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Fibroblast growth factor 21 prolongs lifespan and improves stress 
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Background: Fibroblast growth factor 21 (FGF21), an FGF family member, is an atypical hormone and 
pro-longevity factor.
Methods: To better understand of the effects of exogenous administration of FGF21 on lifespan and stress 
tolerance, and the underlying molecular basis, we used the silkworm, Bombyx mori, as an experimental animal 
model to evaluate FGF21’s pharmaceutical effects.
Results: Lifespan was significantly prolonged in female silkworms with FGF21 replenishment, whereas 
no effect was observed in the male silkworms. FGF21 replenishment also significantly improved the activity 
of antioxidant systems such as glutathione-S-transferase (GST) and superoxide dismutase (SOD) and 
significantly decreased malondialdehyde (MDA) content. Moreover, FGF21 was found to play a critical 
role in enhancing stress resistance, including ultraviolet (UV) irradiation tolerance and thermotolerance. 
Furthermore, AMPK, FoxO, and sirtuins were activated by FGF21 and may be responsible for the prolonged 
lifespan and enhanced antioxidant activity observed in silkworms.
Conclusions: Collectively, the results suggest the molecular pathways underlying of FGF21-induced 
longevity and stress tolerance, and support the use of silkworms as a promising experimental animal model 
for evaluating the pharmaceutical effects of small molecules.
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Introduction

Fibroblast growth factor (FGF) is excreted by smooth 
muscle cells, endothelial cells, and macrophages (1). 
The FGF subfamily can be classified into the following 
subfamilies on the basis of sequence similarity, biochemical 
function and evolutionary relationships: one subfamily of 
endocrine FGFs, one subfamily of intracellular FGFs, and 
five subfamilies of paracrine FGFs (2). To date, FGF1–
FGF23 genes have been identified in many species, 

including humans and mice (3).
The FGF15/19 subfamily belongs to the subfamily of 

endocrine FGFs, including FGF15/19, FGF21, and FGF23, 
and plays critical roles in body homeostasis maintenance, 
glucose regulation, insulin sensitivity, and lipid metabolism, 
via Klotho dependence (4). FGF21, a hormone-like 
member of the FGF family, coordinates interactions and 
is a potent longevity factor linking energy metabolism and 
stress responses (5). Many studies have shown that FGF21 
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treatment can mitigate some age-related metabolic disorders 
and cardiovascular diseases. Additionally, transgenic mice 
overexpressing FGF21 have prolonged lifespans (6).

Recent studies have revealed that certain molecular 
mechanisms through FGF21 signaling may be targets for 
interventions to increase the healthy lifespan (4). FGF21 
activates Nrf2 and suppresses the NF-κB signaling, 
thus promoting macrophage-mediated inhibition of 
inflammation (7). Moreover, substantial evidence indicates 
that stress resistance capacity can generally enhance 
longevity across species (5,8). Sirtuins, originally identified 
in Saccharomyces cerevisiae, are a conserved protein family 
named after the first member silent information regulator 
2 (Sir 2) protein (2). Several studies have demonstrated that 
the activation of sirtuins may plausibly explain most of the 
geroprotective benefits observed from several perspectives 
in reports published to date (9). Activation of antioxidative 
enzyme systems through the actions of Rhodiola rosea, 
metformin, and Astragalus polysaccharide has been reported 
to extend the lifespan (10,11). Herein, we detected the 
molecular basis underlying how FGF21 induces longevity 
through promoting interactions between stress responses 
and lifespan extension. 

However, whether the role of FGF21 has a beneficial 
effect in scavenging free radicals and regulating resistance 
to oxidative damage remains unknown, as do the molecular 
underpinnings of FGF21 in longevity. Therefore, we 
examined antioxidative signaling pathways to elucidate the 
role of FGF21 in longevity. The conservative longevity-
related signaling pathway in diverse species principally 
includes four signaling pathways, namely, insulin/insulin-
like growth factor 1 (IGF1), AMP activated protein kinase 
(AMPK), target of rapamycin (TOR) and sirtuin signaling 
pathway (9). Normally, AKT, transcription factor fork head 
box O (FoxO), AMPK, Tor1 and Tor2, and sirtuins were 
employed as representative genes in these four pathways.

Silkworms, because of their clear genetic background, 
excellent bioinformatics utility, and clear boundaries between 
developmental stages, are an advantageous model organism 
for research on aging, lifespan, and the effects of drugs on 
lifespan (10,12). The high reproductive rate of silkworms 
can provide abundant larvae populations with the same 
developmental status and genetic background, thus enabling 
low cost determination of survival statistics (12). In addition, 
the silkworm is a non-sentient animal, thus presenting few 
ethical issues in experiments, and their size is conducive to 
observation of morphology and behavior, and to exogenous 
injection. Moreover, the low mobility of the larvae and 

the flightlessness of the moths enable environmentally 
friendly, convenient breeding, management, and lifespan 
measurement (11,12). In addition, the open blood circulation 
system is highly sensitive to exogenous drugs, which spread 
throughout the body in only a few minutes (12). The 
standardized breeding of silkworms enables the reliability 
and repeatability of measured effects of drugs on the lifespan 
of silkworms without interference from diet and culture 
conditions (12). These characteristics have received the 
attention of researchers and provide substantial advantages 
in studies of silkworm aging and lifespan. Therefore, the 
silkworm was used as a model in the experiments in this 
study.

Methods

Silkworm strain

We used Dazao, a wildtype silkworm strain in the Silkworm 
Gene Bank at Southwest University. Silkworms were 
maintained under a relative humidity of approximately 
75% to 50% at 25±0.5 ℃ with circadian rhythms of 12 h 
light/12 h dark cycle throughout the life cycle. Silkworms 
in the larval stage were reared with fresh mulberry leaves 
ad libitum (10,11,13). All of the above procedures were 
consistent with the statement of Southwest University 
regarding animal welfare.

FGF21 replenishment

Commercial preparations of FGF21 were obtained from 
Sino Biological (Beijing, China). A 25 ng/μL stock solution 
of FGF21 was prepared in sterile deionized H2O. After 
sterilization by filtration through 0.22 μm membranes and 
storage at 4 ℃, the stock solution was injected with 5 or 
10 μL of 25 ng/μL FGF21 stock solution was injected per 
silkworm moth (treatment group), and deionized water was 
injected for the control group.

Lifespan assays

Throughout the life cycle, survival statistics were used 
to determine the lifespan expectancy and mortality rates 
of silkworms in an incubator with a suitable growth 
environment, as previously described (10,11,13). The 
maximum lifespan was defined as the upper 10% of the 
lifespan distribution (10,11,13). The survival conditions 
of the silkworm were determined on the basis of artificial 
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identification, and the time of death was recorded every 3 h.

UV irradiation- and thermo-tolerance assays

For stress induction, silkworm specimens were either 
incubated at 37 ℃ for 12 h or subjected to ultraviolet (UV) 
exposure at 1.78 mw/cm2 for 12 h in the incubator. During 
the environment stress period, touch-provoked movement 
was used to determine survival, and the time of death was 
recorded.

Superoxide dismutase (SOD), glutathione-S-transferase 
(GST), catalase (CAT), and malondialdehyde (MDA) 
assays

To evaluate the drug effects on antioxidative activity in a 
given time span, we determined the activity of SOD and 
GST and CAT and the content of MDA in adults 1 day 
after FGF21 replenishment. SOD, GST, CAT, and MDA 
assay kits were used to measure whole-body homogenates 
according to the kit instructions.

Reverse transcription-quantitative PCR (RT-qPCR)

Silkworm specimens were collected from the treatment 
and control groups 24 and 48 h after FGF21 injection. 
Total RNA from three individuals was isolated with a rapid 

extraction Total RNA Kit (BioTeke Corporation, Beijing) in 
accordance with the manufacturer’s instructions. RT-qPCR 
was performed with a CFX96 RealTime System (Bio-Rad, 
USA). Eukaryotic translation initiation factor 4A (BmMDB 
probe ID sw22934) served as a reference silkworm gene, 
owing to its optimum stability (14). Primer pairs targeting 
regions of every analyzed gene are shown in Table 1, and the 
relative expression levels of each gene were normalized to 
that of sw22934 and calculated as 2−ΔΔCt.

Statistical analysis

Statistical analyses were performed in GraphPad Prism 6 
(GraphPad Software, CA, USA) and Excel (Microsoft, WA, 
USA). The maximum lifespan and average lifespan were 
calculated and reported as mean ± SEM from independent 
experiments, and the significance of the differences was 
analyzed with two-tailed Student’s t-test and two-way 
ANOVA. The significant differences were assessed with 
the log-rank test (Mantel-Cox) (PRISM software package, 
GraphPad software) in the survival curves. Values of P<0.05 
were considered statistically significant.

Results

FGF21 promotes lifespan extension in female silkworms

To reveal the effect of FGF21 on lifespan, we examined 

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

Primer name F primer (5'-3') R primer (5'-3')

sw22934 TTCGTACTGCTCTTCTCG CAAAGTTGATAGCAATTCCCT

BmAMPK GCACCCCTGTCAAACGAGC CGTTCGCCCGACAAAGACT

BmAKT GCTGCTAGACAAAGACGGACAC ATGATGAGCCCGAACAGCAC

BmTor1 GCCACCTCCAAGCTACCCTAATAATGTT AATCTATCCTTGCTTGTGTCGTGTTTC

BmTor2 GTGAACTTTATCATTATGCGAAGACGG CCGATTAGGCATACAATAGCAAGGAC

BmFoxO GCACAGGACAACAGGCTCACAC GCTTGGCGTCGGGATTGA

BmSirt2 TGGTCCCAGATTCGTGTCCT TGTTCACGGGCTACTAATGCTC

BmSirt4 AGTTCAATGTCTCAAATGCCCC CCCTTCACACTTTGGGCAGA

BmSirt5 GCAAATAGAGGAGCCCCAGA AAACTTTCACCGAACCACACAA

BmSirt6 TGAGAAAGTAATGGACATCTTAGGAAT TCGCCAGTCTTTAGTTTCATTCTC

BmSirt7 CGCTAAGCATCTTGTTGTCTAC GTTCTGTGACACGACGAATTTG

BmHSP70 GAAGGCACTCAAGGATGCTAAAC TCAATACCGAGGGACAGAGGAG

BmHSP90 TCCCAGTTCATTGGCTACCC TTGACTGCAAGATGGTCCTCC
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silkworms fed mulberry leaves. The female silkworms lived 
longer with FGF21 replenishment than with the control 
treatment (Figure 1A,B); the mean lifespan in the adult 
stage was prolonged 54.42% (Figure 1A); and the maximum 
lifespan of the adult stage was also extended 61.69%  
(Figure 1B). There was no significant difference in the mean 
lifespan and maximum lifespan in the adult stage in male 
silkworms (Figure 1C,D). Thus, sex-specific regulation 
might possibly be involved in the process of FGF21-
induced lifespan extension.

FGF21 protects silkworms from environmental stress

Many recent studies have demonstrated that increased 
stress resistance can lengthen lifespan in multiple species 
(15-17). FGF21, as a stress hormone, has clear functions at 
the organism level in the maintenance of tissue homeostasis 
(18,19). Thus, we hypothesized that FGF21 might play 
a role in protecting silkworms from environmental 
stress. To determine whether FGF21 could exert effects 

in response to environmental stress, we bred FGF21-
injected and control silkworms under thermal stress or 
UV irradiation. The thermotolerance was significantly 
improved with injection of 5 μL (Figure 2A) or 10 μL  
(Figure 2B) of FGF21 in silkworms, thus supporting 
survival. However, the expression differences of heat shock 
protein 70 (HSP70) and HSP90 were not detected in 
female and male silkworm with FGF21 replenishment after 
12 h thermal stimulus compared counterpart (Figure 2C,D). 
However, the resistance of silkworms to UV irradiation did 
not significantly improve with injection of 5 μL FGF21 
(Figure 2E), but did significantly improve with injection 
of 10 μL FGF21 (Figure 2F). Following, the antioxidant 
enzymes were detected with injection of 10 μL FGF21 
and the result showed that the activity of GST and SOD 
have no difference in female and male silkworm with 
FGF21 replenishment after UV stimulus compared control  
(Figure 2G,H), while the activity of catalase was increased 
and the contend of MDA was decreased in female and male 
with FGF21 replenishment after UV stimulus compared 

Figure 1 The effects of FGF21 on lifespan in silkworms. (A) The survival curve of unmated female silkworms, treatment (n=20) and control 
(n=20); (B) the maximum lifespan in unmated female silkworms, treatment (n=3) and control (n=3); (C) the lifespan in unmated male 
silkworms, treatment (n=31) and control (n=31); (D) the maximum number of days of unmated male silkworms, treatment (n=3) and control 
(n=3). Error bars depict the mean ± SEM. **, P<0.01. FGF21, fibroblast growth factor 21; SEM, standard error of the mean.
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Figure 2 Effects of FGF21 on stress resistance. (A,B) The survival times of moths under hyperthermia (37 ℃) exposure after FGF21 
injected: (A) 5 μL 25 ng/μL FGF21 injected (n=15); (B) 10 μL 25 ng/μL FGF21 injected (n=15). (C,D) The expression level of HSP70 and 
HSP90: (C) HSP70; (D) HSP90. (E,F) The survival times of moths under UV exposure after injection of 25 ng/μL FGF21: (E) 5 μL of  
25 ng/μL FGF21 (treatment group) and 5 μL of sterile H2O (control) (n=15); (F) 10 μL of 25 ng/μL FGF21 (treatment group) and 10 μL of 
sterile H2O (control) (n=15). (G,H,I,J) The detection of enzyme activity and oxidation product content after UV exposure: (G) the activity 
of GST; (H) the activity of SOD; (I) the activity of CAT; (J) the content of MDA. Error bars and symbols depict the mean ± SEM. *, P<0.05; 
**, P<0.01. FGF21, fibroblast growth factor 21; UV, ultraviolet; GST, glutathione-S-transferase; SOD, superoxide dismutase; CAT, catalase; 
MDA, malondialdehyde; n.s., no significance; SEM, standard error of the mean.

counterpart (Figure 2I,J). These results suggest that 
FGF21-induced improvement of antioxidative capability 
plays an active role in improving the survival rate under 
environmental stresses.

FGF21 enhances silkworm antioxidative properties

FGF21 functions as a stress hormone that activates the 
organism’s defense systems and nonspecifically improves 
stress tolerance, thereby enhancing protection against 
aging via suppression of stress (20,21). Therefore, we tested 
whether the major antioxidant defense systems might be 
upregulated or the content of the oxidative products might 
be decreased by FGF21 in silkworms. Several pathological 

studies have indicated that the GST and SOD activity, and 
MDA content are oxidative stress biomarkers that can be 
used to determine the status of stress from an oxidative 
viewpoint (6). Therefore, GST and SOD activity and MDA 
content are used as the primary indicators of antioxidation 
ability. We detected these indicators on day 1 after 
treatment of silkmoths with FGF21 or controls treatment. 
The GST and SOD activity were greater in the treatment 
groups than the control at day 1 (Figure 3A,B). Meanwhile, 
the MDA content significantly decreased (Figure 3C). 
Previous researches have also reported that FoxO could be 
activated directly by deacetylation and dephosphorylation 
alternatively in response to oxidative stress which, in turn, 
promotes their specificity target genes in antioxidase system 
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including GST and SOD towards stress resistance and 
then reduce the oxidation product content including MDA 
(9,22). These results suggest that FGF21 may improve the 
antioxidative properties in silkworms.

FGF21-induced lifespan extension may be increased via 
activated AMPK and FoxO

The FGF receptor assembles a specific receptor complex 
with the klotho protein and subsequently activates several 
downstream signaling pathways in a context-dependent 
manner (23-27). FGF21 is a regulator that alleviates many 
age-related metabolic and stress disorders. Herein, to 
detect whether AMPK participates in lifespan elongation 
in silkworms and to further investigate the underlying 
signaling network through which FGF21 induces lifespan 
extension, we detected the expression levels of BmAKT, 
BmAMPK, BmFoxO, BmTor1, and BmTor2 in FGF21-
injected silkworms and controls.

There were no significant differences in the BmAKT 
relative expression level after both 24 and 48 h of treatment 
and in the control (Figure 4A). The expression level of 
BmAMPK was significantly higher at 48 h than that in the 
control, but no significant differences were observed at 
24 h (Figure 4B). The relative expression level of BmTor1 
and BmTor2 significantly increased at 48 h after injection 
FGF21, whereas no significant differences were found at  
24 h (Figure 4C,D). Expression of BmFoxO, a major anti-
stress regulator in cells and organisms, significantly 
increased at 24 h (Figure 4E). Many studies have indicated 
that increases in AMPK and FoxO expression promote 
longevity (9). Our results indicate that FGF21-induced 
lifespan extension may be increased by elevated BmAMPK 

and BmFoxO expression levels.

FGF21 is linked to the sirtuin-coupled longevity pathway

FGF21 delays endothelial replicative senescence and 
protects cells from premature senescence through Sirt1 (28). 
Increased sirtuin activity is also associated with longevity 
(9,29,30). To detect whether sirtuin takes part in the process 
of lifespan elongation of silkworm and further excavate the 
underlying signaling network for FGF21-inducing lifespan 
extension. However, only five genes (BmSirt2, BmSirt4, 
BmSirt5, BmSirt6, and BmSirt7) have been identified to 
belong to the sirtuin family in silkworms, in which Sirt1 
does not exist. Therefore, to detect the family member 
replacing Sirt1 in FGF21 induced longevity in silkworms, 
we investigated the expression levels of five sirtuin genes 
in silkworms with or without FGF21 replenishment. The 
BmSirt2, BmSirt4, and BmSirt6 expression levels were 
significantly higher after 48 h in treatment than those in 
the control group, whereas no significant differences were 
found at 24 h (Figure 5A,B,C). There were no significant 
differences between the BmSirt5 and BmSirt7 expression 
levels after 24 and 48 h of treatment and in the control 
group (Figure 5D,E). We speculate that BmSirt2/BmSirt4/
BmSirt6 may functionally complement Sirt1 in the 
regulatory process through which FGF21 activates Sirt1 
and thus plays a role in promoting longevity.

Discussion

The development of potential antiaging drugs is an 
interesting scientific research field. In this area, mammalian 
animal models such as mice, rats, rabbits, and monkeys, 

Figure 3 The detection of antioxidant activity in silkworms. (A) GST activity; (B) SOD activity; (C) MDA content. Error bars depict the 
mean ± SEM, n=8. *, P<0.05; **, P<0.01. SEM, standard error of the mean; GST, glutathione-S-transferase; SOD, superoxide dismutase; 
MDA, malondialdehyde.
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Figure 4 The expression level of FGF21 induced genes at 24 and 48 h in silkmoths. (A) BmAKT expression level; (B) BmAMPK expression 
level; (C,D) BmTor1 and BmTor2 expression level; (E) BmFoxO expression level. Error bars depict the mean ± SEM, n=9. *, P<0.05. FGF21, 
fibroblast growth factor 21; n.s., no significance; SEM, standard error of the mean.

has been used for the development of clinical drugs  
in vivo. However, several problems have been inevitable 
in the process, particularly, long life cycle, high costs, and 
ethical issues. Consequently, specific knowledge regarding 
adequate preclinical invertebrate models is needed. Previous 
studies have demonstrated that the silkworm is a useful  
in vivo model as a primary screening system for the 
discovery and evaluation of anti-infectious drugs, new 
antibiotics, and anti-diabetes drugs (31-33). This study and 
our previous studies focused on using the silkworm as an 
invertebrate animal model system to evaluate the effects of 
compounds and to provide the new insights into lifespan 
extension.

In this study, different effects on lifespan were observed 

between sexes: a significant extension was observed in 
female, whereas the lifespan was not significantly extended 
in males. In FGF21 transgenic mice, the high levels of this 
starvation hormone suppress the activity of growth hormone 
and decrease the production of IGF, thereby preventing growth 
and leading to lifespan extension (34). However, the longevity 
effect has also shown sex differences in mice, in which a greater 
degree of extension is observed in female (34). In addition, a 
previous study has suggested that sex differences in response 
to dietary restriction might possibly result from differences 
in FGF21 and altered expression of its receptors (35). On 
the basis of the studies above, we speculate that a dose effect 
of FGF21 replenishment may exist between the two sexes in 
terms of lifespan extension.
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Figure 5 Expression levels of sirtuin genes in FGF21 replenished silkworms. (A) BmSirt2; (B) BmSirt4; (C) BmSirt6; (D) BmSirt5; (E) 
BmSirt7. Error bars depict the mean ± SEM, n=9. *, P<0.05; **, P<0.01. FGF21, fibroblast growth factor 21; n.s., no significance; SEM, 
standard error of the mean.

Oxidative stress is a common environmental stress 
regarded as the major risk factor for aging. Moreover, FoxO 
is an important transcriptional factor that regulates the 
stress response, thereby leading to lifespan extension (36). 
Previous studies have demonstrated that FoxO promotes 
oxidative stress resistance in different organisms (37-39). 
Furthermore, AMPK is a principal energy sensor that plays 
a central role in maintaining energy balance and tissue 
integrity (40). Previous studies have revealed that activated 
AMPK can ultimately upregulate Sirt1 gene expression by 
enhancing the capacity of nicotinamide phosphoribosyl 
transferase (NAMPT), an important rate-limiting enzyme in 
the transformation of nicotinamide (NAM) to nicotinamide 
adenosine dinucleotide (NAD+) (41). Consequently, we 
speculated that FoxO and AMPK may trigger the increase 

in oxidative stress resistance and may participate in the 
biological process through which FGF21 replenishment 
induces lifespan extension in silkworms.

Sirtuin has been identified to be involved in the 
regulation of metabolic status and stress tolerance 
under nutritional and environmental stimuli, as well as 
the regulation of various biological effects that play an 
important role in the aging process (42). The sirtuin 
family is classified into seven sirtuin genes (Sirt1–Sirt7). 
Compared with Drosophila melanogaster, Apis mellifera, 
and Tribolium castaneum, Bombyx mori has a natural Sirt1 
gene deletion. Although all sirtuins include a conserved 
core structure containing the catalytic domain, the 
subcellular localization of sirtuin proteins varies (43). 
The four proteins Sirt1, Sirt3, Sirt6, and Sirt7 are 
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normally distributed in the nucleus with different nuclear 
localization, although this localization is not absolute. 
Sirt1 plays an important role in the nucleus as well as the 
cytoplasm (44,45), and Sirt2 is normally present in the 
cytoplasm and can be bound to chromatin in mitosis (46). 

The FGF and FGF receptor (FGFR) have orthologous 
homologous in s i lkworm. One crit ical  feature of 
transcriptional activation of endocrine FGF21 is that they 
require the Klotho gene encoding transmembrane proteins 
as coreceptors for binding their cognate FGF21 receptors 
and exerting their biological activities (47). FGF21 could 
been transferred into intracellular through the βKlotho-
FGFR channel on the cytomembrane. These genes have 
explicit orthologous homologous genes in silkworm. So, 
we speculate that there is an intracellular signaling pathway 
for FGF21. FGF21 is a regulator that can alleviate many 
age-related metabolic and stress disorders, through the 
mechanisms including the activation of AMPK and the Sirt1 
signaling pathway (5). We found that FoxO may respond to 
AMPK activation by FGF21. Silkworms with intrinsic Sirt1 
deletion may aid in identification of the Sirt1 functional 
replacer. Through silkworm characterization, we detected 
the paralogous genes of BmSirt1 in silkworms and found 
that the expression levels of BmSirt2, BmSirt4, and BmSirt6 
increased in FGF21 replenished silkworms. Given the 
notably consistent expression profile between BmAMPK and 
BmSirt2/BmSirt4/BmSirt6 in silkworms, we speculate that 
BmSirt2/BmSirt4/BmSirt6 may at least partially compensate 
for the absence of Sirt1.
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