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To identify biomarkers, which are most specific for patients with metabolic syndrome (MS) using
Metabolomic profiling of patients with MS and comparison of their profile with the profile of volunteers
The metabolomic profile of MS patients differed in several amino acids, including choline, cysteine,
The metabolites most specific for MS patients were identified. Increased concentrations of a combi-

nation of amino acids and carnitines can be considered as possible additional risk factors for cardio-
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n recent decades, progress in genomics and the use of
I new technologies have opened an unprecedented era of
biomedical research. Advanced visualization techniques
and analytical methods have made it possible to more
accurately characterize the molecular processes in the cells
and tissues of the body, making an invaluable contribution
to the rapidly growing knowledge base about biological
systems. This technological progress hasa resulted in new
fields of research known as «omic» sciences or «omics.»
They have formed the basis for the development of a
personalized approach in the diagnosis and treatment of
various diseases and pathological conditions.

Genomicstudies were the first steps in the development
of personalized medicine. They were followed by a field
of research called transcriptomics: the evaluation of
coding and non-coding RNA which characterizes gene
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expression. As knowledge on the influence of a genotype
on phenotype was accumulated, the field of research
that studies the totality of the proteins in an organism
began to develop. For many years, this field, proteomics
played a crucial role in the early diagnosis, prognosis, and
monitoring of disease [1]. With the emergence of new
high-precision technologies based on mass spectrometry,
however, the insight into the processes occurring in
cells, tissues, and organs, was greatly enhanced. As a
result, another «omic>» direction evolved: metabolomics
(Figure 1).

Metabolomics is the
weight compounds, the end products of metabolism.

study of low-molecular-

Metabolomic analysis seeks to identify and quantify
metabolites in an organism, creating a metabolic profile
[2, 3]. Thus, metabolomic studies describe a molecular
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phenotype of a biological object most accurately and
comprehensively. For this reason, metabolomics is
the most promising avenue in the search for more
accurate markers for detecting disease at an early stage
or for predicting the course of a disease. Metabolomic
technology makes it possible to define the metabolic
pathways characterizing a pathological process, which
in turn can guide the development of targeted treatments
or lifestyle changes.

Metabolomic analysis uses the methods of separation
and detection of low-molecular-weight compounds, such
as gas chromatography coupled with mass spectrometric
detection (GC-MS); high-performance liquid chromato-
graphy coupled with tandem mass spectrometry detection
(HPLC—MS /MS); nuclear magnetic resonance spectro-
metry; and capillary electrophoresis [4-6].

Depending on the purpose of a study, one of two
approaches is used: untargeted or targeted analysis. The
untargeted approach is used to develop hypotheses and
is most suitable for detecting the maximum number
of metabolites and identifying new compounds. Hundreds
to thousands of metabolites can typically be measured.
The principal advantage of this method is the ability to
define the relationship between significant metabolites
and the construction of metabolic pathways. Targeted
analysis is used to confirm discoveries made in research
carried out to develop hypotheses. In this approach,
a relatively small, specific number of metabolites with
known mass, structure, and retention time is analyzed.
The target method is used to screen up to 20 metabolites;
it has higher specificity and sensitivity than the untargeted
method [7].

Both fundamental and clinical studies have shown
the significance of metabolomic profiling for developing
insight into the pathophysiology of various cardiovascular
diseases (CVDs). However, only a few works on
metabolomic profiling in patients with metabolic syndro-
me are described in the literature [8].

The objective of this study was to identify, through
metabolomic profiling, biomarkers most specific for
patients with metabolic syndrome.

Materials and Methods

The study included 60 subjects aged 18-80 years
from different regions of the Russian Federation: 42
patients with metabolic syndrome (MS) and 18 healthy
volunteers. The local ethics committee of I. M. Sechenov
First Moscow State Medical University approved this
research work. All patients signed written informed con-
sent to participate in the study. Two patients withdrew
from the study due to the detection of malignant tumors
at baseline. The treatment group consisted of 21 male
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and 20 female patients with MS diagnosed according
to the criteria in the Russian Clinical Guidelines for the
Management of Patients with MS [9]. MS was considered
significant if one main criterion and at least two additional
criteria were met.

Criteria for metabolic syndrome

Main criterion

. Central (abdominal) obesity: waist circumference
more than 80 cm in female patients and more than

94 cm in male patients.

Additional criteria

. Blood pressure (BP) >140/90 mmHg or
antihypertensive drug therapy

- Elevated levels of triglycerides (>1.7 mmol /L)

« Decrease in high-density lipoproteins (<1.0 mmol/L
in male patients;<1.2 mmol/L in female patients) ;

« Increased levels of low-density lipoproteins (>3.0
mmol/L)

« Impaired glucose tolerance

+ Impaired fasting glucose

Exclusion criteria were severe renal or hepatic
dysfunction; administration of systemic glucocorticoids,
oral contraceptives; hyper- or hypothyroidism, malignan-
cies, acute cerebrovascular accident or transient ischemic
attack within the previous six months, heart failure,
unstable coronary artery disease (CAD), alcohol or
substance abuse, mental disorders, pregnancy or lactation.
The control group consisted of nine female and eight
male subjects without clinical and laboratory signs of
cardiovascular disorders and criteria for MS. General
characteristics of patients included in the study are given
in Table 1, and general characteristics of the MS group in
Figure 2.

All subjects underwent general clinical examination,
which included the collection of complaints, history of
disease and life, physical examination, anthropometric
measurements (weight, height, waist circumference),
calculation of body mass index (BMI) using the formula:
weight (kg)/height’> (m?); measurement of office BP;
complete blood count; biochemical blood tests (creati-
nine, uric acid, glucose, glycated hemoglobin, total
cholesterol, high-density lipoproteins, low-density lipo-
proteins (LDL), very-low-density lipoproteins, trigly-
thyroid-stimulating hormone);
electrocardiography; echocardiography; 24-hour monito-

cerides, urinalysis;
ring of BP. Venous blood samples were collected on an
empty stomach. Additional venous blood samples were
obtained on an empty stomach and collected into tubes
containing potassium salt of ethylenediaminetetraacetate
(EDTA) for analysis of subjects’ metabolomic profiles.
Four days before the additional blood collection, patients
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Table 1. General characteristics of the subjects

Parameter Patients with metabolic syndrome (n=41) Healthy volunteers (n = 17) P

Male 21 (51.2) 8(47.1) 0.904
Female 20 (47.8) 9(52.9) 0.931
Age, years 58.71+12.20 49.78 £10.56 0.010
‘Waist circumference, cm

« Male 107.77+13.94 88.5+8.5 0.0007
» Female 97.35£10.8 83.22+11.1 0.002
BMI, kg/m?

« Male 32.68+5.56 27.04+1.78 0.0003
« Female 31.29+4.4 26.7£5.56 0.011
Glucose, mmol/L 5.5+0.78 5.1+£0.57 0.015
Total cholesterol, mmol/L 5.53+1.42 5.3+0.85 0.420
Uric acid, ymol/L 349.0 £ 87.1 319.0+62.6 0.161
SBP, mmHg 135.5+10.3 121.0+9.1 0.0004
DBP, mmHg 82.0+11.5 75.0+£7.4 0.029
GFR (CKD-EPI), mL/min/1.73 m? 73.21+1S8.1 82.1+S5.1 0.185

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
GFR, glomerular filtration rate calculated by the formula CKD-EPI; p, the significance of differences evaluated using the Mann-Whitney test.

Figure 2. Characteristics
of patients with metabolic syndrome (%)
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all medicines, except for essential drugs; excluded were
acetaminophen, all vitamins, minerals, amino acids, and
dietary supplements, including sports and energy drinks,
carnitine, alpha-ketoglutarate, supplements containing
malic acid, salts of citric acid, maleic acid, or any salts
of orotic acid. It was recommended if possible to avoid
eating or drinking any products containing sweeteners
(aspartate, NutraSweet, etc.), monosodium glutamate
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(MSG), and mono diets for 24 hours before the additional
blood sampling.

Immediately after the additional gathering of blood,
plasma was separated at 2,000 rpm for 15 minutes. The
collected plasma samples were stored at a temperature
of —80°C. The aliquots to be analyzed were delivered to the
pharmacokinetics and metabolomic analysis laboratory at
the Institute of Translational Medicine and Biotechnology,
Sechenov University, under the same temperature condi-
tions, for performing untargeted metabolomic profiling
using HPLC coupled with quadrupole-time of flight mass
spectrometry (HPLC-qTOF) and targeted metabolomic
analysis of the samples using HPLC coupled with tandem
mass spectrometry detection (HPLC-MS/MS). The
treated sample was analyzed in a gas chromatography-
mass spectrometer Maestro with a quadrupole Agilent
5977 analyzer to obtain a metabolomic profile. The
assay was performed in positive ionization mode using
the electrospray method. Multiple reaction monitoring
was used for identification and quantification. Samples
were standardized by introducing isotopically labeled
standards. The conditions for mass spectrometry were the
following: dwell time 0.019-0.02S s and capillary voltage
2 kV; nitrogen was used as the impingement medium,
source temperature 150 °C. The import and pretreatment
stages for the targeted mass spectral data were performed
using the TargetLynx software. The concentration
of metabolites was calculated according to the intensity
of the signal from analytes and corresponding internal
standards. The chromatograms were processed using
the XCMS software to obtain the primary information
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about the intensity, retention time, and mass spectral
characteristics of the peaks. Metabolites were identified
from the Golm Metabolome Database. The results
were processed using Statistica 8.0, SIMCAR 13.0, and
Metaboanalyst 4.0. The Mann-Whitney test was used to
detect statistically significant differences between the
groups with the significance criterion of p<0.05.

Results

The metabolomic profiling of two study groups
(patients with MS and healthy volunteers) was conducted.
More than 106 metabolites were identified using the
untargeted approach. Using principal component analysis
(PCA), no samples were detected that were significantly
different from the characteristics of the main study
groups (Figure 3A). Minor differences can be associated
with comorbidities of a specific subject or the drugs
administered. Further discriminant analysis (orthogonal
partial least square discriminant analysis [OPLS-DA [) of
all metabolite data made it possible to detect components,
thereby allowing the division of subjects into two groups,
and to show the differences of metabolomic profiles of
patients from the treatment group and healthy volunteers
(Figure 3B).

The targeted analysis identified statistically significant
(p<0.05) differences between the groups of patients with
MS and healthy volunteers for seven metabolites: amino
acids and acylcarnitines (Table 2).

Figure 3. Distribution of patients with metabolic syndrome

Moreover, the variable significance of all metabolites
was compared, and the most significant metabolites were
selected to generate a heatmap of the mean concentrations
(Figure 4).

The heatmap shows that increased concentrations
of most of the selected metabolites prevail in the group
of patients with MS. However, it should be noted that
concentration outliers were also observed for the control
group. By contrast, samples with a reduced concentration
of some metabolites were found in the MS group, which
was likely to be associated with drug therapy.

Discussion

Recent years have seen increased interest in research
of the metabolome in patients with various metabolic
disorders, including diabetes mellitus type 2 and obesity
[10]. However, the pathogenic pathways resulting in
changes in these metabolites are understudied. There is
still no clear understanding of precisely what mechanisms
determine the pattern of development of CVDs in patients
with MS.

We performed a comparative analysis of metabolomic
profile in patients with MS and healthy volunteers
who had no signs of cardiovascular diseases and MS.
We found that the blood levels of some amino acids,
including choline, cysteine, serine, and acylcarnitines,
were significantly higher in patients with MS than in
the control group. The obtained results are partially

and healthy volunteers using principal component analysis (PCA) (A) and OPLS-DA (B)
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0—healthy volunteers; 1—patients with the metabolic syndrome; PC, principal components;
T score, the first principal component; orthogonal T score, the second principal component orthogonal to the first.
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Table 2. Metabolite levels that differ significantly between patients with metabolic syndrome and healthy volunteers

Metabolite Patients with MS (n=41) Healthy volunteers (n = 17) P
3 hydroxyhexanoyl carnitine 30.234-104 23.839-104 0.042
O-acyl-L-carnitine 12.525 9.76 0.001
Asymmetric dimethylarginine 31.554-104 27.49-104 0.022
Hexanoylcarnitine 64.06-103 44.07-103 0.001
Serine 259.844 175.33§ 0.005
Choline 12.689 10.171 0.007
Cysteine 390.15 306.92 0.005

p, the significance of differences evaluated using the Mann-Whitney test.

Figure 4. Heatmap of mean concentrations of metabolites (heatmap)
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consistent with previous experimental and clinical studies
of the metabolomic profile in patients with various
cardiovascular diseases. For example, a recent study on a
model of spontaneously hypertensive mice showed that
a long-term increase in BP results in significant changes
in myocardial metabolism even before its remodeling and
dysfunction [11]. In this study, excessive concentrations
of metabolites, which are not involved in the synthesis of
ATD, were found in the heart tissues, including elevated
levels of long-chain fatty acylcarnitines. For the first time,
data on elevated levels of acylcarnitines in patients with
MS and hypertension were obtained. Our study confirms
the experimental observations and suggests that it is
possible to use the assessment of acylcarnitine levels as an
additional cardiovascular risk factor.

Choline is one of the amino acids that has been studied
extensively in recent decades in terms of the development
and progression of CVDs. It is involved in the synthesis of
lipoproteins, phospholipids, and neurotransmitters, and
is abundant in dairy products and fish. Elevated plasma
levels of choline are identified in patients with metabolic
disorders and CAD. They are also associated with an
increased risk of myocardial infarction, and, according
to Schartum-Hansen et al, can therefore be used to
modify the cardiovascular complication risk score [12].
Our results are generally consistent with the previous
studies of the relationship of choline with metabolic
disorders and the progression of CVDs [13, 14]. We
detected statistically significant differences in the levels
of choline between the study groups. Moreover, a positive
correlation was found between its levels and such criteria
of MS as waist circumference and total cholesterol. As
choline is involved in the synthesis of blood lipids, these
data not only can be used as an additional biomarker of
CVDs but can also serve as a basis for a potential new
targeted approach for the treatment of dyslipidemia.

Similar results were obtained for cysteine. In 2015,
Mohorko et al. [15] found a significant elevation of
cysteine levels in patients who did not meet the MS
criteria, yet had some metabolic disorders. Our findings
fully confirm the theory of cysteine metabolism disorders
in patients with MS. Our findings suggest that the levels
of cysteine can be used as a biomarker in symptom-free
patients and could be included in the standard prognosis
of cardiovascular risks. One of the main advantages of
metabolomic profiling over the existing biomarkers is the
high sensitivity of the method. However, further study
of the problem is necessary for the effective use of the

knowledge gained and assessment of the opportunities
and limitations of metabolomic profiling in diagnosis and
risk prognosis.

Limitations

Our study was limited by a small number of subjects
and its cross-sectional design. However, we plan to
continue our work, enroll more subjects, and trace the
trends in the concentration of metabolites to ensure the
higher reliability of data and detect early metabolomic
markers of MS onset that can be used as a combination of
cardiovascular risk factors over the longer term.

Conclusion

Currently, there is no doubt that metabolic processes
play a significant role in the development and progression
of cardiovascular diseases. It is necessary to accumulate
a database of all metabolites and metabolic pathways
specific to a particular disease. Our study identified
metabolites that are the most specific to patients with
metabolic syndrome, which is, in most cases, antecedent
to the development of cardiovascular diseases. Both well-
known metabolites predicting cardiovascular diseases
(e.g., asymmetric dimethylarginine, choline, and cysteine)
and less explored metabolites (e.g., serine) were identified
among them. For the first time, data on elevated levels
of acylcarnitines in patients with metabolic syndrome
and hypertension were obtained; earlier, this had been
explored only in experimental studies. It can be assumed
that the higher concentrations of the amino acid and
carnitine combination are plausible as additional risk
factors for cardiovascular diseases. Moreover, the detected
metabolomic pathways are of interest in the search for
potential targets for therapeutic intervention.
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