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a b s t r a c t

A number of research has shown that the plant polyphenol resveratrol, one of the most prominent small
molecules, has beneficial protective effects in multiple organisms, including worms, flies, and killifish. To
understand the effects of resveratrol on lifespan, we evaluated its effects in the silkworm Bombyx mori. In
this study, we found that lifespan was significantly prolonged in both female and male silkworms treated
with resveratrol. Silkworm larval weight was significantly increased from day 3 of the 5th larval instar
(L5D3) to day 7 of the 5th larval instar (L5D7). However, the weight of the pupa, cocoon, and total cocoon
was not significantly different in female silkworms with resveratrol treatment than that in controls.
Meanwhile, resveratrol significantly improved the thermotolerance of the silkworms, which enhanced
their survival rate. Moreover, antioxidant activity was increased by resveratrol in both female and male
silkworms. Furthermore, an antioxidant-related signalling pathway, SIRT7-FoxO-GST, was activated in
silkworms with resveratrol treatment. Collectively, these results help us to understand the molecular
pathways underlying resveratrol induced pro-longevity effects and indicate that silkworm is a promising
animal model for evaluating the effects of lifespan-extending drugs.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Resveratrol (3, 5, 40-trihydroxystilbene) was first isolated from
the roots of the white hellebore (Veratrum grandiflorum O. Loes) in
1940 [1] and then from the roots of Polygonum Cupsidatum in 1963,
which were plants used in traditional Chinese medicine [2]. With
the discovery of resveratrol, studies have demonstrated its many
properties as a geroprotector enhancing lifespan, with neuro-
protective effects, attenuating oxidative stress, improving insulin
resistance, and ameliorating aging-relatedmetabolic phenotypes in
different model organisms [3]. However, resveratrol first aroused
interest in 1992 because this compound was postulated to explain
some of the cardioprotective effects of red wine [4], and was sug-
gested as an important factor in the “French Paradox”, which was
coined to describe the observation that the French population
shows a very low incidence of cardiovascular diseases, despite a
University.
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diet high in saturated fat [5]. In 1997, resveratrol was reported to
work as a chemopreventive agent by inhibiting carcinogenesis [6].
The anti-inflammatory and anti-oxidant properties of resveratrol
were also identified [3,7]. Currently, the consensus opinion is that
resveratrol seems to delay or attenuate many age-related chronic
diseases in model organisms [8,9].

Mechanistic studies of resveratrol reached a milestone when
‘silent information regulator 2’ (Sir2) homolog 1 (SIRT1) was
identified as a molecular target of resveratrol in 2003 [10]. Subse-
quently, it was shown to be capable of mimicking the effects of
calorie restriction [11,12], thus promoting longevity in yeast [9],
worms [13,14], fruit flies (although some controversy remains for
this organism) [7,15], and short-lived fish [16]. Furthermore, the
lifespan extension effects of resveratrol are conserved in the honey
bee and may be driven by sirtuin activation related to calorie re-
striction [17]. Currently, themechanism bywhich resveratrol exerts
its widely beneficial effects on lifespan among species and animal
models is not well understood [7]. Resveratrol may contribute to an
overall reduction in oxidative stress by possessing an intrinsic anti-
oxidant capacity based on the function of most other polyphenols,
leading to the induction of the expression of antioxidant enzymes
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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[14]. In this process, receptors, kinases, and enzymes may be
recruited and activated, thereby extending the lifespan.

Sirtuins belong to the NADþ-dependent class III histone deace-
tylase family, which is a conserved family named uniformly after
the first member, Sir 2 identified in Saccharomyces cerevisiae [18].
Furthermore, several reports have demonstrated that activation of
sirtuins seems to be a major target of resveratrol, which provides a
mechanistic explanation for the vast majority of the geroprotective
benefits observed in published reports.

Sericulture has a long and colorful history of five thousand years
with breeding technology becoming mature [19]. The complete
sequence of the silkworm genome has provided a molecular and
genetic foundation for silkworm research. Bombyx mori is a low-
cost experimental animal, with low physical activity, and thus, is
convenient for control and follow-up experiments. Moreover, the
silkworm has an appropriate body size and weight, reducing errors
in the measurement of relevant physiological factors, ensuring the
accuracy of the experimental results, and strengthening the results.
Previous studies have shown that the silkworm could be an
appropriate animalmodel to evaluate the beneficial and side effects
of drug efficacy, especially for traditional Chinese medicine
[20e22]. It is worth mentioning that it owns a tremendous po-
tential in lifespan elongation research with a survival malleability
based on short life history [23]. Combined with these predominant
inherent traits, such as high fecundity and easy standardization of
incubation time, silkworm is endowed a potential ability and then
provides a preponderant foundation for effect evaluation of the
geroprotective drug.

Previously, we have shown that the antioxidative enzyme sys-
tem could be increased by Rhodiola rosea [20], metformin [21], and
astragalus polysaccharide [22]. However, the role of resveratrol in
providing an antioxidant pharmacological effect to scavenge free
radicals, regulating resistance to oxidative damage, and increasing
longevity in silkworm remains unclear. Thus, in this study, we
focused on the regulation of the antioxidative pathway and the
relationship between sirtuins and antioxidant activity inducing
signalling pathways that explain the effect of resveratrol on
longevity.

2. Materials and methods

2.1. Silkworm strain and grouping information

The silkworm Dazao is a wildtype strain obtained from the
Silkworm Gene Bank at Southwest University (Chongqing, China).
For their entire life cycle, silkworms were maintained at
(25 ± 0.5) �C with a relative humidity of approximately 75%e50%
with circadian rhythms of 12 h light/12 h dark each day. The silk-
worms were reared ad libitum with fresh mulberry leaves
throughout the larval stage [24]. Silkworm experimental material
was divided into seven groups, namely, (a) lifespan detection group
(female experimental group/control: n¼53/49, male experimental
group/control: n¼64/43); (b) body weight (female treatment
group/control: n¼60/63, male treatment group/control: n¼54/53);
(c) cocoon weight group (treatment group/control: n¼60/60); (d)
fecundity group (treatment group/control: n¼6/6); (e) thermotol-
erance group (treatment group/control: n¼15/15); (f) fasting group
(treatment group/control: n¼15/15); and (g) antioxidants and gene
expression group (n¼9). This study conformed to the statement of
Southwest University on the Welfare of Animals.

2.2. Resveratrol treatment

Commercial preparations of resveratrol were acquired from the
Sigma-Aldrich (St. Louis, MO, USA). A 500 mMsolution of resveratrol
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was prepared in absolute ethyl alcohol. Thereafter, the solutionwas
sterilized by filtration through 0.22 mm membranes and stored at
4 �C. The silkworm of each treatment group was fed fresh mulberry
leaves with 3 mL prepared solution in the 3rd larval instar, 4 mL in
the 4th larval instar, and 5 mL in the 5th larval instar. The control
group was fed absolute ethyl alcohol in an equal volume of the
same larval instar in the treatment group.

2.3. Lifespan assay

Survival tests were performed in an incubator with an ideal
silkworm growth environment over the entire life cycle, as
described previously [20]. The upper 10% of the lifespan distribu-
tion was defined as the maximum lifespan [21]. The survival con-
ditions of the silkworm specimens were checked by factitious
identification, and the time of death was recorded every 3 h.

2.4. Measurement of body weight and fecundity

Treatment and control silkworms were chosen randomly and
divided into three groups to measure daily body weights at the
larval and pupal stages. The body weights of silkworms in each
group were monitored at a specific time before rearing each day
[20]. The number of progeny per female adult silkworm was
counted to assess the fecundity.

2.5. Thermo- and fasting-tolerance assays

To induce stress, silkworm specimens were either placed at
37 �C in an incubator or fasted at the 5th larval instar. Survival was
assessed by confirming touch-provoked movement during the
environmental stress period, and the death time was recorded.

2.6. Measurement of antioxidants

The activity of glutathione S-transferase (GST) and the content
of glutathione (GSH) were assayed using a kit from Suzhou Comin
Biotechnology (Suzhou, China). Additionally, the homogenate
content from an entire silkworm was assayed according to the kit
instructions.

2.7. Reverse transcription-quantitative PCR (RT-qPCR)

Silkworm specimens were obtained from day 3 of the 4th larval
instar (L4D3), L5D3, day 4 of the pupal stage (P4), day 7 of the pupal
stage (P7), day 1 of the adult stage (M1), day 4 of the adult stage
(M4), and day 7 of adult stage (M7) in the treatment and control
groups. Total RNA was isolated from three individuals using a total
RNA rapid extraction kit (BioTeke Corporation, Beijing) according to
the manufacturer's instructions. RT-qPCR was performed on a
CFX96 Touch Real-Time PCR Detection System (Bio-RAD, USA).
Eukaryotic translation initiation factor 4A (BmMDB probe ID:
sw22934), an optimally stable gene, was employed as a reference
gene in silkworm [25]. The qPCR conditions were performed ac-
cording to the manufacturer's instructions. Primer pairs and their
targeted genes are shown in Table 1, and the relative expression
levels of each gene were normalized to sw22934 and calculated as
2e△△CT [25].

2.8. Statistical analysis

Statistical analyses were performed using Excel (Microsoft, WA,
USA) and GraphPad Prism 6 (GraphPad Software, CA, USA). The
average lifespan and maximum lifespan in independent experi-
ments were calculated and presented as the mean±SEM. The



Table 1
The primer sequences used in this study for quantitative real-time PCR.

Gene name F primer (50 - 30) R primer (50 - 30)

sw22934 TTCGTACTGCTCTTCTCG CAAAGTTGATAGCAATTCCCT
BmAMPK GCACCCCTGTCAAACGAGC CGTTCGCCCGACAAAGACT
BmAKT GCTGCTAGACAAAGACGGACAC ATGATGAGCCCGAACAGCAC
BmTOR GCCACCTCCAAGCTACCCTAATAATGTT AATCTATCCTTGCTTGTGTCGTGTTTC
BmFoxO GCACAGGACAACAGGCTCACAC GCTTGGCGTCGGGATTGA
BmSIRT2 TGGTCCCAGATTCGTGTCCT TGTTCACGGGCTACTAATGCTC
BmSIRT4 AGTTCAATGTCTCAAATGCCCC CCCTTCACACTTTGGGCAGA
BmSIRT5 GCAAATAGAGGAGCCCCAGA AAACTTTCACCGAACCACACAA
BmSIRT6 TGAGAAAGTAATGGACATCTTAGGAAT TCGCCAGTCTTTAGTTTCATTCTC
BmSIRT7 CGCTAAGCATCTTGTTGTCTAC GTTCTGTGACACGACGAATTTG
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significance of the differences was analyzed using a two-tailed
Student's t-test and two-way ANOVA. Assessment of the signifi-
cance of the differences in the survival curves was performed using
the log-rank test (Mantel-Cox) (PRISM software package, GraphPad
software). Values of P < 0.05 were considered statistically
significant.
3. Results

3.1. Resveratrol extends the lifespan of silkworm

Contradictory results have been reported on the effects of
resveratrol in lifespan extension, indicating that the prolongevity
effects of resveratrol vary depending on the model organism [26].
To further determine the effect of resveratrol on lifespan, silkworms
were fed fresh mulberry leaves with or without resveratrol. Our
results showed that silkworms treatedwith resveratrol lived longer
than those in the control group. In females, resveratrol had no
significant effect on the length of the pupal stage and themaximum
lifespan, while it had significant effects on extending the larval and
adult stages (Figs. 1A, C and E). The length of pupal stage, the mean
lifespan, and the maximum lifespan were significantly elongated,
while resveratrol had no significant effect on the length of the larval
Fig. 1. The effects of resveratrol on lifespan of the silkworms. (A) The lengths in days of the la
(n¼49); (B) the length in days of the larval, pupal, and adult stages of treated unmated ma
silkworms (n¼53) and controls (n¼49); (D) the lifespan of treated unmated male silkworm
silkworms (n¼5) and controls (n¼5); and (F) the maximum lifespan of treated unmated mal
abbreviation for “no signification”, *P < 0.05, **P < 0.01.
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and adult stages in male treated silkworms compared to controls
(Figs. 1B, D and F). The mean lifespan and maximum lifespan were
elongated by 1.52 days (3.18%) and 1.20 days (2.31%) in females
(Figs. 1C and E) and 1.57 days (3.24%) and 2.13 days (3.89%) in males
(Figs. 1D and F), as compared to controls, respectively. In short,
resveratrol prolonged the female and male lifespans and the male
maximum lifespan to varying degrees in the silkworms.
3.2. Resveratrol induced lifespan extension without obvious side
effects in silkworms

To determine whether the growth and development of larval
and adult silkworms were influenced by resveratrol, we measured
the larval and pupal body weight, raw silk output, and fecundity
after moth eclosion in comparisonwith silkworms in the treatment
and control groups. The results showed that the resveratrol-treated
groups had a significant increase in larval body weight compared
with the control group from day 3 of the 5th larval instar to day 7 of
the 5th larval instar (Fig. 2A). Fecundity, lifespan, and silk output
are three predominant energy-output phases in the life cycle of the
silkworm. Our results showed that the cocoon weight, pupal
weight, and fecundity of moths were not significantly different in
the resveratrol treatment group compared with controls in female
rval, pupal, and adult stages in treated unmated female silkworms (n¼53) and controls
le silkworms (n¼64) and controls (n¼43); (C) the lifespan of treated unmated female
s (n¼64) and controls (n¼43); (E) the maximum lifespan of treated unmated female
e silkworms (n¼6) and controls (n¼4). Error bars depict the mean±SEM. The n.s. is the



Fig. 2. Effects of resveratrol on body weight, fecundity, cocoon weight, pupal weight, and total cocoon weight. (A) Body weights measured daily from L3D1 to L5D7 (n¼50). (B) The
fecundity of silk moth in the treatment and control groups (n¼6). (C-E) Female cocoon weight, pupal weight, and total cocoon weight (n¼60). (F-H) Male cocoon weight, pupal
weight, and total cocoon weight (n¼53). Error bars and symbols depict the mean±SEM. The n.s. is the abbreviation for “no signification”, *P < 0.05.

Fig. 3. Resveratrol increases thermotolerance in the silkworm. Survival curves in treatment and control silkworms exposed to (A) a heated environment (37 �C) and (B) fasting.
Error bars depict the mean±SEM, n¼15. The n.s. is the abbreviation for “no signification”, ***P < 0.001.
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Fig. 4. Resveratrol increases glutathione S-transferase (GST) activity in silkworms. (A-B) The GST and (C-D) the content of glutathione (GSH) measured at the indicated devel-
opmental stages in treated silkworms and controls. Error bars depict the mean±SEM, n¼9. The n.s. is the abbreviation for “no signification”, *P < 0.05, **P < 0.01, ***P < 0.001.
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and male individuals (Figs. 2BeH). The supplementation of
resveratrol did not affect growth and development in the silkworm
larval stage, metamorphosis in the pupal stage, and eclosion and
reproduction in the adult stage.

3.3. Resveratrol protects the silkworm from environmental stress

For many organisms, amplified stress resistance is involved with
lifespan elongation [20,27]. To determine whether resveratrol has
the protective effects on nutritional and thermal stress, resveratrol-
treated and control silkworms were bred separately under fasting
and thermal stresses. The thermotolerance of silkworms was
significantly improved by resveratrol, which played an active role in
improving the survival rate (Fig. 3A). Meanwhile, there was no
significant difference in the survival rate of silkworms that were
subjected to fasting stress (Fig. 3B).

3.4. Resveratrol improves the antioxidative properties of silkworm

Previous studies have suggested that resveratrol has the ability
to eliminate free radicals and suppress cellular oxidative stress [28].
Herein, we hypothesized that resveratrol enhances antioxidative
properties. The activity of GST and the content of GSH are generally
approbatory as principal indicators of antioxidative capacity.
Therefore, we assessed the antioxidant activity of resveratrol in
silkworms by detecting GSH content and GST activities. The results
showed that the activity of GST in resveratrol-treated silkworms
was significantly higher than that in the control silkworms overall
(Figs. 4A and B). However, the GST activity was lower in treated
female silkworms at M1, while no significant differences were
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found at L4D3 and P4 in treated female silkworms, and at L4D3 and
M4 in treated male silkworms than in controls (Figs. 4A and B). The
content of GSH was significantly higher in treated silkworms at M1
in females and at P4 inmales than in the control group (Figs. 4C and
D). In sum, we found that resveratrol improved the GST activity and
GSH content to increase the antioxidant capacity of silkworms.
3.5. Prolongevity effect of resveratrol is linked to sirtuin signalling

The relative expression level of SIRT2 in treated silkworms was
significantly higher than that in the control group at M1 in females
and at P4 and M1 in males, while the expression of SIRT2 was
significantly lower at L4D3, and at P7, and M7 in male silkworms
(Figs. 5AeC). The expression level of SIRT4 was significantly lower
in treated silkworms than in the control group at M7 in both sexes,
and was significantly higher at M1 in males (Figs. 5DeF). The
relative expression level of SIRT5 in treated silkworms was signif-
icantly lower than that in the control group at L4D3, and M1 in
females and at P4 in males, while the expression was significantly
higher at P4 in females (Figs. 5GeI). The relative expression level of
SIRT6 in treated silkworms was significantly lower than that in the
control group at L4D3 and L5D3, at M7 in females, and at P7 andM7
in males (Figs. 5JeL). The relative expression level of SIRT7 in the
treated silkworms was significantly lower at L4D3 and significantly
higher at L5D3 than that in controls (Fig. 5M). The relative
expression level of SIRT7 in treated silkworms was significantly
higher than that in the control group at P4, P7, and M7 in females,
and at P4 and M4 in males (Figs. 5N and O). Overall, SIRT7 was
activated by resveratrol in silkworms.



Fig. 5. Effects of resveratrol on the expression of SIRT2, SIRT4, SIRT5, SIRT6, and SIRT7. The expression levels of (A-C) SIRT2, (D-F) SIRT4, (G-I) SIRT5, (J-L) SIRT6, and (M-O) SIRT7 at the
indicated developmental stages in treated and control silkworms determined using real-time PCR. Error bars depict the mean±SEM, n¼9. The n.s. is the abbreviation for “no
signification”, *P < 0.05, **P < 0.01, ***P < 0.001.
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3.6. Lifespan extension via activation of the SIRT7-FoxO-GST
pathway

FoxO is a primary anti-stress regulator in cells and individuals
[29]. Herein, to detect whether FoxO and its regulators participate
in the process of lifespan elongation in silkworms and investigate
the signalling network mediating the resveratrol-inducing lifespan
extension, we detected the expression levels of AMPK, AKT, TOR, and
FoxO in the resveratrol-treated silkworms and control groups.

The expression level of AMPK was significantly lower in
resveratrol-treated silkworms than that in the control group at
L4D3 (Fig. 6A). There was no significant difference between treated
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and control female silkworms in the pupal and adult stages
(Fig. 6B). The expression level of AMPK was significantly higher in
resveratrol-treated male silkworms than that in the control group
at M4, while AMPK was significantly lower at M7 (Fig. 6C). The AKT
expression level of the resveratrol-treated silkworm was signifi-
cantly lower than that of the control group at L5D3 (Fig. 6D). The
expression level of AKT was significantly lower in resveratrol-
treated female silkworms than that of the control group at P7, but
we observed the opposite pattern at M7 (Fig. 6E). The expression
level of AKT in the resveratrol-treated male silkworms was signif-
icantly higher than that of the control group at P4 (Fig. 6F). The
expression level of TOR was significantly lower in resveratrol-



Fig. 6. Effects of resveratrol on the expression of AMPK, AKT, TOR, and FoxO. Expression levels of (A-C) AMPK, (D-F) AKT, (G-I) TOR, and (J-L) FoxO at the indicated developmental
stages in treated and control silkworms determined using real-time PCR. Error bars depict the mean±SEM, n¼9. The n.s. is the abbreviation for “no signification”, *P < 0.05,
**P < 0.01, ***P < 0.001.
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treated silkworms than that of the control group at L4D3 (Fig. 6G).
The expression level of TOR in the resveratrol-treated silkworms
was significantly higher than that in the control group at P4 andM1
in both sexes; however, the expression level of TOR was signifi-
cantly lower in resveratrol-treated silkworms than that in the
control group at M7 in male (Figs. 6H and I). The expression level of
FoxO in the resveratrol-treated silkworms was significantly higher
than that in the control group at P4, P7, and M4 in females and at
P4, P7, and M1 in males. No significant difference was found be-
tween treated and control silkworms in other stages (Figs. 6JeL).
The results showed that SIRT7-FoxO-GST pathway was activated by
resveratrol in silkworms.

4. Discussion

4.1. Additional stored energy may be transmitted to survival
maintenance

Energy consumption is an important determinant of an organ-
ism's lifespan. Evidence suggests that remodelling of an organism's
energy use strategy is often sufficient to extend the lifespan
[21,30,31]. In this study, we found that resveratrol elongated the
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lifespan while the body weight in silkworms was increased from
L5D3 to L5D7, which is the critical period for energy accumulation.
Moreover, there were no significant differences in fecundity or silk
output in silkworms with or without resveratrol treatment, sug-
gesting that the energy consumptionwas used in twoways, but not
for reproduction or secreting silk. This indicates that resveratrol
treated silkworms absorbed excessive energy and stored it; how-
ever, resveratrol treatment had no clear impact on hunger toler-
ance. Collectively, our results suggest that excess energy is utilized
for the extended survival in as-yet known ways, with the resvera-
trol treatment.

4.2. Potential signalling process linking resveratrol to longevity

Our results indicate that resveratrol-induced lifespan extension
occurred in the larval and adult stages in the female silkworms, and
mainly in the pupal stage in themale silkworms. Many studies have
reported that sirtuin family members (SIRT1-SIRT7) are the direct
targets of resveratrol [15]. In this study, the expression of SIRT7
increased induced by resveratrol at the larval, pupal, and adult
stages of the treated female and male silkworms. A previous study
showed that the prolongevity factor FoxO could be regulated by



Fig. 7. A model illustrating how resveratrol extends the lifespan and improves anti-
oxidative activity by activating the SIRT7-FoxO-GST pathway.
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sirtuin family members [14]. In the meantime, we found that the
FoxO expression level was significantly increased at the pupal and
adult stages in both the treated female and male groups. The
expression increases of the two genes were similar, so we specu-
lated that the prolongevity signal transmitted from SIRT7 to FoxO in
silkworms. Based on these observations, FoxO may be involved in
the regulatory process in which resveratrol activates SIRT7 and
plays an active role in regulating longevity.

Oxidation is the biggest risk factor for aging and short lifespan
[32]. The anti-oxidation enzyme system is an important response to
resist oxidative stress and is of vital importance to survival. We
detected the activity of members of the anti-oxidation enzyme
system and found that the activity of GST, a core member of the
antioxidant system, was significantly improved in resveratrol-
treated silkworms compared with that in the control group.
Furthermore, SIRT7 and FoxO have been reported to be involved in
modulating the antioxidation process. The GST activity of the
treated silkworms significantly increased from L4D3 to M4. The
same trend was seen for FoxO, as GST is known to be a direct target
gene of FoxO [33,34]. Thus, we speculated that antioxidant activity
could enhance longevity signalling which may explain the effect of
resveratrol on longevity. In other words, resveratrol extended the
lifespan by activating its direct target, SIRT7, while SIRT7 promoted
GST activity by regulating FoxO (Fig. 7). This pathway is at least
partially responsible for the effect of resveratrol on longevity.

5. Conclusions

In this study, we found that resveratrol replenishment could
extend silkworm lifespan and increase silkworm larval weight
381
significantly without affecting the weight of the pupa, cocoon, and
total cocoon in silkworms. Meanwhile, thermotolerance and anti-
oxidant activity were improved significantly. Furthermore, the
SIRT7-FoxO-GST pathway was activated in the silkworms with
resveratrol supplement. These results showed the underlying
reason why resveratrol induced lifespan-extension effect and also
indicated the advantage of the silkworm as a promising animal
model for evaluating the effects of lifespan-extending drugs.
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