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Pulmonary arterial hypertension (PAH) is a severe clinical condition that is characterized pathologically by perivascular inflammation and pulmonary vascular remodeling that ultimately leads to right heart failure. However, current treatments focus on controlling vasoconstriction and have little effect on pulmonary vascular remodeling. Better therapies of PAH require a better understanding of its pathogenesis. With advances in sequencing technology, researchers have begun to focus on the role of the human microbiota in disease. Recent studies have shown that the gut and airway microbiota and their metabolites play an important role in the pathogenesis of PAH. In this review, we summarize the current literature on the relationship between the gut and airway microbiota and PAH. We further discuss the key crosstalk between the gut microbiota and the lung associated with PAH, and the potential link between the gut and airway microbiota in the pathogenesis of PAH. In addition, we discuss the potential of using the microbiota as a new target for PAH therapy.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a group of diseases characterized by a progressive increase in pulmonary artery pressure, which can lead to irreversible right heart failure. The pulmonary artery pressure of 25 mmHg or higher was defined as pulmonary arterial hypertension (Poch and Mandel, 2021). Pulmonary arterial hypertension is further classified as idiopathic, hereditary, drug-induced, and disease-related PAH (Sockrider, 2021). Heterozygous mutations in bone morphogenetic protein receptor 2 (BMPR2) have been reported in 53–86% of hereditary pulmonary arterial hypertension cases and in 14–35% of idiopathic PAH patients (Gräf et al., 2018). In addition, disease-related PAH such as congenital heart disease, connective tissue disease, HIV, and schistosomiasis can cause destruction or narrowing of the pulmonary arteries, resulting in elevated pulmonary artery pressure (Ruopp and Cockrill, 2022). The prevalence of PAH has been reported to be 15–50 per million in the United States and Europe (Beshay et al., 2020). A systematic review from multiple national publications reports that in adults, the incidence of PAH is ≈5.8 per million and the prevalence of PAH is ≈47.6–54.7 per million (Leber et al., 2021). At present, most of the epidemiological data on PAH are based on studies of its etiology and vary between different regions of the world. PAH has a low incidence but serious consequences. Most patients with PAH remain incurable. Therefore, it is important to find new potential treatments for PAH.

In recent years, investigators increasingly focused on the microbial–host interactions. The microbiota consists of complex communities of bacteria, archaea, fungi, viruses, and protists that colonize multiple parts of the body, such as the gastrointestinal tract, oral, skin, and genitourinary tract (Stappenbeck and Virgin, 2016). Dysbiosis, defined as an imbalance in the composition of the microbiota, has been associated with several diseases such as chronic obstructive pulmonary disease, hypertension, heart failure, obesity, and inflammatory bowel disease et al. (Halfvarson et al., 2017; Li et al., 2017; Callejo et al., 2018; Cui et al., 2018; Bowerman et al., 2020; Kim M. H. et al., 2020). Also, dysbiosis in gut and airway microbiota has been observed in patients with PAH (Kim S. et al., 2020). Both the intestine and the lungs are major organs in direct communication with the outside world; they have the same embryonic origin and structural similarities. Therefore, it is not surprising that these two locations may have interactions in the development of health and disease, but the exact mechanisms are not known. In fact, it has been shown that there is crosstalk between the gut microbiota and the lungs, and the connection has been named the gut–lung axis (He et al., 2017). Lipopolysaccharide (LPS) and short-chain fatty acids (SCFAs) produced by intestinal microorganisms have been reported to play an important role in regulating immune tone in lungs (Liu et al., 2021). On the other hand, it has been demonstrated that lung infections in mice also cause gut dysbiosis (Groves et al., 2018). Recent studies have found that changes in the structure and function of gut and airway microbiota are associated with PAH (Kim S. et al., 2020; Zhang et al., 2020). In this review, we will provide an overview of the gut and airway microbial alterations reported in PAH. Then, we will discuss the mechanistic evidence explaining the connections between dysbiosis in gut and airway microbiota and PAH. In addition, we will point out the possibility of targeting the microbiome and its related components as a new therapeutic option for PAH.



INFLAMMATION IN PAH

The characteristic pathological feature of PAH is pulmonary vascular remodeling involving all layers of the vessel wall, such as intima (endothelial cells), media (pulmonary artery smooth muscle cells-PASMCs), and adventitia (fibroblasts) (Thenappan et al., 2018). Hyperproliferation of vascular cells and deposition of the extracellular matrix leads to thickening of the arterial wall and muscularization of small non-muscular arteries and reducing the compliance of the pulmonary vasculature (Thenappan et al., 2018). There is growing evidence that pulmonary perivascular inflammation plays an important role in the early stages of PAH or pulmonary vascular remodeling. Significantly increased infiltration of macrophages, mast cells, T lymphocytes, B lymphocytes, dendritic cells, and monocytes has been found in the pulmonary vasculature of patients with PAH, and have a vital effect on pulmonary perivascular inflammation and pathological processes of PAH (Savai et al., 2012; Zhu et al., 2021; Wang et al., 2022). Increased macrophages, mast cells, and B cells could accelerate inflammatory responses and pulmonary vascular remodeling in PAH (Ni et al., 2022). Accordingly, the expression levels of various cytokines and chemokines have been observed to be elevated in PAH patients and animal models. Increased expression of interleukin (IL)-1β, IL-6, IL-1 receptor (R)1, and IL6R and their role in pulmonary vascular remodeling have been reported in patients with idiopathic PAH and hypoxia-induced PAH mice (Parpaleix et al., 2016; Tamura et al., 2018). In hypoxia-induced PAH mice, IL-33, a member of the IL-1 family of cytokines, binds to the membrane receptors ST2, and initiates pulmonary vascular remodeling by upregulating the expression of hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) (Liu et al., 2018). Abid et al. found that chemokine receptor (CCR) 2 and CCR5 expression were increased in PASMCs and perivascular macrophages of PAH patients and promoted PASMCs growth (Abid et al., 2019). The expression of high mobility group box-1 (HMGB1) and toll-like receptor 4 (TLR4) was significantly increased in the lungs of PAH patients, and HMGB1 promoted PAH through activation of TLR4 (Ranchoux et al., 2017; Goldenberg et al., 2019). In addition, endothelial dysfunction is a major pathophysiological mechanism of PAH, resulting from the altered production of endothelial vasoactive mediators. The expression of intercellular cell adhesion molecule-1, vascular cell adhesion molecule-1 (VCAM-1), and E-selectin is significantly upregulated in the pulmonary arteries of idiopathic PAH patients (Le Hiress et al., 2015). In a word, these data strongly suggest that perivascular inflammation and pulmonary vascular remodeling play an important role in the development of PAH. However, the specific mechanisms that cause perivascular inflammation and pulmonary vascular remodeling are still being explored, and recent studies have begun to focus on the role of microorganisms and their metabolites in PAH.



GUT–LUNG AXIS IN PAH

The majority of the microbiota is colonized in the intestinal tract, which is usually dominated by five bacterial phyla, such as Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and Tenericutes (Stappenbeck and Virgin, 2016; Almeida et al., 2019). Of these, Firmicutes and Bacteroidetes are the two most common phyla and constitute more than 90% of the gut microbiota. It has been reported that the Firmicutes/Bacteroidetes ratio, a classic biomarker of dysbiosis, is increased in individuals with obesity, diabetes, and cardiovascular disease (Mariat et al., 2009; Koliada et al., 2017; Tsai et al., 2021). The proportion of intestinal F/B was higher in most of the sugen/hypoxia, monocrotaline (MCT), or hypoxia-induced PAH animal models (Callejo et al., 2018; Sanada et al., 2020; Sharma et al., 2020b; Hong et al., 2021; Luo et al., 2021). Kim et al. compared the fecal microbiome of PAH patients and reference subjects by shotgun metagenomics and reported distinct gut microbiome composition in the PAH patients with reduced alpha diversity, richness, and evenness (Kim S. et al., 2020). In contrast, Sharma et al. reported that the F/B ratio was reduced in the pure hypoxia-induced PAH mice (Sharma et al., 2020a). However, in a pilot study of the gut microbiome in 20 PAH patients and 20 paired control subjects, no differences in microbial abundance and diversity are reported in PAH patients with no significant differences in alpha diversity, beta diversity, and F/B ratio (Jose et al., 2022). Several factors may contribute to these inconsistent findings. First, the pilot study is a pair-controlled prospective cohort study, and a multitude of potentially confounding factors such as obesity, dietary intake, environmental factors, and circadian rhythm, was rigorously controlled by using paired enrollment scheme. Moreover, the sample sizes were both limited in these two studies of human gut microbiota and, consequently, these studies were underpowered to detect a difference in gut microbiota diversity in PAH patients.

Decreased SCFAs-producing bacteria may be one of the most important clues for the roles of gut microbiota dysbiosis in the PAH process. Lower rates of butyrate-producing bacteria (Coprococcus, Butyrivibrio, Lachnospiraceae, and Eubacterium) and propionate-producing bacteria (Akkermansia and Bacteroides) in PAH patients (Kim S. et al., 2020; Jose et al., 2022) (Table 1). Similarly, the abundance of Akkermansia and Bacteroides was reduced in sugen/hypoxia rats compared to the control group (Sanada et al., 2020). SCFAs have been demonstrated to have vital effects on the host immune response and inflammation regulation (Kemter and Nagler, 2019). SCFAs can activate G protein-coupled receptors (GPCRs, such as GPR43, GPR41, and GPR109a) or act as histone deacetylase (HDAC) inhibitors to promote the production of regulatory T cells (Tregs) through epigenetic modifications (Arpaia et al., 2013; Smith et al., 2013; Trompette et al., 2014); and Tregs can protect the vascular endothelium against PAH (Tamosiuniene et al., 2011). Liu et al. found that GPR43 and GPR41 are expressed in human alveolar primary cells and regulated by intestinal-derived LPS, and directly verified the transmission of LPS and SCFA from the intestine to the lung using germ-free mice (Liu et al., 2021). It is reported that butyrate treatment can reverse the increase of CD68+ and CD163+ macrophages in the lungs of PAH rats induced by hypoxia (Karoor et al., 2021). Butyrate also exerts its anti-inflammatory effects by inhibiting the development of T helper 17 (Th17) cells and down-regulating VCAM-1 and CX3C chemokine Fractalkine in endothelial cells (Li et al., 2018; Chen et al., 2019; Karoor et al., 2021). In addition to immune regulation, Karoor and Kim et al. found that butyrate inhibited hypoxia-induced angiogenesis by decreasing the expression of VEGF-α and HIF-1α (Kim et al., 2007; Karoor et al., 2021). Furthermore, butyrate plays a significant role in maintaining the integrity of pulmonary microvascular endothelial and gastrointestinal barrier (Plöger et al., 2012; Karoor et al., 2021). Conversely, enrichment of the Collinsella in the intestine of PAH patients increases intestinal permeability by down-regulating tight junction proteins and promotes the production of epithelial IL-17A (Kim et al., 2018; Kim S. et al., 2020). Serotonin (5-HT), a key mediator of PAH, has been associated with the PAH phenotype of BMPR2 deficient mice by inhibiting BMP signaling, enhanced pulmonary arteries contractile and promoted the PASMCs proliferation (Long et al., 2006; Hood et al., 2017). SCFAs have been found to promote tryptophan hydroxylase 1 transcription and increased 5-HT production in human enterochromaffin cells (Reigstad et al., 2015). Moreover, decreased the proportion of Lactobacillus in PAH patients and animal models can also promote 5-HT synthesis (Sharma et al., 2020a).


Table 1. Alterations of Microbiota in PAH.
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Trimethylamine (TMA) is initially generated by gut bacteria as a by-product of the metabolism of dietary nutrients such as choline, and TMA is oxidized to produce trimethylamine N-oxide (TMAO) (Hayase and Jenq, 2020). TMAO has been reported to be associated with the development of atherosclerosis (Hayase and Jenq, 2020). In a meta-analysis of 923 patients at high/very high risk of cardiovascular disease, high levels of TMAO were found to be a possible risk factor for cardiovascular disease (Guasti et al., 2021). A higher proportion of TMA/TMAO-producing intestinal bacteria has been observed in PAH patients and animal models, such as Clostridium, Desulfovibrio, Enterobacter, Escherichia, Klebsiella, Pseudomonas, Rothia, Prevotella, Clostridium, Staphylococcus, Streptococcus, Anaerostipes rhamnosivorans, and Collinsella (Kim S. et al., 2020; Sharma et al., 2020b; Jose et al., 2022) (Table 1). The expression levels of TMAO and tumor necrosis factor-α and IL-1β in plasma of mice fed the Western diet (a risk factor for PAH) were significantly elevated, while the expression of the anti-inflammatory cytokine IL-10 was decreased, and this change was reversed by the inhibitor of trimethylamine formation (Chen K. et al., 2017; Brittain et al., 2019). Lawrie et al. further found that mice fed with Paigen diet (high fat and high cholesterol) developed PAH in a manner dependent on IL-1 β, suggesting that TMAO may promote the development of PAH through the pro-inflammatory effect of cytokines such as IL-1 β (Lawrie et al., 2011). Recently, TMAO has been found to cause endothelial dysfunction through activation of the hypoxia-induced protein kinase C (PKC)/nuclear factor-kappa B (NF-κB)/VCAM-1 pathway as well as the HMGB1/TLR4 axis (Ma et al., 2017; Singh et al., 2019). Chen et al. reported that TMAO also activated nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome through sirtuin 3 (SIRT3)/superoxide dismutase 2 (SOD2)/mitochondrial ROS pathway to induce inflammation in endothelial cells and blood vessels (Chen M. L. et al., 2017). At present, the mechanism of TMAO-inducing endothelial dysfunction and vascular inflammation has been widely studied in atherosclerosis, but their specific mechanisms in PAH remain to be elucidated. Additionally, a high proportion of TMAO-producing intestinal microorganisms can also increase the risk of thrombosis, which plays a key role in the development of certain types of PAH (Zhu et al., 2016). However, TMAO is present in seafood, and a recent study found that TMAO not only had no effect on healthy rats but also reduced mortality in rats with heart failure, contradicting the negative effects of TMAO on cardiovascular disease (Gawrys-Kopczynska et al., 2020). Therefore, further investigation should be needed to clarify the impact of TMA/TMAO produced by gut microbes on PAH.

Elevated uric acid levels and reduced arginine bioavailability are associated with the development and prognosis of PAH (Sztormowska-Achranowicz et al., 2020; Savale et al., 2021). It has been reported that treatment with xanthine oxidase inhibitor benzbromarone and dietary supplementation with L-arginine have protective effects against PAH (Sztormowska-Achranowicz et al., 2020). It is commonly assumed that uric acid and arginine originate from diet and endogenous synthesis; however, Kim et al. found that they may also originate from gut microbes. Xanthine oxidase and purine nucleotidase, key enzymes in uric acid synthesis, and purine metabolism, have been found significantly increased in the gut microbiota of patients with PAH (Kim S. et al., 2020). Consistently, high serum uric acid levels are associated with poor prognosis of PAH, and uric acid has been proved to promote the proliferation of PASMCs in vitro (Savale et al., 2021). Moreover, dysregulated metabolism of several amino acids, such as arginine, proline, and ornithine, has been found in the gut microbiota of MCT-induced PAH rats and PAH patients (Kim S. et al., 2020; Hong et al., 2021). Consistently, key bacteria which contribute to increased arginine, ornithine, and proline biosynthesis, such as Blautia, Bifidobacteria, and Collinsella were enriched in PAH (Kim S. et al., 2020; Hong et al., 2021) (Table 1). Furthermore, elevated ornithine transcarbamylase in the gut microbes of PAH patients converts L-ornithine to L-citrulline, may lead to reduced bioavailability of arginine (Kim S. et al., 2020; Sztormowska-Achranowicz et al., 2020).

In addition, dysbiosis of gut microbiota can increase intestinal permeability, which may lead to translocation of bacteria and bacterial metabolites, as well as an increase in bacterial endotoxins in the plasma (Ranchoux et al., 2017). Endotoxin is a component of the cell wall of “G-bacteria,” also known as LPS, which is the main ligand of TLRs. CD14 has been shown to regulate LPS-induced TLR4 endocytosis, and CD14 is present on the surface of many TLR4-expressing cells (Zanoni et al., 2011). Ranchoux et al. found that serum soluble CD14 was obviously higher in patients with idiopathic PAH and hereditary PAH carrying the BMPR2 mutation compared to control groups (Ranchoux et al., 2017). Acute exposure of Bmpr2+/– mice to LPS induces PAH by promoting ROS-dependent production of inflammatory cytokines (IL-6 and IL-8) compared to WT mice (Soon et al., 2015). LPS has also been reported to bind to HMGB1 and activate TLR4, promoting inflammation and pulmonary vascular remodeling (Ranchoux et al., 2017). Feng et al. found that HMGB1 promotes proliferation and migration of PASMCs by activating extracellular signal-regulated kinase 1/2 (ERK1/2)/dynamin-related protein 1 (Drp1)/Autophagy to inhibit the BMPR2 signaling pathway (Feng et al., 2021). In addition, the previously mentioned TMAO activates HMGB1/TLR4, leading to increased endothelial permeability. This suggests that HMGB1 plays an important role in the influence of microorganisms on PAH and maybe a new target for the treatment of PAH. In addition, Shrestha et al. found that LPS synergistically induced PAH associated with bronchopulmonary dysplasia in experimental mice exposed to hyperoxia (Shrestha et al., 2020) (Figure 1).
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FIGURE 1. The gut-lung axis in PAH. The metabolites like short-chain fatty acids (SCFAs) produced by intestinal bacteria enter the lungs through the circulation, where they are involved in immune regulation and play a role in perivascular inflammation and pulmonary vascular remodeling. 5-HT: serotonin; TMAO: trimethylamine N-oxide; LPS: lipo-polysaccharide; GPCRs: G protein-coupled receptor; HDAC: histone deacetylase; VCAM-1: vascular cell adhesion molecule-1; VEGFα: vascular endothelial growth factor α; HIF-1α: hypoxia-inducible factor-1α; Nox-1: NADPH oxidase-1; ROS: reactive oxygen species; SIRT3: sirtuin 3; SOD2: superoxide dismutases; NLRP3: nod-like receptor family pyrin domain containing 3; PKC: protein kinase C; NF-κB: nuclear factor-kappa B; HMGB1: high-mobility group box-1; TLR4: toll-like receptor 4; BMPR2: bone morphogenetic protein receptor 2.




THE MICROBIOTA RESIDING IN THE AIRWAYS HAVE AN IMPORTANT IMPACT ON PAH

The human respiratory system consists of the upper respiratory tract (such as the nose, pharynx, and larynx) and the lower respiratory tract (such as the trachea and the bronchi at all levels of the lungs). A decade ago, the lower airway was considered a sterile environment, probably because invasive bronchoscopy was not usually performed in healthy lungs and bronchoscopy was suspected of carrying microbial contamination from the oropharynx or nasal cavity. Nevertheless, Hilty et al. used 16S rRNA sequencing to reveal the presence of microbiota in the lower airways, the composition of which differed between chronic obstructive pulmonary disease and asthma patients and reference cohorts (Hilty et al., 2010). Recent studies have also confirmed such results, elucidating the specific role of airway microbiota in respiratory diseases (Budden et al., 2019). The microbiota of healthy lungs appears to be derived from the migration of oral microbiota (Bassis et al., 2015). Moreover, the lungs and intestines have similar epithelial barrier functions and different microbiota. The dominant phyla of the upper respiratory tract, such as Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria, and Saccharibacteria, partially overlap with the intestinal microbiota (Zhang et al., 2020). Zhang et al. compared the composition of the airway microbiota of PAH patients and reference subjects and found that the airway microbiota of PAH patients had reduced community diversity and increased F/B ratio (Zhang et al., 2020). The aforementioned studies suggest that airway microbial dysbiosis plays an important role in the pathogenesis of PAH and that there are close interactions between airway microbiota and the pathological and pathophysiological process of PAH, but a causal relationship cannot yet be established.

The role of airway-resident microbiota in the development of PAH should not be ignored when a growing number of studies are focusing on the effect of gut microbiota on PAH. The proportion of Streptococcus in the gut microbiota has been reported to be elevated in both PAH patients and animal models (Kim et al., 2020; Sharma et al., 2020b). Similarly, Streptococcus in the airway microbiota was significantly associated with PAH (Zhang et al., 2020) (Table 1). Tsay et al. found that supraglottic dominant taxa, such as Streptococcus, Veillonella, and Prevotella, were enriched in the lower airways of lung cancer patients and were associated with the upregulation of ERK and phosphatidylinositol 3-kinase (PI3K) signaling pathways in lung cancer (Tsay et al., 2018). Various stimuli such as platelet-derived growth factor (PDGF) induce proliferation of PASMCs and pulmonary vascular remodeling through the PI3K/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) signaling pathway (Ogawa et al., 2012). A clinical trial on airway microbiota remodeling in transplanted lungs found that Streptococcus and Prevotella were associated with elevated expression of thrombospondin 1 (THBS1) (Mouraux et al., 2018). TSP-1 (THBS1-encoded protein) promotes hypoxia-induced pulmonary vasoconstriction through activation of transforming growth factor-β (TGF-β) signaling (Kumar et al., 2020). Moreover, enrichment of Veillonella and Prevotella in the pulmonary microbiota was positively correlated with high levels of several cytokines, such as IL-1α, IL-1β, IL-6, fractalkine, and IL-17 (Segal et al., 2016). Interestingly, Prevotella has been reported to be reduced in the upper airway microbiota of patients with PAH, asthma, and chronic obstructive pulmonary disease, which may be related to differences in the distribution of the microbiota in different parts of the airway (Hilty et al., 2010; Zhang et al., 2020). It has also been demonstrated that commensal Prevotella can induce neutrophilia, chemokine, and cytokine production, but this limited inflammation is well tolerated in murine airways and provokes no detectable lung pathology (Larsen et al., 2015). Therefore, further studies are needed to determine the promotional or protective effects of Prevotella on lung diseases such as PAH. Streptococcus has also been reported to activate the p38 mitogen-activated protein kinase (MAPK) signaling pathway in primary human bronchial epithelial cells, inducing an increase in IL-6 production (Goleva et al., 2017). And IL-6 may be involved in the proliferation of PASMCs and fibroblasts through the transcription 3 (STAT3) pathway, p38MAPK inhibitor reversed hypoxia and MCT-induced PAH (Church et al., 2015). In addition, Streptococcus can also produce butyrate to promote 5-HT production (Butler et al., 2019; Chang et al., 2020) (Figure 2). Zhang et al. found elevated proportions of Leptotrichiaceae, Lautropia, and Ralstonia in the airways of patients with PAH compared to reference subjects, while less research has been conducted regarding their role (Zhang et al., 2020) (Table 1). Available studies suggest that Leptotrichia is associated with arterial stiffness in the elderly (Lee et al., 2019).
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FIGURE 2. Overview of the potential impact of the airway microbiota on PAH. TSP-1: thrombospondin 1; TGF-β: transforming growth factor-β; RhoA: the small GTP-binding protein; PI3K: phosphatidylinositol 3-kinase; AKT: protein kinase B; mTOR: mammalian target of rapamycin; MAPK: mitogen-activated protein kinase; STAT3: transcription 3.




PROSPECTS OF MICROBIOTA IN THE TREATMENT OF PAH

In summary, dysbiosis of the gut and airway is closely related to the pathogenesis of PAH. Thus, altering the gut and airway microbiota, metabolites, and association with PAH, making the microbiota a new therapeutic target for PAH. Therapeutic interventions to eliminate pathogenic microorganisms with antibiotics are commonly used in clinical practice. Antibiotic therapy, a cocktail-containing ampicillin, vancomycin, neomycin, and metronidazole, was performed to treat SU5416/hypoxic rats, and was reported to induce alterations in the gut microbiota with increased abundance of Proteobacteria at the phylum level and Shigella at genus level (Sanada et al., 2020). Consequently, antibiotic cocktail therapy inhibited the SU5416/hypoxia-induced progression of pulmonary vascular remodeling and the development of PAH in rats. However, there is a consensus that such non-specific antimicrobial therapies may produce many side effects, which may destroy the diversity of intestinal and airway microbiota, leading to multiple infections and drug resistance of harmful microorganisms (Forslund et al., 2013; Rashid et al., 2015).

Probiotics are commonly used to balance the intestinal flora and are currently defined by the Food and Agriculture Organization of the United Nations and the World Health Organization as “live microorganisms in sufficient numbers to provide health benefits to the host” (Hill et al., 2014). A clinical trial showed that supplementation with Lactobacillus plantarum 299v reduced vascular endothelial disorders and systemic inflammation in male patients with stable angina by altering the levels of SFCAs (Malik et al., 2018). Wedgwood et al. reported that probiotic treatment with Lactobacillus reuteri DSM 17938 was able to reverse postnatal growth restriction-induced PAH (Wedgwood et al., 2020). In addition, some researchers reported that the therapeutic scope of probiotics has been expanded by genetic engineering, called engineered probiotics. Currently, engineered probiotics are more researched and effective in metabolic and infectious diseases (Zhou et al., 2020). However, the potential of engineered probiotics in the treatment of PAH needs to be further explored. Although most of the commensal bacteria used as probiotics are from the gastrointestinal tract, commensal bacteria from the respiratory system have also been reported as probiotics. It has been shown that the pro-Th1 strain CNCM I 4969 (patented strains) isolated from the lungs of neonatal mice can modulate susceptibility to asthma in mice by intranasal inoculation (Remot et al., 2017).

Another strategy for regulating the gut microbiota is prebiotic therapy, which is a substrate selectively utilized by host microbes for the benefit of host health (Gibson et al., 2017). Feng et al. found that algal oligosaccharides could exert anti-inflammatory and antioxidant effects as prebiotics and improve MCT-induced PAH in rats (Feng et al., 2020). Furthermore, algal polysaccharides such as fucoidan, laminarin, alginate, ulvan, and porphyran can increase the production of SFCAs (Feng et al., 2020; Shannon et al., 2021). The International Scientific Association for Probiotics and Prebiotics defines polyunsaturated fatty acids (PUFA) as candidate prebiotics (Gibson et al., 2017). It also has been reported that lipid emulsion containing n – 3 PUFA may induce a potent and sustained vasodilatation in the fetal lung (Houeijeh et al., 2011). Furthermore, maternal omega-3 PUFA supplementation prevents hyperoxia-induced PAH in the offspring by suppressing proinflammatory cytokines production, angiogenesis, and vascular remodeling (Zhong et al., 2018). Oral administration of docosapentaenoic acid monoacylglyceride, the re-esterified form of docosapentaenoic acid with monoglycerides with better bioavailability, suppresses inflammation and vascular remodeling and prevents the progression of MCT-induced PAH (Morin et al., 2014; Sztuka et al., 2018). Thus, the intake of probiotics and prebiotics or a combination of both, i.e., synbiotics, may help prevent and treat PAH. However, due to the large individual differences in microbial composition in humans, standardization of the dose, and composition of prebiotic products has become a major challenge that needs to be addressed in larger studies (Suez et al., 2019).

Fecal microbial transplantation (FMT) is a possible therapeutic intervention to regulate the gut microbiota, designed to introduce the fecal contents of a healthy donor into the patient's gastrointestinal tract. This treatment has been evolving, with more research especially in the treatment of intestinal diseases. A landmark clinical trial has shown that FMT has a significant advantage over antibiotics in the treatment of recurrent Clostridium difficile infection (van Nood et al., 2013). In recent years, researchers have also begun to pay attention to the utility of FMT for treating diseases related to gut microbial dysbiosis, such as obesity, hypertension, and diabetes (Leshem et al., 2019). Wang et al. reported that FMT reduced intestinal permeability and improved systemic inflammation in rats with hepatic encephalopathy (Wang et al., 2017). As is reported, angiotensin converting enzyme 2 (ACE2) overexpression or FMT from ACE2 overexpressing mice rebalanced the gut microbiota and improved hypoxia-induced PAH, suggesting that ACE2 may improve PAH by regulating the gut microbiota in addition to mediating the renin-angiotensin system (Sharma et al., 2020a). Consequently, we speculate that FMT can also be used for the treatment of PAH, but its efficacy needs to be clarified by a large number of preclinical studies and clinical trials.

In addition, a growing number of studies suggest that mesenchymal stem cells (MSCs) therapy may also improve PAH. A meta-analysis has been conducted to evaluate the therapeutic efficacy of MSCs and secretome in PAH, and concluded that both secretome and MSCs significantly improved PAH by reducing right ventricular systolic pressure, mean pulmonary arterial pressure, and right ventricular remodeling (Muhammad et al., 2020). It has been proved that MSCs therapy could increase capillary density, suppress cardiomyocytes hypertrophy and fibrosis, and improve immunomodulatory activities in PAH (Muhammad et al., 2020). Moreover, it is also reported that MSCs may also improve hypoxia-induced PAH by balancing the intestinal microbiota in mice, and Micrococcaales, Nesterenkonia, Anaerotruncus, and Tyzzerella may be discriminative and serve as gut microbiota biomarkers of MSCs-treated mice (Luo et al., 2021).



CONCLUSIONS AND FUTURE PERSPECTIVES

Observational clinical studies and basic research point out that there is a strong association between dysbiosis in the gut and airway and PAH. Reduced microbial diversity has been observed in the gut and airway of PAH. Imbalances between beneficial bacteria such as Bacteroids and SCFAs-producing bacteria, and potential pathogenic bacteria such as TMA/TMAO-associated bacteria, are in parallel with PAH, with functional changes of microbiome. These population-based studies of microbiota in PAH are cross-sectional observational studies; and the causal relationship between dysbiosis and PAH could not be established. However, based on animal experiments, we could draw a conclusion that PAH indeed affects the gut microbiome, because the different profiles of gut microbiota were found after exposure to factors such as hypoxia and MCT, and PAH models were established successfully. Interestingly, to explore whether discriminative microbiota has a causal role in PAH, fecal matter transfer from ACE2 knock-in mice, which exhibits distinct gut microbial communities and are protected from developing PAH, ameliorates hypoxia-induced cardiopulmonary hemodynamics and pulmonary vascular remodeling (Sharma et al., 2020a). Taking together, we thought that there is an interactive relationship between altered microbial communities and PAH.

The altered gut/airway microbiota has vital effects on the progress of PAH primarily through modulation of immunity, SCFAs production, polysaccharide fermentation, gut barrier fortification, exacerbation lung infections, and lung/intestine inflammation. However, the causal relationship between the microbiome and the development of PAH is not yet clear and needs to be validated by additional animal studies, prospective cohort studies, and in vitro microbiome dysregulation and analysis. Since the living environment and genetic factors can influence the composition of the microbiota in vivo, special attention should be paid to improving in vivo animal models to simulate human clinical conditions as much as possible. Existing studies provide evidence for entero-pulmonary connection in PAH and suggest that there is overlap between intestinal and pulmonary microbiota, indicating that they may coordinate or antagonize each other in the development of PAH. However, only one research reported the effect of oropharyngeal microbiota on PAH. Although there is a great similarity between the microbiota of the lung and the upper respiratory tract, differences in the distribution of microbiota in different parts of the respiratory tract should be taken into account when studying the lung microbiota, and it may be more important to study the effect of the lung microbiota on PAH. Therefore, more researches are needed to reveal the link between the pulmonary microbiota and the gut microbiota and their role in the pathogenesis of PAH.

Microbiota-based therapy may become a new therapeutic strategy for PAH, but there is a lack of relevant clinical evidence. Large-scale clinical studies need to be designed to validate the effectiveness of microbiota-based therapies for PAH. For example, whether patients who undergo colectomy are at risk for altered PAH and whether patients with PAH treated with FMT or probiotics have improved signs and symptoms of PAH. Besides focusing on bacteria, we should also pay attention to the effect of other microorganisms such as archaea, fungi, and viruses on PAH. It has been shown that bacteria in the gut have strong interactions with phages (Kim S. et al., 2020). Ackermann et al. found severe endothelial damage and thrombosis associated with intracellular severe acute respiratory syndrome coronavirus 2 in coronavirus disease 2019, which is related to the pathogenesis of certain types of PAH (Ackermann et al., 2020).
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