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Multi-omics analysis of right ventricles in rat models
of pulmonary arterial hypertension: Consideration
of mitochondrial biogenesis by chrysin
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Abstract. In pulmonary arterial hypertension (PAH), right
ventricular failure is accompanied by metabolic alterations in
cardiomyocytes, which may be due to mitochondrial dysfunc-
tion and decreased energy production. Chrysin (CH) is a
phytochemical with pharmacological activity that is involved
in the regulation of mitochondrial biogenesis. The present
study investigated the role of CH in the right ventricle (RV)
by analyzing the cardiac transcriptome and metabolome
of a SU5416(a vascular endothelial growth factor receptor
blocker, /hypoxia (Su/Hx) rat model of PAH. RNA-sequencing
of the RV transcriptome between Su/Hx, Su/Hx with CH
(Su/Hx + CH) and control groups, extracellular matrix (ECM)
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organization and ECM-receptor interaction-associated genes
were upregulated in the RV of Su/Hx but not Su/Hx + CH rats.
Furthermore, expression of mitochondrial function-, energy
production-, oxidative phosphorylation- and tricarboxylic
acid (TCA) cycle-associated genes was decreased in the RV
of Su/Hx rats; this was reverse by CH. Metabolomic profiling
analysis of Su/Hx and Su/Hx + CH rats showed no signifi-
cant changes in glycolysis, TCA cycle, glutathione, NADH
or NADPH. By contrast, in the RV of Su/Hx rats, decreased
adenylate energy charge was partially reversed by CH admin-
istration, suggesting that CH was involved in the improvement
of mitochondrial biogenesis. Reverse transcription-quanti-
tative PCR analysis revealed that expression of peroxisome
proliferator-activated receptor vy, a master regulator of fatty
acid metabolism and mitochondrial biogenesis, was increased
in the RV of Su/Hx + CH rats. CH ameliorated cardiac
abnormality, including cardiac fibrosis, RV hypertrophy and
PH. The present study suggested that CH altered patterns of
gene expression and levels of mitochondrial metabolites in
cardiomyocytes, thus improving RV dysfunction in a Su/Hx
PAH rat model.

Introduction

Pulmonary arterial hypertension (PAH) is a progressive disease
characterized by pulmonary vascular remodeling, leading to
increased pulmonary vascular resistance and right ventricle
(RV) hypertrophy, resulting in RV failure (1). Although PAH is
considered to be a disease of the lungs, RV adaptation to high
PA pressure is the most important determinant of prognosis
and right heart failure remains a predominant cause of death
in PAH (2). RV dysfunction is a complex process that leads to
cardiomyocyte hypertrophy, fibrosis, inflammation and meta-
bolic change, such as increased glycolysis (3-6). However, the
underlying molecular mechanism of adverse RV remodeling
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and dysfunction is poorly understood and, to the best of our
knowledge, there are currently no approved therapies that
improve RV function.

Flavonoids are natural products found in plants and exhibit
diverse biological activity and are involved in regulation of
cell cycle, DNA repair and metabolic gene expression (7).
Moreover, flavonoids exert pharmacological effects, such as
anti-cancer, anti-oxidation and anti-inflammatory effects (8).
Chrysin (5,7-dihydroxyflavone; CH), a phytochemical, is one of
the most active flavonoids and has been shown to exert cardio-
protective effects via its antioxidant and anti-inflammatory
activity in multiple experimental models, including myocardial
ischemia-reperfusion injury and hypoxic rats (9,10). Recent
study suggested that CH attenuates bleomycin-induced pulmo-
nary fibrosis via anti-inflammatory and anti-oxidative effects
and the activity of CH as a peroxisome proliferator-activated
receptor vy (PPAR-y) agonist has direct protective effects
against inflammation and oxidative stress (11). Therefore, it
was hypothesized that CH may exert a therapeutic effect in
PAH.

The SUS5416/hypoxia (Su/Hx) protocol is based on
blockade of vascular endothelial growth factor receptor via
tyrosine kinase inhibitor Su and is commonly used to induce
animal models of PAH (12,13). In the Su/Hx model, animals
receive a single subcutaneous injection of Su in combination
with chronic exposure to Hx followed by normoxia, resulting
in severe PAH. Therefore, Su/Hx models have been considered
as akey preclinical model of PAH due to formation of occlusive
pulmonary vascular lesions in the lung and RV dysfunction
with marked cardiac hypertrophy, which resembles human
idiopathic PAH (14,15).

To determine the molecular mechanisms underlying the
effects of PH and CH on RV, gene expression changes in
RV of Su/Hx model rats in the presence and absence of CH
were analyzed via RNA sequencing (RNA-seq). Metabolomic
profiling of RVs was performed to determine metabolic regu-
lation by CH. Pathophysiological changes in Su/Hx + CH PAH
rats were observed and pressure-volume curve was constructed
using a Millar catheter.

Materials and methods

Experimental design and animals. A total of 30 5-week-old
male Sprague-Dawley rats weighing 130-150 g were purchased
from Japan SLC (Shizuoka, Japan). All rats were housed in the
animal experimental facility of Chiba University and had free
access to drinking water and food. The rats were kept at 24°C
under a 12 h light/dark cycle in the animal experimental facility
of Chiba University as described previously (16). All animal
procedures were approved by the Review Board for Animal
Experiments of Chiba University (approval no. 30-126) and
were performed in accordance with the guidelines of the
Animal Research Committee of Laboratory Animal Center,
Graduate School of Medicine, Chiba University (17). The
rats were divided into three groups (n= 10 rats per group)
as follows: 1) Untreated control (CTRL); ii) Su/Hx + vehicle
(PBS) and iii) Su/Hx + CH administration (Fig. 1).

Su/Hx rat model and CH administration. The Su/Hx rat model
was established as previously described (18,19). Briefly, Su

(20 mg/kg; R&D Systems, Inc.), a vascular endothelial growth
factor receptor inhibitor, was dissolved in 1 ml carboxymethyl
cellulose and the suspension was subcutaneously injected into
rats. The rats were maintained under normobaric Hx (10% O,)
for 3 weeks then returned to normoxic conditions (21% O,) for
2 weeks.

CH was obtained from Santa Cruz Biotechnology, Inc.,
dissolved in PBS and administered to Su/Hx rats (100 mg/kg)
once/day for 3 weeks, beginning at the end of the 2 week
normoxic period (Fig. 1).

RNA-seq. A total of ~500 ng total RNA from the heart and
lung was ribosomal RNA-depleted using the NEBNext rRNA
Depletion kit and converted to an Illumina sequencing library
using the NEBNext Ultra Directional RNA Library Prep kit
for Illumina (both New England BioLabs, Inc.). The libraries
were validated using a Bioanalyzer (Agilent Technologies,
Inc.) and 1.5 pM (final loading concentration) of libraries
sequenced using the NextSeq 500 (Illumina, Inc.) with the
paired-end 36-base read option. Reads were mapped to Rattus
norvegicus Rnor_6.0 (rn6) reference genome and quantified
using the CLC Genomics Workbench (version 12.0, Qiagen
GmbH). RNA-seq datasets were deposited in National Center
for Biotechnology Information Gene Expression Omnibus
database (ncbi.nlm.nih.gov/geo; accession no. GSE186989).

Identification of differentially expressed genes (DEGs). Read
counts were normalized by calculating the number of reads
per kilobase per million reads (RPKM) for each transcript in
individual samples using CLC Genomics Workbench software
(version 11.0.1, Qiagen GmbH). DEGs were identified using
fold change =2 or <-2 filtering analysis with a false discovery
rate (FDR) of P<0.05. Gene expression was visualized using
principal components analysis (PCA) plot and clustering heat
map analyses. Volcano plots were used to visualize changes in
gene expression between -log,, P-value and log, fold change
using CLC Genomics Workbench software (version 12.0,
Qiagen GmbH).

Functional enrichment analysis. An unsupervised method
for clustering genes into groups based on their expression
pattern across all samples, K-means clustering and functional
enrichment analysis of DEGs were visualized using integrated
Differential Expression and Pathway analysis (iDEP) (bioin-
formatics.sdstate.edu/idep/) (20). Gene Ontology (GO) terms
of biological process (http://www.geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
(http://www.genome.jp/kegg/) enrichment of DEGs between
sample groups were analyzed and assigned using the web-based
Enrichr suite software (maayanlab.cloud/Enrichr/) (21).

Metabolome analysis. Based on the results of transcriptomic
analysis, mitochondrial and metabolic reprogramming was
investigated. Metabolite extraction from the right heart of
Su/Hx and Su/Hx + CH rats and metabolome analysis were
performed according to Human Metabolome Technologies,
Inc. Instructions, as previously described (Appendix S1) (22).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
from RV tissue was extracted using the Rneasy Fibrous Tissue



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 49: 69, 2022 3

3 weeks 2 weeks 3 weeks
Control Normoxia
Su/Hx Hx Normoxia Normoxia + vehicle
3 gt
Su/Hx+chrysin Hx Normoxia Normoxia + chrysin

A

'Su

v

Treatment protocol

Figure 1. Timeline of experimental procedure. Su (20 mg/kg) was subcutaneously injected into 5-week-old male Sprague-Dawley rats. The rats were main-
tained under normobaric Hx (10% O,) for 3 weeks, then returned to normoxic conditions (21% O,) for 2 weeks. Chrysin administration commenced at the end
of 2 week normoxic period and continued for 3 weeks. Su, SU5416; Hx, hypoxia.

kit and isolated RNA (0.2-0.5 ug) was reverse-transcribed
using an RT2 First Strand kit (both Qiagen GmbH) according
to the manufacturer's instructions. qPCR was performed using
SYBR® Green ROX qPCR Master Mix (Qiagen GmbH) in
an ABI 7300 system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). RT2 First Strand kit (cat. no. 330404; Qiagen
GmbH) were used to analyze expression of Ppary, carnitine
palmitoyl transferase 1 B (Cptlb), cluster of differentiation 36
(Cd36), mitofusinl (Mfnl),Mfn2, optic atrophy 1 (Opal), mito-
chondrial transcription factor A (Tfam) and dynamin-related
protein 1 (Drpl). The primers are listed in Appendix S2.
PCR was performed as follows: 10 min at 95°C, followed by
40 cycles of 15 sec at 95°C and 1 min at 60°C. Data analysis
was performed using the comparative Cq method and ABI
software (SDS version 1.4). B-actin was used for normalization
of mRNA expression levels (23).

Invasive right heart catheterization. Pulmonary hemo-
dynamics were measured in rats lightly anesthetized with
isoflurane (4% for induction, 1-2% for maintenance) after blood
pressure was measured. Anesthetized rats underwent trache-
ostomy and were placed on a ventilator (Harvard Apparatus).
A 2.0-F microtip pressure transducer (Millar Instruments) was
inserted into the RV. RV systolic pressure (SP), stroke volume,
heart rate and differential of pressure with time (dP/dt) index
were continuously monitored for >10 min and data were
analyzed using a Power Lab system (AD Instruments). At the
end of monitoring, arterial elastance (Ea) and end-systolic
elastance (Ees) were measured with vena cava compression.
Following hemodynamic measurement, rats were euthanized
with pentobarbital sodium (150 mg/kg). Hearts were removed
and the RV free wall was dissected from the left ventricle and
septum (LV + S). The RVILV + S weight was calculated as
an index of RV hypertrophy. Sections of the right heart and
lung were stored in RNAprotect Tissue Reagent (Qiagen
GmbH) and formalin for RT-qPCR and pathological analysis,
respectively.

Pathological analysis. Paraffin-embedded RV and lung speci-
mens were sectioned (3 ym each). Myocyte cross-sectional
area (CSA) was visualized using hematoxylin and eosin

(H&E) staining. H&E staining was performed with Mayer's
Hematoxylin solution for 5 min and eosin solution (Muto Pure
Chemical Co., Ltd.) for 2 min at room temperature. Images
of H&E staining were captured and CSA was calculated
using ImagelJ software (version 1.53k; National Institutes of
Health). A total of five sections were randomly selected from
five rats/group. A total of =30 myocytes were observed/group.
RV specimens were stained with Masson's trichrome stain.
Masson's trichrome stain was performed with the mordant
solution for 25 min, 0.75% orange G solution (Muto Pure
Chemical Co., Ltd.) for 1 min, Masson B stain solution for
25 min, 2.5% phosphotungstic acid solution for 20 min, and
aniline blue (Muto Pure Chemical Co., Ltd.) for 8 min at room
temperature. The stained RV myocardial slides were observed
in five randomly selected fields of view at 400x magnification.
All slides were examined using a light microscope Eclipse 551
(Nikon Corporation).

The fibrotic area dyed blue was quantified using ImageJ.
Lung specimens were stained with Elastica van Gieson
(EVG) stain. EVG staining was performed with Maeda
modified resorcin-fuchsin solution for 50 min, Weigert's Iron
Hematoxylin Staining (both Muto Pure Chemical Co., Ltd.)
for 10 min and Van Gieson Solution (FUJIFILM Wako Pure
Chemical Co., Ltd.) for 2 min, at room temperature. The extent
of pulmonary vessel luminal obstruction was evaluated as
previously reported: Grade 0, no evidence of neointimal forma-
tion; grade 1, partial (<50%) luminal occlusion; and grade 2,
severe (>50%) luminal occlusion. All pulmonary arteries (outer
diameter, <100 #m) in one section/animal were counted (14).

Statistical analysis. To assess differences between groups,
unpaired two-tailed t-test and one-way ANOVA were used
due to potential assumption violations (equal variance) when
using more standard tests. When significant differences
were detected, individual mean values were compared using
post-hoc tests that allowed for multiple comparisons with
adequate type I error control (Bonferroni). Statistical analysis
was performed using GraphPad Prism version 9.1 (GraphPad
Software, Inc.) Data are presented as the mean + SEM of =3
independent repeats. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 2. Analysis of right heart tissue transcriptome. (A) PCA of RNA-sequencing data. PC1 and 2 represent 32.9 and 20.1% (left), 40.9 and 22.6% (middle),
and 38.9 and 16.3% (right) of total variation, respectively. Each dot denotes a single biological replicate; dashed circles represent three replicates/individual
sample. (B) K-means clustering of 2,000 variable genes. Genes were classified based on similar expression patterns (red, high; white, intermediate, blue, low).
Individual samples are displayed on the vertical axis, and genes on the horizontal axis. (C) Functional enrichment analysis of genes in Cluster B. Enriched
GO terms associated with biological process and KEGG pathways. PCA, principal components analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of

Genes and Genomes; CTRL, control; Su, SU5416; Hx, hypoxia; CH, chrysin.

Results expression of which was downregulated in Su/Hx and restored
in the Su/Hx + CH group, was used for functional enrichment
Transcriptomic changes in RV of Su/Hx + CH rats. To deter-  analysis (Fig. 2C). Compared with CTRL, downregulated
mine CH-mediated alteration of gene expression in RV of  genes in the Su/Hx group were associated with mitochondrial
Su/Hx rats, RNA-seq was used to analyze the transcriptome  energy metabolism, such as ‘generation of precursor metabo-
of heart tissue from CTRL, Su/Hx and Su/Hx + CH rats. PCA  lites and energy’, ‘electron transport chain’, ‘mitochondrion
was performed to assess the reproducibility of biological repli-  organization’, ‘ATP synthesis coupled electron transport’,
cates between CTRL, Su/Hx and Su/Hx + CH groups. Su/Hx  ‘mitochondrial ATP synthesis coupled electron transport’,
and Su/Hx + CH samples were notably separated from CTRL  ‘oxidative phosphorylation’ and ‘tricarboxylic acid cycle’, and
samples (Fig. 2A). PCA plot showed that the Su/Hx + CH these expression patterns were restored in Su/Hx + CH group.
group was partially separated from the Su/Hx group. These results indicated that CH was involved in regulation of
K-means clustering of 2,000 variable genes was performed  mitochondrial and metabolic gene expression in the RV of
based on similar expression patterns (Fig. 2B). Cluster B,  Su/Hx rats.
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Figure 3. Expression profiling of right heart tissue. Hierarchical clustering of differential expression profiles between CTRL and (A) Su/Hx and (B) and
Su/Hx + CH. Individual samples are shown in columns, and genes in rows. Heatmaps represent relative expression (red, high; white, intermediate; blue, low).
Volcano plots representing DEGs between CTRL and (C) SU/Hx and (D) Su/Hx + CH. Vertical lines, log2 fold change =2 or=<-2; horizontal line, significance
cut-off (false discovery rate, P=0.05). Venn diagram identifying differences in (E) up- and (F) downregulated DEGs. (G) Functional enrichment analysis of
619 upregulated DEGs in Su/Hx vs. CTRL. Upregulated GO terms are hypothesized to be the disease etiology in the Su/Hx model and suppressed by CH.
(H) Functional enrichment analysis of 782 downregulated DEGs in Su/Hx vs. CTRL. Downregulated GO terms are hypothesized to be the disease etiology in
the Su/Hx model and restored by CH. CTRL, control; Su, SU5416; Hx, hypoxia; CH, chrysin; DEG, differentially expressed gene; GO, Gene Ontology; KEGG,

Kyoto Encyclopedia of Genes and Genomes.

DEG profiles. Difference in RPKM was calculated and DEGs
were identified using FDR <0.05 and fold change =2 or <-2.
Compared with CTRL, hierarchical clustering analysis and
volcano plot showed that 2,694 (1,376 up- and 1,318 downregu-
lated) and 1,640 (906 up- and 734 downregulated) unique genes

were significantly changed in Su/Hx and Su/Hx + CH groups,
respectively (Fig. 3A-D). DEGs in the Su/Hx and Su/Hx + CH
groups were compared to identify genes upon which CH
exerted cardioprotective effects. A total of 619 DEGs upregu-
lated in Su/Hx but not Su/Hx + CH compared with CTRL
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Figure 4. Metabolic analysis of the right heart. (A) Total concentration of adenylate (sum of AMP, ADP and ATP) was higher in Su/Hx + CH than Su/Hx.
(B) Total concentration of guanylate (sum of GMP, GDP and GTP) was higher in Su/Hx + CH than Su/Hx. (C) Concentration of LCFAs with aliphatic tails of
16-20 carbons by liquid chromatography time-of-flight mass spectrometry. LCFAs, such as palmitic and stearic acids, were higher in Su/Hx than Su/Hx + CH.
“P<0.05, “P<0.01 vs. Su/Hx. LCFA, long-chain fatty acid; LC-TOFMS; Su, SU5416; Hx, hypoxia; CH, chrysin.

were identified (Fig. 3E). In addition, among transcripts, 1,318
DEGs in the Su/Hx group were downregulated relative to
CTRL; of these, 782 transcripts were not downregulated in the
Su/Hx + CH group (Fig. 3F).

To characterize the functional features of 619 up- and
782 downregulated DEGs in the Su/Hx group, enrichment
analysis for GO annotation and KEGG pathway enrichment
was performed. In biological process, the top ten terms were
associated with cardiac fibrosis, such as ‘extracellular matrix
organization’ (GO:0030198), ‘negative regulation of cellular
component movement’ (GO:0051271) and ‘actin smooth
muscle migration’ (GO:0014909; Fig. 3G). KEGG pathway
analysis showed the terms ‘chemokine signaling pathway’,
‘extracellular matrix-receptor interaction’ and ‘focal adhe-
sion’. These results suggested that increased expression of

fibrosis- and inflammation-associated genes positively regu-
lated RV dysfunction in Su/Hx rats and CH may protect against
upregulation of these genes. Biological process mapping of
782 downregulated DEGs revealed significant association with
mitochondrial function, including ‘aerobic electron transport
chain’ (GO:0019646), ‘mitochondrial ATP synthesis coupled
electron transport’ (GO:0042775), ‘mitochondrial respiratory
chain complex assembly’ (GO:0033108) and ‘mitochondrial
translation’ (GO:0032543) in the Su/Hx group (Fig. 3H). These
data indicate that CH may improve mitochondrial biogenesis
in the RV of Su/Hx PAH rats.

Metabolic changes in right heart of Su/Hx + CH rats.
To evaluate whether CH affected cardiac metabolism in
PAH, metabolic changes in the heart of Su/Hx rats in the
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Figure 5. RT-qPCR analysis of right heart tissue. Genes associated with PPARY, lipid metabolism and mitochondrial dynamics were analyzed using RT-qPCR
in the right heart tissue. RNA expression levels of (A) Pparg, (B) Cd36 and (C) Cpt1B were higher in Su/Hx + CH than Su/Hx (fold regulation, 1.93, 4.61 and
7.73, respectively). Among genes associated with fusion and biogenesis dynamics, (D) Mfn1, (E) Mfn2, (F) Opal and (G) Tfam expression levels were higher in
Su/Hx + CH than Su/Hx (fold regulation, 3.47, 3.41, 2.78 and 2.94, respectively). (H) No significant difference was observed between Su/Hx and Su/Hx + CH
groups regarding Drpl expression. ‘P<0.05, “P<0.01, ““P<0.001 vs. Su/Hx. Cd36, cluster of differentiation 36; Cptlb, carnitine palmitoyl transferase 1 B; Drpl,
dynamin-related protein 1; Mfn, mitofusin; Opal, optic atrophy 1; Pparg, peroxisome proliferator-activated receptor y; Tfam, mitochondrial transcription
factor A; RT-q, reverse transcription-quantitative; Su, SU5416; Hx, hypoxia; CH, chrysin.

presence or absence of CH were determined via mass
spectrometry-based metabolic analysis. After isotopic and
fragment peaks were removed, capillary electrophoresis
time-of-flight mass spectrometry detected peaks in all
samples. These peaks were identified with metabolite
standards by matching the m/z values and quantified using
the normalized migration time. PC1 and PC2 of metabo-
lites in ten samples accounted for 36.0 and 21.2% of total
metabolites, respectively. However, PCA plots revealed that
Su/Hx samples exhibited greater within-group variability
than CH and overlapped with Su/Hx samples (Fig. S1A). By
contrast, hierarchical heatmap clustering analysis showed
that the biological replicates were separated between Su/Hx
and Su/Hx + CH groups (Fig. S1B). These results indicated
differences in the amounts of certain metabolites between
the Su/Hx and Su/Hx + CH groups.

Whole glycolysis, lipid metabolism, and TCA cycle data
are presented in Fig. S2. No significant differences were
observed in glycolysis, TCA cycle, glutathione, NADH
and NADPH, which indicated that the glycolytic metabolic

pathway was not significantly affected by CH. By contrast,
the total concentration of adenylate was significantly higher in
Su/Hx + CH than Su/Hx, indicating that CH improved energy
production (Fig. 4A). Total concentration of guanylate was
also significantly greater in Su/Hx + CH than Su/Hx (Fig. 4B).
LC-TOFMS showed that concentration of long-chain fatty
acids (LCFAs), such as palmitic acid/stearic acid, was higher
in Su/Hx and lower in Su/Hx + CH (Fig. 4C).

RT-gPCR analysis of right heart tissue. Genes associ-
ated with mitochondrial energy production were analyzed
using RT-qPCR in right heart tissue (n=5/group). RT-qPCR
revealed that RNA expression of Pparg, Cd36 and Cptlb in
the Su/Hx + CH group was higher than in the Su/Hx group
(fold regulation, 1.93, 4.61 and 7.73, respectively; Fig. SA-C).
RNA expression levels of genes associated with mitochondrial
biogenesis, such as Mfnl, Mfn2, Opal and Tfam, were upreg-
ulated in Su/Hx + CH compared with Su/Hx (fold regulation,
3.47,3.41,2.78 and 2.94, respectively; Fig. 5D-G). No signifi-
cant difference was observed between groups regarding RNA
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Figure 6. Hemodynamic analysis using Millar Mikro-Tip® catheter. (A) Representative pressure-volume curve. Orange, Su/Hx; green, Su/Hx + CH; blue,
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expression of genes associated with mitochondrial fission, Mikro-Tip catheter system (n=5-8). Representative pres-
such as Drpl (fold regulation, 2.61; Fig. SH). sure-volume curve is presented in Fig. 6A. RVILV + S was

significantly lower in Su/Hx + CH than in Su/Hx (Fig. 6B).
Hemodynamic analysis using Millar Mikro-Tip® catheter. RVSP was 82.0+5.5 in Su/Hx and 49.4+4.0 mmHg in
Hemodynamic parameters were measured using Millar  Su/Hx + CH (Fig. 6C). Maximum and minimum dP/dt, indices
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of RV systolic and diastolic performance, were lower in Su/Hx
and higher in Su/Hx + CH (Fig. 6D-E). No significant differ-
ences were observed in stroke volume and cardiac index
(Fig. 6F and G). Ees/Ea, a clinical index of ventricle-artery
functional coupling, was higher in Su/Hx + CH than Su/Hx
group (Fig. 6H and I).

Histological analysis of right heart and pulmonary artery.
Myocyte CSA was visualized using H&E staining (Fig. 7A).
The fibrotic area was stained blue using Masson's trichrome
stain (Fig. 7B). RV free wall myocyte size was significantly
smaller in Su/Hx + CH than Su/Hx (Fig. 7D), suggesting CH
treatment may have ameliorated RV hypertrophy. RV free wall
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fibrosis was significantly higher in Su/Hx than Su/Hx + CH
(Fig. 7E), suggesting CH may have decreased RV wall fibrosis.
Pulmonary artery remodeling was pathologically quantified
using EVG staining (Fig. 7C). The extent of pulmonary vessel
luminal obstruction in grade 2 was significantly lower in
Su/Hx + CH compared with Su/Hx (Fig. 7F), suggesting CH
alleviated pulmonary artery remodeling.

Discussion

The present study investigated the molecular mechanisms
underlying the effects of CH on RV remodeling and dysfunc-
tion in the development of PH. Gene expression changes
in RV of Su/Hx rats in the presence or absence of CH were
analyzed using RNA-seq. Furthermore, metabolomic profiling
of RVs was used to determine metabolic regulation by CH and
pathophysiological changes were observed in Su/Hx + CH rats.
Transcriptome analysis suggested that pathways associated
with mitochondrial energy metabolism were downregulated
in Su/Hx and restored in Su/Hx + CH, such as generation of
precursor metabolites and energy, mitochondrial ATP synthesis,
oxidative phosphorylation and TCA cycle. CH protected
against downregulation of these genes. Metabolome analysis
revealed that CH increased the total concentration of adenylate,
which suggested an improvement in whole energy production.
CH decreased accumulation of LCFA. RT-qPCR revealed that
expression of PPARY, a master regulator of FA metabolism and
mitochondrial biogenesis, was increased in RV of Su/Hx + CH
rats. Genes associated with FA transport and mitochondrial
biogenesis were also increased in the RV of Su/Hx + CH rats.

Regulation of mitochondrial biogenesis in the pulmonary
vascular wall and RV is a therapeutic target in PH (24,25).
RT-qPCR revealed that expression of PPARy was increased
in RV of Su/Hx + CH rats. PPARY, a member of the nuclear
hormone receptor superfamily, is ubiquitously expressed in
myocardium, pulmonary vascular smooth muscle and endo-
thelial cells and serves a key role in lipid metabolism and
mitochondrial dynamics, resulting in inhibited ventricular
hypertrophy (26-28). PPARy-associated signaling is involved
in multiple processes, including regulation of mitochondrial
biogenesis, induction of antioxidant genes, transrepression
of inflammatory signaling and regulation of Nitric oxide
bioavailability in PH (29-33).

CH is a phytochemical categorized as a flavonoid based
on its chemical structure. It is present in propolis, honey,
passion fruit, mushrooms and other plant sources; it has been
used to treat numerous types of degenerative disorder and
exhibits anti-inflammatory activity (34-36). In addition, it has
been used in the treatment of numerous types of metabolic
malfunction, such as metabolic syndrome (37,38).

In rats exposed to chronic Hx, CH exhibits cardioprotective
effects, such as antitumor and antioxidant effects, leading to
prevention of vascular remodeling (9,39). To the best of our
knowledge, however, its precise molecular effects on RV have
not been defined. In a previous report, CH was shown to serve
as a PPARYy agonist and directly upregulate transcriptional
activity of PPARy (40). Here, transcriptome analysis indicated
that CH partially improved Su/Hx-induced downregulation of
genes associated with mitochondrial function, such as aerobic
electron transport chain, mitochondrial ATP synthesis-coupled

electron transport and mitochondrial respiratory chain complex
assembly. Likewise, mitochondrial oxidative phosphorylation
and TCA cycle downregulation in RV of Su/Hx rats was partly
reversed by CH. CH may upregulate mitochondrial energy
production, which is associated with an increase in total
adenylate production. Improvement of energy production in
mitochondria by upregulation of PPARYy may be a key treat-
ment target of CH for RV dysfunction in PAH.

FA metabolic regulation in PH may be cell- and
etiology-specific, thus complicating therapeutic targeting (41).
In the Randle cycle, FA or glucose exhibit a negative regula-
tory association. FA and glucose oxidation share a reciprocal
mechanism (42). Although FA oxidation is considered to
account for a large part of cellular energy production in the RV,
it has not been completely defined. RV-specific accumulation
of increased LCFAs may be a hallmark of lipotoxicity (43,44).
Here, CH upregulated gene expression of Cd36 and Cptlb,
which transport Fas across plasma and mitochondrial
membranes (45,46). Moreover, metabolome analysis indi-
cated that CH decreased accumulation of LCFAs in the RV,
particularly palmitic and stearic acid. It was hypothesized that
decreasing LCFA accumulation may be another mechanism
by which CH improves RV remodeling.

The present study has certain limitations. The cardiovas-
cular unit is composed of two primary functional units: RV
and pulmonary vasculature. As right heart failure in PH is the
consequence of increased afterload, a full understanding of
physiological and pathobiological aspects in the cardiopulmo-
nary unit is required to understand the molecular mechanisms
underlying PH (47). Decreased oxidative phosphorylation and
increased glycolysis are considered primary metabolic path-
ways disrupted in PH (48). Mitochondria in RV cardiomyocytes
and pulmonary vascular cells may exhibit similar respiratory
suppression followed by increased glucose uptake and glycol-
ysis in PH. The complexities of metabolic reprogramming
and mitochondrial dysfunction may promote cell survival and
proliferation, while metabolic switching in pulmonary vascular
cells may drive extensive remodeling, which has been proposed
as a metabolic theory (48,49). The aforementioned studies
suggest CH may act on both RV and pulmonary vasculature.
The present study indicated that CH altered gene expres-
sion and mitochondrial metabolite levels in cardiomyocytes.
However, whether these transcriptomic changes were solely
due to the direct effects of CH on RV remains unclear as tran-
scriptome analysis of resistant pulmonary blood vessels using
laser microdissection (50) was not performed in this study.

The present study did not fully elucidate the mitochondrial
dynamics. CH upregulated numerous mitochondrial fusion
genes. Expression of DRPI, a representative fission marker,
was higher in Su/Hx +CH than Su/Hx, although this was not
statistically significant. For functional efficiency of DRPI,
phosphorylation at the serine 616 residue is key in addition to
the gene expression (51). However, protein level of phosphory-
lated DRP1 was not evaluated in the present study. Further
investigation is needed to elucidate the effect of CH on mito-
chondrial dynamics.

CH has multiple effects, such as anti-oxidation and
anti-inflammatory, in addition to aforementioned metabolic
effects (9-11,34-38). The present transcriptome analysis did
not reveal the anti-inflammatory effect of CH, which has
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been previously reported (10,11). The mild effects of CH as
a flavonoid (including anti-oxidation, anti-inflammatory and
anti-diabetic effects) (52) may make it superior to selective
synthetic agents; however, the entire potential mechanism and
side effects of CH in PAH need to be clarified before approval
as a therapeutic drug (9,10).

In conclusion, the present study suggested that CH altered
gene expression and mitochondrial metabolite levels in
cardiomyocytes, resulting in improved RV remodeling and
dysfunction in a Su/Hx PAH rat model. CH may be a potential
candidate for therapeutic options in PAH.
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