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Abstract
Background/Aims: Individual resistance to hypoxia is an important feature of the physiological 
profile of an organism, particularly in relation to lead-induced toxicity. Methods: Our study 
focused on evaluating parameters of mitochondrial oxygen consumption, microsomal 
oxidation, intensity of lipoperoxidation processes and antioxidant defences in the liver of rats 
with low (LR) and high (HR) resistance to hypoxia to elucidate the mechanisms of action of 
L-arginine and the NO synthase inhibitor L-NNA before or after exposure to lead nitrate. 
Results: Our study suggests that the redistribution of oxygen-dependent processes towards 
mitochondrial processes under the influence of the nitric oxide precursor amino acid L-arginine 
is an important mechanism for maintaining mitochondrial respiratory chain function during 
per os lead nitrate exposure (3.6 mg lead nitrate/kg bw per day for 30 days). Animals were 
given L-arginine at a dose of 600 mg/kg bw (i.p., 30 min) before and after exposure to lead 
nitrate or the NO synthase inhibitor Nω-nitro-L-arginine (L-NNA) at a dose of 35 mg/kg 
bw (i.p., 30 min) before and after exposure to lead nitrate. Our experiments demonstrated 
the efficacy of using lead nitrate to simulate lead-related toxic processes via Pb levels in 
liver tissue; we demonstrated significantly reduced levels of nitrites and nitrates, i.e. stable 
metabolites of the nitric oxide system, in both LR and HR animals. The effect of the amino acid 
L-arginine stabilised the negative effects of lead nitrate exposure in both groups of LR and 
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HR rats. We observed the efficiency of mitochondrial energy supply processes and showed a 
greater vulnerability of NADH-dependent oxidation during lead nitrate exposure in the liver 
of HR rats. Conclusions: L-arginine initiated the processes of oxidation of NADH-dependent 
substrates in the LR group, whereas in the HR group this directionality of processes was more 
effective when the role of the nitric oxide system was reduced (use of L-NNA). Our study 
of key antioxidant enzyme activities in rat liver tissue during lead nitrate exposure revealed 
changes in the catalase-peroxidase activity ratio. We found different activities of antioxidant 
enzymes in the liver tissue of rats treated with lead nitrate and L-arginine or L-NNA, with a 
significant increase in GPx activity in the LR group when L-arginine was administered both 
before and after exposure to lead nitrate.

Introduction

Many studies have shown that lead can cause serious health effects in both animals and 
humans (Assi et al., 2016; Karp, 2023). As a widespread environmental contaminant, lead 
causes a wide range of adverse health effects, including neurological disorders, developmental 
delay, cardiovascular disease, kidney damage, and reproductive disorders, as convincingly 
demonstrated in a number of studies (Navas-Acien et al., 2007; Rastogi, 2008; Mason et al., 
2014; Jan et al., 2015). In addition, lead exposure is particularly harmful to children, as it 
can impair cognitive development, lower the IQ, and lead to behavioural problems that may 
persist into adulthood (Ramírez Ortega et al., 2021). Therefore, lead research is important 
to understand the mechanisms of lead toxicity, identify vulnerable populations, and inform 
effective prevention and intervention strategies. In addition, understanding the effects of 
lead on animal health is critical for protecting ecosystems and biodiversity by assessing 
the cascading effects on wildlife populations, leading to declines, reproductive failure, and 
disruptions in food chains (Briffa et al., 2020). By studying the effects of lead on both animals 
and humans, researchers will be able to develop integrated approaches to reduce its toxic 
effects, protect public health, and preserve environmental quality.

The mechanisms of action of lead (Pb) can lead to a wide range of toxic effects in the 
body, highlighting the importance of research to understand these processes in order to 
protect human and environmental health (Balali-Mood et al., 2021). Research suggests 
that lead causes damage to cellular structures and metabolic disorders by interacting with 
proteins containing sulphhydryl (-SH) groups, leading to protein denaturation and altered 
function (Dabrowska-Bouta et al., 1996; Jurczuk et al., 2006). This can lead to enzyme 
inhibition. Experiments show that lead can inhibit the activity of a number of enzymes, 
such as those involved in heme synthesis, amino acid synthesis, or detoxification processes, 
leading to disturbances in metabolic processes and cellular functions (Balali-Mood et al., 
2021; Virgolini and Aschner, 2021).

Lead can interfere with mitochondrial function, disrupting cellular respiration processes 
and leading to the generation of excess reactive oxygen species (ROS), which can cause 
damage to DNA, proteins, and lipids, contributing to increased inflammatory processes and 
exacerbating oxidative stress (Bandaru et al., 2023). Numerous studies have suggested that 
oxidative stress with subsequent lipid peroxidation is one mechanism of lead toxicity (Lee et 
al., 2019). The next set of experiments focused on analysing the redox status in the liver of rats 
exposed to lead nitrate. Significant increases in both lipid hydroperoxides and TBARS levels 
were observed in the liver of lead-exposed rats. Oxidative stress is thought to be involved in 
lead-induced toxicity by inducing the generation of ROS, including hydroperoxides, singlet 
oxygen, hydrogen peroxide and superoxide, and by reducing the antioxidant defence system 
of cells (Sharma et al., 2014). Lead causes oxidative stress by inducing the generation of 
reactive oxygen species, reducing the antioxidant defence system of cells by depleting 
glutathione, inhibiting sulfhydryl-dependent enzymes, interfering with some essential 
metals required for antioxidant enzyme activities, and/or increasing the susceptibility of 
cells to oxidative attack by altering membrane integrity and fatty acid composition (Hsu and 
Guo, 2002).

© 2024 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Lead can disrupt signalling between cells by altering signalling pathways, cell receptors, 
and gene expression (Gillis et al., 2012; Metryka et al., 2018). Lead can affect the activity of 
several signalling pathways, including the MAPK/ERK pathway, the JAK/STAT pathway, and 
the NF-κB pathway (Renu et al., 2021). Studies have shown that the mechanism of action 
of lead involves inhibition or enhancement of the phosphorylation of signalling proteins, 
leading to changes in signalling in the cell. For example, lead can inhibit MAPK kinase activity, 
resulting in the disruption of growth factor and cytokine-stimulated signalling (Teschke, 
2022).

Studies have also shown that lead can affect the structure, localisation, and function of 
membrane receptors, such as receptors for growth factors and hormones or gene expression 
by interacting with regulatory elements within gene promoters, modifying chromatin, or 
interfering with transcriptional mechanisms as a nuclear receptor agonist. Such effects 
activate neurotransmitters through internalisation of membrane receptors, leading to 
reduced cell surface receptor availability and signal transduction efficiency. Lead can affect 
the transcription of genes associated with stress and toxic system responses (Wagner et al., 
2017; Park et al., 2024).

Many studies highlight the long-term toxic effects of lead poisoning, as this element 
accumulates in bones and teeth, replacing calcium and disrupting mineralisation processes 
(Rodríguez and Mandalunis, 2018). This can lead to bone damage, increased risk of fractures, 
and excretion of lead from bones into the bloodstream during a period of increased bone 
resorption (Pounds et al., 1991). Nerve conduction, muscle contraction, and protein synthesis 
are all affected by lead toxicity, which is linked to the homeostasis of calcium, magnesium, zinc, 
and other trace element ions, resulting in disruption of many physiological processes (Balali-
Mood et al., 2021). These mechanisms of lead action can be complex and involve interactions 
at multiple levels, both within the single cell and in intercellular signalling pathways. These 
molecular changes have consequences for a variety of physiological processes, leading to a 
range of toxic effects on the body (Sakai, 2000).

In recent decades, researchers have been able to elucidate the role of the amino acid 
L-arginine in supporting repair and regeneration processes in cells, which is important in the 
case of damage caused by toxic agents (El-Sheikh and Khalil, 2011; Li et al., 2022). However, 
the subject of the multiple effects of L-arginine as a precursor of nitric oxide, which plays an 
important role in the functioning of the mammalian organism, is still topical. Research on 
L-arginine may therefore shed light on its effect on the body’s ability to repair itself (Kurhaluk, 
2024). Research on the amino acid L-arginine is also important for understanding the body’s 
defence mechanisms against toxic agents and may provide clues for prevention and therapy 
strategies for poisoning by various substances, as has been convincingly shown in various 
animal models (Szlas et al., 2022; Kurhaluk, 2023a).

Previously, our research provided a deeper understanding of the role of the amino acid 
L-arginine in regulating oxygen-dependent processes in different stress conditions and in 
different animal models (Kurhaluk, 2023b). We investigated how individual variations in 
physiological resistance to hypoxia may influence this interaction through such mechanisms 
as detoxification or neutralisation of ROS (Kurhaluk et al., 2021; Kurhaluk, 2023a, b, c). In 
this context, our studies investigated the relationship between hypoxia resistance and the 
response to lead poisoning (Tkachenko et al., 2007; Tkachenko and Kurhalyuk, 2011). We 
sought to determine whether rats with different levels of hypoxia resistance have different 
responses to lead poisoning and whether L-arginine influences these differences. It is 
conceivable that individuals with naturally higher hypoxia resistance may have an enhanced 
ability to neutralise the toxic effects of lead.

Although some research considers individual resistance to hypoxia as a characteristic of 
the physiological profile of an organism, there are still no studies in this area. It is therefore 
important and intriguing, particularly in relation to heavy metal poisoning, among which 
lead occupies a prominent place due to its toxicity. It is known that the efficiency of NO 
storage is genetically determined and appears to be related to the inherited capacity for NO 
synthesis (Kurhaliuk, 2001). Individual resistance to hypoxia involves unique responses in 
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the mitochondrial respiratory chain function, ion transport, mitochondrial enzyme functional 
properties, and energy metabolism (Kurhaluk et al., 2019; Belosludtsev et al., 2020; Dzhalilova 
et al., 2018, 2023a, b; Kosyreva et al., 2023; Kurhaluk, 2023a). It is particularly important in 
the biotransformation of xenobiotics and the drug metabolism system (Bayanov and Brunt, 
1999) in the formation of individual cellular resistance to oxygen deprivation. Constitutional 
resistance to hypoxia can serve as an important criterion for an individualised approach to 
the pharmacotherapy of hypoxic states and diseases and for the prognosis and prevention 
of early and distant complications of irrational pharmacotherapy (Lukyanova et al., 2020; 
Dzhalilova et al., 2023; Kurhaluk, 2023a, b).

The aims of this study are i) to investigate different effects of L-arginine and the NO 
synthase inhibitor Nω-nitro-L-arginine (L-NNA) on lead-induced toxicity in rats with high 
and low hypoxic resistance in terms of mitochondrial respiration, microsomal oxidation 
processes, oxidative stress, and antioxidant defence; ii) to elucidate how variations in 
mitochondrial function contribute to oxidative stress levels and subsequent antioxidant 
responses in lead poisoning in rats with different individual hypoxic resistance; iii) to use 
statistical analysis to assess the correlations between parameters of mitochondrial oxidative 
phosphorylation, oxidative stress markers, and antioxidant enzyme activities to gain insight 
into the underlying mechanisms of lead action and the correction of these processes by 
L-arginine and L-NNA; iv) to determine whether L-arginine and L-NNA act primarily by 
preventing lead-induced toxicity (pre-exposure effect) or by attenuating the toxic effects 
of lead (post-exposure effect). Importantly, research on the metabolism of lead and the 
amino acid L-arginine and L-NNA as inhibitors of NO synthase should consider the role of 
different tissue-dependent processes (mitochondrial respiration, microsomal oxidation, 
lipid peroxidation), as interactions between them may be crucial for understanding the 
mechanisms of lead toxicity and the potential protective effects of L-arginine and L-NNA.

Materials and Methods

Ethical statement
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).

Experimental animals
Male white rats (180-220 g) were used in the study. The rats were maintained at a constant temperature 

of 23 ± 2oC with a 12:12 h light/dark cycle and 40-50% relative humidity, with unrestricted access to food 
and water. The animals (n = 6 per group) had free access to food and water throughout the experiments. 
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.

Determination of resistance to hypobaric hypoxia
After 15 days of adaptive feeding, the animals were placed once in a ventilated pressurised chamber at 

an ‘altitude’ of 11, 000 m (Dzhalilova et al., 2019a, b, 2023a,b). The time to the first sign of the characteristic 
hyperventilation response (‘gasp time’) was recorded using a stopwatch. Different measures of the gasp 
time are used to separate animals according to hypoxia resistance, but the gasp time of tolerant animals 
should be at least three times higher than that of susceptible animals (Mironova et al., 2010; Kurhaluk et al., 
2019; Dzhalilova et al., 2019a, b, 2023b). The animals were divided into three groups based on their panting 
time: ‘low resistant’ (< 80 s), ‘normal’ (80-240 s), and ‘high resistant’ (> 240 s). The ‘normal’ group was 
excluded from further experiments. Two groups of rats were used for further experiments: rats with low 
resistance and rats with high resistance to hypoxia.
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Experimental groups
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 which time the animals were intraperitoneally (i.p.) injected with 
L-arginine at a dose of 600 mg/kg b.w. prior to 30-min lead nitrate treatment. Group IV (L-NNA and Pb 
group) was treated as group III except that it received Nω-nitro-L-arginine injection (35 mg/kg b.w. L-NNA) 
before 30-min 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. after 30-min lead 
nitrate treatment. Group VI (Pb group and L-NNA) was treated as group V except that it received Nω-nitro-
L-arginine injection (35 mg/kg b.w. L-NNA) after 30-min lead nitrate treatment. The doses of L-arginine 
and L-NNA were chosen on the basis of our previous studies (Kurhaliuk, 2001; Tkachenko et al., 2007; 
Tkachenko and Kurhalyuk, 2011).

On day 31 after the start of the experiment, all rats were euthanised by intraperitoneal injection of a 
lethal dose of sodium pentobarbital (Morbital, Biowet, Pulawy; 200 mg/kg b.w.).

Samples
Livers were removed from the rats immediately after decapitation. One animal was used for each 

preparation. The isolated liver was excised, weighed, and washed in ice-cold isolation buffer containing 2 
mM K2CO3, 10 mM HEPES, and 1 mM EGTA (pH 7.2). The minced tissue was rinsed to remove blood with cold 
isolation buffer and homogenised on ice in a Potter-Elvehjem glass homogeniser using a Teflon motorised 
pestle. The suspension was then centrifuged at 600g for 5 minutes at 0◦C. The mitochondrial fraction was 
obtained by centrifugation of the supernatant at 8, 000g for 12 minutes at 0◦C. The mitochondria were 
resuspended in isolation buffer. The mitochondrial suspension (4-6 mg protein/mL) was kept on ice before 
the experiment (Kondrashova and Doliba, 1989). A detailed description of these isolation and analysis 
techniques can be found in our previous work (Kurhaluk et al., 2023c).

The liver microsomal fraction was isolated according to the methods proposed by Wisniewski et 
al. (1987). A detailed description of the reference to these isolation and analysis techniques is given in 
Kurhaluk et al. (2023c). The protein concentration was determined with the Bradford assay (1976) using 
bovine serum albumin as a standard.

Quantitative analyses of lead
Quantitative analyses of Pb in the rat liver tissue were performed using the ICP-MS technique. The 

instrumentation consisted of an Agilent 7500ce ISP-MS apparatus equipped with a micro-mist nebuliser, 
a Peltier-cooled double-pass spray chamber, and a peristaltic pump. Argon 5.0 (99.999% purity) was used 
as the carrier gas. The facility included a shielding torch system to minimise secondary discharge, off-axis 
ion lenses, and a reaction/collision chamber using hydrogen 6.0 and helium 6.0 (99.9999% purity) to 
eliminate interference. The vacuum system included both a rotary pump and a turbomolecular pump. Pb 
concentrations (expressed as μg·g-1 dry weight) were determined using the calibration curve method with 
three replicates for each sample. Further methodological details can be found in a previous publication 
(Tkachenko et al., 2022).

Assessment of mitochondrial respiration using the oxygraphic method
Mitochondrial respiratory function was measured in a multichannel chamber using a Clark-type 

electrode in accordance with the polarographic method proposed by Chance and Williams (1955a,b). 
Mitochondria were placed in the respiratory chamber containing a total volume of 1.0 ml of incubation 
medium. The medium contained 120 mM KCl, 2 mM K2CO3, 2 mM KH2PO4, and 10 mM HEPES. Potassium 
hydroxide (1.0 N) was used to adjust the pH of the medium to 7.20 at 26 oC. Succinate (SC, 0.35 mM final 
concentration) and α-ketoglutarate (KGL, 1 mM) were used as oxidative substrates. Glutamate (3 mM final 
concentration) and malate (2.5 mM) and mixtures of glutamate (3 mM) and pyruvate (3 mM) were used as 
donors of α-ketoglutarate by aminotransferase reaction. ADP (phosphate acceptor) was administered at a 
concentration of 0.2 mM.
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The following parameters of mitochondrial oxygen consumption were measured: State 2 (oxygen 
consumption before addition of ADP), State 3 (oxygen consumption stimulated by ADP), State 4 (oxygen 
consumption after cessation of ADP phosphorylation), the respiratory control ratio (RCR) described by 
Chance (ratio of State 3 to State 4), the ADP/O ratio (ratio of nanomoles of ADP phosphorylated to nanomoles 
of oxygen consumed during State 3), and the rate of phosphorylation (Vph). The RCR and the ADP/O ratio 
were calculated as in Chance and Williams (1955a,b) and Chance (1956).

Biochemical assays
•	 The assessment of diene conjugates (DK) in the sample was performed using the method introduced 

by Kamyshnikov (2004) in a heptane-isopropanol mixture. The amount of diene conjugates was then 
determined spectrophotometrically at 233 nm and expressed per mg protein.

•	 TBARS assay for lipid peroxidation: The level of lipid peroxidation was determined by measuring the 
concentration of 2-thiobarbituric acid reactive substances (TBARS) using the method proposed by 
Buege and Aust for the determination of the malonic dialdehyde (MDA) concentration.

•	 The protein carbonyl derivative assay was performed to assess the levels of oxidatively modified 
proteins (OMP). The resulting carbonyl derivatives of amino acids were reacted with 2, 
4-dinitrophenylhydrazine (DNFH) according to the method described by Reznick and Packer (1994). 
Carbonyl groups were quantified spectrophotometrically at 370 nm and 430 nm (for aldehydic 
derivatives, AD OMP and ketonic derivatives, KD OMP) and the results were expressed as nmol per 
mg of protein.

•	 Superoxide dismutase (SOD) activity was determined by a method described by Kostiuk et al. (1990). 
This involved measuring the ability of SOD to dismutate superoxide generated during the auto-
oxidation of quercetin in an alkaline medium (pH 10.0). The resulting activity was expressed as units 
of SOD per mg of protein.

•	 Catalase activity (CAT) was determined by measuring the reduction of H2O2 in the reaction mixture 
using a spectrophotometer at a wavelength of 410 nm according to the method described by Koroliuk 
and co-workers (1988). One unit of catalase activity was defined as the amount of enzyme required to 
reduce 1 μmol H2O2 per minute per mg of protein.

•	 Glutathione reductase (GR) activity was measured in the samples according to the method described 
by Glatzle and co-workers (1967) with some modifications. GR activity was expressed as nmol of 
NADPH2 per minute per mg of protein.

•	 Glutathione peroxidase (GPx) activity was determined by observing the non-enzymatic consumption 
of GSH, the reacting substrate, at an absorbance of 412 nm after incubation with 5, 5-dithiobis-2-
nitrobenzoic acid (DTNB) according to the Moin assay (1986). The resulting GPx activity was expressed 
as μmol GSH per minute per mg protein.

•	 The total antioxidant capacity (TAC) of the samples was assessed by quantifying the level of 
2-thiobarbituric acid reactive substances (TBARS) after oxidation of Tween-80 (Galaktionova et 
al., 1998). This level was measured spectrophotometrically at 532 nm. The inhibition of the Fe2+/
ascorbate-induced oxidation of Tween 80 resulted in a reduction in TBARS levels. The TAC content in 
the sample (%) was calculated relative to the absorbance of the blank sample.

•	 Nitric oxide system assays: Assays of the nitric oxide system were performed to assess its activity. 
The concentration of the stable nitrite anion metabolite (NO2

–) was measured spectrophotometrically 
according to the protocol established by Green et al. (1982). The results were expressed in picomoles 
per milligram protein. In addition, nitrate ions (NO3

–) were determined with the method described by 
Brown and Cooper (1994) and expressed as nanomoles per milligram of protein.

•	 Aminopyrine N-demethylase activity assay: The assay for aminopyrine N-demethylase activity involved 
measurement of the enzymatic activity of cytochrome P450-dependent aminopyrine N-demethylase 
as described by Karuzina and Archakov (1977). This method is based on the formaldehyde reaction 
facilitated by the Nash reagent as described by Matsubara et al. (1977). In this process, cytochrome 
P450, NADPH, and oxygen are necessary components. The reaction mixture contained 3 mM NADPH2, 
0.1 M Tris-HCl, 0.25 M Tris, 8 mM aminopyrine, and 5 mM magnesium chloride. After incubation, 
hepatic microsomal activity was quantified by measuring the nanomoles of formaldehyde produced 
per minute per milligram of microsomal protein. Study design scheme was shown in Fig.1.
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Statistical analysis. Basic statistical ANOVA analyses were performed using the Statistica 13.3 package 
(TIBCO Inc., USA). Data were tested for homogeneity of variance using Levene’s test for equality of error 
variances. Normality was tested using the Kolmogorov-Smirnov test. The results are expressed as mean 
± S.E.M. Significant differences between means were measured using the test at p < 0.05. Non-normally 
distributed data were logarithmically transformed. ANOVA tests with 95% confidence intervals (α = 0.05) 
and Tukey post-hoc tests were used to determine the significance of differences between the groups of the 
animals analysed (Zar, 1999).

Results

Pb content
In our study, we used oral lead nitrate as a model of lead-induced toxicity. The results 

of this series of experiments on individual physiological responses (high and low resistance 
to hypoxia, HR and LR) during lead-induced exposure and the correction of this toxicity by 
the nitric oxide synthesis precursor, the amino acid L-arginine, and the nitric oxide synthesis 
inhibitor L-NNA, administered before (30 min) and after (30 min) lead administration over 
the 30-day experimental period are shown in Fig. 2.

Our model of lead poisoning showed a significant twofold increase in lead levels in the 
liver tissue of the animals, compared to the control. Notably, this accumulation of lead in 
the liver was higher in the HR animals, compared to the LR animals. The other significant 
findings of lead nitrate effects in our experiments were related to the statistically significant 
reduction in liver lead levels in the LR animals when L-arginine was administered prior to 
the lead exposure and when L-NNA was administered at 30 minutes after the lead nitrate 
exposure, compared to the group of HR rats treated with lead nitrate alone.

Fig. 1. Study design scheme.
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In our study, we used a 
model of lead-induced toxicity 
with oral administration of 
lead nitrate. Our experiments 
showed a significant increase 
in lead levels in the liver tissue 
of the animals, compared to 
the control group, suggesting 
the efficacy of the model in 
simulating lead-induced toxic 
processes. We also observed 
differences in lead accumulation 
between the HR and LR 
animals, suggesting different 
sensitivities of the rats to lead 
toxicity. The administration of 
L-arginine before the exposure 
to lead nitrate and L-NNA after 
the exposure significantly 
reduced liver lead levels in these 
groups of animals, suggesting 
the potential efficacy of these 
substances in preventing lead-
induced toxicity.

Nitrite and nitrate levels
Since lead-induced toxicity 

can lead to dysfunction of the 
nitric oxide system, its reactivity 
and ability to interact with other 
regulatory factors and the levels 
of stable metabolites of its metabolism, such as nitrites and nitrates, are important elements 
in the assessment of NO-related metabolic changes. In our study, lead nitrate significantly 
reduced the nitrite and nitrate-dependent components of the stable metabolites of the NO-
related system (Fig. 3).

Administration of the amino acid L-arginine stabilised this negative balance in two 
groups of animals (both LR and HR) in the series of experiments where L-arginine was 
introduced before and after the lead nitrate exposure, and these changes in the nitrite 
pool were statistically significant, compared with the overall effect of lead nitrate alone. 
We observed a statistically significant increase in nitrate levels in the group of HR animals 
receiving L-arginine, compared with the lead-nitrate group.

Fig. 2. Lead levels in liver 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 exposure to lead 
nitrate. Data are expressed as mean ± 
S.E.M. (n = 6). * Significant differences 
between Pb group and untreated 
control (p<0.05); ** Significant 
differences between Pb and L-arginine, 
Pb and L-NNA treated groups (p<0.05).

Fig. 3. Levels of nitrite (NO2
–, A) and nitrate (NO3

–, B) in the liver 
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 exposure to lead nitrate. Data are expressed as mean ± S.E.M. 
(n = 6). * Significant differences between Pb group and untreated 
control (p<0.05); ** Significant differences between Pb and 
L-arginine, Pb and L-NNA treated groups (p<0.05).
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Thus, lead nitrate significantly reduced the levels of nitrites and nitrates, i.e. stable 
metabolites of the NO-related system, in both LR and HR animals, and the effect of the 
amino acid L-arginine can stabilise this negative lead nitrate effect in both groups showing 
a statistically significant increase in the levels of nitrites and nitrates. We also observed 
a statistically significant increase in nitrate levels in the HR group, compared to the lead 
nitrate group. This conclusion highlights the importance of assessing changes in the NO-
related system in the context of lead-induced toxicity and the potential use of L-arginine as 
a stabilising agent for these changes, depending on the basal level of physiological reactivity 
of animals (LR and HR rats).

Analysis of liver mitochondrial respiratory function
The next stage of our study was to assess mitochondrial respiratory function using 

various respiratory substrates. The results of this series of experiments are summarised in 
Tables 1-4. Our concept was based on the fact that prolonged lead-induced exposure (30 
days in our experiment) can damage the function of mitochondria and Krebs cycle enzymes, 
such as dehydrogenases, affecting their ability to efficiently metabolise different substrates, 
including SC, KGL, and mixtures of oxidation substrates (3 mM glutamate + 3 mM pyruvate 
and 3 mM glutamate + 2.5 mM malate), leading to enhanced transamination processes. 
These dependencies can be explained by differences in the resistance of individual animals 
to hypoxia and the timing of administration of the amino acids L-arginine and L-NNA. 
These processes, in turn, can lead to impaired ATP production and significant changes in 
mitochondrial metabolism and function.

A statistically significant increase in the RCR ratio was observed in LR rats exposed to lead 
nitrate at SC oxidation, and these changes were significantly more pronounced than in the 
HR group of animals (Table 1). The administration of L-arginine prior to each administration 
of lead nitrate to the LR animals resulted in a statistically significant decrease in the rate of 
oxidative phosphorylation, RCR, but also a significant increase in the ADP/O ratio. These 
trends of increased mitochondrial respiratory efficiency at SC oxidation as an effect of the 
L-arginine administration prior to the lead nitrate exposure were more pronounced in the 
LR rats than in the HR rats. These features of the functioning of different metabolic pathways 
of mitochondrial energy supply (I and II sites of the mitochondrial respiratory chain as 
protein complexes in the electron transport chain responsible for the capture and transfer 
of electrons during oxidative phosphorylation in mitochondria) and the involvement of 
L-arginine in them as a nitric oxide precursor, are clarified by the results of our study on the 
effects of the NO synthase inhibitor L-NNA, precisely for in the HR group of rats, when L-NNA 
was administered both before and after the lead nitrate exposure. Namely, it this refers to the 
improvement of SC efficiency in liver mitochondria of the HR rats, defined by the increase of 
in state 3 mitochondrial respiration, RCR, and phosphorylation efficiency, compared to the 
LR rats.

The imbalance in the redistribution of oxidation substrates in the mitochondria 
at significant loads, one of which is lead poisoning, was verified by the parameters of 
mitochondrial oxygen consumption obtained at the oxidation of KGL as a substrate of the 
group of NADH-dependent substrates. The results are shown in Table 2. It should be noted 
that it is the ratio of SC-dependent to KGL-dependent oxidation in the mitochondria that is 
significantly different in the control in the two groups of animals studied in this study (LR 
and HR rats). In fact, the efficiency of KGL oxidation in individuals with high resistance to 
hypoxia was manifested in higher values of the rate of mitochondrial respiration in state 
3, the RCR ratio, and the efficiency of oxygen consumption and oxidative phosphorylation 
for metabolic pathways in the mitochondria. However, it is precisely these processes that 
are most vulnerable to various stressors, such as lead poisoning in our study, and switch to 
predominantly intensive oxidation of SC with low RCR and efficiency of oxygen consumption 
and oxidative phosphorylation, which invariably leads to increased mitochondrial damage 
and increased levels of oxidative stress. Such peculiarities of mitochondrial processes were 
revealed in this study when we compared SC and KGL oxidation in mitochondria as a function 
of individual animal resistance.
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The effects of L-arginine as a precursor of NO synthesis, both before and after the 
exposure to lead nitrate, are related to the effects of the increasing efficiency of oxygen 
consumption, especially in the LR group of rats, since they were completely abolished in 
similar conditions when the nitric oxide synthase inhibitor, L-NNA, was administered instead 
of L-arginine. It is important to note that the group of animals with HR exhibited an increase 
in the efficiency of mitochondrial respiratory processes when L-NNA and lead nitrate were 
administered. These processes were caused by the preservation of the main characteristics 
of the RCR and the ADP/O ratio at low values of the mitochondrial respiration rate in state 
3, which was particularly manifested during the administration of L-NNA after the exposure 
to lead nitrate.

Table 1. Parameters of ADP-stimulated oxidative phosphorylation processes in the hepatic mitochondria 
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 exposure to lead nitrate. 
Oxidative substrate – 0.35 mM succinate. Data expressed as mean ± S.E.M. (n = 6). * Significant differences 
between Pb group and untreated control (p < 0.05); ** Significant differences between Pb and L-arginine, 
Pb and L-NNA treated groups (p < 0.05); # Significant differences between low and high resistance rats (p 
< 0.05)

Group of animals V3, ng O·min-

1·mg-1 protein RCR, V3/V4 ADP/O, µmol 
ADP·ng-1 O 

Vph, µmol ADP·min-

1·mg-1 protein 

Table 2. Parameters of ADP-stimulated oxidative phosphorylation processes in the hepatic mitochondria 
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 exposure to lead nitrate. 
Oxidative substrates – 1 mM α-ketoglutarate. Data expressed as mean ± S.E.M. (n = 6). * Significant differences 
between Pb group and untreated control (p < 0.05); ** Significant differences between Pb and L-arginine, 
Pb and L-NNA treated groups (p < 0.05); # Significant differences between low and high resistance rats (p 
< 0.05)

Group of animals V3, ng O·min-

1·mg-1 protein RCR, V3/V4 
ADP/O, 

µmol 
ADP·ng-1 O 

Vph, µmol ADP·min-

1·mg-1 protein 
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The next stage of our study was to use a mixture of mitochondrial respiratory substrates, 
i.e. glutamate, pyruvate, and malate, to assess the processes of ADP-stimulated mitochondrial 
oxidation during the lead nitrate exposure and the administration of L-arginine and L-NNA. 
This approach is justified because the combination of glutamate with pyruvate or malate 
is likely to provide additional substrates and cofactors necessary for the transamination 
reactions to proceed efficiently. This results in enhanced transamination processes, 
facilitating the synthesis of amino acids and the regeneration of key metabolites involved 
in cellular metabolism. The results of this series of experiments are summarised in Tables 3 
and 4. We therefore investigated the preservation and maintenance of the NADH-dependent 
oxidation ‘pool’ during the lead nitrate exposure and the involvement of the NO-related 
system in these processes.

It is known that pyruvate is a key intermediate in glycolysis and acts as a keto acid in 
transamination reactions; when combined with glutamate, it is likely to act as an amino group 
acceptor leading to the formation of alanine via transamination. This process can regenerate 
glutamate, thereby increasing transamination overall. The next very important pathways 
involve malate, which can be converted to oxaloacetate, acting as a precursor for aspartate 
synthesis via transamination with glutamate. This process produces α-ketoglutarate, which 
can then be recycled to regenerate glutamate; this in turn promotes transamination reactions.

The results of our experiments showed a significant decrease in the rate of mitochondrial 
respiration in state 3 when using glutamate and pyruvate or glutamate and malate as substrates 
in mitochondrial oxidation, RCR, and the efficiency of the oxidative phosphorylation process 
itself in the liver mitochondria of rats exposed to lead nitrate in both groups of animals with 
LR and HR (Tables 3 and 4). The maintenance of the aminotransferase mechanism is therefore 
an essential link in the synthesis of amino acids and the regeneration of key metabolites 
involved in cellular metabolism under the influence of lead nitrate. The enhancement of 
the NO-dependent system by administration of the amino acid L-arginine restores this 
mitochondrial imbalance in LR rats, increasing the rate of mitochondrial respiration in state 
3, RCR, and the efficiency of mitochondrial respiration and oxidative phosphorylation, which 
is important for maintaining their stabilising function in the generation of free radicals and 
the increase in lead-induced oxidative stress. This concept was confirmed in our experiments 
with the nitric oxide synthesis inhibitor L-NNA in the LR animals. It should be noted that the 
efficiency of using glutamate and malate as substrates for oxidation was higher in the effects 
of L-arginine in the HR rats than in the effects of L-NNA (Table 4).

Table 3. Parameters of ADP-stimulated oxidative phosphorylation processes in the hepatic mitochondria 
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 exposure to lead 
nitrate. Oxidative substrates – 3 mM glutamate+3 mM pyruvate. Data expressed as mean ± S.E.M. (n = 6). 
* Significant differences between Pb group and untreated control (p < 0.05); ** Significant differences 
between Pb and L-arginine, Pb and L-NNA treated groups (p < 0.05); # Significant differences between low 
and high resistance rats (p < 0.05)

Group of animals V3, ng O·min-

1·mg-1 protein RCR, V3/V4 
ADP/O, 

µmol 
ADP·ng-1 O 

Vph, µmol 
ADP·min-1·mg-1 

protein 
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Thus, the assessment of the efficiency of the functioning of the mitochondrial energy 
supply processes shows greater vulnerability of NADH-dependent oxidation at the exposure 
to lead nitrate used in the present study and is more pronounced in the organism of HR 
rats. The use of L-arginine in our experiments initiated the processes of oxidation of NADH-
dependent substrates (KGL, first of all, in comparison with SC) in the group of the LR rats, but 
this directionality of the processes was more effective when the role of the NO system was 
reduced (use of L-NNA) in the HR animal group.

Aminopyrine N-demethylase activity as a biomarker of microsomal oxidation function 
Cytochrome P450 is known to play a crucial role in the metabolism of various compounds, 
including toxins, drugs, and chemicals; in the context of lead poisoning, assessment of 
microsomal oxidation biomarkers may reveal how the body processes lead. The results of 
this series of experiments are shown in Fig. 4.

The effect of lead nitrate caused a statistically significant twofold increase in the level 
of aminopyrine N-demethylase activity in the liver, which was significantly reduced in the 
experiments with the L-arginine administration to the rats. This redistribution of the level 
of oxygen-dependent processes towards mitochondrial oxygen-dependent processes under 
the influence of the nitric oxide precursor amino acid L-arginine is an important mechanism 
for maintaining the function of the mitochondrial respiratory chain, since the activity of 
dehydrogenases is significantly modified by lead nitrate administration.

Table 4. Parameters of ADP-stimulated oxidative phosphorylation processes in the hepatic mitochondria 
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 exposure to lead 
nitrate. Oxidative substrates – 3 mM glutamate+2.5 mM malate. Data expressed as mean ± S.E.M. (n = 6). 
* Significant differences between Pb group and untreated control (p < 0.05); ** Significant differences 
between Pb and L-arginine, Pb and L-NNA treated groups (p < 0.05); # Significant differences between low 
and high resistance rats (p < 0.05)

Group of animals V3, ng O·min-

1·mg-1 protein RCR, V3/V4 
ADP/O, 

µmol 
ADP·ng-1 O 

Vph, µmol 
ADP·min-1·mg-1 

protein 

Fig. 4. Aminopyrine-N-demethylase 
activity (nmol NADPH · min-1 · mg-1 
protein) in the liver 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 exposure to lead nitrate. 
Data are expressed as mean ± S.E.M. (n = 
6). * Significant differences between Pb 
group and untreated control (p<0.05); ** 
Significant differences between Pb and 
L-arginine, Pb and L-NNA treated groups (p<0.05); # Significant differences between LR and HR (p<0.05).
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No less importantly, we obtained statistically significant differences between the groups 
of HR and LR animals in the control group and those exposed to lead nitrate. It should be 
noted that the levels of the biomarker of microsomal oxidation were significantly higher in 
the HR groups in our experiment than in the LR individuals. This one of the characteristic 
features in the functioning of oxygen-dependent processes in the organism of HR animals 
(mitochondrial respiration, microsomal oxidation, intensity of lipoperoxidation processes) 
may give the advantages of effective redistribution of metabolic pathways with participation 
of oxygen-dependent processes.

Oxidative stress and antioxidant defences
The next part of our study was to assess the impact of lead nitrate administration on 

the levels of diene conjugation as the first initiating stage and TBARS as a biomarker of 
the final stage of lipid peroxidation processes and its potential implications for organisms 
and the environment. Investigations of the interaction of lead nitrate may provide a better 
understanding of the toxic mechanisms of this metal and its role in the formation of harmful 
chemical reaction products. These data are presented in Fig. 5 (A and B).

The effects of the lead nitrate exposure caused a significant more than twofold increase 
in the levels of diene conjugates in liver tissue, and these changes were more pronounced in 
the HR animals than in the LR animals. The exogenous L-arginine treatment contributed to 
the reduction of diene conjugate levels in both groups of the LR and HR rats after lead nitrate 
intoxication, but these effects were more pronounced in the LR animals. The effects of L-NNA 
were associated with the abolition of the effects of L-arginine only in the group of animals 
with LR. In turn, and a statistically significant decrease in the levels of diene conjugates 
was observed in the HR rats, compared with the group of rats given lead nitrate alone. The 
administration of the nitric oxide precursor and inhibitor of NO biosynthesis after the lead 
nitrate exposure to the two groups of rats showed similar tendencies of directionality of 
effects as described above.

Fig. 5. Levels of diene conjugates (A, DK, E233 · mg-1 protein), 2-thiobarbituric acid reactive substances (B, 
TBARS, nmol · mg-1 protein), aldehydic derivatives of oxidatively modified proteins (C, OMP AD, nmol · mg-1 
protein) and ketonic derivatives of oxidatively modified proteins (D, OMP KD, nmol · mg-1 protein) in the 
liver 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 exposure to 
lead nitrate. Data are expressed as mean ± S.E.M. (n = 6). * Significant differences between Pb group and 
untreated control (p<0.05); ** Significant differences between Pb and L-arginine, Pb and L-NNA treated 
groups (p<0.05).
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The study of the content of lipid peroxidation end products by the level of TBARS in liver 
tissue showed a pronounced protective effect of the amino acid L-arginine or nitric oxide 
in lead nitrate poisoning, but these dependencies had a clearly marked pattern related to 
individual physiological reactivity. These dependencies consisted in a decrease in the level of 
the final products of lipid peroxidation in the animals with LR during lead nitrate poisoning 
observed over 30 days when L-arginine was administered to the rats with LR, and when a 
nitric oxide synthase inhibitor, L-NNA, was administered in the rats with HR.

As the assessment of aldehydic and ketonic derivatives of protein oxidative modifications 
is crucial for understanding the mechanisms of lead toxicity and for the development of 
potential therapies or preventive strategies in cases of lead poisoning, we focused on this 
part of our study, as shown in Fig. 5 (C and D). As shown in these figures, upon the exposure to 
lead nitrate, such functional groups as amino and thiol groups may have undergone oxidative 
modification as a result of interactions of lead with proteins, leading to increased formation 
of aldehydic (OMP AD) and ketonic (OMP KD) derivatives. These modified proteins may 
have lost their functionality, leading to disturbances in cell and tissue function. Exogenous 
L-arginine prevented these lead-induced changes by reducing the levels of aldehyde and 
ketone derivatives of proteins, whereas L-NNA significantly activated these processes, 
especially in the LR group of animals.

Thus, our study highlighted the pronounced protective effect of L-arginine in lead nitrate 
poisoning, as evidenced by the significant reduction in the levels of lipid peroxidation end 
products in liver tissue. However, these effects were influenced by individual physiological 
reactivity. Specifically, the animals with low reactivity showed reduced levels of lipid 
peroxidation products when given L-arginine, whereas the individuals with high reactivity 
showed reduced levels when given the nitric oxide synthase inhibitor, L-NNA.

In the context of lead nitrate exposure, the co-operation of antioxidant enzymes, such 
as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), and glutathione 
peroxidase (GPx), is crucial to neutralise ROS and prevent oxidative damage. However, 
under lead nitrate exposure, excessive ROS generation can exceed the body’s antioxidant 
capacity to neutralise these ROS, leading to excessive oxidative stress and cell damage. These 
relationships are illustrated in Fig. 6.

As we have previously shown in relation to the levels of diene conjugates and TBARS as 
biomarkers of lipid peroxidation, with lead nitrate exposure, the excess production of ROS 
exceeds the antioxidant capacity of the body to neutralise these ROS, resulting in excessive 
oxidative stress and cellular damage. As shown in our study, lead nitrate affects the activity 
of antioxidant enzymes: SOD (Fig. 6A), CAT (Fig. 6B), GR (Fig. 6C), and GPx (Fig. 6D) by 
reducing their activity. This in turn impairs the body’s ability to neutralise ROS and increases 
susceptibility to oxidative damage caused by long-term lead exposure.

In our study of the activity of key antioxidant enzymes in rat liver tissue during lead 
nitrate exposure, changes in the catalase-peroxidase ratio were observed. We showed 
different activity trends for SOD, CAT, GPx, and GR, which responded differently to the lead 
nitrate toxicity. We showed a statistically significant decrease in the activity of SOD, i.e. the 
enzyme responsible for scavenging the superoxide anion radical, which can lead to the 
formation of other more active forms of oxygen. Exposure to lead nitrate has been shown to 
decrease SOD activity, which impairs the body’s ability to neutralise these radicals, leading 
to increased oxidative stress.

In contrast to the reduced SOD activity, we have shown a significant increase in CAT 
activity, possibly in response to the increased levels of hydrogen peroxide (H2O2), which is 
a substrate for this enzyme. Under lead nitrate exposure, the body may increase catalase 
production in an attempt to neutralise this toxic substrate. Increased catalase activity is an 
attempt by the body to reduce excess H2O2, which is toxic to cells, and this tendency did not 
change in our experiments when both the nitric oxide donor and the nitric oxide biosynthesis 
inhibitor were administered. We also showed a significant decrease in the activity of GPx, 
which is involved in reactions with lipid peroxides formed as a result of lipid peroxidation. 
GPx is a glutathione-dependent enzyme and a key enzyme in neutralising hydrogen peroxide 
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by reacting with reduced glutathione (GSH) to form water and oxidised glutathione. This 
reaction helps to remove peroxides, which can be toxic to cells and contribute to damage to 
DNA, proteins, and lipids.

We have also shown a decrease in the activity of GR, an enzyme that regenerates GSH 
from its oxidised form (GSSG) (Lu, 2009, 2013). These important mechanisms of lead toxicity 
may result in reduced availability of glutathione, a substrate for GPx, or may directly affect 
the structure of GPx by reducing the activity of this enzyme (Devóz et al., 2021). Thus, in our 
study, the exposure to lead nitrate significantly impaired the function of both glutathione 
metabolising enzymes, resulting in reduced availability of reduced glutathione, an important 
antioxidant in cells. Thus, as a result of these changes in peroxidase and catalase activities 
induced by the lead nitrate exposure, there was a significant increase in oxidative stress and 
a marked decrease in antioxidant defences and total antioxidant capacity in liver tissue (Fig. 
7), which inevitably leads to cell and tissue damage and metabolic disorders, with a number 
of negative consequences for the organism.

The changes in the activity of key antioxidant defence enzymes in the rat liver tissue 
were pronounced and statistically dependent in the groups according to the individual 
baseline physiological reactivity in our study of the effects of the lead nitrate exposure. 
For all the four antioxidant enzymes studied, the changes induced by L-arginine upon the 
exposure to lead nitrate were of a normalising nature. When we examined the effect of the 
nitric oxide synthase inhibitor L-NNA in the group of the highly resistant rats after the lead 
nitrate exposure, we observed an increase in the activity of SOD, GR, and GPx and a decrease 
in CAT activity. We also observed an increase in GPx activity in the HR rats when L-NNA was 
administered prior to the lead nitrate exposure. We demonstrated a statistically significant 
increase in GPx activity in the LR group when L-arginine was administered to the animals both 

Fig. 6. Activity of superoxide dismutase (A, SOD, U ∙ mg-1 protein, A), catalase (B, μmol H2O2 · min-1 · mg-1 
protein), glutathione reductase (C, GR, nmol NADPH2 · min-1 · mg-1 protein), and glutathione peroxidase 
(D, GPx, nmol GSH · min-1 ·  mg-1 protein) in the liver 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 exposure to lead nitrate. Data are expressed as mean ± S.E.M. (n = 6). * 
Significant differences between Pb group and untreated control (p<0.05); ** Significant differences between 
Pb and L-arginine, Pb and L-NNA treated groups (p<0.05).
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before and after the exposure to 
lead nitrate. Thus, these data 
highlight the complex interplay 
between lead nitrate toxicity 
and antioxidant enzyme activity 
and suggest potential avenues 
for therapeutic intervention 
or modulation of baseline 
physiological responses to 
mitigate the adverse effects of 
lead nitrate exposure.

Our study also focused 
on assessing the impact of the 
lead nitrate exposure on total 
antioxidant capacity (TAC) as 
a measure of the organism’s 
ability to counteract oxidative 
stress by neutralising free 
radicals. A higher TAC value 
indicates a greater amount of 
antioxidants present in the 
biosystem and a better ability to 
protect against oxidative stress. 
These data are shown in Fig. 7.

As can be seen from these data, the exposure to lead nitrate resulted in a significant 
increase in oxidative stress in the body by increasing the production of free radicals. The 
activation of antioxidants to neutralise these toxic substances was significantly reduced, 
and the function of antioxidant enzymes was predominantly reduced, especially in the LR 
animals. The administration of L-arginine contributed to a significant increase in antioxidant 
defences against the lead nitrate exposure in both groups of animals (HR and LR). L-arginine 
is a precursor for the biosynthesis of NO, which acts as an antioxidant and protects cells 
from oxidative stress. Therefore, administration of L-arginine may enhance NO synthesis, 
which in turn may contribute to an increase in TAC (Fig. 7). L-arginine contributed to the 
increase in TAC both before and after the exposure to lead nitrate. However, we also obtained 
statistically significant effects, although significantly lower than the effects of L-arginine, on 
the increase in TAC levels during the administration of L-NNA. Thus, an increase in TAC levels 
following L-arginine administration in cases of lead nitrate exposure may indicate the ability 
of L-arginine to stimulate the production of antioxidants in the body, which may be beneficial 
in reducing oxidative stress and its negative effects. Nitric oxide produced by L-arginine plays 
an important role as an antioxidant, supporting the body’s defence against oxidative stress.

Notably, the effects of L-arginine on the increasing TAC levels were evident both before 
and after the exposure to lead nitrate. In addition, our results showed statistically significant 
albeit significantly smaller effects than that of L-arginine, with administration of the L-NNA 
synthase inhibitor also increasing the TAC levels. These findings highlight the complex 
interplay between lead nitrate toxicity, antioxidant defences, and the potential therapeutic 
treatment with L-arginine.

Fig. 7. The total antioxidant capacity (TAC) in the liver 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 exposure 
to lead nitrate. Data are expressed as mean ± S.E.M. (n = 6). * 
Significant differences between Pb group and untreated control 
(p<0.05); ** Significant differences between Pb and L-arginine, Pb 
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Discussion

The aim of this study was to investigate the interplay between mitochondrial oxygen 
consumption, microsomal oxidation, oxidative stress-inducing processes, and antioxidant 
defences in the context of individual resistance to hypoxia under lead nitrate exposure and 
treatment with L-arginine as a precursor of NO synthesis and L-NNA as an inhibitor of NO 
synthase, administered for 30 days before and after lead nitrate exposure. The main aspects 
of our study are outlined below.

First, through comprehensive biochemical analyses, we have gained valuable insights 
into variations in mitochondrial oxygen consumption, levels of oxidative stress biomarkers 
and antioxidant defence enzymes, and total antioxidant capacity as a function of the individual 
physiological reactivity of the animals. Our study of the relationship between the effects 
of L-arginine, which is associated with nitric oxide synthesis, and the inhibition of these 
mechanisms by the NO synthase inhibitor L-NNA, administered before and after the exposure 
to lead nitrate, helped to analyse whether the level of nitric oxide production influenced 
the ability to neutralise the toxic effects of the lead nitrate exposure. The differences in the 
effects of L-arginine and L-NNA administration may be related to the regulation of nitric 
oxide levels in the body. Administration of L-arginine may increase its levels, which may be 
beneficial in the context of lead nitrate exposure due to the potential protective effects of NO. 
In turn, L-NNA administration may reduce NO production, which may limit these potential 
benefits.

In this study, the results showed that the exposure to lead nitrate significantly increased 
the RCR in liver mitochondria from rats with LR and decreased the ADP/O ratio in liver 
mitochondria from rats with HR to succinate oxidation (Table 1). FADH-dependent oxidation 
was the most resistant to the lead nitrate-induced damage. L-arginine reduced the rate in 
state 3 and RCR and restored the ADP/O ratio in the succinate oxidation conditions only in 
the LR rats (Table 1). L-arginine had a greater effect on mitochondrial oxygen consumption 
in the LR rats than in the HR rats. The exposure to L-arginine and lead nitrate increased the 
ADP/O ratio with both NADH- and FADH-dependent substrates and via the transamination 
pathway. L-arginine protected the liver of the LR rats from the cytotoxic effects of lead 
nitrate, as assessed by the mitochondrial oxygen consumption assay (Table 1). These 
changes are consistent with the overall improvement in the mitochondrial function in the 
liver of the LR rats: improvement in the rate of oxidative phosphorylation, in the coupling of 
oxidative phosphorylation (increased RCR), and in the mitochondrial efficiency of oxidative 
phosphorylation (ADP/O ratio) when KGL was used as a substrate and when both glutamate 
and pyruvate and glutamate and malate were used via the transamination pathway (Tables 
1-4). The RCR in the lead nitrate-treated HR rats under the NADH-dependent substrate 
oxidation in mitochondria was significantly decreased by the L-NNA administration (Table 
2). The RCR in the lead nitrate-treated HR rats administered L-NNA were significantly 
decreased under the NADH-dependent substrate oxidation in liver mitochondria (Table 2).

These studies are important due to the role of NO in preventing lipid peroxidation, 
which is a key event in the pathology of several diseases, including liver disease. In this study, 
we attempted to elucidate the role of NO in lead nitrate exposure. Nitric oxide is known to 
act as both a promoter and an inhibitor of lipid peroxidation, making its role in oxidative 
processes complex and context dependent (Star, 1993; Cyr et al., 2020). By itself, NO acts as 
a potent inhibitor of the lipid peroxidation chain reaction by scavenging propagating lipid 
peroxyl radicals (Lundberg and Weitzberg, 2020). It can also inhibit many potential lipid 
peroxidation initiators via enzymes (Oral, 2021). However, in the presence of superoxide 
anions, NO forms peroxynitrite, i.e. a potent oxidant that can initiate lipid peroxidation and 
oxidise lipid-soluble antioxidants (Kiani et al., 2022; Fujii and Yamada, 2023). Whether NO 
protects or induces injury is likely to be determined by the type of injury, the abundance 
of ROS, the source and amount of NO production, and the cellular redox status of the liver 
(Dios-Barbeito et al, 2022). Understanding the mechanisms that regulate the effect of NO 
on lipid peroxidation processes is crucial for elucidation of its impact on liver function and 
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development of pathologies associated with lead poisoning (Shaban et al., 2022).
However, it is important to note that the effects of administration of these substances 

may depend on many factors, such as the dose, time of administration, and individual 
physiological characteristics of the organism. In mammals, NO is generated enzymatically by 
three isoforms of NO synthase (NOS), namely inducible NOS (iNOS), endothelial NOS (eNOS), 
and neuronal NOS (nNOS) (Poeggeler et al., 2023). The reactivity of NO depends on its 
physical properties, such as its small size, high diffusion rate, and lipophilicity (leading to its 
accumulation in hydrophobic regions) as well as its simple but selective chemical reactivity 
towards a variety of cellular targets (Wu et al., 2023). Therefore, experimental studies of 
these compounds in the context of lead poisoning in rats may help to better understand their 
role and influence on the course of this toxicity. It is known that higher levels of cholinergic 
NO-dependent mechanisms, as we have previously shown (Kurhaluk, 2023a,b), may be 
associated with a greater ability to protect against the toxic effects of lead nitrate through 
various mechanisms, such as neutralisation of ROS. These studies have demonstrated the 
detoxifying role of L-arginine in lead nitrate exposure through the activation of metabolic 
antioxidant mechanisms by preventing the activation of both initial (diene conjugation) and 
final (TBARS) products of lipid peroxidation.

The conclusion drawn from our study is that lead nitrate exposure may disrupt the 
functioning of the nitric oxide system, resulting in reduced reactivity and interaction with 
other regulatory factors. The assessment of the concentration of stable metabolites of its 
metabolism, such as nitrites and nitrates, proves to be a crucial element in the evaluation 
of metabolic changes related to lead exposure (Haswell-Elkins et al., 1994; Carmignani 
et al., 2000). Our experiments showed that lead nitrate significantly reduced the levels of 
nitrites and nitrates, i.e. the stable metabolic components of the nitric oxide system, in both 
the LR and HR groups of animals. However, the administration of L-arginine stabilised this 
negative effect in both groups, showing a statistically significant effect. We also observed a 
statistically significant increase in nitrate levels in the HR group compared with the control 
group. This conclusion highlights the importance of assessing changes in the nitric oxide 
system in relation to lead exposure and the potential use of L-arginine as a treatment and 
preventive agent for these changes.

Secondly, the statistical analysis allowed us to identify correlations between the 
parameters of mitochondrial oxygen consumption, oxidative stress biomarkers, and 
antioxidant enzyme activities. It is known that the efficiency of NO storage is genetically 
determined and appears to be related to the inherited capacity for NO synthesis (Kurhaliuk, 
2001). Individual resistance to hypoxia provides an individual response of mitochondrial 
respiratory chain functioning (Lukyanova et al., 2007), mitochondrial ion transport 
(Mironova et al., 2010), properties of mitochondrial enzymes and energy metabolism 
(Lukyanova et al., 2007; Kurhaluk, 2023a,b), activity of monooxygenase system as a system 
of biotransformation of xenobiotics, and the drug metabolism system (Bayanov and Brunt, 
1999). The differences in the adenylate pool parameters in the hepatocytes from rats 
with low and high resistance to hypoxia indicate that energy metabolism is a mechanism 
involved in the formation of individual cell resistance to oxygen deprivation. Individual 
constitutional resistance to hypoxia can be a serious criterion for an individual approach 
to pharmacotherapy of hypoxic states and diseases and for the prognosis and prevention of 
early and distant complications of irrational pharmacotherapy (Lukyanova and Dudchenko, 
2003).

In this study, we analysed the relationships between lead nitrate exposure and 
oxidative stress parameters in rats with different levels of resistance to hypoxia. Our aim 
was to understand the effects of lead nitrate on oxidative stress biomarkers and antioxidant 
defences in liver tissue and their differences according to the physiological reactivity of the 
animals. These correlations suggest significant relationships between lead nitrate exposure 
and oxidative stress biomarkers in rats with different levels of resistance to hypoxia. In the 
low-resistance group of rats, positive correlations were observed between the lead levels 
and the TBARS levels (r = 0.54, p = 0.000), CAT activity (r = 0.82, p = 0.000), and the OMP-AD 
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levels (r = 0.51, p = 0.000), suggesting that the biomarkers of oxidative stress increased with 
the increasing lead levels. Conversely, in the highly resistant rat group, positive correlations 
were found between the lead levels and OMP-KD (r = 0.64, p = 0.000) and TAC (r = 0.72, p 
= 0.000), suggesting a similar trend of lead-induced oxidative stress, albeit with different 
parameters. These findings highlight the importance of individual resistance to hypoxia in 
modulating the effects of lead nitrate exposure on oxidative stress and antioxidant defence 
responses.

In this study, we assessed the effect of lead nitrate on TAC, which serves as a crucial 
measure of an organism’s ability to combat oxidative stress by neutralising free radicals. 
The higher the TAC, the greater the presence of antioxidants in the biosystem, indicating 
a superior ability to defend against oxidative stress. This correlation is visually shown 
in Fig. 7. Our results showed that the exposure to lead nitrate resulted in a significant 
escalation of oxidative stress in the body, primarily through increased production of free 
radicals. Interestingly, however, this increase in the biomarkers of oxidative stress was not 
accompanied by a corresponding increase in the production of antioxidants to neutralise 
these harmful substances. In addition, the functionality of antioxidant enzymes was 
significantly impaired, particularly in the LR group of animals.

The administration of L-arginine made a significant contribution to improving antioxidant 
defences under the lead nitrate exposure in both the HR and LR groups of animals. L-arginine 
serves as a precursor for the biosynthesis of NO, which acts as an antioxidant to protect 
cells from oxidative stress (Zhang et al., 2019). L-arginine therefore facilitates increased NO 
synthesis. This may have contributed to the increase in the TAC levels in our study.

Thirdly, our findings provide a deeper understanding of the physiological responses 
to lead nitrate exposure by shedding light on the molecular mechanisms underlying nitric 
oxide synthesis by L-arginine administration and its inhibition by L-NNA action. Our results 
highlight the importance of measuring the aldehydic and ketonic derivatives of oxidatively 
modified proteins in elucidation of the mechanisms of lead nitrate toxicity and in development 
of potential therapeutic interventions. Fig. 5 (C and D) shows that the exposure to lead 
nitrate led to oxidative modification of proteins, resulting in the formation of aldehydic and 
ketonic derivatives. These modifications affected the functionality of proteins and disrupted 
the function of cells and tissues. Exogenous L-arginine attenuated the effects induced by 
the exposure to lead nitrate by reducing the levels of aldehydic and ketonic derivatives of 
proteins. Conversely, L-NNA exacerbated these processes, especially in the LR animals. This 
highlights the need for tailored interventions based on individual physiological responses to 
effectively mitigate the toxic effects of lead nitrate.

We used the NO2
– and NO3

– concentration assay to investigate the effect of L-arginine 
and L-NNA on lead nitrate-induced oxidative stress. In this study, the lead nitrate exposure 
reduced liver NO2

– and NO3
–, i.e. markers of NO metabolism (Fig. 3). In addition, the lead 

nitrate exposure significantly reduced liver NO3
– in the rats with LR, but the reduction in the 

nitrate levels in the HR rats was lower (by 47%, p = 0.029) than in the untreated controls. In 
both the LR and HR rats, L-arginine did not significantly increase the NO2

– and NO3
– levels. 

L-NNA, an inhibitor of NO synthase, significantly protected against lead-induced liver injury 
by increasing liver NO3

– levels only in the HR rats. When NO3
– levels are increased, either 

there is a systemic increase in the expression of NO synthase, which increases NO synthase 
coupling, or non-enzymatic sources lead to increased release of NO in the liver (Masri et al., 
2005). Therefore, the ability of L-NNA to prevent lead-induced liver injury, as indicated by 
markers of NO metabolism, is limited to HR rats.

The influence of L-arginine on the increase in TAC was evident both before and after 
the exposure to lead nitrate. Furthermore, our results showed statistically significant 
therapeutic effects of L-arginine, albeit of a lesser magnitude, compared to the preventive 
effects of L-arginine. Interestingly, the administration of L-NNA also resulted in an increase 
in TAC levels. These results highlight the complex relationship between lead nitrate toxicity, 



Cell Physiol Biochem 2024;58:336-360
DOI: 10.33594/000000716
Published online: 30 July 2024 355

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

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

Tkaczeno et al.: NO in Modulating Lead Toxicity in Rats with Varying Degrees of Hypoxic 
Tolerance

antioxidant defences, and the potential therapeutic implications of interventions, such as 
L-arginine or L-NNA treatment. Identifying strategies to ameliorate the detrimental effects 
of lead nitrate exposure on oxidative stress and general health is a promising area for further 
research.

Fourthly, our research on the metabolism of L-arginine or L-NNA has considered the role 
of different dependencies based on individual physiological reactivity. Interactions between 
mitochondrial respiration, microsomal oxidation, and lipid peroxidation processes may play a 
key role in understanding the mechanisms of lead nitrate toxicity and the potential protective 
effects of L-arginine or L-NNA. In our research focusing on the influence of lead nitrate on 
the activity of key enzymes involved in antioxidant defence in rat liver tissue, significant 
changes were observed that were particularly pronounced and statistically correlated within 
the groups based on individual baseline physiological reactivity. Specifically, for all the four 
antioxidant enzymes studied, the changes induced by the lead nitrate exposure showed a 
tendency towards their normalisation during the L-arginine treatment.

In physiological conditions, the mitochondrial electron transport chain consumes more 
than 85% of the oxygen used by cells. It is estimated that approximately 1-5% of the oxygen 
consumed by mitochondria is converted to ROS, such as O2

·– and H2O2 (Förstermann et al., 
2017). Accumulating evidence has shown that mitochondria can produce and consume NO, 
which inhibits mitochondrial respiration via acute and reversible inhibition of cytochrome 
oxidase by NO in competition with O2 and irreversible inhibition at multiple sites by reactive 
nitrogen species (Galkin et al., 2007). Higher concentrations of NO and its derivatives 
(peroxynitrite, nitrogen dioxide, or nitrosothiols) can lead to irreversible inhibition of the 
respiratory chain, uncoupling, permeability transition, and/or cell death (Stewart et al., 
2000; Radi et al., 2002). NO and reactive nitrogen species inhibit respiratory complexes I, III, 
and IV, leading to the production of superoxide, which reacts with NO to form peroxynitrite 
(ONOO–). This further inhibits the respiratory chain, aconitase, and Mn-superoxide dismutase 
(Mn-SOD) (Brown and Borutaite, 2007).

In addition, our study of the effects of the nitric oxide synthase inhibitor L-NNA in a 
group of HR rats following exposure to lead nitrate showed remarkable results. We observed 
an increase in the activity of SOD, GR, and GPx, coupled with a decrease in CAT activity. In 
addition, GPx activity was increased in the HR rats when L-NNA was administered prior 
to the lead nitrate exposure. In particular, significant improvements in GPx activity were 
observed following the administration of L-arginine to the LR animals both before and after 
the exposure to lead nitrate.

Investigations of the effects of L-arginine and L-NNA administered before and after 
exposure to lead nitrate may provide potential strategies for the prevention and treatment 
of lead poisoning. Understanding these effects, which depend on individual resistance to 
hypoxia, is crucial for the development of effective interventions. Understanding the balance 
between the beneficial and harmful effects of NO, especially in such stressful conditions as 
hypoxia and toxic exposure, is essential for safe therapeutic applications, as NO has multiple 
roles in physiological processes.

Conclusion

Our study focused on evaluating mitochondrial oxygen consumption, microsomal 
oxidation, intensity of lipoperoxidation processes and antioxidant defences in the liver of 
rats with low and high resistance to hypoxia to elucidate the mechanisms of L-arginine 
and L-NNA effects during lead nitrate exposure. The efficient redistribution of metabolic 
pathways involving oxygen-dependent processes is a characteristic feature of animals 
with high resistance (HR) to hypoxia. This redistribution towards mitochondrial oxidative 
processes under the influence of the nitric oxide precursor amino acid L-arginine is crucial 
for maintaining mitochondrial respiratory chain function, especially as mitochondrial 
complex activity is significantly altered under lead nitrate exposure.
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Our experiments showed a significant increase in lead levels in liver tissue compared 
to the control group. Lead nitrate significantly reduced nitrite and nitrate levels, stable 
metabolic components of the nitric oxide system, in both low resistance (LR) and high 
resistance (HR) animals. L-arginine effectively attenuated these effects in both groups, 
resulting in statistically significant changes. In addition, HR rats showed a significant increase 
in nitrate levels compared to the lead nitrate-exposed group. Mitochondrial energy supply 
processes were less efficient, particularly in LR rats, which showed greater susceptibility to 
NADH-dependent oxidation during lead nitrate exposure. L-arginine administration induced 
oxidation of NADH-dependent substrates, primarily α-ketoglutarate compared to succinate, 
in LR animals. This directional effect was more pronounced when the nitric oxide system 
was reduced with L-NNA in HR rats.

Changes in antioxidant enzyme activities were observed in rat liver tissue exposed 
to lead nitrate, altering the catalase-peroxidase ratio. Responses in SOD, CAT, GPx and GR 
activities varied due to lead nitrate exposure and their activation mechanisms. L-arginine 
significantly increased GPx activity in LR rats before and after lead nitrate exposure. This 
study could advance our understanding of how lead nitrate interacts with protective 
mechanisms and how it affects physiological reactivity, potentially improving L-arginine-
based therapeutic strategies to mitigate the effects of lead nitrate exposure. Further research 
into the mechanisms and protective substances of lead is essential to understand and 
mitigate its toxicity.
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