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Harmfulness of prooxidants in bronchopulmonary dysplasia
in preterm children

Mariana Ceahlau®’, Rodica Selevestru'?, Olga Tagadiuc?, Svetlana Sciuca'?

Department of Pediatrics, Nicolae Testemitanu State University of Medicine and Pharmacy, Chisinau, Republic of Moldova
%Clinic of Pulmonology, Mother and Child Institute, Chisinau, Republic of Moldova
3Department of Biochemistry and Clinical Biochemistry, Nicolae Testemitanu State University of Medicine and Pharmacy, Chisinau, Republic of Moldova

ABSTRACT

Introduction. Oxidative stress can be defined as the imbalance of the redox state of a certain system including living one
(organelle, cell, organ/tissue), which excessively produces reactive oxygen and/or reactive nitrogen species (ROS/RNS) that
exceed the capacity of the antioxidant defense system, which have the ability to slow down or even prevent the oxidative dam-
age of macromolecules. Oxidative stress is a pathogenic mechanism of a large variety of diseases, including pulmonary one.

Material and methods. 81 preterm born children included in the study were divided into the main group - preterm chil-
dren with bronchopulmonary dysplasia (BPD), and the control group - preterm children without BPD. The comparison
groups were prospectively evaluated clinical, instrumental and laboratory (TPA, prooxidant-antioxidant balance, nitric
oxide metabolistes and MDA). Data were statistically analyzed using Microsoft Excel, MedCalc and SPSS and Contingency
Table Analysis as a way to evaluate the performance of a diagnostic test.

Results. In preterm children with BPD were found to be decreased by 29% (p < 0.001) the prooxidant-antioxidant balance
(PAB) and the nitric oxide metabolistes (NO) level by 12% (p < 0.001) compared to children in the control group. The
assessment of tissue oxidative damage markers revealed a significant 62% (p < 0.001) increase in malonic dialdehyde
(MDA) content and a 4.86-fold (p < 0.001) increase in total prooxidant activity (TPA) in children with bronchopulmonary
dysplasia compared to children in the control group. Our study confirms that TPA, PAB, MDA and NO values are reliable
markers of hypoxic tissue damage at children with bronchopulmonary dysplasia and can be recommended for assessing
the intensity of oxidative stress.

Conclusions. Pulmonary bronchodysplasia is characterized by the imbalance of prooxidant-antioxidant processes with
the exacerbation of prooxidant ones that trigger the oxidative/nitrosative stress and the deterioration of vital chemical
compounds.

Keywords: bronchopulmonary dysplasia, preterm children, total prooxidant activity, prooxidant-antioxidant balance, ma-
lonic dialdehyde, nitric oxide metabolites.
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The novelty added by manuscript to the already published scientific literature

The assessment of biochemical markers established a significant increase in oxidative stress in preterm children with
bronchopulmonary dysplasia. This was revealed by the prooxidant-antioxidant disbalance and a decrease of the nitric oxide
metabolites content, associated with lipid damage as evidenced by the increase in malondialdehyde (MDA) levels.

Introduction

There is increasing evidence linking exposure to in-
creased oxygen concentration and oxidative stress (OS) to
the development of chronic bronchopulmonary disease,
making the lung of preterm infants more susceptible to var-
ious diseases such as respiratory distress syndrome, bron-
chopulmonary dysplasia (BPD), and persistent pulmonary
hypertension. Existing research in the field shows that al-
though BPD is a disease with a multifactorial pathogenesis,
the major risk factors are exposure to hyperoxia and the ac-
tion of reactive oxygen species (ROS) [1, 2].

From conception to birth, mammals (including humans)
develop under conditions of physiological hypoxia, with fe-
tal arterial and venous pO, values rarely exceeding ~4 kPa
(30 mmHg) which constitutes ~4% O.. Thus, the entire pro-
cess of organogenesis takes place in hypoxia, despite the
fact that fetal hemoglobin has a significantly higher affinity
for oxygen compared to that of an adult. The birth process
is accompanied by an increase of oxidative stress, and this
continues in the first months of life due to exposure to in-
creased concentrations of oxygen provided by breathing.
The role of oxidative stress triggered by hyperoxia in devel-
opment is still unclear, but ROS are known to be involved
in signal transduction, they also play an important role in
immune function, are important regulators of circulation,
activate cellular growth factors, remove dysfunctional pro-
teins by oxidation and are essential for the functioning of
cellular organelles [3].

It has been demonstrated that before and at birth in in-
fants there is an increase in signs of oxidative stress, which
indirectly reveals the increase in antioxidant capacity with
the aim of adapting to the amplification of oxidative pro-
cesses induced by the spontaneous inhalation of oxygen. At
the same time, these adaptive reactions are missing or sig-
nificantly underdeveloped in premature babies, especially
those very premature and those with very low birth weight.
Deficiencies of antioxidant protection mechanisms in these
children are exacerbated by pulmonary insufficiency, lack
of alveolar surfactant, underdevelopment of antioxidant en-
zymes. Subsequently, premature infants are much more like-
ly to be hyperoxic and will develop oxidative stress following
even short-term exposure to high levels of oxygen [4].

As a result of this phenomenon, cellular homeostasis is
affected. The balance between the production and excessive
accumulation of reactive oxygen species (ROS) in cells and
the detoxification capacity due to the lack of endogenous
antioxidants is inclined towards the amplification of oxi-
dative processes, which causes tissue damage. Exogenous
factors that stimulate ROS production have been shown to

have both beneficial and deleterious cellular effects, thus
either participating in cellular signaling or causing macro-
molecular damage [1, 2].

In case of the preterm babies, prolonged exposure to ele-
vated oxygen concentrations can affect and alter the normal
development of the lung tissue, triggering developmental
disorders such as BPD. Some relevant studies regarding hu-
man BPD reported that increased ROS production is associ-
ated with impaired lung development [5].

Free radicals have unpaired electrons and are extremely
reactive, but at the same time unstable, having low activa-
tion energy and short lifetime. It should be noted that they
can act as both oxidants and antioxidants (reducers), a phe-
nomenon explained by their ability to donate or accept an
electron from other molecules [6].

The generation of ROS occurs in a series of redox reac-
tions, which are the basis of many processes that take place
in cells. Under physiological conditions, ROS are produced
by the body as part of normal metabolic processes such as
the electron transporting chain, Fenton and Haber-Weiss re-
actions etc. A series of pathological conditions and diseases,
including those associated with hypoxia and ischemia/reper-
fusion, can disrupt the balance between the generation of
ROS and the antioxidant system capacity to neutralize them,
which causes oxidative stress. The amplification of the levels
of intracellular ROS, causes damage of different macromole-
cules which will alter their function and the cell state [7, 8].

Oxidative stress is often associated with nitrosative
stress, due to the interaction of nitric oxide with superoxide
radical anion with the formation of peroxynitrite (ONOO™),
which, being a highly reactive radical, can cause enzyme in-
hibition, lipid peroxidation, protein and DNA damage, etc.
The multitude of harmful processes initiated by NO metabo-
lites can end with the induction of apoptosis and significant
tissue damage [9-11].

Lipid hydroperoxides (LOOH), unsaturated aldehydes
(MDA, 4-hydroxy-2-nonenal, 2-propenal or acrolein) and
isoprostanes are relatively stable primary products of the
lipid peroxidation process [6]. The well-known product of
lipid damage produced by oxidative stress, malonic dialde-
hyde (MDA), is a recognized biomarker of oxidative stress,
cell membrane damage, but also tissue and cell oxidative
damage [12]. MDA is formed, as a result of the peroxida-
tion process of polyunsaturated FA, either in the presence
of a large number of free oxygen radicals from sialic acid
and deoxyribose, or from the phospholipid structure of cell
membranes [13, 14].

MDA is considered the most mutagenic product, in con-
trast to 4-hydroxy-2-nonenal, which is considered the most
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toxic. There are three mechanisms by which the damaging
effect of lipid oxidation products is explained: the damage
to the integrity of the cell membrane, the ability to add an
additional ROS gene, or the degradation into reactive com-
pounds, which have the potential of damaging DNA, pro-
teins and lipids [6, 7]. The effects of lipid peroxidation in
cells are loss of cell membrane properties, inactivation of
many membrane receptors, and increased influx of calcium
ions. These events alter permeability, membrane electrical
potential and intercellular communication [15].

A number of commonly used methods for the assess-
ment of oxidative/nitrosative stress (methods for measur-
ing lipid and protein oxidation end products) are described.
Nevertheless, there is an issue that is still addressed - the
ability of oxidative/nitrosative stress, measured in plasma,
to reflect the tissue processes, along with the need for a sim-
ple laboratory method to characterize an oxidative stress
»profile” related to growth and maturation in physiological
conditions and different diseases [15].

In children with DBP who endure chronic hypoxia due to
respiratory impairment, we assume an alteration of these
mechanisms. And our study was initiated as a challenge to
have answers to these complex questions.

The aim of the research was to evaluate markers of ox-
idative/nitrosative stress measured in the serum of preterm
children with bronchopulmonary dysplasia and to analyze
their performance as a diagnostic test.

Material and methods

The research was carried out as part of the doctoral proj-
ect ,Prooxidant and antioxidant status in bronchopulmona-
ry dysplasia in premature children”.

To describe the results of the assessment of oxidative
stress markers in children with BPD, an analytical analy-
sis based on a cohort study was performed. In this regard,
81 follow-up records of patients admitted to the Institute
of Mother and Child (Chisinau, Republic of Moldova) with
positive history of preterm births, postnatal oxygen thera-
py in respiratory distress were documented and analyzed.
The patients were examined according to the same pro-
tocol, which included the complex examination and con-
tained the information from the outpatient medical record
(F112/e), the inpatient medical record (F003/e). Compar-
ison groups were evaluated prospectively, through clinical,
laboratory, instrumental examination. The children were
divided into main group (children born preterm with BPD)
and control group (children born preterm without BPD).
Data analysis was performed according to the methodol-
ogy described in ,Basics of Epidemiology and Research
Methods” [16].

The biochemical investigations were carried out accord-
ing to methods adapted by the collaborators of the Biochem-
istry Laboratory of Nicolae Testemitanu State University of
Medicine and Pharmacy for the Synergy H1 (Hydrid Read-
er) microplate spectrofluorometer (BioTek Instruments,
USA) and the Power Wave HT spectrophotometer (BioTek
Instruments, USA).

Mold J Health Sci. 2023;10(3):3-10

For the analysis of markers of interest, venous blood
samples (5 mL) were collected, which were centrifuged for
10 minutes at 3000 revolutions/minute. The serum was
separated and transferred to Eppendorf tubes and stored at
-45°C separately until biochemical testing. All samples were
coded.

The prooxidant-antioxidant balance (PAB) was per-
formed by the method described by Toloue Pouya V. et al.
[17], modified by Pantea V. et al. [18]. The method is based
on the capacity of the free radicals, peroxides and antiox-
idants, contained in the blood sample, to interact with the
TMB (3,3',5,5'-tetramethylbenzidine) or TMB cation, that
will determine changes of the solution color. PAB values
were calculated according to the calibration curve data and
expressed in arbitrary units.

Determination of oxidative stress marker - malonic
dialdehyde and total prooxidant activity, was performed
according to the procedure described by Galaktionova LP.
et al. [19], and modified by Gudumac V. et al. [20]. The
method is based on the spectrophotometric identifica-
tion of the colored trimethine complex, resulting from
the interaction of thiobarbituric acid with DAM. The con-
centration of DAM in the sample is directly proportional
to the intensity of the staining. The final result was ex-
pressed in uM/L.

Determination of nitrosative stress marker - nitric ox-
ide metabolites, was performed according to the procedure
described by Metelskaya VA. et al. [21], modified by Gudu-
mac V. et al. [22]. The principle of the method consists in the
deproteinization of the biological material, the reduction of
nitrates into nitrites, the processing of the supernatant with
the Griss reagent, and the subsequent measurement of the
optical density of the reaction product. The calculation of
the nitrite concentration was carried out with the help of
the calibration curve, built on the basis of successive dilu-
tions of the standard solution of sodium nitrite and was ex-
pressed in pmol/L.

The data were statistically processed by operating elec-
tronic computerized assessment techniques of the degree
of relationship between the evaluated parameters of the pa-
tients in the study groups, using Microsoft Excel, MedCalc
(DeLong et al., 1988) and SPSS and Contingency Table Anal-
ysis as a way to summarize the performance of a diagnostic
test [23-25].

Results

An oxidant is any compound that can accept electrons,
including oxygen. On the other hand, a substance that do-
nates electrons, is a reducing agent. The redox reactions are
essential to the many processes that take place in cells. For
specific biological systems, the terms prooxidant and an-
tioxidant are equivalent in chemistry to the terms oxidant
and reductant [15]. Many radicals are unstable and highly
reactive. Behaving as oxidants or reductants, they have the
ability to give an electron or accept an electron from other
molecules, and homeostasis between them is important for
optimal functioning of the system [14].
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The evaluation of the redox status in the blood of the
preterm children with and without BPD revealed the preva-
lence of oxidative processes in the children of the main group
compared to the children of the control group (table 1).

The values of total prooxidant activity (TPA) in children
with BPD (41 children) was equal to 138.2+6.1 uM/L, value
significantly increased compared to TPA in children without
BPD (40 children) equal to 28.4+2.3 uM/L, Fstat = 14.5, p <
0.0001 (table 1, fig. 2).

A 4.86-fold increase (p < 0.001) of the total prooxidant
activity was identified in preterm children with BPD com-
pared to those without lung damage, a phenomenon that
reveals the intensification of the production and accumula-
tion of prooxidants of different nature, which can amplify
the oxidation processes up to the level of oxidative /nitrosa-
tive stress (table 1, fig. 2).

Table 1. Values of markers of oxidative stress in children with
bronchopulmonary dysplasia

The veracity

Control group Main group

Marker of differences
(n=40) (n=41) between groups
TPA (uM/L) 28.4+14.3 100% 138.2+38.9 486% p<0.001
PAB (U) 140.3£15.2 100% 99.6x15.8 71% p <0.001
MDA (uM/L) 20.4+8.2 100% 33.0¢89 162% p<0.001
NO metabolites 0 0
(uM/L) 64.9+3.8 100% 57.1¢4.8 88% p <0.001

Note: TPA - total prooxidant activity; PAB - prooxidant/antioxidant
balance; MDA - malonic dialdehyde; NO - nitric oxide. Variables are
presented as Mean#SD.

200
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PAB in children with BPD (41 children) is equal to
99.6+2.5 uM/L with minimum value of 65.8 uM/L, median
-101.8 uyM/L, maximum - 140.3 pM/L, mode - 76.4 uM/L,
compared to PAB concentration in children without BPD
(40 children) which have a significant difference between
groups equal to 140.3+2.4 pM/L (minimum value of 105.9
uM/L, median - 140.7 pM /L, maximum - 176.8 uM /L, mode
-131.7 uM/L), Fstat = 11.6, p < 0.00001 (table 1, fig. 2).

A major, statistically significant decrease of PAB by 29%
(p < 0.001) was identified in preterm children from the
group with bronchopulmonary dysplasia compared to chil-
dren from the control group, which attests to the decrease
in the total level of antioxidants with the inclination of the
balance towards the formation and accumulation of proo-
xidants and the definite establishment of the prooxidant
status (fig. 1).

Malonic dialdehyde (MDA), in children with BPD (41
children) was 33.1+#1.39 uM/L with minimum value of 18.3
uM/L, median - 31.8 uM/L, maximum - 55.4 uM/L, mode -
25.4 pM/L, compared to the MDA level in children without
DBP (40 children) which was 20.4+1.3 uM/L (minimum val-
ue of 12.9 uyM/L, median - 19.1 pM/L, maximum - 66.8 uM /L,
mode - 17.3 uM/L), and presents a significant difference be-
tween batches (Fstat = 6.5, p < 0.0001) (table 1, fig. 2).

The installation of the prooxidant status in preterm chil-
dren from the group with bronchopulmonary dysplasia, ini-
tiated the atypical oxidation of lipids via the peroxidative
pathway, which was manifested by a significant increase of
62% (p < 0.001) in the content of MDA, the final product of
the peroxidation of unsaturated fatty acids, mainly from cell
membranes phospholipids (fig. 2).

F stat =11.6, p<0.001 M
150 I i
- mim Min
100
Max
50
Mo
0

PAB

PAB

BPD- BPD +

Fig. 1 Values of PAB in children with bronchopulmonary dysplasia, U.

Note: PAB - prooxidant/antioxidant balance; M - mean; Min - Minimum; Max - Maximum; Mo - mod; F stat - F Statistic (Fisher-Snedecor

distribution) useful in analysis of variance (ANOVA).

Nitric oxide (NO) in children with BPD (41 children) is
equal to 57.13%0.75 pM/L with minimum value of 49.6 uM/L,
median - 57.4 pM/L, maximum - 66.7 uM/L, mode - 59.7
UM/L, compared to the concentration of nitric oxide in chil-
dren without BPD (40 children) which has a significant differ-
ence between groups equal to 64.9+0.6 uM/L (minimum val-
ues of 55.8 uM/L, median - 65.1 uM/L, maximum - 74.4 pM/L,
mode - 59.7 uM/L), Fstat = 7.9, p < 0.00001 (table 1, fig. 2).

A statistically significant decrease in the level of NO
metabolites by 12% (p < 0.001) was revealed in prema-

L6 ]

ture infants from the group with bronchopulmonary dys-
plasia compared with children in the control group, which
may indicate the use of NO in reactions that cause reactive
forms of nitrogen (peroxynitrite, protonated peroxyni-
trite), thereby contributing to the induction of nitrosative
stress and the deepening of the redox imbalance (fig. 2).
We can conclude that preterm children with BPD are char-
acterized by the amplification of ROS/NRS production reac-
tions, the establishment of a prooxidant status and the trig-
gering of OS/NS, which ultimately causes damage to biomol-
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Fig. 2 Oxidative stress system in children with bronchopulmonary dysplasia, uM/L.

Note: TPA - total prooxidant activity; MDA - malonic dialdehyde; NO - nitric oxide; M - mean; Min - Minimum; Max - Maximum; Mo - mod;
F stat - F Statistic (Fisher-Snedecor distribution) useful in analysis of variance (ANOVA).

ecules and cellular macromolecular structures (membranes).

Next are presented the derivations of multiple measures
using the four outcomes of the 2x2 contingency table for
the prooxidant system to assess utility as diagnostic tests in

children with BPD. each patient or their comparison [23].
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The analysis using ROC curves (Receiver Operating Char-
acteristics) was chosen as a statistical model. These are
two-dimensional curves of the values of a diagnostic test
that ends with the evaluation of this examination applied to

Fig. 3 ROC curve of the intensity of oxidative stress as a function of TPA, PAB, MDA, NO in children with bronchopulmonary dysplasia

Note: a. TPA - total prooxidant activity; b. PAB - prooxidant/antioxidant balance; c. MDA - malonic dialdehyde; d. NO - nitric oxide; ROC -
Receiver Operating Characteristics; AUC - Area Under the Curve.
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The assessment of the usefulness of determining the
TPA, for highlighting children at risk of developing oxidative
stress, was carried out by means of the ROC curve, which is
an excellent way to compare diagnostic tests (fig. 3).

When the variable under study cannot distinguish be-
tween the two groups, i.e., where there is no difference be-
tween the two distributions, the area will be equal to 0.5
(the ROC curve will coincide with the diagonal). When there
is a perfect separation of the values of the two groups, i.e.,
there is no overlapping of the distributions, the area under
the ROC curve equals 1 (the ROC curve will reach the upper
left corner of the plot) (fig. 3). A reflection of the identifica-
tion of prooxidant processes depending on TPA can be the
area located below the level of the ROC curve equal to 0.99
(AUC is equal to 0.991: 95%CI 0.98-1, p = 0.000) (table 2).
So, our study confirms the importance of evaluating proo-
xidant process according to TPA concentration, which has
been shown to be a useful test.

Area under the curve of the ROC curve for PAB values
was obtained equal to 0.97: 95% CI 0.905-0.999, p = 0.000
(table 2).

Table 2. Area under the curve (AUC) for the values of markers of
oxidative stress in children with bronchopulmonary dysplasia.

AUC 95% Confidence Interval
Standard

Error Lower Upper

Bound Bound

TPA (uM/L) 0991  0.008  0.000 0.976 1.000
PAB (U) 0.97 0.016 0.000 0.905 0.995
MDA (uM/L) 0934  0.032  0.000 0.871 0.997
NO (uM/L) 0.893 0.035 0.000 0.804 0.951

Note: TPA - total prooxidant activity; PAB - prooxidant/antioxidant
balance; MDA - malonic dialdehyde; NO - nitric oxide; AUC - Area Under
the Curve; p - signification.

In the case of the malondialdehyde test, the minimum
sensitivity of the test was of 2.4%: 95%CI, 0.01-0.12 for
MDA concentration less than 20 pM/L (characteristic only
of a child with DBP). The specificity was also minimal with
the highest value reaching only 4.9%: 95%CI, 0.05-0.6,
which confirms levels higher than 20 uM/L of MDA in only
20 children from the control group (without DBP), x2 =
24.6,p < 0.0001 (fig. 3).

Area under the ROC curve equal to 0.934: 95%CI 0.87-
0.99, p = 0.000 values for MDA content (uM/L) in children
with BPD (fig. 3, table 2).

And the last demonstration concerns the area under
the curve of NO - nitric oxide which was obtained equal to
0.893: 95%CI 0.804-0.951, p = 0.000 (table 2).

Discussions

According to literature data, multiple harmful gestation-
al factors, which can affect the growth and development of
the product of conception during the entire intrauterine pe-
riod, are reported.

During postnatal development, the preterm born child is
even more influenced by the convergence of the multitude
of endogenous and exogenous factors that have damaged
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the health status. A dominant focus of the modern experi-
mental studies demonstrates the harmfulness of oxidative
stress, as the ultimate goal through the generation of free
radicals (FR) and as a result the occurrence of cellular, tis-
sue and organic damage [26, 27].

Our study, based on a prospective evaluation of two
groups of children: the main group - preterm infants with
BPD and the control group - preterm infants who did not de-
velop BPD, examined clinically, paraclinical and instrumen-
tally, contributes to the study of changes in oxidative stress
markers in preterm infants who have developed broncho-
pulmonary dysplasia, the analysis of these data using vari-
ous contingency tables and their generalization by perform-
ing a diagnostic test.

In multiple series of papers, and a huge variety of lab-
oratory methods and statistical models have been devel-
oped and used to measure oxidative stress intensity and its
consequences. Researchers such as Ferguson K, Gunko V O,
Abiaka C, Machado L in their studies, determine biomarkers
using various methods [28-30]. At the same time, all these
methods are considered to be quite difficult, since oxidative
stress biomarkers are very reactive and have very short
half-lives.

Thus, the conducted study is within the limits of the re-
search level, which is of scientific value in terms of the as-
sessed markers of oxidative stress. These markers evaluat-
ed in premature children with bronchopulmonary dysplasia
compared to those without this lung damage revealed the
presence of significant oxidative stress in those enrolled
in the main group. Total prooxidant activity increased by
386% (p < 0.001), the balance between prooxidants and
antioxidants shifted towards the former (PAB - 29%, p <
0.001) and at the same time the NO content significantly
decreased (-12%, p < 0.001). Our research also found lipid
damage with the accumulation of the end product of lipid
peroxidation - DAM (+62%, p < 0.001).

However, the role of oxidative stress in neonatal lung
injury is much more complex and not fully studied. De-
spite the multiple existing data and different research
environments under development, clinical practice is
limited in the ability to detect very early preterm new-
borns who have susceptibility to develop a lung patholo-
gy, therefore the markers used currently cannot fully pre-
dict the lung damage that may follow in these children.
But the detection and monitoring of lung lesions related
to oxidative stress, namely through the use of non-inva-
sive methods of detecting different oxidation products,
remains to have a predictive and very useful role in the
clinical setting.

While a growing body of evidence supports the role of
oxidative stress, it appears that the complexity of this mul-
tifactorial condition cannot be captured by a single marker.
Instead, researchers should move on to develop and val-
idate specific panels of biomarkers that can more reliably
predict certain pathological states that evolve with impaired
lung function. Early diagnosis and treatment of oxidative
stress-related lung diseases may be essential to prevent ad-
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verse effects that may spread beyond the neonatal period.
Indeed, few of the biomarkers developed to date have been
qualified for neonatal lung disease and their analysis has
been limited by research settings.

Our study confirms that TPA, PAB, MDA and NO values
are reliable markers of hypoxic tissue damage in children
with bronchopulmonary dysplasia and can be recommend-
ed for assessing the intensity of oxidative stress. Last but
not least, the currently available evidence, including our re-
sults highlights the need for further studies on a larger scale
and with longer follow-up periods to obtain more precise
results and allow serial detection of oxidative stress bio-
markers.

Conclusions

Oxidative stress is a major contributor to lung injury in
preterm children with bronchopulmonary dysplasia, fact
confirmed by significantly higher values of total prooxi-
dant activity (4.86 times, p < 0.001) and MDA (by 62%, p <
0.001) along with concomitant decrease of the prooxidnat/
antioxidant and NO metabolites levels in the blood of these
children. The phenomenon reveals an increase in the pro-
duction and accumulation of prooxidants of various nature,
which enhances oxidation processes and causes damage
to biomolecules and cellular macromolecular structures,
membranes in particular.

Thus, our study confirms the importance of evaluating
pro-oxidant processes according to the concentrations of
TPA, PAB, MDA, NO, which have been demonstrated as use-
ful tests.
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Predicting sympathovagal balance using parameters of
breathing patterns in abdominal breathing
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ABSTRACT

Introduction. Abdominal breathing is utilized as a non-pharmacological treatment method for various stress-related con-
ditions and autonomic dysfunctions. The objective of the study was to determine the predictors in the modulation of sym-
pathovagal balance, as indicated by the ratio of low frequency to high frequency power of heart rate variability, by utilizing
the respiratory pattern parameters recorded during the abdominal breathing model.

Material and methods. The study involved a group of 101 healthy subjects, where the breathing pattern was recorded us-
ing a respiratory induction plethysmograph. Heart activity was estimated through electrocardiography, followed by heart
rate variability analysis during both resting and abdominal breathing. Eight parameters of the breathing pattern were
recorded in the subjects during resting breathing and abdominal breathing, presumed to be predictors of the ratio of low
frequency to high frequency power of heart rate variability. Separate predictive models were created for this ratio for both
the resting and abdominal breathing types.

Results. The multilinear regression analysis revealed that the primary predictor with the highest predictive power for
determining the balance between sympathetic and parasympathetic cardiac influence, as indicated by the low frequency
spectral power to high frequency spectral power ratio, in individuals practicing abdominal breathing is Tidal Volume (un-
standardized coefficient = 5.007). This was followed by the duration of expiration (coefficient = -3.831) and respiratory
minute-volume (coefficient = 4.415), both of which were recorded during resting breathing. In the abdominal breathing
model, the most effective predictors were found to be time-related parameters, specifically the frequency of breathing
during abdominal breathing (coefficient = -5.953), the duration of the inspiratory phase (coefficient = -4.037), and the
duration of the expiration phase (coefficient = -4.194).

Conclusions. Abdominal breathing has the potential to normalize sympathovagal balance by adjusting the duration of
inspiration or expiration. Further studies should be conducted to investigate the practical application of breathing pattern
parameters in restoring the low frequency to high frequency (LF/HF) ratio, particularly in disorders characterized by ele-
vated sympathovagal balance.
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The novelty added by manuscript to the already published scientific literature
Abdominal breathing can normalize sympathovagal balance by modulating the duration of inspiration or expiration.

Introduction

Currently, there is a focus on psychophysiological re-
search in the field of breathing, aiming to understand how
various controlled respiratory patterns influence heart rate
variability (HRV) [1]. Abdominal (diaphragmatic) breath-
ing, an essential component of protocols that enhance the
amplitude of Respiratory Sinus Arrhythmia (RSA), forms
the basis of treatment methods for a range of stress-related
conditions and autonomic dysfunctions [2, 3].

Respiratory Sinus Arrhythmia (RSA) is characterized
by rhythmic fluctuations in heart rate (HR) throughout the
respiratory cycle. HR increases during inspiration and de-
creases during expiration. RSA, as a component of Heart
Rate Variability (HRV), is regarded as an indicator of auto-
nomic homeostasis and adaptability [4]. However, despite
numerous studies on this subject, much remains unknown
regarding the relationship between specific respiratory
strategies and RSA [5].

HRV measurements encompass both time and frequency
domain variables. Frequency domain HRV metrics include
low frequency power (LF), high frequency power (HF),
normalized low frequency power (LFn), normalized high
frequency power (HFn), and the LF/HF ratio. In healthy
adults, the typical resting breathing rate ranges from 9 to 24
breaths per minute [3]. Respiratory sinus arrhythmia (RSA),
which is modulated by the parasympathetic nervous system
(PNS), occurs within the high-frequency range of 0.15-0.4
Hz [6, 7, 8]. LF serves as a marker of the cardiac sympathet-
ic nervous system (SNS) [8, 9]; however, some studies have
not been able to confirm this association [10, 11]. Several
studies have suggested that LF is likely influenced by both
the SNS and PNS, as well as baroreflex modulation of auto-
nomic flows [11-14].

Previously, the LF/HF ratio was considered an indicator
of cardiac autonomic balance, where an increase in the ra-
tio indicated SNS dominance, and a decrease indicated PNS
dominance [8]. However, recent studies have demonstrat-
ed that the LF/HF ratio may not necessarily reflect SNS or
PNS influence [6, 13, 15]. The LF/HF ratio is influenced by
various factors, including vagal activity, SNS activity, and re-
spiratory parameters [13, 14], and its interpretation should
take into account the individual variations of LF and HF
components of heart rate variability [13].

The objective of the study was to identify predictors as-
sociated with the modulation of sympathovagal balance, as
expressed by the LF/HF index, utilizing respiratory pattern
parameters recorded during abdominal breathing.

Material and methods

The study was conducted on a group of 101 subjects
from March 2017 to February 2019 at the Department of

Human Physiology and Biophysics, Nicolae Testemitanu
State University of Medicine and Pharmacy. The average
age of the individuals included in the study was 33.5 years
(ranging from 19 to 60 years old). Subjects with pulmonary
and cardiac pathologies were excluded.

All participants signed an informed agreement to be
included in this study, which was approved by the Ethical
Committee of Nicolae Testemitanu State University of Med-
icine and Pharmacy, with minutes no. 15 dated 11.01.2016.

The recording of breathing patterns was performed us-
ing a respiratory induction plethysmograph (RIP) VISURE-
SP (RBI instruments, France) to measure movements of the
abdomen and thorax [16]. Additionally, the capnograph
CapnoStreamTM 20 (Medtronic, USA) was used to record
the partial pressure of CO2 in the expired air at the end of
expiration (etCO2). The respiratory parameters measured
included tidal volumes (Vt), the duration of the respiratory
cycle (Tt), respiratory frequency (FR), inspiratory time (Ti),
expiratory time (Te), average inspiratory flow (Vt/Ti), re-
spiratory minute volume (MVR), and etCO2. The recording
of ECG signals was performed using the computer system
Biopac MP-100. The data processing was conducted using
the software Kubios HRV Standard (version 3.2.0, 2019),
with manual removal of artifacts. The spectral analysis of
the RR interval variation involved calculating the power of
the components: LF (low frequency power, in ms?) in the
0.04-0.15 Hz range, and HF (high frequency power, in ms?)
in the > 0.15 Hz range.

The experimental protocol included recording the respi-
ratory signals and ECG in a supine position. During the re-
cording, the subjects were asked to breathe quietly, not talk,
and avoid additional movements.

1. Resting period (RR) - for 5 minutes in physical, men-
tal, and emotional rest periods (the first minute
was excluded from calculations to exclude artifacts
obtained from the application and accommodation
movements of subjects in the device’s jacket).

2. Abdominal respiration (AR) - the subjects used ab-
dominal (diaphragmatic) breathing. To perform this
type of breathing, the movement of the rib cage was
restricted using a chest corset.

The statistical analysis included descriptive statistics,
multivariate statistics (ANOVA), and regression analysis.
The analysis was performed using IBM SPSS Statistics ver-
sion 22.0 software (Statistical Package for the Social Scienc-
es 22.0, IBM Corp., Armonk, NY, USA).

Results

Our study utilized seven parameters of the breathing pat-
tern as presumed predictors of the LF/HF ratio. These param-
eters were recorded during resting breathing and abdominal
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breathing in the subjects. We developed predictive models
for each type of breathing, incorporating these parameters.
Resting respiration. The descriptive analysis of the re-
search group, subjected to statistical analysis (Table 1), re-
vealed the following findings:
= Tidal volume: The tidal volume ranged from 0.27 1 to
0.66 1, with an average of 0.466 1. The standard devi-
ation was 0.1012;
= Inspiratory time at rest: The inspiratory time varied
between 1.15 s and 2.41 s, with an average of approx-
imately 1.64 s. The standard deviation was 0.3555;
= Duration of free expiration: The duration of free expi-
ration ranged from 1.14 s to 4.64 s. The average dura-
tion was 4.64 s, with a standard deviation of 0.8714;
= Total duration of respiratory cycle: The total duration
of the respiratory cycle ranged from 2.32 s to 7.05 s.
The mean duration was 4.06 s, with a standard devi-
ation of 1.17 s;
= Vt/Ti ratio: The Vt/Ti ratio varied between 0.20 1/s
and 0.39 1/s. The mean value was 0.287, with a stan-
dard deviation of 0.055;
= Respiratory volume per minute: At rest, the respira-
tory volume per minute oscillated between 4.49 1 and
10.16 1, with a respiratory rate ranging from 8.50 ¢/
min to 24.53 c¢/min. The average minute respiratory
volume was 7,094 1/min, with a standard deviation
of 1,591 1;
= Respiratory rate: The average respiratory rate at rest
was 15.9 ¢/min, with a standard deviation of 4.2;
= LF/HF index: At rest, the LF/HF index ranged from
0.18 to 5.80. However, the average LF/HF index was
1.066, with a standard deviation of 1.4459.

Table 1. Descriptive statistics of researched group in resting period.

N Minimum  Maximum Mean Std. deviation
Vt 15 .27 .66 4667 10123
Ti 15 1.15 241 1.6383 .35553
Te 15 1.14 4.64 24211 .87141
Tt 15 2.32 7.05 4.0593 1.17248
Vt/Ti 15 .20 .39 .2872 .05579
MVR 15 4.49 10.16 7.0935 1.59086
FR 15 8.50 24.53 15.9162 4.20697
cC 15 .70 1.15 .8827 14144
LF/HF 15 .18 5.80 1.0662 1.44592

Note: Vt - tidal volume; Ti - duration of inspiration; Te - duration of
expiration; Tt - duration of respiratory cycle; Ti/Tt - ratio of inspiration
in respiratory cycle; Vt/Ti - inspiratory flow; MVR - respiratory minute
volume; FR - breathing rate; CC - duration of cardiac cycle; LF/HF - ratio
of low frequency power to high frequency power of HRV.

The possible complex interactions between the mea-
sured factors argued for the need for multivariate analysis.
Consequently, a model (RR model) was developed with the
objective of predicting the balance between sympathetic
and parasympathetic activity based on the LF/HF ratio. The
model incorporated the standardized values of tidal vol-
ume, total respiratory cycle time, respiratory frequency, and
minute respiratory volume as predictors (Table 2).
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Table 2. Model summary for RR model.

R Adjusted R Std. error of the
Model .
squared squared estimate
.880 .75 .684 56170691

Predictors: (Constant), Zscore (Tt), Zscore (Vt), Zscore (FR), Zscore (MVR)
Dependent variable: Zscore (LF/HF)

Note: Zscore (LF/HF) - standardized score of the ratio of low frequency
power to high frequency power of HRV; Zscore (Tt) - standardized score
of the duration of respiratory cycle; Zscore (Vt) - standardized score of
the tidal volume; Zscore (FR) - standardized score of the breathing rate;
Zscore (MVR) - standardized score of respiratory minute volume.

The multivariate analysis conducted on the resting values
was able to explain 68.4% of the changes in LF/HF balance.
The coefficient of determination (Adjusted R Square) was
0.684, indicating that the proposed model accounted for a
significant portion of the variance in the LF/HF variable for
resting breathing. The sum of squares was 10,845 out of a
possible 14,000, further supporting the model’s ability to ex-
plain more than two-thirds of the variance. The null hypothe-
sis, which states that no parameter included in the model can
predict the LF/HF value for resting breaths better than an ar-
bitrary model, was rejected. This rejection was based on the
statistical test result (F =8.593, p = 0.003) as shown in Table 3.

Table 3. ANOVA test in RR model.

Model Sum of squares df Mean square F Sig.
Regression 10.845 4 2.711 8.593 .003
Residual 3.155 10 316

Total 14.000 14

Dependent variable: Zscore (LF/HF)

Predictors: (Constant), Zscore (Tt), Zscore (Vt), Zscore (FR), Zscore
(MVR)

Note: df - degrees of freedom; F - Fisher’s coefficient; Zscore (LF/HF) -
standardized score of the ratio of low frequency power to high frequency
power of HRV; Zscore (Tt) - standardized score of the duration of
respiratory cycle; Zscore (Vt) - standardized score of the tidal volume;
Zscore (FR) - standardized score of the breathing rate; Zscore (MVR) -
standardized score of the respiratory minute volume.

When developing the model, the Backward method was
used. Initially, all potential variables were included in the
model, and then insignificant parameters were systemati-
cally excluded until only the optimal combination of vari-
ables remained to form the regression equation and predict
the studied outcome. The resulting model, presented in Ta-
ble 4, included the constant (B = 3.310E-15, p = 1.000) and
the standardized values of MVR (B = 1.731, p = 0.040), FR
(B=1.379, p = 0.049), Vt (B =-1.622, p = 0.062), and Tt (B
= 3.580, p < 0.001). The final model requires attention and
possible improvements because it did not include the con-
stant, which is very close to 0. Additionally, the standard-
ized value of Vt was found to be insignificant in this case,
as its confidence interval included the value of 0. Therefore,
further refinement of the model is necessary.

Based on the model, it was determined that the resting
LF/HF value can be predicted using the following equation:
LF/HF in resting breathing = Zscore (MVR) x 1.731 + Zscore
(FR) x 1.379 - Zscore (Vt) x 1.622 + Zscore (Tt) x 3.580.
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Table 4. Coefficients of predictors in RR model.
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Unstandardized coefficients

Standardized coefficients

95.0% confidence interval for B

Model t Sig.

B Std. error Beta Lower bound Upper bound
(Constant) 3.310E-15 145 .000 1.000 -.323 323
Zscore (MVR) 1.731 733 1.731 2.363 .040 .099 3.363
Zscore (FR) 1.379 .614 1.379 2.246 .049 011 2.747
Zscore (Vt) -1.622 771 -1.622 -2.105 .062 -3.340 .095
Zscore (Tt) 3.580 703 3.580 5.090 .000 2.012 5.147

Dependent variable: Zscore (LF/HF)

Note: Zscore (Tt) - standardized score of the duration of respiratory cycle; Zscore (Vt) - standardized score of the tidal volume; Zscore (FR) - standardized
score of the breathing rate; Zscore (MVR) - standardized score of the respiratory minute volume; Zscore (LF/HF) - standardized score of the ratio of low

frequency power to high frequency power of HRV.

The necessary conditions for linear regression residuals
were met by the developed model. The analysis demonstrat-
ed an almost normal distribution of residuals and a lack of
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standardized residuals (Fig. 1). Taken together, these find-
ings allow us to consider the model suitable.
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Fig. 1 Histogram (left) and scatterplot (right) of standardized residuals in RR model.

The histogram displays the frequency distribution of residuals. The scatterplot of standardized residuals against standardized predicted

values indicates the absence of collinearity.

Abdominal respiration. The effects of physiological pa-
rameters recorded during the functional abdominal breath-
ing test were considered as predictors of the LF/HF ratio. To
investigate these relationships, an additional model was de-
veloped, incorporating the values obtained during resting
breathing as well as the newly recorded parameters during
abdominal breathing.

The current volume observed in individuals practicing
abdominal breathing ranged from 0.37 to 0.64 liters, with
an average of 0.496 liters and a standard deviation of 0.085.
The duration of inspiration varied from 1.16 to 2.28 sec-
onds, with a mean of 1.68 seconds and a standard devia-
tion of 0.337 seconds. Expiration, on the other hand, had a
longer duration than inspiration, ranging from 1.67 to 3.27
seconds. The mean duration of expiration was 2.58 seconds
with a standard deviation of 0.43 seconds. The total time of
a respiratory cycle ranged from 3.09 to 5.31 seconds, with
an average of 4.26 seconds and a standard deviation of 0.67
seconds.

The minute ventilation rate (MVR) measured in the
study participants varied between 5.1 and 9.93 liters per
minute, with an average of 7.1 liters per minute and a stan-

dard deviation of 1.4 liters per minute. Respiratory frequen-
cy among patients practicing abdominal breathing ranged
from 11.3 to 19.4 breaths per minute, with an average of
14.42 breaths per minute and a standard deviation of 2.34
breaths per minute.

The dependent variable in the current study exhibited
an equal ratio ranging from 0.11 to 1.13, with a mean of 0.41
and a standard deviation of 0.24.

The current predictive model aimed to investigate the
impact of the measured parameters on the balance between
sympathetic and parasympathetic activity, as assessed by
the LF/HF ratio, in individuals practicing abdominal breath-
ing. This investigation was conducted using multivariate
analysis. The predictive potential of standardized scores for
tidal volume, inspiratory and expiratory time, total duration
of the respiratory cycle, minute respiratory volume, respi-
ratory rate, and heart rate was evaluated. These measure-
ments were taken at rest and during abdominal breathing
(Table 6).

The coefficient of determination (Adjusted R-squared)
is 0.61, indicating that the developed model explains more
than three-fourths of the variance in the variable of interest,
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which is the balance between sympathetic and parasym-
pathetic activity assessed based on the LF/HF ratio in ab-
dominal breathers. The sum of squares was 12.052 out of a
possible 14. The null hypothesis, which states that none of
the parameters included in the model can predict the bal-
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ance between sympathetic and parasympathetic activity
assessed based on the LF/HF ratio in people with abdom-
inal breathing, was not rejected (F = 3.437, p = 0.094). The
Fisher test was statistically insignificant.

Table 5. Descriptive statistics of researched group in resting period and abdominal breathing.

N Minimum Maximum Mean Std. deviation
VtB 15 .27 .66 4667 10123
TiB 15 1.15 2.41 1.6383 .35553
TeB 15 1.14 4.64 24211 .87141
TtB 15 2.32 7.05 4.0593 1.17248
MVRB 15 4.49 10.16 7.0935 1.59086
FRB 15 8.50 24.53 15.9162 4.20697
CCB 15 .70 1.15 .8827 14144
LF/HFB 15 .18 5.80 1.0662 1.44592
Vt 15 .37 .64 4959 .08540
Ti 15 1.16 2.28 1.6800 .33696
Te 15 1.67 3.27 2.5829 43274
Tt 15 3.09 531 4.2622 67374
MVR 15 5.10 9.93 7.1024 1.47426
FR 15 11.30 19.40 14.4200 2.33703
cC 15 .72 1.10 .8640 11783
LF/HF 15 11 1.13 4184 24757

Note: VtB - tidal volume; TiB - duration of inspiration; TeB - duration of expiration; TtB - duration of the respiratory cycle; MVRB - respiratory minute
volume; FRB - breathing rate; CCB - duration of the cardiac cycle; LF/HFB - ratio of low frequency power to high frequency, all recorded in breathing at rest.
Vt - tidal volume; Ti - duration of inspiration; Te - duration of expiration; Tt - duration of respiratory cycle; MVR - respiratory minute volume; FR - breathing
rate; CC - duration of cardiac cycle; LF/HF - ratio of low frequency power to high frequency, all recorded in abdominal respiration.

Table 6. Model summary for AR model.

Model R R squared Adjusted R squared Std. error of the estimate
0.928 0.861 0.610 0.62418749

Predictors: (Constant), Zscore (CC), Zscore (LF/HFB), Zscore (MVRB), Zscore (Te), Zscore (Ti), Zscore (TeB), Zscore (VtB), Zscore (FR), Zscore (Vt)

Dependent variable: Zscore (LF/HF)

Note: Zscore (CC) - standardized score of the duration of cardiac cycle; Zscore (LF/HFB) - standardized score of the ratio of low frequency power to high
frequency; Zscore (MVRB) - standardized score of the respiratory minute volume; Zscore (Te) - standardized score of the duration of expiration; Zscore (Ti)
- standardized score of the duration of inspiration; Zscore (TeB) - standardized score of the duration of expiration; Zscore (VtB) - standardized score of the

tidal volume; Zscore (FR) - standardized score of the breathing rate; Zscore (Vt) - standardized score of the tidal volume.

Table 7. ANOVA test in AR model.

Sum of Mean

Model df F Sig.
squares square

Regression 12.052 9 1.339 3.437 .094

Residual 1.948 5 .390

Total 14.000 14

Dependent variable: Zscore (LF/HF)

Predictors: (Constant), Zscore (CC), Zscore (LF/HFB), Zscore (MVRB),
Zscore (Te), Zscore (Ti), Zscore (TeB), Zscore (VtB), Zscore (FR), Zscore (Vt)

Note: df - degrees of freedom; F - Fisher’s coefficient; Zscore (LF/HF) -
standardized score of the ratio of low frequency power to high frequency
power of HRV; Zscore (CC) - standardized score of the duration of cardiac
cycle; Zscore (MVRB) - standardized score of the respiratory minute
volume; Zscore (Te) - standardized score of the duration of expiration;
Zscore (Ti) - standardized score of the duration of inspiration; Zscore
(TeB) - standardized score of the duration of expiration; Zscore (VtB) -
standardized score of the tidal volume; Zscore (FR) - standardized score
of the breathing rate; Zscore (Vt) - standardized score of the tidal volume.

The coefficient of determination was significantly re-
duced after adjusting for the larger number of independent

variables included in the prediction model for assessing the
balance of sympathetic and parasympathetic activity based
on the LF/HF ratio in subjects using abdominal respiration.
In order to avoid including ineffective and unnecessary vari-
ables in the calculation model, the Backward method was
also employed. Consequently, the coefficients presented in
Table 8 were obtained.

As shown, the regression model was optimized by in-
cluding constant values and standardized scores of Vt, Te,
MVR, and LF/HF recorded during restful breathing, as well
as standardized values of Vt, Ti, Te, FR, and CC recorded
during abdominal breathing. Among all the variables in-
cluded, the final multiple regression model for this specific
scenario was represented by the equation:

LF/HF in people with abdominal breathing = Zscore
(VtB) x 5.007 - Zscore (TeB) x 3.831 - Zscore (MVRB) x
4.415 + Zscore (LF/HFB) x 1.428 - Zscore (Vt) x 0.728 -
Zscore (Ti) x 4.037 - Zscore (Te) x 4.194 - Zscore (FR) x
5.953 - Zscore (Vt) x 0.705.
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In this final model, there are variables whose predictive
power raises doubts due to statistical insignificance and the
inclusion of the value 0 within the 95% confidence interval.

Table 8. Coefficients of predictors in AR model.
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However, their predictive value can be further explored in
future research involving larger numbers of participants.

Unstandardized coefficients

Standardized

95.0% confidence interval for B

Model coefficients t Sig.
B Std. error Beta Lower bound  Upper bound

(Constant) -4.933E-15 .161 .000 1.000 -414 414
Zscore (VtB) 5.007 1.156 5.007 4.330 .007 2.034 7.979
Zscore (TeB) -3.831 1.087 -3.831 -3.526 .017 -6.624 -1.038
Zscore (MVRB) -4.415 1.116 -4.415 -3.957 011 -7.284 -1.547
Zscore (LF/HFB) 1.428 427 1.428 3.340 .021 329 2.526
Zscore (Vt) -728 .360 -.728 -2.023 .099 -1.653 197
Zscore (Ti) -4.037 1.097 -4.037 -3.681 .014 -6.856 -1.218
Zscore (Te) -4.194 1.237 -4.194 -3.391 .019 -7.374 -1.014
Zscore (FR) -5.953 1.815 -5.953 -3.280 .022 -10.617 -1.288
Zscore (CC) -705 .283 -.705 -2.492 .055 -1.431 .022

Dependent variable: Zscore (LF/HF)

Note: Zscore (VtB) - standardized score of the tidal volume in RR; Zscore (TeB) - standardized score of the duration of expiration; Zscore (MVRB) -
standardized score of the respiratory minute volume; Zscore (LF/HFB) - standardized score of the ratio of low frequency power to high frequency;.Zscore
(Te) - standardized score of the duration of expiration; Zscore (Ti) - standardized score of the duration of inspiration; Zscore (FR) - standardized score of
the breathing rate; Zscore (Vt) - standardized score of the tidal volume; Zscore (CC) - standardized score of the duration of cardiac cycle.
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Fig 2. Histogram (left) and scatterplot (right) of standardized residuals in AR model.

The histogram displays the frequency distribution of residuals. The scatterplot of standardized residuals against standardized predicted

values reveals no collinearity.

The residuals of the linear regression model satisfied the
necessary conditions. The observed distribution exhibited
a slight right skewness and a random scatter without any
discernible pattern (Fig. 2). These characteristics indicate
that the developed model is optimal for predicting LF/HF
in individuals with abdominal breathing based on the pro-
vided data.

Discussion

The present study documents that PR parameters, mea-
sured during both resting breathing and abdominal breath-
ing, can predict sympathovagal modulation in healthy indi-
viduals undergoing breathing pattern re-education. Based
on the obtained results, we determined that Vt has the
greatest predictive power for assessing the balance between
sympathetic and parasympathetic activity, as measured by

the LF/HF ratio in individuals practicing abdominal breath-
ing. The unstandardized coefficient for Vt is 5.007, followed
by Te (B = -3.831) and MVR (B = 4.415), both measured
during resting breathing. Consequently, we can predict that
decreasing Vt or increasing MVR during resting breathing
may lead to a reduction in the LF/HF ratio during abdomi-
nal breathing. This can be explained by an accentuation of
parasympathetic influences and a decrease in sympathetic
influences. However, these findings are not immediately
evident due to the general lack of change in HRV. Further
studies incorporating longer periods of abdominal breath-
ing may reveal more pronounced alterations in HRV.

The LF/HF ratio observed during the abdominal breath-
ing pattern can also be predicted by the PR parameters
measured during abdominal breathing. The most effective
predictors are found to be the PR time parameters, includ-
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ing the frequency of breathing in the abdominal breathing
pattern (FR) with a coefficient of -5.953, the duration of the
inspiratory phase (Ti) with B = -4.037, and the duration of
the expiratory phase (Te) with B = -4.194. Increasing FR
along with an increase in Ti or increasing FR along with an
increase in Te would lead to a reduction in the LF/HF ratio,
thereby improving the sympathovagal balance.

Therefore, we can assume that individuals with higher
MVR at rest and correspondingly higher frequency in ab-
dominal breathing may experience a decrease in the sym-
pathovagal balance during abdominal breathing.

In conclusion, by modulating these two parameters of
the breathing pattern, namely MVR at rest and the total du-
ration of a respiratory cycle (which influences the frequency
of breathing), during normal breathing in healthy individu-
als, we can potentially enhance the sympathovagal balance.

Conclusions

The statistical analysis data presented in this study en-
able us to propose a hypothesis that certain volume and
time parameters of the breathing pattern have the potential
to predict changes in the ratio between sympathetic and va-
gal tone of the heart. Specifically, abdominal breathing has
shown the ability to restore or normalize the sympathova-
gal balance by modulating the duration of inspiration or ex-
piration.

To gain a deeper understanding of the practical applica-
tions of breathing pattern parameters in restoring the LF/
HF ratio, particularly in disorders characterized by an ele-
vated sympathovagal balance
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The impact of imuheptin and imupurin on cytokine profile
and antioxidant status in rat model of inflammation
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ABSTRACT

Introduction. Insects, throughout evolution, have developed a huge arsenal of active compounds, which they use to defend
themselves against enemies and diseases, at the same time in recent years insects have shown great interest as a source
of food rich in biologically active substances. Research in recent decades has shown that insects produce a variety of
proteins and peptides with antibacterial, antifungal, antiviral, immunomodulatory, anti-inflammatory, antioxidant, antitu-
mor, hepatoprotective, antithrombotic, antihypertensive and detoxifying activity during or after contact with the microbial
agent or unfavourable factor.

Material and methods. The anti-inflammatory effect of imuheptin and imupurin was investigated in a rat model of sub-
acute inflammation induced by subcutaneous implantation of felt discs. The intensity of the exudative and proliferative
phase of inflammation, cytokine profile (TNFalpha, IL-6, IL-10), ceruloplasmin and antioxidant enzymes (superoxide dis-
mutase, catalase, glutathione reductase, glutathione peroxidase and glutathione-S-transferase) in the serum of rats were
evaluated.

Results. Imuheptin and imupurin reduced the level of pro-inflammatory cytokines (TNF-alpha, IL-6) and increased that
of the anti-inflammatory cytokine (IL-10), as well as ceruloplasmin, glutathione reductase and glutathione peroxidase
in subacute inflammation. Additionally, imupurin significantly increased the level of catalase and imuheptin that of glu-
tathione-S-transferase.

Conclusions. Imuheptin and imupurin determined a moderate effect of inhibiting the exudative and proliferative process-
es, compared to the reference preparation - dexamethasone, but with a favourable effect on the cytokine profile, decreasing
the level of pro-inflammatory cytokines (TNF-alpha, IL-6) and increasing the level the anti-inflammatory one (IL-10), as
well as the modulation of antioxidant enzyme activity.
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Preparations of entomological origin (imuheptin and imupurin)
through the content of biologically active substances will improve
the evolution of the inflammatory process and restore the imbal-
ance of the pro- and antioxidant systems in rat model of felt-pel-
let-induced granuloma formation.
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The novelty added by manuscript to the already published scientific literature
The ability of imuheptin and imupurin to reduce the level of pro-inflammatory cytokines and increase the level of IL-10 with
anti-inflammatory functions, as well as to modulate the activity of antioxidant enzymes in subacute inflammation was revealed.

Introduction

The current arsenal of preparations for the treatment
of inflammatory processes consists of non-steroidal, steroi-
dal, and disease-modifying antirheumatic drugs (DMARDs)
with good efficacy, but safety issues require the research of
new substances with anti-inflammatory properties, possi-
bly with different mechanisms and increased safety profiles.
Currently, there is a varied and documented basis of meth-
odological recommendations for the in vitro and in vivo
study of the anti-inflammatory properties of new substanc-
es that allow determining the influence of the investigated
substances on inflammatory processes with the elucidation
of the mechanisms and peculiarities of action [1-4].

Insects have become an object of research due to their
ability to survive in adverse environmental conditions, in-
cluding infectious factors and those that produce inflam-
matory processes. Bioactive compounds such as phenols,
flavonoids, terpenes, saponins, sugars, alkaloids, glycosides
and fatty acids, identified in a wide variety of insects, have
demonstrated biological properties including antioxidant,
anti-inflammatory, antiproliferative, cytotoxic, analgesic,
immunomodulatory, antidiabetic, cardioprotective, antihy-
pertensive, antimicrobial properties. Analysis of literature
data demonstrated that a number of extracts, peptides, and
synthetic analogues exhibite anti-inflammatory properties
[5-8].

Previous preclinical and clinical studies of preparations
of entomological origin obtained from Lymantria dispar at
different stages of development (entoheptin, imuheptin,
imupurin, adenoprosine) have shown hepatoprotective,
immunomodulatory, anti-inflammatory properties [9, 10].
The purpose of the study was to determine the influence of
preparations of entomological origin (imuheptin and imu-
purin) on the exudative and proliferative processes of suba-
cute inflammation.

Materials and methods

This experimental study was conducted in the Depart-
ment of Pharmacology and Clinical Pharmacology and the
Biochemistry Scientific Laboratory of Nicolae Testemitanu
State University of Medicine and Pharmacy. Albino rats were
purchased from the Animal House of Nicolae Testemitanu
State University of Medicine and Pharmacy. The animals
were allowed standard access to food and water. Rats were
housed at room temperature under conditions of 12 h of
light and 12 h of dark. The experimental procedures involv-
ing rats were approved by the Research Ethics Committee of
Nicolae Testemitanu State University of Medicine and Phar-
macy, Minutes No. 78 from 22.06.2015. The entomological
preparations obtained from insects of the order Lepidop-

tera, the genus Lymantria at the pupal stage (imupurin) and
at the egg and pupae stage (imuheptin) were produced by
Arena Group SA, Romania. Dexamethasone was purchased
from KRKA d.d., Slovenia.

Adult male Wistar rats (180-330 g) were used for the
study. They were randomly divided into the following
groups: intact (n=8) - no manipulations, only saline (0.9%
NacCl) solution intraperitoneally was administered; control
(n=6) - felt pellets were implanted, saline (0.9% NaCl) solu-
tion intraperitoneally was administered; standard (n=9) -
felt pellets were implanted, the steroid anti-inflammatory
drug dexamethasone was administered; treatment 1 (n=7) -
imuheptin was administered; treatment 2 (n=9) - imupurin
was administered. In all animals, except intact group, sub-
acute inflammation was induced by implanting felt pellets,
weighing 26+1 mg, in the groin region of the animal’s body
on the right and left sides (1st day). The intervention was
performed in aseptic conditions, under general anaesthesia
with sodium thiopental (50 mg/kg intraperitoneally). Sub-
stances of entomological origin (imuheptin, imupurin) were
administered daily internally for seven days, in doses of 500
mg/kg, dexamethasone (the reference preparation) - in a
dose of 2.5 mg/kg intraperitoneally. On the 8th day, under
general anaesthesia, the pellets were extracted together
with the formed granulation tissue, weighed wet, and then
dried at 60°C to constant weight.

The degree of the exudative reaction was assessed cal-
culating the difference between the weight of the wet and
the dry granuloma, and the percentage of inhibition of the
exudative phase. Proliferative reaction was evaluated calcu-
lating the difference between the weight of the dry granu-
loma formed and the initial weight of the pellet, as well as
the percentage of inhibition of the proliferative phase. To
calculate the percentage of inhibition of the exudative and
proliferative phases, the formula was used:

Pi (1 Mt ) 100
= _— *
' Mm
where: Pi - the percentage of inhibition;
Mt - wet/dry weight of granuloma in treated group;
Mm - wet/dry weight of granuloma in control group [1, 3].

The level of TNF-a, IL-6 and IL-10 was determined in the
serum of rats by the ELISA method, using Invitrogen Kits,
ThermoFisher Scientific Inc, USA. The activity of catalase,
superoxide dismutase (SOD), glutathione reductase (GR),
glutathione peroxidase (GPO), glutathione-S-transferase
(GST) and ceruloplasmin (CP) was determined according to
the methods described by Gudumac V. et al. [11, 12].
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Statistical analysis: The results were statistically pro-
cessed using the functions of the computer program SPSS
(version 25.0) and the basic indicators of descriptive statis-
tics were determined - mean and standard deviation. The
differences between the groups were analyzed using One
-Way ANOVA, followed by post hoc Bonferonni test. The sig-
nificance threshold set was for the 95% confidence interval.

Results

The data presented in table 1 showed that the initial
weight of subcutaneously implanted felt pellets was almost
identical in all groups. After extracting the pellets with the
granuloma formed around them, it was found that their
weight increased significantly in all groups, which proves
the development of the inflammatory process. Thus, the
wet granuloma weight in the control group was 315.1+32.0
mg (increased 11.2 times), in the dexamethasone group
196.1+£10.0 mg (increased 7 times), in the imuheptin group
273.1+x24.2 mg (increased 9.7 times), and with imupurin
267.5+34.4 mg (increased 9.5 times). Thus, we can state that
the implantation of the felt pellets caused a marked exuda-
tive inflammatory reaction. In order to assess the influence
of the investigated preparations on the exudative phase, the
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percentage of inhibition was calculated (tab. 1). Dexameth-
asone caused an inhibition of the exudative process by 38%,
imuheptin by 13%, and imupurin by 15%. The analysis of
the weight of the dry granuloma revealed that in the control
group, it was 90.4+12.0 mg or 3.2 times higher than the in-
itial weight of implanted pellet, which reveals the presence
of a marked proliferative process. In the group treated with
dexamethasone, the dry granuloma weight was 49.9+6.1mg
or 1.8 times higher than the initial weight, but significantly
reduced compared to the control group. In the group treat-
ed with imuheptin, the weight of the dry granuloma was
73.4+10.7 mg or 2.6 times higher than the initial one, and
in the group with imupurin 73.0+16.7 mg or 2.6 times high-
er. The intensity of the proliferative process was analyzed,
calculating the percentage of inhibition, which for dexa-
methasone was 45%, for imuheptin 19% and for imupurin
20%. These data confirm that dexamethasone essentially
reduced the proliferative inflammation, and preparations
of entomological origin showed a moderate effect. Based on
the results obtained, we can conclude that dexamethasone
effectively inhibited the exudative and proliferative phases
in subacute inflammation, and the entomological prepara-
tions mainly decreased the proliferative phase.

Table 1. The effects of imuheptin and imupurin on the exudative and proliferative phase of subacute inflammation in rats

The percentage of The percentage

Treatment Initial weight of Wet inhibition of exudative D.r y of inhibition of
pellets weight weight . .
phase proliferative
Control, saline solution 28.1+0.4 315.1+32.0 90.4+12.0
Dexamethasone 2.5mg/kg 28.1+0.9 196.1+10.0* 38% 49.9+6.4* 45%
Imuheptin 500 mg/kg 28.1+1.0 273.1+£24.2 13% 73.4+10.7 19%
Imupurin 500 mg/kg 28.2+0.9 267.5+34.4 15% 73.0+16.7 20%

Note: Values expressed as mean # SD, SD - standard deviation; the results were analyzed using Oneway ANOVA followed by Bonferroni multiple comparison

test; *- P < 0.05 was used to indicate statistical significance when compared to control

At the same time, in the control group with subacute
inflammation, the level of TNF-alpha increased compared
to the intact group (48.68+10.77 pg/ml) and constituted -
72.67+20.19 pg/ml (P1-2<0.05); increased IL-6 level was
observed - 37.57+1.69 pg/ml (P1-2<0.05) compared to the
control group (33.75+0.57 pg/ml); as well as the decrease
in IL-10 content - 15.28+2.36 pg/ml (P1-2<0.05) compared
to the control group, where the level was 32.35+13.39 pg/
ml (table 2). Dexamethasone caused a significant decrease
in TNF-alpha level and IL-6 level, also slightly increased the

IL-10 level. Preparations of entomological origin decreased
the level of TNF-alpha and that of IL-6. Imuheptin, and es-
pecially imupurin, increased the content of IL-10, a cytokine
with anti-inflammatory properties, compared to the con-
trol group (table 2). Thus, the steroid anti-inflammatory
mainly decreased the level of pro-inflammatory cytokines
(TNF-alpha, IL-6), and preparations of entomological origin
restored the ratio between pro-inflammatory (TNF-alpha,
IL-6) and anti-inflammatory (IL-10) cytokines.

Table 2. The influence of imuheptin and imupurin on cytokines and ceruloplasmin level in rats serum with felt-pellets induced granuloma

Treatment TNF - alpha, IL-6, IL-10, CP,
pg/ml pg /ml pg /ml mg/L
Intact . 48.7+10.8 33.7£0.6 32.3+13.4 470.4£87.0
(no pellets were implanted)
Control, saline solution 72.7+20.2 5§ 37.6+1.7% 15.3+2.4 % 390.7+78.9
Dexamethasone 2.5 mg/kg 43.3+£6.5% 34.2+1.4% 21.2+5.6% 323.8+42.5%
Imuheptin 500 mg/kg 46.1+£10.9* 35.1+1.5% 23.316.6 539.7+68.5% /**
Imupurin 500 mg/kg 46.2+12.9* 34.1+1.0% 27.4+4.2% 501.5+66.4*/%*

Note: Values expressed as mean+SD, SD - standard deviation; the results were analyzed using One Way ANOVA followed by Bonferroni multiple
comparison test; TNF alpha - tumour necrosis factor alpha ; IL - interleukin; CP - ceruloplasmin; % - P<0.05 was used to indicate statistical significance
when compared to intact group; * - P<0.05 was used to indicate statistical significance when compared to control group; ** - P<0.05 was used to indicate

statistical significance when compared to dexamethasone group.
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In felt-pellets-induced granuloma, a decrease in the level
of ceruloplasmin was found - from 470.41+87.0 in the intact
group to 390.68+78.96 mg/L (P>0.05) in the control group.
Dexamethasone caused an even more pronounced reduction
in ceruloplasmin levels. Imuheptin and imupurin significant-
ly increased the content of ceruloplasmin compared to the
control group with subacute inflammation (table 2). Withal,
a tendency to decrease the activity of catalase, SOD and GPO
and to increase GR was found in the control group, without
essential changes in GST. Dexamethasone virtually restored
the activity of catalase and SOD, the level of these enzymes
being comparable to that of the intact group, and increased
the activity of enzymes of the glutathione system (GR, GPO,
GST). Imuheptin, administered to animals with inflamma-
tion, reduced SOD activity and restored catalase activity com-
pared with the control group, and increased GR, GPO and GST
activity. Compared to the control group, imupurin increased
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the activity of catalase and decreased that of SOD and GST,
simultaneously increasing GR and GPO levels (table 3).

Discussion

The screening of the anti-inflammatory properties in
the previous research, namely formaldehyde-induced paw
oedema allowed us to find that the drugs of entomological
origin (entoheptin, imuheptin, imupurin) do not prevent in-
flammation but had an anti-inflammatory activity compara-
ble to that of diclofenac. The comparative analysis between
the anti-inflammatory potential of entoheptin, imuheptin,
imupurin and diclofenac revealed that entoheptin possess-
es the strongest anti-inflammatory activity, achieving com-
plete healing in 48 hours, followed by diclofenac and imu-
heptin. Imupurin showed the weakest anti-inflammatory
action, but it was more intense than in the group of untreat-
ed animals [9, 10].

Table 3. The influence of imuheptin and imupurin on antioxidant enzymes in rats serum with felt-pellets induced granuloma

Treatment Catalase GR, GPO, GST,
uM/s.L nM/s.L nM/s.L nM/s.L
Intact (no pellets were implanted) 19.7£1.7 918.1+45.7 64.8+18.9 430.8490.3 24.5+12.9
Control, saline solution 15.9+3.2 905.3+49.2 80.4+21.9 380.3+42.3 24.8+10.3
Dexamethasone 2.5 mg/kg 18.3+2.4 944.9+79.3 99.2+33.5 531.7+116.8 50.2+13.4%/"
Imuheptin 500 mg/kg 20.4x2.9 865.0+96.6 127.6£21.7% 551.8+96.8" 34.3+8.2
Imupurin 500 mg/kg 31.8+9.5%/7" 888.9+135.9 150.8+65.7%/ 535.5+100.6 21.1+9.5"

Note: Values expressed as mean*SD, SD - standard deviation; the results were analyzed using One Way ANOVA followed by Bonferroni multiple comparison
test; SOD - superoxide dismutase; GR - glutathione reductase; GPO - glutathione peroxidase; GST - glutathione-S-transferase; 8 - P<0.05 was used to indicate
statistical significance when compared to intact group; * - P<0.05 was used to indicate statistical significance when compared to control group; ** - P<0.05
was used to indicate statistical significance when compared to dexamethasone group.

Insects include the largest number of species and play an
important role in the terrestrial ecosystem and have been
considered a useful natural resource as food, especially due
to their protein and fatty acids. Some studies have shown
that insects not only have a high protein content, but mi-
cronutrients and bioactive peptides with various pharma-
cological effects, including anti-inflammatory, antioxidant,
antimicrobial and antitumor activity. Wasps (Vespa orienta-
lis) have a major protein content, and the aqueous extract
of Vespa affinis has demonstrated antioxidant effects by ac-
tivating the antioxidant enzymes glutathione-S-transferase
(GST) and catalase (CAT) [13-16].

Oxidative and inflammatory processes are closely relat-
ed, so antioxidants annihilate free radicals that damage cells
and lead to inflammation. Several studies have shown that
antioxidant and anti-inflammatory peptides have protective
effects against reactive oxygen species (ROS) and can con-
tribute to a significant reduction in oxidative stress levels.
Tenebrio molitor, Schistocerca gregaria and Grylodes sigilla-
tus have been shown to be a rich source of bioactive pep-
tides with antioxidant and anti-inflammatory properties,
which have shown high antiradical activity and an ability to
chelate iron ions and inhibit the activity of lipoxygenase and
cyclooxygenase-2 [16, 17].

Subacute and chronic inflammation is a response to pro-
longed stimulation of proinflammatory factors on tissues
and is characterized by leukocyte infiltration at the site of

inflammation, fibrosis, and granuloma formation. The mech-
anism of chronic inflammation is attributed, in part, to the
release of ROS from activated neutrophils and macrophages,
excessive cytokine production, dysregulation of cell signal-
ling, and loss of barrier function. This overproduction causes
peroxidation of membrane lipids, which leads to tissue dam-
age by damaging macromolecules. ROS cause or extend in-
flammation by stimulating the release of cytokines (IL-1be-
ta, TNF-alpha, INF-alpha), which stimulate the recruitment
of additional neutrophils and macrophages [18].
Subcutaneous implantation of felt pellets causes the for-
mation of granulomatous tissue. This granulomatous tissue
is due to the accumulation of macrophages, neutrophils and
lymphocytes around the foreign particles, followed by the
proliferation of fibroblast cells. The implanted felt pellets
stimulate the immune system to produce interleukins and
antibodies that stimulate the proliferation of lymphocytes
and the accumulation of cells around them. Initially, exuda-
tive processes develop through the transudation of liquid
and a marked increase in the weight of wet felt pellets. Ste-
roidal and nonsteroidal anti-inflammatory drugs are shown
to reduce granuloma size and transudate by inhibiting the
production of proinflammatory mediators (inflammatory
cytokines, leukotrienes, and prostaglandins), inhibiting cell
(leukocyte) infiltration, and preventing fibroblast prolifera-
tion and collagen fibre production and mucopolysaccharide
synthesis. A similar effect was demonstrated by dexameth-
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asone in our study. Imupurin showed a lower ability, com-
pared to dexamethasone, to reduce the exudative and pro-
liferative processes. Possibly, unlike the steroid anti-inflam-
matory, the preparation of entomological origin develops a
slower effect due to its immunotropic properties on cellular
immunity - modulation of T-lymphocytes [18, 19].

Implantation of felt discs causes an exudative and prolif-
erative reaction and an increase in the level of pro-inflam-
matory cytokines TNF-alpha, IL-1beta and IL-6, products
that characterize the function of macrophages (activation,
infiltration). The administration of indomethacin, a non-ste-
roidal anti-inflammatory, causes a decrease in the mass of
the granuloma and the level of IL-6, with an increase in
TNF-alpha, without changing that of IL-1beta [20].

When foreign bodies, such as the implantation of felt
discs, penetrate the skin, the production of nitric oxide oc-
curs under the action of nitric oxide synthase. Subsequently,
the cascade of proinflammatory mediators and cytokines is
activated which includes cyclooxygenase 2, interleukins IL-
1B and IL-6, and TNF-alpha. These pro-inflammatory medi-
ators and cytokines cause the activation of the classical in-
flammatory pathway, nuclear factor NF-kB and mitogen-ac-
tivated protein kinase (MAPK) triggering an uncontrolled
inflammatory response. The use of wasp venom suppressed
the production of nitric oxide and reduced the mRNA ex-
pression of IL-1f, IL-6 and TNF-a [21].

Glucocorticoids (GCs) play an important role in the reg-
ulation of the inflammatory and immune response, acting
on most types of immune cells. Glucocorticoids can: regu-
late the phenotype, survival and functions of monocytes and
macrophages; exhibits anti-apoptotic effects that promote
the survival of anti-inflammatory macrophages; improve the
phagocytic activity of macrophages; stimulates the clearance
of neutrophils; inhibits the release of pro-inflammatory me-
diators (cytokines, chemokines, etc.) and reactive oxygen spe-
cies; regulate the maturation, survival and migration to lymph
nodes and the functionality of dendritic cells. Glucocorticoids
inhibit transcription factors that control the synthesis of
proinflammatory mediators and cells, including macrophag-
es, eosinophils, lymphocytes, mast cells, and dendritic cells.
Another important effect is the inhibition of phospholipase
A2, responsible for the production of pro-inflammatory me-
diators. Glucocorticoids inhibit the genes responsible for the
expression of cyclooxygenase-2, iNOS and proinflammatory
cytokines. Concomitantly, GCs produce an increase in lipocor-
tin and annexin A1, with subsequent reduction in the synthe-
sis of prostaglandins and leukotrienes [22-24].

The plasma level of ceruloplasmin, considered an acute-
phase inflammatory plasma protein, produced predominant-
ly by hepatocytes and activated monocytes and macrophages,
increases in response to inflammation, trauma, or infection.
Ceruloplasmin production by myeloid cells is induced by in-
terferon-y (IFN-y) and tumour necrosis factor-alpha (TNFa).
The ferroxidase activity of ceruloplasmin inhibits the ferrous
ion-mediated production of reactive oxygen species with
the manifestation of antioxidant activity. Ceruloplasmin also
exhibits ferroxidase-dependent bactericidal activity. The in-
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crease in the plasma level of ceruloplasmin during the acute
phase reaction suggests a possible anti-inflammatory func-
tion of the antioxidant, bactericidal and ferroxidase activ-
ity. Ceruloplasmin, due to its antioxidant activity, prevents
the carbonylation of proteins by reactive oxygen species in
inflammatory diseases. The anti-inflammatory action of ce-
ruloplasmin, most likely, is determined by its synthesis by
infiltrated macrophages at the site of inflammation and, less
so, by the modulation of the T-cell response. Thus, the pre-
vention of oxidation and tissue damage can be considered the
basic mechanism of ceruloplasmin, generated by macrophag-
es recruited to the site of inflammation [25].

Most organisms use aerobic cellular respiration to pro-
duce energy for their functioning, but this process is also
accompanied by side effects caused by metabolic products
in the form of free radicals. Living organisms use exogenous
and endogenous antioxidants to defend themselves against
the harmful effects of free radicals, and studies on the antiox-
idant activity of substances of plant, animal, entomological,
or biological origin have captured the interest of researchers
for many years. [26]. Antioxidants are compounds capable
of counteracting the effects of oxidative processes in cells or
exogenous systems, reacting in particular with reactive oxy-
gen or nitrogen species or with other free radicals or unsta-
ble molecules generated during normal metabolic oxidative
reactions. Antioxidant systems include enzymes (SOD, cata-
lase, GP, GR, GST) and non-enzymatic substrates (glutathione,
coenzyme Q, ascorbic acid, retinols, tocopherols, flavonoids,
carotenoids, etc.). Antioxidants are found in products of veg-
etable, animal, or entomological origin, in food supplements.
Antioxidant capacity is the general ability of organisms or
compounds to interact with free radicals and prevent their
harmful effect. The antioxidant effect includes the protection
of cells and cellular structures against the effect of free radi-
cals, especially oxygen and nitrogen [26-28].

The enzymes of glutathione metabolism - glutathione
reductase (GR), glutathione peroxidase (GPO) and glu-
tathione-S-transferase (GST) constitute a group of antiox-
idants that ensure the protection of cells against ROS and
RNS action, also against lipid peroxidation products. The
main role in the degradation of hydroperoxides belongs
to the GPO/GR enzyme system. GR has a variable distribu-
tion in organs and intracellular organelles and ensures the
maintenance of the optimal level of glutathione (GSH) by re-
ducing oxidized GSH (GSSG). The enzyme reduces the need
for the new synthesis of GSH from amino acids. GR function
is in constant correlation with GPO and GST, enzymes that
oxidize GSH in peroxide reduction processes [29, 30].

Glutathione peroxidase catalyzes the cleavage of hydro-
gen peroxide and organic peroxides by using GSH and con-
verting it to GSSG. This enzyme is in competitive relations,
due to its different intracellular localization, with catalase
and SOD in the neutralization of excess hydrogen peroxide
and organic peroxides, which ensures the efficient function-
ing of these enzymes. Glutathione peroxidase in mitochon-
dria and peroxisomes works in tandem with catalase, and
in the cytoplasm with SOD, which ensures, together with
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non-enzymatic antioxidants, the protection of subcellular
structures and the modulation of the oxygen activation pro-
cess by deregulating the formation of the hydroxyl radical
(OHe). Glutathione-S-transferase catalyzes the conjugation
of GSH with electrophilic organic compounds, an important
detoxification reaction of exogenous products and the neu-
tralization of endogenous substances within the physiologi-
cal processes of metabolic waste elimination [29, 30].

Insect antioxidant systems are of crucial importance in
defence mechanisms against xenobiotics that produce en-
dogenous reactive oxygen species (ROS) in insects. Increased
levels of radicals from xenobiotics, such as plant secondary
metabolites, are associated with oxidative stress in the midgut
tissues of lepidopteran larvae. Xenobiotics (prooxidant sub-
stances, heavy metals, pesticides) and their metabolism are
associated with the production of free radicals, which react
with various biomolecules and affect cellular functions. These
radicals are removed by innate antioxidant defence systems,
including antioxidant enzymes and various antioxidant com-
pounds. Deficiency of the antioxidant defence system leads to
increased ROS, which interacts with many cellular biomole-
cules, including proteins, lipids, enzymes, carbohydrates, and
DNA with their damage. Insects, in order to overcome the
toxic effects of SRO, have developed a complex antioxidant
mechanism consisting mainly of the enzymatic action of glu-
tathione peroxidase (GPX), catalase (CAT), superoxide dismu-
tase (SOD), ascorbate peroxidase, and glutathione transferas-
es (GST). In insects, GSTs are involved in the transformation
of many insecticides, and their overexpression is responsible
for the development of resistance against those insecticides.
Glutathione-S-transferases present selenium-independent
glutathione peroxidase activity and can remove highly reac-
tive electrophilic components, lipid hydroperoxides (DAM,
trans-4-hydroxy-2-nonenal), generated by ROS-initiated lipid
peroxidation. After exposure to xenobiotics, increased levels
of DAM have been correlated with a variety of tissue and cell
membrane damage in animals [15, 31, 32].

The anti-inflammatory properties of edible insects have
been evaluated in vivo and in cellular models. In vivo, studies
have revealed a reduction in circulating cytokine levels ele-
vated by various stressors after administration of different in-
sect extracts. An increase in cytokine levels was found only at
high doses of Hermetia illucens administered to healthy fish,
without being confirmed by inflammatory events on histolog-
ical analysis. In studies of healthy subjects, circulating levels
of TNF-a have been shown to be reduced, data that must be
reviewed because they may have had a reduced level of in-
flammation [32]. Levels of NF-kB, the transcription factor reg-
ulatory genes involved in inflammatory responses, were de-
creased in cell and animal models. At the same time, the levels
of TLR4, whose stimulation leads to the activation of NF-kB,
were not affected. Some studies have shown activity in reduc-
ing the production of NO in macrophages, a radical involved
in the modulation of inflammation and immunity. In conclu-
sion, evidence from cellular and animal models supports an
effect on reducing inflammatory cytokines by modulating NF-
kB levels, without affecting immunoglobulins [33, 34].
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Conclusions

Imuheptin and imupurin showed a moderate inhibitory
effect, predominantly of proliferative processes compared to
dexamethasone, which essentially diminished inflammation’s
exudative and proliferative phases. Imuheptin and imupurin
reduced the level of pro-inflammatory cytokines (TNF-alpha,
IL-6) and increased that of anti-inflammatory cytokines (IL-
10). The studied entomological preparations increased the
ceruloplasmin level and restored the activity of catalase and
glutathione peroxidase with the increase of glutathione re-
ductase activity in subacute inflammation. Due to the effects
mentioned earlier, the researched entomological preparations
- imupurin and imuheptin have an anti-inflammatory poten-
tial, which requires a more in-depth study to determine the
mechanisms of anti-inflammatory action and the pathological
conditions where these effects would be beneficial.
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ABSTRACT

Introduction. Acute appendicitis is among the three most frequent surgical diseases. The lifetime likelihood of developing
acute appendicitis is around 7%. The incidence of acute appendicitis reduces with age after adolescence. Several studies
evaluated the relevance of the current scores to the general population, mostly children, but a limited number of studies
have studied the elderly population. This study aims to assess the clinical effectiveness of the new diagnostic score for the
elderly population in comparison to both the Alvarado score and the non-standardized score.

Material and methods. In order to evaluate the effectiveness of the diagnostic score of acute appendicitis, we examined
78 patients who were admitted to emergency unit of the Saint Archangel Michael Municipal Clinical Hospital during 2018-
2021 with the presumptive diagnosis of acute appendicitis. Of all patients admitted, Acute Appendicitis was confirmed on
pathological examination in 22 (28.2%) patients. The average age of patients was 73.5+13.5 years (minimum - 60 years,
maximum - 87 years). The ratio of males to females was 1:1.6.

Results. Comparative evaluation of the new diagnostic score of acute appendicitis and the non-standardized clinical-echo-
graphic examination for acute appendicitis diagnosis showed better performance indicators of the new diagnostic score of
acute appendicitis compared to the non-standardized clinical method for acute appendicitis diagnosis. The high sensitivity
of the new diagnostic score of acute appendicitis was statistically demonstrated (A2 = 4.32; p < 0.05), a lower rate of missed
acute appendicitis cases in the new diagnostic score of acute appendicitis (A2 = 4.32; p < 0.05), the ,grey area” is lower in
the new diagnostic score of acute appendicitis (A2 = 5.28; p < 0.05), than in the non-standardized diagnosis. It was shown
to have a lower rate of acute appendicitis cases in the ,grey area” of the total number of acute appendicitis cases (12 = 4.9;
p < 0.05). Benchmarking indicators such as specificity and diagnostic accuracy showed no statistically significant differ-
ences. At the same time, a definite increase in specificity and accuracy was observed for the new diagnostic score of acute
appendicitis compared to non-standardized clinical diagnosis.

Conclusions. Diagnosing acute appendicitis in elderly patients remains challenging due to the numerous potential diag-
noses with similar clinical manifestations that are observed in this patient population. It was necessary to utilize clinical
risk-scoring systems that could aid in the prompt identification of patients with acute appendicitis. This study concludes
that the New diagnostic score has higher clinical efficiency in diagnosing acute appendicitis in elderly patients. It has a
sensitivity of up to 93.15%, compared to the unstandardized clinical method and the Alvarado diagnostic score, and is
independent of ,risk factors” such as obesity and atypical vermiform appendix localization.
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Key messages

What is not yet known about the issue addressed in the
submitted manuscript

The epidemiology and outcomes of acute appendicitis in elderly
patients are very different from the

younger population. Elderly patients with acute appendicitis have
higher mortality, higher perforation rate, lower diagnosticaccuracy,
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Introduction

Acute appendicitis (AA) is among the three most com-
monly occurring acute surgical diseases. The likelihood of
experiencing AA in a lifetime is approximately 7%. The inci-
dence of AA reduces with age after adolescence [1]. Approx-
imately 15% of patients over 60 years of age who present
with acute abdominal pain to the Emergency Department
receive a final diagnosis of acute appendicitis, which is half
as common as in younger patients [2]. Nevertheless, the ep-
idemiology and outcomes of acute appendicitis in elderly
patients differ significantly from those of the younger popu-
lation. First, despite the decrease in incidence, acute appen-
dicitis in elderly patients is marked by significantly higher
mortality, which is 8% in the category of patients over 60
years of age, compared to less than 1% among younger pa-
tients. A large observational study of 164,579 patients with
acute appendicitis, age greater than 60 years was a signif-
icant risk factor for mortality by multivariate analysis [3].

All the data suggest that older patients are more likely to
have complicated appendicitis with perforation or abscess-
ing compared with other age groups. The rate of complicated
appendicitis ranges from 18% to 70% [2, 4-6] (compared to
a rate of 3 % and 29% among patients under 60 years). The
reason for this major risk of perforation could be the vascu-
lar sclerosis that the vermiform appendix develops in elderly
patients and the narrowing of the lumen by the phenomenon
of fibrosis. In these patients, the muscle layers are infiltrated
with fat, so having a fragile structure they have a tendency
toward early perforation [7]. These findings together with
the delay in diagnosis and treatment could explain a more ag-
gressive evolution of the disease in this population category.

Another finding among the elderly population, who de-
velop acute appendicitis, is the lower rate of correct preop-
erative diagnosis compared to the younger population [8],
with a reported diagnostic accuracy (defined as the per-
centage of appendices removed with a histological diagno-
sis of acute appendicitis out of the total number of appen-
dectomies performed) of 64% in patients over 60 years of
age versus 78% in other age groups [9]. Moreover, in the
vast majority of included studies, the mean time from symp-
tom onset to admission was longer in older patients than in
younger patients [9-11].
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longer delay from onset and manifestation of symptoms, higher
rate of postoperative complications, and a higher risk of colon
and appendix cancer. Therefore, it is necessary to develop a new
diagnostic and remedial approach to treating acute appendicitis in
elderly patients.

The research hypothesis

We aim to develop a new diagnostic score for elderly patients and
apply it in parallel with the non-standardized diagnosis.

The novelty added by manuscript to the already published
scientific literature

The clinical efficacy of the new score was evaluated in comparison
with the Alvarado and a non-standardized diagnostic score.

Focusing on appendectomy, compared with young pa-
tients, elderly patients are burdened with higher postop-
erative mortality, higher postoperative morbidity [12], lon-
ger length of hospital stay [13], lower rate of laparoscop-
ic appendectomy, and a higher risk of being subjected to
high-throughput investigations [14-15].

In a large Swedish study that included more than
117,000 patients, the mortality rate after appendectomy
was strongly influenced by age, with a threefold increase
for each decade of age, reaching more than 16% in nona-
genarians. Finally, the complication rate in elderly patients
with negative appendectomy was significantly higher than
in younger patients (25% vs 3%) [16].

This raises the question of whether existing clinical scor-
ing systems have sufficient diagnostic accuracy for the diag-
nosis of acute appendicitis in elderly patients?

The Alvarado score is the most widely studied. Its va-
lidity in adult and pediatric patients was summarized in a
recent meta-analysis [17] that included 5960 patients in
29 studies. According to Ohle et al., the performance of the
score depends on the cutoff value: a clinical cutoff score of
< 5 can be applied to ,exclude” appendicitis with a sensi-
tivity of 99% (95% CI 97-99%) and a specificity of 43%
(36-51%).

According to the Jerusalem guidelines [18], in adult pa-
tients the Alvarado score (with a cut-off score < 5) is sensi-
tive enough to exclude acute appendicitis, but is not specific
enough in the diagnosis of acute appendicitis.

However, the Alvarado score was developed based on the
pattern of presentation of clinical and laboratory variables of
ayoung population (mean age 23.4 - 25.9) [19]. Considering
that the complication rate in elderly patients with negative
appendectomy is significantly higher than in younger pa-
tients (25% vs 3%, p < 0.05) [20], the preoperative diagno-
sis in these patients must be as accurate as possible.

Although computer tomography (CT) with intravenous
(IV) contrast is associated with lower rates of negative ap-
pendectomy [21]. Ultrasound (US) is clearly inferior to CT
in sensitivity and negative predictive value for appendicitis,
however, it may be equally useful for excluding appendicitis
[22, 23], while CT is especially useful if the appendix is not
visualized by US.
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The New diagnostic score (DS), which we aimed to com-
pare with the Alvarado score, is a diagnostic score that in-
cludes 10 parameters: the positive Kocher symptom- 1 point;
positive Blumberg symptom in the right iliac region - 2 points;
positive Bartomier-Michelson symptom - 1 point; the presence
of nausea and/or vomiting - 1 point; leukocytosis in Complete
Blood Count (CBC) 10 x 10°/1 and more - 1 point; ultrasound
determination of Vermiform Appendix (VA) with a diameter
greater than 7 mm is estimated at 2 points; VA incompressibil-
ity - 1 point; thickening of the peri-appendiceal tissue - 1 point;
coprolite in the VA lumen - 1 point; the presence of ultrasound
signs of another acute non-appendiceal pathology of the ab-
dominal cavity and/or ultrasound detection of a compressible
VA less than 7 mm in diameter - ,,minus” 3 points.

In this scoring system, the total score varies between -3
and 10 points. When obtaining a score below 2 points, the
diagnosis of AA is excluded. If adding up the points of the
positive clinical and laboratory criteria of AA, a result of 6-7
points will be obtained, and then the diagnosis of AA will
be established. In this case, an additional ultrasound will
not be necessary, because even the identification of anoth-
er acute pathology with / or without signs of inflammation
of vermiform appendix on UST (,minus” 3 points), will not
affect the result and the interpretation of the New DS appli-
cation algorithm, because the final score will be 3 or more
points, which definitely indicates that the patient has AA.
The patient diagnosed with AA will later undergo urgent
surgical treatment.

If the sum of the points of the clinical and laboratory
criteria of the New DS will be less than 4 points, an ultra-
sound of the abdominal cavity will be performed with the
additional inclusion of ultrasound signs of AA. If following a
general ultrasound examination, the sum of AA points will
constitute < 2 points, the diagnosis of AA will be excluded.

When following the general ultrasound evaluation of
signs of AA, the number of points will be 3 or more, the di-
agnosis of AA will be very likely and appendectomy will be
indicated.

Material and methods

There were prospectively analyzed 78 cases (patients),
who were admitted to the Emergency Department of Saint
Archangel Michael Municipal Clinical Hospital in 2018-2022
with the diagnosis of acute appendicitis (AA). Of all hospi-
talized patients, AA was confirmed on histological examina-
tion in 22 (28.2%) patients.

The average age of patients was 73.5+13.5 years (mini-
mum - 60 years, maximum - 87 years). The ratio of males to
females was 1:1.6. Demographic data of patients, including
age, sex, duration of hospitalization, and histopathological re-
ports of appendectomy materials were recorded. Analyzing
the obtained data, we note that the structure of distribution
by sex and age in this group of patients is comparable to that
in the group of patients in which the new DS was developed.

The time from the debut of complaints of abdominal
pain to hospitalization was: in 9 (11.5%) people - less than
6 hours, from 6 hours to 24 hours - in 28 (35.9%) patients,
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from 24 hours to 48 hours - in 22 (28.3%) patients, more
than 48 hours - in 19 (24.3%) patients.

After data processing, the patients admitted to the study
group had the concomitant pathologies noted in table 1.

Table 1. Patient demographic data and characteristics

Associated medical conditions Ne %
1. Hypertension 37 474
2. Coronary heart disease 20 25.6
3. Diabetes 11 141
4. Obesity 5 6.4
5. Dyscirculatory encephalopathy 14 179
6. Urolithiasis 7 8.9
7. Chronic duodenal ulcer 4 5.1
Uterine myoma 3 3.8
Uterovaginal 2 2.6
g Chronic gynecological pathologies  prolapse
without exacerbation Pelvic 2 2.6
inflammatory
disease
Statistical analysis

The SPSS 18 software (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. Numerical data were presented
as mean * standard deviation. The one-sample Kolmogor-
ov-Smirnov test was used to assess the distribution of nu-
merical data. The independent sample t-test was used when
the distribution was normal and the Mann-Whitney U test
was used for the non-normal distribution. A chi-square test
was used to compare between groups. Values with a P value
< 0.05 were considered to be statistically significant.

Results

New DS in AA implementation results

In this group of patients, the non-standardized clinical
and ultrasonographic diagnosis of AA was used as the main
diagnostic method, which was performed by the doctor on
call, based on professional knowledge and skills, in the ab-
sence of a mandatory research standard and an algorithm for
interpreting the obtained data, which is largely subjective. In
the Emergency department, the non-standardized diagnosis
of AA was made based on clinical, laboratory, and ultraso-
nographic investigations. The method of diagnosis and the
clinical-therapeutic tactic used for all groups of patients were
methodologically similar to this diagnostic method (New
DS) (Table 2), and its algorithm, which corresponds to all the
training principles of the diagnostic algorithm (Fig. 1).

All patients were examined using the same diagnostic
equipment. The non-standardized clinical and ultrasono-
graphic method included the use of a general clinical exam-
ination, laboratory investigations (CBC, urinalysis), ultraso-
nography (USG) of the abdominal cavity.

The diagnosis and management of AA patients were
specified directly by the on-call surgeon. The general clin-
ical examination was performed in all 78 (100%) patients
and consisted of collecting anamnesis, and patient com-
plaints to determine the symptoms of AA with their subse-
quent interpretation.
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Fig. 1 Use of algorithm of New DS.
Diagnostic score 0-2 (points) - Acute
Appendicitis excluded; DS 5-6 (points)

- Acute Appendicitis diagnosed; DS

3-4 (points) - ultrasound examination;
Diagnostic score 4-10 (points) - Acute
Appendicitis diagnosed; Diagnostic
score 3 (points) - laparoscopy diagnostic
recommended.

Table 2. The New Diagnostic Score.
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Table 3. Diagnostic criteria of patients

No. Criterion

Assessment Score

1. Kocher symptom Positive 1

2. Nausea /vomiting Present 1

3. Blumberg symptom in right iliac region Positive 1

4. Bartomier-Michelson symptom Positive 1

5. Leukocytosis >10x 10%/1 1

6. Ultrasound: VA unchanged and /or Determined -3
other pathology

7. Ultrasound: increased VA diameter > Determined 2
7mm

8. Ultrasound: thickening Determined 1
periappendicular tissue

9. Ultrasound: VA Incompressibility Determined 1

10. Ultrasound: coprolite in VA lumen Determined 1
Total x?: _130

Note: VA - vermiform appendix; the total score is a sum of criteria points.

Minimal Score (-3), maximum (10).

Patients in the study group presented the following com-

plaints (Table 3).

No. Diagnostic criteria Paggnts %
1 Abdominal pain 78 100
2 Nausea 30 38.5
3 Vomiting 41 52.5
4 Kocher’s symptoms 32 41.0
5 Gynecological anamnesis 7 9
6 Intestinal disorders (constipation) 64 82.9
7 Dysuria 37 47.4
3 :g;fﬁf;d:;;zis) (pain) (on palpation in the 78 100
9 Blumberg’s symptom in the right iliac region 78 100
10 Bartomier-Michelson’s symptom 56 71.8
11 Rovzing's symptom 44 56.4
12 Sitkovsky’s symptom 54 69.2
13 Obraztsov’s symptom 3 3.8
14 Coupe’s symptom 2 2.5
15 Voscresenscky symptom 2 2.5
16 Hyperthermia >37.4°C 65 83.3
17 Tenderness on palpation of the anterior rectal wall 3 3.8
18 Leukocytosis >10x10%/1 78 100
19 Deviation of the leukocyte formula >74% 78 100
20 Hematuria, leukocyturia 78 100
21 Free fluid in the abdominal cavity 78 100
22 US signs of unchanged VA or other pathologies 43 551

of the right iliac region

Note: US - ultrasound; VA - vermiform appendix.
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Results of laboratory examinations of patients

In examined patients, the increase in the number of
leukocytes in complete blood count (CBC) >10x10°/1 was
detected in 70 (89.7%) patients. Left shift of (increased
neutrophil ratio) more than 74% was found in 58 (74.3%)
patients.

Left shift of (increased granulocytes ratio) more than >
6% was found in 47 (60.25%) examined patients. The ab-
sence of pathological changes (leukocyturia, hematuria,
bacteriuria) in the urinalysis was observed in 44 (56.4%) of
the examined patients. Leukocyturia/hematuria was found
in 34 (43.5%) cases.

Results of ultrasound

The following ultrasonographic signs were recorded in
the examined patients:

= AV diameter increase > 7 mm was determined in 30

(38.4%) patients.

= AV incompressibility during compression was ob-

served in 28 (35.8%) patients.

= Positive ,Target” symptom was detected in 39 (50%)

of the examined patients.

= Coprolite in the VA lumen was detected in 5 (6.4%)

patients.

= Thickening of the peri-appendiceal tissue was de-

tected in 16 (20.5%) of the examined patients.

Free liquid in the abdominal cavity was detected in 28
(35.8%) patients.

Increased blood flow in the VA wall during Doppler ex-
amination was observed in 17 (21.7%) patients.

In 23 (29.4%) of the examined patients, ultrasound
signs of unchanged AV or other pathologies of the right low-
er quadrant of the abdomen were detected. The distinctive
feature of establishing the diagnosis through a DS is that
the surgeon has the possibility of interpreting the results
of investigations and symptoms in three categories: posi-
tive, negative, and doubtful, which, in our opinion, largely
depends on personal qualification and experience. Labora-
tory diagnosis consisted of CBC and urinalysis, which were
performed in all patients included in the clinical trial. In 13
(16.6%) patients, additional biochemical blood analysis was
performed (amylase level, urea, creatinine, serum protein
level, and bilirubin). Blood glucose analysis was performed
in 56 (71.7 %) patients.

Examination of the ultrasound signs of AA can confirm
or deny the diagnosis, as well as exclude abdominal surgical
pathologies of the gallbladder and pancreas, and some gy-
necological pathologies.

Overall radiography of the abdomen was performed in
19 (24.3%) patients. Additionally, a gynecologist consulted
12 (15.3%) patients.

Following the examination, the patients were divided
into three groups: the first group of patients, who under-
went emergency surgery for AA; the second group of pa-
tients - who , accumulated” insufficient data to exclude or
to confirm AA, and in our proposed algorithm for the im-
plementation of the New DS was designated by us as a ,grey
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area”, and the third group of patients - in which the diagno-
sis of AA was excluded.

In the group of patients, in which AA was excluded, ulcer
disease was diagnosed, chronic duodenal ulcer in exacerba-
tion - 2 cases, urolithiasis, right renal colic - 1 case, acute
pancreatitis - 2 cases, pelvic inflammatory disease - 2 cases,
myxomatous node necrosis - 1, cr. Right ovarian cancer - 1
case, cancer. of cecum - 1, and functional bowel disorders - 3
(3.8%) cases.

Patients who did not ,accumulate” enough data to ex-
clude and confirm AA, 3 (3.8%) were admitted to the hospi-
tal, where they were evaluated and monitored dynamically
for 72 hours. In all these patients, the diagnosis of AA was
excluded.

Diagnostic laparoscopy was performed in 11 (14.1%)
patients, of which 6 (5.1%) patients subsequently under-
went laparoscopic appendectomy. From this group (lapa-
roscopy + laparotomy) in 5 (6.4%) patients the diagnosis of
AA was confirmed histologically. ,Negative” appendectomy
due to intraoperative overdiagnosis of AA was performed
in one case. Based on the results of diagnostic laparoscopy,
AA was excluded in 5 (6.4%) patients. The pathologies di-
agnosed by diagnostic laparoscopy were destructive acute
appendicitis (AA) in 5 (6.4%) patients, simple acute appen-
dicitis in 1 (1.2%) case, terminal ileitis in 1 patient, necrosis
of the mammary nodule in 1 patient, ovarian cancer on the
right in 2 patients, functional disorders of the intestine in 1
patient.

Patients in whom the diagnosis of AA was established
based on the results obtained from the non-standardized
diagnosis, underwent emergency surgical treatment, and
laparoscopic appendectomy. At the histopathological exam-
ination, the diagnosis of AA was confirmed in 39 (73.5%)
of the number of patients initially operated on - 53 (100%)
cases. 14 (26.8%) people were found to have undergone
»negative” appendectomy. Of 59 (75.6%) patients who un-
derwent appendectomy (initial or after diagnostic lapa-
roscopy), the diagnosis was confirmed in 44 (74.5%) and
non-destructive forms of AA were established in 15 (26.4%)
patients.

Following the analysis of the ,negative” appendectomy
protocols, it was demonstrated that in 8 (53.3%) cases, the
non-destructive form of VA inflammation was diagnosed by
the surgeon intraoperatively, but the appendectomy was
still performed due to the surgical approach in the already
present right iliac region. In 7 (46.7%) cases, an intraoper-
ative hyper-diagnosis of AA was found, but it was not histo-
logically confirmed.

Overall, AA was histologically confirmed in 45 (57.6%)
patients, and in 33 (42.4%) patients, this diagnosis was ex-
cluded. Typical VA localization was observed in 31 patients
(68.8% of the total number of operated patients). The atyp-
ical location of the VA was observed in 14 (31.2%) patients.

New DS implementation results

In parallel with the non-standardized clinical-paraclini-
cal diagnosis of AA, in the group of patients under study, an
assessment based on certain criteria of AA symptoms was
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performed based on the New DS. According to the New DS,
the following diagnostic criteria were recorded in the study
group: positive Kocher symptom in 9 (11.5%) patients; nau-
sea and/or vomiting in 41 (52.5%) patients; the positive
Shchetkin-Blumberg symptom in the right iliac region in 25
(32%) patients; positive Bartomier-Michelson symptom in
17 (21.7%) patients; leukocytosis >10 x 10°/1 - in 39 (50%)
patients.

The ultrasound data obtained in the patients of this
study group showed that the determination of signs of an-
other pathology and/or VA without signs of inflammation
was detected in 20 (25.6%) patients; volume increase of
VA diameter greater than 7 mm in 21 (26.9%) patients; AV
incompressibility was determined in 19 (24.3%) patients;
coprolite in the VA lumen - in 4 (5.1%) patients; thickening
of the peri-appendiceal tissue - in 16 (20.5%) patients.

Considering that the indications for surgical treatment
were established based on New DS, appendectomy was per-
formed in 30 (38.2%) patients from the study group. With
the sum of New DS scores >3, surgical intervention was per-
formed in 27 (90%) cases, and histologically AA was con-
firmed in 21 (70%) patients. In 7 (8.9%) cases from this
group of patients, based on the New DS, the diagnosis of AA
was excluded, respectively, surgical treatment was avoided.
Subsequently, those patients no longer requested special-
ized medical help.

Patients who accumulated 2 points - 6 (7.6%) cases,
were assigned to the ,grey area” of the New DS, of which 3
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Based on these data, the comparative evaluation indi-
cators such as specificity and diagnostic accuracy did not
show significant statistical differences. At the same time, a
definite increase in specificity and accuracy is noted in the
case of New DS compared to the non-standardized clinical
diagnosis.

Risk factors in the diagnosis of AA and evaluation of
their impact on the effectiveness of the New DS

In specialized literature, it is indicated that it is difficult
to diagnose AA using the clinical method and unstandard-
ized DS in female patients, at a young age, in patients with
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patients underwent diagnostic laparoscopy and subsequent
appendectomy through laparotomy in one case. AA was his-
tologically confirmed in 1 patient. The others - 4 (57.2%)
patients, avoided appendectomy, AA being excluded. None
of the patients with excluded AA required further medical
attention.

Out of 41 (52.7%) patients with total New DS results <
2, surgery was performed in 31 (75.6%) patients. Histolog-
ical AA was confirmed in 5 (12%) patients. The other 10
(24.4%) patients were not operated on, AA being excluded.

When evaluating the effectiveness of the New Diagnos-
tic Score, the following results were obtained: sensitivity -
94.1%, specificity - 73.8%, precision - 79.6%, the size of the
,grey area” - 7.6%, the proportion of AA in the ,grey area”
of the total amount of AA - 4.3%, the proportion of undiag-
nosed AA cases - 5.9%.

Comparative evaluation of the effectiveness indicators of
the New DS. The comparative analysis of the New DS and
the non-standardized diagnosis demonstrated the superior-
ity of the respective indicators and the effectiveness of the
diagnostic score. The high sensitivity of the New Diagnostic
Score was statistically demonstrated (A2 = 4.32; p < 0.05), a
lower rate of missed AA cases in New Diagnostic Score (A2
=4.32; p < 0.05), the ,grey area” is smaller in New SD (A2 =
5.28; p < 0.05) than by non-standardized diagnosis. A lower
rate of AA cases in the ,grey area” of the total AA cases was
demonstrated (A2 = 4.9; p < 0.05).

5.9 Fig. 2 Comparison of Non-standardized
j— diagnosis and New DS in the diagnosis of acute
Propartion of appendicitis.

DS - Diagnostic Score; AA - Acute Appendicitis;
,grey area” - Situations where diagnosis using
new DS is not possible.

cases (%)

atypical VA localization, obesity, and in geriatric patients.
This leads to false positive and false negative diagnoses of
AA [24 - 27]. We consider these circumstances as risk fac-
tors for the clinical diagnosis of AA. Considering the fact
that New DS is based on clinical data, we conclude that this
criterion may affect its performance indicators.

We considered necessary to study the effectiveness of
the New DS in the presence of the indicated risk factors.
We evaluated the performance indicators of New DS in the
subpopulation with risk factors - obesity, atypical location
of VA.
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Table 4. Effectiveness of the New DS analysis according to risk factors
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No. Indicator of performance General Atyplc:fl ‘llgcatlon p* BMlO>b2ess llg /m? p*
1 Sensitivity (%) 93.15 92.2 >0.05 93.8 >0.05
2 Specificity (%) 73.06 72.3 >0.05 68.3 >0.05
3 Precision (%) 78.8 77.8 >0.05 79.5 >0.05
4 The size of ,the grey area” (%) 7.5 8.3 >0.05 5.5 >0.05
s e T :
6 The ratio of undiagnosed cases of AA (%) 5.84 0 >0.05 31 >0.05

Note: VA - vermiform appendix; BMI - body mass index; p - coefficient; ADA -acute destructive appendicitis; AA - acute appendicitis; ,grey area” - Situations where

diagnosis using new DS is not possible.

Thus, the use of the New Diagnostic Score for the select-
ed subpopulations did not demonstrate statistically signifi-
cant differences in performance indicators compared to the
universal population. This fact indicates the possibility of
the universal application of the New DS developed by us on
the population of elderly and senile patients, excluding peo-
ple with central nervous system injuries, as well as obese
patients. The sensitivity of New DS in typical localization
of VA was 94.1% and in the atypical one - 92.2%. Thus, the
atypical location of the AV does not affect the sensitivity of
the New DS.

Comparative evaluation of the clinical efficacy of New
DS and DS Alvarado.

According to the Jerusalem guidelines for the diagno-
sis and management of acute appendicitis in the general
population, which recommend the use of scoring systems
for the exclusion of AA in elderly patients compared to the
low-probability score - DS AA Alvarado, we performed an
analysis of the effectiveness of the New DS.

Few studies have evaluated the applicability of existing
appendicitis diagnostic scores in the elderly population
[28, 29]. A retrospective study of 96 patients over 65 years
of age demonstrated that the use of the Alvarado scoring
system, with a cut-off of 5, maintains reliability in elderly
patients. In fact, the vast majority of patients with mor-
pho-pathologically confirmed appendicitis (86.6%) had an
Alvarado score ranging from 5 to 8 and 40% a score of 5 or
6. According to these data, Alvarado scores ranging from 5
to 10 should correspond to an increased risk of appendi-
citis in the elderly. Another retrospective study performed
on 41 patients aged over 65 years presented an area under
the curve (AUC) of the Alvarado score for this population of
96.9% with 100% negative and positive predictive values
of the two cut-off points of 3 and 6 [30]. In the absence of
high-quality evidence dedicated to the elderly, the multi-
tude of experts could not make a strong recommendation;
The Alvarado score is suggested for excluding but not diag-
nosing appendicitis in elderly patients, with a conditional
recommendation based on low-quality evidence.

Another Diagnostic Score of acute appendicitis Tzanakis
did not include the analysis performed, since, according to
the structural-comparative analysis of it and its application
algorithm, a very important diagnostic concept is missing
in its structure, namely the presence of the ,grey area”, due

to which, according to the data of the specialized literature,
an unacceptably high number of non-destructive forms of
AA was admitted (54% of operated patients), which is cur-
rently a very low indicator of the clinical efficiency of AA
diagnosis.

Also, a comparative evaluation of the clinical effective-
ness of the original clinical score with the RIPASA, Christian,
Lintula scores, which are not focused on the diagnosis of de-
structive forms of AA, being developed on the basis of ret-
rospective studies, without using statistical methods to cal-
culate the diagnostic efficiency (MStA), was not performed.

In accordance with the recommendations of the Nation-
al Clinical Protocol for the diagnosis and treatment of acute
Appendicitis adopted and approved by the Moldovan Nico-
lae Anestiadi Association of Surgeons, all examined patients,
according to DS AA Alvarado, were assigned as follows:

= (-4 points (AA is unlikely) - 31 (39.7%) patients;

= 5-6 points (AA is possible and the patient needs ob-
servation) - 20 (25.6%) patients;

= 7-8 points (AA is probable) - 22 (28.2%) patients;

= 9-10 points (AA confirmed and the patient needs ur-
gent surgical treatment) - 5 (6.4%) patients.

At the same time, we recommend that patients with
score results of 7-8 and 9-10 points to be combined into one
group, because the formulation of the algorithm for patients
of these groups is ambiguous, AA being diagnosed in both
cases, constituting 27 (34.6%) patients.

In 27 (34.7%) patients with a score between 7-10
points, surgery was performed in 18 (66.7%) cases. In 9
(33.3%) patients the diagnosis of AA was excluded without
surgical intervention. Histologically AA was confirmed in 12
(44.4%) patients.

In 20 (25.6%) patients, with a score of 5-6, 17 (85%) pa-
tients underwent surgery, of which in 3 (15%) patients, the
diagnosis of AA was excluded without surgery. Histological-
ly AA was confirmed in 6 (30.0%) patients.

In 31 (39.7%) patients, with a score of 0-4, 26 (83.8%)
patients underwent surgery; in 5 (16.2%) patients, the di-
agnosis of AA was excluded without surgery. Histologically
AA was confirmed in 9 (29.0%) patients.

For a comparative evaluation of New DS with DS Alvara-
do with the help of the PASW Statistics 18 program, ROC
analysis was performed with the construction of the corre-
sponding curves (Fig. 3).
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The area comparison curves of New DS and Alvarado DS,

The area under the curve for New DS was found to be
statistically significantly higher compared to DS Alvarado
and amounted to 0.95, which corresponds to the excellent
quality indicator of the statistical model.
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Fig. 3 The comparison of the performance of
New DS vs Alvarado DS
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where diagnosis using new DS is not possible.

Thus, New DS showed greater clinical effectiveness in di-
agnosing AA in the elderly compared to the non-standard-
ized clinical method and DS Alvarado, a lack of dependence
on ,risk factors” for diagnosing AA, such as obesity and
atypical location of VA.

Discussion

This study evaluated the acceptability of the Alvarado
scores and the developed New DS in determining the diag-
nosis of AA in elderly patients.

Early diagnosis of AA is quite laborious in elderly people,
having a high mortality and morbidity rate. In a study con-
ducted in Finland, the data of 164,579 patients who under-
went appendectomy surgery were examined over a 20-year
period, and mortality increased 39 times in patients over
60 years. Similarly, the same study determined that negative
appendectomy increased four-fold and mortality increased
10-fold. In the literature, the rate of negative appendectomy
in geriatric patients ranges from 17% to 31% [3-4]. In the

Sensitivity (%a)
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Table 5. ROC metrics (area under the curve) of New DS and Alvarado DS

Diagnostic The area under 95% - confidence interval
scores the curve
New DS 0.952 0.924 0.981
Alvarado DS 0.739 0.662 0.816

Note: The area comparison curves of New DS and Alvarado DS

As a result of the comparative evaluation of New DS and
Alvarado DS, it was observed that New DS has significantly
higher sensitivity, specificity, and accuracy, and the number
of undiagnosed AA cases compared to Alvarado DS is lower.
If Alvarado’s AA DS had been used in undiagnosed AA cases,
there would have been 1.6% perforated, gangrenous, and
complicated AA.

The size of the ,grey area” and the weight of the ,grey
area” of AA, out of the total number of AA in New DS, was
significantly smaller than in DS Alvarado (p < 0.001). The
comparative evaluation of the main performance indicators
New DS and DS Alvarado is shown in Fig. 3.

73.06
50.09 5211
25.48
- .
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current cohort, the negative appendectomy rate was 28.3%,
which is in accordance with the specialized literature.

Due to increasing life expectancy, diseases previously as-
sociated with the younger population, including AA, have an
increasing incidence among elderly patients [6]. Although
the lifetime risk of AA is 7% for the general population, this
rate may increase to 10% among the elderly population
[2]. As in most diseases, the clinical diagnostic process of
AA is more difficult in the geriatric population than in the
young. This is due, in part, to altered pain sensations due
to impaired nerve conduction as a result of aging and the
atypical picture of classical AA [6]. Since a delayed diagno-
sis will increase the mortality and morbidity of AA, inter-
national guidelines and evidence-based medicine guidelins
recommend the use of clinical scoring systems in the initial
evaluation process of patients [15].

The Alvarado score [17-19] being a 10-point scale based
on indications, symptoms, and laboratory data, is one of the
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most widely used and evaluated scoring systems for the as-
sessment of AA. A score of 5 or 6 points on the Alvarado
scale is considered compatible with the diagnosis of AA; a
score of 7 or 8 suggests a plausible diagnosis of AA; and a
score of 9 or 10 indicates a very likely diagnosis of AA. This
diagnostic score was designed to assist clinicians in clinical
decision-making by objectively determining which patients
should be monitored and evaluated and which should be
operated on. The limited research that assessed the rele-
vance of the Alvarado score in the elderly population, retro-
spectively analyzing 96 patients over 60 years of age, using
the Alvarado score system with a cut-off value of 5, demon-
strated high efficacy in the elderly [17]. In another study,
the Alvarado and Lintula scores were compared in elderly
patients undergoing appendectomy, and the former was
found to be a more useful predictive tool, with an AUC val-
ue 0f 96.9% [18]. Another research, however, demonstrated
that the Alvarado score is ineffective in elderly people [5].

There are, however, some limitations to our study. First,
the results obtained by us cannot be generalized to the gen-
eral population, since they were obtained from a single cen-
ter. Second, because this study was retrospective, the results
may have been influenced by inadequate or erroneous data
from hospital records. Another disadvantage is the small
group of patients.

Conclusions

The use of the diagnostic score in the elderly will raise
the quality of care, reduce the amount of time it takes to di-
agnose a similar case and as a result - lead to a reduction in
complications and mortality in acute appendicitis. The study
of the efficacy of new AA DS by comparative evaluation with
the traditional non-standardized clinical diagnosis of AA
and Alvarado AA DS demonstrated higher clinical efficiency
in diagnosing AA with sensitivity up to 93.15% compared to
the non-standardized clinical method and Alvarado AA DS
and also does not depend on ,risk factors” for AA diagnoses
such as obesity and atypical location of AV, due to which we
recommend wide application in medical practice.
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using percutaneous vacuum-assisted thromboaspiration
in acute lower limb ischemia

Alexandru Predenciuc?’, Vasile Culiuc'?, Dumitru Casian'?

Division of Vascular Surgery, Institute of Emergency Medicine, Chisinau, Republic of Moldova
“Department of General Surgery - Semiology no. 3, Nicolae Testemitanu State University of Medicine and Pharmacy

ABSTRACT

Introduction. Open balloon thrombectomy and embolectomy remain the preferred initial option in the management of
acute lower limb ischemia (ALI), but various endovascular techniques have become accessible and are growing in popular-
ity. The aim of the study was to assess our early experience with percutaneous vacuum-assisted thromboaspiration using
the Penumbra/Indigo® system for non-traumatic ALI

Material and methods. The study group comprised 13 patients with ALI who received treatment between September
2022 and June 2023; with 7 (53.8%) being males. The median age was 71 years (25%-75%IQR 62.5-77.5). ALI cases were
classified according to the Rutherford scale: grade I - 2 (15.3%), grade 1IA - 7 (53.8%), and grade 1IB - 4 (30.7%). In 10
(76.9%) cases, ischemia was classified as “acute-on-chronic.” The occluded native vascular segment, determined through
preoperative computer tomography angiography (n=4; 30.7%), duplex scanning (n=5; 38.4%), or both examinations (n=4;
30.7%), were as follows: superficial femoral artery (n=7) and popliteal artery (n=2). In two patients, thrombosis of the
below-knee femoropopliteal bypass with autogenous vein was identified, while two others presented with femoral artery
stent thrombosis. An embolic etiology of ALI was observed in 4 (30.7%) cases, and thrombotic etiology in 9 (69.2%) cases.
Endovascular access was established via the ipsilateral common femoral artery (n=10), crossover (n=2), or brachial artery
(n=1). Thromboaspiration was carried out using dedicated CAT6™ and CAT8™ catheters.

Results. The technical success rate of vacuum-assisted thromboaspiration was 92.3%. Subsequent angiography revealed
accompanying occlusive-stenotic lesions in all instances, necessitating transluminal angioplasty, and in 8 (61.5%) patients,
additional stenting was required. Catheter-directed thrombolysis was utilized as an adjunct in one patient. There were 2
(15.3%) instances of distal embolization, both addressed within the same surgical session. Survival and limb salvage rates
at the 30th-day follow-up stood at 100%.

Conclusions. Utilizing the Penumbra/Indigo® system, percutaneous vacuum-assisted thromboaspiration appears to be a
safe and effective minimally invasive technique for treating ALI. This method allows for the concurrent correction of coex-
isting chronic peripheral arterial lesions.

Keywords: acute lower limb ischemia, balloon embolectomy, endovascular treatment, vacuum-assisted thromboaspiration.
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What is not yet known about the issue addressed in the sub-
mitted manuscript
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Introduction

Acute lower limb ischemia (ALI) is characterized by a
sudden decrease in arterial perfusion of the pelvic extrem-
ity, potentially threatening the viability of the respective
anatomical segment and requiring urgent evaluation and
treatment [1]. ALI remains one of the most frequent vascu-
lar surgical emergencies, being associated with a high rate
of amputation of the affected extremity and a mortality rate
surpassed only by that recorded in cases of ruptured ab-
dominal aortic aneurysm [2, 3].

Embolism, in-situ thrombosis of the native artery, stent
or vascular graft thrombosis, arterial trauma, or a compli-
cated peripheral aneurysm (sac thrombosis or distal embo-
lization) stand among the common etiological factors of ALI
[2, 4]. Atrial fibrillation and mural intracardiac thrombosis
that develop after myocardial infarction are presently more
frequently noted sources of peripheral embolism [4]. Con-
currently, a significant proportion is attributed to iatrogenic
embolism, which arises intraoperatively during percutane-
ous transluminal angioplasty (PTA) for peripheral arterial
disease of the lower extremities - an endovascular interven-
tion that is frequently performed in the daily practice of vas-
cular surgery services [5]. In the same context, acute stent
thrombosis, particularly at the level of the femoropopliteal
artery, is diagnosed in over 6% of cases [6].

Restoring the patency of the arterial lumen as swiftly as
possible, ideally within the initial 6-8 hours following the on-
set of ALI, is crucial for preserving the limb and constitutes
the primary objective of treatment [4]. Conventionally, this
is achieved through open surgery - thromb/embolectomy
using the Fogarty balloon catheter. The technique is charac-
terized by its surgical simplicity, cost-effectiveness, speed,
and accessibility, and it is largely clinically effective, particu-
larly in cases of embolic ALI where a single arterial segment
is obstructed, especially above the knee [3, 7]. However, the
same intervention doesn’t yield a similar technical success
in the presence of organized embolic masses situated within
small-caliber arteries or when embolism occurs against the
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The research hypothesis

We assume that percutaneous vacuum-assisted thromboaspi-
ration using Penumbra/Indigo® device and dedicated catheters
(CAT™) can be suitable for ALI of multiple etiology.

The novelty added by manuscript to the already published
scientific literature

In the context of the first experience applying percutaneous vacu-
um-assisted thromboaspiration using Penumbra/Indigo® system
in the Republic of Moldova, we identified that this is a safe and ef-
fective minimally invasive technique for the treatment of non-trau-
matic ALI of various causes: embolism, native arteries or stent
thrombosis, acutely occluded femoropopliteal bypass with autoge-
nous vein conduit; as well as for “acute-on-chronic” ischemia. The
method allows simultaneous correction of coexisting chronic pe-
ripheral arterial lesions. Intraoperative distal embolization occurs
rarely and can be solved during the same surgical session.

backdrop of peripheral arterial disease - a situation known
as “acute-on-chronic” ischemia [7]. By the way, the latter is
being increasingly registered in recent studies dedicated
to peripheral arterial embolism [1]. Advancing the balloon
catheter towards the infrapopliteal vessels, especially in di-
abetic patients where distal occlusive-stenotic lesions are
characteristic, may encounter difficulties [8, 9]. Also, it's
important to take into account that the procedure is typical-
ly carried out blindly in the vast majority of cases, without
the option of separately guiding the catheter towards the
lumen of each calf artery (tibial or peroneal arteries). The
routine practice of performing fluoroscopic-assisted bal-
loon thrombectomy or intraoperative angiography is still
limited [3, 7, 8, 10]. In the clinical circumstances mentioned
above, the extraction of thrombotic masses with the Fogar-
ty catheter often remains incomplete, with the documented
rate of residual thrombosis in small-caliber (distal) arteries
varying between 36% and 86% [3].

Nonetheless, even in the absence of pre-existing ather-
osclerotic lesions, the indirect surgical embolectomy using
a balloon catheter can be linked to the migration of throm-
botic masses (resulting in distal embolization or, converse-
ly, propagation in the proximal direction) or harm to the
arterial wall (such as dissection or perforation), delayed
pseudoaneurysm or arteriovenous fistula formation, and
diffuse arterial narrowing due to intimal proliferation [5,
11]. Therefore, in cases of ALI, more intricate surgical in-
terventions for limb revascularization might frequently be
necessary: open procedures (like endarterectomy or bypass
surgery) or hybrid approaches (combining open surgery
with endovascular techniques) [12].

In an effort to address the aforementioned deficiencies
in open surgical ALI treatment over the past two decades,
specialized medical companies have introduced new tech-
nologies and devices for percutaneous revascularization.
Consequently, the current array of endovascular treat-
ment methods applicable to ALI patients encompasses:
catheter-directed thrombolysis; ultrasound-accelerated
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thrombolysis; percutaneous mechanical thrombectomy
involving rheolytic or fragmentation (rotational) tech-
niques; pharmacomechanical thrombectomy; simultane-
ous angioplasty combined with thrombolytic irrigation
(SATI technique); as well as manual percutaneous aspira-
tion thrombectomy or the utilization of devices offering
continuous automatic thromboaspiration [4, 7, 13]. To
the latter group is also attributed the Penumbra Indigo®
(Penumbra Inc., Alameda, CA, USA) - a device designed
for extracting thrombotic masses/emboli from the lumen
of peripheral vessels through percutaneous vacuum-as-
sisted aspiration, applicable in cases of ALI and venous
thrombosis. The initial data reported up to this point for
the utilization of the Penumbra Indigo® system in ALI
seem promising, but the overall evidence remains limit-
ed. The objective of the current study was to present the
preliminary results of our initial experience with the ap-
plication of percutaneous vacuum-assisted thromboaspi-
ration in patients with non-traumatic ALI resulting from
infrainguinal occlusions.

Material and methods

The study was carried out in the University Vascular
Surgery Clinic, Chair of General Surgery-Semiology No.3 of
the “Nicolae Testemitanu” State University of Medicine and
Pharmacy (Department of Vascular Surgery, Institute of
Emergency Medicine, Chisinau), during the period Septem-
ber 2022 - June 2023. Informed consent was acquired from
all subjects encompassed by the study. The data from the
electronic register of prospective records of patients who
underwent revascularization surgery for ALI were evaluat-
ed, and cases treated with the application of percutaneous
thromboaspiration using the Penumbra Indigo® system
were selected for further analysis. The mentioned research
received approval from the institutional Ethics Committee,
within the project dedicated to the study of acute ischemia
of the extremities (No.1 of 16.02.2021).

Features of Penumbra Indigo® system. As per the man-
ufacturer’s specifications, the Indigo® device (Fig. 1A) com-
prises the subsequent components: Penumbra Engine®
aspiration source, Penumbra Engine canister, Indigo aspira-
tion tubing equipped with a valve switch for system activa-
tion and deactivation, Indigo Separator™, and Indigo CAT™
mechanical thrombectomy catheters.

The aspiration source is capable of providing a pure,
continuous vacuum (-29 in Hg / 736.6 mm Hg / 98.2 kPa
/ 0.96 Atm), enabling the elimination of thrombi from the
lumen of vessels with various diameters. This capability is
also attributed to the availability of an extensive array of
catheters with different diameters and lengths, designed to
be tapered and resistant to collapsing (Fig. 1B): CAT3, CATS5,
CAT6, CATS (including various tips: STR / TORQ / XTORQ),
CAT D, CAT RX, or CAT7 and CAT12 - the latter two being of
a newer generation.

Technical aspects of percutaneous vacuum-assisted
thromboaspiration. Following the establishment of end-
ovascular access and the placement of a 6F or 8F sheath,
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Fig. 1 General aspect of Penumbra Indigo® system (A)
and the dedicated CAT6™ and CAT8™ mechanical thrombectomy
catheters (B).

digital subtraction angiography (DSA) was conducted to
confirm the location and extent of arterial occlusion. The
guide-wire was advanced through the occlusive lesion,
and subsequently, the dedicated thromboaspiration cath-
eter was guided towards the proximal end of the lesion.
After the catheter tip engaged the thrombus, the suction
pump was activated, with a wait time of approximately
90 seconds to enable the creation of negative pressure.
Subsequently, the suction tube switch was turned on, and
the catheter was gradually withdrawn. Confirmation of
thrombi aspiration was visual (by observing the presence
of thrombotic masses in the canister after defoaming its
contents), and also through DSA. In the presence of co-ex-
isting or underlying hemodynamically significant occlu-
sive-stenotic lesions, their simultaneous endovascular
treatment was applied, depending on the assessment of
the operating surgeons.

Definitions and data interpretations. As per the
guidelines, acute limb ischemia was defined with symptom
duration less than 2 weeks [1]. The degree and clinical cat-
egories of ischemia were evaluated in line with the widely



Predenciuc A. et al.

acknowledged Rutherford ALI classification system, incor-
porating criteria such as sensory loss, motor deficit, prog-
nosis, and Doppler signals: gr. I (viable), gr. [IA (marginally
threatened), gr. [IB (immediately threatened), gr. III (irre-
versible).

As primary endpoints of the study, the technical and
clinical success of thromboaspiration were assessed, with
secondary endpoints encompassing the rates of complica-
tions, primary patency, limb salvage, and 30-day mortal-
ity. Technical success was defined as restoring antegrade
blood flow with near/complete aspiration of the embolus/
thrombus and maintaining patency in at least one run-off
vessel. For interpreting the technical results, the adapted
classification for Thrombo-aspiration In Peripheral Is-
chaemia (TIPI), modified from the Thrombolysis in Myo-
cardial Infarction (TIMI) classification, was employed [14].
Success was indicated by an increase of at least 21 point in
comparison to the baseline score: 0 (no recanalization of
the thrombotic occlusion), 1 (incomplete or partial reca-
nalization of the thrombotic occlusion with no distal flow),
2 (incomplete or partial recanalization of the thrombotic
occlusion with any distal flow), and 3 (complete recanal-
ization of the thrombotic occlusion with normal distal
flow).

Clinical success was defined as a post-interventional
relief of ALI symptoms and an upward shift of at least one
grade in the Rutherford classification. Complications/ad-
verse events were categorized using the CIRSE classification
system: gr.1 (can be resolved within the same session), gr.2
(requires prolonged observation <48 h), gr.3 (prolonged
hospital stay >48 h or additional post-procedure therapy),
gr4 (causes permanent mild sequelae), gr.5 (causes per-
manent severe sequelae), and gr.6 (results in death) [15].
Primary patency was determined as a target lesion without
haemodynamically significant stenosis (>50%) or re-occlu-
sion on duplex scanning, conducted on the first postopera-
tive day and at one month.

Continuous variables are presented as medians with in-
terquartile range (25%-75%IQR), while categorical varia-
bles are represented as percentages.

Results

Patient data and ALI characteristics. The study group
comprised 13 patients with ALI resulting from unilateral oc-
clusion of the femoropopliteal arterial segment; 7 (53.8%)
were males. Subjects’ ages ranged from 43 years to 83 years,
with a median value of 71 (25%-75%IQR 62.5-77.5) years.
The right lower extremity was affected in 8 (61.5%) cases.
All patients exhibited characteristic ALI symptoms (classic
“6 P’s”), occurring over 72 (25%-75%IQR 24-96) hours af-
ter onset (4-302). Thrombosis (n=9; 69.2%) or embolism
(n=4; 30.7%) was identified as the etiological factor of ALI.
According to the Rutherford classification, cases were dis-
tributed as follows: gr.1-2 (15.3%), gr. IIA - 7 (53.8%), and
gr. IIB - 4 (30.7%). In 10 (76.9%) instances, ischemia was
categorized as “acute-on-chronic”. Among comorbidities,
the following were notable: arterial hypertension (n=13),
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chronic heart failure (n=13), ischemic heart disease (n=9),
normo- (n=1) or tachysystolic (n=5) atrial fibrillation, di-
abetes mellitus (n=3), and chronic obstructive pulmonary
disease (n=2). Each patient presented with at least three
chronic diseases.

All patients were on chronic anticoagulant/antiplatelet
treatment, while 6 (46.1%) were receiving antiarrhythmic
medication. In 3 (23%) cases, a recurrent episode of ALI
was identified, with the patients having undergone previ-
ous open embolectomy at the same limb level. Two (15.3%)
patients had a history of superficial femoral artery stenting
for chronic occlusive-stenotic lesions, and two others had
undergone femoropopliteal below-knee autogenous vein
bypass. Laboratory data revealed leukocytosis (n=6), hy-
perfibrinogenemia (n=6), mild anemia (n=4), and throm-
bocytopenia (n=2). All patients received therapeutic doses
of anticoagulants upon admission: sodium heparin (n=10;
76.9%) or enoxaparin (n=3; 23%).

The occluded arterial segment determined by preop-
erative computer tomography angiography (n=4; 30.7%),
duplex scan (n=5; 38.4%), or both examinations (n=4;
30.7%) included the superficial femoral artery (n=7) and
popliteal artery (n=2). Thrombosis of the femoropopliteal
below-knee bypass was identified in two patients, while
two others experienced acute stent thrombosis of the su-
perficial femoral artery.

Results of the application of thromboaspiration and
adjuvant endovascular techniques.

Patients underwent revascularization through percu-
taneous mechanical thromboaspiration using the Penum-
bra/Indigo® system as a primary or salvage intervention
within 9 (25%-75%IQR 2.5-48) hours after hospitalization
(2-96). In 11 (84.6%) cases, thromboaspiration was per-
formed with local anesthesia, and in two others - under
spinal anesthesia. Endovascular access was established via
the ipsilateral common femoral artery (n=10), crossover
(n=2), or brachial artery (n=1). DSA before thromboaspi-
ration revealed thrombotic occlusion with no distal flow
(TIPI score = 0) in all instances. Thromboaspiration was
conducted using dedicated CAT6™ (n=3) and CAT8™ (n=10)
catheters as the initial choice, depending on the diameter of
the targeted vessel. Technical success (TIPI score = 2-3) was
achieved in 12 out of 13 (92.3%) cases. In one patient with
bypass thrombosis, despite recanalization of the autologous
venous conduit and subsequent PTA for infrapopliteal oc-
clusive lesions, restoration of distal flow was not possible.
Consequently, a decision was made to opt for catheter-guid-
ed thrombolysis.

Control angiography following aspiration revealed asso-
ciated infrainguinal occlusive-stenotic lesions in all cases,
necessitating the use of adjunctive techniques: PTA, and in
8 (61.5%) cases - additional stenting of the femoropopliteal
segment (Fig. 2). Distal embolization was identified during
thromboaspiration in two cases, resulting in a perioperative
complication rate of 15.3%. It's important to note that both
instances were readily resolved during the same operative
session through repeated aspiration (gr.1 CIRSE).
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Fig. 2 Angiographic images captured during percutaneous thromboaspiration using the Penumbra/Indigo® system
and the extracted thrombotic masses.

Note: (a) - popliteal artery occlusion at diagnostic angiography; (b) - thrombotic masses aspirated into the canister of Indigo® device; (c) -
persistent intraluminal embolus (arrow), intraoperative distal embolization (arrowhead) and concomitant chronic arterial lesion (asterisk)
identified after initial thromboaspiration; (d) - restoration of blood flow at the completion angiography, after iterative aspiration followed by

percutaneous transluminal angioplasty.

The duration of surgical interventions ranged from 60
minutes to 160 minutes, with a median value of 120 (25%-
75%IQR 72.5-120) minutes. The volume of intraoperative
blood loss (aspirated into the canister) ranged from 260
ml to 480 ml. No patients required postprocedural blood
transfusion. The clinical success rate was 92.3%. Follow-up
duplex scanning confirmed the preservation of primary pa-
tency in all cases. There were no instances of death within
the 30-day period, and the limb salvage rate was 100%.

Discussion

Despite its multiple shortcomings and potential periop-
erative complications, open thrombectomy with the Fogar-
ty catheter remains the standard approach for ALI caused
by embolism [1]. In contrast, the present study reflects the
results of the initial experience of percutaneous vacuum-as-
sisted thrombectomy using the Penumbra Indigo® system
for ALI in the Republic of Moldova. In all four of our cases
considered with embolic etiology, coexisting occlusive-sten-
otic lesions were identified after percutaneous throm-
boaspiration, necessitating adjunctive treatment - PTA or
stenting. It can be assumed that in these cases, the standard
approach might have overlooked the associated lesions with
significant hemodynamic impairment, potentially affecting
clinical outcomes or necessitating additional surgery. More-
over, three patients had previously undergone surgery for
embolism, potentially exposing them to the associated risks
of repeated procedures. Generally, considering the substan-
tial percentage of cases presenting with “acute-on-chronic”
ischemia (76.9%) and the dominance of arterial thrombosis

(69.2%), the conventional open approach within the stud-
ied group likely would have necessitated complex revascu-
larization interventions instead of simple balloon thromb-/
embolectomy. Given the patients’ advanced age and the el-
evated prevalence of comorbidities, we hold the view that
bypass surgery might have been linked to notably higher
morbidity rates compared to those observed following the
application of the percutaneous technique.

The current guidelines suggest catheter-directed throm-
bolysis as an alternative to surgery in ALI, with both meth-
ods demonstrating comparable clinical outcomes [1, 3, 16].
However, thrombolysis has somewhat more limited indi-
cations, being recommended for less severe ALI cases (Ru-
therford grade IIA); and the rate of complications such as
intracranial hemorrhage, major bleeding requiring surgery
or transfusion, distal embolization, and compartment syn-
drome remains high (13%-30%) [11, 14, 17]. Furthermore,
the approach demands meticulous monitoring in the inten-
sive care unit with the requirement for subsequent angiog-
raphy; it is time- and resource-intensive, and the reported
high rate of technical success (up to 90%) can be attained
only after the accumulation of extensive personal experi-
ence [16, 18]. Other previously mentioned endovascular
techniques are also associated with a certain percentage of
specific complications: hemorrhages, distal embolization
(pharmaco-mechanical thrombectomy), hemolysis and re-
nal failure (rheolytic thrombectomy), vessel injury (ultra-
sound-enhanced thrombolysis) [4, 19].

Among the endovascular techniques potentially asso-
ciated with reduced periprocedural risks, percutaneous
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thromboaspiration stands out as a treatment option for ALI

patients. In 1978, Horvath et al. first proposed the use of

intra-arterial catheter aspiration to address iatrogenic em-

bolism related to PTA [5]. Manual aspiration thrombectomy

was subsequently described by Snidermann et al. in 1984
and successfully implemented using sheaths and catheters
by Starck et al. in 1985 [11, 14, 20]. Traditionally, this pro-
cedure involves the use of a large-bore catheter and man-
ual (50 ml) syringe aspiration, making it a cost-effective
and widely available approach with a high technical suc-
cess rate, ranging between 87% and 96% [21, 22]. Manual

thromboaspiration has long been used as a complementary
technique to thrombolysis, but current viewpoints suggest

that it can also serve as the primary choice, with thrombol-
ysis reserved for cases of treatment failure [10]. However,
the method has several limitations. One of the primary con-

cerns is the occurrence of sudden pressure changes during

aspiration due to the inability of manual suction to maintain
a stable (negative) pressure, which could potentially lead to

Mold J Health Sci. 2023;10(3):35-42

distal embolization or the movement of the clot in a proxi-
mal direction [4, 7]. Additionally, the occurrence of arterial
spasm, iatrogenic intimal dissections, or thrombosis is not
negligible, mainly due to the necessity for multiple catheter
movements [11, 20, 22].

Several devices for automatic thromboaspiration have
recently been introduced, among which is the Penumbra
Indigo® system. Initially, in 2005, the Penumbra mechan-
ical thrombectomy system, utilizing vacuum aspiration as
its primary mechanism of action, became available for re-
vascularizing occluded intracranial vessels in patients with
acute ischemic stroke [2, 14]. Following a successful initial
experience in treating stroke, acute pulmonary embolism,
and renovisceral occlusions, another device was launched
in 2014 - the Penumbra Indigo® aspiration thrombectomy
system, specifically designed for peripheral applications [5,
14]. The summarized early outcomes, reflecting the experi-
ences of conducting peripheral thromboaspiration for ALI
using the Penumbra Indigo® system across various medical
centers, in addition to our own data, are outlined in Table 1.

Table 1. Concise synthesis of early outcomes of percutaneous thromboaspiration for ALI using the Penumbra Indigo® system from international experience.

Author (year)

Number of cases

(Assisted) technical success

rate Limb salvage rate at 30 day

Gandini et al. (2015) [8]

Baumann et al. (2016) [18]

Saxon et al.; PRISM trial (2017) [11]
Kwok et al. (2018) [19]

Lopezetal. (2020) [16]

Farhat-Sabet et al. (2020) [5]

de Donato et al.; INDIAN trial (2021) [14]
Zied et al. (2021) [21]

Rossietal (2021) [12]

Present study (2023)

3
33
79%
15
43
4

150
19
33
13

100% 100%
(53.9%)" -
(96.2%) 97.5%

53.3% 100%
51% 88.4%
100% 100%

88.7% (95.3%) 99.3%

(94.7%) 100%
70% (90%) 87.8%
(92.3%) 100%

Note: "treated with Penumbra system (non-dedicated); *for above-the-knee occlusions; *52 cases - treated with Penumbra system (non-dedicated), 27 cases

- treated with Indigo® system.

Percutaneous aspiration thrombectomy is suitable for
patients with anticipated difficulty during surgical em-
bolectomy (morbidly obese, previous groin surgery) or an
anticipated need for adjuvant endovascular procedures
[21], as well as in cases when catheter-directed thrombol-
ysis is contraindicated [11, 14]. As in the case of the appli-
cation of many other techniques, the success of the method
is determined by the selection of appropriate cases. More
acute thrombus, presumably softer and more malleable, has
a higher probability of successful removal [12, 18]. Despite
the delayed referral of the patients in the current study (me-
dian value of ALI onset-presentation time being 72 hours),
we obtained a high clinical success rate, presumably due to
the predominance of atherothrombotic cases with well-de-
veloped collateralization.

The location of the arterial occlusion is considered a fac-
tor that can influence the technical success of the method.
In the below-knee segments, the technique has a higher
reported rate of success because the lesions are more of-
ten iatrogenic, shorter, and there is better concordance be-

tween the diameter of the vessel and the catheter [21]. Vice
versa, a lower success rate in the above-knee lesions may be
explained by a larger mismatch between the vessel size and
the thrombectomy catheter size [18]. Therefore, the use of
larger catheters, even in smaller vessels, is favored and be-
lieved to provide better thrombus removal [16].
Vacuum-assisted thromboaspiration minimizes the risk
of endothelium injury and potential iatrogenic distal embo-
lization, which are typical for open surgery [5, 11]. The re-
ported rate of the latter during endovascular interventions
is 1-5%, while in some studies it can be as high as 24% [22].
However, the actual frequency of this complication is be-
lieved to be much higher, estimated at 30-50%; fortunately,
it often remains clinically silent [20, 22]. The open surgical
approach in such cases, using the Fogarty balloon catheter
in the below-knee arterial segment, could be ineffective
due to the difficulty in directing the catheter into crural
and foot arteries, and therefore does not appear to be an
equivalent alternative to endovascular treatment [8]. In our
study group, two (15.3%) cases of distal embolization were
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identified. However, it should be noted that these occurred
during our initial practical experience when the full range of
dedicated catheters was not yet available. Fortunately, both
complications were ultimately resolved within the same
intervention by repeating the aspiration procedure. Jung
Guen Cha et al. reported a similar rate of distal embolization
(16.7%). It's important to mention that the authors used a
Penumbra aspiration catheter and a simple syringe instead
of an automated device [3]. Overall, the rate of perioperative
complications associated with the use of vacuum-assisted
thromboaspiration is acceptable, ranging from 2% to 14%,
being basically non-device specific [3, 14, 16].

Under the aspect of interventional technique, the use of
access sheaths with removable check-flow valves that can
be replaced, or rotating hemostatic valves, is considered
beneficial. The last one allows for easier introduction of the
catheters without damage to the tip, as well as removal of
the clot intact when “corked” at the end of the aspiration
catheter [11]. Even if its use remains at the discretion of the
operating surgeon, the Indigo Separator™ allows thrombus
disruption at the tip of the catheter ensuring its patency
and makes possible fragmentation of the clot with cleaning
the lumen without catheter removal [11, 14]. In general, it
is believed that better results are related to a more precise
technique, including the 1:1 sizing of the CAT™ catheter to
the target vessel diameter in all cases, the application of the
Separator™ in almost half of the cases, and the use of more
than one catheter per case when necessary [14].

Judicious use of suction control by switching the on/
off position of the tube valve and intermittent application
of vacuum-assisted aspiration became important tricks for
minimizing blood loss [11, 16]. By the way, the volume of
hemorrhage in our study was comparable to the amounts
described by other authors - on average 240 ml (up to 600
ml) [14].

To the disadvantages of percutaneous aspiration
thrombectomy compared to catheter-directed thrombolysis
can be attributed a potentially higher risk of traumatic inju-
ry to the endothelium and the inability to infuse lytic agents
into collaterals or run-off arteries that are too small for an
aspiration catheter [3]. However, it is important to mention
that in the case of failure of vacuum-assisted thromboaspi-
ration as an initial approach, the possibility of resorting
to thrombolysis, embolectomy, or bypass surgery is not
ruled out [14, 18]. In a similar context, unsuccessful open
thromb-/embolectomy does not exclude the possibility of
subsequent application of percutaneous thromboaspiration
[3, 23].

Currently, other automated systems for percutaneous
aspiration thrombectomy in ALI are also available, such
as ClearLumen-II (ClearLumen-II, Groupates), which in-
cludes pulse spray thrombolysis; Aspirex (Straub Medical
AG), which provides fragmentation of the thrombus by the
spinning steel helix; or ThromCat XT (Spectranetics Interna-
tional, Leusden, The Netherlands), which implies rotational
thrombectomy [7, 9]. More recently, the Indigo® Lightning™
7 system, followed by the Lightning Bolt™ 7 and Lightning
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Flash™, have been implemented, providing intelligent com-
puter-aided mechanical aspiration. Nevertheless, due to the
limited evidence regarding the comparative efficacy of the
respective methods, at the moment, it cannot be concluded
that one of the thromboaspiration techniques is obviously
superior in cases of ALL

In conclusion, the Indigo® system represents a modern,
minimally invasive technology with high effectiveness and
a low rate of complications, suitable for both primary treat-
ment of ALI and salvage or secondary therapy. The system
setup is straightforward and doesn’t necessitate the use of
adjunctive devices or thrombolytic agents. Advantages of
the technique include immediate restoration of blood flow
and the absence of the need for protection filters. The avail-
ability of dedicated catheters with different diameters al-
lows for reaching clots in very distal arteries, overcoming
a limitation present in other techniques [8, 14]. The diverse
clinical scenarios suitable for applying this technique to ALI
patients, as also confirmed in our study (embolism, athero-
thrombosis, stent or bypass thrombosis, “acute-on-chronic”
ischemia), highlight the wide applicability of the method.
These factors could potentially contribute to a shift in the
treatment trend for ALI in the near future.

Conclusions

Percutaneous vacuum-assisted thromboaspiration us-
ing the Penumbra/Indigo® system appears to be a safe
and effective minimally invasive technique for treating ALI,
providing the opportunity for concurrent correction of con-
comitant chronic peripheral arterial lesions.
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ABSTRACT

Introduction. Endothelial dysfunction is a result of complex pathogenic interface involving inflammation, oxidative stress,
disorders of endothelization and hemostasis etc., in both arteries and veins, leading to a lot of cardiovascular diseases.
Identifying markers with high predictive value has an important diagnostic and prognostic significance.

Material and methods. To create this review article, we conducted a thorough search for relevant references that are
current, specific, and aligned with the goals of the article. We utilized databases such as PubMed, MEDLINE, Google
Scholar, and Cochrane, going as far back as the year 2000 to gather the necessary information. The identified articles were
structured based on the main objectives, comprehensively analyzed, and the key findings have been critically exposed.

Results. A few main markers endothelial dysfunction were revealed, which reflect axial pathogenic events such as
inflammation, endothelium lesion and reendothelization, inherent hemostasis disorders and prothrombotic risk. Likewise,
some distinct morphophysiological traits of arterial and venous endothelium are disentangled, as well as markers having
common and distinct predictive power of endothelial dysfunction in arteries and veins.

Conclusions. Multi-marker panel is a reliable tool for prediction of endothelial dysfunction in both arteries and veins, as
well as the risk of inherent consequences. Noteworthy, majority of markers are common for arteries and veins, but some,

like C-reactive protein and von Willebrand factor should be treated distinctly.
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Key messages

What is not yet known about the issue addressed in the
submitted manuscript

Currently, there is not a comprehensive algorithm of vascular en-
dothelium dysfunction assessment using circulating biomarkers
which refer to most important pathogenic pillars: inflammation, reen-
dothelization and hemostasis disorders for both arteries and veins.
The research hypothesis

A segregation of leader markers of endothelium dysfunction
of arteries and veins based on their pathophysiological role in
triggering and worsening of vascular dyshomeostasis.

The novelty added by manuscript to the already published
scientific literature

Some markers of endothelial dysfunction should be distinctively
assessed in regard to their predictive power in arteries and veins,
such as C-reactive protein and von Willebrand factor. Likewise,
soluble receptor of protein C is a stronger predictor of thrombosis
risk linked to endothelial dysfunction in comparison to its ligand.
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Introduction

Vascular endothelium (VE) plays a versatile role in gen-
eral, and especially, cardiovascular homeostasis control.
Since the discovery of nitric oxide (NO) as an endothelium
derived factor having a key role in vascular tone regulation,
a lot of data are still accumulated available to depict a mul-
ti-facet caliber of VE. To note in this regard the property of
VE to prevent platelet adhesion and prothrombotic state
activation, circulating white cells passage, pathological vas-
cular remodeling and atherogenic plaque progressing [1-3].
Likewise, VE influences angiogenesis and arteriogenesis,
processes that have a dichotomic significance, meaning they
can have both positive and negative effects, the last being
touchy linked to cancer growth and cancer spreading [4].

The VE functions in veins and arteries are basically
common, although some differences exist, such as: (i) ve-
nous endotheliocytes express more amount of NO; (ii) en-
dothelial junctions in arteries appears to be tighter; (iii) ex-
pression of endothelial vascular growth factor (VEGF) and
of receptors against von Willebrand factor is higher in the
endotheliocytes of arteries [5]. Remarkably, large veins ver-
sus arteries have a greater capacity to trigger and sustain
an inflammatory response. Likewise, in veins the formation
of thrombus is much faster than in arteries due to lowered
blood flow, and the red blood thrombus does not need von
Willebrand factor.

Despite the fact that both arteries and veins express a
lot of common markers, the genes families inherent to en-
dotheliocytes of arteries and veins are not totally similar.
Arterial endotheliocytes express more opulently ephrinB2
gen, but in veins predominates EphB4 gen [6]. Conceptual-
ly is admitted that hemodynamic stress of the blood flow
might change the phenotype and morpho-functional sup-
port of vessel behavior regardless a certain identical embry-
onal pattern. Thus, the increased blood flux can induce an
arterial phenotype of venous endothelial cells.

Noteworthy, the VE injury associated by various mod-
els of dysfunction becomes an important pathogenic pillar
of many homeostasis disorders, which in veins are mostly
manifested by high risk of thrombus formation (e.g. deep
venous thrombosis), and in arteries by vascular remodeling
developing in a field of atherogenic event and artery reactiv-
ity disturbances. Artery endothelial dysfunction is viewed
as a pivotal tool of so dangerous cardiovascular disorders
like acute myocardial infarction, stroke, and arterial hyper-
tension. Endothelial damage associating the coronary angi-
oplasty triggers the process of in-stent re-stenosis qualified
as a pattern of pathological vascular remodeling resulting in
the angioplasty benefic lost.

Taken together these arrangements underline the real
importance of early endothelial dysfunction detection for
prediction of cardiovascular homeostasis impairment as well
as for disentangle of main therapeutic targets. Therefore, a
multi-marker strategy or multi-marker panel is applied as a
feasible algorithm containing markers which are referring to
most important pathogenic interfaces of the endothelial dys-
function and its imminent pathological consequences.
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Material and methods

In order to build this review article, the searching of
needed references concerning actuality, specificity, rele-
vance and matching to article goal was projected on data-
bases of PubMed, MEDLINE Google Scholar and Cochrane
with the depth of the relating up to the year 2000. The found
articles were structured in regard to main objectives, com-
prehensively analyzed, and the principal coagulated entities
have been critically exposed.

Results and discussion

Conceptually the multi-marker algorithm is built from
a puzzle of various pathogenic mechanisms leading to VE
injury and dysfunction whose most important expression is
NO lack. In arteries these phenomena are closely linked to
atherogenesis and inducing endogenous and exogenous fac-
tors. Leader mechanisms taken as intelligible objectives for
seeking feasible markers and predictors of VE dysfunction
and its repercussions are inflammation, oxidative stress, en-
dothelial reendothelization potency, decreases expression
and activity of endothelial nitric oxide synthase (eNOS),
smooth vascular myocyte migration and proliferation con-
trol disturbance, hemostasis disorders, etc.

Inflammation and more important circulating markers

Chronic or low-grade systemic inflammation or sub-
clinical inflammation is considered as a key factor leading
to VE impairment and dysfunction, beyond its direct action
on atherogenesis progressing. Contemporary concept cor-
roborates chronic inflammation as a sustained elevation of
circulating cytokines released by a diversity group of cells,
including adipocytes, which promotes an impact on remote
endothelial cells. Classical canon underlines obesity, met-
abolic syndrome and insulin resistance as most important
pathological entities leading to subclinical inflammation
even in both relatively young people and apparently healthy
adults [7-9].

Pathophysiological interface of inflammation induced
VE disorders is very complex, multi hierarchical and inter-
dependent [10, 11]. Among most important mechanisms
should be revealed:

= Inflammatory cytokines induced endothelial cell ap-

optosis and pyroptosis.

= Activation of oxidative stress.

= Reduced expression and activity of eNOS.

= Diminution of tetrahydrobiopterin, a cofactor of NO

synthesis by endothelial cells from L-arginine.

= Increased activity of arginase, which takes supple-

mentary amounts of L-arginine from eNOS-citrulline
cycle and converts this amino acid in ornithine cycle
leading to urea formation [12]. Remarkably, arginase
Il expression in mitochondrial apparatus is augment-
ed by inflammatory cytokines released by proinflam-
matory macrophages type 1 (M1). On the other hand,
excess of polyamines released in ornithine cycle trig-
gered by arginase are able to increase production of
asymmetric dimethylarginine which inhibits activity
of eNOS [13].
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Inflammation boosting resulting in endothelial dysfunc-
tion is higher in arterial vessels due to increased risk of dis-
turbed blood flow. Contrarily, laminar blood flow like flow in
veins is not a so strong factor capable to trigger inflammatory
response, and as consequence it means a lowered hazard for
excessive synthesis of ROS, reactive oxygen species (figure 1).

Finally, inflammation either directly or indirectly (there-
by of NO deficiency) exacerbates the process of atheroscle-
rosis a one of crucial supports responsible for VE damage
and dysfunction. Inflammation also is a factor promoting
vascular ageing either of arteries or veins which strongly
correlates with VE dysfunction severity [14].

Accordingly, the assessment of inflammatory markers
is an important diagnostical tool of VE dysfunction and re-
spectively a prediction of inherent cardiovascular disorders.
The most frequently used marker of inflammation and VE
dysfunction is high-sensitive C-reactive protein (hsCRP),
which compresses a large amount of evidence. Likewise,
hsCRP is considered a key predictor of coronary and heart
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activation '_ production
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recruitment at
atherosclerotic
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failure risk [15, 16]. To note in this regard that the serum
level of hsCRP is taken as cardiovascular risk stratifica-
tion such as the levels of <1 mg/L, 1-3 mg/L, and >3 mg/L
should be interpreted respectively as low, moderate, and
high vascular risk, respectively, based on a large number of
population studies [17]. Must be mentioned that elevation
of serum hsCRP level more than 15 mg/L should be inter-
preted as a presence of pathogen induced inflammatory
processes. Furthermore, moderate increased hsCRP levels
should be taken into consideration in cases when where are
other cardiovascular risk factors like arterial hypertension,
diabetes, obesity, smoking, dyslipidemia, stress, etc. [18].

The CRP role in endothelium damage and dysfunction
is well documented in an enormous number of clinical and
experimental studies and is based on certain mechanisms.

First, CRP is early and tightly involved in triggering and
progressing of atherosclerosis in arteries and thrombosis in
veins (figure 2).

Fig 2. Synoptic mechanisms of pentameric CRP (pCRP) and monomeric CRP (mCRP) involvement in the processes
of atherosclerosis in arteries and thrombosis in veins [19].
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The main mechanisms of CRP induced inflammation
driving VE dysfunction are linked to complement activation,
stimulation of foam cell formation and production of ROS
and cytokines, circulating leukocyte recruitment, stimula-
tion of platelet adhesion and aggregation, inhibition of eNOS
and NO diminution [19, 20]. More than that, the amount of
CRP found in atherogenic plaque robustly correlates with
intensity of inflammatory response, endothelial dysfunction
degree and risk power regarding acute coronary syndrome.
In regard to the ratio of monomeric/pentameric CRP forms
in veins and arteries is to underline the role of mechanical
and physical characteristics of the blood stream which de-
termine the activity of pentamer conversion in monomer
as well as the enzyme activity of the vascular locus. It is
considered that in arteries the concentration of monomer-
ic CRP is bigger than in veins, primarily due to a stronger
blood stream, and a higher proteolytic enzyme concentra-
tion especially in the region of atherosclerotic injury [21].
It is still unknown the precise mechanisms explaining more
aggressive pro-atherosclerotic action of CRP monomers
in comparison to CRP pentamers although both structural
patterns activate the same pathophysiological events, such
as complement activation, platelet and leukocyte adhesion,
endothelial cells damage [22]. Moreover, in the arterial en-
dothelial zones of injury the concentration of white blood
cells is higher compared to veins, a fact which should be tak-
en into consideration, because according to some opinions,
lymphocytes can synthesize CRP monomers [23]. Respec-
tively, the CRP-linked and mediated inflammatory process
is significantly more active in arteries than veins. Endothe-
lial inflammation is manifested by increased expression
of phospholipase A2 which facilitates the pCRP entering
in the liposomes of cell membrane (e.g., endotheliocytes,
macrophages, smooth muscle cells) where it is exposed to a
process of dissociation in partly due to an acidic microenvi-
ronment. So, in a case of a certain suspected risk to endothe-
lial dysfunction both pCRP and mCRP circulating levels are
diagnostically more important for arteries.

Second, CRP increases expression of monocyte chemoat-
tractant protein (MCP-1), as well as of selectins in endothe-
lium [24]. These events facilitate the monocyte and neutro-
phil traffic through endothelial layer. The trapped white cells
trigger the process of smooth myocytes migration and prolif-
eration not only in arteries, but also in veins, defined as vein
wall remodeling [25]. It is sustained by extracellular matrix
(ECM) excessive degradation and synthesis under the action
of fibroblasts and ECM metalloproteinases. Noteworthy that
under statins action, the serum MCP-1 content decreased
and it resulted in improvement varicose vein remodeling
[26]. Likewise, it is a corroborated suggestion that suscep-
tibility of the vein ECM to proinflammatory agents’ action is
linked to some proteomic and genetic disorders, which justi-
fies the application of multi-marker panel in order to unravel
the real predictors of chronic venous disease [27].

Third, CRP decreases activity of HDL capacity to take
cholesterol from foam cells leading to atherogenic phenom-
enon boosting. On the other hand, HDL markedly reduces
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the proinflammatory activity of CRP, and therefore lipid
profile improvement manifested by LDL decrease and HDL
raise confines the pathogenic approach of CRP in inflamma-
tion induced VE damage and dysfunction [28]. This effect
is especially suitable in arteries and represents a pillar of
lipid-lowering therapy.

Another remarkable marker of inflammation and pre-
dictor of VE dysfunction is tumor necrosis factor alpha
(TNF-a). TNF-a is considered as a pivotal proinflammato-
ry marker whose expression is dependent on activity of 2
transcription factors: nuclear factor kappa B (NF-kB) and
nuclear factor of activated T lymphocytes (NFAT) which
provide the signals from membrane Toll-like receptors to
nuclear DNA. The strong contribution of TNF-a in endothe-
lial inflammation and dysfunction was confirmed in a lot of
clinical and fundamental studies. Especially are the empha-
sized results showing that intra-arterial TNF-a infusion in
healthy volunteers resulted in acute vascular inflammation
associated with impaired endothelium-dependent vasore-
laxation [29].

A few important detrimental effects of TNF-a are recog-
nized as (figure 3):

e Increased activity of endothelial membrane NA-
DPH-oxidase leading to excessive formation of su-
peroxide anion which neutralizes the NO by accu-
mulation of peroxynitrite (ONOO), a radical able to
constrict arteries and exacerbate atherosclerotic
process.

¢ Inhibition of cytochrome 450 resulting in lowering
of epoxyeicosatrienoic acids (EETs) formation from
arachidonic acid, which is able to relax arteries by hy-
perpolarization mechanism.

¢ Decreased expression of eNOS.
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Fig 3. Mechanisms of TNF-a induced endothelial dysfunction [29].

AA - arachidonic acid; EDHF - endothelial derived hyperpolarizing
factor; L-Arg -L arginine.
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The circulating TNF-a levels directly correlate with se-
verity of endothelial dysfunction in both arteries and veins.
In some cases, overexpression of TNF-a is linked to genetic
disorders found in autoimmune diseases (e.g., rheumatoid
arthritis, systemic lupus erythematosus) associated with VE
dysfunction worsening [30]. TNF-a stimulates expression of
endothelial receptor LOX-1 which boosts sequestration of
oxiLDL molecules from blood in order to build the athero-
genic plaque in arteries. LOX-1 activation also leads to in-
creased expression of NF-kB and arginase2. The last reduc-
es NO formation because consumes excessively L-arginase
in the ornithine cycle.

The impact of low grade of inflammation or subclinical
inflammation often found in diverse metabolic disorders
(e.g., obesity, diabetes, insulin resistance syndrome) on VE
even in young persons is provided via elevated circulating
levels of TNF-a. Impairment of microcirculation (cerebral,
cardiac), a system of vascular network which encompasses
resistant vessels such as prearterioles, arterioles and capil-
laries, having a risk power for stroke and acute myocardial
infarction, is strongly linked to TNF-a elevation [31]. Being
directly and actively involved in the ROS formation, TNF-a
leads to endothelial cell activation in order to release en-
dothelin 1 (ET-1) which is considered as one of most potent
natural vasoconstricting agents. So, collectively TNF-a, ROS
and ET-1 are important pathogenic factors acting together
and able to induce VE dysfunction and promote its conse-
quences. More than that, TNF-a increases expression of
ET-1 receptor in smooth arterial myocytes (i.e., types ETA
and ETB), thus tightly contributing to artery remodeling,
especially resistant arteries [32]. Stimulation of ET-1 gen-
eration by TNF-a is mediated by c-Jun N-terminal kinase
pathway, which is also a mechanism of ROS release. Perivas-
cular adipose tissue is influenced via inherent adipokines
the rate of TNF-a expression. It has been proven that adi-
ponectin decrease provides TNF-a expression, but in excess
leptin and resistin, in contrary, stimulates expression. The
substance P can decrease in natural conditions the TNF-a
impact on VE thereby a mechanism linked to modulation of
proteinkinase B (Akt) triggering eNOS activity [33].

Recent studies have shown that diverse families of mi-
cro-ARN (miR) can have a dichotomic manner of VE regu-
lation. In this regard is important the action of mir-29a-3p
manifested by decrease of TNF-a receptor expression, and
as consequence the TNF-a induced activation of adhesive
molecules, such as E-selectin and ICAM-1 (intercellular
adhesion molecule) and VACM-1 (vascular adhesion mol-
ecule), hence playing a role of natural VE protector and a
mechanism counteracting endothelial dysfunction worsen-
ing [34].

The role of TNF-a in the pathogenesis of inflammation
induced and assisted endothelial injury is quite well doc-
umented [35]. However, the predictive power of TNF-a re-
garding early endothelial dysfunction is better studied and
known for arterial bed.

Both main markers of VE dysfunction, CRP and TNF-q,
are conceptually strongly linked to another proinflammato-
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ry marker, IL-6. Inflammation, oxidative stress, and Ang II
stimulate the IL-6 expression in veins and arteries wall. Be-
ing a multifunctional cytokine, IL-6 acts on diverse cells (en-
dotheliocytes, myocytes, adipocytes, monocytes, and cardi-
omyocytes) in both endocrine and paracrine pathways. Like
CRP, IL-6 can be synthesized locally, in the atherosclerotic
plaque, and its level positively correlates with expression
of LOX-1 receptors and pathological pattern of vascular re-
modeling. IL-6 receptor is found in two arrangements [36]:

¢ As a membrane receptor without intrinsic kinase ac-

tivity and with low affinity at the cell surface.

e As a gp130 transmembrane site having intrinsic ty-
rosine kinase activity able to bind the circulating
complex acting as a ligand: IL-6+ soluble IL-6 recep-
tor.

Activation of both markers leads to activation of STAT-

1 and STAT-3 (signal transducer and activator of transcrip-
tion) and consequently to nuclear DNA activation. The
gp130 is expressed ubiquitously, but membrane IL-6 recep-
tor - selectively, in dependence of the cell type.

In a comparative analysis of IL-6 role vis-a-vis of venous
and arterial endothelial dysfunction it is important to un-
derline 2 distinct traits. The first, vascular wall capacity to
release IL-6 is higher in arteries. Second, the gp130 expres-
sion level in veins is lowered.

Among pleiotropic effects of IL-6 should be highlighted
the following actions in regard to its role in VE dysfunction
[37,38]:

e augments the detrimental action of TNF-a and CRP

on VE;

e increases production of ROS;

e stimulates expression of chemokines;

e elevates the level of plasmin activator inhibitor;

¢ stimulates synthesis of active-phase proteins by liver
(e.g., fibrinogen, ceruloplasmin);

e increases expression of adhesive molecules and fa-
cilitates the trans-endothelial traffic of white blood
cells;

e triggers the migration and proliferation of endotheli-
al cells and smooth vascular muscle cells;

e activates the ECM fibroblasts and promotes the vas-
cular remodeling.

According to IL-6 intake in the venous endothelial dys-
function the majority of evidence indicate that in diverse
patterns of vein remodeling the circulating IL-6 level is sig-
nificantly elevated and robustly correlates with the serum
amount of [L-8, TNF-a and MCP-1 [39, 40]. Anyway, still the
amplitude of diagnostic and pathophysiological relevance
of the main proinflammatory markers such as CRP, TNF-a
and IL-6 in veins remains less appreciated in comparison
with arteries. First and foremost, deep venous thrombosis
remains the principal venous pathology requesting moni-
toring of inflammation markers as predictors of endothelial
dysfunction and inherent repercussions.

Markers of endothelial lesion and reendothelization

Endothelial lesion is a continuous process triggered
by various pathologic factors such as: ROS, inflammation
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mediators, shear-stress, hyperglycemia, dyslipidemia, hy-
perhomocisteinemia etc. Many comorbidities (e.g., arterial
hypertension, diabetes, autoimmune diseases) worsen en-
dothelial injury leading to a progressive decline of VE dys-
function. The most important markers of endothelial lesion
are endothelial microparticles (EMP), endothelial exosomes
which derive from special vesicles erupted from endothe-
lial cell membrane and endothelial apoptotic bodies [41-
43]. The circulating level of EMP positively correlates with
the degree of endothelial injury especially in arterial bed,
atherosclerotic process activity as well as risk of acute vas-
cular accidents like acute myocardial infarction and stroke.
Likewise, elevated EMP level is associated with higher se-
rum amounts of CRP, TNF-q, IL-6, IL-8, MCP-1, and diabetes
induced VE damage [44]. Hyperhomocysteinemia, smoking
and hypodynamic lifestyle are often associated with raised
EMP and free endotheliocyte circulation that indicates on
endothelial layer injury and endothelial inflammation be-
cause the level of phospholipase A2 is also increased.

In the venous system, the pathophysiological signifi-
cance of EMP is rather linked to procoagulant activity and
risk of thrombosis, and this marker predicts endothelial cell
senescence and functional weariness [45]. To note in this
context that EMP increases directly and indirectly expres-
sion of selectins, VACM-1 and ICAM-1, activates platelets
and monocytes, increases release of tissue factor from en-
dotheliocytes, thrombocytes and mononuclear cells. These
procoagulant events are also associated with elevated lev-
els of thromboxane A2 (TxA2), ET-1, ROS and peroxynitrite,
growth factors and plasminogen activator inhibitor. So, EMP
is an early predictor of vein thrombosis, and obviously this
marker should be assessed in association with other bio-
markers referring to coagulant, anticoagulant and fibrinoly-
sis systems feasibility.

The process of reendothelization is a crucial phenome-
non aiming substitution of either damaged cells or senes-
cence cells by new endotheliocytes. In regard to renew-
ing of senescence cells population, should be emphasized
that both endotheliocytes and smooth vascular myocytes
demonstrate an advanced statement of senescence in the
boosted atherosclerotic process [46]. Endothelial senes-
cence and damage lead to diminution of tetrahydrobiopter-
in, a cofactor of NO synthesis, and respectively a predictor
of VE dysfunction. Therefore, tetrahydrobiopterin became a
reliable marker of early VE dysfunction and atherosclerosis
progression [47].

Basically, reendothelization is realized and emphasized
by following paramount markers: VEGE, angiopoietins, and
endothelial progenitor cells (EPCs).

VEGF is considered a strong endotheliocyte mitogen and
angiogenic factor. In vitro studies have demonstrated that
VEGF stimulates the growth of arterial, venous, and lym-
phatic endotheliocytes which are forming a new capillary
network. Hypoxia, ischemia, and oxidative stress are main
factors triggering expression of VEGFE, which is underlined
also as vasoprotector factor due to its antiapoptotic effects
derived from activation of Bcl-2 proteins. Mechanical stress
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of VE induced by diverse maneuvers of angioplasty damag-
es endothelial cells and stimulates release of VEGE. Nitric
oxide and eNOS play an important role in the VEGF induced
angiogenesis [48]. Remarkably, VEGF induces vasodilation
in a dose dependent manner,; and this effect is fought to be
mediated by prostacyclin. Two types of receptors mediate
the large spectrum of VEFG effects: R1 and R2. The VEGF-R2
receptor is expressed on arterial and venous vasculature,
being involved in control of vasodilation, atherosclerosis,
cell migration and proliferation [49].

VEGF-R1 receptor is mostly found as a soluble recep-
tor capable to bind the circulating VEGF and the affinity
of receptor against specific ligand is 10-fold higher ver-
sus VEGF-R2. However, the kinase activity triggered by via
VEGF-R1 is 10-fold weaker [50]. In contrast to VEGF-R2,
VEGF-R1 does nor mediate angiogenesis in embryonal tis-
sue. In adulthood it is expressed in both endothelial cells
and macrophages and worsens the atherosclerotic process.

Accumulated data suggest that VEGF is a predictor of ar-
terial wall remodeling, and its elevated level is well proven
in patients with arterial hypertension and type 2 diabetes
[51]. The authentic role of VEGF in reendothelization was
confirmed in vivo by administration of an antibody neutral-
izing this growth factor after angioplasty induced vascular
injury, which led to VE recovery annihilation. It has been de-
duced that released VEGF from damaged endothelial cells in
the blood promotes the function of EPCs, which are seques-
trated from bone marrow under action of this growth factor.
Increased production of endogenous NO after an adequate
reendothelization realized basically by EPCs, decrease ex-
pression and activity of VEGE. More than that, exogenous
NO released from nitrite donors reduces the activity of
reendothelization in vivo due to decrease of VEGF level as
well as level of APCs. Interestingly, carbon monoxide, anoth-
er endothelial derived factor, acts unlike NO, contributing to
VEGF expression increase thereby hypoxia inducible factor.
Finally, VEGF being appreciated as a growth factor expressed
not only by endotheliocytes (e.g., by macrophages, platelets,
keratinocytes, renal mesangial cells) plays a certain role in
other functions besides reendothelization, such as: hemato-
poiesis, wound healing, bone tissue synthesis. To be noted
in this context that tumor cells also are capable to express
VEGF, and angiogenesis becomes a pathogenic factor facili-
tating tumor growing and metastasis [52]. Likewise, use of
the blockers of VEGF receptors led to a suppressing effect
on tumor growth and lowered risk of tumor metastasis.

Thus, EPCs are proven as an important tool triggering
and sustaining reendothelization because they are capable
to differentiate into endothelial cells and hence provide phe-
nomenon of new blood vessels formation. Therefore, EPCs
are often named as circulating angiogenic cells. Mobiliza-
tion of EPCs from bone marrow is realized not only by VEGF,
but other factors are also available, such as ECM metallo-
proteinase 9 and stromal cell-derived factor 1. Also, EPCs
can secrete some paracrine factors, such as IL-8 and stromal
cell-derived factor 1. Hypoxia and ischemia are factors that
mobilize EPCs in blood flow resulting in their migration to-
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ward the zone of endothelial injury where they proliferate,
and differentiate into mature endothelium, thereby leading
to reendothelialization and neovascularization [53, 54]. Be-
ing injected intravenously EPCs can reach the infarcted re-
gion within 48 hours.

Decreased levels of EPCs or their functional disability
are strong predictors of endothelial dysfunction and car-
diovascular disease as well [55]. Lower levels of EPCs are
associated with a weaker process of reendothelization even
when the circulating level of VEGF is quite high. It is a well
proven fact, that low levels of EPCs are accompanied by de-
creased production of NO and vascular reactivity impair-
ment. Weak sequestration of EPCs from bone marrow aug-
ments VE dysfunction and accelerates the progression of
cardiovascular disorders. Many cardiovascular risk factors
confine the activity of EPCs recruitment and their home in
the zone of VE injury, such as hyperglycemia, hypercholes-
terolemia, hyperhomocysteinemia, low grade inflammation,
leukocytosis, oxidative stress, etc. Therefore, for a better un-
derstanding of real pathogenic interface of VE dysfunction,
EPCs should be assessed together and correlatively with a
lot of other markers and risk factors of vascular, especially
arterial damage. Noteworthy, the level of circulating EPCs is
recognized as an independent predictor of atherosclerosis
progression and suspected disorders of artery remodeling
and reactivity [56-58].

Nowadays the serum concentration of EPCs is viewed as
an important diagnostic marker as well as a therapeutic tar-
get of cardiovascular disorders associated with VE dysfunc-
tion. Intracoronary infusion of EPCs lead to reduced myo-
cardial infarction zone and to improvement of myocardial
and ECM remodeling in post-infarction period.

In this regard it is important the opinion of K. Lenk et
al. (2021) who suggest that EPCs are a one of key tools for
providing physical exercise benefits on atherosclerosis and
coronary disorders [59]. Physical activity maintains the
structural integrity of VE regardless of any risk factors ac-
tion, and in case of endothelium alteration, the level of EPCs
is higher and their involvement in vascular repair becomes
more efficient.

Regarding some differences of EPCs role in arteries and
veins, there is no conclusive data. Nevertheless, could be
relevant hypothesis that the EPCs role in both arterial and
venous endothelium repair is the same.

Nowadays, a new marker of reendothelization is angio-
poietin which belongs to group of growth factors. Two most
important families of angiopoietin are known: Ang-1 and
Ang-2, which are natural ligands of the Tie-1 and, respec-
tively, Tie-2 receptors tyrosine kinase, which are expressed
primarily on endothelial cells and early hematopoietic cells
[60, 61].

Ang-1 acts as a potent angiogenic growth factor, but Ang-
2 plays an important role in various physiological processes
and its impairment is inherent to a lot of homeostasis disor-
ders, including for the lymphatic system.

Tie-2 receptor is abundantly expressed in endothelium,
especially of arteries. Likewise, vascular fibroblasts can ex-
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press Tie-2 receptors, whose attribution is considered to
be tightly linked to vascular injury repair. Therefore, this
receptor is considered as atheroprotective in arterial en-
dothelium [62]. So, both angiopoietins fulfill a lot of suita-
ble functions, such as: adhesion and survival of endothelial
cells, augmentation of EPCs action vis-a-vis of endotheli-
um repair, reendothelization and angiogenesis from new
formed capillaries. However, the authentic equilibrium be-
tween Ang-1 and Ang-2 in postnatal vascular morphology
and physiology control is still not well established. Most hy-
potheses state that Ang-1 acts in a paracrine agonistic man-
ner inducing Tie-2 phosphorylation and subsequent vessel
stabilization. In contrast, Ang-2 is produced by endothelial
cells and acts as an autocrine antagonist of Ang-1-mediat-
ed Tie2 activation. Conceptually is important that Ang-2
blunts the action of proinflammatory cytokines on vascular
endothelium and therefore prevents and mitigates the VE
injury and remodeling. Lastly, Ang-2 and EPCs action on VE
might be boosted by TGF-beta (transforming growth factor)
whose signal is received by a special endothelial receptor,
endoglin (membrane glycoprotein) whose activation pro-
motes the neoformation of capillaries and integrity of vessel
walls, either in the embryo or postnatal life [63].

Together with VEGF, angiopoietins could stimulate an-
giogenesis induced tumor metastasis, and respectively are
depicted as targets of therapy, especially concerning the
Ang-2. More data is needed in order to highlight physiolog-
ical and pathophysiological entities of these growth factors
regarding VE dysfunction.

Markers of VE dysfunction in connection to hemosta-
sis disorders

Vascular endothelium dysfunction is associated with
severe hemostasis disorders manifested finally by a pro-
thrombotic state induction. Accordingly, VE dysfunction be-
comes a condition of prothrombotic risk, but at the same
time the formed thrombi comprise a pathogenic interface
for DE dysfunction exacerbation. Therefore, inherent mark-
ers of hemostasis disorders should be important and signif-
icant predictors of VE dysfunction severity and its prognos-
tic outcomes.

Basically, prothrombotic state is a result of either over-
activation of coagulation system or impairment of antico-
agulant processes. Frequently these factors act together.
Fibrinolytic activity of the blood also plays a notable role
because can ensure in time the resolution of fibrin throm-
bus. Endothelium incompetency in the field of hemostasis
control is emphasized as following main entities:

e Discovery of the integrins receptors expressed by

subendothelial collagen fibers.

¢ Platelet activation and increase of its adhesive and

aggregation receptors.

¢ Increased release of von Willebrand factor (VWF).

e Excessive accumulation of the tissue factor released

in partly from damaged endotheliocytes.

e Decreased expression of endothelial receptors play-

ing a crucial role in the anticoagulant protein C acti-
vation.
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¢ Diminution of the anti-thrombin III level.

¢ Reduced NO and prostacyclin production.

The earliest consequences of VE lesion and dysfunc-
tion in regard to hemostasis control are elevated circu-
lating level of vWE antithrombin III and incompetence of
anticoagulant tandem protein C-protein S. Von Willebrand
factor, a pentameric glycoprotein, is mainly synthesized by
endothelial cells (megakariocytes also express vWF) and is
stored in Weibel-Palade bodies and a-granules respective-
ly of endotheliocytes. Normally the circulating level of vWF
is linked to ABO blood groups and other genetic arrange-
ments. Non-genetic background of vWF plasma level chang-
es is determined by age, gender, inflammation, oxidative
stress, and surely by endothelial cell integrity in either ar-
teries or veins. Most important hemostatic functions of vVWF
are driven by: (i) stabilization of the factor VIII in the cir-
culation because vWF serves as its plasma carrier, and (ii)
boosting of platelet adhesion to vascular wall and platelet
aggregation, respectively.

Majority of pathologic states associated with vascular
endothelium injury and dysfunction demonstrate elevated
circulating levels of vWF [64-66]. Increased plasma vWF
concentration means a risk for prothrombotic state activa-
tion leading to thrombi formation in arteries of veins (so,
white and red thrombi). Most important conceptual and
practice question remains as: does the vWF has a more de-
cisive role in thrombus formation in arteries or in veins?

Solitary narrations indicate the importance of discovery
of all active sites of vVWF pentamer in the blood flow in order
to achieve maximal hemostatic functions [67-69]. This is pos-
sible in an arterial rapid and intense blood flow comparable
to the slow flow in. So, the predictive power of increased plas-
ma level of vVWF concerning risk of thrombus formation is ob-
vious in arteries. In regard to vWF role in venous thrombus it
is linked to lowered polymer degradation and consequently
less fully discovery of active sites of glycoprotein needed for
factor VIII binding due to weak blood flow in veins [70].

Another hemostatic factor linked to endothelial availa-
bility is antithrombin III (AT-III), recognized as an endog-
enous serine protease inhibitor (glycoprotein consisting
of 432 amino acid residues), thus of thrombin. Endothelial
cells injury leads to decreased release of AT-III resulting in
a lowered capacity of thrombin inactivation of the blood.
Likewise, AT-III also inhibits other factors of coagulation
system, such as IX, X, XI and XII [71].

So, blood levels of AT-1II predicts VE dysfunction and risk
of serious cardiovascular diseases like acute myocardial in-
farction and stroke [72].

Finally, anticoagulant protein C is a key antithrombotic
factor, but its functional feasibility is closely linked to en-
dothelial receptor (type 1 transmembrane glycoprotein)
needed for protein C activation. Therefore, even the normal
or elevated circulating levels of protein C could be inefficient
to prevent thrombus formation if due to endothelial damage
its activation is compromised. However, there are interesting
approaches to study the predictive value of soluble endothe-
lial receptors to protein C. Remarkably, in the blood stream
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this receptor binds to circulating protein C, but this does not
result in anticoagulant factor activation, but in contrary leads
to its inhibition due to lost ability to inhibit factor Va [73].

Thus, increased level of soluble endothelial receptor of
protein C could be a reliable marker of anticoagulant capac-
ity fall due to protein C misfunctioning, and respectively a
predictor of prothrombotic state activation in both arteries
and veins.

Conclusions

1. The multi-marker panel of endothelial dysfunction is
a key opportunity to identify the markers referring to
main pathogenic mechanisms, such as inflammation,
reendothelization and hemostasis disorders having a
reliable early prediction for arterial and venous en-
dothelial dysfunction.

2. Although majority of markers have a same predictive
value of endothelial dysfunction in both arteries and
veins, the circulating levels of CRP and vWF are more
important in regard to arteries because here depo-
lymerization activity of these pentamers is higher
leading to pathogenic mission augmentation con-
cerning vascular remodeling and prothrombosis.

3. The circulating level of protein C is not a reliable
marker of endothelial dysfunction induced risk of
thrombosis. However, the elevation of its soluble en-
dothelial receptor could predict lower anticoagulant
activity of protein C due to the loss of capacity to in-
activate factor Va.
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ABSTRACT
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pathological mechanisms of aggregation directed by the clotting factors along with the variations in clinical manifestation
are regarded to a high moiety of genetic polymorphisms along with a wide diversity of comorbidities.

Material and methods. A comprehensive literature review was conducted, which included a total of 119 sources. Among
these, 60 sources were systematically collected, while the remaining 59 sources were selected through non-systematic
methods.

Results. We have identified different treatment options that regard both the venous or arterial thromboembolism in
contrast with numerous pathogenetic outcomes, population groups along with biomarkers that significantly modify
the clinical aspects of the therapeutical and post-clinical treatment aspect. At the moment its diagnosis is continuously
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Key messages

What is not yet known about the issue addressed in the
submitted manuscript

Currently, there are no biomarkers available that can guarantee a
100% accuracy in the differential diagnosis of arterial and venous
thromboembolism, thereby increasing the complexity of the
diagnostic process.

The research hypothesis

There are different biomarkers which in conjunction with each
other can leave a trace of different conditions thus implying the
necessity of using these molecular titers in a sensible and specific
way. The biomarkers which are most efficient must be identified
along with the auxiliary clinical methods for the management of
thromboembolism.

The novelty added by manuscript to the already published
scientific literature

Many studies consider the molecules either the surgical methods
that are acceptable in daily clinical routine in an isolated manner
butnone ofthem have tried to see abroad picture of this memorable
pathological condition.
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Introduction

In-depth research reveals thromboembolism as a signif-
icant global issue that demands a timely diagnosis for swift
assessment and appropriate treatment. The utilization of
thrombosis markers in line with the diagnostic algorithm
and disease stage remains an undiscovered aspect that war-
rants exploration [1].

Thromboembolism is a disease, which can affect various
anatomical vessels, including arterial, venous and central
portion [2-4]. Morphologically it is represented by throm-
bogenesis that will in turn lead to blood flow obstruction in
that anatomical region [5].

Arterial thromboembolism was investigated with less
detail. It can arise from the central region of the cardiovas-
cular system or from atherosclerotic plaques in large-di-
ameter blood vessels [4]. In certain animals, this condition
can be extremely painful and debilitating, raising ethical
concerns in veterinary medicine regarding euthanasia as a
means to alleviate suffering [6].

The contemporary concept describes the mechanism of
the coagulation cascade in which the factors are designated
by Roman numerals, except for the first four factors which
have specific names: Factor I (fibrinogen), Factor Il (pro-
thrombin), Factor III (tissue factor), and Factor IV (bivalent
calcium ions). These factors can interact with each other to
form a primary thrombus, which will undergo further fibri-
nolysis [7].

It has been observed that the main factors that are asso-
ciated with the arterial thromboembolism are the anoma-
lies in the coagulation cascade, cytokines, the soluble form
of the P-selectin, the elevation of clotting factors, thrombo-
cytosis and leukocytosis [4]. These factors are more marked
in advanced age, females, and during exacerbation of co-
morbidities such as arterial hypertension, diabetes mellitus,
myocardial infarction, heart failure, and stroke [8].

In the context of the emerging SARS-CoV-2 pandem-
ic and COVID-19, there has been observed an increase in
the incidence of thromboembolism and signs of ischemia
following heart failure. The highest incidence of arterial
thromboembolism has been identified in the lower limbs
(71%), upper limbs (14%), mesenteric arteries (4%), and
the arterial Willis’ circle (10%). In certain cases, multiple
sites may be affected, and there is a possibility of concomi-
tant venous thromboembolism [9].

It has been demonstrated that in COVID-19, pulmonary
venous thromboembolism is more prevalent than deep ve-
nous thromboembolism. This is attributed to the heart le-
sions that are induced in the cytokine storm that is stim-
ulated by the virus antigens, without a primary focus on
venous thromboembolism, contrary to initial reports from
Wuhan, Hubei province, China, and surrounding regions, as
indicated by a meta-analysis [10].

Malignant neoplasms are characterized by arterial vas-
cularization and subsequent dissemination of thromboem-
boli in the arterial system. The highest incidence of arterial
thromboembolism has been observed in cases of cerebral,
pulmonary, colorectal, and pancreatic cancer [11].
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The most prominent and up-to-date marker for throm-
bosis is D-dimer, which can be elevated in the elderly pop-
ulation, as well as in cases of cancer, infections, and chronic
inflammations. This biomarker exhibits high sensitivity but
limited specificity for venous thromboembolism [2]. Addi-
tionally, D-dimer levels can be influenced by various genet-
ic polymorphisms that affect fibrinogen sequences, which
may reduce its reliability in a clinical setting [12].

The Zaharin-Head regions have been shown to reflect
somatosensory sensations, such as acute or chronic pain,
and can serve as markers of organic lesions in the pretermi-
nal or terminal stages [13]. In cases of upper limb arterial
occlusion, the pain may manifest as sensations of itching
and numbness along the ulnar nerve pathway [14].

The objective of this study was to investigate the bio-
chemical mechanisms underlying thromboembolism, with
the aim of identifying effective therapeutic approaches and
highlighting future research directions in the areas of pre-
vention and treatment. We specifically focused on exploring
the interactions between various biomarkers and their po-
tential impact on avoiding quantitative biases in biochemi-
cal marker analysis.

Material and methods

A randomized literature study was conducted on
01.02.2023 in order to identify randomized clinical trials,
meta-analyses and review articles. The search was conduct-
ed using numerous platforms including the PubMed, HI-
NARI, EMBASE and Elsevier libraries.

After applying a set of criteria, a list of 60 random papers
were selected. The including criteria were: relevance of the
topic, had at least one of the key-words in the title or ab-
stract - “thrombosis”, “thromboembolism” in combination
or with the “arterial”, “venous” or “pulmonary” and were co-
incidant with our era and prevalent lifestyles on a cultural
background with a relatively strict selection of the sourc-
es from the past 10 years. Some exceptions were admitted
for the time period for the literary sources which are still
standing as leading. The exclusion criteria were: outdated
information, irrelevant geographical location and irrelevant
time period of the results.

For an increased confidence of the research query were
independently studied 59 sources. There were details that
required additional clarification this in turn demanding this
search. Overall, we have studied 119 literary pieces. All of
them had to be regarded as being of high quality in respect
to the journal in which they were published and its impact
factor.

We did not follow any current guidelines, but we have
used a protocol enlisted in the Essential Evidece-Based
Medicine, 2™ edition by Dan Mayer [15].

Results and discussion

General aspects

Hypercoagulability can be defined as a condition charac-
terized by an increased propensity for blood clot formation,
influenced by both endogenous and exogenous factors. It is
important to note that arterial hypercoagulability differs
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significantly from venous and central hypercoagulability
[16]. A notable physiological aspect of hypercoagulability
is the Virchow’s triad, which associates alterations in local
blood circulation with blood vessel lesions [17].

Comorbidities associated with an increased risk of
thrombosis are classified as prethrombotic states, while
spontaneous thrombosis represents the primary patholo-
gy. Notable causes of thrombosis often involve deficiencies
in protein S, protein C, antithrombin III, as well as various
dysfibrinogenemias. Malignant conditions, pregnancy, oral
contraceptives, myeloproliferative disorders, hyperlip-
idemia, diabetes mellitus, and vascular anomalies, along
with alterations in blood rheology, are also considered pre-
thrombotic states [18]. Hemophilic infections and viral in-
fections are the primary contributors to both venous and
arterial thromboembolism. These infections can be further
complicated after splenectomies or during leukemia, poten-
tially leading to confusion in laboratory data interpretation
[19, 20].

It has been demonstrated that geomagnetic storms may
have a potential correlation with increased incidence of car-
diovascular diseases, including myocardial ischemia and
cerebral stroke. The intensity of radiation emitted on the
Earth’s surface is higher during wintertime due to the plan-
et’s proximity to the sun, which contrasts with the equato-
rial region where there is a higher incidence of cardiovascu-
lar diseases throughout the year due to increased radiation
exposure [21].

Comorbidities play a significant role in these mech-
anisms as they can affect both the quantity and quality of
clotting factors, thereby modifying their functionality and
impacting fibrinolysis. In kidney diseases, a tendency to-
wards hypocoagulability is observed, while in chronic car-
diac pathology, states of hypercoagulability are observed.
The coagulation index can be measured using an integral
approach that assesses the fibrinolytic potential and the
overall hemostatic potential [22].

To understand the coagulation system in relation to
other systems, it is important to consider a collection of
intracellular operons that are based on microparticles.
These granules can be observed in conditions such as ath-
erothrombosis or type 2 diabetes mellitus, where they can
be activated without a physiological reason and initiate the
coagulation cascade involving tissue factors and factor Vlla.
This provides an explanation for the occurrence of throm-
boembolic events in patients with these diseases [23-26].

Arterial thromboembolism

The factor which can determine the arterial throm-
boembolism is usually the fibrinogen that will in turn be
transformed into fibrin (which can lead to the COVID-19
ground-glass pneumonia along with the vitamin K, coagula-
tion factor XIII which is responsible for the fibrin formation
from fibrinogen and von Leiden factor (V)) [27]. The main
integrins that represent the subunits which constitute the
membrane receptors that are implicated in the coagulation
cascade are represented by the glycoprotein Ia, glycoprotein
Ib, glycoprotein IIb, glycoprotein V and glycoprotein IX [28].
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Thrombomodulin activates protein C and thus it rep-
resents a mediating factor for the thrombotic states. The
platelet surface receptor which will lead to thrombogenesis
are surface glycoprotein IIb/Il1a, [a/Ila and Ib/1X/V [27].

It is well-known that oral contraceptives are a major
risk factor for the arterial thrombosis but the mechanism
is scarcely mentioned. A rising concentration of clotting
factors in the blood circulation determined by these drugs
will in turn lead to a primary arterial thromboembolic event
[29].

Thrombocytes possess an intracellular microsomal
system known as the secreatome, which is activated in a
cascade manner upon stimulation of the aforementioned
receptors. This system involves the secretion of 3-thrombo-
globulins from a-granules located on the surface of mono-
cytes, granulocytes, T-lymphocytes, and mastocytes. In the
context of arterial thromboembolism in the cerebral vascu-
lar system, the direct involvement of matricial metallopro-
teinases MMP-2 and MMP-9 has been observed in the mech-
anisms associated with the secreatome, thus establishing
their connection with the proteasome [30].

The platelet secreatome has been found to play a sig-
nificant role in the pathogenesis of osteoarthritis, particu-
larly through the amplified secretion of interleukin 17 and
interleukin 17A. This leads to the activation of p38 and
p65, which further enhance the expression of the NF-«kB
pathway. Consequently, matrix metalloproteinases MMP-1,
MMP-3, MMP-9, and MMP-13 are activated, contributing to
the regulation of anabolic hormone synthesis [31]. Addi-
tionally, a correlation was demonstrated between the tissue
inhibitor of metalloproteinase-1 (TIMP-1), heat shock pro-
tein 70 (HSP-70), thymosin 4 (TB4), superoxide dismutase
(SOD), and the generation of osteoblasts. These factors are
released within the platelet secreatome, further highlight-
ing their involvement in osteoblast development [32].

The disbalances in the ubiquitin-proteasome system
that are determined by an increased concentration of im-
munoglobulins is one of the primordial factors that will de-
termine an excess of procoagulant system components. The
1, B2 and B5 subunits are predominantly implied and will
be conjugated into $1i/LMP2, $2i/MECL-1 and 5i/LMP7
[33]. Overall, they can form an immunoproteasome that is
not reusable and may interact with the elements of the co-
agulation cascade. The immunocompromising factors like
the human immunodeficiency virus 1 (HIV-1) will harshen
the state of the patient because it will exhaust the anticoag-
ulant system prior to a surgical intervention (which implies
external stimuli) [34]. Compared with humans, the canines
have a greater coagulation-anticoagulation system in terms
of components. Although it is functionally inferior and has
a slower interaction due to a less great interaction surface
between the molecules making it less efficient [35].

In order to assess thrombosis in emergency states, the
D-dimer biomarker was implemented. It is a reminiscence
of the fibrin portion afore the thrombogenesis and less of-
ten they can be associated with dysfibrinogenemia [36]. The
quantitative aspect of the D-dimers was associated with ter-
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minal states like cancer or a chronic cardiovascular disease
like a coronaropathy [37].

Fibrinogen was associated with an increased incidence
of thrombosis along with additional elements besides the
Virchow’s triad because of the systemic inflammation and
the renin-angiotensin system dysregulations [38]. In the
context of COVID-19, fibrin was one of the primordial fac-
tors that determined the ground-glass pneumonia in the in-
ferior lobes. Its consolidation was determined by the croup-
ous inflammation that leads to respiratory arrest and death
via cardiac failure [39].

The C-reactive protein (CRP) which is a global biomark-
er for the specific inflammatory states was proven to be as-
sociated with the arterial thromboembolism incidence. This
in turn is regarded to the atherosclerosis in which the tunica
intima is swollen and the secretion of inflammatory cyto-
kines or other components takes place into the neointima
because of the young myocytes in this layer [40].

A clinically applied biomarker that is widely used is the
quantification of platelets count in the bloodstream. An in-
crease in platelet count is often observed, especially in the
presence of arterial comorbidities. This elevation is associ-
ated with an increased likelihood of platelets coming into
contact with arterial walls, leading to microtrauma and
potentially contributing to thrombus formation [41]. Con-
versely, in cases of antithrombin III deficiency, there is a
depletion of procoagulant factors, which can increase the
risk of arterial thrombosis [42]. The deficiency of protein C
or protein S, primarily caused by genetic factors, is another
significant factor contributing to the increased incidence of
arterial thromboembolism, particularly in young individu-
als without underlying chronic cardiovascular diseases [43].

Complications associated with arterial thromboembo-
lism are primarily caused by ischemia and its subsequent
reactive hypoxia. These complications arise due to restrict-
ed blood flow in conditions such as myocardial infarction,
ischemic cerebral strokes, and pulmonary embolism. They
are common in the COVID-19 patients [44]. The complexity
of a biochemical analysis in these patients is thus greater
and has numerous inclusion and exclusion criteria.

Matrix metalloproteinases 1 and 8 (MMP-1 and MMP-
8), as well as neutrophil gelatinase-associated lipocalin, are
commonly used biomarkers for predicting the recurrence
and chronicity of comorbidities associated with arterial
thromboembolism [45].

Abciximab, a murine monoclonal antibody derived from
immunoglobulin G, exerts its pharmacological effects inde-
pendent of the active centers of platelet membrane recep-
tors. Instead, it forms biochemical bonds with the stable
portion of the protein, specifically the B, perimembranous
chains. This mechanism explains its ability to inhibit secre-
tions from endothelial cells, myocardial cells, and leuko-
cytes through interactions with aff or o B, and « B, integ-
rins, respectively.

Eptifibatide, a glycoprotein IIb/Illa inhibitor, competes
with proaggregant molecules such as fibrinogen, von Wil-
lebrand factor, and other adhesive ligands for binding to
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the GP IIb/Illa receptor and its associated a 3, integrin. By
blocking these interactions, eptifibatide prevents platelet
aggregation.

Tirofiban, on the other hand, is a selective antagonist
for the GP IIb/Illa receptor and does not exhibit specificity
for other integrins. It can be used as a valuable criterion for
considering vascular comorbidities when assessing the risk
associated with administering the aforementioned pharma-
cological drugs [46].

Other receptors like P2Y,, are used for the non-surgical
treatment of the arterial thromboembolism; the most no-
torious being clopidogrel, which can be substituted with
prasugrel and ticagrelor, though their superiority in clini-
cal practice was not proven in comparison with clopidogrel.
The first-mentioned drug is usually associated with acetyl-
salicylic acid (aspirin) and heparin [47].

In the past, the treatment was constituted from the ad-
ministration of vasodilators, thrombolytics, anticoagulants,
antibiotics and analgesics. Currently only anticoagulants
and thrombolytics are used [48-50]. This pathophysiolog-
ical particularity determined the topical usage of the an-
ti-inflammatory drugs in prethrombotic cases like osteoar-
thritis, tendinitis, muscular strains, or muscular retractions
[51]. A type II glycopeptide of natural origin, which is called
ristocetin from the ristocetinic complex that has its active
site, labelled ,Spontin”, was in past proven to be the cause of
platelet aggregation in the von Willebrand disease of plate-
let type along with the acquired exhaustive thrombocytope-
nia. Now it is used as a diagnostic hallmark without being
applied in the antibiotic-resistant bacterioses [52].

Venous thromboembolism

The venous thromboembolism has a sudden onset that
is none determined by specific causes [2]. The additive
factors are obvious, thus being correlated with the venous
thromboembolism and are represented by the advanced
age, tobacco consumption and increased adiposity [53]. The
genetic factors can be primordial in determining the risk for
the venous thromboembolism along with an enhancing of
the clotting factors activity in the hormonal therapy with
oral contraceptives besides other pharmacological drugs.
They have genetic polymorphisms and will lead to the prior
initiation of the coagulation cascade via the direct, alterna-
tive, or lectinic pathway [54]. Drugs that can be determin-
istic to the hypercoagulable states are systemic estrogen,
tamoxifen, corticosteroids, the selective reuptake inhibitors
of serotonin, cisplatin, talidomide and lenalidomide [7].

Pregnancy, sepsis (sometimes puerperal), long-time
immobilization (trauma, paralysis, sedentary lifestyle) are
the figuring main factors in venous thromboembolism de-
velopment [54-56] along with inflammatory bowel disease
and advanced age. The Zahn lines, which are characteristic
for the venous thrombus, are due to the stratification of the
consequent layers which are composed of erythrocytes and
leukocytes, the red color comes from the hemoglobin and
the white color due to empty platelets after degranulation in
the primary hemostasis [57]. Due to the diverse approaches
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employed across multiple disciplines in assessing patients
at a population level, there is a potential for an overestima-
tion of venous thromboembolism occurrences [58].Cancer,
congestive cardiac failure, recent surgical interventions,
and primary and secondary immunodeficiency are estab-
lished risk factors for venous thromboembolism. The sec-
ondary thrombus formation involves not only platelets but
also neutrophil granulocytes, monocytes/macrophages,
and exfoliated endothelial cells from the tunica intima [53,
57]. Different types of cancer exhibit varying incidences of
venous thromboembolism. Breast and urinary bladder can-
cers have a 3% incidence, while colon and prostate cancers
have a higher range of 4-7% incidence. Stomach, lung, ovary,
and brain cancers demonstrate a higher incidence range of
10-12%, and pancreatic cancer has the highest incidence at
15% [2]. The recurrence rate of venous thromboembolism
over a 10-year period is approximately 30% [55].

The risk factors for venous thromboembolism can be
classified into three categories: transient risk factors (syn-
ergistic), persistent risk factors (additive), and hereditary
risk factors (genetic) [7].

The venous thromboembolism is clinically divided in
the peripheral (profound venous) and central (pulmonary
thromboembolism) that is frequently incriminated in all
thromboembolism, being the leading cause of death [53].
Profound venous thrombosis (PVT) can be acute (<14 days)
or chronic (>28 days). The subacute form is characterized
by a duration of 14-28 days [57].

Topographically, it has been identified 40% of profound
venous thromboembolism cases proximally and 25% dis-
tally [2]. Imagistic methods are used in 40% in the pulmo-
nary thromboembolism or in 85% in the profound venous
thrombosis [58]. The most frequent form is the profound
thromboembolism thus of primary origin and the pulmo-
nary embolism along with the superficial venous throm-
boembolism are usually complications and sometimes are
regarded as primary pathological entities [55].

The most important symptoms in the profound venous
thromboembolism are pain, edema, and distal proximal ul-
ceration. In the last years, there is a tendency for increased
estimable costs or for the hospitalization of patients with
venous thromboembolism. Readmission in the state or pri-
vate clinics costs more than the primary admission (with
48% more) [59]. The superficial venous thromboembolism
is often confounded as a unique clinical entity but is usually
regarded as a symptom of the profound venous thrombo-
embolism. The symptoms of the pulmonary venous throm-
boembolism are apnea, pleuritic chest pain, hemoptysis,
tachycardia, or hypoxemia but sometimes severe symptoms
like sudden death, shock, hypotension, syncope and confu-
sion may be observed [2]. Existing clinical descriptions do
not adequately correspond to the severity states of venous
thromboembolism, necessitating the imperative use of clin-
ical intuition to ensure accurate diagnosis and suspicion. In
order to facilitate the diagnostic process, there are clinical
scores like the Wells score for pulmonary thromboembo-
lism, the Wells score for profound venous thromboembo-
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lism and the Geneva score for the pulmonary thromboem-
bolism [58].

There is a tight racial correlation that proves an in-
creased susceptibility for the Afro-American race and obese
individuals, though the Afro-Americans have a low obesity
incidence. These population groups have increased risks
due to genetic determinants and an increased viscosity of
the blood related to a decreased permeability of the skin,
which can be in turn thinner and less adapted for an in-
teraction with the external factors. Obese individuals are
proven to have an increased risk for atherosclerosis that
is the main factor that determines thromboembolism. The
dominant treatment during hospitalization is the adminis-
tration of unfractioned heparin and low-molecular weight
heparin along with the compression of the lower limbs us-
ing compression socks. Recently enoxaparin (a heparin with
low-molecular weight) and betrixaban (a direct inhibitor of
the Xa factor) have proven to be superior in the clinical trials
compared to other drugs. The most important biomarker
used in the clinical assessment of the venous thromboem-
bolism are the D-dimers [60]. Other markers like C-reactive
protein (CRP), P-selectin and the synthesis of thrombin may
be applied [58].

The American Association of Hematology recommends
an ambulatory approach in the venous thromboembolism
prophylaxis with an international normalized ratio (INR) of
2.0-3.0. The recurrent states need to be treated with vita-
min K antagonists, but the stable forms are treatable with
direct oral anticoagulants [61]. The treatment length must
be within the limits of 3-6 months [2]. Vitamin K along with
heparins are preferable in patients with renal insufficiency,
antiphospholipid syndrome, and cancer [62].

The monoclonal antibodies can serve as lytic adjuvants
because of their amelioration in the intercellular signaling
pathways between the circulating leucocytes. The neutral-
ization of the C-reactive protein (CRP), interleukin 6 (IL-
6), interleukin (IL-8), interferon-y (IFN-y), tumor necrosis
factor a - Tumor necrosis factor a receptor rp55 (TNF-a/
TNF-a receptor rp55) and P-selectin by the monoclonal
antibodies or the corresponding polyclonal antibodies will
induce an ameliorated cellular answer compared to the low
entropy of signaling during the venous thrombus lysis. The
potentiation of the p53 pathway (during the quinacrine us-
age) is the pharmacologic alternative during the factor in-
sufficiency [57].

Reperfusion techniques in the venous or pulmonary
thromboembolism may be vital in order to prevent the ex-
acerbation of the state thus to the development of a morbid
complication. The filters for the vena cava are proven effi-
cient in lowering of a profound venous thromboembolism
but may be used only in reserved cases [62, 63]. Mechani-
cal therapy with the compression of the legs is a significant
adjuvant factor because it will contribute essentially to the
physiological venous blood flow [62]. Bleeding is the most
frequent adverse reaction [64].

Pregnant patients are tested using perfusion-ventilation
tests in order to avoid the excessive irradiation. The lack of



Croitoru D. et al.

adequate treatment in profound venous thromboembolism
in turn will lead to the confrontation of more severe con-
ditions like pulmonary thromboembolism with congestive
heart failure. The symptoms will be hemoptysis, dyspnea,
pleuritic chest pain, and hypoxic hypotension. Magnetic res-
onance imaging has a restriction due to use of gadolinium
contrast because it is very time-consuming and can lead to
cardiac arrhythmias due to the electromagnetic fields effect.
Computed tomography is preferable. Additional biomarkers
along with the D-dimers are the soluble form of P-selectin,
the first and second clotting factors along with the factor
VIII [65]. We observe an increased quantity of interleukin-6
(IL-6) and inter-cellular adhesion molecule 1 (ICAM-1) [57].

In the pediatric population the most important risk fac-
tor for the venous thromboembolism is the central venous
catheter, but is less often found compared to the adult pop-
ulation, having now a steady increase in incidence [64, 66].

The deficiency of protein C is common, Protein S defi-
ciency is a relatively rare condition, but it is more frequent-
ly observed in the Asian population, the mutations for the
genes which codify the von Leiden factor (V) are charac-
teristic for the Caucasian population. Hereditary thrombo-
philia was reported in approximatively 8.8% of the studied
cohorts in Asia and the deficiency of the antithrombin III
was not estimated along with the von Willebrand disease
or acquired/hereditary hyperhomocysteinemia. The treat-
ment is the same like in the adult population with a varia-
tion in the doses of the pharmacological drugs according to
the body-weight [64].

The most notorious complication of the venous throm-
boembolism is the post-thrombotic syndrome which is
chronicled by the venous thromboembolism symptoms
(pain, edema and ulceration) with a toleration for the pain
feelings and the difficulty to walk while there is a progres-
sion for the elephantiasis (like the cardiac insufficiency dis-
abilities). The incidence of the post-thrombotic syndrome
varies between 25-50% and is lower in the endovascular
interventions favoringpharmacological thrombolysis [57].
This fact will determine the necessity of an individual ap-
proach in the diagnostic and treatment options for the ve-
nous thromboembolism [67].

Molecular biomarkers

The literature proves that there are no serum biomark-
ers that may confirm a diagnostic of thromboembolism in a
specific manner, no matter of its genesis. Some markers have
a high sensitivity with a low specificity thus making them
unable to confirm thromboembolism. This context creates
the conditions in which additional studies are necessary in
order to prove other biochemical markers with diagnostic
and prognostic potential. Following, will be described a
short list of markers, some of which are experimental.

Protein C

It is one of the clotting factors that has a similar struc-
ture and function with the prothrombin, factors VII, IX and
X. It has a light chain and a heavy chain that are intercon-
nected via disulfide bonds formed between the variable cys-
teine residues [68]. It has a molecular mass of 52.071 Da
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and is codified by the PROC gene that is located on 2q14.3
[69]. Its structure is stabilized by the Ca®* ions that have an
increased affinity for the GLA domain [68]. This protein has
nothing to do with the C-reactive protein and is not involved
in the inflammatory reactions [70]. During the menstrual
cycle, ovulatory phase notorious resistance to the activated
protein C was noticed [71]. The lack of protein C or the re-
sistance to the activated protein C is manifested as venous
thromboembolism [72].

Protein S

It is the cofactor of the activated protein C and the tis-
sue factor pathway inhibitor. From a structural overview, it
is a glycoprotein that is rich in y-carboxyglutamate [73]. It
has a molecular mass of 75.123 Da and is codified by the
PROS1 gene that is localized on the 3q11.1 chromosome
band [74]. The anticoagulant effect is due to the fact that it
may form glutamyl-heparin bounds in the exits of the fac-
tor IXa no matter of its concentration and the activity of the
VIII factor [73]. Estrogen is influenced by the concentration
of the serum protein S due to this fact we can explain its
variation in the patients that administer oral contraceptives
and its monthly fluctuation during the menstrual cycle [75].
Like bilirubin, the measurement of protein S is based on the
free portion, the portion that is bound with the y-globulins
and is made along with the measurement of protein C. The
normal values of these proteins are found in Table 1 [76].
Venous thromboembolism has a significant statistical cor-
relation with protein S concentrations [72].

Table 1. Normal concentrations for protein C and protein S.

Protein C Values (Ul/dl)
1-5 years 40-92
6-10 years 45-93
11-16 years 55-110
Adult 64-128

Protein S (total fraction) Values (Ul/dl)

1-5 years 54-118
6-10 years 41-114
11-16 years 52-92
Adult 60-113

Protein S (free fraction) Values (Ul/dl)

1-5 years 21-69

6-10 years 22-62

11-16 years 26-55

Adult 27-61
D-dimers

D-dimers are the product of fibrin degradation due to
its interaction with thrombin. They can become a valuable
biomarker in the diagnostical process of arterial and venous
thromboembolism [77]. There is no gene which may codify
this compound but there are antibodies against D-dimers
that are expressed by the corresponding genes, the most
important of them being tumor necrosis factor a (TNF-a),
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CD40 ligand and interleukin 10 (IL-10) [78]. There are no
well-established intervals for the D-dimers concentration in
blood thus their concentration is often subjective above the
values of 0.5 pg/ml [76, 79]. A disadvantage is that D-dimer
has a high sensibility but a low specificity thus a low pre-
diction capacity with many false-positive cases [80, 82, 83].
Factors like age, pregnancy, inflammatory diseases, cardio-
vascular diseases and disseminated intravascular coagula-
tion can make the result even more inconclusive. The mea-
surement of D-dimer necessitates their association with
other biomarkers in order to confirm a diagnostic [81-83].

Fibrinogen

It is a soluble protein that can form bonds with kera-
tin, myosin, and epidermin. It's composed of three chains
- Ao, BB and y [84] that are codified by the corresponding
genes - FGA and FGB localized in a cluster on 4q31.3 and
FGG on 4q32.1 [85-87] with a 94.973 Da [85], 55.928 [86]
and 51.512 Da molecular masses [87]. The final biochemical
structure has a-helicoidally conformation and 3 domains -
A (N-terminal), B and P (C-terminal). Fibrinogen has the
capacity to bind Ca® ions. Interacting with thrombin it is
cleaved into fibrin [84]. Fibrinogen has markedly increased
serum concentration along with an erythrocyte number in
venous thromboembolism [88, 89].

Selectin P, Selectin L and Selectin E

Selectins are peptides that are part of the type C lectin
superfamily and are composed of a N-terminal domain that
can bind Ca® ions along with an epidermal growth factor
(EGF), peptidic tandems and a transmembranary domain
[90]. P selectin has a molecular mass of 90.834 Da [91]. L
selectin has a molecular mass of 42.187 Da [92] and E-selec-
tin has a molecular mass of 66.655 Da [93]. These proteins
are codified by a gene cluster located on the 1q24.2 chromo-
somal band [91-93]. Selectins are expressed on the surface
of the platelets, endotheliocytes and leucocytes. The ele-
vated blood concentrations of the soluble P-selectin forms
along with the soluble E-selectin forms can be observed in
association of an emerging venous thromboembolism in
human study polls. We must mention that E-selectin can be
genetically determined for unusual alleles that can predict
an increased risk for thromboembolism and are dependent
on the menstrual cycle (the luteal phase has its soluble form
elevated in plasma) [94-95]. The soluble form of L-selectin
was associated with thrombosis events [96].

Interleukins

They are represented by a series of proteins that are
located in the regulatory leukocytes and are responsible
for intercellular communication. They are codified and ex-
pressed in clusters and furthermore cleaved and stored.
We identify 38 types of interleukins (IL 1-38) [97]. It was
proven that interleukin 6, interleukin 8 and the monocytic
chemoattractant protein 1 (MCP-1) are capable of inducing
coagulation events. One of the major interleukins which se-
cretion is low in the thromboembolism events realizes the
differential diagnosis with the majority of unspecific inflam-
matory states is interleukin 10 (IL-10) [98] while leukocy-
tosis is not mandatorily associated [99].
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C-reactive protein (CRP)

It is represented by a pentameric protein synthetized
in the liver and is activated by the interaction of interleukin
6 (IL-6) on the genomic structures in inflammatory states
[100]. It has a molecular mass of 25.039 Da and is expressed
by the CRP gene located on the 1q23.2 chromosome band
[101]. For the adult population, concentrations that are
lower than 0.3 mg/dl are normal, those that are located
between 0.3-1.0 mg/dl are mildly elevated, 1.0-10.0 mg/
dl moderately elevated, 10.0-50.0 mg/dl markedly elevated
and >50.0 mg/dl is severe elevation [100]. We have proven
that it has increased concentrations in venous thromboem-
bolism [102-103] and arterial thrombosis [103].

Thrombin/Antithrombin (TAT)

Thrombin is represented by an enzyme that is respon-
sible for the fibrin conversion from fibrinogen [104]. Anti-
thrombin III is a glycoprotein composed from 432 amino-
acids that inhibit thrombin and thus is part of the serin-de-
pendent protease inhibitor from the serpine group. The
a-antithrombin has a conformation that can bind all the 4
domains of the thrombin while -antithrombin is able to
glycosylate only 3 of them [105]. The balance between the
thrombin-antithrombin complex is maintained on the prin-
ciples exposed in the Michaelis-Menten equation and thus
can express the intensity of the platelet aggregation pro-
cesses and in turn the thrombin generation must be mea-
sured without getting an insight into their concentration
[104].

Plasma proteins (Albumins, Globulins)

Albumins are the main protein fraction in the blood
plasma, being synthetized in the liver [106]. Globulins are
represented by the reminiscent portion that is made out
of the a;, a,, B and y portions that are represented by the
immunoglobulins, complement and transport proteins like
haptoglobulin, transferrin, ceruloplasmin and many more
[107]. The albumin concentrations are variable between
3.5-5 g/dl [106] while globulins have variable values be-
cause they are dependent on the total protein fraction and
albumin fraction: Corobuiins = Coroteins = Calbumins taking into fact
that the total protein fraction has concentrations in the lim-
its of 6-8 g/dl [108]. The low albumin concentrations along
with the globulins represent and important indicator for the
venous thromboembolism risk in the presence of emerging
conditions like the nephrotic syndrome and some physio-
logical states like the low-gravitational field in the cosmic
space where the physiology is different [109, 110].

Prostaglandins, Leukotrienes and Nitric Oxide

Prostaglandins and leukotrienes are eicosanoids, deriva-
tives of the arachidonic acid and polyunsaturated fatty acids.
Their synthesis is assured by the cyclooxygenase 1 (COX-1)
and cyclooxygenase 2 (COX-2) [111]. It is well known that
the nitric oxide has a synergistic effect with the prostaglan-
dins, with an unspecific action while the eicosanoids have
their own receptors or can interact with analogue receptors
[112]. The main effects of the prostaglandins in the throm-
boembolism context are the vasodilation (PTGE2), allergic
response (PTGD2), musculature contraction and pulmo-
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nary vessel contraction (PTGF2) and platelet aggregation
inhibition (PTGI2). Leukotrienes like LTB4 are implied in
the turnover if the endotheliocytes while LTC4, LTD4 and
LTDE4 will determine bronchoconstriction, neutrophil ex-
travasation, and vascular response. Nuclear polymorphisms
will influence the variability of the functionality of these
mediators and the pharmacological response to COX-1 and
COX-2 inhibitors (non-steroidal antiinflammatory drugs)
[113]. Thromboxanes are not proven to be implied in the
thromboembolism in humans, this in turn being proven
only for mice species [114, 115].

Matrix metalloproteinases (MMP)

This family of proteases is represented by Zn?* depen-
dent endopeptidases that will control the degradation of
the matrix metalloproteinases. Structurally they have a
hemopexic domain that is effective for proteolysis in the
presence of Zn? ions [116]. They are part of disintegrin and
metalloproteinase motif or disintegrin and metalloprotein-
ase thrombospondin motifs and are inhibited by the tissue
inhibitor of metalloproteinase 1-4 (TIMP 1-4) which can
interact on the C domain of hemopexin [117]. It was prov-
en that myeloperoxidase (MPO) is capable of inhibiting or
activating matrix metalloproteinases that are dependent on
their subtype and the structure of the C domain of hemo-
pexin [118]. Matrix metalloproteinase 2 (MMP-2) will be ac-
tivated by the myeloperoxidase (MPO) and will exacerbate
the progression of the venous thromboembolism [118, 119]
and matrix metalloproteinases 1 (MMP-1) will be regulated
only by the tissue inhibitor of metalloproteinase 1-4 (TIMP
1-4) [117, 119]. In mice, the proaggregant action of MMP-
9 and MMP-14 was proven without being regarded for the
human species [120].

Our comprehension of thromboembolism has advanced,
allowing for a more convenient interpretation of its rela-
tionship with systemic inflammation, metabolic changes,
and other pathophysiological conditions. While these mark-
ers offer promising results, relying on any one of them alone
may lead to false-positive or false-negative outcomes.

To ensure an accurate diagnostic or prognostic pro-
cess, it is essential to apply these markers in combination.
Further studies are necessary to meet the requirements of
medical laboratories and enhance their utility.

Conclusions

(1) Although arterial and venous thromboembolism
typically share common biomarkers, certain molecules may
exhibit distinctive characteristics, enabling differential di-
agnosis. However, their practical applicability in clinical set-
tings is limited.

(2) The majority of biochemical compounds utilized as
biomarkers demonstrate strong interrelationships, allow-
ing for the identification of cascade patterns of expression
in both physiological and pathophysiological conditions.

(3) Understanding the structural aspects and mech-
anisms of action within the procoagulant cascade, in con-
junction with biomarkers, is crucial for determining an ap-
propriate treatment strategy.
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ABSTRACT

Introduction. Oxygen-ozone therapy stands as a medically endorsed practice confirmed by numerous international clin-
ical studies. Various authors have illustrated the beneficial clinical outcomes of ozone therapy in terms of its capacity to
regulate redox balance, cellular inflammatory responses, and adaptation to ischemia/reperfusion processes. Ozone ther-
apy extends to encompass a range of viral infections, inflammatory disorders, and degenerative ailments, used as both
monotherapy and as an adjunct to unified conventional therapies.

Material and methods. Narrative literature review study. Bibliographic search was conducted using the PubMed, Hinari,
and SpringerLink databases, as well as the National Center of Biotechnology Information and Medline. Articles published be-

” o« T

tween 1990 and 2022 were selected using various combinations of keywords, including “ozone”, “ozone therapy”, “mech-
anisms of ozone action”, “biological effects of ozone”, “antioxidant effect”, “anti-inflammatory effect” and “immunomodu-
latory effect.” Information regarding ozone’s mechanisms of action was identified and processed. Following the database
information processing and search criteria, a total of 475 full-text articles were found. The final bibliography consists of 52

relevant sources that were deemed representative of the materials published on the topic of this synthesis article.

Results. The effects of 0zone on oxygen metabolism are explained by changes in the rheological properties of blood, includ-
ing inhibition of erythrocyte aggregation and stimulation of 2,3-diphosphoglycerate in erythrocytes, favoring the transport
and delivery of oxygen to tissues while facilitating the substantial elimination of nitric oxide and increasing blood flow.
Intracellular triatomic oxygen enhances the oxidative carboxylation of pyruvate, stimulating ATP production, which also
contributes to reducing peripheral vascular resistance.

Conclusions. Ozone generates a moderate oxidative stress. Yet, it can set off several beneficial biochemical mechanisms
that reactivate both the intra- and extracellular antioxidant systems and reverse chronic oxidative stress in various in-
flammatory and degenerative processes. Ozone induces a mild activation of the immune system by triggering neutrophil
activation and stimulating the synthesis of certain cytokines (IL-2, TNF-q, IL-6, and IFN-y), thereby initiating a complete
cascade of immune responses. Ozone therapy yields the following biological reactions: optimization of blood circulation
and oxygen delivery to ischemic tissue, regulation of cellular antioxidant enzymes, initiation of a slight immune system
activation, and enhancing the release of growth factors.

Keywords: ozone, ozone therapy, mechanisms of ozone action, biological effects of ozone, antioxidant effect, anti-inflam-
matory effect,immunomodulatory effect.
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and immunomodulatory effects of medical ozone.

The research hypothesis

Systematization and critical analysis of published data on most
recent findings regarding ozone therapy’s mechanisms of action,
including its methodology and optimal timing of application.

The novelty added by manuscript to the already published
scientific literature

This comprehensive review reassesses the reported mechanisms of
medical ozone, clinical potency and the latest medical approaches

towards the effects of medical ozone.

Introduction

Ozone (03), a gas discovered in the mid-19th century
and composed of three oxygen atoms, represents a highly
reactive allotropic form of oxygen. It exhibits high solubili-
ty in plasma, extracellular fluids, and water (approximately
10 times more soluble in water than conventional oxygen).
At room temperature, it is unstable, causing rapid decom-
position into ordinary diatomic oxygen. Notably, its half-life
measures 25 minutes at 30°C, 40 minutes at 20°C, and 140
minutes at 0°C [1-10].

Medical ozone is a blend of oxygen and ozone derived
from medical-grade oxygen through the utilization of a
medical ozone generator. This medical ozone contains a
concentration of 1-5% ozone and 90-95% pure medical
oxygen, or 10-80 pg/mL (0.21-1.68 pmol/ml) of ozone per
milliliter of blood. Ozone therapy stands as a current and
significant avenue of research in contemporary medicine [1,
3-5,7,9,10-15].

Oxygen-ozone therapy is a medically validated practice
supported by numerous international clinical studies. Now-
adays, many clinical trials have shown its beneficial effects
on the modulation of the oxidoreduction balance, cellular
inflammation state, and adaptation to ischemia/reperfu-
sion processes. Ozonotherapy is an effective, safe, feasible,
and easy-to-perform technique, which finds applications in
various inflammatory, infectious, degenerative diseases, as
well as in rehabilitation following acute cardiac and cere-
bral ischemic events. It demonstrates good efficacy both
as an independent treatment and, notably, as an adjunct to
conventional therapies [3-5, 7, 11, 16-22]. By incorporating
this medical practice, patients can attain significant clinical
benefits. When combined with standard therapies, it often
leads to reduced medication dosages, complication rates,
treatment duration, medication toxicity, and medical ex-
penses. It also addresses the issue of bacterial resistance to
antibiotics [2, 4, 18, 19, 21, 23].

In the context of the aforementioned, the purpose of this
article is to present a synthesis of the most recent findings
regarding ozone’s mechanisms of action.

Material and methods

To achieve the outlined purpose, an initial search of
specialized scientific publications was conducted. These
were identified through the Google Search engine, namely,

PubMed, Hinari, SpringerLink, the National Center of Bio-
technology Information, and Medline. The article selection
criteria encompassed contemporary data regarding the
mechanisms of action of ozone therapy, utilizing the follow-

» o« » o«

ing keywords: “ozone”, “ozone therapy”, “ozone mechanisms
of action”, “biological effects of ozone”, “antioxidant effect”,
“anti-inflammatory effect”, and “immunomodulatory effect.”
These keywords were employed in various combinations to
optimize search efficiency.

For the advanced selection of bibliographic sources,
the following filters were used: full-text articles, articles in
English, articles published between 1990 and 2022. After a
preliminary analysis of the titles, original articles, editorials,
articles of narrative synthesis, taxonomy, and meta-analy-
sis were selected, which contained up-to-date information
and contemporary concepts regarding the mechanisms of
ozone therapy. Furthermore, a search was conducted within
the reference lists of the identified sources to highlight addi-
tional relevant publications that were not found during the
initial database searches.

The information from the publications included in the
bibliography was gathered, organized, evaluated, and syn-
thesized, showcasing the key aspects of the contemporary
understanding of ozone’s mechanisms of action, namely, its
antioxidant capacity, vascular and hematological modula-
tion, immune system activation, as well as its anti-inflam-
matory, bactericidal, virucidal, and fungicidal effects.

To minimize the potential systematic errors (bias) in the
study, a meticulous search was conducted within databases
to identify a maximum number of relevant publications for
the study’s purpose. Only studies that satisfy validity crite-
ria were evaluated, rigorous exclusion criteria for articles
under consideration were applied, and a comprehensive re-
view was conducted of both positive outcome studies and
those that did not highlight the treatment’s benefits.

If necessary, additional sources of information were
consulted to clarify some concepts. Duplicate publications
and articles that did not meet the purpose of the article and
were not available for full viewing were excluded from the
list of publications generated by the search engine.

Results

Following the data processing, as identified by the Goog-
le Search engine and from databases such as PubMed, Hinari,
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SpringerLink, National Center of Biotechnology Information,
and Medline, in accordance with the search criteria, a total
475 articles on the topic of ozone therapy were found. After
a primary analysis of the titles, 59 articles were eventually
deemed relevant for the given synthesis. Upon repeated re-
view of these sources, a final selection of 52 relevant publi-
cations was ultimately made in alignment with the intended
purpose. The final bibliography of this work comprises 52
articles that have been considered representative of the ma-
terials published on the subject of this synthesis article.

Publications, the content of which did not reflect the
relevant topic, despite being selected by the search pro-
gram, as well as articles that were not accessible for open
viewing through the HINARI (Health Internet Work Access
to Research Initiative) database or available in the scientific
medical library of the Nicolae Testemitanu State Universi-
ty of Medicine and Pharmacy, were subsequently removed
from the list.

Although ozone is the most potent natural oxidant, ca-
pable of oxidizing a wide range of organic and inorganic
substances, and has the potential for cytotoxicity, research-
ers believe that under controlled conditions, it possesses
numerous therapeutic effects. Moreover, the reactivity to
ozone can be effectively mitigated by the blood and cellu-
lar antioxidant system [1, 2, 15, 24-28]. Initially used as an
empirical approach, oxygen-ozone therapy has now evolved
to a stage where the majority of ozone’s biological mecha-
nisms of action have been extensively studied and elucidat-
ed, these findings being found within the fields of biochem-
istry, physiology, and pharmacology [18, 22, 25, 27-29].

Ozone is not a pharmaceutical medicine but rather a
regulatory molecule capable of generating bioactive medi-
ators. The effects of ozone have been demonstrated to be
consistent, safe, and associated with minimal preventable
side effects [2, 30]. Chronic oxidative stress, chronic inflam-
matory processes, and immune overactivation are present
and highly detrimental in a wide variety of diseases. The ef-
fectiveness of ozone therapy is determined by moderate ox-
idative stress, resulting from the interaction of ozone with
the biological components of the body, triggering an endog-
enous cascade of biochemical reactions [31].

Ozone can function as an oxidant either directly, when it
dissolves in plasma and other biological fluids, immediate-
ly reacting with polyunsaturated fatty acids, antioxidants,
cysteine-rich proteins, and carbohydrates; or indirectly, by
generating reactive oxygen species (ROS) and lipid oxida-
tion products (LOP) [25, 28, 32-37]. At the onset of ozone
therapy, an endogenous cascade is triggered, releasing bi-
oactive substances in response to transient and moderate-
ly induced oxidative stress by ozone (‘oxidative eustress’).
Ozone can easily induce this oxidative stress due to its plas-
ma solubility. Reacting with polyunsaturated fatty acids and
water, ozone forms ROS in human fluids and tissues. The
main molecule among ROS is hydrogen peroxide (H,0,) - a
non-radical oxidant. Concurrently, ozone also gives rise to
LOP - the lipoperoxide radical, hydroperoxides, malondi-
aldehyde, isoprostanes, ozoneides, alkenes, and predom-
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inantly, 4-hydroxynonenal. ROS and LOP are the effector
molecules responsible for modulating several biological
and therapeutic effects in the body following ozone therapy
[3,8,13,27,34,37-39].

Having reacted with a number of biomolecules, ozone
disappears, and hydrogen peroxide, the main molecule of
ROS, and other mediators rapidly diffuse into cells, activat-
ing various metabolic pathways with numerous biological
and therapeutic effects [3, 5, 27, 28, 35, 40]. Therefore, ROS
and LOP are “biological messengers of ozone” and are re-
sponsible for the biological and therapeutic effects of ozone.
ROSs are short-acting early messengers and are responsible
for immediate biological effects, while LOPs are important
late and long-term messengers [3, 5, 10, 13, 14, 17, 28, 36].

The formation of ROS in plasma occurs extremely
quickly (less than a minute), accompanied by a moderate
and transient decrease in the antioxidant capacity of the
blood (from 5% to 25%). However, this antioxidant capac-
ity returns to normal within 15-20 minutes [3, 9, 17, 28,
31, 40, 41].

Discussion

Although not fully comprehended, the present article
will delve into the mechanisms underlying the antioxidant,
anti-inflammatory, immunomodulatory, antimicrobial, anti-
viral, and analgesic effects of ozone.

The antioxidative capacity is considered one of the
key impacts of ozone therapy. Moderate oxidative stress
induced by ozone within the therapeutic range (10-80 pg/
mL), most commonly 30-45 pg/mL (the ‘physiological’ dose
of ozone), physiologically effective and recommended levels
for systemic application, elicits controlled low doses of ROS
acting primarily as signaling molecules, thereby stimulating
the formation of LOP. ROS triggers the activation of nuclear
erythroid factor 2 (Nrf2), well known as a pivotal regulator
of manifold cytoprotective responses, responsible for up-
regulating antioxidant enzyme activity. In response to tran-
sient, moderate oxidative stress, the levels of antioxidant
enzymes such as superoxide dismutase, glutathione per-
oxidase, glutathione S-transferase, catalase, and heme oxy-
genase-1 increase. Thus, moderate, transient, and repetitive
oxidative stress causes an intense modulation of antioxi-
dants in the body. A multitude of cells across various organs
upregulate the synthesis of antioxidants, which are capable
of significantly countering excessive ROS, thereby alleviat-
ing chronic oxidative stress, which is present and extremely
harmful in a variety of diseases Consequently, ozone, either
through oxidative preconditioning or adaptation to chronic
oxidative stress, safeguards tissue integrity against ROS-in-
duced damage, fostering a balance between antioxidant and
pro-oxidant factors while preserving cellular redox balance
[27,30,41-45].

Nrf2 and nuclear factor kappa B (NF-kB) represent the
primary signaling pathways through which ozone exerts its
effects. Nrf2 activation regulates cell defense and maintains
cellular homeostasis [36]. Furthermore, ozone therapy fos-
ters adaptation to oxidative stress by gently triggering the
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immune system, releasing growth factors, and/or activating
metabolic pathways that contribute to maintaining redox
balance [38].

By activating Nrf2, LOP induces oxidative stress proteins,
including heme-oxygenase-1 (HO-1), another inhibitor of
the NF-kB pathway and one of the most crucial antioxidant
defense enzymes. Through inhibiting the high expression
level of hypoxia-inducible factor-1a (HIF-1a), it contributes
to reducing the production of proinflammatory cytokines,
directly activating anti-inflammatory cytokines, enhancing
antioxidant protection, and consequently, safeguarding cel-
lular integrity [8, 28, 30, 44-46].

Thus, ozone mimics acute oxidative stress which, when
properly balanced, is not harmful, but can trigger several
beneficial biochemical mechanisms. It can reactivate the in-
tra- and extracellular antioxidant system, thereby reversing
chronic oxidative stress in various inflammatory, degenera-
tive processes, etc. During ozone treatment, cells through-
out the body receive gradual and subtle impulses of LOP,
significant long-term messengers that play a crucial role
in up-regulating antioxidant enzymes in multiple cell types
while rebalancing the oxidant/antioxidant system [46, 47].

Vascular and Hematological Modulation. Ozone serves
as a catalyst for transmembrane oxygen flow. The increase
in cellular oxygen levels resulting from ozone therapy en-
hances the efficiency of the mitochondrial respiratory chain.
Moreover, ozone amplifies the production of prostacyclin, a
widely acknowledged vasodilator [2, 6, 8, 26].

The effects of ozone on oxygen metabolism can be ex-
plained by promoting (1) changes in the rheological proper-
ties of blood (reversal of erythrocyte aggregation, increased
flexibility and elasticity of red blood cells, favoring the trans-
port and delivery of tissue oxygen), leading to enhanced
blood flow in microcirculation; (2) increasing the speed of
glycolysis in erythrocytes; and (3) the release of substances
(adenosine triphosphate, nitric oxide, and prostaglandins)
that may contribute to reducing peripheral vascular resist-
ance and increasing oxygen supply to tissues [18, 25, 35, 37,
40, 48-50].

Hydrogen peroxide (H,0,) diffuses from the plasma into
the cellular cytoplasm and serves as the triggering stimulus.
Depending on the cell type, various biochemical pathways
can be simultaneously activated in red blood cells, white
blood cells, and platelets, leading to a multitude of biolog-
ical effects [10, 28, 32].

The Impact of Ozone on Erythrocytes. Erythrocytes are
the focus of ROS. During erythropoiesis, submicromolar
concentrations of LOP positively regulate the synthesis of
antioxidant enzymes. Consequently, ozone therapy increas-
es the glycolytic rate by enhancing intracellular adenosine
triphosphate production. This approach intensifies erythro-
cyte generation, yielding metabolically enhanced erythro-
cytes (super-endowed erythrocytes) capable of more effec-
tively transporting and delivering oxygen to tissues, includ-
ing ischemic tissues, thereby correcting hypoxia in vascular
diseases [7, 12, 25, 27, 28, 39, 48]. Coupled with increased
nitric oxide synthase activity, there is a significant increase
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in nitric oxide, an essential element in maintaining optimal
levels of vasodilation and blood perfusion [1, 6, 8, 40].

Ozone therapy, through careful regulation of ozone
dosage, stimulates the production of antioxidant enzymes
within the system (catalase, glutathione peroxidase, and su-
peroxide dismutase) while mitigating excessive formation
of ROS, thereby reducing chronic oxidative stress [1, 6, 12,
14, 39, 43, 49].

The impact of ozone on leukocytes. Ozone acts as a mild
cytokine and serves as a cytokine inducer by lymphocytes
and monocytes, thereby enhancing the immune system’s ac-
tivity. This stimulation fosters intercellular matrix synthesis
and contributes to the healing process [1, 12, 32, 35,37, 39].

The Impact of ozone on platelets. Hydrogen Peroxide
(H,0,) and other ROS generated through blood ozonation
initiate a cascade of enzymatic reactions. These reactions
gradually elevate intracellular Ca levels and trigger the re-
lease of prostaglandins (F2a and E2), leading to irreversi-
ble platelet aggregation. Increased levels of growth factors
released from platelets, mobilization of endogenous stem
cells, and stimulation of neoangiogenesis promote tissue
regeneration, as well as healing of injuries and wounds [27,
49, 51].

Thus, the impact of ozone on oxygen metabolism is
explained by how it alters the blood’s rheological prop-
erties (reversing red blood cell clumping, enhancing the
flexibility and elasticity of red blood cells, promoting the
transport and delivery of oxygen to tissues). This, in turn,
facilitates blood flow in the microcirculation, increases
glycolysis in red blood cells, and triggers the production
of substances (such as adenosine triphosphate, nitric ox-
ide, and prostaglandins) that help reduce peripheral vas-
cular resistance.

Activation of the immune system. Ozone promotes an
increase in the production of interferon-y (IFN-y) and some
cytokines, with interleukin-2 (IL-2) being the primary one,
subsequently triggering a whole cascade of immunological
reactions [1, 2]. It has been shown that ROS, including H,0,
and LOP generated by ozone therapy, can easily diffuse into
plasma cells and activate NF-kB, inducing the production of
immunoactive cytokines in normal cells (IL-2, tumor necro-
sis factor alpha - TNF-a, IL-6 and IFN-y), thereby enhancing
the immune response [9, 13, 14, 26, 32, 40, 44].

Ozone indirectly activates the innate (non-specific) im-
mune system by enhancing phagocytosis and promoting the
synthesis of cytokines and interleukins in neutrophils and
leukocytes. It also triggers the components of both cellular
and humoral immunity [8, 26, 33, 39]. Within mononuclear
cells, ozone stimulates immune responses by modulating
the NF-kB transcription factor, thereby reactivating the sup-
pressed immune system [27, 28].

Furthermore, ROSs trigger the activation of the immune
system, which acts through monocytes and lymphocytes,
promoting the production of a variety of cytokines (IL-1, IL-
2,1L-6, IFN-B, IFN-y, TNFa) [6, 49].

Thus, ozone induces mild immune system activation by
stimulating neutrophils and initiating the synthesis of cer-
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tain cytokines that trigger a whole cascade of immunologi-
cal responses.

Bactericidal, virucidal and fungicidal action of ozone.
Ozone used in vitro acts directly on the membrane of bac-
terial cells (direct oxidative effect), disrupting and dam-
aging the integrity of bacterial cell membranes, oxidizing
phospholipids and lipoproteins, thereby impeding their
enzymatic function. Additionally, ozone damages the viral
capsids, disturbing their structure and interfering with the
virus-cell interaction, leading to disruption in the reproduc-
tive cycle. When it comes to fungi, ozone inhibits cell growth
by perturbing intracellular homeostasis, resulting from the
compromised barrier properties of the plasma membrane
[2,6,12,16, 26, 44, 48, 50].

Although ozone is one of the most potent disinfectants,
used in various ways, it cannot deactivate any pathogens
(bacteria, viruses, and fungi) in vivo. This is because patho-
gens are well protected, especially within cells, by the cell’s
powerful antioxidant system. Consequently, ozone acts as a
gentle enhancer of the immune system by activating neutro-
phils and stimulating the synthesis of certain cytokines [1,
10, 19, 22, 28, 39, 46].

The anti-inflammatory effect is revealed in ozone’s
ability to influence the inflammatory cascade by oxidizing
biologically active substances (arachidonic acid and its de-
rivatives - prostaglandins), which participate in the devel-
opment and sustenance of the inflammatory process. Ad-
ditionally, ozone significantly reduces the levels of pro-in-
flammatory cytokines (IL-1f, IL-6, IL-8, and TNF-a) with-
out any signs of toxicity or recorded side effects [8, 26, 30,
31]. These cytokines induce the prostaglandin E, pathway,
which causes pain or increases the sensitivity of nerve roots
to other algogenic substances (such as bradykinin) [31].

Severe oxidative stress, triggered by high concentrations
of ozone, along with proinflammatory cytokines (IL-1f,
IL-6, IL-8, TNF-a), activate NF-kB, a key regulator of the in-
flammatory response and muscle atrophy. This contributes
to an increased inflammatory response and tissue damage,
including the release of other inflammatory factors that en-
hance the migration of eosinophils and neutrophils [9, 13,
17,47, 49].

On the contrary, mild oxidative stress induced by precise
and small doses of ozone activates Nrf2. The latter indirect-
ly inhibits the pro-inflammatory mechanism driven by the
NF-kB pathway. As a result, there is a reduction in NF-xB
activity along with a modification in the expression of in-
flammatory cytokines associated with NF-kB activity. This
triggers an anti-inflammatory effect, leading to a decrease
in IL-1, IL-2, IL-6, IL-7, and TNFa, as well as an increase in
interleukins such as IL-4, IL-10, IL-13, and the transforming
growth factor beta - TGF- [11, 13, 19, 38, 43, 49, 50].

Nrf2 also plays an important role in intracellular inflam-
matory signaling pathways. Triggering the Nrf2-antioxidant
signal can dampen NF-kB activity, leading to the downregu-
lation of the inflammatory response by suppressing essen-
tial inflammatory mediators and cytokines (IL-6, IL-8, and
TNF-a) [31, 38,42, 50].
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Moreover, a small amount of H,0, stimulates the NF-kB
pathway, which is typically balanced out by the Nrf2’s block-
ing action, resulting in an immunomodulatory effect [11].

The analgesic effect of ozone is ensured by the oxida-
tion of the byproducts of albuminolysis, known as algopep-
tides, which act on the nerve endings in the damaged tissue
and determine the intensity of the pain response. Addition-
ally, the analgesic effect is attributed to the restoration of
the antioxidant system and, subsequently, the reduction of
harmful molecular byproducts from lipid peroxidation [26].
Recent preclinical studies have elucidated the role of ROS in
hyperalgesia by activating N-methyl-D-aspartate receptors
[11].

Following ozone therapy, there has been a demonstrated
increase in antioxidant molecules (serotonin and endoge-
nous opioids), which induce pain relief by stimulating an-
tinociceptive pathways [31, 39].

Data from scientific research acknowledge that the
mechanisms of action of ozone are due to: (1) a decrease
in the production of inflammatory mediators; (2) oxida-
tion (inactivation) of metabolic mediators of pain; (3)
improvement of local blood microcirculation leading to
improved oxygen delivery to tissues; (4) elimination of
toxins and resolution of physiological disorders that gen-
erate pain [42, 52].

Therefore, ozone exhibits pleiotropic properties, extend-
ing beyond its exclusive role as an antioxidant, anti-inflam-
matory, or immunomodulatory one. It also encompasses the
capacity to employ ROS as a signaling molecule rather than
merely as intracellular toxic substances. In existing experi-
mental models and clinical studies, the anti-inflammatory,
antioxidant, regenerative and immunomodulatory effects of
ozone therapy have been associated with several molecular
mechanisms, the main ones being the NF-kB/Nrf2 balance
and IL-6 and IL-1f3 expression. NF-kB and Nrf2 are the most
studied and important transcription factors and regulato-
ry proteins that control the expression of a wide range of
genes, encoding proteins involved in a multitude of vital
biological functions, including those associated with redox
status, immunity, and inflammatory responses. Additional-
ly, indirectly through these pathways, LOP initiates the HIF-
1la, HO-1, and NO/iNOS pathways.

The main pharmacological effects of medical ozone
through ozone-produced peroxides are as follows: (1) in-
creased oxygen release by erythrocytes due to activated
metabolism; (2) immunomodulation due to leukocyte acti-
vation; and (3) regulation of cellular antioxidants via Nrf2
signaling. Ozone therapy can elicit the following biological
reactions: (a) improved blood circulation and oxygen deliv-
ery to ischemic tissue; (b) optimization of overall metabo-
lism by improving oxygen delivery; (c) regulation of cellular
antioxidant enzymes and induction of HO-1; (d) triggering
a mild immune system activation and intensified release of
growth factors; (e) providing a state of well-being in most
patients, probably due to stimulation of the neuroendocrine
system.
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Conclusions

1.

Ozone induces both mild and moderate oxidative
stress. When appropriately balanced, this stress pos-
es no harm; instead, it can initiate several beneficial
biochemical mechanisms. These mechanisms, in
turn, reactivate the intracellular and extracellular an-
tioxidant systems, effectively countering long-term
oxidative stress in various inflammatory and de-
generative processes, etc. Cells throughout the body
receive small and gradual bursts of lipid oxidation
products, important late and long-term messengers
that are responsible for activating antioxidant en-
zymes in many cell types to rebalance the oxidant/
antioxidant system.

The impact of ozone on oxygen metabolism is ex-
plained by changes in the blood’s rheological prop-
erties. This involves reversing red blood cell aggre-
gation, enhancing the flexibility and elasticity of
hemoglobin, and promoting the efficient transport
and delivery of oxygen to tissues. This process also
facilitates blood flow within microcirculation, speeds
up glycolysis within red blood cells, and triggers the
release of substances like adenosine triphosphate,
nitric oxide, and prostaglandins, which help to re-
duce peripheral vascular resistance.

Ozone triggers a slight activation of the immune sys-
tem by up-regulating and activating neutrophils and
promoting the synthesis of cytokines (IL-2, TNF-a, IL-
6, and IFN-y), setting off a chain reaction of immune
responses.

Ozone therapy induces the following biological re-
sponses: enhanced blood circulation and oxygen
delivery to ischemic tissue, regulation of cellular an-
tioxidant enzymes, mild immune system activation,
and intensified release of growth factors.

Ozone is an inherently toxic gas that should never be
inhaled, cannot be stored, and must be handled with
caution. Generally, no toxic effects were reported,
and only the respiratory tract was found to be highly
sensitive to inhaled ozone since the respiratory mu-
cosal cells contain a minimal amount of antioxidants
and are extremely susceptible to oxidation.

Although ozone ranks among the most potent disin-
fectants, being employed in various ways, it cannot
neutralize any pathogens (bacteria, viruses, and fun-
gi) in vivo, since pathogens are effectively shielded
by the strong blood and cellular antioxidant system.
Furthermore, elevated ozone concentrations induce
severe oxidative stress, prompting increased inflam-
matory responses and tissue damage.

Competing interests

None declared.

Authors’ contribution

NC and RB conceived the study, participated in the study
design and assisted in drafting the manuscript. SS and IC

Mold J Health Sci. 2023;10(3):65-72

performed the analysis and data interpretation. IG drafted
the manuscript. SC conceived the significant revision of the
manuscript and provided significant intellectual involve-
ment. The authors have read and approved the final version
of the manuscript.

References

1.

10.

11.

12.

13.

14.

Cakir R. General aspects of ozone therapy [Internet]. In:
Atroshi F, editor. Pharmacology and nutritional interven-
tion in the treatment of disease. London: IntechOpen;
2014 [cited 2023 Apr 12]. Available from: http://dx.doi.
org/10.5772/57470

Elvis AM, Ekta ]JS. Ozone therapy: a clinical review. ] Nat
Sci Biol Med. 2011 Jan;2(1):66-70. doi: 10.4103/0976-
9668.82319.

Bocci V. Ozone: a new medical drug. 2nd ed. New York:
Springer; 2011. 315 p. https://doi.org/10.1007/978-90-
481-9234-2.

Allorto N. Oxygen-ozone therapy: an extra weapon for the
general practitioners and their patients. Ozone Ther. 2019
July;4(2):8424. doi: 10.4081/0zone.2019.8424.
Baeza-Noci ], Cabo-Soler JR, Moraleda-Gémez M, et al. Re-
vision WFOT sobre Ozonoterapia Basada en Evidencias.
Comité Cientifico Asesor de la WFOT - 2015 [WFOT Re-
view on Evidence-Based Ozone Therapy. WFOT Scientific
Advisory Committee - 2015]. Brescia: World Federation of
Ozone Therapy; 2015. 117 p. Spanish. https://semdor.es/
wp-content/uploads/2021/10/WFOT-OZONE-2015-ESP.
pdf.

Scassellati C, Ciani M, Galoforo A, Zanardini R, Bonvicini C,
Geroldi C. Molecular mechanisms in cognitive frailty: po-
tential therapeutic targets for oxygen-ozone treatment.
Mech Ageing Dev. 2020 Mar;186:111210. doi: 10.1016/j.
mad.2020.111210.

Yousefi B, Banihashemian S, Feyzabadi Z, Hasanpour S,
Kokhaei P, Abdolshahi A, et al. Potential therapeutic effect
of oxygen-ozone in controlling of COVID-19 disease. Med
Gas Res. 2022 Apr-Jun;12(2):33-40. doi: 10.4103/2045-
9912.325989.

Smith N, Wilson A, Gandhi ], Vatsia S, Khan S. Ozone ther-
apy: an overview of pharmacodynamics, current research,
and clinical utility. Med Gas Res. 2017 Oct 17;7(3):212-9.
doi: 10.4103/2045-9912.215752.

Sagai M, Bocci V. Mechanisms of action involved in ozone
therapy: is healing induced via a mild oxidative stress?
Med Gas Res. 2011 Dec 20;1:29. doi: 10.1186/2045-
9912-1-29.

Bocci V, Borrelli E, Travagli V, Zanardi [. The ozone paradox:
ozone is a strong oxidant as well as a medical drug. Med
Res Rev. 2009 Jul;29(4):646-82. doi: 10.1002/med.20150.
Hidalgo-Tallén F, Torres-Morera L, Baeza-Noci ], Car-
rillo-Izquierdo M, Pinto-Bonilla R. Updated review on
ozone therapy in pain medicine. Front Physiol. 2022 Feb
23;13:840623. doi: 10.3389/fphys.2022.840623.
Manjunath R, Singla D, Singh A. Ozone revisited. ]
Adv Oral Res. 2015 May-Aug;6(2):5-9. https://doi.
org/10.1177/222941122015020

Cenci A, Macchia I, La Sorsa V, Sbarigia C, Di Donna V, Pi-
etraforte D. Mechanisms of action of ozone therapy in
emerging viral diseases: immunomodulatory effects and
therapeutic advantages with reference to SARS-CoV-2.
Front Microbiol. 2022 Apr 21;13:871645. doi: 10.3389/
fmicb.2022.871645.

du Plessis LH, van der Westhuizen FH, Kotzé HF. The pro-
tective effect of plasma antioxidants during ozone autohe-



Current use of medical ozone

15.

16.

17.

18.

19.

20.

21.

22.

23

24.

25.

26.

27.

28.

motherapy. Afr ] Biotechnol. 2008 Aug;7(14):2472-7. doi:
10.4314/ajb.v7i14.59039.

Rowen R]. Ozone and oxidation therapies as a solution
to the emerging crisis in infectious disease management:
a review of current knowledge and experience. Med
Gas Res. 2019 Oct-Dec;9(4):232-7. doi: 10.4103/2045-
9912.273962.

Tizaoui C. Ozone: a potential oxidant for COVID-19 vi-
rus (SARSCoV-2). Ozone Sci Eng. 2020 Jul;42(5):378-85.
https://doi.org/10.1080/01919512.2020.1795614.
Zanardi |, Borrelli E, Valacchi G, Travagli V, Bocci V. Ozone: a
multifaceted molecule with unexpected therapeutic activi-
ty. Curr Med Chem. 2016;23(4):304-14. doi: 10.2174/0929
867323666151221150420.

Radzimierska M, Smigielski K. Ozone and products of
ozonation in medical use. Biomed ] Sci Tech Res. 2019
Apr;17(1):002959. doi: 10.26717/BJSTR.2019.17.002959.
de Sire A, Agostini F, Lippi L, Mangone M, Marchese S, Cis-
ari C, et al. Oxygen-Ozone therapy in the rehabilitation
field: state of the art on mechanisms of action, safety and
effectiveness in patients with musculoskeletal disorders.
Biomolecules. 2021 Feb 26;11(3):356. doi: 10.3390/
biom11030356.

Wen Q, Liu D, Wang X, Zhang Y, Fang S, Qiu X, et al. A system-
atic review of ozone therapy for treating chronically refrac-
tory wounds and ulcers. Int Wound J. 2022 May;19(4):853-
70.doi: 10.1111/iwj.13687.

Mendes C, Cunha M, Ferreira A, Santos E. Ozone therapy as
a coadjuvant in wound healing and pain reduction. Mille-
nium. 2021 Sep;2(9):131-8. https://doi.org/10.29352/
mill029e.25237.

Smith A, Oertle J, Warren D, Pratoet D. Ozone therapy: a
critical physiological and diverse clinical evaluation with
regard to immune modulation, anti-infectious properties,
anti-cancer potential, and impact on anti-oxidant enzymes.
Open ] Mol Integr Physiol. 2015 Aug;5(3):37-48. doi:
10.4236/0jmip.2015.53004.

. Ledn Fernandez OS, Oru GT, Hansler RV, Cabreja GL, Es-

pinosa IS, Polo Vega JP, et al. Medical Ozone: the pharma-
cological mechanisms accounting for its effectiveness
against COVID-19/SARS-COV-2. ] Med Clin Res Rev. 2021
Mar;5(3):1-10. doi: 10.33425/2639-944X.1199.

Bocci V. Biological and clinical effects of ozone. Has ozone
therapy a future in medicine? Br ] Biomed Sci. 1999
Apr;56(4):270-9.

Di Mauro R, Cantarella G, Bernardini R, Di Rosa M, Barba-
gallo 1, Distefano A, et al. The biochemical and pharmaco-
logical properties of Ozone: the smell of protection in acute
and chronic diseases. Int ] Mol Sci. 2019 Feb 1;20(3):634.
doi: 10.3390/ijms20030634.

Maslennikov OV, Kontorshchikova CN, Gribkova IA. Ozone
therapy in practice. Health manual [Internet]. Nizhny
Novgorod (Russia); 2008 [cited 2023 Feb 23]. 42 p. Avail-
able from: https://absoluteozone.com/wp-content/up-
loads/2022/05/0zone-Therapy-in-Practice.pdf.

Tricarico G, Travagli V. The relationship between Ozone
and human blood in the course of a well-controlled, mild,
and transitory oxidative eustress. Antioxidants (Basel).
2021 Dec 4;10(12):1946. doi: 10.3390/antiox10121946.
Borrelli E, Bocci V. Basic biological and therapeutic effects
of ozone therapy in human medicine [Internet]. In: Munter
R, editor. Ozone science and technology. Oxford, UK: En-
cyclopedia of Life Support Systems; 2010 [cited 2022 Apr
18]. Available from: https://www.eolss.net/sample-chap-
ters/c07 /E6-192-15-00.pdf

29.

30.

31

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mold J Health Sci. 2023;10(3):65-72

Inal M, Dokumacioglu A, Ozcelik E, Ucar O. The effects of
ozone therapy and coenzyme Q;, combination on oxida-
tive stress markers in healthy subjects. Ir ] Med Sci. 2011
Sep;180(3):703-7. doi: 10.1007/s11845-011-0675-7.
Chirumbolo S, Valdenassi L, Simonetti V, Bertossi D, Ricev-
uti G, Franzini M, et al. Insights on the mechanisms of ac-
tion of ozone in the medical therapy against COVID-19. Int
Immunopharmacol. 2021 Jul;96:107777. doi: 10.1016/j.
intimp.2021.107777.

de Sire A, Marotta N, Ferrillo M, Agostini F, Sconza C, Lippi L,
et al. Oxygen-ozone therapy for reducing pro-inflammato-
ry cytokines serum levels in musculoskeletal and temporo-
mandibular disorders: a comprehensive review. Int ] Mol
Sci. 2022 Feb 25;23(5):2528. doi: 10.3390/ijms23052528.
Bocci V, Zanardi I, Travagli V. Has oxygen-ozonetherapy a
future in medicine? ] Exp Integr Med. 2011 Jan;1:5-11. doi:
10.5455/jeim.161210.ir.002.

Néri ], Lomba E, Karam A, Reis S, Marchionni A, Medrado
A. Ozone therapy influence in the tissue repair process: a
literature review. ] Oral Diagn. 2017 Jul;2:e20170032. doi:
10.5935/2525-5711.20170032.

Bocci V, Valacchi G, Corradeschi F, Fanetti G. Studies on the
biological effects of ozone: 8. Effects on the total antioxidant
status and on interleukin-8 production. Mediators Inflamm.
1998 Jul;7(5):313-7. doi: 10.1080/09629359890820.

. Bocci V. Oxygen-ozone therapy: a critical evaluation. Dor-

drect: Kluwer Academic Publishers; 2002. 440 p. http://
doi.org/10.1007/978-94-015-9952-8.

Viebahn-Haensler R, Le6n Fernidndez O. Ozone in Medi-
cine. The low-dose ozone concept and its basic biochemi-
cal mechanisms of action in chronic inflammatory diseas-
es. Int ] Mol Sci. 2021 Jul 23;22(15):7890. doi: 10.3390/
ijms22157890.

Bocci V. Ozone as Janus: this controversial gas can be ei-
ther toxic or medically useful. Mediators Inflamm. 2004
Feb;13(1):3-11. doi: 10.1080/0962935062000197083.
Scassellati C, Galoforo A, Bonvicini C, Esposito C, Ricevuti G.
Ozone: a natural bioactive molecule with antioxidant prop-
erty as potential new strategy in aging and in neurodegen-
erative disorders. Ageing Res Rev. 2020 Nov;63:101138.
doi: 10.1016/j.arr.2020.101138.

Bocci V, Zanardi I, Travagli V. Ozone acting on human blood
yields a hormetic dose-response relationship. ] Transl Med.
2011 May 17;9:66. doi: 10.1186/1479-5876-9-66.
International Scientific Committee of Ozonetherapy
(ISCO,). Madrid Declaration on Ozone Therapy [Internet].
2nd ed. Madrid: ISCO,; 2012 [cited 2023 Feb 23]. 50 p.
Available from: https://bornclinic.com/wp-content/up-
loads/2020/12/0ZONE-THERAPY.pdf.

Thorp], ThorpK, ThorpE, Viglione D. Ozone preconditioning
in viral disease. Virol Curr Res [Internet]. 2022;6(S1):001
[cited 2023 Feb 23]. Available from: https://www.hilaris-
publisher.com/open-access/ozone-preconditioning-in-vi-
ral-disease.pdf.

Chirumbolo S, Varesi A, Franzini M, Valdenassi L, Pandolfi
S, Tirelli U, et al. The mito-hormetic mechanisms of ozone
in the clearance of SARS-CoV2 and in the COVID-19 thera-
py. Biomedicines. 2022 Sep 12;10(9):2258. doi: 10.3390/
biomedicines10092258.

Pivotto AP, Banhuk FW, Staffen IV, Daga MA, Ayala TS,
Menolli RA. Clinical uses and molecular aspects of ozone
therapy: a review. OnLine ] Biol Sci. 2020 Feb;20(1):37-49.
https://doi.org/10.3844 /0jbsci.2020.37.49

Obeid BM. Ozone autohemotherapy: possible mechanisms
of anti-viral action and anti oxidative. ] Infect Dis Epidemi-



Cernei N. et al.

45,

46.

47.

48.

49.

ol. 2020 Apr;6:117. doi: 10.23937/2474-3658/1510117.
Galie M, Covi V, Tabaracci G, Malatesta M. The role of Nrf2
in the antioxidant cellular response to medical ozone expo-
sure. Int ] Mol Sci. 2019 Aug 17;20(16):4009. doi: 10.3390/
ijms20164009.

Martinez-Sanchez G, Schwartz A, Donna V. Potential cy-
toprotective activity of ozone therapy in SARS-CoV-2/
COVID-19. Antioxidants (Basel). 2020 May 6;9(5):389. doi:
10.3390/antiox9050389.

Ranaldi G, Villani E, Franza L. Rationale for ozone-therapy
asanadjuvant therapy in COVID-19: a narrative review. Med
Gas Res. 2020 Jul-Sep;10(3):134-8. doi: 10.4103/2045-
9912.289462.

Bodrug N, Barba D, Istrati V, Botezatu A. Eficacitatea ter-
apiei cu ozon in medicina [Effectiveness of ozone therapy
in medicine]. Chisindau: Medicina; 2012. 116 p. Romanian.
Dias EN, Andrade KF Silveira RS, Machado RRP. [The

50.

51

52.

Mold J Health Sci. 2023;10(3):65-72

acting of ozoniotherapy in wounds, neuropathies, in-
fections and inflammations: a systematic review]. Braz
] Dev. 2021;7(5):48604-29. Portuguese. https://doi.
org/10.34117 /bjdv.v7i5.29786.

Borges F, Meyer P, Jahara R, de Morais Carreiro E, Antonuzzo
P, Picariello F et al. Fundamentals of the use of ozone thera-
py in the treatment of aesthetic disorders: a review. ] Biosci
Med. 2021 Dec;9:40-70. doi: 10.4236/jbm.2021.912005.
Fitzpatrick E, Holland O, Vanderlelie J. Ozone therapy for
the treatment of chronic wounds: a systematic review. Int
Wound J. 2018 Aug;15(4):633-44. doi: 10.1111/iwj.12907.
Franzini M, Valdenassi L, Pandolfi S, Tirelli U, Ricevuti G,
Simonetti V, et al. The biological activity of medical ozone
in the hormetic range and the role of full expertise profes-
sionals. Front Public Health. 2022 Sep 16;10:979076. doi:
10.3389/fpubh.2022.979076.



The role of the lateral pterygoid muscle Mold J Health Sci. 2023;10(3):73-79

https://doi.org/10.52645/MJHS.2023.3.09 @ @
UDC: 611.732.73:616.724 @

REVIEW ARTICLE OPENaACCESS

The role of the lateral pterygoid muscle
in temporomandibular disorders

Vitalie Pantea'”, Felicia Tabara', Mariana Ceban!, Veronica Burduja', Lilian Nistor?, Olga Ursu?

Hlarion Postolachi Department of Orthopedic Stomatology, Nicolae Testemitanu State University of Medicine and Pharmacy, Chisindu, Republic of Moldova
“Department of Therapeutic Stomatology, Nicolae Testemitanu State University of Medicine and Pharmacy
3Arsenie Gutan Department of OMF Surgery and Oral Implantology, Nicolae Testemitanu State University of Medicine and Pharmacy

ABSTRACT

Introduction. The clinical concept that would argue that the activity of the lateral pterygoid muscle, being disturbed, would
play an important role as an etiological factor in temporomandibular joint dysfunctions is still widely accepted, being also
a decisive factor in the correct choice of the treatment plan. However, because of the fact that very few research and clear
evidence were conducted and presented to support completely that concept, it continues to remain a very controversial one.

Material and methods. For this literature review were considered and studied scientific articles published between 2000
and 2023, in the following electronic databases: PubMed, MEDLINE, Google Scholar, BIR Publications, ScienceDirect. Re-
search methods - analysis, synthesis, systematization, and description.

Results. Patients presenting temporomandibular joint dysfunction complain about pain in the temporomandibular joint
or/and in masticatory muscles, limitation and sounds during mandibular activity. Temporomandibular dysfunction is a
non-specific collective term, used to describe a heterogeneous group of pathological conditions located in the territory of
the stomatognathic system. These are considered musculoskeletal conditions that cause pain while performing the func-
tion (mastication, speech, swallowing), with increased sensitivity in the masticatory muscles and/or the temporomandib-
ular joint, with possible limitations of the range of motion, the appearance of joint noises and otological symptoms. One of
the theories claims that in temporomandibular dysfunction, the lateral pterygoid muscle becomes hyperactive, hypoactive
or that there is a lack of coordination between the superior and inferior branches of the muscle, or that there is a distur-
bance during the performance of the role of the muscle to control and stabilize the temporomandibular joint. However,
the in-depth study of the specialized literature indicates that no scientific evidence is yet available that the function of the
lateral pterygoid muscles in temporomandibular dysfunction is somehow disturbed. Moreover, the muscle’s role during
the execution of its normal function has also been questioned and remains a matter of controversy.

Conclusions. The lateral pterygoid muscle obviously plays an important role in the development of temporomandibular
dysfunction through the prism of its anatomical and functional particularities, referring to the superior fascicle responsible
for the correct anatomical maintenance of the articular disc during function.
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The research hypothesis

Examining the lateral pterygoid muscle requires a deep knowledge
of its anatomy and function, as both palpation and improperly or
superficially performed functional manipulation can provide us
with erroneous data for the diagnosis and treatment of temporo-
mandibular dysfunction.

The novelty added by manuscript to the already published sci-
entific literature

A systematic study of the specialized literature was conducted re-
garding the role of the lateral pterygoid muscle in the development
of temporomandibular joint dysfunctions, the evaluation of the an-
atomical aspects of the lateral pterygoid muscle and its interrela-
tionship with the occurrence of temporomandibular joint dysfunc-
tion, as well as the elucidation of methods for examining the lateral
pterygoid muscle and the importance of its role in the evolution of

temporomandibular dysfunction.

Introduction

The clinical concept that argues that the activity of the
lateral pterygoid muscle, being disturbed, plays an impor-
tant role as an etiological factor in temporomandibular joint
(TM]) dysfunctions is still widely accepted. It also remains
a decisive factor in the correct choice of the treatment plan.
However, due to the fact that few rigorous studies and clear
evidence have been conducted and presented to fully sup-
port this concept, it continues to be a very controversial one
[1, 2]. Patients with temporomandibular disorders (TMD)
complain of pain in the TM] and/or masticatory muscles,
limitations and sounds during mandibular movements.
Temporomandibular disorders are a non-specific collective
term used to describe a heterogeneous group of pathological
conditions located in the territory of the stomatognathic/
masticatory system. These are considered musculoskeletal
disorders, which cause pain during the performance of the
function (mastication, speech, swallowing), with increased
sensitivity at the level of masticatory muscles and/or the
TM], along with possible limitations of the range of motion
and the occurrence of joint noises and otological symptoms
[1, 3-6]. Current data demonstrate that TMD is one of the
most commonly diagnosed forms of musculoskeletal pain in
all age groups. Ethnicity, age, geographic location, and the
time of assessment influence the level of prevalence, causes,
factors, and spectrum of clinical manifestation of the pathol-
ogy [7, 8]. In adolescents, the prevalence is a controversial
subject, considering that adults are more frequently affect-
ed by TMD, but at the same time, a significantly increased
incidence is noted in subjects with mixed dentition (world-
wide incidence - 25%, and in the developed countries -
between 2% and 6%) [1, 3-5, 9]. One theory claims that in
TMD, the lateral pterygoid muscle becomes hyperactive, hy-
poactive, or that there is a miscoordination between the su-
perior and inferior branches of the muscle, or that there is
a disturbance during the execution of the role of the muscle
to control and stabilize the TM] [1, 10]. However, a rigor-

ous review of the literature indicates that no clear scientific
evidence is yet available to suggest that the function of the
lateral pterygoid muscles is somehow disrupted in TMD.
Moreover, the muscle’s role during the execution of its nor-
mal function has also been questioned and remains a matter
of controversy.

Material and methods

For this literature review, scientific articles published
between 2000 and 2023 were considered and studied us-
ing the following electronic databases: PubMed, MEDLINE,
Google Scholar, BIR Publications, ScienceDirect. Keywords
such as ,lateral pterygoid muscle”, “temporomandibular
joint”, and “TM] dysfunction” were used. A total of 137 ar-
ticles were studied, out of which 12 were duplicate articles,
45 articles presented studies performed on cadavers, 21 ar-
ticles did not provide sufficient data, and 19 articles were
conducted before the year 2000. The exclusion criteria in-
cluded studies performed on cadavers, studies conducted
before the year 2000, and studies that did not present trust-
worthy information on the topic under study.

Results and discussion

Anatomical variations of the lateral pterygoid muscle.
In recent years, several studies have been carried out with
the purpose of proving a theory that there may be a third
fascicle of the lateral pterygoid muscle or that the two fasci-
cles may be anatomically inserted differently at the level of
the disc and condyle among different individuals. To study
the anatomical variations of the lateral pterygoid muscle
and its insertion variations, analyzes were performed using
magnetic resonance imaging (MRI). In a 2013 study by Va-
lenzuela et al.,, 698 patients underwent MRI analysis of the
TM]J. Three types of muscle insertion of the superior fascicle
of the muscle have been described (Table 1). The first type
of muscle insertion involved muscle fibers inserting onto
the articular disc. The second type of muscle insertion was
at the level of the articular disc and condyle, and the third
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type was at the level between the articular disc and the ar-
ticular capsule (Figure 1) [11, 12]. In another similar study
conducted in 2016 by Eberhard et al.,, in which 382 patients
with articular disc dislocation were evaluated by MRI, the
results showed that the prevailing type of muscle insertion

Mold J Health Sci. 2023;10(3):73-79

of the superior fascicle among subjects was type 2, at 67%,
and the one with the lowest prevalence was type 1, at 7.6%.
MRI images were taken in the position of maximum inter-
cuspation (MI) and full opening of the oral cavity [13].

Type |

Type Il Type 1l

Fig. 1 Schematic representation of the three types of muscle insertion and the third fascicle of the LPM.
Note: (AT) - articular tubercle, (C) - condyle, (D) - disc, (S) - superior bundle of LPM, (1) - inferior bundle of LPM, (M) - medial bundle of LPM [12]

Table 1. Types of muscle insertion of the lateral pterygoid muscle. Litko
classification [13]

Type of insertion Bundle Insertion
Superior Disc

Typel Inferior Condyle
Superior Disc and condyle

*

Type 2 Inferior Condyle
Superior Disc

Type 3 Medial Condyle
Inferior Condyle

Note: (*) - the highest prevalence with 76% of subjects according to
Eberhard et al. studies.

Function of the lateral pterygoid muscles. The inter-
national theory about the anatomy of the lateral pterygoid
muscle says that it is a masticatory muscle, which is part
of the dento-maxillary system. It is considered to be an im-
portant masticatory component, in some sources even the
main one, either structurally or functionally, due to its di-
rectinsertion at the level of the components of the temporo-
mandibular joint. In some temporomandibular pathologies
or dysfunctions, the muscle would be described as being
directly or indirectly involved. Directly, it is described as the
muscle that specifically causes TMD. The dysfunction in-
volves the alteration of the movement of the joint and caus-
es pain in neighboring structures, which are nervous, vas-
cular or bone [11, 14, 15]. Pathologically, it is described that
at the level of the joint there would be an impediment or an
inconsistency between the elements, but the most affected
component would be the articular disc, which is directly as-
sociated with the lateral pterygoid muscle that causes the
anterior dislocation of the disc [11]. Mechanically, this joint
dysfunction produces an anterior disc dislocation, which, in
turn, compresses with the bony tissues, causing a bony stop

for the articular condyle, reducing joint space and range of
motion at the joint, producing combined clinical and me-
chanical symptoms [11, 12].

The functions of the lateral pterygoid muscle were de-
fined as follows: the superior bundle is responsible for clos-
ing, retropulsion, and ipsilateral movements of the mandible,
while the inferior bundle is active in opening, propulsion, and
contralateral movements of the mandible. However, recent
studies suggest that some fibers of the superior bundle may
also be involved in opening, propulsion, and contralateral
mandibular movements, and that it may consist of three me-
diolaterally arranged functional areas. This indicates that the
concept that the occurrence of clicking, crackles in the TM]
is due to uncoordinated movements between both bundles
of the lateral pterygoid muscle needs to be re-evaluated [10,
16]. Both fascicles of the lateral pterygoid muscle, in some re-
cent reports, have been shown to be inactive during electro-
myography in the mandibular posture position. An important
role of the lateral pterygoid muscle demonstrated electro-
myographically is that it generates laterality and propulsive
movements of the mandible. This was observed when the
activity of the inferior fasciculus changed when the direction
of the horizontal force of the mandible oscillated from side
to side [1, 10]. Murray et al. claim that the cause that would
lead to different conclusions and results regarding the func-
tion of the lateral pterygoid muscle would be the incorrect
placement of the electromyographic electrodes at the level of
the muscle [17]. The results obtained could belong to other
adjacent muscles such as the temporalis muscle or medial
pterygoid muscle, or they could belong to the lateral ptery-
goid muscle (LPM) but be incorrectly assigned to a specific
fascicle. With the help of computed tomography, they analyz-
ed the correct placement of the electrodes at the level of the
lateral pterygoid muscle and confirmed the classical notion
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that the inferior LPM would be involved in opening, protru-
sion, and contralateral mandibular movements. Studying the
functional unit of the muscle, they concluded that the supe-
ro-medial part of the inferior LPM has an important role in
initiating contralateral movements of the mandible, while the
infero-medial part has a role in controlling fine movements
[17]- The activity of the superior lateral pterygoid muscle was
also confirmed by the correct placement of the electrodes,
and it turned out to be much more complex than originally
thought [17]. In contrast to the idea that the superior LPM is
active only in closure, retrusion, and ipsilateral movements of
the mandible, most muscle fibers of the superior LPM are at
least active in opening, protrusion, and contralateral move-
ments. Moreover, the pattern of activity varies depending on
the location of the muscle fibers in the muscle and has been
classified into three functional areas (Figure 2) [17]. The me-
dial area produces patterns of activity similar to those pro-
duced by the inferior LPM. The lateral area may be equally
active in closure, ipsilateral movements, and retrusion, while
the central area generates different patterns of activity. These
obtained functional data play an important role in under-
standing the role of the lateral pterygoid muscle in TMD [17].

The relationship between the lateral pterygoid mus-
cle and the elements of the temporomandibular joint. ].
Okeson described the functional importance of the superior
lateral pterygoid muscle, namely: it becomes evident when
the unilateral masticatory function is exercised. When an
individual unilaterally bites a hard substance, both tempo-
romandibular joints are functionally loaded differently. This
occurs because the force is not applied to the joint but to
the hard substance. Intra-articular pressure increases con-
tralaterally to the biting area, and decreases at the ipsilater-
al articular level. This fact can lead to a separation between
the articular surfaces, resulting in a dislocation of the ar-
ticular disc on the same side. To prevent this, the superior
lateral pterygoid muscle becomes active during biting, ro-
tating the disc forward on the condylar surface so that the
thicker edge of the disc remains in permanent contact with
the articular surface [5].
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DR
' Antenor

Fig. 2 Functional areas of the upper Lateral Pterygoid Muscle.

Note: (Medial) - medial area, on left; (Middle) - middle area, on
center; (Lateral) - lateral area, on right; Directions - Anterior,
Lateral [17]

The articular disc is composed of several layers of colla-
gen fibers, each oriented in different directions to resist the
shearing phenomenon that could occur during the sliding of
the condyle. The disc is attached to the medial and lateral sur-
faces of the condyle, which allows it to move in unison with
the articular condyle. The positioning of the disc is controlled
by a combination of elastic fibers attached to the posterior
surface of the disc, thereby holding the disc in tension against
the action of the superior fasciculus of the lateral pterygoid
muscle, which is attached to the anterior surface of the disc.
When the disc ligaments pull the disc along with the move-
ment of the condyle, the rotation of the disc on the condyle
occurs due to the force of contraction or relaxation of the su-
perior fascicle of the muscle (Figure 3) [1, 4, 18].

SAL SC aS ACL

I Y/

Fig. 3 Diagram of the anatomical

components of the TM].
Note: (ACL) - anterior capsular ligament;
(AS) - articular surface; (IRL) - inferior
retrodiscal lamina; (RT) - retrodiscal tissues;
(SC and IC) - superior and inferior articular
cavity; (SLP and ILP) - superior and inferior
lateral pterygoid muscle; (SRL) - superior
retrodiscal lamina [5]
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All the tissues attached to the disc have the role of pre-
venting its anterior dislocation. However, the question aris-
es as to how its anterior dislocation occurs, which is very
common in patients with temporomandibular dysfunction.
The only force that is directed anteriorly and can produce
articular disc dislocation is the muscle that is attached to
the anterior surface of the disc, namely the superior fascicle
of the lateral pterygoid muscle. This muscle, together with
the elastic collagen fibers attached posteriorly to the disc,
controls the position of the disc on the surface of the condyle
and is always aligned with the direction of the force when
the condyle descends the slope of the tubercle downward
[4]. If the articular condyle is located in centric relation, the
articular disc is located in the most anterior position that
the posterior ligaments allow. In this position, the condylar
forces are directed upward toward the medial third of the
disc and forward toward the anterior surface of the condyle.
When the inferior fascicle of the lateral pterygoid muscle
(+) begins to propel the condyle anteriorly, the superior fas-

Fig. 4 Schematic structure of lateral pterygoid
muscle in centric relation.

Note: (-) - the upper bundle of the lateral pterygoid muscle; (+) -
the inferior bundle of the lateral pterygoid muscle [4].

Fig. 6 Schematic structure of the lateral pterygoid
muscle upon closing.

Note: (-) - the lower bundle of the lateral pterygoid muscle; (+) -
the superior bundle of the lateral pterygoid muscle [4].
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cicle of the muscle (-) relaxes its contraction to allow the
elastic fibers to pull the disc over the condyle (Figure 4) [4].

At the maximum opening of the oral cavity, when the
condyle reaches the most inclined portion of the articular
tubercle, the disc should be directly located above the ar-
ticular condyle, as the forces are directed superiorly. At this
point, the elastic fibers rotate the disc posteriorly because
the superior fasciculus of the lateral pterygoid muscle is in a
controlled relaxation (Figure 5) [4].

Upon closing the oral cavity, the condyle moves poste-
riorly and superiorly on the slope of the articular tubercle,
so that the disc is again positioned in front of the condyle.
For this, the upper fascicle (+) begins to contract, while the
lower fascicle (-) relaxes and allows the condyle to return to
its original position (Figure 6) [4].

When the condyle returns to the centric relation posi-
tion, the disc is located as anteriorly as possible, as far as
the posterior ligament allows. If the ligament is intact and
has not been stretched or torn, the disc is located in perfect

Fig. 5 Schematic structure of lateral pterygoid muscle at the
maximum opening,.

Note: (-) - the upper bundle of the lateral pterygoid muscle; (+) -
the lower bundle of the lateral pterygoid muscle; (PL) - posterior
elastic fibers [4]

Fig. 7 Schematic structure of the lateral pterygoid muscle when
the condyle returns to the centric relation position.

Note: (+) - the upper bundle of the lateral pterygoid muscle; (-) -
the inferior bundle of the lateral pterygoid muscle [4].
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alignment with the direction and position of the condyle. In
the absence of occlusal interference, the inferior fascicle of
the lateral pterygoid muscle is not active, even in the posi-
tion of maximum intercuspation (MI). The superior fascicle
remains contracted to keep the disc in the proper position
(Figure 7) [4].

Correlation between anatomical variations of the
lateral pterygoid muscle and temporomandibular dys-
functions. The correlation between the types of muscle
insertions of the LPM and its anatomical variations is di-
rectly proven in studies of temporomandibular joint dys-
functions. Only two research studies from 2009 and 2012
(Dergin et al.; Matsunaga et al.) did not show any link be-
tween anatomical variations of the lateral pterygoid muscle
and temporomandibular joint dysfunctions. This is because
they represent studies carried out on corpses where only
the morphological structure was studied and only the vari-
ations were observed [19, 20, 21]. The anatomical variation
of muscle insertion type 2 according to the Litko classifica-
tion [13] was the one that showed the closest connection
with TMD, especially due to the insertion of the superior
fasciculus of the LPM at the level of the articular disc and
the articular condyle (Table 1). This variation can produce
joint alterations or dysfunctions, characterized by local or
loco-regional pain during closing or opening movements.
However, studies have not shown any relationship between
the type of insertion of the inferior fascicle of the LPM and
TMD, both primary and secondary. The middle or accessory
fascicle, which was described in 19% of cases in the ana-
lyzed studies, showed no connection between its presence
and any TMD, primary or secondary, acute or chronic [21,
22-26]. Murray et al. state that observations made in recent
years support the theory that the lack of coordination of
movements between the upper and lower LPM could gener-
ate clicks, cracks, or articular blockages during the horizon-
tal positioning of the disc in relation to the condyle. How-
ever, recent evidence indicates the possibility that fibers of
the superior lateral pterygoid muscle that insert at the level
of the articular disc could activate independently of other
fibers of the same muscle, the superior LPM, and generate
forces at the level of the disc that are not simultaneously
generated with those inserted at the level of the condyle
[17].]. Okeson states that the exact percentage of insertion
of the superior lateral pterygoid muscle at the level of the
disc and at the level of the articular condyle is still under
debate and is variable. However, it would be reasonable to
assume that if the insertion of the muscle is predominant
at the level of the neck of the articular condyle, and less at
the level of the disc, the function of the superior muscle will
have correspondingly less influence on the position of the
articular disc. Moreover, vice versa, if the insertion of the
superior muscle is predominant at the level of the articu-
lar disc, and less at the level of the condyle, the function of
the muscle will greatly influence the position of the artic-
ular disc. This anatomical variation explains why, in some
patients, the disc dislocates very quickly, without any ante-
cedents or previous clinical features [5].
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Conclusions

1. The lateral pterygoid muscle plays an obviously im-
portant role in the development of temporomandibular dys-
functions through the prism of its anatomical and functional
particularities, specifically referring to the superior fascicle
responsible for maintaining the correct anatomical position
of the articular disc during function.

2. The anatomical variations of the muscle insertion ac-
cording to various classifications are directly related to the
development of TM] dysfunctions, especially due to the in-
sertion of the superior fascicle of the LPM at the level of the
articular disc and the articular condyle. This variation can
produce alterations at the level of the joint complex, char-
acterized by the respective dysfunctional symptomatology.
However, studies have not shown a clear link between the
type of insertion of the inferior fascicle of the LPM and both
primary and secondary TM] dysfunction.
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CASE STUDY

Laser ureteroscopic endopyelotomy efficacy
in pyeloureteral junction stenosis
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ABSTRACT

Introduction. Pyeloureteral junction stenosis (PUJS) is a condition that affects urinary drainage at level of the renal pelvis
and upper ureter. It is found in approximately 1 in 500 newborns, with a higher prevalence in males (2:1 ratio). PUJS is the
main cause of congenital hydronephrosis and can also be caused by other specific pathologies. Endoscopic management is the
primary treatment for PUJS, particularly in cases of aperistaltic and <2cm intrinsic ureteral stenosis without aberrant vessels.

Aim of the study. Efficacy assessment of endoscopic retrograde incision of PUJS for urinary drainage recovery and dura-
tion of postoperatory effect.

Material and methods. 5 patients were operated, from November 2022 to February 2023. Each patient has been operat-
ed by using retrograde LASER endopyelotomy method. There were excluded patients with extrinsic ureteral obstruction,
defected segment more than 2 cm, massive hydronephrosis, split renal function <20%, tumor in the obstruction area, high
ureteral insertion, patients <18 years of age. Mean follow-up time of patients is 8 weeks.

Results. One month after intervention patients were recalled for investigations. There were observed way more better
results in the patients with grade 1 hydronephrosis than those with grade 2 (p = 0.002). All patients at 3-month postoper-
ative follow-up reported resolution of symptoms.

Conclusions. Efficacy of LASER endopyelotomy is 99.9% in first months of the follow-up, after double ] stent extraction.
More follow-up time and patients are required to present more statistically significant results.
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Key messages

What is not yet known about the issue addressed in the sub-
mitted manuscript

There is no specific data about the PUJ patency years after the in-
tervention. Our research is a prospective study of patients, and re-
lapses that may occur after laser endopyelotomy.

The research hypothesis

In a defined patient subgroup with PUJ defects <2 cm, hydrone-
phrosis grade 1 or 2, and renal function >20%, our study suggests
that laser endopyelotomy significantly reduces relapse rates,
highlighting its potential efficacy for sustaining PU]J patency.

The novelty added by manuscript to the already published sci-
entific literature

This study uniquely investigates the prolonged efficacy of laser en-
dopyelotomy in a specific subgroup with PU]J defects <2 cm, hydro-
nephrosis grade 1 or 2, and renal function >20%. The manuscript
fills a research gap in this context, enhancing our understanding of
laser endopyelotomy’s potential in maintaining PU]J patency.



Laser Endopyelotomy for Pyeloureteral Stenosis

Introduction

Stenosis of the pyeloureteral junction (PUJ) is a condi-
tion that disrupts the urinary passage at the level of the re-
nal pelvis and the upper third of the ureter. It occurs in 1
in 500 newborns, with a higher prevalence in males than
females, with a ratio of 2:1 [1, 2]. Stenosis of the pyeloure-
teral junction is considered the most common cause of con-
genital hydronephrosis, and it is determined by anomalies
in the anatomical structure of the renal-urinary tract, such
as ureteral hypoplasia, high insertion of the ureter, aberrant
vessels, and adhesions that compress and irritate the ureter,
leading to urodynamic disorders and subsequent morpho-
logical changes. However, PU]J stenosis can also occur later
in life as a secondary condition, with etiologies including:
(a) extrinsic factors such as compression of the PUJ due to
retroperitoneal fibrosis, retroperitoneal lymphadenopathy;,
retroperitoneal tumors; (b) intrinsic factors such as fibrosis
of the PU]J caused by stones, chronic inflammation, exposure
to radiation, radiotherapy, transitional cell and urothelial
tumors of the ureter, and iatrogenic causes [3-5].

There is a variety of minimally invasive interventions avail-
able for the treatment of stenosis and strictures of the pyeloure-
teral junction (PUJ): balloon dilation, laparoscopic pyeloplasty,
antegrade (percutaneous) endopyelotomy, and retrograde en-
dopyelotomy. Although laparoscopic pyeloplasty is considered
the gold standard for all causes of PUJ stenosis, endoscopic
management can be considered as a first-line treatment for
aperistaltic ureteral segment and intrinsic ureteral stenosis
(<2 cm) in the absence of aberrant renal vessels [6]. Methods
with maximal precision and direct ureteroscopic visualization
of the lesion are preferred over blind incisions with Acucise, as
they carry a higher risk of intraoperative bleeding [7, 8].

Ureteroscopic endopyelotomy with LASER was first de-
scribed by Inglis and Tolley in 1986 [9]. Retrograde incision
of PUJ offers several advantages: shorter procedure and re-
covery duration, reduced hospitalization time, minimal use of
postoperative analgesics, and avoidance of external urinary
drainage. Although it does not show more significant results
compared to open surgeries, studies on the success rate of
LASER endopyelotomy in patients with primary or second-
ary PUJ continue to this day. Literature results show a success
rate of retrograde LASER endopyelotomy ranging from 39%
to 100% in primary or secondary PUJ [10, 11]. Other studies
present ureteroscopic LASER endopyelotomy as a treatment
method for PUJ stenosis with a success rate starting at 89%
[12, 13]. The primary objective of any intervention, whether
open or minimally invasive, is to preserve renal function.

The purpose of presenting these cases is to evaluate the
effectiveness and morbidity of retrograde endoscopic inci-
sion for restoring urinary passage in PU]J, as well as the du-
ration of maintaining the postoperative result.

Case presentation

Inclusion and exclusion criteria, patients’ description,
case history, investigation results.

Patient selection was based on specific indications for
retrograde endopyelotomy, aiming to achieve a higher suc-
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cess rate in cases without significant hydronephrosis, with
a ureteral segment affected by stenosis less than 2 cm in
length, and lacking aberrant vasculature. The study data
was collected by recording the clinical and paraclinical data
of the enrolled subjects. Patients with extrinsic ureteral
obstruction, stenotic segments exceeding 2 cm, severe hy-
dronephrosis, renal function less than 20% of the affected
kidney by PUJ stenosis, tumor involvement at the site of
obstruction, high ureteral insertion, pediatric patients, and
individuals whose treatment modality did not involve the
employed method were excluded from the study:.

From November 2022 to February 2023, a cohort of 5 fe-
male patients of 35 to 45 years of age WITH URETEROPELVIC
JUNCTION STENOSIS WERE ADMITTED FOR RETROGRADE LASER
PYELOTOMY. All participants presented with ureteral steno-
sis and secondary PUJ obstruction resulting from chronic
inflammation due to renal calculi that periodically lodges
in PUJ. The primary symptoms reported by patients includ-
ed lumbago, recurrent urinary tract infections, and, in one
case, hematuria. Among the five patients, three exhibited
grade 2 hydronephrosis, while the remaining two showed
grade 1 hydronephrosis, as confirmed by ultrasonography.
The renal function of the affected kidney was evaluated us-
ing scintigraphy, revealing a function greater than 30% in
all candidates. The diagnosis was established based on com-
puted tomography and intravenous pyelography, with the
identification of contrast medium restriction at the junction
without visualization of the ureter or encountering delayed
passage (image of the distal portion of the ureter appear af-
ter 30 minutes). The length of the defect and the degree of
hydronephrosis were determined using the aforementioned
imaging methods. Renal function was assessed through dy-
namic scintigraphy. CT angiography was performed to ex-
clude the presence of aberrant vessels.

The patients were prepared for the intervention by
treating urinary tract infection, if present, performing ure-
teral stenting to facilitate drainage of infected urine, and re-
solving the renal calculi.

Treatment plan, surgical technique, and follow-ups

In all cases, a semirigid ureteroscope was employed for the
procedure. In instances where the ureter presented excessive
narrowness, impeding access to the upper third, a 5-Fr J] stent
was inserted for a duration of 2 weeks to facilitate ureteral di-
lation and establish an adequate working space. Subsequently;,
the patients were scheduled for stent extraction and the con-
tinuation of the previously determined treatment protocol. All
patients underwent spinal anesthesia. Initially, intraoperative-
ly, retrograde ureteropyelography was performed by injecting
contrast medium into the ureter via the ureteroscope, allowing
for repeated assessment of the anatomy of the PU]J stenosis. A
semirigid ureteroscope, specifically the OES Pro 6.4/7.8 Fr x
430 mm model with a 4.2 Fr working channel, was utilized.
The safety guide was used to reach the level of the pelviure-
teric junction stenosis as we can see in Fig. 1. A 365-um laser
fiber was employed during the procedure. Using real-time
imaging guidance, the incision was made in a postero-later-
al, caudo-cranial direction until visualization of the normal
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urothelium was achieved (Fig. 2), utilizing Ho:YAG LASER with
an energy range of 0.5-3.5] and a frequency of 5-20. A control
retrograde ureteropyelography was performed to determine
the estimated length and level of the stenosis (Fig. 3). Post-in-
cisional retrograde ureteropyelography was performed to as-
sess the outcome (Fig. 4). Following the procedure, patients
received the placement of 7-8 Fr JJ stents, which remained in
place for a period of 4 weeks. After the completion of the pro-
cedure, patients were catheterized with a 16 Fr Foley catheter
for 24 hours, following which they were discharged for out-
patient follow-up and continuation of medical treatment at
home. After a period of 3-4 weeks, patients were called back
for reevaluation and analysis of postoperative results. During
the first month, ultrasound, urine culture, and intravenous
urography (IVU) were performed to assess urinary passage.
If the positive result was maintained, the patient would be
scheduled for a follow-up examination after 6 months. Suc-
cessful treatment was defined by the resolution of symptoms,
restoration of urinary passage, shortened visualization time
of contrast in the ureter as observed through imaging stud-
ies, absence of obstructive patterns in dynamic scintigraphy,
and preserved renal function. The half-life (T %2) of the radi-
opharmaceutical preparation (RFP) was less than 20 minutes.
If these criteria were not met, the treatment was considered
unsuccessful. Postoperative complications were classified
according to the Clavien-Dindo classification system [14]. All
patients have been informed about the surgical technique,
purpose, and complications of the procedure. Consent for the
surgical intervention and the use of personal data for the study
has been obtained from each patient.

Results

Subjects involved in the present study were all detected
with grade 2 (3 patients) and grade 1 (2 patients). When as-
sessing pre-procedural (PUJ stenosis (Fig. 3)) and post-pro-
cedural results in retrograde ureteropyelography, we ob-
serve the restoration of urinary passage in all cases (Fig. 4).
The average duration of the surgical intervention was 42.8 +
2,58 minutes, and the mean duration of hospitalization was
4 + 1.73 days. The patients were followed up for an average
period of 8 weeks. One patient experienced a postoperative
complication in the form of a urinary tract infection on the
second day, which prolonged the hospital stay by an addi-
tional 4 days. During the one-month follow-up, a statisti-
cally significant difference was observed between patients
with grade 1 hydronephrosis (complete restoration of uri-
nary flow) and those with grade 2 hydronephrosis (faster
contrast visualization in UIV) (p < 0.005). Furthermore, all
patients reported the resolution of symptoms within three
months of postoperative clinical monitoring.

Discussion

Open pyeloplasty represents the gold standard in the
treatment of ureteropelvic junction (UPJ]) stenosis, with a
success rate ranging from 80% to 97% [15, 16]. However,
due to its drawbacks, such as the need for a large surgical
approach, lengthy recovery period, and high cost, alterna-
tive minimally invasive methods have been explored. De-
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spite the lower postoperative success rate, these alternative
approaches offer advantages in terms of cost, intraoperative
complications, recovery time, and length of hospital stay.

Thorough preoperative evaluation and investigation of the
patient allow for the selection of suitable candidates for mini-
mally invasive interventions, which offer a high postoperative
success rate. The European Association of Urology guidelines
recommend laser endopyelotomy as the first-line treatment
with a grade C recommendation. It is primarily applied in cas-
es of intrinsic stenosis with a defect length of less than 2 cm,
absence of a dilated pelvis, high ureteral insertion, renal split
function less than 20%, and ipsilateral renal calculi. The level of
evidence for this recommendation is 4 [17]. Some studies have
reported a higher efficacy of laser endopyelotomy in cases of
primary UP] obstruction. Other authors did not observe a dif-
ference, while some reported a higher success rate in patients
with secondary etiology of UP] obstruction [11, 18]. Gupta and
colleagues have reported on the success rate of retrograde en-
dopyelotomy based on the degree of hydronephrosis and the
length of the stenotic segment. In both cases, as the degree
of hydronephrosis and the length of the stenotic segment in-
crease, the success rate decreases. However, the difference in
results between the two cases is not statistically significant
[19]. Similarly, Rassweiler and colleagues have also addressed
the correlation between multiple factors that influence the
success rate, with one of the factors being hydronephrosis.
They found that as the severity of hydronephrosis increases,
the postoperative outcomes become less favorable [20], which
is consistent with the findings of the current study. The com-
plication rate is estimated to be between 5% and 35%, with
the most common complication being urinary tract infection
(UTD) [21]. In our case, the complication rate was 20%, with
a UTI being identified in a patient on the second day postop-
eratively during a urine analysis. The duration of stent place-
ment for ureteral integrity restoration post-endopyelotomy
varies among different authors. Anil Mandhani and colleagues
conducted an animal study that showed positive results with
complete recovery after 2 weeks [22]. Geavlete reported a
necessary period of 6 weeks, as the urothelium regenerates
in 5 days and the muscular tissue in 6 weeks [23]. In the cur-
rent study, the stent was left in place for 4 weeks. The success
rate in our study, at an 8-week patient follow-up, is currently
99.9%. However, patients require ongoing monitoring to as-
sess the maintenance of JPU patency. Nevertheless, although
the effectiveness of the intervention is continuously studied,
JPU patency can decrease over time, as mentioned by Shalhav
Al and colleagues in 1989 [24].

Conclusions

Compared to other minimally invasive methods such as an-
tegrade endopyelotomy, retrograde incision with balloon (Acu-
cise), laparoscopic, and robot-assisted procedures, the retro-
grade technique has several advantages, with cost-effectiveness
being the most significant one: comparatively affordable equip-
ment, shorter recovery period, and hospital stay. To achieve a
clear success rate, certain factors need to be considered: defect
length <2 cm, insignificant hydronephrosis, absence of a large
pelvis, and high ureteral insertion, with preserved ipsilateral
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Fig. 1. Affected PUJ guided with safety wire. Fig. 2. PUJ after incision with Holmium:yttrium-aluminum-garnet
Grey arrow shows safety wire; White arrow shows PUJ stenosis. LASER (Ho:YAG)
Images are from our own collection Grey arrow shows incision made with Laser; White arrow shows

widened PUJ. Images are from our own collection.

Fig. 3 Radioscopic visualization of PU]J stenosis Fig. 4 Postincisional retrograde ureteropyelography with visualization
in retrograde ureteropyelography. of restoration of the urinary passage.
(a) Ureteroscope, (b) Safety wire, (c) PUJ stenosis, (d) Dilated (a) Ureteroscope, (b) Safety wire, (c) PUJ after incision, (d) Dilated
renal pelvis and calyces. Images are from our own collection. renal pelvis and calyces.Images are from our own collection.
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renal function. The current study results demonstrate an effi-
cacy rate of 99.9% in the early months of monitoring. However,
longer monitoring with a larger patient sample is necessary to
provide more conclusive data in the future.
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ABSTRACT

Introduction. Deep carious lesions are a dental disease widely spread among population of all ages. From clinical point of
view, they have little symptoms and go unnoticed by the patients a long time, until they provoke dental pulp inflammations.
If diagnosed and treated properly, the tooth can be treated conservatively with certain techniques of pulp vitality preser-
vation. An important role in this process plays the innate capacity of regeneration of the pulp-dentine complex and the
enhanced stimulating properties of new biomaterials used in dentistry. The aim of this clinical case reportis to describe the
clinical manifestations and the diagnostic algorithm used in deep caries and to establish a clinical guideline of treatment of
deep carious lesion with a calcium silicate hydraulic cement.

Material and methods. Description of clinical case of a permanent tooth with a deep carious lesion, treated by indirect
pulp capping with mineral trioxide aggregate cement. Clinical and paraclinical methods of investigations were used, the
patient was evaluated after 6 and 12 months after the received treatment.

Results. The sensitivity to cold stimuli presented by the patient before the treatment attenuated shortly after he received
dental care. After 6 and 12 months, the tooth is asymptomatic, the clinical findings and paraclinical parameters show no
evidence of pulp inflammation.

Conclusions. Mineral trioxide aggregate showed long term successful results when used as a biomaterial for vital pulp

therapy.
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Key messages

What is not yet known on the issue addressed in the submit-
ted manuscript

Vital pulp therapy in carious teeth is still a controversial topic re-
garding in conservative dentistry. It has shown very high rates of
success in non-carious dental pulp exposures. However, it remains
to be established what the long-term success rates are for cases of
deep carious lesions.

The research hypothesis

The cariously exposed dental pulp requires an enhanced treat-
ment protocol in order to ensure the preservation of pulp vitality.
The novelty added by manuscript to the already published sci-
entific literature

A case of a deep carious lesion in a permanent tooth is presented,
along with its clinical and paraclinical manifestations, as well as the
enhanced treatment algorithm with mineral trioxide aggregate.
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Introduction

Vital pulp therapy (VPT) is defined as an ultra-conserva-
tive treatment that aims to preserve and maintain pulp tis-
sue in a healthy state that has been compromised but not
destroyed by caries, trauma, or restorative procedures [1].
Based on the level of pulp preservation, VPT includes step-
wise excavation, indirect pulp capping, direct pulp capping,
miniature pulpotomy, partial pulpotomy (Cvek) and com-
plete coronal pulpotomy [2]. In our case report, we used
the technique of direct pulp capping, a method that involves
placing a bioactive dental material directly on an exposed
pulp with the aim of stimulating the reparative function of
the pulp-dentine complex.

In deep carious lesions, the bacteria present in the infect-
ed dentine initiate a reversible inflammatory process in the
pulp. However, if the aggression is removed and proper con-
ditions are established, the vital pulp-dentine complex has a
high potential for self-repair [3]. This is due to the complex
mechanisms that are initiated once the removal of the in-
fected dentine occurs, a process known as tertiary dentine
formation. Tertiary dentine is divided into two different
categories based on the events that precede its formation
and the mechanism of formation. Reactionary dentine is a
form of tertiary dentine secreted by odontoblast cells that
have survived a mild stimulus. Reparative dentine, on the
other hand, is tertiary dentine secreted by a new generation
of odontoblast-like cells in response to a strong stimulus
(traumatic or carious pulp exposure), after the death of the
original odontoblasts responsible for the primary and phys-
iological secondary dentine secretion [4].

According to scientific research, hydraulic calcium sil-
icate cements have a substantial positive influence on
pulp-dentine complex regeneration [5]. The mineral triox-
ide aggregate (MTA) used in our case report (ProRoot MTA,
Denstply) is categorized as a type 1 hydraulic calcium sili-
cate cement [6]. MTA has the following positive properties:
radiopacity, low solubility, and long-term stability; high bio-
compatibility; forms an excellent seal to prevent the ingress
of bacteria; and promotes the formation of tertiary dentine
by stimulating the production of growth factors and media-
tors in the injured pulp. However, MTA also has some draw-
backs, such as a difficult handling technique, prolonged set-
ting time, high cost, and tooth discoloration over time [7].

To achieve long-term success in the treatment of deep
caries, the clinician needs to correctly assess the pulpal
status at the beginning of the treatment and employ an en-
hanced treatment protocol. The proper diagnostic of the pul-
pal health status is crucial for the treatment’s outcome [8].

Clinically, there are two available methods of assessing
pulp vitality, based on the presence or absence of sensitivi-
ty to cold or electrical stimuli, with their combination lead-
ing to better precision. Parameters indicating pulp health
or reversible inflammation are mild to strong sensitivity
or pain to cold stimuli that disappears once the stimulus is
removed. Additionally, values of electrical tests are as fol-
lows: for the incisors and canines group - from 2 to 9 pA, for
the premolars group - from 6 to 15 pA, and for the molars
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group - from 8 to 18 pA. In the case of deep carious lesions
in the molar group, values of electrical tests can increase to
as much as 25-27 pA [9].

For paraclinical assessment of the dental caries, X-ray
diagnostic methods are most commonly used, especially
periapical, bitewing, and orthopantomography [10]. The ra-
diological signs for deep carious lesions are:

= the presence of extensive radiolucency in the tooth

of interest that has no communication with the pulp
chamber;

= a preexisting faulty filling with underlying radiolu-

cency, indicating the presence of secondary caries;

= no pathological periapical findings.

Once the diagnosis of a deep carious lesion with a vital
pulp is established, the treatment requires an enhanced
protocol because severe microbial contamination is ex-
pected when the necrotic tissue is removed. The enhanced
protocol includes: selective carious tissue removal guided
by optical magnification, disinfection of the resulted cavity
with 5.25% sodium hypochlorite, and application of a hy-
draulic calcium silicate cement to the bottom of the cavity
[11].

Materials and methods

This article reports a clinical case study of a 30-year-old
male who sought dental care with the chief complaint of
mild sensitivity to cold and sweet stimuli in the upper right
quadrant. The patient was evaluated from clinical and par-
aclinical perspectives. The following tests were conducted:
dental probing, axial percussion, cold and electrical sensi-
tivity tests to assess pulp vitality, and orthopantomography.

Results

Clinical examination revealed a deep carious cavity in
tooth 17 with a displaced preexisting filling. Dental prob-
ing did not elicit any pain; the dentine had a soft consist-
ency, and axial percussion was negative. For cold testing, a
cotton pellet soaked in Endo-Frost spray was used, and the
response indicated a vital pulp. Additionally, electrical pulp
testing was performed with a DigiTest device, recording a
value of 18 pA. On the orthopantomography, an extended
radiolucency without communication with the pulp cham-
ber was detected in tooth 17, along with a displaced radio-
paque filling. No pathological periapical findings were ob-
served. The diagnosis of a deep carious lesion, classified as
class I cavity by Black, was established.

Following the principles of minimal invasive dentistry, a
direct pulp capping procedure was performed on tooth 17
in a single visit, which involved the following steps:

1. Local anesthesia with Septanest 1:100.00;

2. Isolation of the working field using a rubber dam;

3. Selective carious cavity preparation, resulting in a

small pulp exposure;

4. Cavity disinfection and hemostasis achieved with

5.25% sodium hypochlorite 5.25% for 10 sec.;

5. Application of a thin layer of mineral trioxide aggre-

gate on the bottom of the cavity;
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Fig. 1 Deep carious lesion in tooth 17, classified as a class I cavity by Black.

(a) - radiological image of the tooth; (b) - intraoral initial status; (c) - final preparation of the cavity.

Fig. 2 Direct pulp capping of tooth 17 with MTA.

(a) - a thin layer of MTA covering the bottom of the cavity; (b) - the isolating layer made from glass ionomer cement;
(c) - the final permanent restoration using light-curing composite.

6. Application of an isolating layer of glass ionomer ce-
ment;

7. Utilization of the total etch technique and V-th gener-
ation bonding;

8. Application of a permanent restoration using
light-curing composite.

Discussions

This clinical case study describes the procedure of direct
pulp capping, which involves the application of a thin layer
of bioactive dental material over an exposed pulp. The ex-
posure can occur due to traumatic injury or the removal of
carious dentine. The procedure aims to maintain pulp vital-
ity and stimulate the apposition of tertiary dentine. Studies
have shown high success rates (92-97%) for MTA when used
as a direct pulp capping agent [5]. This success is attribut-
ed to MTA’s physical and bioactive properties, which result
in the formation of a tertiary dentine bridge: high sealing
capacity, low solubility, alkaline pH, slow release of calcium
ions, and stimulation of TGF-a and BMP growth factors.

Direct pulp capping in cariously exposed dental pulps
remains one of the most controversial areas in dentistry
because the exposure is considered to occur through an
infected layer of dentine, and in some cases, the pulp can
show initial signs of inflammation. According to Bjgrndal,
these cases require an enhanced protocol that includes the
removal of only the infected carious tissue, the use of optical
magnification, disinfection and hemostasis with 5.25% so-
dium hypochlorite, as well as the use of a hydraulic calcium
silicate cement as a pulp capping agent [11]. This is precise-
ly the protocol we employed in our clinical case study.

The patient was recalled at 6 and 12 months after the
applied treatment in order to perform vitality tests and ra-
diographically assess potential changes. Electrical and cold
tests confirmed the vitality of the pulp, and on the radio-
graph, a uniform and continuous layer of newly created ter-
tiary dentine was observed, with no periapical pathologies
depicted. Our findings correlate with the study results of
Smith et al. [4]. Direct pulp capping can be done if the pa-
tient is of the proper age (under 35 years) and good general
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health; in this case, the dental pulp still has a good ability
to regenerate. After an enhanced protocol treatment, it can
maintain its vitality and function, extending the shelf life of
the tooth.

Conclusions

The direct pulp capping with MTA was considered suc-
cessful as the chief complaint, which was sensitivity to cold
and sweet stimuli, disappeared after the received treat-
ment. Also, at the follow-up visits at 6 and 12 months, the
cold tests indicated a vital pulp, the electrical pulp testing
recorded values of 15 pA and 12 pA, respectively, indicating
a positive dynamic, and no pathological periapical radio-
logical modifications were depicted. In conclusion, we can
say that MTA is an excellent pulp capping agent with a wide
range of clinical uses, especially in VPT.
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AR participated in the study design and performed the statistical analysis. All the authors reviewed the work critically and approved
the final version of the manuscript”.
> Acknowledgements and funding. People who contributed to the study design, data collection, analysis and interpretation, manuscript
preparation and editing, offered general or technical support, contributed with essential materials to the study, but do not meet ICMJE
authorship criteria will not be considered as authors, but their contribution will be mentioned in section “Acknowledgements and
funding”. Also in this section must be specified the sources of work funding. Mention of persons or institutions who have contributed
to the work and manuscript can be made only after obtaining permission from each of them.
> A Conflict of interest statement should summarize all aspects of any conflicts of interest included on the ICMIJE form. If there is no
conflict of interest, this should also be explicitly stated as ,,none declared”.
> Article highlights states the main ideas of the paper: What is not yet known on the issue addressed in the submitted manuscript
(described in 1-3 sentences); The research hypothesis (described in 1-2 sentences); The novelty added by manuscript to the already
published scientific literature (limited to 1-3 sentences).
> Word count for Main body text and Abstract should be provided. The volume of the manuscript text should not exceed 6000 words,
and Abstract — 350 words.

ABSTRACT AND KEYWORDS

The Abstract should provide the context or background for the study and should state the study’s purpose, basic procedures, significant
results, main findings, and principal conclusions. The summary text should not exceed 350 words organized according to the following
headings: Introduction, Materials and methods, Results, Conclusions. These headings may be adapted in the case of theoretical papers
and reviews. The abstract should not contain any undefined abbreviations or citations.

Keywords. Immediately after the abstract, provide 4-6 keywords that are representative for the contents of the article. For the selection
of keywords, refer to Medical Subject Headings (MeSH) in PubMed (https://www.ncbi.nlm.nih.gov/mesh/).

If the article reported the results of a clinical trial, please indicate at the end of the abstract the Name of trial database where registered,
unique clinical trial registration number and date registered.

MAIN TEXT AND REFERENCES

Original research articles are usually organized according to the IMRAD format: Introduction, Methods, Results, Discussion, and
Conclusions. Other types of articles, such as meta-analyses, case reports, narrative reviews, and editorials may have less structured or
unstructured formats.

> Introduction

The Introduction section should: provide a context or background for the study that would allow readers outside the field to understand
the purpose and significance of the study; define the problem addressed and explain why it is important; include a brief review of
recent literature in the field; mention any relevant controversies or disagreements existing in the field; formulate research hypothesis
and present the main and secondary assessed outcomes; conclude with the research’ propose and a short comment whether the purpose
has been achieved. The Introduction should not contain either results or conclusions.

> Materials and methods

The Materials and methods section should present in sufficient details all carried out procedures. Here should be described protocols
and supporting information on the used methods. It will include study design, subjects’ recruitment procedure, clear description
of all interventions and comparisons and applied statistics (Selection and Description of Participants, Technical Information,
Statistics). The Methods section should be sufficiently detailed such that others with access to the data would be able to reproduce
the results. For studies on humans or animals a statement about ethical approval and informed consent of study subjects should
be include. Please specify date and number of Ethics Committee (EC) decision, chair of the EC as well as institution within EC is
organized.

> Results

Authors must present results logically using text, tables, and figures, giving the main or most important findings first. Results should
be explained (not justified or compared in this section) and include fundamental statements related to hypothesis behind the study.

> Discussion

The data should be interpreted concisely without repeating materials already presented in the Results section. Describe the impact,
relevance and significance of the obtained results for the field. The results are compared with those from previous publications and



draw potential future research directions. Discussions should include important interpretations of the findings and results compared
with previous studies. In addition, study limitations and potential bias should be mentioned.

> Conclusions

This section should conclude laconically entire study, and highlight the added-value brought on the studied issue. The conclusions
should not provide new information or double (repeat) those presented in the Results section.

> References

Moldovan Journal of Health Sciences uses the reference style outlined by the International Committee of Medical Journal Editors
(www.icmje.org), also known as “Vancouver style”. Example formats are listed below.

In-text reference citations should be numbered consecutively, identified by Arabic numerals in square brackets [ ]. References should
be listed at the end of the manuscript and numbered in the order in which they are first mentioned in the text. Every reference cited
in the text is also present in the reference list (and vice versa). Journals titles should be abbreviated according to the Index Medicus.
It may be cited only articles or abstracts that have been published and are available through public servers. Personal communications,
manuscripts in preparation, and other unpublished data should not be included in the reference list, but may be mentioned in parentheses
in the text as “unpublished data” or “unpublished observations”, indicating the involved researchers. It is of manuscript authors’
responsibility to obtain the permission to refer to unpublished data.

The references in the Cyrillic, Greek, Arabic scripts should be transliterated into Latin script using the ALA-LC Romanization Tables.
Non-English titles must be followed by the English translation in square brackets.

All electronic references should include active and available URLs and the access date.

Examples of references

Journal article

Belii A, Cobaletchi S, Casian V, Belii N, Severin G, Chesov I, Bubulici E. Les aspects pharmacoéconomiques dans la gestion de la
douleur périopératoire [Pharmaco-economic aspects of perioperative pain management]. Ann Fr Anesth Reanim. 2012;31(1):60-6.
French. doi: 10.1016/j.annfar.2011.09.008.

Book

Razin MP, Minaev SV, Turabov IA. Detskaia khirurgiia [Pediatric surgery]. 2nd ed. Moscow: Geotar-Media; 2020. 696 p. Russian.
Chapter in a book

Steiber AL, Chazot C, Kopple JD. Vitamin and trace element needs in chronic kidney disease. In: Burrowes J, Kovesdy C, Byham-
Gray L, editors. Nutrition in kidney disease. 3rd ed. Cham: Humana Press; 2020. p. 607-623.

Conference paper

Ojovan V. Medical rehabilitation of children with type 1 diabetes: medical bioethical and psychosocial aspects. In: MedEspera: 9th
International Medical Congress for Students and Young Doctors, 12-14 May 2022, Chisinau, Republic of Moldova: Abstract book.
Chisinau; 2022. p. 77.

Website reference

World Health Organization (WHO). Therapeutics for Ebola virus disease [Internet]. Geneva: WHO; 2022 [cited 2022 Sep 5]. Available
from: https://www.who.int/publications/i/item/9789240055742

TABLES AND FIGURES

Tables should be numbered consecutively with Arabic numerals, and be cited in text. Tables can be placed either next to the relevant
text in the article, or on separate page(s) at the end. Tables must be submited as editable text and not as images. Each table should be
completely informative in itself, and the data presented in it do not duplicate the results described elsewhere in the article.

The label “Table 1” and a short descriptive title should be provided above the table. Legends, notes, and any abbreviations used in
the table should be explained below the table in a footnote. Applied statistical tests and the type of presented data should be also
mentioned. Please follow the example:

Table 1. Intra-anesthetic and immediately post-extubation adverse events

Experimental Control

Cohort Cohort p

(n=100) (n=100)
Dysrhythmia 6.0% 30% 0.49
Hemodynamic instability 7.0% 1.0% 0.034
Prolonged awakening* 11.0% 4.0% 0.19
PONYV post-intubation 8.0% 27.0% 0.007
Strong pain on awakening 17.0% 19.0% 1.0

Note: *Unusually slow awaking, after that cerebral concentration of the anesthetic reach the under hypnotic level.
Used statistical analysis: Fisher’s exact test.



Figures (photographs or radiographs, drawings, graphs, bar charts, flow charts, and pathways) should be submitted in a suitable format
for print publication. Figures should be either professionally drawn and photographed, or submitted as photographic-quality digital

CEINT3

prints. Figures’ quality should assure the visibility of details. The following file formats are accepted: “.jpeg”, “.tiff’, “.eps* (preferred
format for diagrams), “.ppt”, “.pptx” (figures should be of the size of a single slide), with a resolution of at least 300 dpi.

Figures will be included in the main manuscript, and also submitted as separate files. The file title should include the figure number
and an identifiable short title.

Figures should be numbered consecutively according to the order in which they have been cited in the text. Write the label Fig. 1 and
a short descriptive title under the figure. Figure’s legend should describe briefly the data shown. Figure’s description should not repeat
the description in the text of the manuscript. When used symbols, arrows, numbers or letters to describe parts of the figure, explain
clearly each one of them in the legend. Explain the internal scale and identify the staining method of the photomicrographs.

If a table or figure has been published before, the authors must obtain written permission to reproduce the material in both print and
electronic formats from the copyright owner and submit it with the manuscript. The original source should be cited in the figure
caption or table footnote. For example, “Reprinted with permission from Calfee DR, Wispelwey B. Brain abscess. Semin Neurol.

2000;20:357.” (“Data from . . .” or “Adapted from . . .” may also be used, as appropriate).

ETHICAL ISSUES & RESEARCH REPORTING GUIDELINES

Definition of Authorship

As stated in the guidelines of the International Committee of Medical Journal Editors (ICJME), all persons listed as authors in the

manuscript must meet ALL of the following criteria for authorship:

1. substantial contributions to the conception or design of the work; or the acquisition, analysis, or interpretation of data for the work;
AND

2. drafting the work or reviewing it critically for important intellectual content; AND

3. final approval of the version to be published; AND

4. agreement to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved.
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internal or external agencies, including commercial companies, should be clearly and completely identified.

Al in scientific writing

Authors must disclose the use of Artificial Intelligence or (Al)-assisted technologies in the writing process by adding a statement at the

end of their manuscript in the core manuscript file, before the References list. The statement should be placed in a new section entitled

»Declaration of Generative Al and Al-assisted technologies in the writing process”. For example, ,, The author(s) used [Al service/

tool name] in order to [reason]. After using this tool/service, the author(s) reviewed and edited the content as needed and take(s) full

responsibility for the content of the publication”. 1f there is nothing to disclose, there is no need to add a statement. Al and Al-assisted

technologies should not be listed as an author or co-author, or be cited as an author.
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this should also be explicitly stated as none declared.

Copyright, open access, and permission to reuse

Duplicate publication

Material submitted to Moldovan Journal of Health Sciences must be original. Submitted manuscript must not have been previously

published elsewhere (except as an abstract or a preliminary report), and must not be under consideration by another journal. Related

manuscripts under consideration or in press elsewhere must be declared by authors at the time of submission in the cover letter. Dual

publication or redundant publication is unethical. For more details please refer to the COPE guidelines on http://www.publicationethics.

org.

Plagiarism

Authors should submit only original work that is not plagiarized, and has not been published or being considered elsewhere.

Appropriate softwares may be used by the editorial office to check for similarities of submitted manuscripts with existing literature.

If the submitted manuscript violates copyright policies; it can be suspended or dismissed, regardless of the stage of the publishing

process.

Copyright license
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Reproduction of previously published contents

If the submitted manuscript used or reproduced information/material previously published or copyrighted is the responsibility of
the corresponding author to obtain a written permission from the copyright owner and properly cite the original source. In order to
maintain transparency, it is recommended to submit the permission, as a copy, along with the manuscript.

Self-Archiving
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website https://cercetare.usmf.md/ro/revista-mjhs/Arhiva-MJHS.

Research reporting guidelines

Moldovan Journal of Health Sciences adheres to the ethical standards described by the Committee on Publication Ethics (COPE) and
the International Committee of Medical Journal Editors (ICMIJE). Authors are expected to adhere to these standards. Manuscripts sub-
mitted to the journal should conform to the ICMJE Recommendations and the following guidelines as appropriate:
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Ethical approval and Informed consent

If the research project involves human subjects or animals, authors must state in the manuscript that the study was approved by the
Ethics Committee of the institution within which the research work was undertaken (the protocol number and the date of evaluation
should be provided). Patients’ identifying information should not be published in written descriptions and photographs, unless the
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Clinical trial registration
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Acesta este un medicament. Cititi cu atentie prospectul.
Daca apar manifestari nepldacute, adresati-va medicului sau farmacistului.
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