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introduction ofChlorella vulgarisin the exposure media in the amount of about h@0gand cells /
dn?® did not show a significant corrective effect or tioxicity of pesticides for non-target species
Danio rerio, which doesn’t exclude the positive impact of algem the functioning of the ecosystem
in general and requires a more detailed analysis.
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COMBINED EXPOSURESTO LOW ROUNDUP CONCENTRATION
INDUCE THIOLOME RESPONSE IN BIVALVE MOLLUSK

Glyphosate is a weed killer used worldwide. Itsiddy to aquatic organisms was investigated mostly
at acute high levels of exposure. The study aimeevaluating the effect of lovglyphosate
concentration in the combination with pharmaceuiticeheating to freshwater bivalve mollusk¥e
exposed the musselinio tumidusto glyphosate-based herbicide Roundup MAX (Rn916 L* or

40 nM of glyphosate, roughly a half of PNERrédicted No Effect Concentration) estimate derived
from multispecies data), chlorpromazine (Cpz, 18.0 [fgok 56 nM), the combination of Rn and
heating (25 C, RnT), and the combination of Rn and Cpz (RnCha)ng 14 days. The responses of
oxidative stress were evaluated in the digestiandyl The enzyme activities changed only in the
exposures containing Rn (increase of superoxidautsse) and Cpz (decrease of catalase), whereas
the elevation of total glutathione (GSH) level wadicated in all exposed groups except Rn and of
metallothionein-associated thiols (MTSH) in all gps except Cpz. Analysis of metallothionein by
means of size-exclusion chromatography did notceigi substantial oxidative changes in any group.
Lipid peroxidation increased in all exposures, madly up to 16.6%. The total balance of
antioxidant versus prooxidative changes increasedl iexposures containing Rn (by approx. 3 times
in RnT-group), while decreased in the Cpz-groumdée combined exposures distort prominently the
oxidative stress responses to xenobiotics in theshivater mussels even at low, nanomolar
concentrations. The ability of Rn to induce MTSH®s to be the decisive input in the antioxidant
defence of the mussels affected by the mixed phlfsleemical exposures.
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Roundup (a commercial form of organophosphorushgigpte) belongs to the most utilised pesticides
over the world as weed killer [15]. Glyphosate has molecular targets in the animals, but it intsbi
the enzyme 5-enolpyruvylshikimate 3-phosphate syntH&se2.5.1.19 of the shikimate pathway,
which is essential for the synthesis of aromaticdnanacids and of almost all other aromatic
compounds in algae, higher plants, bacteria, andifi20]. However, glyphosate utilisation since
1974 had brought several negative experiences oangeits impact on non-targeted organisms.
Glyphosate, both as the active ingredient and wlith adjuvants presented in the commercial
Roundup formulations, was reported to cause toxicit different experimental models, including

72 ISSN 2078-2357Hayk. 3am. Tepuomn. Ham. niea. yH-Ty. Cep. bion., 2020 Ne 3—4 (80)



BIOXIMIA

cancer in mammalians [3, 15]. Different studiesehawdicated a high level of glyphosate in the
environment and organisms. For example, it has beemd 2.23ug/L of glyphosate derivate in the
urine of agricultural workers in the northwest oeXico, and 53% of the workers showed nuclear
damage [3].

The bivalve mollusks are highly recommended aquatganisms for the bioindication of
aquatic pollution due to their filter-feeding lifgke, long life spans, and sedentary habits [16].
However, these unique features make theamticularly sensitive to environmental perturbaso
resulting from global climate change and lead &rthlobal declind18]. In our previous studies, we
reported high sensitivity of freshwater musselsthe local environmental peculiarities (even
depending on the location of the power plant dén)11]. In the subchronic exposurg vivo to
Roundup alone (80 nM of glyphosate) and in comimnat with pharmaceuticals and heating,
particular toxicity of Roundup to the mussels hasrbshowrj10, 12] Importantly,ex vivoexposure
to Roundup at as low as 40 nM glyphosate conceotrataused the most prominent responses of
stress and toxicityl2]. This concentration corresponds to approximgadehalf of thePredicted No
Effect Concentration (PNE®@stimate derived frormultispecies data [25].

The study aimed at evaluating the long-term sububreffects to freshwater bivalve mollusks
of Unio tumidusinduced by glyphosate alone at as low as half oE@Mnd jointly with other
environmental challenges — heating and pharma@uscbstance. An elevated temperature
corresponds to the maximum water temperaturé (Q=detected in the Dniester basin in the typical
location of sampled mollusks (https://ukr.seaterapee.net/seas-and-rivers/reka-dnestr).
Chlorpromazine (Cpz), the selected pharmaceutmatHis study, is the first generation neuroleptic
drug [13]. Its relatively high concentratiovas detected in wastewa{éi. Importantly, Cpz has been
found to have antiviral activityn vitro against the influenza virus, HIV, and, actuallyjsi listed
among "the most promising molecules for inhibiteayonaviruses in human cells” [13]. The indexes
of oxidative stress and metallothioneins’ chromedpbic behaviour were selected for this study as
the expected sensitive indicators of toxicity mesitions [21, 22].

M aterials and methods

All reagents were of the Reagent grade or highdrvaere obtained from Sigma-Aldrich (USA) or
from the Synbias (Ukraine). Roundup formulation wReundup MAX, Monsanto, USA, and
chlorpromazine was of pharmaceutical purity (AMINAZ KhSPhE ‘People's Health ATX
NO5AA01).

Adult bivalve mollusksUnio tumidusPhilipson, 1788 (Unionidae) (~ 6 years old, ~ 8% c
length, and 60-70 g weight) were collected in @rrisite assumed to be reference [8]. Specimens
were transported to the laboratory and acclimabethé laboratory conditions for up to seven days
after the capture and distributed randomly to fgrogups. One group was exposed to the aquarium
water only and was considered control (C). Othevugs were exposed to organophosphonate
pesticide Roundup MAX (Rn, 16.9 ug't correspondent to 6.1 ug'Lor ~40 nM of glyphosate) at
the temperatures 1€ (RnC) and 25C (RnT), to chlorpromazine (Cpz, 18.0ug &r 56 nM), and a
mixture of Rn and Cpz (RnCpz) at °1& during 14 days. Water was changed and chemicals
replenished every two days. Mollusks were fed whisame regularity throughout the experiment.

After exposures, mollusks were immediately dissbcte ice. For all biochemical traits except
metallothioneins elution, digestive gland samplesenprepared from eight individual mollusks in
each experimental group. Tissues were sampled® & dnd frozen (-40C) until analyses. For
metallothioneins detection, the combined samples flive specimens (total 350 mg) were prepared
in triplicate. The methodology used for each bidteats given in detail in Khoma et al. (2020) [10,
12].

For oxidative stress assays, 6,000 x g supernafagigestive gland tissue was prepared. The
samples were homogenized (10 % w/v) in 0.1 M phaspbuffer, pH 7.4, containing 100 mM KCI
and 1 mM EDTA, as well as 0.1 mM 0.1 mM phenylméthifonyl fluoride for proteolysis
inhibition. Homogenates were centrifuged at 6,009 fer 10 min, and the resulting supernatant was
kept at -40 C. The protein concentration was analysed in t88@Bx g supernatant according to the
method of Lowry et al. (1951) [14], using bovinewa albumin as the protein standard.
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Superoxide dismutase (SOD, EC 1.15.1.1) activitys vmeasured according to the non-
enzymatic assay based on aerobic reduction of -bitre tetrazolium in presence of phenazine
methosulphate and NADH [7]. Catalase (CAT, EC 1.H). activity was measured
spectrophotometrically by monitoring the decomposibf H,O, according to Aebi (1974) [1] at 240
nm. The products of lipid peroxidation (LPO) weretetmined in the supernatant of 10% W/V
homogenate after the sedimentation of proteins uifosalicylic acid as the production of
thiobarbituric acid-reactive substances (TBARS)|[Total glutathione concentration was quantified
by the glutathione reductase recycling assay [9héprotein-free extract of homogenate using 5,5-
dithio-bis-(2-nitrobenzoic acid) (DTNB). Metallotimeins were isolated as the thermostable
proteins by size-exclusion chromatography on Seghg@-50 as described elsewhere [19]. Low
weight (approximately 8 kDa) fractions with highsabbance at 254 nm and highsiD,g density
ratio were identified as putative MTs-containingakend pooled to the total of 10 mL for the UV-
spectrum detection. Metallothionein-associated IshiGMTSH) were determined using DTNB
reduction method after the ethanol/chloroform esttcen from tissue homogenate [23].

Results were expressed as mean + SD. Shapiro-Wgk was used for the assessment of
normality. Data were analysed with parametric Stidet-test significant at p < 0.05. Pearson’s
correlation test for the pairs of variables wasfggened at a 0.05 level of significance. An index of
Antioxidant/Prooxidant Balance (APB) was defined the shift of balance between antioxidant
activities (SOD, CAT, GSH, MTSH) and prooxidant nfastations (TBARS). Each index in the
exposed groups was calculated as a rate of daviibon control value Z = (Mi-Mc)/Mc. The mean
value of APB equalled 4.0 in the control group. TBM SPSS Statistics version 24 software for
Windows was used.

Results and Discussion

The evaluation of oxidative stress response hagdted low sensitivity of antioxidant enzymes

(Fig. 1). Indeed, SOD was activated only by Rn, GR8s inhibited only by Cpz. On the contrary, the
levels of nonenzymatic antioxidants, low weightidel thiols, GSH and MTSH were increased in all

exposures, except GSH in Rn-group and MTSH in the-@¢oup. The level of TBARS increased in

most exposures compared to control except the Railipg However, this increase was not prominent
and reached only 16.6% in the combined exposuRnodnd Cpz. The calculation of the APB index
demonstrated the substantial elevation of antioki@ativities in all exposures, which contained Rn,
whereas prooxidative changes were predominaneiiCgz-group.

Gelfiltration of the thermostable extract from ttigestive gland in each experimental group
revealed the peak, which had an apparent molecoéss of 8 kDa. It was identified as a MTs-
containing peak basing upon its spectral featutesmostability, and molecular weight [19] (Fig.2).
The metallothioneins profile of elution and UV-spracwere not distorted in any exposure (Fig. 2),
demonstrating the absence of substantial changéseiroxidative activities. Indeed, the oxidative
changes of metallothioneins are accompanied by th@ierization with the appearance of peaks with
higher molecular mass [24].

Statistically significant correlations between tihedices were scant: only one positive
correlation between SOD and CAii=0.481, p<0.001)and one negative correlation between GSH
and SOD(r=-0.425, p<0.001)were found for studied parameters.
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Fig. 1. Oxidative stress parameters in the digegland ofJ. tumidusafter 14 days of
exposures to Roundup (Rn), Roundup and heating)(FRdundup and chlorpromazine
(RnCpz), and chlorpromazine (Cpz) during 14 dafs: SOD activity; B — catalase
activity; C — glutathione total concentration; Dnetallothionein-associated thiols; E —
TBARS production; F — index of antioxidant/prooxiddalance (APB). Data (A-E) are
presented as means + SD (n = 8). Different lettbms/e the columns indicate
significantly different values (P<0.05).
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Fig. 2. Properties of low weight thermostable pirgesluted by size exclusion
chromatography on Sephadex G-50 from the digegtaad ofU. tumidusin the control
(C) and groups exposed to Roundup (Rn), Roundugheating (RnT), Roundup and
chlorpromazine (RnCpz), and chlorpromazine (Cpzjndul4 days: the elution profiles
on Sephadex G-50 (A), UV-spectra of low moleculaighit peak (B).

Comment. Arrows (A) highlight the elution volumerofirkers: 25.8 kDa, 17.0 kDa, 12.3
kDa, 8.4 kDa, 3.4 kDa appropriate to 1.02; 1.652238, 3.4 Ve/Vo correspondingly;
Ve, elution volume; Vo, void volume of the column.
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Thus, each exposure caused a specific respons#ioxidative enzymes. However, combined
exposures distorted prominently the oxidative stresponses in the mussels even at low, nanomolar
concentrations. The ability of Rn to induce MTSHm®es to be the decisive input for the antioxidant
defence activity at combined exposures. Specifispoase of low weight cellular thiols
metallothioneins (MTs) to transitional metals islwaown [22, 24]. Their targeting by other than
metals exposures of the organism is studied le3fs However, when we compared the quantity of
metallated and common metallothioneins in the digegland, it was evident that the part of these
thiols is in the apo-form, therefore they can gasdrticipate in the antioxidative response. Moegpv
the number of metallothionein-related thiols in ttesue is comparable to the concentration of
glutathione (Fig. 1 and [10, 11]). When we relatkd effects induced by the concentration of Rn
alone with the two times lower Rn concentrationduisecombined exposures, the decreased SOD but
increased levels of GSH, MTSH and LPO were inditdi®-12]. Consequently, despite different
responses of SOD, in the exposures to Rn, the samie role of MTSH was shown. The
chromatographic properties of MTs were also notudied in the exposure to 80 nM of Rn alone and
in combinations [10]. Only in the acuéx vivoexposure, the similar to utilized here about 40 nM
concentration of glyphosate (Rn) caused the deereddMTSH concentration (by ~ two times) in
coordination with the depletion of total antioxidaactivity [10, 11, 12]. However, the level of
TBARS was not changed compared to control detethiagarly stage of the injury.

In the present study, it was shown the particusponse to Cpz alone. This lipophilic
phenothiazine drug with antipsychotic and neuratepttivities caused the decrease of CAT activity,
the absence of MTSH changes, and total prooxidhiit 90 our knowledge, Cpz effect on the
mussels was studied for the first time. For aquatganisms, the toxicity of Cpz was shown to be at
the concentrations of pg'lto mg L in the terms of immobility and population metr{&, and its
molecular effects are almost unknown.

The input of warming is attested by the indicatodroxidative stress. For example, it has been
shown that exposure dfiytilus galloprovincialisto high arsenic concentration (1 mgLand
warming (22 C versus 17C) causes more prominent changes in the leve®0@, CAT, LPO, and
GSH than does single exposure to arsenic or warcngg 14 days [4].

To summarize, at the circumstances close to enwienally realistic, the main antioxidant
activity in the mussels’ digestive gland belongscétiular low weight thiols. We detected that the
weak Rn impact can aggravate in the co- exposulte lveiating or pharmaceutical substance. Despite
the variability of responses to Rn in long-termduionic exposures and combined exposures at the
PNEC or half of the PNEC, metallothionein-assocdiathiols were among the most sensitive
molecular targets of its action.
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KOMBIHOBAHA 1151 HU3bKOI KOHLIEHTPALIIl PAVHJAITY HA JIBOCTYJKOBOI'O
MOIJIFOCKA AKTUBYE TIOJIOBI CITOJIYKU Y TPABHIN 3AJI031

[nidocar —ie oauH i3 HaiimomynapHinmX 3aco6is GopoTsOM 3 Gyp’sHamu. Moro mir0 s BOAHHX
OpraHi3MiB JIOCHIJ)KYBalH 3IEOLIBIIOTO IiJ] YaC TOCTPOTOKCHYHUX CKCIECPUMCHTAILHUX YMOB.
MeTor0 1IbOTO JTOCIIIKEHHS OYJIO OIIHUTH BILTUB HU3BKOIKOHIEHTAIIl Tidocary, sika ctaHoBUTh 0,5
MaKCUMaJIbHOI HEe(DEKTHMBHOI KOHIICHTpAIllii, B KOMOIHOBaHil €KCHO3HWIil Ha MPICHOBOJHUX
JIBOCTYJIKOBUX MOJIOCKIB. J[BocTynkoBi Momocku Unio tumidusviu mignaBany BIUTHBY TepOiluay Ha

ISSN 2078-2357Hayk. 3am. Tepuomn. Ham. niea. yH-Ty. Cep. bion., 2020 Ne 3—4 (80) 77



BIOXIMIA

ocHoBi ripocary Roundup MAX (Rn,pwmict sikoro cranosus 16,9 Mxr 1" a6o 40 M riidocary)
OKpEMO, y TMOEIHAHHI 3 MiIBUINEHHOK TemrepaTyporo Bomumo 25°C (RnT), y moennaunni 3
xnoprpomasurom (RNCpz, 18,Qukr n* a6o 56 ’M Cpz)i oxpemo Cpzmpotsrom 14 jmmis. Peaxuii
OKHCHOTO CTPECy OLIHIOBAJIH B TPaBHil 3a5103i. AKTUBHICTD (DEpPMEHTIB aHTHOKCHUAAHTHOTO 3aXUCTY
3MIHIOBaJIaCh JIMIIE MICNs BIUIMBY RN ROUTBIICHHS aKTHBHOCTI cynepokcumaucMyrasu) ta Cpz
(3HMWKEeHHsT aKTHBHOCTI Katanasu). [linBumenHs piBHs 3aranbHoro riyrariony (GSH)cmnocrepiramm y
BCIX €KCIO3MIisiX, KpiM RN, a tionis, y ckinaai meranorioneiniB (MTSH) —y Bcix rpynax, kpim Cpz.
IMocueHHs MEpeKUCHOTO OKUCHEHHS JIIMiIIB Bi0yBaiocs B yCiX BUNaJKaX, MakcuMmaibHOHA 16,6%.
3aranpHuil OanaHC aHTHOKCHIAHTIB y MOPIBHSHHI 3 NMPOOKCHIAHTHUMH 3MiHaMM 30iJIbIIYBaBCS Y
JOCIITHUX €KCIO3ULIsX, o MicTHRN (y ~ 3pasu B rpyni RNT), 1 3MeHITyBaBcs MpU BIUTUBI JIUIIE
Cpz. OcobauBocti xpomaTorpadiqHOro aHalizy METAlOTIOHEIHIB EKCHEpeMEHTAIBbHUX TIpyH, He
BiOOpa3uiIM O3HAKW CYTTEBUX OKUCHHX 3MiH IHMX mpoTeiHiB. OTxe, KOMOIHOBaHWH BIUIUB
KCEHOOI0THKIB, HABITh Y HU3bKUX HAHOMOJISIPHUX KOHIIEHTPALSX, HOMITHO 3MIHIOE peaKilii OKHCHOTO
cTpecy B oprasi3mi. A 3aatHicTs RningykyBatn MTSH, cxosxe, € BupimaibHuM (HaKTOPOM CUCTEMHU
AHTHOKCHJAHTHOTO 3aXMCTY Y BiAMOBiAb Ha KOMOIHOBaHHUH BIUIMB €KOJOTIYHUX YHHHHKIB.

Knouosi  cnoea.  0socmynkogi  MOMOCKU, payHOan, HASPIGAHHS, XIAOPNPOMA3UH,  AHMUOKCUOAHMU,
MemanomioHeinu, mioju.
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