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Aims We aimed to examine the hypothesis that circulating trimethylamine-N-oxide (TMAO) levels serve as a biomarker in
pulmonary arterial hypertension (PAH), and to determine whether 3,3-dimethyl-1-butanol (DMB), a TMAO inhibitor,
exerted a protective effect in monocrotaline (MCT)-induced PAH rats.

Methods
and results

In-patients with PAH were prospectively recruited from the Fuwai Hospital. Fasting blood samples were obtained to
assess the TMAO levels and other laboratory values during the initial and second hospitalization. In a MCT-induced
PAH rat, a normal diet and water supplemented with or without 1% DMB were administered for 4 weeks. The
TMAO levels, haemodynamic examinations, changes in organ-tissue, and molecular levels were evaluated. In total,
124 patients with PAH were enrolled in this study. High TMAO levels were correlated with increased disease severity
and poor prognosis even after adjusting for confounders. The TMAO levels in the rats decreased in the MCT+DMB
group, accompanied by improved haemodynamic parameters, decreased right ventricular hypertrophy, and amelioration
of pulmonary vascular remodelling. The decrease in abnormal apoptosis, excessive cell proliferation, transforming
growth factor-β expression, and restoration of endothelial nitric oxide synthase after DMB treatment further explained
the amelioration of PAH.

Conclusion Increased TMAO levels were associated with poor prognosis in patients with PAH, and DMB played a protective effect in
MCT-induced PAH rat.
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Translational perspective
Elevated circulating levels of trimethylamine-N-oxide (TMAO) are associated with poor prognosis in patients with pulmonary arterial hyper-
tension (PAH). 3,3-Dimethyl-1-butanol (DMB), a TMAO inhibitor, decreases circulating TMAO levels and attenuates the effects of the dis-
ease at the system, organ-tissue, and molecular levels in rats with monocrotaline-induced PAH, suggesting the protective role of DMB against
PAH. Here, we first demonstrate the potential value of circulating TMAO as a biomarker and reveal the beneficial effects of DMB in PAH.
Our findings, if further confirmed, will provide significant insights into the management and treatment strategy of PAH and can help poten-
tially improve the prognosis of patients in the future.

Introduction
Pulmonary arterial hypertension (PAH) is a progressive and frequently
fatal disease that leads to progressive pulmonary vascular resistance,
right heart failure, and even death. Risk stratification for PAH is used
to guide patient management and therapeutic strategies.1,2 A compre-
hensive assessment is required since no single variable provides

sufficient diagnostic and prognostic information. However, these as-
sessments require experienced medical personnel, and are expensive
and time-consuming. It has been widely recognized that the detection
of measurable and reproducible biomarkers contributes to the im-
proved prognostic evaluation of patients with PAH. However, brain
natriuretic peptide (BNP) andN-terminal pro-brain natriuretic peptide
(NT-proBNP) remain the only plasma biomarkers currently used.2

2 Y. Yang et al.



Trimethylamine-N-oxide (TMAO) is an intestinal microbiota-
dependent metabolite. Some commensal microbes in the gut metab-
olize phosphatidylcholine, choline, and L-carnitine into trimethyla-
mine (TMA) using enzymes such as Cut C/D. This then enters the
portal circulation and is converted into TMAO by hepatic flavin
monooxygenases in the liver.3 3,3-Dimethyl-1-butanol (DMB) acts
as an analogue of choline and reduces the plasma TMAO level by in-
hibiting the activity of microbial choline TMA lyase Cut C to restrain
the TMA synthesis. Our previous studies showed that TMAOcan pro-
mote brain ageing and cognitive impairment in mice and may acceler-
ate endothelial cell senescence and vascular ageing via oxidative
stress.4,5 Moreover, accumulating evidence shows the positive associa-
tions between the elevated levels of TMAO and cardiovascular dis-
eases, including hypertension,6,7 atherosclerosis,8 and heart failure9,10

highlighting its promising potential role as a biomarker in this field.
A recent study byKim et al.11 revealed a unique gutmicrobiomepro-

file in patients with PAH by shotgun metagenomics. The study focused
on the alteration of the microbiome, suggesting a significant increase in
TMA/TMAO producing taxa including Collinsella, Desulfovibrio,
Enterobacter, andClostridium,while the reverse is true in those negative-
ly associated with TMA/TMAO production such as Bvulgatus,
Bcellulosilyticus, and Amuciniphila. However, the changes in plasma
TMAO levels accompanied by microbiome alteration and the associ-
ation with disease severity and prognosis in patients with PAH have
not been explored yet. Based on this knowledge, the present study
aimed to examine the hypothesis that TMAO served as a biomarker
for PAH. In addition, we also investigatewhetherDMB, a TMAO inhibi-
tor, exerted a protective effect in MCT-induced PAH rats.

Methods

Study population
This clinical study investigated the value of TMAO in patients with PAH.
The study implementation, data analyses, and re-analyses have been ap-
proved by the ethics committee of Fuwai Hospital (Approval No.
2018-1063). The procedures performed adhered to the tenets of the
Declaration of Helsinki and written informed consent was obtained
from all patients.

In-patients with PAH in Fuwai Hospital Pulmonary Vascular Ward
were recruited from March 2019 to March 2020. The diagnosis of
PAH was confirmed based on a mean pulmonary arterial pressure
(mPAP)≥ 25 mmHg, pulmonary arterial wedge pressure (PAWP)≤
15 mmHg, and pulmonary vascular resistance (PVR). 3 Wood units
by right heart catheterization. The following comprehensive evaluations
were performed to determine the pathogenesis and functional severity
of the patients’ condition: electrocardiography, chest radiography, pul-
monary function tests, arterial blood gas analyses, echocardiography,
ventilation/perfusion lung scans, high-resolution computed tomography,
contrast-enhanced computed tomography, right heart catheterization,
and other additional tests. The exclusion criteria were as follows: (i) con-
nective tissue disease-related PAH and/or immune disease; (ii) coronary
heart disease, active infection, malignancy, heart failure, diabetes, and/or
chronic kidney disease; (iii) intestinal disease; (iv) individuals who have re-
ceived antibiotics, immunologic drugs, and/or bowel surgery; and (v) dis-
agreement to participate or loss to follow-up.

Clinical data collection
Fasting blood samples were obtained to assess TMAO levels and other
laboratory values during the initial and second hospitalizations.

Haemodynamic evaluations were performed via right heart catheteriza-
tion to obtain the mean right atrial pressure (mRAP), mPAP, PAWP,
PVR, and cardiac output index. A symptom-limited cardiopulmonary ex-
ercise test was conducted using a cycle ergometer (10 W/min incre-
ments) to measure peak oxygen consumption and other indicators of
exercise capacity. The test was considered maximal if the peak respira-
tory exchange ratio was .1.1. Demographic characteristics, body mass
index (BMI, calculated as weight/height2), World Health Organization
functional class (WHO-FC), 6-min walk distance (6-MWD), and echo-
cardiographic data were also collected.

Study endpoint and follow-up
Plasma TMAO levels were measured during the initial hospitalization and
subsequent hospital visit within 18.3 months. The endpoints of this study
were composite outcome events defined as mortality, re-hospitalization
due to heart failure, escalation of the targeted medication including the
addition of at least one more targeted drug according to the disease con-
dition and/or starting treating with treprostinil, deterioration of PAH in-
cluding worsening symptoms, higher WHO-FC compared with the
baseline, or at least 15% decreased 6-MWD from the baseline.12

When exploring the prognostic value of the baseline TMAO levels, the
follow-up duration was defined as the time from the first TMAO exam-
ination to the occurrence of outcomes or end of the study. The mean
duration was 18.1 (12.8, 23.2) months. When investigating the implica-
tions in the changes in TMAO, the follow-up duration was calculated
from the second TMAO examination to the occurrence of outcome
or the end of the follow-up. The mean duration was 12.1 (8.1, 16.6)
months.

Experimental animals
Wealso designed an animal study to explore the effects of low TMAOon
PAH. DMB, a TMAO inhibitor, is a structural analogue of choline, exert-
ing a non-lethal inhibitory effect on TMA formation resulting in a de-
creased concentration of TMAO.13 It has been recognized as a drug
that decreases TMAO levels which was used regularly to explore the ef-
fects of low TMAO in diseases.14–17 Therefore, in this pre-clinical study,
DMB was used for the exploration of the low TMAO effect in vivo.

Seven-week-old Sprague–Dawley rats weighing 230–250 g (Charles
River, Beijing) were used in this study. The rats were housed in a specific
pathogen-free environment and maintained on a standard rat diet, under
a 12-h light/dark cycle in a room with a constant temperature (22–24°C)
and humidity (45–55%) in the State Key Laboratory of Cardiovascular
Disease (Beijing, China). After a 1-week adaptation period, the animals
were randomly divided into three groups: (i) a control group (n= 8)
that received a standard rat diet and water for 4 weeks; (ii) a monocrota-
line (MCT) group (n= 8) that received a subcutaneous injection of
60 mg/kg of MCT18 (Sigma-Aldrich, St Louis, MO, USA) and a standard
rat diet and water for 4 weeks; and (iii) a MCT+DMB group (n= 6)
that was administered with MCT and subsequently received a standard
rat diet and water containing 1% DMB13,16 (Sigma-Aldrich, St Louis,
MO, USA) for 4 weeks. All animal procedures were approved by the
Institutional Animal Care and Use Committee of Fuwai Hospital.

Haemodynamic measurements and sample
collection
All rats were anesthetized and underwent right heart catheterization for
haemodynamic examination. A pre-curved catheter was inserted
through the right jugular vein to obtain mRAP, right ventricular systolic
pressure (RVSP), and mPAP. The haemodynamic data were recorded
and analysed using the PowerLab data acquisition system. After haemo-
dynamic examination, blood samples were collected for TMAO
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detection. The hearts and lungs were flushed with saline to remove re-
sidual blood. The right ventricle (RV) was dissected and weighed to cal-
culate the index of RV hypertrophy (RVH), which was calculated as {RV/
[left ventricle (LV) plus the septum]}. The left lung tissues were fixed in
4% paraformaldehyde and paraffin-embedded for histological analysis,
while right lung tissues were frozen in liquid nitrogen for further molecu-
lar study, including Western blot.

Morphological assay
Paraffin-embedded lung tissues were cut into 5-μm thick sections. The
slices were stained with haematoxylin and eosin (H&E) and Elastic-Van
Gieson (EVG) to examine the lung histology. Peripheral vessels 50–
150 µm in diameter were chosen and examined for morphological ana-
lysis. The wall thickness percentage (WT%) and wall area percentage
(WA%) of 10–15 arterioles per rat were measured to evaluate the pul-
monary vascular remodelling, expressed as WT%= [(external diameter
− internal diameter)/external diameter]× 100 and WA%= [(total area
− luminal area)/total area]× 100. The pathological nature of the pul-
monary arterioles was evaluated by a senior pathologist, and pulmonary
vascular remodelling calculations were implemented independently by
two researchers (Y.Y. and Q.Z.).

Immunohistochemical and
immunofluorescent staining
The paraffin-embedded lung slices were deparaffinized using xylene,
ethanol, and demineralized water. Heat-mediated antigen retrieval was
performed using 1 mM EDTA (pH 9.0) before commencing with the im-
munohistochemical (IHC) and immunofluorescent (IF) staining protocol.
Subsequently, 3% hydrogen peroxide was used for 20 min to eliminate
peroxidase. After the sections were washed using phosphate-buffered
saline, suitable serum albumin was used to incubate the lung slices for
1 h at room temperature to block non-specific interactions.

Slices were incubated with primary antibodies against cleaved caspase 3
(CST, 9661S, 1:800), caspase 3 (CST, 9662S, 1:10000), proliferating cell nu-
clear antigen (PCNA, CST, 13110, 1:10000), endothelial nitric oxide syn-
thase (eNOS, Abcam, ab5589, 1:100), and transforming growth factor-β
(TGF-β, Abcam, ab215715, 1:1000) overnight at 4°C and incubated with
EnVision Mouse or Rabbit conjugate (Dako/Agilent) for 30 min at 37°C.
The colour reaction was induced using a 3,3-diaminobenzidine
(DAB)-positive substrate in accordance with the manufacturer’s instruc-
tions. Haematoxylin was used as a counterstain. At 400× magnification
(Olympus BX61), the pulmonary arterioles were observed, and ImageJ
1.46 was used to quantify the integrated density and positive area of
each pulmonary arteriole. The average optical density (AOD) was calcu-
lated as the integrated option density/area. The ratio of positive cell count
per vessel was also quantified. Aminimumof 10 pulmonary arterioles were
selected from each image and used for calculation.19

The slices were incubated with primary antibodies against CD31
(Abcam, 281583, 1:3000), alpha-smooth muscle antibody (α-SMA,
Beyotime, AA132, 1:2000), and cleaved caspase 3/caspase 3/PCNA.
Suitable secondary antibodies were used for incubation, and the nuclei
were counterstained in blue with 4,6-diamidino-2-phenylindole (DAPI,
Molecular Probes).

Western blot analysis
Radioimmunoprecipitation lysis buffer was used for lung protein ex-
traction and the bicinchoninic acid method for the determination of
protein concentration. The protein was denatured at 95°C for 5 min,
separated using the sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis, and transferred to the polyvinylidene difluoride membranes.
The blots were incubated with primary antibodies against cleaved

caspase3, caspase 3, eNOS, PCNA, and β-actin (Proteintech, 66009-
1, 1:300000) at 4°C overnight after being blocked with 5% milk. A suit-
able secondary antibody was used for 1 h incubation after the blots
were washed thrice. The blots were visualized using chemilumines-
cence (ThermoFisher, 2450). ImageJ 1.46 was used to quantify the
density of the bands.

Enzyme-linked immunosorbent assay
The rat plasma levels of TGF-β were determined using an enzyme-linked
immunosorbent assay (ELISA) kit (MSKBIO, China) according to the
manufacturer’s instructions.

Quantification of trimethylamine-N-oxide
As demonstrated previously, the TMAO levels were quantified using
stable isotope dilution liquid chromatography–tandem mass spectrom-
etry (LC/MS/MS). The specific measurement procedures have been de-
scribed in previous works.4,20

Statistical analysis
A restricted cubic spline was used to determine the non-linear or linear
association between TMAO and the clinical endpoints. The differences
between the groups were analysed using Student’s t-tests, paired
Student’s t-tests, or one-way analyses of variance followed by Tukey’s
multiple comparison tests for continuous variables and χ2 tests for cat-
egorical variables. The correlations were assessed using Pearson’s or
Spearman’s correlation (two-tailed) analyses. Logistic and linear regres-
sion models were used to determine the correlations between TMAO
and clinical markers of disease severity. Kaplan–Meier (KM) analysis
and Cox proportional hazards regression were used to evaluate the haz-
ard ratios (HRs) and 95% confidence intervals (CIs) per 1-SD increase in
TMAO. Themultivariate Coxmodel was validated by bootstrapping with
500 repetitions. Statistical significance was defined as a two-sided P-value
of,0.05. Images were obtained using a Leica laser confocal microscope
(TCS SP2 AOBS). The statistical analyses were performed using R 2.8.0
(Vienna, Austria) and IBM SPSS Statistics forWindows, version 23.0 (IBM
Corp., Armonk, NY, USA).

Results

Population characteristics at baseline
The study enrolled 124 patients with PAH, including 40 idiopathic/
heritable PAH cases, 82 PAH associated with congenital heart dis-
ease cases, and 2 with pulmonary veno-occlusive disease cases.
After the follow-up, 102 patients survived without clinical outcomes,
9 patients were hospitalized again due to the progression of PAH, 8
were hospitalized for the escalation of the targeted medication, 3 for
heart failure, and 2 patients died.
The patients were divided into two cohorts stratified by the 50th

percentile of TMAO levels (Table 1). Restricted cubic spline analyses
revealed the linear effect of TMAO on clinical outcomes (non-linear,
P. 0.050. Figure 1). The mean levels of TMAO in the total cohort,
high TMAO, and low TMAO groups were 1.7 (interquartile range:
0.9–3.5) μM, 3.3 (interquartile range: 2.3–5.3) μM, and 0.9 (inter-
quartile range: 0.4–1.2) μM, respectively. The patients with high plas-
ma TMAO levels had more severe WHO-FC, higher NT-proBNP,
lower tricuspid annular plane systolic excursion, and cardiac output
index than those with low plasma TMAO levels (see Supplementary
material online, Figure S1A–D).
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Correlation of high plasma
trimethylamine-N-oxide with worse
World Health Organization function
class, higher N-terminal pro-brain
natriuretic peptide, and lower cardiac
output index (vs. low plasma
trimethylamine-N-oxide)
Supplementary material online, Table S1 shows the correlation be-

tween TMAO and the clinical characteristics. Following adjustments

for confounders including age, sex, BMI, creatinine, and hypertension,

elevated TMAO was still related to worse WHO-FC [Model 1: odds

ratio (OR)= 1.395, P= 0.002; Model 2: OR= 1.545, P= 0.004;
Model 3: OR= 2.072, P, 0.001], higher NT-proBNP (Model 1:
OR= 1.248, P= 0.036; Model 2: OR= 1.531, P= 0.016), and lower
cardiac output index (β=−0.272, P= 0.029) (Table 2).

Response of plasma
trimethylamine-N-oxide levels to clinical
non-deterioration or deterioration
During the follow-up, all patients underwent treatment that included
targeted drugs and supportive therapy, in accordance with the recent
guidelines.1 After a mean follow-up period of 5.5 months, fasting
blood samples were collected again to assess the TMAO levels and

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Characteristics of patients stratified by the 50th percentile of trimethylamine-N-oxide

Variables Total PAH patients
n=124

High TMAO group
n=61

Low TMAO group
n=63

P-value

Age, years 34.0+ 13.1 35.5+ 14.0 32.5+ 12.0 0.212

Female sex, n (%) 89 (71.8) 43 (68.3) 46 (75.4) 0.428

BMI, kg/m2 20.9+ 3.8 21.3+ 4.3 20.5+ 3.1 0.257

WHO-FC, n (%)

I–II 86 (69.4) 31 (49.2) 55 (90.2) ,0.001

III–IV 38 (30.6) 32 (50.8) 6 (9.8) ,0.001

Laboratories

TMAO, µmol/L 1.7 (0.9, 3.5) 3.3 (2.3, 5.3) 0.9 (0.4, 1.2) ,0.001

NT-proBNP, pg/mL 439.3 (150.7, 1302.0) 700.7 (269.1, 2426.0) 297.2 (111.0, 574.5) 0.001

Albumin, g 43.1+ 4.6 43.0+ 4.4 43.3+ 4.9 0.714

Creatinine, µmol/L 74.2+ 17.5 77.4+ 17.7 70.8+ 16.7 0.034

Total cholesterol, mmol/L 4.1+ 1.0 4.0+ 1.0 4.1+ 1.0 0.601

Serum iron, µmol/L 15.5+ 8.1 14.8+ 8.7 16.2+ 7.4 0.373

Echocardiography

LVEF, % 65.3+ 6.2 64.8+ 6.5 65.8+ 5.9 0.367

RVD, mm 32.3+ 7.1 33.6+ 7.1 31.3+ 7.3 0.078

TAPSE, mm 16.0+ 3.9 15.0+ 3.8 17.1+ 3.7 0.003

Exercise capacity

PeakVO2, mL/min/kg 14.6+ 3.7 14.4+ 3.6 14.8+ 3.9 0.553

VO2% 1.6+ 0.4 1.6+ 0.3 1.6+ 0.4 0.900

VCO2% 1.5+ 0.4 1.5+ 0.3 1.5+ 0.4 0.983

6-MWD, m 425.6+ 88.8 426.2+ 92.6 425.1+ 86.0 0.949

Haemodynamics

mRAP, mmHg 5.8+ 4.3 6.5+ 4.8 4.9+ 3.0 0.056

mPAP, mmHg 66.1+ 16.8 67.4+ 15.6 64.9+ 17.9 0.476

Cardiac output index, L/min×m2 3.2+ 1.0 3.0+ 1.0 3.4+ 0.9 0.046

PAWP, mmHg 8.3+ 5.8 9.0+ 7.4 7.5+ 2.8 0.318

PVR, WU 12.9+ 6.3 12.7+ 5.9 13.0+ 6.9 0.865

Targeted drugs

Monotherapy (ERAs or prostacyclins or NO pathway drug), n (%) 23 (18.5) 13 (20.6) 10 (16.4) 0.646

Dual therapy, n (%) 86 (69.4) 43 (68.3) 43 (70.5) 0.847

Triple therapy, n (%) 7 (5.6) 4 (6.3) 3 (4.9) 0.731

The χ2 test was conducted for categorical variables and Student’s t-tests or non-parametric tests were conducted for continuous variables with normal or skewed distribution,
respectively. Bolded P-values in the table indicate statistical significance.
BMI, body mass index;WHO-FC,World Health Organization function class; NT-proBNP, N-terminal pro-brain natriuretic peptide; LVEF, left ventricular ejection fraction; RVD, right
ventricular diameter; TAPSE, tricuspid annular plane systolic excursion; 6-MWD, 6-minute walk distance; mRAP, mean right atrial pressure; mPAP, mean pulmonary atrial pressure;
PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; ERAs, endothelin receptor agonists; NO, nitric oxide.
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other clinical indicators in each patient. The patients were divided
into clinical non-deterioration and deterioration groups during the
second hospitalization to explore the effects of TMAO changes
(ΔTMAO). Clinical deterioration was defined as a decrease of
.20% in 6-MWD and/or an increase in WHO-FC.12,21

In this study, ΔTMAO, ΔNT-proBNP, and ΔmPAP were calcu-
lated as the value during the second admission visit minus the base-
line. After treatment, the plasma TMAO levels decreased relative to
the baseline in the full cohort [ΔTMAO=−0.25 (−1.5, 0.7) μM, P=
0.021] and clinical non-deterioration cohort [ΔTMAO=−0.39
(−1.78, 0.49) μM, P= 0.008]. However, the TMAO levels increased
in the deterioration group [ΔTMAO= 0.69 (−0.26, 1.13) μM, P=
0.021, Supplementary material online, Figure S2]. Moreover,
ΔTMAO was positively correlated with ΔNT-proBNP and ΔmPAP
(Supplementary material online, Figure S3). The KM analysis indicated
patients with ΔTMAO. 0 had a poor prognosis (P= 0.011, see
Supplementary material online, Figure S4).

Prediction of poor prognosis in patients
with pulmonary arterial hypertension
based on high plasma
trimethylamine-N-oxide
The proportional hazards assumption was examined using the
Schoenfeld residual. No variables violated the proportional hazards

assumption. KM analysis revealed that a higher TMAO level indicated
a poor prognosis in patients with PAH (Figure 2, P= 0.016). The re-
sults of the univariate Cox regression analysis are shown in
Supplementary material online, Table S2. Multivariate Cox analysis
revealed that elevated TMAO was associated with adverse events
among patients with PAH after adjusting for confounders (HR=
5.368, 95% CI: 1.096–26.287), P= 0.038, Table 3. Furthermore,
TMAO had the highest predictive value (C statistic= 0.78, 95% CI:
0.61–0.96) with a C statistic over 0.7 after optimism correction
(Supplementary material online, Table S3).

Plasma trimethylamine-N-oxide levels
in rats
The plasma TMAO levels were significantly increased in the MCT
group compared with that of the control group (13.6+ 9.5 μM vs.
4.0+ 0.5 μM, P= 0.003). After DMB treatment, the plasma
TMAO levels markedly decreased in the PAH rats (6.6+ 1.1 μM,
P= 0.035) (Figure 3A).

Improvement in haemodynamic
parameters after 3,3-dimethyl-
1-butanol treatment in rats
The mRAP (4.1+ 1.2 mmHg vs. 6.2+ 1.8 mmHg, P= 0.017), RVSP
(35.3+ 6.9 mmHg vs. 53.7+ 21.3 mmHg, P= 0.032), and mPAP
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Figure 1 Restricted cubic spline result of trimethylamine-N-oxide levels in relation to hazard ratio for the risk of clinical outcomes (n= 124). HR,
hazard ratio; TMAO, trimethylamine-N-oxide.
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(22.5+ 4.8 mmHg vs. 39.5+ 8.2 mmHg, P, 0.001) were signifi-
cantly lower in the MCT+DMB group than that in the MCT group,
suggesting that low plasma TMAO levels were associated with
improved haemodynamics in MCT-induced PAH rat models
(Figure 3B).

Amelioration of cardiac hypertrophy and
pulmonary vascular remodelling after
trimethylamine-N-oxide decrease in rats
The RVH index was used to explore the hypertrophy of the RV,
which indirectly reflects the severity of PAH. In the MCT+DMB
group, the RVH index was significantly reduced when compared
with that in the MCT group (0.27+ 0.04 0.59+ 0.06, P, 0.001;
Figure 3C). In addition, the rats treated with DMB exhibited de-
creased WT% and WA% values, indicating the amelioration of pul-
monary vascular remodelling (Figure 3C). H&E and EVG staining
demonstrated the muscularization and occlusion of the small pul-
monary arteries in MCT group and the relative medial thickness of
the pulmonary arteries decreased significantly after DMB treatment
(Figure 3D).

Decreases in cleaved caspase 3, caspase
3, proliferating cell nuclear antigen, and
transforming growth factor-β expression
and restored endothelium nitric oxide
synthase pathway after
3,3-dimethyl-1-butanol treatment in
rats
IHC staining revealed differences in the levels of molecular expres-
sion, including cleaved caspase 3, caspase 3, PCNA, eNOS, and
TGF-β, among the three groups (Figure 4A). Compared with the con-
trol group, the MCT-induced PAH rats exhibited increased levels of
cleaved caspase 3, caspase 3, and PCNA in the pulmonary arterioles,
while these increases were attenuated after DMB treatment. In con-
trast, the eNOS expression in the pulmonary arterioles was reduced
in the PAH model, and this change was reversed after DMB admin-
istration. The results of the AOD analysis and the proportion of posi-
tive cells per vessel for cleaved caspase 3, caspase 3, PCNA, and
eNOS are shown in Figure 4B. Moreover, the expression of TGF-β
in the lungs and plasma was elevated in the MCT-induced rats while
the levels were decreased after DMB administration (Figure 4C).
Triple IF staining with cell-specific marker (CD31 for the endothelial
cells, α-SMA for the smooth muscle cells) was used to display
cell-type-specific changes and targeted protein localization, which
directly demonstrated the decrease in the pulmonary artery smooth
muscle cells proliferation and amelioration of the endothelial cells in
MCT+DMB group compared with the MCT group. The localization
of cleaved caspase 3, caspase 3, and PCNA expressions in the pul-
monary arterioles is shown in Figure 5A. Western blot of the lung
homogenates was performed for quantitative analysis consistently in-
dicating that the cleaved caspase 3, caspase 3, and PCNA levels were
decreased, and eNOS was increased in the MCT+DMB group
(Figure 5B).

Discussion
PAH is a severe, progressive, and frequently fatal disease. Recent
studies have demonstrated the association between the circulating
gut microbiota-dependent metabolites and cardiovascular diseases.
The role of TMAO as a biomarker in cardiovascular diseases related
to the left heart has been established; however, its value in right
heart-related diseases remains to be elucidated. Since the micro-
biome producing TMAO was dysfunctional in PAH, we conducted
a study to assess the implications of this alteration, specifically to ex-
plore the role of plasma TMAO levels in PAH. To the best of our
knowledge, this is the first clinical and translational study to investi-
gate the effects of plasma TMAO in this field. Our findings revealed
that elevated circulating levels of TMAO were associated with in-
creaseddisease severity and poor prognosis in patients with PAH,
highlighting its promising role as a novel biomarker in PAH.
Moreover, the protective effect of DMB, a type of TMAO inhibitor,
was also evaluated in the MCT-induced PAH model.
WHO-FC, NT-proBNP, and cardiac output index are regarded as

essential indicators for clinical evaluationssince right-sided cardiac
dysfunction is an important predictor of dismal prognosis in patients
with PAH.2 After adjusting for confounders, individuals with a high

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 The associations between
trimethylamine-N-oxide levels and World Health
Organization function class, N-terminal pro-brain
natriuretic peptide, tricuspid annular plane systolic
excursion, and cardiac output index after adjusting for
confounders

Logistics analysis OR 95% CI P-value

Model 1: WHO-FC

Unadjusted 1.380 1.145–1.663 0.001

Adjusteda 1.395 1.133–1.719 0.002

Adjustedb 1.545 1.139–2.094 0.004

Adjustedc 2.072 1.389–3.090 ,0.001

Model 2: NT-proBNP (categorical variable)

Unadjusted 1.242 1.030–1.496 0.023

Adjusteda 1.248 1.014–1.535 0.036

Adjustedc 1.531 1.082–2.168 0.016

Model 3: TAPSE (categorical variable)

Unadjusted 1.147 0.986–1.334 0.075

Adjusteda 1.171 0.989–1.387 0.066

Linear regression Beta 95% CI P-value

Model 4: Cardiac output index (continuous variable)

Unadjusted −0.322 −0.155 to 0.035 0.002

Adjusteda −0.272 −0.153 to 0.008 0.029

TMAOwas put into the model as a continuous variable. Bolded P-values in the table
indicate statistical significance.
BMI, body mass index; WHO-FC, World Health Organization function class;
NT-proBNP, N-terminal pro-brain natriuretic peptide; TAPSE, tricuspid annular
plane systolic excursion.
aAdjusted for sex, age, BMI, creatinine (continuous variable), and hypertension
(categorical variable).
bAdjusted for sex, age, BMI, NT-proBNP (categorical variable), creatinine
(continuous variable), and hypertension (categorical variable).
cAdjusted for sex, age, BMI, creatinine (continuous variable), cardiac output index
(continuous variable), and TAPSE (categorical variable).

High-circulating gut microbiota-dependent metabolite trimethylamine N-oxide 7



TMAO level were still associated with poor cardiac function indi-
cated by higher level of WHO-FC, increased NT-proBNP, and de-
creased cardiac output index as reported,9,10 and thereby worse
disease severity in patients with PAH. We noticed no difference in

the exercise capacity between the two groups in our study. This
may be attributed to the fact that patients with high TMAO levels
tend to exhibited worse severity. Compared with those in the low
TMAO group, a larger proportion of patients in high TMAO
group who were intolerant to the exercise testing may result in
the loss of data. Furthermore, evidence shows that treprostinil, a
prostaglandin analogue, could significantly improve the exercise cap-
acity of patients.22,23 Intravenous Treprostinil, such as remodulin,
was administered in patients with advanced PAH and was used
more commonly in the high TMAO group, which may improve
the exercise capacity of those who were tolerant of exercise eva-
luations, leading to the further narrowing of the gap between
these groups. The seemingly tighter association between TMAO
and RV function but not PVR and mPAP could be attributed to
the higher sensitivity of indicators related to RV function, better re-
flecting the dynamic changes of the disease rather than haemodynamic
parameters. The amelioration of RV dysfunction occurred generally
prior to the improvement in haemodynamic parameters (PVR,
mPAP), which was reflected by an overt association between
TMAO and the indicators of RV function (WHO-FC, NT-proBNP,
and cardiac output index). In addition, most of the subjects enrolled
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Figure 2 Kaplan–Meier analysis for the incidence of composite outcome events in patients with high and low trimethylamine-N-oxide levels. A
total of 124 patients were analysed (n= 61 in high trimethylamine-N-oxide group; n= 63 in low trimethylamine-N-oxide group). The P-value is
calculated by the log-rank test. TMAO, trimethylamine-N-oxide.
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Table 3 Multivariate Cox analysis of
trimethylamine-N-oxide and clinical outcome

Variable HR 95% CI P-value

TMAO (categorical variable) 5.368 1.096–26.287 0.038

BMI (continuous variable) 0.861 0.704–1.054 0.148

WHO-FC 1.428 0.348–5.866 0.621

LVEF (continuous variable) 1.053 0.960–1.155 0.277

mRAP (continuous variable) 1.147 1.022–1.286 0.019

The continuous variable of TMAO is converted into a categorical variable with a
boundary of 1.66 μM. Bolded P-values in the table indicate statistical significance.
TMAO, trimethylamine-N-oxide; BMI, body mass index; WHO-FC, World Health
Organization function class; LVEF, left ventricular ejection fractions; mRAP, mean
right atrial pressure.
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in this study were prevalent cases that have been undergoing targeted
treatment, which probably resulted in no significant difference in
mPAP and PVR at baseline. However, a trend towards poorer results
with the increase of plasma TMAO levels was consistently present in
PAH-related haemodynamic data, especially mRAP, albeit without

reaching statistical significance and remains to be confirmed in a larger
cohort study.
The results of our study revealed corresponding dynamic

changes in the plasma TMAO levels with the alterations of disease
conditions after further treatment, which suggested its promising

MCT group MCT+DMB group Control group

HE 

EVG

C

D

A B

Figure 3 Plasma trimethylamine-N-oxide levels, haemodynamic parameters obtained by right heart catheterization, and pulmonary vascular
morphology in rats among the different groups. (A) Effects of 3,3-dimethyl-1-butanol on trimethylamine-N-oxide levels (monocrotaline group: n
= 8; monocrotaline+ 3,3-dimethyl-1-butanol group: n= 6; control group: n= 8). After 3,3-dimethyl-1-butanol treatment, the level of plasma
trimethylamine-N-oxide was decreased significantly in vivo. (B) Haemodynamic parameters obtained by right heart catheterization included
mean right atrial pressure (monocrotaline group: n= 4; monocrotaline+ 3,3-dimethyl-1-butanol group: n= 6; control group: n= 7), right ventricu-
lar systolic pressure (monocrotaline group: n= 7; monocrotaline+ 3,3-dimethyl-1-butanol group: n= 6; control group: n= 7), and mean pulmon-
ary atrial pressure (monocrotaline group: n= 5; monocrotaline+ 3,3-dimethyl-1-butanol group: n= 5; control group: n= 7). After
3,3-dimethyl-1-butanol administration, mean right atrial pressure, right ventricular systolic pressure, and mean pulmonary atrial pressure were sig-
nificantly decreased, indicating the amelioration of pulmonary arterial hypertension. (C) Right heart hypertrophy and quantitative analysis of pulmon-
ary vascular remodelling in rats. The right ventricle hypertrophy index, performed as right ventricle/(left ventricle plus the septum), was used to
evaluate the right heart load and reflect the severity of pulmonary arterial hypertension. The WT% and WA% of 10–15 arterioles per rat were
measured to analyse the pulmonary vascular remodelling, expressed as WT%= [(external diameter− internal diameter)/external diameter]×
100 and WA%= [(total area− luminal area)/total area]× 100 (monocrotaline group: n= 8; monocrotaline+ 3,3-dimethyl-1-butanol group: n=
6; control group: n= 8). In the monocrotaline+ 3,3-dimethyl-1-butanol group, the right ventricle hypertrophy,WT%, andWA%were all decreased
compared with the monocrotaline group. (D) Representative images of haematoxylin and eosin staining and Elastic-Van Gieson staining of the pul-
monary vessels 50–150 µm in diameter in different groups, scale bars, 50 and 20 µm. After 3,3-dimethyl-1-butanol treatment, pulmonary vascular
remodelling was ameliorated significantly (pointed by the black arrow). Continuous variables were represented as mean+ SEM. Group compar-
isons were performed using one-way analysis of variance. *P, 0.05, **P, 0.001. TMAO, trimethylamine-N-oxide; RHC, right heart catheteriza-
tion; MCT, monocrotaline; DMB,3,3-dimethyl-1-butanol; mRAP, mean right atrial pressure; RVSP, right ventricle systolic pressure; mPAP, mean
pulmonary atrial pressure; RVH, right ventricle hypertrophy; WT%, wall thickness percentage; WA%, wall area percentage.
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role in PAH management. The decrease in TMAO levels was con-
sistent with the reduction in NT-proBNP, indicating that the dy-
namic changes in the metabolite may be attributed to improved
cardiac function. In addition, medical therapies for PAH induce sys-
temic vasodilation, including those in the intestine, which may
ameliorate hypoperfusion and congestion of the gut and contribute
to decreased TMAO levels. However, the explicit mechanisms re-
quire further exploration.

High plasma concentrations of TMAO have been correlated with
unfavourable cardiovascular outcomes, serving as an independent
marker of all-cause mortality.24 Likewise, our findings suggested
that elevated TMAO is an independent biomarker of poor prognosis
in patients with PAH, which was confirmed by internal validation.
Though well accepted in cardiovascular disease, the exact role of
TMAO remains vaguely defined. However, the correlation reported

between elevated TMAO and adverse clinical outcome held true re-
gardless of its role as an active mediator or an innocent bystander in
this study. Similar to our results, Brunt et al.16 reported that TMAO
could damage the vascular endothelium by augmenting superoxide-
driven oxidative stress, which subsequently prompted a reduction
in NO bioavailability. In addition, TMAO may served as an inflamma-
tory inducer that activated multiple inflammation-related pathways
and facilitated the adhesion of monocytes to the endothelium, result-
ing in increased pro-inflammatory cytokines and endothelial dysfunc-
tion.25–27 Due to the extensive overlap in the pathogenetic effects
between TMAO and other established causative factors in PAH, it
is plausible to assume that TMAO may have a contributory role in
the onset and development of PAH and exert an adverse effect on
the prognosis. However, the plasma TMAO levels may be increased
as a consequence of the activation of compensatory mechanism in

A Cleaved  Caspase 3 Caspase 3 PCNA eNOS B

TGF-βC

MCT group

MCT+DMB group

Control group
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Figure 4 Expression of cleaved caspase 3, caspase 3, proliferating cell nuclear antigen, endothelium nitric oxide synthase, and transforming growth
factor-β among the different groups shown by immunohistochemistry and/or serology detection. (A) Representative immunohistochemistry stain-
ing of cleaved caspase 3, caspase 3, proliferating cell nuclear antigen, and endothelium nitric oxide synthase in the pulmonary arterioles. Scale bars,
20 µm. Compared with the monocrotaline group, the expressions of cleaved caspase 3, caspase 3, and proliferating cell nuclear antigen were de-
creased while the endothelium nitric oxide synthase expression was restored after 3,3-dimethyl-1-butanol administration. (B) Quantitative analysis
of protein expression by average optical density values and proportion of positive cells per vessel. The average optical density values, calculated as
integrated option density/area, were used to quantify the integrated density and positive area of each pulmonary arteriole. Quantifying the positive
cell count per vessel was also used to analyse the changes in protein expressions. (C) Changes in transforming growth factor-β level in rats.
Immunohistochemistry showed that the expression of transforming growth factor-β was increased in monocrotaline-induced pulmonary arterial
hypertension rats while it was reduced by 3,3-dimethyl-1-butanol involvement. A similar trend was also discovered in the plasma by ELISA.
Continuous variables were represented as mean+ SEM. Group comparisons were made with one-way analysis of variance. * P, 0.05. PCNA,
proliferating cell nuclear antigen; eNOS, endothelium nitric oxide synthase; TGF-β, transforming growth factor-β; IHC, immunohistochemistry;
MCT, monocrotaline; DMT, 3,3-dimethyl-1-butanol; AOD, average optical density.
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response to the homeostatic disturbances induced by PAH.
Progressive PAH disrupts haemodynamic homeostasis, causing
splanchnic congestion and gut hypoperfusion. The subsequent mi-
crobiome dysbiosis in the gut and increased intestinal permeability
to TMA, the precursor of TMAO, eventually lead to an elevation
of the plasma TMAO level. Given these contradictory effects, further
studies are required to determine the direction of causality of the as-
sociation between TMAO and PAH. In addition, the prognostic value
of TMAO precursors, including choline, betaine, and trimethylly-
sine,28,29 has also gained increasing attention, with its correlations
to cardiovascular disease being elaborated to various extents, whose
role in PAH need further investigation.

Moreover, we conducted animal experiments to further evaluate
the effects of DMB, a TMAO inhibitor, in MCT-induced PAHmodels.
In line with the report by Wang et al.13 that DMB could reduce the
production of TMA and the subsequent TMAO by efficiently inhibit-
ing distinct microbial TMA lyases, our study clearly demonstrated
that application of DMB led to a reduction in the plasma level of
TMAO along with a significant improvement in the PAH condition,

reflected by improved haemodynamic parameters compared with
the MCT group. The inconsistency in the effect of TMAO on
PAH-related parameters between clinical and animal studies may
mainly be due to the difference in the disease course. In contrast
to the long disease duration with complicated situations in PAH pa-
tients, lesions in the pulmonary vasculature in the rodent model
were newly induced by MCT injection and were more susceptible
to interventions. Moreover, a markedly milder degree of cardiac
hypertrophy and pulmonary vascular remodelling were also ob-
served after DMB treatment, indicating an essential mitigation at
the tissue level. It is worth noting that in addition to improved
haemodynamics and reduced right heart preload, a decreased toxic
effect from the lowering of TMAO concentrations may also con-
tribute to the attenuation of cardiac hypertrophy in rats with
DMB treatment.30

Abnormal apoptosis, excessive cell proliferation, and dysfunctional
vasodilation are well-recognized pathogenesis of PAH. DMB might
contribute to the restoration of the above dysfunctions, leading to
the amelioration of PAH. Caspase-3 is an apoptosis-related protease
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Figure 5 The localization of cleaved caspase 3, caspase 3, and proliferating cell nuclear antigen expressions in the pulmonary arterioles by triple
immunofluorescence staining and the quantitative results of the expression of cleaved caspase 3, caspase 3, proliferating cell nuclear antigen, and
endothelium nitric oxide synthase among different groups. (A) Triple immunofluorescence staining with cell and targeted protein-specific markers.
4′,6-Diamidino-2-phenylindole and antibodies including CD31 and alpha-smooth muscle antibody were used for the demonstration of the nucleus,
endothelial cells (pink) and smooth muscle cells (red) in the pulmonary vessels, respectively. The green colour represents targeted proteins such as
cleaved caspase 3, caspase 3, and proliferating cell nuclear antigen. The result showed the proliferation of the smooth muscle cells in the monocrota-
line group while it was reversed by 3,3-dimethyl-1-butanol. Cleaved caspase 3, caspase 3, and proliferating cell nuclear antigen were mainly ex-
pressed in the nucleus, and the dynamic changes were consistent with immunohistochemistry. (B) Western blot analysis of the lung
homogenates showed that the expression of cleaved caspase 3, caspase 3, and proliferating cell nuclear antigen was reduced, and that of endothe-
lium nitric oxide synthase was increased, in the monocrotaline+ 3,3-dimethyl-1-butanol group when compared with that in the monocrotaline
group. The optical density of targeted protein and β-actin were calculated by Image J and the optical density ratios (targeted protein/β-
actin) were represented as mean+ SEM (n= 4 for each group). Group comparisons were made with one-way analysis of variance. *P, 0.05,
**P, 0.001. PCNA, proliferating cell nuclear antigen; eNOS, endothelium nitric oxide synthase; α-SMA, alpha-smooth muscle antibody; MCT,
monocrotaline; DMB, 3,3-dimethyl-1-butanol.
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that is up-regulated and cleaved to generate cleaved caspase-3 during
the onset of PAH.31 The expression of PCNA increases with cell
proliferation, and its overexpression results in extensively active pro-
liferation of the smooth muscle cells in pulmonary arterioles, leading
to the narrowing or occlusion of these arteries. We found arterial
muscularization and media thickening in pulmonary arteries were fol-
lowed by up-regulated caspase 3 and PCNA expression in the nu-
cleus of smooth muscle cells of the PAH rats in the morphological
study. The subsequently reduced expression of caspase 3 and
PCNA after DMB treatment indicated suppressed abnormal cell
apoptosis and proliferation, which was in accordance with the ob-
served reversal of vascular muscularization at the tissue level in the
MCT+DMB group. Abnormal overexpression of the TGF-β path-
way in the lung tissue is a characteristic of MCT-induced PAH in
the rodent model,32 which was reversed following the reduction
of plasma TMAO via DMB treatment. The ensuing decrease in NO
production following downregulated eNOS expression impairs the
functional vascular reactivity and shifts the balance of the vascular
tone towards vasoconstriction, resulting in increased vascular resist-
ance in PAH.33 The restoration of eNOS expression after DMB
treatment suggested the improvement of vasodilation, which might
also contribute to PAH amelioration.

Most recently, Huang et al.34 explored the underlying molecular
mechanisms of TMAO in PAH. After the exogenous addition of
TMAO in drinking water, PAH mice exhibited a higher RVSP and
greater pulmonary vascular remodelling. Further investigation re-
vealed that TMAO increased the expression of pro-inflammatory fac-
tors in rat bone marrow derived macrophage. After adding the
conditioned medium from macrophage treated with TMAO, pul-
monary artery smooth muscle cells presented with both enhanced
proliferation andmigration abilities, characteristic of the pathogenesis
in PAH in vivo. The study demonstrated that gut microbiota metabol-
ite TMAO aggravated PAH probably via activating macrophage/
monocyte to promote the release of chemokines and cytokines.

However, there are still many questions awaiting further investiga-
tions in this field. A major issue requiring clarification is the seemingly
conflicting results regarding the effect of TMAO on cardiovascular
disease. Videja et al.35 studied the role of increased TMAO in
MCT-induced right heart failure in a rodent model, which reached
an opposite conclusion stating the protective effect of elevated
TMAO. Presumably, the discrepancy may arise from several aspects,
such as differences in the concentration of TMAO exogenously
added in the experimental settings. Whether the opponent effects
of TMAO in PAH attributed to the different pathogenesis of disease
remained to be further elucidated in future research. Another ex-
planation may be the heterogeneous response of rats to MCT treat-
ment. Different to the result of Videja et al.,35 the plasma TMAO level
in the MCT group was significantly higher than that of the control 4
weeks after MCT injection in both our and Huang’s study, whereas
no intergroup difference was observed in the former. To date, our
appreciation of the effect that TMAO exerts on PAH has been
only a tip of the iceberg. More collaborative research efforts are re-
quired to fully unmask the whole molecular landscape and address
the conflicting evidence existing on this issue. Further investigations,
including the specificity of DMB’s effect and its efficacy in the pres-
ence of various TMAO levels in MCT-induced PAH rats, are under-
way to further elucidate these issues.

Another limitation includes the single-centre design of the study
that may limit the generalization of our findings. However, internal
validation using the bootstrap method was conducted to test the sta-
bility and reliability of our model, which confirmed its superior per-
formance. Moreover, more patients with PAH are recruited to
validate our findings and to overcome the limitation of the small sam-
ple size. In addition, we failed to obtain the dietary history of the pa-
tients and could not rule out the impact of diet on TMAO levels in
these patients.

Conclusions
Our clinical study demonstrated that a high level of plasma TMAO
was associated with poor disease severity and prognosis in PAH,
which indicated its promising role as a biomarker in this field. The
pre-clinical study revealed that DMB enabled decreasing the
TMAO level and reversing the progression of PAH by normalizing
apoptosis, proliferation, and vasodilation pathways. Our findings indi-
cate that collaborative research efforts are needed to develop in-
novative treatment strategies for PAH over the next decade.
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