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Effects of the cyclophilin-type peptidylprolyl cis-trans
isomerase from Pyropia yezoensis against hydrogen
peroxide-induced oxidative stress in HepG2 cells
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Abstract. The present study aimed to describe the expression
and purification of cyclophilin-type peptidylprolyl cis-trans
isomerase (PPI) from the red alga Pyropia yezoensis. The anti-
oxidant activity of the purified protein was also demonstrated,
based on its ability to act against oxidative stress in HepG2
human hepatocellular carcinoma cells. HepG2 cells that were
treated with recombinant PPI protein exhibited a reduction in
the formation of hydrogen peroxide (H,0,)-mediated reactive
oxygen species (ROS). In HepG2 cells, treatment of recom-
binant PPI protein expression diminished H,O,-mediated
oxidative stress and restored both the expression and the
activity of certain antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
and thioredoxin reductase (TRR). CAT, SOD and TRR activi-
ties were upregulated by treatment with the purified protein.
CAT mRNA expression was significantly increased in HepG2
cells treated with recombinant PPI protein. These enzymes are
the first line of antioxidant defense against ROS generated in
times of oxidative stress. Accordingly, data from the present
study indicate that the recombinant PPI protein is able to regu-
late the expression of antioxidant enzymes. Recombinant PPI
has antioxidant properties that prevent oxidative stress-induced
toxicity, enhance cell viability, decrease ROS production and
inhibit oxidative damage and mitochondrial dysfunction in
HepG?2 cells. Therefore, the present study hypothesizes that
the recombinant PPI protein has the potential to protect the
liver against oxidative stress-induced cell damage and should
be considered as an antioxidant.
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Introduction

Reactive oxygen species (ROS) that are generated in vivo are
a major cause of human aging and disease (1). ROS expression
leads to disease through toxic effects on cells and tissues. ROS
include free radical species, such as superoxide anion (O,),
hydroxyl radical and singlet oxygen, as well as non-radical
species such as hydrogen peroxide (H,0,). ROS are neutral-
ized by antioxidant enzymes, including superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase, or by small molecules, such as ascorbic
acid, a-tocopherol and glutathione (GSH), during normal
physiological metabolic processes. Oxidizing agents and
oxidation inhibitors function to maintain reduction-oxidation
(redox) homeostasis in the body. However, perturbations
in this balance, either caused by excess production of ROS
or decreased or malfunctioning antioxidant defenses, may
result in oxidative stress, potentially leading to pathological
effects (1-4). ROS may be detrimental to cells by inducing
oxidative damage to lipids, proteins and DNA (5). Therefore,
it is important to balance ROS levels with endogenous anti-
oxidant enzymes and, when required, antioxidant compounds.

Oxidative stress has been associated with a number of
diseases, including inflammatory diseases, acquired immuno-
deficiency syndrome, gastric ulcers, hypertension, neurological
disorder, alcoholism and smoking-related diseases (4). Over
90% of ROS are produced in the mitochondria during cellular
respiration. During this process, most oxygen is converted into
water (H,0), and a one-electron reduction of molecular oxygen
(O,) produces O,7, a primary ROS, which is subsequently
transformed into hydrogen peroxide (H,0,) by SOD. H,0, is
an oxygen metabolite of central importance that is produced
in the mitochondria, as well as in other sites in the cell. H,0O,
itself has weak biological reactivity; however, if present at a
cellular concentration of at least 10 M, it can directly damage
cellular components, including inactivating enzymes by
oxidizing active site thiol groups (2,3).

ROS levels are tightly controlled in the body by antioxi-
dant enzymes, including SOD, CAT, GPx and thiol-containing
small molecules such as GSH. SODs catalyze the dismutation
of O, to H,0, and O,, and are located in the cytoplasm [copper
(Cu)- and zinc (Zn)-dependent SOD] and in the mitochondria
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[manganese-dependent (Mn)-SOD] (6). CAT is a tetrameric
iron-porphyrin protein in peroxisomes that converts H,O, to
H,O and O, (7). CAT and Cu/Zn-SOD are expressed constitu-
tively, whereas Mn-SOD expression within the mitochondria
is induced by oxidative stress. GSH is a sulfhydryl peptide that
may directly react with O, or N,-containing free radicals, or is
able to donate electrons in the enzymatic dismutation of H,O,
to H,O and O, by GPx (8).

ROS removal involves the cooperation of 29 associated
genes and 15 corresponding gene expression products (3). The
regulation of intracellular antioxidant activity is regulated by a
complex network of these genes. The expression of antioxidant
enzymes is altered by oxidative stress. The antioxidant defense
system within cells includes ~50 antioxidant-related genes that
are divided into four categories (3-9): i) CAT/SOD family
members, which include the classic antioxidant enzymes CAT
and SODs; ii) proteins involved in GSH metabolism, including
GPx, glutaredoxins, glutathione reductase and glucose-6-phos-
phate dehydrogenase, which promote the antioxidant activity
of thiol-containing small molecules, such as GSH, and GSH
recycling; iii) proteins involved in redox balance, including
enzymes of thioredoxin (TRX) metabolism, TRX, TRX
reductase (TRR) and peroxiredoxin (PRDX); and iv) pentose
phosphate cycle proteins, including glucose 6-phosphate
dehydrogenase. The present study investigated the antioxidant
effects of a purified protein on the mRNA expression the anti-
oxidant enzymes SOD, CAT, GPx, and TRR.

Cyclophilin (Cyp) is a multifunctional protein family, which
includes cyclophilin-type peptidylprolyl cis-trans isomerase
(PPI), a protein which may be inhibited by cyclosporin A
(CsA) (10). CsA generates ROS and lipid peroxidation in cells,
which appears to be directly associated with its pathological
effects. Perez et al (11) used 2',7'-dichlorofluorescein diacetate
(DCF-DA) and demonstrated that 1-10 uM CsA generated an
oxidized DCF signal, interpreted as being H,O,-derived. CsA
was demonstrated to increase lipid peroxidation in the rat
kidney and liver in vivo (12,13). Cyp is a ubiquitous protein that
is present in all subcellular compartments, and therefore may
potentially be involved in a variety of processes, including protein
trafficking and maturation, receptor complex stabilization,
apoptosis, receptor signaling, RNA processing and spliceo-
some assembly (14-20). It has been proposed that CsA-induced
oxidative stress may activate or deactivate transcription factors
and thus affect gene transcription. Similarly, ROS generated
by CsA may activate or deactivate various signaling molecules
and influence their downstream transduction systems. The ROS
induced by CsA has been reported to affect mitogen-activated
protein kinase and transforming growth factor-f signaling (21).
In particular, there is increased expression of TRX 1 via the
ERK/MAPK-2 signaling, to overcome the oxidative stress
resulting from ROS. In the present study, PPI, known to exhibit
antioxidant activity, was cloned from Pyropia yezoensis. In
addition, hydrogen peroxide was used to experimentally induce
oxidative stress that results from CsA.

In the sea, the exposure of seaweeds to sunlight and
oxygen leads to formation of ROS; however, no oxida-
tive damage is evident in their structural and functional
components, which suggests that they may have an efficient
antioxidant defense system. Hence, several seaweed extracts
are attracting scientific interest to identify new and effective
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antioxidant compounds (22-27). A recent report described anti-
oxidant agents isolated from seaweed (22). Ismail and Tan (23)
compared the antioxidant capacity of commercial seaweeds
and confirmed high antioxidant activities of Porphyra sp.,
Laminaria sp., Undaria sp. and Hijikia sp. Other studies have
described high antioxidative properties of many compounds
isolated from seaweed, including phlorotannin, fucoxanthin,
carotenoids and tocopherols (24-27). Previous studies on the
antioxidant properties of algae focused primarily on crude
extracts (28-30). In the present study, the gene expression and
purification of the antioxidant protein PPI from P. yezoensis is
described. In addition, the antioxidant activity of recombinant
PPI, that is, its protection against ROS, was investigated in a
human hepatocellular carcinoma cell line.

Materials and methods

Seaweeds and cDNA synthesis. P. yezoensis was collected
directly from Myeongji (Busan, Korea) and stored at -70°C.
Frozen samples were lyophilized using a freezing dryer (-80°C,
24 h) and homogenized using a blender into powder, prior to
mRNA extraction. mRNA (5 pug) was extracted from 20 mg
P. yezoensis with the GeneJET Plant RNA Purification Mini
kit (Thermo Scientific, Inc., Waltham, MA, USA), according
to the manufacturer's protocol. Quantification of RNA was
performed using the NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
ratio of absorbance at 260 nm and 280 nm was used to assess
the purity of RNA. A ratio of <2.0 was accepted as pure for
RNA. The mRNA was used for first strand cDNA synthesis
and double strand cDNA synthesis using a PrimeScript Double
strand cDNA synthesis kit (Takara Bio, Inc., Otsu, Japan)
following the manufacturer's protocol.

Preparation and identification of recombinant PPI protein.
To prepare PPI, a forward primer (5'-GGCCCATATGGGGAA
CCCGCAGGTGTTCT-3") containing the Ndel site (under-
lined) and initiation codon (italic) and reverse primer (5'-GGC
CCTCGAGGAGCTCGCCGCAGTCCGC-3') containing
Xhol site (underlined), were constructed. Polymerase chain
reaction (PCR) amplification was performed using the cDNA
of P. yezoensis (one cycle at 95°C for 5 min; 30 cycles at 95°C
for 30 sec, 55°C for 30 sec, and 72°C for 30 sec; followed by
one cycle of 72°C for 7 min) using EXTaq DNA polymerase
(Takara Bio Inc., Otsu, Japan). The PCR products (151 bp) and
expression vector pET22b* were digested with two restriction
enzymes (Ndel and Xhol). The PCR fragment was subcloned
into the digested pET22b* vector with a DNA ligation kit
(Takara Bio Inc.). The resulting plasmid was named pETppi.
The pETppi was introduced into Escherichia coli DH5a
competent cells, used as the cloning host for propagation of the
expression vector, and finally retransformed into expression
strain E. coli BL21 (DE3), according to a previously described
method (31). The transformation bacteria were selected on LB
agar medium containing 100 yg-ml"' of ampicillin. Cultures
of the transformed E. coli BL21 overexpressed a recombinant
PPI of the expected molecular mass (~18 kDa), which was
purified by affinity chromatography in Ni-NTA purification
system (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. Bacterial cultures were incubated using
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LB medium at 37°C until reaching the OD600 of 0.8. For PPI
expression, isopropyl-beta-D-thiogalactopyranoside (IPTG)
was added to a final concentration of 1 mM. Expression was
continued for 4 h. EnterokinaseMax™ enzyme (Thermo
Fisher Scientific, Inc.) was used to separate the 6x His-tag
from recombinant PPI protein, according to the manufacturer's
protocol. Analysis of protein expression and purification were
carried out using sodium dodecyl sulfate -poly acrylamide gel
electrophoresis (SDS-PAGE). The purified recombinant PPI
protein was confirmed using SDS-PAGE and electrospray
ionization quadrupole time-of-flight mass spectrometry/mass
spectrometry (ESI-Q-TOF MS/MS), according to a previ-
ously described method (32). The proteins were identified via
an NCBI search using the MASCOT program (http:/www.
matrixscience.com, Matrixscience, London, UK).

Cell culture and viability. HepG2 human hepatocellular carci-
noma cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were cultured
at 37°C in a humidified 5% CO,, 95% air equilibrated incu-
bator in minimum essential medium (MEM) supplemented
with heat-inactivated 10% fetal bovine serum (HyClone,
Logan, UT, USA), penicillin (100 U-ml") and streptomycin
(100 pg-ml"). Adherent cells at 70-80% confluence were
detached by trypsin-EDTA solution and re-plated.

Cell viability was estimated with the CytoX Cell Viability
Assay kit (LPS Solution, Daejeon, Korea). Briefly, cells
(1.0x10° cells/well) were seeded in a 96-well plate. Various
concentrations (0.001, 0.01, 0.1 and 1 ug-ml") of recombi-
nant PPI protein were added to the cells along with 1 mM
H,0, for 1 h at 37°C. Following incubation, Cyto solution
was added to each well and incubated for an additional 1 h
at 37°C. Absorbance was measured with a microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA) at a wave-
length of 450 nm. The viability of purified recombinant PPI
protein-treated cells was expressed as a percentage of that in
negative control cells (-, without H,0,).

Assessment of ROS production. The effects of purified recom-
binant PPI protein on ROS production was evaluated using
the cell-permeable probe DCF-DA. DCF-DA (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) was dissolved in
10 mg-ml™! sterile dimethylsulfoxide and was used at a concen-
tration of 50 ug-ml'. HepG2 cells were seeded onto 96-well
plates at 1.0x10° cells/well in MEM, grown until confluence,
and pre-incubated with DCF-DA for 20 min at 37°C in the
dark. After washing twice with phosphate buffered saline
(PBS) to remove the unattached probe, cells were treated with
PBS or various concentrations (between 0.001 and 1 yg-ml™") of
purified recombinant PPI protein in the presence or absence of
1 mM H,0, for 1 h. Fluorescence was measured at 485/20 nm
excitation and 535/20 nm emission using a FilterMax F5
Multi-Mode Microplate Reader (Molecular Devices, LLC,
Sunnyvale, CA, USA).

Assessment of antioxidant enzyme activities. HepG2 cells were
grown to 70-80% confluence at 37°C. Following 4 h starva-
tion, the cells were treated with PBS or various concentrations
(0.001-1 pg-ml ") of purified recombinant PPI protein in the
presence or absence of 1 mM H,O, for 1 h and harvested in
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lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM
sodium chloride, 0.5% sodium deoxycholate, 0.1% SDS, 1%
triton X-100 and 2 mM ethylenediaminetetra-acetic acid with
inhibitors (1 mM sodium orthovanadate and 1 mM phenylmeth-
ylsulfonyl fluoride). Cell debris was removed by centrifugation
at 13,000 x g at 4°C for 10 min and the supernatant was used for
further measurements. Protein concentration was determined
using the BCA Protein assay (Pierce; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), according to the manufacturer's
protocol. Each supernatant contained an equal amount of
protein (5 ug) and was used for the subsequent enzyme activity
assays. The activities of antioxidant enzymes, including CAT,
SOD, GPx and TRR were measured using a Catalase Assay
kit (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), SOD
Assay Kit-WST (Sigma-Aldrich; Merck KGaA), Glutathione
Peroxidase Cellular Activity Assay kit (Sigma-Aldrich; Merck
KGaA) and Thioredoxin Reductase Assay kit (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's protocols. The
absorbance was measured using a microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA).

Reverse transcription (RT)-PCR. The effects of recombinant
PPI on antioxidant enzyme mRNA expression in H,O, treated
HepG?2 cells was evaluated by RT-PCR. Total RNA was
extracted from HepG2 cells using TRIzol Reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocols. Quantification of RNA was performed as described
above. The purity of the RNA was determined at absorbance
ratios of 260 and 280 nm (260/280 nm <2.0). cDNA was synthe-
sized using a First-Strand cDNA Synthesis kit (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. In this
experiment, primer sets of SOD2, GPx and CAT were used as
reported in Schmidt et al (33) and primer sets of GAPDH and
TRR were designed as described by Aguilar-Melero ef al (34).
PCR amplification was performed using the template cDNA
(I ng) and PCR Amplification Kit (Takara Bio Inc.) Initial
denaturation at 95°C for 5 min, followed by 25 cycles of 95°C
for 30 sec, 55°C for 30 sec and 72°C for 30 sec, then a final
extension of 72°C for 5 min. Amplified products were analyzed
by 1% agarose gel electrophoresis and stained with ethidium
bromide for detection. The software GeneTools, version 4.03
(SYNGENE, Cambridge, UK) was used for densitometry.

Statistical analysis. Data are expressed as the mean + standard
deviation and were evaluated by one-way analysis of variance
using the statistical package for social sciences version 10.0
(SPSS, Ins., Chicago, IL, USA). Values were compared with
controls using analysis of variance followed by Duncan's
multiple range test. P<0.05 was considered to represent a
statistically significant difference.

Results

Expression and purification of recombinant PPI protein. The
expression vector pETppi of P. yezoensis was transformed
into E. coli BL21 (DE3) and then induced by 1 mM IPTG.
SDS-PAGE analysis of the harvested cells from the pETppi
transformed E. coli (BL21) exhibited high amounts of a poly-
peptide with the expected molecular mass of ~18 kDa (Fig. 1A,
lane 2) from SDS-PAGE analysis. Recombinant PPI was
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Figure 1. Purification and identification of recombinant PPI protein. (A) SDS-PAGE analysis of PETppi transformed E.coli BL21 (DE3) and purified recom-
binant PPI. Lane 1, protein marker; lane 2, crude extract of pETppi transformed E. coli BL21 (DE3) prior to induction; lane 3, crude extract of pETppi
transformed E. coli BL21 (DE3) after induction with 1 mM IPTG for 4 h; lane 4, purified recombinant PPI protein. (B) ESI-Q-TOF MS of purified recombinant
PPI protein. The partial sequences of 4 peaks from the recombinant PPI were identified by MS/MS (Arrow).

purified ~18 kDa protein by the Ni-NTA system (Fig. 1A, lane
4). It was highly purified from crude extracts as a His-tagged
protein. Recombinant PPI was identified via MALDI-TOF
MS/MS. A total of four peaks from MALDI-TOF MS were
analyzed by MS/MS and the following sequences were obtained
(Fig. 1B, Arrow): i) VFFDMTIGGAPAGR; ii) VITDF
MCQGGDFTR; iii) ADENFTLTHTGPGVLSMANAGK;
and iv) NGSQFFLTTVK. This was 100% homologous to PPI
(accession number KJ728870.1) using the MASCOT program
and NCBI database.

Cell viability. Cell viability was determined with the CytoX
assay, which relies on the mitochondrial metabolic capacity of
viable cells. The results revealed that recombinant PPI exposure
was not cytotoxic to HepG2 cells at any of the concentrations
examined, between 0.001 and 1 ug-ml' (Fig. 2A). Treatment
with H,O, for 1 h decreased cell viability to 59.9% that of
control cells; co-treatment with recombinant PPI did not alter
the H,0,-induced decrease in cell viability, which remained
constant at 60.4% (at 0.001 pg-ml"' recombinant PPI), 54.7%
(at 0.01 pg-ml" recombinant PPT), 55.5% (at 0.1 pg-ml"! recom-
binant PPI) and 55.4% (at 1.0 ug-ml"' recombinant PPI). These
results demonstrate that recombinant PPI treatment did not
prevent apoptosis from H,O,-induced oxidative stress However,
the recombinant PPI was not toxic to HepG2 cells. Therefore,
recombinant PPI was then tested further for its antioxidant.

Inhibition of ROS production. DCF-DA staining was used to
examine whether recombinant PPI exposure inhibited ROS
production in HepG2 cells co-treated with H,O,. HepG2 cells
were challenged with H,O,, and the resulting ROS levels
were 29.7% greater compared with the unchallenged control.
Pretreatment of cells with the various concentrations of recom-
binant PPI (0.001-1 pg-ml™) reduced the H,0,-mediated increase
in ROS formation (Fig. 2B). Recombinant PPI treatment showed
antioxidant effects in the presence of H,O,, implying that PPI
directly scavenges ROS or other free radicals.

Induction of antioxidant enzyme activities in HepG2 cells. To
investigate whether the antioxidant properties of recombinant
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Figure 2. Effect of recombinant PPI in HepG2 cells (A) Recombinant PPI
toxicity. (B) Effects of PPI on the formation of H,0,-induced ROS. Cells were
pretreated with 2'7'-dichlorofluorescin diacetate for 20 min and exposed to
PPI. Values are expressed as the mean + standard deviation (n=3). “P<0.05 vs.
untreated control; “P<0.05 vs. H,0, treated control. -, control cells without
H,0,; +, control cells treated with 1 mM H,0,; H,0,,hydrogen peroxide; PPI,
peptidylprolyl cis-trans isomerase; ROS, reactive oxygen species.

PPI are related to antioxidant enzyme induction, HepG2 cells
were treated with recombinant PPI and the activity of the anti-
oxidant enzymes CAT, GPx, SOD and TRR were measured. As
shown in Fig. 3A, CAT activity was dramatically downregulated
by H,O, treatment, whereas the addition of recombinant PPI
(0.001-1 ug-ml™") was able to restore CAT activity. GPx activity
was reduced by 14% when cells were exposed to H,O,, but
levels recovered in the presence of recombinant PPI at 1 pzg-ml!
(Fig. 3B). The activity of SOD was not altered by H,O, however,
increased with the treatment of recombinant PPI (Fig. 3C). PPI
treatment at concentrations between 0.01 and 1 pg-ml' was
able to increase the H,0O,-induced decrease in TRR activity
(Fig. 3D). Recombinant PPI treatments increased the activities
of CAT, GPx and TRR that were reduced by exposure to H,0,.
The results also indicated that recombinant PPI was also able
to significantly increase SOD activity. Therefore, recombinant
PPI appears to exert its antioxidant effects by modulating the
activities of endogenous antioxidant enzymes.

Induction of antioxidant enzyme expression in HepG?2 cells.
In addition to its effects on antioxidant enzyme activities, the
effects of recombinant PPI on mRNA expression were evalu-
ated in HepG2 cells. In cells treated with H,O,, CAT mRNA



) PUBLICATIONS

0.45

o
Y

035

0 001 0.01
Control PPI (pg-ml')

+ 0,001 0.01

o
[ =
wr W

o
S
= W

CAT activity (uM—min"—ml ")

=
o
(=T

SOD activity (inhibitory rate %)

= ] W Y u =3 =]

o o o o o o o
E:3

(=]

Control PPI (pg-ml")

SPANDIDOS MOLECULAR MEDICINE REPORTS 15: 4132-4138, 2017

B o2

025

';._ 0.23
2.

£021
g

= 019
B
(&)

0.17

0.15

+ OUOI OOI
Control PPI (pg-ml")
D
03
#

0.25

2 02
2

£0.15
.E

= 01
=
-

0.05 I
0
+ |0, U{)i OOI 0.1
Control PPI (pg-ml")
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Figure 4. Effects of PPI on antioxidant enzymes mRNA expressions in H,O, treated HepG2 cells. (A) Reverse transcription-polymerase chain reaction analysis
of SOD, GPx, CAT and TRR. (B-E) Data quantification of antioxidant enzyme/GAPDH mRNA expression for (B) CAT, (C) GPx, (D) SOD, and (E) TRR.
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cells treated with 1 mM H,0,; CAT, catalase; GPx, glutathione peroxidase; H,0,, hydrogen peroxide; PPI, peptidylprolyl cis-trans isomerase; ROS, reactive

oxygen species; SOD, superoxide dismutase; TRR, thioredoxin reductase.

expression levels of were significantly diminished compared
with the H,0,-treated -treated controls and GAPDH mRNA
expression (Fig. 4A and B). H,0, exposure significantly
decreased CAT mRNA expression level, which was then
reversed five-fold by addition of 0.01 yg-ml"' recombinant PPI.

The level of GPx mRNA expression was highest (ratio 0.52)
when cells were pretreated with recombinant PPI at a concentra-
tion of 0.1 ug-ml' (Fig. 4A,C). The results demonstrated that
treatment with H,0O, led to decreased CAT and GPx mRNA
expression; however, SOD and TRR mRNA expression levels
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were not affected by H,O, treatment (Fig. 4A,D and E). SOD
mRNA expression was significantly increased when treated
with 0.01 and 0.1 pg-ml"' recombinant PPI, as compared with
the positive control (Fig 4A and D). TRR mRNA levels were
highest (ratio 0.87) at a concentration of 0.001 pg-ml" recombi-
nant PPI (Fig. 4A and E). Recombinant PPI treatment in HepG2
cells increased the level of mRNA expression of reduced anti-
oxidant enzymes when cells were treated with H,O,. Therefore,
PPI increased the expression of the majority of antioxidant
enzymes, however this differed depending on the concentration
of PPL.

Discussion

The findings of the present study supported the hypothesis that
recombinant PPI has multiple antioxidant properties that enable
it to protect cells. First, recombinant PPI treatment made cells
more resistant to H,0,-induced oxidative stresses. Second,
recombinant PPI treatment increased antioxidant enzyme activi-
ties, providing cells with a higher capacity for scavenging ROS.
Accordingly, recombinant PPI increased the H,O,-induced
decreases in antioxidant enzyme activity and their mRNA
expression. These data suggest that recombinant PPI cloned from
the red algae P. yezoensis may be able protect cells as an inducer
of antioxidant enzymes. PPI treatment increased the activities of
antioxidant enzymes, such as CAT, GPx, SOD and TRR.

The mechanism of cell repair against oxidative stress is
directly or indirectly regulated by antioxidants. Direct-regulation
of antioxidants is possible at low concentrations, however the
period of activation time is short. Conversely, the indirect-regu-
lation of antioxidants may occur via the Kelch ECH associating
protein 1/nuclear factor erythroid 2-related factor 2/antioxidant
response element (Keapl/Nrf2/ARE) pathway, which is rela-
tively long-lasting (35). When oxidative stress was induced by
1 mM H,0,, the activities of CAT and GPx, which primarily
act to remove H,O, were decreased. In addition, the activity of
TRR, which helps PRDX directly remove H,O,, decreased. This
suggested that the antioxidant enzymes in the cell disappeared
following activation to remove the increased H,O,. However, the
activity of SOD which is not directly involved in the removal of
H,0, was not different compared with the negative control.

The treatment of 0.001 yug-ml' recombinant PPI directly
increased the activities of CAT, GPx and TRR to remove H,0,,
thereby reducing the intracellular ROS. In addition, as a result
of primary antioxidant activity, SOD activity was increased to
remove newly generated ROS. The recombinant PPI treatment
of 0.001 pg-ml' increased the mRNA expressions of CAT,
GPx and TRR and did not increase the mRNA expression of
SOD. This suggests that the recombinant PPI concentration of
0.001 pug-ml' does not affect the expression of SOD, and that
the increase in SOD activity may be self-regulated in cells to
remove newly generated ROS. In addition, an increase in TRR
mRNA expression aided PRDX, which is directly associated
with H,0,.

When treated with 1 pg-ml' recombinant PPI, the SOD
activity was 53.4%, which was increased compared with the
positive control. However, expression of mRNA was decreased
compared with the positive control. These results suggested
that the SOD antioxidant activity was not regulated by its
associated signaling pathway, however by the antioxidant
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activity of the recombinant PPI. It has been reported that the
recombinant PPI of the sweet potato roots gene has its own
antioxidant activity (36). The recombinant PPI in the present
study exhibited 20% antioxidant activity in vifro at 1 yg-ml”
(data not shown). Therefore, the results of SOD activity and
mRNA expression are different due to the fact that the antioxi-
dant activity of SOD is regulated by that of PPI.

The recombinant PPI treatment of 0.01-0.1 pg-ml!
increased the activities of CAT, GPx, SOD and TRR, and
mRNA expression was high. It is predicted that recombi-
nant PPI regulates the Keapl/Nrf2/ARE signal pathway for
antioxidant enzyme expression. Therefore, the regulation
of antioxidation by recombinant PPI directly promoted the
activity of antioxidant enzymes, however was also indirectly
controlled. Recently, Lee ef al (37) reported that Cyp including
PPI, binds to TRR and enhances its antioxidant activity. When
the recombinant PPI is treated at a concentration of 0.01 or
more, the activity of TRR may be rapidly increased due to the
combination of PPI and TRR.

However, the expression of mRNA does not entirely
determine the activity of the enzyme (38). Therefore, the
present study primarily confirmed the activity and mRNA
expression alterations of antioxidant enzymes that regulate
induced oxidative stress. Gene regulation and enzyme activity
combinations were additionally predicted. In the majority of
cases, the expression of mRNA was directly associated with
the regulation of the antioxidant enzyme activity. However,
when treated with 0.001 pg/ml of PPI, the expression of TRR
mRNA rapidly increased, whereas the activity of TRR was
decreased compared with other experimental groups. Further
experimentation is therefore required on TRR, PRDX and
their associated regulatory mechanisms.

The present study revealed for the first time, to the best
of our knowledge, the antioxidant properties of P. yezoensis
recombinant PPI. The results of the present study indicated that
recombinant PPI treatment controlled the expression of antiox-
idant enzymes and maintained the antioxidant capacity of the
cell. Additional studies into the interaction between recombi-
nant PPI and antioxidant enzymes are necessary to elucidate
the antioxidant mechanisms including the Keapl/Nrf2/ARE
signal pathway of recombinant PPI in the cell.

The present study also reported for the first time, and to
the best of our knowledge, the isolation of PPl mRNA from
P. yezoensis. The biochemical and physiological effects of
recombinant PPI protein during oxidative stress requires
further study. However, results from the present study suggest
that recombinant PPI is an excellent candidate for the develop-
ment of therapeutically useful antioxidant agents.
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