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Protein extracted from Porphyra yezoensis prevents
cisplatin-induced nephrotoxicity by downregulating
the MAPK and NF-kB pathways
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Abstract. Acute renal failure is a serious complication of
treatment with the anticancer drug cisplatin. Cisplatin exerts
a cytotoxic effect on renal cells by inducing apoptosis through
activating the tumor suppressor p53, nuclear factor-xB (NF-«kB)
and mitogen-activated protein kinase (MAPK)/p38 pathways.
Effects of protein extracts of the brown seaweed Porphyra
yezoensis (P. yezoensis) on cytotoxicity, inflammation and
cell proliferation have been reported; however, the effects of
P. yezoensis protein (PYP) extract on cisplatin-induced renal
injury have remained elusive. The present study investigated
the effects of PYP on cisplatin-induced nephrotoxicity in the
HK?2 human proximal tubular epithelial cell line. PYP treat-
ment reduced cisplatin-induced apoptosis and death of HK2
cells by restoring the B-cell lymphoma-2 (Bcl-2)-associated
X protein (Bax)/Bcl-2 imbalance, cytochrome c release
and caspase-3 activation. In addition, PYP activated the
redox-sensitive transcription factor NF-kB via stimulating the
nuclear translocation of p65 in HK?2 cells. PYP also restored
renal antioxidant levels and increased the total and nuclear
accumulation of NF erythroid 2-related factor 2 in HK?2 cells.
PYP markedly attenuated cisplatin-induced p38, MAPK
and c-Jun N-terminal kinase phosphorylation. Furthermore,
treatment with PYP ameliorated cisplatin-induced renal cell
damage by upregulating antioxidant defense mechanisms and
downregulating the MAPK and NF-kB signaling pathways.
In addition, mice were divided into three treatment groups
(control, cisplatin and PYP + cisplatin) and the effects of PYP
were evaluated in a mouse model of cisplatin-induced acute
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kidney injury. The concentrations of blood urea nitrogen and
serum creatinine in the PYP + cisplatin group were lower than
those in the cisplatin group. The mRNA expression levels
of inflammatory factors interleukin-6 (IL-6), IL-1f, tumor
necrosis factor-a and monocyte chemoattractant protein-1 in
the kidney tissues of the PYP + cisplatin group were also lower
than those in the cisplatin group. These results suggest that PYP
treatment had a preventive effect on nephrotoxicity, specifically
by downregulating the MAPK and NF-«kB signaling pathways
and the mRNA levels of inflammatory genes.

Introduction

Aging is defined as a time-dependent degenerative process
caused by accumulated damage that leads to cellular dysfunc-
tion, tissue damage and ultimately death (1,2). Aging of the
kidney is associated with structural changes and functional
decline (3), which render the elderly more vulnerable to stress
factors, including heart failure, dehydration and hyperten-
sion, eventually leading to the development of chronic kidney
disease (4,5). The kidney has an essential role in the aging
process, and renal function has been suggested to be an impor-
tant predictor of longevity (4,6). Furthermore, with aging,
several structural and functional changes reportedly occur in
renal glomeruli and in proximal tubular epithelial cells (7).

Acute kidney injury (AKI) occurs when there is a rapid
decline in kidney function (8). In general, AKI affects proximal
tubular epithelial cells. In addition, activated immune cells
produce a number of inflammatory mediators and reactive
oxygen species (ROS) that may cause tubular cell damage (8,9).
AKI may be triggered by multiple stimuli, including isch-
emia, nephrotoxins, radiocontrast media and bacterial
endotoxins (8,10,11). Nuclear factor erythroid 2-related
factor 2 (Nrf2) and nuclear factor-kB (NF-«kB) are represen-
tative transcription factors that function in transcriptional
adaption to chemical stress (10,12).

Cisplatin is one of the most widely used and effective
drugs for the treatment of various types of solid tumor (13,14).
Cisplatin-induced renal injury may be pathophysiologically
classified into the following four types: Tubular toxicity, vascular
damage, glomerular injury and interstitial injury (14,15). The
stepwise and complex processes that result in renal damage
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involve accumulation of potentially toxic compounds in the
tubular fluid, which then diffuse into the highly permeable
tubular cells (13). Numerous studies have demonstrated that
several mechanisms, including oxidative stress, DNA damage
and inflammatory responses, mediate cisplatin-induced
nephrotoxicity (13,16). The key pathological occurrences in
cisplatin-induced nephrotoxicity are renal tubular cell injury
and death (14,17).

Brown algae may represent a natural renewable source of
novel therapeutic agents, as they are rich in functional bioactive
substances, including sulfated polysaccharides, carotenoids,
dietary fiber and proteins (18-28). However, despite the
increased rate of discovery of biologically active substances
from marine resources, little is known regarding the potential
effects of seaweeds in terms of changes in renal structure and
function during cisplatin treatment (29-31).

Previous studies by our group reported on the cellular and
molecular effects of peptide and hydrophilic protein extracts
of the brown seaweed Porphyra yezoensis (P. yezoensis) based
on analyses of cytotoxicity (20,32), inflammation (33-37)
and cell proliferation (38-41). However, the biological effects
of P. yezoensis protein (PYP) on cisplatin-induced renal
injury have remained elusive. In the present study, PYP, a
specific active factor, was obtained from P. yezoensis through
water-based extraction followed by sequential ammonium
sulfate precipitation. The therapeutic potential of PYP in
reducing cisplatin-induced AKI during chemotherapy was
assessed using the HK2 human proximal tubular epithelial cell
line as well as model mice.

Materials and methods

Preparation of PYP.PYP was prepared according to a previous
protocol (37), with slight modifications. P. yezoensis was
desalted by washing and then lyophilized. A crude aqueous
extract was prepared by mixing the P. yezoensis powder with
distilled water (DW) and incubating the resulting mixture at
room temperature for 4 h. The aqueous extract was clarified by
centrifugation and filtered to remove any insoluble material.
The crude extract was subjected to 80% ammonium sulfate
saturation and then centrifuged at 5,000 x g for 30 min at 4°C.
The precipitate was suspended in the minimum volume of DW
and dialyzed for 48 h at 4°C against 2,000 ml of DW. The
dialyzed sample was lyophilized for 3 days and the residue
was stored at -70°C until further use. The purity and molecular
weight of PYP were assessed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

Cell culture and treatment with PYP. The HK2 immortalized
human proximal tubular epithelial cell line (no. CRL-2190)
was obtained from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in Dulbecco's
modified Eagle's medium (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (GenDepot, Inc., Barker, TX, USA)
and antibiotics (50 pg/ml penicillin, 25 pg/ml amphotericin B
and 50 pg/ml streptomycin). Prior to incubation with cisplatin
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), cells
were pretreated with various concentrations of PYP for the
indicated durations.
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Cell viability assay. Cell viability was assessed using a CytoX
cell viability assay kit (CYT3000; LPS solution, Daejeon,
Korea). Cells were seeded in 96-well plates at 4x10* cells/well
and allowed to attach for 24 h. Attached cells were treated
with cisplatin (0-40 yM) or PYP (0-100 pg/ml) in serum-free
medium (SFM) for 24 h. The CytoX solution was added to the
cells, followed by incubation for 1 h, and the absorbance of each
well was then measured at 450 nm using a microplate reader
(Gen 5; Epoch BioTek Instrument, Inc., Winooski, VT, USA).
In addition, cell morphological changes were observed under a
light microscope (magnification, x200) using a Nikon inverted
Eclipse TS100-F microscope system (Epi-Fluorescence
attachment; Nikon Corp., Tokyo, Japan).

Protein extraction and western blot analysis. HK2 cells were
grown to 80% confluence in 100 mm dish plates. Attached
cells were treated with PYP (0-100 pg/ml) in SFM for 24 h
and cisplatin (20 M) for 8 h. After treatment, the cells
were washed twice with phosphate-buffered saline (PBS),
harvested and lysed in radioimmunoprecipitation assay buffer
(50 mM Tris, pH 7.4, 1 mM EDTA, 150 mM sodium chloride,
1% nonidet-40 and 0.25% sodium deoxycholate) containing a
protease inhibitor cocktail (Geno Technology Inc., St. Louis,
MO, USA). The lysate was centrifuged at 9,750 x g for 10 min
at 4°C and the supernatants were used for western blot analysis.

In addition, cytoplasmic and nuclear lysates were sepa-
rated using an NE-PER® extraction reagents kit (78833;
Pierce; Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. To isolate mitochondria, cells were lysed
using a Dounce homogenizer in buffer containing 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5,
250 mM sucrose, 20 mM potassium chloride, 1.5 mM magne-
sium chloride, 1 mM phenylmethylsulfonyl fluoride, 10 yg/ml
aprotinin and 10 pg/ml leupeptin at 4°C. The cell lysates were
centrifuged at 6,000 x g for 10 min to remove unbroken cells
and nuclei. The supernatants were then centrifuged at 7,000 x g
for 10 min at 4°C and the resulting pellets were collected as the
mitochondrial fraction.

Protein concentrations were determined using a BCA
protein assay kit (23225; Thermo Fisher Scientific, Inc.). Equal
amounts of protein (30 ug) were boiled for 10 min and resolved
by 7.5-12% SDS-PAGE. The resolved proteins were then trans-
ferred to polyvinylidene difluoride membranes (Millipore Corp.,
Billerica, MA, USA). The membranes were blocked by incuba-
tion with 1% bovine serum albumin (BSA; GenDepot, Inc.) in
a buffer of 10 mM Tris-HCI (pH 7.5) containing 150 mM NaCl
and 0.1% Tween-20 (TBS-T) at room temperature for 1 h, and
then incubated with specific primary antibodies (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for 3 h. The membranes
were washed three times with TBS-T and incubated for 2 h
with the appropriate horseradish peroxidase (HRP)-conjugated
goat anti-rabbit, goat anti-mouse or rabbit anti-goat secondary
antibody (Santa Cruz Biotechnology, Inc.) diluted at 1:10,000
in TBS-T and 1% BSA. The respective proteins were detected
using the chemiluminescent substrate (K-12045; Advansta,
Menlo Park, CA, USA) and visualized on a GeneSys imaging
system (SynGene Synoptics, Ltd., London, UK). The following
primary antibodies were used: Anti-B-cell lymphoma-2
[Bcl-2; cat. no. sc-492; anti-rabbit immunoglobulin (Ig)G],
anti-Bcl-2-associated X protein (Bax; cat. no. sc-493; anti-rabbit
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IgG), anti-caspase-3 (cat. no. sc-7148; anti-rabbit IgG),
anti-cytochrome c (cat. no. sc-7159; anti-rabbit IgG), anti-NF-xB
(cat. no. sc-7151; anti-rabbit IgG), anti-Nrf2 (cat. no. sc-722;
anti-rabbit IgG), anti-phospho (p)-p38 (cat. no. sc-7973,
anti-mouse IgG), anti-p38 (cat. no. sc-7149; anti-rabbit
IgG), anti-p-mitogen-activated protein kinase (p-MAPK;
cat. no. sc-7383; anti-mouse IgG), anti-MAPK (cat. no. sc-94;
anti-rabbit IgG), anti-p-c-Jun N-terminal kinase (JNK;
cat. no. sc-6254; anti-mouse IgG), anti-JNK (cat. no. sc-7345;
anti-mouse IgG), anti-nitrotyrosine (cat. no. sc-32757,
anti-mouse IgG), anti-histone H3 (cat. no. sc-374669; anti-mouse
IgG), anti-heat shock protein 60 (cat. no. sc-59567; anti-mouse
IgG) and anti-pB-actin (cat. no. sc-4778; anti-mouse IgG). The
secondary antibodies used were HRP-conjugated anti-mouse
IgG (cat. no. sc-2031; Santa Cruz Biotechnology, Inc.), anti-rabbit
IgG (cat. no. A-0545; Sigma-Aldrich Co., St. Louis, MO, USA)
and anti-goat IgG (cat. no. A50-101P; Bethyl Laboratories, Inc.,
Montgomery, TX, USA).

Reactive oxygen species (ROS) content assay. The
relative levels of ROS were determined using a 2',7'-dichlo-
rofluorescin diacetate (DCF-DA) fluorescence assay. Cells
were pretreated with PYP and incubated in Hank's Balanced
Salt Solution (HBSS; pH 7.4) containing 20 uM DCF-DA
(Sigma-Aldrich; Merck KGaA) at 37°C for 1 h. Cells were then
washed with HBSS and treated with 20 #M cisplatin in HBSS
for 8 h. DCF-DA fluorescence intensity was determined using
a SpectraMax® M2 Multimode Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA) with an excitation wavelength
of 485 nm and an emission wavelength of 524 nm.

Animal care and PYP treatments. A total of 21 male C57BL/6
mice (22+2 g) were purchased from Samtako Bio Korea Co.
(Gyeonggi-do, Korea). They were fed a standard commercial
diet and housed at an ambient temperature of 20-22°C with a
relative humidity of 50+5% under a 12-h light/dark cycle in a
specific pathogen-free facility. Food and water were provided
ad libitum. Mice (age, 8 weeks) were divided into three
treatment groups (n=7/group): Control group, cisplatin group
and PYP + cisplatin group. The mice in the cisplatin group
received cisplatin (20 mg/kg body weight) in 5% dimethyl
sulfoxide (v/v) as a single intraperitoneal injection. The mice
of the PYP + cisplatin group were orally administered PYP
(100 mg/kg body weight) for 7 days. At 72 h after cisplatin
injection, mice were sacrificed and the kidney tissues and
blood samples were collected for the subsequent experiments.
The animal protocol of present study was approved by the
Institutional Animal Care and Use Committee of Pukyong
National University (Busan, Korea; approval no. 2016-14).

Renal function monitoring. For the renal function analysis,
serum was separated from blood and stored at -80°C until use.
Serum creatinine and blood urea nitrogen (BUN) levels were
measured using an assay kit (BioVision, Milpitas, CA, USA)
according to the manufacturer's instructions.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA from each sample was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA (1 pug)
was subjected to first-strand complementary ()DNA synthesis
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using a Reverse Transcriptase Premix kit (IP25084; Intron
Biotechnology, Inc., Gyeonggi-do, Korea). PCR amplification
of the cDNA products was performed with 2X TOPsimple™
DyeMIX (aliquot)-nTag (P561T; Enzynomics, Daejeon, Korea)
and primer pairs. The PCR primer sequences for the tested
genes were as follows: Tumor necrosis factor-o (TNF-a)
forward, 5"TGC ACC ACA GTT TAA ACC CA-3' and reverse,
5-GAC TCCT TCA GGT GCT CAG G-3' (42 ,43); interleukin-6
(IL-6) forward, 5-AGG AGA CTT GCC TGG TGA AA-3' and
reverse, 5-CAG GGG T GG TTA TTG CAT CT-3' 43); IL-1p
forward, 5'-CTG TCC TGC GTG TTG AAA GA-3'and reverse,
5'-TTC TGC TTG AGA GGT GCT GA-3' (43); monocyte
chemoattractant protein-1 (MCP-1) forward, 5'-ACT GAA GCT
CGC ACT CTC-3" and reverse, 5'-GAG TGA GGT GTT GGG
TTC-3'; glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
forward, 5'-CAG CCG AGC CAC ATC G-3'and reverse, 5-TGA
GGC TGT TGT CAT ACT TCT C-3" Reaction mixtures were
incubated for and initial denaturation at 95°C for 3 min followed
by 30 cycles of 95°C for 30 sec, 60°C for 45 sec and 72°C for
60 sec. The amplified products were normalized using GAPDH
as an internal control, and separated using 1% agarose gel elec-
trophoresis. The densitometry was determined using GeneTools
software, version 4.03 (Syngene, Cambridge, UK).

Statistical analysis. Values are expressed as the mean + stan-
dard deviation (SD) of three independent experiments and
seven animals. Significant differences among multiple mean
values were assessed by one-way analysis of variance followed
by the Bonferrori multiple comparison test using GraphPad
Prim 6 (GraphPad Software Inc., La Jolla, CA, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Preparation of PYP.PYP was isolated from the aqueous extract
of P. yezoensis by simple fractionation based on ammonium
sulfate precipitation. After ultrafiltration and lyophilization
of the pooled desalted PYP, a total of 120 mg of PYP was
obtained from 5 g of dried P. yezoensis. SDS-PAGE analysis
revealed six major bands and proteins of 25-37 kDa in size
accounted for 50% of the total protein (Fig. 1A).

Cisplatin decreases the viability of the HK2 renal cell line.
Renal proximal tubular epithelial cells are the major targets
of toxic drugs such as cisplatin (8). To assess the effects of
cisplatin on cell viability, HK2 cells were incubated with
various concentrations (0-40 yM) of cisplatin. The cisplatin
treatment significantly decreased the viability of HK2 cells in
a concentration-dependent manner (Fig. 1B). After incubation
with 0, 10, 20 and 40 M cisplatin for 24 h, cell viability was
significantly reduced to 100.0+5.00, 83.0+7.21, 72.0+7.00 and
61.7+£7.02%, respectively. In addition, to examine the effects
of cisplatin at the microscopic level, HK2 cells were treated
with various concentrations of cisplatin and assessed under a
microscope, indicating that the cell viability was decreased in
a cisplatin concentration-dependent manner (Fig. 1C).

PYP protects HK2 cells against cisplatin-induced cytotox-
icity. The effects of PYP on cisplatin-induced decreases in cell
viability were then assessed. HK2 cells were incubated with
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Figure 1. Cisplatin inhibits the viability of HK2 cells. (A) The extracted PYP fraction exhibited six major bands in the SDS-PAGE analysis (marker units
inkDa). (B) HK2 cells were incubated with various concentrations of cisplatin for 24 h. Cell viability was assessed using a CytoX assay kit. (C) HK2 cells were
incubated with various concentrations of cisplatin for 24 h. Cell morphological changes were observed under a light microscope (magnification, x200). Values
are expressed as the mean + standard deviation of three independent experiments. Data were analyzed using one-way analysis of variance. 'P<0.05 vs. control.
PYP, protein of P. yezoensis; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

20 uM cisplatin for 8 h following pretreatment with various
concentrations of PYP for 24 h. As presented in Fig. 2A, PYP
treatment increased the viability of cisplatin-induced HK?2
cells in a concentration-dependent manner (Fig. 2A). The
cell viability in the group treated with 20 M cisplatin was
64.0+£3.61% of that in the control group. However, treatment
with 25, 50 and 100 pxg/ml of PYP significantly increased
the cell viability in a concentration-dependent manner to
71.3+3.21, 81.743.79 and 87.7+2.52%, respectively, of that in
the control group.

Next, the effects of PYP treatment on the translocation
of cytochrome c in cisplatin-treated HK?2 cells were exam-
ined. As presented in Fig. 2B, treatment with cisplatin alone
increased the release of cytochrome ¢ from the mitochondria
into the cytosolic fraction. However, treatment with PYP
decreased the cisplatin-induced release of cytochrome ¢ from
the mitochondria to the cytosol. Furthermore, treatment with
cisplatin alone increased Bax and caspase-3 expression, and
decreased Bcl-2 expression (Fig. 2C), which was inhibited by
PYP in a concentration-dependent manner.

PYP inhibits NF-xB activation and restores Nrf2 inactivation
in cisplatin-treated HK?2 cells. Drugs such as cisplatin may
cause AKI, which may be associated with increases of ROS
or inflammation. AKI is also associated with transcription
factors such as NF-kB and Nrf2. NF-kB is a key transcription
factor in renal inflammation and the oxidative stress response.
NF-«B regulates the inflammatory response by regulating
anti- or pro-cytokine expression. Therefore, the effects of PYP
treatment on NF-kB translocation in cisplatin-treated HK2
cells were examined by western blot analysis. As presented
in Fig. 3A, cisplatin increased the levels of nuclear NF-xB
p65 and decreased the levels of cytosolic NF-kB p65, which
was inhibited by PYP. Nrf2 inhibits cell damage by reducing

intracellular ROS production. As displayed in Fig. 3B, cispl-
atin decreased the content of Nrf2 in the nuclear fraction and
increased that in the cytosolic fraction, which was inhibited by
PYP treatment.

PYP decreases cisplatin-induced oxidative stress by down-
regulating the p38/MAPK/JNK pathway. To determine the
role of ROS production in the cytoprotective effects of PYP,
its effects on ROS production and nitrotyrosine expression in
cisplatin-treated HK2 cells were examined. HK?2 cells were
incubated with 20 #M cisplatin for 8 h after pretreatment
with PYP, and intracellular ROS production and nitrotyrosine
expression levels were then determined by measuring the
fluorescence intensity of DCF-DA and western blot analysis,
respectively. While ROS were significantly induced in the
cisplatin treatment group, they were significantly and concen-
tration-dependently reduced in the groups pretreated with
PYP (Fig. 4A). Nitrotyrosine expression was also significantly
reduced in the presence of PYP in a concentration-dependent
manner (Fig. 4B). The phosphorylation levels of MAPK
proteins including p38, ERK and JNK are correlated with
oxidative stress. In the present study, it was determined that
the phosphorylation levels of p38, MAPK and JNK were
increased in the cisplatin treatment group, which was inhib-
ited in the presence of PYP in a concentration-dependent
manner (Fig. 4C and D).

PYP treatment improves cisplatin-induced renal dysfunc-
tion in vivo. The renoprotective role of PYP against
cisplatin-induced AKI was then examined in vivo. BUN and
creatinine levels of cisplatin/PYP-treated mice were assessed
to evaluate kidney function. As presented in Fig. 5, the levels
of BUN were significantly higher in the cisplatin group
(148.1+1.01 mg/dl) compared with those in the control group
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Figure 2. PYP treatment inhibits cisplatin-induced cell death through cytochrome ¢ translocation and apoptotic signaling in HK2 cells. (A) HK2 cells were
incubated with various concentration of cisplatin or PYP for 24 h. Cell viability was measured using CytoX assay kit. (B) HK2 cells were incubated with 20 yM
cisplatin and various concentrations of PYP for 24 h. The protein levels of cytochrome ¢ in mitochondrial and cytosolic fractions were examined by western
blot analysis. (C) Protein levels of Bax, Bcl-2 and caspase-3 were examined by western blot analysis. Values are expressed as the mean + standard deviation of
three independent experiments. Data were analyzed using one-way analysis of variance. "P<0.05 vs. control; “P<0.05 vs. cisplatin-treated groups. PYP, protein
of P. yezoensis; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.
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Figure 3. PYP treatment blocks NF-kB activation and restores Nrf2 inactivation in cisplatin-treated HK2 cells. HK2 cells were incubated with various
concentrations of 20 M cisplatin and PYP for 24 h. The protein levels of (A) NF-xB and (B) Nrf2 in the nuclear and the cytosolic fraction were examined
by western blot analysis. The bands were normalized to 3-actin or histone H3 as internal control. NF, nuclear factor; Nrf2, NF erythroid 2-related factor 2;
PYP, protein of P. yezoensis.

(21.6+1.74 mg/dl). However, in the PYP + cisplatin group, inhibited by PYP (84.2+2.07 mg/dl). In addition, as presented
the cisplatin-associated increase in BUN was significantly  in Fig. 5, the levels of serum creatinine in the cisplatin group
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Figure 4. PYP treatment inhibits cisplatin-induced oxidative stress by downregulating the p38/MAPK/INK pathway in HK?2 cells. (A) HK2 cells were
incubated with 20 M cisplatin for 8 h and various concentrations of PYP for 24 h. The cellular ROS content was analyzed using a 2',7'-dichlorofluorescin
diacetate fluorescence assay. (B and C) The protein levels of (B) nitrotyrosine and (C) p38, MAPK and JNK were examined by western blot analysis. (D) Bands
were normalized to B-actin as an internal control, and the phosphorylated vs. total protein ratio is graphed. Values are expressed as the mean + standard
deviation of three independent experiments. Data were analyzed using one-way analysis of variance. “P<0.05 vs. control; “P<0.05 vs. cisplatin-treated group.

MAPK, mitogen-activated protein kinase; p-JNK, phosphorylated c-Jun N-terminal kinase; ROS, reactive oxygen species; PYP, protein of P. yezoensis.

(1.20+0.12 mg/dl) were higher than those the control group
(0.32+0.15 mg/dl). PYP significantly prevented the change
in serum creatinine induced by cisplatin, resulting in serum
creatinine levels of 0.69+0.11 mg/dl.

PYP treatment reduces inflammatory gene expression in
cisplatin-induced AKI. Next, the mRNA expression levels of
various cytokines associated with the inflammatory process
were assessed in the kidney tissues of the experimental animals.
The mRNA levels of IL-6, IL-13, TNF-o and MCP-1 in the
cisplatin group were significantly higher than those in the control
group (Fig. 6). By contrast, the mRNA expression levels of IL-6,
IL-1p, TNF-a and MCP-1 in the PYP + cisplatin group were
significantly decreased compared with those in the cisplatin
group (1.4+0.09 vs. 2.7+0.41-fold, 1.80+0.07 vs. 2.6+0.11-fold,
1.5+0.06 vs. 2.7+0.06-fold and 1.6+0.21 vs. 2.8+0.19-fold of
those in the control group, respectively).

Discussion
AKI is defined as a rapid loss of renal function due to

kidney damage, which results in retention of the nitrogenous
and non-nitrogenous waste products normally excreted by

the kidney (44,45). AKI is common among hospitalized
patients; indeed, its incidence has increased over the past
few decades, possibly due to the aging population and an
increased frequency of comorbidities (46). AKI is associated
with increased mortality and a greater risk of chronic kidney
disease, as well as end-stage renal disease (47). Recognizing
and treating AKI as early as possible may prevent kidney
damage. Therefore, understanding the key regulatory factors
in drug-induced kidney dysfunction is critical.

Cisplatin is one of the most widely used chemotherapeutic
drugs for the treatment of various malignancies such as
bladder cancer, lung cancer, breast cancer and malignant mela-
noma (48-50). Cisplatin is a front-line chemotherapeutic agent for
solid tumors, and AKI is an important side effect, as is a chronic
decline in kidney function. Renal tubular cells are particularly
sensitive to cisplatin treatment. Cisplatin-induced renal cell
death involves the activation of multiple pathways, including the
intrinsic and extrinsic apoptotic pathways, oxidative stress and
inflammatory responses (15). Unfortunately, numerous of these
pathways are also involved in the desirable cytotoxic effects
of cisplatin on tumor cells (51,52). Therefore, development of
an effective method of preventing cisplatin-induced AKI is of
critical importance. In the present study, a novel investigation
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Figure 5. PYP treatment protects against cisplatin-induced changes in BUN and creatinine levels associated with renal injury in C57BL/6 mice. The mice were
sacrificed 72 h after cisplatin injection and the blood was collected. The levels of BUN and serum creatinine were examined by using an assay kit. Values are
expressed as the mean + standard deviation of three independent experiments. Data were analyzed using one-way analysis of variance. "P<0.05 vs. control;
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Figure 6. PYP treatment reduces inflammatory gene expression in C57BL/6 mice with cisplatin-induced renal injury. The mice were sacrificed 72 h after
cisplatin injection and kidney tissues were collected. The mRNA expression levels of IL-6, IL-18, TNF-a and MCP-1 were examined by using reverse
transcription-quantitative polymerase chain reaction analysis. Values are expressed as the mean + standard deviation of three independent experiments.
Data were analyzed using one-way analysis of variance. "P<0.05 vs. control; “P<0.05 vs. cisplatin-treated group. IL, interleukin; TNF, tumor necrosis factor;

MCP, monocyte chemoattractant protein; PYP, protein of P. yezoensis.

of the protective effects of PYP, extracted from P. yezoensis, on
cisplatin-induced cell death in human renal proximal tubular
epithelial cells and an animal model was pursued. The results
indicated that PYP inhibited the cisplatin-induced death of HK2
cells, and reduced AKI-associated clinical parameters (Nrf2
and NF-«xB) and inflammatory biomarkers (IL-6, IL-1p3, TNF-a
and MCP-1) in vivo.

In the present study, the effects of PYP on the cispl-
atin-induced reduction in HK?2 cell viability were assessed. PYP

treatment resulted in a recovery of cell viability in a concen-
tration-dependent manner (Fig. 2A). The cisplatin-induced cell
death was ameliorated by PYP treatment, which was also in
parallel with the recovery of changes in the expression levels
of various apoptotic proteins. The cisplatin-treated cells exhib-
ited increased cytochrome c release from the mitochondria to
the cytosol, as well as increased Bax and caspase-3. However,
compared with the cisplatin-treated group, pretreatment with
PYP resulted in decreased cytochrome c release from the



518

mitochondria to the cytosol, decreased Bax and caspase-3
expression. In addition, western blot analysis revealed that
cisplatin treatment significantly reduced Bcl-2 expression:
The protein levels of Bcl-2 were decreased by ~40% following
treatment with 20 gM cisplatin, which was inhibited by
pretreatment with PYP. These results suggested that PYP
protects HK?2 cells against cisplatin-induced cell death.

The NF-kB pathway involves an important family of tran-
scription factors, which control the expression of cytokines, cell
adhesion molecules, growth factors and also apoptosis, prolif-
eration, differentiation and survival (53-55). Of note, NF-xB
activation has been observed in renal tubular cells treated with
cisplatin (56,57), and the activation of NF-kB in kidneys has
been demonstrated in cisplatin-induced AKI (58,59). PYP
ameliorated cisplatin-induced nephrotoxicity in HK2 cells
by reducing NF-«kB activation and inducing Nrf2 activation
to inhibit cisplatin-induced cell death. In addition, an inverse
correlation in expression was detected between Nrf2 and
NF-«B. This suggested that PYP blocked NF-«xB activation
and restored Nrf2 inactivation in cisplatin-treated HK?2 cells.

Oxidative stress also has a critical role in the pathogenesis of
cisplatin-induced nephrotoxicity (17). ROS-induced cell death
has been reported in renal proximal tubular epithelial cells,
and ROS promoted cisplatin-induced renal failure (15,17).
The effects of various functional substances derived from
seaweeds on oxidative stress and Nrf2/Heme oxygenase-1
activation have been evaluated (17,43). In the present study,
PYP treatment suppressed cisplatin-induced p38/MAPK/INK
activation. This was mediated by a reduction in ROS content.
These results indicate that PYP decreases cisplatin-induced
oxidative stress by downregulating the p38/MAPK/INK
pathway. These results also indicate that PYP may suppress
the cisplatin-induced death of HK2 cells by ameliorating
ROS-mediated oxidative stress.

PYP may protect renal tissue from cisplatin-induced damage
without reducing the tumoricidal activity of the drug, which
involves enzymatic activation and subsequent regulation of
the levels of intracellular metabolites and signaling molecules.
Thus, strategies that attenuate cisplatin-induced renal injury
may have the unintended consequence of reducing its antitumor
activity. Preventive strategies must therefore be designed in such
a way that this deleterious consequence is avoided.

Although the molecular mechanisms underlying cispl-
atin-induced nephrotoxicity are complex and remain to be
fully elucidated, induction of oxidative damage, renal tubular
cell death and activation of inflammatory-related pathways
have been demonstrated in the kidneys of cisplatin-treated
animals. Cisplatin application enhances oxidative stress
in kidney tissue, demonstrated by increased levels of free
radicals, structural modifications of proteins and lipid
peroxidation. Cisplatin generates reactive free radicals, which
interact with and modify cellular components, leading to cell
death. Cisplatin-induced ROS generation in renal tubular
cells activates the expression of NF-kB and pro-inflammatory
cytokines and chemokines. In the gentamicin animal model,
increased MAPK and NF-«xB activation as well as increased
plasma creatinine levels were observed in the renal cortex of
gentamicin-injected rats compared with the control group (60).
These results indicated that inhibiting NF-xB activation
attenuates gentamicin-induced kidney dysfunction.

KIM et al: ANTI-NEPHROTOXICITY EFFECTS OF P. yezoensis PROTEIN

Oxidative stress in kidneys is considered to be a major
cause of renal injury and inflammation, giving rise to a variety
of pathological disorders. Several studies have demonstrated
that excessive ROS production in AKI tissues triggers cell
death, and antioxidant agents have been used to prevent asso-
ciated increases in lipid peroxidation, resulting in reduced
kidney injury (61,62).

In the present study, cellular ROS production was attenu-
ated by PYP treatment, that cisplatin-induced Nrf2 activation
through its antioxidant effects. These results suggested that
the renoprotective effect of PYP may be attributable to its
free radical-scavenging and antioxidant activities. In addition,
the present results revealed that PYP treatment decreased
nitrotyrosine expression and suppressed NF-kB activation in
the presence of cisplatin. The predominant mechanism under-
lying kidney dysfunction in response to cisplatin exposure is
downregulation of the NF-kB/MAPK pathway. These results
suggested a novel mechanism of cisplatin-induced nephro-
toxicity through metabolic regulation by PYP. Therefore,
administration of PYP or dietary supplementation of seaweed
may represent a promising strategy to reduce this side effect of
cisplatin treatment.

Based on these results, experimental mice were divided into
three groups (control, cisplatin, PYP + cisplatin) and the effects
of PYP were evaluated in this mouse model of cisplatin-induced
AKI. Renal function was assessed by measuring the concentra-
tion of BUN and creatinine. The results indicated that BUN and
serum creatinine were lower in the PYP + cisplatin group than
in the cisplatin group. In addition, the mRNA expression levels
of inflammatory factors in kidney tissues were examined. The
mRNA expression levels of IL-6, IL-18, TNF-a and MCP-1 in
the PYP + cisplatin group were lower than those in the cisplatin
group. The levels of inflammatory factors in kidney tissues
were examined, and were confirmed to be consistent with the
results obtained in HK2 cells. For instance, the expression of
p38 and JNK was lower in the PYP + cisplatin group than that
in the cisplatin group (data not shown). Therefore, PYP appears
to prevent cisplatin-induced nephrotoxicity by regulating the
expression of inflammatory factors in vivo.

The present results demonstrated, for the first time, to the
best of our knowledge, the potential therapeutic effect of the
seaweed P. yezoensis against cisplatin-induced nephrotoxicity
in vitro and in vivo, which was mediated by downregula-
tion of the MAPK and NF-xB pathways. The present results
suggested that P. yezoensis is a valuable source of potential
anti-nephrotoxic proteins that act by inhibiting cell death and
kidney dysfunction induced by cisplatin. Therefore, further
research to isolate and identify bioactive functional proteins
from P. yezoensis is warranted.

In conclusion, the present study demonstrated that PYP
exerted protective effects against cisplatin-induced AKI,
possibly by regulating the MAPK/NF-«kB pathways. These
effects substantially contributed to the elimination of exces-
sive oxidative stress and to protected against cell death.
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