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Abstract

Alterations in metabolism and bioenergetics are hypothesized in the mechanisms leading to pulmonary vascular remodeling
and heart failure in pulmonary hypertension (PH). To test this, we performed metabolomic analyses on 30 PH individuals and
12 controls. Furthermore, using 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography, we dichotomized PH patients
into metabolic phenotypes of high and low right ventricle (RV) glucose uptake and followed them longitudinally. In support of
metabolic alterations in PH and its progression, the high RV glucose group had higher RV systolic pressure (p < 0.001), worse RV
function as measured by RV fractional area change and peak global longitudinal strain (both p < 0.05) and may be associated with
poorer outcomes (33% death or transplantation in the high glucose RV uptake group compared to 7% in the low RV glucose uptake
group at five years follow-up, log-ranked p=0.07). Pathway enrichment analysis identified key metabolic pathways including
fructose catabolism, arginine-nitric oxide metabolism, tricarboxylic acid cycle, and ketones metabolism. Integrative human
protein-protein interactome network analysis of metabolomic and transcriptomic data identified key pathobiological pathways:
arginine biosynthesis, tricarboxylic acid cycle, purine metabolism, hypoxia-inducible factor I, and apelin signaling. These findings
identify a PH metabolomic endophenotype, and for the first time link this to disease severity and outcomes.
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Pulmonary hypertension (PH) is a progressive and fatal dis-
ease characterized by abnormal remodeling of the pulmo-
nary vasculature with excessive growth and dysfunction of
pulmonary vascular endothelial and smooth muscle cells
leading to increased pulmonary vascular resistance and
right heart failure. PH patients have poor outcomes, with
five-year survival around 60% despite advances in medical
therapies."> Abnormalities in metabolism have been
described in PH and speculated to contribute to develop-
ment and/or progression of the disease.” A deep character-
ization using multi-omic studies is a strategy that has
worked to identify biomarkers and novel therapies in
other diseases, such as cancer treatment based on molecular
profiling. This approach may similarly be revealing in PH

given the known alterations in metabolic pathways and
genetic profiles.>'!" Changes in metabolism with decreased
glycolytic oxidation and a shift to aerobic glycolysis as well
as changes in fatty acid metabolism have been identified.
These metabolic abnormalities are found in the lungs,
heart, and skeletal muscles of patients as well as in cells
derived from these organs.* ' Metabolomics signature
of human pulmonary microvascular endothelial cells
(hPMVEC) expressing two different mutations in bone
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morphogenic protein receptor (BMPR) 2 compared to cells
without BMPR2 mutations revealed aerobic glycolysis in
BMPR2 mutant hPMVEC, as well as abnormalities in the
pentose phosphate pathway, increases in nucleotide salvage
and polyamine biosynthesis pathways, decreases in carnitine
and fatty acid oxidation pathways, and major alterations in
the tricarboxylic acid (TCA) cycle.* In another study using
metabolomics analysis, alterations in glycolysis and glucose
metabolism, TCA pathway, and fatty acid metabolism were
found in PH lung tissue.” Furthermore, the findings sug-
gested that differences in metabolism in PH lungs were
related to disease severity, i.e., increased glycolysis early in
the disease and a switch to fatty acid metabolism later in
advanced stages. However, whether PH outcomes are relat-
ed to metabolomic signatures is unknown. In a previous
report, we determined the metabolomic signatures at base-
line in a group of PH patients and healthy controls prior to
their participation in a double-blind, placebo-controlled
trial using both non-targeted and confirmatory targeted
analyses (Pulmonary Arterial Hypertension Treatment
with Carvedilol for Heart failure, PAHTCH).>'*!"? Using
system biology analysis, we found differences in aspartate
and asparagine metabolism, purine salvage, urea cycle, nic-
otinate metabolism, and sphingolipid metabolism as well as
abnormalities in glutamate, isocitrate, cis-aconitate, glycine,
arginine, citrulline, and purine metabolites.” In this study,
outcomes of death or lung transplantation in the PH
participants who were receiving standard of care were deter-
mined over five years follow-up. We found that metabolo-
mic profiling and right ventricle (RV) glucose uptake
measured by 2-[18F]fluoro-2-deoxy-D-glucose positron
emission tomography (FDG-PET) scan were associated
with outcomes in this cohort of PH patients. Integrative
human interactome network analysis of plasma metabolo-
mic data and existing transcriptome and proteome profiling
data from PH patients identified unique metabolic, patho-
biological pathways.

Methods

Study population

The study population was part of the PAHTCH, a random-
ized, placebo-controlled trial.'> Only the baseline plasma
samples from 30 PH individuals and 12 healthy age and
sex-matched controls from the PAHTCH study were used
to determine the metabolomic profiles. Participants were
18 to 65 years of age. We included patients with World
Health Organization (WHO) groups 1, 3, and 4 and func-
tional class I, II, or III. Diagnosis of pulmonary hyperten-
sion was confirmed by review of right heart catheterization
showing a mean pulmonary arterial pressure of 25mmHg
or greater and pulmonary vascular resistance more than
3 Wood units.'> All patients had wedge pressures less
than 15 except for two patients: one patient with heritable
PAH had a wedge pressure of 16 on initial right heart

catheterization and one patient with mixed PH diagnosed
as idiopathic PAH as the precapillary component was
deemed out of proportion and had a wedge pressure of
21. A full set of inclusion and exclusion criteria are provided
in NCTO01586156. The study was approved by the
Institutional Review Board, and written informed consent
was obtained from all participants. Blood samples were
obtained from all participants after an overnight fast.
Plasma was separated and stored at —80°C for analyses.
The study intervention lasted for six months, and then par-
ticipants continued on their standard of care. For the pur-
pose of this study, we used baseline visit samples and data as
well as echocardiograms done at the six months visit. In
addition, we collected echocardiogram measurements of
RV systolic pressure (RVSP) and RA pressure (RAP)
from the medical records at five years from the subject
enrollment date (n=16) to assess disease progression. We
evaluated outcomes of death or lung transplantation in this
cohort after five years of follow-up from date of enrollment
by reviewing the electronic medical records. Only one
patient was lost for follow-up. All other subjects had a
known status at five years from enrollment in the parent
study.

Non-targeted metabolomic analysis

Non-targeted metabolomics and lipidomics analysis were
performed at Metabolon, Inc (Durham, NC). The details
of analytical platform and data curation have been
described in detail previously.'* The global, unbiased plat-
form was based on a combination of three separate plat-
forms: ultrahigh performance liquid chromatography/
tandem mass spectrometry (UHPLC/MS/MS) optimized
for basic species, UHPLC/MS/MS optimized for acidic spe-
cies, and gas chromatography/mass spectrometry (GC/MS).
The major components of the analytic process and the ana-
lytic platform have been described in detail in previous pub-
lications.'*'® UHPLC/MS/MS analysis utilized a Waters
Acquity UHPLC (Waters Corporation, Milford, MA) cou-
pled to an LTQ mass spectrometer (Thermo Fisher
Scientific, Inc., Waltham, MA) equipped with an electro-
spray ionization source. Two separate injections were per-
formed on each sample: one optimized for positive ions and
one for negative ions. Derivatized samples for GC/MS were
analyzed on a Thermo-Finnigan Trace DSQ fast-scanning
single-quadrupole MS operated at unit mass resolving
power. Chromatographic separation followed by full scan
mass spectra was carried to record retention time, mass to
charge (m/z) ratio, and MS/MS of all detectable ions pre-
sent in the samples. Compounds were identified by auto-
mated comparison to Metabolon’s reference library
entries. Identification of known chemical entities was
based on comparison with Metabolon’s library entries of
purified standards.
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Confirmatory targeted metabolomic analysis

Plasma amino acid concentrations were measured following
ortho-phthalaldehyde derivatization using a fluorescent
detector and HPLC (Agilent 1100 series, Agilent technolo-
gies, Wilmington, DE) as described previously.!” Plasma
total homocysteine, cysteine, and glutathione concentra-
tions were measured using a thiol-SBD derivative on an
HPLC as described.'® Arginine metabolomic profiles were
measured as previously described.'® In brief, each sample
solution was injected onto a HPLC column and ADMA,
L-arginine, L-ornithine, and L-citrulline levels were quanti-
fied by LC/ESI/MS/MS analysis using an ABI 365 triple
quadrupole mass spectrometer (Applied Biosystems Inc.,
Foster City, CA, USA) with Ionics EP 10+ redesigned
source (Concord, Ontario, Canada) and electrospray ioni-
zation (ESI) needle connected to an Aria LX4 series multi-
plexed HPLC system with Flux pumps (Cohesive
Technologies, Franklin, MA).

Echocardiogram

Doppler echocardiography was performed as previously
described in this cohort.'? Right ventricular function was
assessed via measurement of RV fractional areca change
(RVFAC), myocardial performance index of the RV, tricus-
pid annular plane systolic excursion (TAPSE), tissue
Doppler-derived systolic velocity of the lateral tricuspid
annulus, and longitudinal strain by two-dimensional speckle
tracking technique. The calculation of RVFAC was based
on the following formula: RVFAC (%) =(RV end-diastolic
area — RV end-systolic area)/RV end-diastolic area x 100.

Two Dimensional (2D) Speckle —Tracking
Echocardiography (STE) was used for the evaluation of
myocardial function.’*?* Strain values were determined
for each segment (segmental strain) globally and regionally.
Average RV peak global longitudinal strain or global strain,
which refers to the average longitudinal strain value of all
six segments of the myocardium, was assessed as a measure
of right ventricular function over time of the study.

FDG-PET to determine cardiac glucose metabolism

Cardiac FDG-PET scans were conducted on fasting indi-
viduals with PH at baseline. All individuals fasted 8 h prior
to and during the study; they were then injected with
370 MBq (10 mCi) FDG, and the scan was performed
1.5 h post-injection. Finger stick blood sugar was measured
to assure fasting state (blood sugar <120 mg/dl). Data were
acquired and analyzed as described in the previous report of
this population.'*!?

Analysis

Quantitative characteristics of the study population have
been previously reported using mean and standard devia-
tion, while categorical characteristics described using

number and percent.”> Standard statistical analyses were
performed in ArrayStudio on log transformed data. For
those analyses not standard in ArrayStudio, the programs
R (http://cran.r-project.org/) or JMP (JMP Pro, version
15.2, SAS Institute) were used. Log-ranked analysis was
performed for transplant-free survival analysis between
the 2 FDG RV/LV uptake (high and low) groups over the
five years follow-up with BH correction.”® The survival
analysis was performed using the Survival and Survminer
packages in R v4.1.0 (https://www.r-project.org).

The observed relative concentration of each biochemical
was log transformed and imputed with minimum observed
values for that compound.'* A Welch two-sample t-test was
used to identify biochemicals that differed significantly
between PH subjects and healthy controls. A probability
of 0.05 was used as evidence of statistically significant dif-
ference in the population means. An estimate of the false
discovery rate (q value) was calculated to take into account
the multiple comparisons. Principal components analysis
was used for the unsupervised analyses of metabolites to
determine “separation” of PH and healthy controls.
Pathway enrichment was performed to identify pathways
that are significantly different between PH and controls
(Metabolon Inc®. proprietary software, Metabolync®).
A pathway enrichment value greater than one indicates
that the pathway contains more compounds relative to the
study overall, suggesting that the pathway may be a target
of interest for pathobiology of PH (Enrichment: [no. of sig-
nificant metabolites in pathway (k)/total no. of detected
metabolites in pathway (m)]/(total no. of significant metab-
olites (n)/total no. of detected metabolites (N)) (k/m)/(n/N).
T-distributed stochastic neighbor embedding (tSNE) analy-
sis was performed by tsne v0.1-3 package in R 4.0.3
platform.

To build a comprehensive human protein—protein inter-
actome (PPI), we assembled data from 18 common data-
bases with five types of experimental evidences: (1) binary
PPIs tested by high-throughput yeast-two-hybrid (Y2H)
systems®’ 2% (2) kinase-substrate interactions by literature-
derived low-throughput and high-throughput experiments
from PhosphoNetworks,*® KinomeNetworkX,?' Human
Protein Resource Database (HPRD),*> PhosphositePlus,*
DbPTM 3.0,* and Phospho ELM?>; (3) carefully literature-
curated PPIs identified by affinity purification followed by
mass spectrometry (AP-MS), Y2H and by literature-derived
low-throughput experiments, and protein three-dimensional
structures from BioGRID,*® PINA,*’ Instruc,*® MINT.,*
IntAct,** and InnateDB;*' (4) signaling network by
literature-derived low-throughput experiments as annotated
in SignaLink2.0;** and (5) protein complexes data (56,000
candidate interactions) identified by a robust affinity
purification-mass spectrometry methodology were collected
from BioPlex V2.** The genes were mapped to their Entrez
ID based on the NCBI database as well as their official gene
symbols based on GeneCards (http://www.genecards.org/).
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Duplicated pairs were removed. Hence, inferred data, such
as evolutionary analysis, gene expression data, and meta-
bolic associations, were excluded. The resulting updated
human interactome used in this study includes 351,444
PPIs connecting 17,706 unique proteins. The details are pro-
vided in our recent studies.***

To build a comprehensive metabolite-enzyme network,
we assembled data from three commonly used metabolism
databases: Kyoto Encyclopedia of Genes and Genomes
(KEGG),* Recon3D,* and human metabolic atlas.*” We
then mapped the differentially expressed proteins (enzymes)
and significant metabolites into the metabolite-enzyme
network to identify the dysregulated metabolism pathways
in PAH.

To perform integrative network analyses, we used a PH
dataset from GEO database (GSE113439).*® In the original
study, 26 explanted lungs collected from 15 PH patients and
11 healthy controls underwent microarray analysis
(Affymetrix).*® The microarray expression profiles from
these samples were characterized, and the fold change
(FC) and adjusted p-value (FDR) were calculated by
limma and GEO2R package. We used the transcriptome
data with metabolome for integrative analyses of PH
pathways.

Results

Participants

Thirty subjects with PH and 12 healthy controls were
enrolled in this study. The study population was described
in a prior report.'? Historical hemodynamics showed mean
pulmonary arterial pressure (mPAP) of 49 4+ 14, pulmonary
vascular resistance (PVR) of 8.2 +4.7, wedge pressure of
10.2 £ 3.5, and thermodilution CO of 5.6+ 1.6. We have
previously shown that right ventricular (RV) glucose
uptake is higher in PH compared to controls and correlates
with echocardiographic measures of RV function and NT-
pro BNP'>!? but not with six-minute walk distance. These
associations persisted at the six-month follow-up visit with
RV glucose uptake correlating with RV function and NT-
pro BNP (RVSP (mmHg): R=0.5, p=0.002; RV strain
(%): R=0.7, p<0.0001; RV FAC (%): R=-04,
p=0.03; NT-pro BNP (pg/ml): R=0.6, p=0.0003).
However, a significant heterogeneity of RV glucose
uptake among PH participants was noticed. Hence, PH
patients were dichotomized to a high or low RV glucose
uptake phenotype based on the median RV/LV FDG
uptake of 0.8 (Fig. 1). The high RV glucose uptake group
had a more severe disease phenotype, with higher RVSP,
right atrial (RA) pressure, endothelin-1 levels, and worse
RV function as measured by RV strain and RV fraction
area contraction (FAC) (Table 1) (Fig. 1). At the six-
month follow-up visit, the high RV glucose uptake group
had higher RVSP compared to the low RV glucose uptake
group: (RVSP (mmHg): low RV glucose uptake PH group

47+ 18, high RV glucose uptake PH group 72+27,
p=0.01). Sixteen patients had echocardiograms at five
years follow-up and there was no significant difference in
RVSP between the two groups (RVSP (mmHg): low RV
glucose uptake PH group 63 + 18, high RV glucose uptake
PH group 78 4+ 33, p=0.3). Although there were no signif-
icant changes in RVSP in either group from baseline to five-
year follow-up, the high RV glucose uptake phenotype
tended to associate with worse clinical outcome as measured
by death or transplant on follow-up over five years with five
patients (33% of patients) getting transplanted or dying in
the high RV glucose uptake group compared to one patient
(7%) in the low RV glucose uptake group (log-ranked
p=0.07) (Figs. 2 and 3).

Metabolic profiling of the high and low RV glucose uptake
PH subgroups

To identify the metabolomic endophenotype of the high RV
glucose uptake PH group to help detect novel biomarkers
and enhance our understanding of disease pathophysiology,
we compared targeted and non-targeted metabolomics
among the high and low RV glucose uptake PH groups
and healthy controls. A total of 1,957 biochemicals, 1,583
compounds of known identity (named biochemicals) and
374 compounds of unknown structural identity (unnamed
biochemicals) were measured. As previously reported by
our group, there were significant differences between PH
and controls.” When comparing high and low RV glucose
uptake PH groups to healthy controls, 119 metabolites were
significantly different in the high RV glucose uptake PH
group compared to healthy controls (Fig. 3). Most bio-
chemicals were involved in the TCA cycle and amino acid
metabolism, mainly glutamate, aspartate, tryptophan,
and tyrosine and arginine/urea cycle as well as
nucleotide metabolism (Supplementary Table 1). We used
t-distributed stochastic neighbor embedding (t-SNE) to
visualize the individual participants from the different sub-
groups based on the 119 differential metabolites found in
the high RV glucose uptake PH group. Participants were
separated into 3 subgroups based on the 119 specific
metabolites (Fig. 4). Pathway enrichment analysis revealed
significant differences in the high RV glucose uptake group
compared to healthy controls not seen in the low RV glu-
cose uptake group (Fig. 4). The differentially expressed
metabolites in the high RV glucose uptake group were
significantly enriched in four main metabolic pathways
(FDR < 0.05): fructose catabolism (adenosine
S5-diphosphate (ADP), fructose, glycerate), ketone bodies
synthesis and metabolism (adenosine 5-monophosphate
(AMP), 3-hydroxybutyrate (BHBA)), TCA cycle (ADP,
malate, citrate, isocitrate), and eNOS activation (ADP,
arginine, heme) (Fig. 4).

Targeted metabolomics confirmed the findings from
non-targeted analysis and revealed significant differences
in the urea cycle/arginine-nitric oxide pathway. The high
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Fig. 1. Right ventricle (RV) 2-[18F]fluoro-2-deoxy-D-glucose (FDG) positron emission tomography (PET) uptake identifies a PH phenotype with
worse RV function. RV FDG uptake on PET imaging is heterogeneous among PH patients with higher RV FDG uptake associated with a clinical PH
phenotype of worse RV function and more severe disease. (a) Cardiac FDG PET scan contrasting RV glucose uptake in two PH subjects (high and
low RV glucose uptake). Each panel depicts the CT scan image with its corresponding PET scan image. Lower panel shows increased RV glucose
uptake in PH compared to normal RV glucose uptake levels in upper panel. White arrow pointing at RV. (b) There are significant differences in
clinical parameters of disease severity and RV function among healthy controls and PH patients with low and high RV glucose uptake. The data are
represented as a boxplot where the middle line is the median, the lower and upper edges of the box are the first and third quartiles, the whiskers
represent the interquartile range (IQR) x1.5. Each dot denotes individual observations. Two-tailed t-test was used to evaluate significant
difference at p < 0.05. HC: healthy controls; High: high RV glucose uptake PH group; Low: low RV glucose uptake PH group.

RV glucose uptake group had significantly lower arginine
and citrulline levels compared to the healthy controls (argi-
nine (uM): controls 91 £ 35, high RV glucose uptake PH
group 58 £ 17, t-test, p=10.004 and citrulline (uM): controls
4149, high RV glucose uptake PH group 34 +6, t-test,
p=0.018) (Fig. 4). Arginine methylation products have dif-
ferent functions, one of which is inhibition of nitic oxide

synthetase. There are different methylation products:
mono-methylated (MMA), symmetric demethylated
(SDMA), and asymmetric demethylated (ADMA).

ADMA was increased in both PH groups compared to con-
trols (ADMA (uM): controls 0.41 £0.04, low RV glucose

PH uptake group 0.49 +0.09, high RV glucose uptake PH
group 0.51 £0.08, ANOVA p=0.005) (Fig. 4). Global argi-
nine bioavailability ratio (GABR, defined as arginine/[orni-
thine + citrulline]) was lowest in the high glucose uptake
group (GABR: controls 1.0 +0.3, low RV glucose uptake
PH group 0.9+0.4, high RV glucose uptake PH group
0.7+£0.3, p=0.05). As shown previously, arginine and
GABR correlated with RV glycolysis (Arginine: R =-0.4,
p=0.01 and GABR: R=-0.4, p=0.02).

In addition, non-targeted metabolomics showed signifi-
cant changes in amino acids between the high and low glu-
cose uptake PH groups. There were significant changes in
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Table 1. Clinical phenotype of high and low RV glucose uptake PH groups.

Low RV glucose

High RV glucose

uptake group uptake group p-value
N=15 N=15
Age (years) 46+ 11 43+13 0.5
Race 0.4
Caucasian, n (%) 12 (80%) Il (73.33%)
African American, n (%) 2 (13.33%) 2 (26.67%)
Asian, n (%) | (6.67%) 0
Gender 0.2
Female, n (%) 12 (80%) 9 (60%)
Male, n (%) 3 (20%) 6 (40%)
Height (cm) 166+ 11 168 +8 0.6
Weight (kg) 79+ 18 86+ 21 0.3
Temperature (F) 97.1+£0.7 97.5+0.7 0.1
Classification of pulmonary hypertension 0.4
Pulmonary arterial hypertension, n (%)
Idiopathic 4 (26.67%) 5 (33.33%)
Heritable 4 (26.67%) 8 (53.33%)
Associated 4 (26.67%) | (6.67%)
Pulmonary hypertension due to lung diseases and/or hypoxia, n (%) 2 (13.33%) 0
Chronic thromboembolic pulmonary hypertension, n (%) | (6.67%) | (6.67%)
Pulse (beats/min) 79+7 80+8 0.8
O, Saturation (% of Hgb) 96 +3 96 +3 0.9
Echocardiogram
LA area (cm?) 17+3 18+4 0.9
LV end diastolic diameter (cm) 48+0.5 4.1+£0.7 0.007
LV end systolic diameter (cm) 3.0+0.7 23405 0.007
LVEF (%) 568 62+7 0.05
RA area (cm?) 174 24+7 0.006
RA pressure (mmHg) 57+£18 8.0+4.9 0.1
RV end diastolic area (cm?) 25+6 34+9 0.005
RV end systolic area (cm?) 17£5 268 0.004
RVSP (mmHg) 54+ 14 80+30 0.005
RV fractional area change (%) 33+9 25+ 10 0.04
LV stroke volume (ml) 67L16 58+ 18 0.2
LV cardiac output (I/min) 52+ 1.7 44+1.4 0.2
RV peak global longitudinal strain (%) —18£2 —14£5 0.02
LV peak global longitudinal strain (%) —18+3 —18+3 0.8
6 minute-walk distance (m) 471 + 134 451 =100 0.7
NT-proBNP (pg/ml) 123 £53 857+ 1703 0.1
WHO functional class (I/11/11l) 3/8/4 0/13/2 0.1

RV: right ventricle; LV: left ventricle; LA: left atrium; LVEF: left ventricle ejection fraction; RA: right atrium; RVSP: right ventricle systolic pressure; WHO: World
Health Organization; NT-proBNP: N-terminal pro—B-type natriuretic peptide; O,: oxygen, Hgb: hemoglobin.

glutamate metabolism, with increased levels of glutamate,
N-acetylglutamate,  4-hydroxyglutamate, and  beta-
citrylglutamate in the high RV glucose uptake group com-
pared to controls (FDR p < 0.05) and a reduction in gluta-
mine and S-1-pyrroline-5-carboxylate (FDR p <0.05).
Glutamate and beta-citrylglutamate were increased in
the low RV glucose uptake PH group compared to controls
(FDR p<0.05). Targeted metabolomics analysis
confirmed the increase in glutamate in PH (Glutamate
(uM): controls 39 £+ 13, low RV glucose uptake PH group
63+28, high RV glucose uptake PH group 68+ 35,
p=0.03) (Fig. 4).

An integrative network analysis reveals existing and novel
metabolic pathways in PH

To investigate the molecular mechanism of metabolic phe-
notypes of PH, we performed an integrative network anal-
ysis  for metabolomics and previously published
transcriptomic®® and proteomic datasets’ in PH patients
compared to healthy controls. We found that 26 specific
metabolites in the high RV glucose uptake group were reg-
ulated by 162 enzymes in metabolite-enzyme networks, and
86 enzyme-coding genes were differentially expressed in the
lungs of PH patients compared to healthy controls
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Fig. 2. Kaplan-Meier transplant-free survival curve of PH patients
with high and low RV FDG PET uptake. Log-ranked analysis was per-
formed to assess transplant-free survival between the two FDG RV/LV
uptake (high and low) groups over five-year follow-up. Patients were
followed over five years from date of enrollment in the parent study
with only one patient lost for follow-up. All other subjects had a
known status at follow-up. Events were defined as death or
transplantation.

(GSE113439).* Using gene pathway enrichment analysis,
we found that 86 differentially expressed enzyme-coding
genes were significantly enriched in the TCA cycle as well
as the arginine and proline pathways, mechanistically sup-
porting the metabolic phenotype (Supplementary Fig. 2).
Furthermore, 321 neighbors of the 86 differentially
expressed enzyme-coding genes in the human interactome
were enriched in the arginine biosynthesis pathway, the
TCA cycle, HIF-1, and apelin signaling pathways. The net-
work of the 26 metabolites specific to the high glucose
uptake phenotype with their enzymes and their neighbor-
hood are shown in Fig. 5. We found that arginine was
highly connected to nitric oxide synthetase 3 (NOS3) and
AKTI1 which are significantly lower at RNA and protein
levels in PH.** Low glutamine level and high glutaminase
(GLS) are found in PH and may be associated with accu-
mulation of glutamate in the mitochondria, which would
feed the TCA cycle (Fig. 6).

Discussion

This study identifies a unique metabolic signature that is
associated with more severe disease and worse clinical out-
comes in a subgroup of PH patients. The median RV/LV
cut-off of 0.8 separated the PH patients into high and low
RV glucose uptake and tended to associate with poorer out-
comes (33% death or transplantation in the high glucose
RV uptake group compared to 7% in the low RV glucose
uptake group at five years follow-up, log-ranked p=0.07).
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Fig. 3. Heatmap illustrating the metabolic landscape in PH based on
RV glucose uptake. In total, |19 differential metabolites that are sig-
nificantly different in high RV glucose uptake PH group compared to
healthy control group are displayed in the heatmap. The rows on top
of heatmap show the individual subjects grouped by disease pheno-
types, including health controls, low versus high RV glucose uptake PH
group. There were no differences in age and gender distribution
among the three groups. Clinical outcome (bottom row) defined as
death or transplantation at 5 years follow up is shown outlining worse
outcome in the high RV glucose uptake PH group. The gradient color
bar from blue to red shows the log2 fold change (FC) of the differential
metabolites in healthy control compared to low or high RV glucose PH
patients (blue for lower levels and red for higher levels of the different
metabolites compared to levels in healthy controls). Highlighted on the
side of the heatmap are specific metabolites of the urea cycle arginine-
nitric oxide pathway and the amino acids glutamine and glutamate that
were confirmed by targeted measurements as shown in Fig. 4. HC:
healthy controls; High: high RV glucose uptake PH group; Low: low RV
glucose uptake PH group.

This metabolic signature is characterized by high RV glu-
cose uptake by FDG-PET imaging and alterations in circu-
lating metabolites particularly in fructose catabolism,
ketone bodies synthesis and metabolism, TCA cycle, and
eNOS activation. While previous studies have shown signif-
icant metabolic alterations in PH, our findings highlight the
metabolomic heterogeneity among PH patients and identify
a signature that may be associated with worse outcome.
In response to the increased pulmonary pressure, the RV
remodels with changes in structure and shape as well as
undergoes cellular changes with cardiomyocyte hypertrophy
and reactivation of a fetal program of gene expression. This
is similar to what is described in the left ventricle (LV) in left
heart failure. While initially it is compensatory, over time
remodeling becomes maladaptive and contributes to the
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Fig. 4. Metabolic signature of PH endophenotype associated with worse clinical outcome. (a) A tSNE plot shows patient stratification of high RV
glucose uptake PH and low RV glucose PH subjects and healthy controls, using 119 differential metabolites identified in Fig. 3. Worse outcomes
noted in the high RV glucose uptake group. (b) Metabolic pathway enrichment analysis for the differential metabolites in the PH group including all
30 PH subjects and in low and high RV glucose groups compared to healthy controls. The high RV glucose uptake phenotype has a specific
metabolic signature with significant differences in the TCA cycle and nitric oxide pathway as well as fructose catabolism and ketones metabolism.
FDR: false discovery rate (adjusted p-values) during metabolic pathway enrichment analysis. Coverage denote the proportion of overlap between
the identified differential metabolites and the known metabolites in a specific metabolic pathway. (c) Targeted measurements validate findings
from non-targeted analysis with significant changes in arginine, citrulline, glutamate and ADMA levels in the high RV uptake PH group compared
to healthy controls. Two-tailed t-test was used to evaluate significant difference at p < 0.05. The data are represented as a boxplot with a
underlaid violin plot where the middle line is the median, the lower and upper edges of the box are the first and third quartiles, the whiskers
represent the interquartile range (IQR) x1.5. HC: healthy controls; High: high RV glucose uptake PH group; Low: low RV glucose uptake PH

group.

energy deficit of the failing heart. In both LV and RV fail-
ure, mitochondrial and metabolic abnormalities have been
described with a metabolic switch from fatty acid oxidation
to glycolytic carbohydrate metabolism.* With the switch to
aerobic glycolysis, fewer ATP molecules/glucose molecule
are produced but more ATP per mole of oxygen compared
to fatty acid metabolism. This leads to a metabolic vicious
circle that exacerbate cardiac dysfunction, failure, and
death. To offset the increased glycolysis, glucose uptake is
accelerated and can be assessed by PET. Cardiac PET scans
are mainly used in left-sided disease to assess myocardial
perfusion and viability. In one study looking at PET scans
in heart failure with low ejection fraction, RV glucose
uptake was found to correlate with RV pressure overload
and to have significant prognostic value.® In PAH, RV
glucose uptake has been shown to correlate with RV func-
tion and pressure overload.'*>" >3 Here we show a cutoff of
RV/LV FDG PET that may be associated with worse

clinical outcomes with increased transplant and death in
the PH group with higher RV glucose uptake. When look-
ing at noninvasive clinical markers of disease severity in our
cohort, there were no differences in NT-pro BNP, six-
minute walk distance, or WHO functional class between
the high and low RV glucose uptake groups, suggesting
that RV glucose uptake is an important predictor of out-
come in PH, especially in patients on pulmonary vasodilator
therapy. This is a small cohort of patients, and larger studies
are needed to confirm the association between RV FDG
PET uptake and patients’ outcomes.

The metabolic endophenotype associated with the elevat-
ed RV glucose uptake showed dysregulation of the
arginine-nitric oxide pathway. We and others have shown
abnormalities in mitochondrial arginine metabolism in PH
with decreased NO production, inactivation of eNOS,
decreased arginine availability, and increased arginase 2
activity.® Here, we show a difference in arginine metabolism
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Fig. 5. An integrative human protein-protein interactome network analysis of metabolomics and proteomics profiling data revealing novel
metabolic endophenotypes in PH patients. A protein-protein-metabolite network highlighting existing and novel metabolic pathways for high RV
glucose PH. In total, 26 differential metabolites with well-known metabolic enzymes for high RV glucose PH patients were shown. The colored
shadow shows the significant metabolic pathways (Supplementary Fig. 2B) enriched by differentially expressed enzyme-coding genes using
microarray analysis (Affymetrix) of explanted lungs collected from 15 PH patients and | | healthy controls (GEO ID: GSE| 13439, see Methods)*®
and their neighbors in the human protein-protein interactome network. The red directed edges denote the physical metabolite-enzyme
interactions. Gray edges denote physical protein-protein interactions (PPls). Up and Down show up-regulation and down-regulation during
differential expression analysis.
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Fig. 6. Elevated RV glucose uptake identifies a PH endophenotype with unique alterations in cellular metabolism. Integrative network analysis
incorporates non-targeted metabolomics and known physical metabolite-enzyme network data (using databases: Kyoto Encyclopedia of Genes
and Genomes (KEGG), Recon3D, and Human Metabolic Reaction 2 (HMR2), see Methods). Glutamate and arginine play a key role in high RV
glucose uptake PH phenotype. TCA is important for energy and is also an important source of substrates to synthesize amino acids, proteins, and
DNA. It is closely related to the urea cycle and glutamine metabolism. Conversion of glutamine to glutamate is a source of amino acid substrate
to enter TCA in proliferative/glycolytic cells. Ornithine produced by ARG2 is another key pathway to provide a steady source of glutamate to
enter TCA via a-ketoglutarate («KG). These changes in metabolism with decreased arginine bioavailability reflect the bioenergetic and bio-
synthetic demands of highly proliferative cell growth. Targeting these metabolic pathways offer appealing therapeutic options in PH that need to
be further evaluated. Red denotes elevated metabolites, green decreased metabolites with p < 0.05. Shaded ellipses mark enzymes in the
pathway. GLS: glutaminase; eNOS: endothelial nitric oxide synthetase; ARG2: arginase 2. ALDHI8AI.
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between two PH phenotypes highlighting disease heteroge-
neity with a more profound dysregulation in the high RV
glucose uptake phenotype. In fact, lower arginine bioavai-
lablility and decreased citrulline and nitric oxide production
identify a metabolic PH phenotype associated with
increased RV glycolysis, worse RV function, and poor out-
come. These changes are associated with increased gluta-
mate. Put together, the alterations in arginine metabolism
in the high RV glucose uptake group contribute to increased
pulmonary vasoconstriction through decreased NO and
provide substrates for the TCA cycle to fuel the hyperpro-
liferative pulmonary endothelial cells. It is unclear whether
the differences in metabolism among the two PH pheno-
types reflect different stages in disease progression or differ-
ences in metabolic pathobiological pathways. In addition,
our findings share similarities to what has been described in
left heart failure literature where studies showed a diverse
array of metabolic alterations.” Cheng et al. identified a
metabolite panel in left heart failure that has a diagnostic
value similar to B-type natriuretic peptide and a prognostic
value better than traditional biomarkers.”> Whether the
identified metabolic signature is specific to PH or reflect
progressive heart failure, left or right sided will need to be
further elucidated. Nonetheless, findings support that PH is
a heterogencous disease and emphasize the need for better
biomarkers to improve diagnosis and enhance prognostica-
tion, and a multi-omics approach to direct PH therapy.

We further performed an integrative human protein—
protein interactome network analysis of metabolomics,
transcriptomics, and proteomics data to investigate under-
lying metabolic pathobiological pathways in PH associated
with high RV glycolysis. We identified metabolic enzyme-
encoding genes related to a high RV glycolysis phenotype
that were highly enriched in the arginine biosynthesis path-
way, TCA cycle, and HIF-1« and apelin signaling pathways.
Transcriptomics showing decreased NOS3 and AKT1 and
increased GLS support proteomics and metabolomics find-
ings in PH of nitric oxide and arginine pathways downre-
gulation and altered glutamate metabolism. Apelin
signaling has been shown to be altered in PH with lower
plasma levels and decreased expression in the PH lungs.
Apelin signaling modulates vascular tone causing vasodila-
tion through eNOS activation and NO signaling and
increases cardiac contractility. In addition, apelin signaling
is regulated by hypoxia. Here, we found both HIF-lua
and apelin pathways significantly enriched in the high RV
glucose uptake PH group>® >? with increased hexokinase II
and AKTI.

Circulating metabolites reflect the metabolic changes in
the pulmonary vasculature (PV) and RV in PH as previous-
ly shown.> 7? The roles of these metabolites as potential
biomarkers of RV-PV dysfunction and to guide therapy
need further appraisal. This study has limitations. The anal-
ysis was done post hoc after discovering the two PH meta-
bolic phenotypes based on RV FDG PET uptake and the

sample size is relatively small (N =30). This could explain
the lack of statistical significance in transplant-free survival
between the two groups. Similarly, some alterations in
metabolites may have not been detected because of the
small sample size. In addition, potential literature bias of
the human interactome and database-curated metabolite-
enzyme association network may influence our network-
based findings. Further validation of significant metabolites
using large-scale independent PH cohorts is warranted as
well as functional confirmation of network-predicted
metabolites and enzymes in several identified key metabolic
pathways using human cells or animal models. Although
data from this small cohort cannot differentiate whether
this metabolic PH phenotype represent patients at a more
advanced stage in their disease or inherent metabolic hetero-
geneity among PH patients, the findings point to a unique
metabolic PH phenotype and support the concept that met-
abolic therapeutic approaches should be studied in PH.
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