
ACCETED

1 

 

JAST (Journal of Animal Science and Technology) TITLE PAGE  1 

Upload this completed form to website with submission 2 

 3 

ARTICLE INFORMATION Fill in information in each box below 

Article Type Review 

Article Title (within 20 words without 

abbreviations) 

Methods for improving meat protein digestibility in 

older adults 

Running Title (within 10 words) Methods for improving meat protein digestibility in 

elderly  

Author Seung Yun Leea,#, Ji Hyeop Kanga,#, Da Young Leea, Jae 

Won Jeonga, Jae Hyeon Kima, Sung Sil Moonb, Sun Jin 

Hura,* 

Affiliation a Department of Animal Science and Technology, 

Chung-Ang University, 4726 Seodong-daero, Daedeok-

myeon, Anseong-si, Gyeonggi-do 17546, Korea 

b Sunjin Technology & Research Institute, 76 Sadong-ro, 

Daewol-myeon, Icheon, Gyeonggi-do 17332, Korea 

ORCID (for more information, please visit 

https://orcid.org) 

Seung Yun Lee(https://orcid.org/0000-0002-8861-6517) 

Ji Hyeop Kang (https://orcid.org/0000-0002-8389-9597) 

Da Young Lee(https://orcid.org/0000-0002-3172-0815) 

Jae Won Jeong(https://orcid.org/ 0000-0001-5240-1875) 

Jae Hyeon Kim(https://orcid.org/0000-0003-1174-4737)  

Sung Sil Moon(https://orcid.org/0000-0003-2734-8931) 

Sun Jin Hur(https://orcid.org/0000-0001-9386-5852) 

Competing interests No potential conflict of interest relevant to this article 

was reported. 

Funding sources 

State funding sources (grants, funding 

sources, equipment, and supplies). Include 

name and number of grant if available. 

 

This work was supported by Korea Institute of Planning 

and Evaluation for Technology in Food, Agriculture and 

Forestry(IPET) through High Value-added Food 

Technology Development Program, funded by Ministry 



ACCETED

2 

 

of Agriculture, Food and Rural 

Affairs(MAFRA)(321028-5, 322008-5).  

Acknowledgements This  research  was  supported  by  the Chung-Ang 

University Graduate Research Scholarship in 2022. 

Availability of data and material Upon reasonable request, the datasets of this study can 

be available from the corresponding author. 

Authors' contributions 

Please specify the authors’ role using this 

form. 

Conceptualization: Lee SY, Hur SJ. 

Investigation: Lee SY, Kang JH, Lee DY, Kim JH, 

Jeong JW, Moon SS. 

Writing - original draft: Lee SY, Kang JH, Hur SJ. 

Writing - review & editing: Hur SJ, Lee SY. 

Ethics approval and consent to participate This article does not require IRB/IACUC approval 

because there are no human and animal participants. 

 4 

CORRESPONDING AUTHOR CONTACT INFORMATION  5 

For the corresponding author (responsible 

for correspondence, proofreading, and 

reprints) 

Fill in information in each box below 

First name, middle initial, last name Sun Jin Hur 

Email address – this is where your proofs will 

be sent 

hursj@cau.ac.kr 

Secondary Email address   

Address Department of Animal Science and Technology, Chung-

Ang University, Anseong 17546, Korea 

Cell phone number Tel: +82-31-670-4673 

Office phone number   

Fax number Fax: +82-31-670-3108 

  6 

mailto:hursj@cau.ac.kr


ACCETED

3 

 

Methods for improving meat protein digestibility in older adults 7 

 8 

Seung Yun Leea,#, Ji Hyeop Kanga,#, Da Young Leea, Jae Won Jeonga, Jae Hyeon Kima, Sung 9 

Sil Moonb, Sun Jin Hura,* 10 

 11 

aDepartment of Animal Science and Technology, Chung-Ang University, 4726 Seodong-12 

daero, Daedeok-myeon, Anseong-si, Gyeonggi-do 17546, Korea 13 

bSunjin Technology & Research Institute, 76 Sadong-ro, Daewol-myeon, Icheon, Gyeonggi-14 

do 17332, Korea 15 

 16 

 17 

#These authors contributed equally to this work. 18 

 19 

 20 

*Corresponding author: Sun Jin Hur, Department of Animal Science and Technology, 21 

Chung-Ang University, 4726 Seodong-daero, Daedeok-myeon, Anseong-si, Gyeonggi 17456, 22 

Republic of Korea. Tel.: +82 31 670 4673; Fax: + 82 31 670 3108; E-mail address: 23 

hursj@cau.ac.kr (S.J. Hur)  24 



ACCETED

4 

 

ABSTRACT 25 

This review explores the factors that improve meat protein digestibility and applies the findings 26 

to the development of home meal replacements with improved protein digestion rates in older 27 

adults. Various methods improve the digestion rate of proteins, such as heat, ultrasound, high 28 

pressure, or pulse electric field. In addition, probiotics aid in protein digestion by improving 29 

the function of digestive organs and secreting enzymes. Plant-derived proteases, such as papain, 30 

bromelain, ficin, actinidin, or zingibain, can also improve the protein digestion rate; however, 31 

the digestion rate is dependent on the plant enzyme used and protein characteristics. Sous vide 32 

processing improves the rate and extent of protein digestibility, but the protein digestion rate 33 

decreases with increasing temperature and heating time. Ultrasound, high pressure, or pulsed 34 

electric field treatments degrade the protein structure and increase the proteolytic enzyme 35 

contact area to improve the protein digestion rate. 36 

 37 

Keywords: Protein digestion, Meat, Gut microbiota, Proteolytic enzyme, Sous vide  38 
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1. INTRODUCTION 39 

Population aging is a worldwide phenomenon. According to the World Health 40 

Organization (WHO), there will be an increase in the global aging population from 12% to 22% 41 

between 2015 and 2050 [1]. Most European countries have already entered an aging society, 42 

and their population groups of older adults (defined as 65 and over) are gradually increasing 43 

[1]. The Japanese population is also rapidly aging; the Organisation for Economic Co-operation 44 

and Development (OECD) survey in 2015 showed that Japan had the most aged society 45 

globally, with 26.3%. Germany, Greece, and Italy have also entered a super-aged society, with 46 

an aging rate exceeding 20% [2]. In 2015, the US also entered an aging society, with older 47 

adults accounting for 14.9% of the total population [3]. South Korea has an aging rate of 16.5%, 48 

indicating that it, too, has already entered an aging society [4]. According to OECD forecasts, 49 

most OECD member countries will become super-aged societies by 2030 [5]. Thus, it is 50 

imperative to address the health status of this aging population. 51 

Proper nutrition, or healthy eating, has been linked to self-sufficiency and independent 52 

living, a decreased risk of chronic diseases, notably obesity, diabetes, coronary heart disease, 53 

and some cancers, in addition to enhanced quality of life among older adults [6]. Across the 54 

globe, nutrition and quality food standards for older adults are being established, and many 55 

companies are developing foods targeting this segment of the population. The U.S. Food and 56 

Drug Administration (FDA) categorizes such foods as medical foods designed for nourishment 57 

during physical, physiological, and pathological challenges, such as allergies, diseases, and 58 

recovery. 59 

Meat and meat products are good protein sources for humans. Meat proteins are well-60 

balanced in amino acids and contain all the essential amino acids [7,8]. However, older adults 61 

often avoid consuming meat products due to difficulties with digestion or chewing. Therefore, 62 
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this review provides basic information for the improved protein digestibility by comprising 63 

results on the processing methods for improving meat digestion and their mechanism. 64 

 65 

2. Proposal for the improvement of protein digestibility in older adults 66 

2.1. Characteristics of digestion in the gastrointestinal tract (GIT) of older adults 67 

Aging can lead to natural teeth loss, decreased masticatory function, dysphagia, decreased 68 

sensations (such as sight, smell, and taste), indigestion, poor diet, and depression, all of which 69 

are known to be intimately associated with reduced dietary intake or malnutrition in older 70 

adults [9]. Physiological changes in the aging GIT contribute to the development of 71 

malnutrition, which, in turn, increases the risks for the development of chronic disabilities, 72 

such as sarcopenia, frailty, inflammation, cognitive impairment, and dementia [10-13] 73 

Food digestion begins in the mouth, with saliva secretion and mechanical mastication for the 74 

breakdown of food into small pieces. However, aging leads to a decrease in bite force by tooth 75 

loss and a reduction of oro-sensory receptors, resulting in a 50% decrease in saliva secretion 76 

and elevated taste thresholds/reduced sensitivity [14]. The second step is gastric emptying, 77 

which regulates the kinetics of nutrient absorption, and, in turn, nutrient utilization in body 78 

functions, as illustrated by the concept of slow/fast carbohydrates and proteins [15]. Pepsin and 79 

gastric acid secretion follow stimulation of the oral and gastric vagal afferents. The gastric 80 

emptying rate is dependent on the meal type (solid or liquid), other meal components, meal 81 

volume, caloric content, the types of dietary fiber, and the liquid-to-solid ratio of the meal. 82 

Some studies found that the halftime, indicating when half of the eaten meal is emptied, was 83 

1060 min for liquid meals but 50115 min for solid foods [16,17]. In frail older adults, the 84 

gastric emptying time increased due to impairment of gastric motility, and gastric acid and 85 

pepsin were reduced by approximately 30% and 40%, respectively, due to chronic atrophic 86 

gastritis associated with Helicobacter pylori infection [18,19]. In the final stage of digestion, 87 
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the digested meal is broken down into liquid in the small intestine, the main site of nutrient 88 

absorption. During digestion, the cells and bacteria lining the inner walls of the GIT break food 89 

down and absorb nutrients, while bile and pancreatic secretions assist digestion and absorption, 90 

and gut smooth muscles contract to move food through the GIT [15]. Although progress has 91 

been made in understanding how some of the components of the intestine are affected by aging, 92 

the comprehensive understanding is incomplete. However, a few studies found a significant 93 

increase in transit times in the aged colon and a reduction in the secretion of pancreatic enzymes 94 

(e.g., pancreatic lipase and chymotrypsin) with increased aging in animal and human models 95 

[20–22]. 96 

 97 

2.2. Status of protein intake in older adults 98 

From the National Health and Nutrition Examination Survey (NHANES) 20032004, 99 

approximately one-third of American adults (>70 years) insufficiently ingested the 100 

recommended dietary allowance for protein; moreover, approximately one-tenth of older 101 

women insufficiently ingested even the estimated average requirement of 0.66 g protein/kg/day 102 

[23]. The general recommended protein intake for older adults in the US and UK is 1.11.2 103 

g/kg protein per day [24–27]. When comparing preferred foods and frequently consumed foods 104 

for 150 older adults in Korea, Kim and Lee (2016) found that although the most preferred food 105 

was meat (16.1%), the most frequently consumed food was soup/stew/steamed dish (16.0%), 106 

whereas the frequency of meat consumption was just 8.3% [28]. The meat was considered too 107 

difficult to consume due to tooth loss and a decline in mastication and digestive functions. In 108 

a study of the nutritional status of older adults, nutrient intake percentage and the component 109 

ratio of protein among energy intake rate from three major nutrients decreased with increasing 110 

deterioration of oral health status, suggesting that a reduction in mastication function affected 111 

protein intake [29]. 112 
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Protein intake is especially important in older adults to overcome age-associated muscle 113 

anabolic resistance and to regenerate and maintain muscle mass as much as possible [30]. Meat 114 

contains essential amino acids and high levels of minerals (e.g., iron, zinc, and selenium) and 115 

B vitamins, and even a moderate intake can increase muscle protein synthesis in older adults 116 

[15], but meat texture is tough, fibrous, and difficult to chew. While meat proteins can be 117 

categorized as fast-digested proteins, this property depends on the masticatory efficiency. The 118 

decrease in masticatory efficiency of older adults can impair meat protein utilization for protein 119 

synthesis [31]. In order to improve the frequency of meat consumption in older adults, a 120 

strategy to improve meat protein digestion in older adults is needed that considers the age-121 

associated decrease in masticatory ability/efficiency and digestive function. Such an approach 122 

would therefore involve the development of meat products with altered texture properties that 123 

are ideally suited for older adults. Since it is technically impossible to restore or control the 124 

effects of aging on physical function, the approaches need to increasing the digestibility of 125 

meat protein through pretreatment methods. Therefore, various pretreatment methods leading 126 

to changes in meat protein structure and digestibility that can be used in the meat industry and 127 

are targeted at older adults are presented in the subsequent sections of this review.  128 
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3. Digestion of meat protein 129 

3.1. Protein digestion process in vivo 130 

Protein digestion mainly occurs in the stomach and small intestine, and proteins are 131 

absorbed as amino acids and small peptides in the small intestine. Gastric juice secreted in the 132 

stomach contains hydrochloric acid (HCl) and pepsin, a protease responsible for primary 133 

protein digestion. The highly acidic pH of the gastric fluid (approximately pH 2.0) has a potent 134 

antibacterial effect, rapidly killing microorganisms introduced into the stomach [32]. 135 

Pepsinogen (the inactive form of pepsin) is secreted from the stomach's primary cells. It then 136 

reacts with the HCl secreted by parietal cells in the stomach and is converted to pepsin which, 137 

in turn, converts more pepsinogen into pepsin [33]. Pepsin requires an optimum temperature 138 

of 37 °C, similar to body temperature, and an optimum pH of 1.8 (Fig. 1) [34]. The enzyme 139 

exhibits strong proteolytic activity, preferentially hydrolyzing peptide bonds involving the 140 

aromatic amino acids (tryptophan, tyrosine, and phenylalanine) at pH > 2.0 [35]. 141 

Protein and polypeptide digestion continues in the small intestine by the action of trypsin 142 

and chymotrypsin produced in the pancreas as trypsinogen and chymotrypsinogen, respectively, 143 

and secreted into the small intestine. Enteropeptidase converts trypsinogen to trypsin, which 144 

exhibits a particularly high affinity for peptide bonds after arginine or lysine, and trypsin 145 

activates chymotrypsinogen to chymotrypsin by hydrolyzing the peptide bond between amino 146 

acid residues 15 and 16 [36]. Chymotrypsin shows particularly high reactivity toward peptide 147 

bonds involving tyrosine, tryptophan, and phenylalanine and low reactivity toward peptide 148 

bonds involving leucine and methionine. The resulting tripeptides, dipeptides, and amino acids 149 

are absorbed through the blood vessels in the small intestine [37–39]. 150 

Protein intake and digestion rates directly affect human muscle synthesis, so it is important 151 

to improve these rates in older adults by facilitating protein digestion through various 152 

treatments of protein-rich foods [15]. When a large amount of protein is consumed, the 153 
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secretion of digestive enzymes in the digestive system, intestinal peristalsis, and segmental 154 

movements increase. However, the reduced gastric acid secretion in older adults greatly 155 

decreases the action of pepsin. This, combined with the deterioration of intestinal muscles, 156 

reduces the rate of protein digestion and absorption [40].  Additionally, abdominal pain may 157 

increase, and various gastrointestinal diseases may flare up. 158 

3.2. Improving protein digestion 159 

Methods for improving the digestion rate of meat are divided into chemical and physical 160 

methods (Fig. 2). Chemical methods include aging and adding, for example, calcium, sodium 161 

salt, phosphate, or a protease; dissolving a saline-soluble protein to increase digestion; or 162 

adding proteases derived from plants, microorganisms, or animals. Physical methods include 163 

sous vide, ultrasound, high pressure processing (HPP), and treatment using pulsed electric 164 

fields (PEF), which all destroy cells or tissues or alter the structure of meat proteins to increase 165 

their digestibility. For example, minced beef is more rapidly digested and absorbed than beef 166 

steak, resulting in increased amino acid availability and greater postprandial protein retention 167 

[41]. In addition, recent studies have reported an increase in the digestion of proteins by the 168 

action of microorganisms, such as probiotics, and an improvement in the digestion rate of 169 

proteins by controlling the gut microbiota [42,43]. 170 

 171 

3.3. Improving protein digestion by gut microbiota 172 

The GIT is lined with mucosal epithelium, which acts as a natural barrier between the host 173 

and the luminal environment [44]. The intestinal barrier contains various components, 174 

including commensal gut microbiota, secretory immunoglobulin A molecules, antimicrobial 175 

peptides, mucus layers covering the intestinal epithelium, antimicrobial peptides, and 176 

junctional complexes (tight junctions, adherence junctions, and desmosomes). 177 
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On average, the number of bacteria in the duodenum and jejunum is 103–104 U/mL, 178 

increasing to 108 bacteria/mL in the ileum [44]. The critical contributions of gut bacteria toward 179 

human digestion have only been elucidated recently through primary degradation, amino acids 180 

(sulfur-containing-, basic-, and aromatic amino acids) degradation, pyruvate catabolism by the 181 

gut microbiome [45]. Many highly complex microorganisms exist in the GIT and play 182 

important roles in maintaining health and nutrient metabolism. The human GIT contains 183 

trillions of commensal bacteria [46]. Resident microorganisms in the human gut are influenced 184 

by factors such as birth, sex, health status, age, body weight, diet, physical activity, medicinal 185 

history, and usage of antibiotics [47]. The human gut microbiome plays a critical role in the 186 

digestion of the complex carbohydrates, protein components, and fats that reach the lower GIT 187 

by contributing enzymes not encoded by the human genome [45,48]. Five major bacterial phyla 188 

in the human digestive tract are Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and 189 

Verrucomicrobia. Firmicutes (Gram-positive) and Bacteroidetes (Gram-negative) make up the 190 

majority, accounting for approximately 65% of the total bacteria [37, 49]. 191 

Approximately 25 g of protein enters the colon daily [50], and proteins are a major carbon 192 

and energy source for colonic bacteria. Although most dietary proteins are digested and 193 

absorbed in the small intestine, relatively high levels of residual proteins and peptides reach 194 

the colon and serve as substrates for fermentation by resident bacteria [51]. Some bacterial 195 

proteases degrade proteins to produce peptides and amino acids that can be fermented to 196 

generate short-chain fatty acids [37]. Bacteroides and Propionibacterium are the main 197 

proteolytic bacteria in fecal samples, but other common proteolytic bacteria include 198 

Clostridium, Streptococcus, Staphylococcus, and Bacillus [52]. Bacteria from the genera 199 

Clostridium, Fusobacterium, Bacteroides, Actinomyces, Propionibacterium, and 200 

Peptostreptococcus are involved in the in vitro proteolytic fermentation; bacteria from the 201 

genus Clostridium are important for processing lysine and proline through fermentation in the 202 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacteroides
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/propionibacterium
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/proteolytic-bacteria
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/clostridium
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/streptococcus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/staphylococcus
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colon, whereas, Peptostreptococcus contributes to the catabolism of tryptophan and glutamate 203 

[53]. 204 

Probiotics function predominately in the large intestine [54]. Certain probiotic strains, 205 

such as lactic acid bacteria [55], can improve the protein digestibility of the host by increasing 206 

the activity of digestive enzymes [56]. Peng et al. (2020) reported that the core mechanism of 207 

probiotic action on protein metabolism is the remodeling of the host intestinal microbiota 208 

because microorganisms directly participate in the metabolic process of dietary proteins [57]. 209 

As described in the review by Wang and Ji (2019), the probiotic Bacillus coagulans GBI-30 210 

increased the digestion and uptake of three nutritious plant proteins in the upper GIT, and the 211 

oral administration of Lactobacillus plantarum GF103 and Bacillus subtilis B27 to Holstein 212 

calves improved the apparent digestibility of crude protein over 8 weeks [46]. Hu et al. (2018) 213 

reported that Bacillus amyloliquefaciens significantly enhanced chymotrypsin activity in the 214 

jejunum and ileum [58]. 215 

Probiotics modulate intestinal microbiota through colonization and exclusion of 216 

pathogens [57]. Moreover, probiotics can alter the intestinal microbial environment and 217 

enhance intestinal immunity, increasing resistance to diseases, reducing pathogenic infections 218 

and disease symptoms, and improving health [48]. Piglets consuming Lactobacillus strains 219 

expressed 32, 40, and 27 proteins that maintain the integrity of cell structures, pathogen defense, 220 

and cell stability, respectively [59]. Yi et al. (2018) reported that probiotic Lactobacillus reuteri 221 

LR1 was associated with increases in both villus height-to-crypt depth ratio and tight junction 222 

protein expression in the mucosa of the jejunum and ileum [60]. Storelli et al. (2011) reported 223 

that L. plantarum activates cell growth signaling pathways in gut enterocytes, increasing 224 

protein metabolism in the gut [61]. Kimmel et al. (2010) reported that B. coagulans GBI-30, 225 

6086 improves the health of cells of the gut lining by improving nutrient absorption, reducing 226 

inflammation, and inducing optimum development of the absorptive area in the villi [62]. This 227 
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same probiotic strain can increase protein absorption under in vitro conditions [63]. Toohey et 228 

al. (2020) revealed that B. subtilis supplementation might improve body composition by 229 

enhancing the absorption and utilization of dietary protein, thereby increasing dietary protein-230 

induced thermogenesis and changing satiety signals [64]. The metabolism of peptides and 231 

amino acids by gut bacteria can result in a wide range of metabolites, including nitrosamines, 232 

heterocyclic amines, and hydrogen sulfide, some of which are harmful and genotoxic and have 233 

been linked to colon diseases [65]. Probiotics improve the functioning of the digestive system 234 

by enhancing the function of the small intestine wall (villus) and suppressing harmful bacteria. 235 

They are thought to have a positive indirect effect on food digestion rate. 236 

 237 

3.4. Chemical methods for improving meat protein digestion 238 

Chemical methods to hydrolyze protein bonds or fragment myofibrils and muscle fibers 239 

involve adding factors that affect enzyme activation or adding the enzyme itself. Calpain is a 240 

calcium-activated protease and is generally present in the muscle tissue, and its activity is the 241 

most important reaction in the aging of meat. Calcium ions in the muscle tissue of livestock 242 

are released and react with calpain, resulting in a proteolytic reaction within the muscles. Thus, 243 

the addition of calcium ions can increase the activity of calpain and, thereby, proteolysis [66]. 244 

Conversely, adding sodium and phosphate to meat using this principle destroys the existing 245 

structure of actin and myosin to form a gel, thus increasing the digestibility of the proteins [67]. 246 

Actin and myosin, which account for at least 50% of meat protein, are saline-soluble proteins 247 

that are soluble when the ionic strength is about 0.3 M or more [68]. 248 

Three plant digestive enzymes (i.e., papain, bromelain, and ficin), malt, and the 249 

microorganisms B. subtilis var. amyloliquefaciens, Aspergillus niger, and Rhizopus oryzae are 250 

recognized by the FDA as Generally Recognized as Safe (GRAS) [69]. Proteases are widely 251 

used in food and milk processing and pharmaceutical and medical industries. However, not all 252 
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proteins are applicable for food applications. Recombinant proteases produced by genetically 253 

engineered microorganisms are not available in some countries, and animal-based proteases 254 

are difficult to use in the food industry because of the risk of zoonosis [70]. By contrast, plant 255 

proteases have a long history of being used as food or additives, such as for improving the 256 

tenderness of meat products [71], and were registered GRAS by the FDA in 1997. Moreover, 257 

their extraction is simple and low-cost, and their preparations have no pathogenic potential for 258 

humans or animals. Oral toxicity experiments in mice show that plant proteases have very low 259 

toxicity, with an LD50 above 10 g/kg [72]. 260 

Plant proteases, also known as cysteine and thiol proteases, include papain, bromelain, 261 

ficin, actinidin, and zingibain. Cysteine proteases commonly have an imidazole ring situated 262 

near the cysteine residues. The imidazole ring in cysteine proteases reacts with the amino acids, 263 

causing a deprotonation reaction. Afterward, the cysteine in the enzyme causes hydrolysis of 264 

peptide bonds through nucleophilic substitution with the carbon of the carbonyl group of amino 265 

acids. This reaction occurs throughout the protein, not only at their ends. Cysteine proteases 266 

have low substrate specificity, enabling the hydrolysis of various binding sites, such as amide 267 

bonds, ester bonds, and thiol ester bonds [73]. In a recent study, when actinidin was added to a 268 

beef brisket at a level of 10% (w/w) and cooked at 70 °C, there was no significant difference 269 

in pH, color, or cooking loss compared with the sample without the enzyme. Sensory evaluation 270 

showed higher sensory scores for tenderness, juiciness, and flavor, and sodium dodecyl sulfate-271 

polyacrylamide gel electrophoresis (SDS-PAGE) showed increased levels of proteolysis in the 272 

samples with the enzyme [74]. 273 

Papain or papaya protease I is extracted from papaya latex, and its proteolytic properties 274 

have long been known due to its use as a meat tenderizer on proteolytic effects [75]. Papain 275 

has a molecular weight of 23.4 kDa and comprises 212 amino acids. The proteolytic mechanism 276 

of papain is manifested by the reaction of an imidazole ring linked to His159 by Asp175, which 277 
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causes a deprotonation reaction and hydrolysis by Cys25 [76]. Papain shows proteolytic ability 278 

between pH 3.0 to 12.0, with an optimum temperature of 65 ℃, which is much higher than 279 

those of most enzymes, and an optimum pH for activity of 6.5–7.5 [77,78]. In an experiment 280 

where meat was treated with proteases, such as papain, the myofibrillar protein, a major muscle 281 

protein, was metabolized, and the binding force of connective tissues, such as collagen, which 282 

is generally poorly digested, was impaired [66]. 283 

The proteolysis reaction of papain starts with a nucleophilic substitution, in which the 284 

thiol group of Cys25 reacts with a carbonyl group of proteins. Through this reaction, the thiol 285 

group of papain forms a tetrahedral intermediate separated from Cys25. Intermediate 286 

metabolites are highly unstable and quickly react with the hydrogen in the imidazole ring and 287 

collapse. The collapsed metabolite regenerates the carboxyl group of Cys25 to form amine R-288 

NH2. Subsequently, the carboxyl group reacts with a water molecule and regenerates the thiol 289 

group of Cys25 and the imidazole ring to terminate the proteolysis reaction [79,80]. Papain can 290 

hydrolyze the bonds between arginine and non-valine amino acids, followed by those between 291 

hydrophobic amino acids, such as alanine, valine, and leucine [81] (Fig. 3A). 292 

During papain treatment on beef, the free amino acids concentration and the meat 293 

tenderness increased with the treatment time and concentration [71]. In addition, tenderness 294 

increased when papain was added to beef and chicken patties [82]. Experiments showing the 295 

proteolytic effects of papain and bromelain on pork through SDS-PAGE analysis demonstrated 296 

that the experimental group treated with papain had a lower protein molecular weight than the 297 

bromelain treatment group [83]. However, in other similar experiments with beef, the SDS-298 

PAGE results did not show significant differences after papain and bromelain enzymatic action 299 

[84]. This inconsistency could be due to differences in the protease cleavage site or the detailed 300 

experimental methods. Ionescu et al. (2008) reported that papain activity on the polypeptides 301 

of beef was higher than that of bromelain, increasing the content of free amino acids [85]. 302 



ACCETED

16 

 

When comparing papain with other cysteine proteases, papain had a greater effect on the 303 

connective tissue in meat, such as collagen, while the other enzymes mainly affected 304 

myofibrillar protein [86]. Papain hydrolyzes the heavy chain of muscle myosin (approximately 305 

94 kDa) from the N-terminus to give subfragment S1 head and tail [87]. 306 

Bromelain is a cysteine protease in pineapple (Ananas comosus), mainly in the stems and 307 

pulp. Pulp bromelain is a functional group of enzymes bound to aspartic acid but not cysteine. 308 

Stem bromelain has a reduced proteolytic capacity and a lower specificity for peptide bonds 309 

than pulp bromelain [70,77]. Bromelain used for industrial applications generally has low 310 

substrate specificity, enabling the peptide to be metabolized into several fragments. Stem 311 

bromelain is mainly used because of its economic feasibility, as it can be purified from the 312 

stems. Stem bromelain consists of 285 amino acids, has a molecular weight of 33 kDa and 313 

contains seven cysteines. The functional pH range is 6.07.0, and the optimum temperature is 314 

approximately 50 °C [77]. Bromelain can hydrolyze the peptide bonds of amino acids 315 

combined with lysine, alanine, and threonine (Fig. 3B). Unlike papain and ficin, bromelain can 316 

be broken down by any amino acid (AA) at the P2 and P1' sites; thus, it can release to a very 317 

wide range of areas in the protein. 318 

When bromelain was added to the sous vide cooking process, there was a significant 319 

softening effect on meat quality and an increase in storage period, whereas there was no 320 

observed increase in the digestion rate [88]. In an experiment comparing the collagen 321 

breakdown capabilities of several cysteine proteases, actinidin and bromelain were found to be 322 

particularly effective in collagen decomposition and are thus expected to have a high 323 

connective tissue breakdown effect when applied to meat [88]. An experiment comparing the 324 

ability of bromelain to hydrolyze myofibrillar protein showed a significant breakdown effect 325 

compared to other cysteine proteases [84]. In the treatment of beef, bromelain showed better 326 

proteolytic effects and increased the free amino acid content of the meat compared to papain 327 
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[85]. The relationship between proteolysis during tenderization by bromelain and meat protein 328 

digestibility in beef was evaluated using an in vitro simulated digestion model [89]. After 329 

tenderization with bromelain, microstructure disruptions were observed, such as around the Z-330 

discs in meat. Furthermore, the addition of bromelain exhibited higher the degree of hydrolysis 331 

than in vitro digestion without bromelain. These results proved that the use of bromelain 332 

affected tenderization or digestibility of meat protein [89]. 333 

Ficin is a protease extracted from fig latex and is widely used in the food industry as an 334 

enzyme for softening meat [77]. The optimum pH range of ficin is 6.5–9.5, showing high 335 

activity over a relatively wide range, and the optimum activity temperature is 45–55 ℃. It 336 

consists of a single polypeptide chain with a molecular weight of approximately 26 kDa [90]. 337 

Although the substrate specificity is low and the proteolytic ability is excellent, it shows long-338 

term instability; the activity is reduced by half after 90 min at 60 °C [91]. Ficin can hydrolyze 339 

peptide bonds with glycine, serine, glutamine, and amino acids following tyrosine linked to 340 

hydrophobic amino acids (Fig. 3C). Compared to other enzyme solutions (papain, bromelain, 341 

Aspergillus oryzae concentrate protease, Aspergillus oryzae 400 protease, Bacillus subtilis 342 

protease, and ginger), ficin is the effective enzyme in meat such as Triceps brachii and 343 

Supraspinatus, resulting in a higher level of water-soluble proteins at 69.3 ± 0.25 mg/g of meat 344 

[92]. Kaur et al. (2014) reported that enzymes acted randomly and uniformly on raw meat 345 

myofibrils [87]. By contrast, the enzyme action started from the edges of cooked meat 346 

myofibrils and moved toward the center as digestion progressed. 347 

There have been many studies to improve meat tenderness using plant-derived proteases 348 

[77,88]. Beyond their use for meat tenderization, plant proteases have been shown to increase 349 

meat protein digestibility due to protein breakdown associated with ultrastructural changes 350 

during simulated digestion in vitro [93,74]. Although plant-derived protein enzymes have 351 

proteolytic effects, such as collagen decomposition and myofibrillar protein breakdown, which 352 
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lead to improved meat tenderness, further studies are needed to prove the relationship between 353 

the application of plant-derived proteases and changes in the digestibility of meat proteins. 354 

4.5. Physical methods to improve protein digestion 355 

4.5.1. Thermal treatments 356 

Physical methods to improve protein digestion can be divided into methods causing 357 

protein degeneration through heating or destroying the muscle tissues and cells by applying 358 

physical force directly. Protein structure changes with increased heating temperature and time. 359 

The tertiary structure of proteins changes when heated at 50–60 °C or higher, and the secondary 360 

and tertiary structures denature when the protein is heated at 60–90 °C for more than an hour 361 

[94]. When a protein is denatured, the bonds maintaining the protein structure are weakened, 362 

and the non-polar area inside the protein structure is exposed, increasing the surface area and 363 

hydrophobicity of the protein and resulting in an increase in the protein digestion rate [95]. 364 

However, prolonged heating of proteins at temperatures above 100 °C can cause extensive 365 

myosin aggregation in meat, which can interfere with enzyme-mediated proteolysis [96]. Kaur 366 

et al. (2014) reported that cooking conditions affected in vitro protein digestion, but extended 367 

cooking at 100 °C did not increase digestibility [87]. Wen et al. (2015) found that protein 368 

digestibility decreased with an increase in core temperature, which could be attributed to 369 

protein aggregation [97]. Due to the low temperature of approximately 60–80 °C under a 370 

vacuum, the sous vide cooking method can suppress protein aggregation, and the digestion rate 371 

can be increased by increasing the total surface area of the protein [98,99]. In an experiment 372 

measuring the digestion rate of pork according to the actual cooking temperature, pork heated 373 

at a temperature above 100 °C showed a slower digestion rate than pork cooked at a low 374 

temperature of 70–80 °C. It also showed lower susceptibility to exogenus proteases [100]. Bax 375 

et al. (2013) reported that protein digestion could be regulated by meat preparation, with slower 376 

digestion observed at higher cooking temperatures [101]. Yin et al. (2020) reported that sous 377 
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vide significantly accelerated the release of cathepsin B and cathepsin L from lysosomes, 378 

increased the breakdown of the myosin heavy chain, increased the collagen solubility and 379 

myofibrillar fragmentation, and resulted in a longer sarcomere length compared to control 380 

samples cooked at 75 °C [102]. Liu et al. (2021) reported that with increasing temperature (50, 381 

60, and 70 °C) and time (15 and 30 min), the digestibility of sturgeon myofibrillar protein 382 

decreased, whereas the particle size and protein aggregation increased [103]. However, sous 383 

vide cooking with low-temperatures (50, 60 and 70 °C) relieved the heat stress of myofibrillar 384 

protein conformation and reduced protein aggregation, which positively influenced the 385 

enzymatic hydrolysis of myofibrillar proteins, thus improving the digestibility of sturgeon 386 

myofibrillar proteins [103]. Regarding the secondary structure of the myofibrillar protein, the 387 

content of the α-helix in the low-temperature vacuum heating group was reduced from 17.25% 388 

to 11.99% with increasing temperature and time, whereas the change in the content of the β-389 

sheet increased from 32.96% to 42.13% with increasing temperature and time and then 390 

decreased [103].  391 

Kehlet et al. (2017) reported that cooking at 70 °C increases protein digestibility due to 392 

denaturation increasing the approachability of cleavage sites to gastrointestinal enzymes 393 

compared to 100 °C or above [104]. However, cooking at high temperatures or for a prolonged 394 

time can induce proteinprotein interactions, leading to aggregation [103, 104]. Protein 395 

aggregation limits the accessibility of enzymes during digestion and thus may slow the 396 

digestibility of oven-cooked pork [104]. Kehlet et al. (2017) concluded that the gastric 397 

digestion of meat proteins in vitro was faster after 72 min at 58 °C compared to oven cooking 398 

at 160 °C and a longer low-temperature holding time of 17 h [104]. The general temperature 399 

and time recommended by chefs for sous vide cooking beef, pork, and lamb range from 58 to 400 

63 °C for 10–48 h [105, 106]. Numerous connective tissues in muscles require longer sous vide 401 

times than tender meat cuts. Baldwin (2012) reported that cooking at temperatures between 55 402 

https://ifst.onlinelibrary.wiley.com/doi/full/10.1111/ijfs.14002#ijfs14002-bib-0006
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and 60 °C for 24–48 h was suitable for softening tough meat cuts (pork shoulders and beef 403 

chuck) [105,107]. Summarizing the mechanisms for increasing protein digestion by thermal 404 

treatments, it was found that thermal treatments destroyed the primary and secondary structures 405 

of the protein, and the digestion rate of the protein was increased due to α-helix reduction and 406 

β-sheet increase (Fig. 4). 407 

 408 

3.5.2. Ultrasound treatments 409 

Ultrasound, HPP, and PEF apply a physical force directly to a protein. Ultrasound is a 410 

green food processing technology. High frequency and low field strength (100 kHz−1 MHz, 411 

<1 W/cm2) are widely used for the non-destructive testing of food and to inhibit 412 

microorganisms and enzymes for preserving food quality, while low frequency and high field 413 

strength (20–100 kHz, >1 W/cm2) is used to alter protein molecules [108]. The application of 414 

ultrasound to liquid systems causes acoustic cavitation, which is the phenomenon of the 415 

generation, growth, and eventual collapse of bubbles [109]. As ultrasound waves propagate, 416 

the bubbles collapse and oscillate with mechanical (turbulence or shear stress) and chemical 417 

effects [109]. Ultrasound causes the hydrolysis of water inside the oscillating bubbles, which 418 

induces the formation of H+ and •OH free radicals; free radicals can be scavenged by amino 419 

acids of the enzymes involved in substrate binding, structural stability, or catalytic functions 420 

[109]. 421 

Ultrasound (20 kHz) offers a physical method to increase meat tenderness and digestion 422 

rate. When ultrasonic waves are applied to meat, a vacuum space is created in the medium, 423 

such as water, owing to cavitation, and the generated energy transmits a very high shear force 424 

to the meat. Non-covalent bonds between proteins produced by the cavitation effect and 425 

mechanical oscillation may be destroyed by the turbulence and microcurrent induced by 426 

ultrasound, which leads to structural and functional alteration [110]. As a result, tissues and 427 
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cells in the meat are destroyed, increasing the tenderness of the meat and interfering with 428 

chemical bonds that determine the shape and function of the protein by destroying and 429 

unfolding the protein structure [111,112]. 430 

After ultrasound application to meat, observations confirmed that a gap was formed 431 

between the muscle fibers and that the sarcomere structure was destroyed [113]. Ultrasound 432 

treatment of semitendinosus muscles from beef increased the protein digestion rate of beef, and 433 

the SDS-PAGE results showed a decreased content of high molecular weight protein and 434 

increased content of low molecular weight protein [114]. 435 

Ultrasound treatment can enhance the solubility of myofibrillar proteins by increasing the 436 

pH and reducing the protein particle size [110]. Solubility is a prerequisite for other functional 437 

properties, such as water-holding capacity, emulsifying properties, and foaming properties, and 438 

gel strength was improved considerably after sonication [110]. Many proteins are functional in 439 

their soluble form, and protein solubility is the most practical indicator for protein denaturation 440 

and aggregation. Myofibrillar protein solubility increased with ultrasound power and treatment 441 

time [110]. From these results, the increase in protein solubility seems to be associated with 442 

the reduction in myofibrillar protein size and enhancement of proteinwater interactions due 443 

to an increase in surface area after ultrasound treatment [110,115,116]. 444 

Protein digestibility depends on the local flexibility of the substrate molecule [117]. This 445 

determines the quantity of exposed and applied cleavage sites for hydrolysis and how easily 446 

cleavage sites on the protein can be bound with digestive enzymes [117]. Ultrasound can 447 

promote protein hydrolysis by inducing alterations in protein structure, resulting in the 448 

exposure of enzyme cleavage sites and thereby increased protein digestibility [117]. Bagarinao 449 

et al. (2020) reported that raw ultrasound-treated samples (in water or enzyme solution) showed 450 

degradation of the muscle fibers and exhibited an expansion of the extracellular spaces [118]. 451 

Ultrasound-treated cooked samples had large spaces between myofibrils, which were less 452 

https://www.sciencedirect.com/topics/physics-and-astronomy/cleavage
https://www.sciencedirect.com/topics/chemistry/protein-hydrolysis
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obvious in samples ultrasonicated in an enzyme solution [118]. The main method to improve 453 

protein digestion with ultrasound treatment is to soak the meat in water and apply ultrasound, 454 

which can cause cavitation effects leading to muscle myofilament collapse, a reduction in the 455 

myofibrillar protein size, and hydrolysis of the meat protein (Fig. 5). 456 

 457 

3.5.3. HPP 458 

HPP is a food preservation technique without thermogenesis that prohibits harmful 459 

pathogens and vegetative spoilage microorganisms by using pressure rather than heat. HPP 460 

uses intense pressure (approximately 400–600 MPa or 58,000–87,000 psi) at chilled or mild 461 

processing temperatures (<45 °C), allowing most foods to be preserved with minimal impacts 462 

on nutritional value, appearance, taste, and texture [119,120]. 463 

The working principle of HPP is as follows: hermetically sealed food products are placed 464 

in a thermally insulated airtight container and receive ultra-high pressure (100–600 MPa) 465 

transferred by a liquid medium (commonly water), which provides a pasteurization effect via 466 

the application of high pressure. According to the principle of compression heating, an increase 467 

of approximately 3 °C in the water temperature occurs with an increase in pressure of 100 MPa 468 

[121]. 469 

Cao et al. (2012) reported that HPP affected the secondary, tertiary, and quaternary protein 470 

structures to different extents. In particular, high pressures (>700 MPa) can cause irreversible 471 

denaturation by interrupting the secondary structure of proteins [122]. At >200 MPa, the 472 

tertiary structure was changed due to the alteration of the hydrophobic and disulfide bonds, 473 

whereas quaternary structures were affected by pressures in the range of 100–150 MPa [122]. 474 

These changes in protein structure have profound effects on the functionality of a protein and 475 

its possible food applications [122]. 476 
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Owing to its advantage of sterilizing microorganisms without heating, HPP has been since 477 

the early 2000s on fresh foods that are difficult to heat-treat [123]. Since then, HPP has been 478 

shown to increase the tenderness of the meat and the digestion rate of protein, and it is gradually 479 

being used in various HMR products, such as sausages and gels. HPP is reported to increase 480 

the digestion rate of meat by causing protein denaturation and tissue cell damage. However, 481 

the overall quality reduction is less than the heat-treatment method because it does not 482 

significantly affect amino acids, flavoring ingredients, or vitamins [123,124]. HPP has been 483 

reported to involve protein denaturation, degradation, or gelation, depending on the protein 484 

system, temperature, and the pressure treatment condition (time and pressure level) [124,125]. 485 

Protein denaturation occurs during HPP due to the destabilization of non-covalent interactions 486 

in the tertiary structure, particularly hydrophobic and ionic interactions [124,126]. The HPP-487 

induced changes begin with the fragmentation of myofibrils [127]. The initial step is I-, M-, 488 

and Z-line disruption when the pressure level reaches 200 MPa, resulting in the breakdown of 489 

the myofibrillar structure [127]. High pressure induces myofibrillar protein solubilization by 490 

causing the dissociation of the thin and thick filaments to liberate soluble components from 491 

myofibrils [127]. HPP technology has been developed as a non-thermal pasteurization 492 

technology in the meat industry to improve microbiological safety and shelf life. HPP leads to 493 

increased permeability and leakage of meat cell contents, such as protein hydrolysis enzymes, 494 

ultimately resulting in accelerated digestion of meat protein. Rakotondramavo et al. (2019) 495 

reported that HPP decreased the digestibility of cooked ham because the denaturation and 496 

oxidation phenomena leading to protein aggregation masked the cleavage sites required by the 497 

digestive enzymes [128]. Therefore, each step of the high-pressure cooked ham processing 498 

impacted the protein digestion parameters: the curing step enhanced the digestibility and 499 

proteolysis rate of protein, whereas the cooking and high-pressure treatments reduced the 500 

digestibility and proteolysis rate of pork protein [128]. 501 

https://www.sciencedirect.com/topics/food-science/pasteurization
https://link.springer.com/article/10.1007%2Fs00217-018-3159-4#auth-Anja-Rakotondramavo
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Post-mortem changes in the muscle depend on the endogenous protease activity [129]. 502 

Calpain and other proteolytic enzymes decompose myofibrillar proteins, including Z-line 503 

proteins, causing myofibril fragmentation [129]. Ohmori et al. (1991) reported that HPP at 504 

303.975–506.625 MPa denatured tissue proteins and increased their proteolytic susceptibility 505 

[129]. They summarized that applying high pressures of 101.325–202.65 MPa to meat may 506 

enhance the endogenous proteolytic activity participating in meat conditioning by releasing 507 

proteases from lysosomes and denaturing the tissue protein. Chun et al. (2014) revealed the 508 

enhanced hydrolyzing activities of three selected proteases (pepsin, trypsin, and chymotrypsin) 509 

induced by HPP at around 200 MPa [130]. Trypsin showed the best collagen-hydrolyzing 510 

activity. Pressurization at 100200 MPa was responsible for improving proteolytic activity, 511 

although it was unclear whether an interaction between the enzyme and substrate occurred 512 

under pressure or whether structural modification of the enzymes caused the enhancement of 513 

the hydrolysis reaction [130]. HPP can induce the protein unfolding and extension of peptides 514 

exposed to some internal groups, including hydrophobic groups and inter-sulfhydryl groups. 515 

Therefore, HPP treatment affected the hydrolysis, and the HPP-treated products showed high 516 

digestibility with high percentages of low molecular weight proteins and peptides (<1 kDa) 517 

[42]. Franck et al. (2019) reported that an increase in the abundance of smaller peptides (500–518 

1500 Da) at higher pressures corresponds to an increase in the degree of hydrolysis [131]. This 519 

may be related to two reactions: high-pressure-induced enzyme activation or high-pressure-520 

induced protein unfolding [131]. Some study have suggested that pressure-induced protein 521 

unfolding facilitates access to trypsin cleavage sites (or C-terminal bonds of lysine and 522 

arginine), increasing enzyme activity and hydrolysis [131]. This is because hydrolysis increases 523 

with increasing pressure and pressurization time. High pressure has been reported to cause 524 

protein denaturation and gelation, the collapse of filaments, and the depolarization of 525 

myofibrils in meat (Fig. 6).  526 
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3.5.4. PEF 527 

PEF processing involves the application of high-voltage pulses for short durations to food 528 

placed between two electrodes [132]. The PEF equipment includes a pulse generator, a 529 

chamber, electrodes designed to avoid the impact of electrolysis, a control system, and a data 530 

acquisition system [133]. There is a field threshold value of approximately 1–10 kV/cm 531 

depending on the sample type (e.g., plant, microbial, animal). When that is exceeded, the 532 

electrocompressive force induces a local dielectric breakdown of the cell membrane, creating 533 

a pore that can function as a conductive channel [132]. When PEF disrupts the cell membrane, 534 

intracellular contents leak out, resulting in the loss of cell metabolic activities [134]. 535 

Recently, PEF treatment was reported to increase the digestion rate of proteins [135, 136]. 536 

The electric field is posited to ionize various substances inside the meat and cause chemical 537 

reactions, such as altering the secondary and tertiary structures of meat proteins [137]. The 538 

mechanism of the changes in protein structure caused by PEF has not yet been accurately 539 

defined. However, related studies have shown that protein molecules are polarized at a low 540 

PEF strength, and their hydrophobic amino acids gradually become exposed to the solvent as 541 

the electric field strength increases. At a relatively high field strength, aggregation of the 542 

unfolding proteins may occur through weakly covalent and non-covalent bonds [138]. Above 543 

certain PEF strengths, the thermogenesis produced by arcing would play a crucial role in the 544 

denaturation and aggregation of heat-sensitive proteins [138]. Zhao and Yang (2008) 545 

demonstrated that PEF could increase the extrinsic fluorescence intensity in lysozyme through 546 

the presence of more hydrophobic groups being exposed to solvents [139]. The content of β-547 

sheets and unordered structures also increased along with a reduction in the α-helix. Therefore, 548 

PEF can simultaneously damage the secondary and tertiary structures of lysozyme [138]. 549 

Physical treatment methods, such as PEF, destroy muscle tissue to create space between 550 

the cells, and they can increase the effectiveness of proteolytic enzyme treatment, affect the 551 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/denaturation
https://www.sciencedirect.com/science/article/pii/S0924224417307033?via%3Dihub#bib82
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lysozyme
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tertiary-structure
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cells that form the muscle tissue, weaken the function of sarcoplasm, and destroy lysosomes to 552 

release calcium ions and calpain. Calpain, a proteolytic enzyme in cells, is activated by contact 553 

with calcium outside the cell, promoting the autolysis of meat and increasing the protein 554 

digestion rate [140]. When applied to beef, PEF treatment increased the rate of in vitro 555 

digestion by approximately 20% due to the weakening of the binding force of muscle tissue 556 

without affecting the color and pH [136]. Similarly, the protein digestion of deer meat was 557 

increased by PEF treatment, as confirmed by SDS-PAGE analysis [137,139]. These results 558 

suggest that PEF-induced electroporation might have enhanced the effect by facilitating the 559 

penetration of digestive enzymes into the muscle matrix [139]. They also demonstrate the 560 

potential commercial viability of PEF for enhancing the protein digestibility of meat [135]. 561 

In addition to the positive effects of PEF treatment on protein breakdown and protein 562 

digestion rate, PEF-induced electroporation of the cell membrane accelerates the release of 563 

calcium ions and μ-calpain, promoting glycolytic processes for early proteolysis, which 564 

improves meat tenderness [141,142]. However, PEF can also tenderize meat through other 565 

mechanisms besides electroporation, such as the degradation of muscle fiber structure and 566 

breakdown of myofibrils through the Z-line of muscle fibers [105,143]. According to Zou et 567 

al. (2018), fiber type could be the key factor in explaining the differences in protein 568 

susceptibility to digestion. The effect of an electric field on the binding of proteins and peptides 569 

in meat remains elusive, but it is surmised that the main mechanisms for the increased 570 

tenderness and protein digestibility of meat by PEF are protein denaturation, muscle fiber 571 

depolarization, and myofibril destruction (mainly Z-line) (Fig. 7). 572 

Currently, non-thermal treatment methods, such as ultrasound, HPP, and PEF, are mainly 573 

used for vegetables and fish, which are easily degraded during thermal treatment, although 574 

research suggests that such methods are also sufficiently effective for treating meat [135,137]. 575 

In this review, the impact of improving the digestion rate of meat proteins by physical 576 
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treatments, such as thermal, ultrasound, HPP, or PEF, is thought to be similar. Presumably, this 577 

is because the structure of the muscle fibers is destroyed and fragmented, the chemical bonds 578 

are weakened, and the proteins are reduced in size or hydrolyzed by physical treatments, 579 

thereby increasing the contact area between the protein and the digestive enzyme and the 580 

efficiency of the digestive enzyme. Since improving protein digestion through physical 581 

methods is thought to have a relatively small effect on the flavor or taste of meat products 582 

compared to plant-based protein digestive enzymes, it is necessary to select the optimal method 583 

considering the sensory characteristics of meat products when developing products. 584 

 585 

4. CONCLUSION 586 

Various methods are available to increase the digestibility of proteins, with implications 587 

for increasing the consumption of protein-rich foods, especially meat, thereby improving 588 

protein utilization for older adults. These methods are gut microbiota and probiotics; chemical 589 

methods, including aging and enzymatic treatment (plant-derived proteases); and physical 590 

methods, including heat, ultrasound, HPP, and PEF. There is substantial evidence emerging to 591 

suggest that diet composition plays an important role in shaping the gut microbiome and that 592 

various diet components may impact the gut microbiota composition. In this context, the 593 

digestibility of proteins may depend on the gut microbiota. However, further research is 594 

necessary because studies regarding the relationship between gut microbiota and protein 595 

digestion are still insufficient. Probiotics can improve the digestion of proteins by improving 596 

the function of the GIT and secreting enzymes. 597 

Plant proteases are the most focused research area for increasing the digestibility of 598 

proteins by chemical methods. The chemical and physical methods disrupt the structural 599 

integrity of meat protein and dissociate connective tissues, muscle fiber, and myofibrils, with 600 

potential implications for improving meat protein digestion in older adults. However, clinical 601 
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trials on products with improved protein digestion for older adults are currently insufficient, as 602 

are studies on the effect of chemical or physical treatment on the sensory properties of foods. 603 

Therefore, studies, such as clinical trials and sensory evaluation, of products treated using 604 

methods to improve protein digestion in older adults should be conducted. 605 

 606 

5. Author Contributions 607 

Seung Yun Lee: Conceptualization, Investigation, Writing–original draft. Ji Hyeop Kang: 608 

Conceptualization, Investigation, Writing–original draft. Da Young Lee: Investigation. Jae 609 

Won Jeong: Investigation. Jae Hyeon Kim: Investigation. Hyun Woo Kim: Investigation. 610 

Dong Hoon Oh: Investigation. Sun Jin Hur: Conceptualization, Investigation, Writing–611 

original draft. 612 

 613 

6. Conflict of interest  614 

The authors declare that there is no conflict of interests. 615 

 616 

7. Acknowledgments  617 

This work was supported by Korea Institute of Planning and Evaluation for Technology in 618 

Food, Agriculture and Forestry (IPET) through High Value-added Food Technology 619 

Development Program, funded by Ministry of Agriculture, Food and Rural Affairs (MAFRA) 620 

(321028-5, 322008-5).  621 

 622 

  623 



ACCETED

29 

 

8. References 624 

1. World Health Organization (WHO). Ageing and health. 2022 [cited 22 Nov 30] 625 

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health 626 

2. OECD. OECD Reviews of Health Care Quality: Japan 2015: Raising Standards, OECD 627 

Reviews of Health Care Quality, OECD Publishing, Paris. 2015[ cited 22 Nov 30]. 628 

https://www.oecd.org/publications/oecd-reviews-of-health-care-quality-japan-2015-629 

9789264225817-en.htm 630 

3. Crimmins, E. M., Beltrån-Sånchez, H., Brown, L., Yon, Y. Ageing in North America: 631 

Canada and the United States. In: Michel JP., Beattie, B. L., Martin F. C., Waltson, J. 632 

Oxford Textbook of Geriatric Medicine. United Kingdom: Oxford University Press. 2017; 633 

3:19-26.  634 

4. Korean Statistical Database 635 

https://kostat.go.kr/portal/korea/kor_nw/1/1/index.board?bmode=read&aSeq=403253. 636 

2021 [cited 22 October 30]. 637 

5. United Nations (UN). Transforming Our World: The 2013 Agenda for Sustainable 638 

Development. 2015 [cited 22 Nov 30]. 639 

https://sustainabledevelopment.un.org/content/documents/21252030%20Agenda%20for640 

%20Sustainable%20Development%20web. 641 

6. Shlisky, J., Bloom, D. E., Beaudreault, A. R., Tucker, K. L., Keller, H. H., Freund-Levi, Y., 642 

Fielding, R. A., Cheng, F. W., Jensen, G. L., Wu, D., Meydani, S. N. Nutritional 643 

Considerations for Healthy Aging and Reduction in Age-Related Chronic Disease. Adv 644 

Nutr. 2017; 8(1):17–26. https://doi.org/10.3945/an.116.013474 645 

7. Gatellier, P., Santé-Lhoutellier, V. Digestion study of proteins from cooked meat using an 646 

enzymatic microreactor. Meat Sci. 2009; 81(2):4059. 647 

https://doi.org/10.1016/j.meatsci.2008.09.002 648 

8. Shin, D. M., Kim, K. T., Lee, J. H., Kim, B. K., Cha, J. Y., Choi, Y. S. Study on quality-649 

based protocol for meat and meat products. Food and Life 2022; 2022(3):69-78. 650 

9. Hickson M. Malnutrition and ageing. Postgrad Med J. 2006; 82(963):2-8. 651 

https://doi.org/10.1136/pgmj.2005.037564 652 

10. Fougère, B., Morley, J. E. Weight loss is a major cause of frailty. J Nutr Health Aging. 653 

2017; 21(9):93335. https://doi.org/10.1007/s12603-017-0971-7 654 

https://kostat.go.kr/portal/korea/kor_nw/1/1/index.board?bmode=read&aSeq=403253
https://sustainabledevelopment.un.org/content/documents/21252030%20Agenda%20for%20Sustainable%20Development%20web
https://sustainabledevelopment.un.org/content/documents/21252030%20Agenda%20for%20Sustainable%20Development%20web


ACCETED

30 

 

11. Meftahi, G. H., Jangravi, Z., Sahraei, H., Bahari, Z. The possible pathophysiology 655 

mechanism of cytokine storm in elderly adults with COVID-19 infection: the contribution 656 

of "inflame-aging." Inflamm Res. 2020; 69(9):82539. https://doi.org/10.1007/s00011-657 

020-01372-8 658 

12. Morley, J. E. Pathophysiology of the anorexia of aging. Curr Opin Clin Nutr Metabo Care. 659 

2013; 16(1): 2732. https://doi.org/10.1097/mco.0b013e328359efd7 660 

13. Tan, V. M. H., Pang, B. W. J., Lau, L. K., Jabbar, K. A., Seah, W. T., Chen, K. K., Ng, T. 661 

P., Wee, S. L. Malnutrition and sarcopenia in community-dwelling adults in Singapore: 662 

Yishun Health Study. J Nutr Health Aging. 2021; 25(3):374381. 663 

https://doi.org/10.1007/s12603-020-1542-x 664 

14. Mioche, L., Bourdiol, P., Peyron, M. A. Influence of age on mastication: effects on eating 665 

behaviour. Nutr Res Rev. 2004; 17(1):4354. https://doi.org/10.1079/NRR200375 666 

15. Rémond, D., Machebeuf, M., Yven, C., Buffière, C., Mioche, L., Mosoni, L., Mirand, P. 667 

P. Postprandial whole-body protein metabolism after a meat meal is influenced by 668 

chewing efficiency in elderly subjects. Am J Clin Nutr. 2007; 85(5):128692. 669 

https://doi.org/10.1093/ajcn/85.5.1286 670 

16. Kong, F., Singh, R. P. Disintegration of solid foods in human stomach. J Food Sci. 2008; 671 

73(5):R67R80. https://doi.org/10.1111/j.1750-3841.2008.00766.x 672 

17. Weiner, K., Graham, L. S., Reedy, T., Elashoff, J., Meyer, J. H. Simultaneous gastric 673 

emptying of two solid foods. Gastroenterol. 1981; 81(2):25766. 674 

https://doi.org/10.1016/S0016-5085(81)80056-X 675 

18. Serra‐Prat, M., Mans, E., Palomera, E., Clave, P. Gastrointestinal peptides, gastrointestinal 676 

motility, and anorexia of aging in frail elderly persons. Neurogastroenterol Motil. 2013; 677 

25(4):291-e245. https://doi.org/10.1111/nmo.12055 678 

19. Feldman, M., Cryer, B., McArthur, K. E., Huet, B. A., Lee, E. Effects of aging and gastritis 679 

on gastric acid and pepsin secretion in humans: A prospective study. Gastroenterol. 1996; 680 

110(4):104352. https://doi.org/10.1053/gast.1996.v110.pm8612992 681 

20. Herzig, K. H., Purhonen, A. K., Räsänen, K. M., Idziak, J., Juvonen, P., Phillps, R., 682 

Walkowiak, J. Fecal pancreatic elastase-1 levels in older individuals without known 683 

gastrointestinal diseases or diabetes mellitus. BMC Geriatr. 2011; 11(1): 4. 684 

https://doi.org/10.1186/1471-2318-11-4 685 

https://doi.org/10.1111/nmo.12055
https://doi.org/10.1053/gast.1996.v110.pm8612992


ACCETED

31 

 

21. Jiang, Z. E., Jiang, C., Chen, B., Koh, C. S., Yong, J. H., Park, D. H., Won, M. H., Lee, Y. 686 

L. Age-associated changes in pancreatic exocrine secretion of the isolated perfused rat 687 

pancreas. Lab Anim Res. 2013; 29(1):1926. https://doi.org/10.5625/lar.2013.29.1.19 688 

22. Laugier, R., Bernard, J. P., Berthezene, P., Dupuy, P. Changes in pancreatic exocrine 689 

secretion with age: pancreatic exocrine secretion does decrease in the elderly. Digestion. 690 

1991; 50(34):20211. https://doi.org/10.1159/000200762 691 

23. Fulgoni III, V. L. Current protein intake in America: Analysis of the national health and 692 

nutrition examination survey, 2003–2004. Am J Clin Nutr. 2008; 87(5):1554S57S. 693 

https://doi.org/10.1093/ajcn/87.5.1554S 694 

24. Food and Nutrition Board. Dietary reference intakes for energy, carbohydrate, fiber, fat, 695 

fatty acids, cholesterol, protein, and amino acids (macronutrients). Institute of Medicine. 696 

2005 697 

25. National Health and Medical Research Council. How to use the evidence: assessment and 698 

application of scientific evidence. NHMRC. 2000 699 

26. Nowson, C., O'Connell, S. Protein requirements and recommendations for older people: 700 

A review. Nutrients. 2015; 7(8):68746899. https://doi.org/10.3390/nu7085311 701 

27. Department of Health. Report on health and social subjects: 41: Dietary reference values 702 

(DRVs) for food energy and nutrients for the UK. COMA. 1991; 41:1-210 703 

28. Kim, M. Y., Lee, Y. N., Analysis of food preference, recognition and experience of elderly 704 

foods among elderly people. Korean J Food Nutr. 2016; 29(6):9717. 705 

https://doi.org/10.9799/ksfan.2016.29.6.971 706 

29. Kim, C. S., Shin, B. M., Bae, S. M. Nutritional status of Korean elderly by oral health 707 

level - based on 2009 national health and nutrition survey data. J Korean Soc Dental Hyg. 708 

2011; 11(6): 83341.  709 

30. Kim, H. K., Chijiki, H., Fukazawa, M., Okubo, J., Ozaki, M., Nanba, T., Higashi, S., 710 

Shioyama, M., Takahashi, M., Nakaoka, T., Shibata, S. Supplementation of protein at 711 

breakfast rather than at dinner and lunch is effective on skeletal muscle mass in older 712 

adults. Front Nutr. 2021; 8:797004 https://doi.org/10.3389/fnut.2021.797004 713 

31. Aquilanti, L., Alia, S., Pugnaloni, S., Coccia, E., Mascitti, M., Santarelli, A., Limongelli, 714 

L., Favia, G., Mancini, M., Vignini, A., Rappelli, G. Impact of elderly masticatory 715 

performance on nutritional status: an observational study. Medicina 2020; 56(3), 130. 716 



ACCETED

32 

 

32. Forte, J. G. Gastric function. In R. Greger & U. Windhorst (Eds.), Comprehensive human 717 

physiology. Springer. 1996:1239-57. https://doi.org/10.1007/978-3-642-60946-6_6 718 

33. Heda, R., Toro, F., Tombazzi, C. R. Physiology, Pepsin. 2019; In StatPearls. StatPearls 719 

Publishing. 720 

34. Zhao, Y., Miao, Y., Zhi, F., Pan, Y., Zhang, J., Yang, X., Zhang, J. Z. H., Zhang, L. Rational 721 

design of pepsin for enhanced thermostability via exploiting the guide of structural 722 

weakness on stability. Front Phys. 2021; 586. 723 

35. Gupta, A. Comprehensive biochemistry for dentistry: Textbook for dental students. 724 

Springer. 2018. https://doi.org/10.1007/978-981-13-1035-5 725 

36. Antonowicz I. The role of enteropeptidase in the digestion of protein and its development 726 

in human fetal small intestine. Ciba Foundation symposium, 1979; (70):169–87. 727 

https://doi.org/10.1002/9780470720530.ch10 728 

37. Albracht-Schulte, K., Islam, T., Johnson, P., Moustaid-Moussa, N. Systematic review of 729 

beef protein effects on gut microbiota: Implications for health. Adv Nutr. 2021; 730 

12(1):10214. https://doi.org/10.1093/advances/nmaa085 731 

38. Gropper, S. S., Smith, J. L. Advanced nutrition and human metabolism (6th ed.). Cengage 732 

Learning. 2012 733 

39. van der Wielen, N., Moughan, P. J., Mensink, M. Amino acid absorption in the large 734 

intestine of humans and porcine models. J Nutr. 2017; 147(8):1493-8. 735 

https://doi.org/10.3945/jn.117.248187 736 

40. Denis, S., Sayd, T., Georges, A., Chambon, C., Chalancon, S., Santé-Lhoutellier, V., 737 

Blanquet-Diot, S. Digestion of cooked meat proteins is slightly affected by age as assessed 738 

using the dynamic gastrointestinal TIM model and mass spectrometry. Food Funct. 2016; 739 

7(6):268291. https://doi.org/10.1039/C6FO00120C 740 

41. Pennings, B. Groen, B. B. L., van Dijk, J., de Lange, A., Kiskini, A., Kuklinski, M., 741 

Senden, J. M. H, Loon, L. J. C. Minced beef is more rapidly digested and absorbed than 742 

beef steak, resulting in greater postprandial protein retention in older men. Am J Clin Nutr. 743 

2013; 98(1):1218. https://doi.org/10.3945/ajcn.112.051201 744 

42. Wang, R., Jiang, S., Li, Y., Xu, Y., Zhang, T., Zhang, F., Feng, W., Zhao, Y., Zeng, M. 745 

Effect of high pressure modification on conformation and digestibility properties of oyster 746 

protein. Molecules. 2019; 24(18):3273. https://doi.org/10.3390/molecules24183273 747 



ACCETED

33 

 

43. Cao, X., Tang, L., Zeng, Z., Wang, B., Zhou, Y., Wang, Q., Zou, P., Li, W. Effects of 748 

probiotics BaSC06 on intestinal digestion and absorption, antioxidant capacity, 749 

microbiota composition, and macrophage polarization in pigs for fattening. Front Vet Sci. 750 

2020; 7:570593. https://doi.org/10.3389/fvets.2020.570593 751 

44. Judkins, T. C., Archer, D. L., Kramer, D. C., Solch, R. J. Probiotics, nutrition, and the 752 

small intestine. Curr Gastroenterol Rep. 2020; 22(1):2. https://doi.org/10.1007/s11894-753 

019-0740-3 754 

45. Oliphant, K., Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: 755 

major fermentation by-products and their impact on host health. Microbiome. 2019; 756 

7(1):91. https://doi.org/10.1186/s40168-019-0704-8 757 

46. Wang, J., Ji, H. Influence of probiotics on dietary protein digestion and utilization in the 758 

gastrointestinal tract. Curr Protein Peptide Sci. 2019; 20(2):12531. 759 

https://doi.org/10.2174/1389203719666180517100339 760 

47. Rodríguez, J. M., Murphy, K., Stanton, C., Ross, R. P., Kober, O. I., Juge, N. Avershina, 761 

E., Fudi, K., Narbad, A., Jenmalm, M. C., Marchesi, J. R., Collado, M. C. The composition 762 

of the gut microbiota throughout life, with an emphasis on early life. Microb Ecol Health 763 

Dis. 2015; 26(1):26050. https://doi.org/10.3402/mehd.v26.26050 764 

48. Suryadi, U., Nugraheni, Y. R., Prasetyo, A. F., Awaludin, A. Evaluation of effects of a 765 

novel probiotic feed supplement on the quality of broiler meat. Vet World. 2019; 766 

12(11):17758. https://doi.org/10.14202/vetworld.2019.1775-1778 767 

49. Costea, P. I., Hildebrand, F., Arumugam, M., Bäckhed, F., Blaser, M. J., Bushman, F. D., 768 

Vos, W. M., Ehrlich, S. D., Fraser, C. M., Hattori, M., Huttenhower, C., Jeffery, I. B., 769 

Knights, D., Lewis, J. D., Ley, R. E., Ochman, H., O’Toole, P. W., Quince, C., Relman, D. 770 

A., Shanahan, F., Sunagawa, S., Wang, J., Weinstock, G. M., Wu, G. D., Zeller, G., Zhao, 771 

L., Raes, J., Knight, R., Bork, P. Enterotypes in the landscape of gut microbial community 772 

composition. Nat Microbiol. 2018; 3(1):816. https://doi.org/10.1038/s41564-017-0072-773 

8 774 

50. Macfarlane, S., Macfarlane, G. T. Proteolysis and amino acid fermentation. In G. R. 775 

Gibson & G. T. Macfarlane (Eds.), Human colonic bacteria: role in nutrition, physiology 776 

and pathology. CRC Press. 1995:75–100 777 

51. Amaretti, A., Gozzoli, C., Simone, M., Raimondi, S., Righini, L., Pérez-Brocal, V., 778 

García-López, R., Moya, A., Rossi, M. Profiling of protein degraders in cultures of human 779 

gut microbiota. Front Microbiol. 2019; 10:2614. 780 

https://doi.org/10.3389/fmicb.2019.02614 781 



ACCETED

34 

 

52. Mafra, D., Barros, A. F., Fouque, D. Dietary protein metabolism by gut microbiota and its 782 

consequences for chronic kidney disease patients. Future Microbiol. 2013; 8(10):131723. 783 

https://doi.org/10.2217/fmb.13.103 784 

53. Diether, N. E., Willing, B. P. Microbial fermentation of dietary protein: An important 785 

factor in dietmicrobehost interaction. Microorganisms2019; 7(1):19. 786 

https://doi.org/10.3390/microorganisms7010019 787 

54. Jäger, R., Zaragoza, J., Purpura, M., Iametti, S., Marengo, M., Tinsley, G. M., Anzalone, 788 

A. J., Oliver, J. M., Fiore, W., Biffi, A., Urbina, S., Taylor L. Probiotic administration 789 

increases amino acid absorption from plant protein: A placebo-controlled, randomized, 790 

double-blind, multicenter, crossover study. Probiot. Antimicrob. Proteins. 2020; 791 

12(4):13309. https://doi.org/10.1007/s12602-020-09656-5 792 

55. Widiyaningsih, E. N. Peran probiotik untuk kesehatan. J. Kesehat. 2011; 4(1):1420.  793 

56. Jäger, R., Purpura, M, Farmer, S., Cash, H. A., Keller, D.Probiotic Bacillus coagulans 794 

GBI-30, 6086 improves protein absorption and utilization. Probiot. Antimicrob. Proteins. 795 

2018; 10(4): 6115. https://doi.org/10.1007/s12602-017-9354-y 796 

57. Peng, X. P., Nie, C., Guan, W. Y., Qiao, L. D., Lu, L., Cao, S. J. Regulation of probiotics 797 

on metabolism of dietary protein in intestine. Curr Protein Peptide Sci. 2020; 798 

21(8):76671. https://doi.org/10.2174/1389203720666191111112941 799 

58. Hu, S., Cao, X., Wu, Y., Mei, X., Xu, H., Wang, Y., Zhang, X., Gong, L., Li, W. Effects of 800 

probiotic Bacillus as an alternative of antibiotics on digestive enzymes activity and 801 

intestinal integrity of piglets. Front Microbiol. 2018; 9:2427. 802 

https://doi.org/10.3389/fmicb.2018.02427 803 

59. Su, Y., Chen, X., Liu, M., Guo, X. Effect of three lactobacilli with strain-specific activities 804 

on the growth performance, faecal microbiota and ileum mucosa proteomics of piglets. J 805 

Anim Sci Biotechnol. 2017;8(1):52. https://doi.org/10.1186/s40104-017-0183-3 806 

60. Yi, H., Wang, L., Xiong, Y., Wen, X., Wang, Z., Yang, X., Gao, K., Jiang, Z. Effects of 807 

Lactobacillus reuteri LR1 on the growth performance, intestinal morphology, and 808 

intestinal barrier function in weaned pigs. J Anim Sci. 2018; 96(6):234251. 809 

https://doi.org/10.1093/jas/sky129 810 

61. Storelli, G., Defaye, A., Erkosar, B., Hols, P., Royet, J., Leulier, F. Lactobacillus 811 

plantarum promotes Drosophila systemic growth by modulating hormonal signals 812 

through TOR-dependent nutrient sensing. Cell Metab. 2011; 14(3):40314. 813 

https://doi.org/10.1016/j.cmet.2011.07.012 814 



ACCETED

35 

 

62. Kimmel, M., Keller, D., Farmer, S., Warrino, D. E. A controlled clinical trial to evaluate 815 

the effect of GanedenBC(30) on immunological markers. Methods Find Exp Clin 816 

Pharmacol. 2010;32(2):12932. https://doi.org/10.1358/mf.2010.32.2.1423881 817 

63. Maathuis, A., Keller, D., Farmer, S. Survival and metabolic activity of the GanedenBC30 818 

strain of Bacillus coagulans in a dynamic in vitro model of the stomach and small intestine. 819 

Benef Microbes. 2010; 1(1):316. https://doi.org/10.3920/BM2009.0009 820 

64. Toohey, J. C., Townsend, J. R., Johnson, S. B., Toy, A. M., Vantrease, W. C., Bender, D., 821 

Crimi, C. C., Stowers, K. L., Ruiz, M. D., VanDusseldorp, T. A., Feito, Y., Mangine, G. T. 822 

Effects of probiotic (Bacillus subtilis) supplementation during offseason resistance 823 

training in female division I athletes. J Strength Cond Res. 2020; 34(11):317381. 824 

https://doi.org/10.1519/JSC.0000000000002675 825 

65. Duncan, S. H., Iyer, A., & Russell, W. R. Impact of protein on the composition and 826 

metabolism of the human gut microbiota and health. Proceedings of the Nutrition Society. 827 

UK: Cambridge University Press. 2021; 80(2):173-85. 828 

https://doi.org/10.1017/s0029665120008022 829 

66. Bhat, Z. F., Morton, J. D., Mason, S. L., Bekhit, A. E. D. A. Role of calpain system in 830 

meat tenderness: A review. Food Sci Hum Wellness. 2018a; 7(3):196204. 831 

https://doi.org/10.1016/j.fshw.2018.08.002 832 

67. Hatungimana, E., Erickson, P. S. Effects of storage of wet brewers grains treated with salt 833 

or a commercially available preservative on the prevention of spoilage, in vitro and in situ 834 

dry matter digestibility, and intestinal protein digestibility. Appl Anim Sci. 2019; 835 

35(5):46475. https://doi.org/10.15232/aas.2019-01857 836 

68. Widyastuti, E. S., Rosyidi, D., Radiati, L. E., Purwadi, P. Interactions between beef salt-837 

soluble proteins and elephant foot yam (Amorphophallus campanulatus) flour in heat-838 

induced gel matrix development. J Anim Sci Technol. 2020; 62(4):53342. 839 

https://doi.org/10.5187/jast.2020.62.4.533 840 

69. Bekhit, A. A., Hopkins, D. L., Geesink, G., Bekhit, A. A., Franks, P. Exogenous proteases 841 

for meat tenderization. Crit Rev Food Sci Nutr. 2014a; 54(8):101231. 842 

https://doi.org/10.1080/10408398.2011.623247 843 

70. Morellon-Sterling, R., El-Siar, H., Tavano, O. L., Berenguer-Murcia, Á., Fernández-844 

Lafuente, R. Ficin: A protease extract with relevance in biotechnology and biocatalysis. 845 

Int J Biol Macromol. 2020;162:394404. https://doi.org/10.1016/j.ijbiomac.2020.06.144 846 

71. Istrati, D. The influence of enzymatic tenderization with papain on functional properties 847 

https://doi.org/10.1519/JSC.0000000000002675


ACCETED

36 

 

of adult beef. J Agroaliment Process Technol. 2008: 14(1):1406.  848 

72. Food and Drug Administration (FDA). Substances generally recognized as safe. 62 Fed 849 

Reg. 18938. 17 April 1997. 850 

73. Bekhit, A. E. D. A., van de Ven, R., Suwandy, V., Fahri, F., Hopkins, D. Effect of pulsed 851 

electric field treatment on cold-boned muscles of different potential tenderness. Food 852 

Bioprocess Technol. 2014b; 7(11):313646. https://doi.org/10.1007/s11947-014-1324-8  853 

74. Zhu, X., Kaur, L., Staincliffe, M., & Boland, M. Actinidin pretreatment and sous vide 854 

cooking of beef brisket: Effects on meat microstructure, texture and in vitro protein 855 

digestibility. Meat Sci. 2018; 145:25665. https://doi.org/10.1016/j.meatsci.2018.06.029 856 

75. Konno, K., Hirayama, C., Nakamura, M., Tateishi, K., Tamura, Y., Hattori, M., Kohno, K. 857 

Papain protects papaya trees from herbivorous insects: role of cysteine proteases in latex. 858 

Plant J. 2004; 37(3):3708. https://doi.org/10.1046/j.1365-313X.2003.01968.x 859 

76. Amri, E., Mamboya, F. Papain, a plant enzyme of biological importance: A review. Am J 860 

Biochem Biotechnol. 2012; 8(2):99104. https://doi.org/10.3844/ajbbsp.2012.99.104 861 

77. Gagaoua, M., Dib, A. L., Lakhdara, N., Lamri, M., Botineştean, C., Lorenzo, J. M. 862 

Artificial meat tenderization using plant cysteine proteases. Curr Opin Food Sci. 2021; 863 

38:17788. https://doi.org/10.1016/j.cofs.2020.12.002 864 

78. Smith, J., Hong-Shum, L. Food additives data book. 2nd ed. United Kingdom: John Wiley 865 

& Sons; 2011. 866 

79. Cstorer, A., Ménard, R. Catalytic mechanism in papain family of cysteine peptidases. 867 

Methods Enzymol. 1994; 244:486500. https://doi.org/10.1016/0076-6879(94)44035-2 868 

80. Fernández-Lucas, J., Castañeda, D., Hormigo, D. New trends for a classical enzyme: 869 

Papain, a biotechnological success story in the food industry. Trends Food Sci Technol. 870 

2017; 68:91-101. https://doi.org/10.1016/j.tifs.2017.08.017 871 

81. Bahari, A. N., Saari, N., Salim, N., Ashari, S. E. response factorial design analysis on 872 

papain-generated hydrolysates from Actinopyga lecanora for determination of antioxidant 873 

and antityrosinase activities. Molecules, 2020; 25(11), 2663. 874 

https://doi.org/10.3390/molecules25112663 875 

82. Ribeiro, W. O., Ozaki, M. M., dos Santos, M., Rodríguez, A. P., Pflanzer, S. B., Pollonio, 876 



ACCETED

37 

 

M. A. R. Interaction between papain and transglutaminase enzymes on the textural 877 

softening of burgers. Meat Sci. 2021; 174:108421. 878 

https://doi.org/10.1016/j.meatsci.2020.108421 879 

83. López-Pedrouso, M., Borrajo, P., Pateiro, M., Lorenzo, J. M., Franco, D. Antioxidant 880 

activity and peptidomic analysis of porcine liver hydrolysates using alcalase, bromelain, 881 

flavourzyme and papain enzymes. Food Res Int. 2020; 137:109389. 882 

https://doi.org/10.1016/j.foodres.2020.109389 883 

84. Ha, M., Bekhit, A. E. D. A., Carne, A., Hopkins, D. L. Characterisation of commercial 884 

papain, bromelain, actinidin and zingibain protease preparations and their activities 885 

toward meat proteins. Food Chem. 2012; 134(1): 95-105. 886 

85. Ionescu, A., Aprodu, I., Pascaru, G. Effect of papain and bromelin on muscle and collagen 887 

proteins in beef meat. Ann. Univ. Dunarea de Jos Galati Fascicle VI--Food Technol. 888 

2008;32:916.  889 

86. Abdel-Naeem, H. H. S., Mohamed, H. M. H. Improving the physico-chemical and sensory 890 

characteristics of camel meat burger patties using ginger extract and papain. Meat Sci. 891 

2016; 118:5260. https://doi.org/10.1016/j.meatsci.2016.03.021 892 

87. Kaur, L., Maudens, E., Haisman, D. R., Boland, M. J., Singh, H. Microstructure and 893 

protein digestibility of beef: The effect of cooking conditions as used in stews and curries. 894 

LWT – Food Sci Technol. 2014; 55(2):612620. 895 

https://doi.org/10.1016/j.lwt.2013.09.023 896 

88. Chang, J. H., Han, J. A. Synergistic effect of sous-vide and fruit-extracted enzymes on 897 

pork tenderization. Food Sci. Biotechnol. 2020;29(9):121322. 898 

https://doi.org/10.1007/s10068-020-00764-0 899 

89. Zhao, D., Xu, Y., Gu, T., Wang, H., Yin, Y., Sheng, B., Li, Y., Nian, Y., Wang, Co., Li, C., 900 

Wu, W., Zhou, G. Peptidomic investigation of the interplay between enzymatic 901 

tenderization and the digestibility of beef semimembranosus proteins. J Agric Food Chem. 902 

2020; 68(4):113646. https://doi.org/10.1021/acs.jafc.9b06618 903 

90. Holyavka, M., Pankova, S., Koroleva, V., Vyshkvorkina, Y., Lukin, A., Kondratyev, M., 904 

Artyukhov, V. Influence of UV radiation on molecular structure and catalytic activity of 905 

free and immobilized bromelain, ficin and papain. J Photochem Photobiol B: Biol. 2019; 906 

201:111681. https://doi.org/10.1016/j.jphotobiol.2019.111681 907 

91. Whitaker, J. R. Properties of the proteolytic enzymes of commercial ficin. J Food Sci. 908 

1957; 22(5):48393. https://doi.org/10.1111/j.1365-2621.1957.tb17507.x 909 

https://doi.org/10.1016/j.meatsci.2020.108421
https://doi.org/10.1016/j.foodres.2020.109389


ACCETED

38 

 

92. Sullivan, G. A., Calkins, C. R. Application of exogenous enzymes to beef muscle of high 910 

and low-connective tissue. Meat Sci. 2010; 85(4):7304. 911 

https://doi.org/10.1016/j.meatsci.2010.03.033 912 

93. Gong, X., Morton, J. D., Bhat, Z. F., Mason, S. L., Bekhit, A. E. D. A. Comparative 913 

efficacy of actinidin from green and gold kiwi fruit extract on in vitro simulated protein 914 

digestion of beef Semitendinosus and its myofibrillar protein fraction. Int J Food Sci 915 

Technol. 2020; 55(2):742750. https://doi.org/10.1111/ijfs.14345 916 

94. Farjami, T., Babaei, J., Nau, F., Dupont, D., Madadlou, A. Effects of thermal, non-thermal 917 

and emulsification processes on the gastrointestinal digestibility of egg white proteins. 918 

Trend Food Sci Technol. 2021; 107:45-56. https://doi.org/10.1016/j.tifs.2020.11.029 919 

95. Zhou, C. Y., Cao, J. X., Zhuang, X. B., Bai, Y., Li, C. B., Xu, X. L., Zhou, G. H. Evaluation 920 

of the secondary structure and digestibility of myofibrillar proteins in cooked ham. CyTA 921 

- J Food. 2019; 17(1):7886. https://doi.org/10.1080/19476337.2018.1554704 922 

96. Santé-Lhoutellier, V., Astruc, T., Marinova, P., Greve, E., Gatellier, P. Effect of meat 923 

cooking on physicochemical state and in vitro digestibility of myofibrillar proteins. J 924 

Agric Food Chem. 2008; 56(4):148894. https://doi.org/10.1021/jf072999g 925 

97. Wen, S., Zhou, G., Li, L., Xu, X., Yu, X., Bai, Y., Li, C. Effect of cooking on in vitro 926 

digestion of pork proteins: A peptidomic perspective. J Agric Food Chem. 2015; 927 

63(1):25061. https://doi.org/10.1021/jf505323g 928 

98. Kęska, P., Wójciak, K. M., Stasiak, D. M. Influence of sonication and Taraxacum 929 

officinale addition on the antioxidant and anti-ACE activity of protein extracts from sous 930 

vide beef marinated with sour milk and after in vitro digestion. Molecules. 2020; 931 

25(20):4692. https://doi.org/10.3390/molecules25204692 932 

99. Lee, S., Choi, Y. S., Jo, K., Yong, H. I., Jeong, H. G., Jung, S. Improvement of meat protein 933 

digestibility in infants and the elderly. Food Chem. 2021; 356:129707. 934 

https://doi.org/10.1016/j.foodchem.2021.129707 935 

100. Bax, M. L., Aubry, L., Ferreira, C., Daudin, J. D., Gatellier, P., Rémond, D., Santé-936 

Lhoutellier, V. Cooking temperature is a key determinant of in vitro meat protein digestion 937 

rate: Investigation of underlying mechanisms. J Agric Food Chem. 2012; 60(10):256976. 938 

https://doi.org/10.1021/jf205280y 939 

101. Bax, M. L., Buffière, C., Hafnaoui, N., Gaudichon, C., Savary-Auzeloux, I., Dardevet, D., 940 

Santé-Lhoutellier, V., Rémond, D. Effects of meat cooking, and of ingested amount, on 941 

protein digestion speed and entry of residual proteins into the colon: A study in minipigs. 942 

https://doi.org/10.1016/j.foodchem.2021.129707


ACCETED

39 

 

PLoS ONE. 2013; 8(4):e61252. https://doi.org/10.1371/journal.pone.0061252 943 

102. Yin, Y., Pereira, J., Zhou, L., Lorenzo, J. M., Tian, X., Zhang, W. Insight into the effects 944 

of sous vide on cathepsin B and L activities, protein degradation and the ultrastructure of 945 

beef. Foods. 2020; 9(10):1441. https://doi.org/10.3390/foods9101441 946 

103. Liu, F., Dong, X., Shen, S., Shi, Y., Ou, Y., Cai, W., Chen, Y., Zhu, B. Changes in the 947 

digestion properties and protein conformation of sturgeon myofibrillar protein treated by 948 

low temperature vacuum heating during in vitro digestion. Food Funct. 2021; 12(15): 949 

698191. https://doi.org/10.1039/D0FO03247F 950 

104. Kehlet, U., Mitra, B., Ruiz Carrascal, J., Raben, A., Aaslyng, M. D. The satiating 951 

properties of pork are not affected by cooking methods, sousvide holding time or mincing 952 

in healthy menA randomized cross-over meal test study. Nutrients. 2017; 9(9):941. 953 

https://doi.org/10.3390/nu9090941 954 

105. Alahakoon, A. U., Oey, I., Bremer, P., Silcock, P. Process optimisation of pulsed electric 955 

fields pre-treatment to reduce the sous vide processing time of beef briskets. Int J Food 956 

Sci Technol. 2019; 54(3):823834. https://doi.org/10.1111/ijfs.14002 957 

106. Ruiz, J., Calvarro, J., Sánchez del Pulgar, J., Roldán, M. Science and technology for new 958 

culinary techniques. J Culin Sci Technol. 2013; 11(1):6679. 959 

https://doi.org/10.1080/15428052.2013.755422 960 

107. Baldwin, D. E. Sous vide cooking: A review. Int J Gastron Food Sci. 2012; 1(1):1530. 961 

https://doi.org/10.1016/j.ijgfs.2011.11.002 962 

108. Hu, H., Li-Chan, E. C. Y., Wan, L., Tian, M., Pan, S. The effect of high intensity ultrasonic 963 

pre-treatment on the properties of soybean protein isolate gel induced by calcium sulfate. 964 

Food Hydrocoll. 2013; 32(2):30311. https://doi.org/10.1016/j.foodhyd.2013.01.016 965 

109. Majid, I., Nayik, G. A., Nanda, V. Ultrasonication and food technology: A review. Cogent 966 

Food Agric. 2015; 1(1):1071022. https://doi.org/10.1080/23311932.2015.1071022 967 

110. Amiri, A., Sharifian, P., Soltanizadeh, N. Application of ultrasound treatment for 968 

improving the physicochemical, functional and rheological properties of myofibrillar 969 

proteins. Int J Biol Macromol. 2018; 111:13947. 970 

https://doi.org/10.1016/j.ijbiomac.2017.12.167 971 

111. Li, Z., Wang, J., Zheng, B., Guo, Z. Impact of combined ultrasound-microwave treatment 972 

on structural and functional properties of golden threadfin bream (Nemipterus virgatus) 973 



ACCETED

40 

 

myofibrillar proteins and hydrolysates. Ultrason. Sonochem. 2020; 65:105063. 974 

https://doi.org/10.1016/j.ultsonch.2020.105063 975 

112. Zou, Y., Xu, P., Wu, H., Zhang, M., Sun, Z., Sun, C., Wang, D., Cao, J., Xu, W. Effects of 976 

different ultrasound power on physicochemical property and functional performance of 977 

chicken actomyosin. Int J Biol Macromol. 2018; 113:64047. 978 

https://doi.org/10.1016/j.ijbiomac.2018.02.03 979 

113. Peña-Gonzalez, E., Alarcon-Rojo, A. D., Garcia-Galicia, I., Carrillo-Lopez, L., Huerta-980 

Jimenez, M. Ultrasound as a potential process to tenderize beef: Sensory and 981 

technological parameters. Ultrason Sonochem. 2019; 201953:134-41. 982 

https://doi.org/10.1016/j.ultsonch.2018.12.04   983 

114. Wang, A., Kang, D., Zhang, W., Zhang, C., Zou, Y., Zhou, G. Changes in calpain activity, 984 

protein degradation and microstructure of beef M. semitendinosus by the application of 985 

ultrasound. Food Chem. 2018; 245:72430. 986 

https://doi.org/10.1016/j.foodchem.2017.12.003 987 

115. Mousakhani-Ganjeh, A., Hamdami, N., Soltanizadeh, N. Impact of high voltage electric 988 

field thawing on the quality of frozen tuna fish (Thunnus albacares). J Food Eng. 2015; 989 

156:3944. https://doi.org/10.1016/j.jfoodeng.2015.02.004 990 

116. Zhang, Z., Regenstein, J. M., Zhou, P., Yang, Y. Effects of high intensity ultrasound 991 

modification on physicochemical property and water in myofibrillar protein gel. Ultrason 992 

Sonochem. 2017; 34:9607. https://doi.org/10.1016/j.ultsonch.2016.08.008 993 

117. Luo, M., Shan, K., Zhang, M., Ke, W., Zhao, D., Nian, Y., Wu, J., Li, C. Application of 994 

ultrasound treatment for improving the quality of infant meat puree. Ultrason Sonochem. 995 

2021; 80:105831. https://doi.org/10.1016/j.ultsonch.2021.105831 996 

118. Bagarinao, N. C., Kaur, L., Boland, M. Effects of ultrasound treatments on tenderness and 997 

in vitro protein digestibility of New Zealand abalone, Haliotis iris. Foods. 2020; 9(8):1122. 998 

https://doi.org/10.3390/foods908112 999 

119. Balasubramaniam, V. M., Farkas, D. High-pressure food processing. Food Sci Technol Int. 1000 

2008; 14(5):413418. https://doi.org/10.1177/1082013208098812 1001 

120. da Cruz, A. G., Faria, J. D. A. F., Saad, S. M. I., Bolini, H. M. A., Sant’Ana, A. S., 1002 

Cristianini, M. High pressure processing and pulsed electric fields: potential use in 1003 

probiotic dairy foods processing. Trends Food Sci Technol. 2020; 21(10):48393. 1004 

https://doi.org/10.1016/j.tifs.2010.07.006 1005 



ACCETED

41 

 

121. Huang, H. W., Hsu, C. P., Wang, C. Y. Healthy expectations of high hydrostatic pressure 1006 

treatment in food processing industry. J Food Drug Anal. 2020; 28(1):113. 1007 

https://doi.org/10.1016/j.jfda.2019.10.002 1008 

122. Cao, Y., Xia, T., Zhou, G., Xu, X. The mechanism of high pressure-induced gels of rabbit 1009 

myosin. Innov Food Sci Emerg Technol. 2012; 16:4 1010 

123. Xue, S., Wang, C., Kim, Y. H. B., Bian, G., Han, M., Xu, X., Zhou, G. Application of 1011 

high-pressure treatment improves the in vitro protein digestibility of gel-based meat 1012 

product. Food Chem. 2020; 306:125602. 1013 

https://doi.org/10.1016/j.foodchem.2019.125602 1014 

124. Kaur, L., Astruc, T., Vénien, A., Loison, O., Cui, J., Irastorza, M., Boland, M. High 1015 

pressure processing of meat: effects on ultrastructure and protein digestibility. Food Funct. 1016 

2016; 7(5):238997. https://doi.org/10.1039/C5FO01496D 1017 

125. Tuell Jacob R., Nondorf Mariah J., Brad Kim Yuan H.. Post-Harvest Strategies to Improve 1018 

Tenderness of Underutilized Mature Beef: A Review. Food Sci Anim Resour 1019 

2022;42(5):723-743.https://doi.org/10.5851/kosfa.2022.e33 1020 

126. Chapleau, N., Mangavel, C., Compoint, J. P., de Lamballerie-Anton, M. Effect of high-1021 

pressure processing on myofibrillar protein structure. J Sci Food Agric. 2004; 84(1):6674. 1022 

https://doi.org/10.1002/jsfa.1613 1023 

127. Bolumar, T., Orlien, V., Sikes, A., Aganovic, K., Bak, K. H., Guyon, C., Stübler, A. S., 1024 

Lamballerie, M., Hertel, C., Brüggemann, D. A. High-pressure processing of meat: 1025 

Molecular impacts and industrial applications. Compr Rev Food Sci Food Saf. 2021; 1026 

20(1):33268. https://doi.org/10.1111/1541-4337.12670 1027 

128. Rakotondramavo, A., Rabesona, H., Brou, C., de Lamballerie, M., Pottier, L. Ham 1028 

processing: effects of tumbling, cooking and high pressure on proteins. European Food 1029 

Res Technol. 2019; 245(2): 27384. https://doi.org/10.1007/s00217-018-3159-4 1030 

129. Ohmori, T., Shigehisa, T., Taji, S., Hayashi, R. Effect of high pressure on the protease 1031 

activities in meat. Agric Biol Chem. 1991; 55(2):35761. 1032 

https://doi.org/10.1271/bbb1961.55.357 1033 

130. Chun, J. Y., Jo, Y. J., Min, S. G., Hong, G. P. Effect of high pressure on the porcine 1034 

placenral hydrolyzing activity of pepsin, trypsin and chymotrypsin. Korean J Food Sci 1035 

Anim Resour. 2014; 34(1):149. https://doi.org/10.5851/kosfa.2014.34.1.14 1036 



ACCETED

42 

 

131. Franck, M., Perreault, V., Suwal, S., Marciniak, A., Bazinet, L., Doyen, A. High 1037 

hydrostatic pressure-assisted enzymatic hydrolysis improved protein digestion of flaxseed 1038 

protein isolate and generation of peptides with antioxidant activity. Food Res Int. 2019; 1039 

115:46773. https://doi.org/10.1016/j.foodres.2018.10.034 1040 

132. Gómez, B., Munekata, P. E. S., Gavahian, M., Barba, F. J., Martí-Quijal, F. J., Bolumar, 1041 

T., Campagnol, P. C. B., Tomasevic, I., Lorenzo, J. M. Application of pulsed electric fields 1042 

in meat and fish processing industries: An overview. Food Res Int. 2019; 123:95105. 1043 

https://doi.org/10.1016/j.foodres.2019.04.047 1044 

133. Puértolas, E., Koubaa, M., Barba, F. J. An overview of the impact of electrotechnologies 1045 

for the recovery of oil and high-value compounds from vegetable oil industry: Energy and 1046 

economic cost implications. Food Res Int. 2016; 80:1926. 1047 

https://doi.org/10.1016/j.foodres.2015.12.009 1048 

134. Chauhan, O. P., Unni, L. E. Pulsed electric field (PEF) processing of foods and its 1049 

combination with electron beam processing. In: S. D. Pillai & S. Shayanfar (Eds.), 1050 

Electron beam pasteurization and complementary food processing technologies. 2015; 1051 

15784. https://doi.org/10.1533/9781782421085.2.157 1052 

135. Bhat, Z. F., Morton, J. D., Mason, S. L., Bekhit, A. E. D. A. Pulsed electric field: Role in 1053 

protein digestion of beef Biceps femoris. Innov Food Sci Emerg Technol. 2018b; 1054 

50:13238. https://doi.org/10.1016/j.ifset.2018.09.006 1055 

136. Chian, F. M., Kaur, L., Oey, I., Astruc, T., Hodgkinson, S., Boland, M. Effect of Pulsed 1056 

Electric Fields (PEF) on the ultrastructure and in vitro protein digestibility of bovine 1057 

longissimus thoracis. LWT. 2019; 103:2539. https://doi.org/10.1016/j.lwt.2019.01.005 1058 

137. Bhat, Z. F., Morton, J. D., Mason, S. L., Jayawardena, S. R., Bekhit, A. E. D. A. Pulsed 1059 

electric field: A new way to improve digestibility of cooked beef. Meat Sci. 2019; 155:79-1060 

84. https://doi.org/10.1016/j.meatsci.2019.05.005 1061 

138. Han, Z., Cai, M. J., Cheng, J. H., Sun, D. W. Effects of electric fields and electromagnetic 1062 

wave on food protein structure and functionality: A review. Trend Food Sci Technol. 2018; 1063 

75:1-9. https://dx.doi.org/10.1016/j.tifs.2018.02.017 1064 

139. Zhao, W., Yang, R. Comparative study of inactivation and conformational change of 1065 

lysozyme induced by pulsed electric fields and heat. Eur Food Res Technol. 2008; 1066 

228(1):4754. https://doi.org/10.1007/s00217-008-0905-z 1067 

140. Shi, H., Shahidi, F., Wang, J., Huang, Y., Zou, Y., Xu, W., Wang, D. Techniques for 1068 

postmortem tenderisation in meat processing: effectiveness, application and possible 1069 

https://www.sciencedirect.com/science/article/pii/S0963996919302819#!


ACCETED

43 

 

mechanisms. Food Production, Processing and Nutrition. 2021; 3(1):1-26. 1070 

141. Bekhit, A. E. D. A., van de Ven, R., Suwandy, V., Fahri, F., Hopkins, D. Effect of pulsed 1071 

electric field treatment on cold-boned muscles of different potential tenderness. Food 1072 

Bioprocess Technol. 2014b; 7(11):313646. https://doi.org/10.1007/s11947-014-1324-8 1073 

142. Faridnia, F., Bekhit, A. E. D. A., Niven, B., Oey, I. Impact of pulsed electric fields and 1074 

post-mortem vacuum ageing on beef longissimus thoracis muscles. Int J Food Sci Technol. 1075 

2014; 49(11): 233947. https://doi.org/10.1111/ijfs.12532 1076 

143. Suwandy, V., Carne, A., van de Ven, R., Bekhit, A. E. D. A., Hopkins, D. L. Effect of 1077 

pulsed electric field treatment on hot-boned muscles of different potential tenderness. 1078 

Meat Sci. 2015; 105:2531. https://doi.org/10.1016/j.meatsci.2015.02.009 1079 



ACCETED

44 

 

 1080 

Fig. 1. Main mechanisms of protein digestion.1081 
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 1082 

Fig. 2. Representative methods for improving protein digestibility.1083 
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 1084 

Fig. 3. Cleavage site of plant based-enzymes (A) papain, (B) bromelain, and (C) ficin. 1085 



ACCETED

47 

 

 1086 

Fig. 4. Main mechanisms of thermal treatments for improving protein digestibility.  1087 
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 1088 

Fig. 5. Main mechanisms for ultrasound treatment to improve protein digestion.  1089 
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Fig. 6. Main mechanisms for high-pressure treatment to improve protein digestion.  1091 
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 1092 

Fig. 7. Main mechanisms for pulsed electric field treatment for improving protein digestion. 1093 




