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Abstract The aim of the present study was to identify
whether the responses of oxidative stress in zebrafish liver
are similar to those in mammalians upon low doses of Cd**
exposure in short durations. Fish were exposed to 1.78 pM
Cd?* (treatment) and 0.0 pM Cd** (control) for 0, 1, 3, and
6 h. The reactive oxygen species (ROS) and lipid peroxida-
tion (LPO) of hepatic tissues significantly increased after 3
and 6 h of Cd** exposure, respectively. Antioxidants glu-
tathione peroxidase (gpxla), superoxide dismutase (sod),
and catalase (car) were up regulated after 1-3 h, and metal-
lothionein isoforms (smtB and mt2) increased after 3—6 h
of Cd** exposure. The caspase-3 and p53 mRNA expres-
sions significantly increased threefolds after 1 h of Cd**
exposure. Results confirmed that oxidative stress in the
hepatic tissue was induced by Cd** within 3 h. However,
anti-oxidative functions immediately up regulated, causing
cell apoptosis levels to decrease after 6 h of Cd** exposure.

Keywords Apoptosis - Cadmium - Metallothionein -
Oxidative stress - Zebrafish

Cadmium (Cd) is a non-essential and toxic metal but it
contaminates water and sediments in aquatic environments
commonly through industrial effluents and wastes, agricul-
tural pesticide runoff, domestic garbage dumps, and mining
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activities. The Cd accumulation correlated with the dura-
tion of exposure and with the ambient Cd concentration in
fish. For example, zebrafish larvae were exposed to vari-
ous concentrations of Cd** (0.2, 1.0, 5.0, 25, 125 puM) for
3 h. Cadmium contents in larvae appeared dose responses
(Matza et al. 2007). The toxicants of Cd** might have dam-
aged cells, and are generally associated with the formation
of reactive oxygen species (ROS) (Company et al. 2004),
while the ROS will be degraded by a specific and non-spe-
cific system. In a normal functioning cell, the process of
generation and degradation of ROS are stable, which is why
the steady-state ROS concentration is very low (<1078 M).
However, once the balance between ROS generation and
degradation is disturbed, it can lead to an increase of ROS
called oxidative stress. There are well-characterized mecha-
nisms of cellular tolerance to oxidative stress; both enzy-
matic and non-enzymatic antioxidants up-regulates to pro-
tect itself from the toxicity of the environment (Lushchak
2011). The genes related to enzymatic antioxidants include
sod, cat, and gpx. Like many other vertebrates, fish use both
types as antioxidant defense mechanisms to reduce damage
from oxidative stress. In addition, we have reported that
the smtB and mt2 genes seem to have anti-oxidative stress
functions in zebrafish, and both belong to non-enzymes
antioxidants (Wu et al. 2015). When the tissues have oxida-
tive stress, it can cause lipid oxidation, DNA damage, and
cell apoptosis. Apoptosis related gene expressions such as
p353 and caspase-3 are both activated after cellular stress
or DNA damage (Pyati and Look 2011). Therefore, the
present study detects ROS and LPO (lipid oxidation) lev-
els, the protective effects of anti-oxidative enzyme or non-
enzyme transcripts, proapoptotic transcription factors (p53
and caspase3 mRNA expressions), and apoptosis levels on
the hepatic tissue of zebrafish after Cd** exposure.
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A cascade of antioxidant responses will be reacted with
oxidative stress. The SOD is the enzyme which deals with
oxygen toxicity. It can catalyze O, and H* into less reac-
tive species, O, and H,O, (Ruas et al. 2008). The CAT
enzyme can reduce H,0, into water and oxygen to prevent
oxidative stress and maintain cell homeostasis. In addition,
GPx activity is believed to play an important role in cel-
lular antioxidant defense by using glutathione (GSH) as a
reducing agent to reduce H,0, and various hydro-perox-
ides. Several studies have also examined the role of met-
allothioneins (MTs), which are non-enzyme antioxidants.
From our previous study, it has shown that isoforms of MTs
(smtB and mt2) have a function to defend oxidative stress in
the brain, liver, and gills after cold shock (Wu et al. 2015).

The zebrafish (Danio rerio) is an excellent model for
toxicology, and the liver has been addressed as a target
organ for Cd** intoxication. There is much literature deal-
ing with fish exposure to waterborne Cd>* that shows a
variety of accumulation of metal patterns. However, many
studies have reported that the liver is the major accumula-
tion organ (Hollis et al. 2001). In addition, the liver also
plays an important role in Cd>* metabolism, but it is the
most critical organ for detoxification in acute exposures.
On the other hand, Cd** could indirectly generate oxidative
stress and free radicals (Cuypers et al. 2010). Thus, much
available evidence has suggested that the DNA damage
by Cd** was linked to ROS and inhibition of DNA repair
mechanism (Chen et al. 2014). Generally, apoptotic path-
ways are triggered in zebrafish liver upon Cd exposure. p53
activation initially triggers the mitochondrial pathway, with
the consequent up-regulation of caspase-9, and then up-
regulation of caspase-3, -6 and -7, to result in DNA dam-
age. Therefore, it is suggested that the p53 and caspase-3
mRNA expressions play an important role in the activation
and induction of apoptosis. Our previous study also found
that oxidative stress was generated by ROS and it induced
cell apoptosis on gills and brain tissues of zebrafish after
ca* exposure (Wu et al. 2016). However, Zhu and Chan
(2012) reported that ROS did not seem to be a key factor in
Cd>* cytotoxicity in the zebrafish liver cell line. Their data
suggested that there is a diversity of effects to impute the

use of different cell types, Cd** doses, and exposure time.
Indeed, zebrafish is an excellent model used in various tox-
icological studies with immense genetic information. How-
ever, a few studies have confirmed that the anti-oxidative
mechanisms are induced in hepatic tissue upon a low dose
of Cd** exposure within hours. The present study inves-
tigates how the antioxidants are induced, and what is the
pathological response on hepatic tissue within 6 h in low
doses of Cd** exposure.

Materials and Methods

Sexually mature zebrafish of both sexes were obtained
from the Taiwan Zebrafish Core Facility (TZCF, Miaoli,
Taiwan). The fish were kept in an aquarium supplied with
circulating, dechlorinated, aerated local tap water at 28°C
with a 14 h:10 h light and dark photoperiod (Table 1).
According to the preliminary study, and the concentra-
tion of 1.78 pM Cd** is a suitable exposure medium. It was
diluted with aerated local tap water from 10 mg/L Cd**
stock solution. Media were analyzed by an atomic absorp-
tion spectrophotometer (Z-8000, Hitachi, Japan), using air/
acetylene flame for Cd** analysis. The Cd** standard solu-
tion (Merck, Germany) was used to create a standard curve
for the measurements. The addition of certain amounts of
the standard solution to the test samples was used for back-
ground correction to estimate the matrix effect following
the user instructions for the Hitachi spectrophotometer.
The detection limit of Cd** was 10 pg/L. Each experiment
used four test tanks, with five male zebrafish in each tank.
In experiment 1, four tanks of control groups were used,
containing 0 uM Cd>* water, while another four tanks of
treatment groups contained 1.78 pM Cd** water. The
fish were immediately anesthetized with 50 mg/L. MS222
(Ethyl 3-aminobenzoate methanesulfonate salt; Sigma)
after various Cd>* exposure durations, after which the
hepatic tissues were excised from the body to determine
anti-oxidative factors. In experiment 2, another four test
tanks were utilized: one tank contained 0.0 pM Cd** water
(control group), and three tanks contained 1.78 uM Cd**

Table 1 Primers targeting
genes and the endogenous

Gene

Forward primer (5'-3")

Reverse primer (5'-3")

control gene f-actin of zebrafish sod

(D. rerio) (Wu et al., 2015) cat

gpxla
smt-B
mt-2
p53
cps-3

P-actin

GGC CAA CCG ATA GTG TTA GA
AGG GCA ACT GGG ATC TTA CA
ACC TGT CCG CGA AAC TAT TG
TGC TCC AAA TCT GGA TCT TG

AGA CTG GAA CTT GCA ACT GTG G’

GGG CAA TCA GCG AGC AAA
CCG CTG CCC ATC ACT A
CGG AAT CCA CCA AAC CAC CTA

CCA GCGTTG CCA GTITTTT AG
TTT ATG GGA GAC CTT GG

TGA CTG TTG TGC CTC AAA GC
GCA GTCCTT CTT GCC CTT AC
CAG CTG GAG CCA CAG GAATT
ACT GAC CTT CCT GAG TCT CCA
ATC CTT TCA CGA CCA TCT

ATC TCC TTC TGC ATC CTG TGA
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water (treatment group). TUNEL assay and flow cytom-
etry was then used on each fish to detect key parameters
of apoptosis, in addition to measuring apoptosis related
genes expressions. All experiments were repeated three
times. The MasterPure™ RNA Purification Kit (Epicen-
tre, WI, USA) was used for total RNA extraction. Finally,
the mRNA pellets were precipitated with 0.1 mg glycogen,
1/10 the volume of 3 mM NaOAc, and 95% ethanol, and
stored at —20°C for cDNA synthesis. A first-strand cDNA
library for both tissues was then constructed according to
the protocol of the SMART™ cDNA Library Construc-
tion Kit (Clontech, USA) for RT-PCR analysis. Quantita-
tive real-time PCR (qPCR) was carried out using a SYBR
Green dye-based assay (Qiagen, Hilden, Germany) with
an ABI Prism 7500 Sequence Detection System (Perkin-
Elmer, Applied Biosystems, Wellesley, MA, USA). We fol-
lowed Choi et al. (2007) in selecting primers targeting sod,
cat, and gpxla, and in selecting primers targeting smtB and
mt2 (Wu et al. 2015). The internal control gene f-actin was
designed using the Primer Express 2.0 software (Applied
Biosystems). All gPCR procedures followed our previous
study (Wu et al. 2015). The standard curve of each gene
was confirmed to be in a linear range with f-actin as an
internal control. In addition, the S-actin Ct levels were also
evaluated to ensure that there were not variably expressed
housekeeping genes in liver tissue after 0-6 h of Cd**
exposure in the preliminary study. Within gPCR reac-
tions, triplicate reactions were performed for each sam-
ple, including f-actin (internal control) and target genes.
To ensure data precision, gPCR data were accepted only
when the variation Ct values were <1 in triplicate reactions
of each gene within the whole set of experiments. Disso-
ciation curves analysis was used to ensure that there was
only one product. A negative control without template was
transcribed for each primer pair. The hepatic tissues (5 mg)
were excised from the body, and individually homogenized
in a homogenization buffer either with 500 pL of Extract
R-Saturated methanol solution for the LPO assay (Holli-
well 1996), or with 200 puL of L-012 (8-Amino-5-chloror-
7-phenylpyrido(3,4-d)pyridazine-1,4-(2H,3H)dione sodium
salt) (Wako, Japan) for the ROS assay (Imada et al. 1999).
Briefly, L-012 was dissolved into ddH,O to a final con-
centration at 20 mM, and then diluted with an appropriate
buffer [S0 mM Tris—HCI (pH 7.5)] to be an assay that has
a concentration of 4 pM for O, radical measurements. The
homogenates were incubated with 4 pM of L-012 reaction
medium for 10 min under a dark space, and then centri-
fuged at 12,000xg for 3 min, after which 100 pL of super-
natants was used to measure the relative light units (RLU)
with a luminescence instrument (Berthold, Lumat LB9507,
Germany). Cell death was detected using TUNEL assays
to label DNA strand breaks. The TUNEL assay was per-
formed on 5 pM sections and reacted with an ApopTag®
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Peroxidase In Situ Apoptosis Detection Kit S7100 (Milli-
pore, USA). The positive control sample was treated with
DNase solution (1 U/pL) for 5 min at room temperature,
while negative control staining was performed without
active TdT but was incubated with proteinase K digestion
to control the nonspecific incorporation of nucleotides or
the nonspecific binding of enzyme conjugates. In addition,
Cd>* induced apoptosis in zebrafish hepatocytes was deter-
mined by flow cytometry (FACScan, Becton Dickinson,
CA, USA). Results were aanalyzed by two-way ANOVA
with tukey’s multiple comparison. Data were given as
mean + S.D. Significance difference was set at p <0.05.

Results and Discussions

Data showed that the ROS level has a significant differ-
ence after 3 h of Cd** exposure, and LPO levels were sig-
nificantly higher than the control after 6 h of Cd** exposure
(Fig. 1). Some enzymatic anti-oxidative factors increased
following Cd** exposure. sod mRNA levels significantly
increased after 3 h, gpx/a and cat mRNA levels increased
by 9.5- and 4.5-folds at 1 h after exposure to Cd**, respec-
tively. The cat mRNA levels rose again after 6 h of Cd**
exposure (Fig. 2). The non-enzymatic antioxidants such as
smtB and mt2 mRNA levels also evidently increased dur-
ing 36 h of Cd*" exposure. We suggested that the Cd>*
contents might be higher than the control group upon 3 h
of Cd** exposure. Furthermore, the ms2 mRNA levels were
26-31-fold, and the smtB mRNA levels increased 61-fold
at 3 h, but only raised 4.6-folds at 6 h after Cd** exposure
(Fig. 3). The p53 and caspase-3 mRNA relative expressed
significantly increased after 1 h of Cd** exposure. Further-
more, the p53 mRNA expression increased again after 6 h
(Fig. 4). Results from both the TUNEL assay and the flow
cytometry exhibited a similar pattern. The cell apoptosis
levels both were showed the highest apoptosis levels at
3 h after Cd** exposure, respectively. However, it gradu-
ally recovered after 6 h of Cd** exposure (Figs. 5, 6). The
concentration of 1.78 uM Cd?* was used in the present
study, which was just only 5% the level of LCs, for adult
zebrafish. It was a sub-lethal concentration Cd** expo-
sure. The past study also reported that oxidative stress was
induced by sub-lethal concentrations of Cd** exposure
for 6-36 h in goldfish. It focused on the antioxidant func-
tions of GPx and MT (Choi et al. 2007). In addition, Liu
et al. (2011) reported that the cellular oxidative stress was
induced by Cd** exposure, and there were some responses
that could determine antioxidant capacity, LPO stimulation,
and tissue damage on zebrafish. Although the biochemi-
cal and toxicological properties of Cd>* have been widely
studied on sub-lethal concentration of Cd** exposure, the
effects of low concentration (5% of 96 h/LC50 Cd**) and
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Fig. 1 Comparison of ROS (a) and LPO (b) levels in hepatic tissue 0-

after 0, 1, 3, and 6 h of exposure to 0.0 uM (control) or 1.78 uM Cd>* 0 1 3 6

(treatment). Data are given as mean+S.D. (n=5), and data were
analyzed by two-way ANOVA with Turkey’s comparison. Different
superscript letters indicate a significant difference (p <0.05) between
dosages (ab) and among times of treatment (xyz)

in short durations (within 6 h) of Cd** exposure on relevant
antioxidant parameters of in vivo studies on hepatic tissues
were lacking. The present study included two oxidative
stress levels (ROS and LPO), responses of enzymatic- and
non-enzymatic antioxidants expressions, cell apoptosis, and
apoptosis related genes (caspase-3 and p53). The results
could identify the primary oxidative responses of fish once
the environment is already contaminated with Cd**.
Antioxidant enzymes such as sod, cat, gpxla, and antiox-
idant materials with low molecular weight such as sm¢B and
mt2 have been found rich in the brain and liver of zebrafish
(Wu et al. 2015). ROS is produced naturally during oxy-
gen metabolism and it includes superoxide (O,~), hydro-
gen peroxide (H,0,), hydroxyl radicals (HO™), and singlet
oxygen ('0,). The ROS level, sod, and m2 mRNA expres-
sions are also found to be higher at 1 h of transfer than the
initial point in control group. That may be specifically the

Cadmium exposure time (h)

Fig. 2 Comparison of three target gene mRNA relative expressions
(sod, cat, gpxla) ratio in hepatic tissues after 0 (B: blank), 1, 3, and
6 h of exposure to 0.0 (C: control) or 1.78 mM Cd** (T: treatment).
Data are given as mean+S.D. (n=5), and data were analyzed by two-
way ANOVA with Turkey’s comparison. Different superscript letters
indicate a significant difference (p <0.05) between dosages (ab) and
among times of treatment (xyz)

“oxygen and ROS metabolism” and responses to oxidative
stress since the handling stress increased oxygen metabo-
lism, and caused the ROS level increased. In addition, it
shows that the ROS levels significantly increased 3 h after
exposure to Cd>*, but it was capable of returning to its
initial state after 6 h. According to Lushchak (2011) oxi-
dative stress has three types. The results evidently show
the fish under an acute oxidative stress, and it might be
induced by sub-lethal concentrations of Cd*" exposure.
It occurs when ROS, especially HO™, attack polyunsatu-
rated fatty acids leading to a chain reaction, and severe
injury of plasma membranes cause abnormal functions
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Fig. 3 Comparison of two target gene (smtB and mt2) mRNA rela-
tive expression ratio in hepatic tissues after O (B: blank), 1, 3, and 6 h
of exposure to 0.0 uM (control) or 1.78 uM Cd** (treatment), with
0 being the control. Data are given as mean+S.D. (n=5), and data
were analyzed by two-way ANOVA with Turkey’s comparison. Dif-
ferent superscript letters indicate a significant difference (p <0.05)
between dosages (abc) and among times of treatment (xyz)

and loss of membrane integrity. LPO, malonedialdehyde
and 4-hydroxy-2-Nonenal, are all indicators of oxidative
stress levels. The LPO levels significantly increased follow-
ing ROS at 6 h of Cd** exposure (Fig. 1). In addition, we
found that the LPO level significantly decreased at 3 h after
Cd** exposure, which also had a similar response profile
in gills (Wu et al. 2016). Generally, there is a cascade of
antioxidant responses: SOD can catalyze O, and H* into
less reactive species, O, and H,0, (Ruas et al. 2008); CAT
can reduce H,0, into water and oxygen to prevent oxida-
tive stress; and GPx is playing a role in detoxification and
removing hydrogen peroxide from cells by GSH oxida-
tion. The present results indicated that the catr and gpxla
mRNA expressions had higher activity levels than in the
control at 1 h after Cd%* exposure, but the sod mRNA lev-
els significantly increased at 3 h after Cd>* exposure. The
results equitably explain that the fish might have demon-
strated a compensative physiological function since the fish
increased oxygen metabolism upon Cd** exposure. In addi-
tion, the cat mRNA expression significantly increased fol-
lowing the increase of the sod mRNA expression 3 h after
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Fig. 4 Comparison of the mRNA relative expression ratio of caspase
3 and p53 in hepatic tissues at O (B: blank), 1, 3, and 6 h after 0.0 pM
(control) or 1.78 uM Cd** (treatment) exposure. Data are given as
mean=+S.D. (n=3), and data were analyzed by two-way ANOVA
with Turkey’s comparison. Different superscript letters indicate a sig-
nificant difference (p <0.05) between dosages (abc) and among times
of treatment (xyz)

exposure to Cd>*, which might have increased in order to

reduce H,0, into water and oxygen (Fig. 2). Our previous
studies have found that mz2 mRNA can be significantly
induced upon Cd** exposure in embryo, juvenile, and
adult zebrafish. However, smtB mRNA was only evidently
raised in adult zebrafish after Cd** exposure. In addition,
black goby, goldfish, shark, and rainbow trout, all treated
with Cd**, had higher levels of MT mRNA than the con-
trol (Choi et al. 2007). It is evident that exposure to Cd**
significantly increases MT expressions in various species
and tissues with some differences depending on dosage and
exposure time. The past studies compared their tissue-spe-
cific gene expressions, and found that the mz] and mz2 were
different tissue specific expressions after various doses of
Cd>* exposure. Thus, the present study was to inspect mz2
and smtB expressions. Results showed that the smtB mRNA
levels significantly increased over 61-fold than the control
after 3 h of Cd** exposure. However, it just appeared 4.6-
fold higher than the control after 6 h of Cd** exposure. The
mt2 mRNA expression was 31.4- and 26.1-fold higher than
the control after 3 and 6 h of Cd*" exposure, respectively
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Fig. 5 Cell apoptosis (arrow) of hepatic tissue in zebrafish is shown
in a NC: negative control, b PC: positive control; and after ¢ 0,d 1, e
3, and f 6 h of Cd** exposure. Magnification x50
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Fig. 6 The values in each panel indicate the percentages of apop-
totic cells. The hepatic cells of zebrafish were determined with flow
cytometer counter ata 0, b 1, ¢ 3 and d 6 h after Cd** exposure

(Fig. 3). From these results, Cd** toxicity, at least in part,
induces ROS formation, activation of p53 and caspase-3,
and causes cell apoptosis. In fact, the early increases in
the p53 mRNA expression observed in the present study is
suggestive of its involvement in apoptosis activation, since
TUNEL-positive cells became more evident soon after
2-3 h of Cd** exposure (Figs. 5, 6). They appear to have
a time and dose dependent response, which p53 and cas-
pase-3 mRNA levels increased 2.8- and 3.2-fold at 1 h of
Cd** exposure, respectively. The apoptosis percentage was
2.99% at 1 h, but it was 13.79% and 7.67% at 3 and 6 h,
respectively. Conclusion, antioxidants including sod, cat,
gpxla, mt2 and smtB interacted to defend against oxidative
stress within several hours. Therefore, even though there
was an up-regulation of p53 and capase-3 levels after 1 h
of Cd** exposure, they recovered to its normal state after-
wards. Zebrafish liver seems had a powerful anti-oxidative
system, and it was created promptly after Cd** exposure,
which resulted in reduced levels of cell apoptosis.
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