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Abstract 

 

Isolation and validation of Lactobacillus plantarum for 

probiotic characteristics and alpha-hydroxyisocaproic 

acid (HICA) production  

Eunsol Seo 

Major of International Agricultural Technology 

Department of International Agricultural Technology 

The Graduate School 

Seoul National University  

 

The loss of muscle mass and strength is a major public health problem 

in an aging society. So far the solution is not clear. In previous studies, 

alpha-hydroxyisocaproic acid (HICA) was considered to increase 

muscle protein synthesis. HICA is one of the sub metabolites of 

leucine, a member of branched-chain amino acids (BCAAs) and 

requires the reduction reaction of hydroxyisocaproate dehydrogenase 

(HicDH). Fermented foods, such as kimchi and jeotgal, are rich in 

HICA. The purpose of this study is to isolate HICA-producing lactic 

acid bacteria (LAB) and to investigate their probiotic characteristics 
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and functionality. It also aims to demonstrate muscle synthesis due to 

activity by stimulating the mTOR pathway among the functions of 

HICA, a metabolite of isolated strains. In this study, 238 lactic acid 

bacteria were isolated from 28 traditional fermented foods, using 

selective and differential media, including the existing LAB. 7 strains 

were screened and selected because they had both the HicDH gene 

and Lactobacillus plantarum selective gene (LPSG), which are 

required for conversion of leucine to HICA and identify Lactobacillus 

plantarum, respectively. The highest HICA production was found in 

Lactobacillus plantarum D2-1 when comparing HICA production in 

the supernatants of Lactobacillus plantarum WCFS1 and Lactobacillus 

plantarum 299v including 7 strains. And it was confirmed that the 

culture medium, de Man, Rogosa and Sharpe (MRS), had little effect 

on the HICA production of the strain. Finally, selected D2-1 

confirmed basic probiotic properties such as intestinal viability, safety 

assessment and antibiotics susceptibility, which means that there is 

no health problem when taken. Culture temperature, incubation time, 

pH, osmotic stress and culture medium components in the strain affect 

the production of HICA, therefore optimal conditions were profiled. 

When the strain was orally administered to the mouse for 1 month to 

confirm the effect of the strain, the gut microbiota was adjusted to 

beneficial bacteria and stabilized. The LAB administered group tended 

to be higher in the exercise experiments than the control group and 



 

 

iii 

 

had higher hind limb muscle mass to body weight. In biochemical 

analysis of serum after exercise, the group of strain administration 

showed an improvement in energy metabolism, inflammation and 

fatigue index. To confirm that HICA stimulated the mTOR pathway to 

induce muscle differentiation, the effects on related genes were 

evaluated by treating mouse muscle cell line C2C12. HICA identified 

a tendency to increase the mTOR pathway, myogenesis regulatory 

factor, and muscle-specific genes expression levels. In conclusion, 

HICA can be expected to have functional aspects of sarcopenia 

preservation and treatment. 

 

 

Keyword : Lactobacillus plantarum, HICA, Muscle protein synthesis, 

Sarcopenia, Probiotics 

Student Number : 2018-23421 

 

 

 

 

 

 

 

 



 

 

iv 

 

Contents 

 

Abstract ...................................................................................... i 

Contents .................................................................................... iv 

List of Tables ............................................................................ ⅸ 

List of Figures .......................................................................... xi 

List of Abbreviations .............................................................. xiii 

 

1. Introduction ............................................................................ 1 

 

2. Review of Literature .............................................................. 3 

2.1. Skeletal muscle .............................................................. 3 

2.1.1. Skeletal muscle ......................................................... 3 

2.1.2. Skeletal muscle protein synthesis pathway ............ 5 

2.1.3. Skeletal muscle protein degradation pathway ........ 8 

  2.1.3.1. The ubiquitin-proteasome pathway ................. 9 

2.1.3.2. The autophagy-lysosomal pathway ............... 11 

2.2. Sarcopenia ................................................................... 12 

2.2.1. Sarcopnia ................................................................. 12 

2.2.2. Sarcopenia and causes ........................................... 14 



 

 

v 

 

2.2.2.1. Activity-related ................................................. 15 

2.2.2.2. Nutrition-related ............................................... 17 

2.2.2.3. Hormonal change and disease-related ............ 19 

2.3. Amino acid (AAs) ........................................................ 23 

2.3.1. Branched chain amino acids (BCAAs) .................. 23 

2.3.2. Leucine .................................................................... 26 

2.3.3. α-Hydroxy isocaproic acid (HICA) .................... 30 

2.4. Probiotics ..................................................................... 33 

2.4.1. Probiotics ................................................................. 33 

2.4.2. Gut and muscle ........................................................ 34 

 

3. Materials and methods......................................................... 39 

3.1. Screening of putative probiotics HicDH gene for 

HICA production ......................................................... 39 

3.1.1. Isolation of lactic acid bacteria from fermented 

food ........................................................................... 39 

3.1.2. Screening of Lactobacillus plantarum with HicDH 

gene by Multiplex polymerase chain reaction  

(PCR) ....................................................................... 40 

3.1.3. 16S rRNA sequencing ............................................ 42 

 



 

 

vi 

 

3.1.4. Measurement of HICA production of LAB derived 

from fermented foods by LC-QTof-MS/MS ...... 43 

3.1.5. Resistance to acid and bile salts ............................ 45 

3.1.6. Safety assessment .................................................. 46 

3.1.7. Carbohydrate fermentative pattern and enzymatic 

profiling .................................................................... 48 

3.1. Comparison of the L.plantarum D2-1 and WCFS1 

 .................................................................................... 49 

3.2.1. Characteristics of D2-1 and WCFS1 .................... 49 

3.2.2. Optimal condition profiles of HICA production ..... 50 

3.2.3. Influences on the gut microbiota ........................... 51 

3.3. Validation of selected strains in in vivo mouse model 

 .................................................................................... 53 

3.3.1. Experimental design ............................................... 53 

3.3.2. Preparation of probiotics ........................................ 54 

3.3.3. Performance test .................................................... 54 

3.3.4. Sampling of fecal, blood and hind limb muscle ..... 56 

3.3.5. Biochemical analysis of serum ............................... 57 

3.4. Validation of selected strains in C2C12 cell line ........ 58 

3.4.1. Cell culture .............................................................. 58 

3.4.2. Quantification of mRNA expression using  



 

 

vii 

 

Real-time PCR (qRT-PCR) .................................. 59 

 

4. Results ................................................................................. 61 

4.1. Screening of putative probiotics HicDH gene for 

HICA production ......................................................... 61 

4.1.1. Isolation of lactic acid bacteria from fermented 

food ........................................................................... 61 

4.1.2. Screening of Lactobacillus plantarum with HicDH 

gene by Multiplex polymerase chain reaction 

(PCR) ....................................................................... 63 

4.1.3. Measurement of HICA production of LAB derived 

from fermented foods by LC-QTof-MS/MS ...... 64 

4.1.4. Characterization of LAB with probiotic properties 

 .................................................................................. 65 

4.1.5. Carboydrate fermentative pattern and enzymatic  

       profiling .................................................................. 68 

4.2. Comparison of the L.plantarum D2-1 and WCFS1 

 .................................................................................... 70 

  4.2.1. Characteristics of D2-1 and WCFS1 .................... 70 

4.2.2. Optimal condition profiles of HICA production ..... 72 

4.2.3. Influences on the gut microbiota ........................... 77 



 

 

viii 

 

4.3. Validation of selected strains in in vivo mouse model 

 .................................................................................... 92 

4.3.1. Performance test .................................................... 92 

4.3.2. Mesurement of hind limb muscle mass against  

weight ....................................................................... 94 

4.3.3. Analysis biochemical serum ................................... 95 

4.4. Validation of selected strains in C2C12 cell line ........ 97 

4.4.1. mTOR pathway and myogenesis related gene 

expression levels in C2C12 differentiation ........... 97 

 

5. Discussion .......................................................................... 103 

 

References ............................................................................. 111 

 

Abstract in Korean................................................................. 136



 

 

ix 

 

List of Tables 

 

Table 1. Three stages of sarcopenia classified by EWGSOP 

………………………………………………………………...12 

Table 2. A summary of beneficial effect of HMB on skeletal 

muscle ....................................................................... 29 

Table 3. List of organisms with HicDH gene .......................... 32 

Table 4. Clinical study on probiotics and athletes .................. 38 

Table 5. List of primers used in this study............................. 41 

Table 6. Conditions for LC-QTOF-MS/MS analysis of HICA 

………………………………………………………………...44 

Table 7. Composition (%) of decarboxylase medium ............. 47 

Table 8. Primer sets used for quantitative real-time PCR 

 analysis of mRNA expression levels ........................ 60 

Table 9. Type of sample and number of isolates obtained  

from the sample ........................................................ 62 

Table 10. Identification and characterization of 3 selected    

isolates ................................................................. 66 

Table 11. Minimum inhibitory concentrations (㎍/ml) of 

antibiotics to strains ........................................... 67 



 

 

x 

 

Table 12. Linear regression according to HICA and pH  

produced by D2-1 and WCFS1 ........................... 74 

Table 13. Linear regression according to HICA and leucine 

content produced by D2-1 and WCFS1 ............... 75 

Table 14. Linear regression according to HICA and osmotic 

produced by D2-1 and WCFS1 ............................. 76 

Table 15. Indicator genus and their function in the  

gastrointestinal tract. ................................................ 89 

Table 16. Performance assessment by rota rod test of each  

group according to distance (m) and drop time (sec.) 

……………………………………………………………….92 

Table 17. Effect of LAB before and after exercise by serum  

biochemical analysis. ............................................... 96 



 

 

xi 

 

List of Figures 

 

Figure 1. Factors related to muscle synthesis according to 

hypertrophy and related to muscle degradation 

according to atrophy ................................................ 4 

Figure  2. The mTOR signaling pathway ................................. 7 

Figure 3. Muscle protein degradation by lysosomal and 

proteasomal pathways ............................................. 8 

Figure 4. Protein degradation by the ubiquitin-proteasome 

pathway .................................................................. 10 

Figure 5. Protein degradation by the autophagy-lysosomal 

pathway .................................................................. 11 

Figure 6. Schematic diagram of the causes and development of 

several outbreaks of sarcopenia ........................... 14 

Figure 7. Lifestyle factors and dietary factors impact on 

sarcopenia. ............................................................. 16 

Figure 8. Risk factors for anorexia of sarcopenia ................. 18 

Figure 9. Hormonal and metabolic changes affect sarcopenia  

………………………………………………………………...20 

Figure 10. Insulin resistance affect sarcopenia  



 

 

xii 

 

(A)normal muscle (B)muscle of aged adult  

with obesity. .............................................................. 21 

Figure 11. Inflammation and insulin resistance affect sarcopenia 

……………………………………………………………...22 

Figure 12. Main pathway of BCAAs catabolism ..................... 24 

Figure 13. Supposed effects of BCAA.. .................................. 25 

Figure 14. Leucine increases protein synthesis by activation  

of the mTOR signaling pathway ............................ 26 

Figure 15. Leucine catabolism network in LAB. ..................... 28 

Figure 16. A Gut-muscle axis, which affects several factors of 

skeletal muscle with age ....................................... 35 

Figure 17. Relationship between gut dysbiosis and sarcopenia 

……………………………………………………………...36 

Figure 18. Multiplex PCR conditions for amplification of genes 

……………………………………………………………...41 

Figure 19. Exercise equipment used in the experiment  

(a) rota rod (b) modified grip strength meter ....... 55 

Figure 20. Micro-CT evaluation of the hind limb muscle mass 

……………………………………………………………...56 

Figure 21. Gel electrophoresis for PCR product of L. plantarum 

strains ................................................................... 63 



 

 

xiii 

 

Figure 22. Comparison of HICA production MRS media and  

L. plantarum strains ............................................... 64 

Figure 23. Carbohydrate fermentative pattern and enzymatic 

profiling of selective strains.. .............................. 69 

Figure 24. Resistance to acid and bile for D2-1 and WCFS1 

……………………………………………………………...70 

Figure 25. Phenotypic array system using GEN III  

MicroPlateTM system for differences in metabolism  

and response to chemicals .................................... 71 

Figure 26. Standard curve of HICA, a reference substance for 

quantification by LC-QTof- MS / MS .................. 73 

Figure 27. Quantification and optimal temperature and time 

condition profile of HICA produced by (a) D2-1 

and (b) WCFS1 .................................................... 73 

Figure 28. Quantification and optimal pH condition profile of 

HICA produced by D2-1 and WCFS1 ................... 74 

Figure 29. Quantification and optimal leucine content condition 

profile of HICA produced by D2-1 and WCFS1 ... 75 

Figure 30. Quantification and optimal osmotic condition profile 

of HICA produced by D2-1 and WCFS1 .............. 76 

Figure 31. Alpha-diversity of the cecum sample .................. 78 



 

 

xiv 

 

Figure 32. Alpha-diversity of the fecal sample ..................... 79 

Figure 33. Beta-diversity of the cecum sample .................... 81 

Figure 34. Pairwise comparison of the cecum sample ........... 82 

Figure 35. Beta-diversity of the fecal sample ....................... 83 

Figure 36. Pairwise comparison of the feces sample ............. 84 

Figure 37. Relative abundance of classification at the phylum 

level in (a) cecum (b) feces .................................. 85 

Figure 38. Relative abundance of classification at the  

class, order, family and genus level in cecum ...... 86 

Figure 39. Relative abundance of classification at the  

class, order, family and genus level in feces ....... 87 

Figure 40. Relative abundance of specific strains modulated in 

cecum microflora after LAB administration .......... 90 

Figure 41. Relative abundance of specific strains modulated in 

feces microflora after LAB administration............ 91 

Figure 42. Effect of LAB on gripping power (g) (n=9) ......... 93 

Figure 43. Effect of LAB on hind limb muscle against  

body weight (n=9). ............................................... 94 

Figure 44. Gene expression levels related to mTOR pathway 

(a) Akt, (b) mTOR, (c) p70S6K, (d) 4E-BP1 ..... 99 

Figure 45. Gene expression levels related to myogenesis 



 

 

xv 

 

regulator factor (a) Pax7, (b) Myf5, (c) MyoD, (d) 

MyoG, (e) Myf6, (f) MHC, (g) MCK ................... 102 

 



 

 

xiii 

 

List of Abbreviations 

 

EWGSOP: European Working Group on Sarcopenia in Older People 

FDA: Food and Drug Administration  

BCAAs: Branched chain amino acids 

HICA: Alpha-hydroxyisocaproic acid 

HicDH: Hydroxyisocaproate dehydrogenase 

L. plantarum: Lactobacillus plantarum 

MRS: de Man, Rogosa and Sharpe 

H2O2: Hydrogen peroxide 

PCR: Polymerase chain reaction 

LPSG: Lactobacillus plantarum selective gene 

EFSA: European Food Safety Authority 

MIC: Minimum Inhibitory Concentration 

DNA: DeoxyriboNucleic Acid 

RNA: Ribonucleic acid 

rRNA: Ribosomal RNA 

NGS: Next Generation Sequencing 

MDS: Multi-dimensional scaling 

DMEM: Dulbecco’s modified Eagle’s medium 

FBS: Fetal bovine serum  

HS: Horse serum  



 

 

xiv 

 

TG: Triacylglycerol 

CK: Creatine kinase 

LDH: Lactate dehydrogenase 

mTOR: Mammalian target of rapamycin  

p70S6K: Ribosomal protein S6 kinase  

4E-BP1: 4E (eIF4E)-binding protein 1 

Pax7: Paired box protein Pax-7 

Myf5: Myogenic regulatory factors 5 

MyoD: Myoblast determination protein 

MyoG: Myogenin 

Myf6: Myogenic regulatory factors 6 

MHC: Myosin heavy chain 

MCK: Muscle creatine kinase 

 

 

 

 

 

 

 

 

 

 



 

 

1 

 

1. Introduction 

 

The world population is aging rapidly. According to a UN report 

(Population Ageing and Development, 2012), in 2050, it is estimated 

that 22% of the population will be over 60 years old, and 5% will be 

over 80. One of the major health issues of the aging population is the 

loss of skeletal muscle mass, function, and strength, referred to as 

sarcopenia (Dalle S al., 2017; Rubio-Ruiz ME et al., 2019.). The 

definition of sarcopenia was made in 2010 by The European Working 

Group on Sarcopenia in Older People (EWGSOP). “A syndrome 

characterized by progressive and generalized loss of skeletal muscle 

mass and strength with a risk of adverse outcomes such as physical 

disability, poor quality of life and death” 

 Currently, the Food and Drug Administration (FDA, USA) does 

not have any approved drugs for the treatment of sarcopenia but has 

started taking measures to recognize it as a disease.  

 Probiotics are defined as live organisms which give beneficial 

effects on the host when administered in adequate amounts (Hill et 

al., 2014). Previous studies have reported increased lean mass and 

function (grip strength and swim time) in healthy young mice due to 

Lactobacillus plantarum (L. plantarum) supplementation (Chen et al., 

2016; Grosicki et al., 2018). Furthermore, gut microbiota change 
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through probiotics are reported to play a beneficial role in muscle 

indirectly (Grosicki et al., 2018). 

In this study, we screened lactic acid bacteria (LAB) which has 

capable of synthesizing skeletal muscle proteins through the alpha-

hydroxyisocaproic acid (HICA). Leucine has already demonstrated 

muscle synthesis in many papers, and one of its metabolites is HICA. 

According to clinical studies, HICA is associated with exercise 

performance (Barlas et al., 2000; Mero et al., 2010). 

The optimal condition profile of HICA production according to the 

environment was compared with that of L. plantarum WCFS1. HICA 

production of selected L. plantarum D2-1 demonstrated skeletal 

muscle synthesis in muscle cell line and in vivo mouse experimental 

model. 
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2. Review of Literature 

 

2.1. Skeletal muscle  

2.1.1. Skeletal muscle 

Skeletal muscle, which is the most abundant tissue constituting 

human body mass, has an essential effect on human health and 

physiological functions (Rubio-Ruiz et al., 2019; Cai et al., 2016; 

Sakuma et al., 2013). Skeletal muscle mass is determined by the 

balance between protein synthesis and breakdown (Liguori et al., 

2019). There are a variety of anabolic pathways and factors leading 

to protein synthesis of skeletal muscle (Liguori et al., 2019; Schiaffino 

et al., 2013). It includes insulin-like growth factor-1 (IGF-1) and 

insulin, glucose, amino acid, particularly branched-chain amino acids 

(BCAAs), serine-threonine kinase Akt/protein kinase B (PKB), 

mammalian targets of rapamycin (mTOR) and exercise (Liguori et al., 

2019; Schiaffino et al., 2013). In contrast, activation of the ubiquitin-

proteasome pathway, Muscle Ring Finger 1 (MuRF1), Muscle Atrophy 

F-box (MAFbx) also called Atrogin-1, FOXO, NF-κB pathway, and 

p38 are responsible for protein degradation (Figure 1) (Bodine et al., 

2001; Gomes et al., 2001; Argiles et al., 1999; von Haehling et al., 

2002; Glass, 2005). 
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Figure 1.  Factors related to muscle synthesis according to 

hypertrophy and muscle degradation according to atrophy (Glass, 

2005). 
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2.1.2. Skeletal muscle protein synthesis pathway 

Skeletal muscle is composed of fiber, and the muscle mass is 

determined by the number of fibers and their size. The fiber number 

is determined primarily by prenatal genetic and environmental factors, 

and the size is determined by the balance of synthesis and degradation 

by external stimuli in postnatal life. The mammalian target of 

rapamycin (mTOR) is considered to a major regulator of skeletal 

muscle mass, which is known to affect protein synthesis and 

degradation in response to growth factors, nutrients and external 

stimulation (Panzhinskiy et al., 2013; Yoon, 2017). According to the 

previous study, insulin-like growth factor (IGF-I) is essential for 

muscle growth and regeneration and is an upstream stimulator in the 

mTOR pathway (Musaro et al., 2001). IGF-1 binds to the IGF-1 

receptor (IGFR) and then phosphorylates the insulin receptor 

substrate (IRS) and stimulates the phosphatidylinositol-3 kinase 

(PI3K) / Akt pathway to induce downstream activity required for 

protein synthesis (Bodine et al., 2001). Activated Akt inhibits 

tuberous sclerosis complex-1 and -2 proteins (TSC1/2) via 

phosphorylation, leading to Ras homolog enriched in brain (Rheb)-

GTP for activates mTORC1. The phosphorylated TSC2 inhibits 

GTPase-activated protein (GAP) activity that converting Rheb-GDP 

to Rheb-GTP (Dibble et al., 2009; Panzhinskiy et al., 2013). mTOR 

has two complexes, mTOR complex1 (mTORC1) and mTOR complex2 
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(mTOR2), which consist of several proteins and interact with each 

other. (Liguori et al., 2019). mTORC1 plays an essential role in 

promoting the protein synthesis of skeletal muscle by regulating 

downstream 70-kDa ribosomal protein S6 kinase 1 (p70S6K1), and 

eukaryotic translational initiation factor 4E-binding protein 1 (4E-

BP1) (Liguori et al., 2019; Cai et al., 2016; Bodine et al., 2001). 

Activated mTORC1 phosphorylates S6K1 and 4E-BP1, the results 

are activation of S6K1 and inactivation of 4E-BP1. Also, it promote 

protein synthesis by activating ribosomal protein S6 and releasing the 

translational initiation factor eIF-4E, respectively (Figure 2) 

(Edelstein, 2008; Yoon, 2017). 
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Figure 2. The mTOR signaling pathway (Kudchodkar et al., 2004). 
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2.1.3. Skeletal muscle protein degradation pathway 

Major catabolic systems of muscle degradation include the 

ubiquitin-proteasome and autophagy-lysosomal pathways (Figure 3). 

Two muscle-specific ubiquitin ligase Atrogin1 / MAFbx and MuRF1 

are induced during atrophy and lead to loss of muscle mass 

(Mammucari et al., 2008). 

 

 

 

Figure 3. Muscle protein degradation by lysosomal and proteasomal 

pathways (Zhao et al., 2008). 
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2.1.3.1. The ubiquitin-proteasome pathway 

The ubiquitin-proteasome pathway is the primary proteolytic 

pathway. It leads to the degradation of myofibrillar proteins in 

skeletal muscle. This process requires ATP and consists of ubiquitin 

activating enzyme E1, ubiquitin conjugating enzyme E2, and E3 

ubiquitin ligase. Selected groups of gene proteasome subunits 

encoding muscle specific E3 ligase, atrogin-1 (also known as muscle 

atrophy F-box protein or MAFbx) and muscle ring finger-1 (MuRF1) 

and ubiquitin are upregulated. It makes a poly ubiquitin junction to 

muscle protein, which itself is recognized as a subunit of the 

proteasome. ATP is used to break down matrix proteins, muscle 

proteins, into small peptides and amino acids (Figure 4) (Price et al., 

2010). 

. 
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Figure 4. Protein degradation by the ubiquitin-proteasome pathway 

(Price et al., 2010). 
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2.1.3.2. The autophagy-lysosomal pathway 

  As another protein breakdown pathway is autophagy-lysosomal 

pathway. Autophagy is inhibited by nutrients and mTOR and is 

activated by stress, AMPK and hypoxia-inducible factors (HIF). 

When autophagosomes are fused with lysosomes, which provide 

hydrolases, the compound breaks down (Figure 5). The autophagy 

products in the cytoplasm, are circulated back into metabolic and 

biosynthetic pathways. This pathway breaks down intracellular 

proteins and endocytosed membrane proteins through autophagy (Lee 

et al., 2019; White et al., 2015). 

 

 

 

Figure 5. Protein degradation by the autophagy-lysosomal pathway 

(Lee et al., 2019) 
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2.2. Sarcopenia 

2.2.1. Sarcopenia 

The loss of skeletal muscle mass, function, and strength has been 

widely studied and is a major public health issue in the aging 

population society (Rubio-Ruiz et al., 2019). This phenomenon 

referred to as sarcopenia. Sarcopenia was developed distinctly from 

the age of 50 and estimated to affect up to a third of individuals over 

60 years of age (Sarcopenia, FDA, 2017). The diagnosis of sarcopenia 

used muscle mass and muscle function (strength and performance) as 

the main parameters by EWGSOP. It was classified into three stages: 

pre-sarcopenia, sarcopenia and severe sarcopenia (Table 1). If low 

muscle mass and low muscle function were detected, sarcopenia was 

considered a severe stage (Liguori et al., 2018; Cruz-Jentoft et al., 

2019).  

 

Table 1. Three stages of sarcopenia classified by EWGSOP (Moon et 

al., 2018). 
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In several studies, sarcopenia is not only difficult to performing 

daily activities such as fast steps, getting up from a chair, and lift 10 

pounds of objects but also closely related to various side effects, 

including metabolic disorders and cardiovascular risk. As a result, it 

leads to poor quality of life and death (Liguori et al., 2018; Tieland et 

al., 2018; Li met al., 2010; Jang, 2018). The Centers for Disease 

Control and Prevention (CDC) gave the ICD-10CM (M62.84) code in 

September 2016 and recognized it as an international disease for 

sarcopenia (Anker et al., 2016).  

Sarcopenia is a very common but overlooked senile syndrome. 

Therefore, it is important to maintain muscle function by reducing 

muscle loss and promoting muscle synthesis. 
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 2.2.2. Sarcopenia and causes  

Sarcopenia is considered a multidisciplinary disease, and its 

causes include aging, activity-related (e.g., low activity, long bedtime, 

sedentary lifestyles), nutrition-related (e.g., malnutrition, anorexia, 

malabsorption, gastrointestinal tract Disorders), disease-related 

(e.g., inflammatory diseases, malignant tumors, endocrine diseases), 

and hormonal changes (Figure 6) (Landi et al., 2015; Dionyssiotis et 

al., 2017).   

 

 

 

 

 

Figure 6. Schematic diagram of the causes and development of several 

outbreaks of sarcopenia (Landi et al., 2015). 
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2.2.2.1. Activity-related 

Skeletal muscle mass and intensity are lower in older adults who 

more sedentary lifestyle and less physical activity, which increases 

the risk of developing sarcopenia (Figure 7) (Burton et al., 2010). 

According to Narici et al. (2010), longer bedtime affects to a 30% 

reduction in muscle mass, especially in the limb muscles. In addition, 

the low activity causes disruption of the protein synthesis-

breakdown balance and catabolism homeostasis in the skeletal muscle 

(Bar-Shai et al. 2005). Nuclear factor-kB (NF-kB), a proteolytic 

system in muscle atrophy, is more pronounced in the muscles of older 

animals than in young. Despite being an ideal body mass index (BMI), 

older people are at risk for nutritional and sarcopenia (Visvanathan et 

al., 2010). Losing weight in older people are a lack of calories, which 

can accelerate muscle sarcopenia. While high-calorie intake with 

obesity also stimulates, too (Buford et al., 2010). Sarcopenic obesity 

is a model of decreased muscle mass and increased fat mass. Who 

having more muscle mass than other older people are not obese. But 

the increase in adipose tissue of the muscles leads to poor quality 

muscle, weak muscles, and diseases (Li et al., 2012). 
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Figure 7. Lifestyle factors and dietary factors impact on sarcopenia 

(Rom et al., 2012). 
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2.2.2.2 Nutrition-related 

Anorexia of aging is a significant risk factor for the development 

of sarcopenia (Figure 8), due to low nutrient intake. In particular, 

insufficient protein intake is one of the main mechanisms of 

sarcopenia because protein intake major affects skeletal muscle 

metabolism (Buford et al., 2010). Inadequate protein intake, 

especially essential amino acids, is shown to downregulate muscle cell 

proliferation, myosin formation, and protein synthesis (Kim et al., 

2009). The proteins play an essential role in muscle metabolism, and 

leucine stimulates mTOR signaling pathways to induce translation of 

protein synthesis (Breen et al., 2011). In addition, leucine is 

prevented muscle degradation by minimizing the gene expression 

roles of the muscle-specific E3 ligase, muscle ring finger 1 (MuRF1), 

and muscle atrophy F-boxes (MAFbx / atherosine-1) of the 

ubiquitin-proteasome system (Baptista et al., 2010). As age, the 

ability to synthesize vitamin D decrease, and kidneys also reduce the 

conversion of vitamin D active form (Hamilton, 2010). On the other 

hand, vitamin D plays an important role in skeletal muscle, because it 

maintains the function of type II fibers, causing muscle strength and 

preventing the risk of injury Manuel (Montero-Odasso et al., 2005). 

According to Ceglia (2009), vitamin D receptor knockout mice have 

slower growth, muscle damage, and smaller diameters of muscle 

fibers than wild type mice.  
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Figure 8. Risk factors for anorexia of sarcopenia (Landi et al., 2016) 
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2.2.2.3. Hormonal change and disease-related  

Hormones in the body decrease with age, and hormonal decline in 

testosterone and estrogen is a well-established factor in sarcopenia 

(Deschenes, 2012; Morley et al 2001). Dehydroepiandrosterone, 

growth hormone (GH), and insulin-like growth factor-I (IGF-1) and 

others are also involved (Proctor et al., 1998; Morley et al 2001). 

Satellite cells are targets of estradiol and testosterone, which are 

affected by age, limiting their ability to muscle recovery and growth 

with a decrease in total number (La Colla et al., 2015). As an aging, 

GH and IGF-1 decreased, resulting in reduced muscle satellite 

cartilage production and stimulation of mTOR, which reduce muscle 

protein synthesis (Figure 9) (Burton et al., 2010). 
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Figure 9. Hormonal and metabolic changes affect sarcopenia (Vitale 

et al., 2016). 
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Insulin induces glucose into muscle tissue and mediates its 

breakdown in adipose tissue. Therefore, skeletal muscle plays an 

important role in glucose metabolism because it mediates insulin-

stimulated glucose intake. In type 2 diabetes (T2D), insulin resistance 

disrupts the balance between protein synthesis and degradation in 

skeletal muscle, leading to sarcopenia (Figure 10) (Sugimoto et al., 

2016). 

 

 

Figure 10. Insulin resistance affect sarcopenia (A) normal muscle 

(B)muscle of aged adult with obesity (Cleasby et al., 2016). 
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Skeletal muscle is tissues that produce and respond to cytokines, 

so inflammation regulates the synthesis and breakdown of muscle 

proteins (Figure 11). TNF-α induces insulin resistance and IL-6 and 

prevents the differentiation of muscle tissue, leading to muscle 

reduction. IL-6 causes NF-κB activation, which leads to proteolysis 

in muscle. Also, chronic exposure to IL-6 causes inflammation, which 

damages GLUT4 translocation in skeletal muscle (Briaud I et al., 2003; 

Sugimoto et al., 2016). 

 

Figure 11. Inflammation and insulin resistance affect sarcopenia 

(Sugimoto et al., 2016). 
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2.3. Amino acids (AAs) 

The most straightforward approach to sarcopenia treatment and 

improvement was a nutritional approach, among which Amino acids 

(AAs) were known to play important physiological and metabolic roles 

in organisms. These contained carboxylic acids and amines, which 

were the building blocks of protein (Wu, 2009). 

 

2.3.1. Branched chain amino acids (BCAAs) 

Leucine, isoleucine, and valine were classified as branched-chain 

amino acids (BCAAs). Unlike other amino acids catalyzed by the liver, 

BCAAs were mainly metabolized in skeletal muscle. BCAAs are 

catalyzed by branched chain amino acid amino transferase (BCAT) in 

skeletal muscle and converted to branched chain keto acids (BCKAs). 

Most of BCKAs are released into the blood and converted into 

branched chain acyl-CoA esters (acetyl-CoA and succinate-CoA) 

by branched chain α-keto acid dehydrogenase (BCKD) on the inner 

mitochondrial membrane. Finally, it participates in the metabolism of 

the tricarboxylic acid (TCA) cycle (Figure 12) (Nie et al., 2018; 

Holeček, 2018). 

 

 

 



 

 

24 

 

 

 

Figure 12. Main pathway of BCAAs catabolism (Holeček, 2018). 

ALA, alanine; GLU, glutamate; GLN, glutamine; HMB, β-hydroxy-

β-methylbutyrate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; 

KIC, α-ketoisocaproate (ketoleucine); KIV, α-ketoisovalerate 

(ketovaline); KMV, α-keto-β-methylvalerate (ketoisoleucine); α-

KG, α-ketoglutarate. ①, branched chain amino acid 

aminotransferase (BCAT); ②, branched chain α-keto acid 

dehydrogenase (BCKD); ③, KIC dioxygenase  
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Their primary function is to regulate the synthesis and 

degradation of proteins in skeletal muscles and affected the 

synthesis of specific neurotransmitters. It also has metabolic and 

physiological roles such as insulin resistance, gene expression, 

hepatocyte apoptosis and regeneration, and inhibit cancer cell 

proliferation (Figure 13) (Monirujjaman et al., 2014). 

 

 

Figure 13. Supposed effects of BCAA (Holeček, 2018). 

ALA, alanine; BCAA, branched chain amino acids; GLN, glutamine; 

↑, increase; ↓, decrease; mTOR, mammalian target of rapamycin 
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2.3.2. Leucine 

BCAAs, especially leucine, regulate the translation of protein 

synthesis through mTOR activation (M. Du et al., 2014). It also 

improves myocyte growth and proliferation (Figure 14) (Liu et al., 

2014).  

 

 

Figure 14. Leucine increases protein synthesis by activation of the  

mTOR signaling pathway (Zhang et al., 2017). 
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Leucine has also been demonstrated in vivo and in vitro for 

protein synthesis ability and prevention of skeletal muscle wasting 

(Rom et al., 2012). According to Anthony et al. (2000), when saline 

and BCAAs were administered to starved rats, only leucine-treated 

showed significant protein synthesis in skeletal muscle compared to 

control. It also enhanced the phosphorylation and activation of both 

4E-BP1 and p70S6K. Katsanos et al. (2006), showed can reverse a 

diminished muscle protein synthesis when elderly subjects were 

given an Essential amino acid (EAA) mixture that increased the rate 

of leucine. By leucine supplementation in immobilized mice, E3 

ligase, muscle ring finger 1 (MuRF1), and muscle atrophy F-box 

(MAFbx / atrogin-1) gene expression of the ubiquitin-proteasome 

system, which plays a role in muscle fiber proteolysis, was 

minimized. This reduced muscle wasting (Baptista et al., 2010). 

Also, According to Herningtyas EH et al. (2008), leucine treatment 

of C2C12 muscle cells resulted in a decrease in MAFbx / atrogin-1 

and MuRF1 mRNA levels. 

There are metabolites formed from the degradation of leucine, β-

hydroxy β-methyl butyrate (HMB) and α-Hydroxy isocaproic acid 

(HICA). These metabolites of leucine are known to have beneficial 

effects on muscle synthesis and function (Arazi et al., 2018; Mero et 

al., 2013). 
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Figure 15. Leucine catabolism network in LAB (Liu et al., 2014). 

BcAT, branched chain aminotransferase; HycDH (HicDH), 

hydroxyacid dehydrogenase; KdcA, alpha-ketoacid decarboxylase; 

KaDH, alpha ketoacid dehydrogenase complex. 
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Table 2. A summary of beneficial effect of HMB on skeletal muscle (Modified from Arazi et al., 2018).  

  

Effect Mechanisms of action Reference 

Increasing protein 

synthesis 

Stimulation of mTOR pathway, inhibition of MuRF-1 

expression 

Stimulation of the GH/IGF-1 

Kimura et al., 2014 

Gerlinger-Romero et al., 2011 

Decreasing proteolysis 

(protein breakdown) 

Down-regulation of catabolic signaling pathways 

Inhibiting proteasome expression, ubiquitin-

proteasome and autophagy-lysosome systems 

Smith et al., 2005 

Kovarik et al., 2010 

Holeček, 2017 

Enhancing tissue repair Increasing proliferation of satellite cells Kornasio et al., 2009 

Improving excitation 

contraction  

coupling in muscle cells 

Increasing calcium release from the sarcoplasmic 

reticulum  
Vallejo et al., 2016 

Delaying acute muscle 

fatigue 
Increasing the content of mitochondrial acetyl-CoA 

Van Koevering et al., 1992 

Nissen, S.L et al., 1997 

Increasing ATP and 

glycogen content in skeletal 

muscle 

Accelerating the TCA cycle  Pinheiro et al., 2012 
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2.3.3. α-Hydroxy isocaproic acid (HICA) 

   As mentioned earlier, HICA is a metabolite of leucine. HICA is 

also a protein fermentation product when bacteria such as 

Lactobacillus ferment fermented foods. Previous reports indicate 

that HICA is characterized by antifungal and antibiotic activity 

against Enterococcus faecalis, Candida Staphylococcus and 

Aspergillus (Axel et al., 2016; Sakko et al., 2012, 2014, 2017). 

According to Lang et al. (2013) when HICA was administered to 

rats that caused muscle atrophy for 14 days, they did not slow 

muscle loss due to muscle atrophy, but increased the rate of protein 

synthesis, which led to partial recovery. And it confirmed the 

activation of S6K1 and 4E-BP1 downstream of the mTOR pathway, 

and induction of protein synthesis is considered to be mTOR 

activation (Lang et al., 2013). Delayed-Onset Muscle Soreness 

(DOMS) is a muscle pain that occurs after strenuous exercise and 

has been reported to involve cell damage and inflammatory cells in 

the muscle (Barlas et al., 2000; Lieber et al., 2002). Meto et al., 

2010 reported that soccer players in the HICA group reduced 

muscle swelling and DOMS symptoms compared to placebo. 

 As can be seen in the Figure 15, KICA produced from leucine is 

converted to HICA by hydroxyacid dehydrogenase expressed as the 

HicDH gene (Sakko et al., 2012; Park et al., 2017). 

 Organisms with the HicDH gene searched from the NCBI GenBank 
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database were shown in Table 3. Most of them were microorganisms 

included in Lactic acid bacteria (LAB). Park et al. (2017), confirmed 

the HicDH gene in 6 species isolated from kimchi and confirmed 

HICA production. Among the species L. lactis, L. plantarum, L. 

brevis, L. mesenteroides, L. sakei, and P. pentosaceus, HICA 

production was the highest in L. plantarum (526 μg/ml). 
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Table 3. List of organisms with HicDH gene. 

 Gene Organism Gene name 

P
ro

k
a
ry

o
te
 

L-2-hydroxyisocaproate 

dehydrogenase 

(HicDH) 

Lactobacillus fermentum IFO 3956 LAF_RS08165 

Gallibacterium anatis UMN179 
UMN179_RS0518

5 

Oenococcus oeni PSU-1 OEOE_RS02630 

Lactococcus garvieae ATCC 49156 LCGT_RS02105 

Leuconostoc citreum KM20 LCK_RS08570 

Lactobacillus rhamnosus ATCC 53103 LGG_RS12380 

Leuconostoc mesenteroides subsp. mesenteroides 
ATCC 8293 

LEUM_RS00385 

Streptococcus sobrinus DSM 20742 = ATCC 33478 BS63_RS0101135 

Lactobacillus plantarum WCFS1 
hicD1, hicD2, 

hicD3 

Streptococcus agalactiae 2603V/R SAG0128 

Lactobacillus paracasei subsp. paracasei JCM 8130 LBPC_RS13220 

E
u
k
a
ry

o
te
 L-2-

hydroxyisocaproate dehydrogenase 

-like 

Drosophila kikkawai LOC108081713 

Drosophila bipectinata LOC108123385 

putative glycosomal malate 

dehydrogenase 
Trypanosoma grayi DQ04_06331010 

putative malate dehydrogenase Trypanosoma grayi DQ04_04701020 
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2.4. Probiotics  

  2.4.1. Probiotics 

In 2001, The Food and Agriculture Organization of the United 

Nations and the WHO (FAO / WHO) have defined probiotics as  

 “Living microorganisms that give a host of health benefits when 

administered in an appropriate amount” (Hill et al., 2014). In the 

gastrointestinal tract (GIT), there are many types of microorganism, 

such as Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria 

(Sender et al., 2016). The number and composition of these depend 

on the part of the GIT. Gram-positive Firmicutes, Gram-negative 

Bacteroidetes are the predominant phyla that account for more than 

90% of all intestinal bacteria. (Frank et al., 2007; Eckburg et al., 

2007; Arumugam et al., 2011; Ley et al., 2006). The colonization of 

intestinal bacteria affects the intestine by various signaling 

pathways, influencing interactions with the host (Kostic et al., 

2014). Intestinal bacteria break down indigestible carbohydrates to 

regulate short chain fatty acids (SCFAs), vitamin, amino acid 

synthesis and fat metabolism (Sansonetti et al., 2009; Hamer et al., 

2009; Sonnenburg et al., 2016). It also inhibits pathogenic bacteria, 

creates antimicrobial substances, protects the intestinal epithelium 

and regulates the immune system (Pull et al., 2005; Stappenbeck et 

al., 2002; Frick et al., 2013). 
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2.4.1. Gut and muscle 

The relationship with the intestinal microflora is important, and 

the relationship with skeletal muscle has been reported. As aging 

interferes with intestinal microorganisms and intestinal homeostasis, 

skeletal muscle properties change. The intestine can also reduce 

intimate junction integrity and increase intestinal permeability, 

allowing microbial products, LPS, phosphorus sulfate, and butyrate 

to pass into the blood. Circulation of blood causes inflammation and 

muscle atrophy. These changes reduce the functional capacity of 

skeletal muscle and reduce the quality of life (Figure 16 and 17) 

(Thevaranjan et al., 2017; Rampelli et al., 2013; van Tongeren et al., 

2005; Claesson et al., 2012; Jeffery et al., 2016). 
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Figure 16. A Gut-muscle axis, which affects several factors of 

skeletal muscle with age (Grosicki et al., 2018). 
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Figure 17. Relationship between gut dysbiosis and sarcopenia 

(Ticinesi et al., 2019). 
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According to Gregory et al. (2017), the effects of gut microbiota 

and skeletal muscle size, composition and function are reported. 

Specifically, Lactobacillus and Bifidobacterium can lower 

inflammatory and muscle atrophy markers, increase SCFA and 

muscle function. The gut-muscle axis controls muscle size, 

composition and function (Bindels et al., 2012; Chen et al., 2016; 

Walsh et al., 2015; Eloe-Fadrosh et al., 2015; Vulevic et al., 2008). 

In addition, various clinical studies have shown that changes in the 

gut microbiome caused by probiotics have been shown to improve 

athletic performance through beneficial effects (Table 4). 
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Table 4. Clinical study on probiotics and athletes (Ralf Jäger, 2015). 
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3. Materials and methods 

 

3.1. Screening of putative probiotics HicDH gene for 

HICA production  

3.1.1. Isolation of lactic acid bacteria form fermented food 

The traditional foods such as kimchi and jeotgal 1g were serially 

diluted 10-fold with sterile physiological saline (0.85% w/v, NaCl). 

0.1 ml of the diluted sample were spread onto the de Man, Rogosa and 

Sharp (MRS) (Difco, USA) agar to selectively isolate lactobacilli, M17 

(Difco, USA) with 10% lactose (Difco, USA) agar to lactococci. 

Incubate each plate at 37℃ and 30℃ under aerobic conditions for 24h. 

After incubation, colonies with morphological differences (based on 

color, shape, size and surface) are selected and incubated under the 

same conditions. The isolates of the broth were streaked to identify 

single colonies and purified in the same culture agar and incubated 

under the same conditions. The catalase activity (3% hydrogen 

peroxide (H2O2)) and gram staining (Becton, Dickinson and Company, 

USA) of all the isolates were assessed for screening LAB. Only 

catalase-negative and Gram-positive isolates were selected 

preserved in 20% (w/v) glycerol stock for stored at -80℃. 
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3.1.2. Screening of Lactobacillus plantarum with HicDH gene 

by Multiplex polymerase chain reaction (PCR) 

 Multiplex PCR was carried out using a 2x PCR Master Mix Solution 

(i-MAXTMⅡ) kit (iNtRON BIOTECHNOLOGY, Korea) according to 

the instructions of manufacturer protocol. Oligonucleotide sequences 

for LPSG (Lactobacillus plantarum selective gene) and HicDH were 

used to screening isolates (Table 5) (Figure 18). After multiplex PCR, 

1.5% agarose gel electrophoresis was performed with the product and 

the nucleic acid staining solution kit (DYNE BIO, Korea) according to 

the manufacturer's protocol, and the band was confirmed by imaging 

with ChemiDocTM XRS + (Bio-Rad, USA). 
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Table 5. List of primers used in this study. 

Target gene primer name Sequence (5'-3') 
Length 

(mer) 

Tm 

(℃) 
%GC 

Product 

size 
Reference 

HicDH 

HicDH-F GCGTGAATGTTGCCGCTAGTAA 22 60.9 50.0 

477bp In this study 

HicDH-R GGCGGTTCATTCTGGTAAGGG 21 60.0 57.1 

a

LPSG 

LPSG-F ATTCATAGTCTAGTTGGAGGT 21 52.1 38.1 

248bp 
Yu-Li Song,  

et al., 2000 LPGS-R CCTGAACTGAGAGAATTTGA 20 51.6 40.0 

aLPSG: Lactobacillus plantarum selective gene 

 

Figure 18. Multiplex PCR conditions for amplification of genes.
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3.1.3. 16S rRNA sequencing 

   Selected strains are identified by 16S rRNA gene sequence 

analysis using universal primers, 27F (5'-AGA GTT TGA TCM TGG 

CTC AG-3') and 1492R (5'-TAC GGY TAC CTT GTT ACG ACT T-

3'). The PCR was carried out using 2x PCR Master Mix Solution (i-

MAXTMⅡ) kit (iNtRON BIOTECHNOLOGY, Korea) according to the 

instructions of manufacturer protocol and PCR reaction was conducted 

using thermal cycler with the initial denaturation for 3 min at 95°C, 

there were 20 cycles consisting of denaturation at 95°C for 30 sec, 

annealing at 55°C for 30 sec and extension at 72°C for 1 min and final 

elongation of 5 min at 72°C. Amplified PCR products were sent to 

sequencing at Macrogen Corporation (Korea) and the analyzed 

sequences were identified by comparison with the NCBI (National 

Center for Biotechnology Information) using BLAST (Blast Local 

Alignment Search Tool) (http://www.ncbi.nlm.nih.gov). 
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43 

 

3.1.4. Measurement of HICA production of LAB derived from 

fermented foods by LC-QTof-MS/MS 

Preparation of samples and standard solutions Bacteria samples 

inoculated with 1% v/v MRS broth were incubated at 37°C for 24h, 

48h and were centrifuged at 4,000rpm, 4°C for 10min to filter the 

supernatant through a 0.22-µm filter and 5ml syringe. The filtered 

supernatant was diluted 50-fold with HPLC grade water (Fisher 

Chemical, USA) and placed in LC vial (Agilent, USA) in 1ml using 

0.22-µm filter and 1ml syringe. HICA was diluted to 10 ppb ,50 ppb, 

100 ppb, 500 ppb, 1000 ppb, 2000 ppb concentrations to prepare a 

standard solution. 

LC-QTof-MS/MS conditions, HICA identification and 

quantification A US / XevoG2 QTOF and US / Xevo TQ MS, Tandem 

quadrupole mass (Waters, USA) were used to quantify the HICA 

content of the samples. The conditions of MS/MS, reversed-phase 

columns, and solvents follow Table 6. 
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Table 6. Conditions for LC-QTOF-MS/MS analysis of HICA. 

Column Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7μm 

particle size; Waters) 
Temperature of the 

column 60°C 

Solvent 
Time 

Solvent A: 

0.1% Formic Acid 

(FA) in DW 

Solvent B: 

0.1% Formic Acid 

(FA) in MeOH 

Initial 99.0 1.0 

2.00 99.0 1.0 

4.00 96.2 3.8 

8.00 88.0 12.0 

10.00 88.0 12.0 

12.00 95.0 5.0 

14.00 99.0 1.0 

Flow rate 0.3 ml/min 

Mode Electrospray-negative mode (ES-) 

Detector 

(MS/MS) 

Alpha-

Hydroxy 

isocaproic acid 

131.12m/z 

Collision 

energy spread 
5 

Capillary 

Voltages (kV) 
2.29 

Cone Voltages 

(V) 
20 

Desolvation 

Temperatures 

(°C) 

550 

Desolvation 

Gas Flow 

(L/Hr) 

700 
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3.1.5. Resistance to acid and bile salts 

  Acid tolerance All strains were inoculated into MRS broth twice 

overnight at 37℃ to activate prior to the experiment. All strains were 

inoculated (1% v/v) in MRS broth previously adjusted to pH at 3 with 

1N HCl and incubated at 37℃. To examine the survival rate, samples 

were drop-plated in MRS agar after 10-fold serial dilution 

immediately after inoculation. Samples inoculated for 2h at pH3 MRS 

were drop plated on MRS agar after 10-fold serial dilution. Then an 

overnight incubation at 37℃. The colonies grown on each MRS agar 

plate were counted and compared to the number of colonies at the 

initial and after 2 hours.  

Bile tolerance To estimate bile tolerance, All strains were 

inoculated (1% v/v) in MRS broth supplemented with 0.3% bovine bile 

(Oxgall, Difco) or without bile as a control group and incubated at 37℃ 

for 12h. After 12 hours of incubation, each sample was 10-fold serial 

dilution and drop plated on MRS agar and incubated at 37°C, overnight. 

Counted colonies grown under each MRS condition and compare 

control and treated.  
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3.1.6. Safety assessment 

Hemolytic activity The overnight cultured strains were streaked 

on sheep blood agar plates supplemented with 7% v/v sheep blood. 

Plates were incubated at 37°C for 48h in aerobic condition (Yadav et 

al., 2016). Hemolytic activity was distinguished by β-hemolysis, α-

hemolysis or γ-hemolysis through zones around the colony. 

Biogenic amine production assay The medium was prepared, 

based on Bover-Cid et al. (1999) (Table 7). The overnight cultured 

strains were streaked on decarboxylase medium plates, followed by 

incubation at 37°C for 4 days. After incubation, the area around the 

colonies of the plate is evaluated to change from purple to yellow with 

decarboxylase activity. 

Antibiotic susceptibility The minimum inhibitory concentration 

(MIC) test was performed to determine the antibiotic susceptibility of 

LAB. Microbiological cut-off values (mg/L) were measured based on 

the European Food Safety Authority guidelines (EFSA, 2012). The 

antibiotics used in this study were ampicillin, vancomycin, gentamycin, 

kanamycin, streptomycin, erythromycin, clindamycin, tetracycline, 

and chloramphenicol. Overnight cultured strains were streaked whole 

LSM agar which is composed of 90 % Isosenitext broth (Oxoid, USA), 

10 % MRS broth (Difco, USA), and 1.5 % Bacto agar (Difco, USA). 

After streaking, each antibiotic strip was placed on the plates and 

incubated at 37°C for 24h. MIC was calculated as a clear zone. 



 

 

47 

 

Table 7. Composition (%) of decarboxylase medium. 

Component Modified medium (%) 

Trpytone 0.5 

Yeast extract 0.5 

Meat extract 0.5 

Sodium chloride 0.25 

Glucose 0.05 

Tween 80 0.1 

MgSO4 0.02 

MnSO4 0.005 

FeSO4 0.004 

Ammonium citrate 0.2 

Thiamine 0.001 

K2PO4 0.2 

CaCO3 0.01 

Pyridoxal-5-phosphate 0.005 

Histidine monohydrochloride 0.25 

Tyrosine free base 0.25 

Ornithine monohydrochloride 0.25 

Lysine monohydrochloride 0.25 

Bromocresol purple 0.006 

Agar 2 

pH 5.3 
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3.1.7. Carbohydrate fermentative pattern and enzymatic 

profiling 

API 50 CHL and API zym kit (Bio-Merieux, France) were used to 

profiles carbohydrate fermentative patterns and enzymatic characters 

of strains, respectively. The overnight cultured probiotic strains were 

centrifuged at 12,000rpm, 4°C for 5min to harvested, and washed 

twice with sterile PBS. Each of the strains adjusted to an optical 

density (OD) 1.0 at 600nm. Each test was performed according to the 

manufacturer's instructions. 
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3.2. Comparison of the L.plantarum D2-1 and WCFS1 

3.2.1 Characteristics of D2-1 and WCFS1 

Biolog GEN III MicroPlate identification system The Biolog GEN 

III MicroPlate (Biolog, Inc. USA) analyzes microorganisms in 71 

carbon source utilization assays and 23 chemical sensitivity assays in 

94 phenotype tests. The overnight cultured strains were washed with 

0.85% NaCl and adjusted to OD 0.1 at 600 nm, and pellets were 

harvested by centrifugation at 12,000 rpm, 4°C for 5 minutes. The 

pellet was suspended in the inoculating fluid (IF), adjust the OD 0.01, 

was dispensed 100 µL to each well of GEN III MicroPlate and negative 

control A-1 well, positive control A-10 well were each dispensed, 

then incubated at 37°C for 48 hours. Carbon utilization and chemical 

sensitivity were indicated by the reduction of tetrazolium, a 

colorimetrically redox indicator dye. Color development was identified 

with spectrophotometer (spectrostar nano, BMG Labtech, Germany) 

wavelength 590nm. 
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3.2.2 Optimal condition profiles of HICA production  

Temperature and time Bacteria inoculated with 1% v/v of MRS broth 

were incubated at temperatures of 10, 25, 30, 37, 40 and 45°C. At 

this time, the samples were sampled every 0, 12, 24, 36, 48 h, and 

centrifuged at 4,000rpm, 4°C for 10min to filter the supernatant 

through a 0.22-µm filter and 5ml syringe.  

pH When preparing the MRS broth the pH was adjusted to 6.6, 7.0, 

7.5, 8.0. The supernatant was sampled by centrifugation and filtering 

after incubation for 48 h at 37°C by inoculating 1% v / v bacteria in 

pH adjusted MRS broth. 

Leucine content Based on the ingredient list of the MRS broth, the 

content of leucine was added 1, 2, 5, 10 times to prepare a culture 

media. The supernatant was sampled by centrifugation and filtering 

after incubation for 48 h at 37°C by inoculating 1% v/v bacteria in 

leucine adjusted MRS broth. 

Osmotic stress Osmotic stress conditions were performed by 

adding 0, 0.1, 0.5, 1, 2, 5% of NaCl to v/v of the culture media. The 

supernatant was sampled by centrifugation and filtering after 

incubation for 48 h at 37°C by inoculating 1% v/v bacteria in NaCl 

adjusted MRS broth.
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3.2.3 Influences on the gut microbiota 

Animal experiment The animal experiment was approved by and 

performed according to the guidelines of the Institutional Animal Care 

and Use Committee of Seoul national university (Approval No. SNU-

190411-8). Five weeks old female C57BL/6 mice were purchased 

from DBL Co (Seoul, Korea), and were housed in the specific 

pathogen free (SPF) facility (DARC, Pyeongchang, Korea). The mice 

were maintained under the SPF environment and standard conditions 

12 h light-dark cycle at constant temperature and humidity (22-24℃ 

and 50-60%). Water and chow diet were freely provided. After 

seven days acclimation period, mice were randomly distributed in 

three groups (7 mice each). (1) Group 1 (Control) fed with a 

standard-diet, (2) Group 2 (D2-1) fed with a standard diet and a 

probiotics L. plantarum D2-1 with a total 1.0 x 10 9 CFU in 20 µL 

PBS/mouse/day, (3) Group 3 (WCFS1) fed on a standard diet and a 

probiotics L. plantarum WCFS1 with a total 1.0 x 10 9 CFU in 20 µL 

PBS/mouse/day. After four weeks, the mice were asphyxiated in CO2, 

and cecum and feces were collected at the same time. 

DNA extraction from cecum and fecal sample Each mouse was 

placed in a plastic box before sacrifice and fresh fecal were collected 

after natural excretion. The cecum was sampled through dissection 

after sacrifice. Both were placed in DNA shield buffer (DNA/RNA 

ShieldTM, Zymo Research Corp, USA) immediately after collection. 

Samples and buffers were mixed, and genomic DNA was extracted 
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from the mixture 300 µL using the QIAamp PowerFecal DNA Kit 

(Qiagen, Netherland). Usage followed the manufacturer's protocol.  

16S amplicon library preparation PCR was used to amplify the 

template in the DNA sample using 16S V3 and V4 region specific 

primers with overhang adapters. Amplification was carried out using a 

2x KAPA HiFi HotStart ReadyMix (Roche, Switzerland) and the PCR 

conditions were as follows 94 °C for 3 min; followed by 25 cycles at 

95 °C (30 s), 55 °C (30 s), and 72 °C (30 s); and a final extension 

step at 72 °C for 3 min. Amplicons were purified from free primers 

and PCR materials using AMPure XP beads (Beckman Coulter, USA). 

Then, the amplicons were then attached with the Illumina sequencing 

adapters to construct DNA libraries using the Nextera XT index kit 

(Illumina, USA). and the PCR conditions were as follows 95 °C for 3 

min; followed by 8 cycles at 95 °C (30 s), 55 °C (30 s), and 72 °C (30 

s); and a final extension step at 72 °C for 5 min. The library was 

cleaned up using AMPure XP beads before quantification. Finally, the 

libraries were normalized and pooled, and sequenced by the Illumina 

Miseq system (ChunLab, Inc., Seoul, Korea). 
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3.3. Validation of selected strains in in vivo mouse 

model 

3.3.1. Experimental design  

Animal experiments were approved by the Animal Care Use 

Committee of Seoul National University ethical requirements 

(Approval number: SNU-190411-8). Five weeks old female 

C57BL/6 mice were obtained from DBL Co (Seoul, Korea), and were 

housed in the specific pathogen free (SPF) facility (DARC, 

Pyeongchang, Korea). Mice were maintained 12 h light-dark cycle at 

constant temperature and humidity (22 ± 1 ℃ and 55 ± 5 %) and 

received complete diet and water ad libitum for experiments. The 

mouse was acclimatized for seven days, randomly distributed in three 

groups (n=9, for each group). (1) Group 1 (Control) fed with a 

complete diet, (2) Group 2 (D2-1) fed with a complete diet and a LAB 

L. plantarum D2-1, (3) Group 3 (WCFS1) fed on a complete diet and 

a LAB L. plantarum WCFS1. Each LAB treatment group received 109 

CFU / 20 µL containing sterile PBS daily, and the control group 

received the same amount of sterile PBS. Four weeks later, after 30 

minutes of exercise through a Rota-rod at 20 rpm, the mice were 

asphyxiated at CO2, and the blood samples and hind limb muscle were 

dissected. 
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3.3.2. Preparation of probiotic 

Test strain L. plantarum D2-1 and control strain L. plantarum 

WCFS1 were centrifuged at 14,000 rpm, 10 min for harvested after 

incubation at 37°C at 18 h in MBS broth. After two washes with PBS, 

each LAB was prepared at 1.0 x 10 9 CFU in 20 µL PBS / mouse / 

day. 

 

3.3.3. Performance test 

Rota rod test The Rotarod test (Rota Rod, B.S Technolab INC., 

Korea) was used to analyze the motor performance of probiotic and 

control group mice. Each group gradually increased from 10 to 50 

RPM for three minutes and maintained the highest RPM system for 2 

minutes for preliminary experiments. The final score was then 

measured with a steady speed of 20 rpm for 15 minutes and an 

acceleration mode for five minutes. The operation stopped 

automatically when the mouse dropped on all lines.  

Grip strength test Grip strength meter was made by understanding 

and imitating the characteristics of the product. Place the mouse on 

the grasp grid attached to the device's spring dynamometer and 

position all four feet to hold the grasp grid. Then grab the mouse's 

tail and grab it with the same force to measure the pulling force just 

before the mouse's four feet fall. The unit of force measured is the 

gram. 
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(a) Rota rod 

 

 

(a)  Modified grip strength meter 

 

Figure 19. Exercise equipment used in the experiment (a) rota rod 

(b) modified grip strength meter. 
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3.3.4. Sampling of fecal, blood and hind limb muscle 

Fecal samples from each group were collected weekly (Days 0, 7, 

14, 21, 28), placed in a plastic bucket for a titration time and natural 

defecation were taken. As soon as all animals were euthanized by CO2 

asphyxiation, weight was measured, blood samples were collected 

from the heart for biochemical analysis and stored in BD Microtainer 

(Becton, Dickinson and Company, USA). Then, the hind limb muscles 

were dissected and weighed to confirmed by the ratio of hind limb 

muscle mass to the total body weight of mice. 

 

 

Figure 20. Micro-CT evaluation of the hind limb muscle mass 

(Laura Pasetto et al., 2018). 
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3.3.5. Biochemical analysis of serum 

The blood in the microtainer was centrifugation at 11,000 rpm for 

5 min to obtain serum immediately. The collected serum 100 µL was 

mixed with 200 µL DW and commissioned to DARC for biochemical 

analysis.  
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3.4. Validation of selected strains in C2C12 cell line 

3.4.1 Cell culture 

The C2C12 mouse muscle cell line purchased from the ATCC 

(American Type Culture Collection, USA). Before seeding C2C12, the 

plate surface was coated with 0.1% gelatin and discarded after 15 

minutes. The C2C12 cells were cultured at 37°C with 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, 

Gibco, USA) and penicillin 100 units/mL streptomycin 100 µg/mL to 

maintain cell proliferation. At 90-100% confluency, C2C12 myoblasts 

were switched into a differentiation medium (DM) containing DMEM 

and 2% heat inactivated horse serum (HS, Gibco) and penicillin 100 

units/mL, streptomycin 100 µg/mL. When the medium is changed to 

DM to confirm the differentiation capacity of C2C12 depends on the 

material, the treatment medium is included together. Treatment 

groups are (1) MRS (2) HICA MRS (3) D2-1 supernatant (4) WCFS1 

supernatant. This includes the same amount of MRS components and 

HICA content except for only MRS. 
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3.4.2 Quantification of mRNA expression using Real-time PCR 

(qRT-PCR) 

Total RNA was extracted from C2C12, mouse muscle cell line, 

using the RNeasy plus mini kit (Qiagen, USA) according to the 

manufacturers' instructions. For cDNA synthesis, the TAKARA 

PrimeScipt RT reagent Kit (TaKaRa Bio, Inc. Japan) was used 

following the manufacturers' instructions. Amplification was 

conducted using PCR (T100TM Thermal Cycler, Bio-Rad, USA) and 

the conditions were as follows: 37 °C for 15 min, 85°C for 5 sec and 

4°C hold. The relative expression of genes for muscle differentiation 

and mTOR pathway was detected by qRT-PCR (C1000 TouchTM 

Thermal Cycler, Bio-Rad, USA) which was carried out using iQ ™ 

SYBR® Green Supermix (Bio-Rad, USA) and primers (Table 8) 

Results were analyzed using CFX Manager v3.1 (Bio-Rad, USA) and 

normalized to β-actin expression, then calculated for differences in 

mRNA expression. 
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Table 8. Primer sets used for quantitative real-time PCR analysis of mRNA 

expression levels. 

Target Primer (5’-3’) Reference 

Pax7 
F: GACAAAGGGAACCGTCTGGATGA 

R: TGTACTGTGCTGCCTCCATCTTG 

Juquan Song et al., 
2015 

Myf5 
F: AGGAAAAGAAGCCCTGAAGC 

R: GCAAAAAGAACAGGCAGAGG 

Dong Hyuck Choi et al, 
2019 

MyoD 
F: GACAGGGAGGAGGGGTAGAG 

R: TGCTGTCTCAAAGGAGCAGA 

Dong Hyuck Choi et al, 
2019 

Myogenin 

(MyoG) 

F: CTGCCTAAAGTGGAGATCCTG 

R: TGGGAGTTGCATTCACTGG 

Dong Hyuck Choi et al, 
2019 

Mrf4(Myf6) 
F: AGATCGTCGGAAAGCAGC 

R: CCTGGAATGATCCGAAACAC 

Malay Haldar et al., 
2008 

MHC 
F: CAAGTCATCGGTGTTTGTGG 

R: TGTCGTACTTGGGCGGGTTC 
Jian Huang et al., 2017 

MCK 
F: CTTCATGTGGAACGAGCACCTG 

R: GCGTTGGAGATGTCGAACACG 

Jae-Hyun Yang et al., 
2010 

Akt 
F: GCCCTCAAGTACTCATTCCAG 

R: ACACAATCTCCGCACCATAG 

Dong Hyuck Choi et al, 
2019 

mTOR 
F: TTGGAGTGGCTGGGTGCTGA 

R: AAGGGCTGAACTTGCTGGAA 
Aylin Yaba et al., 2012 

4E-BP1 
F: CGGAAGATAAGCGGGCAG 

R: CAGTGTCTGCCTGGTATGAG 

Dong Hyuck Choi et al, 
2019 

P70S6K  
F: TGAGTCAAGCCTTGGTCGAG 

R: AAGAGTCGAGAGAGACGCCC 

Dong Hyuck Choi et al, 
2019 

β-actin  
F: GGTCATCACTATTGGCAACGAG 

R: GAGGTCTTTACGGATGTCAACG 
Xingcai Cai et al., 2016 

 



 

 

６１ 

 

 

4. Results 

  

4.1. Screening of putative probiotics HicDH gene for 

HICA production  

4.1.1. Isolation of lactic acid bacteria form fermented food 

In this study, 238 LAB strains, including the strains held by the 

existing laboratory, were isolated from 28 fermented foods (13 

geotgal and 15 kimchi), and 77 strains were identified as catalase-

negative bacteria and Gram-positive bacteria (Table 9 and 10). 
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Table 9. Type of sample and number of isolates obtained from the sample. 

No. Samples 
Number of 

isolates 
No. Samples 

Number of 

isolates 

1 Squid jeotgal 8 15 Red shrimp jeotgal - 

2 Octopus jeotgalⅠ 6 16 Anchovy jeotgal(4years) 1 

3 Gat kimchi 2 17 Onion kimchi 3 

4 Korean leek kimchiⅠ 1 18 Korean leek kimchi Ⅱ 1 

5 Baechu kimchi Ⅰ 1 19 Green onion kimchi Ⅰ 2 

6 Baechu kimchi Ⅱ 5 20 Sliced radish and cabbage Kimchi 5 

7 Baechu kimchi Ⅲ 5 21 Radish kimchi Ⅰ 1 

8 Anchovy jeotgal(2years) 7 22 Octopus jeotgal Ⅱ 1 

9 Anchovy jeotgal(6years) 3 23 Baechu kimchi Ⅳ 3 

10 Baby octopus jeotgal 2 24 Anchovy jeotgal Ⅱ 2 

11 Cutlassfish jeotgal - 25 Baechu kimchi Ⅴ 3 

12 White shrimp jeotgal 2 26 Green onion kimchi Ⅱ 2 

13 Anchovy jeotgal(1years) 4 27 Green onion kimchi Ⅲ 1 

14 Anchovy jeotgal Ⅰ 1 28 Radish kimchi Ⅱ 1 
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4.1.2. Screening of Lactobacillus plantarum with HicDH gene 

by Multiplex polymerase chain reaction (PCR) 

The PCR was performed to confirm that the 77 isolates were L. 

plantarum and the HicDH gene that catalyzes the conversion to HICA. 

Lactobacillus rhamnosus GG (LGG) is a commercial strain (Line 1) 

that is widely used as a reference and was used as a negative strain 

in this study. LGG was not expected to have Lactobacillus plantarum 

selective gene (LPSG) and HicDH gene. L. plantarum WCFS1 and 

3108 (Line 2 and 3) which has LPSG and HicDH gene, were used as 

positive strain. Seven isolates of the 77 LABs were screened with the 

LPSG and HicDH genes (Line 4-10) (Figure 21). All seven isolates 

were identified as L. plantarum by 16S rRNA sequencing and BLAST 

(Table 10).  

 

 

Figure 21. Gel electrophoresis for PCR product of L. plantarum strains.
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4.1.3. Measurement of HICA production of LAB derived from 

fermented foods by LC-QTof-MS/MS 

  The amount of HICA was measured in the supernatant of all strains. 

The HICA content of the culture medium, MRS broth, was very low, 

0.41±0.06 ㎍/ml. HICA content was measured, including WCFS1, 

299v, 3108, known as L. plantarum, and seven strains screened.  

Compared to MRS broth, all L. plantarum significantly higher HICA 

production. The amount of HICA produced by D2-1 was 81.87±0.39 

㎍/ml, which was higher than other strains. Strains D2-2 and 02-01, 

isolated from foods, were quantified the amount of HICA production 

as 64.88±0.43 ㎍/ml and 57.23±0.23 ㎍/ml, respectively. HICA 

production from the reference strain was not considered. (Figure 22). 

 

Figure 22. Comparison of HICA production MRS media and L. plantarum 

strains. All strains were inoculated in MRS broth as 1% (v/v).  

Values indicate mean ± SD of three replicates. 
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4.1.4 Characterization of LAB with probiotic properties 

 Based on LC data, three strains with high HICA production were 

compared to the resistance rate in the condition of acid and bile salt. 

Also conducted to Hemolytic activity and bio amine production. In the 

result of the survival rate of acid and bile salt, D2-1 was relatively 

resistant compared to other strains at 109.83±3.70% and 89.12±0.5%, 

respectively. Also, hemolytic activity and bioamine production by the 

strain were determined by observing changes around the colonies 

after striking. All the tested strains were negative hemolysis activity, 

did not exhibit bioamine production (Table 10). 

The antibiotic resistance properties of the tested strains ware 

determined by the minimum inhibitory concentration (MIC) of each 

type of antibiotics which were recommended by the microbiological 

breakpoint of the European Food Safety Authority (EFSA)in 2012. 

Strains D2-1 and D2-2 were satisfied with the antibiotic 

susceptibility criteria according to the criteria of EFSA, and strain 02-

01 confirmed resistance to most antibiotics (Table 11).
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Table 10. Identification and characterization of 3 selected isolates. 

 
a Bacterial cell survival rate (%) at pH 3 adjusted MRS broth.  

b Relative bile tolerance (%) in MRS broth supplemented with 0.3 % (w/v) oxgall. 

Values indicate mean ± SD of three replicates. 

 

 

 

 

 

 

 

Strain Shape Morphology 
Catalase Gram 

16s rRNA 
in vitro intestinal survival rate 

Hemolytic 

activity 
Bioamine 

production 
(+/-) (+/-) 

aAcid tolerance 

(%) 
bBile tolerance 

(%) 

D2-1 Round rod - + L. plantarum 109.83±3.70 89.12±0.5 - - 

D2-2 Round rod - + L. plantarum 105.61±0.44 89.02±1.07 - - 

02-01 Round rod - + L. plantarum 100.48±0.19 86.31±0.39 - - 
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Table 11. Minimum inhibitory concentrations (㎍/ml) of antibiotics to strains. 

Species Strains 
Antibiotics susceptibility 

AMP VAN GEN KAN STR ERY CLI TET CHL 

L. plantarum D2-1 0.5 aR 1 16 8 0.12 <0.016 4 2 

L. plantarum D2-2 0.5 R 2 64 12 0.5 0.32 32 6 

L. plantarum 02-01 R R R R R R 0.03 R R 

Suggested breakpoint in accordance to the European Food Safety Authority (EFSA) 

L. plantarum 
 

2 bn.r. 16 64 n.r. 1 2 32 8 

Susceptibility of Lactobacillus plantarum was determined according to European Food Safety Authority (EFSA 2012). 

AMP, VAN, GEN, KAN, STR, ERY, CLI, TET, CHL refer to ampicillin, vancomycin, gentamycin, kanamycin, streptomycin, 

erythromycin, clindamycin, tetracyclin, and chloramphenicol. 

aR: Resistance. 

bn.r: not required 
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4.1.5. Carbohydrate fermentative pattern and enzymatic 

profiling  

The biochemical properties of selected probiotic strains were 

analyzed by carbohydrate fermentation patterns and enzyme profiling 

analysis. These results showed similar patterns but showed that D2-

1 could use slightly more types of carbohydrates than other strains 

(Figure 23a). Although there was a slight difference in the enzymatic 

profile between the strains, it was confirmed that the enzyme had 

leucine in common, and that D2-1 and D2-2 had enzymes for valine 

(Figure 23b). 

 

  



 

 

69 

 

(a) Cabohydrate fermenative pattern 

 
  

(a) Enzymatic profiling                                    

 
 

Figure 23. Carbohydrate fermentative pattern and enzymatic profiling of selective strains. (a) carbohydrate 

fermentative pattern, (b) enzymatic profiling. The biochemical properties are indicated by color gradients: black 

represents positive activity, while white represents negative activity.
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4.2. Comparison of the L.plantarum D2-1 and WCFS1 

4.2.1 Comparison of characteristics of D2-1 and WCFS1 

    Resistance to acid and bile salts Comparing the survival rate for 

2 hours at pH 3 of the MRS medium, there was no significant 

difference in acid resistance between D2-1 and WCFS1. Each result 

was 101.78 ± 0.29 and 100.78 ± 0.70 (Figure 24a). Bile tolerance 

was significantly different between D2-1 and WCFS1 as a result of 

comparing the survival rate for 12 hours in MRS media with 0.3% 

oxgall. Compared with 79.21 ± 1.01 of WCFS1, 93.97 ± 0.23 of D2-

1 had higher acid resistance (Figure 24b). 

 

 

Figure 24. Resistance to acid and bile for D2-1 and WCFS1. (a) acid 

tolerance (b) bile tolerance. Values indicate mean ± SD of three replicates. 

Significant differences were determined by using Student’s t-test, ***P < 

0.001 compared with each group. 
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Biolog GEN III MicroPlate identification system 71 different 

carbohydrate metabolisms and 23 different enzymatic activity and 

stress were used in the experiment, and the results quantified by 

spectrophotometer were assumed to be positive when more than 2 -

fold compared to negative. Despite the same L. plantarum species, 

different qualities were identified. (Figure 25a and b).  

 

 

Figure 25. Phenotypic array system using GEN III MicroPlateTM system 

for differences in metabolism and response to chemicals. (a) Organic 

compound metabolism, (b) Stress responses.
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4.2.2 Comparison of optimal condition profiles of HICA 

production by LC-QTof- MS / MS  

The optimal condition of HICA production was profiled by 

temperature, incubation time, pH, leucine addition, and osmatic 

pressure. Under all conditions, samples were established with the 

HICA standard curve to quantify, which maintained an R2 value of 

0.999 (Figure 26). The temperature range was 10, 25, 30, 37, 40, 

45 ℃. Incubation times were sampled 0, 12, 24, 36, 48 hours after 1% 

(v / v) bacterial inoculation and quantified by LC-QTof-MS / MS.  In 

the WCFS1 and D2-1 strains, HICA production was highest when the 

temperature was 37 ℃ and the incubation time was 48 hours (Figure 

27 a and b).  
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Figure 26. Standard curve of HICA, a reference substance for quantification 

by LC-QTof- MS / MS. 

 

 

Figure 27. Quantification and optimal temperature and time condition profile 

of HICA produced by (a) D2-1 and (b) WCFS1.
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pH Under the pH 6.6-8.0 conditions, HICA production of D2-1 was 

not changed and higher than WCFS1 significantly (p < 0.001). WCFS1 

showed a negative correlation with pH increasing (Figure 28 and 

Table12). 

 

Figure 28. Quantification and optimal pH condition profile of HICA produced by D2-

1 and WCFS1. Values indicate mean ± SD of three replicates. Significant 

differences were determined by using two-way ANOVA, ***P < 0.001 compared 

with each group. 

 

Table 12. Linear regression according to HICA and pH produced by D2-1 and WCFS1. 

pH 
L. plantarum strains 

D2-1 WCFS1 

6.6 81.13 ± 0.99 75.68 ± 0.16 

7.0 81.22 ± 0.78 77.35 ± 0.40 

7.5 80.05 ± 1.13 71.70 ± 1.77 

8.0 81.77 ± 1.13 64.85 ± 0.22 

R square 0.0078 0.8059 

P value n.s. <0.001 

Values indicate mean ± SD of three replicates. Significant differences were 

determined by using two-way ANOVA compared with each group. 
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Leucine content HICA production of D2-1 and WCFS1 was 

increased by leucine addition. Except for the 5-fold addition of the 

leucine content, the HICA production of D2-1 was higher than WCFS1 

significantly (p < 0.001) (Figure 29 and Table 13). 

 

Figure 29. Quantification and optimal leucine content condition profile of HICA 

produced by D2-1 and WCFS1. Values indicate mean ± SD of three replicates. 

Significant differences were determined by using two-way ANOVA, ***P < 0.001 

compared with each group. 

 

Table 13. Linear regression according to HICA and leucine content produced by D2-

1 and WCFS1. 

Leucine     

content (fold) 

L. plantarum strains 

D2-1 WCFS1 

1 81.13 ± 0.99 75.68 ± 0.16 

2 93.78 ± 0.28 84.42 ± 1.54 

5 108.52 ± 1.25 109.27 ± 0.88 

10 140.02 ± 1.20 128.45 ± 0.79 

R square 0.9877 0.9589 

P value <0.001 <0.001 

Values indicate mean ± SD of three replicates. Values indicate mean ± SD of three 

replicates. Significant differences were determined by using two-way ANOVA 

compared with each group. 
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Osmotic stress In the osmotic stress condition, HICA production of 

D2-1 and WCFS1 decreased. However, D2-1 had higher HICA 

production than WCFS1 significantly (p < 0.001) in the same osmotic 

condition (Figure 30 and Table 14). 

 

Figure 30. Quantification and optimal osmotic condition profile of HICA produced by 

D2-1 and WCFS1. Values indicate mean ± SD of three replicates. Values indicate 

mean ± SD of three replicates. Significant differences were determined by using 

two-way ANOVA, ***P < 0.001 compared with each group. 

 

Table 14. Linear regression according to HICA and osmotic produced by D2-1 and 

WCFS1. 

NaCl (%) 
L. plantarum strains 

D2-1 WCFS1 

0 81.43 ± 0.62 72.45 ± 0.23 

0.1 81.32 ± 0.28 72.17 ± 0.13 

0.5 72.88 ± 0.68 65.22 ± 0.80 

1 69.62 ± 0.96 60.58 ± 0.30 

2 61.67 ± 0.51 51.45 ± 0.48 

5 34.92 ± 0.33 31.23 ± 0.25 

R square 0.9888 0.9796 

P value <0.001 <0.001 

Values indicate mean ± SD of three replicates. Values indicate mean ± SD of three 

replicates. Significant differences were determined by using two-way ANOVA 

compared with each group. 
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4.2.3 Influences on the gut microbiota 

  Alpha–diversity The diversity of OTUs by 16s amplicon 

sequencing data within each sample was suggested by six indices. 

Richness presents OTU counts in each sample. Species evenness 

refers to the similarity of the community in each environment, 

numerically. Shannon index proposes quantified entropy of the 

ecology. And Simpson measures the equal probability of two entities 

taken at random from the same dataset. The effective number of 

species means the number of common species to make an effective 

value of an index.  

In the case of the cecum analysis, L. plantarum strains 

administration did not affect alpha-diversity of each sample (Figure 

31). Meanwhile, in the feces sample analysis, WCFS1 treated samples 

showed increasing of alpha-diversity with significant changes in five 

indices. D2-1 showed significant diversity increasing only from 

Simpson and evenness indices (Figure 32). 
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Cecum       

                                 

           
 

Figure 31. Alpha-diversity of the cecum sample. Values indicate mean ± SD 

(n=6). Significant differences were determined by using one-way ANOVA 

compared with control group. 
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Feces 

 

Figure 32. Alpha-diversity of the fecal sample. Values indicate mean ± SD 

(n=6). Significant differences were determined by using one-way ANOVA 

compared with control group. 
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Beta – diversity Beta-diversity is the difference and heterogeneity 

of OTUs across samples. It is applying as a distance matrix of 

taxonomic profiles, the Bray-Curtis and the UniFrac distance are 

commonly used to calculate the distances between samples. Bray-

Curtis is only based on the taxonomic composition. Unweighted and 

weighted UniFrac have limitations to rare and dominant community 

members, respectively. In this study, therefore, generalized UniFrac 

was used for the analysis of the phylogenetic distance matrix. And 

the PERMANOVA test was performed to determine sample group 

separation. In order to visualize the distance matrices, the multi-

dimensional scaling (MDS) was used. The distance and clustering of 

individual samples were calculated by Ward’s clustering method and 

visualized it as a phylogram.  

In the case of the cecum, the PERMANOVA test showed that 

microbial communities of LAB treatment groups were separated 

significantly (p < 0.001) from the control group (Figure 33 and 34). 

Samples also showed clear clustering by each group. The feces 

samples also had a significant separation and clustering between 

control and LAB treated groups (p < 0.001) (Figure 35 and 36). 

Microbiota modulation effects of the L. plantarum D2-1 and WCFS1 

were observed (p < 0.001 for the pairwise comparison) in this mouse 

administration model, and the strains indicated different modulation 

for each other (p < 0.002 for the pairwise comparison). 
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 (a) 

 

 

(b) 

 

 

Figure 33. Beta-diversity of cecum sample. (a) multi-dimensional scaling 

(MDS) plot and (b) phylogram.  
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Figure 34. Pairwise comparison of the cecum sample. 
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(a) 

 

 

(b) 

 

 

Figure 35. Beta-diversity of feces sample. (a) multi-dimensional scaling 

(MDS) plot and (b) phylogram.  
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Figure 36. Pairwise comparison of the feces sample. 
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Taxonomic classification 

(a) Cecum 

 

(b) Feces 

 

 

Figure 37. Relative abundance of classification at the phylum level in (a) 

cecum (b) feces. 
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Cecum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Relative abundance of classification at the class, order, family and 

genus level in cecum. 

 



 

 

87 

 

Feces 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39. Relative abundance of classification at the class, order, family and 

genus level in feces.
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   Gut microbiota modulation Stacked relative abundance was 

proposed for all samples from the phylum to the genus level. The 

cecum samples showed a higher relative abundance of the phylum 

Firmicutes compared to the feces samples. In particular, a higher 

relative abundance of the phylum Actinobacteria was observed in the 

D2-1 treated feces samples than other groups. The indicator genus 

was calculated using the Dufrene and Legendre (1997) method. D2-

1 increased Clostridium cluster XlVa and Bifidobacterium, while 

WCFS1 increased Turicibacter, Clostridium (sensu stricto and cluster 

lV), Allobaculum, and Parabacteroides. The WCFS1 had more 

indicators than D2-1, it will be related to the alpha-diversity 

increasing by the WCFS1. The probiotic strain D2-1 and WCFS1 have 

different actions of gut microbiota modulation.
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Table 15. Indicator genus and their function in the gastrointestinal tract. 

 

Genus 
D2-1 WCFS1  

Beneficial effect Reference 
Cecum Feces Cecum Feces   

Clostridium cluster XlVa        Inflammatory↓ Jung Mogg Kim., 2011 

Bifidobacterium       Lactic acid ↑,  

acetic acid ↑ 

O'Callaghan A et al., 
2016 

Turicibacter        Butyric acid ↑ Nishitsuji K et al., 2017 

Clostridium (sensu 
stricto) 

       Inflammatory↓ Ling Z et al., 2014 

Allobaculum       SCFA ↑ Zhang X et al., 2015 

Clostridium cluster lV       Butyric acid ↑ Moens F et al., 2017 

Parabacteroides           Obesity↓ Wang K et al., 2019 
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Figure 40. Relative abundance of specific strains modulated in cecum 

microflora after LAB administration. Bars indicate mean and error bars 

indicate SD. Significant differences were determined by using Student’s t-

test, *P ≤ 0.05, compared with control group. 
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Figure 41. Relative abundance of specific strains modulated in feces 

microflora after LAB administration. Bars indicate mean and error bars 

indicate SD. Significant differences were determined by using Student’s t-

test, *P ≤ 0.05, compared with control group. 
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4.3. Validation of selected strains in in vivo model 

4.3.1. Performance test  

   Rota-rod test Each group of mice was conducted to more than 

two times of pre-tests. The experiment consisted of a steady speed 

of 20 rpm for 15 minutes and an accelerated (20-50 rpm) system for 

five minutes. The maximum and minimum values were excluded from 

the results. The experimental results showed that the D2-1 group at 

distance (m) was 525 ± 141.8, which was higher than the other 

groups. However, there was no significant difference in each group. 

Drop time (sec.) was also higher in the D2-1 group at 18.65 ± 7.2 

compared to the other groups. As a result, in the group treated with 

strain D2-1, it was confirmed that there is a tendency to exercise 

performance compared to other groups (Table 16).  

 

Table 16. Performance assessment by Rota-rod test of each group 

according to distance (m) and drop time (sec.). 

  Control D2-1 WCFS1 

Distance (m) 469.14 ± 245.2 525 ± 141.8n.s. 492.57 ± 85.4n.s. 

Drop time (sec.) 17 ± 11.2 18.65 ±7.2n.s. 16.60 ± 4.4n.s. 

Values indicate mean ± SD. 

n.s. means no significant difference. 
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Grip strength test The grip strength test result for the control group 

was 188.9 ± 18.3g, the D2-1 was 214.4 ± 29.7g, and the WCFS1 

was 211.11 ± 23.7g. The gripping power (g) was significantly 

higher in the LAB groups than in the control group. There was no 

significant difference between D2-1 and WCFS1, but D2-1 showed 

a high tendency. 

 

 

 

Figure 42. Effect of LAB on gripping power (g) (n=9). 

Values indicate mean ± SD. Significant differences were determined by using 

Student’s t-test, *P ≤ 0.05, compared with control group. 
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4.3.2. Measurement of hind limb muscle mass against weight 

The hind limb muscle mass compared to the weight of the mice per 

group was control 0.03 ± 0.002, D2-1 0.04 ± 0.002, WCFS1 0.04 

± 0.003. Compared with the control and LAB treatment groups, there 

was a slight increase in the D2-1 administration group, but no 

increase in WCFS1 and increasing trend. There was no significant 

difference in comparison between the two strain treatment groups, 

but D2-1 showed a high tendency. 

 

 

 

Figure 43. Effect of LAB on hind limb muscle against body weight (n=9). 

Values indicate mean ± SD. Significant differences were determined by using 

Student’s t-test, *P ≤ 0.05, compared with control group. 
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4.3.3. Analysis of biochemical serum 

This experiment compared the biochemical analysis of serum of 

control, D2-1, and WCFS1 after 30 min rotarod at a steady speed of 

20 rpm based on the biochemical test of three serum of control group 

before exercise. Serum glucose level was lower than control in the 

post-exercise group, especially in the LAB group. TG, which is 

indicative of blood lipid, was increased in the post-exercise group 

and the LAB-treated group was lower than post-exercise control. It 

was natural that the CK level was increased to satisfy the insufficient 

ATP after exercise, and the D2-1 group was relatively low after 

exercise. The injury index LDH showed a tendency to increase in the 

post-exercise group, and when the LAB was treated in the post-

exercise group, the value decreased, and WCFS1 was lower than the 

pre-exercise level. 

Serum lactate also showed a tendency to increase after exercise 

compared to before exercise. In the post-exercise group, the D2-1 

treated group reduced the value (Table 17). Overall, serum 

biochemical analysis showed good energy metabolism during exercise 

after D2-1 administration through glucose reduction, TG increase and 

CK increase. Relatively low LDH and lactate levels could potentially 

better exercise performance by improving exercise physiological 

adaptation.
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Table 17.  Effect of LAB before and after exercise by serum biochemical analysis.  

  Post-exercise 

Parameter Control D2-1 WCFS1 

Glucose (mg/dL) 117.3 ± 207 94.7 ± 16.7 n.s. 104.7 ± 14 n.s. 

TG (mg/dL) 26.7 ± 13 22.3 ± 6.8 n.s. 21.7 ± 9.6 n.s. 

CK (U/L) 168 ± 82.5 61.7 ± 29 n.s. 80.3 ± 63.4 n.s. 

LDH (U/L) 369.7 ± 24.4 320 ± 42.3 n.s. 246.7 ± 50.5 n.s. 

Lactate (mmol/L) 4.17 ± 0.05 3.29 ± 0.71 n.s. 4 ± 0.2 n.s. 

Values indicate mean ± SD for n=6 mice each of post-exercise group. 

TG, triacylglycerol; CK, creatine kinase; LDH, lactate dehydrogenase. 

n.s. means no significant difference compared with post-exercise control. 
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4.4. Validation of selected strains in C2C12 cell line 

4.4.1. mTOR pathway and myogenesis related gene expression 

levels in C2C12 differentiation 

  Gene expression levels related to mTOR pathway In order to 

confirm whether HICA is capable of synthesizing muscle through the 

mTOR pathway, and then measured to related gene expression by 

qRT-PCR. The mTOR pathway, known to synthesize muscle proteins, 

is induced by Akt phosphorylation and activates mTOR, it induces its 

downstream activation through phosphorylation of its proteins acting 

initiation to translation such as p70S6K, and 4E-BP1. 

Akt expression increased significantly in all treatment groups 

compared to control (Figure 44, a). There was no significant 

difference in the other groups compared to the MRS treatment group 

but showed a tendency to increase slightly. The mTOR expression 

tended to increase in the treatment group compared to the control, 

and significantly increased in the MRS and HICA treatment groups 

(Figure 44, b). In addition, the HICA treatment group showed a 

significant increase compared to the MRS treatment group, while the 

other groups tended to decrease. All treatment groups were 

significantly increased in the p70S6K expression in the mTOR 

downstream (Figure 44, c). Compared with MRS treatment, only the 

HICA group showed a significant increase, and only D2-1 and WCFS1 
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group showed an increasing tendency. In 4E-BP1 expression, only 

the HICA treatment group significantly increased compared to control 

and MRS treatment groups (Figure 44, d). The D2-1 and WCFS1 

treatment group showed no significant difference but an increasing 

trend (Figure 44 a-d). 
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Figure 44. Gene expression levels related to mTOR pathway. (a) Akt, (b) 

mTOR, (c) p70S6K, (d) 4E-BP1. The data in each figure is expressed as 

fold change by relatively calculating the cells in the proliferation phase by 

using 2-ΔΔCt methods. Bars indicate mean and error bars indicate SD. 

Significant differences were determined by using one-way ANOVA. a means 

P <0.05 compared to the control group and b means P <0.05 compared to the 

MRS treatment. β -actin served as a housekeeping gene control. 
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    Gene expression levels related to myogenesis regulator factor 

To determine the muscle synthesizing by the mTOR pathway, the 

mRNA expression level of myogenic regulatory factor genes and 

muscle specific genes in the C2C12 cell line was confirmed by qRT-

PCR. Differentiation of the C2C12 cell line reduces Pax7 and Myf5, 

the myogenic regulators responsible for the proliferation phase. 

During the differentiation phase, the relatively early stages MyoD and 

MyoG, Myf6 genes are expressed. In addition, muscle specific genes 

such as myosin heavy chain (MHC) and muscle creatine kinase gene 

(MCK) are expressed (Figure 45 a-g). 

Pax7 expression was reduced in all treatment groups compared to the 

control of the proliferation stage, with significant differences except 

for the MRS treatment group (Figure 45, a). Compared to the MRS 

group, the other treatment groups tended to decrease, while WCFS1 

was significantly different. Myf5 expression was significantly 

decreased in all treatment groups compared to the control (Figure 45, 

b). Compared to the MRS, the other three groups tended to increase. 

MyoD expression did not differ between groups except WCFS1, which 

showed a decreased expression compared to the control (Figure 45, 

c). There was no difference compared to the MRS group. MyoG 

expression was significantly increased in all groups compared to the 

control, and HICA treatment group was significantly increased 

compared to MRS group (Figure 45, d). Myf6 expression was 
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increased in all groups compared to control, and significantly different 

in MRS, D2-1, and WCFS1 groups (Figure 45, e). On the other hand, 

the HICA group tended to decrease compared to the MRS group, and 

D2-1 and WCFS1 showed no difference. MHC and MCK expressions, 

muscle-specific genes, were significantly increased in all groups 

compared to the control, and there was no significant difference in 

comparison with the MRS group (Figure 45, f and g). MHC and MCK 

expression levels in the D2-1 tended to be high. 
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Figure 45. Gene expression levels related to myogenesis regulator factor (a) 

Pax7, (b) Myf5, (c) MyoD, (d) MyoG, (e) Myf6, (f) MHC, (g) MCK. The 

data in each figure is expressed as fold change by relatively calculating the 

cells in the proliferation phase by using 2-ΔΔCt methods. Bars indicate mean 

and error bars indicate SD. Significant differences were determined by using 

one-way ANOVA. a means P <0.05 compared to the control group and b 

means P <0.05 compared to the MRS treatment. β -actin served as a 

housekeeping gene control. 
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5. Discussion 

 

Sarcopenia, a decrease in skeletal muscle mass, accompanied by a 

reduction in muscle strength and physical function due to aging, has 

been emphasized in various studies for the synthesis of muscle mass 

(Moon et al., 2017). Muscle protein synthesis is determined by a 

variety of factors, of which nutrition is one of the most effective and 

convenient ways to increase skeletal muscle mass (Cai et al., 2016). 

HICA, one of the leucine metabolites in BCAAs, is converted by HicDH 

and enhances the phosphorylation of proteins, which are mTOR 

pathways for muscle protein synthesis (Girón et al., 2016).  

As previously studied (Chen et al., 2016), probiotics are known as 

microorganisms that have a beneficial effect on the host. Among them, 

the supernatant of L. plantarum TWK10 (LP10) was administered to 

the mice to improve exercise performance and to reduce physical 

fatigue. A possible mechanism was LP10 may be to reduce 

inflammation, an effect associated with the improvement of skeletal 

muscle atrophy markers. In addition, according to Park et al. (2017), 

HicDH protein is present in L. plantarum and has higher HICA content 

than other bacteria. Induction of protein synthesis has been proposed 

to occur through the activation of mTOR signaling. 

Therefore, this study aims to screen the LAB producing HICA from 
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Korean fermented foods to identify the effect of synthesizing skeletal 

muscle protein and improving exercise ability.  

In this study, 238 LAB strain, including the strains held by the 

existing laboratory, considered generally regarded as safe organisms 

and Gram-positive (Cotter et al., 2003) and were isolated from 28 

different fermented foods using selective medium. The first step in 

this study is to screen L. plantarum with the HicDH gene and 

Lactobacillus plantarum selective gene (LPSG) for HICA-producing 

LAB. It was confirmed by the PCR approach by Park et al. (2017). As 

a negative strain of LPSG, Lactobacillus rhamnosus GG (LGG), which 

has been widely studied as a probiotic as a commercial strain, was 

used. As a positive strain, Lactobacillus plantarum WCFS1 and 3108 

was used as a commercial strain. Seven strains containing the LPSG 

and HicDH genes together were screened except for the strain used 

as a reference.  

According to Park et al. (2017), HICA is a protein fermentation 

product through the fermentation process of bacteria such as LAB. 

HICA production during bacterial growth, as measured by UPLC-MS 

/ MS analysis. The HICA content of Lactobacillus lactis is 153.1 ± 

13.7 µg /ml, Lactobacillus plantarum is 526 ± 20.9 µg /ml, and 

Leuconostoc mesenteroides is 266.9 ± 5.9 µg/ml. In this study, 

HICA content was quantified in metabolite of 7 L. plantarum strain 

with the HicDH gene by LC-QTof-MS/MS. We also quantified the 
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HICA content of MRS, a culture media of LAB. Compare to standard 

HICA to confirm the identity of the compounds. In ionic MS mode, the 

product HICA through LAB and standard HICA showed the same 

retention time and fragmentation pattern. The HICA content of the 

MRS was confirmed to be insignificant and did not affect bacteria, and 

the HICA content of all LABs was significantly high.   

Probiotics provide certain health benefits in the host gastrointestinal 

tract (GIT). Therefore, probiotic strains must have the ability to 

survive and colonize under GIT environmental conditions., such as 

their It should be confirmed by in vitro evaluation. The isolate should 

be able to survive the pH of low gastric juice, which is resistant to 

bile salts. (Chiang, 2012; Berardi et al., 2013; Palachum et al., 2018). 

The three LAB strains with high quantitative HICA content were 

characterized to survive in acid and bile salts conditions > 100% and 

> 85%, respectively. 

To be classified as a probiotic, the safety assessment should be 

evaluated against the criteria of the EFSA, a trusted organization. 

Since the LAB is a living organism when consumed by, it should not 

have antibiotic resistance genes (Broaders et al., 2013). Biogenic 

amines are formed through amino acid decarboxylation, which can 

have toxic effects on the human body when accumulated at high 

concentrations. Some LABs are reported to produce biogenic amines 

(Spano et al., 2010). Hemolysis is considered a major virulence factor 
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for pathogens. Therefore, probiotic studies evaluate the LAB's 

hemolytic activity (Halder et al., 2017). We evaluated each of the 

selected three LAB strains on their antibiotic susceptibility, biogenic 

amine production, and hemolytic ability. The antibiotic susceptibility 

of strain 02-01 was not satisfied. Other LAB strains satisfied the 

EFSA criteria and did not show any harmful effects. These results 

indicate that our two LAB strains can be considered as probiotics 

candidates with safety.  

 To analyze selected probiotics carbohydrate fermentative patterns 

and enzymatic profiling, we used API assay. Three different strains 

of L. plantarum showed almost the same in carbohydrate patterns and 

enzymatic profiling. Enzyme profiling confirmed that BCAAs such as 

leucine and valine, could be utilized. 

Finally, the selected strains compared WCFS1 and acid and bile 

survival. WCFS1 has been extensively studied commercially and used 

as a reference in this study. As a result, the selected strain D2-1 has 

superior gastrointestinal viability compared to WCFS1. 

 Analysis of 71 carbon source utilization and 23 chemical sensitivities 

showed that the characteristics of the two strains were similar 

because most of the indexes were similar. 

According to Park et al. (2017), HICA production varied significantly 

with incubation time and pH. Therefore, it is assumed that there are 

optimal conditions for the production of HICA. Parameters were 
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determined by incubation temperature, time, pH, additional leucine 

content, and osmotic stress. As a result, optimal expression was 

confirmed at 37 ℃, 48 hours incubation, pH 6-7, more leucine 

content and less osmotic stress. In addition, D2-1 appears to adapt 

better to some stress environments than WCFS1, resulting in higher 

HICA production. 

In the first animal experiment, it was examined that the gut 

microbiota was modulated and stabilized by administering each strain. 

LAB treatment groups were separated from the control and microbial 

community, also showed a clear difference in the sample. D2-1 and 

WCFS1 differently modulated gut microbiota after administration. 

D2-1 increased beneficial bacteria such as Clostridium cluster XlVa 

(Remely et al., 2015) and Bifidobacterium (O'Callaghan et al., 2016). 

 In vitro experiment and first animal studies demonstrated that the 

selected strain, D2-1, was suitable for its probiotic properties and 

had a beneficial effect on the intestine even when ingested. 

Previous reports have shown that probiotic strain BC30 has been 

shown to enhance protein absorption, increasing vertical jump power. 

(Georges et al., 2014), Ingestion of probiotic Lactobacillus fermentum 

VRI-003 improves the mucosal immune system to improve exercise 

performance (Cox et al., 2008). And due to the effects of LP10 on 

antioxidant and immune function and increased number of gastric type 

I muscle fibers, glucose utilization increased and thus improved 
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exercise performance and decreased fatigue (Chen et al., 2016). 

Therefore, a second animal experiment was performed to confirm the 

improvement of exercise performance by taking probiotics. 

Performance tests and hind limb muscle mass results showed an 

increase in the D2-1 group. However, the differences between the 

groups were not clear. This is similar to the results from previous 

papers in which exercise evaluation was performed after LAB 

administration (Murray et al., 2019; Ni et al., 2019; Chen et al., 2019). 

In animal experiments, the limit was not a proper model to prove 

exercise ability, and the variation in exercise ability by the individual 

mouse was severe. Therefore, each group did not differ significantly. 

There was also a lack of infrastructure for sports equipment and 

systems. 

For further experiments, it is necessary to build mouse models like 

aging model mice and malnourished mice to demonstrate exercise 

performance. In addition, it is necessary to establish the optimal 

exercise system through various exercise tests before the 

experiment and to maximize the exercise ability of each mouse. 

After exercise, serum biochemical analysis tended to reduce energy 

metabolism index, injury index and fatigue index in the group treated 

with LAB compared to the control. Therefore, it is supported to 

improve exercise performance. This result is similar as mentioned in 

Hsu et al. (2018) and Chen et al. (2016). 



 

 

109 

 

To evaluate the effect of HICA on D2-1 supernatant on muscle 

protein synthesis, we examined the expression of the mTOR pathway 

and myogenesis regulator factor in C2C12 by qRT-PCR. The gene 

examined in this study were the mTOR pathway associated genes, 

such as Akt, mTOR, p70S6K, and 4E-BP1. They are sequentially 

activated by phosphorylation of the upstream Akt, induce to protein 

translation (Han et al, 2008; Lang et al., 2004; Drummond et al., 2008; 

Sengupta et al., 2010). As a result, the mTOR pathway, except 4E-

BP1, was stimulated in the treatment group with the differentiation 

phase compared to the proliferation phase. All gene expression levels 

tended to be high in the HICA treatment group, confirming the 

possibility that HICA could synthesize muscle proteins through the 

mTOR pathway. However, D2-1 tends to be similar to the results of 

the MRS treatment group, which may be affected by unknown 

substances or other metabolites in the MRS. Gene expression of 

muscle regulatory genes such as Pax7, Myf5, MyoD, MyoG, Myf6, and 

muscle-specific genes MHC and MCK was conducted to confirm 

muscle synthesis due to the mTOR pathway. According to Ito et al. 

(2012), principal myogenesis regulatory factors, Pax7 and Myf5 play 

a role in determining myogenic ancestors for myoblasts. P. Sudheer 

Shenoy et al., 2019 mentioned that MyoD and MyoG are important in 

differentiation from myoblasts to myotubes. Also, Myf6 has a 

downstream role in differentiating myocytes and myofibers, 
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mentioned in Haldar et al., 2008. The late markers myogenin myosin 

heavy chain (MHC) and muscle creatine kinase (MCK) (Duquet et al., 

2006) are also known as muscle-specific genes. 

Compared to the control of the proliferation phase, the Pax7 and 

Myf5 gene expression levels were significantly lower in the treatment 

group sampled on the five days of the differentiation phase. Gene 

expression levels of MyoD, MyoG, Myf6, MHC, and MCK were 

significantly higher than control, indicating that they were 

differentiation from myoblasts to myotubes and further myofiber in 

the treatment group.  However, the D2-1 treatment group was not 

significantly different from the MRS results and did not follow the 

expression level of the HICA group. 

Finally, HICA treatment with C2C12 is thought to stimulate the 

mTOR pathway leading to muscle differentiation. 

In this experiment, since D2-1 was cultured in MRS medium and 

treated with C2C12, there are disadvantages such as cell viability and 

others unknown metabolite complexity due to the culture medium. 

Thus, the inherent capacity of the HICA metabolite was not exercised, 

and the small amount of supernatant used was difficult to show clear 

results for differentiation. In addition, a cell line model should be 

established to demonstrate muscle performance and mTOR pathways, 

such as a nutritional restriction model that lacks C2C12 essential 

amino acids and a differentiation inhibition model through rapamycin. 



 

 

111 

 

References 

 

1. Anker SD, Morley JE and von Haehling S. 2016. Welcome to the 

ICD‐10 code for sarcopenia. J Cachexia Sarcopenia Muscle. 

7(5):512-514. 

2. Anthony JC, Yoshizawa F, Anthony TG, Vary TC, Jefferson LS, 

and Kimball SR. 2000. Leucine stimulates translation initiation 

in skeletal muscle of postabsorptive rats via a rapamycin-

sensitive pathway. J Nutr. 130:2413-2419. 

3. Arazi H, Taati B and Suzuki K. 2018. A Review of the Effects 

of Leucine Metabolite (β-Hydroxy-β-methylbutyrate) 

Supplementation and Resistance Training on Inflammatory 

Markers: A New Approach to Oxidative Stress and 

Cardiovascular Risk Factors. Antioxidants(Basel). 7:148-150. 

4. Argilés JM and López-Soriano FJ. 1999. The role of cytokines 

in cancer cachexia. Med Res Rev. 19(3):223-48 

5. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, 

Mende DR, Fernandes GR, Tap J, Bruls T, Batto JM, Bertalan 

M, Borruel N, Casellas F, Fernandez L, Gautier L, Hansen T, 

Hattori M, Hayashi T, Kleerebezem M, Kurokawa K, Leclerc 

M, Levenez F, Manichanh C, Nielsen HB, Nielsen T, Pons N, 

Poulain J, Qin J, Sicheritz-Ponten T, Tims S, Torrents D, 



 

 

112 

 

Ugarte E, Zoetendal EG, Wang J, Guarner F, Pedersen O, de 

Vos WM, Brunak S, Doré J; MetaHIT Consortium, Antolín M, 

Artiguenave F, Blottiere HM, Almeida M, Brechot C, Cara C, 

Chervaux C, Cultrone A, Delorme C, Denariaz G, Dervyn R, 

Foerstner KU, Friss C, van de Guchte M, Guedon E, Haimet F, 

Huber W, van Hylckama-Vlieg J, Jamet A, Juste C, Kaci G, 

Knol J, Lakhdari O, Layec S, Le Roux K, Maguin E, Mérieux A, 

Melo Minardi R, M'rini C, Muller J, Oozeer R, Parkhill J, Renault 

P, Rescigno M, Sanchez N, Sunagawa S, Torrejon A, Turner K, 

Vandemeulebrouck G, Varela E, Winogradsky Y, Zeller G, 

Weissenbach J, Ehrlich SD and Bork P. 2011. Enterotypes of 

the human gut microbiome. Nature. 473:174–180.  

6. Axel C. Brosnan B, Zannini E, Peyer LC, Furey A, Coffey A 

and Arendt EK. 2016. Antifungal activities of three different 

Lactobacillus species and their production of antifungal 

carboxylic acids in wheat sourdough. Appl Microbiol 

Biotechnol. 100:1701–1711. 

7. Baptista IL, Leal ML, Artioli GG, Aoki MS, Fiamoncini J, Turri 

AO, Curi R, Miyabara EH and Moriscot AS. 2010. Leucine 

attenuates skeletal muscle wasting via inhibition of ubiquitin 

ligases. Muscle & Nerve. 41:800-808. 

8. Bar-Shai M, Carmeli E, Coleman R, Rozen N, Perek S, Fuchs 

D and Reznick AZ. 2005. The effect of hindlimb immobilization 



 

 

113 

 

on acid phosphatase, metalloproteinases and nuclear factor-

kappaB in muscles of young and old rats. Mech Ageing Dev. 

126:289-297. 

9. Barlas P, Craig JA, Robinson J, Walsh DM, Baxter GD and Allen 

JM. 2000. Managing delayed-onset muscle soreness: lack of 

effect of selected oral systemic analgesics. Arch Phys Med 

Rehabilitation. 81: 966-972. 

10. Berardi CW, Solovey E, and Cummings ML. 2013. Investigating 

the Efficacy of Network Visualizations for Intelligence Tasks. 

IEEE. 278-283. 

11. Bindels LB, Beck R, Schakman O, Martin JC, de Backer F, 

Sohet FM, Dewulf EM, Pachikian BD, Neyrinck AM, Thissen 

JP, Verrax J, Calderon PB, Pot B, Grangette C, Cani PD, Scott 

KP and Delzenne NM. 2012. Restoring specific lactobacilli 

levels decreases inflammation and muscle atrophy markers in 

an acute leukemia mouse model. PLoS ONE. 7:1–10 

12. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke 

BA, Poueymirou WT, Panaro FJ, Na E, Dharmarajan K, Pan ZQ, 

Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos GD and 

Glass DJ. 2001. Identification of ubiquitin ligases required for 

skeletal muscle atrophy. Science. 294(5547);1704-8. 

13. Bover-Cid S and Holzapfel WH. 1999. Improved Screening 

Procedure for Biogenic Amine Production by Lactic Acid 



 

 

114 

 

Bacteria. Int J Food Microbiol. 53:33-41. 

14. Breen L and Phillips SM. 2011. Skeletal muscle protein 

metabolism in the elderly: Interventions to counteract the 

‘anabolic resistance’ of ageing. Nutr Metab(Lond). 8:1-11. 

15. Broaders E, Gahan CG and Marchesi JR. 2013. Mobile Genetic 

Elements of the Human Gastrointestinal Tract: Potential for 

Spread of Antibiotic Resistance Genes. Gut Microbes. 4: 271-

280. 

16. Buford TW, Anton SD, Judge AR, Marzetti E, Wohlgemuth SE, 

Carter CS, Leeuwenburgh C, Pahor M and Manini TM. 2010. 

Models of accelerated sarcopenia: Critical pieces for solving 

the puzzle of age-related muscle atrophy. Ageing Res Rev. 

9:369-383. 

17. Burton LA and Sumukadas D. 2010. Optimal management of 

sarcopenia. Clin Interv Ageing. 5:217-228. 

18. Cai X, Zhu C, Xu Y, Jing Y, Yuan Y, Wang L, Wang S, Zhu x, 

Gao P, Zhang Y, Jiang Q and Shu G. 2016. Alpha-ketoglutarate 

promotes skeletal muscle hypertrophy and protein synthesis 

through Akt/mTOR signaling pathways. Sci Rep. 6:26802. 

19. Ceglia L. 2009. Vitamin D and Its Role in Skeletal Muscle. Curr 

Opin Clin Nutr Metab Care. 12:628-633. 

20. Chen LH, Huang SY, Huang KC, Hsu CC. Yang KC, Li LA, Chan 



 

 

115 

 

CH, Huang HY. 2019. Lactobacillus paracasei PS23 

decelerated age-related muscle loss by ensuring 

mitochondrial function in SAMP8 mice. Aging (Albany NY).  

11: 756–770.  

21. Chen YM, Wei L, Chiu YS, Hsu YJ, Tsai TY, Wang MF and 

Huang CC. 2016. Lactobacillus plantarum TWK10 

Supplementation Improves Exercise Performance and 

Increases Muscle Mass in Mice. Nutrients. 8: 205.  

22. Chiang SS and Pan TM. 2013/ Beneficial effects of 

Lactobacillus paracasei subsp. paracasei NTU 101 and its 

fermented products. Appl Microbiol Biotechnol.  93: 903-916.  

23. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, 

Cusack S, Harris HMB, Coakley M, Lakshminarayanan B, 

O’Sullivan O, Fitzgerald GF, Deane J, O’Connor M, Harnedy N, 

O’Connor K, O’Mahony D, van Sinderen D, Wallace M, Brennan 

L, Stanton C, Marchesi JR, Fitzgerald AP, Shanahan F, Hill C, 

Ross RP and O’Toole PW. 2012. Gut microbiota composition 

correlates with diet and health in the elderly. Nature. 9:178–

184. 

24. Clancy RL, Gleeson M, Cox A, Callister R, Dorrington M, 

D'Este C, Pang G, Pyne D, Fricker P and Henriksson A. 2006. 

Reversal in fatigued athletes of a defect in interferon gamma 

secretion after administration of Lactobacillus acidophilus. Br 



 

 

116 

 

J Sports Med. 40(4):351–354.  

25. Clarke SF, Murphy EF, O'Sullivan O, Lucey AJ, Humphreys M, 

Hogan A, Hayes P, O'Reilly M, Jeffery IB, Wood-Martin R, 

Kerins DM, Quigley E, Ross RP, O'Toole PW, Molloy MG, 

Falvey E, Shanahan F, Cotter PD. 2014. Exercise and 

associated dietary extremes impact on gut microbial diversity. 

Gut. 63(12):1913-1920. 

26. Cleasby ME, Jamieson PM, and Atherton PJ. 2016. Insulin 

resistance and sarcopenia: mechanistic links between common 

co-morbidities. J Endocrinol. 229(2):R67-81. 

27. Cotter PD and Hill C. 2003. Surviving the acid test: responses 

of gram-positive bacteria to low pH. Microbiol Mol Biol Rev. 

67:429–453.  

28. Cox AJ, Pynen DB, Saunders PU and Fricker PA. 2010. Oral 

administration of the probiotic Lactobacillus fermentum VRI-

003 and mucosal immunity in endurance athletes. Br J Sports 

Med. 44: 222–226. 

29. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, 

Cederholm T, Cooper C, Landi F, Rolland Y, Sayer AA, 

Schneider S M, Sieber CC, Topinkova E, Vandewoude M, 

Visser M and Zamboni M. Writing Group for the European 

Working Group on Sarcopenia in Older People 2, and The 

Extended Group for EWGSOP2. 2018. Sarcopenia: revised 



 

 

117 

 

European consensus on definition and diagnosis. Age and 

Ageing. 48:16-31. 

30. Dalle S, Rossmeislova L and Koppo K. 2017. The Role of 

Inflammation in Age-Related Sarcopenia. Front physiology. 8: 

1045.  

31. Deschenes MR. 2004. Effects of aging on muscle fibre type 

and size. Sports Med. 34:809-824. 

32. Dibble CC, Asara JM and Manning BD. 2009. Characterization of 

Rictor Phosphorylation Sites Reveals Direct Regulation of 

mTOR Complex 2 by S6K1. Mol Cell Biol. 29(21):5657-70. 

33. Dionyssiotis Y, Kapsokoulou A, Samlidi E, Angoules AG, 

Papathanasiou J, Chronopoulos E, Kostoglou-Athanassiou I 

and Trovas G. 2012. Sarcopenia: From definition to treatment. 

Hormones (Athens). 16:429-439. 

34. Drummond M.J and Rasmussen BB. 2008. Leucine-enriched 

nutrients and the regulation of mammalian target of rapamycin 

signalling and human skeletal muscle protein synthesis. Curr 

Opin Clin Nutr Metab Care. 11: 222–226.  

35. Dufrene M and Legendre P. 1997. Species assemblages and 

indicator species: the need for a flexible asymmetrical 

approach. Ecological Monographs. 67:345-366. 

36. Duquet A, Polesskaya A, Cuvellier S, Ait-Si-Ali S, Héry P, 

Pritchard LL, Gerard M and Harel-Bellan A. 2006.  



 

 

118 

 

Acetylation is important for MyoD function in adult mice. 

EMBO Rep. 7: 1140–1146.  

37. Eckburg PB and Relman DA. 2007. The role of microbes in 

Crohn’s disease. Clin Infect Dis. 44:256–262. 

38. Edelstein CL. 2008. Mammalian target of rapamycin and 

caspase inhibitors in polycystic kidney disease. Clin J Am Soc 

Nephrol. 3(4):1219-26. 

39. Eloe-Fadrosh EA, Brady A, Crabtree J, Drabek EF, Ma B, 

Mahurkar A, Ravel J, Haverkamp M, Fiorino AM, Botelho C, 

Andreyeva I, Hibberd PL and Fraser CM. 2015. Functional 

dynamics of the gut microbiome in elderly people during 

probiotic consumption. MBio. 6(2):e00231-15. 

40. European Working Group on Sarcopenia in Older People 

(EWGSOP. 2010. 

41. Frank DN, Amand ALS, Feldman RA, Boedeker EC, Harpaz N 

and Pace NR. 2007. Molecular-phylogenetic characterization 

of microbial community imbalances in human inflammatory 

bowel diseases. Proc Natl Acad Sci. 104:13780–5.  

42. Frick JS and Autenrieth IB. 2013. The gut microflora and its 

variety of roles in health and disease. Curr Top Microbiol 

Immunol. 358:273–289. 

43. Galss DJ. 2005. Skeletal muscle hypertrophy and atrophy 

signaling pathways. Int J Biochem Cell Bio. 37(10):1974-84. 



 

 

119 

 

44. Georges J, Lowery RP, Yaman G, Chris K, Jacob O, Sean A, 

Matthew S, Kevin S, Jacob R, Jeremy S, Ned A, Martin P, Ralf 

J and Jacob MW. 2014. The effects of probiotic 

supplementation on lean body mass, strength, and power, and 

health indicators in resistance trained males: a pilot study. J 

Int Soc Sports Nutr. 11: P38. 

45. Gerlinger-Romero F, Guimarães-Ferreira L, Giannocco G and 

Nunes M. 2011. Chronic supplementation of beta-hydroxy-

beta methylbutyrate (HMβ) increases the activity of the 

GH/IGF-I axis and induces hyperinsulinemia in rats. Growth 

Horm. IGF Res. 21:57–62. 

46. Girón MD, Vílchez JD, Salto R, Manzano M, Sevillano N, 

Campos N, Argilés JM, Rueda R and López-Pedrosa JM. 2016. 

Conversion of leucine to β-hydroxy-β-methylbutyrate by α-

keto isocaproate dioxygenase is required for a potent 

stimulation of protein synthesis in L6 rat myotubes. J Cachexia 

Sarcopenia Muscle. 7: 68–78.  

47. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS 

and Nimmo MA. 2011. The anti-inflammatory effects of 

exercise: mechanisms and implications for the prevention and 

treatment of disease. Nat Rev Immunol. 11(9):607-15. 

48. Gomes MD, Lecker SH, Jagoe RT, Navon A and Goldberg AL. 

2001. Atrogin-1, a muscle-specific F-box protein highly 



 

 

120 

 

expressed during muscle atrophy. Proc Natl Acad Sci U S A. 

98(25):14440-5. 

49. Grosicki GJ, Fielding RA and Lustgarten MS. 2018. Gut 

Microbiota Contribute to Age-Related Changes in Skeletal 

Muscle Size, Composition, and Function: Biological Basis for a 

Gut-Muscle Axis. Calcif Tissue Int. 102: 433–442.  

50. Haldar M, Karan G, Tvrdik P and Capecchi MR. 2008. Two cell 

lineages, myf5 and myf5-independent, participate in mouse 

skeletal myogenesis. Dev Cell. 14:437-445. 

51. Halder D, Mandal M, Chatterjee SS, Pal NK and Mandal S. 2017. 

Indigenous Probiotic Lactobacillus Isolates Presenting 

Antibiotic like Activity against Human Pathogenic Bacteria. 

Biomed. 5: 1-11. 

52. Hamer HM, Jonkers DM, Bast A, Vanhoutvin SA, Fischer MA, 

Kodde A, Troost FJ, Venema K and Brummer RJ. 2009. 

Butyrate modulates oxidative stress in the colonic mucosa of 

healthy humans. Clin Nutr. 28:88–93. 

53. Hamilton B. 2010. Vitamin D and Human Skeletal Muscle. 

Scand J Med Sci Sports. 20:182-190. 

54. Han B, Tong J, Zhu MJ, Ma C and Du M. 2008. Insulin-like 

growth factor-1 (IGF-1) and leucine activate pig myogenic 

satellite cells through mammalian target of rapamycin (mTOR) 

pathway. Mol Reprod Dev. 75:810-817. 



 

 

121 

 

55. Herningtyas EH, Okimura Y, Handayaningsih AE, Yamamoto D, 

Maki T, Iida K, Takahashi Y, Kaji H, and Chihara K. 2008. 

Branched-chain amino acids and arginine suppress 

MaFbx/atrogin-1 mRNA expression via mTOR pathway in 

C2C12 cell line. Biochim Biophys Acta. 1780(10):1115-1120. 

56. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, 

Morelli L, Canani RB, Flint HJ, Salminen S, Calder PC and 

Sanders ME. 2014. The International Scientific Association for 

Probiotics and Prebiotics consensus statement on the scope 

and appropriate use of the term probiotic. Nat Rev 

Gastroenterol Hepatol. 11: 506–514.  

57.  Holecek M. 2017. Beta-hydroxy-beta-methylbutyrate 

supplementation and skeletal muscle in healthy and muscle-

wasting conditions. J. Cachexia Sarcopenia Muscle. 8:529–541. 

58. Holecek M. 2018. Branched-chain amino acids in health and 

disease: Metabolism, alterations in blood plasma, and as 

supplements. Nutr Metab(Lond). 15:1-12. 

59. Hsu YJ, Huang WC, Lin JS, Chen YM, Ho ST, Huang CC and 

Tung YT. 2018. Kefir supplementation modifies gut microbiota 

composition, reduces physical fatigue, and improves exercise 

performance in mice. Nutrients. 10:E862. 

60. Ito Y, Kayama T and Asahara H. 2012. A Systems Approach 

and Skeletal Myogenesis. Comp Funct Genomics. 7. 



 

 

122 

 

61. Jang HC. 2018. How to Diagnose Sarcopenia in Korean Older 

Adults? Annals of Geriatric Medicine and Research. 22(2):73-

79. 

62. Jeffery IB, Lynch DB and O’Toole PW. 2016 Composition and 

temporal stability of the gut microbiota in older persons. ISME 

J. 10:170–182. 

63. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, 

Wolfe RR. 2006. A high proportion of leucine is required for 

optimal stimulation of the rate of muscle protein synthesis by 

essential amino acids in the elderly. Am J Physiol Endocrinol 

Metab. 291(2):381-387. 

64. Kekkonen RA, Vasankari TJ, Vuorimaa T, Haahtela T, 

Julkunen I and Korpela R. 2007. The effect of probiotics on 

respiratory infections and gastrointestinal symptoms during 

training in marathon runners. Int J Sport Nutr Exerc Metab. 

17(4):352-63. 

65. Kim JS, Wilson JM and Lee SR. 2010. Dietary implications on 

mechanisms of sarcopenia: Roles of protein, amino acids, and 

antioxidants. J Nutr Biochem. 21:1-13. 

66. Kimura K, Cheng XW, Inoue A, Hu L, Koike T and Kuzuya M. 

2014. β-hydroxy-β-methylbutyrate facilitates pi3k/akt-

dependent mammalian target of rapamycin and foxo1/3a 

phosphorylations and alleviates tumor necrosis factor 



 

 

123 

 

α/interferon γ–induced murf-1 expression in c2c12 cells. Nutr. 

Res. 34:368–374. 

67. Kornasio R, Riederer I, Butler-Browne G, Mouly V, Uni Z and 

Halevy O. 2009. β-hydroxy-β-methylbutyrate (HMB) 

stimulates myogenic cell proliferation, differentiation and 

survival via the MAPK/ERK and PI3K/Akt pathways. Biochim. 

Biophys. Acta Mol Cell Res. 1793:755–763. 

68. Kostic AD, Xavier RJ and Gevers D. 2014. The microbiome in 

inflammatory bowel disease: current status and the future 

ahead. Gastroenterology. 464:59-65. 

69. Kovarik M, Muthny T, Sispera L and Holecek M. 2010. Effects 

of β-hydroxy-β-methylbutyrate treatment in different types 

of skeletal muscle of intact and septic rats. J. Physiol. Biochem. 

66 311–319. 

70. Kudchodkar SB, Yu Y, Maguire TG and Alwine JC. 2004. 

Human cytomegalovirus infection induces rapamycin-

insensitive phosphorylation of downstream effectors of mTOR 

kinase. J Virol. 78(20):11030-9. 

71. La Colla A, Pronsato L, Milanesi L and Vasconsuelo A. 2015. 

17β-Estradiol and testosterone in sacropenia: Role of 

satellite cells. Ageing Res Rev. 24:166-177. 

72. Landi F, Calvani R, Tosato M, Martone AM, Ortolani E, Savera 

G, Sisto A and Marzetti E. 2016. Anorexia of Aging: Risk 



 

 

124 

 

Factors, Consequences, and Potential Treatments. Nutrients. 

8:1-10. 

73. Landi F, Cherubini A, Cesari M, Calvani ., Tosato M, Sisto A, 

Martone AM, Bernabei R and Marzetti E. 2016. Sacropenia and 

frailty: From theoretical approach into clinical practice. 

European Geriatric Medicine. 7:197-200. 

74. Lang CH and Frost RA. 2005. Endotoxin disrupts the leucine-

signaling pathway involving phosphorylation of mTOR, 4E-

BP1, and S6K1 in skeletal muscle. J Cell Physiol. 203:144-

155. 

75. Lang CH, Frost RA, Deshpande N, Kumar V, Vary TC, 

Jefferson LS and Kimball SR. 2003. Alcohol impairs leucine-

mediated phosphorylation of 4E-BP1, S6K1, eIF4G, and 

mTOR in skeletal muscle. Am J Physiol Endocrinol Metab. 285: 

E1205-1215. 

76. Lang CH, Pruznak A, Navaratnarajah M, Rankine KA, Deiter G, 

Magne H, Offord EA and Breuillé D. 2013. Chronic α-

hydroxyisocaproic acid treatment improves muscle recovery 

after immobilization-induced atrophy. Am J Physiol 

Endocrinol Metab. 305(3):E416-28. 

77. Lee DE, Bareja A, Bartlett DB, and White JP. 2019. Autophagy 

as a Therapeutic Target to Enhance Aged Muscle 

Regeneration. Cells. 8(2): E183. 



 

 

125 

 

78. Ley RE, Peterson DA and Gordon JI. 2006. Ecological and 

evolutionary forces shaping microbial diversity in the human 

intestine. Cells. 124:837–48. 

79. Li Z and Heber D. 2012. Sarcopenia obesity in the elderly and 

strategies for weight management. Nutr Rev. 70:57-64. 

80. Lieber L and Friden J. 2002. Morphologic and mechanical basis 

of delayed-onset muscle soreness. J Am Acad Orthop Surg. 

10(1):67-73. 

81. Liguori I, Russo G, Aran L, Bulli G, Curcio F, Della-Morte D, 

Gargiulo G, Testa G, Cacciatore F, Bonaduce D and Abete P. 

2018. Sarcopenia: assessment of disease burden and strategies 

to improve outcomes. Clin Interv Aging. 13:913-927. 

82. Lim S, Kim JH, Yoon JW, Kang SM, Choi SH, Park YJ, Kim KW, 

Lim JY, Park KS and Jang HC. 2010. Sarcopenic obesity: 

prevalence and association with metabolic syndrome in the 

Korean Longitudinal Study on Health and Aging (KLoSHA). 

Diabetes Care. 33(7):1652-4. 

83. Liu KA, Lashinger LM, Rasmussen AJ, and Hursting SD. 2014. 

Leucine supplementation differentially enhances pancreatic 

cancer growth in lean and overweight mice. Cancer Metab. 

2(1):6.  

84. Liu M, Bienfait B, Sacher O, Gasteiger J, Siezen RJ, Nauta A 

and Geurts JM. 2014. Combining chemoinformatics with 



 

 

126 

 

bioinformatics: in silico prediction of bacterial flavor-forming 

pathways by a chemical systems biology approach "reverse 

pathway engineering". PloS one. 9(1):e84769.  

85. Lustgarten MS. 2019. The Role of the Gut Microbiome on 

Skeletal Muscle Mass and Physical Function: 2019 Update. 

Front Physiol. 10: 1435.  

86. Mammucari C, Schiaffino S and Sandri M. 2008. Downstream 

of Akt: FoxO3 and mTOR in the regulation of autophagy in 

skeletal muscle. Autophagy. 4:524-526. 

87. Martarelli D, Verdenelli MC, Scuri S, Cocchioni M, Silvi S, 

Cecchini C and Pompei P. 2011. Effect of a probiotic intake on 

oxidant and antioxidant parameters in plasma of athletes 

during intense exercise training. Curr Microbiol. 62(6):1689-

96. 

88. Mero AA, Ojala T, Hulmi JJ, Puurtinen R, Karila TA, and 

Seppälä T. 2010. Effects of alfa-hydroxy-isocaproic acid on 

body composition, DOMS and performance in athletes. J Int 

Soc Sports Nutr. 7:1–1. 

89. Monirujjaman M and Ferdouse A. 2014. Metabolic and 

Physiological Roles of Branched-Chain Amino Acids. 

Advances in Molecular Biology. 2014:1-7. 

90. Montero-Odasso M and Duque G. 2005. Vitamin D in the aging 

musculoskeletal system: An authentic strength preserving 



 

 

127 

 

hormone. Mol Aspects Med. 26:203-219. 

91. Moon JJ, Park SG, Ryu SM and Park CH. 2018. New Skeletal 

Muscle Mass Index in Diagnosis of Sarcopenia. J Bone Metab. 

25:15-21. 

92. Moreira A, Kekkonen R, Korpela R, Delgado L and Haahtela T. 

2007. Allergy in marathon runners and effect of Lactobacillus 

GG supplementation on allergic inflammatory markers. Respir 

Med. 101(6):1123-31. 

93. Morley JE, Argiles JM, Evans WJ, Bhasin S, Cella D, Deutz NE, 

Doehner W, Fearon KC, Ferrucci L, Hellerstein MK, Kalantar-

Zadeh K, Lochs H, MacDonald N, Mulligan K, Muscaritoli M, 

Ponikowski P, Posthauer ME, Rossi Fanelli F, Schambelan M, 

Schols AM, Schuster MW and Anker SD. 2010. Nutritional 

recommendations for the management of sarcopenia. J Am 

Med Dir Assoc. 11:391-396. 

94. Morley JE, Baumgartner RN, Roubenoff R, Mayer J and Nair 

KS. 2001. Sarcopenia. J Lab Clin Med. 137:231-243. 

95. Murray E, Sharma R, Smith KB, Mar KD, Barve R, Lukasik M, 

Pirwani AF. Malette-Guyon E, Lamba S, Thomas BJ, 

Sadeghi-Emamchaie H, Liang J, Mallet JF, Matar C and Ismail 

N. 2019. Probiotic consumption during puberty mitigates 

LPS-induced immune responses and protects against stress-

induced depression- and anxiety-like behaviors in adulthood 



 

 

128 

 

in a sex-specific manner. Brain Behav Immun. 81:198-212. 

96. Musaro A, McCullagh K, Paul A, Houghton L, Dobrowolny G, 

Molinaro M, Barton ER, Sweeney HL and Rosenthal N. 2001. 

Localized Igf-1 transgene expression sustains hypertrophy and 

regeneration in senescent skeletal muscle. Nat Genet. 27:195–

200. 

97. Narici MV and de Boer MD. 2011. Disuse of the musculo-

skeletal system in space and on earth. Eur J Appl Physiol. 

111:403-420. 

98. Ni Y, Yang X, Zheng L, Wang Z, Wu L, Jiang J, Yang T, Ma L, Fu 

Z. 2019. Lactobacillus and Bifidobacterium Improves 

Physiological Function and Cognitive Ability in Aged Mice by 

the Regulation of Gut Microbiota. Mol Nutr Food Res. 

63(22):e1900603. 

99. Nie C, He T, Zhang W, Zhang G, and Ma X. 2018. Branched 

Chain Amino Acids: Beyond Nutrition Metabolism. Int J Mol Sci 

19(4):E954. 

100. Nissen SL and Abumrad NN. 1997 Nutritional role of the 

leucine metabolite β-hydroxy β-methylbutyrate (HMB). J. 

Nutr. Biochem. 8: 300–311. 

101. O'Callaghan A van Sinderen D. 2016. Bifidobacteria and Their 

Role as Members of the Human Gut Microbiota. Front microbiol. 

7: 925. Palachum W, Chisti Y and Choorit W. 2018. In-vitro 



 

 

129 

 

assessment of probiotic potential of Lactobacillus plantarum 

WU-P19 isolated from a traditional fermented herb. Ann 

Microbiol. 68: 79-91. 

102. Panzhinskiy E, Culver B, Ren J, Bagchi D, and Nair S. 2013. 

Role of Mammalian Target of Rapamycin (mTOR) in Muscle 

Growth. Nutrition and Enhanced Sports Performance. 217-227.  

103. Park B, Hwang H, Chang JY, Hong SW, Lee SH, Jung MY, Sohn 

SO, Park HW and Lee JH. 2017. Identification of 2-

hydroxyisocaproic acid production in lactic acid bacteria and 

evaluation of microbial dynamics during kimchi ripening. Sci Rep. 

7: 10904. 

104. Pinheiro CH, Gerlinger-Romero F, Guimaraes-Ferreira L, de 

Souza AL Jr, Vitzel KF, Nachbar RT, Nunes MT and Curi R. (-

2012)-. Metabolic and functional effects of beta-hydroxy-

beta-methylbutyrate (HMB) supplementation in skeletal 

muscle. Eur J Appl Physiol. 112:2531–2537. 

105. Price SR, Gooch JL, Donaldson SK and Roberts-Wilson TK. 

2010. Muscle Atrophy in Chronic Kidney Disease Results from 

Abnormalities in Insulin Signaling. J Ren Nutr. 20(5 Suppl): 

S24–S28. 

106. Proctor DN, Balagopal P and Nair KS. 1998. Age-Related 

Sarcopenia in Humans Is Associated with Reduced Synthetic Rates of 

Specific Muscle Proteins. J Nutr. 128:351-355. 



 

 

130 

 

107. Pull SL, Doherty JM, Mills JC, Gordon JI and Stappenbeck TS.   

2005. Activated macrophages are an adaptive element of the 

colonic epithelial progenitor niche necessary for regenerative 

responses to injury. Proc Natl Acad Sci. 102:99–104. 

108. Ralf Jäger. 2015. The Gut-Muscle-Axis: Probiotics Flex 

Their Muscles in Sports Nutrition. Conference: ISSN 12th 

Annual Conference and Expo, Austin, TX, USA. 

109. Rampelli S, Candela M, Turroni S, Collino EB, Franceschi C, 

O’Toole PW and Brigidi P. 2013. Functional metagenomic 

profiling of intestinal microbiome in extreme ageing. Aging. 

5:902–912. 

110. Remely M, Hippe B, Geretschlaeger I, Stegmayer S, Hoefinger 

I and Haslberger A. 2015. Increased gut microbiota diversity 

and abundance of Faecalibacterium prausnitzii and Akkermansia 

after fasting: a pilot study. Wien Klin Wochenschr. 127: 394-

398. 

111. Rom O, Kaisari S, Aizenbud D and Reznick AZ. 2012. Lifestyle 

and sarcopenia-etiology, prevention, and treatment. Rambam 

Maimonides Med J. 3:1-12. 

112. Rubio-Ruiz ME, Guarner-Lans V, Pérez-Torres I and Soto 

ME. 2019. Mechanisms Underlying Metabolic Syndrome-

Related Sarcopenia and Possible Therapeutic Measures. Int J 

Mol Sci. 20: 647.  



 

 

131 

 

113. Sakko M, Moore C, Novak-Frazer L, Rautemaa V, Sorsa T, 

Hietala P, Järvinen A, Bowyer P, Tjäderhane L and Rautemaa R. 

2014. 2-hydroxyisocaproic acid is fungicidal for Candida and 

Aspergillus species. Mycoses. 57:214–221. 

114. Sakko M, Tjaderhane L, Sorsa T, Hietala P and Rautemaa R. 

2017. 2-hydroxyisocaproic acid (HICA) is bactericidal in 

human dental root canals ex vivo. Int Endod J. 50:455–463. 

115. Sakko M, Tjäderhane L, Sorsa T, Hietala P, Järvinen A, 

Bowyer P and Rautemaa R. 2012. 2-Hydroxyisocaproic acid 

(HICA): a new potential topical antibacterial agent. Int J 

Antimicrob Agents. 39:539–540. 

116. Sakuma K and Yamaguchi A. 2013. Sarcopenic Obesity and 

Endocrinal Adaptation with Age. Int J Endocrinol. 204164. 

117. Salarkia N, Ghadamli L, Zaeri F and Rad LS. 2013. Effects of 

probiotic yogurt on performance, respiratory and digestive 

systems of young adult female endurance swimmers: a 

randomized controlled trial. Med J Islam Repub Iran. 27(3):141–

146.  

118. Sansonetti PJ and Medzhitov R. 2009. Learning tolerance 

while fighting ignorance. Cell. 138:416–20. 

119. Schiaffino S, Dyar KA, Ciciliot S, Blaauw B and Sandri M. 2013. 

Mechanisms regulating skeletal muscle growth and atrophy. 

FEBS J. 280(17):4294-314. 



 

 

132 

 

120. Sengupta S, Peterson TR and Sabatini DM. 2010 Regulation of 

the mTOR complex 1 pathway by nutrients, growth factors, and 

stress. Mol Cell. 40:310-322. 

121. Shenoy PS, Sen U, Kapoor S, Ranade AV, Chowdhury CR and 

Bose B. 2019. Sodium fluoride induced skeletal muscle changes: 

Degradation of proteins and signaling mechanism. Environ Pollut. 

244:534-548. 

122. Shing CM, Peake JM, Lim CL, Briskey D, Walsh NP, Fortes MB, 

Ahuja KD and Vitetta L. 2014. Effects of probiotic 

supplementation on gastrointestinal permeability, inflammation 

and exercise performance in the heat. Eur J Appl Physiol. 

114:93-103. 

123. Smith HJ, Mukerji P and Tisdale MJ. 2005. Attenuation of 

proteasome-induced proteolysis in skeletal muscle by β-

hydroxy-β-methylbutyrate in cancer-induced muscle loss. 

Cancer Res. 65:277–283. 

124. Sonnenburg JL and Backhed F. 2016. Diet-microbiota 

interactions as moderators of human metabolism. Nature. 

535:56–64. 

125. Spano G, Russo P, Lonvaud-Funel A, Lucas P, Alexandre H, 

Grandvalet C, Coton E, Coton M, Barnavon L, Bach B, Rattray F, 

Bunte A, Magni C, Ladero V, Alvarez M, Fernandez M, Lopez P, 

de Palencia PF, Corbi A, Trip H.and Lolkema JS. 2010. Biogenic 



 

 

133 

 

Amines in Fermented Foods. Eur J Clin Nutr. 64: S95-S100. 

126. Sugimoto K, Wang CC, and Rakugi H. 2016. Sarcopenia in 

Diabetes Mellitus. M. Inaba (ed.) Musculoskeletal Disease 

Associated with Diabetes Mellitus:237-268. 

127. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, 

Verschoor CP, Loukov D, Schenck LP, Jury J, Foley KP, 

Schertzer JDL, Maggie J, Davidson DJ, Verd EF, Surette MG and 

Bowdish D. 2017. Age-associated microbial dysbiosis 

promotes intestinal permeability, systemic inflammation, and 

macrophage dysfunction. Cell Host Microbe. 21:455–466. 

128. Ticinesi A, Tana C and Nouvenne A. 2019. The intestinal 

microbiome and its relevance for functionality in older persons. 

Curr Opin Clin Nutr Metab Care. 22(1):4-12. 

129. Tieland M, Trouwborst I and Clark BC. 2018. Skeletal muscle 

performance and ageing. J Cachexia Sarcopenia Muscle. 

9(1):3-19. 

130. United Nations. In Affairs DoEaS, ed. Population Ageing and 

Development. New York: United Nations; 2012. 

131. Vallejo J, Spence M, Cheng A-L, Brotto L, Eden, NK, Garvey 

SM and Brotto M. 2016. Cellular and physiological effects of 

dietary supplementation with β-hydroxy-β-methylbutyrate 

(HMB) and β-alanine in late middle-aged mice. PLoS ONE. 

11:e0150066. 



 

 

134 

 

132. Van Koevering M and Nissen S. 1992. Oxidation of leucine and 

alpha-ketoisocaproate to beta-hydroxy-beta methylbutyrate 

in vivo. Am J Physiol Endocrinol. Metab. 262:E27–E31. 

133. van Tongeren S, Slaets J, Harmsen H and Welling G. 2005. 

Fecal microbiota composition and frailty. Appl Environ Microbiol. 

71:6438–6442. 

134. Visvanathan R and Chapman I. 2010. Preventing sarcopenia in 

older people. Maturitas. 15:1-12. 

135. Vitale G, Cesari M and Mari D. 2016. Aging of the endocrine 

system and its potential impact on sarcopenia. Eur J Intern Med. 

35:10-15. 

136. von Haehling S, Genth-Zotz S, Anker SD and Volk HD. 2002. 

Cachexia: a therapeutic approach beyond cytokine antagonism. 

Int J Cardiol. 85(1):173-83. 

137. Vulevic J, Drakoularakou A, Yaqoob P, Tzortzis G and Gibson 

GR. 2008. Modulation of the fecal microflora profile and immune 

function by a novel trans-galactooligosaccharide mixture (B-

GOS) in healthy elderly volunteers. Am J Clin Nutr. 88:1438–

1446. 

138. Walsh ME, Bhattacharya A, Sataranatarajan K, Qaisar R, 

Sloane L, Rahman MM, Kinter M and Van Remmen H. 2015. The 

histone deacetylase inhibitor butyrate improves metabolism and 

reduces muscle atrophy during aging. Aging Cell. 14:957–970. 



 

 

135 

 

139. White E. 2015. The role for autophagy in cancer. J Clin Invest. 

125(1):42–46. 

140. Wu G. 2009. Amino acids: Metabolism, functions, and nutrition. 

Amino Acids. 37:1-17. 

141. Yadav R, Puniya AK and Shukla P. 2016. Probiotic Properties 

of Lactobacillus plantarum RYPR1 from an Indigenous 

Fermented Beverage Raabadi. Front Microbiol. 7: 1683.  

142. Yoon MS. 2017. mTOR as a Key Regulator in Maintaining 

Skeletal Muscle Mass. Front Physiol. 8:788. 

143. Zhang M, Sun K, Wu Y, Yang Y, Tso P and Wu Z. 2017. 

Interactions between Intestinal Microbiota and Host Immune 

Response in Inflammatory Bowel Disease. Front Immunol 

8:942-954.  

144. Zhang S, Zeng X, Ren M, Mao X, and Qiao S. 2017. Novel 

metabolic and physiological functions of branched chain amino 

acids: a review. J Anim Sci Biotechnol. 8:10 

145. Zhao J, Brault JJ, Schild A and Goldberg AL. 2008. Coordinate 

activation of autophagy and the proteasome pathway by FoxO 

transcription factor. Autophagy. 4(3):378-80.  

  

 

 



 

 

136 

 

Abstract in Korean 

 

고령화 사회에서 노화에 따른 근육 질량과 힘의 상실은 주요 건강 

문제이다. 아직까지는 해결방법에 대해서는 명확히 밝혀지지는 않았다. 

이전 연구에 따르면, alpha-hydroxyisocaproic acid (HICA)는 근육 단

백질 합성을 증가시킨다고 간주되고 있다. HICA은 Branched-chain 

amino acid (BCAA) 중 하나인 leucine의 대사 산물이며, 

hydroxyisocaproate dehydrogenase (HicDH)의 환원 반응을 필수로 한

다. 유산균 (LAB)의 단백질 발효에 의한 김치나 젓갈 같은 발효식품에

는 HICA의 함량이 풍부하다. 본 연구에서는 HICA 생산 유산균을 분리

하여 프로바이오틱스 특성과 기능을 규명하고자 한다. 또한 분리된 균주

의 대사산물인 HICA의 기능 중 mTOR pathway를 자극하여, 활성됨으

로 인한 근육 단백질 합성을 입증하는 것을 목적으로 한다. 본 연구에서

는 기존에 실험실에서 보유하고 있는 유산균을 포함하여, 선택 및 분별 

배지를 이용하여 28개의 전통 발효 식품에서 238개의 유산균을 분리하

였다. 7개 유산균만이 leucine을 HICA로 전환하기 위해 필요로 하는 

HicDH gene과 Lactobacillus plantarum임을 확인하기 위한 LPSG을 동

시에 가지고 있어 선별 및 선발하였다. 7개의 균주를 포함하여 

reference strain인 Lactobacillus plantarum WCFS1과 Lactobacillus 

plantarum 299v의 상층액에서 HICA 생성량을 비교하였을 때, 

Lactobacillus plantarum D2-1의 HICA 생성량이 가장 많았음을 알 수 

있고, 배양액인 MRS에서는 HICA 함량이 거의 없는 것으로 보아 균주의 
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HICA 생성에는 영향을 끼치지 않음을 확인하였다. 최종적으로 선발된 

D2-1은 장내 생존력, 안정성, 안전성과 같은 기본적인 프로바이오틱스 

특성을 확인하였고, 이는 구강으로 섭취하였을 때, 건강에 이상이 없음을 

의미한다. 균주에서 배양온도, 배양시간, pH, 삼투압 및 배양 배지 성분이 

HICA 생산에 영향을 주며, 최적 조건을 프로파일링 하였다. 동물실험을 

통해 균주를 한 달 동안 경구 투여하였을 때, 균주의 효과를 확인한 결과 

균주를 투여한 그룹은 장내 미생물총은 유익균으로 조정되었고, 안정화되

었다. 균주 투여 그룹은 control 그룹에 비해 운동성 실험에서 높은 경향

성을 보였고, 몸무게 대비 뒷다리 근육량이 증가하였다. 또한 운동 후 혈

청에서의 생화학 분석에서 균주 투여 그룹은 에너지 대사, 염증, 피곤 지

표에서 개선되는 결과를 보였다. HICA가 mTOR pathway를 자극시켜 근

육분화를 유도되었음을 확인하기 위해 쥐 근육세포주 인 C2C12에 처리

하여 관련 유전자들에 미치는 영향을 평가해 본 결과, mTOR pathway와 

myogenesis regulator factor 와 muscle specific genes를 증가시키는 

경향성을 확인하였다. 결론적으로, HICA는 근육 감소증에 있어 보존 및 

치료의 기능적 측면을 가질 것으로 예상될 수 있다. 

 

 

주요어 : Lactobacillus plantarum, HICA, 근육단백질 합성, 근감소증, 

프로바이오틱스 
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