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Abstract: Velvet antler has a long history in traditional medicine. It is also an important healthy
ingredient in food as it is rich in protein. However, there has been no report about antioxidant
peptides extracted from velvet antler by enzymatic hydrolysis. Thus, the objective of this study
was to hydrolyze velvet antler using different commercial proteases (Acalase, Neutrase, trypsin,
pepsin, and a-chymotrypsin). Antioxidant activities of different hydrolysates were investigated using
peroxyl radical scavenging assay by electron spin resonance spectrometry. Among all enzymatic
hydrolysates, Alcalase hydrolysate exhibited the highest peroxyl radical scavenging activity. Alcalase
hydrolysate was then purified using ultrafiltration, gel filtration, and reverse-phase high performance
liquid chromatography. The purified peptide was identified to be Trp-Asp-Val-Lys (tetrapeptide) with
molecular weight of 547.29 Da by Q-TOF ESI mass spectroscopy. This purified peptide exhibited strong
scavenging activity against peroxyl radical (ICsp value, 0.028 mg/mL). In addition, this tetrapeptide
showed significant protection ability against AAPH-induced oxidative stress by inhibiting of reactive
oxygen species (ROS) generation in Chang liver cells in vitro and in a zebrafish model in vivo.
This research suggests that the tetrapeptide derived from Alcalase-proteolytic hydrolysate of velvet
antler are excellent antioxidants and could be effectively applied as functional food ingredients
and pharmaceuticals.
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1. Introduction

Reactive oxygen species (ROS) are chemically reactive species containing oxygen. ROS are
normally produced in living organisms during metabolism of oxygen. Under normal conditions in
our body, ROS can be effectively eliminated by antioxidant defense systems such as endogenous
antioxidant enzymes and non-enzymatic factors [1]. However, overproduction of ROS by various
factors can cause oxidative stress and lead to a variety of pathological conditions, including metabolic
impairments such as inflammation, aging, cancer, and cardiovascular diseases [2]. Therefore, sufficient
amount of antioxidants need to be consumed to prevent or slow down oxidative stress induced by
ROS. The amount of synthetic antioxidants used by humans is under strict regulation due to their
potential health hazards [3]. Thus, natural antioxidants without side effects or toxicity have attracted
great interest.

Int. ]. Mol. Sci. 2019, 20, 5187; d0i:10.3390/ijms20205187 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2823-8718
http://dx.doi.org/10.3390/ijms20205187
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/20/20/5187?type=check_update&version=2

Int. ]. Mol. Sci. 2019, 20, 5187 20f13

Food-derived peptides have shown to be potent antioxidants without serious side effects [4].
As such, to discover bioactive peptides from food proteins and to develop the peptides as alternatives
to synthesis antioxidants has been considered by many researchers. In addition, the peptides from
gastrointestinal digested food proteins may act as potential physiological modulators of metabolism
during gastrointestinal digestion [5,6]. Several recent studies have suggested that animal proteins are
good sources to produce antioxidant peptides and demonstrated that animal proteins hydrolystes
and/or its antioxidant peptides may promote health by decreasing oxidative stress [7-9].

Velvet antler is a typical traditional medicine from animal origin that is recognized in the
pharmacopeias of Korea, China, and Japan. In has been used as traditional medicine for over 2000
years. It also used as a functional foods or nutraceutical supplement in New Zealand, Canada,
and the USA [10]. The reports support that main prominent bioactive components of velvet antler are
polypeptides and proteins [11]. The traditional extraction of bioactive components from velvet antler
is generally done via simmering in hot water. However, there is some controversy surrounding this
approach, due largely to the extremely limited recovery of bioactive components in water extractions.
In recent years, enzymatic hydrolysis using commercial proteases has been successfully applied to
extraction of numerous biologically active peptides from a wide variety of food proteins and organisms.
Recently, several studies have reported that enzymatic hydrolysate extracted from velvet antler using
commercial proteases such as Alcalase, Protamex, pepsin, and Neutrase show a variety of biological
benefits, including anti-obesity, anti-inflammatory, and antioxidant effects [12-14]. Anti-inflammatory
peptides derived from velvet antler protein have also been reported [15].

However, to the best of our knowledge, there have been no reports about antioxidant peptides
extracted from velvet antler by enzymatic hydrolysis. Therefore, the objective of the present study was
to evaluate antioxidant activities of hydrolysates from velvet antler prepared with five commercial
proteases (Acalase, Neutrase, trypsin, pepsin, and «-chymotrypsin) and identify amino acid sequences
of purified peptides with the strongest antioxidant activity. Protective effects of purified peptides
against 2,2"-Azobis(2-amidinopropane) dihydrochloride (AAPH)-induced oxidative stress in Chang
liver cells and a zebrafish model were also investigated.

2. Results

2.1. Preparation of Enzymatic Hydrolysates from Velvet Antler and Their Peroxyl Radical Scavenging Activities

Velvet antler was successfully hydrolyzed with various commercial proteases such as trypsin,
pepsin, a-chymotrypsin, Neutrase, and Alcalase to produce potent antioxidant peptides. Yields of
velvet antler enzymatic hydrolysates measured by dry weight were observed to be 34.09%, 12.39%,
38.96%, 23.81%, and 29.75% for trypsin, pepsin, x-chymotrypsin, Neutrase, and Alcalase, respectively
(Table 1). Antioxidant activities of these hydrolysates against peroxyl radical were examined using
an ESR spectrometer. Their scavenging activities are shown in Table 1. Among these hydrolysates,
Alcalase-derived hydrolysate possessed the highest peroxyl radical scavenging activity. Although the
trypsin hydrolysate also showed a potent peroxyl radical scavenging activity, Alcalase can produce
shorter peptide sequences and terminal amino acid sequences responsible for various bioactivities as
well as useful for the production of bioactive peptide [16-18]. Therefore, Alcalase hydrolysate was
selected to identify antioxidant peptide for further studies.
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Table 1. Extraction yield and peroxyl radical scavenging activities of enzymatic hydrolysates from
velvet antler.

Enzyme Extraction Yield (%) Radical Scavenging Activity (%) V
Trypsin 34.09 90.00 + 1.69
Pepsin 12.39 78.58 + 1.08
a-Chymotrypsin 38.96 89.54 + 0.42
Neutrase 23.81 89.97 £ 1.05
Alcalase 29.75 93.78 + 0.45

These values are expressed as mean + S.E. from triplicate experiments. V) Radical scavenging activity was measured
at 1 mg/mL by ESR spectrometry.

2.2. Purification and Identification of Antioxidant Peptide

Initially, the Alcalase hydrolysate of velvet antler was cut off by two kinds of ultrafiltration
membranes (5 and 10 kDa, MWCO). Three fractions with different molecular weights (>10 kDa,
5-10 kDa, and <5 kDa) were obtained. Peroxyl radical scavenging activities of these three separated
fractions are shown in Table 2. The <5 kDa fraction possessed the highest peroxyl radical scavenging
activity. ICsp (the half maximal inhibitory concentration) value of the <5 kDa fraction was 0.26
mg/mL, lower than that of the >10 kDa fraction (0.30 mg/mL) or the 5-10 kDa fraction (0.35 mg/mL).
Accordingly, the <5 kDa fraction was further purified and separated using a Sephadex G-25 column.
As shown in Figure 1A, four fractions were obtained. Their peroxyl radical scavenging activities were
then determined. Fraction 3 (Fr. 3) exhibited the strongest peroxyl radical scavenging activity, with
ICsq value of 0.12 mg/mL. Thus, Fr. 3 was further separated by RP-HPLC and five main fractions were
obtained (Figure 1B). Fraction 3-3 (Fr. 3-3) showed the strongest peroxyl radical scavenging activity
with an ICs value of 0.028 mg/mL (Figure 1B), suggesting that Fr. 3-3 could possess potent antioxidant
activity by scavenging peroxyl radicals. Thus, amino acid sequences of Fr. 3-3 was determined using
Q-TOF ESI mass spectrometer. The purified peptide was identified as a tetrapeptide Trp-Asp-Val-Lys
(named TAVL). The molecular weight of this tetrapeptide was 547.29 Da (Figure 1C). As shown in
Table 3, the ICs value of the TAVL was 51.16 uM for peroxyl radical scavenging activity, whereas
positive control as ascorbic acid showed 19.26 uM of ICs( value, indicating the ascorbic acid is more
potent scavenging activity. However, based on this results, we can confirm the superior antioxidant
activity of TAVL.

Table 2. Peroxyl radical scavenging activities of different molecular weight fractions from Alcalase
hydrolysate of velvet antler.

Molecular Sizes ICsp Value (mg/mL)
>10 kDa 030 £ 0.01°
5-10 kDa 035+001P

<5kDa 0.26 + 0.022

These values are expressed as mean + S.E. from triplicate experiments. " Values with different alphabets are
significantly different at p < 0.05 as analyzed by Duncan’s multiple range test.
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Figure 1. Purification and identification of antioxidant peptide. (A) Sephadex G-25 gel filtration
chromatogram of <5 kDa fraction from Alcalase hydrolysate (upper panel) and its peroxyl radical
scavenging activity (lower panel). (B) RP-HPLC chromatogram of the potent peroxyl radical scavenging
activity fraction (Fr. 3) isolated from G-25 (upper panel) and its peroxyl radical scavenging activity
(lower panel). (C) Identification of amino acid sequence and (left panel) molecular weight (right panel)
of the purified peptide (TAVL) from Alcalase hydrolysate of velvet antler with a Q-TOF ESI mass
spectrometer. These values are expressed as mean + S.E. from triplicate experiments. 2~ Values with
different alphabets are significantly different at p < 0.05 as analyzed by Duncan’s multiple range test.
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Table 3. Comparison with peroxyl radical scavenging activity by the tetrapeptide (TAVL) and
ascorbic acid.

ICsp Value (uM)

TAVL 51.16 = 0.2
Ascorbic acid 19.26 £ 0.1

These values are expressed as mean =+ S.E. from triplicate experiments.

2.3. Intracellular Antioxidant Activities of the Purified Peptide

The cytotoxicity of the purified peptide (TAVL) was determined by 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay at multiple TAVL concentrations (25, 50, 100, 200,
400, 800, and 1600 pg/mL) prior to evaluating its intracellular antioxidant activities. Results revealed
that TAVL did not exhibit cytotoxicity at concentrations of up to 400 pg/mL, as compared with control
survival (Figure 2A). Therefore, TAVL of non-toxic concentration was used to examine its protective
effect against AAPH-induced cell damage in Chang liver cells. As shown in Figure 2B, AAPH treatment
without TAVL significantly decreased cell viability. However, TAVL protected cells against cellular
damage induced by AAPH in a dose-dependent manner. The generation of intracellular ROS could
be measured by analyzing DCF fluorescence intensity levels. As Figure 2C shows, the fluorescence
intensity of control group (AAPH and TAVL-untreated negative control) was recorded as 137, and the
fluorescence intensity of only AAPH-treated cells was recorded as 3272. However, pretreatment of
TAVL at 25, 50, 100, 200, and 400 pg/mL to cells mixed with AAPH reduced fluorescence intensities
(intracellular ROS production levels) to 3202, 2899, 2806, 2719, and 2420, respectively. These results
suggest that this antioxidant peptide (TAVL) could be developed into a potential bio-molecular
candidate to inhibit cellular damage and intracellular ROS formation. Since this antioxidant peptide
(TAVL) was found to exert antioxidant effects, its protective effect against AAPH-induced oxidative
stress was further investigated using a zebrafish model in vivo.
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Figure 2. Protective effects of purified peptide (TAVL) against 2,2-Azobis-(2-amidinopropane)
dihydrochloride (AAPH)-induced oxidative stress in Chang liver cells. Cells were treated with
TAVL at indicated concentrations. (A) Cytotoxic effect of TAVL on viability of normal cells. After
24 of treatment with TAVL, cell viabilities were assessed by MTT assay. (B) Effect of TAVL on cell
viability of AAPH-treated Chang liver cells. Cell viabilities were assessed by MTT assay. (C) Effect of
TAVL on intracellular ROS generation in AAPH-treated Chang liver cells. Intracellular ROS generated
was detected by 2’,7’-dichlorodihydrofluorescein diacetae (DCFH-DA) assay. Values are expressed
as mean + S.E. from triplicate experiments. Significant differences from only AAPH-treated group
(positive control) were identified at * p < 0.05, ** p < 0.01 as analyzed by Duncan’s multiple range test.
The control group represents the negative control that does not receive treatment of AAPH and sample

in an experiment.
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2.4. Protective Effects of Antioxidant Peptide (TAVL) against AAPH-Induced Oxidative Stress in a Zebrafish
Model In Vivo

AAPH-induced oxidative stress could eventually lead to cell death and overproduction of ROS
and lipid peroxidation. In the present study, the protective effects of TAVL against AAPH-induced
cell death, ROS generation, and lipid peroxidation in the zebrafish were investigated. As shown
in Figure 3A, cell death of zebrafish was significantly elevated by AAPH treatment compared to
non-AAPH-treated zebrafish. However, cell death induced by AAPH in zebrafish was remarkably
reduced by treatment with TAVL in a dose-dependent manner. Effects of TAVL on AAPH-induced
ROS generation and lipid peroxidation level are shown in Figure 3B,C, respectively. The control, which
contained no AAPH or TAVL, generated a clear image. After treatment with only AAPH, a fluorescence
image was generated, suggesting that generation of ROS and lipid peroxidation had taken place
in zebrafish embryos in the presence of AAPH. However, when zebrafish embryos were treated
with TAVL prior to AAPH treatment, dose-dependent reductions in the generation of ROS and lipid
peroxidation were observed. These results demonstrated that the antioxidant peptide (TAVL) could
have a protective effect against oxidative stress through its antioxidant activity.
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Figure 3. Protective effects of antioxidant peptide (TAVL) against AAPH-induced oxidative stress in
zebrafish model. (A) Protective effect of TAVL on AAPH-induced cell death in zebrafish embryos.
Cell death levels were measured after staining with acridine orange followed by image analysis and
fluorescence microscopy. (B) Inhibitory effect of TAVL on AAPH-induced ROS production in zebrafish
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embryos. ROS levels were measured after staining with 2’,7’-dichlorodihydrofluorescein diacetae
(DCE-DA) followed by image analysis and fluorescence microscopy. (C) Inhibitory effect of TAVL
on AAPH-induced lipid peroxidation in zebrafish. Lipid peroxidation levels were by DPPP staining.
The fluorescence intensity of individual zebrafish was quantified using Image J program. Values are
expressed as mean + S.E. Significant differences from only AAPH-treated group (positive control) were
identified at * p < 0.05, ** p < 0.01 as analyzed by Duncan’s multiple range test. The control group
represents the negative control that does not receive treatment of AAPH and sample in an experiment.

3. Discussion

Velvet antler is rich in proteins that may account for 60% (w/w) of dry matter [19]. However,
velvet antler proteins have only received limited attention as a potential bioactive resource. Recently,
the proteases have been successfully applied to extraction bioactive compounds from Velvet antler.
Several studies have also reported that enzymatic hydrolysate extracted from velvet antler using
protease show a variety of biological benefits, including anti-obesity, anti-inflammatory, and antioxidant
effects [12-15]. However, there have been no reports about antioxidant peptides that can be extracted
from velvet antler by enzymatic hydrolysis. Therefore, the aim of this study was to purify and identify
antioxidant peptides from velvet antler enzymatic hydrolysates and to evaluate their antioxidant
properties using peroxyl radicals scavenging assay. Protective effects of the purified peptide against
AAPH-induced oxidative stress in Chang liver cells and in zebrafish model in vivo were also determined.

To obtain novel active antioxidant peptides, five commercial proteases were used under optimal
conditions to hydrolyze velvet antler. Alcalase hydrolysate showed the highest peroxyl radical
scavenging activity. In addition, several studies have suggested that Alcalase is useful for the production
of bioactive peptide from food proteins [16-18,20,21]. Moreover, Alcalase can produce shorter peptide
sequences and terminal amino acid sequences responsible for various bioactivities [16,18]. Thus, Alcalase
hydrolysate was selected to identify antioxidant peptide for further studies.

The molecular weight of peptide is an important factor for its function [22]. Ultrafiltration (UF) is
a simple and efficient technology for separating different molecular weights of molecules based on
their molecular weights [23]. In this study, the Alcalase-proteolytic hydrolysate of velvet antler was
separated to three fractions with different molecular weight (MW < 5 kDa, MW of 5-10 kDa, and MW
> 10 kDa) by an UF system. Among these three MW groups, the <5 kDa fraction showed the strongest
peroxyl radical scavenging activity. Previous reports have found that food proteins hydrolysates can
be separated into three fractions (>10 kDa, 5-10 kDa and <5 kDa) by UF according to MW and that the
<5 kDa fraction exhibits the strongest free radical scavenging activity [6,17,24]. Results of the present
study also demonstrated that low MW fraction of Alcalase-proteolytic hydrolysate had higher free
radical scavenging activity than higher MW fractions. Therefore, the <5 kDa fraction was selected for
purification and identification of antioxidant peptide.

Sequential chromatography was used to purify antioxidant peptide from the active <5 kDa
fraction, including Sephadex G-25 column gel filtration chromatography and RP-HPLC. After two-step
isolation, we finally obtained the purified active peptide. Its amino acid sequence was determined
with a Q-TOF ESI mass spectrometer. The purified antioxidant peptide was identified as a tetrapeptide
Trp-Asp-Val-Lys (TAVL). The antioxidant peptide’s properties are based on its molecular weight,
amino acid sequence, and composition [25]. As reported previously, peptides showing antioxidant
activities with a lower molecular weight can more easily pass the intestinal barrier and exert biological
effects [25-27]. The purified tetrapeptide Trp-Asp-Val-Lys in the present study had a low molecular
weight of 547.29 Da. It showed good antioxidant activities in the present experiments, in agreement
with previous reports. In addition, the composition of amino acids within sequences of the peptide is
another important factor for its antioxidant effects [4]. Hydrophobic amino acids, including Trp, Pro,
Tyr, Lys, Leu, Val, and His, play an important role in the radical scavenging effects of peptides [26].
In addition, it has been reported and proven that antioxidant peptides containing aromatic amino acid
residues (Trp and Tyr) have strong antioxidative capacities because they can make active oxygen stable
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through direct electron transfer [1,4]. In this study, the identified tetrapeptide has three amino acid
residues (Trp, Val, and Lys) responsible for it antioxidant activity. This represents 3/4 of its compositions.

Overproduction of ROS can induce oxidative stress, which can cause numerous diseases and
disorders. Also, cellular damage by ROS-induced oxidative stress often impairs biomolecules function
and leads to cell death [28]. AAPH is a free radical-generating compound widely used to mimic the
oxidative stress state [24,29,30]. Hence, in order to assess the intracellular antioxidant activity of the
purified antioxidant peptide, in this study, AAPH was used to induce oxidative stress. The level of ROS
production in cells was detected via oxidant sensitive fluorescent probe DCFH-DA to measure whether
purified antioxidant peptide could prevent AAPH-induced ROS generation and the resulting oxidative
stressors. Our results showed that treatment of Chang liver cells with AAPH significantly increased
intracellular ROS level. However, purified antioxidant peptide inhibited such ROS generation induced
by AAPH. AAPH generates free radicals through reacting with oxygen, which resulting in rapid
formation of peroxyl radicals. The presently demonstrated inhibitory action of purified antioxidant
peptide on ROS production can be attributed to its peroxyl radical scavenging activity. This purified
antioxidant peptide was evaluated further with regard to its protective effects against AAPH-induced
cellar damage. Exposure of cells to AAPH resulted in a significant decrease of cell viability. However,
treatment with the purified antioxidant peptide inhibited cell death, suggesting that the purified
antioxidant peptide could protect cells against AAPH-induced cytotoxicity. These results suggest that
the purified antioxidant peptide could have a protective effect against ROS-induced oxidative stress,
thus leading to reduced cellular injuries.

Recent reports indicated that zebrafish can be used as a rapid and simple model to assess
the antioxidant activity against oxidative stress in vivo [29,30]. Therefore, in the present study,
we investigated the antioxidant effect of purified antioxidant peptide in vivo using the zebrafish
model. In the current study, antioxidant effects of purified antioxidant peptide against AAPH-induced
oxidative stress in zebrafish model were investigated. Our results showed that treating zebrafish
embryos with AAPH-treatment significantly increased cell death and ROS levels. However, the purified
antioxidant peptide inhibited such AAPH-induced cell death and ROS generation. Lipid peroxidation
may be a form of free radical-caused cellular damage [31]. In the present study, lipid peroxidation
significantly increased by AAPH treatment in zebrafish embryos. However, the purified antioxidant
peptide inhibited such lipid peroxidation formation effectively. The protective effect of the purified
antioxidant peptide against lipid peroxidation formation can be attributed to its antiperoxidative effect.
Taken together, these results further support that the purified antioxidant peptide could be utilized as
a natural antioxidant to potentially protect cells against oxidative stress.

In conclusion, an antioxidant tetrapeptide was purified and identified from Alcalase-proteolytic
hydrolysate of velvet antler. The identified antioxidant peptide (Trp-Asp-Val-Lys, 547.29 Da) exhibited
great antioxidant activity based on peroxyl radical scavenging assay. In addition, this tetrapeptide
significantly inhibited AAPH-induced ROS production in Chang liver cells and in a zebrafish model
in vivo. These results demonstrate that ROS reduction by tetrapeptide may contribute to attenuation
of intracellular oxidative stress. This tetrapeptide could have potential applications in functional foods,
nutraceutical, and pharmaceutical industries.

4. Materials and Methods

4.1. Chemicals and Reagents

2,2-Azobis-(2-amidinopropane) dihydrochloride (AAPH) and a-(4-pyridyl-1-oxide)-N-
t-butylnitrone (4-POBN) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Protein proteases including pepsin, trypsin, and o-chymotrypsin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Neutrase and Alcalase were purchased from Novozyme Co.
(Novo Nordisk, Bagsvaerd, Denmark). Penicillin-streptomycin and trypsin-EDTA were purchased
from Gibco-BRL (Burlington, ON, Canada). 2/,7’-dichlorodihydrofluorescein diacetae (DCFH-DA)
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and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals and reagents used were of analytical grade
and obtained from commercial sources.

4.2. Sample Preparation

Velvet antler was obtained from a farmed elk Daesungsan Deer Farm (Daegwallyeong, Korea) at
75 days after casting. The fresh velvet antler was immediately sliced and lyophilized. The lyophilized
velvet antler was ground into a fine powder and stored at —20 °C until use.

4.3. Preparation of Enzymatic Hydrolysates from Velvet Antler

Enzymatic hydrolysis was performed using five commercial proteases (trypsin, pepsin,
a-chymotrypsin, Neutrase, and Alcalase) at their optimal conditions (pH and temperature) as described
previously [24]. Briefly, one gram of dried velvet antler powder was added into 100 mL of distilled
water. Each enzyme was then added to have a substrate to enzyme ratio of 100:1. Enzymatic hydrolysis
was conducted under optimal conditions for 24 h, after which the hydrolysate was boiled at 100 °C
for 10 min to inactivate the enzyme. These hydrolysates were clarified by centrifugation at 3000x g
for 20 min to remove any unhydrolyzed residue. The supernatant of each hydrolysate was filtered,
adjusted to pH 7.0, and stored for subsequent use in experiments.

4.4. Peroxyl Radical Scavenging Activity

Peroxyl radicals were generated by AAPH and their scavenging activities were measured using
an electron spin resonance (ESR) spectrometer (JEOL, Tokyo, Japan) in accordance with the method
described by Hiramoto et al. [32]. Briefly, 20 puL of 40 mM AAPH and 20 pL of 40 mM 4-POBN
were mixed with 20 pL of PBS and 20 pL of indicated concentration of tested sample. The mixture
solution was incubated at 37 °C in a water bath for 30 min and then transferred into a capillary tube.
Experimental conditions were as follows: power, 10 mW; amplitude, 1 x 1000; modulation width,
0.2 mT; sweep width, 10 mT; sweep time, 30 s; and time constant, 0.03 s.

4.5. Isolation of Antioxidant Peptides from the Enzymatic Hydrolysate of Velvet Antler

4.5.1. Fractionation According to the Molecular Weight

The enzymatic hydrolysate, which possess the highest peroxyl radical scavenging activity, was
fractionated using the Millipore’s Lab scale TFF system (Millipore Corporation, Bedford, MA, USA)
equated with ultrafiltration membranes (MWCO: 5 and 10 kDa) at 4 °C. Then, three fractions (>10 kDa,
5-10 kDa, and <5 kDa) were obtained.

4.5.2. Purification of Antioxidant Peptides

The target fraction (500 mg) was loaded onto a Sephadex G-25 column (2.5 x 100 cm)
pre-equilibrated with filtered distilled water. Elution was then carried out with filtered distilled
water at a flow rate of 1.5 mL/min. Absorbance of each fraction at 220 nm was read and the
sub-fractions were collected. The fraction with the highest peroxyl radical scavenging activity obtained
was then subjected to reverse-phase high performance liquid chromatography (RP-HPLC) on an
Atlantis T3 column (3 pm, 3.0 X 150 mm, Waters, NY, USA) with a linear gradient of acetonitrile
(0-100% v/v, 30 min) at a flow rate of 1.0 mL/min. Elution peaks were detected at 220 nm.

4.5.3. Identification of Purified Antioxidant Peptide

Molecular weight and amino acid sequences of antioxidant peptides purified from velvet antler
were determined using a MicroQ-TOFIII mass spectrometer (Bruker Daltonics, Hamburg, Germany)
coupled with electrospray ionization (ESI) source. The purified peptide was dissolved in distilled
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water and infused into the ESI source. Its molecular weight was determined by singly charged (M + H)
state analysis in mass spectrum.

4.6. Experiments for Antioxidant Activity Assay Using Cells

4.6.1. Cell Culture

The human hepatocyte—derived cell line termed Chang Liver were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) and it is well-known cell line used in various
biological activities experiments including cellular antioxidant activity. Chang liver cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco-BRL, Burlington, ON, Canada) supplemented
with 10% (v/v) heat-inactivated bovin serum (FBS, Gibco-BRL, Burlington, ON, Canada) and 1% (v/v)
antibiotic. Cultures were maintained at 37 °C in a 5% CO, incubator.

4.6.2. Measuring Cytoprotective Effect by MTT Assay

Cytoprotective effect of the purified peptide was determined by a colorimetric MTT assay using
Chang liver cells. Briefly, cells were seeded into a 96-well culture plates at cell density of 1 x 10° cells/mL.
After incubation for 16 h, cells were treated with various concentrations (25, 50, 100, 200, 400, 800,
and 1600 pg/mL) of purified peptide. One hour later, 15 mM of AAPH was added to each well. Cells
were then incubated for an additional 24 h at 37 °C. After incubation, 50 L. of MTT solution (stock
concentration: 5 mg/mL in DPBS) was added into each well, and cells were incubated at 37 °C for 4 h.
Supernatants were aspirated and formazan crystals in each well were dissolved in DMSO. Absorbance
at 540 nm was then measured.

4.6.3. Intracellular ROS Measurement

To detect levels of intracellular ROS, the DCFH-DA method was used as described previously [33].
Briefly, Chang liver cells were seeded into 96-well culture plates at cell density of 1 x 10° cells/mL.
After 16 h, cells were treated with various concentrations of purified peptide and then incubated at
37 °C. One hour later, 15 mM of AAPH was added to the culture. Cells were then incubated for an
additional 30 min at 37 °C. DCFH-DA solution (5 ng/mL) was then introduced to cells. DCF-DA
fluorescence was detected at an excitation wavelength of 485 nm and an emission wavelength of
535 nm using a Perkin-Elmer LS-5B spectrofluorometer.

4.7. In Vivo Zebrafish Model for Antioxidant Activity Assay

The adult zebrafish were maintained following our previous study [30,34]. At 7-9 h post-fertilization
(hpf), zebrafish embryos were collected and arrayed in a 12-well plate (15 embryos/well) containing
2 mL embryo medium. The embryos were incubated with or without purified peptide for 1 h and then
exposed to AAPH (15 mM) for 24 hpf. Thereafter, zebrafish embryos were transferred into fresh embryo
medium and allowed to develop up to 72 hpf. Cell death, intracellular ROS, and lipid peroxidation in
zebrafish were estimated according to previously reported methods [33,34]. Briefly, at 72 hpf, zebrafish
embryos were transferred into 24-well plates and separately stained with specific fluorescent probe
dyes to determine cell death (acridine orange), intracellular ROS (2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA)), and lipid peroxidation generation (diphenyl-1-pyrenylphosphine (DPPP).
Following incubation for a specified period in the dye-containing media, embryos were rinsed with
fresh embryo media, anesthetized, and then observed under a fluorescence microscope equipped
with a CoolSNAP-Pro color digital camera (Olympus, Tokyo, Japan). The fluorescence intensities of
individual zebrafish were quantified using Image ] 1.46r software (Wayne Rasband, National Institutes
of Health, Bethesda, MD, USA). Cell death, intracellular ROS, and lipid peroxidation generation were
calculated by comparing fluorescence intensities of treated embryos to those of controls.
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4.8. Statistical Analysis

Data are presented as means + standard error (SE). Statistical comparisons of mean values were
performed by analysis of variance (ANOVA) followed by a Duncan’s multiple range test using
SPSS software.

Author Contributions: Conceptualization, S.-H.M. and S.-H.L.; Formal analysis, Y.D., S.-C.K. and S.-H.L.;
Investigation, Y.D. and S.-C.K.; Writing — original draft, Y.D. and S.-H.L.

Acknowledgments: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2018R1D1A1B07046262) and was
supported by the Soonchunhyang University Research Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Qian, ZJ.; Jung, WK_; Kim, S.K. Free radical scavenging activity of a novel antioxidative peptide purified
from hydrolysate of bullfrog skin, Rana catesbeiana Shaw. Bioresour. Technol. 2008, 99, 1690-1698. [CrossRef]

2. Halliwell, B. Free radicals, antioxidants, and human disease: Curiosity, cause, or consequence. Larncet
1994, 344, 721-724. [CrossRef]

3.  Ito, N.; Hirose, M.; Fukushima, S.; Tsuda, H.; Shirai, T.; Tatematsu, M. Studies on antioxidants: Their
carcinogenic and modifying effects on chemical carcinogenesis. Food Chem. Toxicol. 1986, 24, 1071-1082.
[CrossRef]

4. Sarmadi, B.H.; Ismail, A. Antioxidative peptides from food proteins: A review. Peptides 2010, 31, 1949-1956.
[CrossRef]

5. Byun, HG,; Lee, ].K; Park, H.G,; Jeon, ] K.; Kim, S.K. Antioxidant peptides isolated from the marine rotifer,
Brachionus rotundiformis. Process Biochem. 2009, 44, 842-846. [CrossRef]

6. Ko, S.C; Kim, D.; Jeon, Y.J. Protective effect of a novel antioxidative peptide purified from a marine
Chlorella ellipsoidea protein against free radical-induced oxidative stress. Food Chem. Toxicol. 2012, 50,
2294-2302. [CrossRef]

7. Davalos, A.; Miguel, M.; Bartolome, B.; Lopez-Fandino, R. Antioxidant activity of peptides derived from egg
white proteins by enzymatic hydrolysis. J. Food Prot. 2004, 67, 1939-1944. [CrossRef]

8.  Guo, H.; Kouzuma, Y.; Yonekura, M. Structures and properties of antioxidative peptides derived from royal
jelly protein. Food Chem. 2009, 113, 238-245. [CrossRef]

9. Lafarga, T.; Hayes, M. Bioactive peptides from meat muscle and by-products: Generation functionality and
application as functional ingredients. Meat Sci. 2014, 98, 227-239. [CrossRef]

10. Wu, E; Li, H,; Jin, L,; Li, X.; Ma, Y.; You, J.; Xu, Y. Deer antler base as a traditional Chinese medicine: A review
of its traditional uses, chemistry and pharmacology. J. Ethnopharmacol. 2013, 145, 403-415. [CrossRef]

11.  Sui, Z.; Zhang, L.; Huo, Y.; Zhang, Y. Bioactive components of velvet antlers and their pharmacological
properties. J. Pharm. Biomed. Anal. 2014, 87, 229-240. [CrossRef] [PubMed]

12. Zhao, L.; Luo, Y.C.; Wang, C.T; Ji, B.P. Antioxidant activity of protein hydrolysates from aqueous extract of
velvet antler (Cervus elaphus) as influenced by molecular weight and enzymes. Nat. Prod. Commun. 2011, 6,
1683-1688. [CrossRef] [PubMed]

13. Lee, S.H.; Yang, HW.,; Ding, Y.; Wang, Y.; Jeon, Y.J.; Moon, S.H.; Jeon, B.T.; Sung, S.H. Anti-inflammatory
effects of enzymatic hydrolysates of velvet antler in Raw 264.7 cells in vitro and zebrafish model. EXCLI J.
2015, 14, 1122-1132. [PubMed]

14. Ding, Y.; Wang, Y.; Jeon, B.T.; Moon, S.H.; Lee, S.H. Enzymatic hydrolysate from velvet antler suppresses
adipogenesis in 3T3-L1 cells and attenuates obesity in high-fat diet mice. EXCLI J. 2017, 16, 328-339.
[PubMed]

15.  Zhao, L.; Wang, X.; Zhang, X.L.; Xie, Q.F. Purification and identification of anti-inflammatory peptides
derived from simulated gastrointestinal digests of velvet antler protein (Cervus elaphus Linnaeus). J. Food
Drug Anal. 2016, 24, 376-384. [CrossRef]

16. Lee, ].K.; Hong, S.; Jeon, ] K.; Kim, S.K.; Byun, H.G. Purification and characterization of angiotensin I
converting enzyme inhibitory peptides from the rotifer, brachionus rotundiformis. Bioresour. Technol. 2009, 100,
5255-5259. [CrossRef]


http://dx.doi.org/10.1016/j.biortech.2007.04.005
http://dx.doi.org/10.1016/S0140-6736(94)92211-X
http://dx.doi.org/10.1016/0278-6915(86)90291-7
http://dx.doi.org/10.1016/j.peptides.2010.06.020
http://dx.doi.org/10.1016/j.procbio.2009.04.003
http://dx.doi.org/10.1016/j.fct.2012.04.022
http://dx.doi.org/10.4315/0362-028X-67.9.1939
http://dx.doi.org/10.1016/j.foodchem.2008.06.081
http://dx.doi.org/10.1016/j.meatsci.2014.05.036
http://dx.doi.org/10.1016/j.jep.2012.12.008
http://dx.doi.org/10.1016/j.jpba.2013.07.044
http://www.ncbi.nlm.nih.gov/pubmed/24029381
http://dx.doi.org/10.1177/1934578X1100601130
http://www.ncbi.nlm.nih.gov/pubmed/22224289
http://www.ncbi.nlm.nih.gov/pubmed/27152107
http://www.ncbi.nlm.nih.gov/pubmed/28507477
http://dx.doi.org/10.1016/j.jfda.2015.10.003
http://dx.doi.org/10.1016/j.biortech.2009.05.057

Int. ]. Mol. Sci. 2019, 20, 5187 13 0f 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kim, H.S.; Kim, S.Y.,; Fernando, I.PS.; Sanjeewa, K.K.A.; Wang, L.; Lee, S.H.; Ko, S.C.; Kang, M.C;
Jayawardena, T.U.; Jeon, Y.J. Free radical scavenging activity of the peptide from the Alcalase hydrolysate of
the edible aquacultural seahorse (Hippocampus abdominalis). ]. Food Biochem. 2019, 43, €12833. [CrossRef]
Saito, Y.; Wanezaki, K.; Kawato, A.; Imayasu, S. Structure and activity of angiotensin I converting enzyme
inhibitory peptides from sake and sake lees. Biosci. Biotechnol. Biochem. 1994, 58, 1767-1771. [CrossRef]
Sunwoo, H.H.; Nakano, T.; Hudson, R.J.; Sim, J.S. Chemical composition of antlers from wapiti (Cervus elaphus).
J. Agric. Food Chem. 1995, 43, 2846-2849. [CrossRef]

Li, GH.; Wan, J.Z.; Le, G.W,; Shi, Y.H. Novel angiotensin I-converting enzyme inhibitory peptides isolated
from alcalase hydrolysate of mung bean protein. J. Pept. Sci. 2006, 12, 509-514. [CrossRef]

Wijesekara, I.; Qian, Z.].; Ryu, B.M.; Ngo, D.H.; Kim, S.K. Purification and identification of antihypertensive
peptides from seaweed pipefish (Syngnathus schlegeli) muscle protein hydrolysate. Food Res. Int. 2011, 44,
703-707. [CrossRef]

Byun, H.G.; Kim, S.K. Purification and chracterization of angiotensin I converting enzyme (ACE) inhibitory
peptides from Alaska pollack (Theragra chalogramma) skin. Process Biochem. 2001, 36, 1155-1162. [CrossRef]
Sivakumar, R.; Hordur, G.K. ACE-inhibitory activity of tilapia protein hydrolysates. Food Chem. 2009, 117,
582-588.

Ko,].Y.; Lee, ].H.; Samarakoon, K.; Kim, J.S.; Jeon, Y.J. Purification and determination of two novel antioxidant
peptides from flounder fish (Paralichthys olivaceus) using digestive proteases. Food Chem. Toxicol. 2013, 52,
113-120. [CrossRef] [PubMed]

Sheih, I1.C.; Wu, TK.; Fang, T.]. Antioxidant properties of a new antioxidative peptide from algae protein
waste hydrolysate in different oxidation systems. Bioresour. Technol. 2009, 100, 3419-3425. [CrossRef]
Rajapakse, N.; Mendis, E.; Byun, H.G.; Kim, S.K. Purification and in vitro antioxidative effects of giant squid
muscle peptides on free radical-mediated oxidative systems. J. Nutr. Biochem. 2005, 16, 562-569. [CrossRef]
Roberts, PR.; Burney, ].D.; Black, K.W.; Zaloga, G.P. Effect of chain length on absorption of biologically active
peptides from the gastrointestinal tract. Digestion 1999, 60, 332-337. [CrossRef]

Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of aging. Nature 2000, 408, 239-247.
[CrossRef]

Kim, E.A,; Lee, S.H.; Ko, C.I; Cha, S.H.; Kang, M.C; Kang, S.M.; Ko, S.C.; Lee, WW.,; Ko, ].Y.; Lee, . H.; et al.
Protective effect of fucoidan against AAPH-induced oxidative stress in zebrafish model. Carbohydr. Polym.
2014, 102, 185-191. [CrossRef]

Kang, M.C,; Cha, S.H.; Wijesinghe, W.A].P.,; Kang, S.M.; Lee, S.H.; Kim, E.A_; Jeon, Y.J. Protective effect of
marine algae phlorotannins against AAPH-induced oxidative stress in zebrafish embryo. Food Chem. 2013,
138, 950-955. [CrossRef]

Sevanian, A.; Hochstein, P. Mechanism and consequence of lipid peroxidation in biological systems.
Annu. Rev. Nutr. 1985, 5, 365-390. [CrossRef] [PubMed]

Hiramoto, K.; Johkoh, H.; Sako, K.I.; Kikugawa, K. DNA breaking activity of the carbon-centered radical
generated from 2, 2"-azobis (2-amidinopropane) hydrochloride (AAPH). Free Radic. Res. Commun. 1993, 19,
323-332. [CrossRef]

Rosenkranz, A.R.; Schmaldienst, S.; Stuhlmeier, K.M.; Chen, W.; Knapp, W.; Zlabinger, G.J. A microplate
assay for the detection of oxidative products using 2’,7’-dichlorofluorescin-diacetate. J. Immunol. Methods
1992, 156, 39-45. [CrossRef]

Lee, S.H.; Ko, C.I; Jee, Y,; Jeong, Y.; Kim, M.; Kim, J.S.; Jeon, YJ. Anti-inflammatory effect of fucoidan
extracted from Ecklonia cava in zebrafish model. Carbohydr. Polym. 2013, 92, 84-89. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/jfbc.12833
http://dx.doi.org/10.1271/bbb.58.1767
http://dx.doi.org/10.1021/jf00059a014
http://dx.doi.org/10.1002/psc.758
http://dx.doi.org/10.1016/j.foodres.2010.12.022
http://dx.doi.org/10.1016/S0032-9592(00)00297-1
http://dx.doi.org/10.1016/j.fct.2012.10.058
http://www.ncbi.nlm.nih.gov/pubmed/23146692
http://dx.doi.org/10.1016/j.biortech.2009.02.014
http://dx.doi.org/10.1016/j.jnutbio.2005.02.005
http://dx.doi.org/10.1159/000007679
http://dx.doi.org/10.1038/35041687
http://dx.doi.org/10.1016/j.carbpol.2013.11.022
http://dx.doi.org/10.1016/j.foodchem.2012.11.005
http://dx.doi.org/10.1146/annurev.nu.05.070185.002053
http://www.ncbi.nlm.nih.gov/pubmed/2992549
http://dx.doi.org/10.3109/10715769309056521
http://dx.doi.org/10.1016/0022-1759(92)90008-H
http://dx.doi.org/10.1016/j.carbpol.2012.09.066
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Preparation of Enzymatic Hydrolysates from Velvet Antler and Their Peroxyl Radical Scavenging Activities 
	Purification and Identification of Antioxidant Peptide 
	Intracellular Antioxidant Activities of the Purified Peptide 
	Protective Effects of Antioxidant Peptide (TAVL) against AAPH-Induced Oxidative Stress in a Zebrafish Model In Vivo 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Sample Preparation 
	Preparation of Enzymatic Hydrolysates from Velvet Antler 
	Peroxyl Radical Scavenging Activity 
	Isolation of Antioxidant Peptides from the Enzymatic Hydrolysate of Velvet Antler 
	Fractionation According to the Molecular Weight 
	Purification of Antioxidant Peptides 
	Identification of Purified Antioxidant Peptide 

	Experiments for Antioxidant Activity Assay Using Cells 
	Cell Culture 
	Measuring Cytoprotective Effect by MTT Assay 
	Intracellular ROS Measurement 

	In Vivo Zebrafish Model for Antioxidant Activity Assay 
	Statistical Analysis 

	References

