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Abstract The aim of this study was to compare the effects of waterborne copper (Cu) and cadmium (Cd) on survival, anti-oxida-
tive response, lipid peroxidation and metal accumulation in abalone Haliotis discus hannai. Experimental animals (initial weight:
7.49¢40.01 g) were exposed to graded concentrations of waterborne Cu (0.02, 0.04, 0.06, 0.08 mg Lfl) or Cd (0.025, 0.05, 0.25, 0.5
mgL™") for 28 days, respectively. Activities of the anti-oxidative enzymes (catalase, CAT; superoxide dismutase, SOD; glutathione
peroxidases, GPx; glutathione S-transferase, GST), contents of the reduced glutathione (GSH) and malondiadehyde (MDA) in the
hepatopancreas, and metal accumulation in hepatopancreas and muscles were analyzed after 0, 1, 3, 6, 10, 15, 21, 28 days of metal
exposure, respectively. Results showed that 0.04mgL™", 0.06mgL™" and 0.08 mgL™ Cu caused 100% death of abalone on the 21%,
10™ and 6™ day, respectively. However, no dead abalone was found during the 28-day waterborne Cd exposure at all experimental
concentrations. Generally, activities of SOD and GST in hepatopancreas under all Cu concentrations followed a decrease trend as the
exposure time prolonged. However, these activities were firstly increased and then decreased to the control level and increased again
during Cd exposure. Activities of CAT in all Cu exposure treatments were higher than those in the control. These activities were
firstly increased and then decreased to the control level and increased again during Cd exposure. Contents of MDA in hepatopancreas
in all Cu treatments significantly increased first and then decreased to the control level. However, the MDA contents in hepatopan-
creas were not significantly changed during the 28-day Cd exposure. The metals accumulation in both hepatopancreas and muscles of
abalone significantly increased with the increase of waterborne metals concentration and exposure time. These results indicated that
H. discus hannai has a positive anti-oxidative defense against Cu or Cd. In conclusion, anti-oxidative mechanism in abalone to resist
waterborne Cu did not follow the same pattern as that for waterborne Cd.
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cause a wide range of toxic effects on the cellular, organ-
ismal, and population levels (Sorensen, 1991; Goering

1Introduction et al., 1995; de La Torre et al., 2000). Cu is an essential

Heavy metals are the most common pollutants in many
coastal areas worldwide. They are of considerable envi-
ronmental concern for human being due to their toxicity,
wide sources, non-biodegradable properties and accumu-
lative behaviors. In China, with the rapid development of
the industry, the fossil fuel burning, waste incineration,
industrial waste discharge and mining have contributed to
heavy metal contamination. It constitutes a continuing threat
to aquatic ecosystems. Cadmium (Cd) and copper (Cu),
two common types of heavy metal pollutants, exceeded
the environmentally allowable content in several bays in
China, such as Jinzhou Bay, Bohai Bay and Jiao- zhou
Bay (Xu et al., 2000; Xu et al., 2005; Chen et al., 2004).

Cadmium is a non-essential and highly toxic metal to
animals. It can be accumulated in marine organisms, and
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element, acting at low concentration as a cofactor for im-
portant enzymes (Franco et al., 2009). However, at high
concentrations, it becomes toxic to cause loss of appetite,
reduced growth, ion loss, decreased aerobic scope, histo-
logical alterations and mortality in aquatic animals (Marr
et al., 1996; McGeer et al., 2000; Handy, 2003; Mazon
et al., 2004). The toxic effect of heavy metals appears to
be related to the production of reactive oxygen species
(ROS) (Winterbourn, 1982), and the reduction of the cel-
lular antioxidative capacity (Sies, 1999). Elevated Cu or
Cd concentrations in water can induce the overproduction
of ROS in aquatic animals (Viarengo et al., 1990;
Almeida et al., 2004; Company et al., 2004; Chandran
et al., 2005; Upadhyay and Panda, 2010). These ROS can
negatively affect DNA, RNA, ribosome synthesis, and
inactivate enzyme systems (Stohs et al., 2000). Further-
more, it can cause peroxidation of cell membrane lipids
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(Bagchi et al., 1996).

Reactive oxygen species is an inevitable part of aerobic
life. It is a collective term for oxygen-centered radicals,
such as superoxide, hydroxyl and non-radical oxygen
derivatives, namely hydrogen peroxide and singlet oxy-
gen (Scalbert et al., 2005). If these noxious oxygen de-
rivatives are not controlled by antioxidative defense sys-
tems, oxidative stress caused by biological, physical and
chemical stresses occurs (Sies, 1985). It is well known
that, to protect against oxidative stress, all aerobic cells
have developed antioxidative defense and redox balance
systems (Wang et al., 2006). Superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx) and glu-
tathione S-transferaes (GST) are the major antioxidative
enzymes, which acted as cellular catalysts in removing
ROS. Glutathione (GSH) can be a substrate of GST and
also participate in the conjugation and detoxification
processes of pollutants. The induction of anti-oxidative
enzymes or nonenzymatic antioxidatives (e.g., GSH) could
serve as indices to study the impact of toxic chemical
exposure on organisms (Verlecar et al., 2008).

Abalone Haliotis discus hannai, a large algivorous ma-
rine gastropod, is the most commercially important mol-
lusk species cultured in China. It has a habitation style
that they are capable of migrating for distances. Therefore,
they could potentially exhibit different responses to the
pollutants from the marine environment in different styles.
Moreover, water quality tends to cause abalone popula-
tion decline together with exploitation of fishing activities,
deterioration of natural habitats and food availability
(Gorski and Nugegoda, 2006). There are a few investiga-
tions about the toxicity effects of heavy metals on abalone.
Tsai et al. (2004) found that the shell growth of H. diver-
sicolor supertexta was greatly inhibited by increasing
concentration of waterborne zinc (Zn) from 0.125 to 1.0
pgmL ™. Huang et al. (2010) reported that waterborne Cd
and silver (Ag) concentrations in the H. diversicolor both
significantly increased after 7 weeks metals exposure.
The purpose of this study was to analyze the effects of
waterborne copper and cadmium on antioxidative re-
sponses, lipid peroxidation and heavy metals accumula-
tion in abalone H. discus hannai.

2 Materials and Methods
2.1 Abalone

Healthy juvenile abalone H. discus hannai (initial body
weight: 7.49g+0.01 g) were collected from a spawning of
the Laoshan Fisheries Farm, Qingdao, China. Prior to
experiment, animals were acclimated to laboratory condi-
tions for 2 weeks. They were fed with fresh kelp to satia-
tion once daily at 18:00. The contents of Cu and Cd in
kelp were 4.45 and 1.20mgkg ', respectively, as deter-
mined by the flame atomic absorption spectrophotometry
(AAS) (SOLAAR M6, Thermo, USA).

2.2 Experimental Design and Sample Collection

The exposure experiment was conducted in tanks (100
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L) for 28 days. Abalone were divided into nine groups
and subjected to nine treatments. These treatments were
the control, four concentrations of waterborne Cu and
four concentrations of waterborne Cd, respectively. Con-
centrations of Cu and Cd in the seawater used in the con-
trol group were 4.50pugL ™" and 0.45ugL™", respectively,
as determined by the AAS. The CuSO45H,0 was added
to the seawater to achieve 4 graded concentrations of wa-
terborne Cu. They were twice (0.02mgL™"), four times
(0.04 mg L™"), six times (0.06 mgL™") and eight times
(0.08mgL™") of Cu concentration according to the ‘water
quality standard for fisheries in China (WQSFC)’ (Cu<
0.01 mgL ™), respectively. The analyzed concentrations of
waterborne Cu were 0.024+0.00mgL™", 0.045+0.00 mg
L™, 0.065+0.00mgL ™" and 0.082+0.00mgL"", respec-
tively. The CdCl,-2.5H,0 was added to the seawater to
achieve 4 graded concentrations of waterborne Cd. They
were five times (0.025mgL™), ten times (0.05mgL™),
fifty times (0.25mgL™") and one hundred times (0.5 mg
L") of the Cd concentration according to the WQSFC
(Cd<0.005mg L"), respectively. The analyzed concen-
trations of waterborne Cd were 0.027+0.00, 0.050+0.00,
0.27+0.01 and 0.53 +0.02 mg L™, respectively. There
were three replicates for each treatment, and each repli-
cate (tank) consisted of 60 abalones. Animals were fed
with the fresh kelp once daily at 18:00. Every morning,
feces and uneaten kelp were removed to maintain the wa-
ter quality. During the exposure period, the water tem-
perature and salinity were 18-22°C and 22-28, respec-
tively, pH 7.4-7.9, and dissolved oxygen was not less
than 6mgL"'. The abalone was exposed to a 12-h light:
12-h dark photoperiod regime. Half volume of the water
was exchanged with fresh seawater twice daily.

Prior to the exposure experiment, eight abalones were
sampled. During the exposure period, eight abalones per
tank were sampled on the 1%, 3 6™ 10™ 15™ and 21%
day, respectively. On the 28" day, all the live abalone was
sampled. The mortality of abalone was recorded every
day. The sampled abalone was not included into the cal-
culation of mortality. Hepatopancreas and muscle were
isolated, washed in cold saline (0.86% NacCl), and stored
at —80°C. The sea water was sampled every two days
during the experiment. Metal concentrations in hepato-
pancreas, muscle and seawater were measured by the
method of AAS.

2.3 Anti-oxidative Enzyme Activity Assay

For assay of anti-oxidative enzymes activity in hepa-
topancreas, samples were homogenized in cold (4°C)
0.86% NaCl at a ratio of 1:10. A crude extract was ob-
tained by centrifuging the homogenate at 1700 x g for 10
min at 4°C. Supernatants were used for subsequent analy-
sis.

Based on the dye-binding procedure, the total protein
concentrations in supernatants were determined (Bradford
1976). Bovine serum albumin was used as the standard.

Activity of CAT was determined using a spectropho-
tometric assay of hydrogen peroxide, which based on the
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formation of its stable complex with ammonium molydate
at 405nm (Goth, 1991). One unit of CAT activity was
defined as the degradation of 1 pmol H,O, per second per
mg tissue protein.

Activity of SOD was determined through the inhibition
of nitrobluetetrazolium reduction by O®" generated by the
xanthine/xanthine oxidase system (Huang et al., 2006).
The optical density was measured at 550 nm. One SOD
activity unit was defined as the enzyme amount causing
50% inhibition in 1 mL reaction solution per mg tissue
protein. The result was expressed as U per mg protein.

Activity of GPx was assayed spectrophotometrically by
measuring the decrease of the enzymatic reaction of glu-
tathione at 412nm (Li ef al., 2005). One unit of GPx ac-
tivity was defined as the decrease in the amount of 1 pmol
L' glutathione in the enzymatic reaction system of 1 mg
protein per min. The GPx activity was expressed as U per
mg protein.

Activity of GST was determined using the conjugation
of 1-chloro-2, 4-dinitrobenzene (CDNB) with reduced
glutathione (Habig ef al., 1974). This activity had a posi-
tive linear relationship with the amount of reduced glu-
tathione decreasing. Measurements were recorded at a
wavelength of 412nm. One unit of GST activity was de-
fined as the decrease in the amount of 1 umolL™" glu-
tathione in the enzymatic reaction system of 1 mg protein
per min.

2.4 Glutathione (GSH) Contents

The reduced GSH content in hepatopancreas was de-
termined as described by Anderson (1985). GSH is oxi-
dized by 5, 5’-dithiobis (2-nitrobenzoic acid) (DTNB) to
give oxidized glutathione (GSSH) with stoichiometric
formation of 5-thio-2-nitrobenzoic acid (TNB). GSSH is
reduced to GSH by the action of the highly specific glu-
tathione reductase (GSSH reductase) and NADPH. The
rate of TNB formation is followed at 412nm and is pro-
portional to the sum of GSH and GSSH present. Glu-
tathione was quantified using a standard curve of known
concentration of GSH.

2.5 Lipid Peroxidation (LPO) Assay

Level of malondiadehyde (MDA) in hepatopancreas
was measured using the thiobarbituric acid (TBA) fluoro-
metric assay with 1, 1, 3, 3-teraecthoxypropane as a stan-
dard (Sahin et al., 2007). Levels of MDA were deter-
mined fluorometrically with excitation and emission wave-
lengths of 532 nm and 547 nm, respectively. The LPO
measurements were carried out with MAD detection kit
(Nanjing Jiancheng Bioengineering Institute, China).

2.6 Statistical Analysis

Statistical analysis was performed using SPSS 16.0

(SPSS Inc., Chicago, IL, USA) and Microsoft Excel 2003.

Data were analyzed by one-way analysis of variance
(ANOVA). When significant differences (P<0.05) were
found, means were compared using the Tukey’s test. All
the data were presented as means + S.E. (standard error).

3 Results

3.1 Survival

The cumulative mortality of abalone after Cu exposure
is shown in Fig.1. All abalone exposed to 0.02mgL™" of
waterborne Cu and the control abalone were survival after
the 28 days exposure. The first dead abalone exposed to
0.04, 0.06 and 0.08 mgL™" waterborne Cu was found on
the 7™ day, 5™ and 2™ day, respectively. The last dead
abalone was found on the 21%, 10™ and 6™ day, respec-
tively. All abalone exposed to waterborne Cd for 28 days
survived.
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Fig.1 The cumulative mortality of Haliotis discus hannai
exposed to waterborne Cu at concentrations of 0.02, 0.04,
0.06 and 0.08 mgL™".

3.2 Activities of Anti-oxidative Enzymes and
Contents of GSH after Cu Exposure

The activities of SOD, CAT, GPx, GST and the content
of GSH in the hepatopancreas of abalone in the Cu expo-
sure trial are presented in Table 1. Generally, activities of
SOD in hepatopancreas under all Cu concentrations fol-
lowed a decreasing trend as the exposure time prolonged.
On the 1* day, activities of SOD exposed to 0.04, 0.06 or
0.08mgL ™" waterborne Cu were significantly decreased
in comparison with that in the control (P<0.05).

In general, activities of CAT in all Cu exposure were
higher than those in the control from day 1 to day 21.
Moreover, activities of CAT in all Cu exposure were sig-
nificantly higher than those in the control on the 1* and
3 day (P<0.05). The highest values of CAT were found
as 19.60Umg " protein on day 1, 20.04Umg ' protein on
day 1, 19.77Umg " protein on day 3 and 20.35Umg"'
protein on day 1 exposed to 0.02, 0.04, 0.06 and 0.08 mg
L™" waterborne Cu, respectively.

The GPx activities in all Cu exposure treatments were
higher than those in the control on the 1%, 3", 6, 10™ and
15™ day. The activity of GPx in the hepatopancreas of
0.06mgL™" and 0.08 mgL™" Cu groups significantly in-
creased from day 3 to day 10 and day 3 to day 6, respec-
tively (P<0.05). The activity of GPx exposed to 0.02mg
L' and 0.04mgL™" Cu treatments were significantly in-
creased from day 6 to day 15 and day 6 to day 21, respec-
tively (P<0.05).
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Table 1 Activities of SOD, CAT, GPx, GST and the content of GSH in hepatopancreases of H. discus hannai exposed to
graded levels of waterborne Cu for 28 days

Enzymes (n?;Ii(il) Day 0 Day 1 Day 3 Day 6 Day 10 Day 15 Day 21 Day 28

Control 29.66+0.55 30.12+1.26" 28.74+0.39"  28.53+0.44" 27.82+1.15% 27.82+1.15* 27.38+1.36"  29.69+0.82"

0.02  29.66+0.55 33.74+1.96" 21.92+1.18°¢ 29.52+0.71* 19.38+1.68% 19.38+1.68% 19.34+1.01°®  17.63+0.81°
SOD  0.04  29.66+0.55" 20.03+1.68%™ 17.73+0.18"™  26.09+0.40%® 20.17+1.69%® 20.17+1.69%® 16.53+0.18® ND

0.06  29.66+0.55" 19.82+1.79% 24.87+1.69"%® 18.24+0.08 20.17+1.46°° ND ND ND

0.08  29.66+0.55" 16.81£1.59% 19.97+0.84%°  19.10+0.68“® ND ND ND ND

Control 10.78+0.40 10.81+0.66° 10.66+1.18®%  11.95+0.13% 10.47+0.87° 9.52+0.25®  9.86+0.30" 11.33+0.82

0.02  10.78+0.40™ 19.604+2.32%% 18.90+1.32"%  17.08+0.83*® 15.10+0.08"™ 14.68+1.26*™ 13.61+1.334%" 9.02+1.71°
CAT  0.04  10.78+0.40° 20.04+£0.42"* 16.50£1.27°® 16.98+0.88*® 12.79+1.37°P* 16.82+1.52*® 13.91+0.68™ ND

0.06  10.78+0.40° 17.44+029%* 19.77+1.01**  12.08+0.25% 12.61+0.84"%° ND ND ND

0.08  10.78+0.40° 20.35+1.03"" 18.66+0.40"*  11.07+1.14® ND ND ND ND

Control 50.75+2.58 53.1122.67 46.46+4.60°  47.95+1.67° 48.66+2.63%  49.05£1.27° 58.7+4.56" 52.13+4.19*

0.02  50.75+2.58™ 58.75+5.73™ 55.59+4.12"B% 69 20+4.41°% 74.24+8.55"  69.85+1.42°% 41.38+0.43°C 25.83+2.94%
GPx 0.04  50.75+2.58° 70.14+11.25™ 55.59+1.44"%°  62.82+2.15"™ 86.53+6.18"" 114.86+7.45" 70.96+1.26"™ ND

0.06  50.75+2.58° 74.76+6.91° 64.14+1.06"" 62.80+1.07® 74.70+2.48** ND ND ND

0.08  50.75+2.58"° 77.70+6.03" 60.23+1.49"* 62.37+2.92* ND ND ND ND

Control 48.38+0.55 57.0143.37 51.63+1.18"  48.73+1.99"® 57.87+1.84" 56244237 51.98+4.10*  53.13+1.76"

0.02  48.38+0.55" 51.78+1.30° 56.34+2.13""  55.83+6.42"% 51.58+3.00™" 62.24+1.39** 3528+1.96°™ 27.98+1.63"
GST 0.04  48.38+0.55" 47.67+1.73"™ 57.18+4.38"%  25.14+2.14% 33.02+4.78%  33.80+0.02%¢ 36.36+2.96°™! ND

0.06  48.38+0.55® 44.83+2.01° 56.61£3.43"  22.32+1.57% 29.78+2.17° ND ND ND

0.08  48.38+0.55" 56.81+4.97° 33.55+6.13%  33.38+4.73°®° ND ND ND ND

Control 4.47+0.04 4.07£0.20°  4.19+0.27° 423+0.08°  3.9240.19®  3.50+£0.45%  3.90+0.32° 437+0.32

0.02  447+0.04° 7.11£037°% 7234067  7.55+0.93%  7.78+0.69""  7.27+0.46"" 5.38+0.29%"  4.80+0.34*
GSH 004  4.47+0.04° 6.44+036™™ 5.64+0.39°%  549+023% 595£0.46™ 8.05+0.25" 7.75+0.77°® ND

0.06  4.47+0.04° 6.85£021** 7.35£047  5.39+0.36"P™ 6.74+021°* ND ND ND

0.08  4.47+0.04° 7.44+0.71"* 6.18+0.44"%"  6.54+0.84"" ND ND ND ND

Notes: Values are expressed as mean + standard error. CAT, catalase activity (U per mg Prot); SOD, superoxide dismutase (U per mg Prot);
GPx, glutathione peroxidase (U per mg Prot); GST, glutathione S-transferases (U per mg Prot); GSH, glutathione (mg per g Prot). Differ-
ent lowercase letters in rows indicated significant differences (P <0.05) as determined by Tukey’s test. Different uppercase letters in

column indicated significant differences (P <0.05) as determined by Tukey’s test. ND: No data because all the abalone was dead.

In general, activities of GST in all Cu exposure treat-
ments followed a decreasing pattern as time prolonged.
Activities of GST were first significantly inhibited at day
3 (P<0.05). Activities of GST exposed to 0.02, 0.04, 0.06
and 0.08mgL™" of Cu were significantly inhibited from
day 21 to day 28, day 6 to day 21, day 6 to day 10 and
day 3 to day 6, respectively (P<0.05).

The GSH contents in all Cu exposure treatments under
all exposure time were higher than those in the control.
The contents of GSH in all Cu exposure treatments were
significantly higher than those in the control on the 1%,
10" and 15™day (P<0.05). The GSH contents were sig-
nificantly higher than those in the control at day 3 ex-
posed to 0.02mgL " and 0.06mgL " waterborne Cu ex-
posure, at day 6 exposed to 0.02mgL ™' waterborne Cu
exposure and at day 21 exposed to 0.04 mgL ™' water-
borne Cu exposure (P<0.05).

3.3 Activities of Anti-oxidative Enzymes and
Contents of GSH after Cd Exposure

The activities of SOD, CAT, GPx, GST and the content
of GSH in the hepatopancreas of abalone in the Cd expo-
sure trail are presented in Table 2. Generally, activities of
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SOD exposed to 0.05, 0.25 and 0.5mgL™" waterborne Cd
followed a same pattern. They were firstly increased and
then decreased to the control level and increased again
during Cd exposure. The SOD activity was first signifi-
cantly increased on the 6™ day (P<0.05). There was no
significant difference in SOD activity compared with
those in the control on the 10", 15™and 28" day (P>
0.05).

In generally, activities of CAT in all waterborne Cd
exposure treatments followed a same pattern. They were
firstly increased and then decreased to the control level
and increased again. The CAT activity was first signifi-
cantly increased on the 6" day (P<0.05).

Activities of GPx were first significantly inhibited at
day 6 (P<0.05). Activities of GPx exposed to 0.025mg
L' and 0.05mgL " waterborne Cd were first significantly
inhibited at day 10 (P<0.05). The activity of GPx in all
waterborne Cd treatments was lower than those in the
control from day 10 to day 21.

Activities of GST in all waterborne Cd exposure treat-
ments followed a same pattern. They were firstly in-
creased and then decreased to the control level and in-
creased again. On the 3™ and 28" day, activities of GST in
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Table 2 Activities of SOD, CAT, GPx, GST and the content of GSH in hepatopancreases of H. discus hannai exposed to
graded levels of waterborne Cd for 28 days

Enzymes (n?;?‘) Day 0 Day 1 Day 3 Day 6 Day 10 Day 15 Day 21 Day 28
Control 29.66+0.55 30.12+1.26"% 28.74+0.39% 28.53+0.44° 27.82+1.15 29.42+0.29  27.38+1.36° 29.69+0.82°
0.025  29.66+0.55™ 27.65+1.34*P" 33 7442 305 35 59+1.12**  28.36+3.68™ 30.55+5.10°  22.11+1.31%° 29.88+1.37°%®
SOD 0.05 29.66:+0.5532.2141.16% 38.88+1.45* 31.84+0.27°¢ 28.61+0.84% 33.53+1.17° 27.36+1.08% 36.93+0.97°®

0.25 29.66+0.55% 25.52+1.46

31.70+1.735%  33.86+0.05*P 25.89+0.39¢

33.14+0.53™°  36.44+0.72°% 37.38+1.27"°

0.5 29.66+0.55% 26.01+1.65"5¢ 31.03+0.06%™ 32.61+0.36™ 29.07+0.10° 32.45+0.32°  36.92+0.02"* 36.18+0.60"
Control 10.78+0.40 10.81+0.66  10.66+1.18  11.95+0.13°  10.47+0.87° 9.52+025*®  9.86+0.30°  11.33+0.82°
0.025  10.78+0.40° 11.24+0.56° 11.22+1.52° 21.79+0.76<° 12.23+1.33% 8.90+1.41°%  30.42+0.54"* 26.74+1.41®
CAT 0.05 10.78+0.40° 9.67+0.74°  9.34+0.18°  31.67+0.69"° 21.82+1.58"° 12.33+1.52*! 33.27+0.80"" 43.09+0.87"
0.25 10.78£0.40* 8.58+1.11¢  11.30£0.32°  23.24+1.15°% 20.29+0.95"°9.63+1.25"%  17.91+1.15% 31.33+0.42%
0.5 10.78£0.40° 9.27£0.56°  10.56£1.52° 26.34£0.76" 22.86+1.33"° 6.80+1.41%  26.01£0.54™ 35.15£0.63%"
Control 50.75+2.58 46.16+7.45  46.46+4.60  50.84+3.33*  48.66+2.63* 52.8143.97%  58.70+4.56" 52.13+4.19""
0.025  50.75+2.58"47.57+0.18" 53.14+6.97" 59.11£2.07**  30.06+0.73% 42.35+2.67*%"39.12+3 235 46.80+5.8745"
GPx 0.05 50.75+2.58 45.59+0.41"  48.23+4.98"  48.53+0.47°%" 29.52+1.925%° 27.64+0.97° 40.17+3.44" 56.96+3.31"
0.25 50.75+2.58 42.18+2.10™  61.86+3.80"  37.86+3.16°™ 31.23+1.61% 34.57+3.08%° 41.19+4.06""™ 33.26+0.17°
0.5 50.75+2.58" 39.48+1.68™ 49.60+4.30" 33.54+2.43%  27.46+2.96" 35.15+1.71° 35.7243.37%™ 37.04+3.96°™
Control 48.38+0.55 57.0143.37  56.13+1.18° 55.19+0.34"® 54.56+1.52 54.22+4.82  51.98+4.10  53.13+1.76"
0.025  48.38+0.55" 55.20+1.99" 58.52+1.525C 48 73+£1.99"® 57.87+1.84" 56.24+237"  51.02+1.67" 60.11+3.20*%
GST 0.05 48.38+0.55% 57.18+4.07"  64.74+3.05% 41.30+0.42%¢  49.8542.47 52.23+1.12"¢ 48.79+2.46* 70.17+3.97*
0.25 48.38+0.55% 54.2942.71°  78.09+3.01* 41.25+3.46°¢  53.2243.71° 57.34+1.09 58.01+1.34™  69.06+4.56"*
0.5 48.38+0.55" 49.65+3.18"  61.46+3.415%° 50.1240.77"°  55.7744.74" 51.49+527™  54.52+0.24™ 69.98+3.17"
Control 4.47+0.04 4.07+020  4.19+027°  4.23+0.08 3.92+0.19%  3.504045°  3.90+0.32°  4.37+0.32°
0.025  4.47+0.04" 3.81+0.12%  4.73+0.19°% 4.66+0.12°  3.07+0.09% 2.77+0.32%  2.46+0.15%  2.70+0.13%
GSH 0.05 447+0.04° 3.75+027%  5.72+0.06™  4.49+0.19°  2.81+0.16° 2.99+0.13%¢  2.61+0.19%  2.79+0.13%“
025  447£0.04™ 330£021°  528+0.11°%" 434+0.10™  3.88+0.24"* 438+0.28"%° 441+0.40°™ 7.13£0.59™
0.5 4.4740.04°° 33120.16™  5.14£023%%  4.69+0.15%  3.97+0.10"* 5.60+0.51"°  8.78+0.14"  10.63+0.65"

Notes: Values are expressed as mean + standard error. CAT, catalase activity (U per mg Prot); SOD, superoxide dismutase (U per mg Prot);
GPx, glutathione peroxidase (U per mg Prot); GST, glutathione S-transferases (U per mg Prot); GSH, glutathione (mg per g Prot). Differ-
ent lowercase letters in rows indicated significant differences (P <0.05) as determined by Tukey’s test. Different uppercase letters in
column indicated significant differences (P <0.05) as determined by Tukey’s test.

all waterborne Cd treatments were higher than those in
the control, and significantly increased at day 3 exposed
to 0.05mgL™" and 0.25mgL™" waterborne Cd and at day
28 exposed to 0.05, 0.25 and 0.5mgL™" waterborne Cd (P
<0.05). However, activities of GST in all waterborne Cd
treatments showed no significant difference with those in
the control from day 10 to day 21 (P>0.05).

Generally, the GSH contents in all waterborne Cd
treatments firstly increased and then decreased to control
level, and then those exposed to 0.025mgL™" and 0.05
mgL " waterborne Cd were significantly decreased (P<
0.05), and those exposed to 0.25mgL " and 0.5mgL™"
waterborne Cd were significantly increased (P<0.05).

3.4 Lipid Peroxidation in Hepatopancreas

Lipid peroxidation was expressed as the MDA contents
in the hepatopancreas. The MDA contents in the hepatopan-
creas in Cu and Cd exposure trial are presented in Table 3.

Contents of MDA in all Cu treatments followed a same
pattern. They increased first and then decreased to the
control level. The MDA level of 0.02mgL™" Cu treatment
was significantly increased at day 3 and day 6 (P<0.05),
and decreased to the control level from day 10 to day 28.

The MDA level of 0.04mgL™" Cu treatment was signifi-
cantly increased at day 6 (P<0.05) and was higher than
those in the control from day 10 to day 21 in a whole.
However, the MDA levels of 0.06mgL™" or 0.08mgL™
Cu treatments under the exposure days were higher than
those in the control. The MDA level did not significantly
change under all Cd concentrations for 28 days compared
with those in the control (P>0.05).

3.5 Metal Concentrations in Hepatopancreas
and Muscle

The Cu and Cd accumulation in hepatopancreas and
muscles of H. discus hannai is present in Table 4 and Ta-
ble 5. In generally, the metals accumulation in both hepa-
topancreas and muscles of abalone increased with water-
borne metals concentration and exposure time. Moreover,
hepatopancreas accumulated more Cu or Cd than muscle.
The maximum content of Cu in hepatopancreas and mus-
cles were 81.56 ugg ' wt and 24.57 pgg ' wt both ex-
posed to 0.02mgL ™" at day 21, which increased by 10 and
5 times compared with those in the control, respectively.
The maximum content of Cd in hepatopancreas and mus-
cles were 282.96 ugg ' wt and 1040 ugg ' wt, which
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increased by 70 times and 10000 times compared with  those in the control, respectively.

Table 3 The content of MDA in hepatopancreases of H. discus hannai exposed to graded levels of
waterborne Cu or Cd for 28 days

MDA (n?;g)iql) Day 0 Day 1 Day 3 Day 6 Day 10 Day 15 Day 21 Day 28
Control  4.93+0.12 5234020  5.56+0.46%  5.23+020°  4.62+0.26"®  5.58+0.11"® 4.73+0.40"®  6.23+0.38
0.02 4.93+0.12"  6.59+0.65% 9.37+£0.70*"  6.59+0.65"P"  6.40+0.33"  4.78+0.56  4.44+0.44%  4.96+0.67™

Cu 0.04 4.93+0.12  6.38+0.09 6.60+0.68% 8.70+0.02%°  4.47+0.56°  7.01+0.24"® 5.97+0.08*** ND
0.06 4.93+0.12° 5.91+0.03" 6.83+0.54%  5.91+0.03%" 5.95+0.40"*® ND ND ND
0.08 4.93+0.12°  6.21£0.54® 7.16£0.17*®  6.74+0.12°* ND ND ND ND
Control  4.93+0.12  5.92+0.31  5.56+0.46 4.99+0.49 4.62+0.26 5.58+0.11 4.73£0.40 6.23£0.38
0.025  4.93+0.12  523+0.20  5.45+1.01 8.79+1.08 4.95+0.57 5.70£1.03  6.68+0.26 6.92+0.77

Ccd  0.05 4.93+0.12  4.45£0.44  6.50+1.00 5.10+£0.85 4.53+0.42 5.56£0.86  5.94+0.19 8.36+1.18
0.25 4.93+0.12  3.73%0.37  5.33<1.18 5.12+0.57 4.65+0.68 6.4040.42  7.63+1.20 7.20+0.85
0.5 4.93+0.12 4.26+043  5.92+0.15 6.02+0.13 4.35+0.26 536+0.26  6.36+0.98 5.84+0.27

Notes: Values are expressed as mean + standard error. MDA, malondiadehyde (nmol per mg Prot). Different lowercase letters in rows in-
dicated significant differences (P <0.05) as determined by Tukey’s test. Different uppercase letters in column indicated significant differ-
ences (P<0.05) as determined by Tukey’s test. ND: No data because all the abalone was dead.

Table 4 Concentrations of Cu in hepatopancreas and muscle of H. discus hannai exposed to graded levels of
waterborne Cu for 28 days

2:;5;—613 (n]f;sjil) Day 0 Day 1 Day 3 Day 6 Day 10 Day 15 Day 21 Day 28
Control 8.09+0.63 8.40+0.86 931+0.01° 8514034  8.65+0.44% 7.7740.81°  8.31+043° 7.72+0.51°
0.02  8.09+£0.63° 11.98+0.96%  14.33+0.955¢ 15.71+1.505° 20.27+0.54% 24.20+1.29%° 24.63+1.94% 38.12+1.42%°
Hepatopancreas 0.04  8.09£0.63" 14.37+1.997  18.77+£1.24"% 31.56+1.62"%¢ 39.03+1.18"% 68.38+1.74"" 81.56+1.58"" ND
0.06  8.09+£0.63° 12.49+1.41™ 24.63+2.26*™ 30.66+9.55*% 66.97+3.77** ND ND ND
0.08  8.09+0.63° 18.73+4.54™  24.56+2.90"% 39.02+2.48** ND ND ND ND
Control 5.88+0.60 5.29+0.25°  5.84+0.20°  5.14+037°  5.64£021° 4.93+0.34°  4.74+0.46° 5.47+037"
0.02  5.88+0.60% 7.97+£0.70"Bd 9.77+1.53B% 8 3910705  13.1440.94% 10.73+0.84% 12.62+0.435* 14.96+0.90"*
Muscle 0.04  5.88+0.60% 8.96+0.21  13.95+0.86™" 13.67+0.75"" 20.74+1.21°™ 17.08+0.72*" 24.57+3.17* ND
0.06  5.88+0.60° 6.25£0.50"% 13.93+0.28%° 15.67+0.61*® 21.63+0.73** ND ND ND
0.08  5.88+0.60° 8.51+£0.95"* 13.32+1.06"® 18.18+2.09** ND ND ND ND

Notes: Values are expressed as mean + standard error. Different lowercase letters in rows indicated significant differences (P<0.05) as de-
termined by Tukey’s test. Different uppercase letters in column indicated significant differences (P <0.05) as determined by Tukey’s test.
ND: No data because all the abalone was dead.

Table 5 Concentration of Cd in hepatopancreas and muscle of H. discus hannai exposed to graded levels of
waterborne Cd for 28 days

Tissues Dose

(ugg ) (mgL ") Day 0 Day 1 Day 3 Day 6 Day 10 Day 15 Day 21 Day 28
Control 2.76+0.19 2.83+0.48° 2.42+0.23° 2.75+0.13¢ 2.99+0.20°  3.65+0.59°  3.09+0.27° 4.07+0.43"
0.025  2.76+0.19%2.23+0.14P 4,05+0.25> 5.86+0.25%  7.37£0.12°°¢ 10.23+0.11®° 14.14+£0.03<  21.13+0.22™
Hepatopancreas 0.05  2.76+0.19° 429+0.04" 6.42+0.67°" 10.09+0.39%% 14.17+1.10%¢ 19.73£1.27  30.91+2.29°  39.42+] 48
025  2.76+0.19° 8.89+0.53% 17.85+0.89%° 42.24+2.72% 60.77+0.72% 63.61+7.07%  136.16+2.40%" 151.46+3.57™
0.5 2.76+0.19° 15.51£0.214° 29.07+1.53"€ 90.34+3.35%9 128.35+1.15" 196.65+11.31° 252.37+16.62"% 282.96+4.95"
Control 0.00:£0.00° 0.00+0.00<° 0.00+0.00% 0.00+0.00% 0.00+0.00™  0.00£0.00®°  0.00+0.00°  0.00+0.00*
0.025  0.00:£0.00° 0.06=0.00%° 0.04+0.00 0.09+0.01% 0.19£0.04™ 0.48+0.02°  0.46+0.01<°  0.71+0.10™
Muscle 0.05  0.00+0.00°0.11+0.01%* 0.11+0.01° 0.33+0.06>¢ 0.85£0.00°™ 0.75£0.07°°  1.59+0.26"  1.59+0.13
025  0.00+0.00°0.61+0.01% 0.62:£0.08% 1.74+0.04"° 3.16+0.17% 4.27+0.60°°  4.89+0.36™  5.50+0.14%
0.5 0.00£0.00° 0.81£0.05"° 0.97+0.06*° 2.29+0.26 4.18£0.11*° 8.06£0.06™®  9.97£0.18*®  10.40+0.17*

Notes: Values are expressed as mean + standard error. Different lowercase letters in rows indicated significant differences (P<0.05) as de-
termined by Tukey’s test. Different uppercase letters in column indicated significant differences (P <0.05) as determined by Tukey’s test.

4 Discussion

4.1 Impact of Waterborne Cu and Cd on
Anti-oxidative Defense

Exposure to Cu or Cd has been shown to increase the
formation of ROS and promote oxidative stress in mol-
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lucs (Company et al., 2004; Tamas et al., 2009). Activi-
ties of anti-oxidative enzymes (e.g., SOD, CAT, GPx and
GST) could be changed correspondingly to detoxify and
clear ROS, and thus prevent aquatic animals from oxida-
tive damages (Reméo et al., 2000; Asagba et al., 2008;
Cao et al., 2010). During exposure to Cu or Cd, anti-
oxidative enzymes activity and GSH content in the hepa-
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topancreas continuously changed. It could be a resisting
mechanism to the increase of ROS in hepatopancreas.
Previous studies and this study suggested that antioxi-
dants including anti-oxidative enzymes and GSH played
an important role in preventing the hazardous effects of
Cu or Cd, as they could be warning signals for severe
damage to aquatic environment and the organisms living
in it. In the present study, the first significant change of
anti-oxidative enzymes activity or GSH content in hepa-
topancreas under Cu exposure was found on day 1 for
SOD, CAT and GSH, on day 3 for GPx and GST, respec-
tively (Table 1). However, the first significant change for
Cd exposure was found on day 1 for SOD, day 3 for GST
and GSH, day 6 for CAT and GPx, respectively (Table 2).
Although the activities of anti-oxidative enzymes and
content of GSH in the hepatopancreas of abalone were
generally elevated, they did not follow the same pattern to
resist the oxidative stress induced by Cu or Cd.

Superoxide dismutase catalyzes the transformation of
superoxide radicals to H,O, and O,. It is the first enzyme
to deal with oxyradicals (Kappus, 1985; Ruas et al.,
2008). Catalase is a major anti-oxidative defense compo-
nent that works primarily to catalyze the decomposition
of H,0O, to H,0, sharing this function with GPx. In the
present study, SOD activity in hepatopancreas under all
waterborne Cu concentrations followed a decreasing
trend during 28-day exposure (Table 1). Reduction of
SOD activity was also observed in the gill of mussels
Bathymodiolus azoricus exposed to 25.6ugL™" Cu for 24
h (Company et al., 2004) and Mytilus galloprovincialis
exposed to 5-25ugL™" Cu for 7 days (Maria and Bebi-
anno, 2011). Jiang et al. (2011) also found a significant
inhibitory effect of 0.6-7.2mgL™" Cu on the activity of
SOD in hepatopancreas of juvenile Jian carp Cyprinus
carpiovar. However, under Cu exposure, CAT activity in
hepatopancreas significantly increased at first and then
decreased to the normal level as that in the control. Activ-
ity of GPx also significantly increased for most of Cu
exposure (Table 1). It was suggested that stimulation of
CAT and GPx activity could be a compensation for the
decrease of SOD activity. On the other hand, the variation
of CAT activity maybe indicate that CAT is gradually
losing the capacity to eliminate the over production of
ROS.

From the present data, however, it was suggested that
the anti-oxidation defense mechanism in abalone for Cd
stress was different from that for Cu stress. The reason
was that the changes of SOD and CAT activities almost
followed the same pattern, regardless of the Cd concen-
trations in water. Activities of SOD and CAT were
stimulated first and then decreased to the normal level
and elevated again (Table 2). However, Cd had a dose-
dependent and time-dependant inhibition effect on GPx
activity (Table 2). In previous studies, it was suggested
that the response of SOD to the oxyradicals generated by
Cd could minimize the harm of oxidation (Palace and
Klaverkamp 1993; Company et al., 2004). At the same
time, it was commonly assumed that any significant in-
crease in SOD must be accompanied by a comparable

increase in CAT and/or GPx activities (Warner, 1994). In
the present study, it was true for CAT, but not for GPx.
According to Yu (1994), in the presence of low H,0, lev-
els, organic peroxides are the preferred substrate for GPx,
but at high H,O, concentrations, they metabolized by
CAT. It was suggested that exposure to waterborne Cd
could induce high level of superoxide radical, which was
transformed into H,O, and O, by SOD. High levels of
H,0, stimulated the activity of CAT. For abalone in the
present study, it was assumed that CAT and SOD were the
dominant enzymes to eliminate ROS induced by Cd.
Further study is needed to elucidate the difference in anti-
oxidation response of abalone exposed to Cu and Cd.

GST activity in hepatopancreas of abalone under all the
Cu concentrations followed a decreasing trend and was
significantly inhibited by Cu with a clear concentration-
response relationship (Table 1). According to Cunha et al.
(2007), a significant in vivo reduction of marine gastro-
pods Nucella lapillus GST activity by Cu was observed
(47.6% at the highest concentration tested). A similar
inhibition (about 44.4%) was observed in aquatic worms
Tubifex tubifex after a 7-day exposure to 50-200ugL™" of
Cu (Mosleh et al., 2005) and in the carp Cyprinus carpio
after 96-h of exposure to 100 and 250 pg L' of Cu
(Dautrememepuits et al., 2002). Contrary to Cu, the GST
activity in hepatopancreas of abalone under Cd exposure
was significantly induced at day 3 and day 28 (Table 2).
In the previous studies, the same results were reported
that GST activity was stimulated by Cd (Almeida ef al.,
2002; Basha and Rani, 2003; Giguere et al., 2005;
Bouraoui et al., 2008). Fernandez et al. (2010) found that
the levels of Cd from Cartagena, Portman and Colum-
bretes Islands were significantly higher than those at the
remaining sampling sites. Correspondingly, mussels from
these islands showed higher GST activity. In the present
study, GST activity was significantly inhibited by Cu and
significantly stimulated by Cd (Tablel and Table 2). It
was suggested that GST might be more actively involved
in detoxifying the toxicity of Cd than Cu.

Al-Subiai et al. (2009) found that GSH increased in the
adductor muscle of Mytlius edulis exposed to Cu (40 g
L") for 5 days. Meanwhile, increased levels of hepatic
GSH had been reported in the striped mullet Mugil
cephalus after 10 days acute exposure to Cd (10mgL™")
(Thomas and Wofford, 1984). Similar results of increas-
ing hepatic GSH level were found in fish species such as
rainbow trout, Nile tilapia, mullet and Atlantic croaker
(Thomas et al., 1982; Thomas and Juedes, 1992; Tort et al.,
1996; Firat et al., 2009). Generally, in the present study,
GSH contents in hepatopancreas were increased by wa-
terborne Cu or Cd exposure. The increasing GSH con-
tents might be a mechanism to protect the abalone from
oxidative stress or to perform detoxification.

4.2 Impact of Waterborne Cu and Cd on
Lipid Peroxidation

Malondiadehyde (MDA) is the major reactive aldehyde
resulting from the peroxidation of membrane polyunsatu-

a) Springer



518 LEl et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2015 14: 511-521

rated fatty acid (PUFA) (Ohkawa et al., 1979). Copper
ions can induce the production of ROS through a Fenton-
like redox cycling mechanism (Halliwell and Gutteridge,
1984) and participate in the initiation and propagation of
lipid peroxidation (Viarengo et al., 1990). In the present
study, MDA was significantly increased in the hepato-
pancreas of abalone on day 3 and day 6 under 0.02mgL ",
and on day 6 under 0.04mgL™" Cu exposure (Table 3).
Increasing MDA level induced by Cu is widely found in
aquatic animals. Cu exposure caused an increase in lipid
peroxidation in the liver of an estuarine fish Pomato-
schistus microps (Vieira et al., 2009). Chelomin and
Belcheva (1991) demonstrated that Cu accumulation in
hepatopancreas cells was accompanied by a significant
increase in MDA contents in scallop Mizuho pectin yes-
soensis. The MDA content increased significantly in the
hepatopancreas of freshwater crab, Oziotelphusa senex
senex exposed to 100ugL™" of Cu for 7 days (Reddy and
Bhagyalakshmi, 1994). However, in the present study,
MDA level in the hepatopancreas of abalone significantly
decreased after 15-day exposure to 0.02mgL™" Cu (Table
3). It could be the results of anti-oxidation in abalone.
And it could be the reason for abalone in this treatment to
survive after 28-day waterborne Cu exposure. Concentra-
tions of Cu in water more than 0.04mgL™" could be too
high for abalone to survive due to the lipid peroxidation.
Further study is needed to confirm it.

An elevation of lipid peroxidation has been observed in
hepatic tissue of Atlantic croaker Micropogonias undu-
lates exposed to SmgL™" Cd for 33 days (Thomas and
Wofford, 1993). However, in the present study, the MDA
levels did not significantly change under all the Cd con-
centrations for 28 days (Table 3). According to Reddy
and Bhagyalakshmi (1994), the levels of MDA did not
significantly change in the hepatopancreas of O. senex
senex exposed to 100 ugL™" of Cd. Similar results was
also found in crab Scylla serrata (Reddy, 1997) and scal-
lop Mizuhopecten yessoensis (Chelomin and Belcheva,
1992). Vincent et al. (1989) reported that free radicals
were involved at the early stages of Cd intoxication, and
lipid peroxidation is primarily an outcome of generation
of free radicals. However, the mechanism of Cd-induced
lipid peroxidation is still not fully clarified. It is possible
that the free radicals initiated by Cd were eliminated by
anti-oxidation defense system in abalone, which signifi-
cantly changed under Cd exposure.

4.3 Concentration of Metals in Hepatopancreas
and Muscles

Copper (Cu) and Cd are the main pollution-causing
metals (Yuan et al., 2004; Bopp et al., 2008; Meng et al.,
2008; Yu et al., 2008). Mollusks can accumulate high
concentrations of heavy metals and serve as bioindicators
of metal contamination in the marine environment
(Langston et al., 1998). The present study showed that Cu
or Cd accumulation in the hepatopancreas and muscle
followed a positive linear relationship with metal expo-
sure concentration and exposure time in a whole (Table 4
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and Table 5). Due to none survival abalone, the Cu stress
trials in the present study were terminated on the 6" , 10"
and 21* days with 0.08, 0.06 and 0.04mgL" of water-
borne Cu, respectively (Fig.1). However, the Cu accumu-
lation in the hepatopancreas and muscle exposed to 0.06
mgL™" Cu for 10 days or to 0.04mgL™" Cu for 21 days
was higher than that of abalone exposed to 0.08 mgL ™
Cu for 6 days (Table 4). In other words, a slower rate of
accumulation could result in a higher Cu concentration,
and Cu did not accumulate to a critical body residue to
lead to the mortality of abalone. Cadmium accumulation
increased along with Cd concentrations and the exposure
time. However, it had no significant effect on the survival
of abalone. In the present study, it was suggested that
tissue Cu or Cd accumulation had no significant correla-
tion with the survival of abalone.

4.4 Mortality

In the present study, the maximum Cd concentration
(0.5 mg L™"), which was 100 times of China water quality
standard for fisheries (WQSFC, Cd<0.005mgL™"), did
not result in the death of abalone during 28 days exposure.
However, waterborne Cu with the concentration of 4
times (0.04mgL™"), 6 times (0.06 mgL ") and 8 times
(0.08mgL™") of WQSFC caused 100% death of abalone
on the 21%, 10™ and 6™ day, respectively. It was suggested
that Cu is more toxic than Cd for abalone. In other words,
abalone was more sensitive to waterborne Cu. Cheung ef al.
(2002) reported that the 96 h LC50 values of gastropod
Nassarius festivus for Cu and Cd were 0.36mgL™" and
1.52mgL™", respectively. It was also suggested that Cu
was more toxic than Cd. Similar results were found in
other marine gastropods, such as Morula granulata (Devi,
1997) and Nassarius reticulates (Kaland et al., 1992).
Wang et al. (2007b) and Wang et al. (2007a) had found
that juvenile mollusc were more sensitive to acute or
chronic copper exposure than the tested organisms in-
cluding cladocerans Daphnia magna and Ceriodaphnia
dubia, an amphipod Hyalella azteca, fathead minnow
Pimephales promelas, and rainbow trout Oncorhynchus
mykiss. Meanwhile, mussels Lampsilis siliquoidea chro-
nically exposed to 2 and 12 ug L™ Cu showed signifi-
cantly higher mortality (20.9%, 69.9% and 12.5%, re-
spectively) than those in the control (Jorge et al., 2013).
Although mollusks are more sensitive to Cu than Cd, very
little is known about the actual reason. In the present
study, anti-oxidant enzymes and GSH in the Cu experi-
ment were significantly increased or decreased under
most of the exposure time (Table 1). However, in the Cd
experiment they almost followed a process which in-
creased or decreased first and then changed to the control
level (Table 2). It was suggested that Cu resulted in se-
verer oxidative stress on anti-oxidant defense system than
Cd. So the probable reason was that oxidative stress in-
duced by Cu exceeded the capability of anti-oxidation
defense system in abalone, and then the lipid peroxidation
and even the mortality of abalone were significantly in-
duced.
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5 Conclusion

Exposure of abalone to waterborne Cd even at high
concentrations did not cause significant lipid peroxidation,
but waterborne Cu did. The anti-oxidative mechanism in
the hepatopancreas of abalone to resist waterborne Cu did
not follow the same pattern as that for waterborne Cd.
Combined with the data on the cumulative mortalities, it
was suggested that waterborne Cu was more toxic than
Cd to abalone. The Cu or Cd accumulation in the hepato-
pancreas and muscle was a combined effect of water-
borne metals concentration and exposure time. It did not
directly relate to the survival of abalone.
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