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Abstract: Background: Calcific aortic valve disease (CAVD) is a rapidly growing global health prob-
lem with an estimated 12.6 million cases globally in 2017 and a 112% increase of deaths since 1990
due to aging and population growth. CAVD may develop into aortic stenosis (AS) by progressive nar-
rowing of the aortic valve. AS is underdiagnosed, and if treatment by aortic valve replacement (AVR)
is delayed, this leads to poor recovery of cardiac function, absence of symptomatic improvement and
marked increase of mortality. Considering the current limitations to define the stage of AS-induced
cardiac remodeling, there is need for a novel method to aid in the diagnosis of AS and timing of
intervention, which may be found in metabolomics profiling of patients. Methods: Serum samples
of nine healthy controls and 10 AS patients before and after AVR were analyzed by untargeted
mass spectrometry. Multivariate modeling was performed to determine a metabolic profile of 30
serum metabolites which distinguishes AS patients from controls. Human cardiac microvascular
endothelial cells (CMECs) were incubated with serum of the AS patients and then stained for ICAM-1
with Western Blot to analyze the effect of AS patient serum on endothelial cell activation. Results:
The top 30 metabolic profile strongly distinguishes AS patients from healthy controls and includes
17 metabolites related to nitric oxide metabolism and 12 metabolites related to inflammation, in
line with the known pathomechanism for calcific aortic valve disease. Nine metabolites correlate
strongly with left ventricular mass, of which three show reversal back to control values after AVR.
Western blot analysis of CMECs incubated with AS patient sera shows a significant reduction (14%)
in ICAM-1 in AS samples taken after AVR compared to AS patient sera before AVR. Conclusion: Our
study defined a top 30 metabolic profile with biological and clinical relevance, which may be used as
blood biomarker to identify AS patients in need of cardiac surgery. Future studies are warranted in
patients with mild-to-moderate AS to determine if these metabolites reflect disease severity and can
be used to identify AS patients in need of cardiac surgery.

Keywords: aortic stenosis; metabolomics; biomarker; metabolic profile

1. Introduction

Calcific aortic valve disease (CAVD) is a rapidly growing global health problem with
an estimated 12.6 million cases globally in 2017 and a 112% increase of deaths since 1990
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due to aging and population growth [1]. CAVD may develop into aortic stenosis (AS)
by progressive narrowing of the aortic valve. Calcification of the aortic valve develops
through a process similar to atherosclerosis, which starts with endothelial damage followed
by inflammation, fibrosis and calcification of the valve [2]. The subsequent narrowing
of the aortic valve results in a gradual obstruction of the left ventricular (LV) outflow
tract and increased afterload, leading to compensatory remodeling characterized by LV
hypertrophy (LVH) to preserve cardiac output. During this compensatory phase AS can
be asymptomatic for multiple years, hiding a pathological process which, once symp-
tomatic, has a poor prognosis if left untreated [3]. Once AS becomes symptomatic, the
LV is no longer able to generate the force needed to maintain flow through the narrowed
aortic valve and produce sufficient cardiac output. In this advanced disease stage reverse
remodeling starts, characterized by irreversible myocardial fibrosis and myocyte death
due to myocardial ischemia, ultimately leading to heart failure [4]. The transition from
compensatory to adverse LV remodeling and heart failure can be prevented by timely aortic
valve surgery to correct AS-induced pressure overload. Blood biomarkers, in combination
with imaging-based cardiac characterization, may aid in defining the optimal timing of
aortic valve surgery.

Heart failure is accompanied by significant changes in myocardial energetics and
metabolic homeostasis. The failing myocardium is energy deficient, characterized by a
reduction of myocardial high-energy phosphate stores as shown in multiple preclinical and
clinical studies [5–8]. Myocardial energy efficiency, measured as the ratio between cardiac
external work and oxygen consumption, is reduced in AS and is an important determinant
for functional outcome of aortic valve replacement [9,10]. Metabolic changes in heart failure
include a shift of substrate metabolism from preferred free fatty acids (FFA) to glucose
to generate ATP in a more oxygen-efficient manner [11]. The shift from FFA to glucose
has been observed even before the onset of heart failure in mice with pressure-overloaded
cardiac hypertrophy as a result of abdominal aortic constriction [12]. Metabolic profiling
may thus aid in staging LV disease severity in patients with AS.

The human heart has an immense metabolic demand of 30 g of fat and 20 g carbohy-
drates per day and its metabolic flexibility allows it to consume nearly all types of energy
substrates in order to form ATP [13], determined by external factors such as the availability
of substrates in the blood [11] or pathology. Changes in cardiac metabolism are reflected in
the circulation and can be quantified by analysis of blood products. Such metabolic analy-
ses have been performed in studies in ischemic heart disease [14], atherosclerosis [15,16]
and heart failure [17], and showed that metabolomic profiling of patient’s blood samples
has significant diagnostic and prognostic value [18]. A metabolomic profiling study in
patients with severe AS undergoing transcatheter aortic valve replacement (TAVR) showed
that circulating long-chain acylcarnitines (LCAC) are associated with the extent of LVH
and systolic dysfunction. Furthermore, LCAC levels were reduced within 24 h after TAVR,
indicating that relief of pressure overload is directly reflected by a change in circulating
metabolites [19].

As prevalence of AS increases with age, the disease is a growing public health burden
due to the ageing population [1]. Diagnosis and staging of AS is currently done by physical
examination and echocardiography, which can be challenging and requires specialized
interpretation. AS is underdiagnosed [20], and if treatment by AVR is delayed, this leads
to poor recovery of cardiac function, absence of symptomatic improvement and marked
increase of mortality [21,22]. Considering the current limitations to define the stage of
AS-induced cardiac remodeling, there is need for a novel method to aid in the diagnosis of
AS and timing of intervention, which may be found in metabolomics profiling of patients.
Here we studied the metabolic profile of blood serum samples of AS patients and healthy
controls to define the major metabolic pathways that are altered in AS patients and assessed
the effect of AVR on these metabolites 4 months after surgical intervention.



Int. J. Mol. Sci. 2021, 22, 3569 3 of 18

2. Results
2.1. Clinical Characteristics of AS Patients Compared to Controls

Clinical characteristics of the study subjects are shown in Supplemental Table S1.
AS patients were on average 11 years older than controls. LVM measured by CMR was
significantly higher in AS patients compared to controls and was significantly reduced after
AVR compared to AS before AVR. Diastolic parameters A, E/A, e’ and E/e’ are elevated
in AS patients compared to controls and show a trend towards normalization after AVR.
NT-pro-BNP levels are significantly higher in AS patients compared to controls and show
a reduction that trends towards significance because of high variation in NT-pro-BNP level
among the AS patients. Levels of hemoglobin, kreatinine, ureum, glucose, free fatty acids,
and lactate are similar in AS patients before and after AVR.

2.2. Metabolic Panel of Thirty Serum Metabolites Distinguishes Severe AS Patients from
Healthy Controls

Direct-infusion high-resolution mass spectrometry (DI-HRMS) of control and AS be-
fore AVR sera revealed 3851 metabolites corresponding to 1864 unique masses. Multivariate
modeling was performed to determine if a metabolic panel could be generated which dis-
tinguishes severe AS patients from healthy controls based on their serum metabolome. The
model shows good separation by principal component analysis (supplemental Figure S1)
and partial least squares-discriminant analysis (Figure 1A). Thirty metabolites were identi-
fied which most strongly distinguish severe AS patients from the control group as shown
in Figure 1B,C, ranked by their relative importance and with their corresponding−log10(p)
values, respectively. Certain metabolites have several isoforms or share the exact mass with
other metabolites and could not be uniquely identified by direct-infusion mass spectrome-
try. The list of possible annotations for these masses is shown in Supplemental Table S2. The
radar plot in Figure 1D shows fifteen metabolites of the top 30 metabolite profile and illus-
trates how these metabolites distinguish AS patients from controls. Overall, the metabolic
blood profile is significantly different in AS patients compared to healthy controls.

2.3. The Majority of the Top 30 Metabolite Profile Is Associated with Nitric Oxide Metabolism

Among the thirty main metabolites that distinguish AS patients from controls, 17 are
related to nitric oxide (NO) metabolism, and represent NO substrates (Figure 2A), precur-
sors of tetrahydrobiopterin (BH4) (Figure 2B), anti-oxidants (Figure 3A) and homocysteine
metabolism (Figure 3B). Their interrelationships and changes in AS relative to controls
(depicted by the red arrows) are visualized in Figure 4. In physiological situations, NO is
produced from arginine by Nitric Oxide Synthase (NOS) only if coupled by BH4, while
uncoupled NOS produces reactive oxygen species (ROS) [23]. Metabolites related to NO
production, Homo-L-Arginine and L-Arginine, as well as (a)symmetric dimethylarginine
(A/SDMA), which inhibits NO production, all show higher serum levels in AS patients
compared to controls (Figure 2A). In addition, precursors of BH4, Metabolite 4, dihy-
dropteridine (BH2) and Nicotinamide riboside, show higher serum levels in AS patients
compared to controls (Figure 2B). Moreover, a higher level of phenylalanyl-asparagine is
present in AS compared to controls. As pphenylalanine is an essential amino acid, not
synthesized de novo in humans and other animals, the high serum level may reflect a
disease-mediated increase caused by altered BH4 metabolism.
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Four intermediates of vitamin E metabolism have higher serum levels in AS pa-
tients compared to controls (Figure 3A): alpha-tocotrienol, 9′-carboxy-gamma-tocotrienol,
9′-carboxy-alpha-tocotrienol/12a-hydroxy-3-oxocholadienic acid, and alpha-CEHC/ mo-
noethylhexyl phtalic acid. Vitamin E has an anti-oxidant function. Its main property is
the prevention of oxidation of membrane lipids, which stabilizes cell membranes [24].
3-hydroxymelatonin, also an anti-oxidant, has reduced levels in serum of AS patients
compared to controls. These anti-oxidants counteract ROS formation by uncoupled NOS.
And finally, five metabolites that are related to homocysteine metabolism, can be linked to
NO synthesis. A/SDMA, which inhibits NO production, is formed by the methylation of
arginine with s-adenosylmethionine (SAM) as methyl donor and s-adenosylhomocysteine
as the demethylated product [25]. Five metabolites that are intimately related to homocys-
teine metabolism show altered levels in AS patients compared to controls (Figure 3B). SAM
and histidine form diphthamide, which has higher serum levels in patients compared to
controls. 3-polyprenyl-4,5-dihydroxybenzoate interacts with SAM to form homocysteine
by splicing off adenosine which can be further metabolized into (7-methyl)hypoxanthine
(Figure 4). Both 3-polyprenyl-4,5-dihydroxybenzoate and (7-methyl)hypoxanthine have
higher serum levels in patients compared to controls. Homocysteine-related metabolites
L-Homocysteine Sulfonic Acid and Cysteinyl-Alanine/Alanyl-Cysteine show reduced
levels in AS patients compared to controls.
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2.4. AS Patients Show Increased Serum Levels of Fatty Acids and Eicosanoids Indicative for
Increased Inflammatory State

Eight of the top 30 metabolites are related to fatty acids and eicosanoids (Figure 5).
All eight metabolites have higher serum levels in AS patients compared to controls. Their
relationship to each other is illustrated in Supplemental Figure S2 in a simplified manner
for overview purposes. Eicosanoids are synthesized from membrane phospholipids or
diacylglycerol (DAG) and play an important role in inflammation [26]. As illustrated in
Figure S2, the three eicosanoid metabolites share the exact same mass with many other
identified metabolites and are intermediate metabolites of prostaglandins and leukotrienes
that are produced from arachidonic acid (AA). Though not present in the top 30 metabolite
profile, AA was significantly higher in AS compared to controls (Figure 5A). AA is produced
from phospholipids and DAG (Figure S2). Trans-Dodec-2-enoic acid and 3,4-Methylene
suberic acid are medium chain fatty acids. Alpha or gamma-linolenyl carnitine is an
acylcarnitine, which plays a role in the transport of fatty acids across the mitochondrial
membrane for beta-oxidation. 14-HDoHE is an oxidation product of docosahexaenoic acid
(DHA), an omega-3 fatty acid.
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Figure 3. (A): 4 intermediates of Vitamine E metabolism, a known anti-oxidant, are increased in AS before AVR compared
to controls. 3-hydroxymelatonin is decreased in AS compared to controls. Three tocotrienols and 3-hydroxymelatonin
show reversal towards control values after AVR. (B): Two metabolites closely related to homocysteine are decreased in AS
compared to controls. Of the homocysteine metabolism only 3-polyprenyl-4,5-dihydroxybenzoate shows reversal towards
control values after AVR. Data shown as mean + standard deviation. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001.
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Figure 4. Schematic overview of the connections between metabolites of the metabolic profile, showing interrelationships
and changes in AS relative to controls (depicted by the red arrows) and AS before and after AVR (depicted by the
green arrows).

Lysophosphatidic Acid (LPA (16:0/0:0)) (Figure 5B) is a fatty acid produced by the
enzyme phospholipase A2 (PLA2), which also produces eicosanoids from membrane phos-
pholipids. LPA is involved in neutrophil chemotaxis and is a pluripotent lipid mediator
of growth, motility, and differentiation released by platelets to influence target cells [27].
Overall, the changes in eicosanoid-related (Figure 5A) and fatty acid-related (Figure 5B)
metabolites are indicative for an increased inflammatory state in AS patients.

In line with an altered inflammatory state, four of the top 30 metabolites are steroids
and steroid derivatives (Figure 5C), which are known to have inflammation-mediating
properties. Three steroids, metabolite 3, 11beta,20-Dihydroxy-3-oxopregn-4-en-21-oic acid
(DHOPA) and 24,25,26,27-Tetranor-23-oxo-hydroxyvitamin D3 show increased levels in
AS patients compared to controls. Metabolite 3 is a pregnenolone, the first step of the
biosynthesis of steroid hormones from cholesterol. DHOPA is a major metabolite of
the production of corticosterone. 24,25,26,27-Tetranor-23-oxo-hydroxyvitamin D3 is an
intermediate of Vitamin D3 metabolism. Metabolite 5 is a bile acid and shows reduced
levels in AS patients. Finally, 4-Hydroxy-3-methoxy-cinnamoylglycine is increased in
AS patients compared to controls (Figure S3), but its biological relevance is unknown at
this time.
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Figure 5. (A): All eicosanoids are increased in AS compared to controls. Three eicosanoids show reversal towards control
values after AVR. Though Arachidonic acid is not part of the metabolic profile, it shows increased levels in AS compared
to controls. (B): All fatty acids are increased in AS compared to controls. Three fatty acids show reversal towards control
values after AVR. (C): All but one steroid is increased in AS compared to controls. All steroids show show reversal towards
control values after AVR. DHOPA = 11beta,20-Dihydroxy-3-oxopregn-4-en-21-oic acid. Data shown as mean + standard
deviation. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001.
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2.5. Comparison of Metabolic Panel before and after AVR in Severe AS Patients

To establish if the top 30 metabolites that distinguish AS patients from controls are
corrected upon cardiac surgery, metabolomic blood profiling was repeated in the serum
of AS patients before and four months after AVR. Supplemental Table S1 illustrates that
the heart of AS patients shows reversed remodeling four months after AVR evident from a
significant decrease of LV mass and a trend towards normalization of diastolic parameters.
Supplemental Table S3 summarizes the changes in the 30 metabolites before (relative
to controls) and after AVR (relative to AS before AVR). Paired analyses of metabolites
before and after AVR showed a significant change for 21 out of the 30 metabolites, of
which 14 changed back towards values observed in controls. Five metabolites show
an increase after AVR after an initial increase compared to controls (Figures 2, 3 and 5;
Supplemental Table S3).

Before AVR, 17 metabolites associated with NO metabolism were differentially altered
in AS compared to controls (13 increased, 4 decreased). Of these 17 metabolites, seven
metabolites showed a significant reversal to levels observed in healthy controls 4 months
after surgery (Figures 2 and 3; Supplemental Table S3). Compared to the initial change
compared to controls, three metabolites involved in BH4 metabolism (Figure 2B), and
three of the five anti-oxidants changed in the opposite direction 4 months after AVR (i.e.,
towards controls), while alpha-CHEC further increased (Figure 3A). Interestingly, among
the metabolites associated with NO synthesis and homocysteine metabolism (Figures 2A
and 3B, respectively), only one (3-polyprenyl-4,5-dihydroxybenzoate; Figure 3B) showed
an opposite change as compared to AS before AVR, while three metabolites significantly
increased in the same direction as observed before surgery (Figure 4). The metabolite
changes related to NO metabolism four months after AVR (relative to AS before AVR) are
depicted with green symbols in Figure 4.

Before AVR, 11 out of the 12 inflammation-related metabolites showed an in-
creased level compared to controls (eicosanoids, fatty acids and steroids; Supplemental
Table S3), of which six showed a reduction four months after AVR. Notably, all steroids
changed in the direction opposite to the change before surgery in AS patients com-
pared to controls (Figure 5C), indicating normalization of the steroid blood profile four
months after surgery.

2.6. Higher Endothelial Activation with AS Serum Taken before Relative to after Cardiac Surgery

Our metabolomics analysis shows that serum from AS patients before AVR is
characterized by disturbed NO signaling and increased inflammation, a blood signature
which was partially reversed after AVR. To provide evidence that this blood profile
may exert a biological effect, we defined the effect of AS patients sera on ICAM-1, a
marker of endothelial cell activation in response to increased inflammation/reduced
NO signaling in endothelial cells [28]. Thereto, CMECs were incubated for 6 h with sera
from AS patients taken before and after AVR (Figure 6A). Our Western blot analyses
shows a significant reduction (14%) in ICAM-1 in AS samples taken after AVR compared
to AS sera before AVR (Figure 6B).



Int. J. Mol. Sci. 2021, 22, 3569 10 of 18
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 6. (A) Human cardiac microvascular endothelial cells (CMECs) were incubated with all 
sera from AS patients before (samples indicated with b) and after (samples indicated with a) AVR. 
As controls, HUVEC cells were incubated without (H0) and with (H6) 10 ng/mL TNF-alpha for 6 
h. M, protein marker loaded on the gel. ICAM-1 levels were normalized to GAPDH. (B) Values are 
the mean of two independent incubations for all AS samples taken before and after AVR. A paired 
one-way t-test showed a significantly lower ICAM-1 level in CMEC exposed to AS after AVR sera 
compared to AS sera taken before AVR. 

2.7. Correlation between Blood Metabolites and In Vivo Cardiac Efficiency 
To define if the identified metabolic blood profile reflects in vivo cardiac remodeling 

and efficiency, we correlated the top 30 metabolites with LVM and myocardial external 
efficiency (MEE) indexed for body surface area (BSA; LVMi and MEEi). Our previous 
study showed hypertrophic remodeling and increased MEE were largely corrected four 
months after surgery as illustrated in Figure 7A [10]. We performed linear regression anal-
yses between LVMi and MEEi of the control and AS before surgery groups and the top 30 
metabolites. After correction for FDR, 9 of the 30 metabolites significantly (using p < 0.1 as 
cutoff value) correlated with LVMi and 1 with MEEi (Supplemental Table S4). Of the nine 
metabolites that correlate with LVMi, three metabolites have an R2 > 0.50 (bold text in 
Supplemental Table S4; Figure 7B) and show a reduction after AVR after an initial increase 
compared to controls, suggesting that these metabolites reflect reversal of structural (hy-
pertrophy) and functional (efficiency) remodeling. Of these three metabolites, Phenylala-
nyl-Asparagine/Asparaginyl-Phenylalanine correlates strongly with both LVMi (R2 = 0.55, 
p = 0.07) and MEEi (R2 = 0.66, p = 0.05), 9′-carboxy-gamma-tocotrienol correlates stronger 
with LVMi (R2 = 0.60, p = 0.05) than MEEi (R2 = 0.43, p = 0.3), and also 3-polyprenyl-4,5-
dihydroxybenzoate correlates stronger with LVMi (R2 = 0.55, p = 0.07) than MEEi (R2 = 0.51, 
p = 0.16) (Supplemental Table S4; Figure 7B). 

2.8. Gene Expression Profiles of Myocardial Biopsy of Severe AS Patients Undergoing AVR 
Show Alterations of Gene Expression of Genes Related to Nitric Oxide Metabolism 

 To provide additional insight into the potential gene-metabolites interactions in our 
venous samples, the top 30 metabolic profile was uploaded to Metabridge [29] and 
mapped to KEGG database for their possible interactive genes. The mRNA expression of 
each annotated gene per metabolite was checked in a published transcriptome profile 

Figure 6. (A) Human cardiac microvascular endothelial cells (CMECs) were incubated with all sera
from AS patients before (samples indicated with b) and after (samples indicated with a) AVR. As
controls, HUVEC cells were incubated without (H0) and with (H6) 10 ng/mL TNF-alpha for 6 h.
M, protein marker loaded on the gel. ICAM-1 levels were normalized to GAPDH. (B) Values are
the mean of two independent incubations for all AS samples taken before and after AVR. A paired
one-way t-test showed a significantly lower ICAM-1 level in CMEC exposed to AS after AVR sera
compared to AS sera taken before AVR.

2.7. Correlation between Blood Metabolites and In Vivo Cardiac Efficiency

To define if the identified metabolic blood profile reflects in vivo cardiac remodeling
and efficiency, we correlated the top 30 metabolites with LVM and myocardial external
efficiency (MEE) indexed for body surface area (BSA; LVMi and MEEi). Our previous
study showed hypertrophic remodeling and increased MEE were largely corrected four
months after surgery as illustrated in Figure 7A [10]. We performed linear regression
analyses between LVMi and MEEi of the control and AS before surgery groups and the
top 30 metabolites. After correction for FDR, 9 of the 30 metabolites significantly (using
p < 0.1 as cutoff value) correlated with LVMi and 1 with MEEi (Supplemental Table S4).
Of the nine metabolites that correlate with LVMi, three metabolites have an R2 > 0.50
(bold text in Supplemental Table S4; Figure 7B) and show a reduction after AVR after an
initial increase compared to controls, suggesting that these metabolites reflect reversal of
structural (hypertrophy) and functional (efficiency) remodeling. Of these three metabolites,
Phenylalanyl-Asparagine/Asparaginyl-Phenylalanine correlates strongly with both LVMi
(R2 = 0.55, p = 0.07) and MEEi (R2 = 0.66, p = 0.05), 9′-carboxy-gamma-tocotrienol correlates
stronger with LVMi (R2 = 0.60, p = 0.05) than MEEi (R2 = 0.43, p = 0.3), and also 3-polyprenyl-
4,5-dihydroxybenzoate correlates stronger with LVMi (R2 = 0.55, p = 0.07) than MEEi
(R2 = 0.51, p = 0.16) (Supplemental Table S4; Figure 7B).
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Figure 7. (A) Left ventricular mass (LVM) indexed for body surface area (BSA) and myocardial external efficiency (MEE)
indexed for BSA. Data shown as mean + standard deviation. * p < 0.05 vs. Controls # p < 0.05 vs. AS before AVR.
(B) Scatterplots of correlations between LVMi and MEEi and 4 metabolites of the top 30 metabolic profile that correlate
strongly of which 3 show a pattern of normalization towards control after AVR: 9′-carboxy-gamma-tocotrienol (left),
3-polyprenyl-4,5-dihydroxybenzoate (middle) and phenylalanyl-asparagine/asparaginyl-phenylalanine (right).

2.8. Gene Expression Profiles of Myocardial Biopsy of Severe AS Patients Undergoing AVR Show
Alterations of Gene Expression of Genes Related to Nitric Oxide Metabolism

To provide additional insight into the potential gene-metabolites interactions in our
venous samples, the top 30 metabolic profile was uploaded to Metabridge [29] and mapped
to KEGG database for their possible interactive genes. The mRNA expression of each
annotated gene per metabolite was checked in a published transcriptome profile comparing
cardiac tissues from 18 AS patients with four healthy controls [30]. As can be seen in
Supplemental Table S5, expression for genes encoding for Nitric Oxide Synthase is altered
in myocardium of AS patients when compared to healthy controls. NOS1 is upregulated
(p < 0.05, Log2FoldChange = 0.71) and NOS3 is downregulated (p < 0.005, Log2FoldChange
−0.8) in AS compared to healthy controls. The gene AKR1B10 encoding for aldehyde
reductase, which plays a role in BH4 metabolism (Figure 5), is upregulated (p < 0.05,
Log2FoldChange 0.89) in AS compared to healthy controls. These findings indicate that
nitric oxide metabolism is altered on a gene expression level, especially endothelial NOS3
which is reflected by the increased NO substrates in the serum of AS patients (Figure 2).
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Multiple genes encoding for various enzymes related to inflammatory molecules of the
top 30 metabolic profile show significantly altered expression levels, as can be seen in
Supplemental Table S5.

3. Discussion

This study performed DI-HRMS-based serum metabolomics and multivariate mod-
eling to determine a metabolic profile of thirty metabolites which distinguishes severe
AS patients from healthy controls. Twelve out of thirty blood metabolites, being five
anti-oxidants, three intermediates of NO production and four molecules related to BH4
metabolism, associate with the pathomechanism that has been previously described for
the AS-mediated cardiac remodeling [2]. This indicates that our metabolic blood profile
reflects changes in the heart of AS patients and may serve as biomarkers for disease severity.
Although differences exist, AS develops through a process similar to atherosclerosis [2], in
which NO, BH4 and oxidative stress play an important role [23,31]. In mice deficient of
endothelial nitric oxide synthase (eNOS), atherosclerosis develops at a faster rate [32,33]
and upregulation of BH4 synthesis leads to a reduction of atherosclerotic lesions in eNOS
overexpressed mice [34]. These findings indicate that NO production by eNOS plays a
protective role and uncoupling of eNOS due to a deficiency of BH4 leads to an increase
of atherosclerosis. In our metabolic panel, we find that two substrates for NO synthesis
and (a)symmetric dimethylarginine, known to inhibit NO synthesis, are increased in AS
patients. Furthermore, three metabolites needed for the production of BH4 are increased.
Although hypothetical, these findings suggest that in AS the synthesis of NO is disturbed
by uncoupled eNOS through a lack of BH4. This in turn leads to the production of ROS,
and the need for anti-oxidants, of which five are present in the top 30 metabolic profile. Ad-
ditionally, gene expression profiles of myocardial biopsy samples of AS patients show that
genes encoding for enzymes related to nitric oxide and BH4 metabolism, are significantly
altered in AS patients compared to healthy controls. Most notably, the downregulation of
NOS3 (Supplemental Table S5), which is the endothelial type of NOS that plays a specific
role in vasodilation.

The second main pathomechanism which is evident from the top metabolic blood
profile that distinguishes AS from healthy controls involves the inflammatory response
visible from changes in fatty acids, eicosanoids and steroids, which are all elevated in
AS patients compared to controls. Additionally, the results of our culture experiments
with CMECs showed that the blood of AS patients itself may exert an inflammatory
effect. CMECs incubated in AS patient sera before AVR had a significantly higher ICAM-1
activation, a marker for endothelial activation. These findings are in line with studies
that showed increased inflammation in AS patients through increased C-reactive protein
(CRP) levels [35] and increased macrophage activity measured with 18F-fluordeoxyglucose
positron emission tomography which correlates with disease severity [36]. However, CRP
does not predict disease progression of calcific aortic valve disease [37], although studies
suggest that CRP gene variants may attenuate AS disease progression [38,39]. In line with
our study, a metabolomics study in plasma of AS patients found alterations in proteins and
metabolites related to inflammation, namely complement and coagulation factors [40].

Components of the metabolic profile correlate strongly with the clinical parame-
ters LVMi and MEEi, indicative for the clinical relevance of the metabolic profile. Three
metabolites reflect reversal of structural (hypertrophy) and functional (efficiency) remodel-
ing, namely 9′-carboxy-alpha-tocotrienol, phenylalanyl-asparagine and 3-polyprenyl-4,5-
dihydroxybenzoate, the latter is involved in homocysteine metabolism. While homocys-
teine metabolism is altered in the blood profile of AS patients, apart from 3-polyprenyl-4,5-
dihydroxybenzoate, no reversal or even a further deviation from normal was seen after
AVR. This in part is in accordance with studies in heart failure and AS where, after initial
high expectations [41–43], homocysteine levels did not show any predictive value [44].
However, the biological and clinical relation between 3-polyprenyl-4,5-dihydroxybenzoate
and AS is strong and requires further research.
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Currently, the only available treatment for AS is surgical AVR or TAVR, while there
is no effective preventative therapy. Research is being done into the pathomechanism of
CAVD and how to intervene pharmacologically in order to halt CAVD progression, prefer-
ably in an early disease stage. An animal study showed that rabbits on high cholesterol
diet treated with atorvastatin showed decreased aortic valve calcification and increased
eNOS production compared to controls [45], which is of particular interest considering
eNOS seems to play a key role in AS based on the top 30 metabolic profile identified by our
study. Statins have been suggested to slow AS progression in observational studies [46–48],
but randomized clinical trials showed no difference between statin treatment and placebo
in AS reduction [49–52]. There is considerable evidence that lipid metabolism plays an
incremental role in the development and progression of CAVD. Phospholipids (PL), low
density lipoprotein (LDL), and lysophosphatidic acids and their oxidized forms have been
associated with CAVD and AS in numerous studies [53–57], and we have found five anti-
oxidants and eight metabolites in our metabolic profile that can be directly linked to lipid
metabolism. We expect to find more of these associations in the future, as DI-HRMS is
limited in its capacity to detect lipids due to their size and the used extraction methods.
In the future we will perform lipidomics to further elucidate the role of lipids in blood
biomarker-based assessment of CAVD and AS. A limitation to our current study is that
comparisons between AS and control group were not corrected for age.

Our study defined a top 30 metabolic profile that reflects biologically relevant mecha-
nisms of CAVD and AS and correlated with LV mass and cardiac efficiency. Future studies
should include aortic root and coronary sinus sampling to more accurately analyze blood
metabolites directly before and after perfusion of the heart. Gene expression profiles of the
aortic valve could also provide more information on the origin of the metabolites found in
our metabolic profile. Longitudinal studies in AS patients with different disease severities
(mild, moderate, severe stenosis) are warranted to build a risk prediction model that is
based on the top 30 metabolites profile and identify AS patients in need of cardiac surgery.

4. Methods
4.1. Study Population

The study population consisted of 19 subjects: 10 patients with AS and 9 healthy
controls (Figure 8). Fasted venous samples were collected from controls, and from AS
patients before and 4 months after surgical intervention. Study exclusion criteria were
previously documented and were as follows: aortic regurgitation grade >1, coronary artery
disease (coronary artery stenosis >30%), previous cardiac surgery, ejection fraction <50%,
diabetes mellitus or hypertension, and estimated glomerular filtration rate <30 mL/min
per 1.73·m2 [9].

4.2. Blood Serum Preparation

Individuals fasted overnight prior to collection of blood samples. The samples were
collected by venous puncture and allowed to clot for 1 h at 37 ◦C. Following this incubation
period, clotted samples were left to contract for at least 30 min at 4 ◦C. The serum was
centrifuged (4000 rpm, 20 min, 4 ◦C) and separated. Sodium azide (0.01%) was added to
the supernatant. All samples were stored at −20 ◦C until use.

4.3. Metabolomics Profiling

Analysis of the metabolites was conducted as previously described [58]. Briefly, a
non-quantitative direct-infusion high-resolution mass spectrometry (DI-HRMS) based
metabolomics method was applied in combination with a nano-electrospray ionization
source. The mean peak intensities of the technical triplicates were calculated and annotated
by matching the m/z of these mass peaks with a range of two parts per million to metabolite
masses that are found in the Human Metabolome Database [59]. Accordingly, mass peaks
were identified. Serum samples from controls and AS, and AS before and after AVR
were run in two separate DI-HRMS runs. To allow comparison between the two runs,
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individual metabolite values were transformed into Z-scores, with the units being the
standard deviation away from the mean of AS before AVR as these samples were included
in both runs.
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4.4. Culture Experiments

Human cardiac microvascular endothelial cells (CMECs, Lonza, CC-7030) were cul-
tured and tested negative for mycoplasma as detected using the MycoAlert assay (My-
coalert Mycoplasma Detection Kit, Lonza, LT07-418; MycoAlert assay control set, Lonza,
LT07-518). The cells were grown in endothelial growth medium (EGM)TM-2MV (CC-3202,
Lonza), containing endothelial cell basal medium (CC-3156, Lonza) supplemented with
EGMTM-2MV microvascular endothelial cell growth medium singlequotsTM kit (CC-4147,
Lonza). Confluent CMECs were incubated for 6 h at 37 ◦C and 5% CO2 with EGMTM-2MV
(without FBS) supplemented with 15% AS serum. As positive control, HUVEC (human um-
bilical vein endothelial cells) were incubated for 6 h in medium which was supplemented
with the inflammatory mediator TNF-α (10 ng/mL).

CMEC-incubations with patient serum were performed in duplo. After incubation, the
medium was removed and endothelial cells were washed 1 time with PBS. Subsequently,
ECs were put in 2× sample buffer and samples were loaded on an 8% gel and transferred
to a blot and stained overnight with specific antibodies against ICAM-1 (Santa Cruz, sc8439,
dilution 1:1000) and GAPHDH (Cell Signaling, 2118, 1:10,000). Secondary IgG-horseradish
peroxidase (HRP)-conjugated antibodies were applied for 2 h at room temperature. Images
were generated using ECL Prime (Amersham, RPN2232) and the LAS-3000 documentation
system (Fuji Film Life Science, Cambridge, MA, USA).
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4.5. Data Analysis and Modeling

We identified panels of metabolic biomarkers in order to discriminate between the AS
and control group. In brief, we used a combination of multiple gradient boosting classifiers
to improve prediction accuracy [60]. To avoid over-fitting, we used a 5-fold stratified cross-
validation over the training partition of the data (80%) while the remaining data (20%) was
used as the test dataset. We conducted a rigorous stability selection procedure to ensure the
reliability and robustness of the biomarker signatures [61]. This was repeated 10 times and
Receiver-Operating-Characteristics Area-Under-Curve (ROC AUC) scores were computed
each time and averaged for the final test ROC AUC. A permutation (randomization test)
was used to evaluate statistical validity of the results [62]. In the permutation test, the
outcome variable was randomly reshuffled 1000 times while the corresponding -omics
profiles were kept intact. We used Python v. 3.8 (www.python.org), with packages Numpy,
Scipy and Scikits-learn for implementing the model and R version 3.5.3 for visualizations.

Differences in serum levels of the metabolic panel metabolites before and after AVR
were assessed by one-tailed paired t-tests. Linear regression analysis was performed using
Spearman correlation and p-values were corrected for false discovery rate (FDR) using the
Benjami-Hochberg correction. A p-value < 0.1 for FDR corrected p-values is commonly
considered as significantly different.

4.6. Cardiovascular Magnetic Resonance (CMR) and [11C]-Acetate Positron Emission
Tomography (PET)

CMR was performed on a 1.5 T whole body scanner (Magnetom Sonata or Avanto,
Siemens, Erlangen, Germany), using a six-channel phased-array body coil. A contiguous,
short-axis, steady-state free precession stack was acquired extending from the mitral valve
annulus to the LV apex, to obtain global LV function parameters, including end-diastolic
volume (LVEDV), end-systolic volume (LVESV), stroke volume (SV), LV ejection fraction
(LVEF), and LV mass (LVM).

Myocardial energy efficiency (MEE) was calculated using a combination of parameters
obtained by CMR and [11C]-acetate scans obtained on a Gemini TF-64 PET/CT scanner
(Philips Healthcare, Best, The Netherlands). A detailed version of the methods describing
the protocol and accuracy regarding the calculation of MEE can be found in the online
supplement of earlier research by our group [10].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22073569/s1, Figure S1: Principal component analysis (PCA) plot shows good sepa-
ration of the model between controls and AS patients, Figure S2, Figure S3: 4-hydroxy-3-methoxy-
cinnamoylglycine is of unknownbiologicalrelevance. Table S1: characteristics of all study subjects,
Table S2: List of possible annotations for identical masses, Table S3: Overview of top 30 metabolite
changes in AS patients relative to controls (before AVR)(shown in Figure 2), and changes 4 months
after AVR relative to AS before AVR, Table S4: Correlation between the top 30 metabolites of the
metabolic profile and left ventricular mass (LVM) indexed for body surface area (BSA) and myocardial
external efficiency indexed for BSA, respectively LVMi and MEEi.
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