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enhanced the activity of anti-oxidant enzymes, 
including catalase (CAT), superoxide dismutase 
(SOD) and glutathione peroxidase (GPX), reduced 
the reactive oxygen species (ROS) level, and slowed 
down the protein oxidation and lipid peroxidation. 
Importantly, we showed for the first time that rGDF11 
enhanced the activity of CAT, SOD and GPX through 
activation of the Smad2/3 signaling pathway. Our 
study also provided a simple and safe route for deliv-
ery of recombinant GDF11, facilitating its therapeutic 
application in the future.

Keywords  GDF11 · Yeast surface display · 
Yarrowic Lipolytica · Anti-aging · Lifespan

Introduction

Growth differentiation factor 11 (GDF11) is a blood 
circulating protein of the transforming growth 
factor-β (TGF-β) family. It was identified in the het-
erochronic parabiosis as a potential antigeronic factor 
by Loffredo et al. (2013), and subsequently shown to 
play important roles in progression of aging and age-
associated diseases (Walker et  al. 2016). For exam-
ple, many studies have shown that both expression of 
GDF11 gene and its protein abundance decline with 
age (Loffredo et  al. 2013; Andersen and Lim 2014; 
Brack 2013; Hall 2014; Kaiser 2015; Katsimpardi 
et  al. 2014; Zhou et  al. 2016; Zhou et  al. 2019a), 
and restoration of GDF11 reverses age-associated 
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cardiac hypertrophy, skeletal muscle dysfunction, 
hippocampal vascularity, and increases neural stem-
cell proliferation (Loffredo et  al. 2013; Katsimpardi 
et al. 2014; Zhou et al. 2016; Ozek et al. 2018; Sinha 
et  al. 2014). Moreover, exogenous GDF11 treatment 
is able to improve tubular regeneration after acute 
kidney injury in elderly mice (Poggioli et  al. 2016). 
However, these findings are questioned by some fol-
low-up studies showing that human blood GDF11 
exhibits little change or increases with age (Egerman 
et al. 2015; Rodgers and Eldridge 2015; Schafer et al. 
2016; Smith et al. 2015), and GDF11 inhibits skeletal 
muscle regeneration (Egerman et al. 2015) and has no 
effect on cardiac aging-related cardiac hypertrophy 
(Smith et al. 2015). Additionally, GDF8 (myostatin), 
a closely related member of TGF-β superfamily, is 
highly homologous to GDF11, and is often perceived 
to serve similar or overlapping roles, further confus-
ing the matters (Walker et  al. 2016). Very recently, 
we have screened a highly specific anti-GDF11 
antibody (sc-81952, Santa Cruz) which reacts with 
GDF11, and demonstrated that in fish and mouse, 
blood GDF11 abundance decreases with age (Zhou 
et  al. 2019a, b). We have also shown that dietary 
intake of recombinant GDF11 (rGDF11) delays the 
development of age-related biomarkers, and even pro-
longs both the median and maximum lifespan of the 
annual fish Nothobranchius guentheri by enhancing 
antioxidant system. However, how GDF11 induces 
the enhancement of antioxidant system remains com-
pletely unknown.

Like other TGF-β superfamily members, 
GDF11 canonically binds to activin type II recep-
tors (ActRIIA and ActRIIB), and then the complex 
recruits activin type I receptors (ALK4, ALK5 and 
ALK7), which in turn phosphorylates the intracel-
lular signaling proteins Smad2 and Smad3 (McPher-
ron et  al. 1999; Patel and Amthor 2005; Rochette 
et  al. 2015). Phosphorylated Smad2/3 associates 
with common mediator Smad4 and the Smad2/3/4 
complex translocates to the nucleus where it medi-
ates changes in gene expression (Walker et al. 2016; 
Andersen and Lim 2014; Katsimpardi et  al. 2014; 
Andersson et  al. 2006; Lebrun et  al. 1999; Paul Oh 
et al. 2002). Recently, Yang et al. (2017) have shown 
that GDF11 administration increases the phosphoryl-
ation of Smad3 and decreases the phosphorylation of 
FOXO3a, which then affects ROS accumulation, sug-
gesting a link between activation of Smad pathway by 

GDF11 and ROS accumulation. We wonder if GDF11 
can enhance antioxidant system via the canonical 
Smad pathway during anti-aging process.

The method of yeast cell surface display, or sim-
ply, yeast display, has become a valuable protein 
engineering tool for a broad spectrum of biotechnol-
ogy and biomedical/industrial applications (Cherf 
and Cochran 2015). Among the non-conventional 
yeasts,  Yarrowia lipolytica Po1h with GRAS (Gen-
erally Recognized as Safe) status is one of the most 
attractive hosts for heterologous protein production 
owing to its unique characteristics that both the extra-
cellular alkaline protease and extracellular acid pro-
tease genes have been deleted (Madzak et al. 2004). 
As GDF11 shows a great potential in rejuvenation 
and anti-aging applications, yeast-displayed GDF11 
will certainly contribute to its utility as a therapeutic 
strategy. However, no yeast surface display of GDF11 
has thus far been tried. In this study, GDF11 was dis-
played on the surface of Y. lipolytica via yeast sur-
face display technology. In addition, the anti-aging 
activity and underlying mechanisms of the yeast-dis-
played GDF11 were explored using aged male mice 
as model. This study also provides a simple and safe 
route for delivery of recombinant GDF11, beneficial 
to its therapeutic application.

Materials and methods

Strains and plasmids

The host yeast for cell surface display Yarrowic Lipo-
lytica (Y. lipolytica) Po1h (MatA, ura3-302, xpr2-322, 
axp1-2, ∆AEP, ∆AXP, Suc+) (Madzak et  al. 2004) 
and the surface display vector pINA1317-YlCWP110 
containing C-terminal end of YlCWP110 from Y. 
lipolytica (Yue et  al. 2008) were kindly donated by 
Dr. Zhenming Chi from the College of Marine Life 
Sciences, Ocean University of China. Based on the 
sequence of the fish Nothobranchius guentheri (N. 
guentheri) GDF11 gene (Zhou et  al. 2019a), the 
cDNA encoding mature GDF11 with signal pep-
tide deleted was amplified by PCR using the sense 
primer 5′-GGC​CGT​TCT​GGC​CGAC​GAG​CCC​AAT​
CTG​CTG​-3′ (SfiI site is underlined) and the anti-
sense primer: 5′-GGA​TCC​GTG​ATG​GTG​ATG​GTG​
ATG​AGA​GCA​GCC​ACA​TCG​ATC​-3′ (BamHI site is 
underlined and 6-His tag sequence is italicized). The 
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PCR product was digested with SfiI and BamHI, and 
sub-cloned into the plasmid pUC57-T simple vector 
previously cut with the same restriction enzymes. 
Ultimately, the cDNA ligated to pUC57-T simple vec-
tor was transformed into Trans5α Escherichia coli 
(E. coli). The transformants were incubated at 37 °C 
on Luria broth (LB) liquid medium with ampicillin 
(100  μg/ml) overnight, with a gentle shaking. The 
plasmids were extracted with E.Z.N.A Plasmid Mini 
Kit I (No: D6943-02; Omega Bio-tek) and sequenced. 
The plasmid constructed was named as pUC57-T sim-
ple-GDF11 and applied to the following experiments.

Construction of recombinant plasmid for yeast 
display of GDF11

The GDF11 display on the yeast cells of Y. lipolytica 
was performed as described by Yue et al. (2008). The 
plasmid pUC57-T simple-GDF11 was digested with 
SfiI at 50  °C overnight, followed by BamHI diges-
tion at 37  °C for 3  h. The digests containing gdf11 
were recovered using E.Z.N.A. Gal Extraction Kit 
(No: D2500-02; Omega Bio-tek). The recovered 
products were ligated into the surface display vec-
tor pINA1317-YlCWP110 digested with the same 
enzymes and the recombinant plasmid carrying gdf11 
was designated pINA1317-GDF11-YlCWP110 (Sup-
plementary Fig.  1). The recombinant plasmid was 
transformed into Trans5α E. coli and selected on the 
LB plates with kanamycin (50  μg/ml). The positive 
recombinant plasmid was extracted and purified as 
above. The recombinant plasmid pINA1317-GDF11-
YlCWP110 purified was then digested with NotI. 
The linear fragments carrying gdf11-YlCWP110 were 
recovered using E.Z.N.A. Gal Extraction Kit.

Transformation and selection

The Y. lipolytica Po1h was grown in 5  ml Yeast 
Extract Peptone Dextrose (YPD) medium (10  g/l 
yeast extract, 20  g/l bacto-peptone, 20  g/l glucose) 
and cultivated at 28  °C overnight. The suspension 
of the Y. lipolytica Po1h cells solution was trans-
ferred into 50  ml YPD medium and cultivated until 
the cell concentration reached about 2 × 107 cells/
ml. The recovered linear fragments carrying gdf11-
YlCWP110 were transformed into Y. lipolytica by 
lithium acetate method (Xuan et al. 1988). The yeast 
cells transformed were spread on the Yeast Nitrogen 

Base without Amino Acids (YNB) (1.7  g/l yeast 
nitrogen base without amino acids and ammonium 
sulfate, 10  g/l glucose, 5  g/l ammonium sulfate) 
plates, and cultivated at 28 °C for 96 h. Y. lipolytica 
Po1h cells carrying only YlCWP110 without gdf11 
gene was used as control. A total of 100 colonies 
containing gdf11-YlCWP110 fragment and 10 control 
colonies containing only YlCWP110 were picked up 
from the YNB plates, and grown in 20 ml YPD liquid 
medium at 28  °C for 5  days, with a gentle shaking. 
The suspensions of the yeast cells were centrifuged 
at 3000×g at 4 °C for 15 min, and the pellets (yeast 
cells) collected for genomic DNA (gDNA) extraction.

gDNA extraction and polymerase chain reaction 
(PCR) detection

gDNA extraction of the yeast cells was performed as 
described by Borsenberger et  al. (2018). The yeast 
cells carrying YlCWP110 or gdf11-YlCWP110 col-
lected above were incubated in 300  µl of buffer T1 
(Sorbitol 1 M; EDTA 0.1 M, pH8) with 5 µl of 10 mg/
ml lyticase (dissolved with T1 buffer) (No: L4025; 
Sigma) at 37  °C for 15  min. After centrifugation, 
the yeast cell pellets were suspended in a lysis buffer 
(Tris 10 mM; EDTA 1 mM, pH8; NaCl 100 mM, Tri-
ton 2%; SDS 1%) with glass beads and phenol–chlo-
roform-isoamyl alcohol (v/v/v, 25:24:1), vortexed for 
2  min, and centrifuged. The supernatants were then 
precipitated with ethanol, and washed twice with eth-
anol 70%. The resulting DNA pellets were dissolved 
in 100 µl TE buffer with 1 µl RNase A (10 mg/ml), 
incubated at 37 °C for 15 min, and precipitated with 
ethanol. Finally, the gDNA was dissolved in sterile 
water and used for PCR.

To test if the gdf11 gene has been integrated into 
the gDNA of Y. lipolytica Po1h, the primers (the for-
ward primer was: 5′-GAC​GAG​CCC​AAC​CTG​CTG​
CT-3′; the reverse primer was 5′-GGA​GCA​ACC​GCA​
TCG​GTC​AAC-3′) and the gDNA obtained from the 
yeast cells carrying fragment YlCWP110 or gdf11-
YlCWP110 were used for PCR. The PCR reaction 
was performed at 94  °C for 5  min, followed by 35 
cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 
40 s. The PCR products were generated only from the 
gDNA of the yeast cells carrying gdf11-YlCWP110. 
We picked up 10 samples of PCR products at random 
for sequencing analysis (Sangon Biotech), and the 
results verified that gdf11 was indeed integrated into 
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the gDNA of Y. lipolytica Po1h (data not shown). The 
Y. lipolytica Po1h carrying gdf11-YlCWP110 were 
then used for immunofluorescence microscopy and 
protein sample preparation.

Immunofluorescence microscopy

The immunofluorescence microscopy was conducted 
as described by Pringle et  al. (1991) using the anti 
His-tag mouse monoclonal antibody (No: CW0286; 
Cowin Bio) as primary antibody and fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-mouse IgG 
(immunoglobulin G) as secondary antibody (No: 
D110105; Sangon Biotech), respectively. Briefly, 
Y. lipolytica Po1h carrying YlCWP110 or gdf11-
YlCWP110 were grown in  YPD liquid medium at 
28  °C for 5  days, with a gentle shaking.  The cells 
were collected and washed three times with phos-
phate buffer saline (PBS). The Y. lipolytica Po1h 
pellets were suspended in 3.7% formaldehyde and 
incubated at 28  °C overnight with shaking. After 
centrifugation at 3000×g at 4 °C for 5 min, the yeast 
cells were collected and suspended in 250  μl PBS 
containing 1  mg/ml bovine serum albumin (BSA), 
and then 1.0  μl of anti His-tag mouse monoclonal 
antibody was added to the suspension. The mixture 
was incubated at 4 °C for 30 min. After washing with 
PBS three times, the yeast cells were re-suspended in 
250 μl PBS containing 1 mg/ml BSA, and then 1 μl 
of secondary antibody was added to the suspension, 
and incubated under dark at 4 °C for 30 min. Finally, 
the labeled cells were observed under an Axio Scope 
A1 microscope  (Carl Zeiss, Germany)  with blue 
(450–490 nm) excitation light and 520 nm emission 
filters and photographed.

Yeast cells protein sample preparation

The total soluble fraction and cell wall fraction of 
yeast cells were prepared according to the method of 
Moon et  al. (2013). In brief, Y. lipolytica Po1h car-
rying YlCWP110 or gdf11-YlCWP110 were grown 
in  YPD liquid medium at 28  °C for 5  days, with a 
gentle shaking. The cells were collected and washed 
twice with chilled distilled water. For preparation 
of total soluble fraction, the yeast cells were sus-
pended in TNE buffer (EDTA 0.5  M; NaCl 5  M; 
Tris–HCl 1 M, pH7.5) containing the protease inhibi-
tors (0.5  mg/ml leupeptin, 0.5  mg/ml aprotinin, 

0.7  mg/ml pepstatin, and 4  mg/ml phenylmethylsul-
fonyl fluoride [PMSF]), and broken by vortexing with 
glass beads. After centrifugation at 16,000×g at 4 °C 
for 20  min, the supernatant was collected as total 
soluble fraction of yeast. For preparation of yeast 
cells wall fraction, the cell pellets were suspended in 
SDS/DTT extract solution (Tris–HCl 50 mM; EDTA 
0.1 M, pH8.0; 2% SDS; DTT 10 mM). Both the total 
soluble fraction and cell wall fraction were used for 
Western blotting and enzyme-linked immunosorbent 
assay (ELISA).

Western blotting

Western blotting was performed as described by 
Dong et  al. (2017). The yeast total soluble fraction 
and yeast cell wall fraction were electrophoresed on 
12.5% acrylamide SDS-PAGE gels, and then trans-
ferred to polyvinylidene fluoride (PVDF) membranes. 
After blocking in 5% BSA (dissolved in 10 mM PBS 
(pH7.4)) at 25  °C for 1.5  h, the membranes were 
incubated with the primary antibodies against GDF11 
(1:1000) (No. sc-81952; Santa Cruz Bio) and His-
tag (1:1000) (No: CW0286; Cowin Bio), which were 
diluted with 10  mM PBS (pH7.4) containing 1% 
BSA, respectively. The membranes were then probed 
with corresponding secondary antibodies labeled 
with horseradish peroxidase (HRP) (1:6000) diluted 
with 10 mM PBS (pH7.4) containing 1% BSA. The 
bands were visualized by ECL Western blotting sub-
strate (Thermo Fisher Scientific, USA).

Enzyme‑linked immunosorbent assay

The rGDF11 expressed in E. coil transetta (DE3) was 
purified as described by Zhou et al. (2019a), and used 
to plot a standard curve. A sandwich enzyme-linked 
immunosorbent assay (ELISA) was performed to test 
the rGDF11 yield of per gram yeast cells and the total 
GDF11 concentration in serum of mice according to 
the method of Lim et  al. (2015), with slight modifi-
cation. Briefly, aliquots of 50  μl of GDF11-specific 
antibody (sc-81952; Santa Cruz Bio) diluted 1:500 
with 10  mM PBS (pH7.4) was applied to each well 
of 96-well microplate, and air-dried at 4 °C overnight. 
The wells were each blocked with 200 μl of 10 mg/
ml BSA in PBS at 37 °C for 2 h. After washing five 
times with 200  μl of PBS containing 0.5% Tween-
20 (PBST), a total of 100  μl PBS containing 1  mg/
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ml BSA plus different concentrations of rGDF11 (to 
calculate rGDF11 yield, the rGDF11 concentrations 
used for standard curve plotting were 0, 0.25, 0.5, 1, 
2 and 4 μg/ml; and to calculate total GDF11 concen-
tration in serum of mice, the rGDF11 concentrations 
used for standard curve plotting were 0, 100, 200, 
500, 1000, 2000 pg/ml), total soluble fraction of yeast 
or serum of mice were added into each well, and incu-
bated at 37 °C for 3 h. The wells were then washed 
five times with 200 μl of PBST, and incubated with 
100  μl of biotin-binding GDF11 antibody (1:1000) 
(the biotinylation of GDF11 antibody was performed 
according to Lim et al. (2015)), diluted with 1 mg/ml 
BSA in PBS, at 37  °C for 1.5 h. After washing five 
times with PBST, the wells were further incubated 
with 100  μl of streptavidin-HRP (1:5000) and incu-
bated at 37  °C for 1 h. The wells were washed sev-
eral times with PBST and TMB substrate was added 
to each well, and incubated at 25 °C for 10–20 min in 
the absence of light. Finally, to stop the color devel-
opment, 0.1  M HCl was added and the absorbances 
of the supernatants were measured at 450 nm under a 
Multiskan MK3 microplate reader (Thermo Fisher 
Scientific, USA). The rGDF11 yield of 1 g yeast cells 
and the total GDF11 concentration in serum of mice 
were calculated according to the standard curves 
(Supplementary Fig. 2a).

Animals, diet preparation and feeding

The treatment of experimental animals was in accord-
ance with the guidelines of the Laboratory Animal 
Administration Law of China, with the permit num-
ber SCXK 20190003 approved by the Ethics Com-
mittee of the Laboratory Animal Administration of 
Shandong province. The specific pathogen-free male 
ICR mice (Mus musculus) aged 2.5 and 10  months 
(No. 1107262011002611) were purchased from Jinan 
Pengyue Laboratory Animal Breeding Co. Ltd., and 
housed one per cage in an environmentally controlled 
atmosphere (temperature 22  °C and relative humid-
ity 56%) with a 12-h light/dark cycle. They were 
given free access to water and diet, and provided with 
shredded wood flour bedding. As the male ICR mice 
have a maximum lifespan of about 36  months, thus 
3-month-old and 24-month-old male ICR mice were 
used as models of young and aged mice (Fujitsuka 
et al. 2016; Hunsche et al. 2016), respectively.

The diets were prepared as below. The ELISA 
showed that the transformant T46 has the highest 
rGDF11 yield of approximately 2.168  μg/g Y. lipol-
ytica Po1h (Supplementary Table  1; Fig.  1d), and 
thus T46 yeast strain was cultivated in large scale (in 
YPD liquid medium at 28 °C for 5 days with gentle 
shaking) for diet preparation. In parallel, Y. lipol-
ytica Po1h cells harboring YlCWP110 only was also 
cultivated for control. The suspensions of yeast cells 
were centrifuged at 5000×g at 4 °C for 15 min, and 
the pellets were washed three times with PBS, and 
collected for diet preparation. Solid mice chow (nor-
mal diet: complete semisynthetic columnar-formed 
diet containing 18% crude proteins and 5% cellulose 
following the Chinese Association for Laboratory 
Animal Sciences) was smashed by the multifunc-
tional  disintegrator (Yongkang Red Sun Electrome-
chanical Co. LTD), and the powdered chow equally 
divided into several portions (about 4  g powdered 
chow per portion). Each portion of powdered chow 
was mixed with 3.7  g Y. lipolytica Po1h cells har-
boring rGDF11-YlCWP110, which contained about 
8 μg rGDF11 (the rGDF11 was at a dose of 0.2 mg/
kg body weight) or Y. lipolytica Po1h cells harboring 
YlCWP110 only, and frozen at − 20 °C till use. Nor-
mal diet mixed with Y. lipolytica Po1h cells harboring 
rGDF11-YlCWP110 was named as experimental diet, 
and normal diet mixed with Y. lipolytica Po1h cells 
harboring YlCWP110 named as control diet.

Young male mice (3  months old; n = 8) were 
given free access to the normal diet and drinking 
water for 1  month. Aged male mice (24  months 
old; n = 48) were at random divided into 3 groups 
(16 individuals per group). Each mouse in group 
1 (AMG1) was allowed free access to the normal 
diet and drinking water for 1 month; each mouse in 
group 2 (AMG2) fed with one piece of control diet 
per day, and then allowed free access to the normal 
diet and drinking water for 1 month; and each mouse 
in group 3 (AMG3) fed with one piece of experi-
mental diet per day, and then allowed free access 
to the normal diet and drinking water for 1 month. 
During the experimental period, the body weight 
of each mouse in all groups was measured every 
7 days, and recorded. At the end of experiments, 8 
individuals of aged male mice were sampled from 
groups 1, 2 and 3 respectively, anesthesized by 
intraperitoneal injection of 3% pentobarbital at a 
dose of 2 ml/kg of body weight (Song et al. 2020a), 
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and the blood was collected from heart, and the liv-
ers and kidneys were dissected out of mice for the 
following experiments. Similarly, the young male 
mice were anesthesized by intraperitoneal injection 
of 3% pentobarbital at a dose of 2  ml/kg of body 
weight, and the blood was collected from heart, 
and the livers and kidneys were dissected out. The 
remaining 8 individuals of aged male mice in each 

group were continuously cultured for survivorship 
assay.

Blood sampling, serum preparation and biochemical 
parameter assay

Blood was collected from each mouse of AMG3 
by bleeding of tail vein prior to the feeding of 

Fig. 1   Surface display of rGDF11 on Y. lipolytica. a The 
immunofluorescent labeling of the transformed Y. lipolytica 
cells using His-tag mouse monoclonal antibody as the pri-
mary antibody and IgG/FITC as the secondary antibody. The 
microphotographs were taken under bright light, and immuno-
fluorescence microphotographs were taken under emission at 
550 nm. Magnification: 40 × 10; b Western blotting of rGDF11 
using mouse anti-GDF11 antibody as the primary antibody; c 
Western blotting of rGDF11 using His-tag mouse monoclonal 
antibody as the primary antibody. Lane M: marker; line 1 and 
line 3: the cell wall fraction of yeast cells carrying fragment 
YlCWP110 or gdf11-YlCWP110, line 2 and line 4: the total 
soluble fraction of yeast cells carrying fragment YlCWP110 or 

gdf11-YlCWP110; d The rGDF11 yield of the different strains 
(ten of 100 transformants). The control: Y. lipolytica Po1h 
only carrying YlCWP110; e western blotting was used to test 
the stability of rGDF11 expression and display, His-tag mouse 
monoclonal antibody was used as the primary antibody; f west-
ern blotting was used to test the stability of rGDF11 expres-
sion and display, mouse anti-GDF11 antibody was used as the 
primary antibody. Lane M: marker; line 1, 3, 5, 7, 9, 11: the 
cell wall fraction from each generation of yeast cells carrying 
rGDF11-Y1CWP110, line 2, 4, 6, 8, 10, 12: the total soluble 
fraction of yeast cells carrying fragment rGDF11-Y1CWP110. 
Date represent mean ± standard deviation (SD) (n = 3)
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experimental diet and at 6 h after the first-time feed-
ing of experimental diet. Serum was prepared from 
the blood samples by centrifugation at 3000×g at 
4 °C for 15 min, stored at − 80 °C and used for West-
ern blotting as described above. Blood was also col-
lected from heart of each mouse of young group, 
AMG1, AMG2 and AMG3 at the end of feeding 
experiment, and serum was prepared as above. The 
serum was divided into two parts: one part was used 
for ELISA assay and the following experiments, 
and the other part was used for assay of biochemi-
cal parameters including total protein (TP), albumin 
(ALB), globulin (GLO), alanine transaminase (ALT), 
aspartate transferase (AST), total bilirubin (TBIL), 
direct bilirubin (DBIL), indirect bilirubin (IBIL), tri-
glyceride (TG), total cholesterol (TC), high-density 
lipoprotein (HDL), low-density lipoprotein (LDL), 
blood urea nitrogen (BUN), creatinine (CREA) and 
uric acid (UA) using an automatic biochemistry ana-
lyzer (Hitachi P7600).

Survivor assay

The health of each aged male mouse in AMG1, 
AMG2 and AMG3 was surveilled every day. The sur-
vival of the mice was recorded until death of all the 
mice. The deaths occurring with period of 1 month 
were totaled for statistical calculations and repre-
sented one point in the survival curves (Kunstyr and 
Leuenberger 1975). The maximum and mean lifespan 
were calculated by the method of Markofsky and Per-
lmutter (1973). The commercially available Graph-
Pad Prism 7 program was used to draw the survival 
curves of the three groups.

RNA isolation, cDNA synthesis and semi‑quantative 
real‑time PCR

The RNAs were extracted from the livers and kid-
neys of the mice with RNAiso plus (TaKaRa). The 
cDNAs were synthesized with Prime-Script™ RT 
reagent Kit with gDNA Eraser (TaKaRa) accord-
ing to the manufacturer’s instructions, and stored 
at − 20  °C until use. The expression of mice-cat 
(NM_009804.2), mice-sod (NM_011434.2), and 
mice-gpx (BC086649.1) were examined by qRT-
PCR. Primer Premier 5.0 program was used to 
design the specific primers of each gene (Supple-
mentary Table  2). The mice-gapdh (GU214026.1) 

gene was chosen as the reference for internal stand-
ardization. The amplification efficiency of each 
primer set was assessed using the liver cDNAs 
diluted twofold serially (Supplementary Table  3). 
The amplification was performed on ABI 7500 real-
time PCR system (Applied Biosystems) at 95 °C for 
10 s, followed by 40 cycles of 95 °C for 5 s, 60 °C 
for 15 s, and 72 °C for 35 s. The expression levels 
of cat, sod and gpx relative to that of gapdh were 
calculated by the comparative CT method (2−ΔΔCT).

Histological observation

The livers and kidneys dissected out of the mice 
were fixed in 4% paraformaldehyde at 4 °C for 12 h. 
After dehydration, both the tissues were embed-
ded in optical cutting temperature compound, and 
cryo-sectioned at a thickness of 12 μm under − 20 °C 
(Leica, Germany). For lipofuscin (LF) detection, the 
un-stained sections of the livers and kidneys were 
viewed under an Axio Scope A1 microscope  (Carl 
Zeiss, Germany)  with blue (450–490  nm) excitation 
light and 520  nm emission filters. For senescence-
associated-β-galactosidase (SA-β-Gal) detection, the 
sections of livers and kidneys were washed with PBS, 
stained at 37 °C for 12 h by immersion in SA-β-Gal 
stain solution, and observed under Axio Scope A1 
microscope with bright-field (Liu et  al. 2015). The 
areas of LF fluorescence and SA-β-Gal staining area 
were determined using Image J software.

Assay for reactive oxygen species (ROS)

The livers and kidneys dissected out of the mice were 
homogenized using Polytron and sonicator in 50 mM 
PBS (pH7.4). The homogenates were centrifuged 
at 5000×g at 4  °C for 10 min, and the supernatants 
pooled. The protein concentration of the superna-
tants was determined with a BCA Protein Assay Kit 
(No: CW0014; CWBIO) (Song et  al. 2020b). The 
dichloro-dihydro-fluorescein diacetate (DCFH-DA), 
a reagent for ROS quantitative determination (No. 
S0033S; Beyotime), was used in this study. The flu-
orescence intensity was monitored at an excitation 
wavelength of 488  nm and an emission wavelength 
of 525  nm  under  a GENios Plus spectrofluorimeter 
(Tecan, Switzerland) (Dong et al. 2017).
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Assay for protein oxidation and lipid peroxidation

The extracts of livers and kidneys as well as the serum 
of the mice were prepared as above, and used for the 
assay of protein oxidation and lipid peroxidation. Pro-
tein oxidation was evaluated by the method of Sohal 
et al. (1993) and Song et al. (2020b). The results were 
expressed as nanomoles of carbonyl groups per mil-
ligram of protein using the excitation coefficient of 
22 mM−1 cm−1 for aliphatic hydrazones.

Malondialdehyde (MDA) is one of the natural sub-
stances of lipid peroxidation, and is thus commonly 
used as a biomarker of lipid peroxidation level. The 
Lipid Peroxidation MDA Assay Kit (No. S0131S; 
Beyotime) was used to determinate the generation 
of MDA in our experiments, and the results were 
expressed as micromoles per milligram of protein 
(Okutan et al. 2004).

Measurement of antioxidant enzymes

The extracts of livers and kidneys as well as the 
serum of the mice were prepared as above, and used 
for the assay of antioxidant enzymes activity.

Catalase (CAT) activity was detected according to 
Hsu et  al. (2008) and Song et  al. (2020b). The spe-
cific activity was expressed in terms of micromoles 
per minute per milligram of protein.

Superoxide dismutase (SOD) activity was depend-
ent on the reduction of nitroblue tetrazolium (WST-8) 
to water-insoluble blue formazan (Spitz and Ober-
ley 1989). The SOD Assay Kit (No. S0101S; Beyo-
time) was used to determine total SOD activity. Unit 
of SOD was expressed as the amount of enzyme 
that resulted in 50% inhibition of the rate of WST-8 
reduction.

Glutathione peroxidase (GPX)  activity was 
detected by the method of  Hsu  et al. (2008). GPX 
activity was measured according to the instructions of 
the GPX Assay Kit (No. S0058; Beyotime).

Assay for effects of rGDF11 on cell viability

rGDF11 expressed in E.coli was purified by chroma-
tography on a Ni–NTA resin column as described by 
Zhou et al. (2019a), and used to test its effect on cell 
viability. Both the human embryonic lung fibroblast 
(HELF) cells (a gift of Dr. Bin Wang of the Medical 
School, Qingdao University) and mouse embryonic 

fibroblast 3T3-L1 cells (a gift of Jingfeng Wang of the 
College of Food Science and Technology, Ocean Uni-
versity of China) were cultured in Dulbecco’s modified 
Eagle media/Nutrient Mixture F-12 (DME/F12) (No: 
SH30023.01; Hyclone) supplemented with 10% (v/v) 
fetal bovine serum (FBS) (No: 10099141; Gibco) and 
antibiotics (100 U/ml penicillin and 100  μg/ml strep-
tomycin) at 37  °C in a humidified atmosphere with 
5% CO2, and in Dulbecco’s modified Eagle media 
(DMEM) (No: 01-052-1ACS; BI) supplemented with 
10% FBS (No: 04-001-1ACS; BI) and antibiotics (100 
U/ml penicillin and 100 μg/ml streptomycin) at 37 °C 
in a humidified atmosphere with 5% CO2, respec-
tively. For both the HELF cells and 3T3-L1 cells, the 
medium was changed 3 times per week. When the cells 
reached 90% confluence, they were detached from the 
plates using a trypsin–EDTA (0.25%) solution (No: 
SH30042.01; Hyclone) and then suspended in medium 
containing 10% FBS.

The effects of rGDF11 on the viability of HELF cells 
and 3T3-L1 cells were evaluated by WST-8 hydrolysis 
using Cell Counting Kit-8 (No. C0038; Beyotime) as 
described by Mi et  al. (2018). Cells were seeded into 
96-well plates (6 × 103  cells/well) in medium supple-
mented with 10% FBS, and the plates were incubated 
for 24  h at 37  °C in a humidified incubator with 5% 
CO2. The medium was then removed, and the cells were 
incubated with various concentrations (0, 0.01, 0.05, 
0.1, 0.5, and 1 μg/ml) of rGDF11 for 24 h and 48 h. 
Subsequently, the medium was discarded, and 10 μl of 
WST-8 was added to each well, followed by incuba-
tion for an additional 1  h. Absorbance was  measured 
at 450 nm under a Multiskan MK3 microplate reader. 
The cells were cultured in triplicate, and samples of at 
least 3 independent experiments were assayed. The rel-
ative cell proliferation ratio results were plotted using 
the absorbance of non-treated control as 100% activity 
level. The cell viability was calculated using the fol-
lowing formula: Cell viability (%) = (ArGDF11 – ABlank)/
(AControl  –  ABlank) × 100%, in which ArGDF11  is the 
absorbance of cells treated with rGDF11, ABlank is the 
absorbance of plate, and AControl  is the absorbance of 
cells non-treated.

Assay for effect of inhibitor on induction of 
antioxidant activity by rGDF11

Cells were seeded into 6-well plates (2 × 105/well) 
in medium supplemented with 10% FBS, and grown 
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until they reached confluence (48  h) at 37 °C in a 
humidified incubator with 5% CO2. The cells were 
then treated with or without  rGDF11 (0, 0.01, 0.05, 
0.1, 0.5 and 1  μg/ml)  at 37 °C in a humid atmos-
phere with 5% CO2 for 24  h and 48  h. To prepare 
cell lysates, the cells were detached from the culture 
plates, and washed three times with cooled PBS. 
After centrifugation at 300×g at 4 °C for 15 min, the 
pellets were collected and suspended in cooled PBS, 
and broken by vortexing with glass beads. The lysates 
were then centrifuged at 12,000×g at 4 °C for 15 min, 
and the supernatants pooled. Protein concentration 
in the lysates was detected using BCA Protein Assay 
Kit. The supernatants were used for the activity assay 
of CAT, SOD and GPX by the specific methods 
described as above.

For inhibitor studies, cells were seeded and cul-
tured as above. Both the HELF cells and 3T3-L1 
cells were pre-incubated with LY2109761 (No: 
A8464; APExBIO), an inhibitor of TGF-β  receptor, 
at a final concentration of 5 μM for 24 h (Wei et al. 
2018; Melisi et  al. 2008). After washing twice with 
PBS to remove cellular debris, the cells were treated 
with or without  rGDF11 (0.5 μg/ml for HELF cells, 
and 0.1 μg/ml for 3T3-L1 cells) at 37 °C in a humid 
atmosphere with 5% CO2 for 24 h and 48 h. Medium 
was used as control. The cells were then detached 
from the plates and washed with cooled PBS three 
times.  One part of cells was used for RNAs extrac-
tion and cDNAs synthesis for qRT-PCR. For 3T3-L1 
cells, the primers used were the same as above. For 
HELF cells, the primers of human-cat (KR711569.1), 
human-sod  (NM_000454.5), human-
gpx (NM_201397.3), and human-gapdh (BC025925) 
were designed using Primer Premier 5.0 program 
(Supplementary Table 2), and the amplification effi-
ciency of each primer set was also assessed using the 
HELF cells cDNAs diluted twofold serially (Supple-
mentary Table  3). The other part of cells was used 
for  cellular protein extraction. The  cellular proteins 
extracted were used for assay of antioxidant enzyme 
activity and Western blotting. For Western blot-
ting assay, the  primary antibodies against Smad2/3 
(1:1000) (No. 8685  T;  Cell Signaling Technology), 
p-Smad2 (1:1000) (No. 3108 T; Cell Signaling Tech-
nology), p-Smad3 (1:1000) (No. 9520 T; Cell Signal-
ing Technology), or β-actin (1:1000) (No. GB12001; 
Servicebio) were used. The bands were visualized by 
ECL Western blotting substrate, and analyzed using 

software Image J. The protein expression levels were 
normalized to that of β-actin.

Statistical analysis

GraphPad Prism 7 program and software SPSS 13.0 
were used to perform statistical analysis. The data 
regarding survival curves were subjected to the log-
rank test. Data from each assay were statistically 
analyzed by one-way ANOVA, and expressed as the 
mean ± standard error of the mean (SE of mean). 
Experiments in this study were all performed in trip-
licate, and repeated three times except mouse culture. 
Differences at p < 0.05 were considered significant.

Results

Surface display of rGDF11 on Y. lipolytica

PCR experiments showed that the positive prod-
ucts were generated only from the gDNAs of  yeast 
cells  carrying  gdf11-YlCWP110, but not from 
the  gDNAs of  yeast cells  carrying  YlCWP110. 
Sequencing  analysis  of the  PCR products  veri-
fied that gdf11 was indeed integrated into the gDNAs 
of  Y. lipolytica  Po1h (data not shown). The immu-
nofluorescent labeling  using the  His-tag mouse 
monoclonal antibody  as primary antibody and IgG/
FITC as second antibody  revealed  that the  green 
fluorescence was only observed on the surfaces 
of  Y. lipolytica  cells  carrying  gdf11-YlCWP110, 
but not on the surfaces of  the control  cells carry-
ing  YlCWP110  (Fig.  1a), indicating that  gdf11-
YlCWP110  was successfully expressed on the yeast 
cell surface,  thus  allowing its recognition by  the 
antibodies. This was also corroborated by Western 
blotting showing that when the GDF11-specific anti-
body and  His-tag monoclonal antibody  were used 
as capture  antibody, a major band of approximately 
62 kDa (which matched the expected size of mature 
GDF11 plus His-tag and YlCWP110) was detected in 
both the  total soluble fraction and cell wall fraction 
of  Y. lipolytica  cells  carrying  gdf11-YlCWP110, but 
not in the fractions of the cells carrying  YlCWP110 
(Fig. 1b and c). These together indicated that GDF11-
YlCWP110 fusion protein, or rGDF11,  was indeed 
displayed on the surfaces of Y. lipolytica cells.
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Next, we performed ELISA to screen a yeast 
strain with high  production of  rGDF11. We found 
that the yield of yeast strain T46 was 2.168  μg 
rGDF11/g  Y. lipolytica  cells (Fig.  1d and Supple-
mentary Table 1), which was highest among the 100 
yeast strains examined. To  test  if the fusion protein 
was displayed steadily in T46 strain, it was continu-
ously  cultured  for 6 generations, and Western blot-
ting was used to detect the protein in the cell cultures 
from  each  generation.  As shown in Fig.  1e and f, 
when GDF11-specific antibody and His-tag monoclo-
nal antibody were used as capture antibody, a major 
band of approximately 62 kDa was always detected in 
both the total soluble fraction and cell wall fraction of 
yeast cells from each generation, suggesting a steady 
display of the fusion protein on T46 yeast cells. Thus, 
T46 yeast strain was selected for mass culture and 
used for the following zoopery.

Bioavailability of rGDF11 by oral delivery

Western blotting  was used to test the bioavail-
ability of the fusion protein by oral administra-
tion in the mice. As shown in Fig.  2,  when the 
GDF11-specific  antibody was used as  capture anti-
body,  one  main band of approximately 45  kDa 
was detected in the serum of aged male mice prior to 
the feeding of experimental diets, while  at 6  h after 
feeding of experimental diets two main  bands of 
about 45 and 62 kDa, with some minor bands, were 
observed  in the serum of  aged  male mice  (Fig.  2a). 
After 1 month feeding  with control diets or experi-
mental diets every day, still one main band of 
approximately 45 kDa was detected in the serum of 
aged male mice fed with control diets, but  two main 
bands of about 45 and 62  kDa,  with  some  minor 
bands, were seen in the serum of aged male mice fed 

Fig. 2   Bioavailability of rGDF11 by oral delivery. a Western 
blotting of serum of AMG3 group mice, before/after feeding 
of experimental diets, using mouse anti-GDF11 antibody as 
the capture antibody (n = 8); b Western blotting of serum of 
AMG2 and AMG3 group mice after feeding with control and 
experimental diets, using mouse anti-GDF11 antibody as the 
capture antibody (n = 7). The band of 45 kDa matched the size 

of natural GDF11 in mice themselves, and the band of 62 kDa 
corresponded to the size of rGDF11-YlCWP110 fusion pro-
tein; c The average contents of GDF11 in sera of Young group 
mice fed with normal diets, AMG1 group mice fed with nor-
mal diets, AMG2 group mice fed with control diets and AMG3 
group mice fed with experimental diets (n = 7). Date represent 
mean ± standard deviation (SD)
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with experimental diets (Fig.  2b). Moreover, with 
the aid of standard curve (Supplementary Fig.  2b), 
we calculated total GDF11 concentration in serum 
of mice. It revealed that after 1 month feeding, the 
average GDF11 contents in the serum of young mice 
fed with normal diets, aged mice (AMG1) fed with 
normal diets, aged mice (AMG2) fed with control 
diets and aged mice (AMG3) fed with experimen-
tal diets  were 895 ± 22.76  pg/ml, 535.6 ± 18.96  pg/
ml, 509.4 ± 12.9  pg/ml and 771.6 ± 21.12  pg/
ml  (Fig.  2c), respectively.  GDF11 contents in the 
serum of mice in AMG1 and AMG2 showed little 
difference, but compared with young group mice, 
GDF11 contents in the serum of mice in AMG1 and 
AMG2 were markedly decreased, confirming that 
blood GDF11 content declined with age (Zhou et al. 
2019a). Notably, GDF11 content in the serum of mice 
in AMG3 was significantly increased compared with 
that of mice in AMG1 and AMG2 (Fig.  2c). These 
together indicated that the displayed  rGDF11  fed 
entered into the blood of aged male mice.

Effects of rGDF11 on body weight, biochemical 
parameters and lifespan

Figure  3a showed  the body weights  of  aged male 
mice continuously fed with normal diets, control 
diets or experimental diets. It revealed that the aver-
age  body weights  of  aged mice in  AMG1, AMG2 
and AMG3 were 38.83 ± 0.10  g, 38.56 ± 0.67  g and 
39.13 ± 0.93  g, respectively, at the beginning of the 
study, which remained stable throughout the trial. In 
addition, the biochemical parameters of mice, includ-
ing  TP, ALB, GLO, ALT, AST, DBIL, TG, TC, 
HDL, LDL, BUN, CREA and UA levels showed lit-
tle difference  among  mice in AMG1, AMG2 and 
AMG3 groups (Table  1).  These suggested that  oral 
administration of  displayed  rGDF11  had little  influ-
ence  on  the general physiology and health of 
aged male mice.

Figure  3b  showed the survival curves  of aged 
male mice  in  AMG1, AMG2 and AMG3.  The 
mean  and maximum  lifespans of mice in AMG1, 
AMG2 and AMG3 were 30.9 ± 0.1  and  33 ± 1, 
30.63 ± 0.64  and  33.67 ± 0.88, 33.1 ± 0.49 
and 35.67 ± 0.33  months, respectively.  It was 
found that compared with mice in AMG1 and 
AMG2, oral  administration  of rGDF11 consid-
erably  prolonged the mean lifespan  of mice in 

AMG3  (p < 0.05),  though their  maximum lifes-
pan only slightly increased (p > 0.05). These showed 
that  oral administration of displayed  rGDF11 
had a potential to extend lifespan of aged male mice.

Reduction of aging biomarkers by rGDF11

LF, a marker of cell senescence, was visualized as 
the bright green-colored auto-fluorescent dots in the 
cells of liver and kidney of aged mice in AMG1 and 
AMG2 (Fig. 4a). The green dots in the cells of liver 
and kidney of mice in AMG1 and AMG2 showed 
little difference, but they both were remarkably 
increased (Fig. 4a and b) compared with that of young 
mice (liver: 0.51 ± 0.12% vs 3.53 ± 0.40%;  p < 0.01; 
kidney: 0.44 ± 0.04% vs 2.70 ± 0.21%;  p < 0.001). 
Of note, compared with mice in AMG1 and 
AMG2, LF accumulation in the cells of both the 
liver and kidney of mice in AMG3 was signifi-
cantly reduced (liver: 1.20 ± 0.11% vs 3.53 ± 0.40% 
or 3.26 ± 0.72%;  p < 0.05; kidney: 1.00 ± 0.13% 
vs 2.70 ± 0.21% or 2.56 ± 0.21%;  p < 0.01; Fig.  4a 
and b). These suggested that oral administration of 

Fig. 3   Effect of rGDF11 on bodyweight and lifespan. a 
Body weight of mice from AMG1, AMG2 and AMG3 groups 
(n = 8). The body weight was measured and recorded every 
week; b The survivorship curves of mice in AMG1, AMG2 
and AMG3 groups (n = 8). Date represent mean ± standard 
deviation (SD)
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rGDF11 reduced the accumulation of LF in aged 
male mice.

Cellular SA-β-Gal, another widely used biomarker 
of senescence,  is stained blue with X-gal, and the 
intensity of blue staining represents its  activity. As 
shown in Fig. 4c and d, SA-β-Gal accumulation in the 
cells of liver and kidney of aged mice in AMG1 and 
AMG2 showed little difference (liver: 16.02 ± 1.51% 
vs 16.89 ± 1.17%; p > 0.05; kidney: 44.52 ± 1.87% vs 
44.02 ± 1.95%;  p > 0.05), which was both markedly 
higher than that of young mice (liver: 3.77 ± 0.66% 
vs 16.89 ± 0.17% or 16.02 ± 1.51%;  p < 0.001; 
kidney: 23.72 ± 1.68% vs 44.02 ± 1.95% or 
44.52 ± 1.87%;  p < 0.01). Notably, compared with 
mice in AMG1 and AMG2, SA-β-Gal contents in 
the cells of liver and kidney of aged mice in AMG3 
were considerably decreased (liver: 9.16 ± 0.87% 
vs  16.89 ± 1.17% or 16.02 ± 1.51%;  p < 0.05; 
kidney: 34.46 ± 2.03% vs 44.02 ± 1.95%  or 

44.52 ± 1.87%; p < 0.05) (Fig. 4c and d). These sug-
gested that oral administration of rGDF11 reduced 
the accumulation of SA-β-Gal in aged male mice.

Reduction of ROS level, protein oxidation and lipid 
peroxidation by rGDF11

ROS accumulation was also detected in the liver, 
kidney and serum of aged male mice in AMG1, 
AMG2 and AMG3. As shown in Fig.  5a and b, lit-
tle difference was detected in ROS contents in the 
liver, kidney and serum of mice in AMG1 and AMG2 
(liver: 392.0 ± 30.45 vs 368.3 ± 9.53 fluorescence 
intensity/mg protein;  p > 0.05; kidney: 104.7 ± 8.01 
vs 116.7 ± 12.73 fluorescence intensity/mg pro-
tein;  p > 0.05; serum: 212.3 ± 6.96 vs 211.3 ± 14.1 
fluorescence intensity/ml serum;  p > 0.05), but they 
were all significantly higher than those of young mice 
(liver: 268.7 ± 5.90 vs 392.0 ± 30.45 or  368.3 ± 9.53 
fluorescence intensity/mg protein;  p < 0.05; kid-
ney: 60.0 ± 10.12 vs 104.7 ± 8.01 or  116.7 ± 12.73 
fluorescence intensity/mg protein;  p < 0.05; serum: 
79.7 ± 6.96 vs 212.3 ± 6.96 or  211.3 ± 14.1 fluores-
cence intensity/ml serum;  p < 0.001). Notably, com-
pared with mice in AMG1 and AMG2, ROS levels 
in the liver, kidney and serum of mice in AMG3 
were considerably declined (liver: 295.3 ± 24.37 
vs  392.0 ± 30.45  or 368.3 ± 9.53 fluorescence inten-
sity/mg protein;  p < 0.05; kidney: 47.33 ± 2.96 
vs  104.7 ± 8.01  or 116.7 ± 12.73 fluorescence inten-
sity/mg protein;  p < 0.01; serum: 117.0 ± 22.5 vs 
212.3 ± 6.96  or 211.3 ± 14.1 fluorescence intensity/
ml serum;  p < 0.05). These showed that oral admin-
istration of displayed rGDF11 decreased ROS level in 
aged male mice.

Protein oxidation occurs with aging 
(Sohal  and  Weindruch 1996). We thus evalu-
ated the levels of protein oxidation (reflected 
by the accumulation of carbonyl-group) in the 
liver, kidney and serum of aged male mice in 
AMG1, AMG2 and AMG3. As shown in Fig.  5c 
and d, the carbonyl-group levels in the liver, kid-
ney and serum showed little difference between 
mice in AMG1 and AMG2 (liver: 17.32 ± 0.81 
vs 17.62 ± 1.43  nM/mg protein;  p > 0.05; kidney: 
14.04 ± 0.64 vs 14.72 ± 0.24 nM/mg protein; p > 0.05; 
serum: 42.74 ± 2.40 vs 40.43 ± 0.88  nM/ml 
serum;  p > 0.05), but they were both remarkably 
higher than those of young mice (liver: 10.24 ± 0.72 

Table 1   Biochemical parameters measured in Young, AMG1, 
AMG2 and AMG3 groups mice

a Blood was collected at the end of feeding experiment and 
total protein (TP), albumin (ALB), globulin (GLO), alanine 
transaminase (ALT), aspartate transferase (AST) activities, 
total bilirubin (TBIL), direct bilirubin (DBIL), indirect biliru-
bin (IBIL), triglyceride (TG), total cholesterol (TC), high-den-
sity lipoprotein (HDL), low-density lipoprotein (LDL), blood 
urea nitrogen (BUN), creatinine (CREA) and uric acid (UA) 
were analyzed as described in “Material and Method”
b Values are means ± standard error (SE) of means

Parameters AMG1 (n = 7) AMG2 (n = 7) AMG3 (n = 7)

TP (g/l) 57.28 ± 0.62 58.1 ± 0.26 57.2 ± 0.85
ALB (g/l) 30.5 ± 0.43 29.2 ± 0.99 29.1 ± 0.23
GLO (g/l) 26.8 ± 0.86 28.9 ± 0.77 28.0 ± 0.66
ALT (U/l) 51.5 ± 9.15 67.0 ± 21.72 56.57 ± 6.96
AST (U/l) 90.7 ± 5.63 115.5 ± 23.87 101.9 ± 5.77
TBIL (μmol/l) 1.9 ± 0.07 2.1 ± 0.44 2.6 ± 0.42
DBIL (μmol/l) 0.5 ± 0.07 0.8 ± 0.20 0.8 ± 0.12
IBIL (μmol/l) 1.3 ± 0.27 1.3 ± 0.24 1.8 ± 0.35
TG (mmol/l) 1.1 ± 0.05 1.1 ± 0.04 1.2 ± 0.16
TC (mmol/l) 3.0 ± 0.21 2.6 ± 0.11 2.8 ± 0.17
HDL (mmol/l) 2.0 ± 0.12 1.8 ± 0.09 1.9 ± 0.13
LDL (mmol/l) 0.43 ± 0.04 0.44 ± 0.02 0.41 ± 0.05
BUN 

(mmol/l)
7.0 ± 0.67 7.9 ± 0.04 6.7 ± 0.33

CREA 
(μmol/l)

19.2 ± 1.89 22.4 ± 1.78 22.1 ± 0.93

UA (μmol/l) 254.1 ± 27.34 232.8 ± 12.32 245.3 ± 15.53
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vs  17.62 ± 1.43  or 17.32 ± 0.81  nM/mg pro-
tein;  p < 0.01; kidney: 6.46 ± 0.86 vs  14.72 ± 0.24 or 
14.04 ± 0.64  nM/mg protein;  p < 0.01; serum: 
20.28 ± 0.94 vs  40.43 ± 0.88  or 42.74 ± 2.40  nM/
ml serum;  p < 0.001). Of note, compared with mice 
in AMG1 and AMG2, the  carbonyl-group levels 
in the liver, kidney and serum of mice in AMG3 
were significantly decreased (liver: 11.79 ± 1.07 
vs  17.32 ± 0.81  or 17.62 ± 1.43  nM/mg pro-
tein; p < 0.05; kidney: 9.58 ± 0.35 vs  14.04 ± 0.64 or 
14.72 ± 0.24  nM/mg protein;  p < 0.001; serum: 
28.11 ± 1.46 vs 42.74 ± 2.40  or 40.43 ± 0.88  nM/ml 
serum;  p < 0.01). These indicated that oral adminis-
tration of displayed rGDF11 retarded the process of 
protein oxidation in aged male mice.

Lipid peroxidation also happens with aging (Dmi-
triev and Titov 2010). We thus detected the levels of 
lipid peroxidation (reflected by the accumulation of 
MDA) in the liver, kidney and serum of aged male 
mice in AMG1, AMG2 and AMG3. As shown in 
Fig. 5e and f, the MDA contents in the liver, kidney 

and serum of mice in AMG1 and AMG2 showed lit-
tle difference (liver: 4.28 ± 0.69 vs 3.77 ± 0.46  μM/
mg protein;  p > 0.05; kidney: 5.25 ± 0.24 vs 
5.01 ± 0.41  μM/mg protein;  p > 0.05; serum: 
61.7 ± 1.21 vs 64.46 ± 1.85  μM/ml serum;  p > 0.05), 
but they were both markedly higher than those of 
young mice  (liver: 1.35 ± 0.46 vs 3.77 ± 0.46  or 
4.28 ± 0.69  μM/mg protein;  p < 0.05; kidney: 
3.22 ± 0.20 vs 5.01 ± 0.41 or 5.25 ± 0.24 μM/mg pro-
tein; p < 0.01; serum: 32.61 ± 1.27 vs 64.46 ± 1.85 or 
61.70 ± 1.21 μM/ml serum; p < 0.001). Notably, com-
pared with mice in AMG1 and AMG2, the levels of 
MDA in the liver, kidney and serum of mice in AMG3 
were significantly decreased (liver: 1.52 ± 0.49 vs 
4.28 ± 0.69  or 3.77 ± 0.46  μM/mg protein;  p < 0.05; 
kidney: 3.67 ± 0.22 vs 5.25 ± 0.24 or 5.01 ± 0.41 μM/
mg protein;  p < 0.05; serum: 53.10 ± 1.46 vs 
61.7 ± 1.21  or 64.46 ± 1.85  μM/ml serum;  p < 0.01). 
These indicated that oral administration of displayed 
rGDF11 slowed down the process of lipid peroxida-
tion in aged male mice.

Fig. 4   Reduction of aging biomarkers by rGDF11. a LF accu-
mulation in liver and kidney of mice from Young, AMG1, 
AMG2 and AMG3 groups. White arrow heads showed the 
area of LF dots; b statistical analysis of the area occupied by 
lipofuscin granules in liver and kidney of mice from Young, 
AMG1, AMG2 and AMG3 groups according to (a); c SA-β-
Gal accumulation in liver and kidney of mice from Young, 

AMG1, AMG2 and AMG3 groups. Red arrow heads indicated 
the area of SA-β-Gal staining; d Statistical analysis of the areas 
occupied by SA-β-Gal in liver and kidney of mice from Young, 
AMG1, AMG2 and AMG3 groups according to (c). Date 
represent mean ± standard deviation (SD) (n = 3). *p < 0.05; 
**p < 0.01; ***p < 0.001; ns nonsignificance. Bar is 50 μm and 
100 μm
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Promotion of antioxidant enzyme activity by rGDF11

As shown in Fig. 6a and b, the CAT activity in the 
liver, kidney and serum of aged mice in AMG1 
and AMG2 was not significantly different from 
each other (liver: 111.4 ± 5.25 vs 111.8 ± 6.08 μM/
min/mg protein,  p > 0.05; kidney: 88.27 ± 19.52 
vs 100.3 ± 6.32  μM/min/mg protein,  p > 0.05; 
serum: 115.2 ± 53.30 vs 125.1 ± 14.42  μM/min/
ml serum,  p > 0.05), but the activity of CAT in 
the three tissues of mice in AMG1 and AMG2 

was all markedly lower than that of young mice 
(liver: 111.4 ± 5.25 vs 209.0 ± 6.00  μM/min/
mg protein,  p < 0.001; kidney: 88.3 ± 19.52 vs 
327.0 ± 19.42  μM/min/mg protein,  p < 0.001; 
serum: 125.1 ± 14.42 vs 280.2 ± 15.83  μM/min/ml 
serum,  p < 0.01). Compared with mice in AMG1 
and AMG2, the activity of CAT in the liver, kidney 
and serum of aged mice in AMG3 was significantly 
increased (liver: 111.4 ± 5.25 or 111.8 ± 6.08 vs 
148.9 ± 9.19  μM/min/mg protein,  p < 0.05; kidney: 
88.27 ± 19.52 or 100.3 ± 6.32 vs 198.6 ± 9.67  μM/

Fig. 5   Reduction of ROS, 
protein oxidation and 
lipid peroxidation levels 
by rGDF11. a and b ROS 
accumulation in liver, kid-
ney and serum of mice from 
Young, AMG1, AMG2 
and AMG3 groups; c and d 
protein oxidation levels in 
liver, kidney and serum of 
mice from Young, AMG1, 
AMG2 and AMG3 groups; 
e and f lipid peroxidation 
levels in liver, kidney and 
serum of mice from Young, 
AMG1, AMG2 and AMG3 
groups. Date represent 
mean ± standard deviation 
(SD) (n = 3). *p < 0.05; 
**p < 0.01; ***p < 0.001; ns 
nonsignificance
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min/mg protein,  p < 0.01; serum: 115.2 ± 53.30 
or 125.1 ± 14.42 vs 214.7 ± 2.95  μM/min/ml 
serum,  p < 0.01). In accordance, the expression 
of  cat  in the liver and kidney of mice in AMG3 
was also considerably higher than that in the same 
tissues of mice in AMG1 and AMG2 (p < 0.01). 
The expression of  cat  in the liver and kidney of 
mice in AMG1 and AMG2 showed little difference 
(p > 0.05), but was remarkably lower than that in 
the same tissues of young mice (p < 0.001; Fig. 6c). 
These together indicated that oral administration 

of displayed rGDF11 promoted both the activity of 
CAT and its gene expression in aged male mice.

The SOD activity in the liver, kidney and serum 
of aged mice in AMG1 and AMG2 showed lit-
tle difference between each other (liver: 3.93 ± 0.21 
vs 4.73 ± 0.31  U/mg protein,  p > 0.05; kidney: 
19.79 ± 0.54 vs 18.69 ± 0.61  U/mg protein,  p > 0.05; 
serum: 336.2 ± 7.44 vs 343.1 ± 2.68  U/ml 
serum, p > 0.05), but the activity of SOD in the three 
tissues of mice in AMG1 and AMG2 was all mark-
edly lower than that of young mice (liver: 3.93 ± 0.21 

Fig. 6   Promotion of antioxidant enzyme activity by rGDF11. 
a and b The activity of CAT in liver, kidney and serum of mice 
from Young, AMG1, AMG2 and AMG3 groups; c the mRNA 
level of cat in liver and kidney of mice from Young, AMG1, 
AMG2 and AMG3 groups; d and e the activity of SOD in 
liver, kidney and serum of mice from Young, AMG1, AMG2 
and AMG3 groups; f the mRNA level of sod in liver and kid-

ney of mice from Young, AMG1, AMG2 and AMG3 groups; 
g and h the activity of GPX in liver, kidney and serum of mice 
from Young, AMG1, AMG2 and AMG3 groups; i the mRNA 
level of gpx in liver and kidney of mice from Young, AMG1, 
AMG2 and AMG3 groups. Date represent mean ± standard 
deviation (SD) (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ns 
nonsignificance
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or 4.73 ± 0.31 vs 8.88 ± 0.41 U/mg protein, p < 0.001; 
kidney: 19.79 ± 0.54 or  18.69 ± 0.61  vs 
47.3 ± 2.20  U/mg protein,  p < 0.001; serum: 
336.2 ± 7.44 or  343.1 ± 2.68  vs 425.4 ± 5.04  U/ml 
serum,  p < 0.001). Compared with mice in AMG1 
and AMG2, the activity of SOD in the liver, kid-
ney and serum of aged mice in AMG3 was remark-
ably increased (liver: 3.93 ± 0.21 or 4.73 ± 0.31 
vs  5.94 ± 0.06 U/mg protein,  p < 0.05; kidney: 
18.69 ± 0.61 or 19.79 ± 0.54 vs 22.37 ± 0.48  U/mg 
protein, p < 0.01; serum: 343.1 ± 2.68 or 336.2 ± 7.44 
vs 387.1 ± 10.42  U/ml serum,  p < 0.05; Fig.  6d and 
e). Consistently, the expression of sod in the liver and 
kidney of mice in AMG3 was also markedly higher 
than that in the same tissues of mice in AMG1 and 
AMG2 (p < 0.01). The expression of sod  in the liver 
and kidney of mice in AMG1 and AMG2 was closely 
similar to each other (p > 0.05), but was considerably 
lower than that in the same tissues of young mice 
(p < 0.001; Fig. 6f). These together showed that oral 
administration of displayed rGDF11 promoted both 
the activity of SOD and its gene expression in aged 
male mice.

The GPX activity in the liver, kidney and serum 
of aged mice in AMG1 and AMG2 was not dif-
ferent from each other (liver: 138.4 ± 5.02 vs 
139.1 ± 5.40  μM/min/mg protein,  p > 0.05; kid-
ney: 45.41 ± 2.44 vs 48.45 ± 1.25  μM/min/
mg protein,  p > 0.05; serum: 29.06 ± 6.02 vs 
38.03 ± 6.09  μM/min/ml serum,  p > 0.05), but 
the activity of GPX in the three tissues of mice 
in AMG1 and AMG2 was all markedly lower 
than that of young mice (liver: 138.4 ± 5.02 or 
139.1 ± 5.40 vs 176.3 ± 8.52  μM/min/mg pro-
tein,  p < 0.05; kidney: 45.41 ± 2.44 or 48.45 ± 1.25 
vs 72.9 ± 5.87  μM/min/mg protein,  p < 0.05; serum: 
29.06 ± 6.02 or 38.03 ± 6.09 vs 208.5 ± 16.11  μM/
min/ml serum,  p < 0.001).  Compared with mice 
in AMG1 and AMG2, the activity of GPX in the 
liver, kidney and serum of aged mice in AMG3 
was significantly increased (liver:  138.4 ± 5.02 
or 139.1 ± 5.40 vs 162.8 ± 4.07  μM/min/mg pro-
tein,  p < 0.05; kidney:  45.41 ± 2.44  or 48.45 ± 1.25 
vs 66.32 ± 4.06 μM/min/mg protein, p < 0.05; serum: 
29.06 ± 6.02 or 38.03 ± 6.09 vs 114.0 ± 14.38  μM/
min/ml serum, p < 0.01; Fig. 6g and h). In agreement, 
the expression of gpx in the liver and kidney of mice 
in AMG3 was markedly higher than that in the same 
tissues of mice in AMG1 and AMG2 (p < 0.01). The 

expression of gpx  in the liver and kidney of mice in 
AMG1 and AMG2 was not different from each other 
(p > 0.05), but was considerably lower than that in the 
same tissues of young mice (p < 0.001; Fig. 6i). These 
together showed that oral administration of displayed 
rGDF11 promoted both the activity of GPX and its 
gene expression in aged male mice.

Promotion of antioxidant activity by rGDF11 via 
Smad2/3 pathway

As shown in Supplementary Fig. 3, rGDF11 had lit-
tle influence on the growth of HELF cells and 3T3-
L1 cells at a concentration as high as 1 μg/ml. Both 
HELF and 3T3-L1 cells were then incubated with dif-
ferent concentrations (0, 0.01, 0.05, 0.1, 0.5 and 1 μg/
ml) of rGDF11 for 24 h and 48 h, and the cell lysates 
were prepared and used for antioxidant enzyme 
activity assay. It was found that at the concentration 
ranging from 0.01 to 0.5  μg/ml, rGDF11 was able 
to increase the antioxidant enzyme activities of both 
CAT and SOD as well as GPX in both the HELF 
cells and 3T3-L1 cells in a dose-dependent man-
ner (Fig. 7). The concentrations of 0.1 and 0.5 μg/ml 
were then chosen for the inhibitor experiments.

As shown in Fig.  8, the inhibitor LY2109761 
was able to markedly reduce the activities of CAT, 
SOD and GPX in both the HELF cells and 3T3-L1 
cells cultured in the presence or absence of rGDF11. 
LY2109761 was also able to significantly decrease 
the expression of cat, sod and gpx in both the cells 
cultured in the presence or absence of rGDF11. These 
showed that promotion of antioxidant activity by 
rGDF11 was suppressed by the inhibitor LY2109761.

Interestingly, rGDF11 was found to have lit-
tle influence on the total Smad2/3 levels in both 
the HELF cells and 3T3-L1 cells, but their con-
tents of p-Smad2 and p-Smad3 as well as the activi-
ties of p-Smad2 (expressed by p-Smad2/Smad2/3) 
and p-Smad3 (expressed by p-Smad3/Smad2/3) were 
significantly increased by rGDF11 (Fig.  9), sug-
gesting that rGDF11 acted through phosphorylation 
of the intracellular signaling proteins SMAD2 and 
SMAD3. By contrast, although LY2109761 showed 
little influence on the total Smad2/3 levels in both the 
HELF cells and 3T3-L1 cells cultured in the presence 
or absence of rGDF11, their contents of p-Smad2 
and p-Smad3 as well as  the activities of p-Smad2 
and p-Smad3 were markedly decreased by treatment 
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with LY2109761 (Fig. 9). These data together showed 
rGDF11 promoted  antioxidant activity by activation 
of the Smad2/3 signaling pathway.

Discussion

Since the discovery of GDF11 as a “youth factor” 
(Loffredo et al. 2013), it has become a “hot” molecule 
in the field of anti-aging study. Yet it is still contro-
versial over the age-related change in concentration of 
GDF11 and its role in the genesis of rejuvenation con-
ditions. With the aid of a highly specific anti-GDF11 
antibody (sc-81952, Santa Cruz), here we show that 
GDF11 concentration declines with age in male 
mice, confirming the results of ours and others that 
blood GDF11 abundance reduces with age in both 

fish and mouse as well as humans (Loffredo et  al. 
2013; Andersen and Lim 2014; Brack 2013; Hall 
2014; Kaiser 2015; Katsimpardi et  al. 2014; Zhou 
et al. 2016, 2019a). We also show the bioavailability 
of yeast-displayed rGDF11 by oral delivery in aged 
male mice. Importantly, we demonstrate that dietary 
intake of displayed rGDF11 delays the occurrence 
and development of age-related biomarkers such as 
LF and SA-β-Gal. Moreover, to some extent, dietary 
intake of displayed rGDF11 also prolongs the lifespan 
of aged male mice, though it needs testing with more 
mice (in our study only 8 mice were tested because of 
the limitation of yeast production). Altogether these 
data provide additional evidences that GDF11 has 
rejuvenation activity, capable of reversing aging (Lof-
fredo et al. 2013; Katsimpardi et al. 2014; Zhou et al. 
2019a, b; Sinha et  al. 2014). As for the controversy 

Fig. 7   Promotion of antioxidant enzyme activity of HELF 
cells and 3T3-L1 cells by rGDF11. a–c The CAT, SOD and 
GPX activities of HELF cells treated with different concentra-
tion of rGDF11 at 24 h and 48 h; d–f the CAT, SOD and GPX 

activities of 3T3-L1 cells treated with different concentration 
of rGDF11 at 24 h and 48 h. Date represent mean ± standard 
deviation (SD) (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001
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over the concentration and role of GDF11 in aging, it 
may be due to either the selectivity of the tests used to 
measure GDF11 or the activity of GDF11 from vari-
ous commercially available sources or both (Kaiser 
2015).

“Free radical damage theory” initially proposed 
by Denham Harman (1956) is one of the most stud-
ied and widely accepted conjectures on the molecu-
lar basis of aging process. Our previous studies have 
suggested that GDF11 performs its anti-aging activity 
via the action of antioxidant system in both fish and 
mice (Zhou et al. 2019a, b), but how GDF11 induces 
the enhancement of antioxidant system is unknown. 
In this study, we demonstrate once again that dietary 
intake of displayed rGDF11 enhances the activities 
of anti-oxidant enzymes, including CAT, GPX and 
SOD, reduces the levels of ROS, and slows down the 
protein oxidation and lipid peroxidation. Especially, 
we show for the first time that rGDF11 enhances the 
activities of CAT, SOD and GPX through activa-
tion of the Smad2/3 signaling pathway. Therefore, it 
is highly likely that the chain of reaction for GDF11 
executing its rejuvenation activity is that GDF11 
induces generation of antioxidant enzymes (CAT, 
SOD and GPX), which directly results in reduction 
of ROS levels, which then decelerates protein oxida-
tion, lipid peroxidation and possibly LF and SA-β-Gal 
development, which in turn extends lifespan of aged 
mice.

Another important point we have to point out 
is that although our study is limited to aged male 
mice, the anti-aging effects of GDF11 are expected 
similarly applicable for female mice. The “free 

radical damage theory” suggests that excess ROS 
can cause oxidative damage to the macromolecules 
of cells, including DNA, RNA, proteins, carbo-
hydrates and lipids (Beckman  and Ames 1998; 
Giordano et  al. 2013), thus it is applicable for all 
multicellular organisms at cellular level (Beckman 
and Ames 1998; Finkel and Holbrook 2000; Larsen 
1993; Meng et  al. 2017). As mentioned above, 
rGDF11 exerts its rejuvenation and anti-aging activ-
ity through suppression of ROS production, which 
is thus believed to equally benefit to both male and 
female mice.

Yeast cell surface display technology has been 
regarded as a powerful tool with interesting applica-
tions in cell adhesion, molecular recognition, immo-
bilized biocatalyst, bioconversion, bioremediation, 
change of cell function, signal transduction, biosen-
sor and live vaccine development (Becker et al. 2004; 
Lee et  al. 2006; Ueda and Tanaka 2000; Zhu et  al. 
2006). Many proteins such as enhanced green fluo-
rescent protein (EGFP), hemolysin, alkaline protease, 
methyl parathion hydrolase (MPH) and silicatein have 
been displayed on Y. lipolytica cells surface by the 
glycosylphosphatidyl inositol-anchor-fusion expres-
sion system (Yue et  al. 2008; Ni et  al. 2009; Wang 
et al. 2012, 2020), and the proteins displayed all show 
normal or even stronger activities. Using the same 
expression system, GDF11 is successfully displayed 
on the surfaces of yeast Y. lipolytica in this study, and 
shown to have rejuvenation/anti-aging activity. Given 
that E. coli is an opportunistic pathogen, people are 
often worried about application of its products. By 
contrast, rGDF11 displayed on the surfaces of Y. 
lipolytica cells with GRAS is quite safe, and can be 
accepted easily by the public, which will certainly 
benefit its therapeutic application in the future.

In summary, our study shows that GDF11 dis-
played on the surface of Y. lipolytica exbibits anti-
aging activity in aged male mice. It also shows that 
displayed rGDF11 promotes activity of antioxidant 
enzymes via activation of Smad2/3 signaling path-
way. Additionally, it provides a simple and safe route 
for delivery of recombinant GDF11, facilitating its 
therapeutic application.

Fig. 8   LY2109761 suppressed the antioxidant enzyme activ-
ity and expression in the presence or absence of rGDF11. a, 
c and e The CAT, SOD and GPX activities of HELF cells 
treated with LY2109761 or rGDF11 at 24  h and 48  h; b, d 
and f the cat, sod and gpx mRNA expressions of HELF cells 
treated with LY2109761 or rGDF11 at 24 h and 48 h; g, i and 
k the CAT, SOD and GPX activities of 3T3-L1 cells treated 
with LY2109761 or rGDF11 at 24 h and 48 h; h, j and l the 
cat, sod and gpx mRNA expressions of 3T3-L1 cells treated 
with LY2109761 or rGDF11 at 24 h and 48 h. Date represent 
mean ± standard deviation (SD) (n = 3). *p < 0.05; **p < 0.01; 
***p < 0.001
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Fig. 9   LY2109761 suppressed Smad2/3 signaling pathway 
in the presence or absence of rGDF11. a and d The expres-
sions of Smad2/3, p-Smad2 and p-Smad3 in HELF cells 
treated with LY2109761 or rGDF11 at 24  h and 48  h were 
analyzed through western blotting. β-actin was chosen as the 
internal control for normalization; b and e the expressions of 
Smad2/3, p-Smad2 and p-Smad3 in HELF cells treated with 
LY2109761 or rGDF11 at 24 h and 48 h were calculated from 
the densities of the low bands and normalized to the expres-
sion in HELF control cells according to Fig. 8a and d; c and f 
the ratio of p-Smad2/Smad2/3 and p-Smad3/Smad2/3 in HELF 
cells treated with LY2109761 or rGDF11 at 24  h and 48  h 
were calculated according to Fig. 8b and e; g and j the expres-

sions of Smad2/3, p-Smad2 and p-Smad3 in 3T3-L1 cells 
treated with LY2109761 or rGDF11 at 24  h and 48  h were 
analyzed through western blotting. β-actin was chosen as the 
internal control for normalization; h and k the expressions of 
Smad2/3, p-Smad2 and p-Smad3 in 3T3-L1 cells treated with 
LY2109761 or rGDF11 at 24 h and 48 h were calculated from 
the densities of the low bands and normalized to the expres-
sion in 3T3-L1 control cells according to Fig. 8g and j; i and 
l the ratio of p-Smad2/Smad2/3 and p-Smad3/Smad2/3 in 
3T3-L1 cells treated with LY2109761 or rGDF11 at 24 h and 
48 h were calculated according to Fig. 8h and k. Date represent 
mean ± standard deviation (SD) (n = 3). *p < 0.05; **p < 0.01; 
***p < 0.001
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