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Zinc is an essential trace metal, but many aspects of its toxicity remain unclear. In this study, we investi-
gated zinc effects on oxidative stress parameters and antioxidant profile in four tissues (gill, liver, kidney,
and white muscle) of Fundulus heteroclitus. Possible interactive effects of salinity were also studied. Kil-
lifish were exposed to sublethal level (500 wgL-1) of waterborne zinc for 96 h in 0% (fresh water), 10%
(3.5ppt), 30% (10.5 ppt) and 100% sea water (35 ppt). Salinity per se had no effect on any parameter in the

Keywords: control groups. Zinc exposure clearly induced oxidative stress, and responses were qualitatively similar
Metals . . . . . . . .
Zinc amongst different tissues. Salinity acted as a strong protective factor, with the highest levels of reactive

oxygen species (ROS) and greatest damage (protein carbonyls, lipid peroxidation as indicated by thio-
barbituric acid reactive substances (TBARS) in 0 ppt, the least in 100% sea water (35 ppt), and gradations
in between in many of the observed responses. Increases in total oxidative scavenging capacity (TOSC)
occurred at higher salinities, correlated with increases in the activities of superoxide dismutase (SOD)
and glutathione-S-tranferase (GST), as well as in tissue glutathione (GSH) concentrations. However, TOSC
was depleted in zinc-exposed fish at 0 ppt, accompanied by decreases in SOD, GST, GSH, and also catalase
(CAT) activity. Our results confirm that sublethal waterborne zinc is an oxidative stressor in fish, and
highlight the important protective role of higher salinities in ameliorating the oxidative stress associated
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Antioxidants

with zinc toxicity in this model estuarine teleost.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Many industrial and agricultural processes have contributed to
increased metal levels in the environment over the years. Aquatic
ecosystems are frequently contaminated with metals such as zinc
and copper which are essential in low concentrations but toxic in
higher concentrations (Lushchak, 2011; Wood, 2012). Metals are
able to disrupt the integrity of the physiological and biochemi-
cal mechanisms in fish. The disturbances include loss of appetite,
reduced growth, decreased aerobic scope, and mortality (McGeer
et al.,, 2000; Gioda et al., 2007). Zinc is an essential trace element
of biological and health importance. It plays an important role in
cellular metabolism acting as a co-factor in a number of enzymatic
reactions. However, prolonged and excessive zinc uptake may lead
to toxic effects (Atli and Canli, 2007).
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Exposure of fish to metals may result in increases in reac-
tive oxygen species (ROS) such as hydrogen peroxide, superoxide
radicals, and hydroxyl radicals leading to impairment of normal
oxidative metabolism and finally to oxidative stress (Lushchak,
2011). While this has been well-studied for copper (Grosell, 2012),
there is almost no information available for zinc on this topicin fish
(Hogstrand, 2012; Lushchak, 2011). A number of response param-
eters can be used to evaluate the oxidative stress state generated
by metal exposure. These include lipid peroxidation (LPO), forma-
tion of protein carbonyls, as well as enzymes and other moieties
that act as defensive mechanisms in fish tissues (Campana et al.,
2003; Farombi et al., 2007). The latter antioxidant system include
various enzymes such as superoxide dismutases (SOD) which cat-
alyze the dismutation of superoxide radical to hydrogen peroxide,
as well as catalase (CAT) and glutathione peroxidase (GPx) which
act to degrade hydrogen peroxide. The glutathione S-transferase
(GST) family exhibits important detoxifying activities against lipid
hydroperoxides generated by inorganic pollutants such as met-
als (Meyer et al., 2003; Dautremepuits et al., 2004; Farombi et al.,
2007). Glutathione (GSH) is an important non-enzymatic antiox-
idant which protects fish tissues against oxidative damage by
neutralizing free radicals and other types of ROS.
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Fish are widely used for assessment of the quality of aquatic
environments, and some fish species serve as good bioindicators
of environmental pollution. Fundulus heteroclitus, the Atlantic kil-
lifish, lives in estuaries and salt marshes of the eastern coast of
North America, moving diurnally in and out on the tidal front to
feed (Marshall, 2003). This species exhibits a variety of physio-
logical adaptations which allow them to easily withstand large
fluctuations of salinity in their natural environment (Griffith, 1974;
Prodocimo et al., 2007; Scott et al., 2008; Wood and Grosell, 2009).
Recently F. heteroclitus has become a model organism in physiol-
ogy and toxicology, especially for studying euryhalinity in estuarine
teleosts (Burnett et al., 2007). This reflects a large body of research
on its ionoregulatory, reproductive and developmental physiol-
ogy, its responses to a wide range of toxicants, together with rapid
progress on its genome.

In the context of the present study, we have selected the killifish
as a bioindicator to study the potential interactions between water-
borne zinc exposure and environmental salinity. Salinity as well
as calcium, pH and DOC (dissolved organic carbon) will alter both
the physiology of the organism, and the speciation and bioavail-
ability of zinc (Hogstrand, 2012). The present paper focuses on
oxidative stress responses, and a parallel study focuses on zinc
bioaccumulation and ionoregulatory impacts (Loro et al., 2012).
The first hypothesis of the present study was that sublethal water-
borne zinc exposure (500 wgL~1) for 96 h would induce oxidative
stress. This was evaluated by measuring ROS levels, lipid peroxida-
tion, protein carbonyl formation, and detoxification mechanisms in
various tissues of the killifish. In line with this, antioxidant parame-
ters such as oxyradical scavenging capacity (TOSC) and antioxidant
enzyme activities were also evaluated. The second hypothesis was
that salinity would act as protective factor against zinc toxicity if
indeed Kkillifish tissues do suffer oxidative injury from zinc. This
was conducted by acclimating the fish to fresh water (0), 3.5 ppt,
10.5 ppt or 35 ppt (100% sea water), and then exposing them to this
same zinc level at the four different salinities.

2. Material and methods
2.1. Animal collection and acclimation

Atlantic killifish of the northern subspecies Fundulus hetero-
clitus macrolepidotus of both sexes (weight: 3.54+0.6¢g; length:
4.24+0.8cm) were obtained from Aquatic Research Organisms
(ARO) Ltd. (Hampton, NH, U.S.A.), who collected them by beach-
seining of local tidal flats. At McMaster University they were kept
in aerated tanks (250L) operated as static systems with carbon
filtration under a natural photoperiod (12h light-12h dark) at
18.5°C. Initially they were held at a salinity of 10% (3.5 ppt) for
several weeks. Saline waters were made by the addition of Instant
Ocean sea salt (Big Al's Aquarium Supercenter, Woodbridge, ON,
Canada) to fresh water, considering 35gL-! as 35 ppt of salinity.
The fresh water was dechlorinated Hamilton, Ontario tap water
(moderately hard: [Na*]=0.6 mequivL~!, [CI-]=0.8 mequivL!,
[Ca%*]=1.8 mequivL-1, [Mg2*]=0.3 mequivL-1,
[K*]=0.05mequivL~!; titration alkalinity 2.1 mequivL™!;
pH~8.0; hardness ~140mgL-! as CaCOs3 equivalents). The
fish were then acclimated to different salinities (0, 10, 30 and
100%) under these conditions for seven days in the 250L tanks
prior to experiments. During acclimation, fish were fed once a day
to satiation with a mix of 50% commercial flakes (Wardley Total
Tropical Gourmet Flake Blend, Hartz Mountain Corp., Secausus,
NJ, U.S.A.) and 50% frozen brine shrimp (San Francisco Bay Brand,
Newark, CA, U.S.A.). Food was withheld for 48 h prior to the start
of experiments and throughout the 96 h tests.

2.2. Zinc exposures at different salinities

After acclimation to the different salinities, fish were divided
into eight groups and transferred to separate 8 L aquaria (6 fish in
each) pre-cleaned with 1% HNOs. Four control groups of salinity
(0=Hamilton fresh water, 3.5 ppt, 10.5 ppt and 35 ppt=100% sea
water) were used, and four experimental groups at these same
salinities were exposed to 500 wgL-! zinc for 96 h. To maintain
good water quality, 80% of the water was renewed every day. In
order to prevent zinc loss, no filters were used during the experi-
mental period.

Zinc concentrations were monitored daily to ensure relatively
constant metal exposures. Water samples for ions and dissolved
zinc measurements were obtained by passage through 0.45 uM
syringe filters (Acrodisc syringe filter; Pall Life Sciences, Houston,
TX, U.S.A.). Unfiltered water samples were also taken for total zinc
measurements. Zinc concentrations were analyzed using a Varian
FS220 flame atomic absorption spectrophotometer (Varian, Mul-
grave, Victoria, Australia) using certified zinc standards (Fisher
Scientific, Toronto, Canada). Other chemical characteristics and zinc
concentrations of the test waters are shown in Table 1. Dissolved
oxygen was measured using a portable Accumet® polarographic
electrode and AB15 meter (Fisher Scientific, Missisauga, Ontario),
total DOC concentration using a Shimadzu TOC-Vcpycpn total
organic carbon analyzer (Shimadzu Corporation, Kyoto, Japan), and
alkalinity by titration to pH 4.0 using standardized HCI. The ionic
compositions of the various test waters have been reported in Loro
etal.(2012), and were close to nominal values. Based on these ionic
analyses and the additional measurements shown in Table 1, Zn
speciation analysis for each salinity (Table 2) was performed using
Visual MINTEQ software (ver. 3.0, beta, KTH, Department of Land
and Water, Resources Engineering, Stockholm, Sweden; courtesy of
J.P. Gustafsson, Royal Institute of Technology, Stockholm, Sweden).

After 96 h exposure, all fish were euthanized with a lethal dose
of NaOH-neutralized MS-222 (Syndel Laboratories Ltd., Vancouver,
B.C.,Canada). Gill, liver, intestine and muscle were quickly removed
by dissection, frozen in liquid nitrogen, and stored at —80°C. For
measurements of ROS and oxyradical scavenging capacity (TOSC),
a slice of each tissue was removed before freezing.

2.3. Oxidative parameters and enzyme measurements

Reactive oxygen species (ROS) were determined in the fresh
supernatant fraction of gill, liver, intestine, and muscle by the
method of Viarengo et al. (1999). Tissue samples were prepared
through homogenization (1:5, w/v) in a buffer containing Tris-
HCI (100mM, pH 7.75), EDTA (2mM) and MgCl, (5mM). The
homogenates were centrifuged at 10,000 x g for 20 min at 4°C.
ROS was expressed as area of ROS per mg of protein. In the same
supernatant, oxyradical scavenging capacity (TOSC) was deter-
mined using the method described by Amado et al. (2009). TOSC
was expressed as the relative area of remaining ROS per milligram
of protein, anindex which is inversely proportional to total oxyradi-
cal scavenging capacity. Supernatants resulting from centrifugation
were also used for all measurements described above. Lipid per-
oxidation was determined by measuring the thiobarbituric acid
reactive substances (TBARS) as described previously by Buege and
Aust (1978). TBARS levels are expressed as nmol MDA per mg
of protein. Protein carbonyl content was assayed by the method
described by Yan et al. (1995) with some modifications. Briefly the
changes were to increase initial dilution and solubilize the protein
carbonyl without using guanidine. The total amount of protein car-
bonyls formed was calculated using a molar extinction coefficient
of 22,000 M cm~! and expressed as nmol carbonyl per mg protein.

Superoxide dismutase activity was determined by measuring
the inhibition of the auto-oxidation of epinephrine at pH 10.2
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Table 1

189

Water chemistry and zinc concentrations of the experimental media used in the study. Data were expressed as mean + SEM (n=6). DOC = dissolved organic carbon. Means

sharing the same letter are not significantly different.

Parameter Salinity O ppt Salinity 3.5 ppt Salinity10.5 ppt Salinity 35 ppt
Total zinc (ngL1) 486.6 + 8.5 490 + 8.0* 495 + 9.08 487.5 + 8.5
Dissolved zinc (ngL™") 476.5 + 9.08 480 + 8.5 485 + 8.5 477.8 £ 7.54
Temperature (°C) 18.3 +£ 0.3 18.2 £ 0.2% 18.6 + 0.3 18.5 + 0.24
pH 7.61 £0.114 7.85 + 0.15% 8.1+ 0.118 8.35 4+ 0.28
Dissolved oxygen (mgL-1) 8.0 £ 0.5% 7.8 +£0.44 7.5 £ 0.44 8.0 + 0.6%
Alkalinity (mg CaCO; L) 68 + 0.8 78 + 0.6° 108 + 1.58 130+3.8€
DOC (mgL1) 2.48 + 0.454 2.55 + 0.354 2.65 + 0.47 2.75 + 0.45%
Table 2

Chemical speciation of zinc (chemical species (%) in experimental media of study).

Species of zinc (%) Salinity 0% Salinity 10% Salinity 30% Salinity 100%
Zn%* 79.4 73.6 50.5 259
ZnOH* 24 1.7 4.1 4.5
Zn(OH), 3.1 2.2 189 43.5
ZnCl* 0.2 3.8 6.2 9.8
ZnCly%- 0 0 0 0.4
ZnCl3~ 0 0 0.1 0.9
ZnCly 0 0.1 0.4 1.6
ZnS04 2.6 10.8 7.4 4.6
Zn(S04), 2 0 0.5 0.6 0,5
ZnCOs3 10.0 6.0 11.2 7.7
ZnHCO5* 2.0 1.2 0.6 0.2
Zn(C0O3), 2 0 0. 0.2 0.2

and 25°C as described by Magwere et al. (1997). One unit of SOD
activity is the amount of SOD necessary to cause 50% inhibition
of epinephrine auto-oxidation. The activity of catalase (CAT) was
determined according to the procedure of Clairborne (1995) by fol-
lowing the absorbance of hydrogen peroxide at 240 nm pH 7.0 at
25°C and expressed as wmol min—!(U) per mg protein. The activ-
ity of glutathione S-transferase (GST) was measured according to
Habig et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as
a substrate. GST activity of was expressed as umol GS-DNB min~!
per mg protein using an extinction coefficient of 9.6 mM cm~!. Glu-
tathione (GSH) formation was determined in the same supernatant
of enzymes according to Ellman (1959) at 412 nm using 5,5’-dithio-
bis-2-nitrobenzoic acid (DTNB) and expressed as pmol GSH per
mg of protein. Protein content was assayed according to Bradford
(1976) using bovine serum albumin as standard.

2.4. Statistical analyses

Data have been expressed as mean + standard error of mean
(n=6). All data were tested and exhibited normal distribution.
Comparisons among mean values were performed using one-way
analysis of variance (ANOVA) followed by the Fisher’s LSD test
to verify differences among control groups at different salinities,
and among zinc exposure groups at different salinities. Differences
between zinc-exposed and control animals at the same salinity
were assessed using Student’s two-tailed unpaired t-test. In all
cases, the significance level adopted was 95% (« =0.05).

3. Results
3.1. Waterborne zinc and water parameters

Total zinc concentrations were close to the nominal value of
500 wg L1 at all salinities, and dissolved zinc concentrations were
very close to total values, (Table 1). Dissolved O, and DOC concen-
trations did not vary amongst salinities, but water pH and alkalinity
both increased with increasing salinity. These differences in water
chemistry caused differences in Zn speciation. Most notably, free
Zn%* decreased from 79.4% to 25.9% as salinity increased from

fresh water to 35 ppt (100% sea water). These changes reflected
increases in hydroxide, carbonate, and chloride complexes, espe-
cially Zn(OH), as pH, alkalinity, and chloride concentration all
increased.

3.2. ROS and TOSC levels

Salinity itself had no effect on tissue ROS levels under control
conditions, though ROS levels tended to be slightly higher in liver
than in gill, intestine and muscle (Fig. 1). Significantly increased
ROS concentrations were observed in gill, liver, intestine and mus-
cle tissues of killifish exposed to 500 g L~ of zinc for 96 h at some
salinities. For all four tissues, the highest ROS production in rela-
tion to control occurred in the group exposed to zinc at 0 ppt. Fish
exposed to zinc at salinity 3.5 ppt also exhibited increased ROS
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Fig. 1. Reactive oxygen species (area of ROSmg~"' protein)in tissues of F. heteroclitus
exposed to 500 pgL-! of zinc at different salinities for 96 h. (*) indicates signifi-
cant differences between Zn-exposed groups and respective control. Capital letters
indicate significant differences among the Zn-exposed groups at different salinities.
(P<0.05)(n=6).
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Fig. 2. TOSC (relative area of ROSmg~! protein) in tissues of F. heteroclitus exposed
to 500 pgL~! of zinc at different salinities for 96 h. (*) indicates significant differ-
ences between Zn-exposed groups and respective control. Capital letters indicate
significant differences among the Zn-exposed groups at different salinities. (P < 0.05)
(n=6).

formation. However, at salinities of 10.5 and 35 ppt, ROS levels in
zinc-exposed fish were similar to control values (Fig. 1).

With respect to TOSC levels, there were again no significant
differences with respect to salinity in the control groups, though
relative area tended to be lower in gills than in the other three
tissues, indicating a greater total ROS scavenging capacity in the
gills (Fig. 2). Gill, liver and intestine of animals exposed to zinc at 0
and 3.5 ppt showed significantly increased relative area, signifying
a loss of total ROS scavenging capacity in response to zinc expo-
sure at low salinities. Muscle tissue showed an increased area (i.e.
decreased ROS scavenging capacity) in fish exposed to zinc only at
0 ppt. In contrast, killifish exposed to zinc at salinities of 10.5 or
35 ppt showed significantly decreased relative area in liver, gills,
and muscle, but not in intestine (where there was return to control
values at these salinities), indicating an augmentation of total ROS
scavenging capacity (Fig. 2).

3.3. Lipid peroxidation (LPO) and protein carbonyls

TBARS are an index of LPO. Salinity per se had no effects on
TBARS levels in control groups for all tissues studied, though val-
ues tended to be higher in gill and liver, and lower in intestine
and muscle. In accord with the results for ROS and TOSC, F. hetero-
clitus exhibited somewhat parallel changes in TBARS in all tissues,
indicative of lipid peroxidation, in response to zinc exposure (Fig. 3).
In the intestine, TBARS were significantly increased relative to the
controls only at 0 and 3.5 ppt, whereas in gill, liver, and muscle, a
significant response persisted up to 10.5 ppt. The largest increases
in all four tissues occurred in fresh water (0 ppt), with progres-
sively smaller responses at higher salinities, such that there was no
evidence of elevated LPO at salinity of 35 ppt.

Within each tissue, salinity had no effect on protein carbonyl
levels under control conditions, though levels were highest in gill
and liver, intermediate in intestine, and lowest in muscle (Fig. 4).
In response to zinc exposure, the gill exhibited an increase in pro-
tein carbonyls only at O ppt, and not at higher salinities, whereas
the liver and intestine exhibited responses at both 0 and 3.5 ppt.
The tissue most affected was muscle, with significant increases in
protein carbonyl concentrations at all four salinities (Fig. 4).
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Fig. 3. TBARS (nmol MDA mg-! protein in tissues of F. heteroclitus exposed to
500 wgL-! of zinc at different salinities for 96 h. (*) indicates significant differences
between Zn-exposed groups and respective control. Capital letters indicate signif-
icant differences among the Zn-exposed groups at different salinities. (P <0.05)
(n=6).

3.4. Antioxidant enzymes

All enzyme activities have been normalized to protein content;
note that there were no significant changes in protein concen-
tration as a result of the experimental treatments. Under control
conditions, catalase (CAT) activities were very consistent across all
tissues and salinities (Fig. 5). The only response to zinc exposure
was a substantial reduction (50-60%) in CAT activity in all four
tissues in fresh water (0 ppt). There were no other changes.

Another important anti-oxidant defense mechanism, superox-
ide dismutase (SOD), exhibited rather different patterns (Fig. 6).
Under control conditions, SOD activity did not vary with salin-
ity, but activity levels were higher in gill and liver, and lower in
intestine and muscle. At O ppt, zinc exposure reduced SOD activ-
ity by 25-50% in all four tissues, and in this respect the responses
were somewhat similar to those with CAT. However at all higher

18
IR Control

16 4 =3 Zn exposure
iy AT A
T .
T 14 A
o
"o 124
£
g 10 &
£ B B B B g
T e -
8 2 I SN
§ 64
S
% 4] B'Cc* ¢
<
o

2.

0 35 10535 0 3510535 03510535 0 35 105 35
GILL LIVER INTESTINE MUSCLE

SALINITIES (ppt)

Fig. 4. Protein carbonyls (nmolmg-! protein) in tissues of F. heteroclitus exposed
to 500 wgL-! of zinc at different salinities for 96 h. (*) indicates significant differ-
ences between Zn-exposed groups and respective control. Capital letters indicate
significant differences among the Zn-exposed groups at different salinities. (P < 0.05)
(n=6).
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Fig. 5. Catalase activity (CAT; Umg~! protein) in tissues of F. heteroclitus exposed
to 500 wgL-! of zinc at different salinities for 96 h. (*) indicates significant differ-
ences between Zn-exposed groups and respective control. Capital letters indicate
significant differences among the Zn-exposed groups at different salinities. (P < 0.05)
(n=6).

salinities, SOD activity increased significantly in all tissues, with the
greatest relative responses occurring in muscle.

Under control conditions, glutathione S-transferase (GST) activ-
ities were similar in all tissues and unaffected by salinity (Fig. 7). In
zinc-exposed fish, the pattern of response was very similar to that
seen with SOD (Fig. 6). Thus GST activity was reduced by 30-50% in
response to zinc exposure in all four tissues in fresh water (0 ppt),
but significantly increased relative to control values at all higher
salinities, again in all four tissues. However, GST activities increased
at all higher salinities. The responses tended to be progressive in
liver and muscle, with the largest increases at 35 ppt (Fig. 7).

3.5. Glutathione

Baseline glutathione (GSH) levels were not affected by salinity
in any tissue, but tended to be higher in gill and liver, and lower
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Fig. 6. Superoxide dismutase activity (SOD; Umg~! protein) in tissues of F. hete-
roclitus exposed to 500 wgL~! of zinc at different salinities for 96 h. (*) indicates
significant differences between Zn-exposed groups and respective control. Capital
letters indicate significant differences among the Zn-exposed groups at different
salinities. (P <0.05) (n=6).
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Fig. 7. Glutathione S-transferase activity (GST; Umg~! protein) in tissues of F. het-
eroclitus exposed to 500 wgL-! of zinc at different salinities for 96 h. (*) indicates
significant differences between tested groups and respective control. Capital letters
indicate significant differences among the Zn-exposed groups at different salinities.
(P<0.05) (n=6).

in intestine and muscle under control conditions (Table 3). As with
CAT and GST, there was depletion of GSH reserves in all four tissues
in fish exposed to zinc in water (0 ppt), but significant increases at
all higher salinities. Again the response to zinc exposure appeared
to be progressive with salinity, with the greatest increases seen in
35 ppt (100% sea water).

4. Discussion

Both of the original hypotheses of this study were confirmed.
Firstly, exposure of killifish to a sublethal level of waterborne zinc
(~500 pgL-1) for 96h clearly induced oxidative stress. This was
demonstrated by an increase in ROS levels in all four tissues, and
associated with this, increases in ROS-associated damage (LPO,
protein carbonyls), alterations in ROS scavenging capacity (TOSC),
and responses in antioxidant enzymes and glutathione. Secondly,
salinity clearly acted as a protective factor against zinc toxicity,
with the highest levels of ROS and greatest indications of dam-
age in fresh water (0 ppt), the least in 100% sea water (35 ppt),
and indications of gradations in between in many of the observed
responses. Salinity in itself appeared to have no effect on oxidative
stress parameters in F. heteroclitus, in contrast to several reports on
other species (summarized by Lushchak, 2011), but the fish in our
study had been acclimated to salinity, rather than challenged by
salinity.

There were some subtle differences amongst the four tissues
studied and amongst the various oxidative stress responses, the
latter particularly in the muscle tissue. However, the overall the
response patterns were remarkably similar. This agrees with a
recent study on oxidative stress in freshwater zebrafish exposed
to another nutritive metal, Cu, in various water chemistries, where
many of the same endpoints were similar in gill and liver tis-
sue (Craig et al., 2007). This suggests that the effects of oxidative
stress occur generally throughout the fish, and in future toxi-
cological studies where the goal is to assess the occurrence (or
non-occurrence) of oxidative stress, it may be sufficient to sample
just one tissue or a whole body extract.

It is important to note that the oxidative stress responses
observed in the present study occurred at a zinc exposure concen-
tration (500 wgL~1) that was very sublethal - 40-200-fold lower
than acutely toxic concentrations. The 96h LCsq values for zinc
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Table 3

GSH levels (nmol mg~! of protein) in tissues of F. heteroclitus exposed to 500 pg L~ of zinc at different salinities (96 h). Means + SEM (n=6). (*) in column indicates significant
differences between tested groups and respective control. Capital letters in a row indicate significant differences between zinc exposed groups at different salinities (P < 0.05).

Gill
Salinity 0% 10% 30% 100%
Control 0.48 +0.03 0.55+0.05 0.5+0.04 0.55 +0.06%
Zinc exposure 0.3040.03%" 0.7 +0.06% 0.78 +£0.06% 0.85+0.07¢
Liver
Salinity 0% 10% 30% 100%
Control 0.512+0.06 0.5+0.04 0.45+0.02 0.50+0.05
Zinc exposure 0.35+0.05% 0.65+0.05% 0.65 +0.06°" 0.9+40.07¢
Intestine
Salinity 0% 10% 30% 100%
Control 0.32+0.03 0.3+0.02 0.35+0.02 0.344+0.02
Zinc exposure 0.10£0.015% 0.550.025%" 0.55+0.03%" 0.6 +0.04"
Muscle
Salinity 0% 10% 30% 100%
Control 0.33+0.02 0.32+0.03 0.32+0.02 0.3+0.025
Zinc exposure 0.1540.015% 0.540.05% 0.52 +0.04% 0.7 +0.06%

measured on the same batch of killifish, under the same exposure
conditions (Loro et al., 2012), ranged from 20,000 pgL~! in fresh
water (0ppt) to 106,000 wgL~! in 100% sea water (35 ppt). Thus
oxidative stress is a very sensitive endpoint.

Oxidative stress responses to zinc in fish have received very
little study (Hogstrand, 2012). The exact mechanism involved in
zinc-induced oxidative stress is still unknown, but it may relate to
DNA fragmentation, and zinc’s interaction with endogenous low
molecular weight thiols and proteins (Gioda et al., 2007). Another
possible explanation is that zinc induces changes in the activity of
enzymes, resulting in ROS generation (Pedrajas et al., 1995; Gioda
et al., 2007). However, an alternate explanation for the observed
responses involves the ZnZ* ion in itself. It is now clear that free
Zn%* plays an important role in the cell signaling pathways accom-
panying oxidative stress. ROS releases Zn2* from metallothionein,
and the increase in cytosolic Zn2* is detected by the intracellular
zinc sensor (Mtf-1) which sets in a motion a chain of events result-
ing in increased gene expression of a suite of target genes coding
for antioxidant enzymes, either through direct induction or down-
stream events (reviewed by Hogstrand, 2012). These include CAT,
SOD, and GST. Thus it is possible that the observed increases in
SOD (Fig. 6) and GST activities (Fig. 7), and increase in ROS scav-
enging capacity (decreased TOSC area; Fig. 2) accompanying zinc
exposure at higher salinities reflected this direct action of Zn2*
as a cell signaling molecule, especially as there was no evidence
of ROS accumulation at the higher salinities (Fig. 1). Increased
levels of TOSC have been correlated with adaptation to life in pro-
oxidant environments (Regoli, 2000), so this response could prime
these zinc-exposed fish to respond effectively if ROS levels were to
increase at a future point.

In our companion study (Loro et al., 2012) we found there was
no increase in either plasma or tissue concentrations of total zinc
in these Kkillifish exposed to zinc at salinities of 3.5, 10.5, or 35 ppt.
Ostensibly this would argue against the direct action explanation,
but it must be remembered that free Zn%* levels in the cytoplasm
would be in the sub-micromolar range (Maret, 2011), and there-
fore undetectable in whole tissue zinc measurements. However,
these total zinc concentration measurements do indicate that all
of the responses seen at 3.5, 10.5, and 35 ppt occurred without any
appreciable increase in tissue or plasma zinc levels, and with little
(at 3.5 ppt) or no buildup (at 10.5 or 35 ppt) of ROS in the tissues
(Fig. 1).

However, in killifish exposed to zinc in fresh water (0 ppt), there
were measurable increases (by approximately 50%) in total zinc
concentrations in the blood plasma, and in all tissues except the
liver. This was accompanied by ROS accumulation (Fig. 1), oxidative
damage to lipids (TBARS; Fig. 3) and proteins (protein carbonyls;
Fig. 4), reductions in the activities of detoxifying enzymes (CAT,

Fig. 5; SOD, Fig. 6: GST, Fig. 7), and decreases in GSH in all tissues
(Table 3). As a result, TOSC relative area increased (Fig. 2), so total
ROS scavenging capacity decreased in all tissues. It would appear
that in fresh water, the level of zinc exposure and internal accu-
mulation caused oxidative stress that was so severe as to exhaust
the defensive mechanisms, such that substantial damage occurred.
However, again it is not clear whether zinc was acting to inhibit or
damage the enzymes, or whether this was a response to high levels
of ROS (Fig. 1).

It is well known that increased salinity protects against zinc
uptake in euryhaline fish (Hogstrand, 2012), but to our knowledge
this is the first demonstration that it also protects against zinc-
induced oxidative stress responses. There may be several factors
involved. The first is that increased salinity alters the speciation
of Zn, such that for any given total zinc concentration, there is
much less free Zn%* ion, the form generally considered the most
bioavailable and reactive, due to complexation with various anions
(Table 2). The greater ionic strength should theoretically reduce its
activity even more. In this regard it is noteworthy that despite an
increase in SOD levels and almost doubling of GSH levels (Table 3)
at 3.5 and 10.5 ppt in Zn-treated animals, lipid peroxidation was
still observed (Fig. 3). Perhaps Zn in the form of Zn(OH),, ZnCl*, or
ZnS0Oy, the levels of which are increased at intermediate salinities
(Table 2), are particularly potent oxidants for the lipid bilayer, but
not for the cytosolic compartment? In this regard, nothing appears
to be known as yet about the cytosolic distribution of various Zn
forms between the lipid and the aqueous phase. Other possible
explanations for these differential responses of redox state mark-
ers with salinity should also be sought in future work. A second
important factor is that higher salinity increases the concentration
of potentially competitive cations (Na*, K*, Ca2*, MgZ*; Table 1).
Of these, Ca2* appears to be the most effective (Zhang and Wang,
2007), as it directly competes with the Zn%* uptake mechanism
at the gills (Spry and Wood, 1989). In future studies, it will be of
interest to assess whether the Ca2* component alone of salinity pro-
tects against oxidative stress. In studies on Cu-exposed zebrafish,
Craig et al. (2007) reported that both waterborne Ca* and water-
borne Na* protected against oxidative stress caused by Cu exposure,
but that the latter was in fact more effective. Overall, the current
results add to mounting evidence that salinity is an important fac-
tor affecting metal toxicity in estuarine environments (see Grosell
et al., 2007), and should be taken into account in future revisions
of ambient water quality criteria.
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