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Introduction

The modern society is exposed to various types of

oxidative stresses that originate from the environment,

diet, or lifestyle. Highly reactive molecules such as reactive

oxygen species (ROS) and free radicals such as superoxide

anion radicals (O2-), hydrogen peroxide (H2O2), hydroxyl

radicals (HO˙), and singlet oxygen (1O2) are generated by

oxidative stress in the body. ROS produced in the body are

eliminated by the antioxidant defense mechanisms.

However, when these defense mechanisms do not function,

ROS can structurally damage the cell components [1-3].

The resulting oxidative stress damages DNA, lipids,

proteins, and other molecules, leading to harmful

consequences such as Parkinson’s disease, Alzheimer’s

disease, diabetes, liver injury, cancer, inflammation, and

aging [4-7]. Antioxidants have long been studied, and

currently, several chemically synthesized antioxidants such

as BHA (butylated hydroxyanisole) and BHT (butylated

hydroxytoluene) are in use. However, it is necessary to

develop safer and active natural antioxidants because the

synthesized compounds act as mutagens and tumor
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We investigated the protective effects of 3-bromo-4,5-dihydroxybenzaldehyde (BDB) from

Polysiphonia morrowii Harvey against hydrogen peroxide (H2O2)-induced apoptosis in Vero

cells. BDB exhibited scavenging activity for DPPH, hydroxyl, and alkyl radicals. BDB also

inhibited H2O2-induced lipid peroxidation, cell death, and apoptosis in Vero cells by inhibiting

the production of ROS. To evaluate the molecular mechanisms of apoptosis inhibition, the

expression of Bax/Bcl-xL and NF-κB was assessed by western blot assay. BDB significantly

suppressed the cleavage of caspase-9 and PARP and reduced Bax levels in H2O2-induced Vero

cells. Besides, BDB suppressed the phosphorylation of NF-κB and the translocation of p65 in

H2O2-induced cells. Furthermore, we evaluated the effect of BDB on ROS production, cell

death, and lipid peroxidation in an H2O2-stimulated zebrafish embryo model. Taken together,

these results indicated that ROS generation and cell death were significantly inhibited by BDB

in zebrafish embryos, thereby proving that BDB exerts excellent antioxidant activity in vitro

and in vivo.

Keywords: Polysiphonia morrow Harvey, 3-bromo-4,5-dihydroxybenzaldehyde, oxidative stress,
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promoters at high dosages, and there have been a number

of recent studies on antioxidants derived from natural

products [8-10].

Marine algae have traditionally been used as food and

therapeutic agents for various diseases. Such algae

generally produce diverse compounds, some of which have

biological activity of therapeutic value [11, 12]. Identifying

biologically active compounds in marine algae has been a

focus of research, and currently, interest in natural

physiological materials from natural organisms continues

to increase. Moreover, studies on biologically active

substances from marine algae are being carried out to

determine not only their nutritious aspects but also their

possible use for treating diseases and maintaining health

[13]. Marine algae-derived compounds have been shown to

have many functions such as antiviral, antioxidant, anti-

inflammatory, and anticoagulant activities [14-17]. Previous

studies have reported that products derived from

Polysiphonia sp. have various functions such as antioxidant,

antiviral, and antimycobacterial activities [18, 19]. Further,

Hyun et al. and Piao et al. demonstrated the protective

effect of 3-bromo-4,5-dihydroxybenzaldehyde (BDB) from

red algae against ultraviolet (UVB)-induced oxidative

stress in human keratinocytes [20, 21]. However, the

protective effects of BDB via the apoptosis pathway and

NF-κB signaling pathway against oxidative stress-induced

apoptosis in vitro have not been determined. In addition,

studies using zebrafish models are lacking. Therefore, the

purpose of the present study was to examine the antioxidant

activity of BDB from P. morrowii Harvey in H2O2-induced

oxidative stress in cells and zebrafish.

Materials and Methods

Extraction and Isolation of BDB from P. morrowii Harvey

The red alga P. morrowii Harvey was collected along the coast of

Jeju Island, Korea. The preparation, extraction and isolation

methods of the sample were described in previous study [22]. The

purified compound (≥99%) was identified by comparing its 1H

and 13C NMR data with those in the literature [23]. The chemical

structure of the purified compound is indicated in Fig. 1. The

compound was dissolved in 100% ethanol (Sigma-Aldrich, USA)

and employed in experiments in which the final concentration of

100% ethanol in the culture medium was adjusted to <0.01%.

Cell Culture 

Vero cells, kidney cells from African green monkeys, were

purchased from the Korean Cell Line Bank (KCLB, Korea). The

cells were grown at 37°C in a 5% CO2 humidified atmosphere

incubator using RPMI-1640 medium (Gibco/BRL, Canada) added

with 10% fetal bovine serum (FBS; Welgene, Korea) and 1%

antibiotics (Gibco/BRL).

DPPH, Hydroxyl, and Alkyl Radical Scavenging Activity

1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl, and alkyl

radical scavenging activity were analyzed by altering the method

described by Ahn et al. [24].

Measurement of Cell Viability

The cells were seeded in a 96-well plate at a concentration of

1.0 × 105 cells/ml. After 24 h, the cells were pre-treated with 12.5,

25, and 50 μM BDB and 1 M N-acetyl-L-cysteine (NAC; Sigma-

Aldrich) for 2 h at 37°C. Then, 500 μM H2O2 was added for 24 h at

37°C. Cell viability was measured using the method described by

Ko et al. [25]. The absorbance was read at 540 nm using a

spectrophotometer (Molecular Devices, USA).

Fig. 1. (A) Isolation scheme for BDB from the alga Polysiphonia

morrowii Harvey, (B) NMR data of 3-bromo-4,5-dihydroxy-

benzaldehyde (BDB), and (C) chemical structure of BDB.
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Measurement of Intracellular ROS Production

The cells were seeded in a 96-well plate at a concentration of

1.0 × 105 cells/ml. After 24 h, the cells were pre-treated with 12.5,

25, and 50 μM BDB for 2 h at 37°C. Then, 500 μM H2O2 was added

followed by incubation for 30 min at 37°C. ROS production was

measured using the method described by Yang et al. [26].

Detection of DCHF-DA was analyzed at an excitation wavelength

of 485 nm and an emission wavelength of 535 nm using a

spectrophotometer (Molecular Devices).

Lipid Peroxidation Inhibitory Activity

Lipid peroxidation was measured using an MDA assay kit

(Northwest Life Science Specialties, LLC) following the

manufacturer’s instructions. Briefly, 2 μl of BHT reagent was

added into a microtube, and then a calibrator or lysates, acid

reagent, and TBA reagent were progressively added. Then, the

mixture was mixed vigorously and incubated for 1 h at 60°C, after

which it was centrifuged at 10,000 ×g for 3 min. The generation of

MDA, the substrate of TBA, was read at 514 nm using a

spectrophotometer (Molecular Devices).

Nuclear Staining with Hoechst 33342

The nuclear morphology was studied using the cell-permeable

DNA dye Hoechst 33342 (Sigma-Aldrich). The cells were seeded

in a 24-well plate at a concentration of 1.0 × 105 cells/ml. After 24

h, the cells were pre-treated with 12.5, 25, and 50 μM BDB and 1 M

NAC for 2 h at 37°C. Then, 500 μM H2O2 was added followed by

incubation for 6 h at 37°C. Nuclear staining was performed by

modifying the method described by Yang et al. [26]. The cells were

observed using a fluorescence microscope (Zeiss, Germany).

Cell Cycle Analysis

Cell cycle analysis was carried out to determine the rate of

apoptotic sub-G1 cells. The cells were seeded in a 60-mm dish at a

concentration of 2.0 × 105 cells/ml. After 24 h, the cells were pre-

treated with 50 μM BDB for 2 h at 37°C. Then, 500 μM H2O2 was

added followed by incubation for 6 h at 37°C. Apoptotic sub-G1 of

cell cycle was measured using the method described by Yang et al.

[26]. Flow cytometry was conducted using a Beckman Coulter

CytoFLEX Flow Cytometer (Beckman Coulter, USA). 

Western Blot Analysis

The protein extraction and western blot analysis were

conducted by altering the method described by Ko et al. [25].

Primary antibodies used were the following: anti-bax, anti-bcl-xL,

anti-PARP, anti-cleaved caspase-9 anti-phospho-NF-κB p105,

anti- phospho-NF-κB p65 (Cell Signaling Technologies, USA,) and

β-actin (Santa Cruz Biotechnology, USA). Secondary antibodies

used were the following: anti-rabbit IgG, HRP-linked antibody and

anti-mouse IgG, HRP-linked antibody (Cell Signaling Technologies).

Immunofluorescence Staining

The cells were seeded on a confocal slide at a concentration of

1.0 × 105 cells/ml. After 24 h, the cells were pre-treated with

50 μM BDB for 2 h at 37°C. Then, 500 μM H2O2 was added

followed by incubation for 45 min at 37°C. Immunofluorescence

staining was conducted using the method described by Ko et al.

[27]. The cells were photographed using an LSM 780 Zeiss

Confocal Laser Microscope. 

Maintenance of Zebrafish

Zebrafish were kept under the following conditions:

28.5 ± 0.5°C with a 14/10 h light/dark cycle. The zebrafish were

fed two times a day, 6 days a week. Zebrafish were selected for

mating at a female-to-male ratio of 1:2. Embryos were obtained

via mating and spawning. After spawning, the embryos were

moved to a Petri dish containing 1 mg/ml methylene blue

solution. After disinfection for 1.5 h, the methylene blue solution

was changed to fresh embryo media (600 mg/l red sea salt in

distilled water). All animal experiments were approved by the

Jeju National University Animal Care and Use Committee (2016-

0052).

Effect of BDB on H2O2-Induced ROS Generation, Cell Death,

and Lipid Peroxidation in Zebrafish

After fertilization, 7-9 h post-fertilization (hpf) zebrafish

embryos were moved to a 12-well plate. The embryos were pre-

treated with various concentrations of BDB (12.5, 25, and 50 μM)

for 2 h and then treated with 5 mM H2O2 for 3 days post-

fertilization (dpf). The zebrafish larvae were transferred to 24-well

plates and stained with specific fluorescent dye to examine ROS

production (DCFH-DA, 1 h incubation in the dark at 37°C), cell

death (acridine orange, 30 min incubation in the dark at 28.5°C;

Sigma-Aldrich), and lipid peroxidation (DPPP, 30 min incubation

in the dark at 28.5°C; Dojindo Inc., Kumamoto, Japan). Zebrafish

larvae were photographed under a microscope equipped with a

CoolSNAP-Pro color digital camera (Olympus, Japan) after the

anesthetization using 0.03% ethyl 3-aminobenzoate methane-

sulfonate (MS-222, Sigma-Aldrich). The fluorescence intensity was

quantified using ImageJ software.

Statistical Analysis

The level of significance was defined as p < 0.05 and the value

was given as mean ± standard deviation (SD) using the unpaired

Student’s t-test in Microsoft Excel 2010 (Microsoft, USA).

Results

Free Radical Scavenging Activities of BDB

We measured the inhibition activity of BDB against

DPPH, hydroxyl, and alkyl radicals (Fig. 2). BDB exhibited

profound scavenging activities for DPPH, hydroxyl, and

alkyl radicals in a dose-dependent manner. The half

maximal inhibitory concentration (IC50) values for DPPH,

hydroxyl, and alkyl radical scavenging were 13.17 ± 0.13,
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60.12 ± 3.31, and 7.58 ± 0.37 μM, respectively. These data

indicate that BDB has excellent inhibition activity against

DPPH and alkyl radicals.

Effect of BDB on H2O2-Induced Cytotoxicity in Vero Cells

We measured the effect of BDB on cell viability using the

principle that MTT reacts with the mitochondria in living

cells and produces formazan (Fig. 3A). Vero cells were pre-

treated with BDB and NAC for 2 h and then treated with

500 μM H2O2 for 24 h. After the cells were treated with

H2O2, cell viability decreased to 30.15% compared with that

of the control. However, when the cells were treated with

50 μM BDB and 1 mM NAC, cell viability increased up to

78.8% and 60.8%, respectively. 

Effect of BDB on ROS Production in H2O2-Stimulated

Vero Cells

We measured the intracellular ROS scavenging activity

of BDB and NAC using the principle that DCFH-DA reacts

with reactive oxygen in cells and is oxidized to a

fluorescent substance, DCF (Fig. 3B). Vero cells were pre-

treated with BDB and NAC for 2 h and then treated with

500 μM H2O2 for 30 min. After 30 min, ROS scavenging

activity was approximately 54% for 12.5 and 25 μM BPCA

and approximately 59% for 50 μM BDB. These results

indicated that BDB protects against H2O2-induced cytotoxicity

by scavenging radicals and ROS.

Effect of BDB on H
2
O

2
-Induced Lipid Peroxidation in

Vero Cells

We measured the intracellular ROS scavenging effect of

BDB as well as the effect of BDB on lipid peroxidation in

Fig. 2. (A) DPPH, (B) hydroxyl, and (C) alkyl radical

scavenging activities of BDB were measured by ESR

spectrum. All results were expressed as the mean ± standard

deviation (SD) from more than three individual experiments;

*p < 0.05 compared with the H2O2-stimulated group.

Fig. 3. Effect of BDB on cell viability and ROS production in

H2O2-stimulated Vero cells. 

The cells were pre-treated with BDB (12.5, 25, 50 µM) and NAC

(1 mM) and treated with H2O2 (500 µM) for 24 h or 30 min. (A) Cell

viability was assessed with the MTT assay. (B) ROS production was

measured by DCFH-DA methods. All results were expressed as the

mean ± standard deviation (SD) from more than three individual

experiments; *p < 0.05 compared with the H2O2-stimulated group.
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H2O2-stimulated Vero cells (Fig. 4). The cells were pre-

treated with BPCA and then treated with 500 μM H2O2 for

6 h. H2O2 increased the generation of MDA compared to

the control, but 50 μM of BDB significantly reduced MDA

to levels similar to those in the control. This result shows

that BPCA protects against H2O2-induced lipid peroxidation

in Vero cells.

Effect of BDB on H
2
O

2
-Induced Apoptosis in Vero Cells

We assessed the protective effect of BDB on H2O2-

induced apoptosis through nuclear staining with Hoechst

33342 (Fig. 5A). When the cells were treated with H2O2, we

observed nuclei shrinkage, membrane blebbing, and

apoptotic bodies. However, when the cells were treated

with 50 μM BDB, we observed a significant reduction in

apoptotic bodies. Moreover, to study the role of BDB in cell

cycle progression under oxidative stress, we performed cell

cycle analysis using flow cytometry (Fig. 5B). The sub-G1

DNA content of the control cells was 14.5%. On the other

hand, the sub-G1 DNA content of cells treated with 500 μM

H2O2 was 25.99%, indicating the induction of apoptosis.

But 50 μM BDB treatment suppressed the sub-G1 DNA

content decreased to 21.89%. These results suggest that

BDB prevents cytotoxicity by inhibiting apoptosis in H2O2-

induced Vero cells.

Effect of BDB on the Reduction of Bax and Cleaved

Caspase-9 and PARP Cleavage Activation in H
2
O

2
-

Stimulated Vero Cells

We evaluated the expression of Bax, cleaved caspase-9,

and PARP in Vero cells exposed to 500 μM of H2O2 in the

presence or absence of BDB (Fig. 6). The expression levels

of Bax and cleaved caspase-9 were increased by H2O2

treatment. However, when cells were treated with 50 μM

BDB and H2O2, the expression levels decreased. The

expression level of PARP was reduced by H2O2, but after

treatment with 50 μM BDB and H2O2, protein expression

increased. The results demonstrated that BDB inhibits

apoptosis by reducing the expression of Bax and cleaved

caspase-9 and increasing the expression of PARP.

Fig. 4. Effect of BDB on H2O2 -induced lipid peroxidation in

Vero cells. 

The cells were pre-treated with BDB (50 µM) and treated with H2O2

(500 µM) for 6 h. The generation of MDA was measured by MDA

assay kit. All results were expressed as the mean ± standard deviation

(SD) from more than three individual experiments; *p < 0.05. 

Fig. 5. Effect of BDB on H2O2-induced apoptosis in Vero cells. 

The cells were pre-treated with BDB (50 µM) and treated with H2O2

(500 µM) for 6 h. (A) Apoptotic bodies were observed under a

fluorescent microscope after Hoechst 33342 staining. (B) Apoptotic

sub-G1 phase cells were assessed using flow cytometry after PI

staining.
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Effect of BDB on the Activation of NF-κB in H2O2-

Stimulated Vero Cells

We evaluated the activation of NF-κB in Vero cells

exposed to 500 μM of H2O2 in the presence or absence of

BDB (Fig. 7). When cells were treated with 500 μM H2O2 for

45 min, NF-κB was activated. However, the activation of

Fig. 6. Effect of BDB on the reduction of Bax and cleaved caspase-9 and PARP cleavage activation in H2O2-stimulated Vero cells. 

The cells were pre-treated with BDB (50 µM) and treated with H2O2 (500 µM) for 6 h. Bax, Bcl-xL, cleaved caspase-9, and PARP protein levels were

determined using western blot analysis. All results were expressed as the mean ± standard deviation (SD) from more than three individual

experiments; *p < 0.05 compared with the H2O2-stimulated group.

Fig. 7. Effect of BDB on the activation of NF-κB in H2O2-stimulated Vero cells. 

(A) The cells were pre-treated with BDB (50 µM) and treated with H2O2 (500 µM) for 6 h. The expression levels of p-p105 and p-p65 were analyzed

by western blot analysis. (B) The nuclear translocation of p65 in Vero cells was observed with an anti-p65 and Alexa Fluor 488 goat anti-rabbit

antibody by confocal laser microscopy.
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Fig. 8. Effect of BDB on survival rate and H2O2-induced ROS production, cell death, and lipid peroxidation in zebrafish. 

(A) Survival rate of zebrafish embryos was measured for 7 dpf after treatment with BDB (12.5, 25, and 50 µM). Zebrafish embryos were pre-treated

with BDB (12.5, 25, and 50 µM) and then treated with H2O2 (5 mM). Imaging of (B) ROS production, (C) cell death, and (D) lipid peroxidation was

performed using fluorescence microscopy. The fluorescence intensity of zebrafish was quantified using ImageJ software. All results were

expressed as the mean ± standard deviation (SD) from more than three individual experiments; *p < 0.05 compared with the H2O2-stimulated group.
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NF-κB was reduced after treatment with 50 μM BDB and

H2O2 (Fig. 7A). The nuclear translocation of p65 increased

when cells were treated with H2O2, but BDB inhibited the

nuclear translocation of p65 (Fig. 7B). These results

demonstrate that BDB suppresses the phosphorylation and

nuclear translocation of NF-κB in H2O2-induced oxidative

stress in Vero cells.

Effect of BDB on H
2
O

2
-Caused Oxidative Stress in

Zebrafish Larvae

To confirm the protective effect of BDB on H2O2-induced

oxidative stress in zebrafish larvae, we analyzed survival

rates, ROS production, cell death, and lipid peroxidation

(Fig. 8). The survival rate was more than 80% for all

concentrations compared to the control, thus indicating

that all tested levels of BDB were non-toxic in zebrafish

larvae (Fig. 8A). H2O2-caused ROS production in zebrafish

larvae was 214% compared with that of the control group.

However, treatment with 12.5, 25, and 50 μM BDB and

H2O2 considerably reduced H2O2-induced ROS production

to 98.6%, 95.4%, 66.3%, and 67.8%, respectively. These

results indicated that the treatment of zebrafish larvae with

BDB markedly suppressed H2O2-induced ROS generation

(Fig. 8B). H2O2-induced cell death in zebrafish larvae

increased more than double that in the control group.

However, treatment with 12.5, 25, and 50 μM BDB and

H2O2 significantly reduced H2O2-induced cell death in a

concentration-dependent manner. Thus, these results

indicate that BDB significantly inhibits H2O2-induced cell

death in zebrafish larvae via inhibition of ROS production

(Fig. 8C). H2O2-caused lipid peroxidation in zebrafish was

115.5% compared with that of the control group. Lipid

peroxidation was dose-dependently reduced by BDB, but

there was no significant difference, and treatment with

50 μM BDB resulted in a similar value as in the control

group (Fig. 8D). Taken together, these results demonstrate

that BDB has a protective effect on H2O2-stimulated

oxidative stress in zebrafish larvae.

Discussion

ROS cause cellular and tissue injuries by inducing

oxidative damage in DNA, RNA, proteins, and lipids [28,

29]. The overexpression of ROS promotes apoptosis via

various mechanisms [29, 30]. Therefore, suppressing free

radicals such as DPPH, hydroxyl, and alkyl radicals is vital

to prevent apoptosis. In this study, BDB was shown to

protect against DPPH and alkyl radicals significantly and

to suppress intracellular ROS production considerably. The

results indicated that BDB has a vigorous scavenging

activity for free radicals and ROS and protects against

oxidative damage in cells.

The peroxidation of cell membrane lipids is one of the

major processes for oxidative damage. Lipid peroxidation

induces MDA, one of the essential by-products and a

marker for oxidative stress [31]. Hence, the inhibition of

lipid peroxidation is crucial for protecting against oxidative

stress in H2O2-stimulated cells. Therefore, we evaluated the

protective effect of BDB on H2O2-induced lipid peroxidation

in Vero cells. Treatment with 500 μM H2O2 increased lipid

peroxidation compared with that of the control. However,

H2O2-induced lipid peroxidation was inhibited by BDB in

Vero cells. The result indicates that BDB can suppress

oxidative stress-induced lipid peroxidation in cells.

Apoptosis is called programmed cell death. It is a

generally occurring cell death process that is vital for the

healthy development and homeostasis of multicellular

organisms [32, 33]. The morphologic pattern of cell death is

characterized by the shrinking of the cell, membrane

blebbing, production of apoptotic bodies, and chromatin

condensation, concluding in cell fragmentation [34]. The

phenomenon can be induced by various factors, including

receptor-mediated signals such as those from ROS, metals,

and pathophysiologic conditions. Regarding these factors,

recent studies have proved that ROS and oxidative stress

play a critical role in apoptosis. In this study, Vero cells

exposed to 500 μM H2O2 exhibited distinct features of

apoptosis, including the presence of apoptotic bodies and

increased sub-G1 DNA content. However, BDB considerably

inhibited the formation of apoptotic bodies and decreased

the sub-G1 DNA content, resulting in a lower percentage of

apoptotic cells. BDB also protected against H2O2-induced

cell death. Thus, the results show that BDB protects against

cell death by inhibiting H2O2-induced apoptosis.

The Bcl-2 family of proteins plays major roles in

apoptosis, and Bax, a member of the Bcl-2 family, is a pro-

apoptotic factor [35, 36]. Bax promotes the release of

mitochondrial cytochrome c and causes caspase activation.

Bcl-2 and Bcl-xL prevent Bax-regulated cytochrome c

release and cell death [36, 37]. Caspases, a family of

cysteine proteases, including caspase-3 and caspase-9, play

an essential role in the execution stage of apoptosis and are

involved in many changes associated with apoptosis [38-

40]. Cleaved caspase-9 processes other caspase members,

including caspase-3 and caspase-9, to begin the caspase

cascade, which leads to apoptosis [39, 40]. These caspases

cleave intracellular substrates, such as poly (ADP-ribose)

polymerase (PARP) and lamins, during the execution stage
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of apoptosis [39]. PARP plays a critical role in the

maintenance of cell viability. However, the cleavage of

PARP promotes cellular degradation and is widely used as

a marker for apoptotic cells [40, 41]. In this study, we

performed western blot analysis to reveal the mechanisms

of apoptosis in H2O2-stimulated Vero cells. When the cells

were treated with H2O2, the protein levels of Bax, cleaved

caspase-9, and PARP increased; however, BDB inhibited

the expression of Bax, cleaved caspase-9, and PARP,

demonstrating that BDB significantly affects the mechanism

of apoptosis by regulating Bax.

NF-κB is a transcription factor thought to play a crucial

role in the onset of cell apoptosis. The transcription factor

NF-κB exists as a heterodimer of p50 and p65 and is bound

in the cytoplasm by IkB [42]. In previous studies, it was

indicated that H2O2 induced the activation of NF-κB in

several types of cells [43], and ROS were found to stimulate

the NF-κB signaling pathway directly [44, 45]. Moreover,

the activation of NF-κB is inhibited by antioxidants [46]. In

the present study, we confirmed the effect of BDB on the

activation of NF-κB in H2O2-exposed Vero cells. H2O2

induced the activation of NF-κB in Vero cells; however,

BDB markedly inhibited this activation. Besides, when

Vero cells were exposed to H2O2, the nuclear translocation

of p65 increased, but when cells were pre-treated with

BDB, the translocation of p65 was considerably suppressed.

These results suggest that BDB suppresses H2O2-induced

apoptosis by regulating the NF-κB pathway. 

The zebrafish model has been used in a variety of

research fields, and it has many benefits such as a small

size, rapid development, optical transparency, and easy

handling in experimental settings [47-49]. In particular,

researchers have used zebrafish as animal models in drug

discovery studies investigating oxidative stress [47, 50].

Therefore, we evaluated the effect of BDB on survival rate,

generation of ROS, cell death, and lipid peroxidation using

H2O2-induced oxidative stress in the zebrafish model. All

concentrations of BDB were non-toxic in zebrafish. H2O2

induced ROS generation, cell death, and lipid peroxidation

in zebrafish larvae. However, treatment of zebrafish larvae

exposed to H2O2 with BDB significantly reduced generation

of ROS and induction of cell death. BDB reduced lipid

peroxidation, although the difference was not significant.

Therefore, these results demonstrated that BDB could

protect against H2O2-caused oxidative stress in the zebrafish

model.

In conclusion, we demonstrated that BDB decreased

H2O2-induced oxidative stress in Vero cells by reducing

ROS levels and lipid peroxidation. Furthermore, BDB

blocked H2O2-induced apoptosis via the regulation of Bax

and NF-κB. Moreover, BDB inhibited oxidative stress,

including ROS and NO generation in zebrafish larvae.

Taken together, BDB protects against oxidative stress in

vitro and in vivo, demonstrating that BDB may be an

effective antioxidant for use as an additive in functional

foods.
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