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Abstract

Background/Aims: Lead exposure is known to induce oxidative stress and neurotoxicity.
Nitric oxide (NO) plays an important role in modulating oxidative stress, with L-arginine as a
precursor of NO and N*-nitro-L-arginine (L-NNA) as an inhibitor of NO synthase, an enzyme
that catalyses the production of nitric oxide (NO) from L-arginine. Methods: This study
investigated the differential effects of L-arginine and L-NNA on markers of oxidative stress
and biochemical changes in brain tissue from rats with different levels of resistance to hypoxia
exposed to lead nitrate. Rats with either low or high resistance to hypoxia were exposed to
lead nitrate (oral 3.6 mg lead nitrate/kg b.w. per day for 30 days) and treated with L-arginine
(600 mg/kg b.w., i.p., 30 min before and after exposure to lead nitrate) or L-NNA (35 mg/
kg b.w., i.p., 30 min before and after exposure to lead nitrate). Brain tissue samples were
analysed for lipid peroxidation, oxidative modification of proteins, and activity of antioxidant
enzymes, including superoxide dismutase, catalase, glutathione reductase, and peroxidase,
and total antioxidant status (TAS). We also examined the biomarkers of biochemical pathways
involving the activity of alanine and aspartate aminotransferases, succinate dehydrogenase
(SDH), and o-ketoglutarate dehydrogenase (KGDH). In addition, the trend observed was
supported by assessments of the acetylcholine levels and acetylcholinesterase activity (ACh-
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AChE system) in brain tissue. Results: In rats with low resistance to hypoxia, the L-arginine
treatment significantly reduced lipid peroxidation and oxidative protein modification but
increased antioxidant enzyme activity, suggesting a protective effect against lead-induced
oxidative stress. Conversely, in rats with high resistance to hypoxia, L-NNA had a protective
effect, reducing lead-induced oxidative damage and decreasing lipid peroxidation, whereas
L-arginine exacerbated oxidative stress and impaired antioxidant defences. These findings
were supported by corresponding changes in the acetylcholine-acetylcholinesterase system,
reflecting the observed patterns of lead-induced oxidative stress and neurotoxicity. The study
shows that L-arginine exerts a protective effect by reducing lead-induced oxidative damage
via an improvement in TAS. Our study shows that lead nitrate exposure significantly increases
ala-nine and aspartate aminotransferase activity in brain tissue, with L-arginine exacerbating
and L-NNA reversing this effect. The lead nitrate exposure also affected the activities of SDH
and KGDH, which are important for cellular energy production and hypoxia resistance, with
L-arginine altering SDH activity depending on the level of resistance and L-NNA enhancing
both SDH and KGDH activities. These trends were further validated by alterations in the ACh-
AChE system, highlighting the differential role of NO-dependent mechanisms in modulating
lead-induced neurotoxicity based on hypoxia resistance. Conclusions: These findings suggest
potential targeted therapeutic strategies based on the oxidative stress profile and highlight
the potential of nitric oxide system modulators in counteracting lead-induced biochemical
alterations and the dynamics of the ACh-AChE system depending on the individual

physiological reactivity of organisms. © 2024 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Neurotoxicity refers to the neurophysiological changes caused by exposure to toxic
agents, including heavy metals, pharmaceuticals, organophosphates, and bacterial and
animal neurotoxins, which can lead to neurocognitive symptoms and psychiatric disorders
[1, 2]. Among these, lead (Pb) exposure is particularly prevalent and has a significant impact
on neuropsychological and functional health due to its effects on cognitive and psychological
functions, including intelligence, memory, executive function, attention, processing speed,
language, visuospatial skills, motor skills, and mood [3, 4, 5]. Lead exposure is associated
with a range of adverse effects, including cognitive impairment, developmental delay in
children, and neurodegenerative diseases in adults. These health concerns highlight the
continued need for research and intervention strategies to address lead contamination and
mitigate its long-term effects [6].

Studies highlight that lead exposure poses serious health risks, including cognitive
impairment and severe neurophysiological changes, especially in vulnerable populations,
such as children and those with prolonged exposure [7, 8]. Several comprehensive studies
have highlighted the critical impact of Pb on neurological health and the importance of
addressingits toxic effects through continued research and public health efforts [4,9, 10]. Lead
is a widespread and highly potent neurotoxicant that affects a range of neurophysiological
and behavioural functions, with the primary effect exerted on the central nervous system
(CNS), as shown in Fig. 1. This provides the basis for understanding the broader effects
of Pb exposure on brain health and general neurofunction [11]. In adults, lead poisoning
can lead to encephalopathy, characterised by such symptoms as insomnia, poor attention
span, vomiting, convulsions and coma, which may indicate severe neurotoxic effects with
potentially life-threatening consequences [12].

Pb affects the nitric oxide (NO) system in brain tissue primarily by inhibiting nitric oxide
synthase (NOS), resulting in reduced NO levels [12]. Pb can directly inhibit the activity of
NOS, an enzyme critical for NO production, thereby disrupting normal neurotransmission
and regulation of cerebral blood flow [13]. A reduction in the expression of neuronal nitric
oxide synthase (nNOS), endothelial nitric oxide synthase (eNOS), and inducible nitric oxide
synthase (iNOS) was observed, suggesting a broad effect of Pb on nitric oxide signalling, with
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Fig. 1. Key mechanisms and pathways of lead-induced neuronal damage [1-12].

impairment affecting various physiological processes regulated by these isoforms, including
neurotransmission, vascular function, and immune responses [14, 15]. In addition, lead
reduces the bioavailability of NO by increasing the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which can react with NO to form toxic products,
such as peroxynitrite. These reactions reduce the effective concentration of NO in brain
tissue [16]. The interactions between the NO system and the effects of lead are shown in Fig.
2.

Chetty et al. [15] demonstrated the effects of environmental Pb exposure on the
developing nervous system, in particular its role in causing cognitive deficits in young
organisms, focusing on the activity of neuronal nitric oxide synthase (nNOS) in the
cerebellum and hippocampus of developing rat brains. A study conducted by Reddy et al. [7]
also confirmed that exposure to low levels of Pb during early development is associated with
behavioural abnormalities and cognitive deficits in children. They found that Pb exposure
led to a reduction in both the activity and protein levels of nNOS in these regions, and this
reduction is significant because nitric oxide, a key biological messenger, regulates important
neurophysiological processes, including long-term potentiation, which is essential for
learning and memory. The reduced nNOS activity and the subsequent decrease in NO
production may contribute to cognitive deficits associated with Pb exposure, highlighting
the adverse effects of disruptions in NO signalling on brain development and cognitive
function. In children, Pb-induced encephalopathy manifests as mental dullness, vomiting,
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Fig. 2. Role and importance of nitric oxide in the nervous system [12-16].

irritability, and anorexia, and long-term exposure results in reduced cognitive function and
mental deficits, illustrating the severe effects of Pb on the developing brain [17]. Pb exposure
has been shown to have significant effects on cognitive function, particularly through its
effects on oxidative stress, the blood-brain barrier, Ca**-dependent processes, and nitric
oxide production, and these mechanisms collectively contribute to Pb-induced neurotoxicity
[18, 19].

Oxidative modifications of proteins are of key importance in the context of lead-induced
neurotoxicity due to their significantimpact on neuronal health [19]. These modifications can
lead to increased protein aggregation, causing proteins to denature and form toxic aggregates
that disrupt neuronal function and contribute to neurodegeneration [20-22]. Lead is known
to disrupt calcium (Ca**)-dependent processes by interfering with the function of calcium
channels, thereby affecting Ca** homeostasis within cells [23]. As NO acts as a regulator of
Ca**-dependent processes, changes in Ca** levels may further affect NO function [24]. Lead
can also activate inflammatory pathways, leading to increased levels of pro-inflammatory
cytokines, which can affect NOS expression and NO production both directly and indirectly
through oxidative stress [25]. In addition, oxidative stress can alter cellular signalling
pathways, including those involved in neuroplasticity, leading to impairments in cognitive
and motor function [26]. Understanding these processes is essential for developing strategies
to mitigate the neurotoxic effects of lead and other stressors on neuronal cells [19]. The
oxidative modification of proteins plays a critical role in lead-induced neurotoxicity, as this
process profoundly affects neuronal protein structure and function, leading to significant
neuronal damage through such mechanisms as increased protein aggregation, loss of protein
function, and activation of apoptotic pathways [22]. Understanding these effects is essential
to elucidate the broader implications of oxidative stress in neurotoxic conditions and to
develop potential therapeutic strategies [16].

Acetylcholine (ACh) plays a critical role in the regulation of cerebral blood flow by
activating M5 muscarinic receptors on endothelial cells, triggering calcium signalling that
leads to the production of NO, a potent vasodilator [27, 28]. This process ensures adequate
blood flow to the brain, particularly the cortex, supporting neuronal activity and energy
metabolism. The acetylcholine-NO pathway is particularly important in lead poisoning,
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where both endothelial function and neurotransmitter signalling are disrupted [29]. Lead
exposure can impair NO production, reducing cerebral blood flow and contributing to
neurological deficits such as cognitive impairment [30]. Understanding this pathway may
provide therapeutic insights to mitigate the vascular and neurotoxic effects of lead poisoning
by improving endothelial function and NO production [31]. Research suggests that ACh plays
a critical role in the regulation of cerebral blood flow through an NO-dependent mechanism
[32]. Synaptic release of acetylcholine from neurons activates muscarinic M5 receptors (M5-
mAchRs) on brain microvascular endothelial cells [28]. These receptors trigger the Ca?
signalling pathway, which is essential for the synthesis and release of NO. NO is a potent
gasotransmitter that causes vasodilation, increasing blood flow to specific regions of the
brain. This process is particularly important for the cerebral cortex, where adequate blood
flow is required to maintain neuronal activity and energy metabolism [13, 33]. Several
studies have examined different aspects of the neurotransmitter systems affected by Pb
exposure. For example, some studies have found significant decreases in synaptosomal
acetylcholinesterase (AChE) and mitochondrial monoamine oxidase (MAO) activities as well
as increased levels of ACh, dopamine, and epinephrine [34]. These results differ from those
found in other studies, which may be due to differences in the experimental design, including
the timing and duration of exposure [35, 36].

Through key intermediates, such as glutamate, a-ketoglutarate, succinate, and
oxaloacetate, which integrate amino acid metabolism with the citric acid cycle (Krebs cycle),
pathways involving alanine and aspartate aminotransferases, succinate dehydrogenase,
and a-ketoglutarate dehydrogenase are interconnected [37, 38]. Glutamate produced by
transaminases is a precursor of a-ketoglutarate, a critical intermediate in the Krebs cycle.
a-Ketoglutarate is then converted by a-Ketoglutarate dehydrogenase to succinyl-CoA,
which generates NADH for ATP production. Succinate, formed from a-ketoglutarate, is used
by succinate dehydrogenase, linking the Krebs cycle to the electron transport chain [39].
Oxaloacetate, produced by aspartate aminotransferase, helps to restart the Krebs cycle by
condensing with acetyl-CoA, ensuring continuous energy production essential for brain
function. The links between Krebs cycle function and the nitric oxide system under different
functional loads, depending on individual hypoxia tolerance, have been discussed in several
studies [40, 41]. These studies investigate how these pathways interact to maintain cellular
energy balance and support physiological adaptation in response to hypoxic conditions. The
research highlights the importance of individual resistance to hypoxia in modulating these
metabolic processes, thereby influencing overall organismal tolerance to hypoxia and stress
[42, 43].

Research [40, 41] highlights the importance of understanding the impact of L-arginine,
which stimulates nitric oxide biosynthesis, on stress conditions. By exploring the mechanisms
by which L-arginine affects NO production, these studies shed light on its role in various
physiological functions and the effect of individual differences in physiological reactivity on
organism responses to stress and pathological processes [42]. This understanding is critical
for the development of more effective and personalised therapeutic and preventive strategies
[42]. Studies of individual susceptibility to lead toxicity, particularly in relation to the role of
nitric oxide signalling, are a critical area of research that has not been extensively explored
in the existing literature [44]. Nitric oxide plays an important role in several physiological
processes, including neuronal signalling and immune responses [45]. Variation in individual
responses to lead exposure, potentially influenced by differences in NO metabolism and
signalling, may have important implications for understanding the differential effects of lead
toxicity in populations. Research in this area can provide new insights into the contribution
of genetic and biochemical factors to susceptibility and resistance to lead-induced damage.

This study was a continuation of our previous research [41] in which we investigated the
effects of the nitric oxide system on lead nitrate exposure using liver tissue as the primary
model. Although our previous work provided valuable insights into these interactions, it did
not fully address all relevant aspects of this phenomenon. In particular, we did not explore
the unique physiological characteristics of nervous tissue, which differ significantly from
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those of liver tissue. Given these differences, it was essential to investigate the effect of
modulation of the nitric oxide system via the nitric oxide precursor amino acid L-arginine
or the nitric oxide synthase inhibitor N®-nitro-L-arginine (L-NNA) administered in vivo on
brain tissue in the context of lead poisoning. In addition, this study aimed to investigate the
individual physiological characteristics of nervous tissue during oxidative stress damage,
in particular its basic physiological response characteristics, which we correlated with
resistance to hypoxia. By focusing on these aspects, we sought to gain a more comprehensive
understanding of the effects of lead exposure on different tissue types and their associated
individual responses to hypoxic conditions. Investigating the role of nitric oxide in
modulating individual responses to lead exposure is particularly important because it may
help identify biomarkers or therapeutic targets for personalised therapeutic management.
By understanding the influence of NO-related pathways on lead toxicity, researchers may
be able to develop more targeted and effective interventions. This knowledge could lead
to improved prevention and treatment strategies tailored to the specific susceptibilities
of individuals based on their nitric oxide profiles. Our study highlights the effects of orally
administered lead, and the inclusion of L-arginine in the diet is an important consideration
for individuals at risk of lead exposure. By investigating the impact of L-arginine on lead-
induced toxicity, we can better understand its potential role in mitigating oxidative damage
and enhancing overall cellular defence mechanisms. This knowledge could inform dietary
recommendations and therapeutic approaches aimed at minimising the adverse effects of
lead, particularly in populations at significant risk of exposure.

The aim of this study was to assess the effects of oral lead nitrate exposure on various
aspects of oxidative and energetic processes in rat brain tissue, taking into account individual
resistance to hypoxia and the effects of correction with L-arginine and the nitric oxide
synthase inhibitor L-NNA. Specifically, the study aims to a) evaluate the effects of lead nitrate
on both early and late stages of lipid peroxidation to determine the effect of lead nitrate
toxicity on lipid peroxidation in rat brain tissue; b) investigate the impact of lead exposure
on oxidative protein modification in brain tissue and identify key proteins affected by
these modifications; c¢) analyse changes in antioxidant enzyme activity and energy balance
enzymes in response to lead nitrate exposure to assess the impact of toxicity on neuronal
defence mechanisms and energy metabolism; d) study the acetylcholine-cholinesterase
system in rat brain tissue and assess the influence of individual resistance to hypoxia and
correction with L-arginine and L-NNA on these relationships.

Materials and Methods

Experimental Animals

The experiments were conducted in accordance with the guidelines of the Council of the European
Union, current legislation in Poland and Ukraine, and the recommendations of the Ethics Committee. They
were approved by the Ethics Committee of the T.H. Shevchenko National University “Chernihiv Colehium”
(28/09/2020). The experiment was conducted in accordance with both Directive 2010/63/EU on the
protection of animals used for scientific purposes and the Polish Act of 15 January 2015 on the protection
of animals used for scientific or educational purposes (Journal of Laws of 26 February 2015, item 266).
All manipulations with the animals were carried out in accordance with the European Convention for the
Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (Strasbourg, 2006),
and every effort was made to minimise animal distress and suffering. Male white Wistar rats (180-220 g)
were used in the study. The rats were maintained at a constant temperature of 23 + 2°C with a 12:12 h light/
dark cycle and 40-50% relative humidity. The animals (n = 6 per group) had free access to food and water
throughout the experiments.

Determination of Resistance to Hypobaric Hypoxia
The animals were placed in a ventilated pressurised chamber at an ‘altitude’ of 11, 000 m [46-48]
once after 15 days of adaptive feeding. A stopwatch was used to record the time to the first sign of the
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characteristic hyperventilation response (‘gasp time’). Different measures of the gasp time are used to
separate animals according to their resistance to hypoxia. However, the gasp time of tolerant animals should
be at least three times higher than that of susceptible animals [46-50]. The animals were divided into three
groups based on their panting time: ‘low resistance’ (< 80 s), ‘normal’ (80-240 s) and ‘high resistance’ (>
240 s). The ‘normal’ group was excluded from further experiments. Two groups of rats were used for further
experiments: rats with low resistance to hypoxia and rats with high resistance to hypoxia [46-50].

Experimental Design

One month after the hypoxia resistance test, the rats were randomly divided into six groups. Group
I with low resistance (n = 6) and high resistance to hypoxia (n = 6) served as a control and received daily
injections of sterile normal saline for 30 days. Group II (Pb group) with low resistance (n = 6) and high
resistance to hypoxia (n = 6) received 3.6 mg lead nitrate/kg b.w. daily by oral gavage. Group III (L-arginine
and Pb group) with low resistance (n = 6) and high resistance to hypoxia (n = 6) also received 3.6 mg lead
nitrate/kg b.w. daily for 30 days; during this time, the animals were intraperitoneally (i.p.) injected with
L-arginine at a dose of 600 mg/kg b.w. before the 30-min lead nitrate treatment. Group IV (L-NNA and Pb
group) was treated as group Il except that it received an L-NNA injection (35 mg/kg b.w.) before 30 minutes
of lead nitrate treatment. Group V (Pb group and L-arginine) with low resistance (n = 6) and high resistance
to hypoxia (n = 6) also received 3.6 mg lead nitrate/kg b.w. daily for 30 days, during which the animals were
injected intraperitoneally (i.p.) with L-arginine at a dose of 600 mg/kg b.w. at 30 minutes after the lead
nitrate treatment. Group VI (Pb group and L-NNA) was treated as group V except that it received an L-NNA
injection (35 mg/kg b.w.) at 30 minutes after the lead nitrate treatment. In summary, the experimental
protocol of this study was based on 12 groups. The doses of L-arginine and L-NNA were chosen on the basis
of our previous studies [51-53]. All rats were euthanised by intraperitoneal injection of a lethal dose of
sodium pentobarbital (Morbital, Biowet, Pulawy; 200 mg/kg b.w.) on day 31 of the experiment.

The brain was rapidly removed and homogenised at 4°C in 6 volumes of 0.1 M Tris-HCI buffer (pH
7.4) using a glass homogeniser with a Teflon pestle attached to a motor drive, and the volume was adjusted
to give a 10% w/v homogenate. The homogenate was centrifuged and the supernatant was used for the
estimation of various biochemical parameters. The protein content in the brain tissue homogenate was
estimated using bovine serum albumin as a standard [54].

Biochemical Estimations and Assays

The Evaluation of Diene Conjugates (DC). The evaluation of DC in the sample was carried out according
to the method introduced by Kamyshnikov [55]. DC was determined in a heptane-isopropanol mixture.
The amount of diene conjugates was then determined spectrophotometrically at 233 nm. Results were
expressed per mg protein.

TBARS Test for Lipid Peroxidation. The level of lipid peroxidation was determined by measuring the
concentration of 2-thiobarbituric acid reactive substances (TBARS) according to the method proposed by
Buege and Aust [56] for determination of the malonic dialdehyde (MDA) concentration.

Determination of Carbonyl Groups in Oxidatively Modified Proteins (OMP). Oxidation of proteins can
lead to the formation of additional aldehyde and ketone groups on amino acid residues. These groups can
interact with 2, 4-dinitrophenylhydrazine (2, 4-DNPH). It is known that the maximum absorption for neutral
aliphatic aldehyde dinitrophenyl hydrazones is in the range of 260-558 nm, whereas for alkaline hydrazones
it is in the range of 258-264 nm and 428-520 nm. The maximum absorption for neutral aliphatic ketone
dinitrophenyl hydrazones is in the range of 363-367 nm, while for alkaline hydrazones it is in the range
of 430-434 and 524-535 nm [57]. Neutral aliphatic aldehyde dinitrophenyl hydrazones (OMP ADn) were
analysed at 356 nm. Neutral aliphatic ketone dinitrophenylhydrazones (OMP KDn) were analysed at 370
nm, alkaline aliphatic aldehyde dinitrophenylhydrazones (OMP ADa) at 430 nm, and alkaline aliphatic
ketone dinitrophenylhydrazones (OMP KDa) at 530 nm [57, 58].

Superoxide Dismutase Activity Assay. The Randox kit method (RANSOD, Cat. No. SD 125, Randox
Laboratories Limited, UK) was used to measure superoxide dismutase activity, following the protocols
developed by Woolliams et al. [59] and Suttle and McMurray [60]. This method is based on the principle that
xanthine and xanthine oxidase (XOD) generate superoxide radicals, which then react with 2-(4-iodophenyl)-
3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red formazan dye. The results were calculated
and expressed as units per milligram of protein.
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Catalase Activity Assay. Catalase activity (CAT) was measured using the method described by Koroliuk
et al. [61], which involves monitoring the reduction in the concentration of hydrogen peroxide (H,0;) in
the reaction mixture. One unit of catalase activity is defined as the amount of enzyme required to degrade 1
umol of H,0, per minute per milligram of protein.

Glutathione Reductase Activity Assay. The Glut Red Assay Kit (RX Monza, GR 2368, Randox Laboratories
Limited, UK) was used to determine the activity of glutathione reductase. This method is based on the prin-
ciples outlined by Goldberg and Spooner [62] and Melissinos etal. [63]. The assay is based on the colorimetric
measurement of reduced glutathione at 340 nm using the Rx Monza analyser. The initial absorbance values
were expressed in units per milligram of protein.

Glutathione Peroxidase Activity Assay. Glutathione peroxidase (GPx) activity in the tissue samples was
assessed using the Ransel Glutathione Peroxidase Assay Kit (RX Monza, RS 504, Randox Laboratories Lim-
ited, UK). This assay involves the enzyme-catalysed oxidation of glutathione by cumene hydroperoxide. The
procedures followed those described by Paglia and Valentine [64] and Kraus and Ganther [65] with our
modifications. The decrease in absorbance at 340 nm was monitored using an Rx Monza analyser with a 1
cm cuvette light path at 37°C. The results were expressed in units per milligram of protein.

Total Antioxidant Status (TAS) Assay. For these studies, the total antioxidant status (TAS) was
determined using the Ran-dox kit (Cat. No. NX 2332, Randox Laboratories Limited, UK). A 2, 2’-Azino-di-
[3-ethylbenzthiazoline sulphonate] (ABTS) assay was used for TAS measurement. This method, based on
the absorbance of the ABTS" radical cation, follows the procedure proposed by Miller et al. [66]. The assay
involves incubation of ABTS with peroxidase (metmyoglobin) and hydrogen peroxide (H,0;) to generate
the ABTS* radical cation. The results were calculated and expressed as micromoles per milligram of protein.

Cholinergic System Activity. The activity of the cholinergic system was assessed by measuring the
level of non-mediated acetylcholine (ACh) and the activity of acetylcholinesterase (AChE) in the samples.
The technique for the determination of ACh was adapted from the method de-scribed by Shutskii [67] and
modified by Menshikov [68]. For the determination of AChE activity, the method described by Ellman et
al. [69] was used. Briefly, 0.2 mL of samples were added to a solution containing 1.0 mM acetylthiocholine
(AtCh), 0.1 mM Ellman'’s reagent [5, 5-dithio-bis-2-nitrobenzoic acid, DTNB], and 100 mM phosphate buffer
(pH 8.0). The results were expressed as micromoles of ACh per minute per 1 mg protein (umol'mint-mg*
protein).

Alanine Aminotransferase and Aspartate Aminotransferase Activity Assays. The activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were determined spectrophotometrically
using a standard method described by Reitman and Frankel [70]. The substrates used in the reaction were
a-ketoglutarate (2 mM) plus L-aspartate (200 mM) for AST and a-ketoglutarate (2 mM) plus L-alanine (200
mM) (pH 7.4) for ALT. 2, 4-DNPH was used to determine ketogroup levels. The enzymatic activity of each
enzyme was related to the intensity of the colour. The blank was prepared in the same way as the test sample
except for the addition of distilled water. Sodium pyruvate was used as a standard to calibrate the graph for
the measurement of AST and ALT activities. One unit of AST or ALT was defined as 1 pmol pyruvate per hour
at 37°C incubation per 1 mg protein.

Assays for Succinate Dehydrogenase and a-Ketoglutarate Dehydrogenase Activity. The activity of succinate
dehydrogenase (SDH) and a-ketoglutarate dehydrogenase (KGDH) was determined spectrophotometrically
according to the methods proposed by Eschenko and Volski (1982). The amount of enzyme required to
degrade 1 nmol of succinic acid per minute per mg of tissue protein is defined as one unit of SDH activity
[71]. The amount of enzyme required to degrade 1 nmol of NADH per minute per mg of tissue protein is
defined as one unit of KGDH activity [72].

Statistical Analysis

The statistical analysis was performed using the STATISTICA 13.3 software package (TIBCO Inc., USA),
which allows basic statistical evaluations, including significance of regression slopes, analysis of variance to
assess group differences, and distribution tests. Levene’s test was used to test for homogeneity of variance,
while the Kolmogorov-Smirnov test was used to assess normality of the data. The results are presented as
mean * standard deviation (S.D.). Significant differences between means were determined by a multiple
range test at a significance level of P < 0.05. Logarithmic transformations were used for data that were
not normally distributed. Differences between the groups were assessed using Student’s t-tests with 95%
confidence intervals (a = 0.05). Parametric correlations, including correlation coefficients (r), regression
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equations, and their significance (P), were examined using Pearson’s analysis. ANOVA was used to estimate
the mean concentrations of biomarkers and enzyme activity in brain tissue. Statistically significant relation-
ships across all values were identified by applying significance tests to the effects of varying resistance to
hypoxia.

Results

Lipid Peroxidation Processes

Changesinthelevels of DC(A) and TBARS (B) are shownin Fig. 3. The per osadministration
of lead nitrate to the rats was associated with a statistically significant increase in the levels
of both DC and TBARS in the brain tissue, compared with untreated rats. These changes in DC
were significant in the group of animals with low (LR) and high (HR) resistance to hypoxia
and exhibited the same level of dependence. For TBARS, these changes were statistically
significantly higher in the HR individuals compared to the LR animals in both the untreated
control and the lead-exposed groups, compared to the control values. Thus, it is important to
investigate individual factors of physiological reactivity under the influence of lead, and the
initial and terminal steps of the lipoperoxidation process are differentially involved in these
processes in brain tissue.

AsL-arginineplaysakeyroleinmaintainingbrainhealthbypromotingneurotransmission,
blood flow, and protection against oxidative stress through the production of nitric oxide.
Since L-NNA as an inhibitor of nitric oxide synthase reduces NO production, which can lead
to disturbances in brain function, this approach was used to assess the effects of lead nitrate,
taking into account the different physiological reactivity of the body. The level of DC in brain
tissue after administration of L-arginine prior to lead nitrate intoxication was significantly
increased only in the group of animals with HR. In contrast, the administration of the nitric
oxide synthase inhibitor L-NNA in these conditions was associated with a significant increase
in the level of DC in both LR and HR rats, compared with the data from the lead nitrate-
exposed group (Fig. 3A). It should be noted that the difference between the effects of L-NNA
and exposure to lead nitrate in the rats from both LR and HR groups was also statistically
expressed, i.e. the effects of L-NNA in the group of HR animals were manifested in a more
pronounced decrease in the level of lipoperoxidation processes at the initial stages of this
process than in the group with LR. However, the levels remained above those of the group
exposed to lead nitrate. This tendency was also maintained in experimental conditions in
which L-arginine was administered after the exposure to lead nitrate, i.e. both L-arginine and
L-NNA increased the values of the DC level in the rats, compared with the data obtained in
the group exposed to lead nitrate alone.

The effects of L-arginine under the lead nitrate exposure were accompanied by a
statistically significant decrease in TBARS levels in the LR group; we observed the same
effects in the HR animals when L-NNA was administered (Fig. 3B). It should be noted that this
difference in the effects of L-arginine and L-NNA under the lead nitrate exposure between
the groups was statistically significant. This difference in the effects of the enhancement
(when L-arginine was administered) and reduction (when L-NNA, a nitric oxide synthase
inhibitor, was administered) of the role of the nitric oxide system in the brain tissue at the
level of the end products of the lipid peroxidation process was maintained in these studies
when the preparations were administered after the exposure to lead nitrate.

Therefore, the individual factors of physiological reactivity are crucial in investigations
of the effects oflead nitrate exposure. Our research suggests that the initial and final products
of the lipoperoxidation process are differently involved in lead-induced changes in brain
tissue. The analysis of the effects of L-arginine on the lead nitrate exposed animals revealed
a statistically significant reduction in TBARS levels in the brain tissue of the LR rats, and the
administration of L-NNA to the HR animals produced comparable effects. Importantly, the
differences observed in the effects of L-arginine and L-NNA on the lead nitrate exposed rats
were statistically significant between the LR and HR groups.
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Fig. 3. Levels of diene conjugates (DC, E,,, - mg* protein, A) and TBARS (nmol MDA - mg™* protein, B) in the
brain tissue of rats with low (LR) and high (HR) hypoxia resistance exposed to lead nitrate for 30 days and
treated with L-arginine (600 mg/kg, 30 min) or L-NNA (35 mg/kg, 30 min) before and after the exposure to
lead nitrate. Data are expressed as mean * S.D. (n = 6). * Significant differences between the Pb group and
the untreated control (p < 0.05); ** Significant differences between the Pb group and the L-arginine + Pb
group, the L-NNA + Pb group, the Pb + L-arginine group, and the Pb + L-NNA group (p < 0.05); # Significant
differences between the LR and HR groups in the same conditions (p < 0.05).

Oxidatively Modified Proteins

Oxidative modification of proteins is a critical mechanism in lead-induced
neurotoxicity, causing significant changes in the structure and function of neuronal
proteins. The results of lead-induced neurotoxicity for carbonyl derivatives of protein
oxidation shown in Fig. 4 revealed an increase in the levels of aldehyde and ketone groups
on amino acid residues and the formation of neutral dinitrophenyl hydrazines. In fact,
the data shown in Fig. 4 and Fig. 5 represent aldehyde and ketone groups on amino acid
residues forming neutral aliphatic aldehyde dinitrophenylhydrazones (OMP ADn, Fig. 4A),
neutral aliphatic ketone dinitrophenylhydrazones (OMP KDn, Fig. 4B), alkaline aliphatic
aldehyde dinitrophenylhydrazones (OMP ADa, Fig. 5A), and alkaline aliphatic ketone
dinitrophenylhydrazones (OMP KDa, Fig. 5A).
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Fig. 4. Levels of neutral aliphatic aldehyde dinitrophenyl hydrazones (OMP ADn, A) and neutral aliphatic
ketone dinitrophenyl hydrazones (OMP KDn, B) in the brain tissue of rats with low (LR) and high (HR)
hypoxia resistance exposed to lead nitrate for 30 days and treated with L-arginine (600 mg/kg, 30 min) or
L-NNA (35 mg/kg, 30 min) before and after the exposure to lead nitrate. Data are expressed as mean * S.D.
(n = 6). * Significant differences between the Pb group and the untreated control (p < 0.05); ** Significant
differences between the Pb group and the L-arginine + Pb group, the L-NNA + Pb group, the Pb + L-arginine
group, and the Pb + L-NNA group (p < 0.05); # Significant differences between the LR and HR groups in the
same conditions (p < 0.05).

In our study, the oral administration of lead nitrate to both low and high hypoxia-
resistant animals resulted in a statistically significant increase in oxidatively modified
protein (OMP) levels in their brain tissue, compared to the controls. This suggests that
lead nitrate induces oxidative stress in the brain, as evidenced by the increased levels of
oxidatively modified proteins. We showed differential effects based on resistance to hypoxia,
namely the increase in the OMP levels was significantly higher in the low hypoxia-resistant
rats than in the high hypoxia-resistant rats. Specifically, in the low resistance group of rats,
the levels of oxidatively modified proteins increased by 136.7% (p < 0.05) for OMP ADn,
109.7% (p < 0.05) for OMP KDn, 93.9% (p < 0.05) for OMP Ada, and 85.1% (p < 0.05) for OMP
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Fig. 5. Levels of alkaline aliphatic aldehyde dinitrophenyl hydrazones (OMP ADa, A) and alkaline aliphatic
ketone dinitrophenylhydrazones (OMP KDa, B) in the brain tissue of rats with low (LR) and high (HR)
hypoxia resistance exposed to lead nitrate for 30 days and treated with L-arginine (600 mg/kg, 30 min) or
L-NNA (35 mg/kg, 30 min) before and after the exposure to lead nitrate. Data are expressed as mean * S.D.
(n = 6). * Significant differences between the Pb group and the untreated control (p < 0.05); ** Significant
differences between the Pb group and the L-arginine + Pb group, the L-NNA + Pb group, the Pb + L-arginine
group, and the Pb + L-NNA group (p < 0.05); # Significant differences between the LR and HR groups in the
same conditions (p < 0.05).

KDa. In the highly resistant group, the increases were less pronounced but still statistically
significant: 60% (p < 0.05) for OMP ADn, 80.3% (p < 0.05) for OMP KDn, 83.7% (p < 0.05) for
OMP ADa, and 75.4% (p < 0.05) for OMP KDa. We therefore investigated the role of hypoxia
resistance on the oxidative response of proteins in brain tissue. The results suggest that
although both low and high hypoxia-resistant animals experience oxidative stress due to
lead nitrate exposure, the extent of oxidative protein modifications is greater in animals with
lower hypoxia resistance. This suggests potential differential sensitivity to oxidative damage
based on the hypoxia resistance of the animal.

The effects of administering L-arginine and L-NNA to the animals with low and high
hypoxia resistance exposed to lead nitrate showed statistically significant differences in the
levels of oxidatively modified proteins in brain tissue, compared to the levels in the animals
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exposed to lead nitrate alone. In other words, the administration of L-arginine and L-NNA
had statistically significant opposite effects and depended on the rats’ initial resistance to
hypoxia.Indeed, no statistically significant differences were observed in the levels of OMP ADn
(Fig. 4A) after L-arginine administration, but the differences in the effects of this precursor
of nitric oxide synthesis between the two LR and HR groups were statistically significant in
relation to the hypoxia resistance factor. This trend was observed both when L-arginine was
administered to the rats before the exposure to lead nitrate and in the group of rats after the
exposure to lead nitrate. In the case of the OMP ADn values in the group of highly resistant
rats, we obtained a pronounced dependence of the OMP reduction, compared to the data
obtained with the lead nitrate exposure, where exactly L-NNA caused a reduction of the OMP
ADn parameter when administered both before and after the lead nitrate exposure. Thus,
the effects of the modulation of the NO system are important during lead nitrate exposure,
whereas the effects of the NO synthase inhibitor L-NNA are essential in the pre-treatment
of oxidative-induced disorders in groups of individuals with high individual physiological
status.

The effects of the L-NNA administration led to a significant decrease in the levels of OMP
KDn (Fig. 4B) and OMP KDa (Fig. 5A) only in the group of high resistance rats in both types
of lead exposure (before and after); this dependence was maintained for OMP ADa levels
when L-NNA was administered to the rats only after the lead nitrate exposure. In contrast, in
the group of low resistance rats, we obtained a significant decrease in OMP KDa levels when
L-arginine was administered both before and after the lead nitrate exposure (Fig. 5B). Thus,
in the rats with low resistance to hypoxia, the administration of L-arginine before and after
the exposure to lead nitrate resulted in a significant decrease in OMP KDa levels, suggesting
that L-arginine may help to mitigate some of the oxidative damage induced by lead nitrate
in this group. Conversely, in the high hypoxia-resistant rats, L-NNA, a nitric oxide synthase
inhibitor, led to a significant reduction in OMP KDn and OMP KDa levels in both types of
lead exposure (pre- and post-exposure). Furthermore, such a reduction was also observed
for OMP ADa (Fig. 5A) when L-NNA was administered only after the lead nitrate exposure,
indicating that the inhibition of nitric oxide synthesis has a pronounced effect on oxidative
protein modification, specifically in highly resistant rats.

Activity of Antioxidant Enzymes

The assessment of antioxidant enzyme activity [superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione reductase (GR)] was the next stage
of our research into the relationship between lead nitrate exposure and modulation of the
nitric oxide system in rat brain tissue. This step also focused on understanding the influence
of individual physiological reactivity parameters on this relationship. By looking at enzyme
activities, we aimed to gain a deeper insight into the effect of nitric oxide pathways on
oxidative stress induced by lead nitrate exposure and the potential impact of individual
variations in physiological responses on these processes. The results are shown in Figures
6 and 7.

Superoxide dismutase (SOD), which converts superoxide radicals to oxygen and
hydrogen peroxide, showed the highest levels in the highly resistant rats in the control
group, compared to the low resistant rats (Fig. 6A). The effect of the lead nitrate exposure
in the highly resistant animals was accompanied by a significant decrease in SOD activity.
We observed a similar decrease in the activity of this enzyme in the group of low resistant
animals when L-NNA was administered (both before and after the lead nitrate exposure).
The effects of L-arginine in both the LR and HR rats were accompanied by an increase in SOD
activity when this amino acid was administered after the lead nitrate exposure.

The effects of the lead nitrate exposure on the activity of CAT, which reduces hydrogen
peroxide (H,0,) to water and oxygen, thus preventing the accumulation of this potentially
harmful compound, are shown in Fig. 6B. Our results showed that the exposure to lead nitrate
induced an increase in CAT activity in the two groups of LR and HR rats. We noted that, in
these experimental conditions, the effect of both L-arginine and the inhibitor L-NNA caused
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Fig. 6. Activity of superoxide dismutase (SOD, U - mg* protein, A) and catalase (umol H,0, - min* - mg*
protein, B) in the brain tissue of rats with low (LR) and high (HR) hypoxia resistance exposed to lead nitrate
for 30 days and treated with L-arginine (600 mg/kg, 30 min) or L-NNA (35 mg/kg, 30 min) before and after
the exposure to lead nitrate. Data are expressed as mean * S.D. (n = 6). * Significant differences between
the Pb group and the untreated control (p < 0.05); ** Significant differences between the Pb group and the
L-arginine + Pb group, the L-NNA + Pb group, the Pb + L-arginine group, and the Pb + L-NNA group (p <
0.05); # Significant differences between the LR and HR groups in the same conditions (p < 0.05).

a statistically significant increase in CAT activity under the lead nitrate exposure, but these
dependencies were maintained at the level of individual physiological reactivity associated
with different resistance to hypoxia.

Thus, CAT plays a critical role in neutralising hydrogen peroxide in brain tissue during
lead nitrate exposure and its activity is essential for protecting cells from oxidative stress.
L-arginine, as a precursor of nitric oxide, and its interactions with hydrogen peroxide
may affect the levels and function of CAT and depend on individual resistance to hypoxia.
It is possible that increased production of hydrogen peroxide stimulates CAT activity and,
conversely, reactions between NO and H,0, may lead to the formation of peroxynitrite
(ONOO"), which may further suppress cellular defence mechanisms and affect CAT function.

The study of glutathione metabolism-dependent enzymes, such as glutathione reductase
(GR) and glutathione peroxidase (GPx), in lead nitrate exposure is crucial because these
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Fig. 7. Activity of glutathione reductase (GR, U- mg? protein, A), and glutathione peroxidase (GPx, U - mg!
protein, B) in the brain tissue of rats with low (LR) and high (HR) hypoxia resistance exposed to lead nitrate
for 30 days and treated with L-arginine (600 mg/kg, 30 min) or L-NNA (35 mg/kg, 30 min) before and after
the exposure to lead nitrate. Data are expressed as mean * S.D. (n = 6). * Significant differences between
the Pb group and the untreated control (p < 0.05); ** Significant differences between the Pb group and the
L-arginine + Pb group, the L-NNA + Pb group, the Pb + L-arginine group, and the Pb + L-NNA group (p <
0.05); # Significant differences between the LR and HR groups in the same conditions (p < 0.05).

enzymes play a fundamental role in neutralising free radicals and protecting cells from
oxidative stress. The data are shown in Fig. 7A,B. Examination of GR activity in our study
after the exposure to lead nitrate and treatment with L-arginine or L-NNA showed that these
relationships were not observed in the group of animals with low resistance. In the group of
highly resistant rats, these changes showed increased GR activity induced by the lead nitrate
exposure, compared to the data obtained in the untreated group, and were statistically
reduced in all combinations of our experiment with L-arginine and L-NNA. It should be
noted that we observed significant differences in the effects of the lead nitrate exposure and
L-NNA treatment between the groups of high and low resistant animals (Fig. 7A).

The examination of GPx activity after the lead nitrate exposure revealed a statistically
significant decrease in the activity of this enzyme in both groups of LR and HR rats, compared
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to the untreated groups (Fig. 7B). The administration of both L-arginine and L-NNA resulted
in a statistically significant increase in the activity of this enzyme in both groups of LR and
HR rats, both when L-arginine and L-NNA were administered before and after the exposure
to lead nitrate. It should be noted that when L-NNA was administered both before and after
the lead nitrate exposure, significantly higher activity was observed than in the case of the
same analysed effects of L-arginine. Thus, the effect of the nitric oxide synthase inhibitor
L-NNA during the lead nitrate exposure induced a more pronounced increase in GPx activity
in the brain tissue than the effect of the amino acid L-arginine and was slightly dependent on
individual physiological reactivity (Fig. 7B).

The next stage of our study was to examine the total antioxidant status (TAS) of brain
tissue, which includes both enzymatic and non-enzymatic systems. The data are presented
in Fig. 8.

It should be noted that higher TAS values were observed in the untreated control group
of highly resistantrats, compared to the LR rats (by 44.8%, p < 0.05). Thus, the higher capacity
of the antioxidant defence of functional brain systems shown in the control group of highly
resistant animals, compared to the data obtained in the low resistant animals, is important
for understanding the initial physiological differences in response to the influence of factors
of different origin. The effects of the lead nitrate exposure were associated with a statistically
significant decrease in the TAS levels, and these changes were more pronounced in the group
of highly resistant rats. The beneficial effects of L-arginine were associated with a significant
increase in the TAS levels in both groups of LR and HR rats during the lead nitrate exposure
both before and after the L-arginine administration, and this difference in the effects of the
precursor of nitric oxide synthesis was also significant between the groups of LR and HR
animals. In the brain tissue, the effects of L-NNA and lead nitrate exposure offset the effects
of L-arginine in the LR rats, and only in the HR group when L-NNA was administered after
the lead nitrate exposure were the levels higher than in the lead nitrate exposure group.

Fig. 8. Total antioxidant status (TAS, umol - mg?! protein) in the brain tissue of rats with low (LR) and high
(HR) hypoxia resistance exposed to lead nitrate for 30 days and treated with L-arginine (600 mg/kg, 30
min) or L-NNA (35 mg/kg, 30 min) before and after the exposure to lead nitrate. Data are expressed as
mean #* S.D. (n = 6). * Significant differences between the Pb group and the untreated control (p<0.05); **
Significant differences between the Pb group and the L-arginine + Pb group, the L-NNA + Pb group, the Pb
+ L-arginine group, and the Pb + L-NNA group (p<0.05); # Significant differences between the LR and HR
groups in the same conditions (p<0.05).
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Biochemical Pathway Analysis

The pathways involving alanine and aspartate aminotransferases, succinate
dehydrogenase, and o-ketoglutarate dehydrogenase are interconnected through such key
intermediates as glutamate, o-ketoglutarate, succinate, and oxaloacetate, which integrate
amino acid metabolism with the citric acid cycle (Krebs cycle); hence, the analysis of their
interdependencies was the next step of our study. These changes are shown in Table 1.

In our studies, we observed a significant increase in ALT and AST activity in brain tissue
under the influence of lead nitrate. These increases in transamination enzyme activity were
more pronounced under the influence of L-arginine administered with lead nitrate and
were reversed by the administration of the nitric oxide synthase inhibitor, L-NNA, compared
with data obtained in the untreated control groups. These changes were also statistically
significant between the HR and LR rats when L-arginine and lead nitrate were administered.
It is important to note that the de Ritis coefficient (the ratio between the activity of AST and
ALT) in our studies was dependent on the type of nitric oxide modulators used (L-arginine
and L-NNA). Elevated values of this coefficient often indicate an unfavourable prognosis
in the course of pathological processes. Thus, in our studies, the de Ritis coefficient was
reduced in both groups of LR and HR animals by the administration of L-arginine, and the
administration of the nitric oxide synthase inhibitor L-NNA reduced these dependencies
(Table 1).

Table 1. Activities of alanine aminotransferase (ALT, U - mg?! protein), aspartate aminotransferase
(AST, U - mg! protein), succinate dehydrogenase (SDH, nmol - min?- mg? protein), and a-ketoglutarate
dehydrogenase (KGDH, nmol - min!- mg? protein) in the brain tissue of rats with low (LR) and high (HR)
hypoxia resistance exposed to lead nitrate for 30 days and treated with L-arginine (600 mg/kg, 30 min)
or L-NNA (35 mg/kg, 30 min) before and after the exposure to lead nitrate (n = 6). Data are expressed as
mean * S.D. (n = 6). * Significant differences between the Pb group and the untreated control (p < 0.05). **
Significant differences between the Pb group and the L-arginine + Pb group, the L-NNA + Pb group, the Pb
+ L-arginine group, and the Pb + L-NNA group (p < 0.05). # Significant differences between the LR and HR
groups in the same conditions (p < 0.05)

ALT, AST, SDH, KGDH,

Groups / Parameters . . . . . .

U-mg!protein U-mg!protein nmol - min-!-mg! protein nmol - min-! - mg-! protein
Untreated control
LR 10.21 +0.89 87.56 £ 5.25 7.12+0.22 60.47 +4.78
HR 14.56 + 1.21 98.74 £ 5.41 8.41+0.33# 69.78 + 6.47
Pb toxicity
LR 18.22+2.41* 149.87+x10.41* 9.45 +0.11 ** 49.41 £ 8.41
HR 2896 +2.74 * 181.85+16.11 * 7.22 £ 0.45 ** # 53.27+7.93
Pre-treatment with L-arginine and Pb toxicity
LR
HR 39.41+2.79* 161.22 +10.21 ** 6.14 +0.25 ** 101.58 + 10.58 **

49.41 +3.01 **# 111.52 £ 9.42**+# 9.45 + 0.63 ** 12433 £11.41 **
Pre-treatment with L-NNA and Pb toxicity
LR
HR 24.52+1.32 109.33 £ 8.78 ** 10.48 + 0.89 90.85 + 7.13 **

29.54 +2.03 149.78 £ 9.55 # 8.74+£0.52 107.44 £9.22 **

Post-treatment with L-arginine
and Pb toxicity
LR 39.04 £3.04** 158.74 £ 15.01 6.89 £ 0.47 ** 99.52 £9.75 **
HR 46.33£0.99*  165.22 +10.35 9.01+0.96 # 152.16 + 12.85 ** #

Post-treatment with L-NNA

and Pb toxicity

LR 21.29£0.12 121.52 + 14.03 14.25 + 1.21 ** 105.44 + 8.78 **
HR 28.41+1.47 96.58 + 8.77 ** 16.85 + 1.56 ** 124.22 + 12.05 **
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The analysis of pathway integration processes by SDH and KGDH is important because
SDH catalyses the conversion of succinate to fumarate and the FADH, formed in this reaction
transfers electrons to the respiratory chain, which is crucial for ATP production. SDH is the
only Krebs cycle enzyme that is also part of the respiratory chain, highlighting its key role in
the integration of these two processes, and the succinate formed by KGDH is the substrate
for SDH, linking the Krebs cycle to energy production by the mitochondrial respiratory chain.
In our studies, we observed multidirectional effects of lead nitrate in brain tissue, and these
dependencies were determined by the resistance of the animals to hypoxia. The activity of
SDH, which catalyses the conversion of succinate to fumarate and the resulting FADH,, which
transfers electrons to the respiratory chain important for ATP production, was increased in
the low resistance animals and statistically decreased in the high resistance animals (Table
1). The administration of L-arginine before the lead nitrate exposure decreased SDH activity
in the LR group and increased the SDH activity in the HR group, compared with data from
these groups exposed to lead nitrate alone. When L-NNA was administered after the lead
nitrate exposure, the SDH activity was statistically increased in both groups of LR and HR
animals. KGDH activity was statistically increased in both groups of LR and HR animals when
L-arginine was administered before the lead nitrate exposure, compared to data obtained
from the lead nitrate exposure group. Similar effects of increased KGDH activity in the brain
tissue were also exerted by the L-NNA administration (Table 1).

Thus, our study shows that lead nitrate exposure significantly increases brain ALT and
AST activity, with L-arginine exacerbating and L-NNA reversing this effect. The de Ritis
coefficient, a marker of pathological prognosis, was reduced by L-arginine and further
reduced by L-NNA. The lead nitrate exposure also affected the activities of SDH and KGDH,
which are crucial for cellular energy production and hypoxia resistance, with L-arginine
altering SDH activity, depending on the level of animal resistance to hypoxia and L-NNA
increasing both SDH and KGDH activities (Table 1). These findings highlight the potential of
modulators of the nitric oxide system to counteract lead-induced biochemical dysfunction
and show that this potential is dependent on the initial physiological characteristics of the
organisms.

Acetylcholine-Cholinesterase System

In our studies, we observed a statistically significant difference in the levels of
acetylcholine (ACh) and the activity of its hydrolysing enzyme acetylcholinesterase (AChE)
in the brain tissue of high and low resistant rats, with the highest levels of substrate and
enzyme activity in highly resistant individuals. These relationships are illustrated in Fig. 9.

Thus, the dependencies on the initial mechanisms of resistance to hypoxia determine
the underlying mechanisms of metabolic processes. The oral exposure to lead nitrate
significantly increased ACh levels and significantly decreased AChE activity, compared to
the untreated controls. However, these effects were statistically dependent on the level of
hypoxia resistance. The administration of L-arginine prior to the exposure to lead nitrate
was associated with a significant decrease in ACh levels with an increase in AChE activity
in the group of highly resistant rats, and a significant increase in AChE activity alone was
demonstrated in the group of LR rats. The effects of L-NNA and the lead nitrate exposure
caused a decrease in ACh levels and maintenance of high AChE activity in the LR rats and
were accompanied by high AChE activity in the highly resistant rats, compared to those
obtained in the lead nitrate exposure group. In the case of the effects of L-arginine and
L-NNA, we observed similar effects of ACh-AChE dependence when L-arginine and L-NNA
were administered after the oral lead nitrate exposure (Fig. 9A,B).

Thus, our results suggest that therapeutic approaches targeting modulation of nitric
oxide pathways, assessed by lipoperoxidation, antioxidant enzyme activity, biochemical
pathways involving alanine and aspartate aminotransferases, succinate dehydrogenase, and
a-ketoglutarate dehydrogenase, and the acetylcholine-cholinesterase system, are critical in
counteracting oxidative damage from lead nitrate exposure, especially when considering
individual hypoxia resistance. For those with low hypoxia resistance, L-arginine, which
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increases nitric oxide production, can provide significant protection by reducing oxidative
damage in brain tissue. This protection is evidenced by reduced levels of oxidatively
modified proteins and lipoperoxidation as well as improved antioxidant enzyme activity.
On the other hand, the use of L-NNA, a nitric oxide synthase inhibitor, appears to be more
effective in reducing oxidative modifications in individuals with high hypoxia resistance. This
is reflected in a significant reduction in oxidatively modified proteins and lipoperoxidation
as well as potential effects on the acetylcholine-cholinesterase system, which could influence
neurotransmitter dynamics and oxidative stress responses. Therefore, effective treatment
strategies should be personalised based on hypoxia resistance and include strategies to
modulate nitric oxide levels, manage lipoperoxidation, enhance antioxidant defences and
regulate the acetylcholine-cholinesterase system to combat lead-induced oxidative stress.

Fig. 9. Acetylcholine content (ACh, umol - mg! protein, A) and acetylcholine esterase activity (AChE, pmol -
min* - mg? protein, B) in the brain tissue of rats with low (LR) and high (HR) hypoxia resistance exposed to
lead nitrate for 30 days and treated with L-arginine (600 mg/kg, 30 min) or L-NNA (35 mg/kg, 30 min) before
and after the exposure to lead nitrate.Data are expressed as mean * S.D. (n = 6). * Significant differences
between the Pb group and the untreated control (p<0.05); ** Significant differences between the Pb group
and the L-arginine + Pb group, the L-NNA + Pb group, the Pb + L-arginine group, and the Pb + L-NNA group
(p<0.05); # Significant differences between the LR and HR groups in the same conditions (p<0.05).
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Discussion

In this study, we investigated the effects of oral exposure to lead nitrate on a variety of
oxidative and energetic processes in rat brain tissue. We analysed biomarkers of the early and
late stages of lipid peroxidation to assess the effect of lead nitrate toxicity on lipid damage.
We also examined the levels of carbonyl derivatives to identify oxidative modifications of
proteins altered by lead nitrate and assessed changes in antioxidant enzyme activity and
biomarkers of energy processes to understand the effects of oral lead nitrate exposure on
rat brain tissue metabolism. We also examined the relationship between the acetylcholine
and cholinesterase systems, considering the impact of individual resistance to hypoxia
and correction of lead nitrate toxicity by L-arginine and L-NNA on these interactions.
We attempted to highlight the most important aspects of the results by detailing the key
findings in the following points. This approach allowed the key findings of our study to be
systematically presented and discussed, providing a clear and comprehensive understanding
of the effect of oral lead nitrate exposure on oxidative and energetic processes in rat brain
tissue. By focusing on these critical points, we illustrated the broader implications of our
findings and their relevance to the management of lead toxicity and its effects on brain tissue
health (Fig. 10).

Firstly, this research is of great importance as it focuses on understanding the complex
interactions between lead nitrate exposure and oxidative stress in brain tissue, a topic
that remains critically relevant due to the ongoing presence of lead contamination and its
detrimental effects on public health [5]. Lead exposure continues to be a major environmental
health concern, particularly in areas of historical contamination [73], and understanding
its mechanisms of action is essential for the development of effective interventions and
protective measures [74]. Importantly, the focus of our study on individual resistance to
stress-related factors, such as hypoxia, and the modulation of lead toxicity by L-arginine
and L-NNA is particularly timely and relevant. While many studies have investigated the
general effects of lead on oxidative stress [75-77], there is a notable gap in understanding
the influence of individual variability in nitric oxide signalling on susceptibility to lead

Fig. 10. NO in modulation of lead neurotoxicity in rats with different levels of hypoxic tolerance.
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toxicity. Investigating this aspect could provide new insights into personalised approaches
to mitigate lead-induced damage, which is crucial for improving therapeutic strategies.

The brain barrier is the primary target of systemic lead exposure, with this element
entering the brain via several mechanisms that disrupt the neurophysiological functions by
which lead infiltrates the brain and explains its neurotoxic mechanisms [78]. These include
ion mimicry, where Pb?* replaces essential metal ions, mitochondrial dysfunction, redox
imbalance caused by oxidative stress, and neuroinflammation. Given these mechanisms,
pharmacological interventions are crucial to mitigate the deleterious effects of lead through
the efficacy of chelators, antioxidants, anti-inflammatory drugs, and their combinations as
integrated therapeutic strategies [1, 78]. These approaches aim to counteract lead toxicity
by enhancing detoxification, neutralising oxidative damage, and reducing inflammation,
thus offering potential solutions to protect both developing and adult organisms from lead-
induced neurotoxicity [79].

In this context, lead affects NO function in the brain through several additional
mechanisms [12, 80]. First, lead induces oxidative stress, leading to the production of
reactive oxygen species (ROS), which can react with NO to form peroxynitrite, a highly
reactive oxidant that further damages cellular components [12]. This interaction exacerbates
oxidative damage and disrupts NO function via synaptic function [81]. Lead also impairs
redox homeostasis by reducing the levels of key antioxidants, such as glutathione, which
are essential for neutralising ROS. The resulting imbalance in redox status contributes to
increased oxidative damage and disrupts normal NO signalling. In addition, Pb affects the
expression of genes involved in NO production and its regulatory proteins, thereby altering
NO synthesis and function in the brain [82]. These molecular mechanisms illustrate how
Pb can disrupt NO function in the brain, leading to various neurotoxic effects. Reduced NO
availability and increased oxidative stress can impair synaptic plasticity, which is critical
for learning and memory [83]. Pb-induced oxidative damage and inflammation may
exacerbate cognitive deficits and memory impairment, while disruption of redox balance
and NO signalling increases susceptibility to oxidative stress and inflammatory responses.
Understanding these pathways highlights the complex interactions between Pb exposure and
NO dysfunction and underscores the need for targeted strategies to mitigate the neurotoxic
effects of lead [84].

ACh is known to have a dual function as both a neurotransmitter and a modulator
of blood flow through endothelial cells [33]. This is important because NO produced by
the endothelium in response to acetylcholine not only dilates blood vessels but also has
neuroprotective effects by reducing oxidative stress and preventing inflammatory processes
[13]. This mechanism is important not only in the local regulation of cerebral blood flow
but also potentially in the broader context of vascular responses throughout the body [27].
In addition, in vivo evidence suggests that acetylcholine may influence pain modulation and
sympathetic nervous system activity through NO-related mechanisms. For example, ACh
released at the spinal level can induce antinociceptive effects and increase sympathetic
activity, which may be related to NO synthesis and action. This is important for understanding
how different parts of the nervous system work together to regulate both blood flow and pain
responses, which may have clinical implications for the treatment of pain and circulatory
disorders [31]. In the context of lead exposure, this relationship between acetylcholine
and nitric oxide may be particularly significant. Lead exposure is known to disrupt both
endothelial function and neurotransmitter signalling, potentially impairing NO production
and the associated vasodilatory response [30, 85]. This disruption may lead to reduced
cerebral blood flow, contributing to neurological deficits commonly seen in lead poisoning,
such as cognitive impairment and neurodevelopmental delay [9]. In our study, we analysed
the ACh-NO pathway, which may provide insights into mitigation of these effects by targeting
endothelial dysfunction and increasing NO production [33], thereby improving blood flow
and reducing the neurotoxic effects of lead nitrate exposure.

Zhong et al. [80] suggested that the involvement of both N-acetyl-L-cysteine and
L-arginine in attenuating ROS generation highlights the importance of NOS activity in
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counteracting oxidative damage and showed that Pb exposure comprehensively disrupts NOS
function. Indeed, this study highlighted that PbCl, treatment results in reduced expression
of three different NOS isoforms - neuronal nitric oxide synthase (nNOS), endothelial NOS
(eNOS), and inducible NOS (iNOS) at both transcriptional and translational levels in MCF-
7 cells. A possible mechanism was the phosphorylation of eukaryotic initiation factor
2 (elF2a), indicating stress responses leading to impaired cell function and survival. The
association between Pb-induced oxidative stress and elF2a phosphorylation highlights a
potential mechanism by which Pb contributes to cellular dysfunction and cytotoxicity [80].

Kumawat et al. [86] also showed that Pb exposure affects microglia, the immune cells of
the brain, by inducing them to secrete cytochemokines, which subsequently leads to neuronal
death. Specifically, stimulation of BV-2 mouse microglia activates key signalling pathways,
including extracellular signal-regulated kinase and protein kinase B, triggers the nuclear
factor-xB transcription factor, and leads to increased levels of pro-inflammatory cytokines
and enzymes, such as tumour necrosis factor-a, interleukin-6, monocyte chemoattractant
protein-1, and cyclooxygenase-2, which contribute to the inflammatory response and
neuronal damage associated with Pb exposure [86].

Our research has practical implications and shows how the findings can be applied to
real-world scenarios. Since we administered lead orally to the rats in our study, the role of
L-arginine becomes highly relevant in the context of lead intoxication. L-arginine is known
to be a precursor for the production of NO, which plays a critical role in several physiological
processes, including those involved in the body’s response to toxic substances, such as lead
[87]. The presence of L-arginine in the diet can influence the synthesis of NO, which may
modulate the severity of lead-induced oxidative stress and its effects on neuronal tissue
[42]. In particular, the study highlights the potential benefits of L-arginine in mitigating the
adverse effects of lead nitrate exposure. By demonstrating the influence of L-arginine on
oxidative stress and subsequent neuronal damage associated with lead nitrate exposure,
our findings provide valuable insights that could inform dietary recommendations and
therapeutic strategies aimed at reducing the effects of lead nitrate poisoning [44]. This
practical aspect highlights the relevance of our findings for public health interventions and
the development of effective measures to protect individuals at risk of lead exposure.

Secondly, we investigated the oxidative modification of proteins and its role in lead-
induced neurotoxicity, as lead exposure significantly affects neuronal protein structure and
function and contributes to neuronal damage through increased aggregation, loss of function,
and activation of apoptotic pathways [9]. Oxidative modification of proteins is a critical
process that affects cellular function, particularly in neurons, where lead-induced oxidative
stress leads to excessive production of ROS and reactive nitrogen species (RNS). These
reactive molecules, including hydrogen peroxide (H;03), hydroxyl radicals (-OH), and singlet
oxygen (*0,), can damage proteins, lipids, and DNA. In neuronal cells, which are particularly
sensitive to oxidative stress, ROS can modify amino acids in proteins, e.g. oxidising tyrosine,
tryptophan, and cysteine residues, resulting in an altered protein structure and function [19].
Examples of these modifications include tyrosine nitration and tryptophan nitrosylation.

The importance of L-arginine is particularly pronounced in individuals exposed to
lead. As lead intoxication often leads to increased oxidative stress and disruption of cellular
homeostasis, adequate levels of L-arginine may help to mitigate some of the harmful effects
by supporting NO production. This in turn could help counteract the oxidative damage
caused by lead exposure, potentially providing a protective mechanism against its neurotoxic
effects. Thus, understanding the interaction between dietary L-arginine and lead toxicity is
essential for developing strategies to manage and reduce the effects of lead exposure [44].
L-arginine also plays an important role in protecting against lead-induced oxidative stress
by activating the enzymatic antioxidant defence. In our studies, we observed a statistically
significant correlation between TBARS levels and GR activity (r = 0.768, p < 0.05) and OMP
ADaand TAS (r=0.813, p < 0.05) in the LR animals as well as DC and TAS (r = 0.611, p < 0.05)
and CAT and TBARS (r = 0.821, p < 0.05) in the HR rats when L-arginine was administered
prior to the lead nitrate exposure.
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The study of diene conjugate (DC) and TBARS levels is key to understanding the effect of
lead nitrate on brain tissue depending on the individual physiological characteristics of the
organism, as brain tissue is characterised by its high lipid content. Lead can cause significant
damage to neural tissue through the induction of oxidative stress and lipid peroxidation, with
serious consequences for the function of the nervous system. Therefore, monitoring these
indicators allows assessing the degree of neurotoxicity and understanding the mechanisms
by which lead nitrate affects brain health; this is the approach used in the initial stages of our
study. Based on our results, the effects of L-arginine and L-NNA on the levels of oxidatively
modified proteins (OMPs) are markedly different and depend on the initial resistance to
hypoxia (Figures 4 and 5). L-arginine, a nitric oxide precursor, did not significantly alter the
OMP ADn levels but showed statistically significant effects between the high and low hypoxia-
resistant groups, whether administered before or after the lead nitrate exposure. In contrast,
L-NNA, an inhibitor of nitric oxide synthase, led to a more pronounced reduction in the OMP
levels in high hypoxia-resistant rats, with significant effects observed for OMP KDn, OMP
KDa, and OMP ADa. These results suggest that L-arginine and L-NNA have different effects
on oxidative protein modifications, with L-arginine being more beneficial in low hypoxia-
resistant rats by reducing OMP levels, whereas the effects of L-NNA are more pronounced in
high hypoxia-resistant rats, highlighting the importance of hypoxia resistance in mediating
these effects. These dependencies were confirmed in our correlation analyses, where we
observed a statistically significant correlation between TBARS and OMP KDn (r = 0.778, p <
0.05) as well as TAS and OMP ADa (r = 0.893, p < 0.05) in the HR animals, where L-NNA was
administered prior to the lead nitrate exposure.

Furthermore, it is important to consider the results of a study conducted by Nowak et
al. [88], which highlights the critical effects of Pb on specific brain regions that are integral to
emotional regulation, memory, and learning, in particular the prefrontal cortex, hippocampus,
and cerebellum. Importantly, these areas are essential for higher cognitive functions and
emotional responses, highlighting the serious consequences of Pb-induced neurotoxicity on
these critical brain functions. Some of the results of the study confirm the importance of
the NO pathway and glutamatergic neurotransmission in brain development, neurotoxicity,
and neurodegeneration. Pb interference with both NO signalling and glutamatergic
neurotransmission further exacerbates neurotoxic effects, as NO is critical for several brain
functions, including neurovascular regulation and synaptic plasticity, while glutamatergic
neurotransmission is fundamental for cognitive processes, such as learning and memory.
The authors’ findings highlight Pb effects that disrupt NO signalling and glutamatergic
systems in order to develop effective strategies to mitigate Pb-induced neurotoxicity [89].
By understanding the mechanisms by which Pb affects these critical pathways, we can better
address the cognitive and emotional deficits associated with lead exposure and design
targeted interventions to protect and restore brain function, especially in children [7, 15].

Thirdly, this study is also innovative in that it combines several different approaches: it
examines the effect of lead nitrate exposure on both early and late stages of lipid peroxidation,
looks in detail at oxidative modifications of proteins using four OMP parameters (neutral
aliphatic aldehyde and ketone dinitrophenyl hydrazones, alkaline aliphatic and ketone
aldehyde dinitrophenyl hydrazones), and assesses the role of antioxidant enzyme activity
and biomarkers of cellular energy metabolism in brain tissue as a function of individual
physiological reactivity (Fig. 11). By integrating these factors, the study aims to provide
insight into lead-induced neurotoxicity and a deeper understanding of the interplay between
oxidative stress and individual characteristics of organisms in the functioning of the nitric
oxide system. In addition, oxidative damage can lead to loss of protein function, particularly
affecting enzymatic and receptor proteins that are essential for neuronal activity. For
example, modifications to chaperone proteins can impair their ability to properly fold and
repair other proteins, exacerbating cellular stress. Oxidative modifications can also activate
apoptotic pathways, accelerating neuronal cell death by affecting proteins involved in cell
cycle regulation and apoptosis. This activation increases neurotoxicity and contributes to
neuronal loss [20-22].
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Fig. 11. Graphical abstract.

The results suggest that targeting nitric oxide pathways of metabolism may have
different effects depending on the subject’s baseline resistance to hypoxia, particularly in the
context of lead exposure. In animals, or potentially humans, with low resistance to hypoxia,
L-arginine, a precursor for nitric oxide synthesis, may offer protective benefits against
oxidative damage induced by lead nitrate exposure. This is evidenced by its ability to reduce
the levels of oxidatively modified proteins in rats with low hypoxia resistance. Conversely,
in those with high hypoxia resistance, the inhibition of nitric oxide synthesis with L-NNA
may be more effective in reducing oxidative modifications. This is supported by the marked
reduction in the OMP levels observed in the HR rats following the L-NNA administration,
both before and after the lead nitrate exposure (Figures 4 and 5). Thus, therapeutic strategies
involving modulation of the nitric oxide system should be tailored to individual’s resistance
to hypoxia in order to optimise protection against lead-induced oxidative stress.

A study conducted by Reddy et al. [7] showed that low-level perinatal exposure to lead
induces significant changes in the cholinergic system in the cerebellum and hippocampus
of the developing brain. These changes persist even after Pb exposure is removed and may
contribute to long-term behavioural and learning deficits. The cholinergic system, which is
critical for neurotransmission and cognitive processes, is profoundly affected by Pb, leading
to disruptions in cholinergic signalling pathways [90]. These disruptions can impair synaptic
plasticity, memory formation, and learning abilities, highlighting the persistent effects of Pb
on brain function and the importance of addressing Pb-induced neurotoxicity to mitigate its
lasting effects on cognitive development [91]. Zhang et al. [92] showed in the developmental
Japanese quail (Coturnix japonica) model that cerebellar neurotransmission was disrupted
by Pb, with increased ACh and decreased acetylcholinesterase activity, dopamine levels, and
y-aminobutyric acid (GABA) and Na*/K*-ATPase activity.

Many researchers have investigated the effects of lead-induced neurotoxicity on the
cholinergic system of the brain, and their results differed due to differences in experimental
models, doses, and conditions. Lead exposure may selectively affect the cholinergic system in
different brain areas [36]. In studies using Drosophila, lead acetate exposure (0-20 mM for 7
days) significantly increased AChE activity and dopamine levels, as reported by Venkareddy
and Muralidhara [35]. These studies also assessed lead-induced lethality, hyperactivity,
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oxidative stress, and neurotoxicity. In contrast, an in vitro study using the brains of 35-day-old
rats showed a significant decrease in AChE activity at high Pb concentrations (50-100 puM),
indicating a concentration-dependent effect [7]. Subsequent research carried out by Reddy
et al. [36] showed that Pb exposure resulted in a significant decrease in AChE activity and
an increase in ACh levels in the synaptosomal fractions of the cerebellum, hippocampus, and
cerebral cortex. These effects were observed to be dose- and age-dependent, with the most
pronounced changes occurring in the brains of young rats, particularly in the hippocampus.
Furthermore, Basha et al. [34] investigated the effects of perinatal Pb exposure (0.2% lead
acetate in maternal drinking water) on synaptosomal levels of ACh, epinephrine, dopamine,
AChE, and mitochondrial monoamine oxidase (MAO) in the cerebellum and hippocampus of
rats. This study found significant decreases in AChE and MAO activities and increased levels
of ACh, dopamine, and epinephrine. In particular, these changes were more pronounced in
the cholinergic system of the hippocampus and the aminergic system of the cerebellum.
Thus, these studies demonstrate that lead exposure has complex and variable effects on
neurotransmitter systems influenced by such factors as the animal model type, lead dose, and
experimental conditions. This variability highlights the importance of careful consideration
of these factors when interpreting the effects of lead-induced neurotoxicity. In addition,
the effects of Pb exposure may vary significantly depending on the specific experimental
conditions and the age of the subjects. Studies in rats have shown that Pb exposure reduces
AChE activity and increases ACh levels in several brain regions, with more pronounced
effects observed in younger animals. In contrast, other studies have reported different
results depending on the age and brain region examined [36]. This variation highlights the
importance of taking these factors into account when interpreting the effects of Pb toxicity.

The results of a study conducted by Liu et al. [93] show that puerarin, a natural flavonoid,
inhibits lead-induced neurotoxicity by suppressing oxidative stress, reversing lead-induced
changes in neurotransmitters and enzymes, and modulating the PKA/Akt/NOS signalling
pathway in mice. Puerarin administration reduced Pb levels in both blood and brain via
improved brain function by increasing AChE and MAO activities and by counteracting
oxidative stress, as shown by reduced lipid peroxidation and restored total antioxidant
capacity [19]. In addition, puerarin enhanced nitric oxide production and protein kinase
A (PKA) activity, and increased the expression of key NOS isoforms and phosphorylated
Akt. Another study conducted by Phyu and Tangpong [94] found that Pb induced AChE
dysfunction and memory deficits in a dose-dependent manner, as demonstrated by both in
vitro and in vivo experiments.

In this context, the results of the study conducted by Liu et al. [95] showed that lead
induced apoptosis in kidney cells by triggering pro-apoptotic signalling pathways, as Pb
exposure leads to the activation of apoptotic processes, including the release of cytochrome
¢ from mitochondria and an imbalance between pro- and anti-apoptotic Bcl-2 proteins,
promoting cell death. Puerarin, like other natural and synthetic antioxidants [93, 96, 97],
counteracts these effects by increasing phosphorylated Akt and phosphorylated endothelial
nitric oxide synthase (eNOS), which in turn increases renal nitric oxide levels, and this
modulation of the PI3K/Akt/eNOS pathway helps to inhibit Pb-induced apoptosis.

Fourthly, overall, this research fills a gap in the literature and has the potential to advance
our knowledge of neurotoxic mechanisms triggered by lead nitrate with dependence on the
ACh-AChE system and the NO system. The findings may lead to novel therapeutic strategies
and interventions, thereby improving our ability to manage and reduce the adverse
effects of lead-induced toxicity. Our study has shown that the higher adaptive properties
observed in the functional systems of HR animals compared to LR animals are crucial for
understanding the fundamental differences in their responses to different stressors. The
lead-induced exposure resulted in a statistically significant reduction in the TAS levels, with
more pronounced effects in the highly resistant rats. The L-arginine administration resulted
in a significant increase in the TAS levels in the LR and HR rats both before and after the lead
nitrate exposure, with notable differences between the LR and HR animals (Fig. 8). In the
brain tissue of the LR animals, L-NNA and the lead nitrate exposure abolished the beneficial
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effects of L-arginine. Conversely, the TAS levels in the HR animals were higher when L-NNA
was administered after the lead nitrate exposure, compared to data obtained in the lead-
exposed group alone. In this context, we observed a statistically significant correlation
between TBARS and TAS (r = 0.768, p < 0.05) as well as AChE and TAS (r = 0.872, p < 0. 05)
in the LR animals when L-arginine was administered prior to the lead nitrate exposure, and
there were similar dependencies between ACh and DC levels (r = 0.568, p < 0.05), AChE and
GR activity (r = 0.711, p < 0.05), and ACh and TAS (r = 0.841, p < 0.05) in the HR rats when
L-NNA was administered after the lead nitrate exposure.

In addition to the above, a study conducted by Liu et al. [97] found that the protective
effect of quercetin against Pb-induced neurotoxicity in mice exposed to lead acetate (20
mg/kg b.w. per day for 3 months) was mediated by a significant reduction in blood and
brain lead levels (by 13.2% to 20.0%). It is important to note that antioxidants help restore
critical lead-disrupted signalling pathways involved in cell survival, neurotransmission,
and cognitive function [81]. Natural antioxidant products, such as quercetin, increased the
phosphorylation of several key proteins, including Akt, Ca®*/calmodulin-dependent protein
kinase II (CaMKII), neuronal nitric oxide synthase (nNOS), endothelial nitric oxide synthase
(eNOS), and cAMP response element-binding protein (CREB) [97]. Highlighting the protective
effects of selenium against oxidative stress and neuronal damage, research by Hegazy et al.
[98] investigated the potential role of selenium in mitigating lead-induced neurotoxicity in
the cerebrum of adult male rats. This experimental study provides valuable insights into the
mechanisms by which selenium may promote brain health and has promising implications
for therapeutic strategies in cases of lead exposure.

Given the variability in the response of different individuals to stress and disease based
on their physiological reactivity, personalised approaches may offer more precise and
effective therapeutic options. In addition, the effect of heavy metals in exacerbating stress
and the dependence of this effect on individual physiological reactivity highlights the need
for a comprehensive approach. Heavy metals can interfere with NO production and other
biochemical and physiological processes, further affecting stress responses and disease
progression [12, 80, 84]. Our previous research [40, 44] suggests that L-arginine-based
interventions may improve the adaptive characteristics of LR animals. Male animals were
used instead of females to avoid potential influences of estrous cycle hormones on the study
results [99, 100].

Fifthly, we observed significant increases in alanine and aspartate aminotransferase
activity in the brain tissue after the lead nitrate exposure, with more pronounced effects
when L-arginine was administered before the lead nitrate exposure. The administration of
the nitric oxide synthase inhibitor L-NNA reversed these changes. The de Ritis coefficient,
which is used to assess the prognosis of pathological changes, showed that L-arginine
reduced this coefficient, compared to the data obtained with the lead nitrate exposure alone,
and further reductions were observed with the L-NNA treatment (Table 1). In addition, the
lead nitrate exposure affected the activities of SDH and KGDH, which are critical for cellular
energy production and resistance to hypoxia. The administration of L-arginine prior to the
lead nitrate exposure altered the SDH activity differently in high and low resistance animals,
whereas L-NNA increased SDH and KGDH activities in both groups, suggesting potential
therapeutic implications of nitric oxide system modulators in mitigating lead-induced
damage. In our studies, we observed a statistically significant correlation between TBARS
and SDH (r = 0.758, p < 0.05), TAS and KGDH (r = 0.698, p < 0.05), and OMP ADa and SDH (r =
0.828, p < 0.05) in the LR group during the lead nitrate exposure. In the group of HR animals,
significant correlations were shown between the ALT and SDH activity (r = 0.713, p < 0.05)
and AST and TAS (r = 0.518, p < 0.05) in similar conditions of lead nitrate exposure.

We found that lead poisoning significantly affects glutamate metabolism and key Krebs
cycle enzymes. Lead disrupts the function of ALT and AST, leading to reduced levels of
glutamate, which is akey precursor of a-ketoglutarate. Alpha-ketoglutarate is a key compound
in the Krebs cycle, where it is converted to succinyl-CoA by a-ketoglutarate dehydrogenase.
Disruption of this process results in reduced ATP production, which is detrimental to
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neuronal function. These disturbances depend on the individual’s resistance to hypoxia, as
different levels of resistance can affect the extent of metabolic disturbances. Lead nitrate
exposure directly inhibits the activity of SDH and acts on KGDH, leading to the accumulation
of succinate and a further reduction in energy production (Table 1). SDH inhibition affects
both the Krebs cycle and the electron transport chain, exacerbating ATP deficits and
damaging cells [101]. In addition, exposure to lead nitrate increases the production of ROS,
further damaging these enzymes and exacerbating energy dysfunction. The impact of these
processes varies with the level of initial hypoxia resistance and influences the manifestation
and progression of lead-induced metabolic disorders.

The main strength of this study is the detailed examination of oxidative stress markers
and antioxidant defences specifically in brain tissue exposed to lead nitrate. By focusing on
biochemical indicators, such as lipid peroxidation and oxidative modification of proteins, and
by assessing the activity of antioxidant enzymes, the study provides valuable insights into
the biochemical changes occurring in brain tissue. The emphasis on individual physiological
characteristics related to hypoxia resistance further enhances the relevance of the study,
providing a more nuanced understanding of how different individuals might respond to
lead-induced oxidative stress. This approach not only advances the knowledge of oxidative
stress research, but also supports the development of targeted strategies to mitigate lead-
induced oxidative damage based on individual biochemical and physiological profiles.

Despite its strengths, the study has several limitations. The primary limitation is the
exclusive focus on brain tissue, which may not fully capture the broader systemic effects
of oxidative stress and biochemical responses caused by lead nitrate exposure in different
organs. In addition, the research did not address the immunological aspects of oxidative
stress, such as the effects of lead exposure on inflammatory responses and immune cell
function. Future research will address these gaps by including a wider range of tissues
and integrating immunological assessments. In addition, the inclusion of genetic analyses
will be critical to understanding the influence of genetic variability on biochemical and
immunological responses to lead-induced oxidative stress, thereby improving the precision
and applicability of the findings.

This study provides direction for future research by highlighting the need to further
investigate the biochemical and immunological aspects of oxidative stress in the brain
caused by lead nitrate exposure. Future studies will focus on the detailed biochemical
pathways involved in lead-induced lipid peroxidation and protein damage, and the role of
antioxidant enzymes in different tissues of individuals with different resistance to hypoxia.
It will be important to investigate how these biochemical processes depend on the initial
physiological reactivity of organisms and how these processes are modulated by the NO
system. In addition, incorporating assessments of baseline physiological reactivity to
evaluate the effect of lead nitrate exposure on metabolic responses in different tissues may
provide a more complete understanding of the systemic effects of lead-induced oxidative
stress and therapeutic approaches using modulators of the NO system.

Conclusion

The results of this study suggest that the effectiveness of modifying nitric oxide pathways
in counteracting oxidative damage in brain tissue of rats exposed to lead nitrate, assessed by
measuring biomarkers of lipoperoxidation, protein damage, antioxidant enzyme activity, the
acetylcholine-cholinesterase system, varies with individual hypoxia resistance. In rats with
low resistance to hypoxia, L-arginine, which increases nitric oxide production, may provide
a protective benefit by reducing lead-induced oxidative stress. This is evidenced by its ability
to reduce the levels of carbonyl derivatives of oxidatively modified proteins and to attenuate
lipoperoxidation in animals with low hypoxia resistance. In addition, L-arginine may support
the activity of antioxidant enzymes, helping to neutralise oxidative stress. Conversely, in rats
with high hypoxia resistance, L-NNA, an inhibitor of nitric oxide synthesis, may be more
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effective in reducing oxidative modifications, as shown by the significant reduction in the
levels of oxidatively modified proteins and lipoperoxidation. L-NNA also appears to affect
the acetylcholine-cholinesterase system, potentially altering neurotransmitter balance and
further influencing oxidative stress responses. Therefore, therapeutic strategies involving
modulation of the nitric oxide system may control lipoperoxidation, support the activity of
antioxidant enzymes, and regulate the acetylcholine-cholinesterase system. This approach
should take into account individual’s resistance to hypoxia in order to effectively address
oxidative stress caused by lead nitrate exposure.
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