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ABSTRACT 
Background and aims 
Despite its association with high mortality and morbidity, research on the 
pathophysiology of right ventricle (RV) failure has remained behind in regard to the 
left ventricle (LV). Similar to what happens in the LV, upon chronic pressure overload 
induced by pulmonary artery banding (PAB), calcineurin activation also contributes 
to RV remodelling. We have previously identified miR-199b as a pro-hypertrophic 
microRNA during LV remodelling that, in response to pressure overload, induces 
calcineurin/NFAT-signaling activity leading to exaggerated LV remodelling and 
cardiac dysfunction. In this study, we aimed at understanding the contribution of 
miR-199b to RV remodelling in response to pressure overload induced by pulmonary 
artery banding (PAB). 

Methods and results
In the present study, wild-type (WT) and transgenic (TG) mice with cardiac-specific 
overexpression of miR-199b were subjected to six weeks of RV pressure overload 
induced by PAB. Echocardiographic and MRI derived hemodynamic parameters, 
and molecular remodelling were assessed for experimental groups and compared 
to sham-operated controls. Six weeks after PAB, levels of miR-199b increased in 
both WT and TG mice, resulting in significant differences in Nppb, Acta1 and Myh6 
expression. The significantly higher miR-199b levels in the TG mice did not influence 
the Fulton index, but did result in higher relative cardiomyocyte surface area. RV 
function tended to be worse for TG mice, demonstrated by the inverse correlation 
for cardiac output and RV ejection fraction with miR-199b expression. Not only the 
RV was affected by RV pressure overload, but also LV remodelling showed extensive 
differences at the molecular level between WT and TG mice. Differently, in the LV, 
miR-199b overexpression was accompanied by decreased Dyrk1a and increased 
Rcan1-4 expression as previously described in LV pressure overload. Although miR-
199b-induced calcineurin/NFAT activation mediates the inhibition of Dyrk1a in the 
LV, this does not apply for the pressure-loaded RV.  

Conclusions 
Increased expression levels of miR-199b in cardiomyocytes were associated with 
impaired RV function in RV pressure overload, whereas increased miR-199b expression 
without RV pressure overload was not sufficient to worsen RV function. In the LV, contrarily 
to the RV, upregulation of miR-199b in the LV leads Dyrk1a inhibition and activation 
of calcineurin/NFAT signaling, increasing LV susceptibility to RV stress. Altogether, 
these findings suggest a less prominent role for miR-199b in the RV compared to LV.  
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INTRODUCTION
Sustained pressure overload of the right ventricle (RV) is a major pathophysiological 
factor in several cardiovascular disorders, including pulmonary hypertension (PH).1-3 
It is noteworthy that RV failure due to pressure overload is the main determinant of 
the outcome of congenital heart diseases4 and the most common cause of death 
in patients with severe pulmonary artery hypertension (PAH). Persistently increased 
RV afterload will eventually culminate in RV hypertrophy. Hypertrophic cardiac 
growth is believed to be an initial beneficial response to reduce wall stress, improve 
contractility, preserve cardiac output5,6 and enhance capillary density in order to 
comply with the increased oxygen demand in the hypertrophied tissue.7 However, as 
the disease progresses, the transition from RV adaptation to failure is inevitable.3 RV 
failure, characterized as a progressive decrease in cardiac output, is accompanied 
by increased contractility, decreased diastolic function, and pathologic changes in 
capillary density and fibrosis.8-10 

Notwithstanding its worse prognosis, the impact of right ventricular function on the 
outcome of cardiovascular diseases has been neglected due to its less obvious 
involvement in disease processes. As a consequence of being connected to low 
impedance pulmonary circulation, the RV has thinner walls, lower oxygen demand 
and lower wall stress compared to the LV.11 Therefore, even minor alterations in total 
pulmonary resistance may have a great impact on RV function in contrast to LV, 
which is less affected by larger changes in afterload.12,13 

The differences between the two ventricles range from molecular to structural and 
functional levels, and start as soon as cardiac embryonic development initiates. 
The primary heart field, by expressing T-box transcription factor 5 (Tbx5) and Heart- 
and neural crest derivatives-expressed protein 1 (Hand1), gives origin to the LV and 
the atria. Meanwhile, the secondary heart field leads to the development of the RV 
and RV outflow tract through expression of crucial RV-fate genes such as Heart- 
and neural-crest derivatives-expressed protein 2 (Hand2), Islet1 (Isl1) and fibroblast 
growth factor-10 (Fgf10).14 These differences persist in to the adult heart and,  because 
the healthy adult RV is connected to low-pressure high-volume system and the LV 
is associated with high-pressure system, during injury the RV is more sensitive to 
volume overload whereas the LV is more prone to pressure overload.15

Although RV and LV share common features of maladaptive remodelling such as 
hypertrophy, capillary rarefaction and fibrosis, they demonstrate particular types 
of hypertrophic growth. For example, RV pathological remodelling is usually 
associated with an eccentric hypertrophy (new sarcomeres are added in-series)  
and LV remodelling is commonly manifested by a concentric hypertrophy (new 
sarcomeres are added in-parallel).16 Interestingly, pathological RV remodelling 
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seems to be reversible to some extent, as lung transplantation often results in 
decreased pulmonary pressure, smaller RV and normalized septal shape.17-19 The 
functional and structural differences between RV and LV highlight the fact that 
the current comprehensive knowledge on LV function and pathology cannot be 
directly applied to RV and that a better understanding of RV function and RV failure 
pathology is crucial in order to develop efficient and specific therapeutics for this 
cardiac condition.  

PAH is a complex disease with several etiologies and its remodelling can result 
from the interaction of different factors such as genetic background, epigenetic 
modifications and pathobiological environmental factors.20 In the past decade, 
microRNAs emerged as small, non-coding RNA molecules with the ability to repress 
or degrade mRNAs and thereby to regulate gene expression during various cellular 
processes, in many different tissues, including the myocardium.21 Numerous studies 
have elucidated the role of microRNAs throughout cardiovascular development and 
remodelling.22,23 Abnormal expression and dysregulation of numerous miRNAs have 
been associated to the onset and development of PAH.24-27 As most studies focus on 
the vascular alterations and presently, little is known about the changes in microRNA 
expression patterns in the RV upon remodelling. Nevertheless, differences between 
the LV and RV may be explained by miR-expression patterns as the prevalence 
of specific miRs in the resting RV is quantitatively different from that in the LV, and 
this difference is maintained during afterload stress.28 This implies that not only the 
remodelling process itself but also its regulation may be ventricle-specific. Although 
the number of studies unraveling such processes in the RV is scarce, a recent 
report suggested that downregulation of miR-208 is associated with deterioration 
of RV function, (on MCT-induced PH model.29 In the damaged RV, nuclear receptor 
corepressor 1 (NCoR1), a target of miR-208, is activated leading to acetylation of the  
enhancer factor-2 (Mef2) promotor and thus inhibiting Mef2 expression. During the 
transition from RV hypertrophy to RV failure, Mef2 inhibition results in suppression 
of crucial metabolic, angiogenic and contractile adaptation of the RV to pressure 
overload,  rapid RV decompensation and subsequent heart failure.29  

During LV remodelling, pathological hypertrophy is mediated by calcineurin 
activation and modulation of the calcineurin-nuclear factor of activated T-cells 
(NFAT) signaling activity, has shown to reduce LV hypertrophy and improve 
function.30,31 Calcineurin activation has also reported to contribute to RV remodelling 
induced by pulmonary artery banding (PAB).32 We have previously identified miR-
199b as a pro-hypertrophic microRNA during LV remodelling, induced by banding of 
the aorta, which induces calcineurin/NFAT-signaling activity leading to exaggerated 
LV remodelling and cardiac dysfunction.34 Since we have successfully targeted the 
miR199b/calcineurin/NFAT pathway in experimentally induced left-sided heart 
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failure,33 and miR-199b has shown to be upregulated in PAB,34 in this study we aim 
at understanding the contribution of miR-199b to RV remodelling in response to 
pressure overload induced by pulmonary artery banding (PAB).

MATERIAL AND METHODS
Animal models and Pulmonary Artery Banding Surgery
All animal experiments were performed conform the guidelines from Directive 
2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes. The procedures were reviewed and approved by the Animal 
Care and Use Committee of the University of Maastricht and Animal Experiments 
Committee of the University of Groningen and were performed according to the rules 
formulated in the Dutch law on care and use of experimental animals (Projects 2012-
035 and 2012-128).

Animal models employed in this study consist of mice carrying murine miR-
199b transgene33 under control of alpha-myosin heavy chain promoter (β-MHC) in 
C57BL/6 background and non-TG littermates (WT). Pulmonary artery banding 
(PAB) was performed, as described below, in mice older than 8 weeks of both 
genders. Animals were anesthetized with isoflurane/air mixture (5% induction; 2–3% 
maintenance). Animals were intubated with a 20G plastic blunt needle and placed in 
a supine position on a heating pad (37°C) and ventilated with room air using a Harvard 
miniventilator (model 687, Hugo Sachs, Germany; respiratory rate 180 breaths per 
minute and a tidal volume of 125 μL).  The pulmonary artery was approached by a 
left lateral thoracotomy and banded with a 7-0 suture by tying over a 23G needle. 
Post-operative pain relief was provided with buprenorphine (0.01 mg/kg s.c.) twice 
daily for 2-3 consecutive days if necessary. Sham-operated animals underwent 
the same procedure without PAB. At the endpoints of all experiments, mice were 
anaesthetized by isoflurane and the hearts were harvested. All efforts were made to 
minimize suffering.

Hemodynamic analyses
Hemodynamic function was assessed by both echocardiography and cardiac 
magnetic resonance imaging (MRI) during anesthesia with 1.5-3% isoflurane 
in a 2:1 mixture of air (0.3L/min) and oxygen (0.15L/min) and warming at 37°C. 
Echocardiography was performed using a Vivid Dimension 7 and i13L-transducer (GE 
Healthcare, Waukesha, WI, USA). Pulmonary artery banding gradient, right ventricular 
dimensions and tricuspid annular plane systolic excursion (TAPSE) were assessed 
with echocardiography at two, four and six weeks, from short-axis at aorta level, 
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parasternal long axis and four-chamber views respectively. MRI was performed at 
six weeks in a 9.4T MRI scanner (Bruker BioSpin, Ellingen, Germany) equipped with 
1,500 mT/m gradient set. Respiratory and heart rate were derived using pressure pad 
placed under the chest of the mouse. The longitudinal axis of the right ventricle was 
determined with a two and four chamber scout scans, where after axes were adjusted 
to actual axes. Slices of longitudinal axis, four chamber views, and ten or eleven slices 
of the short-axis of one millimeter and no slice gap, were obtained. Slices were derived 
including complete apex and base of the right ventricle. Cine imaging was performed 
with a retrospectively-triggered (self-gated) gradient-echo sequence (Paravision 4.0 
and IntraGate, Bruker Biopspin GmBH) with the following parameters: TR = 6.8 ms, TE 
= 1.3 ms, number of movie frames = 15, slice thickness = 1 mm, matrix = 256 x 256, field-
of-view = 30 x 30 mm2. The myocardium was manually segmented by drawing the 
epicardial and endocardial contours, excluding the papillary muscles using QMass 
(version MR 7.6, Medis Medical Imaging Systems, Leiden, The Netherlands). Semi-
automatic segmentation was used to determine end-diastolic volume (EDV), end-
systolic volume (ESV), and wall thickness (WT). Stroke volume (SV) was calculated 
as EDV-ESV. Ejection fraction (EF) was calculated as 100%(EDV - ESV)/EDV. Cardiac 
output (CO) was calculated manually as SV x mean observed heart rate. Septal 
flattening is expressed by eccentricity index, both end diastolic and systolic, which 
was calculated by dividing the diameter of the left ventricular diameter parallel to the 
intraventricular septum by the diameter perpendicular to the intraventricular septum 
derived from short-axis at mid-papillary level.

RNA isolation, cDNA conversion and Real-time RT-PCR 
Total RNA was isolated from mouse heart tissue using TRIzol reagent (Invitrogen) 
according to manufacturer’s instructions. Then RNA (1 mg) was reverse-transcribed 
with either M-MLV reverse transcriptase (Promega, Madison, WI, USA) or for miRNA 
transcript detection with miScript Reverse Transcription Kit (Qiagen). Real-time PCR 
was performed on a BioRad iCycler (Biorad) using SYBR Green (VWR). Transcript 
quantities were compared using the relative Ct method, where the amount of target 
normalized to the amount of endogenous control (L7 for mRNAs and U6 (miScript 
Primer Assays) for miRNAs) and relative to the control sample is given by 2–ΔCt. 
Primer sequences for mRNA detection are depicted in table 1. 

Histology, Immunohistochemistry and immunofluorescence 
microscopy
For histological analysis, hearts were arrested in diastole, perfusion-fixed with 4% 
paraformaldehyde, embedded in paraffin and cut into 4-μm sections. Paraffin sections 
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were stained with hematoxylin and eosin (H&E) for routine histological analysis, Sirius 
Red for detection of fibrillar collagen and FITC-labelled wheat-germ-agglutinin 
antibody (WGA, Sigma, 1:100) to visualize and quantify the cell cross-sectional 
area. Isolectin B4 staining (GSI-biotin, Vector, 1:100) was performed to visualize the 
capillaries in cardiac tissue. Slides were visualized using a Zeiss Axioskop 2Plus with 
an AxioCamHRc. Modification of Isolectine B4 staining with additional fluorescence 
labeled-streptavidin (Dylight 595-conjugated streptavidin, Jackson Thermo, 1:100) 
and counterstaining with FITC-labeled WGA was performed to assess capillary to 
cardiomyocyte ratios. Collagen deposition, cell surface areas and capillary density 
were determined using ImageJ software. Slides were visualized using a Leica 
DM2000 and a Leica DM3000 microscope for bright field and fluorescence imaging, 
respectively.  

Statistical Analysis
All data are presented as mean values ± standard error of mean (SEM), unless 
otherwise specified. The variables were analyzed using Student’s t-test and analysis 
of variance (ANOVA) to assess statistical significance between groups. The significant 
effects evaluation was conducted using Tukey’s multiple comparison tests, with 
an adjusted calculation of p-value.  Probability values p<0.05 were considered 
statistically significant. The strength of relationship between cardiac output and miR-
199b expression as well as between RVEF and miR-199b expression was assessed 
by Pearson product correlation coefficient formula. All analyses were done using 
GraphPad Prism software V5.04 (GraphPad software, Inc, La Jolla, CA, USA).

RESULTS
Cardiac expression of miR-199b in RV remodelling induced by PAB 
To assess whether miR-199b is involved in RV failure, we subjected WT mice and 
TG mice with cardiac-specific overexpression of miR-199b (MHC-199b)33 to sham or 
pulmonary artery banding (PAB) surgery for 6 weeks (figure 1a). Two weeks after PAB 
surgery, both WT and MHC-199b mice displayed a similar increase in PAB gradient 
(figure 1b) which slightly increases over time. Six-weeks after banding, both WT and 
MHC-199b showed similar PAB gradients indicating the same degree of pressure 
overload imposed on these groups. Real-time PCR revealed upregulation of miR-
199b in WT mice after PAB (figure 1c). Despite the elevated miR-199b expression 
levels in MHC-199b sham-operated mice, MHC-199b PAB animals revealed 
increased levels of miR-199b upon six weeks of RV pressure overload (figure 1c), 
indicating that RV stress further induces miR-199b expression.
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Cardiac-specific overexpression of miR-199b promotes RV 
remodelling induced by pressure overload
Hypertrophy of the RV was determined by the Fulton index, the ratio of right ventricular 
weight to left ventricular plus septum weight (RV/LV+S). An increased Fulton index was 
observed 6 weeks after PAB in both WT and MHC-199b animals, compared to sham 
(figure 1d). Despite the differences in miR-199b expression levels, animals from both 
groups developed similar degrees of RV hypertrophy when subjected to PAB (figure 

1d). Histological analysis demonstrated, however, that besides displaying myocardial 
disarray (figure 1e), the banded TG hearts also display increased cross-sectional 
surface areas of cardiomyocytes when compared to banded-WT hearts (figure 1e-g). 
At six weeks post-PAB, the hearts of WT animals subjected to PAB displayed severe 
deposition of collagen and formation of fibrotic lesions which, however, did not differ 
from those found in the RV of TG mice (figure 1h, 1i).  

miR-199b overexpression impairs RV function during pressure 
overload-induced RV remodelling
Although miR-199b TG mice do not display an obvious pathological baseline 
phenotype nor cardiac dysfunction, these animals were shown to be more sensitive 
to cardiac stress than WT mice.33 MHC-199b mice, in the sham group did not show 
cardiac dilatation or dysfunction. Mice with a pressure-loaded RV, either TG or WT, 
developed RV dilatation as reflected by increased end-diastolic and end-systolic RV 
volumes (figure 2a-c). Whereas cardiac output remained preserved in WT animals 
subjected to PAB surgery (figure 2d), it decreased significantly in MHC-199b animals 
after six weeks of RV pressure overload. In fact, miR-199b expression is inversely 
related to cardiac output (figure 2e). When evaluating the effects of PAB on RV EF, 
we observed more pronounced effects since both WT and TG animals showed 
decreased ejection fraction (EF) after PAB (figure 2f). RVEF also negatively correlated 
with miR-199b expression levels (figure 2g). Similarly, the tricuspid annular plane 
systolic excursion (TAPSE) was also decreased upon RV pressure overload in both 
WT and MHC-199b, but more severely in the latter group (figure 2h). The slopes of 
TAPSE over time are indicative 
of progressive impairment 
of RV function in MHC-199b 
compared to WT mice (figure 

2i). The observed cardiac phenotypes induced by PAB correlated with increased 
transcript abundance of cardiac stress genes, including atrial natriuretic factor (Nppa), 
brain natriuretic factor (Nppb) β-skeletal actin (Acta1) and β-myosin heavy chain (Myh7) 
(figure 3a-d). While β-myosin heavy chain (Myh6) was decreased after PAB in both WT 
and MHC-199b hearts, the Myh6/Myh7 ratio is significantly lower in the TG animals, 

miR-199b overexpression aggravates right ventricular 
hypertrophy and is associated with decreased cardiac 
function in right ventricular pressure load.
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indicative of a stronger cardiac stress-induced MHC-isotype switch these animals 
(fi gure 3d-e). 

Taken together, these results indicate that cardiac miR-199b overexpression 
sensitizes the RV to pressure overload by inducing stress marker gene expressi

Downstream effectors of miR-199b in RV remodelling
Next, we investigated the mechanisms by which miR-199b may induce exaggerated 
RV remodelling and dysfunction following chronic pressure overload. Our group 
has previously established that miR-199b exerts its pro-hypertrophic function in 
the pressure-overloaded LV by directly regulating the calcineurin/nuclear factor of 
activated T-cell (CnA/NFAT) pathway. As calcineurin activation also may contribute 
to RV remodelling induced by pulmonary artery banding32 we assessed Rcan1-4
transcript expression levels, a sensitive marker of cardiac NFAT activity, in PAB hearts. 
As expected, a signifi cant upregulation of calcineurin/NFAT signaling was induced by 
RV pressure overload. However, no diff erences were observed between WT and MHC-
199b hearts (fi gure 3f). Although we could observe lower levels of dual-specifi city 
tyrosine-phosphorylation regulated kinase 1a (Dyrk1a), a previously validated target 
gene of miR-199b, these diff erences were not statistically signifi cant (fi gure 3g).

We further assessed expression levels of transforming growth factor beta (Tgfb) as a 
growth factor involved in fi brosis and cardiomyocyte hypertrophy,35 and as a potential 
target gene of the miR-199 family. Although we observed a clear increase in Tgfb
mRNA in banded-hearts, no diff erences were observed between WT and MHC-
199b mice (fi gure 3h). Similar results were obtained for Endoglin, a coreceptor for 
Tgfβ-signaling (fi gure 3i).  As we did not detect major diff erences regarding collagen 
deposition at the histological level between the WT and TG animals after PAB, we 
also assessed the expression levels of collagen type I alpha 1 chain (Col1a1) as a 
fi brosis-related gene. At the molecular level, we observed a clear upregulation of 
Col1a1 in MHC-199b hearts compared to WT hearts when subjected to RV pressure 
overload (fi gure 3j).
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Figure 1. Assessment of right ventricular hypertrophy induced by PAB upon cardiac overexpression of miR-
199b. a) Design of the in vivo study; b) Assessment of pulmonary artery banding gradient in wildtype (WT) 
and MHC-miR-199b Tg (MHC-199b) animals, by measuring RV pressure at 2 and 6 weeks after either sham 
or PAB surgery; c) Quantitative real-time PCR analysis of miR-199b expression in RV tissue from WT and 
MHC-199b animals either after sham or PAB surgery, n=5-8 hearts; d) Fulton’s index values (ratio of right 
ventricular weight to left ventricular plus septal weight) of WT and MHC-199b animals either after sham or 
PAB surgery, n=5-8 hearts; e) High-magnifi cation of representative images of histological sections stained for 
haematoxylin & eosin (H&E), black scale bar is equivalent to 20 mm; f) High-magnifi cation of representative 
images of histological sections stained for wheat germ agglutinin (WGA), black scale bar is equivalent to 20 
mm; g) Quantifi cation of cell surface areas in f, n=30 microscopic fi eld/heart, 3 hearts; h) High-magnifi cation 
of representative images of histological sections stained for Sirius-red, black scale bar is equivalent to 20 
mm; i)  Quantifi cation of collagen deposition in h, n=30 microscopic fi eld/heart, 3 hearts.  Statistical analysis 
using One-way ANOVA with Tukey’s multiple comparisons test. ∗p<0.05 versus corresponding control group; 
#p<0.05 versus corresponding experimental group (error bars are s.e.m.).
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Figure 2. miR-199b overexpression impairs RV function during pressure overload-induced RV remodelling. 
Cardiac function was assessed in hearts from wildtype (WT) and MHC-miR-199b Tg (MHC-199b) animals, 
either after sham or PAB surgery, and followed by quantitative analysis. a) RV end-diastolic volumes (EDV) 
and b) RV end-systolic volumes, n=5-8 hearts; c) Representative MRI images of cardiac ventricular end-
diastole and end-systole; d) Cardiac output, n=5-8 hearts; e) A Pearson’s correlation was run to determine 
the relationship between cardiac miR-199b expression levels and cardiac output in 22 mice, independent 
of the treatment and genotype. f) RV ejection fraction (EF), n=5-8 hearts; g) A Pearson’s correlation was 
run to determine the relationship between cardiac miR-199b expression levels and RV EF in 22 mice, 
independent of the treatment and genotype; h) echocardiographic tricuspid annular plane systolic excursion 
(TAPSE) measurements at the end of the study and i) every 2 weeks throughout the complete study, n=5-8 
hearts. Statistical analysis using One-way ANOVA with Tukey’s multiple comparisons test. ∗p<0.05 versus 
corresponding control group; #p<0.05 versus corresponding experimental group (error bars are s.e.m.).



236

Figure 3. RV expression profi le of cardiac hypertrophy-related genes. Quantitative real-time PCR analysis was 
performed to assess the expression levels of several genes known to be related to cardiac hypertrophy in RV 
tissue from wildtype (WT) and MHC-miR-199b Tg (MHC-199b) animals, either after sham or PAB surgery. a) 
natriuretic peptides atrial natriuretic factor (Nppa); b) brain natriuretic peptide (Nppb); c) β-skeletal actin (Acta1); d) 
β-myosin heavy chain (Myh7); e) a-myosin heavy chain (Myh6); f) regulator of Calcineurin 1 Isoform 4 (Rcan1-4); g) 
nuclear NFAT kinase dual-specifi city tyrosine-(Y)-phosphorylation regulated kinase 1a (Dyrk1a); h) transforming 
growth factor beta (TGF-β); i) endoglin; j) collagen type I alpha 1 chain (COL1A1); k) Capillaries in RV sections of 
wildtype (WT) and MHC-miR-199b Tg (MHC-199b) animals, either after sham or PAB surgery, were identifi ed by 
isolectin B4 immunohistochemistry (yellow). WGA marks cell membranes (green), and Hoechst stain identifi es 
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nuclei (blue), black scale bar is equivalent to 20 mm; from the images obtained we determined l) capillaries 
per cardiomyocytes ratios and m) relative capillary density, density of WT-sham animals was set at 1; n=30 
microscopic field/heart, 3 hearts; n) Quantitative real-time PCR analysis of vascular endothelial growth factor 
receptor 2 (Vegfr2) expression levels of  hearts of RV from wildtype (WT) and MHC-miR-199b Tg (MHC-199b) 
animals, either after sham or PAB surgery. All PCR data are from 5-8 animals per group. Statistical analysis 
using One-way ANOVA with Tukey’s multiple comparisons test. ∗p<0.05 versus corresponding control group; 
#p<0.05 versus corresponding experimental group (error bars are s.e.m.).

As RV capillary rarefaction is a phenomenon that leads to maladaptive RV remodelling, 
we assessed the capillary density of the RV in our different experimental groups. 
Histochemical analysis and respective quantification, as well as determination of 
vascular endothelial growth factor receptor 2 (Vegfr2) expression levels, reflected 
lower capillary density in both WT and MHC-199b after PAB, in agreement with 
similar endoglin levels, suggesting that increased miR-199b levels are not directly 
associated with RV microvascular remodelling (figure 3k-n).

Cardiac overexpression of miR-199b increases LV susceptibility to 
remodelling under RV stress conditions
As we have previously shown, miR-199b is upregulated during LV failure and its 
overexpression increases the sensitivity of the LV to cardiac stress, although indirectly, 
RV chronic stress can also affect LV remodelling and function.36-38 Therefore, we also 
analyzed the changes in molecular profile and morphological adaptation of the LV 
under conditions of RV pressure overload in both WT and MHC-199b hearts. PAB 
was able to induce miRNA-199b expression in the LV of WT animals but not in the 
TG animals (figure 4a) when compared to the sham controls. PAB equally increased 
LV weight indicative of LV hypertrophic growth in the two genotypes (figure 4b). 
Histological analysis revealed increased fibrosis in the LV of TG animals subject to 
PAB, compared to WT (figure 4c,d), but no changes in cardiomyocyte hypertrophy 
were observed in the left myocardium (figure 4e,f). Furthermore, PAB did not 
induce capillary rarefaction in the LV, independently of the genotype (figure 4g).  
Surprisingly, there was not only a clear upregulation of cardiac stress genes such as 
nppa, nppb and myh7 (figure 4h-j) in the LV of TG mice subjected to PAB, but we also 
observed increased levels of Rcan 1-4 in the LV of both WT and MHC-199b after PAB, 
with a more pronounced effect in the TG animals (figure 4k). Congruent to this, left 
ventricular expression levels of Dyrk1A were reduced upon RV pressure overload, 
an effect that was more prominent in TG animals (figure 4l). RV pressure overload 
also induced Tgfβ expression in the LV with higher levels in the TG mice (figure 4m). 
No changes were observed in Vegfr2 mRNA abundance which is consistent with no 
changes in LV capillary density (figure 4n). 
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Figure 4. Assessment of left ventricular remodelling induced by PAB upon cardiac overexpression of miR-199b. 
a) Quantitative real-time PCR analysis of miR-199b expression in LV tissue from WT and MHC-199b animals 
either after sham or PAB surgery, n=5-8 hearts; b) relative LV mass, LV mass of WT sham was set as 1; c) 
High-magnifi cation of representative images of histological sections stained for Sirius-red; d) Quantifi cation 
of collagen deposition in c, n=30 microscopic fi eld/heart, 3 hearts, black scale bar is equivalent to 20 mm; e) 
High-magnifi cation of representative images of histological sections stained for wheat germ agglutinin (WGA); 
f) Quantifi cation of cell surface areas in e, n=30 microscopic fi eld/heart, 3 hearts; g) relative capillary density 
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was determined from histological sections stained for isolectin B4 immunohistochemistry and WGA (bars, 20 
μm), density of WT-sham animals was set at 1, n=30 microscopic field/heart, 3 hearts; Quantitative real-time 
PCR analysis was performed to assess the expression levels of several genes known to be directly or indirectly 
related to cardiac hypertrophy in LV tissue from wildtype (WT) and MHC-miR-199b Tg (MHC-199b) animals, 
either after sham or PAB surgery: h) natriuretic peptides atrial natriuretic factor (Nppa); i) brain natriuretic peptide 
(Nppb); j) β-myosin heavy chain (Myh7); k) regulator of Calcineurin 1 Isoform 4 (Rcan1-4); l) nuclear NFAT kinase 
dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1a (Dyrk1a); m) transforming growth factor beta 
(TGF-β) and n) vascular endothelial growth factor receptor 2 (Vegfr2). All PCR data are from 5-8 animals per 
group. Statistical analysis using One-way ANOVA with Tukeys multiple comparisons test. ∗p<0.05 versus 
corresponding control group; #p<0.05 versus corresponding experimental group (error bars are s.e.m.).

Following the molecular and cellular changes, we also assessed how RV stress, 
together with increased miR-199b expression levels, influenced LV function. LV 
eccentricity index, defined as the ratio of the length of two perpendicular minor-
axis diameters, one of which bisected and was perpendicular to the interventricular 
septum, was obtained at end-systole and end-diastole (figure 5a,b). While we could 
detect an abnormal motion of the interventricular septum which is in accordance 
with RV remodelling, this effect was not different between WT and TG animals (figure 

5a,b). Both end-diastolic and systolic volumes decreased in the TG animals subjected 
to PAB but remained unchanged in WT (figure 5c,d). A similar pattern was observed 
for left ventricular stroke volume (LVSV) (figure 5e), suggesting affected function. 
However, this was not reflected in the LV EF, for which no differences were observed 
between the different groups (figure 5f). Altogether, this data confirms that the LV is 
susceptible to increased miR-199b levels, even under conditions of indirect stress 
such as RV pressure overload.  
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Figure 5. miR-199b overexpression sensitizes the LV to pressure overload of the RV. Cardiac function was 
assessed in hearts from wildtype (WT) and MHC-miR-199b Tg (MHC-199b) animals, either after sham or PAB 
surgery, and followed by quantitative analysis: a) eccentricity index at end-systole and b) end-diastole; c) left 
ventricle end-diastolic volume (LVEDV) and d) end-systolic volume (LVESV); e) left ventricular stroke volume 
(LVSV) and f) ejection fraction (EF). All data are from 5-8 animals per group. Statistical analysis using One-way 
ANOVA with Tukey’s multiple comparisons test. ∗p<0.05 versus corresponding control group; #p<0.05 versus 
corresponding experimental group (error bars are s.e.m.).

DISCUSSION
We aimed at unraveling the contribution of miR-199b to the process towards cardiac 
remodelling upon RV pressure overload. PAB induced significant upregulation of miR-
199b expression in the RV which was associated with worsened RV function. Although 
the effect of miR-199b on RV remodelling is reflected by cardiac hypertrophic growth 
and increased expression of cardiac stress markers, the RV responds differently 
to increased levels of miR-199b when compared to the LV. Increased miR-199b 
expression levels in the RV did not seem to affect Calcineurin/NFAT signaling as 
previously described for the LV.33 However, this signaling cascade was affected in the 
LV of mice that were subjected to RV pressure overload. These data suggest distinct 
regulatory functions for miR-199b in the RV compared to the LV.

Abnormal microRNA expression patterns have been shown in experimental RV 
failure.34 Studies based on animal models of chronic hypoxia- or monocrotaline-
induced PAH mainly focused on alterations in microRNA expression patterns of the 
pulmonary artery smooth muscle or endothelial cells. In concordance, microRNAs 
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such as miR-17/92,39,40 miR-27a,41 miR-96,42 miR-126,27 miR-130,43 miR-143/14544 and 
miR-21045, all known to be involved either in cell proliferation, vascular remodelling 
or apoptosis, were identified as playing important roles in the pathogenesis of PAH. 
miR-126 downregulation in the skeletal muscle of PAH patients is associated with 
a decrease in RV vascular endothelial growth factor (VEGF)-induced angiogenesis 
and in exercise tolerance.27 Reestablishment of miR-126 levels resulted in 
improved RV function and increased microvascular density in experimental PAH.27 
Furthermore, Reddy and colleagues34 identified miR-34a, miR-28, miR-93 and miR-
148 to be upregulated in the pressure-overloaded RV and further inducing changes 
in oxidative metabolism, cell cycle and calcium homeostasis. Nevertheless, the 
differences between RV and LV response to pressure overload regarding microRNA-
dependent regulatory mechanisms has not yet been explored.  Thus, the present 
study provides evidence for distinct roles of a specific microRNA, depending on 
which chamber is under direct stress. 

Our previous work and that from others has established that miR-199b is upregulated 
in both ventricles throughout the different remodelling stages induced by pressure 
overload.33,34 Although common mechanisms are suggested to be involved in both 
RV and LV remodelling, the current study indicates their regulation to be different, 
as well as their vulnerability to distinctive types of stress.  RV response to increased 
pressure load, as for the LV, also includes changes in myocardial hypertrophy and 
fibrosis, as well as adaptation of the cardiac capillary network.46 In the present study, 
we show that increased levels of miR-199b in the pressure-overloaded RV result 
in increased hypertrophic growth of the RV when compared to wildtype animals 
under similar RV pressure. We were able to induce chronic pressure load of the RV 
progressively in time in both wildtype and TG mice. Decreased RV contractility in TG 
mice after 4 and 6 weeks of pressure overload reflected in the TAPSE, a measure 
of the longitudinal contraction of the RV. Furthermore, cardiac output and RV 
ejection fraction inversely correlated with miR-199b expression. Altogether, these 
data strongly suggest a pathologic effect of increased miR-199b levels on the 
hemodynamic function of the RV. Regarding fibrosis, while there was a significant 
increase in collagen deposition after PAB, no differences between WT and miR-199b 
TG animals were observed, at the histological level. Nevertheless, after RV pressure 
we observed increased transcript levels of collagen type I alpha 1 chain (Col1A1) in 
TG animals compared to wildtype, suggesting a more fibrotic profile of the TG RVs.  

Similar to what we have previously described for the LV, we also observed increased 
NFAT activity in the stressed RV, which was reflected by increased transcript levels of 
RCAN1-4.33 However, we could not directly correlate this with miR-199b expression 
levels. Upon RV pressure overload, a switch in myosin heavy chain (MHC) isoforms 
from the fast βMHC to the slower and energetically favorable, βMHC, is induced in 
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the RV.47  In fact, we observed increased abundance of Myh7 transcripts and lower 
transcript levels of Myh6 in miR-199b TG animals subjected to RV pressure overload, 
also suggesting that RV hypertrophic growth under these conditions is a result of 
reactivation of the fetal gene program and consequent change in βMHC/βMHC ratio, 
rather than activation of Calcineurin/NFAT signaling. 

Despite most attention being given to LV function, whereas RV function and disease 
have remained less explored, it is an established fact that there is a relationship 
between LV and RV function and that ventricular interaction plays an important role 
in the cardiac response to stress. While impairment of the RV might influence LV 
function,48 RV function is one independent predictor of mortality and the development 
of heart failure in patients with LV dysfunction.49 Abnormal motion of the interventricular 
septum can occur in right ventricular pressure overload and is reflected by changes in 
eccentricity index of left ventricular shape.50 We observed clear changes in LV shape 
under RV pressure overload conditions, even though no changes were observed 
between the different genotypes.  Other LV parameters such as LV end-diastolic 
and end-systolic volumes, as well as left ventricular stroke volume, were more 
affected in TG animals after RV pressure overload than in the wild-type animals under 
similar conditions, indicating greater susceptibility of the TG LV to RV stress. This is 
consistent with our previous findings showing that overexpression of miR-199b does 
not result in cardiac dysfunctional phenotypes in resting conditions but increases LV 
sensitivity to cardiac stress such as pressure overload induced by transverse aortic 
constriction (TAC).33 Moreover, TG animals displayed increased LV fibrosis as well as 
increased abundance of fibrosis-related transcripts. Interestingly, RV stress showed 
a clear response of the LV by activation of the Calcineurin/NFAT signaling pathway, 
revealed by an increased RCAN1-4 mRNA and subsequent decrease in Dyrk1A levels, 
a previously identified target of miR-199b.33

Although the current study does not allow us to conclude on the contribution of 
miR-199b to RV remodelling towards RV failure, it does show that its overexpression 
sensitizes both ventricles to RV stress, with a more profound effect on the LV. 
Furthermore, studying RV dysfunction without significant failure allows for a better 
understanding of the cellular and molecular mechanisms preceding clinical failure, 
and thus target finding for early intervention. Perhaps more important, our study adds 
to the evidence that the stressed RV represents a qualitatively different substrate 
than the stressed LV and therefore, pharmacotherapy should be tailored accordingly.
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SUPPLEMENTAL MATERIAL
Table 1. Sequences of primers used for real-time RT-PCR

Gene name Sequence

Nppa 5’-TCTTCCTCGTCTTGGCCTTT-3’

5’-CCAGGTGGTCTAGCAGGTTC-3’

Nppb 5’-TGGGAGGTCACTCCTATCCT-3’

5’-GGCCATTTCCTCCGACTTT-3’

Acta1 5’-CCGGGAGAAGATGACTCAAA-3’

5’-GTAGTACGGCCGGAAGCATA-3’

Myh7 5’-CGGACCTTGGAAGACCAGAT-3’

5’-GACAGCTCCCCATTCTCTGT-3’

Myh6 5’-CCAACACCAACCTGTCCAAGT-3’

5’-AGAGGTTATTCCTCGTCGTGCAT-3’

Rcan1.4 5’-GCTTGACTGAGAGAGCGAGTC-3’

5’-CCACACAAGCAATCAGGGAGC-3’

Dyrk1A 5’-AAGTTATCTGAAGCCTTCTGC-3’

5’-CATGGTATGCTACATGGAAGGC-3’

TGF1b 5’-GCAGCACGTGGAGCTGTA-3’

5’-CAGCCGGTTGCTGAGGTA-3’

Endoglin 5’-CTTCCAAGGACAGCCAAGAG-3’

5’-GTGGTTGCCATTCAAGTGTG-3’

Col1A1 5’-GAAGCACGTCTGGTTTGGA-3’

5’-ACTCGAACGGGAATCCATC-3’

Vegfr2 5’-AGCACTGGTCCTATGGGTTG-3’

5’-GGTTCTGCCATTTGATCCA-3’
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