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HIGHLIGHTS

� Whereas the extent of RV structural

remodeling is tightly linked to the degree

of RV afterload, structural remodeling is

dissociated from RHF

� The transition of RV dysfunction to RHF is

mediated by mitochondrial ROS

� In contrast to 6N mice, 6J mice are

protected from RHF upon RV pressure

overload caused by reduced oxidative

stress on account of genetic deficiency of

the mitochondrial NNT

� In patients with end-stage LHF, severely

impaired RV function is associated with

increased oxidative damage
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AND ACRONYM S

6J = C57BL/6J

6N = C57BL/6N

iRVF = severely impaired right

ventricular function

NNT = nicotinamide nucleotide

transhydrogenase

nRVF = normal right

ventricular function

PAB = pulmonary artery
We sought to unravel pathomechanisms of the transition of maladaptive right ventricular (RV) remodeling to

right heart failure (RHF) upon pressure overload. Exposure of C57BL/6J and C57BL/6N mice to pulmonary

artery banding disclosed a tight relation of structural remodeling with afterload, but a dissociation from RV

systolic function. Reduced release of mitochondrial reactive oxygen species in C57BL/6J mice prevented the

development of RHF. In patients with left heart failure, increased oxidative damage in RV sections was asso-

ciated with severely impaired RV function. In conclusion, reactive oxygen species are involved in the transition

of maladaptive RV remodeling to RHF. (J Am Coll Cardiol Basic Trans Science 2022;7:658–677) © 2022 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ing

= right heart failure
band

RHF
RVD = right ventricular

dysfunction

RVH = right ventricular

hypertrophy

TAPSE = tricuspid annular

systolic excursion
R ight ventricular (RV) remodeling following
pressure overload, such as in patients with
pulmonary hypertension (PH), congenital

heart diseases, and secondary to left heart failure
(LHF), is characterized by adaptive alterations with
right ventricular hypertrophy (RVH) and fibrosis,
which can turn maladaptive resulting in RV dilation
and deterioration of RV contractility. Right ventricu-
lar dysfunction (RVD) increases morbidity and mor-
tality of patients independently of the underlying
disease.1 Among patients with RVD, great variations
in the course of the disease exist with long periods
of adaptive remodeling with RVH and RV fibrosis on
the one hand, and rapid transition to right heart fail-
ure (RHF) on the other. The underlying molecular
pathomechanisms that determine the deterioration
and decompensation of RV function remain scarcely
elucidated. For improvement of individual diagnosis
and treatment regimen, an understanding of causal
pathomechanistic processes is essential. There is
great medical need to identify RV-specific therapeutic
targets, given that the pathophysiology of RHF and
LHF substantially differ, and LHF therapy is ineffec-
tive for RHF in most cases.2 The animal model of pul-
monary artery banding (PAB) is a well-established
model of RV pressure overload. However, it is
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inconsistently described as a model of
compensated RVD and adaptive RVH3–5 vs
RHF.6–9

Some evidence exists that the RV might be
particularly prone to oxidative damage, in

part because up-regulation of antioxidant enzymes is
less effective in RV compared with left ventricular
(LV) cardiomyocytes under pathophysiological con-
ditions and because of differences in mitochondrial
membrane potentials.10–16 In fact, oxidative stress,
which occurs when levels of reactive oxygen species
(ROS) excel antioxidant capacities, can induce or
aggravate detrimental structural and functional
myocardial remodeling, such as fibrosis, ion channel
dysfunction, capillary rarefaction, dysregulation of
excitation-contraction coupling, or mitochondrial
dysfunction.11,17–19 Mitochondria are among the main
sources of ROS in cardiomyocytes. Superoxide anions
released from complexes I, II, and III of the electron
transport chain are converted to hydrogen peroxide
(H2O2) by mitochondrial manganese dependent-
superoxide dismutase (Mn-SOD, SOD2) and further
to H2O by peroxiredoxin (PRX) and glutathione (GSH)
oxidation catalyzed by GSH peroxidase. For regener-
ation of oxidized PRX and GSH by thioredoxin and
GSH reductase, Krebs cycle products as well as the
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reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH) are required. In mammalian
mitochondria, the oxidoreductase nicotinamide
nucleotide transhydrogenase (NNT) can provide
NADPH for antioxidant regeneration. It has been
disclosed in an animal model of LV pressure overload,
that under conditions of enhanced adenosine
triphosphate demand but insufficient Ca2þ supply, as
under pathological increases in mechanical load such
as increased afterload, the NNT acts in a reversed
mode providing NADH for oxidative phosphorylation
at the expense of the NADPH pool.18,20 Thus, under
these conditions, the antioxidant capacity is dimin-
ished and oxidative stress is enhanced. It has not yet
been investigated whether this mechanism occurs
similarly in the RV. Of note, C57BL/6J (6J) mice,
which are the most commonly used mice in cardio-
vascular research, exhibit an in-frame 5-exon dele-
tion leading to complete absence of NNT protein
(NntT/T).21,22 Previously, this sequence variation was
linked to impaired glucose tolerance in 6J mice. This
is in contrast to C57BL/6N (6N) mice (Nntþ/þ). Under
LV pressure overload, cardiomyocyte mitochondrial
ROS generation was higher in 6N mice compared with
6J mice because of the NNT reversed mode.18

Herein, we aimed to enhance the understanding of
pathomechanisms driving the transition from RVD to
RHF. We provide an in-depth characterization of the
PAB model, present a systematic investigation of
cardiac phenotypic and molecular differences be-
tween 6J and 6N mice under RV pressure overload,
and further elucidate the role of oxidative stress for
RHF. In addition, we provide a translational approach
by analyzing RV tissue of patients undergoing heart
transplantation.

METHODS

CHEMICALS. Chemicals were purchased from Sigma-
Aldrich (Darmstadt, Germany), unless other-
wise indicated.

ANIMALS. Male C57BL/6J and C57BL/6N mice were
purchased from Charles River and Janvier Labs. Mice
were housed for at least 1 week to acclimatize to
laboratory conditions before starting any experi-
mental procedure. They were kept in a 12:12 hours
inverse light cycle and fed a standard rodent diet.

All animal studies were approved by the local ani-
mal care and use committees (Ministry for Environ-
ment, Agriculture, Conservation and Consumer
Protection of the State of North Rhine-Westphalia:
State Agency for Nature, Environment and Con-
sumer Protection, NRW, Germany) and followed
guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for sci-
entific purposes.

ANIMAL EXPERIMENTAL PROTOCOLS. A titanium
clip was placed to the pulmonary artery (PA) between
arterial root and bifurcation. The clip diameter was
450 mm (26-gauge), 350 mm (28-gauge), or 300 mm (30-
gauge) as indicated, respectively. For final organ
harvest, blood was drawn by apical puncture and the
heart was excised and flushed with saline. Atria were
removed, and the RV was separated from LV and
septum, weighed, and processed for further analysis.
The liver was excised and processed for histology.

For further details, see the Supplemental Methods.

mitoTEMPO TREATMENT. Where indicated, mito-
TEMPO was administered with ALZET micro-osmotic
pumps (0.7 mg/kg bw/d, Model 1004, ALZET) over
4 weeks starting directly after PAB surgery. Ultra-
sound was performed 2 and 4 weeks after surgery, as
described in the following text. Final organ harvest
was carried out as described in the previous text.

EXPERIMENTAL ECHOCARDIOGRAPHY. Cardiac ul-
trasound was carried out with a Vevo 3100 Imaging
System (FUJIFILM Visualsonics, Inc) using a MX550D
Transducer (25-55 MHz, FUJIFILM Visualsonics, Inc).
Mice were anaesthetized with isoflurane inhalation
(1.5%-2%) and placed in supine position on a heating
pad. Electrocardiogram was obtained with integrated
electrodes. Body temperature was monitored using a
rectal probe (T ¼ 36.5-37.5 �C). Respiration rate
(80-120 breaths/min) was controlled by adjusting
depth of anesthesia. A standardized workflow was
followed as stated in the position paper of the
Working Group on Myocardial Function of the Euro-
pean Society of Cardiology.23 RV function was
assessed and imaged as described by Kohut et al.24 In
brief, 2-dimensional recordings of brightness(B)- and
motion(M)-mode of parasternal long-axis and para-
sternal short-axis, respectively, were acquired for
analysis of LV parameters. The constriction of the PA
was verified in parasternal short-axis at the level of
the aortic valve by using the pulse wave Doppler
mode. Tricuspid annular plane systolic excursion
(TAPSE) and fractional area change (FAC) of the RV
and right atrial (RA) area were obtained from the
apical 4-chamber view. To assign right ventricular
wall thickness (RVWT) and right ventricular internal
diameter (RVID), a modified parasternal short-axis
view was performed. The mice were tilted laterally to
obtain a cross-sectional view from the right hemi-
thorax. The RV was visualized anterior to the LV, and
parameters were gathered from M-mode.25

STRAIN ANALYSES. The strain analysis was carried
out by the Vevo strain analysis module of the Vevo
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Lab analysis software version 3.2.0 (FUJIFILM Visu-
alsonics, Inc). Strain determines the deformation of
the myocardial wall and thereby reflects cardiac
function. The analysis uses 2-dimensional speckle
tracking calculating the distance a speckle moves
between 2 consecutive frames, which is indicated as
displacement. The velocity is the displacement per
unit time in 3 planes. The longitudinal strain is a
dimensionless parameter and shows the tangential
movement based on the traced border normalized
towards baseline. The software uses the Lagrangian
Strain algorithm, which is based on the following
formula: S(t) ¼ [L(t) � L(0)]/L(0); with S(t) indicating
strain value at a specific time point t; L(t), length at a
specific time point t; and L(0), length at the start
point 0. The analysis was performed by using 3 car-
diac cycles of recordings of the apical 4-chamber
view. Next, an upward curve including approxi-
mately 50% of the RV free wall, the cardiac apex, and
50% of the septal wall was traced. The global longi-
tudinal strain was calculated by applying the strain
formula to the entire length of the traced line
(myocardial border). To determine the strain of the
RV free wall, the segmentation curves were used. At
the end of diastole, the anterior and posterior regions
were divided into 3 segments equal in length. Each of
the 6 segments contain 8 equally spaced points,
resulting in 48 points in total. These points (speckles)
were used by the algorithm. The average strain curves
of the 3 posterior segments are defined as strain
values of the RV free wall (RVfree wall).

PATIENT STUDY. Patients, who were diagnosed for
dilated cardiomyopathy (DCM) and underwent heart
transplantation (HTx) at our center between 2015 and
2020 were retrospectively enrolled and included in a
case-control study. Written informed consent was
acquired according to the “Process instructions for
the extraction, collection and storage as well as the
use of sample materials from the biomaterial banks of
the HDZ NRW for biomedical research purposes,
version 3.0 from 04.10.2013,” and the study was
conducted according to the Declaration of Helsinki.
Patients who underwent mechanical ventricular
assist device implantation before HTx were excluded.
Functional LV and RV parameters were assessed from
routine echocardiography and right heart catheteri-
zation between 1 to 8 weeks before HTx surgery. Pa-
tients were classified into normal right ventricular
function (nRVF) (defined as TAPSE $16 mm) and
severely impaired right ventricular function (iRVF)
(defined as TAPSE #13 mm) groups. Patients with
intermediately impaired RV function (TAPSE of 14
and 15 mm) were excluded. Two patients, for whom
TAPSE was not available, were assigned to nRVF ac-
cording to FAC >35. Furthermore, standardized right
heart catheterization was performed in the context of
routine clinical assessment 1 to 8 weeks before HTx.
Mean PA pressure was measured in the central PA
with a Swan-Ganz catheter. PA wedge pressure was
measured by forwarding the Swan-Ganz catheter with
the tip balloon inflated from the central PA into the
periphery until the balloon completely occluded the
particular vessel. Zero reference level for all pressure
measurements was set at the mid-thoracic level in all
patients. Explanted hearts were dissected, and tissue
from predefined RV areas was fixed in 4% formalin at
the day of explantation and processed for further
analysis as described in the following text. Patient
characteristics are listed in Table 1.

HISTOLOGY OF RV SECTIONS. Formalin-fixed, paraffin-
embedded RV were cut to sequential 5-mm
cross-sections (30 sections in 5 sequential levels,
distance between levels was 200 mm). Sections were
stained with picrosirius red (Polyscience Inc)
following standard protocols. Images were acquired
with a BZ9000 microscope (Keyence), and picrosirius
red positive area was quantified in a minimum of 3
sections of 2 levels each, using the ImageJ hue
threshold method.

HISTOLOGY OF MURINE LIVER SECTIONS. Formalin-
fixed, paraffin embedded livers were cut to 5-mm
sections and were stained with hematoxylin/eosin
(Dako/Agilent, Waldeck) following standard pro-
tocols. Images were acquired with a BZ9000 micro-
scope, and pale purple areas indicating alterations
caused by venous congestion were quantified using
Keyence BZ2-Analyzer software.

IMMUNOHISTOCHEMISTRY AND IMMUNOFLUORESCENCE.

Formalin-fixed, paraffin-embedded RV were cut to
sequential 5-mm cross-sections (30 sections in 5
sequential levels, distance between levels was
100 mm). For analysis of cardiomyocyte hypertrophy
and capillary density, sections were incubated
with Alexa Fluor 594-conjugated wheat-germ agglu-
tinin (Thermo Fisher Scientific) and Alexa Fluor
488-conjugated-isolectin from Griffonia simplicifolia
(GSI-B4, Thermo Fisher Scientific). For analysis of
8-hydroxy-deoxyguanosine (8-OHdG), rabbit IgG to
8-OHdG (Thermo Fisher Scientific) was used.
Apoptotic nuclei were identified by terminal deoxy-
nucleotidyl transferase-mediated dUTP Nick End
labeling (TUNEL) method using the In situ Cell Death
detection kit (Merck).

For further details see the Supplemental Methods.

IMMUNOBLOT. For protein extraction, frozen heart
tissue samples were collected in Precellys ceramic kit

https://doi.org/10.1016/j.jacbts.2022.02.018


TABLE 1 Patient Characteristics

nRVF
(n ¼ 11)

iRVF
(n ¼ 10)

Age, y 53.7 � 14.7 49.5 � 14.3

Female/male 3 (27.3)/8 (72.7) 4 (40)/6 (60)

BMI, kg/m2 26.0 � 3.7 25.9 � 3.8

Etiology of DCM

Genetic 1 (9) 2 (20)

Myocarditis 2 (18.2) 3 (30)

Other 8 (72.8) 5 (50)

Smoking 5 (45.5) 1 (10)

Hypertension 6 (54.6) 5 (50)

Peripheral artery disease 0 0

Stroke 0 0

Diabetes mellitus 2 (18.2) 4 (40)

Renal insufficiency (GFR categories $G3b) 2 (18.2) 4 (40)

Chronic obstructive pulmonary disease 0 0

Previous myocardial infarction 0 0

Prior percutaneous coronary intervention 0 0

Prior cardiac surgery 1 (9.1) 0

Atrial fibrillation 4 (36.4) 4 (40)

Permanent pacemaker 2 (18.2) 0

CRT implanted 6 (54.6) 5 (50)

Medication

Diuretics 10 (90.9) 10 (100)

Beta-blockade 8 (72.7) 9 (90)

ACE-I, ARB 7 (63.6) 9 (90)

Valsartan/sacubitril 4 (36.4) 2 (20)

Ivabradine 1 (9.1) 1 (10)

Marcumar 4 (36.4) 6 (60)

NOAC 1 (9.1) 1 (10)

Glucocorticoid 2 (18.2) 1 (10)

Tacrolimus 1 (9.1) 1 (10)

Statin 3 (27.3) 1 (10)

Values are mean � SD or n (%). Statistical significance was calculated for numerical data using
2-tailed unpaired Student’s t-test and for categorical data using Fisher exact test. No statistical
differences were observed.

ACE-I ¼ angiotensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor blocker;
BMI ¼ body mass index; GFR ¼ glomerular filtration rate; iRVF ¼ severely impaired right
ventricular function; NOAC ¼ novel oral anticoagulant; nRVF ¼ normal right ventricular function.
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tubes (1.4 mm, 2.0 mL) containing 150 mL ice-cold NP-
40 lysis buffer (50 mmol/L Tris-HCL pH 8.0,
137 mmol/L NaCl, 10% Glycerol, 1% NP-40, 2 mmol/L
EDTA), supplemented with protease inhibitors, and
homogenized using Precellys 24 tissue homogenizer
(Bertin instruments). After repetitive vortexing and
centrifugation, supernatants were collected. Protein
concentrations were determined using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts of protein from each sample were separated
on SDS–polyacrylamide gels and transferred to
nitrocellulose membranes (Bio-Rad Laboratories,
Inc). The amount of hyperoxidized PRX was detected
using an antibody to PRX sulfinic and sulfonic acid at
Cys51 (#LF-PA0004, AbFrontier) normalized to
cyclooxygenase IV (COX IV, #4844, Cell Signaling)
and densitometrically evaluated using INTAS ECL
CHEMOSTAR (INTAS) with rolling ball back-
ground reduction.

QUANTITATIVE REAL TIME PCR. Total mRNA was
isolated from murine frozen tissues using the miR-
Neasy Micro Kit (Qiagen) following the manufacture�rs
standard protocol. Reverse transcription was per-
formed for 30 min at 42 �C using dNTP Mix
(10 mmol/L each, VWR) and SuperScript II Reverse
Transcriptase (Thermo Fisher Scientific). qPCR was
carried out on StepOnePlus (Applied Biosystems) us-
ing Maxima Probe/ROX qPCR Master Mix (Thermo
Fisher Scientific) and 2-DCT was calculated. For
detecting mitochondrial copy number, quantitative
real time PCR on DNA level was performed. Total DNA
was isolated from murine frozen tissues using the
Pure Link Genomic DNA Kit (Life Technologies)
(Qiagen, Hilden, Germany) following the man-
ufacture�rs standard protocol. RT-PCR was carried out
on StepOnePlus (Applied Biosystems) using Hot-
StarTaq DNA Polymerase (Qiagen) according to the
manufacturer’s instructions. Three specific primer
sequences targeting mitochondrial DNA (mtDNA)
were analyzed. 2-DCT was calculated, and mtDNA copy
number was shown as fold change normalized to the
average of expression in 6J mice.

For further details see the Supplemental Methods.

STATISTICS. All data are shown as mean þ SD or
estimated mean � SEM if the mixed model was used.
The sample size is listed as N. Statistical differences
were determined by using GraphPad Prism version
5.0 for Windows. Data were tested for normality using
the Kolmogorov-Smirnoff test. For multiple inde-
pendent groups, 1-way analysis of variance followed
by Bonferroni’s post hoc test for parametric data, and
Kruskal-Wallis test followed by Dunn’s multi-
comparison test for nonparametric data were used.
For within-group comparisons over time, a marginal
linear mixed effect model with Bonferroni’s post hoc
test was used. Fixed variables were timepoint, strain
type, and interaction, whereas the individual animal
was included as a random variable. For comparisons
of 2 independent groups, 2-tailed unpaired Student’s
t-test for parametric data and Mann-Whitney U test
for nonparametric data were employed. The Kaplan-
Meier method was used to present the survival be-
tween the groups, whereas the log-rank test was used
to compare the curves. The Pearson’s correlation was
used to test for linear trends. To calculate cutoff
points, the logistic regression method of a receiver-
operating characteristics curve was employed using
the Youden’s index (J ¼ sensitivity þ specificity � 1).
Categorical data are presented as counts and (%) and

https://doi.org/10.1016/j.jacbts.2022.02.018
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compared with the Fisher exact test. P values <0.05
were considered statistically significant. Unless
otherwise stated, the significances are given as com-
parison to the respective control data. In detail,
*P < 0.05; **P < 0.01; and ***P < 0.001.

RESULTS

RV REMODELING IS GRADUALLY AGGRAVATED

WITH INCREASING PA CONSTRICTION. In the widely
used wild-type mouse strain 6J, PAB with increasing
PA stenosis grades of mild, moderate, and severe was
applied (Figure 1A). The position of the clip was
verified by color Doppler ultrasound (Figure 1B).
Whereas mild stenosis did not induce RVH after
2 weeks, moderate and severe PAB provoked a
correspondent rise in RVH, reflected by Fulton index
and echocardiographically determined diastolic
RVWT (Figure 1C). In contrast, RV dilation, as re-
flected by diastolic RVID, significantly increased to
the same extent with mild and moderate stenosis and
was even more enlarged upon severe stenosis
(Figures 1D and 1E). Similarly, RA area was slightly
increased upon mild and moderate stenosis and was
considerably more enlarged upon severe stenosis
(Figures 1F and 1H), indicating profoundly higher RV
pressure. This was corroborated by a higher rate of
paradoxical septal motion upon severe stenosis
(Figure 1G). Tricuspid annular plane systolic excur-
sion (TAPSE), mirroring RV systolic function,
declined with increasing stenosis grade (Figure 1I).
Along the lines of RVH, mRNA expression of genes
encoding for atrial and brain natriuretic peptides and
the relation of myosin heavy chains alpha/beta
(MYH6/MYH7), which represent the cardiac fetal gene
program that is activated during cardiac hypertrophy,
was not significantly altered upon mild but was upon
moderate and severe PA stenosis (Supplemental
Figure S1A). Also, congruent with RVH and fetal
gene reprogramming, interstitial RV fibrosis
increased upon 2 weeks of moderate and severe PAB
(Supplemental Figures S1B to S1D) and capillary
density slightly decreased (Supplemental Figures S2A
and S2C). The cross-sectional area of cardiomyocytes
was slightly increased after mild PAB, and tended to
progressively decrease with severity of PAB
(Supplemental Figures S2A and S2C), in accordance
with previous findings.9

NNT DEFICIENCY PROTECTS FROM RHF UPON

PRESSURE OVERLOAD. In contrast to 6J mice, which
exhibit a sequence variation leading to absence of the
mitochondrial transhydrogenase NNT,22,26 6N mice
express NNT (Figure 2A). It has been described before
for the LV that under pressure overload, NNT in
cardiomyocytes acts in a reversed mode,18 as sche-
matically demonstrated in Figure 2B. After 2
and 4 weeks of severe PAB (Figure 2C), no significant
differences in RVH were detected between 6J and
6N mice, except a lower RVWT after 2 weeks of PAB in
6N mice (Figure 2D). Accordingly, markers of fetal
gene reprogramming were not significantly different
between the 2 strains (Supplemental Figure S3).
In contrast, RV dilation was markedly enhanced in
6N compared with 6J mice (Figure 2E), accompanied
by a significantly more increased RA area in 6N mice
after 2 and 4 weeks of severe PAB (Figure 2F). Both
parameters showed significant negative correlations
with TAPSE (Supplemental Figure S4). Importantly,
systolic function was significantly more impaired in
6N compared with 6J mice 2 and 4 weeks after PAB
(Figure 2G). Of note, FAC, which is a commonly used
parameter of RV systolic function, was confounded in
PAB-exposed 6J and 6N mice because of considerable
paradoxical septal motion (Supplemental Figures S5A
to S5G), which was more pronounced in 6N than in
6J mice (Supplemental Figure S5F). This effect
furthermore resulted in a stronger decrease of the
LV end-diastolic volume in 6N compared with 6J after
4 weeks of PAB (Supplemental Figure S6A), whereas
the LV ejection fraction and LV wall thickness
remained unchanged (Supplemental Figure S6B).
From the echocardiographic recordings, longitudinal
strain analyses were performed using speckle
tracking technique to confirm and expand the data on
RV function (Figures 2H and 2J). It disclosed that after
4 weeks of severe PAB, longitudinal strain (Figure 2K)
and longitudinal displacement and velocity of the
RV free wall (Figures 2L and 2M) were significantly
diminished in 6N compared with 6J mice after
4 weeks of PAB, indicating impaired RV function.
Longitudinal strain parameters significantly corre-
lated with TAPSE (Figure 2N, Supplemental
Figure S7A). Analysis of longitudinal displacement,
velocity, and strain of combined RV free wall with
interventricular septum revealed less pronounced
differences between 6J and 6N mice (Supplemental
Figures S7B and S7C).

The macroscopic appearance of a nutmeg-colored
liver reflecting venous congestion occurred in 50%
of 6N mice after 4 weeks but not in 6J mice
(Figure 3A). Likewise, microscopic signs of hepatic
venous congestion were significantly more abundant
in 6N compared with 6J mice (Figures 3B and 3C).
Given that venous congestion is appreciated as
a clinical symptom of heart failure (HF), a receiver-
operating characteristics curve analysis was
performed to calculate the accuracy for the identifi-
cation of RHF-prone 6N mice by quantifying the
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FIGURE 1 Right Ventricular Morphology and Function in 6J Mice Upon Pulmonary Artery Banding

(A) Schematic illustration of experimental design. The pulmonary artery (PA) of mice was constricted to 450 mm (mild), 360 mm (moderate), or 300 mm (severe) using

titanium clips. Right ventricular (RV) function and morphology were determined 2 weeks after pulmonary artery banding (PAB). (B) Representative 2-dimensional

parasternal short-axis view of the constricted PA 3 days after PAB. Color Doppler visualizes blood flow, aortic valve (AV), pulmonic valve (PV), and proximal

right ventricular outflow tract (pRVOT). (C) RV hypertrophy reflected by Fulton index (n ¼ 10/8/9/10 mice) and diastolic right ventricular wall thickness (RVWT, d)

(n ¼ 13/8/9/10 mice) increased with increasing stenosis grade. (D) Representative M-mode images depicting assessment of RVWT, d and diastolic right ventricular

inner diameter (RVID, d) of an untreated (Ctrl) and PAB-exposed mouse. (E) RVID, d and (F) right atrial (RA) area increased with stenosis grade of PAB (n ¼ 13/8/9/10

mice). (G) Number of mice with paradoxical motion of interventricular septum was increased with increasing stenosis grade (n ¼ 8/9/10 mice). (H) Representative

2-dimensional parasternal apical 4-chamber view of a control mouse and upon PAB with different stenosis grades. RA ¼ right atrium. (I) Systolic RV function as

revealed from tricuspid annular plane systolic excursion (TAPSE) was impaired with increasing stenosis degree (n ¼ 13/8/9/10 mice). Statistical significance was

calculated with 1-way analysis of variance followed by Bonferroni’s post hoc test for C and I, and with Kruskal-Wallis test followed by Dunn’s multicomparison test for

E and F. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 2 RV Function in 6J and 6N Mice Upon PAB

Continued on the next page
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congestion-modified areas in liver sections
(Figure 3D). It revealed that microscopic signs of
venous congestion are appropriate to distinguish 6N
mice, and a cutoff value of 21.5% with a sensitivity of
87.5% and a specificity of 75% and an area under the
curve of 0.836 (95% CI: 0.62-1.00) for the congestion-
modified area in liver sections was calculated. With
this, 25% of 6J and 87.5% of 6N mice were identified
as mice prone to RHF (Supplemental Figure S8). It is
noteworthy that the extent of hepatic congestion
showed a strong inverse correlation with TAPSE and a
strong positive correlation with RA area (Figures 3E
and 3F). The more severe phenotype of 6N mice was
corroborated by the absence of mortality during the
4 weeks of PAB in 6J but not in 6N mice (Figure 3G).

RHF IN PRESSURE-OVERLOADED NNT-COMPETENT

6N MICE IS DISSOCIATED FROM STRUCTURAL

REMODELING. Interestingly, the differences in RV
function between 6J and 6N mice were not accom-
panied by a different degree of fibrosis (Figure 4A).
This suggests that the occurrence of RHF is dissoci-
ated from the extent of RV fibrosis, which is sup-
ported by the fact that the extent of hepatic venous
congestion did not correlate with RV fibrosis
(Figure 4B). Likewise, and in accordance with RVWT
and Fulton index, cardiomyocyte cross-sectional area
did not differ between 6J and 6N mice upon 4 weeks
of PAB (Figures 4C and 4D) and, like fibrosis, did not
show a correlation with hepatic congestion
(Figure 4F). Apart from fibrotic remodeling, capillary
rarefaction has been frequently linked to RHF.27,28

Whereas the number of capillaries in 6J mice was
restored after 4 weeks of PAB, in 6N mice after
2 Continued

resentative genotyping of 6J and 6N mice by specific amplification of the nic

exon deletion leading to a loss of exon 7-11.26 Primer pair 1 (PP1) is located w

imer pair 2 (PP2) is spanning exon 7-11, resulting in a truncated fragment in

) Schematic demonstration of NNT function. According to Nickel et al,18 the N

. (C) Schematic demonstration of experimental design. PAB was performed

al active NNT (Nntþ/þ). (D) RV hypertrophy as assessed by Fulton index (n ¼
mice) was increased upon severe PAB after 2 and 4 weeks in 6J and 6N mice. D

mice upon 2 and 4 weeks of PAB (n ¼ 13/13/25/17/13/8 mice). (G) RV function

r 2 and 4 weeks (n ¼ 13/13/25/17/13/8 mice). (H) Representative image of sp

itudinal strain analysis using Vevo strain analysis module in 6J and 6N upon

represented as heat map (bottom) of 6J and 6N mice. (J) Schematic descrip

all (left). A strain curve was calculated for every segment. The average of strain

tion of RV free wall of 6J and 6N mice upon 4 weeks of PAB. One representativ

s significantly diminished in 6N compared with 6J mice upon 4 weeks of PAB. P

of the RV free wall was significantly decreased in 6N compared with 6J mice u

wall negatively correlated with TAPSE reflecting RV systolic function (n ¼ 3

ed with 1-way analysis of variance, in D (RVWT, d) to G with a marginal linear

correlation was tested. *P < 0.05; **P < 0.01; ***P < 0.001 compared with

responding 6J. Abbreviations as in Figure 1.
4 weeks of PAB it was slightly decreased compared
with the control 6N animals (Figures 4C and 4E).

To assess the temporal development of RHF,
functional and structural analyses after 1, 2, 4, and
6 weeks of PAB were performed in 6N mice
(Figure 5A). Whereas RVID, RA area, TAPSE, and RV
wall thickness were all significantly changed after
1 week of PAB compared with baseline (Figures 5B to
5E), RA area showed a further significant increase
after 2 weeks compared with 1 week, but not there-
after, indicating that the development of RHF occurs
early, between 1 and 2 weeks (Figure 5C). Corrobo-
rating this temporal phenotypic progress in 6N mice
in particular after 1 week, hepatic venous congestion
was also significantly more abundant after 2, 4, and
6 weeks compared with the 1-week time point
(Figures 5F and 5G). In contrast, not only was the
extent of RV fibrosis significantly higher after 2 weeks
compared with 1 week, but it further increased until
the 4-week timepoint (Figures 5H and 5I).

RHF IN PRESSURE-OVERLOADED NNT-COMPETENT

6N MICE IS MEDIATED BY OXIDATIVE STRESS. As
described for the LV under pressure overload
before,18 in our model, oxidative stress was more
pronounced in RV tissue of 6N compared with 6J
mice. The antioxidant enzyme PRX, which can form a
dimer upon oxidation, is hyperoxidized to the sulfinic
or sulfonic acid at cysteine residue Cys51 when
exposed to high oxidative stress. This hyperoxidized
form of PRX significantly increased in RV of 6N mice
after 4 weeks of PAB, but not in 6J mice, consistent
with the observations in the LV (Figures 6A and 6B).
Accordingly, immunostaining for the DNA oxidation
otinamide nucleotide transhydrogenase (Nnt). 6J mice harbor an in-

ithin the coding sequence of exon 7-11, failing to be amplified in 6J

6J mice compared with the wild type Nnt fragment amplified in 6N

NT switches from forward to reversed mode under cardiac pressure

in 6J mice lacking the NNT (NntT/T) and 6N mice expressing

11/4/10/9/13/8 mice) and diastolic RV wall thickness (n ¼ 13/13/25/

ilation of the RV (E) and the RA (F) was augmented in 6N compared

as assessed from TAPSE was more impaired in 6N vs 6J mice upon

eckle tracking in 2-dimensional parasternal apical 4-chamber view

PAB. (I) Strain curves (top) and corresponding quantitative strain

tion of sections used for analysis of longitudinal straintotal and strain

curves (bold symbols) and the SEM (thin symbols) demonstrating

e animal per group is shown. (K) Longitudinal strain of the RV free

k ¼ peak (n¼ 9/7/8/7 mice). (L) Longitudinal displacement and (M)

pon 4 weeks of PAB (n¼ 9/7/8/7 mice). (N) Longitudinal strain of the

1 mice). Statistical significance in D (Fulton index) and K to M was

mixed effect model, followed by Bonferroni’s post hoc test. For N,

respective control; #P < 0.05; ##P < 0.01; ###P < 0.001 compared
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FIGURE 3 Characteristics of Right Heart Failure Upon PAB

(A) Macroscopic and (B and C) microscopic signs of venous congestion in livers were more pronounced in 6N compared with 6J mice upon 4 weeks of PAB (n ¼ 8-14

mice). Representative images of livers upon PAB (A) after excision and (B) of liver sections stained with hematoxylin/eosin. Pale areas indicate damage caused by

venous congestion. Scale bar ¼ 50 mm. (D) Receiver-operating characteristic (ROC) curve for the area of hepatic venous congestion (C) of 6J and 6N mice receiving a

cutoff value of 21.5%. (E) TAPSE of 6J and 6N mice upon 4 weeks of PAB showed a significant negative correlation and (F) RA area showed a significant positive

correlation with the extent of hepatic venous congestion as assessed in hematoxylin/eosin-stained liver sections (n ¼ 15 mice). (G) Survival rate, excluding animals

that died at the day of surgery, was lower within 4 weeks after PAB in 6N compared with 6J mice (n ¼ 14/13 mice). Statistical significance in C was calculated with 2-

tailed unpaired Student’s t-test and in G with log-rank test. For E and F, Pearson correlation was tested. *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations as in

Figure 1.
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FIGURE 4 RV Remodeling in 6J and 6N Mice Upon Pulmonary Artery Banding
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product 8-OHdG in RV sections revealed higher levels
of oxidative stress in 6N mice: The number of 8-
OHdG-positive cardiomyocyte nuclei was signifi-
cantly enhanced in 6N mice following 4 weeks of PAB,
but not in 6J mice (Figures 6C and 6D), and the per-
centage of the area with 8-OHdG immunoreactivity in
all nuclei was significantly higher in PAB-exposed 6N
than in 6J mice (Figures 6E and 6F). Mitochondrial
content as expressed by mitochondrial DNA copy
number was slightly diminished after PAB to the same
extent in both mouse strains (Figure 6G). Given that
oxidative DNA damage can result in apoptotic cell
death, TUNEL assay was performed to detect
apoptotic DNA fragmentation. The number of TUNEL-
positive nuclei was significantly increased in 6N mice
upon 4 weeks of PAB compared with nonbanded 6N
control mice, whereas no significant increase was
observed in 6J mice (Figure 6H). Of note, apoptotic
cell number showed a significant negative correlation
with systolic RV function (Figure 6I), and a significant
positive correlation with signs of venous congestion
in the livers (Figure 6J), pointing toward apoptosis to
be related to the severity of RHF. In corroboration of
the pivotal role of ROS for RV function, treatment of
mice with the mitochondrial antioxidant mitoTEMPO
during 4 weeks of PAB improved systolic RV function
(Figure 6K) and diminished venous congestion in
particular in 6N mice (Figure 6L). The number of
apoptotic nuclei was significantly more reduced in 6N
compared with 6J mice upon mitoTEMPO adminis-
tration (Figure 6M), substantiating the causal relation
of oxidative stress with apoptosis.

SEVERE IMPAIRMENT OF RV FUNCTION OF LHF

PATIENTS IS ASSOCIATED WITH OXIDATIVE

STRESS. RV function of 21 patients with dilated car-
diomyopathy of genetic and nongenetic origin (see
Table 1) was assessed by echocardiography before
HTx. Patients were classified into the 2 groups nRVF
(n ¼ 11) and iRVF (n ¼ 10) according to TAPSE,
with $16 mm defined as normal and #13 mm defined
as severely impaired. The 2 patients in whom TAPSE
was not available were assigned to nRVF based on
FIGURE 4 Continued

(A) Representative images of picrosirius red stained RV sections (scale ba

mice upon PAB. (B) The extent of hepatic venous congestion did not co

Representative images of staining for cardiomyocyte cross-sectional area

simplicifolia (GSI-B4). Scale bar ¼ 50 mm. (D) Cross-sectional area of RV

(E) Capillary density after 4 weeks of PAB in relation to the respective

compared with 6J mice. (F) The extent of hepatic venous congestion did

(n ¼ 16 mice). Statistical significance was calculated with 1-way analysis o

statistical significance for Pearson correlation was tested. *P < 0.05; **
FAC >35. The 2 groups exhibited significant differ-
ences in TAPSE and FAC (Figures 7A and 7B), but
displayed equal systolic LV function reflected by LV
ejection fraction (Figure 7C). Of note, PH was almost
absent in nRVF patients, in contrast to the iRVF
group, as indicated by mean PA pressure below
25 mm Hg and an elevated PA wedge pressure
(Figures 7D and 7E). The iRVF group showed a com-
bined precapillary and postcapillary PH with a sub-
stantial extent of precapillary hemodynamic
impairment, as shown by a marked elevation in pul-
monary vascular resistance, with only 20% of nRVF
patients but 70% of iRVF patients above the threshold
of 240 dyn$sec$cm�5 (Figure 7F), and a significantly
impaired RV-PA coupling (Figure 7G). Histological
analyses revealed that RV collagen accumulation was
not different between the 2 groups (Figure 7H). Simi-
larly, cardiomyocyte cross-sectional area and capil-
lary density was equal (Figures 7I to 7K). In
accordance with the findings in mice following
4 weeks of severe PAB, oxidative DNA damage was
significantly more pronounced in RV sections of pa-
tients with severely impaired RV function (Figure 7L),
underlining the important role of oxidative stress in
the RV.

DISCUSSION

Our study demonstrates that the extent of RVH,
dysfunction, and fibrosis is tightly linked to the
degree of RV afterload. An important finding of our
experiments is that during the transition from
adaptive RV remodeling to failure, hypertrophy and
fibrosis are dissociated from RV dilation and sys-
tolic function. Mechanistically, we disclose that
mitochondria-generated ROS play a pivotal role for
deterioration of RV function and the transition to
RHF following pressure overload and might be
causally related to a severe impairment of RV
function in patients.

THE ROLE OF OXIDATIVE STRESS IN RHF. Given that
the occurrence of RHF determines mortality of PAH
patients, it is of utmost importance to identify the
r ¼ 200 mm) and morphometric analysis of fibrotic area showing increased fibrosis in 6J and 6N

rrelate with RV fibrotic area in 6J and 6N mice upon 4 weeks of PAB (n ¼ 16 mice). (C)

analysis using wheat germ agglutinin (WGA) and capillary density using isolectin of griffonia

cardiomyocytes was not significantly different between 6J and 6N mice after 4 weeks of PAB.

untreated animals of 6J and 6N mice shows slightly decreased density upon PAB in 6N

not correlate with cardiomyocyte cross-sectional area in 6J and 6N mice upon 4 weeks of PAB

f variance followed by Bonferroni’s post hoc test for A, D and E. n ¼ 4/4/8/8 mice. For B and F

*P < 0.001. Abbreviations as in Figure 1.



FIGURE 5 Temporal Development of RV Morphology, Function, and Failure in 6N Mice Upon PAB
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molecular mechanisms that account for failing of the
RV and the potential pathomechanistic targets, aim-
ing to advance RV-directed therapies. Importantly,
our study underscores the significant role of oxida-
tive stress in the development of RHF. Analogous to
LV pressure overload, NNT deficiency in 6J mice
reduced ROS-induced alterations in the pressure
overloaded RV in our experiments, which resulted in
protection from RHF, as reflected by almost absent
signs of hepatic venous congestion. This is in accor-
dance with previous findings regarding oxidative
stress in RHF, which showed that an SOD/catalase
mimetic or stimulation of the antioxidative tran-
scription factor nuclear factor E2-related factor 2
(Nrf2) improved RV function in experimental PAH
models without affecting remodeling of the pulmo-
nary vasculature.5,29 In another study, the mito-
chondrial antioxidant mitoQ induced only slight
improvements in RV function in the PAB model in 6J
mice,30 which also matches our data on the applica-
tion of mitoTEMPO in 6J mice. In contrast to 6J mice,
RV function in 6N mice was profoundly improved by
application of mitoTEMPO, which is an SOD mimetic
that accumulates in mitochondria. This effect is most
likely related not only to a decrease of mitochondrial
superoxide, but also to a reduction of hydrogen
peroxide levels via a mitoTEMPO-dependent attenu-
ation of superoxide-induced ROS release, as
described for this antioxidant before in pressure-
overloaded LV.31 It has been hypothesized that the
RV is particularly sensitive to oxidative stress
because of impaired up-regulation of SOD2 compared
with the LV,11 which has been observed in experi-
mental models of PAH and chronic nitric oxide
deficiency.10,12 The disruption of antioxidant enzyme
up-regulation can be caused by oxidative stress itself
feeding a vicious cycle, which became clear in our
experiment through lower mRNA expression levels of
SOD2 in 6J and 6N mice upon PAB compared with
control animals (Supplemental Figure S9).

In the pressure overloaded LV, oxidative stress-
mediated HF has been linked to fibrosis, necrosis,
FIGURE 5 Continued

(A) Schematic demonstration of experimental design. PAB was performed

at different time points. (B) RVID, d, (C) RA area, (D) TAPSE, and (E) RV

1 week compared with baseline. (C) Area RA was further increased after

venous congestion as assessed from hematoxylin/eosin-stained sections

11 mice). (H) The extent of RV fibrosis as assessed from picrosirius red-s

nificance for B to E was calculated with a marginal linear mixed effect m

**P < 0.01; ***P < 0.001 compared with respective control; §P < 0.05;

the 4 week time point. Abbreviations as in Figure 1.
and oxidative damage or adverse alterations of
metabolic, antioxidant, and ion transport protein
networks18,31,32 and is known to impair excitation
contraction coupling (for review see Bertero and
Maack20). In addition, cardiomyocyte apoptosis has
been linked to the progression of oxidative stress-
related HF. Up-regulation of proteins involved in
apoptosis after LV pressure overload was diminished
in mice overexpressing human catalase in car-
diomyocyte mitochondria.32 Undoubtedly, car-
diomyocyte apoptosis is of relevance for LV
dysfunction,33,34 and increased numbers of apoptotic
cardiomyocytes have been detected in the RV of PAB-
exposed rodents previously.35–37

THE ROLE OF RV FIBROSIS IN RHF. Enhanced inter-
stitial collagen deposition has been extensively
studied as a potential therapeutic target in HF, and it
has been accepted to be causally related to dysfunc-
tion of the LV, in particular to diastolic dysfunction.
In patients with heart failure with preserved ejection
fraction (HFpEF), LV fibrosis has been shown to be
strongly correlated to mortality.38 Preclinical studies
revealed that fibrosis is often associated with RVH
and/or RVD in different animal models of PAH and RV
pressure overload. It was shown that effective ther-
apeutic approaches or genetic manipulations to alle-
viate PAH or RVD upon experimental PAB often go
along with a reduction of RV fibrosis.5,6,39–44 Rain
et al45 applied PAB with 2 different degrees of ste-
nosis to rats and showed that under severe constric-
tion, not only did the percentage of collagen
deposition in the RV increase, but also the ratio of
collagen I to III increased, which accounted for
enhanced myocardial stiffness.45 However, a causal
relationship for fibrosis in RHF remains elusive.
Instead, this concept has been challenged during
recent years: In a PAB mouse model with self-
dissolving suture, RV fibrosis slowly reversed at a
time point when RV function and hypertrophy were
already fully normalized.46 Furthermore, in the mu-
rine PAB model, galectin-3 knockout or inhibition and
the antifibrotic agent pirfenidone attenuated RV
in 6N mice expressing functional active NNT (Nntþ/þ) and final organ harvest was performed

WT, d were assessed after 1, 2, 4, and 6 weeks of PAB and were significantly increased after

2, 4, and 6 weeks compared with 1 week, respectively (n ¼ 15/20/34/22/11 mice). (F) Hepatic

(G) was significantly higher after 2, 4, and 6 weeks compared with 1 week of PAB (n ¼ 6/9/8/

tained sections (I) was highest after 4 weeks of PAB (n ¼ 6/9/8/11 mice). Statistical sig-

odel and for F and H with 1-way analysis of variance followed by Bonferroni’s post hoc test.
§§P < 0.01; §§§P < 0.001 compared with the 1-week time point; &&&P < 0.001 compared with
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FIGURE 6 Oxidative Stress-mediated Alterations in 6J and 6N Mice Upon Pulmonary Artery Banding

Continued on the next page

Müller et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 7 , 2 0 2 2

Oxidative Stress Promotes Right Heart Failure J U L Y 2 0 2 2 : 6 5 8 – 6 7 7

672



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 7 , 2 0 2 2 Müller et al
J U L Y 2 0 2 2 : 6 5 8 – 6 7 7 Oxidative Stress Promotes Right Heart Failure

673
fibrosis, but did not significantly affect RV function,47

despite the fact that galectin-3 was linked to the
development of LHF and also to mortality and RVD in
patients with PAH.47 Our data, on the one hand,
confirm the relation between enhanced afterload and
collagen deposition during hypertrophic remodel-
ing,9,45,48 but on the other hand, prove a dissociation
between RHF and RV fibrosis. The same is true for
hypertrophy, which is in accordance with other
studies in RV and LV pressure overload.18,44 Given
that in LV pressure overload comparing 6J and 6N
mice, fibrosis correlated with systolic LV function,18

this dissociation of fibrosis and function might
reflect a pivotal difference of RHF and LHF
pathomechanisms.

THE EXPERIMENTAL MODEL OF PAB. The mouse
model of PAB is widely used to study RV remodeling
independently from pulmonary vascular disease. Our
data point out that the experimental design is of
pivotal importance for the outcome of the study. On
the one hand, the stenosis grade determining the
degree of afterload results in gradual increases in
RVH and fibrosis and decline in systolic RV function,
as shown before in rats.9,45,48 Thus, the age and body
weight of the mice at the time point of PAB surgery
and their growth curve during observation time is
closely related to the degree of RV remodeling
(Supplemental Figure S10), because the extent of
stenosis is dependent on PA size. On the other hand,
it becomes obvious that the 6J mouse strain is pro-
tected from developing RHF at least during the 4-
week observation time of our study. The majority of
FIGURE 6 Continued

Amount of hyperoxidized peroxiredoxin (Prx-SO2/3) in RV tissue normali

increased in 6N but not in 6J mice upon 4 weeks of PAB (n ¼ 7/7/13/8 m

mice as assessed by immunoblot (n ¼ 13/8 mice). Oxidative DNA modific

(8-OHdG) were (C and D) significantly increased in nuclei of cardiomyoc

but not in 6J mice, and (E and F) were significantly more abundant in to

(n ¼ 4/4/7/8 mice). Arrowheads in C indicate cardiomyocyte nuclei, with

immunoreactivity for 8-OHdG marked with ImageJ hue threshold analys

slightly decreased upon PAB to the same extent in 6J and 6N mice (n ¼
high-power fields (HPF) (40� magnification) as revealed from TUNEL st

4 weeks of PAB, but not in 6J mice (n ¼ 4/4/7/8 mice). Representative

green ¼ TUNEL positive. Scale bar ¼ 50 mm. (I) Number of TUNEL pos

function (TAPSE) in 6J and 6N mice upon PAB. (J) Extent of histological

with number of TUNEL-positive nuclei in 6J and 6N mice upon PAB. (K

mitoTEMPO in relation to the respective untreated PAB animals was sig

(L) Reduction of areas with signs of venous congestion in livers after 4

respective untreated PAB animals was significantly higher in 6N compare

positive nuclei in RV sections in mitoTEMPO-treated animals related to u

compared with 6J mice (n ¼ 8/10). Statistical significance was calculated

for A, with 1-way ANOVA followed by Bonferroni’s post hoc test for D to

Student’s t-test for K and L, and tested for Pearson correlation for I and J.
the published studies employing PAB in mice either
use 6J mice or do not specify the exact strain of
C57BL/6. Consequently, the impact of afterload for
RHF is probably underestimated, and the statement
that isolated RV pressure overload is insufficient to
explain RHF5 is disproved. In contrast to rats, which
develop a number of evident HF symptoms in the
monocrotaline or PAB model,49 mice exposed to RV
pressure overload are more robust and hardly exhibit
apparent changes in liver or body weight, amount of
abdominal fluid, food consumption, general activity,
or voluntary wheel running. However, we demon-
strate in our PAB model that venous liver congestion
strongly correlates with RV function and RA area
(Figures 3E and 3F) and is an appropriate parameter
reflecting RHF (Figure 3D). Furthermore, our data
emphasize that a high-quality and careful evaluation
of functional phenotyping is required for diligent
generation of robust data. We observed that FAC as a
common clinical parameter for systolic RV function is
compromised in animals with maladaptive remodel-
ing upon severe pressure overload because of para-
doxical septal motion. To our knowledge, we for the
first time provide RV strain analyses derived from
echocardiography in a mouse model of right heart
disease, which discloses that RV longitudinal strain
correlates well with TAPSE.

STUDY LIMITATIONS. We cannot rule out that other
differences between 6J and 6N mice contribute to the
altered phenotype, such as a loss-of-function variant
for the myosin light chain kinase 3 in 6N mice.50

Furthermore, we have not investigated whether
zed to protein expression of cyclooxygenase IV (COX IV) (A) was

ice), and (B) the increase was significantly higher in 6N than in 6J

ations as reflected by immunoreactivity for 8-hydroxydeoxyguanosin

ytes upon 4 weeks of PAB compared with untreated in 6N mice,

tal nuclei of RV sections of 6N compared with 6J mice upon PAB

8-OHdG immunoreactivity in purple. Light blue color in E indicates

is. Scale bar ¼ 50 mm. (G) Mitochondrial (mt) copy number was

7/4/9/8 mice). (H) Number of apoptotic nuclei calculated per 10

aining was significantly increased in RV sections of 6N mice after

images of TUNEL-stained RV sections. Blue ¼ DAPI; bright

itive nuclei show a mild linear negative correlation with systolic RV

signs of hepatic venous congestion shows a mild linear correlation

) Alteration of TAPSE after 4 weeks of PAB and treatment with

nificantly different in 6N compared with 6J mice (n ¼ 8/8).

weeks of PAB and treatment with mitoTEMPO in relation to the

d with 6J mice (n ¼ 6/8). (M) Reduction of the number of TUNEL-

ntreated mice upon 4 weeks of PAB was significantly higher in 6N

with Kruskal-Wallis test followed by Dunn’s multicomparison test

H, with Mann-Whitney U test for B and M, with 2-tailed unpaired

*P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations as in Figure 1.
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FIGURE 7 Remodeling and Oxidative Damage in RV Tissue of Patients With Dilated Cardiomyopathy Before Heart Transplantation
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The under-

standing of pathomechanisms underlying RHF development is of

utmost importance to advance diagnosis and therapy and to

alleviate morbidity and mortality. We show that RV hypertrophy

and RV fibrosis are not necessarily associated with the occur-

rence and severity of RHF, which may be of relevance for clinical

diagnostics, prognostics, and decision-making.

TRANSLATIONAL OUTLOOK: Therapeutic options to treat

RHF remain scarce. Currently, pharmacological agents that

directly target the failing RV are missing. With our findings we

provide detailed insight to the progress of RV hypertrophy and

remodeling upon increasing afterload and to mechanistic pat-

terns of the transition of RV remodeling to failure. We provide

evidence that oxidative stress can be causally related to the

development of RHF. This encourages the initiation of clinical

studies in patients at risk of developing RHF testing treatment

strategies that reduce oxidative stress or induce antioxidant

pathways in cardiomyocytes.
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oxidative stress is causally related to cardiomyocyte
apoptosis, nor have we examined whether apoptosis
accounts for deterioration of RV function in our
model. Further mechanistic investigations need to
follow to clarify the causal role and significance of
these phenomena. We have not addressed other
subcellular mechanisms that are probably affected by
enhanced oxidative stress, such as substrate meta-
bolism and sarcomere integrity. Another constraint of
this study is the fact that the patient cohort does not
perfectly match the experimental model. End-stage
LHF patients most commonly develop RVD because
of postcapillary PH and/or humoral mediators,
whereas the PAB model resembles precapillary PH.

CONCLUSIONS

Our data provide evidence for a pivotal role of
oxidative stress for the development of RHF. We
disclose important phenotypic differences between
6J and 6N mice under RV pressure overload, most
likely caused by the deficiency of the mitochondrial
transhydrogenase NNT in 6J mice, which indicates
that 6J mice are inappropriate to use when studying
mechanisms of RHF following pressure overload. Our
study furthermore confirms a dependency of RVH
and RV fibrosis with the extent of afterload, and
demonstrates an independency of RV function and
RHF from structural remodeling.
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