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Abstract

Purification of biomass ethanol from the products of brown sugar
yeast-fermentation produces a large amount of residue. This fermentation re-
sidue contains abundant brown sugar-derived nutrients and is mainly used as
compost or livestock feed. However, the in vivo physiological effects of oral
residue ingestion are not known. The purpose of this study was to elucidate
the physiological action and molecular mechanism of fermented brown sugar
residue in nematode stress tolerance, aging, and lifespan using Caenorhabditis
elegans. Fermented brown sugar residue was divided into two layers, super-
natant and precipitate, and each was given to nematodes. Analysis of motility
and survival rate under thermal stress revealed reduced mobility and in-
creased survival rate following treatment with fermented brown sugar residue.
The survival rate of nematodes under 1% H,O, was markedly increased by the
residue and mitochondrial membrane depolarization was induced and mito-
chondrial radical oxygen species levels increased. Furthermore, aging depen-
dent reduction of motility was suppressed, and the average life span of nema-
todes was extended by treatment with fermented brown sugar residue. More-
over, the effects of fermented brown sugar residue on stress tolerance, lifespan
elongation, and decreased aging dependent momentum reduction were lost in
the daf16 mutant. Taken together, our results show that the various physio-
logical actions of fermented brown sugar residue, including stress tolerance
and lifespan extension, occur via DAF-16.
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C. elegans, DAF-16, Longevity, Fermented Brown Sugar Residue, Stress
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1. Introduction

The aging of society is becoming a global social problem. This is true in Japan
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where the rate of aging is high, as is the level of people’s interest in health and
life expectancy. People are turning to the functionality of foods, particularly
fermented foods, as a means of achieving health and longevity. Indeed, yoghurt
can enhance immunity [1] and natto, a traditional Japanese food, has higher
antioxidant capacity than raw soybean [2]. To further examine the functional-
ity of fermentation products, we focused on fermented brown sugar residue
(FBSR).

FBSR is generated in the course of purifying biomass ethanol from the yeast
fermentation products of brown sugar. FBSR contains abundant nutrition and is
used in various industrial applications including as fertilizer and feed. Mean-
while, brown sugar has attracted attention as a health food and is thought to
prevent cardiovascular diseases, hypertension, and brain stem diseases, because
it can decrease serum cholesterol and neutral fat in Japanese quail [3]. Further-
more, polyphenol, contained in brown sugar, reduces oxidative stress [4] and
inhibits glucose absorption [5].

Here, we used the nematode model organism, Caenorhabditis elegans, to eva-
luate the physiological effects of FBSR. The average nematode lifespan is about 1
month, and it is easy to conduct genetic studies using lifespan as an index in C.
elegans [6]. Furthermore, reactive oxygen species, which cause aging, are pro-
duced in the nematode [7] [8], making C. elegans a suitable model to study the
physiological effects of oxidative damage. Numerous physiological studies fo-
cusing on anti-aging and healthy lifespan have been conducted using nematodes
[9]. Additionally, studies in nematodes have shown that the insulin-signaling
pathway plays an important role in controlling lifespan. DAF-16 is a transcrip-
tion factor regulated downstream of the insulin signaling pathway and is one of
the main factors contributing to aging and lifespan in C. elegans [10] [11] [12].
Therefore, to determine the precise roles of the DAF-16 transcription factor in
stress tolerance and life span, it is necessary to elucidate the signaling pathways
involved in DAF-16 activation.

This study was designed to elucidate the molecular mechanisms controlling
the physiological stress tolerance, motility, and lifespan responses to FBSR in
nematodes. We found that FBSR increases the C. eleganslifespan, suppresses the
decline in exercise caused by aging, and increases stress tolerance. Furthermore,
our results show that the transcription factor DAF-16 is involved in mediating

these physiological effects.

2. Materials and Methods

2.1. Nematodes and Growth

Wild-type N2 strain and daf16 deficient mutant (mg Df50) C. elegans were ob-
tained from the CGC (Caenorhabditis Genetics Center, MN, USA). Nematodes
were raised at 20°C on NGM (Nematode Growth Medium) plates (OP plates)
coated with E. coli OP50 strain. Every 4 days, several nematodes were trans-

ferred to a new OP plate and the strain was maintained.
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2.2. Fermented Brown Sugar Residue (FBSR)

FBSR (Miyakojima Bio-Industrial Innovation Agency, Miyakojima, Okinawa) is
generated when ethanol is distilled from the yeast fermentation products of
brown sugar. The FBSR sample was separated into supernatant (sup) and preci-
pitate (ppt) fractions. Sup was filtered with Mini-sart (single use filter unit
Non-pyrogenic. 0.45 um) (Satorius, Tokyo, Japan) to produce a 100% stock so-
lution. After lyophilization, the ppt was dissolved in 1 ml of 10 ml dDW to pro-
duce a 100 mg/ml stock solution. Each sample was stored at 4°C, and the
amount required for experiments was dissolved in dDW and used as appropri-

ate.

2.3. Synchronization

Synchronization was performed to unify the C. elegans stage of growth. Adult
worms fed under normal conditions were recovered with S-basal (0.1 M NaCl
(Kanto Chemical Co., Tokyo, Japan), 50 mM potassium phosphate buffer).
Worms were then treated with NaClO (Haiter, KAO, Tokyo, Japan) and the eggs
were recovered in S-basal. The recovered eggs were incubated at 20°C for about
18 hours and then hatched into L1 larvae.

2.4. Observation of Whole Body Movement

Synchronized L1 larvae were sowed on plates coated with FBSR sup or ppt to-
gether with OP50 and raised for 96 hours. After 96 hours, adult nematode
worms were transferred to NGM plates without food and transferred to a ther-
mostatic bath at 35°C. After heat stress was applied for 4 hours, worms were
transferred to an OP plate and incubated at 20°C for 12 hours. Thereafter, ne-
matodes were transferred to S-basal and momentum was measured over 15
seconds. Whole body movement recovery was calculated by dividing the mo-
mentum of the heat treatment group by that of the control group that did not
undergo heat treatment.

2.5. Measurement of Survival Rate after Heat Stress

Synchronized L1 larvae were sowed onto plates coated with OP50 and FBSR and
raised for 96 hours. After 96 hours, 40 adults were transferred to an OP plate and
maintained in a constant temperature bath at 35°C. Survival rate was measured
10 hours after the heat treatment was started and every 2 hours after that. To
confirm survival, worms’ tails were poked with platinum wire and those without

stimulus response were deemed to be dead.

2.6. Measurement of Survival Rate after Oxidative Stress

Synchronized L1 larvae were sowed onto plates coated with OP50 and FBSR and
raised for 96 hours. To a 24 cell plate, 500 ul of 0.1% H,O, (Sigma, Tokyo, Japan)
was added, and one nematode was placed in each cell. Thereafter, the survival

rate was measured every two hours as described above.
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2.7. Mitochondrial Analysis

Synchronized L1 larvae were sowed onto plates coated with OP50 and FBSR and
rajsed for 72 hours. After breeding, 200 pl of 500 nM Mitotracker reagent (Mi-
toTracker® Green FM, MitoTracker® Orange CMTMRos, MitoTracker® Red
CM-H2Xros) (Thermofisher, Yokohama, Japan) was added to the medium and
worms were incubated at 20°C for 24 hours. Then, the worms were washed,
treated with 8% ethanol, and observed and photographed with a fluorescence

microscope. The fluorescence intensity was measured using Image ] software.

2.8. Momentum Change Accompanying Aging

Synchronized L1 larvae were sowed onto plates coated with OP50 and FBSR and
raised for 96 hours. This time point was defined as Day 0 and momentum was
measured on Days 0, 3, 6, and 9. To prevent contamination of the next genera-
tion, 500 pl of 0.5 mg/ml FUdR (Fluorodeoxyuridine) (Wako, Osaka, Japan) was
added to the plate every 3 days, at each plate change.

2.9. Lifespan Analysis

Synchronized L1 larvae were sowed on OP50 plates and bred for 96 hours. Forty
adults were transferred to 80 plates (20 nematodes x 4 plates) on OP50 and
FBSR coated plates. Thereafter, medium exchange and measurement of survival
rate were carried out every 2 days. Survival was measured as described previous-
ly. To prevent contamination of the next generation, 500 ul of 0.5 mg/ml FUdR
was added to the plate every 2 days.

2.10. Statistical Analysis

The data are presented as mean + standard error. Differences were assessed us-

ing t tests, and the significance level was set to P < 0.05.

3. Results

3.1. FBSR Enhanced Stress Tolerance of Nematodes

First, the physiological effects of FBSR on changes in exercise recovery under
thermal stress were investigated. The ideal temperature for C. elegans growth is
around 20°C, and heat stress at 35°C results in decreased levels of exercise or
movement [13]. When C. elegans were treated with 0.1% FBSR, mobility recov-
ered to 76% at 12 hours after heat treatment (Figure 1(a) (i)). Administration of
0.01 pg/ml FBSR ppt resulted in momentum recovery of 93% after 12 hours
(Figure 1(a) (ii)). Taken together, these results show that FBSR suppresses or
reverses the decrease in momentum resulting from thermal stress. Additional
analyses were performed using 0.1% sup and 0.01 pg/ml ppt.

We also examined survival rate following thermal stress. The control group
(CT) was not treated with FBSR. In the CT group, the survival rate was 5% after
16 hours. However, compared to the CT group, worms treated with sup and ppt
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Figure 1. The effect of FBSR on the stress tolerance of nematodes. (a) Worms were heat treated at 35°C for 4
hours. After breeding at 20°C for 12 hours, momentum was measured. Momentum was measured as the number
of whole body movements in 15 seconds in S-basal medium. (i) sup administration and (ii) ppt administration.
Values on the vertical axis shows exercise recovery ((momentum at 35°C/momentum at 20°C) x 100), and the
horizontal axis shows the concentration of FBSR used. n = 10. (b) The effect of FBSR on survival. Survival rate
was measured every 2 hours beginning 10 hours after the initiation of 35°C heat treatment. The vertical axis
shows the survival rate, and the horizontal axis shows the survival time. n = 40. (c) The effect of FBSR on oxida-
tive stress tolerance (survival rate). Synchronized nematodes were treated with sup or ppt for 96 hours and
transferred to a 24-well plate for 0.1% H,O, treatment. Survival rate was measured every 2 hours. The vertical
axis shows survival rate, and the horizontal axis shows survival time. n = 24. The graph shows the mean =* stan-
dard error. *Indicates P < 0.05.

maintained relatively high survival rates, and after 16 hours, the survival rate of
both treatment groups was maintained at 20% (Figure 1(b)).

Furthermore, we exposed nematodes to 0.1% H,O, and measured their sur-
vival rate. We observed that treatment with FBSR sup and ppt increased the sur-
vival rate under oxidative stress conditions (Figure 1(c)). These results indicate

that FBSR increases the oxidative stress resistance of nematodes.

3.2. FBSR Activates DAF-16

Treatment of C. elegans with FBSR resulted in improved heat stress tolerance,

survival rate, and oxidation tolerance. Next, we focused on the transcription
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factor DAF-16, a homologue of FOXO involved in resistance to various stresses.
We found that the expression levels of genes downstream of DAF-16, sod-3 and
hsp-12.6, were increased in worms treated with FBSR (data not shown). There-
fore, we examined the effects of FBSR treatment in daf16 deficient mutant
worms. First, the effect of FBSR on survival rate and decreased motility follow-
ing thermal stress was analyzed. While momentum and survival rate increased in
WT worms following FBSR treatment, they remained unchanged in FBSR trea-
teddaf 16 deficient worms (Figure 2(a), Figure 2(b)).

3.3. FBSR Suppression of Aging-Related Decreased Motility Is
Dependent on DAF-16

Activation of DAF-16 improves tolerance to several stressors and extends lifes-
pan. FBSR related stress tolerance is DAF-16 dependent. Therefore, we ex-
amined whether FBSR influences C. elegans aging and lifespan by analyzing life-
time and aging-dependent momentum changes on days 0, 3, 6, and 9. Treatment
with FBSR sup and ppt suppressed the decrease in total momentum associated
with aging in WT, but not daf-16-deficient worms (Figure 3(a)). Furthermore,
treatment with FBSR sup and ppt increased the average lifespan of WT C. ele-
gans by about 10% compared to the CT group, but did not increase the lifespan
of daf16-deficient worms (Figure 3(b)).

3.4. FBSR Increased Mitochondrial Radical Oxygen Species Levels

FBSR treatment of C. elegans resulted in oxidative stress tolerance. Therefore,
we investigated the effect of FBSR on the mitochondrial environment. We used
MitoTracker® Green FM, MitoTracker® Orange CMTMRos, and MitoTracker®
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Figure 2. The stress tolerance effect in the da£16 mutant. (a) Effect of FBSR on momen-
tum in daf-16 mutants. Momentum was measured for 15 seconds as thrashing in S-basal
medium. The vertical axis shows the amount of exercise recovery ((momentum at
35°C)/(momentum at 20°C) x 100). Figures are shown as mean * standard error. n = 10.
(b) The effect of FBSR on survival rate in daf16 mutants under thermal stress. Survival
rate was measured every 2 hours from 10 hours after the start of the heat treatment. The
vertical axis shows the survival rate, and the horizontal axis shows the survival time. n =
40.
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Figure 3. The effect of FBSR on momentum associated with aging and lifespan. (a) Changes in momentum
associated with aging assessed in daf16 mutants. The 96-hour time point was designated Day 0, and mo-
mentum was measured on Days 0, 3, 6, and 9. Momentum was measured for 15 seconds in S-basal me-
dium. The vertical axis shows the number of exercises, and the horizontal axis shows the measurement
date. Data are presented as mean + standard error. n = 10. (b) Lifespan analysis using daf16 mutants. Fe-
male synchronized nematodes (adult) were given FBSR together with OP50, and the survival rate was
measured every 2 days. (i) Survival curve. The vertical axis shows the survival rate, and the horizontal axis
shows the survival time. (ii) Percent change in average life. The vertical axis shows the value relative to a
CT measurement of 100%. Data are presented as mean + standard error. n = 60. *Indicates P < 0.05.

Red CM-H2Xros to observe mitochondrial content, membrane potential, and
reactive oxygen species (ROS), respectively. Our results showed that while the
amount of mitochondria did not change after FBSR treatment (Figure 4(a)),
mitochondrial depolarization was induced (Figure 4(b)) and ROS increased
(Figure 4(c)).

4. Discussion

Here, we have shown that FBSR increases heat stress tolerance (Figure 1(a),

Figure 1(b)), suppresses decreased motility associated with aging, and further
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Figure 4. The effect of FBSR on mitochondria. Synchronized nematodes were fed with
sup or ppt together with OP50 and were bred for 72 hours. Each Mitotracker reagent was
added and worms were bred for 24 hours. Mitochondrial amount (n = 20, 15, and 18 for
CT, sup, and ppt, respectively) (a), membrane potential level (n = 22, 18, and 17 for CT,
sup, and ppt, respectively) (b), and mitochondrial ROS levels (n = 26, 30, and 35 for CT,
sup, and ppt, respectively) (c) were analyzed. The vertical axis represents the relative flu-
orescence intensity calculated with CT as 100, and the graph shows the mean + standard
error. *Indicates P < 0.05.

extends lifespan (Figure 3(a), Figure 3(b)) in C. elegans. Furthermore, we
demonstrate that these physiological effects involve DAF-16 (Figure 2 and Fig-
ure 3). We anticipated that different effects could be obtained from FBSR sup
and ppt, but observed no noticeable differences between the two treatments.

Previous studies have shown that DAF-16 target genes are involved in stress
tolerance and elongation of life span in nematodes [14]. In addition, we have
previously shown that DAF-16 dependent recovery of motion after thermal
stress is regulated v7a the insulin/IGF-1 signal transduction pathway [13]. Our
results show that FBSR enhances stress tolerance and motility, and elongates the
lifespan of C. elegans. These results suggest that FBSR activates DAF-16. How-
ever, it is unclear where in the insulin/IGF-1, signaling pathway FBSR is acting.
Further studies are required to analyze the signaling pathway upstream of
DAF-16, including the insulin receptor DAF-2.
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Increased oxidative stress tolerance was observed in C. elegans following FBSR
treatment (Figure 1(c)). Polyphenols are antioxidants present in plants and
many studies of polyphenols have been reported for brown sugar products [15].
Brown sugar polyphenols have been shown to prevent lifestyle diseases including
elevated blood pressure, arteriosclerosis, obesity, and diabetes. Therefore, it is
conceivable that FBSR, made from brown sugar, also contains abundant poly-
phenol compounds. Therefore, it is necessary to identify and characterize the
functional ingredients contained in FBSR.

Administration of FBSR induced mitochondrial depolarization and increased
ROS levels in C. elegans (Figure 4(c)). This indicates that FBSR enhances oxida-
tion reactions in cells. It is reported that mitochondrial ROS extends the lifespan
of the nematodes, which are aerobic organisms [16], and that production of ROS
suppresses cytokinesis and promotes cellular senescence [17]. In addition, it is
thought that in vivo generated ROS causes DNA damage and enzyme deactiva-
tion, which results in aging and in various diseases [18]. However, in this study,
FBSR treatment of C. elegans improved oxidative stress tolerance and restored
the decrease in momentum caused by aging (Figure 1(c), Figure 3(a)). These
results contradict previous reports examining the correlation between general
ROS production and aging. This is likely to be due to the presence of multiple
active ingredients in FBSR. We predicted that FBSR contains substances confer-
ring antioxidant effects, such as polyphenol compounds and polysaccharide
components, because we observed an improvement in oxidation stress tolerance,

and it is possible that these components induced the accumulation of ROS.
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