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Abstract: Introduction: One of the most common chronic complications of diabetes mellitus is dia-
betic neuropathy. The aim of the study was to elucidate the association between selected markers
of oxidative stress and markers of vascular stiffness and to contribute to the understanding of the
pathophysiological links between oxidative stress and micro- and macrovascular complications of
diabetes. Methods: We enrolled patients with type 2 DM (n = 49), with moderate to severe diabetic
polyneuropathy of lower extremities, and a control group without microvascular complications
(n = 29). The neuropathy group received alpha-lipoic acid infusion therapy. Sampling was per-
formed before and after treatment to determine the level of oxidative markers (advanced glycation
end-products—AGEs, glycation products of AOPP proteins, MDA malondialdehyde and oxidized
LDL), parameters of metabolic control and parameters of vascular wall stiffness were measured
by sphygmomanometry. Results: After the administration of alpha-lipoic acid, we demonstrated a
significant reduction in the level of three selected oxidation markers (AOPP: p < 0.001, AGE: p < 0.001,
oxLDL: p < 0.05). In contrast, the level of MDA did not change significantly (p = 0.83). Throughout
the group, oxLDL was significantly correlated with central BP (SBP and DBP in the aorta, p < 0.05
and <0.01) and with the augmentation index (AiX/75 bpm, p < 0.01). AOPP significantly correlated
with systolic BP in the aorta (p < 0.05). We did not find significant associations in the remaining
oxidation markers. Conclusion: In our study, we demonstrated a reduction in the level of oxidative
markers after alpha-lipoic acid administration and also an association between markers of oxidative
damage to lipids and proteins (oxLDL and AOPP) and some parameters of vascular stiffness.

Keywords: oxidative stress; alpha-lipoic acid; vascular stiffness

1. Introduction

Diabetic neuropathy is one of the chronic microvascular complications of diabetes and
is defined as a non-inflammatory impairment of the function and structure of peripheral
somatic or autonomic nerves due to metabolic-vascular pathology [1]. In the early stages of
diabetes, hyperglycaemia causes changes in blood flow and vascular permeability [2]. The
damage of vasa nervorum is first manifested by functional changes, where vasoconstrictive
factors predominate over vasodilators and coagulation is activated. Over time, disruption
of glucose metabolism reduces intracellular NADPH levels and reduces the synthesis
of myo-inositol, which is required for normal neuronal function [3]. Impaired glucose
metabolism in diabetic patients induces oxidative stress as a result of the transfer of excess
glucose, which is not adequately oxidized in mitochondria, to other metabolic or non-
metabolic biochemical processes [2]. This leads to the accumulation of toxic metabolites,
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excessive consumption of NADPH and abnormal modification of proteins, lipids and
DNA [4–6], contributing to mitochondrial damage and ROS overproduction.

The measurement of oxidative stress markers is a necessary step for a better un-
derstanding of the pathogenesis and for the development of treatment in patients with
DM neuropathy. It is possible to measure the total antioxidant capacity, enzymatic and
non-enzymatic antioxidants, ROS production and damage products of biomolecules by
oxidative stress. Markers of lipid damage include lipoperoxidation products such as mal-
ondialdehyde (MDA), 4-hydroxynonenal and F2-isoprostanes, and other molecules such
as oxidized low density lipoproteins (OxLDL). Advanced protein oxidation (AOPP) or
3-nitrotyrosine products are used as protein markers and 8-hydroxy-2-deoxyguanosine
as DNA damage markers [7]. Alpha-lipoic acid (ALA, thioctic acid) is an option for the
treatment of diabetic neuropathy mainly due to its ability to induce relief from annoying
symptoms, which has been confirmed in several studies [8–10]. ALA reduces oxidative
stress by inhibiting the hexosamine pathway of glucose utilization and reduces AGE pro-
duction. It further improves blood flow by increasing endothelial vasodilation via nitric
oxide [11] and contributes to improved signal conduction in the peripheral nervous system.

Blood vessels age naturally during life. Aging leads to increased vascular stiffness
and thus to an increase in pulse wave velocity (PWV)—this wave returns to the heart in the
systole phase, where it contributes to increased blood pressure, left ventricular afterload
and decreased coronary flow. The gold standard for measuring vascular aging is vascular
stiffness analysis, where the above PWV is the most recognized parameter. Central blood
pressure (systolic, diastolic, pulse-SBK, DBK, PBK, etc.) or augmentation index (AI), which
quantifies the increase in pulse pressure caused by the arrival of the reflected pulse wave, is
also a useful marker of arterial stiffness. Pulse wave analysis is considered a biomarker of
vascular damage and possible future cardiovascular events in the diabetic population [12].
Oxidative stress can be associated with arterial stiffness, especially in the elderly [13,14].
The aim of this study was to determine whether the administration of alpha-lipoic acid can
reduce the markers of oxidative stress that are involved in the pathogenesis of diabetes. We
also examined whether these markers correlated with vascular stiffness parameters as a
marker of cardiovascular risk in patients.

2. Materials and Methods
2.1. Study Design

This case-control study involving patients with type 2 diabetes mellitus with and
without microvascular complications was performed in accordance with the principles of
the Declaration of Helsinki for experiments involving humans. All participants initially
signed an informed consent to the scheduled examinations. A thorough history of patients
was recorded, with a focus on the treatment and duration of diabetes, its complications,
medication and possible cardiovascular disease. The enrolled patients were diabetic pa-
tients in long-term management—in 16% of cases with oral hypoglycemic agents (OHA),
53% of patients with insulin therapy + OHA and 15% with insulin monotherapy. As for
macrovascular complications, 85% of patients had arterial hypertension, ischemic heart
disease in 5%, ischemic lower limb disease in 2% and stroke in 1% of cases.

Exclusion criteria were another type of diabetes mellitus (type 1, secondary or genetic),
acute infection, cancer or trauma (Figure 1).

Our study included 49 patients with EMG-verified diabetic polyneuropathy of lower
limbs (13 females, 36 males, age = 62.5 ± 9.8). These patients received a series of alpha-
lipoic acid infusion treatments (10 infusions of 600 mg of active substance, each infusion
containing 600mg of alpha-lipoic acid in 50 mL solution administered intravenously)
over 5 days. Prior to therapy, patients underwent laboratory tests—oxidation markers
(advanced protein oxidation products (AOPP), advanced glycation end-products (AGEs),
malondialdehyde (MDA) and oxidized low density lipoproteins (OxLDL), basic clinical
biochemistry with a focus on lipids (cholesterol, TAG, HDL, LDL, ApoA, ApoB) and a
marker of endothelial dysfunction (type 1 plasminogen activator inhibitor PAI-1). Sampling
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for oxidative stress markers was repeated at the end of hospitalization after the end of
alpha-lipoic acid therapy.
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The control group included 24 patients with type 2 diabetes mellitus without confirmed
micro or macrovascular complications (11 females, 13 males, age = 51.6 ± 14.1) who
underwent the same clinical and laboratory examinations. 45% of patients were treated
with OHA, 33% with insulin + OHA combination and in 20% with insulin monotherapy.
Measurement of vascular stiffness parameters was always performed in the morning and
in the group of patients before the start of alpha-lipoic acid administration.

2.2. Laboratory Methods

Whole blood samples were centrifuged after the collection to determine oxidation
markers and blood sera were stored at −70 ◦C prior to the analysis.

Serum AOPPs were measured spectrophotometrically according to the Witko-Sarsat
method [15]. Helios Beta spectrophotometer (Thermo Spectronic, Leicester, UK) was used.

Serum AGEs were determined fluorimetrically with the modified protocol of Villa et al. [16].
(Victor X fluorimeter, Perkin Elmer, Boston, MA, USA). Results are stated in arbitrary units
per gram of protein.

Serum OxLDL concentrations were measured using the Mercodia Oxidized LDL ELISA
kit (Mercodia, Uppsala, Sweden). The method is based on direct sandwich techniques and
uses two monoclonal antibodies against different antigenic determinants of the oxidized
apolipoprotein B molecule.

Serum MDA concentrations were measured using the ELISA Kit for Malondialdehyde
(Cloud-Clone Corp., Houston, TX, USA). The method is based on a competitive inhibition
technique and uses monoclonal antibody competition between biotinylated MDA and
MDA in the sample. Biochemical parameters were measured using the Cobas 8000 analyzer
(Roche Diagnostics, Penzberg, Germany).

Samples for metabolic parameters were collected every morning after a minimum of 8 h of
fasting. Total cholesterol, TAG and HDL were determined enzymatically on a modular SWA
(Serum work area) system (Roche, Basel, Switzerland). HDL determination was performed
via a direct method without precipitation of lipoproteins containing apolipoprotein B.
LDL was calculated using Freiwald’s formula (LDL = cholesterol-TAG × 0.4537-HDL, for
TAG < 4.5 mmol/L). Non-HDL was also calculated (nonHDL = cholesterol-HDL).



BioMed 2022, 2 4

2.3. Measurement of Vascular Stiffness

Patients underwent further non-invasive measurement of parameters of vascular
wall stiffness. The measured parameters included aortic systolic, diastolic and pulse
pressure (Ao SBP, DBP, PBK), augmentation pressure (AP), augmentation index corrected
for heart rate 75 beats/min (AiX/75 bpm) and pulse wave velocity (PWV). These parameters
were measured using the SfygmoCor instrument (AtCor Medical Pty Ltd. Head Office,
West Ryde, NSW, Australia). The examination was performed after instructing patients
not to use caffeine and alcohol or smoke 12 h before the test. Patients were examined in a
temperature-controlled room after a minimum of 15 min of rest. The first part of the pulse
wave analysis took place while sitting, when peripheral parameters (radial artery) were
measured; the device then performed a mathematical conversion to the aortic pulse wave.
PWV was measured in the supine position, where we measured the pulse wave at the
carotid and femoral arteries together with the ECG. The software then processed data from
each pulse wave and acquired ECG to calculate the time difference between the heart and
peripheral arteries, averaging 10 consecutive cycles. We used a measuring tape to measure
the distance and utilised the point of instrument sensor application (on the carotid and
femoral arteries) and the jugular fossa. PWV was then calculated according to the formula:
PWV (m/s) = carotid-femoral distance (m)/carotid-femoral transmission time (s) [17,18].

2.4. Statistical Analysis

All statistical values are given either as means with standard deviation or medians with
a distribution between the 1st and 3rd quartiles in non-normal distributions. Differences
between groups were assessed using the Wilcoxon test and adjusted for age and sex.
Pearson correlations were performed in the whole cohort to determine the associations
between the measured parameters. Multivariate regression analysis was performed to
determine independent associations between variables.

Alpha of 0.05 was considered statistically significant.

3. Results

In the first part of the statistical evaluation, we focused on comparing the group of
patients and controls, after adjusting for age and sex. The basic characteristics of the cohort
are given in Tables 1 and 2. The two groups did not differ significantly in the parameters of
diabetes control, but the control group showed marginally higher BMI values and worse
lipidogram parameters, especially LDL cholesterol. In terms of the evaluation of vascular
stiffness, we found a significant difference and worse parameters for a group of patients in
aortic pulse pressure and pulse wave velocity PWV. In addition, the patient group has a
statistically significantly worse marker of endothelial dysfunction PAI-1.

The levels of oxidative markers in the group of patients and controls differed signifi-
cantly only in the AGE parameter. However, after the administration of alpha-lipoic acid,
there was a significant decrease in the levels of three measured oxidation markers (AOPP,
AGE, oxLDL); the level of MDA did not decrease significantly, see Table 3.

In the second part of the statistical evaluation, we clarified whether the markers of
oxidative stress are related to metabolic control of diabetic patients and then possibly to the
parameters evaluating vascular stiffness.

OxLDL (ApoB, cholesterol, nonHDL, TAG, Chol/HDL, HDL, LDL, HbA1c, PAI-1, BMI)
showed the highest number of significant correlations. Similarly, AOPP (ApoB, cholesterol,
nonHDL, TAG, Chol/HDL, HDL, HbA1c, PAI-1, BMI). AGEs are statistically significantly
correlated with a smaller number of parameters of metabolic control (borderline nonHDL,
TAG, LDL, CRP) and MDA correlated only with ApoA, see Table 4.
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Table 1. Basic characteristics of the cohort.

Patients (n = 49) Controls (n = 24) p

BMI (kg/m2) 30.6 (27.9–34.8) 34.3 (31.3–39.5) <0.05

HbA1c (mmol/mol) 66 (48–77) 51 (43–75.2) n.s.

Cholesterol (mmol/L) 4.06 ± 0.86 4.35 ± 0.97 n.s.

TAG (mmol/L) 2.05 (1.61–3.63) 1.55 (1.19–2.4) n.s.

HDL (mmol/L) 1.12 ± 0.29 1.18 ± 0.33 n.s.

LDL (mmol/L) 1.78 ± 0.63 2.33 ± 0.87 <0.01

Chol/HDL 3.85 ± 1.34 3.93 ± 1.27 n.s.

nonHDL 2.94 ± 0.87 3.2 ± 1.01 n.s.

ApoA (g/L) 1.44 (1.23–1.55) 1.46 (1.39–1.67) n.s.

ApoB (g/L) 0.9 (0.77–1.02) 0.94 (0.81–1.1) n.s.
BMI = body mass index; HbA1c = glycated haemoglobin; TAG = triacylglycerols; HDL = high density lipopro-
tein, LDL = low density lipoprotein; Chol/HDL = cholesterol and HDL ratio; ApoA = apolipoprotein A;
ApoB = apolipoprotein B; n.s. = non-significant. Data are presented as means in case of normal distribution (with
standard deviation) or medians in case of non-normal distribution; p < 0.05 is considered statistically significant.

Table 2. Vascular wall stiffness parameters and markers of endothelial dysfunction.

Patients Controls p

Ao SBP (mmHg) 119.7 ± 13.1 117.2 ± 12.2 n.s.

Ao DBP (mmHg) 79.3 ± 9.9 81.9 ± 11.8 n.s.

Ao PBP (mmHg) 39.4 ± 10.7 33.5 ± 7.9 <0.05

AP (mmHg) 9.9 ± 5.9 8.2 ± 4.2 n.s.

AiX (%/75 bpm) 21.7 ± 12.7 20.1 ± 8.2 n.s.

PWV (m/s) 11.6 ± 4.6 8.8 ± 1.9 <0.001

PAI-1 (ng/mL) 45.8 (19.6–85.1) 21 (13.5–36.4) <0.05
Ao SBP = aortic systolic pressure; Ao DBP = aortic diastolic pressure; Ao PBP = aortic pulse pressure; AP = augmen-
tation pressure; AiX = augmentation index; n.s. = non-significant; PWV = pulse wave velocity; PAI-1 = plasminogen
activator inhibitor 1. Data are presented as means in case of normal distribution (with standard deviation) or
medians in case of non-normal distribution; p < 0.05 is considered statistically significant.

Table 3. Markers of oxidative stress before and after treatment + control.

Oxidation
Markers

Patients
before

Patients
after

p (Patients before
and after Therapy) Controls p (Patients before

vs. Controls

AOPP (µmol/L) 211.2 142.5 2.54 × 10−6 193.8 0.39

AGE (AU/g) 13,331.55 10,984.38 1.32 × 10−7 10,334.89 0.0031

MDA (µmol/L) 68.37 71.52 0.83 62.23 0.34

OxLDL (U/L) 40.42 38.25 0.03 45.63 0.94
AOPP = advanced oxidation protein products; AGE = advanced glycation end-products; MDA = malondialdehyde;
OxLDL = oxidized low density lipoprotein. p < 0.05 is considered statistically significant.

Since we assume a relationship between the degree of oxidative stress and vascular
wall damage, we performed a statistical analysis to evaluate eventual correlations between
oxidative stress markers and pulse wave parameters (for the whole cohort). There was a
significant and most common relationship between the marker of oxidative lipid damage
(oxLDL) and vascular stiffness parameters (SBP ao, DBP ao, AiX/75 bpm). AOPP also
correlated significantly with systolic blood pressure in the aorta (SBP ao), see Table 5
for values. The remaining oxidation markers (MDA and AGE) in our study showed no
significant correlations with vascular stiffness parameters.
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Table 4. Correlation of oxidative markers and metabolic parameters.

oxLDL AOPP AGE MDA

cholestrol r = 0.76
p < 0.001

r = 0.24
p < 0.001 n.s. n.s.

TAG r = 0.5
p < 0.001

r = 0.82
p < 0.001

r = 0.35
p = 0.049 n.s.

HDL r = −0.18
p = 0.009

r = −0.3
p = 0.005 n.s. n.s.

LDL r = 0.46
p < 0.001 n.s. r = 0.22

p = 0.034 n.s.

nonHDL r = 0.84
p < 0.001

r = 0.34
p < 0.001

r = 0.06
p = 0.05 n.s.

Chol/HDL r = 0.71
p < 0.001

r = 0.55
p < 0.001 n.s. n.s.

ApoB r = 0.77
p = 0.008

r = 0.1
p = 0.033 n.s. n.s.

ApoA n.s. n.s. n.s. r = −0.11
p = 0.001

HbA1c
r = 0.32

p = 0.039
r = 0.31

p = 0.048 n.s. n.s.

PAI-1 r = 0.43
p = 0.003

r = 0.55
p < 0.001 n.s. n.s.

BMI r = 0.29
p = 0.036

r = 0.44
p = 0.013 n.s. n.s.

CRP n.s. n.s. r = 0.036
p < 0.001 n.s.

AOPP = advanced oxidation protein products; AGE = advanced glycation end-products; MDA = malondialde-
hyde; OxLDL = oxidized low density lipoprotein; TAG = triacylglycerols; HDL = high density lipoprotein,
LDL = low density lipoprotein; nonHDL = cholesterol contained in potentially atherogenic lipoprotein particles
(LDL, IDL, VLDL, residual chylomicrons; Chol/HDL = cholesterol and HDL ratio); ApoA = apolipoprotein A;
ApoB = apolipoprotein B; HbA1c = glycated haemoglobin; PAI-1 = plasminogen activator inhibitor 1, BMI = body
mass index, CRP = C-reactive protein; n.s. = non-significant. r = Pearson correlation coefficient; p < 0.05 was
considered statistically significant.

Table 5. Correlation of oxidative stress markers and pulse wave parameters.

oxLDL AOPP AGE MDA

SBP ao r = 0.2
p < 0.05

r = 0.098
p < 0.05 n.s. n.s.

DBP ao r = 0.45
p < 0.01 n.s. n.s. n.s.

AP n.s. n.s. n.s. n.s.

AiX/75 bpm r = 0.46
p < 0.01 n.s. n.s. n.s.

PVW n.s. n.s. n.s. n.s.
AOPP = advanced oxidation protein products; AGE = advanced glycation end-products; MDA = malondialdehyde;
OxLDL = oxidized low density lipoprotein; Ao SBP = aortic systolic pressure; Ao DBP = aortic diastolic pressure;
AP = augmentation pressure; AiX = augmentation index; PWV = pulse wave velocity; n.s. = non-significant.
r = Pearson correlation coefficient; p < 0.05 was considered statistically significant.

To confirm the independent association between the measured variables, a multivariate
regression analysis was performed—see Table 6. OxLDL was independently associated
with parameters of metabolic compensation (nonHDL, ApoB, HbA1c) and with diastolic
pressure in aorta and augmentation index (AiX/75 bpm). AOPP was independently
associated with triacyglycerol levels and aortic systolic pressure.
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Table 6. Multivariate regression analysis of oxidation marker correlations.

TAG nonHDL ApoB HbA1c SBP ao DBP ao AiX/75 bpm

oxLDL 2.712 ** −2.343 * 3.071 ** 2.729 ** 2.776 **

AOPP 7.094 *** 2.293 *
AOPP = advanced oxidation protein products; OxLDL = oxidized low density lipoprotein; TAG = triacylglycerols;
nonHDL = cholesterol contained in potentially atherogenic lipoprotein particles (LDL, IDL, VLDL, residual
chylomicrons); HbA1c = glycated haemoglobin; Ao SBP = aortic systolic pressure; Ao DBP = aortic diastolic
pressure; AiX = augmentation index. Statistically significant values: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

The presented study included a group of patients with diabetic neuropathy and a
group of control patients—diabetic patients without microvascular complications. Both
groups differed significantly in vascular stiffness (PBP et al., PWV), in the endothelial
dysfunction marker PAI-1 and in the level of the oxidative marker AGE; other measured
markers (AOPP, MDA, oxLDL) did not differ significantly between the groups. The level
of oxidative markers (AOPP, AGE, oxLDL) decreased significantly after administration of
alpha-lipoic acid; the level of MDA has not changed.

Higher AGE levels in patients with diabetic neuropathy compared to non-complicated
diabetic patients are consistent with the fact that AGEs are associated with the progression
of diabetic complications such as diabetic neuropathy, retinopathy, cardiomyopathy or pe-
ripheral arterial disease [19]. The level of oxidative markers correlated with the parameters
of metabolic control in diabetic patients (oxLDL with cholesterol, TAG, HDL, LDL, non-
HDL, chol/HDL, ApoB, HbA1c, PAI-1, BMI; AOPP with cholesterol, TAG, HDL, nonHDL,
Chol/HDL, ApoB, HbA1c, PAI-1, BMI; AGE with TAG, LDL, nonHDL, CRP; MDA with
ApoA). Oxidative stress plays a key role in the development of diabetes complications, both
microvascular and cardiovascular. Experimental data suggest that metabolic abnormalities
in diabetes cause overproduction of mitochondrial superoxide [20,21]. A number of studies
indicate that obesity, insulin resistance, hypertension, dyslipidemia and diabetes cause
mitochondrial oxidative stress, altered mitochondrial morphology and oxidative phospho-
rylation functions, as well as activation of mechanisms leading to induction of mitophagy
and apoptosis [22]. In particular, the accumulation of free cholesterol, ox-LDL and glycated
HDL has been reported to mediate endothelial dysfunction through ROS-mediated impair-
ment of mitochondrial functions and adipocytokine release, which promotes atherogenic
processes [23]. Several pro-inflammatory mediators known to promote oxidative stress are
released in the vasculature, where they enhance endothelial dysfunction. Among these
mediators, inflammatory cytokines, high glucose levels, and free fatty acids have been
found to play a crucial role in deregulating the activity of ROS-producing systems such
as NADPH oxidases, NOS, and mitochondrial oxidases [22,23]. We used PAI-1 to assess
endothelial dysfunction. PAI-1 is a major physiological inhibitor of the fibrinolytic system
and is produced by both endothelial cells and adipose tissue [24]. It is also reported to be
associated with major cardiovascular events (MACE) [25]. PAI-1 levels have been shown
to be elevated in patients with type 2 DM [26,27]. In our study, the group of patients
had significantly higher PAI-1, although the control group was significantly more obese.
PAI-1 was also associated with the level of oxidative markers (oxLDL and AOPP). In terms
of pathophysiology, PAI-1 is upregulated by both protein kinase C activation and the
hexosamine pathway [28], the mechanisms of oxidative stress.

It is known that patients with type 2 DM have higher vascular stiffness than healthy
individuals and that this correlates with the incidence of micro- and macrovascular com-
plications of diabetes [29], which we confirmed in our study. We also demonstrated a
correlation of oxidative markers with vascular stiffness parameters (oxLDL with SBPao,
DBPao, AiX/75 min; AOPP with SBPao). The independent association of oxLDL with TAG,
nonHDL, apoB, HbA1c as well as pulse wave parameters (DBPao and AiX/75 min) and
the association of AOPP with TAG and SBPao were confirmed by multivariate regression
analysis. OxLDL showed the largest number of significant correlations, specifically with
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systolic and diastolic aortic pressure and augmentation index. LDL oxidation occurs in pa-
tients with DM to form oxidized LDL (OxLDL), which contributes to the pro-inflammatory
environment. The dorsal spinal ganglia express the lecithin-like oxLDL receptor (LOX-1).
The signaling cascade is activated by the binding of OxLDL to LOX-1, which increases
ROS production and contributes to oxidative stress [5]. LOX-1 receptors have also been
found in monocytes, which are attracted to the vessel wall, where they transform into
macrophages and are able to bind oxLDL and contribute to pathological processes in blood
vessels, such as impaired vascular stiffness. Exposure to various pro-inflammatory and
proatherogenic stimuli has been shown to increase LOX-1 expression in vivo [30]. In our
study, we found the strongest correlation with oxLDL in vascular stiffness parameters
(SBP et al., DBP et al., AiX/75 bpm), which may indicate a relationship between micro-
and macrovascular complications of diabetes. Ergo, OxLDL can be considered a risk factor
for vascular stiffness progression, as confirmed by a study by Otsuki et al. in a healthy
middle-aged and elderly population, where an independent association of serum LOX-1
and PWV was demonstrated [31], as well as a large study by Brinkley et al. with 2295 partic-
ipants (cohort from the Health, Aging and Body Composition study), where the association
between oxLDL and PVW was demonstrated even after adjusting for demographic and
traditional risk factors for cardiovascular disease [32]. In the diabetic population, oxLDL
has been studied in newly diagnosed patients with type 2 DM and the association between
oxLDL and PWV has also been confirmed [33]. The evaluated correlations of oxLDL were
demonstrated in our study in a group of patients, where the median LDL was 1.75 mmol/L
in patients with complications and 2.3 mmol/L in controls, i.e., patients without compli-
cations. These numbers correspond to the LDL target values according to the guidelines
for the treatment of dyslipidemia (from 2016; the study was completed in 2019), so that
subjects can be considered a sufficiently hypolipidemic control.

Apart from a statistically significant correlation of AOPP with central systolic blood
pressure (SBP), we did not find any other relationship between the measured oxidative
stress parameters (AGE and MDA) and vascular stiffness. Recently, a significant corre-
lation of AOPP with PWV, CRP, HDL-C and HbA1c has been observed in patients with
chronic kidney disease [34]. In contrast, another recent study in patients with and without
metabolic syndrome did not show an association between MDA levels, vascular stiffness,
and components of metabolic syndrome [35]. However, a study in patients with newly
diagnosed DM showed a significant correlation between MDA parameters, sRAGE (soluble
AGE receptor) and arterial stiffness [36]. Recently, in 2021, Birukov et al. released a study
on 3535 participants, when AGEs measured by skin autofluorescence were associated with
PWV and AiX, independent of potential cardiometabolic confounders and glycemic status
of the participants (patients with type 2 diabetes, prediabetes and normoglycemic) [37].
This confirms the findings of a previous study from 2017, which enrolled patients with DM,
prediabetes and normoglycemic subjects (n = 218), when plasma AGEs concentration was
similarly associated with PWV in all subjects [38]. Other conflicting results were obtained
in a large cohort of patients (n = 7735), elderly men with and without DM (age between
71 and 92 years), who demonstrated an association between sRAGE and AP and AiX
parameters, but no correlation with PVW and central pressures has been demonstrated [39].
The discrepancy in these results can be partly explained by the methodological approaches,
the small cohorts of data used in some studies and/or the different patients involved.

Furthermore, the objective of our study was to demonstrate the effect of alpha-
lipoic acid on the levels of oxidative markers. Following short-term infusion therapy
(10 × 600 mg i.v./5 days), we demonstrated a significant reduction in AOPP, AGE and
oxLDL levels, while MDA levels did not change significantly. Studies evaluating the effect
of alpha-lipoic acid on oxidative stress reduction provide conflicting results. For example,
some studies confirm a reduction in oxidative stress markers (MDA, superoxide dismutase
SOD, glutathione peroxidase GPx, prostaglandin PGF2α and 8-hydroxy-2′-deoxyguanosine)
after oral administration of 300–1200 mg/day in patients with type 2 DM [40,41]. Further-
more, ALA can reduce the formation of advanced glycation end products by decreasing of
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circulating glucose concentration and then prevent it from reacting with proteins and subse-
quently decrease the expression of the AGE receptor in the cell membrane [42]. In contrast,
Sharman et al. show no effect of 600 mg/day dose on oxidative marker levels (MDA, SOD,
GPx, and catalase) in healthy adults [43]. Similar results were reported by Derosa et al. in
2019, where oral supplementation of 600 mg/day in type 2 DM patients had no effect on
oxidative stress (8-isoprostaglandin, SOD, GPx, total antioxidant status TAS, antioxidant
gap AOPAP, receptor for advanced glycation end-products RAGE) [44]. In contrast, a
study evaluating the effect of intravenous alpha-lipoic acid (600 mg i.v./day for 2 weeks) in
obese type 2 DM patients reported a reduction in oxLDL, MDA and 8-isoprostaglandin [45].
Available studies have conflicting results, but it can be concluded that the administration
of higher doses and the intravenous form may have a greater effect.

A limitation of this case-control study may be the relatively small size of the cohort.
On the other hand, it is one of the few studies evaluating the effect of alpha-lipoic acid on
the reduction of oxidative markers in DM patients with neuropathy and evaluating their
relationship to vascular stiffness.

5. Conclusions

In our study in type 2 DM patients, we demonstrated a correlation between the level
of oxidative markers and the parameters of metabolic control in DM patients. Moreover,
we showed a correlation of oxidation markers with vascular stiffness.

Furthermore, we demonstrated a significant reduction in oxidative markers (oxLDL,
AOPP, AGEs) in patients with type 2 DM after the administration of alpha-lipoic acid
used to treat diabetic neuropathy. These oxidative markers not only cause damage to
neurons, but also affect the vessel wall, where they contribute to increased vascular stiffness,
an independent predictor of CV morbidity and mortality according to the Framingham
study [46]. CV disease is known to be the leading cause of death in the DM population.

This is confirmed by our therapeutic and preventive approach to DM patients who
must be considered a high-risk group, requiring interventions already in the asymptomatic
phase of their lives, with the reduction of risk factors to the lowest possible level, thus pre-
venting serious and potentially fatal complications (myocardial infarction, cerebrovascular
accident, ischemic disease of the lower limbs, etc.)
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Abbreviations

Ao DBP aortic diastolic pressure
AGE advanced glycation end-products
AiX augmentation index
ALA alpha-lipoic acid, thioctic acid
AOPP advanced oxidation protein products
Ao PBP aortic pulse pressure
Ao SBP aortic systolic pressure
AP augmentation pressure
ApoA apolipoprotein A
ApoB apolipoprotein B
BMI body mass index
BP blood pressure
BPM beats per minute
Chol cholesterol
Chol/HDL cholesterol and HDL ratio
CRP C-reactive protein
DM diabetes mellitus
ECG electrocarography
EMG electromyography
GPx glutathione peroxidase
HbA1c glycated haemoglobin
HDL high density lipoprotein,
LDL low density lipoprotein
LOX-1 lecithin-like oxLDL receptor
MACE major cardiovascular events
MDA malondialdehyde
NADPH nicotinamid adenin dinucleotide phosphate
NOS nithic oxide synthase
DNA deoxyribonucleic acid
nonHDL cholesterol contained in potentially atherogenic lipoprotein particles (LDL, IDL, VLDL,

residual chylomicrons)
OHA oral hypoglycemic agents
OxLDL oxidized low density lipoprotein
PAI-1 plasminogen activator inhibitor 1
PWV pulse wave velocity
ROS reactive oxygen species
SOD superoxide dismutase
sRAGE soluble AGE receptor
TAG triacylglycerols
TAS total antioxidant status
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