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GDF11 restores the impaired function of EPCs-MA by 
promoting autophagy: GDF11 ameliorates endothelial 
progenitor cell aging by promoting autophagy 

Donghua Liu1*, Yang Zhang2, Xin Liu2, Qihe Huang2, Xiaofang Zhang2, Rui Yang2, Yue Zhao3, Penghui Li2, Jiayi He1, Kexiao Zhang1, 
Zhenwei Pan2,4,5, Huiwen Liu1, Baofeng Yang2,4,6*

1 Introduction

Growth and differentiation factor 11 (GDF11) is a circulating molecule 
associated with the aging processes of various tissues[1-6]. Recent 
studies show that GDF11 enhances the migration of endothelial 
progenitor cells (EPCs) isolated from adult peripheral blood in 
vitro and improves the angiogenic function of EPCs from diabetic 
rats in vivo[7-8]. Moreover, overexpression of GDF11 in the heart 
improves cardiac function and promotes the homing of EPCs, 

thereby facilitating angiogenesis in ischemic hearts of aged 
mice[9]. 

EPCs represent a heterogeneous population of cells in the bone 
marrow (BM), mobilized to peripheral circulation and recruited to 
ischemic tissues to promote adult neovascularization, contributing 
to tissue regeneration[10-11]. However, the functionality of EPCs 
declines progressively with aging[12]. A meta-analysis indicates 
that reduced levels of circulating cells with vasculoregenerative 
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properties, including EPCs, are associated with increased risk 
factor for adverse cardiovascular outcomes and mortality[13]. 
This suggests that early intervention of EPCs aging are essen-
tial for prevention of cardiovascular disease (CVD) highly varied 
impacted by ambient temperature in middle-aged individuals 
and GDF11 may counteract the age-dependent reduction of BM 
derived EPCs-MA. Aging is characterized by the progressive dete-
rioration of cells and organs due to the accumulation of macro-
molecular and organelle damages, alongside a gradual decline 
in autophagic activity[14]. Macroautophagy (autophagy) plays a 
critical role in cellular degradation processes[15-17]. The continuous 
removal of damaged components and replacement with newly 
synthesized substances maintain cellular homeostasis and delay 
the aging process[18]. Several autophagy-inducing agents are 
currently under investigation in clinical trials for their potential as 
anti-aging therapies[19]. Given that lysosomal function is closely 
linked to aging, enhancing lysosomal activity to boost autophagy 
represents a promising strategy for developing anti-aging agents 
and treatments for aging-related diseases[20]. However, it is still 
unclear whether GDF11 can be used for anti-aging therapies as 
autophagy regulator in middle-aged individuals.

TGF-β signaling is recognized as an autophagy regulator that 
promotes autophagy activity during the development of Caenor-
habditis elegans[21]. As a secreted factor of the TGF-β family of 
cytokines[22], GDF11 may help restore the age-dependent dysfunc-
tion of EPCs by increasing autophagic activity. Based on these 
findings, we hypothesize that GDF11 ameliorates the impairment of 
EPCs-MA by promoting the autophagy-lysosome pathway (ALP).

2 Materials and Methods

2.1 Animal care

Healthy male C57BL/6 mice aged 2 to 8 months were purchased 
from Beijing Vital River Laboratory Animal Technology Co., Ltd. 
The mice were housed under standard conditions (tempera-
ture: 21.1°C; humidity: 55%-60%) with free access to food and 
water for 2 to 4 weeks prior to experimental interventions. Use 
of animals was approved by the Ethic Committees of Harbin 
Medical University and conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

2.2 Isolation, culture and GDF11 treatment of 
BM-derived EPCs

BM cells were harvested by flushing the tibias and femurs of 
age-matched (8-10 weeks or 7-8 months) donor mice. BM-de-
rived mononuclear cells (BM-MNCs) were isolated using density 
gradient centrifugation with Histopaque-1083 (Sigma-Aldrich). The 

cells were then plated onto culture dishes precoated with human 
fibronectin (Gene operation, YESEN, China), and maintained in 
EGM-2-MV BulletKit (CC-3202, Lonza Clonetics). After 4 days in 
culture, non-adherent cells were removed by washing with PBS, 
and the cells were incubated in fresh medium t from days 7 to 
10[23]. For GDF11 treatment, EPCs were incubated with recombi-
nant human GDF11 (PeproTech) at a final concentration of 80 ng/
mL in EGM-2 BulletKit (CC-3162, Lonza Clonetics) from days 8 to 
10, after which the cells were harvested for subsequent assays. 
EPCs derived from two-months-old (2M) and 7-8M-old mice 
were designated EPCs-Y and EPCs-MA, representing cells from 
young and middle-age mice, respectively. For morphological anal-
ysis, three cell colonies (each containing at least 58 cells) were 
counted per batch.

2.3 Animal model of myocardial ischemia 

All animal procedures were approved by the Animal Care and 
Use Committee of the Harbin Medical University. Male C57BL/6 
mice aged 8-10 week were anesthetized with a ketamine-xyla-
zine mixture (100 mg/kg and 5 mg/kg, i.p.). A polyethylene 
tube was intubated orally for artificial respiration (UGO Bsile 
S.R.L. Biological Research Apparatus, Italy). A left thoracotomy 
was performed through the fourth intercostal space, and the 
pericardium was opened to expose the heart. The left anterior 
descending coronary artery (LAD) was ligated a silk thread (5/0 
for rats or 7/0 for mice) to induce infarction of the left ventric-
ular free wall. Cardiac infarction was confirmed by S-T segment 
elevation on ECG and cyanosis of the myocardium. After 
surgery, the mice had ad libitum access to food and water[24].

2.4 Transplantation of EPCs 

One hour after the induction of myocardial ischemia (MI), mice 
with or without GDF11 treatment received intravenous injections 
of 1 × 106 late-outgrowth EPCs-MA resuspended in 200 µL of 
EBM-2 (n = 5). Mice that underwent MI without treatment served 
as the blank control. Mice were sacrificed 14 days post-MI[25].

2.5 Physiological assessment of LV function 

Transthoracic echocardiography was performed 14 days after MI 
using a Vivid 7 GE medical ultrasound machine equipped with a 
10-MHz phased-array transducer. Measurements included left 
ventricular systolic diameter (LVSd), left ventricular diastolic diam-
eter (LVDd), interventricular septum diastolic thickness (IVSd), 
and interventricular septum systolic thickness (IVSs). Left ventric-
ular ejection fraction (EF) and fractional shortening (FS) were 
calculated from the M-mode recording. After functional measure-
ment, the mice were euthanized, and the hearts were dissected 
and fixed in 4% paraformaldehyde for histological assessment[24].
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2.6 Histological assessment of transplanted animals 

Following fixation, myocardium samples were sliced into three 
transverse sections from apex to base in a bread-loaf fashion. 
Paraffin-embedded peri-infarction specimens were analyzed to 
measure the average ratio of fibrotic area to LV area[25]. 

2.7 Characterization and immunofluorescence 
staining of EPCs

EPCs were grown on sterilized 24-mm glass slides. For char-
acterization, cells were treated with 30 μg/mL 1,1'-dioctade-
cyl-3,3,3',3-tetramethyl-indocarbocyanine perchlorate-labeled 
acLDL (acLDL-DiI, 3mg/mL; Yiyuan Biotechnologies Inc., Guang-
zhou, China) at 37°C for 4 h. After 7 days in culture, EPCs were 
fixed in 1 mL of 2% paraformaldehyde (PFA) at room temperature 
(RT) for 1 h. Following a PBS wash, the cells were incubated with 
10 µg/mL FITC-conjugated BS-1 lectin (2 mg/mL, Sigma-Aldrich) 
at 4°C for 2 h. After another PBS wash, DAPI nuclear staining was 
performed. For immunofluorescence staining, cells were fixed in 1 
mL of 4% paraformaldehyde in PBS at 4°C for 3 h, washed twice 
with ice-cold PBS, and incubated in 10% goat serum/PBS/0.1%-
Triton-X100 at RT for 1 h[26]. Cells were then incubated overnight 
at 4°C with primary antibodies against CDH5(BS-0878R, Bioss), 
CD31(BS-0195R, Bioss), eNOS (ENT3173, Elabscience), and 
Von Willebrand Factor (vWF) (BS-10048R, Bioss), followed by 1 h 
at RT. After washing three times with PBST (PBS with 0.05% 
TWEEN20), the cells were incubated with a secondary anti-
body (Anti-Rabbit Alexa Fluor® 594, ab150072) at RT for 1 hr. 
After three washes with PBST, the stained cells were mounted 
in mounting medium containing DAPI or Hoechst33342. Spec-
imens were examined under a Zeiss fluorescence microscope 
equipped with an epifluorescence and Axiocam camera system, 
and analyzed using Axiovision software (Carl Zeiss, Oberkochen, 
Germany). Three fields were counted on each slide, with at least 
58 cells were counted per field. Duplicate determinations were 
performed for each experimental condition.

2.8 Transwell assay

A modified Boyden chamber assay was performed using a 
24 well-transwell plate with 8-μm pore size polycarbonate 
membranes (Corning Costar, Acton, MA). Cells were cultured for 
10 days with EGM-2, trypsinized, and counted. A fraction of 8 × 
104 cells in 100 μL non-FBS EBM-2 was seeded into the upper 
chamber, and 600 μL culture medium containing 1% FBS was 
added into the lower chamber[27]. EPCs were allowed to migrate 
in the tissue culture incubator at 37°C for 24 h. To quantify the 
number of migrated EPCs, the upper side of the membrane 
was washed with cold PBS, and remaining cells were removed 
with a cotton swab. Cells adhered to the lower surface of the 

membrane were stained with a 0.1% crystal violet solution[52]. 
The number of migrated cells in six randomly selected fields 
was counted under a light microscope (magnification, 200×; 
Olympus, Tokyo, Japan). Three fields were counted on each 
membrane in duplicate. Migration results are expressed as the 
mean value of total number of migrated cells per field.

2.9 Characterization of EPCs ultrastructure 

The ultrastructure of BMEPCs was examined under a transmis-
sion electron microscope (TEM). EPCs were harvested after 
10 days in culture, treated with 0.03% trypsin without EDTA, 
resuspended in 1 mL EBM without FBS in 1.5 mL Eppendorf 
tube, and centrifuged at 4°C for 10 min (2000 rpm). Cells were 
fixed immediately in 2.5% cold glutaraldehyde in PBS (pH 7.2) 
at 4°C for 2 h. After rinsing with PBS, cells were post-fixed in 
1% osmium tetroxide at 4°C for 1 hr, followed by dehydration in 
gradient acetone at 4°C and embedded in Epon812. The resul-
tant blocks were sliced into ultra-thin sections (70 nm) using an 
ultra-thin slicer and double-stained with uranyl acetate and lead 
citrate. Specimens were examined under a transmission electron 
microscope (H-7650 TEM; Hitachi, Tokyo, Japan).

2.10 Western blot analysis 

EPCs were harvested with trypsin-EDTA and centrifuged at 
500 × g for 5 min. The resulting cell pellets were suspended 
in PBS and then transferred to a 1.5-mL microcentrifuge tube, 
followed by an additional centrifugation at 500 × g for 3 min. 
The cell pellets were then lysed on ice in RIPA buffer containing 
protease and phosphatase inhibitors. Protein concentration was 
determined using the bicinchoninic acid (BCA) protein assay. 
For Western blotting, 80 μg of total protein was separated using 
10% or 12.5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto nitrocellulose 
membranes (Merck Millipore, R7BA46025 or Pall Corporation, 
66485). The membranes were blocked in PBS containing 5% 
nonfat milk at room temperature (RT) for 70 min, or a in Western 
Quick Block Kit (L00276, GenScript) at RT for 20 min. The blots 
were then incubated overnight at 4°C with primary antibodies 
diluted in PBS[28]. The primary antibodies used included p62 
(BS2951R, Bioss or 380612, ZenBio), LC3B (AL221, Beyotime, 
Biotechnology), and GAPDH (AC002 or AC033, ABclonal), with 
GAPDH serving as an internal control for sample input. After 
washing the membranes with PBST, d they were incubated for 1 
hour at RT with a secondary antibody (Alexa Fluor, or LICOR). 
Finally, Western blot images were captured using an imaging 
system (Odyssey, LICOR, USA) and quantified by measuring the 
intensities using Odyssey v1.2 software. Results were expressed 
as fold-changes after normalization to the control values. 
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2.11 Lysosome imaging

To assess lysosomal acidification, EPCs were incubated in endo-
thelial growth medium (EGM) containing 75 nmol/L LysoTrack-
erRed (Red DND-99, L7528 Invitrogen) for 2 h. Following 
incubation, cells were imaged immediately using a Zeiss fluores-
cence microscope equipped with an epifluorescence system, an 
Axiovision camera, and Axiovision software (Carl Zeiss, Oberko-
chen, Germany). 

2.12 Statistical analysis

Data analyses were performed using GraphPad Prism9. Error 
bars in all graphs present standard deviations. Comparisons 
between two groups were performed using the two-tailed 
Student’s t-test. P values of less than 0.05 were considered 
statistically significant difference. 

3 Results

3.1 GDF11 changes the ratio of different subpopula-
tions of EPCs-MA 

In the present study, murine BM mononuclear cells (BMMNCs) 
were isolate from young- (8-10 weeks old) and middle-aged (7-8 
months old) mice[29]. EPCs, characterized as cells forming cobble-
stone colonies on days 9-14 in culture, are reported to possess 
the highest angiogenic potential[30]. Therefore, EPCs at day 10 
were used for the experiments, with GDF11 treatment applied to 
the cells on day 8 for 48 hours prior to assay collection.

Under normal culture conditions, the attached cells exhibited 
typical characteristics of EPCs at D10: clusters surrounded 
by spindle-like cells were formed on FN-coated tissue culture 
plates. These cells exhibited four morphologic types: drop-like 
cells (round shape cells) (arrowhead), spindle-like cells (early 
EPC)(arrow), cobblestone-like cells (late EPC) (black star)[31], 
and flatten round cells (red star) (Fig. 1A). Statistical analysis 
indicated no significant difference in the proportion of spin-
dle-like cells between the two groups either (Fig. 1B). However, 
the percentage of spindle-like cells was significantly increased 
in EPCs-MA pretreated with GDF11, indicating that GDF11 may 
act through changing the proportion of cell subpopulations of 
EPCs (Fig. 1B). Under standard culture conditions, the attached 
cells demonstrated typical EPC characteristics at day 10: clus-
ters of cells surrounded by spindle-shaped cells formed on 
fibronectin-coated tissue culture plates. Morphologically, these 
cells exhibited four distinct types: drop-like cells (round-shaped) 
(arrowhead), spindle-like cells (early EPC) (arrow), cobble-
stone-like cells (late EPC) (black star), and flattened round cells 
(red star) (Fig. 1A). Statistical analysis revealed no significant 

difference in the proportion of spindle-like cells between the 
two groups (Fig. 1B). However, a significant increase in the 
percentage of spindle-like cells was observed in EPCs-MA 
pretreated with GDF11, suggesting that GDF11 may modulate 
the subpopulation ratios of EPCs (Fig. 1B).

To differentiate EPCs-MA from EPCs-Y, uptake of Dil-Ac-LDL and 
binding of lectin UEA-1 (Lectin1) were assessed. As illustrated in 
Fig. 1C, both EPCs-MA and EPCs-Y were identified as Dil-Ac-LD-
L+Lectin1+ cells, indicating their ability to uptake Dil-Ac-LDL from 
the culture medium and bind to lectin UEA-1 (Lectin1). GDF11 
pretreatment did not alter this property (Fig. 1C). 

We assessed the expression of classical EPC surface markers, 
specifically VE-cadherin (CDH5 or CD144), found in the initial drop-
like EPCs (round-shaped cells), and CD31, which was expressed 
in EPCs g that acquire endothelial properties at later stages[32]. Our 
findings revealed that 100% of EPCs-Y and EPCs-MA expressed 
CDH5, albeit at varying levels: high expression in larger drop-like 
cells, medium expression in spindle-like (early EPCs), and low 
expression in cobblestone-like cells (late EPCs). This suggests that 
CDH5 expression may diminish with EPCs maturation. Notably, 
more than half of the EPCs-Y expressed CDH5 at low levels in 
EPCs-MA was reduced, with GDF11 pretreatment restoring levels 
to approximate those seen in EPCs-Y (Fig. 2A and 2B). CD31 was 
expressed in the majority of EPCs-Y and EPCs-MA, indicating the 
acquisition of endothelial cell characteristics with EPCs matura-
tion. However, the percentage of CD31-positive cells in EPCs-MA 
significantly declined compared to EPCs-Y. Following GDF11 
pretreatment, although the proportion of CD31-expressing cells 
increased, it remained significantly lower than that observed in 
EPCs-Y (Fig. 2A and 2C).

3.2 GDF11 improves the function of EPCs-MA in vitro 
and in vivo

We examined the effects of GDF11 on EPCs-MA both in vitro 
and in vivo, with the experimental procedures outlined in Fig. 
3A. For the functional assays, EPCs on day 10 were used for 
migration assays in vitro (migration assay) and for EPC trans-
plantation therapy in MI mice. The migration assay results 
demonstrated a significant decrease in the migrating capability 
of EPCs-MA compared with EPCs-Y. Notably, the impaired 
migration was partially restored in EPCs-MA pretreated with 
GDF11. The concentration of GFF11 used in these experiments 
was determined based on its effect on EPC migration (Fig. 3B). 

To assess the impact of EPCs on cardiac function, echocardiog-
raphy was performed 2 weeks post-transplantation in MI mice. As 
depicted in Fig. 3C, transplantation of EPCs-Y markedly improved 
the MI-induced decreases in EF and FS, while EPCs-MA 
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Fig. 1 GDF11 changes the ratio of different subpopulations of EPCs-MA based on morphological features

(A) Light microscopic photographs showing mononuclear cells (MNCs) at day 10 in the culture with clusters of cells surrounded by spindle-like cells. Four morphologic 

subtypes were identified: cobblestone-like cells, spindle-like cells, drop like cells, and flatten round cells, which are marked with arrows, dark stars, arrowheads, and 

hollowed red stars, respectively. (B) Bar chart showing the percentage of spindle-like cells relative to other subtypes of EPCs. Statistical data on the ratio of spindle-

like cell subpopulation are expressed as the mean values of percent spindle-like cells over total number of EPCs per EPCs clones (n = 2 batches in each group). (C) 

Representative fluorescence images with red staining depicting cells engaging in active Dil-Ac-LDL uptake from the culture medium and green staining for EPCs with 

lectin UEA-1 (lectin1) binding. The spindle-like cell is marked with black stars; Scale bar: (A) 100 µm and (C) 50 µm; **P < 0.01, ★★P < 0.01.
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Fig. 2 Effects of GDF11 on EPCs-MA maturation

Immunofluorescence staining showing the expression and distribution of CDH5 (green) and CD31 (green) primarily in the plasma membrane. (A) CDH5 expressed in 

EPCs at varying levels and can be classified into low (red arrow), medium (yellow arrow), and high (white arrow) level based on the fluorescence intensity. The majority 

of EPCs expressed CD31 (yellow arrow), CD31 was negative in few cells (red arrows). (B) Bar chart showing percent cells expressing CDH5 at low, medium, and high 

levels. (C) Bar chart showing the percentage of CD31 positive and negative cells. Scale bar: 100 µm; **P < 0.01, ★P < 0.05, ★★P < 0.01.

produced only modest effects. In contrast, EPCs-MA pretreated 

with GDF11 resulted in enormous increases in both EF and FS, 

surpassing the beneficial effects observed with EPCs-Y. 

To evaluate the effect of GDF11 on the structural impairments in MI 

hearts, histological examinations were conducted using Masson’s 

trichrome staining. The results revealed significant collagen depo-

sition, indicative of fibrosis in the infarct region of the mouse hearts. 

Transplantation of EPCs-Y markedly reduced cardiac fibrosis, 

whereas EPCs-MA elicited only a moderate beneficial effect. 

Notably, GDF11-pretrated EPCs-MA yielded enhanced anti-fibrotic 

capacity, as evidenced by the robust mitigation in the area of 

collagen deposition relative to non-GDF11-treated EPCs-MA (Fig. 

3D). More strikingly, the infarct size was significantly diminished in 

mice transplanted with GDF11-pretreated EPCs-MA compared to 

those receiving non-treated EPCs-MA (Fig. 3E).

3.3 GDF11 restores the lost functional phenotypes of 
EPCs-MA

LOCs express endothelial markers, such as endothelial nitric 
oxide synthase (eNOS) and vWF[33], whose inhibition is asso-
ciated with functional impairment of EPCs[34]. In our model, 
EPCs-MA exhibited significantly lower levels of eNOS (Fig. 
4A and 4B) compared to EPCs-Y. Surprisingly but expectedly, 
GDF11 pretreatment remarkably boosted up eNOS expression in 
EPCs-MA. In terms of vWF expression, approximately 98.4% of 
EPCs-Y exhibited varying levels of vWF, with 78.7% at medium 
levels, and 14.8% and 4.9% at high and low levels, respectively. 
In contrast, only 73.1% of EPCs-MA expressed vWF, showing a 
decrease of 3.2% and 44.6% in high and medium expressers, 
respectively, and a 26.6% increase in low expressers. Following 
GDF11 treatment, the percentage of vWF-expressing EPCs-MA 
increased to 94.8%, with medium-level expressers increasing 
to 79.5%, aligning closely with the levels observed in EPCs-Y. 
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Fig. 3 Effects of GDF11 on EPCs-MA migration in vitro and in vivo

(A) The experiment procedures for migration assays of EPCs: Prior to EPCs collection, the cells at day 8 in culture were treated with GDF11 for 48 h. The EPCs at day 10 

were used for migration assays in vitro and in vivo. For migration assays in vivo, 8-10-weeks-old mice were subject to MI surgery and injection of EPCs via tail vein one-

hour post-MI. After 14 days, Doppler ultrasonography and histological assays were performed to evaluate cardiac function and measure the infarct size. Statistical 

data were obtained from 3 independent experiments (n = 3-4 per group). (B) The effect of GDF11 on the migration of EPCs-MA: Migrated cells were visualized after 

crystal violet staining in blue color. The bar chart present the percentages of migrated cell areas (n = 3 batches per group). Scale bar: 500 µm. (C) Echocardiographic 

assays depicting the changes of ejection fractions (EF) and fractional shortening (FS) of left ventricle (LV). Cardiac functional parameters of the MI mice and EPCs-Y-

transplanted mice were used as negative and positive controls, respectively. n = 5-7/group. (D and E) The hearts were diseected into 3-4 parts from apex to base (D), 

and peri-infarct tissues (squared) were sectioned and stained with Masson trichrome for assessing infarct size. Fibrotic tissues were stained blue, and the viable tissues 

were stained red. Collagen (CoL) deposition was quantified with an automated image analyzer, and the data are expressed as percentage of tissue areas. The bar 

graphs show infarcts size in different groups. Scale bar sizes in Masson section: 2000 µm (E); *P < 0.05, **P < 0.01, ★P < 0.05.
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Notably, the proportion of EPCs-MA expressing low levels of 
vWF further decreased to 12.4%, and no additional increase in 
high-level vWF expressers was observed (Fig. 4C and 4D). 

vWF is implicated in both angiogenesis[35] and the formation 
of the Weibel-Palade bodies (WPBs) which are rod-shaped 
organelles found in the cytoplasm of endothelial cells[36] and 
EPCs[37]. Our analysis revealed a dramatic reduction in the 
number of WPBs in EPCs-MA compared to EPCs-Y (Fig. 4E and 
4F). Notably, GDF11 pretreatment led to a significant increase 
in the number of WPBs with distinct shapes in the trans-Golgi 
network (TGN) of EPCs-MA, especially near the Golgi complex, 
mirroring the ultrastructural characteristics of EPCs-Y (Fig. 4E). 
The literature indicates that spindle-like cells contain abundant 
WPBs, whereas cobblestone-like cells possess fewer WPBs[37]. 
Our findings align with these observations; under light micros-
copy, GDF11-pretreated EPCs-MA exhibited fewer flattened 
round cells and a higher number of spindle-like cells (Fig. 1B). 
Given that WPBs are lysosome-related organelles sharing some 
compositional and physiological features with lysosomes[38], we 
aimed to determine whether GDF11 influences autophagic clear-
ance in lysosomes.

3.4 GDF11 enhances the autophagic clearance capa-
bility of EPCs-MA 

Aging is associated with a decline in autophagic flux, and phar-
macological interventions that stimulate autophagy have been 
shown to promote longevity[7]. Moreover, autophagy plays an 
important role in improving the efficiency of EPC transplan-
tation [39]. Therefore, we evaluated the effects of GDF11 on 
autophagic flux by assessing the expression of key autophagic 
proteins and the accumulation of autophagic vacuoles.

We first examined the conversion of LC3-I to LC3-II, an essen-
tial step in autophagosome formation[40]. As shown in Fig. 5A 
and 5B, the ratio of LC3-I to LC3-II was substantially higher in 
EPCs-MA than in EPCs-Y. However, this ratio was normalized in 
EPCs-MA pretreated with GDF11, indicating that GDF11 stimu-
lates autophagy.

p62, which is selectively incorporated into autophagosomes 
through direct binding to LC3, is efficiently degraded by auto-
phagy. Therefore, the total cellular expression level of p62 is 
inversely correlated with autophagic activity[41-42] with reduced 
expression of p62, indicating the activation of autophagy[43]. In 
our study, the total protein level of p62 in EPCs-MA was signifi-
cantly elevated compared to EPCs-Y, but this difference was 
largely eliminated in GDF11-pretreated EPCs-MA (Fig. 5A and 
5B), further supporting the notion that GDF11 favors autophagy.

Autophagy is a catabolic process that depends on the coopera-
tion between autophagosomes and lysosomes[44]. Notably, lyso-
somes undergo significant alterations with aging[45]. Dysfunction 
in lysosomes can hinder autophagy, leading to decreased clear-
ance of cellular debris and increased cellular senescence[46]. We 
observed a substantial accumulation of autophagic vacuoles in 
EPCs-MA, which was effectively mitigated after GDF11 pretreat-
ment (Fig. 5C and 5D). 

As illustrated in Fig. 5E, red fluorescence was markedly weaker 
in EPCs-MA than in EPCs-Y, suggesting that the pH within the 
lysosomal lumen was insufficiently acidic to support hydro-
lytic activity during autophagy. However, GDF11 pretreatment 
restored lysosomal acidity in EPCs-MA to levels comparable to 
those observed in EPCs-Y (Fig. 5F).

4 Discussion

In summary, this study demonstrates that EPCs derived from 
middle-aged (EPCs-MA) mice exhibit age-related phenotypic char-
acteristics, including impaired migratory capacity, reduced expres-
sion of CD31 and eNOS, altered expression patterns of CDH5 
and vWF, and impeded formation of WPBs (the organelles which 
store vWF), which collectively lead to a diminished ability to main-
tain cardiac function in post-MI mice. Notably, GDF11 pretreat-
ment restored these impairments to levels comparable to those 
observed in EPCs-Y. Furthermore, GDF11 significantly enhanced 
the autophagic clearance capability of EPCs-MA, evidenced by 
lower p62 accumulation, a normalized LC3-I to LC3-II ratio, and 
reduced accumulation of autophagic vacuoles. This enhancement 
is associated with improved ALP function, indicated by enhanced 
lysosomal acidification. Consequently, GDF11 may serve as a 
novel therapeutic agent for anti-aging interventions and the treat-
ment of aging-related diseases. Moreover, it is noteworthy that 
cold exposure has been shown to suppress eNOS expression and 
is linked to autophagy[48]. This raises the possibility that GDF11 
could enhance EPC resistance to cold stress, an area we aim to 
explore in future studies.

EPCs play a pivotal role in promoting adult neovascularization 
and tissue regeneration in ischemic conditions[10-11]. However, 
starting in middle age, both the levels of circulating EPCs and 
their vascular regenerative capacity progressively decline due 
to multiple factors, including aging, smoking, and environmental 
stressors[13,49-51]. Our findings indicate that EPCs-MA exhibit 
compromised migratory and tissue repair capacities, reflected 
in their diminished ability to restore cardiac function and reduce 
infarct size in MI mice. At the molecular level, the reduced protein 
levels of CD31 and eNOS, along with the abnormal expression 
patterns of CDH5 and vWF, suggest impaired maturation of EPCs-
MA. This maturation deficit may partially explain the observed 
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Fig. 4 GDF11 restores the lost functional phenotypes of EPCs-MA

(A and C) Typical examples of immunofluorescence staining images depicting the expression and subcellular distribution of eNOS (red) and vWF (red). eNOS was 

primarily expressed in the nuclear. In most of EPCs-MA, vWF exhibited a diffuse cytoplasmic signal. vWF was expressed in EPCs at different levels, allowing for 

classifications into low, medium, and high levels based on the fluorescence intensities. The majority of EPCs expressed vWF at a medium level (yellow arrow), and only 

small numbers of cells expressed vWF at high (white arrow) and low levels (green arrow), respectively. (B and D) Bar chart showing the percentage of positive area 

of eNOS expression and cells expressing vWF at low, medium, and high levels, respectively. (E) Photographs captured with TEM showing EPCs with elongated WPBs 

(arrows) and trans-Golgi networks (TGN) containing enlarged parts where WPBs are formed (arrows heads). (F) Bar chart presenting the mean numbers of WPCs per 

EPCs, a pile of TNG was recorded as 1 WPB; Scale bar: (A and C) 50 µm; E, 0.5 µm; *P < 0.05, **P < 0.01, ★P < 0.05, ★★P < 0.01.
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impairments in migratory function and the decreased numbers of 
circulating EPCs in middle age. The increased proportion of cells 
expressing low levels of vWF correlates with decreased WPB 
formation, indicating adverse ultrastructural changes. Research 
has shown that the spindle-like cells in EPCs are associated 
with WPB abundance[42], and the enhanced formation of WPBs 
in GDF11-pretreated EPCs-MA aligns with an increased ratio of 
spindle-like cells. Given that WPBs are lysosome-related organ-
elles, the reduced WPB formation in EPCs-MA suggests lysosome 
dysfunction. Autophagy, a degradation process, relies on the inter-
play between autophagosomes and lysosomes[45]. Impaired ALP 
can compromise autophagy, leading to reduced autophagic clear-
ance and autophagosome accumulation, which in turn promotes 
cellular senescence[46].

The total level of p62 is inversely correlated with autophagic 
activity[40-41], and increased p62 accumulation serves as a marker 
of disrupted autophagic flux[52]. Our findings confirm that EPCs-MA 
exhibit increased p62 levels and a higher LC3-I to LC3-II ratio, 

indicating autophagic flux perturbation. Additionally, we observed 
substantial accumulation of autophagic vacuoles in EPCs-MA, 
alongside insufficient lysosomal acidification necessary for effec-
tive hydrolytic activity during autophagy. Agents that induce auto-
phagy and enhance lysosomal function offer promising avenues 
for intervention in aging and aging-related diseases[19-20]. 

The present study represents the first to unravel the facilitating 
effects of GDF11 on the conversion of LC3-I to LC3-II, the acid-
ification of lysosomes, and the activation of ALP in EPCs-MA. 
Therefore, the enhanced autophagic clearance may contribute 
to the anti-aging property of GDF11.

In conclusion, our findings highlight the early cellular events 
associated with the aging process of EPCs and establish a 
mechanistic link between GDF11 and the impaired function of 
EPCs through modulation of ALP. Further studies are warranted 
to explore the potential of GDF11 as a novel therapeutic agent 
for aging and aging related diseases.

Fig. 5 GDF11 enhances autophagic clearance capability of EPCs-MA

(A) The effects of GDF11 on the conversion of endogenous LC3-I to LC3-II and p62 accumulation, as evidenced by by Western blot analysis. (B) Bar chart summarizing 

the ratio of LC3-I/LC3-II and relative protein levels of p62. GAPDH served as an internal control. (C) Autophagic vacuoles were counted under an electron microscope 

at 10,000× magnification. All autophagic vacuoles present in each photograph of EPC were counted. Scale bar: 1 µm and 200 nm. (D) Bar chart showing the number of 

autophagic vacuoles in each EPCs (n = 3). (E) Representative images of LysoTracker Red staining depicting the effects of GDF11 on the lysosomal acidification in EPCs. (F) 

Bar chart summarizing the percentage of positive areas (accumulated acidic organelles) in EPCs. *P < 0.05, **P < 0.01.
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