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STATE-OF-THE-ART REVIEW
Viewing Pulmonary Arterial Hypertension
Pathogenesis and Opportunities for
Disease-Modifying Therapy Through
the Lens of Biomass

Matthew L. Steinhauser, MD,a,b Bradley A. Maron, MDc,d
HIGHLIGHTS

� We introduce a novel paradigm focusing on excess biomass as a fundamental but modifiable endophenotype in PAH.

� This framework will stimulate PAH-modifying therapeutics and promote new insights on disease inception.
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Fibroproliferative remodeling of distal pulmonary arterioles is a cornerstone characteristic of pulmonary arterial hyper-

tension (PAH). Data from contemporary quantitative imaging suggest that anabolic synthesis of macromolecular substrate,

defined here as biomass, is the proximate event that causes vascular remodeling via pathogenic changes to DNA, collagen,

cytoskeleton, and lipidmembranes. Modifying biomass is achievable but requires tilting the balance in favor of endogenous

degradation over synthetic pathways in order to advance the first-ever disease-modifying PAH pharmacotherapy. Viewing

PAH pathobiology through the lens of biomass represents an opportunity to decipher novel determinants of disease

inception and inform interventions that induce reverse remodeling. (JACC Basic Transl Sci. 2024;9:1252–1263)

© 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
I diopathic pulmonary arterial hypertension (PAH)
is a vasculopathy of distal pulmonary arterioles
that increases pulmonary vascular resistance,

leading to right heart failure and accelerated mortal-
ity.1 Currently approved medical therapies for PAH
target vasodilatory signaling pathways; however,
abnormal vasoreactivity is central to disease patho-
physiology in a minority of PAH patients. Yet, even
in patients who do not demonstrate vasoreactivity
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during invasive testing, pharmacotherapies with
vasoactive properties remain the mainstay approach.
Indeed, averting downward clinical decline is uncom-
mon in the longitudinal management of PAH patients
despite maximal vasodilatory treatment, and, thus,
advancing disease-modifying therapeutics that
durably reprogram underlying disease pathobiology
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AB BR E V I A T I O N S

AND ACRONYM S

FDG = fluorodeoxyglucose

MIMS = multi-isotope imaging

mass spectrometry

MMP = matrix

metalloproteinase

PAH = pulmonary arterial

hypertension

PDK = pyruvate

dehydrogenase kinase

RV = right ventricular

TCA = tricarboxylic acid
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signaling inhibitor approved for patient care. By ther-
apeutically modifying pathways distinct from vasodi-
latory signaling, this progress sets the stage for
sustained reduction in pathogenic vascular remodel-
ing that drives PAH.

Compared to normal, the pulmonary arterioles in
advanced PAH are dramatically remodeled by (peri)
vascular fibrosis and increased cellularity. The
expansion of smooth muscle cells, fibroblasts, peri-
cytes, and inflammatory cells in the deep adventitial
and medial layers of the vessel wall is mirrored at the
luminal interface by the proliferation of endothelial
cells and the formation of stereotypical plexiform
lesions that may completely obliterate the lumen.
In short, the matter comprising the remodeled vessel
is increased by >10-fold (Figure 1). In this paper,
we introduce the term biomass to PAH, which we
define as the collective extracellular, cellular, and
subcellular material that comprises the remodeled
pulmonary vessel. In turn, we speculate that the
glucose, fatty acid, amino acid, and nucleotide
macromolecular substrate that form the elemental
basis for biomass are a root cause of fibroproliferative
remodeling in PAH. We posit that true disease modi-
fication in PAH will require reducing obliterative
biomass, which is integral to pathological remodeling
in PAH, providing rationale to establish a conceptual
framework for how consideration of biomass may
inform disease-modifying therapeutics (Central
Illustration).

METABOLIC REPROGRAMMING IN PAH TO

SUPPORT BIOMASS

Pathologic fibrosis, cellular proliferation, and changes
in cell state, such as phenotype switching through
endothelial-mesenchymal transitions or inflamma-
tory cell activation, all contribute to vascular
remodeling in PAH, each driven by distinct cellular
and molecular pathways. However, anabolic produc-
tion of biomass is the proximate molecular event
upstream of each of these pathological processes. In
this way, the conceptual framework of biomass
emphasizes the opportunity to target the basest sub-
strate for macroscopic and ultrastructural micro-
scopic changes to the blood vessel architecture that
are observed on gross inspection and histological
analysis, respectively. Proliferating cells replicate not
just their genomes but also their entire cellular
infrastructure. Vascular fibrosis involves anabolic
synthesis of extracellular matrix proteins such as
collagen. Even changes in cell state involve anabolic
processes that may include the RNA, lipid, and pro-
tein synthesis that drives cell type–specific programs,
requisite remodeling of cellular cytoskeleton
and membranes, and the production of
specialized organelles. Therefore, under-
standing the metabolic basis for biomass may
provide common targets relevant across
pathological cell types, disease stages, and
PAH from different disease drivers.

A myriad of interconnected biochemical
pathways determines the ultimate macro-
molecular composition of any tissue,
including but not limited to: 1) information
flow from DNA to biosynthetic translation of
specific cellular and extracellular proteins;
and 2) synthesis of, and enzymatic modifica-

tions to, fatty acids and lipids, driving formation of
the full range of structural and signaling lipid species.
However, a common prerequisite for anabolic meta-
bolism that drives biomass is “building blocks” or
substrates for synthesis of the dominant macromo-
lecular cellular and extracellular constituents,
including amino acids (protein), nucleotides (RNA
and DNA), and fatty acids (lipid). Cells generally
import these substrates directly, recycle them from
the catabolic breakdown of macromolecules, or syn-
thesize them de novo including through co-optation
of intermediates from glycolytic or fatty acid catabo-
lism. In the following paragraphs, we provide exam-
ples of each of these categoric approaches to cellular
production of substrate for macromolecular
biosynthesis.

The simplest path to acquisition of biosynthetic
substrate by individual cells is direct importation,
which links cellular metabolism to tissue and sys-
temic metabolism. Polar molecules, including amino
acids and nucleotides, are imported into cells by
facilitated diffusion through membrane trans-
porters.2 Fatty acids, which are substrate not just for
structural membrane lipids but also for lipid signaling
species, may directly diffuse across plasma mem-
branes at low rates or traverse more efficiently via
specific fatty acid transporters, such as CD36.3,4 Many
of these transporters are transcriptionally upregu-
lated and/or increased in the plasma membranes of
cells in PAH vessels or in response to pathological
stimuli of relevance to PAH.5,6

The availability of biosynthetic substrates in sys-
temic circulation may be modified by diet and nutri-
tional states, increasingly recognized as potential
contributors to PAH. Obesity is a state of nutritional
excess that may predispose to PAH.7-9 Obesity drives
pathobiological pathways of known relevance to PAH,
including inflammation and insulin resistance.10

Although it is conceivable that nutritional excess
might directly fuel PAH remodeling by providing



FIGURE 1 Expansion of Biomass as a Driver of PAH Pathobiology

Pulmonary arterial hypertension (PAH) is defined by fibroproliferative remodeling and plexiform growth, resulting from fibrosis and expansion of extracellular matrix,

proliferation of endothelial cells and mesenchymal cells, and infiltration of immune and inflammatory cells. This massive increase in the cellular and extracellular

material that comprises the vessel wall and occupies the vessel lumen represents the collective pathological biomass. (Circle inset) If expansion of cellular biomass is

reduced to the atomic level, critical elemental components including the carbon and nitrogen backbone of biomass can be sourced from a variety of substrates and

interconnected metabolic pathways. Although macromolecular building blocks can be imported into cells to directly supply anabolic production of biomass, including

key components such as DNA (nucleotides), collagen (amino acids), cytoskeleton (amino acids), and lipid (fatty acids), there are also multiple paths by which atoms can

flux from one building block type to another because the catabolic breakdown of molecules can in turn supply substrate for alternative biosynthetic pathways. The

tricarboxylic acid (TCA) cycle represents a useful example of this concept. The TCA cycle is supplied by catabolism of amino acids, glucose, and fatty acids. Aside from

its central role in energy production, it also serves as a hub in the trafficking of substrate to diverse biosynthetic pathways, including protein synthesis and de novo

nucleotide synthesis. In this manner, the new DNA synthesized during cell division may contain atoms derived from nucleotides, fatty acids, amino acids, and glucose.
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anabolic substrates, there is not a one-to-one rela-
tionship between dietary intake and resultant levels
in circulation. Secondary disease effects on metabol-
ically active tissues outside of the pulmonary vascu-
lature, such as skeletal muscle, may account for
steady-state differences in circulating metabolite
biomarkers of PAH, including amino acid and lipid
species.10,11 Indeed, even in states of extreme nutri-
tional deprivation, the core building blocks of DNA,
RNA, protein, and lipids are present in circulation.12

Moreover, it is critical to distinguish systemic meta-
bolism and metabolic function from cellular



CENTRAL ILLUSTRATION Approach to Disease Modification in Pulmonary Arterial Hypertension
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metabolic processes in the pulmonary vasculature,
which may further differ across the various cells
comprising PAH lesions. It will be important to
dissect whether emerging metabolite predictors of
PAH (eg, N2,N2-dimethylguanosine; N1-
methylinosine; malate; fumarate; and acetylphos-
phate, among others13,14) are simply biomarkers of
the disease or if they participate in disease patho-
genesis either as signaling molecules or as substrate
for anabolic growth.

Phagocytes engulf dead cells and scavenge debris,
which in turn can be broken down to release amino
acids for anabolic growth, a process most established
in atherosclerotic disease of systemic arteries.15

However, the consumption of extracellular material
may extend beyond specialized leukocytes because
endothelial cells also have the capacity to engulf dead
cells, at least in vitro.16 Engulfment of extracellular
microvesicles (eg, exosomes) is an additional conduit
for importation of extracellular materials inclusive of
vesicular membranes and any interior payload.
Although much attention has been paid to the
signaling properties of messenger RNAs and
microRNAs contained in exosomes, vesicles may also
carry triglycerides, which are both a potential source
of energy and recycled anabolic substrate.17 In cancer,
another endocytic process called macropinocytosis
imports protein as a source of amino acids to fuel
growth, a process also observed in endothelial
cells.18,19 Therefore, multiple potential mechanisms
may support internalization and catabolic breakdown
of macromolecules from the microenvironment to
supply substrate to increase biomass, even though
the degree to which such mechanisms drive PAH
pathobiology is not known.

The pathways of fatty acid beta oxidation, glycol-
ysis, and the citric acid cycle are central to carbon
catabolism that supports cellular energetic demands.
Complete catabolism of glucose by glycolysis, the
tricarboxylic acid (TCA) cycle, and oxidative phos-
phorylation maximizes energy production. Similarly,
beta oxidation of fatty acids produces acetyl coen-
zyme A, which can also supply the TCA cycle and
oxidative phosphorylation. However, at multiple
nodes in the catabolic consumption of fatty acids and
glucose, intermediates can be diverted to alternative
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metabolic fates.20,21 Glycolytic intermediates can
supply the pentose phosphate pathway and
contribute to de novo synthesis of nucleotides. Acetyl
coenzyme A from glycolytic metabolism (or fatty acid
oxidation) can be used for de novo fatty acid syn-
thesis. TCA intermediates can be diverted for syn-
thesis of amino acids, a subset of which in turn can
also serve as substrate for de novo nucleotide syn-
thesis. In short, catabolic pathways that are so critical
for energy production are paradoxically also a po-
tential source of substrate for anabolic synthesis of
macromolecular building blocks.

The co-opting of glycolytic metabolites for biomass
is the leading hypothesis to explain the Warburg
phenomenon in proliferating cancer cells whereby
glycolysis is increased under normoxic conditions
without a matched increase in oxidative phosphory-
lation.22 Warburg metrics are also demonstrable in
endothelial and smooth muscle cellular models of
PAH with stable isotope tracers under normoxic
conditions, including: 1) increased glucose uptake and
glycolysis; 2) increased lactate production; and 3) flux
of constituent glucose atoms to support fibroproli-
ferative biomass.23,24 However, proving such meta-
bolic reprogramming in vivo is more challenging.
Even in tumor studies in which there is requisite
tissue for bulk metabolic flux analyses, it is difficult
to fully account for the metabolic activities of
noncancerous tumor cells. Indeed, cellular hetero-
geneity is a particularly important confounder in the
complex architecture of the PAH lung where
“normal” lung parenchymal cells far outnumber
disease-driving cells in the pulmonary arterioles.
Pivotal studies have addressed this by correlating
glucose avidity detected at tissue scale resolution
with fluorodeoxyglucose (FDG) positron emission
tomography to up-regulation of putative metabolic
regulators in PAH lesions.5,25 Furthermore, abnormal
FDG positron emission tomography uptake patterns
have been observed in the right ventricle in PAH
patients and experimental models in vivo (reviewed
in detail by Thenappan et al26). Functional im-
provements derived from targeting of metabolic
regulatory nodes further advance the metabolic basis
for PAH25,27; however, it is difficult to prove that
functional benefits are a direct consequence of the
reversal of metabolic reprogramming in part because
of the dual roles of metabolic pathways in energy
production and supply of anabolic substrate. In
addition, there are limited tools available to directly
probe and quantify metabolic functions of individ-
ual cells, as opposed to the tissue scale insight
achievable with positron emission tomography, and
therefore little direct understanding of the meta-
bolic functionalities and differences between the
various constituent cell types of PAH vascular le-
sions in vivo, including endothelial cells, mesen-
chymal cells, and immune cells. As such, there is an
unmet need for new approaches to interrogate the
intersection between metabolism, energy balance,
biomass dynamics, and pathological remodeling in
the pulmonary vasculature in vivo.

IMAGING MASS SPECTROMETRY REVEALS

METABOLIC REPROGRAMMING IN THE

PULMONARY VASCULATURE IN VIVO

We developed a new approach to studying metabolic
reprogramming of individual cells in PAH in vivo
using state-of-the-art imaging mass spectrometry.28

Multi-isotope imaging mass spectrometry (MIMS) al-
lows for multiplexed and quantitative tracking of
nonradioactive stable isotope tracers at suborganelle
resolution in tissues collected after in vivo tracer
administration.29 Translational human studies are
feasible if the tissue is either easily accessible by
minimally invasive sampling (eg, blood cells and
subcutaneous fat) or can be collected during an
invasive procedure that is part of usual clinical
care.30-32 In essence, MIMS brings functional meta-
bolic imaging as achievable with positron emission
tomography from tissue scale down to the sub-
organelle level and does so with the quantitative
power of mass spectrometry.33,34

MIMS enables quantitation and visualization of
biomass dynamics per se. For example, through
multiplexed MIMS imaging of amino acid and glucose
tracers in an inflammatory PAH rodent model, we
discovered heightened glucose and proline avidity of
individual endothelial and medial cells in PAH lesions
relative to control vessels.28 Moreover, within PAH
lesions, the endothelium demonstrates relatively
greater glucose and proline avidity relative to medial
cells. One important aspect of this finding is that it
definitively localizes the type of metabolic/functional
readout achievable with positron emission tomogra-
phy to the pathological cells and remodeled vascular
tissue itself. However, beyond the gain in imaging
resolution, stable isotope-tagged glucose is seam-
lessly incorporated into downstream glucose meta-
bolic pathways, including its co-optation for
biomass.35 The use of glucose to supply anabolic
substrate for biomass was further demonstrated by
tracking of glucose label into the extracellular
collagen fibrils identified through correlative electron
microscopy, a finding only explainable by the



FIGURE 2 Conceptual Framework for Therapeutic Targeting of Biomass for PAH

The ultimate goal of pulmonary arterial hypertension (PAH) therapeutics is restoration of normal blood flow and durable disease modification, which will require

reducing the pathological biomass that obliterates the lumen of pulmonary arteries in PAH patients. This figure demonstrates 2 theoretic paths to reducing patho-

logical biomass contextualized by examples of potential targets: (left) the inhibition of biomass expansion or (right) the augmentation of biomass dissolution (right).

Once a lesion is established (middle vessel), disease modification will require shifting the biomass turnover equation such that dissolution exceeds formation. The

dynamics of biomass turnover under pathological conditions are not fully elucidated, and, therefore, an unanswered question is whether the background rate of

biomass dissolution is sufficiently high such that lesion regression would be feasible in a practical time frame if new biomass deposition was effectively neutralized.

Current therapeutic development is largely focused on developing strategies that target fibroproliferative growth (ie, biomass expansion). An alternative and largely

untapped approach could be activation of the intracellular and/or extracellular mechanisms involved in the disposal of biomass. For the extracellular matrix (ECM), this

would involve secreted proteases (eg, matrix metalloproteinase [MMP]). For intracellular biomass, this would involve canonical systems such as proteosomal

degradation and/or lysosomal digestion of macromolecules. This could also involve reprogramming of immune cells to remove cells and extracellular material.

TGFB ¼ transforming growth factor beta; TK ¼ tyrosine kinase.
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divergence of glucose metabolites to support collagen
biosynthesis, an unambiguous component of patho-
logical biomass in PAH.

Aside from what is arguably the most direct evi-
dence of glucose reprogramming in remodeled PAH
vessels, in vivo, the application of MIMS to PAH is
important because it provides a method to quantify
biomass turnover at subcellular resolution, in
the same way that MIMS has been used in substrate
tracer pulse-chase experiments to measure turnover
dynamics of specific constituents of fat tissues, both
cellular (adipocytes) and subcellular (lipid drop-
lets).29,31,36 MIMS can also be coupled with other
analytical methods. Although MIMS is a destructive
analysis, only the surface atomic layers of a tissue
section are consumed, leaving additional material for
orthogonal analyses. Moreover, tissue sections used
for MIMS are an order of magnitude thinner than
traditional histologic preparations, allowing for
interrogation of adjacent sections with other modal-
ities, such as the identification of specific immune/
inflammatory subtypes with immunofluorescence
microscopy. We also predict that multiomics analyses
of cells concurrently analyzed by MIMS will be
achievable as the requisite technologies become more
sensitive. Beyond revealing nuanced cellular identi-
ties and phenotypes, merging MIMS with spatial
transcriptomics or spatial proteomics may provide an
opportunity to discover novel molecular programs
driving biomass that can be therapeutically exploited.
Furthermore, understanding how new experimental
interventions modulate biomass dynamics with MIMS
holds promise for testing and prioritizing candidate
disease-modifying interventions.
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THERAPEUTIC TARGETING OF BIOMASS

We have described how PAH metabolic reprogram-
ming may resemble cancer cells. However, there are
important limitations to using the biology of cancer to
explain pathological biomass in PAH because pul-
monary vascular cells do not exhibit malignant
transformation. Without the unlimited cellular pro-
liferation and invasive growth seen in cancer, there is
a ceiling on total biomass expansion of any individual
arteriole—the sum of the limited degree of outward
growth (so-called “positive vascular remodeling”)
and the medial occlusion of the lumen (so-called
“negative or invaginated vascular remodeling”). Once
the lumen of the vessel is completely obliterated by
pathological remodeling, the vascular geometry
limits additional expansion of total biomass burden.
Consequently, the principle of conservation of mass
necessitates that the rate of biomass formation must
be matched to the rate of biomass dissolution once a
vessel has reached such a point of advance remodel-
ing. This does not exclude the possibility of ongoing
fibrotic remodeling (ie, replacement of one biomass
component [eg, functional cells] with another more
pathological component [eg, fibrosis]). However, this
model suggests that the dynamics of biomass in any
given vessel are likely to be very different depending
on the degree of obstructive biomass deposition that
has already occurred. Consequently, optimal thera-
peutic strategies to address pathological biomass may
differ depending on disease stage.

We propose that there are several nonmutually
exclusive ways in which viewing the problem of PAH
through the lens of biomass holds promise to accel-
erate the development of effective disease-modifying
therapeutics.1 By linking quantitative measurements
of cellular and subcellular biomass dynamics ob-
tained with MIMS to molecular data collected with
orthogonal methods such as spatial transcriptomics,
novel biomass regulators and candidate drug targets
may emerge.2 We advance a framework around
biomass dynamics that leads to different potential
biomass-centric approaches depending on disease
stage (Figure 2) whereby targeting anabolic biomass
expansion might be more efficacious in early disease,
whereas the stimulation of catabolic dissolution of
obliterative biomass might be required in advanced
disease.3 The consideration of differential biomass
dynamics at different disease stages may also provide
insight into therapeutic efficacy, therapeutic resis-
tance, and rationale design of combination therapies.
In the following paragraphs, we explore these con-
cepts using preclinical data and emerging
therapeutics as potential examples of biomass-centric
therapies.
INHIBITION OF FIBROPROLIFERATIVE GROWTH

PATHWAYS. In our view, any drug that inhibits the
fibroproliferative pathology underlying arterial
remodeling ostensibly targets biomass (Figure 2).
Therefore, such drugs that have already been tested
in human PAH patients can be viewed as candidate
modulators of biomass and provide a framework to
consider progress and potential barriers to successful
disease modification. Sotatercept is a putative modi-
fier of biomass through its effects on proliferative
growth, although evidence of this remains limited to
experimental models rather than data from clinical
samples. The drug is a ligand trap for growth differ-
entiation factors 8/11 and activin A, which effectively
reorients signaling through activin receptors away
from progrowth Smad2/3 signaling while preserving
bone morphogenetic protein–mediated SMAD1/5/8
signaling. Preclinical studies demonstrated efficacy in
PAH animal models with attenuation of cell prolifer-
ation, obstructive vasculopathy, and pulmonary
vascular resistance.37 The randomized controlled
STELLAR trial established improvements in multiple
disease metrics in human PAH patients, including the
6-minute walk distance, pulmonary vascular resis-
tance, and circulating natriuretic peptides, after
24 weeks of treatment.38,39

Imatinib is a tyrosine kinase inhibitor repurposed
from the cancer field for therapeutic development in
PAH based on evidence that tyrosine kinases targeted
by the drug contribute to proliferative growth in
PAH.40 As seenwith sotatercept, imatinib is efficacious
inmore than 1 animalmodel of PAH,40,41 and a signal of
efficacy has been demonstrated in translational hu-
man trials.42-44 Moreover, in the rat monocrotaline
model of PAH, antiremodeling effects of imatinib
correlate with a reduction in FDG glucose avidity in the
lungs, which could be consistent with attenuation of
glucose flux to biomass.25 Even though definitive evi-
dence of reverse remodeling remains limited to
experimental (rather than clinical) data, demonstra-
tion of improvement in PAH disease metrics with 2
different drugs targeting aspects of fibroproliferative
growth underscores the potential therapeutic power of
inhibiting pathological biomass expansion.

The experience to date with these 2 seemingly
promising antiproliferative drugs is counterbalanced
by signs of some clinically relevant off-target effects.
Imatinib-treated PAH patients developed intracranial
hemorrhage at a rate of approximately 2% in a
24-week randomized controlled trial, a toxicity signal
that increased to approximately 4% in an open-label
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extension study.44 Although bleeding events pri-
marily affected patients who were also receiving
systemic anticoagulant therapies, a signal of bleeding
risk exists outside of PAH. In the larger experience
with imatinib in cancer, treatment has been associ-
ated with various forms of ocular bleeding, including
in the conjunctiva and retina.45,46 Although the un-
derlying mechanisms are not known and many
affected patients were prescribed the anticoagulant
drug warfarin, a potential vascular mechanism to
account for this effect cannot be excluded. No such
single or unifying toxicity has yet been elucidated for
sotatercept. However, unusual telangiectasias with
longer-term treatment is also suggestive of vascular
toxicity and raises the question of whether more
serious vascular abnormalities will emerge with
greater study.47 The overall experience to date with
sotatercept and imatinib underscores the potential
for off-target effects when targeting fundamental
growth pathways in the vasculature.

STARVING PATHOLOGICAL CELLS OF METABOLIC

SUBSTRATE FOR BIOMASS. Another approach to
targeting biomass could be to deprive pathological
cells of substrate for macromolecular biosynthesis
and biomass, a strategy considered for cancer thera-
peutics. Such a strategy could theoretically be
accomplished by targeting substrate uptake or the
mechanisms that control shunting of substrate to
anabolic synthesis of biomass. The most advanced
example of a metabolic drug in PAH involves target-
ing pyruvate dehydrogenase kinase (PDK), which is
an inhibitor of pyruvate dehydrogenase, a gate-
keeping enzyme for mitochondrial glucose catabo-
lism.48 If viewed through the lens of metabolic
reprogramming and biomass, increased flux of
glycolytic products into mitochondria could limit the
use of glycolytic intermediates for de novo synthesis
of nucleotides, which are important for proliferative
growth.21 Indeed, inhibition of PDK with dichlor-
oacetate reduces proliferative remodeling and FDG
glucose lung uptake in PAH models25 while improving
hemodynamic metrics in PAH models and in a subset
of PAH patients treated as part of a small open-label
study.49 Although the depth of human data for PDK
targeting is limited, the possibility of intrinsic
compensatory mechanisms has been raised as 1
explanation for inconsistent clinical responses,
underscoring how the interconnectivity and redun-
dancy of metabolic pathways may equally obscure
mechanisms of benefit and therapeutic resistance
in nonresponders.

Glutamine is a promising metabolic target rooted in
cancer biology. Cancer cells are often described as
addicted to glutamine, with its diverse metabolic
fates supporting proliferation through: 1) incorpora-
tion of glutamine into new protein; 2) conversion to
other amino acids, including proline, which can be
used for collagen synthesis and critical extracellular
matrix among other fates; 3) anaplerotic flux into the
TCA cycle to support energy needs; and 4) anaplerotic
flux into the TCA cycle to supply substrate for
biosynthetic reactions including de novo nucleotide
synthesis. In line with its fundamental role in cellular
growth, experimental models of PAH and human pa-
tients display evidence of increased glutamine uptake
and metabolism.50,51 The development of cancer
therapeutics that inhibit uptake of glutamine by the
SLC1A5 transporter or proximal steps in intracellular
glutamine metabolism sets the stage for drug repur-
posing for PAH. Indeed, targeting of the proximal
conversion of glutamine to glutamate with a gluta-
minase inhibitor improved pathological remodeling
and hemodynamic indexes in preclinical PAH
models.51 Even though the early experience with the
CB-839 glutaminase inhibitor in cancer patients sug-
gests only rare serious adverse events, the more
common dose-related toxicities (eg, fatigue, nausea,
and liver function abnormalities) that may be viewed
as tolerable for cancer therapeutics may be limiting in
a chronic disease like PAH.52 This underscores the
challenge of targeting anabolic processes without
disrupting homeostatic maintenance of nondiseased
tissues.

TARGETING PRE-EXISTING BIOMASS WITH A

DISSOLUTION STRATEGY. We propose that true dis-
ease modification will require addressing the problem
of pre-existing pathological biomass, particularly for
patients presenting with advanced disease. This will
require driving the rate of biomass dissolution in
excess of the rate of new biomass formation
(Figure 2). An open question is whether the endoge-
nous rate of biomass turnover is sufficiently high to
achieve net resorption if new biomass production was
effectively neutralized. However, in the vascular
remodeling that characterizes atherosclerotic disease
of systemic arteries, there is little evidence that
neutralization of a disease driver is sufficient to tip
this balance because even the achievement of low
levels of low-density lipoprotein cholesterol stabilize
but do not dramatically reverse obstructive plaques.53

This has focused attention in the atherosclerosis field
on activating macrophages to scavenge and remove
dead cells, cellular debris, and lipids.15 It may be the
case that such a strategy will also be required in PAH
to achieve true disease modification, particularly in
advanced disease.
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Achievement of disease modification through
biomass dissolution will have to contend with mul-
tiple different biomass components, most notably the
excess cells and extracellular matrix that dominate
remodeled vessels. The elucidation of Specialized
enzymes, such as those in the matrix metal-
loproteinase (MMP) family, may be required to
dissolve extracellular fibrotic material for subsequent
clearance. MMPs are elucidated by inflammatory
processes, may contribute to associated tissue dam-
age when their activity is uncontrolled, and are
augmented in PAH animal models and patients;
however, genetic (or inflammation-induced) loss of
function of matrix metalloproteinase-8 worsens
vascular remodeling from chronic hypoxia, support-
ing the concept that some MMPs may also fulfill
adaptive functions.54 Pathological cellularity will also
need to be reduced through the induction of cell
death (eg, apoptosis) and subsequent clearance. As
such, we speculate that true biomass dissolution,
including the degradation and disposal of the extra-
cellular matrix and of cellular debris, will require the
coordinated action of phagocytic cells, such as
macrophages.

Inflammation is a feature of diseased pulmonary
arteries and a known disease driver, underscoring the
challenge of harnessing the immune system to
resolve pathological biomass. A deficiency in cells
with adaptive immunomodulatory properties, such as
regulatory T cells known to be depleted in PAH pa-
tients and experimental models, promotes maladap-
tive inflammation and disease progression.55

Similarly, although macrophages participate in path-
ological sterile inflammatory responses, their nonse-
lective targeting may also promote PAH. For example,
the depletion of macrophages exclusively in male
mice through inducible, macrophage-specific
expression of diphtheria toxin increases susceptibil-
ity to hypoxia-induced pulmonary hypertension.56

However, it is not just the number of macrophages
but rather their cellular phenotype that is important.
Indeed, the macrophage is a plastic cell that takes on
diverse context-dependent properties, including the
traditional proinflammatory (M1) vs anti-
inflammatory (M2) dichotomy, the imbalance of
which is associated with PAH pathology.56,57 There-
fore, it may be through phenotype switching of the
resident immune and inflammatory cells that
executing a program of biomass dissolution becomes
possible.

Any dissolution strategy may ultimately converge
on lysosomes, the specialized waste disposal organ-
elles of the cell. Lysosomes are important to auto-
phagy pathways that degrade intracellular
constituents and for digestion of materials imported
by phagocytosis or endocytosis. However, autophagy
can also be both adaptive and maladaptive depending
on the context and cell type. For example, in cancer,
autophagy may both drive the death of cancer cells or
promote cell survival and proliferation.58 A similar
dichotomy may apply to PAH. Lysosomal activity is
enhanced in PAH lesions in which it may fuel patho-
logic antiapoptotic and proproliferative activity. Ly-
sosomes may also facilitate ubiquitin-mediated
degradation of BMPR2—a protective protein in PAH—

which is reversable with administration of the lyso-
somal inhibitor chloroquine.59 By contrast, genetic
targeting of the autophagy mediator, microtubule-
associated protein-1 light chain-3B, exacerbates
experimental PAH, suggesting a protective role for
autophagy and lysosomes.60 Therefore, driving
lysosomal degradation of biomass in advanced PAH
lesions may ultimately require a cell and context-
specific strategy. Moreover, given that lysosomes
are also integral to macromolecular recycling path-
ways, an effective dissolution strategy will have to
avoid simply fueling biomass synthesis with recycled
substrate. Although flow through an obliterative
lesion cannot be normalized without displacing or
removal of pathological biomass, it is important to
note that there are no definitive examples even in
the preclinical literature of unambiguous biomass
dissolution, and, therefore, our framework for dis-
ease modification through biomass dissolution is
speculative.
TARGETING ORTHOGONAL DETERMINANTS OF

BIOMASS WITH COMBINATION THERAPY. An
important theme in our consideration of biomass is
that of redundancy, which plays out at multiple
different levels as follows: multiple cell types
contribute to the occlusive vasculopathy in PAH,
different molecular and biochemical cellular path-
ways drive the endophenotypes of fibrosis and cell
proliferation, and multiple interconnected metabolic
pathways can supply substrate for synthesis of the
macromolecules that constitute biomass. In the can-
cer field, molecularly targeted combination strategies
may achieve therapeutic synergy through identifica-
tion of a mechanism of resistance exposed by 1 agent
that can be neutralized with a second drug. As such,
true therapeutic vulnerability and successful disease
modification may only emerge through consideration
of combination therapies targeting different de-
terminants of pathological biomass.
CONSIDERATIONS FOR THE RIGHT VENTRICLE.

Abnormal right ventricular (RV) function, including
hypertrophic remodeling and impaired lusitropy, is
an important determinant of outcome in PAH.24 Prior
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reports have identified a distinct metabolic profile
related to RV function and outcomes in PAH patients,
including heightened FDG glucose uptake in the right
ventricle by positron emission tomography and
distinct systemic metabolite profiles, suggesting
dysregulation of critical metabolic pathways related
to carbohydrate, fatty acid, and amino acid meta-
bolism.61 Data on subcellular substrate use across RV
cell types is lacking but well positioned to provide
wider insight on key drivers of biomass that may
underpin RV dysfunction independent of, or in
response to, changes in RV afterload. This is an
important consideration because metabolic regula-
tors may have different (and potentially opposing)
functions in RV vs pulmonary vascular cells, and it is
possible that specific RV-targeted therapies will be
required to achieve disease resolution.

ARGUMENTS AGAINST THE HYPOTHESIS. We have
advanced the premise that viewing the pathobiology
of pulmonary vascular disease through the lens of
biomass will illuminate underlying mechanisms and
guide a rational approach to disease-modifying ther-
apeutics. The underlying heterogeneity of PAH dis-
ease drivers may mean that the concepts put forth
here are less applicable in subsets of PAH patients.
Currently approved pharmacotherapies for PAH,
which emerged from successful clinical trials, by and
large modulate vascular tone through pulmonary
vasodilation without detectable evidence of reverse
remodeling. Thus, it is important to emphasize that
fibroproliferative changes to the ultrastructure of
pulmonary arterioles do not necessarily imply
decrement to vascular function. This is undoubtedly
the case in calcium-channel blocker–sensitive PAH, in
which a hypercontractile phenotype drives elevation
in pulmonary artery pressure but can be treated
effectively with high-dose diltiazem or another
within-class drug. The genetics of PAH represents
another important source of disease heterogeneity. A
minority of PAH patients carry 1 of the disease-
causing variants in genes such as BMPR2 or SOX17,
among others. Although it is notable that genetic
variants linked to PAH are incompletely penetrant,
highlighting the importance of environmental and/or
epistatic modifiers, such putative monogenic drivers
of hereditary PAH are the likely causal molecular
event upstream of biomass synthesis that causes PAH
and may be modifiable therapeutic targets in the gene
editing era. Although uncommon, these scenarios
nonetheless provide important examples that would
direct focus away from biomass as the fundamental
target of disease modification in PAH. Furthermore,
the extent to which targeting biomass could induce
disease modification in each affected cell type and
across different PAH clinical stages is not known and
is an important additional area for consideration.
Aside from the uncommon cases of heritable, mono-
genic PAH, a single inciting molecular driver of either
biomass expansion and/or PAH pathobiology more
broadly is not known. The discovery of such factor(s)
hold promise to not only reveal the most proximate
drivers of biomass expansion and dynamics but will
also be critical to solidifying our advancement of the
biomass framework for therapeutic discovery.

CONCLUSIONS

Plexigenic and fibroproliferative remodeling is the
cornerstone feature of PAH. Recent data leveraging
nanoscale molecular imaging direct focus on the
accumulation of biomass driven by macromolecular
biosynthesis as an upstream step in the wider
pathophysiologic cascade that results in early mor-
tality. Targeting the accumulation of biomass itself
may take 2 general forms: the inhibition of biomass
accumulation to enable endogenous antiremodeling
pathways or directed activation of biomass resorp-
tion, either of which holds promise to modify dis-
ease in PAH. In doing so, opportunities to clarify
the origins of PAH are likely to emerge, advancing
strategies focusing on anticipatory therapeutics for
this highly morbid disease as well as other cardio-
pulmonary diseases characterized by dysregulated
cellular metabolism.
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