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A B S T R A C T

Antioxidant peptides were purified from Mytilus edulis hydrolysates by peptic hydrolysis using

consecutive chromatographic techniques with SP-Sephadex C-25 cation-exchanger and reverse-

phase-high performance liquid chromatography.Three antioxidant peptides including PIIVYWK

(1004.57 Da, P1), TTANIEDRR (1074.54 Da, P2), and FSVVPSPK (860.09 Da, P3) were identified

by LC-MS/MS. P1, P2, and P3 exhibited strong DPPH radical scavenging and ORAC activity.

P1 and P3 were found to be more potent antioxidant peptides than P2.Thus, hepatoprotective

activities of P1 and P3 were evaluated against H2O2-induced hepatic damage in cultured he-

patocytes. P1 and P3 significantly (p < 0.05) increased cell viabilities in H2O2-induced

hepatotoxicity. Furthermore, P1 and P3 upregulated heme oxygenase-1 (HO-1) under normal

and oxidative stress conditions in cultured hepatocytes. However, hepatoprotective abili-

ties of P1 and P3 were abolished in the presence of ZnPP, HO-1 inhibitor. Thus P1 and P3

exhibited hepatoprotective effects through activation of HO-1 expression.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Food intake is being increasingly considered as not only a source
of nutrients but also a source of bioactive compounds such as
bioactive peptides, which are normally present in an inactive
form in the sequence of parent proteins (Lee, Qian, & Kim, 2010).

These peptides have numerous physiological functions in-
cluding antioxidant, antihypertensive, antibacterial, and can
be generated to active form through intestinal digestion or en-
zymatic hydrolysis (Harnedy & FitzGerald, 2012; Lee et al., 2010;
Sarmadi & Ismail, 2010). One of the most characterized bioactive
peptides are antioxidant peptides and extensive antioxidant
peptides have been identified and developed from fish and
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shellfish derived-proteins as well as whey protein via enzy-
matic hydrolysis (Lazcano-Perez, Roman-Gonzalez,
Sanchez-Puig, & Arreguin-Espinosa, 2012; Samaranayaka &
Li-Chan, 2011; Wiriyaphan, Xiao, Decker, & Yongsawatdigul,
2015). These antioxidant peptides are being considered as po-
tential agents to control various oxidative processes in human
body as well as in food through scavenging reactive oxygen
species (ROS) and free radical and inhibiting lipid peroxidation
(Samaranayaka & Li-Chan, 2011). Antioxidant activities of an-
tioxidant peptides are affected by various factors (Chen,
Muramoto, Yamauchi, Fujimoto, & Nokihara, 1998). For example,
the presence of antioxidant amino acids, such as Tyr, Trp, Met,
Lys, Cys, and His, has been reported to enhance antioxidant
activity (Sarmadi & Ismail, 2010). The molecular weight of an-
tioxidant peptides is also an important factor which affects
antioxidant activity. Several antioxidant peptides with mo-
lecular weights ranging from 500 to 1500 Da have been identified
from food sources (Samaranayaka & Li-Chan, 2011). Thus, nu-
merous researches have been conducted to produce and
fractionate antioxidant hydrolysates based on their molecu-
lar weights (He, Girgih, Malomo, Ju, & Aluko, 2013; Pérez-Vega,
Olivera-Castillo, Gómez-Ruiz, & Hernández-Ledesma, 2013). Re-
cently, purification and identification of bioactive peptides have
been conducted using chromatographic techniques in order to
verify bioactive peptides that are responsible for their bioac-
tivities. Moreover, numerous antioxidant peptides derived from
marine organism were identified such as tuna, yellowfin sole,
croaker, Alaska pollack, hoki skin and frame, and oyster (Jao
& Ko, 2002; Je, Park, & Kim, 2005; Jun, Park, Jung, & Kim, 2004;
Kim, Je, & Kim, 2007; Mendis, Rajapakse, & Kim, 2005; Nazeer,
Kumar, & Jai Ganesh, 2012; Qian, Jung, Byun, & Kim, 2008).

In our previous work, we reported antioxidant hydroly-
sates from M. edulis by peptic hydrolysis and further fractionated
their molecular weights (Park, Ahn, & Je, 2014). The results
showed that the 1–5 kDa peptide fraction exhibited the highest
antioxidant activities than those of other fractions. The ob-
jectives of this study, therefore, were to purify, identify, and
determine antioxidant and hepatoprotective effects of anti-
oxidant peptides from 1–5 kDa peptide fraction from M. edulis.
Antioxidant peptides were purified based on their oxygen
radical absorbance capacity (ORAC), and hepatoprotective
effects of identified antioxidant peptides were determined
against oxidative stress-induced hepatotoxicity in cultured
hepatocytes.

2. Materials and methods

2.1. Materials

Mytilus edulis was kindly donated from Yeosu Fisheries Co.
(Yeosu, Korea). DPPH (1,1-diphenyl-2-picrylhydrazyl) and Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were
purchased from Sigma Chemical Co. (St. Louis, Mo, USA). Pepsin
was purchased from Junsei Chemical Co. (Tokyo, Japan).
Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-EDTA,
penicillin/streptomycin, and fetal bovine serum (FBS) were ob-
tained from Gibco BRL (Frederick, MD, USA). All other reagents
were of the highest grade commercially available.

2.2. Preparation and fractionation of M. edulis
hydrolysates (MEH) by peptic digestion

Peptic hydrolysis and fractionation were conducted to produce
the most active antioxidant peptides according to our previ-
ous method (Park et al., 2014). Briefly, 10% M. edulis powder was
mixed with pepsin at enzyme/substrate ratio of 1:500 (w/w),
and then adjusted the reaction mixture to pH 2 using 6 M HCl.
The reaction was conducted for 30 min and then heated at
100 °C for 15 min to inactivate the enzyme. The resulted MEH
was further fractionated using molecular weight cut-off, and
the 1–5 kDa peptide fraction was collected and used for further
study.

2.3. Purification of antioxidant peptides

2.3.1. Stepwise purification using ion-exchanger
SP-Sephadex C-25 cation exchanger (GE healthcare, Uppsala,
Sweden) was applied for purification of antioxidant peptides.
Cation exchanger was equilibrated with 50 mM sodium acetate
buffer (pH 4.0) and transferred into 1 L beaker with 300 mL
buffer.The 1–5 kDa peptide fraction (5 g) was loaded onto cation
exchanger and then allowed for 1 h for adsorption. Non-
adsorbed fraction was collected by filtration and adsorbed
fraction was separated by stepwise elution using 0–0.2, 0.2–
0.4, 0.4–0.6, and 0.6–1.0 M NaCl, respectively. After dialysis for
48 h, the resulted solutions were lyophilised and the ORAC
values of the fractions were determined. The fraction showing
the highest ORAC value was further purified.

2.3.2. Reverse-phase high performance liquid
chromatography (RP-HPLC)
Antioxidant peptides were purified using RP-HPLC on a Hypersil
Gold C18 column (20 × 250 mm, 5 µm,Thermo Scientific, PA, USA)
with a linear gradient of acetonitrile (0–70% for 25 min) con-
taining 0.1% trifluoroacetic acid (TFA) at a flow rate of 1.0 mL/
min.The elution peaks were detected at 215 nm, and the active
fraction was verified using ORAC assay. The active fraction was
further purified using the same column with a linear gradi-
ent of acetonitrile (0% for 3 min and 20–45% for 18 min)
containing 0.1% TFA at a flow rate of 1.0 mL/min.

2.4. Identification of antioxidant peptides using
TOF-LC/MS/MS

Accurate molecular masses and amino acid sequences of an-
tioxidant peptides was determined by Hybrid Quadrupole-
TOF LC/MS/MS mass spectrometer (AB Sciex Instruments,
Redwood city, CA, USA) coupled with ESI source. The antioxi-
dant peptides were separately infused into the electrospray
source following dissolve in methanol/water (1:1, v/v), and mo-
lecular mass was determined by doubly charged (M + 2H)+2 state
in the mass spectrum. After the molecular mass of the anti-
oxidant peptides were determined, the peptides were
automatically selected for fragmentation. Sequenced infor-
mation was obtained by tandem MS analysis and de novo
sequencing performed by a de-novo sequencing programme (AB
Sciex Instruments).
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2.5. Synthesis of identified antioxidant peptides

The identified antioxidant peptides were synthesized by Fmoc
SPPS (solid phase peptide synthesis) using ASP48S from Peptron
Inc. (Seoul, Korea) and purified by RP-HPLC using a Vydac Everest
C18 column (22 × 250 mm, 10 µm). Elution was carried out with
a water-acetonitrile linear gradient (3–40% (v/v) of acetoni-
trile) containing 0.1% (v/v) TFA. Molecular weights of the purified
peptide were confirmed using LC/MS (Agilent HP1100 series).
The purities of synthesized peptides were over 96%.

2.6. Determination of antioxidant activities

2.6.1. DPPH scavenging activity
The DPPH scavenging activity of the synthesized antioxidant
peptides were evaluated according to the method proposed by
Blois (1958) with slight modifications. Various concentrations
of the peptides in water or DMSO were mixed with 100 µL of
150 µM DPPH, and the mixture was kept in the dark for 30 min.
The absorbance was determined at 517 nm using a microplate
reader (SpectraMax M2/M2e, CA, USA). IC50 value, which is the
concentration required to scavenge DPPH by 50%, was deter-
mined by non-linear regression method.

2.6.2. ORAC assay
The ORAC values were determined following a previously re-
ported method (Zulueta, Esteve, & Frígola, 2009) with some
modifications. The synthesized antioxidant peptides were dis-
solved in water or DMSO, and the other solutions were prepared
in 75 mM sodium phosphate buffer (pH 7.0). Briefly, 50 µL of
peptide solution and fluorescein (78 nM) in a 96-well microplate
were mixed and incubated at 37 °C for 15 min, followed by the
addition of 25 µL of AAPH (221 mM). The fluorescence was re-
corded every 5 min for 60 min (λ excitation: 485 nm; λ emission;
530 nm).Trolox (1–20 µM) was used to prepare a standard curve,
and the ORAC values of peptides were calculated by Trolox stan-
dard curve. The ORAC values were expressed as mM Trolox
equivalent (TE)/mM peptide.

2.7. Hepatoprotective effects of the synthesized
antioxidant peptides

2.7.1. Cell culture
The human hepatocytes (Chang liver) were obtained from the
American Type Culture Collection (Rockville, MD, USA). Cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM glu-
tamine, 100 U/mL of penicillin, 100 µg/mL of streptomycin, and
5% CO2 humidified atmosphere at 37 °C.

2.7.2. Cell viability and hepatoprotective effect of the
synthesized antioxidant peptides under oxidative stress
Cell viability was measured through blue formazan by the mi-
tochondrial respiration-dependent reduction of MTT. Cells
(1 × 104 cells/well) in a 96-well plates were treated with various
concentrations of peptides (100, 200, 300 and 400 µM) at 37 °C
for 24 h. A 100 µL of MTT solution (1 mg/mL) was added to each
well after removal of medium, followed by incubation for 4 h
at 37 °C. The formazan crystals in viable cells were dissolved

in 100 µL DMSO after removal of medium. The optical density
of each well was measured at 540 nm using a microplate reader
(SpectraMax M2/M2e).

Non-cytotoxic concentrations of the synthesized peptides
were applied to examine hepatoprotective effect against hy-
drogen peroxide-induced hepatocyte damage. The cells were
pretreated with peptides (100, 200, and 300 µM) for 2 h and then
washed three times with phosphate buffered saline (PBS). The
cells were then exposed to 650 µM H2O2 to generate oxidative
stress, followed by incubation for 24 h at 37 °C. After 24 h in-
cubation, MTT assay was performed as described in the above
method.

2.7.3. Western blot analysis
Whole cell protein lysates were extracted in RIPA buffer (Sigma
Chemical Co.), and protein content was determined by the Brad-
ford method. Equal amounts of protein (30 µg) were loaded and
separated on 12% SDS-PAGE and then transferred to PVDF mem-
brane and blocked with 5% skim milk in TBST (20 mM Tris-
HCl, 150 mM NaCl, 0.02% Tween-20) for 1 h. PVDF membranes
were incubated with primary antibodies against HO-1 over-
night at 4 °C. After the membrane was washed four times for
15 min each with TBST buffer, it was incubated in the appro-
priate HRP-conjugated secondary antibody for 2 h. Finally,
protein bands were detected using an enhanced chemilumi-
nescence western blotting detection kit (Pierce Biotechnology,
Rockford, IL, USA). The bands were imaged on Davinch-
Chemi imaging system (Core Bio, Seoul, Korea).The basal levels
of the proteins were normalized by analysing the level of β-actin.

2.7.4. ZnPP treatment
To confirm whether peptides protect hepatocytes against hy-
drogen peroxide-induced hepatotoxicity through the up-
regulation of HO-1 expression, hepatocytes were incubated with
5 µM ZnPP (HO-1 inhibitor) for 2 h with or without peptides.
Cells were then treated with 650 µM H2O2, followed by incu-
bation for 24 h at 37 °C. MTT assay was performed as described
in the above method.

2.8. Statistics

The data are presented as the mean ± standard deviation (SD)
of at least three independent experiments (n = 3). Differences
between means of each group were assessed by one-way analy-
sis of variance followed by Duncan’s test using PASW Statistics
19.0 software (SPSS, Chicago, IL, USA). A p-value < 0.05 was con-
sidered statistically significant.

3. Results and discussion

3.1. Purification and identification of antioxidant
peptides

Previously, our group reported that MEH produced by peptic
hydrolysis exhibited strong antioxidant activities against DPPH
radical scavenging activity and the ORAC value. In addition,
the 1–5 kDa peptide fraction obtained after fractionation of MEH
showed the best ORAC activity which amounted to 0.431 mM
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TE/mg fraction (Park et al., 2014). In the present study, there-
fore, we purified antioxidant peptides responsible for this
antioxidant activity using consecutive chromatographic tech-
niques. Firstly, the 1–5 kDa peptide fraction was loaded into
SP-Sephadex C-25 cation exchanger and was separated by step-
wise elution using different NaCl concentrations. Five separated
fractions obtained after using cation exchanger were col-
lected and then were dialysed using dialysis membrane with
1000 Da.The ORAC values of the fractions were depicted in Fig. 1
and non-adsorption part showed the highest ORAC value with
0.432 mM TE/mg peptide, following adsorption part by 0.4–
0.6 M NaCl elution having 0.353 mM TE/mg fraction. Thus, non-
adsorption part was further used for purification on RP-HPLC.

Non-adsorption peptides were applied onto RP-HPLC
equipped with ODS C18 column with a linear gradient of ace-
tonitrile (0–70% for 25 min) containing 0.1% TFA at a flow rate
of 1.0 mL/min. Each fraction was separated and collected every
2 min. The collected peptides were lyophilized and their ORAC
values were evaluated. As shown in Fig. 2, seven peptide frac-
tions exhibited different ORAC values. Fraction 5 collected
between 16 and 18 min possessed the highest ORAC value with
0.510 mM TE/mg fraction, followed by fraction 4 collected
between 14–16 min showing 0.441 mM TE/mg fraction. There-
fore, we further purified fraction 5 using the same ODS column
with a linear gradient of acetonitrile (0% for 3 min and 20–
45% for 18 min) containing 0.1% TFA at a flow rate of 1.0 mL/
min. As shown in Fig. 3, fraction 5 was further separated into
seven fractions, and all of them exerted potent ORAC activ-
ity. Fraction 5 collected by 13–14 min exhibited the ORAC value
with 0.658 mM TE/mg fraction, and this fraction was analysed
for amino acid sequence using Hybrid Quadrupole-TOF LC/
MS/MS mass spectrometer. Three fully-sequenced antioxidant
peptides were obtained by de-novo sequencing programme (AB
Sciex Instruments, CA, USA) and their MS/MS spectra were
shown in Fig. 4. The antioxidant peptides identified from the

1 to 5 kDa peptide fraction obtained from M. edulis by peptic
hydrolysis were determined to be Pro-Ile-Ile-Val-Tyr-Trp-Lys (P1,
1004.57 Da), Thr-Thr-Ala-Asn-Ile-Glu-Asp-Arg-Arg (P2,
1074.54 Da), and Phe-Ser-Val-Val-Pro-Ser-Pro-Lys (P3, 860.09 Da),
respectively. Identified antioxidant peptides were synthe-
sized, and their antioxidant activities were evaluated.

Chi, Wang, Wang, Zhang, and Deng (2015) purified and iden-
tified three antioxidant peptides including Trp-Glu-Gly-Pro-
Lys (615.69 Da), Gly-Pro-Pro (269.33 Da), and Gly-Val-Pro-Leu-
Thr (485.59 Da) from protein hydrolysates of bluefin
leatherjacket (Navodon septentrionalis) heads. Three antioxi-
dant peptides from bluefin leatherjacket skin were also
identified as Gly-Ser-Gly-Gly-Leu (389.41 Da), Gly-Pro-Gly-Gly-
Phe-Ile (546.63 Da), and Phe-Ile-Gly-Pro (432.52 Da) (Chi et al.,
2014). Hsu (2010) reported two antioxidant peptides such as Leu-
Pro-Thr-Ser-Glu-Ala-Ala-Lys-Tyr (978 Da) and Pro-Met-Asp-Tyr-
Met-Val-Thr (756 Da) from tuna dark muscle protein. Ngo, Qian,
Ryu, Park, and Kim (2010) identified antioxidant peptide as Asp-
Pro-Ala-Leu-Ala-Thr-Glu-Pro-Asp-Pro-Met-Pro-Phe (1382.57 Da)
from tilapia scale. Collectively, low molecular weight (below
1500 Da) antioxidant peptides from marine organism were docu-
mented, and in the present study, we also identified three
antioxidant peptides with below 1500 Da molecular weight. Ad-
ditionally, P1 contains three antioxidant amino acids such as

Fig. 1 – ORAC values of the fractions from SP-Sephadex
C-25 cation exchanger. The fractions were separated using
stepwise purification. Non-adsorbed fraction (0 M NaCl)
and adsorbed fractions (0–0.2 M, 0.2–0.4 M, 0.4–0.6 M, and
0.6–1.0 M NaCl) were separated and their ORAC values
were evaluated. Value means ± SD of three determinations.
Bars with different letters are significantly different
(p < 0.05).

Fig. 2 – RP-HPLC purification of the active fraction (non-
adsorbed fraction) from SP-Sephadex C-25 cation
exchanger on an ODS C18 column (Hypersil Gold C18

column, 20 × 250 mm, 5 µm) with a linear gradient of
acetonitrile (0–70% for 25 min) containing 0.1% TFA at a
flow rate of 1.0 mL/min. The eluted peaks were collected
every 2 min and their ORAC values were evaluated. Value
means ± SD of three determinations. Bars with different
letters are significantly different (p < 0.05).
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Pro,Tyr and Lys. P2 possesses two antioxidant amino acids such
as Glu and Asp and P3 has four antioxidant amino acids such
as Phe, two Pro, and Lys, respectively (Sarmadi & Ismail, 2010;
Udenigwe & Aluko, 2011).

3.2. DPPH radical scavenging activities and ORAC values
of the synthesized antioxidant peptides

We further evaluated DPPH scavenging activity and ORAC value
of the synthesized antioxidant peptides. The IC50 values of the
synthesized antioxidant peptides (P1, P2, and P3) and BHA (posi-
tive control) against DPPH were summarized in Table 1. The
IC50 values were determined to be 0.71 mM for P1, 2.33 mM for
P2, and 1.09 mM for P3, respectively. The activities were lower
than that of BHA, which is synthetic antioxidant that is widely
used in the food industry. Although P3 contains four antioxi-
dant amino acids in its primary sequence, it exhibited the
second DPPH radical scavenging activity. The different anti-
oxidant activities of three peptides against DPPH radical
scavenging may be attributed to its primary sequence. Wang
et al. (2013) identified pentapeptide with IC50 value of 4.56 mM
from blue mussel and Wang, Li, Chi, Zhang, and Luo (2012) re-
ported two antioxidant peptides (tripeptide and pentapeptide)
with IC50 values of 7.63 mM and 6.16 mM, respectively. These
reported antioxidant peptides showed lower DPPH radical scav-

enging activity compared to peptides identified in our study.
In contrast, antioxidant tridecapeptide from tilapia scale with
IC50 value of 7.56 µM and hexadecapeptide from hoki frame
protein with IC50 value of 41.37 µM showed higher DPPH radical
scavenging activity than our report (Kim et al., 2007; Ngo et al.,
2010). These results suggest that low molecular weight anti-
oxidant peptides exhibited weak DPPH radical scavenging
activity, whereas relatively high molecular weight antioxi-
dant peptides showed strong DPPH radical scavenging activity.

Fig. 3 – Re-RP-HPLC purification of the active fraction
(fraction 5) from 1st RP-HPLC on an ODS C18 column
(Hypersil Gold C18 column, 20 × 250 mm, 5 µm) with a linear
gradient of acetonitrile (0% for 3 min and 20-45% for
18 min) containing 0.1% TFA at a flow rate of 1.0 mL/min.
The eluted peaks were collected every 1 min and their
ORAC values were evaluated. Value means ± SD of three
determinations. Bars with different letters are significantly
different (p < 0.05).

Fig. 4 – Identification of antioxidant peptides by LC-MS/MS.
Sequencing was acquired over the m/z range of 50–2000
and sequenced by using de-novo sequencing programme.

92 J o u rna l o f Func t i ona l F ood s 2 0 ( 2 0 1 6 ) 8 8 – 9 5



Additionally, it is possible that many antioxidant amino acids
such as Pro, Glu, Met, Asp, His, Cys, Phe, and Asn may be able
to participate in their primary sequence. Thus, high molecu-
lar weight antioxidant peptides would exert high DPPH radical
scavenging activity. Indeed, tridecapeptide and hexadecapeptide
are rich in antioxidant amino acids in their primary se-
quence (Kim et al., 2007; Ngo et al., 2010).

Next, the ORAC values of the synthesized antioxidant pep-
tides were evaluated. As summarized in Table 1, P1 possessed
the highest ORAC value with 1.11 mM TE/mM P1, following
P3 with 0.78 mM TE/mM P3 and P2 with 0.02 mM TE/mM P2.
The observed ORAC values of P1, P2, and P3 are in agreement
to the order of DPPH radical scavenging activities. Gu et al.
(2012) synthesized two novel antioxidant peptides based on
glutathione (Glu-Cys-Gly) structure and reported their ORAC
values of 0.76 mM TE/mM for glutathione, 0.69 mM TE/mM for
Glu-Cys-His, and 2.42 mM TE/mM for Tyr-Glu-Cys-Gly, respec-
tively. In the present study, P1 and P2 showed higher ORAC
values than those of glutathione and Glu-Cys-His, but not Tyr-
Glu-Cys-Gly. Among numerous different methods determining
the antioxidant activity of pure compounds, fruit juice,
and food components, the ORAC method are increasingly used
to assess the antioxidant capacity (Nkhili & Brat, 2011).
Since, DPPH radical is a non-physiological radical, the
ORAC assay is a more reliable method to measure antioxi-
dant activity of food-derived antioxidants. Antioxidants with
the high ORAC value may exert antioxidant effect on human
body.

3.3. Cytoprotective effects of P1 and P3 against
H2O2-induced oxidative stress in cultured hepatocytes

To evaluate cytoprotective effect of the synthesized antioxi-
dant peptides, non-cytotoxic concentrations were determined
to avoid possible interference against cytoprotective effect
against H2O2-induced hepatocyte damage in cultured hepato-
cytes. Because P1 and P3 showed higher ORAC values than that
of P2, we evaluated cytoprotective effects of P1 and P3. As shown
in Fig. 5A, P1 and P3 did not show any cytotoxic effect at the
tested concentrations. In the present study, H2O2 was treated
to cultured hepatocytes to give oxidative stress. As shown in
Fig. 5B, treatment with 650 µM H2O2 alone significantly (p < 0.05)
reduced the cell viability (63.56%) compared to that of non-
treatment group (blank). However, pretreatment with P1 and
P3 (100–300 µM) prior to 650 µM H2O2 remarkably (p < 0.05)
reduced the cell cytotoxicity induced by H2O2, and the cell vi-
abilities were 87.19% for P1 and 92.23% for P3 at 300 µM. This

result clearly indicates that the exposure of cultured hepato-
cytes to P1 and P3 confers to significant protective effect against
H2O2.

3.4. P1 and P3 protected H2O2-induced hepatocyte
damage through activation of HO-1

To elucidate cytoprotective mechanism underlying
hepatoprotection against H2O2-induced oxidative stress in cul-
tured hepatocyte, we analysed expression of phase II detoxifying
enzyme such as HO-1 by Western blot analysis. As shown in
Fig. 5C, treatment with P1 and P3 (100–300 µM) in cultured he-
patocytes upregulated the expression of HO-1 compared to
blank group (without P1 and/or P3). Next, we also analysed HO-1
expression by pretreatment with P1 and P3 in cultured hepa-
tocytes under oxidative stress. HO-1 expression was slightly
induced by treatment with H2O2 compared to blank group
(without H2O2 and P1/P3); however HO-1 expression was dra-
matically induced by pretreatment with P1 and P3, indicating
P1 and P3 could reduce oxidative stress induced by H2O2 through
activation of HO-1 expression (Fig. 5D).

To confirm that P1 and P3 exhibit cytoprotective effect
through upregulation of HO-1 expression, we employed HO-1
inhibitor ZnPP to cultured hepatocytes in the absence or the
presence of P1 and P3 (300 µM). As shown in Fig. 5E, pretreat-
ment with P1 and P3 exerted cytoprotective effects against H2O2-
induced hepatotoxicity. However, these protection abilities of
P1 and P3 were abolished by the presence of ZnPP, indicating
that P1 and P3 exerted their cytoprotective effects through
upregulation of HO-1 expression.

Many types of chemopreventive compounds evoke consid-
erable induction of phase II detoxifying/antioxidant enzymes
through antioxidant response element-driven expression of
genes such as HO-1 and NAD(P)H:quinone oxidoreductase 1
(Kumar et al., 2013; Na & Surh, 2008). HO-1 is cytoprotective
enzyme that catalyses the rate-limiting step in heme catabo-
lism, leading to the generation of carbon monoxide, bilirubin,
and ferrous iron which is sequestered by intracellular ferritin
(Kim et al., 2010). Many papers demonstrated the potent an-
tioxidant and cytoprotective effects of phenolic compounds
through up-regulation of HO-1 expression (Kumar et al., 2013;
Lou, Jing, Ren, Wei, & Zhang, 2012; Xing et al., 2011). However,
there is scanty information about the induction of HO-1 by
bioactive peptides derived from marine protein sources. Herein,
we demonstrated that P1 and P3 peptides purified from M. edulis
protein hydrolysates protect against H2O2-induced hepatotox-
icity in cultured hepatocyte through up-regulation of HO-1
expression.

Table 1 – DPPH and ORAC values of the synthesized antioxidant peptides and BHT.

Synthesized antioxidant peptides DPPH (IC50, mM) ORAC (mM TE/mM peptide)

PIISVYWK (P1, 1004.57 Da) 0.71 ± 0.01 1.11 ± 0.01
TTANIEDRR (P2, 1074.54 Da) 2.33 ± 0.56 0.02 ± 0.01
FSVVPSPK (P3, 860.09 Da) 1.09 ± 0.03 0.78 ± 0.01
BHTa 0.07 ± 0.00 N.D.

a Butylated hydroxyanisole.
N.D.: Not determined.
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4. Conclusion

M. edulis hydrolysate fractions with antioxidant activity were
obtained by enzymatic hydrolysis,and antioxidant peptides were
further purified using ORAC activity-guided purification.Three
antioxidant peptides, including PIIVYWK (1004.57 Da),
TTANIEDRR (1074.54 Da), and FSVVPSPK (860.09 Da), were iden-
tified and their DPPH, ORAC and hepatoprotective activities were
determined in cultured hepatocytes.They were determined as
potent DPPH radical scavenger and exhibited strong ORAC values.
P1 and P3, which showed strong ORAC values than that of P2,
exhibited hepatoprotective effects against oxidative stress-
induced hepatotoxicity in cultured hepatocytes. These
hepatoprotective action of P1 and P3 were attributed to the
upregulation of HO-1 expression in cultured hepatocytes. Based
on these results, the peptide fraction and/or antioxidant pep-
tides (P1 and P3) may be considered for use as an ingredient in
new functional foods. However, further studies are needed to
be proved in vivo antioxidant and/or hepatoprotective activi-
ties in order to find practical usage of these peptides.
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