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INTRODUCTION 
 
Metformin was originally derived from a plant called 
goatsrue (Galega officinalis L), which is mainly found 
in southern Europe, southwest Asia and northwest 
China [1-4]. In ancient Egypt and medieval Europe, it 
was discovered that using goatsrue as a tea-like 
beverage relieved the diuresis and sweet halitosis that 
are now known to be typical symptoms of diabetes [1, 
5-7]. It was later found that the active ingredient 
galegine, also known as isoprene guanidine, could 
reduce blood glucose concentrations; however, the high 
toxicity of galegine precluded its clinical use [8]. 
Further analysis revealed that two biguanidine deriva-
tives,  metformin  and  phenformin,  were  less  toxic  [1, 

 

6, 7], and ultimately. metformin was approved for the 
treatment of type 2 diabetes [1, 9]. 
 
Metformin also lowered the incidence of several age-
related diseases, including cancer, metabolic syndrome 
and cognitive disorders [10, 11]. Because of its broad 
beneficial effects and minimal side effects, the ability of 
metformin protective effects against aging and aging-
related diseases is being assessed in the Targeting 
Aging with Metformin (TAME) study approved by the 
U.S. Food and Drug Administration (FDA) in 2015 
[12]. This is the first anti-aging drug study in humans to 
be initiated by National Institutes of Health (NIH) and 
FDA, and supported by the American Association for 
Aging Research (AAAR) [12]. At present, however, the 
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ABSTRACT 
 
Metformin is a hypoglycemic agent used clinically in the treatment of type 2 diabetics. In addition, metformin is
being  investigated  as  a  potential  geroprotector.  Here, we  investigated  the  effects  of metformin  silkworm
lifespan and the underlying molecular pathways involved. We found that metformin prolonged the lifespan of
the male  silkworm without  reducing  body weight, which  suggests metformin  can  increase  lifespan  through
remodeling  of  the  animal’s  energy  distribution  strategy.  Consistent with  that  idea, metformin  reduced  silk
production and thus the energy devoted to that process. Metformin also increased fasting tolerance and levels
of the antioxidant glutathione, and also activated an adenosine monophosphate‐activated protein kinase‐p53‐
forkhead box class O signaling pathway  in silkworm. These  results suggest  that activity  in  this pathway may
contribute  to  metformin‐induced  lifespan  extension  in  silkworm  by  increasing  stress  resistance  and  anti‐
oxidative capacity while reducing energy output for silk product. The results also show that the silkworm  is a
potential useful animal model for evaluating the effects of small molecules with potential clinical utility. 
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mechanism underlying the proposed beneficial effects 
of metformin on lifespan extension are not well 
understood [13]. 
 
Metformin reportedly to extends the lifespan and delays 
the onset of aging-related diseases in the nematode 
Caenorhabditis elegans [14-17], mice [18], and rats 
[19], though not Drosophila melanogaster [20, 21]. The 
current consensus is that metformin targets multiple 
cellular signaling pathways closely associated with 
aging-related ailments and lifespan, including inflam-
mation, cellular senescence, stress defense, and 
autophagy [12]. One potential mechanism by which 
metformin may extend lifespan is that it mimics the 
effects of diet restriction by activating the principal 
energy sensor in cells adenosine monophosphate-
activated protein kinase (AMPK) [16, 18, 22], though 
this remains to be tested. 
 
The silkworm (Bombyx mori) is an increasingly popular 
experimental animal for use in life science research [23-
26]. This is because the silkworm has a as clear genetic 
background, moderate body size, short life cycle, 
adaption to high density feeding in the laboratory, and 
relatively obvious boundaries between different 
developmental stages [27]. For these reasons, we used 
the silkworm to evaluate the effects of metformin on 
triggered molecular signals and pathways. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
 
Metformin extends male silkworm lifespan 
 
To determine the effect of metformin on their lifespan, 
silkworms were fed fresh mulberry leaves with or 
without metformin. Our results show that male silk-
worms treated with metformin lived longer than the 
untreated control. Both the adult lifespan and the total 
mean lifespan of the male silkworm treated with 
metformin were significantly prolonged, though there 
was no increase in maximal lifespan. In addition, met-
formin had no significant effect on adult, total mean, or 
maximum lifespan in female silkworms (Figure 1A-F). 
The total mean and adult lifespans of the male silkworm 
were elongated by 1.2 days (2.68%) and 0.99 days 
(9.45%), respectively, as compared to control (Figure 
1D, E). The metformin dose used was relatively low. It 
may be that a higher dose would elongate the lifespan of 
female silkworms. Alternatively, it may be that a sex-
specific regulator is involved in the process of lifespan 
regulation in these animals. 
 
Energy distribution strategy is remodeled in 
metformin-induced lifespan extension 
 
The energy distribution strategy is an important 
determinant of the lifespan  of  an  organism.  Evidences  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Metformin increases the adult and total mean lifespan in the male silkworm. (A) Adult stage (n=27), (B) mean total
lifespan (n=30), and (C) maximum lifespan (n=3) of unmated female silkworms administered metformin (Treatment) or deionized water
(Control).  (D) Adult stage  (n=24),  (E) mean total  lifespan  (n=54) and  (F) maximum  lifespan of unmated male silkworms administered
metformin (Treatment) of deionized water (Control). Bars depict the mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001. 
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suggest that suppressing energy output is often 
sufficient to extend the lifespan [28-32]. To determine 
whether the energy distribution strategy was remodeled 
in metformin-induced lifespan extension, we compared 
body weight, silk output, and fecundity between silk-
worms in the treatment and control groups. The results 
showed that body weights did not significantly differ 
between the control and treatment groups from day 1 of 
the 3rd instar to day 6 of the 5th instar (Figure 2A, A’). 
The cocoon-shell ratio is the ratio between silk 
production and pupa weight, which is a key index of the 
scale of the energy distribution between silk production 
and the silkworm individual. Our results show that both 
the fecundity of the adult silkworm and the cocoon-shell 
ratio were significantly reduced in the metformin 
treatment group (Figure 2B-H). We therefore suggest 
that metformin-mediated lifespan extension may be 
achieved by rebalancing  silk production  and  reproduc- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tive consumption. If so, this would indicate that there is 
a coupled zero-sum relationship among reproductive 
consumption, silk production, and survival maintenance 
in the metformin-induced lifespan extension in silk-
worm. AMPK is the direct target of metformin, and 
AMPK is also the key energy regulator. We therefore 
speculate that AMPK is key to metformin-induced 
energy redistribution. 
 
Metformin protects silkworm from environmental 
stress 
 
Lifespan elongation is associated with amplified stress 
resistance in many organisms [33-36]. To determine 
whether metformin exerts protect effects against 
nutritional and thermal stress, metformin-treated and 
control silkworms were subjected to fasting and thermal 
stress (Figure 3A, B). The  results show  that  metformin  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Effects of metformin on larval weight, fecundity, pupal weight, cocoon weight, and cocoon‐shell ratio. (A‐
A’) Larval weights measured daily from L3D1 to L5D6. Bars and symbols depict the mean + SEM, n=5. (B) Fecundity. Bars depict
the mean + SEM, n=6. (C) Female pupal weight, (D) cocoon weight, and (E) cocoon‐shell ratio. Horizontal bars depict the mean ±
SEM, n=61. (F) Male pupal weight, (G) cocoon weight, and (H) cocoon‐shell ratio. Horizontal bars depict the mean ± SEM, n=75. 
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obviously increased the survival rate (by 13.46%) of 
silkworms subjected to feeding stress (Figure 3A), but 
did not increase thermotolerance (Figure 3B). 
 
Metformin enhances antioxidative properties 
 
Metformin may also exert ergogenic effects that 
enhance the protective effects of an organism’s defense 
against attacks, leading to beneficial effects on lifespan 
[37]. Previous research suggests metformin may 
suppress cellular oxidative stress [15]. We therefore 
assessed the antioxidant activity of metformin in 
silkworms. GSH content is generally accepted as a 
crucial indicator antioxidative capacity. The GSH 
content of silkworms in the treatment group was 
significantly higher than in untreated controls on day 3 
of the 4th instar larva (L4D3) and day 1 of the adult 
stage (M1) (Figure 4). On the other hand, GSH content 
did not differ between the groups on day 3 of the 5th 
instar larva (L5D3), day 7 of the pupal stage (P7), day 4 
of the adult stage (M4), and day 7 of the adult stage 
(M7) (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lifespan extension is attributable via AMPK-P53-
FoxO pathway 
 
AMPK is a principal energy sensor in cells, but the 
geroprotective effects of low-dose metformin may be 
independent of the AMPK pathway [9]. FoxO, a key 
point of convergence of networks involved in regulating 
longevity, may be activated by AMPK [38]. Moreover, 
p53 and FoxO are reportedly required for metformin-
induced growth inhibition and longevity, with p53 
serving to bridge AMPK and FoxO [39]. Therefore, to 
clarify the signal transmission network involved in 
metformin-mediated lifespan extension, we compared 
the expression levels of Bombyx mori (Bm)AMPK, 
Bmp53, and BmFoxO metformin-treated and control 
silkworms. The level of BmAMPK expression in the 
treatment group was higher than control on L4D1, 
lower on L4D3, then higher again on L5D3 (Figure 
5A). Expression of Bmp53 in metformin-treated 
silkworms followed a similar time course from L4D1 to 
L5D3 then was lower than control on L5D5 (Figure 
5B). As with BmAMPK and Bmp53, expression of 
BmFoxO the treatment group was higher than control on 
L4D1 and lower on L4D3 (Figure 5C). It was also 
significantly elevated on day 1 of the pupa stage (P1) 
but suppressed on M1, which is a substantial length of 
time after P1. The similar expression patterns of these 
three genes suggest that there is crosstalk and regulatory 
interaction among AMPK, p53, and FoxO, and that an 
AMPK-p53-FoxO pathway contribute to metformin-
induced lifespan extension in the silkworm. 
 
 
 
 
 

Figure. 3 Metformin increases starvation tolerance in the silkworm. Survival curves showing percent survival over time
among  silkworms  administered metformin  (Treatment) or deionized water  (Control)  and exposed  to  (A)  starvation or  (B)  a
heated environment (37°C) (n=30). 

 

 

Figure 4. Metformin  increases  the antioxidant  content  in
silkworms  at  the  P7  stage.  Glutathione  (GSH)  content
measured  at  the  indicated  developmental  stages  in  silkworms
administered metformin (Treatment) or deionized water (Control).
Bars depict the mean + SEM, n=9. *P < 0.05, **P < 0.01. 
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DISCUSSION 
 
Human life expectancy has increased over the past few 
years largely due to improvements in the treatment of 
aging-related diseases. Research into interventions for 
aging itself is certainly a new and revolutionary direction, 
at present. The TAME study, which has just been 
approved by the FDA, is the first major clinical study in 
humans, and it is anticipated that it will provide 
important information on the lifespan-extending effects 
of metformin [12]. The ability of metformin to lower 
blood glucose has been reported previously [1]. If it can 
be confirmed that, in addition to its beneficial effects in 
patients with type 2 diabetes, metformin is also involved 
in regulating aging and longevity, it could profound-ly 
change the current treatment mode for aging-related 
diseases. It could result in a shift from treating each 
aging-related disease to targeting aging itself. Such a shift 
could contribute to the development of a new generation 
of drugs directly targeting the pathophysiological process 
of aging. Our study shows that metformin can prolong 
lifespan, thereby providing preliminary evidence support-
ing large clinical studies on lifespan elongation and 
highlighting the importance of examining the mechanism 
underlying the beneficial effects of metformin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The anti-aging effects of metformin will likely involve 
secondary effects, such as an alteration in physiological 
energy distribution. In the case of the silkworm, 
reproductive output and silk production negatively 
correlate survival duration [32]. Our study demonstrated 
that metformin extends the silkworm lifespan by 
reshaping the energy distribution such that energy for 
silk output and reproduction is turned to survival 
maintenance. The past decade has seen fundamental 
advances in our understanding of the effects of dietary 
restriction, which has consistently been found to play a 
pivotal role in increasing longevity in both mammals 
and invertebrates [38]. However, the present results 
indicate that metformin-induced lifespan extension may 
not depend on dietary restriction, but instead depends 
on energy rebalance. 
 
The transcription factor FoxO is an important regulatory 
target of AMPK and prolongs longevity by upregulating 
target genes involved in stress resistance [40]. Our 
results indicate that in the process of prolonging the 
silkworm lifespan, metformin increases both hunger 
tolerance and antioxidative capacity, and we speculate 
that FoxO may mediate these effects. To further 
characterize the potential mechanism of metformin-

Figure 5. Effects of metformin on the expression of BmAMPK, Bmp53 and BmFoxO. Expression levels of BmAMPK, Bmp53 and
BmFoxO at the indicated developmental stages in silkworms administered metformin (Treatment) or deionized water (Control) determined
using real‐time PCR. Bars depict the mean + SEM, n=9. *P < 0.05, **P < 0.01. 
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induced lifespan elongation, we compared the gene 
expression profiles of BmAMPK, Bmp53, and BmFoxO 
in silkworm. Given our observation that FoxO expres-
sion is increased on L4D1 and P1, we suggest that 
metformin may mediate antioxidant activity and fasting 
tolerance by triggering signal transduction via FoxO 
and its downstream targets. Moreover, the sequential 
changes in the expression levels of BmAMPK, Bmp53 
and BmFoxO suggest there are regulatory factors 
upstream of FoxO maintaining the appropriate 
expression level over time. Based on our results and 
earlier research [16, 22], we speculate that metformin 
extends lifespan through activation of its direct target, 
AMPK, which promotes FoxO activity through 
modulation of p53. This AMPK-p53-FoxO signaling 
pathway is at least partially responsible for the effect of 
metformin on lifespan. 
 
There are a wide variety of traditional medicinal 
materials in use in China, and there is an urgent to 
clarify their mechanisms so as to provide a physio-
logical basis for their further development and 
utilization. Further investigation into the mechanism 
underlying the effects on aging of metformin, a 
derivative of goatsrue, is thus worth pursuing. To 
evaluate the beneficial effects of new potential drugs, it 
is necessary to gather specific knowledge from 
appropriate animal models [41]. The silkworm is a low-
cost experimental animal useful for screening drugs. 
Thanks to its short lifespan and ease of genetic 
manipulation, the silkworm is becoming a useful model 
organism for testing the efficacy of molecules with 
potential to increase healthspan. Our results further 
confirm the utility of the silkworm for drug efficacy 
evaluation and preliminary drug screening.  
 
In summary, our results suggest that the metformin exerts 
geroprotector effects in the silkworm by increasing 
antioxidative capacity and fasting tolerance, and by re-
modeling energy consumption distribution. However, it 
remains to be determined whether metformin-induced 
lifespan extension effect is conserved in other species.  
 
MATERIALS AND METHODS 
 
Metformin treatment 
 
Commercial preparations of metformin were obtained 
from the Sigma-Aldrich (St. Louis, MO, USA). A 10-
mM stock solution of metformin was prepared in sterile 
deionized H2O. After sterilization by filtration through 
0.22 μm membranes, the stock solution was diluted to 
final concentrations of 0.1 mM, and stored at 4 °C. Each 
silkworm was fed mulberry leaves with 5μl 0.1 mM 
metformin (treatment group) or deionized water (control 
group). 

Silkworm strain and feeding conditions 
 
Wildtype silkworm strain Dazao was obtained from the 
Silkworm Gene Bank at Southwest University and was 
maintained at 25°C with degression of relative humidity 
from approximately 75% to 50% over each 12 h 
light/12 h dark day. The silkworms were reared on fresh 
mulberry leaves throughout the entire larval stage [42].  
 
Lifespan assay 
 
Throughout the entire life cycle, lifespan analysis was 
conducted at 25°C in an incubator with an optimal 
silkworm growth environment, as described previously 
[42]. Maximum lifespan refers to the upper 10% of the 
lifespan distribution. The survival condition of the 
silkworm specimens was checked of by monitoring the 
silk moth every 3 h, recording the time of death, and 
determining the mean and maximum lifespans. 
 
Measurement of body weight, and fecundity 
 
The 4th instar larvae from both the control and treatment 
groups were chosen randomly and divided into three 
groups for the measurement of daily body weight. The 
body weights of silkworms in each group were mea-
sured before feeding each day at the same time. 
Fecundity was determined by counting the number of 
progeny per female adult silkworm [42]. 
 
Stress tolerance assay 
 
To induce stress, silkworm specimens were heated at 
37°C in the incubator. Survival was monitored during 
the stress period, and the time of death was recorded. 
Alternatively, silkworm specimens was fasted from day 
1 of the 5th instar larva. Survival was checked by con-
firming touch-provoked movement, and the time of 
death was recorded. 
 
Measurement of antioxidative properties 
 
Glutathione levels were measured using test kits (GSH 
content assay kit) from Suzhou Comin Biotechnology 
Co. Ltd (Suzhou, China). The GSH content of a homo-
genate from an entire silkworm was measured accor-
ding to the kit instructions. 
 
Reverse transcription-quantitative PCR (RT-qPCR) 
 
Silkworms in the control and treatment groups were 
obtained from day 1 or 3 of the 4th instar to day 7 of the 
moth stage. Total cellular RNA was isolated from three 
individuals using a rapid extraction Total RNA Kit 
(BioTeke Corporation, Beijing) according to the 
manufacturer’s instructions. First strand cDNA was 
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synthesized from the total RNA samples using a 
PrimeScript™ RT Reagent Kit with gDNA Eraser 
(TaKaRa, Japan). RT-qPCR was performed using a 
CFX96 RealTime System (Bio-Rad, USA) with iTaq 
Universal SYBR Green Supermix (Bio-Rad, USA). 
Eukaryotic translation initiation factor 4A (BmMDB 
probe ID sw22934) is an optimally stable gene in 
silkworm [43]. Primer pairs targeted regions of the 
reference gene sw22934, BmAMPK, Bmp53, and 
BmFoxO specifically, and the relative expression levels 
of each gene were normalized to sw22934 and 
calculated as 2- CT [9]. The primers used for RT-qPCR 
are shown in Table 1. The qPCR conditions followed 
the manufacturer’s instructions. 
 
Statistical analysis 
 
Statistical analyses were performed using GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA, USA). 
Results were presented as mean ± SEM. The 
significance of the differences was analyzed using two-
tailed Student’s t test, two-way ANOVA and log-rank 
test [44]. Values of P < 0.05 were considered 
statistically significant.  
 
Abbreviations 
 
TAME; Targeting Aging with Metformin; NIH: 
National Institutes of Health; FDA: Food and Drug 
Administration; AAAR: American Association for 
Aging Research; AMPK: adenosine monophosphate-
activated protein kinase; FoxO: Forkhead Box class O; 
GSH: glutathione; L4D1: day 1 of the 4th instar larva; 
L5D1: day 1 of the 5th instar larva; P1: day 1 of pupa 
stage; M1: day 1 of adult stage. 
 
AUTHOR CONTRIBUTIONS 
 
Jiangbo Song, Xiaoling Tong and Fangyin Dai designed 
the study; Guihua Jiang, Jieshu Guo, Zilin Cheng and 
Zheng Li performed research; Jianfei Zhang, Kaige Hao 
and Lian Liu analyzed data; and Jiangbo Song wrote the 
manuscript. 
 
ACKNOWLEDGEMENTS 
  
Thanks for editor and the anonymous reviewers’ 
valuable comments. 
 
CONFLICTS OF INTEREST 
 
The authors declare that they have no competing 
interests. All authors have read and approved the final 
manuscript. 

FUNDING 
 
This work was funded by grants from the National 
Natural Science Foundation of China (No. 31472153, 
No. 31830094); the Hi-Tech Research and 
Development 863 Program of China (grant No. 
2013AA102507), the Funds of China Agriculture 
Research System (No. CARS-18-ZJ0102), and 
Fundamental Research Funds for the Central 
Universities. 
 
REFERENCES 
 
1.   Bailey C, Day C. Metformin: its botanical background. 

Pract Diabetes Int. 2011; 21:115–17.  
https://doi.org/10.1002/pdi.606 

2.   Keeler RF, Johnson AE, Stuart LD, Evans JO. Toxicosis 
from and possible adaptation  to Galega officinalis  in 
sheep  and  the  relationship  to Verbesina  encelioides 
toxicosis. Vet Hum Toxicol. 1986; 28:309–15. 

3.   Rasekh  H,  Hoseinzadeh  I,  Nazari  P,  Kamalinejad M. 
Acute toxicity of galega officinalis alcoholic extract  in 
wistar  rats.  Iran  J  Pharm  Res.  2004;  3:45. 2nd 
International  Congress  on  Traditional Medicine  and 
Materia Medica October 4‐7, 2004, Tehran, Iran 

4.   Zhang  J,  Zhang  J, Wang  Y,  Xie W,  Li  J.  Production 
Performance of Root Systems of Four Forage Legume 
Species  and  Their  Development  Characteristics  in 
Loess  Plateau,China. Anim Hus  Feed  Sci.  2014:  165‐
69. In Chinese 

  http://ir.lzu.edu.cn/handle/262010/153117 

5.   Hadden DR. Goat’s  rue  ‐  French  lilac  ‐  Italian  fitch  ‐ 
Spanish  sainfoin:  gallega  officinalis  and  metformin: 
the Edinburgh  connection.  J R Coll Physicians Edinb. 
2005; 35:258–60. 

6.   Pawałowska  M,  Markowska  A.  The  influence  of 
metformin  in  the  etiology  of  selected  cancers. 
Contemp Oncol (Pozn). 2012; 16:223–29.  

  https://doi.org/10.5114/wo.2012.29289 

7.   Witters  LA.  The  blooming  of  the  French  lilac.  J  Clin 
Invest. 2001; 108:1105–07.  

  https://doi.org/10.1172/JCI14178 

8.   Graham GG,  Punt  J, Arora M, Day  RO, Doogue MP, 
Duong  JK,  Furlong  TJ,  Greenfield  JR,  Greenup  LC, 
Kirkpatrick  CM,  Ray  JE,  Timmins  P,  Williams  KM. 
Clinical  pharmacokinetics  of  metformin.  Clin 
Pharmacokinet. 2011; 50:81–98.  

  https://doi.org/10.2165/11534750‐000000000‐00000 

9.   Fang J, Yang J, Wu X, Zhang G, Li T, Wang X, Zhang H, 
Wang  CC,  Liu  GH,  Wang  L.  Metformin  alleviates 
human  cellular  aging  by  upregulating  the  endo‐
plasmic reticulum glutathione peroxidase 7. Aging Cell. 



www.aging‐us.com  247  AGING 

2018; 17:e12765. https://doi.org/10.1111/acel.12765 

10.  Gangale MF, Miele L, Lanzone A, Sagnella F, Martinez 
D, Tropea A, Moro F, Morciano A, Ciardulli A, Palla C, 
Pompili  M,  Cefalo  C,  Grieco  A,  Apa  R.  Long‐term 
metformin  treatment  is  able  to  reduce  the 
prevalence  of  metabolic  syndrome  and  its  hepatic 
involvement  in  young  hyperinsulinaemic  overweight 
patients  with  polycystic  ovarian  syndrome.  Clin 
Endocrinol (Oxf). 2011; 75:520–27.  

  https://doi.org/10.1111/j.1365‐2265.2011.04093.x 

11.  Kourelis  TV,  Siegel  RD. Metformin  and  cancer:  new 
applications  for  an  old  drug.  Med  Oncol.  2012; 
29:1314–27. 

  https://doi.org/10.1007/s12032‐011‐9846‐7 

12.  Barzilai N, Crandall  JP, Kritchevsky SB, Espeland MA. 
Metformin  as  a  Tool  to  Target  Aging.  Cell  Metab. 
2016; 23:1060–65.  

  https://doi.org/10.1016/j.cmet.2016.05.011 

13.  Greenhill  C.  Unravelling  metformin’s  mechanism  of 
action.  Nat  Rev  Endocrinol.  2018;  14:564–564. 
https://doi.org/10.1038/s41574‐018‐0077‐2 

14.  Cabreiro  F,  Au  C,  Leung  KY,  Vergara‐Irigaray  N, 
Cochemé  HM,  Noori  T,  Weinkove  D,  Schuster  E, 
Greene ND, Gems D. Metformin  retards  aging  in  C. 
elegans  by  altering microbial  folate  and methionine 
metabolism. Cell. 2013; 153:228–39.  

  https://doi.org/10.1016/j.cell.2013.02.035 

15.  De Haes W, Frooninckx L, Van Assche R, Smolders A, 
Depuydt  G,  Billen  J,  Braeckman  BP,  Schoofs  L, 
Temmerman L. Metformin promotes lifespan through 
mitohormesis via the peroxiredoxin PRDX‐2. Proc Natl 
Acad Sci USA. 2014; 111:E2501–09.  

  https://doi.org/10.1073/pnas.1321776111 

16.  Onken  B,  Driscoll  M.  Metformin  induces  a  dietary 
restriction‐like state and the oxidative stress response 
to extend C. elegans Healthspan via AMPK, LKB1, and 
SKN‐1. PLoS One. 2010; 5:e8758.  

  https://doi.org/10.1371/journal.pone.0008758 

17.  Wu  L,  Zhou  B,  Oshiro‐Rapley  N,  Li  M,  Paulo  JA, 
Webster CM, Mou F, Kacergis MC, Talkowski ME, Carr 
CE, Gygi SP, Zheng B, Soukas AA. An Ancient, Unified 
Mechanism  for  Metformin  Growth  Inhibition  in 
C. elegans  and  Cancer.  Cell.  2016;  167:1705–
1718.e13. https://doi.org/10.1016/j.cell.2016.11.055 

18.  Martin‐Montalvo  A,  Mercken  EM,  Mitchell  SJ, 
Palacios HH, Mote  PL,  Scheibye‐Knudsen M, Gomes 
AP, Ward TM, Minor RK, Blouin MJ, Schwab M, Pollak 
M,  Zhang  Y,  et  al. Metformin  improves  healthspan 
and  lifespan  in  mice.  Nat  Commun.  2013;  4:2192–
2192. https://doi.org/10.1038/ncomms3192 

19.  Smith DL Jr,  Elam CF Jr,  Mattison JA,  Lane MA,  Roth  

GS,  Ingram  DK,  Allison  DB.  Metformin 
supplementation  and  life  span  in  Fischer‐344  rats.  J 
Gerontol A Biol Sci Med Sci. 2010; 65:468–74.  

  https://doi.org/10.1093/gerona/glq033 

20.  Slack C,  Foley A, Partridge  L. Activation of AMPK by 
the putative dietary restriction mimetic metformin  is 
insufficient  to  extend  lifespan  in  Drosophila.  PLoS 
One. 2012; 7:e47699.  

  https://doi.org/10.1371/journal.pone.0047699 

21.  Abrat  OB,  Storey  JM,  Storey  KB,  Lushchak  VI.  High 
amylose  starch  consumption  induces  obesity  in 
Drosophila  melanogaster  and  metformin  partially 
prevents accumulation of storage  lipids and shortens 
lifespan of the  insects. Comp Biochem Physiol A Mol 
Integr Physiol. 2018; 215:55–62. 
https://doi.org/10.1016/j.cbpa.2017.10.011 

22.  Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk‐Melody 
J,  Wu  M,  Ventre  J,  Doebber  T,  Fujii  N,  Musi  N, 
Hirshman MF, Goodyear LJ, Moller DE. Role of AMP‐
activated protein kinase  in mechanism of metformin 
action. J Clin Invest. 2001; 108:1167–74.  

  https://doi.org/10.1172/JCI13505 

23.  Hamamoto  H,  Tonoike  A,  Narushima  K,  Horie  R, 
Sekimizu K. Silkworm as a model animal  to evaluate 
drug  candidate  toxicity  and  metabolism.  Comp 
Biochem Physiol C Toxicol Pharmacol. 2009; 149:334–
39. https://doi.org/10.1016/j.cbpc.2008.08.008 

24.  Xia  Q,  Li  S,  Feng  Q.  Advances  in  silkworm  studies 
accelerated  by  the  genome  sequencing  of  Bombyx 
mori. Annu Rev Entomol. 2014; 59:513–36.  

  https://doi.org/10.1146/annurev‐ento‐011613‐
161940 

25.  Matsumoto  Y,  Sumiya  E,  Sugita  T,  Sekimizu  K.  An 
invertebrate  hyperglycemic  model  for  the 
identification of anti‐diabetic drugs. PLoS One. 2011; 
6:e18292. 
https://doi.org/10.1371/journal.pone.0018292 

26.  Zhang  X,  Xue  R,  Cao  G,  Pan  Z,  Zheng  X,  Gong  C. 
Silkworms can be used as an animal model to screen 
and  evaluate  gouty  therapeutic  drugs.  J  Insect  Sci. 
2012; 12:4. https://doi.org/10.1673/031.012.0401 

27.  Song JB, Zhang JF, Dai FY. Advantages and Limitations 
of  Silkworm  as  an  Invertebrate Model  in Aging  and 
Lifespan Research. OAJ Gerontol Geriatric Med. 2018; 
4: ID.555641. 

  https://doi: 10.19080/OAJGGM.2018.04.555641 

28.  Chen D, Li PW, Goldstein BA, Cai W, Thomas EL, Chen 
F, Hubbard AE, Melov S, Kapahi P. Germline signaling 
mediates  the  synergistically  prolonged  longevity 
produced by double mutations  in daf‐2 and rsks‐1  in 
C. elegans. Cell Reports. 2013; 5:1600–10.  

  https://doi.org/10.1016/j.celrep.2013.11.018 



www.aging‐us.com  248  AGING 

29.  Flatt T, Min KJ, D’Alterio C, Villa‐Cuesta E, Cumbers J, 
Lehmann R,  Jones DL, Tatar M. Drosophila germ‐line 
modulation of insulin signaling and lifespan. Proc Natl 
Acad Sci USA. 2008; 105:6368–73.  

  https://doi.org/10.1073/pnas.0709128105 

30.  Hansen  M,  Flatt  T,  Aguilaniu  H.  Reproduction,  fat 
metabolism,  and  life  span: what  is  the  connection? 
Cell Metab. 2013; 17:10–19.  

  https://doi.org/10.1016/j.cmet.2012.12.003 

31.  Jasienska  G.  Reproduction  and  lifespan:  Trade‐offs, 
overall  energy  budgets,  intergenerational  costs,  and 
costs  neglected  by  research.  Am  J  Hum  Biol.  2009; 
21:524–32. https://doi.org/10.1002/ajhb.20931 

32.  Solon‐Biet  SM,  Walters  KA,  Simanainen  UK, 
McMahon  AC,  Ruohonen  K,  Ballard  JW, 
Raubenheimer  D,  Handelsman  DJ,  Le  Couteur  DG, 
Simpson  SJ.  Macronutrient  balance,  reproductive 
function,  and  lifespan  in aging mice. Proc Natl Acad 
Sci USA. 2015; 112:3481–86.  

  https://doi.org/10.1073/pnas.1422041112 

33.  Edwards CB, Copes N, Brito AG, Canfield J, Bradshaw 
PC.  Malate  and  fumarate  extend  lifespan  in 
Caenorhabditis  elegans.  PLoS  One.  2013;  8:e58345. 
https://doi.org/10.1371/journal.pone.0058345 

34.  Lithgow  GJ,  White  TM,  Melov  S,  Johnson  TE. 
Thermotolerance  and  extended  life‐span  conferred 
by  single‐gene  mutations  and  induced  by  thermal 
stress.  Proc  Natl  Acad  Sci  USA.  1995;  92:7540–44. 
https://doi.org/10.1073/pnas.92.16.7540 

35.  Piper MD, Bartke A. Diet and aging. Cell Metab. 2008; 
8:99–104. 
https://doi.org/10.1016/j.cmet.2008.06.012 

36.  Postnikoff  SD, Malo ME, Wong B, Harkness  TA.  The 
yeast  forkhead  transcription  factors  fkh1  and  fkh2 
regulate  lifespan  and  stress  response  together with 
the anaphase‐promoting complex. PLoS Genet. 2012; 
8:e1002583. 
https://doi.org/10.1371/journal.pgen.1002583 

37.  Chen  J, Ou Y, Li Y, Hu S, Shao  LW,  Liu Y. Metformin 
extends  C.  elegans  lifespan  through  lysosomal 
pathway. eLife. 2017; 6:e31268.  

  https://doi.org/10.7554/eLife.31268 

38.  Kenyon  CJ.  The  genetics  of  ageing.  Nature.  2010; 
464:504–12. https://doi.org/10.1038/nature08980 

39.  Li  P,  Zhao  M,  Parris  AB,  Feng  X,  Yang  X.  p53  is 
required  for  metformin‐induced  growth  inhibition, 
senescence  and  apoptosis  in  breast  cancer  cells. 
Biochem Biophys  Res  Commun.  2015;  464:1267–74. 
https://doi.org/10.1016/j.bbrc.2015.07.117 

40.  Calnan  DR,  Brunet  A.  The  FoxO  code.  Oncogene. 
2008; 27:2276–88.  

  https://doi.org/10.1038/onc.2008.21 

41.  Folch  J,  Busquets  O,  Ettcheto M,  Sánchez‐López  E, 
Pallàs  M,  Beas‐Zarate  C,  Marin  M,  Casadesus  G, 
Olloquequi  J,  Auladell  C,  Camins  A.  Experimental 
models  for  aging  and  their  potential  for  novel  drug 
discovery.  Curr Neuropharmacol.  2018;  16:1466–83. 
https://doi.org/10.2174/1570159X156661707071553
45 

42.  Chen C, Song J, Chen M, Li Z, Tong X, Hu H, Xiang Z, Lu 
C,  Dai  F.  Rhodiola  rosea  extends  lifespan  and 
improves stress tolerance  in silkworm, Bombyx mori. 
Biogerontology. 2016; 17:373–81.  

  https://doi.org/10.1007/s10522‐015‐9622‐8 

43.  Wang GH, Xia QY, Cheng DJ, Duan  J, Zhao P, Chen  J, 
Zhu  L.  Reference  genes  identified  in  the  silkworm 
Bombyx  mori  during  metamorphism  based  on 
oligonucleotide  microarray  and  confirmed  by  qRT‐
PCR. Insect Sci. 2010; 15:405–13.  

  https://doi.org/10.1111/j.1744‐7917.2008.00227.x 

44.  Song J, Tang D, Li Z, Tong X, Zhang J, Han M, Hu H, Lu 
C, Dai F. Variation of  lifespan  in multiple strains, and 
effects of dietary restriction and BmFoxO on  lifespan 
in silkworm, Bombyx mori. Oncotarget. 2017; 8:7294–
7300. https://doi.org/10.18632/oncotarget.14235 

 


