
RESEARCH ARTICLE

Scavenging of reactive oxygen species by

astaxanthin inhibits epithelial–mesenchymal

transition in high glucose-stimulated

mesothelial cells

Kazuaki Hara1, Chieko Hamada1*, Keiichi Wakabayashi1, Reo Kanda1,2, Kayo Kaneko1,

Satoshi Horikoshi1, Yasuhiko Tomino1,2, Yusuke Suzuki1

1 Department of Nephrology, Juntendo University Faculty of Medicine, Bunkyo, Tokyo, Japan, 2 Ikegami

General Hospital, Tokyo, Japan

* chieko@juntendo.ac.jp

Abstract

Background

High glucose concentrations influence the functional and structural development of the

peritoneal membrane. We previously reported that the oral administration of astaxanthin

(AST) suppressed peritoneal fibrosis (PF) as well as inhibited oxidative stress, inflamma-

tion, and epithelial–mesenchymal transition (EMT) of peritoneal mesothelial cells (PMCs)

in a chlorhexidine-induced PF rat model. This suggests that oxidative stress induction

of EMT is a key event during peritoneal damage. The present study evaluated the

therapeutic effect of AST in suppressing EMT, in response to glucose-induced oxidative

stress.

Methods

Temperature-sensitive mesothelial cells (TSMCs) were cultured in the presence or absence

of AST and then treated with 140 mM glucose for 3 or 12 hours. Expression levels of TNF-α,

TGF-β, and VEGF were determined at the mRNA and protein levels, and nuclear factor

kappa B (NF-κB) activity was evaluated. We measured NO2
−/NO3

− concentrations in cellu-

lar supernatants and determined 8-hydroxy-20-deoxyguanosine (8-OHdG) levels in mito-

chondrial and nuclear DNA. The expressions of E-cadherin and alpha-smooth muscle actin

(α-SMA) were evaluated by double immunofluorescence and protein levels.

Results

High glucose concentrations induced overproduction of reactive oxidative species (ROS),

increasing 8-OHdG mitochondrial DNA and cytokine levels. The NF-κB pathway was acti-

vated in response to high glucose concentrations, whereas de novo α-SMA expression was

observed with decreased E-cadherin expression. AST treatment attenuated ROS produc-

tion, inflammatory cytokine production, NF-κB activation, and EMT.
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Conclusion

The findings of the present study indicate that AST may have an anti-EMT effect due to anti-

oxidative and anti-inflammatory activities by scavenging glucose-induced ROS from mito-

chondria in PMCs. AST may be an efficacious treatment for PF.

Introduction

Peritoneal dialysis (PD) is an attractive treatment option for patients with end-stage kidney

disease. Preservation of residual renal function and quality of life are the main advantages of

PD. However, over the long term, PD patients develop functional and morphological alter-

ations in the peritoneal membrane [1], limiting treatment benefits. The cumulative exposure

of the peritoneum to unphysiologically high concentrations of glucose induces morphological

changes in the peritoneum, including mesothelial cell loss, vasculopathy, and fibrotic thicken-

ing of the peritoneal interstitium [2–4]. The epithelial–mesenchymal transition (EMT) plays a

crucial role in peritoneal fibrosis (PF) [5]. Previous reports indicate that glucose degradation

products and advanced glycation end products induce functional and morphological perito-

neal alterations [6], with alterations also observed in some patients during early phase PD ther-

apy. Ciszewics et al. reported that high glucose concentrations accelerate aging in human

peritoneal mesothelial cells (PMCs) [7]. Therefore, high glucose concentrations may directly

injure mesothelial cells. Recently, neutral PD solutions have been shown to suppress the devel-

opment of peritoneal morphological alterations [8]; however, high concentrations of glucose

remain with the use of osmotic agents in PD solutions. It is important to evaluate the process

of PF in response to high glucose concentrations to develop novel treatments. High glucose

concentrations lead to the production of electrical potentials within the mitochondrial electron

transfer system and production of O2
- at the intracellular membrane [9]. Nishikawa et al. pos-

ited that ROS production, in response to high concentrations of glucose, may contribute to

several complications of diabetes mellitus [10]. We previously reported that the oral adminis-

tration of astaxanthin (AST) diminished PF in chlorhexidine-induced PF rats [11]. AST is a

prevalent carotenoid, with a polar structure at either end of the molecule, and a potent capacity

for quenching ROS due to the presence of two oxygenated groups. Further, the structure of

AST allows stable binding over the polar-nonpolar-polar span of the cell membrane [12]. ROS

scavenging in the cellular membrane is the major anti-oxidative mechanism of AST. There-

fore, we consider ROS to be a non-specific but crucial factor in peritoneal injury, particularly

PF. We hypothesized that unphysiologically high concentrations of glucose in PD solution

directly induce ROS in PMCs as an early reaction, with ROS then inducing EMT via several

pathways. Therefore, the present study evaluated the therapeutic effect and underlying mecha-

nisms of AST in suppressing EMT in response to glucose-induced oxidative stress.

Materials and methods

Preparation of temperature-sensitive mesothelial cells

We used stocked temperature-sensitive mesothelial cells (TSMCs) established from tempera-

ture-sensitive Simian virus 40 (SV40) large T-antigen gene transgenic rats ((pSVtsA58ori

[−]-2) [13,14]), which enable subculture passage and are frozen using liquid nitrogen [14,15].

TSMCs were progressively grown at 33˚C and suspended and differentiated at 38˚C, the tem-

perature at which the cells continuously maintained the native morphological and functional
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characteristics of primary mesothelial cells. TSMCs were cultured on the surface of 100-mm

culture dishes with a M199 medium (Invitrogen Co., Tokyo, Japan) containing 10% fetal

bovine serum (FBS), 10 U/mL of penicillin, and 100 μg/mL of streptomycin at 33˚C in a 5%

CO2 incubator, as described previously [15]. The medium was replaced every 3 days. After

reaching a density of 1 × 106, the cells were further cultured at 38˚C for 7 days in M199

medium to synchronize cellular quiescence. We have observed the ethical guidelines of our

institution (the institutional animal care and use committee (IACUC) at Juntendo University

Faculty of Medicine, Tokyo, Japan, Approval Number: 260158).

Preparation of astaxanthin

The AST was provided by AstaReal Co., Ltd. (Tokyo, Japan). We dissolved 5 mmol (2.98 mg)

of AST in 1 mL of dimethyl sulfoxide to prepare a 5 mM solution. The AST stock was stored at

−80˚C and then heated at 70˚C for 5 min until activation.

Experimental design

Synchronized cells were cultured and divided into 2 groups: M199 medium with 10% FBS

alone (Medium alone group) or medium pre-treated with AST for 24 h (AST pre-treated

group). Pre-treated TSMCs were incubated for 24 h (conditioning period). Then, we divided

TSMCs as follows (Fig 1). 1) Medium alone groups: In the unstimulated control group (Con-

trol group), cells were incubated in M199 medium alone. In all other groups, cells were incu-

bated with 140 mM glucose for 3 h (G3h group) or 12 h (G12h group). We also stimulated

cells in 140 mM glucose with ascorbic acid (AA; AA group; Wako pure chemical industries,

Ltd, Osaka, Japan), which has a potent anti-oxidative capacity as previously described [16, 17].

We determined the concentration according to previously published reports [17–19] for 3 h

(AA- glucose [AA-G] 3h group) or 12 h (AA-G12h group) as contrast to the anti-oxidant

effects of AST. 2) AST pre-treated groups: In the unstimulated control group (AST group),

cells were incubated in M199 medium containing AST. Once again, we determined concentra-

tions according to previously published reports [20]. In all other groups, cells were incubated

in the presence of 140 mM glucose for 3 h (AST-glucose [AST-G] 3h group) or for 12 h

(AST-G12h group) (Fig 1). After the stimulation period, cells were harvested by trypsin—

EDTA digestion at the indicated time points and counted using a hemocytometer.

Determination of the NO2
−/NO3

− levels in supernatants, intracellular

ROS levels, and 8-hydroxy-20-deoxyguanosine levels in mitochondrial

and nuclear DNA

To evaluate the anti-oxidative effect of AST, NO2
−/NO3

− (nitrite/nitrate) levels in cell superna-

tants and intracellular ROS levels were measured, and we determined the 8-hydroxy-20-deoxy-

guanosine (8-OHdG) levels in mitochondrial and nuclear DNA. The levels of NO2
−/NO3

− in

cell supernatants were measured using the NO2
−/NO3

− Assay Kit-C II (NK05, Dojindo Molec-

ular Technologies, Inc., Kumamoto, Japan). Cell supernatants were deproteinized using an

Amicon Ultra-4 centrifugal filter units with Ultracel-10 membranes (Millipore, Billerica, MA,

USA), and NO2
−/NO3

− levels were measured according to the manufacturer’s instructions.

Before the comparison study, we examined the anti-oxidative effects of AST and AA in a dose-

dependent study. In AST and AA groups, up to 5 μM AST and 100 μM AA significantly sup-

pressed the NO2
−/NO3

− levels compared with glucose alone. We then established AST and AA

concentrations as 5 μM and 100 μM, respectively (S1 Fig). Intracellular ROS levels were mea-

sured using the OxiSelect™ Intracellular ROS Assay Kit (Green Fluorescence; Cell Biolabs, Inc.
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San Diego, CA, USA) according to the manufacturer’s instructions. We cultured TSMCs in a

96-well cell culture plate until well was confluent. We added 100 μL of 1 mM 20, 70-dichlorodi-

hydrofluorescin diacetate (DCFH-DA) solution in culture medium to TSMCs and incubated

the mixture at 37˚C for 60 min. After DCFH-DA treatment, TSMCs were analyzed on an

inverted fluorescence plate reader, using excitation and emission wavelengths of 480 nm and

530 nm, respectively. A standard curve was made using 20,70-dichlorodihydrofluorescein

(DCF) standard solution (the manufacture’s solution). We directly observed the levels of fluo-

rescence using the fluorescent microscope BZ-X700 (Keyence, Osaka, Japan). We determined

8-OHdG levels in mitochondrial and nuclear DNA using the Epiquick 8-OHdG DNA Damage

Quantification Direct Kits (Epigentek, New York, NY, USA) according to the manufacturer’s

instructions. Optical density (OD) was measured at 540 nm using a plate reader. Mitochon-

drial DNA was isolated using mitochondrial DNA isolation kits (BioVision, Milpitas, CA,

USA) and Dounce homogenizer (Wheaton Industries Inc., Millville, NJ, USA) according to

the manufacturer’s instructions. Nuclear DNA was isolated using NucleoSpin1 Tissue

(Macherey-Nagel, Inc., Germany) according to the manufacturer’s instructions.

Measurement of cytokine and growth factor mRNA levels by real-time

reverse transcription-polymerase chain reaction

RNA extraction and real-time polymerase chain reaction (PCR) analysis were performed as

previously described [15]. Total RNA was extracted from peritoneal specimens using TRIzol1

reagent (Invitrogen AG, Basel, Switzerland) and RNeasy Mini Kits (Qiagen K.K., Tokyo,

Japan). We determined RNA quantity using a NanoDrop ND-1000 spectrophotometer (Nano-

Drop Products, Wilmington, DE, USA). A 16 μL reaction mixture containing 1 μg of RNA,

Fig 1. Study groups and experimental design. Unstimulated control groups (Control group): Incubated in M199 medium alone for 3 h

(C3h group) or 12 h (C12h group). G groups: Incubated in M199 medium with 140 mM glucose for 3 h (G3h group) or 12 h (G12h group).

Ascorbic acid (AA; AA group.): Incubated in M199 medium with 140 mM glucose and 100 μM AA for 3 h (AA-G3h group) or 12 h (AA-G12h

group). AST pre-treated groups (AST group): Incubated in M199 medium alone for 3 h (AST3h group) or 12 h (AST12h group) after

incubated in M199 medium with 5μM AST for 24h. AST-G group: Incubated in M199 medium with 140 mM glucose for 3 h (AST-glucose

[AST-G] 3h group) or for 12 h (AST-G12h group) after incubated in M199 medium with 5μM AST for 24h.

https://doi.org/10.1371/journal.pone.0184332.g001
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4 μL of 2.5 mmol/L dNTP mixture (Takara Bio, Inc., Shiga, Japan) and 2 μL of Random Deca-

mers RETRO script (Ambion, Inc., Austin, TX, USA) in RNase-free water was inactivated by

heating at 70˚C for 3 min. The product was added to 2 μL of 10× PCR buffer (Takara Bio, Inc.,

Shiga, Japan), 1 μL of Protector RNase Inhibitor (Roche Diagnostics Corp., Mannheim, Ger-

many), and 0.5 μL of M-MLV Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA, USA),

then incubated at 42˚C for 60 min. The complementary DNA (cDNA) product was used for

real-time PCR. A 2 μL aliquot of diluted cDNA, 1.6 μL forward primers, 1.6 μL reverse prim-

ers, 10 μL SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA), and 4.8 μL

of cDNA-free double-distilled water were combined to form a final reaction mixture of 20 μL,

according to the manufacturer’s instructions. The mixture was denatured and amplified using

a 7500 Real-Time PCR system (Applied Biosystems) under the following conditions: (i) 20s at

95˚C for 1 cycle, (ii) 3s at 95˚C and 30 s at 60˚C for 40 cycles, (iii) 15s at 95˚C, 60s at 60˚C, 15s

at 95˚C, and 15s at 60˚C for 1 cycle. cDNA-free double-distilled water was included in each

reaction as a negative control. For the quantification of PCR products, samples were standard-

ized for glyceraldehydes-3- phosphate dehydrogenase. PCR primers are shown in S1 Table.

Measurement of TGF-β, VEGF, and TNF-α in supernatants

Tumor necrosis factor-α (TNF-α), transforming growth factor-β (TGF-β), and vascular endo-

thelial growth factor (VEGF) levels were determined in cell supernatants by enzyme-linked

immunosorbent assay (ELISA) using TNF-α, TGF-β, and VEGF Quantikine Rat immunoassay

kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. OD

was measured at 450 nm using a plate reader.

Evaluation of epithelial–mesenchymal transition

Double immunofluorescence for E-cadherin and alpha-smooth muscle actin (α-SMA) was

performed as described previously [21]. TSMCs (1.0 × 105), incubated on culture cover glasses

in 6-well plates, were washed once with phosphate-buffered saline (PBS) and placed in metha-

nol for 5 min for fixation, followed by 3 washes with PBS. The cells were then incubated with a

Carbo-Free Blocking Solution (Vector Laboratories, Inc., Burlingame, CA, USA) and further

incubated with a mouse anti-rat E-cadherin antibody diluted to 1:100 (Abcam, Cambridge,

MA, USA), reactive to epithelial cells, and a rabbit anti-rat α-SMA antibody diluted to 1:100

(Abcam), reactive with fibroblasts, for 60 min. Cells were washed 5 times with PBS and

mounted in diluted Alexa 488 green or Alexa 555 red as a secondary antibody at room temper-

ature for 60 min. Following the 1-h incubation with the secondary antibody, samples were

washed 5 times with PBS for nuclear staining. The samples were stored at 4˚C overnight, and

we observed expression levels of E-cadherin and α-SMA under a confocal microscope

(FV1000; Olympus, Tokyo, Japan). Negative control staining was performed by omitting the

primary antibodies. In all fluorescent images, cell nuclei were labeled with a 40,6-diamidino-

2-phenylindole (DAPI) stain. The mRNA levels of E-cadherin and α-SMA were measured

with real-time RT-PCR, and proteins were semi-quantitatively measured with Western blot-

ting. Western blot method was as follows: 1.0 × 106 TSMCs were grown on a 100-mm dish for

confluence; cells were pelleted by centrifugation and washed twice with ice-cold PBS. TSMCs

were re-suspended in 0.1 mL of RIPA buffer (Santa Cruz Biotechnology Inc, Dallas, TX, USA)

and incubated on ice for 30 min to induce cell lysis. Samples were resolved on SDS polyacryl-

amide gels and then transferred to membranes and blocked with 5% non-fat milk solution.

These were subsequently incubated with the appropriate primary antibodies. Antibodies

against E-cadherin (abcam) and α-SMA (abcam) were applied at a 1:300 dilution, and HRP-
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conjugated secondary antibodies (Promega, Madison, WI, USA) were applied at a 1:10000

dilution. We scanned all images using a LAS-3000 (FUJIFILM, Tokyo, Japan).

Evaluation of nuclear factor kappa B activity in the nucleus

The nuclear levels of the nuclear factor kappa B (NF-κB) p65 subunit were measured using

NF-κB/p65 ActivELISA kits (Novus Biologicals, Littleton, CO, USA), according to the manu-

facturer’s instructions. Nuclear fractions from cultured TSMCs were extracted according to

the lysate preparation manual. We used anti-p65 antibody-coated plates to capture free p65

from the nuclear lysates, and the amount of bound p65 was detected by adding a secondary

anti-p65 antibody, followed by an alkaline phosphatase-conjugated detection antibody. Para-

nitrophenyl phosphate was used as a substrate for colorimetric detection, performed at OD

405 nm using a plate reader. Immunofluorescence of the p65 subunit was detected as follows.

TSMCs (1.0 × 105) incubated on culture cover glasses in 6-well plate were washed once with

PBS and placed for 5 min in methanol for fixation, followed by three washes with PBS. The

cells were then incubated with a Carbo-Free Blocking Solution (Vector Laboratories) and fur-

ther incubated with a mouse anti-rat NF-κB p65 antibody diluted at 1:100 (Abcam) for 60

min. The cells were washed 5 times with PBS and mounted in diluted Alexa 488 green as a sec-

ondary antibody at room temperature for 60 min. Samples were stored at 4˚C overnight, and

the expression levels of the p65 subunit were observed under a confocal microscope FV1000.

We performed negative control staining of the samples by omitting the primary antibody.

Western blotting was performed as previously described. NF-κB antibody (abcam) were used

at a 1:300 dilution.

Statistical analysis

Data were expressed as the mean ± standard deviation (SD). Differences between groups were

examined for statistical significance using Student’s t-test. Statistical analyses were performed

sing GraphPad Prism version 6.0 software (MDF, Tokyo, Japan). P-values of<0.05 were con-

sidered statistically significant.

Results

Effect of high glucose stimulation, AST, and AA to TSMCs as for ROS

Total NO2
−/NO3

− and intracellular ROS levels in the G3h and G12h groups were significantly

higher than those in the control group, with total NO2
−/NO3

− increasing with incubation time

(Fig 2A and 2B). 8-OHdG levels in mitochondrial DNA in each glucose-stimulated group

were significantly higher than in the unstimulated group (Fig 2C). 8-OHdG levels in nuclear

DNA in the G12h group were significantly higher than in the control group (Fig 2D). AST

pre-treatment suppressed NO2
−/NO3

− elevations that were induced by glucose. NO2
−/NO3

−

levels in AST groups were comparable with those in the control group (Fig 2A). Intracellular

ROS levels in AST-G groups were significantly lower than the G groups at 3 and 12 h (Fig 2B),

but intracellular ROS in AST-G groups was significantly higher than that of AA-G groups (Fig

2B). In addition, AST did not suppress the production of 8-OHdG in mitochondrial and

nuclear DNA (Fig 2C and 2D). AA suppressed total NO2
−/NO3

− as well as AST and intracellu-

lar ROS levels compared with AST (Fig 2B). 8-OHdG levels in both mitochondrial and nuclear

DNA significantly decreased (Fig 2C and 2D). In fluorescent analysis of ROS, fluorescence was

observed in whole cells in the G groups. In the AST groups, ring-shaped fluorescence was

observed along the cell membrane (Fig 2E). There were no significant changes in ROS levels in

the C, AST, and AA alone groups (Fig 2E).
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Effect of high glucose stimulation, AST, and AA to TSMCs as for

cytokine

High concentrations of glucose significantly stimulated mRNA and protein expression of

TNF-α, TGF-β, and VEGF (Fig 3A–3F). AST pre-treatment and AA treatment attenuated

increases in cytokine mRNA and protein expression levels in response to glucose (Fig 3A–3F),

whereas cytokine mRNA and protein levels both in the AST and AA alone groups were com-

parable with those in the control group (Fig 3D–3F).

Evaluation of EMT

High concentrations of glucose significantly decreased E-cadherin mRNA and protein levels

and increased α-SMA. The effects of glucose on E-cadherin and α-SMA expression were

enhanced with treatment time (Fig 4A and 4B and S2 Fig). Immunofluorescence demonstrated

that E-cadherin expression was maintained in the control group and diminished in the G3h

and G12h groups (Fig 4A). Expression of mRNA levels of α-SMA was observed in the G12h

group only (Fig 4B). AST pre-treatment and AA treatment completely inhibited the effects of

glucose on E-cadherin and α-SMA mRNA and protein levels (Fig 4A and 4B). Immunofluo-

rescence demonstrated that E-cadherin expression in AST and AA alone groups were similar

Fig 2. Effect of high glucose stimulation, AST, and AA to TSMCs as for ROS. (A) NO2
−/NO3

− concentration in medium supernatant of

each group. (B) Intracellular ROS levels of each group. (C) 8-OHdG ratio in mitochondrial DNA of each group. (D) 8-OHdG ratio in nuclear

DNA of each group. AST concentration: 5 μM, AA concentration: 100 μM. NS: no significant change. *: p < 0.05. **: p < 0.01. ***:

p < 0.0005. ****: p < 0.0001. Error bars represent SD. (E) ROS fluorescence of each group (1) C3h group, (2) C12h group, (3) AST3h

group, (4) AST12h group, (5) AA3h group, (6) AA12h group, (7) G3h group, (8) G12h group, (9) AST-G3h group, (10) AST-G12h group, (11)

AA-G3h group, and (12) AA-G12h group. Fluorescence solution was 20, 70-dichlorodihydrofluorescin diacetate (DCFH-DA).

https://doi.org/10.1371/journal.pone.0184332.g002
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to that in the C group; E-cadherin expression in G group diminished, and it was maintained in

the AST-G and AA-G groups (Fig 4C) and α-SMA expressed in G12h group only (Fig 4C).

Evaluation of the NF-κB signaling pathway

Nuclear protein levels of nuclear p65, a subunit in the NF-κB signaling pathway, in the G

groups significantly increased compared with those in the C group (Fig 5A and S2 Fig). Fur-

thermore, although the NF-κB p65 subunit was observed in the cytoplasm in the C, AST, and

AA alone groups, exclusively nuclear expression by immunofluorescence was observed in the

G groups (Fig 5B). AST pre-treatment and AA treatment suppressed increased nuclear p65

protein expression (Fig 5A). Immunofluorescence demonstrated that the NF-κB p65 subunit

was exclusively expressed in the cytoplasm in the AST-G and AA-G groups (Fig 5B).

Discussion

The findings of the present study demonstrate that mitochondrial ROS produced in response

to high glucose concentrations, similar to those of conventional PD solution, play a crucial

role in EMT. In addition, to the best of our knowledge, this is the first study to demonstrate

that AST inhibits EMT by suppressing ROS production in PMCs.

Our findings suggest ROS-induced EMT is mediated by several pathways, including those

involving TGF-β and TNF-α. Immunohistochemical studies revealed a decrease in E-cadherin

expression at the early stage of EMT, with α-SMA expression then detected. These results indi-

cate that the EMT phenomenon develops in a step-by-step manner.

Fig 3. Effect of high glucose stimulation, AST, and AA to TSMCs as for cytokines. (A and B) Expression of TNF-αmRNA and protein

levels in each group. (C and D) Expression of TGF-βmRNA and protein levels in each group. (E and F) Expression of VEGF mRNA and

protein levels in each group. *: p < 0.05. **: p < 0.01. ***: p < 0.0005. ****: p < 0.0001. Error bars represent SD.

https://doi.org/10.1371/journal.pone.0184332.g003
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Mesothelial cells undergo EMT in response to continuous PD, and this process plays an

active role in the structural and functional alterations observed in the peritoneal membrane

[22]. PF is caused by EMT, and TGF-β production leads to EMT in the mesothelial cells of

TGF-β transgenic PF mice [5]. TNF-α may also promote EMT in human renal cell carcinoma

cell lines [23]. ROS and TNF-α produced by mesothelial cells under high glucose conditions

promote IκB kinase (IKK) phosphorylation of IκBα protein, which results in ubiquitination,

dissociation of IκBα from NF-κB, and eventual degradation of IκBα by the proteosome. Acti-

vated NF-κB is then translocated into the nucleus where it binds to specific sequences of DNA.

The DNA/NF-κB complex then recruits other proteins, such as TGF-β and TNF-α [24]. The

results of the present study also indicate that NF-κB activity is increased by glucose stimula-

tion. Previous reports have also indicated that NF-κB activity maintains mesenchymal cellular

state after EMT [25]. Non-physiological concentrations of glucose damage mitochondria due

to ROS production leading to the formation of 8-OHdG in mitochondrial DNA. In the present

study, 8-OHdG was significantly elevated in the mitochondria of the G3h and G12h groups,

Fig 4. Effect of high glucose stimulation, AST and AA to TSMCs as for EMT. (A) E-cadherin mRNA and protein expression levels in

each groups. (B) α-SMA mRNA and protein expression levels in each group. :p < 0.05. **: p < 0.01. ***: p < 0.0005. ****: p < 0.0001. Error

bars represent SD. (C) Effect of high glucose stimulation, AST, and AA to TSMCs as for EMT in double immunofluorescence. (1) C3h group,

(2) C12h group, (3) AST3h group, (4) AST12h group, (5) AA3h group, (6) AA12h group, (7) G3h group, (8) G12h group, (9) AST-G3h group,

(10) AST-G12h group, (11) AA-G3h group, and (12) AA-G12h group. Alexa 488 green (E-cadherin) and Alexa 555 red (α-SMA) were used

as secondary antibodies. DAPI was used for nuclear staining.

https://doi.org/10.1371/journal.pone.0184332.g004
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while 8-OHdG in the nucleus was only elevated in the G12h group. A previous study of a dia-

betic rat model demonstrated a high glucose concentration stimulated ROS production in the

mitochondria but not in the nucleus [26], which suggests ROS produced in the mitochondria

was the main cause of oxidative stress in mesothelial cells and oxidation of nuclear DNA was

only a secondary effect. Fukasawa et al. [27] reported ROS-induced EMT through TGF-β1

secretion in normal human epidermal keratinocytes. Previous studies have reported high glu-

cose-induced ROS directly lead to the production of cytokines such as TGF-β and TNF-α [27,

28]. The results of this study indicate the levels of ROS, cytokines, and NF- κB increase over

time. Although E-cadherin was detected in G3h cells, α-SMA was observed only in G12h cells.

According to these results, ROS produces cytokine, and cytokine leads to the stimulation of

EMT in TSMCs. The present study suggests ROS produced in mitochondria under high glu-

cose conditions may play a major role in the early phase of peritoneal injury.

AST is a prevalent carotenoid with a polar structure at either end of the molecule and a

potent capacity for quenching ROS due to the presence of two oxygenated groups in each ring

[29]. Kim et al. reported that AST has protective action against high-glucose-induced oxidative

stress, inflammation, and apoptosis in proximal tubular epithelial cells [30]. The biological

Fig 5. Effect of high glucose stimulation to TSMCs as for NF-κB pathway. (A) NF-κB p65 protein subunit expression in TSMCs in each

group. *: p < 0.05. **: p < 0.01. ***: p < 0.0005. ****: p < 0.0001. Error bars represent SD. (B) NF-κB p65 subunit immunofluorescence. (1)

C3h group, (2) C12h group, (3) AST3h group, (4) AST12h group, (5) AA3h group, (6) AA12h group, (7) G3h group, (8) G12h group, (9)

AST-G3h group, (10) AST-G12h group, (11) AA-G3h group, and (12) AA-G12h group. Alexa 488 green were used as secondary antibodies.

https://doi.org/10.1371/journal.pone.0184332.g005
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activity of AST was greater than other anti-oxidants due to its transmembranous nature, with

its anti-oxidant activity shown to be 10 times greater than zeaxanthin, lutein, canthaxanthin,

and β-carotene, and 100 times greater than α-tocopherol [31]. In addition to its powerful anti-

oxidant activity, AST has anti-inflammatory effects by inhibiting the NF-κB signaling pathway

[32]. AST has been shown to exert an inflammatory effect by stimulating nitric oxide synthase

and the NF-κB pathway, with the anti-inflammatory effect of AST (100 mg/kg) found to be

comparable to that of prednisolone (10 mg/kg) in a rat model [33]. In addition, AST has been

shown to be safe in humans [34]. Beyond that, AST reported reverses the metabolic syndrome,

for example by decreasing insulin resistance in diabetes mellitus [35] and is a potential thera-

peutic agent against atherosclerotic cardiovascular disease [36].

The fact that AST inhibited glucose-induced peritoneal fibrosis was not proved directly.

Several previous reports suggested that AST inhibited glucose-induced ROS and inflammation

by its quenching ability [30,35],increased ROS production may directly induce TGF-β expres-

sion [37] and induce TNFα expression via JNK signal pathway [38]. Peritoneal fibrosis

occurred by TGFβ via epitherial-mesenchymal transition [5] and TNF-α-induced interaction

with TGF-β receptor is essential for TGF-β-dependent EMT at retinal pigment epithelial cells

[39]. We previously reported peritoneal fibrosis (PF) induced by chlorhexidine (CH) was sig-

nificantly suppressed in PF rats with AST supplemented diet, and the level of 8-hydroxy-2’-

deoxyguanosine (8-OHdG) and cytokine such as TNFα and TGFβ were suppressed in the

peritoneum[11]. According to these results, we hypothesized that AST inhibits peritoneal

fibrosis (PF) through suppression of TNF/TGF expression by quenching ROS. Since ascorbic

acid is an unstable and short acting ROS scavenger, it appears that there was no report about

the suppressive effect in peritoneal fibrosis in vivo.

In the present study, AST pre-treatment did not suppress ROS in the mitochondria, but

suppressed EMT production of inflammatory cytokines and growth factors as well as activa-

tion of the NF-κB pathway.

We performed comparative evaluation of the effects of ROS in EMT using AA, a common

anti-oxidant. Sagun et al. reported that AA is transported to the mitochondria through Glut 1

and demonstrated its anti-oxidative capacity in the mitochondrial genome and membrane

[40]. The anti-oxidant capacity of AA primarily affected the mitochondria. AA is a water-solu-

ble anti-oxidant and is able to immediately deoxidate generated ROS. AA was simultaneously

administered in glucose-stimulating mesothelial cells. AST is also lipid-soluble and a stable

and strong ROS scavenger in both extracellular and intracellular environments. Based on these

characteristics, we performed AST treatment prior to glucose stimulation. Both anti-oxidants

decreased extracellular ROS and 8-OHdG expression and suppressed EMT through the inhibi-

tion of TNF-α and TGF-β expressions. Several previous reports suggested that inflammatory

cytokines and growth factors induce PF. Interventions including gene transfection suppress

the development of PF [3,41–43]. However, there are few reports on the role of ROS in PF

development. Repetitive AST administration suppresses fibrosis in rats with chlorhexidine-

induced PF. This work is important because ROS induces peritoneal sclerosis via several path-

ways, and scavenging ROS, stimulated by high glucose, may inhibit EMT and peritoneal

sclerosis.

Conclusions

The results of the present study demonstrate that AST pre-treatment suppressed EMT, scav-

enged ROS, and suppressed the production of inflammatory cytokines and growth factors as

well as the activation of the NF-κB pathway. AST has anti-EMT effects through anti-oxidative

and anti-inflammatory actions. Therefore, AST may represent a potential treatment for PF.
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Supporting information

S1 Fig. Decision concentration of anti-oxidant solution. NO2−/NO3− concentration in

medium supernatant of each groups. The glucose concentration was 140 mM. AST-G 12 h:

AST pre-treatment occurred>12 h before glucose stimulation and medium exchange. Cells

were stimulated by glucose for 12 h, revealing no significant change. �: p< 0.05. ��: p< 0.01.
���: p< 0.0005. ����: p< 0.0001. Error bars represent SD.

(TIF)

S2 Fig. Western blotting of EMT marker and NF-κB p65 protein in the nucleus. Above:

E-Cadherin, Middle: α-SMA, Bottom: NFκB p65 in nucleus. E-cadherin expression was main-

tained each control groups and diminished in the G3h and G12h groups. αSMA expressed

only in G12h group.NFκB p65 protein in nucleus was expressed strongly in G3h and G12h

groups. Each protein expression at AG and AA groups were similar to control groups.

(TIF)

S1 Table. Primer design of RT-PCR. GAPDH: glyceraldehyde 3-phosphate dehydrogenase,

TGFβ: transforming growth factor β, TNFα: tumor necrosis factor α,VEGF: vascular endothe-

lial growth factor, α-SMA: alpha smooth muscle actin.

(TIF)
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JA et al. Peritoneal dialysis and epithelial-to-mesenchymal transition of mesothelial cells. N Engl J Med

2003; 348: 403–413. https://doi.org/10.1056/NEJMoa020809 PMID: 12556543

23. Ho MY, Tang SJ, Chuang MJ, Cha TL, Li JY, Sun GH et al. TNF-α induces epithelial-mesenchymal tran-

sition of renal cell carcinoma cells via a GSK3β-dependent mechanism. Mol Cancer Res 2012; 10:

1109–1119. https://doi.org/10.1158/1541-7786.MCR-12-0160 PMID: 22707636

24. Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell 2008; 132: 344–362. https://doi.

org/10.1016/j.cell.2008.01.020 PMID: 18267068

25. Huber MA, Azoitei N, Baumann B, Grünert S, Sommer A, Pehamberger H et al. NF-kappa B is essential

for epitherial-mesenchymal transition and metastasis in a model of breast cancer progression. J Clin

Invest 2004; 114: 569–581. https://doi.org/10.1172/JCI21358 PMID: 15314694

26. Kakimoto M, Inoguchi T, Sonta T, Yu HY, Imamura M, Etoh T et al. Accumulation of 8-hydroxy-2’-deox-

yguanosine and mitochondrial DNA deletion in kidney of diabetic rats. Diabetes 2002; 51: 1588–1595

PMID: 11978660

27. Fukawa T, Kajiya H, Ozeki S, Ikebe T, Okabe K. Reactive oxygen species stimulates epithelial mesen-

chymal transition in normal human epidermal keratinocytes via TGF-beta secretion. Exp Cell Res 2012;

318: 1926–1932. https://doi.org/10.1016/j.yexcr.2012.05.023 PMID: 22664326

28. Ha H, Lee HB. Reactive oxygen species amplify glucose signaling in renal cells cultured under high glu-

cose and in diabetic kidney. Nephrology 2005; 10 Suppl: S7–10.

29. Kishimoto Y, Tani M, Uto-Kondo H, Iizuka M, Saita E, Sone H et al. Astaxanthin suppresses scavenger

receptor expression and matrix metalloproteinase activity in macrophages. Eur J Nutr 2010; 49: 119–

126. https://doi.org/10.1007/s00394-009-0056-4 PMID: 19784539

30. Kim YJ, Kim YA, Yokozawa T. Protection against oxidative stress, inflammation, and apoptosis of high-

glucose-exposed proximal tubular epithelial cells by astaxanthin. J Agric Food Chem 2009; 57: 8793–

8797. https://doi.org/10.1021/jf9019745 PMID: 19731916

31. Miki W. Biological functions and activities of animal carotenoids. Pure Appl Chem 1991: 141–146.

32. Bhuvaneswari S, Yogalakshmi B, Sreeja S, Anuradha CV. Astaxanthin reduces hepatic endoplasmic

reticulum stress and nuclear factor-κB-mediated inflammation in high fructose and high fat diet-fed

mice. Cell Stress Chaperones 2014; 19: 183–191. https://doi.org/10.1007/s12192-013-0443-x PMID:

23852435

33. Ohgami K, Shiratori K, Kotake S, Nishida T, Mizuki N, Yazawa K et al. Effects of astaxanthin on lipopoly-

saccharide-induced inflammation in vitro and in vivo. Invest Ophthalmol Vis Sci 2003; 44: 2694–2701.

PMID: 12766075

34. Satoh A, Tsuji S, Okada Y, Murakami N, Urami M, Nakagawa K, Ishikura M, Katagiri M, Koga Y, Shira-

sawa T.Preliminary Clinical Evaluation of Toxicity and Efficacy of A New Astaxanthin-rich Haematococ-

cus pluvialis Extract. J Clin Biochem Nutr 2009; 44:280–284. https://doi.org/10.3164/jcbn.08-238

PMID: 19430618

35. Uchiyama K, Naito Y, Hasegawa G, Nakamura N, Takahashi J Yoshikawa T et al. Astaxanthin protects

β-cells against glucose toxicity in diabetic db/db mice. Redox Rep. 2002, 7, 290–293. https://doi.org/

10.1179/135100002125000811 PMID: 12688512

36. Fassett R.G., Combes J.S. Astaxanthin: A potential therapeutic agent in cardiovascular disease. Mar

Drugs 2011, 9, 447–465. https://doi.org/10.3390/md9030447 PMID: 21556169

37. Krstić J, TrivanovićD, Mojsilović S, Santibanez JF. Transforming Growth Factor-Beta and Oxidative

Stress Interplay: Implications in Tumorigenesis and Cancer Progression. Oxid Med Cell Longev. 2015;

2015:654594. https://doi.org/10.1155/2015/654594 PMID: 26078812

38. Schwabe RF, Brenner DA. Mechanisms of Liver Injury. I. TNF-alpha-induced liver injury: role of IKK,

JNK, and ROS pathways. Am J Physiol Gastrointest Liver Physiol. 2006; 290: 583–589.

39. Takahashi E, Nagano O, Ishimoto T, Yae T, Suzuki Y, Shinoda T, Nakamura S, Niwa S, Ikeda S, Koga

H, Tanihara H, Saya H. Tumor necrosis factor-alpha regulates transforming growth factor-beta-depen-

dent epithelial-mesenchymal transition by promoting hyaluronan-CD44-moesin interaction. J Biol

Chem. 2010, 5; 285:4060–73. https://doi.org/10.1074/jbc.M109.056523 PMID: 19965872

Effect of ROS scavenging on peritoneal EMT

PLOS ONE | https://doi.org/10.1371/journal.pone.0184332 September 19, 2017 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10766430
https://doi.org/10.1007/s11655-012-1176-x
http://www.ncbi.nlm.nih.gov/pubmed/23090359
https://doi.org/10.1056/NEJMoa020809
http://www.ncbi.nlm.nih.gov/pubmed/12556543
https://doi.org/10.1158/1541-7786.MCR-12-0160
http://www.ncbi.nlm.nih.gov/pubmed/22707636
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1016/j.cell.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18267068
https://doi.org/10.1172/JCI21358
http://www.ncbi.nlm.nih.gov/pubmed/15314694
http://www.ncbi.nlm.nih.gov/pubmed/11978660
https://doi.org/10.1016/j.yexcr.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22664326
https://doi.org/10.1007/s00394-009-0056-4
http://www.ncbi.nlm.nih.gov/pubmed/19784539
https://doi.org/10.1021/jf9019745
http://www.ncbi.nlm.nih.gov/pubmed/19731916
https://doi.org/10.1007/s12192-013-0443-x
http://www.ncbi.nlm.nih.gov/pubmed/23852435
http://www.ncbi.nlm.nih.gov/pubmed/12766075
https://doi.org/10.3164/jcbn.08-238
http://www.ncbi.nlm.nih.gov/pubmed/19430618
https://doi.org/10.1179/135100002125000811
https://doi.org/10.1179/135100002125000811
http://www.ncbi.nlm.nih.gov/pubmed/12688512
https://doi.org/10.3390/md9030447
http://www.ncbi.nlm.nih.gov/pubmed/21556169
https://doi.org/10.1155/2015/654594
http://www.ncbi.nlm.nih.gov/pubmed/26078812
https://doi.org/10.1074/jbc.M109.056523
http://www.ncbi.nlm.nih.gov/pubmed/19965872
https://doi.org/10.1371/journal.pone.0184332
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