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LIST OF ABBREVIATIONS
AGEs
BMI
CAD
CKD
cLDL
CRP/hsCRP
CVD
DM/T2DM
ECs
FMD
HbA1c
HDL
HOMA
ICAM-1
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MAPK
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SBP / DBP
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Coronary Artery Disease
Chronic Kidney Disease
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C-Reactive Protein / high-sensitivity CRP
Cardiovascular Diseases
Diabetes Mellitus / Type 2 Diabetes Mellitus
Endothelial Cells
Flow-mediated Dilatation
Glycated hemoglobin
High-density lipoprotein
Homeostatic Model Assessment
Intercellular Adhesion Molecule 1
International Diabetes Federation
Impaired Fasting Glucose
Impaired Glucose Tolerance
Interleukin
Insulin Resistance
Low-density lipoprotein
Mitogen-Activated Protein Kinase
Metabolic Syndrome
Myeloperoxidase
Nuclear Factor kappa-B
Nitric Oxide / Nitric Oxide Synthase
3-nitrotyrosine
Nicotinamide Adenine Dinucleotide Phosphate oxidase
Posttranslational Modification(s)
Posttranslationally Modified Proteins
Systolic / Diastolic Blood Pressure
Smooth Muscle Cells
Scavenger Receptors
(soluble) Lectin-like Oxidized low-density lipoprotein receptor-1
(soluble) Receptor for Advanced Glycation End products
Triglycerides
Tumor Necrosis Factor-Alpha
Vascular Cell Adhesion Molecule 1

Statistical symbols and notations
AUC
Area Under the Curve
CI
Confidence Interval
NS
Not statistically Significant
OR
Odds Ratio
р
Level of statistical significance
r
Correlation coefficient
ROC curves
Receiver Operating Characteristic curves
SD
Standard Deviation
X̅
Mean

I. INTRODUCTION
Metabolic syndrome (MetS) represents a constellation of metabolic
abnormalities, including visceral obesity, hypertension, hyperglycemia and
atherogenic dyslipidemia. MetS is associated with a fivefold increase of the relative
risk for development of overt type 2 diabetes mellitus (T2DM). According to recent
reports of the International Diabetes Federation (IDF) 8.3% of the world population
aged 20-79 years have diabetes and the global prevalence of MetS is about 25% (IDF,
2019). The existence of different diagnostic systems for MetS hampers the
identification of patients at increased risk of T2DM development. Furthermore, the
currently used diagnostic markers of T2DM (fasting glucose and glycated
hemoglobin) are useful only after the clinical manifestation of the disease, but do not
reflect the insulin resistance or secretion.
It is well established that atherosclerotic diseases and coronary artery disease
(CAD), in particular, are the most common complications of both MetS and T2DM.
However, the classic cardiovascular risk factors explain only partially the elevated
CAD morbidity and mortality among patients with MetS and T2DM. Therefore,
investigations of new possible biomarkers which can be implicated in the risk
assessment of MetS, its progression to T2DM and the development of their
cardiovascular complications are perspective.
On the other hand, posttranslational modifications (PTMs) of proteins have
recently gained much attention. The reversible modifications are mainly involved in
cellular regulation, whereas the irreversibly modified proteins constitute a molecular
substratum for many dysfunctions described in metabolic and age-related diseases.
Accordingly, the specific end products derived from the irreversible PTMs are
considered potentially useful and chemically stable biomarkers for these diseases.
Irreversible PTMs include nitration, carbamylation and glycation, which could be
quantitatively evaluated by the determination of the concentration of 3-nitrotyrosine
(NT), carbamylated low-density lipoproteins (cLDL) and advanced glycation end
products (AGEs), respectively. Proteolytic processing of proteins is another
irreversible PTM. A specific example of it is the proteolytic cleavage of extracellular
domains of transmembrane receptors resulting in their release in the form of "soluble
receptors". It has been suggested that the soluble receptors may reflect the expression
of the respective cell surface receptors and may also represent a mechanism for
elimination of the modified proteins from the circulation. Recent studies have
delineated the soluble receptor for advanced glycation end products (sRAGE) and the
soluble lectin-like oxidized low-density lipoprotein receptor-1 (sLOX-1) as potential
biomarkers of vascular diseases. However, studies on the circulating levels of the
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listed posttranslationally modified proteins (PTMPs) in MetS and T2DM are
limited and discordant. Moreover, there are almost no comparative analyses of
PTMPs between patients with MetS and overt T2DM, as well as between groups
with MetS and T2DM uncomplicated and complicated by CAD. Therefore,
analysis of the serum levels of NT, cLDL, АGEs, sRAGE and sLOX-1 as well as
of their associations with classic cardiometabolic risk factors might elucidate the
significance of PTMPs as risk factors and markers of MetS, T2DM and their
cardiovascular complications. This would also facilitate the assessment of the
implementation of the studied PTMPs or the most reliable combination of them
in the clinical practice.
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II. AIM AND OBJECTIVES
AIM: to evaluate the role of some posttranslationally modified proteins as
risk factors for MetS, T2DM, progression of MetS to T2DM and development of
CAD as a complication of these diseases.
OBJECTIVES:
1. To determine the serum concentration of 3-nitrotyrosine, cLDL and
AGEs as markers of the irreversible posttranslational modifications nitration, carbamylation and glycation, in healthy controls and patients
with MetS and T2DM with and without CAD.
2. To investigate the level of the soluble - sRAGE and sLOX-1 as markers
of the expression of the respective membrane receptors and as a
mechanism for removal of modified proteins in healthy controls and
patients with MetS and T2DM with and without CAD.
3. To analyze the correlations between the studied PTMPs as well as between
them and well-established indicators of cardiovascular risk, glycemic status,
insulin resistance and inflammatory activity.
4. To evaluate the diagnostic potential of the PTMPs and to determine which
of them is the most reliable marker for risk assessment of MetS, T2DM,
progression of MetS to T2DM and subsequent development of CAD.
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III. MATERIALS AND METHODS
1. SUBJECTS
This cross-sectional study involved 209 patients with a mean age of 46.1 ±
10.6 years, admitted to the Clinic of Endocrinology and Metabolic Disorders,
University Hospital “Kaspela”, Plovdiv, Bulgaria. They are divided into the
following groups: patients with uncomplicated MetS (n = 76), patients with
uncomplicated T2DM (n = 67), patients with MetS and T2DM complicated by clinically
manifested, diagnosed and documented CAD, denoted as MetS + CAD (n = 30) and
T2DM + CAD (n = 36), respectively. The control group consisted of 44 clinically healthy
volunteers with no history of diabetes, impaired glucose tolerance (IGT), or cardiovascular
disease (CVD). The gender distribution is illustrated in Figure 1, and the clinical
characteristics of the study participants are summarized in Table 1.
Diagnostic criteria
Patients were diagnosed as having MetS according to the IDF global
consensus definition (Alberti et al., 2009), adopted by the Bulgarian Institute of
Metabolic Syndrome (Hristov et al., 2010). The criteria of the American Diabetes
Association (ADA, 2017) were used to diagnose T2DM (ADA, 2017). The enrollment
of MetS patients in the CAD groups was based on a documented medical history
of CAD (myocardial infarction, coronary artery bypass graft surgery,
percutaneous coronary intervention, or a stenosis of 50% or greater in one or more
major coronary vessels on angiography). Prediabetes was defined as impaired
fasting blood glucose (IFG) and / or IGT according to the criteria of the World Health
Organization (WHO, 2006).
Еxclusion criteria
 аny acute or chronic infectious and inflammatory diseases;
 any severe chronic kidney or liver disease;
 neoplasms;
 pregnant women;
 current smokers;
 people under 18 or over 70 years;
 T2DM group did not include individuals with glycated hemoglobin
(HbA1c) > 10.5%, proteinuria (albumin excretion rate greater than 300
mg/24 h) and disease duration greater than 15 years;
 MetS and T2DM individuals on statin or insulin therapy were also not
recruited in the study;
 CAD patients had no history of any acute cardiovascular events during the
last 3 months before hospitalization.
The study was approved by the Human Ethics Committee of Medical
University – Plovdiv (№4/21.09.2017) and was conducted in accordance with the
Declaration of Helsinki. All participants signed an informed consent.
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2. МЕTHODS
2.1. Laboratory analysis
2.1.1. Enzyme-linked immunosorbent assay (ELISA)
The products of the studied PTM (NT, cLDL, AGEs, sRAGE, sLOX-1) and
hsCRP were quantitatively determined in serum by ELISA.
2.1.2. Сlinical laboratory tests
The routine clinical laboratory tests were performed in Clinical Laboratory,
University Hospital "Kaspela", Plovdiv. Beckman Coulter AU480 analyzer
(Beckman Instruments Inc., USA) was used and the determination was performed
by standard methods as follows:
 Glucose – hexokinase enzymatic method;
 HbA1c – analysed in whole blood by immunoturbidimetric inhibition method;
 Total cholesterol – CHOD/PAP enzymatic colorimetric method;
 HDL-cholesterol – direct method with polyethylene glycol-modified enzymes and
alpha-cyclodextrin;
 Triglycerides (TG) – enzymatic colorimetric method with glycerol-3phosphate oxidase (GPO) and 4-aminophenazone (GPO-PAP- method);
 Urea – kinetic urease/glutamate dehydrogenase method;
 Creatinine – kinetic colorimetric assay, based on Jaffé method;
 Immunoreactive insulin – chemiluminescent immunoassay using Beckman
Coulter Access analyzer (Beckman Instruments Inc., USA).
2.2. Calculated parameters and indices
 LDL-cholesterol was calculated using the Friedewald’s equation:
LDL-cholesterol [mmol/L] =

total cholesterol – HDL-cholesterol –

TG
2.2

 Homeostasis model assessment: insulin resistance (HOMA-IR):
HOMA-IR =

Fasting Insulin [mU/L] х Fasting Glucose [mmol/L]
22.5

 Homeostasis model assessment: β-cell function (HOMA-%B):
HOMA-%B =

Fasting Insulin [mU/L] х 20
Fasting Glucose [mmol/L] – 3.5

2.3. Anthropometric measurements
2.4. Physical examination
2.5. Functional tests
 Oral glucose tolerance test (OGTT)
2.6. Questionnaire survey
2.7. Statistical analysis
Statistical analysis was performed using SPSS software, version 25.0.
Descriptive statistics, parametric, nonparametric and correlation analyzes were
conducted. ROC curves, Odds ratio (ОR) and binary logistic regression were also
performed. The level of significance was set at p < 0.05.
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IV. RESULTS
1. CLINICAL CHARACTERISTICS OF THE STUDY PARTICIPANTS
1.1. Demographic, anthropometric and routine clinical laboratory parameters.

Figure 1 illustrates the homogeneous gender distribution in the five study groups
(p = 0.83).
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60.0%
50.0%

63.3%
59.2%

58.2%

54.5%
50.0% 50.0%
45.5%

41.8%

40.8%

36.7%

40.0%
30.0%
20.0%
10.0%
0.0%

Controls

MetS

Мalе (%)

T2DM

MetS + CAD

Т2DM + CAD

Female (%)

Figure 1. Gender distribution in the five studied groups.

The demographic, anthropometric and routine clinical laboratory parameters
оf the five studied groups are summarized in Table 1. MetS patients did not differ
in terms of age from the healthy volunteers, while patients with T2DM were
slightly older than both the controls and MetS individuals. MetS and T2DM
patients complicated by CAD were also slightly older than their uncomplicated
counterparts. As expected, the groups with MetS and T2DM had significantly
higher BMI, waist circumference, fasting glucose, TG, total and LDL-cholesterol
compared to the control group. Only the individuals with MetS had significantly
lower concentrations of HDL-cholesterol compared to controls. The MetS group
had higher BMI and waist circumference than the diabetic cohort while T2DM
had higher SBP, fasting glucose and TG. Patients with MetS + CAD had higher
SBP and DBP compared to uncomplicated MetS. Despite the higher
concentrations of glucose in T2DM + CAD group compared to T2DM – CAD,
the difference did not reach the statistical significance (p = 0.054). Only the urea
concentrations did not differ significantly among the five studied groups.
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Creatinine levels differed significantly only between controls and T2DM + CAD
(p = 0.005). Serum creatinine concentrations of all study participants did not
exceed the upper laboratory reference creatinine limit of 96 µmol/L and 134
µmol/L for women and men, respectively.
1.2. Serum concentration of hsCRP of the study participants

T2DM + CAD

MetS + CAD

T2DM

MetS

Control

Chronic low-grade inflammation is characterized by a lower increase of CRP
levels which can be assessed by the highly sensitive CRP assay (hsCRP). In
addition, hsCRP is widely used in the clinical practice as a marker of
cardiometabolic risk (Festa et al., 2000). Therefore, we determined hsCRP serum
levels in order to assess the presence of an inflammatory process and the
differences in its grade. Serum hsCRP concentrations were significantly higher (p
<0.001) in MetS [1.89 (0.67 - 4.77) µg/mL] and T2DM [2.75 (1.09 - 4.30) µg/mL]
groups compared to the healthy volunteers [0.59 (0.26 - 0.96) µg/mL]. HsCRP
concentrations did not differ significantly (p = 0.287) between MetS and T2DM
groups. As expected, MetS + CAD [4.14 (1.38 - 6.02) µg/mL] and T2DM + CAD
[5.37 (2.98 - 8.11) µg/mL] groups had higher concentrations of hsCRP compared
to the uncomplicated by CAD MetS and T2DM cohorts (p=0.030 and p <0.001,
respectively) (Fig. 2).

Figure 2. Serum concentration of hsCRP in the five studied groups.
Statistically significant difference between the studied groups:
* MetS and T2DM versus controls;
# MetS versus MetS+CAD
§ T2DM versus T2DM +CAD
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Таble 1. Clinical characteristics of the study participants.
Control
(n = 44)

MetS
(n = 76)

T2DM
(n = 67)

MetS + CAD
(n = 30)

T2DM + CAD
(n = 36)

p

41.8 ± 10.6

42.2 ± 11.9

46.5 ± 7.7**, #

51.1 ± 9.3§§§

55.3 ± 6.9§§§

< 0.001

Body mass index
(kg/m2)

22.7
(20.1 – 24.5)

29.6
(28.8 – 30.9)
***

27.0
(23.4 – 30.4)
***, ###

29.6
(28.7 – 31.4)

28.2
(23.2 – 32.1)

< 0.001

Waist circumference
(cm)

80.5
(72.5 – 85.5)

105.5
(93.0 – 113.5)
***

99.0
(91.0 – 106.5)
***, #

106.0
(87.0 – 111.0)

101.5
(90.0 – 108.5)

< 0.001

Systolic blood pressure
(mmHg)

114.3 ± 6.1

124.0 ± 7.9
***

129.4 ± 8.5
***, ###

128.6 ± 6.8

130.8 ± 6.9

Diastolic blood pressure
(mmHg)

75.8 ± 4.1

78.5 ± 5.1***

80.4 ± 5.2***

81.7 ± 6.4 §§

80.2 ± 3.8

Fasting glucose
(mmol/L)

4.66 ± 0.46

5.21 ± 0.95
***

7.47 ± 1.52
***, ###

5.56 ± 1.13

8.05 ± 1.26

Total cholesterol
(mmol/L)

4.11
(3.45 – 4.61)

4.91
(4.30 – 5.40)

5.34
(4.11 – 6.20)

Triglycerides
(mmol/L)

0.94
(0.71 – 1.29)

1.42
(1.03 – 1.91)
***

1.60
(1.29 – 2.53)
***, ##

1.27
(0.88 – 1.97)

2.07
(1.13 – 3.22)

< 0.001

HDL-cholesterol
(mmol/L)

1.21 ± 0.16

1.18 ± 0.39**

1.19 ± 0.26

1.18 ± 0.22

1.12 ± 0.37

0.008

LDL-cholesterol
(mmol/L)

2.37
(1.86 – 2.82)

3.26
(2.69 – 3.90)***

3.04
(2.04 – 3.93)**

2.80
(2.20 – 3.56)

3.17
(2.20 – 3.69)

< 0.001

Urea
(mmol/L)

4.93 ± 1.26

4.92 ± 1.08

5.19 ± 1.29

4.98 ± 1.17

5.75 ± 1.47

0.085

Creatinine
(µmol/L)

80.7 ± 9.5

81.7 ± 10.4

83.9 ± 11.6

82.2 ± 12.5

88.0 ± 15.7

0.042

Characteristics

Age
(years)

5.10
5.30
(4.48 – 5.78)*** (4.30 – 6.00)***

§§

< 0.001

< 0.001

< 0.001

< 0.001

Data are presented as mean ± SD or median (25th—75th percentile). Differences among the five groups were
determined using One-way ANOVA or Kruskal-Wallis tests followed by post hoc analysis for normally and non-normally
distributed variables, respectively. Significance level at:
1) ** p < 0.01 and *** p < 0.001 – MetS and T2DM versus controls;
2) # p < 0.05, ## p < 0.01 and ### p < 0.001 – MetS versus T2DM ;
3) §§ p < 0.01 and §§§ p < 0.001 – MetS + CAD versus MetS or T2DM + CAD versus T2DM .
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2. SERUM CONCENTRATIONS OF PTMPs AND CORRELATIONS BETWEEN THEM
IN HEALTHY CONTROLS AND PATIENTS WITH UNCOMPLICATED METABOLIC
SYNDROM AND T2DM

All analyzes were performed among all participants in the three groups:
healthy controls (n = 44), patients with uncomplicated MetS (n = 76) and patients
with uncomplicated T2DM (n = 67).
2.1. Serum concentrations and correlations of NT, cLDL and AGEs

The significance of the irreversible PTM of interest (nitration, carbamylation and
glycation) for the development of MetS and T2DM was assessed by determination of
the serum levels of their products: NT, cLDL and AGEs, respectively.
 Serum concentrations of NT
Patients with T2DM had significantly higher serum concentrations of NT
[18.79 (11.98 - 32.79) nmol/L] compared both to the patients with MetS [13.25 (4.05
- 22.99) nmol/L] and the controls [4.33 (1.90 - 18.82) nmol/L]. The differences
remained significant (p < 0.05) even after adjustment for age. MetS group also had
significantly higher NT concentrations than the healthy volunteers (Fig. 3).

Control

MetS

T2DM

Figure 3. Serum concentrations of NT
in healthy controls and patients with uncomplicated MetS and T2DM.

 Serum concentrations of cLDL
Both MetS and T2DM groups had significantly higher serum concentrations of
cLDL compared to the control group [218.4 (175.3 - 398.0) mg/L]. Individuals with
MetS had also slightly higher serum levels of cLDL [470.3 (404.1 - 517.8) mg/L than
the diabetic subjects [436.5 (325.4 - 537.7) mg/L] (Fig. 4).
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Control
MetS
T2DM
Figure 4. Serum concentrations of cLDL
in healthy controls and patients with MetS and T2DM.

 Serum concentrations of AGEs
Serum concentrations of AGEs were significantly higher in both the T2DM [12.05
(7.71 - 47.74) µg /mL] and MetS [9.44 (5.31 - 38.00) µg/mL] groups in comparison to
the controls [6.26 (4.76 - 8.69) µg/mL]. There was only a tendency for higher
concentrations of AGEs in the diabetic patients compared to the MetS individuals (Fig.
5).

Control
MetS
T2DM
Figure 5. Serum concentrations of AGEs
in healthy controls and patients with MetS and T2DM.

 Relationships between nitration, carbamylation and glycation
A subsequent correlation analysis of serum concentrations of NT, cLDL
and AGEs was performed in order to investigate whether there were relationships
between the irreversible PTMs of interest in MetS and T2DM. A positive
significant correlation between NT and cLDL concentrations was observed in the
two patient groups. Noteworthy, this correlation was stronger and had a higher
magnitude in the MetS cohort. NT also correlated positively and significantly with
AGEs in the T2DM group while only a tendency for a positive correlation was
reported in MetS patients. No significant correlations between NT, AGEs and
cLDL were found in the controls. No significant correlations were also observed
between serum levels of AGEs and cLDL in any of the groups (Table 2).
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Table 2. Correlations between the serum levels of NT, cLDL and AGEs in healthy controls
and patients with MetS and T2DM.
Control

MetS

T2DM

Parameters
r

р

r

р

r

р

NT/cLDL

-0.047

NS

0.479

< 0.001*

0.231

0.039*

NT/AGEs

0.127

NS

0.199

0.081

0.323

0.008*

cLDL/AGEs

0.074

NS

0.114

NS

0.262

NS

* Statistically significant correlation.

2.2. Serum concentrations and correlations of the soluble receptors

 Serum concentrations of sRAGE
Both T2DM [799.6 (650.7 - 915.0) pg/mL] and MetS [824.8 (641.0 - 951.4)
pg/mL] groups had significantly lower serum concentrations of sRAGE in
comparison to the controls [1116.3 (935.1 - 1327.3) pg/mL]. There was no
significant difference in the serum level of the soluble receptor between the two
patient groups (Fig. 6).

Control
MetS
T2DM
Figure 6. Serum concentrations of sRAGE
in healthy controls and patients with MetS and T2DM.

 The AGEs/sRAGE system
The relationship between АGEs and their receptor (RAGE) was assessed by
determining the correlations between the serum levels of AGEs and the soluble form
of RAGE (sRAGE). The correlations in the three groups are graphically represented
in Figure 7. It is noteworthy that there was a positive significant correlation in the
healthy volunteers, while the correlations were negative in both the patient groups.
However, the correlation reached statistical significance only in patients with MetS
(Fig. 7).
15

А)

B)

C)

Figure 7. Correlations between the serum levels of AGEs and sRAGE in healthy controls
(А), patients with MetS (B) and patients with T2DM (C).

 Serum concentrations of sLOX-1
MetS patients had significantly higher serum concentrations of sLOX-1
[437.0 (223.4 - 806.6) pg/mL] in comparison to both the controls [195.3 (114.5411.4) pg/mL] and the diabetic subjects [247.2 (137.6 – 407.5) pg/mL]. No
significant difference in sLOX-1 level was detected between the T2DM and the
control groups (Fig. 8).

Control

MetS

T2DM

Figure 7. Serum concentrations of sLOX-1
in healthy controls and patients with MetS and T2DM.

 LOX-1 as a receptor for cLDL and AGEs
The current study aimed at assessing the relationship between the ligands
(cLDL and AGEs) and the expression of one of their scavenger receptors (SRs) LOX-1 in the pathological background of T2DM and MetS. Hence, the
correlations between the serum levels cLDL, AGEs and sLOX-1 were analyzed.
The results are summarized in Table 3. Soluble LOX-1 correlated positively and
significantly with both cLDL and AGEs in the MetS patients. No significant
correlation was found between cLDL and sLOX-1 in both the control and T2DM
subjects. A negative correlation was established between sLOX-1 and AGE in
controls, whereas only a tendency for a positive correlation between them was
observed in the T2DM group (Table 3).
Table 3. Correlations of serum levels of sLOX-1 with cLDL and AGEs in healthy controls
and patients with MetS and T2DM.
Control
MetS
T2DM
Parameters
r
р
r
р
r
р
-0.067
NS
0.278
0.015*
0.166
NS
cLDL
-0.313
0.039*
0.250
0.029*
0.215
0.076
AGEs
* Statistically significant correlation.
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3. COMPARATIVE AND CORRELATION ANALYSES OF THE SERUM
CONCENTRATIONS OF PTMPs AND CONVENTIONAL CARDIOMETABOLITIC RISK
FACTORS IN HEALTHY CONTROLS AND PATIENTS WITH UNCOMPLICATED
METS AND T2DM

All analyses were performed among all participants in the three groups: healthy
controls (n = 44), patients with uncomplicated MetS (n = 76) and patients with
uncomplicated T2DM (n = 67).
3.1. Correlation analysis of the serum concentrations of PTMPs with anthropometric and
routine clinical laboratory parameters

In order to analyze the possible reasons for the reported significant
differences in the circulating levels of PTMPs, a subsequent correlation analysis
of PTMPs with anthropometric, standard clinical and laboratory parameters was
performed.
In this section we present the characteristics only of the correlations which
were significant at least in one of the compared groups in order to facilitate the
interpretation of the data.
NT correlated positively and significantly with TG and SBP while only a
tendency for a weak negative correlation was reported with HDL-cholesterol in
the diabetic group (Table 4). NT correlated positively with SBP, waist
circumference, fasting glucose, whereas negatively with HDL-cholesterol in the
MetS subjects. Furthermore, NT tended to correlate positively with TG (Table 4)
and BMI (r = 0.212, p = 0.076) in MetS individuals.
Тable 4. Correlations of serum levels of NT with anthropometric and routine clinical
laboratory parameters in healthy controls and patients with MetS and T2DM.
Control

MetS

T2DM

Parameters
r

р

r

р

r

р

Waist circumference

0.177

NS

0.218

0.043*

0.083

NS

SBP

0.110

NS

0.293

0.018*

0.417

< 0.001*

Fasting glucose

-0.157

NS

0.262

0.022*

0.020

NS

ТG

-0.089

NS

0.224

0.061

0.257

0.028*

HDL-cholesterol

-0.136

NS

-0.213

0.046*

-0.207

0.073

* Statistically significant correlation.

NT correlated significantly only with age in the control group (Fig. 9A) while
a positive correlation between NT and duration of diabetes was established in
T2DM subject (Fig. 9B).
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B)

A)

Age (years)

Duration of diabetes (years)

Figure 9. Correlations between the serum concentration of NT and: А) age in the control
group; B) disease duration in T2DM group.

No significant correlations of cLDL with anthropometric and routine clinical
and laboratory parameters in MetS and T2DM were established. Carbamylated
LDL correlated positively with serum urea levels, but only in the group of healthy
volunteers (Fig. 10). Similarly to NT, cLDL also correlated with disease duration
in diabetic patients, but the significance of the correlation did not reach statistical
significance (r = 0.235, p = 0.056).
A)

B)

C)

Figure 10. Correlations between the serum levels of cLDL and urea in healthy controls (А),
patients with MetS (B) and patients with T2DM (C).

Serum concentrations of AGEs correlated significantly and positively with age (r
= 0.477, p <0.001), glucose, total cholesterol, LDL-cholesterol and TG in the control
group (Table 5). The serum level of AGEs correlated negatively with the concentration
of HDL-cholesterol in diabetic patients (r = -0.247, p = 0.044) and positively with the
duration of the disease (r = 0.382, p = 0.001). A significant positive correlation was
registered only between the serum content of AGEs and TG (r = 0.277, p = 0.016) in
the MetS cohort. Despite the presence of intra-individual correlations of AGEs with
BMI and waist circumference, the group correlations did not reach statistical
significance in controls and MetS patients while only tendencies were observed in
patients with T2DM (r = 0.225, p = 0.073 and r = 0.234, p = 0.068, respectively).
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Таble 5. Correlations of AGEs serum concentration with fasting glucose and lipid profile in
the control group.
Fasting
Total
HDLLDLParameters
ТG
glucose
cholesterol
cholesterol cholesterol
r

0.428

0.434

0.545

-0.119

0.396

p

0.004*

0.003*

< 0.001*

NS

0.008*

* Statistically significant correlation.

Serum levels of sRAGE did not correlate significantly with blood pressure
(SBP, DBP) and lipid profile parameters (TG, total cholesterol, HDL-cholesterol
and LDL-cholesterol) in any of the three groups. A tendency for negative
correlations of sRAGE with TG (r = -0.267, p = 0.080) and LDL-cholesterol (r =
-0.275, p = 0.068) was registered only in the control group. Table 6 presents the
correlations of serum sRAGE levels with glycemia, BMI and waist
circumference. The negative correlation between the serum level of sRAGE and
fasting glucose is significant only in the healthy volunteers. It is noteworthy that
sRAGE correlated negatively and statistically significantly with BMI and waist
circumference in all three study groups. However, the magnitude of these
correlations decreased from controls through MetS individulas to diabetic patients
(Table 6).
Table 6. Correlations of serum sRAGE levels with glycemia, BMI and waist circumference
in healthy controls and patients with MetS and T2DM.
Control
Parameters

MetS

T2DM

r

р

r

р

r

р

Fasting glucose

-0.328

0.031*

-0.267

NS

0.113

NS

BMI

-0.398

0.008*

-0.326

0.004*

-0.255

0.041*

Waist circumference

-0.529

< 0.001*

-0.278

0.015*

-0.259

0.034*

* Statistically significant correlation.

No significant correlations were found between serum levels of sLOX-1 and
anthropometric parameters (BMI, waist circumference) in any of the three groups. A
tendency for a weak positive correlation with BMI was registered (r = 0.221, p =
0.073) only in MetS cohort. There were no significant correlations between sLOX-1
and lipid profile parameters, with the exception of HDL-cholesterol, but again only
in the MetS group. The soluble receptor correlates negatively with HDL-cholesterol
and positively with SBP in MetS individuals. A significant positive correlation was
observed between sLOX-1 and glucose concentrations in the two patient groups, but
more remarkable in the MetS individuals. The characteristics of the significant
correlations are presented in Table 7.
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Table 7. Correlations of serum sLOX-1 concentration with the levels of fasting glucose,
НDL- cholesterol and SBP in healthy controls and patients with MetS and T2DM.
Control
Parameters

MetS

T2DM

r

р

r

р

r

р

Fasting glucose

0.099

NS

0.453

0.001*

0.374

0.008*

HDL-cholesterol

-0.052

NS

-0.291

0.023*

-0.106

NS

SBP

0.084

NS

0.264

0.047*

0.060

NS

* Statistically significant correlation.

3.2. Evaluation of the relationships between the serum concentrations of the PTMPs and
hsCRP

No significant correlations were registered between PTMPs and hsCRP in the
control group. Therefore, Table 8 summarizes the correlations between serum
concentrations of hsCRP and PTMPs only in patients with MetS and T2DM. A
statistically significant positive correlation was found between hsCRP and NT in
both patient groups. HsCRP correlated significantly and positively with sLOX-1 in
MetS patients, whereas in diabetics there was only a tendency for a weak positive
correlation. In the T2DM group, a positive correlation of hsCRP with AGEs and a
tendency for a weak positive correlation with cLDL were also demonstrated. A weak
negative but statistically significant correlation betwen hsCRP and sRAGE was
found in patients with MetS. In contrast, a tendency for a positive correlation was
observed between serum concentrations of hsCRP and sRAGE in the T2DM group.
Table 8. Correlations between the serum levels of hsCRP and the studied PTMPs in patients
with MetS and T2DM.
MetS
Parameters

T2DM

r

р

r

р

NT

0.300

0.009*

0.291

0.017*

cLDL

0.112

NS

0.207

0.079

AGEs

0.185

NS

0.342

0.005*

sRAGE

-0.253

0.027*

0.217

0.078

sLOX-1

0.237

0.040*

0.233

0.058

* Statistically significant correlation.

It has been accepted that a hsCRP cut-off of 3.0 µg/mL defines a high
cardiovascular risk (Pearson et al., 2003). Therefore, the patients were divided
into two subgroups: hsCRP ≤ 3 and hsCRP > 3. A subsequent comparative
analysis of PTMPs concentrations was performed to investigate whether the
cardiometabolic risk and the presence of an inflammatory process affect the
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studied PTMs. Comparisons between the subgroups were performed only in
patients with T2DM and MetS due to the small number (n = 4) of individuals with
hsCRP > 3 in the control group.The results of the comparative analysis of the
serum levels of the studied PTMPs in MetS patients according to the degree of
inflammation (hsCRP ≤ 3 or > 3 µg/mL) are summarized in Table 9. There are
significant differences in the concentrations of NT, AGEs, sRAGE and sLOX-1,
but not of cLDL between the two compared subgroups. Patients with hsCRP > 3
had higher levels of NT, AGEs and sLOX-1 while lower concentrations of
sRAGE (Table 9).
Таble 9. Serum concentration of PTMPs in patients with MetS according to the hsCRP level.
hsCRP ≤ 3 µg/mL
hsCRP > 3 µg/mL
Parameters
р
(n = 41)
(n = 35)
NT (nmol/L)

9.02 (1.86 – 15.34)

16.65 (9.56 – 29.74)

0.004*

cLDL (mg/L)

459.9 (408.7 – 512.2)

478.7 (403.1 – 523.6)

0.876

AGEs (µg/mL)

7.56 (4.62 – 15.27)

15.27 (7.24 – 45.15)

0.029*

sRAGE (pg/mL)

854.5 (727.8 – 1038.5)

744.0 (588.4 – 910.4)

0.032*

sLOX-1 (pg/mL)

343.8 (168.4 – 623.3)

583.1 (358.1 – 884.8)

0.022*

Data are presented as median (25th—75th percentile), since none of the continuous variables was following a
normal distribution. *Statistically significant difference.

The results of the comparative analysis of the serum levels of the studied PTMPs
in T2DM patients according to the degree of inflammation (hsCRP ≤ 3 or> 3 µg/mL)
are presented in Table 10. There are significant differences in the concentrations of NT,
AGEs and sRAGE between the two compared diabetic subgroups. All the three
parameters had higher levels in the subgroup of patients with hsCRP> 3 µg/mL. Despite
the tendencies for positive correlations of hsCRP with cLDL and sLOX-1 in patients
with T2DM (Table 8), no significant differences in serum concentrations of cLDL and
sLOX-1 were registered between the subgroups with hsCRP ≤ 3 µg / mL and hsCRP>
3 µg/mL (Table 10).
Таble 10. Serum concentration of PTMPs in patients with MetS according to the hsCRP
level.
hsCRP ≤ 3 µg/mL
hsCRP > 3 µg/mL
Parameters
р
(n = 39)
(n = 28)
NT (nmol/L)

17.86 (10.58 – 26.79)

24.20 (18.56 – 42.51)

0.022*

cLDL (mg/L)

434.1 (276.9 – 501.4)

445.1 (372.0 – 558.2)

0.112

AGEs (µg/mL)

9.98 (7.12 – 36.04)

27.81 (10.25 – 57.18)

0.011*

sRAGE (pg/mL)

762.9 (613.1 – 852.5)

837.2 (666.1 – 983.9)

0.030*

sLOX-1 (pg/mL)

240.3 (137.6 – 407.5)

278.9 (154.4 – 498.3)

0.387

Data are presented as median (25th—75th percentile), since none of the continuous variables was
following a normal distribution. *Statistically significant difference.
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4. PTMPs AS RISK FACTORS AND MARKERS FOR THE DEVELOPMENT OF
METABOLIC SYNDROME AND ITS MOST COMMON COMPLICATIONS
4.1. Assessment of the diagnostic potential of the selected PTMPs for MetS

Sensitivity

Considering the significant differences in the serum concentrations of all
studied PTMPs between patients with uncomplicated MetS (n = 76) and healthy
controls (n = 44), we hypothesized that the selected PTMPs may help in identifying
patients with MetS. To test this hypothesis, an additional analysis of the diagnostic
potential of PTMPs was performed using receiver operating characteristic (ROC)
curves. The diagnostic sensitivity and specificity of PTMPs were also compared to
those of hsCRP as the most commonly used marker for assessment of
cardiometabolic risk. The ROC curves are graphically represented in Figure 11. It is
apparent from this figure that high concentrations of sRAGE had a protective role in
MetS development.

1- Specificity
Figure 11. ROC curves of PTMPs and hsCRP for the diagnosis of MetS.

The data from the ROC analysis [area under the ROC curve (AUC) with 95%
confidence interval (CI), optimal cut-off values, sensitivity and specificity] of PTMPs
and hsCRP for the diagnosis of MetS are summarized in Table 11. Our results indicate
that all the studied PTMPs had a significant potential to identify MetS patients among
healthy subjects. Carbamylated LDL and sRAGE had similar specificity, but superior
sensitivity in regards to MetS diagnosis when compared to hs-CRP. Тhe soluble
receptor sLOX-1 also had comparable to hsCRP sensitivity and specificity. NT and
AGEs had the lowest diagnostic potential of the selected PTMPs with NT showing
greater specificity despite its lower AUC (Table 11).
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Table 11. Аrea under the curve, cut-off values, sensitivity and specificity of PTMPs and hsCRP in the diagnosis of MetS according to the ROC analysis.
Cut-off Sensitivity Specificity
Variables
AUC
95% CI
р
(%)
(%)
NT (nmol/L)

0.608

0.502 – 0.714

8.9

63.2

68.2

0.048

cLDL (mg/L)

0.817

0.721 – 0.912

341

75.0

86.8

< 0.001

AGEs (µg/mL)

0.653

0.555 – 0.751

6.8

65.8

61.4

0.005

sRAGE (pg/mL)

0.229

0.144 – 0.314

946

72.7

73.7

< 0.001

sLOX-1 (pg/mL)

0.705

0.603 – 0.807

307

65.8

72.7

< 0.001

hsCRP (µg/mL)

0.734

0.643 – 0.825

1.00

67.1

78.3

< 0.001

To investigate whether the selected PTMPs were significantly associated with the
presence of MetS, a binary logistic regression analysis was performed using the cut-off
values listed in Table 11. The results are presented as OR (95% CI) in Table 12. It clearly
shows that all studied PTMPs were statistically significantly associated with the
presence of MetS. The soluble RAGE emerged as the sole protective factor, since
concentrations above 946 pg/mL were associated with a 7.46-fold lower risk for MetS
development. High concentrations of the rest PTMPs analyzed were associated with a
significant increase in the relative risk for MetS. What is interesting is that the elevated
levels of cLDL stood out as the most significant risk factor in regards of MetS
development (Table 12).
Table 12. Associations between the PTMPs and the presence of MetS.
Variables

OR

95% CI

р

NT

3.67

1.67 – 8.07

0.001

cLDL

19.80

7.64 – 51.35

< 0.001

AGEs

3.05

1.41 – 6.60

0.004

sRAGE

0.13

0.06 – 0.31

< 0.001

sLOX-1

5.13

2.27 – 11.59

< 0.001

4.2. Relationships between PTMPs and insulin resistance in patients with MetS

The significance of the selected PTMs for the development of insulin resistance
was investigated by conducting a correlation analysis of PTMPs and HOMA-IR as the
most commonly used index assessment of insulin resistance. The data are set out in
Table 13.
The median (interquartile range) of HOMA-IR in the patients with MetS was
2.30 (1.58 - 3.53). HOMA-IR index correlated positively and significantly with serum
concentrations of NT, cLDL and AGEs while negatively with sRAGE. There was no
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significant correlation between sLOX-1 and insulin resistance (Table 13). A positive
correlation was also found between HOMA-IR and hsCRP (r = 0.328, p = 0.004).
Table 13. Correlations between HOMA-IR and serum concentrations of the studied PTMPs
in patients with MetS.
MetS (n = 76)
Parameters
r

p

NT

0.310

0.006*

cLDL

0.247

0.032*

AGEs

0.288

0.013*

sRAGE

-0.316

0.005*

sLOX-1

0.051

NS

* Statistically significant correlation.

In the clinical practice it is generally accepted that HOMA-IR values lower than
2.5 are considered as normal while values above or equal to 2.5 indicate the presence
of insulin resistance. The distribution of the MetS patients according to the HOMAIR index is presented in Figure 12. Approximately 45% of our study participants with
MetS were classified as insulin resistant according to HOMA-IR values.

HOMA-IR<2.5
HOMA-IR≥2.5

Figure 12. Percentage distribution of MetS patients according to the presence of insulin
resistance assessed by HOMA-IR index.

To assess the effect of insulin resistance on serum PTMPs concentrations, a
subsequent comparative analysis was performed between MetS subgroups with
and without IR. It showed that concentrations of NT and AGEs were significantly
higher and those of sRAGE were lower in MetS patients with insulin resistance
(HOMA-IR> 2.5). Despite the positive significant correlation between cLDL and
HOMA-IR (Table 13), cLDL concentrations did not differ significantly between
the two compared MetS subgroups. The presence of IR also did not affect the
concentration of sLOX-1 (Table 14).
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Table 14. Comparison of the concentrations of the studied PTMPs between MetS patients
with and without insulin resistance assessed by HOMA-IR index.
HOMA-IR ≤ 2.5
HOMA-IR > 2.5
Parameters
р
(n = 42)
(n = 34)
NT (nmol/L)

11.45 (1.29 - 18.45)

14.71 (5.73 – 24.74)

0.015*

cLDL (mg/L)

459.1 (364.0 – 512.2)

481.5 (434.4 – 567.2)

0.179

AGEs (µg/mL)

7.49 (4.83 – 15.27)

23.55 (7.29 – 57.27)

0.018*

sRAGE (pg/mL)

909.1 (752.9 – 1088.1)

779.6 (640.7 – 960.7)

0.015*

sLOX-1 (pg/mL)

370.3 (290.1 – 709.7)

523.2 (190.65 – 883.9)

0.487

Data are presented as median (25th—75th percentile), since none of the continuous variables was following a
normal distribution. *Statistically significant difference.

4.3. Relationships of PTMPs with β-cell function in patients with MetS

Many lines of evidence suggest that MetS predisposes to subsequent development
of pancreatic β-cell dysfunction (Grundy, 2012). Insulin resistance and β-cell dysfunction
are recognized as the major pathophysiological causes for the development of T2DM
(Butler et al., 2003). Therefore, it seemed reasonable in addition to IR to analyze also the
relationships between the PTMPs and pancreatic β-cell function, assessed by HOMA-%
B index. Patients with MetS had a HOMA-% B median (interquartile range) of 124.3
(76.9 - 230.3), respectively. The serum concentrations of AGEs correlated negatively and
weakly, but statistically significantly with HOMA-% B. Furthermore, a tendency for a
negative weak correlation was also observed between NT and HOMA-% B index. No
significant correlations were found between HOMA-% B and rest of the studied PTMPs
(Table 15).
Таблица 15. Correlations between HOMA-%В index and serum concentrations of the
studied PTMPs in patients with MetS.
MetS (n = 76)
Parameters
r

p

NT

-0.199

0.079

cLDL

0.092

0.431

sRAGE

0.287

0.101

AGEs

-0.244

0.036*

sLOX-1

0.058

0.618

* Statistically significant correlation.
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4.4. Significance of PTMPs for the development of prediabetes in patients with MetS

The metabolic syndrome is considered as a prediabetic state. Thereby, we
additionaly divided the MetS patients according to the presence of prediabetes
using the glucose concentrations obtained in the course of OGTT and the WHO
diagnostic criteria (2006) for prediabetes. It was found that approximately 30.3%
of MetS subjects had prediabetes. A comparative analysis of PTMPs between the
MetS group with and without prediabetes was further performed. MetS patients
with prediabetes (n = 23) had significantly higher levels of NT and AGEs than
their counterparts without prediabetes (n = 53) (Fig. 13).
р = 0.025

MetS – prediabetes MetS + prediabetes

р = 0.001

MetS – prediabetes MetS + prediabetes

Figure 13. Comparison of serum concentrations of NT and AGEs
in patients with MetS according to the presence of prediabetes.

The concentrations of sRAGE in patients with MetS and prediabetes [729.0
(595.6 - 923.0) pg/mL, p = 0.082] tended to be lower than those in MetS –
prediabetes subgroup [852.5 (705.1 - 952.0) pg/mL]. There were no differences
in the levels of cLDL and sLOX-1 (p> 0.05) between the two MetS subgroups.
4.5. The PTMPs as risk factors and markers of the progression of MetS to overt T2DM

To assess wthether the studied PTMPs can reflect the progression of MetS
to overt T2DM, an additional ROC analysis was conducted, including patients
with uncomplicated MetS (n = 76) and uncomplicated T2DM (n = 67). No
significant differences in the serum concentrations of AGEs (Fig. 5), sRAGE (Fig.
6) and hsCRP (Fig. 2) were reported between patients with MetS and T2DM while
the difference in cLDL levels barely reached statistical significance (p = 0.049)
(Fig. 4). Patients with MetS had significantly higher serum concentrations of
sLOX-1 (Fig. 8) whereas lower levels of NT (Fig. 3) than the diabetics. The AUC
of the ROC curve for sLOX-1 in regards of MetS progression to overt T2DM was
0.329 (95% CI: 0.241 - 0.418, p <0.001). However, despite the significant
difference, taking into consideration the higher concentration of sLOX-1 in MetS
compared to controls (Fig. 8) and the lack of relationship between sLOX-1 and
IR and β-cell function (Table 13; Table 15), sLOX-1 is unlikely to have a
protective role on the progression of MetS to overt T2DM. Therefore, Figure 14
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Sensitivity

and Table 16 present the complete ROC analysis data only on NT. Although NT
had a statistically significant potential in assessing the progression of MetS to
overt T2DM, it showed acceptable specificity, but low sensitivity (Table 16).

1 - Specificity
Figure 14. ROC curve of NT for the progression of MetS to overt T2DM.
Таble 16. Аrea under the curve, cut-off value, sensitivity and specificity of NT for the
progression of MetS to overt T2DM according to the ROC curve.
Variable
Cut-off Sensitivity Specificity
AUC
95% CI
р
(%)
(%)
NT (nmol/L)

0.658

0.569 – 0.747

17.1

55.2

71.1

0.001

The data from the subsequent regression analysis indicated that patients with MetS
and NT concentrations above 17.1 nmol/L had a 3.45-fold higher relative risk for MetS
progression to overt T2DM (OR 3.45, 95% CI: 1.73 - 6.86, p <0.001).
4.6. Significance of the PTMPs as risk factors for the development of CAD in patients with MetS

It is well known that MetS is one of the major risk factors for the development
not only of T2DM but also of CVD (Assmann et al., 2004). In order to investigate
whether the selected PTMPs have a role in the association between MetS and the
higher cardiovascular burden, a group with MetS complicated by CAD was
additionally included in our study. The clinical characteristics of the patients in the
MetS + CAD group were already presented in Table 1.
 Comparative analysis of serum concentrations of PTMPs in patients with
MetS according to the presence of CAD
Our data from the comparative analysis of PTMPs levels between MetS
groups with and without CAD are illustrated in Figure 15 and Figure 16. Patients
in the MetS + CAD group (n = 30) had significantly higher serum concentrations
of NT [23.44 (17.36 - 44.79) nmol/L], cLDL [550.8 (518.2 - 617.4) mg/L] and
AGEs [16.16 (13.63 - 44.81) µg/mL] in comparison to the subjects with MetS
uncomplicated by CAD (Fig. 15).

27

А)

B)

MetS

MetS+CAD

MetS

MetS+CAD

C)

MetS

MetS+CAD

Figure 15. Serum concentrations of NT (А), cLDL (B)
and AGEs (C) in patients with MetS according to the presence of CAD.

Significant differences were also reported in the levels of the soluble
receptors. The serum concentration of sLOX-1 [739.9 (461.4 - 954.1) pg/ mL]
was higher whereas this of sRAGE [665.7 (571.7 - 844.5) pg/mL] was lower in
the MetS + CAD group compared to the MetS group without CAD (Fig. 16).
А)
B)

MetS
MetS+CAD
MetS+CAD
Figure 16. Serum concentrations of sRAGE (А)
and sLOX-1 (B) in patients with MetS according to the presence of CAD.
MetS

No significant differences were registered in the established correlations
between the studied PTMPs in the group MetS + CAD compared to MetS (Table
2, Table 3), but the correlation between cLDL and sLOX-1 was stronger in the
patients with MetS complicated by CAD (Fig. 17).
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Figure 17. Correlation between the serum concentrations of sLOX-1 and
cLDL in patients with MetS complicated by CAD.

Sensitivity

 Diagnostic potential of PTMPs for CAD in patients with MetS
Based on the reported significant differences in the serum concentrations of all
studied PTMPs between patients with MetS with and without CAD (Fig. 15, Fig.
16), we further performed a ROC analysis. The ROC curves are presented
graphically in Figure 18. The data from the ROC analysis (AUC with 95% CI, cutoff values, sensitivity and specificity) are summarized in Table 17. The ROC analysis
also included hsCRP with a cut-off value of 3 µg/mL, since levels of hsCRP greater
than 3 µg/mL are accepted to indicate a high cardiovascular risk (Pearson et al.,
2003).

1 - Specificity
Figure 18. ROC curves of PTMPs and hsCRP for the diagnosis of CAD in patients with
MetS.
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Although, all the studied PTMPs had a significant diagnostic potential for
CAD among MetS patients, the AUC of any of them did not exceed 0.75.
Carbamylated LDL, followed by NT, were characterized by the optimal
combination of sensitivity and specificity. Soluble sLOX-1 also had a diagnostic
potential superior to that of hsCRP. AGEs and sRAGE were characterized by a
better sensitivity while a comparable specificity to that of hsCRP (Table 17).
Таble 17. Аrea under the curve, cut-off values, sensitivity and specificity of PTMPs and
hsCRP for CAD among patients with MetS according to the ROC analysis.
Sensitivity Specificity
Variables
AUC
95% CI Cut-off
р
(%)
(%)
NT (nmol/L)

0.747

0.652 – 0.842

19.6

70.0

72.4

< 0.001

cLDL (mg/L)

0.741

0.636 – 0.845

518

76.7

75.0

< 0.001

AGEs (µg/mL)

0.655

0.553 – 0.757

13.4

80.0

56.6

0.013

sRAGE (pg/mL)

0.329

0.222 – 0.435

685

71.1

56.6

0.006

sLOX-1 (pg/mL)

0.652

0.544 – 0.759

514

63.3

67.1

< 0.015

hsCRP (µg/mL)

0.635

0.520 – 0.751

3.00

56.7

58.9

< 0.030

In order to evaluate quantitatively the significance of PTMPs as risk factors for
CAD development in MetS individuals, a binary logistic regression analysis was
performed using the cut-off values given above in Table 17. The results are presented
as OR (95% CI) in Table 18. All the studied PTMPs were significantly associated
with the presence of CAD in MetS patients. Concentrations of sRAGE above 685
pg/mL were associated with a 3.21-fold lower risk of CAD in MetS subjects,
delineating the protective role of the soluble receptor. The higher serum
concentrations of the rest PTMPs were associated with a higher relative risk of CAD
in MetS, with cLDL standing out as the most significant risk factor.
Таble 18. Assessment of PTMPs as risk factors for the development of CAD in patients with
MetS.
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р

Variables

OR

95% CI

NT

6.11

2.41 – 15.47

< 0.001

cLDL

9.86

3.65 – 26.60

< 0.001

AGEs

5.21

1.91 – 14.21

0.001

sRAGE

0.312

0.13 – 0.75

0.008

sLOX-1

3.52

1.46 – 8.52

0.004

5. SIGNIFICANCE OF PTMPs AS RISK FACTORS AND MARKERS FOR THE
DEVELOPMENT OF T2DM AS WELL AS OF CAD IN T2DM PATIENTS
5.1. Assessment of the diagnostic potential of the selected PTMPs for T2DM

Sensitivity

As was already reported, there were significant differences in the serum
concentrations of all the investigated PTMPs with the exception of sLOX-1 between
the patients with uncomplicated T2DM (n = 67) and the healthy controls (n = 44) (Fig.
3-6, Fig. 8). Hence, to test the hypothesis that the serum levels of NT, cLDL, AGEs
and sRAGE may serve as surrogate markers in the identification of patients with
T2DM, a ROC analysis was further performed. The diagnostic sensitivity and
specificity of the listed PTMPs were compared only to those of fasting glucose, since
the other DM diagnostic criteria (HbA1c and 2h-glucose level during an OGTT)
(ADA, 2017) were not tested in the control group. The ROC curves are graphically
represented in Figure 19.

1 - Specificity
Figure 19. ROC curves of NT, cLDL, AGEs, sRAGE and fasting glucose for the diagnosis
of T2DM.

The characteristics of the ROC curves (AUC with 95% CI, cut-off values,
diagnostic sensitivity and specificity) of NT, cLDL, AGEs, sRAGE and fasting
glucose are summarized in Table 19. The data on the sensitivity and specificity of
fasting glucose were obtained using 7.04 mmol/L as a cut-off value, as it was the
closest point to the accepted diagnostic cut-off of 7 mmol/L (ADA, 2017). As
expected, the specificity of glucose in regards of T2DM diagnosis was 100%, but
the sensitivity was below 60%. Although all the analyzed PTMPs had a
statistically significant potential to identify patients with T2DM, their AUC values
were not high enough to be implemented in the clinical practice. However, it
should be mentioned that sRAGE stood out as the most reliable marker, but both
the specificity and sensitivity of NT, AGEs and cLDL also were above 70%.
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Таble 19. Аrea under the curve, cut-off values, sensitivity and specificity of PTMPs and
fasting glucose in the diagnosis of T2DM according to the ROC analysis.
Variables
Cut-off Sensitivity Specificity
AUC
95% CI
р
(%)
(%)
0.758
0.661 – 0.854
10
80.6
70.5
< 0.001
NT (nmol/L)
cLDL (mg/L)

0.739

0.635 – 0.843

300

77.6

72.7

< 0.001

AGEs (µg/mL)

0.768

0.678 – 0.857

7.8

71.6

72.7

< 0.001

sRAGE (pg/mL)

0.167

0.091 – 0.243

874.4

73.1

84.1

< 0.001

Fasting glucose
(mmol/L)

0.974

0.945 – 1.00

7.04

58.2

100

< 0.001

The data from the regression analysis demostrated that concentrations of NT,
cLDL and AGEs above and of sRAGE below the cut-off values shown in Table 19
were significantly associated with a higher risk of T2DM development (Table 20).
Table 20. Assessment of PTMPs as risk factors for the development of T2DM.
Variables
OR
95% CI
р
NT

9.91

4.08 – 24.04

< 0.001

cLDL

9.24

3.85 – 22.23

< 0.001

AGEs

6.74

2.89 – 15.76

< 0.001

sRAGE

0.069

0.026 – 0.184

< 0.001

5.2. Effect of glycemic control on the serum concentrations of PTMPs

A correlation analysis between the levels of HbA1c and PTMPs was
performed in order to evaluate the effect of glycemic control on the intensity of
PTMs. Both cLDL and AGEs did not correlate significantly with HbA1c levels
(p > 0.05). Statistically significant correlations were found only between HbA1c
levels and the soluble receptors. HbA1c correlated negatively with sRAGE (Fig.
20A), while positively with sLOX-1 (Fig. 20B). Only a tendency for a weak
positive correlation was observed between HbA1c and NT (r = 0.185; p = 0.089).
A)

B)

Figure 20. Correlations between glycated hemoglobin (HbA1c) and serum concentrations
of sRAGE (A) and sLOX-1 (B) in patients with T2DM.
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5.3. Significance of the PTMPs as risk factors for the development of CAD in patients with T2DM

 Comparative analysis of serum concentrations of PTMPs in patients with
Т2DM according to the presence of CAD
Figure 21 and Figure 22 present the data from the comparisons of the serum
levels of PTMPs between the T2DM groups with and without CAD. The T2DM
+ CAD group (n = 36) had significantly higher serum concentrations of NT [23.94
(18.33 - 49.80) nmol/L], cLDL [520.8 (417.6 - 584.6) mg/L] and AGEs [25.57
(17.37 - 47.94) µg/mL] compared to T2DM group, uncomplicated by CAD (Fig.
21). These results completely confirm our data from the comparative analysis of
NT, cLDL and AGEs concentrations between MetS and MetS+CAD cohorts.
B)

A)

T2DM

T2DM + CAD

T2DM

T2DM + CAD

C)

T2DM
T2DM + CAD
Figure 21. Serum levels of NT (А), cLDL (B) and AGEs (C)
in T2DM patients according to the presence of CAD.

The serum level of sLOX-1 [404.5 (215.5 - 950.2) pg/mL] was also
significantly higher in the T2DM + CAD subjects (Fig. 22B). In contrast to our
results in MetS groups (Fig. 16), patients with T2DM + CAD had statistically
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significantly higher concentrations of sRAGE [870.6 (728.7 - 1036.1) pg/mL]
compared to the diabetic subjests without CAD (Fig. 22A).
А)

B)

T2DM
T2DM + CAD
T2DM
T2DM + CAD
Figure 22. Serum levels of sRAGE (А) and sLOX-1 (B)
in T2DM patients according to the presence of CAD.

 Correlation analysis of the serum PTMP concentrations in patients with
T2DM complicated by CAD
The level of sLOX-1 correlated positively and significantly with AGEs (Fig.
23A) and tended to correlate positively with cLDL (Fig. 23B) in T2DM + CAD
group in contrast to the diabetic patients without CAD (Table 3).
A)

B)

Figure 23. Correlations of the serum levels of sLOX-1 with
AGEs (А) and cLDL (B) in T2DM patients complicated by CAD.

A positive significant correlation was established between cLDL and hsCRP
(Fig. 24B) in the T2DM + CAD subjects. In contrast to the T2DM group (Table 8),
the positive correlation between sRAGE and hsCRP also reached statistical
significance in the T2DM + CAD patients (Fig. 24C). Furthermore, the correlation
between NT and hsCRP was stronger in the T2DM patients complicated by CAD
than in the uncomplicated cohort (Fig. 24A).
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A)

B)

C)

Figure 24. Correlations of the serum levels of hsCRP with NT (А), cLDL (B) and sRAGE
(C) in T2DM patients complicated by CAD.

Sensitivity

 Diagnostic potential of PTMPs for CAD in patients with T2DM
To investigate whether the selected PTMPs could discriminate CAD among T2DM
subjects, a subsequent ROC analysis was conducted. The diagnostic potential of the
studied PTMPs was again compared to this of hsCRP. The ROC curves are presented in
Figure 25 and the results from the ROC analysis are summarized in Table 21.

1 - Specificity
Figure 25. ROC curves of PTMPs and hsCRP for the diagnosis of CAD in patients with
T2DM.
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All the studied PTMPs had a significant potential to identify CAD among
the diabetic patients. However the obtained results for AUC values were low.
AGEs had the highest diagnostic sensitivity and specificity which were similar to
those of hsCRP. By contrast, NT and sLOX-1 appeared to be more specific but
less sensitive markers than hsCRP. Both the diganostic sensitivity and specificity
of cLDL and sRAGE were below 70% (Table 21).
Таble 21. Аrea under the curve, cut-off values, sensitivity and specificity of PTMPs and
hsCRP for CAD among patients with T2DM according to the ROC analysis.
Variables
Cut-off Sensitivity Specificity
AUC
95% CI
р
(%)
(%)
NT (nmol/L)

0.635

0.523 – 0.746

33.1

47.2

76.2

0.025

cLDL (mg/L)

0.640

0.527 – 0.753

463.4

69.4

64.2

0.019

AGEs (µg/mL)

0.643

0.538 – 0.748

14.6

83.3

55.2

0.017

sRAGE (pg/mL)

0.650

0.539 – 0.761

861.3

61.1

68.7

0.013

sLOX-1 (pg/mL)

0.655

0.543– 0.766

406

52.7

71.7

0.010

hsCRP (µg/mL)

0.730

0.630 – 0.831

3.03

75.0

58.1

< 0.001

To evaluate quantitatively the associations between the serum levels of the
selected PTMPs and the relative risk for CAD in patients with T2DM, a binary
logistic regression analysis was performed using the above-given cut-off values. The
results are presented as OR with 95% CI in Table 22. Concentrations of all the
studied PTMPs above the determined cut-off values were significantly associated
with a higher risk of CAD in patients with T2DM. AGEs, followed by cLDL, stood
out as the most significant risk factors for the development of CAD in diabetic
patients
Таble 22. Assessment of PTMPs as risk factors for the development of CAD in patients with
T2DM.
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Variables

OR

95% CI

р

NT

2.85

1.20 – 6.76

0.015

cLDL

4.07

1.71 – 9.69

0.001

AGEs

6.17

2.27 – 16.76

< 0.001

sRAGE

3.44

1.48 – 8.02

0.003

sLOX-1

2.82

1.22 – 6.57

0.014

V. DISCUSSION
1. SIGNIFICANCE OF TYROSINE NITRATION IN METABOLIC SYNDROME AND
TYPE 2 DIABETES MELLITUS

Serum concentrations of NT as a marker of nitrooxidative stress and a risk
factor for the development of MetS, insulin resistance and T2DM
A large body of evidence has revealed the significance of oxidative stress in the
pathogenesis of MetS, T2DM and their cardiovascular complications (Baynes,
2004). However, the classical definition of oxidative stress does not emphasize on
the pivotal role of nitric oxide (•NO) and reactive nitrogen species (RNS) in the prooxidative alterations. Determination of irreversibly posttranslationally modified
molecules which also reflect the nitrooxidative stress would be useful in assessing
the risk for MetS and T2DM development as well as in predicting their clinical
outcomes. A relevant oxidative PTM, initialized by •NO, is the nitration of protein
tyrosine residues to 3-nitrotyrosine (NT), performed through peroxynitrite or
myeloperoxidase (MPO)-dependent nitration pathways. NT is considered as a stable
marker of nitrooxidative stress (Radi, 2013). Nevertheless, the existing data on
circulating NT levels in T2DM are discordant while there are almost no studies in
MetS. Some authors have reported elevated plasma NT concentrations in patients
with MetS (Esposito et al., 2006; Jialal et al., 2012) and T2DM (Ceriello et al., 2001;
Ceriello et al., 2004), while according to others hyperglycemia and IGT do not affect
systemic NT concentrations (Shishehbor et al., 2003; Wang et al., 2004). Our results
for significantly higher NT levels in both patient groups compared to the controls
suggest the involvement of nitrooxidative stress in the pathogenesis of MetS and
T2DM (Fig. 3). This is also confirmed by the significant correlations between NT
and the MetS components (Table 4), which is consistent with the findings of other
research teams (Esposito et al., 2006; Jialal et al., 2012). Serum NT also correlated
with SBP and dyslipidemia in the T2DM group while no significant correlations
were reported in the healthy subjects (Table 4). The MetS components and especially
dyslipidemia are well-established risk factors for the development of insulin
resistance (IR) and diabetes (Kaur, 2014). Hence, our results indicate that the
nitrooxidative stress at least partially mediates their adverse effects. This hypothesis
is further supported by the significant positive correlation between NT and HOMAIR (Table 13), which has also been documented by Esposito et al. (2006) and Jialal
et al. (2012).
In vitro and animal studies have provided a possible explanation of the observed
associations between the metabolic impairments, increased NT levels and IR. It has
been documented that hyperglycemia and high-fat diet increase peroxynitrite
formation which on its turn triggers the nitration of insulin receptor – beta (IR-β),
insulin receptor substrate (IRS)-1, IRS-2 and Akt in muscles (Koeck et al., 2009; Zhou
& Huang, 2009). Thus, the increased tyrosine nitration impairs insulin tolerance in
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skeletal muscles. Charbonneau & Marette (2010) have confirmed its role as well in
the development of hepatic IR. MPO-catalyzed tyrosine nitration might be also
responsible for the elevated systemic NT levels in the patient groups. Furthermore,
augmented MPO levels and activity have been associated with obesity, IR, MetS and
T2DM (Heinecke & Goldberg, 2014; Olza et al., 2012; Sharma, 2017). Moreover,
increased NT production reduces the bioavailability of NO, which stimulates the
translocation of the major insulin-dependent glucose transporter (GLUT4) to the
plasma membrane along with increasing glucose and fatty acid metabolism (Tanaka
et al., 2003).
Our study highlights the importance of nitrooxidative stress in the development
of IR in MetS since the MetS subgroup with IR (HOMA-IR ≥ 2.5) had significantly
higher serum concentrations of NT than HOMA-IR < 2.5 subgroup (Table 14). The
role of NT in the progression of IR to IGT and prediabetes is confirmed by the higher
levels of NT in the subgroup MetS + prediabetes compared to MetS – prediabetes
(Fig. 13). The full transition to overt T2DM is usually triggered by β-cell failure. The
established tendency for a negative correlation between NT and HOMA-% B index
(Table 15) suggests a detrimental effect of nitrooxidative stress on β-cell function. In
addition, Koeck et al. (2009) have demonstrated that tyrosine nitration of β-cells is
mediated by glucose and proportionally dependent on its concentration.
Interestingly, elevated NT-staining in islets from diabetic mice has been related to
protein oxidation damage and death of pancreatic β-cells (Tikellis et al., 2004). Taken
together, we might conclude that the change in NT levels reflect the significance of
nitrooxidative stress in the transition from healthy individuals through MetS, MetS +
IR, MetS + prediabetes to overt T2DM. The ROC analysis has confirmed the diagnostic
potential of the serum concentration of NT for MetS (Fig. 11, Table 11) and T2DM (Fig.
19; Table 19). NT levels above a concentration of 10 nmol/L were associated with a
9.9-fold higher relative risk for T2DM development (Table 20). Furthermore, NT has
emerged as the sole posttranslationally modified molecule with a significant potential to
mirror the progression of MetS to overt T2DM (Figs. 14, 16).
Other findings of our study are the positive correlation between the serum
concentrations of NT and AGEs in T2DM and a tendency for such in MetS subjects
(Table 2). Binding of AGEs to RAGE results in activation of NADPH oxidase and
inducible NO synthase (iNOS) via nuclear factor-kappa B (NF-κB) upregulation (Ott
et al., 2014). Thus, the AGEs/RAGE interaction generates NO and superoxide
radicals which can further form peroxynitrite. The production of this highly reactive
nitrating and oxidizing agent with a very short half-life can be indirectly inferred by
the presence of NT. Therefore, the higher concentrations of AGEs (Fig. 5) and the
lower levels of sRAGE (Fig. 6) to neutralize them might also contribute to the
propagation of nitrooxidative stress in MetS and T2DM.
In addition, AGEs have recently been recognized as markers of the so-called
"metabolic memory". Thereby, the established positive correlations between them
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and NT imply the potential of NT to reflect not only the current but also the longterm metabolic status. This suggestion is confirmed by the positive tendency for a
correlation between NT and HbA1c. In line with our data, Wang et al. (2009) have
delineated HbA1c and the total content of glycosylated proteins in the circulation as
the most significant determinants of serum NT concentrations. The longer
persistence of nitrooxidative stress associated with chronic hyperglycemia and
depletion of antioxidant defense mechanisms in T2DM may explain the higher levels
of NT in diabetics compared to MetS. In addition, both NT and AGEs correlated
positively with age in the healthy subjects while with the duration of diabetes in
T2DM group (Fig. 9). Therefore, tyrosine nitration and glycation are probably two
interrelated PTMs which occur progressively with age in physiological conditions.
On the other hand they are amplified in the pathological conditions of MetS and
T2DM which suggest the potential of NT and AGEs in monitoring the development
and progression of these diseases.
Increased serum concentrations of NT as a risk factor and a marker for the
development of CAD in patients with MetS and T2DM
The atherosclerotic CVD are the most common complications of both MetS
and T2DM. Hence, the present study aimed also at assessing the impact of
nitrooxidative stress on the complication of MetS and T2DM by CAD as the most
common form of ischemic heart disease and the most common cardiovascular
disease in general. The role of nitrooxidative stress in CAD development is
confirmed by the significantly higher serum concentrations of NT in the groups of
MetS + CAD and T2DM + CAD compared to the uncomplicated MetS and T2DM,
respectively (Fig. 15A, Fig. 21A). NT has appeared as a specific diagnostic marker
for CAD in both MetS and T2DM, but its sensitivity in determining the risk of CAD
was greater in the MetS group (Tables 17, 21). Furthermore, our subsequent
regression analysis showed that NT concentrations above 19.6 nmol/L and 33.1
nmol/L increased the relative risk of CAD development by about 6.1 times in MetS
and 2.9 times in T2DM, respectively (Tables 18, 22).
Our data from the comparative and correlation analysis of the NT serum
levels (Fig. 3, Fig. 15A, Fig. 21A, Table 4) confirm the concept of nitrooxidative
stress as a link between metabolic abnormalities in MetS and T2DM, the
development of endothelial dysfunction and subsequent vascular complications.
Plasma NT has been shown to mediate the effects of postprandial hyperglycemia
and hypertriglyceridemia on the endothelium in T2DM. In addition, NT was
directly related to non-invasive markers of endothelial dysfunction such as
decreased flow-mediated dilatation (FMD) and increased serum concentrations of
adhesion molecules (ICAM-1, VCAM-1 and E-selectin) (Ceriello et al., 2002;
Ceriello et al., 2004). Elevated NT concentration and decreased FMD have also
been reported in MetS (Esposito et al., 2006). In addition, it has been
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demonstrated that increased apoptosis of myocytes, endothelial cells (EC), and
fibroblasts from cardiac biopsies of diabetics is associated with increased NT
levels even in acute hyperglycemia (Frustaci et al., 2000; Zhang & Wei, 2013).
Our hypothesis of the pivotal role of the nitrooxidative stress in the
development of endothelial dysfunction and subsequent CAD is based on the
mechanism of NT formation. Regardless оf whether NT is produced via the
nonenzymatic or MPO-mediated pathways, its formation always reduces the
bioavailability of NO and all its protective effects for the cardiovascular system vasodilatory, anti-inflammatory, anti-aggregant, anti-proliferative, etc. (Peluffo &
Radi, 2007). In additon, peroxynitrite has been shown to uncouple the endothelial
NOS, which further diminishes NO and FMD in T2DM (Cassuto et al., 2014). MPO
is abundantly expressed in coronary plaque and inhibition of NO-dependent
relaxation of the affected vessel has been associated namely with increased NT
production (Eiserich et al., 2002). There is also some evidence of a direct cytotoxic
effect of NT on the endothelium. Moreover, augmented levels of NT have been
detected in human atherosclerotic lesions and LDL isolated from them (Frustaci et
al., 2000; Shishehbor et al., 2003). All the evidence presented indicates the
involvement of nitrooxidative stress in the pathogenesis of atherosclerosis and is very
likely to explain our results of significantly higher NT concentrations in patients with
MetS and T2DM complicated by CAD.
Nitrooxidative stress might also mediate the link between inflammation and
atherosclerosis. This suggestion is supported by the positive correlation between NT
and hsCRP in the patient groups (Table 8). In addition, both MetS and T2DM
patients exposed to a higher cardiovascular risk (hsCRP > 3) had significantly higher
NT levels (Tables 9, 10). The positive correlation between NT and hsCRP was also
stronger in patients with T2DM complicated by CAD (Fig. 24A) compared to the
one observed in their uncomplicated counterparts. These results are probably related
to the MPO-mediated pathway for NT synthesis. MPO is a marker of chronic lowgrade inflammation, but is increasingly being viewed also as a reliable cardiovascular
risk indicator. MPO has emerged as a good predictor of CAD in clinically healthy
individuals (Zhang et al., 2001; Meuwese et al., 2007) as well as in diabetics (Song
et al., 2015). In accordance with our data and the hypothesis stated above, NT has
been shown to correlate with MPO and tumor necrosis factor-α (TNF-α) in patients
with heart failure and even to reflect its severity (Eleuteri et al., 2009). Shishehbor et
al. (2003) have demonstrated that the concentration of protein-bound NT is an
independent predictor of CAD further confirming our results for an association
between the nitrooxidative stress and CAD. Higher circulating NT levels have also
been reported in patients with prediabetes and a higher risk of CAD development
(Watanabe et al., 2017).
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2. SIGNIFICANCE OF cLDL IN METABOLIC SYNDROME AND TYPE 2 DIABETES
MELLITUS

Serum concentrations of cLDL as a marker of carbamylation and a risk factor
for the development of MetS and T2DM
Protein carbamylation has previously been considered quantitatively significant
only in the continuum of chronic kidney diseases (CKD) as uremia provides a
favourable chemical environment for this posttranslational modification (Kraus LM
& Kraus AP, 2001). However, a urea-independent MPO-mediated carbamylation
mechanism has been discovered (Wang et al., 2007). Several recent studies have
suggested that carbamylation may be the missing link explaining the higher
prevalence and severity of CVD in patients with CKD (Ok et al., 2005; Berg et al.,
2013; Koeth et al., 2013).
It is well known that CVD are the most prevalent complications of both
T2DM and MetS. Hence, it seemed reasonable to test the hypothesis whether
carbamylation is amplified on the pathological background of MetS and T2DM
even in the absence of uremia. To the best of our knowledge, the levels of cLDL
in T2DM uncomplicated by CKD have been investigated only by Shiu et al.
(2014). Our results for significantly higher levels of cLDL in T2DM patients
compared to the controls are in line with the study conducted by Shiu et al. (2014).
In addition, we have reported for the first time that carbamylation is also a
quantitatively important PTM in uncomplicated MetS patients, since MetS
subjects had significantly higher cLDL concentrations than the healthy subjects
(Fig. 4). Тhe subsequent ROC analysis even outlined сLDL as the PTMP with the
highest diagnostic sensitivity and specificity for the presence of MetS and T2DM
(Table 11, 19). Furthermore, our study demonstrated that elevated cLDL levels
were significantly associated with a higher risk for development of MеtS and
T2DM (Table 12, 20).
A correlation analysis was also performed aiming to identify the possible
causes for the observed significant differences in cLDL levels. However, no
significant correlations of cLDL with anthropometric and routine clinical and
laboratory parameters were found. Surprisingly, cLDL correlated significantly
and positively with urea only in the healthy controls, but no such correlation was
observed in both MetS and T2DM groups (Fig. 10). All patients had normal renal
function and there was no significant difference in urea and creatinine levels
between the control and patient groups (Table 1). Therefore, we may hypothesize
that cLDL are generated at a very low intensity mainly via the nonenzymatic ureadependent pathway in healthy individuals characterized by low, physiological
levels of oxidative stress and inflammation. By contrast, the alternative MPOmediated mechanism might be responsible for the elevated cLDL in MetS and
DM (Wang et al., 2007). This assumption is based on several lines of evidence.
Of note, NT is considered as a molecular fingerprint of MPO-catalyzed oxidation
(Eleuteri et al., 2009; Radi, 2004). On one hand MPO is an established marker of
chronic inflammation and oxidative stress, and on the other hand higher levels of
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hsCRP and NT and positive correlations between them were found in the patient
groups (Fig. 2, 3, Table 8). As was mentioned earlier, augmented MPO levels
have been associated with MetS and T2DM (Heinecke & Goldberg, 2014;
Sharma, 2017). Moreover, we report for the first time a positive significant
correlation between the serum concentrations of cLDL and NT in both MetS and
T2DM groups (Table 2). Taken together, although MPO was not investigated in
the present study, we prove the hypothesis for MPO-mediated carbamylation of
LDL in MetS and T2DM. This conclusion is also in agreement with the results of
Shiu et al. (2014).
Relationship between the serum concentrations of cLDL and insulin resistance
Our results show that on one hand patients with MetS and T2DM had higher
concentrations of cLDL which correlated positively with NT. On the other hand, NT
has emerged as a possible key player in the development of IR and the progression
of MetS to prediabetes and overt T2DM. Hence, we hypothesized a probable
association between cLDL and insulin resistance, which is considered as the
common pathogenic mechanism of MetS and T2DM. The established positive
significant correlation between cLDL and HOMA-IR in the MetS group favours this
hypothesis (Table 13). In accordance with our finding Choi et al. (2015) demonstrated
that cLDL attenuated the membrane translocation of GLUT4 in muscle cells by
inducing iNOS expression and increasing NO production (Choi et al., 2015). This
further resulted in increased nitration of tyrosine residues of the insulin receptor. As
discussed above, augmented tyrosine nitration of the signaling molecules from
insulin transduction pathway decreases the insulin sensitivity (Charbonneau &
Marette, 2010; Nomiyama et al., 2004; Zhou & Huang, 2009). Therefore, these and
our data suggest involvement and a crosstalk between carbamylation and tyrosine-3nitration in the pathogenesis of IR. Although we did not find a significant correlation
between cLDL and HOMA-% B (Table 15), it was demonstrated that cyanate dosedependently decreased insulin secretion up to 50% after or without glucose stimulation
in cultured pancreatic β-cells (Ha, 2012). This finding additionaly infers that
carbamylation might be an important PTM in the development of β-cell dysfunction.
Role of cLDL in the development of CAD in patients with MetS and T2DM
A mounting body of evidence has underscored the key role of the interplay
between modified low-density lipoproteins and their scavenger receptors in the
pathogenesis and the progression of atherosclerosis and atherosclerosis-related diseases.
Several proatherogenic modifications of low-density lipoprotein (LDL) have been
detected in humans, and oxidized LDL (oxLDL) is the best characterized (Basnakian
et al., 2010). Increased circulating levels of oxLDL have been associated with higher
incidence of MetS and CAD in both the general and MetS populations (Holvoet et
al., 2008). Apostolov et al. (2005) reported that cLDL is the quantitatively dominant
LDL isoform not only in uremic patients but also in healthy individuals, proposing
its possible role in atherosclerosis. Despite this, the role of cLDL in CAD
development in patients with MetS and T2DM has not been investigated yet. On the
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other hand, there is growing clinical evidence that carbamylation is responsible
for the 10- to 20-fold increase in the risk of CVD in CKD subjects. A large
prospective study even identified homocitrulline in the composition of cLDL as
an independent prognostic factor of all-cause mortality in patients with end-stage
renal disease (ESRD) (Speer et al., 2014). Our study demonstrates that the
concentrations of cLDL were significantly associated with the presence of CAD
in patients with MetS and T2DM in the absence of a renal impairment. We found
significantly higher serum concentrations of cLDL in the MetS + CAD and T2DM
+ CAD groups compared to MetS and T2DM without CAD, respectively (Fig.
15B, Fig. 21B). The subsequent ROC (Figs. 18, 25) and regression analysis
showed that serum cLDL levels could discriminate CAD among MetS and T2DM
patients even better than hsCRP. However, the diagnostic specificity and
sensitivity of cLDL for discriminating CAD were greater in the MetS group
(Tables 17, 21). The association between serum cLDL levels and the presence of
CAD was also stronger in the MetS cohort. Concentrations of cLDL above the
determined cut-off values were associated with a 9.9- and 4.1-fold increase in the
relative risk of CAD among MetS and T2DM subjects, respectively.
The association between the carbamylation and CAD even in the absence of
CKD has been documented by other authors. Тhe specificity and sensitivity of cLDL
as a diagnostic marker for CAD in MetS reported in our study (Table 17) are even
comparable to those found by Jaisson et al. (2015) for homocitrulline - a marker of
total carbamylation level. According to the research group elevated concentrations
of homocitrulline are an independent risk factor for CAD with the potential to reflect
even its severity (Jaisson et al., 2015). Two large clinical investigations have also
shown that plasma concentrations of protein-bound homocitrulline independently
predict the risk of stroke, the incidence of cardiovascular events and the
cardiovascular mortality (Wang et al., 2007).
Wang et al. (2007) have delineated the carbamylation mediated by MPO as a
possible link between inflammation, smoking, and atherosclerosis. Smoking is
known to increase thiocyanates, hence active smokers were not enrolled in our study.
Therefore, elevated levels of the pro-inflammatory enzyme MPO are likely to
explain our association between higher concentrations of cLDL and CAD. The
correlations of cLDL with NT, as well as the lack of correlation with urea, point to
this assumption. The correlation between cLDL and hsCRP in the T2DM + CAD
group also confirms the significance of inflammation for the increased formation of
cLDL in CAD (Fig. 24B). Another study demonstrated that in atherosclerotic lesions
carbamylated apolipoprotein A-I from HDL correlated positively with 3chlorotyrosine, another specific oxidation product of MPO (Holzer et al., 2011). This
is consistent with the idea that MPO is responsible for the augmented carbamylation in
atherosclerotic plaque. Accordingly, it has been found that cLDL correlates with the
intima-media thickness (IMT) of the common carotid artery but not with blood urea
nitrogen (BUN) in patients with ESRD but without clinically manifested CVD
(Basnakian et al., 2010). This finding implies that cLDLs reflects subclinical
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atherosclerosis. Therefore, subclinical atherosclerosis might also be the cause for the
higher levels of cLDL we observed even in the MetS and T2DM groups
uncomplicated by CAD.
Our data suggest that MPO might link low-grade inflammation, carbamylation,
tyrosine-3-nitration and atherosclerosis. In vitro and in vivo experiments have
demonstrated that CRP increases the release and activity of MPO from
polymorphonuclear neutrophils and monocytes, followed by increased tyrosine-3nitration of LDL (Singh et al., 2009). This is another possible explanation of the
correlations and elevated levels of hsCRP, NT and cLDL in patients with MetS and
T2DM (Figs. 2, 3, 4, Tables 2, 8). Notewothy, both the increment in the serum lelevs
of hsCRP, NT and cLDL and the correlations between them were more remarkable
in the CAD groups (Figs. 2, 15, 21, Fig. 24A, B) which additionaly confirms the
aforementioned assumption.
One of the major findings of the current study was that cLDL levels were
significantly associated with CAD in MetS and T2DM patients even without a renal
impairment. This observation may at least partially explain the higher cardiovascular
burden in the MetS and T2DM subjects, since cLDL has been shown to possess all
the major proatherogenic activities, including binding to macrophage scavenger
receptors, promoting cholesterol accumulation, and foam cell formation (Apostolov
et al., 2009). Carbamylated LDL cause endothelial cell apoptosis as well as
accelerated senescence in human endothelial progenitor cells (Carracedo et al.,
2011). Furthermore, cLDL potentiates atherosclerotic plaque formation and
progression by stimulating proliferation of vascular SMCs and also by increasing the
expression of cell adhesion molecules in ECs and SMCs (Apostolov et al., 2007; Aşci
et al., 2008).
Taken together, all these proatherogenic properties of cLDL might be related to
the significance of cLDL as a risk factor for CAD development. These adverse effects
of cLDL are mainly attributed to their interaction with their major receptor - LOX-1
(Apostolov et al., 2009). The expression of LOX-1 can be indirectly assessed by the
measurement of its soluble form (sLOX-1) in the circulation (Murase et al., 2000).
Both CAD groups had higher concentrations of sLOX-1 in comparison to the
uncomplicated by CAD counterparts. In addition, our study has demonstrated for the
first time a positive correlation between cLDL and sLOX-1 in MetS, a stronger
correlation in MetS + CAD, and a tendency for such in T2DM + CAD. Therefore,
our data indicate that cLDL-LOX-1 interplay might also be involved in the
association between MetS, T2DM and the increased risk of CAD. Speer at al. (2014)
demonstrated that binding of cLDL to LOX-1 in ECs led to p38 mitogen-activated
protein kinase (MAPK) and NADPH-oxidase activation. Carbamylated LDL also
stimulated endothelial NOS uncoupling via S-glutathionylation. Overall, this
resulted in increased reactive oxygen species (ROS) which can react with NO
yielding peroxynitrite and subsequently increasing protein tyrosine nitration,
decreasing NO availability and inducing endothelial dysfunction. Thus, the
cLDL/LOX-1 interaction and the peroxynitrite-dependent tyrosine nitration
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mechanism probably also contribute to the increased serum NT levels in MetS and
T2DM compared to the healthy controls, and in MetS + CAD and T2DM + CAD
compared to MetS and T2DM without CAD.
Moreover, the increased generation of ROS on their turn can upregulate LOX1 expression, establishing a vicious cycle between LOX-1 and ROS. Oxidative stress
and endothelial dysfunction have been accepted as the common key players in the
pathogenesis of both MetS, T2DM and their cardiovascular complications.
Therefore, our data contribute to elucidation of possible pathobiochemical
mechanisms of MetS, T2DM and atherosclerosis associated with them.
3. SIGNIFICANCE OF AGEs AND THEIR SOLUBLE RECEPTOR IN METABOLIC
SYNDROME AND TYPE 2 DIABETES MELLITUS

Serum concentrations of AGEs as risk markers оf MetS and T2DM
Many lines of evidence have shown a positive association between serum
and tissue AGEs and microvascular complications of diabetes. Nonetheless, the
data on the significance and applicability of determining the serum concentration
of AGEs regarding the risk of T2DM itself are rather controversial. Although no
effect of T2DM on serum concentrations of AGEs has been reported (Hanssen et
al., 2013), we confirm the results of most of the studies for higher circulating
levels of AGEs in patients with T2DM compared to healthy subjects (Kilhovd et
al., 2007; Kiuchi et al., 2001; Okura et al., 2017). Our data indicate that glycation
is a quantitatively significant PTM not only in T2DM, but also in MetS. In
addition, the serum concentration of AGEs only tended to be higher in the
diabetics compared to the MetS patients (Fig. 5). According to our study serum
concentration of AGEs could be used as a surrogate marker for identification of
the presence of both diseases with an acceptable ratio between the diagnostic
sensitivity and specificity. However, the circulating AGEs had a superior potential
in identifying T2DM to MetS (Tables 11, 19). Higher concentrations of AGEs were
associated with a three- and sevenfold increase in the relative risk of MetS and T2DM
development, respectively (Tables 12, 20). These findings are in agreement with the
data from the large-scale Atherosclerosis Risk In Communities (ARIC) study (Luft
et al., 2015), as well as with the results of Haddad et al. (2016). Furthermore, it has
been shown that AGEs, but not BMI have a pivotal role in the distinguishment
between the so-called "morbid" from "healthy" obesity (Sánchez et al., 2017). А
positive association between AGEs and the risk of MetS has also been reported by
other authors determining serum concentrations (Klenovicsova et al., 2011; Uribarri
et al., 2015) or dietary intake of AGEs (Mendoza-Herrera et al., 2018).
Several investigations have reported correlations between AGEs and
different systemic markers of oxidative stress (Kalousová et al., 2002; Bansal et
al., 2013; Uribarri et al., 2015; Koska et al., 2018). On one hand, our results for
positive correlations between the elevated levels of AGEs and NT in the patient
groups (Table 2) confirm these findings, but on the other hand, they also highlight
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the relationship between the nitrooxidative stress and glycation. It is possible that
tyrosine nitration and glycation are two interrelated PTMs that intensify each
other in the pathological conditions of MetS and T2DM, establishing a "vicious
circle" between them (Ott et al., 2014).
The present study demonstrated significant correlations of AGEs with
glycemia and lipid profile parameters (Table 5) as well as with age but only in the
healthy individuals. It is therefore likely that under physiological conditions and
low levels of oxidative stress, glycation occurs at low intensity, and its end
products reflect the current metabolic status. AGEs correlated significantly only
with triglyceridemia, but not with glycemia in patients with MetS, while with
HDL-cholesterol and the duration of the disease, but not with glycated
hemoglobin in T2DM subjects. These observations probably underscore the
importance of dyslipidemia for the formation of AGEs. Other authors have also
found no significant correlations of AGEs with fasting glycemia or HbA1c in
T2DM (Kilhovd et al., 2007; Koska et al., 2018; Okura et al., 2017), but with TG
and advanced oxidation protein products (Kalousová et al., 2002; Koska et al.,
2018), which include NT (Ahmed et al., 2005). Kiuchi et al. (2001) documented
that AGEs did not correlate with HbA1c measured at the time of the study, but
with its mean over a period of four years. The presented evidence and our results
could be explained by the concept of AGEs as markers of the so-called "metabolic
memory" (Perrone et al., 2020; Yamagishi et al., 2017). Hence, it could
conceivably be hypothesized that elevated levels of AGEs reflect not only
hyperglycemia, but the overall metabolic burden in MetS and T2DM (both
hyperglycemia and hyperlipidemia), oxidative stress, and inflammation. The
positive correlations between the serum concentrations of AGEs and hsCRP in
the two patient groups also favour this assumption (Table 8). Although the
correlation between AGEs and hsCRP reached statistical significance only in
T2DM, significantly higher levels of AGEs were reported in the subgroups with
hsCRP > 3 in both T2DM (Table 10) and MetS patients (Table 9). Tan et al. (2004)
even defined the concentration of AGEs as an independent determinant of CRP
level in diabetic subjects (Tan et al., 2004). In addition, decreased circulating
levels of AGEs have been associated with normalization of some
proinflammatory parameters (Uribarri et al., 2011).
Increased levels of RAGE as a protective factor and a marker of MetS and
T2DM
RAGE is the major and best-characterized receptor for AGEs. In spite of this
the data on the systemic concentration of the soluble, C-terminal truncated isoform
of RAGE (sRAGE) are quite contradictory in T2DM subjects while scarce in patients
with MetS. Most authors (Tan et al., 2006; Nakamura et al., 2007; Fujisawa et al.,
2013) have registered higher levels of sRAGE in T2DM patients compated to
nondiabetics. Lorenzi et al. (2014) did not observe an effect of diabetes on the
circulating sRAGE level. However, we found lower concentration of sRAGE in
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T2DM cohort compared to the control group (Fig. 6), which has also been reported
in the literature (Basta et al., 2006; Devangelio et al., 2007; Su et al., 2011; Tam et
al., 2011). Patients with MetS also had significantly lower sRAGE levels than the
controls (Fig. 6). This finding is consistent with the results of Hudson et al. (2014)
and contrary to the lack of difference reported by Norata et al. (2009) and Yamagishi
et al. (2006). A lower concentration of sRAGE and an inverse relationship with the
number of components of MetS was found in both adults (Šebeková et al., 2014) and
adolescents aged between 12 and 16 years (Ne et al., 2014). In addition, our ROC
(Figs. 11, 19; Tables 11, 19) and regression analysis have identified the decreased
sRAGE concentrations as a risk factor for the development of both MetS and T2DM.
Serum concentrations of sRAGE below the cut-off values of 946 pg/mL and 874.4
pg/mL were significantly associated approximately with a 7- and 14-fold higher risk
of developing MetS and T2DM, respectively (Tables 12, 20). Thus, our results are
in line with those of other authors, suggesting that the reduced concentrations of
sRAGE might be a risk factor for the development of MetS and T2DM (Miranda et
al., 2017; Momma et al., 2014; Zaki et al., 2017). Brickey et al. (2014) identified
sRAGE as a predictor of overall cardiometabolic risk regardless of BMI as well in
adolescents.
It has been proposed that sRAGE plays the role of a decoy for RAGE ligands,
competing with them for full-length membrane RAGE (fl-RAGE). Thus, sRAGE
may exerts a cytoprotective effect, preventing the interaction between the ligands
with the membrane-bound receptor, its activation and the further initiation of
oxidative and proinflammatory response (Prasad, 2014). Therefore, we can
hypothesize that the complex disturbances of metabolic status, oxidative stress and
low-grade inflammation, observed in MetS and T2DM, enhance the glycation
leading to excessively increased levels of circulating AGEs. Their binding to sRAGE
might be the cause for the significant reduction in the concentration of free soluble
receptor i.e. its ability to neutralize new amounts of AGEs. Accordingly, the
significant decrease in sRAGE levels in both patient groups compared to the healthy
controls might be a sign of a depletion of this probable protective mechanism. In
support of this hypothesis, we found a weak negative correlation between AGEs and
sRAGE in the two patient groups, though it reached statistical significance only in
individuals with MetS (Fig. 7B, C). Conversely, a positive correlation between
AGEs and sRAGE was observed in the control group (Fig. 7A), which is consistent
with the study conducted by Yamagishi et al. (2006). Tam et al. (2011) opposed the
dominant hypothesis that sRAGE are proportional to the expression of fl-RAGE
(Tan et al., 2006; Villegas-Rodríguez al., 2016). The research team demonstrated a
weak inverse correlation between RAGE expression in monocytes and serum
sRAGE levels in patients with T2DM (Tam et al., 2011). A negative correlation was
also reported between sRAGE and RAGE mRNA from peripheral blood
mononuclear cells in obese patients with or without IR (Ruelas Cinco et al., 2019).
Another recent study even demonstrated that administration of glycated albumin to
alveolar cells not only attenuated the proteolytic cleavage of fl-RAGE but also
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increased its membrane expression. In addition, the proteolytically cleaved RAGE
(cRAGE) has been found to correlate negatively with RAGE ligands, with AGEs
being identified as the major determinant of its concentration (Scavello et al., 2019).
Considering these lines of evidence, we could suggest that the reported low serum
concentrations of sRAGE while high levels of AGEs in MetS and T2DM, are
probably associated with increased membrane expression of fl-RAGE. It seems that
sRAGE, RAGE and AGEs are elements of an intricate axis which is regulated by a
positive or a negative feedback depending on the pathophysiological state of the
organism.
The decrease in sRAGE concentration in the T2DM group is probably due to a
poor glycemic control, since sRAGE correlated significantly and negatively with
HbA1c (Fig. 20A). Motawi et al. (2013) found lower levels of sRAGE in patients
with uncontrolled T2DM. Our assumption is supported also by the study of
Devangelio et al. (2007) who showed that sRAGE increased proportionally to the
improvement in glycemic control in patients with T2DM. Moreover, our results are
in agreement with the study of Basta et al. (2006). They reported that the plasma
concentration of sRAGE was strongly and negative correlated with both HbA1c and
the proinflammatory protein S100A12, another major RAGE ligand.
Another factor which has been associated with a decrease in sRAGE
concentration is hypercholesterolemia (Santilli et al, 2009), characteristic for both
MetS and T2DM. However, we found a tendency for negative correlations of
sRAGE with TG and LDL-cholesterol only in the healthy volunteers. Obesity can be
also related to the observed decrease in sRAGE levels (Brix et al., 2012; He et al.,
2014) since according to BMI values, our groups with MetS and T2DM included
predominantly overweight (BMI > 25) and obese (BMI > 30) subjecs (Table 1). In
addition, we found negative correlations of sRAGE with BMI and waist
circumference in the three studied groups (Table 6). This is consistent with most
studies that have recognized BMI as an independent predictor of serum sRAGE
levels in both non-diabetics (Yamagishi et al., 2006), MetS individuals (He et al.,
2014) and diabetics (Norata et al. al., 2009; Tam et al., 2011). It should be noted that
these correlations were most remarkable in the healthy individuals, whereas their
strength and magnitude decreased in both patient groups. This probably further
confirms the ability of high concentrations of sRAGE to counteract the adverse
effects of obesity.
Associations of serum concentrations of AGEs and sRAGE with insulin
resistance, β-cell function and prediabetes
The association between obesity, MetS and reduced insulin sensitivity is well
established but several studies have recently proposed a central role of the AGEsRAGE axis in it. It is possible that the elevated levels of AGEs (Fig. 5) and the
decreased levels of sRAGE (Fig. 6) in MetS reflect not only the impaired metabolic
status, but also the subsequent complication of MetS by IR, T2DM and vascular
diseases. Our hypothesis that higher levels of AGEs might be considered as a risk
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factor while increased sRAGE might play a protective role for the development of
IR is based on three important findings: 1) fasting glucose correlates positively with
AGEs whereas negatively with sRAGE in the healthy controls (Tables 5, 6); 2)
despite the lack of significant correlations of AGEs and sRAGE with glycemia in
MetS, they correlate positively and negatively with the HOMA-IR index,
respectively (Table 13); 3) in addition, patients with MetS and IR had significantly
higher concentrations of AGEs and lower concentrations of sRAGE than those with
normal insulin sensitivity (Table 14). These results are inconsistent with some
previous observations of a lack of significant correlations between the systemic level
of AGEs and the parameters of glucose homeostasis (Teichert et al., 2015). However,
in concordance with our results a number of studies have reported a positive
correlation between serum levels of AGEs and HOMA-IR in the presence (Uribarri
et al., 2011) or even in the absence of diabetes (Tan et al., 2011). Moreover, the direct
deleterious effect of AGEs on insulin sensitivity has been demonstrated by in vivo
models (Unoki-Kubota et al., 2010). It has been shown that the AGEs-RAGE is a
key modulator of adipocyte hypertrophy and the related obesity-induced
dysregulation of adipokine expression, which further lead to a decreased GLUT4
expression and attenuated insulin effects (Gaens et al., 2014; Monden et al. 2013).
Therefore, the increased levels of AGEs, and the depletion of sRAGE to prevent their
binding to fl-RAGE and the consecutive adverse effect on insulin sensitivity, might
be the explanation for the significant correlations between AGEs, sRAGE and insulin
resistance. According to Koyama et al. (2005) IR namely is the main determinant of
serum sRAGE concentrations. The soluble RAGE has been shown to be a potential,
independent of BMI marker of IR, as well in adolescents (Brickey et al., 2014).
Klenovicsova et al. (2011) even identified the decline of sRAGE levels as an early
manifestation of impaired glucose homeostasis in children of mothers with overt
MetS. In addition, the research group also provided evidence for a direct relationship
between lower concentrations of the protective sRAGE and a subsequent
development of IR (Klenovicsova et al., 2011). Therefore, we can conclude that
AGEs and sRAGE are important for the development and monitoring of IR. This
inference is further confirmed by the higher serum concentrations of AGEs (Fig. 13)
and the tendency for lower concentrations of sRAGE in MetS patients with
prediabetes compared to those without prediabetes. Our study also found a
significant negative correlation between AGEs and HOMA-% B in the group with
MetS (Table 15), which has recently been documented as well in T2DM patients
(Okura et al., 2017). Our data for a positive correlation between AGEs and NT (Table
2) are also in agreement with the general understanding that the AGEs-RAGE
interaction is involved in this late phase of IR development, mainly by propagating
the oxidative stress. It has been shown that exposure of β-cells to high concentrations
of AGEs results in disturbances in the acute phase of glucose-stimulated insulin
secretion, mitochondrial dysfunction with increased superoxide radical formation,
mitophagia, and decreased calcium release (Coughlan et al., 2011). Nevertheless,
there is also some evidence for a lack of significant difference in sRAGE levels
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between patients with prediabetes and newly diagnosed T2DM (Huang et al., 2015;
Miranda et al., 2017). In addition and in line with our results, a previous study
reported that the patients with prediabetes, as well as those with T2DM, had lower
circulating levels of sRAGE compared to normoglycemic controls (Huang et al.,
2015). However, the cited study did not take into consideration the impact of MetS.
Thus, on one hand, our results from the comparison of the AGEs and sRAGE levels
between the MetS groups with and without prediabetes confirmed the involvement
of the AGEs-RAGE system in the progression of IR to prediabetes. On the other
hand, the lack of a significant difference in the levels of AGEs and sRAGE between
the patients with MetS and T2DM further highlights the significance of MetS as a
prediabetic state.
Significance of AGEs and sRAGE as risk factors and serum markers оf CAD
in patients with MetS and T2DM
The present study found that patients with MetS and T2DM complicated by CAD
had significantly higher serum concentrations of AGEs than the respective
uncomplicated groups (Fig. 15B, Fig. 21B). Elevated levels of AGEs were
significantly associated with a higher risk for CAD development in patients with MetS
and in diabetics even stood out as the most significant risk factor (Tables 18, 22). In
addition, the ROC analysis showed that circulating AGEs had greater sensitivity and
similar specificity to discriminate CAD among patients with MetS and T2DM
compared to hsCRP as the most commonly used cardiovascular risk marker (Tables
17, 21). Lack of significant association between the systemic levels of AGEs and the
risk of CAD or its existence only in diabetic patients has also been reported (Lu et al.,
2009). Gateva et al. (2019) found no correlations between serum concentrations of
pentosidine and markers of micro- and macrovascular complications in obese patients
with prediabetes. However, our results suggest that AGEs formed as a result even of
the early metabolic abnormalities in MetS yet uncomplicated by diabetes may
contribute to a higher risk of CAD. This is in agreement with the study conducted by
Semba et al. (2009) demonstrating that AGEs concentration wаs associated with
cardiovascular risk and mortality independently of diabetes. The relationship between
elevated systemic concentrations of AGEs and the development of CVD has been
confirmed as well in type 1 DM (Nin et al., 2011) and T2DM (Koska et al., 2018;
Yoshida et al. 2005). Kiuchi et al. (2001) identify circulating levels of AGEs as an
independent risk factor for CAD in T2DM even after adjustment for other classic
cardiovascular risk factors (Kiuchi et al., 2001). Moreover, some recent investigations
have shown that elevated levels of AGEs reflect even the severity of CVD (Basta et
al., 2008; Kiuchi et al., 2001; Yoshida et al. 2005).
Although atherosclerosis is a complex multifactorial disease, our results and the
data cited above may be related to the direct cytotoxic as well as to the receptormediated proatherogenic effects of AGEs (Hegab et al., 2012). It has been shown
that even a single oral challenge by AGEs acutely impairs endothelial function in
diabetic and nondiabetic subjects (Uribarri et al., 2007). The initiation of AGEsRAGE signal transduction cascade leads to activation of MAPK, nuclear
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translocation of NF-κβ, and increased expression of multiple proinflammatory
cytokines such as IL-1α, IL-6, TNF-α, transforming growth factor (TGF)-β and
vascular adhesion molecules (VCAM-1, ICAM-1, endothelin-1) (Ramasamy et al.,
2009). Proinflammatory cytokines on their turn further induce the synthesis of CRP
(Ramasamy et al., 2009). Overall, this results in vascular inflammation and a
prothrombotic state. As discussed earlier, another important pathological
consequence of the AGEs-RAGE interaction is the enhanced tyrosine nitration.
Thus, the elevated levels of AGEs and their receptor-mediated effects might at least
partially explain the observed higher concentrations of NT and hsCRP in the groups
complicated by CAD (Fig. 2, Fig. 15A, Fig. 21A). Hence, AGEs, nitrooxidative
stress and chronic low-grade inflammation may potentiate their detrimental effects
leading to the cellular and tissue damage of CAD developed on the background of
MetS and T2DM.
The literature data on the association between the serum levels of sRAGE and
atherosclerosis are rather discrepant. Experimental rodent models have shown that
sRAGE serves as a "decoy", neutralizing the effects of AGEs. The administration of
recombinant sRAGE in an atherosclerotic model with apoE deficient mice, resulted
in reduction of atherosclerotic plaques (Bucciarelli et al., 2002). However, the
clinical data from human studies have not unequivocally confirmed the association
between serum levels of sRAGE and CVD. Our study demonstrates a completely
opposite effect of CAD on serum sRAGE levels. We registered significantly lower
levels of sRAGE in the group MetS + CAD compared to patients with uncomplicated
MetS (Fig. 16A). In contrast to these results in the MetS subjects, the presence of
CAD resulted in significantly higher levels of sRAGE in the diabetic study
participants (Fig. 22A). Furthermore, the lower serum sRAGE levels in MetS while
the higher sRAGE levels in T2DM were associated with a 3.2 and 3.4 times higher
relative risk of CAD development, respectively (Table 22). This difference in part
might be explained with a change in the reactivity of the organism due to the
preexisting pathological background of T2DM. Therefore, our findings suggest the
potential of sRAGE level to reflect the dynamics and overall course of the disease
process.
Despite the diversity of our data, similar results have been reported in the
literature. Reduced sRAGE levels for example, have been documented in patients
with CAD or other atherosclerosis-related diseases in the absence of diabetes
(Falcone et al., 2005). According to Basta et al. (2012) and Lindsey et al. (2009)
decreased concentrations of sRAGE reflect even the severity of atherosclerosis
and coronary artery calcification level, respectively. Chiang et al. (2009) have
revealed that a decline in sRAGE is not just a marker of endothelial dysfunction,
but sRAGE itself exerts a cytoprotective effect. Lower sRAGE concentrations in
subjects without overt diabetes and CVD have been associated with a higher risk
of development of diabetes and CAD in the prospective ARIC (Atherosclerosis
Risk In Communities) study (Selvin et al., 2013). In contrast to these data but in
accordance with our observations, higher serum concentrations of sRAGE have
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been reported as a marker of CVD in diabetics. The soluble RAGE has been
shown to correlate positively with noninvasive markers for cardiovascular risk
assessment such as ICAM-1, VCAM-1, IMT and arterial stiffness, while
negatively with FMD (Villegas-Rodríguez et al., 2016). Large-scale studies have
recently recognized high plasma concentrations of sRAGE as an independent
prognostic marker for cardiovascular incidents and death in patients with type 1
diabetes (Nin et al., 2010) as well as in T2DM (Katakami, 2017).
On the other hand, the different effect of CAD on sRAGE levels in patients
with MetS and T2DM may be related to a different response of the
AGEs/RAGE/sRAGE system to inflammation. As expected, the MetS and T2DM
groups complicated by CAD had higher concentrations of hsCRP compared to the
groups without CAD (Fig. 2). However, sRAGE correlated negatively with
hsCRP in Mets individuals, while tended to correlate positively with the acute
phase protein in T2DM patients (Table 8). The levels of sRAGE are higher in
T2DM (Table 10), and lower in MetS in the subgroups with hsCRP > 3 (Table 9).
Taken together, these findings suggest that in patients with T2DM, the
aggravation of the diabetic cardiovascular burden by additional risk factors, such
as high level of inflammation and CAD, might enhance the activation of the
AGEs/RAGE/sRAGE axis. Then, sRAGE probably serves not just as a decoy for
RAGE ligands, but as a pro-inflammatory mediator and marker. In support of this
assumption we established a strong, positive significant correlation between
sRAGE and hsCRP in T2DM + CAD (Fig. 24C) which is in line with previously
reported results in patients with poorly controlled T2DM (Hamuaty et al., 2017).
In T2DM subjects, sRAGE has also been shown to correlate positively with other
markers of inflammation (TNF-α and MCP-1) (Nakamura et al., 2007; Nakamura
et al., 2008).
By contrast, aggravating MetS by additional cardiovascular risk factors
(hsCRP > 3 and CAD) may even lead to a greater depletion of the soluble
protective receptor. A negative correlation between sRAGE and hsCRP has been
reported in patients with MetS (Momma et al., 2014) as well as in nondiabetic
subjects but not in patients with T2DM (Basta et al., 2006). McNair et al. (2009)
demonstrated that sRAGE concentrations were inversely proportional to
inflammatory mediators and AGEs in nondiabetic non-ST elevation myocardial
infarction (NSTEMI) patients. In accordance with our inferences, the research
group has suggested sRAGE as a biomarker and predictor for identifying
NSTEMI patients.
It is also possible that sRAGE exerts its vasoprotective effect in a certain
concentration range, as very low or very high values are associated with a more
unfavorable disease outcome. However, additional large-scale longitudinal
studies are warranted to confirm these assumptions. The difficulty in interpreting
the data also stems from the fact that there is no reference range of sRAGE.
Moreover, ethnicity, age, and genetic factors may also influence sRAGE
concentrations (Maruthur et al., 2015).
52

4. SIGNIFICANCE OF sLOX-1 IN METABOLIC SYNDROME AND TYPE 2 DIABETES
MELLITUS

Significance of serum concentrations of sLOX-1 as a risk marker of MetS and
T2DM
The lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is
increasingly being viewed as a critical player in endothelial dysfunction, vascular
inflammation, atherosclerotic plaque formation, destabilization, erosion, and rupture
(Chen М. et al., 2000; Mehta et al., 2006). LOX-1 expressed on the cell surface can be
proteolytically cleaved at its membrane proximal extracellular domain and released as a
soluble form (sLOX-1) (Murase et al., 2000). The soluble receptor can be easily
measured in the circulation and it has been demonstrated that sLOX-1 reflects the
expression of membrane-bound LOX-1 (Murase et al., 2000). Accordingly, sLOX1 may be a potential marker of vascular disease.
LOX-1 is a multifunctional scavenger receptor expressed by all the cell types
highly
related
to
atherosclerosis
development,
such
as
ECs,
monocytes/macrophages, vascular SMCs, cardiomyocytes, and platelets (Mehta et
al., 2006). Its expression is not constitutive but can be dynamically controlled. In vitro
experiments have demonstrated that various LOX-1 ligands, such as oxidized LDL,
AGEs and cLDL upregulate its expression through the principle of a positive feedback.
The chronic hyperglycemia аnd proinflammatory cytokines have also been
recognized as inducers of LOX-1 expression (Hu et al., 2008; Yoshimoto et al.,
2011). On one hand, MetS and T2DM are characterized by an increased
atherosclerotic risk, and on the other hand – they harvests the listed inducing factors
on LOX-1 expression (Table 1, Figs. 4, 5). Based on this evidence, we hypothesized
that serum concentrations of sLOX-1 should be elevated in patients with MetS and
T2DM.
Indeed, the patients with MetS had higher sLOX-1 levels than the healthy
controls (Fig. 8), which is in agreement with the results from another study (Puttaruk
et al., 2015). Despite being statistically significant, our ROC analysis of serum
sLOX-1 as a diagnostic tool for MetS showed both lower sensitivity and specificity
(Table 11) than reported by Puttaruk et al. (2015). This difference may in part arise
from the use of different diagnostic systems for MetS. According to the data from
the regression analysis, higher levels of sLOX-1 were significantly associated with
MetS. Concentrations of sLOX-1 > 307 pg/mL were associated with a 5.1-fold
increase in the relative risk for development of MetS (Table 12). The association
between sLOX-1 and MetS was also confirmed by the established significant
correlations with MetS components (serum glucose concentration, SBP, HDLcholesterol) (Table 3). There was also a tendency for a positive correlation with BMI.
These results are in line with several in vitro and animal investigations showing that,
while the baseline LOX-1 expression is low in healthy endothelium, hypertension
(Hu et al., 2008), hyperglycemia (Li L. et al., 2003) and dyslipidemia (Chen H. et al.,
2000) have been reported to increase it. Moreover, circulating levels of sLOX-1 have
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also been found to increase in obesity (Brinkley et al., 2008).
The levels of LOX-1 did not correlate significantly with HOMA-IR and HOMA-%
B (Tables 13, 15). Hence, we can conclude that LOX-1 is not involved in the development
of IR and has no effect on β-cell function. Lack of correlation between serum levels of
sLOX-1 and insulin have also been documented by other authors (Nomata et al., 2009).
These results probably explain the lack of a significant difference in the serum sLOX-1
levels between the diabetic and the control group (Fig. 8). Clinical data on sLOX-1
circulating levels in T2DM are scarce and contradictory. Tan et al. (2008) have reported for
the first time higher concentrations of sLOX-1 in patients with T2DM compared to
nondiabetic controls. However, in accordance with our finding, a lack of effect of diabetes
on sLOX-1 levels has also been documented (Hayashida et al., 2005; Nowshehri et al.,
2014).
We have established for the first time a significant association between cLDL
and LOX-1 expression in an in vivo human study. A positive correlation between
cLDL and sLOX-1 was registered only in patients with MetS (Table 3). This possibly
contributes at least partially to the higher concentrations of sLOX-1 in the group with
MetS compared to the T2DM cohort (Fig. 8). The literature data on the inducing
effect of glucose and AGEs on LOX-1 expression (Chen et al., 2001; Li L. et al.,
2003; Li et al., 2004) are confirmed by the established positive correlations between
them and sLOX-1 in MetS ( Tables 3, 7) and T2DM (Table 7). The level of sLOX1 correlated significantly and positively with the level of HbA1c in the diabetic
subjects (Fig. 20B), which was reported as well by Tan et al. (2008).
It could be assumed that sLOX-1 resembles sRAGE and other soluble receptors.
As mentioned earlier binding of the ligands to the soluble receptor prevents the
activation of the membrane receptor and the subsequent signal transduction
pathways (Kalea et al., 2009). This would propose an additional role of sLOX-1
as a regulator of the circulating levels of its ligands. Then, we can speculate that
the higher concentrations of sLOX-1 in MetS might be a mechanism to prevent
MetS progression to overt diabetes. The negative correlation between sLOX-1
and AGEs in the control group also favours this assumption (Table 3). However,
to the best of our knowledge there is no evidence in the literature confirming such
a protective role of sLOX-1.
CRP is another LOX-1 ligand and can modulate its expression. It has been
shown that increased concentrations of oxidized LDL in patients at cardiovascular
risk induce ECs to express CRP, which on its turn increases the expression of LOX1 (Stancel et al., 2016). Considering the positive significant correlations in MetS, on
one hand, between the concentrations of cLDL and sLOX-1 (Table 3) and on the
other hand, between hsCRP and sLOX-1 (Table 8), we suggest the existence of such
an axis as well as between cLDL, CRP and sLOX-1. This assumption is probably
also applicable to patients with T2DM, albeit in them there was only a tendency for
a positive correlation between hsCRP and sLOX-1 (Table 8). Furthermore, sLOX-1
concentration did not differ significantly between the diabetic subgroups with hsCRP
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≤ 3 and hsCRP> 3 (Table 10). In contrast, significantly higher levels of sLOX-1 were
reported in patients with MetS and hsCRP> 3 compared to the MetS subgroup with
lower cardiovascular risk (hsCRP ≤ 3) (Table 9). This suggests that disruption of the
axis between cLDL, CRP, and LOX-1 in T2DM may also contribute to lower sLOX1 concentrations compared to MetS patients. The established new correlations have
have revealed new probable pathogenetic mechanisms of atherosclerosis
development in patients with MetS and T2DM.
Serum concentrations of sLOX-1 as a marker of CAD in patients with MetS and
T2DM
Although sLOX-1 has initially emerged as a novel marker of acute coronary
syndrome (ACS) with a prognostic capacity exceeding that of hs-CRP and troponin-T
(Hayashida et al., 2005), Lubrano et al. (2013) proposed sLOX-1 also as a marker of
CAD. Our results for higher sLOX-1 levels in MetS + CAD and T2DM + CAD groups
compared to MetS and T2DM cohorts without CAD, respectively (Fig. 16B, Fig.
22B) are in accordance with the study conducted by Lubrano et al. (2013).
Nonetheless, the majority of the authors have explored the impact of LOX-1 on the
incidence of CAD in the general population. In contrast to them, we aimed at
revealing the role of LOX-1 in the development of MetS and T2DM. On the other
hand, we also tried to evaluate the association between sLOX-1 levels and risk of
CAD development on the background of existing MetS and T2DM. Our
observations that the concentration of sLOX-1 increased gradually from controls
through MetS patients, being the highest in the MetS + CAD subgroup (Fig. 8, Fig.
16B), are in concordance with a clinical data obtained by Sayed et al (2014). ].
Furthermore, our subsequent ROC analysis outlined that sLOX-1 was also able to
detect both MetS among healthy individuals and CAD among patients with MetS
(Tables 11, 17). Serum sLOX-1 concentrations above the cutoff value of 514 pg/mL
were associated with a 3.5-fold higher relative risk of developing CAD among the
MetS population (Table 18). In addition, a recent investigation has shown that higher
sLOX-1 could also reflect the severity of CAD in patients with MetS (Li et al., 2010).
Despite the lack of a significant difference in the serum sLOX-1 concentration
between the diabetic patients and the healthy controls (Fig. 8), sLOX-1 has emerged as
a reliable marker for discriminating CAD among subjects with T2DM (Fig. 25, Table
21). In addition, the ROC analysis of serum sLOX-1 found almost equal AUC values
for identifying CAD in MetS and T2DM patients (Table 17). Concentrations of sLOX1 above 406 pg/mL were associated with a 2.8-fold higher relative risk for CAD
development in the diabetic patients (Table 22). Therefore, our results suggest that
LOX-1 plays a key role in the association of MetS and T2DM with a higher CAD risk.
These findings were not surprising, since activation of LOX-1 has been shown to induce
endothelial dysfunction, SMCs proliferation and apoptosis, lipid accumulation in
macrophages, and matrix metalloproteinase (MMP) increased production. The overall
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result is cell damage that facilitates the formation and progression of atherosclerotic
plaques (Vohra et al., 2006; Mehta et al., 2006).
Although LOX-1 is a multifunctional receptor, we can suggest that the
augmented concentrations of sLOX-1 in the CAD groups are at least partially due to
the higher levels of cLDL and AGEs. Of course, other inducers of LOX-1, which are
not a subject of the current study, might also be related to the observed elevated
sLOX-1 levels. However, we found that the sLOX-1 level correlated with AGEs and
tended to correlate cLDL in T2DM + CAD (Fig. 23) in contrast to the group with
T2DM uncomplicated by CAD. The correlation between the serum concentrations
of cLDL and sLOX-1 in MetS + CAD (Fig. 17) was statistically significant and
stronger compared to the one in uncomplicated MetS patients (Table 3). Taken
together, these results support the above mentioned assumption that cLDL and AGEs
as LOX-ligands might induce the expression of the membrane receptor, assessed by
its soluble isoform. Moreover, in vivo models have shown that cLDL induces the
expression of tissue factor and inhibitor of plasminogen activator-1 in ECs and
vascular SMCs while of LOX-1 in platelets (Holy et al., 2016). This is probably
another reason for the positive correlation between cLDL and sLOX-1 in CAD
patients (Fig. 17, Fig. 23B). The induction of a prothrombotic state by the cLDLLOX-1 interaction may further explain the significant associations of elevated levels
of cLDL and sLOX-1 with a higher CAD risk in patients with MetS (Table 18) and
T2DM (Table 22). Recent lines of evidence have further confirmed the association
between higher concentrations of sLOX-1 and an increased risk of acute thrombotic
events (Zhao et al., 2019).
The mechanisms whereby LOX-1 is posttranslationally processed and secreted
in response to cardiovascular damage are yet unknown, but they directly affect
sLOX-1 circulating concentration. It has been proposed that TNF-α converting
enzyme, IL-18 and disintegrin and metalloproteinase domain-containing protein 10
(ADAM10) are involved in LOX-1 proteolysis. Noteworthy, on one hand their
proteolytic activity is enhanced under conditions of increased oxidative stress and
inflammation (Dreymueller et al., 2012). On the other hand both MetS, T2DM and
CAD are considered as pathological states associated with augmented oxidative
stress and chronic low-grade inflammation. In agreement with this general concept,
we reported significantly higher levels of NT and hs-CRP in MetS and T2DM
patients compared to the controls (Fig. 2, 3) and in MetS and T2DM groups
complicated by CAD, compared to the uncomplicated MetS and T2DM cohorts,
respectively (Fig. 2, Fig. 15A, Fig. 21A). Moreover, it has been shown that LOX-1
mediates the local release of MMP in the atherosclerotic plaques. The upregulation
of MMPs can further destabilize the plaque, but can also stimulate the proteolysis of
membrane-bound LOX-1 in ECs and activated platelets within the atherosclerotic
lesions (Vohra et al., 2006), resulting in an increased release of sLOX-1. Therefore,
an insight into the modulation of LOX-1 proteolysis might provide an additional
explanation of the observed elevated levels of sLOX-1 in the patients and especially
in the CAD groups.
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VI. CONCLUSIONS
1. The serum concentrations of all the studied PTMPs had a reliable diagnostic
potential and were significantly associated with the risk of MetS as well as of
CAD in MetS patients. The elevated level of sRAGE has emerged as the sole
protective factor, while this of cLDL – as the most significant risk factor.
2. The serum concentrations of NT, cLDL, AGEs and sRAGE were significantly
associated with the risk of T2DM. Тhe increased level of sRAGE has stood
out as both the most reliable marker and the only one protective factor.
3. The higher serum concentrations of all the PTMPs of interest were
significantly associated with a higher risk of CAD in patients T2DM.
4. The present study indicates that carbamylation of LDL occurs at a low
intensity and proportionаlly to the concentrations of urea in healthy
individuals. The positive significant correlations between cLDL and NT in
the patient groups suggest that the alternative myeloperoxidase-mediated
mechanism of carbamylation is responsible for the higher concentrations of
cLDL in MetS and T2DM.
5. NT has emerged as the only one of the investigated PTMPs with a
significant potential for risk assessment of both MetS, T2DM, progression
of MetS to T2DM and development of CAD as their complication. This
underscores the important role of the nitrooxidative stress in their
pathogenesis.
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VII. CONTRIBUTIONS
Original theoretical contributions:
1. For the first time the significance of the studied PTMPs (NT, cLDL, АGEs,
sRAGE and sLOX-1) as risk factors for MetS, T2DM, progression of MetS
to T2DM and development of CAD as a complication of these diseases has
been comprehensively evaluated.
2. It has been reported for the first time that carbamylation is a quantitatively
significant PTM even in patients with uncomplicated MetS and carbamylation
of LDL is mainly mediated by myeloperoxidase.
3. It has been demonstrated that high serum concentrations of cLDL, NT and
sLOX-1 are risk factors for CAD in patients with MetS and T2DM.
4. Novel correlations between the selected PTMPs as well as between them
and classic cardiometabolic risk factors have been established. Therefore,
our study contributes to the elucidation of possible pathobiochemical
mechanisms of MetS, T2DM and atherosclerosis associated with them.
Applied contributions:
1. Our data on the diagnostic and prognostic potential of the serum
concentrations of the studied PTMPs might be useful in clinical practice for
identification of a subset of patients at increased risk for development of
MetS, T2DM and their subsequent complication with CAD.
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