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1	 �Introduction

Pulmonary hypertension (PH) is a serious and 
often fatal pulmonary vascular condition that is 
becoming increasingly prevalent worldwide. PH 
occurs in a variety of clinical conditions and is 
associated with a broad spectrum of pathologic 
abnormalities in the pulmonary arteries of affected 
patients. All patients with PH exhibit a common 
set of clinical signs, such as exertional dyspnea, 

marked exercise limitation, and in severe cases, 
right heart failure and death. Because of the 
diverse causes and mechanisms contributing, PH 
has been classified into five categories related to 
common clinical parameters, potential etiologic 
mechanisms and pathological, pathophysiologi-
cal, and therapeutic characteristics [1, 2]. PH in all 
categories is characterized by a complex panvas-
culopathy involving excessive proliferation and 
apoptosis resistance of multiple cell types, as well 
as inflammation and fibrosis throughout the vas-
culature. The characteristics of this remodeling 
have led many to hypothesize that the cellular and 
molecular features of PH resemble hallmark char-
acteristics of cancer cell behavior [3–6]. In cancer, 
it is widely recognized that changes in metabo-
lism in the cancer cell, as well as cells in sur-
rounding stromal cells, including fibroblasts and 
macrophages, are essential for cancer cells to pro-
liferate, migrate, and exhibit pro-inflammatory 
characteristics [7–9]. Because of this there have 
been intense efforts in oncology to define the 
molecular mechanisms that underlie the coordi-
nated cross talk between cancer cells and cells in 
their immediate microenvironment. Indeed, while 
it is acknowledged that there is evidence to sug-
gest that metabolic rewiring is orchestrated by the 
concerted action of oncogenes and tumor suppres-
sor genes, it is now recognized that in some cir-
cumstances altered metabolism can play a primary 
role in oncogenesis. Indeed, aberrant metabolism, 
rather than simply an epigenetic phenomenon of 
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oncogenic reprogramming, is now thought to play 
a key role in oncogenesis with the power to con-
trol both genetic and epigenetic events in cells [8, 
10]. Certainly, questions arise as to whether this 
may be the case in PH as well.

Metabolic adaptations akin to aerobic glycoly-
sis (“Warburg-like”), historically assigned to can-
cer cells, have also recently been reported in PH 
where hypoxia has significant regulatory role [3, 
5, 11–13]. These changes have been described to 
occur in smooth muscle cells (SMCs), endothelial 
cells (ECs), and fibroblasts (Fibs) [11, 13–16]. 
Additional data in support of the importance of 
this metabolic adaptation are supported by 18-flu-
orodeoxyglucose (18FDG) PET imaging, which 
has demonstrated increased glucose uptake and 
metabolism in PH patients as well as in the mono-
crotaline rat model of PH [13, 17]. Furthermore, 
18FDG uptake and gene-expression studies in 
pulmonary arterial fibroblasts, isolated from 
iPAH patients, tend support to the concept that a 
proliferative and inflammatory pulmonary vascu-
lar pathology contributes to the lung 18FDG PET 
signal [13]. This study also showed that 18FDG 
uptake occurs in perivascular mononuclear cells, 
which accumulate in the adventitial perivascular 
regions. In vivo studies in the monocrotaline 
model demonstrated a close correlation between 
lung18FDG uptake and pulmonary vascular 
remodeling. Importantly, enhancement of oxida-
tive metabolism with dichloroacetate-mediated 
inhibition of the enzyme pyruvate dehydrogenase 
kinase attenuated PH and vascular remodeling in 
this model and also reduced expression of the glu-
cose transporter (Glut1) typically upregulated in 
cells exhibiting high glycolysis. These findings 
correlated with reduced 18FDG PET signals, 
which were associated with decreased peripheral 
vascular muscularization and inflammatory cell 
accumulation. Collectively, these in  vivo and 
ex vivo observations support a “metabolic hypoth-
esis” for the pathogenesis of PH, whereby a rear-
rangement of the mitochondrial and cytosolic 
metabolism, known as the “Warburg effect,” 
might explain, at least partially, the molecular and 
functional abnormalities seen in PH cells, includ-
ing excessive proliferation, apoptosis resistance, 
and inflammatory activation [12].

2	 �Metabolic Reprogramming 
in Cells of Pulmonary Artery 
Wall in PH Pathology

Excessive proliferation and apoptotic resistance 
of ECs, SMCs, and Fibs from the PH vessel wall 
phenocopies the Warburg-like metabolic repro-
gramming observed in highly proliferating can-
cer cells. Incomplete oxidation of glucose 
through aerobic glycolysis depresses catabolism 
through mitochondria and fuels anabolic reac-
tions of amino acids, lipids and nucleosides to 
sustain proliferation. This is often induced by 
dysregulation of oncogenes, hypoxic signaling 
and aberrant responses in cancer cells [18]. The 
metabolic switch needs to cover the energy 
demands of highly proliferating cells, such as 
DNA replication and gene expression, macro-
molecule biosynthesis, ion gradients’ homeosta-
sis and maintenance of cellular structure. 
Transcriptional upregulation and increased 
expression of glycolytic enzymes is observed in 
these cells and hypoxic signaling can play a piv-
otal role in these responses (see Fig.  1). 
Generalized or microenvironmental hypoxia can 
participate in the development of pulmonary 
hypertension (PH) through regulation of the oxy-
gen sensitive subunit of hypoxia inducible factor 
(HIF) [19]. Consistent with a hallmark of meta-
bolic reprogramming in proliferating cancer 
cells, cells from the hypertensive pulmonary vas-
culature express specific isoforms of glycolytic 
enzymes that promote faster fluxes through gly-
colysis, such as glucose transporter 1 (GLUT1), 
phosphofructokinase 3 (PFKB3) and pyruvate 
dehydrogenase kinase 1, and lactate dehydroge-
nase A (LDHA) [3, 12, 20]. Increased uptake of 
glucose not only provides a rate-limiting sub-
strate to promote glycolysis, but also results in 
the upregulation of the pentose phosphate path-
way. Hexokinase responsible for glucose phos-
phorylation, the initial step of glycolysis, was 
found to be able to suppress apoptosis by revers-
ible binding to VDAC in mitochondrial 
membrane, thus preventing cytochrome c release 
[21]. Similar to highly proliferating cancer cells, 
activation of the oxidative branch of the pentose 
phosphate pathway in PH cells provides reducing 
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equivalents (NADPH) to sustain NADPH-
dependent anabolic reactions (e.g., de novo syn-
thesis of fatty acids) and, at the same time, it 
generates ribose phosphate moieties for the de 
novo synthesis and salvage of nucleosides—the 
building blocks of RNA and DNA. It can inhibit 
full AMPK activation, which increases fatty acid 
and cholesterol synthesis while inhibiting acetyl-
CoA carboxylase 1 and 2, otherwise participating 
in fatty acid oxidation (see Fig. 2). In addition to 
serving as a key cofactor for anabolic reactions, 
NADPH represents a key-reducing equivalent to 
preserve the redox poise. Indeed, NADPH is used 
as an antioxidant substrate to reduce oxidized 
glutathione or to promote pro-oxidant reactions 
through the activity of NADPH oxidase (NOX). 
Moreover, NADPH derived from the pentose 

phosphate pathway seems to be important during 
the initial phase of PH development for vasocon-
striction of pulmonary arteries, as it forms an 
essential cofactor for nitric oxide (NO) produc-
tion by NO synthase (NOS) [22]. In agreement 
with this, a deficiency of glucose-6-phosphate 
dehydrogenase in the African, Middle East, and 
Asian population was associated with enhanced 
endothelial oxidative stress, decreased NO bio-
availability and increased risk for vascular  
disease such as PH [23]. Interestingly, glucose-
6-phosphate dehydrogenase was also found to be 
involved under certain conditions in apoptosis 
[24]. Excess NADPH can then induce calcium/
calmodulin-dependent kinase II to phosphory-
late, thus inhibit pro-apoptotic caspase2 
activation.

Fig. 1  Anabolic metabolism of hypertensive cells from pulmonary artery wall. Increased glycolytic pathway, where 
numerous enzymes is upregulated by HIF1/2. Enhanced pentose phosphate pathway, leading to NADPH production. 
Altered mitochondrial metabolism with suppressed oxidative phosphorylation. Elevated one carbon metabolism. 
Metabolic changes in glycolysis, Krebs cycle, redox homeostasis, and amino acid metabolism (color coded) are docu-
mented by UHPLC-mass spectrometry metabolomics data (left) of calf control and pulmonary hypertensive fibroblasts 
from pulmonary arteries. Relative metabolite quantities were graphed through heat maps, upon Z score normalization 
of values determined across samples (blue, lowest values; red, highest values). Each sample is represented by three 
independent experiments depicted in columns. All metabolic changes are leading to increased NAD(P)H, which then 
participates in several signaling reactions
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Increased glucose oxidation also promotes the 
accumulation of reducing equivalents other than 
NADPH, such as NADH.  Increased NADH/
NAD+ ratios are promoted by increased fluxes 
through glycolysis, consistent with the law of 
mass action indicating that excess lactic fermenta-
tion under hypoxic conditions unbalances the 
NAD-cofactor poise towards the accumulation of 
reduced equivalents. Hypoxia also compromises 
physiological electron transfer through the elec-
tron transport chain, resulting in the incapacity to 
regenerate reducing equivalents (NADH, FADH2) 
in the mitochondria owing to the lack of oxygen 
as the final acceptor of electrons in the electron 
transport chain. Disruption of the normal electron 
flow in the electron transport chain does not 
impair mitochondrial Krebs cycle reactions 
upstream to succinate dehydrogenase (SDH) (as 
part of complex II of the electron transport chain), 
though it promotes metabolic bottlenecks in com-
plex I, which is involved in the reactions catalyz-
ing the conversion of malate to oxaloacetate [25, 
26]. Isocitrate dehydrogenase (IDH) activity 
either in cytosol (IDH1) or in mitochondria 

(IDH2,3), which can generate NADH or NADPH, 
depending on the isoform of the enzyme catalyz-
ing the reaction and redox equilibrium, has been 
reported to be increased in PH patients [14]. 
Further, increased NAD(P)H can significantly 
impact redox status and also the regulation of pro-
teins using NAD(P)H as a cofactor. The transcrip-
tional repressor C-terminal-binding protein1 
(CtBP1) is such an example. Oligomerization of 
CtBP1 into active dimers is dependent on the 
presence of increased free NADH and NADH/
NAD+ ratios [27]. CtBP1 interacts with gene spe-
cific transcriptional factors besides recruiting sev-
eral epigenetic modifying enzymes on the target 
genes [27]. Recently, the coauthors of this chapter 
found its increased expression in fibroblasts gen-
erated from the pulmonary arteries of chronically 
hypoxic calves or patients with iPAH (termed 
PH-Fibs) that were characterized by an aerobic 
glycolytic state and exhibited increased free 
NADH, even under normoxic conditions and with 
enhanced proliferation and inflammation. Genetic 
or chemical suppression of CtBP1 led to down-
regulation of proliferation (and upregulation of 

Fig. 2  Mitochondrial metabolism of hypertensive cells from pulmonary artery wall. Pyruvate oxidation is inhibited. 
β-oxidation is induced, since there is low level of inhibitory metabolite malonyl-CoA. Glutaminolysis is induced lead-
ing among others to production of α ketoglutarate, which incorporated into TCA cycle can serve for catabolic reactions 
to fuel further respiratory chain through succinate production or can serve for anabolic reactions in reversed flow of 
TCA cycle called reductive carboxylation. It will then provide citrate for lipogenesis. Electron transport chain is 
retarded, mainly through complex I, leading to increased production of superoxide, which after dismutation to H2O2 
participates in stabilization of HIF1 and further signaling reactions
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the cyclin-dependent kinase inhibitor genes, P21 
and P15), apoptosis (e.g., upregulation of NOXA 
and PERP) and upregulation of anti-inflammatory 
(HMOX1) markers [28]. Other studies showed 
that CtBP1 also participates in the maintenance of 
metabolic homeostasis through the inhibition of 
apoptosis. In this respect, it was found that the 
transcriptional repressor CtBP1 directly inhibits 
pro-apoptotic Bax or SIRT4, the repressor of glu-
taminolysis in mitochondria. The activation of 
glutaminolysis promotes the generation of alter-
native substrate for mitochondrial catabolism and 
also release of the acidification pressure of highly 
proliferative lactate-producing cells [29, 30]. 
These studies highlight the importance of meta-
bolic regulation on gene expression during PH 
development and identify feed forward mecha-
nisms at the crossroads of transcriptional regula-
tion and metabolic reprogramming.

Another glycolytic intermediate, fructose-1,6-
bisphosphate, was shown to inhibit mitochon-
drial respiratory rate in highly glycolytic cells, an 
observation that may contribute to explain the 
so-called Crabtree effect—i.e., the reliance on 
glycolysis rather than the tricarboxylic acid cycle 
(TCA) to generate high energy compounds 
(ATP) [31].

Analogous to cancer, metabolic reprogram-
ming in PH is accompanied by post-transcriptional 
reprogramming triggering the expression of spe-
cific isoforms of key metabolic enzymes. For 
example, an isoform switch in pyruvate kinase M 
plays an important role in the glycolytic state of 
highly proliferative cells. PKM1 and 2 isoforms 
are alternative splice isoforms of pyruvate kinase 
M. While PKM1 is expressed in terminally dif-
ferentiated tissues, PKM2 isoform is expressed 
mostly in proliferating cells and tissues with ana-
bolic functions (cancer, embryonic cells) and 
cells with high intrinsic self-renewal properties. 
While PKM1 has high catalytic activity, PKM2 is 
allosterically regulated between a high and a low 
activity state. PKM2 exists in the catalytically 
distinct tetrameric and dimeric states [32] and is 
present usually in its less active dimer form in 
highly proliferative cells. This leads to inhibition 
of the last step of glycolysis and to accumulation 
of glycolytic intermediates including lactate for 

biosynthetic processes. The dissociation of 
PKM2 tetramer into dimers is a reversible pro-
cess and determines the balance between ana-
bolic and catabolic phases of cell metabolism. 
Besides direct activation of PKM2 transcription 
by HIF1, PKM2 also directly interacts with HIF1 
and thus promotes transactivation of genes with 
HIF response elements in their promoters [33]. 
This regulatory mechanism contributes to the 
escalation of the efficiency of glycolytic fluxes. 
The PKM2 isoform is also subject to many regu-
latory post-translational modifications such as 
phosphorylation, which participates in the con-
version of the tetrameric form into the dimeric 
one [34]. On the other hand, PKM2 is positively 
allosterically regulated by fructose-1,6 bisphos-
phate and serine, which is produced from glyco-
lytic intermediate 3-phosphoglycerate [35]. 
Moreover, oxidation of cysteine 358  in PKM2 
impairs enzymatic function and decreases its 
activity, leading to the accumulation of glucose-
6-phosphate and increased glucose flux through 
pentose phosphate pathway [36], thus contribut-
ing to redox homeostasis. Such complex regula-
tion of this protein isoform is crucial for highly 
proliferating cells as a variety of molecules fur-
ther interact with PKM2. Specifically, dimeric 
PKM2 was shown to translocate into the nucleus, 
where it can act as an active protein kinase to 
phosphorylate specific nuclear proteins such as 
STAT3 and β-catenin [29, 37, 38]. PKM2 can 
interact directly with the HIF-1α subunit in the 
nucleus to promote transactivation of HIF-1α tar-
get genes by enhancing HIF-1 binding and 
recruitment of p300 [39]. PKM2 gene transcrip-
tion is also activated by HIF-1, which creates a 
positive feedback loop that promotes HIF-1 
transactivation and alters glucose metabolism 
[39]. The coauthors of this chapter recently found 
that PMK2/PKM1 ratio is increased in PH Fibs 
from calves and iPAH humans [40]. Moreover, 
this alternative splicing resulting in the increased 
PKM2/PKM1 ratio was found to be under direct 
control of polypyrimidine-tract binding protein 1 
(PTBP1) and miR124 acting upstream. Genetic 
manipulations of miR124 (miR-124 mimic) or 
PTBP1 (siPTBP1) normalized the PKM splicing 
ratio. This induced mitochondrial activity and 

Metabolic Reprogramming and Redox Signaling in Pulmonary Hypertension



246

returned metabolism and proliferation toward 
that of normal control fibroblasts. Collectively 
this evidence supports the idea that PKM2 is a 
crucial enzyme controlling overall metabolic 
state of cells during the development of PH.

PKM catalyzes the final step of glycolysis, 
which results in the production of pyruvate. The 
destiny of pyruvate is another crucial point in 
highly proliferating cells. Under physiological 
conditions in most cells, pyruvate enters mito-
chondria where is further processed by pyruvate 
dehydrogenase (PDH) to acetyl-CoA fueling the 
TCA cycle and mitochondrial respiratory chain. 
However, under hypoxic conditions, the activity of 
mitochondrial respiratory chain is disrupted, as 
anticipated above, and cells require alternative 
pathways to regenerate reducing equivalents 
(NADH to NAD+) to keep glycolysis going. 
Reduction of pyruvate to lactate through lactic fer-
mentation serves this purpose under hypoxic con-
ditions. This process can be enzymatically 
regulated under hypoxic conditions in PH. Indeed, 
inactivating pyruvate oxidation in mitochondria by 
PDH phosphorylation in hypoxia is directly regu-
lated by HIF1α. This transcription factor induces 
PDH kinase in proliferating cells, an adaptation 
that can become independent from oxygen avail-
ability in cancers undergoing constitutive HIF acti-
vation or PDH kinase mutations [41]. Recently, we 
have shown that this metabolic adaptation also 
occurs in PH Fibs from chronic hypoxia exposed 
calves and iPAH humans [16]. Suppressed glucose 
oxidation was reflected by decreased mitochon-
drial bioenergetics (see below).

Termination of the glycolytic pathway by pro-
duction of lactate is important for the later stage 
of hypoxia in cancer cells. It was found that accu-
mulated lactate can stabilize NDRG3 protein 
which binds to c-Raf and mediates hypoxic cell 
growth through c-Raf-ERK pathway in various 
types of cancer cells [42].

Recent interest in one-carbon metabolism has 
been generated by experiments showing its 
importance in rapidly proliferating cells. One-
carbon metabolism contributes key substrates for 
de novo synthesis of purine bases, participates in 
redox homeostasis by regulating the synthesis of 
amino acid substrates for glutathione synthesis 

and directly contributes to the redox poise 
through NADPH-generating reactions [43–49]. 
Notably, glycolytic isoform switch in cancer 
modulates the activity of rate limiting enzymes of 
one-carbon metabolism, as documented by evi-
dence indicating a role for serine as an allosteric 
modulator for PKM2 activity [49]. Further stud-
ies will be necessary to investigate the role of this 
pathway in PH development.

3	 �Metabolic Remodeling 
in Macrophage Activation

Pulmonary arterial wall remodeling during PH 
development develops in concert with the innate 
immune system where macrophages play a piv-
otal role. Macrophages contribute to maintenance 
of tissue homeostasis [50, 51] through paracrine 
communication with tissue parenchymal cells 
[52], but also by sensing and responding to envi-
ronmental cues and signals [53]. They are innate 
immune cells known to be important in the initia-
tion and propagation of sterile inflammatory pro-
cesses, like chronic inflammatory pathologies 
such as rheumatoid arthritis and remodeling 
pathologies such as liver fibrosis and vascular 
remodeling as it occurs in association with pul-
monary hypertension [51, 54]. Indeed, macro-
phages have been recognized to promote tumor 
growth [55]. They are equipped with a sophisti-
cated system to detect microenvironmental dif-
ferences across various organs and conditions, 
and exhibit a high degree of functional versatil-
ity/plasticity in order to adequately contribute to 
homeostatic tissue maintenance, infectious and 
inflammatory processes and to tissue repair pro-
cesses [51]. Continuous adjustments in the meta-
bolic programming of macrophages have been 
suggested to be a key component in the regula-
tion of their gene transcriptional profile and thus 
their functional phenotype within these processes 
[56]. There is now consensus that metabolic 
reprogramming consistent with a Warburg-like 
state is a prerequisite for inflammatory macro-
phages (here referred to as macrophages stimu-
lated with lipopolysacharide (LPS) or with LPS 
in combination with interferon gamma (IFNg) to 
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generate pro-inflammatory mediators [57, 58]. 
Metabolic reprogramming results at least in part 
from LPS mediated increases in HIF1 and expres-
sion of HIF1 target genes, encoding for enzymes 
of the glycolysis pathway [57–59]. LPS also pro-
motes PKM2 expression, and IDH and SDH sup-
pression [58]. Accumulated succinate derived 
from SDH suppression can generate ROS by 
reverse electron transfer on Complex I of respira-
tory chain, which has been suggested to be criti-
cal for activation of genes encoding for 
pro-inflammatory mediators [60]. LPS, espe-
cially in combination with IFNg, also upregulates 
expression of citrulline-arginine-succinate cycle 
enzymes, such as iNOS (inducible nitric oxide 
synthase), ASS (argininosuccinate synthetase), 
ASL (arginine succinate lyase), and Arginase1 
[61]. As a result, inflammatory macrophages 
consume large amounts of glucose to generate 
lactate, accumulate citrate, succinate, and pro-
duce nitric oxide (NO).

Lactate and succinate have also been suggested 
to induce macrophage activation, thus providing a 
potential autocrine and paracrine feed forward 
loop [55]. Citrate, as a critical substrate for fatty 
acid synthesis and precursor for leukotrienes and 
prostaglandins, has been shown to be also impor-
tant macrophage derived pro-inflammatory medi-
ator production [62]. Succinate can positively 
regulate pro-inflammatory IL1b through HIF1α 
stabilization [57] as well as iNOS [63] and 
Arginase1 [54, 55]. Citrulline derived from iNOS 
metabolism of arginine can react with aspartate to 
regenerate arginine [58], which is a critical event 
under arginine limiting conditions [61]. In addi-
tion, this reaction generates fumarate, which is a 
critical step in replenishing the reprogrammed 
TCA cycle when SDH is reduced [58].

While these concepts help explain how inflam-
matory macrophages that are activated by LPS and 
IFNg use metabolic reprogramming to mount gen-
eration of pro-inflammatory mediators, much less 
is known about if and how metabolic program-
ming underlies macrophage phenotypes in chronic 
inflammatory conditions that are not characterized 
by LPS, but instead involve a more complex 
microenvironmental makeup, e.g., cancer or rheu-
matoid arthritis, or vascular remodeling. In these 

conditions a metabolic synergy or symbiosis 
between macrophages and cancer cells and/or 
macrophages and fibroblasts might be a key 
mechanistic foundation for chronic inflammatory 
activation towards a pro-cancer or pro-remodeling 
phenotype. In such a metabolic symbiosis both 
cells, the macrophage and the tissue cell (for 
instance the fibroblast) undergo overlapping but 
also distinct metabolic reprogramming, such that 
both anabolic and catabolic pathways are 
engaged. As a result catabolic metabolites and 
anabolic substrates can be exchanged and shared 
between the two cells in order to sustain the 
respective metabolic reprogramming and thus 
functional phenotype. For example, cancer cell 
derived lactate has been shown to induce activa-
tion of HIF1 and expression of Arg1  in cancer 
associated macrophages, which in turn promotes 
generation of polyamines (anabolic pathway) 
through utilization of Arginine by Arginase1 
[55]. In that study, polyamines were proposed to 
sustain cancer growth, since macrophages geneti-
cally deficient in Arginase1 were less capable of 
promoting cancer growth in vivo. Recent studies 
investigating the mechanism of vascular remod-
eling in PH have identified perivascular fibro-
blasts with a distinct pro-inflammatory phenotype 
characterized by generation of cytokines and 
chemokines [16, 54, 64]. Intriguingly, the acti-
vated fibroblast is capable of activating macro-
phage expression of Arginase1 at least in part 
through paracrine IL6 [54, 64]. As pointed out 
previously, these fibroblasts display metabolic 
reprogramming similar to that observed in 
inflammatory macrophages, including generation 
of lactate. Inhibition of glycolysis prevents 
inflammatory activation of these fibroblasts. 
Therefore, a metabolic symbiosis could poten-
tially underlie the macrophage fibroblast crosstalk 
in vascular remodeling associated with PH in 
which fibroblast derived lactate (catabolism of 
glucose) and fibroblast derived IL6 (anabolic 
cytokine generation as a result of rewired TCA 
cycle and mitochondrial ROS production [16]) 
activate macrophage expression of HIF1 and 
Arginase1 [54]. Macrophage derived polyamines 
downstream of Arginase1 expression and macro-
phage derived IL1b (as a catabolic event mediated 
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by HIF induced Il1 generation) could in turn acti-
vate fibroblasts and promote their proliferation.

4	 �Mitochondrial Alterations 
and Superoxide Production 
in Pulmonary Arterial 
Hypertension

Observations of incomplete glucose oxidation 
terminating in lactate production in PH cells lead 
to the discovery of altered mitochondrial bioener-
getics, similar to cancer cells (see Fig. 2). These 
changes have been described for cells from all 
layers of the hypertensive pulmonary artery wall 
[15, 16]. The role of mitochondria in apoptosis 
resistance, redox and calcium homeostasis assign 
them a central position within the cell which can 
determine cell fate. Changes in fluxes in the TCA 
cycle provide intermediates for biosynthetic 
pathways in highly proliferative cells. Thus, 
mitochondrial respiration in PH cells is still oper-
ating and needs to be preserved [16]. To over-
come suppressed pyruvate oxidation, 
mitochondria adjust the fluxes from carbohy-
drates (pyruvate) to other significant substrate 
sources, such as fatty acid oxidation or glutami-
nolysis (Fig. 2). Glycolysis followed by pyruvate 
oxidation is assumed to contribute to 50–70% of 
total ATP production in cancer cells with the 
remainder contributed by mitochondrial oxida-
tion of glutamine and fatty acids [65–67].

The feedback mechanism in which phosphor-
ylation of PDH, leading to its downregulation, is 
critical for the mitochondrial substrate switch to 
fatty acid oxidation was described originally by 
Randle [68]. Upregulation of the expression of 
genes involved in fatty acid oxidation as well as 
an increase in metabolic intermediates was found 
in lung tissue from PH patients [69]. The impor-
tance of fatty acid oxidation in PH development 
is evident from the experiment where mice lack-
ing malonyl-coA decarboxylase (MDC), which 
otherwise induces fatty acid oxidation at the 
expense of its synthesis, do not develop PH upon 
chronic hypoxic exposure [70]. Interestingly, 
MDC can be deacetylated by SIRT4 and thus 
inactivated [71]. This is consistent with our find-

ing of increased CtBP1 levels in hypoxic PH-Fibs 
in that inhibition of SIRT4 by increased CtBP1 
activity allows MDC to be active and drive fatty 
acid oxidation in mitochondria [28].

Another potential fuel for the TCA cycle is 
glutamine, the most abundant amino acid in 
blood. It is processed through glutaminolysis to 
α-ketoglutarate which can enter the TCA cycle. 
In highly proliferative cells, glutaminolysis plays 
a major anaplerotic role, since α-ketoglutarate 
production either fuels the TCA cycle or provides 
a carbon backbone for the biosynthesis of nones-
sential amino acids. We have observed elevation 
of glutamine and α-ketoglutarate in PH Fibs (see 
Fig. 1). Glutamine catabolism can thus provide a 
carbon source that supports further proliferation. 
In highly proliferative cells, it can also serve as 
the source of nitrogen for transamination reac-
tions, which is necessary for GSH synthesis (ser-
ine and thus cysteine/glycine anabolism depends 
on glutamine for rate-limiting transamination 
reactions branching from glycolysis) and protect 
the cell from excessive acidification, by convert-
ing pyruvate into alanine, thus preventing accu-
mulation of excess lactate in highly glycolytic 
cells. Under hypoxic conditions glutamine can 
also contribute to de novo lipogenesis by fueling 
reductive carboxylation reactions (reverse fluxes 
through the TCA cycle) [72] (See Fig. 2). Among 
others, α-ketoglutarate can give rise to 
2-hydroxyglutarate, a metabolite that accumu-
lates significantly in response to hypoxia in cells 
and plasma [73]. On the other hand, certain types 
of cancer cells (e.g., glioma) are characterized by 
IDH 1/2 mutations or a switch in the expression 
pattern of IDH isoforms in favor of NADPH-
generating IDH1 [74]. Some of these mutations, 
together with excess glutaminolysis contribute to 
increased α-ketoglutarate–citrate ratio [75], 
which in turn promotes reductive carboxylation 
fluxes to sustain acetyl-CoA generation and ana-
bolic reactions (e.g., de novo synthesis of fatty 
acids). We have found that the α-ketoglutarate–
citrate ratio was significantly increased in PH 
Fibs [64]. On the other hand, 2-hydroxyglutarate 
has been described as oncometabolite and was 
found to elicit significant epigenetic changes that 
can contribute to cancer phenotype [76]. Citrate 
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can be also processed through oxaloacetate or 
malate for amino acid synthesis required for 
building proteins.

Mitochondrial bioenergetics terminates with 
the production of ATP where the respiratory chain 
is the key part of this machinery. Mitochondrial 
respiratory capacity is defined by availability of 
substrate, i.e., reducing equivalents coming either 
from the cytosol (NADH) or mitochondrial TCA 
cycle (NADH and FADH) and integrity of elec-
tron transport supercomplexes. The optimal flow 
of electrons through respiratory supercomplexes 
then defines the maximal production of ATP by 
complex V. However, in rapidly proliferating cells 
pyruvate stays in the cytosol instead of fueling 
TCA cycle and possibly the respiratory chain 
(Fig. 1). In that case, glutaminolysis or fatty acid 
oxidation can significantly substitute for the fuel 
in the TCA cycle. This might be the case of 
PH-Fibs, which were found to have enhanced suc-
cinate levels in mitochondria [16]. Succinate can 
then, in addition to other TCA cycle intermediates 
like α-ketoglutarate or fumarate, regulate histone 
and DNA methylation [77]. Besides shaping epi-
genetic regulation of DNA expression, upregula-
tion of succinate and fumarate can also stimulate 
HIF1 stabilization though inhibition of HIF-prolyl 
hydroxylase, thus enhancing the Warburg effect.

Mitochondria of PH Fibs are hyperpolarized, 
reflecting less efficient oxidative phosphorylation 
[16]. This can be due to several factors, primarily 
involving mitochondrial respiratory chain com-
plexes, some of which (Complex I, III and IV) are 
pumping protons across the mitochondrial mem-
brane, which at insufficient protons backflow via 
ATP synthase creates increased membrane poten-
tial. However, the involvement of fatty acid stim-
ulated uncoupling proteins in attenuation of 
mitochondrial membrane potential is also well 
recognized. Resulting mild uncoupling has anti-
oxidant effect. Studies using mitochondrial 
uncoupling protein 2 deficient (UCP2−/−) mice 
showed that vascular remodeling with develop-
ment of pulmonary hypertension occurred pri-
marily via increased ROS production, not by 
regulation of membrane potential itself [78]. 
Another study explained spontaneous PH devel-
opment in UCP2−/− mice by decreased mito-

chondrial calcium levels [79]. Many mitochondrial 
enzymes are calcium dependent so loss of UCP2 
could lead to decreased mitochondrial bioener-
getics. Another reason for hyperpolarized mito-
chondria in cells from the hypertensive vessel 
wall was attributed to translocation of hexokinase 
II into mitochondria via a GCK3-β dependent 
mechanism. This was shown to inhibit the volt-
age dependent anion channel (VDAC) and thus 
sustain mitochondrial hyperpolarization [80].

Mitochondrial membrane potential together 
with substrate availability, local oxygen concen-
tration and electron flow through respiratory 
chain determines the mitochondrial redox status. 
Moreover, mitochondria contain numerous redox 
active metals, i.e., Fe–S cluster, cytochromes and 
thus are a primary site for single-electron reac-
tions in the cell. The primary reactive oxygen 
species (ROS) produced in mitochondria is 
superoxide, which is formed mainly within com-
plexes I and III of the respiratory chain [81–84]. 
The respiratory complexes with multiple redox 
centers form electron transport chain, which nor-
mally facilitates transfer of electrons to their final 
acceptor, molecular oxygen. It is reduced by four 
electrons to water at complex IV. The premature 
single electron reduction of molecular oxygen 
gives rise to superoxide formation. This can hap-
pen when electron flow is either retarded (i.e., 
ATP synthase is inhibited, cytochrome c or coen-
zyme Q cycling is retarded) or there is substrate 
pressure (high load of NADH, FADH2) on respi-
ratory complexes. Notably Complex I elevates 
superoxide formation at NADH≫NAD+ and at 
reverse electron transport after succinate accu-
mulation [84]. Also alterations in the assembly of 
electron transport chain complexes can lead to 
stoichiometric mismatches, which can result in 
delay of electron flow on sites of the complexes 
mediating production of superoxide. It is impor-
tant to realize that antioxidant redox couples (i.e., 
GSH/GSSG) are closely linked to the metabolic 
redox couples (NADH, FADH2) which serves 
also as the substrate of respiratory chain [82]. 
There are two sites within the complex I, where 
superoxide can be formed [85]. The first site is 
the flavin in the NADH-oxidizing site, producing 
superoxide at NADH››NAD+, i.e., high substrate 
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pressure and the ubiquinone-reducing site, pump-
ing superoxide at high protonmotive force or 
retarded proton pumping [86] or under condition 
of reverse electron pumping. Both sites produce 
superoxide into mitochondrial matrix. In com-
plex III, superoxide is thought to arise from the 
quinol oxidizing site, producing superoxide 
about equally into mitochondrial intermembrane 
space and matrix. It was proposed that Complex I 
driven increased superoxide production is pre-
dominantly deleterious as they can react in high 
concentration with mitochondrial DNA or other 
matrix components vulnerable to oxidative dam-
age, whereas Complex III driven superoxide may 
rather serve as a second messenger in cellular 
signaling. Their various but different targets were 
experimentally determined [87]. However, other 
sites of mitochondrial superoxide production 
were also suggested in context of various cell 
types. This involves complex II [88], glycerol 
phosphate dehydrogenase [89], pyruvate dehy-
drogenase [90], or α-ketoglutarate dehydroge-
nase [91]. How the individual ROS source 
contributes to increased ROS production during 
PH development remains to be elucidated.

Additional regulation of superoxide produc-
tion might come directly from alterations in 
Complex I and III. For example, mutations in 9 
out of 13 assembly factors of Complex I were 
proven as disease causing due to impairments in 
complex biogenesis [92]. There is evidence 
regarding direct downregulation of subunits of 
Complex I (NDUFA4L2) in murine embryonic 
fibroblasts [93] regulating further superoxide 
production. We have recently shown altered 
activity of Complex I in PH-Fibs from chroni-
cally hypoxic calves due to downregulation of the 
assembly subunit NDUFS4. This can cause com-
plex I instability which leads to an increased dis-
connection of electron influx of the NADH 
dehydrogenase module from the complex I holo-
complex. Subsequent mitochondrial hyperpolar-
ization and increased superoxide production 
occurs [16]. Deficiency of NDUFS4 was shown 
previously to cause aberrant mitochondrial mor-
phology and elevated ROS production in primary 
fibroblasts of NDUFS4 knockout mice, a model 
of Leigh syndrome [94]. Specific inhibition of 

Complex I, in this case NDUFV1 gene knock-
down, reduces NAD+/NADH ratio, however, 
does not drastically inhibit oxidative phosphory-
lation. This was shown to significantly enhance 
metastatic activity and cell proliferation [95]. On 
the other hand, enhancement of Complex I was 
shown to increase tumor cell autophagy and to 
inhibit proliferation in vivo. Based on these data 
from cancer research, Complex I seem to be 
involved in efficiency of proliferation when gly-
colysis takes place.

Mitochondrial superoxide production was 
shown to be increased by hypoxia in pulmonary 
artery SMCs [96, 97]. However, another group 
suggested it was decreased [98]. This discrep-
ancy might be explained by differences in the 
techniques used for ROS detection, the experi-
mental PH model used, the level of PH develop-
ment, and handling of the cells in vitro. We have 
confirmed accumulation of mitochondrial super-
oxide in PH-Fibs from chronically hypoxic 
calves grown and studied under normoxic condi-
tions [16]. Mitochondrial superoxide production 
from Complex III has unique role in hypoxia as 
produced superoxide was shown to be crucial for 
stabilization of HIF1α [99]. Superoxide burst 
inhibits HIF-prolyl hydroxylases, which under 
normoxic conditions hydroxylate oxygen sensi-
tive HIF1α thus priming it for proteolytic degra-
dation. That this superoxide production is crucial 
for response of pulmonary artery SMCs in 
hypoxia and further PH development was con-
firmed by Sabharwal et al., who targeted perox-
iredoxin5 into mitochondrial intermembrane 
space of these cells [100]. ROS decay by perox-
iredoxin5 then suppressed ROS production from 
mitochondria and the acute activation of cyto-
solic calcium, which regulates vasoconstriction, 
the initial step in PH development.

Mitochondrial ROS production can be regu-
lated by SIRT3 protein, the predominant mito-
chondrial deacetylase. This enzyme requires 
NAD+ for its activity. Thus changes in nutrient 
status can be directed through this protein to 
mitochondrial redox metabolism. The observed 
increased ratio of NADH/NAD+ in PH-Fibs [28] 
together with increased glycolysis will repress 
SIRT3 activity. This was confirmed in human and 
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rat PH cells. Moreover, the human iPAH was 
associated with loss of function polymorphism of 
SIRT3 protein [101]. The targets of SIRT3, such 
as IDH2, SDH A, Lon protease, or NDUFA9 sub-
unit of Complex I remain acetylated and inacti-
vated [102]. Inactivated SDH A can then lead to 
accumulation of succinate. In case of the com-
plexes of electron transport chain, the acetylation 
can negatively regulate assembly or subunits 
interaction. This might negatively impact super-
oxide production. SIRT3 was also shown to regu-
late PDHA1, one of the components of PDH 
complex [103]. The decreased activity of 
SIRT3  in PH cells might keep PDHA1 acety-
lated, which will attenuate its activity and induce 
its phosphorylation, thus directing pyruvate into 
lactate production. Moreover, SIRT3 knockout 
mice were shown to develop spontaneous PH 
[101]. SMCs from pulmonary arteries derived 
from SIRT3 knockout mice showed enhanced 
stabilization of HIF1 and STAT3 phosphoryla-
tion, increased phosphorylation of PDH and thus 
suppressed glucose oxidation in favor of glycoly-
sis. Thus, the metabolic regulations observed in 
SIRT3 knockout mice contribute to PH 
development.

Efficiency of mitochondrial ATP synthesis 
was previously associated with mitochondrial 
morphology. Low respiratory mitochondrial bio-
energetics was associated with condensed state of 
cristae structure (i.e., cristae expansion and 
matrix condensation) in situ and mitochondrial 
fission. Such mitochondrial ultrastructure was 
found to accompany mitochondria linked dis-
eases such as diabetes and selected neurological 
diseases [104]. On the other hand, orthodox cris-
tae state (i.e., matrix expansion and thin cristae) 
in situ and fused mitochondrial morphology cor-
responds with higher respiratory capacity. We 
have recently shown that under chronic hypoxia 
(72 h), metabolism of hepatocellular cancer cells 
(HepG2) establishes Warburg effect and down-
regulated mitochondrial bioenergetics is accom-
panied by condensed mitochondrial cristae 
structure [16]. A metabolic link is obvious as pro-
teins participating in mitochondrial fusion and 
fission are often GTPases (Opa1, Mfn1 and 2, 
and Drp1) posttranslationally modified and 

moreover, often sensitive to mitochondrial mem-
brane potential (Opa1). Also redox homeostasis 
will be important regulator [105]. Indeed, there 
are several reports showing that mitochondria of 
SMCs or Fibs from humans or experimental 
models with PH are fragmented with correspond-
ing downregulation of pro-fusion proteins (Mfn2 
and Opa1) and upregulated pro-fission proteins 
(Drp1 and Fis1) [16, 106]. Moreover, Drp1 was 
shown to be phosphorylated thus activated by 
cyclin B CDK1 in PH mitochondria of PH cells, 
while Mfn2 was suggested to be downregulated 
through transcriptional coactivator PGC1 or 
platelet-derived growth factor and endothelin-1 
[106]. How mitochondrial dynamics in concert 
with mitochondrial bioenergetics participate in 
PH development remains to be elucidated. 
However, mitochondrial fusion/fission can mod-
ify rates of cell proliferation and apoptotic resis-
tance. Thus, increased fission of mitochondria in 
PH cells might augment proliferation and inhibit 
apoptosis.

5	 �Activation of NADPH 
Oxidases in Pulmonary 
Arterial Hypertension

The activity of mitochondrial produced superox-
ide is often restricted to close proximity of its 
origin. Although, it can be dismutated into more 
diffusible hydrogen peroxide (H2O2), it is sug-
gested to have signaling properties rather than 
pro-oxidative features outside the mitochondria. 
In contrast both pro-oxidative status and signal-
ing function in cells is provided by NADPH 
oxidases (NOXs) (Figs. 1 and 2). Vascular NOXs 
are multi-subunit complexes bound to plasma 
membranes. Based on real-time PCR, NOX1, 
NOX2, and NOX4 isoforms were found to be 
expressed in ECs (predominantly NOX4), SMCs 
(predominantly NOX1,4) and Fibs (predomi-
nantly NOX4) in pulmonary arteries [107]. 
Expression of NOX5 was found to be present 
only in pulmonary artery ECs and SMCs [108]. It 
is important to mention, that mRNA expression 
profiles do not correspond to protein expression 
and enzyme activity. Yet, because currently 
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available antibodies are highly nonspecific, it is a 
widely used method for localization of quantifi-
cation. NOXs associate in membranes with sig-
naling domains, such as calveolae (NOX1, 
NOX2, and NOX4) or lipid rafts (NOX2 and 
NOX4). They catalyze the transfer of electrons 
from NADPH to molecular oxygen and thus gen-
erating ROS. Vascular NOXs produce superox-
ide, except for NOX4 isoform, which primarily 
produces H2O2. The stability of ROS produced 
by NOXs makes them likely to act as signaling 
molecules. Activation of NOX1,2 requires inter-
action with additional proteins. NOX5 is acti-
vated directly through calcium binding. The 
NOX2 catalytic subunit needs to be associated 
with p22phox membrane regulatory subunit and 
p47phox, p40phos, Rac2, and p67phox cytosolic 
regulatory subunits. Activation of this enzymatic 
isoform thus requires both assembly and phos-
phorylation steps. Similarly, NOX1 forms a com-
plex with p22phox. NOX5 is lacking p22phox 
regulatory subunit for its function. NOX4 activ-
ity is different from other NOXs, as it is the only 
constitutively expressed NOX enzyme. It does 
not require p22phox regulatory subunit, but the 
polymerase delta-interacting protein (Poldip2) 
and the p47phox-related adaptor protein Tks5 
have been reported to modestly enhance its activ-
ity [109, 110]. Thus its activity is regulated 
mainly by its expression and availability of 
reducing equivalents. Moreover, this isoform is 
upregulated under hypoxic conditions, as the 
promoter of this protein isoform has a HIF bind-
ing site [111]. Together with enhanced glycolysis 
and pentose phosphate pathway and suppressed 
mitochondrial respiration in PH arterial cells 
(being NADH and NADPH producers), NOX4 
activity is significantly elevated [16, 112]. As 
such, it can regulate cellular function through 
growth factors (TGF-β and PPAR-γ), cytokines, 
HIF, vasoactive agents (endothelin-1) or G 
protein-coupled receptor agonists allowing it to 
regulate enzymes and ion channels with prolif-
erative, inflammatory, and apoptotic properties. 
Indeed, increased NOX4 activity was sufficient 
to enha,nce fibroblast migration and proliferation 
[112, 113]. Similarly, it has been shown to be 
critical for HIF2 transcriptional activity in renal 

carcinoma [114]. Another target was described 
to be Ca2+ permeable cation channel TRPC, 
through which 60% of Ca2+ enters the pulmonary 
artery SMC. It can thus initiate vasoconstriction, 
later remodeling of pulmonary artery and also 
endothelial barrier dysfunction [115]. Its impor-
tance highlight the fact that it was found to be the 
only isoform present in all layers of pulmonary 
artery which is increased in various models of 
PH [112]. Thus, NOX4 was suggested to play a 
key role in chronic hypoxia-induced pulmonary 
vascular remodeling, which can be suppressed 
using new NOX1/4 inhibitor (GKT137831) 
[116]. Unfortunately, many previous studies 
using NOXs inhibitors such as diphenyliodo-
nium (DPI) or apocynin cannot be interpreted as 
being solely due to NOX activity involvement 
because, for example, DPI was found to be a gen-
eral flavoprotein inhibitor and apocynin was 
described to behave like an antioxidant in the 
cell. However, new generation inhibitors are also 
not specific for individual protein isoforms. 
Therefore, the results of these studies often 
reflect manipulation of redox status within whole 
cell, i.e., mitochondrial and other sources.

The subcellular localization of NOX4 in vascu-
lar cells is more complex than other NOX iso-
forms. In lung ECs, expression of native NOX4 is 
predominantly localized to the nucleus as com-
pared to endoplasmic reticulum, mitochondria or 
plasma membrane [117]. NOX4 has a cis-acting 
ARE sequence, which is regulated by Nrf2 under 
stress conditions (i.e., hyperoxia), and, thus, the 
catalyzed H2O2 signal is part of a cellular adapta-
tion response to oxidative stress. For that, nuclear 
localization of NOX4 is important and its 
expression can be regulated. The Km of NOX4 for 
oxygen has been described to be unusually high. 
This together with non-inducible production of 
H2O2 could mean that it responds directly and 
acutely to oxygen tension with output of the signal 
molecule (H2O2), rather than responding to exter-
nal signals via intermediate signaling mechanisms 
such as phosphorylation of regulatory subunits or 
changes in cellular calcium levels. Thus NOX4 
signaling may participate in both acute mecha-
nisms and slower ones involving induction of 
NOX4 expression [118]. As mentioned previously, 
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enhanced glycolytic metabolism of PH arterial 
cells is similar in certain ways to cancer metabo-
lism. Cancer cells with compromised mitochon-
drial function due to p53 loss showed increased 
NOX4 activity and enhanced sensitivity to NOX4 
inhibition. Activation of NOX4  in that case was 
suggested to provide additional NAD+ to support 
the highly active glycolysis [119] in addition to 
regulation of several signaling pathways (JAK-
STAT, protein kinase C, MAPK, AKT, and inflam-
matory mediators via the NF-κB pathways etc.). 
TGF-β was described to be involved in pathophys-
iological vascular remodeling in PH and interest-
ingly, to increase NOX4 protein levels [120]. 
Protein kinases C, angiotensin II, and cyclic ade-
nosine monophosphate are other stimuli that mod-
ulate NOX4 expression.

Another isoform found in PH cells, NOX2, was 
originally found to be highly expressed in phago-
cytes. In mice, NOX2 deletion reverses hypoxia 
induced PH [121]. However, how NOX2 contrib-
utes to PH is not fully understood. It might regu-
late inflammation as a part of vessel remodeling.

Thus, NOXs are important sources of ROS 
production in PH pathology; however, the activ-
ity of individual isoforms present, their regula-
tion and signaling properties need to be better 
determined in relation to PH development [16].

6	 �Interplay 
Between Mitochondria 
and NADPH Oxidases

The nonspecific nature of in situ ROS detection 
methods combined with a disregard of ROS com-
partmentalization within a cell has led to still 
unresolved controversies regarding the contribu-
tion of individual ROS sources to cell signaling. 
However, it is suggested that substantial interplay 
between different sources exists. For example, 
mitochondrial ROS can be amplified by cytoplas-
mic NOX and vice versa, leading to feed-forward 
process that augments the pro-oxidative status 
required for pathological signaling in PH. There 
is evidence regarding mitochondrial redox 
involvement in NOX activity [122, 123]. One 
report by Rathore et al. [122] showed that inhibi-

tion of mitochondrial ROS production either with 
rotenone (Complex I) and myxothiazol (Complex 
III) or by mitochondrial Gpx1 overexpression 
prevented activation of NOX in pulmonary artery 
SMCs under hypoxic conditions. This points out 
a requirement of mitochondrial ROS for HIF sta-
bilization, which can then further activate NOXs 
in pulmonary arteries through a mitochondrial 
ROS-PKCε-NOX4 axis. Wedgwood et  al. 
described another example where attenuation of 
stretch-induced NOX4 expression was found to 
be a consequence of mitochondrial complex III 
inhibition in fetal pulmonary artery SMCs [123]. 
Moreover, Complex III lies upstream of NF-ҡB 
and NOX4 and is sensitive to ROS.  Enhanced 
H2O2 production by NOX4 activity then leads to 
activation of genes necessary for cell cycle pro-
gression and thus induction of vascular 
remodeling.

On the other hand, changes in NOX activity 
also have an impact on mitochondrial redox sta-
tus. For example, PKC dependent activation of 
NOXs by angiotensin is an early response seen in 
endothelial cells. This induces mitochondrial 
superoxide production, which becomes deleteri-
ous for mitochondrial function. It opens the mito-
chondrial KATP channel, causes matrix alkalization, 
swelling, mild mitochondrial uncoupling and fur-
ther ROS production [124]. Another report 
describes inhibition of mitochondrial Complex I 
(NDUFA9 subunit) by increased NOX4 activity 
in HUVEC cells [125]. NOX was suggested to 
affect the synthesis and/or stability of Complex I 
subunits encoded in the mitochondria.

Based on the evidence above it is obvious that 
mitochondrial ROS interact with NOXs and col-
lectively induce a pro-oxidative redox status in 
cells which further participates in signaling dur-
ing PH development. Adesina et  al. performed 
elegant experiments to establish this relationship 
[126]. They overexpressed mitochondrial super-
oxide dismutase (SOD2) in mice, which converts 
superoxide to H2O2 in mitochondria. This lead to 
enhanced mtH2O2 production, which induced 
NOX activity (NOX2 and NOX4 isoforms), 
leading to pulmonary vascular cell proliferation. 
On the other hand, mice with increased expres-
sion of mitochondria-targeted catalase, which 
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decompose mitochondrial H2O2, suppressed 
NOX expression and attenuated ECs prolifera-
tion (i.e., downregulated cyclinD1 and PCNA) in 
hypoxia induced PH [126]. This suggests that 
mitochondrial redox balance might be suitable 
target for pharmacological treatment of PH.

7	 �Other ROS Sources 
and Antioxidant Balance

Most intracellular ROS are derived from the 
superoxide radical. Mitochondrial superoxide 
production is not the only cellular source. It was 
shown that the exposure of pulmonary artery 
endothelial cells to hypoxic conditions results in 
increased activity of xanthine oxidase, which 
then generates a surplus of superoxide [127]. 
Enhanced xanthine oxidase activity was also 
reported in the arteries of PH patients [128]. ROS 
produced by xanthine oxidase upregulates Erg1 
via ERK1/2 and increases its phosphorylation 
thus enhancing proliferation and reducing apop-
tosis [129]. However, superoxide can be con-
verted to non-radical H2O2 by superoxide 
dismutases (SOD), present in mitochondria as 
well as the cytosol. H2O2 has a capacity to cross 
the membranes and its stability is much higher. 
This allows H2O2 to encounter susceptible resi-
dues on target molecules and display selectivity. 
Such signaling includes reversible oxidation of 
cysteines. This can cause allosteric changes of 
proteins to modify their activity or can affect 
binding with partners and thus alter signaling 
cascades. Interestingly, pulmonary hypertensive 
SMCs show decreased mitochondrial manganese 
superoxide dismutase (MnSOD), due to hyper-
methylation of the SOD2 gene [130]. Similarly, 
the disruption of extracellular SOD (EC-SOD) 
either globally or in specific cells of pulmonary 
arteries, results in worsening of experimental PH 
[131–133]. Decreased activity of EC-SOD in 
chronically hypoxic calves was shown to lead to 
upregulation of Erk1 via ERK1/2 [129]. The 
decreased enzymatic antioxidant protection in 
PH thus enables excessive production of ROS 
which can proceed to oxidative stress, the pheno-
type accompanying PH pathology. Several stud-

ies confirmed enhanced lipid peroxidation in 
human PH samples, i.e., increased F2 isoprostane 
and plasma malondialdehyde [134, 135]. On the 
other hand, nonenzymatic antioxidants, such as 
thioredoxin, were found to increase catalytic 
activity in many cancer cells. Moreover, the level 
of its activity was associated with aggressive 
tumor growth and poorer prognosis. Enhanced 
thioredoxin activity was shown to significantly 
increase HIF1α under both normoxic and hypoxic 
conditions [136]. This was confirmed to be valid 
in SMCs of chronic hypoxia-induced PH in mice, 
which is interesting with respect to downregu-
lated enzymatic antioxidant protection. Increased 
activity of thioredoxin1 was reported to modulate 
HIF1 activation and subsequent phosphatidylino-
sitol 3 kinase (PI3K)–seronine/threonine kinase 
(Akt) activation inducing proliferation [137]. 
Collectively, these data show that redox mainte-
nance in PH is complex and compartmentalized. 
Thus, we need to consider not only the levels and 
type of ROS produced, but also state of specific 
antioxidant defense. ROS has naturally compart-
mentalized signaling properties; however, while 
exceeding antioxidant capacity they can establish 
rather pathological oxidative stress. Thus, cellu-
lar redox balance is important feature of cell pro-
liferation in PH development.

In the pulmonary circulation the production of 
nitric oxide (NO) by ECs is crucial for normal 
function, as it allows vessel vasodilation. It also 
regulates vascular SMC proliferation and migra-
tion [138]. There is general consensus that bio-
availability of NO is decreased and NO signaling 
is impaired during PH development. However, 
conflicting results exist concerning endothelial 
nitric oxide synthase (eNOS) expression and 
activity. Diminished NO signaling can be 
explained by eNOS uncoupling, which is a dys-
functional state of eNOS enzyme forming super-
oxide rather than NO [139, 140]. NO works 
almost exclusively as a signaling molecule, 
because it becomes injurious only after reacting 
with superoxide to form peroxynitrite anion. This 
can happen in PH when superoxide levels are 
increased. Peroxynitrite can then induce loss of 
function of protein kinase G and lead to the 
development of PH [141]. Peroxynitrite can also 
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activate ERK [142], p38 MAP kinase [113], and 
protein kinase C [143].

Thus it is increasingly evident that redox bal-
ance is diverted toward pro-oxidative status dur-
ing the development of PH. However, we are still 
missing detailed knowledge regarding the inter-
play and importance of individual ROS/NO 
sources in PH.

8	 �Summary

Pulmonary vascular remodeling in PH results 
from a synergy of changes in metabolism and 
redox balance in resident and recruited cells 
within the microenvironment of the artery wall. It 
involves endothelial cells, smooth muscle cells, 
fibroblasts, cells of immune system such as mac-
rophages and the sympathetic nervous system. A 
prominent characteristic of the pulmonary artery 
remodeling is enhanced proliferation and apopto-
sis resistance of each of the resident cells com-
prising the vessel wall. Rapid or uncontrolled 
proliferation requires metabolic changes in cells 
in order to provide sufficient quantities of build-
ing blocks for protein synthesis and cell prolifer-
ation. Thus, it is not surprising that cells of 
hypertensive pulmonary artery wall shift toward 
glycolysis while suppressing catabolic reactions 
of mitochondrial metabolism. This provides cells 
with anabolic intermediates required for synthe-
sis of amino acids, lipids, and nucleotides. This 
altered metabolism resembles the Warburg-like 
effect described for rapidly proliferating cancer 
cells. The cells increase glucose uptake, increase 
expression of enzymes of glycolytic pathways, and 
enhance the pentose phosphate pathway and one 
carbon metabolism, and thus the glycolytic path-
way becomes a crucial source of energy produc-
tion and metabolic intermediates. Mitochondrial 
bioenergetics is largely suppressed; fluxes of 
TCA cycle intermediates become altered to 
maintain mitochondrial membrane potential, to 
change redox signaling and to support production 
of metabolites for growth. Adjustment of mito-
chondrial energy metabolism gives rise to gener-
ation of ROS, being the initial provider of redox 
signaling, which is further amplified in cytosol 

by upregulation of NOX activity. We believe that 
the increased oxidative status supports the prolif-
eration and together with activated cells of 
immune system participates in remodeling of 
pulmonary artery wall in PH. Chronic inflamma-
tion accompanying development of PH was 
described to require macrophage activation, 
whose first step includes metabolic changes. 
Thus, such metabolic and redox synergy might 
be key factors in pro-remodeling phenotype of 
cells that ultimately leads to severe PH and right 
ventricular failure.
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