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The present study was designed to evaluate the responsiveness of modulation of glial fibrillary acidic protein (GFAP) content 
and its fragmentation in the snake brain as a biomarker of local industrial pollution of aquatic ecosystems. Despite GFAP being a 
well known cytoskeleton marker of astrocytes’ reactivity in the brain of vertebrates, its expression in the snake brain remains insuf-
ficiently described. The GFAP expression and its fragmentation were detected using the immunoblot method in the snake brain. 
ROS level was determined with dichlorofluorescein diacetate fluorescence. The content of the glial fibrillary acidic protein (GFAP) 
of filament (cytoskeleton) and soluble (cytosol) fractions in the brain of dice snake Natrix tessellata from three ecosystems with 
different rates of industrial pollution were studied (two polluted and one clean control site). Characteristic increase in GFAP frag-
mentation was noted for the snakes from both the researched polluted sites. Significant increase in the content of the GFAP cleaved 
polypeptide fragments induced by industrial pollution exposure was confirmed in the snakes’ brains. Meaningful GFAP fragmen-
tation was determined in snake brain astrocytes as an increase in cleaved fragments of 47–35 kDa molecular weight for both solu-
ble and cytoskeletal GFAP fractions. We found significant abnormality in the ratio of the GFAP soluble fraction to the cytoskeletal 
one in contaminant-exposed dice snakes. It should testify to significant metabolic disturbance in nerve cells of the dice snakes. 
Furthermore, growth of reactive oxygen species level as the main cause of oxidative stress was determined in brains of the snakes 
exposed to environmental toxicity. Thus, astrocyte cytoskeleton disorders are associated with pollutant-induced redox imbalance in 
the snake brain. Despite the limited data on glial cell biology in the reptilian brain, the observed results prove that snake astrocytes 
can respond to the environmental toxicity using typical astroglial response. The presented results evidence that monitoring of mo-
lecular characteristics of glial cytoskeleton in dice snakes could be used as reliable biomarker of neurotoxicity and adverse effects 
of industrial pollution. Further studies are required to elucidate the role of astrocyte cytoskeleton in the response against neurotoxic 
contaminants.  

Keywords: glial fibrillary acidic protein; oxidative stress; molecular sentinel; environmental contamination; reptile.  

Introduction  

Nowadays, practically all ecosystems are exposed to adverse effects 
of toxic industrial-derived compounds. Detrimental effects are caused at 
various rates which depend on the number, contents and level of industrial 
waste. Global intensification of modern technologies is accompanied by 
toxic chemicals’ production throughout the world that determines total 
and local environmental pollution. In consequence, biosystems demon-
strate different responses to the effect of an ecotoxicant that could be ob-
served throughout large geographical areas (Barker & Tingey, 1992; 
Sanderfoot & Holloway, 2017; Cantonati et al., 2020). Different toxic 
substances absorbed by living organisms cause primary reactions at a 
molecular level that later occurs at all the highest levels of a biosystem’s 
organisation. As a rule, pronounced multiple ecotoxic effects are accom-
panied by different deviations of animal behaviour, population parameters 
and species abundance (Newman & Clements, 2007; Peterson et al., 
2017; Lieshchova et al., 2018, 2019). Ecotoxicants cause changes in mor-
tality, reproduction, community characteristics and other parameters of 
biosystems at any above species level (Clements & Rohr, 2009; Van de 
Perre et al., 2016; Schäfer & Bundschuh, 2018). However, the molecular 
basis of ecotoxicant-initiated disturbances frequently remains unknown. 
Undoubtedly, biochemical processes and molecular interactions are a 

background of modulation at all biosystem levels including consequent 
alterations in populations and ecosystem structure.  

To assess the environmental qualitative and quantitative parameters, 
modern approaches of sublethal monitoring of wildlife expand the use of 
different biomarkers and bioindicators. For the earliest identification of 
harmful impact, the biochemical and molecular markers are mostly effec-
tive as long as imbalance in molecular pathways reflects the abnormalities 
in a biosystem at the earliest stages. New developments in molecular 
biology have also allowed insight into the genetic basis for wildlife re-
sponse to toxic substances (Peakall et al., 1999; Kendall, 2016).  

Most regions in Ukraine, especially industrially developed ones, such 
as the steppe Dnieper area, are characterised by a high level of chemical 
pollution. Therefore, different enterprises of the industrially developed 
Dnipropetrovsk oblast discharged about 833 thousand tons of contamina-
ting substances into atmospheric air in 2016. The total amount of the 
dumped liquid sewage averaged 243.8 million m3 in 2016 (Strilets, 2017). 
In Zaporizska oblast, different industrial and agricultural sources dis-
charged 167.0 thousand tons of gaseous pollutants and 112.364 mil-
lion m3 of polluted waters in 2016 (Prychynenko et al., 2017).  

In the regions of high concentration of metallurgical and chemical 
factories like Dnipropetrovsk and Zaporizhia areas, the most dangerous 
risk factors are heavy metals and persistent organic pollutants (POPs) 
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derived from industrial emissions. Increasing ecotoxicant concentrations 
can lead to irreversible disturbances in the cells of living organisms with 
further troubles in structure and functioning of populations and communi-
ties. The detrimental effect of environmental toxicity was demonstrated in 
the brain of fish exposed to a complex of urban and refinery waste pollu-
tion caused by a tanker incident (Sukharenko et al., 2008). Previous results 
have shown growing evidence of the successful application of 
neurospecific proteins for estimation of the harmful effect of heavy metal, 
aluminium ions and industrial pollutant mixture (Nedzvetsky et al., 2011; 
Novitsky et al., 2013; Sukharenko et al., 2017).  

The initiation of redox imbalance and consequently oxidative stress 
generation are the most common abnormalities in all organisms affected 
by various environmental toxicants. Increased level of free radicals leads 
to oxidizing macromolecules including lipids, proteins and nucleic acids 
(Yoshikawa & Naito, 2002). Different cell types can scavenge and neu-
tralize free radicals with both endogenic antioxidants and antioxidant 
enzyme systems. However, the neural tissue cells are extremely suscepti-
ble to oxidative damage because of the poverty of endogenous antioxidant 
substances and feeble efficacy of antioxidant enzymes (Baxter & 
Hardingham, 2016; Bolaños, 2016). Thus, various toxicants could induce 
neurotoxicity processes associated with oxidative stress. Moreover, com-
bined exposure to present industrial pollutants can exert synergetic effect 
that multiplies a toxicity effect of many compounds (Kim et al., 2014; 
Tanaka & Kawahara, 2017). Thus, the neurotoxicity phenomenon can 
occur in both human and animal organisms because of industrial pollu-
tion. For the last decade air-derived toxicity has attracted especial interest 
since this contaminant type could cause neurodegeneration and brain 
disease (Block & Calderón-Garcidueñas, 2009, Lucchini et al., 2012). 
Practically, most of the known intoxications are followed by disorder of 
nervous system functioning. Taking into account that neural tissue cells 
are susceptible to most of the widespread environmental pollutants inclu-
ding metal ions, POPs and pesticides, the evaluation of expression of 
neurospecific proteins could be an effective tool for detection of the urgent 
indices of both vitality and critical damages in the neural system 
(Nedzvetskii et al., 2001).  

The cytoskeleton proteins, reparative protein A (RPA70), transcrip-
tional regulator nuclear factor kappa-B cells (NF-kB) and DNA damage 
repairing poly-(ADP-ribose)-polymerase (PARP) were reported as valid 
biomarkers to estimate aluminium, cadmium, mercury and copper neuro-
toxicity (Novitsky et al., 2013; Nedzvetsky et al., 2018; Kirici et al., 2019). 
The study of the effect environmental toxicity on the brain is one of the 
relevant and major areas of research (Legradi et al., 2018; Pereira et al., 
2019; Taysi et al., 2019). Besides, brain cells are critically susceptible to 
most pollutants, which induce irreversible metabolic and structural chang-
es in it (Nedzvetsky et al., 2006, Taysi et al., 2019). Thus, the central nerv-
ous system represents a potential target for any ecotoxicant impact 
(Nedzvetsky et al., 2006; Pereira et al., 2019).  

Brain functioning closely relates to adaptive and repairing systems of 
neural tissue cells (Hall & Tropepe, 2020). Brain homeostasis and neu-
ronal viability are known to be supported by surrounding neuroglial cells. 
They are capable of active repairing of any brain part under influence of 
different disturbances and damages of the nervous system. Intermediate 
filaments are of special importance for construction of the astrocyte cyto-
skeleton and providing multiple gliospecific functions in the neural system 
(Peters et al., 1991). Glial fibrillary acidic protein (GFAP) is the main 
structural component of intermediate filaments type III, which are ex-
pressed in astrocytes of all vertebrates (Aebi et al., 1988). There is a 
growth of evidence that the expression of aforementioned specific 
astroglial protein is modulated by stressful factors of different nature, and 
therefore the changes found in its quantity and fragmentation can serve as 
molecular biomarkers of the stressful influences (Nedzvetskii et al., 2005; 
Nedzvetsky et al., 2011).  

Previous studies have shown that GFAP functions in mammals could 
be similar to those in reptiles in spite of morphological variability from 
species to species (Kalman et al., 2001; Gasso et al., 2010, 2012). Fur-
thermore, the astrocytes of different animal species possess common 
features in respect to maintaining brain homeostasis in course of the vari-
ous injuries and intoxications (Nedzvetsky et al., 2006; Rai, et al., 2013; 
Ortega & Olivares-Bañuelos, 2020). The permanent growing level of 

environmental pollution worldwide give relevance to the search and in-
vestigation of valid and reliable molecular biomarkers that are able to 
adequately reflect the functional state of cells and therefore a whole organ-
ism indirectly.  

In Squamata reptiles (snakes and lizards), astrocytes were found to be 
frequent in several areas, although they nowhere predominated, and ex-
tensive GFAP-poor areas were found in some species as well. As ex-
pected, they share more common astroglial features with birds. In addi-
tion, contrary to birds and mammals, different taxonomic groups of rep-
tiles have conspicuous differences in their glial structure. The glial struc-
ture of Squamata seems to be most advanced among reptiles (Lorincz & 
Kálmán, 2015). Dice snake Natrix tessellata (Laurenti, 1768) is one of the 
most common reptile species throughout its area of distribution including 
along the Dnieper River valley within the Steppe zone. Dice snake, as 
opposed to the sympatric grass snake Natrix natrix, occupies the small-
scale areas within a certain water body and therefore may fully character-
ize the environmental conditions of the studied biotope (Bulakhov et al., 
2007; Gasso, 2011). Previous research demonstrated unstable biochemical 
alterations in reptile blood under influence of pollution in the region 
(Klymenko & Gasso, 2009; Gasso et al., 2016).  

Both dynamic changes in cytoskeleton proteins and adaptive cell re-
sponse in the snake brain could be probably convenient and informative 
testing parameters to be used for biotesting and biomonitoring purposes. 
Comparative analysis of characteristics of the snake glial cell cytoskeleton 
from ecosystems of different industrial pollution rate could manifest the 
harmful effect of pollution at the early stages of toxicity. Furthermore, the 
evaluation of glial intermediate filaments’ fragmentation can reflect the 
progress in cell death and disturbance of neural cell functions (David et al., 
1997; Smerjac et al., 2018; Stopnicki et al., 2019). Thus, the evaluation of 
dynamic changes in the glial cytoskeleton of the snake brain may be a 
powerful tool for the determination of the intensity of the detrimental 
effect of industrial toxicants derived from contemporary chemical and 
metallurgical enterprises. Despite the many reports on GFAP expression 
in the mammalian brain exposed to toxicant influence, the modulation of 
glial cytoskeleton in the snake brain has been studied poorly.  

The aim of the presented study is the assessment of the expression 
level and industrial toxicant-induced fragmentation of brain GFAP in the 
dice snakes inhabiting ecosystems with different pollution burdens. 
The validation of GFAP expression as a cytoskeleton molecular marker in 
the brain of dice snake for evaluation of the detrimental effect of local 
environmental pollution was also aimed at.  

Materials and methods  

Mature individuals of the dice snake were caught in three locations 
along the Dnieper River in July – September of 2014–2016 (Fig. 1). 
The specimens were collected in the habitats adjoining Prydniprovska 
Thermal Power Station (48.400° N 35.114° E, 6 specimens), in the eco-
system of Majorova Balka (the ravine, 48.263° N 35.169° E, 6 speci-
mens) and in ecosystems affected by emissions of industrial enterprises of 
Zaporizhia city (47.886° N 35.135° E, 6 specimens). The main sources of 
pollution in Zaporizhia are the public joint-stock company “Zaporizhstal” 
steel works, Zaporizhia Titanium & Magnesium Combine, and the mer-
chant-coke plant PJSC “Zaporizhkoks”. They released about 65 million m3 
of polluted waters and up to 54 thousand tons of pollutants in the air annu-
ally (Prychynenko et al., 2017). Prydniprovska TPS discharged about 
121.8 thousand m3 of polluted waters into the Dnieper River and up to 
61 thousand tons of atmospheric pollutants during the year 2016 (Strilets, 
2017). Prydniprovska TPS emits 65.64 tons of Zn, 52.18 tons of Mn, 
14.94 tons of Pb, 4.82 tons of Cu, 200 kg of As, 100 kg of both Cd and Hg 
annually (Povorotnya, 2016). Deposited heavy metals, sulphur dioxide, 
nitric and carbon oxides, and burned coal cinders affect all organisms 
including the snake-inhabited biotopes near the TPS. As a result, the soil 
and water in a close vicinity of the TPS are permanently polluted with 
heavy metals, petrochemical products and different phosphates. The levels 
of some pollutants exceeded maximum permissible concentrations 5–
6 times (Choban & Choban, 2008; Kroik & Patskova, 2011; Strilets, 
2017). Majorova Balka is situated far away from industrial sources. It was 
chosen as a conventionally clean control site due to the low level of pollu-
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tant concentrations in the water, which are less than in other studied sites. 
The exterior morphology features of all the caught snakes were described 
previously (Yermolenko et al., 2016b). All the tested indices generally 
corresponded to the limits known for this species throughout its area of 
distribution. Among all the studied morphological indices, the only differ-
ence was the slightly higher percentage of bilateral asymmetry in snakes 
from the population close to the Prydniprovska TPS was found. Such 
changes are usually considered as an indicator of certain destabilization of 
the embryogenesis. The snakes from the polluted habitats in the 
Zaporizhia City did not demonstrate significant morphological differen-
ces. Differences in heart and lung relative weights were also found in the 
snake-inhabited ecosystems close to the Prydniprovska Thermal Power 
Station and the biotopes of Majorova Balka, which is taken as a control 
site (Yermolenko et al., 2016a).  

Fig. 1. Location of the studied habitats along the Dnieper River:  
1 – Prydniprovska Thermal Power Station (polluted site I);  

2 – Majorova Balka (conventionally clean control site),  
3 – Zaporizhia (polluted site II)  

Reactive oxygen species (ROS) were determined in the brains of the 
snakes according to the method described by Gupta and co-authors (Gup-
ta et al., 2008) with a few modifications. The fresh isolated brain tissues 
were washed with cold phosphate buffer saline (PBS) and separately 
homogenized of every animal in Tris-HCl buffer (50 mM, pH = 7.4) on 
ice with ratio 1:10 w/v. The samples of every brain homogenate in vol-
ume 100 μL were mixed with 1 mL of the aforementioned buffer and 
5 μL of 10 μM 2′,7′-dichlorofluorescein diacetate (DCFDA). After 
DCFDA addition, the mixtures were incubated in 37 °C for 30 min on a 
shaker (SI-600, Jelio Tech., Korea). Then immediately fluorescence inten-
sity was measured in all samples using a fluorescence spectrophotometer 
LS55 (PerkinElmer, USA) with length wave an excitation λ = 485 nm 
and an emission λ = 525 nm.  

The caught snakes were described morphologically and then decapi-
tated under soft diethyl ester narcosis for quick processing according to the 
rules adopted by the Bioethic Committee of Oles Honchar Dnipro Na-
tional University. After decapitation, the brain was isolated, washed with 
PBS and cleaned from the meninges on ice. Tissue of each brain was 
homogenized separately in the 10-fold volume of 50 mm of the Tris buff-
er pH 7.8, containing 2 mM ethylenediaminetetraacetate (EDTA), 1 mM 
ethyleneglycoltetraacetic acid (EGTA), 1 mM 2-mercaptoethanol, 6.5 μM 
aprotinin, 1.5 μM pepstatin A, 23 μM leupeptin, 1 mM 
phenylmethylsulfonyl fluoride, 1 μM sodium ortho-vanadate 5μM soy-
bean trypsin. The obtained homogenate was centrifuged in the refrigerat-
ing centrifuge for 45 min at 60,000 g. The supernatant (S1) of first after 
centrifugation contains soluble fraction of cytosolic proteins. To extract 
cytoskeleton proteins of brain tissue cells, the pellet of first centrifugation 
was resuspended in 4-fold volume of the same Tris buffer containing 4 M 
urea as a chaotropic agent to dissociate cytoskeleton intermediate fila-
ments. Brain tissue suspended matter was incubated for 30 min at 4 °C 
and centrifuge for 45 min at 60,000 g (Baydas et al., 2003; Kálmán & 
Szabó, 2001). The supernatant (S2) contained insoluble cytoskeleton frac-

tion of brain cell proteins (Nedvetsky & Nerush, 1999). The content of 
total protein was determined by Lowry method in Miller's modification 
(1959).  

The proteins of both fractions were separated with polyacrylamide 
gel electrophoresis in gradient of acrylamide (5–20%) with 0.1% sodium 
dodecyl sulphate (SDS-PAAG) (Laemmli, 1970). The estimation of 
GFAP content and polypeptide fragments composition of glial intermedi-
ate filaments was carried out with immunoblotting analysis as was de-
scribed earlier (Nedzvetsky et al., 2011).  

The protein bands were transferred from PAAG to nitrocellulose 
membrane by electroblotter (BoiRad, Germany) in Tris-glycine buffer pH 
8.3 at 120 min. Then the membrane was washed with saline phosphate 
buffer containing 0.1% Tween-20 (PBS-T) and incubated with primary 
anti-GFAP rabbit antibodies (1:2500, Z0334, Dako) at 4 °C overnight. 
After first incubation, the membrane was washed with PBS-T and incu-
bated with HRP-conjugated secondary anti-rabbit antibodies (1:5000, R-
05072-500, Advansta Inc., the USA) for 1 h at room temperature. After 
washing, the blots were visualized with 0.05% 3.3′-diaminobenzidine 
tetrahydrochloride and 0.03% hydrogen peroxide solution. The results of 
immunoblotting were scanned and evaluated densitometrically using 
ImageJ software (Wayne Rasband, NIH, USA) (Schneider et al., 2012; 
Rueden et al., 2017). Relative content of GFAP was normalized to the 
total protein content in each respective sample.  

All experiments were performed in triplicate. Statistical analysis of 
the data obtained was performed by use of Statistica (version 12, StatSoft 
Inc., USA). The results are presented as the sample mean and standard 
deviation (SD). The one-way ANOVA and Tukey’s Honest Significant 
Difference Test were used to determine the differences and to confirm 
where the differences occurred between groups respectively.  

Results  

The analysis of the snakes’ external morphology had not shown sig-
nificant changes for populations from the polluted sites. Molecular bi-
omarkers are considered as much more sensitive to industrial pollution.  

ROS assay was carried out to detect the redox imbalance in brains of 
dice snake caused by environmental pollution. The results of relative ROS 
level in the animals’ brain showed significant ROS increase in brains of 
snakes from both polluted sites near the Prydniprovska TPS and in 
Zaporizhia city by 1.6 and 1.7 times respectively (Fig. 2). Therefore, the 
snakes which are inhabitants of both polluted sites are characterised by 
high oxidative stress indices in brain tissue.  

Fig. 2. Reactive oxygen species in the dice snake brain as relative  
fluorescence intensity normalised to control (sample mean and SD):  

1 – control site (Majorova Balka, n = 6); 2 – polluted site I (Prydniprovska  
Thermal Power Station, n = 6); 3 – Polluted site II (Zaporizhia, n = 6);  

*** – P < 0.001  

To estimate the detrimental effect of industrial pollution on brains of 
snakes we carried out comparative analysis of the GFAP expression and 
its fragmentation in the animals’ brain. The design of the present study 
was based on the unique feature of glial intermediate filaments to maintain 
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dynamic balance between soluble cytosolic fraction and insoluble cyto-
skeleton or filamentous fraction in comparison with the proteins of other 
intermediate filament types, which form only insoluble cytoskeleton frac-
tion. Therefore, we determined the content of both abovementioned 
GFAP fractions.  

As compared to the reptiles caught at the control site, statistically sig-
nificant higher content of GFAP was revealed in brain tissue of the snakes 
collected in industrially polluted areas. Significant differences in GFAP 
content were found for both studied fractions: insoluble cytoskeletal and 
soluble cytosolic ones.  

The content of GFAP in filamentous cytoskeleton (insoluble) fraction 
(c-GFAP) detected in the brain of the snake group from the contaminated 
biotopes was significantly increased in comparison with the individuals 
selected as the control population (Fig. 3). Surprisingly, an almost similar 
increase in c-GFAP was observed in the brain of snakes both 
Prydniprovska Power Station and “Zaporizhstal” factory polluted areas. 
Especially, in comparison with the control, the c-GFAP amount in the 
snake brain from polluted sites of the Power Station and Zaporizhia city 
were detected as 1.7 and 2.2 times increment respectively (Fig. 4).  

Fig. 3. Immunoblotting of cytoskeletal GFAP protein fraction  
of the dice snake brain: a – Control site (Majorova Balka);  
b – Polluted site I (Prydniprovska Thermal Power Station);  

c – Polluted site II (Zaporizhia)  

Fig. 4. Relative concentration of GFAP in cytoskeletal protein fraction  
of dice snake brain normalised to control (sample mean and SD):  

1 – Control site (Majorova Balka, n = 6); 2 – Polluted site I  
(Prydniprovska Thermal Power Station, n = 6); 3 – Polluted site II  

(Zaporizhia, n = 6); *** – P < 0.001  

Our findings have shown meaningful changes in cytosolic soluble 
GFAP fraction (s-GFAP) in animals exposed to environmental toxicants 
as compared to the chosen control group (Fig. 5). The content of s-GFAP 
in dice snakes caught in the vicinity of the Power Station increased by 3.8 
times in comparison with a control population. A similar tendency was 
also found for the snakes caught in the polluted biotopes in Zaporizhia. 
Those snakes are characterised by 5.6 times raised s-GFAP level against 
the data obtained for the reptiles from the conventionally clean ecosystem 
(Fig. 6). The substantial significant increase of the s-GFAP form testifies 
to upregulated expression of intermediate filaments proteins and release of 
separated subunits from the filamentous structures. The astroglial reactive 
response is accompanied by an active reorganization of the glial cyto-
skeleton. We also found significant abnormality in the ratio of the GFAP 
soluble fraction to the cytoskeletal one in brains of contaminant-exposed 

dice snakes. Similar increase of this ratio was detected in both groups of 
snakes inhabiting the contaminated areas as compared to control (Fig. 7).  

Fig. 5. Immunoblotting of soluble cytosolic GFAP protein fraction  
of the dice snake brain: a – control site (Majorova Balka); b – polluted  

site I (Prydniprovska Thermal Power Station); c – polluted site II  
(Zaporizhia)  

Fig. 6. Relative concentration of GFAP in soluble cytosolic protein  
fraction of dice snake brain normalised to control (sample mean and SD):  
1 – control site (Majorova Balka, n = 6); 2 – polluted site I (Prydniprovska 

Thermal Power Station, n = 6); 3 – polluted site II (Zaporizhia, n = 6);  
*** – P < 0.001  

Fig. 7. The ratio of cytoskeletal and soluble GFAP content fractions  
in the dice snake brain (sample mean and SD): 1 – control site  

(Majorova Balka, n = 6); 2 – polluted site I (Prydniprovska Thermal  
Power Station, n = 6); 3 – polluted site II (Zaporizhia, n = 6);  

*** – P < 0.001  

The s-GFAP/c-GFAP in individuals caught near the Prydniprovska 
TPS increased by 5.1 times. The respective five times increase is charac-
teristic for the snakes from Zaporizhia as well.  

Discussion  

Despite strong stability of intermediate filament structure in most eu-
karyotic cells, glial intermediate filaments represent a highly dynamic 
system, which is involved in a cellular response to various neural tissue 
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injuries (Eng et al., 2000). The obtained data testify that industrial pollu-
tion induces considerable disturbances cytoskeleton structures of astro-
cytes in the reptile brain, which are considered as stable. The observed 
increase in c-GFAP testifies to intensive synthesis of GFAP and fibrillo-
genesis. Similar activation is characteristic for the induced astrogliosis, 
reactivation of astrocytes in response to action of adverse factors. Astro-
gliosis represents the adequate reactivation of the brain directed to support 
and protection of neurons and functional stability of the brain in general 
(Yang & Wang, 2015). The main GFAP content, which is extracted with 
urea, presents in astrocytes as polymerized into filamentous insoluble 
cytoskeleton structures. Soluble fraction consists generally of subunits, 
which were synthesized in endoplasmic reticulum but have not been 
involved in direct polymerization to build intermediate filaments of cyto-
skeleton. After polymerization of soluble subunits into filamentous struc-
tures, the GFAP loses solubility and can be dissolved by the buffer with 4 
M urea. The ratio of soluble and cytoskeletal fraction of GFAP is consid-
ered as an adequate molecular biomarker of the state of astrocytes’ cyto-
skeleton (David et al., 1997; Eng et al., 2000; Nedzvetsky et al., 2012).  

Differential estimation of soluble and insoluble filamentous forms of 
GFAP has a principal importance to characterize dynamic cytoskeleton 
plasticity, which promotes cell response against toxic factors including en-
vironment pollution. The recycling of soluble GFAP subunits is not com-
pletely understood; despite the fact that GFAP was first described as a 
soluble acidic protein derived from glial cells (Eng et al., 2000). After syn-
thesis of soluble subunits, the intermediate filaments combine extremely 
quickly into cytoskeleton structure with no metabolic energy expenses 
(Aebi et al., 1988). Astrocytes affected by injuring factors lead to an incre-
ase of expression of intermediate filament proteins, which entails the dy-
namic reorganization of cytoskeleton. Required balance in cytoskeleton 
rearrangement could be followed by removal of separate subunits from 
the filamentous structure.  

The considerable change manifested in the increase of soluble cyto-
solic fraction in comparison with the filamentous one affirms also the re-
duction of the s-GFAP subunit’s polymerization rate. The rise of the num-
ber of soluble fragments testifies to the activation of the cytoskeleton 
reorganization with subsequent morphological changes in a cell. A similar 
process is accompanied by the relative decrease in the percentage of insol-
uble cytoskeleton proteins in the GFAP amount, as  was revealed for the 
reptiles caught in the contaminated sites.  

Based on obtained immunoblotting findings (Fig. 3, 5) we can con-
clude meaningful GFAP fragmentation into abundant fragments of 49–
35 kDa molecular weight occurred for both s-GFAP and c-GFAP fracti-
ons. Characteristic increase in GFAP fragmentation is noted for the snakes 
from both studied polluted sites. Taking into account that every intermedi-
ate filamentous structure as well as its subunits is highly resistant to spon-
taneous dissociation, the obtained results attest to essential activation of 
proteolysis and consequent cytoskeletal reorganizations in the brain tissue 
of the dice snakes. The limited proteolysis could follow calpains’ and 
caspases’ cleavage that accompanies the cell abnormality (Gray et al., 
2006; Chen et al., 2013). Besides, David et al. (1997) reported that in-
crease in soluble GFAP content in the human brain is associated with a 
lack of brain functions. Furthermore, it was found that helper T cells re-
leased granzyme B upon contact with astrocytes and caused GFAP frag-
mentation (Stopnicki et al., 2019). Therefore, the GFAP fragmentation 
observed in our study could be recognized as an indicator of both astro-
cyte depletion and attenuation of brain functions in snakes affected by 
industrial contamination.  

The growth of ROS level in the brain of snakes from both polluted 
sites was accompanied by the increase in GFAP fragmentation. The pre-
cise mechanisms of intermediate filaments’ cleaving are not exactly un-
derstood yet. However, Smerjac et al. (2018) have recently demonstrated 
the carbonylation-induced proteosomal degradation of cytoskeleton pro-
teins. Carbonylation is non-enzymatic modifying of proteins with alde-
hydes and/or ketones addition. This modification is one of primary conse-
quences caused by oxidative stress and leads to the irreversible depletion 
of protein functioning (Miksík & Deyl, 1997). Thus, the GFAP fragmen-
tation detected in our study could be initiated with glial intermediate fila-
ments carbonylation, which occurs as one of oxidative stress-induced 
abnormalities. On the other hand, astrocytes possess the ability to respond 

with reactivity against metabolic disturbances with subsequent adaptation 
to chronic toxicity (Bolanos, 2016).  

Furthermore, the importance of GFAP fragments in the identification 
of human brain pathology has been studied recently (Zhang et al., 2014). 
As this takes place, the impact of GFAP fragmentation in the brain of 
ectothermic vertebrate animals caused by environmental toxicity remains 
unknown. However, allowing for our findings we can presume that indus-
trial pollution could suppress astrocyte functions via upregulated GFAP 
fragmentation.  

In spite of the large number of the studies concerning the role of 
GFAP in the brain of some vertebrate species, there is a limited number of 
the reports on the GFAP evaluation and its fragmentation in the reptilian 
brain under toxic effect of pollutants (Gasso et al., 2010, 2012). GFAP 
expression and glial intermediate filaments’ rearrangement intimately rela-
tes to astrocytes and brain functioning (Eng et al., 2000). Dynamic GFAP 
turnover is critical to promote specific star-shaped morphology, cellular 
motility and astrocyte reactivity in response to different toxicity types. 
Moreover, GFAP is the main molecular biomarker of both astrocyte cyto-
skeleton state and its reactivity in the form of astrogliosis. Astrogliosis is 
confirmed as a phenomenon which occurs because of metabolic, regulato-
ry, and structural disturbances caused by different stressful factors (Pekny 
et al., 2014). Astrogliosis is aimed mainly at localizing the damage and 
supporting the vitality of injured neurons.  

Taking into account the fact that astrocytes are responsible for vital 
processes in the mammalian brain including support and repair of neuron 
injury, the obtained results evidence that snake astrocytes could exert a 
similar function against environmental toxicity (Nedzvetsky et al., 2006; 
Lohren et al., 2015). We studied the combined effect of real mixture and 
doses of industrial pollutants presented in natural river biotopes, and their 
capability to initiate neural cell disorders. Despite the distinct macroscopic 
structure and cytoarchitecture of reptilian glial cells in comparison with 
mammalian glia, the observed data support the hypothesis of the con-
servative evolutionary role of glial cells including the cellular response to 
exogenic toxicity (Miller & O’Callaghan, 2003). Moreover, astrocytes of 
some reptiles exhibit similar biochemical and physiological properties to 
mammalian ones (Kálmán & Pritz, 2001; Baydas et al., 2003).  

Comparative analysis of GFAP expression in different species has 
shown its presence in major brain areas of fish, mammals and reptiles 
(Chiu, 1994; Nedzvetskii et al., 2001; Gasso et al., 2010; Malik, 2010; 
Kaas, 2016). Indeed, the representation and localization of astrocytes have 
class-specific features (Miller, 2018). Despite various astrocyte pheno-
types, GFAP in all vertebrates is highly conservative in structure and the 
functions carried-out (Norenberg, 1994; Nedzvetsky et al., 2006; 
Tykhomyrov et al., 2008). Thus, the results obtained in our study evidence 
that reptilian neuroglia, as well as of other species, could play the vital role 
in support and ensuring of neurons’ functioning through astrogliosis and 
GFAP upregulation. Local industrial pollution initiated the GFAP overex-
pression that could be supposed as a biomarker of the detrimental effect of 
environmental toxicity in snakes. Neuroglial cells are vital for mainte-
nance of brain homeostasis because of protection against damage caused 
by different cytotoxic agents. As a rule, astrogliosis is accompanied by 
GFAP upregulation, extensive cytoskeleton rearrangement and astrocyte 
hypertrophy (Pekny et al., 2014; Hol & Pekny, 2015). Astrocyte hyper-
trophy requires extensive fibrillogenesis, which is the main index of the 
reactive response to toxicity-induced brain injury. Furthermore, astrocytes 
have different receptors that promote its extremely high sensitivity and re-
activity against multiple effects of toxicants (Sofroniew & Vinters, 2010).  

In our study, the observed ROS generation in the snakes’ brain was 
accompanied by GFAP upregulation. Therefore, oxidative stress could be 
one of the stimulators of astrogliosis in the brain of snakes. Furthermore, 
comparative analysis has shown significant differences in both ROS level 
and GFAP content in the brain of animals inhabiting contaminated areas 
in comparison with snakes from the control one. Increased GFAP expres-
sion and upregulation under chronic exposure to local industrial contami-
nation allow it to be used as a biomarker of industrial pollution.  

Previous results demonstrated the association of oxidative stress level 
and astrogliosis activity in the rat’s brain. However, the link between ROS 
level and astrogliosis in  the brain of snakes exposed to industrial contami-
nants is presented here for the first time.  
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Despite the limited data on glial cell biology in the reptilian brain, the 
observed results prove that snake astrocytes can respond to environmental 
toxicity using typical astroglial response. Summarizing the presented data, 
our findings evidence that GFAP expression and its fragmentation in the 
dice snakes are valid biomarkers of local industrial pollution.  

Conclusions  

Local industrial pollution induces oxidative stress and launches astro-
gliosis in the brain of snakes. GFAP upregulation in the course of astro-
gliosis is accompanied by increase in both soluble and insoluble (cyto-
skeleton, filamentous) fractions of GFAP, which reflects extensive cyto-
skeleton rearrangement. Therefore, the content of both soluble and insolu-
ble GFAP forms in the dice snake brain, and its ratio could be recognized 
as valid biomarkers of local industrial pollution.  
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