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Abstract The present study assessed the effects of a
white fluorescent bulb (the control) and two different
light-emitting diodes (blue LEDs, LDB; red, LDR) on
growth, morphology, and oxidative stress in the liver
and ovary of zebrafish for 5 weeks. Growth main-
tained relatively constant under LDB condition, but
was reduced under LDR condition. In the liver,
hepatosomatic index (HSI) and protein carbonylation
(PC) increased under LDR condition, whereas lipid
peroxidation (LPO) declined and HSI remained
unchanged under LDB condition. The decrease in
oxidative damage by LDB could be attributed to the
up-regulated levels of mRNA, protein, and activity of
Cu/Zn-SOD and CAT. A failure to activate the activity
of both enzymes may result in the enhanced PC levels
under LDR condition, though both genes were up-
regulated at transcriptional and translational levels. In
the ovary, although gonadosomatic index sharply
increased under LDR condition, LPO and PC dramat-
ically accumulated. The increase in oxidative damage
by LDR might result from the down-regulated levels
of protein and activity of Cu/Zn-SOD and CAT,
though both genes were up-regulated at a transcrip-
tional level. Furthermore, a sharp increase in expres-
sion of transcription factor Nrf2 that targets
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antioxidant genes was observed in the liver but not
in the ovary under LDB and LDR conditions. In
conclusion, our data demonstrated a positive effect of
LDB and negative effect of LDR on fish antioxidant
defenses, emphasizing the potentials of LDB as an
effective light source in fish farming.
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Introduction

The spectral composition of nature light changes
differentially underwater because wavelength of light
penetrating water varies greatly (Lythgoe 1979). The
blue or short spectrum has a strong penetrability and is
predominant in deeper waters, whereas the red or long
spectrum is rapidly absorbed by water molecules and
only penetrates in shallow waters (Migaud et al. 2006).
The difference in the light spectra can be detected by
fish by retinal and extra-retinal photoreceptors (Vera
et al. 2010) and accordingly affects growth and
reproductive physiology of fish (Bapary et al. 2011).
Light-emitting diodes (LEDs) are the first light source
to make available the true spectral composition control
to simulate the environmental conditions that match
the sensitivity of fish (Migaud et al. 2007; Villamizar
etal. 2009). The potentials of LED as an effective light
source for studies conducted in behavior, survival,
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growth, and reproduction in fish have been explored to
a greater extent (see reviews, Yeh et al. 2014). For
example, blue LEDs promote the growth and devel-
opment of Dicentrarchus labrax larvae (Villamizar
et al. 2009). Red LEDs stimulate the ovarian devel-
opment in Chrysiptera cyanea (Bapary et al. 2011).
However, prior to carrying out these lighting regimes,
any potentially negative effects should not be
neglected in fish.

There have been several studies on the adverse
effects of inappropriate light spectra on the develop-
ment of skeleton and swim bladder, survival, and
growth in fish (Battaglene and Talbot 1990; Bayarri
et al. 2002; Trotter et al. 2003; Villamizar et al. 2009).
At present, the mechanisms of toxicity of certain LED
spectra are not fully known and nonetheless possibly
associate with LED-induced oxidative stress (Shin
et al. 2011).

Organisms have developed an antioxidant defense
system including enzymatic and non-enzymatic mech-
anisms to cope with oxidative stress (Regoli and
Giuliani 2014). Of the antioxidant enzymes, SOD-
CAT is considered to be the vital first-line defenses
against oxidative stress, since O, is converted to O,
and H,0,, which is subsequently transformed into
H,O by CAT (Yu 1994). The complexity of antiox-
idant responses reflects a likewise complex mecha-
nism of regulation, which involves different pathways
modulating either the catalytic activity and protein
level of preexisting enzymes or the de novo synthesis
of new molecules. Although there are several studies
on the effects of various spectra on the mRNA level
and activity of antioxidant enzymes in fish (Choi et al.
2012; Head and Malison 2000; Kim et al. 2014; Shin
et al. 2011), investigations on the antioxidant
responses of fish to various light spectra are still very
limited, especially on a protein level. On the other
hand, numerous experimental studies, mainly driven
by mammalian models, have demonstrated that
antioxidant-related genes are under the control of
transcription factor Nrf2 (NF-E2-related factor 2),
which represents a critical mechanism of protection
against oxidative stress (Baird and Dinkova-Kostova
2011). The regulatory role of Nrf2 in chemicals-
induced oxidative stress has recently been demon-
strated in fish (Giuliani and Regoli 2014; Jiang et al.
2014, 2015). However, little information is available
regarding the role of Nrf2 in LED-induced oxidative
stress in fish.
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Zebrafish (Danio rerio) is a popular vertebrate
model system in toxicology. The availability of
complete genome sequence facilitates further studies
on the mechanisms of toxicology at a molecular level
for the fish species. Numerous commercially enzyme-
linked immunosorbent assay (ELISA) kits targeting
zebrafish have well been developed, which contributes
to studies on a protein level. In light of the above, we
evaluated the effects of a white fluorescent bulb (the
control), blue LEDs, and red LEDs on growth,
morphology, and oxidative stress in the liver and
ovary of zebrafish for 5 weeks. Growth was evaluated
by measuring body weight, body length, condition
factor (CF), and specific growth rate (SGR). The
morphometric parameters detected included liver
weight, ovary weight, hepatosomatic index (HSI),
gonadosomatic index (GSI). Oxidative stress was
evaluated by determining the levels of lipid peroxida-
tion (LPO) and protein carbonylation (PC), and by
investigating the levels of protein, activity, and mRNA
of antioxidant enzyme genes including Cu/Zn-SOD
and CAT. To understand the regulatory mechanism of
antioxidant enzyme genes, the mRNA levels of Nrf2
were also analyzed.

Materials and methods
Light spectra exposure

Female zebrafish (AB strain) about 5 weeks of age
were obtained from Institute of Hydrobiology, Chi-
nese Academy of Sciences, China. Prior to the
experiment, zebrafish were maintained in 20-L circu-
lar fiberglass tanks for the 2-wk acclimatization. At
the beginning of the trial, uniform-sized fish (initial
body weight: 0.17 £ 0.03 g, mean &= SEM) were
exposed to a white fluorescent bulb (a simulated
natural photoperiod; SNP; the control group), blue
LED (LDB, peak at 450 nm), and red LED (LDR,
peak at 630 nm) for 5 weeks, at an irradiance of
0.9 W/m? at the water surface (Fig. 1). The set value
of irradiance was according to the study from Bapary
et al. (2011). The experiment was conducted in a
closed flow-through system. The fish were fed com-
mercial diets (lipid and protein contents of 10.6 and
42.4 % on a dry matter basis, respectively) twice daily
at the rate of 5 % of average body weight. Water
temperature was maintained at 24.7 + 4.3 °C with a
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Fig. 1 Spectral profiles of the blue (LDB), red (LDR) LEDs,
and a simulated natural photoperiod (SNP) used in tHSI study

12L:12D photoperiod. Dissolved oxygen and pH were
6.76 £ 0.38 and 7.47 + 0.45 mg L™, respectively.

At the end of the 5-week period, 24 h after the last
feeding, all fish were euthanized with a 0.02 %
tricaine methanesulfonate solution (MS-222). Fish
body, liver, and ovary were weighed and measured to
final body weight, liver weight, ovary weight, body
length, SGR, CF (body weight/body length®), HSI
(weight of liver/body weight x 100 %), and GSI
(weight of ovary/body weight x 100 %). Then, the
liver and ovary were immediately frozen in liquid
nitrogen and stored at —80 °C until biochemical
determinations and RNA extraction. We assured that
all experiments, animal care, and protocols followed
the ethical guidelines of the Zhejiang Ocean Univer-
sity for the care and use of laboratory animals.

LPO and PC analysis

Tissues were homogenized in an ice-cold 0.1 M
phosphate buffered solution (PBS, pH 7.4) containing
1 mM of ethylene diamine tetraacetic acid (EDTA),
0.5 M of saccharose, 0.15 M of KCI, and 1 mM of
dithiothreitol (DTT). The homogenates were cen-
trifuged at 500xg for 15 min at 4 °C to precipitate
large particles and centrifuged again at 12,000x g for
30 min at 4 °C. The supernatants were maintained at
4 °C until being measured for biochemical analysis.
Lipid peroxidation (LPO) was determined by the
thiobarbituric acid 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). Protein
carbonylation (PC) was determined as previously
described (Lushchak et al. 2005).

Enzymatic activities and protein levels of Cu/Zn-
SOD and CAT

The supernatants from tissue homogenates were
obtained according to the method described above.
The supernatants were directly applied to the assay of
enzymatic activities and protein levels of Cu/Zn-SOD
and CAT. Cu/Zn-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. Catalase activity
(CAT, EC 1.11.1.6) was determined by measuring the
rate of disappearance of H,0O, according to methods
described by Beutler (1982). The protein levels of Cu/
Zn-SOD and CAT were detected using commercially
fish enzyme-linked immunosorbent assay (ELISA)
kits (Cusabio, Wuhan, China) in accordance with the
manufacturer’s instructions. Soluble protein content
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. All protein levels
were expressed as ng per mg of soluble protein. Six
biological replicates and two technical replicates were
used in the analysis.

Real-time PCR

Extractions of total RNA from liver and ovary and
first-strand cDNA synthesis were performed accord-
ing to the methods in our recent study with slight
modification (Zheng et al. 2016). Q-PCR reactions (20
pL) were performed in 96-well plates in an Applied
Biosystems Prism 7500 Sequence Detection System
(Applied Biosystems, USA) with SYBR® Premix Ex
Taq™ Kit (Takara), containing 10 uL. SYBR®
Premix Ex Taq Master Mix, 2 pL of ¢cDNA, and
0.2 uM of each primer. The primer sequences of each
gene used in tHSI analysis are given in Table 1. The
thermal program included 1 min at 95 °C, 45 cycles at
95 °Cfor5 s,57 °Cfor 10 s, and 72 °C for 30 s. Each
reaction was verified to contain a single product of the
correct size using agarose gel electrophoresis and has
no significant differences in amplification efficiencies.
The two genes B-actin and GAPDH with the most
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Table 1 Primers used for

Gene Primer sequences (from 5’ to 3') Size (bp) Accession no.
real-time PCR analysis
gﬁm large yelfkéW/CZroaégg Cu/Zn-SOD F: GTCCGCACTTCAACCCTCA 227 BC055516
c :T[,)r;ﬁréZPDl;{ AN R: TCCTCATTGCCACCCTTCC
Hou et al. (2014)) CAT F: CAAGGTCTGGTCCCATAAA 217 BC051626
R: TGACTGGTAGTTGGAGGTAA
Nrf2 F: TCGGGTTTGTCCCTAGATG 188 AB081314
R: AGGTTTGGAGTGTCCGCTA
B-Actin F: CCACCACAGCCGAAAGAG 179 AF057040
R: GGATACCGCAAGATTCCATA
GAPDH F: GTAACTCCGCAGAAAAGCC 153 BC095386
R: CAAAAGAAACTAACACACAC
stable levels of expression across experimental con- Aos, B b
ditions were selected from a set of four housekeeping B 04 E
genes (EF 1o, B-actin, GAPDH, and Tubulin o), g, 0.3 £ 2
According to the geNorm software (Vandesompele 2 ., §’
et al. 2002). The relative expression levels were g 01 g !
calculated with the “delta—delta Ct” method (Pfaffl 0.0 @ 0
2001), when normalizing to the geometric mean of the SNP - LDB  LDR SNP - LDB  LDR
best combination of B-actin and GAPDH. C 4 D
. . 3{ b ~
Statistical analysis ©
&2 <
Results are presented as mean + SEM. Prior to 1 3
statistical analysis, all data were tested for normality oLl |
of distribution using the Kolmogorov—Smirnov test. SNP LDB  LDR SNP  LDB  LDR

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
Growth and morphology

Growth (body weight, body length, CF, and SGR)
remained relatively unchanged, but was inhibited by
LDR (Fig. 2). Liver weight, ovary weight, HSI, and
GSI were not significantly affected by LDB. In
contrast, ovary weight, HSI, and GSI increased under
LDR condition (Fig. 3).

@ Springer

Fig. 2 Changes in body weight (a), body length (b), condition
factor (CF) (¢), and specific growth rate (SGR) (d) of the female
zebrafish under different lighting conditions using LED. Each
value represents mean £+ SEM (n = 6). Different letters indi-
cate significant difference at P < 0.05

Oxidative damage

Under LDR condition, an increase in PC level in the
liver and the levels of LPO and PC in the ovary were
observed in zebrafish (Fig. 4). Under LDB condition,
the levels of LPO and PC remained unchanged in the
ovary and declined in the liver.

mRNA levels of antioxidant genes

LDB and LDR dramatically up-regulated the mRNA
levels of Cu/Zn-SOD and CAT in the liver and ovary
(Fig. 5). An increase in Nrf2 expression was observed
in the liver under LDB and LDR conditions.
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Fig. 3 Changes in liver weight (a), hepatosomatic index (HSI)
(b), ovary weight (c¢), and gonadosomatic index (GSI) (d) of the
female zebrafish under different lighting conditions using LED.
Each value represents mean + SEM (n = 6). Different letters
indicate significant difference at P < 0.05

[JOSNP EZLDB M LDR

A 3 B 150
S g

Q s

- S
22 2 100
o a

S 2

g

1 £ 50
o o

o o

-

Liver Ovary

Fig. 4 Changes in the levels lipid peroxidation (LPO) (a) and
protein carbonylation (PC) (b) of the female zebrafish under
different lighting conditions using LED. Each value represents
mean = SEM (n = 6). Different letters indicate significant
difference at P < 0.05

Contrarily, Nrf2 expression was not significantly
affected by LDB and LDR in the ovary.

Protein levels and enzymatic activities
of antioxidant genes

In the liver, protein levels and enzymatic activities of
Cu/Zn-SOD and CAT were sharply increased by LDB
(Fig. 6). Although LDR up-regulated the Cu/Zn-SOD
protein level, Cu/Zn-SOD activity still remained
unchanged. The protein level and activity of CAT
were not significantly affected by LDR.

In the ovary, protein levels and enzymatic activities
of Cu/Zn-SOD and CAT were maintained relatively

415
[ SNP B LDB B LDR

A B
g6 _
< 2
P K
©

<
S
o 47 QZ:
= S
& o
e g
@ =
< <
N o
3 ol
C

10 -

©
>
K
<
Z
[
S
[
=
©
[
g
Z

Liver Ovary

Fig. 5 Changes in mRNA levels of Cu/Zn-SOD (a), CAT (b),
and Nrf2 (c) in the liver and ovary of the female zebrafish under
different lighting conditions using LED. Values are mean =+ -
SEM (n = 6), expressed as logarithm of mRNA expression of
each gene relative to mRNA expression of the geometric mean
of B-actin and GAPDH. Different letters indicate significant
difference at P < 0.05

constant in the LDB group. In contrast, protein level
and activity of CAT and Cu/Zn-SOD were signifi-
cantly inhibited by LDR except that the inhibition of
Cu/Zn-SOD protein level was not significant.

Discussion

LEDs have become popular in fish farming because
they can be tuned to environmental and species
sensitivities through narrow bandwidth outputs. LDB
are possibly most practical because of a strong
penetrability underwater, whereas LDR are rapidly
absorbed by water molecules and cannot be detected
by fish (Migaud et al. 2006, 2007). Thus, it may be
beneficial that LDB is thought to mimic natural
conditions. Several studies have demonstrated growth
of fish can be reduced by LDR and cannot be inhibited
by LDB (Blanco-Vives et al. 2010; Villamizar et al.
2009; Yamanome et al. 2009), in agreement with our
present study. The different effects of LDB and LDR
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Fig. 6 Changes in protein level and enzymatic activity of Cu/
Zn-SOD and CAT in the liver and ovary of the female zebrafish
under different lighting conditions using LED. Values are
mean £ SEM (n = 6). Different letters indicate significant
difference at P < 0.05

on growth were also reflected by the morphology and
oxidative damage in the liver. The liver is considered a
target organ for many biological and environmental
parameters that can alter liver structure and metabo-
lism (Brusle and Anadon 1996). Thus, fish liver is a
very interesting model for the study of interactions
between environmental factors and hepatic functions.
In the present study, HSI remained unchanged in the
LDB group but increased in the LDR group. HSI is a
morphological index that reflects the status of hepatic
energy storage (Foster et al. 1993). The increase in
HSI indicates more lipids accumulated into the liver in
stressed fish because of mitochondria oxidative func-
tion injury, as suggested by Zheng et al. (2013). A
substantial portion of cellular reactive oxygen species
(ROS) is generated in mitochondria (Martinez-Reyes
and Cuezva 2014). Mitochondrial damage would
result in the polarization of mitochondrial membrane
and increases the generation of ROS (Korshunov et al.
1997). The increase in LPO and PC caused by LDR in
the liver further would support the highly production
of ROS. In the present study, oxidative damage in the
liver was reduced by LDB but was increased by LDR,
similar to the reports in Amphiprion clarkii (Shin et al.
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2011), Amphiprion melanopus (Choi et al. 2012), and
Carassius auratus (Kim et al. 2014). The present
results support the hypothesis that the use of LDB
would be valuable by reducing oxidative damage in
cultured fish.

In the present study, LDR dramatically stimulated
the ovarian development, as confirmed by the
increased GSI (measure of gonadal development).
The level of effectiveness was LDR > LDB > SNP,
consistent with the report in Chrysiptera cyanea
(Bapary et al. 2011). In contrast, the level of
effectiveness was LDB > LDR > SNP in Chrysiptera
parasema. Spectral sensitivity of fish species seems to
be different from each other, which may be related to
habitat nature (Bapary et al. 2011). Our finding
emphasizes the utility of LDR to improve ovarian
maturation during early stages of zebrafish develop-
ment. However, prior to carrying out these lighting
regimes, oxidative damage induced by LDR in the
ovary should not be neglected in zebrafish. Previous
studies have reported that there is a negative relation-
ship between oxidative damage and gonad develop-
ment in fish subjected to the other stressors such as
microcystins (Hou et al. 2016) or cadmium (Pierron
et al. 2009), which is contrary to our present results.
Our results indicated that there were great differences
in the effect of photo- and toxic responses on gonad
development. Hou et al. (2016) reported microcystins
impaired the development and reproduction of zebra-
fish by disrupting the transcription of reproduction-
related genes. Shin et al. (2014) suggested the light of a
specific wavelength up-regulated reproduction-related
gene and enhanced sexual maturation in goldfish.

At present, there is limited information about the
mechanisms that LDR could induce oxidative damage.
Itis may be involved in the failure to initiate activation
of antioxidant enzyme system. Of the antioxidant
enzymes, SOD-CAT is considered to be the vital first-
line defenses that directly scavenge (ROS) (Yu 1994).
In the present study, a decrease in the activity of Cu/
Zn-SOD and CAT may contribute to an increase in the
levels of LPO and PC in the ovary. When SOD-CAT
system is not able to eliminate or neutralize the excess
of ROS, there is an increased risk of oxidative damage
due to accumulation of LPO and PC which may, in
turn, decrease enzyme activities or even degrade the
enzymes (Zhang et al. 2008). In the present study, low
protein level paralleled with the increase in enzymatic
activity but did not match the sharply increased
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mRNA level of Cu/Zn-SOD and CAT in the ovary of
fish reared under LDR and LDB conditions, indicating
that both antioxidant genes were regulated at a
translational level in the ovary. The mismatch between
antioxidant gene expression and enzyme protein level
may be involved in time-lag effect between transcrip-
tion and translation, and/or RNA stability (Nam et al.
2005). In contrast, in the liver, the regulation of the
antioxidant genes was complicated, depending on
spectral composition. For example, under LDB con-
dition, the increase in mRNA level of Cu/Zn-SOD and
CAT paralleled with the up-regulation of the levels of
protein and activity of both enzymes, suggesting that
Cu/Zn-SOD and CAT were regulated by LDB at a
transcriptional level; under LDR condition, the
increase in mRNA and protein levels of Cu/Zn-SOD
and CAT was not consistent with the reduced activity
of both enzymes, indicating that Cu/Zn-SOD and CAT
were regulated by LDR at a posttranslational level.
The mismatch between protein level and enzymatic
activity of both antioxidant genes may result from
posttranslational modifications (Craig et al. 2007).
Martinez-Reyes and Cuezva (2014) suggested the
increase in ROS production would in turn inhibit the
activities of enzymes through ROS oxidation, which
could also explain the mismatch between protein level
and enzymatic activity.

Transcription factor Nrf2 is a master regulator of
the cellular antioxidant response through binding ARE
sequence in the promoter region of antioxidant
enzyme genes and activating gene expression (Osburn
and Kensler 2008). In particular, Nrf2 is important in
protecting the liver, since Nrf2 absence increases
hepatic lipid peroxidation (Li et al. 2004). In the
present study, an increase in N1f2 expression level was
observed in the liver under LDB and LDR, which
could contribute to the reduced oxidative damage. The
high mRNA level of Nrf2 paralleled with the increase
in expression levels of Cu/Zn-SOD and CAT in the
liver, similar to the reports in other fish under stress
condition (Regoli and Giuliani 2014; Shi and Zhou
2010; Wu et al. 2014). The result may imply the
transcription regulation of antioxidant genes. On the
contrary, in the ovary, Nrf2 expression remained
constant, though an increase in mRNA level of Cu/Zn-
SOD and CAT were detected. The phenomenon could
be explained by several reasons. First, antioxidant-
related genes may be under the control of the other
transcription factors, such as AP-1 (activator protein

1), p53, FoxO (forkhead box O), NF-kB (nuclear
factor-kappa B) (Valko et al. 2007). Second, Nrf2 may
be mainly activated through posttranscriptional mech-
anisms such as an increase in protein level and stability
of protein and DNA binding instead of the subsequent
induction of Nrf2 transcripts (Nguyen et al. 2003;
Ning et al. 2010). Although the present study
highlights the role of Nrf2 transcription in inducing
antioxidant genes in the liver, further analysis at
protein and activity levels is still necessary, especially
in the ovary.

In conclusion, our study clearly demonstrated a
positive effect of LDB and negative effect of LDR on
fish antioxidant defenses. LDB could have the poten-
tials of LED as an effective light source to enhance fish
growth performance. Thus, LDB might be helpful to
maintain fish culture.
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