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Abstract

This study aimed to compare the changes in the bioactivities of peptide extracts (<10 kDa) obtained
from Jeju black pigs (JBP) and three-way crossbred pigs (Landrace x Yorkshire x Duroc, LYD)
before and after digestion. The results showed that the loin peptide extracts of JBP maintained high
ABTS radical scavenging activity after in vitro digestion. However, the iron chelating activity and
antihypertensive activity of all peptide extracts were decreased. This study suggested that the peptide
extracts produced through alkaline-AK digestion have sufficiently high antioxidant and
antihypertensive activities; however, these activities were reduced after in vitro digestion. Meanwhile,
the JBP loin and ham peptide extracts promoted high SOD activity than that of LYD when
administered to mice. Furthermore, the ham peptide extracts of JBP showed a relatively high
antihypertensive activity in mice. Therefore, it is deemed that these peptide extracts from JBP are

more bioactive than that of LYD, and can be used as bioactive materials.

Keywords: Jeju black pigs, Peptide extracts, Antioxidant activity, Antihypertensive activity
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Introduction

Currently, the Korean pork market is dominated by three-way crossbred pigs (Landrace x
Yorkshire x Duroc; LYD). On the other hand, the Jeju black pig (JBP) accounts for only 1.2% of the
Korean pork market; however, Korean consumers prefer JBP owing to its higher muscle fat content
and redness compared with LYD [1]. In addition, JBP has a higher essential fatty acid content and
better overall taste compared with LYD [2]. Because JBP, whose breeding size continues to increase,
is recognized as high-quality pork and domestic consumers increasingly prefer it, comparing JBP with
LYD to identify differentiated characteristics is essential. Furthermore, there is a need to identify the
excellence of JBP, which accounts for only 1.2% of the Korean pork market. Previous studies have
compared the carcass and meat characteristics of JBP and LYD [1,2]; however, comparative studies
on the changes in the bioactivities of pork peptides due to various physiological processes, including
digestion, are insufficient.

In general, pork contains bioactive peptides that regulate various biological actions and have
beneficial health effects [3, 4]. Peptides that exhibit various bioactive functions, such as antioxidant,
antihypertension, antithrombosis, and antibacterial functions, have been derived from the myofibrillar
proteins of pigs [5-8]. These bioactive peptides can be efficiently extracted from proteins using
enzymes such as papain, bromelain, ficin, and alkaline protease [9-11]. Interestingly, peptides with a
small molecular weight (<10 kDa) have higher antioxidant and antihypertensive activities than
peptides with a large molecular weight [12, 13]. However, research on the digestion-induced changes
in the bioactivities of pork peptides is insufficient. Therefore, this study was conducted to compare
and analyze the in vitro-digestion-induced changes in the antioxidant and antihypertensive activities
of peptide extracts (<10 kDa) derived (using alkaline-AK enzymes) from the loin and ham
myofibrillar proteins of JBP and LYD. This study also aimed to ascertain and compare the benefits of

these peptides to experimental animals (mice) by in vivo experiment.

Materials and Methods

Chemical materials
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a-amylase (hog pancreas), bile extract (porcine), lipase (porcine pancreas), mucin (porcine stomach
type 1), pepsin (porcine gastric mucosa), uric acid, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), 2,2-diphenyl-1-picrylhudrazyl (DPPH), potassium persulfate, and 3-
(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate (ferrozine) were
purchased from Sigma-Aldrich (Missouri, USA). Bovine serum albumin was obtained from
Biosesang (Seongnam, Korea) and pancreatin (porcine pancreas) was purchased from Tokyo

Chemical Industry (Tokyo, Japan).

Experimental animals

All procedures related to animal testing were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Chung-Ang University Research Institute (Approval number: 2021-
00038) and conducted at the CK-1I Specialized Animal Experiment Center, Chung-Ang University. A
total of 30 ICR mice (female, eight-week-old) were purchased from Orient Bio (Seongnam, Korea).
During the two-week adaptation period, a pellet-type general feed was provided ad libitum and the
breeding environment was maintained at 22 + 2°C temperature, 60 = 5% humidity, and a 12-h

photoperiod (07:00-19:00).

Peptide extraction

Figure 1 shows the process for obtaining peptide extracts from the loin and ham of JBP and LYD.
JBP loin and ham were obtained from pigs raised in Jeju Island, and trademarked JBP products were
purchased and used. LYD loin and ham were purchased from Happy Don Co., Ltd. (Asan, Korea),
Doddle Handon (Asan, Korea) and Doddle Handon (Asan, Korea). Each sample was sampled at least
5 individuals for meat part. After grinding 2 kg of each sample for 1 min, total 10 L of distilled water
compare to 2 kg of each sample was added and the samples were washed 10 times to remove blood
and fat as much as possible. 400 g of the sample was homogenized using 4 L of 0.04 M phosphate
buffer (PBS, pH 7.4) and then centrifuged at 3,000 rpm and 4°C for 15 min. The myofibrillar protein
thus obtained was hydrolyzed using 0.2% alkaline-AK at 60°C and pH 11 for 2 h. Alkaline-AK (180—
200 KU/g solid) was obtained by fermenting soybean meal inoculated with Bacillus methylotrophicus

and then extracting from the fermented soybean meal. The protein hydrolysate was heated at 80°C for
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15 min to deactivate the enzyme activity and dried at 55°C for 24 h. After drying, a peptide extract of
<10 kDa was obtained through a central filter unit (Amicon® Ultra; Merck Millipore, Massachusets,

USA). Finally, the peptide extract was freeze-dried at -70°C for 72 h.

Analysis of digestibility
In vitro digestion

The in vitro digestion experiment was performed using the method given by Lee et al. [14], with
slight modifications. Table 1 shows the constituents and concentrations of digestive enzymes and
inorganic and organic solvents used for conducting the in vitro digestion experiment [14, 15]. To each
peptide extract sample (120 mg), 2 mL of saliva was added and the mixture was stirred in a water bath
(37°C, 150 rpm) for 5 min. Subsequently, 4 mL of gastric juice was added to the mixture and allowed
to react for 2 h under the same conditions. Then, 4 mL of the small intestine solution and 2 mL of the
bile solution were added, respectively, and allowed to react in a water bath at 37°C and 150 rpm for 2
h to end the in vitro digestion process. In all in vitro digestion experiments, a control containing only
digestive enzymes and a control containing only samples was prepared by replacing the sample or the
digestive enzymes with distilled water. After the digestion process, all samples were centrifuged for

20 min at 13,000><g and 4°C, and the supernatant was taken and used as the final sample.

In vivo digestion

A total of 30 eight-week-old female ICR mice were separated into each cages by mass-based
randomize block design. After a two-week adaptation period, the in vivo digestion experiment was
conducted for 21 d; thus, the total duration of the experiment was 35 d. Diets for the in vivo digestion
experiments of peptide extracts were limited based on the daily feed intake (5 g) of general ICR mice,

and peptide extracts (800 mg/kg) were administered orally once a day (at the same time every day).

Analysis of molecular weight
Gel permeation chromatography was conducted using an ACQUITY APC System (Waters
Corporation, Massachusets, USA) with an Xbridge Protein BEH SEC column (150 x 7.8 mm, 3.5 um)

(Waters Corporation). Deionized water (A) and MeOH (B) were used as the mobile phase solvents;
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the solvent composition was set to 90% A and 10% B. The flow rate was 0.7 mL/min, and a 10 uL

sample was injected and analyzed for 15 min using a reactive index (RI) detector.

Analysis of free amino acid composition

Sample pretreatment for the analysis of free amino acid composition was performed using the
method given by Enda et al. [16]. Briefly, 1 mL of a 5% TCA solution was added to 1 mL of each
sample (diluted at an appropriate concentration) and vortexed, and the protein was precipitated by
centrifuging at 12,000 rpm for 20 min. Thereafter, 2 mL of the supernatant was taken and 4 mL of n-
hexane solution was added to it. The mixture was shaken for 10 min and then centrifuged at 3,000
rpm and 20°C for 20 min. After centrifugation, the lower layer solution was obtained, and the process
of centrifuging at 20°C for 20 min at 12,000 rpm was repeated twice to remove the remaining n-
hexane solution. Finally, all samples were filtered using a 0.20 um syringe filter and analyzed using a
Hitachi L-8900 amino acid analyzer (Hitachi High-Tech, Tokyo, Japan); the detailed analysis

conditions are presented in Table 2.

In vitro analysis of bioavailability
Analysis of ABTS radical scavenging activity

The ABTS assay was performed according to the method given by Re et al. [17], with slight
modifications. The ABTS stock solution was prepared by dissolving 38.41 mg of 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (7 mM) and 6.615 mg of potassium persulfate
(2.45 mM) in 10 ml of distilled water, mixing and incubating the mixture in a dark room for 12 h. The
prepared ABTS stock solution was diluted with MeOH and used as the ABTS working solution; the
absorbance of the diluted solution was 0.7 £ 0.02 at 734 nm. Twenty microliters of each sample and
180 puL of ABTS working solution were added to a 96-well plate and incubated in a dark room for 10
min. Subsequently, their absorbance was measured at 734 nm using a microplate reader (Spectramax®
190; Molecular Devices, California, USA). The ABTS radical scavenging activity was calculated as

follows:

Absorbance of sample

ABTS scavenging activity (%) = (1 ) X100

~ Absorbance of control
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Analysis of DPPH radical scavenging activity

The DPPH assay was performed using the method given by Tepe et al. [18], with slight
modifications. The DPPH solution was prepared by dissolving 2 mg of 2,2-diphenyl-1-picrylhydrazyl
in 25 mL of MeOH. One hundred microliters of each sample and 100uL. of DPPH solution were
added to a 96-well plate and incubated in a dark room for 30 min. Subsequently, their absorbance

was measured at 517 nm. The DPPH radical scavenging activity was calculated as follows:

Absorbance of sample

DPPH scavenging activity (%) = (1 ) X100

" Absorbance of control

Analysis of iron chelating activity

The iron chelating assay was performed using the method given by Dinis et al. [19], with slight
modifications. Distilled water was added to prepare 2 mM iron (I1) chloride and 5 mM ferrozine. The
prepared samples (200 pL) were placed in 1.5 mL tubes, and 200 uL of 2 mM iron (1) chloride and

40 uL of 5 mM ferrozine was sequentially added to the tubes. Thereafter, the tubes were vortexed and

incubated at 20-25°C for 10 min. Finally, the absorbance of the samples was measured at 562 nm. The

iron chelating activity was calculated as follows:

[ helating ability (%) = (1 Absorbance ofsample) 00
ron — chelating ability (%) = Absorbance of control

Analysis of reducing power

The reducing power assay was conducted according to the method given by Oyaizu [20]. Iron (I11)
chloride (1 mg/mL), TCA (100 mg/mL), and potassium hexacyanoferrate (I11) (10 mg/mL) were
prepared using distilled water as a solvent. The samples (100 puL) were taken in 1.5 mL tubes, and 100
uL each of 0.2 M sodium phosphate buffer (pH 6.6) and potassium hexacyanoferrate (111) was added
to the tubes and incubated in a dark room at 50°C for 20 min. Subsequently, 100 uL of TCA was
added and the tubes were centrifuged at 10,000 rpm for 1 min. The supernatant (200 uL) obtained was
mixed with 200 pL of distilled water and 40 pL of iron (IIT) chloride, and the absorbance of the

solution was measured at 700 nm.
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Analysis of angiotensin-converting enzyme (ACE) inhibitory activity

This experiment was conducted using the method given by Cushman & Cheung [21], with some
modifications. To prepare the ACE solution, 0.1 M sodium borate buffer (pH 8.3) was prepared by
properly mixing sodium tetraborate and boric acid, and 0.5 M sodium chloride was added to it.
Subsequently, lung acetone powder from rabbit was extracted by stirring at a concentration of 50
mg/mL (w/v) for 24 h at 4°C and centrifuging at 4°C and 10,000 rpm for 30 min to obtain the
supernatant. The ACE substrate was prepared using 0.1 M sodium borate buffer (pH 8.3) containing
8.3 mM N-Hippuryl-His-Leu hydrate. Each sample (50 pL) was taken in a 2 mL tube (distilled water
was taken instead of the sample in the control), and 1 M HCI was added initially to prepare additional
samples and controls that stopped the reaction. ACE substrate (50 uL) was added to each of the
prepared samples and reacted for 10 min at 37°C. Thereafter, 50 uL of ACE solution (25 mM/mL)
was added to the reaction solution and incubated at 37°C for 30 min. Initially, 250 pL of 1 M HCI was
added to stop the reaction in the samples in which 1 M HCI was not previously added; furthermore,
500 pL of ethyl acetate was added and the mixture was vortexed for 1 min. Subsequently, the mixture
was centrifuged at 3,000 rpm for 10 min and then 200 pL of the supernatant was taken and dried at
60°C for 30 min. Finally, 1 mL of distilled water was added to the dried sample to prepare the final
sample. The absorbance of the final sample was measured at 228 nm using a UV/Vis
spectrophotometer (Cary® 300; Agilent, California, USA). The ACE inhibitory activity was calculated
as follows:

Absorbance of sample — Absorbance of sampley¢;
Absorbance of control — Absorbance of controlyg

ACE inhibitory activity (%) = (1 ) X 100

In vivo analysis of bioavailability
Collection of plasma and serum from mice

After completing the peptide extract feeding experiments, all experimental animals (mice) were
sacrificed using CO- gas, and blood was collected through cardiac puncture method. For analyzing the
antioxidant enzyme activities, the collected blood was placed in a plasma separation gel tube and

centrifuged for 10 min at 2,000°<g and 4°C, and the obtained plasma was used as a sample. For ACE
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activity analysis, serum obtained by centrifuging blood in a serum separation gel tube for 15 at 2,000

> gand 4°C was used as a sample.

Analysis of catalase (CAT) activity

The CAT activity of each sample was measured using an OxiTec™ Catalase assay kit (Biomax,
Seoul, Korea). Briefly, each 25 plL sample was added to a separate well of a 96-well plate, 25 uL of
40 uM H»0- solution was added to it, and the plate was incubated at 20-25°C for 30 min. Thereafter,
50 uL of Oxi-Probe/horseradish peroxidase (HRP) working solution was added to each well, the plate
was incubated at 20-25°C for 30 min, and the absorbance was measured at 570 nm. One unit (U) of
catalase activity refers to the amount of enzyme that will decompose 1-uM of H,O, per min at pH 7.0

and 25°C.

Analysis of peroxidase (POD) activity

POD activity was analyzed using an OxiTec™ Hydrogen peroxide/Peroxidase assay kit (Biomax,
Seoul, Korea). Briefly, each 50 uL. sample was added to a separate well of a 96-well plate and 50 uL
of Oxi-Probe/H.0O. working solution was added to it. Thereafter, the plate was incubated at 20-25°C
for 30 min and then the absorbance was measured at 560 nm. One unit of HRP activity refers to the
amount of enzyme that catalyzes the production of 1 mg of purpurogallin from pyrogallol in 20 s at

pH 6.0 and 20°C.

Analysis of superoxide dismutase (SOD) activity

SOD activity was analyzed using an OxiTec™ SOD assay kit (Biomax, Seoul, Korea). Briefly,
each prepared sample and reagent was reacted at 37°C for 30 min, and then the absorbance of samples
and blanks was measured at 450 nm using a microplate reader. The SOD activity was calculated as

follows:

Absorbance of sample — Absorbance of blank 2)

.. . o) — _
SOD activity (Inhibition rate, %) (1 Absorbance of blank 1 — Absorbance of blank 3

Analysis of angiotensin converting enzyme (ACE) activity

10
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An ACE activity assay kit (Elabscience, Texas, USA) was used to measure the ACE activity of the
samples. The absorbance of samples and blanks was measured at 340 nm using a UV/Vis
spectrophotometer. One unit (U) refers to the amount of 1 pM of substrate catalyzed by 1 L of sample
per min at 37°C. ACE activity (U/L) was calculated using the following equation: where ¢ is the
absorbance coefficient, d is the path length of the cuvette, and DF is the dilution factor. The ACE

activity was calculated as follows:

XDF

. Absorbance of sample — Absorbance of blank 1000 Total volume
ACE activity (U/L) = ( )

Reaction time exd = Volume of sample

Statistical analysis

All statistical analyses were conducted using the IBM SPSS Statistics 26 program (IBM, New York,
USA). The differences between the groups were analyzed using Student’s t-test and one-way analysis
of variance (ANOVA). Using the t-test, the average difference between the cuts within the same breed,
or the breeds within the same cut, or before and after in vitro digestion was compared at a significance
level of p < 0.05. In the case of the one-way ANOVA, the average difference between the control
group and loin group of JBP and LYD, or ham group of JBP and LYD (In vivo analysis of
bioavailability) were compared at a significance level of p < 0.05. Pairwise comparisons were

performed using a post-hoc test (Student—Newman—Keuls; SNK) at a significance level of p < 0.05.

Results and Discussion

Analysis of the molecular weight of peptides

A common pattern was observed in the hydrolysis of peptide extracts into low-molecular-weight
peptides after in vitro digestion (Table 3). The proportion of 200-3,000 Da peptides in the JBP loin
and ham peptide extracts before in vitro digestion was approximately 85% and 88%, respectively, and
that in the LYD loin and ham peptide extracts was approximately 87% and 79%, respectively.
However, after in vitro digestion, the proportion of 200-3,000 Da peptides in the JBP loin and ham
peptide extracts decreased to approximately 67% and 66%, respectively, and that in the LYD loin and

ham peptide extracts decreased to approximately 65% and 63%, respectively. Accordingly, it was

11
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confirmed that the molecular weight distribution ratio of peptides with <200 Da after in vitro
digestion decreased by approximately 13-25% compared to that before digestion in both JBP and
LYD peptide extracts.

These results are believed to be the consequences of peptide bond decomposition and the formation
of peptides with smaller molecular weights due to hydrolysis by digestive enzymes during in vitro
digestion. The results of this study are similar to those obtained by Paolella et al. [22] and Gallego et
al. [23] in studies comparing and analyzing the molecular weight distribution of peptides produced
after in vitro digestion of pork proteins. According to previous studies, most peptides that are derived
from pork proteins and have antioxidant activity have a molecular weight of approximately 303—
1,275 Da [3, 8, 24]. In addition, pork-derived peptides that exhibit ACE inhibitory activity have a

molecular weight of approximately 520-950 Da [5, 25-28].

Analysis of free amino acid composition

Table 4 shows the results of the analysis of changes in free amino acid composition after in vitro
digestion of peptide extracts. The total content of free amino acids detected after in vitro digestion of
JBP and LYD ham peptide extracts was 154.91 mg/g and 160.01 mg/g, respectively, which is higher
than that detected after in vitro digestion of JBP and LYD loin peptide extracts. In addition, the main
free amino acids of JBP and LYD peptide extracts before in vitro digestion were leucine, glutamic
acid, isoleucine, and tyrosine, whereas those detected after in vitro digestion were arginine, leucine,
lysine, phenylalanine and tyrosine.

The composition of free amino acids before and after in vitro digestion is believed to have changed
due to various factors, including the hydrolysis of peptides and structural changes in amino acids
during digestion [29]. According to previous studies, peptides have smaller molecular weights as the
enzymatic hydrolysis process progresses, and relatively more free amino acids are produced [30].
Therefore, these results appear to be the consequences of the decomposition of low-molecular-weight
peptides in the peptide extracts (obtained from myofibrillar proteins using alkaline-AK enzymes) into
large amounts of free amino acids by in vitro digestive enzymes.

According to Xu et al. [31], arginine, lysine, tyrosine, tryptophan, methionine, and histidine have

higher antioxidant activities compared with all other amino acids. Arginine significantly increases the

12
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activities of SOD, glutathione S-transferase (GST), and glutathione peroxidase in the blood and liver
of mice under oxidative stress, whereas lysine upregulates Nrf2, a transcription factor involved in

regulating antioxidant gene expression [32, 33].

In vitro analysis of bioavailability
In vitro analysis of antioxidative activity

The JBP and LYD loin peptide extracts showed no significant difference in ABTS radical
scavenging activity before and after in vitro digestion (Figure 2A). However, the ABTS radical
scavenging activity of the JBP and LYD ham peptide extracts decreased by approximately 17% and
18%, respectively, after in vitro digestion (p < 0.05) (Figure 2B). In addition, there was no significant
difference between the ABTS radical scavenging activity of the JBP loin peptide extracts after in vitro
digestion (Figure 2C); however, the ABTS radical scavenging activity of the LYD loin peptide extract
was significantly higher than that of the LYD ham peptide extract (p < 0.05) (Figure 2D).
Furthermore, there was no significant difference in the DPPH radical scavenging activity of all
peptide extracts after in vitro digestion except LYD ham peptide extract (Figure 3). Before in vitro
digestion, the iron chelating activity of JBP loin and ham peptide extracts was approximately 74% and
55%, respectively, which was significantly higher than that of LYD loin and ham peptide extracts (p <
0.05) (Figure 4). However the iron chelating activity was reduced after in vitro digestion (p < 0.05),
and there was no significant difference between after in vitro digestion of JBP and LYD loin and ham
peptide extracts (Figure 4). Furthermore, the reducing power assay confirmed that there was no
significant difference in reducing power before and after in vitro digestion in all treatments (Figure 5).

According to previous studies, the antioxidant activity of the peptides detected after enzymatic
hydrolysis is higher than that of the proteins before decomposition because enzymatic hydrolysis
increases antioxidant activities such as free radical removal, reactive oxygen species inactivation, and
metal ion chelating by decomposing the protein’s peptide bond [34, 35]. In addition, peptides with a
small molecular weight of <10 kDa have higher antioxidant activity than peptides with a larger
molecular weight [12]. However, in this study, the structure and function of low-molecular-weight
peptides changed due to pH changes and hydrolysis by digestive enzymes during in vitro digestion,

reducing the antioxidant activities of peptide extracts [36]. Although it was thought that peptides

13
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extracted from pork can increase antioxidant activities by exposing the hydrophobic amino acid
residues of the peptide through hydrolysis by pepsin during in vitro digestion, it has been confirmed
that antioxidant activities are reduced when the hydrophobic amino acid residues of the peptide are
exposed [37, 38]. In addition, peptides can be reduced in bioactivity by oxidation, deamidization, or
hydrolysis due to pH changes in the digestive system [39]. The pH change may affect the functional
properties of the peptide by modifying one or more amino acids. For example, glutamine and
asparagine are destroyed under acidic pH conditions, whereas cystine, serine, and threonine are
destroyed under alkaline pH conditions [40].

Meanwhile, the results of this study showed that the proportion of peptides with a molecular weight
of <200 Da increased after in vitro digestion, which is relatively small compared to the molecular
weight of most peptides with antioxidant activities [3, 8, 24]. In addition, free amino acids may have
different antioxidant activities owing to the structural differences in amino acid side chains, and
amino acids with side chains containing alkyl groups such as leucine, isoleucine, and phenylalanine
have low antioxidant capacity [31]. Thus, free-amino acids such as arginine, lysine, and tyrosine,
which were detected in large quantities after in vitro digestion in the present study, were judged to
exhibit high antioxidant activities, whereas leucine and phenylalanine were judged to have
significantly low antioxidant activities [31].

Therefore, in the case of ABTS radical scavenging activity, it is judged that bioactive peptides and
large amounts of free amino acids contribute to antioxidant activity and can exhibit high radical
elimination even after in vitro digestion [41]. The ABTS assay is thought to show significantly higher
free radical scavenging activity than the DPPH assay because ABTS radicals are more reactive and
are less affected by pH than DPPH radicals [42]. In the case of the iron chelating activity, peptides
with amino acid residues that can be chelated with Fe?* are mostly hydrolyzed through the in vitro
digestion process and lose their activity [34, 43]. Regarding the reducing power, peptides that can act
as electron donors are decomposed and lose their activity due to enzymatic hydrolysis; so, it is

expected that the reducing power decreases after in vitro digestion [44].

Analysis of ACE inhibitory activity
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The ACE inhibitory activity of the loin and ham peptide extracts of JBP and LYD was
approximately 94-97% before in vitro digestion; however, after in vitro digestion, the ACE inhibitory
activity was reduced (p < 0.05) (Figure 6). Nevertheless, the ACE inhibitory activity of the loin
peptide extract of JBP was approximately 3% higher than that of the LYD (p < 0.05) (Figure 6).

ACE has been confirmed to have an important effect on the renin-angiotensin system (RAS) that
regulates blood pressure [45]. ACE converts an inactive decapeptide, angiotensin I, into an
octapeptide with vascular contraction activity, angiotensin Il, and inactivates bradykinin, which
mediates vascular expansion; thus, high ACE activity causes hypertension [46, 47]. Therefore,
intensive research has been conducted on bioactive peptides derived from food proteins that can
suppress ACE activity to reduce high blood pressure while avoiding the side effects caused by
synthetic drugs [48]. According to previous papers, peptides derived through enzymatic hydrolysis of
pork-derived proteins exhibit strong ACE inhibitory activity [5, 25-28]. In addition, peptides with a
molecular weight of <10 kDa were found to have a higher antihypertensive activity than peptides with
larger molecular weights [13]. However, these peptides can exhibit ACE inhibitory effects only if
they maintain their active form and reach the bloodstream; in this study, it is judged that the peptides
were decomposed due to the action of digestive enzymes, resulting in reduced ACE inhibitory activity
[23, 49]. Most of the dipeptides and tripeptides, which can inhibit ACE activity and also block the
active site of ACE, are hydrolyzed into amino acids by cytoplasmic peptides in the small intestine,

and only some of them maintain their peptide forms without breaking down into amino acids [50, 51].

In vivo analysis of bioavailability
Analysis of antioxidative activity

The CAT activity of the groups fed with JBP and LYD loin and ham was approximately 260-400
mU/mL higher than the control group (p < 0.05) (Figure 7A). Also, the CAT activity of the groups fed
with JBP loin and LYD ham was higher than the JBP ham and LYD loin group, respectively (p <
0.05) (Figure 7A). The POD activity of the groups fed with JBP and LYD loin and ham was
approximately 0.31-0.52 mU/mL higher than the control group (p < 0.05) (Figure 7B). The POD
activity of the groups fed with LYD loin and ham was significantly higher than that of the JBP group

(p < 0.05) (Figure 7B). The SOD activity of the groups fed with JBP loin and ham was 80.01 + 1.51%
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and 76.49 = 10.19%, respectively, which was relatively high compare to LYD group (p < 0.05)
(Figure 7C). However, JBP group was not significantly different to the control group (Figure 7C).

Antioxidant enzymes such as CAT, POD, and SOD play an important role in protecting the body from
oxidative stress caused by free radicals [52]. SOD, an antioxidant enzyme that catalyzes the
displacement of free radical O% to H,O, and O, can protect biomolecules from oxidative damage by
active oxygen species. In addition, it is judged that the large amount of free amino acids detected after
digestion can enhance antioxidant activities [53, 54]. For example, arginine has been found to increase
the expression of antioxidant-related genes and proteins, leucine increases the activity of antioxidant
enzymes such as GST and total superoxide dismutase (T-SOD), and lysine promotes the expression of
antioxidant-related genes [33, 55, 56]. Therefore, when peptide extracts obtained from the loin and
ham myofibrillar protein of JBP are consumed, CAT and POD activities increase and SOD activity is

triggered to promote antioxidant activity.

Analysis of ACE activity

The antihypertensive activity was analyzed by measuring the ACE activity after feeding mice with
the different peptide extracts; the results of the analysis are presented in Figure 8. The ACE activity of
the groups fed with JBP and LYD loin and ham was higher than that of the control group (p < 0.05).
The ACE activity of the groups fed with JBP ham and LYD loin was 287.87 + 8.26 U/L and 297.28 +
3.09 U/L, respectively, which was significantly lower than that of the groups fed with JBP loin and
LYD ham (p < 0.05).

In this study, the ACE inhibitory activity of peptide extracts obtained from the loin and ham
myofibrillar proteins of JBP and LYD was more than 94% before in vitro digestion (Figure 6).
However, the activity of peptides that exhibit ACE inhibitory activity is believed to decrease in
peptide extracts owing to enzymatic hydrolysis, changes in pH, and the intestinal residence time
during the digestive process [23, 39, 57]. Previously, peptides were reported to have low
bioavailability when administered orally owing to their weak intestinal mucosal permeability, which
can vary depending on the difference in mucosal thickness and surface area of the gastrointestinal
tract [57, 58]. In addition, there is little action of protein hydrolyzing enzymes in the large intestine,

making it easy to absorb peptides, but peptides can be decomposed by bacteria in the large intestine
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[59]. According to Lee et al. [60], peptides obtained using alkaline-AK can have relatively reduced
digestive stability due to the influence of intestinal microbiome. Thus, various factors in the intestine
affect the digestion, absorption, and activity of peptides, resulting in results that may vary from those
of the in vitro experiments in this study.

Meanwhile, peptides derived from animal protein are believed to impact ACE activity due to the
toxins produced from amino acid decomposition metabolites through fermentation by intestinal
microbiome during digestion [61, 62]. For example, indoxyl sulfate, a toxin produced from the
metabolites of an intestinal microbiome, can activate RAS [63]. When RAS is activated, the activity
of ACE is promoted and the amount of angiotensin Il increases, which results in vascular contraction
and high blood pressure [64, 65]. In addition, trimethylamine N-oxide (TMAQO), which is related to
high blood pressure, also promotes an increase in ACE activity [66, 67]. It is predicted that the ACE
activity of the groups fed with different peptide extracts increased due to these factors. Nevertheless,
the ACE activity of the groups fed with JBP ham and LYD loin was lower than those of the groups
fed with JBP loin and LYD ham; thus, JBP ham peptide extract believed to have a relatively high

ACE inhibitory activity.

Conclusion

In this study, changes in the molecular weight distribution, free amino acid composition, and
antioxidant and antihypertensive activities of peptide extracts (<10 kDa) of JBP and LYD after in
vitro digestion were compared and analyzed. In addition, the changes in antioxidant and
antihypertensive activities of the peptide extracts and their benefits were confirmed through animal
experiments. The loin peptide extract of JBP maintained a relatively high ABTS radical scavenging
activity after in vitro digestion. The iron chelating activity of JBP loin and ham peptide extracts was
significantly higher than that of LYD loin and ham peptide extracts before in vitro digestion. However,
the iron chelating activity of all peptide extracts decreased after in vitro digestion, and there was no
significant difference. Although the ACE inhibitory activity of all peptide extracts decreased, the ACE

inhibitory activity of JBP loin peptide extract was higher than that of the LYD loin peptide extract.
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These results are believed to be the consequences of changes in peptide structure and function due to
hydrolysis by digestive enzymes and change in pH. Both JBP and LYD peptide extracts promoted
antioxidant enzyme activities in the experimental animals; among the different peptide extracts, the
JBP loin and ham peptide extracts showed significantly high SOD activity than that of LYD. In
addition, the JBP ham peptide extracts showed a relatively higher ACE inhibitory activity in the case
of in vivo experiment. Therefore, it is deemed that the peptide extracts of JBP are more bioactive than
that of LYD, and can be used as bioactive materials; however, additional research is needed to

improve their bioavailability.
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626  Table 1. Constituents and concentrations of synthetic digestive juices used in the in vitro digestion model

Saliva Gastric juice Duodenal juice Bile juice
(mouth step) (stomach step) (small intestine step) (small intestine step)

1.7 mL NaCIV (175.3 g/L)? 6.5 mL HCI (37 g/L) 6.3 mL KCI (89.6 g/L) 69.3 mL NaHCO3 (84.7 g/L)
Inorganic and organic

8 mL Urea (25 g/L) 18 mL CaCl,2H,0 (22.2 g/L) 9 mL CaCl,2H20 (22.2 g/L) 10 mL CaCl,2H,0 (22.2 g/L)
components

15 mg Uric acid 1 g Bovine serum albumin 1 g Bovine serum albumin 1.8 g Bovine serum albumin

30 g Bile

290 mg a-Amylase 2.5 g Pepsin 9 g Pancreatin
Enzymes

25 mg Mucin 3g Mucin 1.5 g Lipase
pH 6.8+0.2 1.50 £ 0.02 8.0+0.2 7.0+0.2

627 Y The numbers indicate the concentrations of chemicals used to make the digestive juices.
628 2 The numbers in parentheses indicate the concentrations of inorganic or organic components per liter of distilled water.
629  After mixing all components (inorganic components, organic. components, and enzymes), the volume was made up to 500 mL with distilled water. If necessary, the

630  pH of the digestive juices was adjusted to the appropriate value
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631  Table 2. The conditions maintained in the amino acid analyzer for studying the changes in free

632  amino acid composition

Parameter Condition

Column Hitachi HPLC packed ion exchange column (#2622PF)
Mobile phase L-8900 buffer solution PF-1, 2, 3, 4, RG

Flow rate Buffer solution: 0.35 mL/min

Detection wavelength

Temperatures

Injection volume

Ninhydrin solution: 0.30 mL/min
440 nm, 570 nm

Reaction coil: 135°C

Column: 30-70°C

20 uL

26



633  Table 3. The molecular weight distribution of loin and ham peptide extracts from JBP and LYD before and after in vitro digestion

Loin Ham
JBP LYD JBP LYD
Contents A
Before After Before Before After Before After
digestio
digestion digestion digestion digestion digestion digestion digestion
n
Mn? (Da) 691 287 376 318 437 303 716 287
> 10,000 Da (%) 1.25 0.61 0.28 0.91 - 1.10 1.82 0.73
5,000-10,000 Da (%) 5.55 2.46 1.73 3.74 0.22 4.28 7.12 3.16
3,000-5,000 Da (%) 6.42 3.40 2.97 5.49 1.42 5.88 9.57 4.68
200-3,000 Da (%) 84.93 66.62 86.65 64.85 88.38 65.84 78.54 63.32
< 200 Da (%) 1.85 26.91 8.37 25.01 9.98 22.89 2.96 28.11

634 @ The number averaged molecular weight

635  Abbreviations: JBP, Jeju black pigs; LYD, three-way crosshred pigs (Landrace x Yorkshire x Duroc)
636
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637  Table 4. Changes in the free amino acid composition of loin and ham peptide extracts from JBP and LYD after in vitro digestion

Free amino acid content (mg/g dw)

Loin Ham
Amino acid JBP LYD JBP LYD
Before After Before After Before After Before After
digestion digestion digestion digestion digestion digestion digestion digestion
Aspartic acid 0.20 0.13 0.39 0.28 0.15 0.08 0.34 0.26
Threonine 0.46 2.62 0.55 2.50 0.53 2.74 0.47 2.70
Serine 0.53 1.70 0.62 1.65 0.55 1.79 0.53 1.78
Asparagine 0.77 1.93 0.97 2.03 0.79 2.09 0.92 2.32
Glutamic acid 2.61 3.00 4.64 4.64 3.07 3.50 4.31 5.19
Glutamine 0.27 4.26 0.33 3.55 0.41 4.60 0.53 4.52
Glycine 0.26 0.31 0.29 0.32 0.28 0.36 0.24 0.38
Alanine 1.21 3.68 1.47 3.63 1.38 3.78 1.46 3.70
Valine 0.59 2.91 0.88 2.95 0.67 3.05 0.74 3.10
Methionine 0.84 6.26 1.25 5.90 1.07 6.29 1.30 6.66
Isoleucine 1.72 5.33 2.18 5.15 1.77 5.66 2.03 5.85
Leucine 3.72 24.83 5.47 23.93 4.66 26.19 5.44 26.68
Tyrosine 1.56 16.70 1.77 15.31 1.58 17.47 1.88 17.38
Phenylalanine 0.95 16.11 1.10 15.03 0.99 16.54 1.12 16.82
Tryptophan ND 2.71 ND 2.50 ND 2.90 ND 2.72
Ornithine 0.32 0.51 0.59 0.55 0.31 0.51 0.50 0.67
Lysine 1.16 2217 1.83 20.99 1.31 23.67 1.40 24.84
Histidine 0.11 2.41 0.16 2.19 0.12 2.50 0.12 2.52
Arginine 1.20 27.85 1.89 28.60 1.43 30.09 1.80 30.78
Proline 0.34 1.14 0.32 0.96 0.43 1.10 0.35 1.14
Carnosine ND ND ND ND ND ND ND ND
Total 18.82 146.56 26.70 142.66 21.50 154.91 25.48 160.01

638  Abbreviations: dw, dry weight; JBP, Jeju black pigs; LYD, three-way crossbred pigs (Landrace x Yorkshire x Duroc); ND, not detected
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phosphate
buffer

Samples of 2 kg each prepare from Grind the pork loin and ham with a Homogenize the samples with 4 L of
the loin and ham of JBP and LYD mixer, then wash the samples using 0.04 M phosphate buffer
10 L of distilled water

Myofibrillar proteins

@@'

Dry hydrolysates in the dry oven after the hydrolysis Obtain myofibrillar proteins, then hydrolyze the
process myofibrillar proteins using alkaline-AK in a water bath

Peptide extracts
(< 10 kDa)

Collect the hydrolysates of myofibrillar proteins Retrieve the powdered peptide
after drying, and then perform the centrifugal extracts (< 10 kDa) after
ultrafiltration to obtain peptide extracts (< 10 kDa). freeze-drying

639
640  Figure 1. Schematic diagram of the procedure for obtaining myofibrillar proteins and peptide

641  extracts (< 10 kDa) from JBP and LYD JBP: Jeju black pigs, LYD: three-way crossbred pigs

642  (Landrace x Yorkshire x Duroc)
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Figure 2. Comparison of the ABTS radical scavenging activity between (A) the loin peptide extracts from JBP and LYD, (B) the ham peptide
extracts from JBP and LYD, (C) the loin and ham peptide extracts from JBP, and (D) the loin and ham peptide extracts from LYD Data are
presented as mean + standard deviation. ® PLowercase letters indicate a significant difference in the ABTS radical scavenging activity based on breeds
and within cuts after digestion (p < 0.05). A single asterisk indicates a significant difference in the ABTS radical scavenging activity before and after in

vitro digestion (p < 0.05). JBP: Jeju black pigs, LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc)
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Figure 3. Comparison of the DPPH radical scavenging activity between (A) the loin peptide extracts from JBP and LYD, (B) the ham peptide
extracts from JBP and LYD, (C) the loin and ham peptide extracts from JBP, and (D) the loin and ham peptide extracts from LYD Data are
presented as mean +* standard deviation. ~BUppercase letters indicate a significant difference in the DPPH radical scavenging activity based on breeds
and within cuts before digestion (p < 0.05). A single asterisk indicates a significant difference in the DPPH radical scavenging activity before and after

in vitro digestion (p < 0.05). JBP: Jeju black pigs, LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc)
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655

656  Figure 4. Comparison of the iron chelating activity between (A) the loin peptide extracts from JBP and LYD, (B) the ham peptide extracts from
657 JBPand LYD, (C) the loin and ham peptide extracts from JBP, and (D) the loin and ham peptide extracts from LYD Data are presented as mean
658  + standard deviation.  BUppercase letters indicate a significant difference in iron chelating activity based on breeds and within cuts before digestion (p
659 < 0.05). Asingle asterisk indicates a significant difference in iron chelating activity before and after in vitro digestion (p < 0.05). JBP: Jeju black pigs,

660  LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc)
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662  Figure 5. Comparison of the reducing power between (A) the loin peptide extracts from JBP and LYD, (B) the ham peptide extracts from JBP
663 and LYD, (C) the loin and ham peptide extracts from JBP, and (D) the loin and ham peptide extracts from LYD Data are presented as mean *

664  standard deviation. JBP: Jeju black pigs, LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc)

665
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Figure 6. Comparison of the ACE inhibitory activity between (A) the loin peptide extracts from JBP and LYD, (B) the ham peptide extracts
from JBP and LYD, (C) the loin and ham peptide extracts from JBP, and (D) the loin and ham peptide extracts from LYD Data are presented as
mean + standard deviation. ~ BUppercase letters indicate a significant difference in the ACE inhibitory activity based on breeds and within cuts before
digestion (p < 0.05). ®°Lowercase letters indicate a significant difference in the ACE inhibitory activity based on breeds and within cuts after digestion
(p < 0.05). Asingle asterisk indicates a significant difference in the ACE inhibitory activity before and after in vitro digestion (p < 0.05). JBP: Jeju black

pigs, LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc)
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Figure 7. Dietary effects of the loin and ham peptide extracts from JBP and LYD on the (A) CAT, (B) POD, and (C) SOD activities in mice
blood Data are presented as mean + standard deviation. ~ BUppercase letters indicate a significant difference in the antioxidant enzyme activities
between the breeds within the same cut (p < 0.05). * "Lowercase letters indicate a significant difference in the antioxidant enzyme activities between the
cuts within the same breed (p < 0.05). A single asterisk indicates a significant difference in the ACE activity between the control and treatment groups (p

< 0.05). CTL: control, JBP: Jeju black pigs, LYD: three-way crossbred pigs (Landrace x Yorkshire x Duroc), CAT: catalase, POD: peroxidase, SOD:

superoxide dismutase
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Figure 8. Dietary effects of the loin and ham peptide extracts from JBP and LYD on the ACE
activity in mice blood Data are presented as mean * standard deviation. * BUppercase letters indicate a
significant difference in the ACE activity between breeds within the same cut (p < 0.05). * °Lowercase
letters indicate a significant difference in the ACE activity between cuts within the same breed (p < 0.05).
A ssingle asterisk indicates a significant difference in the ACE activity between the control and treatment
groups (p < 0.05). ACE: angiotensin-converting enzyme, CTL: control, JBP: Jeju black pigs, LYD: three-

way crossbred pigs (Landrace x Yorkshire x Duroc)
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