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Abstract

Purpose Nutritional control has been proposed as a
potential therapy for slowing the senescence of immune
function and decreasing mortality. This study investigated
whether sesamin could modify host defense systems and
extend the lifespan of the nematode Caenorhabditis
elegans.

Methods Nematodes were fed standard food (the bacte-
rium Escherichia coli strain OP50) supplemented with
various doses of sesamin/y-cyclodextrin inclusion com-
pounds starting from young adulthood. The mean lifespan,
muscle function, lipofuscin accumulation, protein carbonyl
content, and stress resistance of the worms were examined.
Then, C. elegans mutants harboring loss-of-function
lesions in longevity- and host defense-related signaling
pathways were supplemented with sesamin to identify the
genes involved in the longevity effects.
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Results Worms supplemented with sesamin displayed
higher locomotion and prolongevity and produced off-
spring at levels similar to unsupplemented control animals.
The growth curves of nematodes were similar to those of
controls, suggesting that sesamin did not induce prolon-
gevity effects through dietary restriction. Notably, sesamin
made the worms more resistant to infection by Legionella
pneumophila and more resistant to oxidative stressors such
as paraquat and hydrogen peroxide and prolonged the
lifespan of a mev-1 mutant that produces abundant super-
oxide anions. However, the accumulation of protein car-
bonyls and lipofuscin was similar in sesamin-exposed and
control worms, suggesting that sesamin is unlikely to work
simply as an antioxidant. Sesamin supplementation failed
to extend the lifespan of loss-of-function mutants of daf-2,
daf-16, pmk-1, and skn-1.

Conclusions Sesamin enhances the host defense of C.
elegans and increases the average lifespan via activation of
both skn-1 (encoding a component of the p38 MAPK
pathway) and daf-16 (encoding a component of the IGF-1
pathway).
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Introduction

Senescence of the immune system leads to increased infec-
tions, malignancy, and autoimmunity [1-3]. Indeed, the
mortality of elderly people suffering from viral and bacterial
infections is higher than that of younger people [4]. If the
senescence of host defense could be slowed through immu-
nonutritional intervention, then the mortality due to infec-
tious diseases might be decreased. However, the difficulty of
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establishing a suitable animal model has limited studies on
this topic. Although an increase in biomarkers related to
immunological function has been observed in the elderly
with improved nutrition [5], few reports have shown bene-
ficial influences of nutrition on host defense, response to
experimental stress, or lifespan [6-8].

Lignans constitute the major class of polyphenols in
sesame seeds, and sesamin, sesamolin, and sesaminol are
the most abundant of the lignans. Sesamin, with the highest
abundance among the lignans, is particularly noteworthy
since the compound has been associated with a variety of
health effects such as anti-allergenic [9], anti-carcinogenic
[10], antihypertensive [11], and hypocholesterolemic [12]
effects, as well as decreases in fatty acid synthesis [13].
Although sesamin itself does not exhibit antioxidative
activity in vitro, the beneficial effects of the compound are
likely to be due to the antioxidative effects of sesamin
derivatives generated during in vivo metabolism [14].

Caenorhabditis elegans is a small, free-living, bacte-
riophagous soil nematode. This organism has been exten-
sively used as an experimental system for biological
studies because of its morphological simplicity, transparent
body, ease of cultivation, and amenability to genetic ana-
lysis. In addition, the short and reproducible lifespan of C.
elegans is particularly advantageous for aging studies [15].
We previously showed that the nematode was a convenient
model for investigating the senescence of host defense and
the influence of food and nutrition on the system: An
opportunistic human pathogen, Legionella pneumophila,
was pathogenic only in old nematodes but not in young
worms, and the presence of probiotic bacteria or orally
supplemented antioxidant agents prolonged C. elegans
lifespan and enhanced the host defense [16—19].

Here, we report that sesamin caused prolongevity in C.
elegans. Although a positive effect of sesamin on longevity
has been reported in Drosophila [20], the compound’s
prolongation of lifespan is more apparent in the nematode
than in fruit flies. Caloric restriction is known to extend the
lifespan of a wide range of organisms from yeasts to
mammals [21], although the effect of caloric restriction on
lifespan remains controversial in primates [22]. Based on
the evaluation of worm biomarkers, including body and
brood sizes [23], we assessed whether sesamin extended
the lifespan via caloric restriction. While radical oxygen
species (ROS) are recognized as key factors causing
senescence because of the properties as oxidants [24], ROS
are still considered to contribute to anti-senescence by the
hormesis effect [25]. Hence, we performed assays for
muscle function, lipofuscin accumulation (gut autofluo-
rescence), protein carbonyl content, and stress resistance to
determine how sesamin induced the numerous beneficial
effects on physiological function and longevity. Addition-
ally, loss-of-function C. elegans mutants were grown on
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medium supplemented with sesamin to identify the genes
involved in the longevity-promoting effects of the com-
pound in C. elegans.

Materials and methods
Nematode strains

Caenorhabditis elegans Bristol strain N2 and its derivative
mutant strains were kindly provided by the Caenorhabditis
Genetics Center, University of Minnesota. The mutants
used in this study were KU25 pmk-1(km25), EULl skn-
1(zu67), CF1038 daf-16(mu86), CB1370 daf-2(el370),
TK22 mev-1(knl), and TJ356, a strain harboring a daf-
16::GFP transgene. Nematodes were maintained and
propagated on nematode growth medium (NGM) according
to standard techniques [26].

Bacterial strains

Escherichia coli OP50 (OP) was used as the standard feed
for nematode cultivation and was grown using tryptone
soya agar (Nissui Pharmaceutical, Tokyo, Japan). Cultured
bacteria (100 mg wet weight) were suspended in
0.5 ml M9 buffer, and 50 pl of the resulting bacterial
suspension then was spread on peptone-free modified
NGM (mNGM) in 5.0-cm diameter plates to feed worms.
Salmonella enterica subsp. enterica serovar Enteritidis
strain SE1, originally isolated from a diarrheal specimen,
and L. pneumophila serogroup 1 strain JR32 were used as
pathogens and were cultured using tryptone soya agar
(Nissui) and BCYE agar plates (Oxoid, Basingstoke, UK),
respectively, as described previously [16, 18].

Formulation of sesamin

Inclusion compound formulations of y-cyclodextrin (yCD)
and sesamin were prepared as reported previously [17].
Briefly, a sterile YCD solution was prepared by filtering a
nearly saturated yCD (230 mg/ml) solution. Sterile ses-
amin ethanol solution (2.5 mg/ml) was prepared by filtra-
tion through an organic solvent-resistant filter
(SLLGO13SL, Millipore, Carrigtwohill, Ireland). One
milliliter yCD solution was mixed with 0.1 ml sesamin
solution and stirred with a rotary mixer for 12-24 h at
ambient temperature. The solid complex (inclusion com-
pounds) was collected by centrifugation and weighed.
Finally, the inclusion compound was suspended in M9
buffer and vortexed so that the nematodes could ingest the
compounds. Approximately 1 mg wet weight of the com-
pound, containing 6.3 pg sesamin, was spread onto each
NGM plate.
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Determination of C. elegans lifespan

Eggs were recovered from adult C. elegans worms after
exposure to a sodium hypochlorite/sodium hydroxide solu-
tion, as previously described [27]. The egg suspension was
incubated overnight at 25 °C to allow hatching, and the
resulting suspension of L1-stage worms was centrifuged at
156 x g for 1 min. After removing the supernatant by aspira-
tion, the remaining larvae were transferred onto fresh mNGM
plates covered with OP and then incubated at 25 °C, with the
exception of the daf-2 mutant, which was maintained at 20 °C.
To synchronize pubescence, worms were allowed to feed on
OP for 2 days until maturation, as it is well known that the
reproductive system regulates aging in C. elegans [28].
Nematicidal assays were performed by adding 35 three-day-
old adult worms to each mNGM plate covered with OP and the
sesamin inclusion compound. The plates were incubated at
25 °C, and the numbers of live and dead worms were scored
every 24 h. At 25 °C, worms produce progeny that develop
into adults in 3 days, and it is therefore difficult to identify the
original worms. To avoid over-estimating the number of liv-
ing worms, the original worms were transferred daily to fresh
mNGM plates for 4 days until completion of their egg-laying
phase at 7 days of age. Thereafter, the worms were transferred
to fresh mNGM plates every second day. A worm was con-
sidered dead when it failed to respond to a gentle touch with a
worm picker. Worms that crawled off the plate or died from
internal hatching were considered lost and not included in the
analysis [29]. Nematicidal assays are generally performed
using NGM agar plates containing peptone, which allows the
overlayed bacteria to proliferate. However, the composition of
NGM has been reported to influence the virulence of bacteria,
and the in situ production of metabolites by bacteria growing
on the medium also may be nematicidal [30]. Thus, to exclude
the possibility of bacteria-induced nematicidal effects from
nutrients in the medium, the nematicidal assays were per-
formed on mNGM plates lacking peptone. Each assay was
carried out in duplicate and repeated twice unless otherwise
stated.
Mean lifespan was estimated using the formula [31]:

1 X+ X
MLS = — A h )

where d; is the number of worms that died in the age
interval (x; to x;y;), and N is the total number of worms.
The standard error of the estimated mean lifespan was
calculated using the equation:

1 X + Xj11 2
SE_\/N(N_l)Z(’ — ~ MLS) d;

J

Maximum lifespan was calculated as the mean lifespan of
the longest-living 15 % of worms in each group.

Effect of sesamin on infections

After hatching, nematodes were grown on OP for 3 days.
The adult worms then were divided into two groups that
were given YCD only or were supplemented with a YCD
inclusion compound containing sesamin. Seven- or eight-
day-old worms were fed Salmonella or Legionella,
respectively, instead of OP, as reported previously [16, 18].
Nematode survival was measured as described above.

Locomotory scoring of aging nematodes

The motility of worms at different ages was examined
using a scoring method described in previous reports [32,
33]. Briefly, worms were classified according to a four-
point scale: Class “A” worms showed spontaneous
movement or vigorous locomotion in responding to prod-
ding; class ‘“‘B’” worms did not move unless prodded or
appeared to have uncoordinated movement; class *‘C”’
worms moved only their head and/or tail in response to
prodding; and class “D” worms were dead animals. A
minimum of 60 worms provided with sesamin were scored.

Lipofuscin

To obtain indices of senescence, the autofluorescence of
intestinal lipofuscin was analyzed from days 10 to 18 of
adulthood. Briefly, randomly selected worms were washed
five times in M9 buffer and then placed onto fresh mNGM
plates coated with 50 mM sodium azide to induce anes-
thesia. Lipofuscin autofluorescence was measured using a
M165 FC fluorescence stereomicroscope (Leica Micro-
systems, Tokyo, Japan) equipped with a DsRED filter set
(excitation 510-560 nm, emission 590-650 nm) and a
Leica DFC425 C digital microscope camera. The captured
data were analyzed using Leica Application Suite imaging
software (Version 3.7.0).

Protein carbonyl formation

Protein carbonyl groups, which served as biomarkers of
oxidative stress, were measured as reported previously [34].

Measurement of body size

Three-day-old adult worms were placed on mNGM plates
covered with OP. The body sizes of live worms were
measured every 24 h until the animals reached 7 days of
age. Images of adult nematodes were taken with a VCT-
VBIT digital microscope (Shimadzu, Kyoto, Japan) and
analyzed using ImagelJ software. In this system, the area of
a worm’s projection was estimated automatically and used
as an index of body size.
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Brood size

Eggs isolated with a sodium hypochlorite/sodium hydroxide
solution were allowed to develop to 3 days of age on mNGM
plates coated with OP at 25 °C. Three hermaphrodites were
selected and transferred to an mNGM plate covered with a
lawn of BI. The parental animals were transferred every 24 h
to fresh mNGM plates until the end of the reproductive
period. The resulting progenies were left to develop for
3 days, and the progeny number then was determined. Each
assay was performed with five plates and repeated twice.

Stress resistance assays

Worms were grown from 3 to 7 days of age on mNGM
plates with or without sesamin and then subjected to oxi-
dative stress and heat shock assays. To conduct an oxida-
tive stress assay, worms were transferred onto mNGM
containing 1.0 or 2.5 mM paraquat or into M9 buffer with
0.1 % cholesterol (5 mg/ml in ethanol) that contained
either 0.8 mM hydrogen peroxide, 2.0 mM hydrogen per-
oxide, or 7.0 mM cupric chloride. Plates or suspensions of
worms were incubated at 25 °C, and viability then was
scored. To assess thermal tolerance, 7-day-old worms were
placed in M9 buffer or onto mNGM at 35 °C and then
scored for viability. Similarly the 7-day-old worms were
exposed to UV irradiation at 250 or 500 J/m?. The survival
of worms was determined by touch-provoked movement.
Worms were scored as dead when the animals failed to
respond to mechanical stimuli with a worm picker. The
assays were performed at least twice.

Statistical analysis

Nematode survival was calculated by the Kaplan—Meier
method, and survival differences were tested for signifi-
cance using the log-rank test. Differences in protein car-
bonyl levels and brood size were determined using the
Student’s ¢ test. Differences in lipofuscin levels were
analyzed using the Mann—Whitney U test. Differences in
body sizes were analyzed using the Kruskal-Wallis test.
The level of significance was set at P < 0.05.

Results
Prolongevity due to sesamin

The lifespan of nematodes that ingested sesamin-contain-
ing yCD was 13.6 % longer than that of control worms
maintained on mNGM containing yCD alone (Fig. 1, the
data for Fig. 1 are provided in Online Resource Table 1).
The effect was dose-dependent with the strongest effect
seen at 6.3 pg/plate; supplementation at higher or lower
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concentrations of sesamin resulted in weaker or no pro-
longevity effects.

Muscle function and accumulation of lipofuscin, as
determined by gut autofluorescence, are known to correlate
with age, but vary between age-matched individuals in C.
elegans [23]. In the present study, locomotory ability was
assayed as an indicator of muscle function, as locomotory
class is predictive for the remaining lifespan of C. elegans
worms after 8 days of age [32]. The ratio of worms dis-
playing coordinated sinusoidal locomotion (class A) was
apparently higher in the group supplemented with sesamin
(Fig. 2).

Autofluorescence of lipofuscin, a lipid peroxidation
product, in worms supplemented with sesamin was not
significantly different from that in control worms (Online
Resource Fig. 1). The abundance of protein carbonyls,
which is a general biomarker of protein oxidation, in the
extracts from worms given sesamin also was similar to that
in control worms, and the values were not significantly
different (Online Resource Fig. 2a, b).

Body and brood sizes

To examine whether the prolongevity effects of sesamin
were a result of caloric reduction, the body and brood sizes
of nematodes supplemented with sesamin were compared
with those of control worms fed OP. The supplementation
with sesamin did not alter the growth curve of worms
(Fig. 3). Although caloric restriction reportedly extends the
lifespan by reducing brood size [35], supplementation with
sesamin did not decrease the brood size of C. elegans
(Fig. 4).

Stress resistance assays

The effects of sesamin on resistance to chemical, physical,
and biological stresses were examined. Sesamin supple-
mentation (at 6.3 pg/plate) yielded a highly significant
(P < 0.001 compared to unsupplemented animals) increase
in survival against 1.0 mM paraquat, a known source of
ROS (Fig. 5a, Online Resource Table 2a). Similarly, when
9- or 15-day-old worms were maintained in M9 buffer
containing 2.0 mM hydrogen peroxide, a known source of
active oxygen, the sesamin (at 6.3 pg/plate)-supplemented
worms exhibited a highly significant (P < 0.001 compared
to unsupplemented animals) increase in survival time
(Fig. 5b, ¢, Online Resource Tables 2b and 2c). However,
the worms remained vulnerable to 7.0 mM CuCl, solution
irrespective of the age and sesamin supplementation status
(Online Resource Figs. 3a and 3b, Online Resource
Tables 2d and 2e). In the case of physical stresses (Online
Resource Figs. 4a to 4d, Online Resource Tables 3a and
3b), sesamin did not prolong the survival time of worms



Eur J Nutr (2014) 53:1659-1668

1663

Fig. 1 Survival curves of C. 100%
elegans fed OP supplemented
with sesamin at different doses
as compared with the lifespan of
control worms fed only OP.
Each plate contained 10 mg
(wet weight) of bacteria. Worms
were 3 days old on the graph’s
nominal Day 0. *, **,

*#%P yalues of <0.05, <0.01,
and <0.001, respectively, for 40%
statistically significant
differences between control
worms fed only OP and worms
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Fig. 2 Locomotory activity of C. elegans fed OP supplemented with
sesamin. Young adult worms fed OP for 2 days after hatching were
transferred to plates containing 10 mg of OP with or without sesamin
at 6.3 pg/plate. Worms were 3 days old on the nominal Day O.
Animals were classified into four classes based on their locomotion:
class A robust, coordinated sinusoidal locomotion (white bars), class
B uncoordinated and/or sluggish movement (light gray bars), class C
no forward or backward movement, but head movements or
shuddering in response to prodding (dark gray bars), and class D
dead animals (black bars). The rates of each class at the indicated
time point are indicated

subjected to heat stress (8-day-old worms at 32 °C or
7-day-old worms at 35 °C) or to UV irradiation (9-day-old
worms exposed to 250 or 500 J/m?).

Previously we found that the opportunistic pathogen
Legionella can be virulent in worms older than 8 days old,
while young worms fed on the pathogen grow as well as
those fed on the standard food bacteria OP [18]. Thus, the

25 30

0.16 7 Control
------ Sesamin y-CD

N
£ 0.12
E
©
o
©
> 0.08
°
o
m

0.04 T T T T |

4 5 6 7 8
Age (days)

Fig. 3 Growth curve of worms fed OP supplemented with sesamin
(6.3 ng/plate). Images of adult nematodes were recorded using a
digital microscope; the area of the worm’s projection was measured
using image processing software and used to generate an index of
body size. The body sizes of the worms fed BI at all ratios were
similar to those of the control worms fed only OP

opportunistic infection of C. elegans by Legionella can
serve as a unique model to investigate immunosenescence.
To study the effect of sesamin on response to biological
stress, 7- or 8-day-old worms were fed Salmonella or
Legionella, respectively, instead of OP. Oral supplemen-
tation with sesamin failed to enhance the host defense to
Salmonella, a bacterial strain that exhibits pathogenicity
irrespective of age of the nematodes (Online Resource
Fig. 5, Online Resource Table 4a). However, when nem-
atodes were exposed to the opportunistic pathogen
Legionella, sesamin protected against death from the
infection (Fig. 6, Online Resource Table 4b).

Prolongevity effects in mutants

The PMK-1 (p38 mitogen-activated protein kinase—p38
MAPK) and DAF-2/DAF-16 insulin/IGF-1 signaling (IIS)
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Fig. 4 Brood size of worms fed OP supplemented with sesamin
(6.3 ng/plate). Total brood size was determined from 16 animals, and
the mean per two worms was calculated

pathways contribute to homeostasis, including host defense
against pathogens in C. elegans. To investigate whether
these two pathways are involved in the prolongevity effects
of sesamin, the lifespan of C. elegans loss-of-function
mutants fed sesamin was compared with that of control
worms fed OP. Sesamin failed to prolong the lifespan of
strains harboring individual mutations in the pmk-I
(encoding an ortholog of mammalian p38 MAPK), skn-I
(encoding an ortholog of mammalian Nrf2), daf-2
(encoding an ortholog of Insulin/IGF-1-like receptor), or
daf-16 (encoding an ortholog of mammalian FoxO) genes
(Online Resource Figs. 6a to 6d, Online Resource
Tables 5a to 5d). In contrast, sesamin prolonged the mean
lifespan of the mev-I mutant by 13 % (Online Resource
Fig. 6e, Online Resource Table 5e), an increase that was
statistically significant (P < 0.05). These results suggested
the importance of both p38 MAPK and IIS pathways for
mediating the prolongevity effect of sesamin. When a
strain harboring a daf-16::GFP transgene was grown in the
presence of sesamin, the DAF-16::GFP transcription factor
exhibited translocation into the nuclei of foregut cells
(Fig. 7a); although the translocation was not as intense as
that observed in worms of the same strain exposed to heat
stress in the absence of sesamin supplementation (Fig. 7b).

Discussion

Sesamin, a hydrophobic substance and precursor of the
antioxidative sesaminol, clearly extended the lifespan of
the nematodes in this study. The worms given sesamin
were more locomotive than the controls during old age and
were more resistant to L. pneumophila, a species that is
selectively pathogenic for aged worms. Further, sesamin
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Fig. 5 Influence of sesamin supplementation on susceptibility of
worms to oxidative stresses. Worms were provided with sesamin at
6.3 pg/plate from 3 days of age and then incubated with a 1.0 mM
paraquat from 7 days of age, b 2 mM hydrogen peroxide from 9 days
of age, or ¢ 2 mM hydrogen peroxide from 15 days of age.
***Statistically significant difference compared to control worms
fed OP only (P < 0.001). Mean and maximum lifespan are presented
in Online Resource Tables 2a to 2¢

protected worms from oxidative stresses produced by
selected chemicals (paraquat and peroxide), though not for
that associated with cupric chloride. Sesamin supplemen-
tation was not protective against physical stresses such as
UV irradiation and heat stress, nor against pathogenic
Salmonella. In the course of developing methods to let C.
elegans ingest hydrophilic or hydrophobic chemicals, we
previously had observed that several antioxidants (includ-
ing N-acetylcysteine, glutathione, tocotrienol, and asta-
xanthin) prolonged the lifespan of nematodes [17, 19, 36].
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Fig. 6 Survival of C. elegans infected with pathogenic bacteria.
Worms were fed OP with or without sesamin (6.3 pg/plate) from
3 days of age. The nematodes were transferred to agar plates covered
with L. pneumophila virulent strain JR32 at 7 or 8 days of age,
respectively. The survival curves were compared with that of worms
not supplemented with sesamin. ***Statistical significance at
P < 0.001. Mean and maximum lifespan are presented in Online
Resource Table 4a

In mev-1 mutants, shortened lifespan is considered to be the
result of an increased production of ROS [37]. Our
observation, in the present work, of increased longevity in
sesamin-treated mev-/ animals is consistent with the pro-
posed role of ROS in this mutant strain.

It is an attractive hypothesis that sesamin works as an
antioxidant precursor, slowing senescence compared to
control animals, and thereby resulting in prolongevity and
increased resistance to the opportunistic pathogen Legion-
ella. Oxidative stress is typically associated with protein
modifications (including carbonylation of amino acid side
chains), and the accumulation of lipofuscin serves as a
marker of aging. However, there were no significant dif-
ferences in the levels of lipofuscin or carbonylated protein
between sesamin-supplemented worms and age-matched
controls. Thus, sesamin antioxidant activity does not
appear to affect oxidants produced endogenously in the
worms. Sesamin may reduce harm caused by exogenous
oxidants, although it remains unclear why the

supplementation failed to yield protective effects against
copper chloride, a compound that is expected to induce
exogenous ROS production [38, 39]. If sesamin does not
play a direct role as an antioxidant, sesamin is expected to
render worms indirectly resistant to the oxidative chemi-
cals used in this study. Among these indirect roles, anti-
oxidants can work as pro-oxidant hormetins [40], a
mechanism that is not expected to decrease the levels of
carbonylated protein and lipofuscin. Instead, the resultant
hormesis would enhance the host defense via signal
induction pathways, in the same way that low levels of
ROS can cause so-called redox signaling [41, 42]. This
hormetic effect would explain why higher doses of sesamin
were not as effective in extending worm lifespan.

Caloric restriction is well recognized as a mechanism for
the extension of longevity, and such restriction has been
shown to slow senescence not only in numerous non-
mammalian taxa, but also in mammals [21]. However,
sesamin does not appear to cause dietary restriction in
nematodes, as evidenced by the fact that growth curves
were similar regardless of sesamin exposure. Furthermore,
the sesamin-supplemented nematodes produced offspring
in numbers similar to those seen in the control worms. This
observation confirms our hypothesis that sesamin’s effects
are not mediated by effects on dietary restriction, given that
Bishop and Guarente [5] demonstrated that the prolon-
gevity effect of dietary restriction reflects reductions in
brood sizes. Indeed, if sesamin were causing caloric
restriction, the compound should extend the lifespan of a C.
elegans daf-2 mutant [35], which we did not observe in the
present work.

The IIS pathway has a conserved role in modulation of
lifespan, and the pathway includes DAF-16, a forkhead
family transcription factor that regulates genes that pro-
mote stress resistance and extend the lifespan of nematodes
[43]. Since sesamin failed to prolong the lifespan of the
daf-2 or daf-16 mutants, this pathway is presumably
involved in the prolongevity effects of sesamin. Similarly,

Fig. 7 Effects of sesamin on translocation of the DAF-16::GFP
transcription factor. When the daf-16::GFP mutant was supplemented
with sesamin (6.3 pg/plate), translocation of the DAF-16::GFP
transcription factor into the nucleus was observed at 8 days of age

(a). Note that translocation into the nucleus was limited to cells
around the foregut and was of lower intensity than that seen in
animals subjected to heat stress (37 °C for 1 h, b)
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Fig. 8 Pathways predicted to be involved in the prolongevity effect
of sesamin. Solid lines with arrow heads indicate signals that
upregulate or activate genes, and broken lines indicate signals
involved in suppression. Dotted lines suggest hypothetical pathways
that remain to be elucidated

sesamin failed to prolong the lifespan of the C. elegans
pmk-1 and skn-1 mutants, suggesting that these genes,
components of the p38 MAPK pathway, mediate the pro-
longevity effect of the compound. Thus, sesamin appears to
promote the induction of phase-2 detoxification enzymes in
C. elegans through activation of SKN-1, an ortholog of
mammalian Nrf transcription factors [44]. As SKN-1
appears to be involved in damage control and stress
resistance [45], endogenous antioxidant systems upregu-
lated via activated SKN-1 may account for the enhanced
resistance to stressors and the extension of lifespan. Both
the p38 MAPK and IIS pathways are evidently required for
the effects of sesamin (Fig. 8).

Inhibition of the target of rapamycin (TOR) is another
well-known intervention method for prolongevity: Dietary
restriction/caloric restriction is likely to extend lifespan by
inhibiting the TOR kinase. This protein, which is essential
for growth but associated with aging, forms two distinct
complexes, designated TORC1 and TORC2. Recently,
Robida-Stubbs et al. [46] showed that TORC1 inhibition
resulted in extension of lifespan in C. elegans, a process
that depended on both the p38 MAPK and IIS pathways. In
contrast, while TORC2 inhibition also increased lifespan,
this process required SKN-1 but not DAF-16 [46]. We
previously observed that the presence of bifidobacteria
extended lifespan in C. elegans and suppressed the age-
associated increase in the sensitivity to Salmonella or
Legionella [16, 18]. Unlike sesamin, however, bifidobac-
teria elicit their effects mainly via the p38 MAPK pathway
and not via the IIS pathway. The lower lipofuscin and
protein carbonyl levels in the worms fed bifidobacteria
were taken as an evidence of enhanced antioxidant sys-
tems, although the bifidobacteria-eating worms were as

@ Springer

vulnerable to the chemical and physical stresses used in
that study as the control worms. The distinction between
the effects of sesamin and those of bifidobacteria might
reflect differential effects on the TOR pathway. In this
model, sesamin would be a mimetic of caloric restriction,
which is known to decrease the activity of TORCI.

In conclusion, the present study suggests that sesamin
extends the lifespan of C. elegans via modulation of both
the p38 MAPK and IIS pathways, possibly by suppression
of TORC1, although this effect is not mediated by caloric
restriction per se. We note that sesamin seems to function
as a hormetin rather than as an antioxidant and that the
compound enhances the host defense of nematodes against
a subset of chemical oxidative stressors and opportunistic
pathogens. Agents that promote particular SKN-1 or DAF-
16 activities likely cause beneficial effects of TOR inhi-
bition without interfering with critical TOR functions and
inducing side effects, in contrast to rapamycin, which is
known to impair immune function and reduce insulin
sensitivity. The role of sesamin as a possible suppressor of
TORC1 will be the subject of further studies. We addi-
tionally propose that C. elegans will serve as a useful
model for the identification and characterization of other
TOR inhibitors.
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