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Abstract: Dilated cardiomyopathy is one of the important diseases in dogs and humans. The
second most common cause of heart failure in dogs is idiopathic dilated cardiomyopathy (iDCM),
which results in heart failure or sudden cardiac death due to arrhythmia. This study aimed to
determine changes in the plasma metabolome of dogs with iDCM compared to healthy dogs. For
that purpose, a multiplatform mass-spectrometry-based approach was used. In this study, we
included two groups of dogs: 12 dogs with iDCM and 8 healthy dogs. A total of 272 metabolites
were detected in the plasma samples of dogs by combining three approaches but four MS-based
platforms (GC-MS, LC-MS (untargeted), LC-MS (targeted), and FIA-MS (targeted) methods). Our
findings demonstrated changes in the canine plasma metabolome involved in the development
of iDCM, including the different concentrations of amino acids, biogenic amines, acylcarnitines,
triglycerides and diglycerides, sphingomyelins, and organic acids. The results of this study will
enable the detection and monitoring of pathophysiological mechanisms involved in the development
of iDCM in the future.

Keywords: idiopathic dilated cardiomyopathy (iDCM); plasma samples; dogs; metabolomics;
chromatography; mass spectrometry

1. Introduction

Idiopathic dilated cardiomyopathy (iDCM), a primary myocardial disease, is the sec-
ond most common acquired heart disease in dogs, which results in congestive heart failure
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or sudden cardiac death due to arrhythmias. It is characterised by systolic dysfunction and
eccentric hypertrophy of the left ventricle, and in some cases also of the right ventricle [1].

The exact pathomechanisms that leads to the development of iDCM have yet to be
fully clarified, and the cause remains unknown. iDCM is a genetic disease, with a slow
onset, and is typically detected in middle-aged or older dogs. Male dogs appear to be more
affected than female dogs [2]. It is also found in humans, mainly affecting young and adults,
and can result in heart transplantation at a younger age [3]. Therefore, the discovery of
iDCM at an early stage (asymptomatic or occult stage) and the timely initiation of therapy to
slow the progression of the disease is extremely important and poses a significant challenge
for veterinarians worldwide [4,5].

The clinical progression of iDCM can be described as occurring in three distinct stages:
stage I—characterised by damage on the cellular or genetic level, stage II—characterised
by cardiac remodelling, and stage III—characterised by presence of clinical signs of con-
gestive heart failure. Whilst the first two stages can persist for years, stage III has a short
duration of several months [6]. The most common clinical signs of iDCM are those of
congestive heart failure and include respiratory distress due to pulmonary oedema or
pleural effusion, exercise intolerance and general weakness, ascites, and weight loss. In
dogs with arrhythmias, syncope and sudden cardiac death due to malignant arrhythmias
are common [7].

The prognosis of the disease is generally unfavourable. The average survival time in
dogs with overt or clinical iDCM is six to nine months. Namely, about 50% of dogs with
the symptomatic form of iDCM die within three months, while 20% survive for two years.

Possible causes of altered cardiac functions in patients with iDCM may be related to
changes in cardiac muscle metabolite levels and metabolic pathway disorders involved in
the development of the iDCM. The metabolites involved in heart disease can be discovered
using metabolomics and metabolomics approaches to investigate the molecular processes
responsible for the development of heart disease. It can also provide valuable information
that will help identify early forms of cardiovascular diseases [8,9].

Numerous studies in human medicine have used metabolomics methods to detect
small molecules that would serve as biomarkers for cardiovascular diseases. Thus, Shah
et al. (2012) generated a metabolomics profile of patients with risk of coronary artery dis-
ease [10]. Wang et al. (2011) performed a metabolomics analysis to investigate metabolites
as markers for predicting cardiovascular disease [11]. Diaz et al. (2022) used the GC-MS
system to investigate the metabolomics profile of 52 patients with systolic heart failure [12].

Recent metabolomics studies have also been performed to investigate dilated car-
diomyopathy. Alexander et al. (2011) performed a metabolomics analysis in plasma of
39 patients diagnosed with dilated cardiomyopathy and identified 451 metabolites [13].
West et al. (2016) quantified more than 130 metabolites investigated in mice with dilated
cardiomyopathy by targeted metabolomics analysis and discovered metabolomics path-
ways relevant to cardiac metabolism [14]. They noted a decreased energy metabolism in
the heart with dilatation disorder and stronger degeneration of myofibrils and collagen.
Using an untargeted metabolomics approach, Zhao et al. (2020) generated the plasma
metabolomics profile of patients with dilated cardiomyopathy [15]. They suggested that
the metabolism of glycerophospholipid and α-linolenic acid was significantly altered.
Biopterin, O-acetyl-L-carnitine, and sphingomyelin were shown to be the most abundant
metabolites contributing to the difference between patients with dilated cardiomyopathy
and healthy controls [15].

The aim of this study was to investigate metabolite profiles and possible changes in
the plasma metabolome in dogs with iDCM using liquid and gas chromatography coupled
to mass spectrometry, as well as flow-injection analysis, with our ultimate goal being to
suggest new biomarkers of iDCM in the canine species. Additionally, identifying unique
metabolic signatures and differences across different disease manifestations would be a
useful tool to better understand the pathophysiology of iDCM.
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2. Results
2.1. The Metabolomics Data Set in Dogs with Diagnosed iDCM

A total of 272 different metabolites were identified using an untargeted LC-MS and tar-
geted (combining LC-MS and FIA-MS) metabolomics analysis and a GC-MS metabolomics
assay in a plasma sample of dogs with iDCM (Figure 1, Table S1). The Venn diagram
indicates the identification of 26 metabolites using more than one platform. Among them,
13 metabolites were detected by untargeted LC-MS, targeted assay, and GC-MS meth-
ods; 9 metabolites were measured by the targeted metabolomics approach (Biocrates Kit
(Biocrates Life Science AG, Innsbruck, Austria)) and the GC-MS method; and 21 metabolites
were measured using untargeted LC-MS and targeted approach. A total of eight metabolites
were measured using three approaches, but four MS-based platforms.
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Figure 1. Metabolites identified in plasma of dogs with iDCM and healthy dogs using a Venn diagram.
The untargeted liquid chromatography coupled to mass spectrometry (LC-MS) metabolomics ap-
proach identified 48 metabolites, the targeted metabolomics approach (Biocrates analysis) identified
199 metabolites, and 25 metabolites were identified by the gas chromatography coupled to mass
spectrometry (GC-MS) metabolomics approach. A total of 272 metabolites were identified using three
approaches.

2.2. Untargeted Metabolomics Approach

The metabolomics analysis resulted in detecting 2636 features in plasma samples of
8 dogs with iDCM and 12 healthy dogs using an untargeted metabolomics approach on
the LC-MS platform (Table S2A). Among them, a total of 48 metabolites were identified
on the basis of the mass/retention time matched to known standards in the Polyomics
integrated Metabolomics Pipeline (PiMP) software available at http://polyomics.mvls.
gla.ac.uk (accessed on 15 July 2023). According to the statistical p-value (FDR) of <0.05,
a total of 394 features were significantly changed (Table S2B). Among them, a total of
10 metabolites were identified by reference to authentic standards (Table 1).

In addition, cystine and 4-hydroxyproline were lower in abundance, while creatinine,
3-hydroxybutanoate, orotate, lactate, carnitine, cis-aconitate, O-acetyl-L-carnitine, and
3-methylhistidine were higher in abundance in dogs with iDCM (Table 1).

http://polyomics.mvls.gla.ac.uk
http://polyomics.mvls.gla.ac.uk
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Table 1. List of identified and significantly changed metabolites in plasma of dogs with iDCM versus
healthy dogs performed by the untargeted LC-MS approach.

Metabolites Peak ID Mass RT(s) p-Value (FDR) Log2 (FC)

Cystine 1021 241.0309 730.41 0.043 −0.84
4-Hydroxyproline 180 132.0656 684.95 0.045 −0.69

Creatinine 4 114.0662 525.25 0.030 0.45
3-Hydroxybutanoate 2002 103.0403 514.83 0.030 0.71

Orotate 2559 155.0103 555.73 0.001 0.94
Lactate 1367 89.0246 528.32 0.025 1.00

Carnitine 3 162.1124 636.28 0.023 1.70
cis-Aconitate 2003 173.0097 800.83 0.0065 1.72

O-Acetyl-L-carnitine 21 204.123 553.67 0.010 2.20
3-Metylhistidine 27 170.0924 616.4 0.034 2.37

2.3. Targeted Metabolomics Approach

Targeted metabolomics analysis resulted in a total of 199 metabolites (from a total
possible of 408, from the Absolute IDQ p400 kit (Biocrates Life Sciences AG, Innsbruck,
Austria)) in plasma samples of 20 dogs, which were used for further statistical analysis
(Table S3A). The datasets of 199 metabolites were classified into several groups. Among
them, 19 metabolites belonged to the group of amino acids, 9 metabolites were biogenic
amines, 1 metabolite was a monosaccharide, 4 metabolites were acylcarnitines, 9 metabo-
lites belonged to the group of cholesteryl esters, 8 metabolites belonged to the group of
diglycerides, and 29 metabolites belonged to the group of triglycerides. A total of 11 metabo-
lites were lysophosphatidylcholines, 87 were phosphatidylcholines, and 22 metabolites
were sphingomyelins.

Metabolites were quantified according to the manufacturer’s guidelines using the
Biocrates MetIDQTM software Version Boron (Biocrates Life Sciences AG, Innsbruck, Aus-
tria) for targeted metabolomics data processing and management. In total, 31 were fully
validated as absolutely quantitative, 166 as relatively quantified, and 2 metabolites were
quantified with restrictions.

The univariate metabolomics analysis identified eight metabolites with significantly
different concentrations between two experimental groups by LC-MS and FIA-MS analysis.
Among them, only asymmetric dimethylarginine (ADMA) was identified metabolites by
LC-MS analysis, which was significantly higher in dogs with iDCM (p-value (FDR): 0.003,
log2 (FC): 0.91).

By the FIA-MS approach, we detected seven significant metabolites divided into
groups of triglycerides (3), diglycerides (3), and sphingomyelin (1) with different abundance
between dogs with iDCM and healthy dogs (Table S3B). All of the metabolites with lower
levels were different triglycerides (TG). Sphingomyelin (SM (43:1)), diacylglycerol 36:3 (DG
(36:3)), diacylglycerol 36:2 (DG (36:2)), and DG (34:1) were significantly higher (Table S3B).

2.4. GC-MS-Based Metabolomics

The GC-MS metabolomics analysis identified 25 metabolites in plasma samples of
20 dogs. Among them, a total of 10 were amino acids, 8 organic acids, 3 carbohydrates,
3 fatty acids, and 1 was a sugar alcohol (Table S4A). According to the p-value (FDR), none
of the detected metabolites were statistically significant.

2.5. Identification of Metabolites Showing Differential Abundance in the Plasma Metabolome of
Dogs with iDCM and Healthy Dogs

A partial least squares discriminant analysis (PLS-DA) enabled the identification of
metabolites that were the most discriminating between dogs with iDCM and healthy dogs.
This analysis represented a clear intergroup separation between the two experimental
groups of dogs investigated by untargeted LC-MS (Figure 2a), targeted metabolomics
(Figure 2b), and GC-MS-based metabolomics (Figure 2c). The validity of PLS-DA was
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confirmed by cross-validation and indicated that the best classifier model comprised two
components for untargeted LC-MS metabolomics (R2 = 0.91, Q2 = 0.64), five components for
targeted metabolomics (R2 = 0.99, Q2 = 0.10), and five components for GC-MS metabolomics
(R2 = 0.85, Q2 = −3.27).
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Figure 2. Partial least squares discriminant analysis (PLS-DA) score plots were performed for
the 8 analysed plasma samples of dogs with iDCM and 12 healthy dogs by untargeted LC-MS
metabolomics analysis (a), targeted metabolomics analysis (b), and GC-MS-based metabolomics
(c) (left panels). Variable importance in projection (VIP) scores for the 15 most influential metabolites
identified by PLS-DA analysis in the untargeted LC-MS metabolomics (a), targeted metabolomics (b),
and GC-MS metabolomics analysis (c) (right panels). The intensity of the coloured boxes on the right
represents the relative intensities/concentrations of the corresponding metabolite in two group of
dogs (healthy, dogs with iDCM).

The overall variable importance in the projection (VIP) score of the PLS-DA pro-
duced the list of the 15 most influential metabolites/features contributing to the separa-
tion in the PLS-DA plot. The coloured boxes on the right indicate the relative intensi-
ties of the corresponding metabolites in each studied group for the untargeted LC-MS
metabolomics (Figure 2a) and the relative concentrations for the targeted (Figure 2b) and
GC-MS metabolomics (Figure 2c). For the untargeted LC-MS metabolomics analysis, the
results showed that the highest VIP score belongs to the peak 2286 (mass: 353.012, RT(s):
750.78) with lower concentration in dogs with iDCM. Metabolite O-acetyl-L-carnitine (peak
21) and 3-methylhistidine (peak 27) were identified by the untargeted LC-MS metabolomics
approach, for which concentrations were higher in dogs with iDCM (Figure 2a). In the
targeted metabolomics, the top five of the most influential metabolites obtained by VIP
were as follows: putrescine, phosphatidylcholine PC (30:3), asymmetric dimethylarginine
(ADMA), symmetric dimethylarginine (SDMA), and taurine. Among them, putrescine had
the highest VIP score. The PC (30:3), ADMA, and SDMA were higher in dogs with iDCM in
comparison to healthy dogs, while the concentration of taurine was lower (Figure 2b). For
the GC-MS-based metabolomics, the results showed that the highest VIP score belonged to
the metabolite lactate with higher concentration in dogs with iDCM. Tyrosine was lower in
the group of dogs with iDCM in comparison to the healthy group, while the concentrations
of citrate, alanine, and glutamine were higher (Figure 2c).

3. Discussion

Investigation of metabolites in plasma samples of dogs with iDCM showed that
this disease was associated with changes in the plasma metabolomics profile. In this
study, we observed the changes in the concentrations of amino acids, organic acids, fatty
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acids, carbohydrates, sugar alcohols, acylcarnitines, cholesteryl esters, and other types of
metabolites.

Plasma samples of dogs with idiopathic dilated cardiomyopathy showed elevated
concentrations of lactate detected by an untargeted LC-MS-metabolomics approach. It is
thought that lactic acid may be one of the first biomarkers for detection of heart failure [16].
Lactic acid is an important source of energy in the myocardium together with fatty acids and
glucose [17]. Recent research suggested that the occurrence of lactic acid in the blood could
be a response to stress in heart disease, most often in patients with myocardial ischemia or
heart failure [17]. Haas et al. (2021) showed a trend of higher levels in patients with dilated
cardiomyopathy using the Biocrates kit (Biocrates Life Sciences AG, Innsbruck, Austria) for
targeted metabolomics analysis, but it did not reach significance [18]. Furthermore, elevated
concentrations of lactic acid may be associated with reduced expression of the enzyme
lactate dehydrogenase A in the blood, but not in myocardial tissue. It is assumed that
elevated concentrations of lactic acid in blood can be a consequence of developed systemic
diseases such as severe trauma, hypoxemia, and septic shock with poor prognosis [19–21].

The investigation by Haas et al. (2021) observed a decreased concentration of 3-
hydroxybutyric acid and 3-hydroxybutanoate, respectively, in patients with dilated car-
diomyopathy compared to the control group [18]. Interestingly, in dogs with iDCM, a
slight increase in the concentration of 3-hydroxybutanoate identified by an untargeted
LC-MS-metabolomics approach was observed. The study by Haas et al. (2021) found that
the concentrations of metabolites of pyruvate in plasma patients with dilated cardiomy-
opathy did not differ significantly from the control group [18]. This is in agreement with
the results of study performed on dogs with iDCM, in which also no significant change in
concentrations of pyruvate was identified by the GC-MS-metabolomics approach.

The metabolite carnitine was identified in the plasma of dogs with iDCM by an
untargeted LC-MS metabolomics approach. Carnitine is a key component in the trans-
port of long-chain fatty acids across the inner mitochondrial membrane [22]. It is essen-
tial for the oxidation of fatty acids, an important pathway for energy production in the
heart [23–25]. Carnitine plays an important role in capturing toxic metabolites of long-chain
acyl-coenzyme A, which can accumulate in ischemia and cause damage of the sarcolem-
mal membrane. Deficiency of carnitine prevents the oxidation of fatty acids into carbon
dioxide in the mitochondria, which can cause the development of hepatic encephalopathy,
hypoketotic hypoglycaemia, or cardiomyopathy [26].

The results obtained in dogs with dilated cardiomyopathy showed elevated concen-
trations of carnitine identified by untargeted LC-MS-based metabolomics. Research by
Pierpont et al. (1989) investigated the elevated concentrations of carnitine in blood of
patients with cardiomyopathy [27]. Furthermore, El-Aroussy et al. (2000) compared plasma
and urine concentrations of carnitine in patients with congestive heart failure versus the
control group [28]. Congestive heart failure occurred as a consequence of cardiomyopathies
and rheumatic heart diseases. Interestingly, the results also showed an increased concentra-
tions of carnitine in the plasma of patients with dilated cardiomyopathy and rheumatic
heart disease. On the other hand, several clinical studies in patients with dilated car-
diomyopathy, acute myocarditis, and rheumatic heart disease have revealed low carnitine
concentrations in the left ventricle [29–31]. Elevated concentrations of carnitine in plasma
and urine may be related with damage of tissue or difficulties in transport of carnitine
to cardiac cells [28]. Also, it is considered that elevated concentrations of carnitine in the
plasma and urine of patients with congestive heart failure may be marker for myocardial
damage and altered left ventricular function [28].

The metabolite O-acetyl-L-carnitine, identified using untargeted LC-MS metabolomics
approach, displayed an elevated plasma concentrations in dogs with iDCM. Zhao et al.
(2020) analysed the plasma of patients with dilated cardiomyopathy and ischemic car-
diomyopathy by an untargeted LC-MS-metabolomics approach [15] and found that the
concentration of O-acetyl-L-carnitine in plasma was elevated in both groups of patients [15].
However, the examination of plasma in healthy patients and patients with hypertension,
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atrial fibrillation, coronary heart disease, or vascular atherosclerosis suggested elevated
levels of O-acetyl-L-carnitine, short-chain acyl-carnitine, in all groups of patients with
cardiovascular disease compared to healthy patients [32]. Acylcarnitines are thought to
be potential diagnostic markers of cardiovascular disease [33]. They can also help in
understanding the development of underlying pathological processes and determining
cardiometabolic risk in the early stages of cardiovascular disease [34].

Asymmetric dimethylarginine (ADMA) is metabolite identified in the plasma of dogs
with iDCM by using the targeted metabolomics approach, and it is considered as a cardio-
vascular biomarker because of its biological function [35]. ADMA is a modified amino acid
and a natural endogenous inhibitor of nitric oxide synthase [36]. It reduces the produc-
tion of nitric oxide, which can result in endothelial dysfunction and an increased risk of
cardiovascular disease. Elevated concentrations of ADMA were found in the plasma of
dogs with iDCM compared to healthy dogs. Numerous studies have reported elevated
concentrations of ADMA and cardiovascular diseases. Thus, elevated plasma concentra-
tions of ADMA were observed in the plasma of patients with coronary artery disease [37],
peripheral arterial disease [38,39], chronic heart failure [40], pulmonary hypertension [41],
preeclampsia [42], stroke [43], and hypertrophic cardiomyopathy [44]. Also, the accumula-
tion of ADMA was noticed in the studies of heart valve diseases [45], idiopathic dilated
cardiomyopathy [46], congenital heart disease [47], renal failure [48], diabetes [49,50], and
atrial fibrillation [51]. Elevated concentrations of ADMA are one of the key indicators
of mortality in patients after infarction [52] or coronary heart disease [53]. It is also an
independent risk factor for hypertension, coronary artery disease/atherosclerosis, diabetes,
and altered renal function that contribute to the development of heart failure [54].

Djordjević et al. (2012) also noted an elevated concentration of ADMA in the plasma of
patients with ischemic heart disease [55]. An elevated concentration of ADMA is thought
to be indicator of morbidity and mortality in patients with cardiovascular disease [56].

The metabolite 3-methylhistidine was identified in the plasma of dogs by the LC-
MS-untargeted metabolomics approach. Elevated concentrations of 3-methylhistidine
have been reported in dogs with idiopathic dilated cardiomyopathy compared to healthy
dogs and in the plasma of patients with dilated cardiomyopathy compared to healthy
patients [13]. Metabolite 3-methylhistidine was considered as potential biomarker for
differential diagnosis, progression, and prognosis prediction and treatment monitoring of
dilated cardiomyopathy (DCM) [57].

The metabolite orotate was identified in dogs’ plasma by using the untargeted
metabolomics approach on the LC-MS platform. Our results noted elevated concentrations
in dogs with idiopathic dilated cardiomyopathy. It is shown that orotate can improve the
cardiac performance of ischaemic/reperfused rat hearts via the elevation of myocardial
glycogen content [58]. The investigation of blood plasma of rheumatic heart disease of
patients by an untargeted LC-MS-based approach indicated an increased level of orotate.
The increased level of orotate can be an indicator of a protective mechanism in patients
with rheumatic heart disease [59]. On the other hand, the study of Williams et al. (1991)
showed that administration of the metabolite orotate increases the pyrimidine nucleotide
content in heart tissue [60].

Creatinine is an anhydride form of creatine and is produced in the muscles from
creatine phosphate [61,62]. It is removed by the kidneys through glomerular filtration, but
also by proximal tubular secretion, and it serves as a marker of kidney function [61,62].
Recent results confirm that renal impairment is strongly associated with outcomes in
heart failure patients with systolic dysfunction [63,64]. A previous study indicated that
renal insufficiency is common in patients with heart failure, which is accompanied with
elevated serum creatinine [65]. Our research showed an elevated level of creatinine in the
plasma of dogs with idiopathic dilated cardiomyopathy identified by untargeted LC-MS
metabolomics analysis. Nevertheless, the research of Bagheri et al. (2019) demonstrated
that patients with coronary artery disease compared with the controls had increased levels
of serum urea and creatinine [62]. An increased level of creatinine was recorded during
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decongestion in patients with acute decompensated heart failure (ADHF). The reasons
behind the elevated level of serum creatinine in some patients is not clear. Some explanation
for the elevation of serum creatinine is haemoconcentration that occurs during diuretics
in ADHF patients or a state of relative hypovolemia in which decreasing left ventricular
end-diastolic pressure decreases renal perfusion to a pathological point [66].

The results from statistical analysis confirm that none of the detected metabolites in our
study were identified and significantly changed with more than one platform. Furthermore,
in the Venn diagram, we can see that 26 identified metabolites are overlapping for the more
than one above platforms, confirming the consistency of the above approaches.

The strengths of this research were the use of two complementary metabolomics
approaches: untargeted and targeted, and three different analyses: analyses with liquid
and gas chromatography coupled with mass spectrometry and flow-injection analysis. The
study’s limitation was the small sample size. However, to the authors’ knowledge, this is
the first report of a metabolomics-based study for the investigation of metabolite profile
and possible changes in the plasma of dogs with idiopathic dilated cardiomyopathy with
the highest number of samples.

4. Materials and Methods
4.1. Experimental Design

This study was approved by the Committee on Ethics of the University of Zagreb,
Faculty of Veterinary Medicine (Permit Number: 640-01/18-17/63; 251-61-20/165-18-01).
Two groups of animals were enrolled in the metabolomics study: group 1 consisted of
12 clinically healthy dogs and was used as a control group, and group 2 consisted of
8 dogs diagnosed with iDCM (Table S5A–C). Healthy dogs were admitted to the Clinic
for Internal Diseases, Faculty of Veterinary Medicine, University of Zagreb, Croatia. In
the control group were dogs with normal cardiac function, of various breeds, and of both
sexes (aged from 5 to 12.5 years, 6 males and 6 females). Dogs diagnosed with iDCM
were admitted to the Small Animals Clinic, Department of Clinical Veterinary Science,
Vetsuisse Faculty, University of Bern, Switzerland. In this group, dogs were of either
sex (4 males and 4 females), aged between 3 and 7 years. All dogs included in this study
underwent physical examination: blood was drawn for laboratory analysis (complete blood
count and biochemical analyses), and cardiac evaluation occurred. Cardiac evaluation
included echocardiographic (ECHO) and electrocardiographic (ECG) examination, which
were performed in unsedated dogs. The assessment of cardiac rhythm was performed
using 1 min 6 lead ECG Aspel AsCard Mr. Silver (Aspel SA, Zabierzów, Poland) and cardiac
function by ECHOEsaote MyLab40 Vet machine and a 5 MHz phased array transducer
(Davis Medical Electronics Inc., Vista, CA, USA) in a standard manner [67]. All dogs in the
disease group were classified according to the International Small Animal Cardiac Health
Council (ISACHC) classification system [68].

The diagnosis of IDCM was made based on the finding of enlarged left ventricular
M-mode systolic (LVIDs) and diastolic (LVIDd) dimensions defined according to weight-
adjusted values or breed-specific values [69,70] and left ventricular M-mode fractional
shortening of <20%, both of which represent major criteria for diagnosis of iDCM [71].
The investigation had several exclusion criteria including evidence of any other disease
than iDCM based on history, clinical examination, laboratory results, or imaging. The
cardiac evaluation of dogs with iDCM included physical examination, thoracic radiographs
evaluated by a board-certified radiologist, a 1 min 6 lead ECG AT 101 (SchillerAG, Baar,
Switzerland) ), and transthoracic echocardiography performed by aboard-certified cardiolo-
gist (AK). Echocardiography was performed using an Aloka ProSound Alpha 5SV machine
(Aloka Co., Ltd., Tokio, Japan) and a 5 MHz sector transducer in unsedated dogs and in
a standard manner [67]. Dogs with iDCM were classified according to the International
Small Animal Cardiac Health Council (ISACHC) classification system [68]. All procedures
were conducted in accordance with EU Directive 2010/63/EU for animal experiments, as
well as subject to informed owner consent.
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4.2. Blood Sample Preparation and Analysis

The blood samples were collected from the cephalic vein on the day of admission
from all the dogs divided into two groups: 12 clinically healthy dogs (used as controls) and
8 dogs diagnosed with iDCM. The samples were placed in tubes with ethylenediaminete-
traacetic acid (EDTA) for haematological and metabolomics analysis and in tubes with no
anticoagulant for biochemical analysis. Routine haematology analysis and haematological
data of complete blood count were obtained using an automatic haematology analyser
Horiba ABX (Diagnostics, Montpellier, France), while biochemical profiles were obtained
according to standard methods using an automated biochemistry analyser Olympus AU
600 (Olympus Diagnostica GMBH, Hamburg, Germany). Blood plasma samples were
prepared by centrifugation of EDTA tubes at 1600× g for 10 min and stored at −80 ◦C until
used for analysis of metabolites. Serum aliquots were prepared by centrifugation of tubes
at 1600× g for 10 min and used for biochemical analysis. All samples were collected during
a one-year period and thawed just once upon completion of collection, immediately before
any analysis. Serum and plasma of dogs with iDCM were collected at the time of initial
diagnosis and before any treatment.

4.3. Untargeted Metabolomics Approach
4.3.1. Sample Preparation

Metabolites were extracted using extraction solvent consisting of a chloroform/methanol/
water (1:3:1, v/v/v) mixture (chloroform, methanol (Honeywell, Charlotte, NC, USA), water
(Merck, Darmstadt, Germany)). In short, a total of 25 µL of each serum was subjected to a
total of 1000 µL of extraction solvent on a cooled (4 ◦C) vortex mixer for 5 min. The pooled
sample was mixed with a volume of 10 µL of each sample (control and disease sample) and
subjected to extraction with extraction solvent. Matrix blank samples contained extraction
solvent. All assayed samples (serum samples, pooled samples, matrix blank) were then
centrifuged at 13,000× g for 5 min at 4 ◦C. The supernatant (200 µL) was stored at −80 ◦C
until used for UHPLC-MS/MS metabolomics analysis.

4.3.2. Metabolite Analysis

Metabolite extracts were separated on a Dionex UltiMate 3000 UHPLC system (Thermo
Fisher Scientific, Germering, Germany) using hydrophilic interaction liquid chromatogra-
phy (HILIC) and analysed on a Thermo Orbitrap Q Exactive Plus (Thermo Fisher Scientific;
Bremen, Germany). The extracts were loaded on a ZIC-pHILIC column (150 mm × 4.6 mm,
5 µm column, Merck Sequant, Darmstadt, Germany) at a column temperature of 30 ◦C,
which was maintained constantly during the analysis. Mobile phase A was 20 mM ammo-
nium carbonate (Honeywell, Charlotte, NC, USA) in water (Merck, Darmstadt, Germany)).
Mobile phase B was 100% acetonitrile (Honeywell, Charlotte, NC, USA). Metabolites were
eluted using a linear gradient from 80% of mobile phase B to 5% with a flow rate of
0.3 mL/min. The injection volume was a volume of 10 µL in every run, and samples were
maintained in the autosampler at 5 ◦C prior to injection. A Thermo Orbitrap Q Exactive
Plus instrument (Thermo Fisher Scientific; Bremen, Germany) was operated in polarity
switching mode with electrospray ionisation at a mass resolution of 70,000 FWHM and
the full scan of m/z range 70–1050. The MS setting was acquired for positive and negative
polarities as follows: source voltage of +3.8 kV for positive and −3.8 kV for negative modes,
sheath gas 40 (arbitrary units), auxiliary gas of 5 (arbitrary units), and capillary temperature
of 320 ◦C. Metabolites were identified using a standard sample mix (kindly provided by
Glasgow Polyomics, Glasgow, UK) of 148 reference compounds. Quality control samples
were extracts obtained from foetal bovine serum and beer (kindly provided by Glasgow
Polyomics, Glasgow, UK) and used in the analysis to check signal reproducibility and the
quality of chromatography.
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4.3.3. Data Processing

The results of metabolomics analysis were processed with the MSconvert tool for con-
version of data (ProteoWizard Software Version 3, San Diego, CA, USA) and the Polyomics
integrated Metabolomics Pipeline (PiMP) available at http://polyomics.mvls.gla.ac.uk
(accessed on 12 June 2023) for metabolite identification [72]. The analysis components
in PiMP (http://polyomics.mvls.gla.ac.uk, accessed on 12 June 2023) are implemented
as an R pipeline based around XCMS [73] for the feature detection and mzMatch.R [74]
for common metabolomics data pre-processing tasks (e.g., alignment, batch correction,
and identification). All these components are gathered in a Docker container for easy
deployment, both locally and on a shared server. The peaks for each sample were called
and retention time corrected using the Obiwarp algorithm [75]. Filtering was carried
out on the basis of noise, number of values present, etc. The raw LC-MS data obtained
from each sample were converted from the Thermo Scientific “RAW” file format to an
open-source “mzXML” file format, centroided, split into positive and negative polarities
using ProteoWizard software Version 3 (San Diego, CA, USA) [76]. The metabolite was
identified in PiMP software available at http://polyomics.mvls.gla.ac.uk (accessed on 15
July 2023), according to the metabolomics standards initiative (MSI) guidelines, based on
mass and retention times of detected peaks with authentic standard mix while features
were annotated based on am accurate mass of standards in a metabolite libraries search
(e.g., The Human Metabolome Database, HMDB available at https://hmdb.ca/ (accessed
on 9 August 2023) and/or Kyoto Encyclopaedia of Genes and Genomes, KEGG available at
https://www.genome.jp/kegg/ (accessed on 9 August 2023) integrated within PiMP soft-
ware available at http://polyomics.mvls.gla.ac.uk (accessed on 15 July 2023). Information
on which metabolites were identified using retention time and m/z (Level 1 MSI) and which
features were annotated using m/z only (Level 3 MSI) are given in Table S6. The reported
compounds using PiMP software available at http://polyomics.mvls.gla.ac.uk (accessed
on 15 July 2023) in the Tables S2 and S6, marked as “Annotation”, represent tentative
identifications. These identifications exclude correct annotations of fatty acyl constituents,
positional isomers, double bond positions, and configurations. These annotations need
to be further confirmed using authentic standards. This confirmation process involves
comparing retention time, accurate mass (MS1), and MS/MS spectrum.

4.4. Targeted Metabolomics Approach

Metabolite extracts were performed using the Absolute IDQ p400 kit (Biocrates Life
Science AG, Innsbruck, Austria), a commercially available kit for targeted metabolomics
analysis of up to 408 metabolites distributed into 11 metabolite classes. This kit allowed
for the detection and quantification of different class of metabolites combining liquid
chromatography–mass spectrometry (LC-MS/MS) and flow-injection analysis–mass spec-
trometry (FIA-MS/MS). The LC-MS/MS analysis quantified amino acids and biogenic
amines while the FIA-MS/MS was used to quantify acylcarnitines, glycerophospholipids,
glycerides, hexoses, cholesteryl esters, and sphingolipids.

4.4.1. Sample Preparation

Sample preparations for targeted metabolomics analysis were performed based on
manufacturing protocols provided with the kit. The metabolite extracts were prepared
on the specific 96-well plate system in three steps: protein removal, internal standard
normalisation, and derivatisation. In short, a volume of 10 µL of plasma samples, calibration
standards, zero standards (phosphate-buffered saline (BDH PROLABO, Lutterworth, UK)),
and quality control samples (QC 1–3, the QC2 samples was injected in five replicates) were
added to the centre of the filter on the 96-well kit plate containing the internal standard
mix. One blank sample was also added on the plate. The samples were then dried for
30 min using a vacuum manifold (Thermo Scientific, Waltham, MA, USA) and derivatised
with 50 µL of 5% derivatisation solution of phenylisothiocyanate (PITC) (Sigma-Aldrich,
St. Louis, MO, USA) in a mixture of water/ethanol/pyridine at ratio of 1:1:1 (water

http://polyomics.mvls.gla.ac.uk
http://polyomics.mvls.gla.ac.uk
http://polyomics.mvls.gla.ac.uk
https://hmdb.ca/
https://www.genome.jp/kegg/
http://polyomics.mvls.gla.ac.uk
http://polyomics.mvls.gla.ac.uk
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(Merck, Darmstadt, Germany), ethanol (Honeywell, Charlotte, NC, USA), pyridine (BDH
PROLABO, Lutterworth, UK)). Then, the 96-well kit plate was incubated for 20 min at
room temperature and was dried for 60 min using vacuum manifold (Thermo Scientific,
Waltham, MA, USA). The metabolite extraction was produced by the addition of 300 µL of
5 mM ammonium acetate (Sigma-Aldrich, St. Louis, MO, USA) in methanol (Honeywell,
Charlotte, NC, USA) and was shaken at 450 rpm for 30 min. The metabolite extracts were
collected using a vacuum manifold (Thermo Scientific, Waltham, MA, USA) for 2 min into
a capture plate for a FIA-MS/MS analysis. A total of 250 µL of FIA mobile (mix of 290 mL
MeOH and a 10 mL ampule Biocrates FIA mobile phase additive, provided with the kit)
was added directly to each well of the original capture plate, while a total of 150 µL from
the capture plate was transferred to another plate and diluted with 150 µL LC-MS-grade
water for LC-MS/MS analysis.

4.4.2. Metabolite Analysis

Plasma samples were analysed on a Dionex Ultimate 3000 UHPLC system (Thermo
Fisher Scientific, Germering, Germany) coupled to a Q Exactive Plus hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), using a Thermo
p400 HR UHPLC column provided with the kit (available from Biocrates), and the column
temperature was maintained at 50 ◦C. Mobile phase A was 0.2% formic acid (Sigma-Aldrich,
St. Louis, MO, USA) in H2O (Merck, Darmstadt, Germany), and mobile phase B was 0.2%
formic acid (Sigma-Aldrich, St. Louis, MO, USA) in acetonitrile (Honeywell, Charlotte, NC,
USA). The injection volume was 5 µL. The total run time was 5.81 min, and the gradient
change of 0 to 95% of mobile phase B over 4 min at flow rate was 0.8 mL/min. For the FIA-
MS/MS analysis, metabolites were eluted using FIA mobile phase at flow rate 0.05 mL/min
for the first 1.6 min, and then the flow rate increased to 0.2 mL/min for 1.2 min and then
decreased back to 0.05 mL/min for the rest of the program. The instrument analysis was
performed in positive and negative polarities for LC-MS/MS and FIA-MS/MS according to
the instructions from Biocrates (Biocrates Life Science AG, Innsbruck, Austria). Briefly, the
Orbitrap mass spectrometer was operated in full-scan acquisition mode using electrospray
ionisation at a mass resolution of 70,000 FWHM and a full scan of the m/z range of 100
to 800 for LC-MS/MS analysis, and 100 to 1000 for FIA-MS/MS. The microscans were
1, AGC target of 1 × 106, and maximum injection time (IT) of 250 ms. The HESI source
settings were acquired with a source voltage of 3.0 kV for LC-MS/MS analysis and 2.50 kV
for FIA-MS/MS with a capillary temperature of 300 ◦C. In the LC-MS/MS metabolomics
analysis, the sheath gas was 60 (arbitrary units), auxiliary gas was 30 (arbitrary units), and
S-lens RF level was 60 for LC1 and 90 for LC2 analysis with an aux gas heater temperature
of 550 ◦C. For the FIA-MS/MS metabolomics analysis, the sheath gas was 15 (arbitrary
units), auxiliary gas was 5 (arbitrary units), and S-lens RF level was 60 with an aux gas
heater temperature of 120 ◦C.

4.4.3. Data Processing

The data analysis was performed according to the manufacturer’s guidelines using the
Biocrates MetIDQ software Version Boron (Biocrates Life Science AG, Innsbruck, Austria).
The quantification of the LC-MS metabolites was processed via XCalibur Quan 4.1 software
(Thermo Fisher Scientific, Waltham, MA, USA) based on a seven-point calibration curve
and isotope labelled internal standards for most analytes. The FIA-MS/MS analysis used a
single-point calibrator with representative internal standards. Blank samples (phosphate-
buffered saline) were used for the calculation of the limits of detection (LOD). If the
compounds were quantified with restriction, then the calibration curves had expected
coefficients of determination (R2) < 0.99 according to the manufacturer guidelines. On the
other hand, when specific standards were not commercially available and verification of
the accuracy was not possible by the manufacturer, then in terms of quantification, the
measuring was “semi-quantitatively”.
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4.5. GC-MS-Based Metabolomics Analysis
4.5.1. Sample Preparation

The solution for metabolite extraction was prepared by mixing water/methanol/
chloroform at a ratio of 1:2.5:1 (water (Merck, Darmstadt, Germany), methanol, and chlo-
roform (Honeywell, Charlotte, NC, USA)). A total of 25 µL of each plasma sample was
extracted by mixing with a volume of 250 µL of extraction solution, followed by incubation
for 30 min at 37 ◦C and centrifugation at 16,000× g for 5 min at 4 ◦C. A volume of 225 µL
of the obtained extracts was subjected to 200 µL of distilled water, shaken at 1200 rpm for
30 min at 37 ◦C, and centrifuged at 16,000× g for 5 min at 4 ◦C. The supernatant (225 µL) was
evaporated to dryness using a speedvac concentrator (Thermo Fisher Scientific, Waltham,
MA, USA) for 4 h. A dried aliquot was reconstituted with 40 µL methoxyamine hydrochlo-
ride (20 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) in pyridine (BDH PROLABO,
Lutterworth, UK). The resultant solution was shaken at 1200 rpm for 90 min at 30 ◦C.
Subsequently, a volume of 20 µL of N-methyl-N-trimethylsilytrifluoroacetamide (MSTFA)
(Sigma-Aldrich, St. Louis, MO, USA) was added in the resultant solution, followed by
incubation at 1200 rpm for 30 min at 37 ◦C and centrifugation at 16,000× g for 5 min at
20 ◦C. The prepared extracts were stored at −80 ◦C until GC-MS analysis.

4.5.2. Metabolite Analysis

The instrumental analysis was carried out on a Shimadzu single quadrupole GCMS-
QP2010 gas chromatograph–mass spectrometer (Shimadzu, Kyoto, Japan) with electron
ionisation as the ion source. Metabolites were loaded on a 30 m × 0.25 mm × 0.25 µm
BPX-5 capillary column (SGE, Austin, TX, USA), and a total of 1 µL of each derivatised
sample was split injected with ratio of 1:80. The injector port temperature was held at
250 ◦C, and the carrier gas helium was used at a constant flow rate through the column of
1 mL/min. The total run time was 60 min for each plasma sample. The temperature was
programmed at 60 ◦C for 2 min, then increased to 330 ◦C at 15 ◦C/minute and maintained
for 10 min. MS ion source temperature was 200 ◦C, and the interface temperature was
280 ◦C. Mass range was 45–600 m/z with a scan time 1 s.

4.5.3. Data Processing

The GC-MS metabolomics data were analysed using the Shimadzu GCMSsolution
software Version 2.53 (Shimadzu, Kyoto, Japan). The retention time correction of detected
peaks was performed by adjusting it with the retention time of a standard alkane series
mixture (C10 to C40) in the automatic adjustment of retention time (AART) function of the
Shimadzu GCMSsolution software Version 2.53 (Shimadzu, Kyoto, Japan). Low-molecular-
weight metabolites were identified by a commercially available GC/MS Metabolite Mass
Spectral Database (Shimadzu Co., Kyoto, Japan). The GC/MS MS Metabolite Mass Spectral
Database contained a mass spectral library (method files that specified the above-described
analytical conditions) and the parameters for data analysis of 178 compounds (amino acids,
fatty acids, and organic acids). A similarity index was calculated based on retention time
and the confirmed ion and fragmentation pattern obtained in the mass spectrum of the low
molecular weight metabolites. Peaks with a similarity index of less than 80 were processed
as unknown molecules, while peaks with a similarity index more than 80 were identified
metabolites. The peak height of 2-isopropylmalic acid was used as an internal standard
to perform the semi-quantitative assessment (the peak height of each quantified ion was
calculated and normalised using the peak height of internal standard).

4.6. Statistical Analyses

Online available software MetaboAnalyst v.4.0 (http://www.metaboanalyst.ca, ac-
cessed on 20 July 2023) was used for statistical analyses [77]. Metabolite contents were
compared using Student’s t-test for both group of dogs with FDR correction systematically
applied across all t-tests. Metabolites with a p-value < 0.05 were considered statistically
significant. For the untargeted metabolomics, all statistical analyses were performed on

http://www.metaboanalyst.ca


Int. J. Mol. Sci. 2023, 24, 15182 14 of 18

the combined positive and negative ion data sets, exported as a peak intensity table from
PiMP (http://polyomics.mvls.gla.ac.uk (accessed on 25 July 2023)). The untargeted data
were normalised by median, log transformed to improve normality, and mean centred. In
the targeted data, features with 50% missing values were removed and replace by LoDs
(1/5 of the minimum positive value of each variable), normalised by sum, log transformed,
and Pareto scaled, while the GC-MS data were normalised by sum, log transformed, and
Pareto scaled prior to partial least squares–discriminant analysis (PLS-DA) and the variable
importance on projection (VIP). A supervised PLS-DA classification method was used to
identify the important metabolites, while a variable importance in the projection (VIP) plot
was ranked the metabolites based on their importance in discriminating the dogs with
iDCM from healthy dogs. Metabolites with the highest VIP values are the most powerful
group discriminators, and therefore metabolites with VIP values >1 are significant and
metabolites with VIP values > 2 are highly significant.

5. Conclusions

We observed a pattern of significantly altered metabolites that has contributed that
the metabolomics profiles of dogs with iDCM distinguish significantly from healthy dogs.
The study combined untargeted and targeted metabolomics approaches by using liquid
and gas chromatography coupled with mass spectrometry and flow-injection analysis. The
combination of these analytical platforms resulted in the identification of 272 metabolites.
Our findings demonstrated that iDCM was associated with changes in the concentration of
amino acids, biogenic amines, acylcarnitine, triglycerides and diglycerides, sphingomyelins,
and organic acids. The results of this study provide a global overview of the metabolome
in dogs with iDCM and provided a new perspective into the metabolic abnormalities
identified herein. Additionally, our results highlight new targets for further investigation.
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Copenhagen, Denmark) for technical support during the performance of the experiment, and to all
the team at Glasgow Polyomics, University of Glasgow, for sharing knowledge, providing technical
support, and giving the donation of the standards for metabolomics.

Conflicts of Interest: The authors declare no conflict of interest.

http://polyomics.mvls.gla.ac.uk
https://www.mdpi.com/article/10.3390/ijms242015182/s1
https://www.mdpi.com/article/10.3390/ijms242015182/s1


Int. J. Mol. Sci. 2023, 24, 15182 15 of 18

References
1. Wynne, J.; Braunwald, E. The cardiomyopathies and myocarditides. In Heart Disease: A Textbook of Cardiovascular Medicine, 5th ed.;

Braunwald, E., Saunders, E.W.B., Eds.; Elsevier: Philadelphia, PA, USA, 1997; p. 1404.
2. Oyama, M. Cardiomyopathy. In Manual of Canine and Feline Cardiology; Smith, F., Tilley, L., Oyama, M., Sleeper, M., Eds.; Elsevier:

St. Louis, MO, USA, 2015; pp. 141–151.
3. Richardson, P.; McKenna, W.; Bristow, M.; Maisch, B.; Mautner, B.; O’Connell, J.; Olsen, E.; Thiene, G.; Goodwin, J.; Gyarfas,

I.; et al. Report of the 1995 World Health Organization/International Society and Federation of Cardiology Task Force on the
Definition and Classification of Cardiomyopathies. Circulation 1996, 93, 841–842. [PubMed]

4. O’Grady, M.R.; O’Sullivan, M.L.; Minors, S.L.; Horne, R. Efficacy of benazepril hydrochloride to delay the progression of occult
dilated cardiomyopathy in Doberman Pinschers. J. Vet. Intern. Med. 2009, 23, 977–983. [CrossRef] [PubMed]

5. Summerfield, N.J.; Boswood, A.; O’Grady, M.R.; Gordon, S.G.; Dukes-McEwan, J.; Oyama, M.A.; Smith, S.; Patteson, M.; French,
A.T.; Culshaw, G.J.; et al. Efficacy of Pimobendan in the Prevention of Congestive Heart Failure or Sudden Death in Doberman
Pinschers with Preclinical Dilated Cardiomyopathy (The PROTECT Study). J. Vet. Intern. Med. 2012, 26, 1337–1349. [CrossRef]
[PubMed]

6. Wess, G.; Schulze, A.; Butz, V.; Simak, J.; Killich, M.; Keller, L.; Maeurer, J.; Hartmann, K. Prevalence of dilated cardiomyopathy in
Doberman Pinschers in various age groups. J. Vet. Intern. Med. 2010, 24, 533–538. [CrossRef] [PubMed]

7. Schild, D.P.; Ricciardi, S.I.; Hellige, J.G.; Vogel, R.; Arenja, N. Current Pathophysiological and Genetic Aspects of Dilated
Cardiomyopathy. In Visions of Cardiomyocyte—Fundamental Concepts of Heart Life and Disease; IntechOpen: London, UK, 2019.

8. Kordalewska, M.; Markuszewski, M.J. Metabolomics in cardiovascular diseases. J. Pharm. Biomed. Anal. 2015, 113, 121–136.
[CrossRef]

9. Niiranen, T.J.; Vasan, R.S. Epidemiology of cardiovascular disease: Recent novel outlooks on risk factors and clinical approaches.
Expert. Rev. Cardiovasc. Ther. 2016, 14, 855–869. [CrossRef]

10. Shah, S.H.; Sun, J.L.; Stevens, R.D.; Bain, J.R.; Muehlbauer, M.J.; Pieper, K.S.; Haynes, C.; Hauser, E.R.; Kraus, W.E.; Granger, C.B.;
et al. Baseline metabolomics profiles predict cardiovascular events in patients at risk for coronary artery disease. Am. Heart J.
2012, 163, 844–850. [CrossRef]

11. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; DuGar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, Y.-M.; et al. Gut
flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 2011, 472, 57–63. [CrossRef]

12. Diaz, M.L.; Burgess, K.; Burchmore, R.; Gómez, M.A.; Gómez-Ochoa, S.A.; Echeverría, L.E.; Morillo, C.; González, C.I.
Metabolomic Profiling of End-Stage Heart Failure Secondary to Chronic Chagas Cardiomyopathy. Int. J. Mol. Sci. 2022,
23, 10456. [CrossRef]

13. Alexander, D.; Lombardi, R.; Rodriguez, G.; Mitchell, M.M.; Marian, A.J. Metabolomic distinction and insights into the pathogen-
esis of human primary dilated cardiomyopathy. Eur. J. Clin. Investig. 2011, 41, 527–538. [CrossRef]

14. West, J.A.; Beqqali, A.; Ament, Z.; Elliott, P.; Pinto, Y.M.; Arbustini, E.; Griffin, J.L. A targeted metabolomics assay for cardiac
metabolism and demonstration using a mouse model of dilated cardiomyopathy. Metabolomics 2016, 12, 59. [CrossRef] [PubMed]

15. Zhao, J.; Yang, S.; Jing, R.; Jin, H.; Hu, Y.; Wang, J.; Gu, M.; Niu, H.; Zhang, S.; Chen, L.; et al. Plasma Metabolomic Profiles
Differentiate Patients With Dilated Cardiomyopathy and Ischemic Cardiomyopathy. Front. Cardiovasc. Med. 2020, 7, 597546.
[CrossRef] [PubMed]

16. Ritterhoff, J.; Tian, R. Metabolism in cardiomyopathy: Every substrate matters. Cardiovasc. Res. 2017, 113, 411–421. [CrossRef]
[PubMed]

17. Dong, S.; Qian, L.; Cheng, Z.; Chen, C.; Wang, K.; Hu, S.; Zhang, X.; Wu, T. Lactate and Myocadiac Energy Metabolism. Front.
Physiol. 2021, 12, 715081. [CrossRef]

18. Haas, J.; Frese, K.S.; Sedaghat-Hamedani, F.; Kayvanpour, E.; Tappu, R.; Nietsch, R.; Tugrul, O.F.; Wisdom, M.; Dietrich, C.; Amr,
A.; et al. Energy Metabolites as Biomarkers in Ischemic and Dilated Cardiomyopathy. Int. J. Mol. Sci. 2021, 22, 1999. [CrossRef]

19. Cerovic, O.; Golubovic, V.; Spec-Marn, A.; Kremzar, B.; Vidmar, G. Relationship between injury severity and lactate levels in
severely injured patients. Intensive Care Med. 2003, 29, 1300–1305. [CrossRef]

20. Nguyen, H.B.; Rivers, E.P.; Knoblich, B.P.; Jacobsen, G.; Muzzin, A.; Ressler, J.A.; Tomlanovich, M.C. Early lactate clearance is
associated with improved outcome in severe sepsis and septic shock. Crit. Care Med. 2004, 32, 1637–1642. [CrossRef]

21. Khosravani, H.; Shahpori, R.; Stelfox, H.T.; Kirkpatrick, A.W.; Laupland, K.B. Occurrence and adverse effect on outcome of
hyperlactatemia in the critically ill. Crit. Care 2009, 13, R90. [CrossRef]

22. Bremer, J.; Roberts, P.A.; Bouitbir, J.; Bonifacio, A.; Singh, F.; Kaufmann, P.; Urwyler, A.; Krähenbühl, S.; Kong, J.Y.; Rabkin, S.W.;
et al. Carnitine- metabolism and functions. Physiol. Rev. 1983, 63, 1420–1480. [CrossRef]

23. Hoppel, C. The Physiological Role of Carnitine. L-carnitine and Its Role in Medicine: From Function to Therapy; Ferrari, R., DiMauro, S.,
Sherwood, G., Eds.; Academic Press: London, UK, 1992; pp. 5–17.

24. Paulson, D.J.; Shug, A.L. Tissue specific depletion of L-carnitine rat heart and skeletal muscle by L-carnitine. Life Sci. 1981, 28,
2931–2938. [CrossRef]

25. Rebouche, C.J.; Engel, A.G. Carnitine metabolism and deficiency syndromes. Mayo Clin.Proc. 1983, 58, 533–540. [PubMed]
26. Magoulas, P.L.; El-Hattab, A.W. Systemic primary carnitine deficiency: An overview of clinical manifestations, diagnosis, and

management. Orphanet J. Rare Dis. 2012, 7, 68. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/8598070
https://doi.org/10.1111/j.1939-1676.2009.0346.x
https://www.ncbi.nlm.nih.gov/pubmed/19572914
https://doi.org/10.1111/j.1939-1676.2012.01026.x
https://www.ncbi.nlm.nih.gov/pubmed/23078651
https://doi.org/10.1111/j.1939-1676.2010.0479.x
https://www.ncbi.nlm.nih.gov/pubmed/20202106
https://doi.org/10.1016/j.jpba.2015.04.021
https://doi.org/10.1080/14779072.2016.1176528
https://doi.org/10.1016/j.ahj.2012.02.005
https://doi.org/10.1038/nature09922
https://doi.org/10.3390/ijms231810456
https://doi.org/10.1111/j.1365-2362.2010.02441.x
https://doi.org/10.1007/s11306-016-0956-2
https://www.ncbi.nlm.nih.gov/pubmed/27069442
https://doi.org/10.3389/fcvm.2020.597546
https://www.ncbi.nlm.nih.gov/pubmed/33240942
https://doi.org/10.1093/cvr/cvx017
https://www.ncbi.nlm.nih.gov/pubmed/28395011
https://doi.org/10.3389/fphys.2021.715081
https://doi.org/10.3390/ijms22041999
https://doi.org/10.1007/s00134-003-1753-8
https://doi.org/10.1097/01.CCM.0000132904.35713.A7
https://doi.org/10.1186/cc7918
https://doi.org/10.1152/physrev.1983.63.4.1420
https://doi.org/10.1016/0024-3205(81)90269-1
https://www.ncbi.nlm.nih.gov/pubmed/6348429
https://doi.org/10.1186/1750-1172-7-68


Int. J. Mol. Sci. 2023, 24, 15182 16 of 18

27. Pierpont, M.E.; Judd, D.; Goldenberg, I.; Ring, W.S.; Olivari, M.T.; Pierpont, G.L. Myocardial carnitine in end-stage congestive
heart failure. Am. J. Cardiol. 1989, 64, 56–60. [CrossRef] [PubMed]

28. El-Aroussy, W.; Rizk, A.; Mayhoub, G.; Aleem, S.A.; El-Tobgy, S.; Mokhtar, M.S. Plasma carnitine levels as a marker of impaired
left ventricular functions. Mol. Cell. Biochem. 2000, 213, 37–41. [CrossRef]

29. Regitz, V.; Shug, A.L.; Fleck, E. Defective myocardial carnitine metabolism in congestive heart failure secondary to dilated
cardiomyopathy and to coronary, hypertensive, and valvular heart disease. Am. J. Cardiol. 1990, 65, 755–760. [CrossRef]

30. Regitz, V.; Bossaller, C.; Strasser, R.; Müller, M.; Shug, A.L.; Fleck, E. Metabolic alterations in end stage and less severe heart
failure-myocardial carnitine decrease. J. Clin. Chem. Clin. Biochem. 1990, 28, 611–617. [CrossRef] [PubMed]

31. Wittles, B.; Spann, J.F., Jr. Defective lipid metabolism in the failing heart. J. Clin. Invest. 1968, 47, 1787–1794.
32. Kukharenko, A.; Brito, A.; Kozhevnikova, M.V.; Moskaleva, N.; Markin, P.A.; Bochkareva, N.; Korobkova, E.O.; Belenkov, Y.N.;

Privalova, E.V.; Larcova, E.V.; et al. Relationship between the plasma acylcarnitine profile and cardiometabolic risk factors in
adults diagnosed with cardiovascular diseases. Clin. Chim. Acta. 2020, 507, 250–256. [CrossRef] [PubMed]

33. Reuter, S.E.; Evans, A.M. Carnitine and acylcarnitines. Clin. Pharmacokinet. 2012, 51, 553–572. [CrossRef]
34. Strand, E.; Pedersen, E.R.; Svingen, G.F.T.; Olsen, T.; Bjørndal, B.; Karlsson, T.; Dierkes, J.; Njølstad, P.R.; Mellgren, G.; Tell,

G.S.; et al. Serum acylcarnitines and risk of cardiovascular death and acute myocardial infarction in patients with stable angina
pectoris. J. Am. Heart Assoc. 2017, 6, e003620. [CrossRef] [PubMed]

35. Zobel, E.H.; Von Scholten, B.J.; Reinhard, H.; Persson, F.; Teerlink, T.; Hansen, T.W.; Parving, H.-H.; Jacobsen, P.K.; Rossing, P.
Symmetric and asymmetric dimethylarginine as risk markers of cardiovascular disease, all-cause mortality and deterioration in
kidney function in persons with type 2 diabetes and microalbuminuria. Cardiovasc. Diabetol. 2017, 16, 88. [CrossRef]

36. Vallance, P.; Leone, A.; Calver, A.; Collier, J.; Moncada, S. Accumulation of an endogenous inhibitor of nitric oxide synthesis in
chronic renal failure. Lancet 1992, 339, 572–575.

37. Valkonen, V.P.; Paiva, H.; Salonen, J.T.; Lakka, T.A.; Lehtimäki, T.; Laakso, J.; Laaksonen, R. Risk of acute coronary events and
serum concentration of asymmetrical dimethylarginine. Lancet 2001, 358, 2127–2128. [CrossRef] [PubMed]

38. Boger, R.H.; Bode-Boger, S.M.; Thiele, W.; Junker, W.; Alexander, K.; Frolich, J.C. Biochemical evidence for impaired nitric oxide
synthesis in patients with peripheral arterial occlusive disease. Circulation 1997, 95, 2068–2074. [CrossRef] [PubMed]

39. Mittermayer, F.; Krzyzanowska, K.; Exner, M.; Mlekusch, W.; Amighi, J.; Sabeti, S.; Minar, E.; Muller, M.; Wolzt, M.; Schillinger, M.
Asymmetric dimethylarginine predicts major adverse cardiovascular events in patients with advanced peripheral artery disease.
Arter. Thromb. Vasc. Biol. 2006, 26, 2536–2540. [CrossRef]

40. Usui, M.; Matsuoka, H.; Miyazaki, H.; Ueda, S.; Okuda, S.; Imaizumi, T. Increased endogenous nitric oxide synthase inhibitor in
patients with congestive heart failure. Life Sci. 1998, 62, 2425–2430. [CrossRef] [PubMed]

41. Gorenflo, M.; Zheng, C.; Werle, E.; Fiehn, W.; Ulmer, H.E. Plasma levels of asymmetrical dimethyl-L-arginine in patients with
congenital heart disease and pulmonary hypertension. J. Cardiovasc. Pharmacol. 2001, 37, 489–492. [CrossRef]

42. Pettersson, A.; Hedner, T.; Milsom, I. Increased circulating concentrations of asymmetric dimethyl arginine (ADMA), an
endogenous inhibitor of nitric oxide synthesis, in preeclampsia. Acta Obstet. Gynecol. Scand. 1998, 77, 808–813. [PubMed]

43. Yoo, J.H.; Lee, S.C. Elevated levels of plasma homocyst(e)ine and asymmetric dimethylarginine in elderly patients with stroke.
Atherosclerosis 2001, 158, 425–430. [CrossRef]

44. Dimitrow, P.P.; Undas, A.; Bober, M.; Tracz, W.; Dubiel, J.S. Plasma biomarkers of endothelial dysfunction in patients with
hypertrophic cardiomyopathy. Pharmacol. Rep. 2007, 59, 715–720.

45. Ali, O.A.; Chapman, M.; Nguyen, T.H.; Chirkov, Y.Y.; Heresztyn, T.; Mundisugih, J.; Horowitz, J.D. Interactions between
inflammatory activation and endothelial dysfunction selectively modulate valve disease progression in patients with bicuspid
aortic valve. Heart 2014, 100, 800–805. [CrossRef] [PubMed]

46. Anderssohn, M.; Rosenberg, M.; Schwedhelm, E.; Zugck, C.; Lutz, M.; Lüneburg, N.; Frey, N.; Böger, R.H. The L-Arginine-
asymmetric dimethylarginine ratio is an independent predictor of mortality in dilated cardiomyopathy. J. Card. Fail. 2012, 18,
904–911. [CrossRef] [PubMed]

47. Tutarel, O.; Denecke, A.; Bode-Böger, S.M.; Martens-Lobenhoffer, J.; Lovric, S.; Bauersachs, J.; Schieffer, B.; Westhoff-Bleck, M.;
Kielstein, J.T. Asymmetrical dimethylarginine--more sensitive than NT-proBNP to diagnose heart failure in adults with congenital
heart disease. PLoS ONE 2012, 7, e33795. [CrossRef]

48. Jacobi, J.; Tsao, P.S. Asymmetrical dimethylarginine in renal disease: Limits of variation or variation limits? A systematic review.
Am. J. Nephrol. 2008, 28, 224–237. [CrossRef]

49. Anderssohn, M.; Schwedhelm, E.; Lüneburg, N.; Vasan, R.S.; Böger, R.H. Asymmetric dimethylarginine as a mediator of vascular
dysfunction and a marker of cardiovascular disease and mortality: An intriguing interaction with diabetes mellitus. Diab. Vasc.
Dis. Res. 2010, 7, 105–118. [CrossRef] [PubMed]

50. Lin, K.Y.; Ito, A.; Asagami, T.; Tsao, P.S.; Adimoolam, S.; Kimoto, M.; Tsuji, H.; Reaven, G.M.; Cooke, J.P. Impaired nitric oxide
synthase pathway in diabetes mellitus: Role of asymmetric dimethylarginine and dimethylarginine dimethylaminohydrolase.
Circulation 2002, 106, 987–992. [CrossRef] [PubMed]
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