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Abstract 

Background: The brain-derived neurotrophic factor (BDNF) may promote development of pulmonary 

hypertension (PH) and right ventricular (RV) failure. However, BDNF plasma levels were decreased in 

patients with left ventricular failure. Therefore, we investigated BDNF plasma levels in PH patients and 

the role of BDNF in mouse models of PH and isolated RV failure. 

Methods: BDNF plasma levels were correlated to PH in two patient cohorts, including either post- and 

precapillary PH patients (first cohort) or only precapillary PH patients (second cohort). In the second 

cohort,  RV dimensions and load-independent function were determined by imaging and  pressure-

volume catheter measurements, respectively. For induction of isolated RV pressure overload, 

heterozygous Bdnf knockout mice (Bdnf+/-) were subjected to pulmonary arterial banding (PAB). For 

induction of PH, mice with inducible knockout of BDNF in smooth muscle cells (Bdnf/Smmhc knockout), 

were exposed to chronic hypoxia.  

Results: Plasma BDNF levels were decreased in patients with PH . After adjustment for co-variables 

BDNF levels negatively correlated in both cohorts with central venous pressure. In the second cohort, 

BDNF levels additionally negatively correlated with RV dilatation In animal models, BDNF 

downregulation attenuated RV dilatation in Bdnf+/- mice after PAB or hypoxic Bdnf/Smmhc knockout 

mice, although they developed PH to a similar extent.  

Conclusions: Similar to LV failure, circulating levels of BDNF were decreased in PH patients and low 

BDNF levels were associated with right heart congestion. Decreased BDNF levelsdid not worsen RV 

dilatation in animal models and thus may be the consequence but not cause of RV dilatation.  

Key words: Brain-derived neurotrophic factor, pressure-volume catheter measurements, pulmonary 

hypertension, right ventricular remodeling.  



Introduction 

Pulmonary hypertension (PH) is a life-threatening disease of the pulmonary circulation characterized by 

an increased pulmonary arterial pressure (PAP), which leads to increased right ventricular (RV) afterload 

and, ultimately, RV failure. Based on etiology, pathological findings, and hemodynamic features, 

different forms of PH can be distinguished according to the World Symposium on Pulmonary 

Hypertension [1]. Pre-capillary forms of PH are defined by an increased pulmonary vascular resistance 

(PVR) caused by pulmonary vascular remodeling, while post-capillary forms are caused by left heart 

disease leading to an increase in pulmonary venous pressure and subsequently PAP without increased 

PVR [1]. Different triggers such as chronic hypoxic exposure can lead to contraction, proliferation and 

migration of pulmonary arterial smooth muscle cells (PASMCs) which are characteristics of precapillary 

forms of PH [2]. Despite therapeutic improvement over recent decades, there is currently no cure for 

pulmonary vascular remodelling or subsequent RV failure [3]. 

Recently, it has been described that plasma levels of the brain-derived neurotrophic factor (BDNF) were 

decreased in patients with heart failure and associated with heart failure severity [4] as well as with 

adverse outcomes [5]. In contrast, expression of BDNF and one of its receptors, the tyrosine kinase 

receptor B (TrkB), was increased in arteries of patients with idiopathic pulmonary arterial hypertension 

(IPAH) and mice with chronic hypoxia-induced PH [6]. Hypoxic exposure of human PASMCs and 

endothelial cells also increased BDNF protein expression as well as secretion in vitro [7, 8]. As BDNF 

treatment resulted in an augmented proliferation of human PASMCs, it was suggested that BDNF 

promotes development of PH [6]. Along these lines, it is well known that tyrosine kinase receptors 

induce major intracellular signalling cascades resulting in proliferation, migration, and resistance to 

apoptosis of PASMCs [9]. In particular, BDNF can bind to the high-affinity TrkB receptor and the low-

affinity p75 neurotrophin receptor which leads to activation of several proliferative pathways [10, 11]. 

Previously, BDNF as a member of the neurotrophin family was mainly studied in the nervous system. 



However, BDNF is released also by several other organs including muscles, the liver and adipose tissue, 

as well as circulating blood cells such as activated immune cells, and platelets, which can store BDNF 

[12]. Moreover, BDNF can be released by cardiomyocytes and enhanced the cardiac contractile force by 

increasing calcium transients in cardiomyocytes [13].  Thus, BDNF may not only play a role in pulmonary 

vascular remodelling but also RV adaptation to increased afterload. In this regard, opposing results were 

published showing both worse or better outcome after myocardial infarction in genetic mouse models 

of decreased BDNF expression [14, 15].  However, the role of BDNF in the development of PH and right 

heart hypertrophy and failure is currently unknown. 

Against this background, we aimed to determine whether BDNF could serve as a potential biomarker 

and/or treatment target for PH and RV failure. Therefore, we conducted a study to 1) asses the relation 

between BDNF plasma levels and the severity of PH and RV function in patients with different forms of 

PH, 2) investigate the development of RV remodelling and function in BDNF haploinsufficient mice after 

pulmonary arterial banding (PAB) and 3) determine the effect of smooth muscle cell-specific BDNF 

deletion in mice on the development of hypoxia-induced PH.   



Materials and Methods 

A more detailed description of the methods is in the Data Supplement. 

Clinical Study 

Two cohorts were included in the study: The first cohort included PH and control patients from the 

Giessen PH Registry. PH patients were grouped into pre-capillary PH (only patients with IPAH were 

included to avoid confounding factors of associated forms of PH), isolated post-capillary PH (ipcPH) and 

combined pre- and post-capillary PH (cpcPH) according to the current guidelines [1]. The second cohort 

included IPAH patients from the “Right Heart 1 trial” (NCT03403868) with available conductance 

catheter and/or MRI measurements. Patient informed consent was obtained before study as approved 

by the local authorities (ethic proposal Nr. 100/2013) and in accordance with the ethical principles for 

medical research involving human subjects as set out in the Declaration of Helsinki.  

Clinical investigations 

Clinical investigations such as right heart catheterization (RHC), cardiopulmonary exercise testing (CPET), 

and echocardiography were performed in the course of the Right Heart-1-study (NCT ClinicalTrials.gov 

identifier: NCT03403868), as described previously [16, 17]. Magnetic resonance imaging (MRI) was 

performed with a 1.5 Tesla scanner system (Avanto [Siemens Healthineers]). For analysis of online PV 

loops, conductance catheterization was performed by using a 4F pressure-volume catheter (CA-Nr 

41063, CD Leycom) positioned in the RV apex. End-systolic elastance (Ees) was calculated as Pmax-End-

systolic Pressure/Stroke Volume and arterial elastance as ESP/SV from single beat analysis, as described 

previously [18, 19].  

BDNF Elisa  

BDNF level in plasma was measured by BDNF Elisa (R&D Systems). 



Animal studies  

All animal experiments were approved by the local authorities of Regierungspräsidium Giessen (GI 

20/10, Nr. 92/2010 and 24/2015 for hypoxic experiments; GI 20/10 Nr. 63/2012 for PAB; GI 20/10 

Nr.115/2014 for cell isolation) and in compliance with the guidelines from Directive 2010/63/EU of the 

European Parliament on the protection of animals used for scientific purposes and to the Declaration of 

Helsinki. All mice used in this study were adult males with a weight of 20–30 g. For the hypoxic 

experiments, Smmhc-CreERT2 mice [Tg(Myh11-cre/ERT2)] mice were obtained from Dr. Stefan 

Offermanns and crossbreed with BDNF-floxed mice (Bdnftm3Jae/J) from the Jackson Laboratory to obtain 

mice expressing tamoxifen-inducible Cre-recombinase under the promoter of smooth muscle myosin 

heavy chain (Myh11, also known as Smmhc) and Bdnf flanked by loxP sites (Bdnf/Smmhc). Induction of 

the smooth muscle cell (SMC)-type specific knockout was achieved by tamoxifen feeding 10 days prior to 

normoxic or hypoxic exposure. In total, three different groups were evaluated: The Bdnf/Smmhc control 

group without induction of the BDNF knockout by feeding with tamoxifen-free food; the Bdnf/Smmhc 

knockout group with induction of Bdnf knockout in SMCs by feeding with tamoxifen containing food; to 

evaluate the effect of tamoxifen feeding, we additionally analysed Cre-negative, Bdnf-floxed mice that 

were fed with tamoxifen without induction of BDNF knockout (Smmhc control group).  

For the PAB experiments, mice heterozygous for the Bdnftm1Jae mutation (B6.129S4-Bdnftm1Jae/J, 

“BDNF+/-“), which show approximately half normal levels of Bdnf mRNA, originating from the Jackson 

Laboratory and bred in our local animal facility were used. For the control, we used littermates without 

mutation (WT) bred in our local animal facility. For cell isolation, WT (C57BL/6J) mice were obtained 

from the Jackson Laboratory. 

Hypoxic exposure, pulmonary artery banding, in vivo studies 

For chronic hypoxic exposure, Bdnf/Smmhc knockout (+/- tamoxifen) and Smmhc control (+tamoxifen) 

mice were kept in a ventilated chamber under normobaric hypoxic (10% O2) conditions for four weeks. 



Pulmonary artery banding (PAB) was performed as described previously [20]. Echocardiographic images 

were obtained with a high-resolution imaging system (Vevo® 2100, VisualSonics), as described 

previously [21, 22]. In vivo hemodynamics were performed as described [21, 22].  

Histology 

To evaluate the extent of pulmonary vascular remodelling, double immunohistochemical staining was 

performed using a monoclonal anti-α smooth muscle actin antibody (#A2547, Sigma-Aldrich) to detect 

the vascular smooth muscle layer and an anti-von Willebrand factor antibody (#GA527, Dako) to detect 

the endothelium. To evaluate cardiac fibrosis, Picro-Sirius Red staining (Picro-Sirius Red Stain Kit, 

#ab150681, Abcam) was performed.  

Isolation of PASMCs 

Isolation of mouse PASMCs from pre-capillary pulmonary arterial vessels was performed, as described 

previously [23].  

Proliferation assay 

Cell proliferation of PASMCs was assessed using 5´Brom-2-Desoxyuridin (BrdU) incorporation (Roche). 

Quantitative real-time PCR 

Real-time PCR was carried out in a “CFX Connect™ Real-Time PCR Detection System” (Bio 

Rad) using SYBR-Green (Bio-Rad).  

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 6.05 (GraphPad Software, Inc.). All data in the 

figures are presented as mean ± standard error of the mean (SEM). A p-value ≤0.05 was considered to 

be significant. For the evaluation of the clinical study, a linear regression analysis, multiple regression 

analysis or a one-factorial analysis of variance (ANOVA) was performed. The results of the animal 

experiments were analyzed using two-way ANOVA with a post-hoc multiple comparison test according 

to Tukey.   



Results 

BDNF plasma levels were decreased in PH patients and correlated with RV and LV 

function 

To assess whether BDNF could serve as a potential biomarker of specific PH forms, BDNF concentration 

was first measured in plasma of control patients and patients with pre-, post- or combined pre- and 

post-capillary PH (for patient characteristics of cohort 1, see Table 1 and Supplemental Table 1). BDNF 

plasma levels were significantly decreased in PH patients with IPAH and cpcPH compared to control 

patients, and only in IPAH patients after adjustment for BMI, age and gender (Figure 1a). These data 

indicated that these co-variables explain some of the difference in BDNF levels between patients with a 

post-capillary component and control patients (Figure 1a). BDNF plasma levels negatively correlated 

with PVR and CVP, and positively with CI in all PH patients and correlation was preserved after 

adjustment for BMI, age and gender (Figure 1b). Analysis of IPAH patients of the 1st cohort further 

showed correlation of BDNF plasma levels with CVP (p*=0.0091) and CI (p*=0.0134) but not PVR (p*= 

0.5513) after adjustment for these co-variables (Figure 1c). 

Next, we investigated the relationship between BDNF plasma levels and specifically RV remodelling and 

function. For this purpose, we collected blood from a second cohort of IPAH patients (for patients 

characteristics of cohort 2, see Table 2 and Supplement Table 1) and compared BDNF plasma levels 

(displayed in Figure 1a) to parameters obtained by CPET and echocardiography during routine clinical 

presentation or, if available, to MRI and conductance catheter measurements from the “Right Heart 1 

trial” (NCT03403868). 

In line with the results of the first patient cohort, we found that BDNF plasma levels correlated with CVP, 

and most importantly with parameters of RV dimension, in particular with the endsystolic and 

enddiastolic volume of the RV (RV-ESV and RV-EDV, Figure 1d, Table 2).  However, the correlation with 

pulmonary vascular and exertional parameters was not statistically significant. Moreover, in contrast to 



the first cohort, the correlation of BDNF levels to heart function was not statistically significant, albeit RV 

coupling parameters correlated with BDNF levels. We thus compared both cohorts (Supplement Table 1) 

but did not detect statistically significant differences between hemodynamic, biometric or blood 

markers, that could explain the discrepant results with regard to correlation of BDNF with CI. However, 

there was a tendency for decreased thrombocyte counts, increased hemoglobin levels, decreased 

thyreoid-stimulating hormone (TSH) and increased C-reactive protein (CRP) in the second 2nd cohort 

compared to the 1st cohort, which may have affected BDNF plasma levels. We therefore adjusted p-

values of correlation for these co-variables and found that RV-EDV, RV-ESV and CVP but not CI 

significantly correlated with BDNF levels after adjustment (1st cohort: CVP: p#=0.0114, CI: p#= 0.2507; 2nd 

cohort: CVP: p#=0.0116, CI: p#=0.9304, RV-EDV: p#=0.0183; RV-ESV: p#=0.0169). These results indicate 

that these co-variables contributed to correlation of BDNF and CI in IPAH patients, and only markers of 

right heart congestion were independently correlated to BDNF levels. 

In summary, the human study showed low BDNF plasma levels in IPAH patients which correlate with 

markers of right heart congestion.  

Bdnf heterozygous mice developed less RV dilatation after pulmonary arterial banding 

To investigate the impact of low BDNF levels on RV adaptation to increased afterload, we subjected 

heterozygous Bdnf knockout (Bdnf +/-) mice (because homozygous Bdnf knockout mice are not viable) to 

PAB. Three weeks after PAB, RVSP elevation and the increase of the heart ratio were comparable in WT 

and Bdnf +/- mice (Figure 2a and b). However, RVID was increased to a lesser extent in banded Bdnf +/-

mice compared to banded WT mice (Figure 2c), whereas RVWT was increased to a similar level (Figure 

2d). TAPSE and CO were similarly decreased after PAB in both genotypes (Figure 2e and f). Collagen 

content in the RV tissue was also not significantly different between PAB WT and PAB Bdnf +/-mice 

(Figure 2g and h). PAB-induced RV hypertrophy was associated with enhanced Bdnf and TrkB mRNA 



expression in the RV tissue (Figure S2a and b in Data Supplement). These data indicate that low BDNF 

levels do not promote RV dysfunction but may have a beneficial effect on RV remodelling. 

SMC-specific Bdnf knockout showed attenuated RV dilatation after chronic hypoxic 

exposure without effect on PH 

As a second mouse model to investigate the effect of BDNF on RV remodelling in PH, we used chronic 

hypoxia-induced PH in mice with SMC-specific knockout of Bdnf (Bdnf/Smmhc knockout induced by 

tamoxifen feeding). This model was chosen to investigate the effect of BDNF knockdown on the RV and 

pulmonary vasculature, as human PASMCs showed higher proliferation after exogenous BDNF 

stimulation, suggesting that BDNF promotes development of PH [6]. In these mice, we did not detect 

any statistical significant difference in development of PH after four weeks of hypoxic exposure (10% 

O2), determined by RVSP (Figure 3a), the Fulton index (weight of the RV/(LV+septum)) as measure for RV 

hypertrophy, Figure 3b) or pulmonary vascular remodeling (Figure 3c and d) compared to mice without 

knockout (Bdnf/Smmhc control, without tamoxifen feeding). However, in line with the findings in the 

PAB model, RV dilatation was attenuated in Bdnf/Smmhc knockout mice compared to Bdnf/Smmhc 

control mice (Figure 4a), while RVWT was not statistically significant different between the genotypes 

(Figure 4b). Interestingly, TAPSE, a parameter for systolic RV function, was less decreased in hypoxic 

Bdnf/Smmhc knockout mice compared to Bdnf/Smmhc control mice (Figure 4c and d). In contrast, 

hypoxic exposure decreased CO to a similar extent in both genotypes (Figure 4e). Moreover, we did not 

detect any statistically significant differences in SAP between these groups (Figure S3a in Data 

Supplement). To determine whether tamoxifen feeding may affect the development of PH, we 

compared the Bdnf/Smmhc control group with the Smmhc control group after tamoxifen feeding. No 

differences in heart ratio, RVSP, or vascular remodeling after normoxic or hypoxic exposure were 

detected between these groups (Figure S3b–d in Data Supplement) Interestingly, tamoxifen feeding 

even enhanced hypoxia-induced RV dilatation (Figure S3e in Data Supplement) without affecting RVWT 



(Figure S3F in Data Supplement), TAPSE (Figure S3g in Data Supplement) or CO (Figure S3h in Data 

Supplement) suggesting that attenuation of RV dilatation and decrease in TAPSE in Bdnf/Smmhc 

knockout was not due to tamoxifen feeding. 

BDNF protein levels were increased in lung homogenate after four weeks of hypoxic 

exposure independent of BDNF knockout 

In contrast to the decreased circulating levels of BDNF in PH patients, BDNF protein levels were 

increased in lung homogenate of chronic hypoxic mice (Figure 5a) and isolated PASMCs after hypoxic 

exposure (Figure 5b), with no detectable difference between Bdnf/Smmhc knockout and control lung 

homogenate (Figure 5a). Increased mRNA levels were not detectable in lung homogenate but in isolated 

PASMCs after hypoxic exposure (Figure 5c, d). Successful knockout of BDNF was proven in aortic tissue 

(Figure S4a in Data Supplement). Interestingly, TrkB mRNA expression was higher in Bdnf/Smmhc 

knockout compared to control in aortic tissue (Figure S4b in Data Supplement), while we could not 

detect a difference in lung homogenate (Figure S4c in Data Supplement). TrkB mRNA was also 

upregulated in hypoxia in lung homogenate and isolated PASMCs (Figure S4c and d in Data Supplement).  

Discussion 

By using advanced methods for in-depth characterization of RV remodelling in PH patients, we showed 

for the first time that BDNF plasma levels were decreased in IPAH patients, and low BDNF levels were 

associated with signs of right heart congestion. In two animal models of PH, low BDNF levels did not 

promote pressure overload-induced RV remodelling, suggesting that low BDNF levels are not causatively 

related to maladaptive RV remodelling as seen in PH patients. Increased BDNF expression in the hypoxic 

lung and RV of the PAB animals suggests that neither the heart nor the lung accounted for low BDNF 

plasma levels in PH patients. Moreover, SMC-specific knockdown of BDNF did not affect development of 

chronic hypoxia-induced PH. 



The low BDNF levels in PH patients of our first patient cohort and correlation to global heart function are 

in line with previous investigations on the left heart which demonstrated an association between low 

BDNF plasma levels and left heart failure [4, 5, 24]. Moreover, low BDNF levels have been shown to be 

associated with heart failure severity [4], death, and adverse outcomes [25]. Interestingly, a recent study 

using data from a large population revealed that low BDNF levels were related to adverse early and 

subclinical left ventricular remodelling and higher levels of NTproBNP [24]. Accordingly, we found 

decreased BDNF levels also in patients with a post-capillary component of PH. However, our study 

cohort did not allow us to discern the effects of PH in these patients from effects of the relevant co-

variables (age, BMI, gender [26]) with sufficient statistical confidence. Future larger studies are 

necessary to determine the relevance of a pre- vs. post-capillary component on BDNF levels. However, 

BDNF levels in IPAH patients were also significantly decreased after adjustment for co-variables. Thus, 

we speculated that BDNF plasma levels in IPAH patients are associated with RV dysfunction. Therefore, 

we investigated a second cohort of PAH patients that had undergone a detailed analysis of heart 

function using advanced methods such as PV-loop analysis and MRI. Indeed, we found that BDNF plasma 

levels correlated with RV dimensions/structure and CVP but not CI after adjustment for several co-

variables. These data indicate that low BDNF levels are more related to venous congestions (backward 

failure) than to forward heart failure. Interestingly, BDNF also correlated with LV parameters which, 

however, are affected in IPAH by RV dysfunction due to RV-LV interdependence [27], so that an 

independent effect of LV function could not be analysed in this study.  

To investigate the direct effects of low BDNF levels on RV remodelling we used two mouse models of 

increased RV afterload. First, we investigated RV remodelling in mice heterozygous for the Bdnftm1Jae 

mutation (which show approximately half normal levels of Bdnf mRNA; homozygous mice mostly die 

within the second postnatal week) using the PAB model to induce isolated RV afterload. Bdnf+/- mice 

showed less RV dilatation after PAB compared to WT mice; however, this increase was rather small and 



not accompanied by better RV function, so that the physiological relevance remains unclear. As second 

model we used hypoxia-induced PH in SMC-specific Bdnf knockout mice. Bdnf/Smmhc knockout mice 

displayed attenuated RV dilatation and improved TAPSE compared to Bdnf/Smmhc control mice, despite 

a comparable severity of hypoxia-induced PH. These findings suggest that diminished BDNF expression 

even only in SMCs exerts beneficial effects on RV adaptation to increased RV afterload. Along these 

lines, in a model of myocardial infarction Bdnf +/- mice showed reduced adverse cardiac remodelling and 

improved survival [15]. In contrast, conditional global BDNF deletion in mice was associated with a 

worsening of heart function following myocardial infarction [14]. Further studies should investigate the 

reason for these discrepancies, pathomechanisms underlying the effects of BDNF on RV remodeling and 

function, and its effect on TrkB signaling. 

We further investigated whether BDNF affects pulmonary vascular remodelling in the Bdnf/Smmhc 

hypoxic mouse model. Previously, we demonstrated proliferative effects of exogenous BDNF on human 

PASMCs [6]. However, we did not find any effect of Bdnf deletion on the development of PH. BDNF 

release by cell types other than PASMCs during chronic hypoxia may account for these findings. Indeed, 

we observed increased BDNF levels in lung homogenates after 4 weeks of hypoxic exposure, and this 

increase was independent of BDNF deletion. Thus, in vivo non-SMC cell types, particularly endothelial 

cells, may blunt the effect of SMC-specific BDNF downregulation. In this regard, human pulmonary 

arterial endothelial cells have been shown to secrete BDNF in response to hypoxia [7]. Moreover, we 

examined the expression of BDNF and TrkB in aortas, which served as an indicator tissue for their 

regulation in SMCs. Importantly, upregulation of the BDNF-receptor TrkB mRNA expression, probably as 

a compensatory mechanism, in aortas of Bdnf/Smmhc knockout mice suggested unimpaired TrkB 

signalling in Bdnf/Smmhc knockout mice.  

In contrast to circulating levels in PH patients, Bdnf and TrkB mRNA was upregulated in the RV after PAB, 

as well as in lung homogenate of hypoxic mice. Previous studies have also shown that endothelial cells 



of the coronary artery and cardiomyocytes in the adult heart express Bdnf [13, 28]. Along this line, an 

upregulation of BDNF protein was also found in left heart failure [29]. Moreover, BDNF plasma levels 

were increased after three days of a high altitude sojourn [7] and human PASMCs released BDNF during 

hypoxia in vitro [8]. Accordingly, previous studies demonstrated increased Bdnf and TrkB mRNA 

expression in pulmonary vessels of patients with IPAH and mice with chronic hypoxia-induced PH, 

however plasma levels were not reported [6]. Currently the reason of the decreased circulating BDNF 

levels in IPAH, which may not reflect local BDNF levels in the lung or heart, remains unknown. BDNF 

plasma levels may be affected by systemic factors associated with IPAH and could be decreased due to 

less exercise of the patients[30], high glucose levels [12], or potentially psychological conditions, such as 

depression and cognitive impairment [31, 32]. In this regard, a brain-heart-loop has been described for 

the left heart[14]. Other factors have been frequently described to affect plasma BDNF levels, such as 

thyroid hormones [33, 34] and BDNF released from thrombocytes [35]. Moreover, plasma BDNF levels 

correlated with C-reactive protein [36] and hemoglobin levels [37] in human studies. Therefore, for 

these factors we adjusted in our multivariate analysis. Furthermore, other non-neuronal cells, including 

vascular endothelial cells, and immune cells could release BDNF into plasma [38]. In summary, 

decreased BDNF levels were detected in IPAH patients and low BDNF levels were associated with RV 

dilatation and CPI. Animal experiments do not indicate induction of RV remodelling and dysfunction by 

low BDNF levels but rather mild protective effects on RV dilatation. These data suggest that low BDNF 

levels detected in IPAH patients do not cause RV dysfunction but are rather a consequence of right heart 

congestion.  
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 Diagnosis 

 Control IPAH CpcPH IpcPH 

Number 10 12 10 10 

m/f 4/6 5/7* 3/7* 3/7* 

 
Median Q1/ Q3 Median Q1/Q3 p-value Median Q1/Q3 p-value Median Q1/Q3 p-value 

Age (years) 43 39/67 49 42/ 57 0.9440 78 71/80 <0.0001 71 60/78 0.0009 

BMI (kg/m
2
) 27 25/29 27 22/30 0.8710 26 24/30 0.9672 31 27/39 0.1906 

mPAP (mmHg) 18 16/20 43 37/54 <0.0001 39 32/45 <0.0001 30 24/34 0.0037 

PAWP (mmHg) 10 9/11 11 8/13 0.9726 21 19/23 <0.0001 20 17/22 <0.0001 

PVR (dyn*s*cm
-

5
) 

95 73/135 558 437/667 <0.0001 319 265/349 <0.0001 145 99/167 0.8643 

CI (l/min/m
2
) 3.1 2.9/3.4 2.7 

2.5/ 
3.0 

0.0279 2.4 1.9/ 2.6 0.0014 2.7 2.4/3.0 0.0811 

CVP (mmHg) 7 5/8 9 5/11 0.4019 11 9/13 0.2244 10 8/15 0.1041 

BNP (pg/ml) 
#
 17 6/41 86 33/257 0.1783 309 209/ 541 0.0002 99 77/165 0.1640 

BDNF (pg/ml) 5074 
4031/ 
6901 

3362 
1618/ 
4613 

0.0375 
0.0396

§
 

2838 
1528/ 
4999 

0.0214 
0.3295

§
 

3220 
2200/ 
4501 

0.0591 
0.5417

§
 

Table 1: PH patient characteristics (1st cohort). 

Abbreviations: mPAP: mean pulmonary arterial pressure, PVR: pulmonary vascular resistance, CI: 

cardiac index, PAWP: pulmonary arterial wedge pressure, CVP: central venous pressure, RV: right 

ventricle, Crea: Creatinine. Statistical analysis was performed by one-way-ANOVA with Dunnett’s post 

hoc multiple comparison test. P-values are provided in comparison to the control group. *no statistical 

significant difference compared to control. #n=9 for control and ipcPH. § p-value adjusted for BMI, age 

and gender.  



 
n-

number 
Median Q1/Q3 Pearson r p-value 

p-value 
adjusted for 
BMI, age and 

gender 

Pulmonary vascular parameters  0.0778 0.1226 

PASP(mmHg), echo 23 66 46/90 -0.52 0.0110 0.0245 

PCWP (mmHg), RHC 31 9 7/10 -0.01 0.9725 0.4350 

PVR (dyn*s*cm
-5

), RHC 31 529 335/776 -0.19 0.3189 0.6167 

RV dimensions/structure  <0.0001 <0.0001 

EDV (ml), MRI 31 179 145/291 -0.48 0.0058 0.0052 

ESV (ml), MRI 31 116 73/196 -0.51 0.0033 0.0041 

MyoMass diast (g), MRI 31 60 47/97 
-0.34 

 
0.0313 

 
0.0134 

MyoMass syst (g), MRI 31 59 44/87 
-0.35 

 
0.0527 

 
0.0083 

T1 uRVIP (ms), MRI 28 1053 1011/1096 -0.42 0.0270 0.1328 

T2 uRVIP (ms), MRI 31 63 59/70 0.20 0.767 0.5558 

RV function  0.0297 0.0525 

TAPSE (mm), echo 27 20 18/26 0.34 0.0817 0.3945 

EF (%), MRI 31 39 27/51 0.45 0.0105 0.0135 

SV (ml), MRI 31 68 60/90 -0.11 0.5451 0.4010 

Ees, P-V 28 49 38/73 -0.16 0.4262 0.2164 

Coupling parameters  0.0032 0.0139 

Ees/Ea, P-V 28 0.84 0.43/1.13 -0.10 0.6009 0.3071 

TAPSE/sPAP, echo 23 0.42 31/97 0.56 0.0068 0.0408 

SV/ESV, MRI 31 0.65 0.37/1.02 0.44 0.0131 0.0272 

Global heart function  0.2427 0.7997 

CI (l/min/m
2
), RHC 31 2.6 2.1/3.2 <0.01 0.9865 0.7428 

CI (l/min/m
2
), MRI 31 2.5 2.1/2.9 -0.19 0.3144 0.7980 

BNP (pg/ml) 28 91 30/221 0.36 0.0609 0.3631 

Left heart parameters  0.0008 0.0008 

EDV (ml), MRI 30 97 82/113 -0.24 0.1944 0.4338 

ESV (ml), MRI 30 35 25/45 -0.37 0.0430 0.0154 

SV (ml), MRI 30 63 46/70 -0.02 0.9253 0.6759 

MyoMass diast (g), MRI 30 104 87/117 -0.20 0.2895 0.1600 

MyoMass syst (g), MRI 30 87 80/101 -0.23 0.2179 0.0559 

EF (%), MRI 30 65 56/75 0.40 0.0285 0.0240 

T1 LV global (ms), MRI 29 1044 1010/1088 -0.37 0.0470 0.2124 

T2 LV global (ms), MRI 29 58 55/60 -0.53 0.0033 0.0059 

Exertional parameters  0.1055 0.4779 

6MWD (m) 29 406 272/480 0.32 0.0917 0.3725 

VO2max (ml/min/kg) 20 13.3 10.5/16.2 0.02 0.9459 0.5498 

Maximum work load 
(Watts) 

20 63 38/90 0.42 0.0608 0.3076 

General characteristics   



Age (years) 31 55 46/60 -0.14 0.4529  

BMI (kg/m
2
) 31 25 22/30 0.31 0.0888  

BDNF 31 1262 791/4619    

Table 2: Correlation of BDNF plasma levels to structural and functional heart parameters and clinical 

parameters (2nd cohort).  

Linear regression analysis with log-values was performed to calculate the p-value and Pearson’s r for 

correlation of BDNF and the respective parameter. Combined p-values (bold) were calculated according 

to Fisher’s method. Multiple regression analysis was used to adjust for BMI, age and gender.  

Abbreviation: BNP: brain natriuretic peptide, CI: cardiac index, Ea: arterial elastance, Ees: end-systolic 

elastance, EDV: end diastolic volume, EF: ejection fraction, ESV: end systolic volume, LV: left ventricle, 

MRI: magnetic resonance imaging, mPAP: mean pulmonary arterial pressure, PASP: pulmonary arterial 

systolic pressure, P-V: pressure-volume loop catheter, PCWP: pulmonary capillary wedge pressure, PVR: 

pulmonary vascular resistance, RHC: right heart catheter, TAPSE: tricuspid annular plane systolic 

excursion, T1/T2: MRI relaxation times, uRVIP: upper RV insertion point  
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Figure legends 

Figure 1 BDNF plasma concentration in control and PH patients  

a) BDNF plasma concentration determined in peripheral blood samples from control patients and 

patients with idiopathic pulmonary arterial hypertension (IPAH), combined pre-and post-capillary PH 

(cpcPH) and isolated post-capillary PH (ipcPH). b) Correlation of BDNF plasma concentration to 

pulmonary vascular resistance (PVR), cardiac index (CI) or central venous pressure (CVP) in all PH 

patients. c) Correlation of BDNF plasma concentration to pulmonary vascular resistance (PVR), cardiac 

index (CI) or central venous pressure (CVP) in IPAH patients.  d) Correlation of BDNF plasma 

concentration to end-diastolic volume (EDV), end-systolic volume (ESV) or central venous pressure 

(CVP).  a) Disease groups were compared to the control group with Dunnett’s post hoc multiple 

comparison test using appropriate transformations (log for concentrations). b, c, d) Statistical analysis 

was performed by linear regression analysis for calculation of Pearson’s r and p-value; multiple 

regression analysis was performed to adjust for body mass index, age and gender (p*-value),  or body 

mass index, age, gender, thrombocyte counts, hemoglobin levels, thyreoid-stimulating hormone (TSH) 

and C-reactive protein (CRP) (p#-value). 

 

Figure 2 Degree of RV remodelling and dysfunction in BDNF+/- mice after pulmonary arterial banding  

a) Right ventricular systolic pressure (RVSP). b) Heart ratio: weight of right ventricle (RV) as ratio of the 

weight of the RV to the weight of the left ventricle (LV) + septum (S). c) Right ventricular internal 

diameter (RVID). d) Right ventricular wall thickness (RVWT). e) Tricuspid annular plane systolic excursion 

(TAPSE). f) Cardiac Output (CO). g) Percentage of collagen in the RV determined by Picro-Sirius-Red 

staining. h) Representative pictures of Picro-Sirius-Red staining of the RV. Collagen fibers are stained 

red, cardiomyocytes are stained yellow. Data are displayed as mean±SEM. Statistical analysis was 

performed by two-way ANOVA with Tukey post hoc test (log for collagen content). 



 

Figure 3 Degree of hypoxia-induced PH in BDNF SMC-specific knockout mice after four weeks of 

hypoxic exposure 

a) Right ventricular systolic pressure (RVSP) quantified in vivo. b) Heart ratio: weight of right ventricle 

(RV) as ratio of the weight of the RV to the weight of the left ventricle (LV) + septum (S). c) Pulmonary 

vascular remodelling of small (20-70 μm) pulmonary vessels determined as the amount of fully, partially 

and non-muscularized vessels in percent total vessel count. Pulmonary vessels were categorized as non-

muscularized vessels (percentage of α-actin positive cells <5% in relation to the vessel circumference), 

partially-muscularized vessels (percentage of α-actin positive cells between 5-75% in relation to the 

vessel circumference) and fully-muscularized vessels (percentage of α-actin positive cells >75% in 

relation to the vessel circumference). n=12 mice each group d) Representative images of pulmonary 

vessels. Purple colour: staining for α-smooth-muscle-actin. Brown colour: staining for von-Willebrand 

factor. Data are displayed as mean±SEM. Statistical analysis was performed by two-way ANOVA with 

Tukey post hoc test. 

 

Figure 4 Degree of hypoxia-induced RV remodelling and dysfunction in BDNF SMC-specific knockout 

mice after four weeks of hypoxic exposure 

a) Right ventricular internal diameter (RVID). b) Right ventricular wall thickness (RVWT). c) Tricuspid 

annular plane systolic excursion (TAPSE). d) Representative echocardiographic images of TAPSE. e) 

Cardiac output(CO). Data are displayed as mean±SEM. Statistical analysis was performed by two-way 

ANOVA with Tukey post hoc test. 

 

Figure 5 Expression of BDNF protein and mRNA in lung homogenate and PASMCs.  



BDNF protein or mRNA levels in lung homogenate of mice after 4 weeks normoxic or hypoxic exposure 

(a, c) and in isolated PASMCs after different time periods of in vitro hypoxic exposure (b, d). Data are 

displayed as mean±SEM. (a, c) Statistical analysis was performed by two-way ANOVA with Tukey post 

hoc test (log for concentrations). (b, d) Statistical analysis was performed by Mann-Whitney-U test (log 

for concentrations). 
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Materials and Methods 

Clinical Study 

Two cohorts were included in the study: The first cohort included PH and control patients from 

the Giessen PH Registry who underwent right heart catheterization between 1 July 2017 and 

30 November 2020. As the analysis was performed in February 2021, all samples not older 

than 3,5 years were chosen. PH patients were grouped into pre-capillary PH (only patients 

with IPAH were included to avoid confounding factors of associated forms of PH), isolated 

post-capillary PH (ipcPH) and combined pre- and post-capillary PH (cpcPH) according to the 

current guidelines [1]. The second cohort included all IPAH patients from the “Right Heart 1 

trial” (NCT03403868) with available conductance catheter or MRI measurements. The use of 

human plasma was approved by the local authorities (ethic proposal Nr. 100/2013). Plasma 

was prepared by centrifugation of the blood for 15 minutes at 4754 x g (Hettich Universal 

420R). 

Conductance catheterization  

Via an 8F introducer sheath in the left or right jugular vein, a 4F pressure-volume catheter (CA-

Nr 41063, CD Leycom) was positioned in the RV apex, guided by transthoracic 

echocardiography and analysis of online PV loops. PV loops were displayed beat to beat in 

real time by connection to an intracardiac analyzer (Inca®, CD Leycom). When the PV loops 

showed a clear overlap, a single beat was chosen for the assessment of end-systolic pressure 

(ESP). Conductance-catheter-derived ESP was identified in real time by the intracardiac 

analyzer at the maximum pressure/volume toward end-ventricular ejection and re-checked by 

respective investigators. End-systolic elastance (Ees) was calculated as Pmax-End-systolic 

Pressure/Stroke Volume and arterial elastance as ESP/SV, as described previously [2, 3].  

Magnetic resonance imaging  

Magnetic resonance imaging (MRI) was performed with a 1.5 Tesla scanner system (Avanto 

[Siemens Healthineers]); gradient strength and slew rate: SQ-engine [45 mT/m @ 200 T/m/s]) 

using a six-element phased array cardiac coil and a dedicated cardiac magnetic resonance 
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(CMR) protocol including axial, coronal, and sagittal thoracic survey images, steady-state free 

precession cine sequences in 2-, 3-, and 4-chamber view, and transaxial and short axis stacks 

from base to apex (black-blood; T2 turbo spin echo), as described previously [4]. CMR imaging 

and T1 mapping were performed as described previously [5]. T1 and T2 measurements were 

taken in the short axis at upper and lower RV insertion points [RVIPs]. 

Clinical investigation 

Clinical investigations such as right heart catheterization (RHC), cardiopulmonary exercise 

testing (CPET), and echocardiography were performed in the course of the Right Heart-1-study 

(NCT ClinicalTrials.gov identifier: NCT03403868), as described previously [6, 7]. A subgroup 

of the patients has been reported previously [3, 8, 9] and were reanalyzed for the present 

study. 

BDNF Elisa  

Human plasma samples were diluted 1:10, and the BDNF Elisa (Quantikine ELISA Total 

BDNF, R&D Systems) was performed according to the manufacturer’s instructions. For mouse 

lung tissue, 250 µg of protein per well was used. 

Animal studies  

All animal experiments were approved by the local authorities of Regierungspräsidium Giessen 

(GI 20/10, Nr. 92/2010 and 24/2015 for hypoxic experiments; GI 20/10 Nr. 63/2012 for PAB; 

GI 20/10 Nr.115/2014 for cell isolation). All mice used in this study were adult males with a 

weight of 20–30 g. For the hypoxic experiments, Smmhc-CreERT2 mice [Tg(Myh11-

cre/ERT2)] mice were obtained from Dr. Stefan Offermanns from Max Planck Institute for Heart 

and Lung Research, Bad Nauheim and crossbreed with Bdnf-floxed mice (Bdnftm3Jae/J) from 

the Jackson Laboratory to obtain mice expressing tamoxifen-inducible Cre-recombinase under 

the promoter of smooth muscle myosin heavy chain (Myh11, also known as Smhhc) and Bdnf 

flanked by loxP sites (Bdnf/Smmhc). Induction of the smooth muscle cell (SMC)-type specific 

knockout was achieved by 400mg/kg tamoxifen feeding 10 days prior to normoxic or hypoxic 

exposure. In total, three different groups were evaluated: The Bdnf/Smmhc control group 
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without induction of the Bdnf knockout by feeding with tamoxifen-free food; the Bdnf/Smmhc 

knockout group with induction of Bdnf knockout in SMCs by feeding with tamoxifen containing 

food; to evaluate the effect of tamoxifen feeding, we additionally analyzed Cre-negative, Bdnf-

floxed mice that were fed with tamoxifen without induction of Bdnf knockout (Smmhc control 

group).  

For the PAB experiments, mice heterozygous for the Bdnftm1Jae mutation (B6.129S4-

Bdnftm1Jae/J, “Bdnf +/-“), which show approximately half normal levels of Bdnf mRNA, originating 

from the Jackson Laboratory and bred in our local animal facility were used. For the control, 

we used littermates without mutation (WT) bred in our local animal facility. For cell isolation, 

WT (C57BL/6J) mice were obtained from the Jackson Laboratory. 

Hypoxic exposure  

For chronic hypoxic exposure, Bdnf/Smmhc knockout (+/- tamoxifen) and Smmhc control 

(+tamoxifen) mice were kept in a ventilated chamber under normobaric hypoxic (10% O2) 

conditions for four weeks. Corresponding normoxic controls were kept in identical chambers 

under normobaric normoxic (21% O2) conditions for the same time period. 

Pulmonary artery banding 

To induce sustained pressure overload by PAB or to perform a sham surgery, Bdnf +/- mice 

were anesthetized with isoflurane (2-3%) in oxygen, as described previously [10]. Analgesia 

was achieved by s.c. injection of buprenorphine hydrochloride (0.1 mg/kg, Temgesic®, Essex 

Pharma) prior to and after the surgery. Mice were intubated and intratracheally ventilated by a 

ventilator (MiniVent Type 845, Hugo Sachs Elektronik). The pulmonary artery was exposed via 

a left anterior thoracotomy. Subsequently, the pericardium was opened, and the pulmonary 

artery was carefully dissected from the aorta. Then, a titanium clip (Hemoclip R) was placed 

around the pulmonary artery using a modified clip applier (Hemoclip®) to induce a stenosis 

with a degree of 65–70%. Afterwards, the thorax and skin were closed using a suture. The 

same procedure was performed for the sham group but without placing the titanium clip around 

the pulmonary artery. 
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Echocardiography 

Echocardiographic images were obtained with a high-resolution imaging system (Vevo® 2100, 

VisualSonics), as described previously [11, 12]. For hypoxia-induced PH, echocardiography 

was performed before (data not shown) and following 4 weeks of hypoxic or normoxic 

exposure. In the PAB model, echocardiography was performed before (data not shown), one 

week (data not shown), and three weeks following the surgery. To evaluate the structure and 

function of the heart, the following parameters were assessed: right ventricular internal 

diameter (RVID) to evaluate the degree of right ventricular dilatation; right ventricular wall 

thickness (RVWT) to determine RV hypertrophy; tricuspid annular plane systolic excursion 

(TAPSE) to estimate the RV systolic function; cardiac output (CO) to determine global heart 

function.  

Hemodynamic measurements and tissue processing 

After four weeks of hypoxic/normoxic exposure or after three weeks of PAB/sham operation, 

hemodynamic measurements were performed, as described previously [10]. Mice were 

anesthetized with isoflurane (1.5–2%) in oxygen and artificially ventilated using a mouse 

ventilator MiniVent type 845 (Hugo Sachs Elektronik). The body temperature, measured via a 

rectal probe, was maintained with a warming plate at 37 °C. The heart rate was determined 

using an electrocardiogram. The right ventricular systolic pressure (RVSP) was measured 

using a high-fidelity pressure catheter (Model SPR-671 Mikro-Tip®; Millar Instruments) 

inserted via the right jugular vein, whereas the systemic arterial pressure (SAP) was measured 

using a catheter inserted into the aorta via the right carotid artery. Measurement values were 

recorded and analyzed with the PowerLab data acquisition system (MPVS-Ultra Single 

Segment Foundation system) and LabChart 7.0 Software (ADInstruments GmbH). After 

completion of hemodynamic measurements, lungs were flushed with phosphate-buffered 

saline and harvested for further analysis. Finally, the heart was isolated, the RV dissected from 

the left ventricle plus septum (LV+S), and their weights were determined. The degree of RV 

hypertrophy was evaluated by the ratio of the weight of the RV to the weight of the LV+S. 
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Histology 

Left lung and heart tissues were fixed in formaldehyde solution (3.5–3.7%; Otto Fischer GmbH) 

and processed for histomorphometrical analysis. Tissues were embedded in paraffin and 

sliced in 3-µm thick sections. The analysis was performed using a computerized morphometric 

system (Leica Q Win V3) in a blinded fashion. To evaluate the extent of pulmonary vascular 

remodeling, double immunohistochemical staining was performed using a monoclonal anti-α 

smooth muscle actin antibody (#A2547, Sigma-Aldrich) to detect the vascular smooth muscle 

layer and an anti-von Willebrand factor antibody (#GA527, Dako) to detect the endothelium. 

The degree of vascular muscularization was defined by the relative amount of α-smooth 

muscle actin-positive cells covering the vessel wall. Vessels were categorized as fully 

muscularized when the proportion of the α-smooth muscle actin positive area was more than 

75% of the vessel wall, as partially muscularized when the proportion was between 5–75%, 

and as non-muscularized when the proportion was less than 5%. One-hundred and fifty 

vessels in the left lung from each mouse were analyzed.   

To evaluate cardiac fibrosis, Picro-Sirius Red staining (Picro-Sirius Red Stain Kit, #ab150681, 

Abcam) was performed, and the collagen content in relation to the total area of the RV section 

was evaluated.  

Isolation of PASMCs 

Isolation of mouse PASMCs from pre-capillary pulmonary arterial vessels was performed, as 

described previously [13].  

Proliferation assay 

Cell proliferation of PASMCs was assessed using 5´Brom-2-Desoxyuridin (BrdU) incorporation 

(Roche, Sigma-Aldrich) after stimulation with recombinant BDNF protein (#248-BD-025, R&D 

Systems). In total, 10000 cells were seeded in 24-well plates in a smooth muscle cell basal 

medium (#C22262, PromoCell) containing normocin (1%, Invitrogen). After 24 hours of 

starvation, the medium was replaced by either smooth muscle cell basal medium containing 

5% Fetal Bovine Serum (FBS) and normocin (negative control) or medium containing 
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additionally 5 and 10 ng/ml BDNF. For the positive control, the medium was replaced with a 

smooth muscle cell growth medium (#C22062, PromoCell) containing normocin, supplements, 

and 15% FBS. To measure newly synthesized DNA in proliferating PASMCs, BrdU (1:1000 

dilution) was added to each well. A proliferation assay was then performed according to the 

manufacturer’s protocol, and the absorbance of the substrate reaction was measured for 30 

minutes every 5 minutes at a 370 nm wavelength with a reference wavelength of 492 nm. 

Quantitative real-time PCR 

According to the manufacturer’s protocols, RNA from lung, aorta, and right ventricle tissues, 

as well as from mouse cells, was isolated with an RNeasy Mini Kit (Qiagen). Using UV 

absorbance (Nanodrop spectrophotometer, Thermo Scientific), the quality and quantity of RNA 

were determined. Subsequently, reverse transcription for the preparation of complementary 

deoxyribonucleic acid (cDNA) was carried out using an iScript cDNA synthesis kit (Bio Rad), 

according to the manufacturer’s protocol. 

Real-time PCR was carried out in a “CFX Connect™ Real-Time PCR Detection System” (Bio 

Rad) using SYBR-Green (Bio-Rad). Used mouse primer pairs were as follows: B2m: forward, 

5'-AGCCCAAGACCGTCTACTGG-3', reverse, 5'-TTCTTTCTGCGTGCATAAATTG-3'; Hprt1: 

forward, 5'-GCTGACCTGCTGGATTACAT-3', reverse, 5'-TTGGGGCTGTACTGCTTAAC-3'; 

Bdnf: forward, 5'-TTCGAGAGGTCTGACGACGAC-3', reverse, 5'-

ACCCGGGAAGTGTACAAGTCC-3'; TrkB: forward, 5'-CAGCCCCGACACTCAGGATT-3', 

reverse, 5'-ACGGTGAGGTTAGGAGCAGC-3'; Bnp: forward, 5'-

GAAGGTGCTGTCCCAGATGA-3', reverse, 5'-TCCAGCAGCTTCTGCATCTT-3'; ANP: 

forward, 5'-TCTGCCCTCTTGAAAAGCAA-3', reverse, 5'-TTCGGTACCGGAAGCTGTT-3'. 

The collected ΔCT values (ΔCT = CTreference gene-CTtarget gene) were calculated using B2m as a 

reference gene for cell culture experiments or Hprt1 as a reference gene for tissue. 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 6.05 (GraphPad Software, Inc.). 

All data in the figures are presented as mean ± standard error of the mean (SEM) or 95% 
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confidence interval. A p-value ≤0.05 was considered to be significant. For the evaluation of the 

clinical study, a linear regression analysis, multiple regression analysis or a one-factorial 

analysis of variance (ANOVA) was performed. The results of the animal experiments were 

analyzed using two-way ANOVA with a post-hoc multiple comparison test according to Tukey. 
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Supplementary Table 1: Comparison of 1st (n=12) and 2nd (n=31) IPAH cohort. P-values 
and Pearson’s r values are calculated from log10 transformed values. *BNP of 2nd cohort: 
n=28 

Abbreviations: ALP: alkaline phosphatase. ALT: alanine aminotransferase, AST: aspartate 
aminotransferase, BMI: body mass index, BNP: brain natriuretic peptide, CI: cardiac index, 
CRP: C - reactive protein, CVP: central venous pressure, GGT: gamma-glutamyl transferase, 
LDH: lactate dehydrogenase, mPAP: mean pulmonary arterial pressure, PVR: pulmonary 
vascular resistance, TSH: thyroid stimulating hormone. 

1st cohort 2nd cohort p-
value: 
1st vs. 
2nd 
cohort 

Correlation to BDNF 
1st cohort 

Correlation to BDNF 
2nd cohort 

Median Q1/Q3 Median Q1/Q3 p-value Pearson’s 
r 

p-value Pearson’s 
r 

BDNF (pg/ml) 3363 1618/4613 1262 791/4619 0.1079 
Blood count 

Leucocytes 
(giga/l) 

6.1 4.5/7.1 6.0 4.9/7.9 0.5304 0.3998 0.27 0.0134 0.44 

Erythrocytes 
(tera/l) 

4.6 4.3/5.1 4.7 4.3/5.1 0.5415 0.0664 -0.55 0.2346 0.22 

Thrombocytes 
(giga/l) 

216 178/287 209 163/238 0.1001 0.8172 0.07 0.0576 0.34 

Hemoglobin 
(g/l) 

134 124/148 136 15/151 0.0685 0.1930 -0.40 0.2482 0.21 

Kidney parameters 
Creatinine 
(mg/dl) 

1.0 0.7/1.3 1.0 0.8/1.2 0.6493 0.2034 -0.40 0.7328 -0.06

Glomerular 
filtration rate 
(ml/min) 

79 57/110 77 57/95 0.6090 0.4719 0.23 0.6562 0.08 

Urea (mg/dl) 34 22/47 32 28/48 0.7134 0.2831 -0.34 0.5578 -0.11
Uric acid 
(mg/dl) 

8.2 4.6/10.4 6.5 5.0/8.4 0.2690 0.1321 -0.46 0.5345 0.12 

Liver parameter 
AST (U/l) 22 19/27 23 18/36 0.4191 0.5104 -0.21 0.5918 0.10 
ALT (U/l) 22 16/30 18 13/32 0.7746 0.7869 -0.09 0.1400 0.27 
GGT (U/l) 30 17/98 43 16/78 0.6970 0.0080 -0.72 0.7829 -0.05
ALP (U/l) 82 57/88 75 60/90 0.9448 0.0544 -0.57 0.4245 0.15 
Bilirubin 
(mg/dl) 

0.7 0.6/0.8 0.7 0.5/1.0 0.6881 0.0050 -0.75 0.1032 -0.30

Other values 
TSH (mU/l) 2.8 1.3/3.8 1.5 1.1/2.1 0.0860 0.2907 -0.33 0.6212 -0.09
CRP (mg/l) 1.5 0.5/4.6 3.2 1.4/7.7 0.1023 0.7803 -0.09 0.6288 -0.09
LDH (U/l) 235 201/296 236 202/303 0.8677 0.1176 -0.48 0.9697 -0.01
BNP (pg/ml)* 86 33/257 91 30/221 0.8713 0.1760 -0.42 0.0944 -0.32

Hemodynamics 
CVP (mmHg) 9 5/11 7 4/10 0.2337 0.0054 -0.75 0.0427 -0.37
mPAP 
(mmHg) 

43 37/54 37 34/51 0.7231 0.4109 -0.26 0.3452 -0.18

CI (l/min/m2) 2.69 2.46/2.97 2.60 2.12/3.22 0.5386 0.0050 0.75 0.9865 0.00 
PVR 
(dyn*s*cm-5) 

558 437/667 529 335/776 0.7667 0.3720 -0.28 0.3189 -0.19

Other parameters 
Age 49 42/57 55 46/60 0.5905 0.3596 -0.29 0.4529 -0.14
BMI (kg/m2) 27 22/30 25 22/30 0.7012 0.0675 -0.54 0.0888 0.31 
Male/female 5/7 14/17 
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Figure S1 Correlation of BDNF plasma concentration with PVR and CI in different PH subgroups
a-c) Correlation of BDNF plasma concentration with pulmonary vascular resistance (PVR) or cardiac
index (CI) in IPAH patients (a), cpcPH patients (b), ipcPH patients (c) and control patients (d).
Statistical analysis was performed by linear regression analysis for calculation of Pearson’s r and p-
value; multiple regression analysis was performed to adjust for body mass index, age and gender (p*-
value).
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Figure S2 Bdnf and TrkB mRNA expression in RV homogenate after PAB
a) BDNF mRNA expression. b) TrkB mRNA expression. Data are displayed as mean±SEM. Statistical
analysis was performed by two-way ANOVA with Tukey post hoc test.
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Figure S3 Effect hypoxic exposure on systemic arterial pressure and of tamoxifen-
feeding on PH and RV remodelling
a) Systemic arterial pressure (SAP); b) Heart ratio: weight of right ventricle (RV) as ratio of the
weight of the RV to the weight of the left ventricle (LV) + septum (S). c) Right
ventricular systolic pressure (RVSP) quantified in vivo; d) Pulmonary vascular remodelling
of small (20-70 µm) pulmonary vessels (n=5-12 mice each group); e) Right ventricular
internal diameter (RVID); f) Right ventricular wall thickness (RVWT); g) Tricuspid annular
plane systolic excursion (TAPSE); h) Cardiac Output (CO) in Bdnf/Smmhc control mice and
tamoxifen-fed Smmhc control mice. Data are displayed as mean±SEM. Statistical analysis
was performed by two-way ANOVA with Tukey post hoc test.
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Figure S4 Expression of Bdnf and TrkB mRNA levels in aorta, lung and isolated PASMCs. 
Bdnf (a) and TrkB (b) mRNA expression in aorta homogenate. TrkB (c) mRNA expression in lung 
homogenate. TrkB mRNA (d) expression in mPASMCs after different time points of hypoxic exposure. 
Data are displayed as mean±SEM. (a-c) Statistical analysis was performed by two-way ANOVA with 
Tukey post hoc test. (d) Statistical analysis was performed by Mann-Whitney-U test. 
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