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Abstract The aim of the present study was to assess
survival rate, Zn accumulation, reactive oxygen
species (ROS) levels, oxidative damage and antioxi-
dant responses after Zn exposure (2 and 8 mg L™ Zn)
at different exposure times (6, 12, 24, 48 and 96 h) in
the liver of large yellow croaker. Survival rate was
reduced at 96 h, and hepatic Zn content increased
during 24-96 by 8 mg L' Zn. In the 2 mg L™' Zn
group, no fish died and the increase in Zn content
merely occurred at 96 h. Exposure to 8 mg L™ Zn
induced accumulation of ROS, lipid peroxidation and
protein carbonylation during the late stage of exposure.
In contrast, exposure to 2 mg L™' Zn did not result in
oxidative damage, which may result from the up-
regulation of antioxidant defenses. Although exposure
to 8 mg L™' Zn increased activities and mRNA levels
of antioxidant enzymes during the early stage of
exposure, including Cu/Zn-SOD, Mn-SOD, CAT,
GPx and GR, the activities of these enzymes except Cu/
Zn—-SOD were inhibited at 96 h. Furthermore, a sharp
increase in Nrf2 expression was observed in fish
exposed to 8 mg L' at 6 and 12 h, and 2 mg L™ at

Jia-Lang Zheng and Lin Zeng have contributed equally to this
work.

J.-L. Zheng - L. Zeng - M.-Y. Xu - B. Shen -
C.-W. Wu (X))

National Engineering Research Center of Marine
Facilities Aquaculture, Zhejiang Ocean University,
Zhoushan 316022, People’s Republic of China
e-mail: wucw2013@126.com

12 h and 24 h, suggesting that Nrf2 was required for
the protracted induction of these genes. The late
increase in Keapl expression may support its role in
switching off the Nrf2 response. In conclusion, the
present study demonstrated different effects of low-
and high-dose waterborne Zn on antioxidant responses,
which could contribute to the understanding of
antioxidant and toxic roles of zinc on a molecular level.
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Introduction

During the last few decades, a dramatic increase in
environmental pollution by metals occurs as a
consequence of industrial, agricultural and anthro-
pogenic activities, and thus aquatic organisms are
exposed to a significant amount of these pollutants
(Heath 1995). Among the heavy metals, essential
heavy metals are an interesting subject of research
because they are required for the function of various
biological processes, but become toxic at increased
levels. Zn is an essential micronutrient required for
the various functions in biological development such
as cell structure and enzyme activities of fish
(Watanabe and Kiron 1994). But, excessive Zn in
aquatic environment can be toxic because Zn can
induce oxidative stress by accelerating the
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generation of highly reactive oxygen species (ROS)
(Zheng et al. 2011).

Organisms have developed an antioxidant defense
system that helps them cope with ROS. The antiox-
idant system is composed of a complex network of low
molecular weight scavengers and enzymatic defenses,
interacting via both direct and indirect mechanisms
(Regoli and Giuliani 2014). It is well established that
the most important antioxidant enzymes are superox-
ide dismutase (SOD), which detoxifies superoxide
anions, catalase (CAT), which reduces H,0,, glu-
tathione peroxidase (GPx), which reduces both HO,
and organic peroxides by a glutathione-dependent
reaction, and glutathione reductase (GR), which
catalyzes the NADPH-dependent regeneration of
glutathione (GSH) from the oxidized form (GSSG)
generated by GPx. It has also been widely reported
that the intracellular levels of some nonenzymatic
antioxidants, such as glutathione, influence the activ-
ity of the enzymatic antioxidants (Halliwell and
Gutteridge 1999). The complexity of antioxidant
responses reflects a likewise complex mechanism of
regulation, which involves different pathways modu-
lating either the catalytic activity of pre-existing
enzymes or the de novo synthesis of new molecules.
There have been numerous studies on the effects of
waterborne Zn exposure on oxidative stress and the
activity of antioxidant enzymes in fish (Atli et al.
2006; Gallego et al. 2007; Zheng et al. 2011; Loro
et al. 2012; Eroglu et al. 2014; Qu et al. 2014). Some
studies have focused on the effects of waterborne Zn
exposure on the expression of antioxidant genes in fish
(Cho et al. 2006; Hansen et al. 2006; Cho et al. 2009).
However, these studies were limited in that they only
investigated a single aspect of antioxidant responses
(mRNA or enzymatic levels). The underlying mech-
anisms of response to Zn exposure at both enzymatic
and molecular levels in fish are poorly understood. On
the other hand, numerous experimental studies,
mainly driven by mammalian models, have demon-
strated that antioxidant-related genes are under the
control of numerous transcription factors activated by
ROS, such as Nrf2 (NF-E2-related factor 2), which
represents a critical mechanism of protection against
chemically induced oxidative stress through the Nrf2—
Keapl (Kelch-like-ECH-associated protein 1) system
(Baird and Dinkova-Kostova 2011). Although there
have recently been a few studies that addressed Nrf2
antioxidant defense induced by waterborne copper or
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cadmium in fish (Wang and Gallagher 2013; Jiang
et al. 2014, 2015), little information is available
regarding the role of Nrf2—Keap1 signaling molecules
in Zn-induced oxidative stress in fish.

Large yellow croaker (Pseudosciaena crocea) is a
commercially important marine species, which has
been widely cultured in China since the success of
artificial hatchery. However, the high mortality of
farmed fish, partly caused by poor water quality, has
created significant barriers for commercial aquacul-
ture (Liu et al. 1991). Therefore, understanding the
defense characteristics of the large yellow croaker
against environmental stress from pollutants may
contribute to the development of strategies for its
long-term sustainability in aquaculture. Earlier work
in our laboratory (Zheng et al. 2016) pointed out that a
96-h pre-exposure to 2 mg L~' Zn mitigated the
oxidative stress induced by exposure to 8 mg L™ Zn
in large yellow croaker, indirectly suggesting low- and
high-dose Zn might affect antioxidant responses
differently. As a continuation, we evaluated the effects
of 2 and 8 mg L™" Zn exposure on survival rate, Zn
accumulation, oxidative damage and antioxidant
responses at different exposure times (6, 12, 24, 48
and 96 h) in the liver of large yellow croaker.
Oxidative stress was evaluated by determining the
levels of ROS, LPO and PC, and by investigating the
activity and expression of antioxidant enzyme genes
including Cu/Zn—-SOD, Mn—-SOD, CAT, GPx and GR.
To understand the regulatory mechanism of antioxi-
dant enzyme genes, the mRNA levels of Nrf2—Keapl
signaling molecules were also analyzed.

Materials and methods
Zinc exposure

Large yellow croaker were obtained from a local pond
of the Dahaiyang Fisheries Co. Ltd, Zhejiang
Province, China. Large yellow croaker were exposed
to 2 and 8 mg Zn L™" for 96 h (corresponding to 10
and 40 % of the 96-h LCs, respectively), with three
replicates for each treatment. Zn concentrations for the
control group, 2 and 8 mg Zn L™" groups measured
using flame atomic absorption spectroscopy (FAAS)
were 0.02 £ 0.01, 1.96 = 0.07 and 8.12 £ 0.13 mg
Zn L™, respectively. Prior to the experiment, large
yellow croaker were maintained in 500-L circular
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fiberglass tanks for the 2-wk acclimatization. At the
beginning of the trial, uniform-sized fish (initial body
weight: 103.3 + 5.7 g, mean &= SEM) were trans-
ferred into nine fiberglass tanks with a total of 30 fish
in each. The acclimatization and the actual exposure
were conducted in the static aquarium system with
continuous aeration. The fish were fed commercial
diets (lipid and protein contents of 11 and 48 % on a
dry matter basis, respectively) twice daily at the rate of
1 % of average body weight. During the 96-h exper-
iment, water was aerated continuously and was
renewed 50 % every day. Water temperature was
maintained at 25.7 + 4.3 °C and normal photoperiod
at 14L:10D. The hardness of the water was
101 mg L™! as CaCOs. Dissolved oxygen, pH and
salinity (%o) were 6.76 4= 0.38 mg L', 7.47 4 0.45
and 30.9 £ 1.6, respectively.

Sampling and analysis

Control and Zn-treated fish were sampled at 0, 6, 12,
24,48 and 96 h. At each sampling point, 4 fish per tank
were randomly selected and dissected on ice. The liver
was then removed immediately using sterile forceps,
frozen in liquid nitrogen and stored at —80 °C until
biochemical determinations and RNA extraction. All
experiments, animal care and protocols followed
Zhejiang Ocean University’s ethical guidelines for
the care and use of laboratory animals.

Hepatic Zn content

The liver was dried at 80 °C to constant weight and
then digested in 3 ml concentrated nitric acid at
110 °C for 72 h. The digested samples were diluted
prior to FAAS measurements. The detection limit of
Zn was 0.028 pg/ml. Quality control blanks and
standards were run every 20th sample. The accuracy
of the method was evaluated by calibration against an
international standard (National Research Council of
Canada). Recovery of Zn ranged from 94 to 106 %.
The hepatic Zn contents were expressed as mg/kg wet
weight. The analyses were conducted in duplicate.

Oxidative stress analysis
Tissues were homogenized in an ice-cold 20 mM Tris

buffer, pH 7.6, containing 1 mM of ethylene diamine
tetraacetic acid (EDTA), 0.5 M of saccharose, 0.15 M

of KCl and 1 mM of dithiothreitol (DTT). The
homogenates were centrifuged at 500xg for 15 min
at 4 °C to precipitate large particles and centrifuged
again at 12,000 g for 30 min at4 °C. The supernatant
was maintained at 4 °C until being measured for
biochemical analysis.

ROS were measured using the carboxy-2'7'-
dichlorodihydrofluorescein diacetate (DCFH-DA)
according to LeBel et al. (1992). Lipid peroxidation
was determined by the thiobarbituric reactive species
(TBARS) assay, which measured the production of
malondialdehyde that reacts with thiobarbituric acid,
according to the method described by Livingstone
et al. (1990). Carbonyl groups of proteins (PC) were
determined as previously described (Lushchak et al.
2005). Hydrogen peroxide (H,0O,) content was deter-
mined according to the methods of Pick and Keisari
(1981).

Glutathione reductase activity (GR, EC 1.6.4.2)
was assayed according to methods described by
Tanaka et al. (1994). The activity of glutathione
peroxidase (GPx, EC 1.11.1.9) was determined
according to methods described by Drotar et al.
(1985), using H,O, as the substrate. Catalase activity
(CAT, EC 1.11.1.6) was determined according to
methods described by Beutler (1982). Superoxide
dismutase (SOD, EC 1.15.1.1) activity was measured
according to the method of Beauchamp and Fridovich
(1971) based on aerobic reduction of NBT at 535 nm
by superoxide radicals. In order to assess Mn—-SOD
activity, the supernatant was preincubated for 60 min
at 0°C in the presence of 5 mM KCN, which
produced total inhibition of Cu/Zn—SOD. The latter
activity was calculated as the difference between the
activities in the absence and the presence of KCN.
Soluble protein content in the cytosolic fractions was
determined according to the method of Bradford
(1976) using bovine serum albumin (BSA) as a
standard. All enzyme activities were expressed as U
(units) per mg of soluble protein.

Gene expression

Extractions of total RNA from liver and first strand
cDNA synthesis were performed according to the
methods in our recent study with slight modification
(Zheng et al. 2016). The cDNA synthesis reactions
were diluted to 200 pL in water. Q-PCR reactions (20
pL) were performed in 96-well plates in an Applied
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Biosystems Prism 7500 Sequence Detection System
(Applied Biosystems, USA) with SYBR® Premix Ex
Taq™ Kit(Takara), containing 10puL. SYBR®Premix
Ex Taq Master Mix, 2 pL of cDNA and 0.2 pM of
each primer. The primer sequences of each gene used
in this analysis are given in Table 1. The designed
primers were based on the genomic sequences in the
large yellow croaker genome data (Wu et al.
2014a).The thermal program included 1 min at
95 °C, 45 cycles at 95 °C for 5 s, 57 °C for 10 s and
72 °C for 30s. All reactions were performed in
duplicate, and each reaction was verified to contain a
single product of the correct size using agarose gel
electrophoresis. Standard curves were constructed for
each gene using serial dilutions of stock cDNA to
account for any differences in amplification efficien-
cies. A set of four housekeeping genes (EF la, -
Actin, GAPDH and Tubulin o) were selected from the
literature to test their transcription stability. According
to the geNorm software (Vandesompele et al. 2002),
the two genes with the most stable levels of expression
across experimental conditions were B-Actin and
GAPDH. The relative expression levels were calcu-
lated with the “delta—delta Ct” method (Pfaffl 2001),
when normalizing to the geometric mean of the best
combination of two genes (B-Actin and GAPDH) as
suggested by geNorm.

Statistical analysis
Results are presented as mean = SEM. Prior to

statistical analysis, all data were tested for normality
of distribution using the Kolmogorov—Smirnov test.

The homogeneity of variances among the different
treatments was tested using Barlett’s test. The vari-
ables were subjected to one-way analysis of variance
(ANOVA) and Tukey’s multiple range test. Analysis
was performed using SPSS 18.0 for Windows (SPSS,
Michigan Avenue, Chicago, IL, USA), and the
minimum significant level was set at 0.05.

Results

Effects of Zn exposure on survival rate and Zn
content

Exposure to 8 mg L™" Zn significantly reduced sur-
vival rate at 96 h (Fig. 1a). In contrast, exposure to
2 mg L™' Zn did not significantly survival rate. Zn
content increased during 12-96 h in the 8 mg L™' Zn
group and at 96 h in the 2 mg L™" Zn group (Fig. 1b).

Effects of Zn exposure on ROS and oxidative
damage

Exposure to 8 mg L™ Zn exposure induced an
increase in the levels of ROS (Fig. 2a), LPO (Fig. 2b)
and PC (Fig. 2¢) during 24-96, 48-96 and 24-96 h,
respectively. In contrast, exposure to 2 mg L™ Zn did
not significantly affect ROS levels and even reduced
LPO levels at 96 h and PC levels during 48-96 h.
H,0O, content increased at 6, 12, 48 and 96 h in the
8 mg L™' Zn group and at 12, 24 and 48 h in the
2 mg L' Zn group.

Table 1 Primers used for

c ¢ Gene Forward primer (5'-3") Reverse primer (5'-3")

real-time PCR analysis

from large yellow croaker GPxla ATGCCCATCCCCTGTTTG CCTCCTGCTGTAACGCTTG
GPX1b TGGCTGGAGGCGTGAAA AGAATAACGAGTCCCTTGGC
Cu/Zn-SOD GAGACAATACAAACGGGTGC CAATGATGGAAATGGGGC
Mn-SOD ATCGCCGCTTGTGCTAATC CTCCCAGTTGATGACGTTCC
CAT ATTATGCCATCGGAGACTTG GCACCATTTTGCCCACAG
GR AGCCAAAACAGCCGTGAT CGGCTAACATAAGCATCCC
Keapl CGGGGAGTCTCACAGCATT CTTCCAACATAATCCAAACACC
Nrf2 CCCTCAAAATCCCTTTCACT GCTACCTTGTTCTTGCCGC
EF lo CTCTGCTCTAAATCAGGGACG CGCATTTGTAGATCAGGTGG
B-Actin TCGTCGGTCGTCCCAGGCAT ATGGCGTGGGGCAGAGCGT
GAPDH GACAACGAGTTCGGATACAGC CAGTTGATTGGCTTGTTTGG
HPRT CAGTGGACTTCATCCGCCT GTCTTCATTGTCTTCCCCGT
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Fig. 1 Effects of Zn exposure on survival rate (a) and Zn content (b) in the liver of large yellow croaker. Values are mean == SEM
(n = 4). Different letters represent the statistically significant differences between the control and Zn-exposed groups
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Effects of Zn exposure on activities of antioxidant
enzymes

Exposure to 2 mg L™' Zn enhanced activities of Cu/
Zn-SOD at 12 h (Fig. 3a), Mn-SOD at 24, 48 and
96 h (Fig. 3b), CAT at 96 h (Fig. 3c), GR at 6, 12, 24
and 48 h (Fig. 3d), GPx at 6, 12,24 and 48 h (Fig. 3e).
Similarly, exposure to 8 mg L™' Zn induced an
increase in activities of Cu/Zn—SOD at 6 h and 12 h
(Fig. 3a), Mn—SOD at 6 h and 12 h (Fig. 3b), CAT at
48 h (Fig. 3c), GR at 6 h (Fig. 3d), GPx at 6, 12 and
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24 h (Fig. 3e). However, activities of Mn—SOD, CAT,
GR and GPx significantly declined at 96 h in the
8 mg L' Zn group.

Effects of Zn exposure on expression
of antioxidant genes
Exposure to 2 mg L' Zn up-regulated mRNA levels

of Cu/Zn-SOD at 24 h (Fig. 4a), Mn-SOD at 24 h
(Fig. 4b), CAT at 24 h and 48 h (Fig. 4c), GR at24 h
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Fig. 3 Effects of Zn exposure on activities of Cu/Zn—SOD (a),
Mn-SOD (b), CAT (c), GR (d) and GPx (e) in the liver of large
yellow croaker. Values are mean == SEM (n = 4). Different

(Fig. 4d), GPxla at 12, 24 and 48 h (Fig. 4e), GPx1b
at 48 h and 96 h (Fig. 4f), Nrf2 at 12 h and 24 h
(Fig. 4g) and Keapl at 48 h (Fig. 4h). Similarly,
exposure to 8 mg L™ Zn increased expression levels
of Cu/Zn—SOD at 12 h (Fig. 4a), Mn—-SOD at 6 h
(Fig. 4b), CAT at 24 h and 48 h (Fig. 4c), GPxla at
12 h and 24 h (Fig. 4e), GPx1b at 12, 24, 48 and 96 h
(Fig. 4f), Nrf2 at 6 h and 12 h (Fig. 4g), and Keapl at
12 h (Fig. 4h). However, mRNA levels of Mn—-SOD
significantly declined at 24, 48 and 96 h in the
8 mg L™ Zn group.
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letters represent the statistically significant differences between
the control and Zn-exposed groups

Discussion

A large number of studies demonstrate high levels of
waterborne Zn exposure induce mortality, Zn accu-
mulation and oxidative damage in fish (Eroglu et al.,
2014; Qu et al. 2014; Zheng et al. 2011, 2016),
reinforcing the toxicity of this metal on aquatic
organisms. This result is agreement with our present
data in the 8 mg L™' Zn group that: 1) the levels of
LPO and PC were enhanced during 48-96 h; 2)
survival rate was reduced at 96 h; 3) Zn content
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increased during 24-96 h. On the other hand, Zn metal exposure can inhibit oxidative stress in fish
functions as an antioxidant by activating antioxidant (Sampaio et al. 2008; Huang et al. 2014). In the present
enzymes (Prasad 2014). Several studies report mild study, the antioxidant role of Zn was demonstrated by
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a decrease in LPO and PC levels and an increase in
activities and mRNA of antioxidant enzyme genes in
the 2 mg L™ Zn group.

One hypothesis can be proposed to explain the
positive effect of 2 mg L™' Zn exposure: develop-
ment of tolerance and cellular adaptation of fish to low
Zn. The adaptation process was observed in the
present study. Firstly, there was a lack of changes in
ROS level in the 2 mg L' Zn group. Secondly,
2mgL~" Zn did not induce oxidative damage.
Possibly, 2 mg L™ Zn provoked a general stress
response that protected organisms against future
severe stress situations (Dolci et al. 2014). The ability
of fish to adapt to low metal levels may result from the
induction of metallothioneins that will lead to reduc-
tion in metal toxicity (Adeyemi and Klerks 2013),
which makes it more likely that low-dose Zn-exposed
fish are better able to handle the influx of Zn to resist
metal challenges (McGeer et al. 2007). This may
partially explain why the increased Zn content at 96 h
did not induce oxidative damage. In the present study,
a coordinated increase was observed in activities and
mRNA levels of all tested antioxidant enzyme genes in
the 2 mg L™" Zn group, suggesting a protective role
against damage by Zn. But, these changes occurred
earlier than 96 h when Zn began to accumulate. That is
to say that the up-regulation of antioxidant defenses
did not depend on Zn accumulation. Waterborne metal
firstly enters the bloodstream by gill absorption and
may result in elevations in serum cortisol levels (Fu
et al. 1990). A positive relationship between serum
cortisol levels and SOD activity was demonstrated in
Paralichthys olivaceus exposed to benzo[a]pyrene
(An et al. 2008), suggesting the increase in cortisol
levels could induce antioxidant defenses.

The negative effect of 8 mg L™ Zn exposure may
be involved in the highly generation of ROS and H,O,
caused by failure to initiate activities of antioxidant
enzymes during the late stage of exposure. When the
antioxidant system is not able to eliminate or neutral-
ize the excess of ROS and H,O,, there is an increased
risk of oxidative damage due to accumulation of lipid
peroxidation and protein carbonylation, which may, in
turn, decrease enzyme activities or even degrade the
enzymes (Zhang et al. 2008). Furthermore, a sharp
decrease in CAT activity was observed at 6 h in the
8 mg Zn L™' group, though activities of the other
enzymes were up-regulated during the early stage of
exposure. The inhibition of CAT activity may result
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from the excess production of H,O,, similar to other
reports from fishes acutely exposed to Cd, Cr, Mn and
Cu (Atli et al. 2006; Hansen et al. 2006; Sampaio et al.
2008; Vieira et al. 2012). Atli et al. (2006) also
suggested an inhibition of CAT activity may be related
to the accompanied direct binding of metal ions to—SH
groups on the enzyme molecule. In the present study,
the inhibition of CAT activity could also explained by
the down-regulated transcriptional level of CAT, as
suggested by Sarkar et al. (2014) and Sun et al. (2014).
Although CAT activity was reduced during the early
stage of exposure, the increase in GPx activity can
eliminate H,O, more effectively than CAT (Kang
et al. 2005). This may explain why 8 mg L™ Zn did
not induce oxidative damage during the early stage of
exposure.

A substantial portion of cellular ROS is generated
in mitochondrial electron transport chain (Martinez-
Reyes and Cuezva 2014). Mn—SOD is located in the
mitochondrial matrix and controls the balance of ROS
(Murphy 2009). In the present study, exposure 8 mg
Zn L™ down-regulated mRNA levels of Mn—-SOD at
96 h in the liver of large yellow croaker, which could
contribute to the increase in ROS level. The decrease
in Mn—-SOD expression correlated well with low Mn—
SOD activity, suggesting Mn—SOD may be regulated
by Zn at pre-translational step. However, the mis-
match between antioxidant gene expression and
enzyme activity was also observed, possibly due to
time-lag effect between transcription and translation
and/or posttranslational modifications (Nam et al.
2005; Craig et al. 2007). For example, activities of
CAT, GR and GPx declined and mRNA levels of them
remained unchanged at 96 h.

In the present study, 8 mg Zn L~' activated
expression and activity of antioxidant enzyme genes
more quickly than 2 mg Zn L™, which may be related
to transcription factor Nrf2. The time when Nrf2
expression was up-regulated was earlier in the 8 mg
Zn L™" group than that in the 2 mg Zn L™ group.
Several experimental evidences, driven in fish models,
demonstrated that antioxidant genes are under the
control of Nrf2 activated by ROS through Nrf2—Keap1
signaling pathway (Shi and Zhou 2010; Giuliani and
Regoli 2014; Wu et al. 2014b). In particular, Nrf2 is
important in protecting the liver, since Nrf2 absence
increases hepatic lipid peroxidation (Li et al. 2004). In
the present study, 8 mg Zn L™' might transiently
induce a high level of ROS that activate Nrf2-Keap1
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signaling pathway in advance compared with 2 mg Zn
L~'. The earlier activation of Nrf2 and sequent up-
regulation of antioxidant genes may imply the tran-
scription regulation of antioxidant genes. However,
the persistent accumulation of Nrf2 in the nucleus may
have dangerous effects, like free radical damage,
apoptosis and tumorigenesis (Kobayashi et al. 2002;
Copple et al. 2008). The enhancement of Keapl
expression would increase Nrf2 degradation, leading
to a feedback autoregulatory loop which controls Nrf2
abundance (Lee et al. 2007). Keap1 would thus act as a
post-induction repressor to switch off the Nrf2
response (Sun et al. 2007). In the present study, a
later increase in Keapl mRNA levels would support
its role in switching of Nrf2 response.

In conclusion, our study clearly demonstrated
different effects of low- and high-dose waterborne
Zn on survival rate, Zn accumulation, ROS levels,
oxidative damage and antioxidant responses. First,
oxidative damage was reduced by low-dose Zn, but
induced by high-dose Zn. Second, low-dose Zn
activated antioxidant defense system at transcrip-
tional and enzymatic levels. However, this phe-
nomenon merely occurred during the early stage of
exposure for high-dose Zn. During the late stage of
exposure, high-dose Zn inhibited activity and
expression of antioxidant enzyme genes. In the
process, Nrf2 is required for the protracted induc-
tion of antioxidant genes. However, it should be
noted that the gene mRNA only provides a portion
of the transcriptional information about the de novo
syntheses of these factors; detailed mechanisms
should be revealed by analyses of their protein
levels and posttranslational modifications in future
research.
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