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Abstract

Background: In patients with complex congenital heart disease, such as those with tetralogy of 

Fallot, the right ventricle (RV) is subject to pressure overload stress, leading to RV hypertrophy 

and eventually RV failure. The role of lipid peroxidation, a potent form of oxidative stress, in 

mediating RV hypertrophy and failure in congenital heart disease is unknown.

Methods: Lipid peroxidation and mitochondrial function and structure were assessed in RV 

myocardium collected from patients with RV hypertrophy with normal RV systolic function (RV 

FAC 47.3±3.8%) and in patients with RV failure showing decreased RV systolic function (RV FAC 

26.6±3.1%). The mechanism of the effect of lipid peroxidation, mediated by 4-hydroxynonenal 

(4HNE; a byproduct of lipid peroxidation) on mitochondrial function and structure was assessed in 

HL1 murine cardiomyocytes and human induced pluripotent stem cell-derived cardiomyocytes.

Results: RV failure was characterized by an increase in 4HNE adduction of metabolic and 

mitochondrial proteins (16/27 identified proteins), in particular electron transport chain proteins. 

Sarcomeric (myosin) and cytoskeletal proteins (desmin, tubulin) also underwent 4HNE-adduction. 

RV failure showed lower oxidative phosphorylation [moderate RV hypertrophy 287.6±19.75 vs. 

RV failure 137.8±11.57 pmol/(sec*ml), p=0.0004], and mitochondrial structural damage. Using a 

cell model, we show that 4HNE decreases cell number and oxidative phosphorylation (control 

388.1±23.54 vs. 4HNE 143.7±11.64 pmol/(sec*ml), p<0.0001). Carvedilol, a known antioxidant 

did not decrease 4HNE adduction of metabolic and mitochondrial proteins and did not improve 

oxidative phosphorylation.
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Conclusions: Metabolic, mitochondrial, sarcomeric and cytoskeletal proteins are susceptible to 

4HNE-adduction in patients with RV failure. 4HNE decreases mitochondrial oxygen consumption 

by inhibiting electron transport chain complexes. Carvedilol did not improve the 4HNE-mediated 

decrease in oxygen consumption. Strategies to decrease lipid peroxidation could improve 

mitochondrial energy generation and cardiomyocyte survival and improve RV failure in patients 

with congenital heart disease.

Keywords

Right ventricle; congenital heart disease; hypertrophy; heart failure; mitochondria; lipid 
peroxidation

Introduction

Children with complex congenital heart disease involving right-sided obstructive lesions 

such as tetralogy of Fallot, pulmonary atresia/intact ventricular septum, and hypoplastic left 

heart syndrome or pulmonary hypertension are at risk for right ventricular (RV) failure and 

decreased survival1–3. However, the incidence and timing of RV failure varies2, 4, and 

current non-invasive and invasive diagnostic modalities can neither predict which patients 

will progress to RV failure nor detect the preceding subclinical changes occurring on the 

molecular and cellular level. In addition, standard heart failure therapies such as angiotensin-

converting enzyme inhibitors and β blockers are ineffective in the treatment of RV failure5.

We focused on the critical role of oxidative stress on mitochondrial bioenergetics during RV 

hypertrophy and the progression to RV failure in congenital heart disease involving right-

sided obstructive lesions. The human heart is a highly oxidative organ cycling a daily 

amount of adenosine triphosphate (ATP) up to 15 to 20 times its own weight6, and is thus 

particularly vulnerable to oxidative damage. Oxidation of membrane phospholipids, known 

as lipid peroxidation, is the most prominent manifestation of oxidative stress in the heart in 

aging and in ischemia/reperfusion injury, and is uniformly detrimental to cardiac 

function7–9. However, little is known about the role of lipid peroxidation and individual lipid 

peroxidation products such as the potent reactive aldehyde 4-hydroxynonenal (4HNE) in RV 

hypertrophy and failure. 4HNE is of particular interest due to its ability to adduct or modify 

proteins by covalent bonding, thereby inhibiting or altering their function10, 11. Since 

mitochondria are the largest source and target of lipid peroxidation12, we hypothesized that 

4HNE adversely affects mitochondrial energy generation in RV pressure overload, leading to 

impaired cardiac function and RV failure. Carvedilol, a known antioxidant, has been shown 

to decrease lipid peroxidation of mitochondrial membranes in ischemic heart disease13 and 

to decrease 4HNE expression in dilated cardiomyopathy14 and was therefore investigated as 

a candidate drug to rescue lipid peroxidation-induced mitochondrial dysfunction. An 

improved understanding of the effect of lipid peroxidation on the complex processes of 

oxidative stress and mitochondrial function could aid in developing novel diagnostic tools 

for monitoring the progression of the vulnerable RV to failure and for therapeutics to delay 

the onset of RV failure and improve the quality of life in patients with congenital heart 

disease.
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Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

RV myocardial samples from patients with right ventricular outflow tract obstruction

RV muscle bundles routinely resected at the time of cardiac surgery were collected from 16 

patients with RV pressure overload due to pulmonary stenosis, double chambered RV or 

tetralogy of Fallot. Patients were divided into three groups based on qualitative 

echocardiographic assessment of the degree of hypertrophy by the reading cardiologist: (i) 

“Mild RV hypertrophy” (N=3), (ii) “Moderate RV hypertrophy” (N=10) and (iii) “Severe RV 

hypertrophy” (N=3). All patients had RV outflow tract gradients greater than 55 mmHg. RV 

systolic function measured by RV fractional area change (RV FAC) was normal in all 16 

patients. These groups were compared with RV samples from 5 patients with RV pressure 

overload with pulmonary hypertension secondary to congenital heart disease (repaired 

atrioventricular septal defect, N=4; Shone’s complex, N=1). These patients had clinical and 

echocardiographic evidence of RV failure with decreased RV FAC (Table 1), necessitating 

heart transplantation. It was not possible to obtain healthy, non-hypertrophied RV tissue. RV 

muscle bundles from mild, moderate and severe RV hypertrophy being resected by the 

surgeon during cardiac surgery were collected immediately upon resection by the 

investigator’s team who is on standby in the operating room. For RV failure patients, RV 

myocardium was resected as soon as the heart was explanted from the patient. 5mg of this 

freshly resected RV tissue was minced and oxygen consumption was assessed immediately. 

Biochemical assays and electron microscopy were also evaluated based on sample 

availability.

Cell culture

HL1 murine cardiomyocytes were cultured in a humidified 5% CO2, 37°C incubator with 

complete Claycomb medium (51800C; Sigma-Aldrich; St. Louis, MO), following the 

manufacturer’s guideline: 10% FBS, 2 mM GlutaMAX™ (35–050-061; ThermoFisher 

Scientific; Waltham, MA), 100 μM norepinephrine (A0937; Sigma-Aldrich), 300 nM 

ascorbic acid (A7506; Sigma-Aldrich), and 100 U/ml penicillin-streptomycin (P4333; 

Sigma-Aldrich).

Protein expression

Standard western blot techniques for denatured and reduced samples were used. The 

samples were probed using the following antibodies: 4HNE, VDAC1 (voltage-dependent 

anion-selective channel protein 1), PGC1α (PPARG coactivator 1α), DRP1 (dynamin 1-

like), MFF (mitochondrial fission factor), OPA1 (mitochondrial dynamin like GTPase), 

MFN2 (mitofusin 2), Enolase, and TOM20 (Translocase of outer mitochondrial membrane 

20). Mitochondrial fraction was isolated from HL1 cells collected by scraping, following the 

isolation kit’s dounce-based protocol (89874; ThermoFisher Scientific). Enolase was used as 

the loading control for total protein and TOM20 for the mitochondrial fraction. Purity of the 

isolated mitochondria was assessed by confirming the absence of enolase in the 

mitochondrial fraction (Supplemental Fig Ia). We also confirmed complete removal and 
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collection of mitochondria from the cytosolic fraction by probing for VDAC1 (Supplemental 

Fig Ib). Details of the antibodies used are shown in Supplemental Table I.

Identification of 4HNE-adducted proteins

4HNE-adducted proteins increased in RV failure were identified by Applied Biomics 

(Hayward, CA). Briefly, proteins were separated using 2D-gel electrophoresis in 

representative RV hypertrophy and RV failure patient samples (N=1/group). 4HNE-

adduction levels were measured through western blot. The 4HNE-adducted proteins were 

identified using mass spectrometry (MALDI-TOF). Similarly, 4HNE adducted proteins were 

identified in HL1 cardiomyocytes treated with 4HNE and with 4HNE+carvedilol and 

compared with control.

Mitochondrial Respiration

Using a high resolution Oxygraph2K respirometer (Oroboros Instruments; Innsbruck, 

Austria), we utilized the Chance and Williams protocol to assess oxygen consumption15 in 5 

mg of fresh, finely minced RV tissue. Non-phosphorylating oxygen consumption due to 

proton leak (leak respiration) was assessed in response to the substrates (i) malate and 

glutamate to evaluate complex I-NADH dehydrogenase activity, and (ii) succinate to 

evaluate complex II-succinate dehydrogenase activity. Subsequently, oxidative 

phosphorylation was assessed in response to the substrate ADP to evaluate Complex V-

mediated maximal respiration (state 3 respiration). Oxidative phosphorylation was 

calculated by subtracting complex I and II-mediated leak respiration from state 3 respiration. 

Respiratory control ratio (RCR) was calculated by dividing state 3 respiration by complex I 

and II-mediated leak respiration. Non-phosphorylating State 4 leak respiration was assessed 

in response to oligomycin, an ATP synthase inhibitor. Uncoupled respiration was assessed in 

response to FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone) to evaluate the 

maximal electron transport chain activity16, 17. Antimycin A was used to abolish electron 

transport chain activity. The oxygen consumption rates are reported as O2 flux per volume 

(pmol/(sec*ml)). Buffer and substrate concentrations are shown in Supplemental Table II. 

Oxygen consumption was also assessed in HL1 cardiomyocytes (2 million cells at the time 

of 4HNE treatment). To further verify our results from HL1 cells, we also measured oxygen 

consumption in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) 

using Seahorse Analyzer (see Supplemental Methods).

Our assay buffer was sufficient to allow entry of the mitochondrial substrates into the 

samples without other permeabilizing reagents such as saponin. This was evidenced by (1) 

robust oxygen consumption induced by each administered mitochondrial substrate and 

uncoupling reagent, and (2) similar levels of ADP-stimulated State 3 respiration to those of 

uncoupled respiration, which is mediated by the cell-permeable chemical FCCP. In contrast, 

only negligible levels of oxygen consumption were observed when the samples were 

suspended in PBS instead (data not shown).

Electron microscopy

Transmission electron microscopy (TEM) (JEM 1400; JEOL; Peabody, MA) was used to 

assess mitochondrial morphology. RV samples were fixed overnight (2% glutaraldehyde, 4% 
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paraformaldehyde, 0.1 M sodium cacodylate, pH 7.4), treated with 1% osmium tetroxide, 

1% and 3.5% uranyl acetate, and 0.2% lead citrate, sectioned and imaged. Intermyofibrillar 

mitochondrial number, size, morphology, network and cristae density were analyzed by 

ImageJ (NIH; Bethesda, MD), tracing all complete mitochondrial perimeters in each image. 

At least 70 mitochondria per sample were assessed by an investigator blinded to the sample 

identity.

Mitochondrial DNA copy number

Mitochondrial to nuclear DNA copy number ratio was measured in RV myocardial samples. 

DNA was isolated from RV samples using QIA DNA Micro Kit (56304; Qiagen; 

Germantown, MD). Real time quantitative PCR was performed using Human Mitochondrial 

Monitoring Primer Set (7246; Takara Bio; Mountain View, CA) and PowerUp SYBR Green 

Master mix (A25742; Applied Biosystems; Foster City, CA).

4HNE treatment of cardiomyocytes

HL1 cells were treated for 24 hours with 50 μM of 4HNE (32100; Cayman Chemical; Ann 

Arbor, MI), with and without 10 μM carvedilol (S1831; Selleckchem; Houston, TX). An 

appropriate volume of vehicles was used for other groups that were not treated with these 

chemicals (ethanol for 4HNE and DMSO for carvedilol). Following treatment, the cells were 

harvested to assess 4HNE adducted proteins (as described above), oxygen consumption, 

mitochondrial membrane potential (tetramethylrhodamine, methyl ester; T668; 

ThermoFisher Scientific), fission and fusion protein expression, mitochondrial mass, and 

mitochondrial morphology by fluorescence imaging (MitoTracker Red CMXRos; M7512; 

ThermoFisher Scientific) (see Supplemental Methods). All assays were only performed at 50 

μM 4HNE since higher doses at 100 μM and 200 μM were lethal to the cells at 24 hours.

Assessment of mitochondrial morphology

Fluorescence micrographs of mitochondria were quantified using FIJI18 via custom macros. 

7 to 15 micrographs 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. At each step, the signals were normalized with the Enhance Contrast function. The 

processed images were then thresholded to select the mitochondria, which were 

subsequently analyzed via the Analyze Particle function. Median values for each micrograph 

were used for statistical analysis.

Statistics

Student’s T-test was used for comparison between two groups. One-way ANOVA with 

Tukey’s multiple testing correction was used for three or more group comparisons, and two-

way ANOVA was used for groups with two independent variables. For non-normal data, 

Kruskal-Wallis test was used. Correlation was assessed using Pearson’s correlation. We 

performed multiple regression analysis to assess differences in oxidative phosphorylation 

between groups after correcting for age. All data are presented as mean±SEM and 

description of patient cohort is presented as mean±SD. A p-value of ≤0.05 was considered 

significant.
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Study approval

This study was approved by the Stanford University Institutional Review Board. Consent 

was obtained from all patients and/or their parents; in addition, assent was obtained for those 

>7 years of age.

Results

Patient characteristics

RV myocardial samples were collected from patients with mild, moderate and severe RV 

hypertrophy due to pulmonary stenosis, double chambered RV or tetralogy of Fallot and 

compared with RV myocardial samples from patients with RV failure due to pulmonary 

hypertension secondary to repaired atrioventricular septal defect and Shone’s complex. RV 

hypertrophy was qualitatively assessed by echocardiography as mild, moderate and severe 

RV hypertrophy based on ventricular wall thickness. The mean age of the hypertrophy 

groups was 13.1±6.5 years and RV failure was 10.9±3.1 years. 39% were male in the 

hypertrophy groups and 60% in RV failure. Peak RV outflow tract gradient was > 55mmHg 

in the hypertrophy groups and >50mmHg in RV failure. RV systolic function was normal in 

the RV hypertrophy groups (RV FAC 47.3±3.8%) and decreased in RV failure (RV FAC 

26.6±3.1%). Left ventricular ejection fraction was preserved in all groups (Table 1). Patients 

in all categories of RV hypertrophy were on no cardiac medications while all patients with 

RV failure were on systemic inotropes in the form of epinephrine, dopamine and/or 

milrinone infusions.

4HNE, a lipid peroxidation-induced reactive aldehyde, is increased in patients with RV 
failure

4HNE protein expression was assessed in RV samples collected from patients with mild, 

moderate, and severe RV hypertrophy and in patients with RV failure. The level of 4HNE 

protein adducts was increased in RV failure (moderate RV hypertrophy 0.584±0.222 vs. RV 

failure 1.647±0.17, p=0.0035) (Fig 1a, b).

Metabolic and mitochondrial proteins are highly susceptible to 4HNE-adduction in RV 
failure

We next assessed the identity of the proteins susceptible to 4HNE-adduction (Fig 1c–f; N=1/

group). Twenty-seven 4HNE-adducted proteins which increased in RV failure (≥1.3 fold 

change) were selected for identification (Table 2). Interestingly, sixteen of the twenty-seven 

proteins were metabolic pathway proteins and most were directly related to mitochondrial 

metabolism. Several proteins involved in electron transport chain activity and mitochondrial 

respiration including NADH dehydrogenase, cytochrome b, and cytochrome c were affected. 

Other 4HNE-adducted mitochondrial proteins include the mitochondrial elongation factor 

EF-Tu, which is critical for mitochondrial protein synthesis and thus can directly impact the 

assembly of mitochondrial components. In addition, mitochondrial proteins involved in 

survival and stress-response were targeted by 4HNE. Mitochondrial Stress-70 Protein is a 

chaperone protein, critical for mitochondrial biogenesis and proteostasis, conferring 

protection against oxidative and other cytotoxic stresses. Manganese Superoxide Dismutase 
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(SOD2), a well-recognized mitochondrial antioxidant enzyme, converts toxic mitochondrial 

superoxides into less reactive hydrogen peroxide. Therefore, 4HNE adduction of metabolic 

and mitochondrial proteins targets electron transport chain proteins, mitochondrial protein 

synthesis, and pro-survival pathways.

Cardiac structural proteins are highly susceptible to 4HNE-adduction in RV Failure

Major sarcomeric proteins (myosin) mediating cardiac contraction as well as cytoskeletal 

proteins (desmin/tubulin) connecting neighboring sarcomeres together and connecting the 

contractile apparatus to the mitochondria were susceptible to 4HNE-adduction (Table 2). 

Among the most highly 4HNE adducted proteins were (i) myoglobin, which facilitates 

oxygen diffusion from the capillaries to the mitochondria (3-fold), (ii) cysteine and glycine-

rich protein 3 (25.6-fold), a scaffold protein that promotes assembly of complexes along the 

sarcomere and which acts as a stretch sensor, and (iii) collagen-1(VI) (6-fold), a major 

structural component of microfibrils known to cause t-tubule remodeling in heart failure.

Oxidative phosphorylation and uncoupled respiration are impaired in patients with severe 
RV hypertrophy and RV failure

To understand the significance of the increased 4HNE-adduction to metabolic and 

mitochondrial proteins in RV failure, we evaluated oxygen consumption in patient 

myocardial tissues as a marker of mitochondrial function (Fig 2a, b). Complex I and II-

mediated leak respiration did not change with RV hypertrophy and failure (Fig 2c, d). Both 

oxidative phosphorylation (Fig 2e) and uncoupled respiration (Fig 2f) trended toward an 

increase in the moderate RV hypertrophy group (with preserved RV systolic function), and 

decreased in the severe RV hypertrophy and RV failure groups (oxidative phosphorylation: 

moderate RV hypertrophy 287.6±19.75 vs. RV failure 137.8±11.57 pmol/(sec*ml), 

p=0.0003) (uncoupled respiration: moderate RV hypertrophy 446.8±26.13 vs. RV failure 

254.5±25.1 pmol/(sec*ml), p=0.0006). The respiratory control ratio (Fig 2g) trended toward 

an increase in moderate hypertrophy and decreased in severe hypertrophy and RV failure 

(RCR: moderate RV hypertrophy 4.05±0.49 vs. RV failure 2.47±0.16 pmol/(sec*ml), 

p=0.0079). The cohort of patients with end stage RV failure was too small to correlate 

increasing 4HNE expression with the acuity of illness, duration of heart failure, medication 

use, or mitochondrial respiration. We tested whether the increased oxygen consumption seen 

in moderate RV hypertrophy could have been influenced by the higher percent of infants in 

this group. Children with moderate RV hypertrophy <1 year vs. >1 year of age (mean age 

0.32±0.1 vs. 5.37±5.1 years) showed no difference in oxidative phosphorylation 

(312.9±34.41 vs. 262.2±15.8, p=0.161) (Fig 2h). Similarly, linear regression analysis of 

oxidative phosphorylation and age (Fig 2i) demonstrated a low R2 at 0.32 suggesting that 

although age does play a role, it is responsible for only about 1/3rd of the variation in 

oxidative phosphorylation. The slope of the line representing the actual change per year in 

oxidative phosphorylation was very low at −4.23 pmol/(sec*ml) (y= −4.23 + 260.7; R2 = 

0.32, p=0.007), suggesting that while age does play a small role in changes in oxidative 

phosphorylation, the changes we describe with RV failure are greater. Similarly aged 

patients also had higher oxidative phosphorylation in moderate RV hypertrophy compared to 

RV failure. We also performed multiple regression analysis to understand the relationship 

between oxidative phosphorylation, patient’s age, and disease categories (mild/moderate/
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severe RV hypertrophy and RV failure). Age was not independently associated with 

oxidative phosphorylation (−2.1, 95% CI [−5.14, 0.91], p=0.158), while moderate 

hypertrophy was independently associated with oxidative phosphorylation (132.8, 95% CI 

[69.14, 196.4], p=0.0004). The model was able to account for 70% of the variance in 

oxidative phosphorylation (R2 = 0.6986, p = 0.0004).

Mitochondrial mass is not decreased in RV hypertrophy and RV failure

We investigated whether mitochondrial mass decreased in RV failure thereby leading to a 

decrease in oxidative phosphorylation. Mitochondrial mass (measured by VDAC1 

expression) and biogenesis (measured by PGC1α expression) were not decreased but 

actually trended toward being increased in RV failure (Fig 3a–c). As further evidence of 

maintained to increased mitochondrial biogenesis, mitochondrial DNA (mtDNA) was also 

assessed. mtDNA was not depleted as previously described for RV hypertrophy and RV 

failure19, but instead was increased with RV failure (moderate RV hypertrophy 356.5±28.85 

vs. RV failure 960±180.6, p=0.025) (Fig 3d). mtDNA copy number was very variable in 

patients with RV failure.

RV failure is characterized by abnormal mitochondrial morphology and disruption in 
network connectivity

We next assessed mitochondrial structure in RV failure using TEM. Severe RV hypertrophy 

samples were not available for TEM. Mitochondria were divided into 0.1 μm2 size bins and 

a histogram was developed to evaluate mitochondrial size distribution (Fig 3e). Substantial 

heterogeneity was noted in mitochondrial size in all groups, however the size distribution 

and median mitochondrial size (Fig 3f) was not different between groups. Qualitatively, 

mitochondria lost their elongated shape and became more circular in moderate RV 

hypertrophy and more irregularly shaped in RV failure with decrease in cristae density and 

loss of network connectivity (Fig 3g). Substantial heterogeneity was also noted in 

mitochondrial dynamics proteins, however the expression of fission protein DRP1 trended 

toward an increase and fusion protein MFN2 increased in RV failure (Supplemental Results) 

(Supplemental Fig II).

4HNE treatment attenuates oxidative phosphorylation-mediated ATP synthesis

Having shown an association between increased 4HNE-adduction of mitochondrial 

enzymes, impaired oxidative phosphorylation, and mitochondrial structural changes, we next 

evaluated whether treatment with 4HNE can directly impair oxidative phosphorylation using 

HL1 cardiomyocytes and confirmed important changes in hiPSC-CM. We first tested 

whether the systemic inotropic medications used in the RV failure patients such as the β 
adrenoreceptor agonist epinephrine could have caused the increase in 4HNE-adduction. 

Commonly used in vitro β adrenoreceptor agonists norepinephrine and isoproterenol were 

used to treat HL1 cells and did not increase 4HNE expression (Supplemental Fig IIIa, b).

4HNE treatment resulted in increased formation of multiple 4HNE protein adducts similar to 

those seen in patients (Fig 4a, b) and decreased cell count (Fig 4c). In order to better 

evaluate which proteins underwent 4HNE-adduction, proteins with increased 4HNE-

adduction were detected in 4HNE treated HL1 cardiomyocytes by 2D-gel electrophoresis 
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and western blot and then identified using mass spectrometry and compared with control 

(Supplemental Fig IVa, b). Fifteen 4HNE adducted proteins which increased in 4HNE 

treated cells (≥1.6 fold change) were selected for identification (Supplemental Table III). 

Interestingly, six of the fifteen proteins were metabolic pathway proteins and most were 

directly related to mitochondrial metabolism similar to that seen in patient RV failure 

including proteins involved in electron transport chain activity and mitochondrial respiration 

such as NADH dehydrogenase, cytochrome b, and cytochrome c. In addition, mitochondrial 

proteins involved in survival and stress-response were targeted by 4HNE similar to that seen 

in patient RV failure. 4HNE adduction to proteins involved in mitochondrial respiration was 

associated with decreased oxygen consumption (Fig 4d–h). Of note, 4HNE decreased 

respiratory control ratio (control 3.383±0.0565 vs. 50 μM 4HNE 2.783±0.0766, p<0.0057) 

despite increased mitochondrial membrane potential, indicating 4HNE attenuates oxidative 

phosphorylation by inhibiting the electron transport chain activity rather than by an increase 

in mitochondrial membrane leakage (Fig 4i–k). The effect of 4HNE on mitochondrial 

respiration was confirmed in hiPSC-CM (Supplemental Fig Va–d). Similar to HL-1 cells, 

4HNE decreased oxygen consumption and respiratory control ratio in hiPSC-CMs 

(Supplemental Fig Ve, f).

Carvedilol does not rescue 4HNE mediated attenuation of ATP synthesis

We next evaluated whether treatment with carvedilol can rescue 4HNE mediated impairment 

of oxidative phosphorylation in HL1 cardiomyocytes since Carvedilol is a knownn 

antioxidant, decreasing lipid peroxidation and 4HNE in ischemic and dilated 

cardiomyopathy13, 14. Carvedilol decreased 4HNE protein adducts but did not improve 

oxygen consumption to baseline levels. However, mass spectrometry identified proteins 

involved in electron transport chain activity and mitochondrial respiration such as NADH 

dehydrogenase, cytochrome b, and cytochrome c to be highly adducted to 4HNE despite 

carvedilol treatment, similar to that seen with 4HNE alone (Supplemental Table III). This 

may explain the lack of improvement in oxygen consumption. Although carvedilol also 

increased the mitochondrial membrane potential, this is likely to be spurious based on the 

observation that leak respiration did not decrease concomitantly with the carvedilol-

mediated increase in mitochondrial membrane potential. This may be detecting the 

deprotonated, negatively charged form of carvedilol in the high pH matrix environment20, 21, 

rather than change in the hydrogen ion concentration gradient (Supplemental Fig VI).

4HNE increased mitochondrial mass and alters mitochondrial structure

4HNE increased mitochondrial mass in HL1 cells by MitoTracker Red CMXRos 

fluorescence: control 4212±306.9 vs. 4HNE 9817±212.4, p<0.0001 (Fig 5a, b) and VDAC1 

expression: control 1±0.03 vs. 4HNE 2.13±0.04, p<0.0001 (Fig 5c, d), even though it did not 

affect mitochondrial biogenesis as indicated by unchanged PGC1α expression (Fig 5e). 

Fluorescence microscopy demonstrated no change in mitochondrial area with 4HNE (Figure 

6a–c). However, 4HNE decreased mitochondrial perimeter (Fig 6d) and increased 

mitochondrial circularity making them more compact and increased solidity leading to less 

surface ruffling (Fig 6e, f). Carvedilol did not change mitochondrial morphology. 4HNE 

treatment increased the whole-cell expression of fission proteins (Supplement Fig VIIa–g). 

In contrast, despite whole-cell level increase in fission proteins, mitochondrial localization 
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of the fission and fusion proteins were inhibited by 4HNE (Supplemental Fig VIIh–n) 

(Supplemental Results).

Discussion

For many children with congenital heart disease or pulmonary hypertension, pressure 

overload stress on the RV exists throughout life, even after successful surgical repair or 

palliation leading to RV hypertrophy and dilation and eventually RV failure3, 22. We focused 

on the dysregulation of myocardial energy generation as a driver for the development of RV 

failure in children with congenital heart disease with RV pressure overload. We show that 

RV failure is characterized by increased 4HNE-adduction of metabolic and mitochondrial 

proteins. This was associated with decreased myocardial energy generation and 

mitochondrial structural disruption with increasing severity of RV hypertrophy and RV 

failure. Mechanistically, we show that 4HNE is sufficient to decrease energy generation by 

inhibiting electron transport chain complex activities and mitochondrial dynamics.

Increased oxidative stress has been shown in RV pressure overload due to pulmonary 

hypertension23, 24, and in left ventricular hypertrophy25, but no data exists on the post 

translational modification of mitochondrial enzymes by 4HNE and its effects in RV 

hypertrophy and failure. We show that whereas all patients with RV failure demonstrate 

increased lipid peroxidation, there is significant inter-patient variability. We speculate that 

the duration and severity of heart failure as well as the use of systemic inotropic agents can 

influence the degree of oxidative stress26, 27. 4HNE-induced oxidative stress has previously 

been recognized in the left ventricle with ischemic heart disease due to myocardial 

infarction28, doxorubicin cardiotoxicity29 and dilated cardiomyopathy14. Cardiomyocyte 

mitochondria can be damaged not only by the 4HNE generated locally but also by 

exogenous 4HNE30, such as circulating 4HNE seen in heart failure patients31. Zhao et al. 

identified several 4HNE-adducted mitochondrial proteins in a preclinical murine model of 

doxorubicin cardiotoxicity and demonstrated decreased activity of the electron transport 

chain10, 11, 32. We show for the first time an increase in 4HNE adduction preferentially 

targeting metabolic and mitochondrial proteins in the myocardium in pressure overload-

induced RV failure in children with congenital heart disease. 4HNE-mediated damage in the 

failing RV not only decreases electron transport chain activity, thereby generating less 

energy, but also adducts to sarcomeric proteins, cytoskeletal proteins and pro-survival 

proteins, all of which may work in concert leading to a heart failure phenotype. This data 

provides valuable insight into the pathological changes in the RV that may trigger and/or 

exacerbate RV failure.

We show that although moderate RV hypertrophy demonstrates a trend toward a potential 

compensatory upregulation of mitochondrial energy generation, this is lost with increasing 

severity of RV hypertrophy, which may be a precursor to the development of RV failure. The 

decrease in oxidative phosphorylation occurs despite preserved mitochondrial mass and 

despite increased cardiac workload with hypertrophy and heart failure. The decrease in 

oxidative phosphorylation could serve as a marker for the need for earlier intervention to 

relieve RV pressure overload and preserve long-term RV function. The decrease in oxygen 

consumption seen in severe hypertrophy could also be related to the longer duration of 
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hypertrophy, suggesting that sustained cardiac hypertrophy may cause a dysfunctional 

mitochondrial phenotype similar to that seen in cardiac aging. This is comparable to work by 

Karamanlidis et al.19 showing preserved mitochondrial activity in RV hypertrophy with 

preserved RV function and impaired mitochondrial activity in children with RV failure. 

However, while Karamanlidis et al. indirectly measured mitochondrial activity by citrate 

synthase and succinate dehydrogenase activities, we show a direct high-resolution 

measurement of mitochondrial respiration as a function of both electron transport chain 

complex activities (rates of proton gradient generation and electron transfer) and 

mitochondrial membrane integrity (proton leak).

Lipid peroxidation is also known to damage mitochondrial DNA33, 34, which is essential for 

mitochondrial biogenesis35, 36. The increase in mitochondrial DNA copy number seen in RV 

failure may be related to the oxidative stress-induced upregulation of mitochondrial DNA 

synthesis37. This differs from that reported by Karamanlidis et al19 who demonstrated a 

progressive decrease in mitochondrial biogenesis in children with RV pressure overload 

from hypertrophy to failure. The differences seen in our study may be related to the different 

group of patients with RV failure, namely single ventricle in their study and a biventricular 

circulation in ours and to the high levels of lipid peroxidation seen in our patients. 

Furthermore, the difference in patient ages may be a confounding factor. Whereas the RV 

failure patients studied by Karamanlidis et al. were very young (range: 0.1 to 1.5 years), the 

average age of our RV failure patients was 10.9±6.9 years.

Mechanistically, we show the direct effects of 4HNE on cardiomyocyte energy generation to 

implicate its role in the development of RV failure, where 4HNE decreases oxygen 

consumption by inhibiting the electron transport chain complexes and inhibiting fission and 

fusion. In pathologic patient brain and plasma, 4HNE concentrations can increase to 

between 1 and 10 μM, and in some cases, even up to 100 μM38, 39. As such, in vivo 
cardiomyocyte mitochondria can be damaged not only by the 4HNE generated locally but 

also by exogenous 4HNE30, such as circulating 4HNE seen in heart failure patients31. Of 

note, although the concentration of 4HNE we have used in our study (50 μM) is still 

physiologically relevant, it exceeds the typically observed in vivo 4HNE levels. However, 

with this high concentration, we were able to show that 4HNE has acute dysregulatory 

effects on the mitochondrial function. Interestingly, among these effects, 4HNE also 

increased mitochondrial mass. This is consistent with previously reported findings that 

knockout of both fission and fusion proteins in the heart leads to increased mitochondrial 

mass40. 4HNE-induced mitochondrial membrane hyperpolarization41–43 can further 

exacerbate lipid peroxidation, mitochondrial damage, and cell death, all of which have 

previously been shown in end stage ischemic heart failure in adults44. Our in vitro model 

does not fully recapitulate the human heart failure phenotype due to the lack of various in 
vivo stressors such as pressure overload and hypoxia. However, it provides insight into the 

effect of exogenous 4HNE on cardiomyocyte function.

Our data provide a rationale for developing drugs to mitigate lipid peroxidative damages. 

Carvedilol is one of the mainstays in clinical heart failure therapy and has shown promise in 

pulmonary hypertension induced RV failure45. While the ability of carvedilol to reduce lipid 

peroxidation has been reported14, 46–48, it is not known whether it can also confer protection 
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against reactive lipid peroxidation products. Carvedilol inhibited overall 4HNE-adduction, 

but many mitochondrial and metabolic proteins remained adducted to 4HNE; thus, while 

carvedilol has antioxidant properties, it was unable to rescue 4HNE-mediated decrease in 

mitochondrial energy generation. However, under basal conditions, carvedilol leads to a 

favorable mitochondrial phenotype by decreasing fission, increasing fusion, increasing 

mitochondrial mass and improving mitochondrial membrane potential, suggesting that this 

may still be beneficial in patients at risk for the development of heart failure.

Conclusion

Metabolic, mitochondrial, and key sarcomeric and cytoskeletal proteins are susceptible to 

4HNE-adduction in RV failure. This is associated with impaired mitochondrial energy 

generation even in severe RV hypertrophy prior to the development of RV dysfunction and 

RV failure in patients with RV pressure overload. Mechanistically, we show that 4HNE 

impairs myocardial energy generation by inhibiting electron transport chain complexes and 

inhibiting mitochondrial dynamics. Carvedilol could not rescue the 4HNE-mediated 

impairment in energy generation. Strategies to decrease lipid peroxidation may improve 

myocardial energy generation and thereby preserve long-term heart function in patients with 

congenital heart disease. As surgical techniques for repair of complex congenital heart 

lesions continue 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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4HNE 4-hydroxynonenal

ATP Adenosine triphosphate

RV FAC Fractional area change

VDAC1 Voltage-dependent anion-selective channel protein 1

PGC1α PPARG coactivator 1α

DRP1 Dynamin 1-like

MFF Mitochondrial fission factor

OPA1 Mitochondrial dynamin like GTPase

MFN2 Mitofusin 2

TOM20 Translocase of outer mitochondrial membrane 20

RCR Respiratory control ratio

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

hiPSC-CM Human induced pluripotent stem cell-derived cardiomyocytes

TEM Transmission electron microscopy

mtDNA Mitochondrial DNA
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Clinical Perspective

What is new?

• We show that right ventricular failure is characterized by increased oxidation 

of membrane phospholipids, known as lipid peroxidation and its products 

such as 4-hydroxynonenal (4HNE).

• 4HNE binds to metabolic and mitochondrial proteins and was associated with 

decreased myocardial energy generation and mitochondrial structural 

disruption with increasing severity of right ventricular hypertrophy and right 

ventricular failure.

• Mechanistically, we show that 4HNE is sufficient to decrease energy 

generation by inhibiting electron transport chain complex activities and 

mitochondrial dynamics.

What are the Clinical Implications?

• The mechanisms of congenital heart disease-associated right ventricular 

dysfunction are not well known, limiting the availability of therapeutic 

approaches.

• Since standard heart failure therapies such as angiotensin-converting enzyme 

inhibitors and beta blockers are ineffective in the treatment of RV failure, 

developing therapies focusing on new targets such as lipid peroxidation could 

improve right ventricular function in congenital heart diseases by improving 

mitochondrial energy generation and cardiomyocyte survival.
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Figure 1. 
Lipid peroxidation is increased in RV failure. (a, b) 4HNE adducts increased with RV failure 

vs moderate RV hypertrophy, N=2–5/group. (c, d) 2D-gel electrophoresis and western blot 

were used to detect total protein in representative RV hypertrophy (N=1) and RV failure 

(N=1) samples. (e, f) 2D-gel electrophoresis and western blot were used to detect the 

proteins with increased 4HNE-adducts. 27 protein spots where 4HNE signals were higher in 

RV failure vs. RV hypertrophy were numbered for identification. Mod – moderate; Sev – 
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severe; RV – right ventricle; RVF – right ventricular failure; 4HNE - 4-hydroxynonenal. 

Data are presented as mean±SEM. **p<0.01.
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Figure 2. 
Patients with severe RV hypertrophy and RV failure demonstrate decreased oxidative 

phosphorylation. (a) A representative oxygen consumption tracing is shown for myocardial 

tissue (red curve) along with the available oxygen in the assay chamber (blue curve). We 

evaluated leak respiration (green shaded zones), oxidative phosphorylation (yellow shaded 

zone), and uncoupled respiration (gray shaded zone). (b) Summary of oxygen consumption 

in right ventricular myocardial tissue (N=3–10/group). (c, d) Complex I and Complex II 

mediated oxygen consumption was unchanged across all groups. (e, f) Oxidative 
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phosphorylation and uncoupled respiration trended toward an increase from mild to 

moderate RV hypertrophy, decreased from moderate RV hypertrophy to severe hypertrophy, 

and decreased with RV failure. Oxidative phosphorylation remained significantly decreased 

after adjusting for age (p=0.0004) in RV failure. (g) Similarly, respiratory control ratio 

trended toward an increase in moderate hypertrophy and subsequently significantly 

decreased from moderate RV hypertrophy to RV failure. (h) Oxidative phosphorylation did 

not differ in patients with moderate RV hypertrophy between those <1 year of age versus >1 

year of age (N=5/group). (i) Linear regression analysis demonstrates that age plays a role in 

the changes seen in oxidative phosphorylation but the actual change in oxidative 

phosphorylation per year (Slope) is small at −4.23pmol/sec*ml (N=21). RV – right ventricle; 

RVF – right ventricular failure; M+G – malate and glutamate; Succ – succinate; Oligo – 

oligomycin; FCCP - carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; AM – antimycin 

A; Mod – moderate; Sev – severe; OxPhos - oxidative phosphorylation; RCR – respiratory 

control ratio. Data are presented as mean±SEM. *p<0.05, **p<0.01.
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Figure 3. 
Patients with RV failure demonstrate mitochondrial structural changes. (a-c) Both VDAC1 

(mitochondrial protein) and PGC1α (mitochondrial biogenesis factor) trended toward an 

increase in RV failure (N=2–5/group). (d) Mitochondrial DNA copy number was not 

different between mild and moderate RV hypertrophy groups, but was significantly 

increased from moderate RV hypertrophy to RV failure (N=3–5/group). (e) Histogram of 

mitochondrial size distribution for each group by transmission electron microscopy 

demonstrates no difference in mitochondrial size. Each bin represents increments in 

Hwang et al. Page 22

Circulation. Author manuscript; available in PMC 2021 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondrial area of 0.1 μm2 from left to right. Range is 0 to 2 μm2. (f) No significant 

difference was observed in median mitochondrial area. (g) Representative transmission 

electron microscopy images. Mitochondria become more rounded in moderate RV 

hypertrophy and more irregular in shape in RV failure, with a loss of defined cristae 

structure. Scale bars are 2 μm. N=3/group. Mod – moderate; Sev – severe; mtDNA – 

mitochondrial DNA; RV – right ventricle; RVF – right ventricular failure. Data are presented 

as mean±SEM. *p<0.05.
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Figure 4. 
4HNE treatment decreases ATP synthesis but increases mitochondrial membrane potential. 

HL1 Cardiomyocytes were treated with 50 μM 4HNE for 24 hours and rescue was assessed 

with 10 μM carvedilol. (a, b) 4HNE adducts increased following 4HNE treatment. 

Carvedilol decreased 4HNE adducts(N=3/group). (c) 4HNE decreased cell count - the 

horizontal dotted line denotes the original number of plated cells (N=4–5/group). (d-i) 

Oxygen consumption was assessed in response to 4HNE using high resolution respirometry. 

(d) Summary of the oxygen consumption data. 4HNE decreased (e, f) leak respiration, (g) 
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oxidative phosphorylation, (h) uncoupled respiration, and (i) respiratory control ratio (N=4/

group). (j, k) However, 4HNE increased mitochondrial membrane potential, which further 

increased with carvedilol treatment (N=4–5/group). Carv - carvedilol; 4HNE - 4-

hydroxynonenal; M+G - malate and glutamate; Succ - succinate; Oligo-oligomycin; FCCP - 

carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; AM - antimycin; OxPhos - 

oxidative phosphorylation; RCR – respiratory control ratio; TMRM - tetramethylrhodamine, 

methyl ester; FSC – forward scatter; MFI – median fluorescence intensity. Data are 

presented as mean±SEM. **p<0.01.
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Figure 5. 
4HNE treatment increases mitochondrial mass. HL1 Cardiomyocytes were treated with 50 

μM 4HNE and/or 10 μM carvedilol. (a, b) 4HNE increased flow cytometric signal of 

Mitotracker Red CMXRos, a measure of mitochondrial mass (N=4/group). (c, d) 4HNE 

increased VDAC1 expression, another marker of mitochondrial mass, but this was inhibited 

by carvedilol. (e) 4HNE did not decrease PGC1α expression, a marker of mitochondrial 

biogenesis (N=3/group). 4HNE - 4-hydroxynonenal; Carv – carvedilol; FSC – forward 

scatter. Data are presented as mean±SEM. **p<0.01.
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Figure 6. 
4HNE decreases mitochondrial network connectivity. Cardiomyocytes were stained with 

Mitotracker Red CMXRos (red) and Hoechst 33342 (blue) for mitochondrial and nuclear 

staining, respectively. 50 μM 4HNE treatment for 24 hours (a, b) disrupted mitochondrial 

network connectivity and Carvedilol improved network connectivity, (c) did not demonstrate 

a change in mitochondrial area, (d) decreased perimeter, (e, f) increased circularity and 
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solidity. Scale bars are 50 μm. 4HNE - 4-hydroxynonenal. Data are presented as mean

±SEM. **p<0.01.
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Table 1.

Patient Characteristics.

Mild RV Hypertrophy Moderate RV 
Hypertrophy Severe RV Hypertrophy RV Failure

Number of patients 3 10 3 5

Age (years) 11.3 ± 16.1 2.8 ± 4.3 25.2 ± 13.8 10.9 ± 6.9

Sex (Male) 33% 50% 33.3% 60%

Diagnoses PS, VSD/DCRV TOF, PS, VSD/DCRV TOF, VSD/DCRV AVSD, Shone’s complex 
with PHTN

Surgical Procedure RVOT muscle bundle 
resection

RVOT muscle bundle 
resection

RVOT muscle bundle 
resection Heart transplant

Peak RVOT gradient 
(mmHg) 57.7 ± 2.5 82.1 ± 18.8 119.3 ± 19.1 51.8 ± 32.2

RV fractional area 
change (%) 46 ± 6.24 49.7 ± 7.67 43 ± 6.08 26.6 ± 3.13

Left Ventricular 
Ejection Fraction (%) 60 ± 6.76 62 ± 8.22 69 ± 7.45 58 ± 13.86

Medications - - - Epinephrine, Dopamine, 
Milrinone

Right ventricular tissue was collected at the time of surgical repair from patients with mild, moderate and severe RV hypertrophy and at the time of 
heart transplantation from patients with RV failure secondary to congenital heart disease. All patients with mild, moderate and severe hypertrophy 
had RV pressure overload with preserved systolic function. Patients with RV pressure overload with RV failure had decreased systolic function and 
were on systemic inotropic therapy. RV – right ventricle; RVOT – right ventricular outflow tract; PS – pulmonary stenosis; VSD – ventricular septal 
defect; DCRV – double chambered right ventricle; TOF – tetralogy of Fallot; AVSD – atrioventricular septal defect; PHTN – pulmonary 
hypertension. Data are presented as mean±SD.

Circulation. Author manuscript; available in PMC 2021 October 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hwang et al. Page 30

Table 2.

4HNE modification of metabolic and mitochondrial proteins characterize oxidant stress in RV failure.

Category Spot Number 4HNE-Modified Protein Name Accession No. Fold Change

Metabolism

22 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, 
mitochondrial NDUS3_HUMAN 2.58

11 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, 
mitochondrial NDUS2_HUMAN 2.55

12 Elongation factor Tu, mitochondrial EFTU_HUMAN 2.53

14 Beta-enolase ENOB_HUMAN 2.35

8 Dihydrolipoyl dehydrogenase, mitochondrial DLDH_HUMAN 2.26

16 Creatine kinase M-type KCRM_HUMAN 2.05

19 Malate dehydrogenase, cytoplasmic MDHC_HUMAN 2.02

10 Alpha-enolase ENOA_HUMAN 1.99

23 ES1 protein homolog, mitochondrial ES1_HUMAN 1.88

13 Fumarate hydratase, mitochondrial FUMH_HUMAN 1.70

18 Glyceraldehyde-3-phosphate dehydrogenase G3P_HUMAN 1.69

15 Creatine kinase S-type, mitochondrial KCRS_HUMAN 1.68

9 Cytochrome b-c1 complex subunit 1, mitochondrial QCR1_HUMAN 1.66

5 Aconitate hydratase, mitochondrial ACON_HUMAN 1.62

17 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, 
mitochondrial NDUAA_HUMAN 1.62

21 Cytochrome c1, heme protein, mitochondrial CY1_HUMAN 1.30

Structure

25 Cysteine and glycine-rich protein 3 CSRP3_HUMAN 25.64

1 Collagen alpha-1(VI) chain CO6A1_HUMAN 6.43

7 Desmin DESM_HUMAN 2.81

6 Tubulin beta-4B chain TBB4B_HUMAN 2.25

2 Myosin Heavy Chain-7 MYH7_HUMAN 1.72

Survival
3 Stress-70 protein, mitochondrial GRP75_HUMAN 3.48

24 Superoxide dismutase [Mn], mitochondrial SODM_HUMAN 1.96

Others

4 Serum albumin ALBU_HUMAN 3.38

26 Myoglobin MYG_HUMAN 3.15

20 Four and a half LIM domains protein 2 FHL2_HUMAN 1.85

27 Myoglobin MYG_HUMAN 1.45

Proteins with increased levels of 4HNE modification detected in RV failure vs. RV hypertrophy by 2D-gel electrophoresis and western blot were 
identified using mass spectrometry (N=1/group). 27 proteins were increased in RV failure vs. RV hypertrophy with 100% protein score confidence 
intervals for all proteins (>95% is considered significant). Fold change represents the increase in RV failure vs. RV hypertrophy. 4HNE - 4-
Hydroxynonenal.
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