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Abstract

Introduction: Pulmonary hypertension (PH) is a deadly enigmatic disease with increasing
prevalence. Cellular pathologic hallmarks of PH are driven at least partly by metabolic rewiring,
but details are just emerging. The discovery that vascular matrix stiffening can mechanically
activate the glutaminase (GLS) enzyme and serve as a pathogenic mechanism of PH has advanced
our understanding of the complex role of glutamine in PH. It has also offered a novel therapeutic
target for development as a next-generation drug for this disease.

Area covered: This review discusses the cellular contribution of glutamine metabolism to PH
together with the possible therapeutic application of pharmacologic GLS inhibitors in this disease.

Expert opinion: Despite advances in our understanding of glutamine metabolism in PH,
questions remain unanswered regarding the development of therapies targeting glutamine in PH.
The comprehensive mechanisms by which glutamine metabolism rewiring influences pulmonary
vascular cell behavior to drive PH are incompletely understood. Because glutamine metabolism
exhibits a variety of functions in organ repair and homeostasis, a better understanding of the
overall risk-benefit ratio of these strategies with long-term follow-up is needed. This knowledge
should pave the way for the design of new strategies to prevent and hopefully even regress PH.
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1) Introduction
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Pulmonary hypertension (PH) is a heterogeneous and progressive vascular disease stemming
from myriad of molecular origins, which can lead to right heart failure as well as multi-
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organ dysfunction, and is associated with a poor prognosis [1-4]. With all of its multiple
clinical manifestations, this disease and all of its subtypes is estimated to affect up to 100
million people worldwide [3]. At the cellular and molecular level, PH is characterized by a
plethora of cellular dysfunctions, including, but not limited to, complex panvasculopathy
involving excessive proliferation, dysregulation of multiple vascular cell types, and is
accompanied by inflammation and fibrosis throughout the vasculature [1]. These events
ultimately lead to increased pulmonary arterial pressure, accompanied by adverse pulmonary
arteriolar, and often right ventricular (RV), remodeling.

Exogenous injuries, such as hypoxia, various infections, drugs and toxins, among others, as
well as various secondary co-morbidities are linked to PH development [5]. A growing cadre
of mutations, including those in the bone morphogenetic protein receptor 2 (BMPR2) gene,
predispose to hereditary forms of PH [6,7]. The latest World Health Organization (WHO)
classification includes 5 broad categories, based on histopathologic and hemodynamic
characteristics and presumed etiologies [5]. Pulmonary arterial hypertension (PAH) or
Group 1 is composed of heritable and idiopathic pulmonary arterial hypertension; drug- and
toxin-induced PH; and PAH associated with connective tissue diseases (mostly systemic
sclerosis in North America), portal hypertension, HIV infection, schistosomiasis, and
congenital heart disease. Even in the contemporary era, Group 1 PAH carries a poor
prognosis despite optimal medical therapy. Group 2 encompasses PH driven by pulmonary
venous hypertension due to left-heart disease and includes the most populous group of PH
patients in the developed world. PH related to significant parenchymal lung diseases or
hypoxemia is included in Group 3, Group 4 encompasses chronic thromboembolic PH, and
Group 5 PH includes diseases with unclear multifactorial mechanisms, such as sarcoidosis,
mitochondrial disease, and sickle cell disease. Untreated or severe refractory PH, regardless
of group, is often fatal. Before present-day therapies, the median survival with symptomatic
idiopathic PAH was estimated at 2.8 years from the time of diagnosis. There exist over a
dozen approved pulmonary vasodilatory therapies for PAH which provide symptomatic
relief, and many prolong the time to clinical worsening. In the current age of such therapy,
the median survival for idiopathic PAH and PAH associated with systemic sclerosis is 8 and
4 years, respectively [3,4,8]. Thus, while there has been an improvement in the PH patient
experience, there is an obvious and critical need for novel therapies that target the molecular
origins of disease beyond simply vasodilatation.

Despite PH class-distinct phenotypes, all categories of disease can engender a complex
phenotype that recapitulates that observed in cancer. Fibrosis, resistance to apoptosis,
excessive proliferation and inflammation due to significant vascular extracellular matrix
remodeling, are all features of cancer noted in PH [9-11]. Recently, studies have proposed
that this phenotype is partly explained by reprogramming of arterial and surrounding stromal
cell metabolic processes [12—15]. Consistent with metabolic rewiring observed in cancer, a
major tenet of the observed metabolic changes in PH is the shift from oxidative
phosphorylation to glycolysis, known as the Warburg effect. This phenomenon is frequently
observed in tumor tissue, but has also been reported in pulmonary vasculature cells and the
failing right ventricle in PH patients [14,16,17].
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Even so, this shift towards increased glycolysis is inadequate to provide for all the metabolic
demands of proliferating cells. Carbon and nitrogen flux rewiring is a less commonly
discussed, yet important aspect of vascular metabolism in PH. The tricarboxylic acid (TCA)
cycle function requires constant replenishment of carbon intermediates, known as
anaplerosis. TCA function is vital for the production of lipid precursors, amino acids, and
nucleotides [18,19]. One of the most well-described anaplerotic pathways in cancer is
glutaminase (GLS)-driven glutaminolysis (glutamine catabolism) [20,21]. Building from this
observation, we and others have highlighted recently the involvement of glutamine
metabolism and glutaminolysis in PH [22,23]. Nevertheless, its precise contribution to PH is
still incompletely understood. This article aims to review the latest findings regarding the
influence of glutamine metabolism on pulmonary vascular pathobiology across multiple PH
subtypes, in large part guided by our advancing insights in cancer, and discuss the possible
clinical application of pharmacologic GLS inhibitors in PH.

2. Glutamine metabolism

Glutamine metabolism is an essential aspect of cellular function given its capability to
donate either its nitrogen or carbon into a wide variety of growth-promoting pathways
(Figure 1). Given this indispensable nature, glutamine displays a spectrum of inter-organ
dynamics, as organs can function either as glutamine produces or consumers [21], as well as
being the most abundant amino acid in plasma [24]. The arteriovenous difference in plasma
glutamine abundance provides important information about organ-specific metabolism of
this amino acid. In healthy control subjects, the principal glutamine generator is skeletal
muscle, producing the major plasma glutamine pool [25,26]. A minor, but still significant
source of glutamine is adipose tissue in humans and rats [27,28]. Interestingly, although the
liver can synthesize or catabolize glutamine, it is not a major contributor of glutamine to the
plasma pool in either rats or humans [26,29]. Furthermore, lungs of both humans and rats
have glutamine production capacity, in fact, in rats, glutamine production by the lungs is
comparable to that released by skeletal muscle [30].

During periods of rapid growth or other stresses, glutamine demand surpasses the body’s
synthetic capabilities, and glutamine becomes essential [31]. This requirement for glutamine
is particularly true in highly proliferative cells such as cancer cells or diseased vascular cells
[20,32]. Consistently, diseased-lungs such as in PH patients have been found to significantly
take up glutamine [23]. Correspondingly, similar observations have been made for cultured
pulmonary arterial endothelial cells (PAECs) and pulmonary arterial smooth muscle cells
(PASMCs) exposed to PH-relevant triggers [22]. To promote a favorable milieu for
biosynthesis and proliferation, the maintenance and transport of high levels of glutamine in
the blood is crucial. Transporters such as SLC1AS5 bring glutamine into the cell to be used
for biosynthesis. Furthermore, glutamine and its derivatives can also be exchanged for other
amino acids such as leucine, through the L-type amino acid transporter 1 (LAT1, a
heterodimer of SLC7A5 and SLC3AZ2) antiporter [33], or cystine, through the xCT
antiporter (a heterodimer of SLC7A11 and SLC3A2). which is quickly reduced to cysteine
inside the cell (Figure 1) [20,33,34].
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2.1 Glutaminolysis

Glutaminolysis begins with glutaminase (GLS) catalyzed conversion from glutamine to
glutamate. These reactions can release the amide nitrogen as ammonia, or donate it into
downstream synthetic pathways. Many different GLS isozymes exist, and are coded for in
genes GLS and GLS2 [35], although those encoded by gene GLS are of particular interest.
These isozymes are correlated with progression and growth rate of tumors in both rat and
mice models, and silencing of these enzymes either by genetic knockout or inhibition delay
tumor proliferation [36-38]. However, the role of GLS2 seems to be regulated by factors that
are not yet completely defined, and relatively context-specific [39].

In the lung vasculature, both isoform GLS and GLS2 are expressed. However, the messenger
RNA transcript levels of GLS, but not GLS2, are induced by matrix stiffening in both
PAECs and PASMCs and upregulated in rodent and human diseased lungs [22]. While both
isozymes encoded by GLS (/.e.,, KGA and GAC) are induced by matrix stiffening and
upregulated in PH/PAH lungs, the specific contribution of these two isozymes to overall
glutamine metabolism in PH remains undefined [22].

2.2 Redox homeostasis

While at physiological levels, reactive oxygen species (ROS) are essential to maintain
homeostasis in the pulmonary vasculature, excess ROS can be highly damaging to
macromolecules [40,41].

Several modes of ROS formation have been reported, including superoxide (O,7) generation
through electrons leaked from the mitochondrial electron transport chain [42]. Therefore, a
connection between increased glutamine oxidation and ROS production may exist [32].
Notably, products of glutamine metabolic pathways are known to directly control ROS
levels. Indeed, the rate-determining step of glutathione synthesis is glutamine input [33,41].
Glutathione is a short, three amino acid residue (Glu-Cys-Gly) neutralizer of peroxide-based
free radicals, and, as shown in Figure 1, glutamine contributes to each amino acid
component that together comprise glutathione’s structure. As glutathione levels are
correlated with tumor progression, drug resistance in cancer, as well as PH/PAH severity, a
better understanding of this pathway may contribute to more directed development of
therapeutic targets for both cancer and PH. Glutamine also contributes to ROS equilibrium
through the production of NADPH via the glutamate dehydrogenase (GLUD) pathway
[43,44]. Furthermore, pyruvate/malate cycling provides reducing equivalents for glutathione
through the oxidation of malate by malic enzymes and subsequent production of NADPH
[45,46].

2.3 Nucleotide biosynthesis

The ability of glutamine to donate nitrogen or carbon toward cellular biomass makes it vital
for cellular growth and function. Namely, amino acid and fatty acid synthesis, as well as
purine and pyrimidine biosynthesis, rely on these carbons and nitrogens from glutamine
respectively [47]. Glutamine’s utility as a nitrogen reserve is bolstered by the fact that cells
lacking glutamine undergo cell cycle arrest that can be reversed by exogenous nucleotides
but not TCA cycle intermediates [48]. In fact, nucleotide biosynthesis from exogenous
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glutamine has been observed in both cell culture and ex vivo primary human lung cancer
samples.

Other glutamine-involving pathways are involved in nucleotide synthesis. Glutamine can be
converted into aspartate, a key carbon source for nitrogenous bases, via the TCA cycle and
subsequent transamination (Figure 1), and aspartate treatment suffices to rescue cell cycle
arrest due to glutamine deprivation [49-53]. Moreover, enzymes that catalyze the
consolidation of glutamine-derived nitrogen into pyrimidine precursors may be activated by
glutamine-dependent mTOR signalling [54,55].

2.4 Amino acid biosynthesis

Glutamine is necessary to maintain the delicate balance of amino acid flux in the cell.
Glutamine-derived non-essential amino acids make up at least half of all residues used by
cultured cells /n vitro for protein synthesis [20]. Proline, a major player in the production of
extracellular collagen, can be produced by utilizing the carbon and nitrogen from glutamine-
derived glutamate [9,60]. Likewise, the role of aspartate biosynthesis, which is closely
related to glutamine flux through the TCA cycle and glutamate transamination, is crucial for
cell survival. Transaminases or aminotransferases catalyze a transamination reaction
between an a-keto acid and an amino acid. Aspartate appears to be a limiting amino acid for
nucleotide biosynthesis in order to support cell proliferation [49,52,53], as discussed in
greater detail in the context of PH below [22].

In sum, glutamine can directly donate its carbon and nitrogen, as well as secondarily
produce reducing equivalents and stimulate signaling pathways, making it vital for proper
fatty acid, amino acid, and nucleotide homeostasis.

2.5 Regulation of glutamine metabolism (Figure 2)

Glutamine metabolism is modulated by multiple triggers as well as genetic mutations
important in both normal cellular physiology and disease [20].

2.5.1 MYC—The actions of Myc, one of the most frequently amplified genes in human
cancer [56], has been mostly associated with upregulated glutamine metabolism [57]. The
mRNA and protein levels of glutamine transporters and GLS are all upregulated in response
to Myc. In addition, it has been shown that Myc drives the glutamine-dependent fueling of
the TCA cycle as well as glutathione production [58]. In Myc-mutated cells, glutamine can
be used for de novo proline synthesis [59] or production of the oncometabolite 2-
hydroxyglutarate in breast cancer [60]. At the mechanistic level, it has been proposed that
Myc transcriptionally represses a microRNA family, miR-23 [36]. MicroRNAs are small
(~22nt) non-coding RNAs that negatively regulate gene expression. Since the discovery of
the first miRNA in C.elegansin 1993 [61], more than 2500 mature miRNAs have been
annotated in the human genome (miRBase Release 22, March 2018; www.mirbase.org).
miRNAs have been involved in the regulation of multiple physiological and
pathophysiological processes, including differentiation, proliferation, metabolism, apoptosis,
immune response, and response to cellular stresses [62—64]. Moreover the implication of
miRNAs in the pathogenesis of a myriad of diseases including metabolic and cardiovascular
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diseases, and cancer has been reported [65-67]. By repressing miR-23a and miR-23b
expression, Myc increases the expression of their target protein GLS leading to upregulation
of glutamine catabolism, leading to both increased TCA cycle-dependent ATP production
and increased substrate for glutathione synthesis. Glutamine metabolism is modified in
response to Myc-dependent induction of oncogenic pathways; mTOR [68], and in the case
of breast cancer, crosstalk with Her2 (Erbb2) and the estrogen receptor [69,70]. Altogether,
data suggest glutaminolysis is an integral unit of Myc-driven oncogenesis, across multiple
cancer types and contexts. With regard to these results, in PH, Myc is induced under hypoxia
by a hypoxia inducible factor (HIF)-2a -dependent mechanism [71,72]. While the
contribution of Myc to metabolic rewiring in pulmonary hypertension has not been
elucidated, HIF-2a has been demonstrated to be a crucial driver of the endothelial
pathophenotypes of PH /n vivo, and separately, Myc activation has been found to sustain the
proliferation of both PAECs and PASMCs [72,73]. Moreover, recombinant interleukin-6
(IL-6) treatment under hypoxia in rodent models leads to robust pulmonary vascular
remodeling and ultimately a PH phenotype [74]. In addition, mice with IL-6 overexpression
develop PH spontaneously, driven by an obliterative form of remodeling comparable to
human disease. Conversely, mice with IL-6 knockout are PH development resistant, even
under hypoxia [74-76]. IL-6-induced arteriopathic changes are accompanied by activation of
pro-proliferative transcription factors c-Myc and Max, suggesting that IL-6 promotes the
development and progression of pulmonary vascular remodeling and PAH through, at least
in part, activation of c-Myc [74]. Further studies will be necessary to more precisely define
the contribution of Myc-dependent rewiring to glutamine metabolism.

While certain miRNAs have been extensively studied in the context of PH [77], the role of
the miR-23 family remains elusive and poorly understood. Expression level of miR-23a was
found to be modulated in the circulating plasma of PH patients [78]. More recently, it has
been proposed that miR-23a can play a role in the control of PASMC proliferation and
migration through modulation of its target BMPR2 [79]. Although modulation of the
miR-23 family has been reported in small cohort of PH patients and has yet to be confirmed,
it is appealing to consider its candidacy as a metabolic target for therapeutic intervention in
PH.

2.5.2 KRAS—Oncogenic KRAS-driven transformation also drives a pathologic
dependence on glutamine metabolism [80,81]. Importantly, the effect varies, depending on
the particular KRAS mutation. KRAS-G12C or G12D mutations are shown to induce
dependence on glutamine-dependent nucleotide metabolism in lung cancer cells, whereas
the KRAS-G12V variation does not; albeit this disparity has yet to be mechanistically
explained [82]. Moreover, KRAS mutations can drive a downregulation of GLUD,
increasing reliance on aminotransferases and ultimately increasing production of glutathione
to affect ROS levels [83]. Correspondingly, a mechanistic interconnection was recently
described among RAS mutations, lung cancer, and PH in both genetic models of lung cancer
and patients [84]; but the role of glutamine metabolism remains here incompletely explored.

2.5.3 Tumor protein p53 (TP53; also known as p53)—p53 is one of the best known
tumor suppressor proteins and plays important role in the induction and maintenance of
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senescence [85]. Increasing evidence suggests that p53-dependent metabolic changes
underlie substantial cell-fate decisions and p53-mediated tumour suppression. In the context
of transformed cells, p53 represses the TCA-associated malic enzymes ME1 and ME2 which
are essential for NADPH production, lipogenesis, and, relevant to this topic, glutamine
metabolism. Downregulation of ME1 and ME2 reciprocally activates p53 through AMP- and
MDM2-activated protein kinase-mediated processes in a feed-forward manner, enhancing
p53 activity [86]. In addition, p53-mediated transcriptional activation of GLS2, which
promotes mitochondrial oxidative phosphorylation, enhances GSH synthesis to reduce
cellular ROS levels [87,88].

Although p53 mutations have not yet been described in PH, p53-/- mice develop more
severe PH under chronic hypoxia compared with normoxic controls [89]. Notably, direct
pharmacological inactivation of p53 (pifithrin-a) promotes pulmonary vascular remodeling
and/or aggravates monocrotaline-induced PH (MCT-PH) in rats [90]. Conversely, treatments
that activate p53, such as Nitulin-3, an analog of cis-imidazoline, blunted PH progression in
several murine models of PH by inducing PASMC growth arrest [91], but the role of
glutamine metabolism here has yet to be described.

2.5.4 Hypoxia inducible factors (HIFs)—HIF-1a and HIF-2a are master
transcription factors which become stabilized under conditions of low oxygen. These factors
direct glutamine towards anaerobic processes [92,93]. HIF-a stabilization, as controlled
primarily by a repression of HIF prolyl hydroxylation, ultimately upregulates shuttling of
glucose away from the TCA cycle by accelerating its conversion to lactate. While glutamine
can usually replenish the carbon intermediates in the TCA cycle, notably a-ketoglutarate
[18,94], in certain cell types this a-ketoglutarate is used to produce citrate, acetyl-CoA, and
lipids through reductive carboxylation [92,95]. In other cell types, such as human B cell
lymphoma cells, this reductive carboxylation is minor, and TCA cycling drives glutamine
metabolism under hypoxia [96]. HIF-a can also be stabilized under normoxia in tumors.
Loss-of-function mutations in enzymes involved in HIF-a subunit degradation (for instance,
the von Hippel-Lindau tumor suppressor (VHL)), activation of mTOR, or even glutamine
itself can all promote accumulation of HIF-a. [97,98]. The continued study of genes and
tissues will likely shed further light onto the modulation of glutamine metabolism through
both expected and surprising pathways.

The functions of HIF in the progression of hypoxemia-related pulmonary hypertension
(WHO Group 3 PH) has been extensively characterized through rodent modelling [99].
Partial HIF deficiency of either HIF, HIF-1a (Hifla®”~ mice) or HIF-2a (Hif2a*’~ mice),
significantly mitigated the increase of pulmonary arterial pressure and RV hypertrophy that
would be seen in wild-type mice exposed to chronic hypoxia [100-102]. Conversely,
stabilization of HIF in VAHL-/- mice resulted in development of spontaneous PH [103].
Mice harboring an endothelial-specific knockout of prolyl-4-hydroxylase 2 (PHDZ2) [104],
implicating a connection with HIF-2a were particularly susceptible to severe PH with
histologic features more akin to PAH, indicating the cell-type-specific importance of this
HIF isoform in this disease and the overarching role of these molecules in multiple subtypes
of PH, some of which are not directly driven by alveolar hypoxia. Mechanistically, it has
been proposed that HIF stabilization induces rewiring of oxidative metabolism which
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contributes pathogenically, at least in part through activation of the hypoxia-induced
microRNA-210 (miR-210) [105-107]. Indeed increasing appreciation has recently emerged
regarding the importance of hypoxamiRs [107,108], miRNAs involved in the regulation of
hypoxia response, in the pathogenesis of cardiovascular diseases such as PH [77] as well as
in metabolic reprogramming [65]. In particular, miR-210 has been identified as an adaptive
factor regulating iron-sulfur (Fe-S) biogenesis, mitochondrial metabolism, and cellular redox
states through repressing the Fe-S cluster assembly proteins ISCU1/2 [106,109,110]. In the
acute setting, this miRNA facilitates adaptation to hypoxia. However, via chronically
repressing ISCU1/2 and Fe-S biogenesis, miR-210 acts as an intracellular pathogenic factor
in pulmonary arterial cells to induce oxidative stress and to promote PH /n vivo. In addition
by controlling expression of several TCA cycle enzymes such as SDHD and NDUFA4,
miR-210 indirectly regulates glutamine metabolism [108,111-114]. In turn, decreased TCA
cycle activity can lead to an accumulation of TCA cycle intermediates, such as succinate,
which in turn contribute to HIF stabilization by inhibiting prolyl hydroxylases.

3. Glutamine metabolism in PH (Figure 3)

While metabolic reprogramming and mitochondrial dysfunction has been proposed as a key
event in PH, the importance of amino acid metabolism and especially glutamine metabolism
still remains poorly appreciated. In part, these deficiencies in our understanding may stem
from the fact that previous studies of PH have relied mainly on modelling this disease with
hypoxia. However, this only scratches the surface of PH disease triggers. Genetic mutations,
congenital heart disease, and human immunodeficiency virus infection - just a couple
examples of other forms of PH — are also shown to have significant metabolic dysfunction,
independent of hypoxic insult. Nevertheless, recent advances have pointed out the role of
glutamine metabolism in PH, in addition to the direct influence of hypoxic injury.

3.1 Genetic mutation

Haploinsufficient loss-of-function mutations in the bone morphogenetic protein type 2
receptor (BMPR2) gene, a member of the transforming growth factor-beta (TGF-)
superfamily, account for at least 80% of hereditary and about 20% of idiopathic PAH cases
[115,116]. Other TGF-B/bone morphogenetic protein (BMP) signaling pathway components
have also been identified as pathogenic, such as the Activin A Receptor Like Type 1,
ACVRL1), a type | membrane glycoprotein endoglin (ENG), the secreted ligand growth
differentiation factor 2 (GDF2), the SMAD family member 9 (SMAD9), and the scaffolding
protein caveolin 1 (CAV1), offering convincing verification for the pivotal role dysregulated
BMP signaling has in the context of PAH disease progression. More recently, alterations in
genes not immediately related to TGF-B/BMP signaling, including the potassium two pore
domain channel subfamily K member 3, KCNK3 [117,118], the T-box transcription factor 4
(TBX4), the water channel aquaporin 1 (AQP1), the cation-transporting ATPase 13A3
(ATP13A3), the amino-sensing serine/threonine-protein kinase General Control
Nonderepressible 2 (GCN2), and SOX17 have been linked to PAH [7,119]. Yet, the
contribution of factors genetically associated with PAH to vascular cell metabolism has not
been investigated in depth, and only recent evidence has emerged regarding the possible
contribution of these factors to glutamine metabolism.
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Indeed, abnormal glutamine metabolism in both plasma and pulmonary vascular tissue has
been observed in genetically haploinsufficient PAH patients [23]. When comparing
transpulmonary glutamine gradients among BMPR2-deficient WHO Group 1 PAH patients,
WHO Group 3 patients, and healthy controls, WHO Group 1 PAH patients displayed
substantial decline in glutamine levels across this transpulmonary vascular gradient
compared with controls. This suggests that abnormal BMPR2 function may substantially
affect pulmonary vascular glutamine metabolism. In the same study, cell culture models
along with transgenic mice expressing PAH-causing BMPR2 mutations displayed
appreciably more glutamine-derived carbon throughout the TCA cycle than wild-type
endothelium. As such, upregulated glutamine metabolism was found to be crucial to
sustaining the metabolic needs of diseased and presumably hyperproliferative PAECs.

Beyond BMPR2, the direct contribution of other factors genetically associated with PAH has
not been fully investigated, but it is tempting to speculate that pathogenic mutations found in
genes related to the TGF-p/BMP pathway can also affect glutamine metabolism in the lung
vasculature [120-122]. Furthermore, a number of factors genetically linked to PAH may also
carry relevance to glutamine biology, independent of BMP signaling. By leveraging
advanced computational modelling, it was recently reported that the actions of a network of
factors linked to heritable PAH converge upon the matrix stiffening-miR-130/301 molecular
circuit (see Section 3.4) in order to remodel extracellular matrix (ECM) [123]. Given the
predominant role of ECM remodeling and stiffening on glutamine metabolism in diverse
contexts such as cancer [124] and PH [22], it is reasonable to suspect that these same factors
genetically related to PAH could be involved in glutamine metabolism. Moreover, the GCN2
gene has been found to carry loss of function mutations that are associated with an increased
risk of PAH. It encodes for a protein implicated in metabolic-stress sensing and modulating
amino acid metabolism in response to nutrient deprivation through its crosstalk with the
mMTORC1 pathway [125,126]. Considering the importance of the mTORC1 pathway in the
regulation of amino acid and notably glutamine metabolism, it is conceivable that mutations
in GCN2 that predispose to PAH may also affects glutamine metabolism in the lung
vasculature.

3.2 Hypoxia

WHO Group 3 PH due to hypoxia-driven lung diseases encompasses almost a quarter of all
patients with PH [3,5]. In parallel, hypoxia has been recognized for decades as a potent
driver of metabolic switching and glutamine metabolism (see Section 2.5) in both non-
transformed and transformed cells [127,128]. Correspondingly, it was reported that the lung
tissue of Group 3 PH patients exhibit a trend towards more robust consumption of glutamine
than lungs of non-diseased patients [23]. Consistent with this result, an independent study
demonstrated upregulation of GLS in the pulmonary vasculature of Group 3 PH patients
[22]. Yet, it remains difficult to determine whether hypoxia alone is the primary trigger of
GLS induction in Group 3 PH patients /7 vivo, as these individuals often present with
notable vascular matrix stiffening [129], which in itself can also modulate glutamine
metabolism (see Section 3.4 below).
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3.3 Inflammation

Lately, more attention is being given to the perivascular inflammation that has been regularly
observed across many types of PH, including both idiopathic and systemic autoimmune
disease forms of PAH [12,130,131]. Inflammation is now known to be closely related to
metabolic shifts and genetic susceptibility in vascular cells, which may have implications in
the progression of PAH. Therefore, classifying genetic predispositions that impair
inflammatory resolution, and determining how immune driven injury to the vasculature
alters metabolic function and the presentation of PH cells is imperative. Dysregulated
immunity linked to PH can arise from other genetic causes (such as autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy, APECED) [132], viruses (such as
human immunodeficiency virus, HIV), parasites (such as Schistosoma mansoni) or other
generalized autoimmune processes (such as in connective-tissue diseases). As a result,
recent evidence implicating glutamine metabolism to inflammatory processes correspond
with the above insights linking the importance of glutamine directly to PH.

Tissue inflammation in general is characterized by significant changes in metabolic activity
that are attributable to the activation of vascular cell proliferation [22,133], migration and
contractility, but also to the recruitment of monocytes and neutrophils [14,134], in addition
to locally-proliferating lymphocyte populations. Human studies of scleroderma-induced
PAH [135] as well as systemic sclerosis [136] have begun to implicate alterations of
glutamine metabolism via metabolomic studies in blood and urine. Similarly, infection with
the parasite Schistosoma mansoni, a predominant cause of PAH in the developing world, has
demonstrated dysregulated glutamine handling across multiple tissue compartments [137].
HIV infection, a predisposing risk factor for PAH, has also been linked to dysregulated
glycolytic [138] and glutaminolytic [139] pathways in infected primary human CD4-positive
lymphocytes. Interestingly, such alterations of glutamine metabolism with HIV infection
have been noted in non-lymphocyte cells, such as in primary neural tissue, mediating
numerous aspects of neuroinflammation [140]. Moreover, a number of studies have
implicated dysregulated glutamine and glutamate metabolism in microglia [141-144] and
macrophages relevant to HIV infection, particularly in the central nervous system. Given
that inflammatory interstitial macrophages are highly active in PAH pathogenesis
[130,131,145] in the lung, it is tempting to speculate that similar alterations of glutamine
utilization may play a crucial role in how these innate immune cells interact with the
pulmonary vasculature to result in disease.

3.4 Stiffness

The composition and quantity of ECM, as well as vascular tone, influence vascular stiffness.
Matrix remodeling, perivascular fibrosis, and consequent ECM stiffening have recently
emerged as early hallmarks of PH that are both cause and consequence of disease [129,146—
149]. Various forms of PH report attenuated compliance of the vessel wall (/.e. stiffness),
marking it as an important contributor and index of disease development. These changes are
driven by activated vascular cells exhibiting metabolic alteration along with
hyperproliferative, migratory, and invasive capabilities. Vascular stiffening was recently
flagged as a predecessor to varieties of PH moderated by mechanoactivation of two
transcriptional co-activators, YAP (Yes Associated Protein 1) and TAZ (Transcriptional
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Coactivator with PDZ-Binding Motif), known to regulate cell survival, proliferation, ECM,
and organ size [150-153]. Downstream induction by YAP/TAZ of the microRNA-130/301
family further promotes collagen remodeling and matrix stiffening in PH [123,129,154,155].
In addition, it was found that YAP/TAZ-induced pulmonary vascular stiffness can control the
metabolic shifts important in PH — namely, by inducing GLS and driving proliferation even
during glycolysis, thus promoting PH /n vivo [22]. Notably, the true breadth of metabolic
influence of the ECM remodeling and stiffening across multiple cell types in PH may be
even more extensive and awaits further delineation. Recent findings in cancer have
implicated metabolic cooperation/competition involving glutamine metabolism within the
tumor niche to drive cancer progression [156,157]. Given the importance of vascular cell
crosstalk in PH [158], it is likely that similar metabolic cooperation and competition in the
vascular niche also drives PH development.

3.5 Right ventricle.

Right-sided heart failure is the primary cause of death in PAH [159-161], and maladaptive
right ventricular hypertrophy (RVH) occurs as a consequence of increased pulmonary
arterial pressure and possibly other poorly described inherent or acquired triggers. PH
prognosis is directly related to the performance of the right heart [160]. Recently, it has been
proposed that right ventricular hypertrophy could also be a trigger of vascular alterations in
PH itself [162,163]. Specifically, increasing evidence supports the notion that right heart
dysfunction may reciprocally trigger vascular manifestations of PH [161-163], potentially
via promoting vascular stiffening and adversely affecting PA compliance. Consequently, it
appears crucial to decipher the long-term evolution of cardio-pulmonary interactions in PH,
particularly in regard to metabolic cooperation or competition.

At the metabolic level, it has been found that even at an early stage, the chronic RV pressure
overloads state results in impaired bioenergetics [16,161]. As in the pulmonary vasculature,
much emphasis has been placed on changes in glucose utilization in the RV. In healthy
hearts, the RV can modulate its substrate utilization between fatty acids and glucose as
needed [12]. In contrast, hypertrophied RV tissue is reliant solely on glucose metabolism.
This shift from oxidative phosphorylation to aerobic glycolysis in RVH has been observed in
several rodent models of PH as well as in human patients [16]. Consequently, increased
glucose consumption and lactate production have been reported, resulting in acidosis, which
impairs RV function. Increased glucose consumption has been visualized by FDG-PET
scans in RVH of rodent models of PH as well as in human instances of disease [164].
Notably, glutamine metabolism has also been found to be upregulated in the remodeled RV
of PH, at least in rodent models [161,165]. 14C-glutamine metabolism was found to be 6-
fold higher in the RV of monocrotaline-treated rats compared to controls. In a similar
manner as aerobic glycolysis, glutaminolysis is seemingly maladaptive. In accordance with
augmented glutaminolysis, RV expression of the glutamine transporters SLC1A5 and
SLC7ADS5 were upregulated in monocrotaline-treated rats [166]. The mechanistic basis for
this upregulation looks to be due to the activation of the cMyc-Max pathway, possibly due to
RV ischemia. However, when and if true ischemia commonly occurs in the RV of PAH-
patients remains controversial. Another appealing hypothesis underlying these metabolic
changes invokes the mechanical regulation of RV glutamine metabolism via pressure-
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volume overload in PH. Such a biomechanical hypothesis may depend upon complex and
poorly understood metabolic interactions among RV cardiomyocytes and cardiac fibroblasts
— crosstalk that has yet to be described in detail in PH. Such a notion may also suggest that
alterations of RV systolic or diastolic function may then directly correlate with glutamine
handling. These concepts all await definitive investigation.

In summary, these studies cumulatively illustrate how the overarching control and roles of
glutamine handling in PH may conceptually link our understanding of genetics, hypoxia,
inflammation, and matrix remodeling into a more comprehensive theory of PH pathogenesis.
Such fundamental insights strengthen the notion of therapeutic targeting of glutamine
metabolism in both the lung vasculature and RV.

4. Therapeutic targeting of glutamine metabolism in PH

Due to our advancing appreciation of enhanced glutamine metabolism in numerous
hyperproliferative pathologies throughout cancer, PH, and other cardiopulmonary diseases,
GLS as well as glutamine metabolism in general are being explored as a significant target
for therapeutic interventions [39,167]. The emergence of small molecule inhibitors such as
BPTES, CB-839, and compound 968 has led to new avenues of metabolism-targeted drugs
that block GLS activity and glutaminolysis. However, such strategies are not
straightforward, given the toxic side effects of certain glutamine antagonists, for instance,
DON (6-diazo-5-oxo-I-norleucine), stemming from its broad inhibition of several other
enzymes related to glutamine utilization [168,169]. In addition, recent development of drugs
that target the glutamine transporter SLC1A5 as well as GLUD and aminotransferase has
emerged. However, while there has been tremendous growth in our understanding of
glutamine metabolism, there remain hurdles to overcome before glutamine metabolism
pathway inhibitors can be clinically applied.

4.1 GLS inhibitors

4.1.1 BPTES (Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3)—
BPTES is a non-competitive inhibitor of GLS, which functions by driving inactive tetramer
formation [170-172]. BPTES binding at an allosteric site induces a conformational change
within the key loop (Glu312-Pro329) neighboring the active site. This inhibition is absolute,
BPTES can be added prior to or subsequent to phosphorylation of GLS. BPTES represses
glutamine uptake, reduces GSH levels and ultimately drives ROS accumulation.
Unfortunately, the likelihood for clinical use is limited given its high molecular weight,
insufficient solubility, and low bioavailability. Yet, BPTES has been universally used for
experimental research studies of glutamine metabolism, due to its high efficiency at least /n
vitro.

4.1.2 Compound 968 (5-(3-Bromo-4-(dimethylamino)phenyl)-2,2-
dimethyl-2,3,5,6-tetrahydrobenzo[a]phenanthridin-4(1H)-one)—Compound 968
(C968) is a selective uncompetitive inhibitor of GLS, and acts to prevent activation of GLS
in cells by impeding post-translational modifications of this enzyme [173]. Unlike BPTES,
C968 can only inhibit inactivated GLS via binding to the monomeric form of GLS and thus
blocking GLS in an inactive conformation. Moreover, C968 has been shown to have distinct
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effects on transformed/cancer cells, namely on their proliferation, migration, and invasive
capabilities, yet has little to no effect on their non-transformed cellular counterparts.

4.1.3 CB-839 (N-(5-(4-(6-((2-(3-(Trifluoromethoxy)phenyl)acetyl)amino)-3-
pyridazinyl)butyl)-1,3,4-thiadiazol-2-yl)-2-pyridineacetamide)—CB-839 is another
selective GLS inhibitor, carrying greater potency than BPTES [37]. It acts as a non-
competitive inhibitor, with slow, time-dependent, reversible kinetics, and potency which is
not dependent on glutamine concentration. Preclinical trials of these drugs have shown some
promise for metabolic therapies in breast cancer and lymphoma. Levels of glutamate, a.-
ketoglutarate, aspartate, fumarate, and malate are all reduced during CB-839 treatment.
CB-839 is currently being tested in several Phase 1l clinical trials for advanced kidney
cancer (Clinical Trial NCT02071862).

4.2 Glutamine metabolism inhibitors

While promising, a limitation of targeting GLS alone is that such a strategy does not fully
address the important extra-mitochondrial roles of glutamine. As such, novel classes of
glutamine metabolism inhibitors have been developed and could be considered for
applications in PH.

4.2.1 Glutamine transporter inhibitors (SLC1AS5 inhibitors)—Benzylserine and
L-y-glutamyl-p-nitroanilide (GPNA), inhibitors of the glutamine transporter SLC1AS5, are
shown to be effective against glutamine-dependent cancers [174,175]. However, unless
precisely aimed within tumor cells, these drugs can induce toxicity by non-selectively
blocking essential glutamine pathways in healthy cells. More recently, a competitive
inhibitor of the amino acid transporter SLC1A5, V-9302 has been reported [176]. SLC1A5
inhibition by V-9302 ultimately contributes to an antitumor response both in vitroand in
vivo by increasing oxidative stress, cell death, and overall attenuation of cancer cell growth
and proliferation. This compound also exhibits unique qualities compared with GPNA,
which exhibits poor potency and selectivity in human cells. Notably, while V-9302 has
demonstrated an impressive ability to inhibit tumor progression, side effects of these
molecules have not been assessed and could represent a substantial caveat for clinical
therapy.

4.2.2 Others—Given the importance of glutamine-derived glutamate in tumor
progression and the rewiring of glutamate to the TCA cycle through either activation of
GLUD or transaminase in hyperproliferative cells, the development of inhibitors of these
pathways has recently been considered. Specifically, epigallocatechin gallate (EGCG) and
R162, inhibitors of GLUD, as well as aminooxyacetic acid (AOA), a transaminase inhibitor,
have been found to attenuate tumor growth by disturbing the anaplerotic use of glutamine in
the TCA cycle [177,178]. Application to PH remains an untested domain.

5. Conclusion

In summary, increased lung as well as RV glutamine consumption is observed in diverse
models of pulmonary hypertension (PH), as well as in human instances of PH. Guided by
encouraging results of pharmacologic targeting of glutamine metabolism and especially
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GLS, in rodent models of PH, the pathways of glutamine metabolism provide novel
therapeutic entry points for PH intervention strategies.

Expert opinion
GLS inhibition as promising therapeutic target in PH:

Beyond glycolysis and redox metabolism, targeting glutamine metabolism for therapeutic
purpose is a burgeoning idea that is gaining traction recently across multiple human
diseases. Indeed, glutamine is a non-essential amino acid that became partially essential in
hyperproliferative and transformed cells. The specific requirement of diseased cells for
glutaminolysis in order to sustain their anabolic metabolic needs makes GLS a bona fide
target for therapy. Combined with the apparent non-toxic effects of certain GLS inhibitors in
non-diseased cells, GLS further fits an ideal profile as a specific target for drug
development. Moreover, inhibiting GLS not only affects glutamine metabolism but also has
a wide-ranging reach of downstream metabolic and proliferative consequences, indicating
that targeting glutaminolysis could have more potent effects than even anticipated.
Importantly in PH, GLS inhibition appears effective across multiple diseased cell
pathophenotypes of proliferation and migration.

Challenges and obstacles for clinical use of GLS inhibitors in PH:

Because the comprehensive extent of influence of glutamine metabolism in pulmonary
arterial cells and in PH has not been defined, challenges exist in terms of predicting all
consequences of utilizing GLS inhibitors chronically for PH, particularly at the systemic
level. To gain such insight into glutamine metabolism during PH development, it appears
crucial to perform glutamine tracing experiments in pulmonary vascular cells and tissue both
in vitro and /n vivo under disease and healthy conditions. Understanding the fate of
glutamine in the pulmonary vasculature at such a granular level will provide new insight for
both diagnosis and treatment of PH. It also will be important to determine whether other
diseases that promote or overlap with PH clinically contribute to the dysregulation of
glutamine metabolism in the lung. For example, it has been shown that hepatic fibrosis,
which in some cases has been linked to PH via the connection to portopulmonary
hypertension, induces glutamine metabolism reprogramming [179]. Whether hepatic
secretion or other liver-specific activity of glutamine contributes to PH remains undefined.
Furthermore, beyond the importance of glutamine in PAEC and PASMC proliferation, it will
be essential to determine the role of glutamine metabolism in the activation of other vascular
and vascular associated cells such as pulmonary arterial adventitial fibroblasts, immune and
hematopoietic cells important in vascular inflammation such as macrophages and
neutrophils, and platelets important in the thrombotic cascade in PH. Indeed, in other
diseases beyond PH, glutamine has been shown to play a key role in fibroblast contractility
as well as in macrophage activation. Whether glutamine can play a similar role in PH has yet
to be determined; but, if so, would reinforce the attractive notion of therapeutic GLS
inhibition in PH. Finally, despite extensive pre-clinical testing in rodents and/or large animal
models of PH, a vast majority of drugs that enter Phase | clinical trials ultimately fail for PH,
indicating a risk for clinical investment of any new drug at that stage. Coupled with the
relatively small number of PAH patients available for clinical trial and the still nebulous
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clinical trial outcomes used to study PH drugs that do not primarily vasodilate, clinical
testing of GLS inhibitors will not be without obstacles. Nonetheless, as therapies targeting
the metabolic origin of PH continue to emerge, we believe GLS inhibition will remain a key
opportunity to develop, either singly or in combination with synergistic drugs, for this
historically neglected and still incurable vascular disease.
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Article Highlights

. Increased lung glutamine consumption is observed in diverse models of
pulmonary hypertension (PH), as well as in human instances of PH.

. In PH, glutamine metabolism is rewired to sustain pulmonary vascular cells
hyperproliferation.

. Glutamine is converted to glutamate to feed the TCA cycle through increased
glutaminase (GLS) expression.

. A number of PH triggers increase GLS expression in pulmonary vascular
cells.

. Targeting GLS pharmacologically ameliorates PH in rodent models of PH.

. Pathways of glutamine metabolism provide novel therapeutic entry points for

PH intervention strategies.
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Figure 1: Overview of cellular glutamine metabolism:
After transporting into cytosol through SLC1A5 or LAT1 or other transporters, glutamine is

converts to glutamate and ammonia by glutaminase (GLS). It then provides carbon and
nitrogen for macromolecular synthesis. Briefly, glutamate is metabolized to alpha-
ketoglutarate (a-KG) through the action of either glutamate dehydrogenase (GLUD) or
transaminases. The tricarboxylic acid cycle (TCA) cycle metabolite malate can be exported
out of the cytoplasm to generate nicotinamide adenine dinucleotide phosphate (NADPH) and
pyruvate through the activity of the decarboxylating malate dehydrogenase enzyme (ME1).
Oxaloacetate (OOA) can be converted back to aspartate, which supports asparagine
generation, and nucleotide synthesis. Citrate can be exported out of the mitochondria for de
novo fatty acid synthesis. ACLY: ATP-citrate synthase; ASNS: Asparagine Synthetase;
FASN: Fatty Acid Synthase; EAAs: Essential amino acids; GOT1/2: Glutamic-oxaloacetic
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transaminase 1/2; PSAT: Phosphoserine aminotransferase; ROS: Reactive oxygen species;
SHMT: Serine hydroxymethyltransferase.
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Figure 2: Regulation of glutamine metabolism:
Enzymes involved in glutaminolysis are regulated by both oncogenes and tumor suppressor

genes (red font). a-KG: Alpha-ketoglutarate; ACLY: ATP-citrate synthase; ASNS:
Asparagine Synthetase; EAAs: Essential amino acids; FASN: Fatty Acid Synthase; GLUD:
glutamate dehydrogenase GLS: Glutaminase; GOT1/2: Glutamic-oxaloacetic transaminase
1/2; HIF: Hypoxia inducible factors; IDH1/2: Isocitrate dehydrogenase 1/2; ME1: malate
dehydrogenase enzyme 1; NADPH: nicotinamide adenine dinucleotide phosphate; OAA:
Oxaloacetate; PSAT: Phosphoserine aminotransferase; SHMT: Serine
hydroxymethyltransferase; ROS: Reactive 0xygen species.
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Figure 3: Dysregulated glutamine metabolism in pulmonary hypertension (PH):
Relevant for PH, glutamine metabolism has been shown to be modulated by either hypoxia

or mechanical cues from the stiffened extracellular matrix (ECM). a-KG: Alpha-
ketoglutarate; BMPR2: Bone Morphogenetic Protein Receptor Type 2; FA-CoA: Fatty acid
coenzyme A; FATP1: Fatty acid transport protein 1; G-6-P: Glucose-6-phosphate; GLS:
Glutaminase; HIF1a: Hypoxia inducible factor 1 alpha; LDHA: Lactate dehydrogenase A,
OAA: Oxaloacetate; PC: Pyruvate carboxylase; SIRT3: Sirtuin 3.
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