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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.
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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).
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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.
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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
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Mo
0
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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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