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Abstract: The aim of this work was to obtain chicken egg ovalbumin hydrolysates using aspartic
proteinases present in extracts from the artichoke flower (Cynara scolymus L.) and evaluate their
antioxidant, antimicrobial, and angiotensin I-converting enzyme (ACE) inhibitory activity in vitro.
Hydrolysis time and molecular weight (<3 kDa) had a significant influence on the hypertensive
and antioxidant activity of the hydrolysates. The <3 kDa fraction of the 16 h hydrolysate had an
ACE inhibitory activity with an ICsg of 64.06 ug peptides/mL. The fraction <3 kDa of ovalbumin
hydrolysate at 2 h of hydrolysis showed a DPPH radical scavenging activity of 30.27 uM of Trolox
equivalents/mg peptides. The fraction <3 kDa of the hydrolysate of 16 h had an ABTS* caption
activity of 4.30 mM of Trolox equivalents/mg peptides. The fraction <3 kDa of the hydrolysate
of 2 h had an iron (II) chelating activity of 32.18 ug peptides/mL. From the peptide sequences
identified in the hydrolysates, we detected four peptides (from the BIOPEP database) that were
already in their bioactive form (IAAEVYEHTEGSTTSY, HLEFEGPPGKKDPV, PIAAEVYEHTEGSTTSY,
and YAEERYPIL), and are reported to display antioxidant and ACE inhibitory activity.

Keywords: angiotensin-I converting enzyme (ACE) inhibitor; antioxidant; artichoke; bioactive
peptide; ovalbumin

1. Introduction

Besides their elevated nutritional value, hen egg proteins or their derivatives show
several biological activities, such as antioxidant activity, antihypertensive activity, antimi-
crobial activity, etc. [1]. Some of these proteins have activity by themselves, but the peptides
derived from them, of between 2 and 20 amino acids, have shown a greater potential for
bioactivity [2]. In addition to the length of the peptide chain, the amino acid composition
also plays a very important role, with a higher bioactivity in peptides with hydrophobic
amino acids having been observed [3]. Generally, in order for peptides to exert their
bioactivity, they have to be cleaved from the sequence of their parent protein. The main
procedure to obtain peptides with potential bioactivity from food proteins is enzymatic
hydrolysis using different types of enzymes [4]. Generally, commercial enzymes are the
most widely used because their characterization and activity are well-known [5]. Some of
the enzymes most used in protein hydrolysis are pepsin, trypsin, alcalase, and papain [6-9],
but the number of plant enzymes used is still limited, with enzymes of animal or microbial
origin having mainly been used [10].

From the genus Cynara (e.g., thistle and artichoke), aspartic proteinases (cardosines
and scolymines, respectively) that present high proteolytic activity can be obtained [11-13],
giving rise to a large number of hydrophobic peptides [13-15] that have shown greater
antioxidant [3,16,17] ACE inhibition [18] and antimicrobial activities [19].

The artichoke flower (Cynara scolymus) constitutes a very abundant agricultural by-
product in the Spanish southeast that can be used to obtain enzymatic extracts for the
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production of hydrolysates with potential bioactive peptides. These hydrolysates could be
used as functional food ingredients or as natural antioxidants in food systems [1,10].

Therefore, the objective of this work was to obtain ovalbumin hydrolysates with
enzymatic extracts of artichoke flower. These hydrolysates have been analyzed for antioxi-
dants, ACE-I inhibition, and antimicrobial activities in vitro. Additionally, the sequences
of the peptides obtained have been identified and compared with those collected in the
BIOPEP database [20].

2. Materials and Methods
2.1. Obtaining the Enzymatic Extract of Cynara scolymus L.

Mature artichoke flowers (Cynara scolymus L.) from the Murcia Region of Spain were
used. To obtain the enzymatic extract, the methodology described by Tejada and Fernandez
Salguero (2003) [21] was followed. Briefly, the styles and stigmas of the artichoke flowers
were trimmed and allowed to macerate in water (1:5 w/v) for 24 h. Then, the mash was
sieved, and the aqueous extract was centrifuged (4000x g for 5 min) and filtered. The
permeate obtained was lyophilized and frozen at —20 °C until use.

2.2. Obtaining the Hydrolysates

The hydrolysis of commercial ovalbumin (Acros Organics) with the artichoke extract
was developed using the optimal conditions previously studied [15]. For this, an ovalbumin
solution of 1% (w/v) in distilled water at a pH of 6.2 was prepared. The reaction was
performed in tubes submerged in a shaking bath at 36 °C with an enzyme:substrate ratio
of 0.0232.

Ovalbumin hydrolysates were obtained at different hydrolysis times, 2 (OH2), 4 (OH4),
and 16 (OH16) h, to evaluate the effect of the hydrolysis time in obtaining peptides with
bioactivity. The reaction was stopped at the corresponding time in each case, adjusting the
pH to 4.5 with HCI, the isoelectric point of ovalbumin that causes its precipitation, then, it
was centrifuged for 20 min at 4000 x g and filtered with a 0.45 um nylon filter. Finally, the
hydrolysate obtained was raised to a pH of 7 with NaOH, dispensed in Falcon tubes and
reserved at —20 °C until its utilization. Each type of hydrolysate was obtained in triplicate.

Furthermore, molecular weight fractions < 3 kDa were obtained from each of the hy-
drolysates. For this, ultrafiltration was performed by centrifugation with Amicon Ultra-15
centrifuge filters of regenerated cellulose (3000 NML; Merck Millipore, Burlington, MA, USA)
at 4 °C and at 4000x g for 40 min. The permeate was collected in Falcon tubes at —20 °C
until use.

2.3. Peptide Concentration

The hydrolysate peptide concentration average was obtained by the Kjeldahl nitrogen
quantification method [22], using the protein conversion factor of 6.7. Prior to the digestion
of the sample, the precipitation of the protein residues that could remain in the sample was
carried out by adding 5% trichloroacetic acid in a 1:2 (v/v) proportion and centrifuging at
3200x g for 20 min. The peptide concentration was determined in triplicate for each type
of hydrolysate.

2.4. Determination of the Hydrophobicity of Peptides

The concentration of hydrophilic and hydrophobic peptides of the hydrolysates was
determined by reserve phase HPLC using the method described by Gonzalez de Llano
et al. (1994) [23]. The different nature of the peptides was estimated based on the retention
time, considering hydrophobic peptides that appeared after the peak corresponding to the
amino acid tryptophan (L-Trp > 98%, Sigma-Aldrich, Madrid, Spain), and hydrophilic
peptides that appeared in the portion of peptides retained between the amino acid tyrosine
(L-Tyr, +99%, Acros Organics, Fairlawn, NJ, USA) and the amino acid tryptophan. These
determinations were conducted in triplicate for each type of hydrolysate.
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2.5. Angiotensin I-Converting Enzyme Inhibitory Activity

The angiotensin I-converting enzyme (ACE) inhibitory activity was determined by the
method based on the spectrophotometric technique of Cushman and Cheung (1971) [24]
adapted by Miguel et al. (2004) [25].

One hundred uL of substrate solution consisting of 5 mM of hipuryl-histidyl-leucine
(HHL; Sigma-Aldrich), dissolved in 0.1 M of borate buffer and 0.3 M of NaCl at a pH of
8.3, was blended with 40 uL of hydrolysate at a concentration of 125 ug of peptides/mL.
Two mU of ACE (EC 3.4.15.1., Sigma-Aldrich) was added, and the reaction was incubated
for 30 min at 37 °C. After incubation, the enzyme was inactivated with 150 pL of HCI 1N.
The hippuric acid formed in the reaction was extracted by adding 1000 pL of ethyl acetate.
The blend was centrifuged at 4000x g for 10 min, and 800 pL of the organic phase was
taken, which was subsequently placed on a heating plate for evaporation. The residue of
hippuric acid formed was resuspended in 1000 pL of distilled water, and the absorbance at
228 nm was measured. The ACE inhibition percentage was determined with the following
formula:

ACE inhibitory activity (%) = ((Acontrol — Ablank) — (Asample — Ablank))/(Acontrol — Ablank)) x 100 1

where Acontrol is the absorbance of hippuric acid formed during the reaction without
inhibiting substances, Asample is the absorbance of hippuric acid formed in the reaction in
the presence of the hydrolysate, and Ablank is the absorbance of HHL that has not reacted
in distilled water. The assay was carried out in triplicate for each type of hydrolysate.

The half-maximal inhibitory concentration (ICs¢) value is defined as the concentration
of peptides required to inhibit 50% of the ACE activity. It was calculated for OH16, as well
as its <3 kDa fraction using the concentration range of 25-125 pg peptides/mL. The ICsq
value was obtained in triplicate.

2.6. Antioxidant Activity
2.6.1. DPPH Radical Scavenging Activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl (Sigma-Aldrich)) radical scavenging activ-
ity (RSA) was analyzed following the method described by Bersuder et al. (1998) [26], with
slight modifications; 500 pL of the hydrolysate was added to 625 pL of DPPH 0.004% (w/v)
in ethanol. The mixture was allowed to react for one hour in the dark at room temperature,
and then it was centrifuged at 10,000 g for 2 min. The absorbance of the supernatant was
measured at 517 nm. The percentage of antioxidant activity was determined applying this
following formula:

DPPH RSA (%) = [((Acontrol — Ablank) — (Asample — Ablank))/(Acontrol — Ablank)] x 100 )

where Acontrol is the absorbance of the DPPH with water instead of hydrolysate, Asample
is the absorbance of the radical DPPH in the presence of the hydrolysate, and Ablank is the
absorbance of the blank (containing 50% of ethanol in distilled water (v/v)). The antioxidant
activity against DPPH was calculated as the Trolox equivalent antioxidant capacity (TEAC;
uM Trolox/mg of peptides). The experiment was conducted in triplicate for each type of
hydrolysate.

2.6.2. ABTS Radical Scavenging Activity

The ABTS ((2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (Sigma, Aldrich))
radical scavenging activity of the hydrolysates was determined according to the method
conducted by De Gobba et al. (2014) [27]. To create the radical (ABTS*), a solution of
ABTS (19.4 mM) and potassium persulfate (6.7 mM) in distilled water was allowed to
react overnight. The ABTS* solution was reduced approximately 350 times with 10 mM
of phosphate buffer at a pH of 7.4 to reach an absorbance measure range at 405 nm of 0.6
to 0.7.

To 200 uL of the ABTS* working solution, 50 pL of hydrolysate (at different concentra-
tions) was added, and the absorbance was measured for 30 min. The last measurements
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were used to calculate the percentage of antioxidant activity applying the following for-
mula:

ABTS RSA (%) =100 — [100 x ((Asample — Ablank)/(Acontrol — Ablank))]  (3)

where Acontrol is the absorbance of the ABTS" solution with water instead of the sample,
Abs sample is the absorbance of the ABTS* solution with hydrolysate, and Ablank is
the absorbance of the blank (containing only the phosphate buffer). The half-maximal
scavenging concentration (SCsp) was the peptide concentration necessary to scavenge 50%
of the ABTS*. The SCs; was obtained using the sample concentration range of 2-20 ug
of peptides/mL. The TEAC value of the hydrolysates (mM of Trolox equivalents/mg
of peptides) was also assessed. The assay was conducted in triplicate for each type of
hydrolysate.

2.6.3. Iron (II) Chelating Activity

The iron (II) chelating activity was determined according to the method described
by Wu et al. (2007) [28], with some modifications; 100 puL of 75 uM Cl,Fe solution in
distilled water was mixed with 25 pL of the hydrolysate. The blend was incubated at
room temperature for 10 min. Then, 100 pL of 500 uM Ferrozine (3-(2-pyridyl)-5,6-dipjenyl-
1,2,4-triazine-p,p’-disulfonic acid) (Sigma, Aldrich) solution in water was added, and
the absorbance was measured at 560 nm. The inhibition of the iron-Ferrozine complex
formation was calculated according to the following formula:

Iron chelating activity (%) = 100 — (100 x (Asample — Ablank)/(Acontrol — Ablank)) (4)

where Acontrol is the absorbance of the ferrozine complexed with iron without the hy-
drolysate, Asample is the absorbance of the ferrozine complexed in the presence of the
hydrolysate, and Ablank is the absorbance of the blank (containing only distilled water).
ICs is defined as the peptide concentration necessary to inhibit 50% of the iron-Ferrozine
complex formation. ICsy was calculated using a range of peptide concentrations of
11-83 pg peptides/mL. The assay was conducted in triplicate for each type of hydrolysate.

2.7. Antimicrobial Activity

Antimicrobial activity was determined by comparing the bacterial growth curves
following the method of Hill et al. (2013) [29], with some modifications described by Bueno-
Gavila etal. (2019) [30]. The bacterial species studied were Enterococcus faecalis (NCIMB 775),
Escherichia coli (NCIMB 9484), Listeria innocua (CCUG 15531), and Pseudomonas fluorescens
(NCIMB 9046). All of these species were acquired from the Spanish Type Culture Collection.
The culture media used were peptone water (Pareac-Cultimed, Barcelona, Spain), tryptic
soy broth (Scharlau, Sentmenat, Spain), and plate count agar (Scharlau). As a positive
inhibition control, gentamicin (Sigma-Aldrich) of >95% purity was used. The curve data
were processed using DMFit 3.5 according to the model of Baranyi and Roberts (1994),
obtaining the most representative kinetic parameters (latency phase and maximum growth
rate) and the maximum growth. The experiment was carried out in triplicate for each type
of hydrolysate.

2.8. Peptide Identification

The identification of the peptides in the hydrolysates and the analysis of the bioactivity
of these peptides identified were performed in the Proteomics and Bioinformatics units
of the University of Cérdoba (Spain). The peptide identification was carried out through
nano-liquid chromatography-tandem MS analysis, performing a previous digestion with
trypsin, following the methodology described in Bueno-Gavila et al. 2019 [30].

For the analysis of the bioactivity in the peptides identified, the database of bioactive
peptides, BIOPEP [20], was used. Two types of searches were carried out: the identification
of the peptides in their bioactive form in the sample, and the identification of peptides with
potential bioactivity, because they contain bioactive sequences in their primary structure.
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The analysis of the data obtained was executed using R (version 3.4.0; https://www.r-
project.org).

2.9. Statistical Analysis

Statistical analyses were performed using the SPSS program (version 21; IBM Cor-
poration, Armonk, NY, USA). We performed ANOVA and Tukey tests to determine the
hydrolysis time and molecular weight effect in the various defined parameters. In the study
of the antibacterial activity of the hydrolysates, we used one-way ANOVA and the Dunnet
test to identify differences between the means of the samples and the control, setting a
confidence level of 95%.

3. Results
3.1. Total Peptides and Hydrophilic and Hydrophobic Peptides of Ovalbumin Hydrolysates

The concentrations of each of the total hydrolysates (THs) and their fractions of
molecular weight < 3 kDa are shown in Table 1. The hydrolysis time significantly affected
the peptide concentration of the hydrolysates (p < 0.01), OH16 being the one that presented
the highest concentration of peptides both in the TH and in its fraction < 3 kDa.

Table 1. Effect of hydrolysis time on the peptide concentration and hydrophobicity of ovalbumin hydrolysates from Cynara

scolymus proteases. !

) Hydrolysis Time (H) p-Value 3
Item
2 4 16 H MW H x MW
Peptides TH 235+007¢ 25040044 321+0.10°
<0. <0.
(mg/mL) <3kDa 1314+0.072 141 +£0002 2.0840.04P <0.01 <o0.01 >0.05
TH 19.98 4045 2327 4+0.17¢ 2512 +4.18¢
HI (% <0. <0.
(%) <3 kDa 2717 +£0542 44324097 5071 +£243P <0.01 <0.01 >0.05
TH 80.02 £ 5.64P 7673+6.03¢ 74.88+£992P
% <0. <0. <0.
HO (%) <3kDa 7283+1912 5568+0972 4929 +8.752 <0.05 <001 <0.05
TH 401+02549 330+023bc 298+ 0.98b¢
<0. <0.
HO/HI <3 kDa 2684+006 12640042 097 +0.132 <0.05 <0.01 >0.05

a-d Values within a row with distinct superscript letters were significantly different (LSD test, p < 0.05). 1 Values represent the
mean + SE (n = 3). 2 Less than 3 kDa = hydrolysate fraction on molecular eight < 3 kDa; HI = hydrophilic peptides; HO = hydropho-
bic peptides; HO/HI = hydrophobic and hydrophilic peptide ratio. 3 H = hydrolysis time; MW = molecular weight; H x MW =
hydrolysis time x molecular weight interaction.

The hydrolysis time significantly affected the ratio of hydrophobic (HO) and hy-
drophilic (HI) peptides (HO/HI) of the ovalbumin hydrolysates (p < 0.05). The OH2,
both in its TH and in the <3 kDa fraction, was the one with the highest HO/HI ratio
(4.01 £ 0.25% and 2.68 % 0.06%, respectively). There were no significant differences in the
HO/HI ratio between the OH4 and OH16 for both the THs and their <3 kDa fractions.

3.2. ACE Inhibitory Activity

Figure 1 shows the ACE inhibitory activity percentages of the ovalbumin hydrolysates
with Cynara scolymus extract, both of the THs and their <3 kDa fractions at a concentration
of 125 ng/mL.

The hydrolysis time in general did not significantly influence the ACE inhibitory
activity of ovalbumin hydrolysates (p > 0.05), although TH, OH4, and OH16 showed
greater activity (86.07 £ 0.99% and 86.78 £ 1.75%, respectively) than OH2 (79.64 % 0.06%)
(p <0.05). In the molecular weight fractions < 3 kDa, there were no significant differences
in the ACE inhibitory activity between the different hydrolysis times (p > 0.05).

The molecular size of the peptides had a significant influence on the ACE inhibitory
activity (p < 0.01), with the <3 kDa fractions of the hydrolysates showing the highest
percentage of inhibition in all of the cases, although no significant statistical differences
(p > 0.05) were observed between the ACE inhibitory activity of the OH4 TH and the
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OH16 TH (86.07 £ 0.99% and 86.78 + 1.75%, respectively) and their fractions <3 kDa
(87.55 & 2.63% and 89.87 £ 0.21%, respectively).

OH16 and its fraction <3 kDa had an ICs value of 69.55 &+ 3.12 pg/mL and 64.04 £
0.37 ug/mL, respectively.

94 -
92 -
90 -
88 a
86 -
84
82
80 { 2
78
76
74
72 1

uTH
<3 kDa

i
i
=5
He

ACE inhibition (%)

2 4 16
Hydrolysis time (h)

Figure 1. Angiotensin I-converting enzyme (ACE) inhibitory activity (%) of ovalbumin total hy-
drolysates (THs) and their low molecular weight fractions (<3 kDa). Values are means + SEs (1 = 3).
Bars with distinct letters (a,b) were significantly different (LSD test, p < 0.05).

3.3. Antioxidant activity
3.3.1. DPPH Radical Scavenging Activity
The results of the antioxidant activity of ovalbumin hydrolysates against the DPPH

radical are shown in Figure 2. The hydrolysis time significantly affected the antioxidant
activity of the hydrolysates against the DPPH radical (p < 0.01).

s TEAC TH TEAC <3 kDa

35 - RSA (%) TH =« =RSA (%) <3kDa _ ¢
%z 30 1 74
5 25 172 _
& S
§ 20 170 <
g &
S 15 1 4 68
=
= 10 1 66
g 5] 1 64

0 - 62

2 4 16
Hydrolysis time (h)

Figure 2. 2,2-Diphenyl-1-pycrylhydrazyl (DPPH) radical scavenging activity (RSA) of total ovalbu-
min hydrolysates (THs) and their low molecular weight fractions (<3 kDa). Bars show the Trolox
equivalent antioxidant capacity (TEAC; uM of Trolox equivalents per mg of peptides), and lines
represent the percentage of RSA. Values are means + SEs (n = 3). Bars with distinct letters (a—e) and
lines with distinct symbols (e, %, O, , O) were significantly different (LSD test, p < 0.05).
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Taking into account the percentage of DPPH RSA of the hydrolysates, the activity
increased with the hydrolysis time (p < 0.05). This must be due to the higher peptide
concentration of the hydrolysates at a longer hydrolysis time. Paying attention to the
Trolox (uM) equivalent antioxidant capacity per mg of peptides, the antioxidant capacity
decreased with the hydrolysis time, with OH2 being the most powerful hydrolysate in the
uptake of the DPPH radical, with a TEAC value of 16.54 uM of Trolox/mg of peptides.

The molecular weight of the peptides also significantly affected the DPPH RSA of the
ovalbumin hydrolysates (p < 0.05), with the fraction <3 kDa being more potent than the
TH at the three hydrolysis times. Considering the percentage of DPPH RSA, OH16 < 3 kDa
was the sample that presented the highest activity, with 74.09 £ 0.40% of radical caption,
however, attending at TEAC, OH2 < 3 kDa was the most powerful sample, with a value of
30.27 £ 1.51 uM of Trolox/mg of peptides.

3.3.2. ABTS Radical Scavenging Activity

Hydrolysis time significantly affected the antioxidant activity of ovalbumin hydrolysates
with C. scolymus L. against the ABTS radical (p < 0.01), producing a decline in the ICs
value and, concurrently, a rise in the TEAC, indicating a higher antioxidant power of the
hydrolysates (Figure 3). Thus, OH16 and its fraction <3 kDa was the hydrolysate with
the highest antioxidant capacity against the ABTS radical (p < 0.05), presenting an ICsy
of 6.92 & 0.14 and 6.65 =+ 0.04 pug/mL, respectively. Nonetheless, molecular size did not affect
the ABTS RSA of the ovalbumin hydrolysates (p > 0.05).

= TEAC TH TEAC <3 kDa SC50 TH SC50 <3 kDa

ESN

h W

L )
)
—
o

SCy (ng/mL)

Eq mM Trolox/mg peptides
o — [39] w
© o= N W

2 4 16
Hydrolysis time (h)

Figure 3. 2,2'-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activity
(RSA) of ovalbumin total hydrolysates (THs) and their low molecular weight fractions (<3 kDa).
Bars show the Trolox equivalent antioxidant capacity (TEAC; mM of Trolox equivalents per mg of
peptides), and lines represent the half-maximal scavenging concentration (SCsp; pug/mL). Values are
means + SEs (n = 3). Bars with distinct letters (a-d) and lines with distinct symbols (e, x, [, ) were
significantly different (LSD test, p < 0.05).

3.3.3. Iron (II) Chelating Activity

The iron (II) chelating capacity of the ovalbumin hydrolysates obtained with the
artichoke flower extract is shown in Figure 4. Regarding the effect of the hydrolysis
time in the iron chelating activity of the TH, no significant differences were observed
(p > 0.05). Nonetheless, considering the < 3 kDa fractions of the hydrolysates, the chelating
capacity decreased significantly with the hydrolysis time (p < 0.05), with OH2 < 3 kDa
being the sample that presented the highest Fe?" chelating activity, with an ICs value
of 32.18 pug/mL. Precisely, OH2 < 3 kDa presented the highest ratio of HO/HI peptides.
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The molecular weight of the peptides significantly affected the iron (II) chelating activity
(p <0.01), with the <3 kDa fractions showing the highest chelating potency (p < 0.05).
However, in the case of OH16, no significant differences (p > 0.05) were found between TH
and its fraction <3 kDa.

70

50

w

o

HCS
H o

Fe?* chelating activity
Cg (ng/ mL)

[ ]

- 16
Hydrolysis time (h)

Figure 4. Iron (II) chelating activity (half-maximal inhibitory concentration (ICsp); ng/mL)) of
ovalbumin total hydrolysates (THs) and their low molecular weight fractions (<3 kDa). Values
represent means + SEs (n = 3). Bars with distinct letters (a,b) were significantly different (LDS test,
p <0.05).

3.4. Antimicrobial Activity

Analyzing the effect of the hydrolysates on the growth of the Gram negative microor-
ganisms tested, only a statistically significant inhibitory effect was observed (p < 0.05) for
the growth rate of E. faecalis with OH2 TH and with the <3 kDa fractions at the different
hydrolysis times (Table 2). However, the lag phase was shortened (p < 0.01), and there
were no changes in the maximum growth of the microorganism (p > 0.05). Regarding
E. coli, no antimicrobial effect of the hydrolysates was detected on the growth curves. There
was no antimicrobial effect of the hydrolysates against the Gram positive microorganisms
tested, L. innocua and p. fluorescens (data not shown).

Table 2. Enterococcus faecalis antibacterial activity (in absorbance units, UAbs) of ovalbumin hydrolysates for Cynara scolymus
1

proteases.
Hydrolysis Time (h)
MW 2 Parameters Control yeey
2 4 16
Lag phase (min) 719.78 £ 15.7 586.74 4 8.2 ** 598.00 + 12.6 ** 648.94 + 12.7
TH Growth rate (mU Abs/min) 3.73+0.2 296 +0.2* 315+0.2 3.79+0.2
Maximum growth (U Abs) 0.566 + 0.03 0.579 £ 0.01 0.581 £ 0.01 0.551 £ 0.01
Lag phase (min) 719.78 £ 15.7 55450 4+ 10.24 **  574.88 + 14.0 ** 614.04 £21.2**
<3 kDa Growth rate (mU Abs/min) 3.73+0.2 2.50 + 0.1 ** 2.65 + 0.2 ** 2.88 + 0.2 **
Maximum growth (U Abs) 0.566 + 0.03 0.555 + 0.00 0.557 £+ 0.01 0.535 £+ 0.01

1 Values represent means + SEs (n = 3). 2 MW = molecular weight, TH = total hydrolysate; <3 kDa = hydrolysate fraction of molecular
weight < 3 kDa. *, ** Samples and control were significantly different (Dunnett test, * = p < 0.05; ** = p < 0.01).

3.5. Identification of the Bioactive Peptides Present in the Oovalbumin Hydrolysates

Table 3 shows the sequences of peptides from the ovalbumin hydrolysates, in their
bioactive form, that have demonstrated biological activity. The identified peptide se-
quences common to the three types of ovalbumin hydrolysates (2, 4, and 16 h) that have
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antithrombotic

regulating

anticancer

antibacterial

demonstrated bioactivity are IAAEVYEHTEGSTTSY with antioxidant activity [31] and
YAEERYPIL with ACE inhibitory activity [32]. On the other hand, non-shared peptides
have been identified in OH2 and H4: PIAAEVYEHTEGSTTSY with antioxidant activity [31]
and HLFGPPGKKDPV with ACE inhibitory activity [33], respectively.

Table 3. Peptide sequences identified in ovalbumin hydrolysates from Cynara scolymus proteases that
were registered in the bioactive peptide database BIOPEP.

Sequence (Origin Hydrolysate) ID Origin MM Activity
HLFGPPGKKDPYV (4 h) 8393  Ovotransferrin ~ 1291.50 ACE-inhibitor
IAAEVYEHTEGSTTSY (2h,4 h, 16 h) 8235  Ovotransferrin  1757.81 Antioxidative
PIAAEVYEHTEGSTTSY (2 h) 8231  Ovotransferrin ~ 1854.93 Antioxidative
YAEERYPIL (2h, 4 h, 16 h) 8391 Ovalbumin 1153.28 ACE-inhibitor

ID = BIOPEP sequence identification number; MM = molecular mass (Da).

On the other hand, in the ovalbumin hydrolysates with C. scolymus L. flower extract,
peptides with possible potential biological activity have been identified, since encrypted
sequences that have demonstrated bioactivity have been found within their primary struc-
ture. Figure 5 shows the distribution of the peptides with putative activity present in the
ovalbumin hydrolysates at the three hydrolysis times. At all hydrolysis times, peptides
containing sequences with bioactivity were obtained. OH4 yielded the highest amount of
peptides with fragments with bioactivity, highlighting antioxidant activity, hypotensive
activity, inhibition of dipeptidyl peptidase IV activity, activation of proteolysis mediated
by ubiquitin activity, stimulant activity, opioid activity, and peptides with sequences that
work as neuropeptides.

dipeptidyl peptidase IV inhibitor
ACE inhibitor haemolytic
antioxidative embryotoxic

10030 12026 31

stimulating 1905 3 contracting PY

1166 2
antiamnestic binding

408 56

antiviral
485

hypotensive

372 o

127,

407 immunomodulating

1
ing ubiquitin-mediated p

951

99 26

opioid opioid antagonist

92 37

neuropeptide 65 37 chemotactic

49 114 140

opioid agonist anorectic

immunostimulating _iphibitor
bacterial permease hganJ‘

Figure 5. Quantification of potential bioactive peptides in ovalbumin total hydrolysates using Cynara scolymus water-soluble
extract at different hydrolysis times: 2 h (OH2), 4 h (OH4), and 16 h (OH16), considering their peptide spectral matches
(PSMs) in liquid chromatography mass spectrometry and taking into account the presence of demonstrated bioactive
sequences in their primary structure. The identified peptides and their respective quantification for each sample were
extracted. The quantification values were normalized according to the total PSM of all peptides in the samples. In this way,
quantification of the same peptide between samples was comparable. ACE = angiotensin I-converting enzyme.
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4. Discussion
4.1. Total Peptides and Hydrophilic and Hydrophobic Peptides of Ovalbumin Hydrolysates

Our results are consistent with several studies on egg white protein hydrolysates,
where the degree of hydrolysis increased with hydrolysis time, using both enzymes of
plant origin, such as papain [34,35], as well as digestive enzymes of animal origin [25,34,36],
microbial origin (such as alcalase, neutrase, and thermolysin) [34,37,38], or fungal origin
(Flavourzyme) [34].

No studies have been found regarding the total concentration and proportion of
hydrophobic and hydrophilic peptides in egg white hydrolysates. However, some pub-
lications have reported the amino acid composition of the hydrolysates and, occasion-
ally, their percentages of hydrophobic amino acids [16,39-41]. Normally, the content of
hydrophobic amino acids and their hydrophobic value determines the hydrophobicity
of the hydrolysates [16]. The OH2 presented a hydrophobic peptide concentration of
80.02 £ 5.64% in the TH and of 72.83 £ 1.91% in its fraction <3 kDa. These values are
higher than those indicated in different studies on egg white protein hydrolysates. Thus,
Ren et al. (2014a) obtained 48.51% of hydrophobic amino acids in a duck egg white hy-
drolysate, elaborated with an enzymatic combination, with a specific hydrolase for egg
protein and alcalase [16]. Sun et al. (2014) reported 43.23% of hydrophobic amino acids in
the 2-5 kDa fraction of an egg white hydrolysate made with pepsin [40]. Liu et al. (2015)
determined 42.76% of hydrophobic amino acids in the <1 kDa fraction of an egg white
hydrolysate with alcalase [42]. Chen et al. (2012) obtained percentages of hydrophobic
amino acids of 44.93 and 49.28% for the TH of egg white with pepsin and its fraction
< 3 kDa, respectively [39]. Chen and Chi (2011) indicated 46.97% of hydrophobic amino
acids in their egg white hydrolysate prepared with papain at the hydrolysis time of three
hours [35]. In the same way, You and Wu (2011) elaborated different hydrolysates from
egg white protein with thermolysin, alcalase, and a combination of pepsin and pancreatin
at three hours of hydrolysis time, obtaining 44.46%, 43.55%, and 44.80% of hydrophobic
amino acids for each of them, respectively [41]. Due to the high proportion of hydrophobic
peptides in our hydrolysates, it is expected that they yield high ACE inhibitory, antioxidant,
and antimicrobial activity [19,25,43,44].

4.2. ACE Inhibitory Activity

The results observed are related to those reported by various authors who observed
that there is an optimal degree of hydrolysis in the formation of a high concentration of
peptides with ACE inhibitory activity [39,45]. Thus, Chiang et al. (2008) described that
after two to four hours of hydrolysis time, the inhibitory activity of ACE was stabilized [38].
Tanzadehpanah et al. (2013) described that, in the first hydrolysis intervals, the ACE
inhibitory activity of the hydrolysates rose until achieving its maximum at four hours of
hydrolysis [46]. Chen et al. (2012b) obtained a maximum ACE inhibitory activity at five
hours of hydrolysis [39], and Quirds et al. (2007) described that the ACE activity of the
hydrolysates increased with the hydrolysis time up to eight hours [45].

The <3 kDa fractions of the hydrolysates showed the greatest inhibition of the ACE.
These results are consistent with those observed in other studies, where lower molecular
weight peptides were attributed the main ACE inhibitory activity of hydrolysates [25,38].

OH16 and its fraction <3 kDa had an ICs; value of 69.55 & 3.12 ug/mL and 64.04 £
0.37 ng/mL, respectively. These values are lower (indicating greater activity) than those re-
ported for other ovalbumin hydrolysates using proteases of plant origin. For example, in the
hydrolysis of egg white with the commercial protease Promod 144P from Carica papaya, an op-
timal ICs of 78.7 ug/mL was obtained at 24 h of hydrolysis [34]. Pokora et al. (2014) prepared
egg white protein hydrolysates with proteases extracted from Cucurbita ficifolia, obtaining an
ACE inhibitory activity after five hours of hydrolysis, with an ICs of 9071 ug/mL [47]. Simi-
larly, Chen and Chi (2011) obtained an egg white protein hydrolysate elaborated with papain
at a hydrolysis time of three hours that yielded an ICsg of 1676 pg/mL [35], this concentration
being 24 times higher than that observed in OH16.



Foods 2021, 10, 246

11 of 16

In the same way, several works that used animal or microbial origin proteases ob-
tained less ACE inhibitory activity than that shown by our hydrolysates prepared with
artichoke extract. For example, Huang et al. (2015) reported a 70.55% ACE inhibition in
ovalbumin hydrolysates with pepsin at a hydrolysis time of approximately four hours [36].
Abeyrathne et al. (2014) used combinations of alcalase, papain, pepsin, trypsin, and chy-
motrypsin, obtaining less than 80% inhibition in all cases [48]. Tanzadehpanah et al. (2013)
used trypsin for the production of ostrich egg white hydrolysates, reporting ACE inhibition
percentages between 28 and 57% [46]. In ovalbumin hydrolysates with pepsin obtained
at three hours of hydrolysis, an ICsg of 643.1 ug/mL was reported [49], this concentration
being about nine times higher than that obtained for OH16. Chen et al. (2012b) observed
the highest ACE inhibitory activity (50.61%) at five hours of hydrolysis of egg white with
trypsin [39], using a hydrolysate concentration of 1 mg/mL, eight times higher than that
used in our assay (0.125 mg/mL).

The ovalbumin hydrolysates prepared with Cynara scolymus L. aqueous flower extract,
even at short periods of hydrolysis, presented a powerful inhibitory activity of ACE in vitro
compared to those described in other studies using other enzymes of plant, animal, and
microbial origin, demonstrating the importance of the specificity of the proteinase used in
the production of bioactive peptides [50-52]. Thereby, the aspartic proteinases of flowers
of various species of the genus Cynara proved to have an elevated proteolytic activity that
results in deep fragmentation [53], producing small peptides that are more accessible to the
active site of the ACE [54]. Furthermore, our hydrolysates obtained with artichoke flower
extract presented a high concentration of hydrophobic peptides, which may explain their
greater ACE inhibitory activity [18]. Nevertheless, the influence of the food protein used
as a substrate must be taken into account. In fact, in a previous study using the Cynara
scolymus enzyme extract over bovine casein, a lower ACE inhibition in the hydrolysates
(with an ICsg of 114.21 pug/mL at a hydrolysis time of 16 h) than that showed by ovalbumin
hydrolysates was obtained, which suggests that the hydrolysis of ovalbumin with cynarases
yields peptides with greater potential antihypertensive activity than those obtained from
bovine casein [30].

4.3. Antioxidant Activity

Antioxidant peptides from eggs could avoid oxidative harm through numerous routes,
such as free radical scavenging, chelating pro-oxidative transition metal ions, inactivation
of reactive oxygen species, and reducing hydroperoxides [4,55,56], and therefore, it is
necessary to evaluate their antioxidant activity with different assays.

Several studies with egg white protein hydrolysates reported a dose-dependent DPPH
RSA, increasing this activity with the hydrolysate concentration [35,39,57]. According to
TEAC values, OH2 showed the most powerful DPPH RSA. This may be due to the fact
that the greater amount of aromatic and hydrophobic amino acid residues in the peptides
could grant greater antioxidant power to the hydrolysates, since these amino acids supply
hydrogen to the reactive oxygen species [44]. OH2 was precisely the hydrolysate that
presented the highest ratio of hydrophobic peptides. From this point of view, in antioxidant
capacity tests with fat-soluble systems, such as the DPPH radical one, the hydrophobicity
of the peptides is a relevant point in the free radical scavenging activity [58]. The molecular
weight of the peptides also significantly affected the DPPH RSA. Similarly, Chen et al.
(2012a) described better activity in the fraction <3 kDa (78.74%) than in the total (73.14%)
of egg white protein hydrolysates prepared with papain during three hours of hydrolysis
at 5 mg/mL [57], this concentration being about five times higher than that used in our
assays. Our results also showed greater activity against DPPH than those reported for the
fraction <1 kDa of an alcalase egg white protein hydrolysate with a 39.51% RSA [42]. The
ovalbumin hydrolysates elaborated with Cynara scolymus extract showed a significantly
higher DPPH RSA (p < 0.01) than those obtained from bovine casein, both in TH and
<3 kDa fractions (30.89% and 25.67%, respectively, in casein hydrolysates vs. 72.51% and
74.09%, respectively, in ovalbumin hydrolysates) [30].
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The ovalbumin hydrolysates produced with proteases extracted from the artichoke
flower displayed a powerful antioxidant activity against the ABTS radical. Thus, OH16
gave an ICsy value (6.92 & 0.14 pg/mL) about 51 times lower (indicating greater activ-
ity) than that reported for a hydrolyzed ostrich egg white with pepsin and pancreatin
(0.36 mg/mL) [59]. In the same way, Noh and Suh (2015) described the decrease in ICsq
with hydrolysis time in liquid egg white hydrolysates prepared with alcalase, achieving
the lowest ICs( value at 32 h of hydrolysis time (0.84 mg/mL) [60], this concentration being
approximately 120 times higher than that showed by OH16 with artichoke flower extract.
On the other hand, taking into consideration the activity of the artichoke extract in other
food matrices, in the case of ABTS" RSA, there were no statistically significant differences
between the ovalbumin hydrolysates and the bovine casein at the same hydrolysis times
(p > 0.05) [30].

The ovalbumin hydrolysates with artichoke flower extract showed an iron (II) chelating
activity more potent than that described by Baratzadeh et al. (2013) for two peptides purified
from goose egg white protein hydrolysate with papain, yielding an ICsy > 100 pg/mL [61].
In addition, comparing the activity of the artichoke extract to bovine casein, there was a
significantly lower iron (II) chelating activity in this substrate (p < 0.01) in both the TH and
<3 kDa fraction of the hydrolysates at the same hydrolysis time (16 h), showing that the casein
hydrolysates had an ICsy value much higher (337.09 ug/mL in the TH, and 221.49 ug/mL in
its <3 kDa fraction) [30].

The ovalbumin hydrolysates produced with artichoke flower extract proteases showed
great differences between the different antioxidant activity tests. The activity of the hy-
drolysates against the DPPH radical was substantially lower than that shown in the inhibi-
tion of the ABTS radical, with TEAC values of uM of Trolox/mg vs. mM of Trolox/mg,
respectively. These results are similar to those obtained in other works with enzymatic
hydrolysates of egg white protein [37,42,60]. This difference is probably due to the distinct
solubility and diffusion of the radicals used [62]. DPPH, being a fat-soluble compound
despite being dissolved in alcohol, may not disperse well to the target peptides in an
aqueous solution, thus, its interaction could be restricted. On the contrary, radical species
soluble in water, such as ABTS*, could be more accessible to peptides in an aqueous so-
lution, and thus react more efficiently with the peptides of hydrolysates [60]. In addition,
with the longer hydrolysis time, a higher amount of amino acids and small peptides are
produced, which are hydrophilic, and therefore accomplish the scavenging reaction more
easily with the ABTS radical than with DPPH [62]. Thus, we have seen that the activity of
our hydrolysates against the ABTS radical increased with the hydrolysis time, exactly the
opposite of what happened when it was against the DPPH radical. However, the impor-
tance of hydrophobic amino acids in free radical scavenging has been described [63], so that
peptides with an elevated amount of hydrophobic amino acids could raise the antioxidant
activity of hydrolysates. In this sense, the two-hour hydrolysate, with the highest ratio of
OH/HI peptides, yielded better iron chelating and DPPH radical scavenging activity.

4.4. Antimicrobial Activity

Not many studies have been found in the literature about antimicrobial activity in
hydrolysates of ovalbumin of chicken egg white or other poultry species. Most of the
studies found on antimicrobial activity in egg hydrolysates are based on the hydrolysis of
lysozyme from egg white. Lysozyme is an enzyme that has demonstrated antimicrobial
activity by itself, being capable of hydrolyzing the 3 bonds between N-acetylneuramic acid
and N-acetyl glucosamine of bacterial walls [64]. Memarpoor-Yazdi et al. (2012) isolated
the NTDGSTDYGILQINSR peptide from the hydrolysis of hen egg white lysozyme with an
enzymatic combination of papain and trypsin. This peptide showed antibacterial activity
against E. coli and L. mesenteroides [65]. Furthermore, Thammasirirak et al. (2010) isolated
the TAKPEGLSY peptide from the hydrolysis of goose egg white lysozyme with pepsin
and trypsin, which was shown to have activity against V. cholerae and S. epidermidis [66].
Similarly, Mine et al. (2004) isolated two antimicrobial peptides from hen egg white
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lysozyme by digestion with pepsin and trypsin, IV'SDGDMNAW and HGLDNYR, with
activity against E. coli K-12 and Staphylococcus aureus 23-394 [67]. On the other hand,
Tang et al. (2013) described antimicrobial activity in different ovalbumin hydrolysates
obtained with pepsin, trypsin, and papain at determined hydrolysis times, since the same
enzyme, depending on the time it was allowed to act on the substrate, could give rise to
peptides, which, instead of inhibiting, enhanced the growth of the microorganism. In this
same study, in the case of ovalbumin hydrolysates obtained with Flavourzyme®, neutrase,
and alcalase, at any of the different hydrolysis times tested (one, two, three, four, and
five hours), the growth of E. coli was promoted, which could indicate that the hydrolysis
time, which affects the degree of cleavage of the peptide chain, or the specificity of certain
enzymes, can provide the hydrolysate with nutrients that stimulate the growth of the
microorganism [68]. Regarding the enzymatic artichoke extract activity producing bovine
casein hydrolysates, we obtained peptides that gave similar antimicrobial results to those
obtained with the ovalbumin hydrolysates, showing only a slight inhibition on the growing
of E. faecalis, increasing its Lag phase and lowering its maximum growth, but having no
influence in the other microorganisms tested [30].

4.5. Peptide Identification

A large number of peptides with multiple in vitro biological activities have also been
identified from egg white protein. For example, WESLSRLLG peptide obtained from the hy-
drolysis of ostrich egg white protein with pepsin and pancreatin demonstrated free radical
scavenging activity and ACE inhibition (ICsy: 47.6 ng/mL) [69]; the peptides FRADHPFL,
RADHPFL, YAEERYPIL, YRGGLEPINE, ESIINF, RDILNQ, IVE, YQIGL, SALAM, and FSL,
obtained from the hydrolysis of hen egg white with pepsin, have shown ACE inhibition,
as well as antioxidant, vasodilator, and antihypertensive activity [34]; DHTKE, FFGFN,
and MPDAHL, from the hydrolysis of egg white protein with alkaline, demonstrated
antioxidant activity [42]. YAEERYPIL sequence was identified in the egg white hydrolysate
with pepsin [34] and, precisely, this ACE inhibitor peptide has also been identified in the
ovalbumin hydrolysates with artichoke flower extract.

5. Conclusions

Ovalbumin peptides obtained from extracts of C. scolymus demonstrated an elevated
level of ACE inhibition and antioxidant activity in vitro compared with the findings of sim-
ilar studies using enzymes of different origins (vegetable, animal, or bacterial). However,
the hydrolysates did not show antibacterial activity in vitro. The hydrolysis time of 16 h
yielded hydrolysates with a greater concentration of peptides. The hydrolysate obtained at
a hydrolysis time of two hours showed a higher concentration of hydrophobic peptides, its
low molecular weight fraction of <3 kDa being the sample that demonstrated a greater level
of ACE inhibition, DPPH radical scavenging activity, and iron (II) chelating activity. We
identified the sequence of four bioactive peptides that demonstrated antioxidant and ACE
inhibition activities. We also identified a large number of peptides with putative activity
and that possessed fragments of bioactive sequences, particularly sequences related to
antioxidant activity, hypotensive activity, and inhibition of dipeptidyl peptidase IV.
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