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Abbreviation 

ATP: adenosine triphosphate 

BL: Bifidobacterium longum 

CGC: caenorhabditis genetics center 

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats 

DAF: dauer abnormal formation 

DCCD: N,N-dicyclohexylcarbodiimide 

DCF-DA: 2',7'-dichlorodihydrofluorescein diacetate 
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FUdR: fluorodeoxyuridine 

dDW: double distilled water 

GFP: green fluorescent protein 
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GST: glutathione S-transferase 

HSF: heat shock factor 

HSP: heat shock protein 

IGF: insulin-like growth factor 

IIS: insulin/IGF-1 signaling 

INS: insulin 

JNK: c-Jun N-terminal kinase 

LET: lethal 

NBRP: national bioresource project 

NGM: Nematode Growth Medium 

Nrf: NF-E2-related factor 

PHA: defective pharynx development 

ROS: reactive oxygen species 

MAPK: mitogen-activated protein kinase 

PD: parkinson's disease 

qPCR: quantitative polymerase chain reaction 

SIRT: sirtuin 

SKN: skinhead 

SOD: superoxide dismutase 

CTL: catalase 

TLR: toll-like receptor 

TOR: target of rapamycin 

TTFA: 2-thenoyltrifluoroacetone 

UV: ultraviolet 
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Abstract 

In modern society, human life expectancy is increasing compared to the past, and the term 

"health span" is beginning to be used in addition to the term "life span". Although 

currently there is a gap between life span and health span, reducing the gap by extending 

health span is important to improve people's quality of life. In this study, I analyzed the 

effects of bifidobacterium on health and anti-aging as candidates for bioactive substances 

that can extend health span. In this study, Caenorhabditis elegans was used as an 

experimental model organism. 

Bifidobacterium is a probiotics, which are beneficial microorganisms to humans, and is 

the highest percentage of probiotics in the human gut. As such, they have considerable 

influence on the host and have beneficial effects on human health, including improvement 

of intestinal flora. Currently, various physiological effects of bifidobacterium are known 

to enhance immune function, alleviate allergies, and inhibit cancer development. 

Although its physiological effects on anti-aging have also been reported, there are many 

unresolved aspects of its effects, which I sought to elucidate in this study. 

C. elegans is widely used as a model organism for biological experiments because it is 

easy to breed. In addition, it has basic organs such as the intestines, nerves, and 

reproductive organs, which enable it to simulate the digestion and absorption of food 

extracts and functional substances. 
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Although several previous studies have analyzed the bioactive effects of bifidobacterium 

using nematodes, there are only a few studies on anti-aging and there are many 

unexplored aspects. In this study, I fed sterilized Bifidobacterium longum (BR-108, BL) 

together with E. coli, the food source of nematodes, in order to explore a new bioactive 

effect of B. longum on anti-aging and to elucidate the mechanism of its action. 

C. elegans fed a mixture of BL and E. coli increased various stress tolerance compared 

to C. elegans fed only E. coli. BL increased the expression of genes related to stress 

tolerance, which in turn increased the stress tolerance, extended the lifespan and 

prevented the loss of motility with aging. I also measured muscle mass, ATP levels, 

mitochondrial mass and mitochondrial membrane potential, and ROS levels in nematodes 

for further analysis of the significant suppression of age-related motility loss and found 

that BL-induced change of these phenotypes were upregulated. It was suggested that the 

maintenance of motility was caused by the effects on muscle and mitochondria. 

Compared to BL-induced changes in muscle mass, mitochondrial mass and membrane 

potential were substantially increased. Therefore, I hypothesized that BL has a greater 

effect on mitochondria, which produce ATP for muscle energy, than on muscle, and I 

used mitochondrial complex inhibitors to search for mitochondrial target sites for BL-

induced effects in mitochondria. Mitochondria have five complexes, I, II, III, IV and V 

and some of the inhibitors suppressed the increase in motility and mitochondrial 

membrane potential. Although the target sites have yet to be elucidated, it is suggested 
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that the mitochondrial electron transfer chain and ATP biosynthesis are important in the 

suppression of age-related decline of motility. 

In order to analyze in more detail the mechanism of the bioactive activity of 

bifidobacterium that have been identified so far, the proteins in the insulin signaling 

pathway and p38 Mitogen Activated Protein Kinase (MAPK) pathway, which are  

signaling pathways involved in aging and stress tolerance, were analyzed in measure of 

oxidative stress tolerance, lifespan, and motility in the deficient mutants. Consequently, 

the phenotypes induced by BL were suppressed. These results suggested that BL caused 

the above bioactive effects through these signaling pathways. In addition to the previously 

revealed mechanism, I have further elucidated the mechanism. 

Among the bioactive effects of bifidobacterium revealed in this study, the inhibition of 

age-related loss of motility and effects on muscle and mitochondria in C. elegans have 

not been reported to date. Although future studies in mice and other higher animals will 

be necessary, improving motility in aging individuals and maintaining muscle and 

mitochondrial function could prevent sarcopenia, a decline in muscle and motility with 

aging, and extend health span. Bifidobacterium intake may also develop into an inhibitory 

effect on Parkinson's disease (PD). PD is caused by aging and other factors and reduces 

mitochondrial homeostasis. Consequently, this causes dopaminergic neuronal 

degeneration. In the present study BL maintained the mitochondrial membrane potential 

in aging nematodes. This suggests that mitochondrial homeostasis is maintained and that 
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BL has the potential to prevent PD. In the future, I plan to analyze the effects of 

bifidobacterium on preventing sarcopenia and inhibiting PD. 
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Introduction 

In modern society, human life expectancy is increasing compared to the past, and the 

average global life expectancy is now 73.2 years, compared to 47.0 years in the 1950s [1]. 

In recent years, the average life expectancy in Japan, a country known for its longevity, 

has been 85.0 years, and by the year 2100, the average life expectancy in Japan is expected 

to be 93.5 years [1]. In this society, the term “health span” is beginning to be used in 

addition to the term “life span”, which simply refers to the period from birth to death [2]. 

Health span is the period of time from birth to the time when a person is no longer able 

to perform healthy activities, i.e., until he or she becomes ill or bedridden and needs the 

assistance of someone else. Currently, health span in Japan is 72.14 years for men and 

74.79 years for women [3]. Although there is a gap between the length of life span and 

health span, reducing the gap by extending health span is important to increase people's 

quality of life. Increasing health span includes having better medical care, maintaining 

good nutrition, and maintaining muscle mass through exercise. I focused on improving 

the body's health and anti-aging through food extracts and bioactive substances. 

Bioactive substances are what can cause changes in our physiology and behavior when 

ingested. The classic study of phytochemicals (phytoalexins), which are functional 

components of plants, is resveratrol. Resveratrol is a kind of polyphenol found in red 

grapes and is known to be contained in red wine [4]. It is sometimes mythically attributed 

to the high intake of resveratrol that the French are healthy despite their fat-rich diet 
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(French Paradox) [5]. In fact, resveratrol has a strong antioxidant effect and various 

physiological effects such as atherosclerosis, heart disease, cerebral palsy, and metabolic 

disorders have been reported [6–9]. It is also known to have an effect on anti-aging and 

to extend life span in model organisms such as nematodes and yeast [10,11]. In the study 

on aging, an association between lifespan and sirtuin was suggested [12]. Sirtuin genes 

are histone deacetylases, which are involved in the silencing of transcription and repress 

gene expression [13]. Sirtuin genes and homologous genes are found in a wide range of 

organisms such as C. elegans, yeast, drosophila, and humans, with SIRT1~7 found in 

humans [14,15]. Sirtuin genes are also one of the genes so called longevity genes, and 

longevity genes are often included in several signaling pathways, which regulate aging 

by regulating the stress tolerance and energy expenditure of individuals [16]. For example, 

in C. elegans, Insulin/IGF-1 Signaling (IIS) pathway, p38 Mitogen-activated Protein 

Kinase (MAPK) pathway, Skinhead 1/NF-E2-Related Factor 2 (SKN-1/Nrf2) signaling 

pathway, c-Jun N-terminal Kinase (JNK) pathway, Heat Shock Factor 1 (HSF-1) pathway, 

and Target of Rapamycin (TOR) pathway are well known [17–24]. 

Signaling pathway 

IIS pathway is activated by insulin-like peptides in DAF-2/IGF-1, receptor of peptides. 

Binding of antagonist peptides such as INS-1 to DAF-2 inactivates the IIS pathway, and 

the transcription factor DAF-16 is dephosphorylated and translocated to the nucleus, 

leading to stress tolerance [25]. DAF-16 is known to be homologous to mammalian 
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FOXO, which, as well as DAF-16, is a transcription factor involved in aging [26,27]. The 

transcription of DAF-16 extends the life span of nematodes. On the other hand, when an 

agonist peptide, such as DAF-28, binds to DAF-2, the transcription factor DAF-16 is 

phosphorylated via the IIS pathway and transferred to the cytoplasm, which represses its 

transcriptional activity [17,18,25]. p38 MAPK pathway is associated with defense against 

infection from bacteria [28]. This pathway is activated by Toll-like Receptor (TLR) when 

cells recognize foreign substances or are subjected to oxidative stress, and phosphorylates 

SKN-1/Nrf2 [29,30]. Phosphorylated SKN-1/Nrf2 migrates to the nucleus and acts as a 

transcription factor, regulating the transcription of various genes, thereby increasing the 

stress tolerance of individuals [20,31]. JNK pathway is also a kinase pathway and is 

activated by the some stressors. The transcription factor DAF-16 is activated via JKK-1 

and JNK-1 in C. elegans when stimulated by environmental stress and other factors [22]. 

Subsequently, similar to IIS pathway, DAF-16 regulates the transcription of various 

senescence-related genes, resulting in phenotypes such as increased stress tolerance [32]. 

HSF-1 is a transcription factor that regulates the transcription of genes involved in heat 

stress, primarily in response to stress stimuli, and is involved in regulating lifespan [23]. 

Some transcriptions are also promoted by the co-localization of DAF-16 and HSF-1 in 

the nucleus [33]. TOR pathway is activated by rapamycin and nutrient stimuli. In this 

pathway LET-363 acts centrally. Activation of LET-363 shortens the lifespan by 

repressing transcription factors such as DAF-16, SKN-1, HSF-1, and PHA-4 [24,34]. It 
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is intricately related to various signaling pathways and therefore, there are many 

unexplored aspects. 

This study focused on bifidobacterium, among other bioactive substances, to analyze their 

effects on health and anti-aging. In addition, C. elegans was used as an experimental 

model organism. 

Bifidobacterium 

Bifidobacterium is gram-positive rod bacteria [35]. It is also a partial anaerobic bacterium, 

which makes it difficult to grow in the presence of oxygen [36]. For this reason, 

bifidobacterium is more abundant in the human intestine, such as the large intestine, 

where it is even harder for oxygen to reach than in the stomach and duodenum [37]. 

Bifidobacterium such as B. bifidum, B. infantis, B. breve, B. adolescentis, B. longum, B. 

angulatum, and B. catenulatum are known to live in the human intestine [38,39]. 

Bifidobacterium is known as typical probiotics and is one of the intestinal bacteria that 

has a positive impact on humans [40]. Lactobacillus, a well-known probiotics, is a 

facultative anaerobe and can grow in the presence of oxygen and produce lactic acid as a 

metabolite [41]. Bifidobacterium, on the other hand, in addition to lactic acid, produce 

acetic acid, which lowers pH in the intestine and regulates the intestinal environment [42]. 

Bifidobacterium is the most predominant in the intestinal flora of human infancy. Later, 

although their numbers decrease in adults, they are 100-1,000 times more present than 

lactobacilli and are known to have the highest percentage of probiotics in the intestines 
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[43]. Due to its high proportion, it is likely to have considerable influence on the host. In 

fact, they are known to show beneficial effects on human health such as improving 

intestinal flora [44]. The anti-aging effects of probiotics were first reported in 1908 in 

Ilya Mechnikov's book "The prolongation of life" [45]. In his book, he noted that 

Bulgarians live long due to the constant consumption of probiotics, for example, intake 

of yogurt. Nowadays, various physiological effects of bifidobacterium are known, such 

as enhanced immune function and alleviation of allergies [46,47]. It has also been 

reported that bifidobacterium inhibits cancer development [48]. More recently, it has been 

reported that the stimulation of intestinal bacteria affects the brain, called gut-brain axis, 

and affects muscles, called gut-muscle axis, which greatly affects the host [49–51]. 

Although more than 100 years have passed since Ilya mechnikov's report, research on gut 

bacteria and aging has not progressed much, and there are still many unanswered 

questions, which I addressed in the present study [52]. 

Caenorhabditis elegans 

C. elegans used as an experimental model organism in this study belongs to the phylum 

of molting animals and linear animals. Their epidermis are covered with a thick layer of 

cuticular, and it molts four times before becoming an adult [53]. In nature, nematodes live 

in soil and feed on bacteria by moving their pharynxes back and forth while advancing 

through the soil. They feed on E. coli at 20°C in the laboratory condition and survive for 

about a month on agar medium. They are easy to culture and can be observed with a 10x 
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optical microscope, so they do not require a sophisticated laboratory environment. They 

are also mostly hermaphroditic, so they can self-fertilize and lay eggs without mating 

[54,55]. They lay the next generation of eggs in 4 or 5 days after hatching from the eggs, 

so generation change is rapid. Because of the ease of rearing as mentioned above, C. 

elegans is widely used as a model organism for aging experiments. Similarly, the life span 

of mice, which are often used as experimental model organisms, is a few years, so 

nematodes are suitable for experiments to analyze aging due to their short life span [56]. 

It is also known that many of genes are homologous to those of higher animals [57]. In 

the early days, Sydney Brenner and his colleagues analyzed the cellular lineage and now 

the whole genome structure and whole cell genealogy have been revealed [58]. To their 

credit, there has been an abundance of research and a wealth of deletion mutants and 

recombinants created by numerous research groups. Many of them have been maintained 

in Caenorhabditis genetics center (CGC, University of Minnesota, Minneapolis, USA) 

and National BioResource Project (NBRP, Tokyo Women's Medical University, Tokyo, 

Japan), and have therefore been used as a model for specific neural and protein analysis 

[59,60]. C. elegans was the first organism for which RNA interference (RNAi) was 

established by AZFire and has since been studied using various genetic manipulation 

techniques, including genetic modification using CRISPR [61,62]. They also have basic 

intestinal, neural, and reproductive organs that allow them to mimic the digestion and 

absorption of food extracts and functional substances. In addition, the intestinal 

microbiota of C. elegans is important for present study. In the laboratory environment, as 
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well as this study, C. elegans are fed only E. coli from the egg state to grow, so it is likely 

that almost exclusively E. coli bacteria grow in the intestine. It is also known that there 

are dozens of types of intestinal bacteria in the wild [63,64]. Because of the above reasons, 

this method is often used to analyze the bioactive effects of substances. I have also used 

nematodes to measure the bioactive effects of phytochemicals, which are functional 

components of plants, food extracts and so on [65–69]. In recent years, public criticism 

of animal ethics has increased, and alternative biological model organisms are needed. C. 

elegans could be an alternative model organism because of the points mentioned above 

[70,71]. 

Previous studies of bifidobacterium using nematodes 

Several previous studies have analyzed the bioactive effects of bifidobacterium using C. 

elegans [66,72–77]. Among the previous studies, there are only a few ones on senescence, 

including mine [66,73,75,77]. The cell wall components of bifidobacterium are said to be 

receptive to the nematodes, resulting in a bioactive effect [75]. Although there seems to 

be a difference in the signaling pathways activated by different species of bacteria, 

bifidobacterium activate IIS, TLR, p38 MAPK, and JNK pathways, extending their 

lifespan (Fig. 1) [78]. For example, Bifidobacterium infantis, which is a different species 

from the one I used, did not activate IIS pathway but activated p38 MAPK pathway, 

extending the life span of C. elegans [73]. In studies using Bifidobacterium longum, 

including my previous study, stimulation from IIS and JNK pathways activated the 
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transcription factor DAF-16 and regulated the transcription of various senescence-related 

genes, resulting in B. longum improving stress tolerance and extending life span [66,75]. 

Thus, despite the existence of several previous studies, there are still many unanswered 

questions regarding aging and life span. In addition, there may be bioactive effects of 

bifidobacterium on aging and health that are not yet clear. In this study, I aimed to explore 

the new bioactive effects of B. longum on aging and health by feeding sterilized B. longum 

(BR-108) together with E. coli, the food source for nematodes. Additionally, I aimed to 

elucidate the mechanism by using the genetic mutants mentioned above. The reason for 

using dead bacteria instead of live ones was that I wanted to use them for future 

applications in higher animals by oral ingestion, taking into account the possibility of 

bifidobacterium being killed by stomach acid. When considering future food applications, 

the use of dead bacteria rather than live ones will stabilize the quality. In addition, since 

substances with life-extending effects are said to be present in the cell wall fractions of 

bifidobacterium, it is thought that bioactive effects may exist even in dead bactericidal 

fractions [73,75]. A previous study using Lactobacillus, it has been reported that dead 

bacterial fractions are more readily accepted by nematodes and have a greater bioactive 

effect than live bacteria [79]. 

In this study, I aimed to explore the new bioactive effects of bifidobacterium on anti-

aging, which have not been clarified so far, and aimed to elucidate the involved 

mechanism. 
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Materials and Methods 

Nematodes, Bifidobacterium 

C. elegans Bristol N2 wild type, SB1370[daf-2(e1370)III], TJ1052[age-1(hx546)II], 

RB754[aak-2(ok524)X], GR1307[daf-16(mgDf50)I], tm5464[eat-2(tm5464)II], 

PS3551[hsf-1(sy441)I], IG10[tol-1(nr2033)I], RB1085[tir-1(ok1052)III], tm850[nsy-

1(tm850)II], AU1[sek-1 (ag1)X], tm676[pmk-1(tm676)IV], tm4241[skn-1(tm4241)IV], 

RB1206[rsks-1(ok1255)III], VC1027[daf-15(ok1412)/nT1 IV; +/nT1 V], tm4642[rheb-

1(tm4642)III], tm4598[pha-4(tm4598)V], TJ356[zIs356(daf-16p::daf-16a/b::GFP + rol-

6)IV], LG333[geIs7(skn-1b::GFP)IV], RW1596[stEx30(myo-3p::GFP::myo-3+rol-6 )V], 

SJ4103[zcIs14(myo-3::GFP(mit)). The above nematodes were obtained from CGC and 

NBRP. C. elegans was reared on Nematode Growth Medium (NGM) at 20°C coated with 

E. coli OP50 strain (OP plates) [54,80]. 

Bifidobacterium longum (BR-108) (Combi Corporation, Tokyo, Japan), which was heat-

sterilized at 105°C for 20 minutes. For storage, 500 mg/ml aqueous solution of BR-108 

was stored frozen at -80°C. The frozen BR-108 aqueous solution was thawed and mixed 

with OP50 to a concentration of 50 mg/ml for the experiments. I made two samples; 

worms grown on OP plates (CT) and on BL plates which coated with a mixture of OP50 

and B. longum (BL). 
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Synchronization 

Adult nematodes were collected by S-basal (0.1 M NaCl (Kanto Chemical, Tokyo, Japan), 

50 mM Potassium Phosphate Buffer (PPB (pH 6.0))). The adults were treated with NaClO 

solution (10 N NaOH (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan): 

NaClO (Haiter (Kao, Tokyo, Japan) = 1:10)). The nematodes were crushed by this 

treatment and the eggs were collected for the experiments. The L1 larvae obtained after 

incubating the collected eggs at 20°C for 18 hours were used for the experiments. The 

synchronization treatment was done to align the growth stage of the eggs used in the 

experiment. 

Gene expression 

Synchronized N2 wild-type nematodes were grown on OP plates for 96 hours and then 

transferred to OP or BL plates (day 0). After the synchronization treatment, 0.5 mg/ml 

FUdR (FUJIFILM Wako) was used at day -1 and 0 to inhibit egg laying and development. 

On the day 3, nematodes were collected and washed with dDW, and then crushed with 

Bio Masher II (Nippi, Tokyo, Japan) and Power Masher II (Nippi). mRNA was extracted 

from the crushed solution using RNAiso Plus (Takara Bio, Shiga, Japan). Subsequently, 

cDNA was synthesized using the cDNA reverse transcription kit PrimeScript™ RT 

reagent Kit with gDNA Eraser (Takara Bio). It was used to perform qPCR by 

THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan) and Thermal Cycler Dice® 

Real Time System Lite (Takara Bio). Based on previous study, I chose actin, tba-1 and 
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Y45F10D4 on candidate genes for internal control [81]. From previous and present study, 

I chose Y45F10D4 as an internal control for the expression stability (Fig. 2) [81]. Each 

sample cDNA was measured in three wells. The primers used in this assay were shown 

in table 1. 
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Table 1 Sequences of primers used in the gene expression analysis 

Gene name   5’-3’Sense       5’-3’Anti-sense 

actin    TCGGTATGGGACAGAAGGAC      CATCCCAGTTGGTGACGATA 

tba-1    TCAACACTGCCATCGCCGCC      TCCAAGCGAGACCAGGCATCAG 

Y45F10D4* CGACAACCCGCGAAATGTCGGA   CGGTTGCCAGGGAAGATGAGGC 

hsp-12.6   TGGAGTTGTCAATGTCCTCG       GACTTCAATCTCTTTTGGGAGG 

hsp-16.2   TGTTGGTGCAGTTGCTTCGAATC   TTCTCTTCGACGATTGCCTGTTG 

hsp-70   ACCCTTCGTTGGATGGAACG      GCATCCGGAACCTGATTGGGC 

sod-1   TGGTGGACCAAAATCCGAGA      CCATAGATCGGCCAACGACA 

sod-2   GATACTGTCCAAAGGGAAAGAT    GTAGTAAGCGTGCTCCCAGA 

sod-3   GCTGCAATCTACTGCTCGCACTG   GGCTGATTACAGGTTCCAAATCTGC 

sod-4   GCACCAGATGACTCGAACA      GTCCACTTAATGAGGCAAGA 

sod-5   TCGAAACGTGCTGTAGCGG      CACCTTCGGCTTTCTGGGT 

ctl-1   CCAAACAGCCACCCAAATCA       AGTGTCGGCGTTCAGATTTC 

ctl-2   CTGGGAGAAGGTGTTGGAT       GGATGAACCTTTGAAAAGTGAT 

ctl-3   AGTAAATCTTCAAAATGCCAATG   GGTGGGGTTCCTGATTTCTAT  

gst-4   CGTTTTCTATGGAAGTGACGC      TCAGCCCAAGTCAATGAGTC 

gpx-1   AACGACTGATCCAAAGGAC      TTGAAAGTTTGAATTGCTG 

gpx-2   GACTACTGAGCCGAAGGAT      CCAAGTTTTCACTCGATTTT 

gpx-3   ATCTGGTAACATGGCACCT      TCCAACGCATTGTTTCATC 

gpx-4   TACTTACTTTGGCTGTTTCTTTCAC  TTTCCAGCGCAGAGTATCG 

gpx-5   TCGTAGTACCGACCCACAT       GTAAATACAGGAACGGAGAAAA 

gpx-6   GCCAGATATGTATTCAAAGG       GCTGATAATGATGAGCCAC 

gpx-7     GGCCATTGATTGGAGAAGA       CCATTTGATTGCATCGAAAA 

gpx-8   TGGCGAATGAAACAGTAAA       GACAGTCGTTGATCTATGC 

eat-3   CGACATCTGCTCAAACTTCGAT     CCAAGACCCATTTGAATCGAAC 

fzo-1   GTGCTGCCGATAATGAACCAC       TTCCCGCTGTTCAGAACTAAC 

drp-1   GAAGACGGTCAAATGGAACAC     GCACGGCATCGAAGTCTGT 

*Reference gene. 
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UV stress tolerance assay 

Nematodes are reduced in locomotion by UV stress. To measure their recovery from that 

decrease, synchronized N2 worms were grown on OP or BL plates for 96 hours, then the 

plates were placed in a UV irradiation machine (CL-1000, Analytik Jena AG, Jena, 

Germany) and subjected to UV-B and UV-C (100 mJ/cm2) stress for 30s (hour 0), the 

number of thrashing motions of nematodes was measured for 15s in every 6 h. In this 

experiment, the motility of the nematodes at 20°C without UV exposure was measured 

simultaneously and calculated the difference between the number of locomotions with 

and without UV and presented the results. N=10, independent experiments were 

performed at least two times. 

Heat stress tolerance assay (motility) 

Heat stress reduces motility in nematodes. In order to measure their recovery from this 

loss of motility, synchronized N2 nematodes were grown on OP or BL plates for 96 hours 

and then exposed to heat stress at 35°C for 4 hours (hour 0), and the number of thrashing 

movements of nematodes was measured for 15s in every 6 hours. In this experiment, the 

motility of the nematodes at 20°C without heat exposure was also measured, and the 

results showed the motility recovery in terms of the difference between the motility of the 

nematodes at 35°C and the motility of the nematodes at 20°C. N=10, independent 

experiments were performed at least three times. 
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Heat stress tolerance assay (survival) 

In order to measure the survival under heat stress, synchronized N2 nematodes were 

grown on OP or BL plates for 96 hours and then exposed to a heat stress environment at 

35°C for 10 hours (hour 0) and the survival rate of N2 worms was measured in every 2 

hours. Similar measurements were made for RB754 (aak-2), PS3551 (hsf-1), tm850 (nsy-

1), AU1 (sek-1), and tm676 (pmk-1). N=40, independent experiments were performed at 

least two times. 

Oxidative stress tolerance assay (hydrogen peroxide) 

In order to measure the survival against hydrogen peroxide-induced oxidative stress, 

synchronized N2 nematodes were grown on OP or BL plates for 96 hours and then 

transferred to 0.3% hydrogen peroxide (Sigma-Aldrich, St. Louis, USA) (hour 0) and the 

survival rate of N2 nematodes was measured in every hour. 400 μl hydrogen peroxide 

was added to 24-well plates (Techno Plastic Products AG (TPP), Trasadingen, 

Switzerland). N=24, independent experiments were performed at least three times. 

Oxidative stress tolerance assay (paraquat) 

In order to measure the survival against oxidative stress caused by paraquat, synchronized 

N2 worms were grown on OP or BL plates for 96 hours and then transferred to 300 mM 

paraquat (Sigma-Aldrich) (hour 0) and the survival rate of N2 nematodes was measured 

in every hour. 400 μl paraquat was added to 24-well plates (TPP). Similar measurements 
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were performed for RB754(aak-2), GR1307(daf-16), IG10(tol-1), RB1085(tir-1), 

tm850(nsy-1), AU1(sek-1), tm676(pmk-1), tm4241(skn-1), RB1206(rsks-1). N=12, 

independent experiments were performed at least two times. 

Nuclei localization of DAF-16 

In order to observe the nuclei localization of DAF-16. Synchronized TJ356(daf-16::GFP) 

nematodes were grown on OP or BL plates for 96 hours. After washing the nematodes 

with S-basal, they are fixed with 10% ethanol (Kanto Chemical) for 10 min. GFP 

fluorescence was measured by the fluorescent microscope BZ8000 (Keyence, Osaka, 

Japan). N≥20, independent experiments were performed at least two times. The 

subcellular localization of fluorescence was classified into three groups: mainly localized 

to the nucleus (nuclei), partially localized to the nucleus (partial), and localized to the 

cytoplasm (cytoplasm), and the proportions were shown [82]. 

Intracellular ROS assay 

Synchronized N2 nematodes were grown on OP or BL plates for 96 hours. After washing 

the nematodes with S-basal, 400 µl of DCF-DA solution was added and stirred for 1 hour. 

Then, after fixation with 10% ethanol (Kanto Chemical) for 10 min, the amount of 

intracellular ROS was measured by fluorescence microscope BZ8000 (Keyence). DCF-

DA staining can measure intracellular ROS [83]. The DCF-DA solution was made by 

dilution of DCF-DA reagent (FUJIFILM Wako) to 100 mM with Dimethyl sulfoxide 
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(DMSO (FUJIFILM Wako)) and 50 µM with S-basal. N≥39, independent experiments 

were performed at least two times. 

Life span assay 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 

to OP or BL plates (day 0). Thereafter, the plates were changed every 2 days and the 

survival rate of N2 nematodes was measured. Survival was determined by nematode 

movements by gentle contact stimulation using a platinum picker. On the day -1, 0, 2, and 

4, 0.5 mg/ml 2'-Deoxy-5-fluorouridine (FUdR (FUJIFILM Wako)) was used to suppress 

egg laying and development [84]. FUdR was dissolved in dDW at 5.0 mg/ml and stored 

frozen at -80°C. It was diluted to 0.5 mg/ml in S-basal and used for the treatment. Similar 

measurements were performed for RB754(aak-2), PS3551(hsf-1), IG10(tol-1), 

RB1085(tir-1), tm850(nsy-1), AU1(sek-1), and tm676(pmk-1). N=60, independent 

experiments were performed at least two times. 

Egg laying 

Synchronized N2 nematodes were grown on OP or BL plates for 48 hours and then 

transferred to new OP or BL plates (day 0). Thereafter, the plates were changed every day 

and the number of eggs was measured. N=10, independent experiments were performed 

at least twice. 

Food intake 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 
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to OP or BL plates (day 0). Thereafter, the plates were changed every 3 days and the 

number of pumping rate of N2 wild-type was measured for 15s. C. elegans intakes food 

simultaneously with pharyngeal movements [85]. On the day -1, 0, and 3, 0.5 mg/ml 

FUdR (FUJIFILM Wako) was used to inhibit egg laying and development. N=10, 

independent experiments were performed at least twice. 

Long-term motility assay 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 

to OP or BL plates (day 0). Thereafter, the plates were changed every 3 days and the 

number of thrashing movements of N2 nematodes was measured for 15s. On the day -1, 

0, and 3, 0.5 mg/ml FUdR (FUJIFILM Wako) was used to inhibit egg laying and 

development. N=10, independent experiments were performed at least three times. 

Similarly, measurements were performed for RB754(aak-2) and PS3551(hsf-1) until day 

9. To examine the association with mitochondria the same experiments were conducted 

with the inhibitors of the mitochondrial complex I, II, III, IV and V: rotenone (Sigma-

Aldrich), 2-thenoyltrifluoroacetone (TTFA, Sigma-Aldrich), antimycin A (Sigma-

Aldrich), sodium azide (FUJIFILM Wako) and N,N-dicyclohexylcarbodiimide (DCCD, 

FUJIFILM Wako) respectively. 10-, 20-, and 50 µM rotenone, 500-, 1,000, 2,000 µM 

TTFA, 1-, 10-, and 20 µM antimycin, 100-, 200-, and 400 µM sodium azide, and 20-, 50-, 

and 100 µM DCCD were dropped into the plate at the same time as the plate change. 

N=10, independent experiments were performed at least two times. 
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Fat accumulation 

Synchronized N2 wild-type nematodes were grown on OP or BL plates for 96 hours. 

Thereafter, they were fixed with 4% paraformaldehyde (FUJIFILM Wako) for 2 hours at 

4°C. After washing with S-basal, 400 µl of 5 µg/ml Nile Red staining solution (FUJIFILM 

Wako) was added and the samples were stirred for 10 min at 4 °C. The mixtures were 

washed twice with S-basal again and measured by a fluorescence microscope BZ8000 

(Keyence). N≥26, independent experiments were performed at least three times. 

Long-term muscle mass assay 

Synchronized nematodes RW1596(myo-3::GFP) were grown on OP plates for 96 hours 

and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed every 

3 days and GFP fluorescence was measured with a fluorescent microscope BZ-X810 

(KEYENCE). As well as motility measurements, spawning and development were 

inhibited with 0.5 mg/ml FUdR (FUJIFILM Wako) at day -1, 0, and 3. N≥13, independent 

experiments were performed at least three times. 

Long-term intramuscular mitochondrial mass 

Synchronized nematodes SJ4103(myo-3::GFP(mit)) were grown on OP plates for 96 

hours and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed 

every 3 days and GFP fluorescence was measured with a fluorescent microscope BZ-

X810 (KEYENCE). As well as motility measurements, spawning and development were 
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inhibited with 0.5 mg/ml FUdR (FUJIFILM Wako) at days -1, 0, and 3. N≥11, 

independent experiments were performed at least three times. 

Mitochondrial homeostasis assay 

Synchronized nematodes (SJ4103(myo-3::GFP(mit))) were grown on OP plates for 96 h 

and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed every 

3 days and observed with a fluorescent microscope THUNDER imaging system (Leica, 

Wetzlar, Germany). Spawning and development were suppressed using 0.5 mg/ml FUdR 

(FUJIFILM Wako) at days -1, 0, and 3 as well as motility measurements. N≥5, 

independent experiments were performed at least two times. 

ATP assay 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 

to OP or BL plates (day 0). On the day -1, 0, and 3, as well as motility measurements, 0.5 

mg/ml FUdR (FUJIFILM Wako) was used to inhibit spawning and development. More 

than 200 nematodes were collected and washed with MilliQ, and then crashed with Bio 

Masher II (Nippi, Tokyo, Japan) and Power Masher II (Nippi) every 3 days. The crushed 

fluid was cooled and centrifuged (4°C, 1,000 g, 10 min.) and ATP was extracted using 

the ''Tissue'' ATP assay kit (TOYO B-Net Co., Ltd., Tokyo, Japan). Luciferase 

luminescence was then quantified using a white 96-well plate (FUJIFILM Wako) and a 
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luminometer (Berthold Technologies, Bad Wildbad, Germany). Each sample ATP was 

measured in three wells. Independent experiments were performed at least two times. 

Long-term mitochondrial membrane potential and mitochondrial ROS assay 

Synchronized nematodes SJ4103(myo-3::GFP(mit)) were grown on OP plates for 96 

hours and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed 

every 3 days. In order to measure mitochondrial membrane potential and mitochondrial 

ROS, 1 ml of 0.5 µM MitoTracker Orange CMTMRos (Thermo Fisher Scientific, Inc., 

Waltham, USA) and 1 ml of 0.5 µM MitoTracker Orange CM-H2TMRos (Thermo Fisher 

Scientific) were added respectively. 3 hours later, the samples were collected and washed. 

Thereafter, nematodes were fixed in 10% ethanol (Kanto Chemical) for 10 mins and the 

fluorescence of MitoTracker was measured by BZ-X810 (KEYENCE). As well as 

motility measurements, spawning and development were inhibited with 0.5 mg/ml FUdR 

(FUJIFILM Wako) at day -1, 0, and 3. N≥13, independent experiments were performed 

at least three times. Same experiments were conducted with the inhibitors of the 

mitochondrial complex: rotenone (Sigma-Aldrich), 2-thenoyltrifluoroacetone (TTFA, 

Sigma-Aldrich), antimycin A (Sigma-Aldrich), sodium azide (FUJIFILM Wako) and 

N,N-dicyclohexylcarbodiimide (DCCD, FUJIFILM Wako) respectively. 10-, 20-, and 50 

µM rotenone, 500-, 1,000, 2,000 µM TTFA, 1-, 10-, and 20 µM antimycin, 100-, 200-, 

and 400 µM sodium azide, and 20-, 50-, and 100 µM DCCD were dropped into the plate 

at the same time as the plate change. For membrane potential assay, N≥13 for vehicle, 
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≥13 for rotenone, ≥13 for TTFA, ≥11 for antimycin A, ≥10 for sodium azide, ≥10 for 

DCCD. For mitochondrial ROS assay, N≥11. independent experiments were performed 

at least two times. 

Statistical analysis and figure drawing 

Statistical analysis and figure drawing were conducted by Python (ver. 3.6.9, Python 

Software Foundation, Delaware, USA) on Google colaboratory (Google LLC, California, 

USA, https://colab.research.google.com/) with the following packages: matplotlib, scipy, 

statsmodels and lifelines. Data were presented as the mean ± SEM, and statistical analysis 

was performed using Student’s t-test for the two-group test, and one way ANOVA 

followed by Tukey’s HSD post hoc test for the three or more group tests. The survival rate 

was drawn using Kaplan-Meier curve and analyzed using log-rank test. P value < 0.05 

was considered to indicate statistical significance. 
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Results 

The purpose of this study was to explore the new bioactive effects of B. longum (BL, BR-

108) on anti-aging and health and to elucidate the mechanism. First, I measured the stress 

tolerance of C. elegans after the consumption of BL. Stress tolerance is closely related to 

anti-aging and lifespan. Stress on cells leads to the production of ROS and protein 

aggregation. Consequently, these reduced cell homeostasis and accelerated aging [86]. In 

other words, increased stress tolerance can be expected to increase anti-aging and lifespan 

[87–89]. In the present study, UV, hydrogen peroxide, paraquat and heat at 35°C were 

chosen as the stress sources. First, nematodes were irradiated with 100 mJ/cm2 UV-A, 

but the results were not stable. Then I measured the motility of the nematodes at 0, 6, and 

12 h after irradiation with UV-B and at 0 and 6 h after irradiation with UV-C. 

Consequently, the motility of the nematodes decreased after UV irradiation. I measured 

the differences in motility between the nematodes with and without irradiation, and found 

that the motility of the nematodes treated with BL increased at each hour after UV-B and 

UV-C irradiation, suggesting that BL enhanced their recovery from UV stress (Fig. 3A,B).  

The increase in motility even at 0 h after UV irradiation suggested that BL provided a 

protective function for C. elegans against UV radiation. 

In N2 wild-type nematodes, BL enhanced the motility after 4 h of heat stress at 35°C, the 

survival under continuous 35°C heat stress, and the survival to 300 mM paraquat and 

0.3% hydrogen peroxide (Fig. 4-8). This suggests that BL enhanced the heat stress and 
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oxidative stress tolerance of C. elegans. To investigate which signaling pathway is 

responsible for these increased stress tolerances, I used several gene deficient mutants. 

Increased survival under heat stress was not observed in RB754(aak-2), PS3551(hsf-1), 

tm850(nsy-1), AU1(sek-1) and tm676(pmk-1) (Fig. 5B-F). Increased oxidative stress 

tolerance using paraquat was not observed in RB754(aak-2), GR1307(daf-16), 

RB1085(tir-1), tm850(nsy-1), AU1(sek-1), tm676(pmk-1), tm4241(skn-1), RB1206(rsks-

1), VC1027(daf-15) and tm4642(rheb-1) (Fig. 7A-H,8A-C). Therefore, it is suggested 

that the enhancement of heat and oxidative stress tolerance is mediated by these pathways. 

In order to further investigate the signaling pathways involved in stress tolerance, I 

measured the nuclei localization of the transcription factor DAF-16. The worms fed on 

BL had more bright dots compared with CT (Fig. 9A,B). The same can be seen from 

images observed under high magnification (Fig. 9C,D). It suggested BL induced the 

nuclei localization of DAF-16 (Fig. 9E). This localization might result in the increase of 

stress tolerance [25]. Various stresses generate ROS and damage cells [90–92]. I used 

DCF-DA to analyze whether BL changes the amount of ROS in cells. Compared to CT, 

the amount of fluorescence was lower in BL (Fig. 10A,B). The results showed that BL 

significantly decreased ROS in C. elegans (Fig.10C). It is suggested that this decline of 

ROS resulted in an increase of stress tolerance. The result of gene expression that BL 

upregulated some genes related to heat stress tolerance, HSPs, and oxidative stress 

tolerance and removal of ROS, SODs, CTLs, GPXs and GST-4 also contribute to this 

upregulation of stress tolerance (Fig. 11). 
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As mentioned earlier, increased stress tolerance, ROS generation, and lifespan extension 

are closely related [93]. BL extended the lifespan of wild-type C. elegans (Fig. 12A). In 

order to analyze whether this BL-induced life span extension was due to the effect on 

ROS reduction and stress tolerance enhancement or due to caloric restriction, I measured 

egg laying and food intake. Consequently, BL did not change the number of eggs and 

amount of food intake (Fig. 13,14). This suggested BL-induced extension might be due 

to the reduction of ROS and increased stress tolerance [66,78]. To further elucidate the 

known mechanism of life span extension by B. longum, I used several gene deletion 

mutants and found that there was life span extension in PS3551(hsf-1) and IG10(tol-1), 

and no extension in RB754(aak-2), RB1085(tir-1), tm850(nsy-1), and AU1(sek-1) and 

tm676(pmk-1) (Fig. 12B-I). Thus, this suggested the lifespan extension was mediated by 

AAK-2, TIR-1, NSY-1 SEK-1 and PMK-1. To analyze the effects of life span as well as 

the health span of C. elegans, I analyzed the age-related motility retardation of nematodes. 

I found that BL fed wild-type nematodes maintained high motility in aged worms, 

indicating that BL prevented the decline in motility associated with aging (Fig. 15A). To 

examine the relationship between this mobility and health, I measured the fat mass in 

nematodes. BL decreased the fat accumulation significantly (Fig. 16). For further 

investigation, I used several gene deficient mutants and found that RB754 (aak-2) and 

PS3551 (hsf-1) did not show the upregulation of motility, suggesting that this 

upregulation was mediated by these pathway (Fig. 15B,C). It is possible that ROS 

generation and stress tolerance are also related to this improvement in motility, but the 
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question remains whether it changes that much [94]. Therefore, I analyzed the effects of 

BL on muscle and mitochondria, assuming that muscle and mitochondria are involved in 

the improvement of motility. 

To analyze the effects of BL on muscle and mitochondria, I first quantified the muscle 

mass of RW1596 nematodes, in which GFP fused with myo-3 in muscle. I found that the 

amount of fluorescence in RW1596 nematodes fed BL was significantly increased at day 

3 and 6 compared to CT (Fig. 17C). This increase was observed especially at day 3 (Fig. 

17A,B). This suggested that BL increased the muscle mass of nematodes. I next 

quantified the mitochondrial mass of SJ4103 nematodes, in which GFP fused with myo-

3 of mitochondria in muscle. I found that the amount of fluorescence in SJ4103 nematodes 

fed BL increased significantly at day 3, 6, 9, and 12 compared to CT (Fig. 18E). This 

increase was observed especially at day 9 (Fig. 18A,B). This suggests that BL maintained 

the number of mitochondria, which decreases with aging. To measure mitochondrial 

homeostasis, I also observed SJ4103 with a fluorescent microscope THUNDER imaging 

system (Leica). Normally, mitochondria in muscle are arranged in a line along the muscle 

fibers, but with aging, aggregation and tears occur and their arrangement becomes 

disrupted [95,96]. The results are displayed in the day 9 images, which were particularly 

strikingly observable (Fig. 18 C,D). Compared to the aged CT at day 9, the mitochondria 

were neatly placed on the line in the BL fed nematode. This suggests that BL not only 

inhibited the loss of mitochondria associated with aging in nematodes, but also 
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maintained homeostasis. Gene expression of mRNA involved in fusion and fission of 

mitochondrial was examined. Although the expression of drp-1 related to mitochondrial 

fission was not changed, the expression of eat-3 and fzo-1 related to mitochondrial fusion 

was upregulated, though fzo-1 no significance (p = 0.051) (Fig. 11) [97]. 

Mitochondria produce ATP for muscle energy, but with aging, homeostasis is lost and 

the ability to produce ATP decreases [98]. I measured ATP levels in nematodes and found 

significantly higher ATP in worms fed BL compared to CT at day 9, 12 and 15 (Fig. 19). 

From the results shown above, I hypothesized that BL has a greater effect on mitochondria 

than on muscle and proceeded with the study. Therefore, I measured the mitochondrial 

membrane potential, an indicator of mitochondrial activity and found that it was 

substantially increased in nematodes given BL compared to CT (Fig. 20C). This increase 

was also observed in the aged worms at day 9 (Fig. 20A,B). In addition, mitochondria are 

one of the main cellular organelles that produce ROS. Therefore, I measured 

mitochondrial ROS longitudinally and found it was elevated in nematodes fed BL 

compared to CT (Fig. 21C). This increase was also observed in the aged worms at day 9 

(Fig. 21A,B). 

I confirmed that BL has a significant effect on mitochondria. Next, I aimed to investigate 

which complexes of mitochondria were affected by BL. Mitochondria have five 

complexes, I, II, III, IV and V, and I used the inhibitors rotenone, thenoyltrifluoroacetone 

(TTFA), antimycin A, sodium azide, and dicyclohexylcarbodiimide (DCCD) for each of 



31 

 

these complexes for the age-related motility assay [99–101]. The results showed a similar 

trend towards inhibitors of rotenone, TTFA, antimycin A, sodium azide and DCCD (Fig. 

22). The addition of the inhibitors decreased motility in CT and BL nematodes, but the 

rate of decrease was either not significantly different or decreased compared to those 

without inhibitors (Fig. 22). This suggests that the increase in motility with aging is 

related to these complexes. Secondly, the mitochondrial membrane potential was 

measured using the aforementioned complexes. I found that only when the inhibitor of 

complex I was added, the BL-induced upregulation of mitochondrial membrane potential 

was decreased with the concentration of the inhibitor (Fig. 23A). When other inhibitors 

of complexes II, III, IV and V were used, there was no decrease in the mitochondrial 

membrane potential increased by BL (Fig. 23B-E), indicating that the increase of 

mitochondrial membrane potential caused by BL is mediated by complex I. 
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Discussion 

The purpose of this study is to analyze the bioactive effects of bifidobacterium on health 

and anti-aging using C. elegans. C. elegans has a basic intestine, but since it is grown with 

only E. coli from the egg state, it is thought that almost only E. coli bacteria are present 

in the intestinal bacteria of C. elegans. Even in wild nematodes, less than 100 species of 

intestinal bacteria have been reported, which are far fewer than in humans and mice [102]. 

This made me think that it is more suitable for the analysis of a single BL bacterium rather 

than the interaction of intestinal bacteria. In the present study, I performed a "life span" 

related analysis and a "health span" related analysis. In relation to life span, I measured 

UV, heat and oxidative stress resistance, intracellular ROS, and life span. In relation to 

health span, I measured long-term motility, muscle mass, mitochondrial mass, 

mitochondrial membrane potential, and mitochondrial ROS. Furthermore, I hypothesized 

that BL has a significant effect on mitochondria with respect to motility, and I used an 

inhibitor of the mitochondrial complex. Previous studies that analyzed the bioactive 

effects of bifidobacterium using C. elegans have reported that the cell wall components 

of bifidobacterium increased stress tolerance via TLR in C. elegans, extending lifespan 

and resulting in immune-enhancing effects [29,77]. Based on studies in cultured cells and 

mice, TLR are thought to recognize the peptidoglycan layer and lipoteichoic acid of 

bacteria [103,104]. This suggests that BL used in this study also resulted in various 

bioactive effects via TLR. Stimulation from TLR activates the p38 MAPK pathway and 
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promotes the activation of SKN-1, which is involved in the transcription of genes related 

to stress tolerance [29–31]. In the present study, oxidative stress tolerance and life span 

were also increased via TIR-1 contained in TLR (Fig. 7H,12E). In addition, heat stress 

and oxidative stress and life span were increased via NSY-1, SEK-1, and PMK-1 in p38 

MAPK (Fig. 5D-F,7C-E,12F-H), and life span and oxidative stress tolerance were 

increased via SKN-1 (Fig. 7F,12I). However, there was no TOL-1-mediated increase in 

oxidative stress tolerance or lifespan extension in TLR (Fig. 7G,12D); previous studies 

using B. infantis showed a TOL-1-mediated bioactive effect, while previous studies using 

B. longum were unknown for TOL-1, but JNK pathway was activated by the stimulation 

via TIR-1 [75,77]. Considering that different pathways are activated by different species 

of bacteria, it is possible that the bioactivity of B. longum was not mediated by TOL-1 

but was mediated by TIR-1. A previous study using B. infantis did not show any 

activation of IIS pathway, whereas a study using B. longum appeared to show the 

activation of this pathway [66,73]. This pathway may also be involved in the bioactivity 

of BL, as the BL used in the present study also showed nuclei localization of DAF-16 

(Fig. 9E). TIR-1 and DAF-16 were activated in BR-108 used in this study, as in previous 

studies of B. longum [75]. This suggests that the phenotype revealed in this study was not 

unique to the strain BR-108, but may be common to B. longum. 

The stress tolerance of nematodes was increased by BL. Initially, BL increased UV stress 

tolerance, which can lead to DNA damage and senescence of individuals [105,106]. UV-
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A, UV-B, and UV-C fall from the sun onto the earth; UV-C is absorbed by the earth's 

ozone layer and rarely reaches the ground, but has the highest level of energy; UV-B 

causes the most damage to nuclei DNA compared to other UV-A and UV-C [107]. UV-

A has lower energy but longer wavelengths and higher penetration, so it reaches the 

dermis and accelerates the aging of the skin [108]. In this study, motility recovery was 

measured by irradiating nematodes with UV-A, UV-B, and UV-C. In present study, UV-

B and UV-C were used to analyze the stress tolerance. That’s because UV-A was not able 

to reduce motility of nematodes sufficiently, perhaps because of its low energy content. 

As a result, the motility of nematodes was significantly restored by BL compared to CT 

for both UV-B and UV-C (Fig. 3). Since UV stress tolerance is upregulated through p38 

MAPK, SKN-1, and DAF-16, it is possible that BL increased the UV stress tolerance of 

C. elegans via these signals in this study as well [87,109]. 

BL increased the heat stress tolerance of C. elegans (Fig. 4,5). In the present study, I set 

up a short heat treatment for 4 hours to analyze the recovery from heat stress and a long 

heat treatment to analyze the resistance to heat stress. It is known that short heat treatment 

for C. elegans causes calcium efflux, damaging mitochondria and affecting motility [110]. 

Since BL increased the motility after heat exposure, BL might protect mitochondria and 

cause the increase of motility. In addition, long-time exposure of heat stress causes 

nematodes to accumulate a large amount of ROS [111]. Given the result of ROS 

measurement, what BL decreased ROS production suggested the increase of their 
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tolerance to heat stress. In present study the bioactive effect by BL was through DAF-16 

(Fig. 7B,9E). Since DAF-16 is also involved in the increase in heat stress and 

colocalization of DAF-16 and HSF-1 upregulate the expression of genes related to heat 

stress tolerance such as hsp-12.6, hsp16.2 and hsp-70, increased in present study (Fig. 11) 

[33,112]. The activation of DAF-16 and HSF-1 by BL could be one of the causes of the 

increase in heat stress 

BL increased oxidative stress tolerance. In this study, I measured the survival rate of wild-

type C. elegans using hydrogen peroxide and paraquat as sources of oxidative stress (Fig. 

6,7). Both hydrogen peroxide and paraquat produce ROS, but hydrogen peroxide 

produces H2O2 as ROS and paraquat produces superoxide anion (O2-) as ROS [113,114]. 

The generated O2- is detoxified by super oxide dismutase (SOD), which is decomposed 

to H2O2 and further decomposed to water by catalase [115,116]. In the present study, 

gene expression of SOD and catalase (CTL) was upregulated by BL, suggesting increased 

resistance to hydrogen peroxide and paraquat (Fig. 11). From the result of gene expression, 

GST-4 and some GPXs were also upregulated (Fig. 11). They upregulate by the nuclei 

localization of SKN-1 [116,117]. In this study it was suggested the bioactive effects of 

BL was through SKN-1 (Fig. 7F,12I). This can also explain the increase in stress tolerance. 

In this study, in addition to the elucidated signaling pathways activated by BL previously, 

I also aimed to explore new pathways. Specifically, I used AAK-2, which acts as an 

AMPK, HSF-1, a transcription factor mainly involved in heat stress, and RSKS-1, DAF-
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15, and RHEB-1, which are involved in TOR signaling [24,118]. aak-2 and hsf-1 mutants 

were used in the experiments, and the results showed that BL-induced upregulation of 

heat stress tolerance, and maintained motility was suppressed (Fig. 5B,C,15B,C). In 

addition, experiments with aak-2 mutants did not alter oxidative stress tolerance and life 

span (Fig. 7D,12B), suggesting that AAK-2 and HSF-1 may be responsible for the 

bioactive effects of BL. Additionally, the oxidative stress tolerance was not increased by 

BL in rsks-1, daf-15 and rheb-1 mutants (Fig. 8A,B,C). These results suggested that TOR 

signaling was possibly involved in the increase in oxidative stress tolerance in BL. TOR 

signaling is known to have a complex effect on various signals [34,119,120]. There are 

several reasons to activate TOR signaling, one of which is caloric restriction. The fact 

that, in the present study, the number of eggs laid and the amount of food ingested did 

not change in nematodes with and without BL suggests that the BL-fed nematodes were 

not calorie-limited (Fig. 13,14) [121]. Another cause is that stimulation from IIS pathway 

activates TOR signaling [34,120,122]. Since the bioactive effects of BL were mediated 

by IIS pathway in the present study, it is possible that the activation of TOR signaling by 

BL is derived from IIS pathway. It is very possible that other signaling pathways are also 

involved in the bioactive effects of BL. In the future, I will identify the involved signaling 

pathways by comprehensive analysis, such as RNA sequencing. 

BL inhibited the decline in motility associated with aging in C. elegans and affected 

muscles and mitochondria. This inhibitory effect has the potential to prevent sarcopenia. 
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Sarcopenia is a symptom of the loss of muscle function with aging and causes movement 

disorders and other problems [123]. Currently, preventing sarcopenia includes good 

nutrition and exercise [124,125]. Since BL inhibited the decline in muscle function with 

aging, supplemental intake of BL has the potential to prevent this sarcopenia. In addition, 

as a side aspect, the increased motility of nematodes may have resulted in the 

consumption of fat as a substrate in the C. elegans body, since BL decreased the fat 

accumulation (Fig. 16) [126,127]. In the present study, I also focused on the 

mitochondrial complex to elucidate the mechanism of action of BL on mitochondria. 

Mitochondria have five complexes, complex I, II, III and IV involved in the electron 

transfer chain and complex V involved in the oxidative phosphorylation synthesis of ATP 

[128–130]. The inhibitors of each of the mitochondrial complexes, rotenone, TTFA, 

antimycin A, sodium azide and DCCD, were used. The concentrations were based on the 

ones that could cause a decrease in ATP of C. elegans in the previous study [131]. 

Consequently, the results of senescence motility did not lead to the identification of the 

specific complexes involved (Fig. 22). However, the mitochondrial membrane potential 

measurements suggested a strong involvement of complex I (Fig. 23A). Previous reports 

said that the mitochondrial complexes might not work individually, but rather by several 

complexes that aggregate and make the structure of a supercomplex [132–134]. Therefore, 

I considered the possibility that the bioactive action of BL through the mitochondrial 

complexes could be central to complex I, although all complexes work. Rotenone, the 

inhibitor of the mitochondrial complex I used in this study, is a known Parkinson's 
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disease-causing agent [135–137]. Parkinson's disease (PD) is designated as an incurable 

disease that causes tremors and strength in muscles throughout the body and interferes 

with daily life [138]. Dopaminergic neuronal degeneration due to mitochondrial 

dysfunction has been proposed as one of the causes [139–141]. A previous study has 

shown that the amount of bifidobacterium in the gut is significantly reduced in a PD 

model mouse [142]. The reduced bifidobacterium in the gut may trigger PD by decreasing 

mitochondrial function and causing degeneration of dopaminergic neuron. A study using 

the PD model drosophila has shown that restoring mitochondrial function and increasing 

membrane potential inhibited the development of PD [143]. I hypothesized that 

increasing the mitochondrial membrane potential by bifidobacterium might lead to the 

suppression of PD. In the future, I would like to analyze the inhibitory effect of BL on 

PD by giving BL to C. elegans overexpressing α-synuclein, which is said to cause PD by 

abnormal aggregation, and analyzing its effects on muscle [144–146]. It has also been 

reported that DAF-16 and AMPK, which were involved in the bioactive effects of BL, 

are related to muscle biosynthesis and mitochondrial homeostasis [96,147]. Therefore, it 

is possible that BL used in this study may also have a preventive effect on PD through 

these pathways. 

In the future, I hope that quality of life will be enhanced by the generation and distribution 

of foods containing bifidobacterium that claim the functionalities revealed in this study. 
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Figures 

Fig. 1 Signaling pathway 

 

 

 

Fig. 1 Signaling pathway activated by bifidobacterium. 

Previous studies have shown that bifidobacterium improves stress tolerance in C. elegans 

via several signaling pathways, causing anti-aging and longevity [66,72–78]. 
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Fig. 2 Gene expression of internal control 

  

 

Fig. 2 Y45F10D4 was the most suitable for internal control. 

Synchronized N2 wild-type nematodes were grown on OP plates for 96 hours and then 

transferred to OP or BL plates (day 0). After the synchronization treatment, 0.5 mg/ml 

FUdR was used at day -1 and 0 to inhibit egg laying and development. On the day 3, 

nematodes were collected and washed with dDW, and then crushed with Bio Masher II 

and Power Masher II. mRNA was extracted from the crushed solution using RNAiso Plus. 

Subsequently, cDNA was synthesized using the cDNA reverse transcription kit 

PrimeScript™ RT reagent Kit with gDNA Eraser. It was used to perform qPCR by 

THUNDERBIRD SYBR qPCR Mix and Thermal Cycler Dice® Real Time System Lite. 
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Each sample mRNA was measured in three wells. Data were presented as the mean ± 

SEM, and ***P < 0.005 according to the conducted Student’s t-test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

 

Fig. 3 UV stress 

  

 

Fig. 3 BL increased UV stress tolerance. 

Synchronized N2 worms were grown on OP or BL plates for 96 hours, then the plates 

were placed in a UV irradiation machine and subjected to UV-B and UV-C (100 mJ/cm2) 

stress for 30s (hour 0), the number of thrashing motions of nematodes was measured for 

15s in every 6 h. In this experiment, the motility of the nematodes at 20°C without UV 
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exposure was measured simultaneously and calculated the difference between the number 

of locomotions with and without UV and presented the results. Recovery of motility every 

6 hours after (A) UV-B and (B) UV-C irradiation. N=10. Data were presented as the mean 

± SEM, and ***P < 0.005 (vs CT at the same time period) according to the conducted 

Student’s t-test.  
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Fig. 4 Heat stress (motility) 

  

 

Fig. 4 BL increased the tolerance to short-time heat stress (motility). 

Synchronized N2 nematodes were grown on OP or BL plates for 96 hours and then 

exposed to heat stress at 35°C for 4 hours (hour 0), and the number of thrashing 

movements of nematodes was measured for 15s in every 6 hours. In this experiment, the 

motility of the nematodes at 20°C without heat exposure was also measured, and the 

results showed the motility recovery in terms of the difference between the motility of the 

nematodes at 35°C and the motility of the nematodes at 20°C. N=10. Data were presented 

as the mean ± SEM, and ***P < 0.005 (vs CT at the same time period) according to the 

conducted Student’s t-test.  
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Fig. 5 Heat stress (survival) 

 

 

 

Fig. 5 BL increased the tolerance to long-time heat stress (survival). 

Synchronized nematodes were grown on OP or BL plates for 96 hours and then exposed 

to a heat stress environment at 35°C for 10 hours (hour 0) and the survival rate of N2 

worms was measured in every 2 hours. Survival rate of (A) N2 wild-type, (B) RB754, 

(C) PS3551, (D) tm850, (E) AU1 and (F) tm676 in 35°C condition after 10 hours of heat 

stress at 35°C. N=40. Data were presented as the Kaplan-Meier curve, and *P < 0.05 

according to the conducted log-rank test. 
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Fig. 6 Oxidative stress tolerance (hydrogen peroxide) 

  

 

Fig. 6 BL increased the oxidative stress tolerance to hydrogen peroxide. 

Synchronized N2 nematodes were grown on OP or BL plates for 96 hours and then 

transferred to 0.3% hydrogen peroxide (hour 0) and the survival rate of N2 nematodes 

was measured in every hour. 400 μl hydrogen peroxide was added to 24-well plates. N=24. 

Data were presented as the Kaplan-Meier curve, and ***P < 0.05 according to the 

conducted log-rank test. 
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Fig. 7 Oxidative stress tolerance (paraquat) 

 

 

 

Fig. 7 BL increased the oxidative stress tolerance to paraquat. 

Synchronized worms were grown on OP or BL plates for 96 hours and then transferred 

to 300 mM paraquat (hour 0) and the survival rate of N2 nematodes was measured in 

every hour. 400 μl paraquat was added to 24-well plates. Survival rate of nematodes and 

(A) RB754, (B) GR1307, (C) tm850, (D) AU1, (E) tm676, (F) tm4241, (G) IG10 and (H) 
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RB1085 in paraquat solution. N=12. Data were presented as the Kaplan-Meier curve, and 

*P < 0.05, ***P < 0.005 according to the conducted log-rank test. 
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Fig. 8 Oxidative stress tolerance (paraquat) 

 

 

 

Fig. 8 BL increased the oxidative stress tolerance to paraquat. 

Survival rate of N2 wild-type nematodes and (A) VC1027, (B) tm4642 and (C) RB1206 

in 300 mM paraquat solution. N=12. Data were presented as the Kaplan-Meier curve, and 

*P < 0.05, ***P < 0.005 according to the conducted log-rank test.  
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Fig. 9 DAF-16 nuclei localization 

 

 

 

Fig. 9 BL induced nuclei localization of DAF-16. 

Synchronized TJ356(daf-16::GFP) nematodes were grown on OP or BL plates for 96 

hours. After washing the nematodes with S-basal, they are fixed with 10% ethanol for 10 

min. The picture of (A) CT and (B) BL worm taken with BZ8000. (C) and (D) are the 
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high magnification images of (A) and (B) respectively. Scale bars indicate 100 µm. (E) 

Analyzed data from pictures. The subcellular localization of fluorescence was classified 

into three groups: mainly localized to the nucleus (nuclei), partially localized to the 

nucleus (partial), and localized to the cytoplasm (cytoplasm), and the proportions were 

shown [82]. Nuclei localization is indicated by bright small spots. N≥20. 
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Fig. 10 Intercellular ROS 

  

 

Fig. 10 BL reduced intercellular ROS. 

Synchronized N2 nematodes were grown on OP or BL plates for 96 hours. After washing 

the nematodes with S-basal, 400 µl of DCF-DA solution was added and stirred for 1 hour. 

Then, after fixation with 10% ethanol for 10 min, the amount of intracellular ROS was 

measured by fluorescence microscope. ROS was stained with 50 µM DCF-DA. The 

picture of (A) CT and (B) BL worms taken with BZ8000. Scale bars indicate 500 µm. (C) 
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Analyzed data from pictures with ImageJ. N≥39. Data were presented as the mean ± SEM, 

and ***P < 0.005 according to the conducted Student’s t-test.  
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Fig. 11 Gene expression 

 

 

 

Fig. 11 BL upregulated the expression of mRNA related to stress tolerance and 

mitochondrial homeostasis. 

mRNA level of adult N2 wild-type nematodes grown on OP plates or BL plates. FUdR 

was added on days -1, 0, and 3. mRNA of day 3 nematodes was extracted. Each sample 

mRNA was measured in three wells. Data were presented as the mean ± SEM, and * P < 

0.05, **P < 0.01, ***P < 0.005, according to the conducted Student’s t-test.  
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Fig. 12 Life span 

 

 

 

Fig. 12 BL extended the life span. 

Synchronized nematodes were grown on OP plates for 96 hours and then transferred to 

OP or BL plates (day 0). Thereafter, the plates were changed every 2 days and the survival 

rate nematodes was measured. Survival was determined by nematode movements by 

gentle contact stimulation using a platinum picker. FUdR was added at day -1, 0, 2 and 4 

to suppress egg laying and development. Survival rate of the adult nematodes of (A) N2 
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wild-type, (B) RB754, (C) PS3551, (D) IG10, (E) RB1085, (F) tm850, (G) AU1, (H) 

tm676 and (I) tm4241 grown on OP plates or BL plates every two days. N=60. Data were 

presented as the Kaplan-Meier curve, and *P < 0.05, ***P < 0.005 according to the 

conducted log-rank test. 
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Fig. 13 Egg laying 

  

 

Fig. 13 BL did not change the egg laying. 

Synchronized N2 nematodes were grown on OP or BL plates for 48 hours and then 

transferred to new OP or BL plates (day 0). Thereafter, the plates were changed every day 

and the number of eggs was measured. Each day indicates 48, 72, 96, 120, 144, 168 and 

192 hours after synchronization. N=10. Data were presented as the mean ± SEM, no 

significance according to the conducted Student’s t-test. 
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Fig. 14 Food intake 

  

 

Fig. 14 BL did not change the food intake. 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 

to OP or BL plates (day 0). Thereafter, the plates were changed every 3 days and the 

number of pumping rate of N2 wild-type was measured for 15s. C. elegans intakes food 

simultaneously with pharyngeal movements. FUdR was added at day -1, 0 and 3. N=10. 

Data were presented as the mean ± SEM, no significance according to the conducted 

Student’s t-test. The pumpings at day 0 are shown in the result as 100. 
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Fig. 15 Age-related motility 

 

 

 

Fig. 15 BL inhibited the age-related retardation of motility. 

Synchronized nematodes were grown on OP plates for 96 hours and then transferred to 

OP or BL plates (day 0). Thereafter, the plates were changed every 3 days and the number 

of thrashing movements of nematodes was measured for 15s. On the day -1, 0, and 3, 0.5 

mg/ml FUdR was used to inhibit egg laying and development. Motility rate of the adult 

nematodes of (A) N2 wild-type, (B) RB754 and (C) PS3551 grown on OP plates or BL 
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plates every 3 days. N=10, Data were presented as the mean ± SEM, and ***P < 0.01, 

***P < 0.005 (vs CT at the same time period) according to the conducted Student’s t-test.  
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Fig. 16 Fat accumulation 

  

 

Fig. 16 BL decreased the fat accumulation. 

Synchronized N2 wild-type nematodes were grown on OP or BL plates for 96 hours. 

Thereafter, they were fixed with 4% paraformaldehyde for 2 hours at 4°C. After washing 

with S-basal, 400 µl of 5 µg/ml Nile Red staining solution was added and the samples 

were stirred for 10 min at 4 °C. The mixtures were washed twice with S-basal again and 

measured by a fluorescence microscope BZ8000. N≥26. Data were presented as the mean 

± SEM, ***P < 0.005 according to the conducted Student’s t-test. 
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Fig. 17 Muscle mass 

  

 

Fig. 17 BL increased muscle mass. 

Synchronized nematodes RW1596(myo-3::GFP) were grown on OP plates for 96 hours 

and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed every 

3 days and GFP fluorescence was measured with a fluorescent microscope BZ-X810. On 

the day -1, 0, and 3, 0.5 mg/ml FUdR was used to inhibit egg laying and development. 

The picture of (A) CT and (B) BL worm at day 3 taken with BZ-X810. Scale bars indicate 

500 µm. (C) Analyzed data from pictures with ImageJ. N≥13. Data were presented as the 
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mean ± SEM, and *P < 0.05 (vs CT at the same time period) according to the conducted 

Student’s t-test. 
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Fig. 18 Mitochondrial mass, morphohlogy 

 

 

Fig. 18 BL inhibited the decrease in intramuscular mitochondrial content and maintained 

homeostasis. 

Synchronized nematodes SJ4103(myo-3::GFP(mit)) were grown on OP plates for 96 

hours and then transferred to OP or BL plates (day 0). Thereafter, the plates were changed 

every 3 days and GFP fluorescence was measured with a fluorescent microscope. On the 

day -1, 0, and 3, 0.5 mg/ml FUdR was used to inhibit egg laying and development. The 
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picture of (A) CT and (B) BL worm at day 9 taken with BZ-X810, and (C) CT and (D) 

BL taken with THUNDER imaging system. Scale bars indicate 500 µm in (A) and (B), 

and 10 µm in (C) and (D). (E) Analyzed data from pictures with ImageJ. N≥11. Data were 

presented as the mean ± SEM, and *P < 0.05, ***P < 0.005 (vs CT at the same time 

period) according to the conducted Student’s t-test.  
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Fig. 19 ATP 

  

 

Fig. 19 BL prevented the decline of ATP. 

Synchronized N2 nematodes were grown on OP plates for 96 hours and then transferred 

to OP or BL plates (day 0). On the day -1, 0, and 3, as well as motility measurements, 0.5 

mg/ml FUdR was used to inhibit spawning and development. More than 200 nematodes 

were collected and washed with MilliQ, and then crashed with Bio Masher II and Power 

Masher II every 3 days. The crushed fluid was cooled and centrifuged (4°C, 1,000 g, 10 

min.) and ATP was extracted using the ''Tissue'' ATP assay kit. Luciferase luminescence 

was then quantified using a white 96-well plate and a luminometer. Each sample ATP 
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was measured in three wells. Data were presented as the mean ± SEM, and *P < 0.05, 

***P < 0.005 (vs CT at the same time period) according to the conducted Student’s t-test.  
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Fig. 20 Mitochondrial membrane potential 

  

 

Fig. 20 BL suppressed the decrease in mitochondrial membrane potential. 

Synchronized nematodes SJ4103(myo-3::GFP(mit)) nematodes were grown on OP plates 

for 96 hours and then transferred to OP or BL plates (day 0). Thereafter, the plates were 

changed every 3 days. 1 ml of 0.5 µM MitoTracker Orange CMTMRos was added. 3 

hours later, the samples were collected and washed. Thereafter, nematodes were fixed in 

10% ethanol for 10 mins and the fluorescence of MitoTracker was measured. On the day 

-1, 0, and 3, as well as motility measurements, 0.5 mg/ml FUdR was used to inhibit 

spawning and development. The picture of (A) CT and (B) BL worm at day 9 taken with 
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BZ-X810. Scale bars indicate 500 µm. (C) Analyzed data from pictures with ImageJ. 

N≥13. Data were presented as the mean ± SEM, and ***P < 0.005 (vs CT at the same 

time period) according to the conducted Student’s t-test.  
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Fig. 21 Mitochondrial ROS 

  

 

Fig. 21 BL suppressed the decrease in mitochondrial ROS over time. 

Synchronized nematodes SJ4103(myo-3::GFP(mit)) nematodes were grown on OP plates 

for 96 hours and then transferred to OP or BL plates (day 0). Thereafter, the plates were 

changed every 3 days. 1 ml of 0.5 µM MitoTracker Orange CM-H2TMRos was added. 3 

hours later, the samples were collected and washed. Thereafter, nematodes were fixed in 

10% ethanol for 10 mins and the fluorescence of MitoTracker was measured. On the day 

-1, 0, and 3, as well as motility measurements, 0.5 mg/ml FUdR was used to inhibit 

spawning and development. The picture of (A) CT and (B) BL worm at day 9 taken with 



71 

 

BZ-X810. Scale bars indicate 500 µm. (C) Analyzed data from pictures with ImageJ. 

N≥11. Data were presented as the mean ± SEM, and ***P < 0.005 (vs CT at the same 

time period) according to the conducted Student’s t-test.  
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Fig. 22 Age-relted motility with mitochondrial inhibitors 

 

 

 

Fig. 22 All mitochondrial complex inhibitor were involved in the upregulation of age-

related motility by BL. 

Motility rate of the adult N2 wild-type nematodes, adding (A) rotenone, (B) TTFA, (C) 

antimycin A, (D) sodium azide and (E) DCCD grown on OP plates or BL plates every 3 

days. FUdR was added at day -1, 0, and 3. N=10. Data were presented as the mean ± SEM, 
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and *P < 0.05 (vs CT at the same time period) according to the conducted one way 

ANOVA followed by Tukey’s HSD post hoc test   
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Fig. 23 Mitochondrial membrane potential with mitochondrial inhibitors 

 

 

 

Fig. 23 Part of mitochondrial complex inhibitor was involved in the upregulation of 

mitochondrial membrane potential by BL. 

Mitochondrial membrane potential level of the adult SJ4103(myo-3::GFP(mit)) 

nematodes, adding (A) rotenone, (B) TTFA, (C) antimycin A, (D) sodium azide and (E) 

DCCD grown on OP plates or BL plates every 3 days. FUdR was added at day -1, 0, and 

3. N≥13 for vehicle, ≥13 for rotenone, ≥13 for TTFA, ≥11 for antimycin A, ≥10 for 

sodium azide, ≥10 for DCCD. Data were presented as the mean ± SEM, and *P < 0.005 



75 

 

(vs CT at the same concentration of inhibitors) according to the conducted one way 

ANOVA followed by Tukey’s HSD post hoc test. 
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