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ABSTRACT

We have investigated the cytoprotective effect of eckol, which was isolated from Ecklonia
cava, a phlorotannin found in E. cava on hydrogen peroxide (H,0O,)-induced mitochondrial
dysfunction. When H,0, was used to induce an increase in mitochondrial reactive oxygen
species (ROS) in Chang liver cells, eckol treatment decreased high level of ROS. Eckol also
attenuated intracellular Ca®’ levels that have been induced by H,0,. Furthermore, eckol
recovered ATP levels and succinate dehydrogenase activity that had been decreased by H,O,
treatment. We conclude these results suggest eckol decreased mitochondrial ROS
accumulation, balanced intracellular Ca®* levels, and improved mitochondrial energy
production, thus recovering mitochondrial function. Manganese superoxide dismutase (Mn
SOD) is an important antioxidant enzyme that plays a role in cytoprotection against
oxidative stress induced mitochondria cell damage. Eckol recovered Mn SOD expression
both at the level of mRNA and protein in Chang liver cells, resulting in increased Mn SOD
activity. Eckol is able upregulate the AMP-activated protein kinase (AMPK)-mediated
phosphorylation of Forkhead box O3a (FOXO3a). Eckol enhanced the level of nuclear
translocation and activity of Mn SOD which was decreased by H,O, Specific FOXO3a
siRNA and AMPK siRNA attenuated Mn SOD expression, while eckol recovered it. Eckol
treatment enhanced the Mn SOD protein expression which was knockdown by Mn SOD
siRNA DEDTC (a Mn SOD inhibitor) and Mn SOD siRNA markedly abolished the
cytoprotective effect of eckol against H,O,-induced cell damage. These studies demonstrate
that eckol attenuates mitochondrial oxidative stress by activating AMPK/FOXO3a-mediated

Mn SOD induction.
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1. INTRODUCTION

Oxidative stress resulting from the increase of reactive oxygen species (ROS) such
as superoxide, hydrogen peroxide (H,O;), and hydroxyl radical are produced as
by-products of normal cellular metabolism. ROS can cause irreversible cellular injury and
dysfunction by directly oxidizing and damaging DNA, protein, and lipids that has been
associated with the underlying pathogenesis of a wide variety of diseases and also with
degenerative processes associated with aging (1, 2). High concentrations of ROS can alter
the balance of endogenous protective systems and attack mitochondria. Calcium ions and
other apoptosis-related factors may be released from damaged mitochondria into the cytosol
following dysfunction of the mitochondrial membrane that regulates cell apoptosis (3).
Mitochondrial dysfunction has been correlated with diabetes mellitus (4), nonalcoholic fatty
liver disease (5), and neurodegenerative diseases like Alzheimer’s disease (6, 7). Therefore,
it is essential the cell have protective mechanisms that defend against damage caused by
ROS. Manganese superoxide dismutase (Mn SOD), as the primary antioxidant enzyme for
scavenging superoxide radicals in mitochondria, is essential for the survival of all aerobic
organisms (8). Dysregulation of Mn SOD in the form of under-expression is being
investigated relative to various disease including myriad neurological disorders (9) and
cancer (10). Overexpression of Mn SOD has been shown to protect against oxidative stress
induced cell death and tissue injury (11). The protein products of these genes that are
selectively regulated through the hibernation cycle. The FOXO (forkhead box O) family of
Forkhead transcription factors (FOXOI1, FOXO3, F FOX04, and FOXO6a) plays an
important role in the regulation of crucial cellular processes. Recent studies have identified a
number of FOXO-regulated genes involved in a variety of cellular stress responses, ranging

from defence against oxidative and caloric stresses to DNA repair (12-15). In particular,

6
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FOXO3a responds to cellular stress (including to oxidative stress) by inducing cell cycle
arrest, repair of damaged DNA, and apoptosis via upregulation of genes that control these
processes (16-20). The activation of FOXO3a is mediated by up-regulation of the
transcription of the ROS scavenging enzymes superoxide dismutase 2 (SOD2, also known as
Mn SOD) and catalase (21, 22).

FOXO3a transcription factors are good candidates to be regulated by AMPK, which is an
important signaling pathway involved in ROS regulation. AMPK (AMP-activated protein
kinase) plays a critical role in cellular responses to low energy levels by switching off
pathways that consume energy and switching on those that produce it (23). AMPK is known
to be activated under conditions that deplete cellular ATP and elevate AMP levels, such as
glucose deprivation, hypoxia, ischaemia and heat shock (24-26). As a further mechanism of
regulation, it has been recently shown that the activation of the energy sensor pathway,
which is triggered by an increased AMP/ATP ratio, leads to the AMPK-mediated
phosphorylation of FOX0O3a (27). Besides, AMPK is also required for FOXO3a-dependent
transcription of thioredoxin during oxidative stress response (28).

Therefore, we hypothesis eckol alternative pathway of AMPK activation, triggered by
mitochondrial ROS and involving FOXO3a and its target genes (SOD2, catalase, PGCla)
(29). Eckol is a trimeric phloroglucinol with a dibenzeno-1, 4-dioxin skeleton, and is one of
the major phlorotannins isolated from Ecklonia cava. E. cava is a brown alga
(Laminariaceae) that is abundant in the subtidal regions of Jeju island, Korea. It has been
reported that the Ecklonia species exhibits radical scavenging activity (30-32), cytoprotective
properties against oxidative stress (33-37), and heme oxygenase-1 inducing activity (38).
However, the mechanisms of eckol involved are not completely understood. Therefore, the
present study was undertaken to investigate whether is upregulation of Mn SOD in Chang

liver cell mediated by AMPK/FOXO3a dependent pathway.
7
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2. MATERIALS AND METHODS

2.1. Reagents

Eckol (Fig. 1A) was provided by professor Nam Ho Lee of Jeju National University (Jeju,
Korea). The purity of eckol was assessed by HPLC and was > 90%. Eckol was freshly
dissolved in dimethyl sulfoxide (DMSO), The 2',7'-dichlorodihydrofluorescein diacetate
(DCF-DA) and [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide (MTT) were
purchased from Sigma Chemical Company (St. Louis, MO, USA). Dihydrorhodamin 123
(DHR 123) and Rhod-2 acetoxymethyl ester (rthod-2AM) were purchased from Molecular
Probes (Eugene, OR, USA). Compound C was purchased from Calbiochem Co. (San Diego,
CA, USA) and MnSOD inhibitor DEDTC from Sigma Chemical Company (St. Louis, MO,
USA). Phospho-acetyl-CoA-carboxylase (ACC) (Ser79), phospho-AMPKa (Thrl172),
phospho- Forkhead boxO3a (FOXO3a) and B-actin antibodies were purchased from Cell
Signaling Technology (Beverly, MA, USA). The other chemicals and reagents were of

analytical grade.

2.2. Cell culture

The human hepatocyte-derived cell line termed Chang liver cells were obtained from the
American type culture collection (Rockville, MD, USA), and the cells were maintained at
37 °C in an incubator with a humidified atmosphere of 5% CO, in air, and cultured in RPMI
1640, containing 0.1 mM non-essential amino acids 10% heat-inactivated fetal calf serum,

streptomycin (100 pg/ml) and penicillin (100 units/ml).
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2.3. Mitochondrial ROS Measurement

The Chang liver cells were seed on to a coverslip loaded six well plate at 1x10’ cells/well. At
16h after plating, cells were treated with eckol at 10 pg/ml and 1hr later, 600 uM H,O, was
added to the plate. After changing the media, 20 uM of DHR 123 was added to each well and
the plate was incubated for an additional 30 min at 37 °C. After washing with PBS, the
stained cells were mounted onto a microscope slide in mounting medium (DAKO,
Carpinteria, CA). Images were collected using the Laser Scanning Microscope 5 PASCAL
program (Carl Zeiss, Jena, Germany) on a confocal microscope. The level of mitochondrial
ROS was also detected by flow cytometry. Cells were loaded for 30 min at 37 °C with 20
uM DHR 123 at indicated time and supernatant was removed by suction and after trypsin
treatment, cells were washed with PBS. Fluorescence of DHR 123 loaded cells was
measured using a flow cytometer. In addition, cells were seeded in a 96 well plate at a
concentration of 1x10° cells/ml, and 16 h after plating, were treated with 10 pug/ml eckol and
1hr later, 600 uM H,0O, was added to the plate. Cells were incubated for an additional 30 min
at 37 °C. After addition of 20 pM of DHR 123 solution for 10 min, the fluorescence was

detected using a Perkin Elmer LS-5B spectrofluorometer.

2.4. Mitochondrial Ca*" Measurements

Rhod-2 acetoxymethyl ester (Rhod-2 AM) was used to measure mitochondrial Ca®". This dye
has a net positive charge, which facilitates its sequestration into mitochondria due to
membrane potential-driven uptake (39). Fluorescence intensity after labeling was measured
by using both flow cytometry and confocal microscopy. Cells were seed on to a coverslip
loaded six well plate at 1x10° cells/well. At 16h after plating, cells were treated with eckol at
10 pg/ml and 30 min later, 600 pM H,0O, was added, and the mixture was incubated for 24

hours. After 1 uM of Rhod-2 AM was added to each well and the plate was incubated for an
9
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additional 15 min at 37 °C. After washing with PBS, the stained cells were mounted onto a
microscope slide in mounting medium (DAKO, Carpinteria, CA). Images were collected
using the Laser Scanning Microscope 5 PASCAL program (Carl Zeiss, Jena, Germany) on a
confocal microscope. For flow cytometry analyses, cells were seeded in six well plate at
1x10° cells/well and were treated with eckol at 10 pg/ml. After 30 min, 600 uM H,O, was
added, and the mixture was incubated for 24 hours. Cells were harvested, washed, and
suspended in PBS containing Rhod-2 AM (1 uM). After 15 minutes of incubation at 37°C,

the cells were washed, suspended in PBS.

2.5. Quantification of Cellular ATP Levels

The mitochondrial function was evaluated by measuring the cellular adenosine triphosphate
(ATP) production in cells. Cells were harvested and washed twice with PBS. The harvested
cells were then lysed on ice for 30 min in 200 pl of lysis buffer [25 mM Tris (pH 7.8), 270
mM sucrose, | mM EDTA] by sonicating three times for 15 s and centrifuged at 4 °C for 10
min at 16,000 x g. Supernatants were collected from the lysates and ATP content was
assayed using a luciferase/luciferin ATP determination kit (Molecular Probes, Eugene, OR)

(40).

2.6. Mitochondrial Succinate dehydrogenase activity

Mitochondrial function was estimated by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (41) customized for the assessment of mitochondrial
succinate dehydrogenase (SDH) activity (42, 43). Cells were seeded in a 96 well plate at a
con-centration of 1x10°cells/ml, and 16 h after plating, were treated with eckol at 10 pg/ml
and 30 min later, 600 uM H,O, was added to the plate and incubated for an additional 24 h at

37 °C. Fifty microliter of MTT stock solution (2 mg/ml) was then added to each well of a
10
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total reaction volume of 200 ul. After incubating for 4 h, the plate was centrifuged at 800 xg
for 5 min and the supernatants aspirated. The formazan crystals in each well were dissolved

in 150 pul DMSO and the As4 read on a scanning multi-well spectrophotometer (44).

2.7. Western blot

The harvested cells were then lysed on ice for 30 min in 100 pl of a lysis buffer [120 mM
NaCl, 40 mM Tris (pH 8), 0.1% NP 40] and centrifuged at 13,000 xg for 15 min. The
supernatants were collected from the lysates and the protein concentrations were determined.
Aliquots of the lysates (40 pg of protein) were boiled for 5 min and electrophoresed in 10%
SDS-polyacrylamide gel. The blots in the gels were transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA), and subsequently incubated with anti-primary
antibodies. The membranes were further incubated with secondary antiimmunoglobulin-G-
horseradish peroxidase conjugates (Pierce, Rockford, IL, USA), followed by exposure to X-
ray film. The protein bands were detected using an enhanced chemiluminescence western

blotting detection kit (Amersham, Little Chalfont, Buckinghamshire, UK).

2.8. Reverse transcriptase polymerase chain reaction

Total RNA was isolated from cells using Trizol (GibcoBRL, Grand Island, NY, USA).
Reverse transcriptase polymerase chain reaction (RT-PCR) was performed as described
previously (36). PCR conditions for MnSOD and for the housekeeping gene, GAPDH, were
as follows: 30 cycles of 94 °C for 15 sec; 60 °C for 30 sec; and 68 °C for 60 sec. The primer
pairs (Bionics, Seoul, Korea) were follows (forward and reverse, respectively): Mn SOD, 5'-
GACCTGCCTTACGACTATGG-3' and 5'-GACCTTGCTCCTTATTGAAG-3', 600bp; and
GAPDH, 5'-GTGGGCCGCCCTAGGCACCAGG-3'; and 5'-

GGAGGAAGAGGATGCGGCAGTG-3', 1054bp. Amplified products were resolved on 1%
11
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agarose gels, stained with ethidium bromide, and photographed under ultraviolet light.

2.9. Measurement of Mn SOD Activity

The Chang liver cells were seeded in a culture dish at a concentration of 1x10’ cells/ml, and
at 16 h after plating were treated with eckol at 10 pg/ml. After 1 h, 600 uM H,O, was
added to the plate, which was incubated more for a further 24h. The cells were then washed
with cold PBS and scraped. The harvested cells were suspended in 10 mM phosphate buffer
(pH 7.5) and then lysed on ice by sonicating twice for 15 s. Triton X-100 (1%) was then
added to the lysates and incubated for 10 min on ice. The lysates were clarified, by
centrifugation at 5000 x g for 10 min at 4°C, to remove cellular debris. The protein content
of the supernatant was determined by the Bradford method, using bovine serum albumin
(BSA) as the standard. The Mn SOD activity was used to detect the level of epinephrine
auto-oxidation inhibition (45,46). Fifty micrograms of protein was added to 500 mM
phosphate buffer (pH 10.2), 1 mM potassium cyanide (inhibitor of Cu Zn SOD), and 1 mM
epinephrine. Epinephrine rapidly undergoes auto-oxidation at pH 10 to produce
adrenochrome, a pink-colored product, which was assayed at 480 nm sing an
ultraviolet/visible (UV/VIS) spectrophotometer in the kinetic mode. Mn SOD inhibits the
auto-oxidation of epinephrine. The rate of inhibition was monitored at 480 nm and the
amount of enzyme required to produce 50% inhibition was defined as 1 unit of enzyme

activity. The Mn SOD activity was expressed as units per milligram protein.

2.10. Immunocytochemistry
Cells plated on coverslips were fixed with 4% paraformaldehyde for 30 min and
permeabilized with 0.1% Triton X-100 in PBS for 2.5 min. Cells were treated with blocking

medium (3% bovine serum albumin in PBS) for 1 h and incubated with phospho FOXO3a
12
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antibody diluted in blocking medium for 2 h. Immuno-reacted primary phospho FOXO3a
antibody was detected by a 1:500 dilution of FITC-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h. After washing with PBS,
stained cells were mounted onto microscope slides in mounting medium with DAPI (Vector,
Burlingame, CA, USA). Images were collected using the LSM 510 program on a Zeiss

confocal microscope.

2.11. Transient Transfection of Small RNA Interference (siRNA)

Cells were seeded at 1.5 x 10° cells/well in 24 well plate and allowed to reach
approximately 50% confluence on the day of transfection. The siRNA construct used was
obtained as mismatched siRNA control (siControl, Santa Cruz Biotechnology, Santa Cruz,
CA), siRNA against FOXO3a (siFOXO3a), siRNA against AMPK (siAMPK) and siRNA
against Mn SOD (siMn SOD) were purchased from Bioneer Corporation, Bioneer, South
Korea. Cells were transfected with 10-50nM siRNA wusing lipofectamineTM 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction. At 24 h after
transfection, the cells were treated with 10 ug/ml of eckol for 24 h and examined by either

Western blot analysis or MTT assay.

2.12. Cell viability assay

The effect of eckol on the viability of the Chang liver cells was determined by the MTT
assay, which is based on the reduction of a tetrazolium salt by mitochondrial dehydrogenase
in the viable cells [44]. The cells were seeded in a 96 well plate at a density of 1 x 10
cells/ml and treated with 10 pg/ml eckol, 10 uM DEDTC (inhibitor of Mn SOD) followed 2
h later by 600 uM H,0,. After incubated for 24 h at 37 °C, 50 ul of the MTT stock solution

(2 mg/ml) was then added to each well to attain a total reaction volume of 250 pl. After
13
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incubation for 2.5 h, the supernatants were aspirated. The formazan crystals in each well
were dissolved in 150 pl DMSO, and the ABSs4 was read on a scanning multi-well

spectrophotometer.

2.13. Statistical analysis
All measurements were made in triplicate and all values are represented as means + standard
error. Data were analyzed with analysis of variance (ANOVA) using the Tukey test. p <0.05

was considered significant.

14
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3. RESULTS

3.1. Reduction of mitochondrial ROS generated by oxidative stress in eckol treated cells
There were different levels in terms of mitochondrial ROS generation between cell
respiration (control) and H,O,-induced treatment as shown in Fig. 2, which was detected by
means of DHR 123 fluorescence dye. Analysis of confocal microscope revealed that eckol at
10 pg/ml reduced the red fluorescence intensity of H,O,-induced mitochondrial ROS as
shown in Fig. 2A. In addition, the level of mitochondrial ROS detected by flowcytometry
revealed a fluorescence intensity value of 162 in H,O,-treated cells with eckol at 10 pg/ml,
compared to a fluorescence intensity value of 201 in H,O,-treated cells (Fig. 2B), thus
reflecting a reduction in ROS generation. The fluorescence spectrometric data revealed that
H,0, treatment increased the level of mitochondrial ROS compared to control. However,
eckol at 10 pg/ml treatment attenuated the H,O,.induced ROS increase (Fig. 2C). These data

suggest that eckol is a scavenger of mitochondrial ROS.

15
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Fig.1. Chemical structure of eckol.
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Fig.2. The effect of eckol on H,O,-induced mitochondrial ROS generation. (A) Cells were
treated with eckol at 10 pg/ml. After lhr, 600 uM H,O, was added to the plate. After
changing the media, 20 pM of DHR 123 was added to each well and the plate was incubated
for an additional 30 min at 37 °C. The representative confocal images illustrate the increase
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in red fluorescence intensity of DHR 123 produced by ROS in H,0, -treated cells as
compared to the control and the lowered fluorescence intensity in H,O, -treated cells with
eckol (original magnification x 400). The mitochondrial ROS generated was detected by
flow cytometry (B), and spectrofluorometry (C) after the DHR 123 treatment. FI indicates
the fluorescence intensity of DHR 123. The measurements were made in triplicate and the
values were expressed as means = SEM. *Significantly different from control cells (p < 0.05),

**significantly different from H,O,-treated cells (p < 0.05).

138

Collection @ jeju



3.2. The effect of eckol on intracellular Ca2”

ROS can induce Ca®" release from mitochondria and result in an increase of cytosolic Ca**
levels. Analysis of confocal microscope revealed that eckol at 10 pg/ml reduced the red
fluorescence intensity of H,O,-induced mitochondrial ROS as shown in Fig. 3A. As shown
in Fig 3B, H,O,-treated cells with eckol revealed a fluorescence intensity value of 179, as
compared to a fluorescence intensity value of 270 in H,O,-treated cells. These data suggest

that eckol reduces intracellular Ca*" level induced by H,O, treatment.

19

Collection @ jeju



control eckol H,0, eckol+H,0,

FLizz || Fies | | FL20 | | FI; 179

control eckol H,0, eckol+H,0,

Fig.3. The effect of eckol on mitochondrial Ca* levels. Cells were treated with eckol at 10
pg/ml. After 1hr, 600 uM H,O, was added to the plate. After changing the media, 1 uM of
Rhod-2 AM was added to each well and the plate was incubated for an additional 30 min at
37 °C. The representative confocal images illustrate the increase in red fluorescence intensity
of Rhod-2 AM produced by mitochondrial Ca’" levels in H,0, -treated cells as compared to
the control and the lowered fluorescence intensity in H,O, -treated cells with eckol (original
magnification x 400). Then cells were harvested and Ca*" levels were detected by flow
cytometry (B). FI indicates the fluorescence intensity of Rhod-2 AM. *Significantly different

from control cells (p < 0.05), **significantly different from H,O,-treated cells (p < 0.05).
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3.3. Effect of eckol on intracellular ATP levels and succinate dehydrogenase activity

Mitochondrial injury is followed by the depletion of intracellular ATP levels. As shown in
Fig. 4A, H,0O, treatment reduced the ATP levels as compared to control, however, H,O,-
treated cells with eckol treatment recovered the ATP levels, suggesting eckol has a protective
effect against H,O,-induced loss of intracellular ATP levels. These data suggest that eckol
restores mitochondrial function by preventing the loss of mitochondrial membrane integrity.
Succinate dehydrogenase is an enzyme existing in the mitochondrial respiratory chain, and
its activity was assessed by MTT assay. As shown in Fig. 4B, a combination of eckol at 10
ug/ml and H,O, enhanced succinate dehydrogenase activity to 74%, as compared to 55% in
H,0,-treated cells. Taken together, these results indicate eckol recovers mitochondrial
function damaged by H,O, treatment through preventing loss of ATP levels and of succinate

dehydrogenase activity.

21
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Fig.4. The effects of eckol on intracellular ATP levels and succinate dehydrogenase activity.
(A) ATP content was assayed using a luciferase/luciferin ATP determination Kkit.
*Significantly different from control cells (p < 0.05), **significantly different from H,O,-
treated cells (p < 0.05). (B) Succinate dehydrogenase activity was detected by MTT assay.
*Significantly different from control cells (p < 0.05), **significantly different from H,O,-
treated cells (p < 0.05).
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3.4. Effect of eckol on Mn SOD Enzyme

Mn SOD acts as a first defense system to protect mitochondria and other cellular
components by scavenging superoxide anions in the mitochondria matrix (47). Treatment of
Chang liver cells with eckol induced a time-dependent manner enhancement in Mn SOD
protein expression (Fig. 5A). Also the increased Mn SOD expression correlated with Mn
SOD mRNA levels in time-dependent fashions in eckol-treated cells (Fig. 5B). Western blot
data revealed that H,O, treatment decreased the expression of Mn SOD. However, eckol
treatment elevated the Mn SOD protein levels attenuated by H,O, treatment (Fig. 5C). A
significant increase in Mn SOD activity was observed by eckol treatment in H,O,-treated

cells (Fig. 5D). This result suggests that eckol the increase in MnSOD activity.

23
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Fig.5. Effect of eckol on Mn SOD mRNA expression, protein expression, and enzyme
activity. (A) Cell lysates treated by a variety of time courses of eckol at 10 pug/ml was
electrophoresed and the expression of Mn SOD protein was detected by their respective
specific antibodies. (B) Cells were treated with eckol, total RNA was extracted, and Mn SOD
mRNA expression was analyzed by RT-PCR. The GAPDH band is shown to confirm
integrity and equal loading of RNA. (C) The Chang liver cells were treated with eckol at 10
pg/ml, followed by H,0O,-treated. Next, the cells were incubated for 24 h. Cell lysates was
electrophoresed, Mn SOD were detected by their respective specific antibodies. (D) The
enzyme activities are expressed as average enzyme unit per mg protein + SE. **significantly

different from H,O,-treated cells (p < 0.05).
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3.5. Eckol mediated on AMPK/FOXO3a signaling pathway

We examined whether eckol is able to activate AMPK-mediated with phosphorylation of
Foxo3a up-regulation. As shown in Figs. 6A and B, exposure to eckol caused an increase in
the phosphorylation of AMPK and FOXO3a in a time- dependent manner and confirmed by
the level of phosphorylation of ACC, which downstream of AMPK. The phosphorylated
FOXO03a was clearly increased in the eluted fraction of cells treated with eckol, and resulted
in a translocalization of FOXO3a protein from the cytosol to the nucleus. (Fig. 6C) These

results suggesting of the eckol mediated the involvement of the AMPK/FOXO3a pathway:.
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Fig. 6. Eckol mediated on AMPK/FOXO3a signaling pathway and FOXO3a

translocalization into nucleus. (A) Cell lysates treated by a variety of time courses of eckol at
10 pg/ml was electrophoresed and the expression of phospho AMPK was detected by the
respective specific antibodies. (B) Nuclear extracts from Chang liver cells were prepared
after treatment with 10 pg/ml of eckol for the indicated times. Western blot for nuclear

lysates were detected with on phosphorylation of FOXO3a specific antibody. (C).Confocal
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imaging using FITC-conjugated secondary antibody staining indicates the location of
phospho FOXO3a (green) by phospho FOXO3a antibody, DAPI staining indicates the
location of the nucleus (blue), and the merged image in eckol-treated cells and the merged
image in eckol-treated cells indicates the nuclear translocation of phospho FOXO3a
translocated into the nucleus (D) from eckol-treated cells was detected using

immunocytochemical analysis.
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3.6. Eckol activated Mn SOD via of AMPK/FOXO3a

To further elucidate the signaling pathway involved in eckol-mediated Mn SOD activation
and induction of FOXO3a. We analyzed whether FOXO3a pathways is involved in the
induction of Mn SOD expression. Cells were transfected with siFOXO3a for 24 h prior to
eckol treatment. As shown in Fig. 7A, the both constitutive and eckol-induced expression of
Mn SOD was markedly inhibited by siRNA knock down of FOXO3a gene. We then
analyzed whether AMPK pathways were involved in the induction of phospho-FOXO3a
activation and Mn SOD expression. Cells were pre-incubated for 30 min with inhibitors of
compound C (an AMPK inhibitor) and then treated with eckol for additional 24 h. The
effectiveness of these inhibitors was confirmed in eckol-treated cells with antibodies specific
for phospho-FOX03a and Mn SOD (data not shown). Increase in nuclear phospho-FOXO3a
accumulation and Mn SOD protein expression occurred following treatment with eckol as
expected. Inhibition of the AMPK pathways dramatically reduced the capacity of eckol to
increase FOXO03a and Mn SOD protein levels (Fig. 7B). To further confirm these
observations, cells were transfected with siAMPK. As shown in Fig. 7C, the expression of
nuclear phospho-FOX03a and Mn SOD were markedly inhibited in siAMPK-transfected
cells regardless of eckol treatment. These results indicate that AMPK is required to induce

Mn SOD expression as well as nuclear accumulation of FOXO3a.
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Fig.7. Induction of Mn SOD by eckol via AMPK/FOXO3a. (A) Cells were transfected in
10-50nM siControl and siFOXO3a. At 24 h after transfection, the cells were treated with 10
pg/ml of eckol for 24 h and the expression of Mn SOD protein was examined by Western
blot analysis. (B) Cells were incubated with eckol in presence of compound C. Next Cell
lysates were electrophoresed, and phospho-Foxo3a and Mn SOD were detected using their
respective specific antibodies.(C) Cells were transfected in 10-50nM siControl and siAMPK
for 24 h after transfection, the cells were treated with 10 pg/ml of eckol for 24 h and the
expression of phospho-FoxO3a and Mn SOD protein were examined by Western blot

analysis.
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3.7. Involvement of Mn SOD in cell damage induced by oxidative stress

As shown in Fig. 8, the protein expression of Mn SOD was markedly inhibited in siMn
SOD-transfected cells regardless of eckol treatment. To determine whether the increased
level of Mn SOD activity enhanced by eckol confers cytoprotection against oxidative stress,
Chang liver cells were pretreated with the Mn SOD inhibitor (DEDTC). DEDTC attenuated
the protective effect of eckol on H,O,-induced cytotoxicity and siMn SOD-transfected cells
exhibited similar results Therefore, the cytoprotective effect of eckol is likely to be mediated

through Mn SOD induction.
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Fig.8. The cytoprotective effect of eckol against H,O,-induced cell death. Cells were
transfected in 10-50nM siControl and siMn SOD. At 24 h after transfection, the cells were
pre-incubated with DEDTC at 10 uM for 30min, followed by 1 h of incubation with eckol
and exposure to 600 uM of H,O, for 24 h. Cell viability was measured using the MTT assay.
*Significantly different from H,0, treated cells (p < 0.05). **Significantly different from

eckol plus HyOstreated cells (p < 0.05).
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DISCUSSION

Marine algae have been well-known as an important source to produce natural bioactive
secondary metabolites including phenols and polyphenols with unique linkages (48)
Phlorotannin components, which are marine algal polyphenols and especially found in
brown algae, are polymers of phloroglucinol (49). Eckol is a polymer of phloroglucinol with
a polyphenol structure (Fig.1). We have previously shown that eckol protected cells against
H,0, induced cell damage via the cellular antioxidant activation, and ERK-NF«B activation
pathway (50). In additional , that it protected V79-4 lung fibroblast cells against gamma-ray
radiation-induced apoptosis by scavenging of ROS and inhibiting of the INK pathway (51).
Mitochondria contributes to a number of different processes in living cells, such as ATP
synthesis by oxidative phosphorylation, the production of ROS, and Ca®" uptake and release
(52), of which the most important is ATP synthesis by oxidative phosphorylation (53).
Oxidative stress may be induced by increasing generation of ROS and other free radicals.
ROS production by mitochondria can lead to oxidative damage to mitochondrial proteins,
membranes and DNA, impairing the ability of mitochondria to synthesize ATP and to carry
out their wide range of metabolic functions (54). In our result, H,O, increased the Ca®" levels,
and eckol inhibited the overloading of Ca®" in mitochondria (Fig.3). For Ca*" and ROS, a
delicate balance exists between beneficial and detrimental effects on mitochondria. The ATP
production and succinate dehydrogenase activity in the respiratory chain was decreased by
H,0O, treatment. Impaired mitochondrial function exposed to H,O, was restored by eckol
(Fig.4). Mitochondria are the major source of superoxide production and are subject to direct
attack by reactive oxygen species (ROS) (55,56). Superoxides in mitochondria are conveyed
through a series of electron carriers arranged spatially according to their redox potentials, but

superoxides are quickly dismutated to hydrogen peroxide (H,O,) by the mitochondrial
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manganese superoxide dismutase (Mn SOD) (57,58). To determine the mechanism of eckol
recovering H,O,-induced the attenuation of MnSOD mRNA level and protein expression, as
well as Mn SOD activity (Fig .5). In our study, we demonstrate that cytoprotective effect of
eckol is likely to mediate through Mn SOD induction via AMPK/FOXO3a dependent
pathway.

Recent studies are providing further insights into the complexity of forkhead box (FOXO)
regulatory pathways. The FOXO family of proteins is a large family of transcription factors
with diverse physiological functions. FOXO factors have been shown to be regulated by a
variety of additional stress stimuli, including DNA damage, nutrient deprivation, cytokines,
and hypoxia (59-63). Additionally, FOXO3a transcription factors protect against oxidative
stress by increasing the levels of the antioxidant enzymes Mn SOD and catalase and the
DNA repair enzyme GADDA45 (64-66).

Activation of FOXO3a factors by AMPK promotes the preferential expression of a gene
expression program that enhances cellular stress resistance (63,64). AMPK is a
heterotrimeric protein, comprising two catalytic (a1l and a2) and five different regulatory
(B1-2 and y 1-3) subunits, and functions as a protein serine/threonine kinase. AMPK is
activated by a mechanism independent of energy changes, but dependent on mitochondrial
ROS generated in response to the interaction of NO with the cytochrome ¢ oxidase (69,70).
As a further mechanism of regulation, it has been recently shown that the activation of the
energy sensor pathway, which is triggered by an increased AMP/ATP ratio, leads to the
AMPK-mediated phosphorylation of FOXO3a (69). Increasing evidence suggests that
AMPK can directly phosphorylate FOXO3, which mediates AMPKs ability to reduce cell
stress and increase cell survival (71.72).

We examined effect of eckol clearly induced the expression of phosphorylated AMPK and

FOXO3a in Chang liver cells. The increased FOX0O3a might play a role in its activation or
35

@ jeju



nuclear translocation (Fig 6). Our results demonstrated that the increase of Mn SOD protein
level induced by eckol was dependent on the activation AMPK/FOXO3a, since as well as
AMPK and FOXO3a siRNA decreased the eckol-induced accumulation of Mn SOD protein
through inhibition of AMPK/FOXO3a. These results show that AMPK/FOXO3a pathways
are regulated by eckol, and they participate in the induction of Mn SOD (Fig 7). In addition,
we showed that DEDTC (a potent inhibitor of Mn SOD), and Mn SOD siRNA can partially
reverse the protective effects of eckol, thus providing further evidence for MnSOD as a
possible cytoprotective pathway for eckol (Fig. 8).

In conclusion, eckol attenuated mitochondrial oxidative stress by activating
AMPK/FOXO3a-mediated Mn SOD induction, and this suggests its possible application in

the amelioration of mitochondrial ROS related pathological conditions (Fig.9).
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Figure 9. A proposed pathway for eckol-induced Mn SOD via up-regulation of
AMPK/FOXO3a, explaining the cytoprotective effect against oxidative stress in Chang liver

cells.
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