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Abstract
The specific mechanism of pulmonary arterial hypertension (PAH) remains elusive. 
The present study aimed to explore the underlying mechanism of PAH through the 
identity of novel biomarkers for PAH using metabolomics approach. Serum samples 
from 40 patients with idiopathic PAH (IPAH), 20 patients with congenital heart dis-
ease-associated PAH (CHD-PAH) and 20 healthy controls were collected and ana-
lysed by ultra-high-performance liquid chromatography coupled with high-resolution 
mass spectrometry (UPLC-HRMS). Orthogonal partial least square-discriminate 
analysis (OPLS-DA) was applied to screen potential biomarkers. These results were 
validated in monocrotaline (MCT)-induced PAH rat model. The OPLS-DA model 
was successful in screening distinct metabolite signatures which distinguished IPAH 
and CHD-PAH patients from healthy controls, respectively (26 and 15 metabolites). 
Unbiased analysis from OPLS-DA identified 31 metabolites from PAH patients which 
were differentially regulated compared to the healthy controls. Our analysis showed 
dysregulation of the different metabolic pathways, including lipid metabolism, glu-
cose metabolism, amino acid metabolism and phospholipid metabolism pathways 
in PAH patients compared to their healthy counterpart. Among these metabolites 
from dysregulated metabolic pathways, a panel of metabolites from lipid metabo-
lism and fatty acid oxidation (lysophosphatidylcholine, phosphatidylcholine, perillic 
acid, palmitoleic acid, N-acetylcholine-d-sphingomyelin, oleic acid, palmitic acid and 
2-Octenoylcarnitine metabolites) were found to have a close association with PAH. 
The results from the analysis of both real-time quantitative PCR and Western blot 
showed that expression of LDHA, CD36, FASN, PDK1 GLUT1 and CPT-1 in right 
heart/lung were significantly up-regulated in MCT group than the control group.
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1  | INTRODUC TION

Pulmonary arterial hypertension (PAH) is a chronic disease condition 
involving in vascular remodelling disease of the lungs, which causes 
an increase in the pulmonary artery pressure and eventually leading 
to right heart failure and death. Despite the progress in knowledge 
has been obtained about potential therapeutic targets and introduc-
tion of newer drugs, the 5-year survival rate still remains low.1 This 
can be attributed to the ill-understood pathophysiology of PAH, ne-
cessitating further exploration of the mechanism of disease develop-
ment for the development of novel therapeutic strategies.

In recent years, the major efforts have been focused on the dif-
ferential regulation in the metabolic pathways which may be con-
tributory to PAH pathogenesis. Emerging evidence points towards 
a metabolic theory of PAH, suggesting that PAH results from the 
suppression of the mitochondria-based respiration and glucose ox-
idation (named Warburg effect in cancer metabolism).2,3 It causes 
cells to rapidly proliferate without undergoing apoptosis of cells and 
accelerates the vascular remodelling in PAH. It is widely regarded 
that various metabolic changes during the Warburg effect are also 
essential for the occurrence and maintenance of PAH.3,4 In addition, 
metabolic changes involving fatty acid oxidation and amino acid 
breakdown are also thought to be involved in the formation of PAH.5 
A deeper understanding of these pathways holds the potential to 
provide targets for the diagnosis and treatment of PAH. However, 
due to the complex nature of these metabolic pathways in PAH, a 
single metabolic pathway affecting the disease pathogenesis and 
progression is difficult to illustrate. However, large scale metabolo-
mics provides a lucrative alternative to understand the differential 
regulation of these metabolic pathways involved in PAH. In a sem-
inal study by Zhao et al,6 the metabolomic heterogeneity of PAH 
patients was demonstrated in a discovery cohort of a small group of 
patients (n = 8). Unbiased metabolomic profiles hinted towards pos-
sible disruption of the glycolytic pathway with concurrent increase 
in TCA cycle substrates and metabolites. Using a combination of 
high-throughput liquid-and-gas-chromatography-based mass spec-
trometry, the changes in fatty acid oxidation were shown from the 
resultant metabolites and subsequent changes in arginine pathways 
were also demonstrated with increase in nitric oxide (NO) produc-
tion and decreased arginine levels in the lung. Further validation of 
predicted targets using a panel of 105 circulating plasma metabo-
lites in PAH patients confirmed the association of right ventricu-
lar-pulmonary vascular dysfunction with circulating indoleamine 
2,3-dioxygenase (IDO)-dependent tryptophan metabolites (TMs), 
tricarboxylic acid intermediates and purine metabolites.7 Reports 
from recent study are also congruent with these findings where they 
demonstrate a strong strength of association between patient sur-
vival and metabolic profiles in PAH.8

However, the metabolic profile of individuals is dependent on 
race, sex and dietary habits. Till now, no studies focusing on the 
metabolomic changes in a primarily Chinese PAH patient cohort 
have been documented. The current study aimed to fill this gap in 
knowledge in our study. Employing ultra-high-performance liquid 

chromatography coupled with high-resolution mass spectrometry 
(UPLC-HRMS) in a non-targeted metabolomics analysis, we aim to 
explore the metabolic profiles in plasma from PAH patients (idio-
pathic or congenital heart disease (CHD) associated PAH) and their 
healthy counterparts. We also investigated the differentially ex-
pressed targets in PAH rat model to delineate the changes in the key 
enzymes involved in glucose and lipid metabolism. This is intended 
to identify the signature of metabolites for PAH, which can be used 
for biomarker discovery and potential therapeutic targets for the 
disease germane.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

Samples were obtained from 40 patients with idiopathic PAH (IPAH) 
and 20 patients with CHD associated PAH (CHD-PAH) at the Second 
Xiangya Hospital of Central South University, Changsha, China, be-
tween 2012 and 2015. Control plasma samples were obtained from 
20 healthy volunteers. Pulmonary arterial hypertension was diag-
nosed by right-side heart catheterization. The diagnosis of PAH was 
based on standard criteria from the 2015 ESC/ERS Guidelines for 
the Diagnosis and Treatment of Pulmonary Hypertension.9 All pa-
tients and healthy volunteers provided informed consent, and the 
study was approved by research ethics committees of the Second 
Xiangya Hospital of Central South University and was performed in 
accordance with the Declaration of Helsinki. Exclusion criteria con-
sisted of the following: serious or uncontrolled chronic diseases such 
as severe cerebrovascular disease, malignant tumour, chronic severe 
lung disease (such as COPD) and chronic progressive nephropathy.

After fasting for 8 hours before right-side heart catheterization, 
venous blood samples were drawn from the femoral venous and col-
lected in EDTA anticoagulant tubes, centrifuged (1000 g, 10 minutes) 
and stored at −80°C until required.

2.2 | Right-side heart catheterization

Right-side heart catheterization was performed by internal jugular 
vein. Haemodynamic measurements were investigated by a catheter 
as described previously.10 Ventricular systolic pressure (RVSP), right 
ventricular diastolic pressure (RVDP), right atrial pressure (RAP), 
mean pulmonary vein pressure (mPVP) and pulmonary capillary 
wedge pressure (PCWP) were documented. Pulmonary vessel resist-
ance (PVR) = mPVP/pulmonary flow (L/min) was calculated.

2.3 | Sample preparation and UPLC-HRMS

The method of sample preparation for the metabolomic analysis 
was in accordance with the sample preparation method by UPLC-
HRMS.11 Briefly, serum samples were prepared by 10 µL serum 
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mixed with 190 µL 67% aqueous acetonitrile. The samples were 
vortexed for 5 minutes and centrifuged at 18 400 g for 20 min-
utes at 4°C to remove particulates and precipitate protein. The 
supernatant was transferred to an autosampler vial for analysis.12 
A 5 µL aliquot of supernatant samples was injected into the sys-
tem of ultra-performance liquid chromatography coupled quadru-
pole time-of-flight mass spectroscopy (UPLC-ESI-QTOFMS). The 
liquid chromatography system was ACQUITY UPLC® equipment 
(Waters) consisting of a reverse-phase 2.1 × 50 mm ACQUITY 
UPLC® BEH C18 1.7 µm column (Waters Corp.) with a gradient 
mobile phase comprising 0.1% formic acid solution (A) and ace-
tonitrile containing 0.1% formic acid solution (B). The gradient was 
maintained at 100% A for 0.5 minute, increased to 100% B over the 
next 7.5 minutes and returned to 100% A in last 2 minutes. Data 
were collected in positive mode and negative mode on a Waters 
Q-TOF, which was operated in full-scan mode at m/z 100-1000. 
Nitrogen was used as both cone gas (50 L/h) and desolvation gas 
(600 L/h). Source temperature and desolvation temperature were 
set at 120°C and 350°C, respectively. The capillary voltage and 
cone voltage were 3000 and 20 V, respectively. Chlorpropamide 
(5 µmol/L) was added in the sample as the internal standard. A 
volume of 10 µL sample from each plasma ample was prepared as 
a quality control (QC) sample to validate the stability of sequence 
analysis. The QC sample was extracted and analysed in the same 
way as describe above. In order to evaluate the repeatability, QC 
sample and blank (pure acetonitrile) sample were injected after 
every 10 samples during the analytic run.

2.4 | Data preprocessing and multivariate 
statistical analysis

Firstly, Profnder and Mass Profler Professional software were 
used to extract and analyse the original data. Then, the analysed 
data were imputed to SIMCA-P+(13.0) software for multivari-
ate pattern recognition analysis. We used a principal component 
analysis (PCA) to highlight potential outliers. Meanwhile, the 
quality control (QC) samples were analysed by PCA to detect 
the polymerization and the stability of the method. Orthogonal 
partial least square-discriminate analysis (OPLS-DA) was applied 
to the same data sheet to figure out the differences in metabo-
lite in the groups. OPLS-DA was also applied to figure out val-
ues of variable importance in projection (VIP) of each metabolite. 
Benjamini–Hochberg false discovery rate (FDR) is calculated 
based on the “BH” method.13 Student's t test used to compare the 
levels of metabolite in two independent group, where P values of 
<.05, VIP > 1.0 and FDR < 0.1 were considered to be significantly 
altered.

After preliminary screening of different molecules, the me-
tabolites were identified by the following methods: (a) determine 
[M+H]+ and [M-H]− ions of the metabolites, and calculate the 
possible chemical composition according to their precise molec-
ular weight; (b) looking for the possible structure for metabolites 

through high-resolution MS and MS/MS spectrum analysis, com-
paring with online database (including MassProfnder source data-
base, HMDB, HMDB serum, KEGG, MassBank, PubChem, etc); (c) 
screening with biological information; (d) comparing the retention 
time and mass spectrogram of the selected metabolites with the 
standard product.

2.5 | PAH animal models

The protocol was approved by the Animal Research Committee, 
Central South University, Hunan, China, and carried out in accord-
ance with the Guidelines for Animal Experimentation of Central 
South University and the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH 
Publication No. 85-23, revised 2011).

Male SD rats (180 g) were obtained from the Hunan SJA 
Laboratory Animal Co. Rats randomly received an intraperitoneal 
injection of normal saline (control, n = 12) or monocrotaline (MCT) 
(Sigma, 60 mg kg−1·rat, n = 24) to induce PAH. The rats in control 
group were examined at the third week (day 21), and rats in MCT 
group were randomly examined at the second (day 14, n = 12) and 
third week (day 21, n = 12).

2.6 | Measurement of RVSP and RVH

Haemodynamic measurement was performed as previously de-
scribed.14 Rats were anaesthetized by intraperitoneal injection of 
pentobarbital sodium. A venous catheter was inserted in the right 
jugular vein and introduced in the right atrium (RA) of rats to observe 
the RVSP. After haemodynamic measurement, the lungs and hearts 
were harvested. The RV and left ventricular (LV) plus interventricu-
lar septum (S) were separated and then weighed, respectively. Right 
ventricular hypertrophy (RVH) was using the ratio of RV weight to LV 
plus S weight [RV/(LV + S)].

2.7 | Total RNA preparation and real-time 
quantitative PCR analysis

Quantitative real-time PCR was performed as previously de-
scribed.15 Total RNA was extracted from lungs or heart tissue using 
TRIzol (Invitrogen) according to the manufacturer's instructions. 
The RNA was reverse-transcribed to cDNA using a RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific) and was performed 
with gene-specific primers and SYBR Green Master Mix (Applied 
Biosystems). The data were normalized to GAPDH. The transcripts 
were assessed by real-time PCR on a 7300 qPCR system (all from 
Applied Biosystems). Relative gene expression was quantified using 
the comparative threshold cycle value (∆CT) method with the 
above primers. The relative gene expression was calculated as fold 
change = 2−∆(∆Ct).
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2.8 | Western blotting analysis

Western blotting analysis was performed as previously described.16 
Briefly, the proteins from harvested lung were extracted with RIPA 
lysis buffer (Beyotime) and separated on sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) before transferring 
onto polyvinylidene difluoride (PVDF) membranes. Subsequently, 
the membranes were blocked with 5% milk PBST solution and then 
incubated with the following respective antibodies: rabbit mono-
clonal anti-CD36, rabbit monoclonal anti-GLUT1, rabbit mono-
clonal anti-PKM2 (Abcam), mouse monoclonal anti-HIF-1α, rabbit 
polyclonal anti-FASN, rabbit polyclonal anti-PPAR-α, rabbit poly-
clonal anti-PGC1 α (Novus), mouse monoclonal anti-LDHA, mouse 
monoclonal anti-PDK1, mouse monoclonal anti-PDK4 (Proteintech), 
mouse monoclonal anti-CPT-1β (LSBio) or β-actin control (Bios), at 
4°C for overnight. Blots were washed, incubated with the secondary 
antibody (Proteintech) and visualized by chemiluminescence.

2.9 | Statistical analysis

Comparisons between multiple groups were conducted using one-
way analysis of variance (ANOVA) followed by least significant dif-
ference post hoc tests. Comparisons between two groups were 
conducted using Student's t test. The difference with P < .05 (two 
sides) was statistically significant. Potential biochemical markers 
were further evaluated by receiver operating characteristic (ROC) 
analysis. The area under the ROC curve (AUC) is to assess the sen-
sitivity and specificity of the biomarkers. AUC values >0.9 indicate 
high reliability of the model, 0.7-0.9 indicate moderate reliability, 
0.5-0.7 indicate poor reliability and AUC ≤ 0.5 suggests that the 
model prediction is not better than chance.

3  | RESULTS

3.1 | Basic information of participants

The average age of IPAH patients and CHD-PAH patients was 
37.72 ± 10.50 and 31.65 ± 8.29 years with a female predominance 
(Table 1). The CHD-PAH patients were consisted of ventricular sep-
tal defect (55%), atrial septal defect (25%) and patent ductus arte-
riosus (20%).

3.2 | Clinical characteristics

The levels of NT-proBNP, uric acid and total bilirubin in IPAH patients 
were significantly higher than normal and only the levels of total bili-
rubin in CHD-PAH patients were significantly higher than normal 
value (Table 2). The results of cardiac colour ultrasound showed the 
diameter of right ventricle (RV) and right atrium in IPAH patients was 
larger than normal value. The diameter of RV in CHD-PAH patients 

was larger than normal value (Table 2). The results of right-side heart 
catheterization showed RVSP, RVDP, mPVP and pulmonary vessel 
resistance were significantly higher than normal value both in IPAH 
and CHD-PAH patients (Table 2).

3.3 | Metabolomic profiles

The results of PCA showed there were no remarkable outliers, and 
the stability of the method was high (data not shown). Mass Profnder 
and Mass Profler Professional software were used to extract the 
raw data and conducted peak extraction, the peak cluster as well as 
retention time correction. Ultimately, we got the data about mass-
to-charge ratio (m/z), the retention time (RT) and the data matrix of 
peak area. In positive and negative ion mode, 1175 and 907 variables 
were obtained, respectively.

OPLS-DA was used to analyse the different metabolites in 
positive and negative ion mode. The results showed a clear sepa-
ration in model 1 (IPAH vs Control) (Figure 1A,B), model 2 (CHD-
PAH vs Control) (Figure 1C,D) and model 3 (IPAH vs CHD-PAH) 
(Figure 1E,F). The evaluation parameters of these models were 
obtained by cross validation of the OPLS-DA model ten times, 
confirming the model's robust risk-prediction ability (Table S1). 
And S-plot model was applied to figure out the differential vari-
able. When VIP value of the metabolite was greater than 1.0, it 
is considered as a significant contribution to the model. Student's 
t test was used to analyse the difference between two groups. 
Results showed that 144 (in positive ion model) and 67 (in negative 
ion model) differential variable distinguished IPAH patients from 
healthy controls. Fifty-six (in positive ion model) and 50 (in neg-
ative ion model) differential variable distinguished CHD-PAH pa-
tients from healthy controls. Twenty-three (in positive ion model) 
and 26 (in negative ion model) differential variable distinguished 
IPAH patients from CHD-PAH patients.

We finally found 26 and 15 metabolites distinguished IPAH or 
CHD-PAH from healthy controls, respectively, including 18 posi-
tive ions and 13 negative ions (Table S2). Among these metabolites, 
31 metabolites from PAH patients were significantly up-regulated 
(n = 22) or down-regulated (n = 9) compared with respective metab-
olites from healthy controls (Table S2, Figure 2A,B).

3.4 | Enrichment and clustering of 
metabolites of interest

The metabolic pathway enrichment and clustering analysis showed 
20 pathways were enriched with metabolites of interest which dis-
tinguished the IPAH and healthy controls (Figure 3A). Among these 
pathways, beta-oxidation of very long-chain fatty acids, fatty acid 
metabolism, transfer of acetyl groups into mitochondria, oxidation 
of branched-chain fatty acids, citric acid cycle, pyruvaldehyde deg-
radation and pyruvate metabolism showed the highest enrichment 
level (Figure 3A).
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Seventeen pathways were enriched with metabolites of in-
terest which distinguished the CHD-PAH and healthy controls 
(Figure 3B). Among these pathways, alpha-linolenic acid and linoleic 
acid metabolism, mitochondrial beta-oxidation of long-chain fatty 
acids, pyruvate decomposition, oxidation of branched-chain fatty 
acids, and carnitine synthesis showed the highest enrichment level 
(Figure 3B).

Functional analysis of metabolic pathway showed citric acid cycle 
(impact 0.125) and phenylalanine metabolic pathway (impact 0.127) 
were remarkable disturbed in IPAH patients (Figure 3C). Malic acid 
and citric acid in citric acid cycle are significantly regulated in IPAH 

patients (Figure 3D). Alpha-linolenic acid metabolism (impact 0.203) 
and arachidonic acid metabolism (impact 0.203) were remarkable 
disturbed in CHD-PAH patients (Data not shown).

3.5 | ROC curve analysis of metabolites

In order to assess the diagnostic capacity of the metabolites, the 
receiver operating characteristic (ROC) curve analysis was applied 
to the data sheet. The area under the ROC curve for LysoPC, PC, 
decanoylcarnitine and l-carnitine was 97%, 83%, 79% and 74.4% in 

 IPAH (n = 40)
CHD-PAH 
(n = 20)

Healthy control 
(n = 20)

Age (y) 37.72 ± 10.50 31.65 ± 8.29 34.15 ± 3.56

Female (n, %) 29 (72.5%) 13 (65%) 11 (55%)

BMI (kg/m2) 22.03 ± 4.45 18.10 ± 3.61 21.70 ± 2.09

Chronic heart failure (NYHA I or II) 24 (60%) 14 (70%) /

Chronic heart failure (NYHA III or IV) 16 (40%) 6 (30%) /

Acute pulmonary vasodilator 
responder

4 (10%) 2 (10%) /

TA B L E  1   Basic information of 
participants

TA B L E  2   Clinical characteristics of participants

Biochemistry (fasting) IPAH (n = 40) CHD-PAH (n = 20)

Creatinine μmol/L 71.74 ± 21.3 21.04 ± 29.73

Uric acid μmol/L 436.59 ± 108.43 335.62 ± 65.51

Blood urea nitrogen mmol/L 5.49 ± 2.02 2.30 ± 1.94

NT-proBNP pg/mL 2272.42 ± 2352.6 158.85 ± 229.9

ALT u/L 37.48 ± 56.6 35.61 ± 15.21

AST u/L 37.73 ± 38.42 17.3 ± 7.91

Total bilirubin μmol/L 19.7 ± 9.7 27.51 ± 27.74

Cardiac colour ultrasound

RA (mm) 49.19 ± 11.22 (25-85) 39.07 ± 8.87 (30-60)

RV (mm) 45.52 ± 10.66 (20-60) 39.27 ± 5.24 (30-50)

LA (mm) 33.55 ± 7.21 (18-46) 44.53 ± 14.6 (24-84)

LV (mm) 27.67 ± 4.55 (17-38) 31.67 ± 8.8 (20-50)

PA (mm) 32.0 ± 12.86 (24-90) 34.33 ± 7.91 (21-50)

Tricuspid regurgitation velocity (m/s) 5.8 ± 4.0 (0-5.8) 4.27 ± 0.95 (2-4.9)

Pulmonary valve reflux velocity (m/s) 2.07 ± 1.08 (0.48-3.8) 3.45 ± 0.96 (2-4.4)

EF (%) 63.18 ± 7.83 (35-74.5) 58.73 ± 16.4 (22-84)

Haemodynamics characteristics

RVSP (mm Hg) 93.27 ± 21.67 (52-132) 108.38 ± 19.38 (69-144)

RVDP (mm Hg) 43 ± 10.23 (−4 to 43) 53 ± 10.89 (29-68)

mPVP (mm Hg) 60.38 ± 14.65 (38-92) 47 ± 8.79 (27-59)

RAP (mm Hg) 13.27 ± 6.69 (0-24) 11.88 ± 3.63 (6-19)

Qp/Qs / 1.28 ± 0.48 (0.7-2.1)

Pulmonary vascular resistance, Woods units 19.40 ± 10.4 (7.04-53.57) 14.95 ± 4.86 (8.32-22.8)
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IPAH patients, respectively, which indicated LysoPC (18:2(9Z,12Z)) 
had a good diagnostic ability (Figure 4A). The area under the ROC 
curve for perillic acid, palmitoleic acid, N-Acetyl-d-sphingosine, oleic 
acid, palmitic acid, 2-Octenoylcarnitine, alpha-linolenic acid, arachi-
donic acid, docosahexaenoic acid and octadecanoic acid was 96%, 
89%, 84.5%, 82.8%, 82%, 79.5%, 79.5%, 76% and 75% in CHD-PAH 
patients, respectively, which indicated perillic acid had a good diag-
nostic ability (Figure 4B). The joint diagnostic efficacy of selected 
metabolites above was analysed by random forest method, and the 
AUC for IPAH or CHD-PAH were 97.7%-98.8% and 95.4%-96.2%, re-
spectively (Figure 4C,D).

3.6 | Haemodynamic index of MCT-induced 
PAH rats

In the second week (day 14) and the third week (day 21), mean 
pulmonary arterial pressure (mPAP) (Figure S1A), RVSP (Figure 
S1B), right ventricular hypertrophy index (RVHI) (Figure S1C) and 
MT% (external diameter/external diameter) (Figure S1E) of rats in 
MCT group were significantly higher than that in control group 
(all P < .01). In comparison with the control group, the rats with 
MCT induction for 2 or 3 weeks displayed a thickened inner wall 
of the pulmonary artery, hypertrophic intima and tunicae media 

F I G U R E  1   OPLS-DA score plots based on metabolites/peak areas. Scores plot generated from OPLS-DA model shows IPAH (green) as 
compared with the control (red) in positive ion model (A) and negative ion model (B), CHD-PAH (blue) as compared with the control (red) in 
positive ion model (C) and negative ion model (D), IPAH (green) as compared with the CHD-PAH (blue) in positive ion model (E) and negative 
ion model (F)

A B

C D

E F
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of pulmonary artery, and an evidently narrowed vascular lumina 
(Figure S1D).

3.7 | Changes of genes and proteins involved in 
glucose and fatty acid metabolism in lungs of MCT-
induced PAH rat model

We investigated the mRNA and protein expression levels of key 
enzymes in glucose and fatty acid metabolism in lungs. The re-
sults showed the mRNA expression levels of PDK1, GLUT1, PKM2, 
CD36 and FASN were significantly increased in lungs when rats 
were treated with MCT for 2 or 3 weeks, and mRNA expres-
sion of LDHA was significantly increased only in the third week 
of MCT treatment, compared with the control group (all P < .05) 
(Figure 5A). There was no significant change in mRNA expression 
levels of GLUT4, PDK4, LDH2, CPT-1β and MCD in response to 
MCT treatment (data not shown). Western blot analyses of protein 
levels showed similar results, except for that the protein expres-
sion level of PKM2 did not alter in response to MCT treatment 
(Figure 5B,C).

3.8 | Changes of genes and proteins involved in 
glucose and fatty acid metabolism in right hearts of 
MCT-induced PAH rat model

We investigated mRNA and protein expression levels of key enzymes 
in glucose and fatty acid metabolism in lungs. The results showed 

mRNA expression levels of LDHA, CD36, CPT-1β and FASN were sig-
nificantly increased in right heart when rats were treated with MCT 
for 2 or 3 weeks, and mRNA expression of PDK-4 was significantly 
increased only in the third week of MCT treatment, compared with 
the control group (all P < .05) (Figure 6A). Western blot analyses of 
protein levels of showed similar results, except for that the protein 
expression level of PDK-4 did not alter in response to MCT treatment 
(Figure 6B,C).

4  | DISCUSSION

Our study provides insight into the metabolic signatures of PAH with 
the potential to unravel novel biomarkers and therapeutic targets. In 
our study, the levels of lactic acid in plasma of PAH patients were sig-
nificantly increased, indicating an increased rate of glycolysis. This 
has been further corroborated in a study by Rafikova et al17 where 
they found increased level of lactate in lungs of MCT-induced PAH 
rats were markedly increased. Similar finding has also been reported 
by Piao et al18 where they report an increased glycolysis in heart of 
MCT-induced PAH rats and partial restoration of RV function upon 
enhancing the oxidative phosphorylation. A possible explanation 
of our observation can be due to the suppression of glucose oxi-
dative phosphorylation pathway in PAH. Oxidative phosphorylation 
in the mitochondria is required for upregulation of ATP synthesis in 
the cell that can resist the cell from undergoing apoptosis and rapid 
proliferation. Pyruvate dehydrogenase kinase-1 (PDK-1), a key en-
zyme of the glycolytic pathway, is also a HIF1-regulated protein and 
induces rapidly proliferation of cells by inhibiting their apoptosis.19 

F I G U R E  2   Heat map of differential metabolites. Heat map of 33 differential metabolites relative to IPAH sample (n = 40) data over 
Healthy control (CTRL, n = 20) (A), and CHD-PAH sample (n = 20) data over Healthy control (CTRL, n = 20) (B). Shades of light red/blue 
represent the increase and decrease in a metabolite, respectively, other colours relative to the median metabolite levels
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The fact that we also observe increased mRNA and protein ex-
pression of PDK-1 in the lungs of MCT-induced PAH rats, which 
strengthens our hypothesis of a metabolic basis of PAH develop-
ment. Subsequently, we found the transcriptional and translational 
increase in lactate dehydrogenase A (LDHA) in the lungs and hearts 
of MCT-induced PAH rats. LDHA is another cytosolic enzyme in the 
glycolytic pathway that catalyses the interconversion of pyruvate 
and l-lactate and aids in the interconversion of NADH and NAD+. 
This effect of LDHA has been extensively studied in in vitro cancer 
models where tumour cells proliferate under hypoxic condition by 

suppression of mitochondrial respiration (Warburg effect).20 Taken 
together, targeting the glycolysis and associated enzymes appears 
to be a lucrative therapeutic strategy in PAH. In this regard, GLUT1 
facilitating the transport of glucose across the plasma membranes of 
cells is of considerable interest. Increase in GLUT1 and subsequent 
increase in glucose uptake has been implicated in providing a “glyco-
lytic” metabolic profile in the lungs and heart in PAH patients from 
prior studies.21-23 This effect was more pronounced in proliferating 
vascular cells in PAH rats,22 and inhibition of GLUT1 expression has 
been demonstrated to reverse Warburg effect as well,23 making it a 

F I G U R E  3   Enrichment overview and functional analysis of metabolic pathways. The metabolic pathway enrichment and clustering 
analysis showed the pathways enriched with metabolites of interest which distinguished the IPAH (A) or CHD-PAH (B) from healthy controls 
(CTRL). IPAH group metabolic function bubble chart (C) and citric acid cycle metabolic pathway (malic acid and citric acid marked with red 
are significantly changed in peripheral blood plasma of IPAH patients) (D)
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novel therapeutic target. In our study, we observe marked increase 
in the expression of GLUT1, as well.

However, the level of citric acid and l-malic acid, intermediate 
product of the tricarboxylic acid cycle, were also increased in our 
PAH patients, in comparison to the healthy controls. It can be due 
to enhanced mitochondrial fatty acid oxidation by the Randle cycle, 
as evidenced by the substrate replacement for generation of ATP in 
these proliferating cells.

In present study, we report that the levels of l-carnitine, ace-
tyl-l-carnitine and several long-chain acylcarnitines including pal-
mitoylcarnitine, oleoylcarnitine, decenoylcarnitine, linoelaidyl 
carnitine, cis-5-Tetradecenoylcarnitine and trans-2-Dodecenoyl-
carnitine in the peripheral blood of patients with PAH were signifi-
cantly higher than those of healthy controls. Blocking of β-oxidation 
of fatty acid results in large accumulation of acyl-CoA, and acyl-
CoA can combine with carnitine and then be exported from cell into 

extracellular fluid, leading to an increase in peripheral circulating 
acylcarnitine levels. Therefore, increased levels of carnitine and 
acylcarnitine may reflect the significant inhibition of mitochondrial 
fatty acid β-oxidation during the development of PAH. Burgeoning 
evidence points towards the metabolic homeostasis of carnitine 
that is integral in the formation and development of PAH.24,25 We 
also found a significant increase in palmitoleic acid and oleic acid 
levels in peripheral blood of patients with PAH. Levels of plasma 
palmitic acid are independent of its dietary intake but are regulated 
by de novo lipogenesis (DNL). Hypoxia can induce HIF-1α activa-
tion in aberrant proliferating cells and inhibit β-oxidation of long-
chain fatty acids such as palmitic acid, which leads to its massive 
accumulation.26 Given the increased DNL and palmitic acid build-up 
in the cells in cancer cells, our findings closely underline the sim-
ilarities between cancerous proliferation and vascular endothelial 
proliferation in PAH.27 CD36 is the main fatty acid transporter 

F I G U R E  4   ROC curve. ROC curve of LysoPC (18:2(9Z,12Z) (A), and perillic acid (B). The joint diagnostic efficacy of selected metabolites 
was analysed by random forest method, the AUC for IPAH (C) or CHD-PAH (D)
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in myocardium and accounts for approximately 70% of fatty acid 
uptake into contracting cardiomyocytes.28 Our study found that 
CD36 expression was significantly up-regulated in lungs and hearts 
of MCT-induced PAH, which was consistent with previous studies 
in the field.29,30 Upregulation of CD36 expression increases fatty 
acid uptake resulting in excess lipid supply and subsequent lipid ac-
cumulation in lung and heart which can induce cardiac hypertrophy 
and contractile dysfunction. Studies have found that palmitic acid 
increases CD36 expression, and palmitoylation results in abnormal 
lipid accumulation in cells.31 Since we had a significant increase in 

circulating palmitate, the upregulation of CD36 may be a sequelae 
to the metabolite. In addition, we have found that the levels of 
2-Octenoylcarnitine and 9-decenoylcarnitine were decreased in the 
CHD-PAH patients. Given our limited understanding about these 
two lipid subtypes, the significance of these lipids in the circulation 
remains unknown. Future studies can explore the mechanistic basis 
of these metabolites in the circulation of PAH patients.

Another interesting finding in our study is the significantly re-
duced tryptophan levels in the CHD-PAH group, compared to their 
healthy counterpart. Serotonin, a metabolite of tryptophan, can 

F I G U R E  5   Changes of genes and proteins involved in glucose and fatty acid metabolism in lungs of MCT-induced PAH rat model. Male 
SD rats (180 g) randomly received an intraperitoneal injection of normal saline (CTRL, n = 12) or monocrotaline (MCT, n = 24) to induce PAH. 
The rats in control group were examined at the third week (day 21), and rats in MCT group were randomly examined at the second (day 14, 
MCT-2 wk, n = 12) and third week (day 21, MCT-3 wk, n = 12). The mRNA expressions of PDK1 (a), GLUT1 (b), PKM2 (c), CD36 (d), FASN 
(e) and LDHA (f) were tested by real-time PCR (A), relative expression levels of proteins were tested by Western blot (B), relative levels of 
GLUT1, LDHA, PDK1, CD36 and FASN were calculated (C). *P < .05; **P < .01
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induce pulmonary artery smooth muscle proliferation, vasoconstric-
tion and microthrombosis and play a key role in the development 
of PAH.32 Therefore, the decrease in tryptophan in our study may 
be related to the increased conversion of tryptophan to serotonin, 
which is contributory to the pulmonary artery endothelial prolif-
eration and vascular remodelling. In addition, we found increased 
levels of l-phenylalanine in patients with IPAH, compared with 
healthy controls. This is significant considering the fact that ratio 

of (phenylalanine/tyrosine) elevation is considered as a biochemical 
marker for endothelial dysfunction,33 emphasizing the endothelial 
dysfunction in our cohort of PAH patients.

In present study, we found an increase in levels of phosphati-
dylcholine (PC) and a decrease in levels of lysophosphatidylcholine 
(LysPC) in the PAH group, compared with that in the healthy con-
trols. However, their role in disease pathogenesis is unclear and is an 
area of active research.

F I G U R E  6   Changes of genes and proteins involved in glucose and fatty acid metabolism in the hearts of the MCT-induced PAH rat 
model. Male SD rats (180 g) randomly received an intraperitoneal injection of normal saline (control, n = 12) or monocrotaline (MCT, n = 24) 
to induce PAH. The rats in control group were examined at the third week (day 21), and rats in MCT group were randomly examined at the 
second (day 14, MCT-2 wk, n = 12) and third week (day 21, MCT-3 wk, n = 12). The mRNA expressions of LDHA (a), CD36 (b), CPT-1 (c), FASN 
(d) and PDK4 (e) were tested by real-time PCR (A), relative protein levels of proteins were tested by Western blot (B), relative levels of LDHA, 
CD36, cpt-1β and FASN were calculated (C). *P < .05; **P < .01
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5  | CONCLUSIONS

In conclusion, metabolic profiling in a Chinese population indicates 
towards a metabolic pathogenesis of PAH, highlighting the signifi-
cance of these metabolites in biomarker discovery and devising 
therapeutic strategies.
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