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CHAPTER 2

Clinical symptoms of  
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ABSTRACT
Background
Right ventricular failure (RVF) due to pressure load is a major cause of death in 
congenital heart diseases and pulmonary hypertension. The mechanisms of RVF 
are unknown. We used an experimental approach based upon clinical signs of RVF 
to delineate functional and biological processes associated with RVF. 

Methods and results 
Wistar rats were subjected to a pulmonary artery banding (PAB n=12) or sham 
surgery (CON, n=7). After 52±5 days, 5/12 PAB rats developed clinical symptoms 
of RVF (inactivity, ruffled fur, dyspnea, ascites) necessitating termination (PAB+CF). 
We compared these to PAB rats with RVF without clinical symptoms (PAB-). PAB 
resulted in reduced cardiac output, RV stroke volume, TAPSE, and increased end 
diastolic pressure (all p<0.05 vs. CON) in all rats, but PAB+CF rats were significantly 
more affected than PAB-, despite similar pressure load (p=ns). Pressure-volume 
analysis showed enhanced contractility (end systolic elastance) in PAB- and PAB+CF, 
but diastolic function (end diastolic elastance, end diastolic pressure) deteriorated 
especially in PAB+CF. In PAB+CF capillary density was lower than in PAB-. Gene-array 
analysis revealed downregulation of both fatty acid oxidation and carbohydrate 
metabolism in PAB+CF.

Conclusion
Chronic PAB led to different degrees of RVF, with half of the rats developing severe 
clinical symptoms of RVF, associated with progressive deterioration of diastolic 
function, hypoxia-prone myocardium, increased response to oxidative stress and 
suppressed myocardial metabolism. This model represents clinical RVF and allows 
for unraveling of mechanisms involved in the progression from RV adaptation to RV 
failure and the effect of intervention on these mechanisms.
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INTRODUCTION
Right ventricular failure (RVF) due to increased pressure load is a primary risk factor 
for morbidity and mortality in patients with congenital heart diseases as well as in 
patients with pulmonary hypertension (PH).1,2 Moreover, RV dysfunction has also 
been demonstrated to be an important prognostic determinant in left ventricular 
failure.3

Unfortunately, the pathophysiology of RV failure is yet insufficiently understood,4 
which precludes the development of RV specific treatments. Research into these 
mechanisms is hampered by the lack of a model reflecting clinical RVF. It is in 
this perspective that a National Heart, Lung and Blood Institute working group on 
cellular and molecular mechanisms of right heart failure stated that ‘researchers 
must develop reliable, reproducible and relevant animal models of RV failure’.5

Since RV function is a critical prognostic determinant in PH,2 RV dysfunction has often 
been studied in animal models of PH, such as the monocrotaline rat model.6 Although 
these models have proven to be valuable, they have two important disadvantages: 
direct therapeutic effects on the RV cannot be distinguished from (afterload-
reducing) effects on the pulmonary vasculature and the used ‘hits’ necessary to 
induce PH may affect the RV.7 The use of a pulmonary artery banding (PAB) to inflict 
chronic pressure load on the RV circumvents these limitations. However, it has been 
debated whether the phenotype of the chronic PAB model represents compensated 
adaptation instead of RV failure.8–10 Heart failure is defined as the inability to meet the 
metabolic requirements of the tissues of the body. Heart failure is not an entity as 
such but a continuum of disease severity, graded according to the NYHA class. RV 
failure is defined similarly, but the clinical signs and symptoms differ from those in LV 
failure. The cardinal clinical characteristics of RV failure are fluid retention (presenting 
as peripheral edema, effusion, ascites) and low cardiac output (evident in decreased 
exercise tolerance, fatigue, dyspnea and poor peripheral circulation).11,12 

Previously described PAB models showed features of chronic adaptation and 
mild RV dysfunction, e.g. RV dilatation, reduced TAPSE and hypertrophy,8,9,13 but 
whether these represent the clinical phenotype of RV failure is unclear because 
the studies with hemodynamical analyses lack data on clinical symptoms of RVF14,15 
and conversely, the studies reporting on the clinical phenotype of RV failure lack 
(extensive) hemodynamical data.8,10 

The clinical phenotype of RV failure consists of signs and symptoms as dyspnea at 
rest, hepatomegaly, ascites, pleural effusion and mortality.5,12

In the current study we aimed to characterize a phenotype of clinical RVF in rats 
with a tighter PAB (1.1 mm) than described before,8,9,16,17 using clinical symptoms in 
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the rats (ABCDE-system), as reported previously.6,18 We further aimed to relate the 
presence of clinical symptoms of RVF to specific hemodynamic, pathophysiologic 
and molecular patterns of RV function, using echocardiography, pressure-volume 
analysis and transcriptome-wide expression profiling in the RV. While a number 
of previous studies have compared different phenotypes, these were generally 
induced by different stressors (e.g. Sugen + hypoxia vs. PAB or monocrotaline vs. 
PAB or Sugen+hypoxia). Such comparisons are very interesting and have yielded 
considerable insight in the divergent responses of the RV to different physiological 
and chemical stressors. However, it remains unclear whether the differences found 
in these studies represent different stages of RVF or merely reflect the different 
stressors used. We aimed to solve this problem. To this end we compared two 
groups of rats that all underwent the same PAB banding, but either had or had not 
developed clinical symptoms of RVF.
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METHODS
Animal model and study design
Wistar rats (n=21; all male; 160-180g; Charles River, the Netherlands) were randomized 
into 2 groups: sham (CON, n=7) or pulmonary artery banding (PAB, n=14, two of 
which died during surgery). PAB was performed through a left lateral thoracotomy 
as described before,16 however, with a tighter constriction (1.1mm vs. 1.3mm before). 
Sham surgery was similar to the PAB surgery, with the exception of the actual 
banding of the pulmonary artery.

From the moment of PAB/sham surgery onward, the animals were daily checked 
for signs of clinical RV failure (see 2.2 Definition of clinical RV failure).18 When a rat was 
identified as developing clinical RV failure, echocardiography and pressure-volume 
analysis was performed: these rats are the PAB+Clinical Failure (PAB+CF) group (n=5). 
Four rats with a PAB that did not show signs of clinical RVF, yet also had decreased 
distance run during voluntary treadmill exercise were analyzed and terminated at 
the same follow-up duration (PAB minus Clinical Failure: PAB- group, n=4). At 11 
weeks the remaining rats (7 CON and 3 PAB) were terminated. See figure 1a for the 
experimental set-up. A detailed description of the methods is provided in the online-
only Data Supplement.

Definition of clinical RV failure
Rats were examined daily for clinical signs of RV failure according to a predefined 
ABCDE-checklist,6,18 which includes Appearance, Activity, Bodyweight, Circulation 
(peripheral), Cyanosis, Dyspnea/tachypnea and Edema, Effusions (see online-only 
Data Supplement). Clinical RV failure was defined as presence of at least: inactivity 
and ruffled fur and severe dyspnea and palpable ascites. The presence of ascites 
and pleural effusion was in all cases confirmed after termination.

Pressure-volume measurements, echocardiography, exercise
Functional analysis of the RV was performed before termination using invasive 
pressure-volume measurements in anesthetized (isoflurane/air mixture, 5% 
induction; 2-3% maintenance; analgesia with buprenorphine 0.01 mg/kg s.c.), 
ventilated rats following thoracotomy using a conductance catheter as described 
before18 and in the online-only Data supplement. Stroke volume as measured by 
echocardiography (in mL) was used to calibrate the conductance-derived stroke 
volume (in arbitrary units) derived from the conductance signal. Steady-state 
pressure-volume loops were used for calculation of all parameters. End systolic and 
end diastolic elastance were determined using the single-beat method; vena cava 
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occlusion caused immediate fatal deterioration of cardiac function in the majority of 
PAB+CF rats precluding this method of determining elastance.

Echocardiography was performed at 5 weeks and at termination as described 
before.18 Apical 3- and 4-chamber views and parasternal short- and long axis views 
were used to measure ventricular and atrial dimensions and tricuspid annular 
plane systolic excursion (TAPSE) and to assess tricuspid insufficiency. The gradient 
across the PAB was measured using continuous wave Doppler. Cardiac output 
was calculated as (aorta diameter)2 * 3.14 * velocity time integral * heart rate, using 
systolic aorta diameter and pulsed wave Doppler measurements of aorta flow. 
Beat-to-beat variation was accounted for by averaging measurements from 6 to 12  
consecutive beats.

Voluntary exercise was measured using running wheels mounted in the cages for 5 
consecutive days at baseline and after 5 weeks as described previously6,16,18 and in 
the online-only Data Supplement. 

Histological analyses
Ventricular remodelling was studied using RV free wall tissue. We used using 
standard histological techniques for measurement of RV cardiomyocyte cross-
sectional area, fibrosis, capillary density and macrophage infiltration, as described in 
the online-only Data Supplement.

Gene expression
Changes in gene expression in the RV myocardium were investigated using 
transcriptome-wide expression profiling and qRT-PCR for specific genes. Total RNA 
was extracted using TRIzol reagent (Invitrogen Corporation, Carlsbad, CA, USA); 
high quality was confirmed (RQI 9.3) using Experion (Bio-Rad, Veenendaal, the 
Netherlands). For the array-studies, RNA was purified for individual rats (n=7/4/5 
CON/PAB-/PAB+CF) using the Qiagen RNeasy mini kit (Venlo, The Netherlands); RNA 
quality was verified (RIN >9) (Agilent, Amstelveen, the Netherlands). Biotin-labeling, 
hybridization, washing, scanning of GeneChip Rat Gene 1.1 ST arrays (Affymetrics) 
and processing in the MADMAX pipeline (Nutrigenomics Consortium, Wageningen, 
The Netherlands)19 using Bioconductor software packages were all performed 
according to standard Affymetrix protocols at expert labs. Extensive quality control is 
described in the online-only Data supplement. Array data are deposited at the Gene 
Expression Omnibus (GEO) database (GSE46863).

Significantly regulated genes were related to biological processes using DAVID.20 
Gene set enrichment analysis,21 which includes expression of all genes (not just 
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significantly regulated genes) was performed, allowing detection of significant 
regulation of gene sets, even if the expression of individual genes is not significantly 
different between groups.

Statistical analysis
Quantitative data are expressed as mean±standard error of the mean (SEM). Testing 
of differences between CON, PAB- and PAB+CF was performed using ANOVA with 
Bonferroni post hoc correction for multiple testing. The rats that survived 11 weeks of 
PAB (n=3) were not included in the PAB- group so that the time exposed to PAB was 
equal in the PAB- and PAB+CF groups and potential confounding of the results by 
time-differences was avoided.22 Retrospective PAB- vs. PAB+CF comparisons at the 
5 week time point were evaluated using t-tests. P<0.05 was considered significant 
(PASW Statistics 20 for Windows, SPSS, Chicago, Illinois). Statistical analysis of the 
transcriptome array is described separately in the online-only Data Supplement.

RESULTS
After a mean period of 52±5 days, 42% of the rats developed clinical RVF (5/12, figure 

1b). Tightness of PAB was similar in rats with or without signs of clinical RVF, assessed 
by peak RV pressure that was equally increased in both groups at 5 weeks (echo-
measured PAB gradient (figure 1c) as well as at termination (invasively measured RV 
pressure, figure 1d).

Figure 1. A Schematic overview of experimental set-up. B Clinical symptoms of RV failure. Solid box 
= symptoms present. Open box = symptoms absent. Each row represents 1 rat. ABCDE refer to: A activity 
and appearance, B bodyweight, C cyanosis and/or hampered peripheral circulation, D dyspnea and/
or tachypnea, E effusions: pleural or ascites (see supplement for details). C PAB gradient measured by 
echocardiography at 5 weeks after surgery. D Invasively measured RV peak pressure measured before 
termination. Mean±SEM. Arrows indicate p<0.05 between respective groups.
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Rats with or without clinical signs of failure showed distinct functional, 
morphological and pathological profiles
All rats with PAB showed functional and morphological RV-abnormalities, but 
these were significantly more pronounced in PAB+CF than in PAB-. At termination, 
PAB+CF rats had a lower cardiac index (both when cardiac output was indexed for 
bodyweight or tibialength) (figure 2a), RV stroke volume (table 1) and TAPSE (figure 

2b). Furthermore, PAB+CF rats had a more enlarged right atrium (figure 2c) and 
pericardial effusion (3/5 of PAB+CF vs. 0/4 of PAB- rats; figure 2d). In PAB+CF, the 
right atrium was also more hypertrophic (figure 2e) and the liver wet/dry-weight 
ratio was increased signifying congestion (figure 2f). In line with this, postmortem 
examination revealed macroscopic liver congestion (so-called ‘nutmeg liver’) and 
ascites in PAB+CF, but not in PAB- (representative images in figure 2g). 

Figure 2. Echocardiographic and pathological confirmation of clinical RVF. PAB+CF was distinct from PAB- 
with regard to cardiac index (A), TAPSE (B), RA diameter (C), presence of pericardial effusion (example echo-
image in D), RA weight (E) and liver wet-to-dry ratio (F). Representative images of liver congestion (left-
hand panel in G) and ascites (right-hand panel in G). Mean±SEM. Arrows indicate p<0.05 between respective 
groups. TAPSE= tricuspid annular plane systolic excursion, RA= right atrium, TV= tricuspid valve.
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PAB consistently induced RV dilatation and tricuspid insufficiency, but no differences 
were found between PAB- and PAB+CF (table 1).

Table 1. Additional heartcatheterization and echocardiographic data in CON, PAB- and PAB+CF.

CON PAB- PAB+CF

Number of rats 7 4 5

Weights

Bodyweight at termination (g) 488±23 431±28* 456±21*

RV free wall weight (mg) 272±18 624±47* 582±41*

LV+IVS weight (mg) 883±48 846±92 823±54

Heartcath parameters

HR (/min) 308±5 258±24 264±15

dP/dtmax corr 49.8±2.2 32.3±3.7* 32.6±1.7*

dP/dtmin corr (*-1) 47.7±1.8 32.7±2.8* 23.9±4.0*

Tau (ms) 17.6±0.5 27.3±3.9* 23.1±2.5

Tau/cyclelength (ms/s) 90±2 114±9* 100±8

Echocardiographic parameters 5wk

Tricuspid insufficiency (present) 0% 100%* 100%*

Pericardial effusion (present) 0% 0% 40%*†

RVEDD (mm) 3.0±0.2 5.3±0.4* 6.0±0.1*

PAB gradient (mmHg) 4±1 74±5* 64±9*

RA diameter (mm) 3.5±0.1 5.2±0.3* 7.2±1.0*

TAPSE (mm) 2.9±0.1 1.7±0.2* 1.3±0.2*β

HR (/min) 368±8 315±18 279±20*

SV (uL) 295±13 205±20* 153±17*β

Echocardiographic parameters endpoint

Tricuspid insufficiency (present) 0% 100%* 100%*

Pericardial effusion (present) 0% 0% 60%*†

RVEDD (mm) 4.5±0.1 6.2±0.2* 6.5±0.5*

PAB gradient (mmHg) 3±1 72±11* 62±10*

RA diameter (mm) 4.5±0.1 6.0±0.1* 7.7±0.6*β

TAPSE (mm) 3.4±0.2 2.0±0.2* 1.2±0.1*β

HR (/min) 368±6 304±11* 301±13*

SV (uL) 426±30 271±24* 152±21*β
 
LV= left ventricle, IVS= interventricular septum, HR= heart rate, dP/dt max corr= dP/dt max normalized for RV 
peak pressure, dP/dt min corr= dP/dt min normalized for RV end systolic pressure, RVEDD= right ventricular 
enddiastolic volume, PAB= pulmonary artery banding, RA= right atrium, TAPSE= tricuspid annular plane 
systolic excursion, SV= stroke volume. Values are mean ± SEM. *= p<0.05 vs. CON, β vs. PAB-
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Pulmonary artery banding resulted in enhanced systolic function, 
while the occurrence of clinical symptoms is associated with worse 
diastolic function 
Pressure-volume analysis revealed hemodynamic distinctions between PAB- and 
PAB+CF (representative pressure-volume loops in figure 3a-c). End systolic elastance 
(a measure of contractility) showed a trend to be higher in PAB+CF (figure 3e). However, 
the performed stroke work in PAB+CF was significantly lower than in PAB- (figure 3f), 
reflecting decreased stroke volume despite enhanced end systolic elastance. 

Figure 3. Pressure-volume analysis. Representative pressure-volume loops of CON, PAB- and PAB+CF (A-
C), end systolic pressure volume relations indicated by solid lines, end diastolic pressure volume relations 
indicated by dashed lines. Indices of diastolic function; end diastolic elastance (C) and end diastolic pressure 
(D). The single-beat method was used to determine elastance in all groups because of the fatality of the 
procedure in the majority of animals in the PAB+CF group. However, in many animals (all in the CON- and 
PAB groups and some in the PAB+CF group) we were able to perform vena cava occlusion without problems. 
In this figure data during vena cave occlusion are shown to illustrate the hemodynamic changes in the 
different groups. End systolic elastance (E) and stroke work (F). Mean±SEM. Arrows indicate p<0.05 between 
respective groups. Eed= end diastolic elastance, Ped= end diastolic pressure, Ees = end systolic pressure

Advanced diastolic dysfunction 
hallmarked PAB+CF compared 
to PAB-: both end diastolic 

elastance (figure 3c, p=0.06) and end diastolic pressure (figure 3d) were higher 
in PAB+CF. This was due to increased stiffness rather than to incomplete active 
relaxation as tau did not differ between PAB- and PAB+CF (table 1).

Clinical right ventricular failure in pressure 
overload is characterized by enhanced systolic 
function and diastolic dysfunction.
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Association of regulatory mechanisms of cardiomyocyte relaxation, 
fibrosis, hypertrophy and capillary growth to RVF with clinical 
symptoms
In PAB+CF, mRNA expression of the compliant isoform of titin, N2Ba, was significantly 
increased (table 1), indicating an adaptive response to counter passive ventricular 
stiffness. However, activities of protein kinase A and G, phosphorylation status 
of phospholamban and expression of SERCA ATPase, which regulate active 
cardiomyocyte relaxation were not significantly changed (table 1). Diastolic dysfunction 
has also been associated with increased stiffness due to interstitial fibrosis and/or 
hypertrophy. However, fibrosis was lower in PAB+CF than in PAB- (figure 4a,e). 

Figure 4. Histology and gene expression. RV fibrosis (A, E: two top rows are representative images of 
Masson-Trichrome stained RVs, ruler is 500μm, black box with 1mm). RV hypertrophy (RV free wall weight 
normalized for tibia length, B) and RV cardiomyocyte cross-sectional area (C, E third row are representative 
images of RV sections stained with a membrane marker (wheat germ agglutinin, green), ruler is 75μm. RV 
capillary density, expressed as capillary-to-cardiomyocyte ratio (D, E bottom row are representative images 
of RV sections stained with capillary-marker lectin, ruler is 130μm). mRNA expression of genes related to 
hypertrophy, fetal gene program, oxidative stress and fibrogenesis (CON =1, relative to 36B4 reference gene 
expression). Mean±SEM. Arrows indicate p<0.05 between respective groups. CCSA= cardiomyocyte cross-
sectional area, cap= capillary, MYH7/6= β/β-myosin heavy chain, RCAN1= regulator of calcineurin 1, NPPA/
B= natriuretic pro-peptides type A/B, ACTC= β-cardiac actin, ACTA= β-skeletal actin, HO-1= hemoxygenase-1, 
TGFβ-1= transforming growth factor- β-1, OPN-1= osteopontin-1, COL1A2/3A1= collagen subunits 1A2 and 3A1.

This was not accompanied by blunted signaling in the pro-fibrotic pathways or 
attenuated expression of collagen-isoforms (figure 4f). Fibrosis has been suggested 
to result from deficient hemoxigenase-1 (HO-1) activation; one of the protective 
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mechanisms against oxidative stress7, and in line with this we found that HO-1  
was specifically upregulated in PAB+CF (figure 4f). We could not demonstrate 
differences in NOX-4 activation or macrophage infiltration between PAB- and PAB+CF  
(data not shown).

The amount of RV hypertrophy was equal in PAB- and PAB+CF, whether expressed 
as (normalized) RV weight or cardiomyocyte cross sectional surface area (figure 
4b,c,e). Also mRNA expression of genes involved in hypertrophy (myosin heavy chain-
isoforms, regulator of calcineurin 1) and the natriuretic peptides type A and B were 
increased equally in PAB- and PAB+CF (figure 4f). However, mRNA expression of the 
two isoforms of actin was different in PAB- and PAB+CF. The predominant isoform 
(ACTC) was normal in PAB-, but downregulated in PAB+CF (figure 4f). The fetal isoform 
(ACTA) which is known to be upregulated in response to stress was indeed upregulated 
in pressure load, but ~50% less in PAB+CF than in PAB- (figure 4f).

Insufficient capillary growth to supply the hypertrophic myocardium is suggested 
to be a main cause of pressure-load induced heart failure7. In both groups capillary 
density was decreased (figure 4e), accompanied by a reduction in VEGF-A and 
VEGF receptor type 2 expression (data not shown). However, in PAB+CF the number 
of capillaries per cardiomyocyte was significantly less than in PAB- (figure 4d). 

Cardiac index and voluntary exercise predict the onset of RVF with 
clinical symptoms
We performed echocardiography and voluntary exercise measurements at 35 days 
after PAB surgery, well before the onset of clinical RVF (52±5 days). Retrospectively 
comparing PAB- and PAB+CF rats, we found that voluntarily run distance, RV stroke 
volume, TAPSE and cardiac index (both when cardiac output was indexed for bodyweight 
or tibia length) were all significantly lower at 5 weeks in the rats that later developed 
clinical RVF as compared with those that did not develop symptoms of RVF (figure 5a-d).  
In contrast, there were no differences between PAB+CF and PAB- with regard to 
ventricular dilatation and tricuspid insufficiency at 5 weeks (table 1). While significantly 
different between PAB+CF and PAB-, cardiac index (figure 5e) and TAPSE (table 1) 
were stable from 5 weeks onward, also in rats that developed clinical RVF. 

The hemodynamic data of the PAB- group (which was prematurely terminated 
concurrently with the PAB+CF group) and the PAB rats that survived 11 weeks were 
similar (supplemental table 1).
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Figure 5 .Comparison of PAB- and PAB+CF at 5 weeks. PAB- and PAB+CF were significantly different at 5 
weeks with regard to run distance (A, percentage change in run distance at 5 weeks vs. baseline), RV stroke 
volume (B), TAPSE (C) and cardiac index (D, in mL/min/g bodyweight). Cardiac index was stable in all groups 
at termination vs. 5 weeks (E). Mean±SEM. Arrows indicate p<0.05 between respective groups.  PAB(11w)=  
PAB rats terminated at 11wks, TAPSE= tricuspid annular plane systolic excursion.

Changes in gene expression following PAB
Because no evident culprit has yet been found in RVF, and the etiology of RVF is 
likely multifactorial, we performed transcriptome-wide expression profiling, to study 
pathways involved in RVF. PAB induced significant changes in expression of >3000 
genes. 1,437 of these and 263 of the significantly regulated gene sets were present 
in both PAB- and PAB+CF (figure 6, 
supplemental table 1). As expected, 
up regulation in the common gene 
pattern predominantly involved 
cardiac/cellular growth, and multiple 
interwoven and well known signaling 
pathways (MAPK-ERK1/2, PI3K-Akt-
NFkappaBeta-mTOR, Integrins, TGF-
beta, endothelin etc.). Down regulation was seen in specific gene sets related to 
metabolism, for example down regulation of PPAR alpha signaling, intermediary 
enzymes in fatty acid metabolism, PGC1 alpha signaling, mitochondrial gene 
expression and oxidative phosphorylation (figure 6, supplemental table 1).

Whereas genes involved in fatty acid 
metabolism were downregulated in rats 
subjected to pressure load, with and 
without clinical symptoms, genes involved 
in glycolysis and gluconeogenesis were 
specifically downregulated in rats with 
clinical right ventricular failure. 
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Changes in gene expression specifically associated with either 
PAB+CF or PAB-
1,666 genes and 104 gene sets were specifically regulated in PAB+CF, many of 
which related to cellular (energy) metabolism (figure 6, supplemental table 1, table 

supplemental table 3). Most prominently, there was a significant down regulation 
of glycolysis/gluconeogenesis related gene sets in PAB+CF, in contrast to PAB- 
(figure 7). In addition, while the changes in fatty acid metabolism and beta-oxidation 
were comparable between PAB- and PAB+CF, the down regulation of oxidative 
phosphorylation, the tricarboxylic acid cycle and amino acid metabolism appeared to 
be more pronounced in PAB-CF than in PAB- (figure 7).

In contrast to the PAB+CF group, only a few additional genes (215) and gene sets 
(20) were specifically regulated in PAB- (figure 6, supplemental table 1). The 215 
genes were not significantly related to a specific biological process. Likewise, the 
found gene sets were aspecific. No gene sets were regulated in opposite directions 
in PAB- vs. PAB+CF.

Figure 6. Significantly regulated gene sets in CON, PAB- and PAB+CF. Gene set enrichment analysis. Number of 
differentially enriched gene sets vs. CON in PAB-and PAB+CF is indicated in the circles, separately for positive/
negative enrichment (up regulation/down regulation). Commonly enriched gene sets are represented by the 
overlap. Pie-charts show distribution of the gene sets in categories for PAB-, PAB+CF and COMMON, again 
separately for positive/negative enrichment. N=7/4/5 for CON/PAB-/PAB+CF. False discovery rate (FDR) <15%, 
nominal P value <0.05 and normalized enrichment score >1.3 was considered significant.
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Figure 7. Enrichment of gene sets associated with energy metabolism. Normalized enrichment scores (NES) 
of PAB- and PAB+CF vs. CON. N=7/4/5 for CON/PAB-/PAB+CF. * indicates false discovery rate (FDR) <15%, 
nominal P value <0.05 and normalized enrichment score >1.3 for respective gene set vs. CON.

DISCUSSION
In this study, the rat model of chronic ‘tight’ pulmonary artery banding induced 
RV failure in all rats, and severe RV failure with clinical symptoms in half of the 
rats. Progressive RV failure was characterized hemodynamically by progressive 
diastolic dysfunction. Diastolic dysfunction occurred despite adaptive responses 
to maintain active relaxation, and was not due to increased fibrosis. RV failure with 
clinical symptoms is associated with a hypoxia-prone cellular environment in the 
RV myocardium, increased intrinsic protective response to oxidative stress and 
suppressed myocardial metabolism.

The here described approach to the PAB model gives insight in advanced (clinical) 
RVF due to increased pressure load and can be used to unravel the mechanisms 
involved in the progression from RV adaptation to RV failure and to assess the effect 
of interventions on these mechanisms.
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PAB and the development of RVF
The tight PAB used in this study led to various degrees of RV failure, in which we 
made a distinction based on clinical symptoms. About half of the rats developed 
severe RVF with clinical symptoms that necessitated termination. This would be 
analogous to NYHA class IV. The other PAB rats did develop RVF (reduced voluntary 
exercise tolerance, RV dysfunction etc.) but displayed no overt clinical signs. This 
would be analogous to NYHA class II-III. This variability in phenotype may have 
different explanations. Firstly, it may represent variability in PAB tightness, as the rats 
with a tighter PAB would develop a more severe phenotype. However, in figure 1 we 
showed that systolic RV pressures and PAB gradient were equal in both PAB- and 
PB+CF groups at both 5 weeks and at the endpoint, which excludes PAB variability 
as explanation. The fact that the ‘stress’ imposed on all RVs was equal, suggests that 
the differences in phenotype are explained by differences in adaptation. Indeed, the 
inherent ability to cope with pressure load appears to differ among rats. As shown 
in figure 5, functional parameters are already different between groups at 5 weeks; 
which is weeks before clinical symptoms occur. This inherent vulnerability for (or 
resilience against-) RV pressure load is not explained by major differences in genetic 
make-up as we used an inbred rat strain for all experiments. Rather, our data suggest 
that differences may exist in the mechanisms regulating diastolic function. 

Clinical RVF is characterized by diastolic dysfunction with enhanced 
contractility
Recently, there is renewed debate about the involvement of diastolic versus systolic 
dysfunction in the progression of RV failure.23 Whereas previously the role of systolic 
dysfunction has received most attention, the results of the present study stress the 
importance of diastolic dysfunction in the development of clinical RV failure. These 
findings are confirmed by recent studies in human ex-plant RV tissue.24

Surprisingly, no decrease in systolic function, rather increased contractility was 
observed. Enhanced contractility in RVF might seem paradoxical, but it is a consistent 
finding in the chronic pressure overloaded RV14,16,25,26 and in PAH patients.24 From 
previous experimental studies, as well as from a recent study in PAH patients24 
it is known that chronic RV pressure overload induces diastolic dysfunction.14,16 
This study now adds the observation that the occurrence of clinical RVF is 
associated with deteriorating diastolic function. Diastolic function is the resultant 
of both active relaxation, which depends on Ca2+ re-uptake by phospholamban-
modulated SERCA2a and sodium-calcium exchanger NCX, and passive chamber 
properties. Active relaxation of the RV is thought to be disturbed in acute pressure 
overload.27 In the current study in chronic pressure load however, active relaxation 
(tau) was only mildly prolonged and did not further increase with clinical RVF.  
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Also expression of SERCA2a, phospholamban and NCX was comparable between 
groups and not correlated to deterioration of diastolic function. In contrast, 
passive chamber properties (Eed, EDP) revealed progressive stiffening of the RV. 
Interstitial fibrosis contributes to myocardial stiffening in heart failure. However, we 
found interstitial fibrosis to be less increased in the PAB-rats with clinical RVF and 
deteriorated diastolic dysfunction, as compared to those without clinical RVF and 
less diastolic dysfunction. The pro-fibrotic signaling (TGFβ1, osteopontin) appeared 
similarly activated in both groups, suggesting a higher degradation of collagen 
in the PAB-rats with RVF. In other words, the increased myocardial stiffening in 
PAB-rats with clinical RVF cannot be explained by increased interstitial fibrosis. In 
other species (e.g. rabbits) fibrosis may play a more prominent role.28,29 Stiffening of 
sarcomeres might be another explanation for the deterioration of diastolic function. 
We observed an increased expression of the more compliant N2Ba titin isoform 
in PAB+CF, which may be an adaptive response. However, titin compliance also 
depends on phosphorylation, which is mediated by PKG-1.24 We did not measure 
titin phosphorylation, but PKG-1 activity was not increased in PAB+CF, which may 
(partly) explain the adverse change in ventricular stiffness.

The key to effective treatment of RVF may not be found in interventions preserving 
RV diastolic function, for instance by increasing titin phosphorylation status.

Clinical RVF is associated with a hypoxia-prone cellular environment
In this PAB model, the development of clinical signs of RVF was associated with a state 
of hypoxia-prone cellular environment and increased intrinsic protective response 
to oxidative stress. Pathological hypertrophy, characterized by activation of e.g. the 
calcineurin-NFAT signaling system30  was similarly present in both PAB-groups. 
However, capillary-myocyte ratio was reduced in PAB-rats with clinical RVF. This 
finding is in line with previous studies suggesting that insufficient capillary formation 
to supply the hypertrophic myocardium contributes to the development clinical RVF.8

Myocyte hypoxia may also lead to RV failure via increased oxidative stress,31 which 
has been linked to cardiac stiffness.32 We found circumstantial evidence of increased 
oxidative stress (increased heme oxygenase-1 mRNA expression; a powerful anti-
oxidant enzyme in heart failure,33 in PAB-rats with clinical RVF, but not in those without 
clinical RVF.  Obviously, besides HO-1, multiple pathways (both related and unrelated 
to oxidative stress) are contributing to the formation and degradation of fibrosis in RV 
failure, many of which show significantly changed expression in the transcriptome 
array. However, the upregulation of HO-1 is intriguing, especially because the direction 
of expression change is opposite to that in the Sugen-hypoxia model of RVF, in which 
the stress to induce the model itself may cause oxidative stress.34  
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Downregulation of energy metabolism in RVF 
Relative hypoxia and altered states of oxidative stress of the hypertrophic myocardium 
have been suggested to cause metabolic changes in the RV.35 RV pressure load 
leads to changes in fatty acid oxidation (FAO) and uncoupling of glycolysis from 
glucose-oxidation (GO), but so far it is unclear whether these changes are adaptive 
or, in contrast, contribute to failure.31,36,37 In compensated PAB models FAO has been 
described to be enhanced and pharmacological inhibition of FAO improved cardiac 
output.36,37 However, in our failing PAB model there was marked down regulation 
of the FAO related gene program which suggests that this therapeutic approach 
might be detrimental in advanced clinical RVF. Although downregulation of genes 
expressing FAO enzymes not necessarily implies reduced protein, Faber et al 
previously showed reduced levels of proteins involved in FAO in a model of PAB.38 
The concomitant down regulation of gene sets involved in carbohydrate metabolism, 
tricarboxylic acid cycle and oxidative phosphorylation in PAB+CF may reflect energy 
deprivation of the myocardium which is thought to be a final common pathway in heart 
failure.39 Indeed, in models of compensated RV pressure load, transcriptome and 
protemic studies show upregulation of carbohydrate and oxidative phosphorylation 
pathways,29,38 which may be a prelude to the transition to failure. Taken together, 
these findings substantiate hypotheses originating from studies in left ventricular 
failure and gene profiling studies in different models of RV overload, and suggest 
that multi-level disruption of the myocardial energy metabolism may be pivotal in 
the pathobiology of RV failure. Yet, despite the similarities with findings in LV failure, 
application of medical therapies successful in targeting LV failure did not show any 
benefit in patients or animal models of RVF.18,34,40 Thus, the similarities in response 
do not explain the different phenotypes and further studies to the differences in 
response are warranted to explain the development of RV failure.

Predictability of clinical RVF facilitates future mechanistic and 
intervention studies
The here presented approach to the PAB model yields exciting opportunities for 
mechanistic and intervention studies to further explore the role of myocardial energy 
metabolism in RVF. As shown in figure 5, echocardiographic measurements at 5 
weeks (when all rats are still asymptomatic) can be used to predict which rats will 
develop symptoms of RVF in a limited timeframe. This feature allows for detailed 
metabolic studies (answering the question whether the metabolic derangement is 
cause or effect in RVF). Moreover, it allows targeted interventions in either phenotype; 
at the 5 week time point rats could be randomized to receive pharmacological 
treatment targeted at either prevention or delay of symptoms (in the PAB+CF group) 
or improvement of function in the more compensated phenotype (PAB- group).
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Limitations
This study comes with some limitations that should be discussed. 1) We studied a 
relatively small number of animals. The clear distinction in phenotype and major 
differences in function, morphology and biology however underline that our study had 
sufficient power. 2) The definition of RVF is a recurring subject of debate. The lack of a 
generally accepted definition for RVF is hampering studies addressing the progression 
from beneficial RV-adaptation to maladaptive RV-responses or RVF. We sought for a 
clinical relevant definition of RVF and used clinical signs of heart failure in the PAB rats. 
However, since RV failure is not a distinct entity but rather a continuum of progressive 
disease states, our clinical definition of RV failure, dichotomizing rats in a group with or 
without clinical RV failure in an effort to study differences throughout the process of RV 
failure, may be artificial. However, because of the analogy with the clinical presentation 
in patients, we considered this approach as a clinical relevant definition of RVF. 3) The 
observational approach of this study yielded several associations between clinical RVF 
and biological/genetic changes, but obviously, does not prove causal relationships. 
Nevertheless, the identification of these associations allows for focused studies to 
delineate the mechanistic role of these changes in RVF.

CONCLUSION
The rat model of chronic ‘tight’ pulmonary artery banding leads to various degrees 
of RVF, including severe RVF with clinical symptoms in about half of the animals, 
characterized by progressive deterioration of diastolic function, a hypoxia-prone 
cellular environment in the RV myocardium, increased intrinsic protective response 
to oxidative stress and suppressed myocardial metabolism. This model represents 
clinical RVF due to increased pressure load and allows for unraveling of the 
mechanisms involved in the progression from RV adaptation to RV failure and the 
effect of intervention on these mechanisms.
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SUPPLEMENTARY MATERIAL
Animal care and experiments were conducted according to the Dutch Animal 
Experimental Act and conform to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH Publication No. 85-23, 
revised 1996). The Animal Experiments Committee of the University of Groningen, 
the Netherlands approved the experimental protocol.

Symptoms and signs of clinical RV failure (ABCDE system)
Rats were daily checked for symptoms of RV failure, as described before.1,2 The 
A-symptoms were considered present when the animal had a ruffled fur, red 
discoloration of head and neck (due to decreased cleaning-behaviour) or was less 
active than previously, despite stimulation. Bodyweight in RVF can either decrease 
due to low intake or steeply increase due fluid retention in chest and abdomen. The 
bodyweight-symptom was therefore considered present if there was a change in 
bodyweight of more than 15 grams in <48 hours. Cyanosis was checked at exposed 
skin on head, paws and tail. Hampered peripheral circulation was considered present 
if both front paws and hind legs/tail were pale and markedly colder than normally. 
Dyspnea and tachypnea were defined as markedly increased breathing-effort and, 
-frequency, respectively. Edema and effusions were defined as fluid collection in 
thorax and/or abdomen, palpable (ascites) and confirmed at termination (pleural/
pericardial effusion and ascites).

Voluntary exercise
To measure voluntary exercise,3,4 running wheels were mounted in the rat cages. 
Five days before PAB/sham surgery, 5 days before the 5-wks time point and 5 days 
before sacrifice (for those that reached the 11-wks time point; due to the sudden 
onset of clinical RVF (<48u), exercise testing could not be performed in PAB- and 
PAB+CF rats at end point), rats were allowed to run in the cage wheel. Running 
distance was recorded daily using a digital magnetic counter (Commodoor Cycle 
Odometer, Commodoor, the Netherlands) and used as a measure of voluntary 
exercise. Because of large inter-individual variation, the percentage change in run 
distance versus baseline was used as outcome.

Echocardiography
Echocardiography was performed at 5 weeks and at termination in all animals. 
Echocardiography was performed as described previously4 using a Vivid Dimension 
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7 system and 10S-transducer (GE Healthcare, Waukesha, WI, USA). Rats were 
anesthetized with isoflurane (5% induction; 2-3% maintenance; a pulse-oxymeter 
(Nonin Medical, Plymouth, MN, USA) was used to monitor adequacy of anesthesia). 
We used apical 3- and 4- chamber views and parasternal short and long axis views 
to measure RV dimensions, tricuspid insufficiency, TAPSE, and gradient across the 
PAB. Cardiac output was calculated using systolic aorta diameter  and pulsed wave 
Doppler of aorta flow as (aorta diameter)2 × 3.14 × velocity time integral (VTI) x heart 
rate. The mean of measurements from 6-12 consecutive beats with a proper signal 
was taken to average out beat-to-beat variation. 

Pressure-volume analysis
At termination, hemodynamic characterization of the RV was performed by pressure-
volume analysis, obtained by RV catheterization according to a previously described 
protocol.4 

Rats were anesthetized with isoflurane (5% induction; 2-3% maintenance; a pulse-
oxymeter (Nonin Medical, Plymouth, MN, USA) was used to monitor adequacy of 
anesthesia), intubated and ventilated. Analgesia was applied using buprenorphine 0.01 
mg/kg s.c. at the start of the procedure. Subsequently the rat was positioned supine 
under a stereomicroscope (Zeiss, Hamburg, Germany) and fixated on a temperature-
controlled warming pad. The right jugular vein was dissected and cannulated facilitating 
hypertonic saline infusions. Following bilateral thoracotomy and pericardiotomy a 
combined pressure-conductance catheter (SPR-869, Millar Instruments Inc., Houston, 
TX, USA) was introduced via the apex into the RV and positioned in the RV outflow 
tract. RV pressures and conductance were recorded using a MPVS 400 processor 
at a sample rate of 1.000 Hz with Chart 5 (Millar Instruments Inc., Houston, TX, USA). 
Subsequently, via the dissection in the neck, the right carotid artery was exposed and 
the catheter was introduced via the right carotid artery and ascending aorta into the 
LV to measure LV pressures. Blood loss during the procedure was minimal (<0.5mL). 
Analyses were performed offline using custom-made software (CircLab 2012, P. 
Steendijk). Steady-state pressure-conductance data were obtained by averaging the 
values of 3 steady-state recordings (at least 7 loops each).

Parameters obtained from pressure-volume loops included heart rate, peak pressure, 
end diastolic pressure and maximal and minimal first time-derivative of pressure (dP/
dtmax and dP/dtmin). The relaxation time constant (tau) was calculated as the time 
constant of monoexponential decay of RV pressure during isovolumic relaxation.

Stroke volume (in arbitrary units) derived from the conductance signal was calibrated, 
using stroke volume (in mL) measured by echocardiography. End systolic and end 
diastolic elastance were determined using the single-beat method;5,6 vena cava 
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occlusion caused immediate fatal deterioration of cardiac function in the PAB+CF 
rats precluding this method to determine elastance.

Organ weights, staining
After heart catheterization, the rats were euthanized by removing the heart from 
the thorax. Heart, lungs and liver were dissected. RV, interventricular septum, LV 
and both atria were separated and weighed. The liver lobe and lung lobe were 
weighed, dried overnight at 65°C and weighed again to determine wet weight/dry 
weight ratio. Midventricular RV sections were fixated (formalin) and stained to assess 
cardiomyocyte cross-sectional area (wheat germ agglutinin), fibrosis (Masson 
Tri-chrome), capillary density (lectin) and macrophages (CD68) as described 
previously.3,4,7,8 Microscopy-imaging was performed at the UMCG Imaging Center 
(UMIC), which is supported by the Netherlands Organization for Health Research 
and Development (ZonMW grant 40-00506-98-9021).

Western blot
Protein was extracted using RIPA buffer; protein concentration was measured using 
Protein Assay (Bio-Rad Laboratories B.V., Veenendaal). Protein was put on a gel and 
after electrophoresis semi-dry blotting was performed. Protein transfer to the blot 
was confirmed with Ponceau S staining. After blotting, the membrane was blocked 
using 5% Elk in TBS/0,1% Tween for at least 30 min and incubated with antibodies 
specific to SERCA, PLN and phosphorylated PLN and standard secondary antibodies. 
Tubulin was used as a loading control. Protein detection and quantification was done 
with ImageQuant LAS 4000 (GE Healthcare Life Sciences).

Protein kinase activity assays 
PKG activity was measured in RV (free wall) tissue using the cyclex cyclic GMP 
dependent protein kinase (cGK) assay kit (CycLex Co., Nagano, Japan). Samples 
were prepared in extraction buffer (50 mM potassium phosphate buffer, 1 mM EDTA, 
1 mM EGTA, 5 mM DTT, 4 ul/mL phosphate inhibitor), potassium phosphate buffer 
and DE-buffer (20 mM Tris-HCl, 60 mM NaCl, 0,5 mM EDTA, 1 mM EGTA, 4 uL/mL 
phosphatase inhibitors) according to the assay protocol. 100uL of each sample was 
then added to the plate, which was precoated with recombinant G-kinase substrate. 
After incubation (30 min, 30°C) and a washing step, incubation with 100uL of HRP 
conjugated anti-phopho-specific antibody for an hour at room temperature was 
performed. After another washing step, substrate reagent was added to incubate for 
15 minutes; with stop solution the reaction was terminated. Absorbance was read in 
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at dual wavelengths of 450/540 nm. Data are presented as quantities of cGK activity 
expressed in units per ug protein, as measured with the BioRad DC Protein Assay. 

PKA activity was measured using the MESACUP Protein Kinase Assay (MBL CO., Ltd, 
Nagoya, Japan). Sample preparation was done similarly to PKG sample preparation 
with the same extraction buffers. 100 uL of each prepared sample was added to 
each well (incubated for 10 min, 25°C) followed by stop solution. After washing 100 
uL biotinylated antibody 2B9 was added (incubated for 60 min, 25°C) and again the 
plate was washed. The addition of POD-conjugated streptavidin (incubated for 60 
minutes at 25°C), substrate solution (incubated for 3 min at 25°C ) and stop solution 
was interspersed by washing steps. The absorbance was read at a wavelength of 
492 nm. Data are presented as relative PKA activity.

qRT-PCR
To characterize the hypertrophy response and study the regulation fibrosis and 
capillary growth, expression of the fetal gene program (myosin heavy chain isoforms, 
natriuretic pro peptides type A and B) and markers of hypertrophy (ACTA, ACTC, 
RCAN1), fibrosis (TGFββ-1, OPN-1, Col1A2, Col3A1), capillary growth (VEGF-A, VEGF-R1, 
VEGF-R2), and oxidative stress (HO-1, NOX-4) were measured. We also specifically 
measured mRNA expression of genes involved in the regulation of systolic and 
diastolic function (SERCA-ATPase, phospholamban, sodium-calcium exchanger 
(NCX) and titin isoforms N2B and N2Ba. RV (free wall) tissue was snap-frozen in liquid 
nitrogen. Total RNA was extracted using TRIzol reagent (Invitrogen Corporation, 
Carlsbad, CA, USA); high quality was confirmed (RQI 9.3) using Experion (Bio-Rad, 
Veenendaal, the Netherlands), before conversion to cDNA by QuantiTect Reverse 
Transcription (Qiagen, Venlo, the Netherlands). Gene expression was measured with 
Absolute QPCR SYBR Green ROX mix (Abgene, Epsom, UK) in the presence of 7.5ng 
cDNA and 200nM forward and reverse primers. qRT-PCR was carried out on the 
Biorad CFX384 (Bio-Rad, Veenendaal, the Netherlands) using a standard protocol. 
Primer sequences are available upon request. mRNA levels are expressed in relative 
units based on a standard curve obtained by a calibrator cDNA mixture. All measured 
mRNA expression levels were corrected for 36B4 reference gene expression.

Transcriptome-wide expression profiling
Total RNA was isolated from the right ventricular free wall using TRI reagent 
(Sigma, St. Louis, MO) according to the manufacturer’s protocol. RNA was purified 
for individual rats (n=7/4/5 CON/PAB-/PAB+CF) using the Qiagen RNeasy mini kit 
(Venlo, The Netherlands); RNA quality was verified (RIN >9) (Agilent, Amstelveen, the 
Netherlands). Biotin-labeling, hybridization, washing and scanning of GeneChip Rat 
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Gene 1.1 ST arrays (Affymetrics) were performed according to standard Affymetrix 
protocols. 

Quality control and normalization
Scans of the Affymetrix arrays were processed in the MADMAX pipeline 
(Nutrigenomics Consortium, Wageningen, The Netherlands)9 using Bioconductor 
software packages. Quality control was carried out by visual inspection of the heat 
map, Affymetrics Quality Control metrics, Relative Log Expression-plot, Normalized 
Unscaled Standard Error-plot and hierarchical clustering. Expression levels of probe 
sets were normalized using the robust multi-array average algorithm10 with 19239 
transcripts passing the filter. Probe sets were assigned to genes using the custom 
CDF library version 15.1.1. Array data are deposited at the Gene Expression Omnibus 
(GEO) database (GSE46863).

Differential expression of individual genes
Differentially expressed probe sets were identified using an IBMT regularized t-test.11 
P values were corrected for multiple testing using a false discovery rate method. 
Probe sets that satisfied the criterion of a false discovery rate <1% were considered 
significantly regulated. 

Gene set enrichment analysis
Gene set enrichment analysis (GSEA, version 3.1)12 was used to explore changes 
in the global gene expression pattern. Out of 899 predefined gene sets (gene set 
size set to min=50, max=500), those passing the criteria false discovery rate (FDR) 
<15%, nominal P value <0.05 and normalized enrichment score >1.3 were considered 
significant. All gene sets available were obtained from the C2-curated Molecular 
Signatures Database.

DAVID
Database for Annotation, Visualization and Integrated Discovery (DAVID) software 
was used to categorize genes into biological processes.13,14 In DAVID, statistical 
significance of differential expression of a biological process was assessed using 
moderated  t-tests; p-values were adjusted for multiple testing to control false 
discovery rate using the Benjamini method. P<0.01 was considered significant.
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Comparisons in transcriptome array
Within the mentioned significance criteria, the PAB- vs. CON and PAB+CF vs. CON 
comparisons were sufficiently powered. The third comparison (PAB- vs. PAB+CF), 
however, only yielded significantly regulated genes with additional filtering (fold 
change>1.3). We therefore described the differences between PAB- and PAB+CF by 
contrasting the PAB-/CON and PAB+CF/CON comparisons.
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SUPPLEMENTAL FIGURES

 

Supplemental figure 1 . Significantly regulated genes in PAB- and PAB+CF. Analysis of gene expression. 
Number of differentially expressed genes vs. CON in PAB- (blue) and PAB+CF (red) is indicated in the circles. 
Commonly regulated genes in purple. Number of significantly related biological processes (DAVID) between 
brackets. Pie-chart shows distribution of the related biological processes in categories for PAB+CF and 
COMMON. N=7/4/5 for CON/PAB-/PAB+CF. Individual genes: Limma P controlled with false discovery rate 
<1% was considered significant. DAVID: P<0.01 and Benjamini <0.01 was considered significant.
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Supplemental figure 2. A Heat map display of mRNA expressed in CON, PAB- and PAB+CF. B Dendrogram 
using Ward hierarchical clustering on the Pearson distance measure (RMA). 
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SUPPLEMENTAL TABLES
Supplemental table 1. Heartcatherization and echocardiographic data in PAB- and PAB (11w).

  PAB- PAB (11w) p-value

Number of rats 4 3

Heartcath parameters

HR (/min) 258±24 272±6 0.65

dP/dtmax corr 32.3±3.7 32.7±2.0 0.94

dP/dtmin corr (*-1) 32.7±2.8 32.1±3.7 0.89

Tau (ms) 27.3±3.9 25.4±0.7 0.70

Tau/cyclelength (ms/s) 114±9 115±4 0.91

Echocardiographic parameters 5wk

Tricuspid insufficiency (%) 100% 100% 1.00

Pericardial effusion (%) 0% 0% 1.00

RVEDD (mm) 5.3±0.4 5.8±0.3 0.36

PAB gradient (mmHg) 74±5 63±4 0.17

RA diameter (mm) 5.2±0.3 3.5±0.4 0.19

TAPSE (mm) 1.7±0.2 1.9±0.4 0.52

HR (/min) 315±18 329±9 0.56

SV (uL) 205±20 233±6 0.29

Echocardiographic parameters endpoint

Tricuspid insufficiency (%) 100% 100% 1.00

Pericardial effusion (%) 0% 0% 1.00

RVEDD (mm) 6.2±0.2 7.0±0.4 0.10

PAB gradient (mmHg) 72±11 113±12 0.06

RA diameter (mm) 6.0±0.1 6.5±0.3 0.13

TAPSE (mm) 2.0±0.2 2.0±0.1 0.96

HR (/min) 304±11 328±14 0.23

SV (uL) 271±24 292±33 0.63

HR= heart rate, dP/dt max corr= dP/dt max normalized for RV peak pressure, dP/dt min corr= dP/dt min 
normalized for RV end systolic pressure, RVEDD= right ventricular enddiastolic volume, PAB= pulmonary 
artery banding, RA= right atrium, TAPSE= tricuspid annular plane systolic excursion, SV= stroke volume.
Values are mean ± SEM. Significance indicated by p-values from t-test PAB- vs. PAB(11w).

Supplemental table 2. Genes up- or down regulated vs. CON in both PAB- and PAB+CF. 

Due to excessive length not added  to this version of the manuscript.
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Supplemental table 3. Gene Sets specifically downregulated in PAB+CF

CATEGORY GENE SET SIZE NES PAB+CF vs. CON NOM p-value PAB+CF FDR q-value PAB+CF

Glycolysis and glyconeogenesis REACT_GLUCOSE METABOLISM 45 -2.01 0.000 0.001

Metabolism miscellaneous REACT_PYRUVATE METABOLISM AND CITRIC ACID (TCA) CYCLE 27 -1.98 0.000 0.002

Activation and regulation REACT_PKB-MEDIATED EVENTS 19 -1.91 0.002 0.005

Activation and regulation REACT_MTOR SIGNALLING 19 -1.88 0.000 0.006

Glycolysis and glyconeogenesis REACT_GLUCONEOGENESIS 27 -1.85 0.002 0.008

Growth, proliferation and cellcyle WIP_RN_NUCLEAR_RECEPTORS 34 -1.78 0.002 0.017

Miscellaneous KEGG_05016_HUNTINGTON’S DISEASE 165 -1.76 0.000 0.021

Glycolysis and glyconeogenesis WIP_RN_GLYCOLYSIS_AND_GLUCONEOGENESIS 36 -1.75 0.002 0.022

Miscellaneous REACT_OLFACTORY SIGNALING PATHWAY 41 -1.74 0.000 0.023

Metabolism miscellaneous WIP_RN_TRYPTOPHAN_METABOLISM 41 -1.73 0.005 0.025

Growth, proliferation and cellcyle REACT_TRNA AMINOACYLATION 24 -1.73 0.009 0.025

Glycolysis and glyconeogenesis WIP_RN_GLYCOGEN_METABOLISM 33 -1.68 0.007 0.040

Metabolism miscellaneous KEGG_00380_TRYPTOPHAN METABOLISM 44 -1.67 0.004 0.043

Contraction and activation KEGG_04260_CARDIAC MUSCLE CONTRACTION 68 -1.67 0.002 0.041

Metabolism miscellaneous KEGG_00330_ARGININE AND PROLINE METABOLISM 49 -1.65 0.000 0.049

Development heart and muscle KEGG_05412_ARRHYTHMOGENIC RIGHT VENTRICULAR  

CARDIOMYOPATHY (ARVC)

68 -1.65 0.002 0.049

Glycolysis and glyconeogenesis REACT_METABOLISM OF CARBOHYDRATES 76 -1.64 0.003 0.050

Miscellaneous KEGG_04910_INSULIN SIGNALING PATHWAY 126 -1.64 0.000 0.050

Miscellaneous WIP_RN_HYPOTHETICAL_NETWORK_FOR_DRUG_ADDICTION 31 -1.64 0.010 0.051

Activation and regulation REACT_CALMODULIN INDUCED EVENTS 17 -1.63 0.016 0.054

Activation and regulation REACT_PLC-GAMMA1 SIGNALLING 24 -1.62 0.011 0.058

Miscellaneous REACT_CAM PATHWAY 17 -1.61 0.000 0.058

Metabolism miscellaneous KEGG_00592_ALPHA-LINOLENIC ACID METABOLISM 18 -1.57 0.029 0.080

Metabolism miscellaneous KEGG_00230_PURINE METABOLISM 151 -1.53 0.002 0.114

Metabolism miscellaneous NCI_RETINOIC_ACID_PATHWAY 26 -1.53 0.035 0.114

Miscellaneous WIP_RN_MONOAMINE_GPCRS 31 -1.53 0.023 0.110

Glycolysis and glyconeogenesis KEGG_00051_FRUCTOSE AND MANNOSE METABOLISM 32 -1.52 0.042 0.115

Miscellaneous BIOC_INSULINPATHWAY 18 -1.52 0.045 0.116

Glycolysis and glyconeogenesis KEGG_00010_GLYCOLYSIS / GLUCONEOGENESIS 62 -1.51 0.012 0.123

Metabolism miscellaneous REACT_PEROXISOMAL LIPID METABOLISM 15 -1.49 0.057 0.146

Activation and regulation NCI_MAPKTRKPATHWAY 32 -1.48 0.034 0.146

SIZE= number of genes in respective GSEA set, NES= normalized enrichment score (analogous to fold 
change), NOM= nominal, FDR= false discovery rate.
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