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Abstract
Growth differentiation factor 11 (GDF11) is a transforming growth factor β superfamily member with a controversial role in
rejuvenating old stem cells after acute injury in the elderly population. This study aimed to evaluate the effects of telomerase
reverse transcriptase (TERT) on GDF11-mediated rejuvenation of senescent late-outgrowth endothelial progenitor cells
(EPCs), defined as VEGFR2+/CD133+ cells, in elderly patients with acute myocardial infarction (AMI). We compared the
quantity and capabilities of VEGFR2+/CD133+ cells from old (>60 years), middle-aged (45–60 years), and young (<45
years) AMI patients. The decline in circulating count and survival of VEGFR2+/CD133+ cells with age was accompanied by
decrease in their TERT and GDF11 expression levels in patients with AMI. Further, upregulation of TERT could trigger
GDF11-mediated rejuvenation of old VEGFR2+/CD133+ cells by renewing their survival and angiogenic abilities through
activation of canonical (Smad2/3) and noncanonical (eNOS) signaling pathways. Depletion of GDF11 or TERT caused
senescence of young VEGFR2+/CD133+ cells leading to impaired vascular function and angiogenesis in vitro and in vivo,
whereas adTERT and rhGDF11 rescued this senescence. TERT cooperates with GDF11 to enhance regenerative capabilities
of old VEGFR2+/CD133+ cells. When combined with TERT, GDF11 may represent a potential therapeutic target for the
treatment of elderly patients with MI.

Introduction

Aging is a major risk factor for the occurrence of
acute and chronic cardiovascular disease (CVD), includ-
ing myocardial infarction (MI) [1]. Endothelial

dysfunction and injury are known to contribute to the
pathogenesis of MI and ischemic heart failure [2].
Endothelial progenitor cells (EPCs) have been evaluated
as predictors of CVD outcomes [3], as their number and
functionality may reflect the endogenous vascular repair
capacity.

Growth differentiation factor 11 (GDF11), a newly dis-
covered member of the bone morphogenetic protein/trans-
forming growth factor β (BMP/TGFβ) superfamily, may
play a role in rejuvenating senescent cells. A decrease in
GDF11 may be involved in the cellular senescence
observed in chronic obstructive pulmonary disease [4].
Circulating GDF11 increases proliferation of brain capillary
endothelial cells (ECs) migration of ECs, and improves
vascular and neurogenic rejuvenation of the aging mouse
brain [5]. However, reports of the effects of GDF11 on
human tissues are inconsistent, with some studies describ-
ing anti-aging and pro-regenerative activities on the heart
and skeletal muscle, while others show the opposite results
or no effect [6]. Walker et al. questioned the beneficial
effects of recombinant GDF11 (rGDF11) on muscle aging,
reporting that supplementation of rGDF11 had no effect in
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aged mice and impaired muscle repair in young mice [7].
No mechanistic studies were performed to explain the dis-
parate results reported in literature. Thus, further experi-
ments are needed to clarify the potential differences in
transcriptional output of GDF11 signaling in physiological
contexts [7].

The replicative lifespan of various primary human cells
can be prolonged by induced expression of the human tel-
omerase reverse transcriptase (TERT) gene. Thus, aug-
mentation of telomerase activity by inducing TERT
expression is a potential strategy for therapeutic interven-
tions in age-related diseases including MI [8]. The delivery
of TERT and other genes into mesenchymal stromal cells
(MSCs) may have therapeutic applications for restoring or
rejuvenating aged MSCs by increasing vascular endothelial
growth factor (VEGF) [9]. We aimed to determine whether
TERT facilitates GDF11-mediated rejuvenation of old
EPCs by regulating its transcription. We evaluated the effect
of add-mediated TERT gene transfer (adTERT) and exo-
genous recombinant human GDF11 (rhGDF11) on rejuve-
nation in old EPCs characterized by declined survival and
capacity. adTERT activated rhGDF11-mediated canonical
(Smad2/3) and noncanonical (eNOS) signaling pathways,
and consequently improved survival and angiogenesis of
old EPCs. To confirm this potential mechanism, we
depleted GDF11 or TERT with the GDF11 antagonist fol-
listatin or GDF11/TERT knockdown in young EPCs
derived from a cohort of patients with AMI. We found that
depletion of GDF11 or TERT inactivated Smad2/3 and
eNOS signals and led to significant decreases in survival
and vascular function of young EPCs. We then performed
animal studies to demonstrate that depletion of GDF11 or
TERT caused senescence and impaired vascular function
and angiogenesis in young EPCs engrafted into old MI rat
hearts.

Materials and methods

Materials and methods are available in the online-only Data
Supplement.

Patients

As shown in Fig. S1, EPCs were derived from primary cell
cultures obtained from circulating blood from three age
groups with AMI referred within 24 h after symptomatic
onset for primary percutaneous coronary intervention
(PCI): young, <45 years; middle-aged, 45–60 years old;
old, >60 years.

Informed consent was obtained from patients prior to
PCI. The study was approved by the Ethics Committees of

the Yangpu Hospital and the Guangzhou Red Cross Hos-
pital on the Use of Human Subjects in Research.

Analysis of EPC content in CB-MNCs

Immediately after PCI, 40 mL of circulating blood (CB) was
collected from the affected coronary artery of all patients.
CB-mononuclear cells (CB-MNCs) were isolated from the
samples by using erythrocyte lysis buffer (BD Pharmingen,
San Jose, CA, USA) according to the manufacturer’s
instructions. As shown in Fig. S2, CB-MNCs were randomly
divided into two parts: one part was used for quantification
of EPCs content; the other was cultured for EPCs. To
analyze the EPCs content in the CB-MNCs, fluorescence-
activated cell sorting (FACS) analysis was performed
to determine their lineage (i.e., CD133+VEGFR2+ cell
content).

Isolation, culture, identification, and labeling of
EPCs

CB-MNCs were plated at a density of 0.8–1.0 × 106 cells/
cm2 on fibronectin-coated Petri dishes (Sigma-Aldrich) with
endothelial cell basal medium (EBM-2). Non-adherent cells
were removed on day 4, and cultures were then supple-
mented with new aliquots of media. After 7–10 days,
monolayers of cobblestone-appearing cells were formed.
We cultured the cells for a further 21–28 day period and
used the late-outgrowth EPCs for subsequent functional
tests, molecular assay, and therapy [10]. As shown in Fig.
S2, ten patient EPCs cultured from the pooled peripheral
blood of the patients of the same age-based group were
randomly assigned to experiments on senescence and
expression of TERT and GDF11-mediated signaling. A
further ten old EPCs received rhGDF11, siGDF11,
adTERT, siTERT, SB431542, or L-NAME (an eNOS
inhibitor), for experiments on rejuvenation, survival, and
neovascularization, and analysis of GDF11-mediated sig-
naling; ten young EPCs were treated with siGDF11, fol-
listatin, adTERT, or siTERT to study their effect on
senescence, survival, and function of young EPCs in vitro
and the in vivo. Two criteria were predominantly used to
identify EPCs, as we described previously [11]: (1) cell
surface markers that indicate both cellular naïveté and
endothelial origin and (2) functional phenotypes that imply
the presence of endothelial precursors.

Prior to cell transplantation, EPCs were collected
and transfected with a lentiviral vector containing enhanced
green fluorescent protein (EGFP) cDNA, as we
described previously [11]. Cells were suspended in ice-cold
phosphate-buffered saline (PBS) at a density of 1 × 107

cells/mL.
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Real-time quantitative PCR (qRT-PCR) and
immunoblotting

Cultured EPCs and peri-infarct myocardial tissues from the
rat tissues were harvested and pulverized to extract RNA or
protein for qRT-PCR and immunoblotting, as described in
Online Supplemental Data.

Telomerase activity

Telomerase activity was determined using a commercial kit
(Telo TAGGG Telomerase PCR ELISA, Roche Applied
Science, Indianapolis, IN) as per manufacturer’s instructions.

Senescence-associated β-galactosidase activity
assay

Senescence-associated β-galactosidase (SA-β-gal) activity
was measured using a β-galactosidase staining kit (BioVi-
sion, Palo Alto, CA, USA) according to the manufacturer’s
instructions.

Overexpression or depletion of GDF11 and TERT

rhGDF11 was obtained from PeproTech. The GDF11
antagonist follistatin was obtained through the National Hor-
mone & Pituitary Program and A.F. Parlow, Harbor-UCLA
Medical Center (Torrance, CA). Retroviral plasmid vectors
(pMXs) encoding TERT expression (Addgene) were trans-
fected with the viral packaging genes gag-pol into EPCs with
the Fugene HD reagent, as per manufacturer’s instructions.
GDF11 or TERT siRNAs and control siRNA duplexes were
transfected together with pRL-TK plasmid vector (Promega)
containing the Renilla reniformis luciferase gene into EPCs
with LipofectAMINE 2000, as described previously [12].

Hypoxic treatment

Cells were removed and exposed to hypoxic (1%) oxygen
levels in a water-jacketed CO2 incubator. The hypoxic con-
dition was maintained throughout all subsequent analyses.

Cell proliferation and apoptosis

The proliferation of EPCs was assessed by fluorescence
staining for proliferation marker Ki-67. Apoptotic cell death
under hypoxic conditions was evaluated through annexin V/
propidium iodide (PI) staining and the TUNEL assay.

Enzyme-linked immunosorbent assay (ELISA)

The cell supernatant was collected. ELISA kits (R&D
Systems, Minneapolis, MA, USA) were used to quantify

levels of endothelial nitric oxide synthase (eNOS), nitric
oxide (NO), NOS activity, GDF11, activin A, myostatin,
p16, p21, angiopoietin-1 (Ang-1), basic fibroblast growth
factor (bFGF), and VEGF per manufacturer instructions.

Immunocytofluorescence

Cells were incubated with primary antibodies and observed
under a fluorescence microscope.

GDF11-regulated signaling antibody assays

The effects on GDF11-relative canonical and noncanonical
signaling pathways in young EPCs under hypoxia were
studied using young EPCs in the deletion of TERT and
GDF11 from three individual experiments. The EPCs were
lyzed with 2 × cell lysis buffer (RayBiotech, Norcross, GA,
USA) and quantified using a human angiogenesis antibody
array (ab197418, Abcam) and a human apoptosis antibody
array (ab134001, Abcam) [13].

MI model and treatment

Myocardial infarction was induced in male Sprague Dawley
old rats (18 months old) [14], obtained from the Shanghai
Animal Administration Center, by ligating the left anterior
descending coronary artery. The animals were then rando-
mized to receive saline (PBS) injection or cell therapy.

Echocardiography

Cardiac functions were evaluated by echocardiography.

Histology and immunofluorescence

The left ventricles of the remaining rats were weighed to
calculate the ratio of left-ventricular weight to body weight.
The size of the infarct was obtained by calculating the
percentage of the infarcted area against the whole LV area
by using a digital imaging program (Scion Image J). The
tissues from the autopsy specimens were embedded in
paraffin and were then used in immunohistochemistry
assays. For immunocytofluorescence, cells were fixed with
fresh 4% paraformaldehyde in PBS.

Online Data Supplement tables and figures

Table S1 in the online-only Data Supplement describes the
primers for qRT-PCR. Figure S1 in the online-only Data
Supplement shows the experimental flow of Study design.
Figure S2 in the online-only Data Supplement shows EPC
isolation, culture, identification, intervention, and applica-
tion allocation. Figure S3 in the online-only Data

TERT assists GDF11 to rejuvenate senescent. . . 1663



Supplement shows cell characterization assessed by FACS.
Figure S4 in the online-only Data Supplement shows the-
protein expression of the TGF-β superfamily, GDF11,
activin, and myostatin in old VEGFR2+/CD133+

cells receiving adTERT. Figure S5 in the online-only
Data Supplement shows the protein expression of GDF11
in young VEGFR2+/CD133+ cells receiving follistatin
or siGDF11. Figure S6 in the online-only Data Supplement
shows overall translation changes in GDF11-regulated
signaling antibody assays resulting GDF11 or TERT
depletion.

Results

Baseline clinical, angiographic, and procedural
characteristics

We chose 118 patients from three age groups (young, <45
years; middle-aged, 45–60 years old; old, >60 years) to
examine the effects of aging on EPCs. After matching for
sex, body weight, and cardiovascular risk factors, there
was no difference in clinical presentation, left-ventricular
function, and statistically significant difference in the
prevalence of concomitant diseases or history of CVD
between three groups. The number of ST elevation
myocardial infarction (STEMI) and the characteristics of
infarct-related arteries were not different between three
groups (Table 1). In addition, no significant difference
was seen between the three groups in the incidence of
angiographic adverse events (such as contrast induced
nephropathy, allergic reactions, and vagal responses),
complications related to PCI (side branch closure, abrupt
closure, decreased flow during the procedure, angio-
graphic distal embolization, perforation or tamponade,
among others), and in the rates of repeated PCI (data not
shown). Therefore, we could initially rule out the impact
of these cardiovascular disease comorbidities and health
habits on EPC function in this model of age-induced
impairment of EPC function.

Aging decreases the quantity and function of
circulating EPCs in elderly patients

There is more than one endothelial progeny, monocytic
veresus hemangioblastic, within the circulating blood, and
two distinct cell types of EPCs are currently
recognized according to their growth characteristics and
morphological appearance: early outgrowth EPCs and late-
outgrowth EPCs [15]. EPCs are generally identified as
CD133+/VEGFR+ cells [16, 17]. Previous studies show the
migratory activity of circulating EPCs may aid the assess-
ment of secondary risk in AMI patients, and that age-related

endothelial dysfunction is accompanied by quantitative and
qualitative alterations of the EPCs pool [18]. Likewise, we
found an obvious decrease in the number of circulating
CD133+/VEGFR2+ cells in old and middle-aged patients
compared with young patients (Fig. 1a, b). The number of
circulating blood CD133+/VEGFR2+ cells negatively cor-
related with age (r=−0.821, p < 0.001). To further inves-
tigate the senescence of EPCs in old patients, we measured
the number and function of EPCs from the three age groups
at the time of their emergence in culture. EPCs were iden-
tified by both cell surface markers and functional pheno-
types. CD146, CD11, and CXCR4 staining were used in
flow cytometry to identify early peripheral blood-derived
EPCs, in addition to conventional endothelial markers such
as CD34, VEGFR2, and CD133 as described by de la
Puente et al. [19] and our previous study [11]. We per-
formed FACS to compare the differences between these cell
populations in the three groups by using these molecular
markers. All EPCs from the three age groups positively
expressed CD34, CD146, CD11, CXCR4, VEGFR2, and
CD133, and showed a relatively homogeneous cell popu-
lation. However, the levels of EPCs expressing these mar-
kers were significantly lower in the old group than in the
young and middle-aged groups (p < 0.001 for all compar-
isons; Fig. 1c). These in vitro findings were in correlation
with the decreased CD133/VEGFR2 cell count observed in
the circulating blood. We found a significantly smaller
proportion of viable cultured EPCs obtained from old
patients (80.81 ± 1.1%) than from young and middle-aged
patients (90.8 ± 1.1% and 85.0 ± 0.7%, respectively, p <
0.001, for all comparisons, Fig. 1d). Cell surface
marker examination demonstrated that these cells after
21–28 days of culture were CD34+/CD133+/CD31+/
VEGFR2+/CD14−/CD45−, characteristic of late-out EPCs
[16, 20]. These late-outgrowth EPCs were reduced in the
old patients compared with those young (Fig. S3). A
functional definition was used in the late-outgrowth EPCs,
which formed in vitro colonies with a typical cobblestone
morphology, and exhibited migration, and tube formation
[21, 22]. The migration activity was significantly lower in
the old EPCs compared with the young and middle-aged
EPCs (Fig. 1e). The colony formation ability of the EPCs
was lowest in the old group (Fig. 1f, i). The number of
cobblestone-shaped cells was lower in the old group than in
the young and middle-aged groups (Fig. 1h). EPCs from old
patients showed a significant impairment of tube-forming
ability compared with those from young- and middle-aged
patients (Fig. 1g, j). Mature EPCs are terminally differ-
entiated into endothelial cells (ECs) with an angiogenic
capability and strong expression of vWF (factor VIII),
VEGFR2, CD31, CD146, etc. [21, 22]. Thus, the expres-
sion levels of factor VIII were evaluated to determine the
vasculogenic capacity of mature EPCs from the three age
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groups. As shown in the lower two rows of Fig. 1k, the
EPCs from old patients revealed weaker expression of
factor VIII in the old group than in the young and middle-
aged groups. These data suggest that aging decreases both
the quantity and angiogenic function of EPCs from elderly
patients with AMI. Because all EPCs used in the following
experiments are from late-outgrowth EPCs, these EPCs
were defined as the VEGFR2+/CD133+ cells instead of
using the term of “endothelial progenitor cells”.

VEGFR2+/CD133+ cells from elderly patients show
increased senescence

Cellular senescence is the limited ability of primary human
cells to divide when cultured in vitro [23] and is measured
by SA-β-gal activity, senescence markers, p16, and p21

[24]. We first investigated whether aging was associated
with cellular senescence of primary cultured human
VEGFR2+/CD133+ cells. Since the molecular definition of
EPC self-renewal allows assessment of the quality of pre-
sumed EPC preparations [25], we first compared the long
culture survival ability of old VEGFR2+/CD133+ cells with
that of young VEGFR2+/CD133+ cells. To assess the actual
role of aging in regulating cellular lifespan, we cultured
VEGFR2+/CD133+ cells from the three age groups under
normal conditions until the cells underwent senescence.
Long-term culture studies showed that aging significantly
shortened the lifespan of VEGFR2+/CD133+ cells, and
influenced cellular lifespan in early and late passages.
Aging markedly reduced cell growth in the old VEGFR2+/
CD133+ cells by day 7 (Fig. 2a, b), and accelerated the
senescent time of old EPCs (Fig. 2c), suggesting that aging

Table 1 Summary of patient
characteristics (means ± SD,
n= 118, each group)

Characteristic Young-aged Middle-aged Old-aged P-value

N 37 41 40

Age (years) 38.8 ± 5.2 54.9 ± 4.0 73.7 ± 6.5 <0.001

Male gender (%) 19 (51.4) 22 (53.7) 20 (50.0) 0.893

Body weight (kg) 68.7 ± 7.2 71.5 ± 6.4 69.2 ± 6.8 0.149

Smoking current (%) 19 (51.3) 23 (56.1) 21 (52.5) 0.827

Pack-years of smoking 5.7 ± 1.0 6.0 ± 0.8 5.8 ± 0.9 0.332

Diabetes (%) 13 (35.1) 18 (43.9) 18 (39.0) 0.600

Fasting glucose (mmol/L) 6.4 ± 1.6 6.8 ± 1.9 6 .5 ± 1.7 0.525

Hypertension (%) 20 (54.1.0) 24 (58.50) 22 (55.0) 0.834

Systolic BP (mm Hg) 146 ± 21 148 ± 19 144 ± 21 0.659

Diastolic BP (mm Hg) 91 ± 17 94 ± 17 92 ± 16 0.765

Hyperlipidemia (%) 26 (70.3) 30 (73.2) 25 (62.5) 0.583

Total cholesterol (mmol/L) 6.4 ± 0.8 6.5 ± 0.7 6.2 ± 0. 0.362

LDL-C (mmol/L) 4.7 ± 0.1 4.6 ± 0.1 4.4 ± 0.1 0.115

HDL-C (mmol/L) 1.22 ± 0.42 1.29 ± 0.55 1.20 ± 0.42 0.736

Triglycerides (mmol/L) 2.9 ± 1.8 3.7 ± 0.4 2.4 ± 2.0 0.067

Chronic renal failure (%) 4 (10.8) 6 (14.6) 7 (17.5) 0.662

Chronic liver disease (%) 5 (13.5) 9 (22.2) 8 (20.0) 0.554

COPD (%) 7 (18.9) 11 (26.8) 12 (30.0) 0.497

Peripheral vascular disease (%) 15 (40.5) 16 (39.0) 21 (52.5) 0.143

Prior myocardial infarction (%) 5 (13.5) 7 (17.1) 9 (22.5) 0.565

Prior stroke (%) 11 (29.7) 14 (34.1) 16 (40.0) 0.629

STEMI (%) 19 (51.4) 22 (53.7) 19 (47.50) 0.861

Killip class >1 (%) 14 (37.8) 20 (48.8) 25 (62.5) 0.214

IRA

LAD (%) 21 (56.8) 25 (61.0) 26 (65.0) 0.747

LCX (%) 7 (18.9) 10 (24.4) 9 (22.5) 0.764

RCA (%) 9 (24.3) 6 (14.6) 5 (12.5) 0.522

Values are given as no. (%), or means ± SD

BP blood pressure, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein, COPD
chronic obstructive pulmonary disease, IRA infarct-related arteries, LAD left anterior descending, LCX left
circumflex, RCA right coronary artery, MI myocardial infarction, Non-STEMI non-ST elevation myocardial
infarction, STEMI ST elevation myocardial infarction
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increased with further cell division and thus promoted
senescence. VEGFR2+/CD133+ cells from old, middle-
aged, and young patients were stained for SA-β-gal. Old

VEGFR2+/CD133+ cells were flattened and enlarged, or
appeared like fibroblasts, while young VEGFR2+/CD133+

cells exhibited normal morphology and growth. There was a

Fig. 1 (Continued)
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Fig. 1 (Continued)
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significant increase in the amount of β-galactosidase-posi-
tive cells in the old VEGFR2+/CD133+ cells compared
with the young VEGFR2+/CD133+ cells (Fig. 2d).
Senescence-associated β-galactosidase (SA-β-gal) activity
was measured with a β-galactosidase staining kit.
VEGFR2+/CD133+ cells from old patients displayed sig-
nificantly increased SA-β-gal activity compared with young
patients (Fig. 2f). These changes of phenotype were sug-
gestive of senescence of old VEGFR2+/CD133+ cells. We
also measured p21 and p16 as alternative markers of
senescence by immunoblotting and immunofluorescence.
Expression of p21 and p16 was increased in VEGFR2+/
CD133+ cells from old patients compared with that in those
from young patients (Fig. 2e, g–i), confirming that increased
senescence observed in VEGFR2+/CD133+ cells from old
patients is age-independent.

Expression of TERT and GDF11-mediated signaling
in VEGFR2+/CD133+ cells declines with age

Recent studies have shown that treatment with
GDF11 significantly inhibited cigarette smoke extract-
induced cellular senescence through canonical (Smad2/3)
signaling in vitro [4]. eNOS is a target gene of the GDF11-
related noncanonical signaling pathway and helps regulate
endothelial cell growth and angiogenesis [26]. We
measured the differences in telomerase activity and GDF11-
related signaling between the three patient groups. qRT-
PCR and immunoblotting were performed to evaluate the
mRNA and protein expression of GDF11, TERT, and
eNOS in VEGFR2+/CD133+ cells. One study reported that
circulating GDF11 levels decline with aging and that

systemic administration of recombinant GDF11 to aged
mice enhances muscle stem cells regenerative capacity after
injury [27]. We found mRNA expression and protein levels
of GDF11, TERT, and eNOS were the lowest in the
VEGFR2+/CD133+ cells from old patients and the highest
in those from young patients (Fig. 3a, b). Telomere activity
and NOS activity were much lower in the old VEGFR2+/
CD133+ cells than in young and middle-aged cells
(Fig. 3c, d). Because phosphorylation of eNOS at Ser-1177
is a positive modulator of eNOS activity [28], we measured
the eNOS phosphorylation with Ser-1177 antibody. Phos-
phorylation level of Ser-1177 was the lowest in old
VEGFR2+/CD133+ cells (Fig. 3b, e). Similarly, Smad2/3
and their phosphorylation in old EPCs markedly decreased
compared with that in VEGFR2+/CD133+ cells from young
and middle-aged patients (Fig. 3b, f).

TERT controls GDF11-mediated rejuvenation of
older VEGFR2+/CD133+ cells

Our results show that aging could aggravate hypoxia-
induced impairment of VEGFR2+/CD133+ cells function
involving TERT and GDF11-related signaling in old
patients with MI. Next, we determined whether old
VEGFR2+/CD133+ cells could benefit from treatment with
GDF11 and TERT in vitro. First, we checked whether
GDF11 is required for rejuvenation of old VEGFR2+/
CD133+ cells by overexpressing and knocking down
GDF11. As expected, rhGDF11 treatment resulted in
increase in the lifespan of old VEGFR2+/CD133+ cells
compared with vehicle treatment under hypoxia, and
siGDF11 significantly shortened the lifespan, but addition
of rhGDF11 abolished this shortening of siGDF11 (Fig. 4a).
We observed a statistically significant increase in popula-
tion doublings of old VEGFR2+/CD133+ cells with GDF11
treatment (Fig. 4b). These old EPCs treated with rhGDF11
also showed decreased apoptosis and SA-β-gal activity
compared with VEGFR2+/CD133+ cells without GDF11
treatment. siGDF11 had the opposite effect (Fig. 4c, d).
However, an siGDF11 with a rhGDF11 rescued these
effects, showing higher population doublings and lower
apoptosis/SA-β-gal activity in siGDF11(+)rhGDF(+)
treatment when compared with siGDF11 treatment
(Fig. 4b–d). Overall, it appears that GDF11 repletion could
rejuvenate old VEGFR2+/CD133+ cells, enhancing their
resistance to hypoxia-induced damage, which is consistent
with prior reports [29, 30]. Next, we tested if TERT acti-
vation is necessary for GDF11 to rejuvenate older
VEGFR2+/CD133+ cells under hypoxic conditions. This
result is especially of interest since it was previously
reported that the TGF-β superfamily, specifically myostatin,
GDF11, and activin, is associated with aging with varying
degrees of potency [27]. In order to confirm that TERT

Fig. 1 Aging decreased the quantity and function of CD133+/
VEGFR2+ cells in circulating blood MNCs. a FACS analysis of
CD133+/VEGFR2+ cells in circulating MNCs from young, middle-
aged, and old patients post-AMI. b Quantitative analysis of CD133+/
VEGFR2+ cells in circulating MNCs from young, middle-aged, and
old patients post-AMI. c Percentage of CD34+/CD146+, CD11+/
CXCR4+, and VEGFR2+/CD133+ cells in cultured EPCs determined
by FACS analysis. d Number of viable CD133+/VEGFR2+ cells
determined using the MTT proliferation assay. e Migratory capacity of
CD133+/VEGFR2+ cells. f Endothelial colony formation ability
(colony formation units, CFU) of CD133+/VEGFR2+ cells. g Tube
formation ability of CD133+/VEGFR2+ cells. All data are represented
as means ± s.e.m. p < 0.05: *vs. young group, †vs. middle-aged group
(n= 20 in each group). (h), (i), and (j) show the typical images of
cobblestone growth (h), colony formation (i), and capillary-like net-
work formation (j) of CD133+/VEGFR2+ cells from the various
groups, respectively. Scale bars= 50 µm. k Representative photo-
micrograph of CD133+/VEGFR2+ cells characterized by light
microscope shape, immunomicroscopy figures of CD133+/VEGFR2+

cells double-stained with labeled with DAPI (4′,6-diamidino-2-phe-
nylindole) and factor VIII. The positive expression of Factor VIII (red)
was significantly lower in the old CD133+/VEGFR2+ cells than in the
young cells and the middle-aged cells. The nuclei of CD133+/
VEGFR2+ cells were stained blue with DAPI. Scale bars= 10 µm
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Fig. 2 (Continued)
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induction specifically targets GDF11, we performed wes-
tern blotting and ELISAs to investigate the protein
expression of other TGF-β proteins, activin and myostatin,
in addition to GDF11 in old VEGFR2+/CD133+ cells that
did or did not receive adTERT. We observed a significant
increase of GDF11 expression in old VEGFR2+/CD133+

cells receiving adTERT (adTERT) compared with those
receiving vehicle, while transfection of adTERT did not
cause a significant increase in the expression of myostatin
and activin (Fig. S4A and S4B), suggesting that TERT is
the sole/primary regulator of GDF11 in old VEGFR2+/
CD133+ cells.

We then investigated the mechanism by which TERT
controls GDF11-mediated rejuvenation of old VEGFR2+/
CD133+ cells. We found mRNA and protein levels of
GDF11 and TERT were significantly upregulated in TERT-
overexpressing VEGFR2+/CD133+ cells and that both

GDF11 and TERT were downregulated by TERT depletion
(Fig. 4e–g). We also showed that addition of rhGDF11 did
not affect TERT expression in VEGFR2+/CD133+ cells
(Fig. 4f, g). Consistent with the changes in TERT expres-
sion, there were similar changes in telomerase expression in
older VEGFR2+/CD133+ cells after adding rhGDF11,
adTERT, or siTERT (Fig. 4h). GDF11 was mainly
expressed in the cytoplasm, particularly in the perinuclear
region, and TERT was mainly expressed in the nuclei and
perinuclear. When treated with adTERT, with or without
rhGDF11, the staining intensity of both GDF11 and TERT
markedly increased, while siTERT suppressed the staining
intensity. Addition of rhGDF11 did not distinctly affect the
expression of TERT (Fig. 4i). Together these data indicate
that TERT overexpression activates GDF11 signaling.
Because hypoxia leads to a further reduced number of
VEGFR2+/CD133+ cells, we assessed how TERT and

Fig. 2 Aging decreased the lifespan of primary cultured human
CD133+/VEGFR2+ cells. a Representative growth state and mor-
phology of the CD133+/VEGFR2+ cells from the young, middle-aged,
and old patients at the early stages (day 1, day 7) of culture. Scale
bars= 20 µm. b Human CD133+/VEGFR2+ cells from patients of the
three age were cultured for 7 days and seeded at a density of 3 × 105

cells per 100 mm plate on day 0. Cell number per 100 mm plate was
then counted at indicated time points. p < 0.05: *vs. young group, †vs.
middle-aged group (n= 10 in each group). c Human EPCs were
passaged until they underwent senescence, and the number of cumu-
lative population doublings was determined. d Cell morphology
senescence-associated β-galactosidase staining (white arrowheads) in
EPCs from the old and the young patients. Scale bars= 50 µm.
e Whole-cell lysates (30 μg) of the old, middle-aged, and young

CD133+/VEGFR2+ cells on day 60 were examined for the expression
of the senescence markers, p16 and p21, and GAPDH (loading con-
trol) by Western blotting. f Statistical analysis of the mean percentage
of β-galactosidase-positive cells relative to the whole CD133+/
VEGFR2+ cells. g, h The levels of p16 and p21 proteins relative to
GAPDH expression. p < 0.05: *vs. young group, †vs. middle-aged
group (n= 10 in each group). i p16 and p21 expression in cells
determined by immunofluorescence with anti-p16 (green) and anti-p21
(red) antibodies, respectively. Nuclei were counterstained with DAPI
(4′,6-diamidino-2-phenylindole). Bars= 50 μm. p16 and p21 were
mainly localized in the nucleus. The expression of p16 and p21 were
markedly higher in the old CD133+/VEGFR2+ cells than in the young
CD133+/VEGFR2+ cells. These data all indicate increased senescence
of CD133+/VEGFR2+ cells from elderly patients
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GDF11 could affect the older cell populations by analyzing
the apoptotic cells and proliferative Ki-67+ cells. Under
hypoxic conditions, 23–31% of old VEGFR2+/CD133+

cells underwent apoptosis (Fig. 4j). GDF11 caused only
mild decrease of the apoptosis rate, while adTERT sig-
nificantly decreased the rate. Co-administration of rhGDF11
and adTERT resulted in further decreased apoptosis levels
of VEGFR2+/CD133+ cells. However, siTERT, with or
without rhGDF11, significantly abrogated this decrease.
Quantification of proliferation revealed a 1.4-fold increase
in Ki-67+ cells in the adTERT-treated cells, and a 2.0-fold
increase in Ki-67+ cells in the cells co-treated with adTERT
and GDF11 compared with the control without GDF11 or
TERT. However, these cell populations were unaffected by
addition of GDF11 alone (Fig. 4k). These data demonstrate
that TERT can promote the anti-apoptotic and proliferative
potential of aged VEGFR2+/CD133+ cells under hypoxia.

We then analyzed the role of TERT in GDF11-mediated
rejuvenation of older VEGFR2+/CD133+ cells. TERT
could significantly increase telomerase activity in older
EPCs. We also tested the ability of TERT to activate

rhGDF11-associated anti-senescence effect. Under hypoxia,
long-term culture studies showed that adTERT significantly
extended the lifespan of EPCs, and co-overexpressing
TERT and GDF11 further promoted cell lifespan. However,
siTERT led to a greater decrease in lifespan, and adding
GDF11 alone did not cause a significant extension of cell
lifespan (Fig. 4l). TERT significantly decreased the SA-
β-gal activity of VEGFR2+/CD133+ cells, with maximal
inhibitory effect achieved in VEGFR2+/CD133+ cells co-
treated with rhGDF11 and adTERT. Conversely, siTERT
significantly increased the SA-β-gal activity. However, an
obvious decrease in SA-β-gal activity was not observed in
the cells receiving simple GDF11 treatment, which had
lower expression of TERT (Fig. 4m), suggesting that TERT
controls the GDF11-mediated rejuvenation of senescent
VEGFR2+/CD133+ cells from older patients.

TERT controls GDF11-mediated canonical signaling

We used SB431542 (10 μmol/L, a Smad2/3 inhibitor) to
determine whether GDF11-mediated regulation of Smad2/3

Fig. 3 Aging affected expression of TERT and GDF11-mediated
signalings. a qRT-PCR measurements of gene expression levels of
GDF11, TERT, and eNOS of CD133+/VEGFR2+ cells from the
young, middle-aged, and old patients, respectively. b Representative
western blots of the protein levels of GDF11, TERT, eNOS, Smad2/3,
and phosphorylation of eNOS and Smad2/3 in the CD133+/VEGFR2+

cells from the three age patients. c, d The difference of telomerase

activity (c) and eNOS activity (d) between CD133+/VEGFR2+ cells.
e, f Phosphorylation levels of eNOS (e) and Smad2/3 (f) in these cells.
All data represent means ± s.e.m. p < 0.05: *vs. young group, †vs.
middle-aged group (n= 10 in each group). The expression levels of
TERT and GDF11-relative signaling markedly declined in the
CD133+/VEGFR2+ cells with age
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activity is dependent on TERT. Immunoblot analysis
showed that rhGDF11 stimulation increased Smad2/3
activity compared with null treatment (WT); treating cells
with adTERT activated the Smad2/3 signaling pathway,
revealed by a significant increase in the Smad2/3

phosphorylation cascade, and rhGDF11 and adTERT
treatment further increased Smad2/3 phosphorylation cas-
cade, which was prevented by adding SB431542
(Fig. 5a–c). We then determined whether rhGDF11 acti-
vation of Smad2/3 exerts transcriptional effects specific to

Fig. 4 (Continued)

1672 L. Zhao et al.



the apoptosis network. Western blot analysis showed
increased protein expression of the anti-apoptotic gene Bcl2
in TERT-overexpressing VEGFR2+/CD133+ cells treated
with rhGDF11 compared with controls and the cells treated
with rhGDF11 alone (Fig. 5a, d). Expression of the apop-
totic gene caspase 3 showed the opposite trend: it was
downregulated in TERT-overexpressing cells. However,
these effects could be blocked by coincubation with
SB431542 (Fig. 5a, e). Importantly, the change of Bcl2
expression was consistent with p-Smad2/3 expression after
the treatment of rhGDF11, adTERT, and SB431542
(Fig. 5a, d). Therefore, these results identify Bcl2 as a direct
phosphorylation substrate of Smad2/3 and demonstrate that
TERT is an indispensable activator of such phosphoryla-
tion. Immunofluorescence analyses showed that double-
positive staining for Smad2/3 and Bcl2 was the highest in
cells that received rhGDF11 and adTERT, lower in cells
that received adTERT treatment alone, and lowest in the

cells treated with SB431542. More importantly,
rhGDF11 stimulation of adTERT-treated cells resulted in
Smad2/3 nucleus-to-cytosol translocation, which was pre-
vented by incubation with the Smad2/3 inhibitor SB431542.
Furthermore, the addition of rhGDF11 caused Smad2/3 to
translocate into the nucleus (Fig. 5f). Thus, TERT activity is
required for Smad2/3 cytosolic localization on
GDF11 stimulation.

TERT and GDF11 rejuvenate neovascularization of
older VEGFR2+/CD133+ cells via eNOS signaling

We explored the noncanonical signaling pathway of GDF11
in our study. Nitric oxide (NO), produced by eNOS, may
improve the function of EPCs in disease [31]. We found no
significant increase in the protein levels of NO or eNOS,
and NOS activity under hypoxic conditions in VEGFR2+/
CD133+ cells treated with GDF11 alone compared with

Fig. 4 TERT improved GDF11-mediated rejuvenation of old CD133+/
VEGFR2+ cells. a The number of cumulative population doublings of
old CD133+/VEGFR2+ cells in the presence or absence of rhGDF11
or siGDF11 under long-term hypoxic culture. b–d The number of
cumulative population doublings (b), FACS analysis of annexin V/
propidium iodide (c), and quantification of the senescence assays using
β-galactosidase staining (d), were determined in old CD133+/
VEGFR2+ cells receiving rhGDF11 or siGDF11 under long-term
hypoxic culture. All data represent means ± SD. p < 0.05: *vs.
vehicle, †vs. rhGDF11 adding, and ‡vs. siGDF11 adding (n= 10 per
group). Afterward, old CD133+/VEGFR2+ cells were transfected with
vectors encoding TERT (adTERT) or TERT siRNA (siTERT) in the
presence or absence of recombinant human GDF11 (rhGDF11) under
hypoxic conditions. e, f qRT-PCR analysis of the mRNA and protein
expression of GDF11 and TERT, respectively, under various condi-
tions. g Western blot analysis of protein expression of GDF11 and

TERT under various conditions. h Differences in telomerase activity.
i GDF11 and TERT expression in cells determined by immuno-
fluorescence with anti-GDF11 (red) and anti-TERT (green) antibodies,
respectively. Also shown are DAPI staining (nuclei; blue) and merged
images. Scale bars= 50 µm. j Cell death was evaluated via FACS
analysis of annexin V/propidium iodide. k Cell proliferation was
assessed by FACS analysis of Ki-67-positive cells, showing the
greatest positive staining in the rhGDF11+ adTERT group, the sec-
ond highest in the group receiving adTERT alone, and the leatest in the
group treated with siTERT. l Number of cumulative population dou-
blings under long-term hypoxic culture. m Quantification of the
senescent assays using β-galactosidase staining. All data represent
means ± s.e.m. p < 0.05: *vs. vehicle, †vs. rhGDF11 adding, ‡vs.
adTERT adding, §vs. siTERT adding, and ||vs. rhGDF11 and adTERT
adding (n= 10 per group)
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control; however, a significant increase was observed in the
TERT-overexpressing cells, with a further increase seen
with both TERT and GDF11 overexpression. Conversely,
NO and eNOS protein levels, and NOS activity in TERT-
deficient cells, with or without GDF11 treatment, were
similar and generally lower than those in controls

(Fig. 6a–c). Western blot results showed that over-
expression of TERT-induced phosphorylation of eNOS at
Ser-1177. The addition of GDF11 further strengthened this
phosphorylation, whereas TERT knockdown reduced eNOS
phosphorylation (Fig. 6d, e). We also monitored neo-
vascularization in VEGFR2+/CD133+ cells treated with

Fig. 5 TERT promoted GDF11 activation of Smad2/3 signaling in old
CD133+/VEGFR2+ cells. a–eWestern blot analysis of Smad2/3, Bcl2,
and caspase 3 protein expression under various conditions. a Repre-
sentative western blots of the protein levels of Smad2/3, Bcl2, caspase
3, and phosphorylation of eNOS and Smad2/3 in the CD133+/
VEGFR2+ cells receiving rhGDF11, SB431542, or adTERT.
b–e Quantitative analysis of expression of phosphorylated Smad2/3
(b, c), Bcl2 (d), and caspase 3 (e) in cells pre-transfected with vehicle

(WT) or adTERT (adTERT) plus rhGDF11 or SB431542. All data
represent means ± s.e.m. p < 0.05: *vs. vehicle, †vs. rhGDF11 addi-
tion, ‡vs. rhGDF1and SB431542 addition, §vs. adTERT addition, ||vs.
rhGDF11 and adTERT addition (n= 10 per group). f CD133+/
VEGFR2+ cells transfected with vehicle or adTERT were treated for
24 h with rhGDF11 or SB431542 before immunofluorescence labeling
of Bcl2 (red) and Smad2/3 (green). DAPI indicates the nucleus of
cells. Scale bars= 50 µm
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growth factors to induce differentiation. In vitro vasculo-
genic potential of older EPCs was elucidated by assessing
expression of the vascular endothelial marker protein factor
VIII, secretion of angiogenic cytokines [11], and Matrigel
assay [32]. Western blot showed that expression of factor

VIII was highest in TERT-overexpressing VEGFR2+/
CD133+ cells with rhGDF11 added, and was significantly
lower in TERT-deficient cells, with or without rhGDF11
(Fig. 6d, f). Our immunofluorescence experiments revealed
that TERT transfection, alone or together with GDF11, was

Fig. 6 (Continued)
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associated with notable increases in the number of
VEGFR2+/CD133+ cells that expressed factor VIII and
eNOS, while TERT knockdown reduced their prevalence
(Fig. 6g). Matrigel tube formation was observed as reported
by Atluri et al. [32] or Hermansen et al. [33]. The same
effect on tubule formation was also seen in the Matrigel
assay (Fig. 6h). There was a profound increase in vessel

formation, vessel length, and branch formation with trans-
fection of adTERT. As expected, there was minimal vas-
culogenesis evident with either media alone or rhGDF11
alone. Co-treatment with rhGDF11 and adTERT seems to
increase the direct vasculogenic potential of older
VEGFR2+/CD133+ cells, whereas siTERT significantly
decreased this vasculogenic potential. A statistically

Fig. 6 TERT facilitated GDF11 to activate eNOS signaling pathways
in old CD133+/VEGFR2+ cells. a–c Quantitative analysis of NO
concentration (a), eNOS protein level (b), and NOS activity (c) in the
old CD133+/VEGFR2+ cells transfected with vectors encoding TERT
(adTERT) or TERT siRNA (siTERT) in the presence or absence of
rhGDF11 under hypoxic conditions. d Representative western blots of
the p-eNOS and factor VIII protein levels in old EPCs in the different
groups (data represent at least three independent experiments).
e, f Quantitative analysis of expression of eNOS phosphorylation (e)
and factor VIII (f) determined by western blot in old CD133+/
VEGFR2+ cells in the various groups. All data represent means ±
s.e.m. p < 0.05: *vs. vehicle, †5 vs. rhGDF11 addition, ‡vs. adTERT
addition, §vs. siTERT addition, ||vs. rhGDF11 and adTERT addition
(n= 10 per group). g Factor VIII and eNOS expression in cells
determined by immunofluorescence with anti-factor VIII (red) and
anti-eNOS (green) antibodies, respectively. Also shown are DAPI

staining (nuclei; blue) and merged images. Scale bars= 50 μm.
h Representative images showing enhanced angiogenesis in the pre-
sence of adTERT addition or both adTERT and rhGDF11 addition
compared with other groups. Scale bars= 50 μm. i A statistically
significant increase in vessel number, length, and branches presented
as percentage of vehicle was evident with the cells adding adTERT or
adding adTERT and rhGDF11 compared with the vehicle, addition of
rhGDF11 alone, or addition of siTERT. j Quantitative analysis of Ang-
1, bFGF, and VEGF proteins levels measured by ELISA in supernatant
of the old CD133+/VEGFR2+ cells transfected with adTERT or empty
vector (WT) post treatments of rhGDF11 or L-NAME (an eNOS
inhibitor, 500 µmol/l). Data were shown as means ± s.e.m. p < 0.05:
*vs. without any treatment in WT group, †vs. rhGDF11 addition in
WT group, ‡vs. L-NAME addition in WT group, §vs. untreated con-
trols in adTERT group, ||vs. rhGDF11 addition in adTERT group (n=
10 per group)
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significant increase in vessel formation, vessel length, and
branch formation was demonstrated with adTERT and
rhGDF11 compared with the adTERT or rhGDF11 groups
(Fig. 6i). This in vitro assay demonstrates significant direct
EPC-mediated angiogenic potential after receiving adTERT
and rhGDF11. The supernatant levels of Ang-1, bFGF, and
VEGF in VEGFR2+/CD133+ cells were detected to eval-
uate the secretion function of older VEGFR2+/CD133+

cells by ELISA. Finally, we measured the production of
proangiogenic cytokines in supernatant of VEGFR2+/
CD133+ cells after treatment with L-NAME (an eNOS
inhibitor). As expected, L-NAME significantly inhibited
GDF11 or TERT-induced overexpression of proangiogenic
cytokines, including Ang-1, bFGF, and VEGF (Fig. 6j).
This suggested that the rejuvenation of TERT-dependent
GDF11 likely occurs by inducing eNOS signaling and
secretion of proangiogenic factors.

TERT depletion causes senescence of young
VEGFR2+/CD133+ cells

Next, we determined whether loss of GDF11 or TERT by
addition of the GDF11 antagonist follistatin or TERT
knockdown, respectively, could cause aging in young
VEGFR2+/CD133+ cells. The protein levels of TERT and
GDF11 were significantly downregulated in young
VEGFR2+/CD133+ cells following follistatin treatment or
siTERT transfection. The level of TERT decline caused by
follistatin is not as significant as that due to siTERT. Fol-
listatin treatment or siTERT transfection caused similar
decreases in the protein expression levels of Smad2/3-
relative anti-apoptotic protein Bcl2 and eNOS-related
vascular growth factors Ang-1, bFGF, and VEGF in com-
parison with untreated controls (Fig. 7a). We then tested the
proliferative and anti-apoptotic potential of young
VEGFR2+/CD133+ cells by Ki-67 immunofluorescence
and TUNEL staining. Follistatin or siTERT markedly atte-
nuated cell proliferation compared with untreated controls
(Fig. 7b). Follistatin or TERT depletion caused a significant
increase in the apoptotic rate of young VEGFR2+/CD133+

cells while compared with untreated controls (Fig. 7c). This
suggests silencing of endogenous GDF11 or TERT induces
the downregulation of anti-apoptotic genes by inhibiting
their signaling pathways, thereby decreasing the sensitivity
of young VEGFR2+/CD133+ cells to hypoxia. The colonies
derived from follistatin-treated VEGFR2+/CD133+ cells or
siTERT-treated cells were strikingly smaller and contained
fewer cells than controls (Fig. 7d, f). We also found the
ability for follistatin-treated cells or siTERT-treated cells to
form capillary-like structures in a Matrigel matrix was
significantly reduced compared with control VEGFR2+/
CD133+ cells (Fig. 7e, g), and the migration presented out
the same change trend in the young cells receiving

follistatin or TERT knockdown (Fig. 7h). Neovasculariza-
tion by assessing expression of factor VIII was significantly
lower in the young EPCs treated with follistatin or siTERT
than in control EPCs (Fig. 7i). Immunofluorescence showed
that the expression of factor VIII was significantly reduced
in both follistatin-treated EPCs or siTERT-treated EPCs
compared with control EPCs (Fig. 7j). These studies con-
firm that depletion of GDF11 or TERT causes senescence in
vascular endothelial function and angiogenesis of young
EPCs.

Next, we observed the effects of follistatin, GDF
knockdown, or TERT knockdown on the expression of
senescence markers in young EPCs. The expression of
senescence markers p21 and p16 was increased in
VEGFR2+/CD133+ cells treated with siTERT or follistatin
compared with control cells (Fig. 8a). In order to confirm
TERT control of GDF11-mediated rejuvenation of
VEGFR2+/CD133+ cells, we depleted TERT or GDF11 by
siRNA-mediated knockdown, and rescued TERT or GDF11
by adTERT or rhGDF11 in young VEGFR2+/CD133+

cells. As shown in Fig. 8b, siGDF11 treatment resulted in
increases in both p16 and p21, which was significantly
weakened by rhGDF11 treatment and was further reduced
by adTERT treatment. These data suggested that depletion
of TERT or GDF11 caused senescence of young
VEGFR2+/CD133+ cells, and overexpression of GDF11 or
TERT rescued this senescence, and TERT played a more
important role. In a direct comparison test of the effects of
siTERT and GDF11 depletion on senescence of young
VEGFR2+/CD133+ cells, ELISA assay was used to assess
p16 and p21 levels. siGDF11 led to the similar increase in
p16 and p21 expression with follistatin, and siTERT caused
higher increase in the expression of p16 and p21 than fol-
listatin and siGDF11. This increase was significantly wea-
kened by rhGDF11 treatment, and was further reduced by
adTERT treatment (Fig. 8c, d). These data further con-
firmed that depletion of GDF11 caused senescence of young
EPCs, and addition of rhGDF11 or adTERT rescued this
senescence. Moreover, a more significant decrease of p16
and p21 expression was seen in the siGDF11-treated cells
receiving adTERT compared with that in the siTERT-
treated cells receiving rhGDF11 (Fig. 8c, d), confirming that
TERT causes better rejuvenation of VEGFR2+/CD133+

cells than GDF11. We then analyzed the different effects of
follistatin and siGDF11 on senescence of young VEGFR2+/
CD133+ cells. Statistical analysis revealed that the expres-
sion levels of p16 and p21 were slightly higher in cells
receiving siGDF11 than in cells receiving follistatin
(Fig. 8c, d).

In order to determine whether follistatin-mediated
depletion of GDF11 is comparable with siRNA-mediated
knockdown of GDF11, we performed western blot
and ELISA to evaluate the changes in GDF11 protein
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Fig. 7 Depletion of GDF11 or TERT caused senescence and impaired
angiogenesis. a Western blot analysis of TERT, GDF11, Smad2/3,
Bcl2, eNOS, Ang-1, bFGF, and VEGF protein expression in young
CD133+/VEGFR2+ cells after depletion of GDF11 or TERT treated
with follistatin or siTERT. b Immunofluorescence analysis of Ki-67
expressing cells (double stained with anti-Ki-67 and DAPI) in young
ECD133+/VEGFR2+ cells after treatment with follistatin or siTERT.
c Apoptosis analysis of young CD133+/VEGFR2+ cells by Tunnel
staining after intervention of follistatin or siTERT. d–g Representative
photomicrographs (d, e), quantitative analysis (f, g) of the colonies

(d, f), and the tube formation (e, g) derived from a control (without
treatment of follistatin or siTERT), follistatin-, or siTERT-cells. h The
migration change of young CD133+/VEGFR2+ cells induced by fol-
listatin or siTERT. i Western blot analysis of protein expression of
Factor VIII in young CD133+/VEGFR2+ cells after depletion of
GDF11 or TERT treated with follistatin or siTERT. j Cells were
double-stained with DAPI (nuclei, blue) and anti-factor VIII (plasma,
red) antibodies. Scale bars= 50 μm. All data are shown as means ±
s.e.m. p < 0.05: *vs. untreated controls, †vs. siTERT treatment (n= 10
per group)
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expression in young EPCs after treatment with follistatin or
siGDF11. As expected, follistatin and siGDF11 caused
significant decrease of GDF11 expression, but follistatin
caused a lower degree of reduction than siGDF11 (Fig. S5A
and S5B), suggesting that an siRNA-mediated knockdown
of GDF11 would be more effective in senescence than the
GDF11 antagonist follistatin. Thus, in the following
experiments, we used siGDF11 instead of follistatin for
GDF11 inhibition.

In order to further decipher the mechanisms of GDF11-
mediated signaling in senescence of young VEGFR2+/
CD133+ cells after depletion of GDF11 or TERT and the
role of TERT in the process, we performed sequencing
studies to investigate overall translation changes in GDF11-
relative canonical (Smad2/3) and noncanonical (eNOS)
signaling pathways resulting from GDF11 or TERT deple-
tion. Western blot showed that compared with vehicle
(CON), both siGDF11 and siTERT significantly decreased
the expression of GDF11, eNOS, and Smad2/3; neither
siGDF11 nor siTERT was capable of blocking other TGF-β
family members, myostatin and BMP-4 (Fig. S6A). A
human angiogenesis antibody array and a human apoptosis
array were used to analyze the expression of GDF11-related

noncanonical and canonical signaling factors from young
VEGFR2+/CD133+ cells harvested under hypoxia in the
deletion of TERT or GDF11. The arrays revealed that for
some TGF-β family members, both siGDF11 and siTERT
did not inhibit follastitin, activin A, and TGF-β1 (Fig. S6B).
Hence, our results confirm that siGDF11 have a high degree
of specificity for GDF11, and siTERT is the primary inhi-
bitor of GDF11 in young VEGFR2+/CD133+ cells. For
proangiogenic factors, Ang-1, bFGF, IGF-1, Tie-2, and
VEGF were significantly decreased by siTERT or follistatin
compared with null treatment (CON) (Fig. S6B). For anti-
apoptotic signaling proteins, Bcl-2 and Survivin, siGDF11
or siTERT significantly decreased their expression com-
pared with null treatment. Conversely, p21 and p27 were
significantly increased by siGDF11 or siTERT, reflecting
changes that would play a role in causing young VEGFR2+/
CD133+ cell senescence. The expression of Bad, Bax,
caspase 3, and caspase8 was significantly stimulated by
siGDF11 or siTERT compared with null treatment (Fig.
S6C). All these data further confirmed that GDF11 served
as a sole regulator of canonical and noncanonical signaling
in senescence of young VEGFR2+/CD133+ cells, and
TERT induction specifically targets GDF11.

Fig. 8 siTERT, follistatin, siGDF11, and adTERT caused different
expression of senescence proteins in young CD133+/VEGFR2+ cells.
a Western blot analysis to determine siTERT versus follistatin
induction of senescence proteins, p16 and p21. b Immunoblotting
comparison of p16 and p21 expression in cells receiving siGDF11,
siTERT, rhGDF11, or adTERT. GAPDH served as positive control.
siGDF11 and siTERT stimulated expression of p16 and p21 in their
sequence, while adTERT inhibited this senescence stimulation more
than rhGDF11. c, d ELISA assay of difference in p16 and p21. Note

that siTERT caused significantly higher increase in the expression of
p16 and p21 than follistatin and siGDF11, and siGDF11 caused slight
higher increase in p16 and p21 expression than follistatin. All data
were shown as means ± s.e.m. p < 0.05: *vs. vehicle, †vs. follistatin
addition, ‡vs. siGDF11 addition, §p < 0.05 vs. siTERT addition, ||p <
0.05 vs. siGDF11+ rhGDF addition, #p < 0.05 vs. siGDF11+
adTERT, $p < 0.05 vs. siTERT+ rhGDF11 addition (n= 10
per group)

1680 L. Zhao et al.



Depletion of GDF11 or TERT inhibits aged
myocardial repair induced by young VEGFR2+/
CD133+ cells

The capacity for cardiac ischemic repair and stem cell
regenerative potential diminish with age [34]. Thus, we set
out to confirm whether depletion of GDF11 or TERT
directly caused senescence and impaired vascular function
and angiogenesis of young EPCs by using an MI model of
old rats by ligation of left anterior descending branch and
transplantation of young VEGFR2+/CD133+ cells or EPCs
(yEPC) pre-treated with vehicle, siGDF11, or siTERT.
Injection of old VEGFR2+/CD133+ cells (oEPC) or PBS
was used as controls. The 100 animals were randomly
divided into five groups (Fig. S2). Thereafter, all animals
were followed up for 30 days, during which 41 rats died.
The surviving 59 rats underwent serial functional studies.
After 30 days, Kaplan–Meier survival analysis showed a
higher survival rate in the old MI rats receiving young
VEGFR2+/CD133+ cell transplantation+ vehicle than in
other rats (85% in the rats receiving young VEGFR2+/
CD133+ cells versus 50% in the rats receiving PBS, p=
0.023; 55% in the rats receiving old cells, p= 0.04; 50% in
the rats receiving young EPCs+ siTERT, p= 0.028; 55%
in the rats receiving young EPCs+ siGDF11, p= 0.044).
However, siTERT and siGDF11 canceled these effects in
young EPC-treated old rats (Fig. 9a).

Echocardiographic studies showed that the baseline
(pre-MI, before MI induction; pre-Tx, before cell ther-
apy) cardiac function index (LVFS, left-ventricular
fractional shortening), LV remodeling indices (LVEDd
[left-ventricular end-diastolic dimension], and LVEDv
[left-ventricular end-diastolic volume]) were not sig-
nificantly different among the groups. However, at
30 days, old rats that had received young VEGFR2+/
CD133+ cells exhibited the greatest improvement in
LVFS, LVEDd, and LVEDv, however, siTERT and
siGDF11 eliminated these beneficial effects (Fig. 9b–d).
Consistent with the changes in LV structure, LV weights
in the young cells therapy group were significantly lower
than those of the PBS and the old EPC therapy groups
(1.95 ± 0.01 g/kg vs. 2.20 ± 0.02 g/kg and 2.09 ± 0.02 g/
kg, respectively, P < 0.01), whereas there were no sta-
tistical significant differences between the PBS, oEPC,
yEPC+ siTERT, and yEPC+ siGDF11 groups (Fig. 9e).
Quantitative analysis of TTC staining showed that,
compared with PBS or old EPC therapy alone, young
EPC transplantation significantly reduced infarct size.
However, siTERT or siGDF11 diminished this effect
(Fig. 9f). These results indicate that depletion of GDF11
or TERT causes senescence of young VEGFR2+/CD133+

cells in aged myocardial function.

Depletion of GDF11 or TERT impaired angiogenesis
and vascular function induced by young VEGFR2+/
CD133+ cells in vivo

To determine the effects of siGDF11 or siTERT in angio-
genesis and vascular function in the ischemic myocardium
after young cell therapy, we measured proangiogenic fac-
tors Ang-1, bFGF, and VEGF, and the blood vascular
density in the myocardium using real-time RT-PCR, wes-
tern blot, and immunohistochemistry. At day 30, young
VEGFR2+/CD133+ cell therapy induced an overall increase
in the mRNA and protein expression of Ang-1, bFGF, and
VEGF; siGDF11 or siTERT significantly decreased this
response (Fig. 10a, b). Compared with old VEGFR2+/
CD133+ cell therapy or PBS injection, simple transplanta-
tion of young VEGFR2+/CD133+ cells caused
higher protein expression of GDF11 and TERT,
siGDF11 significantly decreased their expression, and
siTERT further enhanced this decrease (Fig. 10b). Immu-
nohistochemistry showed that proangiogenic cytokines,
e.g., Ang-1, were detected mainly in the vascular ECs and
ischemic lesions in the old MI hearts treated with young
EPCs, but their expression levels were significantly
decreased in the MI hearts treated with siGDF11 or siTERT
plus young EPCs, or old EPCs (Fig. 10f ). Tissue sections
were stained for anti-factor VIII antibody to detect ECs.
yEPCs-treated old hearts had more blood vessels than the
PBS- or oEPC-treated MI hearts, and siTERT or siGDF11
appeared to prevent this increase in vessel density
(Fig. 10c, g). Collectively, these findings suggest that the
initial depletion of TERT or GDF11 impaired angiogenesis
and vascular secretion induced by young VEGFR2+/
CD133+ cells in ischemic hearts.

We investigated the relationship between TERT-mediated
GDF11 signaling and transplanted cell engraftment/vascu-
logenesis. FACS showed that EGFP-expressing cells were
significantly more common in the yEPC group than in the
oEPC group. However, siTERT or siGDF11 significantly
decreased this engraftment (Fig. 10d, h). These data suggest
that depletion of TERT or GDF11 might induce the loss of
the young VEGFR2+/CD133+ cells engrafted into MI hearts
during ischemia. The effect of siTERT or siGDF11
impairment on the vasculogenesis of the transplanted young
VEGFR2+/CD133+ cells was evaluated by FACS and
immunofluorescence in EGFP-positive cells isolated from
the peri-infarct region. The young EPC old MI hearts had
significantly higher factor VIII expression than the old
VEGFR2+/CD133+ cells-treated old MI hearts, and siTERT
or siGDF11 appeared to decrease factor VIII expression
significantly (Fig. 10e, i, and j). Therefore, depletion of
TERT or TERT impaired young VEGFR2+/CD133+ cell
vasculogenesis in the ischemic hearts.
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Discussion

This study identifies TERT-mediated control of GDF11-
based rejuvenation of senescent VEGFR2+/CD133+ cells as
a TERT-dependent actionable target with potential rele-
vance for the treatment of MI in the elderly. GDF11 has
recently emerged as a powerful anti-aging candidate, found
in young blood, capable of rejuvenating a number of aged

tissues, such as heart, skeletal muscle, and brain. However,
some evidences showed that elevating blood levels of
GDF11 in the aged might cause more harm than good [35],
and GDF11 administration does not extend lifespan in a
mouse model of premature aging [36]. In the present study,
under hypoxic conditions, only the overexpression of TERT
in old VEGFR2+/CD133+ cells significantly decreased
senescence and apoptosis, increased proliferation, and

Fig. 9 Depletion of GDF11 or TERT-induced senescence of young
CD133+/VEGFR2+ cells on aged myocardial repair. a Kaplan–Meier
survival rates. b–d Echocardiography of LVFS (b), LVEDd (c), and
LVEDv (d) before MI model (pre-MI), before cell treatment (pre-Tx),
and before sacrifice post-cell transplantation (post-Tx). Young
CD133+/VEGFR2+ cells-treated MI hearts had higher survival rates
and significant improvement in cardiac function and structural remo-
deling, and siTERT or siGDF11 canceled this improvement. MI,
myocardial infarction; Tx, transplantation. All graphical data are the
mean ± SEM. p < 0.05: *vs. pre-MI, †vs. pre-Tx, ‡vs. PBS, §vs. oEPC,
||vs. yEPC, #vs. yEPC+ siTERT, Student’s t-test (pre-MI, pre-Tx, n=

20 per group. At 30 days post-Tx, PBS, n= 10; oEPC, n= 11; yEPC,
n= 17; yEPC+ siTERT, n= 10; yEPC+ siGDF11, n= 11).
e, f Quantitative analysis of LV weights (e) and infarct size (f) in the
MI hearts receiving young CD133+/VEGFR2+ cells alone or plus
siTERT or siGDF11 at day 30 post-Tx. yEPC-treated MI hearts had
significant decrease in LV weight and infarct size, and siTERT or
siGDF11 canceled this decrease. All graphical data are the mean ±
SEM. p < 0.05: ‡vs. PBS, §vs. oEPC, ||vs. yEPC, Student’s t-test (PBS,
n= 5; old EPC, n= 6; young EPC, n= 12; young EPC+ siTERT,
n= 5; young EPC+ siGDF11, n= 6)
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Fig. 10 (Continued)
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produced the pronounced effects of GDF11-mediated reju-
venation. These data suggest maintaining high expression of
TERT is a necessary to prevent senescence of old
VEGFR2+/CD133+ cells, and any effect of extrinsic
GDF11 rejuvenation must be combined with adequate
levels of intrinsic TERT protein. This may explain why
GDF11 administration did not serve as a rejuvenator of
aged skeletal muscle satellite cells in a previous study [37].

This supports the current controversy surrounding GDF11,
as GDF11 can act either as a rejuvenating factor or a futile
protein depending on the level of endogenous TERT
expression.

EPC senescence was associated with a reduction of
numbers and impairment of activity in the EPCs [38].
However, few have evaluated the senescence of EPCs in
post-infarction HF with older age. In our study, the finding

Fig. 10 (Continued)
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of a reduced number of EPCs isolated from circulating
blood with increasing age was in line with increased
senescence. Moreover, our study revealed that after culture
in vitro, senescent VEGFR2+/CD133+ cells (late-outgrowth
EPCs) from old patients had poorer survival, decreased
colony forming and migratory capacity, and impaired
incorporation into tube-like structures. However, in vitro
exposure of old VEGFR2+/CD133+ cells to adTERT pro-
duced significant increases in telomerase activity, cell pro-
liferation and differentiation. GDF11 alone did not
rejuvenate senescent VEGFR2+/CD133+ cells; this occur-
red with the participation of TERT. Taken together, our data
indicated that TERT could act on old VEGFR2+/CD133+

cells to alter GDF11 rejuvenation function.
Understanding how TERT controls GDF11 activity is

essential to move the field forward and help develop clinical
studies to evaluate the efficacy of GDF11-mediated

rejuvenation in old EPCs. How age affects the survival of
EPCs is complex, and involves alterations in the expression
of multiple imprinted growth-regulatory genes on cell
senescence, including telomere shortening and dysfunction
[38], eNOS downregulation [39], decreased circulating
proangiogenic factors [40], and perhaps decreased GDF11
[4]. We investigated the molecular mechanism behind the
survival of VEGFR2+/CD133+ cells in old-age patients
with AMI. Compared with VEGFR2+/CD133+ cells from
young patients, there was a lower expression of TERT,
GDF11, eNOS, Ang-1, bFGF, and VEGF in VEGFR2
+/CD133+ cells from old patients after AMI. GDF11 exerts
its function by inducing canonical Smads signaling pathway
[41]. This study showed that the exogenous supplement of
rhGDF11 amplified itself at the total mRNA and protein
levels in the old EPCs and increased its downstream effector
Smad2/3 phosphorylation and nuclear translocation, which
was prevented by adding its antagonist, consisting of data
from the oligodendrocyte precursor cells by Shi et al.,
showing that addition of rhGDF11 downregulated the
expression of its downstream effector Pax6 in the precursor
cells from GDF11−/− mouse embryos [42]. Consistent with
this, Oh et al. also observed that both intrinsic GDF11 and
exogenous GDF11 tagged with a Flag epitope at the N
terminus of the mature region were able to induce Smad2
phosphorylation in Xenopus ectodermal explants [43].
These data suggested that the rhGDF11 used in their study
exhibits equivalent activity from a signaling and antagonist
perspective as intrinsic GDF11. However, addition of
rhGDF11 alone did not significantly increase their expres-
sion of TERT, ultimately causing no significant extension of
cell lifespan of the old VEGFR2+/CD133+ cells when
compared with addition of adTERT. Only rhGDF11 com-
bined with adTERT transfection could cause a significant
extension of cell lifespan in the old VEGFR2+/CD133+

cells by activating phosphorylation of Smad2/3 in old
VEGFR2+/CD133+ cells, and consequently induced less
apoptosis by upregulation of anti-apoptotic protein Bcl2 and
downregulation of apoptotic protein caspase 3. These anti-
apoptotic effects could be attenuated by the Smad2/3 inhi-
bitor SB431542. Taken together, the data indicated that
exogenous rhGDF11 in combination with adTERT trans-
fection could improve survival of older VEGFR2+/CD133+

cells under hypoxic injury, possibly through the canonical
(Smad2/3) signaling pathway. In addition, GDF11 activa-
tion results in activation of several other non-Smad sig-
naling pathways and regulates expression of its target
nuclear genes [44], involving the ERK1/2, JNK, Akt, and
the eNOS pathway [45]. This study showed that the inter-
action between GDF11 and TERT in rejuvenating old EPCs
is consistent with increasing the phosphorylation of eNOS
and consequently increased NO production and NOS
activity in old EPCs. Consistent with the eNOS increase,

Fig. 10 Depletion of GDF11 or TERT impaired angiogenesis and
vascular function of young CD133+/VEGFR2+ cells in vivo. a mRNA
expression of Ang-1, bFGF, and VEGF in old MI hearts treated with
PBS, old CD133+/VEGFR2+ cells, young CD133+/VEGFR2+ cells in
the presence/absence of siTERT/siGDF11 evaluating by real-time RT-
PCR. b Western blot showed that young CD133+/VEGFR2+ cells
therapy upregulated protein expression of TERT, GDF11, Ang-1,
bFGF, and VEGF compared with PBS injection or old CD133+/
VEGFR2+ cells therapy, whereas siGDF11 significantly reduced their
expression, and siTERT further abolished theses expression.
c Reduction of siTERT or siGDF11 in angiogenesis induced by yEPC
therapy in old MI hearts was determined by the number of factor VIII
positive-staining vessels per mm2 under high-power field view by
immunohistochemistry. d, e FACS assessment of the percentages of
EGFP-positive cells (EGFP+) relative to the whole ventricular cell
population (d) and factor VIII (angiogenesis marker), and EGFP
double-positive cells (factor VIII+EGFP+) relative to the whole
EGFP+ population (e). All graphical data are the mean ± sEM. ‡p <
0.05 vs. PBS, §p < 0.05 vs. oEPC, ||p < 0.05 vs. yEPC, # p < 0.05 vs.
yEPC+ siTERT, Student’s t-test (n= 5 per group). f, g Representative
images of Ang-1 (brown, f) or factor VIII (brown, g) under lower
magnification (×10, upper) and higher magnification (×40, lower) by
staining cardiomyocytes and vessels in the infarct and peri-infarct area
from old MI hearts treated with old CD133+/VEGFR2+ cells, young
CD133+/VEGFR2+ cells in the presence/absence of siTERT/
siGDF11. Staining with anti-β-actin antibody or without primary
antibody in the MI hearts treated with PBS served as a positive control
and negative control (×40). Arrows indicated the origination of the
higher magnification images from the region of interesting in the lower
magnification images. h, i Representative phenotypes of gated EGFP+

(h) and factor VIII+EGFP+ (i) cells evaluated by FACS in transplanted
CD133+/VEGFR2+ cells. Although the survival and angiogenesis
degree of young CD133+/VEGFR2+ cells were significantly greater
than those of old cells, significantly decreased young cell survival and
angiogenesis was seen in young cells pre-treated with siTERT or
siGDF11. j Immunofluorescence staining showing that transplanted
cells expressed factor VIII. The transplanted cells were prelabeled with
EGFP (green); the nuclei were stained with DAPI (blue), and the EC
cytoplasm was stained with anti-factor VIII antibody (red). Engrafted
EGFP-prelabeled cells expressing factor VIII were the most numerous
in yEPC MI hearts, and were lowest in siTERT-transfected young
CD133+/VEGFR2+ cells (arrows). Scale bars= 50 µm
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TERT promoted GDF11-mediated rejuvenation, secretion,
vessel formation, vessel length, branch formation, and
neovascularization of old VEGFR2+/CD133+ cells,
whereas depletion of TERT attenuates these effects. Our
results are similar to the senescence of outgrowth endo-
thelial cells, which have limited regenerative potential and
impaired vasoreparative properties, due to lowered telo-
merase activity and shortened telomeres [46]. Moreover,
upregulation of cardiac telomere-stabilizing proteins
through long- and short-term voluntary physical exercise
can induce antisenescent and protective effects by increas-
ing the expression of TERT and eNOS [47]. Thus, there is a
possible direct link between the senescence of old
VEGFR2+/CD133+ cells, decrease of TERT expression,
and lowered eNOS activity associated with aging, indicat-
ing that TERT is a powerful transcription factor for GDF11-
mediated promotion of rejuvenation of vascular reactivity
and angiogenesis of old VEGFR2+/CD133+ cells. This
study further showed that treatment with a specific inhibitor
of eNOS, such as L-NAME, significantly attenuated the
effects of GDF11 and TERT on secretion of proangiogenic
factors, such as Ang-1, bFGF, and VEGF. eNOS phos-
phorylation contributes to Ang-1-dependent inhibition of
VEGF-induced endothelial permeability in vitro [48]. The
eNOS-mediated improvement of secretion of proangiogenic
factors of old VEGFR2+/CD133+ cells can partially explain
the protective and angiogenic effects of adTERT and
rhGDF11. Taken together, the data indicated that sufficient
TERT is necessary to activate GDF11-mediated rejuvena-
tion of senescent VEGFR2+/CD133+ cells through the
canonical (Smad2/3) and noncanonical (eNOS) signaling
pathways, providing evidence that pharmacological increase
of TERT enhances the GDF11-mediated rejuvenation
pathway in vitro.

This rejuvenation effect of TERT on GDF11 has con-
versely been confirmed by depletion of TERT and GDF11
inducing senescence of young VEGFR2+/CD133+ cells. In
this study, knockdown of GDF11 or TERT caused sig-
nificant changes in GDF11-mediated signaling antibody
array, including inhibiting GDF11 expression, increasing
the expression of aging factors, p21 and p27, attenuating the
expression of the Smad2/3 and eNOS signaling pathways,
such as Smad2/3, Bcl2, eNOS, Ang-1, bFGF, and VEGF,
which caused significant worsening of apoptosis, resulting
in decreased proliferation, angiogenesis, neovascularization,
and senescence. In comparison, depletion of TERT caused
further increase of the expression of senescence markers,
p21 and p16, than depletion of GDF11, which in turn
confirmed TERT control of GDF11-mediated rejuvenation
of VEGFR2+/CD133+ cells.

It is now clear that the nucleocytoplasmic distributions of
Smads, in the absence and the presence of a
TGFβ-superfamily signal, are not static; the Smads are

continuously shuttling between the nucleus and the cyto-
plasm in both conditions [49]. In this study, we found that
rhGDF11 combined with adTERT promotes Smad2/3
export from the nucleus to cytosol. Nucleocytoplasmic
shuttling in the epidermis of the skin is essential for tissue
development, homeostasis, and repair [50]. Smad3 pre-
ferentially localizes within the nucleus, and exerts a neural
lineage promoting role during ESCs differentiation. In
contrast to Smad3, Smad2 resides in the cytoplasm, and is
essential for proper epiblast and germ layer differentiation
from ESCs [51]. In our study, GDF11 cooperated with
TERT to promote survival and angiogenesis of old
VEGFR2+/CD133+ cells in synchronization with Smad2/3
nucleocytoplasmic shuttling, suggesting that nucleocyto-
plasmic shuttling of Smads enables old VEGFR2+/CD133+

cells to activate antiapototic signal and provides the flex-
ibility of GDF11-mediated rejuvenation. It should be noted,
however, that in this study, it is not clear how GDF11
mediates nuclear import and export of all components
in Smads.

Recent findings show reduced telomerase activity and
decreased expression of several telomerase genes results in
premature aging of hematopoietic stem cells at a young age
[52]. Depletion of TERT or GDF11 was implicated in
inhibition of myocardial repair induced by young
VEGFR2+/CD133+ cells. After transplantation into
ischemic hearts, GDF11 expression were significantly lower
in the infarcted hearts receiving siGDF11-treated young
VEGFR2+/CD133+ cell therapy than in those receiving
young VEGFR2+/CD133+ cells injection alone, and
siTERT further enhanced this decrease. These differences
were consistently associated with deterioration in cardiac
function and left-ventricular structural remodeling of hearts
treated with siTERT or siGDF11-treated young cells after
MI. Compared with old VEGFR2+/CD133+ cells therapy or
PBS injection, simple transplantation of young VEGFR2+/
CD133+ cells caused higher expression of GDF11 and
TERT, leading to beneficial effects, including improving
HF and cardiac remodeling, and reducing infarct size. Thus,
the benefit of cell transplantation appears to be inextricably
linked with the extent of GDF11 and TERT coactivation,
suggesting that GDF11 and telomere is involved in aging
and the development of age-related heart dysfunction [53].

On the other hand, depletion of GDF11 or TERT
downregulated target signaling, including Smad2/3 and
eNOS signaling pathways. The downregulation of these
signal molecules induced by GDF11 or TERT knockdown
was associated with a significant decrease of the ratio of
young VEGFR2+/CD133+ cells cultured in vitro differ-
entiating into blood vascular endothelial cells (vasculo-
genesis) or young VEGFR2+/CD133+ cells engrafted into
the infarcted hearts developing new blood vessels (angio-
genesis). These data demonstrate that depletion of GDF11
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or TERT both reduced the expression of endogenous vas-
cular permeabilizing factors, including Ang-1, bFGF, and
VEGF, which are the target genes of eNOS-mediated
angiogenesis under ischemic conditions [54, 55]. The
interaction between GDF11 and TERT in regulating
Smad2/3-mediated anti-apoptotic and pro-apoptotic pro-
teins was consistent with altered survival and apoptosis of
young VEGFR2+/CD133+ cells after GDF11 or TERT
knockdown, or control siRNA addition. Our results are
similar to that of the study of Xu et al. [56] wherein cell
proliferation and apoptosis were dependent on phosphor-
ylation levels of smad2/3, the expression of caspase 3, and
the ratio of Bcl2 to Bax.

In summary, the identification of TERT as a GDF11-
dependent regulator of rejuvenation old VEGFR2+/CD133+

cells from the older MI patients or senescence of young
VEGFR2+/CD133+ cells from the younger MI patients
opens new perspectives for the molecular mechanism of
GDF11-mediated cellular rejuvenation. TERT modulation
of GDF11 might be exploited therapeutically to enhance
rejuvenation of senescent stem cells in the myocardial
ischemic microenvironment, and the availability of drugs
that target the TERT-mediated GDF11 signaling pathway
warrants future studies aimed at the clinical translation of
GDF11-mediated rejuvenation enhancement in senile
degenerative artery disease.
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