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ABSTRACT: Pulmonary arterial hypertension (PAH) is a
complex devastating disease relevant to remarkable metabolic
dysregulation. Although various research studies on PAH from a
metabolic perspective have been emerging, pathogenesis of PAH
varies in different categories. Research on metabolic reprogram-
ming in flow-associated PAH remains insufficient. An untargeted
metabolomic profiling platform was used to evaluate the metabolic
profile of pulmonary arteries (PAs) as well as the right ventricle
(RV) in a flow-associated PAH rat model in the present work. A
total of 79 PAs and 128 RV metabolites were significantly altered
in PAH rats, among which 39 metabolites were assessed as shared
dysregulated metabolites in PAs and the RV. Pathway analysis
elucidated that, in PAs of PAH rats, pathways of phenylalanine, tyrosine, and tryptophan biosynthesis and linoleic acid metabolism
were significantly altered, while in the RV, arginine biosynthesis and linoleic acid metabolism were altered dramatically. Further
integrated analysis of shared dysregulated PA and RV metabolites demonstrated that the linoleic acid metabolism and the
arachidonic acid (AA) metabolism were the key pathways involved in the pathogenesis of flow-associated PAH. Results obtained
from the present work indicate that the PAH pathogenesis could be mediated by widespread metabolic reprogramming. In particular,
the dysregulation of AA metabolism may considerably contribute to the development of high blood flow-associated PAH.

■ INTRODUCTION

Pulmonary arterial hypertension (PAH), primarily featured by
elevated pulmonary arterial pressure (PAP) and remodeled
and obstructed pulmonary vessels, is a complex and refractory
lung disease.1 The progressive increase in PAP will ultimately
result in right ventricular hypertrophy (RVH) followed by
cardiac dysfunction and even death. Survival of PAH patients is
strongly associated with the right ventricular function.2 Various
factors contribute to PAH. Due to the intricate pathogenesis,
although with greatly improved knowledge of treatment, the
mortality of PAH is still high, making it a life-threatening
disease.3

PAH is growingly regarded as a systemic disorder that is
related to metabolic reprogramming and metabolic abnormal-
ity. Previous studies have reported that cancer-like metabolic
features were observed in PAH patients’ lungs, including
shifted glucose metabolism (from relying on oxidative
phosphorylation to dominant in aerobic glycolysis) as well as
mitochondrial dysfunction.4,5 Disturbance of the tricarboxylic
acid (TCA) cycle,6 fatty acid oxidation, and urea cycle,7 as well
as involvement of insulin resistance,8 in the development of
PAH has also been demonstrated by previous research. In
parallel with increased resistance of pulmonary vessels,
metabolic adaptations in the heart occur to improve the

right ventricle (RV) function. Thus, glycolysis and fatty acid
oxidation (FAO) were ultimately affected, and metabolic shifts
similar to those found in the PAH lung tissue were developed
in RV myocytes.9,10 In light of these results, a theory that
pulmonary vascular cells and extrapulmonary tissues share
common metabolic abnormalities has been proposed by some
authors.11,12

As the final downstream products of gene transcription,
endogenous metabolites (such as peptides, amino acids, lipids,
and nucleotides) present functional phenotypes of organisms
or cells.13 Metabonomics provides a comprehensive view of
endogenous metabolites’ alterations in the biological system in
response to specific genetic modifications and pathophysio-
logical stimuli.14 With superior high sensitivity and specificity,
liquid chromatography−tandem mass spectrometry (LC−MS/
MS) is able to detect tiny variations in the intensity of
metabolites and thus is widely being used in metabonomics
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research.15 By using LC−MS, metabolomics analysis was
conducted in previous studies to explore the metabolic
abnormalities in the lung tissue5 or the RV tissue of PAH.16

However, the pathogenesis of PAH varies in different
categories. The metabolic profiling in flow-associated PAH as
well as shared metabolic abnormalities in the lungs and the RV
is yet to be studied in detail.
In the current study, metabolic profiles of pulmonary arteries

(PAs) and the RV in a flow-associated PAH rat model were
identified via an untargeted metabolomics strategy. Shared
metabolic abnormalities and metabolic pathways in PAs and
the RV were analyzed. Thus, the metabolite signatures that
might participate in the development of flow-associated PAH
were characterized, which will probably contribute to
developing a thorough insight into the pathophysiological
mechanisms of PAH and reveal promising therapeutic targets
for this devastating disease.

■ RESULTS

Validation of the PAH Model. Except one rat from the
PAH group that died of overbleeding during hemodynamic
measurement, the remaining animals were sacrificed after
measurement. After monocrotaline (MCT) injection and
abdominal aorta−inferior vena cava shunting surgery,
hemodynamic measurement indicated a dramatic increase in
right ventricular systolic pressure (RVSP) and right ventricular
mean pressure (RVMP) in our flow-associated PAH model
(Figure 1A,B). In accordance with increased RVSP and RVMP,
rats in the PAH group showed obvious RVH, evidenced by the
RVH index (RVHI) (Figure 1C). The fistulous tract between
the inferior vena cava (IVC) and the abdominal aorta, and the
multicolored blood flow signal of the shunt from the
abdominal aorta to the IVC, was determined by two-
dimensional and color Doppler ultrasonography (Figure 1D).
Histological assessment of hematoxylin−eosin (HE) staining
revealed that severe pulmonary vascular remodeling was

presented in PAH rats. A thickened pulmonary artery
intima−media, a narrowed or completely occluded pulmonary
arterial lumen, and perivascular inflammatory infiltrates were
visible in PAH rats (Figure 1E). Gomori aldehyde fuchsin
(GAF) staining and Masson’s trichrome staining revealed that
the lungs of rats in the PAH group presented thickened intimal
and medial pulmonary arteries (evidenced by pulmonary artery
media thickness (PAMT)) (Figure 2A,B), with increased levels
of collagen deposition, especially in the areas surrounding the
vessels (Figure 2C,D). Moreover, cardiac fibrosis was exhibited
in rats with PAH, as visualized by Masson’s trichrome staining
(Figure 2E,F). The successful establishment of the PAH model
was verified by the above results.

Quality Control of LC−MS/MS Analysis. Principal
component analysis (PCA) was carried out on the basis of
the metabolites’ characteristics obtained from all experimental
groups as well as quality control (QC) samples, to examine
LC−MS/MS data for potential distinctions, outliers, and other
patterns (Figure 3A−D). From the results of PCA analysis, a
clear pattern of separation was demonstrated between the
control and PAH groups. Afterward, the orthogonal partial
least-squares discriminant analysis (OPLS-DA) model was
constructed; then; the variable importance in the projection
(VIP) value of each feature was calculated. A clear clustering
pattern within each group and noticeable discrimination
between the control and PAH were exhibited in OPLS-DA
score plots (Figure S1A−D). Furthermore, good reliability was
visible from the parameters of the OPLS-DA model (Table 1).

Identification of Differential PA Metabolites. Accord-
ing to the VIP value > 1.0 and the P-value < 0.1, 37
dysregulated PA metabolites have been detected in negative
ion mode, while 48 metabolites have been recognized as
differential PA metabolites in positive mode. In both ion
modes, 35 PA metabolites were upregulated in the PAH group,
while 44 PA metabolites were downregulated (Figure 4A). The
significantly altered PA metabolites could be mainly catego-

Figure 1. Pulmonary arterial hypertension (PAH) developed after fistulation operation. Compared to the control (CON) group, the right
ventricular systolic pressure (RVSP) (A), right ventricular mean pressure (RVMP) (B), and right ventricular hypertrophy index (RVHI) (C) were
considerably elevated in the PAH group (PAH, n = 7; CON, n = 8). (D) The fistulous tract and blood shunting between the inferior vena cava and
the abdominal aorta were confirmed by two-dimensional ultrasonography (left) and color Doppler flow imaging (right) (the white arrows pointing
toward the fistula). (E) HE staining showed a thickened pulmonary vessel wall, stenosis or a nearly occluded pulmonary arterial lumen, and
perivascular inflammatory infiltrates in the PAH group. Data presented in graphs are means ± SD. *P < 0.001 versus CON. Scale bar, 50 μm.
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rized as carbohydrates, lipids, amino acids, carboxylic acids,
vitamins, and others. Of note, carbohydrates, lipids, and amino
acids account for more than half of all identified dysregulated
metabolites (Figure 4B). Detailed information on these
differential metabolites is provided in the Supporting
Information (Table S1). The heat maps were constructed
based on differential metabolites with the VIP value > 1.0 as
well as the P-value < 0.05. As shown in heat maps (Figure
4D,E), the metabolic states of the PAH group have diverged
significantly from the control group in both ion modes.
Identification of Differential RV Metabolites. Accord-

ing to the criteria VIP value > 1.0 and P-value < 0.1, 67 and 89
differential RV metabolites were obtained in the negative and
positive ion modes, respectively. In both ion modes, 60 RV
metabolites were upregulated in the PAH group, while 68 RV
metabolites were downregulated (Figure 4A). The significant
differential RV metabolites were mainly distributed as
carbohydrates, amino acids, lipids, pyrimidines, purines,
carboxylic acids, amines/amides, vitamins, and others, among
which carbohydrates, amino acids, lipids, pyrimidines, and
purines account for the majority (Figure 4C, detailed results
are presented in Table S2). The heat maps were created based
on differential metabolites with VIP > 1.0 (VIP score top 50)
and P < 0.05. In both ion modes, heat map visualization

(Figure 4F,G) of the top 50 differential metabolites presented
distinct segregation between CON and PAH groups.

Biological Pathway Analysis of Dysregulated PA
Metabolites. In order to recognize potential metabolic
pathways associated with flow-associated PAH pathogenesis,
dysregulated PA metabolites with the VIP value > 1.0 and the
P-value < 0.1 were uploaded to MetaboAnalyst 5.0, a web tool
that is based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) metabolic pathway database and could
provide visual statistical analysis (https://www.metaboanalyst.
ca).17−19 The dysregulated metabolic pathway was set as P <
0.05 as well as the pathway impact value > 0.1. Hence, five
pathways were identified as dysregulated metabolic pathways,
including phenylalanine, tyrosine, and tryptophan biosynthesis,
linoleic acid metabolism, amino sugar and nucleotide sugar
metabolism, glycerophospholipid metabolism, and glycolysis/
gluconeogenesis (Figure 5A). Among these pathways, linoleic
acid metabolism was significantly altered with the highest
impact value, and the phenylalanine, tyrosine, and tryptophan
biosynthesis pathway was also markedly altered with a high
impact value together with the lowest P-value. It is worth
noting that arachidonic acid (AA) metabolism may be a
potential dysregulated metabolic pathway, as the P-value of this
metabolic pathway is much close to 0.05 and with a high
impact value. In Table S3 and Figures S2−S7, we summarized

Figure 2. Pathologic characterizations of the lungs and the right ventricle (RV) of rats with PAH. (A) Representative images of gomori aldehyde
fuchsin (GAF) staining of the lung tissue. The internal and external elastic fibers were stained purple. (B) Quantification of the pulmonary artery
media thickness (PAMT) from GAF-stained sections. (C) Representative photographs of Masson’s trichrome staining on lung sample slides. The
collagen was stained green. (D) Quantification of the pulmonary fibrosis extent by using images of Masson’s trichrome staining. (E) Masson’s
trichrome-stained sections of the RV were presented. (F) Quantification of the heart fibrosis area from Masson’s trichrome-stained images. Data
presented in graphs are means ± SD. *P < 0.001 versus CON (PAH, n = 7; CON, n = 8). Scale bar, 50 μm.
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the differential metabolites participating in the above
dysregulated metabolic pathways. In addition, on the basis of
the KEGG database, dysregulated metabolic pathways and
corresponding differential metabolites were presented by
drawing united metabolic pathway networks (Figure 6).
KEGG Pathway Analysis of Dysregulated RV Metab-

olites. Obviously changed RV metabolites obtained from both
ion modes were subjected to KEGG pathway analysis. Seven
metabolic pathways were detected as dysregulated metabolic
pathways, including amino sugar and nucleotide sugar
metabolism, arginine biosynthesis, histidine metabolism,
glycerophospholipid metabolism, pyrimidine metabolism,
linoleic acid metabolism, and glycolysis/gluconeogenesis.
Among these pathways, arginine biosynthesis and linoleic
acid metabolism pathways were significantly disturbed with the
lowest P-value and the highest pathway impact, respectively.
Of note, D-glutamine and D-glutamate metabolism and purine

metabolism pathways are potential dysregulated metabolic
pathways, as D-glutamate and D-glutamine metabolism presents
a high pathway impact with a P-value approaching 0.05, while
purine metabolism displays a remarkable low P-value together
with an impact value close to 0.1 (a graphical representation of
disturbed pathways is displayed in Figure 5B, with detailed
results listed in Table S4 and presented in Figures S8−S16).
Based on KEGG pathway maps, the significant relevant
metabolic pathways were shown by drawing united metabolic
pathway networks together with corresponding differential
metabolites (Figure 7). It is worth noting that all dysregulated
metabolic pathways were associated with those related to
energy metabolism such as glycolysis, nucleotide metabolism,
and amino acid metabolism.

Integrated Analysis of Shared Differential Metabo-
lites in PAs and the RV. Aiming to gain a deep insight into
the mechanisms underlying the flow-associated PAH patho-
genesis, integrated analysis of shared dysregulated metabolites
in PAs and the RV was conducted. As presented in Figure 8A
(Venn diagram) and in Table 2, between PAH and CON rats,
there were 39 shared differential metabolites in the PAs and
the RV. When classifying these shared dysregulated metabo-
lites by their properties, the overwhelming majority was
carbohydrates followed by lipids, purines/nucleosides, carbox-
ylic acids, and amines (Figure 8B). Next, these shared
dysregulated metabolites were subjected to KEGG pathway
analysis, and five significantly dysregulated metabolic pathways
were identified, including glycerophospholipid metabolism,

Figure 3. Principal component analysis (PCA) score maps based on metabolic profiles of pulmonary arteries (PAs) and the RV. (A,B) PCA score
plots presented the degree of separation in metabolic profiles of PAs between CON and PAH groups in positive (A) and negative (B) ion modes.
(C,D) The extent of separation of RV metabolic profiles in positive (C) and negative (D) ion modes is presented in PCA score plots. QC, quality
control.

Table 1. Results of Permutation Tests for the OPLS-DA
Modela

ion mode R2Y R2X Q2

PAs POS 1.000 0.733 0.901
NEG 0.987 0.530 0.891

RV POS 0.999 0.634 0.976
NEG 0.996 0.580 0.951

aPOS, positive; NEG, negative; PAs, pulmonary arteries; RV, right
ventricle.
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glycolysis/gluconeogenesis, linoleic acid metabolism, AA
metabolism, and amino sugar and nucleotide sugar metabolism
(Figure 8C and Table 3). Among them, two pathways are
relevant to carbohydrate metabolism, namely, the amino sugar

and nucleotide sugar metabolism pathway and glycolysis/
gluconeogenesis. Three of those five pathways were associated
with lipid metabolism, including AA metabolism, linoleic acid
metabolism, and glycerophospholipid metabolism. Notably,

Figure 4. Heat maps visualizing the significantly altered metabolites between PAH and CON rats. (A) Numbers of increased and deceased PA and
RV metabolites in PAH rats, (B) classification of dysregulated PA metabolites by their properties, (C) classification of dysregulated RV metabolites
by their properties, (D,E) significantly altered metabolites in PAs, and (F,G) significant differential metabolites (the variable importance in the
projection (VIP) score top 50 derived from OPLS-DA) in the RV. (D,F) Positive ion mode and (E,G) negative ion mode. Column: representing
samples of each group; row: representing significantly dysregulated metabolites. The metabolite concentration was elucidated by the color key
(lowest: blue; highest: orange).
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among these three pathways, AA metabolism and linoleic acid
metabolism exhibited a high impact value, while glycerophos-
pholipid metabolism showed the lowest P-value.
Figure 9 shows the disturbance of linoleic acid and AA

metabolism and corresponding dysregulated metabolites in
flow-associated PAH. It is well-known that linoleic acid and AA
metabolism pathways play a pivotal role in inflammation.20

The present study showed that some key metabolic
intermediates or end products, which are related to linoleic

acid and AA metabolism, presented a dramatic increase in rats
with PAH, including γ-linolenic acid, AA, 5-hydroperoxyeico-
satetraenoic acid (5-HPETE), and prostaglandin E2 (PGE2),
while the substrate, linoleic acid, presented a significant
decrease. Among these, linoleic acid, AA, and PGE2 are
shared differential PA and RV metabolites in PAH. Synthesized
from linoleic acid, AA is a long-chain fatty acid that could be
converted into prostaglandin H2 (PGH2) by cyclooxygenases
(COXs). PGH2 serves as the substrate for a series of enzymes,

Figure 5. KEGG pathway analysis of dysregulated metabolites between CON and PAH rats. (A) KEGG pathway analysis of dysregulated
metabolites (VIP value > 1 and P-value < 0.1) in PAs. (B) KEGG pathway analysis based on differential metabolites (VIP value > 1 and P-value <
0.1) obtained in the RV. The impact value derived from pathway topological analysis was presented by the size of the circles, and the magnitude of
−log 10 (p-value) calculated through pathway analysis was represented by the color of the circles (lowest: light yellow; highest: dark red).
Dysregulated metabolic pathways were labeled.

Figure 6. Schematic representation of significantly disturbed metabolic pathways in PAs of flow-associated PAH. Six dysregulated metabolic
pathways in PAs of PAH rats were analyzed. Each circle represents a metabolite. Red and green ones represent that the metabolites were increased
or decreased in PAs of PAH rats, respectively. Solid arrows represent single-step metabolism, while dashed arrows represent multiple-step
metabolism. Dashed boxes indicate different metabolic pathways. α-D-Glucose-1P, α-D-glucose 1-phosphate; α-D-Glucose-6P, α-D-glucose 6-
phosphate; Acetyl-CoA, acetyl coenzyme A; D-Xyl, D-xylose; GlcNAc-6P, N-acetyl-D-glucosamine 6-phosphate; GlcNAc, N-acetyl-D-glucosamine;
Glycerone-P, dihydroxyacetone phosphate; L-Ara, L-arabinose; Man-1P, D-mannose 1-phosphate; ManNAc, N-acetyl-D-mannosamine; PGE2,
prostaglandin E2; TCA, tricarboxylic acid; UDP-Glc, uridine diphosphate glucose; 2-KG, 2-ketoglutaric acid; 5-HPETE, 5-hydro-
peroxyeicosatetraenoic acid.
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each resulting in a different prostaglandin (PG) end product.
Vascular smooth muscle cells mainly produce PGs, such as
PGE2 and prostaglandin F2α (PGF2α). PGE2 exhibits a
variety of biological activities, for instance, inflammation, cell
proliferation, and antiapoptosis, via its receptors.21 Unlike
PGE2, PGF2α commonly acts as a vasoconstrictor. AA could
also be metabolized by 5-lipoxygenase into 5-HPETE, which in
turn is converted into different leukotrienes (LTs). Some LTs
(such as C4, D4, and E4) are known to induce certain
pathological hallmarks of PAH, including an increase in
vascular permeability and pulmonary vasoconstriction.22

Collectively, an inflammatory microenvironment, formed by
LTs and PGs derived from AA, could serve as a stimulation
and attraction factor of leukocytes, which makes AA a central
regulator of the inflammatory response.20 The findings from
the current study suggest that the AA metabolism was
remarkably promoted in PA and RV tissues in flow-associated
PAH, which may considerably contribute to the onset of PAH.

■ DISCUSSION

In the present work, the metabolic profile of PAs and the RV in
a high pulmonary flow-associated PAH animal model has been

characterized through untargeted metabolomics. Moreover,
integrated analysis was carried out to explore shared differ-
ential metabolites as well as dysregulated metabolic pathways
in PAs and the RV. Metabolic reprogramming of PAH has
been previously characterized in animal models14,16,23,24 and
patients.25−28 It should be noted that most of these studies
were designed to assess the metabolic profile in one particular
tissue or sample, such as blood (plasma/serum), the lungs, or
the RV tissue. Izquierdo-Garcia et al.29 have used NMR-based
metabolomics together with the technique of 18F-FDG PET
imaging to characterize the metabolic profile in the heart and
lung tissues in a PAH mouse model. However, the differential
metabolites that they researched were limited, and the shared
lung and heart dysregulated metabolites have not been
comprehensively analyzed. A previous study reported that
distinct animal models, for instance, hypoxia-induced and
MCT-induced PAH, may develop PAH through different
metabolomic pathways.30 Currently, the available data on the
metabolic shift in pulmonary overcirculation-associated PAH
appear to be insufficient, thereby deserving to be studied
deeply. As far as we are aware, for the first time, we evaluated
PA and RV metabolic reprogramming as well as shared

Figure 7. Schematic representation of significantly disturbed metabolic pathways in the RV of flow-associated PAH. Nine dysregulated metabolic
pathways in the RV of PAH groups were analyzed. Each circle represents a metabolite. Red and green ones represent that the metabolites were
increased or decreased in the RV of PAH groups, respectively. Solid arrows represent single-step metabolism, while dashed arrows represent
multiple-step metabolism. Dashed boxes indicate different metabolic pathways. α-D-Glucose-1P, α-D-glucose 1-phosphate; α-D-Glucose-6P, α-D-
glucose 6-phosphate; Acetyl-CoA, acetyl coenzyme A; AMP, adenosine 5′-monophosphate; CDP-choline, cytidine 5′-diphosphocholine; dUMP,
deoxyuridine monophosphate; GlcNAc-6P, N-acetyl-D-glucosamine 6-phosphate; Glycerone-P, dihydroxyacetone phosphate; IMP, inosine 5′-
monophosphate; Man-1P, D-mannose 1-phosphate; Man-6P, D-mannose 6-phosphate; PGE2, prostaglandin E2; Ribose-5P, D-ribose 5-phosphate;
Ribulose-5P, D-ribulose 5-phosphate; TCA, tricarboxylic acid; XMP, xanthosine 5′-phosphate; 2-KG, 2-ketoglutaric acid; 3′-AMP, adenosine-3′-
monophosphate.
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metabolic abnormalities in the flow-associated PAH. The
current study brings insights into the metabolic feature of two
important target organs (the lungs and the RV) for flow-
associated PAH, with the possibility to develop novel
therapeutic targets.
In patients with left−right flow shunt congenital heart

disease (CHD), PAH usually develops progressively as a
consequence of chronic pulmonary overcirculation. A
representative animal model that could reproduce the
pathological hallmarks of human CHD-associated PAH
(CHD-PAH) is necessary for a deep understanding of the
pathobiology of this devastating disease. A rodent model of
flow-associated PAH that combines MCT injection and
aortocaval shunt was applied in this work for its potential to
double the volume of pulmonary flow and to induce the
formation of a neointimal-type vascular remodeling, which is
similar to PAH in mankind.31 Moreover, it presents more
pronounced right heart failure as well as increased morbidity
and mortality.31 Thus, it was considered to be an ideal flow-
associated PAH model to mimic CHD-PAH32 and could be
employed to explore subtle metabolic disturbances specifically
linked to the RV and pulmonary vascular remodeling. In the
present work, the formation of the characteristics of PAH was
clearly confirmed in our rat model through hemodynamic
measurement and histological examination.
An expanding body of evidence has shed light on the

important role of inflammation in PAH pathogenesis.33,34 The
presence of high levels of multiple chemokines and cytokines
has been well confirmed in lung tissues of patients and animals
with PAH. Disorder of pulmonary hemodynamics and
remodeling of pulmonary vessels in PAH were closely
correlated with the degree of perivascular inflammation.35

The recruitment of inflammatory cells, for instance,
neutrophils and monocytes, leads to dramatic changes in the
metabolic activity of inflamed tissues. A notable metabolic
disorder during inflammation involves the generation of lipid
mediators.36 AA, synthesized from linoleic acid, is a long-chain

fatty acid that could be converted into LTs by lipoxygenase or
into PGH2 by COXs. By binding to 4G protein-coupled
receptors, PGE2, the downstream proinflammatory product of
AA, could enable the activation of adenylate cyclase as well as
numerous downstream signaling pathways, thereby promoting
the expression levels of many inflammatory factors, such as
TNF-α, IL-1, and IL-6.37 Chen et al. reported that, compared
with the healthy control, in serum samples of CHD-PAH, α-
linolenic acid metabolism and AA metabolism were remarkably
disturbed.25 Consistently, in the present study, linoleic acid
metabolism and AA metabolism pathways have been proven to
be the most pivotal dysregulated pathways in PAs and the RV,
evidenced by high impact values obtained in KEGG pathway
analysis based on the selected 39 shared differential PA and RV
metabolites. Specifically, a highly increased load of AA and
PGE2 and a decreased level of linoleic acid were found in PAs
and the RV of rats with PAH. An increased level of AA in
plasma,38 serum,25 the lungs,14,38 and the heart38 of PAH
patients25 or animal models14,38 has been reported by previous
research, pointing out the potential role of AA in the onset and
progress of PAH. The present study extended these findings by
showing evidence of substrate depletion of AA metabolism
(decrease in linoleic acid) and an increase in downstream
products (such as PGE2 and 5-HPETE), robustly indicating
that the AA metabolic pathway was significantly activated in
PAH. Taking this together, we suggest that abnormalities in
AA metabolism reflect a common signature correlated with an
extensive inflammatory response in the lungs and the RV,
which might play a critical role in the development of high
pulmonary blood flow-associated PAH.
In this study, glycerophospholipid metabolism was found to

be a shared dysregulated pathway in PAs and the RV of PAH.
Glycerophospholipids, the most abundant phospholipids in the
lungs, are pivotal for oxidative stress, lung defense, and the
inflammatory response.39,40 A previous study has demonstrated
that downregulation of the glycerophospholipid metabolic
pathway, observed in severe COPD, was significantly

Figure 8. Integrated analysis of shared differential metabolites in PAs and the RV. (A) Venn diagram representing the comparison of differential
metabolites between PAs and the RV. There are 39 shared differential metabolites between PAs and the RV. (B) Classification of 39 shared
differential PA and RV metabolites by their properties. (C) KEGG pathway analysis based on the selected 39 shared differential metabolites after
integration of both PA and RV metabolomics datasets. The importance of a metabolic pathway was elucidated by the size and color of the circle.
Influenced metabolic pathways were labeled.
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negatively correlated with oxidative stress products.39 In
addition, the strong relationship between phosphatidylcholine
and inflammatory factors in lung tissues in sepsis-induced
acute lung injury was also reported by prior research.41 During
pulmonary vascular remodeling, an increase in oxidative stress
has been corroborated in the lungs and pulmonary vasculature.
Moreover, in an interactive manner, oxidative stress together
with inflammation plays a crucial role in the development of
pulmonary vascular remodeling.42 Results from the current
study presented that the PA metabolites such as phosphor-
ylcholine, dihydroxyacetone phosphate, O-phosphoethanol-
amine, lecithin, and 1-palmitoyl-sn-glycero-3-phosphocholine

Table 2. The Detailed Results of Shared Differential Metabolites in PAs and the RVa

PAs RV

metabolites VIP FC p-value VIP FC p-value

Carbohydrates
α-D-glucose 1-phosphate 2.798 0.296 0.008 2.782 0.662 0.004
D-erythrose 4-phosphate 1.170 0.296 0.002 1.526 0.679 0.002
D-galactarate 5.044 0.340 0.001 1.514 0.763 0.051
D-glucose 6-phosphate 2.961 0.344 0.074 3.470 0.622 1.8 × 10−4

D-mannose-1-phosphate 7.760 0.195 0.011 8.600 0.608 1.9 × 10−4

D-ribose 1.323 1.315 0.052 1.000 1.648 0.020
dihydroxyacetone phosphate 1.627 0.338 0.010 2.602 0.572 6.7 × 10−6

maltotriose 2.404 0.523 0.005 5.229 0.508 0.004
N-acetylglucosamine 1-phosphate 2.302 0.438 0.002 1.882 1.404 0.031
N-acetyl-D-glucosamine 6-phosphate 1.212 0.400 0.003 1.010 1.346 0.056
N-acetylneuraminic acid 1.029 1.324 0.078 3.699 0.475 1.3 × 10−5

stachyose 1.190 0.509 0.015 1.208 0.494 0.004
thioetheramide-PC 5.482 0.708 0.030 6.085 0.499 0.013

Lipids
acetylcarnitine 10.950 0.816 0.015 9.125 0.518 4.4 × 10−7

arachidonic acid 4.324 3.702 1.5 × 10−4 4.485 8.757 0.049
hexadecanedioic acid 1.091 0.573 0.016 1.180 1.526 0.011
linoleic acid 2.830 0.700 0.032 2.037 0.737 0.010
PC(16:0/16:0) 4.728 0.520 0.001 2.409 2.902 0.015
prostaglandin E2 20.417 3.088 1.7 × 10−4 2.054 3.575 0.001
1-palmitoyl-sn-glycero-3-phosphocholine 18.753 0.612 0.010 12.224 0.711 0.009
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 4.443 0.353 0.093 4.485 0.637 0.031
1-stearoyl-sn-glycerol-3-phosphocholine 16.226 0.569 0.015 16.822 2.444 0.004
3-hydroxycapric acid 1.179 0.350 0.029 1.365 1.516 0.007

Purines/nucleosides
adenine 1.639 0.512 0.079 3.266 1.513 0.001
D-lyxose 5.517 2.012 0.004 1.039 0.572 0.034
hypoxanthine 19.498 0.634 0.006 2.510 1.195 0.015
inosine 4.040 0.361 0.001 21.974 0.679 4.8 × 10−6

S-methyl-5′-thioadenosine 5.762 0.387 0.001 10.633 1.610 0.006
Carboxylic acids

lactate 1.613 1.413 0.077 7.602 0.844 0.082
phosphoenolpyruvate 1.025 0.329 0.001 1.149 0.732 0.002

Amines
O-phosphoethanolamine 1.284 0.348 0.010 1.222 1.359 0.003
phosphorylcholine 9.149 0.403 0.007 12.601 1.377 1.5 × 10−4

Others
ammelide 1.009 0.312 0.011 1.552 0.748 3.9 × 10−6

D-lactose 2.129 0.445 0.002 1.607 0.510 0.001
D-ribose 5-phosphate 1.799 0.256 0.004 2.898 0.539 4.7 × 10−6

isomaltose 2.687 0.482 0.003 5.547 0.517 0.001
N-acetyl-L-alanine 1.790 1.606 0.052 1.294 0.513 0.029
pantothenate 2.510 1.643 0.038 5.009 0.734 0.023
taurine 4.506 0.709 0.095 1.127 1.634 2.8 × 10−4

aPAs, pulmonary arteries; RV, right ventricle; FC, fold change; VIP, variable importance in the projection.

Table 3. Pathway Analysis Based on the Selected 39 Shared
Differential Metabolites in PAs and the RV

metabolic pathway P-value −log 10(p) FDRa impact

glycerophospholipid metabolism 0.001 3.071 0.071 0.164
glycolysis/gluconeogenesis 0.002 2.695 0.085 0.106
linoleic acid metabolism 0.004 2.351 0.125 1.000
arachidonic acid metabolism 0.042 1.380 0.599 0.333
amino sugar and nucleotide sugar
metabolism

0.045 1.350 0.599 0.178

aFDR, false discovery rate.
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were decreased in the PAH group, indicating downregulation
of glycerophospholipid metabolism. Therefore, we speculated
that downregulation of glycerophospholipid metabolism results
in an increase in oxidative stress by regulating inflammatory
response, thus acting as a key factor in pulmonary vascular
remodeling and development of PAH. However, unlike the
result in PAs, our data showed a relatively upregulated
glycerophospholipid metabolism in RV samples of the PAH
group, evidenced by the increased levels of phosphorylcholine,
lecithin, O-phosphoethanolamine, diethanolamine, and cyti-
dine 5′-diphosphocholine. It is widely accepted that during the
development of heart failure, lipid accumulation in cardio-
myocytes serves as one of the causal factors.43 Glycerophos-
pholipids, a lipid class, were reported to act as a predominant
bioactive contributor bridging insulin resistance and cardiac
damage.44 PC(16:0/16:0), an intermediate of glycerophos-
pholipid metabolism, which presented a 2.9-fold increase in the
RV of PAH rats in our study (Table S2), was also found to be
upregulated in rats with doxorubicin-induced chronic heart
failure.45 Therefore, we speculated that the increase in
products of glycerophospholipid metabolism may be cardiac
lipotoxic and has potential adverse effects on the cardiac
function. However, given limited evidence, the role of
glycerophospholipid metabolism in pulmonary vascular and
right ventricular remodeling in PAH requires future studies to
elucidate.
When classifying dysregulated PA and RV metabolites by

their properties, carbohydrates (including glucose, amino
sugar, nucleotide sugar, and so on) accounted for the majority
of all identified dysregulated metabolites. As an important
energy source of pulmonary smooth muscle cells (PASMCs)

and cardiomyocytes, dramatically disturbed carbohydrates
indicate a robust imbalance in energy metabolism. These
disturbed carbohydrate metabolisms found in our study
include amino sugar and nucleotide sugar metabolism as well
as glucose metabolism (glycolysis/gluconeogenesis). It is
generally considered that there is a glycolytic shift in PASMCs
and the RV during the development of PAH, with increased
glycolysis and decreased glucose oxidation.11 Consistent with
previous studies, the detection of significant decreases in
glycolytic substrates (α-D-glucose 1-phosphate and phosphoe-
nolpyruvate) and accumulation of end products (lactate) in
PAs of PAH rats in our study strongly suggested the alteration
in glycolytic metabolism. However, no evidence of relatively
increased glycolysis was present in the RV of PAH rats in our
present work. Our results suggested relatively reduced
glycolysis in the RV of PAH rats compared to the control.
Of note, it has been reported in previous studies that in the RV
tissue of hypoxia-induced PAH, substrates and products of
glycolysis could be maintained at a nearly normal level.24,46 In
addition, interestingly, unlike increased glycolysis showing in
early or developing PAH in several previous studies, reduced
glycolysis was observed in human lungs with advanced PAH.5

A possible interpretation of these contradictory results may be
that the metabolic dysregulation in the RV is probably driven
by intrinsic changes at the level of cardiomyocytes that were
triggered by an increased afterload, rather than a consequence
induced by imbalance between energetic demands and uptake
of oxygen. Thus, cardiomyocytes display heterogeneous
phenotypes in distinct stages during the development of the
disease. The role of amino sugar and nucleotide sugar
metabolism in PAH remains unclear. It has been reported

Figure 9. Disturbance of linoleic acid and arachidonic acid (AA) metabolism and corresponding dysregulated metabolites in flow-associated PAH.
An overview of the metabolic flow of linoleic acid and AA metabolism and alterations identified in PAs and the RV between PAH and CON groups.
Data presented in graphs are means ± SD. *P < 0.05 versus CON. PGE2, prostaglandin E2; EP, prostaglandin E2 receptor; PGF2α, prostaglandin
F2α; PGI2, prostacyclin I2; TXA2, thromboxane A2; 5-HPETE, 5-hydroperoxyeicosatetraenoic acid.
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that amino sugar and nucleotide sugar metabolism is related to
the disturbance of redox homeostasis. Disturbance of amino
sugar and nucleotide sugar metabolism was found in
hypertrophic cardiomyopathy47 and asthma, a chronic
inflammatory airway disease with the characteristic of airway
remodeling.48 N-acetyl-D-glucosamine 6-phosphate, an inter-
mediate metabolite of amino sugar and nucleotide sugar
metabolism, which was dysregulated both in PAs and the RV
in our PAH model, was identified as a potential biomarker for
the diagnosis of coronary heart disease (a kind of
cardiovascular disease that was thought to undergo a metabolic
shift).49 Taken together, our results suggested that the
perturbation of energy metabolism was involved in the
development of flow-associated PAH, especially the carbohy-
drate metabolism.
Accumulating evidence has revealed the key role of amino

acids in the pathogenesis of PAH.25,50 In our study, compared
with the CON group, phenylalanine, tyrosine, and tryptophan
biosynthesis was the most significantly dysregulated metabolic
pathway in PAs of the PAH group, while arginine biosynthesis
and histidine metabolism are two significantly disturbed
pathways in the RV. These pathways are all relevant to
amino acid metabolism. Phenylalanine, when substantially
increased, is recognized to be involved in numerous
pathophysiological processes, such as chronic obstructive
pulmonary disease,51 persistent pulmonary hypertension,52

and coronary heart disease.53 Tan et al. demonstrated that
chronic phenylalanine administration induced PAH through
binding to the calcium-sensing receptor and its subsequent
activation in rats.54 According to this finding, they proposed a
hypothesis that phenylalanine probably accumulates in the
lungs of PAH, which was not previously reported but was
confirmed by our current work. Furthermore, tryptophan, an
essential amino acid that could act as a precursor in serotonin
production, was found to be upregulated in PAH PAs in our
study. Synthesized in the pulmonary endothelium, serotonin
could pass into the underlying PASMCs to trigger the
overproliferation and contraction response of PASMCs.
Moreover, serotonin could also participate in mediating the
proliferation of fibroblasts in the lungs.55 Given these, although
the influence of tryptophan in PAH remains poorly under-
stood, one reasonable hypothesis is that it possibly involves the
development of this disease through the serotonergic path-
way.56 According to World Health Organization guidelines,
tryptophan has been categorized as a likely causative agent for
the development of PAH.57 In normal cases, FAO in the
mitochondria of cardiomyocytes serves as a primary source of
energy supply. In patients with cardiac dysfunction, a
remarkable shift from relying on FAO to preferential utilization
of alternative sources of energy was observed.43 In this
condition, on account of hormonal imbalance, coenzyme
depletion, and inflammatory activation, carbohydrate metabo-
lism is inefficient; thus, amino acids are essential for the TCA
cycle.58 Noteworthy, we found noticeable decreases in the RV
content of L-glutamine and L-glutamate, two metabolites that
could serve as a carbon source for energy production,
replenishing the TCA cycle.46 In addition, in the RV of PAH
rats, decreases in arginine biosynthesis and histidine metabo-
lism were detected, evidenced by the substantial decrease in
arginine, citrulline, carnosine, and anserine. We propose that
the decrease in these amino acids’ concentration was probably
due to their increased utilization by the mitochondria to fuel
the TCA cycle, thereby increasing the generation of ATP as

well as maintaining the function of the mitochondria. This
could be partly supported by a previous study, which reported
that in glioblastoma lines, glutamine was used as an alternative
carbon source to provide a steady source of oxaloacetate and
maintain back half flow through the TCA cycle.59 On the other
hand, as nitric oxide precursors, citrulline and arginine present
a cardioprotective function.60 It has been demonstrated that
plasma levels of arginine and citrulline dropped precipitously
after congenital cardiac surgery,61 while citrulline and arginine
supplementation played a protective role in PAH.60,61

Furthermore, in patients with preserved ejection fraction
heart failure, administration of arginine and citrulline
contributed to an improvement in pulmonary vascular
resistance as well as the right ventricular ejection fraction,
thereby improving the right ventricular function.62 Collec-
tively, the decreased level of these amino acids may be
hallmarks of a dysregulated RV function in PAH.
Pyrimidine metabolism and purine metabolism belong to

nucleotide metabolism, which is a key pathway that generates
pyrimidine and purine molecules for DNA synthesis and
replication. It has been demonstrated that plasma levels of
purine metabolites (such as xanthine, xanthosine, uric acid, and
so forth) were upregulated in PAH, indicating increased
oxidative stress. Moreover, plasma levels of purine metabolites
were reported to be related to the severity of PAH and RV
dysfunction.63 In our present study, pyrimidine and purine
metabolism was found to be upregulated in the RV of PAH
rats since relevant metabolites including adenine, xanthosine,
xanthine, hypoxanthine, deoxyadenosine, deoxyinosine, cyti-
dine, cytosine, deoxycytidine, pseudouridine, thymidine,
thymine, and 5-methylcytosine were significantly increased. A
previous study reported that an elevated pyrimidine metabolite
content (such as pseudouridine and orotic acid) as well as
increased purine metabolites (for instance, inosine, hypoxan-
thine, and uric acid) were correlated with cardiotoxicity of
anthracyclines.64 Although these metabolic pathways have not
been sufficiently reported in PAH, our study suggested that
they are prominent pathways relevant to PAH pathogenesis
and may be potential targets for further mechanistic research.

■ CONCLUSIONS
PAH, a rare but lethal disease, has been increasingly recognized
as a systemic disorder characterized by metabolic derange-
ments.65,66 Since the lungs are the primary target organ of
PAH, the pathological alteration in PAs has been the
traditional subject of most of the intensive research studies.
However, the structural remodeling of the RV, which plays a
pivotal role in controlling the clinical course of PAH, has not
been sufficiently studied from the metabolic perspective. Thus,
performing the metabolomics analysis in these two important
target organs of PAH may contribute to developing a thorough
understanding of the mechanisms underlying flow-associated
PAH pathogenesis. Meanwhile, the integrated analysis of
shared dysregulated metabolites in PAs and the RV may be
meaningful in elucidating the most significant metabolic
feature of PAH and probably be helpful in exploiting potential
therapeutic strategies for this devastating disease. Results of
our current study suggest that the PAH pathogenesis could be
mediated by widespread metabolic reprogramming, mainly
including dysregulation of carbohydrate metabolism, lipid
metabolism, and amino acid metabolism. Furthermore, in PAH
rats, PAs and the RV share some common metabolic
abnormalities, such as glycerophospholipid metabolism,
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glycolysis/gluconeogenesis, linoleic acid metabolism, AA
metabolism, and amino sugar and nucleotide sugar metabo-
lism. In particular, the dysregulation of AA metabolism may
considerably contribute to the development of flow-associated
PAH.

■ EXPERIMENTAL SECTION
Animal Model of PAH and Grouping. All animal

experiments were performed in accordance with the guideline
of the Ministry of Health of the People’s Republic of China
and approved by the Animal Experimental Ethics Committee
of the Guangxi Medical University. Sixteen male Sprague
Dawley rats, purchased from the Animal Research Centre of
the Guangxi Medical University, with weights ranging from
180 to 200 g, were randomly assigned into the following
experimental groups: (1) the PAH group (n = 8), in which a
model for flow-associated PAH was created by using the
technique described in previous studies67,68 with slight
modifications. Briefly, PAH was established through combining
subcutaneous injection of MCT (60 mg/kg, Sigma-Aldrich)
with the aortocaval shunting procedure one week later
(shunting surgery was carried out in accordance with our
previous studies69,70); (2) the control group (n = 8) received
saline injection (1 mL/rat, subcutaneously) and sham surgical
operation (laparotomy) one week later. All experimental rats
were raised under a 12:12 h light and dark cycle environment
for four weeks after MCT/saline injection, freely accessing
food and water.
Hemodynamic Measurement and RVH Assessment.

Pentobarbital sodium (40 mg/kg intraperitoneally) was used
to anesthetize experimental rats. The fistula and blood
shunting between the abdominal aorta and the IVC were
confirmed through two-dimensional and color Doppler
ultrasonography. According to our previous studies,69,71

through the right jugular vein, a cardiac catheter was inserted
into the RV to monitor the pressure of the RV. Briefly, RVSP
and RVMP were recorded by a transducer (BIOPAC Systems,
Inc., Goleta, CA, USA). After the hemodynamic measurement,
animals were sacrificed, and the heart and lungs were removed
from the thorax. The RV-free wall was separated from the left
ventricle (LV) and the septum (S) in cold phosphate-buffered
saline (PBS), while PAs were separated from the lung tissue in
cold PBS under a stereomicroscope. After separation, snap-
frozen PAs (with liquid nitrogen) were transferred into a −80
°C freezer for LC−MS/MS analysis later, while the wet weight
of the RV and the LV plus S was quickly measured. Next, half
of the RV tissue was fixed in 4% paraformaldehyde, and the
remaining half was snap-frozen and then kept in a −80 °C
freezer for LC−MS/MS. The RVHI was calculated as a
myocardial hypertrophy parameter according to the following
formula: RVHI = RV/(LV + S).
Histological Analysis. After fixation with 4% paraformal-

dehyde for 24 h, the upper part of the left lung and half of the
RV were subjected to paraffin embedding procedures; then, 5
μm-thick sections were prepared for histological examination.
HE, GAF, and Masson’s trichrome staining was conducted in
accordance with the manufacturer’s instructions to assess the
morphology of pulmonary vessels and measure lung and heart
collagen deposition. A video-linked microscope (Olympus,
Fluoview1000, Japan) was used to obtain images of staining
slides. At least three randomly selected pulmonary arterioles
(outer diameter between 50 and 200 μm) per rat were assessed
at 400 magnification to calculate the PAMT in accordance with

the following formula: 100 × (external diameter − internal
diameter)/external diameter.72 The quantification of lung and
RV collagen deposition was carried out by a pathologist who
was unaware of the grouping of animals, using ImageJ version
2.1.0 software (NIH).

Sample Preparation for LC−MS/MS Analysis. Ran-
domly selected PA (n = 4/group) and RV (n = 6/group)
samples were collected for untargeted LC−MS/MS analysis.
Briefly, PA and RV samples (100 mg) were homogenized in
Milli-Q water (200 μL). Then, samples were mixed with 800
μL of methanol/acetonitrile solution (1:1 v/v) followed by
vortexing and then sonicated at a low temperature. Next,
samples were incubated for 1 h at −20 °C followed by
centrifugation at 13,000 rpm for 15 min at 4 °C. After drying
in a vacuum centrifuge, the supernatant was then stored at −80
°C prior to analysis. Before LC−MS/MS analysis, the
supernatant of samples was redissolved in 100 μL of an
acetonitrile/water (1:1 v/v) solvent. QC samples, which were
prepared through mixing equal amounts (10 μL) of each
sample together, were injected at a fixed interval and then
analyzed with the same procedure as the experimental samples.
LC−MS/MS was done at the Applied Protein Technology
(APT, Shanghai).

Chromatographic Conditions of LC−MS/MS Analysis.
LC−MS/MS analysis was performed on an Agilent, 1290
Infinity LC system (Agilent Technologies, Santa Clara,
California, CA, United States) coupled with an AB SCIEX
Triple TOF 6600 system (AB SCIEX, Framingham, MA,
United States). A 2.1 mm × 100 mm ACQUITY UPLC BEH
1.7 μm amide column (130 Å, Waters, Ireland) was utilized to
conduct chromatographic separation. The settings of the
column were the following: temperature, 25 °C; injection
volume, 2 μL; flow rate, 0.5 mL/min. The mobile phase of
both ionization modes consisted of A, 25 mM ammonium
acetate and 25 mM ammonium hydroxide in water, and B,
acetonitrile. The gradient elution procedure was set as follows:
0−1 min, 85% B; 1−12 min, 85−65% B; 12−12.1 min, 65−
40% B; 12.1−16.1 min, 40% B; 16.1−16.2 min, 40−85% B;
16.2−21.2 min, re-equilibration.

Mass Spectrometry Conditions of LC−MS/MS Anal-
ysis. The following are the settings of electrospray ionization
source conditions: ion source (gas 1 and gas 2) pressure, 60
psi; curtain gas pressure, 30 psi; IonSpray Voltage Floating,
±5500 V; source temperature, 600 °C. The accumulation time
for product ion scan was set at 0.05 s/spectrum. Information-
dependent acquisition with high sensitivity mode was used to
achieve the product ion scan. The following parameters were
employed: collision energy, 35 V with ±15 eV; declustering
potential, ±60 V; exclusion criteria for isotopes, within 4 Da;
candidate ions to monitor per cycle, 10.

LC−MS/MS Data Processing and Analysis. ProteoWi-
zard software version 3.0.6 was utilized to convert the LC−MS
raw data into an MzXML format. Parameters on centWave
employed for peak picking were the following: ppm = 25;
peakwidth = c (10, 60); prefilter = c (10, 100). Moreover, the
following parameters were employed for peak grouping: bw, 5;
minfrac, 0.5; mzwid, 0.025. In the extracted ion features, only
variables with more than 50% of the nonzero measurement
values in at least one group were kept. Compound
identification was carried out for metabolites through
comparing the MS/MS spectra as well as the accurate m/z
value (<25 ppm) to an in-house database, which was
established with available authentic standards.
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Umetrics SIMCA 14.1 (Umea, Sweden) was utilized to
conduct multivariate data analysis, namely, PCA and OPLS-
DA. The contribution of each variable to the classification was
indicated by the VIP value that was calculated in the OPLS-DA
model. The quality of the model was evaluated via seven-fold
cross-validation and response permutation testing. The
predictability and quality of the OPLS-DA model were
assessed by utilizing Q2 (cum) and R2Y (cum) values,
respectively. The Student’s t-test at the univariate level was
further employed to measure the significance of metabolites
with VIP > 1.0. Metabolites with the P-value < 0.1 were
considered as differential metabolites, while those with the P-
value < 0.05 were recognized as statistically significant
differential metabolites.73 The heat map was generated via
utilizing the package of pheatmap in the R platform (version
4.0.3). KEGG pathway analysis was conducted to investigate
the metabolomic pathways involved in the pathogenesis of
flow-associated PAH, by using the MetaboAnalyst 5.0
database. Data were uploaded to KEGG (www.kegg.jp) for
more information and for drawing the dysregulated metabolic
pathway networks.
Statistical Analysis. Data were presented as means ± SD

and statistically analyzed with Prism 7 (GraphPad Software,
Inc.). Statistically significant differences between two groups
were determined via the Student’s t-test. P < 0.05 was
considered as a statistically significant difference.
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