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ORIGINAL RESEARCH

Trans-right ventricle and transpulmonary metabolite
gradients in human pulmonary arterial hypertension

Philippe Chouvarine @ ," Martin Giera
Jerzy Adamski,>® Harald Bertram

ABSTRACT

Objective While metabolic dysfunction occurs in
several pulmonary arterial hypertension (PAH) animal
models, its role in the human hypertensive right ventricle
(RV) and lung is not well characterised. We investigated
whether circulating metabolite concentrations differ
across the hypertensive RV and/or the pulmonary
circulation, and correlate with invasive haemodynamic/
echocardiographic variables in patients with PAH.
Methods Prospective EDTA blood collection during
cardiac catheterisation from the superior vena cava
(SVQ), pulmonary artery (PA) and ascending aorta (AAO)
in children with PAH (no shunt) and non-PAH controls
(Con), followed by unbiased screens of 427 metabolites
and 836 lipid species and fatty acids (FAs) in blood
plasma (Metabolon and Lipidyzer platforms). Metabolite
concentrations were correlated with echocardiographic
and invasive haemodynamic variables.

Results Metabolomics/lipidomics analysis of
differential concentrations (false discovery rate<0.15)
revealed several metabolite gradients in the trans-RV
(PA vs SVC) setting. Notably, dicarboxylic acids (eg,
octadecanedioate: fold change (FC)_Control=0.77,
FC_PAH=1.09, p value=0.044)and acylcarnitines (eg,
stearoylcarnitine: FC_Control=0.74, FC_PAH=1.21, p
value=0.058). Differentially requlated metabolites were
also found in the transpulmonary (AAQ vs PA) setting
and between-group comparisons, that is, in the SVC
(PAH-SVC vs Con-SVC), PA and AAOQ. Importantly, the
differential PAH-metabolite concentrations correlated
with numerous outcome-relevant variables (e.g., tricuspid
annular plane systolic excursion, pulmonary vascular
resistance).

Conclusions In PAH, trans-RV and transpulmonary
metabolite gradients exist and correlate with
haemodynamic determinants of clinical outcome. The
most pronounced differential trans-RV gradients are
known to be involved in lipid metabolism/lipotoxicity,
that is, accumulation of long chain FAs. The identified
accumulation of dicarboxylic acids and acylcarnitines
likely indicates impaired B-oxidation in the hypertensive
RV and represents emerging biomarkers and therapeutic
targets in PAH.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a
progressive, fatal disease characterised by obliter-
ation of pulmonary arterioles leading to a vicious
cycle of increased pulmonary arterial pressure
(PAP), pulmonary vascular resistance (PVR) and
right ventricular (RV) pressure overload. The
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sequelae are RV hypertrophy (RVH), dilation and
dysfunction, left ventricular (LV) compression/
underfilling, RV capillary rarefication, decreased
coronary perfusion (ischaemia, fibrosis) and ulti-
mately RV failure." The pathobiological processes
in PAH include altered gene expression, epigenetic
changes, metabolic dysfunction and inflammation
in the heart and pulmonary vasculature, but also
organs and tissues outside the chest.” *° To date,
no universally effective therapies are available, and
=25%-50% of PAH patients die within 5years
after diagnosis.’

Previous work by others attempted to address
possible transpulmonary biomarker gradients of
circulating cyclic guanosine monophosphate,’
peptides (endothelin-1® ° and B-type natriuretic
peptide’) and proteins (IL-6, Platelet-Derived
Growth Factor BB, Transforming Growth Factor
betal, Vascular Endothelial Growth Factor)'® in
PAH. However, despite its limitations, sole right
heart catheterisation is frequently performed at
PH centres, so that, most of the above studies used
either peripheral arterial blood'’ or even pulmo-
nary arterial wedge specimen’ ® ' as ‘post lung
samples’. Most of the very few previously identi-
fied molecules with ‘differential transpulmonary
concentrations’ were not associated with prog-
nostic haemodynamic variables in these studies.” '
Although RV size and function are the major deter-
minants of clinical outcome in PAH' and heart
failure with preserved ejection fraction,'* trans-RV
biomarker gradients have not been studied at all in
children or adults with PAH, or any other cardio-
vascular disease (CVD), so far.

A few studies identified venous metabolites as
potential biomarkers for PAH" '* or CVD-related
mortality.” Circulating metabolites, particularly
fatty acids (FAs), have been shown to reflect cardiac
metabolic defects, and deteriorating ventricular
function in left heart failure in mice.'® However,
to our knowledge, no unbiased screens of trans-RV
or transpulmonary metabolite gradients have been
pursued in human cardiovascular disease so far. We
hypothesised there is differential release or uptake
of certain metabolites across both the hypertensive
RV and lung, in the circulation of PAH versus non-
PAH patients. We further hypothesised that such
metabolic alterations are most likely due to high
RV pressure afterload, pulmonary arterial shear
stress (high PVR), RV-PA uncoupling/decreased
RV efficiency, or other pathophysiological changes
characteristic for PAH, and thus correlate with
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Table 1 Characteristics of control subjects and PAH patients studied

Control (non-PAH) PAH

(n=8) (n=8) P value
Demographics
Age, years (mean, 6.4 (0.4-17) 7.9 (0.6-18) n.s. (0.5627)
range)
Male sex, n (%) 4 (50) 3(38)
Height (m) 113.5+16.0 118.9+15.6 n.s. (0.7209)
Weight (kg) 24.1+6.3 29.1+8.2 n.s. (0.9163)
BSA (m?) 0.86+0.18 0.95+0.20 n.s. (0.8330)
Disease subtypes (n) Mild to moderate  IPAH (3), PAH (2)

LVOTO (6), PAH-repaired CHD

mediastinal (2), portopulmonary

teratoma (1), portal PH (1)
vein stenosis (1)

Key haemodynamics
Cardiac catheterisation

SPAP (mm Hg) 23.4+2.5 68.8+11.4 0.0024
mPAP (mm Hg) 17.3+2.2 60.4+8.9 0.0009
dPAP (mm Hg) 12.3+2.1 38.4+5.3 0.0052
mPAP/mSAP 0.28+0.03 0.82+0.12 0.0003
mTPG (mm Hg) 6.4+1.1 51.5+9.2 0.0014
dTPG (mm Hg) 1.6+0.6 35.5+8.0 0.0033

PVRi (WU-m?) 1.69+0.30 16.3+3.6 0.0003
PVR/SVR 0.11+0.02 0.82+0.14 0.0012

Qpi 4.08+0.36 3.64+0.52 n.s. (0.5054)
Qsi 4.46+0.42 3.78+0.60 n.s.(0.3823)
Qp/Qs 0.92+0.04 0.99+0.04 n.s. (0.3823)
mRAP (mm Hg) 5.5+0.6 6.6+1.2 n.s. (0.1605)
Echocardiography

RVAWD (cm) 0.34+0.03 0.72+0.09 0.0022
RVEDD (cm) 1.26+0.21 2.27+0.38 n.s. (0.1098)
TAPSE (cm) 1.95+0.09 1.62+0.12 n.s. (0.1111)
LVEF (%) 74.7£2.2 67.7+3.6 n.s. (0.1419)

Values are presented as mean+SEM. A Mann-Whitney U test was applied. P<0.05
was considered significant. All PAH patients with repaired CHD (PAH-CHD) had
the repair >12 months prior to cardiac catheterisation. Two of the PAH patients
had trisomy 21 (all with PAH-repaired CHD; patient ID #7 and #8 in online
supplementary table S1).

BSA, body surface area; CHD, congenital heart disease; dPAP, diastolic pulmonary
arterial pressure; dTPG, diastolic transpulmonary pressure gradient; IPAH, idiopathic
PAH; LVEF, left ventricular ejection fraction; LVOTO, left ventricular outflow tract
obstruction; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial
pressure; mSAP, mean systemic arterial pressure; mTPG, mean transpulmonary
pressure gradient; PAH, pulmonary arterial hypertension; PFO, patent foramen
ovale; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; PVRi, PVR
index; Qp, pulmonary blood flow; Qpi, pulmonary flow index; Qs, systemic blood
flow; Qsi, systemic flow index; RVAWD, right ventricular anterior wall diameter;
RVEDD, right ventricular end-diastolic diameter; sPAP, systolic pulmonary arterial
pressure; SVR, systemic vascular resistance; TAPSE, tricuspid annular plane systolic
excursion; WU, Wood units.

clinically relevant variables obtained by cardiac catheterisation
and echocardiography.

METHODS

Study population and study design

This was a prospective study enrolling consecutively eight PAH
patients and eight non-PAH control subjects, all strictly meeting
entry criteria, from August 2013 to July 2015. Paediatric PAH
was defined as per 2015/2016 international guidelines.!* Non-
PAH control patients had mild to moderate LV outflow tract
obstruction (n=6), benign mediastinal teratoma (n=1), or portal
vein stenosis (n=1), see table 1 and online supplementary table

Pulmonary vascular disease

N6-acetyllysine 1 PAH, | Con
2-palmitoyl-GPC (16:0) |PAH, 1 Con
N-acetylcarnosine |PAH, < Con
Azelate (nonanedioate) |PAH, 1 Con
PC(18:0/20:5) \ PAH, 1 Con

PC(FA 20:5) |PAH, 1 Con

SVC

Trans-PC

PA

Trans-RV

—OXi i 1-palmitoyl-GPE (16:0) 1 PAH, | Con
w-oxidation T 1-oleoyl-GPE (18:1) 1 PAH, | Con
PAH Octadecanedioate / PAH, | Con
B-oxidation l« Stearoylcarnitine 1 PAH, | Con
Figure 1 Catheter positions during cardiac catheterisation used in

this study. Selected metabolites in the trans-RV and transpulmonary
gradients and the direction of their change are shown. The changes in
octadecanedioate suggest disruption of peroxisomal 3-oxidation and a
compensatory shift to w-oxidation of fatty acids in the hypertensive RV
of PAH patients. Accumulation of stearoylcarnitine in PAH RV indicates
incomplete mitochondrial fatty acid oxidation. Accumulation of both
octadecanedioate and stearoylcarnitine contribute to lipotoxicity in
PAH. A more complete overview of the trans-RV metabolic changes
and their likely effects in PAH is presented in figure 6. AAQ, ascending
aorta; Con, control; GPE, glycerophosphoethanolamine; GPC,
glycerophosphocholine; PA, pulmonary artery (right or left); PAH,
pulmonary arterial hypertension; PC, phosphatidylcholine; RV, right
ventricle; SVC, superior vena cava; Trans-PC, transpulmonary circulation.

S1. We excluded subjects with any intracardiac or extracardiac
shunt, end-stage PAH, and/or any recent clinical instability or
infection. EDTA blood was collected nearly simultaneously at
three sites (superior vena cava (SVC); pulmonary artery (PA);
ascending aorta (AAO)). First, we used the Metabolon platform
to profile 427 metabolites. Subsequently, we performed lipid-
omics analysis (using the Lipidyzer platform) in a cohort of eight
PAH patients and nine controls (online supplementary tables S2
and S3), which largely overlapped with the subjects used for the
Metabolon study. The analysis included 836 lipid species and
their corresponding FAs; the latter are reported in the following
format throughout the text: Lipid (FA carbon atoms: unsaturated
double bonds). We maintained platform-specific abbreviations
for (glycero-)phosphatidyl and (glycero-)phosphoethanol-
amine lipids as PC and PE, respectively, for lipids identified by
Lipidyzer and GPC and GPE for lipids identified by Metabolon.

Materials and methods

A detailed description of the study design, sample collection,
methods and statistical analysis can be found in the online
supplement. See also figure 1.
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Trans-RV Gradients Metabolite Concentrations in Haemodynamic correlation
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Figure 2  Several metabolites have differential trans-RV (PA vs SVC) gradients in paediatric PAH (vs non-PAH control). Statistical test: Wald Xz
test (linear mixed effects models). Data filtration: Metabolites with a missing value in at least one of the three catheterisation sites were removed
from the gradient analysis. Outliers were removed using a recursive removal procedure for the outliers identified using Grubb's test as described in
the statistics section of the online supplement. (A) Step-up (FC=2.31) in PAH and step-down (FC=0.70) in controls for 1-palmitoyl-GPE (16:0) levels
(FDR-adjusted p value=0.0133); raw data (normalised ion counts) for 1-palmitoyl-GPE (16:0) levels in all three catheterisation sites; correlation

of 1-palmitoyl-GPE (16:0) levels with haemodynamics (TAPSE). (B) Step-up (FC=1.48) in PAH and step-down (FC=0.78) in controls for 1-oleoyl-
GPE (18:1) levels (FDR-adjusted p value=0.0767); raw data (normalised ion counts) for 1-oleoyl-GPE (18:1) levels in all three catheterisation sites;
correlation of 1-oleoyl-GPE (18:1) levels with haemodynamics (TAPSE). (C) No change (FC=1.09) in PAH and step-down (FC=0.77) in controls for
octadecanedioate levels (FDR-adjusted p value=0.0439); raw data (normalised ion counts) for octadecanedioate levels in all three catheterisation
sites; correlation of 11-oleoyl-GPE (18:1) levels with haemodynamics (TAPSE). (D) Step-up (FC=1.21) in PAH and step-down (FC=0.74) in controls
for stearoylcarnitine levels (FDR-adjusted p value=0.0582); raw data (normalised ion counts) for stearoylcarnitine levels in all three catheterisation
sites; correlation of stearoylcarnitine levels with haemodynamics (sPAP). AAQ, ascending aorta; Con, control; FC, fold change; FDR, false discovery rate
GPE, glycerophosphoethanolamine; PA, pulmonary artery; PAH, pulmonary arterial hypertension; RV, right ventricle; sPAP, systolic pulmonary arterial
pressure; SVC, superior vena cava; TAPSE, tricuspid annular plane systolic excursion.
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Figure 3  Several lipids have differential trans-RV (PA vs SVC) and
transpulmonary (AAO vs PA) gradients in paediatric PAH (vs non-PAH
control). Volcano plots (A and B) show pairs of lipids with statistically
significant fold change differences. Interestingly, all such lipids had

a step-up in PAH and a step-down in controls trans-RV (A), while the
fold change direction was reversed (PAH down, non-PAH controls up)
for the lipids with significantly different gradients transpulmonary
(B). Statistical test: Wald XZ test (linear mixed effects models). Data
filtration: see legend for figure 1. AAQ, ascending aorta; CE, cholesterol
ester; DAG, diacylglycerol; FA, fatty acid; FFA, free FA; FDR, false
discovery rate; FC, fold change; PAH, pulmonary arterial hypertension;
PC, phosphatidylcholine; RV, right ventricle; SVC, superior vena cava;
TAG, triacylglycerol; Trans-PC, transpulmonary circulation.

Ethics statement

All cardiac catheterisations were clinically indicated. Informed
consent for study participation was obtained from the legal
caregivers.

Patient and public involvement

It was not appropriate or possible to involve patients or the
public in the design, or conduct, or reporting, or dissemination
of our research.

RESULTS

Demographic and clinical characteristics

Demographic and clinical characteristics of subjects for the Metab-
olon study are shown in table 1. The same information for the
Lipidyzer (lipidomics) study is shown in online supplementary
table S2. Detailed information on each individual in the study
including age, weight, body surface area (BSA), WHO functional

class, and medication is provided in online supplementary table S1.
PAH and non-PAH study groups were well-matched with respect
to age, gender, height, weight and BSA (table 1).

Phenotype discrimination in metabolite profiles of each
experimental setting (principal component analysis)

To assess the impact of metabolite variability on pheno-
type discrimination in each experimental setting (trans-RV
and transpulmonary) and per individual catheterisation sites
(SVC, PA, AAO) we performed principal component analysis
as described in the online supplement. The results indicate
adequate phenotype separation in each setting (online supple-
mentary figures S1 and S3), which was better for the trans-RV
than the transpulmonary fold changes.

Differential trans-RV gradients (PAH vs control) are
dominated by ‘lipid metabolites’ and correlate with invasive
haemodynamic and echocardiographic variables

We identified 12 metabolites with significantly different
trans-RV (PA vs SVC) plasma concentration gradients (PAH vs
control; false discovery rate (FDR)<0.15). Four of these metab-
olites with the most pronounced differential gradients and prob-
able biological relevance are shown in figures 1 and 2. These
are glycerophosphoethanolamines (GPE) (1-palmitoyl-GPE
(16:0) and 1-oleoyl-GPE (18:1)), a dicarboxylic acid (octadec-
anedioate) and an acylcarnitine (stearoylcarnitine), all of which
are involved in lipid and phospholipid metabolism. All four of
the above metabolites showed a step-up from SVC to PA in PAH
patients, and/or the levels dropped from SVC to PA in controls
only (step-down in controls; figure 1).

Comparison of the trans-RV log2 fold changes (for the four
metabolites presented in figure 2) with key haemodynamic and
echographical variables (defined in table 1) revealed several
important correlations, the strongest of which are shown in
table 2 and online supplementary table S4, and include tricuspid
annular plane systolic excursion (TAPSE), right ventricular
anterior wall diameter (RVAWD), systolic pulmonary arterial
pressure (sPAP), mean pulmonary arterial pressure (mPAP),
PVR index (PVRi), etc. Overall, plasma levels of the afore-
mentioned four ‘lipid metabolites’ (1-palmitoyl-GPE (16:0),
1-oleoyl-GPE (18:1), octadecanedioate, stearoylcarnitine), posi-
tively correlated with haemodynamic indicators of RV pressure
afterload and PVD severity (sPAP, mPAR, PVRi), and negatively
with systolic longitudinal RV function (TAPSE).

The lipidomics analysis of the trans-RV gradients revealed that
seven triacylglycerols (TAGs), one diacylglycerol (DAG(FA22:6))
and one cholesterol ester (CE20:2) had a step-up in PAH and a
step-down in controls (figure 3A). The carbon chain lengths of
their FA groups ranged between 14 and 20.

Differential transpulmonary gradients (PAH vs control) of
several circulating metabolites exist and correlate with
invasive haemodynamic and echocardiographic variables

We identified seven metabolites with significantly (FDR<0.15)
different levels (PAH vs control) across the pulmonary circula-
tion (AAO vs PA). The transpulmonary plasma concentration
gradients of four of these metabolites, that is, N6-acetyllysine
(step up in PAH), 2-palmitoyl-glycerophosphocholine (16:0)
(step down in PAH), N-acetylcarnosine (step down in PAH)
and azelate (nonanedioate) (step down in PAH) along with their
correlation to haemodynamic and echocardiographic variables
are shown in figure 4 (presented metabolites were selected based
on function and effect size). Further discussion of metabolite
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Transpulmonary Gradients Metabolite Concentrations in Haemodynamic correlation
SVC, PA, AAO
A N6-acetyllysine Né6-acetyllysine N6-acetyllysine

mean(AAO) / mean(PA): C: 0.71; PAH: 1.53

50 P
_ 1
1- ‘VEl 2.0 40
3 o -
— ° T3 32
E ] § 1.5- £ .) - ’/. Groups
0 ° E 2 B M con
g £ g 8 - B PAH
®1.0" = 2C q
£ s g ICE] B
- S —
z 0- BG4 . s r=0.78
0.5 ,-4cC 6 6C p =0.0027
PAvs. PA AAO vs. PA svc PA AAO - 0 1
log2(FC)
B 2-palmitoyl-GPC (16:0)* 2-palmitoyl-GPC (16:0)* 2-palmitoyl-GPC (16:0)*
mean(AAO) / mean(PA): C: 1.22; PAH: 0.83
12-
’\2
n 4 —
08" £ 20 N 4
~
_ S 1.0 S —
Q 04- §15° % s R 1 Groups
8 o 2 7/'“\ M con
&o0- 8 > - Soe M PAH
- S51.0- Qs 6 sk
g ~
£ 4C~_ 5C
0.4- 3 8/. Se \ r=-0.65
. T l S =0.0296
8C~ 6c— P=0.
' ' . . . 0.0- ' f ' '
PAvs. PA AAO vs. PA svC PA AAO -0.50 -0.25 0.00 0.25
log2(FC)
C N-acetylcarnosine N-acetylcarnosine N-acetylcarnosine

mean(AAO) / mean(PA): C: 1.05; PAH: 0.72
0.5-

y:
2 6C
i 20
315 >
~ 0.0 © I
8 H £ - Groups
g 3 £ -7 Mo
8 g10- S 5, e M PAH
0.5 g 10 -T2
£ .-
o =G / =
z o7 2 8C e r=0.75
0.5 5- -7 p = 0.0327
PAvs. PA AAO vs. PA sve PA AAO 05 0.0 0.5
log2(FC)
D Azelate (nonanedioate) Azelate (nonanedioate) Azelate (nonanedioate)
mean(AAO) / mean(PA): C: 1.22; PAH: 0.42
o
5- 4
2
E
i 50
0" 84 2
) s £ Se Groups
s S
& 53" E o M con
g 8 G125 O H PAH
= 3 g v >d,
- € 2" S § S
o ~
z. 0 ¥ rm0s

8C <. p=0.0814

PAvs. PA AAO vs. PA svc PA AAO 4 0

log2(FC)

Figure 4 Several metabolites have differential transpulmonary (AAO vs PA) gradients in paediatric PAH (vs non-PAH control). Statistical test: Wald
xz test (linear mixed effects models). Data filtration: see legend for figure 1. (A) Step-up (FC=1.53) in PAH and step-down (FC=0.71) in controls for
N6-acetyllysine levels (FDR-adjusted p value=0.0476); raw data (normalised ion counts) for N6-acetyllysine levels in all three catheterisation sites;
correlation of N6-acetyllysine levels with haemodynamics (dTPG). (B) Step-down (FC=0.83) in PAH and step-up (FC=1.22) in controls for 2-palmitoyl-
GPC (16:0) levels (FDR-adjusted p value=0.0184); raw data (normalised ion counts) for 2-palmitoyl-GPC (16:0) levels in all three catheterisation sites;
correlation of 2-palmitoyl-GPC (16:0) levels with haemodynamics (PVR/SVR). (C) Step-down (FC=0.72) in PAH and no change (FC=1.05) in controls
for N-acetylcarnosine levels (FDR-adjusted p value=0.0683); raw data (normalised ion counts) for N-acetylcarnosine levels in all three catheterisation
sites; correlation of N-acetylcarnosine levels with haemodynamics (PAWP). (D) Step-down (FC=0.42) in PAH and step-up (FC=1.22) in controls

for azelate (nonanedioate) levels (FDR-adjusted p value=0.0006); raw data (normalised ion counts) for azelate (nonanedioate) levels in all three
catheterisation sites; correlation of azelate (nonanedioate) levels with haemodynamics (dTPG). AAO, ascending aorta; Con, control; dTPG, diastolic
transpulmonary pressure gradient; FC, fold change; FDR, false discovery rate; GPC, glycerophosphocholine; PA, pulmonary artery; PAH, pulmonary
arterial hypertension; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance; SVC, superior
vena cava.
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Figure 5 Several metabolites have differential levels in paediatric PAH (vs non-PAH control) in SVC and PA. Mean+SEM statistical test: Mann-
Whitney U test with FDR correction for multiple testing. Significance levels: *p<0.15, **p<0.05 for FDR-adjusted p values. (A) Plasma levels of
heptanoate (7:0) in SVC (significant upregulation), PA and AAO. (B) Plasma levels of caproate (6:0) in SVC (significant upregulation), PA and AAO.

(C) Plasma levels of glycocholenate sulfate in SVC (significant upregulation), PA and AAO. (D) Plasma levels of 1-stearoyl-GPI (18:0) in SVC, PA
(significant upregulation) and AAO. (E) Plasma levels of N6-acetyllysine in SVC, PA (significant downregulation) and AAO. AAOQ, ascending aorta; Con,
control; FC, fold change; GPI, glycosylphosphatidylinositol; mPAP, mean pulmonary arterial pressure; mAAO, mean ascending aorta pressure; PA,
pulmonary artery; PAH, pulmonary arterial hypertension; PVRi, pulmonary vascular resistance index; RVAW, right ventricular anterior wall diameter;
RVEDD, right ventricular end-diastolic diameter; SVC, superior vena cava; WU, Wood units.
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Figure 6 Disruption of B-oxidation in the right ventricle in human PAH
indicates major disturbance of lipid and energy metabolism (model). Our
results in this article are shown in blue font. Conversion of carboxylic
acids to dicarboxylic acids is facilitated by w-oxidation, which results

in conversion of the methyl group (CH,) at the o-end into a carboxyl
group (COOH). The produced dicarboxylic acids (eg, octadecanedioate)
are further metabolised by B-oxidation. Unlike 3-oxidation, c-oxidation
does not require acyl-CoAs and provides an alternative for disrupted
[B-oxidation. The accumulation of octadecanedioate (a dicarboxylic

acid) in PAH that we demonstrated as trans-RV blood plasma gradient,
strongly suggests disruption of peroxisomal -oxidation in the
hypertensive RV, because very long chain and long chain dicarboxylyl-
CoAs (such as the end-product of octadecanedioate w-oxidation) can
only be metabolised by peroxisomal 3-oxidation. The accumulation

of stearoylcarnitine and other acylcarnitines suggests incomplete
mitochondrial fatty acid oxidation (FAO), probably resulting from

FAO flux outpacing TCA flux. The lipotoxic effects of the molecules

with detected accumulation in the PAH RV plasma concentration
gradients include: cardiomyocyte apoptosis for octadecanedioate and
activation of pro-inflammatory signalling for stearoylcarnitine. Both

of these effects are hallmarks of heart failure. Additionally, disruption

of B-oxidation results in lower ATP production and thereby impaired
cardiac performance. CPT1, carnitine palmitoyltransferase I; ETC,
electron transport chain; ER, endoplasmic reticulum; LCFA, long-chain
fatty acid; PAH, pulmonary arterial hypertension; RV, right ventricle; TCA,
tricarboxylic acid cycle; VLCFA, very-LCFA.

and lipid transpulmonary gradients and their correlation with
haemodynamics is provided in the online supplement (supple-
mentary results).

Metabolite plasma levels of FAs, bile acids,
glycerophosphoinositols and amino acids are altered in

PAH at the individual SVC and PA catheterisation sites and
correlate with invasive haemodynamic and echocardiographic
variables

In order to identify global differences in levels of plasma metab-
olites for each site, we performed comparisons between groups
(PAH vs controls; that is, here subjects did not serve as their
own controls). Five metabolites were significantly (FDR<0.15)

higher in the SVC and three were differentially concentrated in
the PA of PAH patients vs controls (figure 5, online supplement
file 1). These metabolites are further discussed in the online
supplement (supplementary results).

Using metabolite ratios did not improve correlations of
metabolites with haemodynamic/echocardiographic variables
We explored the metabolite ratios that were identified based on
significantly differentially concentrated metabolites (FDR<0.15)
(numerator) and the corresponding metabolites located in a
comprehensive network of human metabolites with a distance <2
(denominator), as described in the online supplement. Using the
ratios did not produce significantly better correlations of metab-
olites with haemodynamic/echocardiographic variables.

Arachidonate is a hub in metabolite network of second-order
correlations

Finally, we performed metabolite network analysis to identify
‘regulatory hub’ metabolites with the largest impact on the identi-
fied, differentially concentrated metabolites in each experimental
setting (trans-RV, transpulmonary, or between-group compar-
isons in a single catheterisation site). Among the transpulmo-
nary gradients, arachidonate (20:4n6) stood out as a ‘hub’ node
with second-order correlations (r=0.40) to five other metabo-
lites, however the correlations were only moderate (0.40<r <
0.49). The detailed results of the metabolite network analysis
are presented in the online supplementary figure S2. A complete
list of metabolites, metabolite ratios, lipid species and FAs with
significantly differential concentration profiles in all experimental
settings is in online supplementary file 1. Metabolite annotation
and identifiers are presented in online supplementary file 2.

DISCUSSION

Here, we first present a translational metabolomics PAH study
and demonstrate differential gradients of a number of metab-
olites across the hypertensive RV and across the pulmonary
circulation in blood plasma of PAH versus non-PAH patients
(FDR<0.15; online supplementary file 1). We provide the first
evidence for a likely major disruption of peroxisomal B-FAO in
the hypertensive RV in human PAH, by linking trans-RV accumu-
lation of octadecanedioate to clinically relevant indicators of RV
function. Additionally, the detrimental sequelae of dysfunctional
peroxisomal B-fatty acid oxidation (FAO) extends to disrupted
metabolism of very-long-chain FAs (including the subsequent
mitochondrial B-FAO of the corresponding chain-shortened
Acyl-CoAs), long-chain dicarboxylic acids, eicosanoids, docosa-
hexaenoic acid (DHA), among other alterations.'”

The mechanisms involved in these changes are, most likely,
either altered uptake into the organ (lung or heart), or differ-
ential release from the organ. The most pronounced differen-
tial trans-RV and transpulmonary gradients are presented in the
figures 2 and 4. The sections on: (1) accumulation of lysophos-
pholipids across the right ventricle (trans-RV), (2) transpulmonary
circulation metabolite gradients, (3) differential same-site metab-
olite concentration levels in paediatric PAH and (4) trans-RV
PAH-specific lipids associated with CVD are presented in the
online supplement. The results of our subsequent lipidomics
study (Lipidyzer platform) further supported our interpretations
and conclusions (online supplementary figures S4 and S6).

Evidence for a block of peroxisomal g-oxidation in the
hypertensive RV

In homeostasis, FAs are primarily oxidised by B-oxidation in
mitochondria (long-chain, medium-chain and short-chain FAs)
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Table 2 Differential trans-RV metabolite concentration gradients and their correlation with invasive haemodynamic/echocardiographic variables

Selected
haemodynamic or

Metabolite or metabolite  Fold change echocardiographic

ratio Control Fold change PAH FDR-adjusted p value variables r P value

Subclass: GPE

Role: Phospholipid biosynthesis, glycerophospholipid metabolism, lipid metabolism

1-palmitoyl-GPE (16:0) 0.70 2.31 0.0134 TAPSE, cm -0.73 0.0254
sPAP, mm Hg 0.55 0.0424

Subclass: GPE

Role: Phospholipid metabolism, lipid transport, lipid metabolism, fatty acid metabolism

1-oleoyl-GPE (18:1) 0.78 1.48 0.0767 TAPSE, cm -0.83 0.0104
sPAP —-0.52 0.0533

Subclass: Fatty acids and conjugates

Role: Lipid transport, lipid metabolism, fatty acid metabolism

Octadecanedioate 0.77 1.09 0.0157 TAPSE, cm -0.72 0.0444
RVAWD, cm 0.52 0.0560
Tricuspid valve E/A -0.71 0.0226
mPAP, mm Hg 0.56 0.0371
PVRi, WU-m? 0.54 0.0565

Subclass: Fatty acid esters

Role: Lipid transport, Lipid metabolism, Fatty acid metabolism

Stearoylcarnitine 0.74 1.21 0.0582 sPAP, mm Hg 0.52 0.0814

For gradient analysis, the p values were generated using Wald > test (FDR<0.15). A more comprehensive data set, including metabolite ratios, is shown in online supplementary

table S4.

FDR, false discovery rate; GPE, glycerophosphoethanolamine; mPAP, mean pulmonary arterial pressure; PAH, pulmonary arterial hypertension; PVRI, pulmonary vascular resistance
index; RV, right ventricle; RVAWD, right ventricular anterior wall diameter; sPAP, systolic pulmonary arterial pressure; TAPSE, tricuspid annular plane systolic excursion; WU, Wood

units.

and by o-oxidation and B-oxidation in peroxisomes (very-long-
chain FAs (VLCFAs), long-chain dicarboxylic FAs, eicosanoids).
Additionally, 5%-10% of FAO occurs through w-oxidation in
the smooth endoplasmic reticulum (long-chain and very-long-
chain FAs), thus producing long-chain dicarboxylic FAs.'® Acetyl-
CoAs, required for delivery of acetyl groups into the tricarboxylic
acid (TCA) cycle, are directly produced by peroxisomal and/or
mitochondrial B-oxidation of FAs, but not by w-oxidation.'” '
However, when B-oxidation is disrupted, w-oxidation provides
an alternative to prevent accumulation of the long-chain FAs
(LCFAs) and the detrimental effects such FA accumulation may
cause in pathological conditions,'® e.g., in PAH."
Octadecanedioate belongs to the group of dicarboxylic FAs,
which are generated by conversion of the terminal methyl group
of a FA into a carboxyl group by w-oxidation; dicarboxylic FAs are
then further B-oxidised into shorter dicarboxylic acids (figure 6).
As a long-chain dicarboxylic fatty acid, octadecanedioate is B-oxi-
dised in peroxisomes rather than mitochondria.!” Intriguingly, in
our translational study, octadecanedioate trans-RV gradients were
present and had a step-up in PAH and a prominent step-down
in the non-PAH controls (Con) (figure 2C), indicating dysfunc-
tional peroxisomal B-oxidation in PAH versus controls. The
latter conclusion is also supported by the observed accumulation
of other dicarboxylic acids (dodecanedioate and tetradecane-
dioate) trans-RV (PAH vs Con), though not reaching the signifi-
cance threshold (online supplementary table S7). Additionally, the
trans-RV Lipidyzer (lipidomics) analysis revealed an accumulation
of VLCFAs (carbon chain length =22) that are oxidised exclusively
by peroxisomal B-oxidation (or much less efficiently by w-oxida-
tion). In particular, lipid species TAGS54:7-FA22:6 with the C22:6
acyl group (DHA) had a significant step-up in PAH and a step-
down in controls (online supplementary table S7). In addition, the
DAG component of DHA, that is, DAG(FA22:6) also had a step-up
in PAH and a small step-down in controls (online supplementary

table S7). This cumulative evidence further supports our conclu-
sion about a likely peroxisomal B-oxidation block in the hyperten-
sive RV (online supplementary figure S4 and S6).

Importantly, octadecanedioate trans-RV gradients correlated
with clinically relevant variables of RV systolic function and
PAH severity, such as TAPSE (figure 2C), RVAWD, mPAP and
PVRi (table 2). Consistently, octadecanedioate was previously
reported to be upregulated in both peripheral venous blood"
and explant lung tissue from PAH patients."”

Trans-RV accumulation of metabolites known to drive
lipotoxicity in the heart

Aside from the peroxisomal B-oxidation block discussed above,
accumulation of octadecanedioate can be attributed to increased
LCFA concentrations (including octadecanoic acid (18:0)) due
to impaired mitochondrial B-oxidation (manifested via accumu-
lation of acylcarnitines in our dataset). In the Lipidyzer exper-
iments LCFAs accumulated trans-RV (figures 3A and online
supplementary table S4). Importantly, accumulated LCFAs,
particularly in their saturated form, are considered to be a
potent driver of cardiac lipotoxicity,®” for example in neonatal
rat ventricular myocytes.”' Additionally, cardiomyopathy is asso-
ciated with elevated serum levels of TAGs (triglycerides) and
non-esterified fatty acids in obesity and type 2 diabetes, that is,
diseases which are characterised by accumulation of free fatty
acids and neutral lipids within cardiomyocytes.”” It has been
reported that lipid overload causes cardiac lipotoxicity leading to
cellular dysfunction, cell death and organ dysfunction.?* Cardio-
myocyte apoptosis not only decreases RV contractility in PAH,
but is a hallmark of heart failure in general,” besides fibrosis and
inflammation. Indeed, several studies provided strong evidence
for cardiac lipotoxicity as a metabolic component of PAH-related
RV dysfunction in animal models’ ** and PAH patients.”
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Incomplete mitochondrial B-oxidation in the hypertensive RV
in PAH

In the current study, we found a step-up in trans-RV stearoylcar-
nitine gradients in PAH and a step-down in controls (figure 2E),
suggesting incomplete mitochondrial B-oxidation (ie, lack of
reconversion of stearoylcarnitine into Acyl-CoAs) in PAH. The
net result is an accumulation of long-chain acylcarnitines due
to incomplete B-oxidation still outpacing the TCA cycle flux—a
biochemical condition also found in insulin resistance.?® Thus,
we conclude that the trans-RV accumulation of stearoylcarnitine
in our study is due to incomplete mitochondrial B-oxidation and
decreased TCA flux in response to the metabolic switch from
glucose and lipid oxidation toward glycolysis.® Several other
acylcarnitines accumulated trans-RV, shown in grey in online
supplementary figure S4, however not reaching the pre-selected
FDR significance cut-off.

In human PAH-cardiomyocytes, glucose uptake and glycolysis
are increased, mitochondrial B-oxidation is decreased (resulting
in the smaller net amount of acylcarnitines vs control®), and
TCA flux is suppressed even more (probably due to the simulta-
neous reduction in glucose oxidation). We propose that accumu-
lating, unused acylcarnitines (online supplementary figure S4),
such as stearoylcarnitine, are then gradually exported into the
blood stream of PAH patients. Moreover, long-chain acylcarni-
tines have been linked to activation of pro-inflammatory path-
ways in a macrophage cell line?” thereby potentially contributing
to the inflammatory component of heart failure.

Importantly, our lipidomics experiments (Lipidyzer platform)
provided additional evidence for incomplete mitochondrial
B-oxidation in the hypertensive RV. While Lipidyzer cannot
measure accumulation of acylcarnitines that would directly prove
this point, we still observed accumulation of LCFAs. In animals
LCFAs are preferentially oxidised via mitochondrial B-oxida-
tion, while peroxisomes preferentially f-oxidise FAs not meeting
the substrate range of the mitochondria, that is, VLCFAs and

What is already known on this subject?

» Metabolic dysfunction occurs in several PAH animal
models, however, its role in human disease is not well
characterised. We hypothesised that trans-right ventricle
(RV) and transpulmonary metabolite concentration gradients
exist in PAH, and might correlate with prognostic invasive
haemodynamic and echocardiographic variables.

What might this study add?

» We performed combined right and left heart catheterisation
in PAH patients without shunt, and identified—for the
first time—such trans-RV and transpulmonary metabolite
gradients. We demonstrate accumulation of dicarboxylic
acids (eg, octadecanedioate) and acylcarnitines (eg,
stearoylcarnitine), among other metabolites, indicating a
block in B-fatty acid oxidation (B-FAO) in the hypertensive
right ventricle.

How might this impact on clinical practice?

» The identified trans-RV and transpulmonary metabolite
gradients not only indicate a major block in -FAO trans-
RV, but also correlate with haemodynamic determinants of
clinical outcome, and can become emerging biomarkers and
therapeutic targets in PAH.

branched-chain FAs.?® Therefore, the accumulation of LCFAs
observed in our lipidomics experiments further supports our
conclusion about compromised mitochondrial B-oxidation in
the hypertensive RV (online supplementary figure S4).

Cardiomyocyte FAO in PAH

We previously linked insulin resistance and dyslipidemia to
PAH in mice and adult PAH patients.”” ** More recently, we
demonstrated that the peroxisome proliferator-activated
receptor gamma (PPARY) agonist pioglitazone reverses PAH and
prevents RV failure in the Sugen-hypoxia (SuHx) rat model,
by boosting FAO in cardiomyocytes.” Our current results on
disturbed B-FAO in the RV of children with PAH are in line with
our previous findings on (1) impaired FAO and mitochondrial
disarray in RV tissue from end-stage PAH patients, (2) impaired
FAO in the hypertensive RV of SuHx rats and (3) the normo-
tensive RV of mice with targeted deletion of PPARY in cardio-
myocytes.” Impaired B-FAO in mitochondria and peroxisomes
will result in decreased ATP production and thus decreased
contractile performance in stressed cardiomyocytes (figure 6).°
However, decreased B-FAO (and induced glycolysis) goes along
with decreased oxygen consumption; the latter could be a useful
rescue mechanism in end-stage PAH with severe RVH, largely
elevated right-ventricular end-diastolic pressure (RVEDP),
decreased coronary perfusion, and consequently limited myocar-
dial oxygen supply.

Metabolite gradients correlate with haemodynamic and
echocardiographic variables in PAH

Importantly, the alterations of novel circulating metabolite
biomarkers for PAH identified in our study correlated with
several invasive haemodynamic and echocardiographic variables
that are essential to diagnosis, prognosis and outcome in PAH
(table 2, online supplementary tables S4-S6), as outlined in the
new paediatric PAH risk score.’

Strengths and limitations

We followed strict enrollment criteria for paediatric patients
undergoing invasive catheterisation (see methods). As a result, we
have relatively small sample sizes. To increase robustness of our
data, we excluded measurements with a missing value in at least
one of the three catheterisation sites (due to very low concentra-
tions or technical issues). Therefore, we could only unravel the
metabolites with large enough concentration gradient difference
(figures 2—4) or concentration difference (eg, PAH SVC vs Con
SVC, figure 5) (ie, sufficient effect size) to still produce signifi-
cantly low p values. See the online supplement for more details.

Conclusions

Taken together, we identified for the first time in human disease
(PAH) trans-RV and transpulmonary metabolite concentration
gradients in blood plasma, which may be involved in (anti-)
remodelling processes in the RV and pulmonary vessels. The
identified alterations in trans-RV gradients likely indicate (1) a
major block in peroxisomal/mitochondrial B-FAO and (2) emer-
gence of lipotoxicity in the hypertensive RV of PAH patients as
potential cause for subsequent RV failure. The clinical impor-
tance of the differential metabolite levels presented here is
supported by their correlations with key haemodynamic and
echocardiographic variables used for diagnosis, risk assessment
and selection of therapy in clinical PAH. By doing so, we unrav-
elled new metabolic biomarkers and emerging targets for future
PAH therapy.
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