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Abstract
Resveratrol (RES) has been studied for its effects on the lifespan extension of Caenorhabditis elegans, but controversy still remains

on its mechanism related with SIR-2. In this study, longevity assay was performed to confirm SIR-2-dependent lifespan extension

of C. elgeans with RES and oxyresveratrol (OXY), an isomer of hydroxylated RES using loss-of-function mutants of C. elegans

including sir-2.1 mutant. The results showed that OXY and RES significantly (P< 0.05) extended the lifespan of C. elegans

compared with the control. OXY and RES also significantly (P< 0.05) increased the mRNA expression levels of sir-2.1 and aak-

2 in a dose-dependent manner and increased the protein expression levels of SIR-2.1. OXY and RES treatment extended the

lifespan in daf-16 loss-of-function mutants, which suggested that lifespan extension was not occurring via the activation of DAF-

16. However, OXY and RES failed to extend the lifespan in loss-of-function mutants of sir-2.1 and aak-2. Therefore, OXY and RES

extend the lifespan of C. elegans by overexpression of SIR-2.1, which is related to lifespan extension through calorie restriction

and the AMP-activated protein kinase (AMPK) pathway, although this process is independent of the FOXO/DAF-16 pathway.
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Introduction

In Caenorhabditis elegans, SIR-2.1 is a member of the Sir-2
family (NADþ-dependent protein deacetylases) and regu-
lates nematode ageing by interacting with various transcrip-
tion factors including DAF-16.1 SIR2 protein has been
associated with lifespan regulation in C. elegans, yeast,
Drosophila melanogaster and even mammals.2 In mammals,
there are seven Sir2 orthologs (SIRT1�7), and they are
involved in diverse metabolic processes including adipo-
genesis, myogenesis and apoptosis.1 In addition, mamma-
lian SIRT has been shown to interact with FOXO3a to
modulate the balance between cell survival and apoptosis,
and the FOXO transcription factor is known as an important
regulator of C. elegans ageing.3

Dietary restriction (DR) is the most influential environ-
mental intervention to extend lifespan and health span in a
wide range of species.4 There are several methods that
restrict the diet, and a number of chemical compounds
have been suggested to act as DR mimetics to extend life-
span.5 A well-known antioxidant, resveratrol (RES), has

been proposed to act as one such mimetic, as demonstrated
in yeast, worms, flies and other organisms.6 Although the
mechanism remains unclear, the positive effects of DR on
lifespan have been suggested.7 The energy-sensing AMP-
activated protein kinase (AMPK)/aak-2 pathway upstream
of FOXO/DAF-16 mediates lifespan extension induced by
DR in worms.4 However, for the DR mimetic RES, AMPK
without FOXO was shown to extend lifespan in worms.5

Oxidative stress is known to be involved in ageing, and
antioxidants from natural sources have been shown to extend
lifespans in mice,8 yeast and human fibroblast cells.9

Although RES has been studied for its effects on the lifespan
extension of C. elegans, controversy still remains on its mech-
anism related with SIR-2.10,11 RES extends the lifespan of
C. elegans via Sir-2.1-dependent manner.2 On the other
hand, a slight increase in lifespan of C. elegans by RES is
Sir-2.1-independent.10 Oxyresveratrol (OXY) is the aglycone
of a hydroxystilbene compound, mulberroside A, and is
found in the white mulberry (Morus alba), and is an isomer
of hydroxylated RES. OXY inhibits the activity of dihydrox-
yphenylalanine (DOPA) oxidase, cyclooxygenase and rat
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liver mitochondrial ATPases; indeed, OXY showed higher
antioxidative activity than RES.12 In this study, to clarify
OXY- and RES-mediated lifespan extension of C. elegans, we
investigated the lifespan extension effect of OXY and RES on
C. elegans and elucidated the mechanism of OXY-dependent
lifespan extension in C. elegans using several loss-of-function
mutants of C. elegans including sir-2.1 mutant.

Materials and methods
Bacteria and nematodes culture

Escherichia coli OP50 was provided by the Caenorhabditis
Genetics Centre, University of Minnesota (CGC), and used as
a food source. E. coli OP50 was grown in Luria-Bertani (LB)
broth (Difco, Detroit, MI, USA) at 37�C for 18�24 h with shak-
ing. Bacteria were harvested and adjusted to a final concentra-
tion of 0.1 mg (wet weight) per microliter in M9 buffer.13

Caenorhabditis elegans Bristol strain N2 (wild-type) and
mutant strains were provided by the CGC. Bristol strain
N2 was used for all measurements, and mutant strains
were used only for the longevity assay. The mutants used
for lifespan measurements included CF1038 daf-16 (mu86),
RB754 aak-2 (ok524) and VC199 sir-2.1 (ok434). Nematodes
were maintained and propagated at 25�C according to
standard techniques.14 The E. coli OP50 suspension was
spread onto nematode growth medium (NGM) in 90-mm-
diameter plates to feed the worms. Eggs were harvested
from adult worms after they were exposed to a sodium
hypochlorite-sodium hydroxide solution as previously
described.15 The egg suspension in M9 buffer was incu-
bated overnight at 25�C to allow the eggs to hatch, and
the suspension of L1 stage worms was centrifuged at
1200� g for 2 min. After removing the supernatant, the
remaining larvae were transferred onto fresh NGM plates
seeded with E. coli OP50 and incubated at 25�C for 2 day to
synchronise pubescence. All experiments were conducted
with 3-day-old young-adult (day 1 of adulthood) wild-type
worms (except for mutant survival tests).

Longevity assay

For the longevity assay, OXY (Sigma–Aldrich, St. Louis,
MO, USA) and RES (Sigma–Aldrich) were dissolved in
dimethyl sulphoxide (DMSO) to final concentrations of
100, 500 and 1000 mM. OXY and RES did not show any

toxicity to C. elegans within the concentration of 1000 mM
(data not shown). DMSO alone was used as a control, and
the solutions or control were added at a ratio of 3:1000 to
NGM/FUdR during the preparation of the plates, which
were supplemented with 5-fluoro-20-deoxyuridine (FUdR,
Sigma–Aldrich) (50mM).10 Escherichia coli OP50 cells in M9
buffer (3 mg wet weight) were spread onto each NGM/
FUdR plate (35 mm diameter) as the food source. The lon-
gevity assay was started at the L4 stage of N2 nematodes
and mutants, at which time the worms were transferred to
the seeded plates using a platinum wire. For each assay,
approximately 30 worms were assayed on three plates (10
worms per plate) for each compound. The plates were incu-
bated at 25�C, and live and dead worms were counted every
24 h. The longevity assay was carried out at least three times
independently, and over 100 worms were used. The mean
lifespan (MLS) was estimated using the following formula16

MLS ¼
1

N

X
j

xj þ xjþ1
2

dj

where j is the age (day), dj is the number of worms that died
in the age interval (xj, xjþ1) and N is the total number of
worms. The standard error (SE) of the estimated MLS was
calculated using the following equation
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RNA isolation and quantitative real-time polymerase
chain reaction (qRT-PCR)

Worms fed for 24 h with E. coli OP50 on NGM/FUdR plates
including RES or OXY were collected in M9 buffer, and total
RNA was isolated from whole worms as previously
reported.17 Total RNA was converted to cDNA using the
RevertAid First Strand cDNA Synthesis kit according to the
manufacturer’s instructions (Thermo Scientific, Wilmington,
DE, USA), followed by quantitative RT-PCR (qRT-PCR) using
the SYBR Green (KAPA Biosystems, Wilmington, MA, USA)
and StepOnePlus real time PCR systems (Applied Biosystems,
Foster City, CA, USA). The primer sequences are shown in
Table 1.5,18 Relative expression levels were calculated using

Table 1 Oligonucleotide primers used in this study

Target (accession #) Primer Sequence Product size (bp)

act-2 (NM_073417) Forward 50-CCCACTCAATCCAAAGGCTA-30 168

Reverse 50-GGGACTGTGTGGGTAACACC-30

daf-16 (AF032112) Forward 50-TCCTCATTCACTCCCGATTC-30 175

Reverse 50-CCGGTGTATTCATGAACGTG-30

aak-2 (NM_001029697) Forward 50-TGCTTCACCATATGCTCTGC-30 219

Reverse 50-GTGGATCATCTCCCAGCAAT-30

sir 2.1 (NM_001268556) Forward 50-TGGCTGACGATTCGATGGAT-30 179

Reverse 50-ATGAGCAGAAATCGCGACAC-30

Primers against age-related gene were designed using NCBI and Primer 3 software.
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the 2���CT method.19 The control gene act-2 was used to nor-
malise gene expression data. Three independent experiments
were performed.

Western blot analysis

Protein was prepared from synchronous nematodes raised
for 24 h on E. coli OP50-seeded plates that included OXY or
RES. Worms were collected in dH2O and washed with
dH2O several times and protein was extracted using an

ultrasonic processor (Cole-Parmer, Vernon Hills, IL, USA).
Equal amounts (30 mg) of protein from each sample were
loaded into lanes, and sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS–PAGE) (9.4%) was per-
formed. Then, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Bed-ford, MA,
USA) with a Trans-Blot semi-dry transfer cell (Bio-Rad,
Hercules, CA, USA). The membrane was blocked using
5% non-fat milk (Blotting-Grade Blocker, Bio-Rad) in phos-
phate buffered saline (PBS)-Tween 20 (PBS-T) for 1 h at

Figure 1 Effect of RES or OXY on Caenorhabditis elegans (N2) lifespan. After 3 days of feeding with Escherichia coli OP50 on NGM plates, young adult worms were

transferred to NGM/FUdR plates seeded with E. coli OP50 and containing RES (a) or OXY (b). The lifespans of nematodes fed on NGM/FUdR plates containing RES or

OXY were significantly (P< 0.05) extended compared to those fed on NGM/FUdR plates containing DMSO only
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room temperature and subsequently incubated with either
anti-SIR-2.1 rabbit polyclonal antibody (Thermo Scientific,
PA1-16933, diluted 1:1500 in PBS-T) or anti-GAPDH mouse
monoclonal antibody (Thermo Scientific, MA5-15738,
diluted 1:5000 in PBS-T) for 1 h. Bound antibodies were
detected with peroxidase-conjugated secondary antibodies.
Goat anti-rabbit IgG (HþL) horseradish peroxidase-
conjugated antibody (Thermo Scientific, 31460, diluted
1:10000) and goat anti-mouse IgG (HþL) horseradish per-
oxidase-conjugated antibody (Thermo Scientific, 31430,
diluted 1:200,000) were used as secondary antibodies. The
protein bands were visualised using the SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific).
Blot images were obtained and protein expression was
determined with the imaging system FluorChem E
(ProteinSimple, Santa Clara, CA, USA). More than three
independent worm cultures were used.

Statistical analysis

The nematode survival rate was calculated with the
Kaplan–Meier method, and the significance of survival dif-
ferences among the whole sample and between groups

were tested using the log-rank test.13 In other experiments,
the mean values of the control (DMSO) and chemical-
treated (RES and OXY) groups were determined using
Student’s t-tests. A P-value of 0.05 or less was considered
statistically significant, and error bars depict the standard
deviation.

Results and discussion

Caenorhabditis elegans (N2) longevity assays were performed
on NGM/FUdR plates containing OXY or RES at the desig-
nated concentrations. OXY and RES significantly (P< 0.05)
increased the MLS of worms in a dose-dependent manner
(Figure 1, Table 2). The MLSs of worms fed E. coli OP50 on
NGM plates containing 100, 500 and 1000mM of RES were
16.5� 0.35 (22.2%), 16.7� 0.35 (23.7%) and 17.6� 0.25
(30.4%), respectively, which were greater than those of con-
trol worms fed E. coli OP50 on NGM/FUdR plates without
RES or OXY. The MLSs of worms fed E. coli OP50 on NGM
plates containing 100, 500 and 1000 mM of OXY were
14.5� 0.32 (7.4%), 15.9� 0.31 (17.8%) and 17.7� 0.28
(31.1%), respectively, which were also greater than those

Table 2 The mean lifespan of Caenorhabditis elegans (N2) and C. elegans loss-of-function mutants when fed Escheichia coli OP50 on NGM plates

containing RES or OXY

Nematode type Chemical in NGM

No. of total worms

(dead/censored) MLS�SE (days)

N2 DMSO (0.3%, v/v) 156 (144/12) 13.5�0.21

Resveratrol (100mM) 146 (129/17) 16.5�0.35***

Resveratrol (500mM) 147 (121/26) 16.7�0.35***

Resveratrol (1000mM) 144 (105/39) 17.6�0.23***

Oxyresveratrol (100mM) 142 (110/32) 14.5�0.32***

Oxyresveratrol (500mM) 144 (114/30) 15.9�0.31***

Oxyresveratrol (1000mM) 149 (105/44) 17.7�0.28***

CF1038 daf-16 (mu86) DMSO (0.3%, v/v) 165 (155/10) 10.8�0.45

Resveratrol (100mM) 168 (123/45) 11.4�0.53***

Resveratrol (500mM) 150 (105/45) 12.1�0.57***

Resveratrol (1000mM) 150 (105/45) 12.1�0.61***

Oxyresveratrol (100mM) 130 (119/11) 12.2�0.58***

Oxyresveratrol (500mM) 166 (110/56) 12.1�0.60***

Oxyresveratrol (1000mM) 172 (113/59) 12.3�0.60***

RB754 aak-2 (ok524) DMSO (0.3%, v/v) 201 (176/25) 11.1�0.45

Resveratrol (100mM) 199 (160/39) 10.8�0.43**

Resveratrol (500mM) 201 (149/52) 10.8�0.47

Resveratrol (1000mM) 200 (142/58) 10.8�0.47

Oxyresveratrol (100mM) 201 (164/37) 10.8�0.44

Oxyresveratrol (500mM) 203 (150/53) 10.5�0.44***

Oxyresveratrol (1000mM) 197 (133/64) 10.3�0.46***

VC199 sir-2.1 (ok434) DMSO (0.3%, v/v) 171 (134/37) 11.6�0.55

Resveratrol (100mM) 166 (118/48) 11.4�0.59

Resveratrol (500mM) 163 (113/50) 11.2�0.60

Resveratrol (1000mM) 183 (136/47) 11.4�0.54

Oxyresveratrol (100mM) 173 (135/38) 11.4�0.54

Oxyresveratrol (500mM) 160 (126/34) 11.5�0.57

Oxyresveratrol (1000mM) 170 (140/30) 11.1�0.68

P value versus control (DMSO); *P<0.05, **P<0.01, ***P<0.001.
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of the control group. The MLSs in the 100 and 500 mM RES-
treated groups were higher than those in the 100 and
500mM OXY-treated groups, although the MLSs were simi-
lar in the 1000 mM OXY- and RES-treated worms.

We next investigated whether expression of the daf-16,
sir-2.1 and aak-2 genes was related to lifespan extension in

C. elegans using qRT-PCR in worms fed E. coli OP50 on
plates containing OXY or RES. OXY significantly (P< 0.05)
increased the sir-2.1 gene expression level in a dose-depen-
dent manner (Figure 2(a)). The expression level of the sir-2.1
gene was up-regulated more than two-fold by the 500 and
1000 mM OXY treatments, while only the 1000 mM RES

Figure 2 Changes in gene expression and SIR-2.1 protein expression of Caenorhabditis elegans (N2) fed on NGM/FUdR plates containing RES or OXY. The

expression level of the genes was used to evaluate the effect of RES and OXY on the lifespan of C. elegans (a). Western blot was conducted to investigate the effect of

OXY on SIR-2.1 protein expression (b, c). The expression level of SIR-2.1 protein significantly increased in the 1000mM RES and 100, 500, and 1000mM OXY groups, as

compared with the control, in a dose-dependent manner. Asterisks denote significant differences compared with worms fed on NGM/FUdR plates containing DMSO

only. *P< 0.05; **P<0.01; ***P< 0.001
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treatment up-regulated sir-2.1 more than two-fold com-
pared with the control. Similarly, the aak-2 gene was up-
regulated by the 500 and 1000mM RES treatment and by
the 1000 mM OXY treatment. Although 500mM of RES and
1000 mM of OXY increased the daf-16 expression levels, a
dose-dependent increase in expression levels was not
observed in worms fed E. coli OP50 on plates containing
OXY or RES. To confirm the increase in SIR-2.1 protein
after exposure to RES and OXY, western blot analysis was
performed. SIR-2.1 protein expression was significantly
(P< 0.05) increased only in the 1000mM RES treatment
group compared with the control (DMSO), whereas OXY
treatment significantly (P< 0.05) increased the expression
level of SIR-2.1 protein in a dose-dependent manner
(Figure 2(b) and (c)).

To confirm the role of the aforementioned genes in life-
span extension by RES or OXY, C. elegans loss-of-function
mutants were used to measure longevity. OXY and RES
failed to extend lifespan in C. elegans aak-2 or sir-2.1
mutants, which suggests that these genes are essential to
lifespan extension in C. elegans fed E. coli OP50 on NGM/
FUdR plates containing RES or OXY (Table 2).
Interestingly, the lifespan of aak-2 mutants was signifi-
cantly (P< 0.05) decreased by treatment with 500 and
1000 mM of OXY compared with the control.
Unexpectedly, the lifespan of daf-16 mutants was signifi-
cantly (P< 0.05) increased by treatment with RES and OXY
compared with the control. Taken together with the qRT-
PCR results, these findings show that SIR-2.1 may play a
key role in enhancing the longevity of C. elegans mediated
by RES and OXY.

In this study, no extension in lifespan was observed in
sir-2.1 and aak-2 mutants, while the lifespan of daf-16
mutants was extended by OXY and RES. The Sir2 family
and AMPK, but not FOXO, are necessary to extend lifespan
in C. elegans through the DR mimetic RES,1,2,5,20 and the
results of the present study are consistent with these results.
Intriguingly, although the role of FOXO/DAF-16 remains
unclear, the effect of OXY on lifespan extension in C. elegans
was also dependent on SIR-2.1 and AMPK. The energy-
sensing AMPK/aak-2 pathway and FOXO/DAF-16 are
necessary for longevity induced by DR.5 In particular,
AMPK can directly phosphorylate FOXO/DAF-16 to
extend lifespan and aak-2 gene encodes AMPK.4 In worms
treated with RES or OXY, aak-2 mutant decreased lifespan
and daf-16 mutant extended lifespan. Although we do not
have direct evidence, the results suggested that the lifespan
extension of C. elegans via AAK-2 by RES and OXY might
not be directly linked with DAF-16. Although the upstream
activation of DAF-16 occurs via multiple factors, for
instance, SIR-2.1, AAK-2 and JNK-1, nuclear translocation
of DAF-16 triggers upregulation of several stress-response
genes including longevity resulted in the lifespan extension
of C. elegans. In worms, DR dose not increase the nuclear
localization of DAF-16.4 Therefore, RES and OXY might not
induce DAF-16 nuclear localization, which means that the
lifespan extension of C. elegans by RES and OXY is DAF-16-
independent. The results suggest that additional path-
way(s) might exist downstream of Sir-2 and AMPK, distinct
from FOXO/DAF-16.

Antioxidants extend the lifespan of C. elegans through a
DAF-16/FoxO3a-dependent pathway.21 In contrast, C. ele-
gans lifespan extension via the antioxidants OXY and RES
was independent of the FOXO/DAF-16 pathway. These
results suggest that stilbene antioxidants such as OXY and
RES might extend the lifespan of C. elegans via Sir2 activa-
tion, which indicates that OXY and RES might induce cal-
oric restriction. In addition, OXY and RES affect the lifespan
extension of C. elegans via AMPK/aak-2 activation, which is
involved in lifespan extension and resistance to oxidative
stress.22 Furthermore, RES was shown to increase the life-
span of C. elegans in a SIR-2.1-dependent manner, specific-
ally via SIR-2.1-dependent regulation of endoplasmic
reticulum (ER) stress response genes in C. elegans.1 It was
recently reported that overexpression of the sir2 gene by
transgene insertion had no effect on lifespan extension in
C. elegans and that sir2 did not mediate the effects of DR.18

Moreover, several reports have shown inconsistent results
concerning the mechanism of lifespan extension by RES,
including SIR-2.1-dependent2,3 and -independent,10 DAF-
16-independent1,2 and AMPK/aak-2-dependent mechan-
isms.5 In this regard, RES might be involved in lifespan
regulation via both negative and positive feedback mech-
anisms.5 Thus, further studies are needed to investigate
additional factors and/or pathways contributing to the life-
span extension of C. elegans by OXY and RES.

In conclusion, OXY and RES extend the lifespan of C.
elegans via a SIR-2.1 - and AMPK pathway-dependent
manner but a FOXO/DAF-16-independent manner. DR is
known to extend lifespan, and AMPK/aak-2 and Sir2 regu-
late caloric restriction; thus, OXY and RES may function as
DR mimetics to extend the lifespan of C. elegans.
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