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Abstract: Pulmonary vein stenosis (PVS) causes a rare type of Pulmonary Hypertension (PH), by 

impacting the flow and pressure within the pulmonary vasculature resulting in endothelial dys-

function and metabolic changes. A prudent line of treatment in this type of PH would be targeted 

therapy in order to relieve the pressure and reverse the flow related changes.  

We used a swine model in order to mimic PH post PVS using pulmonary vein banding (PVB) of the 

lower lobes for 12 weeks to mimic the hemodynamic profile associated with PH and investigate the 

molecular alterations that provide an impetus for development of PH. Our current study aimed to 

employ unbiased proteomic and metabolomic analyses on both the upper and lower lobes of the 

swine lung to identify the regions with metabolic alterations. We detected changes in the upper 

lobes for the PVB animals mainly pertaining to fatty acid metabolism, ROS signaling and extracel-

lular matrix remodeling, and small albeit significant changes in the lower lobes for purine metabo-

lism.  
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1. Introduction 

Pulmonary hypertension (PH) due to pulmonary vein stenosis (PVS) is a life-threat-

ening disease, which mainly affects the pediatric population[1]. This type of PH, that ul-

timately results in a left ventricular inflow tract obstruction, is classified under type II PH 

[2]. PVS presents mostly with congenital heart defects (univentricular heart disease, ven-

tricular septal defect, atrial septal defect or persistent arterial duct), lung disease (bron-

chopulmonary dysplasia) or Down syndrome or other trisomy [3][4]. In rare cases, PVS 

can also occur in adults because of radiofrequency ablation therapy post atrial fibrilla-

tion[5]. This type of PH is characterized by initial passive increase in pressure due to in-

creased resistance resulting in increased mean pulmonary artery pressure and is followed 

by vascular remodeling leading to in increased in pulmonary vascular resistance and a 

further increase in pressure. Surgical interventions and/or stenting of the lesions in pa-

tients with PVS frequently lead to restenosis, and use of vasodilators comes with the risk 
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for pulmonary edema[6]. The complex molecular mechanisms involved in PH are the lim-

iting factors in the development of novel therapeutic interventions. 

Previous work by our group has shown that endothelial factors are important in de-

velopment of PH in a swine model using pulmonary vein banding (PVB) of the lower 

lobes for 12 weeks to induce type II PH [7]. This procedure results in areas of the lung 

with a varied hemodynamic profile within the lung; the lower lobes experience high pres-

sure and low flow (HF/LF) whereas the upper lobes experience high pressure and high 

flow (HP/HF). High and low shear stress have very striking effects on the endothelial cells 

of the lung vasculature. Endothelial cells typically respond to high shear stress with strong 

nitric oxide synthesis, but "activate" a pro-inflammatory profile at low shear stress, char-

acterized by low nitric oxide production[8]. In this current study, we conducted a quanti-

tative LC-MS/MS based proteomic analysis of lung samples along with untargeted metab-

olomics from swine with PVB and Control (Cntrl) swine. We analyzed the tissues from 

upper and lower lobes to investigate how different hemodynamic profiles impact protein 

and metabolite expression due to PH in the lobes. 

2. Results 

2.1 Characteristics of Pulmonary hypertension: 

 

Pulmonary vein banding in the PVB group animals resulted in a significant stenosis 

in the inferior pulmonary confluence as shown in the angiogram (Fig 1 A). Twelve weeks  

 
Figure 1: Pulmonary vein banding causes PH (A) Angiogram of the Inferior venous 

confluent of a representative Control (Cntrl, top) and  PVB animal (bottom). (B, C) 

Picrosirius red staining of the lung upper and lower lobe in Cntrl and PVB animals. (D, E, 

F) mean pulmonary artery pressure (mPAP), total pulmonary vascular resistance index 

(tPVRi) and pulmonary artery compliance in awake resting swine. Values are means ± 

SEM. * p ≤ 0.05. PVB vs. Control by Student’s t-test PVB, n = 6, Cntrl=7 

 

after banding, this resulted in a significantly higher mean pulmonary artery pressure 

(mPAP, 38 ± 8mmHg) in the PVB animals compared to the control (mean of 20±4mmHg, 
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P<0.05) (Fig1 D) as well as an increased pulmonary vascular resistance (tPVRi) and re-

duced pulmonary artery compliance (Fig 1 E, F).  

Histology of the lung tissue revealed more picrosirius red staining in the PVB ani-

mals in the upper and lower depicting more fibrosis compared to the Cntrl (Fig 1B, C).   

 

2.2 Proteomic analysis of PVB vs control in the upper and lower lobe: 

To explore the chronic effects of flow and pressure alterations in the lung tissue, we 

performed a label-free liquid chromatography-tandem mass spectrometry analysis (LC-

MS/MS) of PVB vs Cntrl samples from upper as well as lower lobes (n = 7 for PVB; n = 6 

for Cntrl). Using LC-MS/MS-based proteomics we identified 5112 proteins with high con-

fidence (false-discovery-rate < 0.05) (Supplementary Data 1 Table 1). The dataset has been 

submitted to the ProteomeXchange Consortium via the PRIDE partner repository[19] with 

the dataset identifier PXD038982.  Differential abundance analysis revealed significant 

differences between groups. The principal component analysis showed clustering of the 

PVB animals in the upper (HP/HF) lobe compared to the Cntrls whereas similar clustering 

was absent in the lower lobe (HP/LF) (Fig 2A, B). 

 
Figure 2 Proteomic analysis of Lung tissue of PVB vs Control (Cntrl) animals (A, B) 

Principal component analysis (PCA) of proteome profiles from upper (A) and lower (B) 

lobe of Cntrl (n= 7) and PVB animals (n=6).Colored circles indicate individual animals. 

Red filled circles are Cntrl and Blue filled circles are PVB animals.  

 

104 proteins were found to be differentially abundant (Benjamini–Hochberg cor-

rected P-value < 0.05 and fold-change ≥ 1.5) between PVB and Control in the upper lobes 

(Supplementary Data 1 Table 2). In the lower lobes, 52 proteins differed significantly in 

abundance between PVB and Cntrl (Supplementary Data 1 Table 3). Volcano plots were 

used to visualize proteome alterations between conditions (Fig 3A, B). In the upper lobe, 

several apolipoproteins (APOF, APOA, APOC3), complement cascade (C6, C7, C8, C9), 

and coagulation proteins (Serpins, HRG, PROC) were found to be downregulated in the 

PVB animals, while several membrane transport proteins (SCGB1A1, SFTPA1) were 

found to be upregulated. In the lower lobe, DNA binding and ribosomal proteins (H1-2, 

H1-1, RPS6) were upregulated, while membrane remodeling proteins (GMPR, ALF1, SIG-

LEC1) were downregulated.  

We performed a STRING pre-ranked functional enrichment analysis of proteome 

profiles from upper and lower lobe to reveal lobe-specific signatures for PVB and Cntrl 

animals. From the Gene Ontology (GO) biological processes database, 67 and 7 terms were 
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found in upper and lower lobe respectively, to be significantly enriched (enrichment fac-

tor >1) (Figure 3C, Supplementary Data 1 Tables 4 and 5),  PVB upper lobe showed a dis-

tinct downregulation of proteins related to humoral immune regulation, lipoprotein par-

ticle organization, cholesterol esterification and triglyceride homeostasis and upregula-

tion of proteins related to platelet degranulation, coagulation, cholesterol efflux and inter 

membrane lipid transport. Proteins related to the extracellular matrix were found to be 

both up- as well as downregulated in PVB animals indicating altered matrix turnover. In 

the lower lobe, PVB showed fewer over- and underrepresented pathways compared to 

the upper lobe. The majority of the pathways were involved in blood coagulation, extra-

cellular matrix reorganization, actin cytoskeletal organization, and carbohydrate metabo-

lism. Since ECM related proteins were altered in both lobes, we also compared the pro-

teins in this pathway in both upper and lower lobe PVBs with the established lung matrix  

 
Figure 3: Quantitative and functional analysis of upper and lower lobe PVB vs Cntrl 

animals (A, B) The quantitative proteome alterations is visualized via Volcano plots in 

upper and lower lobes, respectively from PVB vs. Cntrl pigs. Color filled circles (Blue up-

regulated, red downregulated) indicate differentially abundant proteins (Benjamini–

Hochberg corrected P-value ≤ 0.05 and fold-change ≥ 1.5). (C) Functional characterization 

of differences between upper and lower lobes in PVB and Cntrl animals. Heatmap shows 

GO-term enrichment in PVB compared to Cntrl.  

 

gene set and found several proteins (Collagens, Serpins etc) which were differentially reg-

ulated (Supplementary Fig 1A).  
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2.3 Metabolomic profiling of the lower and upper lobe versus control  

 

We next performed untargeted metabolomics on these lung tissues to better under-

stand ongoing metabolic alterations caused by variations in flow and pressure. To detect 

relevant metabolites, we used statistical analysis with the XCMS and Metaboanalyst 5:0 

software. Supplementary Data 2 table 1 lists the metabolites that were detected in the 

HILIC negative mode MS. On the Metaboanalysts platform, a 3D PCA analysis (Fig 4A, 

B) and a supervised method ortho PLS-DA (Fig 4C, D) were performed for both the upper 

and lower lobes. In the upper lobe, 3D PCA and ortho PLS-DA analysis revealed separa-

tion between the PVB and Cntrl groups. Similar to our findings in the lower lobe for pro-

teomics, the lower lobe groups did not show a clear separation in metabolomics either. 

The Ortho PLS-DA analysis also allowed for the identification of the metabolites that con-

tributed the most to group segregation, known as variable importance in the projection 

(VIP) scores, and they were ranked accordingly (Fig 5A). Metabolites with a VIP score of 

≥1 were interpreted as highly influential (Supplementary Data 2 Table 2 and 4), and we 

performed an enrichment analysis of metabolites with a P<0.05 to differentiate control 

 
Figure 4 Metabolomic analysis in the upper and lower lobe of PVB vs Cntrl animals. 

(A, B) 3D PCA analysis based on metabolic profiles of PVB and Cntrl animals in upper 

and lower lobe in negative mode (HILIC). (C, D) Ortho PLS-DA analysis based on meta-

bolic profiles of PVB and Cntrl animals in upper and lower lobe in negative mode (Hilic). 

n=6 in each group.  

 

from PVB animals (Fig 5B). In comparison to the control, we found 82 such metabolites in 

the PVB upper lobe (Supplementary Data 2 Table 3) and 29 metabolites in the PVB lower 

lobe (Supplementary Data 2 Table 5). The enrichment analysis for PVB upper lobe path-

way analysis revealed 25 metabolic pathways of which the following 6 pathways had P 

value of < 0.05: Linoleic acid metabolism, Ubiquinone biosynthesis pathway, transfer of 
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acetyl groups into mitochondria, arginine, Proline metabolism, and Glycerolipid metabo-

lism. The lower lobe showed enrichment of 11 pathways but none were significantly al-

tered (P<0.05). We detected the pathway for purine metabolism (P = 0.06) to be the most 

differentially regulated (Suppl Fig 2).  

 
Figure 5 Metabolomic analysis in the upper lobe of PVB vs Cntrl animals. (A,) Me-

tabolites ranked by Variable importance in the projection score (VIP)>1 in PVB vs Cntrl 

pigs in upper lobes based on OPL- DA analysis. (B) Pathway analysis based on KEGG 

database of the enriched metabolites (VIP>1 and P value <0.05 in the upper lobe PVB vs 

Cntrl swine. n=6 in each group. The size of the dots represents the enrichment ratio and 

the shade of the color represent the -log 10(P value).  

  

2.5 Network analysis of proteomics and metabolomics datasets 

A combined analysis of the two omics data sets was carried out in order to identify 

commonly altered pathways and to provide additional insight into the process of pulmo-

nary vascular remodeling. The metabolite–metabolite and the gene-metabolite interaction 

network provides an overview of functionally related metabolites and proteins found to 

be most differentially abundant in metabolomics and proteomics. The metabolite–metab-

olite pathway interaction network derived from the KEGG database is shown in Fig 6A 

and highlights functional interactions among the top altered metabolites such as Oleic 

acid, Linoleic acid, Palmitic acid, Prostaglandin E2 and L- Malic acid, Butyric acid, NADP, 

L-Proline. L-Threonine, S-Adenosylhomocysteine and Arachidonic acid. Next, the most 

significantly altered proteins and metabolites identified were mapped to the gene–metab-

olite molecular interactions to create a network (Fig 6B). The network includes 31 nodes 

(protein, metabolites), and shows that the metabolites (squares) are upregulated whereas 

the proteins (filled circles) are downregulated. The metabolite Chondroitin Sulfate, a ma-

jor component of the extracellular matrix (ECM), is upregulated in upper lobe of PVB and 

formed a network with proteins important for wound healing such as Serpinc1, SerpinD1, 

F12, PROC, VTN, AMBP and TNC. Plasminogen (PLG), another prominent protein in-

volved in wound healing and ECM remodeling, is functionally linked to both Chondroitin 

sulphate and Oleic acid. The PVB upper lobe was enriched in oleic acid, linoleic acid, pal-

mitic acid, butyric acid and arachidonic acid, which formed a network with downregu-

lated proteins in PVB such as ApoA1, ApoB, AdipoQ, ALB. These proteins and metabo-

lites together participate in fatty acid metabolism. Prostaglandin E2, a common byproduct 
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of arachidonic acid, is also upregulated in the PVB upper lobe and has formed a network 

with complement cascade members C8A and C3 as well as the chemokine  

 
Figure 6 Interaction network analysis of the metabolites and proteins from metabo-

lomics and proteomics. (A) Metabolite-metabolite interaction network for the most en-

riched metabolites in the upper lobe of PVB vs Cntrl. Labelled and red filled circles repre-

sent the upregulated metabolites and green filled circles represent the downregulated me-

tabolites detected in the PVB group. Metabolites clustered in green background represent 

metabolites participating in fatty acid metabolism, red background- in ROS pathway; 

Blue- ECM remodeling and Yellow- glucose metabolism. (B) Gene- metabolite network 

analysis for the significantly altered proteins and enriched metabolites for upper lobe of 

PVB vs Cntrl. The red filled squares represent the downregulated proteins and green filled 

circles represent the upregulated metabolites detected in the PVB group. Metabolites of 

VIP>1 with P-value < 0.05 and proteins with fold-change > 1.3 and Benjamini-Hochberg-

adjusted P-value < 0.05 were used for the analysis. The proteins and metabolites belonging 

to one GO term are encircled together.  

 

PPBP, which are involved in inflammation. Finally, the monosaccharide metabolite 

Alpha D-glucose was downregulated in the upper lobe and functionally linked with the 

surfactant protein SFPTD and the blood coagulation protein HBB indicating altered glu-

cose metabolism. The PVB lower lobe presented with a metabolite-metabolite interaction 

network involving only 4 metabolites – Guanosine monophosphate, Inosinic acid, Gly-

ceric acid and Dodecanoic acid (Supplementary Fig 3A). The gene metabolite network 

showed a simple network involving only Guanosine monophosphate and Inosinic acid 

(Supplementary Fig 3B). They functionally connected with the downregulated protein 

GMPR and HPRT1 in the PVB lower lobe. Furthermore, the metabolite Guanosine mono-

phosphate is connected to the Interferon receptor binding protein (GBP1).  

 

2.6 Protein and transcriptional regulation of fatty acids uptake in upper lobe 

Protein abundance of members of apolipoproteins in the upper lobe as well as lower 

lobe was further compared in dot plot analysis and members of this fatty acid uptake was 

validated at transcriptional level (Fig7A-C, Supplementary Fig 4A). ApoE was found to 

be significantly altered in both proteomics as well as at the transcriptional level in the 
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upper lobe PVB. In addition further transcripts coding for proteins important for fatty 

acid uptake like CD36 (P=0.1) showed a trend towards a decrease in the PVB upper lobe 

compared to Cntrls along with significant upregulation of the LDLR (low density lipopro-

tein receptor). In contrast we did not see similar changes at mRNA level for these proteins 

in the lower lobe of PVB compared to Cntrls.  

 
Figure 7: Fatty acid uptake pathway in the upper lobe at protein and mRNA level 

(A) Protein abundance of apolipoproteins significantly changed (Benjamini–Hochberg 

corrected P-value ≤ 0.05) in PVB compared to Cntrls in upper and lower lobes are depicted 

as dots. n= 6 per group. (B-E) mRNA level of APOA, APOE, CD36 and LDLR respectively 

are expressed relative to the mean expression of the sham animals (Values are mean +/- 

SEM. *P<0.05, ***P<0.001 Students’s t-test n=5 animals per group) 
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Figure 8: Schematic illustration of the metabolic pathways altered in PVB. The blue 

labelled metabolites and proteins are detected in the upper lobe which is under high shear 

stress and green labelled ones are detected in the lower lobe which is under low shear 

stress. Pathways or metabolites /proteins labeled in red are found to be altered in both the 

lobes. HA- Hyaluronic acid, 3 PG- Phosphoglyceric acid, SAM- S adenosyl methionine, 

SAH- S adenosyl homocysteine, NO- Nitric oxide, PC- Phosphatidyl choline, OAA- Ox-

aloacetic acid.  

3. Discussion 

Authors should discuss the results and how they can be interpreted from the per-

spective of previous studies and of the working hypotheses. The findings and their impli-

cations should be discussed in the broadest context possible. Future research directions 

may also be highlighted. 

The main findings in this study were that (i) chronic alterations in flow and pressure 

induced by PVB impact the proteomic and metabolomic profile in the lung tissue and 

result in increased ECM and collagen production in lobes with both HP/HF and HP/LF; 

(ii) upper lung lobes with HP/HF adapt by altering the fatty acid metabolism as well as 

ROS signaling and (iii) the lower lobes with HP/LF increase their purine metabolism in 

order to cope with increased demand of cellular proliferation (Fig 8).  

 

We have previously demonstrated that PH caused by pulmonary vein stenosis re-

sults in a progressive increase in pulmonary vascular resistance, which is accompanied 

by functional (increased contribution of endothelin, phosphodiesterase 5) as well as struc-

tural (increased media thickness) pulmonary vascular remodeling [7],[20]. Banding of the 

confluent of the veins from the lower lobes results in areas of the lungs with distinct he-

modynamic profiles, HP/HF in the unbanded upper lobes, and HP/LF in the banded lobes. 

This model is therefore well-suited to study mechano-metabolic coupling and its role in 

pulmonary vascular remodeling in PH, as it has been demonstrated that metabolic and 

structural changes are coupled to each other [21]. Here, we present a thorough proteome 

and metabolome profile analysis of lung tissue with these distinct mechanical profiles. 

Pathway enrichment analysis in PVB animals demonstrated changes in several pathways 
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that have been associated with the progression of PH. Thus, alterations were observed for 

extracellular matrix proteins involving integrins, matrix metalloproteases, collagen, vit-

ronectin, serpins, and others observed in both lobes of the animals. This is in accordance 

with our histological data, suggesting increased ECM deposition around the vessels. We 

also detected high amounts of phospatidylcholine (PC) as well as prostaglandins which 

indicate plasma membrane break and inflammatory signaling due to high shear stress[22].  

In line with these findings, the comparison with the lung matrix database revealed that 

further extracellular matrix proteins were altered in upper and lower lobes of PVB swine 

(Supplementary Fig1A). ECM proteins such as FGB, COL1A, COL15A1 were significantly 

upregulated in the PVB lower lobe whereas in the upper lobe the analysis revealed syner-

gistic downregulation of extracellular proteolytic proteins such as MMP9 and Ser-

pins[23],[24].  

Strikingly, proteins of the apolipoprotein-family were significantly altered in abun-

dance in PVB animals. The key protein component of HDL-C, apolipoprotein A (APOA), 

which was downregulated in the upper lobe, was not shown to be differentially regulated 

in the lower lobe. Downregulation of APOA1 is in accordance with data showing that 

ApoA-1 is less prevalent in PH, which contributes to oxidative stress and endothelial dys-

function[25]. Furthermore, administration of a peptide mimetic of ApoA-1 reduced pul-

monary hypertension in rodent models with PH[26]. Along with ApoA, we also detected 

significantly reduced levels of ApoE at the proteomics as well as at the transcription level 

in the PVB upper lobe.  The metabolomics data in the upper lobe further point to an on-

going alteration of lipid homeostasis and detected increased fatty acids such as oleic acid, 

linoleic acid, arachidonic acid and palmitic acid in the PVB group, indicate a reduced up-

take of fatty acids due to decreased levels of apolipoproteins [27]. High amounts of linoleic 

and oleic acids have been found to significantly lower nitric oxide (NO) levels in endothe-

lial cells and exert their deleterious effects via ROS [28]–[30]. It has been shown that HIF-

1α activation, a common dysregulated pathway in PH and lung diseases, can inhibit β-

oxidation of long-chain fatty acids leading to accumulation of fatty acids[31]. However, 

we did not detect increased accumulation of Carnitine and acyl-carnitine that reflects in-

hibition of mitochondrial fatty acid β-oxidation and has been previously shown to be in-

volved in the development of PH [32].   

In keeping with studies from Umar et al. who showed higher oxidized LDL in lungs 

and plasma in PH with decrease in CD36, our proteomic analysis did detect modifications 

of pathways regulating cholesterol levels consisting primarily of downregulation of fatty 

acid transporters such CD36 and LDLRAP1 [33] . Along with this we detected significant 

upregulation of the protein LDLR in the PVB upper lobe. LDLR mainly binds to apolipo-

protein B100 (APOB) and APOE to clear cholesterol from blood[34]. Both ApoB and ApoE 

are high-affinity ligands for LDLR and are expressed in various immune and vascular 

cells[34],[35]. Negative feedback inhibition from transcriptional and posttranscriptional 

mechanisms closely controls the LDLR pathway and disruption of this tightly controlled 

pathway can influence lipid and cholesterol regulation[36]. These data are also in accord-

ance to integrated proteomic and metabolomics data on HUVECs presented by Venturini 

et al. showing that high shear upregulates the lipoprotein metabolism and increases ex-

pression of LDLR[37].  

Additionally, we found metabolites such as Oxaloacetic acid and L-Malic acid, both 

intermediate products of the TCA cycle, to be enriched in the PVB upper lobe along with 

decreased glucose. These metabolites take part in anaplerotic reactions where the inter-

mediate metabolites exit the TCA cycle and are used by proliferating cells due to an in-

creased demand for protein and fatty acids in PH[21]. These data support the presence of 

the Warburg effect, showing that glucose metabolism is increased in PH [32], [38],,[39]. 

Further evidence for this Warburg effect is the lower amount of NADP in the PVB upper 

lobe. NADP maintains the redox balance in the cells and supports the biosynthesis of the 

fatty acids and is essential for maintaining a large number of biological processes[40]. In 

agreement with this finding, Nukula et al. reported a lower NADPH/NADP ratio in 
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CTEPH patients' endothelial cells compared to healthy subjects, implying increased oxi-

dative stress and endothelial cell dysfunction[41].   

A key metabolite which was downregulated in the PVB upper lobe and deemed im-

portant from our network analysis was S-Adenosylhomocysteine (SAH). Asymmetric Di-

methyl arginine (ADMA), a negative regulator of endothelial nitric oxide synthase, is 

formed by hydrolysis of methylated proteins and the methylated proteins are derived 

when S-adenosyl methionine (SAM) is converted to SAH. We also simultaneously ob-

served increased aspartic arginine (VIP > 1, Suppl data 2 table 2) in the upper lobe PVB 

which is a source of NO in endothelial cells[33],[43] . In our previous work we have shown 

NO production is increased in HP/HF areas, likely as a compensatory mechanism to main-

tain vasodilation[20]. Our current data suggest that low SAH, and hence low ADMA, in 

combination with high arginine, the substrate for endothelial NO synthesis, facilitates the 

NO synthesis in the PVB upper lobe vasculature.  

Notably, proteomic and metabolic alterations were less pronounced between PVB 

and Cntrls in the lower lobes. The STRING analysis points to reduced glucose synthesis 

in the PVB lower lobes, which supports the notion that glycolysis predominates over other 

metabolic activities in PH in the lower lobes as well[32]. Another intriguing observation 

was that the purine pathway metabolites adenosine monophosphate (AMP) and guano-

sine monophosphate (GMP) were significantly enriched, and the enzyme guanosine 

monophosphate reductase (GMPR), which converts GMP to IMP, was downregulated. 

Additionally, our proteome data revealed that the PVBs had a decreased abundance of 

the enzyme HPRT, which transforms hypoxanthine into inosine monophosphate and is 

crucial for salvage pathway for recycling nucleotides[44]. We also found more inosine in 

the metabolome of lower lobe PVBs, which indicated that there, cells increased de novo 

purine production rather than using the standard active salvage pathway. These data are 

consistent with the study by Hautbergue et al., where modifications to the purine meta-

bolic pathway in the right ventricle and plasma of PH rats were shown [45]. The purine 

metabolite levels in endothelial cells from PAH patients have also been found to be higher, 

the same was true for the serine to glycine ratio, which is mediated by the mitochondrial 

enzyme Serine hydroxymethytransferase (SHMT) [46]. Although SHMT was unchanged 

in our lung tissue samples, we did observe an increase in the metabolite serine (VIP>1) in 

the PVB lower lobes. Moreover, in atherosclerosis models, it has been shown that vessels 

with low flow and shear stress have decreased endothelial nitric oxide synthase (eNOS) 

along with increased cell proliferation and collagen deposition [47].  

 

4. Materials and Methods 

Lung tissue was used from experiments that have previously been published [7],[20]. 

These experiments followed the "Guiding Principles in the Care and Use of Laboratory 

Animals," which are endorsed by the Council of the American Physiological Society, and 

the protocol was approved by the Animal Care Committee at Erasmus University Medical 

Centre (EMC3158,109-13-09).  

 

 

4.1Outline of Study 

For all surgical procedures, swine were sedated with an intramuscular injection of a 

mixture of tiletamine/zolazepam (5 mg kg−1, Virbac, Barneveld, the Netherlands), 

xylazine, (2.25 mg kg−1, AST Pharma, Oudewater, the Netherlands) and atropine (0.5 mg), 

intubated and ventilated (O2:N2 (1:2)). Isoflurane (2% vol/vol, Pharmachemie, Haarlem, 

the Netherlands) was added to the gas mixture to induce anesthesia. Post-surgical anal-

gesia was administered by means of an i.m. injection (0.3 mg buprenorphine i.m. Indivior, 

Slough, UK) and a fentanyl slow-release patch (6 or 12 μg h−1 depending on body weight), 

72 h). 
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Crossbred Landrace x Yorkshire pigs of either sex (8±2 kg) underwent non-restrictive 

inferior pulmonary vein banding (n = 7) via the third right intercostal space [7], [20] or a 

sham procedure (n = 6). All 13 animals, underwent chronic instrumentation 4 weeks later, 

enabling hemodynamic assessments on awake animals. Following a left-sided thoracot-

omy in the fourth intercostal space, fluid-filled catheters (Braun Medical Inc., Bethlehem, 

PA, USA), were inserted in the aorta, the pulmonary artery, the left and right ventricle 

and the left atrium for measurement of blood pressure. A flow probe (20PAU, Transonic 

systems, Ithaca, NY, USA) was placed around the ascending aorta for measurement of 

cardiac output. Aorta flow was indexed to bodyweight. Total pulmonary vascular re-

sistance index (tPVRi) was calculated as the ratio of mPAP and Cardiac index while pul-

monary vascular compliance was calculated as stroke volume index/ (systolic PAP-dias-

tolic PAP). Hemodynamics were recorded (WinDaq, Dataq instruments) in the awake 

state, with swine standing quietly, and analyzed off-line using a custom written program 

(Matlab, The MathWorks). 

Twelve weeks after the PVB procedure, swine were re-anesthetized, the thorax was 

opened using sternotomy, and heart and lungs were excised, snap-frozen in liquid nitro-

gen and processed for further analysis. 

 

4.2 Real time quantitative PCR of lung tissue 

Lung tissue was snap frozen and 30 mg of tissue was homogenized and mRNA was 

extracted using the RNeasy Fibrous Tissue Mini kit (Qiagen). cDNA was made using 

500ng of mRNA and the SenSi FAST cDNA synthesis kit (Bioline, UK). Target genes were 

normalized against Beta actin and cyclophilin using the CFX manager software (BioRad). 

Relative gene expression was calculated using delta delta Ct method.  

 

4.3 Proteomics 

4.3.1 Sample preparation for proteome analysis 

Frozen lung tissue samples were placed into pre-cooled tubes and cryo-pulverized 

in a CP02 Automated Dry Pulverizer (Covaris, Woburn, MA, USA) with an impact level 

of 5 according to the manufacturer’s instructions. Tissue lysis was performed in 8 M 

urea/0.5 M NH4HCO3 with ultrasonication (18 cycles of 10 s) using a Sonopuls HD3200 

(Bandelin, Berlin, Germany). Total protein concentration was quantified using Pierce 660 

nm Protein Assay (Thermo Fisher Scientific, Rockford, IL, USA). Fifty micrograms of pro-

tein were digested sequentially, firstly with Lys-C (FUJIFILM Wako Chemicals Europe 

GmbH, Neuss, Germany) for 4 h and subsequently with modified porcine trypsin 

(Promega, Madison, WI, USA) for 16 h at 37°C. 

 

4.3.2 Nano-liquid chromatography (LC)–tandem mass spectrometry (MS) analysis and bioinfor-

matics  

MS data acquisition and data analysis were performed similarly as described in 

(Stirm et al., 2021). Briefly, 1 μg of the digest was injected on an UltiMate 3000 nano-LC 

system coupled online to a Q Exactive HF-X instrument operated in the data-dependent 

acquisition (DDA) mode. Peptides were transferred to a PepMap 100 C18 trap column 

(100 µm×2 cm, 5 µM particles, Thermo Fisher Scientific) and separated on an analytical 

column (PepMap RSLC C18, 75 µm×50 cm, 2 µm particles, Thermo Fisher Scientific) at 

250 nl/min flow-rate with a 160-min gradient of 3-25% of solvent B followed by 10-min 

ramp to 40% and 5-min ramp to 85%. Solvent A consisted of 0.1% formic acid in water 

and solvent B of 0.1% FA in acetonitrile. MS spectra were acquired using a top 15 data-

dependent acquisition method on a Q Exactive HF-X mass spectrometer. Protein identifi-

cation was done using MaxQuant (v.1.6.7.0)[9] (Tyanova et al., 2016) and the NCBI RefSeq 

Sus scrofa database (v.7-5-2020). All statistical analyses and data visualization were per-

formed using R CORE team[10] . Prior to statistical analysis, potential contaminants, only 

identified by site and reverse hits were excluded. Proteins with at least two peptides de-

tected in at least three samples of each condition were quantified using the MS-EmpiRe 

algorithm as previously described [11][12]. R script used for quantitative analysis is 
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available at https://github.com/bshashikadze/pepquantify. Proteins with a Benjamini–

Hochberg corrected P-value ≤ 0.05 and fold-change ≥ 1.5 were regarded as significantly 

altered. Pre-ranked gene set enrichment analysis using STRING was employed to reveal 

biological processes related to differentially abundant proteins[13]. Signed (based on fold-

change) and log-transformed p-values were used as ranking metrics and false discovery 

rate was set to 1%. The redundancy of the significantly enriched biological processes were 

minimized using REVIGO tool [14].  

 

4.4 Metabolomics: 

Approximately 50 mg sample material was weighed in a 2 mL bead beater tube 

(CKMix , Bertin Technologies, Montigny-le-Bretonneux, France) filled with 2.8 mm and 

5.0 mm ceramic beads. Then, 1 mL of a methanol/water mixture (70/30, v/v) was added 

and the samples were extracted with a bead beater (Precellys Evolution, Bertin Technol-

gies) supplied with a Cryolys cooling module 3 times each for 20 seconds with 15 seconds 

breaks in between at 10.000 rpm. After centrifugation at 13.000 U/min for 10 min the su-

pernatants were dried by vacuum centrifugation, suspended in 150 µL of methanol/water 

(70/30, v/v) and subjected to MS analysis. 

Untargeted analysis was carried out on a Nexera UHPLC system connected to a Q-

TOF mass spectrometer (TripleTOF 6600, AB Sciex). Chromatographic separation was 

achieved by using a HILIC UPLC BEH Amide 2.1x100, 1.7 µm column with 0.4 mL/min 

flow rate. The mobile phase consisted 5 mM ammonium acetate in water (eluent A) and 5 

mM ammonium acetate in acetonitrile/water (95/5, v/v) (eluent B). The following gradient 

profile was used: 100% B from 0 to 1.5 min, 60% B at 8 min and 20% B at 10 min to 11.5 

min and 100% B at 12 to 15 min. Aliquots of 5µL per sample were injected into the UHPLC-

TOF-MS. The autosampler was cooled to 10°C and the column oven heated to 40°C. A 

quality control (QC) sample was pooled from all samples and injected after every 10 sam-

ples. MS settings in the positive mode were as follows: Gas 1 55, Gas 2 65, Curtain gas 35, 

Temperature 500°C, Ion Spray Voltage 5500, declustering potential 80. The mass range of 

the TOF-MS scans were 50 - 2000 m/z and the collision energy was ramped from 15 - 55 

V. MS settings in the negative mode were as follows: Gas 1 55, Gas 2 65, Cur 35, Temper-

ature 500°C, Ion Spray Voltage -4500, declustering potential -80. The mass range of the 

TOF-MS scans were 50 - 2000 m/z and the collision energy was ramped from -15 - -55 V. 

 

The "msconvert" from ProteoWizard [15] was used to convert raw files to mzXML 

(de-noised by centroid peaks). The bioconductor/R package xcms [16] was used for data 

processing and feature identification. More specifically, the matched Filter algorithm was 

used to identify peaks (full width at half maximum set to 7.5 seconds). Then the peaks 

were grouped into features using the "peak density" method[16]. The area under the peak 

was integrated to represent the abundance of features. The retention time was adjusted 

based on the peak groups presented in most samples. To annotate features with names of 

metabolites, the exact mass and MS2 fragmentation pattern of the measured features were 

compared to the records in HMBD[17] and the public MS/MS spectra in MSDIAL[18], re-

ferred to as MS1 and MS2 annotation, respectively. Missing values were imputed with 

half of the limit of detection (LOD) methods, i.e., for every feature, the missing values 

were replaced with half of the minimal measured value of that feature in all measure-

ments. To confirm that a MS2 spectra is well annotated, we manually reviewed our MS2 

fragmentation pattern and compared it with records in the public database or previously 

measured reference standards to evaluate the correctness of the annotation.  

MetaboAnalyst 5.0 platform was utilized to conduct multivariate data analysis, for 

PCA and OPLS-DA. The contribution of each variable to the classification was indicated 

by the VIP value that was calculated in the OPLS-DA model after Pareto scaling. The stu-

dent’s t-test at the univariate level was further employed to measure the significance of 

metabolites with VIP > 1.0. Metabolites with the P-value < 0.1 were considered as differ-

ential metabolites, while those with the P-value < 0.05 were recognized as statistically sig-

nificant differential metabolites. Enrichment analysis and Network analysis was 
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performed using only the significant metabolites and significant genes using KEGG path-

way database.  

5. Conclusions 

In conclusion, our combined omics study showed PVB-related key metabolic altera-

tions in a compartment specific manner. The combination of a model of PH, with specific 

changes in shear stress in different areas of the lung, with proteome and metabolomic data 

shows that particular metabolic pathways, including fatty acid absorption and purine syn-

thesis, are altered in early PH. Such deeper understanding of the metabolic changes in 

lung tissue may provide new targets for therapy and may thereby pave the way for new 

avenues in precision medicine for PH.  
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Author Contributions: Conceptualization PS, DM; Methodology PS, BS, MG, MC: Validation PS, 

BS : Data Curation- PS, BS, MC, Draft preparation- PS, DM, Reviewing- TF, BS, DM, MG.  

 

Funding: This study was supported by the European Union’s Horizon 2020 research and 

innovation programme under the Marie Skłodowska -Curie Grant Agreement No. 812660 

(DohART -NET) (for B.S. and T.F.), Friedrich Bauer Foundation Reg Nr- 28/21 (for P.S.) as 

well as by German Center for Cardiovascular Research (DZHK81Z0600207 to D.M. and 

P.S.) and the Dutch CardioVascular Alliance: An initiative with support of the Dutch 

Heart Foundation (Grants 2020B008 RECONNEXT to D.M.).  

 

Institutional Review Board Statement: These experiments followed the "Guiding Principles in the 

Care and Use of Laboratory Animals," which are endorsed by the Council of the American Physio-

logical Society, and the protocol was approved by the Animal Care Committee at Erasmus Univer-

sity Medical Centre (EMC3158,109-13-09).  

Data Availability Statement:  

The Mass spectrometry proteomics dataset has been deposited to the PRIDE reposi-

tory, dataset identifier PXD038982. Reviewer account details: Username: re-

viewer_pxd038982@ebi.ac.uk, Password: UTmqQ4g4 

 

The untargeted metabolomics data have been uploaded to the MassIVE database 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp] with ID: MSV000090966. Re-

viewers can access it using review ID “MSV000090966_reviewer” and password “123asd”. 
 

Conflicts of Interest: “The authors declare no conflict of interest.”  

References 

[1] S. Rosenkranz, J. S. R. Gibbs, R. Wachter, T. de Marco, A. Vonk-Noordegraaf, and J.-L. Vachiéry, ‘Left ventricular heart 

failure and pulmonary hypertension’, Eur Heart J, vol. 37, no. 12, pp. 942–954, Mar. 2016, doi: 10.1093/eurheartj/ehv512. 

[2] N. Galiè et al., ‘2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension’, Eur Heart J, vol. 

37, no. 1, pp. 67–119, Jan. 2016, doi: 10.1093/eurheartj/ehv317. 

[3] C. H. Backes et al., ‘Pulmonary Vein Stenosis in Infants: A Systematic Review, Meta-Analysis, and Meta-Regression’, J 

Pediatr, vol. 198, pp. 36-45.e3, Jul. 2018, doi: 10.1016/j.jpeds.2018.02.030. 

[4] S. Gowda, D. Bhat, Z. Feng, C.-H. Chang, and R. D. Ross, ‘Pulmonary Vein Stenosis with Down Syndrome: A Rare and 

Frequently Fatal Cause of Pulmonary Hypertension in Infants and Children’, Congenit Heart Dis, vol. 9, no. 3, pp. E90–E97, 

May 2014, doi: 10.1111/chd.12088. 

[5] C. Riccardo, ‘Pulmonary Vein Stenosis Following Radiofrequency Ablation of Atrial Fibrillation’, JACC Clin Electro-

physiol, vol. 3, no. 6, pp. 599–601, Jun. 2017, doi: 10.1016/j.jacep.2017.05.003. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2023                   doi:10.20944/preprints202301.0014.v1

mailto:reviewer_pxd038982@ebi.ac.uk
mailto:reviewer_pxd038982@ebi.ac.uk
https://doi.org/10.20944/preprints202301.0014.v1


 

 

[6] L. Mahgoub et al., ‘Pulmonary vein stenosis of ex-premature infants with pulmonary hypertension and bronchopulmo-

nary dysplasia, epidemiology, and survival from a multicenter cohort’, Pediatr Pulmonol, vol. 52, no. 8, pp. 1063–1070, Aug. 

2017, doi: 10.1002/ppul.23679. 

[7] R. W. B. van Duin et al., ‘Transition from post-capillary pulmonary hypertension to combined pre- and post-capillary 

pulmonary hypertension in swine: a key role for endothelin’, Journal of Physiology, vol. 597, no. 4, pp. 1157–1173, 2019, doi: 

10.1113/JP275987. 

[8] D. Wu and K. Birukov, ‘Endothelial Cell Mechano-Metabolomic Coupling to Disease States in the Lung Microvascula-

ture’, Front Bioeng Biotechnol, vol. 7, Jul. 2019, doi: 10.3389/fbioe.2019.00172. 

[9] S. Tyanova, T. Temu, and J. Cox, ‘The MaxQuant computational platform for mass spectrometry-based shotgun  prote-

omics.’, Nat Protoc, vol. 11, no. 12, pp. 2301–2319, Dec. 2016, doi: 10.1038/nprot.2016.136. 

[10] ‘R Core Team (2021) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, 

Vienna. https://www.R-project.orgNo Title’. 

[11] C. Ammar, M. Gruber, G. Csaba, and R. Zimmer, ‘MS-EmpiRe Utilizes Peptide-level Noise Distributions for Ultra-sen-

sitive  Detection of Differentially Expressed Proteins.’, Mol Cell Proteomics, vol. 18, no. 9, pp. 1880–1892, Sep. 2019, doi: 

10.1074/mcp.RA119.001509. 

[12] F. Flenkenthaler et al., ‘Differential Effects of Insulin-Deficient Diabetes Mellitus on Visceral vs.  Subcutaneous Adipose 

Tissue-Multi-omics Insights From the Munich MIDY Pig Model.’, Front Med (Lausanne), vol. 8, p. 751277, 2021, doi: 

10.3389/fmed.2021.751277. 

[13] D. Szklarczyk et al., ‘STRING v11: protein-protein association networks with increased coverage,  supporting functional 

discovery in genome-wide experimental datasets.’, Nucleic Acids Res, vol. 47, no. D1, pp. D607–D613, Jan. 2019, doi: 

10.1093/nar/gky1131. 

[14] F. Supek, M. Bošnjak, N. Škunca, and T. Šmuc, ‘REVIGO summarizes and visualizes long lists of gene ontology terms.’, 

PLoS One, vol. 6, no. 7, p. e21800, 2011, doi: 10.1371/journal.pone.0021800. 

[15] D. Kessner, M. Chambers, R. Burke, D. Agus, and P. Mallick, ‘ProteoWizard: Open source software for rapid proteomics 

tools development’, Bioinformatics, vol. 24, no. 21, pp. 2534–2536, Nov. 2008, doi: 10.1093/bioinformatics/btn323. 

[16] C. A. Smith, E. J. Want, G. O’Maille, R. Abagyan, and G. Siuzdak, ‘XCMS:  Processing Mass Spectrometry Data for 

Metabolite Profiling Using Nonlinear Peak Alignment, Matching, and Identification’, Anal Chem, vol. 78, no. 3, pp. 779–787, 

Feb. 2006, doi: 10.1021/ac051437y. 

[17] D. S. Wishart et al., ‘HMDB 4.0: the human metabolome database for 2018’, Nucleic Acids Res, vol. 46, no. D1, pp. D608–

D617, Jan. 2018, doi: 10.1093/nar/gkx1089. 

[18] H. Tsugawa et al., ‘MS-DIAL: data-independent MS/MS deconvolution for comprehensive metabolome analysis’, Nat 

Methods, vol. 12, no. 6, pp. 523–526, Jun. 2015, doi: 10.1038/nmeth.3393. 

[19] Y. Perez-Riverol et al., ‘The PRIDE database resources in 2022: a hub for mass spectrometry-based  proteomics evi-

dences.’, Nucleic Acids Res, vol. 50, no. D1, pp. D543–D552, Jan. 2022, doi: 10.1093/nar/gkab1038. 

[20] R. W. B. van Duin et al., ‘Intervening with the nitric oxide pathway to alleviate pulmonary hypertension in pulmonary 

vein stenosis’, J Clin Med, vol. 8, no. 8, Aug. 2019, doi: 10.3390/jcm8081204. 

[21] O. Rafikova, I. al Ghouleh, and R. Rafikov, ‘Focus on Early Events: Pathogenesis of Pulmonary Arterial Hypertension 

Development’, Antioxid Redox Signal, vol. 31, no. 13, pp. 933–953, Jun. 2019, doi: 10.1089/ars.2018.7673. 

[22] N. Villalba, S. Baby, and S. Y. Yuan, ‘The Endothelial Glycocalyx as a Double-Edged Sword in Microvascular Homeo-

stasis and Pathogenesis’, Front Cell Dev Biol, vol. 9, Jul. 2021, doi: 10.3389/fcell.2021.711003. 

[23] T. Thenappan, S. Y. Chan, and E. K. Weir, ‘Role of extracellular matrix in the pathogenesis of pulmonary arterial hyper-

tension’, American Journal of Physiology-Heart and Circulatory Physiology, vol. 315, no. 5, pp. H1322–H1331, Nov. 2018, doi: 

10.1152/ajpheart.00136.2018. 

[24] P. Chelladurai, W. Seeger, and S. S. Pullamsetti, ‘Matrix metalloproteinases and their inhibitors in pulmonary hyperten-

sion’, European Respiratory Journal, vol. 40, no. 3, p. 766, Sep. 2012, doi: 10.1183/09031936.00209911. 

[25] C. R. White, G. Datta, L. Wilson, M. N. Palgunachari, and G. M. Anantharamaiah, ‘The apoA-I mimetic peptide 4F 

protects apolipoprotein A-I from oxidative damage’, Chem Phys Lipids, vol. 219, pp. 28–35, Mar. 2019, doi: 10.1016/j.chem-

physlip.2019.01.009. 

[26] S. Sharma et al., ‘Apolipoprotein A-I mimetic peptide 4f rescues pulmonary hypertension by inducing MicroRNA-193-

3p’, Circulation, vol. 130, no. 9, pp. 776–785, 2014, doi: 10.1161/CIRCULATIONAHA.114.007405. 

[27] C. de Carvalho and M. Caramujo, ‘The Various Roles of Fatty Acids’, Molecules, vol. 23, no. 10, p. 2583, Oct. 2018, doi: 

10.3390/molecules23102583. 

[28] C. E. Storniolo, J. Roselló-Catafau, X. Pintó, M. T. Mitjavila, and J. J. Moreno, ‘Polyphenol fraction of extra virgin olive 

oil protects against endothelial dysfunction induced by high glucose and free fatty acids through modulation of nitric oxide 

and endothelin-1’, Redox Biol, vol. 2, no. 1, pp. 971–977, 2014, doi: 10.1016/j.redox.2014.07.001. 

[29] X. Du, D. Edelstein, S. Obici, N. Higham, , Ming-Hui Zou, and M. Brownlee, ‘Insulin resistance reduces arterial prosta-

cyclin synthase and eNOS activities by increasing endothelial fatty acid oxidation’, Journal of Clinical Investigation, vol. 116, 

no. 4, pp. 1071–1080, Apr. 2006, doi: 10.1172/JCI23354. 

[30] A. Ghosh, L. Gao, A. Thakur, P. M. Siu, and C. W. K. Lai, ‘Role of free fatty acids in endothelial dysfunction’, J Biomed 

Sci, vol. 24, no. 1, p. 50, Dec. 2017, doi: 10.1186/s12929-017-0357-5. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2023                   doi:10.20944/preprints202301.0014.v1

https://doi.org/10.20944/preprints202301.0014.v1


 

 

[31] D. Huang et al., ‘HIF-1-mediated suppression of acyl-CoA dehydrogenases and fatty acid oxidation is critical for cancer 

progression’, Cell Rep, vol. 8, no. 6, pp. 1930–1942, Sep. 2014, doi: 10.1016/j.celrep.2014.08.028. 

[32] W. Xu, A. J. Janocha, and S. C. Erzurum, ‘Metabolism in Pulmonary Hypertension’, Annual Review of Physiology, vol. 

83. Annual Reviews Inc., pp. 551–576, Feb. 10, 2021. doi: 10.1146/annurev-physiol-031620-123956. 

[33] S. Umar et al., ‘Involvement of Low-Density Lipoprotein Receptor in the Pathogenesis of Pulmonary Hypertension’, J 

Am Heart Assoc, vol. 9, no. 2, Jan. 2020, doi: 10.1161/JAHA.119.012063. 

[34] J. L. Goldstein and M. S. Brown, ‘The LDL Receptor’, Arterioscler Thromb Vasc Biol, vol. 29, no. 4, pp. 431–438, Apr. 

2009, doi: 10.1161/ATVBAHA.108.179564. 

[35] M. Kockx, M. Traini, and L. Kritharides, ‘Cell-specific production, secretion, and function of apolipoprotein E’, J Mol 

Med, vol. 96, no. 5, pp. 361–371, May 2018, doi: 10.1007/s00109-018-1632-y. 

[36] Y. Zhang, K. L. Ma, X. Z. Ruan, and B. C. Liu, ‘Dysregulation of the low-density lipoprotein receptor pathway is involved 

in lipid disorder-mediated organ injury’, Int J Biol Sci, vol. 12, no. 5, pp. 569–579, 2016, doi: 10.7150/ijbs.14027. 

[37] G. Venturini et al., ‘Integrated proteomics and metabolomics analysis reveals differential lipid metabolism in human 

umbilical vein endothelial cells under high and low shear stress’, American Journal of Physiology-Cell Physiology, vol. 317, no. 

2, pp. C326–C338, Aug. 2019, doi: 10.1152/ajpcell.00128.2018. 

[38] J. L. Izquierdo-Garcia et al., ‘Metabolic Reprogramming in the Heart and Lung in a Murine Model of Pulmonary Arterial 

Hypertension’, Front Cardiovasc Med, vol. 5, Aug. 2018, doi: 10.3389/fcvm.2018.00110. 

[39] P. Vaupel and G. Multhoff, ‘Revisiting the Warburg effect: historical dogma versus current understanding’, Journal of 

Physiology, vol. 599, no. 6. John Wiley and Sons Inc, pp. 1745–1757, Mar. 01, 2021. doi: 10.1113/JP278810. 

[40] L. Agledal, M. Niere, and M. Ziegler, ‘The phosphate makes a difference: cellular functions of NADP’, Redox Report, 

vol. 15, no. 1, pp. 2–10, Feb. 2010, doi: 10.1179/174329210X12650506623122. 

[41] S. B. Nukala et al., ‘Protein network analyses of pulmonary endothelial cells in chronic thromboembolic pulmonary 

hypertension’, Sci Rep, vol. 11, no. 1, Dec. 2021, doi: 10.1038/s41598-021-85004-z. 

[42] L. Sibal, S. C Agarwal, P. D Home, and R. H Boger, ‘The Role of Asymmetric Dimethylarginine (ADMA) in Endothelial 

Dysfunction and Cardiovascular Disease’, Curr Cardiol Rev, vol. 6, no. 2, pp. 82–90, May 2010, doi: 10.2174/157340310791162659. 

[43] N. Skoro-Sajer et al., ‘Asymmetric Dimethylarginine Is Increased in Chronic Thromboembolic Pulmonary Hyperten-

sion’, Am J Respir Crit Care Med, vol. 176, no. 11, pp. 1154–1160, Dec. 2007, doi: 10.1164/rccm.200702-278OC. 

[44] A. W. Murray, ‘The Biological Significance of Purine Salvage’, Annu Rev Biochem, vol. 40, no. 1, pp. 811–826, Jun. 1971, 

doi: 10.1146/annurev.bi.40.070171.004115. 

[45] T. Hautbergue et al., ‘Right ventricle remodeling metabolic signature in experimental pulmonary hypertension models 

of chronic hypoxia and monocrotaline exposure’, Cells, vol. 10, no. 6, Jun. 2021, doi: 10.3390/cells10061559. 

[46] W. Xu et al., ‘Integrative proteomics and phosphoproteomics in pulmonary arterial hypertension’, Sci Rep, vol. 9, no. 1, 

Dec. 2019, doi: 10.1038/s41598-019-55053-6. 

[47] M. A. GIMBRONE, J. N. TOPPER, T. NAGEL, K. R. ANDERSON, and G. GARCIA-CARDEÑA, ‘Endothelial Dysfunc-

tion, Hemodynamic Forces, and Atherogenesisa’, Ann N Y Acad Sci, vol. 902, no. 1, pp. 230–240, Jan. 2006, doi: 10.1111/j.1749-

6632.2000.tb06318.x. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2023                   doi:10.20944/preprints202301.0014.v1

https://doi.org/10.20944/preprints202301.0014.v1

