BIOXIMIA

EnexTpoaHamiTHuHE BH3HAUEHHS CYKpajlO3W MPOBOMMIM TAaKOK METOIOM  LUKJIIYHO]
BoJbTaMIiepometpii. [Ipo Te, mo enexkTpoxiMiuHe BU3HAYCHHS! CYKPajIo3u BiIOYIOCs, MOXHA CYAUTH
3a MOCTYHOBHUM, aj€ Pi3KUM 3POCTaHHSIM 3HAYECHHS CTPyMy Y INEBHMX 3HA4CHHSX HoTeHmiamy. Ilpu
IIbOMY IHTEHCHBHICTE ITHOTO 3POCTAHHS 3aJIe)KaTUME Bijl KOHIICHTpAIIIi I[yKpO3aMiHHUKA.

B sxocTi (OHOBOr0 €NEeKTPOIITY BUKOPHCTAHO PO3YMH i3 HeiTpansHuM piBHeM pH. B sikocti
po0oYOro eNeKTPOAy BHUKOPUCTOBYETbCA MaTepial Ha OCHOBI KapOoHy (rpadir, kapOOHOBI
HaHOTPYOKH).

Hamu 3amponoHoBaHO HOBHMH METOJ BU3HAUCHHS CYKpPAJIO3HW, MOB’S3aHUM 13 3aJEKHICTIO
MiKOBOTO 3HAYECHHS CTPyMYy MpH ii €NeKTPOXiMIYHOMY OKHCHEHHi Bif KoHueHTpauii. Ilpm npomy
30epiracTbCs JIHINHA 3QJEKHICTD MDK IKOBUM 3HAYCHHSAM CTPyMy Ta KOHIICHTPAIIIEIO
IyKpOo3aMiHHHUKA.

Kniouosi  cnosa: cykpanosa, enekmpoximiune GUIHAYEHMs, YUKAIYHI BOJNbMAMNEPOSPAMY, MEeMOPAHHUL
e/leKmpONi3, 2a3068ani HANOi, PoHOBULL eNeKMPOoim.
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VULNERABILITY OF FRESHWATER MUSSEL UNIO TUMIDUS
TO WATERBORNE MIXTURE OF PSYCHOACTIVE SUBSTANCES
AND MICROPLASTIC

This study investigates the effects of psychoactive substances and microplastics (MP) on the aquatic
environment using swollen river mussels (Unio tumidus) as bioindicators. Mussels were exposed to
microplastic, caffeine, chlorpromazine and their mixture for 14 days and biochemical biomarkers of
stress and toxicity were analysed. All exposures caused the signs of toxicity, indicated as the loss of
lysosomal membrane stability, inactivation of choline esterase, and decrease of the Zn/Cu ratio. All
exposures, particularly MP, increased the glutathione level, indicating the involving of low weight
cellular thiols in the stress response. Exposure to MP induced superoxide dismutase, and mixture
decreased phenol oxidase activity, confirming the negative cumulative effect of the combine exposure.

Key words: pharmaceuticals, antioxidants, copper, zinc, cumulative effect.

The modern life of humankind cannot be imagined without plural pharmaceutical and personal care
products [1]. Particularly, nowadays, the psychoactive substances increasingly applicate due to the
prevalence of stress, anxiety, and symptoms of post-traumatic stress disorder among the victims of
military activities [14]. Correspondingly, they input into the surface waters, and these so-called ‘micro
pollutants’ expected to create the mixtures with cumulative effects on the aquatic organisms [1, 3, 6].
The psychotropic pharmaceutical chlorpromazine (Cpz) was selected for this study as one of most
popular drug not only in the schizophrenia curing, but also prospective pharmaceutical due to its
antibacterial effect, antitumor activity, inhibition of the replication in different viruses including
SARS-CoV-2 [6, 22]. Caffeine (Caff), a central nervous system stimulant, utilized both as medicine
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and food supplement, is arguably the most frequently ingested pharmacologically active substance in
the world [1]. Consequently, its level in the surface waters is recommended to be the marker of
anthropogenic pollution [24].

The realistic approach in the aquatic ecotoxicology of ‘micro pollutants’ must provide the study
of chemical mixtures [16, 19]. Particular attention in their composition causes the microplastics (MP),
widespread aquatic pollutant and suspected sorbent of hydrophobic substances like Cpz and Caff on
the surface of particles [2]. The distortion of the responses to some pharmaceuticals in the exposures
to their mixtures with MP was reported [16, 17].

The bivalve molluscs are recognized sentinel organisms in the assessment of the pollution due
to the sessile habitats, filter-feeding and worldwide distribution [10, 11]. Therefore, to approximate
exposure conditions to the environmental relevance, the goal of this study was to indicate whether the
approved biochemical indexes of stress and toxicity in bivalves are the suitable biomarkers of
vulnerability of the mussels to the combination of these substances and MP. The essential metals Zn
and Cu accumulation was also included in the expertise according to the previous experience of its
application [17].

Materials and methods of research

Caffeine of pharmaceutical quality was provided by PJSC SIC “Borshchahivskiy CPP”, all other
reagents/chemicals were of the highest analytical grade available and purchased from Sigma-Aldrich
(St. Louis, MO), or Synbias (Kyiv, Ukraine).

The adult male specimens of swollen river mussel Unio tumidus (mean length 9.1-10.4 cm,
weight 56-90 g) were collected in the summer (July) at the middle stream of the Dniester River basin
(the Seret River), Ukraine. About 200 individuals were acclimated to the laboratory conditions for up
to seven days after the capture as it was described earlier [15]. Then, molluscs were distributed
randomly to four groups: untreated mussels (C) and treated with MPs (1 mg L"), Caff (20 ug L"), Cpz
(12 ng L) and their mixture (Mix) during 14 days at the temperature 18° C. After exposures, molluscs
were immediately dissected on ice. The digestive gland tissue was dissected and utilized for study. All
steps were carried out at 4°C. The single-use samples were frozen (—40 °C) until analyzed. Soluble
protein concentration in the supernatant of 10% homogenate of digestive gland was measured
according to the method of Lowry er al. (1951) [12], using bovine serum albumin as the protein
standard.

Lysosomal membrane stability (lysosomal integrity) as an index of vitality was determined in
the digestive gland by the Neutral Red Retention (NRR) assay spectrophotometrically [4] and
expressed in the relative units per g of FW. The elevation of the light absorption corresponded to the
loss of membrane stability. For the neurotoxicity evaluation, the cholinesterase (ChE, EC 3.1.1.7)
activity in the tissue homogenate was determined colorimetrically utilizing acetylcholine iodide
(ATCh) as substrate and the 5,5-dithiobis-2-nitrobenzoate (DTNB) as the thiol indicator [5] and
calculated using a molar extinction coefficient of 14.15-10° M™'-cm™, and referred to the soluble
protein content. The SOD (EC 1.15.1.1) activity in the soluble phase of the tissue homogenate, was
determined according to the non-enzymatic assay based on aerobic reduction of nitro-blue tetrazolium
(NBT) in the presence of phenazine methosulphate (PMS) and NADH [7] and expressed in the SOD
units per mg of soluble protein (one unit is defined as the amount of enzyme that causes 50%
inhibition of NBT reduction). The phenoloxidase-like activity (PhO, EC 1.14.18.1) was determined by
recording the formation of o-quinones utilizing p-phenylenediamine (PPD) as substrate [13]. The
results were expressed in international units (IU) per mg of soluble protein. One IU was defined as the
amount of enzyme that catalyzes the appearance of 1 umol of product per min using the molar
extinction coefficient of PPD reaction product of 43 160 M' cm™. Total glutathione (GSH)
concentration was quantified by the glutathione reductase recycling assay [8] in the protein-free
extract of 10% w/v homogenate. Standards were prepared from reduced glutathione, and
concentrations were expressed as umol per g wet weight.

The concentration of Zn in the digestive gland after the digestion of samples with HNO; was
measured 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) [25], evaluated from the
absorbance of the metal-5-Br-PAPS complex at 560 nm. Cu assay in the soft tissues was accomplished
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by the spectrophotometric assay utilizing cuprizone (Copper Test. 1.14767 - Merck Millipore).
Calculation was made utilizing the molar extinction coefficient of 16,000 M cm™! at 600 nm.

Results were expressed as mean + standard deviation. For all traits, the sample size was eight
from eight individuals. Shapiro-Wilk test was used for the assessment of normality. Data were
analysed using parametric Student's t-test with Bonferroni correction significant at p < 0.01. The
adequacy of data was evaluated based on the value of the KMO and Bartlett’s test of sphericity. The
IBM SPSS Statistics version 26 software for Windows was used for calculations.

Research findings and their discussion

Compared to the control, all exposures caused the increase of lysosome membranes instability (Fig.
1A). For the ChE, the prominent oppression (up to 2.6 times by MP and Cpz) was identified in all
exposures (Fig. 1B).
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Fig. 1. Toxicity markers in the digestive gland of bivalve mollusc U. tumidus exposed to
microplastics (MP), caffeine (Caff), chlorpromazine (Cpz) and their mixture during 14
days, M£SD, N=8. A - lysosomal membrane instability (NRR test); B - cholinesterase
(ChE) activity. Different letters indicate the difference between the exposed and control
groups, P-value < 0.01.

The SOD was significantly activated only by MP and did not change against control in other
exposures (Fig 2A). The level of GSH was more sensitive and increased in all exposures, particularly
by MP (Fig. 2B). The activity of PhO was oppressed substantially (by =2.0 times against control) only
under the exposure to Mix and did not differ significantly in all other exposures (Fig. 2C).
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Fig. 2. The markers of stress and essential metals level in the digestive gland of bivalve
mollusc U. tumidus exposed to microplastics (MP), caffeine (Caff) and chlorpromazine
(Cpz) and their mixture during 14 days, M£SD, N=8. A - superoxide dismutase (SOD)
activity; B - total glutathione (GSH) level; C - phenoloxidase (PhO) activity; D -
concentration of Zn; E - concentration of Cu; F - the ratio of Zn/Cu concentrations.
Different letters indicate the difference between the exposed and control groups, P-value
<0.01.

The concentrations of Zn and Cu in the digestive gland were changed comparing to control in
most exposures. The level of Zn decreased in the Cpz-group and increased by Caff and Mix (Fig 2D).
The concentration of Cu increased in all exposures, except Cpz, up to 40% (Fig. 2E). Correspondingly,
the Zn/Cu ratio decreased against control from 4.0 up to 3.6 in all exposures (Fig. 2F).

According to our results, the signs of toxicity were detected in each exposure. The most
prominent signs of toxicity were evident as the ChE depletion, confirming the worth of this marker to
indicate the impact of environmentally relevant concentrations of diverse xenobiotics in bivalve
molluscs [18]. Concerning the Cpz, the inability to utilize acetylcholine can occur, distorting the
nervous system coordination [21]. The NRR test is approved in the plural studies as the index of cell
viability [20]. This is explained by the lysosomes property to be the specific target for the
accumulation of different pollutants. Our study confirms this response even for the extremely low
concentrations of contaminants, particularly for Cpz. Similarly, the decrease in the lysosomal
membrane stability was confirmed for the effect of MP, Caff and their mixture, and Cpz on the marine
mussel Mytilus galloprovincialis [9, 10].

Comparing the manifestations of stress, it can be assumed that the responses of GSH were most
prominent, indicating the activation of antioxidant response, particularly by MP. The important role of
GSH in the adaptation of bivalve mollusc to MP and pharmaceuticals was shown previously [16].

The particular sensitivity of PhO, the marker of inflammation, was the most valuable sign of the
vulnerability of defence forces and the negative cumulative effect of MP, Caff and Cpz mixture. The
decrease of immune response as the major target for environmentally relevant mixtures of
pharmaceuticals in molluscs was described earlier [3] and consistent with our results.

At last, the impact of all exposures was evident from the Zn/Cu concentrations assessment.
Importantly, our results confirm that the ratio of these essential metals in the mussels can be utilized
for the assessment of their health status. Meanwhile, phenothiazines inhibit the binding of Ca to Ca-
dependent proteins [22], and the interaction of Ca and Zn transport particularly for mussels is well
known [23]. Hence, this effect can be a specific target for the phenothiazine Cpz.

Summarizing, the freshwater mussels U. tumidus can provide early warning of emerging
environmental health hazards caused by psychoactive substances and their combination with MP. The
depletion of Zn/Cu ratio in molluscs can be recommended as the simple index of environmental health
disturbance, and the phenol oxidase activity for the indication of multi-stress impact.
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UYTIIMBA PEAKIIIA ITPICHOBOJHMX MOJIFOCKIB UNIO TUMIDUS HA 11O CYMIIII
[ICUXOAKTUBHUX PEHOBUH TA MIKPOIUVTACTUKY

Hapnxo/pxeHHs ICHX0aKTHBHUX PEYOBUH Y MOBEPXHEBI BOJM 3pOCTAE Yepe3 iX MIMPOKE 3aCTOCYBAaHHS
y JiKyBaHHI Ta MiATPUMaHHI EMOLIIHOro cTaHy MIOOWHH. J[BOCTYIKOBI MONIOCKH € YyTIMBHMH
oprafizMamu Ui OUiHKU 3a0pyIaHeHHS BoAu. IIpoTe BIUIMB CHONYK, SIKi 3MiHIOIOTH NMOBEOIHKY Ta
KOTHITHBHI ()YHKIIT JIIOJWHHM, HA HEIUJILOBI OpraHi3aMu MOCHIIKCHHH HeIoCTaTHhO. KpiM TOro,
NPUCYTHICTh MIKPOIUIACTHKY Y BOAHOMY CEpPEAOBHIII MOXE 3MIHIOBATH HOro O10JIOTIYHWH BIUIWB.
Tomy, m00 HaOMM3UTH EKCIIEPUMEHTANbHI YMOBH J0 PEANbHUX, METOI0 LLOTO AOCHIIKEHHS OYio
BU3HAYHMTH, YW € OIOXIMIYHI MapKeph CTpPeCy Ta TOKCHYHOCTI y MBOCTYJIKOBHX MOJIOCKIB
BIIMTOBITHAMHU JUISI OIIIHKKA OJHOPA30BOTO Ta KOMOIHOBAaHOTO BIUIMBY IICHXOAKTHBHUX PEUOBHH 1
MiKpOIUIACTHKY.

Ipotsrom 14 auiB npicHOBOAHMX MOIIOCKIB Unio tumidus nigmasamu aii MP (1 mr !, posmip
35-50 mxm), kodeiny (Caff, 110 nM), xmopnpomasuny (Cpz, 37 M) a6o ix cymimi (Mix). OnineHo
Ha0ip GioMapKepiB TOKCHYHOCTI Ta KOHIEHTpawil UMHKY (Zn) i mizi (Cu) y TpaBHiH 3a103i.

Yci BIUIMBH BUKJIMKAIH O3HAKHM TOKCHUYHOCTI, IO BHPaXKalUCs SK BTpara CTaOiIbHOCTI
J30COMaNbHOI MEMOpaHM, 1HAKTHBAIlisl XOJIHECTEpa3u Ta 3HIKEHHs chiBBimHOmEHHS Zn/Cu. Yci
BILTHUBH, 0co0aMBO MII, migBHITyBaau piBEHB IIYTATIOHY, IO BKa3ye Ha 3aTyUYCHHS KIITHHHUX TiONiB
HU3BKOi BarM y BIiAMNOBiAs, Ha cTpec. BrmmmB MP iHAyKyBaB CyHepOKCHAIUCMYTa3y, a CYMIIl
3HMKYBQJIa aKTHBHICTh ()EHOJOKCUIA3W, MIATBEP/UKYIOUM HETaTUBHUA KyMYJSTHBHUH edekt
KOMOIHOBAaHOTO BIUIMBY. PEKOMEHIyeEMO BHKOPHCTOBYBATH 3HIDKEHHS CIiBBigHOmEHHS Zn/Cu B
MOJTFOCKAX SK ONTHMAJBHUIA MMOKa3HWK JIJIsl OIIHKH MOPYIICHh B €KOCHUCTEMi, a TAKOX OI[iHIOBATH
aKTUBHICTh ()SHOIOKCHIA3H JIJIS BUSIBJIICHHS KOMOIHOBaHOTO BIUTMBY CTPECOBHX (PaKTOPIB.

Kniouosi crosa: gpapmayesmuxu, aHmuoKkcuOaHmui eH3uMu, Miob, YUHK, KYMYIAAMUSHUL edexm.
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