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ORIGINAL RESEARCH

Transcriptomic and Functional Analyses 
of Mitochondrial Dysfunction in Pressure 
Overload-Induced Right Ventricular Failure
HyunTae V. Hwang , PhD; Nefthi Sandeep, MD; Ramesh V. Nair, PhD; Dong-Qing Hu, MD;  
Mingming Zhao, MD; Ingrid S. Lan , MS; Giovanni Fajardo, MD; Scot J. Matkovich , PhD;  
Daniel Bernstein, MD; Sushma Reddy , MD

BACKGROUND: In complex congenital heart disease patients such as those with tetralogy of Fallot, the right ventricle (RV) is 
subject to pressure overload, leading to RV hypertrophy and eventually RV failure. The mechanisms that promote the transition 
from stable RV hypertrophy to RV failure are unknown. We evaluated the role of mitochondrial bioenergetics in the develop-
ment of RV failure.

METHODS AND RESULTS: We created a murine model of RV pressure overload by pulmonary artery banding and compared with 
sham-operated controls. Gene expression by RNA-sequencing, oxidative stress, mitochondrial respiration, dynamics, and 
structure were assessed in pressure overload-induced RV failure. RV failure was characterized by decreased expression of 
electron transport chain genes and mitochondrial antioxidant genes (aldehyde dehydrogenase 2 and superoxide dismutase 
2) and increased expression of oxidant stress markers (heme oxygenase, 4-hydroxynonenal). The activities of all electron 
transport chain complexes decreased with RV hypertrophy and further with RV failure (oxidative phosphorylation: sham 
552.3±43.07 versus RV hypertrophy 334.3±30.65 versus RV failure 165.4±36.72 pmol/(s×mL), P<0.0001). Mitochondrial fis-
sion protein DRP1 (dynamin 1-like) trended toward an increase, while MFF (mitochondrial fission factor) decreased and fusion 
protein OPA1 (mitochondrial dynamin like GTPase) decreased. In contrast, transcription of electron transport chain genes 
increased in the left ventricle of RV failure.

CONCLUSIONS: Pressure overload-induced RV failure is characterized by decreased transcription and activity of electron trans-
port chain complexes and increased oxidative stress which are associated with decreased energy generation. An improved 
understanding of the complex processes of energy generation could aid in developing novel therapies to mitigate mitochon-
drial dysfunction and delay the onset of RV failure.
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Congenital heart disease remains the most 
common birth defect and a significant cause 
of infant mortality.1 In contrast to adult heart 

disease, which disproportionately involves the left 
ventricle, complex congenital heart disease such as 
tetralogy of Fallot, pulmonary atresia/intact ventricu-
lar septum, and hypoplastic left heart syndrome are 
subjected to right ventricular (RV) pressure overload, 
leading to RV hypertrophy and eventually RV failure. 

Although RV function is known to be a major pre-
dictor of survival,2–4 the incidence and timing of RV 
dysfunction leading to RV failure varies3,5 and current 
non-invasive and invasive diagnostic modalities can-
not predict which patients will progress towards RV 
failure, nor can they detect the preceding subclini-
cal changes occurring on the molecular and cellular 
level. Further compounding this problem, standard 
left ventricular heart failure therapies (β-blockers, 
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angiotensin-converting enzyme inhibitors, angio-
tensin II receptor blockers) fail to work in congenital 
heart disease-associated RV failure.6–9

Data from animal models of RV pressure over-
load have shown alterations in genes regulating ex-
tracellular matrix, cytoskeletal remodeling, reactive 
oxygen species production, antioxidant protection, 
angiogenesis, and myocardial bioenergetics.10–12 
We focused on the role of mitochondrial dysfunction 

since the heart relies heavily on mitochondrial energy 
production by oxidative phosphorylation. RV failure in 
animal models of pulmonary hypertension is known 
to be associated with a decrease in mitochondrial 
respiration, altered expression of genes involved in 
energy generation, and by the transition from fatty 
acid oxidation to glucose metabolism. However, it is 
not known whether RV pressure overload-induced 
RV failure independent of pulmonary hypertension 
responds similarly.13–15 Also, agents used to induce 
pulmonary hypertension in animal models may be 
direct cardiotoxins themselves which may render 
data generated from animal models of pulmonary 
hypertension inapplicable to other forms of RV pres-
sure overload. There is also limited understanding of 
the activities of individual electron transport chain 
complexes, mitochondrial dynamics (mitochondrial 
biogenesis, fission, fusion), and oxidative stress on 
mitochondrial dysfunction in RV failure.16–19 It is now 
recognized that physiological changes in 1 ventricle 
can affect the phenotype of the other ventricle such 
as RV pressure overload inducing electrophysiologic 
remodeling and fibrosis in the left ventricle.20–22 While 
most studies have focused on the mechanical and 
morphological perturbations of the left ventricle at-
tributable to RV pressure overload, little is known 
about the molecular basis of these changes.23

We hypothesized that mitochondrial dysfunction 
begins in the stage of compensated RV hypertrophy 
and predisposes the RV to failure, and that mitochon-
drial function in the left ventricle is also affected. We 
used a murine model of pulmonary artery banding 
(PAB)24 to induce RV pressure overload and evaluated 
the transcriptional changes occurring in the right and 
left ventricle and activity of electron transport chain 
complexes. An improved understanding of the com-
plex processes of RV energetic remodeling could aid in 
developing novel diagnostic tools and therapeutics to 
mitigate mitochondrial dysfunction and delay the onset 
of RV failure.

METHODS
The authors declare that all supporting data are availa-
ble within this article and its online supplementary files.

Murine Model of RV Afterload Stress
We have previously reported on a murine model 
of PAB leading to RV hypertrophy and RV failure10 
(Figure  1A). We used male FVB mice aged 10 to 
13  weeks for all experiments. Anesthesia was in-
duced with 3% isoflurane and oxygen. Following 
tracheal intubation, anesthesia was maintained with 
1.5% isoflurane and oxygen for the duration of the 
procedure. Via a right thoracotomy approach, a 7-0 

CLINICAL PERSPECTIVE

What Is New?
•	 Right ventricle (RV) failure is a major risk factor 

for mortality in patients with pulmonary hyper-
tension and congenital heart disease.

•	 We show for the first time that mitochondrial 
damage in RV hypertrophy is induced by oxi-
dant stress attributable to lipid peroxidation 
by-products such as 4HNE (4-hydroxynonenal), 
which can decrease the function of the electron 
transport chain complexes leading to a de-
crease in mitochondrial energy generation and 
predispose to RV failure.

•	 Interestingly, the left ventricle of RV failure hearts 
was characterized by increased transcrip-
tion of genes involved in mitochondrial energy 
generation.

What Are the Clinical Implications?
•	 An improved understanding of the mechanisms 

of mitochondrial dysfunction in RV hypertrophy 
and RV failure and the left ventricular response 
to the failing RV will aid in the development of 
novel therapeutic targets to improve mitochon-
drial energy generation and preserve long-term 
RV function.

•	 We have identified lipid peroxidation byproducts 
which could serve as potential therapeutic tar-
gets in pressure overload-induced RV failure to 
improve mitochondrial energy generation and 
delay or prevent the onset of RV failure.

Nonstandard Abbreviations and Acronyms

4HNE	 	 4-hydroxynonenal
ALDH2	 	 aldehyde dehydrogenase 2
DRP1	 	 dynamin 1-like
Gadd45	 	 growth arrest and DNA damage
HRC	 	 histidine-rich calcium binding protein
MFF	 	 mitochondrial fission factor
OPA1	 	 mitochondrial dynamin like GTPase
PAB	 	 pulmonary artery banding
VDAC1	 	� voltage-dependent anion-selective 

channel protein 1
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silk suture was tied around the main pulmonary artery 
to induce RV hypertrophy and RV failure. We stud-
ied mice in the following groups based on Doppler 
echocardiography on postoperative day 7: (1) “RV 
hypertrophy”: PAB gradient of >30 mm Hg (n=6), and 
(2) “RV failure”: PAB gradient >30 mm Hg and evi-
dence of heart failure with lethargy, tachypnea, and 
ascites (n=7). RV hypertrophy and RV failure groups 
were compared with age-matched, sham-operated 
controls (n=6) that underwent identical surgical 
procedures with the exception of placement of the 

PAB. Animals with RV hypertrophy were sacrificed at 
3 weeks, and RV failure at 1 week. Based on our pre-
vious work, the murine model of pulmonary artery 
banding results in a survival half-time for the RV fail-
ure group versus RV hypertrophy group of 19.6 days 
versus 50.8 days. While both groups develop RV fail-
ure, the time to development of RV failure is variable. 
We therefore selected a time point when all the mice 
in the RV failure group uniformly develop RV failure, 
ie, 1 week and when all the mice in the RV hypertro-
phy group are stable with no evidence of RV failure, 

Figure 1.  Pulmonary artery banding leads to right ventricular hypertrophy and failure.
A, Assessment algorithm (B) right ventricle hypertrophy and right ventricle failure are characterized by decreasing exercise duration 
(n=6–7/group), (C) right ventricle failure is characterized by decreased shortening fraction (n=6–7/group). There is a progressive 
increase in (D) heart weight, (E) right ventricle weight, and (F) liver enlargement in right ventricle hypertrophy and right ventricle 
failure while (G) lung weight is unchanged (n=4–7/group). H and I, Wheat-germ agglutinin staining (shown in green) demonstrates 
cardiomyocyte hypertrophy in right ventricle hypertrophy and right ventricle failure (n=5/group). Scale bars are 200 μm. Data are 
presented as mean±SEM. All data were analyzed with one-way ANOVA, except for B, which was analyzed with Kruskal‒Wallis test. 
RV indicates right ventricle; RVF, RV failure; and RVH, RV hypertrophy. *P<0.05, **P<0.01.



J Am Heart Assoc. 2021;10:e017835. DOI: 10.1161/JAHA.120.017835� 4

Hwang et al� Mitochondrial Dysfunction in RV Failure

ie, 3 weeks. This ensured that all the mice were ex-
posed to the pulmonary artery band for the same 
period of time before heart-failure related mortality 
set in.10

Echocardiography
Sedated transthoracic echocardiography (1-L oxygen 
and 1.5% isoflurane) was performed weekly on all mice 
using a Vivid 7 ultrasound system (GE, Boston, MA) 
with a 14  MHz probe.11 Two-dimensional echocardi-
ography, color, and pulse-wave Doppler, and M-mode 
echocardiography were used to evaluate RV size and 
function, tricuspid regurgitation, PAB gradient, and left 
ventricular function.

Graded Treadmill Exercise
Exercise testing was performed 2 days before eutha-
nasia with an Oxymax metabolic chamber and soft-
ware (Columbus Instruments, Columbus, OH) using 
our previously described ramped exercise protocol.25 
Exercise testing continued until the mice showed signs 
of exhaustion by spending >50% of the time or 15 sec-
onds consecutively on the shock grid.

Histopathology
Following organ harvesting, heart, lungs, and liver 
were weighed. Frozen cross-sections of the heart 
were labeled with wheat-germ agglutinin conjugate 
to determine myocyte cross-sectional area and 
100 cells were measured per sample (n=5/group). 
In a separate set of animals, the RV free wall was 
separated from the interventricular septum and left 
ventricle and used for RNA and protein expression, 
electron microscopy, and mitochondrial analysis de-
scribed below.

RNA Sequencing
Bulk RNA sequencing was performed on mRNA iso-
lated from the hearts from the following groups: (1) 
sham right ventricle, (2) sham left ventricle, (3) RV 
from the failing right ventricle, and (4) left ventricle 
from the same heart with RV failure (n=4/group). Total 
RNA from right and left ventricles were isolated using 
miRNeasy Mini Kit (217004; Qiagen, Germantown, 
MD) following the manufacturer’s guidelines. The 
total RNA samples were poly(A)-enriched and se-
quenced at the Genome Technology Access Center 
(Washington University, St. Louis, MO). Sequencing 
was performed using the Illumina HiSeq platform, 
yielding single end, 50 bp reads at 30 million reads 
per sample.

FastQC26 v0.11.5 was used to provide quality con-
trol checks on the raw RNA-Sequencing data. STAR27 
v2.5.3a was used to align the RNA-Seq reads to the 

mouse reference genome (mm9). Cuffdiff28 v2.2.1 sta-
tistical package was used to perform differential ex-
pression analysis for RNA-Seq based on gene and 
transcript abundance measurements in terms of frag-
ments per kilobase of transcript per million mapped 
reads, as previously described. R v3.3.1 statistical 
package and CummeRbund29 v2.16.0 R/Bioconductor 
package were used for visualization of the various out-
put files of the Cuffdiff differential expression analysis 
(Figures S1 and S2). Pathway and gene ontology anal-
yses were performed through Advaita Bioinformatics 
(Ann Arbor, MI). The pathway analysis was performed 
using the Impact Analysis method, which assesses 
the over-representation and perturbations of differen-
tially expressed genes in a given pathway.30–32 Details 
of the Impact Analysis method are enumerated in Data 
S1. Kyoto encyclopedia of genes and genomes path-
way maps were generated by iPathwayGuide (www.
advai​tabio.com).33–35

The RNA sequencing raw data are uploaded to 
Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/gds/) accession number: GSE15​2413.

Real-Time Quantitative Polymerase Chain 
Reaction for RNA-Sequencing Data 
Validation
Orthogonal validation was performed by using a new 
set of animals separate from those used for RNA se-
quencing. Gene expression were assessed in a one-
step real-time quantitative polymerase chain reaction 
kit (204243; Qiagen), using β-actin as the housekeeping 
gene. Primers used are listed in Table S1. Expression 
fold change was calculated using the 2−ΔΔCt method.36

Mitochondrial Isolation
We isolated mitochondria from the RV free wall using 
a differential centrifugation method. The isolation steps 
were performed at 4°C. The tissue was finely dry-
minced, gently homogenized in 700 μL of cold isolation 
buffer (0.25 mol/L sucrose, 5 mmol/L HEPES, 1 mmol/L 
EDTA; pH 7.2) using a commercially available Teflon-
coated pestle drill and a glass tube. The homogenate 
was centrifuged at 600 rcf at 4°C for 3 minutes, and the 
supernatant was centrifuged at 10 000 rcf for 5 minutes. 
The resulting supernatant (cytosolic fraction) was col-
lected and set aside, and the remaining mitochondrial 
pellet was gently resuspended in 1 mL of cold isolation 
buffer and again centrifuged at 10 000  rcf for 5 min-
utes. The pellet was gently resuspended in 100 μL of 
isolation buffer and stored at −80°C until use. Isolated 
mitochondrial purity was confirmed by the presence 
of the mitochondrial marker voltage-dependent anion- 
selective channel protein and the absence of the  
cytosolic marker Enolase as previously shown.37

http://www.advaitabio.com
http://www.advaitabio.com
https://www.ncbi.nlm.nih.gov/gds/
https://www.ncbi.nlm.nih.gov/gds/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152413
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Western Blot
Standard Western blot techniques using denaturing 
and reducing conditions (SDS-PAGE) were used to 
analyze protein expression in RV tissues both from 
whole-tissue lysate and isolated mitochondria. The 
following antibodies were used: 4HNE (4-hydroxynon-
enal); VDAC1 (Voltage-dependent anion-selective 
channel protein 1); DRP1 (dynamin 1-like); MFF (mito-
chondrial fission factor); OPA1 (mitochondrial dynamin 
like GTPase). Enolase was used as the loading control. 
Details of the antibodies used are shown in Table S2.

Oxygen Consumption as a Measure of 
Mitochondrial Energy Generation
Using high resolution Oxygraph-2K respirometer 
(Oroboros Instruments; Innsbruck, Austria), we as-
sessed oxygen consumption in 5 mg of finely minced, 
fresh RV tissue. Leak respiration was assessed in the 
absence of exogenous ADP, where (1) malate and glu-
tamate were used to evaluate complex I, nicotinamide 
adenine dinucleotide dehydrogenase activity, and (2) 
succinate was used to evaluate complex II, succinate 
dehydrogenase activity. Subsequently, ADP was added 
to evaluate State 3 respiration-ATP synthase activ-
ity, representing the maximal physiological respiration 
or oxidative phosphorylation. Respiratory control ratio 
was calculated by dividing State 3 respiration by leak 
respiration. Quality control was performed using the 
following reagents: oligomycin for non-phosphorylating 
respiration (State 4), carbonyl cyanide-p-trifluorometh-
oxyphenylhydrazone for uncoupled respiration, and an-
timycin A for confirming near-abolishment of respiration 
in the absence of mitochondrial activity. The oxygen 
consumption rates are reported as O2 flux per volume 
(pmol/(s×mL)). Reagents used are shown in Table S3.

In our study, we have determined our assay buffer 
sufficiently permeabilized the sample tissues in the ab-
sence of permeabilizing reagents such as saponin. Entry 
of the mitochondrial substrates into the minced tissues 
was evidenced by (1) robust oxygen consumption after 
administration of mitochondrial substrates, and (2) State 
3 respiration mediated by cell-impermeable exogenous 
ADP was similar to uncoupled respiration, which is me-
diated by cell-permeable carbonyl cyanide-p-trifluoro-
methoxyphenylhydrazone. In contrast, our preliminary 
test using Dulbecco phosphate buffered solution in-
stead of the assay buffer demonstrated only negligible 
levels of oxygen consumption (Figure S3).

Mitochondrial DNA Copy Number Assay
Mitochondrial to nuclear DNA copy number ratio was 
assayed, following a previously established proto-
col.38 DNA was isolated from RV tissues and com-
pared with sham using Genomic-tip 20/G (10223; 
Qiagen). Real time quantitative PCR was performed 

with primers for mitochondrial and nuclear DNA,38 
using PowerUp SYBR Green Master mix (A25742; 
Applied Biosystems; Foster City, CA). Mitochondrial 
DNA (mtDNA) that is not duplicated in the nuclear 
genome was measured, which was then compared 
with the nuclear DNA copy number, as measured by 
beta-2 microglobulin.

Electron Microscopy
RV mitochondrial morphology was assessed using 
transmission electron microscopy (JEM 1400; JEOL; 
Peabody, MA). RV samples were fixed overnight (2% 
glutaraldehyde, 4% paraformaldehyde, 0.1  mol/L so-
dium cacodylate, pH 7.4) and stained with uranyl acetate 
and lead citrate for imaging. Intermyofibrillar mitochon-
drial morphology were analyzed by ImageJ (National 
Institutes of Health; Bethesda, MD). At least 250 mito-
chondria per sample were scored by a masked inves-
tigator, tracing all complete mitochondrial perimeters in 
each image. Cristae density was calculated by using 
the thresholding function in Fiji39 to remove non-cristae 
area within the mitochondria, then comparing these re-
sults with the area of each mitochondrion.

4HNE Treatment of Cardiomyocytes
HL1 cardiomyocytes were cultured in a humidified 5% 
CO2, 37°C incubator with complete Claycomb medium 
(51800C; Sigma-Aldrich; St. Louis, MO) containing 10% 
FBS, 2 mmol/L GlutaMAX (35-050-061; ThermoFisher 
Scientific; Waltham, MA), 100  µmol/L norepineph-
rine (A0937; Sigma-Aldrich), 300 nmol/L ascorbic acid 
(A7506; Sigma-Aldrich), and 100 U/mL penicillin-strep-
tomycin (P4333; Sigma-Aldrich). The HL1 cells were 
treated for 1  hour with 50  µmol/L of 4HNE (32100; 
Cayman Chemical; Ann Arbor, MI), where ethanol was 
used as the vehicle. 100 and 200 µmol/L 4HNE treated 
cells demonstrated decreased cell viability by 3,[4,5-di-
methylthiazol-2- yl]-2,5-diphenyl-tetrazolium bromide 
assay (Figure S4A) and mitochondrial swelling sugges-
tive of imminent cell death while 50 µmol/L 4HNE treated 
cells did not (Figure S4B). Thus, to investigate the effect 
of 4HNE at a sublethal dose, 50 μmol/L 4HNE was used. 
The effect of 4HNE treatment on HL1 cardiomyocytes 
was similar to that seen in human induced pluripotent 
stem-cell derived cardiomyocytes as we have previously 
shown.37 We therefore used HL1 cardiomyocytes in this 
study since it is a readily accessible source of cardio-
myocyte mitochondria of consistent quality.

Fluorescence Imaging and Quantification of 
Mitochondrial Morphometric Parameters
HL1 cells were treated with 4HNE and then treated 
with 50  nmol/L MitoTracker Red CMXRos and 
1:2000 diluted Hoechst 33342 nuclear stain (I36007, 
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ThermoFisher Scientific) for 15  minutes in hank’s 
balanced salt solution. The cells were washed and 
fixed with 4% formaldehyde in PBS for 15 minutes at 
room temperature and imaged with a fluorescence 
microscope. Mitochondrial analysis was performed 
by an investigator masked to the sample identity. 
Fluorescence micrographs of mitochondria were 
quantified using FIJI39 via custom macros; 15 to 18 
pictures were analyzed per group. The micrographs 
were background-subtracted with rolling-ball radius 
of 5, followed by 10 pixels, then de-noised via the 
Despeckle function and the signals were normalized 
with the Enhance Contrast function. The processed 
images were then subjected to a threshold cutoff to 
select the mitochondria, which were subsequently 
analyzed via the Analyze Particle function.

Statistical Analysis
Student t-test was used for 2-group comparison 
of normally distributed data. ANOVA was used for 
≥3 group comparisons, performed on continuous, 
normally distributed data. D’Agostino and Pearson 
normality test was used for data with n≥8 and 
Shapiro-Wilk normality test was used when n<8. 
Tukey multiple comparisons test was performed for 
calculating differences between each group. For 
non-normal data, Kruskal‒Wallis test was used. Data 
are presented as mean±SEM. A P value of ≤0.05 
was considered significant. All RNA-sequencing data 
were analyzed based on the q values (false discovery 
rate-corrected P values) and a ±1.5-fold change cut-
off. A q value of ≤0.05 was considered significant for 
all RNA-sequencing data.

Study Approval
All procedures were performed in accordance with 
National Institutes of Health standards and were ap-
proved by the Administrative Panel on Laboratory 
Animal Care at Stanford University.

RESULTS
RV Failure is Characterized by Impaired 
Exercise Capacity and Systolic Dysfunction
PAB was used to create RV pressure overload lead-
ing to RV hypertrophy and RV failure. Our PAB model 
demonstrates many of the findings seen in patients 
with congenital heart disease with RV hypertrophy and 
RV failure (Figure 1A). Exercise duration decreased with 
RV hypertrophy and further decreased with RV failure 
(sham [30.33±0.9] versus RV hypertrophy [24.35±0.6] 
versus RV failure [17.5±1.05]  minutes; P≤0.001) 
(Figure 1B). RV outflow tract fractional shortening, an 
indicator of RV systolic function was preserved with 

RV hypertrophy and decreased with RV failure (sham 
[44.17±0.95%] versus RV hypertrophy [43.5±1.63%] 
versus RV failure [17.5±1.35%]; P<0.0001) (Figure 1C). 
In addition, decreased activity, tachypnea, and ab-
dominal ascites were seen with RV failure. Tricuspid 
valve E/A ratio is increased in RV hypertrophy and fail-
ure indicating RV diastolic dysfunction (sham [0.86±0.1] 
versus RV hypertrophy [2.1±0.3] versus RV failure 
[1.9±0.4]; P≤0.01). Left ventricular shortening fraction 
was preserved (sham [45±1.9%] versus RV hypertrophy 
[48±2.1%] versus RV failure [49±2.7%]).

Organ Morphometrics
Following PAB, heart weight and RV weight increased 
with RV hypertrophy and RV failure, but liver weight 
was increased only in RV failure (Figure  1D through 
1F). Lung weight was not increased (Figure  1G). 
Cardiomyocyte cell area increased in RV hypertrophy 
and RV failure (sham [283.4±22.11] versus RV hypertro-
phy [667.2±43.94] versus RV failure [653.6±48.32] μm2; 
P<0.0001) (Figure 1H and 1I).

Cytoskeletal and Profibrotic Pathways are 
Upregulated in RV Failure
Having confirmed the clinical fidelity of our PAB 
model in producing RV hypertrophy and RV failure, 
we next performed RNA-sequencing to assess differ-
ential gene expression between sham RV and RV fail-
ure. Among the 23 947 genes analyzed, 1946 genes 
were differentially expressed with ±1.5-fold change 
cutoff in sham RV versus RV failure. We identified 
gene upregulation clustered in the following pathways 
(Table  1): (1) extracellular matrix-receptor interac-
tions—collagens, fibronectins, and thrombospondins 
were the most highly expressed genes (Figure S5; 
q=2E-5); (2) regulation of actin cytoskeleton—actin 
assembly regulators were the most highly expressed 
genes (Figure S6; q=1.8E-4); (3) focal adhesion path-
way—thrombospondins and cyclins were the most 
highly expressed genes (Figure S7; q=2.5E-4) and 
(4) transforming growth factor-β signaling—throm-
bospondin 1, transforming growth factor-β and its 
receptors and bone morphogenetic protein-4 were 
among the most highly expressed genes (Figure S8; 
q=5.7E-3). Upregulation of many of these genes sug-
gests a profibrotic milieu. Pathway analysis also iden-
tified downregulation of myosin light chain 2 and 7, 
suggesting defects in cardiac contractility.

Electron Transport Chain Genes are 
Downregulated in RV Failure
Pathway analysis revealed downregulation of oxidative 
phosphorylation as the most significantly affected path-
way (Table 1). Genes involved in oxidative phosphorylation 
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were the most significantly downregulated genes in RV 
failure (Figure  2A and 2B; q=2E-6). The expression of 
multiple electron transport chain genes was decreased, 
including subunits of complex I, nicotinamide adenine 
dinucleotide dehydrogenase; complex II, succinate dehy-
drogenase; complex III, cytochrome c reductase; complex 
IV, cytochrome c oxidase; and complex V, ATP synthase. 
Concomitantly, the expression of V-type ATPase, which is 
a proton pump that uses the energy from ATP hydrolysis 
to generate a proton gradient, a function that is the op-
posite of ATP synthases, was increased. Pathways related 
to Alzheimer disease, Parkinson disease, and Huntington 
disease were also highly downregulated with many of the 
genes in these pathways related to cell communication 
and regulation of the response to stimuli.

Bioenergetic and Contractile Pathways 
are Upregulated in the Left Ventricle in RV 
Failure
To evaluate whether the downregulation of electron 
transport chain genes was restricted to the pressure 
loaded, failing RV, we also assessed gene expression 
in the left ventricle of RV failure hearts in which left ven-
tricular systolic function was unchanged compared 
with sham animals, as previously mentioned. 887 
genes were differentially expressed with ±0.6 log2 fold 
change cutoff in sham left ventricle versus left ventricle 
from RV failure. Pathway analysis highlighted upregu-
lation of ribosome (Figure S9; q=1.20E-13), oxidative 
phosphorylation, hypoxia inducible factor-1 signaling, 

thermogenesis, and genes related to non-alcoholic 
fatty liver disease, Parkinson disease, Huntington dis-
ease, and Alzheimer disease (Table 2). These findings 
are also corroborated by allocation of regulated genes 
to Gene Ontology terms, as most of the top dysregu-
lated terms are related to protein translation and bio-
energetics. Other affected pathways include increases 
in ATG8 (autophagy-related protein 8) and Gadd45 
(growth arrest and DNA damage-inducible 45 protein), 
which are involved in autophagy and oxidative stress re-
sistance/DNA repair processes, respectively (forkhead 
box signaling; Figure S10; q=1.1E-3), decrease in insu-
lin receptor, and its downstream target IRS-1 (insulin 
receptor substrate-1 protein) (insulin resistance; Figure 
S11; q=0.003), and upregulation of pathways involved 
in cardiac muscle contraction with increase in troponin 
C and myosin (Figure S12; q=0.0053). Oxidative phos-
phorylation was the most significantly perturbed path-
way in both the RV and the left ventricle (Figure 2A). In 
the failing RV versus sham RV, genes involved in oxida-
tive phosphorylation were downregulated (Figure  2B; 
q=2.0E-6). In contrast, the left ventricle from RV failure 
versus sham left ventricle showed an upregulation of 36 
electron transport chain genes (Figure 2C, q=1.46E-8).

Mitochondrial Antioxidant Defense Genes 
and Mitochondria-Mediated Antiapoptotic 
Genes are Downregulated in RV Failure
We next evaluated genes which play a critical role in 
mitigating mitochondrial oxidant stress as a potential 

Table 1.  Top 10 Dysregulated Pathways and Gene Ontology Terms in the Right Ventricle in Right Ventricle Failure

Pathways Gene Ontology

Name Changes Biological Processes Molecular Functions Cellular Components

Oxidative phosphorylation ↓ Response to stimulus Extracellular matrix structural 
constituent

Extracellular region

ECM-receptor interaction ↑ Movement of cell or subcellular 
component

Protein binding Extracellular region part

Alzheimer disease ↓ Cell communication Extracellular matrix structural 
constituent conferring tensile 

strength

Extracellular space

Proteoglycans in cancer ↑ Signaling Signaling receptor binding Cell periphery

Regulation of actin cytoskeleton ↑ Multicellular organismal process Integrin binding Collagen-containing 
extracellular matrix

Parkinson disease ↓ Response to chemical Receptor ligand activity Extracellular matrix

Protein digestion and absorption ↑ Signal transduction Receptor regulator activity Plasma membrane

Thermogenesis ↓ Regulation of multicellular 
organismal process

Growth factor binding Plasma membrane part

Focal adhesion ↑ Regulation of localization Cell adhesion molecule binding Plasma membrane region

Huntington disease ↓ Regulation of response to 
stimulus

Insulin-like growth factor binding Cell surface

RNA sequencing of RV myocardium from RV pressure overload-induced RV failure identified the following significantly dysregulated pathways (q≤0.0035); 
Gene Ontology-Biological Processes (q≤3.78E-11); Gene Ontology-Molecular Functions (q≤0.00047); Gene Ontology-Cellular Components (q≤6.34E-08). The 
maximum q value of the 10 pathways and gene ontology terms has been shown. ↑ indicates upregulated; ↓, downregulated, ECM, extracellular matrix; and 
RV, right ventricle.
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mechanism for the downregulation of electron trans-
port chain genes (Figure  3A). Mitochondrial antioxi-
dant defenses via aldehyde dehydrogenase 2 showed 
significantly decreased gene expression in RV failure 

versus sham (37.4% decrease; q=0.0007), while super-
oxide dismutase 2 was unchanged (q=0.406). Heme 
oxygenase 1, an oxidative stress marker trended to-
ward being increased (51.8% increase; q=0.088). 
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Mitochondrial housekeeping genes VDAC1 and citrate 
synthase expression did not change in RV failure ver-
sus sham (VDAC1, q=0.599; citrate synthase, q=0.522). 
Maintenance of calcium homeostasis and repressing 
mitochondria-mediated apoptotic and necrotic cell 
death pathways via HRC (histidine-rich calcium bind-
ing protein) showed significantly decreased gene ex-
pression in RV failure versus sham (43.6% decrease; 
q=0.0007). These data were corroborated by real-time 
quantitative polymerase chain reaction data in which 
all the above genes were significantly decreased while 
heme oxygenase 1 was significantly increased in RV fail-
ure versus sham (Figure 3B). The increase in oxidative 
stress was also confirmed with Western blot by probing 
for 4HNE-adduction of proteins, a marker of lipid perox-
idation and a potent form of oxidative stress (Figure 3C 
and 3D; sham [1.00±0.13] versus RV failure [2.26±0.17]; 
P=0.0006). These data demonstrate increased oxidant 
stress, decreased antioxidant defenses, and increased 
cell death pathways in RV failure.

Myocardial Oxygen Consumption is 
Impaired in RV Hypertrophy and RV Failure

We next assessed RV myocardial oxygen consump-
tion to evaluate the functional consequences of 
downregulated electron transport chain genes and 
increase in oxidant stress in RV hypertrophy and 
RV failure. We used high resolution respirometry 
and evaluated oxygen consumption as a marker of 
mitochondrial respiratory capacity and ATP gener-
ation. There was a decrease in oxygen consump-
tion across all electron transport chain complexes 
with RV hypertrophy and a further decrease with RV 
failure. Leak respiration indicates oxygen consump-
tion without energy generation attributable to proton 
leakage in the mitochondria. Complex I-mediated 
leak respiration declined progressively with RV hy-
pertrophy and RV failure (sham [117.60±6.42] ver-
sus RV hypertrophy [94.28±6.54] versus RV failure 
[66.86±6.34] pmol/(s×mL); P=0.0001), and complex 

Figure 2.  Oxidative phosphorylation genes are downregulated in pressure overload-induced right ventricle (RV) failure but 
upregulated in the left ventricle (LV) of RV failure.
A, Oxidative phosphorylation genes dysregulated in RV failure (vs Sham RV) were compared with genes dysregulated in the LV (vs 
Sham LV) of RV failure hearts (n=4/group). Complex I, II, III, and V genes and cytochrome oxidase genes are downregulated in RV 
failure. ☒ indicates omitted values due to the cutoff set at ±0.6 log2 fold difference. The scale unit is log2 fold change. RV failure vs Sham 
RV q value=2.0E-6 and LV of RV failure vs Sham LV q value=1.46E-8. Graphical representations of the site of dysregulated oxidative 
phosphorylation genes in (B) RV failure and (C) LV of RV failure hearts. Blue—downregulated, Red—upregulated. The figures for (B and 
C) were obtained with iPathwayGuide (www.advai​tabio.com) using OXPHOS pathway data from the kyoto encyclopedia of genes and 
genomes resource, pathway #00190.33–35 LV indicates left ventricle; and RV, right ventricle.

Table 2.  Top 10 Dysregulated Pathways and Gene Ontology Terms in the Left Ventricle in Right Ventricle Failure

Pathways Gene Ontology

Name Changes Biological Processes Molecular Functions Cellular Components

Ribosome ↑ Translation Structural constituent of 
ribosome

Cytosolic ribosome

Oxidative phosphorylation ↑ Peptide metabolic process Structural molecule activity Extracellular space

Non-alcoholic fatty liver disease ↑ Peptide biosynthetic 
process

rRNA binding Ribosome

Parkinson disease ↑ Amide biosynthetic process Translation factor activity, 
RNA binding

Cytosolic part

Huntington disease ↑ Cellular amide metabolic 
process

Neurotransmitter receptor 
activity

Extracellular region part

Alzheimer disease ↑ Multicellular organismal 
process

Extracellular matrix 
structural constituent

Cytosolic small ribosomal 
subunit

Forkhead box signaling pathway ↑ Regulation of multicellular 
organismal process

Protein-containing complex 
binding

Ribosomal subunit

HIF-1 signaling pathway Mixed ATP metabolic process Translation initiation factor 
activity

Collagen-containing 
extracellular matrix

Insulin resistance ↓ Ribosomal small subunit 
assembly

Proton transmembrane 
transporter activity

Extracellular region

Thermogenesis ↑ Purine nucleoside 
monophosphate metabolic 

process

Extracellular matrix binding Extracellular matrix

RNA sequencing of left ventricular myocardium from RV pressure overload-induced RV failure identified the following significantly dysregulated pathways 
(q≤0.004); Gene Ontology-Biological Processes (q≤0.0007); Gene Ontology-Molecular Functions (q≤0.01); Gene Ontology-Cellular Components (q≤6.35E-09). 
The maximum q value of the 10 pathways and gene ontology terms has been shown. ↑ indicates upregulated; ↓, downregulated. HIF-1, hypoxia inducible 
factor-1; and RV, right ventricle.

http://www.advaitabio.com
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I- and complex II-mediated leak respiration only 
trended toward a decrease with RV hypertrophy 
but significantly decreased in RV failure (sham 
[191.96±9.26] versus RV hypertrophy [165.03±7.31] 
versus RV failure [117.02±9.99]  pmol/(s×mL); 
P<0.0001) (Figure  4A through 4C). The rate of oxi-
dative phosphorylation (ADP-mediated ATP synthe-
sis) progressively declined with RV hypertrophy and 
failure (sham 552.30±43.07 versus RV hypertrophy 
334.35±30.65 versus RV failure 165.43±36.72 pmol/
(s×mL); P<0.0001) (Figure 4D). The respiratory con-
trol ratio, which compares the ADP-mediated maxi-
mal respiration (State 3) against leak respiration, is 
a measure of mitochondrial energy generation and 
coupling of the electron transport chain to oxida-
tive phosphorylation. The respiratory control ratio 
also trended toward a decrease in RV hypertro-
phy and significantly decreased in RV failure (sham 
[3.88±0.20] versus RV hypertrophy [3.10±0.21] ver-
sus RV failure [2.47±0.33]  pmol/(s×mL); P=0.0007) 

(Figure 4E). These data demonstrate that RV hyper-
trophy, and especially RV failure, show a decrease in 
the rate of mitochondrial energy generation.

Mitochondrial Fission and Fusion Proteins 
Increase in RV Hypertrophy and Decrease 
in RV Failure
We next assessed mitochondrial fission and fusion in 
RV hypertrophy and RV failure. The gene expression 
of mitochondrial dynamics proteins was assessed by 
RNA sequencing, which showed that DRP1 expres-
sion trended toward an increase (25.4% increase; 
q=0.24), while MFF (59.5% increase; q=0.01) and OPA1 
(mitochondrial dynamin like GTPase) (87.8% increase; 
q=0.001) expression increased in RV failure. Fission pro-
teins DRP1 and MFF were increased by 32% (P=0.058) 
and 61% (P=0.011) in RV hypertrophy but subsequently 
decreased by 39.4% (P=0.0062) and 58% (P=0.0005) in 
RV failure, respectively (Figure 5A through 5C). Similarly, 

Figure 3.  Right ventricle (RV) failure is characterized by increased oxidative stress.
A, RV failure compared with sham-operated RV controls demonstrated deceased expression in 
antioxidant defense genes (aldehyde dehydrogenase 2, superoxide dismustase 2), increased expression 
of the oxidative stress marker, heme oxygenase 1, decreased expression of the repressor of mitochondrial 
apoptosis (HRC [histidine rich calcium binding protein]) while the expression of mitochondrial housekeeping 
genes (voltage-dependent anion channel, citrate synthase) were unchanged (n=4/group). B, The same 
genes were validated by real-time quantitative polymerase chain reaction and demonstrated decreased 
expression of aldehyde dehydrogenase 2, superoxide dismutase 2, and HRC and increased expression 
of heme oxygenase 1 in RV failure compared with sham-operated RV controls using t-test (n=4/group). 
Raw data are shown as Delta Ct=Ct (target gene)−Ct (β-actin housekeeping gene). A decrease in delta Ct 
denotes an increase in expression. C and D, Protein expression of 4HNE (4-hydroxynonenal), a marker of 
oxidative stress, was increased in RV failure using one-way ANOVA, (n=3–4/group). Data are presented as 
mean±SEM. 4HNE indicates 4-hydroxynonenal; ALDH2, aldehyde dehydrogenase 2; CS, citrate synthase; 
HO1, heme oxygenase 1; HRC, histidine rich calcium binding protein; RV, right ventricle; RVF, RV failure; 
RVH, RV hypertrophy; SOD2, superoxide dismutase 2; and VDAC1, voltage-dependent anion-selective 
channel protein 1. ##q<0.01, *P<0.05, **P<0.01.



J Am Heart Assoc. 2021;10:e017835. DOI: 10.1161/JAHA.120.017835� 11

Hwang et al� Mitochondrial Dysfunction in RV Failure

both long (fusion) and short (non-fusion) isoforms of pro-
tein OPA1 were increased in RV hypertrophy (long iso-
forms: 86.4%; P=0.0073) but subsequently decreased in 
RV failure (long isoforms: 62.4; P=0.0007) (Figure 5D and 
5E). Therefore, the expression of mitochondrial dynam-
ics proteins is increased in RV hypertrophy followed by a 
decrease in RV failure.

We next assessed whether changes in mitochon-
drial dynamics proteins are related to changes in 

mitochondrial mass. Mitochondrial biogenesis mea-
sured by the mtDNA copy number was maintained 
for RV hypertrophy and decreased in RV failure (sham 
[1833±112.6] versus RV hypertrophy [2345±262.2] 
versus RV failure [897±77.4]; P=0.0008) (Figure  5F). 
Similarly, mitochondrial mass measured by VDAC1, 
increased in RV hypertrophy and decreased in RV 
failure (sham [1.00±0.06] versus RV hypertrophy 
[1.30±0.05] versus RV failure [0.78±0.05]; P=0.0003) 

Figure 4.  Mitochondrial energy generation is impaired in right ventricle (RV) hypertrophy and RV 
failure.
We used a high-resolution Oxygraph2K respirometer to measure oxygen consumption in RV myocardium. 
A, A representative oxygen consumption [pmol/s per mL] tracing is shown for myocardial tissue (red 
curve). The blue curve represents oxygen concentration in the assay chamber. We evaluated oxygen 
consumption rates attributable to leak respiration during substrate usage by complex I, nicotinamide 
adenine dinucleotide dehydrogenase and complex II, succinate dehydrogenase (green shades), and 
because of oxidative phosphorylation by complex V, ATP synthase (yellow shade). RV hypertrophy and 
RV failure are characterized by a decrease in (B and C) leak respiration, (D) oxidative phosphorylation, 
and (E) respiratory control ratio, (n=7–11/group). Data are presented as mean±SEM. One-way ANOVA was 
used for all data, except for E, which used Kruskal‒Wallis test. AM indicates antimycin A; FCCP, carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone; Mal+Glu, malate and glutamate; RV, right ventricle; RVF, 
right ventricular failure; and RVH, RV hypertrophy. *P<0.05, **P<0.01.
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(Figure  5G and 5H). This suggests that the changes 
in mitochondrial dynamics proteins in RV hypertrophy 
and RV failure were secondary to the changes in mito-
chondrial mass. To further assess whether mitochon-
drial dynamics proteins were indeed decreased in RV 
failure, we assessed mitochondrial dynamics protein 

expression in isolated mitochondria (Figure 5I through 
5M). We demonstrate a trend toward an increase in 
DRP1 expression but a decrease in MFF expression by 
66% (P=0.0002) and OPA1 (long isoform) expression 
by 40% (P=0.051) similar to total protein data. Thus, 
a decrease in mitochondrial mass, both an increase 
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and a decrease in mitochondrial fission proteins and a 
decrease in mitochondrial fusion proteins characterize 
mitochondrial dynamics in RV failure.

RV Failure is Characterized by Smaller 
Mitochondria Compared With RV 
Hypertrophy
Mitochondrial morphology was evaluated via transmis-
sion electron microscopy (Figure  6A). Mitochondrial 
size distribution trended toward an increase with RV 
hypertrophy and decrease with RV failure (Figure 6B 
and 6C), possibly suggesting increased fission in RV 
failure. However, because of the heterogeneity in mi-
tochondrial morphology within each sample, signifi-
cant changes in overall median mitochondrial area, 
circularity, and perimeter could not be detected in RV 
hypertrophy and RV failure (Figure  6D through 6F). 
In addition, the overall mitochondrial cristae density 
was not decreased in RV hypertrophy and RV failure 
(Figure 6G).

4HNE Acutely Disrupts Mitochondrial 
Morphology
To determine whether increased lipid peroxidation in 
RV failure plays a role in mediating mitochondrial dys-
function, we treated HL1 cardiomyocytes with 4HNE 
(1 hour) and assessed mitochondrial size, shape, and 
structure (Figure  7A). Fifty μmol/L 4HNE increased 
mitochondrial number (Figure 7B) and decreased mi-
tochondrial area (Figure  7C), suggesting increased 
fission. In addition, 4HNE treatment decreased mito-
chondrial solidity (increased ruffling of the outer mito-
chondrial membrane), suggesting membrane damage 
(Figure 7D), and 4HNE also decreased mitochondrial 
circularity (Figure  7E), indicating elongated morphol-
ogy. 4HNE resulted in disruption of the mitochondrial 
network and connectivity.

DISCUSSION
In patients with complex congenital heart disease 
such as those with tetralogy of Fallot, pulmonary 

atresia/intact ventricular septum, and hypoplastic 
left heart syndrome, the right ventricle is subject to 
pressure overload, leading to RV hypertrophy and 
eventually RV failure. We developed a murine model 
of RV pressure overload which replicates the RV af-
terload stress seen in patients with congenital heart 
disease and evaluated transcriptional changes and 
mitochondrial function. RV hypertrophy and fail-
ure were characterized by decreased transcription 
and activity of electron transport chain complexes, 
increased oxidative stress, altered mitochondrial 
dynamics, and decreased mitochondrial energy gen-
eration. Interestingly, the left ventricle of RV failure 
hearts was characterized by increased transcription 
of genes involved in mitochondrial energy generation. 
An improved understanding of the mechanisms of 
mitochondrial dysfunction in RV hypertrophy and RV 
failure and the left ventricular response to the failing 
RV will aid in the development of novel therapeutic 
targets to improve mitochondrial energy generation 
and preserve long-term RV function.

Although RV failure is a major risk factor for mor-
tality in patients with pulmonary hypertension and 
congenital heart disease, the underlying cellular mech-
anisms leading to RV failure are poorly understood.11 
The human heart is a highly oxidative organ and is thus 
particularly vulnerable to oxidative damage.40 In the 
heart, mitochondria are the main source and target of 
oxidative stress, in particular lipid peroxidation.41,42 In 
the pressure overloaded RV, derangements have been 
described in mitochondria, oxidant stress, and cell 
death pathways,11,43 the combination of which could 
predispose the RV to a more rapid progression to fail-
ure.10,12,44 Others have reported a decrease in super-
oxide dismutase and glutathione peroxidase activity 
even during compensated hypertrophy, perhaps pre-
disposing the RV to oxidative stress-induced damage 
at an earlier stage.14,45 Increased oxidative stress has 
also been shown in RV pressure overload attributable 
to pulmonary hypertension.46,47 Similarly, we show a 
decrease in transcription of antioxidant enzymes and 
increased transcription of oxidative stress markers.

The role of reactive lipid peroxidation byprod-
ucts, a potent form of oxidative stress, in promoting 

Figure 5.  Mitochondrial dynamics are decreased in right ventricle (RV) failure.
A, Representative Western blot gels of mitochondrial dynamics proteins in sham, RV hypertrophy, and RV failure; (B through E) The 
expression of mitochondrial dynamics proteins increases in RV hypertrophy and decreases in RV failure, as demonstrated by the 
expression of (B and C) fission proteins DRP1 (dynamin 1-like) and MFF (mitochondrial fission factor) and (D and E) fusion proteins OPA1 
(mitochondrial dynamin like GTPase), long and short isoform (n=3–8/group). F, Mitochondrial biogenesis measured by the mitochondrial 
to nuclear DNA ratio was stable in RV hypertrophy and decreased in RV failure (n=3–4/group). G and H, Mitochondrial mass measured 
by VDAC1 (voltage-dependent anion-selective channel protein 1) expression increased in RV hypertrophy and decreased in RV failure 
(n=3–4/group). I, Representative Western blot gels of mitochondrial dynamics proteins from isolated mitochondria. J through M, The 
expression of mitochondrial dynamics proteins in isolated mitochondria demonstrated (J) no change in DRP1 expression, (K and L) 
a decrease in MFF and OPA1 long isoform expression, and (M) no change in OPA1 short isoform expression. Data are presented as 
mean±SEM. One-way ANOVA was used for (B through H), and Student t-test was used for (J through M). DRP1 indicates dynamin 
1-like; MFF, mitochondrial fission factor; mtDNA, mitochondrial DNA; OPA1, mitochondrial dynamin like GTPase; RV, right ventricle; 
RVF, RV failure; RVH, RV hypertrophy; and VDAC1, voltage-dependent anion-selective channel protein 1. *P<0.05, **P<0.01.
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pathological conditions has been well-established in 
several diseases including atherosclerosis, diabetes 
mellitus, Alzheimer disease,42 aging and in ischemia/
reperfusion injury, and is uniformly detrimental to car-
diac function.16–18 Lipid peroxidation can damage the 
lipid bilayer of the mitochondria, leading to loss of the 
electron transport chain gradient and impaired oxida-
tive phosphorylation.48 Of these, 4HNE is especially 
reactive and able to form covalent adducts with other 
macromolecules to inhibit their function.49 We show 
for the first time that RV failure is characterized by in-
creased 4HNE, which may in part be responsible for 

decreased transcription and activity of electron trans-
port chain complexes, leading to decreased mitochon-
drial energy generation.

RV pressure overload is known to inhibit mitochon-
drial energy generation14,25,50 and oxidative stress is 
known to impair mitochondrial DNA and biogenesis 
in ischemic heart disease and in Alzeimer disease.51,52 
Unique from these papers, we used high resolution 
respirometry to evaluate individual electron transport 
chain complexes. We show that mitochondrial en-
ergy generation is impaired even during compensated 
hypertrophy when mitochondrial biogenesis is still 

Figure 6.  Right ventricle (RV) hypertrophy is characterized by larger mitochondria while RV failure is characterized by 
smaller mitochondria.
A, Representative electron microscopy images from sham, RV hypertrophy, and RV failure. (B) Histogram of mean mitochondrial 
area in each group. Each data point represents increments in mitochondrial area of 0.1 μm2 from left to right. (C) Mitochondrial area 
distribution compared between each group demonstrates a greater percent of larger mitochondria in RV hypertrophy compared with 
RV failure. There was no change in the overall median mitochondrial (D) area, (E) circularity, (F) perimeter, and (G) mitochondrial cristae 
density between Sham, RV hypertrophy, and RV failure. n=3 to 6/group, 250 mitochondria assessed/group. Scale bars are 2 μm. Data 
are presented as mean±SEM and analyzed using one-way ANOVA. RVF indicates right ventricular failure; and RVH, right ventricular 
hypertrophy. *P<0.05, **P<0.01.
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Figure 7.  Acute 4HNE (4-hydroxynonenal) treatment leads to loss of mitochondrial network and connectivity.
Cardiomyocytes treated for 1 hour with 4HNE, followed by staining with Mitotracker Red CMXROS (red) and Hoechst 33342 (blue) for 
mitochondria and nuclear staining, respectively. A, Representative pictures, and their processing for the mitochondrial analysis are 
shown. The originals are shown in the first column, background-subtracted versions in the second, and thresholded images in the 
third. B and C, 4HNE treatment increases the mitochondrial count while decreasing the mitochondrial area. D and E, 4HNE decreased 
the solidity and circularity. Scale bars are 50 μm. n=15 to 18/group. Data are presented as mean±SEM. Student t-test was used for all 
data, except for (B), which used Kruskal‒Wallis test. 4HNE indicates 4-hydroxynonenal. **P<0.01.
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maintained, and energy generation further declines as 
mitochondrial biogenesis falls during RV failure. This 
suggests that adverse bioenergetic remodeling oc-
curs even during compensated hypertrophy and may 
predispose the heart to failure. Furthermore, we show 
a decrease in uncoupled respiration and respiratory 
control ratio despite reduced leak respiration, indicat-
ing that the attenuation of mitochondrial energy gener-
ation is driven by an overall progressive decrease in the 
electron transport chain activity. It is now becoming 
increasingly clear in patients with RV pressure overload 
that RV diastolic dysfunction sets in early with the devel-
opment of hypertrophy long before the development of 
RV failure and can lead to exercise intolerance.53 While 
RV systolic function is expected to remain stable or in-
crease during RV hypertrophy, RV diastolic function, 
which is also an active, energy dependent process is 
impaired during RV hypertrophy and may be reflected 
in the impaired mitochondrial energy generation which 
further decreases with the onset of RV failure.

Lipid peroxidation damages mitochondrial mem-
branes, leading to impaired mitochondrial fission and 
fusion in a dose-dependent manner in neurons and 
in ischemic heart disease that may further contribute 
to decreased oxygen consumption.54–56 Excessive 
mitochondrial fission in heart failure is known to 
inhibit bioenergetics by disrupting mitochondrial 
network to avert efficient sharing of mitochondrial 
contents.57 Increased fission has also been shown 
in RV failure in experimental pulmonary hypertension 
in whole cell lysates.58,59,60 While our transmission 
electron microscopy data in RV failure show smaller 
mitochondria, suggesting increased fission, the iso-
lated mitochondrial dynamics protein data show both 
a trend toward an increase (DRP1) and a decrease 
(MFF) in fission proteins with a decrease in fusion 
proteins (OPA). Since the balance in mitochondrial 
dynamics determines the ultimate mitochondrial 
morphology, we conclude that fission is overall in-
creased.61 Mechanistically, we show that 4HNE can 
promote mitochondrial fission and may contribute to 
the mitochondrial network disruption leading to de-
creased energy generation in RV failure.

Cao et al62 report perturbations in extracellular re-
ceptor interaction and focal adhesion pathways in the 
failing RV, similar to our data. They also report signif-
icant dysregulation in inflammatory pathways with-
out any dysregulation in myocardial bioenergetics. 
However, Cao et al had a PAB in place for only 1 hour 
compared with our model of pressure overload-in-
duced RV failure where the PAB was in place for 1 to 
3 weeks which may account for the differences. This 
suggests that the RV response to acute and chronic 
pressure overload differ. Many of the pro-fibrotic path-
ways we describe have been reported in monocro-
taline-induced RV failure.63 However, monocrotaline 

toxicity extends beyond pulmonary vasoconstriction, 
to interstitial fibrosis as well as myocarditis.64,65 Other 
models of drug-induced pulmonary hypertension also 
have the possibility of off-target effects acting directly 
on the cardiac mitochondria and therefore may not 
accurately recapitulate the stress on the RV because 
of RV outflow tract obstruction as seen in congenital 
heart disease.14,66

RV pressure overload has been reported to disturb 
left ventricular physiology, such as atrophic remodel-
ing,67 intraventricular asynchrony,68 and systolic and 
diastolic dysfunction because of left ventricular myo-
cardial interstitial edema and fibrosis.69,70 RV failure 
attributable to experimental pulmonary hypertension 
has been shown to increase biventricular fission.59 We 
now show for the first time that while pressure over-
load-induced RV failure impairs transcription of oxi-
dative phosphorylation genes in the RV, it promotes 
transcription of the same genes in the left ventricle, 
perhaps in an attempt to maintain the hyperdynamic 
left ventricular function. With increasing RV pressure 
overload, the interventricular septum begins to shift 
into the left ventricle during systole, alters left ventric-
ular geometry, thereby compromising left ventricular 
filling and can even cause left ventricular outflow tract 
obstruction, all of which can lead to decreased car-
diac output. The left ventricle responds by increasing 
heart rate and fractional shortening to maintain car-
diac output. This physiology is similar to that seen in 
patients with progressive RV pressure overload. We 
hypothesize that this increase in left ventricular de-
mand because of adverse ventricular-ventricular in-
teractions accounts for the increased left ventricular 
energy demands and upregulation of genes involved 
in oxidative phosphorylation. In fact, transcription of 
genes involved in the electron transport chain is the 
most highly regulated pathway in the left ventricle of 
RV failure.

CONCLUSIONS
RV failure is a major risk factor for mortality in pa-
tients with pulmonary hypertension and congeni-
tal heart disease. However, the underlying cellular 
mechanisms leading to RV failure are poorly under-
stood. We show decreased transcription and activity 
of individual electron transport chain complexes in 
RV failure along with an increase in 4HNE induced 
oxidant stress and a decrease in antioxidant de-
fenses. These factors may work in concert to impair 
mitochondrial energy generation, promoting the de-
velopment of RV failure. Thus, lipid peroxidation by-
products could serve as potential therapeutic targets 
in pressure overload-induced RV failure to improve 
mitochondrial energy generation and delay or pre-
vent the onset of RV failure. As surgical techniques 
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for repair of complex congenital heart lesions con-
tinue to improve, long-term survival and quality of life 
will increasingly depend on our ability to preserve 
long-term RV function.
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Supplemental Methods 

Statistics - Pathway Analysis 

iPathwayGuide scores pathways using the Impact Analysis method1-3. Impact analysis 

uses two types of evidence: i) the over-representation of differentially expressed (DE) 

genes in a given pathway and ii) the perturbation of that pathway computed by 

propagating the measured expression changes across the pathway topology. These 

aspects are captured by two independent probability values, pORA and pAcc, that are 

then combined in a unique pathway-specific p-value. The underlying pathway topologies, 

comprised of genes and their directional interactions, are obtained from the KEGG 

database.  

The first probability, pORA, expresses the probability of observing the number of DE 

genes in a given pathway that is greater than or equal to the number observed, by random 

chance. Let us consider there are N genes measured in the experiment, with M of these 

on the given pathway. Based on the a priori selection of DE genes (genes with a log fold 

change differential expression of 0.6 and p=0.05), K out of M genes were found to be 

differentially expressed. The probability of observing exactly x differentially expressed 

genes on the given pathway is computed based on the hypergeometric distribution: 

 



Table S1. Primer sequences used to assess gene expression. 

 

Gene name Primer Sequence (5’ -> 3’) 

Aldehyde 
Dehydrogenase 2 
(ADLH2) 

TGAAGACGGTTACTGTCAAAGTGC 
AGTGTGTGTGGCGGTTTTTCTC 

Superoxide 
Dismutase 2 (SOD2) 

GGCGCCTCTCAGATAAACAG 
GGCTCATTGGGTCCTTGTTA 

Heme Oxygenase 1 
(HO-1) 

CACAGCACTATGTAAAGCGTCT 
GTAGCGGGTATATGCGTGGG 

Voltage-dependent 
anion-selective 
channel protein 1 
(VDAC1) 

CCCACATACGCCGATCTTGG 
GCTGCCGTTCACTTTGGTG 

Citrate Synthase  
(CS) 

GTTAGCTGGAGACGCTTTGG 
AGAGGCCTGGAAGGAAACAT 

Histidine-rich calcium 
binding protein 
(HRC) 

GAGACTCGGCAGAGAACCAC 
CATCACATCCACCCTCTCCT 

 

  



Table S2. Antibodies used to assess protein expression. 

 
 

 Antibody 
Catalog 

Number/Company 
Dilution 

4-hydroxynonenal (4HNE) 
HNE11-S; Alpha 

Diagnostic International 
1:1000 

Voltage-dependent anion-selective 

channel protein 1 (VDAC1) 

Ab14734; Abcam 
1:2000 

Dynamin 1-like (DRP1/DLP1) 611113; BD 1:2000 

Mitochondrial fission factor (MFF) 17090-I-AP; Proteintech 1:1000 

Mitochondrial dynamin like GTPase 

(OPA1) 

612607; BD 
1:2000 

Enolase 
sc-15343; Santa Cruz 

Biotechnology 
1:2000 

 

  



Table S3. Buffers and reagents used to measure oxygen consumption. 

 
 

  
Reagents 

Final 
concentration 
in assay 
buffer 

Oxygraph 

buffer 

20 mM HEPES, 5 mM K3PO4, 0.2 mM EDTA, 
2.5 mM MgCl2, 10 mM KCl, 0.25 M sucrose, 1 
mg/mL fatty acid free bovine serum albumin; pH 
7.4 

- 

Malate 1 M malate 
5 mM 

Glutamate 2 M glutamate 
5 mM 

Succinate 1 M succinate 
20 mM 

ADP 0.5 M ADP 
200 µM 

Oligomycin 4 mg/ml oligomycin 
0.5 µM 

FCCP 1 M carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone 

1 µM 

Antimycin A 5 mM antimycin A 
1 µM 

 



Because the hypergeometric distribution is discrete, the probability of observing fewer 

than x genes on the given pathway just by chance can be calculated by summing the 

probabilities of randomly observing 0, 1, 2, ..., up to x-1 DE genes on the pathway: 

 

iPathwayGuide calculates the probability of randomly observing a number of DE genes 

on the given pathway that is greater than or equal to the number of DE genes obtained 

from data, by computing the over-representation p-value: pORA = p (x) = 1 - p (x-1): 

 

The second probability, pAcc, is calculated based on the amount of total accumulation 

measured in each pathway. A perturbation factor is computed for each gene on the 

pathway using: 

 

PF(g) is the perturbation factor for gene g, the term ΔE(g) represents the signed 

normalized measured expression change of gene g, and α(g) is a priori weight based on 

the type of the gene. The last term is the sum of the perturbation factors of all genes u, 

directly upstream of the target gene g, normalized by the number of downstream genes 



of each such gene N (u). The value of β quantifies the strength of the interaction between 

genes g and u. The sign of β represents the type of interaction: positive for activation-like 

signals, and negative for inhibition-like signals. Subsequently, iPathwayGuide calculates 

the accumulation at the level of each gene, Acc(g), as the difference between the 

perturbation factor PF(g) and the observed log fold-change: 

 

Once all gene perturbation accumulations are computed, iPathwayGuide computes the 

total accumulation of the pathway as the sum of all absolute accumulations of the genes 

in a given pathway. The significance of obtaining a total accumulation (pAcc) at least as 

large as observed, just by chance, is assessed through bootstrap analysis. The two types 

of evidence, pORA and pAcc, are combined into an overall pathway score by calculating 

a p-value using Fisher's method. This p-value is then corrected for multiple comparisons 

using false discovery rate (FDR). Methods provided by 

https://ipathwayguide.advaitabio.com/report.  

  

https://ipathwayguide.advaitabio.com/report


Figure S1. Volcano plots for each pair comparison for RNA-sequencing data. 

 

 
 

 

RV Sham vs. LV Sham LV Sham vs. LV RVF  

RV RVF vs. LV RVF  RV Sham vs. RV RVF  



(a) RV Sham vs. LV Sham; (b) LV Sham vs. LV RVF; (c) RV RVF vs. LV RVF; (d) RV 

Sham vs. RV RVF. For each pair, red and blue indicate the second dataset has 

increased or decreased expression compared to the first term, respectively. Genes with 

a log fold change differential expression (DE) of 0.6 (x-axis) and p=0.05 are shown. 

Significance is represented as negative log (base 10) of the p-value (y-axis). The figures 

were obtained with iPathwayGuide (www.advaitabio.com). RV – right ventricle, LV – left 

ventricle, RVF – RV failure. 

  

http://www.advaitabio.com/
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Figure S2. (a) CummeRbund Dispersion and (b) Box plots are shown to show the 

spread of the FPKM values in the individual samples (N=4/group). FPKM - Fragments 

Per Kilobase of transcript per Million mapped reads, RV – right ventricle, LV – left 

ventricle, RVF – RV failure. 

  



Figure S3. Oxygraph buffer allows for mitochondrial substrates to permeate into 
tissues. 

 
 

We used a high-resolution Oxygraph2K respirometer to measure oxygen consumption 

in RV myocardium. (a) A representative oxygen consumption [pmol/s/mL] tracing is 

shown for myocardial tissue (red curve). The blue curve represents oxygen 

concentration in the assay chamber. We evaluated oxygen consumption rates due to 

leak respiration during substrate utilization by complex I-NADH dehydrogenase and 

complex II-succinate dehydrogenase (green shades), and due to oxidative 

phosphorylation by complex V-ATP synthase (yellow shade). Minced heart tissue 

exhibits robust oxygen consumption in the (top) Oxygraph buffer, but not in (bottom) 

DPBS. Tissues suspended in DPBS failed to show any response even when the cell-

permeable agent FCCP was administered, since the exogenous substrates (malate, 

glutamate, succinate, and ADP) could not readily enter the tissues. Mal+Glu – malate 

and glutamate; FCCP - carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; AM – 

antimycin A; DPBS – Dulbecco’s phosphate buffered saline. 

 



Figure S4. 4HNE dose testing in HL1 cardiomyocytes. 

 
 
 
 (a) MTT assay showed a decline in cell viability at 100 and 200 μM 4HNE-treatment. 

N=8/group, **p<0.001. (b) Mitochondrial morphology of cardiomyocytes following 1 hr 

4HNE treatment. Cells were stained with Mitotracker™ Red CMX ROS and Hoechst 

33342 for mitochondria and nuclear staining, respectively. 100 and 200 μM 4HNE-

treated cells showed swollen mitochondria, a characteristic of imminent cell death while 

50 μM 4HNE treated cells did not. 
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Figure S5. Extracellular matrix-receptor interactions are upregulated in the failing 
RV. 

  

Log2 Fold Change 
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 (a) Genes involved in ECM-receptor interactions are upregulated in RV failure vs. 

Sham with thrombospondins (arrows) being the most highly expressed genes. (b) 

Graphical representation of the dysregulated genes (N=4/group), Blue – downregulated, 

Red – upregulated, q-value = 2E-5. The figure was obtained with iPathwayGuide 

(www.advaitabio.com), using pathway data obtained from the KEGG resource (pathway 

#04512)33-35. ECM – Extracellular matrix; RV – Right ventricle. 

  

http://www.advaitabio.com/


Figure S6. Actin cytoskeleton regulation is upregulated in the failing RV. 
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 (a) Genes involved in actin polymerization are upregulated in RV failure vs. Sham with 

Enah and fibronectins (arrows) being the most highly expressed genes and insulin 1 

and 2 (arrows) the most downregulated. (b) Graphical representation of the 

dysregulated genes (N=4/group), Blue – downregulated, Red – upregulated, q-value = 

0.0002. The figure was obtained with iPathwayGuide (www.advaitabio.com), using 

pathway data obtained from the KEGG resource (pathway #04810)33-35. RV – Right 

ventricle; Enah – Enabled Homolog. 

  

http://www.advaitabio.com/


Figure S7. Focal adhesion pathways are upregulated in the failing RV. 
  a b 
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 (a) Genes involved in focal adhesion are upregulated in RV failure vs. Sham with 

thrombospondins and cyclins (arrows) being the most highly expressed genes and 

myosin light chain 2 and 7 (arrows) the most downregulated. (b) Graphical 

representation of the dysregulated genes (N=4/group), Blue – downregulated, Red – 

upregulated, q-value = 0.0003. The figure was obtained with iPathwayGuide 

(www.advaitabio.com), using pathway data obtained from the KEGG resource (pathway 

#04510)33-35. RV – Right ventricle. 

  

http://www.advaitabio.com/


Figure S8. TGF-β signaling pathway is upregulated in the failing RV. 

a 

b 
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(a) Genes involved in TGF-β signaling are upregulated in RV failure vs. Sham with 

thrombospondin 1, TGF-β and its receptors and Bmp4 (arrows) being the most highly 

expressed genes. (b) Graphical representation of the dysregulated genes (N=4/group), 

Blue – downregulated, Red – upregulated, q-value = 0.006. The figure was obtained 

with iPathwayGuide (www.advaitabio.com), using pathway data obtained from the 

KEGG resource (pathway #04350)33-35. RV – Right ventricle. 

  

http://www.advaitabio.com/


Figure S9. Ribosome pathway is upregulated in the left ventricle in RV failure. 

 (a) Genes associated with ribosomes are upregulated in the left ventricle with RV 

failure vs. left ventricle from Sham. (b) Graphical representation of the differentially 

expressed genes (N=4/group), Blue – downregulated, Red – upregulated, q-value = 

1.20E-13. The figure was obtained with iPathwayGuide (www.advaitabio.com), using 

pathway data obtained from the KEGG resource (pathway #03010)33-35 . 
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Figure S10. FoxO signaling pathway is upregulated in the left ventricle in RV 
failure. 
  a 

b 
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 (a) Genes involved in FoxO signaling are perturbed in the left ventricle with RV failure 

vs. left ventricle from Sham. (b) Graphical representation of the differentially expressed 

genes (N=4/group), Blue – downregulated, Red – upregulated, q-value = 0.0011. The 

figure was obtained with iPathwayGuide (www.advaitabio.com), using pathway data 

obtained from the KEGG resource (pathway #04068)33-35 . 

 
  

http://www.advaitabio.com/


Figure S11. Insulin resistance pathway is downregulated in the left ventricle in RV 
failure. 
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(a) Genes involved in insulin signaling are perturbed in the left ventricle with RV failure 

vs. left ventricle from Sham. (b) Graphical representation of the differentially expressed 

genes (N=4/group), Blue – downregulated, Red – upregulated, q-value = 0.003. The 

figure was obtained with iPathwayGuide (www.advaitabio.com), using pathway data 

obtained from the KEGG resource (pathway #04931)33-35. 

  

http://www.advaitabio.com/


Figure S12. Cardiac muscle contraction pathway is upregulated in the left 
ventricle in RV failure. 
  a 

b 
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 (a) Genes associated with cardiac muscle contraction are upregulated in the left 

ventricle with RV failure vs. left ventricle from Sham. (b) Graphical representation of the 

differentially expressed genes (N=4/group), Blue – downregulated, Red – upregulated, 

q-value = 0.0053. The figure was obtained with iPathwayGuide (www.advaitabio.com), 

using pathway data obtained from the KEGG resource (pathway #04260)33-35. 

  

http://www.advaitabio.com/

