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Background. Pharmaceuticals have become the aquatic pollutants of growing
concern. Caffeine is one of the most widely distributed in the surface waters among
them. However, the environmentally relevant models of its effect, which include com-
bined exposures with probable confounding factors, are unknown. Microplastics are a
suspected vector that influences caffeine bioavailability. The temperature dependence
of response, considering the increase of temperature in surface waters, can also be
anticipated. The aim of this study was to analyze the input of caffeine, microplastics
and elevated temperature into their combined effect on the zebra mussel Dreissena
polymorpha (Pallas, 1771).

Materials and Methods. Molluscs were exposed to caffeine (Caf, 20.0 pg-L™),
microplastics (MP, 1 mg-L™", 2 um in size), or elevated temperature (T, 25 °C) in the
single and combined (Mix- and MixT-) exposures for 14 days. The concentrations of
metallothioneins, metallothioneins-bound zinc, total Zn and Cu concentration in the tis-
sue, total glutathione level, antioxidant (superoxide dismutase) and metabolic (citrate
synthase) enzymes activities, acid phosphatase activity as the lysosomal functionality
marker were determined.

Results and Discussion. The decrease in Zn/Cu concentrations ratio in the soft
tissues shared the common response in all exposures, reflecting the metal imbalance
as the most sensitive marker. The MP-group was distinguished by the decrease in the
levels of total Zn and extra lysosomal acid phosphatase activity, proving injury of Zn

© 2023 T. Matskiv & O. Stoliar. Published by the Ivan Franko National University of Lviv on behalf of Bionoriuni Ctyaii / Studia
Biologica. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 License which
5Y permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e bionoriyni CTyaii / Studia Biologica e 2023 e Tom 17 / N2 2 e C. 27-42


https://doi.org/10.30970/sbi.1702.717
www.http
publications.lnu.edu.ua/journals/index.php/biology
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0987-1489
https://orcid.org/0000-0002-8579-2881
mailto:Oksana.Stolyar%40tnpu.edu.ua?subject=
https://doi.org/10.30970/sbi.1603.686
https://doi.org/10.30970/sbi.1702.717

28 T. Matskiv, O. Stoliar

transportation and Zn-related enzyme activities. All other exposures (T-, Mix-, MixT-)
caused citrate synthase and superoxide dismutase activation. Caf-related groups
demonstrated the elevation of the levels of phosphatase lysosomal membrane-linked
latency, metallothionein total protein and its apo-form. However, glutathione level was
stable in all exposures.

Conclusion. These data revealed the adverse effect of MP and shared beneficial
effects in the exposures that involved caffeine, which can be explained by the antioxi-
dant activity of this substance. Exposure to elevated temperature partially alleviated the
effect of caffeine in the mixture. Thus, the results indicate the importance of multi-stress
exposures modeling, which allows the evaluation of environmentally realistic responces
of an organism to xenobiotics.

Keywords: zebra mussel, pharmaceuticals, zinc, copper, acid phosphatase,
oxidative stress

INTRODUCTION

Caffeine (1,3,7-trimethylxanthine) is an alkaloid that is naturally present in more
than 80 plant species and is known as one of the most consumed psychoactive drugs
because it acts as an adenosine antagonist and affects psychomotor functions and
sleep-wake regulation (Cruz et al., 2016). Due to high water solubility (13.0 g-L™"), rela-
tively high stability and slow pace of degradation under different environmental condi-
tions, caffeine has been well-accepted as one of the most ubiquitous pharmaceutically
active compounds in the natural environment (Lia et al., 2020). Commonly, concentra-
tions of caffeine in surface waters typically lay below 1 pg-L™", with a maximum con-
centration in Europe of 59.5 ug-L™" (Li et al., 2020; Wilkinson et al., 2022). A few known
studies provide sometimes contradictive results on the effects of caffeine on aquatic
habitants (Aguirre-Martinez et al., 2013; Cruz et al., 2016). In the higher vertebrates, the
antioxidant effect of caffeine and its major metabolites, 1-methylxanthine and methylu-
ric acid (Barcelos et al., 2014) and the inhibition of the activity of NF-kB, which plays
a key role in regulating the immune response to infection (Aguirre-Martinez et al., 2013),
were indicated. However, the studies of aquatic invertebrates indicate the damage to
DNA and lysosome integrity, increased lipid peroxidation and biotransformation activity
in crab Carcinus maenas (Aguirre-Martinez et al., 2013), and an increase in the anti-
oxidant and biotransformation enzymes activity in clams (Cruz et al., 2016). Lysosomal
injury was the most frequent manifestation in these studies (Aguirre-Martinez et al.,
2013; Cruz et al., 2016). Consequently, these studies need more substantial clarifica-
tion of the molecular targets of caffeine and suitable bioindicators, taking into accout
environmentally relevant concentrations and combined effects.

Plastics of all sizes have become the main form of surface water litter. Microplastics
(MP, particles less than 5 mm) are reported to account for 92.4 % of marine plastic
debris (Li et al., 2019; Martinho et al., 2022). The primary sources of MP are freshwa-
ters (Lasee et al., 2017; Scherer et al., 2020). One of the most well-studied effect of
MP on aquatic species is the oxidative stress response (Alomar et al., 2017; Magni et al.,
2018; Sewwandi et al., 2022). However, the MP potential ecotoxicity cannot be restricted
by its effect per se. MP can adsorb hydrophobic contaminants from water, increase their
environmental sustainability and is a suspected vector that influences their bioavailability
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(Li et al., 2019; Martinho et al., 2022). Particularly, due to the intensive usage of MP
and caffeine, they are expected to co-occur in wastewater (Alfaro-Nufez et al., 2021),
but research on vector transportation of caffeine associated with MP is still in its infancy
(Sewwandi et al., 2022). Zebra mussel Dreissena polymorpha (Pallas, 1771) is of
exceptional interest as the prospective bioindicator of MP due to its extensive filter-
feeding activity (Li et al., 2019).

Water temperature is an important environmental factor for ectotherm aquatic
organisms that affects their physiological state (de Souza et al., 2013). Seasonal tem-
perature extremes in shallow freshwater habitats are ordinary phenomena, and are
assumed to increase due to global climate change (Intergovernmental Panel for Global
Climate Change (IPCC), 2013). In recent years, the understanding of the cumulative
impacts of anthropogenic activities was evolved in a complex scenario of multiple
stressors (De Marchi et al., 2022).

Therefore, to reflect the environmental multi-stress reality, the aim of this study
was to analyze the input of caffeine, microplastics and elevated temperature into their
combined effect on the D. polymorpha. We tried to adjust the environmentally realistic
conditions of sub-chronic exposure according to the concentrations and size (for MP) of
the substances utilizing the mussels from the municipal pond that are chronically sub-
jected to the complex micropollutants effect. Using D. polymorpha as a well-approved
model organism (Farkas et al., 2017), we determined Zn and Cu accumulation in the
tissues and the level of low-molecular weight metal chaperones and redox-active thiols
glutathione (GSH) and metallothioneins (MTs). The general cell response and cyto-
toxicity were assessed by determining the antioxidant activity (superoxide dismutase,
SOD), metabolic status (citrate synthase, CS), and acid phosphatase (total AcP (AcPt)
and lysosomal membrane-linked latency of phosphatases (L)) activities. This spectrum
of methods was expected to select the valuable biomarkers for the specific and multi-
stress exposures.

MATERIALS AND METHODS
Methodology used is given in detail in Supplementary information (Sl 1)

Chemicals. All reagents were of the Reagent grade or higher (S1 Appendix). They
were obtained from Sigma-Aldrich (USA) or the Synbias (Ukraine).

Detailed information on exposures and assay characteristics is given in the
Supplement available via the Mendeley Data by the following link:

http://dx.doi.org/10.17632/mh4fhd5tw3.1

Study area and experimental groups. The specimens of zebra mussels,
Dreissena polymorpha (Pallas, 1771) (2.5-3 cm in length and 1.83-2.67 g weight in
average) were sampled from a site in the upstream portion of the Seret River (the
tributary of the Dnister, West of Ukraine) at the pond of the city of Ternopil (49° 33'
12.6576" N and 25° 35" 41.1612" E) in August, 2021. About 600 specimens were trans-
ported to the laboratory in 25 L cages with aerated native water and then acclimated to
the laboratory conditions for up to seven days in 80 L tanks filled with aerated, dechlo-
rinated, and softened tap water. Molluscs were fed 500 mg of Tropical SuperVit Basic
containing beta-1.3/1.6-glucan twice a week.

After the acclimation period, mollusks were distributed randomly to six groups. We
treated mollusks with microplastics (MP-group, 1 mg-L™', pore size 2 um), caffeine of
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pharmaceutical quality (Caf-group, 20.0 ug-L™"), their combination (Mix-group), elevated
temperature (T-group, 25 °C) or a combination of microplastics, caffeine and elevated
temperature (MixT-group) for 14 days. Untreated mollusks were also examined after
the same length of time of being in the laboratory tanks. Two replicates per group were
used (50 specimens per 25 L tank). The mortality during the exposure was: 13.67 %
of the average number of individuals, in particular, the highest mortality was observed
under exposure to T (26 %), MixT (21.5 %), and Mix (15.5 %), and to a lesser degree —
in exposures to Caf (11.5 %) and MP (7.5 %).

The concentration of MP and its size corresponded to the typical MP characteristics
in freshwater (Lasee et al., 2017; Scherer et al., 2020), and the time of exposure corre-
lated with the period of the greatest accumulation of microplastics in bivalve mollusc tis-
sues exposed to 1 mg-L™" (Martyniuk, 2022). Caffeine concentration was selected based
on the data reported for freshwaters that can reach 20 ug-L™ of caffeine taking into
consideration the data from the least and the most polluted sites of Europe (0.05 ug-L™'-
59.5 ug-L™) (Li et al., 2020; Wilkinson et al., 2022). Water was changed, and freshly
prepared chemicals were replenished every two days.

After exposures, molluscs were examined for sex and the presence of parasites
under a light microscope, and only parasite-free male molluscs were used for the inves-
tigation. The samples were frozen (-40 °C) until analyses. For all biochemical traits,
except the study of thermostable protein extract, soft tissue samples were prepared
individually from eight molluscs. To analyze thermostable protein extract, the pool of
tissue (350 mg) from five specimens in each group was utilized. The concentration of
the proteins was determined according to O. H. Lowry et al. (1951), using bovine serum
albumin as the protein standard.

Assays for the low weight thiols. Metallothionein protein (MT-SH) concentration
was determined by the method of A. Viarengo et al. (1997) using tissue homogenate
in 20 mM Tris-sucrose buffer, pH 8.6 (1:3 w/v) with 0.5 mM PMSF, 0.01 % R-mercapto-
ethanol, 6 UM leupeptine as it is described in V. V. Khoma et al. (2020). Low-weight
(approximately 7 kDa) fractions with high absorbance at 254 nm and a high D,,/D.,
density ratio were identified as putative MTs-containing peak and pooled for Zn deter-
mination.

Total glutathione (GSH: reduced plus oxidized) concentration was quantified using
the glutathione reductase recycling assay (Griffith, 1980). The rate of 5-thionitrobenzoic
acid formation was monitored spectrophotometrically at 412 nm. Standards were prepa-
red from reduced glutathione, and concentrations were expressed as pmol per g wet
weight.

The concentration of Zn was measured in the soft tissue (Znt) and the pooled
MT-containing eluate (Zn-MT) utilizing the reaction of the complexation of Zn(Il) with
2-(5-bromo-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl) amino]phenol disodium salt
dihydrate (5-Br-PAPS) (Wang et al., 2018); after the digestion of samples with HNO,
it was evaluated by the absorbance of the metal-5-Br-PAPS complex at 560 nm,
expressed as ug/g fresh weight (FW).

Cu assay in the soft tissues was accomplished according to R. E. Peterson and
M. E. Boiler (1955) by the spectrophotometric assay utilizing cuprizone (Copper
Test. 1.14767 — Merck Millipore). The samples of tissue were pretreated to release Cu
and convert Cu(l) to Cu(ll). The pH of the samples was adjusted to 8.0. Calculation was
made utilizing the molar extinction coefficient of 16000 M-' cm™ at 600 nm (Marczenko
& Balcerzak, 2000).
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Biomarkers of oxidative stress and metabolic activity. Superoxide dismutase
(SOD, EC 1.15.1.1) activity was measured according to the non-enzymatic assay based
on aerobic reduction of nitro-blue tetrazolium (NBT) in the presence of phenazine
methosulphate (PMS) and NADH (Fried, 1975). The reduction of NBT was measured
at 560 nm and expressed as SOD units per mg of soluble protein (one unit of SOD is
defined as the amount of enzyme that causes 50 % inhibition of NBT reduction).

Citrate synthase (CS, EC 4.1.3.7) activity was assayed according to E. E. Flynn
et al. (2015) in the supernatant of 10 % w/v homohenate of soft tissue in the buffer solu-
tion. Absorbance was monitored at 412 nm for 3 min. CS enzyme activity was expressed
in nmol/min/mg soluble protein.

The activity of acid phosphatase (AcP, EC3.1.3.2) was estimated after S. Lin and
D. J. Steichen (1994). The supernatant of 10 % homogenate in cold 0.25 M sucrose
solution buffered with citric acid/0.1 M K,HPO, (pH 8.0) was used for determination.
The reaction mixture for the determination of free AcP (AcPf) contained supernatant,
5 mM p-nitrophenylphosphate in 50 mM Na-acetate buffer (pH = 5.0), 0.25 M sucrose,
and 1 mM EDTA. For the estimation of total acid phosphatase (AcPt), Triton X-100
(0.125 mg/mL) was added to the mixture. The absorbance was spectrophotometrically
recorded at 410 nm. Latency, L, which is the percentage of total enzymes that are bound
in lysosomes (latent), was calculated by the formula L = (AcPt — AcPf)/AcPt-100 %. The
activity of AcP was quantified using the molar extinction coefficient of p-nitrophenol
(16000-M-* cm in the presence of EDTA) (Zhang et al., 1992) and expressed in pmol/
min/mg protein.

Statistical analysis. Results were expressed as mean + SD. For all traits, except
Zn-MT (poolled homogenates), sample size was eight from eight individuals, and for
Zn-MT, the sample size was five from the two replicates in each group. Data were tested
for normality and homogeneity of variance using the Shapiro-Wilk test and Levene’s
tests, respectively. Whenever possible, data were normalized by Box-Cox common
transforming method. For the data that were not normally distributed, non-parametric
tests (Kruskall-Wallis ANOVA and Mann—-Whitney U-test) were performed. The IBM
SPSS Statistics version 24 software for Windows was used for calculations.

RESULTS

The MT-SH concentration increased in the groups exposed to caffeine and, par-
ticularly, mixtures. In the Mix-group it was 1.83 times higher in comparison with C-group
(Fig. 1A). On the contrary, determining the GSH level, we did not observe a significant
difference between control and exposed groups (Fig. 1B). MTs-containing proteins were
eluted by gel-exclusion chromatography as the thermostable proteins with the molecu-
lar mass (about 7 kDa) and typical maximum absorbance at 245-250 nm with a high
D,.,/D,q, density ratio (Fig. S2A, S2B). The content of MT-Zn decreased under expo-
sures to Caf and Mix and was correspondent to control in the other groups (Fig. 1C).

The determining of the total metal concentration in the tissues indicated the
decreased level of Zn under exposure to MP, whereas it increased under exposure to
Mix (Fig. 1D). The concentration of Cu in the tissues increased in all exposures, and
the highest meanings were in groups, affected by heating (T and MixT-groups, by 2.9
and 3.0 times higher correspondingly against control) (Fig. 1E). Tissue Zn to Cu ratio
decreased in all groups from 4.28 in control to 1.25 in the T-group (Fig. 1F).
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Fig. 1. Low weight thiols and the concentration of metals in the soft tissues of D. polymorpha under the
influence of microplastics (MP), caffeine (Caf), their mixture (Mix), an elevated temperature (T) and
a mixture of microplastics and caffeine at an elevated temperature (MixT): A — MT-SH; B — GSH total;
C — concentration of zinc in the metallothioneins; D — zinc total levels; E — concentration of copper;
F — zinc/copper ratio, presented as mean + SD (n = 8). Here and in Fig. 2, all groups were compared
with each other, if the letters above the bars are the same, it indicates that the values do not differ
significantly (P >0.05)

The CS activity enhanced compared to control in all exposures, except MP (by
1.34-1.74 times) (Fig. 2A), whereas the activity of the antioxidant enzyme SOD elevated
after the exposures to Mix, T and MixT (Fig. 2B). The AcPt decreased in the MP-group
and significantly elevated by 1.40 times in exposure to the Mix (Fig. 2C), whereas in
all caffeine-containing exposures, the part of membrane-bound acid phosphatase (L)
increased (by 3.42 and 3.56 for Mix and MixT-exposures correspondly) (Fig. 2D).
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Fig. 2. Markers of oxidative stress and metabolic activities in the soft tissue of D. polymorpha under expo-
sures to microplastics (MP), caffeine (Caf), their mixture (Mix), an elevated temperature (T) and
a mixture of microplastics and caffeine at an elevated temperature (MixT): A — citrate synthase activity
(CS); B — total SOD activity; C — total acid phosphatase activity (AcPt); D — lysosomal membrane-
linked latency of phosphatases (L), presented as mean + SD (N = 8)

DISCUSSION

In this study, we aimed to identify the consequences of the multi- stress effect of
common pharmaceuticals, personal care products, and abiotic factors on the zebra
mussel. Generally, it was expected that the molluscs adapted to the moderately polluted
city pond will be resistant to this loading (Farkas et al., 2017). However, the data indi-
cated significant changes in all exposures and indexes, except GSH. In all exposures,
the shared manifestation was a decrease in the Zn/Cu ratio. Although the concentra-
tions of essential metals, such as Zn and Cu are frequently determined in the tissues of
molluscs, their ratio is rarely utilized for the assessment of their health status (Khoma
et al., 2021). However, in the higher vertebrates, the perturbation of the Zn/Cu ratio in
the blood serum and other fluids is an approved sign of pathology, particularly inflam-
mation and aging (Schneider et al., 2020; Matskiv et al., 2021; Kazi Tani et al., 2021).
As it is evident from our results, the disturbance of Zn/Cu ratio can be a useful index in
the bivalve molluscs too.

In the present study, this imbalance was most evident in the T- and MixT-groups
indicating the thermal sensitivity of the metal bioavailability. The consequences of this
imbalance can be the distortion of Zn signaling functions and the promotion of prooxidant
processes, namely, the oxidation of low-weight thiolome (Atrian-Blasco et al., 2017).
However, no other common regularities were found in these exposures. Therefore, the
utilization of this sensitive index for bioindication needs substantial investigation.
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The particular effect was revealed for the MP, whereas all other exposures demon-
strated plural similarities in the responses. To recognise which mode of effect was
adverse or nonadverse, we, first of all, relied on the AcP responses. The AcP in inverte-
brates is considered as a biomarker for lysosomal membrane damage (Gaikwad, 2010).
In the present study, MP caused a decrease in the AcPt activity in accordance with
the decreased Zn total concentration in the tissues and without changes in the rate
of membrane-related activity. This response was indicative only for MP. In all other
exposures, these indexes were either unchanged compared to control or increased.
Since the number of lysosomes is correlated with the AcP activity (Prinz et al., 2020),
the particular decrease in this activity without changes in the part of its latency testifies
he reducing of lysosomal biogenesis. The concentrations of lysosomes within the cell
can change according to their biogenesis activity, and, in turn, Zn plays a crucial role in
this processes (Kim et al., 2022). Therefore, the particular disturbance of Zn transport
through the cell membrane by MP (Wang et al., 2022) in the single exposure can be the
reason for the decreased AcP activity.

The data concerning the effect of MP on the AcP are consistent with the research by
M. Revel el al. (2020), where the AcP activity of coelomocytes in H. diversicolor decreased
after exposure to MP for 10 days. Several reports confirm that the decrease of the AcP
activity in aquatic species can be caused by different contaminants. For example, AcP
activity decreased in the algae Pseudokirchneriella subcapitata under exposures to met-
als and linear alkylbenzene sulphonate (Jonsson et al., 2009), in the blood clam Anadara
granosa under extreme heating (32—-35 °C) (Patel & Patel, 1985), and was more vulner-
able than cathepsin activity in cuttlefish (Sepia officinalis) eggs exposed to Cd and Cu
(Lacoue-Labarthe et al., 2010). A reduced AcP activity may contribute to a decrease in
the resistance of organisms to a variety of other threats, such as bacterial infections, other
pollutants, or abiotic environmental factors (Revel el al., 2020). Importantly, in this study
we have identified AcP as the prospective biomarker of MP impact, whereas the studies
that involved a set of stress markers did not give a uniquocal evidence of such toxicity for
bivalve molluscs (Hamm & Lenz, 2021; Martyniuk et al., 2022a,b, 2023).

Contrary to the MP effect, Mix caused AcPt activation. Study of Y. B. Gaikwad
et al. (2010) suggests that AcPt activity increased in the silkworm Bombyx mori at a low
level of oxidative stress. Moreover, the membrane-bound activity (L), which is a more
accurate measure of stress, increased in all caffeine-related exposures, especially com-
binations, indicating a powerful activation of the functional activity of lysosomes (Lin &
Steichen, 1994).

Caffeine is suspected to affect the oxidative stress balance in different species
including molluscs (Aguirre-Martinez et al., 2013; Cruz et al., 2016), particularly as
a scavenger of OH® radical (Schlater et al., 2022). An important evidence of antioxidant
activity of caffeine was the increase of MTs total concentration in all caffeine-related
groups. It attested their involvement in the response to stress. Moreover, a decrease
in the metalation of metallothioneins can increase the antioxidant activity of these thiols
(Buico et al., 2008). On the other hand, the release of Zn from the thiolate clusters
assists in the transfer of Zn to other cellular targets, which is particularly important in
the circumstances of the distorted Zn/Cu balance (Saad et al., 2016). Hence, the expo-
sure to caffeine caused beneficial changes in the studied markers. According to the
study by D. Cruz et al. (2016), GSH content in the clams (Ruditapes philippinarum) was
decreased with the increasing level of caffeine in exposure, and the lowest values were
observed in specimens exposed to the highest concentration (18.0 mg-L™"). It seems that
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in the present study, the zebra mussels provided the more successful involving of thiols
in the antioxidant response to metallothionein participation. Additionally, the activation
of CS indicates mobilizing of energy resources in all exposures, except MP. Caffeine is
a popular ergogenic substance for humans, that has been shown to increase the meta-
bolic rate, mitochondrial content and biogenesis as well as oxidative and total metabo-
lism through binding of phosphodiesterase that results in an increased cyclic adenosine
monophosphate (Vaughan et al., 2012; Giraldez-Costas et al., 2023). Particullarly, the
activation of CS was shown in the cell cultures exposed to caffeine ods (McConell
et al., 2010; Schlater et al., 2022). The increased temperature had the similar to com-
bined exposures effect on the SOD and CS, indicating the suitability of the explored
model with elevated temperature to the adaptive limits of mussels. These manifesta-
tions were confirmed in other studies of molluscs (Rahman & Rahman, 2021; Martyniuk
et al., 2022a). Similar activation of CS under higher temperature was observed in the
horse mussel Modiolus modiolus (Lesser & Kruse, 2004). However, under the com-
bined exposure in the MixT-group, some of the beneficial responses were less evident
than in the Mix-group, and the distortion of metal ratio was the highest, indicating the
distorting effect of heating on the metal metabolism. The positive relationship between
temperature and an increased metal uptake was demonstrated in various aquatic spe-
cies (Serra et al., 1999; Serafim et al., 2002; Baykan et al., 2007) confirming our results.
Similar alleviation of the effects of mixtures on molluscs under heating was also shown
in other studies (Khoma et al., 2021; Martyniuk et al., 2022a,b).

Generally, the applied exposures demonstrated the adverse impact of MP on the
bivalve mollusk and the ability of caffeine to alleviate this impact in combined exposures.
As itis evident from the Discussion, the combination of caffeine and MP caused the cumu-
lative effect on the mussels, that was clear from the signs of an increased lysosomal and
mitochondrial biogenesis, and also antioxidant activities with the involvement of cellular
low weight thiols metallothioneins. The findings of M. Sewwandi et al. (2022) state that in
mixtures microplastics may potentially serve as a vector for caffeine, allowing it to pass
into cells in larger quantities and, correspondingly, to increase its own effects. Indeed,
in the combined exposures the highest magnitudes of the increase of the Zn total and
metallothioneein-related thiols concentration, AcPt, CS and SOD activities were found.
Moreover, the traces of caffeine effect were more evident in the combined exposures.

CONCLUSION

The findings from our study highlight the importance of assessing the multiple
stressors effects to understand the environmentally relevant consequences of water
pollution. The data revealed an adverse effect of microplastics and shared beneficial
effects in the exposures that contained caffeine, partially alleviated by the heating. The
responses were best distinguished by the assessment of acid phosphatase and metal-
lothioneins. The future prospects of this study are related to the elucidation of the vali-
dity of Zn/Cu ratio as the sensitive biomarker of the health status in bivalve mollusks.
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BIOXIMIYHI BIANOBIAl OPTAHI3MY DREISSENA POLYMORPHA
3 MICbKOI'O CTABY HA KO®EIH, MIKPOMJIACTUK | HAIPIBAHHA
3A NOOAUHOKOIO TA KOMBIHOBAHOI'O BIMJKBIB

TemsaHa Maybkie'?, OkcaHa Cmounsp'
" TepHoninbcbkull HaujoHanbHUl nedazo2iyHull yHisepcumem imeHi Borodumupa MNHamioka
syn. Makcuma KpueoHoca, 2, TepHoninb 46027, YkpaiHa

2 TepHoninbcbkuli HayioHanbHUt MeduyHul yHieepcumem imeHi . 5. lopb6adescbko2o
MadtidaH Boni, 1, TepHonine 46001, YkpaiHa

Bctyn. ®apmaueBTMYHI npenapat CTann OAHMMM 3 HaM3HauyLiwunx 3abpya-
HIOBa4iB BOOQHOMO cepedoBuLla i CNpuYMHATL Aefani Ginblwe 3aHenokoeHHs. NpoTte
30BCIM HEBENMKA KiNbKiCTb JOCTIAXXEHb CTOCYETLCS IX KOMBIHOBAHOMY BMIMBY Ha BOA-
HMX MELUKaHLUiB y €KOMOriyHO 3Hadywimx mogensx. Kpim Toro, BUBYEHHSI BEKTOPHOIO
TPaHCNOPTYyBaHHSA KOETHY MIKPOMSACTUKOM i, 3BaXKatoun Ha NigBULLIEHHSA TeMnepaTtypu
y NMOBEPXHEBUX BOAax, TeMMepaTypHOI 3anexHOCTi UbOro npolecy, Bce e nepeby-
Ba€ y 3apogkoBoMmy cTaHi. MeToto gocnimpkeHHs Oyno npoaHanidyBaTu Bknag KogeiHy,
MiKpOMMacTUKy Ta NiABULLEHOT TeMnepaTypu y iXHbOMy KOMBiIHOBaHOMY BNNMBI Ha npic-
HOBOOHOrO ABOCTYIKOBOrO Montocka Dreissena polymorpha (Pallas, 1771).

Marepianu Ta meTogun. Montockun nigaasanu aii kogeiny (Caf, 20,0 mkr/n), mikpo-
nnacTtuky (MP, 1 mr/n, poamipom 2 mMkm) i nigsuweHoi Temnepatypu (T, 25 °C) 3a oau-
HMYHOro Ta koMbiHoBaHoro (Mix, MixT) BnnueiB npotdrom 14 gHie. byno npoaHaniso-
BaHO KOHLEHTpaLito 3aranbHoro binka metanotioHeiHy (MT-SH), MT-3B’a3aHOro LnHKy
(MT-Zn), koHUeHTpaUito 3aranbHoro Zn i Cu y TKaHUHax, piBeHb 3aranbHOro rmiyTaTioHy
(GSH), iHaykuito aHTMOKCuaaHTa (cynepokcuaancmyTasa, SOD), meTaboniyHuiA ctatyc
(akTmBHICTb unTpaTcnHTasm (CS)), akTUBHICTb 3aranbHOI kucnoi ocdatasun (AcPt) Ta
nisocomarnbHy MeMbpaHHO-3B’A3aHy NaTeHTHICTb pocdarasm (L).
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Pe3ynbraTty i ixHE 06roBopeHHA. CninbHOK peakLieto Nig vac ycix ekcrnosuuin
Oyno 3HWXKeHHS cniBBigHOWEHHSA Zn/Cu y M’SIKUX TKaHUHaX, Lo Bigobpakae ancbanaHc
MeTaniB gk HanyyTnuBiwmiA mapkep Bnnuey. 3a BnnmBy MP crnocTepiranu 3HUXKeHHS
piBHIB Zn i 3aranbHOi KMCMOi hocdaTtasu, WO CBiAYNTb MPO MOLUKOMAXKEHHS Ni30COM.
Yci iHwi ekcnoauuii (T, Mix, MixT) cnpuuMHAnM akTuMBaLilo UMTpaATCUHTa3M Ta cynep-
okcupaucmyTasu. Yci rpynu, siki niggasanucs gii kodeiny (Caf, Mix, MixT), npogemoH-
CTpyBanu nigBuLLEHHA Ni3ocoManbHOI MeMBpaHHO-3B’A3aHOI NaTeHTHOCTI pochaTasum
i KOHLUEeHTpauji 3aranbHoro Ginika MeTanoTioOHEeiHy Ta MOro HemeTaniboBaHOI YaCTUHM.
PiBeHb rnyTaTtioHy 6yB cTabinbHUM 3a yCiX BNMBIB.

BucHoBku. OTprMaHi pe3ynstati BUSIBUNM HECMPUATIIMBIWIA BNSVB MiIKPONACTUKY,
TOAi SIK 32 BNAMBY Ha OpraHiaM KogeiHy cnocTepiranu 3aranbHUA NO3UTUBHUN edekT,
YaCTKOBO HiBENbOBaHUIM BNAMBOM Temrnepatypu. Lle Bkadye Ha BaXnMBICTb BUBYEHHS
KOMOGiHOBaHOI Aii cTpecopiB, WO gacTb 3MOry OLiHUTU pearbHi peakLii opraHiamy Ha
KCEHODBIOTUKM 30BHILLHLOIO CepeaoBMLA.

Knroyoei crioea: TpurpaHka piykoBa, nikapcbki npenaparu, LMHK, KynpyMm, K1ucra
docartasa, oKMCnoBanbHUN CTpec
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