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Bisphenol  A  (BPA)  is  a monomer  used  in plastics  and  plasticizers.  As  an  environmental  toxin  included  in
industrial  wastewater,  it contaminates  the aquatic  environment  and  is  known  to  cause  endocrine  dis-
ruption  in  fish.  Particular  wavelengths  of  light-emitting  diodes  (LEDs)  are  known  to  affect  the endocrine
regulation  of  fish.  The  present  study  aimed  to investigate  the  effects  of  green  and  red  LED  light  on  the
antioxidant  and  immune  systems  in  juvenile  rock  bream  (Oplegnathus  fasciatus)  exposed  to BPA.  We  used
green and red LED exposure  at two  intensities  (0.3  and 0.5  W/m2) for 1,  3, and  5  days.  We  measured  liver
mRNA  expression  and  plasma  levels  of antioxidant  enzyme  superoxide  dismutase  (SOD)  and  caspase-3.
Furthermore,  we  measured  plasma  levels  of hydrogen  peroxide  (H2O2), lipid peroxidation  (LPO),  mela-
tonin,  and  immunoglobulin  M  (IgM).  DNA  damage  and apoptotic  activity  were  measured  using  comet
and  terminal  transferase  dUTP  nick  end  labeling  (TUNEL)  assays,  respectively.  We found  that  SOD,  H2O2,
and  LPO  increased  significantly,  whereas  melatonin  and  IgM  decreased  significantly,  suggesting  that  BPA
induces oxidative  stress  and  reduces  immune  function.  Likewise,  both  DNA  damage  and  apoptotic  activ-

ity  increased  following  BPA  exposure.  However,  we found  that  exposure  to green  LED  light  effectively
reduced  the detrimental  effects  induced  by  BPA,  including  decreasing  DNA  damage,  apoptotic  activity,
SOD  mRNA  expression,  and  plasma  levels  of  SOD, H2O2, and  LPO.  Likewise,  the  plasma  levels  of  melatonin
and  IgM  increased.  Thus,  our results  indicate  that  green  light  conditions  effectively  reduces  oxidative
stress  and  promotes  the  immune  function  in juvenile  rock  bream.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The recent increase in the use of plastics has resulted in an
ncrease in environmental toxins. This occurs when producing
nd discarding plastics in the wastewater that then contaminates
he aquatic environment (Bindhumol et al., 2003). These tox-
ns are absorbed into the body of organisms, sometimes acting

s endocrine-disrupting chemicals (Burridge, 2008). As an exam-
le, bisphenol A [BPA; 2,2-bis-(4-hydroxyphenyl)propane], which

s one such environmental toxin, has been shown to act as an

Abbreviations: BPA, bisphenol A; LED, light-emitting diodes; SOD, superoxide
ismutase; H2O2, hydrogen peroxide; LPO, lipid peroxidation; IgM, immunoglobulin
;  CAT, catalase; ROS, reactive oxygen species; TUNEL, terminal transferase dUTP

ick  end labeling; GPX, glutathione peroxidase.
∗ Corresponding author.

E-mail address: choic@kmou.ac.kr (C.Y. Choi).

ttp://dx.doi.org/10.1016/j.etap.2016.05.026
382-6689/© 2016 Elsevier B.V. All rights reserved.
endocrine disruptor with functions similar to estrogenic hormones.
In vertebrates, BPA has been shown to have a negative effect
on antioxidant mechanisms, as well as to cause gender distur-
bances including feminization in males (Segner et al., 2003; Wu
et al., 2011a). Wu  et al. (2011b) reported that antioxidant hor-
mone expression in the liver of medaka (Oryzias latipes)  exposed to
BPA significantly increased catalase (CAT) activity. In addition, Xu
et al. (2015) reported that zebrafish (Danio rerio) gonads exposed
to BPA showed significantly increased antioxidant enzyme activity,
including superoxide dismutase (SOD) and glutathione peroxidase
(GPX). Recently, a study also reporting negative effects of BPA
showed that SOD activity and apoptosis significantly increased in
the testis of rats exposed to BPA (40 mg/mL) due to increased oxida-

tive stress caused by the BPA exposure (Wu  et al., 2013).

In teleosts, a small portion of reactive oxygen species (ROS) are
generated under normal conditions. However, undue stress caused
by external environmental factors leads to increased oxidative

dx.doi.org/10.1016/j.etap.2016.05.026
http://www.sciencedirect.com/science/journal/13826689
http://www.elsevier.com/locate/etap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.etap.2016.05.026&domain=pdf
mailto:choic@kmou.ac.kr
dx.doi.org/10.1016/j.etap.2016.05.026
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tress and free radicals (Li et al., 2009). Under these circumstances,
n increase in lipid peroxidation (LPO) and damaged protein struc-
ures and nuclear DNA may  be observed. Thus, ROS may  have
egative effects on cell viability caused by damages to the cell
embrane as well as decreased immune system function through

nhibited lysozyme activity (Wang et al., 2008). In particular, the
verall result of excessive ROS induced by environmental stress
xposure may  be that cells enter induced apoptosis through loss of
ody homeostasis (Chandra et al., 2000). Apoptotic cells maintain
heir functionality although gradual detrimental characteristics,
uch as DNA fragmentation, may  appear (Alnemri, 1997). The
poptotic response involves the activation by caspases, which
re cysteine-dependent aspartate-specific proteases. In particular,
aspase-3 plays a pivotal role in the apoptotic process by accompa-
ying the biochemical and morphological changes (Hacker, 2000).

Vertebrates, including teleosts, remove ROS by initiating antiox-
dant mechanisms to cope with the oxidative stress caused by the
xternal environmental factors. SOD plays a role in decomposing
uperoxide (O2

−) to oxygen (O2) and hydrogen peroxide (H2O2)
Basha and Rani, 2003; Hansen et al., 2006). The H2O2 generated by
OD is eventually detoxified as water and oxygen by the catalytic
ction of CAT and GPX (Shull et al., 1991). Melatonin (N-acetyl-5-
ethoxytryptamine) is also known as an antioxidant that removes

OS generated by external stress, as well as having a positive effect
n immunity enhancement and biological rhythms (Reiter et al.,
997). This hormone also affects biological rhythms, maturity, and
rowth, and is adjusted by light in vertebrates including fish (Falcón
t al., 2007).

Light is one of the most important external factors that regulate
ircadian rhythms (Jin et al., 2009). In organisms with photore-
eptors, lights of various wavelengths induce/or inhibit not only
hysiological changes but also affect reproduction, growth, and
ehavior (Pierce et al., 2008). Recently, studies investigating the
ffect of exposure to light-emitting diodes (LEDs), including irra-
iation with specific wavelengths, have been carried out on fish
Choi et al., 2012). Kim et al. (2014) reported that antioxidant
ene expression in goldfish exposed to thermal stress under green
ED was significantly lower than that observed in fluorescent light
ontrol groups. Choi et al. (2012) reported that the expressions
f SOD and CAT, which are both antioxidant genes, were signifi-
antly decreased. In addition, the concentrations of lysozyme and
elatonin, which are associated with the immune system, were

ignificantly increased under green LED compared with fluores-
ent light control groups in the clownfish (Amphiprion melaniopus)
xposed to starvation stress (Choi et al., 2012). Based on these
esults, it has been suggested that green LED light reduces oxidative
tress and enhances immune function. In addition to the posi-
ive effects on antioxidant activity and stress reduction, compared
ith metal halide bulbs, LEDs have other advantages including low

ower consumption and long life. Thus, LED light sources may  con-
er many positive effects to the fish farming industry (Choi et al.,
015).

To confirm the effectiveness of different wavelengths on the reg-
lation of oxidative stress and immune system enhancement, we
xposed juvenile rock bream to green and red LED wavelengths at
ifferent intensities (0.3 and 0.5 W/m2) for 1, 3, and 5 days following
PA exposure (10 and 50 ng/L). We  analyzed the mRNA expression
f SOD protein, as well as activity and the plasma concentrations of
2O2, LPO, melatonin, IgM, and lysozyme, to determine the change
f oxidative stress and immune system function. In addition, we
easured the nuclear DNA damage in liver cells by conducting a

omet assay, and apoptotic activity was measured by analyzing the

hanges is expression of caspase-3 mRNA and activity and conduct-
ng a terminal transferase dUTP nick end labeling (TUNEL) assay.
d Pharmacology 45 (2016) 140–149 141

2. Materials and methods

2.1. Experimental fish, treatments, and sample collection

For each experiment, juvenile rock bream (length, 10.6 ± 1.1 cm;
mass, 8.7 ± 0.8 g) were purchased from a commercial aquarium
(Jeju, Korea). They were allowed to acclimate to the laboratory for
two weeks in three 300-L circulation filter tanks. Each tank (each
experimental group) contained nine fish. The fish were reared with
automatic temperature regulation systems (JS-WBP-170RP; John-
sam Co., Seoul, Korea). During the experimental period, the water
temperature and salinity were maintained at 19 ◦C and 30 psu,
respectively. The photoperiod was  set to a 12-h light (L):12-h dark
(D) period (lights on 07:00 h and lights off 19:00 h, respectively). All
fish were fed a commercial feed twice daily (at 09:00 and 17:00 h).

We established one control group, exposed to 0 ng/L BPA, and
two experimental groups, exposed to 10 and 50 ng/L BPA, respec-
tively. No fish died as a result of the BPA exposure. Following
the BPA exposure, both the control (0 ng/L BPA) and experimental
groups (10 and 50 ng/L BPA, respectively) were exposed to green
(520 nm)  and red (630 nm)  LED lights (in addition to a white flu-
orescent bulb) placed 40 cm above the surface of water, for 1, 3,
and 5 days. Each LED group was  exposed to two different intensi-
ties (0.3 and 0.5 W/m2) (Daesin LED Co., Kyunggi, Korea). The fish
were reared under these conditions with daily feeding of a commer-
cial feed until the day prior to sampling. A spectral analysis of the
lights was  performed using a spectrometer (MR-16, Rainbow Light
Technology Co., Pingzhen, Taiwan). The fish were anesthetized with
200 mg/L 2-phenoxyethanol (Sigma-Aldrich, St. Louis, MO,  USA)
to minimize stress prior to blood collection. Blood was collected
rapidly from the caudal vein using a 1-mL syringe coated with
heparin. Plasma samples were separated by centrifugation (4 ◦C,
1,000 × g for 5 min) and stored at −80 ◦C until further analysis. To
collect the liver tissue and blood, the fish were euthanized [after 0
(immediately after light irradiation), 1, 3, and 5 days of exposure,
respectively] by spinal transaction under dim white light, using an
attenuated white fluorescent bulb.

2.2. Total RNA extraction and cDNA synthesis

Total RNA were extracted from liver tissue (in vivo and in vitro
cultured) from all experiment groups using the TRIzol kit follow-
ing the manufacturer’s instructions (Gibco/BRL, Gaithersburg, MD,
USA). The concentrations and purities of the RNA samples were
determined by UV spectroscopy at 260 and 280 nm.  3 �g of total
RNA was  reverse transcribed in a total volume of 20 �L, using
an oligo-d(T)15 anchor and M-MLV  reverse transcriptase (Bioneer,
Daejeon, Korea) following the manufacturer’s protocol. The result-
ing cDNA was  diluted and stored at −20 ◦C for subsequent use in
polymerase chain reaction (PCR) and quantitative PCR.

2.3. Real time quantitative PCR (RT-qPCR)

In this study, we  followed the recommendations of the
minimum information for publication of RT-qPCR experiments
guidelines (Bustin et al., 2009). Total RNA was  extracted from
the liver tissue, using a TRIzol kit (Gibco/BRL, USA) according to
the manufacturer’s instructions. Total RNA was synthesized to
cDNA by reverse transcription, which was performed using M-MLV
reverse transcriptase (Bioneer, Korea) according to the manufac-
turer’s instructions. RT-qPCR was performed using cDNA. RT-qPCR
was conducted to determine the relative expression levels of SOD

(GenBank accession no. JN593103), caspase-3 (JQ315116), and �-
actin (FJ975145) mRNA, using cDNA extracted from both in vitro
cultured and in vivo liver cells. The primers used for the qPCR are
presented in Table 1. These primers were designed for each gene
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Table 1
Primers used for QPCR amplification.

Genes (accession no.) Primer Sequences

SOD (EF690700) Forward 5′ − TGA CCT GAC CTA CGA CTA TG − 3′

Reverse 5′ − GCC TCC TGA TAT TTC TCC TCT − 3′

Caspase-3 (JQ315116) Forward 5′ − CGA AGG TTT ACA ATG ACC AGA CA 3′
′ ′
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Reverse 

�-actin (AB039726) Forward 

Reverse 

sing the Beacon Designer software (Bio-Rad, Hercules, CA, USA).
rimer alignments were performed with the BLAST database, to
nsure the primer specificity. The PCR amplification was conducted
sing a BIO-RAD iCycler iQ Multicolor Real-time PCR Detection
ystem (Bio-Rad, USA) and iQTM SYBR Green Supermix (Bio-Rad,
SA) following the manufacturer’s instructions. The RT-qPCR was
erformed as follows: 95 ◦C for 5 min, followed by 50 cycles each
onsisting of 95 ◦C for 20 s and 55 ◦C for 20 s. As internal con-
rols, experiments were duplicated with �-actin, and all data are
xpressed relative to the calculated corresponding �-actin thresh-
ld cycle (�Ct) levels. The calibrated �Ct value (��Ct) for each
ample and internal controls (�-actin) was calculated using the
−��Ct method [��Ct = 2−(�Ctsample − �Ctinternalcontrol)].

.4. Western blot analysis

Total protein isolated from in vivo juvenile rock bream liver tis-
ue was extracted using a protein extraction buffer (5.6 mM Tris,
.55 mM EDTA, 0.55 mM EGTA, 0.1% SDS, 0.15 mg/mL  PMSF, and
.15 mg/mL  leupeptin, pH 7.4), sonicated, and quantified using the
radford method (Bio-Rad, USA). A total of 25 �g of total protein
as loaded per lane onto Mini-PROTEAN® TGXTM gels (Bio-Rad,
SA). For reference, a protein ladder (Bio-Rad, USA) was  also used.
ollowing electrophoresis at 180 V, the gels were immediately
ransferred to a 0.2 �m polyvinylidene difluoride membrane (Bio-
ad, USA) at 85 V for 3 min  using the Trans-Blot® TurboTM Transfer
ystem. Thereafter, the membranes were blocked with 5% milk
n 0.04% Tris-buffered saline with Tween (TTBS) for 45 min, fol-
owed by a TTBS wash. The membranes were incubated with SOD
ntibodies (1:4,000 dilution, NBP1-47443, Novus Biologicals, Lit-
leton, CO, USA), followed by horseradish peroxidase-conjugated
nti-rabbit IgG secondary antibodies (1:4,000 dilution; Bio-Rad,
SA) for 60 min. As an internal control, �-tubulin primary antibody

1:4,000 dilution; ab6046, Abcam, Milton, CB, UK) was followed
y horseradish peroxidase-conjugated anti-rabbit IgG secondary
ntibodies (dilution, 1:4,000; Bio-Rad, USA) for 60 min. Bands
ere detected using a sensitive electrochemiluminescence system

ECL Advance; GE Healthcare Life Sciences, Uppsala, Sweden) and
xposed for 2 min  using a Molecular Imager® ChemiDoc XRS+ Sys-
em (Bio-Rad, USA).

.5. In vitro culture of liver cells

The culture of rock bream liver was performed using enzymatic
nd mechanical procedures. The liver tissue was quickly removed
nd placed in 3 mL  of ice-cold dispersion buffer (pH 7.4, Dul-
ecco’s phosphate-buffered saline without calcium chloride and
agnesium chloride, containing 100 U/mL penicillin, 100 �g/mL

treptomycin, and 2.5 �g/mL fungizone; GIBCOBRL, Rockville, MD,
SA). The isolated liver samples were then transferred to 6 mL  fresh
ispersion buffer containing 0.25% trypsin (Type II-S from porcine
ancreas; Sigma. USA). The connective tissue and other impurities

ere removed, and the liver tissues were chopped into small pieces
ith a pair of scissors. The minced liver tissue was transferred to a
ask and incubated for 10 min  at room temperature with slow stir-
ing. The dispersed liver tissue was filtered and a culture medium
5 − GCA GAA CAC AGA CGA ATG AGG − 3
5′ − CAG AGC AAG AGA GGT ATC C − 3′

5′ − TCG TTG TAG AAG GTG TGA TG − 3′

(neuro basal medium without L-glutamine, containing 100 U/mL
penicillin, 100 �g/mL streptomycin, 2.5 �g/mL fungizone, and 1%
fetal bovine serum; Gibco-BRL, USA; to adjust the medium’s osmo-
larity to rock bream plasma osmolarity, 353 mOsm/L) was added.
The cell suspension was centrifuged at 800 × g for 10 min, and the
cells were then resuspended in fresh culture medium.

The liver cells (1.2 × 106 cells/800 �L/well) were applied to
a 24-well tissue culture plate, which was  started at 23:00 and
then sampled at 12-h (L): 24-h (D) intervals. The in vitro cultured
liver cells were exposed to red (630 nm)  and green (520 nm) LEDs
(Daesin LED Co., Korea), in addition to a white fluorescent bulb. The
LEDs were placed 40 cm above the surface of the cell culture plate
following a light regime of 12-h (L):12-h (D) (lights on 07:00 h and
lights off at 19:00 h). The spectral analysis of the lights was per-
formed using a spectroradiometer (DeltaOhm Co., Padova, ITALY),
and the temperature was  maintained using an LED heat prevention
system.

2.6. Plasma parameter analysis

2.6.1. Plasma H2O2 and LPO levels
H2O2 concentrations (nmole peroxide/mL) were measured

using the modified methods of Nourooz-Zadeh et al. (1994) and Per-
oxiDetect kit (Sigma-Aldrich, USA). Absorbance was read at 560 nm,
and the concentration of H2O2 was interpolated from a standard
curve.

LPO (nmole/mL) was quantified by measuring plasma malondi-
aldehyde(MDA) and 4-hydroxynonenal (4-HNE), the degradation
products of lipid peroxidation of polyunsaturated fatty acids,
according to the manufacturer’s instructions (Fish Lipid peroxide
ELISA kit; MBS013426, MyBioSource Inc., San Diego, CA, USA). The
absorbance was read at 450 nm using a plate reader.

2.6.2. Plasma melatonin, IgM, and caspase-3 levels
Plasma levels of melatonin, IgM, and caspase-3 were analyzed

using the immunoassays Fish Melatonin ELISA kit (Catalog no.
MBS013211; MyBioSource, USA), Fish Immunoglobulin M ELISA
kit (MBS042385; MyBioSource, USA), and Fish Caspase-3 ELISA kit
(MBS012786; MyBioSource, USA), respectively. An anti-antibody
that was  specific to the melatonin antibody was pre-coated onto a
microplate. Next, 100 �L tissue supernatant, 50 �L HRP-conjugate,
and 50 �L antibody were added to each well. These were mixed
and then incubated for 2 h at 37 ◦C. Following the last wash, any
remaining Wash Buffer was aspirated or decanted off, and 50 �L of
each of substrates A and B were added to each well. These substrate
solutions were then incubated for 15 min  at 37 ◦C in the dark, dur-
ing which time they changed from colorless to dark blue. Following
incubation, 50 �L stop solution was added to each well, changing
the color from blue to yellow. The absorbance of the solution was
measured at each step at 450 nm,  using a plate reader.

2.7. Comet assay
The comet assay is a relatively simple and sensitive technique
for quantitatively measuring DNA damage in eukaryotic cells at 5
days (the peak value of all parameters compared to day 0). The
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Fig. 1. Spectral profiles of the red (630 nm) and green (520 nm) light-emitting diodes (LEDs) used in this study. Each LED light source was set to two different intensities
(0.3  W/m2; 0.5 W/m2). The dashed line represents the spectral profile of white fluorescent bulb (simulated natural photoperiod). (For interpretation of the references to
colour  in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. SOD protein (A) and SOD mRNA expression (B) in liver during exposure to two concentrations (10 and 50 ng/L) of BPA, followed by 1, 3, and 5 days of green and red
L RNA
i PA co
p 5). Al

r
C
(
a
f
q
w

ED  treatment at two  intensities (0.3 and 0.5 W/m2) in juvenile rock bream. SOD m
ndicate significant (p < 0.05) differences among the different exposure periods and B
arameter values within the same BPA concentrations and exposure periods (p < 0.0

ock bream liver cells (1 × 105 cells/mL) were examined using a
ometAssay® Reagent kit for single cell gel electrophoresis assay
Trevigen Inc., Gaithersburg, MD,  USA). Cells were immobilized in

®
n agarose gel on CometAssay comet slides, and immersed in
reshly prepared alkaline unwinding solution for 20 min. Subse-
uently, the slides were electrophoresed at 15 V for 30 min, stained
ith SYBR® Green (Trevigen Inc., USA) for 30 min in the dark, and
 expression levels are expressed in relation to �-actin mRNA levels. The numbers
ncentrations. The lower-case letters indicate significant differences among different
l values are means ± SE (n = 5).

read using a fluorescence microscope (excitation filter 465–495 nm,
Eclipse Ci; Nikon, Tokyo, Japan). At least 100 cells from each slide
were analyzed at Zeitgeber time 8 (15:00). For the comet assay

quantification analysis, we analyzed the tail length (distance of DNA
migration from head) and % DNA in tail (percentage of DNA in tail;
tail intensity/total intensity in tail) using comet assay IV image anal-
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Fig. 3. SOD mRNA expression in liver cells (A) and plasma activity (B) during exposure to two concentrations (10 and 50 ng/L) of BPA, followed by 1, 3, and 5 days of
green and red LED treatment of two intensities (0.3 and 0.5 W/m2) in rock bream. SOD mRNA expression levels are expressed in relation to �-actin mRNA levels. The SOD
activity  change in plasma was measured using a microplate reader. The numbers indicate significant (p < 0.05) differences among the different exposure periods and BPA
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oncentrations. Lower-case letters indicate significant differences among different 

alues are means ± SE (n = 5).

sis software (version 4.3.2, Perceptive Instruments Ltd., Bury Saint
dmunds, UK).

.8. TUNEL assay

To evaluate the apoptotic response of the red and green LED
pectra, we performed the TUNEL technique, using the commer-
ially available in situ cell death detection kit fluorescence (11 684
95 910; Roche Co., Basel, Switzerland). To avoid apoptotic cells

osing adherence to the slides, the slides were coated with polyly-
ine. After rearing for 1, 3, and 5 days under red and green LED
pectra while exposed to 50 mg/L BPA, the livers were washed and
xed with 4% buffered paraformaldehyde and permeabilized with

reshly prepared 0.1% Triton X-100, 0.1% sodium citrate solution.
he livers were then incubated with TUNEL reaction mixture for

 h at 37 ◦C in a humidified chamber. The slides were washed three
imes with PBS and the incorporated biotin-dUTP was  detected
nder a fluorescence microscope (excitation filter 465–495 nm,

clipse Ci; Nikon, Japan). For the paraffin-embedded tissue sections,
lides were dewaxed and fixed according to standard protocols and
ere then treated as described above. Cells fluorescing in green,

ndicate apoptotic cells.
eter values within the same BPA concentration and exposure periods (p < 0.05). All

2.9. Statistical analysis

All data were analyzed using the SPSS statistical package (ver-
sion 10.0; SPSS Inc., USA). A one-way ANOVA followed by Tukey’s
post-hoc test was  used to compare differences in the data (p < 0.05).
The values are expressed as the means ± standard error (SE) (Fig. 1).

3. Results

3.1. Change in expression and activity of SOD

In this study, we examined the change of protein and mRNA
expression and activity of SOD in juvenile rock bream liver tissue
(in vivo) and cell (in vitro cultured) exposed to BPA under different
LED light sources and intensity (Figs. 2 and 3). We  found that SOD
mRNA expression and plasma activity increased significantly over
time and at higher concentrations of BPA in all experimental groups.
Within experimental groups exposed to the same BPA concentra-

tions, SOD mRNA expression and activity tended to decrease with
increasing intensity of green LED. In contrast, SOD mRNA expres-
sion in the liver and SOD plasma activity tended to increase with
increasing intensity of red LED.
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Fig. 4. Changes in plasma levels of H2O2 (A) and LPO (B) during exposure to two  concentrations (10 and 50 ng/L) of BPA, followed by 1, 3, and 5 days of green and red
LED  treatment at two intensities (0.3 and 0.5 W/m2) in rock bream liver. Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) were measured by microplate reader.
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he  numbers indicate significant (p < 0.05) differences among the different exposur
mong  the different parameter values at the same BPA concentration and exposure

.2. Change in levels of plasma H2O2 and LPO

We  examined the change in H2O2 and LPO levels under different
ED light sources and intensities (Fig. 4). The levels of both H2O2 and
PO increased significantly over time and at higher concentrations
f BPA, in all groups. Within experimental groups exposed to the
ame concentration of BPA, the levels of H2O2 and LPO tended to
ecrease with increasing intensity of green LED, whereas it tended
o increase with increasing intensity of red LED.

.3. Change in melatonin and IgM plasma activity

The plasma melatonin and IgM activities measured to evaluate
he immune system disturbance following exposure to BPA are pre-
ented in Fig. 5. The plasma melatonin and IgM activity decreased
ignificantly over time and at higher concentrations of BPA, in all

xperimental groups. Within experimental groups exposed to the
ame BPA concentration, the plasma melatonin and IgM activities
ended to increase with increasing intensity of green LED, whereas
t tended to decrease with increasing red LED intensity.
ods and BPA concentrations. The lower-case letters indicate significant differences
ds (p < 0.05). All values are means ± SE (n = 5).

3.4. Change in expression and activity of caspase-3

We examined the change in caspase-3 liver mRNA expres-
sion and plasma activity of juvenile rock bream exposed to BPA
under different LED light sources and intensities (Fig. 6). Caspase-
3 mRNA expression and activity increased significantly over time
and with higher concentrations of BPA, in all experimental groups.
Within experimental groups exposed to the same BPA concentra-
tion, increasing intensity of green LED resulted in no change in
caspase-3 mRNA expression or activity, whereas a tendency to an
increase was observed with increasing intensity of red LED.

3.5. Comet assay

Liver tissue DNA damage following a 5-day exposure to BPA was
analyzed using 100 randomly selected cells. For the comet assay
quantification analysis, we analyzed the tail length and % DNA in

tail. The DNA content in the tail and tail length both increased signif-
icantly with higher BPA concentrations, in all experimental groups
(Fig. 7). Within groups exposed to the same BPA concentration (0
or 50 ng/L BPA), the % DNA in the tail and tail length was signifi-
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Fig. 5. Plasma activity of melatonin (A) and IgM (B) after exposure to two BPA concentrations (10 and 50 ng/L), followed by 1, 3, and 5 days of green and red LED treatment
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xposure periods and the BPA concentrations. The lower-case letters indicate sign
nd  exposure period (p < 0.05). All values are means ± SE (n = 5).

antly lower in the group exposed to green LED, compared to that
xposed to red LED.

.6. TUNEL assay

A TUNEL assay was used to investigate the presence of apop-
otic cells (Fig. 8). There were significant visible differences among
he labeled cells as shown by the TUNEL assay between the control
non-BPA treated) and the experimental groups (simulated natu-
al period, red LED, and green LED) exposed to 50 mg/L BPA. The
requency of apoptotic cells decreased after exposure to green LED
ompared to in the other experimental groups. In contrast, more
poptotic cells were detected after exposure to red LED.

. Discussion

In this study, we investigated changes in juvenile rock bream
egulation of oxidative stress and immune system function after
rradiation of green and red LED wavelengths at two different inten-
ities (0.3 and 0.5 W/m2) following BPA exposure (10 and 50 ng/L).
e did this by measuring stress related hormones and enzyme
ctivities, and investigating the expression of immune indicators,
ncluding IgM and melatonin after 1, 3, and 5 days. In addition, we

easured the expression of caspase-3 and conducted comet and
eader. The numbers indicate significant (p < 0.05) differences among the different
 differences among the different parameter values at the same BPA concentration

TUNEL assays, to investigate the effects of specific wavelengths on
BPA-induced cell damage and apoptotic activity.

The SOD protein levels and SOD mRNA expression and plasma
activity in all experimental groups increased significantly with
increasing BPA concentration and exposure time (Figs. 2 and 3),
suggesting that BPA induces oxidative stress. In contrast, the SOD
mRNA expression and plasma activity tended to be lower, regard-
less of light intensity (0.3 or 0.5 W/m2), in the green wavelength,
whereas they tended to increase with increasing light intensity
(0.3 W/m2 → 0.5 W/m2) in the red wavelength. In support of our
results, Kim et al. (2014) found that oxidative stress was  induced
in goldfish (Carassius auratus) exposed to high temperature condi-
tions (30 ◦C). They found that this oxidative stress was significantly
decreased in fish exposed to green wavelengths and increased
in fish exposed to red wavelengths. Similar to previous reports,
the oxidative stress increased significantly in juvenile rock bream
exposed to BPA, but was  moderated by the effect of green LED, in
this study. We suggest that light of green wavelengths may effec-
tively decrease oxidative stress induced by BPA toxicity.

We found that the plasma concentrations of H2O2 and LPO

were similar to the results we found in SOD expression (Fig. 4).
An increase in H2O2 concentration suggests decreasing antioxi-
dant capacity and ability to remove the H2O2, as a result of BPA
exposure. LPO is suggested to increase due to the continuous reac-
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Fig. 6. Change in caspase-3 mRNA expression in rock bream liver (A) and plasma activity (B) after exposure to two  BPA concentrations (10 and 50 ng/L), followed by 1, 3,
a  meas
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nd  5 days of green and red LED treatment at two  intensities (0.3 and 0.5 W/m2), as
mong the different exposure periods at the BPA concentrations. The lower-case le
PA  concentration and exposure period (p < 0.05). All values are means ± SE (n = 5).

ion between unsaturated fatty acids and ROS. However, the plasma
2O2 and LPO concentrations decreased in both green wavelength
roups. This effect was probably due to the antioxidant effect of
his type of light. Similar to the results found here, D. rerio exposed
o BPA (at 10, 100, and 1,000 �g/L), showed a significant increase
n plasma concentration of LPO with increasing BPA concentra-
ion (Wu et al., 2011a). Mohanty et al. (2013) reported that the
PO plasma levels increased significantly with increasing cadmium
oncentrations in Indian carp (Labeo rohita).  We  found that oxida-
ive stress increased significantly in juvenile rock bream exposed to
PA, but the negative effect was decreased after exposure to green
ED. Thus, these results add additional support for the role of green
avelength lights as modulators of oxidative stress induced by BPA

oxicity.
In accordance with the immune response results, the plasma

oncentrations of both melatonin and IgM also decreased with
ncreasing BPA concentrations and exposure time (Fig. 5). However,
ompared with the group exposed to simulated natural period, the
lasma concentrations of melatonin and IgM in the green wave-

ength group tended to increase, whereas they tended to decrease
n the red wavelength groups. Choi et al. (2013) also reported that

elenium (Se) acts as a toxic substance when presented in excess
n the water. Exposure to Se increases the oxidative stress and
ecreases immunity in C. auratus, even though Se is an essential
race element. Xie et al. (2008) reported that the number of T
ured by a microplate reader. The numbers indicate significant (p < 0.05) differences
indicate significant differences among the different parameter values at the same

lymphocytes, which are involved in cell immune function, was  sig-
nificantly increased in chickens irradiated with green wavelength
light. In accordance with this, the results found in our study sug-
gest that green wavelength light may  enhance juvenile rock bream
immunity by reducing the detrimental effects of BPA.

To investigate the effects of different wavelengths on apop-
totic activity in juvenile rock bream, we  measured the liver mRNA
expression and plasma activity of caspase-3. Both mRNA expres-
sion and plasmatic activity increased significantly following BPA
exposure (Fig. 6). In particular, caspase-3 expression and activ-
ity in the green wavelength groups were significantly decreased
during the experiment period. Recently, Jia et al. (2015) reported
that juvenile turbot (Scophthalmus maximus) exposed to nitrite
(NO2

−), which is a metabolite of ammonia and is absorbed into the
body inducing toxicity, had accelerated apoptotic activity through
increased expression of caspase-3 mRNA. Our results also confirm
that caspase-3 activity increased in juvenile rock bream follow-
ing BPA exposure and that BPA acts as a factor inducing oxidative
stress in the body. As observed in the other measured parameters,
the green wavelength acted as a factor reducing oxidative stress,
effectively inhibiting caspase-3 activity in the fish liver.
We  analyzed the level of liver cell DNA damage caused by BPA
exposure, using a comet assay. We  found that the % DNA in the tail
and tail length both increased significantly in the group exposed to
50 ng/L BPA (Fig. 7). However, within experimental groups, these
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Fig. 7. Comet assay images (A) and comet assay parameter for tail length and % DNA in tail (B) following two  different BPA exposure concentrations (0 and 50 ng/L) combined
with  simulated natural photoperiod (SNP), green LED (0.5 W/m2), and red LED (0.5 W/m2), as measured by fluorescence microscopy. White arrows in (A) indicate damaged
nuclear  DNA (DNA breaks) in the liver cells, which have been stained with SYBR Green. Scale bars = 100 �m.  The lowercase letters in (B) represent the presence of significant
differences within the same experimental groups and within the same temperature treatment (p < 0.05). The asterisks (*) indicate the presence of significant differences
between different experimental groups within treatments of the same concentration (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)

Fig. 8. TUNEL detection of rock bream liver cell apoptosis under different lighting conditions for 1, 3, and 5 days, using a white fluorescent bulb (Cont.) (A), as well as
experimental groups (simulated natural photoperiod (SNP; B), green LED (C), and red LED (D), all with 50 mg/L BPA treatment). Cells are stained with acridine orange and
visualized with a fluorescent microscope. Cells fluorescing in green indicate apoptotic cells. Scale bars = 200 �m.  (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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antioxidative enzymes in testis after exposure to bisphenol A in male zebrafish
(Danio rerio). In: Environmental Protection and Sustainable Ecological Devel-
opment: Proceedings of the 2014 International Conference on Environmental
J.Y. Choi et al. / Environmental Toxico

alues were significantly lower the green LED group (tail length:
.9 ± 0.3; % DNA in tail: 5.8 ± 0.2), compared to the red LED group.

 ̧ avaş and Könen (2007) reported that the plasma concentration of
2O2 increased in C. auratus exposed to glyphosate (at 5, 10, and
5 ppm), which is used as a herbicide. They found that glyphosate-

nduced H2O2 resulted directly in nuclear DNA damage. In our
tudy, we found that the nuclear DNA damage could be decreased
hrough exposure to green wavelength LED light, reducing the BPA-
nduced H2O2 damage.

The apoptotic process of BPA-exposed juvenile rock bream was
lso investigated using a TUNEL assay. In accordance with the
esults presented above, we found that the BPA-induced increase in
poptotic activity could be moderated by exposure to green wave-
ength (Fig. 8). Jia et al. (2015) reported that when rats were exposed
o BPA (200 mg/kg), the apoptotic activity increased in the liver. Our
esults support that hepatocyte apoptosis is increased by BPA expo-
ure and that this effect can be reduced by exposure to green LED
avelengths.

In summary, we found that (1) if BPA is present even at trace
mounts (10 ng/L) in the water, it may  act as a factor that increases
xidative stress, antioxidant enzymes, and reduces immunity in

uvenile rock bream. (2) The green wavelength light can effectively
ecrease this BPA-induced oxidative stress, by increasing antioxi-
ant capacity and immunity, as well as suppressing nuclear DNA
amage and apoptotic activity. In future studies, we suggest that
ore variation in the light wavelengths and intensities are inves-

igated to further elucidate their antioxidant and immune function
ugmenting effects in fish.
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