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Summary eBioMedicine
Background Gut microbiota dysbiosis has been implicated in pulmonary arterial hypertension (PAH). However, the 2025;115: 105686
exact roles and underlying mechanisms of multi-kingdom gut microbiota, including bacteria, archaea, and fungi, in  PvPlished Online o0

PAH remain largely unclear. https://doi.org/10.
1016/j.ebiom.2025.

. L1 e e . . 105686
Methods The shotgun metagenomics was used to analyse multi-kingdom gut microbial communities in patients with

idiopathic PAH (IPAH) and healthy controls. Furthermore, fecal microbiota transplantation (FMT) was performed to
transfer gut microbiota from IPAH patients or monocrotaline (MCT)-PAH rats to normal rats and from normal rats
to MCT-PAH rats.

Findings Gut microbiota analysis revealed substantial alterations in the bacterial, archaeal, and fungal communities in
patients with IPAH compared with healthy controls. Notably, FMT from IPAH patients or MCT-PAH rats induced
PAH phenotypes in recipient rats. More intriguingly, FMT from normal rats to MCT-PAH rats significantly
ameliorated PAH symptoms; restored gut bacteria, archaea, and fungi composition; and shifted the plasma
metabolite profiles of MCT-PAH rats toward those of normal rats. In parallel, RNA-sequencing analysis
demonstrated the expression of genes involved in key signalling pathways related to PAH. A panel of multi-
kingdom markers exhibited superior diagnostic accuracy compared with single-kingdom panels for IPAH.

Interpretation Our findings established an association between multi-kingdom gut microbiota dysbiosis and PAH,
thereby indicating the therapeutic potential of FMT in PAH. More importantly, apart from gut bacteria, gut
archaea and fungi were also significantly associated with PAH pathogenesis, highlighting their indispensable role
in PAH.
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Research in context

Evidence before this study

Previous research has suggested a link between gut
microbiota dyshiosis and pulmonary arterial hypertension
(PAH). However, despite evidence supporting the
involvement of gut bacteria in PAH pathogenesis, the
comprehensive role and mechanisms of multi-kingdom gut
microbiota including bacteria, fungi, and archea in PAH
remain poorly understood.

Added value of this study

This study expands and enriches current knowledge by
revealing that multi-kingdom gut microbiota, including
bacteria, archaea, and fungi, are collectively associated to the
pathogenesis of PAH. Our findings indicate that in addition to

Introduction

Pulmonary arterial hypertension (PAH) is a debilitating
condition characterized by heightened resistance in the
pulmonary vasculature, which leads to right-sided heart
failure and potentially fatal outcomes if left untreated.’
Among the various forms of PAH, idiopathic PAH
(IPAH) represents a particularly challenging subset due
to its unknown aetiology and poor prognosis.? Moreover,
the underlying mechanisms driving IPAH remain
poorly understood, which poses significant challenges
for effective treatment and management. There is
emerging evidence suggesting a potential link between
gut microbiota (GM) imbalance and PAH, highlighting
the gut-lung axis as a novel area of investigation in
IPAH research.’

GM comprise not only bacteria but also fungi and
archaea—all of which are fundamental to human health
and disease.” Gut fungi and archaea contribute to
cardiovascular diseases by metabolic pathways, immune
responses, and systemic inflammation.*® There is
growing evidence of notable changes in the structure
and function of gut bacterial community in PAH pa-
tients, including the enrichment of bacteria involved in
trimethylamine N-oxide and purine metabolism and a
reduction in butyrate- and acetate-producing bacteria.”!
Specific bacterial species in the gut correlate with PAH
severity and clinical metrics, while patients with chronic
thromboembolic pulmonary hypertension (CTEPH)
show reduced alpha diversity and increased

gut bacteria, gut archaea and fungi are significantly altered in
patients with idiopathic PAH. Furthermore, we highlight the
therapeutic potential of fecal microbiota transplantation
(FMT) in reversing PAH phenotypes. More attention should
be paid to new insights into the microbial underpinnings of
PAH and the therapeutic potential of targeted multi-kingdom
microbiota-based interventions.

Implications of all the available evidence

Our findings highlight the critical need to move beyond a
bacteria-centric view of gut microbiota in PAH, underscoring
the relevance of a broader microbial landscape in the
prevention and treatment of PAH.

inflammatory markers."! Additionally, patients with
PAH have lower levels of anti-inflammatory short-chain
fatty acid (SCFA) genes and higher proinflammatory
gene copies, along with altered plasma metabolite
levels.”” Animal studies support these findings,
demonstrating changes in gut bacterial microbiota in
PAH models, such as increased Firmicutes/Bacter-
oidetes ratios and gut pathology in rats with mono-
crotaline (MCT)-induced PAH, including increased gut
permeability and microbial community shifts.”**

Despite growing interest in the GM-PAH link,
significant research gaps remain. Current studies pri-
marily focus on bacterial components, with limited
attention paid to the roles of gut fungi and archaea.
Additionally, the association between GM and PAH re-
mains unclear, considering that most of the existing
studies are observational. There is also a lack of research
on the effectiveness of fecal microbiota transplantation
(FMT) in the treatment of PAH, particularly concerning
how gut microbial communities, including bacteria,
fungi, and archaea, may influence disease progression
and therapeutic outcomes.

In this study, we performed multi-kingdom analyses
of gut bacteria, archaea, and fungi in IPAH using both
human and animal models. FMT was performed to
assess whether GM from IPAH patients or MCT-PAH
rats could induce phenotypic changes in recipient rats,
thereby establishing a potential link between GM and
PAH. Additionally, the therapeutic potential of FMT
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in modulating PAH phenotypes was explored in rat
models, providing insights for potential therapeutic
applications. Finally, multi-kingdom microbial species
with high diagnostic potential for IPAH were
identified.

Methods

Ethics statement

Written informed consent was obtained from all
participants before clinical data and biospecimen
collection. The study received ethical approval from the
Ethics Committees of Beijing Chao-Yang Hospital of
Capital Medical University (approval No. 2023-ke-726).
All animal experiments were followed ethical standards
established by the Animal Experimentation Ethics Com-
mittee of Capital Medical University, Beijing, China
(AEEI-2022-011), and adhered to current NIH guidelines
for animal welfare and experimental protocols.

Study cohorts

Thirty-one patients diagnosed with IPAH were enrolled
at Beijing Chao-Yang Hospital of Capital Medical Uni-
versity between November 2023 and August 2024.
Diagnosis followed standard criteria from recent
guidelines. Exclusion criteria were as follows: 1) age
outside the range of 18-70 years; 2) positive response to
acute pulmonary vasodilator testing via right-sided heart
catheterization; 3) significant comorbidities such as cor-
onary artery disease, pneumonia, diabetes mellitus, or
chronic kidney disease; 4) family medical history of
autoimmune diseases, cancer, or other severe heritable
diseases; and 5) recent use of antibiotics within the last 3
months. Thirty-one age- and gender-matched healthy
controls (HCs) were also recruited.

Animals

Sprague—Dawley (SD) rats, aged 5 weeks and weighing
between 180 and 210 g, were procured from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The
rats were housed under specific pathogen-free (SPF)
conditions at Beijing Chao-Yang Hospital. They were
kept under a 12-h light/dark cycle at a controlled tem-
perature of 25 °C, with unrestricted access to food and
water. The rats from each group were housed in sepa-
rate cages to prevent cross-group interference. Addi-
tionally, the cages were cleaned regularly.

Human stool transfer in rats

Fecal donors were sourced from the human study
cohorts. Fresh fecal samples were collected, homoge-
nized with an appropriate amount of sterile precooled
physiological saline, and thoroughly mixed. The mixture
was filtered through a sieve to remove large particles
and then transferred to centrifuge tubes. The samples
were centrifuged at 3000 rpm for 20 min at 4 °C. The
supernatant was discarded, and the pellet was weighed.
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An equal volume of precooled glycerol (20% of the
bacterial pellet volume) was added to the pellet. The
mixture was aliquoted into 15-mL centrifuge tubes, with
5 mL per tube, and stored at —80 °C.

The recipient rats were orally given antibiotics
(metronidazole 200 mg/kg, vancomycin 100 mg/kg,
neomycin sulphate 200 mg/kg, and ampicillin 200 mg/kg,
J&K Scientific, Cat# 274 238, Cat# 122 263, Cat# 557 926,
Cat# 290 395) once a day for four consecutive days to
deplete the GM. The bacterial suspension was adminis-
tered via oral gavage once daily for two weeks. The rats
receiving FMT from HCs were designated as the HTN
group (n = 6), while those receiving FMT from IPAH
patients were designated as the PTN group (n = 6). Eight
weeks after FMT, echocardiography was performed, fol-
lowed by anaesthesia with pentobarbital sodium (40 mg/
kg, Sigma-Aldrich, Cat# P3761) and sacrifice for hae-
modynamic measurements.

Rat stool transfer in rats

Following acclimation in a controlled environment,
PAH was induced in rats by intraperitoneal adminis-
tration of MCT at 60 mg/kg (Sigma-Aldrich, Cat#
C2401). MCT powder was dissolved in a solution of
ethanol and saline (2:8 ratio). The rats were randomly
divided into the control (CON) group, which received
a solvent injection, and the MCT-PAH (MCT) group,
which received an MCT injection. For the rats
receiving FMT, the bacterial suspension was obtained
from 10 g of fresh fecal samples collected every
morning from rats in the CON and MCT groups
using sterile tubes. The fecal samples were homoge-
nized with 20 mL of pre-cooled sterile normal saline
for 1 min, followed by centrifugation at 1000 rpm for
5 min at 4 °C.

Before FMT, the recipient rats were orally given
antibiotics (vancomycin 100 mg/kg, neomycin sulphate
200 mg/kg, metronidazole 200 mg/kg, and ampicillin
200 mg/kg, J&K Scientific, Cat# 274 238, Cat#
122 263, Cat# 557 926, Cat# 290 395) once daily for
4 days to deplete the GM. Each rat in the NTN group
received gastric gavage of 2 mL of the fecal supernatant
from the CON group for 14 consecutive days (n = 5).
Simultaneously, each rat in the MTN group received
gastric gavage of 2 mL of the fecal supernatant from
the MCT group for 14 consecutive days (n = 9).
Eight weeks after FMT, echocardiography was per-
formed. Subsequently, the rats were anesthetized
with pentobarbital sodium (40 mg/kg, Sigma—Aldrich,
Cat# P3761) and sacrificed for haemodynamic
measurements.

Fecal microbiota transplantation therapy

The rats were randomly divided into two groups, namely
the CON group (n = 6), which received a solvent injec-
tion, and the MCT group (n = 12), which received an
MCT injection. Subsequently, the MCT group was
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further randomized into the MCT group and the
normal-transplant microbiota (NTM) group (n = 6), with
the NTM group receiving FMT from the CON group.
Fresh fecal samples (10 g) were collected daily from the
CON group and immediately mixed with 20 mL of pre-
cooled sterile normal saline. Afterward, the mixture was
subjected to centrifugation at 1000 rpm for 5 min at
4 °C. The supernatant was then carefully harvested for
subsequent experimental procedures. Each rat in the
NTM group received gastric gavage of 2 mL of the fecal
supernatant from the CON group for 21 consecutive
days.

Echocardiography was performed four weeks after
MCT injection, followed by anaesthesia with pentobar-
bital sodium (40 mg/kg, Sigma-Aldrich, Cat# P3761)
and sacrifice for haemodynamic measurements.

Echocardiography

Echocardiography assessment was conducted pursuing
a previously described protocol.'™"” An expert operator
conducted echocardiography using a Visual Sonics
VEVO 2100 system. The assessment of right ventricle
(RV) function included measurements of tricuspid
annular plane systolic excursion (TAPSE), RV free wall
thickness (RVWT), RV end-diastolic dimension
(RVEDD), and pulmonary artery acceleration time
(PAAT). Data from three consecutive heartbeats were
collected to normalize variations.

Haemodynamic measurements and tissue
processing

Following echocardiographic assessment, RV systolic
pressure (RVSP) was measured by right-sided heart
catheterization. The hearts and lungs were then extrac-
ted and weighed. The weights of the RV free wall and
the left ventricle (LV) plus septum (S) were measured,
and the RV/(LV + S) ratio was calculated.

Histological examination

Lung tissues were soaked in 10% neutral buffered
formalin solution for 72 h, embedded in paraffin, and
sectioned into 4-pm-thick slices. Vascular remodelling
was assessed by staining the cross-sections with Elastica-
van Gieson (EVG) and haematoxylin and eosin (HE).
A total of 40-60 intra-acinar vessels (<100 pm) were
categorized as nonmuscular (NPA), partially muscular
(PPA), or muscular (MPA) to evaluate the degree of
muscularization. Muscularization was expressed as the
proportion of NPA, PPA, and MPA to the total number
of vessels.

Quantification of pulmonary vascular remodelling

EVG staining was used to assess the pulmonary artery
media thickness and measure pulmonary arterial
remodelling. The degree of muscularization was deter-
mined by two independent blinded examiners, with
inter-person variability less than 10%. Obstruction level

in pulmonary vessels (<100 pm) was calculated using
the following equation: (area of outer vessel — area of
inner vessel)/area of outer vessel. Pulmonary arterial
vessels were categorized based on their external diam-
eter into small pulmonary arterioles (<50 pm) and me-
dium pulmonary arteries (>50 pm). Values from four
randomly selected vessels per animal that generally
exhibited round or oval shapes were measured and
averaged.

Metagenomic sequencing

Total ~DNA  was  extracted  using  cetyl-
trimethylammonium bromide (CTAB) and sequenced
by Oriental Yeekang (Beijing, China) Medicine Tech-
nology Co., Ltd. on the Illumina Novaseq 6000 platform,
generating 2 x 150-bp paired-end reads. The quality of
the extracted DNA was evaluated using NanoDrop
spectrophotometry (Thermo Fisher Scientific), Qubit 2.0
fluorometer (Invitrogen), and agarose gel electropho-
resis (AGE). The raw sequencing data were used for
bioinformatics analyses.

Sequence taxonomic annotation

Metagenomic-sequencing datasets underwent quality-
filtering with Trimmomatic v0.33 software to eliminate
low-quality sequences. Human sequences were
excluded using Bowtie2 v2.2.4 with the hg38 database.
The remaining high-quality clean reads were used for
downstream analyses. Bacterial and archaeal species
were identified using MetaPhlAn4 (version 4.0.6,
released on March 1, 2023). Concurrently, fungal spe-
cies identification was performed using Kraken2 soft-
ware (version 2.1.1). For both tools, default parameters
were applied, and relative abundances of taxa were
calculated at multiple taxonomic levels (phylum, class,
order, family, genus, and species).

Microbial diversity and differential abundance
analysis

Alpha diversity, including Shannon and Chaol indexes,
was calculated to assess microbial richness and diversity
within each sample. Beta diversity was evaluated using
Bray—Curtis dissimilarity and visualized through prin-
cipal coordinate analysis (PCoA). Statistical significance
of differences in beta diversity among groups was tested
using PERMANOVA (adonis function in the vegan R
package). Differentially abundant taxa between the
experimental groups were identified using linear
discriminant analysis effect size (LEfSe).

Metabolomics

Blood samples collected in ethylene diamine tetra-acetic
acid (EDTA) vacutainer tubes were centrifuged at
3000 rpm for 10 min and stored at —80 °C for liquid
chromatography—mass spectrometry (LC-MS) analysis.
Plasma samples were processed with methanol/aceto-
nitrile, dried, re-dissolved, and centrifuged Dbefore
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ultra-high-performance  liquid chromatography—
quadrupole time-of-flight (UHPLC-Q-TOF) analysis.
Hydrophilic-interaction liquid chromatography (HILIC)
separation used an ACQUITY UPLC BEH Amide col-
umn with a gradient of ammonium acetate/ammonium
hydroxide in water and acetonitrile. Mass spectrometry/
mass spectrometry (MS/MS) acquisition and data pro-
cessing followed standard protocols, including Collec-
tion of Algorithms for MEtabolite pRofile Annotation
(CAMERA) annotation and compound identification
using an in-house database. Raw data were processed
using XCMS for peak detection and alignment, and
metabolites were annotated with CAMERA.

RNA-sequencing analysis

Total RNA was isolated from six lung samples each
from the MCT and NTM groups. RNA quantity and
integrity were evaluated using the K5500 (Beijing Kaiao,
China) and the Agilent 2200 Tape Station (Agilent
Technologies, USA). The mRNA enrichment was per-
formed using oligo-dT according to the NEBNext®
Poly(A) mRNA Magnetic Isolation Module (NEB, USA),
followed by fragmentation to approximately 200 bp. The
RNA fragments underwent first- and second-strand
cDNA synthesis, adaptor ligation, and low-cycle enrich-
ment using the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina. Purified library products were quality-
checked using the Agilent 2200 Tape Station and
Qubit (Thermo Fisher Scientific, USA). Sequencing was
conducted using Illumina paired-end 150-bp
sequencing at Ribobio Co. Ltd (Ribobio, China).

Raw data were cleaned by removing adaptor se-
quences, poly-N sequences, and low-quality reads. The
clean reads were aligned to the rat reference genome
mm10 using HISAT2 with default parameters. HTSeq
was used to convert the aligned short reads into read
counts for each gene model. Differential expression
analysis was carried out using DESeq2, identifying
differentially expressed genes (DEGs) based on a | log,
(fold change) | >1 and a p value < 0.05. All of the
identified DEGs underwent volcano plot and Kyoto
Encyclopedia of Genes and Genomes (KEGG) ontology
enrichment analyses with significance determined at
p < 0.05.

RNA extraction and quantitative Polymerase Chain
Reaction (qPCR)

Lung tissues from the MCT and NTM group were
collected and immediately frozen in liquid nitrogen.
Total RNA was extracted using TRIzol reagent
(Invitrogen, Cat# 15596018), followed by chloroform
extraction. After quantifying the concentrations and
purities of RNA, GoScript™ Reverse Transcriptase
(Promega, Cat# A5000) was used for RNA reverse
transcription in accordance with the manufacturer’s
protocols. Subsequently, cDNA from the samples was
amplified, and the expression levels were determined
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with SYBR Green qPCR Master Mix (EZBioscience,
Cat# A0001) on the Roche LightCycler 480 System. The
transcript expression levels of each gene were stan-
dardized to that of endogenous control gene p-actin and
expressed as a relative ratio to the mean values of control
samples. The primer sequences are listed in Table S1.

Statistical analysis

The two-tailed Student’s ¢ test was used to compare
haemodynamic parameters between two groups, while
One-way Analysis of Variance (ANOVA) assessed dif-
ferences among three groups. The y2 test was utilized to
compare gender. The Fisher’s exact test was utilized
to compare diet. The Mann—Whitney U test was used to
compare microbial community indicators between two
groups, and the Kruskal-Wallis test determined signif-
icant differences among three groups. Rarefaction
curves assessed sequencing depth for each sample.
Alpha diversity of GM was assessed using the Chaol
and Shannon indexes. PCoA analysed beta diversity
based on Bray—Curtis distance, considering the relative
abundance of archaeal, fungal, and bacterial species
using the vegan R package. Adonis analysis based on
Bray—Curtis dissimilarity tested differences in microbial
composition between groups. Pulmonary vascular
muscularization and media thickness percentages were
compared using one-way ANOVA. Spearman correla-
tion analysis was performed on differential microbial
communities and haemodynamic parameters in IPAH
patients and rat models. Areas under the Receiver
operating characteristic (ROC) curves (AUCs) were
determined using multiple logistic regression. Statistical
analyses were conducted using R (v4.2.2) and GraphPad
Prism (version 9.0). p values lower than 0.05 were
considered statistically significant, and numerical data
were presented as mean + standard deviation (S.D.).

Role of the funding source

Funders did not have any role in the study design, data
collection, data analyses, interpretation, or writing of the
study.

Results

Gut bacterial, archaeal, and fungal microbiota are
altered in IPAH patients

Fecal samples were collected from 31 HCs to 31 IPAH
patients. Basic clinical metadata are presented in
Table 1. There were no significant differences in mean
age (p = 0.164) and mean body mass index (BMI)
(p = 0.174) between the HC and IPAH groups. Addi-
tionally, the distribution of sex was equally balanced
between the HC and IPAH groups (p = 0.446) and the
distribution of diet patterns was not significantly
different between the two groups (p = 1.000), indicating
that these demographic variables were well-matched.
IPAH patients exhibited a mean pulmonary arterial
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CON (n = 31) IPAH (n = 31) p value
Age (SD) 345 +11.9 39.1 + 13.6 0.163
Male (%) 17 (54.8) 14 (45.2) 0.446
BMI 23+ 24 239 +3 0.174
NYHA I/I/11/1V(n) NA 3/10/17/1 NA
Cardiac index (L/min/m?) NA 26+05 NA
Cardiac output (L/min) NA 4.1 (1) NA
Pulmonary vascular resistance (WU) NA 93+29 NA
Pulmonary artery wedge pressure (mmHg) NA 105+ 4.7 NA
Mean pulmonary artery pressure (mmHg) NA 46.8 + 9.4 NA
Right ventricular systolic pressure (mmHg) NA 723 149 NA
Mean right atrial pressure (mmHg) NA 9.5+37 NA
NT-proBNP (pg/mL) NA 2467.5 + 32765 NA
6MWD (m) NA 3633 + 97.6 NA
TAPSE (mm) NA 79:7 NA
Diet,n (%) >0.999
Omnivore 29 (93.5) 28 (90.3) >0.999
Pescatarian 0 1(3.2) >0.999
Vegetarian 1(3.2) 2 (6.4) >0.999
Vegan 0 0 >0.999
Other 1(32) 0 >0.999
Data following a normal distribution are presented as mean + standard deviation; Gender was shown as percentage (%). The analysis of age and BMI was conducted using
Two-tailed Student’s t-test. The y 2 test was utilized to compare gender. The Fisher’s exact test was utilized to compare diet. NA, indicates not applicable; BMI, Body Mass
Index; 6MWD, six minutes-walk distance; TAPSE, tricuspid annular plane systolic excursion; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart
Association.
Table 1: Baseline demographics and clinical characteristics of the study participants.

pressure (mPAP) of 46.8 + 9.4 mm Hg, a mean RVSP of
72.3 + 149 mm Hg, a mean 6-min walk distance
(6MWD) of 363.3 £ 97.6 m, and a cardiac output of
2.6 + 0.5 L/min/m?

The shotgun metagenomics was used to analyse the
alterations in the multi-kingdom gut microbial com-
munity, including bacteria, fungi, and archaea, in [IPAH
patients. As shown in Table S2, after quality-filtering,
the total number of clean reads was 4,487,697,472,
with an average of 72,382,217 reads per sample. Based
on the clean reads, we detected the numbers of bacteria,
archaea, and fungi at each taxonomic level, as presented
in Table S3.

We further characterized the community structural
changes of bacteria, archaea, and fungi at the species
level using alpha diversity and beta diversity indexes.
PCoA based on Bray-Curtis dissimilarity indicated sig-
nificant differences in the gut taxonomic composition
among bacterial, archaeal, and fungal communities be-
tween the two groups (Bacteria: Adonis, R* = 0.05,
p = 0.001; Archaea: Adonis, R” = 0.03, p = 0.049; Fungi:
Adonis, R? = 0.04, p = 0.045; Fig. la—c). Compared with
the HC group, only the richness index Chaol was
higher in the IPAH group for fungi (Fig. 1d-i).

Additionally, we analysed the taxonomic abundance
of bacteria, fungi, and archaea at the species level.
Within the bacterial community, the top-five species
identified were Faecalibacterium prausnitzii, Blautia
wexlerae, Eubacterium rectale, Bacteroides uniformis, and

Escherichia coli (Fig. 1j). Within the archaeal community,
Methanobrevibacter smithii, Nitrosopumilus SGB14899,
Methanobrevibacter oralis, Methanolacinia petrolearia,
and Methanomethylovorans SGB40959 emerged as the
top-five species (Fig. 1k). In the fungal community,
the top-five species were Schizosaccharomyces pombe,
Fusarium  pseudograminearum,  Thermothielavioides
terrestris, Colletotrichum higginsianum, and Lachancea
kluyveri (Fig. 11). The LEfSe analysis revealed distinct
microbial signatures between the HC and IPAH groups
(Figure S1). These data suggest that IPAH patients have
a distinct structure and composition of GM, including
bacteria, archaea, and fungi, compared with HCs.

Fecal microbiota transplantation from IPAH

patients induces phenotypic changes of PAH in rats
To further explore the relationship between GM
dysbiosis and PAH, we used two different FMT models,
namely the IPAH patient-to-rat FMT model (Fig. 2a) and
the PAH rat-to-rat FMT model (Fig. 3a). Before FMT,
antibiotics were administered for four consecutive days
to deplete the original GM from the recipient SD rats,
thereby facilitating the colonization of newly introduced
microorganisms. Fecal microbiota from the HC donors
and IPAH patient donors were transplanted into the
recipient rats (the HTN and PTN groups, respectively)
daily by gavage for 2 weeks. After 8 weeks, there was no
significant difference in the RV hypertrophy index
(RVHI) between the two groups of rats, but the PTN rats
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Fig. 1: Gut bacterial, archaeal, and fungal microbiota are altered in idiopathic pulmonary arterial hypertension (IPAH) patients.
(a) Principal coordinate analysis (PCoA) diagram of bacterial communities based on Bray—-Curtis dissimilarity between the healthy control (HC)

and IPAH groups. (b) PCoA diagram of archaeal communities based

on Bray-Curtis dissimilarity between the HC and IPAH groups. (c) PCoA

diagram of fungal communities based on Bray-Curtis dissimilarity between the HC and IPAH groups. Dissimilarity was assessed using the Adonis
method. (d-f) Shannon indexes of bacterial (d), archaeal (e), and fungal (f) communities at the species level between healthy controls and

patients with IPAH. (g-i) Chaol indexes of bacterial (g), archaeal (h),

and fungal (i) communities at the species level between healthy controls

and patients with IPAH. (j) Relative abundance of bacterial species between the HC and IPAH groups. (k) Relative abundance of archaeal species

between the HC and IPAH groups. (l) Relative abundance of fungal
significant differences. (d-i) by two-tailed Student’s t test.

showed a significant increase in RVSP (Fig. 2b and c),
indicating elevated pulmonary arterial pressure. Echo-
cardiography revealed significantly decreased PAAT and
TAPSE, indicating increased pulmonary vascular resis-
tance. Additionally, increased RVWT and RVEDD indi-
cated altered RV morphology and function (Fig. 2d and e).

Consistent with the observed haemodynamic
changes, the PTN rats exhibited increased pulmonary
vascular wall thickness and muscularization, as revealed
by HE and EVG staining (Fig. 2f). In the HTN group,
the predominant vessels of this calibre typically exhibi-
ted an NPA phenotype. In contrast, in the PTN group,
there was a significant decrease in the prevalence of
NPA vessels, which was accompanied by a marked
increase in the prevalence of PPA vessels (Fig. 2g).
Furthermore, the media wall thickness of pulmonary
arteries with diameters less than 50 pm significantly
increased in the PTN group (Fig. 2h).

Fecal microbiota transplantation from MCT-PAH
rats induces phenotypic changes of pulmonary
arterial hypertension in rats

We next transplanted the fecal microbiota from the
normal control rats and MCT-induced PAH rats into the
recipient rats (the NTN and MTN groups, respectively)
by gavage for 2 weeks (Fig. 3a). To validate the efficacy of
the ABX protocol and FMT, metagenomics analysis was
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species between the HC and IPAH groups. n = 31. **p < 0.01 indicates

performed on the fecal samples from the respective
groups of rats. The findings demonstrated that the ABX
protocol significantly reduced alpha diversity of the
microbial communities, indicating successful depletion
of the indigenous GM (Figure S2). Furthermore, FMT
effectively transferred the donor’s microbial community
structure to the recipient rats, as evidenced by the
establishment of a microbiota profile that closely
resembled that of the donor rats (Figure S3). Eight
weeks following FMT, the MTN rats exhibited a signif-
icant increase in RVSP compared with the NTN rats
(Fig. 3b). However, there was no significant difference
in RVHI between the NTN and MTN groups (Fig. 3c).
PAAT, RVWT, TAPSE, and RVEDD were all signifi-
cantly worsened in the MTN group (Fig. 3d and e).
Correspondingly, FMT exacerbated lung vascular
remodelling, as revealed by HE and EVG staining
(Fig. 31).

Comparison of the pulmonary arterioles between the
two groups of rats revealed that the musculature levels
of the three types of vessels—NPA, PPA, and MPA—
were largely similar across the two groups (Fig. 3g).
However, pulmonary arteries with diameters less than
50 pm exhibited increased media wall thickness
(Fig. 3h). Taken together, these results indicate that the
GM modulates pulmonary vascular remodelling in
response to FMT.
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Fig. 2: Fecal microbiota transplantation (FMT) from IPAH patients induces phenotypes of PAH and pulmonary vascular remodelling in
rats. (a) Schematic overview and timeline of the IPAH patient-to-rat FMT model. (b and c) Bar graphs showing RVSP and RVHI (RV/LV + S) in
HTN and PTN rats (n = 6 rats per group). (d) Representative echocardiographic images of HTN and PTN rats for PAAT, TAPSE, RVWT, and
RVEDD. (e) Echocardiography measurements of PAAT, TAPSE, RVWT, and RVEDD in HTN and PTN rats (n = 6 rats per group). (f) Representative
photomicrographs of lung sections from HTN and PTN rats stained with haematoxylin and eosin (HE) and Elastic-van Gieson (EVG) staining.
Scale bars: 50 pm. (g) Proportion of nonmuscularized (NPA), partially muscularized (PPA), and fully muscularized (MPA) pulmonary arterioles
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Remission of pulmonary arterial pressure and
vasculature remodelling in PAH rats through fecal
microbiota transplantation therapy

To comprehensively explore the influence of FMT on
PAH, we established a therapeutic FMT model simu-
lating the clinical scenario when the disease is diag-
nosed in humans. Given the antibiotic treatment effects
in hypoxia-induced PAH," we developed a fecal trans-
plantation model without antibiotics to test whether
specific gut flora can attenuate PAH progression. In this
protocol, the GM from normal controls (CON group)
was transplanted into the MCT-induced PAH rats (NTM
group) for 3 weeks following intraperitoneal injection
with 60 mg/kg body weight MCT. Concurrently, the
MCT rats were intraperitoneally injected with MCT and
received placebo gavage for 3 weeks (MCT group). All
rats were sacrificed on day 28 (Fig. 4a).

The results showed that FMT significantly improved
the PAH phenotype in the MCT-PAH rats (Fig. 4b-h).
Compared with the CON group, the MCT rats exhibited
a significant increase in RVSP and a decrease in PAAT,
indicating increased pulmonary vascular resistance
(Fig. 4b—e). Alterations in RV function and morphology
were determined by higher RVHI, RVEDD, and RVWT,
along with shortened TAPSE in the MCT group
(Fig. 4c—e). However, FMT therapy reversed these
phenotypes in the NTM group (Fig. 4b—e).

To further investigate the effects of FMT on the PAH
phenotype, we conducted the same experimental pro-
tocol in female rats. Specifically, we transplanted the
GM from healthy female rats (CON-F group) into the
MCT-induced PAH female rats (NTM-F group). The
results showed that FMT significantly alleviated RVSP
and RVWT (Figure S4a, d) in the NTM-F group.
Furthermore, compared with the MCT-F group, the
NTM-F group showed a decreasing trend in RVHI and
RVEDD, while PAAT and TAPSE showed an increasing
trend (Figure S4b, d). These results suggest that, similar
to the findings in male rats, FMT alleviated the severity
of PAH in female rats. In line with the observed hae-
modynamic changes, FMT alleviated pulmonary vessel
remodelling in the MCT rats (Fig. 4f). Although FMT
therapy did not affect the muscularization ratio of
pulmonary vessels, it significantly reversed pulmonary
microvasculature remodelling, especially in pulmonary
vessels with diameters less than 50 pm (Fig. 4g and h).

These results suggest that, in contrast to the GM
from the IPAH model, which promotes PAH progres-
sion, the GM from normal control rats contributes to
PAH recovery by attenuating pulmonary vasculature
remodelling.

Fecal microbiota transplantation therapy
ameliorates gut bacterial, archaeal, and fungal
microbiota dysbiosis in PAH rats

To ascertain the mechanisms underlying the GM
recovery in PAH, shotgun metagenomics was per-
formed in the CON, MCT, and NTM rats. As shown in
Table S4, the total number of sequences was
785,394,069, with an average of 43,633,004 reads per
sample. Based on the clean reads, the numbers of bac-
teria, archaea, and fungi at each taxonomic level are
shown in Table S5. We characterized the ecological
features using alpha and beta diversity indexes at the
species level. PCoA based on Bray—Curtis dissimilarity
demonstrated significant differences in the structure
and composition of the GM among CON, MCT, and
NTM groups. (Adonis: Bacteria: R? = 0.32, p = 0.002;
Archaea: R* = 0.21, p = 0.009; Fungi: R* = 0.19, p = 0.096;
Fig. 5a—). In contrast, the GM structure and composi-
tion, including bacteria, archaea, and fungi, of the NTM
group resembled that of the CON group, suggesting
successful colonization of the recipient rat gut by the
donor microbiota following FMT (Figure S5). Alpha
diversity analysis based on Chaol and Shannon indexes
showed no significant differences among the CON,
MCT, and NTM groups for bacteria, fungi, and archaea
(Figure S6). We hypothesized that the success of FMT
therapy might have arisen from establishing beneficial
microbial communities and eliminating pathogenic
agents contributing to PAH. To elucidate the thera-
peutic mechanisms of FMT, we conducted LEfSe
analysis to investigate differential microbial commu-
nities among the CON, MCT, and NTM groups at the
levels of bacteria, archaea, and fungi (Figure S7, LDA
score >2). To comprehensively understand the role of
microbial communities in PAH, we employed a heat
map visualization to depict the significantly differential
microbial taxa identified through the LEfSe analysis.
We focused on the taxa exhibiting abundance alter-
ations in the MCT group that were reversed in the NTM
group at the species level, shedding light on their
potential mechanisms of action (Fig. 5d).

We identified 78 distinct bacterial species within the
microbial community, with 49 species enriched in
the CON and NTM groups and 29 species enriched in
the MCT group. Concerning archaeal communities, out
of four distinct archaeal species, two species were
enriched in the CON and NTM groups, while two spe-
cies were enriched in the MCT group. Similarly, in the
fungal community, five distinct fungal species were
identified, with three enriched in the CON and NTM
groups and two enriched in the MCT group.

(<100 pm in diameter) in HTN and PTN rats (n = 6 rats per group). (h) Quantification of vascular media thickness from images in (E) (n = 6 rats
per group, four PAs per rat). HTN, healthy to normal group; PTN, IPAH to normal group; RVSP, right ventricular systolic pressure; RVHI,
right ventricular hypertrophy index; PAAT, pulmonary arterial acceleration time; TAPSE, tricuspid annular plane systolic excursion; RVEDD,
right ventricular end-diastolic dimension; RVWT, right ventricular free wall thickness. Results are expressed as mean + SD. *p < 0.05, **p < 0.01,

***p < 0.001, (b, ¢, e, g, h) by two-tailed Student’s t test.
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Fig. 3: FMT from MCT-PAH rats induces phenotypes of PAH and pulmonary vascular remodelling in rats. (a) Schematic overview and
timeline of the MCT-PAH rat-to-rat FMT model. (b and c) Bar graphs showing RVSP and RVHI (RV/LV + S) in NTN and MTN rats (n = 5 for the
NTN group; n = 9 for the MTN group). (d) Representative echocardiographic images of NTN and MTN rats for PAAT, TAPSE, RVWT, and
RVEDD. (e) Echocardiography measurements of PAAT, TAPSE, RVWT, and RVEDD in NTN and MTN rats (n = 5 for the NTN group; n = 9 for the
MTN group). (f) Representative photomicrographs of lung sections from NTN and MTN rats stained with haematoxylin and eosin (HE) and
Elastic-van Gieson (EVG) staining. Scale bars: 50 pm. (g) Proportion of nonmuscularized (NPA), partially muscularized (PPA), and fully mus-
cularized (MPA) pulmonary arterioles (<100 pm in diameter) in NTN and MTN rats (n = 5 for NTN group; n = 9 for MTN group).
(h) Quantification of vascular medial thickness from images in (e) (n = 5 for NTN group; n = 9 for MTN group, four PAs per rat). NTN, normal to
normal group; MTN, MCT-PAH to normal group; RVSP, right ventricular systolic pressure; RVHI, right ventricular hypertrophy index; PAAT,
pulmonary arterial acceleration time; TAPSE, tricuspid annular plane systolic excursion; RVEDD, right ventricular end-diastolic dimension; RVWT,
right ventricular free wall thickness. Results are expressed as mean + SD. *p < 0.05, **p < 0.01; (b, ¢, €, g, h) by two-tailed Student's t test.
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Furthermore, Spearman correlation analysis revealed
strong correlations between various haemodynamic and
RV ultrasound indexes—such as RVSP, RVHI, PAAT,
RVWT, and RVEED—and GM characteristics, including
bacteria, archaea, and fungi (Fig. 5e). These findings
underscore the considerable alterations in both the
composition and functionality of the GM in PAH.

Fecal microbiota transplantation alters serum
metabolite composition in rats

Since the GM often influences disease progression by
metabolizing substances that act on target organs,"” we
conducted untargeted metabolomics analysis on serum
samples from each group of rats. Principal component
analysis (PCA) revealed distinct separation of metabolic
profiles among the CON, MCT, and NTM groups
(Fig. 6a). Bar graphs shown in Fig. 6b depict lipids and
lipid-like molecules, organic acids and derivatives, phe-
nylpropanoids, and polyketides as the major metabolites
in serum. Volcano plots shown in Fig. 6¢c and d further
illustrate the absolute abundances of metabolites in
serum between the CON and MCT groups and between
the MCT and NTM groups. Specifically, based on the
criteria of [log2fold-change| > 0.58 and p < 0.05, our
analysis identified 153 upregulated and 61 down-
regulated metabolites between the CON and MCT
groups. Similarly, there were 128 upregulated and 47
downregulated metabolites between the MCT and NTM
groups. Based on the results of differential analysis, we
selected the metabolites that changed in PAH and were
reversed by FMT, visualizing these changes in a heat
map format (Fig. Ge).

To further investigate the interplay among the GM,
serum metabolites, and PAH, we conducted Spearman
correlation analyses between differential GM, serum
differential metabolites, and haemodynamic parame-
ters. We visualized these correlation analyses using a
Sankey diagram (Figure S8). Our findings revealed close
correlations between the GM, metabolites, and PAH-
related indexes. Alpha-ketoisovaleric acid emerged as
the metabolite with the strongest correlation with PAH
indexes among the serum metabolites. In summary, our
data provide evidence supporting the influence of the
GM on the occurrence and progression of PAH through
modulation of serum metabolites.

Fecal microbiota transplantation modifies the core
signalling pathways involved in PAH

To explore the mechanisms by which FMT alleviates
PAH, we conducted RNA-sequencing analysis on lung
tissues isolated from the MCT and NTM rats (Fig. 7).
DEGs were identified using a threshold of |log2fold
change| > 1 and p < 0.05. The analysis revealed that 737
genes were differentially expressed in the NTM rats
compared with the MCT rats, with 394 upregulated and
340 downregulated genes (Fig. 7a). To substantiate the
transcriptomic findings, we performed qPCR validation
on six randomly selected DEGs, as shown in Figure S9.
These genes included cluster of differentiation 19
(CD19), phospholipase A2 group Ila (PLA2G2a), leuco-
cyte immunoglobulin-like receptor subfamily B member
1b (LILRB1b), tumour necrosis factor receptor super-
family member 13c (TNFRSF13c), calcium channel
voltage-dependent L type alpha 1f (CACNA1f), and
calmodulin-like 5 (CALMLS). The qPCR results corrob-
orated the differential expression patterns observed in
the RNA-sequencing data, further validating the regu-
latory impact of FMT on these genes in the context of
PAH.

To further understand the signalling pathways
associated with these DEGs in the NTM group, KEGG
pathway enrichment analysis was performed. Through
FMT treatment, the enriched KEGG pathways were
found to be associated with vascular inflammation and
vascular remodelling, which are fundamental patholog-
ical mechanisms of PAH. These pathways included
leucocyte transendothelial migration, cytokine—cytokine
receptor interaction, and cell adhesion molecules
(Fig. 7b). Additionally, pathways related to vascular
smooth muscle contraction were also significantly
enriched. These findings indicate that FMT therapy
could mitigate PAH progression by reducing vascular
inflammation and vascular remodelling and easing
pulmonary vasoconstriction.

Diagnostic potential of differentially enriched
microbiota in idiopathic pulmonary arterial
hypertension

Subsequently, we identified seven microbial species,
including three bacterial species, one archaeon, and
three fungal species, which exhibited the overlapping

Fig. 4: Reversal of pulmonary arterial pressure and vasculature remodelling in PAH rats through FMT therapy. (a) Schematic overview and
timeline of the FMT therapy model. (b and c) Bar graphs showing RVSP (mm Hg) and RVHI (RV/LV + S) in CON, MCT, and NTM rats.
(d) Echocardiographic measurements and images of PAAT, TAPSE, RVWT, and RVEDD in CON, MCT, and NTM rats. (e) Echocardiography
measurements of PAAT, TAPSE, RVWT, and RVEDD in CON, MCT, and NTM rats. (f) Representative photomicrographs of lung sections from
CON, MCT, and NTM rats stained with haematoxylin and eosin (HE) and Elastic-van Gieson (EVG) staining. Scale bars: 50 pm. (g) Proportion of
nonmuscularized (NPA), partially muscularized (PPA), and fully muscularized (MPA) pulmonary arterioles (<100 um in diameter) in CON, MCT,
and NTM rats. (h) Quantification of vascular media thickness from images in (f) (n = 6 rats per group, four PAs per rat). CON, normal group;
MCT, MCT-PAH group; NTM, normal to MCT-PAH group; RVSP, right ventricular systolic pressure; RVHI, right ventricular hypertrophy index;
PAAT, pulmonary arterial acceleration time; TAPSE, tricuspid annular plane systolic excursion; RVEDD, right ventricular end-diastolic dimension;
RVWT, right ventricular free wall thickness. Results are expressed as mean = S.D. *p < 0.05, **p < 0.01, ***p < 0.001. NS: normal saline; i.p.:
intraperitoneal injection; i.g.: gavage. (b, ¢, e, g, h) by one-way ANOVA; Holm-Sidak’s multiple-comparisons test.
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Fig. 5: FMT restores dysbiosis of gut microbiota in MCT-PAH rats. (a) Principal coordinate analysis (PCoA) diagram of bacterial communities
based on Bray-Curtis dissimilarity among CON, MCT, and NTM groups (n = 6). (b) PCoA diagram of archaeal communities based on Bray-Curtis
dissimilarity among CON, MCT, and NTM groups (n = 6). (c) PCoA diagram of fungal communities based on Bray-Curtis dissimilarity among
CON, MCT, and NTM groups (n = 6). Dissimilarity was assessed using the Adonis method. (d) Heat map showing clustering of bacterial,
archaeal, and fungal communities with their relative abundances at the species level. (e) Heat map of Spearman’s correlation coefficients
between different microbiota and haemodynamic parameters from all samples in the three groups (n = 6 per group). The gradient colours
represent the correlation coefficients, with red indicating positive correlations and blue indicating negative correlations. *p < 0.05, **p < 0.01,

4 < 0.001.

differential abundance trends in rats (CON and MCT
groups) and humans (HC and IPAH cohorts). We
visualized the relative abundance of these differential
kingdom microbiota using a heat map (Fig. 8a). We next
explored the performance of the single-kingdom
markers and the combined multi-kingdom markers by
ROC analysis to investigate the diagnostic utility of these
differentially enriched microbiota for IPAH (Fig. 8D).
Surprisingly, we discovered that the diagnostic perfor-
mance of any two kingdom combinations was superior
to that of individual communities, with the highest
diagnostic efficacy observed when all three kingdoms
were combined, achieving an AUC of 0.881. Given the
excellent diagnostic performance of the GMs, we further
explored their correlation with haemodynamic parame-
ters. Our results indicated that Blautia obeum negatively
correlated with patients’ PVR and RVSP (Fig. 8c and d).

www.thelancet.com Vol 115 May, 2025

These findings provide further validation of the obser-
vations from animal studies.

Discussion

This study investigated the role of multi-kingdom GM,
including bacteria, fungi, and archaea, in PAH. We
found significant alterations in the gut microbial com-
munities in IPAH patients, indicated by changes in
alpha and beta diversity indexes and specific microbial
species. FMT from IPAH patients or MCT-induced
PAH rats induced PAH phenotypes in recipient rats.
Conversely, FMT from healthy rats ameliorated
PAH, restoring GM composition and reversing
PAH-associated serum metabolite changes. Addition-
ally, strong correlations were found among the GM,
metabolites, and PAH-related indexes. Finally, models
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using multi-kingdom markers from bacterial, archaeal,
and fungal communities exhibited superior diagnostic
performance. These findings underscore the critical
role of the entire GM in PAH and highlight the thera-
peutic and diagnostic potential of microbiota-based
interventions.
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Previous studies have reported GM dysbiosis in PAH
patients, characterized by reduced bacterial diversity and
increased proinflammatory taxa.”> Our study corrobo-
rates these findings, showing significant changes of
bacterial community in both alpha and beta diversity
indexes, indicating a disruption in the gut bacterial
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community structure of IPAH. However, previous
studies have predominantly concentrated on bacterial
components of the GM, often neglecting the roles of
archaea and fungi. This gap in the literature overlooks
the significant contributions of these microbial com-
munities to health and disease. In recent years, studies
have begun to explore the roles of gut archaea and fungi,
revealing their involvement in various metabolic
pathways, immune responses, and inflammatory
processes.”**

While many archaea are known to thrive in extreme
conditions, some mesophilic species have been discov-
ered in the human gastrointestinal tract.”” These stable
commensals participate in processes such as trimethyl-
amine metabolism, immune modulation, methano-
genesis, and heavy-metal transformation.”* In diseases
such as colorectal cancer, Crohn disease, and asthma,
shifts in  archaeal  populations have been
documented.”** For example, reduced diversity of
archaea was found in patients with colorectal cancer,
indicating involvement in tumorigenesis.”® Another
study suggested that certain archaea could serve as good
indicators of the chronicity and activity of Crohn’s dis-
ease.” These insights into the archaeal community’s
impact on metabolic and inflammatory processes pro-
vide a broader context for understanding their potential
involvement in PAH.

Gut fungi, though less abundant than bacteria, play
pivotal roles in maintaining gut health and contributing
to disease.’* They participate in regulating the host im-
mune system and preserving the integrity of the gut
barrier.”” In other diseases, such as hypertension, coro-
nary artery disease, and alcohol-associated liver disease,
alterations in gut fungal communities have been
observed.** These findings highlight the potential for
gut fungi to influence inflammatory and metabolic
pathways, which could also be relevant for PAH
pathogenesis.

The induction of PAH phenotypes in recipient rats
following FMT from IPAH patients or MCT-induced
PAH rats confirms the association between GM dys-
biosis and PAH. This experimental evidence supports
previous observation of significant differences in gut
bacterial structure between PAH patient populations
and control groups, as well as between PAH animal
models and their respective controls.”'>'*!>1%

Conversely, FMT from control rats significantly
ameliorated PAH conditions in rat models, restoring
GM composition and reversing PAH-associated changes
in serum metabolite profiles. This aligns with previous
studies that have shown the therapeutic potential of
microbiota restoration in various diseases, such as hy-
pertension, Parkinson’s disease, and Clostridioides diffi-
cile infection.’*”” In our study, the remission of FMT in
PAH models indicates a similar potential for
microbiota-based therapies in treating PAH; however,
clinical trials are needed to validate these findings.

As expected, FMT therapy ameliorated gut bacterial,
archaeal, and fungal dysbiosis in PAH rats. There were
marked differences in the GM structure between the
MCT and CON groups, while the microbiota of the
NTM group resembled that of the CON group, indi-
cating successful restoration of healthy GM through
FMT. Correlations between the GM characteristics and
haemodynamic and right-sided heart ultrasound in-
dexes (RVSP, RVHI, PAAT, RVWT, and RVEED)
underscore the significant role of the GM in PAH
pathophysiology.

Our study demonstrated that FMT effectively modi-
fied the metabolic landscape disrupted in PAH,
emphasizing the potential mechanisms by which the
GM influence the disease progression. Previous
research has shown that the GM influence disease
progression through metabolic products that affect
target organs.** Key metabolites, including lipids,
organic acids, phenylpropanoids, and polyketides, were
normalized by FMT. 5-Hydroxyindoleacetic acid
(5-HIAA), known as the metabolic byproduct of
5-hydroxytryptamine, was significantly elevated in the
MCT-PAH rats and was closely associated with the
changes in gut microbial communities. Recent research
has indicated that 5-HIAA can act as a ligand for GPR35,
promoting the recruitment of neutrophils to inflam-
matory sites and thereby exerting proinflammatory
effects.” The recruitment of inflammatory cells around
pulmonary vasculature is another key pathological
feature of IPAH. Proline, an amino acid and one of the
metabolites in the intestine, plays a crucial role in the
development of PAH." It is essential for the formation
of collagen, a major component of vascular structure.
Alterations in collagen metabolism are fundamental to
the vascular pathology of PAH. These findings suggest
that FMT restores the GM and modulates metabolites to
improve PAH symptoms.

The fundamental pathological mechanisms of PAH,
including vascular remodelling, perivascular inflamma-
tion, and pulmonary vasoconstriction, are significantly
regulated by FMT therapy, which affects the expression
of relevant signalling pathways. The modulation of
cytokine—cytokine receptor interaction, leucocyte trans-
endothelial migration, and cell adhesion molecules
suggests a potential reduction in inflammatory and
vascular remodelling pathways.*”** FMT may help alle-
viate inflammatory cell infiltration and endothelial
dysfunction, thereby reducing the inflammatory burden
on pulmonary vasculature. Furthermore, the changes in
pathways related to vascular smooth muscle contraction
are particularly important, given that sustained vaso-
constriction plays a critical role in PAH.* The impact of
FMT on these signalling pathways suggests that it may
lower pulmonary arterial pressure by alleviating vascular
smooth muscle constriction, perivascular inflammation
and vascular remodelling, thereby preventing the
development of PAH. These findings further explore
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the mechanisms through which the GM is involved in
the development of PAH.

Seven microbial species exhibited consistent
reductions in abundance in both PAH rodents and
human patients. These include three bacterial species
(Blautia obeum, Blautia_sp Marseille P3087, and Coprococcus
comes), one archaeal species (Methanomethylovorans
hollandica), and three fungal species (Sporothrix globosa,
Fusarium oxysporum, and Yarrowia lipolytica). Using these
seven multi-kingdom species, the AUC for diagnosing
IPAH reached 0.881, demonstrating their potential
diagnostic value.

Blautia obeum and Blautia_sp Marseille P3087 belong
to the Blautia genus, which plays a crucial role in
maintaining GM balance and regulating inflammatory
responses through the production of SCFAs.**
Consistent with our findings, Blautia obeum has been
shown to be less abundant in the GM of PAH patients
compared with healthy controls.? Similarly, Coprococcus
comes, a well-known butyrate-producing bacterium
commonly found in the human gut,”**? was significantly
reduced in both PAH patients and animal models in our
study. Butyrate, a type of SCFA, has been shown to
attenuate pulmonary vascular remodelling in hypoxia-
induced PAH.* Therefore, the depletion of these
SCFA-producing bacterial species may exacerbate PAH
progression by promoting inflammation and vascular
remodelling. The archaeal species Methanomethylovor-
ans hollandica has not been studied in the context of
PAH. However, archaea, particularly methanogens, are
known to influence gut metabolic activity, which may
contribute to systemic inflammation and metabolic
dysregulation.”®>*** The fungal species Sporothrix
globosa, Fusarium oxysporum, and Yarrowia lipolytica
have not been extensively studied in the context of GM.
Increasing interest in the gut mycobiome suggests that
gut fungi may influence immune responses and
inflammation, which are crucial factors in the develop-
ment of PAH.' Further research into the gut
mycobiome’s influence on PAH could provide impor-
tant insights into disease progression and potential
therapeutic strategies.

This study makes several important contributions to
the understanding of PAH pathogenesis and treatment.
First, it establishes a direct association between GM
dysbiosis and PAH, a link previously suggested but not
empirically confirmed. Second, by incorporating
archaea and fungi into the analysis, we provide a more
comprehensive view of the GM’s role in PAH. Finally,
our findings on the therapeutic potential of FMT high-
light a promising avenue for developing non-
pharmacological treatments for PAH, emphasizing the
need for further clinical investigations.

Despite the promising results, our study has several
limitations. The small sample size from a single hospital
in China and the use of animal models may limit the
generalizability of the findings. Additionally, as diet
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significantly influences GM, the lack of detailed dietary
data from the participants is a clear limitation. Although
there were no differences in dietary patterns in our
study, we recognize that future studies incorporating
detailed nutritional analyses (e.g., macronutrient and
micronutrient composition) will be essential to account
for dietary influences and further clarify the relationship
between gut microbiota dysbiosis and PAH. Third, the
fold change threshold of >2 used in the RNA-
sequencing analysis, although commonly applied in
similar studies,”**” is somewhat arbitrary and may
overlook smaller yet potentially relevant changes in gene
expression. Future studies should validate these find-
ings through large-scale, multicenter trials, incorporate
detailed dietary assessments, and investigate the mech-
anistic pathways of GM in PAH, including the roles of
specific microbial species and their metabolites, to
uncover targeted therapeutic strategies.

Conclusion

In this study, we underscored for the first time the
critical role of multi-kingdom GM, including bacteria,
archaea, and fungi, in the pathogenesis and treatment
of PAH. More importantly, we showed the therapeutic
potential of FMT in reversing PAH phenotypes.
Thus, more attention should be paid to the microbial
underpinnings of PAH and the therapeutic
potential of targeted multi-kingdom microbiota—based
interventions. This study opens up new avenues for
developing innovative microbiota-based therapies, offer-
ing new hope for patients with this debilitating condition.
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