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a b s t r a c t

Benzo[a]pyrene (BaP), a common environmental pollutant, can modulate the immune-associated signal
pathway NF-kB, which is one of the critical signal pathways involved in various immune responses. BaP
exposure usually generates reactive oxygen species (ROS), but whether ROS are predominantly involved
in the modulation mechanism of the NF-kB pathway has not been clearly understood. In this study, an
in vivo examination of Oryzias melastigma demonstrated that BaP exposure led to a down-regulation of
the NF-kB pathway and increased levels of ROS. Conversely, in vitro results using the medaka liver cell
line DIT-29 and a widely applied H2O2 method showed the opposite: up-regulation of the NF-kB
pathway. However, the down-regulation of NF-kB upon BaP exposure in vitro was inhibited by the
addition of a ROS inhibitor, indicating ROS are involved in the modulation of NF-kB. The discrepancy
between in vivo and in vitro results of ROS impacts on NF-kB activation might be related to the con-
centration and persistence of ROS. Using a modified luminol detection system, BaP was found to generate
sustained physiological concentrations of ROS for 24 h, while an H2O2 bolus generated ROS for less than
30min. Furthermore, a steady-state sub-micromolar H2O2 system (H2O2ss) was developed in parallel as a
positive control of ROS, by which H2O2 could be maintained for 24 h. Comparative evaluation using H2O2,
H2O2ss and BaP exposures on the medaka cell line with pGL4.32 demonstrated that the persistent
physiological concentrations of ROS generated upon BaP exposure or treatment with H2O2ss inhibited
the NF-kB pathway, but direct H2O2 exposure had the opposite effect. Moreover, a western-blot assay and
EMSA detection further confirmed the modulation of the NF-kB pathway in DIT-29. Taken together, this
study shows that BaP exposure inhibits the NF-kB pathway by generating sustained physiological con-
centrations of ROS.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Several studies have indicated that benzo[a]pyrene (BaP)
exposure can cause immunotoxicity, for example modulation of the
immune system, inhibition of platelet formation, and increased
susceptibility to infection by pathogens (Jack, 1994; Smith and
Suthers, 1999). In addition to immunotoxicity, BaP exposure is
also reported to induce oxidative damage, form DNA adducts, and
effect ocular development (Rodd et al., 2017; Huang et al., 2014).
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Considering BaP is a wildly distributed aromatic hydrocarbon, with
reported concentrations in natural seawater ranging from 0.96 to
3.32 mg/L, it's study in marine systems is important for fishery
resource management as well as ecological risk assessments
(Maskaoui et al., 2002). As reported, BaP usually exerts toxic effects
through detoxication and by producing metabolic products
through both phase I and phase II metabolism in organisms. A
previous study demonstrated that inhibitors of cytochrome
P4501A1 (CYP1A1) can reduce BaP-induced immunotoxicity in
mammalian cells, inferring that host metabolism may play an
important role in regulating BaP's immunotoxic effects (Haggerty
and Holsapple, 1990). Cytochrome p450 (CYP) enzymes are
important components of phase I metabolism, and ROS are gener-
ated during this process (Hern�andez-García et al., 2010; Regoli and
Giuliani, 2014).
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ROS are known to be side products of oxidative metabolism, and
an excessive amount of ROSwill lead to the damage of host cells (Xu
et al., 2015). ROS can be generated during phagocytosis, indicating
the potential effects of ROS in relation to immune responses such as
modulating neo-antigens formation and immune associated path-
ways (Upadhyay et al., 2018). In recent years, many studies have
demonstrated that ROS may play a role in modulating a series of
signaling pathways, including MAPK, STAT, NF-kB, and others (Nie
et al., 2001; Zorov et al., 2014). ROS could be a second messenger
of the NF-kB pathway, directing awide range of immune associated
responses, including inflammation, cytokine transcription, bacte-
rial resistance, apoptosis, as well as others (Morgan and Liu, 2011).
However, the relationship between ROS and the NF-kB pathway is
not necessarily so simple as has been proposed. A review from
Nakajima and Kitamura (2013), through comparative analysis of
many previously reported ROS-related experiments, indicates that
ROS results are dependent on many factors, including the phase
chosen to detect, the cytokine used for co-treatment, and even the
cell type used (Nakajima and Kitamura, 2013).

It is now known that there are several different forms of ROS
which can be converted to one another by way of either an enzy-
matic reaction or without enzyme participation. H2O2, one of the
most accessible and storable ROS forms from an experimental
perspective, is widely accepted by scientists for studying oxidative
stress. In the early stages of ROS studies, researchers typically used
a single bolus of H2O2 with a concentration of 50e300 mM in their
artificial oxidative burst experiments, based on which downstream
indicators are detected (Nakajima and Kitamura, 2013). However,
the concentration of ROS generated by an organism itself is usually
below 10 mM, which is significantly lower than that of ROS detected
in vitro using H2O2 mimicking the “oxidative burst” situation
(Sobotta et al., 2013). To our knowledge, the ROS concentration
induced by a pollutant exposure including BaP is less than 10 mM
due to the limited capability of generating ROS in organisms. Unlike
higher concentrations of ROS, which usually induce damage to host
cells, low-levels of ROS participate in some critical physiological
functions like the modulation of various signaling pathways
(Shadel and Horvath, 2015). Previous studies on stem cells have
found that a low-level of ROS can activate proliferation pathways,
with stem cell proliferation inhibited as ROS levels increase
(Schieber and Chandel, 2014).

It is clear that BaP exposure can induce ROS formation, and
many studies have shown that BaP exposure can modulate the
activity of immune-associated signal pathways such as NF-kB.
However, there are often controversial results when observing ROS
under different conditions, such as lower or higher concentrations
or shorter or longer effective durations. Whether variations in the
concentration of ROSwill result in different effects on the activity of
some signal pathways has not been clearly elucidated yet. While
BaP exposure frequently produces lower levels of ROS, researchers
prefer to use a relatively higher concentration of H2O2 in vitro to
investigate the effects of ROS, and as a result the conclusions are
often unclear. This study aims to elucidate the relationship between
the duration of exposure to BaP, ROS concentrations, and regulation
of the NF-kB pathway using the marine model fish Oryzias mela-
stigma, thus more clearly understanding BaP exposure-induced
immunomodulation mechanisms.

2. Materials and methods

2.1. Fish maintenance and exposure

The marine medaka used in this study (a gift from City Uni-
versity of Hong Kong) have been reared for over 10 generations in
our laboratory. For each experiment, approximately 120 four-
month-old male medaka were randomly transferred to three
replicate 20 L tanks for biological replicates. Before exposure to BaP
or acetone, medaka were acclimatized in their tanks for 48 h, and
the exposures lasted for 5 days. During the experiment, the
seawater was kept at a temperature of 26 �C and a salinity of 30‰,
and the fish were not fed. Three tanks received 4 nM (1 mg/L) of BaP
and three tanks received the same volume of acetone with the
exposure media renewed every day for 5 days. The fish were
anesthetized by MS-222 (0.25 g/L) before sampling. Acetone and
MS-222 has already been demonstrated to have no significant ef-
fects (Supporting information). Medaka livers were sampled at
time-points of 3 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h and 120 h. At least
5 livers were mixed to act as one biological replicate, and then
immediately transferred into liquid nitrogen and kept at �80 �C
until use.

2.2. Assay of antioxidant enzyme activities and ROS in tissues

The sampled livers were homogenized in a cold saline solution
to prepare for assaying the activities of antioxidant enzymes and
ROS. The activities of superoxidase dismutase (SOD) and catalase
(CAT) in each liver sample were determined using commercial kits
(Nanjing Jiancheng Bioengineering Institute, China). SOD activity
was assayed using xanthine/xanthine oxidase methods (Superox-
ide Dismutase (SOD) assay kit) and CAT activity was measured by
analyzing the rate of H2O2 decomposition at 240 nm (catalase (CAT)
assay kit). ROS were measured using dichlorodihydrofluorescein
diacetate (DCFH-DA, Sigma-Aldrich). SOD, CAT and ROS were ho-
mogenized based on protein concentration, which was detected
using a bicinchoninic acid (BCA) assay (ThermoFisher).

2.3. Cell cultures, transfection and luciferase detection

DIT-29, a medaka liver cell line, was purchased from RIKEN
BioResource Center and grown in Leibovitz L-15 Media (HyClone)
supplemented with 20% fetal bovine serum (FBS) (Gibco) and
10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (Sigma-Aldrich). For luciferase detection, DIT-29 cells were
temporally transfected with pGL4.32 (Promega), an NF-kB-RE re-
porter plasmid, and pRL-TK (Promega), a renilla luciferase control
plasmid using Fugen 6 (Promega). The cells were exposed to either
BaP, a single bolus of H2O2 or steady-state H2O2 concentrations
(H2O2ss), and cultured overnight. Luciferase activity was then
measured with a Dual-Luciferase reporter assay System (Promega,
Madison, WI).

2.4. Exposure of cells

DIT-29 cells were seeded into 48-well plates to grow for 12 h in a
complete medium prior to exposure. All cell line treatments lasted
for 24 h.

BaP treatment - BaP was dissolved in dimethyl sulfoxide (DMSO)
at a concentration of 1mM and diluted into cell culture medium at
concentrations of 1, 5, 10, 50, 100, and 500 pM. The control groups
received the same volume of pure DMSO.

Traditional H2O2 treatment (H2O2 bolus) - concentrations of H2O2

were determined spectrophotometrically (ε230¼ 74M�1cm�1).
H2O2 was diluted into cell culture medium at concentrations of 20,
50, 100, 200, and 300 mM.

Measurement of H2O2 concentrations in cell culture medium-The
method used for H2O2 determination was modified from Mueller
and Arnhold (1995). Briefly, 100 mL of cell culture supernatant
from various time-points of the different incubations (BaP, H2O2,
CAT or GOX) was diluted by a phosphate buffer solution (PBS) (1/
100) and added into a white 96-well plate (NUNC). Then, 50 mL of a
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0.4mM luminol in PBS solution was distributed by the first injec-
tion channel of the luminometer (Infinite 200 PRO, Tecan), and
50 mL of a 0.12mM NaOCl solution by the second injection channel.
Luminescence was measured immediately after NaOCl injection for
over 2 s.

ROS inhibitor treatment - DIT-29 cells were treated with a range
of BaP concentrations and either 1mM N-acetylcysteine (NAC,
Sigma) or 0.1mM 40-Hydroxy-30-methoxyacetophenone (Apo,
Sigma) at the same time. The control group received the same
volumes of DMSO.

Steady State H2O2 (H2O2ss) treatment - The actual activities of
glucose oxidase (GOX, Sigma-Aldrich) were determined by the
method described above, using 10mM glucose at 33 �C. The actual
activities of CAT (Sigma-Aldrich) were determined by decomposi-
tion of the H2O2, which was also quantified at 33 �C. During all
experiments, kGOX was kept at 2.8� 10�8M/s, whereas kCAT was
adjusted to reach defined H2O2ss concentrations of 0.5, 1, 2, 3, 4 and
5 mM. The control group also received an extra 10mM glucose.

DMSO has already been demonstrated to have no significant
effects with a range of concentrations (0.00001%e0.00025%)
(Supporting information, Fig. S1).
2.5. Measurement and photography of intracellular ROS by DHR123

DIT-29 cells were seeded for 12 h onto an F96 MicroWell™
(NUNC) for the luminometer or a 96 well Glass Bottom Plate with
#1 cover glass (Cellvis) for photography and growth. Afterwards,
the cells were exposed to BaP, H2O2 or H2O2ss and loadedwith 5 mM
Dihydrorhodamine 123 (DHR123, Sigma-Aldrich) 3 h before mea-
surement, and hoechst was loaded onto cells for photography only.
4� 4 multiple reads were used to eliminate errors caused by cell
density for luminometer measurements. Confocal fluorescence
imaging was performed with a ZEISS LSM 780 NLO with a
40�objective lens.
2.6. Preparation of total cell extracts

DIT-29 cells treated under different exposures were lysed in a
buffer containing 50mM Tris-HCl (pH 7.4), 150mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS and 2 mg/mL protease
inhibitor. After the cells were vortexed gently for lysis, the cell
debris was removed by centrifugation at 2600g for 10min.
2.7. Isolation of nuclear and cytoplasmic extracts

Nuclear and cytoplasmic extractions were prepared using a NE-
PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo-
Fisher) according to the manufacturer's instructions (all in-
cubations were done on ice). Briefly, cells were harvested with
trypsin-EDTA, washed twice with cold HBSS and centrifuged at
500 g for 3min 200 mL of Cytoplasmic Extraction Reagent I (CER I)
with phenylmethanesulfonyl fluoride (PMSF) was used to suspend
cell pellets by vortexing for 15 s. Suspensions were incubated for
10min followed by the addition of 11 mL of CER II and vortexing for
5 s. After incubating for 1min, the mixture was centrifuged for
5min at 16000 g. The supernatant fraction (cytoplasmic extract)
was transferred to a pre-chilled tube and extracts were stored
at �80 �C until use. The insoluble fraction was suspended with ice-
cold Nuclear Extraction Reagent (NER) and vortexed for 15 s every
10min, for a total of 40min. Then, the suspension was centrifuged
for 10min at 16000 g. The nuclear extract was the resulting su-
pernatant, and was stored at �80 �C until use.
2.8. Immunoblotting

The protein concentration of cell extracts was determined by a
BCA assay and adjusted to 1mg/mL in a 4� SDS buffer with 10% 2-
mercaptoethanol. Equal amounts of protein were separated by 10%
SDS-polyacrylamide gels and blotted on nitrocellulose membranes.
Membranes were blocked in 5% skim milk in Tris-Buffered Saline
with Tween (TBST) for 2 h at 37 �C and then incubated in primary
antibody (see Table S1) overnight. 5% bovine serum albumin (BSA)
in TBST was used for blocking or dilution of the anti-p-RelA anti-
body. After washing in TBST for 20min, the secondary antibodywas
incubated at 37 �C for 1 h followed by another washing step in TBST.
The blot was developed using western chemiluminescent HRP
substrate (Millipore) and photographed by SYNGENE (Genius).

2.9. Electrophoretic mobility-shift assay (EMSA)

The NF-kB binding site (sequence 50-AGTTGAGGGGACTTTCC-
CAGGC-30) with a biotin label used as the probe was synthesized
and purified by ThermoFisher. The EMSA was performed using a
LightShift™ Chemiluminescent EMSA Kit (ThermoFisher) accord-
ing to the manufacturer's instructions. Briefly, the reaction mixture
contained nuclear extracts, binding buffer, glycerol, MgCl2, poly
(dI$dC), NP-40 and biotin-NF-kB DNA. After incubation at room
temperature for 20min, the reactions were electrophoresed on 4%
polyacrylamide native gels. After transferring binding reactions to a
nylon membrane, a UV-light was used to crosslink transferred DNA
to the membrane. After washing the membrane with a blocking
buffer, washing buffer and Substrate Equilibration buffer in a
Chemiluminescent Nucleic Acid Detection Module Kit (Thermo-
Fisher), a Substrate Working Solution was used to incubate the
membrane which was then photographed by SYNGENE (Genius).

2.10. Statistical analysis

For the in vivo experiment, a student's t-test was used to
determine statistically significant differences between each treat-
ment group and its control. One-way ANOVA was used for the
in vitro experiments to determine statistically significant differ-
ences, based on the consideration that there was a range of treat-
ment concentrations applied in those experiments. Data had been
tested for normality and homogeneity of variance prior to statisti-
cally significant calculation, and the calculation software used was
IBM SPSS Statistics 20. Statistically significant differences were
accepted at p< 0.05.

3. Results

3.1. Effect of BaP on the oxidation-reduction system of medaka

Although BaP is reported to be an oxidative damage inducer, its
effects on medaka are still less known. To verify whether BaP
exposure could result in oxidative stress to medaka, we used 4 nM
of BaP to simulate exposure to water in the natural environment.
The activities of the classic antioxidant enzymes CAT and SOD, the
amount of ROS, and the regulation of NF-kB and IkB proteins were
assessed using medaka liver in the in vivo experiments. The activ-
ities of CAT and SOD were only significantly up-regulated after
exposure to BaP for 3 days in medaka liver (Fig. 1A and B). Con-
centrations of ROS in the liver (Fig. 1C) were also significantly up-
regulated after 3 days. Meanwhile, NF-kB activation in medaka
livers during BaP exposure was also assessed (Fig. 1D). Compared
with the control group, less Rel A could be phosphorylated, and
more of the inhibitor IkBa could be detected by immunoblotting.



Fig. 1. BaP-induced formation of ROS inhibited the NF-kB pathway in medaka liver. A, B) SOD and CAT enzyme activities were up-regulated after 3 days of BaP exposure. Male
medaka were treated with 4 nM BaP and their livers were sampled at different time-points. Each sample for analysis contains at least 5 livers, and 3 samples were analyzed using a
SOD or CAT kit. *, p< 0.05. C) BaP exposure induced ROS generation in medaka liver after 3 days. 4 samples were analyzed by DCFH-DA. D) Immunoblot analysis of total and
phosphorylated RelA, IkBa and IkBb in lysates of medaka livers with or without BaP treatment.
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3.2. BaP had opposite effects compared to H2O2 on the NF-kB
pathway

To verify the in vivo experimental results, which showed that
BaP could induce ROS generation and inhibit the NF-kB pathway,
we exposed the DIT-29 cell line to BaP. The luminance generated by
pGL4.32, whose expression is a function of the activation level of
the NF-kB pathway, was significantly suppressed by 1e10 pMof BaP
(Fig. 2B). H2O2 exposure, which is the classic way to study ROS ef-
ficiency, was chosen to be the positive control. However, H2O2
Fig. 2. BaP inhibited the NF-kB pathway through different types of ROS generated by H2O2 e
activation was measured by a luciferase assay using a pGL4.32 vector (*, p< 0.05). C, D) Extr
luminol-NaOCl-based chemiluminescence assay. E, F) Intracellular ROS concentrations at
DHR123 for 3 h and measured by a microplate reader.
activated the NF-kB pathway, especially at concentrations of 50 and
300 mM (Fig. 2A). One explanation for this is that BaP inhibited the
NF-kB pathway probably without ROS participation. However, this
hypothesis was denied based on results from incubations using the
ROS inhibitors Apo and NAC in the study both inhibited the effects
of BaP on the NF-kB pathway of the DIT-29 cell line (Fig. S2).
Considering the H2O2 concentrations used in our experiment,
which are considered a conventional choice for in vitro experiments
but higher than typical physiological levels, we suspect that the
ROS concentrations in these two stimulations were different. To
xposure. A, B) The effects of BaP or H2O2 on the NF-kB pathway in DIT-29 cells. Pathway
acellular H2O2 concentrations over time under BaP or H2O2 exposure, detected using a
different time-points under BaP or H2O2 exposure. DIT-29 cells were incubated with
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verify this hypothesis, we detected the concentration of ROS in the
cell medium. The concentration of H2O2 was detectable after BaP
exposure for 6 h (Fig. 2D). There was no observable relationship
between the BaP exposure concentration and the amount of H2O2
generated. However, the H2O2 concentration stayed within
0.3e3 mM, inside the range of physiological ROS concentrations. In
contrast, the concentration of H2O2 rapidly decreased to zero in the
cell culture medium by 30min, consistent with catalase-mediated
decomposition by H2O2 stimulation (Fig. 2C). Thus, in the direct
H2O2 exposure experiment, cultured cells were only exposed for a
limited time of less than 30min, in contrast to long-term exposure
with BaP.

Considering that direct H2O2 exposure could generate oxidative-
stress and ROS-induced ROS release (RIRR) in cultured cells, we
monitored the intracellular ROS status under BaP vs. H2O2 direct
exposure. The fluorescence of DHR123 increased within 3 h of H2O2
exposure and emerged in a dose-dependent fashion (Fig. 2E).When
the exposure time was extended to 24 h, no fluorescence could be
observed (Fig. 2E, Fig. S3). Compared with the control group, cells
could accumulate about 1.6x intracellular ROS levels in the initial
3 h when exposed to 20 mM H2O2, 2x under 50 mM H2O2, and 2.8x
under 100 mM H2O2. BaP exposure could induce ROS generation
even after 24 h of exposure, and the microplate reader confirmed
there was no dose-dependence between the BaP exposure con-
centration and the amount of ROS generated (Fig. S4). The micro-
plate reader showed similar results with about 1.4x intracellular
ROS observed compared with the control group at all concentra-
tions (Fig. 2F).
3.3. Steady state physiological concentrations of H2O2 inhibit the
NF-kB pathway

To demonstrate that the different effects of BaP and H2O2 on the
NF-kB pathway in DIT-29 cells were associated with the amount of
and duration of exposure to ROS, we improved on a previously
Fig. 3. By generating physiological concentrations of H2O2, the steady-state H2O2 (H2O2ss) t
in DIT-29 cells. Pathway activation was measured by a luciferase assay using a pGL4.32 vecto
Fluorescence was determined by a laser-scanning microscope using the same settings for
time-points under H2O2ss exposure. DIT-29 cells were incubated with DHR123 for 3 h and
established system to generate steady state H2O2 concentrations for
at least 24 h in vitro (Mueller et al., 2009). The activity of the NF-kB
pathway, which was also shown by pGL4.32, was statistically
inhibited at 0.5 mMand 1 mMof H2O2ss (Fig. 3A). The fluorescence of
DHR123 indicated that such low extracellular H2O2ss levels can still
affect the intracellular ROS status (Fig. 3B). The microplate results
showed that steady-state physiological concentrations of H2O2
were more efficient at inducing intracellular ROS than direct H2O2
exposure over the change of DHR123 fluorescence approaching
that induced by 300 mM H2O2, even at a concentration of 0.5 mM
H2O2ss (Fig. 3C). Taken together, the H2O2ss system maintained a
physiological oxidative-stress environment and suppressed the NF-
kB pathway, corresponding to observations during BaP exposure.
3.4. The amount of NF-kB pathway proteins and their
phosphorylation were altered under different types of ROS

To support the pGL4.32 results and explore the underlying
mechanisms behind these observations, we monitored the total
amount and phosphorylation of key NF-kB pathway proteins
in vitro. Direct H2O2 exposure decreased the amount of inhibitor
proteins, including IkBa and IkBb (Fig. 4A), and the phosphorylation
of RelA protein increased. In contrast, the amount of IkBa increased
at all concentrations under H2O2ss exposure (Fig. 4B). The phos-
phorylation of Rel A was reduced at 0.5 and 1 mM, consistent with
the results from pGL4.32. Similar to H2O2ss exposure, the phos-
phorylation of RelA protein was down-regulated by BaP (Fig. 4C),
and the amount of IkBawas up-regulated. Additionally, the relative
amount of nuclear phosphorylation of RelA, which means more
possibilities to modulate downstream genes, was detected and
shown to be down-regulated (Fig. 4D). Finally, we detected DNA-
binding of the NF-kB pathway by EMSA (Fig. 4E). Binding
increased under H2O2 exposure but decreased under both H2O2ss
and BaP exposure.
reatments inhibited the NF-kB pathway. A) The effects of H2O2ss on the NF-kB pathway
r (*, p< 0.05). B) H2O2ss exposure changed intracellular ROS concentrations within 24 h.
all conditions. Magnification was 40�. C) Intracellular ROS concentrations at different
measured by a microplate reader.



Fig. 4. Concentrations of NF-kB pathway proteins under different exposures. A, B, C) Immunoblot analysis of the indicated proteins in whole-cell lysates of DIT-29 cells stimulated
with different concentrations of H2O2, H2O2ss or BaP. D) Immunoblot analysis of the indicated proteins in the cytoplasmic (CE) and nuclear (NE) extracts of DIT-29 cells under BaP
exposure. E) EMSA analysis of the binding of NF-kB to the NF-kB binding site. Nuclear proteins were isolated from DIT-29 cells under H2O2, H2O2ss or BaP exposure.
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4. Discussion

Organisms in the aquatic environment meet various threats,
including pollutants, pathogens, and others. Lots of environmental
pollutants, including BaP, have been proven to have immunotox-
icological effects on mammals and marine animals. Many studies
have demonstrated that BaP exposure can result in the generation
of ROS, which leads to toxic effects by way of numerous cellular
processes. Of these, immunomodulation has been a large concern
of researchers, because a change in immune status is closely related
to the health of marine animals. However, the multiple variants of
ROS, such as O2

�, RO�, and �OH, as well as their transient nature and
ability to interconvert, are barriers for their in-depth study. H2O2, a
cheap, stable, accessible ROS, has become a widely used reagent for
ROS-associated studies (Koman et al., 2016). Many studies have
demonstrated that H2O2 can activate the NF-kB pathway and
involved mechanisms, including formation of the IKK complex, an
increase in IKKb phosphorylation levels, enhancement of DNA-
binding, promotion of IkBa degradation, etc. (Nakajima and
Kitamura, 2013). It is known that BaP exposure can generate ROS,
which are likely involved in themodulation of NF-kB. In our present
study, we carried out a ROS inhibitor experiment and found that the
regulation of NF-kB is associated with ROS generated during BaP
exposure.

However, when we carried out the comparative experiment
exposing the DIT-29 cell line to H2O2 and BaP, we obtained con-
flicting results. H2O2 can induce the activation of NF-kB as reported
previously, but BaP exposure at a range of doses inhibited the
activation of NF-kB, demonstrating there is a discrepancy between
BaP and H2O2 exposure. Therefore, we investigated whether the
amount and timeline of ROS generated during these two treat-
ments were likely to be closely associated with the modulation of
NF-kB. We developed a modified method to effectively detect
lower, instantaneous amounts ROS based on the conventionally
used luminol detection system, which has been used in inflam-
matory studies (Millonig et al., 2012). To our knowledge, this
modified luminol detection system was for the first time used to
detect the ROS generated by a pollutant, and we found that the
amount of ROS generated after BaP was introduced to the DIT-
29 cell line was quite lower than after H2O2 treatment. The physi-
ological concentrations of ROS produced during BaP exposure
ranged from 0.3 to 3 mmol/L, much lower than that produced by
H2O2 in vitro, which was quite higher at 20 mmol/L. Clearly, the
conventional method using H2O2 in vitro in ROS-associated studies
would be limited for the toxic effect assessment of BaP exposure,
because much lower amounts of ROS are generated by BaP. In fact,
there have been several studies indicating that the effect of ROS on
NF-kB pathway activity is dependent on the different ROS forms,
dosages or exposure periods (Nakajima and Kitamura, 2013). Our
conflicting results regarding the effect on NF-kB pathway activity
during the H2O2 in vitro study and BaP exposure in vivo & in vitro
were probably related to the amount and duration of ROS.

In addition, we carried out a comparative study exposing the
DIT-29 cell line to H2O2 and BaP, using luminol methods for the
detection of extracellular ROS, and DHR123 for the detection of
intracellular ROS. The results obtained from both methods showed
that the amount and duration of ROS generated upon exposure to
BaP or H2O2 were inconsistent. Further testing demonstrated that
the amount of extracellular ROS generated with H2O2 treatment to
the DIT-29 cell line diminished to zero within 30min, whereas the
amount of ROS generated upon BaP exposure could maintain a
physiological concentration for 24 h. Therefore, our primary results
showed that the exposure of the DIT-29 cell line to BaP produced a
relatively persistent and lower amount of ROS as compared to the
H2O2 treatment, which initially produced higher concentrations
but only for a short period of time. Through the sustained sub-
micromolar H2O2 system (H2O2ss) treatment, we can determine
that the amount of ROS generated is likely to be a critical factor in
the activation of the NF-kB pathway, in addition to those already
known.

As an important immune-associated pathway, NF-kB is reported
to be associated with cancer, pathogen infection, cell
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differentiation, and other biochemical processes. It has been re-
ported that the NF-kB pathway can be regulated bymultiple factors,
including ROS. Interestingly, in the present study, opposite effects
on the NF-kB pathway were observed during H2O2 versus BaP ex-
posures. This observation is likely related to the concentration of
ROS, which was assessed using a modification of the conventional
luminol detection system used for many years by researchers in
ROS studies. The modified system was used to observe that H2O2
concentrations were only maintained for 30min in the medium
after initially being added. Similarly, Gulden et al. (2010) have
shown that H2O2 concentrations are only sustained for less than 1 h
in a C6 medium, as detected by a xylenol orange assay. Conversely,
here we found that ROS could maintain for 24 h after BaP exposure
using our modified detection method.

Many previous studies have used H2O2 to evaluate the effect of
ROS on signaling pathways; however, questions have been raised in
recent years on whether in vitro experiments using high concen-
trations of H2O2 can be extrapolated to the physiological state
(Picard et al., 2011; Yaniv et al., 2013). Although H2O2 is usually
reported to activate the NF-kB pathway, Khare et al. (2016) have
reported that mitochondrial H2O2 blocks NF-kB activation. Addi-
tionally, concentering complex I was reported to be themain source
of ROS inmitochondria based on a catalyzed superoxide production
and separation experiment using low NADH concentrations (about
50 mM); however at physiological concentrations of NADH (in the
millimolar range) complex I is barely able to carry out this reaction
(Grivennikova et al., 2010). These reports corroborate our specu-
lation that the concentration and persistence of ROS generated
during BaP exposure should be strongly considered when evalu-
ating ROS effects on the NF-kB pathway, as direct H2O2 exposure
could not match the toxic effects observed upon BaP exposure.
Additionally, we found that Mueller et al. presented a method to
investigate the relationship between ROS and the STAT pathway,
and that their results are different from those obtained using the
conventional H2O2 in vitro method (Millonig et al., 2012; Mueller
and Arnhold, 1995; Sobotta et al., 2013). Because H2O2 did not
persist for as long as the ROS produced upon BaP exposure, the
H2O2ss system was developed as a positive control, in which H2O2
canmaintain a stable and lower level for 24 h, much longer than the
30min using a bolus of H2O2. Using H2O2ss as a control, modulation
of the NF-kB pathway by ROS generated during the exposure of DIT-
29 to BaP could be more reasonably evaluated. In our present study,
extracellular ROS concentrations during BaP and H2O2ss exposures
were kept at a physiological range for 24 h. Although when
compared with direct H2O2 exposure H2O2ss treatments seemed to
induce higher intracellular ROS concentrations, this was not the
case when the actual accumulation time was taken into consider-
ation. H2O2 did not exist for more than 30min in the medium and
was even eliminated within 10min under 50 mM H2O2 exposure.
Although we do not know the specific disappearance time for
intracellular ROS, we can speculate that the actual accumulation
time of intracellular ROS under direct H2O2 exposure was also
transient, which means the amount of intracellular ROS produced
as a function of time was much higher than for H2O2ss exposure. In
addition, concentrations of intracellular ROS increased along with
steady-state H2O2 levels while inhibition of the NF-kB pathway
disappeared, which provides more proof for the importance of
dosage on the efficacy of ROS acting on the NF-kB pathway.

To further investigate whether the modulation of NF-kB
pathway activity is dependent on the amount and sustained
duration of ROS generated, we first used an NF-kB reporter plasmid
(pGL4.32) to compare their effects on the activation of NF-kB during
exposure to H2O2, H2O2ss and BaP. The consistency of the persis-
tence and concentration of ROS between BaP and H2O2ss exposures
was shown by intracellular and extracellular ROS detection.
However, these results also suggest that BaP produces more
complicated effects than H2O2. Unlike the H2O2ss exposures, all ROS
detection experiments showed no dose-effect relationships with
BaP, and the inhibition effect only appeared at doses of 1e10 pM.

There is a controversy concerning the regulation of the NF-kB
pathway by BaP (Tian, 2009). For example, Ajayi et al. (2016) re-
ported that BaP activated the NF-kB pathway of rats based on the
up-regulation of RelA protein levels. Lecureur et al. (2005) reported
that BaP decreased the DNA-binding amount of the NF-kB pathway
in primary human macrophages, but the result was not significant.
Hwang et al. (2007) reported that BaP down-regulated the non-
canonical NF-kB pathway component RelB in mouse bone
marrow-derived dendritic cells. BaP has also been found to inhibit
the NF-kB pathway in Apostichopus japonicas (selenka) and clams
(Li et al., 2016; Su et al., 2017). Additionally, controversial pollutants
extend beyond BaP; for example, cadmiumhas also shown opposite
effects on the NF-kB pathway in different studies (Th�evenod et al.,
2000; Xie and Shaikh, 2006; Yang et al., 2007). The doses, exposure
durations, cell lines and/or exposed organisms were different
across these studies, and according to these reports and our
experimental results, the regulation of NF-kB may be altered by any
these factors. This indicates that the regulation of signal pathways
by pollutants may require specific, tailored experimental designs.

5. Conclusion

In conclusion, our experiment demonstrated that BaP exposure
inhibited the NF-kB pathway in medaka by generating sustained
physiological concentrations of ROS. Differences in the modulation
of the NF-kB pathway between BaP and direct H2O2 exposures are a
function of ROS concentrations and the duration of exposure. This
article provides a new idea to expound the effect of BaP and ROS on
the NF-kB pathway, and a reference for explaining the behavior of
similar pollutants.
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