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Abstract

:

A combined usage of animal and plant proteins-mixture could aid to solve environmental and social problems arising from the use of animal protein alone, while also improving the taste and texture of plant protein. Protein mixtures could be a better protein source due to the high availability of amino acids in the body compared with single proteins. Consuming proteins with probiotics can provide more beneficial health effects by helping to hydrolyze protein and absorb amino acids in the body. In this study, coadministration of an animal and plant protein mixture with a high concentration of probiotics was investigated to increase protein digestibility and amino acids absorbability in a mice model. Lactiplantibacillus plantarum IDCC 3501, which has the maximum ability to hydrolyze a protein mixture, composed of soybean protein and milk protein, was selected, and the changes in mice (C57BL/6J, male, six weeks) were investigated after the coadministration of protein mixture and 5 × 108 or 5 × 109 CFU/mL of L. plantarum for eight weeks. Normal diet, high-protein diet (HPD), and HPD supplementing L. plantarum were separately administered to mice. Food and water consumption of the mice did not differ depending on diet type. Measurements of the serum concentrations of amino acids showed that the absorption of aspartate, glutamate, isoleucine, leucine, valine, and lysine increased when high concentrations of protein and probiotics were administered. Thus, high L. plantarum concentrations could be a protein diet supplementation to improve health by promoting the absorption of amino acids.
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1. Introduction


Dietary protein is considered to be an essential nutrient because of its ability to modulate various metabolic activities, including controlling the balance of hormones [1] and enzymes [2], cell recovery [3], muscle synthesis [4], and immune control [5], in the human body. For a long time, humans have been consuming animal protein, with excellent nutrients from the milk or meat of livestock [4,6]. However, the manufacturing of animal proteins cannot be free from issues, such as a lack of water and breeding grounds [7] and climate changes induced by greenhouse gas emissions [8] contributed to by the increasing consumption of meat products per person (e.g., approximately a 102% increase from 2000 to 2050) [9,10]. Although substituting all animal protein with plant protein has been attempted, lysine deficiency and digestibility limitations [11] when eating only plant protein sources were proposed as the problem. The flavor and texture of plant protein are also not as good as those of animal protein [12], and manufacturing plant protein into animal-protein-like flavor and texture has not been easy [13]. Therefore, the production of protein mixture, animal protein partially replaced with plant protein or a combination of animal and plant protein, has been considered [14]. The application of protein mixture has been in the limelight as it overcomes limitations according to animal protein production, having both animal and plant protein advantages, such as higher amino acids availability [15,16,17,18]. Consumers also prefer a protein mixture compared to a single protein [19]. Nevertheless, the low digestibility of plant protein is still an ongoing problem to be solved.



The amino acids compositions in the protein and the host’s bioavailability of amino acids are the two fundamental factors in determining the nutritional value of protein [20]. In other words, it is important to increase the protein digestibility and the bioavailability of the derived amino acids. After consuming a protein source, the ingested protein is cut into polypeptides by pepsin in the stomach, with low pH and protease in the pancreas, and the polypeptides that progress down to the small intestine are further broken down into peptides and amino acids [21,22]. The dipeptides and tripeptides are absorbed into intestinal cells through peptide transporters and decomposed into amino acids in the cytoplasm [23], and the amino acids enter cells through several membrane-bound proteins and amino acids transporters in the small intestine [24]. However, some proteins that have not been perfectly digested in the small intestine move to the large intestine [25]. These undigested proteins and peptides are broken down by intestinal microorganisms to produce numerous microbial metabolites, and most free amino acids are assimilated by the gut microbiome [26], which can exert beneficial effects on the host by maintaining the amino acid balance between microorganisms and the host [27].



Consequently, the intake of probiotics could help intestinal microorganisms to proteolyze and increase their ability to absorb amino acids in intestinal epithelial cells [28]. Nonetheless, only a few studies have been conducted on increasing the absorption of amino acids through the coadministration of probiotics and proteins, except for those using a single type of proteins. For example, coadministration of lactobacillus and pea proteins or skim milk proteins increased amino acids plasma concentrations using a representative plant- or animal-based protein, respectively [29,30]. However, more proof of probiotics’ feasibility to provide improved digestion of proteins should be performed using protein mixtures, not using a single type protein. In addition, although probiotics have possessed high levels of proteolytic ability due to their abundant proteases [31,32], most studies have been limited to food applications, such as cheese fermentation and sausage manufacturing [31,33,34]. Hence, it is necessary to investigate the increases in the bioavailability of amino acids through the coadministration of protein mixture and probiotics with high proteolytic activity.



We conducted this study to investigate whether probiotic strains with excellent proteolytic activity could help to absorb amino acids in a mouse model with administration of a protein mixture and improve the health of the mice, such as body weight and muscle mass. Accordingly, the strain with the highest proteolytic activity was selected among Lactiplantibacillus, Lacticaseibacillus, and Lactococcus species. The protein mixture and the selected probiotic strain at two different concentrations of 5 × 108 CFU/day or 5 × 109 CFU/day were administered to the mice. After evaluating food and water consumption, the concentration of amino acids in the blood serum was examined, and the body weight and muscle mass of the mice were measured.




2. Materials and Methods


2.1. Bacterial Culture


Lactiplantibacillus plantarum IDCC 3501, Lactococcus lactis subsp. lactis IDCC 2301, and Lacticaseibacillus paracasei IDCC 2201 were obtained from Ildong Bioscience Co., Ltd. (Pyeongtaek-si, Gyeonggi-do, Republic of Korea) and anaerobically cultured in 14 mL of De man, Rogosa, and Sharpe (MRS; BD Difco, Frankin Lakes, NJ, USA) medium at 37 °C for 24 h without shaking. Probiotic strains were freeze-dried and sequentially coated following the previous study to utilize as diets of mice [35].




2.2. Proteolytic Activity


The basal medium, composed of 15 g/L of agar (Sigma Aldrich, St. Louis, MO, USA), 5 g/L of tryptone (BD Difco, Fankin Lakes, NJ, USA), 2.5 g/L of yeast extract (BD Difco), and 1 g/L of glucose (Sigma Aldrich), added with 28 g/L of skim milk protein (BD Difco), 28 g/L of pea protein (TATUA, Morrinsville, New Zealand), or 28 g/L of protein mixture (Himmune Protein Balance; Ildong Foodis Inc., Seoul, Republic of Korea) was used for investigating the proteolytic activity of probiotic strains. The protein mixture was composed of isolated soybean protein, bovine whey protein concentrate, bovine milk protein concentrate, bovine milk protein isolates, and goat whey protein concentrate. Each 10 µL aliquot of 108 CFU/mL probiotic strain was dropped on the agar plate, added with the protein, and cultured at 37 °C for 24 h [36,37]. After the incubation, the appearance of a clear zone surrounding the drop was considered positive, which implies that it has proteolytic activity. The diameter of the clear zone surrounding the colonies was determined using ImageJ software (version 1.8.0, NIH, Bethesda, MD, USA).




2.3. Genome-Wide Identification of Genes Encoding the Proteolytic System


The protein-coding sequences were predicted using Prokaryotic Genome Annotation Pipeline on NCBI [38], and functional annotation was achieved on the Rapid Annotation using Subsystems Technology server [39]. Furthermore, to compare the proteolytic genes of other L. plantarum strains, the complete genome sequences of L. plantarum WFSC1 (AL935263.2), L. plantarum 299v (NZ_LEAV01000004.1), and L. plantarum IDCC 3501 (CP031702.1) were obtained from the NCBI microbial genome database.




2.4. Mouse Experiment for Quantification of the Concentration of Amino Acids in Blood Serum and Measurement of Body and Muscle Weights of Mice


C57BL/6J male mice aged 6 weeks were obtained from Central Lab Animal Inc. (Seoul, Republic of Korea). Normal diet (ND) and high-protein diet (HPD; 40% protein) were supplied by Ildong Foodis Inc. (Seoul, Republic of Korea). Mice were maintained in an air-conditioned room with a 12 h/day/night schedule at 21 °C ± 2 °C and acclimatized to the experimental facility with free access to food and water for 1st week. A total of 48 mice were used in this study, and six mice were measured per group for one experiment in 4th week and 8th week, randomly divided into the following four groups: ND, HPD, HPD with a low concentration of L. plantarum IDCC 3501 (5 × 108 CFU/day) (HPD + LPL), HPD with a high concentration of L. plantarum IDCC 3501 (5 × 109 CFU/day) (HPD + HPL). The concentrations of macronutrients of ND (Teklad Global 18% Protein Rodent Diet; ENVIGO, Indianapolis, IN, USA) and HPD were shown in Table S1, and the composition of amino acids in normal diet (ND) was shown in Table S2, which could compare to the amino acids composition of high-protein diet in Table S3. Animal studies were approved by the Institutional Animal Care and Use Committee of Chungbuk National University (approval number: CBNUA-1687-22-02). Mice were administrated freeze-dried L. plantarum IDCC 3501 by oral gavage once a day. The amount of food and water consumption was investigated every week for 8 weeks.



Anaesthetized animals were euthanized due to exsanguination during blood sample collection. The blood sample was centrifuged at 600× g for 20 min for separating serum. The collected serum was stored at −70 °C in a deep freezer until further experiments. Free amino acids in the serum were analyzed using an automated amino acid analyzer L-8900 with a UV detector (Hitachi High-Technologies Corporation, Tokyo, Japan) and an ion-exchange column (# 2622PH column 4.6 × 60 mm).



The body weight of each mouse depending on the diet type was measured weekly. After 4th and 8th weeks, the mice were fasted for 6 h and consequently anesthetized with diethyl ether. Next, the thigh muscles were excised, rinsed with phosphate-buffered saline, and weighed.




2.5. Statistical Analyses


Data are expressed as mean ± standard deviation (SD). For statistical comparisons, one-way analysis of variance and Turkey’s multiple comparison tests were performed using GraphPad Prism 9.5.0.





3. Results


3.1. Proteolytic Activities of Probiotic Strains on Animal and Plant Protein Mixture


For selecting the probiotic strain with the best proteolytic activity, the proteolytic activities of probiotic strains L. lactis IDCC 2301, L. paracasei IDCC 3401, and L. plantarum IDCC 3501 were investigated on basal medium with plant-based protein (i.e., pea protein), animal-based protein (i.e., skim milk), and protein mixture (Figure 1). All the probiotic strains used in this study exhibited some proteolytic activities; however, the degree of activity was dependent on the type of strain as well as the protein source. Specifically, the radii of the clear zone in pea-protein-containing agar were 3.82 ± 0.64 mm for L. lactis, 3.69 ± 0.53 mm for L. paracasei, and 3.86 ± 0.47 mm for L. plantarum. The proteolytic activity on the plant protein showed no significant differences among these strains. However, in skim-milk-containing agar (i.e., skim milk or skim milk with pea protein mixture), L. plantarum exhibited the highest proteolytic activity, with the radii of the clear zone being 8.97 ± 0.51 mm for skim milk and 10.11 ± 0.26 mm for protein mixture. Other strains showed an approximately 5 mm clear zone in skim milk alone, and the radii of the clear zone were 7.74 ± 0.16 mm for L. lactis and 2.70 ± 0.17 mm for L. paracasei. L. plantarum showed the largest proteolytic clear zone of 10.11 ± 0.26 mm. Therefore, L. plantarum, showing the highest proteolytic activity, was selected to examine whether the strain could aid the absorption of amino acids through protein hydrolysis in the intestines of mice.



Accordingly, the potent proteolytic capacity of L. plantarum IDCC 3501 was investigated by genomic analysis. It is well known that various lactic acid bacteria exhibit comparable proteolytic capacity [40]. In the genome of L. plantarum IDCC 3501, six genes encoding the oligopeptides ABC transport (Opp) system, including three oligopeptide binding proteins (OppA), two oligopeptide transport system permeases (1 OppB and 1 OppC), and one nucleotide binding protein (OppD), were verified. Therefore, L. plantarum IDCC 3501 strain may display a strong ability of oligopeptide to transport the complete Opp system. Moreover, the presence of 16 Pep genes encoding peptidases, such as endo-, amino-, tri-, di-, and proline-specific peptidases, in the genome suggested the potentiality of the proteolytic system in L. plantarum IDCC 3501 (Table 1).




3.2. Simultaneous Oral Administration of Animal and Plant Protein Mixture with Different Concentrations of L. plantarum to Mice


3.2.1. Food and Water Consumption and Body Weight


After the coadministration of 40% (v/v) protein mixture and different concentrations of L. plantarum to the mice for 8 weeks, no significant difference was observed in the food and water intake depending on the type of diet (Figure S1). For instance, ND-fed mice had 4.08 ± 0.24 g food consumption with 3.35 ± 0.15 g water consumption in the 1st week and 4.34 ± 0.24 g food consumption with 4.13 ± 0.22 g water consumption after 8 weeks. However, HPD-fed mice showed slightly less food consumption and higher water consumption than ND-fed mice, irrespective of the addition of probiotics. For example, HPD-, HPD + LPL-, and HPD + HPL-fed mice had 3.50 ± 0.13, 3.37 ± 0.27, and 3.45 ± 0.24 g food consumption and 4.83 ± 0.15, 4.74 ± 0.05, and 4.65 ± 0.01 g water consumption after 8 weeks, respectively, which showed no specific pattern.



The body weight of mice fed with ND, HPD, HPD + LPL, and HPD + HPL was measured for 8 weeks (Figure S2). Similar to the results of food and water consumption, no significant differences were observed in the body weight of mice during the 8 weeks of experiments depending on the diet, showing a gradual increase from the 1st to 8th week with all diets. Dependent on the diet type, the body weight in the 1st week was comparable; however, HPD-, HPD + LPL-, and HPD + HPL-fed mice had slightly higher body weights than ND-fed mice in the 8th week (ND: 22.68 ± 0.90 g in the 1st week to 26.32 ± 1.35 g in the 8th week, HPD: 22.71 ± 0.87 g in the 1st week to 27.63 ± 1.26 g in the 8th week, HPD + LPL: 22.72 ± 0.85 g in the 1st week to 27.15 ± 1.45 g in the 8th week, and HPD + HPL: 22.71 ± 0.84 g in the 1st week to 26.67 ± 1.12 g in the 8th week). Thus, the change in amino acid concentration and muscle mass was further investigated as the intake of high protein and probiotics affected the mouse body weight.




3.2.2. Concentration of Amino Acids in Blood Serum


After the coadministration of protein mixture and L. plantarum to the mice, we investigated the changes in amino acid concentrations in the blood serum to assess whether L. plantarum helps the enhancement of protein hydrolysis or amino acid absorption in the mouse intestine (Table S4). The overall concentrations of 22 amino acids in the mouse serum were slightly reduced in the order of administrating ND, HPD, HPD + LPL, and HPD + HPL. According to the results of violin plots, the concentrations of seven amino acids (aspartate, glutamate, alanine, valine, isoleucine, leucine, and lysine) were significantly different between the diets (Figure 2). Aspartate and glutamate showed significantly high concentrations in the blood serum of each of HPD-, HPD + LPL-, and HPD + HPL-fed mice compared to those in ND-fed mice. However, there was no significant difference among HPD-fed mice, irrespective of the coadministration of probiotic strains. For instance, the concentration of aspartate in the serum of HPD-fed mice was 3.62 ± 2.08 µmol/L higher than that of ND-fed mice, and that of glutamate in HPD-fed mice was 7.67 ± 3.36 µmol/L higher than that in ND-fed mice. Moreover, the concentrations of aspartate and glutamate in mice fed with HPD + LPL were 4.17 ± 2.39 and 11.09 ± 7.73 µmol/L, respectively, higher than those in mice fed with ND, and the respective concentrations of aspartate and glutamate in mice fed with HPD + HPL were 3.79 ± 2.37 and 9.96 ± 4.13 µmol/L higher than those in ND-fed mice. These findings indicate that aspartate and glutamate could be absorbed well if a high concentration of protein is supplied irrespective of the concentration of L. plantarum.



Alanine, valine, isoleucine, and leucine showed significantly higher concentrations of 78.88 ± 77.89, 66.28 ± 34.67, 22.57 ± 14.34, and 50.61 ± 27.27 µmol/L, respectively, in the serum of HPD + HPL-fed mice than in the serum of ND-fed mice. As HPD-fed mice and HPD + LPL-fed mice showed no significant increases in the absorption of these amino acids compared with control mice, their absorption in the body could increase only when high-concentration protein and high-concentration probiotics are consumed together.



The uptake of lysine was significantly increased by 49.35 ± 39.39 µmol/L in HPD + HPL-fed mice compared with that in HPD + LPL-fed mice. Because lysine was absorbed differently depending on the concentration of probiotic strains in the body, a sufficient concentration of L. plantarum, such as 5 × 109 CFU/day, was required. Therefore, when the appropriate concentration of probiotic strains was not supplemented, lysine could not be absorbed significantly even if a large amount of protein was supplied.




3.2.3. Muscle Mass


Muscle mass was investigated to determine whether the amino acids absorbed in the blood of mice can aid muscle synthesis (Figure 3). The relative muscle mass (%), which is the ratio of the absolute muscle mass to the total weight, showed no significant difference with all diets in the 4th and 8th weeks. The values of the relative muscle mass of ND-, HPD-, HPD + LPL-, and HPD + HPL-fed mice in the 4th week were 8.41% ± 0.22%, 8.50% ± 0.46%, 8.31% ± 0.40%, and 8.25% ± 0.24%, respectively, and, in the 8th week, the respective values were 7.99% ± 0.52%, 7.99% ± 0.13%, 7.60% ± 0.47%, and 7.97% ± 0.34%. Overall, the types of feed and the addition of probiotic strains did not result in considerable differences in mice growth patterns, such as food consumption, water uptake, weight gain, and muscle formation.






4. Discussion


Dietary protein consumption provides various benefits in terms of health, environment, and human preferences. A protein mixture using both animal and plant proteins could compensate for the limitations in flavor and texture of plant protein with enhanced bioavailability [41]. Proteolysis is a reaction in which the peptide bond of a protein is hydrolyzed into smaller peptides or amino acids [42]. In the body, the peptide bond of the protein is hydrolyzed by enzymes such as pepsin and protease released from the gastrointestinal tract, and then free amino acids are released in the small intestine [25]. However, the protein mixture abundantly contained different amino acids, such as glutamate, aspartate, leucine, and lysine, as shown in Table S3; sufficient proteolysis is essential for efficient utilization of the protein in the body. According to Figure 1, the proteolytic activity of the strains, particularly in pea-protein-containing agar, was relatively low and showed no differences depending on the probiotic strain. This might be because the hydrolysis of plant proteins was inhibited by the presence of compounds known as antinutritional factors [43,44].



In contrast, L. plantarum showed the highest protein degrading ability in animal-protein-containing agar since L. plantarum is a probiotic bacterium with excellent proteolytic activity due to its abundant protease [45,46]. According to Table 1, L. plantarum IDCC 3501 could demonstrate proteolytic activity due to genes related to 10 types of peptidases for proteolytic activity among a total of 12 functional cellular peptidases, such as PepO, PepE, PepB, PepN, PepC, PepT, PepD, PepQ, PepX, PepP, PepM, and PepXP [47]. Specifically, proteolysis of probiotics began to degrade protein to oligopeptides (Opp) by using cell envelope protease (CEP), and the Opp, ABC-type transporters of main transport systems [48], were broken down into smaller peptides by protease enzymes in a probiotic-specific transport system [49]. Although it will be difficult to directly break down the consumed protein by L. plantarum because of the acidic environment in the stomach, our results could be supported by a previous study showing that proteolytic activities in the stomach, intestine, and pyloric caeca of trout after the administration of L. plantarum were significantly increased compared with the control group [50], and there were increases in the concentrations of amino acids, dipeptides, and tripeptides in mice feces and plasma by the protein and probiotic diet [51]. This is because probiotic strains could affect the length and thickness of villi [52,53], and gut microbiota changed by probiotic supplementation could increase the absorption and metabolism of amino acids [54,55].



After the oral administration to mice, the amino acids consisting of the protein mixture (Table S3) were observed in the blood serum of mice (Table S4). This is consistent with previous research demonstrating an increase in the activity of digestive enzymes such as protease after the consumption of probiotics [56] and an increase in the absorption of amino acids in the body [28,29]. Aspartate and glutamate were significantly increased in HPD-fed mice and HPD + LPL-fed mice compared to those in ND-fed mice, probably because these nonessential amino acids that can maintain digestive function and act as major sources of energy in the small intestine [57] are sufficiently synthesized and utilized for the maximum growth of animals and humans [7,58,59] by aid of protein intake [59]. In addition, essential amino acids (EAA) and branched-chain amino acids (BCAA), such as aspartate, glutamate, alanine, valine, isoleucine, and leucine, showed significantly higher concentrations in HPD + HPL-fed mice than in control mice. Adequate absorption of EAAs is very important because a deficiency in essential amino acids inhibits protein synthesis in the body, specifically the skeletal muscle [60]. Moreover, valine, isoleucine, leucine, and lysine (EAAs) cannot be synthesized in the human body and have to be supplied from the diet [61]. As EAAs are available from incomplete proteins supplied from plant protein sources, a protein mixture could be an excellent source of EAAs compared with a single plant protein. Furthermore, isoleucine, leucine, and valine (BCAAs) are crucial nutrients and major metabolic energy sources for protein biosynthesis [62,63]. It has also been reported that BCAAs promote intestinal cell proliferation for activating the intestinal barrier function [64], increase the intestinal absorption of glucose [65], and are highly related to immunity [66], elevating their importance. In our study, lysine also showed a significantly high concentration in the blood serum of HPD + HPL-fed mice compared to that in control mice. Lysine plays a key role in protein synthesis [67], osteoblast proliferation [68], and the production of hormones and enzymes [69]. As lysine is the most easily deficient amino acid when consuming plant proteins [70], co-intakes of protein mixture and a high concentration of L. plantarum should increase the absorption rate of lysine. Therefore, the protein mixture could improve the absorption of EAAs, BCAAs, and lysine due to the high concentration of L. plantarum. Nevertheless, the body weight and muscle mass of HPD-, HPD + LPL-, or HPD + HPL-fed mice were not considerably affected by the absorption of amino acids in the serum. Since the amino acids concentrations in the body could be increased due to the improvement in peptide uptake [71], it could be interpreted that it takes longer for the absorbed amino acid to cause external changes, such as reduction in body weight. In addition, the difference in muscle mass according to the diet was not significant in both the 4th and 8th weeks. Although water consumption was not significantly different in this study, it seems that a high protein diet leads to more water intake in mice due to acidic properties, increasing the production of ammonia salts [72]. This is consistent with other reports of increased water consumption of mice administered a high-protein diet [73,74]. Thus, it appears to be difficult for the absorbed amino acids to directly assist muscle synthesis. These results could be explained by previous research showing that dietary intake of BCAAs does not stimulate muscle protein synthesis [75] or that slowly digesting proteins do not cause a rapid increase in muscle mass [76].



Therefore, oral administration of a protein mixture and a high concentration of L. plantarum can improve mice health by increasing the absorption of aspartate, glutamate, EAAs, BCAAs, and lysine in mouse blood serum, although diet cannot directly help to improve mouse muscle mass. Further studies are required to elucidate the mechanism underlying amino acid absorption according to the proteolytic activity of L. plantarum, as well as, whether as a form of probiotics, parabiotics (i.e., inactivated probiotics), or postbiotics (i.e., metabolic products secreted by probiotics) [77], it can provide more precise effects on protein hydrolysis.




5. Conclusions


L. plantarum exhibited the highest proteolytic activity in protein mixture. Oral coadministration of an animal and plant protein mixture supplementing a high concentration of L. plantarum promoted the absorption of seven amino acids, including EAAs and BCAAs, in the blood serum of mice. Our findings suggest that the administration of L. plantarum and a protein mixture could improve digestibility and thus the overall health of the body by increasing the absorption of useful amino acids in the blood.
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Figure 1. Proteolytic activity of L. lactis IDCC 2301, L. paracasei IDCC 3401, and L. plantarum IDCC 3501 in basal agar medium supplemented with different protein sources, such as pea protein, skim milk, or protein mixture. Data are expressed as means ± SDs of three independent experiments (***, p < 0.001; ****, p < 0.0001). 
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Figure 2. Seven amino acids as serum biomarkers for the effects of amino acid absorption in the high-protein diet mouse model treated with L. plantarum IDCC 3501. The concentration of seven amino acids in serum after HPD treatment or L. plantarum IDCC 3501 administration. NC: normal control group; HPD: high-protein diet group; HPD + LPL: group treated with high-protein diet with 5 × 108 CFU/day L. plantarum IDCC 3501; HPD + HPL: group treated with high-protein diet with 5 × 109 CFU/day L. plantarum IDCC 3501. Values are mean with SD (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 3. Effects of L. plantarum IDCC 3501 administration on mouse thigh muscles. The relative muscle mass (%) was calculated as a percentage by dividing the body weight of the mouse by the total mass of the left and right leg muscles. NC: normal control group; HPD: high-protein diet group; HPD + LPL: group treated with high-protein diet with 5 × 107 CFU/day L. plantarum IDCC 3501; HPD + HPL: group treated with high-protein diet with 5 × 108 CFU/day L. plantarum IDCC 3501. Values are mean with SD. 
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Table 1. Proteolytic system genes present in three L. plantarum strains.
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Type

	
Gene Name

	
Annotation

	
IDCC 3501

	
299v

	
WFCS1






	
Oligopeptides ABC transport (Opp) system

	
OppA

	
Oligopeptide binding protein OppA

	
3

	
3

	
3




	
OppB

	
Oligopeptide transport system permease protein OppB

	
1

	
1

	
1




	
OppC

	
Oligopeptide transport system permease protein OppC

	
1

	
1

	
1




	
OppD

	
Oligopeptide transport ATP binding protein OppD

	
1

	
1

	
1




	
Number of oligopeptide-related genes

	
6

	
6

	
6




	
Endopeptidases

	
PepO

	
Endopeptidase PepO

	
1

	
0

	
1




	
PepE

	
Dipeptidase E

	
1

	
1

	
1




	
PepB

	
Group B oligopeptidase PepB

	
2

	
2

	
2




	
Aminopeptidases

	
PepN

	
Membrane alanyl aminopeptidase

	
1

	
1

	
1




	
PepC

	
Cysteine aminopeptidase

	
2

	
2

	
2




	
Tripeptidases

	
PepT

	
Tripeptide aminopeptidase

	
1

	
1

	
1




	
Dipeptidases

	
PepD

	
Dipeptidase

	
4

	
4

	
4




	
Proline-specific

	
PepQ

	
Xaa-Pro dipeptidase

	
2

	
3

	
2




	
PepX

	
Xaa-Pro dipeptidyl-peptidase

	
1

	
1

	
1




	
PepP

	
Xaa-Pro aminopeptidase

	
1

	
1

	
1




	
Number of peptide-related genes

	
16

	
16

	
16
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