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Abstract

Background: To explore why bicuspid aortic stenosis has certain clinical differences from the tricuspid morphology,
we evaluated the metabolomics profile involved in bicuspid aortic valve (BAV) aortic stenosis prior to and after
transcatheter aortic valve replacement (TAVR) in comparison with tricuspid aortic valve (TAV).

Methods: In this TAVR cohort with prospectively collected data, blood samples were obtained before TAVR valve
deployment and at the 7th day after TAVR, which were then sent for liquid and gas chromatography-mass
spectrometry detection. Besides comparisons between BAV and TAV, BAV patients were also divided in subgroups
according to baseline hemodynamics (i.e. maximal transaortic velocity, Vmax) and post-procedural reverse left
ventricular (LV) remodeling (i.e. the change in LV mass index from baseline, ΔLVMI) for further analysis. Metabolic
differences between groups were identified by integrating univariate test, multivariate analysis and weighted
correlation network analysis algorithm.

Results: A total of 57 patients were enrolled including 33 BAV patients. The BAV group showed lower arginine and
proline metabolism both before and post TAVR than TAV represented by decreased expression of L-Glutamine. In
BAV subgroup analysis, patients with baseline Vmax > 5 m/s (n = 11) or the 4th quartile of change in ΔLVMI at one-
year follow-up (i.e. poorly-recovered LV, n = 8) showed elevated arachidonic acid metabolism compared with
Vmax < 4.5 m/s (n = 12) or the 1st quartile of ΔLVMI (i.e. well-recovered LV, n = 8) respectively.

Conclusions: Difference in arginine and proline metabolism was identified between BAV and TAV in TAVR
recipients. Elevated arachidonic acid metabolism may reflect more severe baseline hemodynamics and worse LV
reserve remodeling after TAVR in BAV.
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Background
Bicuspid aortic valve (BAV) is the most common con-
genital defect characterized by two leaflets in the aortic
position, which may have a spectrum of clinical presen-
tations [1, 2]. In terms of aortic stenosis, some interest-
ing distinctions have been observed in BAV patients.
Compared with normally formed tricuspid aortic valve
(TAV), BAV patients often develop more severe stenosis
with heavier calcification and/or fibrosis in aortic leaflets
at a younger age [3]. The difference is not limited to the
valve itself, but also seems to involve the left ventricle
(LV). Patients with BAV were reported to undergo less
pronounced reverse LV remodeling than TAV [4] after
definitive treatment by means of surgical or transcathe-
ter aortic valve replacement (TAVR). Despite these ob-
servations indicating bicuspid aortic stenosis to have its
own characteristics, current follow-up and treatment of
bicuspid aortic stenosis do not differ from TAV patients.
A handful of studies have indeed identified some in-

trinsic genetic bases engaged in the etiology of BAV,
such as the gene of ACTA2 [5] and NOTCH1 [6]. How-
ever, as the final stage in processing genomic informa-
tion, metabolites were considered to significantly
influence cellular activity and directly reflect extracellu-
lar microenvironment [7, 8]. Thus, metabolomics profil-
ing technologies [9] are more likely to determine novel
disease biomarkers and provide insights in biological
mechanisms, which would be essential to improve treat-
ment strategies. To date, few studies have focused on
the specific metabolic mechanisms involved in bicuspid
aortic stenosis, especially after aortic valve replacement.
In this prospective study, we sought to incorporate

metabolomics profiling technologies in the setting of
TAVR, with patients of both bicuspid and tricuspid
morphology. In particular, detailed analyses are planned
for BAV patients to explore potential metabolomic dif-
ferences in subgroups with worse baseline
hemodynamics and poorer LV recovery post-TAVR.

Methods
Study population
From November 2015 to August 2016, patients with se-
vere symptomatic aortic stenosis, who successfully
underwent TAVR in our center with both pre- and post-
procedural blood samples collected, were enrolled in the
study, while patients who received TAVR due to failed
bioprostheses were excluded (N = 57, 32 females). Pa-
tients were divided into BAV and TAV groups according
to their valve morphology confirmed and classified on
multi-slice computed tomography (MSCT). TAVR was
performed by the same heart team from the transfe-
moral access under general anesthesia, as described pre-
viously [10]. All enrolled patients received the same
management process and were treated with the same

intervening protocol. Participants enrolled in this study
signed the informed consent in accordance with the
Declaration of Helsinki. This study was approved by the
Institutional Review Board of West China Hospital, Si-
chuan University.

Echocardiography follow-up
Transthoracic echocardiography (TTE) were arranged
before discharge and at routine follow-ups at the 1st
month, 3rd month, 6thmonth and 1st year after TAVR.
To assess reverse LV remodeling after TAVR, LV mass
(LVM) and LVM index (LVMI) were calculated [11].
The change in LVM and LVMI was calculated as the
value at follow-ups subtracted the value at baseline
(shown as ΔLVM and ΔLVMI) and served as a surrogate
endpoint to LV recovery post-TAVR.

Blood sample collection and processing
Blood sample was obtained from peripheral vein before
valve deployment during the index TAVR procedure
and at the 7th day after TAVR (normally the day of dis-
charge) in K2EDTA-treated tubes (BD). Subsequently,
these blood samples were centrifuged at 2000 g for 10
min to pellet the cellular elements. The supernatant
plasma was stored at − 80 °C until sample preparation
for liquid chromatography-mass spectrometry (LC-MS)
and gas chromatography-mass spectrometry (GC-MS)
analysis.

Metabolomics detection
Metabolomics profiling was detected and processed by
Chinese Academy of Sciences in Dalian based on
methods described in previous studies [12, 13]. Briefly,
metabolomic analysis was conducted on ACQUITY
Ultra Performance Liquid Chromatography (UPLC, Wa-
ters Corporation, Manchester, UK) system with
ACQUITY UPLC BEH C8 1.7 μm (2.1 × 100 mm) col-
umn (Waters, Milford, MA) for positive ion metabolites
separation setting at 50 °C and ACQUITY UPLC HSS
T3 1.8 μm (2.1 × 100 mm) column (Waters, Milford,
MA) for negative ion metabolites separation setting at
50 °C. A QP 2010 Plus GC-MS system (Shimadzu, Japan)
with a DB-5MS (30 m × 250 μm× 0.25 μm, Agilent Tech-
nologies, USA) was used in GC-MS analysis. The proce-
dures were performed in accordance with the
manufacturers’ protocols of all devices. Then, raw data
were converted to mzData formats via Agilent Mas-
sHunter Qualitative software (Agilent, Santa Clara, CA,
USA). The program XCMS (version 1.40.0) (https://
xcmsonline.scripps.edu/) was used to preprocess the raw
data, with the default parameters. In the quality control
(QC) process, nearly 100% features in QC samples had
relative standard deviation (RSD) distribution less than
30%, and were within 3SD, which demonstrated a
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satisfactory data quality. The resulting matrix was con-
structed by retention time, mass-to-charge ratio (m/z),
and normalized ion intensities.

Metabolomics interpretation
The model of partial least squares discriminant analysis
(PLS-DA) was used to classify metabolic characteristics
of bicuspid aortic stenosis from tricuspid aortic stenosis.
The variable importance project (VIP) from PLS-DA
was also calculated. Furthermore, p-value from t-test
analysis and fold-change value (FC) were executed to
discover differentially expressed metabolites, which were
exhibited by the volcano plot. With a pre-specified cutoff
of p-value< 0.05, FC > 1.2 and VIP > 1.2, the dominant
molecules were to be identified. These analyses were
completed with an in-house script by R platform
(https://www.r-project.org).
To futher identify the essential metabolic pathways and

hub metabolites engaged in phenotypic alterations, pathway
enrichment analysis was employed to summarize more in-
terpretable results [14]. However, if the number of metabo-
lites identified above was over 100, weighted gene co-
expression network analysis (WGCNA) algorithm was to be
first utilized to narrow down the number of metabolites sent
to pathway enrichment analysis [15]. This protocol enabled

the detection of hub molecules which were also correlated
with clinical traits. Metabolites to be sent to patheway en-
richment analysis were then selected by Venn diagram of
both hub molecules defined by the WGCNA protocol and
differentially expressed metabolites defined by the volcano
plot. Pathway enrichment analysis was conducted with
MetaboAnalyst platform (http://www.metaboanalyst.ca) [16].

Subgroup analysis
For the subgroup analysis to explore the specific metabo-
lites related to worse hemodynamics in BAV patients be-
fore TAVR, 4m/s <maximal transaortic velocity (Vmax) <
4.5 m/s was defined as the lower Vmax group, whereas
Vmax > 5m/s was defined as the higher Vmax group. Post-
procedurally, the value of ΔLVMI at 1 year was divided
into quartiles. BAV patients in the 4th quartile were
regarded to have the worst LV recovery, while those in the
1st quartile were regarded to have the best LV recovery.

Statistical analysis
Normality was assessed for all clinical datasets by the
Shapiro-Wilk’s test. Continuous results were presented as
the mean ± SD or median (IQR) according to their distribu-
tion. Independent t-test (for variables that were normally
distributed) or Mann-Whitney U-test (for variables that

Table 1 Clinical features of enrolled patients

Bicuspid aortic stenosis (n = 33) Tricuspid aortic stenosis (n = 24) P-value

Female, n (%) 24 (72.73%) 8 (33.33%) 0.006

Age (years) 72.48 ± 5.62 74.38 ± 5.53 0.21

Height (m) 1.57 ± 0.08 1.61 ± 0.09 0.12

Weight (kg) 55.15 ± 9.88 59.69 ± 9.87 0.92

BMI (kg/m2) 22.13 ± 3.45 22.83 ± 3.23 0.44

STS-PROM (%) 6.50 (4.42–8.59) 8.26 (4.93–13.38) 0.09

Comorbidities

Hypertension, n(%) 15 (45.45%) 7 (29.17%) 0.27

Diabetes, n (%) 1 (3.03%) 3 (12.5%) 0.15

Chronic lung disease, n (%) 18 (54.55%) 19 (79.17%) 0.09

Coronary artery disease, n (%) 16 (48.48%) 10 (41.67%) 0.78

Prior myocardial infarction, n (%) 0 0 –

Prior percutaneous coronary intervention, n (%) 2 (6.06%) 3 (12.5%) 0.64

Peripheral vascular disease, n (%) 20 (60.60%) 20 (83.3%) 0.08

Chronic kidney disease, n (%) 6 (18.18%) 5 (20.83%) 0.99

Baseline echocardiography

Left ventricular ejection fraction, % 53.73 ± 15.05 44.67 ± 14.19 0.025

Transaortic Vmax, m/s 5.14 ± 0.78 4.57 ± 0.85 0.011

Transaortic PGmean, mmHg 67.52 ± 21.99 55.79 ± 16.01 0.031

LVM, g 265.35 ± 87.38 338.84 ± 98.46 0.004

LVMI, g/m2 161.66 ± 48.78 197.66 ± 62.32 0.018

Ascending aorta diameter, mm 40.50 ± 5.59 38.75 ± 4.32 0.21
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were not normally distributed) was carried out to assess dif-
ferences in clinical features between individuals in two
groups. A two-tailed p value < 0.05 was considered as
significant.

Results
Clinical features of study cohort
A total of 57 patients were enrolled with blood sample
collected at the two time points. Baseline was

summarized in Table 1. Confirmed with MSCT, there
were 33 patients with BAV in this cohort. The average
age was similar between BAV and TAV groups (72.48 ±
5.62 vs. 74.38 ± 5.53 years, P = 0.21). Two patients were
low-flow, low-gradient aortic stenosis with reduced ejec-
tion fraction, while others were high-gradient aortic
stenosis. BAV patients had higher Vmax (5.14 ± 0.78 vs.
4.57 ± 0.85 m/s, P = 0.01) but lower LVM (265.35 [87.38]
vs. 338.84 [98.46] g, P < 0.01) than TAV patients on pre-

Fig. 1 The specific metabolites differentially expressed between BAV and TAV patients prior to TAVR. a PLS-DA analysis implied the diverse
metabolic patterns between bicuspid aortic stenosis and tricuspid aortic stenosis. b Comparison of all metabolites between BAV and TAV by
volcano plot. c Enrichment analysis for these dominant metabolites which separated BAV stenosis participants from TAV stenosis ones (p-value<
0.05). d The expression of metabolites in arginine and proline metabolism pathway between BAV and TAV patients before TAVR (*
indicated p-value< 0.05)

Fig. 2 The metabolic map of arginine and proline metabolism pathway. Letter T indicated the elevated metabolites in TAV patients before TAVR
compared with BAV; letter P indicated the elevated metabolites in TAV patients post-TAVR compared with BAV
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procedural TTE. Calcium volume of the aortic valve
measured on MSCT was similar between BAV and TAV
patients (705.70 [485.15] vs. 535.25 [598.93] m3, P =
0.27).
Hemodynamics and reverse LV remodeling post-

TAVR were illustrated in Supplementary Figure 1. The
value of post-procedural Vmax, LVM and LVMI were
comparable between the two groups through one-year
follow-up, but BAV patients experienced less pro-
nounced reverse LV remodeling than TAV patients
(ΔLVMI, − 35.35 ± 42.07 vs. -68.4 ± 56.89 g/m2, P = 0.03).

Distinctions of arginine and proline metabolism pathway
between patients with BAV and TAV
Prior to TAVR, a diverse metabolic pattern of BAV from
TAV was observed through the separation on PLS-DA
score plot (Fig. 1a). By global metabolomics profiling,
the differentially expressed metabolites of BAV from

TAV were further identified with the cutoff of P-value <
0.05, FC-value> 1.2 and VIP value> 1.2 (Fig. 1b). Accord-
ing to the enrichment analysis, obviously altered metab-
olites were mapped to the arginine and proline
metabolism pathway (Fig. 1c). In details, the expression
of 6 metabolites in this pathway, namely L-Glutamine,
L-Proline, Hydroxyproline, Pyrrole-2-carboxylic acid,
N2-Succinyl-L-ornithine and spermine, was significantly
lower in BAV than TAV (Fig. 1d). The locations of these
remarkably altered molecules were further elucidated in
the metabolic map of the arginine and proline metabol-
ism pathway and marked with the letter T in Fig. 2.
Seven days post-TAVR, the metabolic pattern still sep-

arated between BAV and TAV groups on PLS-DA
model (Fig. 3a). With the same cutoff of P-value, FC and
VIP, differentially expressed molecules between the two
groups were identified and shown by the volcano plot
(Fig. 3b). On the basis of enrichment analysis, these

Fig. 3 The specific metabolites differentially expressed between BAV and TAV patients 7 days after TAVR. a Metabolic profiling distinguished
patients with bicuspid and tricuspid aortic stenosis after TAVR by PLS-DA. b Comparison of all metabolites between BAV and TAV by volcano plot.
c The pathway enrichment analysis demonstrated obviously altered arginine and proline metabolism pathway for BAV patients after TAVR,
comparing with TAV patients (P-value< 0.05). d The reduced metabolites of L-Glutamine, L-Arginine, Pyruvic acid, Homocarnosine and Ornithine
in arginine and proline metabolism pathway in BAV patients (* indicated P-value< 0.05)
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Fig. 4 Baseline subgroup analysis for BAV patients. a Baseline hemodynamics in lower and higher baseline Vmax groups. (* indicated p-value< 0.05). b
Comparison of all metabolites between the lower and higher Vmax groups by volcano plot. cWGCNA algorithm identified the metabolic module closely
related to baseline Vmax. d Venn plot indicated the impact metabolites which both were positively related to baseline Vmax and differentially expressed
between BAV and TAV. e Pathway enrichment analysis detected the significantly altered arachidonic acid metabolism pathway (p-value< 0.05). f The different
expression of metabolites in arachidonic acid metabolism pathway between patients with lower and higher baseline Vmax (* indicated p-value< 0.05)
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identified metabolites were mapped, again, to the argin-
ine and proline metabolism pathway (Fig. 3c). The
expression of 5 metabolites in this pathway, namely L-
Glutamine, L-Arginine, Pyruvic acid, Homocarnosine
and Ornithine, was significantly lower in BAV than TAV
(Fig. 3d). In the metabolic map of the arginine and pro-
line metabolism pathway, they were marked with the let-
ter P in Fig. 2.

Subgroup analysis of BAV
At baseline, 12 BAV patients were identified as the lower
(4 m/s < Vmax < 4.5 m/s) and 11 as the higher (Vmax > 5
m/s) Vmax group respectively. Details were shown in
Fig. 4a. By univariate and multivariate analysis, we iden-
tified 258 differentially expressed metabolites between
these two groups (Fig. 4b). WGCNA algorithm revealed
hub molecules correlated with pre-procedural Vmax and
PGmean, i.e. the MElightyellow module (labeled in blue
frame) (Fig. 4c). A total of 24 hub metabolites were de-
termined (Fig. 4d) and then mapped to the arachidonic
acid metabolism pathway by enrichment analysis (Fig.
4e). In details, 8 metabolites including 6-Keto-
prostaglandin F1a, Leukotriene B4, Arachidonic acid,
Leukotriene E4, and etc., expressed significantly less in
the lower than higher Vmax group (Fig. 4f). The location
of these molecules was listed in the metabolic map of
the arachidonic acid metabolism pathway, which were
labeled by letter V in Fig. 5.
At one-year follow-up, 8 patients within the 4th quar-

tile of ΔLVMI value were identified as the poorly-
recovered group and 8 patients within the 1st quartile of
ΔLVMI value as the well-recovered group (Fig. 6a and
b). By vocalno plot, 37 differentially expressed metabo-
lites in these two groups negatively related to ΔLVMI
were detected (Fig. 6c) and mapped, again, to the arachi-
donic acid metabolism pathway (Fig. 6d). The metabo-
lites of 15-KETE, 15(S)-HETE, arachidonic acid,
prostaglandin G2, Thromboxane B2, Leukotriene A4
and Leukotriene B4 were significantly increased in

patients in the poorly-recovered group (Fig. 6e). Their
locations were listed in in Fig. 5.

Discussion
The incorporation of metabolomics profiling technolo-
gies to TAVR patients offered us a unique way to ex-
plore bicuspid aortic stenosis in comparison with the
normal tricuspid morphology, both before and after the
stenotic status been corrected. The two major findings
of this study are (1) BAV patients had an altered argin-
ine and proline metabolism pathway compared with
TAV, which sustained post-TAVR; (2) the arachidonic
acid metabolism pathway seems to be associated with
more severely affected hemodynamics, as well as poorly-
recovered LV post-TAVR in BAV. These preliminary re-
sults provide novel insights to further elucidate the dif-
ferent disease spectrum of bicuspid aortic stenosis and
determine possible biomarkers for monitoring progres-
sion and prognosis of bicuspid aortic stenosis.
Patients with bicuspid aortic stenosis are known to re-

quire aortic valve replacement at a much younger age
than their tricuspid counterparts, usually within pro-
ductive years of life [17]. As we currently do not have
means to effectively postpone the disease progress of
aortic stenosis, determining the difference between bi-
cuspid and tricuspid aortic stenosis may be an alterna-
tive way for BAV patients to at least face this inevitable
intervention later in their life. Elevated arginine and pro-
line metabolism pathway was found in TAV compared
with BAV, regardless whether severe aortic stenosis was
corrected or not. This finding suggested that metabolites
in the arginine and proline pathway may be potential
targets to delay the progression of bicuspid aortic sten-
osis. The arginine and proline metabolism pathway gen-
erates nitric oxide with Nitric Oxide Synthase (NOS)
[18, 19]. Elevated endothelial nitric oxide synthase
(eNOS) has been found in TAV [20], but eNOS was low
expressed and irregularly distributed in BAV [21]. ENOS
is essential in regulating biological homeostasis. Limited
eNOS reduces cellular NO level which could lead to

Fig. 5 The metabolic map of arachidonic acid metabolism pathway. The metabolites elevated in BAV patients with higher baseline Vmax were
labeled by letter V. Those elevated in BAV patients with ΔLVMI value within the 1st quartile were labeled by letter P
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Fig. 6 Post-procedural subgroup analysis for BAV patients. a One-year ΔLVMI and (b) ΔLVM in the 1st and 4th quartile groups (all P-value< 0.05). c
Volcano plot showed the differentially expressed metabolites in the two groups. d The pathway enrichment analysis demonstrated elevated
arachidonic acid metabolism pathway in patients within the 1st quartile of ΔLVMI (P-value< 0.05). e The different expression of metabolites in
arachidonic acid metabolism pathway between patients within the 1st and 4th quartile of one-year ΔLVMI (* indicated P-value< 0.05)
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oxidative stress, and promote oxidative damage [22, 23].
Besides key enzymes in arginine and proline metabolism
pathway, the detected crucial amino acids such as glu-
tamine and proline, likewise, have biological significance
for bicuspid aortic stenosis. Proline was previously re-
ported to be the balancer of over oxidation, which was
engaged in stabilizing proteins and antioxidant enzymes,
and directly scavenging ROS [24]. A study has also dem-
onstrated that glutamine effectively controlled systemical
inflammatory reactions, especially the molecules of IL-1,
IL-6, IL-8, and IL-10 [25], which might be the proposed
factors for accelerating valve stenosis [26]. Thus, target-
ing eNOS or the key amino acids in arginine and
proline metabolism pathway might be potential tar-
gets to delay the progression of bicuspid aortic sten-
osis. Previously, perturbations in fatty acid
metabolism has been identified in calcific coronary ar-
tery disease stratified by the severity of calcification
[27, 28]. As a pathology with some similar character-
istics, calcific aortic valve disease might share these
alterations. However, in this analysis, BAV patients
did not achieve a statistically higher calcium burden
on the leaflets than TAV patients and the coronary
calcium score was not assessed, making it difficult to
evaluate the impact of total calcium burden on meta-
bolomic profiling.
In the BAV subgroup analysis, both more severely affected

baseline hemodynamics and poorly recovered LV post-
TAVR were linked to elevated arachidonic acid metabolism
pathway. As an important pathway for inflammation, the al-
leviative arachidonic acid metabolism might be crucial to
halt the pathologic progression of aortic stenosis, especially
for BAV patients [29, 30]. Within this pathway, the key en-
zyme of COX-2 was considered as an important drive for
aortic stenosis by increasing valvular calcification and en-
hancing osteogenic genes including OPN and Runx2 [29].
In addition, COX-2 was reported to be central in the AngII-
induced macrophage recruitment and the expression of
TNF-α of endothelial cells, which blockades macrophage in-
filtration and exaggerates expression of pro-inflammatory
cytokines [30]. Although there was no research reporting
the role of arachidonic acid metabolism pathway in the re-
covery phase after aortic valve replacement, it was otherwise
demonstrated to influence myocardial functions. Targeting
metabolites such as cyclooxygenases and leukotrienes B4 in
the arachidonic acid metabolism pathway protected against
heart failure, decreased myocardial fibrosis and rescued
myocardial function [31, 32]. The involved mechanisms
might lie in preserving microcirculation and limiting inflam-
mation, such as inhibiting TNF-α-mediated pathway and in-
flammatory mediators [33, 34]. Thus, targeting arachidonic
acid metabolism pathway might be of tremendous thera-
peutic value in clinical practice and merits further detailed
researches.

There were several limitations in this study. Firstly,
blood samples were sent for metabolomics detection
without particular filtering. Secondly, there was gender
imbalance possibly by coincidence at the time of this
study, but cautions should be taken when interpreting
the difference of metabolomic profiling between the two
valve morphologies due to this selection bias. Thirdly, it
was difficult to draw definitive conclusions due to rela-
tively small sample size without a validation cohort and
limited related researches in this area. A larger metabo-
lomics study combining validation experiments should
be arranged to verify our findings and explore the de-
tailed mechanisms of molecules involved in bicuspid
aortic stenosis.

Conclusions
This study comprehensively conducted metabolomics
profiling for bicuspid aortic stenosis in the setting of
TAVR, in comparison with TAV. Essential molecules in
the arginine and proline metabolism pathway might
delay the fast progression of bicuspid aortic stenosis.
Metabolites in the arachidonic acid metabolism pathway
might be potential biomarkers to dertermine BAV pa-
tients who would suffer from worse baseline
hemodynamic stress or compromised LV recovery post-
TAVR. Further investigations are needed to validate
these findings and explore underlying biological func-
tions for these influential metabolic pathways.
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