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Abstract

Pulmonary arterial hypertension (PAH) is considered a disease of the pulmonary vasculature. 

Limited progress has been made in preventing or arresting progression of PAH despite extensive 

efforts. Our previous studies indicated that PAH could be considered a systemic disease since its 

pathology involves interplay of multiple organs. This, coupled with increasing implication of the 

gut and its microbiome in chronic diseases, led us to hypothesize that PAH patients exhibit a 

distinct gut microbiome that contributes to, and predicts, the disease. Fecal microbiome of 18 type 

1 PAH patients (mean pulmonary arterial pressure [mPAP] 57.4, standard deviation 16.7 mmHg) 

and 13 reference subjects (REF) were compared by shotgun metagenomics to evaluate this 

hypothesis. Significant taxonomic and functional changes in microbial communities in the PAH 

cohort were observed. Pathways for the synthesis of arginine, proline and ornithine were increased 

in PAH cohort compared with REF cohort. Additionally, groups of bacterial communities 

associated with trimethylamine/ trimethylamine N-oxide and purine metabolism, were increased in 

PAH cohort. In contrast, butyrate-and propionate-producing bacteria such as Coprococcus, 

Butyrivibrio, Lachnospiraceae, Eubacterium, Akkermansia and Bacteroides were increased in REF 

cohort. A random forest model predicted PAH from the composition of the gut microbiome with 

83% accuracy. Finally, virome analysis showed enrichment of Enterococcal and relative depletion 

of Lactococcal phages in the PAH cohort. In conclusion, PAH patients exhibit a unique 

microbiome profile that has high predictive potential for PAH. This highlights previously unknown 
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roles of gut bacteria in this disease and could lead to new therapeutic, diagnostic or management 

paradigms for PAH.

Graphical Abstract

Summary

Despite evidence for the involvement of gut microbiota in many chronic diseases its contribution 

in PAH remains largely unknown. This study fills this gap in knowledge and demonstrates altered 

gut microbiota with prediction accuracy of 83% in PAH patients. The data suggest that uniquely 

altered microbiota may play a role pulmonary pathophysiology and thus presents novel target for 

both PAH diagnosis and therapy.
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Introduction

Pulmonary arterial hypertension (PAH) is a chronic and progressive cardiopulmonary 

disease that leads to irreversible right heart failure, the primary cause of morbidity and 

mortality. Current therapeutic strategies target the pulmonary vasculature as vascular 

stiffening from endothelial dysfunction and fibrosis of pulmonary arteries are the major 

pathologies of PAH.1 Despite recent advances in using combination drug therapy and 

identification of new vascular signaling pathways as targets, treatment of PAH remains a 

significant challenge. Thus, it is imperative to consider innovative concepts for the discovery 

of new targets for a successful PAH regimen.2
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Although the primary pathologic site is the pulmonary vasculature, PAH has characteristics 

of a systemic disease involving many other organs such as the central nervous system, 

immune system, heart, bone marrow and kidney in addition to lung.3 Another potentially 

important, but unexplored organ in PAH is the gut and its microbiome as evidenced in 

various cardiopulmonary diseases.4–6

There are remarkable similarities between lung and gut in relation to infection, immunity, 

epithelial barrier functions and microbiomes. For example; 1) both lung and gut are major 

organs directly in contact with the environment. Thus, risk factors for pulmonary disease 

such as smoking, toxins, infections, etc. may directly influence both organs. 2) Their 

epithelia serve as microbial barriers where mucin plays an important role. 3) Both have 

diverse microbiota. Although pulmonary bacterial populations are smaller in multitude than 

the gut’s, an imbalanced lung microbiome may contribute to respiratory infections and 

inflammation resulting in pulmonary diseases such as asthma, chronic obstructive 

pulmonary disease (COPD) or cystic fibrosis.7 However, there is a paucity of information 

about the potential role of gut microbial communities in pulmonary hypertension and 

nothing is known in PAH patients.

With the emerging role of the gut microbiome in health and disease, the gut-lung axis could 

offer an attractive alternative multi-organ pathway in the pathogenesis of PAH, as the gut 

and its microbiome play an important role in pulmonary vascular function. Thus, our 

objective in this study was to evaluate the hypothesis that patients with PAH have a unique 

gut microbiome profile that produces bacterial metabolites and molecules important in the 

pathogenesis of PAH.

Some results of these studies have been previously reported in abstract form.8

Methods

Data Availability Statement

Metadata and microbiome data (taxonomy and KO files) can be downloaded at https://

drive.google.com/open?id=15NfMk7BAHo0Y_iyNlHnCNCE2Gg___v31

Patients

Eighteen type 1 PAH patients (mean pulmonary arterial pressure [mPAP] 57.4, standard 

deviation [SD] 16.7 mmHg) and 12 age- and sex-matched healthy reference (REF) subjects 

without a history of cardiopulmonary disease or PAH risk factors were recruited from 

Pulmonary Circulation Clinic, Clinicas Hospital of Porto Alegre, Brazil (Table 1). Their 

participation with informed consent was approved by the Institutional Scientific and Ethics 

Committee. Fecal samples were collected for comparison of gut microbial communities 

using shotgun metagenomics as described in the online supplement.

Taxonomic and Functional Profiling of Microbiome

Relative abundances of taxonomic profiles and functional pathways were multiplied by 1 

million and formatted as described in Segata et al.9 CPM normalized KO data was converted 

to a QIIME formatted biom file to generate PLS-DA plots using the Bray-Curtis distance 
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metric. CSS-normalized counts tables were separated into REF and PAH groups. These were 

aligned to Kyoto Encyclopedia of Gene and Genome (KEGG) pathways of interest using the 

R package, Pathview.10

Virus Analysis

Viral gene markers within filtered metagenome data were detected and annotated using the 

CLARK ((CLAssifier based on Reduced K-mers, version 1.2.3.1, http://clark.cs.ucr.edu/) 

annotation tool.11 Relative abundance estimates were formatted into a table and underwent 

LefSe and heatmap analysis within R using the “pheatmap” package. To affirm the accuracy 

of viral marker hits, the viromics tool Vipie was implemented for the assembly and 

annotation of viral genomes within the metagenome dataset.12

Full details of all experimental protocols are presented in Methods of the ‘Online 

Supplement’.

Results

PAH Patients Have Distinct Gut Microbiome Composition

Partial least squares discriminant analysis (PLS-DA) of the gut microbiome metagenomic 

data indicated differential taxonomic and functional gene (KEGG Orthology) profiles 

between PAH and REF cohorts (Figure 1A). Alpha diversity, the richness and evenness of 

bacteria were reduced in the gut microbiota of patients with PAH (Figure 1B–D). 

Differences in the bacterial taxa were detailed by linear discriminant analysis effective size 

(LEfSe), bar graphs and a bubble plot (Figure 1E, Figures S1 and S2). In addition, a network 

plot of the gut microbiota data showed that the bacterial genera within each cohort 

associated together but rarely with those in the other cohort resulting in two distinct clusters. 

The greater alpha diversity of the REF cohort was reflected by a cluster with a higher 

number of bacteria with more interactions than the PAH group. The differentially enriched 

bacterial taxa of each cohort are shown in Figure S3. Within the PAH cohort, there was 

enrichment of the Actinobacteria phylum, specifically the Bifidobacterium, a genus of 

acetate producers.13 More diverse taxa were enriched in the REF group, confirming the 

differences in alpha diversity. These included butyrate-producing bacteria such as 

Coprococcus, Butyrivibrio, Lachnospiraceae and Eubacterium13–15 and propionate-

producing bacteria such as Akkermansia and Bacteroides16 (Figure 1E, 1F, Figure S3). 

These data demonstrate a distinct bacterial ecology in the gut microbiome of PAH patients 

compared to REF subjects.

Prediction of PAH using Random Forest Modeling of Gut Microbiome

Having confirmed differential taxonomy and function of gut microbiota of the two cohorts, 

we attempted to identify bacteria most strongly correlated with PAH. A random forest 

machine-learning algorithm was applied to search for a highly fitting model discriminating 

the two cohorts (Figure 2). For each decision tree, a different training set was created with a 

random subset of samples and bacterial species, and its ability to subdivide the data into the 

cohorts evaluated. Please see the supplement for further description of the modeling. Our 

model contained 150 individual decision trees, ensembled by class designation. Thirty 
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bacterial species with the highest Gini index predicted the presence or absence of PAH in 

subjects with 83% accuracy compared to an expected accuracy of ≤50% if there were no 

association of the gut microbiome with PAH. The relative abundance of the top 10 taxa was 

compared to their relative abundance in samples from patients with systemic hypertension.17 

Most bacteria exhibited no similar differences in relative abundance between disease and no 

disease in these two conditions (Figure S4).

PAH Gut Virome as a Potential Regulator of the Gut Ecosystem

We investigated the gut virome in the PAH population as viruses play an important 

regulatory role in the gut ecosystem.18 Viral gene marker profiles were different between 

PAH and REF cohorts by LEfSe analysis (Figure 3A). Multiple Lactococcal phages were 

enriched within the REF cohort, but Enterococcal phages were enriched within the PAH 

samples. The number of virus assemblies was also cohort-specific (Table S1). Phage 

infection of bacteria is highly specific,19 and is therefore essential in shaping bacterial 

population dynamics.20 We further confirmed that increased Lactococcal phages in the REF 

cohort were accompanied by increased Lactococcus lactis, a bacterium commonly used to 

test phage infection of Lactococcus (Figure 3B). Abundances of Lactococcal phages and 

Lactococcus within each subject were associated by both genus and species regardless of 

cohort (Figure 3C). Although the increase of Enterococcus in the PAH cohort was not 

statistically significant, enrichment of Enterococcus phage in PAH was associated with 

Enterococcus abundance (P=0.005), suggesting strong bacteria-phage interaction.

Linkage of Functional Changes of Gut Microbiome with PAH

We investigated functional changes in the gut microbiomes by LEfSe analysis (Figure 4A). 

Pathways for the synthesis of several amino acids were enriched including arginine, proline, 

lysine, homoserine, methionine, ornithine and tryptophan. Elevated arginine catabolism by 

plasma arginase and a consequent decrease in arginine bioavailability was previously 

recognized as a hallmark of PAH pathogenesis.21–24 We found increased arginine, proline, 

ornithine biosynthesis and interconversion to be one of the main functional changes in the 

PAH microbiome (Figure 4B–D and Figure S5). Blautia and Bifidobacteria contributed most 

to arginine/ornithine biosynthesis in the PAH microbiome, while Collinsella was important 

for increased proline biosynthesis. The significant increase of ornithine transcarbamylase in 

PAH gut bacteria may have further contributed to decreased arginine bioavailability by 

metabolizing arginine to its major catabolic products, L-ornithine and L-citrulline. These 

data suggest the potential roles of enzymes and amino acids produced by the gut microbiota 

in PAH and cardiovascular disease risk (Figure 4F).4, 25

Another significantly increased groups of bacteria in the PAH cohort was Coriobacteriales 

and its subpopulations Collinsella and Collinsella aerofaciens (Figure 1E, S3, 5A and 5B). 

Since these bacteria strongly correlate with production of the microbiome dependent 

metabolites, trimethylamine (TMA) and trimethylamine N-oxide (TMAO),26 we compared 

the sum of TMA/TMAO-associated bacteria and observed a significant increase in PAH 

patients (Figure 5C).27 In contrast, bacterial taxa that are negatively correlated with TMA/

TMAO, such as Bacteroides were enriched in the REF cohort (Figure 2).28, 29
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Purine metabolism was the third functional change we observed in PAH microbiome. 

Previous studies have shown a strong correlation of urate with PAH severity and mortality.
23, 30, 31 We observed significant increases of overall purine metabolism, and key enzymes 

for metabolizing purine and producing urate such as xanthine oxidase and purine 

nucleosidase in the gut microbiota of PAH patients (Figure 5D–F and Figure S6). This 

suggests that testing the hypothesis that gut microbiome- derived purine and urate contribute 

to PAH pathogenesis would be valuable.

Discussion

The most significant observation of this study is that it demonstrates a unique profile of gut 

microbial communities in patients with PAH. Genome wide sequencing of these patients’ 

gut microbiota offers insight into the functions of the altered bacterial communities and their 

contribution to PAH pathophysiology. Finally, our data suggest that some of the previously 

identified potential biomarkers of PAH could be derived from altered bacterial functions in 

PAH patients. There is a distinct gut microbiome composition in the PAH patients (Figure 

1). Many of the REF cohort enriched (and PAH cohort depleted) bacteria are associated with 

processes conferring gut health, such as polysaccharide fermentation and short chain fatty 

acid production (B. crossotus, B. cellulosilyticus, E. siraeum, B. vulgatus, A. muciniphila),
13, 16 immune regulation (B. intestinihominis)32, and gut barrier fortification (A. 
muciniphila).33 In contrast, some of the enriched taxa of the PAH cohort have been directly 

linked to lung infections such as acute exacerbation of COPD (S. parasanguinis)34 and lung/

intestine inflammation (R. gnavus, C. aerofaciens)35–38 (Figure 1, 2). This microbiome 

composition may be human PAH specific, as important bacterial predictors for PAH were 

not similarly changed in human systemic hypertension (Figure S4)17 nor an animal model of 

pulmonary hypertension.39 In addition, our data indicate the gut virome may be an 

interesting regulatory mechanism of the gut microbiome ecosystem and a novel therapeutic 

target (Figure 3).

Our results showing taxonomic and functional changes in gut microbiome of PAH patients 

supply several clues about the unique roles of the gut microbiome in the disease process. 

First, decreased beneficial short-chain fatty acid (SCFA) producing bacteria in the PAH 

cohort, such as Coprococcus, Butyrivibrio, Lachnospiraceae, Eubacterium and Clostridia 
may epigenetically or otherwise modify gut epithelial cells resulting in increased gut 

permeability.40 Reduced butyrate, or butanoate, weakens gut barrier function and favors 

oxidative metabolism, known to increase the potential for gut inflammation and leakiness. 

This is supported by evidence of increased gut permeability8 and depletion of anaerobic 

energy metabolizing bacterial communities (Figure 4A) in PAH cohort. Bacterial genes 

generating another SCFA derived from bacteria, propionate, or propanoate, were 

significantly reduced in the PAH microbiome (Figure 4A). These alterations in the PAH 

microbiome potentially enable microbial metabolites to leak into the circulation, disrupt 

metabolic and immune homeostasis, and influence the pulmonary vasculature. Although the 

exact role of SCFAs in PAH needs to be further validated, our data accentuate potential roles 

of the gut environment in PAH pathogenesis. Finally, it is interesting to point out that 

although distinct gut microbial communities are present in PAH and hypertension patients 

they both show increased gut permeability.8, 17, 41 This could be related to decreases in 
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butyrate-producing bacteria in both diseases.17 Butyrate and related gut microbial species 

have been intimately implicated in gut leakiness in diverse diseases.42

Another possible mechanism is via increased Collinsella in the PAH cohort. This may 

contribute to disease pathogenesis by increasing gut permeability. Collinsella downregulates 

gut tight junction proteins and increases epithelial interleukin (IL)-17A production. These 

processes are generally accepted to result in gut barrier dysfunction and inflammation. Our 

data of elevated circulating markers of gut permeability and inflammation support this.8 

Secondly, Collinsella contributed most of the increased genes for proline biosynthesis 

(Figure 4C). Thirdly, it suggests the important role of TMA/TMAO metabolism in PAH. 

Collinsella and its parent population Coriobacteriales have a strong positive correlation with 

TMA/TMAO production in atherosclerosis.26 TMA/TMAO producing taxa (Clostridium, 
Desulfovibrio, Enterobacter, Escherichia, Klebsiella, Pseudomonas, Rothia, Prevotella, 
Clostridium, Staphylococcus, Streptococcus, Citrobacter, Collinsella) were significantly 

elevated in the PAH microbiome (Figure 5). This coincided with decreases of bacterial taxa 

negatively associated with TMA/TMAO production such as B. cellulosilyticus, B. vulgatus, 
A. muciniphila, B. coprocola, B.stercoris (Figure 2).28, 29 Furthermore, a study in 

apolipoprotein E null mice fed with a Paigen diet (high fat and high choline) resulted in 

development of PAH with pulmonary vascular abnormalities.43 Another study showed gut 

microbiomes with high TMAO production increase thrombotic potential,44 an important risk 

factor for certain types of PAH.45 These provide experimental evidence supporting the 

hypothesis that diet and gut microbiome exert a significant influence on PAH pathogenesis.
46

Urate and arginine bioavailability are known PAH risk factors correlating with the severity 

and mortality of PAH.30, 31, 47 Diet and endogenous synthesis were previously suggested as 

their origin, but our results indicate additional contributions from the gut microbiome. 

Indeed, xanthine oxidase/dehydrogenase and purine nucleosidase, essential enzymes for 

urate formation and overall purine metabolism were significantly elevated in the PAH gut 

microbiome. Similarly, a component of the altered L-arginine metabolism in PAH may arise 

in the gut microbiota. Key bacteria, such as Blautia likely increase L-arginine and L-

ornithine biosynthesis in the PAH microbiome (Figure 1, 4) that are subsequently 

metabolized by increased ornithine transcarbamylase, an enzyme of the urea cycle, in the 

PAH microbiome (Figure 4E). Combined with elevated plasma arginase from hemolysis,48 

this may contribute to the reduction in L-arginine bioavailability and PAH pathogenesis.
47, 49

We observed increases in Streptococcus, Coprococcus and bacterial tryptophan biosynthesis, 

which may also have major mechanistic implications (Figures 1, S3 and S5). Firstly, the gut 

microbiome plays the key role in the synthesis of bioactive tryptophan metabolites, 

regulating serotonin (5-hydroxytryptamine) in the gut, and thereby, circulating serotonin.50 

Serotonin has been implicated in PAH pathogenesis.51 Furthermore, inhibition of serotonin 

synthesis prevented experimental PAH in rats.52 In fact, inhibitors of tryptophan hydroxylase 

1, the rate-limiting enzyme in serotonin synthesis in the gut, decrease gut serotonin by 90%, 

and attenuate pulmonary vascular pathology.50 Finally, SCFAs such as butyrate, are 

important stimulants to the synthesis of serotonin by the enterochromaffin cells of the gut.53 
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Thus, the decrease in butyrate-producing bacteria in PAH may be a brain-gut axis-mediated 

attempt to reduce serotonin synthesis and thereby ameliorate serotonin-associated PAH 

pathology.

This study has several limitations. First, the small sample size of study subjects from a 

limited geographical area limits its broad applicability and global conclusions. 

Unfortunately, the high cost of whole genome sequencing (WGS) restricted this to a “proof 

of concept” study. However, WGS of human gut microbiome should be the preferred 

strategy since it provides unlimited information not only on taxa, species etc. but also on 

functional aspects of the entire microbiome (bacteria, viruses and fungi etc.) for future data 

mining. Second, PAH is associated with multiple etiologies although all patients had one 

common feature, increased mPAP. No attempt was made to determine contribution of each 

etiology on microbiota because of small sample size. Third, the random forest model-based 

ROC curve used in this analysis is appropriate for a small sample size in predicting PAH 

with high probability. However, this needs to be validated by an appropriately powered 

clinical trial with an independent test cohort. If confirmed, it would present an alternative 

diagnostic tool for PAH compared to the costly and risky right heart catheterization presently 

in use. Fourth, questions regarding the origin of the altered microbial community, how gut 

microbiome derived signals affect remote organs such as lung, and the causal relationship 

between these changes and PAH remains unknown. Nonetheless, it is tempting to suggest 

that diverse pro- pulmonary hypertensive signals (environmental, genetic, etc.) induce gut 

dysbiosis and leakiness. This would create an environment where gut bacteria, viruses and 

their metabolites could distribute in the systemic circulation and lung, which may initiate 

pulmonary inflammation, and infection, leading to vascular remodeling and PAH.

Analysis of gut bacteria and viruses in PAH suggest they have previously unknown roles in 

PAH. PAH-associated taxa such as Blautia, Bifidobacteria, Collinsella contributed genes for 

carnitine metabolism or biosynthesis of arginine, ornithine, proline, providing evidence that 

taxonomic changes are closely associated with altered gut microbiome function in the PAH 

cohort. Therefore, identification and characterization of PAH specific bacteria and 

metabolites in both gut and lung hold promise for the development of innovative strategies 

for the control and treatment of PAH by modification of diet, prebiotics, microbiota 

transplantation and pro/antibiotics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives:

Significant evidence exists for the involvement of gut microbiota in a variety of 

pulmonary diseases but not for the role and contribution of the gut and its microbiome in 

the pathogenesis of pulmonary hypertension. The present study begins to fill this gap in 

our knowledge. It compares functional and taxonomic gut microbiome profiles of patients 

with PAH with control subjects to imply a role in the pathogenesis of pulmonary 

hypertension. We demonstrate a taxonomically and functionally distinct microbiome in 

PAH patients with a prediction accuracy of 83%. Some of these distinct bacterial make 

metabolites known to be altered in the circulation in PAH patients. Therefore, our data 

suggest that uniquely altered gut microbiome may play an important role in pulmonary 

pathology and thus present novel targets for both PAH diagnosis and therapy.
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Novelty and Significance

What Is New?

• First study to show alterations in gut microbiota in patients with pulmonary 

arterial hypertension (PAH).

• Taxonomically and functionally distinct microbiota in PAH patients with a 

prediction accuracy of 83%. Some of these bacterial communities produce 

metabolites known to be altered in circulation of PAH patients.

What Is Relevant?

• PAH is considered a disease of pulmonary vasculature. Our study 

demonstrates involvement of the gut and its microbiota and supports the 

hypothesis of a dysfunctional gut-lung axis in PAH.

• Gut microbiota holds potential for PAH therapy.
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Figure 1: Altered gut microbiota composition in type 1 pulmonary arterial hypertensive patients.
(A) Partial least squares discriminant analyses (PLS-DA) were conducted to compare the 

overall differences in taxonomy (left) and functional gene (KEGG Orthology) profiles 

(right) between the reference (REF) and pulmonary arterial hypertension (PAH) cohorts. (B-

D) Alpha diversity measures showed significantly reduced Shannon and Simpson indices 

and evenness of fecal bacterial populations of PAH patients compared to age- and gender-

matched healthy REF subjects. Student’s t-test was used to compare the means of the two 

groups. (E) Linear discriminant analysis effect size (LEfSe) of each cohort to visualize 

differences in bacterial species. (F) A network plot showing positive interactions (connected 

lines, distance determined from the Bray-Curtis method) between genera. Genera associated 

with the REF cohort were marked in green, genera enriched in PAH cohort in red and neutral 

genera in black in the nodes.
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Figure 2: Random forest modeling identified a subset of taxa predictive of distinguishing REF 
(black) and PAH (red) cohorts.
The 30 most important predictors of PAH vs. REF were ranked by Gini index determined 

from the random forest algorithm trained to distinguish the two cohorts. The taxa are ranked 

from top to bottom by decreasing Gini index scores. Since Gini index scores quantify the 

strength of each respective predictor, the best predictors of PAH are at the top of the plot. 

Bacteria with the red asterisk are positively correlated with TMA/TMAO production27. 

Bacteria with the blue § are negatively correlated with TMA/TMAO production28, 29.
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Figure 3: Significantly increased viral species and specific viruses in PAH (red) or REF (green) 
cohorts.
(A) LEfSe determined differential virus species in the gut microbiome. (B) Relative 

abundance of Lactococcus lactis in PAH and REF cohorts. (C) Relative abundance of 

Lactococcus phage. (D) A graph of Lactococcus phage and its bacterial host (Lactococcus) 

indicates interactions tend to occur among distinct groups of phages and bacteria. Out of 18 

PAH samples, neither Lactococcus nor Lactococcus phage was detected in 4 samples (22% 

of total samples). Pearson correlation coefficient excluding those samples was comparable 

and it was statistically significant (R=0.59, P=0.033). Data are expressed as mean ± standard 

error of the mean (*p < 0.05; **p < 0.01).
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Figure 4: Functional changes of the gut microbiome and altered arginine metabolism in the PAH 
cohort.
(A) LEfSe of altered functional pathways of the microbiomes in PAH and REF cohorts. 

Biosynthesis of several amino acids was increased in PAH such as arginine, lysine, 

homoserine, methionine, ornithine and tryptophan. Arginine/proline/ornithine biosynthesis 

was increased in PAH microbiome and marked with blue symbols (§). (B) Genera 

contributing to L-arginine biosynthesis (left) and CPM normalized RPK counts for the 

respective pathway by MetaCyc analysis (right). (C) Genera contributing to L-proline 

biosynthesis (left) and CPM normalized RPK counts for the respective pathway (right). (D) 

Genera contributing to L-ornithine biosynthesis (left) and CPM normalized RPK counts for 

the respective pathway (right). (E) Ornithine transcarbamylase (OTC), which converts L-

ornithine to L-citrulline, was significantly increased in PAH microbiome. (F) Schematic 

diagram of potential bacterial contribution to PAH pathogenesis. Along with increased 
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plasma arginase, bacterial OTC may contribute to decreased arginine bioavailability in 

PAH47.
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Figure 5: Increase in TMA/TMAO-associated bacteria and purine metabolism- related enzymes 
in PAH microbiome.
(A, B) Relative abundance of Coriobacteriales and Collinsella aerofaciens, major 

TMATMAO producers, were significantly increased in PAH microbiota. (C) Sum of TMA/

TMAO producing bacteria in each cohort. (D) Comparison of enzymes of purine metabolism 

in gut microbiome of PAH and REF cohorts. Summed CPM normalized RPK counts of 

KEGG Orthology in the purine metabolism pathway were analyzed using Pathview in R 

studio (E, F). Xanthine oxidase/dehydrogenase and purine nucleosidase were significantly 

increased in the PAH microbiome. A full heatmap of purine metabolism (KEGG) comparing 

REF and PAH enzyme abundances can be found in Figure S5. Bar graph data are expressed 

as mean ± standard deviation with p values (*p<0.05; **p<0.01). The boxes of the box-

whisker plots extend from the 25th to 75th percentiles, medians are shown in the boxes as a 

line. Whiskers encompass the maximum and minimum values and individual values are 

superimposed on the graph.
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Table 1.
Characteristics of patients with pulmonary arterial hypertension.

Sixteen subjects recruited for the reference (REF) cohort (13 women and 3 men) were aged 37 ± 11, BMI 22.7 

± 2.5 kg/m2 with no history of cardiopulmonary disease or PAH risk factors and with mPAP of 29. Age and 

BMI of the REF cohort were not different from those of the PAH cohort. Consecutive patients, with the 

appropriate clinical characteristics, were invited to participate in the studies. Among the recruited study 

subjects, four changed their mind and refused to enroll (all from the REF cohort), and one PAH subject did not 

return a sample after enrolling.

Variable Mean (SD) or Number (%)

Age (years) 39.5 (12.7)

Gender (male/female) 3/16

Race (white/other) 18/1

Weight (kg) 65.2 (14.7)

Height (cm) 160.7 (8.0)

Body mass index (BMI, kg/m2) 25.3 (5.7)

PAH etiology (%)

 Idiopathic 4 (21.1%)

 Collagen vascular disease 2 (10.5%)

 HIV 5 (26.3%)

 Congenital heart disease with shunt 7 (36.8%)

 Portopulmonary hypertension 1 (5.3%)

World Health Organization functional class (%)

 Class 1 9 (47.4%)

 Class 2 5 (26.3%)

 Class 3 3 (15.8%)

 Class 4 2 (10.5%)

6-minute walk distance (m) 437 (89)

Echocardiographic data

 Transtricuspid gradient (mmHg) 71 (27)

 Systolic pulmonary arterial pressure (mmHg) 76.4 (28.1)

 Tricuspid annular plane systolic excursion (cm) 17.5 (3.0)

 Right ventricular diameter (M module, cm) 3.4 (1.0)

Right heart catheterization

 Mean pulmonary arterial pressure (mmHg) 57.4 (16.7)

 Pulmonary artery occlusion pressure (mmHg) 8.8 (4.3)

 Cardiac output (L/minute) 5.1 (2.0)

 Pulmonary vascular resistance (Woods unit) 11.5 (8.7)

 Right Arterial Pressure (mmHg) 8.8 (5.3)

Pulmonary arterial hypertension therapy

 None 2 (10.5%)

Hypertension. Author manuscript; available in PMC 2021 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 22

Variable Mean (SD) or Number (%)

 Phosphodiesterese type 5 inhibitors 16 (84.2%)

 Endothelin antagonists 7 (36.8%)

 Prostanoids 1 (5.3%)
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