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Abstract

Backgrounds Mounting evidences have highlighted the association between metabolites and cardiovascular
diseases. Our previous works have demonstrated that circulating metabolite, trimethylamine oxide, was associated
with prognosis of patients with pulmonary hypertension (PH). Choline is a precursor of trimethylamine oxide and its
role in PH remains unknown. Here, we aimed to validate the hypothesis that circulating choline levels were associated
with prognoses in patients with PH.

Methods Inpatients diagnosed with PH—defined as mean pulmonary arterial pressure > 25 mmHg by right heart
catheterisation—from Fuwai Hospital were enrolled after excluding relative comorbidities. Fasting blood samples
were obtained to assess choline levels and other clinical variables. The primary endpoints were defined as death,
escalation of targeted medication, rehospitalization due to heart failure, PH deterioration. The follow-up duration
was defined as the time from the choline examination to the occurrence of outcomes or the end of the study. The
associations between circulating choline levels and disease severity and prognoses were explored.

Results Totally, 272 inpatients with PH were enrolled in this study. Patients were divided into high and low choline
groups according to the 50" quartile of circulating choline levels, defined as 12.6 uM. After confounders adjustment,
the high circulating choline levels were still associated with poor World Health Organization functional class,
elevated N-terminal pro-B-type natriuretic peptide, and decreased cardiac output index indicating the severe disease
condition. Moreover, elevated choline levels were associated with poor prognoses in PH patients even after adjusting
for confounders (hazard ratio=1.934; 95% Cl, 1.034-3.619; P=0.039). Subgroup analyses showed that choline

levels predicted the prognosis of patients with pulmonary arterial hypertension but not chronic thromboembolic
pulmonary hypertension.

Conclusions Choline levels were associated with disease severity and poor prognoses of patients with PH, especially
in pulmonary arterial hypertension suggesting its potential biomarker role.
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Background

Pulmonary hypertension (PH) is an abnormal hemody-
namic status characterised by increased vascular tone,
progressive vascular remodelling, and elevated pulmo-
nary vascular resistance. Although many advances have
been made in the management of this disease, such as
vasodilator drugs, PH remains an uncurable and fatal
condition with an estimated 1-year mortality rate of
>10% among high-risk patients [1]. The grave progno-
ses and its intrinsic multi-aetiological nature indicate the
multifactorial pathological mechanisms of PH, under-
scoring the need for a more comprehensive understand-
ing of this devastating disease.

Mounting evidence has highlighted the association
between metabolites and cardiovascular diseases [2,
3]. Trimethylamine oxide (TMAQ), a gut microbiota-
derived metabolite, promotes endothelial cell senescence
and vascular aging by oxidative stress [4, 5]. There is
increasing interest in the potential role of metabolism in
the initiation and progression of PH as studies have sug-
gested the presence of metabolic disturbances in patients
with PH [6]. Our previous work also revealed that aber-
rant metabolism, characterised by elevated plasma
TMAO and betaine levels, is associated with greater
disease severity and worse prognoses in patients with
PH and may serve as potential surrogate biomarkers for
PH [7-9]. Choline—a precursor of TMAQO—is a critical
micronutrient that participates in various physiologi-
cal processes, and it serves as an independent predictor
of various cardiovascular disorders, such as hyperten-
sion [10], atherosclerosis [11], and myocardial infarction
[12]. However, the relationship between choline and PH,
a severe haemodynamic abnormality, remains largely
unexplored.

Therefore, in the present study, we investigated the
effect of baseline plasma choline levels on PH to evaluate
its potential as a surrogate biomarker of PH.

Methods

Study design and patients

Clinical research was carried out according to The Code
of Ethics of the World Medical Association (Declaration
of Helsinki). Written informed consent was obtained,
and the ethics committee of Fuwai Hospital approved the
study.

This study included inpatients diagnosed with PH—
defined as mean pulmonary arterial pressure>25 mmHg
by right heart catheterisation—from April 2019 to March
2020 in the Pulmonary Vascular Diseases Centre of
Fuwai Hospital. Patients with a history of gastrointesti-
nal surgery, mental illness, acute heart failure, and liver

diseases, including hepatitis, cirrhosis, and alcoholic and
non-alcoholic fatty liver disease, were excluded.

Demographic characteristics, World Health Organiza-
tion functional class (WHO-FEC), fasting choline and bio-
chemical indicators, 6-minute walk distance (6 MWD),
and echocardiographic parameters were collected. Addi-
tionally, cardiopulmonary exercise tests and haemody-
namic examinations were performed to further evaluate
the disease condition.

Study endpoint and follow-up

The primary endpoints were defined as death, escalation
of targeted medication, rehospitalisation due to heart
failure, PH deterioration including worsening symptoms,
higher WHO-FC compared with baseline, or at least a
15% decrease in the 6 MWD [13]. The follow-up duration
was defined as the time between the choline examination
and occurrence of outcomes or study end. The median
follow-up duration in this study was 1.1 (interquartile
range: 0.6, 1.7) years.

Quantification of choline

Fasting blood samples were obtained from all PH
patients. After centrifugation for 10 min at 3,000 r/min,
the supernatants were collected and stored at -80°C. The
samples were ordered randomly and shipped on dry ice
to the Institute of Cardiovascular Sciences and Insti-
tute of Systems Biomedicine (Peking University, Beijing,
China) for metabolomics analyses. The detailed detection
procedures were the same as those used in the quanti-
fication of metabolites shown in our previous study [5].
Three quality-control samples with different choline con-
centrations were measured every 20 samples.

Statistical analysis

The linearity between choline and the primary endpoint
was analysed using a restricted cubic spline. The patients
with PH were divided into two cohorts according to the
50™ quartile of circulating choline levels. Student’s t-test
or Wilcoxon rank-sum test for continuous data and Chi-
square test for categorical variables were used to evalu-
ate discrepancies among groups. Correlations between
choline levels and clinical variables were explored using
Spearman’s correlation (two-tailed) and generalised lin-
ear models. Kaplan—Meier (KM) analysis and Cox pro-
portional hazards regression were used to further explore
hazard ratios (HRs) and 95% confidence intervals (CIs)
in the high-choline group. Statistical significance was
defined as a two-sided P<0.05. Analyses were performed
using R 2.8.0 (Vienna, Austria) and SPSS (version 23;
IBM Corp, 2015).
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Results

Study population and baseline demonstration

A total of 272 inpatients with PH, including 56 with idio-
pathic/heritable pulmonary arterial hypertension (IPAH/
HPAH), 101 with PAH-associated with congenital heart
disease (CHD-PAH), 78 with chronic thromboembolic
pulmonary hypertension (CTEPH), and 37 with other
PH types, were included in this cohort study. The lin-
ear correlation between choline levels and clinical out-
comes assessed using a restricted cubic spline is shown in
Fig. 1 (nonlinear, P=0.434). The 50th quartile of circulat-
ing choline level was detected as 12.6 uM, and patients
were divided into high and low choline groups according
to the cut-off value. Table 1 shows the baseline charac-
teristics of the two cohorts, indicating that patients with
high choline levels exhibited a worse WHO-FC, greater
decrease in exercise tolerance, and more severe haemo-
dynamic status than those with low metabolite levels.

The association between choline levels and disease
severity after confounder adjustment in the total cohort
The correlations between choline levels and clinical vari-
ables in all patients with PH are shown in Table S1. After
adjusting for confounding clinical factors, a high circulat-
ing choline level remained associated with poor WHO-
FC (odds ratio [OR]=3.967; 95% CI, 1.444-10.901;
P=0.008), elevated N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels (OR=3.275; 95% CI, 1.322—
8.110; P=0.010), and decreased cardiac output index
(p=-0.187; 95% CI, -0.706 to 0.027; P=0.035). Moreover,
this conclusion remained robust even after adjusting for
comorbidities, including hypertension, coronary heart
disease, and diabetes (Table S2).

High choline levels predicted poor prognoses in patients
with PH

Patients with PH and high circulating choline lev-
els had poorer prognoses than did those with low lev-
els (P<0.001; Fig. 2). In accordance with the univariate
Cox regression analysis (Table S3), confounding factors,
including age, NT-proBNP, Creatinine, peak VO,, and 6
MWD, were adjusted, and the results demonstrated that
a high choline level was still associated with poor prog-
noses in the total PH cohort (HR=1.934; 95% CI, 1.034—
3.619; P=0.039; Table 2).

Subgroup analysis of choline and PH with different
aetiologies

This section classifies patients with PH into IPAH/HPAH,
CHD-PAH, and CTEPH for subgroup analysis. The base-
line characteristics of different subgroups stratified by
circulating choline levels are shown in Table S4, and simi-
lar trends between high choline levels and worse disease
severity were elucidated. Survival analysis revealed that
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high choline levels predicted a poor prognosis among
patients with PAH (including IPAH/HPAH and CHD-
PAH, P=0.011; Fig. 3A). Results of univariate Cox anal-
ysis between choline and clinical indicators in the PAH
subgroup is shown in Table S5. Moreover, the propor-
tional hazards assumption was examined using Schoen-
feld residuals, and a violation of the model assumption
was detected. Therefore, a time-dependent covariate was
introduced. The results suggested that a high choline
level still correlated with adverse outcomes in patients
with PAH 8 months after adjusting for confounding fac-
tors (HR=2.395; 95% CI, 1.072-5.352; P=0.033; Table 3).
However, no significant correlation was observed in the
CTEPH subgroup (KM analysis, P=0.280; Fig. 3B).

Discussion

The present study revealed that plasma choline levels
were significantly correlated with several canonical risk
indicators of PH. Patients with high circulating choline
levels (above the 50th percentile of the study partici-
pants) had poorer prognoses. Patients with high choline
levels were distinguished by older age, decreased cardiac
output index, worsened WHO-FC and exercise capac-
ity, and elevated NT-proBNP levels, right ventricular
diastolic pressure, and creatinine levels. After adjusting
for confounders, the associations between choline lev-
els and disease severity remained robust [14]. Moreover,
we found that high plasma choline levels were associated
with poor prognoses. Patients with PH in the upper half
of choline levels had an approximately 1.9-fold greater
risk of adverse outcomes than those with lower choline
levels.

In our study, choline levels were positively correlated
with age and negatively correlated with female sex, con-
sistent with the findings of a large population-based
study in Norway [15]. This might be attributed to the dis-
tinct dietary patterns among patients of different ages,
and oestrogen might result in a discrepancy in the cho-
line levels between men and women [16]. According to
previous studies, both the liver and kidney are involved
in choline metabolism [17, 18], whereas in our study, no
liver and kidney dysfunctions were observed in the high
and low choline groups. Notably, although the creatinine
levels in patients with elevated choline levels were higher
than those in patients with low choline levels, the lev-
els were still within the normal range, suggesting unim-
paired kidney function. These results suggest that the
discrepancy in choline levels among the patients cannot
be simply attributed to the differences in liver and kidney
function. Various tissues may be involved in the modu-
lation of plasma choline levels, except for the organs
mentioned above [17]. The WHO-FC, NT-proBNP, and
cardiac output index are commonly used to evaluate PH
severity and play essential roles in disease management
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Fig. 1 Restricted cubic spline result of choline levels in relation to hazard ratio for the risk of clinical outcomes (n=272). Red line with 95% confidence
interval shaded in light purple. HR: hazard ratio; Cl: confidence interval
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Table 1 Characteristics of total PH patients stratified by 50th percentile of plasma choline levels
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Variables Total PH patients High Choline group Low Choline group P value
N=272 N=136 N=136
Age, years 430+16.5 463+17.0 3974153 0.001
Female sex, n (%) 176 (64.7) 70(51.5) 106 (77.9) <0.001
BMI, kg/m? 222+46 225+4.7 220+45 0414
WHO-FC, n (%)
-l 168 (61.8) 71(52.2) 97 (71.3) 0.001
-1V 104 (38.2) 65 (47.8) 39(28.7) 0.001
Laboratories
Choline, uM 126 (10.1,16.7) 16.6 (14.5,19.3) 10.1(84,11.3) <0.001
NT-proBNP, pg/ml 4994 (150.1,1565.3) 977.9(232.9,2402.8) 2983(137.6,716.8) <0.001
ALT, IU/L 18.0(11.3,26.0) 19.0(12.0,30.0) 17.0(11.0,24.8) 0.122
AST, IU/L 27.0(22.0,34.0) 28.0(23.0,34.0) 26.0(21.3,34.0) 0.135
Creatinine, uM 77.0 (66.6,91.0) 85.5(72.0,97.9) 71.0(63.0,80.7) <0.001
Total cholesterol, mM 41+1.1 40+1.1 42412 0.176
Triglycerides, mM 1.3£09 1.3£05 13£12 0.657
Serum iron, uM 16.1+£79 159+80 149+7.5 0.271
Exercise capacity
PeakVO,, mL/min/kg 14.1+£39 13.1+£38 151+£38 <0.001
VO,% 15+03 14+03 16+03 <0.001
VCO,% 14403 13403 15403 <0.001
6MWD, m 414.1+£994 400.1£104.1 429.2+915 0.033
Hemodynamics
mRAP, mmHg 6.5+4.1 6.6+44 6.3+3.7 0.580
RVDP, mmHg -1.0 (-5.5,3.0) -0.5 (-5.0,4.0) -2.0(-6.0,2.0) 0.020
mPAP, mmHg 574+174 581177 56.8+17.2 0.588
Cardiac output index, L/min*m? 3.1+£10 29+09 34+10 0.001
Targeted treatment
ERA 142 (52.2) 63 (46.3) 79 (58.1) 0.068
NO pathway 214 (78.7) 103 (75.7) 111 (81.6) 0.159
Prostacyclin analogues 43 (15.8) 25(184) 18(13.2) 0.150

PH patients were stratified into low and high choline groups by 50th percentile of plasma choline levels (12.6 uM). PH: pulmonary hypertension; BMI: body mass
index; WHO FC: world health organization function class; NT-proBNP: N-terminal pro-brain natriuretic peptide; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; 6MWD: 6-minute walk distance; mRAP: mean right atrial pressure; RVDP: right ventricular diastolic pressure; mPAP: mean pulmonary atrial

pressure; ERA: endothelium-Receptor Antagonist; NO: nitric oxide

[19]. After adjustment for confounders, high plasma cho-
line levels were associated with severe disease condition
as assessed by elevated NT-proBNP, worsened WHO-
FC, and decreased cardiac output index in the two PH
cohorts who received similar targeted medication. In
line with those in all PH patients, the subgroup analysis
results for different aetiologies also indicated significantly
greater disease severity among patients with elevated
baseline choline levels. Similarly, no interference from
medical treatments was observed.

Additionally, we observed a strong inverse correla-
tion between high choline levels and decreased exercise
capacity. Taking up approximately 40% of the body mass,
the skeletal muscle is one of the main reservoirs of cho-
line in mammals [20], and it absorbs choline from the
blood during exercise and releases it in the resting state
[21]. Many diseases are complicated by muscular atro-
phy and hypofunction, including PH [22], heart failure
[23], and chronic obstructive pulmonary disease [24].

Considering the debilitating aspects of PH, it is reason-
able to presume that plasma choline levels in patients
with PH might increase due to physical inactivity and
muscle atrophy, especially in patients with advanced PH,
resulting in disturbed plasma choline modulation.
Furthermore, we showed that patients with PH and
high choline levels have a poor prognosis. Survival analy-
sis in the subgroup revealed an independent association
between baseline choline levels and the prognosis of
patients with PAH 8 months later. In contrast, no differ-
ences were found in the survival outcomes of CTEPH
patients with different choline levels according to the KM
analysis. This result may be explained by the widely per-
formed balloon pulmonary angioplasty during follow-up
to treat CTEPH that drastically improves overall patient
condition, leading to a diminished difference in the out-
comes of patients with different baseline choline levels.
Whether elevated choline levels are a cause or effect in
patients with PH with poor prognosis remains a question



Yang et al. BMC Pulmonary Medicine (2023) 23:313

Choline == Low Choline

Page 6 of 9

== High Choline

1.00 -
*
>
= 0.75 -
Q
S
o
o
g
2
3 0.50 -
) 1
9 1
:l_. 1
5] i
> 1
(0] 1
© 1
g 0.25- i
E P <0.001 ! [
8 : i
1 1
1 1
1 1
0.00 - { !
0 200 400 600 800
Time
Number at risk
Low Choline | 136 102 71 46 4
High Choline | 136 106 65 26 2

Number of censoring

L L II‘ JI.IIIIII‘II LA ||IIlI|IIIII|| II)III“ I‘I.II [ ||||“|||h|| I

Fig. 2 Kaplan—Meier analysis for the incidence of composite outcome events in all PH patients with high and low choline levels. Two hundred and seven-
ty-two patients were analysed (n=136 both in the high and low choline group). P-value calculated using the log-rank test. PH: pulmonary hypertension

that needs to be discussed. On one hand, choline elevat-
ing passively in patients with worse conditions may serve
as a compensatory response to counter the abnormal
pathophysiological alterations in PH in a manner similar
to that of NT-proBNP in heart failure. However, unlike
endogenously secreted NT-proBNP, choline accumula-
tion in the plasma may be derived from the unaffected
or even enhanced hydrolysis of choline-containing esters
and additive effect of reduced choline metabolism by cho-
linesterase. The uptake and transformation of choline in

tissues depends on energy consumption. Under hypoxic
or ischemic conditions, choline metabolism is reduced,
resulting in increased choline levels [25, 26]. Additionally,
the energy-independent hydrolysis of choline-containing
esters enables persistently stable choline production, fur-
ther accelerating choline accumulation [27]. Based on
this knowledge, disturbances in choline production and
metabolism might be attributed to the increase in plasma
choline among patients with severe PH and right-heart
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Table 2 Multivariate Cox analysis of choline and clinical
outcomes in total PH patients
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Table 3 Multivariate Cox analysis of choline and clinical
outcomes in PAH subgroup

Variable HR 95% ClI P Variable HR 95% CI P

Choline 1.934 1.034-3.619 0.039 Choline * (time < 240 days) 0894 0.194-4.114 0.886
Age, years 1.003  0.984-1.021 0.781 Choline * (time>240 days) 2395 1.072-5.352 0.033
NT-proBNP, pg/mL (categorical variable) 0.755  0421-1.353  0.345 Age, years 0985 0.959-1.012 0.262
Creatinine, UM 1.002 1.000-1.005 0.035 BMI, I<g/m2 0969 0.891-1.055 0468
PeakVO,, mL/min/kg 0.880  0.805-0.962 0.008 WHO-FC 1516 0.717-3.207  0.277
6MWD, m 1.001 0421-1353 0.724 Total cholesterol, mM 1113 0.768-1613 0573
Plasma choline levels were putinto the model as a categorical variable bounded Triglycerides, mM 1.056 0649-1.717 0.828
by 50th percentile (12.6 puM). PH: pulmonary hypertension; NT-proBNP: 6MWD, m 0998  0994-1002 0286

N-terminal pro-brain natriuretic peptide; 6MWD: 6-minute walk distance

failure who experienced systemic circulation congestion
and hypoxia.

Conversely, circulating choline might contribute to PH
development. TMAOQ, a gut microbiota-related metabo-
lite of choline, is arguably deleterious [28]. The increase
in TMAO levels may be responsible for the detrimental
effects thought to originate directly from choline [29,
30]. We have demonstrated that TMAO levels are asso-
ciated with poor prognoses in patients with PH [9] and
that pulmonary vascular remodelling in monocrotaline-
induced PH rats was ameliorated after TMAO decreased,
followed by the regulation of proliferation, apoptosis,
and vasodilator pathways [8]. Additionally, TMAO has
been reported to aggregate PH by inducing macro-
phage/monocyte chemokines and cytokine produc-
tion [31]. Whether choline promotes the progression of
PH through the dysfunction of the above pathogeneses
induced by TMAO elevation is worth exploring in future
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Plasma choline levels were put into the model as a categorical variable bounded
by 50th percentile (12.6 pM). PAH: pulmonary arterial hypertension; BMI: body
mass index; WHO FC: world health organization function class; 6MWT: 6-minute
walk distance

studies. Furthermore, the adverse effects of choline in
cardiovascular disease have been elucidated. It has been
reported dietary supplementation of choline in mice
upregulated macrophage scavenger receptors, resulting
in the promotion of atherosclerosis [32]. Specific choline
pathogenesis independent of the TMAO pathway in PH
and other cardiovascular diseases requires further explo-
ration. Moreover, choline is a methyl donor involved in
transmethylation pathways, including the synthesis of
homocysteine, which is a cardiovascular disease risk fac-
tor. Homocysteine has also been recognized as a poten-
tial biomarker in PH [33, 34]. Choline may increase the
homocysteine levels to promote PH development. Over-
all, the role of metabolites in the occurrence and devel-
opment of diseases is complex, and multifunctional
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Fig. 3 Kaplan-Meier analysis for the incidence of composite outcome events in PAH (A) and CTEPH subgroups (B). One hundred and seventy-one pa-
tients with PAH and seventy-eight with CTEPH were enrolled for analysis. P-value calculated using the log-rank test. PAH: pulmonary arterial hypertension;

CTEPH: chronic thromboembolic pulmonary hypertension
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pathways are involved in this process. Further research is
required to elucidate the underlying links and molecular
mechanisms of choline in PH.

The single-centre design was the main limitation of
this study. However, to the best of our knowledge, this is
the first and largest study exploring the effect of baseline
plasma choline levels on the severity and outcomes of
patients with PH. Cholinesterase activity may influence
choline plasma levels, and it is an interesting research
direction to explore the association between cholinester-
ase and PH. Furthermore, patient dietary history was not
obtained, and we could not rule out the impact of diet on
choline levels among these patients. Measuring the cho-
line levels several times during a certain period before
grouping is recommended for future studies.

Conclusions

Choline is associated with worsened severity and poor
prognoses in patients with PH, particularly those with
PAH indicating its potential biomarker role in PH.
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