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Abstract  11 

Peptides with bioactive effects are being researched for various purposes. However, 12 

there is a lack of overall research on pork-derived peptides. In this study, we reviewed the 13 

process of obtaining bioactive peptides, available analytical methods, and the study of 14 

bioactive peptides derived from pork. Pepsin and trypsin, two representative protein digestive 15 

enzymes in the body, are hydrolyzed by other cofactors to produce peptides. BCA assay, 16 

SDS-PAGE, chromatography, and in vitro digestion simulation systems are utilized to 17 

analyze bioactive peptides for protein digestibility and molecular weight distribution. Pork-18 

derived peptides mainly exhibit antioxidant and antihypertensive activities. The antioxidant 19 

activity of bioactive peptides increases the accessibility of amino acid residues by disrupting 20 

the three-dimensional structure of proteins, affecting free radical scavenging, reactive oxygen 21 

species inactivation, and metal ion chelating. In addition, the antihypertensive activity 22 

decreases angiotensin II production by inhibiting ACE and suppresses blood pressure by 23 

blocking the AT1 receptor. Pork-derived bioactive peptides, primarily obtained using papain 24 

and pepsin, exhibit significant antioxidant and antihypertensive activities, with most having 25 

low molecular weights below 1 kDa. This study may aid in the future development of 26 

bioactive peptides and serve as a valuable reference for pork-derived peptides. 27 

 28 

Keywords: Pork, Bioactive peptide, Angiotensin converting enzyme inhibitory peptide, 29 

Antioxidative peptide 30 

31 
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Introduction 32 

In general, peptides have a smaller molecular structure than proteins, consisting of 2-50 33 

amino acids. Certain peptides play a role in regulating the activity of other molecules. 34 

Bioactive peptides consist of 2–20 amino acids and have a relatively small molecular weight 35 

compared to proteins (Lafarga and Hayes, 2014). The market for bioactive peptides is 36 

expanding with the growth of functional food and beverage products, and they are widely 37 

applied in functional foods, natural health products, health foods, and cosmetics (Chalamaiah 38 

et al., 2019). This growth can be attributed to the fact that consumers are becoming more 39 

health-conscious, and industries are utilizing functional ingredients to develop new products. 40 

Bioactive peptides are found in food proteins, especially in milk, meat, fish, and legumes. 41 

They are utilized as ingredients in functional foods and pharmaceuticals due to their 42 

beneficial effects on the human digestive, endocrine, nervous, and cardiovascular systems, 43 

among others, and their role in health (Heres et al., 2021a; Sánchez and Vázquez, 2017). The 44 

efficacy of bioactive peptides is often determined by their molecular weight and amino acid 45 

sequence because the amino acids that comprise the peptide sequence can have varying 46 

properties and effects. Livestock-derived bioactive peptides have been reported to have 47 

antioxidant, antihypertensive, antithrombotic, and antimicrobial activities, which have 48 

positive effects on disease prevention and blood circulation (Aluko, 2015; Lafarga and 49 

Hayes, 2014; Kim et al., 2023; Rubak et al., 2022). Previous studies have confirmed that 50 

bioactive peptides that modulate various biological actions can be obtained from pork 51 

(Arihara, 2006). In particular, antioxidant and antimicrobial active peptides isolated from 52 

pork muscle proteins provide important health benefits to humans and can be utilized as 53 

functional ingredients in foods (Di Bernardini et al., 2011). However, the effective utilization 54 

of pork-derived bioactive peptides has not been adequately studied. Therefore, in this study, 55 
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we introduced a method for protein digestion analysis that can be utilized to obtain peptides 56 

and categorize various potencies and types of bioactive peptides derived from pork. 57 

 58 

Process of protein digestion by enzymes 59 

Proteins consumed by humans must be hydrolyzed by proteolytic enzymes secreted by 60 

the stomach, pancreas, and small intestine in order to be digested and absorbed by the body. 61 

After proteins digestion, peptides present in the intestinal lumen typically consist of 2–6 62 

amino acids, which account for about 80% of the total amino acids (Bhutia and Ganapathy, 63 

2018). In the intestinal lumen, the amount of amino acids present in peptides is higher than 64 

that of free amino acids (Adibi and Mercer, 1973). Consequently, most peptides and free 65 

amino acids are transported across the intestinal epithelium into the digestive tract through 66 

the brush border membrane transport system. The majority of peptides are then hydrolyzed to 67 

free amino acids, which make up about 90% of the total amino acids (Bhutia and Ganapathy, 68 

2018). 69 

Ingested proteins are broken down by a variety of enzymes secreted by the body's 70 

digestive system. The initial step in this process is performed by pepsin, a proteolytic enzyme 71 

secreted by the stomach. Pepsin is initially secreted as an inactive precursor, called 72 

pepsinogen, which is produced by the chief cells of the stomach (Gupta, 2018). This inactive 73 

precursor, pepsinogen, is then activated through an autocatalytic reaction in the acidic pH 74 

environment of the stomach, resulting in the production of pepsin (Gupta, 2018). Protein 75 

hydrolysates processed by pepsin are mostly in the form of polypeptides, and only a small 76 

amount of free amino acids is released through hydrolysis (Hinsberger and Sandhu, 2004). 77 

After undergoing digestion in the stomach, gastric contents pass through the duodenum and 78 

jejunum, where they stimulate cells in the intestinal mucosa to produce cholecystokinin 79 
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(Liddle, 1997). Cholecystokinin then triggers the secretion of pancreatic juice, which is rich 80 

in proteolytic enzymes, and causes the gallbladder to contract and release bile (Liddle, 1997). 81 

In addition, when the gastric contents reach the small intestine, the acidic pH environment 82 

created by gastric acid prompts S-cells in the duodenum to release secretin, which is 83 

produced by these cells (DiGregorio and Sharma, 2019). Secretin increases the secretion of 84 

bicarbonate from the pancreas and biliary tract. This neutralizes the acidic pH environment in 85 

the duodenum caused by stomach acid to a pH level of around 6–8 and reduces the secretion 86 

of stomach acid (Bhutia and Ganapathy, 2018; DiGregorio and Sharma, 2019).  87 

The pancreas is a vital digestive organ that produces and secretes proteolytic enzymes 88 

into the small intestine to digest ingested protein. The major pancreatic proteolytic enzymes 89 

have been identified as trypsin, chymotrypsin, elastase, and carboxypeptidase (Whitcomb and 90 

Lowe, 2007). Similar to pepsin, these enzymes are initially secreted as inactive precursors, 91 

including trypsinogen, chymotrypsinogen, proelastase, and procarboxypeptidase (Whitcomb 92 

and Lowe, 2007). Among them, trypsinogen is first activated to trypsin by enteropeptidase in 93 

the small intestine. Activated trypsin then acts on chymotrypsinogen, proelastase, and 94 

procarboxypeptidase to form active chymotrypsin, elastase, and carboxypeptidase (Bhutia 95 

and Ganapathy, 2018). Trypsin is highly reactive towards peptides containing the basic amino 96 

acids arginine and lysine, while chymotrypsin hydrolyzes peptides containing the aromatic 97 

amino acids tyrosine, phenylalanine, and tryptophan (Whitcomb and Lowe, 2007). In 98 

addition, elastase acts on peptide binding sites formed by the non-polar amino acids glycine 99 

and alanine (Whitcomb and Lowe, 2007). Consequently, the proteolytic enzymes in the 100 

pancreas hydrolyze proteins that are mostly present in polypeptide form during small 101 

intestinal digestion into oligopeptides and free amino acids consisting of 6-8 amino acids 102 

(Bhutia and Ganapathy, 2018). These oligopeptides are then hydrolyzed into smaller forms of 103 

peptides, such as tripeptides and dipeptides, by brush border peptidases found in the 104 
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microvilli composed of small intestinal enterocytes (Hooton et al., 2015). Finally, the myriad 105 

of tripeptides and dipeptides are absorbed into the small intestine where they are broken 106 

down into amino acids by cytoplasmic peptidases and released into the bloodstream (Boron 107 

and Boulpaep, 2016). 108 

 109 

Analysis methods for protein digestibility  110 

Methods such as the bicinchoninic acid (BCA) assay, sodium dodecyl sulfate-111 

polyacrylamide gel electrophoresis (SDS-PAGE), gel permeation chromatography (GPC), 112 

and in vitro digestion system have been utilized to analyze protein digestibility and molecular 113 

weight distribution, which are relevant for peptide acquisition (Li et al., 2017; Rezvankhah et 114 

al., 2021; Wen et al., 2015). 115 

The BCA assay is a highly sensitive method for quantifying proteins by comparing their 116 

chromogenic reactions. The principle behind this method is that Cu2+ ions are reduced to Cu+ 117 

ions by peptide binding of proteins in an alkaline environment. The Cu+ ions then combine 118 

with BCA to form a purple complex. This assay is similar to the Lowry assay but has the 119 

advantage of being relatively simple and resistant to compounds that may interfere with the 120 

results (Walker, 2009). Once the reaction is complete, the complex can be analyzed using a 121 

spectrophotometer to measure the amount of protein at the maximum absorption wavelength 122 

of 562 nm (He, 2011). This reaction is mainly influenced by the presence of four amino acid 123 

residues (cysteine, cystine, tyrosine, and tryptophan) in the protein molecule (Fischer et al., 124 

1999). Therefore, the BCA assay can be utilized to determine the initial protein content of a 125 

sample. 126 

SDS-PAGE is an electrophoresis technique that analyzes the movement of charged 127 

protein molecules in an electric field. It is commonly used to separate proteins by size and 128 
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analyze them qualitatively (Rajput and Sharma, 2011; Roy et al., 2012). Sodium dodecyl 129 

sulfate (SDS), an anionic surfactant with a strong protein denaturing effect, binds to proteins 130 

at a constant rate. During this process, the proteins are transformed into a linear chain 131 

structure and become negatively charged (Farrell, 2009; Rajput and Sharma, 2011). The 132 

proteins then move in the electric field containing the polyacrylamide gel according to their 133 

molecular size, with smaller proteins migrating and separating faster than larger proteins 134 

(Rajput and Sharma, 2011). Therefore, SDS-PAGE separates polypeptides based on 135 

molecular size, making it the best experimental method for analyzing protein digestibility as a 136 

function of protein molecular weight (Righetti, 2005). Li et al. (2017) and Wen et al. (2015) 137 

used SDS-PAGE to screen for changes in molecular weight and compare the digestibility of 138 

pork protein before and after in vitro digestion. Specifically, Li et al. (2017) compared the 139 

molecular weight of four types of pork proteins (cooked, emulsion-type sausage, dry-cured, 140 

and stewed) before digestion, after pepsin digestion, and after pepsin and trypsin digestion. 141 

Additionally, Wen et al. (2015) compared the differences in molecular weight of proteins 142 

from four types of cooked meat (pork, beef, chicken, and fish) before digestion, after pepsin 143 

digestion, and after pepsin and trypsin digestion. In both studies, compared to undigested 144 

samples, samples treated with pepsin alone lost protein bands greater than 150 kDa, and a 145 

relatively greater amount of protein bands between 50–100 kDa was identified (Li et al, 146 

2017; Wen et al, 2015). These results indicate that high molecular weight proteins were 147 

digested and decomposed into small sizes. In samples treated with pepsin and trypsin 148 

together, proteins were decomposed more effectively, and the degraded proteins were 149 

confirmed to be clustered in the range between 2–10 kDa (Li et al, 2017; Wen et al, 2015). 150 

Size exclusion chromatography (SEC), a chromatography method developed in 1955, is 151 

the most commonly method used to separate polymers such as proteins and peptides 152 

according to their molecular size. SEC is utilized for various purposes including adsorption, 153 
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desalting, and determining molecular weight distribution (Sorci and Belfort, 2014; Wang et 154 

al., 2017). As the polymer moves through the column, larger molecules elute faster because 155 

they cannot penetrate the pores of the gel, while smaller molecules can penetrate the pores 156 

and move freely, increasing the elution time (Boone and Adamec, 2016; Deb et al., 2019). 157 

SEC is often used interchangeably with gel permeation chromatography (GPC) or gel 158 

filtration chromatography (GFC). GPC is a method of separating molecules by size through 159 

elution from a column composed of porous gels such as dextran, agarose, and 160 

polyacrylamide. This method can be utilized for extracting specific proteins and analyzing 161 

the molecular weight distribution of hydrolysates (Jia et al., 2010; Lee et al., 2022; Ting et 162 

al., 2013). 163 

Protein digestibility can be assessed through both in vivo and in vitro experiments. 164 

Kjeldahl assay can be used after feeding experimental animals to determine the crude protein 165 

content in feed samples and feces, as well as to calculate feed intake for examining the 166 

digestibility of apparent proteins and peptides (AOAC, 2000; Kumar et al., 2019). In vivo 167 

digestion experiments can provide the most accurate results, but they are time-consuming, 168 

costly, and subject to ethical constraints (Boisen and Eggum, 1991; Guerra et al., 2012). 169 

In vitro digestion simulation systems are more efficient compared to in vivo digestion 170 

experiments and are widely used to evaluate protein digestibility and physiological 171 

properties. In vitro models have been proposed as an alternative to the financial and ethical 172 

challenges of in vivo experiments involving humans or animals (Bohn et al., 2018). These 173 

systems can be utilized to rapidly screen various food structures and ingredients. In 174 

particular, meat (18%) has been identified as the most commonly studied food product using 175 

in vitro digestion simulation systems after plant foods (45%) (Coles et al., 2005; Hur et al., 176 

2011). In a previous study, an in vitro digestion simulation system was utilized to identify 177 

biochemical indicators of digestibility and nutritional properties of pork muscle protein 178 
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following different meat processing methods (Bax et al., 2012). Lee et al. (2020) investigated 179 

the digestibility and antioxidant properties of beef protein according to aging period and 180 

cooking conditions by simulating the digestive conditions of infants. Gallego et al. (2020) 181 

also employed an in vitro digestion simulation system to evaluate the antioxidant activity of 182 

peptides detected after digestion in dry-brined pork hindquarters. However, further testing is 183 

needed to confirm the similarity of results obtained from studies using these in vitro digestion 184 

simulation systems when applied to in vivo models. 185 

Utilizing an in vitro digestion mimicry system, researchers have identified peptides in 186 

fibrillar protein hydrolysates from porcine loin muscle that exhibit partial sequence homology 187 

to peptides found through in vivo digestion experiments (Escudero et al., 2010a). For 188 

example, the peptide AGDDAPR, identified in pork actin, has been found to share partial 189 

sequence homology with AGDDAPRAVF and AGFAGDDAPR identified in the duodenum 190 

or jejunum of pigs after consuming beef and trout (Bauchart et al., 2007; Escudero et al., 191 

2010a). However, the digestive enzymes, conditions, and other factors in for each stage of 192 

digestion in the in vitro simulation system can vary based on age and sex, making it 193 

challenging to replicate results from in vivo animal experiments. Therefore, comprehensive 194 

research is needed to achieve similar outcomes as in vivo experiments. 195 

 196 

The applicable bioavailability methods for bioactive peptides  197 

Antioxidative activities  198 

The antioxidant activity of proteins and peptides is manifested through mechanisms such 199 

as free radical scavenging, inactivation of reactive oxygen species, chelation of metal ion, and 200 

antioxidant enzyme activity (Elias et al., 2008; Yan et al., 2020). 201 
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Free radicals are atoms, molecules, or ions that possess an unpaired electron, making 202 

them unstable and highly reactive with other organic compounds (Lobo et al., 2010). These 203 

free radicals and other reactive oxygen species derived from oxygen are generated in the 204 

body through normal cell metabolism or exposure to external factors such as smoking, 205 

ultraviolet light, ozone, and X-rays (Bagchi and Puri, 1998; Carocho and Ferreira, 2013). 206 

Reactive oxygen species include the free radicals superoxide ion (O2
-), hydroxyl radical 207 

(HO), hydroperoxyl radical (HO2), and nitric oxide (NO), as well as other reactive oxygen 208 

species such as singlet oxygen (O2), hydrogen peroxide (H2O2), peroxynitrite (ONOO-), and 209 

hypochlorous acid (HClO) (Carocho and Ferreira, 2013; Lobo et al., 2010). These reactive 210 

species are neutralized by antioxidant enzymes such as superoxide dismutase (SOD), catalase 211 

(CAT), glutathione peroxidase (GPx), and various antioxidants (Rock et al., 1996). However, 212 

when the balance between reactive species and antioxidants is disrupted, the overabundance 213 

of reactive species causes oxidative stress (Rock et al., 1996). Free radicals and other reactive 214 

oxygen species exhibit high reactivity with most cellular molecules, including amino acids, 215 

sugars, and lipids, causing cellular damage and disruption of homeostasis (Lobo et al., 2010; 216 

Young and Woodside, 2001). In addition, excessive oxidative stress can contribute to the 217 

development of cancer, liver, kidney, cardiovascular, and neurodegenerative diseases 218 

(Carocho and Ferreira, 2013; Soomro, 2019; Tönnies and Trushina, 2017). Chelation is the 219 

formation of chelate compounds through the coordination bonding of organic substances with 220 

metal ions such as iron and copper (van Lith and Ameer, 2016). Metal ions can trigger redox 221 

reactions, leading to oxidative stress and the generation of free radicals that damage 222 

biomolecules (van Lith and Ameer, 2016; Yan et al., 2020). Furthermore, an imbalance of 223 

metal ions such as iron, copper, zinc, and calcium, along with oxidative stress, can contribute 224 

to the development of Alzheimer's disease, a neurodegenerative condition (Wang et al., 225 
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2020). Therefore, it is important for antioxidants to effectively inhibit and reduce the 226 

interactions of reactive oxygen species with DNA, proteins, lipids, and sugars. 227 

Proteins represent the three-dimensional structure of polypeptides, and most peptides 228 

with antioxidant activity are located inside this structure. Therefore, disrupting the three-229 

dimensional structure of proteins through methods such as heat treatment can increase the 230 

solvent accessibility of amino acid residues in peptides, thereby enhancing their antioxidant 231 

activities (Elias et al., 2008). Furthermore, enzymatic hydrolysis can increase antioxidant 232 

activity by breaking peptide bonds to expose amino acid residues. Studies have shown that 233 

the antioxidant activity of enzymatically hydrolyzed peptides is higher than that of undigested 234 

proteins (Elias et al., 2008; Park and Chin, 2011). In addition, proteins lacking metal ion 235 

storage or transport capabilities can chelate metal ions. Proteins with exposed histidine, 236 

glutamic acid, and aspartic acid on their surface have been shown to chelate metal ions (Elias 237 

et al., 2008). Therefore, there is a need for chelators derived from natural sources with 238 

minimal side effects that can bind to these metal ions to form chelate compounds. Peptides 239 

derived from pork skeletal muscle proteins have been found to chelate ferrous ions (Fe2+), 240 

and their chelating ability is enhanced through in vitro digestion (Zhu et al., 2016). Previous 241 

studies have also confirmed that peptides derived from pork proteins and collagen can chelate 242 

metal ions (Li et al., 2007; Saiga et al., 2003; Xing et al., 2016). 243 

Experimental methods for measuring the antioxidant activity of proteins and peptides 244 

include the ABTS (2,2-azinobis-3-ethyl-benzothiazoline-6-sulfonic acid) radical scavenging 245 

assay, DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay, iron-chelating assay, 246 

and reducing power assay (Acharya, 2017; Bhalodia et al., 2013; Zhong and Shahidi, 2015). 247 

The ABTS assay is considered more responsive and less sensitive to pH than the DPPH 248 

assay. Additionally, ABTS assay saves time, money, and sample volume, making it a more 249 

efficient option (Moniruzzaman et al., 2012; Shalaby and Shanab, 2013). 250 
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The DPPH assay is widely used to evaluate antioxidant activity and is an electron 251 

transfer-based assay (Huang et al., 2005; Zhong and Shahidi, 2015). DPPH is a stable 252 

nitrogen radical with a dark purple color. Unlike the ABTS assay, the DPPH assay does not 253 

require the generation of radicals before conducting the test (Prior et al., 2005). 254 

Iron-chelating assays are used for analyzing antioxidant activity by measuring the 255 

capacity of proteins and peptides to chelate Fe2+. This is determined by the level of 256 

chromogenicity, as proteins and peptides chelate Fe2+ to form chelate compounds, and 257 

ferrozine binds to the unchelated Fe2+ (Santos et al., 2017). Therefore, low chromogenicity 258 

indicates a strong ability of proteins and peptides to bind and chelate Fe2+, indicating high 259 

antioxidant activity (Gülçin, 2005). 260 

The reducing power assay is another method that can be utilized to measure the 261 

antioxidant activity of proteins and peptides. Since antioxidants also function as reducing 262 

agents, reducing power is an important indicator of antioxidant activity (Shahidi and Zhong, 263 

2015). This assay measures reducing power by detecting the reaction of a substance with 264 

potassium ferricyanide to form potassium ferrocyanide, which then reacts with ferric chloride 265 

to form a ferric-ferrous complex. This reaction results in a yellowish discoloration as the 266 

ferric form of potassium ferricyanide is reduced to the ferrous form (Bhalodia et al., 2013; 267 

Park et al., 2015). 268 

Experimental methods for measuring antioxidant enzyme activity in proteins and 269 

peptides in vitro include the superoxide dismutase (SOD) assay, catalase (CAT) assay, and 270 

peroxidase (POD) assay (Dasgupta and Klein, 2014; Haida and Hakiman, 2019). 271 

SOD, an antioxidant enzyme, plays an important role in protecting biomolecules from 272 

oxidative stress induced by reactive oxygen species (Boguszewska et al., 2010). The SOD 273 

assay measures the activity of SOD, which catalyzes the conversion of the free radical 274 
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superoxide ion (O2) into hydrogen peroxide (H2O2) and singlet oxygen (O2) (McCord and 275 

Fridovich, 1969). 276 

CAT, another antioxidant enzyme, is found in most tissues including the liver and 277 

stomach of animals. The CAT assay measures the activity of CAT, which catalyzes the 278 

conversion of H2O2 to O2 and H2O (Liu and Kokare, 2017; Miranda-Bautista et al., 2017). 279 

CAT can inhibit cellular damage caused by oxidative stress by reducing the amount of H2O2, 280 

a reactive oxygen species produced in vivo (Catalán et al., 2018). This is based on the 281 

principle that the amount of resorufin, a product that is reduced to O2 and H2O by CAT, and 282 

the remaining H2O2 reacts with horseradish peroxidase (HRP) and a non-fluorescent probe, 283 

which is then analyzed by fluorescence or absorbance measurements (Pinto et al., 2011). 284 

Similarly, the POD assay determines the activity of POD by measuring the amount of 285 

resorufin produced by the reaction of H2O2 with HRP and a non-fluorescent probe. Therefore, 286 

these antioxidant assays can be used to predict the mechanism of antioxidant activity of 287 

bioactive peptides by considering their principles. 288 

 289 

Angiotensin converting enzyme (ACE) inhibitory assay 290 

The antihypertensive activity of proteins and peptides can be measured through the 291 

angiotensin converting enzyme (ACE) inhibitory assay. ACE plays a crucial role in the renin-292 

angiotensin system (RAS), which regulates blood pressure (Gurley and Coffman, 2007) 293 

(Figure 1). Gurley and Coffman (2007) have shown that renin in the blood converts 294 

angiotensinogen produced by the liver to angiotensin I, which is then converted to 295 

angiotensin II by ACE. Within the RAS, ACE converts angiotensin I, an inactive 296 

decapeptide, to angiotensin II, an octapeptide with vasoconstrictor activity, and inactivates 297 

bradykinin, which exhibits vasodilator activity (Mora et al., 2018; Zhuo et al., 2013). 298 

Angiotensin II binds to two G protein coupled-receptors (GPCRs), the AT1 receptor and AT2 299 
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receptor, to carry out its biological functions (Wu et al., 2017). The AT1 receptor is 300 

associated with a variety of physiological functions, including vasoconstriction, secretion of 301 

hormones such as noradrenalin and aldosterone, and sodium reabsorption, while the AT2 302 

receptor promotes vasodilation and sodium excretion (Carey, 2017; Contreras et al., 2003; 303 

Kaschina and Unger, 2003; Wu et al., 2017). In this context, antihypertensive functional 304 

peptides can reduce angiotensin II production by inhibiting ACE and lower blood pressure by 305 

blocking the AT1 receptor (Contreras et al., 2003; Ferrario et al., 2005). In addition, 306 

antihypertensive functional peptides play a role in balancing the vasoconstrictor and dilator 307 

effects of angiotensin I and bradykinin (Mora et al., 2018). 308 

On the other hand, ACE2, which has been identified as a homologue of ACE, is known 309 

to play a physiological role in the regulation of homeostasis (Turner, 2015). In addition, 310 

ACE2 cleaves the amino acids at the C-terminus of angiotensin II to form angiotensins 1-7, 311 

which bind to the Mas receptor and exert anti-inflammatory, vasodilatory, and antifibrotic 312 

effects (Barroso et al., 2015; Shenoy et al., 2015; Simões e Silva et al., 2013). Similarly, 313 

ACE2 can hydrolyze angiotensin I to produce angiotensin 1-9, which can be converted to 314 

angiotensin 1-7 by ACE action (Donoghue et al., 2000). Previous studies have reported that 315 

angiotensin 1-9 can exhibit vasodilatory functions, reducing blood pressure and preventing 316 

cardiomyocyte hypertrophy (Gonzalez et al., 2018; Sotomayor-Flores et al., 2020). Therefore, 317 

the antihypertensive activity of the peptide may be mainly determined by ACE inhibition. 318 

 319 

Bioactive peptides in pork 320 

It has been confirmed that bioactive peptides exhibit little bioactivity in their normal 321 

protein-bound state, and their activity is triggered by protein degradation through processes 322 

such as ripening, fermentation, enzymatic hydrolysis, and digestion (Arihara and Ohata, 323 
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2008; Xing et al., 2019). Previous studies have shown that plant-derived bioactive peptides 324 

are extracted using digestive enzymes such as trypsin, chymotrypsin, and pepsin, or plant-325 

derived proteolytic enzymes papain, bromelain, and ficin (Ryan et al., 2011; Singh et al., 326 

2019). Additionally, alkaline proteases from microbial fermentation processes have been 327 

identified to be used to produce highly nutritious protein hydrolysates (Sharma et al., 2019; 328 

Sumantha et al., 2006). The use of commercialized proteolytic enzymes, including 329 

Protamex®  and Flavourzyme® , for the production of ACE inhibitory active peptides has 330 

been previously documented (Mirdhayati et al., 2016). Furthermore, it has been reviewed that 331 

bioactivities, such as antioxidant and ACE inhibitory activities of protein hydrolysates 332 

formed by using alcalase with other proteolytic enzymes are increased (Tacias-Pascacio et al., 333 

2020). In addition, large amounts of bioactive peptides have been produced from pork after in 334 

vitro digestion, confirming that pork can be a major source of bioactive peptides (Escudero et 335 

al., 2010a). The process of bioactive peptide formation from proteins in meat is shown in 336 

Figure 2. 337 

Table 1 displays the peptides with antioxidant activity derived from porcine proteins. All 338 

of these peptides have a small molecular weight, mostly less than 1 kDa. In addition, 339 

bioactive peptides with high DPPH radical scavenging and metal ion chelating activities were 340 

extracted from protein hydrolysate obtained from pork source fiber protein (Saiga et al., 341 

2003). Carnosine and anserine, representative peptides with antioxidant activity, were also 342 

obtained from porcine loin muscle (Simonetti et al., 2019). Furthermore, bioactive peptides 343 

predicted to be generated after hydrolysis from pork myofibrillar proteins were identified 344 

through in silico analysis as potentially exhibiting a variety of bioactivities, including 345 

antioxidant, antihypertensive, antithrombotic, and dipeptidyl peptidase-IV (DPP-IV) 346 

inhibition (Kęska and Stadnik, 2017). DPP-IV is an enzyme that degrades incretin, a blood 347 

sugar-regulating hormone released when food is consumed. Inhibition of DPP-IV increases 348 
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incretin content, stimulating the release of insulin and inhibiting the release of glucagon, 349 

which regulates blood sugar (Drucker, 2007). Peptides extracted from dry-cured pork ham 350 

with a molecular weight of less than 1 kDa exhibit the highest antioxidant activity (Xing et 351 

al., 2018). Meanwhile, meat-derived bioactive peptides are considered to have higher 352 

antioxidant activity as they contain more hydrophobic amino acids (leucine, isoleucine, and 353 

valine) and aromatic amino acids (tryptophan, tyrosine, and phenylalanine) (Peighambardoust 354 

et al., 2021). 355 

Among the bioactive peptides, the most extensively studied are angiotensin-converting 356 

enzyme inhibitory peptides (Arihara and Ohata, 2008). 357 

According to the World Health Organization, approximately 1.13 billion people 358 

worldwide have high blood pressure (WHO, 2013; WHO, 2021). High blood pressure can 359 

weaken the heart, damage artery walls, alter blood flow, and lead to complications such as 360 

stroke, heart disease, kidney failure, vision loss, and hardening of the arteries (Williams et al., 361 

2018). Due to the severe side effects of various synthetic drugs used to treat hypertension, 362 

there has been extensive research on bioactive peptides derived from food proteins that can 363 

effectively treat hypertension without causing adverse reactions (Toldrá et al., 2018). Table 2 364 

displays the antihypertensive functional peptides derived from porcine proteins, with most 365 

originating from fibrillar proteins such as myosin, actin, and troponin. Previous studies have 366 

shown that peptides with a molecular weight of less than 10 kDa have superior antioxidant 367 

and antihypertensive properties compared to larger peptides with relatively larger molecular 368 

weights. Some peptides obtained from pork proteins through in vitro digestion have shown 369 

ACE inhibitory activity (Escudero et al., 2010b; Escudero et al., 2012). For example, peptides 370 

(MYPGIA and VIPEL) derived from pork actin and GAPDH, and peptides (KRVITY and 371 

VKAGF) isolated from pork myosin heavy chain and actin exhibit ACE inhibitory activity 372 

(Escudero et al., 2010b ; Muguruma et al., 2009). Peptides KAPVA and PTPVP from titin, 373 
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and peptide RPR from neblin in pork enzymatic hydrolysate, show strong ACE inhibitory 374 

activity (Escudero et al., 2012). Furthermore, differences in the amino acid composition of 375 

bioactive peptides may affect ACE-inhibitory activity. For example, differences in the 376 

composition of amino acids that make up peptides, such as acidic amino acids (aspartic acid 377 

and glutamic acid), and the presence of positively charged amino acids in the carboxyl group 378 

can affect the increase in ACE-inhibitory activity (Daskaya-Dikmen et al., 2017; 379 

Peighambardoust et al., 2021). 380 

 381 

Conclusion 382 

In this study, we presented a protein digestion analysis method and a peptide bioactivity 383 

analysis method that can be utilized for peptide acquisition. The digestive enzymes present in 384 

the intestinal tract include pepsin, trypsin, chymotrypsin, and procarboxypeptidase, with 385 

cholecystokinin and secretin playing auxiliary roles in protein digestion. Proteins are 386 

hydrolyzed in the body to generate peptides. Methods such as BCA assay, SDS-PAGE, and 387 

chromatography have been used to analyze protein digestibility and molecular weight 388 

distribution, which are applicable to peptide acquisition. In recent years, in vitro digestion 389 

simulation systems have been utilized to evaluate protein digestibility and changes in activity. 390 

In addition, the ACE inhibitory and antioxidant properties of bioactive peptides derived from 391 

pork suggest potential industrial applications. In particular, papain has been primarily used as 392 

a hydrolyzing agent for antioxidant peptides in pork. Actomyosin and tropomyosin are found 393 

in myofibrillar proteins, and they have molecular weights below 1 kDa. The antihypertensive 394 

activity is often attributed to the use of pepsin as a hydrolyzing agent in pork, with most 395 

peptides identified having a molecular weight of lower than 1 kDa. Therefore, this study can 396 

serve as a basis for the effective utilization in the development of pork-derived bioactive 397 
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peptides and exploration of their bioactivity in the future. Furthermore, the advancement of 398 

pork-derived bioactive peptides may aid in promoting domestic pork consumption. 399 

 400 

Conflicts of Interest 401 

The authors declare no potential conflicts of interest. 402 

 403 

Acknowledgements 404 

This work was conducted with the support of Chung-Ang University. This work was carried 405 

out with the support of "Cooperative Research Program for Agriculture Science and 406 

Technology Development (Project No. PJ016201)" Rural Development Administration, 407 

Republic of Korea. 408 

 409 

Author Contributions 410 

Conceptualization: Jeong JW, Hur SJ, Validation: Lee SY, Lee DY, Lee J, Mariano Jr. E, 411 

Moon SS, Investigation: Jeong JW, Lee DY, Kim JH, Yun SH, Mariano Jr. E, Writing - 412 

original draft: Jeong JW, Hur SJ, Writing - review & editing: Jeong JW, Lee SY, Lee DY, 413 

Kim JH, Yun SH, Lee J, Mariano Jr. E, Moon SS, Hur SJ 414 

 415 

Ethics Approval 416 

This work does not require IRB/IACUC approval because there are no human or animal 417 

participants. 418 

 419 

References 420 



 

21 

 

Acharya K. 2017. Simplified methods for microtiter based analysis of in vitro antioxidant 421 

activity. Asian J Pharm 11(02):S327-S335. 422 

Adibi SA., and Mercer DW. 1973. Protein digestion in human intestine as reflected in 423 

luminal, mucosal, and plasma amino acid concentrations after meals. J Clin Invest 424 

52(7):1586-1594. 425 

Aluko RE. 2015. Antihypertensive peptides from food proteins. Annu Rev Food Sci and T 426 

6:235-262. 427 

AOAC. 2000. International A: Official methods of analysis of the AOAC international. The 428 

Association: Arlington County, VA, USA. 429 

Arihara K. 2006. Functional properties of bioactive peptides derived from meat proteins. 430 

Advanced technologies for meat processing. CRC Press. pp. 245-274.  431 

Arihara K., and Ohata M. 2008. Bioactive compounds in meat. Meat biotechnology. 432 

Springer. pp. 231-249. https://doi.org/10.1007/978-0-387-79382-5_11. 433 

Bagchi K., and Puri S. 1998. Free radicals and antioxidants in health and disease: A review. 434 

East Mediterr Health J 4(2):350-360. 435 

Barroso LC., Silveira KD., Teixeira MM., and Simões Silva AC. 2015. Mas and 436 

inflammation. The protective arm of the renin-angiotensin system (RAS). Academic 437 

Press. pp. 213-217. https://doi.org/10.1016/B978-0-12-801364-9.00030-4. 438 

Bauchart C., Morzel M., Chambon C., Mirand PP., Reynès C., Buffière C., and Remond D. 439 

2007. Peptides reproducibly released by in vivo digestion of beef meat and trout flesh in 440 

pigs. Br J Nutr 98(6):1187-1195. 441 

Bax ML., Aubry L., Ferreira C., Daudin JD., Gatellier P., Rémond D., and Santé-Lhoutellier 442 

V. 2012. Cooking temperature is a key determinant of in vitro meat protein digestion 443 

rate: Investigation of underlying mechanisms. J Agric Food Chem 60(10):2569-2576. 444 



 

22 

 

Bhalodia NR., Nariya PB., Acharya RN., and Shukla VJ. 2013. In vitro antioxidant activity of 445 

hydro alcoholic extract from the fruit pulp of Cassia fistula Linn. AYU 34(2):209. 446 

Bhutia YD., and Ganapathy V. 2018. Protein digestion and absorption. Physiology of the 447 

gastrointestinal tract. Academic Press. pp. 1063-1086. https://doi.org/10.1016/B978-0-448 

12-809954-4.00047-5. 449 

Boguszewska D., Grudkowska M., and Zagdańska B. 2010. Drought-responsive antioxidant 450 

enzymes in potato (Solanum tuberosum L.). Potato Res 53(4):373-382. 451 

Bohn T., Carriere F., Day L., Deglaire A., Egger L., Freitas D., ... and Dupont D. 2018. 452 

Correlation between in vitro and in vivo data on food digestion. What can we predict 453 

with static in vitro digestion models?. Crit Rev Food Sci Nutr 58(13):2239-2261. 454 

Boisen S., and Eggum BO. 1991. Critical evaluation of in vitro methods for estimating 455 

digestibility in simple-stomach animals. Nutr Res Rev 4(1):141-162. 456 

Boone C., and Adamec J. 2016. Top-down proteomics. Proteomic profiling and analytical 457 

chemistry. Elsevier. pp. 175-191. https://doi.org/10.1016/B978-0-444-63688-1.00010-0. 458 

Boron WF., and Boulpaep EL. 2016. Nutrient digestion and absorption. Medical physiology. 459 

Elsevier. pp. 914-943. 460 

Carey RM. 2017. AT2 receptors: Potential therapeutic targets for hypertension. Am J 461 

Hypertens 30(4):339-347. 462 

Carocho M., and Ferreira IC. 2013. A review on antioxidants, prooxidants and related 463 

controversy: Natural and synthetic compounds, screening and analysis methodologies 464 

and future perspectives. Food Chem Toxicol 51:15-25. 465 

Catalán V., Frühbeck G., and Gómez-Ambrosi J. 2018. Inflammatory and oxidative stress 466 

markers in skeletal muscle of obese subjects. Obesity. Academic press. pp. 163-189. 467 

https://doi.org/10.1016/B978-0-12-812504-5.00008-8. 468 



 

23 

 

Chalamaiah M., Ulug SK., Hong H., and Wu J. 2019. Regulatory requirements of bioactive 469 

peptides (protein hydrolysates) from food proteins. J Funct Foods 58:123-129. 470 

Coles LT., Moughan PJ., and Darragh AJ. 2005. In vitro digestion and fermentation methods, 471 

including gas production techniques, as applied to nutritive evaluation of foods in the 472 

hindgut of humans and other simple-stomached animals. Anim Feed Sci Technol 123: 473 

421-444. 474 

Contreras F., de la Parte MA., Cabrera J., Ospino N., Israili ZH., and Velasco M. 2003. Role 475 

of angiotensin II AT1 receptor blockers in the treatment of arterial hypertension. Am J 476 

Ther 10(6):401-408. 477 

Dasgupta A., and Klein K. 2014. Methods for measuring oxidative stress in the laboratory. 478 

Antioxidants in food, vitamins and supplements prevention and treatment of disease. 479 

Academic Press. pp. 19-40. https://doi.org/10.1016/B978-0-12-405872-9.00002-1. 480 

Daskaya-Dikmen, C., Yucetepe, A., Karbancioglu-Guler, F., Daskaya, H., & Ozcelik, B. 481 

(2017). Angiotensin-I-converting enzyme (ACE)-inhibitory peptides from plants. 482 

Nutrients, 9(4), 316. 483 

Deb PK., Kokaz SF., Abed SN., Paradkar A., and Tekade RK. 2019. Pharmaceutical and 484 

biomedical applications of polymers. Basic fundamentals of drug delivery. Academic 485 

Press. pp. 204-255. https://doi.org/10.1016/B978-0-12-817909-3.00006-6. 486 

Di Bernardini R., Harnedy P., Bolton D., Kerry J., O’Neill E., Mullen AM., and Hayes M. 487 

2011. Antioxidant and antimicrobial peptidic hydrolysates from muscle protein sources 488 

and by-products. Food Chem 124(4):1296-1307. 489 

DiGregorio N., and Sharma S. 2019. Physiology, secretin. Retrieved from 490 

https://europepmc.org/article/nbk/nbk537116. Accessed at September 13, 2022. 491 



 

24 

 

Donoghue M., Hsieh F., Baronas E., Godbout K., Gosselin M., Stagliano N., ... and Acton S. 492 

2000. A novel angiotensin-converting enzyme–related carboxypeptidase (ACE2) 493 

converts angiotensin I to angiotensin 1-9. Circ Res 87(5):e1-e9. 494 

Drucker DJ. 2007. The role of gut hormones in glucose homeostasis. J Clin Invest 117(1):24-495 

32. 496 

Elias RJ., Kellerby SS., and Decker EA. 2008. Antioxidant activity of proteins and peptides. 497 

Crit Rev Food Sci Nutr 48(5):430-441. 498 

Escudero E., Mora L., Fraser PD., Aristoy MC., and Toldrá F. 2013. Identification of novel 499 

antioxidant peptides generated in Spanish dry-cured ham. Food Chem 138(2-3):1282-500 

1288. 501 

Escudero E., Sentandreu MA., and Toldra F. 2010a. Characterization of peptides released by 502 

in vitro digestion of pork meat. J Agric Food Chem 58(8), 5160-5165. 503 

Escudero, E., Sentandreu, M. A., Arihara, K., and Toldra, F. 2010b. Angiotensin I-converting 504 

enzyme inhibitory peptides generated from in vitro gastrointestinal digestion of pork 505 

meat. J Agric Food Chem 58(5):2895-2901. 506 

Escudero E., Toldrá F., Sentandreu MA., Nishimura H., and Arihara K. 2012. 507 

Antihypertensive activity of peptides identified in the in vitro gastrointestinal digest of 508 

pork meat. Meat Sci 91(3):382-384. 509 

Farrell Jr RE. 2009. Resilient ribonucleases. RNA methodologies: A laboratory guide for 510 

isolation and characterization. Academic Press. p. 166 511 

Ferrario CM., Jessup J., Chappell MC., Averill DB., Brosnihan KB., Tallant EA., ... and 512 

Gallagher PE. 2005. Effect of angiotensin-converting enzyme inhibition and angiotensin 513 

II receptor blockers on cardiac angiotensin-converting enzyme 2. Circulation 514 

111(20):2605-2610. 515 



 

25 

 

Fischer, T., Elenko, E., McCaffery, J. M., DeVries, L., and Farquhar, M. G. (1999). Clathrin-516 

coated vesicles bearing GAIP possess GTPase-activating protein activity in vitro. 517 

Proceedings of the National Academy of Sciences, 96(12), 6722-6727. 518 

Gallego M., Mauri L., Aristoy MC., Toldrá F., and Mora L. 2020. Antioxidant peptides 519 

profile in dry-cured ham as affected by gastrointestinal digestion. J Funct Foods 520 

69:103956. 521 

Gallego M., Mora L., and Toldrá F. 2019. Potential cardioprotective peptides generated in 522 

Spanish dry-cured ham. J Food Bioact 6. 523 

Gonzalez L., Novoa U., Moya J., Gabrielli L., Jalil JE., García L., ... and Ocaranza MP. 2018. 524 

Angiotensin-(1-9) reduces cardiovascular and renal inflammation in experimental renin-525 

independent hypertension. Biochem Pharmacol 156:357-370. 526 

Guerra A., Etienne-Mesmin L., Livrelli V., Denis S., Blanquet-Diot S., and Alric M. 2012. 527 

Relevance and challenges in modeling human gastric and small intestinal digestion. 528 

Trends Biotechnol 30(11):591-600. 529 

Gülçin İ. 2005. The antioxidant and radical scavenging activities of black pepper (Piper 530 

nigrum) seeds. Int J of Food Sci Nutr 56(7):491-499. 531 

Gupta A. 2018. Digestion and absorption of proteins. Comprehensive biochemistry for 532 

dentistry: Textbook for dental students. Springer. pp. 367-375. 533 

https://doi.org/10.1007/978-981-13-1035-5_12. 534 

Gurley SB., and Coffman TM. 2007. The renin-angiotensin system and diabetic nephropathy. 535 

Semin Nephrol 27(2):144-152. 536 

Haida Z., and Hakiman M. 2019. A comprehensive review on the determination of enzymatic 537 

assay and nonenzymatic antioxidant activities. Food Sci Nutr 7(5):1555-1563. 538 



 

26 

 

Hao L., Gao X., Zhou T., Cao J., Sun Y., Dang Y., and Pan D. 2020. Angiotensin I-539 

converting enzyme (ACE) inhibitory and antioxidant activity of umami peptides after in 540 

vitro gastrointestinal digestion. J Agric Food Chemi 68(31):8232-8241. 541 

He F. 2011. BCA (bicinchoninic acid) protein assay. Bio-protocol 1(5):1-2. 542 

Heres A., Gallego M., Mora L., and Toldrá F. 2022. Identification and Quantitation of 543 

Bioactive and Taste-Related Dipeptides in Low-Salt Dry-Cured Ham. Int J Mol Sci 544 

23(5), 2507. 545 

Heres A., Mora L., and Toldrá F. 2021a. Inhibition of 3-hydroxy-3-methyl-glutaryl-546 

coenzyme A reductase enzyme by dipeptides identified in dry-cured ham. Food Prod 547 

Process Nutr 3(1):1-14. 548 

Heres A., Saldaña C., Toldrá F., and Mora L. 2021b. Identification of dipeptides by MALDI-549 

ToF mass spectrometry in long-processing Spanish dry-cured ham. Food Chem 550 

3:100048. 551 

Hinsberger A., and Sandhu BK. 2004. Digestion and absorption. Current Paediatrics 14(7): 552 

605-611. 553 

Hooton D., Lentle R., Monro J., Wickham M., and Simpson R. 2015. The secretion and 554 

action of brush border enzymes in the mammalian small intestine. Rev Physiol Bioch P 555 

168:59-118. 556 

Huang D., Ou B., and Prior RL. 2005. The chemistry behind antioxidant capacity assays. J 557 

Agric Food Chem 53(6):1841-1856. 558 

Hur SJ., Lim BO., Decker EA., and McClements DJ. 2011. In vitro human digestion models 559 

for food applications. Food Chem 125(1):1-12. 560 

Jia, J., Zhou Y., Lu J., Chen A., Li Y., and Zheng G. 2010. Enzymatic hydrolysis of Alaska 561 

pollack (Theragra chalcogramma) skin and antioxidant activity of the resulting 562 

hydrolysate. J Sci Food Agric 90(4):635-640. 563 



 

27 

 

Kaschina E., and Unger T. 2003. Angiotensin AT1/AT2 receptors: Regulation, signalling and 564 

function. Blood Press12(2):70-88. 565 

Katayama K., Jamhari Mori, T., Kawahara S., Miake K., Kodama Y., ... and Muguruma M. 566 

2007. Angiotensin‐I converting enzyme inhibitory peptide derived from porcine skeletal 567 

muscle myosin and its antihypertensive activity in spontaneously hypertensive rats. J 568 

Food Sci 72(9):S702-S706. 569 

Kęska P., and Stadnik J. 2017. Antimicrobial peptides of meat origin-an in silico and in vitro 570 

analysis. Protein Pept Lett 24(2):165-173. 571 

Kim JH., Lee DY., Lee SY., Mariano Jr E., Jeong JW., Yun SH., ... and Hur SJ. 2023. Study 572 

on the digestion-induced changes in the characteristics and bioactivity of Korean native 573 

and overseas cattle-derived peptides. Food Science of Animal Resources.  574 

Kumar A., Badgujar PC., Mishra V., Sehrawat R., Babar OA., and Upadhyay A. 2019. Effect 575 

of microfluidization on cholesterol, thermal properties and in vitro and in vivo protein 576 

digestibility of milk. LWT 116:108523. 577 

Lafarga T., and Hayes M. 2014. Bioactive peptides from meat muscle and by-products: 578 

Generation, functionality and application as functional ingredients. Meat Sci 98(2):227-579 

239. 580 

Lee JA., Kim MJ., Shin MR., Roh SS., Lee JB., Seo YH., ... and Park, HJ. 2022. 581 

Determination of the protein quality of low-molecular weight water-soluble chicken 582 

breast powder by a protein digestibility corrected amino acid score (PDCAAS) analysis. 583 

J Korean Soc Food Sci Nutr 51(5):439-447. 584 

Lee S., Jo K., Lee HJ., Jo C., Yong HI., Choi YS., and Jung S. 2020. Increased protein 585 

digestibility of beef with aging in an infant in vitro digestion model. Meat Sci 169: 586 

108210. 587 



 

28 

 

Li B., Chen F., Wang X., Ji B., and Wu Y. 2007. Isolation and identification of antioxidative 588 

peptides from porcine collagen hydrolysate by consecutive chromatography and 589 

electrospray ionization–mass spectrometry. Food Chem 102(4):1135-1143. 590 

Li L., Liu Y., Zou X., He J., Xu X., Zhou G., and Li C. 2017. In vitro protein digestibility of 591 

pork products is affected by the method of processing. Food Res Int 92:88-94. 592 

Liddle RA. 1997. Cholecystokinin cells. Annu Rev Physiol 59(1):221-242. 593 

Liu X., and Kokare C. 2017. Microbial enzymes of use in industry. Biotechnology of 594 

microbial enzymes. Academic Press. pp. 267-298. https://doi.org/10.1016/B978-0-12-595 

803725-6.00011-X. 596 

Lobo V., Patil A., Phatak A., and Chandra N. 2010. Free radicals, antioxidants and functional 597 

foods: Impact on human health. Phcog Rev 4(8):118. 598 

Martini S., Conte A., and Tagliazucchi D. 2019. Comparative peptidomic profile and 599 

bioactivities of cooked beef, pork, chicken and turkey meat after in vitro gastro-intestinal 600 

digestion. J Proteom 208:103500. 601 

McCord JM., and Fridovich I. 1969. Superoxide dismutase: An enzymic function for 602 

erythrocuprein (hemocuprein). J Biol Chem 244(22):6049-6055. 603 

Miranda-Bautista J., Bañares R., and Vaquero J. 2017. The gastrointestinal system: Anatomy 604 

and sources of oxidative stress. Gastrointestinal tissue. Academic Press. pp. 3-20 605 

https://doi.org/10.1016/B978-0-12-805377-5.00001-1. 606 

Mirdhayati I., Hermanianto J., Wijaya CH., Sajuthi D., and Arihara K. 2016. Angiotensin 607 

converting enzyme (ACE) inhibitory and antihypertensive activities of protein 608 

hydrolysate from meat of Kacang goat (Capra aegagrus hircus). J Sci Food Agric 609 

96(10):3536-3542. 610 



 

29 

 

Moniruzzaman M., Khalil MI., Sulaiman SA., and Gan SH. 2012. Advances in the analytical 611 

methods for determining the antioxidant properties of honey: A review. Afr J Tradit 612 

Complement Altern Med 9(1):36-42. 613 

Mora L., Gallego M., and Toldrá F. 2018. ACEI-inhibitory peptides naturally generated in 614 

meat and meat products and their health relevance. Nutrients 10(9):1259. 615 

Muguruma M., Ahhmed AM., Katayama K., Kawahara S., Maruyama M., and Nakamura T. 616 

2009. Identification of pro-drug type ACE inhibitory peptide sourced from porcine 617 

myosin B: Evaluation of its antihypertensive effects in vivo. Food Chemi 114(2):516-618 

522. 619 

Nakashima Y., Arihara K., Sasaki A., Mio H., Ishikawa S., and Itoh M. 2002. 620 

Antihypertensive activities of peptides derived from porcine skeletal muscle myosin in 621 

spontaneously hypertensive rats. J Food Sci 67(1):434-437. 622 

Ohata M., Uchida S., Zhou L., and Arihara K. 2016. Antioxidant activity of fermented meat 623 

sauce and isolation of an associated antioxidant peptide. Food Chem 194:1034-1039. 624 

Park JH., Bae NY., Park SH., Kim MJ., Kim KBWR., Choi, JS., and Ahn DH. 2015. 625 

Antioxidant effect of Sargassum coreanum root and stem extracts. KSBB J 30(4):155-626 

160. 627 

Park SY., and Chin KB. 2011. Antioxidant activities of pepsin hydrolysates of water‐and salt‐628 

soluble protein extracted from pork hams. Int J Food Sci Technol 46(2):229-235. 629 

Peighambardoust, S. H., Karami, Z., Pateiro, M., & Lorenzo, J. M. (2021). A review on 630 

health-promoting, biological, and functional aspects of bioactive peptides in food 631 

applications. Biomolecules, 11(5), 631. 632 

Pinto PC., Costa AD., Lima JL., and Saraiva MLM. 2011. Automated evaluation of the effect 633 

of ionic liquids on catalase activity. Chemosphere 82(11):1620-1628. 634 



 

30 

 

Prior RL., Wu X., and Schaich K. 2005. Standardized methods for the determination of 635 

antioxidant capacity and phenolics in foods and dietary supplements. J Agric Food Chem 636 

53(10):4290-4302. 637 

Rajput YS., and Sharma R. 2011. SDS-PAGE–Principle and applications. Chemical analysis 638 

of value added dairy products and their quality assurance. National Dairy Research 639 

Institute. p. 81. 640 

Rezvankhah A., Yarmand MS., Ghanbarzadeh B., and Mirzaee H. 2021. Generation of 641 

bioactive peptides from lentil protein: Degree of hydrolysis, antioxidant activity, phenol 642 

content, ACE-inhibitory activity, molecular weight, sensory, and functional properties. J 643 

Food Meas Charact 15(6):5021-5035. 644 

Righetti PG. 2005. Electrophoresis | Polyacrylamide Gels. Encyclopedia of analytical 645 

science. Elsevier. pp. 396–407. https://doi.org/10.1016/B0-12-369397-7/00122-9. 646 

Rock CL., Jacob RA., and Bowen PE. 1996. Update on the biological characteristics of the 647 

antioxidant micronutrients: Vitamin C, vitamin E, and the carotenoids. J Am Diet Assoc 648 

96(7):693-702. 649 

Roy VK., Kumar NS., and Gurusubramanian G. 2012. Proteins–structure, properties and their 650 

separation by SDS-polyacrylamide gel electrophoresis. Sci Vis 12(4):170-181. 651 

Rubak YT., Nuraida L., Iswantini D., and Prangdimurti E. 2022. Angiotensin-I-Converting 652 

enzyme inhibitory peptides in goat milk fermented by lactic acid bacteria isolated from 653 

fermented food and breast milk. Food Sci Anim Resour 42(1):46. 654 

Ryan JT., Ross RP., Bolton D., Fitzgerald GF., and Stanton C. 2011. Bioactive peptides from 655 

muscle sources: Meat and fish. Nutrients 3(9):765-791. 656 

Saiga AI., Tanabe S., and Nishimura T. 2003. Antioxidant activity of peptides obtained from 657 

porcine myofibrillar proteins by protease treatment. J Agric Food Chem 51(12):3661-658 

3667. 659 



 

31 

 

Sánchez A., and Vázquez A. 2017. Bioactive peptides: A review. Food Qual Saf 1(1):29-46. 660 

Santos JS., Brizola VRA., and Granato D. 2017. High-throughput assay comparison and 661 

standardization for metal chelating capacity screening: A proposal and application. Food 662 

Chem 214:515-522. 663 

Shahidi F., and Zhong Y. 2015. Measurement of antioxidant activity. J Funct foods 18:757-664 

781. 665 

Shalaby EA., and Shanab SM. 2013. Antioxidant compounds, assays of determination and 666 

mode of action. Afr J Pharm Pharmacol 7(10):528-539. 667 

Sharma M., Gat Y., Arya S., Kumar V., Panghal A., and Kumar A. 2019. A review on 668 

microbial alkaline protease: An essential tool for various industrial approaches. Ind 669 

Biotechnol 15(2):69-78. 670 

Shenoy V., Ferreira AJ., Katovich M., and Raizada MK. 2015. Angiotensin-converting 671 

enzyme 2/Angiotensin-(1-7)/Mas receptor axis: Emerging pharmacological target for 672 

pulmonary diseases. The protective arm of the renin-angiotensin system (RAS). 673 

Academic Press. pp. 269-274. https://doi.org/10.1016/B978-0-12-801364-9.00038-9. 674 

Simões e Silva AC., Silveira KD., Ferreira AJ., and Teixeira MM. 2013. ACE2, angiotensin‐675 

(1‐7) and Mas receptor axis in inflammation and fibrosis. Br J Pharmacol 169(3):477-676 

492. 677 

Simonetti A., Perna A., and Gambacorta E. 2019. Comparison of antioxidant compounds in 678 

pig meat from Italian autochthonous pig Suino Nero Lucano and a modern crossbred pig 679 

before and after cooking. Food Chem 292:108-112. 680 

Singh PK., Shrivastava N., and Ojha BK. 2019. Enzymes in the meat industry. Enzymes in 681 

food biotechnology. Academic Press. pp. 111-128. https://doi.org/10.1016/B978-0-12-682 

813280-7.00008-6. 683 

Soomro S. 2019. Oxidative stress and inflammation. Open J Immunol 9(01):1. 684 



 

32 

 

Sorci M., and Belfort G. 2014. Insulin oligomers: Detection, characterization and 685 

quantification using different analytical methods. Bio-nanoimaging. Academic Press. pp. 686 

233-245. https://doi.org/10.1016/B978-0-12-394431-3.00021-3. 687 

Sotomayor-Flores C., Rivera-Mejías P., Vásquez-Trincado C., López-Crisosto C., Morales, 688 

PE., Pennanen C., ... and Lavandero S. 2020. Angiotensin-(1–9) prevents cardiomyocyte 689 

hypertrophy by controlling mitochondrial dynamics via miR-129-3p/PKIA pathway. Cell 690 

Death Differ 27(9):2586-2604. 691 

Sumantha A., Larroche C., and Pandey A. 2006. Microbiology and industrial biotechnology 692 

of food-grade proteases: A perspective. Food Technol Biotech 44(2):211. 693 

Tacias-Pascacio, V. G., Morellon-Sterling, R., Siar, E. H., Tavano, O., Berenguer-Murcia, A., 694 

& Fernandez-Lafuente, R. (2020). Use of Alcalase in the production of bioactive 695 

peptides: A review. International journal of biological macromolecules, 165, 2143-2196. 696 

Ting BCP., Pouliot Y., Gauthier SF., and Mine Y. 2013. Fractionation of egg proteins and 697 

peptides for nutraceutical applications. Separation, extraction and concentration 698 

processes in the food, beverage and nutraceutical industries. Woodhead Publishing. pp. 699 

595-618. https://doi.org/10.1533/9780857090751.2.595. 700 

Toldrá F., Reig M., Aristoy MC., and Mora L. 2018. Generation of bioactive peptides during 701 

food processing. Food Chem 267:395-404. 702 

Tönnies E., and Trushina E. 2017. Oxidative stress, synaptic dysfunction, and Alzheimer’s 703 

disease. J Alzheimer's Dis 57(4):1105-1121. 704 

Turner AJ. 2015. ACE2 cell biology, regulation, and physiological functions. The protective 705 

arm of the renin-angiotensin system (RAS). Elsevier. pp. 185-189.  706 

https://doi.org/10.1016%2FB978-0-12-801364-9.00025-0. 707 



 

33 

 

van Lith R., and Ameer GA. 2016. Antioxidant polymers as biomaterial. Oxidative stress and 708 

biomaterials. Academic Press. pp. 251-296. https://doi.org/10.1016/B978-0-12-803269-709 

5.00010-3. 710 

Walker JM. 2009. The bicinchoninic acid (BCA) assay for protein quantitation. The protein 711 

protocols handbook Springer. pp. 11-15. https://doi.org/10.1007/978-1-59745-198-7_3. 712 

Wang J., Guo M., Wang Q., Dong J., Lu S., Lyu B., and Ma X. 2021. Antioxidant activities 713 

of peptides derived from mutton ham, Xuanwei ham and Jinhua ham. Food Res Int 142: 714 

110195. 715 

Wang L., Yin YL., Liu XZ., Shen P., Zheng YG., Lan XR., ... and Wang JZ. 2020. Current 716 

understanding of metal ions in the pathogenesis of Alzheimer’s disease. Transl 717 

Neurodegener 9(1):1-13. 718 

Wang X., Yu H., Xing R., and Li P. 2017. Characterization, preparation, and purification of 719 

marine bioactive peptides. BioMed Res Int 2017:9746720. 720 

Wen S., Zhou G., Song S., Xu X., Voglmeir J., Liu L., ... and Li C. 2015. Discrimination of 721 

in vitro and in vivo digestion products of meat proteins from pork, beef, chicken, and 722 

fish. Proteomics 15(21):3688-3698. 723 

Whitcomb DC., and Lowe ME. 2007. Human pancreatic digestive enzymes. Dig Dis Sci 724 

52(1): 1-17. 725 

Williams B., Mancia G., Spiering W., Agabiti Rosei E., Azizi M., Burnier M., ... and 726 

Desormais I. 2018. 2018 ESC/ESH Guidelines for the management of arterial 727 

hypertension: The Task Force for the management of arterial hypertension of the 728 

European Society of Cardiology (ESC) and the European Society of Hypertension 729 

(ESH). Eur Heart J 39(33):3021-3104. 730 

World Health Organization (WHO). 2013. A global brief on hypertension: Silent killer, 731 

global public health crisis: World Health Day 2013 (No. WHO/DCO/WHD/2013.2). 732 



 

34 

 

World Health Organization (WHO). 2021. Hypertension. Retrieved from 733 

https://www.who.int/news-room/fact-sheets/detail/hypertension. Accessed at September 734 

19, 2022. 735 

Wu J., Liao W., and Udenigwe CC. 2017. Revisiting the mechanisms of ACE inhibitory 736 

peptides from food proteins. Trends Food Sci Technol 69:214-219. 737 

Xing L., Liu R., Cao S., Zhang W., and Guanghong Z. 2019. Meat protein based bioactive 738 

peptides and their potential functional activity: A review. International Journal of Food 739 

Science and Technology, 54(6), 1956-1966. 740 

Xing L., Liu R., Gao X., Zheng J., Wang C., Zhou G., and Zhang W. 2018. The proteomics 741 

homology of antioxidant peptides extracted from dry-cured Xuanwei and Jinhua ham. 742 

Food Chem 266:420-426. 743 

Xing LJ., Hu YY., Hu HY., Ge QF., Zhou GH., and Zhang WG. 2016. Purification and 744 

identification of antioxidative peptides from dry-cured Xuanwei ham. Food Chem 194: 745 

951-958. 746 

Yan W., Lin G., Zhang R., Liang Z., and Wu W. 2020. Studies on the bioactivities and 747 

molecular mechanism of antioxidant peptides by 3D-QSAR, in vitro evaluation and 748 

molecular dynamic simulations. Food Funct 11(4):3043-3052. 749 

Young IS., and Woodside JV. 2001. Antioxidants in health and disease. J Clin Pathol 750 

54(3):176-186. 751 

Zhong Y., and Shahidi F. 2015. Methods for the assessment of antioxidant activity in foods. 752 

Handbook of antioxidants for food preservation. Woodhead Publishing. pp. 287-333.  753 

https://doi.org/10.1016/B978-1-78242-089-7.00012-9. 754 

Zhu CZ., Zhang WG., Zhou GH., and Xu XL. 2016. Identification of antioxidant peptides of 755 

Jinhua ham generated in the products and through the simulated gastrointestinal 756 

digestion system. J Sci Food Agric 96(1):99-108. 757 



 

35 

 

Zhuo JL., Ferrao FM., Zheng Y., and Li XC. 2013. New frontiers in the intrarenal renin-758 

angiotensin system: A critical review of classical and new paradigms. Front Endocrinol 759 

4:166. 760 



 

36 

 

 

Fig 1. The renin-angiotensin system. 
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Fig 2. The analytical process for assessing the digestibility and bioactivities of myofibrillar proteins and peptide extracts from Jeju black pigs and three-

way crossbred pigs (Landrace x Yorkshire x Duroc, LYD).
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Table 1. Antioxidant peptides in pork 

Protein Source Peptide Sequence Treatment MW (Da) a Reference 

Porcine myofibrillar protein (Actin) DSGVT Papain 650.3 Saiga et al., 2003 

Porcine myofibrillar protein (Unknown) IEAEGE Papain 646.4 Saiga et al., 2003 

Porcine myofibrillar protein (Tropomyosin) DAQEKLE Papain 832.5 Saiga et al., 2003 

Porcine myofibrillar protein (Tropomyosin) EELDNALN Papain 916.9 Saiga et al., 2003 

Porcine myofibrillar protein 

(Myosin heavy chain) 

VPSIDDQEELM Papain 1275.0 Saiga et al., 2003 

Porcine muscle (Actomyosin) DLYA Papain 480.5 Arihara, 2006 

Porcine muscle (Actomyosin) SLYA Papain 452.5 Arihara, 2006 

Porcine muscle (Actomyosin) VW Papain 303.4 Arihara, 2006 

Porcine ham skeletal muscle proteins 

GKFNV, HA, LPGGGT, 

LPGGGHGDL 

Dry-cured; 

Pepsin + Trypsin 

- Zhu et al., 2016 

Porcine Biceps femoris muscle proteins GLAGA, SAGNPN Dry-cured - Escudero et al., 2013 

Porcine fresh ground ham QYP Fermentation - Ohata et al., 2016 

Porcine Biceps femoris muscle proteins DLEE Dry-cured 504.2 Xing et al., 2016 
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Porcine ham muscle proteins MDPKYR, TKYRVP Dry-cured - Gallego et al., 2019 

Porcine longissimus dorsi muscle VW, LW 

In vitro gastro-

intestinal 

digestion 

< 3,000 Martini et al., 2019 

Porcine ham muscle proteins (Actin) 

EAGPSIVHR, 

ALPHAIMR, 

AGFAGDDAPR, 

VAPEEHPTL, 

DEAGPSIVH, 

AGPSIVHRK 

Dry-cured 908.1-992.1 Wang et al., 2021 

Porcine ham muscle proteins (Tropomyosin) MDAIKKK, DPIIQDR Dry-cured 833.0-856.0 Wang et al., 2021 

a Molecular weight measured in Daltons (Da). 
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Table 2. Angiotensin I-converting enzyme (ACE)-inhibitory peptides in pork 

Protein Source Peptide Sequence Treatment MW (Da) a Reference 

Porcine muscle 

(Myosin) 

MNPPK Thermolysin 585.7 b 

Nakashima et al., 

2002 

Porcine muscle 

(Myosin) 

ITTNP Thermolysin - 

Nakashima et al., 

2002 

Porcine muscle  

(Myosin light chain) 

VKKVLGNP Pepsin 854.0 

Katayama et al., 

2007 

Porcine muscle 

(Troponin) 

KRQKYDI Pepsin 950.1 b 

Muguruma et al., 

2009 

Porcine muscle 

(Myosin heavy chain) 

KRVITY Pepsin 805.97 

Muguruma et al., 

2009 

Porcine muscle (Actin) VKAGF Pepsin 520.62 

Muguruma et al., 

2009 

Porcine muscle 

(Nebulin) 

RPR 

Pepsin + 

Pancreatin 

- 

Escudero et al., 

2012 

Porcine muscle (Titin) KAPVA 

Pepsin + 

Pancreatin 

- 

Escudero et al., 

2012 

Porcine muscle (Titin) PTPVP 

Pepsin + 

Pancreatin 

- 

Escudero et al., 

2012 

Porcine muscle (Actin) MYPGIA 

Pepsin + 

Pancreatin 

- 

Escudero et al., 

2010a 

Porcine muscle 

(GAPDH) 

VIPEL 

Pepsin + 

Pancreatin 

- 

Escudero et al., 

2010a 
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Porcine longissimus 

dorsi muscle (Actin) 

VFPS, LKYPI, 

AVF, MYPGIA 

In vitro gastro-

intestinal 

digestion 

< 3,000 Martini et al., 2019 

Porcine longissimus 

dorsi muscle 

VW, IW, VF, 

WL, LW, VIP, 

LGI, LPF, IVP, 

IL, LLF, WM, 

FIV, LR, ILP, 

VLP, PL, LF, 

IAIP, IR, IF, 

GLx, AV, AI, 

DL, NIIPA 

In vitro gastro-

intestinal 

digestion 

< 3,000 Martini et al., 2019 

Porcine ham muscle 

proteins 

GGVPGG, 

TKYRVP, 

HCNKKYRSEM 

Dry-cured - Gallego et al., 2019 

Porcine ham muscle 

proteins 

EL, EV, RL, 

EEL, ESV 

Dry-cured - Hao et al., 2020 

Porcine ham muscle 

proteins 

GA, VF Dry-cured - 

Heres et al., 2021b; 

Heres et al., 2022 

a Molecular weight measured in Daltons (Da). b The peptide molecular weight was derived from the 

PubChem. 

 


