Cellular Physiology Cell Physiol Biochem 2025;59:65-91

. . DOI: 10.33594/000000757 © 2025 The Author(s)
and BIOChemIStry Published online: 7 February 2025 Published by Cell Physiol Biochem
Press GmbH&Co. KG, Duesseldorf
Accepted: 27 January 2025 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY). This means
that any user shall be free to copy and redistribute the material in any medium or format, also for commercial
purposes, provided proper credit is given to the Authors as well as the original publisher.

Original Paper

Can Metabolic Biomarkers of Oxygen-
Dependent Processes Determine Health
Status of Pigeon Columba Livia F. Urbana?

Natalia Kurhaluk? Tomasz Hetmanski@ Piotr Kaminski®>c Halina Tkaczenko?

aPomeranian University in Stupsk, Institute of Biology, Stupsk, Poland, e-mail: natalia.kurhaluk@upsl.
edu.pl, halina.tkaczenko@upsl.edu.pl, "Department of Medical Biology and Biochemistry, Department
of Ecology and Environmental Protection, Faculty of Medicine, Collegium Medicum in Bydgoszcz,
Nicolaus Copernicus University in Torun, Bydgoszcz, Poland, ‘Department of Biotechnology, Institute
of Biological Sciences, Faculty of Biological Sciences, University of Zielona Géra, Zielona Géra, Poland,
e-mail: p.kaminski@wnb.uz.zgora.pl

Key Words
Birds ¢ Environmental monitoring « Urban ecology ¢ Pollution biomarkers « Krebs cycle enzymes
» Oxygen-dependent metabolism processes « Multivariate regression analysis techniques

Abstract

Background/Aims: Anthropogenic impact is irreversibly changing natural habitats of birds.
Changes caused by the bioaccumulation of trace metals can lead to the development of
oxidative stress and affect oxygen-dependent metabolic pathways in bird tissues, which can
be used as effective bioindicators in these conditions. The objectives of our study were (a) to
investigate the tissue-specific activity of key enzymes involved in metabolic changes and energy
production, including Krebs cycle enzymes, as well as variations in metabolites associated with
oxygen-dependent processes; and (b) to apply multivariate regression analysis, using beta
and correlation coefficients, to elucidate the mechanisms of adaptive responses in pigeons
to environmental changes in lead-contaminated areas. Methods: This study investigates the
ecotoxicological effects on feral pigeons (Columba livia f. urbana) in their natural habitats. It
examines the influence of key environmental factors, sex, and biochemical alterations across
five tissues (liver, kidney, heart, muscle, and brain). The analysis includes the combined effects
of these variables on biochemical biomarkers related to energy metabolism, oxidative stress,
and antioxidant defenses, considering the levels of chemical elements present in the pigeons.
The analyses involved two groups of pigeons, namely, 7 females and 10 males (n = 17) in the
group sampled in Stupsk and 7 females and 7 males, (n = 14) in Szpegawa that living in two areas
in central part of Northern Poland, which differed in the level of anthropopressure. Results:
We report significant values of lead biocaccumulation in feathers of pigeons and the impact
of this metal on the activities of Krebs cycle enzymes (succinate dehydrogenase, pyruvate
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dehydrogenase, isocitrate dehydrogenase, a-ketoglutarate dehydrogenase), biomarkers
of oxygen-dependent processes (lactate dehydrogenase activity, lactate and pyruvate
levels, and their ratio), and aminotransferases in different tissues of pigeons. Conclusions:
Biomarkers of oxygen-dependent processes in five tissues of pigeons are depending on sex
and environment. Pigeons from lead-exposed areas exhibited decreased antioxidant defence
by biochemical alterations in tissues. Analytical model of oxidative stress biomarkers, Krebs
cycle enzymes, and chemical elements is significant. Using multivariate regression analysis
with beta- and correlative coefficients, relationships were shown for the optimal development
of adaptation alterations in biochemical reactions in pigeons in response to the modification
of their environments. Research on Columba livia f. urbana provides valuable insights into
understanding the effects of anthropogenic pollution on bird physiology and offers practical

H H © 2025 The Author(s). Published by
methods for assessing environmental health. Coll Physio) Blothory bross GmbHACo. KG

Introduction

Environmental pollutants, including toxic metals, pose significant risks to the
physiological integrity of organisms and disrupt ecological balance globally [1]. Potential
harm resulting from exposure to environmental contaminants has been largely demonstrated
with collateral damage ranging from geno- and cytotoxicity to tissue dysfunction and
alterations in body physiology [2]. Anthropogenic impact is irreversibly changing the state
of natural environment. Many parts of the planet have become areas of ecological disaster
and can serve as good bioindicators for environmental assessment. Not only regional but
also global environmental problems, such as land degradation, water pollution, increased
acidity of precipitation, greenhouse effect, desertification, etc., have emerged. As a result
of anthropogenic transformations, the human and animal environment is changing, which
can lead to the development of oxidative stress and affect the red-ox processes in living
organisms [3, 4]. These effects are related to the presence of toxic elements in soils and
animal feed, as well as to atmospheric pollution from exhaust gases and pesticides, which,
together with other factors, are prerequisites for the activation of oxidative stress. This in
turn can cause DNA damage, protein modification, lipid peroxidation, and disturbances in
the functioning of the antioxidant system of living organisms [1].

Abnormal environmental factors contribute not only to advanced behavioral strategies
in higher regulatory centers but also to the evaluation of possible morpho-functional and
energetic transformations in the body. Animals, particularly birds, are the most sensitive to
the presence of environmental pollution, as they spend all their time interacting with the
environment. Anthropogenic stressors include contaminated soil and dust, as well as various
sources of persistent trace metals and organic pollutants, such as car breakdowns, sewage
and industrial discharges, domestic and industrial waste, agricultural fertilisers and manure
run-off [5].Technological progress is accompanied by an increase in anthropogenic pollution
by toxic metals, in particular by lead and its compounds. Lead is a global pollutant and a
classic toxicant [6]. The data are constantly being updated, and their generalization requires
an update, taking into considering changes in the climatic and environmental conditions,
anthropogenic effects, and expansion of regional observations.

The effects of oxidative stress in animal tissues together with negative effects of
anthropopressure prevent the development of effective adaptation mechanisms, including
physiological processes of correction of hypoxic and hemostasis shifts versus accompanying
destabilization of metabolic processes with increasing free-radical generation [7]. This
tendency reduces the adaptive potential of animals and their survival in the environment,
affecting the quality of the breeding process as well [4].

Given their sensitivity to environmental alterations, organisms can be used as
indicators of environment conditions relative to the degree of environmental contamination
or pollution [8-10]. It is believed that animal species, mainly birds, are most frequently
used for determination of the concentration of toxic substances in laboratory and mainly
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environmental conditions, as their sensitivity is greater than that of even the best chemical
indicators [11]. The urban pigeon (Columba livia f. urbana) is a synanthropic bird species
that has become established in urban and suburban environments [12, 13]. It is therefore a
suitable bioindicator for assessing pollution-affected urban environments [10, 14, 15]. In the
region under study, environmental conditions are significantly influenced by the presence
of the A1 highway, which contributes to increased atmospheric pollution through vehicular
emissions. Additionally, household coal combustion is a common practice in the area, leading
to the accumulation of combustion residues in the soil. These residues are characterized
by a high lead content, as demonstrated in our previous studies [9, 10, 15].These birds
accumulate various noxious substances in their bodies from certain urban or rural areas,
most often near their breeding colonies [9, 10, 16]. Their attachment to foraging sites is an
advantage for monitoring studies, as this makes it possible to determine the difference in the
environmental pollution of specific city districts and villages of certain regions [17].

Activation of free radical-induced lipid peroxidation (LPO) and disruption of calcium
homeostasis are considered the main mechanisms of the cytotoxic action of lead ions.
Mechanisms of regulation of cellular metabolism include, on the one hand, changes in the
intensity of free-radical LPO and, on the other, modification of membrane lipid composition
[18]. Intensification of free-radical LPO under lead impact is caused not only by the generation
of reactive oxygen species but also by a decrease in the activity of antioxidant enzymes such
as superoxide dismutase and catalase. Changes in the composition of biological membranes
affect the activity of membrane-bound proteins (enzymes, channel-forming proteins,
receptors), which affects calcium homeostasis and cell function as a whole [19, 20]. Cytotoxic
effects of lead ions involve mitochondria, which provide energy to cells [21, 22].

This study aims to bridge knowledge gaps by analysing differences in chemical
element concentrations in soil and pigeon feathers across two Polish regions with varying
anthropogenic pressures. Additionally, we evaluated stress-induced alterations in redox
systems and energy metabolism across multiple pigeon tissues (liver, kidney, heart, muscles,
brain). By employing X-ray structural analysis and multivariate regression techniques, we
sought to elucidate tissue-specific adaptive responses to oxidative stress and environmental
modifications. Our findings contribute to understanding the role of metabolic biomarkers in
assessing health and environmental conditions.

Therefore, the aim of our study was (a) to characterize tissue-dependent functioning
of the main enzymes related to metabolic alterations and energy supply, such as Krebs
cycle enzymes, as well as changes in metabolites of oxygen-dependent processes; (b) to
use multivariate regression analysis techniques with - and correlative coefficients to
demonstrate the mechanisms of adaptation reactions in pigeons as a response to modification
of environment conditions caused lead-exposed areas.

Materials and Methods

Sampling sites and pigeon groups

The research was carried out in two towns located 120 km apart in northern Poland. The first locality,
Stupsk (54°27'57"N 17°01'45"E), is a medium-sized town with an area of 43 km? and the current population
of 89,000. Stupsk is located on the Koszalin Coast 16 km south of the Baltic Sea coast. The city center has
the Old Market, which is an open square of approximately 0.3 hectares surrounded by dense buildings with
numerous shops, restaurants, and a church. The Old Market Square has long been a recreational and tourist
destination intensively visited by tourists during the holiday season. The image of the Old Market Square is
constantly being changed in order to restore the ancient architecture.

The second study area is a farm (54°05'43.8"N 18°43'16.1"E) with urban pigeon (Columba livia f.
urbana) breeding for scientific purposes started in 2007 [13]. The flock was formed from urban pigeons
brought from Stupsk. The farm is located in the village of Szpegawa, which is situated in the Gdansk Coast
region approximately 30 km south of the Gulf of Gdansk. This village is situated about 1.5 km west of the town
of Tczew, which is an important traffic junction in northern Poland. The Silesia-Baltic and Berlin transport
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routes intersect there. The pigeon
colony from Stupsk, presented earlier
in our study as an uncontaminated area,
was taken for comparative analysis [9,
10, 15]. Adult pigeons (at least 1-year-
old) were the research material. The
sex of birds was investigated only
after decapitation in the laboratory
as described in the paper [13]. The
sex of birds was determined by the
type of gonads (presence of testes or
ovaries). The same paper shows that
sexual maturation in these birds begins
already at the age of 3-4 months. This
method of determining sex of pigeons
by the type of gonads is the best
method because sexual dimorphism
in this species is hardly visible and sex
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their behavior. The mean body weight
of pigeons was (398.7 & 28.10 g) (7
females and 10 males, n = 17) in the
group sampled in Stupsk and the
mean body weight of pigeons (409.8

+27.76 g) (7 females and 7 males, n = frl;iieﬂ';;_ Sexand
14) in Szpegawa. This difference was exposed plt:?llrtt:;tn
not statistically significant (p=0.281). areas

Study area and Study design was
shown in Fig. 1.

The pigeons were captured
using specially designed nets for bird
capture, ensuring both efficiency and Krebs cycle
minimal harm. The transport time to enzymes '
the laboratory varied, ranging from 20
minutes to 3 hours, depending on the
location of capture. During this period,

the birds were kept in special cages
designed to minimize stress as much as
possible. We took extra care to provide
optimal conditions to reduce any

Fig. 1. Study area and study design of Wild Pigeon Columba
livia f. urbana in the Pomeranian region, northern Poland;
Stupsk (54°27'57"N 17°01'45"E) and Szpegawa (54°05'43.8"N
18°43'16.1"E).

potential discomfort. All birds were
delivered to the laboratory alive. The
experiments were performed in accordance with the guidelines of the Council of the European Union and
the current legislation in Poland. Animal research was conducted in accordance with the Animal Welfare
Act (1986) and EU Directive 2010/63/EU (Directive 2010/63/EU of the European Parliament and of the
Council on the protection of animals used for scientific purposes. Official Journal of the European Union, L
276, 33-79) [23]. The studies were performed with the approval of the Bioethics Committee (University of
Gdansk, Poland, Licence No 44/2012).

Tissue samples

The study used the following five tissue types as heart, liver, brain, skeletal muscle (musculus pectoralis),
and kidney, which were immediately extracted from the birds after decapitation. One pigeon was used for
each preparation. Briefly, all tissues were excised and weighed on ice. Tissues were also washed separately
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(to remove blood residues) with cold buffer (pH 7.2) for subsequent homogenisation. The composition
of the homogenisation medium consisted of 10 mM HEPES, 10 mM EGTA, 180 mM KCl and 0.5% bovine
serum albumin (pH 7.2). Homogenates were then centrifuged for 5 min at 600g at 0°C (Centrifuge 5910
Ri, Eppendorf SE, Hamburg, Germany). The Bradford method (1976) with bovine serum albumin as a
standard was used for quantification of proteins [24]. Absorbance was recorded at 595 nm (VICTOR® Nivo™
Multimode Plate Readers, PerkinElmer, Waltham, USA). Enzymatic reactions were started by adding tissue
homogenates. Specific assay conditions are presented subsequently. Each sample was analyzed in duplicate.

Chemical elements concentration

Concentration of chemical elements was carried out in soil and feather samples with an X-Ray
fluorescence (XRF) technique using the XRF analyzer (model Sci Sps X-200 from Sci Sps, Inc.). Determination
of element concentrations was described earlier [9, 10].

Oxidative stress biomarkers

2-Thiobarbituric acid reactive substance (TBARS) assay. Lipid peroxidation was assessed by
measurement of the level of 2-thiobarbituric acid reactive substances (TBARS) with the method proposed
by Buege and Aust (1978) [25]. This method is based on the reaction of degradation of lipid peroxidation
final product, i.e. malonic dialdehyde (MDA), at high temperature and acidity. A colored pink adduct at 532
nm was measured (VICTOR® Nivo™ Multimode Plate Readers, PerkinElmer, Waltham, USA). The results
were presented in nmol MDA per mg of protein.

Protein carbonyl derivative assay. Levels of carbonyl derivatives of oxidatively modified proteins
(OMP) were determined by measuring the carbonyl groups of amino acids with the method proposed by
Levine et al. (1990) [26] with slight modifications. The assay was performed based on spectrophotometric
measurements of aldehydic (AD OMP) and ketonic derivatives (KD OMP) in the tissue samples. In this
method, carbonyl groups react with 2, 4-dinitrophenylhydrazine and form 2, 4-dinitrophenylhydrazone
derivatives, which can be measured spectrophotometrically (VICTOR® Nivo™ Multimode Plate Readers,
PerkinElmer, Waltham, USA).

Antioxidant enzymes

The following methods were used for assessment of antioxidant enzyme activity and total antioxidant
status using standardized biochemical assay techniques and following the principle adopted in the
methodology described in Randox Assay Kit protocols with our modification: superoxide dismutase (SOD)
activity assay (RANSOD, Cat. N SD 125, Randox Laboratories Limited, UK), glutathione reductase (GR) activity
assay (RX Monza, GR 2368, Randox Laboratories Limited, UK), glutathione peroxidase (GPx) activity assay
(RX Monza, RS 504, Randox Laboratories Limited, UK), and total antioxidant status (TAS) assay (Randox,
Cat. N NX 2332, Randox Laboratories Limited, UK). Catalase (CAT) activity was determined with the method
proposed by Koroliuk et al. (1988) by measuring the decrease in H,0, level in the reaction mixture. One unit
of CAT activity was defined as the amount of enzyme required for decomposition of 1 umol H,0, per min
per mg protein [27].

Energetic metabolism parameters

Isocitrate dehydrogenase (ICDH) activity, a-ketoglutarate dehydrogenase (KGDH) activity, pyruvate
dehydrogenase (PDH) activity, succinate dehydrogenase (SDH) activity measured according to the methods
proposed by authors Eschenko and Volski (1982) [28]. Lactate dehydrogenase (LDH) activity and lactate
and pyruvate concentrations were measured spectrophotometrically according with the method proposed
by Sevela and Tovarek (1959) [29] and Herasimov and Plaksina (2000) [30] accordingly.

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity

Alanine aminotransferase and aspartate aminotransferase activities were analyzed
spectrophotometrically with a standard enzymatic method described by Reitman and Frankel (1957) [31].
One unit of AST or ALT is defined as the liberation of 1 nmol of pyruvate per min at 37°C incubation per mg
of protein. Additionally, the De Ritis ratio (AST to ALT activity) was calculated.
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Statistical analysis

Data Preprocessing. STATISTICA v.13.3 package (TIBCO Software Inc., Palo Alto, California, USA) was
used for statistical analysis. The results were expressed as arithmetic mean % standard deviation (S.D.).
Significant differences between the means were measured using a multiple-range test at min. p < 0.05. Data
that did not have a normal distribution were log-transformed.

Normality and homogeneity tests. The data were tested for homogeneity of variance using Levene’s
test, and normality was checked with Kolmogorov-Smirnov test. Other methods, such as the coefficients of
multiple correlation analysis (R) and the coefficient of determination (R?) with its corrected form reduced
by random errors (R? adjusted) were used in the data analysis [32, 33].

Correlation and regression analysis. Correlation of parametric values was based on Pearson’s
regression analysis using the multiple regression module. In the context of this study, the correlation
coefficient and determination coefficient were used to evaluate the strength and significance of the
relationship between the variables under investigation. The correlation coefficient (r) serves to quantify
the direction and strength of the linear relationship between two variables, thereby providing insight into
whether changes in one variable are associated with changes in another. Correlation and regression analysis
comprised the correlation coefficient (r), regression equation, and significance of these dependencies (p).
The determination coefficient (R?) is a statistical measure of the proportion of variance in the dependent
variable that can be explained by the independent variable(s). The combination of these coefficients
provides a comprehensive statistical evaluation of the relationships, thereby validating the findings and
ensuring the robustness of the study’s conclusions. For assessment of the multivariate dependencies of the
influence of analyzed predictors in the model of pigeon functioning in two types of environment relative to
sexes, we used standardized B-coefficients of regression to compare the overall effect of each predictor on
the dependent variable with each other. These analyses were designed to identify key predictors of oxidative
stress and metabolic changes in pigeons exposed to varying environmental conditions.

The list of variables is as follows: independent variables: environmental types (polluted, non-polluted),
sex (male, female), tissue type (liver, brain, kidney, muscles, heart); dependent variables: oxidative stress
biomarkers (TBARS, AD OMP, KD OMP, TAS), antioxidant enzymes (SOD, CAT, GPx, GR), biochemical indices
of oxygen-dependent metabolic processes (LDH, lactate, pyruvate, lactate-to-pyruvate ratio), activities of
Krebs cycle enzymes (IDH, KGDH, PDH, SDH), biochemical indices (ALT, AST, de Ritis ratio), concentration of
elements in soil samples and in bird feathers.

Results

Analysis of the impact of the main factors

In the current study, three main factors (environments, sex, type of tissues) were chosen
to estimate eight biomarkers of oxidative stress (TBARS, AD OMP and KD OMP, TAS, and
antioxidant enzymes SOD, CAT, GR, and GPx) and eleven metabolic parameters of oxygen-
dependent metabolic processes (ALT, AST, AST/ALT ratio, LDH activity, lactate and pyruvate
levels and their ratio, SDH, PDH, ICDH, and KGDH activities) in five selected tissues (muscles,
heart, brain, kidney, and liver) depending on the sex and environments of the pigeons. We
also analyzed the combinative effects of these factors. The results of four tests of multivariate
analysis and statistical significance are presented in Table 1.

All biochemical parameters showed significant differences, except when considering
the effect of sex in isolation and its combination with all three factors. While sex alone did
not show a significant effect, its interaction with environmental factors underlines possible
sex-specific responses to lead exposure and oxidative stress. Four tests of the multivariate
analysis showed that primarily the environmental factor (F = 58.71, p = 0.000) had the
largest stable effect in this model. The effect of tissue type in this analysis using the four
tests also showed a high variance of statistical significance (F = 28.38-116.92, p = 0.000). It is
important to note that the combination of sex and environment factors (F = 2.496, p = 0.000)
and tissue specificity and sex were also statistically significant in two tests (F = 1.317-2.60,
p =0.048 and p = 0.001, respectively). Thus, although the sex of the bird alone does not have
a clearly pronounced influence (lack of statistical regularity), it plays a critical role in the
model in combination with the effects of the environment and the influence of lead (i.e. it
becomes statistically significant in combinations of influences).
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Table 1. Multivariate tests of significance with sigma-restricted parameterization and effective hypothesis
decomposition for biomarkers of oxidative stress and biochemical alterations of metabolism in five tissues
(muscles, heart, brain, liver and kidney) of pigeon Columba livia f. urbana from Pomeranian region, Northern
Poland depending on their habitats and sex. F - Fisher’s test index, p - significance level

Factors Test Value F p
Wilks’ 0.094 58.705 0.000
Pillai's 0.905 58.705 0.000

Environments Hotelling’s 9.615 58705  0.000
Roy's 9.615 58705 0.000
wilks 0813 1396  0.142

Sex Pillai's  0.186  1.396  0.142

Hotelling’s 0228 1396  0.142
Roy's 0228 1396  0.142
wilks'  0.000  39.025  0.000

Tiesues Pillai's  3.276 28382  0.000

Hotelling’s 33.417 50.346 0.000

Roy's  18.668 116923 0.000

Wilks 0570 2496  0.004

Erviromments*Sey Pillai's ~ 0.429 2496  0.004
Hotelling’s  0.752 2.496 0.004

Roy's 0752 2496  0.004

wilks 0007 15.110  0.000

Pillai's 2.612 11.798 0.000
Hotelling’s 12.621 19.015 0.000
Roy's 7.511 47.043 0.000
Wilks’ 0.462 1.307 0.052
Pillai's 0.686 1.297 0.057

Environments*Tissues

-
Sex*Tissues Hotelling’s 0.874  1.317  0.048
Roy's 0415  2.600  0.001
Wilks’ 0509  1.127  0.231

Pillai's 0.616 1.142 0.208
Hotelling’s  0.738 1.112 0.256
Roy's 0.253 1.590 0.069

Environments*Sex*Tissues

Analysis of oxidative stress biomarkers

Lipid peroxidation and oxidatively modified proteins. Firstly, we determined lipid
peroxidation by assessing TBARS levels and oxidatively modified proteins by assessing the
amount of aldehydic and ketonic derivatives (Figures 2-4). Two important physiological
aspects of these processes should be noted. Firstly, each of the tissues differs in the baseline
level of functional activity of lipid peroxidation and protein damage as well as the associated
antioxidant defences in these tissues. Various factors, such as sex, genetics, environmental
conditions, nutritional habits, etc., have an additional influence on these processes. Therefore,
along with presenting the baseline values of the biochemical parameters determined for the
selected tissues, we also provided better visualization of the observed changes depending
on sex of individuals via recalculation of percentage changes of oxidative stress biomarkers
relative to the polluted vs. unpolluted areas (Fig. 2).
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Fig. 2. Percentages of changes in TBARS (A), aldehydic derivatives of OMP (B), ketonic derivatives of OMP
(C), and TAS (D) levels in relation to polluted vs. unpolluted areas and the sex of pigeon Columba livia f.
urbana nesting in polluted (Szpegawa) and unpolluted areas (Stupsk) of Pomeranian region, Northern
Poland.

The considered percentages of the effects of the polluted area on oxidative stress
biomarkers in five tissues of pigeons were associated with an increase in the intensity of lipid
peroxidation assessed by the level of TBARS (Fig. 2A), an increase in oxidative modification
of proteins evaluated from the amount of aldehydic and ketonic derivatives (Figs 2B and 2C),
and a significant decrease in the TAS in all tissues except kidneys. However, this percentage
varied according to sex of pigeons and the type of tissues. We found a significant increase
in lipid peroxidation with a difference between two sexes of pigeons in case of brain and
kidney tissues. Significant increase in these processes was shown for cardiac tissue, but
these changes were not sex-dependent. The level of TBARS was significantly higher in the
brain and kidney tissues in the males compared to the females.

Therefore, the observed variations in lipid peroxidation levels are closely related
to the type of tissue and its physiological function. Brain and kidney tissues, which are
metabolically active and susceptible to oxidative stress, showed higher levels of TBARS in
males, suggesting a sex-specific susceptibility. In contrast, cardiac tissue, which relies on a
steady oxidative metabolism for its function, showed increased lipid peroxidation that was
not influenced by sex. These results highlight the interplay between tissue-specific roles and
susceptibility to oxidative damage in determining lipid peroxidation levels.

Total antioxidant status. This study provides important insights into the functioning of
cellular redox systems. Firstly, the assessment of TAS in different tissue types highlighted the
deleterious effects of environmental conditions and adaptive responses to oxidative stress.
Secondly, a pronounced sex-dependent decrease in TAS was observed in brain and heart
tissues, with a greater decrease in females compared to males. Conversely, an increase in
TAS was observed in kidney tissue, which was more pronounced in females. These findings
highlight the tissue- and sex-specific differences in antioxidant defence mechanisms.
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Fig. 3. Levels of TBARS (A, nmol-mg? protein), aldehydic derivatives of OMP (B, nmol ‘mg™ protein), ketonic
derivatives of OMP (C, nmol'mg? protein), and TAS (D, %) in the muscle and cardiac tissues of different
sexes of pigeon Columba livia f. urbana nesting in polluted (Szpegawa) and unpolluted areas (Stupsk) of
Pomeranian region, Northern Poland. The results are presented as the mean and standard deviation (mean
+ S.D.). The comparison of means between all groups was carried out using MANOVA followed by Tukey’s
post-hoc test. * P<0.05 - polluted vs. unpolluted areas in relation to the same sex; ** P<0.05 - males vs.
females in relation to the same type of habitats.

Antioxidant enzymes. Since we obtained pronounced results of intensification of lipid
peroxidation in the muscle and cardiac tissues with a simultaneous increase in the oxidative
modification of proteins (OMP), which significantly affected the total antioxidant status, we
present values of antioxidant defence in various tissues of pigeons living in the unpolluted
and polluted areas. The values for the skeletal muscle and cardiac tissues are shown in Fig. 3.
In turn, Fig. 4 shows the changes in the activity of main antioxidant enzymes, i.e. superoxide
dismutase (SOD, 4A) and catalase (CAT, 4B), and glutathione-dependent enzymes, i.e.
glutathione reductase (GR, 4C) and glutathione peroxidase (GPx, 4D). It should be noted that
the effects of the environmental pollution had a pronounced component of the effect of sex
of pigeons on CAT and GR activities in these types of muscle.

In the current study, SS test was used to determine the next dependences considering
the role of each of investigated parameters in the formation of full statistical model of the
biomarkers of oxidative stress and antioxidant defense: CAT > GPx > SOD > GR > KD OMP
> AD OMP > TBARS > TAS. It should be noted that statistical analysis performed showed
that, in this model, CAT played the leading role in the analyzed antioxidant defense, since
we obtained maximum values of the multiple correlation coefficient (R = 0.92) as well as the
coefficient of determination (R? = 0.85) and its adjusted form (R? , = 0.83) in this case.

In assessment of the multivariate dependencies of the influence of the predictorsin a sex-
dependent functioning model of pigeons living in two types of areas (polluted vs. unpolluted),
we used standardized regression coefficients (B-coefficients). This standardized coefficient
allowed us to compare the overall effect of each predictor on the dependent variable. It
helped to compare the effects of each of the main factors and their combined effects on each
of the biochemical parameters studied in five tissues of pigeons. Table 2 presents significant
values of B-coefficients and their standard errors as well as t-value for B-coefficients and
significance level.
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Fig. 4. Activities of superoxide dismutase (SOD, A, U-mg* protein), catalase (CAT, B, umol'min--mg ! protein),
glutathione reductase (GR, C, nmol'min"’'mg" protein), and glutathione peroxidase (GPx, D, nmol'min''mg*
protein) in the muscle and cardiac tissues of different sexes of pigeon Columba livia f. urbana nesting in
polluted (Szpegawa) and unpolluted areas (Stupsk) of Pomeranian region, Northern Poland. The results are
presented as the mean and standard deviation (mean # S.D.). The comparison of means between all groups
was carried out using MANOVA followed by Tukey’s post-hoc test. * P<0.05 - polluted vs. unpolluted areas
in relation to the same sex; ** P<0.05 - males vs. females in relation to the same type of habitats.

It should be noted that we obtained maximum B-coefficient values among analyzed
parameters for such factors as the type of environment for TBARS parameter (f = 0.567 £
0.05; p=0.000) and OMP AD (B = 0.457 £ 0.04; p = 0.000), as shown in Table 2. The level of
oxidative modification of proteins in the muscle tissue was shown to be at its maximum level
for aldehydic derivatives of OMP (8 = 0.577 &= 0.05; p = 0.000). High correlations for ketonic
derivatives of OMP in muscle tissue (8 = 0.684 £ 0.05; p = 0.000) were shown. It is important
to note that we also obtained negative values of the B-coefficient of the cumulative effects
of Environment*Tissue factors for TAS, which reflects the specificity of the decrease in the
total antioxidative status with the pressure on the functioning of redox reactions under
anthropogenic stress. These values are presented in the following form: = -0.643 % 0.05
(p =0.000).

Thus, the regression multivariate analysis of impact of three factors, i.e. environment,
sex, and tissue types, showed that proteins and cell membrane lipids in various tissues of
pigeons living in polluted area were the most significant target for oxidative stress. It is
known that a number of metabolism-related enzymes participating in red-ox system are
characterized by a decrease in their catalytic activity with excessive oxidative stress that is
not neutralized by antioxidants. These peculiarities of the influences and correlation of the
mutual separation of factors in the model for the final stages of lipid peroxidation, oxidative
modification of proteins, and main antioxidant enzymes, and the integrity of this system in
various tissues of pigeons living in polluted and unpolluted areas were presented in this part
of studies.
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Table 2. Standardized B-coefficient of the levels of lipid peroxidation biomarkers (TBARS), the content of
oxidatively modified proteins (aldehydic and ketonic derivatives of OMP: AD OMP and KD OMP), and total
antioxidant status (TAS) according to the analyzed influence of such factors as habitats, bird sex, and type
of tissues (brain, muscles, heart, liver, kidney) of pigeon Columba livia f. urbana from Pomeranian region,
Northern Poland and t-value with its significance (p). Parameterization with sigma-constans

Factors Parameters Beta-coefficient + S.E. t p
Environments TBARS 0.567 +0.051 12.45 0.000
Brain TBARS 0.284 +0.052 4.88 0.000
Kidney TBARS 0.162 + 0.051 2.80 0.005
Liver TBARS 0.345 + 0.051 5.96 0.000
Muscles TBARS -0.335+0.051 -5.79 0.000
Environments*Sex TBARS 0.111 £ 0.047 243 0.016
Environments*Tissue TBARS 0.210 £ 0.051 3.62 0.000
Environments*Tissue TBARS -0.219 £ 0.051 -3.78 0.000
Sex*Tissue TBARS 0.130 £ 0.052 2.26 0.025
Environments AD OMP 0.457 £ 0.047 10.08 0.000
Brain AD OMP -0.122 £ 0.051 -2.10 0.036
Kidney AD OMP -0.122 £ 0.05 -2.12 0.035
Liver AD OMP -0.175 + 0.051 -3.04 0.002
Muscles AD OMP 0.577 £ 0.05 10.02 0.000
Environments*Tissue AD OMP -0.147 + 0.051 -2.55 0.011
Environments*Tissue AD OMP -0.151+0.051 -2.62 0.009
Environments*Tissue AD OMP -0.166 + 0.05 -2.89 0.004
Environments*Tissue AD OMP 0.626 + 0.062 10.87 0.000
Environments* Tissue KD OMP -0.154 + 0.061 -2.74 0.009
Environments* Tissue KD OMP -0.148 £ 0.06 -2.64 0.005
Environments* Tissue KD OMP -0.158 + 0.067 -2.82 0,005
Environments* Tissue KD OMP 0.656 + 0.067 11.69 0.000
Environments*Sex *Tissue KD OMP -0.183 £ 0.05 -3.27 0.001
Environments TAS -0.444 + 0.047 -9.20 0.000
Liver TAS -0.228 £ 0.061 -3.73 0.000
Muscles TAS 0.280 £ 0.061 4,57 0.000
Environments* Tissue TAS 0.525 +0.051 8.56 0.000
Environments* Tissue TAS 0.223 +0.051 3.64 0.000
Habitats* Tissue TAS -0.643 + 0.051 -10.49 0.000
Environments*Sex * Tissue TAS 0.154 + 0.051 2.50 0.013
Environments*Sex *Tissue TAS -0.154 + 0.051 -2.50 0.013
Brain KD OMP -0.130 £ 0.051 -2.31 0.022
Kidney KD OMP -0.147 £ 0.051 -2.61 0.009
Liver KD OMP -0.174 £ 0.05 -3.11 0.002
Muscles KD OMP 0.684 + 0.051 12.19 0.000
Environments KD OMP 0.324 +0.047 7.34 0.000

Biomarkers of oxygen-dependent and metabolic processes

Activity of aminotransferases. Aminotransferases are enzymes in the class of transferases
that reversibly catalyze the transfer of amino groups from a-amino acids to a-keto acids,
which are important in protein metabolism (Fig. 5). Transaminases, which are catalyzed by
aminotransferases, have been shown to be integral to protein and carbohydrate metabolism
and thus reflect key adaptive properties of animal tissues. The activity of these enzymes
was therefore analyzed in detail in five of the tissues studied. The significance of the role
of these enzymes in the overall dependences was also confirmed by us in multivariate
regression analysis using the standardized B-coefficient for hepatic tissue, where significant
highest values of B-coefficient were found in determining effects of tissue factor. The results
of this predictor effect analysis are presented in Table 3. ALT activity in the brain tissue in
male pigeons, muscle tissue in both sexes, and cardiac tissue in males from polluted areas
was increased (Fig. 5A). AST activity was statistically changed only in the hepatic tissue,
as shown by the comparison of data obtained from birds from polluted and unpolluted
areas. These changes were significant, as shown by comparison of values between females
and males (namely, the levels were higher in females) and between the groups of females
from the polluted and unpolluted areas (Fig. 5B). The values of the ratio of activity of these
enzymes described as de Ritis ratio (AST/ALT), which have important clinical significance for
analytical diagnostics, were recalculated by us for five tissues examined and are presented in
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Fig. 5. Activities of alanine (nmol'min*'mg? protein) and aspartate aminotransferase (nmol'min!-mg?
protein) in the brain, kidney, liver, muscle, and heart tissues of different sexes of pigeon Columba livia f.
urbana nesting in polluted (Szpegawa) and unpolluted areas (Stupsk) of Pomeranian region, Northern
Poland. The results are presented as the mean and standard deviation (mean # S.D.). The comparison of
means between all groups was carried out using MANOVA followed by Tukey’s post-hoc test. * P<0.05 -
polluted vs. unpolluted areas in relation to the same sex; ** P<0.05 - males vs. females in relation to the
same type of habitats.

Fig. 6. It should be noted that the values of this coefficient in the brain, kidney, muscle, and
heart tissues in the group of male birds living in polluted area were statistically decreased
(Fig. 6A).

Lactate dehydrogenase activity. Lactate dehydrogenase (LDH) is an intracellular
carbohydrate-metabolizing enzyme catalyzing the interconversion of pyruvic acid and lactic
acid, i.e. a reaction that completes the internal redox cycle of glycolysis (Table 4). Therefore,
studying the activity of this enzyme and the levels of substrates of its conversion was the
next step of our studies. For both LDH and other metabolic indices in pigeons, evident tissue
specificity of the baseline activity of these parameters was shown. However, we revealed
differences in LDH activity in the brain and kidney tissues of pigeons of different sexes.
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Table 3. Standardized B-coefficient of antioxidant enzymes activity [superoxide dismutase (SOD), catalase
(CAT), glutathione reductase (GR), and glutathione peroxidase (GPx)] according to the analyzed influence
of such factors as habitats, bird sex, and type of tissues (brain, muscles, heart, liver, kidney) of pigeon
Columba livia f. urbana from Pomeranian region, Northern Poland and t-value with its significance (p).
Parameterization with sigma-constans

Factors Parameters Beta-coefficient * S.E. t p
Environments ALT 0.311 + 0.041 6.35 0.000
Brain ALT -0.414 + 0.051 -6.81 0.000
Kidney ALT -0.437 £ 0.047 -7.22 0.000
Liver ALT 0.855 +0.061 14.12 0.000
Environments*Tissue ALT 0.236 £ 0.061 3.89 0.000
Brain AST -0.409 £ 0.054 -7.32 0.000
Kidney AST -0.366 + 0.051 -6.59 0.000
Liver AST 0.989 + 0.061 17.89 0.000
Sex*Tissue AST -0.195 £ 0.051 -3.472 0.001
Environments LDH 0.412 +0.047 8.39 0.000
Liver LDH 0.649 + 0.051 10.33 0.000
Environments Lactate 0.601 £ 0.052 12.36 0.000
Environments*Tissue LDH 0.283 £ 0.053 4.50 0.000
Sex*Tissue LDH -0.163 £ 0.062 -2.65 0.010
Environments*Sex* Tissue LDH -0.164 + 0.062 -2.39 0.018
Kidney Lactate 0.323 £0.061 5.24 0.000
Liver Lactate -0.288 £ 0.061 -4.67 0.000
Muscles Lactate 0.323 £0.061 5.22 0.000
Environments* Tissue Lactate 0.325 £ 0.061 5.27 0.000
Environments* Tissue Lactate -0.298 £ 0.061 -4.69 0.000
Environments Pyruvate 0.608 £ 0.037 21.87 0.000
Kidney Pyruvate 0.717 £ 0.032 21.7 0.000
Environments L/P -0.377 £ 0.045 -8.03 0.000
Environments* Tissue L/P 0.411 £ 0.047 7.36 0.000
Environments* Tissue SDH -0.417 £ 0.051 -5.45 0.000
Brain SDH -0.474 + 0.047 -0.47 0.000
Kidney SDH 0.585 £ 0.047 7.63 0.000
Liver SDH -0.167 £ 0.071 -2.18 0.030
Environments PDH 0.249 + 0.061 4.15 0.000
Brain PDH 0.299 £ 0.076 3.90 0.000
Kidney PDH 0.372 £0.076 4.87 0.000
Liver PDH -0.706 + 0.076 -9.24 0.000
Brain ICDH 0.773 £ 0.051 16.84 0.000
Kidney ICDH -0.520 + 0.044 -11.34 0.000
Liver ICDH -0.569 + 0.05 -12.46 0.000
Environments KGDH 0.236 + 0.076 3.09 0.02

General changes in LDH activity were manifested in a marked increase in the enzyme activity
in the brain, kidney, and hepatic tissues of pigeons of both sexes living in polluted area and
in muscle tissue of male pigeons. These changes were transformed into a pattern of notable
acidosis in most tissues of pigeons of both sexes accompanied by significant increase in
lactate levels in these conditions (Table 5). It should be noted that this statistically significant
increase in the brain tissue was 286.7% (p = 0.000) of the males and 138.2% (p = 0.000)
in the females, compared to the values obtained for birds living in the unpolluted area. A
two- to three-fold increase in lactate levels was also found in the kidney, hepatic, and cardiac
tissues of pigeons of both sexes. The preferential accumulation of lactate associated with
LDH metabolism in the tissues caused an increase in pyruvate metabolism, which is shown in
Tables 5. These changes were accompanied by statistically significant increases in pyruvate
levels in all tissue types analyzed in both sexes of pigeons.

Krebs cycle enzymes. Since Krebs cycle acts as a link between chemical reactions of
anabolism and catabolism with the formation of active metabolites, we investigated the
activity of four main enzymes in this metabolic process (Tables 6 and 7). Since the substrates
of this cycle are the basis for biochemical synthesis of new molecules capable of conversion
into succinyl-CoA, oxalic acid, a complex of amino acids, and glucose, the study of these
processes revealed the mechanisms of energy supply depending on the induction of oxidative
stress and resulting intracellular acidosis in tissues of pigeons living in differently polluted
areas, depending on their sex.
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Fig. 6. De Ritis ratio (AST/ALT) and lactate-to-pyruvate ratio in the brain, kidney, liver, muscle, and heart
tissues of different sexes of pigeon Columba livia f. urbana nesting in polluted (Szpegawa) and unpolluted
areas (Stupsk) of Pomeranian region, Northern Poland. The results are presented as the mean and standard
deviation (mean * S.D.). The comparison of means between all groups was carried out using MANOVA
followed by Tukey’s post-hoc test. * P<0.05 - polluted vs. unpolluted areas in relation to the same sex; **
P<0.05 - males vs. females in relation to the same type of habitats.

Our results regarding the activity of isocitrate dehydrogenase (ICDH) as one of the main
enzymes of Krebs cycle, which is considered to be the speed-limiting enzyme of the whole
cycle, are presented in Table 6. It should be noted that statistical analysis confirmed this
concept, as a significant role was assigned to ICDH in this pigeon model; in this case, we
obtained maximum values of the multiple correlation coefficients (R = 0.91) as well as the
coefficient of determination (R?= 0.83) and its adjusted form (Rzad]. = 0.80). The significance
of this enzyme in the overall statistical analysis was also confirmed by us in multivariate
regression analysis performed using standardized B-coefficient for the brain, kidney, and
hepatic tissues, where statistically significant high values of B-coefficient were found in
determining the role of tissue versus the effect factor (Table 3). Beta-coefficient had a value
of $=0.773 £ 0.051 (p = 0.000) for the brain tissue, § = -0.520 = 0.044 (p = 0.000) for the
kidney, and 3 =-0.569 & 0.05 (p = 0.000) for the liver tissue (Table 2).
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Table 4. Lactate dehydrogenase activity (LDH, nmol'min-mg™* protein) in the brain, kidney, liver, muscle,
and cardiac tissues of pigeon males and females nesting in polluted (Szpegawa) and unpolluted areas
(Stupsk) of the Pomeranian region, northern Poland. Legend: * P < 0.05 in relations between sexes; ** P <
0.05 in relations between habitats

Habitats Sex Tissues Mean # S.D. Sex Mean + S.D.
Polluted areas Males,n =9 Brain 5.82 + 0.65 Females,n=8 5.76 + 0.75
Unpolluted areas Males,n=7 Brain 190+ 0.77** Females,n=7 3.04 +0.47***
Polluted areas Males,n=9 Kidney 6.27 +0.45 Females,n =8 6.31+0.92
Unpolluted areas Males,n=7 Kidney 2.58 +0.40** Females,n=7 1.18+(0.13***
Polluted areas Males,n =9 Liver 11.89+2.11 Females,n=8 16.44 +1.04*
Unpolluted areas Males,n=7 Liver 7.19 £ 0.65** Females,n=7 7.27 £0.67**
Polluted areas Males,n=9 Muscles 9.37 £+1.28 Females,n =8 7.50 +1.44
Unpolluted areas Males,n=7 Muscles 6.47 £0.69** Females,n=7 6.53+1.25
Polluted areas Males,n =9 Heart 6.65 + 0.64 Females,n=8 6.64 + 1.64
Unpolluted areas Males,n=7 Heart 6.60 £ 0.90 Females,n="7 6.30 £ 0.26

Table 5. Lactate (nmol'mg? protein) and pyruvate levels (nmol'mg! protein) in the brain, kidney, liver,
muscle, and cardiac tissues of pigeon males and females nesting in polluted (Szpegawa) and unpolluted
areas (Stupsk) of the Pomeranian region, northern Poland. Legend: * P < 0.05 in relations between sexes; **
P < 0.05 in relations between habitats

Habitats Sex Tissues Mean + S.D. Sex Mean * S.D.
Lactate, nmol-mg-1 protein

Polluted area Males,n=9 Brain 205.98 + 88.94 Females,n =8 181.43 +25.93
Unpolluted area Males,n=7 Brain 53.22 + 15.84** Females,n=7 76.46 + 12.88**
Polluted area Males,n=9 Kidney 308.83 +114.74 Females,n =8 291.08 + 59.04
Unpolluted area Males,n=7 Kidney = 106.54 + 25.25** Females,n=7  38.77 £ 12.08**
Polluted area Males,n=9 Liver 164.62 + 20.31 Females,n =8 140.23 £+47.41
Unpolluted area Males,n=7 Liver 22.29 £ 5.18** Females,n=7 25.06 £ 8.74**
Polluted area Males,n=9 Muscles 192.57 £ 65.38 Females,n =8 209.62 +80.37
Unpolluted area Males,n=7 Muscles 178.45 + 42.40 Females,n =7 164.10 + 20.77
Polluted area Males,n=9 Heart 125.60 £ 22.64 Females,n =8 133.53 £39.15
Unpolluted area Males,n=7 Heart 29.49 £ 12.62** Females,n=7 35.29 £ 13.97**
Pyruvate, nmol-mg-1 protein

Polluted area Males,n=9 Brain 485.72 + 175.52 Females,n =8 468.59 + 63.50
Unpolluted area Males,n=7  Brain 350.11 + 44.97 Females,n=7 327.91 +55.11**
Polluted area Males,n=9 Kidney 1191.83 + 245.53 Females,n=8 1127.85+101.32
Unpolluted area Males,n=7 Kidney 358.51+ 165.44** Females,n=7 326.59 + 78.22**
Polluted area Males,n=9 Liver 368.64 +51.20 Females,n=8 396.02 + 74.87
Unpolluted area Males,n=7 Liver 24.40 £ 4.68** Females,n=7 31.12 £ 5.39**
Polluted area Males,n=9 Muscles 433.18 +124.20 Females,n=8 556.68 + 248.92
Unpolluted area Males,n=7 Muscles 130.53 + 18.24** Females,n=7 122.32 £ 5.20**
Polluted area Males,n=9 Heart 358.22 +48.68 Females,n =8 408.30 + 69.80
Unpolluted area Males,n=7  Heart 43.94 +9.02** Females,n=7 45.55+ 11.86**

We obtained statistically significant increase in the activity of this enzyme in the hepatic
tissue of birds of both sexes living in polluted area, compared to those from unpolluted.
KGDH activity increased significantly in the liver of males and showed an increasing trend in
the kidneys of females from polluted areas (Table 6). Significant increases in the activity of
succinate dehydrogenase (SDH) in three analyzed tissues (muscle, liver, kidney) were shown
for both sexes of birds living in polluted area. The same trend of increased SDH was observed
in the brain tissue of males. Pyruvate dehydrogenase (PDH) activity was significantly
increased in the kidneys of males and cardiac tissue of females living in polluted area (Table
7).
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Table 6. Activities of isocitrate dehydrogenase (ICDH, nmol-min'-mg?! protein) and a-ketoglutarate
dehydrogenase (KGDH, nmol-min-mg? protein) in the brain, kidney, liver, muscle, and cardiac tissues of
pigeon males and females nesting in polluted (Szpegawa) and unpolluted areas (Stupsk) of the Pomeranian
region, northern Poland. Legend: * P < 0.05 in relations between sexes; ** P < 0.05 in relations between

habitats

Habitats Sex Tissues Mean + S.D. Sex Mean + S.D.
Isocitrate dehydrogenase (nmol-min-1-mg-1 protein)

Polluted area Males,n=9 Brain 62.54 +2292 Femalessn=8 44.87+17.18
Unpolluted area Males,n=7 Brain 51.31+10.04 Females,n=7 51.09+10.42
Polluted area Males,n=9 Kidney 14.79 + 1.79 Females,n=8 14.76 + 2.21
Unpolluted area Males,n=7 Kidney 13.17+1.47 Females,n=7 14.00 £2.21
Polluted area Males,n =9 Liver 14.34 +1.87 Females,n =8 18.45 + 8.20
Unpolluted area Males,n=7 Liver 9.45 + 2.05** Females,n=7 8.59 + 2.94**
Polluted area Males,n=9 Muscles 23.70 £ 6.15 Females,n =8 26.78 £9.17
Unpolluted area Males,n=7 Muscles 19.69 + 7.50 Females,n=7 18.09 + 4.75
Polluted area Males,n=9 Heart 4799 +6.12 Females,n =8 46.17 + 3.60
Unpolluted area Males,n =7 Heart 46.98 + 1.94 Females,n=7 46.28 +5.51
a-Ketoglutarate dehydrogenase (nmol-min-1-mg-! protein)

Polluted area Males,n=9 Brain 67.03+20.64 Females,n=8 65.86*22.48
Unpolluted area Males,n=7 Brain 62.09 +15.43 Females,n=7 65.01+10.49
Polluted area Males,n=9 Kidney 55.78 +24.35 Females,n=8 70.61 £9.35
Unpolluted area Males,n=7 Kidney 46.99 +7.75 Females,n=7 50.89 + 5.35**
Polluted area Males,n =9 Liver 64.87 +8.37** Females,n =8 68.75 + 6.30
Unpolluted area Males,n=7 Liver 55.26 +15.94 Females,n=7 50.54 +10.31
Polluted area Males,n=9 Muscles 62.89+15.21 Females,n=8 66.00 +9.25
Unpolluted area Males,n=7 Muscles 54.35+16.45 Females,n=7 53.21+14.86
Polluted area Males,n =9 Heart 77.34 +10.73 Females,n=8 74.76 £ 6.25
Unpolluted area Males,n=7 Heart 74.61 +10.43 Females,n=7 73.57 +8.36

The analysis of statistical dependencies between metabolic biomarkers identified
pyruvate as the most influential factor, with ICDH, AST and ALT also playing key roles. ICDH,
as a rate-limiting enzyme of the Krebs cycle, showed a significant function in the pigeon
model, strongly influencing metabolic processes. Multivariate regression analysis highlighted
its importance in brain, kidney and liver tissues, with distinct patterns of tissue-specific
involvement. These findings highlight the critical role of ICDH in metabolic adaptation in
different tissues. A complete analysis of the entire model of statistical dependencies in the
value of metabolic processes is as follows Pyruvate > ICDH > AST > ALT > L/P ratio > Lactate
> LDH > ALT/AST > PDH > SDH > KGDH.

Correlation analysis determined the quantitative measure of the relationship
(joint variability) of parameters, and correlation coefficients were presented to identify
relationships between the levels of biomarkers of oxidative stress and energy metabolism
in different tissues as well as chemical elements in their feathers. It is equally important to
determine the strength of these correlations. These correlation interactions (dependencies)
are presented in Table 8. Data are presented for birds living in polluted area according to
the tissue type, with subsequent interpretation between one pair or many pairs of traits to
establish statistical relationships between them.
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Table 7. Activities of succinate dehydrogenase (SDH, nmol-min*-mg* protein) and pyruvate dehydrogenase
(PDH, nmol-min'-mg?! protein) in the brain, kidney, liver, muscle, and cardiac tissues of pigeon males and
females nesting in polluted (Szpegawa) and unpolluted areas (Stupsk) of the Pomeranian region, northern

Poland. Legend: * P < 0.05 in relations between sexes; ** P < 0.05 in relations between habitats

Habitats Sex Tissues Mean + S.D. Sex Mean * S.D.
Succinate dehydrogenase (nmol-min-1-mg-1 protein)

Polluted area Males,n=9 Brain 6.77 + 1.66 Females,n=8 9.35+1.40
Unpolluted area  Males,n=7 Brain 5.90 £ 0.30** Females,n=7 6.27+1.84
Polluted area Males,n=9 Kidney 5.60+0.23 Females,n=8 7.13+1.07
Unpolluted area  Males,n=7 Kidney 3.05+*0.60** Females,n=7 1.70*0.26**
Polluted area Males, n =9 Liver 13.64+1.11 Females,n=8 15.50*2.22
Unpolluted area  Males,n =7 Liver 9.72 + 1.22**  Females,n=7 9.42 + 1.04**
Polluted area Males,n=9 Muscles 3.95+0.31 Females,n =8 4.75 + 0.66
Unpolluted area  Males,n=7 Muscles 8.67 +1.10** Females,n=7 9.03 + 1.17**
Polluted area Males, n =9 Heart 10.90+1.84 Females,n=8 8.18+1.11
Unpolluted area  Males,n=7 Heart 7.76 £2.12 Females,n=7 8.80+2.15
Pyruvate dehydrogenase (nmol-min-1-mg-! protein)

Polluted area Males,n=9 Brain 29.58+7.21 Females,n=8 27.79+8.81
Unpolluted area  Males,n=7  Brain 25.00£5.84  Females,n=7 23.04£2.30
Polluted area Males,n=9 Kidney 3347+4.63 Females,n=8 31.01+12.36
Unpolluted area Males,n=7 Kidney 22.44+6.26** Females,n=7 21.50+9.80
Polluted area Males,n=9 Liver 10.92+1.78 Females,n=8 10.50+2.79
Unpolluted area  Males,n=7 Liver 9.99+0.91 Females,n=7  10.52+1.73
Polluted area Males,n=9 Muscles 28.46+5.53 Females,n=8 26.24+6.55
Unpolluted area  Males,n=7 Muscles 20.42+8.37 Females,n=7 20.81+7.94
Polluted area Males,n =9 Heart 18.06x5.97 Females,n=8  23.51%3.71
Unpolluted areas Males,n=7  Heart 18.71+7.43  Females,n=7 16.73+2.52**

Table 8. Parameters of correlative dependencies between five types of tissues and oxidative stress
biomarkers, activities of metabolic enzymes, and levels of substrates and elements in male and female
pigeons nestling in polluted areas of Northern Poland. The significance of differences in different sexes and
tissues was examined using ANOVA for correlation tests

Tissues/Sex Dependencies R P Tissues/Sex Dependencies R P
Pb - Lactate 0.682 0.034 Pb - AST 0.729 0.026
Brain. males ICDH - TAS 0.688 0.040 Liver. males Pb - LDH 0.734 0.024
’ TAS - CAT 0.703  0.035 ’ Pb - KGDH 0.782 0.013
LDH - GR -0.764 0.017 Zn - CAT -0.728 0.026
Pb - CAT 0.825 0.006 Pb - AsAT 0.744 0.021
Pb -Lactate 0.784 0.012 Liver, females Al-KD OMP -0.756 0.019
Brain, females Pb-L/Pratio 0.919 0.000 Fe - CAT -0.928 0.000
SDH - CAT 0.763 0.017 Heart, males Pb-KDOMP 0.706 0.034
TAS - SDH 0.763 0.002 Heart, females Pb - LDH 0.672 0.047
Kidney, males TAS - GPx 0.756  0.002 Musdles Pb - Lactate 0.764 0.013
Fe - TBARS 0.688 0.040 1 ’ SDH - CAT 0.663 0.018
_ Fe-SOD  -0721 0.028 mates TAS-CAT  0.603  0.045

Kidney, females .

SDH - TBARS  -0.922 0.000 Muscles. females Pb-L/Pratio 0.819 0.000
SDH-ADOMP 0.863 0.003 ’ TAC - GPx 0.766  0.003
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Discussion

In our studies, we have presented ecotoxicological investigations of feral pigeons in
their natural environments, assessing the impact of three factors (environments, sex, tissue
types) on the alterations in oxidative stress biomarkers and biochemical parameters in
selected tissues of pigeons and the levels of chemical elements in their feathers. Importantly,
we considered these characteristics simultaneously for two environments (polluted and
unpolluted areas), sexes of birds (males, females), and five different tissues (brain, kidney,
liver, muscles, heart) of pigeons living in areas with different levels of lead exposure. Various
authors have previously conducted systematic studies of only one or two of factors listed
[8, 16, 17]. Therefore, our comprehensive study significantly extends physiological and
biochemical analysis of this synanthropic bird species, i.e. pigeons for urban agglomerations
[34].

The results of studies by various authors, including our own [9, 10, 15], show that
lead exposure exerts a distinct effect on different tissues of pigeons, manifested by a
range of molecular mechanisms [35-37]. The effects of lead on the brain have been shown
to occur through disruption of calcium homeostasis, inhibition of neurotransmitter
release and induction of oxidative stress [38]. Oxidative stress has been shown to impair
neurotransmission, alter mitochondrial function, and modify gene expression, all of which
contribute to cognitive and behavioural dysfunction, as demonstrated in younger subjects
[39]. The liver, as the body’s primary detoxification organ, is susceptible to oxidative damage
and altered enzyme activity due to lead accumulation, with detrimental effects on metabolic
homeostasis [40]. Lead affects the liver at the molecular level by generating reactive oxygen
species (ROS), which in turn induce oxidative stress and damage cellular macromolecules
such as lipids, proteins and DNA [41]. Lead has also been shown to disrupt mitochondrial
function, impairing ATP production and inducing apoptosis by activating caspases [40]. Lead
is also capable of interfering with the antioxidant defence system by reducing the activity
of enzymes such as SOD and GPx, and it can alter the expression of key hepatic detoxifying
enzymes such as cytochrome P, , thereby affecting the liver’s ability to metabolize and
eliminate toxins [42]. In addition, lead exposure has been shown to affect liver cell signalling,
including activation of inflammatory pathways through the NF-kB pathway, contributing to
liver inflammation and fibrosis [43]. As shown by Zhang et al. (2023), lead exposure has been
shown to induce nephrotoxicity by disrupting ion transport and causing oxidative damage.
This in turn leads to impaired renal filtration and excretory functions [44].

Relationship between energy metabolism and free radical production upon lead-induced
exposure is related to changes in the functioning of mitochondria, which are the main energy
centers of the cell [45]. The main stages of Krebs cycle take place in these organelles. Studies
of tissue-specific activity of the main enzymes of this cycle, changed by the influence of
some factors, such as environments, bird sex, and tissue types, to which these studies were
devoted, are important link in determining the main pathways of cellular metabolism. This
is important in view of Krebs cycle intermediates providing key reactions and substrates
for biosynthesis (anabolism) of many important metabolites from amino-acids, purines, and
pyrimidines to long-chain fatty acids and porphyrins [46, 47].

There are several important findings of current studies. Firstly, the basis of ecological
model in our studies is based on preferential lead exposure in environments of pigeons, as
the difference in soil contamination levels with other chemical elements was significantly
pronounced in this case. The MANOVA tests, which allow clarification of the role of influence
of environmental factors, demonstrated a dominant role of environment factor in the
biochemical alterations in pigeon tissues. This may be related to subsequent important
biochemical alterations after the accumulation and action of this toxic metal on physiological
and biochemical processes in the organisms of wild pigeons in these breeding habitats and
on survival and adaptive mechanisms (Fig. 7).

Secondly, the presented changes in oxidative stress biomarkers are associated with a
significant weakening of adaptive reactions in different tissues of birds to the conditions of
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Fig. 7. Effects of environmental factors on biomarkers of oxidative stress and antioxidant defences, and
biochemical changes in different tissues and sexes of pigeons.

polluted areas, with a pronounced component of the sex influence. This may have a significant
effect on homeostasis maintenance, reproduction, and survival in general. This tendency
in different pigeon tissues has a clear manifestation through intensification of oxidative
reactions initiated in the lead-contaminated environments. The complex of antioxidant
defense in each tissue under oxidative stress due to the intensification of free-radical
production reflects the loading conditions of both functioning and adaptive reactions shown
by us for the different sexes of pigeons first of all. We assessed these sex- and environment-
related dependencies in relation to the functional specificities of metabolic processes and
antioxidant defense for such tissues as the brain, kidney, muscles, and heart. We revealed
significant increase in lipid peroxidation in the brain and kidney tissues differing between
the two sexes of pigeons.

The concept of oxidative stress is now widely used to refer to a broad group of various
interrelated phenomena, including increased production of ROS and oxidative damage
to cellular molecular components [48]. Oxidative stress is currently used to describe the
imbalance between pro-oxidants and antioxidants in favor of the former, leading to damage
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to biological molecules and cellular structures [49]. However, ROS are not the only factors
that play a leading role in oxidative metabolism. Also, the reactive forms of nitrogen,
carbon, chlorine, and sulfur play an important role in oxidative stress. These highly reactive
molecules are involved in a fairly large number of reactions and in the regulation of various
metabolic processes in the body. These reactions underlie many pathological processes and
disorders [50].

It was noted that ROS mainly oxidize polyunsaturated fatty acid residues of a variety
of lipids. Oxidation of proteins leads to the formation of glutathionylated or carbonylated
derivatives, whereas non-enzymatic lipid oxidation produces, isoprostanes, malonic
dialdehyde, and diene conjugates [51]. Oxidized protein and lipid derivatives can also damage
other molecules, exacerbating the effects of developing oxidative stress [52]. E.g., 4-hydroxy-
2-nonenal modifies proteins by interacting with amino group of lysine, cysteine, or histidine
residues, resulting in the formation of adducts [53]. The adducts formed can cause damage to
metabolically important proteins such as glucose and glutamate transporters, GTP-binding
proteins, ion-dependent ATPases, etc., and can also initiate carbonylation of proteins.
The effects of development of oxidative stress in animal tissues under negative effects of
anthropopressure hinder the development of efficient energy supply mechanisms [54]. This
is associated with an increase in the compensatory activation of aerobic glycolysis and a
decrease in the inhibition of oxidative processes in Krebs cycle, resulting in an increase in
ATP and creatine phosphate content and activation of the mitochondria energy-synthesizing
functions [55].

Thirdly, in these current studies, the multivariate tests were used to determine the role
of each of investigated parameters in the formation of full statistical model of biomarkers of
oxidative stress and antioxidant defense, with the leading role of CAT and GPx. Regression
multivariate analysis of the influence of three factors, i.e. environments, sex, and tissue
types, showed cell membrane proteins and lipids as the most significant targets for ROS and
their derivatives and the accompanying development of oxidative stress in tissues of birds
exposed to anthropopressure conditions.

It was shown that toxic effects of lead in mammalian organs and tissues are characterized
by a reduction in the number of viable cells, leading to disruption of physiological organ
functions [56]. Activation of free radical lipid peroxidation and disruption of calcium
homeostasis are considered the main mechanisms of cytotoxic effect of lead ions [9, 10, 15].
Correlation between the activities of Krebs cycle enzymes, lipid peroxidation processes, and
the status of the antioxidant defense in various tissues shown in our studies (Table 8) may
be related to the increased activity of antioxidant enzymes, i.e. a combination of antioxidant
properties and inhibition of anti-hypoxic conditions during oxidative stress development.
Correlations obtained in our studies between lead levels in feathers and the enzymes and
metabolites of energy metabolism in the brain tissue in pigeon males and females confirm this
finding. In case of brain tissue of males and females, the same values of relationships between
lead levels and lactate concentration were as follows: Pb-lactate (R = 0.682, p = 0.034) for
males and Pb-lactate (R = 0.784, p = 0.012) for females, respectively. It is important to note
that the developing acidosis under lead exposure in males showed significant interactions
with lactate and pyruvate levels Pb-L/P (R = 0.919, p = 0.000) and catalase activity Pb-CAT
(R=0.825, p = 0.006). These relationships may be important in determining interactions of
the main parameters of energy metabolism and antioxidant defense against increasing role
of toxic free radicals and tissue antioxidant defense system, as shown in the earlier studies
[37,57-61].

Correlations between the activities of enzymes shown in our studies (Table 8) are
aimed at increasing antioxidative and anti-hypoxic processes in tissues and at enhancing
the membrane-protective abilities of adaptation in lead exposure. This is confirmed by the
correlations in the brain tissue of male pigeons: ICDH-TAS (R = 0.688, p = 0.040), TAS-CAT
(R=0.703, p = 0.035), and in the female group: SDH-CAT (R = 0.763, p = 0.017) and TAS-
SDH (R = 0.763, p = 0.002). Physiological adaptative mechanisms modulating the activity
of membrane-bound enzymes and receptor complexes are directed to the preservation of
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structural and functional organization of biomembranes, transport of neurotransmitters,
and improvement of synaptic transmission in brain tissue [62]. E.g,, an increase in the
compensatory function of glycolysis, a decrease in the degree of inhibition of oxidative energy-
synthesizing mitochondrial functions, and stabilization of cell membranes contribute to the
effective preservation and maintenance of compensatory mechanisms of energy production
under the lead exposure [37, 57].

Intensification of free-radical lipid peroxidation processes under lead exposure
is caused not only by the generation of ROS but also by a decrease in the activity of the
antioxidant enzymes, i.e. SOD and CAT [63]. Their inhibition is associated with high affinity
of lead to the thiol groups and its ability to inhibit protein elements Cu?*, Zn?*, and Mg?
ions in the catalytic sites of SOD. Cu?*, Zn?*, and Mg?* ions are present in the catalytic sites of
SOD and Fe? ions are present in CAT [64]. This study focused on pigeons, but the effects of
lead exposure on other species, including humans, are highly relevant. Lead contamination,
particularly in urban and industrial areas, poses a risk to several species, as similar molecular
mechanisms of oxidative stress, toxicity and impaired metabolic processes are observed in
different vertebrates. This research highlights the potential health risks to populations living
in areas affected by lead contamination, as lead can bioaccumulate through the food chain,
affecting both wildlife and human health [65]. The findings emphasize the need to assess
lead exposure not only in birds, but also in other animals and human populations living
in contaminated environments. The adverse effects of lead on the neurological, renal and
cardiovascular systems are well documented [38, 66-68] and these studies are therefore
crucial for the development of improved environmental policies and health risk assessments
for populations in areas affected by lead contamination.

It is important to note the following important aspect of our studies related to
determining antioxidant role of such glutathione-related enzymes as glutathione peroxidase
(GPx) and glutathione reductase (GR). The statistical analysis in our studies highlighted the
leading role of CAT and GPx in the functioning of antioxidant defense in five analyzed tissues
(SS test of MANOVA). The main mechanism of the cytotoxic action of lead ions is based on
Ca-binding protein, which is thought to promote absorption of not only of Ca?* but also of
Pb?* from the gastrointestinal tract [22]. It should be noted that the activation of Ca-binding
protein occurs with participation of vitamin D [69]. In excessive dietary intake, divalent Ca?",
Zn*, and Fe* cations inhibit lead absorption by altering its ability to attach to the membrane.
At the same time, in Fe?* deficiency, the absorption of lead increases, which may be related
to the function of Fe?* transporter proteins [20]. This was also confirmed for correlations
between lead and iron levels in feathers and the levels of total antioxidant status of tissues
[70, 71]. This applies to the following relationships: Pb—CAT in the brain of females, Zn-CAT
in the liver of males, Fe-CAT in the liver of females, TAS-CAT in the muscles of males, and
TAS-GPx in the muscles of females as well as Fe-TBARS and Fe-SOD in the kidney of females.
The role of iron in the induction of Fenton’s reaction has been convincingly demonstrated
when the ferrous and/or ferric cation decomposes catalytically hydrogen peroxide to
generate powerful oxidizing agents [72].

Stable amounts of ROS in cells are maintained by both oxidative phosphorylation in
mitochondria and antioxidant defense. The toxic effects of lead ions on renal tubule cells
and epithelial cells are accompanied by changes in the shape, structure, and size of the
mitochondria [73]. In addition, disruption of transmembrane ion transport leads to changes
in calcium homeostasis. Moreover, lead ions inhibit the calcium flux into mitochondria and
stimulate Ca?* release from these organelles [74]. A decrease in the membrane potential
and membrane swelling was observed at lead exposure [75, 76]. Changes in the membrane
potential and mitochondrial swelling resulted in the opening of pores in the inner membrane
of mitochondria [77]. It is suggested that lead ions bind directly to calcium sites in the
pores of mitochondria. It is necessary to emphasize that the opening of pores is caused by
an increase in the concentration of superoxide anion or its products, whereas its closure is
caused by a decrease in its content. Prolonged opening of calcium pores leads to apoptosis
and cell death due to mitochondrial damage [75].
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Fourthly, the complete statistical analysis of all dependencies between the biomarkers
of oxygen-dependent metabolic processes and Krebs cycle’s enzymes showed that pyruvate,
ICDH, AST, and ALT play a key role in the analyzed model system [78]. It is known that, in
certain species and in some tissues, specific mass of amino acids is important in catabolism
carried out through citric acid cycle involving transamination. We studied these processes
using the activities of ALT and AST. Our results regarding ICDH activity as one of leading
enzymes of Krebs cycle involved in speed-limiting processes of the whole cycle [79] were
confirmed by the statistical analysis, as a significant role of ICDH was shown by the multiple
correlative coefficients as well as the coefficient of determination and its adjusted form.
Significance of this enzyme in the overall statistical analysis was also confirmed by the
multivariate regression analysis using standardized [-coefficients for the brain, kidney, and
liver tissues (Table 5).

Fifthly, activation of Krebs cycle enzymes, showing the leading role of investigated
enzyme complexes in tissues of male and female pigeons nesting in areas with different
levels of lead exposure, is associated with an increase in energy-dependent processes of
macro-energy synthesis. These reactions, depending on the functional characteristics of
each tissue, proceed at pronounced cellular acidosis caused by significant level of lactate as
well as intensified oxidative stress, resulting in an imbalance of oxygen-dependent energy
processes necessary for the repair of intracellular free-radical damage.

The protectiverole of thiol compounds, which include glutathione, isknown in the context
of direct antioxidant defence [62]. Our studies revealed high statistical correlations between
Pb levels and oxidative stress data in selected five tissues. It is known that thiol compounds,
which are able to accumulate in the brain and other tissues, have a pronounced antioxidant
protective effect in hypoxia and ischemia conditions [80]. With their mechanism of action,
they facilitate the conversion of lactic acid into pyruvic acid followed by its decarboxylation,
i.e. they contribute to elimination of metabolic acidosis. These compounds contribute to the
formation of coenzyme A involved in the mobilization of energy resources in conditions of
ATP deficiency with developing hypoxia caused by acidosis [81]. In this study, for enzymes of
metabolic rate and oxygen-dependent processes, similar particularities of metabolic changes
were shown in the investigated five selected tissues of pigeons living in a polluted areas.

Our research has its limitations and strengths. The limitations are associated with
the consent from the Bioethical Commission to collect a small number of birds from their
habitats for research are always difficult to overcome. The strength of our research lies in
the consideration of multivariate aspects of influence of such factors as environments, sex of
birds, and specific tissue-related biochemical alterations. As shown in our study, we chose an
appropriate way to analyze biomarkers of oxidative stress and antioxidant defense as well
as markers of metabolic oxygen-dependent processes under lead exposure. It is possible
that future studies will contribute to more detailed elucidation of other environmental
factors that influence animal health (also considering lead content) such as noise, traffic, gas
composition, and organic pollution near highways, etc. Our studies will serve as the basis
for taking into considering such important factors in these analyses as bird sex and tissue
specificity.

Conclusion

1. In the present studies, multivariate tests were used to assess the role of each
investigated parameter in constructing a comprehensive statistical model of biomarkers
related to oxidative stress and antioxidant defence. The analysis revealed that CAT and GPx
played the leading role in mitigating oxidative damage, highlighting their importance in the
antioxidant defence system.

2. Regression analysis was used to further investigate the effect of three critical factors
- environment, gender and tissue type - on oxidative stress levels. The results indicated that
cell membrane proteins and lipids were the primary targets for ROS and their derivatives,
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particularly in tissues from birds exposed to anthropogenic pressures. These findings
highlight the complex interplay of environmental factors in driving oxidative stress and the
susceptibility of specific tissues to damage in polluted environments.

3. Multivariate regression analysis revealed that proteins and cell membrane lipids in
different tissues of pigeons from polluted areas were the major targets of oxidative stress,
with excessive oxidative damage affecting key metabolic enzymes and disrupting the redox
balance in both polluted and unpolluted environments.

4. Analysis of statistical dependencies between metabolic biomarkers highlighted
pyruvate as the most influential factor, with ICDH playing a critical role in metabolic
adaptation in various tissues, particularly brain, kidney and liver.
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