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Impact of oxidative stress on the progression of carotid atherosclerosis
Influencia del estrés oxidativo en la evolucion de la aterosclerosis carotidea
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Abstract

Introduction and objective: oxidative Stress (OS) has proven to have a clear impact on the development of
atherosclerotic plagues due to the damage it causes to vascular endothelium. The aim of this study is to conduct
aresearch on key oxidative stress markers in patients with carotid artery atherosclerotic disease as a sign of vulnera-
bility, analyze the implications of the redox status and mitochondrial metabolic state in carotid artery atherosclerotic
disease, and its relationship with neurological clinical presentation.

Patients and methods: atherosclerotic plagues obtained from carotid endarterectomy patients (both asympto-
matic and symptomatic) performed the Department of Angiology, Vascular and Endovascular Surgery of Hospital
Clinico Universitario de Valladolid, Spain in 2020 will be examined. The clinical-demographic variables and the
presence of neurological symptoms will be recorded. Anatomical and hemodynamic characteristics will be studied
using Doppler ultrasound and coronary computed tomography angiography (CCTA) preoperatively. Atherosclerotic
plaques will be analyzed as estimators of the degree of lipid peroxidation showing the redox state. A sample size
of 45 speciments from each group has been estimated with a loss to follow-up rate of 5 %. Inter-group differences
will be studied using the chi-square and Student’s t tests to establish the relationship between redox potential
and morphological characteristics of the atheromatous plaque. SPSS 27.0 statistical software will be used, with a
significance level set at p < 0.05.

Results: calcified atherosclerotic plaques showed higher antioxidant capacity compared to non-calcified plaques
in the ABTS parameter (2,2-azino-bis(3-ethylbenzthioziozline-6-sulfonic)) (2635.08 vs 2803.28), with statistically
significant relationship (p = 0.007). They also exhibited greater antioxidant defense when analyzing catalase activ-
ity (160.73 vs 175.13) and SOD activity (1.11 vs 1.49) (p = 0.049). In the study of the energy metabolism of carotid
atherosclerotic plaques, it was observed that lactate levels were higher in non-calcified plaques (11.45 vs 8.57)
(p=0.001). Plasma levels of uric acid (1.48 vs. 2.33) and catalase activity (146.79 vs 176.81) were significantly higher
in patients with neurological symptoms (p = 0.001 and p = 0.025, respectively).

Conclusions: homogeneous and calcified carotid artery atherosclerotic plaques exhibit higher antioxidant capacity

g%‘g’g\:g;ress and defense compared to non-calcified and heterogeneous plaques. Patients with neurological symptoms showed
Carotid. Stroke. atherosclerotic plaques with lower antioxidant capacity and defenses compared to asymptomatic neurological
Atherosclerosis. patients.
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Resumen

Introduccion y objetivo: el estrés oxidativo (EO) ha demostrado una clara influencia en el desarrollo de las placas
de ateroma por los dafios provocados en el endotelio vascular. El objetivo de este trabajo es realizar un estudio de
los principales marcadores de estrés oxidativo en pacientes con enfermedad aterosclerdtica de la arteria carétida
como signo de vulnerabilidad, analizar la implicacion de la situacion redox y el estado metabdlico mitocondrial en
la patologia aterosclerdtica de la arteria carétida y su relacion con la clinica neuroldgica.

Pacientes y métodos: se estudiaron las placas de ateroma obtenidas de pacientes intervenidos de endarectomia
carotidea (asintomaticos y sintomaticos) en el Servicio de Angiologfa, Cirugia Vascular y Endovascular del Hospital
Clinico Universitario de Valladolid en el ano 2020. Se recogieron variables clinicas y demograficas y la existencia de
sintomatologia neuroldgica. Las caracteristicas anatémicas y hemodinamicas se estudiaron mediante estudio eco
Dopplery angiografia mediante tomografia computarizada (CTA) en el preoperatorio. Se analizaron las placas de
ateroma como estimadores del grado de peroxidacién lipidica que reflejaron el estado redox. Se ha estimado un
tamafo muestral de 45 muestras en cada grupo, con una tasa de pérdidas de sequimiento del 5 %. Se estudiaron
las diferencias entre los grupos mediante Xy la t de Student para determinar la relacién entre el potencial redox
con las caracteristicas morfolégicas de la placa de ateroma. Se utilizo el programa estadistico SPSS 27.0, aceptando
como significativo un valor p < 0,05.

Resultados: las placas de ateroma calcificadas mostraron mayor capacidad antioxidante con respecto a las placas
de ateroma no calcificadas en el pardmetro ABTS: 2,2-acino-bis(acido 3-etilbenzotiazolina-6-sulfonico) (2635,08
frente a 2803,28). La relacion es estadisticamente significativa (p = 0,007). También mostraron mayor defensa
antioxidante tanto cuando se analizé la actividad de la catalasa (160,73 frente a 175,13) y la actividad SOD (1,11
frente a 1,49; p = 0,049). En el estudio del metabolismo energético de las placas carotideas de ateroma objetivamos
que los niveles de lactato fueron mayores en las placas no calcificadas (11,45 frente a 8,57; p = 0,001). Los niveles
plasmaticos de &cido urico (1,48 frente a 2,33) y la actividad de la catalasa (146,79 frente a 176,81) fueron signifi-
cativamente mas elevados en los pacientes con sintomatologia neurolégica (p = 0,001 y 0,025, respectivamente).

Conclusiones: las placas homogéneas de ateroma y calcificadas de la arteria carétida presentan mayor capacidad
y defensa antioxidante que las placas de ateroma no calcificadas y heterogéneas. Los pacientes con sintomatolo-
gfa neuroldgica presentaron placas de ateroma con menor capacidad y defensas antioxidantes que los pacientes
asintomaticos neurolégicos.

INTRODUCTION

Cardiovascular diseases (CVD) are considered the
most serious health problem in the Western world,
as they are responsible for 1 out of every 3 deaths
occurred in developed countries (1), which is why
there is a global interest to study them in an effort to
reduce such a high incidence rate.

Itis well-known that the main cause of CVD is ath-
erosclerosis (as a matter of fact, it is the leading cause
of mortality worldwide), and the people who suffer
from it have a lower quality of life (1,2).

A direct consequence of atherosclerotic disease is
the development of a stroke, which is the second lead-
ing cause of death in Spain (and the leading cause of
death among women), the leading cause of acquired
disability in adults, and the second cause of dementia
(3). Every year, between 110,000 and 120,000 people
suffer a stroke in our country, with 50 % of them expe-
riencing disabling sequelae or death (3).

Knowing the correct etiopathogenesis of ischemic
strokes is essential to select the most appropriate
preventive treatment and, thereby, reduce the risk
of recurrence (4). Of all causes, the most common
one is atherosclerosis originating in the carotid or
intracranial arteries.

The risk factors associated with atherosclerosis
include age, sex, smoking, atherogenic diets, seden-
tary lifestyle, hypertension, type 2 diabetes mellitus,
and dyslipidemia (5).

Dyslipidemias are characterized by decreased
high-density lipoprotein (HDL) cholesterol levels,
increased triglyceride levels, and low-density lipoprotein
(LDL) cholesterol levels, which accumulate in the artery
tunica intima. These accumulations promote endothelial
cell activation induced not only by LDL but also by proin-
flammatory cytokines and hemodynamic changes (6).

In recent years, it has been reported how struc-
turally modified LDL molecules after the oxidative
action of free radicals, especially lipid peroxidation,
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markedly increase their atherogenic characteristics.
These molecules are called oxidized LDL (oxLDL) (6).

We should mention that the natural evolution of
atherosclerotic lesions with the same degree of steno-
sis is completely different in symptomatic compared
to asymptomatic patients. The risk of clinical recur-
rence is > 13 % in the formerand only 1 % to 2 % in
the latter (7). At times, moderately stenotic plaques
progress rapidly and cause serious cerebrovascu-
lar abnormalities, while significant stenoses remain
asymptomatic. This suggests that there is not such a
thing as an association between the morphological
characteristics of the plaque and the cellular biology
involved, indicating 2 different types of carotid artery
disease: a stable form, with few chances of causing
symptomatic embolization or occlusion (stroke), and
an unstable form (not necessarily more stenotic), with
a highrisk of causing symptoms. Therefore, it is import-
ant to know the morphology of the atheromatous
plaque in the carotid artery, as well as the factors that
play a role on its progression and, consequently, its
clinical signs. In this regard, the involvement of oxi-
dative stress (OS) has proven to be a clear influence
on the development of atherosclerotic plaques due
to the damage caused to the vascular endothelium.

The aim of this study is to analyze the main mark-
ers of oxidative stress in patients with carotid athero-
sclerotic disease as a sign of vulnerability, analyze the
implication of the redox status and mitochondrial
metabolic state in carotid atherosclerotic disease, as
well as its relationship with neurological symptomes.
This should provide us with biological parameters to
identify patients at risk of developing a stroke, which is a
very interesting prognostic tool that should allow us to
implement proper therapies to prevent future strokes.

MATERIAL AND METHODS

Types of study and design

This is a coordinated study with a unique protocol
conducted at the Department of Angiology, Vascular
Surgery, and Endovascular Surgery and the Scientific
and Technical Cell Culture Unit of Hospital Clinico
Universitario de Valladolid, Spain, and Instituto de
Ciencias de la Salud de Castillay Ledn, Soria, Spain.
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Design: this was a prospective, longitudinal, obser-
vational, and comparative study including 2 groups: a
symptomatic stenosis group and an asymptomatic ste-
nosis group, whose characteristics are detailed below.

Study population

Inclusion criteria: patients treated with carotid end-
arterectomy, both asymptomatic and symptomatic,
at the Department of Angiology, Vascular Surgery,
and Endovascular Surgery of Hospital Clinico Uni-
versitario de Valladolid, Spain (HCUV) with a surgical
indication according to the NASCET study criteria
during 2020. Two groups can be distinguished in the
study: 1) patients with asymptomatic carotid stenosis,
and 2) patients with symptomatic carotid stenosis.
The diagnosis of carotid stenosis was achieved by
performing a Doppler ultrasound of the supra-aortic
trunks and a coronary computed tomography angiog-
raphy (CCTA). Measurements were analyzed according
to the NASCET study criteria (Fig. 1).

NASCET = _A-B

CCA

Figure 1. Methodology to quantify carotid artery stenosis according to the NASCET
study.
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Exclusion criteria: consideration will be given to the
presence of a past medical history of chronic diseases
(hepatic, renal, endocrine-metabolic, immunological,
central nervous system, musculoskeletal, and cancer),
pregnant women, and the use or abuse of drugs or
alcohol, as well as participation in another clinical trial
or treatment with an experimental drug. In addition,
participants using antioxidant supplements or vita-
mins will be excluded.

Sample size calculation: assuming an alpha risk of
0.05 and a beta risk of 0.2 in a 2-tailed test, 45 partici-
pants were required in each group for a margin of error
of 5 %. It was assumed that the common standard
deviation was 0.5. A loss to follow-up rate of 5 % was
estimated as well.

Study variables
Clinical and demographic variables

Age, gender, cardiovascular risk factors (diabetes
mellitus, smoking, dyslipidemia, and hypertension),
associated comorbidities, chronic disease medication,
body mass index, and the presence of neurological
symptoms or symptomatic brain lesions on the axial
computed tomography scan.

Analytical variables in atherosclerotic plaques

A study of antioxidant capacity was conducted
using the FRAP assay (Ferric reducing antioxidant
power), the ABTS assay (2,2-azino-bis[3-ethylben-
zothiazoline-6-sulfonic acid]), the determination of
uric acid levels, a study of antioxidant defenses by
determining the activity of catalase and superoxide
dismutase (SOD), a study of oxidative damage by ana-
lyzing DNA damage (8-oxo-2'-deoxyguanosine) and
lipid peroxidation. Additionally, an analysis of potential
issues with energy metabolism was performed by
determining the plasma levels of lactic acid.

Morphological and hemodynamic variables
of carotid stenosis

An ultrasound and a CCTA were performed to
determine the anatomical and hemodynamic char-

acteristics of atheromatous plaques in the preoper-
ative period.

Morphological study of the carotid plague with Dop-
pler ultrasound and CCTA: a Doppler ultrasound and a
CCTA of the carotid arteries were performed preop-
eratively. The atherosclerotic plaques were charac-
terized following the recommendations set forth by
the Non-Invasive Vascular Diagnosis Chapter of the
Spanish Society of Angiology and Vascular Surgery.
Also, the morphological characteristics of the ath-
erosclerotic plaques identified on the CCTA of the
supra-aortic trunks were recorded. A Philips EPIQ CVx
Doppler ultrasound machine was used, and all scans
were performed by a single technician to eliminate
variability bias.

A plague was defined as homogeneous when it
exhibited the following ultrasound characteristics:

1. Uniform echogenicity. A homogeneous ather-
omatous plaque tends to show uniform echo-
genicity on the ultrasound, meaning it reflects
ultrasound waves consistently across its surface.
This is because the composition of the plaque,
typically including lipid and calcium deposits,
is relatively consistent across the entire plaque.

2. Smooth surface. The surface of a homogeneous
atheromatous plaque is often smooth on the
ultrasound, without overt irreqularities or areas
with different characteristics in terms of texture
or echogenicity.

3. Absence of acoustic shadowing. In a homo-
geneous plaque, the presence of significant
acoustic shadowing on the ultrasound is less
likely. Acoustic shadowing occurs when ultra-
sound waves cannot effectively cross a dense
structure, such as the calcium deposit of an
atheromatous plaque.

4. Measurable intima-media complex thickness.
The ultrasound of a homogeneous athero-
matous plaque can facilitate measuring the
thickness of the adjacent carotid artery inti-
ma-media complex, an important indicator of
vascular health.

A plaque was defined as heterogeneous when it

exhibited the following ultrasound characteristics:

1. Varied echogenicity. A heterogeneous ather-
omatous plague showing echogenicity varia-
tions on the ultrasound. This means it reflects
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ultrasound waves unevenly across different
areas of the plaque. These variations can result
from different components, such as lipid depos-
its, calcium, blood clots, or areas of bleeding
within the plaque.

2. Irregular surface. The surface of a heteroge-
neous atheromatous plaque tends to look irreg-
ular on the ultrasound, with areas of different
texture, protuberances, or depressions indicat-
ing the presence of ulcerations or erosions on
the plaque surface.

3. Acoustic shadowing. In a heterogeneous plaque,
the presence of acoustic shadowing on the ultra-
sound is more likely. Acoustic shadowing occurs
when ultrasound waves cannot effectively cross
dense structures, such as calcium deposits or
blood clots in an atheromatous plaque.

4. Presence of turbulent flow. In some cases, a
heterogeneous atheromatous plaque can
be associated with the presence of turbulent
blood flow in the carotid artery, which can be
detected on the Doppler ultrasound.

Hemodynamic study of the carotid plaque with

Doppler ultrasound. For this purpose, flow velocity
was measured at the point of maximum stenosis,
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as well as hemodynamic changes in proximal (com-
mon carotid artery) and distal (post-stenotic internal
carotid artery) regions. This allowed for precise quan-
tification of carotid stenosis. The criteria used to deter-
mine the degree of carotid stenosis are shown in table I.

METHODOLOGY

Sample acquisition

Samples of the atheromatous plaque were
obtained after carotid endarterectomy. During sur-
gery, the atheromatous plague, along with the carotid
artery intimal layer and the inner half of the medial
layer, were removed. Afterwards, they were preserved
in liquid nitrogen at a temperature of -195.8 °C until
the time of analysis.

Antioxidant capacity study
To increase the sensitivity and specificity of results,

the antioxidant capacity of plasma was analyzed using
3 different approaches:

Table I. Hemodynamic criteria to determine the degree of carotid artery stenosis according to
the Basic Diagnostic Guidelines for TSA from the Vascular Diagnosis Chapter of the Spanish Society
of Angiology and Vascular Surgery

Criteria Degree of arterial stenosis
<50% | 50%t069% | 80 % to 89 % > 90 % Occlusion

Direct signs
PSV <125 125-230 > 230 > 300 Variable NA
PDV <40 40-100 > 100 Variable Variable NA
Indirect signs
PSV post-stenosis in ICA Normal Normal >50 % <50 <30 NA
Collateral flow in OA No No No/ | /Inverted | | /Inverted | | /Inverted | | /Inverted
Collateral flow in the CW No No No / present Present Present Present
Indices
PSV,-PSV ., ratio <2 >2 >4 >4 Variable NA
CCA: common carotid artery; CW: circle of Willis; EDV: end-diastolic velocity; ICA: internal carotid artery; NA: non-applicable; OA: ophthalmic
artery; PDV: peak diastolic velocity; PSV: peak systolic velocity.
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The FRAP (Ferric reducing antioxidant power) assay:
this assay is based on the sample’s ability to facilitate
the reduction of iron, which is performed as described
by Benzie and Strain. The results are quantified by
absorbance at 595 nm using a standard curve of
known concentrations of Trolox (8).

The ABTS (2,2-azino-bis[3-ethylbenzothiazoline-6-sul-
fonic acid]) assay: This technique is based on estimat-
ing the antioxidant capacity through a colorimetric
test using the cationic radical (ABTS+), based on
Re et al. method (9).

Uric acid: Uric acid is oxidized by uricase, allantoin,
and hydrogen peroxide. The latter, in the presence of
peroxidase, reacts with DHBS and 4-aminoantipyrine,
forming the chromogen antipyrilochinolin quinone.
The intensity of the resulting red color is directly pro-
portional to the concentration of acid in the sample.

Antioxidant defense study
Catalase activity

Catalase is an enzyme that falls into the oxidore-
ductase category and catalyzes the decomposition
of hydrogen peroxide (H,O,) into oxygen and water.
This enzyme uses heme and manganese as cofactors.
Catalase enzymatic activity was determined by titrat-
ing the remaining hydrogen peroxide with potassium
permanganate.

Superoxide dismutase (SOD) activity
The method used to detect SOD activity is based
on the quantification of WST-1 reduction, which pro-
duces a water-soluble formazan dye.
Oxidative damage study
DNA damage [8-0x0-2'-deoxyguanosine]
8-hydroxy-2'-deoxyguanosine is an important
spontaneously oxidized derivative of 2-deoxygua-

nosine and a biomarker of DNA oxidative damage.
It is formed through the reaction of guanine with

reactive oxygen species. Although it is typically repai-
red and removed through the base excision repair
mechanism, 8-oxo-dG can potentially damage with
deoxyadenine, thus triggering G to T mutations, which
cause frequent recombinations and single nucleotide
polymorphisms (SNPs) in the human genome. The
concentration of 8-oxo-dG in a cell is a measure of
oxidative stress and can be used to assess the degree
of physiological and environmental DNA damage.
Lipid peroxidation [MDA] [HNE] To quantify its con-
centration, the sample was homogenized by adding
a 20 mM Tris buffer preparation that was later centrifu-
ged. A sample solution along with indole was prepared,
followed by another centrifugation step. Additionally,
aliquots were taken to measure absorbance.

Ethical and legal aspects of research

This clinical study was approved by Hospital Clinico
Universitario de Valladolid Research Ethics Commit-
tee. Regarding the anonymization of samples, the
confidentiality of personal and clinical data was main-
tained, and the basic ethical principles of research with
biological samples were kept all the time, as well as
the applicable legislation (Organic Law 15/1999 of
December 13 on the Protection of Personal (LOPD),
Act 41/2002 on Patient Autonomy and Health care,
and Act 14/1986 on General Health).

Statistical analysis

Nominal variables were expressed as percentages,
and the quantitative ones as means and standard
deviations.

The assumptions of normality for quantitative vari-
ables were verified using the Shapiro-Wilk test and
Kolmogorov-Smirnov test with Lilliefors significance
correction. The association among the various cate-
gorical variables (morphological characteristics of the
plague and neurological symptoms) was examined
using the chi-square test. The relationship between
the means of quantitative variables in the 2 groups
of categorical variables (morphological characteris-
tics of the plaque and neurological symptoms) was
analyzed using the Student’s t-test.
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The statistical program SPSS 27.0 (www.spss.com)
was used. All p values < 0.05 were considered statis-
tically significant.

RESULTS

A total of 96 carotid atherosclerotic plaques were
collected from patients (both asymptomatic and
symptomatic) treated with carotid endarterectomy
at the Department of Angiology, Vascular Surgery, and
Endovascular Surgery of Hospital Clinico Universitario
de Valladolid (HCUV), Spain during 2020. The patients’
characteristics are shown in table II.

The mean percent stenosis of calcified carotid ath-
erosclerotic plaques was 75.8 + 14.81 compared to
non-calcified plaques, with a mean percent stenosis
of 71.58 £ 10.80 (p = 0.143). Among these, 75 % of
non-calcified plaques and 60 % of calcified plaques
were symptomatic (p = 0.235) (Fig. 2).

355

Normality tests were conducted for quantitative
variables, including the FRAP assay, ABTS assay, uric
acid, catalase activity, SOD activity, DNA damage,
and lipid peroxidation. All these variables exhibited
a Gaussian distribution.

Characteristics of carotid atherosclerotic plaque

No Yes
Neurological symptoms

= Characteristics of non-calcified atherosclerotic plaque
= Characteristics of calcified atherosclerotic plaque

Figure 2. Characteristics of the atheromatous plaque in relation to the patients’
neurological symptoms.

Table Il. Clinical characteristics of the study patients

Characteristics Group orf)aa:i);r:tr;tomatic Group :zi)i/:]fstomatic 5

Number of patients 45 45

Age (years) (mean + SD) 754 +148 773+187 0.79
Men (%) 73 75 0.64
Diabetes mellitus (%) 45 41 0.78
Smoking (%) 72 78 0.62
Dyslipidemia (%) 56 61 0.53
Arterial hypertension (%) 43 48 0.58
Comorbidities (%) 34 38 043
Treatment with statins (%) 56 65 0.087
Body mass index (BMI) (mean + SD) 263+ 1.52 2824+ 1.38 0.71
Calcified atherosclerotic plaques (%) 40 60 0.68
Non-calcified atherosclerotic plaques (%) 25 75

Lactate levels of atherosclerotic plaques (mean + SD) 9.70 £ 451 9744377 0.98
Plasma uric acid levels (mean + SD) 148 +0.77 233+1.38 0.098

SD: standard deviation

Angiologia 2023:75(6):349-361 |
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Calcified atherosclerotic plagues exhibited high-
er antioxidant capacity compared to non-calcified
plaques in the ABTS assay (2,2"-azino-bis[3-ethylben-
zothiazoline-6-sulfonic acid]) parameter (2635.08 vs
2803.28), with a statistically significant difference
(p =0.007) (Table IlI).

When the antioxidant defenses of the atheroscle-
rotic plaques were studied, non-calcified plagues
showed worse antioxidant defenses, both in cata-
lase (160.73 vs 175.13) and SOD activity (1.11 vs 1.49).
This difference was statistically significant in the latter
(p =0.049) (Table IV).

Subsequently, oxidative damage was analyzed,
which proved to be higher in non-calcified athero-
sclerotic plaques, both in DNA damage (3318.96 vs
2887.15) and lipid peroxidation (46.87 vs 32.45). How-
ever, these differences did not reach statistical signif-
icance (p =033 and p = 0.12, respectively) (Table V).

A study of the association among these parame-
ters of antioxidant capacity, antioxidant defense, DNA
damage, and the patients'neurological symptoms was
conducted. It was found that plasma levels of uric acid
(148 vs 2.33) and catalase activity (146.79 vs 176.81) were
significantly higher in patients with neurological symp-

Table lll. Study of antioxidant capacity in carotid atherosclerotic plaques based on their
morphological characteristics

Study of antioxidant capacity Without calcification With calcification p

FRAP assay [uM Eq TROLOX] 142.92 £73.71 181.62 £115.68 0.285
ABTS assay (Eq. TROLOX) 2635.08 +323.80 2803.28 £ 223.27 0.007
Uric acid 222+140 1.81£0.95 0.135

0% 10% 20% 30%

Study of antioxidant capacity

U RIC A C I D> |1
ABT'S ([Eqq. TRO LO'X ) 15—

FRAP [[.M Eq TRO LO X | 5

B NO CALCIFICATION  m CALCIFICATION

50% 60% 70% 80% 90% 100%

Table IV. Study of antioxidant defenses in carotid atherosclerotic plaques based on their
morphological characteristics

Study of antioxidant defenses Without calcification With calcification p
Catalase activity 160.73 £44.97 175.13 £102.79 0.402
Superoxide dismutase 1.11+£053 149+1.20 0.049

0% 10% 20% 30%

Study of antioxidant defenses

SOD ACT VI T |

CATALASA ACT IV TY |5

B NO CALCIFICATION  m CALCIFICATION

50% 60% 70% 80% 90% 100 %
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Table V. Study of oxidative damage in carotid atherosclerotic plaques based on their
morphological characteristics

Study of oxidative damage Without calcification With calcification p
DNA damage 331896 + 1919.83 2887.15+2052.13 0336
Lipid peroxidation 46.87 +30.81 3245+ 16.88 0.120

0% 10% 20% 30%

Study of oxidative damage

LIPID PEROXIDATION |

DNA DAMAGE |

B NO CALCIFICATION  m CALCIFICATION

50% 60% 70% 80% 90% 100%

toms (p=0.001 and p = 0.025, respectively). In contrast,
the levels of SOD activity (1.77 vs 1.10) and DNA damage
(4393.01 vs 2476.91) were higher in patients without
concomitant neurological symptoms (p = 0.009 and
p =0.002, respectively) (Tables VI, VII, and VII).

DISCUSSION

Our study demonstrates the relationship between
oxidative stress and the vulnerability of carotid athero-

matous plaques. We saw that calcified atherosclerotic
plaques exhibited higher antioxidant capacity, greater
antioxidant defenses, less oxidative damage, and fewer
changes to energy metabolism. The study results explain
why non-calcified atherosclerotic plaques are highly vul-
nerable, with more chances of developing neurological
complications. Additionally, patients with neurological
symptoms showed higher activity of oxidative stress
markers in the atherosclerotic plaques analyzed.

This study highlights that calcified atheroscle-
rotic plaques exhibited higher antioxidant capacity

Table VI. Study of antioxidant capacity in carotid atherosclerotic plaques and its association with
neurological symptoms

Study of antioxidant capacity Without calcification With calcification p

FRAP assay [uM Eq TROLOX] 18598 + 110.31 159.11 £85.90 043
ABTS assay (Eq. TROLOX) 2777.18 £ 285.00 2698 +278.32 0.22
Uric acid 148 +0.74 233+£136 0.001

Study of antioxidant capacity

URICACID

AABTS (Eq]. TRO L)X ) 5

FRAP [uM Eq TROLOX]

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B NO NEUROLOGICAL SYMPTOMS B NEUROLOGICAL SYMPTOMS

| Angiologia 2023:75(6):349-361 |



358 M. L. DEL RIO-SOLA ET AL.

Table VII. Study of antioxidant defenses in carotid atherosclerotic plaques and its association
with neurological symptoms

Study of antioxidant defenses Without calcification With calcification p
Catalase activity 146.79 £ 2897 176.81 £92.38 0.025
Superoxide dismutase 1.77 £1.15 1.10+£0.79 0.009

Study of antioxidant defenses

SOD ACT VI |

CATALASA ACTIVITY |
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B NO NEUROLOGICAL SYMPTOMS B NEUROLOGICAL SYMPTOMS

Table VIII. Study of oxidative damage in carotid atherosclerotic plaques and its association with
neurological symptoms

Study of oxidative damage Without calcification With calcification p
DNA damage 4393.01 + 281794 2476.91 +1007.22 0.002
Lipid peroxidation 3220+ 17.04 44.44 + 2840 0.12

Study of oxidative damage

LIPID PEROXIDATION

DNA DAMAGE
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and defense compared to non-calcified plaques.
These findings suggest that different responses to
oxidative stress can be associated with the nature of
atherosclerotic plaques rather than other factors such
as age, gender, cardiovascular risk factors, or patients’
prior treatment, as these factors had a homogeneous
distribution in both study groups.

Thatis why our study allows us to understand the
underlying oxidative stress status in carotid plaques,
providing comprehensive information on the risk of
stroke of a patient with carotid stenosis, regardless
of the degree of stenosis. It is the first study ever to
prove that there is a relationship between OS and the
development of strokes in atherosclerotic patients.

It is well-known that the risk of stroke is higher
in hypoechoic and heterogeneous atherosclerotic
plaques, as Gronholdt et al. (11), Sterpetti et al. (12),
and Abu-Rahma et al. (13) demonstrated in the Car-
diovascular Health Study (10), However, ultrasound
studies have a methodological limitation, which is
its subjective assessment. In this regard, to avoid this
bias, computerized grayscale median measurements
(GSM) in B-mode images of atherosclerotic plaques
have been performed. Although this measurement
has proven to be a significant discriminatory factor
between echolucent and echogenic lesions, it has
not been associated with the degree of plaque vul-
nerability, which is one of the objectives of our study.
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Oxidative stress (OS) has been shown to have an
impact on the development of atherosclerotic plagques
due to the damage it causes to vascular endotheli-
um (14). In humans, OS plays a key role in primary
etiopathogenic mechanisms or their consequences
in over 100 diseases of great clinical and social impor-
tance, such as atherosclerosis and the process of aging.

As a result of the energy metabolism for ATP pro-
duction, cells produce reactive oxygen species (ROS).
Although these molecules have a short half-life they're
highly reactive. ROS are primarily produced in the
mitochondria as a direct consequence of oxygen
metabolism. When there is an imbalance between
their production and the antioxidant capacity of the
system, an oxidative environment is generated that
leads to what is known as OS (15). Elevated levels of
OS deplete the cells ATP, triggering cell death, which
releases numerous cytotoxic compounds into the
environment, as cell death is prevented by controlled
apoptosis.

Mitochondria are the main site of ROS generation.
The first ROS generated is superoxide ion, mainly pro-
duced due to electron leakage in complexes | and Ill of
the electron transport chain (16). Although conversion
from superoxide to hydrogen peroxide is fast, thanks
to the action of the enzyme superoxide dismutase, it
is a highly reactive ROS, as it can react with proteins,
DNA, and lipids within microseconds, thus damaging
the cells, or with other elements, thus creating and
propagating new ROS (16).

OS is said to be associated with CVD as it leads
to the oxidation of LDL, which in turn damages the
vascular endothelium, initiating the formation of
atherosclerotic plaques (17). In addition to endothe-
lial dysfunction, OS is associated with reduced nitric
oxide bioavailability, increased anticoagulant prop-
erties, enhanced platelet aggregation, and increased
expression of adhesion molecules, chemokines, and
cytokines, all of which are inflammatory and pro-
thrombotic phenomena that play a key role in the
progression of atherosclerosis (18).

Despite advances made in the study of OS in
arterial lesions, there is still much to learn. A better
understanding of the regulatory mechanisms of
oxidase activation in the arterial wall and the inter-
ference between different sources of ROS and their
consequences is much needed. Authors such as
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Rafiei et al. studied the serum concentration of FRAP
in patients with coronary artery disease. Their results
confirmed that increased oxidative stress correlated
with increased arterial stenosis, and they saw that the
serum levels of FRAP decreased in the coronary artery
disease group compared to the control group (19).
Feki et al. studied cardiotoxicity and DNA damage
associated with thiamethoxam-induced myocardi-
al infarction both in vitro and in vivo. These authors
analyzed antioxidant potential through ABTS radical
scavenging activity, linoleic acid oxidation tests, and
genome and cardiac DNA damage assays (20).

Our study certainly has limitations, because it
includes patients with advanced carotid stenosis
precisely since these are the patients who come to
our units in need for surgical treatment. Therefore, we
cannot study the population segment with moderate
atherosclerotic plaques ineligible for surgical treat-
ment according to the current international clinical
practice guidelines. To address this, we considered the
multifactorial nature of oxidative stress and studied
various systems of ROS production and antioxidant
defense. On the other hand, we did not want to con-
duct a comprehensive assessment of all oxidative
stress parameters of the study, only those that are
relevant and can be systematically measured without
too much technical difficulty in a clinical lab. This could
pave the way for significant future prospects regarding
diagnostic, such as early detection of unstable carotid
artery disease in groups at-risk, even before symp-
tom onset, by assessing their specific overall oxidative
stress levels. Another limitation of this study is the lack
of objective measurements of the fibroatheromatous
complex thickness (GSM), which allows us to char-
acterize the composition of atherosclerotic plaques
since this study could have been conducted through
histochemical analysis that is much more accurate.
On the other hand, the assessment of the morpho-
logical characteristics of atherosclerotic plaques was
subjective, which could have introduced bias into
the results. To control for this, the assessments were
performed by a single technician experienced in the
study of supra-aortic trunks through echo-Doppler.

Therefore, while it is important to understand the
morphology of atherosclerotic plagues in the carotid
artery, it is also important to understand the factors
that have an impact on their progression and, conse-
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quently, their clinical signs. Thus, the determination
of inflammatory mediators provides a novel field of
research. These studies could be important not only
to identify prognostic markers of plaque instability but
also as serum controls of new therapeutic strategies
for the management of atherosclerotic disease.

The development of new molecular targets and
pharmacological agents capable of blocking the neg-
ative effects of pathological ROS will also improve car-
diovascular research significantly. We should commit
ourselves to gaining knowledge on the biology of OS
and atherosclerotic disease to identify more effective
therapeutic targets of CVD.

Having a panel of biomarkers available capable
of characterizing the systemic redox environment
in patients with atherosclerosis-related diseases is of
great utility in the routine clinical practice. These bio-
chemical determinations will allow us to individualize
therapy for each patient and contribute to reducing
oxidative damage that occurs during atherogenic
development and progression.

CONCLUSIONS

Homogeneous and calcified atherosclerotic
plagues in the carotid artery have a greater antiox-
idant capacity and defense than non-calcified and
heterogeneous atherosclerotic plaques. Patients with
neurological symptoms exhibited a lower antioxidant
capacity and fewer defenses in their atherosclerotic
plaques than asymptomatic neurological patients.
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