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Abstract: Arrhythmogenic cardiomyopathy (ACM) is a genetic-based cardiac disease accompanied
by severe ventricular arrhythmias and a progressive substitution of the myocardium with fibro-
fatty tissue. ACM is often associated with sudden cardiac death. Due to the reduced penetrance
and variable expressivity, the presence of a genetic defect is not conclusive, thus complicating the
diagnosis of ACM. Recent studies on human induced pluripotent stem cells-derived cardiomyocytes
(hiPSC-CMs) obtained from ACM individuals showed a dysregulated metabolic status, leading to
the hypothesis that ACM pathology is characterized by an impairment in the energy metabolism.
However, despite efforts having been made for the identification of ACM specific biomarkers,
there is still a substantial lack of information regarding the whole metabolomic profile of ACM
patients. The aim of the present study was to investigate the metabolic profiles of ACM patients
compared to healthy controls (CTRLs). The targeted Biocrates AbsoluteIDQ® p180 assay was used
on plasma samples. Our analysis showed that ACM patients have a different metabolome compared
to CTRLs, and that the pathways mainly affected include tryptophan metabolism, arginine and
proline metabolism and beta oxidation of fatty acids. Altogether, our data indicated that the plasma
metabolomes of arrhythmogenic cardiomyopathy patients show signs of endothelium damage and
impaired nitric oxide (NO), fat, and energy metabolism.

Keywords: ACM; metabolomics; asymmetric dimethylarginine (ADMA); nitric oxide (NO); biocrates

1. Introduction

Metabolites are the intermediate or the end products of various cell processes [1] and
closely reflect the phenotype, because they integrate individual’s genetic background, age-
ing and lifestyle [2]. Metabolites can be investigated individually or in combination within
a comprehensive signature, being promising tools to understand the pathophysiological
changes involved in the disease onset and progression [3,4].
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Moreover, because many metabolites can be quantitatively detected in plasma, blood
metabolomics has the potential to capture snapshots of the current biochemical pathways
altered in different diseases [2] and be used for the discovery of new disease prediction
and prognosis biomarkers [4].

The human metabolome is very complex in terms of chemical diversity, numerosity
and different concentration ranges of the metabolites, therefore different methods have been
developed for metabolite profiling. The approaches can be untargeted, mainly dedicated
to biomarker discovery where metabolites are presented by means of relative quantifica-
tion, or targeted, when specific classes of compounds are absolutely quantified with the
benefit of increased sensitivity and selectivity [5]. Of note, one of the major limitations of
the metabolomic approaches, especially of those based on liquid chromatography mass
spectrometry (LC-MS) is still the lack of standardization [6]. Certified targeted LC-MS
based assay platforms have become commercially available during the last few years (e.g.,
Biocrates, Metabolon) [7].

In the cardiovascular field, metabolomics has brought significant new insight not
only into the metabolic changes occurring in cardiometabolic disorders [8], but also in
myocardial infarction [9], cardiac reperfusion injury [10], heart failure [11], ischemic heart
disease and atherosclerosis [12,13]. Recently, Alonso et al. described an association between
serum glychocholenate sulfate (a secondary bile acid) and increased incidence of atrial
fibrillation [14]. In addition, altered metabolomic pathways have been found in patients
with either dilated (DCM) [15] or hypertrophic (HCM) [16] cardiomyopathy.

Arrhythmogenic cardiomyopathy (ACM) is a genetic-based cardiac disease accompa-
nied by severe ventricular arrhythmias, potentially leading to sudden death especially in
young athletes [17]. Exercise may precipitate cardiac arrhythmias, presumably because of
sympathetic over-activity [18]. The hallmark for ACM is the progressive substitution of
the ventricular myocardium, mainly of the right ventricle, with fibro-fatty tissue [19]. The
estimated prevalence is approximatively 1:5000 in the general population [20], although
it appears more common in regions such as the north-east of Italy, where an intensive
screening has been set-up [21].

ACM typically involves autosomal dominant transmission [22], the majority of known
mutations occurring in genes responsible for mechanical connections, namely for the
components of the cardiac desmosome [23] and, more in general, of the area composita and
connexome [24–26].

Due to the reduced penetrance and variable expressivity [27], the presence of a genetic
defect is not conclusive, and the broad phenotypic manifestation of the disease, ranging
from ventricular arrhythmias to severe ventricular disfunction, makes it difficult to confirm
the diagnosis of ACM [28].

Different studies have identified several potential biomarkers of ACM. Higher circu-
lating levels of BIN1 (a regulator of calcium handling and cardiac contraction [29]), ST2
(interleukin-33 receptor, previously associated with cardiac remodeling, [30]), and GAL-3
(galectin-3, a marker of cardiac fibrosis [31,32]) have been described as possible predictors of
ventricular arrhythmias, while reduced plasma expression of miR-320a has been proposed
as a possible tool to discriminate ACM from idiopathic ventricular tachycardia [33].

More recently, the observation that human induced pluripotent stem cells-derived
cardiomyocytes (iPSC-CMs) obtained from ACM individuals showed a dysregulated
metabolic status characterized by excessive fatty acid oxidation (FAO) [34] led to the
hypothesis that ACM patients can be characterized by markers of FAO-related metabolic
alternations. In support of this hypothesis, plasma beta-hydroxybutyrrate (β-OHB) resulted
higher in patients with ACM compared to healthy volunteers and was correlated with
disease progression [35]. Along with that, the detrimental roles of a dysfunctional energetic
and redox metabolism have been recognized as triggers for cardiomyocytes electrical
instability and arrhythmogenesis [36].
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Despite efforts having been made for the identification of ACM specific biomarkers,
there is still a substantial lack of information regarding the whole metabolomic profile of
ACM patients.

The aim of the present study was to define the metabolic profiles of ACM patient
plasma compared to age- and gender-matched healthy controls.

We used the targeted Biocrates AbsoluteIDQ® p180 assay (BIOCRATES Life Sciences
AG, Innsbruck, Austria) [37] to quantify 188 metabolites. This assay has already been used
in several large-scale prospective cohort studies [38–41] and, due to its standardization,
enables the inter-laboratory comparison of data obtained from different studies [42].

2. Results

A total of 36 patients were recruited at the Heart Rhythm Centre of Centro Cardiologico
Monzino, if they met the ACM diagnostic criteria [43]. Most (88.89%) of the patients were
male, with a mean age of 45 years. Two of them were overweight. Of them, 36.11% of them
were athletes or very active people, defined according to COCIS (Comitato organizzativo
cardiologico idoneità allo sport) scores [44] as when the subjects were undergoing three
sessions/week of class C-D-E activities (or analogous). For controls, 27 healthy volunteers
were enrolled with the criteria of match for all of these characteristics, which could influence
the metabolic profile (Table 1).

Table 1. Demographic and clinical characteristics of enrolled subjects. ACM, arrhythmogenic cardiomyopathy; RV, right
ventricle; LV, left ventricle; EF, ejection fraction; VT, ventricular tachycardia. Data are reported as percentages (%) or mean
± standard deviation (SD).

ACM Patients (N = 36) CTRL (N = 27) p Value (Test)

Male sex (%; n) 88.89% (n = 32/36) 74.07% (n = 20/27) 0.18 (Fisher’s exact test)
Age (mean ± SD) 45.31 ± 13.29 46.04 ± 14.19 0.83 (Student t-test)

Obesity (%; n) 5.56% (n = 2/36) 0.04% (n = 1/27) 1.00 (Fisher’s exact test)
Athletic lifestyle (%; n) 36.11% (n = 13/36) 36.36% (n = 8/22) 1.00 (Fisher’s exact test)
RV EF % (mean ± SD) 44.43% ± 7.79 ND
LV EF % (mean ± SD) 54.63% ± 13.64 ND

VT at presentation (%; n) 63.89% (n = 23/36) ND

Using a targeted approach, 188 metabolites and lipids were quantified; from these,
142 metabolites passed the pre-filtering criteria and were used in the subsequent analyses.

A principal component analysis (PCA) on these 142 analytes showed a separation
of ACM plasma samples from control samples on PC1 (Figure 1a). Enrichment analysis
(Figure 1b) revealed that several pathways were affected in ACM patients, including
lysine degradation, sphingolipid metabolism, tryptophan metabolism, taurine metabolism,
phospholipid biosynthesis, catecholamine biosynthesis, arginine metabolism, thyroid
hormone synthesis, and the oxidation of branched chain fatty acids.

We then performed a linear model-based differential abundance analysis to identify
metabolites, as well as metabolite sums and ratios with significant differences between
ACM and control samples. We did not find any metabolite to be significantly related
to obesity (N = 3) nor to physical activity. Only creatinine was found to be significantly
associated with sex, having an approximately 30% higher concentration in male participants
compared to females which corresponds to the clinically used reference levels. Additional
analyses relating metabolite abundances to severity of the disease (considering low left or
right ventricular ejection fraction or presentation with ventricular tachycardia, VT) did also
not yield significant findings (data not shown). In contrast, 21 metabolites and 2 analyte
ratios/sums were found to have significant differences between ACM and control samples
(Figure 2, Table 2). The overall metabolites and ratios assessed are listed in Supplementary
Tables S1 and S2, respectively. The pairwise correlation between the significant metabolites
is shown in Figure 3. As expected, higher correlations were present between metabolites of
the same class.
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Figure 1. (a) Principal component analysis of plasma metabolites shows that ACM (red squares) clusters from CTRL (pur-
ple dots) samples (b) Enrichment analysis highlights the main pathways affected in ACM samples. 
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Figure 1. (a) Principal component analysis of plasma metabolites shows that ACM (red squares) clusters from CTRL (purple
dots) samples (b) Enrichment analysis highlights the main pathways affected in ACM samples.

Metabolites 2021, 11, x FOR PEER REVIEW 5 of 16 
 

 

Table 2. List of the significant metabolites and ratios. The table shows the analyte name, the log2 
fold change and the p-value adjusted for multiple hypothesis testing. Analytes were sorted by the 
difference in abundance. 

Name Log2 Fold Change pBH 
alpha-AAA −2.2817718 0.00599521 
PC aa C32:2 −0.5926965 0.01416184 

lysoPC a C18:2 −0.5736359 0.00817355 
PC aa C34:4 −0.519949 0.01416184 
PC aa C36:6 −0.4945815 0.01972115 

C3 −0.436115 0.02721582 
PC ae C34:3 −0.4253616 0.01416184 
PC aa C30:0 −0.3589317 0.03137787 
PC ae C40:1 −0.3355771 0.02210991 

lysoPC a C17:0 −0.322115 0.02210991 
PC aa C36:2 −0.2985986 0.01241476 
PC ae C34:2 −0.297975 0.01884033 

lysoPC a C28:1 −0.2948432 0.01884033 
PC aa C34:2 −0.2661214 0.01241476 
PC ae C36:2 −0.2586741 0.03137787 
PC ae C36:3 -0.2546263 0.03763856 
PC aa C36:3 −0.2350526 0.03137787 

lysoPC a C16:0 −0.2223977 0.04041611 
Trp −0.2181965 0.01884033 

ADMA 0.25872497 0.03833323 
C18:1 0.28073695 0.03750482 

ADMA/Arg 0.48864835 0.00423649 
tADMASDMA/Arg 0.43152368 0.0065969 

 
Figure 2. Volcano plots showing for each analyte the extent of differential abundance (log2 fold change) on the x-axis 
against its significance on the y-axis. (a) Results for individual metabolites, (b) results for metabolite sums and ratios. The 
blue dots indicate significant metabolites and metabolite sums/ratios. The name of some relevant metabolites is also fully 

Figure 2. Volcano plots showing for each analyte the extent of differential abundance (log2 fold change) on the x-axis
against its significance on the y-axis. (a) Results for individual metabolites, (b) results for metabolite sums and ratios. The
blue dots indicate significant metabolites and metabolite sums/ratios. The name of some relevant metabolites is also fully
reported. Alpha-AAA: alpha-aminoadipic acid; C3: carnitine C3; Trp: tryptophan; ADMA: asymmetric dimethylarginine;
SDMA: symmetric dimethylarginine; Arg: arginine.
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Table 2. List of the significant metabolites and ratios. The table shows the analyte name, the log2
fold change and the p-value adjusted for multiple hypothesis testing. Analytes were sorted by the
difference in abundance.

Name Log2 Fold Change pBH

alpha-AAA −2.2817718 0.00599521
PC aa C32:2 −0.5926965 0.01416184

lysoPC a C18:2 −0.5736359 0.00817355
PC aa C34:4 −0.519949 0.01416184
PC aa C36:6 −0.4945815 0.01972115

C3 −0.436115 0.02721582
PC ae C34:3 −0.4253616 0.01416184
PC aa C30:0 −0.3589317 0.03137787
PC ae C40:1 −0.3355771 0.02210991

lysoPC a C17:0 −0.322115 0.02210991
PC aa C36:2 −0.2985986 0.01241476
PC ae C34:2 −0.297975 0.01884033

lysoPC a C28:1 −0.2948432 0.01884033
PC aa C34:2 −0.2661214 0.01241476
PC ae C36:2 −0.2586741 0.03137787
PC ae C36:3 -0.2546263 0.03763856
PC aa C36:3 −0.2350526 0.03137787

lysoPC a C16:0 −0.2223977 0.04041611
Trp −0.2181965 0.01884033

ADMA 0.25872497 0.03833323
C18:1 0.28073695 0.03750482

ADMA/Arg 0.48864835 0.00423649
tADMASDMA/Arg 0.43152368 0.0065969
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Key components of the affected pathways highlighted in Figure 1b were among
the significant metabolites and ratios. This included α-aminoadipic acid (alpha-AAA,
Figure 4a), which is generated in the body from the breakdown of lysine and was found
to be downregulated in ACM patients compared to controls. Propionyl carnitine (C3), an
acyl carnitine involved in beta-oxidation, was upregulated in ACM compared to controls
(Figure 4b). Of interest, the ratios of asymmetric dimethylarginine (ADMA)/Arginine
(Arg) and total asymmetric dimethylarginine and symmetric dimethylarginine (tADMAS-
DMA)/Arg were increased in ACM patients, which resulted in elevated plasma levels
of ADMA (Figure 4c). In addition, some glycerophospholipids were found to change
significantly in ACM patients (Figure 5).
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Figure 4. Individual analyte concentrations (adjusted for sex and batch) for significant metabolites (a,b)
and metabolite ratios (c). CTRL (purple dots), ACM (red dots). Open circles indicate imputed values for
original measurements being below the system’s detection limit. Alpha-AAA: alpha-aminoadipic acid;
Trp: tryptophan; C3: carnitine C3; Arg: arginine; ADMA: asymmetric dimethylarginine.
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3. Discussion

Arrhythmogenic cardiomyopathy (ACM) is a genetic-based cardiac disease accompa-
nied by severe ventricular arrhythmias and a progressive substitution of the myocardium
with fibro-fatty tissue, which can lead to sudden death. Thus far, no single standard
parameter defines ACM severity and progression, nor the genetic background or the
phenotypic manifestation [45].

Contemporary human and cell culture studies have recognized an important role
of the energetic metabolism [34,36] in the pathophysiology of ACM. In fact, along with
the electro-mechanical dysfunction, ACM might be characterized by an altered metabolic
status, that worsens the phenotype, and leads to tissue and systemic stress and damage.

Despite efforts having been made for the identification of ACM-specific biomarkers,
there is still little known about the metabolomic profile of ACM patients. Thus, the current
study aimed to investigate the metabolic profiles of ACM patient plasma compared to
age-and gender-matched healthy controls. Even though it is known that the metabolic
profile might depend on disease severity [46], our study was based on a mixed popu-
lation characterized by different phenotypic manifestations. As such, trying to stratify
metabolites according to disease severity (defined by left ventricle ejection fraction (LV
EF), right ventricle ejection fraction (RV EF)) parameters or ventricular tachycardia (VT) at
presentation) showed no significant association, most likely because of the low number of
subjects per group after stratification (data not shown).

In accordance with the hypothesis of a modulated metabolism, our analysis showed
that ACM patients have a different metabolome compared to CTRLs, and that the pathways
mainly involved include lysine degradation, tryptophan metabolism, arginine and proline
metabolism, and the beta oxidation of fatty acids.

Specifically, the ratio ADMA/Arg was found to be higher in ACM samples compared
to controls, indicating an ongoing cardiovascular burden. This corresponded to increased
plasma levels of ADMA in ACM. ADMA is produced by arginine methylation in pro-
teins by the action of protein methyltransferases (PRMTs). Free ADMA is then released
into the cytosol upon proteolysis and mainly excreted into the urine after being metab-
olized into citrulline and dimethylamine. However, a small percentage (around 20%) of
dimethylarginines enter in the blood compartments and can be detected in plasma and
serum [47,48].

ADMA is a surrogate marker of endothelial dysfunction, because it is an endogenous
inhibitor of nitric oxide synthase competing with the natural substrate L-arginine thus
decreasing nitric oxide (NO) synthesis [49]. NO is an endogenous vasodilator which inhibits
the adhesion of inflammatory cells to vascular wall as well as the aggregation of platelets
and proliferation of muscle cells. Therefore, increased ADMA levels and subsequent NO
synthesis inhibition leads to vasoconstriction, reduced peripheral blood flow, and reduced
cardiac output and it has been associated with hypertension, hyperlipidemia, and type II
diabetes mellitus [12,50–56].

Moreover, higher levels of ADMA can predispose to the arrhythmic phenotype [57,58],
as a result of a loss in the heart redox homeostasis [59].

Oxidative stress has been implicated in the pathogenesis of arrhythmic pathologies,
such as atrial fibrillation [59]. There are multiple systems in the myocardium which
contribute to redox homeostasis, and loss of homeostasis can result in oxidative stress. In
particular, the crosstalk between reactive oxygen species (ROS) and nitric oxide synthase
(NOS) could play an important role in regulating cardiomyocyte’s electro-mechanical
function [60].

Along with the interplay between ROS and NO, the metabolism and beta oxidation of
fatty acids could play an important role in the development and manifestation of ACM.
The phenotypic manifestation of this pathology can in fact include fatty replacement in
the heart; thus circulating free fatty acids can represent interesting signaling molecules to
be investigated.
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Among the free fatty acids, glycerophospholipids have recently received attention as
potential biomarkers of cardiovascular disease. Phosphatidylcholines (PCs) and lysophos-
phatidylcholines (lysoPCs) are important members of the glycerophospholipid family [61].
PC levels in plasma have been correlated with aortic stiffness in CAD and PAD. Decreased
serum levels of several individual PC and lysoPC species (e.g., PC aa C28:1, PC aa C30:0,
PC aa C32:2, PC ae C30:0 and PC ae C34:2, lysoPC a C18:2) were observed for the patient
groups in comparison to the healthy subjects. In addition, a considerable number of PCs
and lysoPCs were inversely related to either cf-PWV, heart rate, asymmetric dimethylargi-
nine (ADMA) or ADMA/arginine for patients with symptomatic atherosclerosis but not
for the controls [61].

Plasma tryptophan (Trp) has been inversely associated with cardiovascular dis-
ease [62–65]. In addition, the involvement of Trp catabolism has been reported as one of
the main mechanisms responsible for oxidative stress generation, and immune system
activation [64,66]. Additionally, in our dataset, ACM patients showed lower plasma levels
of trypotophan compared to controls, suggesting an increased breakdown of Trp, which
can possibly lead to endothelial injury ref.

LysoPCs are bioactive lipids involved in monocyte recruitment, vascular smooth
muscle cell proliferation, and endothelial dysfunction. These lysophospholipids are highly
abundant in extracellular environments such as plasma, and interstitial fluids.

An altered lipid metabolic signature was reported in cardiomyopathies and were
indicated as potential new therapeutic options for the prevention and treatment of ischemic
cardiomyopathy [67,68]. Accordingly, our data show that the plasma levels of several PCs
and LyoPCs are decreased in ACM patients compared to controls.

In addition, the literature reports an enhanced cardiovascular risk in the presence of
impaired levels of circulating acylcarnitines [69,70]. Carnitines are small molecules that
carry out a plethora of functions. Besides being involved in the transport of long-chain
fatty acids from the cytosol into the mitochondria, carnitines play an important role in
energy production, through the coordination of the activity of several enzymes of the Krebs
cycle, beta oxidation, urea cycle and gluconeogenesis [71]. If their balance is maintained
correctly, carnitines improve glucose tolerance, on the contrary this can promote several
pathological consequences [71].

In our study, we found lower levels of carnitine C3 in ACM patients compared to con-
trols. Carnitine C3, also called propionyl carnitine, is formed via carnitine acetyltransferase
from propionyl-CoA, a product of methionine, threonine, valine, and isoleucine, as well
as of odd-chain fatty acids. Carnitine C3 is highly specific for skeletal and cardiac muscle,
because it carries the propionyl group and enhances the uptake of this agent by myocardial
cells. These cells can use this metabolite as an anaplerotic substrate, thus providing energy
in the absence of oxygen consumption [72]. Lower levels of C3 carnitine found in ACM
patients can therefore indicate an energetic impairment.

Additionally, we observed lower levels of alpha-AAA. This metabolite is an inter-
mediate of the lysine degradation metabolism. Studies indicate an association between
alpha-aminoadipic acid and obesity, T2D development and CVD risk [73]. In particular,
Gao et al described increased levels of alpha-AAA in unhealthy subjects compared to
healthy ones [73]. Conversely, our data show that alpha-AAA is lower in ACM subjects
compared to controls. In comparison with the studies reported above, most of the ACM
subjects included in the study did not suffer either from obesity, or from T2D. Moreover,
generally ACM subjects are athletes. Therefore, altered plasma levels of alpha-AAA in
ACM might indicate an ongoing metabolic remodeling.

In accordance with this, Xu et al. [74] recently showed that the administration of 2-
AAA protects mice from fat accumulation, by acting on their energetic expenditure system.

Altogether, our data indicate that arrhythmogenic cardiomyopathy patients are char-
acterized by a different metabolome, pointing to endothelium damage and impaired NO,
fat and energy metabolism.
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These observations are consistent with the data reported so far on cardiovascular dis-
ease burden. The effect of this long-lasting metabolic status can promote arrhythmogenesis,
endothelium damage and worsen the already impaired electro-mechanical function of
the heart.

Our study showed that ACM patients manifest a peripheral metabolism characterized
by a status of redox imbalance, impaired fatty acid metabolism and NO synthesis. As
such, metabolic phenotyping could offer the possibility to be used to monitor the health of
subjects at risk of developing arrhythmias, such as athletes.

While endothelium damage, impaired NO, fat and energy metabolism can be con-
sidered the hallmark for all the non-ischemic heart failure and/or cardiovascular burden
generally [51,66,75,76], alteration of lysine degradation might represent a specific pathway
involved in ACM. However, further studies are needed to confirm these findings. More-
over, even if biomarker discovery was not the main scope of this study, we foresee that
plasma level of alpha-AAA might be a good candidate for a better evaluation focused on
biomarker discovery on ACM.

4. Materials and Methods
4.1. Ethical Statement

This study complied with the Declaration of Helsinki and was approved by the Ethics
Committees of the Centro Cardiologico Monzino (6 June 2012), and of the Azienda Sanitaria
dell’Alto Adige (Nr. 1/2014, 13 March 2014). Written informed consent was obtained from
all participants.

4.2. Participants

A total of 63 subjects were enrolled in one recruiting centre (Centro Cardiologico
Monzino): 27 healthy controls (CTRL) and 36 patients affected by ACM, as per the task
force criteria [43]. Controls were individuals apparently in good health with no history of
cardiovascular disease and were matched by sex and age to ACM patients. Characteristics
of the enrolled subject are reported in Table 1. Among the ACM and the CTRL groups, no
significant differences were found in terms of sex, age, obesity and athletic lifestyle.

4.3. Plasma Preparation

Blood samples (5 mL) were collected in EDTA coated tubes and centrifuged at 1500× g
for 15 min. Supernatants were collected, centrifuged again at 16,000× g for 15 min to obtain
cell- and platelet-free plasma, and stored at −80 ◦C as 400 µL aliquots until usage.

4.4. Metabolite Quantification

Targeted metabolomics analysis of plasma samples was performed using the Biocrates
AbsoluteIDQ® p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria) with an ultra-
high performance liquid chromatography (UHPLC) (Agilent 1290, Agilent Technologies,
Santa Clara, CA, USA) coupled to a Q-Trap mass spectrometer (MS) (QTRAP 6500, Sciex,
Foster City, CA, USA). Sample preparation and analysis were performed according to
the manufacturer’s protocol. In brief, the sample processing procedure was performed
on a single sample and utilized a 96-well plate design, where both sample derivatization
and analyte extraction were performed. The kit required 10 µL of sample and provided
human plasma-based quality controls in 3 concentration levels (low, medium, high) which
could be used for quality control purposes and batch normalization. Once processed, each
sample was subjected to two separate MS-based analytical runs. From the 188 metabolites
that could be measured using the kit, 42 were quantified by UHPLC-MS/MS (namely
21 amino acids and 21 biogenic amines), with the use of external calibration standards
in seven different concentrations and isotope labelled internal standards. Moreover, 146
metabolites were analyzed using flow-injection analysis (FIA-MS/MS) (more specifically 40
acylcarnitines, 90 glycerophospholipids, 15 sphingolipids and 1 sum of hexoses), in a semi-
quantitative methodology, using one-point internal standard calibration with representative
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internal standards Furthermore, it is important to highlight that several lipids analyzed in
the present kit represent the total concentrations of possible isobars and structural isomers.
In general, lipid annotations are represented by C x:y, where x indicates the number of
carbons and y indicates the number of double bonds. Glycerophospholipids are further
differentiated according to the presence of ester (a) and ether (e) bonds in the glycerol
moiety. Double letters (aa = diacyl, ae = acyl–alkyl) indicate that two glycerol positions are
bound to a fatty acid residue, while a single letter (a = acyl or e = alkyl) indicates a bond
with only one fatty acid residue.

The calculations of metabolite concentrations were performed using the MetIDQ™
(BIOCRATES Life Sciences AG, Innsbruck, Austria) software package, which is an integral
part of the AbsoluteIDQ kit. The concentrations of metabolites were calculated in µM
(10−6 mol/L).

4.5. Statistical Data Analysis

Data analysis was performed in R (version 4.0.2). The dataset of 188 analytes was first
prefiltered keeping only metabolites with at least 30% of measurements in one of the two
study groups above the lower level of detection (LOD; defined by Biocrates) and a relative
standard deviation (RSD) <= 20% for two out of three QC sample types (i.e., the pool of all
samples in the present study as well as the kit-internal QC sample types 00p180_QC1 and
00p180_QCs). In total 142 analytes fulfilled the above criteria and were therefore used for
the further analysis. The few missing values in the dataset were replaced by a random value
smaller than half of the analyte’s smallest reported concentration. Analyte sums and ratios
were based on the information/definition from Biocrates and were calculated from the
individual analytes’ concentrations. Raw p-values for significant differences in abundances
were estimated using the limma package [77], fitting a linear model adjusting for the
participants’ sex, obesity and the batch in which samples were collected. To evaluate the
impact of physical activity of participants on their metabolite levels we fitted a linear model
including a categorical variable for physical activity. The analyses to identify metabolites
related to disease severity were performed on ACM patient data only by fitting separate
linear models with a categorical variable for disease severity. In all models we adjusted for
sex, age, batch and obesity. For disease severity we considered ventricular tachycardia at
presentation (VT; nyes = 13, nno = 23), low right ventricular ejection fraction (RVEF < 45;
nlow = 13, nnormal = 15, nunknown = 8) or low left ventricular ejection fraction (LVEF < 50;
nlow = 6, nnormal = 21, nunknown = 9). Raw p-values were adjusted for multiple hypothesis
testing with the method from Benjamini and Hochberg. Differential abundance analysis
was also performed for analyte ratios and sums (as defined by Biocrates) using the same
settings. Analytes were considered significant if they had an adjusted p-value smaller than
0.05 (representing a 5% false discovery rate), also with in addition requiring, for individual
metabolites, a difference in concentrations being at least twice as large as the analyte’s RSD
in QC samples, or a difference being larger than 30% for analyte sums and ratios.

For the enrichment analysis, log transformed data were mean centered and divided
by the standard deviation of each variable. This analysis was based on Global Test using
a small molecule pathway database (SPMPD) [78] and was performed using Metabo-
Analyst [79]. Principal component analysis was performed on log2 transformed mean
centered abundances.

5. Conclusions

Our study was aimed to investigate the metabolic profiles of ACM patient plasma
compared to age-and gender-matched healthy controls. Altogether our data show that
the plasma metabolomes of arrhythmogenic cardiomyopathy patients suggest signs of
endothelium damage, impaired NO, fat and energy metabolism. Additional studies are
required to replicate these findings and increase statistical power for novel discoveries.
Additionally, the present study was limited to a set of 188 metabolites and more complete
approaches might be required to discover changes in other metabolites and metabolite
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classes not detected by the methodology used in the present study. Although we tried to
adjust for the most obvious potential confounding factors, we cannot exclude the analysis
not being biased by the presence of other (hidden) confounding variables (such as diet).

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-1
989/11/4/195/s1, The supplementary material includes the complete table of metabolites (Table
S1) and ratios (Table S2) assessed during the analysis. The significant metabolites and ratios were
highlighted in yellow.
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