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ccelerates the regeneration of
liver damaged by H2O2 or MNZ treatment in
zebrafish

Seon-Heui Cha, †abd Ji-Hyeok Lee,†bc Eun-Ah Kim,e Chong Hyun Shin,*f

Hee-Sook Junabc and You-Jin Jeon*g

The liver is a vital organ in vertebrates and is vulnerable to oxidative stress that initiates a cascade of

intracellular toxic events that lead to activation of the redox system and subsequent cell death, causing

chronic liver diseases. Herein, we investigate the protective effect of phloroglucinol (PG), which is

a mono-unit of phlorotannins isolated from the brown marine alga Ecklonia cava, on oxidative stress-

induced damage in zebrafish. PG is found to reduce H2O2-induced toxicity in addition to H2O2-induced

oxidative stress damage. Consequently, PG reduces H2O2-induced hepatocyte death. Moreover, PG

accelerates liver regeneration after metronidazole (MNZ)-induced apoptosis. These results clearly

indicate that PG possesses prominent antioxidant activity in vivo. Therefore, it could be a potential

therapeutic agent for the prevention or treatment of liver diseases associated with oxidative stress.
1. Introduction

Oxidative stress arises due to an imbalance between the
production of reactive oxygen species (ROS) and antioxidant
scavenging activity. ROSs can cause oxidative damage to bio-
logical macromolecules such as DNA, lipids and proteins. In
addition, oxidative stress can induce a variety of cytokines such
as TNF-a, which might increase inammation and apoptosis.1,2

In particular, liver is a vital organ in vertebrates and easily
attacked by ROS.3 Oxidative stress is a major pathogenetic event
occurring in several liver disorders4 due to its redox control.
Chronic liver diseases are characterized by increased oxidative
stress, regardless of the cause of the liver disorder.

On the other hand, antibiotics used as therapeutic agents are
most oen associated with hepatotoxicity due to the widespread
prescription of these drugs.5 Since the use of antibiotics for
disease treatment is indispensable, there is a need for
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preventive and/or therapeutic agents that can protect and/or
regenerate the liver. To date, several natural products have
been reported to mitigate drug-induced toxicity.6 The dietary
nature and less adverse effects of natural products give them
advantages over other candidates for supplementary
medication.

Marine algae are composed of a variety of bioactive
substances such as polysaccharides, pigments, minerals,
peptides and polyphenols with valuable pharmaceutical and
biomedical potential.7 In particular, brown marine algae
contain various biological benets.8–12 The biological prop-
erties of the brown marine alga Ecklonia cava are attributed to
biologically-active secondary metabolites such as phlor-
otannins including phloroglucinol (PG).13–15 Phlorotannins
exhibit a variety of biological properties, including anti-
oxidative,16,17 anti-allergenic,18 neuroprotective,19 anti-
inammatory,20 and memory enhancing effects.21 PG is
a structurally powerful radical scavenger and the most
abundant compound in phlorotannin extracts from brown
marine algae.16–22

The zebrash (Danio rerio) has been widely used as an
alternative animal model to study drug discovery and toxi-
cology,23,24 particularly, liver injury or disease models.25,26 The
advantages of the zebrash include its small size, fecundity,
large clutches, low cost, physiological similarity to mammals,
and rapid embryonic development, which facilitates morpho-
logical monitoring. In particular, its embryos and juveniles are
useful for imaging studies because their transparency allows
visualization of specic cells, tissues, and organs.27,28 In addi-
tion, liver transgenic models are available that can be used to
assess efficacy for MNZ-induced liver damage.29,52,53
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Phloroglucinol attenuation of H2O2-induced toxicity in zebrafish. (A) Chemical structure of phloroglucinol. (B) Survival rate of zebrafish
after treatment with 5 mM H2O2 and pretreatment with 50 mM phloroglucinol. (C) Heart rate of zebrafish after treatment with H2O2 and
pretreatment with phloroglucinol. Heart rate was measured at 48 h post-fertilization (hpf), the number of heart rates in 3 min was counted, and
the results are expressed as beats per min. (D) Photographs of zebrafish embryos after treatment with H2O2 or pretreatment with phloroglucinol.
The embryos were treated with and pretreated with phloroglucinol. (E) Morphological defects from treatment with H2O2. Scale bar: 100 mm.
Experiments were performed in triplicate. p values were determined using one-way ANOVA. **p < 0.01.
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In this study, we examine the liver protective effect of PG
isolated from the brown marine alga E. cava on oxidative stress-
induced toxicity caused by H2O2 or MNZ in zebrash.
2. Materials and methods
2.1. Preparation of PG from E. cava

The marine brown alga E. cava was collected along the coast of
Jeju Island, Korea, between October 2013 and March 2014. The
sample was washed three times with tap water to remove the
salt, epiphytes, and sand attached to its surface. Subsequently,
it was carefully rinsed with fresh water, and maintained in
a medical refrigerator at �20 �C. Thereaer, the frozen samples
were lyophilized and homogenized with a grinder prior to
This journal is © The Royal Society of Chemistry 2017
extraction. PG was isolated as previously described9,30 and its
chemical structure is presented in Fig. 1A.
2.2. Zebrash maintenance

Adult zebrash were obtained from Korean zebrash bank
(ZOMB) and 20–25 sh were kept in a 3 L acrylic tank under the
following conditions: 28.5 �C, with a 14/10 h light/dark cycle. The
zebrash were fed three times a day, 6 d per week, with Tetramin
ake food supplemented with live brine shrimps (Artemia salina).
Embryos were obtained from natural spawning, which was
induced in the morning by turning on the light. Collection of the
embryos was completed within 30 min. Zebrash (Danio rerio)
embryos were obtained and maintained according to standard
procedures. The wild type and transgenic zebrash
Tg(fabp10:dsRed, ela3l:GFP)gz12 53 was used for protective effect
RSC Adv., 2017, 7, 46164–46170 | 46165
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experiments and transgenic zebrash Tg(fabp10a:CFP-NTR)gt1 53

was used in the experiment for liver regeneration. The
Tg(fabp10:dsRed, ela3l:GFP)gz12 transgenic line was generated with
the uorescent protein DsRed and Tg(fabp10a:CFP-NTR)gt1 was
generated with the uorescent protein Cyan fused to NTR and
driven by the hepatocyte-specic promoter lfabp.31 The transgenic
line was adopted to conrm the PG effect of liver regeneration on
antibiotics. The adult zebrash procedures used in the
present study were conducted according to the guidelines estab-
lished by the Jeju National University Ethics Review Committee
for Animal Experiments and approved by the Ethical Committee
(IEC) of the Jeju National University.

2.3. Treatment of PG, H2O2, and MNZ to zebrash embryos

Approximately 7–9 h post-fertilization (hpf), embryos (n ¼
10–13) were transferred to a 12-well plate and maintained in
1 mL of embryo medium. In the H2O2 treatment experiments,
embryos were incubated in the presence of PG prior to the
addition of H2O2 (5 mM) up to 120 h post-fertilization (120 hpf).
In addition, the embryos were rinsed in embryo medium and
anaesthetized before experiments. To ablate the hepatocytes
from the embryos, they were treated with freshly prepared
15 mM MNZ at 3 day in the dark. Aer 24 h, the embryos were
rinsed in embryo medium and anaesthetized to observe phase
and uorescence images (Leica, Germany). For confocal
microscopy, the embryos were xed in 4% paraformaldehyde
overnight at 4 �C and washed with PBS for 5 min at room
temperature. Aer washing several times with PBS, the whole
liver was isolated from the embryos, and subsequently mounted
with Vectashield (Vector Laboratories, Burlingame, CA), and
observed using a confocal microscope (Zeiss, Germany).
Fig. 2 Phloroglucinol reduces H2O2-induced oxidative stress in zebr
generation in zebrafish embryos. (B) Inhibitory effect of phloroglucinol o
effects of phloroglucinol on H2O2-induced cell death and tissue damage
pretreated with 50 mM phloroglucinol. Scale bar: 100 mm. Experiments w
ANOVA. **p < 0.01, *p < 0.05.

46166 | RSC Adv., 2017, 7, 46164–46170
2.4. Measurement of heart rates

The heart rates of both atrium and ventricle were measured at
35 hpf of the experiment to determine sample toxicity.32

Counting and recording of atrial and ventricular contractions
were performed for 3 min under a microscope, and results are
presented as the average heart rate per min.

2.5. Estimation of intracellular ROS, lipid peroxidation and
cell death

Intracellular ROS production using DCFH-DA probe, lipid per-
oxidation using DPPP probe and cell death using acridine
orange staining on zebrash were examined as previously
described.16 The embryos were anaesthetized and individual
embryo uorescence images were observed using a uorescence
microscope equipped with a color digital camera (Zeiss,
Germany). The images were analyzed using the AxioVision
Microscopy Soware (Zeiss, Germany).

2.6. Statistical analysis

All measurements were made in triplicate and all values
are presented as mean � S.E. The results were subjected
to an analysis of variance using the Tukey test to
analyse differences. Values of p < 0.05 were considered signicant.

3. Results
3.1. PG attenuates H2O2-induced toxicity in zebrash

It was determined that PG exhibits a protective effect against
H2O2-induced toxicity in zebrash. A signicantly lower
survival rate was observed in the zebrash treated with H2O2
afish. (A) Inhibitory effect of phloroglucinol on H2O2-induced ROS
n H2O2-induced lipid peroxidation in zebrafish embryos. (C) Protective
in zebrafish embryos. The embryos were treated with 5 mM H2O2 and
ere performed in triplicate. p values were determined using one-way

This journal is © The Royal Society of Chemistry 2017
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(around 60% survival), whereas PG pretreatment increased
the survival rate to approximately 90% (Fig. 1B). PG alone did
not show any toxicity in zebrash. Heart rate is another
indicator of toxicity in the test. A marked increase in heart
rate was recorded for the H2O2-treated zebrash. On the other
hand, the PG pretreatment did not generate any heat rate
disturbance (Fig. 1C). In the morphological evaluations, the
H2O2-treated zebrash showed several typical morphological
defects such as short body lengths, bent tails, pericardial
edema, cataracts, abnormal absorption of yolk and red blood
cell accumulation (Fig. 1D and E); however, the PG pretreat-
ment prevented conspicuous adverse effects (Fig. 1D), which
suggests that PG has protective effects against H2O2-induced
oxidative toxicity in zebrash.

3.2. PG reduced H2O2-induced ROS production, lipid
peroxidation, and cell death in zebrash

PG has been known to be an excellent radical scavenger.9

Therefore, we tested whether PG scavenges H2O2-induced ROS
produced in zebrash. A signicantly higher ROS level was
observed in the zebrash treated with H2O2, whereas ROS
production was inhibited by the PG pretreatment (Fig. 2A).
Fig. 3 Phloroglucinol protects from H2O2-induced liver damage in zeb
a fluorescence microscope (Leica, Germany). (C) Images of zebrafish live
were treated with 5 mM H2O2 and pretreated with 50 mM phloroglucino

This journal is © The Royal Society of Chemistry 2017
Lipid peroxidation is also used as an indicator of oxidative
stress in cells and tissues. The generation of DPPP oxide was
inhibited in zebrash by the PG pretreatment compared with
the control group without PG pretreatment (Fig. 2B). To eval-
uate whether PG protects against H2O2-induced cell death,
acridine orange staining was adopted in the zebrash. The
H2O2 treatment caused a signicant increase in acridine orange
stained cells, whereas the PG pretreatment reduced the amount
of H2O2-induced acridine orange stained cells (Fig. 2C). These
results suggest that PG pretreatment inhibits ROS production,
lipid peroxidation and cell death, which shows protective
properties against H2O2-induced oxidative toxicity in zebrash.

3.3. PG reduced H2O2-induced liver toxicity in zebrash

The liver is a vital organ in vertebrates and is vulnerable to
oxidative stress, which consequently can cause severe hepatic
injury. Therefore, we evaluated whether PG attenuates
H2O2-induced liver toxicity in transgenic Tg(lfabp-DsRed)
zebrash. As expected, the liver tissues of the normal group
showed normal architecture hepatocytes. In the H2O2 treatment
group, the liver showed a distorted architecture with cellular
necrosis. The group treated with PG and H2O2 displayed a less
rafish. (A) Phase contrast and (B) fluorescence images observed using
r observed with a confocal microscope (Zeiss, Germany). The embryos
l. (A and B) Scale bar: 100 mm. (C) Scale bar: 10 mm.

RSC Adv., 2017, 7, 46164–46170 | 46167
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distorted architecture than the H2O2 treatment group (Fig. 3),
which suggests that PG exhibits liver protective effects against
H2O2-induced oxidative toxicity in zebrash.
3.4. PG accelerates regeneration of liver ablated by MNZ in
zebrash

The hepatocytes of zebrash are specically damaged by
bacterial nitroreductase (Ntr), which is damaged by MNZ and
starts to recover aer the removal of MNZ.29 To determine
whether PG can regenerate the liver aer it is ablated by MNZ,
the transgenic Tg(lfabp-cfp-Ntr) line was used. The liver
tissues of the normal group showed normal architecture
hepatocytes. In the MNZ treatment group, the liver showed
a distorted architecture with a lower number of hepatocytes,
whereas, in the post-treatment PG group, the liver architec-
ture was mostly similar to that of the control (Fig. 4), which
suggests that PG accelerates the regeneration of the zebrash
liver.
4. Discussion

In the present study, we provide compelling evidence of PG as
a new therapeutic drug or supplement model by showing the
liver protective and regenerative effects of PG on typical path-
ological features of oxidative damage in zebrash.

First, we demonstrated that PG prevents H2O2-induced
oxidative toxicity by scavenging free radicals in zebrash.
Fig. 4 Phloroglucinol accelerates liver regeneration in MNZ-induced
fluorescence images observed using a fluorescence microscope (Leic
microscope (Zeiss, Germany). The embryos were treated with 15 mM M
100 mm. (C) Scale bar: 10 mm.

46168 | RSC Adv., 2017, 7, 46164–46170
Oxidative stresses induce cellular damage by distorting
biochemical components such as enzymes, lipids, proteins and
DNA.33 High levels of ROS increase the pathogenesis of a wide
variety of diseases.34–38 Cells are protected from ROS-induced
damage by a variety of endogenous ROS-scavenging enzymes,
chemical compounds, and natural products. Recently,
increasing interest has been focused on plants as natural
therapeutic agents due to their high antioxidant content.

The physiological benets of phlorotannins are generally
thought to be due to their antioxidant and free radical scav-
enging properties, even though phlorotannins display other
biological activities.14,39,40 Particularly, phlorotannins increase
the levels of antioxidant enzymes, including superoxide dis-
mutase, catalase, and glutathione peroxidase,41 and reduce the
levels of pro-inammatory enzymes, including nitric oxide
synthase and cyclooxygenase-2 (COX-2),42 thus inhibiting ROS
formation. Several ROS-induced pathways blocked by phlor-
otannins have also been identied; these include ROS-induced
apoptotic pathways, the mitochondrial apoptotic pathway, the
c-Jun N-terminal kinase (JNK) pathway, and pathways involving
NF-kB, caspase-3, and Bax.42–45 In addition, the antioxidant
effect of PG has been reported in in vitro systems.46,47 Therefore,
the antioxidant activities of PG in assays led us to further
investigate its effects in oxidative stress in an in vivo model.

Second, the liver is the organ responsible for the metabolism
and detoxication of xenobiotics, and is also the main target for
antioxidants. Therefore, we demonstrate that PG prevents and
recovers oxidative stress-induced liver toxicity. Antibiotics are
cell death and tissue damaged zebrafish. (A) Phase contrast and (B)
a, Germany). (C) Images of zebrafish liver observed with a confocal
NZ and post-treated with 400 mM phloroglucinol. (A and B) Scale bar:

This journal is © The Royal Society of Chemistry 2017
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hepatotoxic,48 and therefore protection or regeneration of
hepatocytes is important in the use of antibiotics. Our results
prove that the PG pretreatment signicantly decreases oxidative
stress-induced liver toxicity as well as PG post-treatment
promotes liver regeneration, which may be due to the antioxi-
dant effect of PG. Interestingly, several natural phenolic
compounds, such as resveratrol, show protection from hepa-
tocyte toxicity and the molecular mechanisms underlying this
action are antioxidant effects.49 Pomegranate, which contains
phenolic constituents, has also been reported to reduce hepa-
totoxicity,50 and pretreatment of resveratrol effectively reversed
liver toxicity and resulted in a signicant improvement in
hepatic function in cat models.51 Accordingly, PG may reduce
liver toxicity via the same mechanisms as antioxidant effects.

In conclusion, the results obtained in the present study show
that PG isolated from E. cava can effectively protect the liver
from damage induced by H2O2. Moreover, PG exhibits liver
regenerative effects. These results reveal that PG can be used as
an ingredient for nutra/pharmaceutical agents related to liver
diseases.
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