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Abstract. It is generally considered that there is an increase 
in glycolysis in the hypertrophied right ventricle (RV) during 
pulmonary hypertension (PH), which leads to a decrease in 
glucose oxidation through the tricarboxylic acid (TCA) cycle. 
Although recent studies have demonstrated that fatty acid 
(FA) and glucose accumulated in the RV of patients with 
PH, the details of this remain to be elucidated. The purpose 
of the current study was to assess the metabolic remodeling 
in the RV of rats with PH using a metabolic analysis. Male 
rats were treated with the vascular endothelial growth factor 
receptor blocker SU5416 followed by 3 weeks of hypoxic 
conditions and 5 weeks of normoxic conditions (Su/Hx rats). 
Hemodynamic measurements were conducted, and the RV 
was harvested for the measurement of metabolites. A metabo‑
lomics analysis revealed a decreasing trend in the levels of 
alanine, argininosuccinic acid and downstream TCA cycle 
intermediates, including fumaric and malic acid and an 
increasing trend in branched‑chain amino acids (BCAAs) in 
Su/Hx rats compared with the controls; however, no trends 
in glycolysis were indicated. The FA metabolomics analysis 
also revealed a decreasing trend in the levels of long‑chain 
acylcarnitines, which transport FA from the cytosol to the 
mitochondria and are essential for beta‑oxidation. The current 
study demonstrated that the TCA cycle was less activated 
because of a decreasing trend in the expression of fumaric 

acid and malic acid, which might be attributable to the expres‑
sion of adenylosuccinic acid and argininosuccinic acid. These 
results suggest that dysregulated BCAA metabolism and a 
decrease in FA oxidation might contribute to the reduction of 
the TCA cycle reactions.

Introduction

Various factors, such as the genetic background and biolog‑
ical environment, are suggested to induce vasoconstriction 
of the pulmonary arteries and cell proliferation in pulmo‑
nary vasculature in many forms of pulmonary hypertension 
(PH)  (1‑3). This leads to stenosis and obstruction of the 
vascular lumen, resulting in an increase in the pulmonary 
arterial (PA) pressure (4). In accordance with the increase in 
pressure, the right heart function decreases, leading to right 
heart failure, which eventually becomes a prognostic factor 
in these patients (5,6).

Metabolic remodeling has been described not only in 
pulmonary artery vascular cells but also in the right ventricle 
cardiomyocytes of pulmonary arterial hypertension (PAH) (7). 
The metabolic alterations include mitochondrial inactivation, 
which leads to the suppression of glucose oxidation through the 
tricarboxylic acid (TCA) cycle and upregulation of normoxic 
glycolysis (8,9).

Fatty acid (FA) oxidation is suggested to be the major 
source of energy production, especially in the left ventricle. 
Indeed, it is responsible for 60‑90% of ATP synthesis (10). 
Although the details of FA metabolism in the hypertrophied 
RV in PH remain unclear, our recent studies using positron 
emission tomography (PET) and 123I‑β‑methyl iodophenyl 
pentadecanoic acid (BMIPP) uptake imaging have revealed 
the accumulation of not only glucose but also FA in the RV of 
patients with chronic thromboembolic pulmonary hyperten‑
sion (CTEPH) (11,12). However, these studies only showed the 
accumulation of FA in the cytoplasm, and whether or not FA 
oxidation actually occurs through the TCA cycle in mitochon‑
dria has remained unclear.

FA oxidation in the hypertrophied RV in PH is still 
controversial. An increase in FA oxidation in the RV was 
shown in the PA banding model (13). However, a reduction 
in FA oxidation was noted in both the adaptive and maladap‑
tive RV in the monocrotaline rat model and the PA banding 
model (14‑16). In addition, impaired FA transport into the 
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stressed myocardium has been demonstrated in a PAH model 
with right heart failure, which was developed by treatment 
with a vascular endothelial growth factor receptor blocker 
(SUGEN5416), followed by exposure to chronic hypoxia 
(Su/Hx) (17).

Metabolomics can comprehensively analyze metabolites 
induced in vivo by the action of proteins. This analysis can 
reveal the activity of the protein, allowing for the direct 
monitoring of life phenomena (18). In the present study, we 
investigated the metabolic remodeling of glucose and FA in 
the RV of a rat model of PAH (Su/Hx model) via a metabolome 
analysis.

Materials and methods

Animals. Five‑week‑old male wild‑type Sprague‑Dawley 
rats weighing 100‑150 g were purchased from CLEA Japan. 
All animal studies were approved by the Review Board for 
Animal Experiments of Chiba University (no. 30‑126) and 
were therefore performed in accordance with the ethical 
standards laid down in the principles of the NIH Guide for 
the Care and Use of Laboratory Animals (NIH Publication, 
8th edition, 2011).

Rat model of severe PAH (Su/Hx model). PH was induced in 
rats with a single 20 mg/kg subcutaneous injection of a vascular 
endothelial growth factor receptor antagonist (SU5416; R&D 
Systems), followed by 3 weeks of exposure to hypoxic conditions 
(10% O2) and then 5 weeks of exposure to normoxic conditions, 
as previously reported (19). Hemodynamic measurements were 
performed, and the RV was harvested for the measurement of 
metabolites. All rats were housed in standard cages and had 
free access to food and water

Hemodynamic measurements. Rats were intraperitoneally 
anesthetized with pentobarbital sodium (30 mg/kg). A polyeth‑
ylene tube catheter [outer diameter (OD): 1.0 mm; Hibiki] was 
inserted into the RV through the right jugular vein to measure 
the RV systolic pressure (RVSP). Signals were monitored 
with a physiological transducer (NEC Sanei), an amplifier 
system (NEC Sanei), and recorder (Nihon Kohden). After the 
hemodynamic measurements, the rats were euthanized with 
pentobarbital sodium (150 mg/kg). The heart was harvested 
for the measurement of metabolites, and then the weights of 
the RV and left ventricle + septum (LV+S) were measured to 
determine the RV/LV+S ratio.

Metabolite extraction
C‑SCOPE. Metabolite extraction was conducted at Human 
Metabolome Technologies (HMT). Approximately 32  mg 
of the frozen RV tissue was plunged into 750  µl of 50% 
acetonitrile/Milli‑Q water containing internal standards 
(H3304‑1002; HMT) at 0˚C in order to inactivate enzymes. 
The tissue was homogenized three times at 3,500 rpm for 
1 min using a tissue homogenizer (Micro Smash MS100R; 
Tomy Digital Biology Co., Ltd.) and then the homogenate 
was centrifuged at 2,300 x g and 4˚C for 5 min. Subsequently, 
400  µl of upper aqueous layer was centrifugally filtered 
through a Millipore 5‑kDa cutoff filter at 9,100 x g and 4˚C 
for 120 min to remove proteins. The filtrate was centrifugally 

concentrated and re‑suspended in 50 µl of Milli‑Q water for a 
CE‑MS analysis.

LC‑MS. Metabolite extraction and the metabolome analysis 
were conducted at HMT. Briefly, approximately 35 mg of 
the frozen RV tissue was plunged into 500 µl of 1% formic 
acid/acetonitrile containing internal standard solution 
(H3304‑1002; HMT) at 0˚C. The tissue was homogenized 
three times at 1,500 rpm for 120 sec using a tissue homog‑
enizer (Micro Smash MS100R; Tomy Digital Biology Co., 
Ltd.) and then the homogenate was centrifuged at 2,300 x g 
and 4˚C for 5 min and the mixture was homogenized again 
after adding 167 µl of Milli‑Q water. Then the homogenate 
was centrifuged at 2,300 x g and 4˚C for 5 min. The superna‑
tant was then mixed with 500 µl of 1% formic acid/acetonitrile 
and 167 µl of Milli‑Q water, and the solution was filtrated 
through a 3‑kDa cutoff filter (NANOCEP 3K OMEGA; PALL 
Corporation) to remove macromolecules and further filtrated 
using a hybrid SPE phospholipid cartridge (55261‑U; Supelco) 
to remove phospholipids. The filtrate was desiccated and then 
re‑suspended in 100 µl of isopropanol/Milli‑Q water for the 
LC‑TOFMS analysis.

Metabolome analyses
C‑SCOPE. The metabolome analyses were conducted with 
the C‑SCOPE package of HMT using capillary electro‑
phoresis time‑of‑flight mass spectrometry (CE‑TOFMS) 
for the cation analysis and CE‑tandem mass spectrometry 
(CE‑MS/MS) for the anion analysis, based on previously 
described methods (20‑23). Briefly, the CE‑TOFMS analysis 
was carried out using an Agilent CE capillary electrophoresis 
system equipped with an Agilent 6210 time‑of‑flight mass 
spectrometer (Agilent Technologies). The systems were 
controlled by the Agilent G2201AA ChemStation software 
program (version B.03.01 for CE; Agilent Technologies) and 
connected by a fused silica capillary (50 µm i.d. x80 cm total 
length) with a commercial electrophoresis buffer (H3301‑1001 
and I3302‑1023 for the cation and anion analyses, respectively, 
HMT) as the electrolyte. The spectrometer scanned from m/z 
50 to 1,000 (20). Peaks were extracted using MasterHands, an 
automatic integration software program (Keio University) (21) 
and MassHunter Quantitative Analysis B.04.00 (Agilent 
Technologies) in order to obtain peak information, including 
m/z, peak area, and migration time (MT). Signal peaks were 
annotated according to the HMT metabolite database, based 
on their m/z values with the MTs. The concentrations of 
metabolites were calculated by normalizing the peak area of 
each metabolite with respect to the area of the internal stan‑
dard and using standard curves with three‑point calibrations. 
A hierarchical cluster analysis (HCA) and principal compo‑
nent analysis (PCA) were performed using HMT's proprietary 
software programs, PeakStat and SampleStat, respectively. 
The detected metabolites were plotted on metabolic pathway 
maps using the VANTED software program (23).

LC‑MS. The metabolome analyses were conducted 
using the LC‑MS package of HMT, based on previously 
described methods (21‑23). Briefly, an LC‑TOFMS anal‑
ysis was carried out using an Agilent LC System (Agilent 
1200 series RRLC system SL) equipped with an Agilent 
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6230 TOFMS (Agilent Technologies). The systems were 
controlled by the Agilent G2201AA ChemStation soft‑
ware program (version B.03.01; Agilent Technologies) 
equipped with an ODS column (2x50  mm, 2 µm)  (21). 
Peaks were extracted using MasterHands, an automatic 
integration software program (Keio University) in order 
to obtain peak information, including m/z, peak area, 
and retention time (RT) (22). Signal peaks corresponding 
to isotopomers, adduct ions, and other product ions of 
known metabolites were excluded, and the remaining 
peaks were annotated according to the HMT metabolite 
database, based on their m/z values with the RTs deter‑
mined by TOFMS. The areas of the annotated peaks 
were then normalized based on internal standard levels 
and sample amounts, in order to obtain the relative levels 
of each metabolite. The HCA and PCA were performed 
using HMT's proprietary software programs, PeakStat 
and SampleStat, respectively. Detected metabolites were 
plotted on metabolic pathway maps using the VANTED 
software program (23).

Statistical analyses. The RV afterload was compared between 
the groups using Student's t‑test. In the metabolome analysis, 
the mean metabolite concentrations were compared between 
the groups by the Brunner‑Munzel test  (24). P values of 
<0.05 were considered to indicate statistical significance. The 
SampleStat software program (ver. 3.14; HMT) was used to 
perform the metabolome analysis. This program does not 
support scatter/dot plots. Thus, a box‑and‑whisker plot was 
used to present these results. For the other statistical analyses, 
the JMP® (SAS Institute, Inc.) and R software programs 
(https://cran.r‑project.org/src/base/R‑4/R‑4.0.3.tar.gz) were 
used. For the hierarchical clustering analysis, the Pearson 
correlation coefficient was used to evaluate the similarity 
between metabolite profiles. Ward's method was employed for 
hierarchical clustering.

Results

The evaluation of the RV overload in Su/Hx and control rats. 
To evaluate the RV afterload, all animals were subjected to 
hemodynamic measurements and dissected at the end of the 
experimental period. The RV hemodynamics were measured 
by closed chased cannulation of the jugular vein. The RVSP 
and RV/LV+S in Su/Hx and untreated control rats are presented 
in Table I. The RVSP in Su/Hx rats was significantly higher 
than that in untreated controls (55.3±5.9 vs. 21.8±4.3 mmHg, 
P=0.001), as was the RV/LV+S (0.53±0.17 vs.  0.19±0.02, 
P=0.030) (Table I).

The cation and anion analyses by CE‑TOFMS and CE‑MS/MS. 
Metabolome analyses were conducted using CE‑TOFMS for 
the cation analysis and CE‑MS/MS for the anion analysis based 
on previously described methods (20‑23). Fig. 1A shows that 
the principal component analysis (PCA) completely separated 
the metabolic profiles of Su/Hx and control rats in CE‑TOFMS 
and CE‑MS/MS. The principal component (PC) 1 in Fig. 1A 
was interpreted as treatment condition separation (Su/Hx 
vs. control rats). Among 84 features obtained by CE‑TOFMS 
and CE‑MS/MS, 16 compounds significantly differed between 
Su/Hx and control rats (Fig. 1B; Brunner‑Munzel test: P<0.05). 
Branched‑chain amino acids (BCAAs), including isoleucine, 
leucine and valine were increased in Su/Hx rats, while the 
levels of these metabolites, including citric acid, malic acid, 
fumaric acid, adenylosuccinic acid and argininosuccinic acid 
showed, a decreasing trend in Su/Hx rats. The level of alanine, 
a TCA cycle‑related amino acid, was lower in the Su/Hx rats 
than in the control rats.

We identified six major clusters of metabolites using a 
hierarchical clustering analysis (HCA) based on the Pearson 
correlation coefficient (Fig. 1C). Since malic acid, fumaric acid, 
adenylosuccinic acid, argininosuccinic acid and alanine were 
included in the same cluster (Cluster 5 in Fig. 1C), together 
with CoA, NADPH, and NADP+, cofactors in anabolic reac‑
tions, the metabolic pathway related to these metabolites 
seemed to be downregulated in Su/Hx rats. On the other hand, 
BCAAs were in another cluster (Cluster 3 in Fig. 1C), which 
showed a strong negative correlation with Cluster 1, indicating 
that BCAAs might be regulated in a coordinated manner in 
Su/Hx rats.

A metabolic map of glycolysis and the TCA cycle in the 
metabolic pathway of Su/Hx and control rats. To understand 
the relationships among metabolites that are differentially 
expressed in Su/Hx rats, we then mapped the metabolites 
to metabolic pathway maps. The glycolysis pathway map 
showed no statistically significant differences in any of the 
intermediates (Fig. 2A and B). These results suggested that 
the glycolytic metabolic pathway did not differ between the 
groups.

The TCA cycle map further showed a decreasing trend 
in the levels of alanine, argininosuccinic acid and intermedi‑
ates, as well as fumaric acid, malic acid, and citric acid, in 
the TCA cycle in Su/Hx rats in comparison to control rats 
(Fig. 2A and B). These results indicated that the TCA cycle in 
the RV of Su/Hx rats is less active than that in controls.

As noted in the previous section, all BCAAs were increased 
in Su/Hx rats in comparison to controls (Fig. 2A and B). BCAAs 
are amino acids with aliphatic side chains with branching 

Table I. Evaluation of RV overload in Su/Hx and control rats.

Rat group	 Control‑1	 Control‑2	 Control‑3	 Su/Hx‑1	 Su/Hx‑2	 Su/Hx‑3	 Control	 Su/Hx	 P‑value

BW	 440	 600	 565	 374	 505	 442	 535±84	 440±66	 0.199
RVSP	 26.7	 20	 18.8	 61.8	 53.9	 50.3	 21.8±4.3	 55.3±5.9	 0.001
RV/LV+S	 0.2	 0.21	 0.17	 0.725	 0.42	 0.43	 0.19±0.02	 0.53±0.17	 0.030

RV, right ventricle; RVSP, right ventricle systolic pressure; LV+S, left ventricle and septum; BW, body weight.
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(binding of two or more other carbon atoms to any carbon 
atom). Proteinogenic amino acids include three types of BCAA: 
Leucine, isoleucine, and valine. These three types of BCAAs 

are essential amino acids in humans. The branched chain 
α‑keto acid dehydrogenase complex (BCKDH) is involved in 
the cleavage of BCAAs, whereby the BCAA is converted to an 

Figure 1. The metabolic profiles of Su/Hx model using CE‑TOFMS and CE‑MS/MS. (A) Principal component analysis of metabolites measurement using 
CE‑TOFMS and CE‑MS/MS from heart of Su/Hx and control rats (n=3 in each group). (B) Heat map illustrating relative expression of metabolites measured 
with CE‑TOFMS and CE‑MS/MS that significantly differ between Su/Hx and control rats (Brunner‑Munzel test). (C) Hierarchically clustered similarity heat 
map between 86 metabolites measured with CE‑TOFMS and CE‑MS/MS. Pearson's correlation coefficient was used to evaluate the similarity between the 
metabolite expression profiles. P values calculated in Brunner‑Munzel test comparing Su/Hx and control rats were indicated using green‑white coloring next 
to the correlation heat map. CE, capillary electrophoresis; TOM, time‑of‑flight; MS, mass spectrometry.
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acyl CoA derivative, which is subsequently converted to acetyl 
CoA or succinyl CoA before finally being incorporated into the 
TCA cycle (Fig. 2A and B). Total BCAA is calculated as the 
total amount of leucine, isoleucine, and valine, and was found 
to be significantly increased in Su/Hx rats in comparison to 
controls (Su/Hx vs. Control; P<0.05) (Fig. 2B).

Several metabolic parameters were calculated based on 
metabolite measurements in CE‑TOFMS and CE‑MS/MS to 

assess the metabolic balance in each pathway. Among them, 
we observed a number of notable trends.

The NADH to NAD+  Ratio (NADH/NAD+): NAD+ 
is used as a cofactor necessary for the catalytic activity of 
the enzyme in many reactions, including glycolysis, citric 
acid cycle, and β‑oxidation of fatty acids. Then, NADH 
produced as a reactant plays a role in the electron transfer 
system in ATP production via oxidative phosphorylation. The 

Figure 2. Continued.
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NADH/NAD+ ratio is known to decrease during stagnation of 
central carbon metabolism under hypoxia. The ratio showed a 
significant decrease in Su/Hx rats in comparison to controls 
(Su/Hx vs. Control; P<0.05) (Fig. 2C).

The Malate to Aspartic acid Ratio (Malate/Asp): Malic 
acid is produced from oxaloacetate with a reaction from 
NADH to NAD+ in the cytoplasm. Conversely, in the mito‑
chondria, it is converted to oxaloacetate in the reaction from 

NAD+ to NADH. Oxaloacetate is converted to Asp, which is 
capable of passing from the inner mitochondrial membrane 
to the cytoplasm, and in the cytoplasm, Asp is converted 
to oxaloacetate. This cycle is called as the malate‑aspartate 
shuttle, and is a mechanism for transporting NADH, which is 
required for ATP production by oxidative phosphorylation, 
from the cytoplasm to the inner mitochondrial membrane. 
Thus, the Malic acid/Asp ratio is an indirect indicator of 

Figure 2. Glycolysis and the TCA cycle in the metabolic pathway. (A) Glycolysis and the TCA cycle in heart of Su/Hx and control rats are shown in the 
metabolic pathway map (n=3 in each group). (Ba and Bb) Metabolites in the Control and su5416‑Hypoxia group (n=3 in each group). (C) Metabolic parameters 
including NADH to NAD+ ratio (NADH/NAD+), malate to asparate ratio (Malate/Asp), glutathione redox ratio (GSH/GSSG) and lactate to pyruvate ratio 
(lactate/pyruvate ratio) are presented (n=3 in each group). *P<0.05. TCA, tricarboxylic acid cycle.
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the NADH/NAD +  ratio and energy status. There was a 
significant decrease in Su/Hx rats in comparison to controls 
(Su/Hx vs. Control; P<0.05) (Fig. 2C).

The HCA in LC‑TOFMS. Metabolome analyses were conducted 
using LC‑TOFMS for long‑chain FAs and long‑chain acylcar‑
nitines. FA is known to be an important substrates for energy 
production and acylcarnitines, as a transporter of FA from 
the cytosol to mitochondria and to be essential for the entry 

of FA into β‑oxidation (25). The PCA completely separated 
the metabolic profiles of long‑chain FAs and long‑chain 
acylcarnitines of Su/Hx and control rats (Fig. 3A). Among 
49 features obtained with LC‑TOFMS, 7 compounds showed 
significant differences between Su/Hx and control rats 
(Fig. 3B; Brunner‑Munzel test: P<0.05). The levels of oleoyl 
ethanolamine, linoleyl ethanolamide, palmitoylethanolamide 
and phytosphingosine, in addition to two acylcarnitines, 
AC(14:1)‑1 and AC(14:1)‑2, were significantly lower in Su/Hx 

Figure 3. The metabolic profiles of Su/Hx model using LC‑TOFMS. (A) Principal component analysis of metabolites measurement using LC‑TOFMS from 
heart of Su/Hx and control rats (n=3 in each group). (B) Heat map illustrating relative expression of metabolites measured with LC‑TOFMS that signifi‑
cantly differ between Su/Hx and control rats (Brunner‑Munzel test). (C) Hierarchically clustered similarity heat map between 49 metabolites measured 
with LC‑TOFMS. Pearson's correlation coefficient was used to evaluate the similarity between the metabolite expression profiles. P values calculated in 
Brunner‑Munzel test comparing Su/Hx and control rats were indicated using green‑white coloring next to the correlation heat map. LC‑TOFMS, Liquid 
chromatography time‑of‑flight mass spectrometry.
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Figure 4. Continued.
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Figure 4. Long‑chain ACs and FA profiles in Su/Hx and control rats. (A) An LC‑TOFMS analysis for the RV in the groups revealed statistical differences in 
AC(14:1)‑1 and AC(14:1)‑2 in Su/Hx rats compared with control rats and a decreasing trend in the levels of other long‑chain acylcarnitines (n=3 in each group). 
(Ba and Bb) The bar graphs of Long‑chain acylcarnitines (n=3 in each group). (C) No marked differences in the cytoplasm concentration of long‑chain FAs 
were noted between Su/Hx and control rats. (Da and Db) The bar graphs of long‑chain FAs (n=3 in each group). *P<0.05; AC, acylcarnitines; FA, fatty acids; 
LC‑TOFMS, Liquid chromatography time‑of‑flight mass spectrometry.
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rats than in control rats. The long‑chain FAs and long‑chain 
acylcarnitines were grouped into five clusters by the HCA, 
based on the Pearson correlation coefficient (Fig. 3C). The 
biggest cluster, Cluster 2, contains all of long‑chain acyl‑
carnitines indicating the common regulation. Since Oleoyl 
ethanolamine, linoleyl ethanolamide, palmitoylethanolamide 
and phytosphingosine were located adjacent to each other in 
Cluster 5, it was suggested that these metabolites were involved 
in similar pathways.

Long‑chain acylcarnitines and FA profiles in Su/Hx and 
control rats. Among 15 long‑chain acylcarnitines, FA 
metabolomics revealed statistically significant differences 
in AC(14:1)‑1 and AC(14:1)‑2 in Su/Hx rats in comparison 
to control rats and a decreasing trend in the levels of other 
long‑chain acylcarnitines (Fig. 4A and B). Long‑chain FAs are 
hydrolyzed to acyl‑CoAs by mitochondrial acyl‑CoA synthase, 
after which carnitine palmitoyltransferase 1 (CPT1) converts 
the acyl‑CoAs to long‑chain acylcarnitines (26). No marked 
differences in the cytoplasm concentrations of long‑chain FAs 
were noted between Su/Hx and control rats (Fig. 4C and D). 
Despite this lack of a marked difference in FAs, the decrease 
in the levels of long‑chain acylcarnitines in the RV of Su/Hx 
rats might reflect dysregulated β‑oxidation.

Discussion

The current study showed that although there was almost no 
difference in the glycolytic metabolic pathway (Fig. 2A and B), 
the TCA cycle in the RV of Su/Hx rats was less active in 
comparison to controls (Fig. 2A and B). In addition, the levels 
of long‑chain acylcarnitines in the RV of Su/Hx rats tended to 
be lower than those in controls (Fig. 4A and B). These results 
suggested that the glycolytic and fatty acid metabolic pathway 
might be dysregulated and supported that the disordered RV in 
Su/Hx rats was the result of multilevel failure of FA metabo‑
lism (17). However, no marked differences in the concentration 
of long‑chain FAs were noted between the Su/Hx and control 
rats.

It is true that the TCA cycle was less active because of 
a decreasing trend in the levels of fumaric acid, malic acid 
and citric acid. However, it is also important that cis‑aconitic 
acid and succinic acid showed almost no difference between 
the groups. As shown in Figs. 1B and 2, the current analysis 
demonstrated that there was a decrease in the level of adenylo‑
succinic acid and argininosuccinic acid, which were involved 
in the metabolic pathway of alanine, aspartate and glutamate, 
and which are transformed into fumaric acid (27). It is hypoth‑
esized that the decrease in the level of fumaric acid might be 
attributable to the expression levels of adenylosuccinic acid 
and argininosuccinic acid.

Our recent studies using 123I‑BMIPP uptake imaging 
revealed the FA accumulation in the RV of patients with 
CTEPH, although whether or not the accumulated FAs actu‑
ally function as a substrate for ATP synthesis through the TCA 
cycle in mitochondria remained unclear (11,12). One possible 
explanation for these discrepant results between the present 
and previous studies may be differences in the adaptability 
of the RV to an increased afterload. In patients with CTEPH, 
successful thromboendarterectomy is able to reverse the RV 

function and reduce the increased FA accumulation in the RV, 
suggesting that there is some degree of adaptive capacity in 
response to the altered FA metabolism in the RV of patients 
with CTEPH. In contrast, in patients with a severely impaired 
RV with a low ejection fraction, the RV might be maladap‑
tive to a severely increased afterload. Indeed, the decreased 
accumulation of FA has been demonstrated in the severely 
hypertrophied RV with a reduced systolic function in patients 
with PH, suggesting that a maladaptive RV may possess 
metabolic alterations, including decreased FA β‑oxidation (28).

Bogaard et al (29) showed that, in the RV myocardium of 
the Su/Hx rat model, fatal RV failure, including myocardial 
apoptosis, fibrosis and a decreased RV capillary density, devel‑
oped, whereas no such failure was noted in a rat model with 
PA banding that induced only chronic progressive RV pressure 
overload. The Su/Hx rat model, which is an established model 
of angioproliferative PH, is suggested to induce RV alterations, 
in addition to changes due to isolated RV pressure overload 
alone, which may include FA metabolic remodeling. These are 
several possible reasons for the difference in the FA kinetics 
in the RV between our Su/Hx model and actual patients with 
CTEPH.

The present study showed that there were decreases in 
the levels of downstream TCA cycle intermediates, including 
fumaric acid and malic acid. These metabolites were categorized 
into the same cluster in the HCA analysis based on CE‑TOFMS 
and CE‑MS/MS data (Fig. 1C). The quantitative metabolome 
analysis revealed decreased levels of fumaric acid (Su/Hx vs. 
Control; P<0.05) and malic acid (Su/Hx vs. Control; P<0.05) 
and increased levels of leucine (Su/Hx vs. Control; P<0.05), 
valine (Su/Hx vs. Control; P<0.05) and isoleucine (Su/Hx vs. 
Control; P<0.05) (absolute values; Fig. 2A and B). Although 
valine and isoleucine, which were subsequently converted to 
succinyl CoA, increased in Su/Hx rats, decreasing trends were 
noted in the levels of downstream TCA cycle intermediates after 
succinyl CoA (Fig. 2A and B). Our findings suggested that the 
flow from BCAAs to the TCA cycle may be suppressed.

The quantitative metabolome analysis showed that the 
levels of metabolites such as adenylosuccinic acid and arginino‑
succinic acid were significantly lower in Su/Hx rats than in 
controls (Su/Hx vs. Control; P<0.050, P<0.05). Recently, it was 
shown that argininosuccinic acid is synthesized directly from 
fumaric acid (30). The reduction in the level of arginosuccinic 
acid may be associated with a decrease in the level of fumaric 
acid, an intermediate in the TCA cycle. Arginosuccinic acid is 
a metabolic intermediate of the urea cycle, and the results of 
the present study suggested that the TCA cycle and the urea 
cycle may be suppressed in the RV of Su/Hx rats. However, 
whether or not adenylosuccinic acid is involved in the progres‑
sion of RV remodeling remains unclear.

In the PCA based on LC‑TOFMS data, Control‑1 was 
plotted in separate locations despite being prepared in the 
same experiment (Fig. 3A). We must therefore consider the 
possibility that some outliers were included in the sample. 
In normal controls, metabolites targeted in the LC‑TOFMS 
analysis may be easily altered in certain environmental condi‑
tions. In Su/Hx rats, however, it should be meaningful that 
each one had almost the same metabolic background (Fig. 3A).

Several recent studies have explored the utility of plasma 
metabolites as biomarkers for PH (31,32). Lewis et al showed 
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that some plasma metabolites were useful as biomarkers 
ref lecting RV and pulmonary vascular dysfunction in 
patients with PAH (31). Rhodes et al  (32) demonstrated a 
relationship between the metabolic profile and the outcomes 
of patients with PAH. Both studies also detected increased 
levels of TCA cycle intermediates, suggesting that glucose 
oxidation was upregulated in patients with PAH. In the 
present study, however, conflicting results were confirmed 
in the RV of Su/Hx PAH rats. It is suspected that plasma 
metabolites can, to some extent, reflect the pathophysi‑
ological features of organ‑specific disease. However, plasma 
metabolites also reflect metabolites from all types of cells 
exposed to the PH‑induced microenvironment. Although the 
metabolites detected in the current study cannot be used as 
PH biomarkers, they may directly reflect the metabolism of 
the dysfunctional RV in PAH.

It is generally acknowledged that, in the condition with 
hypoxia, there is an increase in glycolysis, leading to a decrease 
in glucose oxidation through the tricarboxylic acid (TCA) 
cycle. Only the hypoxic condition can induce the increase 
of pulmonary arterial pressure in rat models. Therefore, the 
metabolic remodeling as an increase in glycolysis is supposed 
to occur in RV. However, it remains uncertain whether the 
metabolic remodeling in RV are changed according to the 
condition with normoxia or hypoxia.

The current study, there are some limitations. First, the 
total number of rats was extremely small. Because metabo‑
lome analyses including C‑SCOPE and LC‑MS cost a fortune, 
but our budget was limited. Second, there was the lack of 
mitochondrial staining experiments. We tried to confirm 
differences of mitochondrial form between control and Su/Hx 
rats RV cardiomyocytes by using MitoTracker Red, which is a 
red‑fluorescent dye that stains mitochondria. However, it was 
impossible to confirm mitochondrial formation by using RV 
tissue. To detect mitochondria clearly, cultured single layered 
cells from RV should be needed. However, it was impossible 
to isolate live RV cardiomyocytes from the tissues. Third, in 
the current study, we analyzed only the RV, not LV. Because 
right heart failure eventually becomes a prognostic factor in 
patients with PH (5,6). It remains uncertain if LV has metabolic 
remodeling as RV.

In conclusion, the current study showed that the TCA cycle 
was less activated because of a decreasing trend in the expres‑
sion of fumaric acid, malic acid, and citric acid, which might 
be attributable to the expression levels of adenylosuccinic acid 
and argininosuccinic acid, and suggested that dysregulated 
BCAA metabolism and a decrease in FA oxidation might 
contribute to a reduction in TCA cycle reactions.
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