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Freshwater organisms including amphibians experience increasing exposures to emerging pollutants
such as nanoparticles and pharmaceuticals, which can affect their fitness and performance. We stud-
ied the effects of two common pollutants extensively used in industry, pharmaceutical and personal
care products, nano-zinc oxide (nZnO) and a Ca-channel blocker nifedipine (Nfd), on endocrine status
and cellular stress markers of the marsh frog Pelophylax ridibundus. Males were exposed for 14 days to
nZnO (3.1 wM), Zn?* (3.1 WM, as a positive control for nZnO exposures), Nfd (10 uM), and combination

iﬁ’g’&ﬁjﬂs of nZnO and Nfd (nZnO +Nfd). Exposure to nZnO and Zn?* led to an increase in Zn burdens, elevated
Nano-zinc oxide concentrations of the metal-bound metallothioneins (MT-Me) in the liver and increased vitellogenin in
Pharmaceutical the serum, whereas exposures to Nfd and nZnO + Nfd resulted in the metal release from MTs and a signif-

icant increase in the ratio of total to metal-bound MTs. This likely reflects oxidative stress caused by Nfd
exposures as manifested in the elevated levels of oxyradical production, upregulation of superoxide dis-
mutase activity (SOD) and increase in the total and oxidized glutathione concentrations in Nfd-exposed
frogs. Zn-containing exposures upregulated activity of deiodinase (in nZnO and nZnO + Nfd exposures)
and serum thyrotropin level (in the case of Zn?*). All exposures caused an increase in DNA fragmentation,
lipofuscin accumulation as well as upregulation of caspase-3 and CYP450 levels reflecting cytotoxicity of
the studied compounds in the liver. Across all experimental treatments, nZnO exposures in the absence
of Nfd had the least impact on the cellular stress traits or redox status in frogs. This indicates that at the
low environmentally relevant levels of pollution, pharmaceuticals such as Nfd and free metals (such as
Zn?*) may represent a stronger threat to the health of the frogs than nZnO particles.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, the composition of pollutants in the surface
waters have undergone a principal change as the chemical indus-
trial pollution decreased and the environmental loads of complex,
variable mixtures of pollutants from non-point municipal and agri-
cultural wastes increased (Directive, 2013/39/EU; Burkart, 2007).
Among the emerging pollutants, nanoparticles (Exbrayat et al.,
2015) and pharmaceuticals (Schaider et al., 2016) are of particular
concern due to their potentially high bioavailability and signifi-
cant biological effects. These emerging pollutants also commonly
co-occur in aquatic habitats thus presenting a potential for interac-
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tion. However, the effects of complex mixtures of pharmaceuticals
and nanoparticles have not been well studied in aquatic organisms
(Amin et al., 2014; Czech and Buda, 2015).

Nano zinc oxide (nZnO) are metal-based nanoparticles com-
monly used in electronics, personal care products (such as
toothpaste, sunscreens and beauty products containing up to
20-25% of nZn0), and textiles to provide UV and antibacterial pro-
tection (Exbrayat et al., 2015). nZnO can enter surface waters from
multiple non-point sources and accumulate in aquatic animals
causing growing environmental and health concerns (Fabregaetal.,
2012). The current level of nZnO in the surface waters of Europe is
estimated at 100-500 ng/L in the industrial areas and predicted to
increase in the future (NanoFATE 2010-2014; Dumont et al., 2015).
nZnO can interact with pharmaceuticals and other organic pollu-
tants enhancing degradation of photosensitive compounds in the
water (Tan et al., 2011)and thereby affecting the composition of the
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wastewaters (Schaider et al., 2016). nZnO may also modulate the
biological effects and toxicity of pharmaceuticals in aquatic organ-
isms such as shown for nifedipine-nZnO interactions in freshwater
bivalves (Falfushynskaetal.,2015b). A cardiac drug nifedipine (Nfd)
is a common pharmaceutical pollutant in surface waters. It is a
calcium uptake inhibitor widely used as a cheap antianginal and
antihypertensive medicine (Heberer, 2002; Kolpin et al., 2002). Nfd
and its metabolite (dehydronifedipine) were detected in the efflu-
ents of the municipal sewage treatment plants and surface waters
(Heberer, 2002; Kolpin et al., 2002). In a large urbanized water-
shed of New York City, environmental Nfd concentrations exceeded
1 wgLl-1(2.9nM) (Benotti and Brownawell, 2007). Nfd is photosen-
sitive, and thus co-occurrence of Nfd with photoactive substances
such as nZnO may modulate toxicity of these pollutants and poten-
tially diminish of the individual activity of each of these substances
(Tan et al., 2011).

Amphibians are excellent bioindicators of aquatic pollution and
ecosystem health due to susceptibility of all life stages to der-
mal absorption of water-borne toxicants (Hermes-Lima and Storey,
1998). To date, the biological effects of metal-containing nanopar-
ticles on amphibians have not been extensively studied, especially
in the context of co-exposures in a complex environmentally-
relevant mixtures of pollutants (Nations et al., 2011; Bacchetta
et al,, 2012; Zhang et al., 2012; Bour et al., 2015; Exbrayat et al.,
2015; Falfushynska et al.,, 2016). In such mixtures, both direct
and indirect (i.e. mediated by the release of Zn), toxicity of Zn-
containing nanoparticles may be modulated by the presence of
other pollutants, including pharmaceuticals. Pharmaceuticals such
as Nfd and other Ca-channel blockers up-regulate antioxidant
responses in different species (Ray et al., 2012; Velena et al., 2016).
Oxidative stress pathways are also commonly involved in toxic-
ity of free ionic metals and metal-containing nanoparticles thereby
creating a molecular basis for interactions with Nfd. Furthermore,
Nfd may affect metal toxicity by modulating metal transport (e.g.
via blocking the Ca2+ channels) as well as due to the indirect, off-
target effects in the groups distantly related to the target organisms
(such as amphibians). Therefore, a comprehensive assessment of
potential targets for combined toxicity is needed to understand
the mechanisms of Nfd-nanoparticles interactions and their health
effects in amphibians.

The present study aims to determine the molecular and cellu-
lar mechanisms of combined toxicity of nZnO and Nfd and assess
the potential for Zn release and accumulation during single and
combined exposures to nZnO and Nfd in a common marsh frog
Pelophylax ridibundus. Based on the earlier studies that showed a
strong oxidative stress response to nZnO exposure modulated by
Nfd in freshwater bivalves with the involvement of metallothionein
(Falfushynska et al., 2015b) and the susceptibility of amphibians
to the endocrine-disrupting effects of environmental pollutants
(Venturino et al., 2003; Hayes et al., 2006; Kloas et al., 2009;
Falfushynska et al., 2016), we focused on the assessment of the
parameters of Zn homeostasis (including the total Zn burdens and
Zn binding to metallothioneins) as well redox and endocrine mark-
ers in frogs exposed to nZnO, Nfd and their mixtures. The oxidative
stress response was evaluated from activity of a key antioxidant
enzyme superoxide dismutase (SOD), the rates of oxyradical forma-
tion and levels of reduced and oxidized glutathione (GSH & GSSG).
Oxidative lesions to membranes were determined by accumula-
tion of the end-products of lipid peroxidation, malondialdehyde
(assessed as the total concentration of the thiobarbituric acid-
reactive substances, TBARS) and lipofuscin. Potential endocrine
disruption due to nZnO and Nfd exposures was assessed by mark-
ers of thyroid function, levels of vitellogenin (Vtg) that serves as
a Zn-carrier and a marker for xenoestrogen exposure, and corti-
sol as a general stress marker. Cytotoxicity was determined as the
levels of hepatic cytochrome P450 oxidase (CYP450), DNA damage

and activity of the apoptotic proteases caspase-3 and cathepsin D.
This comprehensive assessment of biomarkers provides insights
into the integrated cellular, molecular and endocrine responses of
frogs to single and combined exposures to environmentally rele-
vant levels of a common nanoparticle (nZnO) and pharmaceutical
pollutant (Nfd) and the underlying toxicity mechanisms.

2. Materials and methods
2.1. Chemicals

5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), thiobarbituric acid
(TBA), reduced glutathione (GSH), glutathione reductase from
baker’s yeast (S. cerevisiae), 2-vinylpyridine, quinine sulphate,
dihydrorhodamine, salmon sperm DNA, Hoechst 33342, nitrob-
lue tetrazolium (NBT), acetyl-Asp-Glu-Val-Asp p-nitroanilide,
hemoglobin, serum albumin, phenazine methosulfate, phenyl-
methylsulfonyl fluoride (PMSF), chymotrypsinogen, cytochrome c,
myoglobin, ubiquitin, insulin chain B oxidized, Sephadex G-50, 3-
mercaptoethanol, B-nicotinamide adenine dinucleotide oxidized
(NAD"), B-nicotinamide adenine dinucleotide phosphate reduced
(NADPH), ethylenediaminetetraacetic acid (EDTA), and Triton X-
100 were purchased from Sigma (St. Louis, USA). nZnO particles
(mean size 35 nm) were obtained from Sigma Chemical Company
(St. Louis, USA). All other chemicals were obtained from the Synbias
(Kyiv, Ukraine), Bayer (Kyiv, Ukraine) and Balkanpharma-Dupnitsa
(Dupnitsa, Bulgaria) commercial suppliers. All reagents were of the
analytical grade or higher.

2.2. Experimental exposures

The experiments were carried out in mid-September of 2013.
Adult non-breeding males of marsh frog Pelophylax ridibundus
(8-10cm long) were collected from a pristine site in the upstream
portion of river Seret (49°49' N, 25°23" E). Collections and exper-
iments were performed in accordance with the national and
institutional guidelines for the protection of animal welfare with
permission of the Ministry of Ecology and Natural Resources of
Ukraine, No 466/17.04.2013 and approval of the Committee on
the Bio-Ethics at Ternopil National Pedagogical University (No
2/10.06.2013).

Frogs were transported to the laboratory in 60L cages with
aerated native water. The preliminary acclimation and experimen-
tal exposures were carried out in 40L tanks filled with aerated,
softened tap water. After seven days of preliminary acclimation,
frogs were randomly distributed into five groups (15 individuals
per group) and exposed for 14 days to one of the following con-
ditions: 1) control (C), 2) nZnO (corresponding to 3.1 wuM Zn), 3)
Nfd (10 wM), 4) combination of nZnO (3.1 wM) and Nfd (10 uM),
or 5) Zn?* (added as ZnSOy, 3.1 wM) as a positive control for Zn
effects. A static renewal design was used, with water changed
and chemicals replenished every two days. Throughout the exper-
iment, the frogs were fed with commercial sticks “Turtle menu”
(21% of protein, Aquarius, Ukraine). These conditions of exposures
were the same as used in an earlier study on bivalve mollusks and
reflected the lowest observed effect concentrations in the study of
mollusk (Falfushynska et al., 2015b). The utilized concentrations
were the same as for the studied early mollusks that reflected
the lowest observed effect concentrations in the study of mol-
lusks (Falfushynska et al., 2015b). To the best of our knowledge,
we don’t know about other studies of the effect of waterborne
Nfd on the aquatic animals. So we selected the biologically active
concentration basing on the previous results (Falfushynska et al.,
2015b) and on the range of concentrations in the studies with
human cell cultures (from 100 nM to 100 wM) (Hinkle et al., 1987;
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Kondo et al., 1995; Ding and Vaziri, 2000; Ludwiczek et al., 2007)
and the plasma level of Nfd in the treated patients with preterm
labor (~130ng/mL) (Papatsonis et al., 2007). The water quality
parameters were periodically measured during the preliminary
acclimation and experimental exposures and were: temperature
17+1°C, pH 7.3+0.2, CaCO3 86.8+1.0mgL~!, dissolved oxygen
concentration 8.67 +£0.51 mgL~!, ammonia (NH3/NH,*) and nitrite
concentrations below 0.1 mgL~'. There was no mortality of frogs
during the experiments.

After exposures, the frogs were anesthetized by clove oil
(Goulet et al., 2010). The heparinized blood was collected from the
heart, and plasma was immediately separated by centrifugation
at 10,000 x g for 10 min. For serum preparation, whole blood was
allowed to clot and centrifuged for 10 min at 1500 x g for 10 min.
PMSF (0.1 mM) was added to plasma/serum to inhibit proteolysis.
The frogs were killed by a blow to the head, the spinal cord sev-
ered, and liver was immediately removed for experiments. Samples
of perfused hepatic tissue, blood plasma or serum from 8 speci-
mens in each group were prepared individually and kept at —20°C
(for three days or less) until analyses. Hepatic tissue was homoge-
nized (1:10w:v)at4°Cin 0.1 M pH 7.4 phosphate buffer containing
100 mM KCI, 1 mM EDTA and 0.1 mM PMSF. The homogenate was
centrifuged at 6,000 x g for 10 min at 4 °C. Protein concentration in
the supernatant and blood plasma/serum was measured according
to Lowry et al. (1951) with bovine serum albumin as a standard.
Vitellogenin was determined in blood plasma, TSH and cortisol
were determined in the blood serum, and all other biomark-
ers were measured in liver homogenates. The absorbance was
measured with a UV/Vis spectrophotometer “LOMO-56" (LOMO,
Russian Federation), and the fluorescence was measured on the
f-max fluorescence microplate reader (Molecular Devices, USA).

2.3. Isolation and quantification of metallothioneins (MTs)

MTs were isolated from the liver homogenates as the ther-
mostable proteins by size-exclusion chromatography on Sephadex
G-50 (Suzuki, 1991). For each biological replicate, tissues from five
individuals from each experimental group were pooled (70 mg of
tissue per individual to the total of 350 mg).To obtain the initial
thermostable protein extract, a 5% liver homogenate (w/v) was pre-
pared in ice-cold 10 mM Tris-HCl buffer, pH 8.0, containing 10 mM
2-mercaptoethanol and 0.1 mM PMSF and centrifuged at 10000 x g
for 45 min at 4°C. The supernatant was incubated under the 85°C
for 5min and subsequently centrifuged at 10 000 x g for 45 min at
4°C to precipitate heat-labile proteins. The supernatant of the sec-
ond centrifugation containing metallothioneins was used for the
size-exclusion chromatography. Fractions of the chromatographic
peak with high absorbance at 254 nm and high Dys4/D2gg density
ratio were identified as MT-containing peaks (Kagi and Schaffer,
1988), pooled to obtain the total sample volume of 10 mL and used
for metal determination. The concentration of metal-containing
metallothioneins (MT-Me) was calculated from the concentrations
of metals in the MTs assuming that one molecule of MTs binds seven
Zn%* or Cd?%* ions or twelve Cu* ions (Nielson and Winge, 1985).
MT-Me values were expressed as pg g~ FW.

Total concentration of MTs was assessed by the concentration
of thiols using DTNB reduction method (Viarengo et al., 1997) after
the ethanol/chloroform extraction of the liver tissue. The levels of
MT were calculated assuming the relationship: 1 mol MTs =20 mol
GSH and expressed as g of MTs per g of wet tissue mass (FW).

2.4. Metal determination
Zinc (Zn) levels in the liver tissues and Zn, copper (Cu), and

cadmium (Cd) in metallothioneins were measured by atomic
absorption spectroscopy. Briefly, 250 mg of fresh liver tissue or

10mL of the pooled eluate of MTs fraction were digested in
5mL 70% HNO3; (Merck) for 3h at 105°C using air-tight acid-
cleaned Teflon bomb. Concentration of Zn and Cu was analyzed by
the atomic absorption spectrometer with flame detector (C-115,
“LOMO?”, Russian Federation) and Cd was analyzed by the graphite
furnace atomic absorption spectrometer S-600 (“Selmi”, Ukraine).
The detection limits for metals were 0.1 wgg~! wet mass (WM)
for tissue and 1 ugL~! for tap water. The reliability of the metals
measurements was assessed by analyzing ERM-CE 278 certified ref-
erence material (IRMM, Geel, Belgium); recovery of measurements
was between 90% and 110%. Quality control was performed using
Quality Control Sample for trace metal and method of Standard
Addition (Beukelman and Lord, 1960). Metal concentrations in the
tissues and MTs are presented as pgg~! WM and nmolg~! WM.

2.5. Oxidative stress biomarkers

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured
at 25°Cas described in Beauchamp and Fridovich (1971) following
the rate of the inhibition of superoxide-dependent aerobic reduc-
tion of NBT at 535 nm. SOD activity was expressed as units mg~!
soluble protein, assuming that 1U of SOD activity inhibits the rate
of NBT reduction by 50%.

Total glutathione concentration (wmolg~! WM) was quanti-
fied by the glutathione reductase recycling assay calibrated with
reduced glutathione (GSH) as a standard (Anderson, 1985). To esti-
mate the oxidized glutathione (GSSG) level, the protein free sample
was treated with 2% 2-vinylpyridine prior to the glutathione reduc-
tase recycling assay (Griffith, 1980). The rate of 5-thionitrobenzoic
acid formation was monitored spectrophotometrically at 412 nm.
The redox-index of glutathione (RI GSH) was calculated as the ratio
of concentrations of reduced to total glutathione.

The rates of formation of oxyradicals (OxyR) in liver
homogenates were determined at 25°C using an ROS-sensitive
dye dihydrorhodamine converted by reactive oxygen species (ROS)
to the fluorescent rhodamine-123 (Viarengo et al., 1999). Fluo-
rescence signal was detected by f~-max fluorescence plate-reader
[excitation =485 nm, emission = 538 nm] at time 0 and after 20 min,
and the rates of oxyradicals formation were calculated from these
two values.

Lipid peroxidation (LPO) was determined in the supernatant
of the liver homogenate by the concentrations of thiobarbituric
acid-reactive substances (TBARS) (Ohkawa et al., 1979). A molar
extinction coefficient of 1.56.10° M~! cm~! was used. Lipofuscin
concentration in liver tissue was determined using chloroform:
methanol (2:1, v/v) extraction of the homogenate. The lower clear
chloroform phase obtained after the centrifugation was dried and
redissolved in chloroform. The fluorescent signal of lipofuscin
was detected by using an f-max fluorescence plate-reader [exci-
tation =350 nm, emission =450 nm]. A freshly prepared solution of
quinine sulphate (1 wg mL-! of 0.1N H,S0,4) was used as a standard
(Manibabu and Patnaik, 1997; Falfushynska et al., 2015a).

2.6. Endocrine markers

A semi-quantitative Biomarker ELISA Kit (Biosense, Norway)
was used to determine of vitellogenin (Vtg) concentration accord-
ing to the manufacturer’s protocol. Briefly, a dilution series of frog
blood plasma was incubated in the microtiter plates overnight at
4°C. Primary mouse monoclonal antibody against carp vitellogenin
and secondary antibody conjugated with horseradish peroxidase
were successively added to each microplate well and incubated.
Free components were washed away, and the absorbance was
measured at 492 nm in an ELISA reader (Awareness Technology
Stat-Fax-303+ Microstrip Reader, USA).
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The blood serum thyrotropin (TSH) and cortisol concentra-
tions were measured with diagnostic ELISA kits using biotin-
streptavidin-ELISA detection system and the 96-well-plate solid
phase competitive ELISA Kit, respectively (Sigma-Aldrich, USA)
according to the manufacturer’s instructions. The absorbance was
measured at 450nm in an ELISA reader (Awareness Technology
Stat-Fax-303 + Microstrip Reader, USA).

Hepatic deiodinase (EC 1.97.1.10) activity was detected in the
microsomal pellet of the liver using tetraiodothyronine (T4) as
a substrate (Frankenfeld et al., 2002; Falfushynska et al., 2016).
Microsomal pellet was obtained by calcium (80 mM CaCl,) precip-
itation of the postmitochondrial supernatant of liver tissue in 10
mM Tris-HCI buffer, pH 7.4 (Cinti et al., 1972). The deiodinase assay
contained 100 p.L of the microsomal pellet (Cinti et al., 1972) and
2 M Ty in a final volume of 125 p.L, and was incubated at 37 °C for
60 min. The reaction was stopped by the addition of 250 L ice-cold
96% ethanol. The amount of formed triiodothyronine was deter-
mined in the ethanol extracts using an ELISA kit (Sigma Aldrich,
USA). The deiodinase activity was expressed as nmol T3 g~ WM.

For all ELISA assays, linearity was tested using serial dilutions of
the samples and compared to the dilutions of the respective stan-
dards provided with the kits. Samples showed acceptable linearity
with an average R? of 0.97 +0.02 and the lines that were parallel
to the standard curve.

2.7. Cytotoxicity assays

DNA damage in the liver was evaluated by the levels of protein-
free DNA strand breaks by the alkaline DNA precipitation assay
(Olive, 1988; Falfushynska et al., 2015a) using Hoechst 33342 dye.
To reduce the possible interference with traces of sodium dode-
cyl sulphate (SDS), the assay was conducted in the presence of
0.4M NaCl, 4 mM sodium cholate, and 0.1 M Tris (pH 9) (Bester
et al., 1994). Fluorescence signal was detected by f~-max fluores-
cence plate-reader (excitation =360 nm, emission =450 nm).

Activity of an executor caspase-3 (a marker of apoptosis)
was assayed colorimetrically based on the hydrolysis of peptide
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) that pro-
duces a colored product p-nitroaniline (pNA) detected at 405 nm
(e=10.5mM~!cm~1) (Bonomini et al., 2004; Falfushynska et al.,
2015a).

Cathepsin D (EC 3.4.23.5) activity was determined at 280 nm
using 1% acid-denatured hemoglobin as a substrate as described by
Dingle etal. (1971). Free cathepsin D activity was assessed in tissue
homogenate without detergent addition, whereas the total cathep-
sin D activity was measured after Triton X100 treatment. Lysosomal
cathepsin D activity was calculated as a difference of total and free
activities. Activities were determined using a standard curve with
thyrosine, and expressed as nmol tyrosine min—! mg-1 of soluble
extracted protein.

Cytochrome P450 (CYP450) concentration was measured in
the microsomal pellet of the liver using the semi-quantitative
Biomarker ELISA Kit (Biosense, Norway) according to the manu-
facturer’s protocol. Absorbance was detected at 492 nm in an ELISA
reader (Awareness Technology Stat-Fax-303+ Microstrip Reader,
USA).

2.8. Statistical analysis

For analysis of MT-Me, sample size was 3 per group, each bio-
logical replicate consisting of the pooled tissues from five frogs.
For all other traits and experimental treatment groups, sample size
was 8. The data are presented as means + standard deviation (SD)
unless indicated otherwise. Data were tested for normality and
homogeneity of variance by using Kolmogorov-Smirnoff and Lev-
ene’s tests, respectively. Whenever possible, data were normalized

by Box-Cox common transforming method. One-way ANOVA was
used to test the effect of experimental exposures, followed by post
hoc procedures. For the data that were not normally distributed,
non-parametric tests (Kruskall-Wallis ANOVA and Mann-Whitney
U test) were performed.

Normalized, Box-Cox transformed data were subjected to the
principal component analysis (PCA) to differentiate individual
specimens by the set of the biomarkers. Pearson’s test was used
to assess correlations between the studied traits. The classifica-
tion tree based on all studied traits was built using Classification
and Regression Tree (CART) software using raw (non-transformed)
data. CART analysis presents a snapshot of the complex relation-
ships of the variables in the data set and can be used in constructing
an informative model of important associations. A classification
tree splits the data based on similarity filtering out the “noise”
and identifying the most important biomarker for each group
(Breiman et al., 1984). All statistical calculations were performed
with Statistica v. 12.0 and Excel for Windows-2013. Differences
were considered significant if the probability of Type I error was
less than 0.05.

3. Results
3.1. Zinc accumulation and metallothionein levels

Exposure of frogs to Zn2?* or nZnO led to substantial accumula-
tion of Zn in the liver (Fig. 1A). Co-exposure to Nfd did not affect
Zn accumulation during nZnO exposure (Fig. 1A). All experimen-
tal exposures led to an increase in the total levels of MTs (MT-SH),
which were the highest in Zn%* and Nfd-exposed groups (172 and
190% of control, respectively) (Fig. 2B). Notably, the amount of MT
bound to metals was elevated in nZnO and Zn%*- exposed frogs but
significantly suppressed in their Nfd-exposed counterparts, com-
pared to the control (Fig. 1C). Zn was the main metal bound to
MTs in all exposures (~80% in their metal molar composition in all
groups with Cd and Cu accounting for ~20%, data not shown). Sup-
pression of the metal binding resulted in the significantly higher
ratios of the total to metal-bound MTs in Nfd and Nfd-nZnO groups
(by ~4.0- and 2.6- fold, respectively) (Fig. 1D). In contrast, the ratio
of the total to metal-bound MTs in Zn2* and nZnO-exposed frogs
remained at the control levels reflecting the concomitant increase
in the total MT-SH and metal-bound MT-Me (Fig. 1B-D).

3.2. Oxidative stress response

Exposure to Nfd alone caused a strong oxidative stress response
indicated by a considerable increase in the rate of ROS generation
(by 1.6-fold) and increase in the SOD (~2.4-fold), GSH (~6.1-fold)
and GSSG (~2.5-fold) levels (Fig. 2A-D). No accumulation of lipid
oxidative lesions (indicated by TBARS or lipofuscin levels) was
found in Nfd-exposed animals (Fig. 2E, F). Exposure to nZnO in com-
bination with Nfd partially counteracted the pro-oxidant effects of
Nfd (Fig. 2). Exposure to ionic Zn* led to the suppression of the ROS
formation rates, an increase in SOD activity and a slight but signifi-
cant increase in the concentrations of GSSG and lipofuscin. Similar
to Zn%*, exposure to nZnO led to a suppression of ROS formation,
and increase in GSSG and lipofuscin levels but the magnitude of
changes was smaller than in the case of Zn?* exposure (Fig. 2).

3.3. Endocrine markers

Serum thyrotropin level was significantly elevated by Zn2*
exposure (~2.1-fold) and slightly but significantly (by 18%) in nZnO
and Nfd co-exposure (Fig. 3A). Deiodinase activity in the liver was
up-regulated by nZnO and nZnO +Nfd exposures but not by Zn2*
or Nfd alone (Fig. 3B). Exposure to nZnO and Zn?* led to increase
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Fig. 1. Effects of experimental exposures to nanoform of ZnO (nZnO), zinc (Zn), nifedipin (Nfd) and the combination of nZnO + Nfd on tissue levels of Zn (A), metallothionein
total (MT-SH) (B) and metalated (MT-Me) (C) concentrations and the ratio of the concentrations of MT-SH/MT-Me in the liver of frog P. ridibundus. Data are presented as
means =+ SD. N =8 with the exception for metallothionein-bound Zn, where N =3 (for pooled samples from 5 specimens each). Here and on Figs. 24, the columns that share

the same letters indicate the values that are not significantly different (p >0.05).

of vitellogenin level in the blood serum, whereas exposures to Nfd
and nZnO + Nfd had the opposite effect (Fig. 3C). The level of cortisol
was stable in most experimental groups except for a small decrease
in the nZnO and Nfd co-exposure (Fig. 3D).

3.4. Cytoxicity markers

The CYP450 levels were up-regulated by all exposures, with the
strongest increase in nZnO and nZnO + Nfd groups (Fig. 4A) attest-
ing the activation of microsomal biotransformation in the liver.
Occurrence of the DNA strand breaks increased in response to all
experimental exposures, especially strongly in Zn?*-exposed group
(Fig.4B). Caspase-3 activity was also stimulated by all experimental
exposures with the strongest increase in nZnO + Nfd group followed
by Zn2*-exposed group (Fig. 4C). Total and free cathepsin activity
was suppressed by nZnO and upregulated by all other experimental
exposures (Fig. 4D).

3.5. Data integration

Principal component analysis showed that 65% of variation in
the studied traits was explained by the first two principal compo-
nents (Factors 1 and 2) (Fig. 5A). Nfd-exposed groups were clearly
separated along the first principal component. The first principal
component explained 38% of the total variation and had high load-
ings (>0.6) of oxidative stress markers in the liver (SOD, GSH, GSSG,
OxyR), as well as MT-Me, Zn-MT and Zn level in the liver and
vitellogenin in blood plasma. Control group separated along the
second principal component (27% of variation). The second prin-
cipal component had high loadings (>0.6) of SOD, MT-SH, caspase

3, cathepsin D both free and total activity in the liver, as well as
thyrotropin in blood serum. Zn-exposed groups (including those
exposed to Zn%* or nZnO alone) had similar loadings on Factor 1
and 2 opposite to the loadings of the two Nfd-exposed groups.

Pearson correlation analysis revealed multiple associations
between most studied indices (Supplement 1, Fig. 5B). Two associ-
ation groups of traits where identified, within each the parameters
were strongly and positively correlated with each other: 1) oxida-
tive stress parameters including SOD, GSH, GSSG and MT-SH; 2)
tissue levels of Zn, MT-Me and endocrine characteristics. Among
these two groups, multiple negative correlations were observed.
Vitellogenin had the highest number of correlations (seven positive
correlations with other endocrine characteristics and the levels of
MT-Me and Zn in the liver, and seven negative correlations with
oxidative stress indices and MT-SH). Notably, levels of MT-SH did
not correlate with MT-Me or Zn levels (Fig. 5B).

4. Discussion
4.1. Bioavailability and binding of Zn and its modulation by Nfd

Our data show that Zn from nZnO is bioavailable to the frogs P.
ridubundus as indicated by Zn accumulation in the frog liver from
all Zn-containing exposures (Zn2+, nZn0 and nZn + Nfd) indicating
that Zn from the nanoparticles is bioavailable to frogs. Furthermore,
Zn was released from nZnO in the frog tissues as demonstrated by
the elevation of MT-Me levels during nZnO exposures, comparable
to that found in Zn2*-exposed frogs. Tissue uptake of Zn from nZnO
was also found in the intestine and liver of tilapia (Oreochromis
niloticus) during exposures to high concentrations of nZnO (1 and
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concentration. Data are presented as means+SD (N=8).

10mgL-! corresponding to 15 and 150 uM Zn) for 14 days (Kaya
et al., 2015). In contrast, freshwater bivalves Unio tumidus did not
accumulate Zn during exposure to 3.1 wM nZnO (the same con-
centration as used in our present study); however, in the case of
bivalves this may reflect the overall lower uptake and/or higher Zn
excretion, because no Zn also accumulated in the bivalves exposed
to 3.1 wM Zn?* (Falfushynska et al., 2015b). Interestingly, during
exposures to the nanoscale composite of Zn derived from an organic
polymer vinylpirrolidone, Zn was not bioavailable to frogs and
did not accumulate in the liver tissue or in the metal-bound MTs
(Falfushynska et al., 2015a). This indicates that Zn bioavailability
depends on the nature of the metal-containing particles including
the chemical matrix in which Zn atoms are embedded.

A Ca-channel blocker Nfd had suppressive effect on the overall
Znlevelsin the control liver of P. ridibundus but not in those exposed

to nZnO. In mammalian cells, Nfd affected uptake and accumulation
of divalent metals including cadmium and iron by modulation of
the divalent metal transporter-1 function (Hinkle et al., 1987; Leslie
etal.,2006; Ludwiczeketal.,2007).In contrast, Nfd had no influence
on Ca, Cd or Zn accumulation rates in the caddisfly Hydropsyche
sparna (Poteat et al., 2012a,b). However, the participation of metal-
lothioneins in these effects was not studied in the latter study. In the
present study, exposure to Nfd strongly (by ~2-fold) suppressed the
Zn-binding capacity of metallothioneins both in the positive con-
trol and nZnO + Nfd exposures. Nfd also has negative effects on the
levels of vitellogenin (that acts as a Zn carrier) in frog, indicating a
broad disturbance of homeostasis of this essential metal. Notably, a
recent study in a freshwater bivalve Unio tumidus showed that, like
in frogs, Nfd distorted the response to nZnO (Falfushynska et al.,
2015a,b). However, Nfd caused elevation of MT-Me levels in nZnO-
exposed bivalves, opposite to the effects seen in frogs (this study).
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These species-specific differences indicate that the direction and
potentially the mechanisms of pollutant interactions (such as nZnO
and Nfd) may differ between invertebrates and vertebrates.

Adecrease in the proportion of the metal-bound MTs may reflect
strong pro-oxidant effects of Nfd in frogs as shown by elevated ROS
levels, an increase in oxidized glutathione (GSSG) and upregula-
tion of antioxidants (SOD activity and GSH level). A concomitant
increase in MT-SH and decrease in the metal-bound MTs (resulting
in a strong upward shift of MT-SH/MT-Me ratio) indicates that a sig-
nificant fraction of metallothionein in Nfd-exposed frogs was in the
form of the partially or fully metal-free apo-protein. Metal-binding
of metallothioneins is redox-sensitive so that oxidation of the thiol
groups leads to arelease of the bound metals and reduces the metal-
binding capacity of the protein (Andersen et al., 1989; Kikuchi et al.,
1990; Ngu and Stillman, 2009). Moreover, the metallothioneins of
amphibians have particularly high protein heterogeneity and sus-
ceptibility to oxidative agents (Suzuki et al., 1986; Falfushynska
etal., 2010, 2015a,b; Isani and Carpene, 2014) making them prone
to release metals (Falfushynska et al., 2010). Interestingly, in fresh-
water bivalves (U. tumidus) co-exposure to nZnO and Nfd led to the
elevation of MT-Me levels (Falfushynska et al., 2015b), opposite to
the effect observed in the frogs (this study). In bivalves an increase
in Zn binding to MTs was associated with the reductive stress
as indicated by elevated GSH levels and higher NADH/NAD ratio
(Falfushynska et al., 2015b). This emphasizes a tight link between
Zn binding to MTs and cellular redox status and may explain differ-
ent redox-dependent effects of Nfd on the cellular Zn homeostasis
in frogs and the bivalves.

4.2. Oxidative stress effects of nZn0, Zn?* and Nfd
exposures—similarity and differences

Exposure to ionic Zn2*, nZnO, Nfd and/or their combination
affected the redox status of the frog liver cells albeit the magni-
tude and the direction of the effects differed in different exposures.
Exposure of frogs to nZnO and Zn?* in the absence of Nfd suppressed
ROS production and caused a modest increase of antioxidants and
GSSG levels. Similarly, exposure of frogs to 1.3 wM of Zn- or Zn-
contained nanoorganic particles for 14 days led to a strong decrease
in ROS production (Falfushynska et al., 2016), in agreement with
the well-established role of Zn as antioxidant (Valko et al., 2005).
In freshwater bivalves, nZnO and Zn2* exposures also led to activa-
tion of antioxidant defenses and a small but significant increase
in ROS levels; however, this increase did not translate into the
higher levels of oxidative lesions such as protein carbonyls or TBARS
(Falfushynska et al., 2015b). Antioxidant effects of nZnO were also
reported in broilers where dietary uptake of nZnO reduced TBARS
levels and improved growth performance (Shoae-Hagh et al., 2014;
Zhao et al.,2014). These findings contrast with the results of studies
in laboratory mammals and mammalian cell lines that predomi-
nantly show oxidative effect of nZnO (Huang et al., 2010; Ali et al.,
2012; Manke et al., 2013; Kaya et al., 2015; Yang et al,, 2015). A
dramatic increase in oxidative lesions and suppression of antiox-
idant activities was also reported for a freshwater snail Limnaea
luteola; however, these effects were found at high, environmentally
non-relevant concentrations of nZnO (32 mgL~! corresponding to
395 uM Zn) (Ali et al.,, 2012). Overall, existing evidence indicates
that in frogs (this study) and freshwater bivalves (Falfushynska
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et al., 2015b) environmentally relevant concentrations of nZnO do
not induce oxidative stress and may under certain conditions act
as antioxidants.

The strongest oxidative stress response (including upregula-
tion of antioxidants SOD activity and GSH level and stimulation
of ROS formation) in frogs was found during exposures to Nfd.
Up-regulated levels of metallothionein and particularly its metal-
unbound form in Nfd-exposed frogs also suggest that the thiol
groups are involved in the antioxidant activity (Kang, 2006). These
manifestations of oxidative stress are not accompanied by a strong
signal of oxidative injury (as indicated by the near-background
levels of TBARS and lipofuscin) (Fig. 2). This is similar to the
Nfd effects in mammals where Nfd and other Ca-channel block-
ers suppress lipid peroxidation (Ray et al., 2012; Velena et al,,
2016), reducing production of superoxide but increasing the NO
levels (Wang et al., 2016). Similar to frogs, in freshwater bivalves
U. tumidus Nfd exposure induced oxidative stress indicated by
increased ROS production, lipid peroxidation and upregulation of
SOD (Falfushynska et al., 2015b). The mechanisms of Nfd-induced
modulation of the cellular redox balance in different organisms are
not yet fully understood. In mice, Nfd exerts antioxidant effects
via modulation of the iron transport by preventing iron overload
via divalent metal transporter-1 and enhancing urinary iron excre-
tion (Ludwiczek et al., 2007). Another possible mechanism for the
antioxidant effects of Nfd described in mammals may include sup-
pression of Ca2*-dependent mitochondrial energy metabolism due
to the blockage of Ca%* entry and consequently, a decrease in
the mitochondrial ROS production (De Marchi et al., 2014). These
findings call for future in-depth mechanistic investigations of the
effects of pharmaceuticals (including Nfd) in non-target species
to fully understand the mechanisms of its strong effect on oxida-

tive stress and distortions of Zn homeostasis in different distantly
related species.

Notably, a co-exposure with nZnO alleviated the strong oxida-
tive action of Nfd in frogs by suppressing ROS production and
decreasing the degree of activation of SOD and GSH. There is no
evidence for the strong interaction between Nfd and nZnO, and the
effects of these chemicals on the redox parameters in frogs appear
additive (Fig. 5A). Similar counterbalancing effects of Nfd and nZnO
on redox traits were earlier found during co-exposures in freshwa-
ter bivalves U. tumidus (Falfushynska et al., 2015b). In human cell
lines, oxidative effects of nZnO have been linked to the loss of mem-
brane integrity resulting in CaZ* influx, only partially alleviated by
a Ca?* channel blocker Nfd (Huang et al., 2010).

Our study also indicates a potentially strong involvement of
metallothioneins in antioxidant defense of the frogs. Thus, expo-
sure to Nfd stimulated expression of metallothioneins along with
the activation of an enzymatic antioxidant SOD and upregulation of
glutathione. Furthermore, a high ratio of MT-SH to MT-Me indicate
that the excess metallothionein is not involved in the metal binding
but rather contributes to other cellular functions, most likely ROS
scavenging (Andersen et al., 1989; Kikuchi et al., 1990; Ngu and
Stillman, 2009). This hypothesis is supported by significant positive
correlations of antioxidant traits (such as SOD, GSH) with MT-SH
levels in frogs. Similar correlated upregulation of metallothionein
and SOD was observed in medaka Oryzias melastigma during expo-
sure to bulk ZnO (~50 and 500 .M Zn), while in nZnO-exposed fish
the oxidative stress response was absent (Wong et al., 2010).

4.3. Endocrine effects of Zn and nfd

Sensitivity of the endocrine system of frogs to environmen-
tal impacts is well documented (Venturino et al., 2003; Hayes
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et al., 2006; Kloas et al., 2009; Hoffmann and Kloas, 2012) and
is considered a major contributor to the dramatic decline of frog
populations in the last decades (Rouhani Rankouhi et al., 2005;
Whittaker et al., 2013). Most studies on environmental endocrine
disruption have focused on the period of metamorphosis (Veldhoen
etal., 2006), and less is known about the vulnerability of endocrine
functions in adult amphibians. Our study indicates that thyroid
and reproductive hormone functions of adult males of P. ridibun-
dus are susceptible to the effects of the environmentally relevant
concentrations of nZnO and Nfd, and these effects are linked with
effects of exposures on Zn binding and homeostasis. Thus, levels of
vitellogenin, an egg protein that serves as an index of xenoestro-
gen exposure in males (Palmer et al., 1998; Venturino et al., 2003;
Rouhani Rankouhi et al., 2005), was upregulated during exposures
to nZnO and Zn2* and downregulated in Nfd exposures, in tight
correlation with the changes in MT-Me levels (Pearson correlation
coefficient R=0.91, p <0.001). Earlier, activation of vitellogenesis
was shown in P. ridibundus males exposed for 14 days to 1.3 uM of
Zn%* or Zn-containing organic nanocomposite (Falfushynska et al.,
2015a). Vitellogenin is a Zn transporter in the blood plasma sup-
plying the Zn for the reproductive activity in oviparous vertebrates
(Montorzi et al.,, 1995; Falchuk and Montorzi, 2001; Thompson
et al,, 2012). Therefore, upregulation of Vtg synthesis may con-
tribute to the feminizing effects of nZnO and Zn%* exposures. It
is worth noting, however, that Vtg as a Zn-carrier protein may
also affect other essential biological functions beyond oogenesis
such as male and female gonad maturation, growth, cell prolifera-
tion and signaling, and ROS scavenging (MacDonald, 2000; Corona
etal.,, 2007; Unuma et al., 2011; Thompson et al., 2012). In fish, Vtg
was associated with immune defense via its effects on both rec-
ognizing pathogen-associated molecular patterns and promoting
macrophage phagocytosis (Li et al., 2008). Therefore, Vtg upregula-
tion in male frogs found in our study may reflect the involvement
of this protein in other Zn-dependent biological processes rather
than endocrine disruption.

Our study showed significant effects of nZnO, Zn%* and Nfd
exposures on thyroid-related traits (TSH and deiodinase activity),
in agreement with the reported sensitivity of the amphibian thy-
roid system to environmental impacts (Kloas et al., 2009; Li et al.,
2011). However, changes in TSH and deiodinase during experi-
mental exposures were not coordinated. The deiodinase activity
was mostly up-regulated by nZnO exposures, while TSH levels
were stimulated by exposure to Zn%*. Unlike frogs, Zn?* exposures
in rats suppressed deiodination activity in the liver; this effect
was attributed to the inactivation of SH-groups in enzyme by Zn
(Gonzalez Pondal et al., 1995). In our present study, no evidence
of the suppression of the thiol system (including MT-SH, GSH) was
found in response to Zn%* exposure in frogs which may explain
the lack of Zn%*-induced inhibition of deiodinase. In frogs, deiod-
inase activity positively correlated with Zn and Vtg levels as well
as with CYP450 activity reflecting links of this enzyme to Zn sup-
ply and thyroid-dependent biotransformation activity in hepatic
endoplasmic reticulum (Brown, 2005). The pituitary stimulation
of thyroid activity (indicated by TSH levels) was also interrelated
with Zn accumulation, MT-Me and Vtg levels in the frogs. How-
ever, this effect appeared to be concentration-dependent because
3.1 WM Zn?* upregulated the TSH levels in the blood plasma of
frogs (present study) while exposure to 1.3 wuM Zn?* suppressed
it (Falfushynska et al., 2016).

The level of cortisol was not affected by the exposures to nZnO,
Zn%* or Nfd (except a slight decrease in nZnO+Nfd exposures).
Similarly, no change in the serum cortisol levels was found in
frogs exposed to Zn%* or Zn-containing organic nanocomposites
(Falfushynska et al.,2016). This may indicate that exposures to Zn%*,
Nfd or Zn-containing nanoparticles do not cause general stress in
the frogs. Alternatively, this may reflect low contribution of cortisol

to stress response in adult frogs which (unlike the larval stages) pro-
duce corticosterone as their primary glucocorticoid stress hormone
(Narayan, 2013). Future studies using a broad screen of cortico-
steroid hormones would be needed to clarify the involvement of
the general stress response in responses of adult amphibians to
pharmaceuticals and Zn-containing nanoparticles.

4.4. Cytotoxicity of the exposures to nZnO and Nfd

All experimental exposures caused an increase in cytotoxicity
markers including elevated levels of DNA fragmentation, up-
regulation of an apoptotic enzyme caspase 3, and lysosomal injury
indicated by increased accumulation of lipofuscin and release of
cathepsin D from lysosomes. Upregulation of CYP450 in the liver of
exposed frogs (particularly in nZnO-related exposures) may indi-
cate endoplasmic reticulum stress, similar to the effects shown
during exposures to the high chronic doses of nZnO in mice (Yang
et al, 2015). Nevertheless, among the experimental exposures,
exposure to nZnO alone was the least cytotoxic. Notably, expo-
sure to nZnO caused a decrease in the cathepsin D levels, whereas
all other exposures prominently up-regulated the total and free
cathepsin D activity.

Cytotoxicity of Zn?* and Nfd has been previously described in
other organisms. Zn is an important regulator of apoptosis in ani-
mals and at low concentrations can suppress apoptotic pathways
and inhibit caspases (Truong-Tran et al., 2001), but induce apo-
ptosis at high concentrations (Franklin and Costello, 2009). Earlier
studied showed that Nfd induces apoptosis in human tumor cells
(Kondo et al., 1995) and causes embryonic malformation in the
clawed frog, Xenopus laevis (Boga Pekmezekmek et al., 2015). Our
study indicates that environmentally relevant level of Zn2* (3.1 uM)
fall into the apoptosis-inducing range of concentrations for P. ridi-
bundus. Exposure to Nfd induced moderate cytotoxicity, which was
observed in both single Nfd exposures and co-exposure to Nfd
with nZnO. The major response involved stimulation of cathepsin
D activity and release, and (in the case of the combined exposure),
caspase-3 activation.

4.5. Conclusions and perspectives

Exposure to nZnO in the absence of other stressors caused
minimal physiological and cytological disturbances in the frogs
indicating that environmentally relevant concentrations of this pol-
lutant alone are not a significant health concern for this species. This
conclusion is also supported by the close proximity of the control
and nZnO exposed groups in the plane of the two first principal
components which integrate the studied physiological and molec-
ular traits. This contrasts with earlier studies using acute exposures
to high nZnO concentrations that showed high levels of oxidative
injury in aquatic organisms (Wong et al., 2010; Gagné et al., 2013),
as well as embryonic malformations and growth retardation in
frogs (Nations et al., 2011). This discrepancy emphasizes the need
for the long-term studies on the effects of environmentally relevant,
low concentrations of metal-containing nanoparticles to reliably
assess the associated environmental and health risks. The observed
shifts in the endocrine status of nZnO exposed frogs emphasize
the tight links between Zn homeostasis and the studied hormonal
traits rather than nZnO-induced endocrine disruption. Combined
exposure to a pharmaceutical Nfd did not result in the increase on
nZnO toxicity; rather, the effects of the combined exposure in the
selected conditions reflected the predominant signal from one of
the compounds (i.e. metal release from MT by Nfd), or in some cases
opposite effects of Nfd and nZnO (such as suppression of the Nfd-
induced oxidative stress by nZnO). This illustrates the complexity of
pollutant interactions in aquatic organisms that cannot be directly
predicted from the effects of a single pollutant, and suggests that



H. Falfushynska et al. / Aquatic Toxicology 185 (2017) 171-182 181

at the present-day environmental levels of pollution, pharmaceu-
ticals such as Nfd may represent a stronger threat to the amphibian
health than nZnO particles.
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