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nd antioxidant peptides from
coconut cake albumin hydrolysates: purification,
identification and synthesis†

Yajun Zheng, ‡*ab Yan Li‡ab and Guifeng Lia

Coconut cake albumin was hydrolysed by sequential digestion with alcalase, flavourzyme, pepsin and trypsin

to purify bioactive peptides with ACE-inhibitory and antioxidant activities. Following fractionation with

sequential ultrafiltration, Sephadex gel chromatography and RP-HPLC, three novel peptides KAQYPYV,

KIIIYN and KILIYG were identified. KAQYPYV, KIIIYN and KILIYG provided an IC50 value of 37.06 mM, 58.72

mM and 53.31 mM on ACE-inhibitory activity, respectively. For hydroxyl radical scavenging activity, KAQYPYV,

KIIIYN and KILIYG demonstrated an IC50 value of 70.84 mM, 77.62 mM and 95.23 mM, respectively. All the

three peptides exhibited a mixed modality of noncompetitive and uncompetitive inhibition on ACE and

KAQYPYV showed good stability against gastrointestinal enzymes digestion. Moreover, these peptides could

effectively lower intracellular endothelin-1 content without significant cytotoxicity, and protected vascular

endothelial cells from reactive oxygen species mediated damage. Furthermore, KAQYPYV, KIIIYN and

KILIYG also demonstrated high ion chelating ability (62.13% � 4.21%, 64.66% � 5.51% and 69.82% � 7.24%

at 0.1 mg mL�1, respectively) and considerable superoxide radical scavenging activity (39.30% � 2.72%,

46.79% � 1.70% and 51.16% � 3.23% at 1.0 mg mL�1, respectively). These results indicate that coconut cake

albumin is a potential source of bioactive peptides possessing ACE-inhibitory and antioxidant activities.
1. Introduction

It has been demonstrated that hypertension is a signicant risk
factor for cardiovascular diseases and threatens the health of one
fourth of the adults in the world.1,2 Angiotensin-I converting
enzyme (ACE) makes a positive contribution to hypertension
since it can catalyze the conversion of inactive angiotensin-I into
angiotensin-II (a potent vasoconstrictor) and deactivate bradyki-
nin (a potent vasodilator) in the renin-angiotensin system,
leading to increase in blood pressure.3 Thus, hypertension is
commonly treated by drugs such as captopril and enalapril,
which can lower the blood pressure by inhibiting ACE activity.
Except for the renin–angiotensin system, the regulation of blood
pressure is regulated by other complex systems, involving the
sympathetic nervous system, the endothelin system, kidney and
uid balance mechanisms and the nitric oxide system.4 In the
endothelin system, the endothelin converting enzyme cleaves the
biologically inactive intermediate termed big endothelin-1 to
form endothelin-1 (ET-1) which has powerful vasoconstrictor and
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pressor properties, cause the rise of blood pressure.5 Moreover,
increasing epidemiological evidence demonstrated that oxidative
stress and associated oxidative damage were mediators in
hypertension and other chronic diseases like arthritis, diabetes
and neurodegenerative diseases.6 Oxidative stress also can
disturb the balance between oxidants and antioxidants in cells
which is very important to human's health.7

More studies demonstrated that the control and improvement
of diet could handle both hypertension and oxidative stress,
which is helpful to prevent the occurrence of hypertension and
other cardiovascular diseases. Therefore development of nutra-
ceuticals or functional foods would be a low-cost alternative to
conventional synthetic therapeutics which always has possible
harmful side effects.4 In the recent years, ACE-inhibitory and/or
antioxidant peptides obtained from food natural sources
receiving an increasing interest in the world. Many ACE-
inhibitory and/or antioxidant peptides has been purication
and identied from food-derived proteins, including animal
proteins, plant proteins and marine proteins.7–17 These bioactive
peptides are usually short protein sequences (2–20 amino acids
long), and some of them can reveal other functions like antimi-
crobial, beyond antioxidative and ACE-inhibitory activity.9

Albumin is commonly known as water-soluble protein and
makes a signicant contribution to the human diet. Some
albumins such as lactoalbumin, ovalbumin and wheat albumin
can exert physiological hormone-like effects on humans beyond
their nutritional value.3,18 Coconut cake is a byproduct of the
RSC Adv., 2019, 9, 5925–5936 | 5925
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coconut oil industry, contains about 10% to 16% of protein, in
which albumin and globulin are the predominant fractions,
accounting for about 31% and 60%, respectively.19 Previous
study found that coconut albumin could effectively protect DNA
against oxidative damage and exhibited considerable super-
oxide radical scavenging activity (14.99%), reducing power
(0.122 � 0.010) and ACE inhibition activity (12.67 � 3.08%),20

indicating that bioactivity peptides with antioxidant and
potential antihypertensive effect may be isolated from it.
Although three antimicrobial peptides (Cn-AMP1, Cn-AMP2 and
Cn-AMP3) were identied from green coconut water,21 and
several ACE-inhibitory and antioxidant peptides (Pro-Gln-Phe-
Tyr-Trp, Val-Val-Leu-Tyr-Arg and Arg-Pro-Glu-Ile-Val) were
identied from coconut cake globulin hydrolysates.22,23 There is
no study on antioxidant and ACE-inhibitory peptides derived
from coconut cake albumin. The annual production of coconut
cake is about 63 million tons in the world,24 meaning that
a large amount of albumin could be produced. If peptides with
high antihypertensive or antioxidant activity could be obtained
from it, the usage of coconut cake will be expanded and
remarkable economic benets may be achieved. Therefore, the
current study aimed at the isolation, identication, synthesis
and characterization of ACE-inhibitory and/or antioxidative
peptides from coconut cake albumin.
2. Materials and methods
2.1. Materials and reagents

Coconut cake was obtained from South Coconut Food Pro-
cessing Co., China. Flavourzyme (5 � 104 U g�1), alcalase (1 �
105 U g�1), pepsin (1 � 105 U g�1) and trypsin (1 � 105 U g�1)
were purchased from Shanghai Biotech. Co., Ltd. (China). ACE
(from rabbit lung) and N-Hippuryl-His-Leu hydrate (HHL) were
purchased from Sigma Co., USA. The human endothelial cell
line (EA.hy926) was from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China. Dulbecco's
modied Eagle's medium (DMEM) and fetal bovine serum (FBS)
were purchased from Sijiqing Biological Co., China. Human
endothelin-1 (ET-1) Elisa kit was purchased from Ruiqi Bio-
logical Co. Ltd., China. GSH (glutathione), ferrozine and 2-
Deoxy-D-ribose were purchased from Yeyuan Biotech. Co., Ltd.,
Shanghai, China. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and other chemicals and
reagents were of analytical grade. Three isolated peptides
(KAQYPYV, KIIIYN and KILIYG) were synthesized using the
method of the solid phase procedure described by Zhang et al.25
2.2. Extraction of coconut cake albumin (CCA)

CCA was prepared according to the method described by Kwon
et al.26 Coconut cake was defatted three times with n-hexane
(1 : 10, g mL�1) and dried, ground and passed through a sieve of
0.2 mm mesh. The obtained defatted coconut cake were mixed
with distilled water (1 : 15, g mL�1), stirred at 4 �C for 1 h and
then the mixture was ltrated. The ltrate was collected and the
residue was resuspended in distilled water and stirred at 4 �C
for 1 h. This step was repeated in three times. The ltrate was
5926 | RSC Adv., 2019, 9, 5925–5936
pooled and centrifuged at 10000g for 30 min, the supernatant
was collected, dialyzed against distilled water for 24 h at 4 �C.
Then the dialyzation was centrifuged at 10000g for 30 min, and
the supernatant was collected and lyophilized. Then CCA was
obtained and stored at �20 �C.

2.3. Hydrolysis of coconut cake albumin

The enzymatic hydrolysis of CCA was performed following the
method reported by Zheng et al.27 The CCA solution (5 g/100 mL)
was transferred into polyethylene bags, sealed under vacuum and
subjected to high pressure treatment using aHPP-L3 high-pressure
apparatus (Tianjin HuaTaiSenMiao Biotechnology Co. Ltd., China)
at 400MPa, 35 �C for 15min. Then the CCA solutionwas separately
hydrolyzed by alcalase, avourzyme, pepsin, trypsin and a mixture
of these four enzymes. The reaction conditions of each enzyme and
hydrolysis degree (DH), ACE-inhibitory and antioxidant activity of
coconut cake albumin hydrolysates (CCAH) were shown in Table 1.
Results showed that when CCA was sequentially hydrolyzed by
alcalase, avourzyme, pepsin and trypsin, CCAH demonstrated the
highest ACE-inhibitory and antioxidant activity. Thus, these four
enzymes were chose to hydrolyze CCA in the following sequence:
alcalase, avourzyme, pepsin and trypsin. Moreover, the use of
pepsin and trypsin was to improve the stability of peptides from
coconut cake albumin against the gastrointestinal enzymes
digestion. At the end of the hydrolysis, the reaction solutions were
incubated in 100 �C for 5 min to inactivate the enzyme, and then
centrifuged at 10000g, 4 �C for 20 min. The supernatants were
collected and lyophilized to obtain CCAH. The degree of hydrolysis
(DH), ACE-inhibitory ability and hydroxyl radical ($OH) scavenging
activity of coconut cake albumin hydrolysis (CCAH) were deter-
mined using themethods of Adler-Nissen, Jimsheena &Gowda and
the 2-deoxyribose oxidation method,8,28,29 respectively.

2.4. Degree of hydrolysis (DH)

The DH of CCAH was analyzed using the trinitrobenzenesulfonic
acid (TNBS) method.28 Briey, 250 mL of coconut cake albumin
hydrolysate solution was mixed with 2.0 mL of phosphate buffer
(0.2 M, pH 8.2) and 2.0 mL of TNBS solution (1 mg mL�1). The
mixture was incubated at 50 �C for 60min in dark, and then 4mL
of 0.1 M HCl was added to terminate the reaction. Aer cooled at
room temperature for 30 min, the absorption was measured at
340 nm to quantitate free amino nitrogen. L-Leucine (0–2.0 mM,
dissolved in 1% SDS) was used to construct a standard curve.
Total amino nitrogen in protein was obtained by acid hydrolysis
with 6.0 M HCl at 110 �C for 24 h, ltered and neutralized. The
DH was calculated as follows:

DH (%) ¼ (AN2 � AN1)/Npb � 100 (1)

where, AN2 ¼ free amino nitrogen of hydrolysate (mg g�1), AN1

¼ free amino nitrogen of protein (mg g�1), and Npb ¼ total
amino nitrogen of the peptide bonds in protein (mg g�1).

2.5. ACE-inhibitory activity and inhibition pattern

According to the method of Jimsheena & Gowda,29 50 mL of
sample solution, 50 mL of ACE (25 mill units permL) and 150 mL
This journal is © The Royal Society of Chemistry 2019
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Table 1 The degree of hydrolysis (DH), ACE inhibition activity and hydroxyl radical ($OH) scavenging activity of coconut cake albumin hydro-
lysates (CCAH) by different enzymesa

Proteolysisb DH (%)
ACE-inhibitory
activity (%)

$OH scavenging
activity (%)

Alcalase 20.94 � 2.26e 35.05 � 3.67e 42.56 � 2.46e

Flavourzyme 16.29 � 3.11ef 29.10 � 3.33f 36.33 � 2.79f

Pepsin 3.15 � 0.61g 9.94 � 1.63h 17.37 � 1.09h

Trypsin 10.67 � 1.34f 20.80 � 3.08g 24.02 � 1.93g

Alcalase, avourzyme, pepsin and trypsinc 27.62 � 3.94d 48.34 � 1.41d 55.02 � 6.28d

a Before the proteolysis, coconut cake albumin was subjected to the pretreatments of high pressure (400 MPa, 15 min). b Proteolysis separately by
each enzyme at respective conditions as follows: alcalase at 45 �C, pH 8.5, usage dose: 2 g/100 g protein, hydrolyzed time: 2 h; avourzyme at 50 �C,
pH 7.0, usage dose: 2 g/100 g protein, 2 h; pepsin at 37 �C, pH 2.0, usage dose: 2 g/100 g protein, 2 h; and trypsin at 37 �C, pH 7.0, usage dose: 2 g/
100 g protein, 2 h. c Proteolysis using enzymes in sequence of alcalase (45 �C, pH 8.5, usage dose: 0.5 g/100 g protein, hydrolyzed time: 2 h),
avourzyme (50 �C, pH 7.0, usage dose: 0.5 g/100 g protein, 2 h), pepsin (37 �C, pH 2.0, usage dose: 0.3 g/100 g protein, 1 h), trypsin (37 �C, pH
7.0, usage dose: 0.3 g/100 g protein, 1 h). Before the addition of each enzyme, the temperature and pH of reaction solution were adjusted to the
optimum of the enzyme. Small letters on (d–g) the columns match results that are signicantly different (P < 0.05).
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of 8.3 mM HHL were mixed and incubated at 37 �C for 60 min,
followed by termination of the reaction by adding 250 mL of 1 M
HCl. Then 1.4 mL of ethyl acetate was added and the mixture
was vortexed for 5 s and centrifuged at 14100g for 5 min.
One mL of the upper organic phase was transferred into a test
tube and placed in a vacuum oven at 80 �C for 1 h. Subse-
quently, 2 mL of distilled water was added and the absorbance
at 228 nm was read. The IC50 value was dened as the
concentration of inhibitor required to inhibit 50% of the ACE
activity. The inhibition (%) was calculated as below:

ACE inhibition (%) ¼ (1 � AS/AC) � 100 (2)

where, AC was the absorbance of the ACE solution without an
inhibitor, AS was the absorbance of mixture contained samples.
Determination of the ACE inhibition pattern was carried out
according to the method published by Bush et al.30 Different
concentrations of ACE-inhibitory peptide (0.1, 0.2, 0.5 mg
mL�1) were added to each reaction mixture and the enzyme
activity was measured with different concentrations of HHL
(0.76, 1.52, 3.04, 3.80 and 7.60 mM). The ACE-inhibitory activity
was determined and the kinetics of ACE in the presence of the
inhibitor was determined by Lineweaver–Burk plots.
2.6. Scavenging activity of hydroxyl radical

Hydroxyl radical ($OH) scavenging activity was assayed using
the 2-deoxyribose oxidation method.8 100 mL of CCAH solution
was mixed with 1.4 mL of sodium phosphate buffer (0.1 M, pH
7.4), 100 mL of 10 mM 2-deoxyribose, 100 mL of 10 mM FeSO4,
100 mL of 10 mM ethylenediaminetetra acetic acid (EDTA) and
100 mL of H2O2 (10 mM). Aer incubation at 37 �C for 1 h,
1.0 mL of trichloroacetic acid (28 mg mL�1) and 1.0 mL of 2-
thiobarbituric acid (10 mg mL�1) were added. Then the mixture
was kept in boiling water bath for 20 min. Aer cooled to room
temperature, the absorbance of the mixture at 532 nm was read.
The activity was determined using the equation:

$OH scavenging activity (%) ¼ [1 � (AS � AB)/AC] � 100 (3)
This journal is © The Royal Society of Chemistry 2019
where AB was the absorbance of the blank (distilled water
instead of samples), AC was the absorbance of control (without
the addition of 2-deoxyribose oxidation) and AS was the absor-
bance of mixture contained samples. IC50 was dened as the
concentration of peptide that was required to scavenge 50% of
radical activity.
2.7. Purication of the bioactivity peptides

CCAH was separated by four steps in the following sequence:
ultraltration, Sephadex G-25 gel chromatography, Sephadex G-
15 gel chromatography and reversed-phase high performance
liquid chromatography (RP-HPLC). Firstly, the CCAH was
ltered sequentially using an ultraltration unit (Pellicon XL,
Millipore, USA) through two ultraltration membranes with
molecular weight (MW) cut-off of 5 and 3 kDa, respectively.
Three fractions were obtained: CCAH-I withMW > 5 kDa, CCAH-
II with MW 3–5 kDa and CCAH-III with MW < 3 kDa. The frac-
tion with the highest ACE-inhibitory activity was further sepa-
rated by a Sephadex G-25 gel ltration column (F2.6 cm � 60
cm) equilibrated with distilled water at 1.0 mL min�1. The
column was eluted with distilled water and monitored at
220 nm. Fractions were collected, lyophilized and their ACE-
inhibitory activity and $OH scavenging activity were
measured. The fraction showing the highest ACE-inhibitory
activity and/or $OH scavenging activity was separated by
Sephadex G-15 chromatography (F1.2 cm � 100 cm) equili-
brated with distilled water at 0.8 mL min�1. The column was
eluted with distilled water and monitored at 220 nm. The
fraction showing the highest ACE-inhibitory activity and/or $OH
scavenging activity was separated by RP-HPLC on a Zorbax semi-
preparative C18 column (F9.4 mm � 250 mm, Agilent Tech-
nologies, USA), using a linear gradient of acetonitrile containing
0.1% TFA (5–30%, in 30 min) at a ow rate of 2.5 mLmin�1. The
fraction showing the highest ACE-inhibitory activity and/or $OH
scavenging activity was further isolated on a Zorbax analysis C18

column (F4.6 mm � 250 mm, Agilent Technologies, USA) with
a linear gradient of acetonitrile containing 0.1% TFA (5–25%, in
20 min) at a ow rate of 1.0 mL min�1. The fractions with high
ACE-inhibitory activity and/or antioxidant activity were
RSC Adv., 2019, 9, 5925–5936 | 5927
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rechromatographed to conrm their purity on the same
analytical C18 column at a ow rate of 1.0 mL min�1 with
a linear gradient of acetonitrile containing 0.1% TFA (15–30%,
in 15 min). The fractions with high ACE-inhibitory activity and/
or $OH scavenging activity were subjected to LC-MS/MS
analysis.

2.8. Molecular mass and amino acid sequence of the
puried peptides

To identify molecular mass and amino acid sequence, the
puried fractions from RP-HPLC with highly ACE-inhibitory
and antioxidant activity, namely A4e-3 was analyzed by LC-
MS/MS with a coupled Eksigent Nano LC (Eksigent Technolo-
gies, Dublin, CA, USA) and Thermo LTQ linear ion trap mass
spectrometer (Thermo Fisher, San Jose, CA, USA). Briey,
acetonitrile (2%, v/v) containing 0.1% formic acid was used as
mobile phase A and acetonitrile (80%, v/v) with 0.1% formic
acid as mobile phase B for Nano-LC separation. Gradient
elution was carried out according to the following process:
phase B was linearly increased from 5% to 50% within 85 min;
aerwards, phase B was increased to 95% within the following
10 min, and then maintained at 95% for 30 min. Sequence
identication of the eluted peptides were analyzed by MS/MS,
and the parameters were: spray voltage: 2.2 kV, normalized
collision energy: 35%, capillary temperature: 200 �C, and scan
range:m/z 300–2000. The acquiredMS/MS data were interpreted
using the bioinformatics search engine Mascot version 2.1.0
(Matrix Sciences, London, UK). The peptide sequences were
matched to the published sequences of coconut proteins from
the National Center for Biotechnology Information (NCBI,
Bethesda, MD, USA) database.

2.9. Stability of the synthetic peptides

Following the method of Tavares et al.,31 peptide solutions were
adjusted to pH 2.0, mixed with pepsin (E/S ¼ 1 : 35) and incu-
bated at 37 �C for 1 h. Aerwards, the reaction mixture was
adjusted to pH 7.0, pancreatin was added (1 g/25 g peptide) and
incubated at 37 �C for 2 h, and then the digestion was termi-
nated by boiling for 10 min. The ACE-inhibitory activity and
$OH scavenging activity of the treated synthetic peptides and
the untreated synthetic peptides were determined.

2.10. Cell culture and cell viability determination

The EA.hy926 cells were seeded in a 96-well plate at a density of
1.0 � 105 cells per mL, cultured in DMEM (containing 1% non-
essential amino acid solution, 10% FBS, 100 IU mL�1 penicillin
and 100 mg mL�1 streptomycin) in a humidied atmosphere of
5% CO2 at 37 �C for 24 h. Then the wells were washed with
phosphate buffer solution (PBS) and cultured in fresh DMEM
but without FBS at 37 �C for 12 h. The DMEM without FBS was
removed and the cells were cultured in DMEM at 37 �C for
another 24 h. Then the cells were treated with different sample
concentrations (1.0, 1.5 and 2.0 mg mL�1) for 24 h. Captopril
(1 mg mL�1) was used as the positive control, whereas the
negative control was treated with only DMEM. Each treatment
was repeated in six wells. Aer treatment, viability of the cells
5928 | RSC Adv., 2019, 9, 5925–5936
was measured using MTT method as described by Mosmann.32

Briey, the cells were washed with PBS and 20 mL of MTT (5 mg
mL�1) were added into each well and kept at 37 �C for 4 h. Then
MTT solution was removed and 100 mL of dimethyl sulfoxide
were added. The absorbance was measured at 490 nm by
a Varioskan Flash (Thermo Scientic, USA).
2.11. Effect on intracellular ET-1 content

The EA.hy926 cells were seeded in a 96-well plate at a density of
1.0 � 105 cells per mL. Aer being cultured in the DMEM at
37 �C for 24 h, the cells were treated with different concentra-
tions of test samples (1.0, 1.5 and 2.0 mg mL�1) for 48 h.
Captopril (1 mg mL�1) was used as positive control and the
negative control was treated with only DMEM. Aer treatment,
the growth medium of each well was collected to quantify ET-1
content using the ET-1 Elisa kit following the manufacturer's
instructions.
2.12. Antioxidant activity of the peptides

2.12.1. Protective effect against H2O2-induced cellular
oxidative stress. The EA.hy926 cells were seeded in 96-well
plates with 5� 103 cells mL�1 and incubated at 37 �C in 5% CO2

for 24 h. Then the cells were treated with various concentrations
of test samples (1.0, 1.5 and 2.0 mg mL�1, dissolved in PBS) and
incubated at 37 �C for 24 h, followed by treatment with 300 mM
H2O2 for another 24 h. Cell viability was determined using the
MTT method as described above. In the blank control, cells
were treated only with the DMEM. In the H2O2 treated group
(control group), cells were treated with 300 mM H2O2. In the
sample group, cells were pretreated with different concentra-
tions of samples then exposed to 300 mM H2O2.4 The protective
effect of samples against H2O2-induced cellular oxidative stress
was calculated as follows:

Protective ability% ¼ (AS � AC)/(AB � AC) � 100 (4)

where, AS was the absorbance at 490 nm of the sample group, AC
was absorbance of the H2O2 treated group, and AB was the
absorbance of blank control.

2.12.2. Superoxide radical-scavenging activity. 100 mL
samples (1 mg mL�1) and 3 mL of pyrogallol solution (3 mM)
were mixed and the absorbance at 320 nm recorded at 30 s
intervals using a spectrophotometer. The scavenging activity
was determined as the percentage of inhibiting pyrogallol
autoxidation, which was calculated from the absorbance at
320 nm in the presence or absence of samples.33 GSH (1 mg
mL�1) was used as comparison.

2.12.3. Metal chelating capacity. According to the method
of Jeong et al.,34 450 mL of sample solutions (100 mg mL�1), 45 mL
of 2 mM FeCl2 and 1815 mL of distilled water were mixed. The
mixture was reacted with 90 mL of 5 mM ferrozine for 30 min.
Then the absorbance was read at 562 nm. GSH (100 mg mL�1)
was used as comparison and the chelating activity was calcu-
lated as follows:

Chelating activity (%) ¼ [1 � (AS � A B)/AC] � 100 (5)
This journal is © The Royal Society of Chemistry 2019
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where AB was the absorbance of the blank, AC was the absor-
bance of control (without the addition of ferrozine) and AS was
the absorbance of mixture contained samples.

2.13. Statistical analysis

All the experiments were repeated at least three times andmean
values were used. Data were subjected to analysis of variance
and Duncan value with a condence interval of 95% was
calculated to compare means.

3. Results and discussion
3.1. ACE-inhibitory and antioxidant activity of CCAH

Subjection to the high pressure treatment and the hydrolysis by
the four enzymes, the DH of CCAH was 27.62% � 3.94%, the
ACE inhibition activity and $OH scavenging ability were 48.34%
� 1.41% and 55.02% � 6.28%, respectively. High pressure
treatment was used to improve the DH and bioactivity of CCAH,
for it can increase the susceptibility of proteins to enzymatic
action by exposing new cleavage sites that allow enzymes to
reach otherwise buried hydrolysis sites, thereby increasing the
DH of AACH and release more peptides with antioxidant and/or
ACE-inhibitory activity.35

3.2. Separation by ultraltration and Sephadex G-25 gel
chromatography

Among the three fractions from ultraltration, CCAH-III (MW <
3 kDa) exhibited a signicantly higher ACE-inhibitory ability
(63.58 � 5.14% at 1 mg mL�1) than those of CCAH-I (41.64 �
3.94%) and CCAH-II (49.88 � 5.02%), which conrm the report
that molecular weight (MW) makes a negative contribution to
ACE-inhibitory activity of polypeptides.34 Through the Sephadex
G-25 gel chromatography, CCAH-III was separated into three
major fractions (Fig. 1a), of which the fraction A showed the
highest ACE-inhibitory activity (74.29 � 3.07%, Fig. 1b) among
the fractions, while it's $OH scavenging activity (53.01 � 4.29%)
is lower than that of fraction C (68.27� 2.05%). This meant that
MW plays important role in the bioactivity of peptides, but it's
not the risk factor. Peptides with high ACE-inhibitory don't
always have high antioxidant activity at the same time. Both
ACE-inhibitory activity and antioxidant ability were the evalua-
tion indicators to separate and choose CCAH, while ACE-
inhibitory activity is the rst factor. Hence the fraction A was
chosen to further fractionation.

3.3. Purication of the ACE-inhibitory and antioxidant
peptides

As shown in Fig. 1c, the fraction A was separated into six major
fractions through the Sephadex G-15 gel chromatography, of
which fraction A4 showed the highest ACE-inhibitory activity
(81.15% � 2.27%) and antioxidant capacity (88.92% � 3.16%,
Fig. 1d). The fraction A4 was further isolated by RP-HPLC on
a semi-preparative C18 column and nine major peaks named as
A4a to A4i were obtained and collected (Fig. 1e). The fraction
A4e with the highest ACE-inhibitory activity (86.33� 1.65%) and
$OH scavenging capacity (92.79 � 2.79%, Fig. 1f) was further
This journal is © The Royal Society of Chemistry 2019
puried by RP-HPLC in an analytical C18 column (F4.6 mm �
250 mm). As shown in Fig. 1g, A4e was separated into three
fractions named A4e-1, A4e-2 and A4e-3. However, the ACE-
inhibitory and $OH scavenging activity of A4e and A4e-3 have
no signicant differences (P > 0.05), and the bioactivities of A4e-
1 and A4e-2 were lower than those of A4e (Fig. 1h). This indi-
cated that there may be synergistic effect among the fractions
A4e-1, A4e-2 and A4e-3.25 The yield of fraction A4e and A4e-3
were 12.33 g/100 g fraction A4 and 40.05 g/100 g fraction A4e,
respectively. The fraction A4e-3 showed the highest ACE-
inhibitory activity (87.31% � 1.89%) and $OH scavenging
activity (92.32% � 2.25%), then it was subjected to ESI-MS/MS
analysis.
3.4. Characterization of the puried peptides

As shown in Table 2, three peptides Lys-Ala-Gln-Tyr-Pro-Tyr-Val
(867.45 Da), Lys-Ile-Ile-Ile-Tyr-Asn (762.47 Da) and Lys-Ile-Leu-
Ile-Tyr-Gly (705.44 Da) were identied in A4e-3. Their mass
spectra by Nano-LC-ESI-Q-TOF MS/MS are shown in Fig. 2a–c. It
was obvious that the identied peptides are all oligopeptides
with 6 or 7 amino acid residues, corresponding to the report
that the majority of ACE-inhibitory and/or antioxidant peptides
are short sequences with 2–12 amino acids.3 Moreover, these
peptides are all rich in hydrophobic and branched amino acids
(Ile and Leu). Especially to KIIIYN and KILIYG, the content of
branched amino acids (Ile and Leu) is reach to 50%. More
important, all these peptides have aromatic amino acid (Tyr)
and branched-chain amino acids (Ile and Val) in the C-terminal
tripeptide, and have Lys in the N-terminus. This may be
attributed to the trypsin used during CCAH preparation which
prefers to hydrolyze peptide bonds with Lys or Arg on the C-
terminal end.18 Respect to KAQYPYV and KIIIYN, they have
Val and Asn in the C-terminus, respectively.

In recent years, the correlation between structure and activity
of various ACE-inhibitory peptides indicate that the C-terminal
tripeptide residues play a predominant role in competitive
binding to the active site of ACE, and peptides with a Pro and/or
an aromatic residue (Trp, Tyr or Phe) and/or a branched
aliphatic amino acid residue (Val, Ile, or Leu) in the C-terminal
tripeptide always showed strong ACE-inhibitory effects.3,7

Activity data also suggests that the positive charge either on the
guanidine group of C-terminal Arg or on the 3-amino group of
N-terminal Lys side chains contributes substantially to the
inhibitory activity against ACE.4,27,36 Moreover, Rao et al. found
that the Asn residue at the C-terminal of peptides (Ser-Leu-Gly-
Asn and Ile-Thr-Ala-Ser-Val-Asn) and Lys residue at the N-
terminal of peptides (Lys-Ile-Val-Ser-Asp and Lys-Val-Phe) also
contributed to the ACE-inhibitory potency.37

Similarly, the structure–activity relationship of antioxidative
peptides also demonstrated that the presence of aromatic,
positively charged, and hydrophobic amino acid residues in the
peptide are important in contributing to the radical-scavenging
capacity of antioxidant peptides through donating hydrogen to
reactive oxygen species.18 Moreover, the peptides with a Pro at C-
terminal (like His-His-Pro and Pro-Asn-Arg-Pro-Gln-Phe) and
the peptides with Val residues at either C-terminal or N-
RSC Adv., 2019, 9, 5925–5936 | 5929
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terminal (e.g. Val-Lys-Leu and Val-Lys-Val) could show strong
$OH scavenging ability.10,31 All the identied peptides in this
paper are well t for these structural features of ACE-inhibitory
and antioxidant peptides. In addition, Zareia et al. have iden-
tied a peptide (Lys-Ile-Ile-Ile-Tyr) from palm kernel cake
proteins, which had a similar amino acid sequence with the
Fig. 1 Sephadex G-25 gel chromatography profile of CCAH-III (a) and AC
G-15 gel chromatography profile of fraction A (c) and ACE inhibition and $

A4 separated by semi-preparing RP-HPLC with the linear gradient of ac
mLmin�1 (e); and ACE inhibition and $OH scavenging activity of each frac
mL min�1 with the linear gradient of acetonitrile (15–30%, in 15 min) co
fractions A4e-1, A4e-2 and A4e-3 (h). i–lDifferent small letters on the ba

5930 | RSC Adv., 2019, 9, 5925–5936
peptide Lys-Ile-Ile-Ile-Tyr-Asn obtained the current study.38

However, KIIIY demonstrated higher ACE-inhibitory ability
(IC50: 47.00 � 1.60 mM) than that of KIIIYN (IC50: 58.72 mM)
obtained in the current study. This proves once again that an
aromatic amino acid residue in the C-terminal is very important
to the ACE-inhibitory activity of peptides.
E inhibition and $OH scavenging activity of each fraction (b); Sephadex
OH scavenging activity of each fraction (d); chromatography of fraction
etonitrile (5–30% in 30 min) containing 0.1% TFA at a flow rate of 2.5
tion (f); fraction A4e was isolated by analytical RP-HPLC at flow rate of 1
ntaining 0.1% TFA (g); ACE inhibition and $OH scavenging activities of
rs with the same filled patterns mean significant difference (P < 0.05).

This journal is © The Royal Society of Chemistry 2019
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Table 2 ACE-inhibitory and antioxidant peptides identified in coconut cake albumin by LC-MS/MSa

Peptide MW (Da)
Matched sin
Elaeis guineensis b

Hydrophobic
residues content

IC50 (mM) on ACE
inhibition activity

IC50 (mM) on $OH
scavenging activity

KAQYPYV Lys-Ala-Gln-Tyr-Pro-Tyr-Val 867.45 Q.KAQYPYV.K 42.86% 37.06d 70.84e

KIIIYN Lys-Ile-Ile-Ile-Tyr-Asn 762.47 N. KIIIYN.K 50.00% 58.72c 77.62d

KILIYG Lys-Ile-Leu-Ile-Tyr-Gly 705.44 N.KILIYG.K 50.00% 53.31c 95.23c

a Different small letters (c–e) in the same rowmeans signicant difference (P < 0.05). b FromNational Center for Biotechnology Information (NCBI).
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Thoughwith a lagerMW, KAQYPYV demonstrated the highest
ACE-inhibitory activity (37.06 mM) and antioxidant activity (IC50:
70.84 mM) among the three peptides, probably attributed to the
Fig. 2 Mass spectra of peptides KAQYPYV (a), KIIIYN (b) and KILIYG (c) id

This journal is © The Royal Society of Chemistry 2019
presence of Tyr, Pro and Val residues at the C-terminal simulta-
neously. It has been demonstrated that ACE has four functional
amino acid residues of Tyr, Arg, Glu and Lys at the active site and
entified by LC-MS/MS in coconut cake albumin hydrolysates (CCAH).

RSC Adv., 2019, 9, 5925–5936 | 5931
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three hydrophobic binding subsites, thus peptides with both
aromatic residues (Tyr) and hydrophobic residues (Pro and Val)
in the C-terminus have high affinity with these active sites.36

Furthermore, the IC50 values on ACE-inhibitory activity of
the three peptides (37.06 to 58.72 mM) were lower than that of
peptides identied from corn (Ala-Tyr, IC50: 146.8 mM), egg
white lysozyme (Ala-Met-Lys, IC50: 94.2 mM) and sweet sorghum
grain (Thr-Leu-Ser, IC50: 102.1 mM).37,39,40 And the $OH scav-
enging activity of the three peptides (IC50: 70.84 to 95.23 mM)
were also higher than that of peptides identied from tilapia
skin gelatin (Leu-Ala-Arg-Leu, IC50: 310.0 mM), salmon (Phe-Leu-
Asn-Glu-Phe-Leu-His-Val, IC50: 152 mM) and bovine casein
(FYYEQNL, IC50: 119.11 mM).7,18,41 This indicated that the
peptides identied in the current study had a relatively high
ACE-inhibitory and antioxidant activity.
3.5. Stability and inhibition pattern of synthetic peptides

The ACE-inhibitory and antioxidant peptides identied in
CCAH were synthesized to conrm their activity and evaluate
the stability against the gastrointestinal enzymes digestion. As
shown in Fig. 3A, aer digestion with pepsin followed by
pancreatin, the IC50 values of KIIIYN and KILIYG decreased
remarkably (P < 0.05). It was reported that pepsin preferentially
cleaves the C-terminal to Phe, Leu and Glu, while pancreatin
hydrolyses peptide bonds with aromatic side chains (Tyr, Trp
Fig. 3 Stability of synthetic peptides KAQYPYV, KIIIYN and KILIYG aga
significant difference compared to the positive control (untreated by pro
peptides KAQYPYV (B), KIIIYN (C) and KILIYG (D).

5932 | RSC Adv., 2019, 9, 5925–5936
and Phe) at N-terminal or C-terminal.18,42 The peptide KIIIYN
can be split into KIIIY and N by pancreatin, while KILIYG can be
split into KILIY and G. The bioactivity of split peptide KIIIY and
KILIY with Tyr at C-terminal was expected to increase aer
digestion. In contrast, there was no signicant decrease (P >
0.05) in the ACE-inhibitory and antioxidant activity of the
peptides KAQYPYV, suggesting that it could effectively retain
the activity in the gastrointestinal digestion system. Although
also with Tyr residue in C-terminals, KAQYPYV has a Pro in the
C-terminus, which has a signicant role in the stability of ACE-
inhibitory peptides against some proteases.36

ACE-inhibitory peptides were found to inhibit ACE via
different inhibition modalities such as competitive, noncom-
petitive, uncompetitive and mixed inhibition manners. The
kinetic constants of ACE in the presence of peptides KAQYPYV,
KIIIYN and KILIYG revealed that, the Vmax decreased but Km

changed differently (Fig. 3B–D), indicating a mixed modality of
noncompetitive and uncompetitive inhibition. Similar peptides
like EVSQGRP, SAAVGSP and VVLYK also exhibited mixed-mode
inhibition patterns.11,27
3.6. Effect on EA.hy926 cells proliferation and intracellular
ET-1 content

Result in Fig. 4A revealed that all the peptides (KAQYPYV,
KIIIYN and KILIYG) showed no signicant (P > 0.05) cytotoxicity
inst the simulated gastrointestinal digestion (A), **on the bar meant
teases); and Lineweaver–Burk plot of the inhibitory effects on ACE of

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10269d


Fig. 4 Effect of peptides (KAQYPYV, KIIIYN and KILIYG) identified in CCAH on EA.hy926 cells' viability (A), intracellular endothelin-1
content (B), protection against damage induce by H2O2 (C), and superoxide radical scavenging activity and Fe2+ chelating ability (D).
Captopril and glutathione (GSH) were used as the positive control, and small letters on the bars (a–f) mean significantly difference
(P < 0.05).
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towards the EA.hy926 cells at the tested concentrations,
meaning that these peptides are all safe material in terms of
cellular toxicity and thereby could be used as a safe inhibitor of
ACE and as effective antioxidant with no cytotoxicity to vascular
endothelial cells.4

Other than the renin angiotensin system (RAS), the endo-
thelin system has an increasingly recognized role in blood
pressure regulation, in which ET-1 has powerful vasoconstrictor
and pressor properties. Thus, peptides that can inhibit the
intracellular ET-1 also have potential antihypertensive proper-
ties.5 Results in Fig. 4B showed that all the three peptides could
effectively inhibit the intracellular ET-1 content with a concen-
tration-dependent increase, indicating their potential antihy-
pertensive effect, though which was lower than that of captopril
(P < 0.05). Previous studies also demonstrated that ACE-
inhibitory peptides like Val-Phe-Tyr, Val-Val-Leu-Tyr-Lys and
Val-Ile-Glu-Pro-Arg could play antihypertensive effects through
inhibiting the expression of ET-1 in vascular endothelial
cells.27,43
This journal is © The Royal Society of Chemistry 2019
3.7. Antioxidant activity of the ACE-inhibitory peptides

3.7.1. Protective effect against H2O2-induced cellular
oxidative stress. H2O2 can trigger oxidative damage through
the elevation of intracellular reactive oxygen species (ROS),
which may activate the cell apoptosis pathway and eventually
lead to a variety of diseases including cancer, diabetes mel-
litus, cardiovascular diseases, etc.18 As shown in Fig. 4C, all
the peptides KAQYPYV, KIIIYN and KILIYG had
signicant protection effect on EA.hy926 cells against H2O2

induced damage (Fig. 4C), and an obvious dose-dependent
relationship was observed among the low-, medium- and
high-dose groups. The highest inhibition ability
was found for peptide KAQYPYV at 2 mg mL�1, in
accordance with its highest $OH scavenging activity as shown
in Table 2.

3.7.2. Superoxide radical-scavenging activity and Fe2+

chelating ability. Among the three peptides, the KILIYG showed
the highest superoxide radical scavenging activity though which
is lower than GSH (P < 0.05), probably contributed to its high
content of hydrophobic amino acid and lower MW (Fig. 4D).42
RSC Adv., 2019, 9, 5925–5936 | 5933
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Moreover, the O2
�c scavenging ability of KAQYPYV, KIIIYN and

KILIYG were all higher than that of VLPPQQQY and
VTSLDLPVLRW (IC50: 661 mM).44 Compared to GSH, all the
KAQYPYV, KIIIYN and KILIYG demonstrated a no signicant
different (P > 0.05) Fe2+ chelating ability (62.13–69.82% at
0.1 mg mL�1), which is much higher (P < 0.05) than that of
peptides identied from sweet potato protein (YYIVS, 59.74% at
3 mg mL�1) and tilapia gelatin (Leu-Ala-Arg-Leu, 46.53% at
0.1 mg mL�1).41,44

Both O2
�c and $OH are the most reactive among the

oxygen radicals that can attract adjacent biomolecules,
initiate oxidative chain reaction and induce the production
of various radicals; and the presence of some metal ions like
Fe2+ can extremely accelerate the oxidation reaction.42 In this
point of view, the results in this paper demonstrated that the
three peptides could exhibit high antioxidant activity via
inhibiting the generation of radical or chelating Fe2+ or
scavenging the radical produced during the oxidation reac-
tion, and thereby protect vascular endothelial cells from
oxidative damage.44

Furthermore, increasing studies demonstrated that ACE-
inhibitory peptides could play antihypertensive effect by one
or more of the following ways: (1) inhibiting the ACE activity or
improving activity of angiotensin-II converting enzyme (ACE2),
(2) restraining the expression of ET-1 in vascular cells, (3)
protecting vascular cells against oxidative damage, and (4)
other ways.11,27,43 The results in the current study showed that
the identied peptides in CCAH exhibited high ACE inhibition
activity and antioxidant ability, and could effectively decrease
the intracellular ET-1 and protect vascular cells against
oxidative damage, indicating their potential antihypertensive
effect.
4. Conclusions

Three novel ACE-inhibitory and antioxidant peptides comprised
of 6–7 amino acids were identied in CCAH. The obtained
peptides showed high ACE-inhibitory activity (IC50 : 37.06 to
58.72 mM), and high $OH scavenging capacity (IC50: 70.84 to
95.23 mM), high Fe2+ chelating activity and considerable O2

�c
scavenging ability. Moreover, the three peptides could effec-
tively reduce the intracellular ET-1 content and protect vascular
endothelial cells from reactive oxygen species mediated
damage, indicating their potential antihypertensive effect.
Therefore, these peptides isolated from CCAH could be used as
a functional food ingredient to control ACE activity and
antioxidation.
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strategy for purication and identication of potential
ACE-inhibitory and antioxidant peptides in Tetradesmus
obliquus microalgae, Anal. Bioanal. Chem., 2018, 410,
3573–3586.

17 C. M. Montone, A. L. Capriotti, C. Cavaliere, G. L. Barbera,
S. Piovesana, R. Z. Chiozzi and A. Laganà, Characterization
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