “read” by a protein family called bromodomain and 

extra-terminal domain (BET). Among these “readers”, BRD4 is upregulated in PAH and 

associated with the development of the disease (203). Reduction of BRD4 activity using chemical 

inhibitors decreased mitochondrial membrane potential (∆𝜓' ), and improved mitochondrial 

function in human PAH PASMC. Consistent with this observation, inhibition of BRD4 reversed 

PAH in rat model of the disease. Based on this work, BRD4 has been proposed as a therapeutic 
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target in human PAH and a BRD4 inhibitor is now being studied in a clinical trial (NCT03655704). 

Methylation is another post-transcriptional modification of the histones implicated in the 

epigenetic control of gene expression. It results from the equilibrium of the activity of histone 

methyltransferase [HMT or protein lysine methyltransferase (PKMT)] and histone demethylase 

(the LSD demethylases and the JMJC demethylases). Histone methylation is less studied than 

histone acetylation and the contribution of histone methylation/demethylation to mitochondrial 

dysfunction in PAH remains relatively unknown. However, increased expression of the HMT, 

enhancer of zeste homologue 2 (EZH2), is observed in PAH PASMC and preclinical models of 

PAH (4, 284). EZH2 is a histone-lysine N-methyltransferase enzyme (EC 2.1.1.43) encoded by 

the EZH2 gene, that participates in histone methylation and, ultimately, mediates transcriptional 

repression. Increased EZH2 expression was associated with the pro-proliferative, and anti-

apoptotic phenotype of human PAH PASMCs (4). Interestingly, increased EZH2 expression is 

associated with the Warburg effect in cancer cells (238). Artificial inhibition of EZH2 improves 

mitochondrial function (reverting cells from glycolytic metabolism to oxidative metabolism) and 

decreases expression of HIF-1α. Nevertheless, the beneficial effect of EZH2 inhibition on 

mitochondrial function has not been investigated in PAH. 

MicroRNA 

MicroRNAs (miRNAs) are small non–coding RNA molecules consisting of ∼21-25 nucleotides 

(100, 169). They are encoded by intronic DNA and bind to the 3’-untranslated region (3’-UTR) of 

target mRNAs causing mRNA decay or impairing mRNA translation. A single miRNA can 

regulate the expression of an array of genes and conversely multiple miRNAs can regulate the 

expression of a particular gene (100, 195). In general, the greater the expression of an miR, the 

lower the expression of its target mRNAs and their related proteins. Dysregulation of miRNAs has 
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been shown to alter mitochondrial metabolic pathways that are critical for creating the 

pseudoneoplastic phenotype of PAH (Table 3). Caruso et al. demonstrated that downregulation of 

miR-124 contributes to Warburg metabolism and the hyperproliferative phenotype in circulating 

BOECs isolated from PAH patients. miR124 does this by upregulating PTBP1, which controls the 

expression of PK isoforms PKM1 and PKM2 (45), as previously discussed. A similar study in PA 

fibroblasts confirmed that downregulation of miR-124 increased the ratio of PKM1/PKM2 via the 

dysregulation of PTBP1, resulting in increased uncoupled glycolysis (Figure 12) (360). 

Furthermore, modulation of dysregulated miRNAs in PAH using miR mimics or antagomirs, can 

regress or recapitulate PAH in preclinical models (59, 140, 266). Although preclinical studies have 

identified promising outcomes supporting the therapeutic potential of mitochondrial targeted miR 

mimics (or their antagomers), they also raise concerns about potential, harmful off-target effects. 

These concerns can be addressed by robust preclinical and clinical toxicology and transcriptomic 

surveillance. Since extracellular miRNAs are resistant to RNase degradation they are stable and 

may serve as ideal biomarkers to aid in diagnosis and predict prognosis in PAH patients (262, 

279). 

In summary, epigenetic mechanisms allow rapid modification of gene expression in response to 

physiological and pathological stress. Thus, it not surprising that several epigenetic dysfunction 

including DNA methylation, histone modification, and miRNA expression occur in the pulmonary 

vasculature in PAH. Several epigenetic mechanisms related to Sirt1, Sirt3, HDACs, DNMT and 

several miRs  are associated with mitochondrial dysfunction in PAH. Investigation of epigenetic 

mechanism of mitochondrial dysfunction will likely identify new biomarkers and suggest new 

therapeutic approaches. Indeed several drugs that modify epigenetic targets are already in clinical 

trials in PAH. 
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Transcription factors 

Transcription factors are proteins that bind to the specific sequence of DNA and promote 

transcription of genes, yielding messenger RNA. In PAH, several pathological stimuli including 

oxidative stress and hypoxia (or pseudohypoxia) can modulate complex biological pathways 

which, in turn, can alter the expression and/or function of various transcription factors. Here we 

focus on transcription factors that are known to affect mitochondrial biology in pulmonary 

hypertension. 

HIF-1α and the pulmonary vasculature 

HIF-1α expression and activity increase inversely with PO2 (Figure 13). HIF is a heterodimeric 

protein with α and β isoforms. The β-subunit is constitutively expressed whilst α-subunit 

expression increases logarithmically as PO2 falls. Both HIF-1 subunits contain basic helix-loop-

helix motifs that bind DNA, causing subunit dimerization (53, 322, 346). HIF activity is finely 

regulated by the availability of O2, which regulates several enzymes that control HIF-1α 

expression. In normoxia, hydroxylation of HIF-1α is mediated by prolyl hydroxylase domain 

proteins (PHDs) (91, 145, 147). PHD’s oxygen-dependent hydroxylation marks HIF-1α for 

ubiquitination by von Hippel-Lindau protein (pVHL), a tumor suppressor and E3 ubiquitin protein 

ligase (146). The ubiquitination of HIF-1α requires hydroxylation at proline-402 and proline-564 

(145, 147, 194, 354). Hypoxia decreases PHD activity thereby decreasing HIF-1α proline 

hydroxylation, resulting in the stabilization of HIF-1α. Another HIF-1α regulator, factor inhibiting 

HIF-1α (FIH-1), is also inhibited by hypoxia. FIH-1 hydroxylates HIF-1α at an asparagine residue 

within its C-terminal transactivation domain. This hydroxylation blocks the binding between HIF-

1α and the transcriptional co-activators CBP and p300 (146). Hypoxic-inhibition of FIH-1 
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contributes to activation of HIF-1αtarget genes (Figure 13). Through these mechanisms, hypoxia 

stabilizes the expression of HIF-1α and its DNA-binding activity in PASMC and endothelial cells 

(353). Once in the nucleus, HIF-1α dimerizes with HIF-1β which allows DNA binding to the 

promoter region of genes that have a conserved hypoxia response element (HRE). Manalo et al. 

showed that overexpression of a constitutively active HIF-1α led to increased transcription of 245 

genes whilst expression of 325 genes decreased (189). They concluded that ~5% of genes 

expressed in endothelial cells are regulated by HIF-1α. 

Normoxic activation of HIF-1α in pulmonary hypertension 

Pseudohypoxic HIF-1α activation is seen both in PAH (Figure 13) and cancer and reflects 

abnormalities in the mitochondria-based mechanism of oxygen-sensing (36), as previously 

discussed. In PAH, the pseudohypoxic environment is created by a variety of factors, including 

the previously discussed epigenetic downregulation of SOD2. Low SOD2 expression lowers the 

production of its product, the redox signaling molecule H2O2, thereby creating a pseudohypoxic 

state. As in true hypoxia, pseudohypoxic activation of HIF-1α upregulates the expression of a 

variety of genes, including PDK, resulting in the inhibition of PDH. PDH inhibition reinforces the 

low ROS state by inhibiting the mitochondrial ETC, as metabolism switches to a reliance on 

uncoupled glycolysis in the cytosol. HIF-1α activation ultimately reduces the expression of various 

ion channels, including Kv1.5, leading to depolarized, calcium-overloaded PASMC.  

 

Fijalkowska et al. demonstrated that PAEC from IPAH patients have elevated HIF-1α expression 

under both normoxic and hypoxic conditions. They further demonstrated increased expression of 

carbonic anhydrase IX, a transcriptional target of HIF-1α in the pulmonary arteries of PAH patients 

(98). One mechanism by which HIF-1α expression increases, in addition to epigenetic SOD2 
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dysregulation, is via increased activity of glucose-6-phosphate dehydrogenase (G6PD). This 

mechanism was observed in CD133+ progenitor cells, which are capable of differentiating into 

hematopoietic, endothelial, smooth muscle, and neuronal cell types. G6PD is the rate-limiting 

enzyme in the pentose phosphate pathway and has been found to contribute to the proliferation of 

PASMC in hypoxic rats by directing the cells to synthesize fewer contractile proteins (myocardin 

and SM22α), and increase the expression of the proliferative proteins, cyclin A and phospho-

histone H3 (63). Activation of HIF-1α not only changes metabolism (increasing glycolysis and 

inhibiting glucose oxidation), it also induces mitochondrial fission by promoting cyclin B1/CDK1-

dependent Drp1 phosphorylation at S616 (192). 

Signal transducer and activator of transcription 3 (STAT3)  

STAT3, a transcription factor, encoded by the STAT3 gene, is activated in PAH and also modifies 

mitochondrial function. STAT3 activation is mediated by phosphorylation at its tyrosine 705 

residue (PY705) in response to cytokines such as IL6, growth factors such as endothelin 1 (ET1) 

and angiotensin II (AngII) (28, 78) and PDGF. STAT3 activation is followed by nuclear 

translocation, dimerization and DNA binding (40). Involvement of STAT3 and its downstream 

targets is well-documented in PAH. Pim1 (provirus integration site for Moloney murine leukemia 

virus), a proto-oncogene, is a key downstream signal of STAT3 activation (234). Paulin et al. 

showed that increased Pim1 expression in PAH PASMC correlated with the severity of PAH. 

Furthermore, heterologous overexpression of Pim1 induced PASMCs proliferation by inactivating 

the pro-apoptotic protein, Bcl-2 associated agonist of cell death (Bad), resulting in 

hyperpolarization of mitochondria and also by increasing NFATc2 activity (241). STAT3-

mediated activation of Krüppel-like Factor 5 (KLF5) in human PAH accounts, in part, for the 

hyperproliferative phenotype in PAH PASMC, including hyperproliferation, mitochondrial 
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hyperpolarization, increased survivin expression and resistance to apoptosis (73). Localization of 

STAT3 in mitochondria reveals a new role of STAT3 in regulating the ETC. Silencing of STAT3 

reduced complex I and complex II activity. Mitochondrial Stat3 functions as a modulator of 

mitochondrial respiration rather than as a transcription factor (289). In CD4 cells activated with 

IL6, mitochondrial STAT3 helps maintain calcium homeostasis, which is dysregulated in PAH 

(347). 

PPARγ and PGC-1α 

Peroxisome proliferator-activated receptor gamma (PPARγ), a member of a family of nuclear 

receptors/ligand-activated transcription factors, regulates cell metabolism, cell proliferation, and 

inflammation (315). PPARγ is downregulated in PAH and HPH tissues, including endothelial cells 

(6) and PASMC (183). Decreased PPARγ induces cell proliferation, in part through activation of 

the ERK 1/2-NF-κB-Nox4 pathway (183). Rosiglitazone, a thiazolidinedione insulin-sensitizer 

and PPARγ agonist (263), attenuates pulmonary artery remodeling in HPH (76, 156, 224) and 

reverses vascular remodeling and RV failure in the Su/Hx-PAH model (171).  

 

PGC-1α is a master regulator of mitochondrial biogenesis (175) and transcriptional coactivator of 

Mfn2 (273). PGC-1α is downregulated in human and experimental PAH, as reviewed in the 

Mitochondrial Dynamics section above. Ye et al. confirmed our findings of downregulated PGC-

1α in PAH PASMC (273), noting decreased PGC-1α expression in normal human PAEC exposed 

to hypoxia (348). In their study hypoxia also reduced mitochondrial membrane potential, ATP 

production and increased oxidative stress, in a manner that was reversed by metformin. PAECS in 

rats exposed to four weeks of chronic hypoxia had decreased PGC-1α levels and their 
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mitochondrial ultrastructure was abnormal, evident as disrupted cristae. 

 

Yeligar et al. demonstrated that PGC-1α’s partner, PPARγ, is also downregulated in PAH. 

Downregulation of PPARγ (like downregulation of PGC-1α) disrupts mitochondrial dynamics and 

dysregulates mitochondrial function (350). Exposure of normal PASMC to hypoxia or knockdown 

of PPARγ fragments mitochondria (by downregulating Mfn2) and also decreases oxygen 

consumption rates. Loss of PPARγ also decreases expression of PGC-1α in human PASMC and 

lung tissue from mice exposed to hypoxia. These results extend our prior findings of PGC-1α-

induced downregulation of Mfn2 (273) and suggest a role for a disordered PPARγ-PGC-1α-Mfn2 

pathway in the acquired mitochondriopathy of PAH. 

 

In summary transcription factors plays an important role in the pathobiology of PAH. Activation 

of HIF-1 α under normoxic condition upregulates an array of genes which are critical to the 

pathogenesis of PAH. Activation of HIF-1 α has been shown to alter metabolism leading to 

uncoupled aerobic glycolysis and induces mitochondrial fission, ultimately contributing to 

increased cell proliferation, one of the hallmarks of PAH. Similarly, STAT3 activation in PAH by 

phosphorylation at PY705 upregulates its downstream gene targets, including Pim1, KLF5. These 

in turn contribute to PASMC proliferation. Furthermore, STAT3 has been shown to localize in 

mitochondria, where it acts as a modulator of mitochondrial respiration. Downregulation of PPARγ  

contributes to the proliferation of endothelial cells and PASMC in PAH by stimulating the ERK 

1/2-NF-κB-Nox4 pathway. On the other hand decreased expression of PGC-1α in PAH, leads to 

increased mitochondrial fission and PASMC proliferation via downregulation of Mfn2.  

Mitochondrial biogenesis and mitophagy  
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In order to maintain an optimally functional network, constant mitochondrial turnover is required 

to discard dysfunctional and damaged mitochondria. The dysfunctional or defective mitochondria 

are selectively removed through a process known as mitophagy (25). New mitochondria are also 

provided as needed through the PGC-1α-dependent process of mitochondrial biogenesis (127). 

PGC-1α promotes mitochondrial biogenesis by activating nuclear respiratory factor 1 (NRF1) and 

TFAM. TFAM promotes transcription of mitochondrial DNA (mtDNA, Figure 14) (318). 

Mitochondrial biogenesis is decreased in PAH patients and in experimental PAH (111, 348). There 

are many mediators affecting mitochondrial biogenesis in PH patients. Afolayan et al. reported 

reduced expression of PGC-1α, ETC subunits, and mtDNA copy number in an ovine model of 

persistent pulmonary hypertension of the newborn (PPHN). In another study, mice lacking 

endothelial BMPR2 developed PH and exhibited inhibition of mitochondrial biogenesis, as well  

as an increase in mitochondrial ROS production and reduction in mitochondrial membrane 

potential, when challenged with hypoxia (83). Enache et al. conducted time course studies of 

mitochondrial biogenesis factors and respiration in the RV, gastrocnemius, and left ventricle in 

MCT-PAH rats. They demonstrated an early decrease in expression of mitochondrial biogenesis 

genes in the skeletal muscle, followed by similar decreases in RV myocytes and gastrocnemius 

muscle. These changes were not seen in the left ventricle (90). 

 

Mitophagy involves the coordinated activation of PTEN-induced kinase 1 (PINK1) and the E3 

ubiquitin-protein ligase, Parkin. In dysfunctional or damaged mitochondria, PTEN is directed 

to the OMM and its proteolytic cleavage by mitochondrial processing peptidase (MPP) and 

presenillin-associated rhomboid-like (PARL) proteases is inhibited. PINK1 recruits Parkin 

which in turn polyubiquitinates several OMM proteins such as voltage-dependent-anion-
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selective channel 1 (VDAC1), Mfn1 and Mfn2. The polyubiquitinated proteins are then 

recognized by adaptor proteins such as p62, optineurin (OPTN) and NDP52, followed by the 

recognition by light chain 3 (LC3) and formation of autophagosome (109). Mitophagy can be 

induced by oxidative stress (2, 109). Dysregulated mitophagy promotes pulmonary hypertension. 

For example, in mice exposed to intermittent hypoxia, loss of endothelial cell UCP2 increases 

mitophagy, suppresses mitochondrial biogenesis and increases PAEC apoptosis (128). 

Calcium homeostasis 

Increase in cytosolic calcium concentration, [Ca2+]cyto, drives pulmonary vasoconstriction and 

PASMC proliferation (164, 285, 323). Elevation of [Ca2+]cyto is multifactorial, resulting from 

increased calcium influx through the L-type calcium channels, activation of transient receptor 

potential channels (TRPCs) and activation of store-operated calcium channels (223, 249, 358). In 

contrast, intramitochondrial calcium, ([Ca2+]mito) is separately regulated and serves different 

purposes (regulation of metabolism and buffering of cytosolic calcium)]. Physiologic levels of 

[Ca2+]mito are required to maintain activity of the three mitochondrial dehydrogenases, which is 

achieved either by activating oxoglutarate dehydrogenase and isocitrate, or by activating PDH 

phosphatase which in turn activates PDH. Increases in [Ca2+]mito are associated with inhibition of 

cell proliferation and increased apoptosis. Consistent with this, Teshima et al. showed that 

overexpressing mitochondrial uncoupling protein-2 (UCP2) in cardiomyocytes inhibits calcium 

influx into mitochondria and decreases ROS production (308). In another study, a metabolic switch 

to glycolysis was observed due to the impairment in calcium-sensitive PDH in SMCs lacking 

UCP2. Loss of UCP2 inhibited calcium flux from the ER to the mitochondria (84). Sutendra et al. 

demonstrated that hypoxia upregulates Nogo-B, a regulator of ER structure, in PAH PASMCs 

through activation of the ER stress–sensitive transcription factor, ATF6. They further 
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demonstrated that induction of Nogo-B decreased ER-to-mitochondria phospholipid and calcium 

transfer by increasing the distance between the ER and mitochondria. Furthermore, mice lacking 

Nogo-B are protected from hypoxia-induced PAH (303).  

 

Although calcium does enter mitochondria from the ER and UCP2 modulates mitochondrial 

calcium uptake, the predominant route for calcium entry is via a multiprotein channel complex, 

the MCUC, located in the IMM (103). The function of MCUC is crucial in maintaining the 

cytosolic and mitochondrial calcium balance and the activation of mitochondrial calcium-

dependent dehydrogenases (31). Two component proteins of the MCUC function as the pore-

forming subunits, MCU and the essential MCU regulator (EMRE). Lower expression and 

decreased function of MCU in both PAH and cancer (140, 191) contributes to decreased [Ca2+]mito 

and increased cytosolic calcium concentration, which result in PDH inhibition and fission, 

respectively (82). Loss of MCUC function promotes cell proliferation and resistance to apoptosis 

in human and experimental PAH PASMC (140). The cause of changes in MCU expression are 

largely epigenetic, due to increased expression of the regulatory microRNAs, miR-25 and miR-

138 (140, 321) (Figure 15). In contrast, restoring MCU expression, by airway nebulization of anti-

miRNA 25 or -138, regresses experimental PAH (140) (Figure 15).  

Evaluation of disordered metabolism of pulmonary vascular diseases  

Advanced imaging modalities have evolved to provide non-invasive quantitative measurements of 

glycolytic abnormalities in the lung and RV in PAH (317). Current imaging techniques employ 

EKG-gating and respiratory gating to improve image structure and function correlation in the 

pulmonary vasculature and RV in preclinical models of PAH and in patients with PAH (3, 5, 24, 

67, 96, 162, 361). Here, we briefly discuss the development of some mitochondrial-targeted 
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molecular imaging probes for SPECT and PET techniques, which are used to evaluate the changes 

in cardiac metabolic activity, viability, blood flow and perfusion in preclinical and clinical studies. 

 

Glucose and fatty acid metabolic imaging 

The mitochondrial-targeted molecular imaging probes have been widely studied and developed to 

investigate the mitochondrial function of myocardium in cellular processes ranging from 

metabolism and apoptosis to ventricular remodeling. Our lab and others are pursuing the goal of 

using preclinical imaging platforms to measure mitochondrial-metabolic function in experimental 

PAH. This research has first advanced in the study of the RV in PAH, an organ affected by 

ischemia, due to reduced right coronary artery perfusion pressure and capillary rarefaction (271). 

Under ischemic conditions, the myocardium shifts from oxidative phosphorylation to reliance on 

glycolysis and glutaminolysis (244). There is also increasing evidence for a pathologic metabolic 

shift to uncoupled glycolysis in the absence of ischemia in both the lungs and heart (42, 113, 124, 

193, 302, 345). Increased glucose flux is required to maintain ATP homeostasis when myocytes 

use the lower energy yielding glycolytic pathways. Molecular imaging can measure the related 

increase in glucose flux that is required to maintain energy homeostasis in vivo, using 2-[18F]-

Fluoro-2-deoxy-D-glucose (FDG) as a PET radiotracer (54). An FDG-PET study performed by 

Xu et al. showed a threefold increase in glycolytic rates in the lungs of patients with compared to 

healthy controls, suggesting that glycolytic glucose metabolism is the primary energy source of 

idiopathic PAH cells (345).  This study showed the robust potential of using glucose uptake as a 

novel imaging modality for diagnosis and evaluation of treatment response in PAH patients (345); 

but, did not elucidate whether FDG-PET could detect mild PAH. Their findings also supported the 

substantial alterations in cellular bioenergetics of IPAH endothelial cells, linking the human 
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disease to avian and rodent forms of PAH (108). 

 

Lung FDG-PET was used to monitor PAH progression and assessment of therapeutic regression 

by Marsboom et al., using the MCT-PAH model(193). Seven Sprague-Dawley rats were 

longitudinally imaged before MCT injection and weekly after injection, utilizing both pulsed-wave 

Doppler echocardiography and FDG-PET techniques (see Figure 16A-E). The arrow at the 3-week 

time point (Figure 16A-B) shows the systolic notching of the PA Doppler envelope developed 

after three weeks in MCT-PAH rats, a well-established indicator of severe PH (316). Serial lung 

FDG-PET scans revealed progressively increasing FDG uptake in the lungs of MCT animals, 

within two weeks of MCT injection, when PAH was still mild (Figure 16C-D). Thus, there is 

evidence that a metabolic shift in lung metabolism occurs early, simultaneously with onset of PAH 

(beginning between 1 and 2 week after MCT injection). Figure 16E shows that there is a significant 

correlation between FDG uptake and PAAT measurements (r2 = 0.3, p < 0.001). In this study, FDG 

uptakes were normalized by dichloroacetate or imatinib therapy. To identify the origin of the 

increased pulmonary FDG uptake, laser capture microdissection of airway versus vascular tissue 

was used. Oxygen consumption and metabolism were measured in PASMC cultures. The 

expression of  Glut1, which mediates FDG uptake, was upregulated in both the endothelium and 

PASMCs, but not in airway cells or macrophages, suggesting the metabolic shift is specific to the 

vasculature. PASMCs from MCT rats were hyperproliferative and displayed normoxic activation 

of HIF-1α and Glut1 upregulation in proliferating vascular cells, accounting for increased lung 

FDG-PET uptake. This study showed the high sensitivity of FDG-PET to mild PAH and its 

capacity for monitoring therapeutic changes in the vasculature (193).  

In another comprehensive study in patients with idiopathic PAH, Bokhari et al. revealed that dual 
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isotope PET scanning with both 13N-ammonia (NH3) and FDG is a feasible means for quantifying 

RV blood flow and metabolism in idiopathic PAH patients (34). The majority of the patients in 

the study were treated with a standard regimen for PAH, including endothelin receptor antagonists, 

prostacyclin analogs, phosphodiesterase inhibitors, diuretics, digoxin, and spironolactone (34). All 

patients underwent cardiac MRI imaging, for measuring the end-diastolic and end-systolic 

volumes and wall thicknesses. 13N-NH3 PET resting perfusion imaging allowed quantitative 

analysis of myocardial blood flow (MBF) in each region of interest and globally for the RV and 

LV, while FDG-PET was used to quantify RV myocardial glucose uptake (MGU). The increased 

rate of glucose utilization in the RV, which is associated with disturbed cardiomyocyte Ca2+ 

homeostasis and an increase in cellular oxidative stress, indicated early RV metabolic functional 

impairment (140). MBF and MGU, and the ratio of RV/LV MGU were correlated to clinical 

parameters such as PA systolic pressure (r=0.75, p=0.0085) and mean PA pressure (r=0.87, 

p=0.001). This study also showed a tendency toward a negative correlation between RV/LV MGU 

and maximum oxygen consumption (r=-0.59, p=0.05). They thus suggest PET imaging might 

serve as a novel early biomarker that could evaluate therapies and monitor disease progression 

(34).    

 

Saygin et al. used FDG-PET to evaluate both lung metabolism and right heart metabolism and 

function in PH and investigated the correlation between quantitative PET measurements with 

echocardiographic results and other traditional assessments, like N-terminal pro B-type peptide 

(NT-proBNP) levels and 6-minute walking distance test (277). Average lung SUVs were 

\significantly higher in PAH vs healthy controls (0.5±0.15 vs. 0.37±0.09 g/mL, p=0.01), 

confirming prior studies (124). However, lung SUV did not correlate with NT-proBNP levels, or 
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echocardiographic measurements (269). This study showed that a single gated FDG-PET, in the 

fasting state, is potentially more accurate than 2D-echocardiography for measuring both heart 

metabolic/functional parameters, and can also achieve metabolic evaluation of the lungs (277).  

 

The healthy adult heart relies primarily on FAO, rather than glucose metabolism, as a source of 

energy production (296). Most imaging studies in PAH have evaluated glucose uptake in RV 

function in PAH, while only few studies assessed fatty acid metabolism in these patients. In 1998, 

Nagaya et al. used 15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid (BMIPP) radiolabeled 

with 123Iodine and 99mTc-sestamibi (MIBI) to perform SPECT imaging for calculating the RV-to-

LV tracer uptake ratio (RV/LV) in PAH patients and patients with unoperated chronic 

thromboembolic PH (CTEPH) (218). BMIPP is a structurally modified fatty acid that is a probe 

for myocardial fatty acid utilization (306). Decreased 123I-BMIPP uptake reflects  reduced fatty 

acid uptake and has been suggested to be due to deranged esterification to triglyceride, reduced 

myocardial adenosine triphosphate content (306) and impaired mitochondrial function (225). 

Patients also underwent gated CT scans (to assess RV ejection function and percentage systolic 

wall thickening) and right heart catheterization (to measure mPAP). This preliminary study 

demonstrated that myocardial fatty acid uptake is impaired in the failing, hypertrophied PAH RV. 

Later Matsushita et al. showed similar findings in patients with chronic respiratory disease and 

Group 3 PH (197). The Matsushita study evaluated fatty acid utilization in the RV of PAH patients 

using the long-chain fatty acid analogue 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid 

([18F]FTHA) for PET imaging (197). 

 

Recently, Ohiro et al. presented the first study of PET imaging to evaluate both glucose and fatty 
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acid metabolism in PAH patients (226). They also correlated metabolism with both RV function 

and PAH severity. This study demonstrated that (i) increased RV pressure overload was associated 

with increased relative RV glucose uptake, (ii) the ratio of glucose to fatty acid uptake increased 

in direct proportion to the rise in PAP and (iii) there was a significant association between 

increased glucose and fatty acid uptake and declining RV function. Fatty acid utilization increased 

with declines in RV ejection fraction, but not PAP severity. This suggested a pathologic role for 

fatty acids in the development of maladaptive RVH. Figure 17 shows the myocardial perfusion 

imaging (MPI)-PET, FDG-PET, and FTHA-PET images in three patients categorized as having 

mild, moderate, or severe PAH. MPI-PET images were acquired using 82Rb (Rubidium) or 13N-

ammonia (NH3) as flow tracers, and FTHA-PET images were acquired with [18F]FTHA as a fatty 

acid metabolic tracer (197). Additionally, an exploratory analysis revealed a relative mismatch 

between perfusion and FDG uptake (or metabolism) in the RV in all patients with severe PAH, 

suggesting that the RV is in a state of hypernation resulting from repeatitive ischemic insults. This 

finding supported the hypothesis that ischemia may drive the switch to glycolysis in patients with 

severe PAH (226)(272). 

 

FDG-PET imaging is also an encouraging technique to assess the efficacy of novel targeted 

therapeutic approaches (227). Ideally, one would want to measure FDG uptake in the disease-

relevant pulmonary vascular cells. However, regional variations in air, blood, and water fractions 

can lead to inaccurate estimates of FDG uptake and confound the interpretation of the PET images. 

To improve the accuracy in lung PET quantification and correct interpretation of the PET 

parameters, other independent techniques have been proposed, like successive 15O-CO, 15O-H2O, 

and dynamic FDG imaging in the same scan of lungs (54). The 15O-CO scan is used for measuring 
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the vascular volume, while 15O-H2O PET imaging is able to measure pulmonary blood flow in 

each lung voxel (196). Using a combination of 15O-H2O, 15O2 and 15O-CO tracers, myocardial 

oxygen consumption can be accurately measured (317). Moreover, comparison with information 

from CT, lung tissue sampling, or pulmonary function testing, can provide additional context for 

correctly attributing PET signals to specific intrathoracic tissues. Developing appropriate 

algorithms for image reconstruction and motion correction are other recommendations to promote 

the standardization of PET acquisition and processing methodology to obtain accurate, 

reproducible, and interpretable images for using in clinical trials of established or novel therapies 

(54).  

 

Evaluation of both lungs and heart with a single FDG-PET scan needs to choose between fasting 

versus glucose-loading states (277). In normal myocardium, oxidative metabolism is the primary 

source of energy and utilizes free fatty acids, glucose, and lactate as substrates. Myocardial PET 

imaging is typically performed in the glucose-loaded state, since glucose becomes the primary 

substrate for oxidative metabolism and insulin-driven glucose uptake increases. Thus, loading the 

subject with glucose prior to imaging enhances visualization of the myocardium and optimizing 

image quality (115). On the other hand, in the fasting state, the plasma insulin levels fall, which 

decreases transport of glucose into the myocytes and increases free fatty acid availability (115). 

The myocardium then uses fatty acids as its primary energy source. FDG-PET in the fasting state 

leads to lower blood glucose levels, enabling cells to capture FDG independent from hormonal 

influence, and therefore better reflect the true glycolytic metabolic status of cells (277). Hence, in 

order to investigate the glycolytic status of both lung and heart, FDG-PET imaging is best 

performed in the fasting state is efficient to assess RV and pulmonary glucose metabolism, 
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although it does not produce the highest myocardial uptake of FDG. 

 

In summary, novel imaging modalities with high diagnostic accuracy provide non-invasive in 

vivo quantitative measurements of glycolytic abnormalities in lung and heart morphology and 

function. Combining complementary imaging techniques, like CT, MRI, SPECT, and PET, 

can considerably improve our ability to image structure and function in the pulmonary vasculature 

and RV in preclinical models of PAH and patients with PAH. For instance, 18F-FDG PET imaging 

in fasting and glucose loading states can be used to evaluate RV and pulmonary glycolytic 

metabolism and monitor disease progression.  

Therapies Targeting the Mitochondrial and Metabolic Pathways in Patients with  

Pulmonary Hypertension 

Currently, there is no approved PH therapy that targets the mitochondrial and metabolic pathway. 

Preclinical animal studies have identified several promising therapeutic agents and strategies. An 

ideal therapy should be able to reverse established pulmonary vascular remodeling and promote 

adaptive right ventricular remodelling (Figure 18).  

 

A search on ClinicalTrials.gov using the search term ‘pulmonary hypertension’ and filter 

‘metabolism OR mitochondria’ returned 37 studies, but only 15 studies involved a therapeutic 

intervention (Figure 19). Among these 15 studies, three evaluated iron supplementation in patients 

with PAH (NCT03371173, NCT01447628, and NCT01847352), two tested partial inhibitors of 

FAO, ranolazine (NCT01839110) and trimetazidine (NCT03273387), one tested the PDK 

inhibitor, dichloroacetate (NCT01083524), two evaluated metformin (NCT03349775, 

NCT03617458), six assessed exercise and nutritional interventions (NCT03385733, 
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NCT03288025, NCT02558582, NCT03476629, NCT03550729, and NCT02000856), and one 

study evaluated a combination of sildenafil and rehabilitation program (NCT01055405) (Figure 

19). 

 

Iron Supplementation 

Iron deficiency is common in PAH and is associated with decreased exercise capacity and 

increased mortality (261, 267). However, the true iron status is difficult to determine in chronic 

disease states, such as PAH, due to the presence of inflammation-induced increases in ferritin and 

suppression of serum iron and transferrin (334). Instead, it is preferable to measure circulating 

soluble transferrin receptor (sTfR) levels, since it is largely unaffected by inflammation (261). 

Rhodes et al. used sTfR > 28.1 nmol/L as a cut-off for iron deficiency (261). Using this cut-off, 

the prevalence of iron deficiency in PAH patients was 63% compared to 16.7% in healthy controls 

(261). PAH patients with sTfR > 28.1 nmol/L had significantly reduced 6-minute walk test 

(6MWT) (247±154 vs. 340±156 m) and significantly increased mortality (261). Furthermore, HPV 

was enhanced in patients with iron deficiency versus controls [PASP by echocardiography 

increased by 16.1 vs. 10.7 mmHg, respectively; p=0.001] (105). Intravenous iron supplementation 

caused greater reduction of the hypoxia-induced increase in PASP in the iron deficiency group 

compared to controls (absolute reduction 11.1 vs. 6.8 mmHg, respectively, p=0.035) (105). Hence, 

iron supplementation seems to be a potentially attractive therapeutic option for patients with PAH 

and iron deficiency. 

 

A 12-week, cross-over study of 15 patients with PAH, treated with a single dose of intravenous 

ferric carboxymaltose (Ferinject; Vifor Pharma, Glattbrugg, Switzerland; 1000 mg, in 20 mL of 
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NaCl 0.9% over 2 hours) found iron therapy improved exercise capacity (time to anaerobic 

threshold 175±33s before vs. 238±43s after iron treatment, p<0.001) and increased quality of life 

questionnaire (49±10% before vs. 60±17% after; p<0.001) versus placebo (268). There was a 

statistically insignificant trend toward improvement of 6MWT (409±110m before vs. 428±94 m 

after, p=0.07) (268) but no change in RV function, as measured by cardiac MRI before and after 

iron treatment. However, iron therapy improved skeletal muscle oxygen transport (myoglobin 

concentration 0.34±0.17 mM before vs. 0.44±0.11 mM after, p<0.05) (268). 

 

Two clinical trials are currently underway to test the effectiveness of iron supplementation in 

patients with PH. ORION-PH-1 is a Phase 3 study testing oral iron supplementation (ferric maltol, 

30 mg twice daily for 12 weeks). Another Phase 2 study tests a single dose of intravenous iron 

(Ferinject; Vifor Pharma, Glattbrugg, Switzerland or CosmoFer; Pharmacosmos, Reading, 

Berkshire, UK 1000 mg) with the endpoints being pulmonary vascular resistance and exercise 

capacity, measured 12-weeks post a single iron treatment. 

 

Fatty acid oxidation inhibitors 

Ranolazine (49) and trimetazidine (66) are approved therapies for chronic angina pectoris (in the 

USA) and heart failure (in Europe), respectively. Both drugs partially inhibit fatty acid oxidation 

(FAO), and thereby activate the Randle cycle to promote glucose oxidation, which uses oxygen 

more efficiently than FAO (96, 339). This metabolic shift is favourable in the setting of chronic 

myocardial ischemia, as impaired blood flow leads to reduced oxygen supply to the myocardium 

(339). 
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In PAH, increased pulmonary vascular resistance leads to increased RV pressure. However, the 

aortic pressure is usually unchanged or reduced, whilst RV pressure is very high. This mismatch 

reduces the epicardial perfusion pressure (aortic pressure – RV pressure) in the right coronary 

artery which serves the RV, contributing to RV ischemia (Figure 20). Hence, therapies, such as 

ranolazine and trimetazidine may be repurposed to treat RV dysfunction in PH. Indeed, both pre-

clinical animal data and small clinical studies testing ranolazine and trimetazidine are promising 

(96, 110, 112, 154, 264). 

 

Ranolazine selectively inhibits the late sodium current (INaL) at low dose and FAO at high dose. It 

has been hypothesized that altering INaL and/or inhibiting FAO can improve RV function and 

exercise capacity (112). We confirmed the ability of this agent to inhibit FAO, but saw no effect 

on QRS or QTc duration, arguing against a significant role for sodium channel blockers (96). In 

MCT-PAH, ranolazine treatment, started one week after MCT injection, caused dose-dependent 

reductions in RV pressure, RV hypertrophy, and B-type natriuretic peptide level (178). Rocchetti 

et al. initiated ranolazine (30 mg/kg IP BID for three weeks) beginning two days after MCT 

injection. Ranolazine reduced MCT-induced PA medial thickening by 20%, decreased RVSP by 

45%, and reduced RV wall thickness (MCT 0.76±0.03, n=13 vs. Ranolazine+MCT 0.56±0.03, 

n=10, p<0.05) (264). Furthermore, ranolazine prevented both the INaL enhancement and 

corresponding increase in Ca2+ release from RV myocytes T-tubule seen in the MCT group (264). 

Since ranolazine reduces PA medial thickening, as well as improving RV function, these studies 

cannot definitively discriminate the direct effects of ranolazine on RV function versus mixed 

effects of the therapy on the pulmonary vasculature and RV.  
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To see whether ranolazine has direct effect on the RV, Fang et al. used the pulmonary artery 

banding (PAB) rat model of RV pressure-volume overload, which has normal pulmonary 

vasculature (96). PAB rats treated with ranolazine (20 mg/day administered orally for one week, 

beginning three weeks post-PAB) have increased cardiac output and exercise capacity and 

attenuated exertional lactic acidemia (96). Fang et al. showed that ranolazine improves RV 

function by partially inhibiting FAO, which indirectly increases glucose oxidation via the Randle 

cycle (Figure 21) (96). In addition, Fang et al. tested trimetazidine (0.7 g/L drinking water for one 

week, beginning three weeks post-PAB), which inhibits the mitochondrial enzyme long-chain 3-

keoacyl CoA thiolase (3-KAT) (96). Similar to ranolazine, trimetazidine reduces RV hypertrophy 

and improves RV function. Moreover, trimetazidine shortens the prolonged QTc interval seen in 

PAB rats (96). 

The evidence from these animal studies has led to several small human studies. Gomberg-Maitland 

et al. performed a Phase 1 safety study of ranolazine in 12 PAH patients (six ranolazine and six 

placebo) treated with ranolazine (500 mg PO BID for the first four weeks and then up-titrated to 

1000 mg PO BID for another eight weeks) (110). Among the six patients receiving ranolazine, two 

patients had early withdrawal due to adverse events (mainly gastrointestinal complaints) and only 

one patient had therapeutic ranolazine serum levels (110). All patients in the placebo group 

completed the 12-week study (110). In a cross-over study, Khan et al. tested ranolazine (1000 mg 

PO BID) in 11 symptomatic PAH patients for three months (154). Among the 11 patients, one 

patient discontinued ranolazine after three days, due to drug-drug interaction, eight patients were 

able to tolerate ranolazine 1000 mg PO BID for three months, and two patients required a dose 

reduction to 500 mg PO BID due to adverse effects (154). After three months of ranolazine 

treatment, test subjects reported improved WHO functional class (p=0.0013) and objective testing 
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revealed reduced RV end-diastolic (p=0.01) and end-systolic (p=0.0002) areas, and improved 

tricuspid annular plane systolic excursion (TAPSE) (p=0.015) on echocardiographic 

measurements compared to their initial baseline (154). However, there was no improvement in 

invasive hemodynamic parameters compared to baseline (154). These two small studies are not 

conclusive. Currently, there are two randomized and placebo-controlled clinical studies testing 

ranolazine (NCT01839110) and trimetazidine (NCT03273387) underway in patients with PAH. 

 

Dichloroacetate 

Dichloroacetate (DCA) is a metabolic modulator that inhibits all four PDK isoforms (295). 

Inhibiting PDK enhances PDH activity, which increases the pyruvate/lactate ratio and reverses the 

reduced redox state seen in the PASMC of rats with chronic HPH (208) (Figure 22). Furthermore, 

by promoting an oxidized state, DCA increases whole cell IK current in PASMC and enhances the 

expression of Kv2.1 channel and reverses HPH (208). 

 

McMurtry et al. tested DCA in MCT-PAH. DCA improves the survival of MCT rats, normalizes 

the pulmonary vascular resistance, and reverses pulmonary arterial remodeling (202). Expression 

of both Kv1.5 and Kv2.1 channels is downregulated in the PASMC from MCT rats, leading to 

membrane depolarization, calcium overload and apoptosis resistance. DCA treatment reverses the 

Kv1.5 downregulation (202). In addition, DCA increases the apoptosis/proliferation ratio in the 

pulmonary arterial media and attenuates pulmonary arterial medial thickening (202). DCA-

induced Kv1.5 upregulation and increased PASMC apoptosis are mediated via mitochondrial-

derived increase of H2O2 production (202). 
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Based on the above animal studies, Michelakis et al. tested DCA in a Phase 1 clinical trial (206). 

Twenty patients with IPAH were treated with DCA in this dose-finding trial of 3, 6.25, or 12.5 

mg/kg orally twice daily for four months (NCT01083524) (206). These patients were all on 

sildenafil, 13 on endothelin receptor antagonist (ERA) in addition to sildenafil, and one patient on 

parenteral prostanoid plus ERA and sildenafil (206). By four months, four patients had withdrawn 

from the study, and the other 16 patients completing the trial were taking 3 or 6.25 mg/kg PO BID 

(206). As a result, 6.25 mg/kg PO BID was established as the highest tolerable dose (206). The 

most common adverse reaction was peripheral paresthesia, which was reversible and dose-

dependent (206). During the four-month period, no patients required hospitalization, deteriorated 

clinically, or had decreased 6-minute walk distance by 10% (206). These data suggest DCA is safe 

to use as an add-on therapy to currently approved PAH therapies, although a larger study is 

required. 

In terms of effectiveness, four months of DCA treatment significantly reduced mPAP (pre-DCA 

49±3 vs. post-DCA 45±3 mmHg, p<0.05), pulmonary vascular resistance (pre-DCA 719±107 vs. 

post-DCA 649±102 dynes*s/cm5, p<0.05), and improved 6 MWT (pre-DCA 400±28 vs. post-DCA 

425±23 m, p<0.05) (206). However, the response to DCA varied considerably amongst the 

patients. The differential response to DCA was attributed to polymorphisms in the SIRT3 , a gene 

encoding a mitochondrial deacetylase, which can activate PDH (242), and UCP2, a gene encoding 

a mitochondrial protein that regulates calcium entry (84, 206). The single nucleotide 

polymorphism (SNP) for SIRT3 rs11246020 A allele causes a change of valine to isoleucine at 

residue 208, which causes a 34% reduction in SIRT3 activity compared to the G allele (137). 

Similarly, the UCP2 rs659366 G allele is associated with reduced transcription compared to the A 

allele (92, 320). Disrupting SIRT3 and/or UCP2 function inhibits PDH activity by PDK-
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independent mechanisms (which are thus not amenable to DCA therapy). Michelakis et al. 

developed a SNP score where one point is given for each loss-of-function variant for SIRT3 and 

UCP2: Zero means that both the variants are absent, a score of four means that both variants are 

present, and a score in between means variants are presented in various heterozygous manners 

(206). As expected, patients with high SNP score had poor response to DCA, whereas patients 

with SNP score of 0 or 1 had better responses to DCA (206). This study highlights the importance 

of considering patient’s genotype when designing clinical trial and attests to the potential benefits 

of personalized medicine. 

 

Metformin 

Approximately 50% of patients with heart failure with preserved ejection fraction (HFpEF) 

develop PH (119). Currently, there is no evidence-based therapy for HFpEF or PH associated with 

HFpEF (265). A major obstacle to therapeutic innovation for HFpEF is the lack of preclinical 

models that accurately recapitulate the pathophysiological and clinical manifestations of HFpEF 

(265). Schiattarella et al. developed a mouse model of HFpEF and discovered a pathologic role for 

the inositol-requiring protein 1α (IRE1α)-X-box-binding protein 1 (XBP1s) pathway, which is an 

evolutionarily conserved pathway involved in intracellular protein folding and enhancing secretory 

capacity (278). To develop HFpEF, C57BL/6N wild-type mice were treated with high fat diet 

(metabolic stress) and Nω-nitro-L-arginine methyl ester (L-NAME), which inhibits nitric oxide 

production and causes systemic hypertension (mechanical stress) (278). This multi-hit model 

mimics the clinical scenario in HFpEF patients, who often have multiple comorbidities including 

obesity, hypertension, and diabetes (Figure 23) (282). Consistent with this observation, Ranchoux 

et al. recently developed a “multi-hit” preclinical model of group 2 PH which combines mild 
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diastolic dysfunction induced by supra-aortic banding (SAB) and metabolic syndrome (MetS) 

induced by high-fat diet and olanzapine treatment (anti-psychotic drug known to induce MetS). In 

their model, the combination of MetS and diastolic dysfunction is required to induce significant 

PH and adverse pulmonary vascular remodeling (256). At the molecular level, they showed that 

increased inflammation (characterized by macrophage accumulation and elevated IL-6 levels) as 

well leptin accumulation contributes to the etiology of group 2 PH in both the preclinical model 

and human patients. Then, they showed that Metformin, a first line diabetic medication, which is 

also known to inhibit leptin secretion and have an anti-inflammatory effects, reverse adverse 

pulmonary vascular lesion and improve group 2 PH(41, 212).  

Schiattarella et al. provided mechanistic insights for the pathophysiology of HFpEF. Most notably, 

the ‘two-hit’ theory of both metabolic and mechanical stress are required to cause HFpEF (278). 

Recently, a large randomized, double-blinded, placebo-controlled trial tested sodium-glucose 

cotransporter 2 (SGLT2) inhibitor, canagliflozin, was conducted in patients with diabetes and 

nephropathy. The results showed that canagliflozin markedly reduces the risk of hospitalization 

for heart failure (hazard ratio, 0.61; 95% CI, 0.47 to 0.80; p<0.001) (243). Although this study did 

not differentiate HFpEF and heart failure with reduced ejection fraction (HFrEF), it provides 

partial evidence that supports the ‘two-hit’ theory, in which targeting the metabolic stress is an 

effective strategy in treating HFpEF. Hence, treating patients with metformin, a first line diabetes 

medication which also targets metabolic stress, may be effective against HFpEF and/or PH 

associated with HFpEF. A Phase II clinical trial testing metformin for PH and HFpEF is currently 

underway (NCT03629340). 

 

Exercise and Nutrition 
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There was traditionally concern about promoting exercise training for patients with PAH, given 

their poor RV functional reserve and predisposition to exertional syncope. This concern was 

dispelled by Mereles et al., who showed that respiratory and physical training improves exercise 

capacity (increased 6MWT by 111 m 95% CI, 65 to 139 m; p<0.001) and improved quality of life 

in patients with severe PAH (204). Subsequent studies on patients with different types of secondary 

PH also demonstrated that exercise training can improve exercise capacity, muscle function, peak 

oxygen consumption and quality of life (32, 89, 116-118, 152, 219). Thus, substantial evidence 

suggests that exercise training is beneficial even in patients with severe PH. New clinical trials are 

trying to find the optimal combination of different types of physical activity and respiratory muscle 

training.  

 

Can nutritional interventions benefit PAH patients by altering mitochondrial metabolism? The 

Pulmonary Hypertension Association published a book entitled: Pulmonary Hypertension: A 

Patient’s Survival Guide (130). In this book, there is a section on diet and nutrition mainly based 

on expert recommendations, such as controlling salt intake, eating an iron rich diet, and limiting 

alcohol and caffeine intake (130). A randomized, double-blinded, placebo-controlled, cross-over 

study by Henrohn et al. showed that oral supplementation with nitrate-rich beetroot juice (~16 

mmol nitrate per day) for one week increases pulmonary NO production (measured using exhaled 

NO, plasma and salivary nitrate and nitrite) compared to placebo (133). Furthermore, there was a 

trend towards improved right ventricular function and peak power output to peak oxygen 

consumption in patients who had beetroot juice (133). More well-designed studies similar to this 

one is required to find out which diet can actually benefit patients with PH. 
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Among the few clinical trials testing interventions targeting the metabolic and mitochondrial 

pathways to treat pulmonary hypertension, a common focus is on restoring normal metabolism. 

These strategies work well in preclinical animal models. However, pulmonary hypertension is a 

complex and heterogeneous disease in human. Hence, one therapy that works for some, may not 

work for others. We will wait and see how well these promising treatment strategies translate into 

clinical therapies for patients with pulmonary hypertension in ongoing clinical trials. Moving 

forward, with better understanding of the underlying pathomolecular mechanisms of pulmonary 

hypertension, future pulmonary hypertension clinical trials should have a focus on personalized 

medicine, so the right therapeutic strategies can be applied to the right patients. 

 

Conclusion  

The role of mitochondria in the complexity of lung biology is receiving increasing attention and 

acquired mitochondrial dysfunction is now widely accepted as a contributing mechanism to many 

aspects of pulmonary vascular disease in PAH (Figure 24). Despite extensive research, there is no 

cure for diseases involving the pulmonary vasculature such as pulmonary hypertension. Although 

growing evidence indicates reversible mitochondrial abnormalities in PH, current therapies are not 

designed to target dysregulated mitochondria or metabolic abnormalities caused by these 

dysfunctions. Dysregulated mitochondrial dynamics and impaired mitochondrial metabolism in 

PAH have been experimentally targeted in numerous preclinical studies and some early clinical 

human trials, with promising results. Mitochondrial modulators appear to have the potential to 

address a largely untargeted aspect of the PAH phenotype, namely the hyperproliferative, 

apoptosis-resistant phenotype while also improving RV function. Further understanding of the role 

of mitochondria in the physiology of pulmonary vasculature and identification of potential 
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molecular and pharmacological tools to target mitochondrial dysfunction, and measure 

mitochondrial function in vivo, using mitochondrial-targeted molecular imaging probes, holds 

promise for PAH patients. However, careful and controlled preclinical and clinical studies will be 

required to evaluate the safety and therapeutic value of these new therapies. 
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Table 2. Summary of mitochondrial metabolism, upstream regulators, downstream effectors and 

associated mitochondrial ROS production, membrane potential and morphology (fission) in (A) 

endothelial cells, (B) smooth muscle cells, and (C) fibroblasts  in pulmonary artery in PAH. 

Table 2 (A) 
 

Cell type & 
metabolism 

Animal 
model/patients 

Upstream 
regulators 

Downstream 
effectors 

mROS ∆𝜓' Mito. 
fission 

Ref. 

EC: 
Glycolysis 

IPAH ↓Complex IV, 
↓SOD2, ↑HIF-
1α, ↓NO 

     
(345),(98) 

Healthy ovine 
PAEC 
exposed to 
ET-1, MCT 
rats 

↑ET-1, 
↑PKC𝛿, 
↑eNOS, ↑HIF-
1α 

 ↑ ↓  (300) 

BMPR2 
mutant mice 
and PAH 
patients in 
normoxia 

↓BMPR2, 
↑p53, ↑PGC-
1α 

 ↑ 
(only 
in 
mice) 

↑ ↑ (83) 

BMPR2 
mutant mice 
and PAH 
patients in 
Hypoxia 

↓BMPR2, 
↓p53, ↓PGC-
1α 

 ↓ 
(only 
in 
mice) 

↓ ↑ (83) 

IPAH, HPAH ↓miR124, 
↑PTBP1, 
↑PKM2, 
↑MCT1, 
↑LDHA 

    (45) 

IPAH, 
hypoxic mice, 
Sugen-
Hypoxia rats 

↑PFKFB3, ↑F-
2,6-P2 

↑PDGFB, 
↑FGF2, 
↑CXCL12, 
↑IL1ß 

   (44) 

EC:  
FAO 

Healthy 
human PAEC 
under hypoxia 

↑FAS, ↑HIF-
1α, ↑Glut1, 
↑HK2, ↓PDH 
activity 

↓Bax, 
↑Bcl2, ↓p-
mTOR, 
↓p62, 

   (290) 
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↑VEGF 

EC:  
Glutaminolysis 

Human PAEC 
under stiff 
extracellular 
matrix 

↑YAP, ↑TAZ, 
↑GLS1, 
↑LDHA, ↑PC 

    (33) 

BMPR2 
mutant mice 
and PAH 
patients 

↓BMPR2, 
↓SIRT3 , 
↑HIF-1α 

    (88) 
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Table 2 (B) 

 

  

Cell type & 
metabolism 

Animal 
model/patients 

Upstream regulators Downstream 
effectors 

mROS ∆𝜓' Mito. 
fission 

Ref. 

SMC: 
Glycolysis 

Fawn-hooded 
rats, IPAH 
patients 

↑DNMT1, ↑DNMT3b, 
↓SOD2, ↑HIF-1α, 
↓complex I activity 

↓Kv1.5 ↓ ↑ ↑ (15),( 
36) 

MCT rats, 
Sugen-Hypoxia 
rats 

↑Glut1, ↑HK1, ↑HIF-
1α, ↑PDK1, ↑PDK3, 
↓PDH activity 

    (193) 

SIRT3  
knockout mice, 
IPAH patients 

↓PGC-1α, ↓SIRT3 
,↓PDH 
activity,↑HIF1a,↑PDK1 

↓aKG,GRIM-
19, ↑STAT3, 
↑NFATc2,↑p-
GSK-3b, 
↓Kv1.5 

 ↑  (242) 

MCT rats ↓Complex I activity  ↑ ↑  (255) 

MCT rats, 
Sugen-Hypoxia 
rats, PAH 
patients 

↑miR-25, ↑miR-138, 
↓MCU, ↓MCU1, 
↓CREB, ↓PDH 
activity 

   ↑ (140) 

MCT rats, 
hypoxia rats 

↓miR-449-5p, ↑Myc  ↑  ↑ (359) 

Sugen-Hypoxia 
rats, PAH 
patients 

↑PFKFB3, ↑ERK1/2, 
↑calpain-2 

    (160) 

SMC:  
FAO 

MCD knockout 
mice 

↓MCD  NFAtC2, 
Kv1.5, GSK-
3b 

－ －   (301) 

Healthy human 
PASMC under 
hypoxia 

↑FAS, ↑Glut1, 
↑pGSK3b, ↓PDH 
activity, ↑CPT-1 

↓Bax,↑Bcl2, 
↓caspase3, 
↓annexinV, 
↓mTOR, 
↓p62, 
↑LC3BII/I 

↓ ↑  (289) 
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Table 2 (C) 

 

* FAO, fatty acid oxidation; EC, endothelial cells; SMC, smooth muscle cells; Fib, fibroblasts. 
mROS, mitochondrial reactive oxygen species; ∆𝜓', mitochondrial membrane potential;  PAH, 
pulmonary arterial hypertension; HPAH, heritable PAH; IPAH, idiopathic PAH; SOD2, 
mitochondrial superoxide dismutase 2; NO, nitric oxide;  HIF-1a, hypoxia-inducible factor 1-
alpha; ET-1, endothelin-1; eNOS, endothelial nitric oxide synthase; PKC𝛿, protein kinase C 𝛿;  
BMPR2, bone morphogenetic protein receptor type 2;  PTBP1, polypyrimidine-tract-binding 
protein; PKM2, pyruvate kinase muscle isoform 2; MCT1, monocarboxylate transporter 1; LDHA, 
Lactate dehydrogenase A; FAS, fatty acid synthase; Glut-1, glucose transporter 1; HK1/2, 
hexokinase I/II; VEGF, vascular endothelial growth factor; YAP, Yes-associated protein 1; GLS1, 
glutaminase; PC, pyruvate carboxylase; Sirt3, sirtuin-3; DNMT1/3b, DNA Methyltransferase 
1/3b; PDK1/3, Pyruvate dehydrogenase kinase  isoforms 1/3;  MCU, mitochondrial calcium 
uniporter; MCU1, mitochondrial calcium uptake protein 1; a-KG, a-ketoglutarate; STAT3, signal 
transducer and activator of transcription 3; GSK-3b, glycogen synthase kinase 3 beta; NFATc2, 
nuclear factor of activated T-cells, cytoplasmic 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3; ERK1/2, extracellular signal-regulated kinase 1 and 2; MCD, metabolic 

Cell type & 
metabolism 

Animal 
model/patients 

Upstream 
regulators 

Downstream 
effectors 

mROS ∆𝜓' Mito. 
fission 

Ref. 

Fib: 
Glycolysis 

IPAH patients ↑Glut1, 
↑PDK1, 
↑HK1 

    (361) 

Hypoxic 
neonatal 
calves, IPAH 
patients 

↓complex I 
activity, 
↓NDUFS4, 
↓PDH 
activity  

 ↑ ↑ ↑ (246) 

Hypoxic 
neonatal 
calves, IPAH 
patients 

↑Glut1, 
↑HK2, 
↑LDHA  

↑NADH, 
↑CtBP1, 
↓P21, ↓P15, 
↓PERP, 
↓NOXA, 
↓HMOX1 

   (173) 

Hypoxic 
neonatal 
calves, IPAH 
and HPAH 
patients 

↓miR-124, 
↑PTBP1, 
↑PKM2, 
↓MPC1, 
↓complex I 
activity, 
↓NDUFS4, 
↓PDH 
activity 

 ↑ ↑  (360) 
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enzyme malonyl-coenzyme A (CoA) decarboxylase; CPT-1,  carnitine palmitoyltransferase I; 
NDUFS4, NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial; F-2,6-P2, 
fructosie-2, 6-bisphosphate; PDGFB, platelet derived growth factor subunit B; FGF2 (also known 
as basic FGF), fibroblast growth factor-2; IL1ß; interleukin 1 beta; CXCL12, C-X-C motif 
chemokine 12. 
 

Table 3. Dysregulation of microRNAs affecting mitochondrial pathways in PH  

Micro-RNA Role in PH Targets Reference 
miR-17 Increased in PAH 

PASMC. Promotes 
proliferation and apoptosis 
resistance 

Mfn2, p21 (CIP1/WAF1) (46, 184, 252) 
 

miR-25 Upregulated in PAH 
PASMC resulting in 
downregulation of 
calcium uniporter (MCU). 
This results in increase in 
cytosolic calcium and 
decrease in 
intramitochondrial 
calcium promoting a 
glycolytic shift which 
induces mitochondrial 
fission and cell 
proliferation. 

MCU (140) 

miR-34a-3p Downregulated in PAH 
PASMC. miR-34a-3p is a 
negative regulator of 
mitochondrial dynamics 
protein of 49 kDa 
(MiD49) and 
mitochondrial dynamics 
protein of 51 kDa 
(MiD51). Downregulation 
of miR-34a-3p induces 
mitochondrial fission and 
cell proliferation in PAH 
PASMC via MiD49 and 
MiD51 

MiD49, MiD51 (59) 

miR-138 Increased miR-138 
downregulated MCU in 
PAH PAMC. This results 
in the decrease of 
intramitochondrial 

MCU (140) 
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calcium promoting a 
promoting a glycolytic 
shift which induces 
mitochondrial fission and 
cell proliferation. 

miR-210 (hypoxamiR) Increased in vascular and 
endothelial tissue by 
hypoxia induction. 
Impacts energy 
metabolism by supressing 
genes involved in 
mitochondrial respiration, 
such as subunit D of 
succinate dehydrogenase 
complex (SDHD) and 
iron-sulfur cluster 
assembly proteins 
(ISCU1/2). 

SDHD, ISCU1/2 (50, 251, 336) 
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Table 4 Functional Gene Ontology analysis of PAH microarray data 

Category Term Count 

Fold 

Enrichment Benjamini 

UP_KEYWORDS Oxidoreductase 109 1.73 0.000001 

GOTERM_MF_DIRECT 

GO:0009055~electron 

carrier activity 31 2.91 0.000061 

GOTERM_CC_DIRECT GO:0005739~mitochondrion 209 1.34 0.000679 

UP_KEYWORDS NADP 42 2.09 0.000211 

UP_KEYWORDS NAD 40 2.12 0.000252 

UP_KEYWORDS Lipid biosynthesis 36 2.14 0.000555 

GOTERM_MF_DIRECT GO:0051287~NAD binding 15 3.33 0.036638 

UP_SEQ_FEATURE 

nucleotide phosphate-

binding region:NAD 22 2.49 0.077793 

KEGG_PATHWAY 

hsa00020:Citrate cycle (TCA 

cycle) 13 3.22 0.013275 

KEGG_PATHWAY 

hsa01100:Metabolic 

pathways 200 1.22 0.035534 

KEGG_PATHWAY 

hsa00620:Pyruvate 

metabolism 14 2.60 0.055426 

UP_KEYWORDS Fatty acid biosynthesis 14 2.49 0.032715 

UP_KEYWORDS Mitochondrion 149 1.23 0.051518 

UP_KEYWORDS Fatty acid metabolism 24 1.79 0.061674 

UP_KEYWORDS Mitochondrion inner 43 1.47 0.078962 
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membrane 
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Figure legends 

 

Figure 1. System for Homeostatic Oxygen-Sensing. 

This diagram indicates specialized tissues sensing local oxygen level. In response to hypoxia, the 

carotid body, located at the carotid-artery bifurcation, increases action-potential frequency in the 

carotid-sinus nerve, thus stimulating respiration. The small resistance pulmonary and fetoplacental 

arteries exhibit hypoxic vasoconstriction, which optimizes oxygen transfer in the lung and 

placenta. On the contrary, the ductus arteriosus, contracts with increased oxygen tensions, 

redirecting blood through the newly expanded lungs of the newborn. The neuroepithelial bodies 

in the lungs and adrenomedullary cells in the fetus also sense oxygen. (Adapted from Copyright 

© 2019 New England Journal of Medicine. 

 

Figure 2: Ventilation/Perfusion matching in vivo (modified from Ref. J Mol Cell Cardiol. 2004 

Dec;37(6):1119-36.): A chest x-ray of a patient with post-operative atelectasis of the right lower 

lobe. Hypoventilation is observed in the ventilation (V) study and localized hypoxic pulmonary 

vasoconstriction (HPV) elicits a corresponding reduction in perfusion (Q). 

 

Figure 3A.  Schematic of RISP as the mitochondrial oxygen-sensor (modified from Ref. Am J 

Respir Crit Care Med. 2013 Feb 15; 187(4): 424–432): This schematic illustrates a proposed 

mechanism by which increased ROS production at  RISP, a component of ETC Complex III in 

response to hypoxia stimulate HPV. This group finds that loss of RISP attenuates acute oxygen-

sensing. IMS = intermembrane space; KO = knockout; NAD+ = nicotinamide adenine 

dinucleotide; NADH = NAD+ reduced; PASMC = pulmonary arterial smooth muscle cells; RISP 
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= Rieske iron-sulfur protein; ROS = reactive oxygen species; SASMC = systemic arterial smooth 

muscle cells; YC2.3-FRET = the calcium-sensitive, Förster resonance energy transfer sensor. 

  

Figure 3B-E: NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (Ndufs2) is the 

pulmonary vascular oxygen sensor (modified from Ref. Circ Res. 2019 Mar 29. doi: 

10.1161/CIRCRESAHA.118.314284): This work shows the evidence that hypoxic inhibition of 

ETC complex I (and NDUFS2) reduces mitochondrial derived ROS production, triggering HPV. 

Schematic showing the pulmonary vasculature and PASMC mitochondria during normoxia (left) 

and hypoxia (right). B) During normoxia, mitochondrial H2O2 production and elevated 

NAD/NADH ratio result in an oxidative environment and leads to oxidation of sulfhydryl groups 

(S-S) on Kv channels, thereby increasing their open state probability, while the CaL channel 

remains closed. C) Hypoxia lowers mitochondrial superoxide and hydrogen peroxide levels which, 

coupled with accumulation of NADH, result in depolarization of the cell, closing Kv channels and 

thereby increasing the opening of CaL channels and triggering HPV. D) Intact Ndufs2 is required 

for optimal Complex I function, maintenance of circulating normoxic H2O2 levels and sensing of 

changes in O2. E) Inhibition of Complex I, whether caused by hypoxic, pharmacological or 

molecular inhibition of Ndufs2 results in a more reduced SMC redox state, inhibiting Kv channel 

expression and a loss of activation of the CaL channel and vasoconstriction.  

Figure 4: Contradictory roles for ROS in oxygen-sensing and HPV (modified from Ref. J Appl 

Physiol (1985). 2005 Jan;98(1):404-14.): Left: Hypoxic pulmonary vasoconstriction (HPV) is a 

result of hypoxia-induced decrease in reactive oxygen species (ROS) signaling. Right: HPV is a 

result of a paradoxical increase in ROS signaling. It is suspected the differences between these 

models reflect unstated and unrecognized differences in methodology (related to differences in 
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pH, PO2 etc.), tissues studied (cultured cells versus freshly isolated cells and PA rings) and 

temporal differences in the phase of HPV studied (<15 minutes versus later). 

cADPR – cyclic ADP-ribose; [Ca2+]i – intracellular calcium concentration; CCE – capacitative 

calcium entry; ETC – electron transport chain; cGMP – cyclic guanosine monophosphate; 

GSH/GSSG – glutathione (reduced/oxidized); H2O2 – hydrogen peroxide; Kv – voltage-gated 

potassium channel; NADH/NAD+ - nicotinamide adenine dinucleotide (reduced/oxidized); ROS 

– reactive oxygen species 

 

Figure 5: Single-lung anesthesia (modified from Ref. Current Opinion in Anaesthesiology. 

19(1):34-43, February 2006): a) bronchoscopy revealing endotracheal lesion; b) a double-lumen 

tube that permits single-lung ventilation; c) two-lung ventilation during exposure of the operative 

field (top, red arrows highlight lack of oxygenation to a region of the lung), and collapse of the 

operative lung after inflation of the occluder (bottom, white arrows indicate reduction in blood 

flow to the collapsed lung) resulting in single-lung ventilation/anesthesia. 

   

Figure 6: Pulmonary vascular remodeling in pulmonary hypertension. Cross-section of a 

normal pulmonary arteriole and a pulmonary arteriole with pulmonary hypertension. All three 

layers of the pulmonary vessel undergoes remodeling in pulmonary hypertension, including 

proliferation of abnormal endothelial cells in the intima, hypertrophy, proliferation and distal 

migration of smooth muscle cells, proliferation of fibroblasts with increased extracellular matrix 

deposition, and increased recruitment of leukocytes in the adventitia.  

Image adapted and modified from Gordeuk VR, Castro OL, and Machado RF. Pathophysiology 

and treatment of pulmonary hypertension in sickle cell disease. Blood. 2016;127:820-828. 
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Figure 7: Mitochondria exist in fragmented networks in PAH. Mitochondria from 3 adjacent 

PAH PASMC. The nuclei are not stained in this image and in aggregate the mitochondria in these 

3 cells create the artistic impression of a dragon’s head. The mitochondria are stained red with the 

potentiometric dye tetamethyl-rhodamine (TMRM). Scale bar: 20µm. 

 

Figure 8: A simplified scheme of mitochondrial fission and fusion in mammalian cells.  

(A) Schematic representation of fusion.  The outer membrane of two adjacent mitochondria are 

tethered by the interaction in trans of the HR2 domains of mitofusins (Mfns). GTP binding and 

hydrolysis cause conformational change of Mfns leading to outer mitochondrial membrane  

(OMM) fusion. Following OMM fusion, OPA1 drives inner mitochondrial membrane (IMM) 

fission. (B) Schematic representation of fission. Fission is initiated by endoplasmic reticulum  (ER) 

mediated pre-Drp1 constriction and marks the site for further constriction. Drp1 is recruited from 

the cytosol to the fission site via its receptors (Mff, MiD49 and MiD51) and forms contractile rings 

at the fission site.  GTP hydrolysis leads to Drp1 conformational changes and constriction. 

Following this, Dnm2 is recruited to the constricted neck and further constriction (scission) occurs 

to complete fission. Then the fission machinery is disassembled by ubiquitination and proteosomal 

degradation [reviewed in(8)]. 

Figure 9:  Mitochondria are fragmented in PAH. Representative images of mitochondrial 

networks of normal PASMC and PAH PASMC stained with the potentiometric dye TMRM (red). 

Mitochondrial network appear more fragmented in PAH PASMC as compared to the mitochondria 

from normal PASMC. 
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Reproduced from Circulation 138(3):287-304. Copyright © 2019 Circulation 

Figure 10: Schematic representations of the proposed role of epigenetically mediated 

upregulation of MiD49 and MiD51 in PAH 

A) Upregulation of MiDs on the outer mitochondrial membrane (OMM) increase mitochondrial 

fission and promote cell proliferation in pulmonary arterial hypertension (PAH) pulmonary artery 

smooth muscle cells (PASMC). Downregulated of miR-34a-3p expression accounts for the 

increased MiD expression and contributes to the pathogenesis of PAH. 

B) Silencing of MiD49 and MiD51, by siMiD49 and siMiD51, or by administering miR-34a-3p to 

PAH PASMC, promotes fusion and attenuates proliferation of PAH PASMC. 

Figure 11: Silencing of MiD49 and MiD51 inhibits mitochondrial fission in PAH PASMC. 

 
A) Mitochondrial fragmentation in PAH PASMC is reversed by silencing of MiD49 or MiD51. 

Representative images of mitochondrial networks of PAH PASMC. PAH PASMC were 

transfected with the specified siRNA, infected with Adv-mNeon Green and imaged after 48h 

following infection. Mitochondria were color coded by their morphology: green: punctate; red: 

intermediate; purple: filamentous. Scale bar: 10µm. 

B) Silencing of MiD49 or MiD51 inhibits mitochondrial fission. Mitochondrial fragmentation was 

quantified by mitochondrial fragmentation count (MFC) on the left and by a machine learning 

algorithm that quantified the percentage area of punctate, intermediate and filamentous 

mitochondria of each image (on the right side of panel B).  Adopted from Circulation 138(3):287-

304). Copyright © 2019 Circulation. 
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Figure 12: Schematic representation of the proposed mechanism for metabolic 

reprogramming in pulmonary hypertension fibroblast (PH-Fibs). In PH-Fibs, an alternative 

splicing complex containing PTBP1 (polypyrimidine tract binding protein 1), hnRNP 

(heterogeneous nuclear ribonucleoprotein) A1, and hnRNPA2 regulate the state of pyruvate kinase 

muscle (PKM) isoform expression. In the presence PTBP, exon 10 is included in the mature PKM 

transcript, whereas exon 9 is excluded, resulting in an increased PKM2/PKM1 ratio which is an 

important mediator of aerobic glycolysis (increased ) and increased proliferation. Expression of 

PTBP1 is modulated by its upstream regulator, microRNA-124 [miRNA-124]. miR-124 mimic, 

siPTBP1, TEPP-46, shikonin (PKM2 inhibitors) and treatment with HDACi restores normal 

PKM2/PKM1 ratio and reverse Warburg effect in PH-Fib. miR-124–PTBP1–PKM axis is a 

potential therapeutic target for PH. 

Modified from Circulation 2017 Dec 19;136(25):2468-2485.  
 

  
Figure 13: Role of hypoxia inducible factor-1 α (HIF-1α) in the PASMC under normoxia, 

hypoxia and pseudohypoxia (as occurs in PAH)  

A) Under normoxic conditions, HIF-1α is hydroxylated by prolyl hydroxylase domain 

proteins (PHD), using molecular oxygen, leading to interaction with Von Hipple-Lindau (VHL) 

and degradation by ubiquitin proteasome pathway.  

B) Under hypoxic condition there is a decrease in mitochondrial H2O2 production and HIF-1α  

expression is stabilized. HIF-1α translocates to the nucleus where it dimerizes with HIF-1β and 

recruits co-activators at the hypoxia response element (HRE) to modulate transcription of target 

genes.  

C) In PAH PASMC low SOD2 expression, rather than environmental hypoxia, decreases 
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H2O2 production, creating a pseudohypoxic state, thereby activating HIF-1α. HIF-1α in turn 

activates PDK transcription resulting in the inhibition of PDH and further reduction in ROS 

production. Decreased ROS inhibits certain oxygen- and redox- sensitive potassium channels, 

including Kv1.5, resulting in PASMC depolarization and calcium overload. 

 

Figure 14: Visualization of mitochondrial DNA replication machinery. Confocal microscopy 

of a normal human pulmonary artery smooth muscle cell (PASMC) with immunofluorescent 

labelling of nuclear DNA (blue), mitochondria (red) and transcription factor A mitochondrial 

(TFAM, green). TFAM is a nuclear-encoded, DNA binding protein that activates transcription of 

mtDNA; mtDNA replication precedes mitochondrial biogenesis. Scale bar: 5 um. 

 

Figure 15: Increased level of miR-25 and miR-138 in PAH-PASMC directly inhibit the 

expression of mitochondrial calcium uniporter (MCU).  

 The loss of MCU expression, exacerbated by increased expression of mitochondrial calcium 

uptake protein 1 (MICU1), reduces the function of the MCU complex. This simultaneously 

overloads the cytosolic calcium pool while depriving the mitochondria of calcium. The former 

triggers pulmonary artery smooth muscle cell migration and proliferation (and vasoconstriction), 

whereas the latter affects mitochondrial metabolism, inhibiting pyruvate dehydrogenase and 

promoting a shift to uncoupled glycolysis (the Warburg phenomenon). In aggregate, these 

epigenetic changes promote cell proliferation and apoptosis resistance. IP3: inositol 1,4,5-

trisphosphate receptor; VDAC: voltage-dependent anion channel.  

Reprinted with permission of the American Thoracic Society. Copyright © 2019 American 

Thoracic Society. 
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Figure 16: Time course of metabolic changes on 18FDG PET scans of the lung in rats with 

MCT-PAH 

A) Pulmonary arterial acceleration time (PAAT) was measured by pulsed-wave Doppler 

echocardiography. Measurements were made before MCT injection and weekly thereafter. The 

arrow at the 3-week time point indicates systolic notching of the pulmonary artery Doppler 

envelope, typical of severe PH.  

B) PAAT is inversely related to the mean pulmonary artery pressure and decreases during the 

development of pulmonary hypertension. Starting from Week 2, a significant reduction in PAAT 

is observed.  

C) Representative positron emission tomography (PET) scans. Note the increased 18F-

fluorodeoxyglucose (FDG) uptake in the right ventricle (RV) and the lung parenchyma of MCT 

animals. LV = left ventricle.  

D) Quantification of pulmonary 18FDG uptake measured with PET. Starting from Week 2, 

significantly higher lung FDG uptake was observed.  

E) Correlation analysis demonstrates the inverse relationship between PAAT and 18FDG 

uptake.  

Seven rats were imaged at each time point. 

 

Reproduced with permission from Marsboom G. et al (2012). “Lung 18F-fluorodeoxyglucose 

positron emission tomography for diagnosis and monitoring of pulmonary arterial hypertension”. 

American journal of respiratory and critical care medicine 185: 670-679. 
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Figure 17: Myocardial perfusion imaging (MPI)-PET (upper Panel), FDG-PET (middle 

Panel), and FTHA-PET images (lower panel) in three patients with PAH of mild, moderate, 

or severe degree. The patients’ RVEF and mPAP are reported below the images. Note the 

progressive increase in RV uptake relative to the LV with worsening PAH. Also note that the RV 

FDG uptake relative to the LV is similar to the RV/LV perfusion tracer uptake in the patients with 

mild and moderate PAH (left and centre panels), but RV/LV FDG uptake is increased relative to 

perfusion in the patient with severe PAH (right panel). Thus there is a perfusion/metabolism 

mismatch in the RV in thsese patients and suggests that there is RV myocardial ischemia or 

hibernation.  

RVEF: Right Ventricular Ejection Fraction, mPAP: Mean Pulmonary Arterial Pressure, RV: Right 

Ventricle, LV: Left ventricle, PAH: Pulmonary Areterial Hypertension, FDG: 18F-fluoro-2-

deoxyglucose, FTHA: 18F-fluoro-6-thioheptadecanoic acid. 

Eur Heart J Cardiovasc Imaging. 2016;17:1424-1431  

Figure 18: Consequences of pulmonary hypertension  include obstructive pulmonary 

vascular remodeling and right ventricular hypertrophy and dilatation.  

Modified from (Can J Cardiol. 2015;31:391-406 , Heart. 2006;92 Suppl 1:i2-13). 
 

 

Figure 19: Active and completed clinical trials returned using search term ‘pulmonary 

hypertension’ and filter ‘metabolism OR mitochondria’.  

 

Figure 20: Mechanism of right ventricular ischemia in pulmonary hypertension. Right 

ventricular dysfunction causes increase in right ventricular systolic pressure (RVSP) and right 
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ventricular end diastolic pressure (RVENDP) which in turn compresses the left ventricle (LV) 

leading to the decrease in LV filling, cardiac output and aortic pressure. Decreased aortic pressure 

and increased RVEDP contribute to decrease in subendocardial blood flow and increase in 

myocardial oxygen uptake respectively. This finally result in myocardial ischemia. Figure adapted 

from (Anesthesiology. 2018;128:202-218).  
  

Figure 21: The Randle cycle in the hypertrophied right ventricular cardiomyocyte. 

The partial inhibition of fatty acid oxidation (FAO), by trimetazidine (TMZ) or ranolazine (RAN), 

increases pyruvate dehydrogenase (PDH) activity and improves glucose oxidation (GO). The 

reciprocal relationship between FAO and GO is known as the Randle’s cycle.  Figure adopted 

from (J Mol Med (Berl). 2012;90:31-43), with permission. 
 

Figure 22: Dichloroacetate promotes glucose oxidation by inhibiting the pyruvate 

dehydrogenase kinase (PDK) in right ventricular hypertrophy caused by pulmonary 

hypertension.  

In right ventricular hypertrophy (RVH), activation of various transcription factors, including 

FOXO1, cMyc and HIF-1α upregulates expression of many glycolytic gene including pyruvate 

dehydrogenase kinase (PDK) which is the inhibitor of pyruvate dehydrogenase (PDH) and 

suppresses mitochondrial respiration. Dichloroacetate (DCA) suppresses glycolysis by inhibiting 

PDK thereby  promoting  glucose oxidation. ETC = electron transport chain, HK = hexokinase, 

H2O2 = hydrogen peroxide, LDHA = lactate dehydrogrenase A, PFK = phosphofructokinase. 

Figure adopted from Circ Res. 2014;115:176-88 with permission 
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Figure 23: The role of inositol-requiring protein 1α (IRE1α)–X-box-binding protein 1 

(XBP1s) pathway in heart failure with preserved ejection fraction (HFpEF). High-fat diet 

(metabolic stress) and hypertension induced by Nw-nitro-L-arginine methyl ester (L-NAME) 

(mechanical stress) induce symptoms of HFpEF, including impaired filling of left ventricle, 

reduced exercise capacity, lung congestion, and increased systemic inflammation. Schiattarella et 

al. noted increased expression of inducible nitric oxide synthase (iNOS), which led to marked 

overproduction of nitric oxide (NO). Increased NO binds to sulfur atoms of IRE1a, and S-

nitrosylation decreases IRE1a activity. IRE1a is an important component of the unfolded protein 

response (UPR), which protects cells from misfolded proteins. Decreased IRE1a activity results in 

reduced splicing of XBP1s messenger RNA. XBP1s is a transcription factor that activates UPR 

genes, and the disruption of the UPR is postulated to eventually result in HFpEF. Figure adopted 

from Amgalan and Kitsis with permission. Nature. 2019;568:324-325 , with permission 

 
Figure 24: Schematic diagram of molecular pathways involved in the pathogenesis of PAH. 

Upstream regulators of mitochondrial mediators, such as microRNA, transcription factors, 

contribute to the dysregulation of mitochondrial mediator proteins, causing excessive 

mitochondrial fission/reduced mitochondrial fusion, aerobic glycolysis, increased proliferation 

and decreased apoptosis, and decreased mitochondrial biogenesis. 

 
 

.  
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Didactic Figure legend 

Figure 1:  

Teaching points: This figure illustrates that homeostatic Oxygen Sensing System (HOSS) is a 

network of specialized tissues that sense O2 in their local environments and regulate vascular tone, 

ventilation or catecholamine secretion to optimize systemic oxygen delivery. The HOSS is made 

up of: type 1 cells in the carotid body, PASMC, fetoplacental arteries in the placenta, the ductus 

arteriosus (DA), adrenomedullary chromaffin cells of the adrenal glands, and neuroepithelial 

bodies, a type of neuroendocrine cell in the airways. 

 

Figure 3A: 

Teaching Points: This figure illustrates a hypothesis of oxygen sensing that involves increased 

ROS production under hypoxia. According to this hypothesis, the Rieske iron-sulfur subunit 

(RISP) of Complex III is the oxygen-sensor. Furthermore, hypoxia increases ROS and reflects 

auto-oxidation of the ETC, due to inhibition of the distal ETC. It is the rise in ROS in this model 

that is proposed to cause HPV. 

 

Figure 3B-E: 

Teaching Points: This figure illustrates an earlier and opposing hypothesis of oxygen sensing 

(compared to Figure 3). In this redox model there is decreased mitochondrial ROS production 

under hypoxia. NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (Ndufs2), the quinone 

binding site in ETC Complex I (and interestingly, not the RISP) has been characterized as the 

mitochondrial oxygen sensor in both the carotid body and the PASMC. Ndufs2 is the course of 

mitochondrial ROS and is inhibited by physiologic hypoxia. Inhibition of Ndufs2decreases 
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mitochondrial H2O2 and activates the downstream vasoconstrictor mechanism of HPV. Normal 

function of Ndufs2 is required for hypoxia-induced increases in cytosolic calcium. Nebulized 

Ndufs2 reduces expression of Ndufs2 in vivo and inhibits HPV. 

 

Figure 6: 

Teaching Points: This figure illustrates the main pathological change of pulmonary vasculature, 

particularly in small, intrapulmonary arteries and arterioles in PAH. All layers of the pulmonary 

vessel wall (intima, media, adventitia) are involved in adverse vascular remodelling in PAH. 

Pathologic changes include intimal hyperplasia, medial hypertrophy, adventitial fibrosis and 

infiltration of inflammatory cells and progenitor cells. 

 

Figure 8: 

Teaching Points: This figure is a simplified schematic representation of mitochondrial fusion and 

fission. A) The major mediator of mitochondrial fission is dynamin related protein 1 (Drp1), while 

fusion is mediated by GTPases mitofusin-1 (Mfn1), mitofusin-2 (Mfn2), and optic atrophy 1 

(OPA1). During fusion, the outer membrane of two adjacent mitochondria are tethered by the 

interaction in trans of the HR2 domains of Mfns. This is followed by GTP binding and hydrolysis 

contributing to the conformational change of Mfn2 which leads to the fusion of OMM. OMM 

fusion is followed by IMM fusion which is mediated by OPA1. B) During fission, ER-mediated 

pre-Drp1 constriction marks the site for further constriction. Drp1 is recruited to the mitochondria 

by its receptors (Mff, MiD49 and MiD51). On the OMM, Drp1 multimerizes forming a contractile 

ring at the fission site which is followed by GTP hydrolysis leading to constriction by the 

conformational changes of Drp1. This is followed by the recruitment of Dnm2 to the constriction 
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site and further constriction (scission) occurs to complete fission. Then the fission machinery is 

disassembled. 

 

Figure 9: 

Teaching Points: This figure shows increased mitochondrial fragmentation due to elevated 

mitochondrial fission in PAH PASMC as compared to normal PASMC. This increase in 

mitochondrial fission in PAH PASMC is due in part to the increased expression and/or activity of 

Drp1 and its binding partners, MiD49 and MiD51.  

 

Figure 10: 

Teaching Points: This figure represents the role of Drp1 receptors MiD49 and MiD51 in 

pathogenesis of PAH.  In PAH both MiDs are epigenetically upregulated by a decrease in miR-

34a-3p expression. This increases mitochondrial fission and promotes cell proliferation in PAH 

PASMC. Silencing of MiD49 and MiD51, by siMiD49 and siMiD51, or by administering miR-

34a-3p to PAH PASMC promotes fusion and attenuates proliferation of PAH PASMC. 

 

Figure 12: 

Teaching Points: This figure illustrates the dysregulation of miR-124/PTBP1/PKM pathway in 

PAH and its targeted treatments. Decreased expression of miR-124 increases the expression of its 

target, the splicing factor polypyrimidine-tract-binding protein (PTBP1), resulting in increased 

PKM2 expression, which enhances uncoupled aerobic glycolysis and increased lactate production 

while also decreasing translocation of pyruvate to mitochondria. Therefore, miR-124, siPTBP1, or 

HDACs may be therapeutic agents targeting the miR-124/PTBP1/PKM pathway in PAH. 
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Figure 13: 

Teaching Points: 

This figure illustrates the regulation of HIF-1α in normal and pathological conditions (PAH). 

Under normoxia, the prolyl hydroxylase domain proteins (PHD) and factor inhibiting HIF-1α 

(FIH-1) hydroxylates HIF-1α using molecular oxygen. Hydroxylated HIF-1α then interacts with 

Von Hipple-Lindau (VHL) and subsequently degraded by the ubiquitin proteasome pathway. 

Under hypoxic condition HIF-1α expression is stabilized and translocates to the nucleus. In the 

nucleus, it dimerizes with HIF-1β and recruits co-activators at the hypoxia response element 

(HRE) to initiate transcription of target genes. In PAH, low SOD2 results in decreased H2O2 

creating a pseudohypoxic state activating HIF-1α. This in turn activates PDK resulting in the 

inhibition of PDH and reduced ROS production. Decreased ROS downregulates Kv1.5 resulting 

in depolarization and calcium overload. 

 

Figure 15: 

Teaching Points: 

This figure illustrates the mechanism of downregulation of MCU in PAH PASMC. Decreased 

expression of MCU in PAH contributes to increased cytosolic calcium concentration and 

decreased mitochondrial calcium, which promotes cell proliferation and resistance to apoptosis in 

PAH PASMC. In PAH two of the upstream regulators of MCU expression are increased, namely 

miR-25 and miR-138. 

 

Figure 16: 
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Teaching Points: 

This figure illustrates a correlation between echocardiography change and glucose uptake in the 

development of MCT-PAH. The shortening of PAAT is dynamically correlated with increased 

uptake of FDG in the RV as shown by the PET/CT scanning. 

 

Figure 17: 

Teaching Points: This figure indicates a visual assessment to determine the role of RV ischemia 

and hibernation in patient with different PAH severity. Myocardial perfusion imaging (MPI)-PET 

(upper panel), 18F-fluoro-2-deoxyglucose (FDG)-PET (middle panel), and 18F-fluoro-6-

thioheptadecanoic acid (FTHA)-PET images (lower panel) are used to evaluate both glucose and 

fatty acid metabolism in PAH patients and correlate metabolism with both RV function and the 

severity of PAH, When the patients were categorized into three groups as mild PAH (mPAP < 35 

mmHg), moderate PAH (35 ≤ mPAP < 50 mmHg), and severe PAH (mPAP ≥ 50 mmHg). The 

patients’ RVEF and mPAP are reported below the images. 

The ratio of glucose to fatty acid uptake increases as pulmonary artery pressure. The FDG uptake 

in RV relative to the LV is similar to the RV/LV perfusion tracer uptake in the patients with mild 

and moderate PAH (left and centre panels), while in all patients with severe PAH, FDG uptake is 

higher in the RV relative to the perfusion uptake (a known marker of hibernation) in the patient 

with severe PAH (right panel). This is a perfusion/metabolism mismatch in the RV and suggests 

that there is RV myocardial ischemia or hibernation.  

 

Figure 18: 

Teaching Points: 
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This figure illustrates the main pathological changes in the pulmonary vasculature and right 

ventricle (RV) in PAH. Pulmonary vascular remodeling includes: plexiform lesions, thrombosis, 

intimal fibrosis, medial thickening. Right ventricular remodeling has two steps: adaptive RV 

hypertension (RVH) and maladaptive RVH. 

 

Figure 21: 

Teaching Points: 

This figure illustrates the Randle cycle in the right ventricular myocyte. This can be applied in the 

treatment of PAH. By inhibiting beta-fatty acid oxidation (FAO) using ranolazine, RV function 

can be improved and glucose oxidation can be increased. 

 

Figure 22: 

Teaching Points: 

This figure illustrates the application of inhibiting PDK in the treatment of PAH. Dichloroacetate 

(DCA) is a small molecular inhibitor of PDK which increases PDH activity thus promoting glucose 

oxidation. It improves right ventricular hypertrophy caused by pulmonary hypertension. 

 

Figure 24: 

Teaching Points: 

This figure illustrates the molecular mechanisms related to mitochondria which contribute to the 

pathogenesis of PAH. Changes in upstream regulators of mitochondrial mediators contribute to 

the dysregulation of mitochondrial mediator proteins and result in excessive mitochondrial 

fragmentation, aerobic glycolysis, increased proliferation and decreased apoptosis, and decreased 
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mitochondrial biogenesis. 

 




