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Freshwater organisms including mollusks are occasionally exposed to nanoparticles
rapidly intervening into environment from increased industrial and domestic use. However,
their effects on freshwater mollusks remain unclear. We determined the effect of n-TiO,
(1.25 uM) alone and in combination with bisphenol A (BPA, 0.88 nM) as well as of TiCl,
(Ti, 1.25 uM) and BPA (as the positive controls) on selected parameters of oxidative stress,
metabolic profile, immune, endocrine and nervous systems and genotoxic manifestations in
widespread bivalve, Unio tumidus. It was shown that n-TiO, and BPA caused quite similar
response and evoked in mollusks neuro-endocrine disorders, oppression of immunity and
acidosis (only for n-TiO,), exposure-specifically activated antioxidant system and genotoxi-
city. Meanwhile co-exposure (n-TiO,+BPA) and Ti provoked the strong response of mol-
lusks that is differed from the responses to BPA and n-TiO, alone. The most prominent signs
included no endocrine disruption effect for n-TiO,+BPA group, and harsh oxidative stress
and genotoxicity (DNA fragmentation and nuclear abnormalities) for both (n-TiO,+BPA)
and Ti groups. These findings show that n-TiO, and BPA at realistic environmental concen-
trations significantly affected different functional and molecular parameters of freshwater
bivalves and may pose a serious risk to mussel health. Obviously, n-TiO, acts as a catalyst
of BPA decomposition and eliminate endocrine disruption effect inherent for BPA, but en-
hances oxidative stress response in mollusks.

Keywords: nanoparticles, TiO,, bisphenol A, endocrine disruption, oxidative stress,
Unio tumidus.

Titanium dioxide nanoparticles (n-TiO,) have been widely using as a component in cos-
metics, pharmaceuticals, food colorants, sunscreens and toothpastes [7]. Also, TiO, is considered
as the most promising catalyst for photodegradation of bisphenol A (BPA), a representative endo-
crine disruptor, due to its excellent photocatalytic activity, low cost, and high stability [5]. How-
ever, extensive utilization of n-TiO, increases the risk of its interaction with other environmental
pollutants and then appearance of unpredictable toxic effects for animals and humans. Meanwhile
this issue is poorly studied despite several intermediate compounds, among them 4-isopropylphe-
nol, hydroquinone and phenol, should be highly toxic to biota [4].

Surface water is anticipated to represent the ultimate sink for nanomaterials and organic
compounds from non-point sources, where their chemical interactions and consequent fate may
be critical in determining the biological effects. Filter-feeding organisms named mollusks should
be primary affected by varieties of pollutants due to high rate of accumulation ability and po-
tentially play an pivotal role in their uptake by endo- and phagocytosis, biotransformation and
transfer through food chain [2,3,6]. The response of mollusks toward n-TiO, has been exten-
sively studying on last decades in marine mussels then in freshwater bivalves such point remains
unclear. Thereby the aim of present study was to estimate the molecular and cellular effects of
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n-TiO, alone and in combination with BPA on the widespread freshwater mollusk, Unio tumidus.
Based on our previous experience [1,2,3] we’ve filled asset up with selected parameters of oxi-
dative stress (evaluated by the activities of Mn- and Cu,Zn- superoxide dismutase (SOD), tissue
level of total glutathione (GSH), oxyradicals and sign of oxidative lesion protein carbonyls (PC)),
metabolic profile (level of lactate and pyruvate), immune (phenoloxidase-like (PhO) activity),
endocrine (vitellogenin-like protein, Vtg-LP) and nervous (cholinesterase, ChE) systems. The
possible genotoxic effect of studied exposures was investigated by micronuclei in hemocytes and
DNA strand break in digestive gland of mollusks.

Materials and Methods

Adult Unio tumidus (Unionidae) (8+1 cm length, and 42+5 g weight) were collected in
early autumn from 0.5 to 1 m depth in a pristine site located in the upstream portion of Seret River
(49°49' N, 25°23" E) and transported to the laboratory. One group was exposed to the tap water
only and was considered control (C), other groups were exposed to nano-sized titanium dioxide
(n-TiO,, 1.25 pM, M, <150 nm, Sigma) and BPA (0.88 nM) separately and in combination,
and also TiCl, (Ti, 1.25 uM, positive control) during 14 days with the replacing of water medium
each two days.

The activities of Mn- and Cu,Zn-SOD (EC 1.15.1.1), ChE (EC 3.1.1.7), level of GSH, PC,
lactate and pyruvate were determined in digestive gland by spectrophotometric methods, and oxy-
radicals and DNA strand breaks in digestive gland by fluorescence methods that were described
in details in [1-3]. The phenoloxidase-like activity (PhO, EC 1.14.18.1) was determined spectro-
photometrically by recording the formation of o-quinones [6]. Level of Vtg-LP was determined in
hemolymph as alkali labile phosphates as it was described in [2,3]. Genotoxic effect of exposures
was assessed in the immune cells (hemocytes) by the frequency of the micronuclei (MN) and other
abnormalities [2,3]. For all traits and all experimental treatment groups, sample size was 8. The
data are presented as M+SD. All statistical calculations were performed with Statistica v. 10.0. Dif-
ferences were considered significant if the probability of Type I error was < 0.05.

Results and Discussion

We have shown that n-TiO, and BPA treatments had endocrine disruption effect according
to two-fold elevation of Vtg-LP in hemolymph of male mollusks (Table). Except that exposures
provoked neurotoxic (inhibition of ChE, most prominent in n-TiO, group) and genotoxic (mani-
fested as increasing of MN and also other abnormalities for BPA-group) effects, oppression of
immunity (inhibition of PhO activity) and shifting to anaerobiosis (only for n-TiO,). Meanwhile
exposure-specificity slight activation of antioxidant defense related to cellular thiols in n-TiO2
group and to Cu,Zn-SOD in BPA group consistently with no oxidative lesions was recorded.
Under combine exposure (n-TiO,+BPA) no endocrine disruption effect for males was shown.
It should be served as an evidence of BPA decomposition by n-TiO,. Besides that, co-exposure
exerted the most prominent oxidative stress (due to calculation of integral index of oxidative
stress, which was decreased in the sequence n-TiO,+BPA (3.1 RU) >Ti (1.4 RU) > n-TiO, (0.43
RU) ~BPA (0.41 RU)), genotoxicity and immune system oppression. Obviously, intermediate
compounds appeared under photocatalytic reaction of BPA decomposition, primary hydroqui-
none and phenol, stimulated oxidative stress and then exhibit toxic effects for bivalves which has
shown in vitro for vertebrate and human cell cultures [4].

Ti provoked the strongest response of mollusks almost differ from n-TiO, which has al-
lowed us to confirm lack of degradation of n-TiO, in water surrounding. Ti has typified by deep
oxidative stress which characterized by simultaneous elevation of antioxidants (GSH, Cu,Zn-,
Mn-SOD) and oxidative lesions (PC, OR), activation of energy metabolism, genotoxicity (DNA
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fragmentation and nuclear abnormalities) and endocrine disruption sign (~2-fold elevation of
Vitg-LP). Thereby in this study, we have identified a number of molecular and physiological
changes in freshwater bivalves in response to TiO, and BPA exposure and may pose a serious risk
to mollusks health. n-TiO, can serve as a catalyst of BPA decomposition and eliminate endocrine
disruption effect but enhances oxidative stress response in mollusks compare to single-exposure
effect.

Table

Effect of n-TiO, alone and under co-exposures with Bisphenol A on the cellular stress
parameters and toxicity in the digestive gland and hemolymph of Unio tumidus

Parameters | Control | n-TiO, | Ti |  BPA  [n-TiO,+BPA
Total GSH, umol-g' FW 1.5+0.1 3.1+0.1%* 1.6+0.3 0.9+0.1* 1.4£0.2
Mn-SOD, RU mg! proteins 2.740.3 2.6+0.3 3.8+0.8* 2.6+0.8 1.3+0.3*
Cu,Zn-SOD, RU mg! proteins 1.0+£0.2 0.6+0.2* 2.0+£0.4* 2.5+0.5* 3.6+0.1*
PC, umol-g!' FW 0.52+£0.04  0.52+0.06  0.64+0.05* 0.16+£0.02* 0.10£0.02*
ChE, nmol-min™' mg"! proteins 2.8+£0.3 1.9+0.4* 2.3+0.3* 2.3+0.3* 2.4+0.4
DNA strand-break, ng mg™! proteins  75.8+16.2  100.4+18.2 137.7£23.1* 92.7+11.2 135.2421.1*
Oxyradical, RFU mg! proteins 109.246.9  73.0+4.7*  127.9+6.9% 111.6+16.1  67.5+£5.3*
Micronuclei, per 1000 cells 1.5+0.3 3.5+0.5% 2.5+0.4%* 4.5+0.7* 2.5+0.4%*
Other abnormalities, per 1000 cells 7.0+0.8 10.0£1.3 10.0£1.2 13.2+£1.7%  13.0+1.6*
Phenoloxidase, pmol/(mindg FW)  0.73+0.07  0.47+0.05*  0.79+0.05 0.56+0.11*  0.49+0.04*
Vtg-LP, ug P-mg"' proteins 2.940.1 6.9+1.5% 6.6+2.0% 5.6£1.3% 2.0+0.2%*
Lactat, nmol-mg! protein 232.34+29.8 398.74£56.1* 569.0£35.1*% 244.5+45.5 461.0£90.6*
Piruvate, nmol-g!' protein 78.446.2  66.2+12.1 141.8430.3* 173.2+17.3*  87.5+8.7

Note: the asterisks indicate that the values are significantly different from the respective control values
(p<0.05).

This work has been granted by the Ministry of Education and Science of Ukraine (Projects
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BIIJIUB H-TIO, TA BIC®REHOJY A HA IOKASHUKU KJIITUHHOTI'O
CTPECY Y IPICHOBOJHOI IBOCTYJIKHW UNIO TUMIDUS

I. ®anpdpymmncbka'?, JI. FTHatnmmua'?, O. Topun', O. Crousip?
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ITpicHOBO/IHI OpraHi3MH, y TOMY YHCIIi MOJIFOCKH, 3a3HAIOTh BILUIMBY HAHOYAaCTHHOK,
SIKI TIOCTIHHO TOTPAIUISIOTH y HABKOJHIIHE CEPEIOBHIIE B PE3ylbTaTi 30UIbIICHHS IX
[IPOMHUCIIOBOTO i TT0OYTOBOTO BHKOPHCTAHHS, MPOTE X BIUIMB HA MPiCHOBOAHHX MOJIIOCKIB
NpaKTHYHO HE 3°ACOoBaHMA. Mu jociimKysanu BimB HaHo-TiO, (1,25 MkM) okpemo Ta B
cymimmi 3 Gicpenonom A (BDA, 0,88 HM), a takox TiCl, (Ti, 1,25 MmkM) i BOA (nosuTusHUiA
KOHTPOJIb) 3a TIOKa3HUKAMH OKHCHOT'O CTPECY, METa0OIIYHOTO CTaHy, IMyHHOI, CHIOKPHHHOI
Ta HEPBOBOI CHCTEM i TEHOTOKCHYHOCTI y JIBOCTYJIKOBUX MOJIOCKIB Unio tumidus. HaHO-
TiO, i BOA BHKIMKAIOTh NOMIOHY BiJMOBINL Y MOJIOCKIB, 30KpeMa HEHPO-EHIOKPUHHI
po3naau, MPUTHIYCHHS IMYHITETY 1 aruno3 (TUTbKH 3a il HaHO-TiOZ) Ta BHIOCHCHUPITHO
AKTUBYIOTh aHTHOKCHIAHTHHUHN 3aXKCT 1 CIIPUSIIOTH MOSIBI 03HAK IEHOTOKCHYHOCTI. [ToeiHaHA
s (HaHo-TiO2 + BDA), a takox Ti BUKIMKAIOTH BIAMOBIIh y MOIIOCKIB, BIIMiHHY BiJl
oKpeMoi ii YnHHHUKIB. HallO1IbII iCTOTHI MPOSIBH BKIIFOYAIOTh BIJICYTHICTH CHIOKPHHHHUX
po3nais 3a cymicHoi Jii Hano-TiO, Ta BMA Ta icTOTHMH OKHCHHUH CTPEC i TeHOTOKCHYHICTh
(dparmenranis JHK Ta spepui amomanii) mus mano-TiO,+BPA ta Ti rpyn. Onepxani
JIaHl CBIIYaTh, IO HaHo-TiO2 i BDA B peanbHUX EKOJIOTIYHUX KOHIICHTPAIIfAX iCTOTHO
BIUTMBAIOTH Ha Pi3HI (YHKIIOHATBHI 1 MOJICKYIISPHI MIOKa3HUKH TPICHOBOIHUX JIBOCTYIIOK
i MOXKYTh CTaHOBHMTH cepiHo3Hy HebesmeKy s ix craHy. HaHo-TiO, Moxe BHCTymaTu
KarasizaropoM poskiany BOA i ycyBar eekT CHIOKPHHHHUX PO3I1a/iiB, XapaKTepHUH 1Is
OKpeMoi J1ii YNHHHKA, alle TIOCUITFOE OKUCHHUH CTPEC Y MOJIFOCKIB.

Kmiouosi cnosa: nanosactunkw, TiO,, Gicenon A, eHIOKPUHHI PO3JIand, OKUCHUH
crpec, Unio tumidus.

BIIJIMSIHUE H-TIO, U BUCOEHOJIA A HA ITIOKA3ATEJIX KJIETOYHOT'O
CTPECCA Y IPECHOBOJHOM ABYCTBOPKHU UNIO TUMIDUS
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[IpecHOBOAHBIE OPraHU3MBI, B TOM YHCJIE MOJIIOCKH, TOABEPKEHBI BIHSIHHIO
HAaHOYACTHLl, KOTOpbIE MOCTOSHHO MONAJAl0T B OKPYXKAIOUIyl0 CPedy B pe3yabTare Ux
YCUIJIEHHOTO MPOMBIIUIEHHOTO U OBITOBOTO HCIONB30BAaHMS, OJHAKO MX BIMSHHE Ha
MPECHOBOAHBIX MOJUTIOCKOB MPAaKTUYECKH HE M3y4yeHO. MBI HCCleoBallN BIMSHHE HAaHO-
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TiO, (1,25 mxM) otzensHo U B cMecu ¢ Ouchenonom A (DA, 0,88 uM), a Tarxke TiCl,
(Ti, 1,25 mxm) u BDA (MONMOKUTETbHBI KOHTPOIb) Ha MOKA3aTeNHd OKHUCIUTEIBHOTO
cTpecca, MeTabOIMYEeCKOTrO COCTOSHHS, WMMYHHOH, SHIOKPDHHHOW M HEPBHOW CHCTEM
U TEHOTOKCUYHOCTH y JBYCTBOPYATBIX MOJIIOCKOB Unio tumidus. wnano-TiO, n
B®A BbI3BIBalOT MOAOOHBI OTBET y MOJUIIOCKOB, B YacCTHOCTH HEHPO-3HIOKPUHHBIE
paccTpoiicTBa, YTHETEHHE UMMYHUTETa M aluao3 (TOIbKO NMpH AekcTsuu HaHO-TiO,) u
BUIOCTIENU(UIHO aKTUBUPYIOT AHTHOKCHUAAHTHYIO CHCTEMY M CIIOCOOCTBYIOT NOSIBIEHUIO
HpU3HAKOB reHoTokcuyHocTH. CoemectHoe aeiictBue Hano-TiO, n B®A, a takxke Ti
BBI3BIBAIOT OTBET Y MOJUIIOCKOB, OTIMYAIOIIMHCA OT OTAENBHOrO ACHCTBHS (aKTOPOB.
Hawnbonee cymiecTBeHHbIE MPOSIBACHHS BKIIOUAIOT OTCYTCTBHE 3HAOKPHHHBIX PacCTPOICTB
nmpu coBMecTHOM JeicTBun HaHO-TiO2 u B®A, 3aMeTHBINI OKMCIUTENBHBIH CTpecc U
TeHOTOKCHYHOCTH (pparmentanus JIHK u snepubie anomanuu) 11 obeux Hano-TiO,+BPA
u Ti rpynn. IonyyeHHsle naHHBIE CBUIETENBCTBYIOT, uTo HaHO-TiO, n BOA B peanbHbIX
9KOJIOTUUECKHUX KOHIIEHTPAIUAX CYIIECTBEHHO BIHUSIOT HA Pa3lHYHbIe (yHKI[HOHANBHbBIE U
MOJIEKYIISIpHbIE TI0OKa3aTeNN MPECHOBOHBIX ABYCTBOPOK M MOTYT MPEJICTABIATE CEPbE3HYIO
OMacHOCTh JUIs MX cocTostHus. Hano-TiO, MOXKeT BBICTYNaTh KaTaanu3aTopoM pasiioKeHHUs
BOA u ycrpaaTh 3QQEKT IHIAOKPHUHHBIX PACCTPONCTB, XapaKTEPHBIX Ui OTACIHHOTO
neitcTBus (hakTopa, HO YCHIIMBACT OKUCIUTEIIBHBIH CTPECC Y MOJUTIOCKOB.

Kniouesvie cnosa: HaHOYACTHIIBI, TiOz, oucheHon A, SHIOKPUHHBIC HAPYLICHUS,
OKHUCIHUTENbHBIN cTpece, Unio tumidus.



